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Strong metal-metal coupling in mixed-valent intermediates
[CI(L)Ru(p-tppz)Ru(L)C1]*, L = p-diketonato ligands,
tppz = 2,3,5,6-tetrakis(2-pyridyl)pyrazinet
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Five diruthenium(ir) complexes [CI(L)Ru(u-tppz)Ru(L)Cl1] (1-5) containing differently substituted
B-diketonato derivatives (1: L = 2,4-pentanedionato; 2: L = 3,5-heptanedionato; 3: L = 2,2,6,6-
tetramethyl-3,5-heptanedionato; 4: L = 3-methyl-2,4-pentanedionato; 5: L = 3-ethyl-2,4-pentanedionato)
as ancillary ligands (L) were synthesized and studied by spectroelectrochemistry (UV-Vis-NIR, electron
paramagnetic resonance (EPR)). X-ray structural characterisation revealed anti (1, 2, 5) or syn (3)
configuration as well as non-planarity of the bis-tridentate tppz bridge and strong dn(Ru") — n*(pyrazine,
tppz) back-bonding. The widely separated one-electron oxidation steps, Ru"Ru"/RuRu™ and Ru"Ru""/
Ru"Ru, result in large comproportionation constants (K,) of >10'" for the mixed-valent intermediates.
The syn-configurated 3" exhibits a particularly high K of 10' for n = 1+, accompanied by density
functional theory (DFT)-calculated minimum Ru-N bond lengths for this Ru"Ru™ intermediate. The
electrogenerated mixed-valent states 17—5" exhibit anisotropic EPR spectra at 110 K with average values
<g> 0f 2.304-2.234 and g anisotropies Ag = g;—g3 of 0.82—0.99. Metal-to-metal charge transfer (MMCT)
absorptions occur for 1°-5" in the NIR region at 1660 nm—1750 nm (g ~ 2700 dm® mol™' cm™", Av;, ~
1800 cm™"). DFT calculations of 1" and 3" yield comparable Mulliken spin densities of about 0.60 for
the metal ions, corresponding to valence-delocalised situations (Ru®®),. Rather large spin densities of
about —0.4 were calculated for the tppz bridges in 1" and 3. The calculated electronic interaction values
(Vag) for 17=5" are about 3000 cm ™", comparable to that for the Creutz—Taube ion at 3185 cm™'. The
DFT calculations predict that the Ru"™Ru™ forms in 1>*-5" prefer a triplet (S = 1) ground state with

AE (S=0—S=1) ~5000 cm™". One-electron reduction takes place at the tppz bridge which results in
species [CI(L)Ru" (u-tppz ")Ru"(L)C1]™ (1" ™=3"~, 5 7) which exhibit free radical-type EPR signals and
NIR transitions typical of the tppz radical anion. The system 4” is distinguished by lability of the Ru—Cl

bonds.

Introduction

Since the discovery of the pyrazine-mediated strong inter-met-
allic electronic coupling in the mixed-valent (Ru"'Ru') state of
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the Creutz—Taube ion (A)' there have been continuing initiatives
to design new mixed-valent diruthenium(ii, i) frameworks using
either pyrazine or pyrazine-derived bridges in combination with
a variety of ancillary ligands.” The primary emphasis has been
on theoretical® and conceptual® advancements as well as on
explorations of potential applications in information transfer,’
energy-relevant research,**” or for optical devices.*
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In this context, the potential of the bis-tridentate, redox non-
innocent, and inherently non-planar bridging ligand 2,3,5,6-tetra-
kis(2-pyridyl)pyrazine (tppz) for electron-transfer mediation
between ruthenium termini containing a variety of ancillary
ligands (L, X) (B) with different electronic properties has been
studied in recent years (Table S11).” The low-lying empty m*-
orbital of the central pyrazine ring of coordinated bridging tppz
has been established as an efficient mediator for intramolecular
inter-metallic electron-transfer processes. The robust [Ru(u-tppz)-
Ru]” platform has also been utilised recently in fabricating
extended molecular frameworks.””

