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ABSTRACT: The compounds [(acac),Ru™(u-H,L*")Ru™(acac),] (rac, 1, and meso, 1') and Rullfacac),  Rullbpyi®*
[(bpy),Ru"(u-H,L*")Ru"(bpy),](ClO,); (meso, [2](ClO,);) have been structurally, magneti- d NH ¢ “NH
cally, spectroelectrochemically, and computationally characterized (acac™ = acetylacetonate, bpy
= 2,2-bipyridine, and H,L = 1,4-diamino-9,10-anthraquinone). The N,O;N’,0’-coordinated y- pEn PR
H,L"™ forms two f-ketiminato-type chelate rings, and 1 or 1’ are connected via NH---O Willacacy,  Kalbpy),
hydrogen bridges in the crystals. 1 exhibits a complex magnetic behavior, while [2](ClO,);isa  4a/AA(rac) — AA (meso)

. . . . . . . . . AA (meso)
radical species with mixed ligand/metal-based spin. The combination of redox noninnocent
bridge (H,L° » - — —H,L*") and {(acac),Ru"} — —{(acac),Ru"} or {(bpy),Ru"} —
{(bpy),Ru"} in 1/1’ or 2 generates alternatives regarding the oxidation state formulations for the accessible redox states (1" and
2"), which have been assessed by UV—vis—NIR, EPR, and DFT/TD-DFT calculations. The experimental and theoretical studies
suggest variable mixing of the frontier orbitals of the metals and the bridge, leading to the following most appropriate oxidation
state combinations: [(acac),Ru™(pu-H,L*")Ru"(acac),]* (1*) — [(acac),Ru™(u-H,L*")Ru"(acac),] (1) — [(acac),Ru™(u-
H,L**")Ru"(acac),] /[ (acac),Ru™(u-H,L*")Ru"(acac),]” (17) — [(acac),Ru™(u-H,L* )Ru™(acac),]* /[ (acac),Ru®(u-
H,L>Rul!(acac), > (1) and  [(bpy)uRul(u-H,L*")Ru'(bpy),]¥* (24) — [(bpy),Ru(u-H,L*)Ral!(bpy),]**/
[(bpy),Ru"(u-H,L*")Ru"(bpy),]** (2**) — [(bpy),Ru"(u-H,L*")Ru"(bpy),]** (2**). The favoring of Ru" by o-donating
acac” and of Ru" by the z-accepting bpy coligands shifts the conceivable valence alternatives accordingly. Similarly, the
introduction of the NH donor function in H,L" as compared to O causes a cathodic shift of redox potentials with corresponding
consequences for the valence structure.

B INTRODUCTION These studies revealed a number of interesting electronic
structural forms, depending inter alia on the electronic nature
of the specific quinonoid framework and on the coligands. The
lack of predictability thus emphasizes the need for further
scrutiny, particularly with challenging dinuclear molecular
systems.

The present article originates as a part of our approach in

exploring the electronic structural aspects of oligonuclear
Sa,b,d,e
ctier) It

1,4-Disubstituted 9,10-anthraquinones have been widely used
as precursor compounds for dyestuffs and as potentially
antineoplastic agents of the anthracycline type.'® The donor
substituents (O or N) at the 1,4 positions may combine with
the quinone oxygen atoms to create a bis(chelate) situation
with a noninnocent bridge for dimetal coordination. The
combination of various accessible valence states of biochemi-
cally relevant noninnocent quinonoid systems' (Q° = quinone,
*~ = semiquinonate, Q*~ = catecholate) and of ruthenium
(Ru”, Ru™, Ru") can result in complex valence and spin
distribution patterns at the metal—ligand interface.” Close lying
and efficiently mixing frontier orbitals are responsible for this
behavior, and the high degree of covalent bonding can even
preclude specific oxidation state descriptions.®> The complexity
increases significantly when moving from a mononuclear
situation to a polynuclear one, creating more variety of
reasonable oxidation state alternatives. Indeed, mononuclear*
and a few polynuclear® ruthenium—quinonoid complexes with
variegated coordination situations have been explored via Received: February 26, 2014
experimental investigations and quantum-chemical calculations. Published: June 4, 2014

quinonoid complexes involving extended 7-systems.
deals with 1,4-diimino-9,10-anthraquinone (H,L) bridged
diruthenium complexes, {(AL),Ru(u-H,L)Ru(AL),}", incorpo-
rating ancillary ligands (AL) such as electron rich acetylacet-
onate (acac”) in 1" and z-accepting 2,2'-bipyridine (bpy) in 2"
(Scheme 1). We report here the synthesis, crystal structure, and
magnetic properties of paramagnetic diastereomeric® complexes
[ (acac),Ru™(u-H,L)Ru™(acac),] (AA/AA, rac = 1 and AA,
meso = 1') and the meso-isomer of [(bpy),Ru"(u-H,L)-
Ru'(bpy),](ClO,); ([2](ClO,);). Related compounds re-
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Scheme 1. Representation of Complexes
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ported were [(bpgr)ZRuH(,u-HzL)Rum(bzliy)z](PF6)3,7
[(bpy),Ru(u-L')]*,** [(bpy),Ru''(u-L")]*,” and [(aca-
¢),Ru™(4-QL*)Ru"(acac),] (3)°* (HL’ 1,2-dihydroxy-
9,10-anthraquinone, H,L” 1,2-diamino-9,10-anthraquinone,
H,QL = 1,4-dihydroxy-9,10-anthraquinone). The metal—ligand
valence and spin state distributions in 1" (n = 1+, 0, 1—, 2—)
and 2" (n = 4+, 3+, 2+, 1+) have been assessed with special
reference to the effect of ancillary ligands via UV—vis—NIR
spectroelectrochemistry and EPR in combination with DFT/
TD-DFT calculations.

B RESULTS AND DISCUSSION

Synthesis and Characterization. Paramagnetic complexes
[ (acac),Ru™(u-H,L*>")Ru™(acac),] (rac (AA/AA), 1, and
meso (AA), 1) and [ (bpy) Rali(-H,L* )R (bpy),}(CIO,),
[2](ClO,); (meso isomer) have been obtained from 1,4-
diamino-9,10-anthraquinone (H,L) and the precursor com-
plexes Ru"(acac),(CH,CN), and [Ru"(bpy),(C,H;OH),]*,
respectively, in refluxing EtOH and in the presence of NEt; as a
base, followed by chromatographic purification (Scheme 1).

