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The complexes [(pap)2Ru(Q)]ClO4, [1]ClO4-[4]ClO4, with two different redox noninnocent ligands, Q = 3,5-di-tert-butyl-
N-aryl-1,2-benzoquinonemonoimine (-aryl =m-(Cl)2C6H3 (1

þ), C6H5 (2
þ),m-(OCH3)2C6H3 (3

þ), andm-(tBu)2C6H3 (4
þ))

and pap = 2-phenylazopyridine, have been synthesized and characterized using various analytical techniques. The single-
crystal X-ray structure of the representative [2]ClO4 3C7H8 exhibits multiple intermolecular C-H 3 3 3O hydrogen bondings
and C-H 3 3 3π interactions. The C1-O1 = 1.287(4) (density functional theory, DFT, 1.311) and C6-N1 = 1.320(4) (DFT,
1.353) Å and intraring bond distances associated with the sensitive quinine (Q) moiety along with the azo(pap) bond
distances, N3-N4 = 1.278(4) (DFT, 1.297) and N6-N7 = 1.271(4) (DFT, 1.289) Å, in 2þ justify the [(pap)2Ru

II(Q•-)]þ

valence configuration at the native state of 1þ-4þ. Consequently, Mulliken spin densities on Q, pap, and Ru in 2þ are
calculated to be 0.8636, 0.1040, and 0.0187, respectively, and 1þ-4þ exhibit free radical sharp EPR spectra and one weak
and broad transition around 1000 nm in CH3CN due to interligand transition involving a singly occupied molecular orbital
(SOMO) of Q•- and the vacant π* orbital of pap. Compounds 1þ-4þ undergo a quasi-reversible oxidation and three
successive reductions. The valence structure of the electron paramagnetic resonance (EPR)-inactive oxidized state in
12þ-42þ has been established as [(pap)2Ru

II(Q�)]2þ instead of the alternate formalism of antiferromagnetically coupled
[(pap)2Ru

III(Q•-)]2þ on the basis of the DFT calculations on the optimized 2þ, which predict that the singly occupied
molecular orbital is primarily composed ofQwith 77%contribution. Accordingly, the optimized structure of 22þ predicts shorter
C1-O1 (1.264) and C6-N1 (1.317 Å) distances and longer Ru1-O1 (2.080) and Ru1-N1 (2.088 Å) distances.
Compounds 12þ-42þ exhibit the lowest energy transitions around 600 nm, corresponding to Ru(dπ)/Q(π)f pap(π*). The
presence of two sets of stronglyπ-acceptor ligands, pap and Q, in 12þ-42þ stabilizes the Ru(II) state to a large extent such
that the further oxidation of {RuII-Q�}f {RuIII-Q�} has not been detected within þ2.0 V versus a saturated calomel
electrode. The EPR-inactive reduced states 1-4 have been formulated as [(pap)2Ru

II(Q2-)] over the antiferromagnetically
coupled alternate configuration, [(pap)(pap•-)RuII(Q•-)]. The optimized structure of 2 predicts sensitive C1-O1 and
C6-N1 bond distances of 1.337 and 1.390 Å, respectively, close to the doubly reduced Q2- state, whereas the NdN
distances of pap, N3-N4 = 1.299 and N6-N7 = 1.306 Å, remain close to the neutral state. In corroboration with the doubly
reducedQ2- state, 1-4 exhibit amoderately strong interligandπ(Q2-)fπ*(pap) transition in the near-IR region near 1300
nm. The subsequent two reductions are naturally centered around the azo functions of the pap ligands.

Introduction

The recognition of sizable mixing of redox-sensitive
dπ(Ru) and pπ(quinonoid, Q) frontier orbitals has initiated
continuous efforts in establishing the valence state distribu-
tion aspects at the metal-quinonoid interface using newer
molecular frameworks.1-6 Furthermore, the recent reports
related to the application potentials of ruthenium-
quinonoid derivatives in the water oxidation process7 extend
additional impetus in dealing with such complexes. It often

introduces a challenging or a rather confusing scenario in
determining the precise metal-ligand valence state distribu-
tions in accessible redox states.8Moreover, the superposition
of resonating states in ruthenium-quinonoid systems may
also lead to the yielding of the intermediate description, as
stated by Remenyi and Kaupp.9 A wide variety of mono-
nuclear complexes of the general composition [(ALp)Ruq-
(Qm)]n (AL = ancillary ligand; Q = quinonoid framework;
p, q,m,and n are the respective charges; Scheme 1) have been
studied in detail, and substantial variations in the valence
distribution profile of such complexes have been reported on
the basis of even simple alterations of the electronic nature of
either AL or Q,1-9 revealing the need for further investiga-
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tions of this delicate valence phenomenon with the newer
combinations in [(ALp)Ruq(Qm)]n. Though a large number of
mononuclear ruthenium-Q derivatives have been designed
along with a wide variety of coligands (Scheme 1) over
the past few decades, only one report of a ruthenium-Q
(Q: XdYdO, Scheme 1) derivative in combination with
AL = pap (pap = 2-phenylazopyridine) is known so far.8d

Further, a {Ru-Q} derivative where Q is comprised of

X = O and Y = NPh (Scheme 1) has been limited to only
a few studies along with AL= bpy (2,20-bipyridine),10 terpy
(2,20:60200-terpyridine),11 and tppz (2,3,5,6 tetrakis(2-pyridyl)-
pyrazine),12 though many articles have appeared in recent
years with the other transition elements.1a,13 Considering the
sensitive roles of the electronic nature of both AL and Q
on the valence configuration of {AL-Ru-Q}, the present
study is directed toward the hitherto unexplored combina-
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tion of [(pap)2Ru(Q)]n encompassing two different redox
noninnocent ligand centers, Q with X = O and Y = NPh
and pap = 2-phenylazopyridine, as shown in Scheme 1. The
selective induction of “pap” as the AL with the {Ru-Q} in
[(pap)2Ru(Q)]n introduces an additional competitive scenario,
as the low-lying π*(NdN) orbitals of pap are known to
undergo facile electron uptake processes at relatively low
potentials comparable to that of Q.8d,14

The present article therefore describes the synthesis and
characterization of a group of four complexes [(pap)2Ru

II(Q)]n

(1n-4n; Q= substituted 3,5-di-tert-butyl-N-aryl-o-iminobenzo-
quinone; Scheme 2) including the crystal structure of the
representative [2]ClO4. The sensitive valence structures of
1n-4n (n = þ2, þ1, 0, -1, -2) have been examined via
experimental and theoretical investigations.

