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ABSTRACT: The varying coordination modes of the ambidentate ligand 2,2’-bipyridine-
3,3’-diol (H,L) in a set of ruthenium complexes were demonstrated with special reference
to the electronic features of the coligands, including o-donating acac™ (= acetylacetonate) in
Ru"(acac),(HL™) (1), strongly r-accepting pap (= 2-phenylazopyridine) in
Ru(pap),(L*) (2)/[(pap),Ru"(p-L*")Ru"(pap),](ClO,), ([4](ClO,),), and reported
moderately 7-accepting bpy (= 2,2'-bypiridine) in [Ru'(bpy),(HL™)]PF, ([5]PFy)/
[(bpy),Ru(u-L*")Ru(bpy),](PFs), ([7]1(PF¢),). The single-crystal X-ray structures reveal
that, in paramagnetic and electron paramagnetic resonance active 1 and reported
diamagnetic [S]PF, nearly planar monoanionic HL™ coordinates to the metal ion via the
N,N donors forming a five-membered chelate ring with hydrogen-bonded O—H:--O
function at the backbone of the ligand framework, as has also been reported in other metal
complexes. However, structurally characterized diamagnetic 2 represents O~,0” bonded
seven-membered chelate of fully deprotonated but twisted L*~. The nonplanarity of the
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coordinated L*~ in 2 does not permit the second metal fragment {Ru(pap),} or {Ru(bpy),} or {Ru(acac),} to bind with the
available N,N donors at the back face of L*~. Further, the deprotonated form of the model ligand 2,2’-biphenol (H,L’) yields
Ru"(pap),(L>7) (3); its crystal structure establishes the expected O~,0~ bonded seven-membered chelate of nonplanar L'~ as
in reported Ru"(bpy),(L'*") (6), although {Ru(acac),} metal precursor altogether fails to react with H,L'. All attempts to make
diruthenium complex from {Ru(acac),} and H,L failed; however, the corresponding {Ru(pap),**} derived dimeric [4](ClO,),
was structurally characterized. It establishes the symmetric N,O™/N,0~ bridging mode of nonplanar L? as in reported
[7](PFq),. Besides structural and spectroscopic characterization of the newly developed complexes, the ligand (HL™, L*, L'>",
pap)-, metal-, or mixed metal—ligand-based accessible redox processes in 1" (n = +2, +1, 0, —1), 2"/3" (n = +2, +1, 0, —1, =2),

and 4" (n = +4, +3, +2, +1, 0, —1) were analyzed in conjunction with density functional theory calculations.

Bl INTRODUCTION

The ambidentate ligand 2,2'-bipyridine-3,3’-diol (H,L) encir-
cling two dissociable protons has the potential to bind to the
metal ion as a bidentate ligand but in different fashions,
primarily because of suitably positioned multiple donor sets
(N,N, OH,0H, and N,OH) as well as inherent rotational
flexibility of the two rings about the connecting C—C single
bond. At the mononuclear level, in principle H,L can function
as a neutral N)N chelator with pendant hydroxyl groups (a),
monoanionic N,N chelator with a hydrogen-bonded O—H:--O
group at the backbone (b), dianionic O7,07 chelator with free
N,N donors at the backbone (c), and mixed donors
monoanionic N,07 chelator with hydrogen-bonded O—H:-N
group at the backbone (d) (Scheme 1). Dinucleating mode
includes asymmetric N,N and O~,0” donor sets (e) and
symmetric N, O~ and N, O~ donor sets (f) (Scheme 1).

In reported mononuclear complexes of Ru(II),"* Cu(II),** ¢
Co(1I),**? 1r(111),* Pd(11),° Zn(11),* and Cd(1I),” the H,L
ligand selectively binds to the metal ions as a monoanionic
bidentate N,N chelator with the hydrogen-bonded pendant
hydroxyl groups ((b) in Scheme 1). The binding mode (a) of
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H,L in Scheme 1 has also been reported in [Re'(CO);Cl-
(H,L)]® and [(y%ind)Ru"(H,L)CI][PF4].> However, to the
best of our knowledge the other two conceivable binding
modes of H,LL at the mononuclear level, that is, dianionic
07,07 (c¢) and monoanionic N,0~ (d) in Scheme 1, have not
been demonstrated so far.

On the other hand, the potential of H,L to bridge the metal
fragments has been reported in [(bpy),Ru"(4-L*")Ru"(bpy),]-
(PFy), (bpy = 2,2'-bipyridine), where dianionic L*~ bridges the
metal jons through symmetric N,O7/N,0” donors, ((f) in
Scheme 1).'* The asymmetric bridging mode of H,L ((e) in
Scheme 1) is rather elusive.

The present study aims to evaluate the effect of electronic
characteristics of the coligands associated with the metal ion,
namely, {Ru(acac),} (acac™ = o-donating acetylacetonate),
{Ru(bpy),} (bpy = moderately strong m-accepting 2,2’
bipyridine), and {Ru(pap),} (pap = strongly z-accepting
phenylazopyridine) toward the coordination mode of the
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Scheme 1. Varying Binding Modes of H,L
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ambidentate H,L. The article thus demonstrates coligand-
dependent varying binding modes of H,L (Scheme 1) in
analogous ruthenium complexes Ru''(acac),(HL™) (1),
RuH(PaP)z(LZ_) (2), [(PaP)zRuII(ﬂ'LZ_)RUH(PaP)z](CIO4)2
[4](CIO,),, [Ru“(bpy)z(HL‘)]PFé ([8]PF)," and [(bpy).-
Ru"(u- Lz_)RuH(bpy)z] (PFy), [7](PF4)," in combination with
model complexes Ru' (papg (L"*7) (3) and Ru'(bpy),(L'*")
(6) (H,L': 2,2"-biphenol).!

Further, electrochemical and spectral aspects of the
complexes were addressed in conjunction with density
functional theory (DFT) and time-dependent (TD) DFT
calculations.

Note that ruthenium-arene complexes encompassing H,L or
monoanionic HL™ are reported to exhibit significant cytotox-
icity toward A2780 human ovarian and 549 human lung cancer
cells.” Moreover, metal complexes incorporating ligand frame-
works with free OH or nitrogen group participate in pH-driven

proton-shuttling processes,” which can have potential applica-
tion in catalysis.*"°

B RESULTS AND DISCUSSION

Synthesis. Mononuclear Complexes 1—3. The mono-
nuclear paramagnetic Ru™(acac),(HL™) (1) and diamagnetic
Ru"(pap),(L*”) (2) complexes incorporating partially and fully
deprotonated H,L, respectively, (H,L = 2,2'-bipyridine-3,3’-
diol, acac™ = o-donating acetylacetonate, pap = m-accepting 2-
phenylazopyridine) were obtained from the respective metal
precursors Ru'(acac),(CH;CN),, ctc-[Ru"(pap),(EtOH),]*
(ctc = cis-trans-cis with respect to solvent, pyridine, and azo
nitrogens of pap, respectively''), and H,L in the presence of
NEt; as a base in refluxing ethanol (Scheme 2). The complexes
were further purified by column chromatography.

The presence of three anionic ligand moieties (two acac™ and
HL") facilitates the stabilization of the Ru(III) state in 1 under
aerobic reaction conditions, as has been reported in other
{Ru(acac),} derived complexes.'> However, the effect of
strongly m-accepting pap was reflected in the eventual
stabilization of the Ru(Il) state in 2 even in combination
with dianionic L*". Similar effect of 7z-acceptor feature of pap in
stabilizing ruthenium(II) state in combmatlon with dianionic
catecholate ligand was also reported earlier.'? The 51gn1ﬁcant
impact of electronic nature of the coligands “acac” versus “pap”
on the metal oxidation states Ru(III) in 1 and Ru(II) in 2 was
also corroborated by their Ru(II) /Ru(III) redox potentials (see
later).