The neutral diastereomers 1 and 1" and the 1:3 conducting
[2](ClO,); vyielded satisfactory microanalytical and mass
spectral data (Experimental Section and Figure S1, Supporting
Information). The paramagnetic 1 and 1’ exhibit well-resolved
"H NMR resonances over a rather wide chemical shift range,
from 6 = 11.5 to —13.5 ppm in CDClI; solution at 298 K
(Figure S2 and Table S1, Supporting Information), revealing
paramagnetic contact shift effects.>***!° The diastereoisomers
1 and 1’ show slight differences in their chemical shifts (Table
S1, Supporting Information). The paramagnetic and EPR-active
(cf. below) compound [2](ClO,), exhibits relatively broad 'H
NMR signals over a chemical shift range from 6 = 13 to S ppm
in CD;CN solution (Figure S2, Supporting Information).

Crystal Structure. The identity of the diasteroisomeric
forms 1, 1’, and [2](ClO,); as rac, meso, and meso, respectively,
has been evidenced by their single crystal X-ray structures
(Figures 1 and 2). Selected crystallographic parameters,
comparative bond lengths, and bond angles are set in Tables
1-3 and Tables S2 and S3 (Supporting Information),
respectively.

The presence of metal-coordinated NH groups in the bridge
and of negatively charged oxygen atoms of the terminal acac™
ligands creates an opportunity for intermolecular NH---O
hydrogen bonding in 1 and 1’. The corresponding data in
Table S4 (Supporting Information) indicate the presence of
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Figure 1. Molecular structures of (a) 1 (rac) and (b) 1’ (meso).
Ellipsoids are drawn at 50% probability level. Hydrogen atoms are
removed for clarity.
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Figure 2. Molecular structure of the complex trication in [2](ClO,);.
Ellipsoids are drawn at 50% probability level. Hydrogen atoms are
removed for clarity.

such relatively weak hydrogen bonding which may, however,
affect the packing of molecules in the crystal.

The two diastereoisomers 1 and 1’ crystallize with largely
planar bridging ligands. In both cases, the H,L*” bridge is
linked to two equivalent {Ru™(acac),} units through O, NH
donors for each metal, forming six-membered chelate rings of
the -ketiminato type.”"" The C—O and C—NH bond lengths
of coordinated H,L>~ in 1 and 1’ as well as the C—C bond
lengths associated with the fused rings confirm this assignment,
including the relevance of two resonance forms (Scheme 2).

The Ru—O and Ru—NH distances involving the bridge
(H,L*") in 1 and 1’ are rather close and the average Ru''—
O(acac™) bond lengths are in the expected range.g’12 The
average Ru"—O(H,L*") bond length in 1 and 1’ is >0.06 A
shorter than the average Ru'—O(acac”) distance, implying
relatively stronger binding of ruthenium to the bridge. The
slightly distorted octahedral features Ru(1)O;NH and Ru(2)-
OsNH in 1 and 1’ are reflected by the angles around the metal
ions (Table S2, Supporting Information). The intramolecular
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Table 1. Selected Crystallographic Data for 1, 1’, and [2](ClO,);

1
empirical formula C;34H3N,O oRu,
formula weight 834.79
radiation Mo Ka
crystal system triclinic
space group PT
a (A) 10.8407(S)

b (A) 11.9348(6)
c (A) 14.6625(6)
a (deg) 97.885(4)
B (deg) 107.085(4)
v (deg) 101.924(4)
v (A3) 1734.04(14)
Z 2

u (mm™) 0.929

T (K) 150(2)
Paica (g em™) 1.599

F (000) 844

0 range (deg) 2.99 to 25.00
data/restraints/params 6082/0/441

Ry, wR, [I > 26(I)]

R,, wR,(all data)

GOF on F*

largest diff in peak and hole (e A™3)

0.0470, 0.1132
0.0614, 0.1254
1.075

1.763 and —0.862

iy [2](ClOy);
C34H;36N,0,0Ru, Cs4HyoCL3N O 4Ry,
834.79 1361.45
Mo Ka Cu Ka
orthorhombic monoclinic
Pnma P2,/m
15.1800(12) 19.3268(9)
17.2648(10) 19.3522(3)
14.4310(13) 11.0599(5)
90 90
90 132.208(7)
90 90
3782.1(5) 3064.0(2)
4 2
0.852 5.782
150(2) 150(2)
1.466 1.476
1688 1370
2.82 to 25.00 3.84 to 72.32
3434/11/220 6188/0/383

0.1048, 0.2274
0.1278, 0.2424
1.083

0.465 and —0.747

0.0506, 0.1436
0.0535, 0.1466
1.037

2236 and —0.665

Ru—Ru distance in the rac isomer (1, 8.123 A) is slightly longer
than that in the meso isomer (1’, 8.060 A).

The meso diastereoisomeric form of [2](ClO,); has been
authenticated by the X-ray structure determination of a solvent-
containing single crystal (Figure 2, Tables 1 and 3; Table S3,
Supporting Information). Comparison of the bond lengths with
those of 1 or 1’ shows little change, considering the moderate
crystal quality.

The Ru—NH and Ru—O bond lengths in [2](ClO,); are
distinctly longer than in 1 and 1’, by about 0.04 A (Ru—NH)
and 0.04—0.06 A (Ru—0), in agreement with the diminished
charge difference (Ru", H,L*~ versus Ru'", H,L*"). The
average Ru"—N(bpy) distance of 2.060(3) A in [2](ClO,), is
in good agreement with that of reported analogous
{Ru'l(bpy),} complexes."® The intramolecular Ru—Ru distance
in [2](ClO,); is 8.238 A and thus longer than that in 1 or 1'.
The DFT calculated bond parameters for the optimized 1 and
2°* are in good agreement with the experimental data (Tables 2
and 3; Tables S2, S3 and Figure S3, Supporting Information).

Magnetic Properties. Compounds 1 and [2](ClO,); are
paramagnetic at room temperature. Both compounds show
dependence of the magnetic properties (magnetic susceptibility
and magnetic moment) on the strength of the applied magnetic
field (Figures S4 and S5, Supporting Information). In the solid
the variation of the magnetic properties with the magnetic field
suggests the presence of ferromagnetism. The decrease in
magnetic susceptibility and the magnetic moment with the
decrease in temperature for 1 and the similar decrease in the
magnetic moment for [2](ClO,); can be attributed to
antiferromagnetic interactions. These data indicate the
simultaneous existence of ferro- and antiferromagnetic
interactions in the solid for both complexes. In compound 1
at 1 and S T the magnetic susceptibility in the solid becomes
negative from 176 to 2 K and 230 to 2 K, respectively,
indicating a diamagnetic behavior in these ranges of magnetic
field and temperature (Figure S4a, Supporting Information).