Results and Discussion

The complexes [(pap)2Ru(Q)]
þ (1þ-4þ; pap = 2-phenyla-

zopyridine,Q=3,5-di-tert-butyl-N-aryl-1,2-benzoquinonemo-
noimine) have been synthesized from the precursor complex
ctc-[RuII(pap)2(EtOH)2]

2þ (ctc=cis-trans-cis with respect
to EtOH and pyridine and azo nitrogens of pap, respectively)
and substituted 2-anilino-4,6-di-tert-butylphenol(H2Q)
(Scheme 2) in the presence of NEt3 as a base in refluxing
EtOH under a dinitrogen atmosphere. The isolated perchlo-
rate salts, [1]ClO4-[4]ClO4, have been purified using a silica gel
column with a CH2Cl2-CH3CN mixture in a 5:1 ratio as the
eluent (see theExperimental Section). The crystal structure of the
representative [2]ClO4 establishes that the tc-configuration of the
starting {Ru(pap)2} moiety15 has been retained.
The 1:1 conducting complexes give satisfactory microana-

lytical data. The ν(ClO4) vibrations of [1]ClO4-[4]ClO4

expectedly appear near 1100/625 cm-1. The electrospray
mass spectra of [1]ClO4-[4]ClO4 in CH3CN showmolecular
ion peaks (m/z) corresponding to 1þ-4þ (see the Experi-
mental Section). In the solid state, [1]ClO4-[4]ClO4 exhibit a
magnetic moment μeff. of 1.8-1.9 μB corresponding to one
unpaired electron (S= 1/2 ground state). Consequently, the
complexes show sharp free-radical electron paramagnetic
resonance (EPR) spectra at g ∼ 1.99 (line width, ∼9 G)
without any detectable hyperfine splitting both in the solid

and solution (CH3CN) states at 298 K as well as at 77 K
(liquid nitrogen; Figure S1, Supporting Information).
The redox-sensitive features of all the three entities, Ru

(RuII, RuIII, RuIV),16 pap [(NdN)�, (N-N)•-, (N-N)2-],17

and Q (Q�, Q•-, Q2-)11 in [(pap)2Ru(Q)]þ (1þ-4þ) bring the
possibility of multiple reasonable valence structure alterna-
tives in the native state itself.However, the sharpEPR spectra
of isolated 1þ-4þ without any nitrogen (I of 14N = 1)
hyperfine splitting18 or Ru(III) (S = 1/2) anisotropic con-
tribution19 (Figure S1, Supporting Information) imply that
the native state exists primarily in the {(pap)2-RuII-(Q•-)}
configuration with the unpaired spin on the redox-sensitive
semiquinone (Q•-) moiety
The native state formulation of {(pap)2RuII(Q•-)} in the

solid states of [1](ClO4)-[4](ClO4)) has been authenticated
by the single-crystal X-ray structure of the representative
[2]ClO4 (Figure 1, Tables 1 and 2). The sensitive bond
distances associated with the Q in [2]ClO4, C1-O1 =
1.287(4) andC6-N1=1.320(4), and intraringbonddistances,

Scheme 2

Figure 1. ORTEP plot of the cation of [2]ClO4 3C7H8. Ellipsoids are
drawn with 50% probability.
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C1-C2=1.392(5), C2-C3=1.355(5), C3-C4=1.405(5),
C4-C5 = 1.331(5), C5-C6 = 1.392(5) and C6-C1 =
1.395(5) Å, are in favor of the intermediate radical semiqui-
nonoid (Sq) state, Q•-.20 The N-N bond distances in
[2]ClO4, N3-N4 = 1.278(4) and N6-N7 = 1.271(4) Å,
match perfectly well with the unreduced (NdN)� state of pap
reported earlier in structurally characterized ruthenium com-
plexes.21 However, a NdN distance of approximately 1.27 Å
in [2]ClO4 is slightly longer than that reported in the free state
of pap, 1.258(5) Å,22 due to a partial shift of charge from the
filled dπ(RuII) to the low-lying π*(NdN) in the form of back
bonding.21 The immediate consequence of dπ(Ru II )fπ*
(NdN) back bonding has been reflected in the shortened
Ru-N(azo) distances,Ru1-N4=1.937(3) andRu1-N7=
1.944(3) Å, relative to the corresponding Ru-N(pyridine)
distances, Ru1-N2= 1.982(3) and Ru1-N5= 2.000(3) Å,
of pap ligands. The DFT calculations on the representative
2þ (R spin) predict 13% and 21% Ru contributions in the
close-by lowest unoccupied molecular orbital (LUMO) and
LUMOþ1 along with 81% and 74% pap contributions,
respectively (Table 3), also implying the partial mixing of
frontier orbitals of the filled dπ(Ru) with the azo-based
vacant pπ* orbitals of pap. 17c,23

The DFT-optimized structure of 2þ is shown in Figure 2.
The calculated bond parameters agree reasonably well with
the experimental data, Table 2, revealing the reliability of the
optimization process. The calculated relevant bond distances
of coordinated Q, C1-O1 = 1.311, C6-N1 = 1.353, C1-
C2 = 1.418, C2-C3 = 1.384, C3-C4 = 1.425, C4-C5 =
1.351, C5-C6 = 1.418, and C1-C6 = 1.419 Å, and N-N
distances of coordinatedpap,N3-N4=1.297 andN6-N7=
1.289 Å, are also in agreement with the {(pap)2Ru

II(Q•-)}
configuration for 2þ. Consequently, the spin density plot of

2þ (Figure 3) shows that Q is the primary spin-bearing center
with Mulliken spin densities of 0.8636, 0.1040, and 0.0187
on Q, pap, and Ru, respectively.24

It should be noted that, in the earlier reported analogous
system [(tap)2Ru(Q)] (tap = 2-tolylazopyridine) with Q
corresponding toXdYdO(Scheme 1), the quinonoidmoiety
gets stabilized preferentially in the dianionic catecholate form
in the isolated native state.8d Therefore, slight tuning of the
quinonoid framework from Q, XdYdO to XdO and
YdNAr, as in the present case, introduces a precise difference
toward the stability of the redox state of the coordinated Q.
The packing diagram of [2](ClO4) 3C7H8 along the a axis is

shown in Figure 4. It exhibits multiple intermolecular
C-H 3 3 3Ohydrogen bondings involving (i) pyridine hydrogens
of the coordinated pap ligand and oxygen atoms of the per-
chlorate anion, C(32)-H(32) 3 3 3O(222)/C(33)-H(33) 3 3 3O-
(444), and (ii) oxygen atoms of the perchlorate anion and
hydrogen atoms of the methyl group of toluene as well as the
pendant N-phenyl ring of Q, C(77)-H(77) 3 3 3O111/C(16)-
H(16) 3 3 3O(222).Furthermore, it showsC-H 3 3 3π interactions
between the remaining twohydrogen atomsof themethyl group
of toluene and the pyridine ring of one of the pap ligands as well
as with the benzene ring of Q (Figure 4, Table 4).
In CH3CN, 1þ-4þ exhibit one moderately intense transi-