Crystal-structure analysis authenticates different binding
modes of the H,L ligand in 1 and 2 (see below). In 1, the
monoanionic HL™ binds to the metal ion through the usual
N,N donors with hydrogen-bonded pendant hydroxyl groups,
O—H--O ((b) in Scheme 1), as demonstrated in analogous

[Ru"(bpy),(HL™)]* (5*)" and other reported complexes. 27
However, 07,0~ bonded L*~ leading to a less common seven-
membered chelate ring14 ((c) in Scheme 1) has been unveiled
in Ru"(pap),(L?7) (2). The significant decrease in electron
density on the metal ion in 2 due to the strong (dz)Ru" —
7*(N=N)(pap) back-bonding effect'® has indeed facilitated

Scheme 2. Representation of Complexes
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Scheme 3. Reactivity Pattern of H,L with Different Ruthenium Precursors
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the binding of electron-rich 07,0~ donating L*~ to the Ru(II)
ion in spite of the less favorable seven-membered chelate
situation. Thus, the collective consequence of the electronic
aspect of the metal precursors ({Ru(acac),}, {Ru(bpy),},
{Ru(pap),}) and the chelate ring size (five-membered versus
seven-membered) influences the preferential coordination
mode of H,L in 1, 2, and [5]PF,.

To further evaluate the prevailing electronic demand over the
chelate constraint in 2, the metal precursors Ru(acac),-
(CH,CN), and [Ru(pap),(EtOH),]*" were also reacted with
the model 2,2"-biphenol (H,L') ligand in the presence of NEt,
as the base. Though H,L’ has altogether failed to bind with
{Ru(acac),**}, it spontaneously reacts with {Ru(pap),”*} to
give Ru(pap),(L"*7) (3) (Scheme 2). The crystal structure of 3
(see below) establishes that the available O~,0~ donors of L'*~
develop the seven-membered chelate ring as in 2. Note that the
corresponding Ru'(bpy),(L'>") complex (6) is also reported.'”
It thus implies that, under an optional condition of either the
07,0” (seven-membered chelate) or N,N (five-membered
chelate) coordination mode of H,L, the {Ru(bpy),} fragment
in [S]PF4 prefers the favorable five-membered N,N chelate
situation, as was the case in 1 encompassing electron-donating

acac™ coligand. The relatively less z-accepting bpy'"'® in
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[S]PF¢ does not reduce the electron density on the metal ion to
the extent that pap does in 2, which in turn imposes the usual
N,N binding mode of HL™ with favorable five-membered
chelate ring in the former complex instead of the electron-rich
07,07 bonded strained seven-membered chelate ring as in the
latter complex (Scheme 3).

Further, the reaction of 2 incorporating two suitably disposed
free nitrogen donors in the backbone of coordinated L*~ with
equimolar or excess [Ru(pap),(EtOH),]*" in refluxing ethanol
failed to take place. The nonplanarity of two rings of the
coordinated O~,0” bonded L*~ (see later) enhances the
nonbonded N,N distance (2.831 A) at the back face as
compared to that of N,N bonded HL™ in 1 (2.579 A), which in
effect retards the binding of 2 with the second metal fragment
({Ru(pap),} or {Ru(bpy),} or {Ru(acac),}) (Scheme 3).
However, to our surprise, the reaction of 2 with equimolar/
excess [Ru(bpy),(EtOH),]** or Ru(acac),(CH;CN), in
refluxing ethanol results in the usual N,N bonded 5 or 1,
respectively, (Scheme 3) simply by eliminating the {Ru(pap),}
fragment from 2, as revealed by their mass, absorption, and 'H
NMR spectral data. This further demonstrates the built-in
structural constraint in 2 due to the seven-membered chelate
ring involving L*>~. On the other hand, the free ligand, bpy or
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Inorganic Chemistry

2,4-pentanedione, has failed to replace the pap ligand in 2. The
available hydrogen-bonded oxygen donors (O—H---O) in 1 also
fail to react with {Ru(acac),}, {Ru(pap),}, or {Ru(bpy),}
(Scheme 3) primarily due to the stronger hydrogen-bonding
effect (see later). This indeed has restrained us in achieving the
unrecognized asymmetric bridging mode of L~ (N,N and
07,07 donors, (e) in Scheme 1).

Dinuclear Complex [4](CIO,),. The reaction of [Ru-
(pap),(EtOH),]*" with the H,L ligand in 2:1 ratio and in the
presence of NEt; base results in a dimeric complex
[(pap),Ru(u-L*")Ru"(pap),](ClO,), ([4](CIO,),) (Scheme
2). The single-crystal X-ray structure of [4](ClO,), reveals the
symmetric (N,07/N,07) binding mode of the doubly
deprotonated and twisted L?~ (see later) that has been
reported for the analogous bpy complex [(bpy),Ru"(u-
L>7)Ru'(bpy),](PFs), ([71(PF),)."* On the other hand,
{Ru(acac),} failed to yield any dimeric species; it always
leads to the formation of monomeric 1, irrespective of
{Ru(acac),}—H,L ratio (Scheme 3).

General Characterization. The newly synthesized para-
magnetic 1 and diamagnetic 2, 3, and [4](ClO,), complexes
were characterized by standard analytical techniques. These
complexes exhibit satisfactory microanalytical, conductivity, and
mass spectral data (Figure S1, Supporting Information and
Experimental Section). The v(ClO,) vibrations of [4](ClO,),
appear at 1100 and 625 cm™. The paramagnetic complex
Ru"(acac),(HL"™) (1) exhibits magnetic moment correspond-
ing to one unpaired electron (y = 1.83 ug)'” and rhombic
electron paramagnetic resonance (EPR) spectrum, typical of
Ru'™ jon (l‘zg5 , S = 1/2) in a distorted octahedral environment
(see later).

Structural Aspects. The identities of 1, 2, 3, and [4](ClO,),
were authenticated by their single-crystal X-ray structures
(Figures 1—4, Tables 1 and 2, and Supporting Information,

Figure 1. ORTEP diagram of 1. Ellipsoids are drawn at 50%
probability level. Hydrogen atoms are omitted for clarity.

Tables S1 and S2). The DFT-calculated bond parameters based
on the optimized structures (Figure S2, Supporting Informa-
tion) synchronize well with the experimental data.

The ligand HL™ in 1 is coordinated to the metal ion
selectively through the N,N donors, forming a five-membered
chelate ring (Figure 1). One of the pendant hydroxyl groups of
H,L is in a deprotonated state, its oxygen being hydrogen-
bonded to the other OH group. The O2—H(101)/O1--
H(101)/01--O2 distances and O1-+-H101—O2 angle of

6097

Figure 2. ORTEP diagram of 2. Ellipsoids are drawn at 50%
probability level. Hydrogen atoms and solvent molecule are omitted
for clarity.

o c1

Figure 3. ORTEP diagram of 3. Ellipsoids are drawn at 50%
probability level. Hydrogen atoms are omitted for clarity.

Figure 4. ORTEP diagram of the cation of [4](ClO,),. Ellipsoids are
drawn at 50% probability level. Hydrogen atoms and solvent molecules
are omitted for clarity.