Ru(L) X

The complexes studied so far have shown appreciable vari-
ations in the comproportionation constant, K. (R7ln K. = nF
(AE)); depending on the ancillary ligands in B (Table S17). K is
a thermodynamic parameter that reflects the stability of an inter-
mediate state with respect to disproportionation to the adjacent
redox states. Whilst some stabilisation may be due to ‘resonance’
(delocalisation), other factors unrelated to the electronic structure
of the complex can also influence K..*’ The significance of K,
for practical purposes, especially for isolability of the intermedi-
ate, is obvious. Complexes with bidentate (L) and monodentate
(X = Cl) ligands at the ruthenium termini were shown to exhibit
K, values of 10°~107, depending on the acceptor or donor nature
of L (Table S17). Spectroelectrochemical studies (UV-Vis-
NIR-IR, EPR) in combination with DFT calculations have
suggested valence-delocalised (class III according to Robin and
Day®) or borderline class II-1II mixed-valent Ru"Ru™ situa-
tions.7dfj,/,m,0

The present article describes a systematic study of tppz-
bridged diruthenium complexes [CI(L)Ru(p-tppz)Ru(L)CI] (1-5,
Scheme 1), incorporating electron-rich bidentate B-diketonates as
ancillary ligands. B-diketonato complexes have found a wide
range of applications due to their stability, variability, and shield-
ing properties.” We can report a significant enhancement of K, to
10'°-10"2 for 1'-5" in relation to the K, values reported for ana-
logous complexes (Table S17).”“7%™ The systems 1'-5" also
exhibit notable variations in K., depending on the electronic
nature of L and on the configuration, syn or anti, of the com-
plexes (Scheme 1).

Herein we describe the syntheses, molecular structures and
(spectro)electrochemistry (UV-Vis-NIR, EPR) of the diruthe-
nium(1) complexes 1-5. Compound 4 was found to be converted
to a CI"/CH;CN exchanged product on single crystal formation.
The electronic properties of the redox series 1"-5" (n = 2+ to —)
will be analysed in relation to those of related complexes by

2
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experimental studies (UV-Vis-NIR, EPR spectroscopy) and DFT
calculations.

Results and discussion

Synthesis and structures

Complexes [Cl(L)Ru”(u-tppz)Ru”(L)Cl] (1-5, Scheme 1) were
prepared from [Cl;Ru(u-tppz)RuCl;] and the corresponding
B-diketones. Microanalytical data, mass and '"H NMR spec-
troscopy confirm the identity of the products (Fig. S1, S2+ and
Experimental section). Single crystals of compounds 1-3 and 5
have been obtained and their molecular structures were deter-
mined (Fig. 1-4). The product from the crystallisation of 4 in
CH;CN was shown to be a chloride/acetonitrile substitution
form [(CH;CN)(L)Ru"(u-tppz)Ru(L)(CH;CN)](Cl),-4H,0, L
= 3-methyl-2,4-pentanedionato (Tables S2, S3 and Fig. S3+).
The crystallographic and selected bond parameters for 1, 2, 3
and 5 are listed in Tables 1, 2 and S4,7 respectively. The calcu-
lated bond parameters based on the DFT optimised structures of
the representative systems 1 and 3 (Table 3 and Fig. S4+) match
well with the corresponding experimental values (Tables 2 and
S471). Compounds 1-5 can exist in anti and syn configurations
with respect to the two monodentate ligands (Scheme 1). In all
cases only one isomer has been isolated.

Crystal structure analysis establishes the selective formation of
the anti configuration in 1, 2, 5 and in the CI"/CH;CN
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Fig. 1 Oak Ridge Thermal Ellipsoid Plot (ORTEP) diagram of 1.
Ellipsoids are drawn at 50% probability level. Hydrogen atoms are
omitted for clarity.

Fig. 2 ORTEP diagram of 2. Ellipsoids are drawn at 50% probability
level. Hydrogen atoms are omitted for clarity.

Fig. 3 ORTEP diagram of 3. Ellipsoids are drawn at 50% probability
level. Hydrogens and disordered atoms are removed for clarity.

exchanged species [(CH;CN)(L)Ru"(u-tppz)Ru"(L)(CH;CN)]J-
(Cl),-4H,0 (4/ ) whereas compound 3 was isolated and character-
ised as the syn isomer. We suggest that the effect of bulky ‘Bu
groups in the terminal B-diketone ligand of 3 causes the stabilis-
ation of the syn configuration. The angles, CIRuRWCl or
(CH;CN)RuRW(NCCH,) in 1, 2, 4, 5 (anti) and 3 (syn) are
180°, 180°, 149.30°, 155.9° and 43.2°, respectively. The chelate
bite angles and the trans-angles (E-Ru—E/, E/E = N, O, Cl) in
the complexes are in the range of 79.57°-101.33° and 158.99°—

Fig. 4 ORTEP diagram of 5. Ellipsoids are drawn at 50% probability
level. Hydrogen atoms and solvents of crystallisation are removed for
clarity.