tion near 660 nm and two close-by partially overlapping
bands between 570 and 530 nm along with multiple intense
transitions in the UV region. In addition, one broad band at
the much lower energy part near 1000 nm has been system-
atically resolved for all of the complexes. The position and
intensity of thebands vary slightly dependingon the electronic
nature of the substituents, R in the pendant phenyl ring of Q
(Figure 5, Table 5). The low-energy broad transition around
1000 nm is considered to be the interligand transition from the
singly occupied state of Q•- to the low-lying vacantπ* orbital
of pap, as the singly occupied molecular orbital (SOMO) and
LUMO/LUMOþ1 (R spin) are primarily composed of Q
(77%) and pap (81)/(74)%, respectively (Table 3). The time-
dependent density functional theory (TDDFT) calculations
on the optimized structure of the representative 2þ also
predict the low-energy transition, λ/nm (ε/M-1cm-1), at
998.4 (2676) corresponding to SOMO(R)fLUMOþ1(R)
and Q(π)f pap(π*), which matches fairly well with the
experimental bandat 1003 (1290) (Tables 3, 5, and 6,Figures 5
and 6). In addition, TDDFT calculations predict one more
low-energy transition at 1328.8 (2921) due to the SOMO-
(R)fLUMO(R) and Q(π)fpap(π*) transition; however,
this has not been resolved in the spectrum of 2þ (Tables 5 and
6 and Figure 5). The π-acceptor character of pap results in a
decrease in energy of LUMOs (LUMOandLUMOþ1), or in
other words, the energy difference between the SOMO and
LUMO decreases drastically, which in turn facilitates the
Q(π)fpap(π*) interligand transition occurring at the iso-
lated lower-energy region near 1000 nm. In the analogous
[RuII(bpy)2Q

•-]þ derivative (bpy = 2,20-bipyridine, Q: X =
O,Y=NPh, Scheme 1), thementioned interligand transition
is reported to appear at a much higher energy of 687 nm,10

primarily due to the weaker π-acceptor character of bpy with
respect to pap.25 The visible energy transitions are interpreted

Table 1. Selected Crystallographic Data for [2]ClO4 3C7H8

[2]ClO4 3C7H8

mol formula C49H51ClN7O5Ru
fw 954.49
cryst sym monoclinic
space group P21/n
a (Å) 11.744(8)
b (Å) 19.608(10)
c (Å) 19.557(9)
β (deg) 102.47(5)
V (Å3) 4397(4)
Z 4
μ (mm-1) 0.474
T (K) 120(2)
Dcalcd (g cm-3) 1.442
F (000) 1980
2θ range (deg) 2.98 to 25.00
data/restraints/params 7727/0/575
R1, wR2 [I > 2σ(I)] 0.0409, 0.0836
R1, wR2 (all data) 0.0771, 0.0906
GOF 0.825
largest diff. peak/hole (e Å-3) 0.716 and -0.569

(20) Bhattacharya, S.; Gupta, P.; Basuli, F.; Pierpont, C. G. Inorg. Chem.
2002, 41, 5810.

(21) (a) Santra,B.K.; Thakur,G.A.;Ghosh,P.; Pramanik,A.;Lahiri,G.K.
Inorg. Chem. 1996, 35, 3050. (b) Kar, S.; Pradhan, B.; Sinha, R. K.; Kundu, T.;
Kodgire, P.; Rao, K. K.; Puranik, V. G.; Lahiri, G. K. Dalton Trans. 2004, 1752.

(22) Majumdar, P.; Peng, S. M.; Goswami, S. J. Chem. Soc., Dalton
Trans. 1998, 1569.

(23) (a) Patra, S.; Sarkar, B.; Ghumaan, S.; Patil, M. P.; Mobin, S. M.;
Sunoj, R. B.; Kaim, W.; Lahiri, G. K.Dalton Trans. 2005, 1188. (b) Kalinina,
D.; Dares, C.; Kaluarachchi, H.; Potvin, P. G.; Lever, A. B. P. Inorg. Chem. 2008,
47, 10110.

(24) Milsmann, C.; Patra, G. K.; Bill, E.; Weyherm
::
uller, T.; George,

S. D.; Wieghardt, K. Inorg. Chem. 2009, 48, 7430.
(25) Mondal, B.; Paul, H.; Puranik, V. G.; Lahiri, G. K. J. Chem. Soc.,

Dalton Trans. 2001, 481.
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in terms of TDDFT calculations, which predict three moder-
ately intense transitions, λ/nm (ε/M-1 cm-1), at 652.5(1003),
549.3(8718), and 541.0(8986) [experimental: 665(6820),
565(11100), and 528(11100)] corresponding to HOMO-
1(R)fLUMO(R)/LUMOþ1(R), Ru(dπ)/Q(π)fpap(π*)/
HOMO-2(R)fLUMO(R), Ru(dπ)/pap(π)f pap(π*);
HOMO-2(β)/HOMO-3(β)f LUMO(β)/LUMOþ1(β),
Ru(dπ)fpap(π*)/HOMO-1(β)fLUMO(β), Ru(dπ)/
pap(π)fpap(π*); andHOMO-2(β)fLUMO(β)/LUMOþ
2(β), Ru(dπ)fpap(π*), respectively (Table 6, Figure 6). The
presence of three close-by pap-dominated LUMOs in the
β spin (LUMO, LUMOþ1, and LUMOþ2; Table 3) facil-
itates the appearance of two partially overlapping metal-to-
ligand charge-transfer bands near 550 nm. The HOMOs are
also in mixed metal-ligand composite states (Table 3), as
conceivable in the complexes, 1þ-4þ, with two sets of non-
innocent ligands, Q and pap.
The complexes 1þ-4þ exhibit four-step, one-electron

each, quasi-reversible redox processes in the potential range
of(2.0 V versus saturated calomel electrode (SCE; Figure 7,
Table 7). The potentials of one oxidative (I) and three
successive reductive couples (II-IV) vary reasonably depend-
ing on the electron-withdrawing or electron-donating proper-
ties of R present in the framework of Q, and it follows
the order of 4þ < 3þ < 2þ < 1þ systematically for all of
the couples, I-IV (Table 7). The separation in potential
between the successive couples results in moderately high

comproportionation constant (Kc, RT ln Kc = nF(ΔE)26)
values in the range of 108 to 1011, implying appreciable
stability of the intermediate redox states on the cyclic volta-
mmetric time scale. The coulometrically generatedone-electron
oxidized, green, 12þ-42þ as well as one-electron reduced,
pink, 1-4 are quite stable at 298 K and can be reversibly re-
reduced and reoxidized, respectively, to the parent 1þ-4þ.
However, coulometrically generated second (1--4-) and
third (12--42-) reduced states are found to be unstable at
298 K, though the corresponding couples, III and IV
(Figure 7), exhibit reversibility on the cyclic voltammetric
time scale.The analogous bpy complex exhibits twooxidation
and one reduction couple,E�298, V(CH2Cl2/0.1MBu4NPF6),
at 1.22/-0.42 and -1.29, respectively, versus Fe(C5H5)2