0.85(5) A/1.564 A/2.38 A and 166.64°, respectively, imply
very strong hydrogen-bonding interaction.'® The torsion angle
N1-C1—-C2—N2 of 6.00(3)° establishes the almost planar
configuration of HL™ in 1. The single bond length of C1-C2
associated with the connecting two rings of HL™ in 1 of
1.475(3) A matches well with that reported for {Ru(bpy),}
complexes incorporating 4,4'-bpy(OH),/4,4'-bpy(0~),"** and

dx.doi.org/10.1021/ic5004676 | Inorg. Chem. 2014, 53, 6094—6106



Inorganic Chemistry

Table 1. Selected Crystallographic Parameters for 1, 2-H,0, 3, and [4](ClO,),"C,Hg-2H,0

1 2-H,0 3 [4](ClO,), C,Hy-2H,0
empirical formula C,sH,N,O4Ru C;3,HysNgO3Ru C3,Hy¢N¢O,Ru C¢HgyCLN,O,Ru,
formula weight 486.46 671.66 651.68 1480.19
crystal system tetragonal monoclinic monoclinic monoclinic
space group 4 C2/c 2/a 2/a
a (A) 19.621 50(10) 18.758(5) 13.9060(2) 25.9006(5)

b (A) 19.621 50(10) 13.8947(16) 13.3467(2) 14.5163(3)

c (A) 12.171 10(10) 15.663(4) 16.1560(2) 34.5710(8)
a (deg) 90 90 90 90

B (deg) 90 133.66(4) 101.7970(10) 103.525(2)

7 (deg) 90 90 90 90

V (A% 4685.91(5) 2953.5(11) 2935.21(7) 12637.6(5)

z 8 4 4 8

u (mm™) 5.793 0.579 0.576 0.635

T (K) 150(2) 150(2) 150(2) 150(2)

Dy (g em™) 1.549 1.506 1475 1.518

F(000) 2216 1360 1328 5856

20 range (deg) 3.19 to 72.01 3.00 to 24.99 2.99 to 25.00 2.94 to 25.00
data/restraints/parameters 4573/0/270 2598/0/200 2575/0/ 195 11132/61/783

RL, wR2 [I > 26(1)]

R1, wR2(all data)

GOF

largest diff. peak/hole, (e A7)

0.0208, 0.0578
0.0209, 0.0579
1.063

0.261 and —0.568

0.0451, 0.1157
0.0533,0.1254

1.123

0.806 and —0.428

0.0239, 0.0675
0.0249, 0.0686
1.058

0.970 and —0.267

0.0631, 0.1592
0.0916, 0.1858
1.056

1.148 and —0.549

Table 2. Experimental and DFT-Calculated Selected Bond Lengths (A) for 1, 2*H,O0, 3, and [4](ClO,),"C,Hs2H,0

1 2-H,0 3 [4](cl0,), -C;H¢2H,0
bond lengths bond lengths bond lengths

(A) X-ray DFT bond lengths (A) X-ray DFT (A) X-ray DFT (A) X-ray DFT
Rul-N1 2.0275(18)  2.059 Rul-01 2.048(3)  2.057 Rul-01 2.0307(14)  2.054 Rul—-N4 1.978(5)  2.066
Rul—-N2 2.0320(19)  2.087 Rul—-N1 2.040(4) 2.072 Rul—-N1 2.0355(19) 2.064 Rul—-NS$ 1.988(5)  2.093
Rul-03 2.0001(16)  2.036 Rul-N3 1.980(3)  2.060 Rul -N3 1.9887(17)  2.071 Rul-N7 2.033(5)  2.074
Rul-04 2.0241(17)  2.078 N2-N3 1.305(5) 1.291 N2-N3 1.303(3) 1.291 Rul-01 2.049(4)  2.060
Rul-05$ 2.0277(16)  2.080 01-C1S 1.339(5) 1.337 01-C1 1.338(2) 1.341 Rul-N2 2.082(5)  2.101
Rul-06 2.0003(16)  2.037 C(16)—C(16)#1 1.505(8) 1.497 C6—C6#1 1.497(4) 1.488 Rul—-N8 2.134(5)  2.192
C3-01 1.323(3) 1.284 Ru2—-N11 1.983(5)  2.065
C7-02 1.313(3) 1.310 Ru2—-N12 1.984(5)  2.051
C1-C2 1.475(3) 1.474 Ru2-02 2.037(4)  2.089
02-H101 0.85(5) 1.096 Ru2—-N9 2.051(5)  2.115
O1--H101 1.564 1.313 Ru2—-N14 2.053(5)  2.091
Ru2—N1 2.118(4)  2.181

C5—C32 1477(7) 1488

N3-N4 1280(7) 1279

N10-N11 1.289(7) 1.276

N12-N13 1.301(7) 1.291

NS—N6 1.290(7) 1.287

0O1-C4 1.326(6) 1.308

02-C31 1.307(6)  1.304

Rul---Ru2 6.040 6.383

6,6'-bpy(OH),/6,6'-bpy(07), (1.472(4) A —1.483(4) A).*"
The C—O bond lengths (C3—01 = 1.323(3) A and C7-02 =
1.313(3) A) of mono deprotonated HL™ in 1 are in the midway
of those reported for the {Ru(bpy),} complexes of protonated
4,4’ -bpy(OH),/6,6'-bpy(OH), (1.335(3) A,1.343(3) A
/1.329(4) A,1.340(5) A) and doubly deprotonated 4,4'-
bpy(07),/6,6-bpy(07), (1.294(3) A,1.283(3) A /1.248(3)
A1251(3) A)."”® The average Ru—O(acac™) and Ru—N(HL")
bond distances of 2.0131(16) A and 2.0297(18) A, respectively,
match well with the reported analogous complexes incorporat-
ing {Ru"(acac),}'*%*° and {Rum(bpy)z}21 metal fragments.
The chelate bite angles involving acac ligands are close to 90°
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(03—Rul—04, 91.96(7)°; 05—Rul—06, 91.55(7)°), whereas
the same pertaining to the HL™ (N1—Rul—N2) ligand is rather
low (78.88(8)°), suggesting a distorted octahedral situation
around the metal ion. Accordingly, the trans angles O3—Rul—
06, 0O4—Rul—-N1, and OS—Rul—-N2 of 178.57(7)°,
177.04(7)°, and 175.97(7)°, respectively, deviate slightly form
the ideal 180°.

The doubly deprotonated ligand L~ or L'>” in 2 or 3,
respectively, (Figures 2 and 3) is coordinated to the metal ion
through the O~,0 donors, forming a seven-membered chelate
ring. The fc configuration (tc = trans and cis with respect to the
pyridine and azo nitrogens of pap ligands, respectively'") of the
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precursor {Ru(pap),} fragment was retained in 2 or 3. The bite
angles involving pap/L*” in 2 (N1-Rul—-N3 = 76.65(13)°/
O1-Rul—O1#1 = 86.96(15)° and pap/L’*™ in 3 (N1—Rul—
N3 = 76.27(7)°/01-Rul—01#1 = 87.48(8)°) imply distorted
octahedral arrangements around the metal ions.