179.5°, respectively, which essentially reflects distorted octa-
hedral environments around the ruthenium centres. The inter-
ligand trans-angles involving terminal B-diketonates, bridging
tppz and monodentate C1~ or CH3CN, are close to 180° (>175°).
However, steric constraints, due to the meridionally coordinated
non-planar tppz ligand, introduce smaller intraligand trans-
angles (N1-Rul-N3/N4-Ru2-N6) of close to 160°.7%/"m° The
dihedral angles between the two pyridine rings of tppz in 1-3, 4’
and 5 are 43.0°, 40.1°, 12.7°/22.8°, 6.0° and 8.7°/13.1°, respect-
ively. The dihedral angles between the pyridine rings and the
central pyrazine ring of tppz are 22.6°/22.9°, 21.9°/19.1°, 26.5°/
24.0°/34.2°/26.1°, 24.8°/22.0° and 26.0°/17.3°/26.0°/26.9° for
1-3, 4’ and 5, respectively. In 1 and 2 the central pyrazine ring
of the bridging tppz ligand is planar, however, in 3, 4 and 5, the
pyrazine rings are slightly non-planar, despite their aromatic
character,”’ and the deviations from planarity are estimated by
the folding angles (N2C6C7N5/N2C9C8N5 or N2C6C'6N'2/
N2C7C'7N2) as 4.51°, 3.83° and 3.78°, respectively (Fig. S5T).
Consequently, the two planes involving RulNIN2N3 and
RUIN'IN'2'N3 in symmetric 1 and 2 are parallel, whereas the
dihedral angles between the two planes, RulNIN2N3 and
Ru2N4N5N6 in 3, 5 and RuNIN2N3 and RuN'IN2'N3 in 4/,
are 40.4°, 26.0° and 27.9°, respectively.

The Ru-N(pyrazine, tppz) distances of 1.905(5) A-1.918(6)
A are significantly shorter than the corresponding Ru-N(pyri-
dine)(tppz) distances, 2.018(5) A-2.067(6) A, due to the (dm)
Ru" — (prn*)pyrazine(tppz) back-bonding effect which facili-
tates the strong intermetallic electronic coupling in the mixed-
valent Ru'Ru' state (see later).”*"™"° The Ru—N(pyrazine,
tppz) distances in 1-3, 4 and 5 (<1.918(6) A) are appreciably
shorter than those reported in analogous tppz-bridged diruthe-
nium(i) complexes [CI(L)Ru"(u-tppz)Ru"(L)C11*" with m-acidic
ancillary ligands, L = 4,4-dimethy-2,2"-bipyridine (1.944(3)/
1.955(3) A)’? or L = 2-phenylazopyridine (1.965(9)/1.941(8)/
1.957(10) A),” or in [Cl(bpy)Ru" (u-tppz)Ru(tpy)]** (1.932(4)/
1.963(4) A) (tpy = 2,2":6,2"-terpyridine).”” However, they are
comparable with the values for the complexes [Cl(L)Ru”(u-tppz)
Ru'(L)Cl] containing anionic ancillary ligands such as L = 2-
picolinato (1.930 A),”” 2-quinolinecarboxylato (1.901 A),”" 8-
quinolinecarboxylato (1.937 A),” or 3,5-di-tert-butyl-o-benzose-
miquinone (1.921 A).” The effect of electron-rich o/n-donating
B-diketonato ligands in 1-5 strengthens the metal-to-tppz back-
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Table 1 Crystallographic data and refinement parameters for 1-3 and 5