þ/0

(1.67/0.03 and -0.84 versus SCE).10 Therefore, an appreci-
able positive shift of the first oxidation and reduction couples
(Table 7) takes place on switching from the bpy coligand to
the stronger π-accepting pap ligand in the corresponding
unsubstituted 2þ. As a consequence to this significant differ-
ence in π-accepting strength between pap and bpy, the
expected second oxidation process does not appear in 2þ

(estimated potential, >2.0 V versus SCE with respect to the
bpy analogue) within the potential limit ofþ2.0 V in CH3CN
versus SCE; however, two additional reductions, couples III
and IV, appear within -2.0 V (Table 7, Figure 7).

Table 2. Selected Experimental Bond Distances (Å) and Angles (deg) for [2]ClO4 and Calculated Bond Parameters for 2þ, 22þ, and 2

calcd (DFT)

bond distances exptl (X-ray) 2þ 22þ 2

Ru(1)-O(1) 1.996(3) 2.036 2.080 2.023
Ru(1)-N(1) 2.002(3) 2.036 2.088 2.050
Ru(1)-N(2) 1.982(3) 2.024 2.069 2.012
Ru(1)-N(4) 1.937(3) 1.977 2.058 2.017
Ru(1)-N(5) 2.000(3) 2.031 2.076 2.039
Ru(1)-N(7) 1.944(3) 1.976 2.069 2.018
C(1)-O(1) 1.287(4) 1.311 1.264 1.337
C(6)-N(1) 1.320(4) 1.353 1.317 1.390
N(3)-N(4) 1.278(4) 1.297 1.274 1.299
N(6)-N(7) 1.271(4) 1.289 1.269 1.306
C(1)-C(2) 1.392(5) 1.418 1.427 1.407
C(2)-C(3) 1.355(5) 1.384 1.363 1.394
C(3)-C(4) 1.405(5) 1.425 1.443 1.408
C(4)-C(5) 1.331(5) 1.351 1.358 1.393
C(5)-C(6) 1.392(5) 1.418 1.440 1.415
C(6)-C(1) 1.395(5) 1.419 1.460 1.432
C(15)-N(1) 1.410(4) 1.433 1.420 1.416

calcd

bond angles exptl 2þ 22þ 2

O(1)-Ru(1)-N(7) 85.33(11) 85.23 87.85 83.14
O(1)-Ru(1)-N(4) 171.65(11) 171.7 170.8 169.4
O(1)-Ru(1)-N(5) 83.17(12) 83.19 83.93 84.13
O(1)-Ru(1)-N(1) 78.57(11) 78.47 76.75 79.52
O(1)-Ru(1)-N(2) 96.42(12) 96.19 95.89 93.72
N(2)-Ru(1)-N(7) 100.25(12) 100.0 100.1 100.6
N(2)-Ru(1)-N(4) 76.51(13) 76.79 75.96 76.06
N(2)-Ru(1)-N(5) 176.84(12) 176.88 175.9 176.5
N(2)-Ru(1)-N(1) 87.38(12) 87.65 87.00 89.46
N(1)-Ru(1)-N(5) 95.59(12) 95.21 96.92 92.82
N(1)-Ru(1)-N(4) 96.48(12) 96.65 98.31 97.23
N(1)-Ru(1)-N(7) 162.89(12) 162.6 163.6 161.1
N(4)-Ru(1)-N(5) 104.14(13) 104.0 104.5 106.2
N(7)-Ru(1)-N(5) 76.60(12) 76.85 75.75 76.45
N(7)-Ru(1)-N(4) 100.17(12) 100.2 97.67 100.7

(26) Creutz, C. Prog. Inorg. Chem. 1983, 30, 1.
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Starting with the [(pap)2RuII(Q•-)]þ configuration at
the native state in 1þ-4þ the one-electron oxidized EPR-
silent 12þ-42þ species could be defined either by the
[(pap)2RuIII(Q•-)]2þ formalism, where the unpaired spins
on RuIII and Q•- are antiferromagnetically coupled, or
by the individually spin-paired diamagnetic state of

Table 3. Selected Molecular Orbitals Along with their Energies and Composi-
tions for [2]þ

composition

MO energy, eV Ru Pap Q

R spin

LUMOþ5 -2.66 08 87 05
LUMOþ4 -2.72 14 49 37
LUMOþ3 -3.66 04 95 01
LUMOþ2 -3.74 03 97 0
LUMOþ1 -5.17 21 74 (NdN, 33) 05
LUMO -5.57 13 81 (NdN, 46) 06
SOMO -7.16 08 15 77
HOMO-1 -8.22 29 05 66
HOMO-2 -8.82 37 44 19
HOMO-3 -8.93 43 33 24
HOMO-4 -9.04 47 16 37
HOMO-5 -9.30 07 17 76
HOMO-6 -9.43 02 38 60
HOMO-7 -9.46 05 65 30
HOMO-8 -9.48 13 74 13
HOMO-9 -9.55 02 95 03
HOMO-10 -9.71 01 89 10

β-spin

LUMOþ5 -2.70 13 54 33
LUMOþ4 -3.64 04 95 01
LUMOþ3 -3.72 04 96 0
LUMOþ2 -5.00 17 50 (NdN, 23) 33
LUMOþ1 -5.28 16 51 (NdN, 24) 33
LUMO -5.69 03 70 (NdN, 38) 27
HOMO -7.99 21 03 76
HOMO-1 -8.77 39 43 18
HOMO-2 -8.80 49 27 24
HOMO-3 -8.98 51 17 32
HOMO-4 -9.22 05 20 75
HOMO-5 -9.40 02 45 53
HOMO-6 -9.43 04 53 43
HOMO-7 -9.47 12 77 11
HOMO-8 -9.54 02 96 02
HOMO-9 -9.71 01 90 09
HOMO-10 -10.05 10 25 65

Figure 2. DFT-optimized structure of 2þ.

Figure 3. Spin density plot of 2þ.