The nonplanarity of the two rings of L*” and L'*” in 2 and 3
are evidenced through the torsion angles of 51.20° (C15—
C16-Cl6#1—C15#1) and 51.5° (C1-C6—C6#1—Cl#1),
respectively, as has also been reported for the Ru"(bpy),(L'*")
(6) of 58.5°."® The Rul—N3 (azo, pap) distances of 1.980(3)
A/1.9887(17) A are appreciably shorter than Rul—N1
(pyridine, pap) distances of 2.041(4) A/ 2.0355(19) A in 2
and 3, respectively, due to strong (d7)Ru" — (7*)N=N(pap)
back-bonding effect.'> The (dz)Ru' — (7*)(N=N, pap)
back-bonding effect has further been evidenced by the
appreciable lengthening of the N=N bond of the coordinated
pap ligand (N2—N3 = 1.305(5) A and 1.303(3) A in 2 and 3,
respectively) as compared to that reported for the free ligand
(1.258(5) A).>

The doubly deprotonated L*~ in [4](ClO,), bridges the two
{Ru(pap),} units symmetrically via the mixed N,O~ donors at
each end, where Ru ions are separated by 6.040 A (Figure 4).
The tc configuration of the precursor {Ru(pap),} is maintained
in the termini of [4](ClO,), as in mononuclear 2 and 3. The
chelate bite angles involving pap (N2—Rul—N4 (76.7(2)°),
NS—Rul—-N7 (76.6(2)°), N9—Ru2—N11 (76.4(2)°), N12—
Ru2—N14 (98.8(2)°) and L>~ (O1—-Rul—-N8 (81.54(16)°),
02—Ru2—N1 (89.16(16)°) as well as interligand trans angles
(O1-Rul-N5 (170.49(19)°), N2—Rul-N7 (171.55(19)°),
N4—Rul—N8 (167.72(18)°), 02—Ru2—-N12 (173.70(17)°),
N1-Ru2—-NI11 (167.3(2)°), N9—Ru2—-N14 (174.45(19)°)
define the distorted octahedral arrangement around each
metal ion. The strong (d7)Ru" — (7%*)(N=N, pap) back-
bonding in 4> has been reflected in shorter Ru—N (azo, pap)
distances (Rul—N4/Rul-N5, 1.978(5) A/1.988(5) A and
Ru2—N11/Ru2-N12, 1.984(5) A/1.984(5) A) with respect to
Ru—N(pyridine, pap) distances (Rul—N2/Rul—N7 2.082 A/
2.033(5) A and Ru2—N9/Ru2—-N14, 2.05(5) A/2.053(5) A) as
well as lengthening of N=N(pap) distances (N3—N4/NS—
N6, 1.287(7) A/1.290(7) A and N10-NI11/N12—N13,
1.289(7) A/1.301(7) A) as in 2 or 3. The Ru—N and Ru—0O
distances are in fairly good agreement with those in 1 and 2, 3,
respectively. The nonplanarity of the bridge (L*") yields torsion
angles C4—C5—C32—N8 and N1-C5-C32—C31 of 37.33°
and 38.53° respectively, which are, however, considerably
smaller than that in O~,0~ bonded L?~ in 2 (51.20°).

Spectral Aspects. The one-electron paramagnetic complex
Ru™(acac™),(HL™) (1) exhibits a Ru(III)-based anisotropic
EPR spectrum® in CH;CN at 77 K (liquid nitrogen) with g, =
2.398, g = 2.241, g3 = 1.792, and (g) = ((1/3)(g> + & +
&))"* = 2159, Ag = g—g; = 0.61 (Figure 5).** The large Ag
= 0.606 implies a distorted octahedral arrangement around the
metal ion as has also been revealed by the molecular structure
of 1.

The 'H NMR spectra of paramagnetic 1 and diamagnetic 2,
3, and 4*" are shown in Figure S3, Supporting Information, and
chemical-shift values are listed in the Experimental Section. The
paramagnetic complex 1 displays a well-resolved '"H NMR
spectrum over a large range of chemical shift (§ = +20 to —21
ppm) in CDCl;, due to paramagnetic contact shift effect.”* The
four methyl groups and two CH protons of two acac ligands
appear at —17.19 ppm, —20.28 ppm, and —3.92 ppm,
respectively, due to internal symmetry. The peaks at 3.18 and
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Figure S. X-band EPR spectrum of 1 in CH;CN at 77 K (liquid
nitrogen).

19.30 ppm correspond to three aromatic protons and the
hydrogen-bonded OH proton of the HL™ ligand, respectively.
The diamagnetic monomeric (2 and 3) and dimeric (4**)
complexes exhibit partially overlapping 12, 13, and 21 aromatic
proton resonances, respectively, within the chemical shift range
(8) of 9 to S ppm, corresponding to half of the molecule in
each case due to internal symmetry.

The mixed-ligand complexes (1, 2, 3, and 4**) exhibit
multiple moderately intense transitions in the visible (vis)
region in addition to intense ligand-based bands in the higher-
energy UV region in CH;CN (Figure 6, Table 3). The vis

_ 6
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=
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o
-
0
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Figure 6. UV—vis spectra of 1 (black), 2 (red), 3 (blue), and
[4](ClO,), (green) in CH;CN.

region transitions were assigned by TD-DFT calculations based
on the optimized structure in each case (Table S3, Supporting
Information). In the vis region, ruthenium(III) complex
Ru™(acac),(HL™) (1) exhibits one weak transition at 522 nm
(e/M™ cm™ = 1460) (DFT = 526 nm) followed by two close
by moderately intense transitions at 440 nm (¢/M™' cm™ =
8410) (DFT = 423 nm) and 420 nm (¢/M~' cm™ = 10 390)
(DFT = 346 nm) corresponding to mixed ligand/metal-derived
charge-transfer bands of acac(z) — Ru(dx), HL(x) — Ru(dx),
Ru(dr)/HL(z) — HL(#*)/acac(zx*), and HL(z)/Ru(dz) —
HL(7%)/acac(z*), respectively.’® Similar mixing of metal—
ligand orbitals in molecular orbitals (MOs) has also been
reported in {Ru(bpy),} complexes of deprotonated 4,4'-
dihydroxy-2,2"-bipyridine.>®

The pK, value on protonation of 1, that is, [Ru-
(acac),(H,L)]*, has been estimated via spectrophotometric
titration in the pH range of 6—0.2 in 1:1.5 CH;CN-H,0
mixture (as 1 is virtually insoluble in simple water). The plot of
absorbance versus pH (Figure S4, Supporting Information)
reveals the pK, value to be ~0.2. However, the possibility of
pK, even lower than that could not be ascertained since the
lower limit in the pH electrode is 0.2. However, no change in
spectral profile of 1 takes place in between pH 3—13.8,
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Table 3. UV—Vis Spectral Data of 1, 2, 3, and 4* in CH;CN

complex Alnm] (e[M~! cm™'])
1 276 (14 440), 338 (5760, sh), 420 (10 390), 440 (8410), 522 (1460)
2 230 (12980, sh), 318 (9720), 368 (5990, sh), 465 (1090), 530 (4440)
3 232 (63 550), 301 (37720), 334 (31260, sh), 509 (6630), 662 (7470)
e 222 (61220, sh), 322 (30910), 369 (25 890, sh), 478 (8910), 560 (11 670)

implying the stability of the hydrogen-bonded O—H:--O form
of the coordinated HL™ in 1. The pK, value of the analogous
bpy derivative [Ru(bpy),(HL™)]* (5") in Scheme 3 was
reported as 0.4 or less.'® These indeed reflect the strong O—
H---O hydrogen-bonding interaction involving HL™ in 1 as has
also been established by its solid-state crystal structure (Figure
1). This in essence justifies the inability of 1 to participate in
binding with the second metal fragment as depicted in Scheme
3.