6084

The diamagnetic behavior at high magnetic field of complex 1
may be due to a magnetic transition from the paramagnetic S =
1 state to the diamagnetic S = O state. Magnetic transitions
induced by changing magnetic field strength are well-known in
chemistry.'* In complex [2](ClO,); at 1 and 5 T the variation
of the magnetic moment is very small, indicating the presence
of only one unpaired electron. The plot of 1/yy versus T
(Figure SSc, Supporting Information) reveals that at 1 T in the
high temperature regime (T > 50 K) the compound exhibits
Curie—Weiss behavior with the Curie constant 7.07 X 107
emu mol™' K and the Weiss constant § = 11.75 K. The
goodness of fit is 99.96. The positive Weiss temperature
confirms the existence of ferromagnetic coupling in this sample.
Thus, the magnetic data of compound 1 are consistent with a S
= 1 state at room temperature whereas the data of [2](ClO,),
are consistent with a § = 1/2 spin state.

Electrochemistry. The diastereomeric complexes 1 and 1’
exhibit almost identical electrochemical behavior,**® display-
ing one reversible oxidation (Ox) and two reversible reduction
(Red1 and Red2) processes (Figure 3 and Table 4). The one-
electron nature of the redox couples has been established by
spectroelectroelectrochemistry and EPR. The differences in
potentials between the successive redox processes, Ox/Redl
and Red1/Red2 (Figure 3), translate to comproportionation
constants of K.; 10" and K., 107, respectively, (RT In K, =
nF(AE))'>'® (Table 4). The corresponding 1,4-dioxido-9,10-
anthraquinone bridged bis(2,4-pentanedionato)diruthenium-
(1) complex ([(acac),Ru™(u-QL?*")Ru™(acac),], (3) exhibits
two reversible oxidation and two reversible reduction
processes.”® The effect of more basic imino groups in the
bridge is reflected by a lower oxidation potential and more
negative reduction potentials of 1/1’ (Table 4), as compared to
the oxido analogue. The analogous mononuclear complexes
Ru(acac),(Q), Q = phenanthrenequinone-monoimine and o-
benzoquinoneimine, are reported to undergo reductions at
—0.93 V and —0.96 V versus SCE in CH;CN, respectively.'”
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Table 2. Selected Experimental® (1, 1’) and DFT
Calculated” (1) Bond Lengths (A)

bond length (A) 1 (expt)” 1 (DFT)” 1’ (expt)”
Ru(1)-N(1) 1.936(4) 1.972 1.940(7)
Ru(1)—0(1) 1.974(3) 2.018 1.983(8)
Ru(1)-0(2) 1.982(8)
Ru(1)-0(3) 2.007(3) 2.041 2.003(8)
Ru(1)-0(4) 2.023(3) 2.066 2.055(7)
Ru(1)-0(5) 2.064(3) 2.098 2.026(8)
Ru(1)—0(6) 2.026(3) 2.059
Ru(2)-N(2) 1.945(4) 1.971
Ru(2)-0(2) 1.956(3) 2.016
Ru(2)-0(7) 2.043(3) 2.047
Ru(2)-0(8) 2.081(3) 2.095
Ru(2)-0(9) 2.010(3) 2.049
Ru(2)-0(10) 2.021(3) 2.077
C(1)-N(1) 1.314(6) 1.336
C(2)-N(1) 1.317(10)
C(13)-0(1) 1.282(6) 1.282
C(4)-0(1) 1.293(11)
C(4)-N(2) 1.316(6) 1.335
C(6)-0(2) 1.295(6) 1.284
C(1)—-C(2) 1.459(7) 1.444 1.440(11)
C(1)—C(14) 1.453(6) 1.440
C(2)-C(3) 1.328(7) 1.349 1.444(12)
C(3)-C(4) 1.447(7) 1.444 1.416(13)
C(4)—C(5) 1.445(6) 1.441 1.438(14)
C(5)—C(6) 1.420(6) 1.434 1.390(15)
C(5)—C(14) 1.444(7) 1.464
C(6)-C(7) 1.464(6) 1.466 1.385(18)
C(7)—C(8) 1.412(6) 1.409
C(7)-C(12) 1.393(7) 1.407
C(8)—C(9) 1.379(7) 1.386
C(9)—C(10) 1.400(7) 1.405
C(10)-C(11) 1.387(6) 1.386
C(11)-C(12) 1.398(6) 1.409
C(12)—C(13) 1.470(6) 1.465
C(13)—C(14) 1.428(6) 1435
C(1)-C(1") 1.336(16)
C(3)—-C(3") 1.460(18)
C(5)-C(5") 1.388(2)
C(7)-C(7) 1.388(3)

“From crystal structure analysis of 1 and 1’. bUB3LYP level of theory;
6-31G*/LanL2DZ basis sets.

The complex ion [(bpy),Ru"(u-H,L*")Ru"(bpy),]*" exhib-
its one reversible oxidation (Ox) and one such reduction
(Redl; Table 4 and Figure 3) with K. (Ox/Redl) of 107,
besides bpy-based reductions (Red2 and Red3) at rather
negative potentials. Unlike 2°*, the corresponding system 4"
was reported to be isolated with the dianionic 1,4-dioxido-9,10-
anthraquinone bridging ligand in [(bpy),Ru"(u-QL*")-
Ru'(bpy),]*", exhibiting two reversible oxidation and three
reversible reduction processes at 0.59 V, 0.86 V and —0.95 V,
—1.38 V, —1.73 V, respectively.'® Relative to oxido substituents
the imino groups in the H,L" bridge of 2** thus decrease the
oxidation potential and shift the reduction potential to more
negative values (Table 4).

MO Analysis by DFT. The variable accessible oxidation
states of ruthenium ion (Ru"/Ru™/Ru') in conjunction with
multiple redox steps of noninnocent H,L*~ (Scheme 2) lead to
electronic structural alternatives along the accessible redox
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Table 3. Selected Experimental” and DFT Calculated” Bond
Lengths for 2°*

bond length (A) 2% (expt)® 2% (DFT)b
Ru(1)-N(1) 1.980(3) 2.030
Ru(1)-0(1) 2.023(3) 2.076
Ru(1)-N(2) 2.056(3) 2.105
Ru(1)-N(3) 2.051(3) 2.097
Ru(1)—N(4) 2.075(3) 2.138
Ru(1)-N(5) 2.059(3) 2.121
C(1)-N(1) 1.313(5) 1.325
C(4)-0(1) 1.291(5) 1274
C(1)-C(2) 1.448(5) 1451
C(1)-C(3) 1.464(5) 1.457
C(2)-C(2") 1.338(8) 1.345
C(3)-C(3") 1.440(7) 1.442
C(3)—-C(4) 1.427(5) 1.452
C(4)—C(5) 1.451(6) 1.466
C(5)—C(6) 1.404(6) 1.407
C(5)-C(5") 1.407(8) 1.408
C(6)—-C(7) 1.380(7) 1.389
C(7)-C(7") 1.369(12) 1.403

“From crystal structure analysis of [2](ClO,);. "UB3LYP level of
theory; 6-31G*/LanL2DZ basis sets.