Figure 4. (a) Packing diagram of [2](ClO4) 3C7H8 along the a axis
showing the hydrogenbonding andC-H 3 3 3πnetworking. (b) A segment
of the packing diagram highlighting hydrogen bondings and C-H 3 3 3π
interactions among [2]þ, ClO4

-, and toluene.
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[(pap)2RuII(Q�)]2þ. Though both of the formalisms are
equally compatible as far as the EPR-silent state of the
oxidized species is concerned,8a,b,23b,27 DFT calculations
on the optimized 2þ suggest that the SOMO is primarily
dominated by the Q-based orbitals with 77% contribu-
tion along with minor participation from the Ru center,
8% (Table 3). Thus, under the present competitive sce-
nario, the Q-based orbitals are preferentially involved in
the oxidation process instead of a metal-based electron-
transfer process leading to the [(pap)2RuII(Q�)]2þ config-
uration in 12þ-42þ along with the minor contribution
from the alternate formulation of [(pap)2RuIII(Q•-)]2þ.
Consequently, the low-energy band near 1000 nm due to
interligand transition involving the SOMO of Q•- and the
LUMOþ1 of pap in [(pap)2RuII(Q•-)]þ (1þ-4þ) disap-
pears on preferential oxidation of Q•- to the Q� state in
[(pap)2RuII(Q�)]2þ (12þ-42þ). The {RuII-Q�} valence
configuration of the oxidized species has also been re-
vealed by the decrease in calculated C1-O1 and C6-N1
bond distances of Q to 1.264 and 1.317 Å, respectively,20

in the optimized 22þ (Table 2). Moreover, the relatively
weak interaction between the oxidized quinone state, Q�,
and Ru(II) increases the Ru1-O1 and Ru1-N1 bond
distances to 2.080 and 2.088 Å, respectively (Table 2), as
evidenced previously in ruthenium-iminoquinone23b,27

and copper-quinone complexes.28

The electrochemically generated 12þ-42þ exhibit twomod-
erately intense visible energy bands near 600 and 500 nm, and
the higher-energy visible band is associated with a shoulder
near 470 nm (Figure 5, Table 5). The transitions can be
assigned on the basis of TDDFT calculations on optimi-
zed 22þ, λ/nm (ε/M-1cm-1), 586.3 (1582), 517.6 (19913),
and 475.7 (11987) (Table 6) [experimental: 588 (6640),
503 (11000), 476 (9500) (Table 5)], corresponding to
HOMO/HOMO-1fLUMOþ1, Ru(dπ)/Q(π) fpap(π*);
HOMO-1fLUMOþ2, Ru(dπ)/pap(π)fpap(π*) and
HOMO-9fLUMO, Ru(dπ)/Q(π)fQ(π*), respectively

(Tables 6 and 8 and Figure 8). Though one moderately strong
transition at 643.8(6698) has been predicted by TDDFT corre-
sponding to HOMO-6fLUMO and Ru(dπ)/Q(π)fQ(π*)
(Table 6), it has not been resolved experimentally (Figure 5,
Table 5)
Interestingly, the visible-region transitions originate from

the filledmixedmetal(Ru)/ligand(Qor pap)-based orbitals to
the empty pap- or Q-based orbitals as MLLCT (metal/
ligand-to-ligand charge transfer) bands. This is due to the
fact that the filled MOs in the oxidized state of 22þ are
primarily dominated by the Q- or pap-based orbitals with
partial mixing of Ru orbitals (HOMO-HOMO-5), and the
LUMOs (LUMO-LUMOþ4) are centered around Q
and pap with a slight percentage of Ru. In the oxidized
[(pap)2RuII(Q�)]2þ (12þ-42þ), the LUMO is dominated by
the Q�-based orbitals (81%; Table 8), implying stronger
π-acceptor character of Q� relative to pap, which in turn
results in a lowest-energy MLLCT transition, Ru(dπ)/
Q(π)fQ(π*) at 643.8 nm. However, the higher-energy
LUMOs (LUMOþ1 to LUMOþ4) are composed of pap-
based orbitals (Table 8).
The presence of two sets of strongly π-acceptor ligands

(Q� and pap) in [(pap)2RuII(Q�)]2þ (12þ-42þ) stabilizes the
Ru(II) state to a large extent such that appreciable Ru
contribution (44%) has been calculated along with the pap
and Q contributions of 16% and 40%, respectively, only in
the deep down HOMO-6 state (Table 8). The immediate
consequence of this effect is that no further oxidation of
Ru(II)-Q� to Ru(III)-Q� has been detected by cyclic
voltammetry within þ2.0 V versus SCE (Figure 7, Table 7)
as otherwise anticipated. Itmay be noted that theRu(II)/(III)
couple in [Ru(pap)3]

2þ with three strongly π-accepting

Table 4. Hydrogen Bonding Parameters of [2]ClO4 3C7H8

D-H 3 3 3A
a d(D 3 3 3H) Å d(H 3 3 3A) Å d(D 3 3 3A) Å —D-H 3 3 3A�

C(77)-H(77C) 3 3 3O(111)#1 0.98 2.570(5) 3.521(9) 163.65(5)
C(16)-H(16) 3 3 3O(222)#1 0.95 2.502(4) 3.303(6) 142.07(3)
C(32)-H(32) 3 3 3O(222)#1 0.95 2.481(4) 3.267(6) 140.1(3)
C(33)-H(33) 3 3 3O(444)#1 0.95 2.489(4) 3.324(6) 146.8(3)

a#1: x, y, z.

Figure 5. UV-vis-NIR spectral changes in CH3CN for [2]n (n =
þ2 (blue), þ1 (black), 0 (red)).

Table 5. Electronic Spectral Data of [1]n-[4]n in CH3CN

compound λ[nm] (ε [M-1 cm-1])

12þ 601(10660), 496(8250), 456(6950), 366(16640), 268(17980)
1þ 1016(1100), 665(5440), 564(8820), 533(8820), 342(20240),

318(20500)
1 1109(4940, 4050 cm-1a), 570(6640), 533(8420), 334(26100),

307(23720)
22þ 588(6640), 503(11000), 476(9500), 366(20300), 273(21640)
2þ 1003(1290), 665(6820), 565(11100), 528(11100), 339(26810),

316(27260)
2 1191(7180, 3890 cm-1a), 560(9620), 527(11990), 342(33150),

308(29590)
32þ 602(8970), 510(11910), 476(9940), 360(21470), 281(25270)
3þ 1018(1110), 668(5840),572(9490), 533(9490), 341(21640),

312(22540)
3 1218(6370, 3810 cm-1a), 565(7870), 525(9770), 344(26550),

309(24050)
42þ 581(9950), 507(8970), 472(7280), 367(14950), 275(16100)
4þ 1002(1020), 668(4410), 563(8310), 537(8310), 346(18520),

312(20040)
4 1221(5220, 3650 cm-1a), 561(7040), 523(8520), 339(22890),

309(21280)

aBandwidth at half height.

(27) Masui, H.; Freda, A. L.; Zerner, M. C.; Lever, A. B. P. Inorg. Chem.
2000, 39, 141.