The pap-derived ruthenium(II) complex Ru"(pap),(L*") (2)
exhibits two visible energy bands at 580 nm (¢/M™' cm™' =
4440) (DFT = 538 nm) and 465 nm (¢/M~! cm™ = 1090)
(DFT = 419 nm), which originate via Ru(dz)/pap(x) —
pap(7*) and L*"(z)/Ru(dz) — pap(z*) transitions, respec-
tively. The pap-derived other monomeric complex
Ru(pap),(L>") (3) exhibits one broad transition centered at
662 nm (¢/M™" em™ = 7470) (DFT = 629 nm) followed by
another band at 509 nm (¢/M™' em™ = 6630) (DFT = 554
nm) in the vis region, which are attributed to the transitions of
L*"(n)/Ru(dz)/pap(z) — pap(z*)/Ru(dz) and L*"(z)/
Ru(dz) — pap(z*)/Ru(dz), respectively.”” The dinuclear
complex [(pap)ZRuH(y—LZ_)RuH(pap)z](CIO4)2 [4](C1?4)2

displays two vis-region bands at 560 nm (&/M~' cm™' =
11670) (DFT = 599 nm) and 478 nm (¢/M™! cm™ = 8910)
(DFT = 495 nm) involving metal and pap-based orbitals
toward the charge-transfer processes of Ru(dz) — pap(z*) and
Ru(dr)/pap(z) — pap(a*). This sort of mixing of frontier
orbitals of the metal ion and the ligand moieties (HL™, L*7,
L/*7) in the MOs is a reflection of covalency due to the
noninnocent behavior of the ligands (see the Electrochemistry
section below) as has been commonly featured in ruthenium
quinonoid frameworks.***®

Electrochemistry and Molecular Orbital Compositions.
Complexes 1, 2, 3, and [4](ClO,), exhibit multiple redox
processes in CH;CN within the potential range of +2.0 V
versus saturated calomel electrode (SCE). The voltammograms
are shown in Figure 7, and the potentials are listed in Table 4.
Since most of the entities (Ru, pap, HL™, L>~, L'*") in the
complexes (1, 2, 3 and [4](ClO,),) are potential redox
noninnocent centers, it is therefore imperative to understand
the involvement of the orbitals toward the observed redox
processes. Unfortunately, electrochemically (coulometrically)
generated redox states in each case are found to be unstable
primarily due to their irreversible or quasi-reversible features
even at the relatively faster cyclic voltammetric time scale. This
indeed has precluded their further experimental assessment.
However, varying electronic structural forms of 1"-4" (Figure 7,
Table 4) have been predicted by DFT calculated MO
compositions in all the redox states (Table S and Tables S4—
$23, Supporting Information) in combination with Mulliken
spin density distributions in paramagnetic states (Figure 8,
Table 6 and Figure SS, Supporting Information) (see Scheme
4).

6100

(b)

5
~

—Z
©
Red3
Red1 Red2
(d =
Ox1
Ox2
1 0 1 2

E IV versus SCE

Figure 7. Cyclic voltammograms of (a) 1 (inset shows the OxI and
Red1 only), (b) 2, (c) 3 and (d) [4](ClO,), in CH,CN.

The complex Ru™(acac),(HL™) (1) exhibits two irreversible
oxidations at 0.92 V (Oxl) and 147 V (Ox2) and one
reversible reduction at —0.53 V (Redl1) (Figure 7a, Table 4).

Since both Ru™ and HL™ can in principle participate in
oxidation processes,””'%*'* the preferential involvement of
metal-, ligand-, or mixed metal—ligand-based oribatals in the
redox processes was, therefore, predicted by the MO
compositions in different states. The MO compositions of 1,
1%, and 1** (Table S, Tables S4—S6, Supporting Information)
suggest ligand-based first oxidation followed by metal-based
second oxidation processes, leading to electronic structural
forms of [Ru'(acac),(HL®)]* for 1* (Oxl) and
[Ru"(acac),(HL®)]** for 1?* (Ox2) (Scheme 4). The assign-
ments were also well-endorsed by the spin-density distributions
in the paramagnetic states 1, 1%, and 1** (Figure 8 and Table
6). The appreciable involvement of electron rich “acac™
coligand in the spin accumulation processes in 1, 1" and 1* has
also been noted recently for the analogous {Ru(acac),} derived
frameworks.>® The ligand (HL™ — HL®) based oxidation in
[Ru'(bpy),(HL™)]* (5*) is reported at 1.02 V versus SCE."*

Note that the irreversible feature of the voltammograms for
the oxidized 1* (Ox1) and 1** (Ox2) (Figure 7a, Table 4) also
suggests the possible ligand dissociation/complex decomposi-
tion on electron-transfer processes. Therefore, the DFT-
supported electronic structural forms of 1" and 1** as depicted
in Scheme 4 need to be considered with appropriate caution.

On the other hand, the metal-based reduction
[Ru™(acac),(HL™)] (1) = [Ru"(acac),(HL™)]™ (17, Redl)
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Table 4. Redox Potentials and Comproportionation Constants

E°s/V (AE/mV)©

complexes Ox2 Ox1 Redl Red2
14 1.47° 0.92° —0.53 (80)
2° 1.05 (100)  0.86° —0.67 (90) —1.16 (160)
34 0.94 (190)  0.64° —0.68 (80) —1.21 (160)
42+ 146 (100) 1.4 (140) —0.35 (130) —0.99 (130)
5t 138 1.02° —1.45 —-1.67
6° 0.94° —0.12 -1.76
72+ 0.66 0.50 —1.55 —1.82

ch
Red3 Kcld Kczd Kc3d reference
2.09 x 10° - - this work
1.66 x 10° 2.02 x 10° this work
- 121 x 10° 9.61 x 10° - this work
—1.88 (200) 5.35 X 10° 7.03 X 10" 121 x 10"  this work
—2.24 1.26 x 10° 535 x 10° 4.58 x 10° la
- 924 x 107 - - 1b
—1.88 5.15 x 10* 3.77 x 10* 10.39 la

“Cyclic voltammetry in CH;CN/0.1 M Et,NCIO,, scan rate 100 mV s~' “Cyclic voltammetry in CH;CN/0.1 M [NBu,][PF;] “Potential in V versus
SCE; peak potential differences AE, /mV (in parentheses). dComproportionation constant from RT In K, = nF(AE). K, between Ox1 and Ox2. K,
between Redl and Red2. K; between Red2 and Red3. “Irreversible process.

Table 5. DFT Calculated Selected MO Compositions for 1%,

2" and 4"
complex MO fragments % contribution

1(S=1/2) BSHOMO HL 99
p-LUMO Ru(acac), 94

1" (S=1) S-HOMO Ru(acac), 88
B-LUMO HL 99

1** (§=3/2) S-HOMO Ru(acac), 96
S-LUMO Ru(acac), 86

17 (S=0) HOMO Ru(acac), 95

2(S=0) HOMO L 86
LUMO pap 88

25 (S=1/2) S-HOMO Ru(acac),/ L 56/44
S-LUMO L 75

22 (S=0) LUMO Ru(acac), /L 26/74

27 (S=1/2) SOMO pap 89
S-LUMO pap 92

27 (S=0) HOMO pap 94

£ ($=0) HOMO Ru/L 20/66

$(S=1/2) S-HOMO Ru/L 56/27
S-LUMO Ru/L 32/55

47 (S=1) S-LUMO Ru/L 62/22

(Scheme 4) instead of the alternate ligand-centered reduction
(HL™) was validated by the MO compositions of 1 and 1~
(Table S, Tables S4, S7, Supporting Information). The huge
negative shift of Ru(Ill) — Ru(II) potential (—0.53 V) with
respect to the corresponding bpy complex 5 (1.38 V)'* is due
to the influence of three negatively charged ligand moieties
(two acac™ and one HL™) around the metal ion, which in effect
stabilizes Ru"" state in 1, particularly under aerobic reaction
condition.'?