1 2 3 5-CH,Cl, -C,HsOH-2H,0
Empirical formula C34H30C12N604RUZ C38H38C12N604RUZ C46H54C12N604RUZ C41H50C14N607RUZ
Formula weight 859.68 915.78 1027.99 1082.81
Crystal size (mm) 0.28 x 0.23 x 0.21 0.33 x 0.27 x 0.21 0.32 x 0.28 x 0.22 0.28 x 0.23 x 0.18
Crystal system Monoclinic Triclinic Triclinic Triclinic
Space group P2y/c P1 P1 P1
a(A) 12.2324(3) 8.8953(2) 12.1020(3) 12.810(1)
b(A) 8.4934(2) 9.2556(2) 13.1171(4) 13.387(1)
c(A) 15.8447(5) 11.3444(3) 15.5789(4) 14.811(1)
a(°) 90 101.726(2) 77.721(3) 107.566(7)
B(°) 94.136(3) 99.723(2) 87.363(2) 95.731(6)
¥ (®) 90 98.659(2) 75.475(2) 106.692(7)
V(A% 1641.89(8) 884.68(4) 2339.17(11) 2270.6(3)
zZ 2 1 2 2
Pealed (& cm™) 1.739 1.719 1.460 1.584
u (mm™") 1.132 1.056 0.808 0.955
T (K) 150(2) 150(2) 150(2) 150(2)
hkl range —14t0 14, -10t0 9, —10to 10, —10 to 10, —14to 14, —15 to 15, —15t0 8, —=15to 15,
—18to0 18 —13t0 13 —18to0 18 —16to 17
F(000) 860 462 1052 1100
6 range (°) 3.24 t0 25.00 3.28 to 25.00 3.31 to 25.00 3.29 to 25.00
Reflns collected 11933 6381 16 836 17236
Unique reflns (Rj,,) 2887 [0.0480] 3103 [0.0235] 8234 [0.0646] 7978 [0.0435]
Data/restraints/ 2887/0/219 3103/0/237 8234/66/584 7978/12/565
parameters

Ry, WR, (I > 20(1))
Rl: WR2 (all data)

0.0293, 0.0628
0.0432, 0.0648

0.0247, 0.0592
0.0294, 0.0601

0.0435, 0.0639
0.0936, 0.0700

0.0564, 0.1430
0.0861, 0.1533

GOF 0.941 1.038 0.745 1.033
Largest diff. peak/hole 0.471/-0.336 0.583/-0.325 0.559/-0.543 1.476/—1.229
€A™
Table 2 Selected bond lengths (A) for 1-3 and 5 Table 3 Selected experimental and DFT-calculated bond lengths (A)
for 1" and 3"
Bond lengths 1 2 3 5
1 1+ 12+
Rul-N2 1.918(3) 1.909(2) 1.907(4) 1.918(5) — —_
Rul-NI 2.032(3) 2.045(2) 2.030(4) 2.041(5)  Bonds X-ray DFT DFT DFT
Rul-N3 2.053(3) 2.025(2) 2.040(4) 2.047(5)
Rul-Ol 2.053(2) 2.050(2) 2.050(4) 2.034(4)  Rul-NI 2.032(3) 2.068 2.086 2.094
Rul-02 2.066(2) 2.092(2) 2.069(3) 2.055(4) Rul-N2 1.918(3) 1.944 1.946 1.965
Rul-Cl1 2.370(1) 2.382(1) 2.365(1) 2.383(2)  Rul-N3 2.053(3) 2.069 2.085 2.098
Ru2-N5 1.912(4) 1.905(5) Rul-Ol1 2.053(2) 2.086 2.074 2.016
Ru2-N4 2.030(4) 2.034(5)  Rul-02 2.066(2) 2.104 2.069 2.062
Ru2-N6 2.025(4) 2.018(5)  Rul-CllI 2.370(1) 2414 2.356 2,340
Ru2-03 2.016(4) 2.054(4) 3 3 32
Ru2-04 2.056(3) 2.032(5) Rul-N1 2.030(4) 2.071 2.052 2.113
Ru2-CI2 2.382(1) 2.399(2)  Rul-N2 1.907(4) 1.940 1.922 1.983
Rul-N3 2.040(4) 2.062 2.056 2.067
Rul-O1 2.050(4) 2.086 2.063 2.023
Rul-02 2.069(3) 2.103 2.075 2.056
bonding and the intermetallic electronic coupling in the RuRu™ gﬁ;_ﬁg %82883 %ggj %(3)23 3(3)‘7‘%13
states of 15" (see later). As will be further discussed below,  Ru2-N5 1.912(4) 1.940 1.923 1.974
the slightly smaller Ru---Ru separation of 6.487 A in the syn Ru2-N6 2.025(4) 2.071 2.049 2.112
complex (3) with respect to the anti complexes [1 (6.526 A), 2 Ru2-03 2.016(4) 2.088 2.035 2.021
/ Ru2-04 2.056(3) 2.100 2.063 2.055
(6520 A), 4 (6523 A) and 5 (6507 A)], as well as the greater Ru2-CI2 2.382(1) 2.403 2377 2.346