(28) (a) Roy, S.; Sarkar, B.; Bubrin, D.; Niemeyer, M.; Zalis, S.; Lahiri,
G. K.; Kaim, W. J. Am. Chem. Soc. 2008, 130, 15230. (b) Mukherjee, C.;
Weyherm::uller, T.; Bothe, E.; Chaudhuri, P. Inorg. Chem. 2008, 47, 2740.
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ligands has been reported to take place at þ2.22 V versus
SCE inCH3CN.29 The presence of 10-15%Ru contribution
in the LUMOs (up to LUMOþ4; Table 8) suggests reason-
able mixing of metal-ligand (Q�/pap) frontier orbitals in
12þ-42þ as in the native states of 1þ-4þ.

The one-electron reduction of the native [(pap)2-
RuII(Q•-)]þ (1þ-4þ) also yields an EPR-silent state, which
is equally compatible with the two possible formalisms of
either the doubly reduced spin-paired catecholato form in
[(pap)2RuII(Q2-)] (1-4) or selective reduction of the azo
(NdN) function of one of the pap ligands, resulting in
[(pap)(pap•-)RuII(Q•-)] (1-4), where the unpaired spins
on the radical state of pap•- and Q•- are antiferromagneti-
cally coupled. The reduction of the azo function of pap is
equally feasible, as with the redox noninnocent quinone
(Q•-) center in [(pap)2RuII(Q•-)]þ (1þ-4þ), due to its ability
to accept amaximumof two electrons in the low-lying vacant
π* orbitals.14 However, DFT results on 2þ predict that the
LUMO(β) is composed of 27% Q and a total 38% reducible
azo(NdN) function of two pap ligands, that is, 19% azo
contribution from each of the pap ligands (Table 3, Figure 6).

Table 6. Selected Visible Energy Transitions at the TD-DFT/B3LYP/6-31G(d) Level for 2þ, 22þ, and 2

For 22þ

excited state λ/nm oscillator strength ε/M-1 cm-1 key transitions character

1 1328.8 0.0131 2921 (96%) SOMO(R) f LUMO(R) Q(π) f pap(π*)
2 998.4 0.0120 2676 (94%) SOMO(R) f LUMOþ1(R) Q(π) f pap(π*)
7 652.5 0.0045 1003 (21%) HOMO-1(R) f LUMOþ1(R) Ru(dπ)/Q(π) f pap(π*)

(20%) HOMO-2(R) f LUMO(R) Ru(dπ)/pap(π) f pap(π*)
(17%) HOMO-1(R) f LUMO(R) Ru(dπ)/Q(π) f pap(π*)

11 549.3 0.0391 8718 (22%) HOMO-2(β) f LUMO(β) Ru(dπ) f pap(π*)
(20%) HOMO-3(β) f LUMOþ1(β) Ru(dπ) f pap(π*)
(17%) HOMO-1(β) f LUMO(β) Ru(dπ)/pap(π) f pap(π*)

12 541.0 0.0403 8986 (25%) HOMO-2(β) f LUMO(β) Ru(dπ) f pap(π*)
(17%) HOMO-2(β) f LUMOþ2(β) Ru(dπ) f pap(π*)

For 22þ

excited state λ/nm oscillator strength ε/M-1cm-1 key transitions character

7 643.8 0.0470 6698 (62%) HOMO-6 f LUMO Ru(dπ)/Q(π) f Q(π*)
10 586.3 0.0111 1582 (45%) HOMOf LUMOþ1 Ru(dπ)/Q(π) f pap(π*)

(22%) HOMO-1 f LUMOþ1 Ru(dπ)/pap(π) f pap(π*)
11 517.6 0.1355 19913 (53%) HOMO-1 f LUMOþ2 Ru(dπ)/pap(π) f pap(π*)
12 475.7 0.0841 11987 (51%) HOMO-9 f LUMO Ru(dπ)/Q(π) f Q(π*)

For 2

excited state λ/nm oscillator strength ε/M-1cm-1 key transitions character

1 1301.5 0.0249 1597 (53%) HOMO f LUMO pap(π)/Q(π) f pap(π*)
2 1040.9 0.0881 5651 (56%) HOMO f LUMOþ1 pap(π)/Q(π)f pap(π*)
6 561.7 0.0410 2630 (95%) HOMO f LUMOþ3 pap(π)/Q(π)f pap(π*)
7 519.5 0.0335 2149 (47%) HOMO-2 f LUMO Ru(dπ)/pap(π)/Q(π) f pap(π*)

(26%) HOMO-3 f LUMO Ru(dπ)/pap(π)/Q(π) f pap(π*)

Figure 6. Contour plots of the selective frontier molecular orbitals
for 2þ.

Figure 7. Cyclic and differential pulse voltammograms of [2]þ in
CH3CN. The potentials are represented against SCE as a reference.

(29) Goswami, S.; Chakravarty, A. R.; Chakravorty, A. Inorg. Chem.
1983, 22, 602.
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Therefore, the first reduced state (1-4) is likely to hold the
valence structure of [(pap)2RuII(Q2-)] instead of the alternate
form of [(pap)(pap•-)RuII(Q•-)]. This finds further justifica-
tion as the HOMO of the optimized reduced 2 is indeed
dominated by the Q-based orbitals with 64% contribution
(Table 9, Figure 9). In accordance with this, the calculated
bond distances of coordinatedQ in the optimized structure of
2, C1-O1 = 1.337, C6-N1 = 1.390;, C1-C2 = 1.407,
C2-C3 = 1.394, C3-C4 = 1.408, C4-C5 = 1.393, C5-
C6 = 1.415, and C6-C1 = 1.432 Å (Table 2), are compar-
able with the doubly reduced Q2- state,8d,20 whereas the
calculated N3-N4 (1.299) and N6-N7 (1.306 Å) (Table 2)
distances of the pap ligands in 2 remain close to the neutral
NdNformas in the native (2þ) and first oxidized (22þ) states.
The gradual slight increase of the calculated NdN dis-

tances of pap ligands, 1.274/1.269 Å in 22þ to 1.297/1.289 Å
in 2þ to 1.299/1.306 Å in 2 (Table 2), reveals that the extent of
transfer of charge from the (dπ)Ru(II) to the π*(NdN) of
pap increases with the increase in electron density on Q,
Q�fQ •fQ2-.
The reduced [(pap)2Ru