The complex Ru"(pap),(L*”) (2) incorporating strongly 7-
acidic pap ligands and O~,0” bonded L*~ exhibits two
successive close by oxidations at 0.86 V (Oxl) and 1.05 V
(Ox2) (Figure 7b, Table 4). The ligand- and mixed metal—
ligand-dominated MOs in 2, 2%, and 2**, respectively, (Table S
and Tables S8—S10, Supporting Information) predict ligand-
based first oxidation, Ru''(pap),(L*7) (2) -
[Ru"(pap),(L*7)]* (2%, Oxl) followed by mixed ligand/
metal-based second oxidation, [Ru'(pap),(L*7)]* (2*) —
[Ru"(pap),(L%)]**/[Ru"(pap),(L*7)]*" (2*', Ox2) (Scheme
4). The spin distribution in 2* (Figure 8, Table 6) is also in
agreement with the ligand-based first oxidation process (Ox1).
The pap(N=N)-based successive two reductions (Redl and
Red2, Figure 7b, Table 4)>' were supported via the MO
compositions of 2, 27, and 2?7 (Table 5 and Tables S8, S11—
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Figure 8. Mulliken spin-density plots of 1", 2", 3", and 4".

Table 6. DFT-Calculated Mulliken Spin Distributions for 1",
2" 3", and 4"

complex Ru acac pap HL-, L*, or L~
1(S=1/2) 0.836 0.162 0.008
1" (S=1) 0.763 0.239 1.000
1% (S = 3/2) 1.202 0.727 1.067
27 (§=1/2) 0.086 —0.009 0.958
27 (S=1/2) —0.354 1.398 —0.046
3" (S=1/2) 0.100 —0.017 0.915
37 (§=1/2) —0.364 1416 —0.046
£ (S=1/2) 0.345 —0.032 0.690
47 (s=1) 1.439 —0.004 0.562
4" (S=1/2) —0.140 1.133 —0.018
4(8S=1) —0.394 2432 —0.028
4~ (S=3/2) 0.063 2.948 —0.004

S$12, Supporting Information). However, spin-density distribu-
tion in the paramagnetic intermediate 2~ (Figure 8, Table 6)
predicts an appreciable negative spin on the metal ion, which in
turn suggests a mixed electronic structural form of [Ru"(pap)-

(pap*”)(L*7)]™ (major)/[Ru'(pap),(L*7)]~ (minor) (Scheme
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Scheme 4. Electronic Structural Forms of 1"—4". The Primary Forms are Shown in Bold Face

12*: [(acac)RulV(HL)2"  22%32%:
S=3/2
-
111 e\t
1+ : [(acac),Ru™(HL)] 2t/3%t
S=1
e
1 [(acac)Ru(HL )] 2/3
S=1/2
e
1~ ¢ [(acac),Rul(HL )~ 273"
S=0
227327 :

44 +
-€- 1L+ €
43
S=1/2
-€- 1L+ €
£ [(Pap)zRuH(/l L2 )Ru"(pap),] 2*
4 +

'e'ﬂ”'

[(pap)zRu“(L P12 [(pap),Ru(L /L )2 "

ofe

[(pap),Ru"(C /L") *
s=112

[(pap),Ru(12 /L/2 7))
S=0

[(pap) (pap* YRu™(2 ™ /L'2 )|/ [(pap),Ru'(12~ /L2 7))
S=1/2

[(pap) (pap* )}?_Ii% 127 )Ru'(pap),] ©

[(pap*™) (pap™™ RUNLZ /L2 )2
S=0

! [(pap)Ru"(u-L ™ )RuM(pap), 7 [(pap),RuM(u-127 Ru(pap),] **

[(pap),Ru"(4-L ™ )Ru"(pap),13"/ [(pap),Ru" (w12~ )RuM(pap),13*

4 [(pap) (pap* "Ru"(u-L%" Ru'(pap*~) (pap)]

o]

4~
§=3/2

[(pap"~) (pap* ")Ru(4-L2™ )Ru''(pap* ~) (pap)]”

4).°° The positive shift (>1.5 V) of Ru"Ru potential on
moving from Ru™(acac),(HL™) (1) to Ru"(pap),(L*") (2) is
attributed to the specific electronic effect exerted by the pap
ligand in the form of strong (d7)Ru" — 7*(N=N, pap) back-
bondmg The strong back-bonding induced reduction of
electron density on the metal ion essentially stabilizes the
Ru(II) state even in the presence of dianionic L~ state.'®

Similar to 2, the complex Ru"(pap),(L'*”) (3) exhibits two
close by oxidations at 0.64 V (Ox1), 1.02 V (Ox2), and two
successive reductions at —0.68 V (Redl), —1.21 V (Red2)
(Figure 7c, Table 4). The MO compositions and spin-density
distributions in 3" (n = +2, +1, 0, —1, —2) (Tables S13—S17,
Supporting Information and Table 6, Figure SS, Supporting
Information) are very close to those of respective 2", which,
thus, suggest the ligand- and mixed ligand—metal-based Ox1
and Ox2, respectively, and mixed pap/Ru- and pap-based
successive reductions (Scheme 4).

The dimeric complex [(pap),Ru"(u-L*")Ru"(pap),]** (4**)
exhibits two close by oxidation processes at 1.24 V (Ox1) and
1.46 V (Ox2) with a comproportionation constant (K_) value of
5.3 x 10° (RT In(K.) = nF(AE)*) in addition to pap-based
three successive reductions (Red1—Red3) in the potential
range of —0.3 V to —2.0 V (Figure 7d, Table 4). The primarily
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ligand-based first oxidation process of 4 was predicted by the
MO contributions of 4** and 4%* (Table 5 and Tables S18—
S19, Supporting Information). The spin-density distribution in
4% (Figure 8 and Table 6) also predicts L-dominated first
oxidation process with partial involvement of the metal ion,
leading to the electronic configuration of [(pap),Ru"(u-
L*7)Ru'(pap),]*" (major)/ [(pap),Ru"(u-L*") Ru"'(pap),]**
(minor) for 4** (Scheme 4). The predominantly ligand (L)-
based first oxidation potential of 4** at 1.24 V is appreciably
higher than that at 0.86 V in analogous mononuclear pap
complex 2 due to the different binding modes of L*~ around
each metal ion in the complexes, monoanionic N,0™ mode in
4> versus dianionic O~,0” mode in 2 as well as additional
electrostatic factor of the charge state in the latter. On the other
hand, the MO compositions of 4°* and 4*" (Table S and
Supporting Information, Tables S19 and S20) as well as
Mulliken spin distributions in 4** (Figure 8 and Table 6)
suggest a metal-based second oxidation process [(pap),Ru"(u-
L*")Ru"(pap),]** with minor contribution from the alternate
process of [(pap),Ru™(u-L>")Ru"(pap),]** (Scheme 4).
Contrary to 4°*, the close by two oxidation steps at 0.50 and
0.66 V versus SCE (K. = 5.1 X 10%) for the reported bpy
derivative [(bpy),Ru'(u-L*")Ru"(bpy),]** (7*) are assigned
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to metal-based Ru"Ru"/Ru"Ru" and Ru"Ru"/Ru"Ru™
processes, respectively, with the involvement of mixed-valent
Ru"Ru" intermediate.'* Thus, a substantial positive shift (~0.8
V) of Ru"/Ru™ process occurs on substituting the ancillary
ligand bpy in 7** by pap in 4** due to stronger m-acceptor
character of pap. The 10-fold enhancement of K in 4°* with
respect to 7°* in spite of stronger z-acceptor character of pap
could be rationalized by the fact of preferential involvement of
L*" in the oxidation processes of the former complex. The
similar difference in site-selective (ligand versus metal)
oxidation process primarily based on pap and bpy coligands
has also been reported recently in ligand-bridged diruthenium
complexes: selective influence of pap facilitates the formation of
phenoxyl radical bridged isovalent metal centers in
[(pap),Ru"(u-boptz*")Ru'(pap),]** (boptz®~ = 3,6-bis(2-
oxidophenyl)-1,2,4,5-tetrazine), while the corresponding bpy
derivative develops the mixed-valent Ru"Ru" state in
[(bpy),Ru" (u-boptz’")Ru™ (bpy),]**.>*

The pap-based successive reduction processes (Red1—Red3
in Figure 7d, Table 4) were established in the same way by the
analysis of MO compositions in respective redox states (4>, 47,
4, 47, Tables S18, S21—S23, Supporting Information) in
combination with Mulliken spin-density plots in paramagnetic
intermediates (Table 6, Scheme 4, and Supporting Information,
Figure SS).