Scheme 2. Representation of Different Redox States of H,L
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chain of 1" or 1’ (n = 1+, 0, 1—, 2—). As the diastereoisomers 1
and 1’ exhibit almost identical structural and electron-transfer
features, the detailed analysis has been performed for 1,
supported by DFT data.

Considering the redox noninnocent behavior of ruthenium
and of H,L*~ (Scheme 2), the reversibly electrogenerated
species 1* (or 1'*) can be defined either as a mixed-valent
system, [(acac),Ru™(u-H,L*")Ru"(acac),]*, or as a radical
bridged homovalent state, [(acac),Ru'(u-H,L*7)-
Ru"(acac),]*. However, bridge-dominated singly occupied
molecular orbitals (SOMOs) both for 1 (S = 1) (SOMO1:
Rul, 21%, and H,L, 72%, Table S6, Supporting Information)
and for 1" (S = 3/2) (SOMOI: Rul, 26%, and H,L, 55%, Table
S7, Supporting Information) as well as the Mulliken spin
density distribution of Rul, 0.861, Ru2, 0.865, and H,L, 0.804
(Table S and Figure 4), for 1" suggest a mixed situation with
[(acac),Ru™(u-H,L*")Ru"(acac),]* and [(acac),Ru™(u-
H,L*")Ru"(acac),]* as major and minor forms, respectively.

The reduction is different: Although the metal dominated j-
LUMO of 1 (S = 1), Ry, 68%, and H,L, 13% (Table S6,
Supporting Information), extends an immediate impression of a
metal-based first reduction process (Redl, Figure 3), the

dx.doi.org/10.1021/ic500452h | Inorg. Chem. 2014, 53, 6082—6093
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Figure 3. Cyclic voltammograms of (a) 1, (b) 1’, and (c) [2](ClO,);
in CH,CN/0.1 M Et,NCIO, versus SCE; scan rate 100 mV s,

SOMO composition of 17 (S = 1/2) (Ru, 39%, and H,L, 50%,
Table S8, Supporting Information) and the Mulliken spin
density distribution (Rul, 0.231, Ru2, 0.219, H,L, 0.534; Table
S and Figure 4) imply a resonance situation [(acac),Ru"(u-
H,L*7)Ru"(acac),]” < [(acac),Ru™(u-H,L*")Ru"(acac),]”
for 17. The MO compositions of 17 (S = 1/2) (f-LUMO: Ry,
45%, and H,L, 44%, Table S8, Supporting Information) and
1~ (S = 0) (HOMO: Ru, 36%, and H,L, 56%, Table S9,
Supporting Information) suggest a resonance description
[(acac),Ru™(u-H,L* ) Ru™(acac),]*~ < [(acac),Ru'(u-
H,L*")Ru"(acac),]*” for the second reduced state (Figure 3,
Red2).

The reversibly generated redox states of the analogous 1,4-
dioxido-9,10-anthraquinone (QL*", Scheme 3) bridged com-
plede 3" were formulated as [(acac),Ru™(u-QL*")Ru'Y
(acac),]*" (0x2), [(acac),Ru™(u-QL* )Ru' (acac),]** (Ox1),
[(acac),Ru™(u-QL**")Ru(acac),]” (Redl), and [(aca-
c),Ru™(4-QL*)Ru"(acac),]*” « {(acac),Ru"(4-QL*")
Ru'(acac),}*~ (Red2). Thus, a larger degree of mixing of
metal- and bridge-based frontier orbitals has taken place in the
imino derivative 1 relative to the oxido analogue.

Bridge-dominated oxidation (Figure 3, Ox) with appreciable
metal contribution has been determined for the MO
compositions of 2** (S = 1/2; SOMO: Ru, 31%, and H,L,

Table 5. DFT Calculated ((U)B3LYP/LanL2DZ/6-31G*)
Mulliken Spin Densities

complex Rul Ru2 H,L acac“/bpyb
1' (§=3/2) 0.861 0.865 0.804 0471
1(s=1) 0.740 0.737 0368 0.154
1~ (S=1/2) 0231 0219 0.534 0017
2% (S = 1/2) 0.128 0.128 0.752 —0.008
25 (S =1/2) —0.004 —0.004 —0.002 1.009

“For 1". ®For 2".

Figure 4. Spin density representations of (a) 1 (S=1), (b) 1* (S=3/
2), and (c) 17 (S = 1/2).

61%, Table S10, Supporting Information) as well as for 2** (S =
0) (HOMO: Ru, 23%, and H,L, 71%, Table S11, Supporting
Information), leading to the electronic structural forms of
[(bpy),Ru"(u-H,L°)Ru"(bpy),]** (major contribution)/
[(bpy),Ru"(1-H,L*")Ru"(bpy),]** (minor contribution) for
2*. In contrast, the 1,4-dioxido-9,10-anthraquinone bridged

Table 4. Electrochemical Data”

E'y [V] (AE [mV])® RS
compd Ox Redl Red2 Red3 K,? K.* Ky
1 0.41 (70) —0.72 (70) —1.16 (80) 10112 1074
1 0.39 (70) —0.74 (70) —1.17 (90) 10"12 107
[2](ClO,), 0.37 (80) —0.06 (80) —1.56 (60) —1.76 (180) 10728 10338 10338

“From cyclic voltammetry in CH;CN/0.1 M Et,NCIO, at 100 mV s, bPotential in V versus SCE; peak potential differences AE [mV] (in
parentheses). “Comproportionation constant from RT In K. = nF(AE). 9K, between Ox and Redl. °K,, between Redl and Red2. /K ; between

Red2 and Red3.
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Scheme 3. Representation of the Ligand QL*"
o %
0 0 |

o0 O
©

complex 4" was reported to form a mixed-valent Ru'Ru™

species.Sd The first reduction of 2** (Figure 3¢, Red1) also takes
place at the bridge, with minor metal contribution (-LUMO:
Ru, 29%, and H,L, 61%, Table S10, Supporting Information,
and HOMO of 2** (S = 0): Ru, 21%, and H,L, 72%, Table S12,
Supporting Information), giving rise to the predominant
configuration [(bpy),Ru"(u-H,L*")Ru"(bpy),]** for 2**. As
expected, the Red3 process corresponds to a bpy based
reduction ([ (bpy):Ru" (i HsL*)Ra' (bpy) (bpy™) ") sug:
gested by the MO composition (LUMO of 2*%, 91% bpy,
Table S12, Supporting Information, and SOMO of 2* (S = 1/
2), 94% bpy, Table S13, Supporting Information) and
confirmed by the bpy-based Mulliken spin density of 2*
(Table S and Figure S).

(b)

Figure 5. Spin density representations of (a) 2** (S = 1/2) and (b) 2*
(S=1/2).