II(Q2-)], 1-4, display one moder-
ately intensebroadnear-IRband in the rangeof 1100-1200nm
with a bandwidth at half height,Δν1/2, of∼4000 cm-1 (Table 5,
Figure 5). The peak position of this broad band is sensitive to
the electronic nature of theRgroup in the frameworkofQ, and
its energy (ν/cm-1) decreases systematically with the increasing

electron-donating nature of R. It follows the order 1þ> 2þ >
3þ > 4þ. The TDDFT calculations on the optimized reduced
2 predict two low-energy interligand transitions, λ/nm
(ε/M-1cm-1), at 1301.5(1597) and 1040.9(5651) (Tables 6
and 9) corresponding to HOMOfLUMO and pap(π)/
Q(π)f pap(π*) and to HOMOfLUMOþ1 and pap(π)/
Q(π)f pap(π*), respectively, (Table 6); however, only one
broad near-IR transition centered at 1191 (7180) has been
resolved (Table 5, Figure 5). The reduced complexes (1-4)
also exhibit one intense transition in the visible region
between 520 and 530 nm associated with a shoulder at the
lower-energy part near 560 nm (Table 5, Figure 5). The
TDDFT calculations on 2 predict two transitions, λ/nm
(ε/M-1cm-1), at 561.7 (2630) and 519.5 (2149) (experimental:
560 (9620) and 527 (11990)) corresponding to HOMOf
LUMOþ3 and pap(π)Q(π)fpap(π*) and to HOMO-2/
HOMO-3fLUMO and Ru(dπ)/pap(π)/Q(π)fpap(π*)
(Tables 6 and 9). The 17-18% Ru contribution in the
lower-energy LUMOs (LUMO and LUMOþ1, Table 9)

Table 8. Selected Molecular Orbitals Along with Their Energies and Composi-
tions for [2]2þ

composition

MO energy, eV Ru Pap Q

LUMOþ5 -6.14 47 19 34
LUMOþ4 -6.49 03 96 01
LUMOþ3 -6.57 04 96 0
LUMOþ2 -8.21 14 84 (NdN, 39) 02
LUMOþ1 -8.43 07 89 (NdN, 47) 04
LUMO -9.12 09 10 81
HOMO -11.32 27 04 69
HOMO-1 -11.60 20 70 10
HOMO-2 -11.70 14 81 05
HOMO-3 -11.80 04 93 03
HOMO-4 -11.92 15 67 18
HOMO-5 -11.94 21 68 11
HOMO-6 -11.99 44 16 40
HOMO-7 -12.02 46 38 16
HOMO-8 -12.17 05 18 77
HOMO-9 -12.30 21 09 70
HOMO-10 -13.03 03 28 69

Table 7. Redox Potentialsa and Comproportionation Constant Values of
[1]þ-[4]þ

E�298[V](ΔEp[mV])

com-
pound

couple
I

couple
II

couple
III

couple
IV Kc1

b Kc2
b Kc3

b

[1]þ 0.50(60) -0.11(70) -0.78(70) -1.26(130) 1010.3 1011.4 108.1

[2]þ 0.46(80) -0.17(80) -0.82(70) -1.34(80) 1010.7 1011.0 108.8

[3]þ 0.43(60) -0.20(80) -0.85(80) -1.38(110) 1010.7 1011.0 108.9

[4]þ 0.39(80) -0.23(80) -0.90(80) -1.44(90) 1010.5 1011.5 109.1

aPotentials E�298 [V] (ΔEp [mV]) versus SCE; in CH3CN/0.1 M
Et4NClO4; scan rate, 100 mV s-1. b RT ln Kc = nF(ΔE). Kc1, Kc2, and
Kc3 correspond to successive first oxidation and first reduction pro-
cesses, the first and second reduction processes, and the second and third
reduction processes, respectively.

Figure 8. Contourplots of the selective frontiermolecular orbitals for22þ.

Table 9. Selected Molecular Orbitals Along with Their Energies and Composi-
tions for 2

composition

MO energy, eV Ru Pap Q

LUMOþ5 -0.13 21 56 23
LUMOþ4 -0.25 08 79 13
LUMOþ3 -0.74 04 96 0
LUMOþ2 -0.97 04 96 0
LUMOþ1 -2.47 18 70 (NdN, 31) 12
LUMO -2.73 17 68 (NdN, 34) 15
HOMO -3.79 03 33 64
HOMO-1 -4.91 17 02 81
HOMO-2 -5.71 44 40 16
HOMO-3 -5.84 55 24 21
HOMO-4 -5.94 59 14 27
HOMO-5 -6.18 05 11 84
HOMO-6 -6.43 07 88 05
HOMO-7 -6.53 01 04 95
HOMO-8 -6.63 04 88 08
HOMO-9 -6.80 01 98 01
HOMO-10 -6.97 03 88 09
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justifies partialmetal-ligandmixing as calculated in thenative
1þ-4þ (Table 3) and oxidized 12þ-42þ (Table 8) states.
Though the further two successive reductions, couple III,

1--4-, and couple IV, 12--42-, are quasi-reversible on the
cyclic voltammetric time scale (Figure 7), the electrochemi-
cally generated second and third reduced states are unstable
on the coulometric time scale at 298 K, which has precluded
to follow the spectral changes on secondand third reductions.
In 2, Q exists in fully reduced Q2- state, and RuII is most
unlikely to get reduced further to Ru(I). The azo functions of
pap ligands are therefore the obvious subsequent reduction
sites. The DFT calculations on the optimized native 2þ and
first reduced 2 (Tables 3 and 9) accordingly suggest the pap-
dominated higher-energy LUMOs (LUMOþ1 onward).
In conclusion, the presence of two sets of noninnocent

ligands, Q and pap, along with the redox-active Ru ion in the
complexes [1]n-[4]n introduces multiple resonating valence
structure alternatives of the complexes in the native as well as
oxidized and reduced states, as shown in Scheme 3. The
experimental and DFT calculations convincingly establish
the following: (i) A preferential stabilization of the paramag-
netic {(pap)2-RuII-Q•-} configuration in the native state,
[1]þ-[4]þ, which in effect exhibits low-energy near-IR
interligand transitions involving singly occupied π(Q) and
empty π*(pap) orbitals. (ii) Selective oxidation of the semi-
quinone moiety (Q•-) leads to the diamagnetic {(pap)2-
RuII-Q�} formalism in [1]2þ-[4]2þ, and the influence of two
sets of strong π-acceptor ligands, pap and Q�, stabilizes the
Ru(II) state in [1]2þ-[4]2þ to a great extent, such that the
expected Ru(II)fRu(III) oxidation does not take place
within þ2.0 V versus SCE. (iii) The preferential first reduc-
tion of Q•- to Q2- results in the diamagnetic {(pap)2-
RuII-Q2-} state in 1-4, which in turn displays one broad
interligand transition at the near-IR region corresponding
to pap(π)/Q(π)fpap(π*). (iv) The subsequent second and
third reductions expectedly take place at the pap sites. (v)
In the present {(pap)2-Ru-Q} setup, the Q- or pap-based
orbitals essentially participate in the electron-transfer

processes, leaving the þ2 formal charge of ruthenium
unaltered (Scheme 3). The present work therefore once
again demonstrates the built-in sensitivities of the valence
structures of the ruthenium-quinonoid complexes, which
emphasizes the need for further scrutiny with the newer
challenging molecular frameworks.