B CONCLUSION

The unique influence of electronic features of the coligands
(electron-rich acac™, moderately z-acidic bpy, strongly z-acidic
pap) in directing the different coordination modes of the
ambidentate ligand 2,2’-bipyridine-3,3’-diol (H,L) in a set of
ruthenium complexes was evaluated. In Ru™(acac),(HL™) (1)
and reported [Ru"(bpy),(HL™)]* (5%),"* the nearly planar HL~
develops the usual N,N bonded five-membered chelate with
O—H:--O hydrogen-bonding interaction at the backbone of the
ligand framework. The strong O—H:-O hydrogen-bonding
interaction associated with the coordinated HL™ in 1 impedes
its binding with the second metal fragment ({Ru(acac),} or
{Ru(bpy),} or {Ru(pap),}). On the contrary, 07,0~ bonded
seven-membered chelate with twisted L*~ was stabilized in
Ru"(pap),(L*") (2). The nonplanarity of L*” in 2 prevents the
binding of the second metal fragment ({Ru(pap),}, {Ru-
(bpy),}, or {Ru(acac),}) with the available N,N donors at its
other face, which indeed restricts the formation of hitherto
unrecognized unsymmetric bridging mode of L~ (07,07/
N,N). The model ligand 2,2'-biphenolate (L'*”), having the
exclusive option of forming O7,0” bonded seven-membered
chelate, however, fails to make any such distinction with the
electron-deficient metal centers in [Ru'(pap),(L">”)] (3) and
[Ru"(bpy),(L>7)] (6), although L'>~ does not participate in
reaction with the electron-rich metal fragment {Ru(acac),}. At
the dinuclear level, L*~ extends the symmetric (N,07/N,0")
bridging mode ({Ru'(u-L*")Ru"}) with both the electron-
deficient metal units, {Ru(pap),**} in 4** and {Ru(bpy),**} in
7241 12~ has, however, failed to bridge the {Ru(acac),*'}
fragments. The delicate balancing event between the electronic
demand on the metal jon depending on the specific effect of
coligands and the chelate size involving HL™ and L*~ has thus
been instrumental in fine-tuning the eventual binding mode of
H,L in the complexes. Furthermore, DFT-calculated MO
compositions and Mulliken spin-density plots reveal the
effective participations of noninnocent HL, L?>7, L'*, and
pap-based orbitals in addition to ruthenium ion in the

6103

accessible redox processes due to the built-in effect of
covalency. Further studies with different metal precursors are
in progress in stabilizing the currently unrecognized coordina-
tion modes of H,L, that is, (d) and (e) in Scheme 1.

B EXPERIMENTAL SECTION

Materials. The precursor metal complexes Ru(acac),(CH,CN),>*
and ctc-Ru(pap),CL,'** and the ligand 2,2"-bipyridine-3,3’-diol (H,L)*
were prepared according to the reported procedures. The 2,2'-
biphenol was purchased from Merck. All other chemicals and reagents
were reagent grade, and for spectroscopic and electrochemical studies
HPLC-grade solvents were used.

Physical Measurements. The electrical conductivities of the
complexes in CH;CN were checked with an Autoranging conductivity
meter (Toshcon Industries, India). Fourier transform infrared (FT-IR)
spectra were taken on a Nicolet spectrophotometer with samples
prepared as KBr pellets. '"H NMR spectra were recorded using a
Bruker Advance III 400 MHz spectrometer. Cyclic voltammetry
measurements were performed on a PAR model 273A electro-
chemistry system. Platinum wire working and auxiliary electrodes and
a saturated calomel reference electrode (SCE) were used in a standard
three-electrode configuration. A platinum wire-gauze working
electrode was used for the constant potential coulometry experiment.
Tetraethylammonium perchlorate (TEAP) was used as the supporting
electrolyte, and concentration of the solution was taken as 10~ M; the
scan rate used was 100 mVs™'. All electrochemical experiments were
carried out under dinitrogen atmosphere. The half wave potential E°,gq
was set equal to O.S(Epa + EPC), where E,, and E,. are anodic and
cathodic cyclic voltammetry peak potentials, respectively. The EPR
measurements were made with a JEOL model FA200 electron spin
resonance spectrometer. UV—vis spectral studies were performed on a
PerkinElmer Lambda 950 spectrophotometer. The elemental analysis
was carried out on a Thermoquest (EA 1112) micro analyzer.
Electrospray mass spectra were recorded on a Bruker Microflex matrix-
assisted laser desorption ionization time-of-flight (YA-105) mass
spectrometer.

Synthesis of (acac),Ru(HL) (1). The precursor complex Ru-
(acac),(CH4CN), (S0 mg, 0.131 mmol), ligand 2,2"-bipyridine-3,3'-
diol (H,L) (25 mg, 0.131 mmol), and triethylamine (20 mg, 0.197
mmol) (freshly distilled over KOH) were taken in 30 mL of ethanol.
The mixture was refluxed under atmospheric conditions for S h. The
initial light orange color of the reaction mixture gradually changed to
deep reddish-brown. The solvent was removed under reduced
pressure. The dried crude product was purified by using a silica gel
(mesh size 60—120) column, which led to the elution of the red
colored mononuclear complex 1 by the dichloromethane and
acetonitrile (1:1) solvent mixture. Evaporation of the solvent under
reduced pressure yielded the pure complex 1, which was further dried
under vacuum. Yield: 52 mg (82%). '"H NMR in CDCl; [6/ppm g/
Hz)]: 19.30 (s, broad, 1H), 3.18 (s, 6H), —3.77 (s, broad, 2H), —17.19
(s, broad, 6H), —20.28 (s, broad, 6H). MS (ESI+, MeCN): m/z
{[MH]*} calcd: 488.0S; found: 488.04. Molar conductivity (MeCN):
Ay = 6 Q' cm*> M™'. Elemental analysis caled (%) for
CyoH,N,ORu: C, 49.38; H, 4.35; N, 5.76. Found: C, 49.68; H,
428; N, 5.58.