EPR Spectroscopy. The neutral complex 1 was studied by
EPR in the native state, in the oxidized and in the reduced
forms in situ, however, no EPR signal was detected under
ambient conditions or at low temperature (110 K). Chemical
reduction using cobaltocene was also unsuccessful. Relaxation
conditions favoring the observation of unbroadened albeit
shiffed '"H NMR resonance signals as for 1 (Figure S2,
Supporting Information) can be expected to disfavor the
observation of EPR resonances. According to DFT calculations
the one-electron reduction of the {Ru™(u-H,L>”)Ru'}
precursor leads to a mixed configuration of {Ru'™(u-H,L**")-
Ru™} and {Ru™(u-H,L>")Ru"} for 1~ while the oxidation
produces a quartet species with a mixture of {Ru™(u-
H,L*)Ru™} and {Ru™(u-H,L*")Ru’"} for 1* (Scheme 4);
all kinds of such configurations are likely to favor very rapid
EPR relaxation through large spin densities on the metal
(Figure 4 and Table S) with its high spin—orbit coupling
parameter.19

The Mulliken spin density calculations on the DFT
optimized lowest energy structures of 1 (S = 1) and 2*" (S =
1/2) (Figure S3 and Table SS, Supporting Information) predict
metal (Rul, 0.740, Ru2, 0.737, H,L, 0.368) and bridge (Rul,
0.128, Ru2, 0.128, H,L, 0.752) dominated spins, respectively
(Table S and Figures 4,5), corresponding to the electronic
structure formulations [(acac),Ru™(u-H,L*")Ru™(acac),] (1)
and [(bpy),Ra(4-H,L* Rall{bpy),]** (2%,

Taken together with the shifted 'H NMR resonances the
absence of an EPR signal for 1 and 1’ (and for 3°%) agrees with
the DFT-calculated S = 1 ground state.

The isolated odd-electron compound [2](ClO,); (S = 1/2)
is paramagnetic with broadened "H NMR signals; it exhibits a
slightly thombic EPR spectrum in frozen dichloromethane at
110 K (Figure 6). The absence of an EPR signal at room

Simulated

Experimental

2800 3000 3200 3400 3600 3800
HIG

Figure 6. EPR spectrum of [2](ClO,); in CH,ClL, at 110 K with
simulation (for data cf. text).

Scheme 4. Most Appropriate Oxidation State Combinations of 1" and 2" As Deduced from Experimental and Computational

Results

1+ RaM(ut, )Ry

e

1 RuM(u-H,L? )Ryl

o
1~ RuM(uH, L3 )R Rul (roH, L2 )Ry

e

12~ Ru"(u-H, L yRutM < R 1,12 )Ry
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—e 1L+e_ (irrev.)

Ru'(u-H,L*")Ru <> RuTl (- HyL o )Rul! 24
e

Rul(u-H,L*)Rul! <= Rull(u-H,L2)Rul 23+

—e 1‘ +e
Rul'(y-H,L>)Rull 2%
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temperature through moderately rapid relaxation and the g
component values of g; = 2.0665, g, = 1.998, and g3 = 1.9625
indicate a spin distribution with partial but not predominant
metal participation. As an approximate guideline for the
contributions from ruthenium with its high spin—orbit coupling
constant'? to the singly occupied MO, the anisotropy Ag = g, —
g can be used.*® The relatively®® high Ag value of 0.104
determined here points to an intermediate situation with quite
mixed bridging ligand ([(bpy),Ru"(u-H,L*")Ru"(bpy),]*")
and metal ([(bpy),Ru"(u-H,L?*")Ru™(bpy),]*>*) participation
at the delocalization of the unpaired electron. Accordingly, the
calculation of Mulliken spin densities (Rul, 0.128, Ru2, 0.128,
H,L, 0.752) in 2** predicts appreciable spin on the metal ion
(Figure S and Table S). Expectedly, the oxidation and reduction
of paramagnetic [2](ClO,); to even-electron species did not
produce an EPR signal.

UV-Vis—NIR Spectroelectrochemistry. The spectral
features of 1" (n = 1+, 0, 1—, 2—) and 2" (n = 4+, 3+, 2+,
1+) as obtained through OTTLE spectroelectrochemistry are
shown in Figures 7 and 8 (Table 6), and their analysis is based
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Figure 7. UV—vis—NIR spectroelectrochemistry of 1" (n = 1+, 0, 1—,
2-) in CH,CN/0.I M NBu,PF,.

on TD-DFT calculations (Tables 7 and 8). Oxidation of the
neutral compound 1 with its {Ru™(u-H,L*")Ru™} config-
uration results in a diminishing of the weak intraligand (7(H,L)
— 7*(H,L)) band at 1170 nm (TD-DFT: 883 nm) and of the
intense LMCT (n(acac) — da(Ru))/MLL'CT absorption
(dz(Ru)/x(acac) — n*(H,L)) at 535 nm (TD-DFT: 541/534
nm). A conspicuous new absorption appearing at 860 nm (TD-
DFT: 886 nm) and very weak NIR intensity emerging at about
2050 nm (g = 450 M~' cm™) for 1* (TD-DFT: 2881 nm) are
assigned to dz(Ru) — dz(Ru) and dz(Ru)/z(acac) —
dn(Ru)/#*(H,L) transitions, respectively, compatible with
the mixed configuration of {Ru™(u-H,L*”)Ru"}/{Ru"(u-
H,L*")Ru'"}. Further oxidation proved to be irreversible in
the spectroelectrochemical setup employed.
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Figure 8. UV—vis—NIR spectroelectrochemistry of 2" (n = 4+, 3+, 2+,
1+) in CH;CN/0.1 M NBu,PFq.

Table 6. UV—Vis—NIR Spectroelectrochemical Data for 17,
1’, and 2" in CH;CN/0.1 M Bu,NPF;

1"/
2" A/nm (e¢/M~! cm™!)
1* 250 (14910), 328 (6500), 464 (7900), 550 (6700), 860 (3700),

2050 (450)

1 248 (14820), 270 (sh), 345 (5220), 535 (15000), 1170 (900) {1':
247 (13720), 361 (4300), 538 (11860), 1170 (850)}

1= 250 (sh), 270 (16000), 382 (sh), 458 (6190), 691 (11330), 990 (sh),
2200 (700)

1> 248 (sh), 270 (17700), 354 (3260), 453 (5300), 488 (sh), 630 (sh),
704 (14600)

2% 242 (17750), 287 (17800), 359 (4800), 424 (5300), 530 (11430),
589 (4500), 636 (sh), 1100 (10500)

2% 243 (17770), 291 (18600), 359 (5190), 512 (sh), 550 (9100), 630
(sh), 1000 (sh), 1530 (3000), 1950 (3400)

27* 245 (21100), 294 (22200), 364 (5800), 440 (5220), 539 (10600), 820
(sh)