Experimental Section

The precursor complex cis,trans,cis-Ru(pap)2(Cl)2
30 and

the substituted 2-anilino-4,6-ditert-butylphenol(H2Q) were
prepared according to the reported procedures.13b,31 Other
chemicals and solvents were of reagent grade and used as
received. For spectroscopic and electrochemical studies,
HPLC-grade solvents were used.
UV-vis-NIR spectra in CH3CN/0.1 M Et4NClO4 at

298 K were recorded on a Perkin-Elmer 950 lamda spectro-
photometer. FT-IR spectra were taken on a Nicolet spectro-
photometer with samples prepared as KBr pellets. Solution
electrical conductivity was checked using a Systronic 304
conductivity bridge. The EPRmeasurementsweremadewith
a Varian model 109C E-line X-band spectrometer fitted with
a quartz dewar at 77 K. Cyclic voltammetric, differential
pulse voltammetric, and coulometric measurements were
carried out using a PAR model 273A electrochemistry sys-
tem. Platinum wire working and auxiliary electrodes and an
aqueous SCE were used in a three-electrode configuration.
The supporting electrolyte was 0.1 M [NEt4]ClO4, and the
solute concentration was ∼10-3 M. The half-wave potential
E�298 was set equal to 0.5 (Epaþ Epc), where Epa and Epc are
the anodic and cathodic cyclic voltammetric peak potentials,
respectively. A platinum wire-gauze working electrode was
used in the coulometric experiments. The elemental analyses
were carried out with a Perkin-Elmer 240C elemental analy-
zer. Electrospraymass spectrawere recorded on aMicromass
Q-ToF mass spectrometer.
Caution! Perchlorate salts of metal complexes with organic

ligands arepotentially explosive.Heating ofdried samplesmust

Figure 9. Contour plots of the selective frontiermolecular orbitals for 2.

Scheme 3. Preferred Valence Combination Is Shown in Boldface

(30) Goswami, S.; Chakravarty, A. R.; Chakravorty, A. Inorg. Chem.
1981, 20, 2246.

(31) Mukherjee, S.;Weyherm
::
uller, T.; Bothe, E.;Wieghardt, K.; Chaudhuri,

P. Dalton Trans. 2004, 3842.
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be avoided; handling of small amounts has to proceedwith great
caution using protection.

Preparation of Complexes [1]ClO4-[4]ClO4. The complexes
[1]ClO4-[4]ClO4 were prepared by following a general proce-
dure. The details are given for one representative complex,
[2]ClO4.

[Ru(pap)2(Q
2)]ClO4, [2]ClO4. The starting complex cis,trans,

cis-Ru(pap)2(Cl)2 (100 mg, 0.186 mmol) and excess AgClO4

(154 mg, 0.74 mmol) were heated to reflux in 10 mL of ethanol
for 2 h under a dinitrogen atmosphere. The precipitated AgCl
was filtered off, which resulted in a red-violet solution of
[Ru(pap)2(EtOH)2]

2þ. To this were added ligand 2-anilino-4,6-
ditert-butylphenol(H2Q

2) (83 mg, 0.279 mmol) and a few drops
of NEt3, and the mixture was refluxed for 12 h under a dinitro-
gen atmosphere. The purple solution was evaporated to dryness
under reduced pressure, and the solid mass was purified by
column chromatography using a silica gel column (60-120
mesh). The desired violet band was eluted by CH2Cl2-CH3CN
(5:1). On removal of the solvent under reduced pressure, the
pure complex [2]ClO4 was obtained as a dark-colored solid,
which was further dried under a vacuum.

[1]ClO4. Yield: 130 mg (75%). C42H41N7O5Cl3Ru Anal.
Calcd (Found): C, 54.19 (54.23); H, 4.44 (4.12); N, 10.54
(10.63). ESI MS (in CH3CN) m/z Calcd (Found) for [1]þ:
831.18 (831.67). Molar conductivity [ΛM/Ω-1 cm2 M-1] in
acetonitrile: 110.

[2]ClO4. Yield: 117mg (73%). C42H43N7O5ClRuAnal. Calcd
(Found): C, 58.45 (58.20); H, 5.03 (5.17); N, 11.37 (11.11). ESI
MS (in CH3CN) m/z Calcd (Found) for [2]þ: 763.26 (763.39).
Molar conductivity [ΛM/Ω-1 cm2 M-1] in acetonitrile: 132.

[3]ClO4. Yield: 127mg (74%). C44H47N7O7ClRuAnal. Calcd
(Found): C, 57.25 (57.33); H, 5.14 (5.19); N, 10.63 (10.82). ESI
MS (in CH3CN) m/z Calcd (Found) for [3]þ: 823.28 (823.07).
Molar conductivity [ΛM/Ω-1 cm2 M-1] in acetonitrile: 120.

[4]ClO4. Yield: 132 mg (72%). C50H59N7O5ClRu Anal.
Calcd. (Found): C, 61.58 (61.32); H, 6.10 (6.02); N, 10.06
(9.99). ESI MS (in CH3CN) m/z Calcd (Found) for [4]þ:
875.38 (875.52). Molar conductivity [ΛM/Ω-1 cm2 M-1] in
acetonitrile: 130.

Crystal Structure Determination of [2]ClO4 3C7H8. Single
crystals were grown by slow evaporation of a 1:1 acetonitrile-
toluene mixture of [2]ClO4. X-ray data for [2]ClO4 were collected
using an OXFORD XCALIBUR-S CCD single-crystal X-ray
diffractometer. The structure was solved and refined using full-
matrix least-squares techniques on F2 using the SHELX-97
program.32 The absorption corrections were done using multi-
scan (SHELXTL program package), and all of the data were
corrected for Lorentz polarization effects. Hydrogen atoms were
included in the refinement process as per the riding model. The
X-ray structural analysis reveals the presence of one toluene
molecule as the solvent of crystallization in the asymmetric unit.

Computational Details. Full geometry optimizations were car-
ried out using the density functional theory method at the
(U)B3LYP level for 2þ and the (R)B3LYP level for 22þ and 2.33

All elements except ruthenium were assigned the 6-31G(d) basis
set. The SDD basis set with effective core potential was employed
for the ruthenium atom.34 The vibrational frequency calculations
were performed to ensure that the optimized geometries represent
the local minima, and there are only positive Eigen values. All
calculations were performed with the Gaussian03 program pack-
age.35 Vertical electronic excitations based on B3LYP-optimized
geometries were computed for the TDDFT formalism36 in aceto-
nitrile using the conductor-like polarizable continuum model.37

GaussSum38 was used to calculate the fractional contributions of
various groups to each molecular orbital.
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