Synthesis of (pap),Ru(lL) (2). The precursor complex ctc-
[(pap),RuCL] (50 mg, 0.093 mmol) in 25 mL of ethanol was
refluxed with silver nitrate (47 mg, 0.279 mmol) for 2 h. The initial
dark blue color of the reaction mixture gradually changed to deep
reddish-violet. The precipitated AgCl was filtered off and washed with
cold ethanol. The ligand 2,2’-bipyridine-3,3'-diol (H,L) (18 mg, 0.093
mmol) was added to the filtrate and heated at reflux for 45 min under
N, atmosphere. After that triethylamine (28 mg, 0.279 mmol) (freshly
distilled over KOH) was added to the above hot solution. The initial
reddish-violet color instantly changed to blue. The mixture was further
heated to reflux under stirring conditions for 6 h under dinitrogen
atmosphere. The solvent was removed under reduced pressure. The
dried crude product was then purified by using a silica gel column
(mesh size 60—120). The blue-colored mononuclear complex 2 was
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eluted by acetonitrile—methanol (10:1) mixture. Evaporation of the
solvent under reduced pressure yielded the pure complex 2, which was
further dried under vacuum. Yield: 30 mg (50%). 'H NMR in
deuterated dimethyl sulfoxide (DMSO-dq) [6/ppm (J/Hz)]: 5.62 (d,
8.1, 1H), 6.50 (t, 8.1, 8.1, 1H), 6.76 (d, 8.0, 2H), 7.11 (t, 7.7, 7.7, 2H),
7.29 (t, 7.4, 7.4, 1H), 7.41 (t, 6.6, 6.6, 1H), 7.74 (d, 5.7, 1H), 8.08 (t,
7.7,7.7, 1H), 8.32 (d, 5.8, 1H), 8.64 (d, 8.1, 1H).) MS (ESI+, MeCN):
m/z {{MH]'} caled: 655.12; found: 655.11. Molar conductivity
(MeCN): Ay = 3 Q7' cm®* M. Elemental analysis caled (%) for
C;,H,,N3O,Ru: C, 58.80; H, 3.70; N, 17.14; found: C, 58.53; H, 3.86;
N, 17.31.

Synthesis of [(pap)zRu"(L')] (3). The mixture of complex ctc-
[(pap),Ru"Cl,] (50 mg, 0.093 mmol) and silver nitrate (47 mg, 0.279
mmol) in 25 mL of ethanol was refluxed for 2 h. The initial dark blue
color of the reaction mixture gradually changed to deep reddish-violet.
The solution was allowed to cool at 298 K, and the precipitated AgCl
was filtered off and washed with cold ethanol. The ligand 2,2'-biphenol
(H,L') (17 mg, 0.093 mmol) and triethylamine (28 mg, 0.279 mmol)
were added to the filtrate, and the mixture was heated to reflux under
dinitrogen atmosphere for 12 h; subsequently, the solvent was
removed under reduced pressure. The crude product was purified by
using a neutral alumina column, which led to the elution of the blue-
colored complex 3 by dichloromethane. Evaporation of the solvent
under reduced pressure yielded the pure complex 3, which was further
dried under vacuum. Yield: 55 mg (91%). '"H NMR in CDC,; [6/ppm
(J/Hz)]: 5.38 (d, 7.92, 1H), 641 (t, 7.72, 7.52, 1H), 6.58 (t, 7.32, 7.32,
1H), 6.87 (d, 8.4, 2H), 6.94 (d, 7.3, 1H), 7.05 (t, 8.44, 7.48, 2H), 7.22
(m, 2H), 7.86 (t, 7.44, 8.08, 1H), 8.47 (d, 8.04, 1H), 8.69 (d, 6.64,
1H). MS (ESI+, MeCN): m/z {{MH]*} calcd: 653.12; found: 653.08.
Molar conductivity (MeCN): Ay = 4 Q7' cm? M. Elemental analysis
caled (%) for Cy,H,sNO,Ru: C, 62.66; H, 4.02; N, 12.90; found: C,
62.75; H, 4.05; N, 12.74.

Synthesis of [(pap),Ru"(u-L)Ru(pap),)1(CI0,), ([41(CIO,),). ctc-
[(pap),Ru"Cl,] (50 mg, 0.093 mmol) and silver nitrate (47 mg, 0.279
mmol) were taken in 25 mL of ethanol and heated to reflux for 2 h.
The initial dark blue color of the reaction mixture gradually changed to
deep reddish-violet. The solution was allowed to settle at 298 K, and
the precipitated AgCl was filtered and washed with cold ethanol. The
ligand 2,2'-bipyridine-3,3’-diol (H,L) (35 mg, 0.186 mmol) and
triethylamine (28 mg, 0.279 mmol) were added to the aforesaid
filtrate. The reaction mixture was heated to reflux under dinitrogen
atmosphere for 10 h. The solvent was removed, and the solid mass
thus obtained was redissolved in S mL of acetonitrile. Saturated
sodium perchlorate aqueous solution was added to the above solution,
which led to the formation of dark solid. The solid mass was filtered
off, washed thoroughly by ice-cooled water, and dried in vacuum. It
was then purified by a silica gel (mesh 60—120) column, and the pure
[4](ClO,), was eluted by 5:1 dichloromethane—acetonitrile mixture.
The pure complex was further dried under vacuum. Yield: 49 mg
(80%) 'H NMR in CD5CN [8/ppm (J/Hz)]: 6.65 (d, 8.52, 2H), 6.76
(d, 5.04, 1H), 6.84 (m, 2H), 6.93 (d, 7.64, 2H) 6.97 (d, 8.12, 1H),
7.17 (t,7.56, 7.52, 3H), 7.33 (m, 4H), 7.49 (t, 7.52, 7.44, 1H), 7.56 (d,
4.88, 1H), 8.15 (m, 2H), 8.64 (d, 8.00, 1H), 8.76 (d, 7.04, 1H). MS
(ESI+, MeCN): m/z {{M — ClO,]*} calcd: 1221.12; found: 1221.11.
Molar conductivity (MeCN): Ay = 230 Q7' cm? M™% IR (KBr): v
(Clo,~, em™): 1100, 625. Elemental analysis caled (%) for
CyH,,CLN,,0,0Ru,: C, 49.13; H, 321; N, 14.86; found, C, 49.27;
H, 3.10; N, 14.61.

Crystal Structure Determination. Single crystals of 1, 2, 3, and
[4](ClO,), were grown by slow evaporation of their 1:1 dichloro-
methane—hexane, methanol, 1:1 dichloromethane—acetonitrile, and
1:1 dichloromethane—toluene solutions, respectively. X-ray crystal
data were collected on a CCD Agilent Technologies (Oxford
Diffraction) Super Nova diffractometer. Data collection was evaluated
by using the CrysAlisPro CCD software. The data were collected by
the standard @-w 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 F2.3* All non-hydrogen atoms were refined
anisotropically. The remaining hydrogen atoms were placed in
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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.
Hydrogen atoms associated with the solvent water molecules in 2 and
[4](ClO,), could not be located; however, these were considered for
the empirical formula in Table 1.

Computational Details. Full geometry optimizations were carried
out by using the DFT method at the (R)B3LYP level for 17, 2, 2%
277, 3, 3%, 377, and 4" and at the (U)B3LYP level for 1, 1%, 1>, 2%,
27, 3%, 37, 4%, 4", 4%, 4, and 4% Except ruthenium all other
elements were assigned the 6-31G* basis set. The LANL2DZ basis set
with effective core potential was employed for the ruthenium atom.>®
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
Gaussian09 program package.* Vertical electronic excitations based
on (R)B3LYP/(U)B3LYP optimized geometries were computed for
1" (n=+2,+1,0, —1),2" (n = +2, +1, 0, =1, =2), 3" (n = +2, +1, 0,
—1, —2), and 4" (n = +4, +3, +2, +1, 0, —1) using the TD-DFT
formalism*” in acetonitrile using conductor-like polarizable continuum
model (CPCM).*' Chemissian 1.7* was used to calculate the
fractional contributions of various groups to each MO. All calculated
structures were visualized with ChemCraft.*
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X-ray crystallographic files of 1 (CCDC No. 988667), 2
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