2% 245 (19150), 292 (20900), 372 (6800), 472 (sh), 540 (sh),

606 (7340), 614 (7400), 1078 (sh)

One-electron reduction of 1 results in the occurrence of two
MLCT bands in the visible region at 458 and 691 nm (TD-
DFT: 450 nm, dz(Ru) — #*(acac), and 634 nm, dz(Ru) —
7*(H,L)) while the precursor bands are again diminished. A
broad absorption appears in the near IR at about 2200 nm (¢ =
700 M™' ecm™) (TD-DFT: 2157 nm, dz(Ru) — dz(Ru)/
7*(H,L)) which disappears during the second reduction. The
NIR feature can be attributed®® to an intervalence charge
transfer (IVCT) transition of a less strongly coupled (class
)" {Ru™(u-H,L*")Ru""} mixed-valent configuration, mixed
with a radical based transition corresponding to the alternative
configuration {Ru™(u-H,L**")Ru™} for 17. The doubly
reduced form [(acac),Ru™(u-H,L*")Ru™(acac),]*~ < [(aca-
¢),Ru(u-H,L*")Ru(acac),]>~ (1?7) exhibits an intense
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Table 7. Experimental and TD-DFT ((U)B3LYP/CPCM/CH;CN) Calculated Electronic Transitions for 1"

HOMO(f) — LUMO+6(8) (0.29) HOMO-1(f) — LUMO+6(f)
1

character

Ru(dr)/acac(z) — Ru(dz)/H,L(z*)
Ru(dz) — Ru(dr)

acac(r) —» Ru(dr)/ H,L(x*)
acac(r)/Ru(dz) — Ru(dr)/H,L(7z*)
acac(m) — H,L(7*)

H,L(7) - H,L(n*)

acac(r) — Ru(dr)
Ru(dz) — acac(#*) Ru(dr) — acac(z*)

Ru(dz) — Ru(dr)/H,L(7*)

HOMO-1 - LUMO+2 (0.36) HOMO-3 — LUMO+3 (0.32)

A/nm (expt) (e/M™! A/nm (DFT)
cm_l) transitions
1" (§=3/2)
2050 (450) 2881 (0.001) HOMO(f) — LUMO+2(p) (0.82)
860 (3700) 886 (0.023) HOMO-1(8) — LUMO(p) (0.96)
550 (6700) 564 (0.006) HOMO-7() — LUMO+1(p) (0.59)
464 (7900) 479 (0.007)  HOMO-4(f) — LUMO+2(p) (0.70)
328 (6500) 325 (0.074)  HOMO-6(B) — LUMO+3(p) (0.46)
1(S=1)
1170 (900) 883 (0.006) SOMOI1(ar) — LUMO(a) (0.87)
535 (15000) 541 (0.028) HOMO-5(f) - LUMO(p) (0.55)
345 (5220) 346 (0.010)
(021)
17 (S=1/2)
2200 (700) 2157 (0.048)  HOMO-1(f) — LUMO() (0.88)
691 (11330) 634 (0.040) HOMO-2(8) — LUMO+1(p) (0.46)
458 (6190) 450 (0.001) HOMO-2() — LUMO+3(f3) (0.43)
1> (S=0)
704 (14600) 724 (0.016) HOMO-2 — LUMO+3 (0.60)
453 (5300) 470 (0.003)
354 (3260) 357 (0.003) HOMO-4 — LUMO+4 (0.31)

Ru(dz) — H,L(7*)
Ru(dr) — acac(n*)

Ru(dz) — acac(n*)

Ru(dz) — acac(7*) Ru(dz) — acac(r*)

Ru(dr) — acac(n*)

Table 8. Experimental and TD-DFT ((U)B3LYP/CPCM/CH;CN) Calculated Electronic Transitions for 2"

A/nm (expt) (e/M™' cm™) A/nm (DFT) (f)

transitions

character

2 (S = 0)

1100 (10500) 1120 (1.107)

HOMO-1 —» LUMO (0.44) HOMO-3 — LUMO (0.42)

Ru(dz) — Ru(dr) Ru(dz) — Ru(dr)
bpy(x) — Ru(dr)

H,L(z) — H,L(n*)

Ru(dz)/H,L(x) — H,L(x*)

bpy(z) — Ru(dz) bpy(z) — Ru(dr)

Ru(drz) - H,L(#*)
Ru(dz) — H,L(7*)
Ru(dr) — H,L(7*)
bpy(z)/H,L(7) — H,L(7*)

Ru(drz) - H,L(#*)
H,L(7) — bpy(z*)
Ru(dz) — bpy(n*)

Ru(dz) — bpy(z*)
bpy(z) — H,L(z*)
Ru(dz) — bpy(z*)

589 (4500) 567 (0.081) HOMO-6 — LUMO (0.61)
530 (11430) 561 (0.255) HOMO — LUMO+1 (0.54)
424 (5300) 427 (0.034) HOMO-4 — LUMO+1 (0.58)
359 (4800) 361 (0.033) HOMO-20 — LUMO (0.36) HOMO-18 — LUMO (0.32)
2% (§=1/2)
1950 (3400)“
1530 (3000) 1442 (0.197) HOMO(f) - LUMO(f) (0.94)
1000 (sh) 1065 (0.042) HOMO-1(8) — LUMO(p) (0.97)
550 (9100) 563 (0.163) HOMO-1(a) = LUMO(a) (0.69)
359 (5190) 356 (0.018) HOMO-11(a) - LUMO(a) (0.35)
2 (S =0)
539 (10600) 530 (0.143) HOMO-1 - LUMO+4 (0.48)
440 (5220) 440 (0.006) HOMO — LUMO+10 (0.63)
364 (5800) 364 (0.001) HOMO-1 - LUMO+7 (0.42)
2V (S=1/2)
614 (7400) 613 (0.022) HOMO-3(a) = LUMO(a) (0.64)
606 (7340) 595 (0.039) SOMO(a) — LUMO+13(a) (0.92)
372 (6800) 373 (0.010) HOMO-2(a) — LUMO+6(a) (0.63)
“See text.

absorption at 704 nm (TD-DFT: 724 nm), followed by a
moderately intense band at 453 nm (TD-DFT: 470 nm)
corresponding to dz(Ru) — z*(acac) MLCT transitions,
respectively.