donor effect from the ‘Bu groups in the B-diketonato functions, is
believed to contribute to the 100 fold greater electrochemical
coupling (comproportionation constant K, = 10'%) in the Ru'-
Ru'™ state of 3%, as compared to that of the anti complexes (1", 2",
4", 5", K, ~ 10') (see later, Table 4). The average Cl---Cl separ-
ation in the anti complexes (1, 2, 5) of about 8.157 A is expect-
edly larger than that in the syn complex 3 with 7.538 A. The
Cl---Cl distance in the anti complexes matches well with values
for other such systems.m’m’" However, the Cl---Cl distance of
7.538 A in the syn complex (3) is significantly longer than the

values reported for two other syn complexes [Cl(L)Ru'(u-tppz)-
Ru'(L)CI] with L = 2-quinolinecarboxylato (5.710 A)”’ and
[CI(L)Ru"(u-tppz)Ru'(L)C11** with L = 4,4-dimethy-2,2’-bipyr-
idine (5.880 A).” This difference is the result of almost linear
trans angles, O1-Rul-Cll, 176.07(10)° and O3-Ru2-Cl2,
177.46(10)° in 3. The average Ru"-Cl (2.380 A)"*/“" and
Ru"™-0 (2.051 A)' bond lengths correspond to standard values;
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Table 4 Electrochemical data®

E°08/V (AE,/mV)’
Complex  Ox1 Ox2 AE (V)  Redl Red2 AE (V) K. between Ox1 and Ox2 K, between Redl and Red2
1 0.17(80)  0.76(70)  0.59 —1.00(90)  —1.54(90)  0.54 10'° 1.4 x 10°
2 0.16(80)  0.76(80)  0.60 —1.01(90)  —1.57(100)  0.56 1.5 % 10'° 3.1x10°
3 0.14(90)  0.85(90)  0.71 —1.01(90)  —1.55(90)  0.54 1.1 x 10'2 1.4 x 10°
4 0.10(90)  0.69(90)  0.59 —1.01(70)  —1.56(90)  0.55 10'° 2.1 % 10°
5 0.09(90)  0.69(80)  0.60 —-1.03(80) —1.56(90)  0.53 1.5 x 10%° 9.6 x 10°

“From cyclic voltammetry in CH;CN/0.1 mol dm™ Et;NCIO4 at 100 mV s™'. ®In V versus SCE; peak potential differences AE, (mV)

(in parentheses). “ Comproportionation constant from R71n K, = nF(AE).

the Ru—O bond lengths frans to the n-accepting pyrazine ring of
tppz are 0.013-0.042 A longer than those #rans to the m-donating
chloride ligand.

The DFT geometry optimisations which have well reproduced
the experimental structures of neutral 1 and 3 have been
extended to the cation and dication species 17, 17, 3%, and 3*".
As Table 3 reveals, metal-based oxidations (cf. below) result in
the expected shortening of the more ionic Ru—O and Ru—Cl
bonds. In contrast, the Ru—N bond lengths to m-accepting tppz
increase on going from anti-configured 1 via 1" to 12*, reflecting
diminished m-back-bonding along that series. However, the syn-
configured system 3"" shows a different pattern, with a
minimum Ru—N bond length for the monocationic mixed-valent
intermediate 3" (Table 3). This remarkable DFT result is in
agreement with the special stabilisation of that ion, as exper-
imentally proven by its particularly high K. value of 10'?
(Table 4).

Electrochemistry and EPR spectroscopy

The complexes 1-5 exhibit two one-electron reversible succes-
sive oxidation and two successive one-electron reduction pro-
cesses within the experimental potential range of £2.0 V versus
SCE in CH;CN/0.1 mol dm™ Et,NCIO,. Redox potentials are
listed in Table 4 and the voltammograms are shown in Fig. 5. In
the absence of easily oxidisable ligands, the oxidations are
believed to be associated with metal-based processes: Ru"Ru!
= Ru"Ru™ (Ox1) and Ru"Ru™ = Ru™Ru™ (0Ox2) (Fig. 5).
Accordingly, the DFT calculated HOMO/HOMO — 1 orbitals of
the representative compounds 1 and 3, as well as the singly occu-
pied MO (SOMO) of one-electron oxidised 17 or 3%, are domi-
nated by ruthenium-based orbitals (Tables S5-S8 and Fig. S6—
S9t).