Compound [2](ClO,); with a mixed configuration of
[(bPY)2RuH(l"HzL._)RuH(bPY)z]3+/[(bPY)zRuIH(,“'HzLZ_)'
Ru"(bpy),]*" is distinguished by moderately intense absorption
bands at 1530 and 1950 nm in the near-infrared region beyond
800 nm (TD-DFT: 1442 nm, dz(Ru) — 7*(H,L)).>* While
the presence of long-wavelength MLCT bands is not
unprecedented for radical-bridged diruthenium complexes,*
the occurrence of two NIR maxima (at 1530 and 1950 nm) is
tentatively attributed to the effect of a high spin—orbit coupling
constant of the metal, causing forbidden transitions of higher
multiplicity to become allowed, as is well established for
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diosmium systems.”” EPR spectroscopy has suggested a highly
metal/ligand mixed character of the singly occupied MO
(SOMO), both radical bridged dinuclear compounds and
mixed-valent species can produce near-IR absorptivity.*’
However, TD-DFT calculations suggest that both the NIR
and visible (550 nm, TD-DFT: 563 nm) bands involve dz(Ru)
— m*(H,L) transitions, thus favoring the radical description
over the mixed-valent alternative. Ligand-based z(bpy)/z(H,L)
— 7*(H,L) and bpy-targeted dz(Ru) — z*(bpy) MLCT
bands appear in the higher energy region.

Oxidation of [2](ClO,); to {Ru"(u-H,L°)Ru"}/{Ru"(u-
H,L*")Ru™} yields EPR-silent 2* which has lost the NIR
bands, being replaced by one intense absorption at 1100 nm
(TD-DFT: 1120 nm). TD-DFT calculations suggest an
MMCT assignment, a dz(Ru) — dz(Ru) transition, corre-
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sponding to a coupled mixed-valent situation {Ru"(y-H,L*")-
Ru'} with a radical anion bridge as suggested earlier for related
cases.” Several bands in the visible region between 400 and 600
nm are assigned to intraligand (H,L) and bpy or H,L targeted
LMCT or MLCT transitions.”® Further oxidation was found
irreversible.

Reduction of [2](ClO,); is accompanied by the loss of the
NIR absorptions. The H,L*” targeted MLCT (dz(Ru) —
7*(H,L)) transition remains at 539 nm (TD-DFT: 530 nm),
together with some weak shoulders. Interligand (z(H,L) —
7*(bpy)) and bpy-directed MLCT transitions (dz(Ru) —
7*(bpy)) appear at 440 nm (TD-DFT: 440 nm) and 364 nm
(TD-DFT: 364 nm), respectively. An oxidation state
formulation [(bpy),Ru"(u-H,L*>")Ru"(bpy),]** agrees with
these observations made for 2**. The doubly reduced state
[(bpy),Ru"(u-H,L*~)Ru"(bpy) (bpy*~)]* (2*) shows (dz)Ru
— (#*)bpy and (7)bpy — (#*)H,L transitions at 614 (TD-
DFT: 613 nm) and 606 nm (TD-DFT: 595 nm), respectively.

B CONCLUSION

Based on experimental and theoretical evidence the oxidation
state assignments shown in Scheme 4 have been made. The
series of noninnocent li and-bridged diruthenium redox
systems 17, 1", 2", and 3™ invites comparisons with regard
to different valence distribution:

e The diastereoisomers 1 (rac) and 1’ (meso) show little
spectral and electrochemical difference, as was similarly
noted in related cases.

While the magnetic responses of 1 and 3 are
quantitatively different, the {Ru™(u-BL*")Ru'"} valence
description is comparable for both structurally charac-
terized species. The presence of NH functions in 1 and
1’ allows for intermolecular hydrogen bonding.

The one-electron oxidized forms differ in that the
bis(tris(f-diketonato)) species 3* forms a metal-oxidized
mixed-valent configuration Ru™(u-QL*7)Ru'" with
strong IVCT absorption in the near-infrared, whereas
the 1% species presented here with the more easily
oxidized imine-containing bridge involves a ligand-
centered oxidation to Ru™(u-H,L*")Ru™ as confirmed
by calculations of the spin density distribution.

In contrast to the acac-containing diruthenium(III)
species 1, the corresponding bpy-containing state 2*" is
distinguished by a very intense near-IR absorption
calculated to be a metal-to-metal transition for a radical
anion-bridged mixed-valent configuration Ru'(u-
H,L* )Ru" < Ru"(u-H,L*")Ru", reflecting the ten-
dency of bpy to stabilize the lower metal oxidation state.
Another consequence of that acac™/bpy difference is
observed for the anions which are EPR-silent
diruthenium(11T) species Ru™(u-BL**")Ru" for 17, 1’7,
and 3~ whereas the formally corresponding 2% is
structurally and EPR spectroscopically characterized
here as a predominantly radical anion complex Ru"(u-
H,L*")Ru", albeit with sizable metal participation.

In contrast to the electron rich acac™ which facilitates the
stabilization of Ru™ in 1 or 1’ as reported for other related
cases, the 7-accepting bpy ligands favor at least partially Ru"

n [2](ClO,);. However, other than [(pap),Ru"(u-H,L*~ )
RuH(pap) 1> with the strongly 7z-accepting 2-phenylazopyr-
idine (pap), the isolated ([2](ClO,);) complex contains the

anion radical form of the bridge. In an earlier report, this
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dinuclear {Ru(bpy),} complex was formulated as a mixed-
valent species [(bpy),Ru"(u- H2L2 )Ru"(bpy),](PFs); based
on the low-energy absorptlon, however, our EPR spectro-
scopic results clearly rule out this formulation. In summary, the
subtly balanced effects of both ancillary and bridging ligands
contribute to determine the resulting valence distribution
patterns of accessible redox states.

B EXPERIMENTAL SECTION

Materials. The precursor complexes Ru(acac),(CH,CN),** and
Ru(bpy),CL>* were prepared according to procedures reported in the
literature. The ligand 1,4-diamino-9,10-anthraquinone was purchased
from Alfa Aesar. Other chemicals and solvents were of reagent grade
and used as received. For spectroscopic and electrochemical studies
HPLC grade solvents were used.

Physical Measurements. Solution electrical conductivities were
checked using a Systronic conductivity bridge 30S. The EPR
measurements were made in a two electrode capillary tube®® with an
X-band (9.5 GHz) Bruker system ESP300 spectrometer. Cyclic
voltammetric and differential pulse voltammetric measurements of the
complexes in the isolated native state were done using a PAR model
273A electrochemistry system. Platinum wire working and auxiliary
electrodes and saturated calomel reference electrode (SCE) were used
in a standard three-electrode configuration with tetraethylammonium
perchlorate (TEAP) as the supporting electrolyte (substrate
concentration ~10> M; standard scan rate 100 mV s™'). (Caution!
Perchlorate salts are explosive and should be handled with care.) UV—
vis—NIR spectroelectrochemical studies were performed in CH;CN/
0.1 M Bu,NPF4 at 298 K using an optically transparent thin-layer
electrode (OTTLE) cell®” mounted in the sample compartment of a
J&M TIDAS spectrophotometer. All spectroelectrochemical experi-
ments were carried out under a dinitrogen atmosphere. The elemental
analyses were recorded on a PerkinElmer 240C elemental analyzer.
Electrospray mass spectral measurements were done on a Micromass
Q-ToF mass spectrometer.

Preparation of Complexes. [Ru,(acac),(u-H,L?7)], 1 and 1'. The
starting complex Ru"(acac),(CH;CN), (100 mg, 0.26 mmol) and the
ligand H,L (30.97 mg, 0.13 mmol) were taken in 20 mL of ethanol,
and then NEt; (0.01 mL, 0.07 mmol) was added to the solution
followed by refluxing for 6 h. The reaction mixture was evaporated to
dryness and purified by using a neutral alumina column. The pure
complexes 1 (= rac isomer) and 1’ (= meso isomer) were eluted by 3:1
CH,Cl,—hexane and 6:1 CH,Cl,—hexane, respectively. The pure solid
products (1 and 1’) were obtained on removal of solvent under
reduced pressure.

1. Yield: 44 mg (40%). "H NMR in CDCl, [§/ppm (J/Hz)]: 11.16
(t, 4.04, 2H, H,L), 8.27 (d, 3.16, 2H, H,L), 7.29 (s, br, 2H, H,L), 3.06
(s, 2H, CH(acac)), —1.45 (s, 2H, CH(acac)), 3.39 (s, 6H,
CH,(acac)), 2.54 (s, 6H, CHj(acac)), 1.10 (s, 6H, CHj(acac)),0.39
(s, 6H, CH;(acac)), —12.31 (s, 2H, NH(H,L)). MS(ESI*, MeCN):
m/z {[1]*} calcd, 836.04; found, 836.06. Molar conductivity (MeCN):
Ay =2 Q7' ecm? ML, Anal. Caled for C;,H;¢N,0,oRu,: C, 48.92; H,
4.35; N, 3.36. Found: C, 48.70; H, 4.33; N, 3.20.

1'. Yield: 35 mg (32%). "H NMR in CDCl; [6/ppm (J/Hz)]: 11.18
(s, br, 2H, H,L), 8.28 (d, 3.12, 2H, H,L), 7.20 (s, br, 2H, H,L), 3.19
(s, 2H, CH(acac)), —1.12 (s, 2H, CH(acac)), 3.24 (s, 6H,
CH;(acac)), 2.47 (s, 6H, CH;(acac)), 1.18 (s, 6H, CH;(acac)), 0.48
(s, 6H, CH;(acac)), —13.10 (s, 2H, NH(H,L)). MS(ESI*, MeCN):
m/z {[1']"} caled, 836.04; found, 836.05. Molar conductivity
(MeCN): Ay = 4 Q' am® M. Anal. Calcd for C3,HyN,O,oRu,:
C, 48.92; H, 4.35; N, 3.36. Found: C, 48.75; H, 4.31; N, 3.22.

[Ruz(bpy)4(u-HZLZ‘)](CIO4)3, [2](CIO,);. The starting complex
Ru(bpy),(Cl), (100 mg, 0.21 mmol) and AgClO, (87.07 mg, 0.42
mmol) were taken in EtOH and refluxed for 2 h. The precipitated
AgCl was filtered off through a sintered Gooch crucible. The filtrate
was taken in a two-necked round-bottomed flask, and the ligand H,L
(25.01 mg, 0.105 mmol) and NEt; (0.007 mL, 0.05S mmol) were added
to it. The mixture was refluxed for 6 h. The solvent was evaporated to
dryness under reduced pressure. The dry mass was moistened with a
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few drops of CH;CN followed by the addition of saturated aqueous
NaClO, solution to it. It was then chilled overnight. The solid mass
thus obtained was filtered off, washed with chilled water to remove the
excess NaClOy, and dried in vacuo over P,O . It was purified by using
a neutral alumina column and 6:1 CH;CN—CH,Cl, mixture as an
eluant. The solvent was removed under reduced pressure, which
yielded the pure solid mass of [2](ClO,);. Yield: 107 mg (75%).
MS(ESIY, MeCN): m/z {[2](ClO,),}"* calcd, 1262.04; found, 1262.06.
Molar conductivity (MeCN): Ay = 290 Q7 cm? M. Anal. Calcd for
CsHyoN,O0,Cl3Ru,: C, 47.64; H, 2.96; N, 10.29. Found: C, 47.36;
H, 2.94; N, 10.38.

Crystal Structure Determination. Single crystals were grown by
slow diffusion of CH;OH vapor into the CHCI; solution of 1, and
slow evaporation of 1:3 CH,Cl,—hexane and 1:4 CH;CN—toluene
solutions of 1’ and [2](ClO,);, respectively. X-ray diffraction data
were collected using a CCD Agilent Technologies (Oxford
Diffraction) SUPER NOVA diffractometer. The data were collected
by the standard phi-omega scan techniques, and were scaled and
reduced using CrysAlisPro RED software. The structure was solved by
direct method using SHELXS-97 and refined by full matrix least-
squares with SHELXL-97, refining on F2.*® All non-hydrogen atoms
were refined anisotropically. The remaining hydrogen atoms were
placed in geometrically constrained positions and refined with
isotropic temperature factors, generally 1.2U,  of their parent atoms.
Hydrogen atoms were included in the refinement process as per the
riding model. SQUEEZE was applied for the highly disordered two
water molecules in the crystal of [2](ClO,),.

Magnetism. The variable-temperature magnetic susceptibilities
were measured on polycrystalline samples with a Quantum Design
MPMSXL SQUID (superconducting quantum interference device)
susceptometer over a temperature range of 2 to 300 K at the constant
field of 0.1 T, 1 T, and S T. Each raw data set was corrected for the
diamagnetic contribution of both the sample holder and the complex
to the susceptibility. The molar diamagnetic corrections were
calculated on the basis of Pascal constants.

Computational Details. Full geometry optimizations were carried
out using the density functional theory method at the (U)B3LYP level
for 1*, 1, 17, 2**, and 2* and (R)B3LYP for 1>7, 2, and 22*.%° All
elements except ruthenium were assigned the 6-31G(d) basis set. The
LanL2DZ basis set with effective core potential was employed for the
ruthenium atom.* Vibrational frequency calculations were performed
to ensure that the optimized geometries represent the local minima
and there are only positive eigenvalues. All calculations were
performed with the Gaussian09 program package.®' Vertical electronic
excitations based on B3LYP optimized geometries were computed for
1%, 1, 17, 177, 2%, 2%, 2%, and 2" using the time-dependent density
functional theory (TD-DFT) formalism®® in acetonitrile using the
conductor-like polarizable continuum model (CPCM).** Chemissian
1.7** was used to calculate the fractional contributions of various
groups to each molecular orbital. All the calculated structures were
visualized with ChemCraft.*®
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X-ray crystallographic files in CIF format for rac-1, meso-1’, and
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