Support for this assignment comes from EPR spectroscopy:
after one-electron oxidation the Ru'"Ru' states in 1°—5" exhibit
Rum(tzgs) type anisotropic EPR signals with <g> (<g> = [1/3
(g2 + 2> + gA)1")'" and Ag (Ag = g1—g3) of 2.304-2.234 and
0.99-0.82, respectively, at 110 K in CH3CN (Table 5 and
Fig. 6a, S10t). The slight variations of <g> as well as of Ag in
the EPR spectra of 17=5" can be attributed to substituent effects
of the B-diketonate ligands (Scheme 1). Spin-density plots and
Mulliken spin distribution values for 17 and 3" reveal that the
metal ions are the primary spin-bearing centres (Fig. 7a, Sllaf
and Table 6). The almost equal spin distribution calculated for
the ruthenium ions in 17 or 3" suggests a delocalised mixed-

Red2 Red2
Redl

(a) (b) Redl

Ox2

1 2

E/V
Red1 Red2

Red2
(e) Redl

Ox1
Ox2

1 0

1 2
E/V

Fig. 5 Cyclic voltammograms of (a) 1, (b) 2, (c) 3, (d) 4 and (e) 5 in
CH;CN, 0.1 mol dm™> NEt,C10, at 298 K. Scan rate: 100 mV s~ .

Table 5 EPR data” of 1"-5"

Complex g1 & g3 <&~ Ag
1" 2.77 2.23 1.81 2.304 0.96
2" 2.76 2.23 1.77 2.289 0.99
3" 2.65 2.25 1.83 2.268 0.82
4" 2.63 2.25 1.73 2.234 0.90
5" 2.65 2.24 1.81 2.259 0.84
8l g1 <g> Ag
1 2.010 1.994 2.005 0.016
2" 2.007 1.992 2.002 0.015
3 2.011 1.998 2.007 0.013
5 2.007 1.995 2.003 0.012

“From in situ measurements at 110 K in CH;CN, 0.1 mol dm™>

BuyNPFy; electrolytic oxidation and reduction, respectively.
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Fig. 6 EPR spectra of (a) 3" and (b) 37 in CH5CN, 0.1 mol dm~>
BuyNPFg at 110 K.

valent situation, as supported by the high K, values of 10'°~10'?
(Table 4). The g anisotropies in 1°-5" (Ag: 0.99-0.82, Table 5)
are smaller than that reported for the Creutz—Taube ion (Ag =
1.445),' which implies the participation of the bridging and
unsaturated ancillary ligands in the spin accommodation.

The first oxidation (Ox1) potential decreases slightly with
increasing +/-effect of the substituents, Me < Et < ‘Bu, in the
acac” -type ligands of 1, 2, and 3, respectively, accompanied by
the smaller HOMO-LUMO energy separation of 3 (1.68 eV) as
compared to that of 1 (1.87 eV) (Fig. 8). The decrease of the
first oxidation potential is more pronounced in 4 and 5 where the
—CH proton of acac™ has been substituted by electron-donating
Me or Et groups. The first oxidation potentials of 0.09-0.17 V
versus SCE for 1-5 (Table 4) are considerably lower than those

reported for analogous complexes [Cl(L)RuH(u-tppz)RuH(L)V

CI]*" with neutral ligands, L = 2-phenylazopyridine (1.28 V),”
2,2/-bipyridine (0.96 V),”? 2-(2-pyridyl)benzthiazole (0.95),”" 2-
(2-pyridyl)benzoxazole (0.92),”" 2,2-dipyridylketone (0.84 V),”
2,2'-dipyridylamine (0.68 V),”¢ and 1-methyl-2-(2-pyridyl)-1H-
benzimidazole (0.78 V)" or with anionic ancillary ligands L =
2-(2-pyridyl)benzimidazolate (0.43 V),”" 2-picolinate (0.36 V),”
2-quinolinecarboxylate (0.47 V),”’ and 8-quinolinecarboxylate
(0.31 V).” The superior electron-donating ability of the B-diketo-
nates increases the electron density on the metal ions, which
results in stronger intermetallic electronic coupling between the
n-acceptor-bridged mixed valent states in 1°—5" (electron trans-
fer mechanism of valence exchange®).

The potential separation of 0.59-0.71 V between the succes-
sive oxidation processes (Ox2—Ox1) of 1-5 leads to rather high
comproportionation constants, K, > 10'® (Table 4). This order of

magnitude implies substantial thermodynamic stability of the

Fig. 7 Spin density plots of (a) 1", (b) 1*" and (c) 1~

Table 6 Spin densities of complexes calculated from DFT

Complex Rul Ru2 tppz L Cll1 CI2
1 0.6198  0.6190 —-0.4086 0.0312  0.0697  0.0689
1% 0.7578  0.8496 —0.0125 0.1412  0.1498  0.1141
1” —0.0035 —0.0035  0.9902 0.0016 -0.0022 —0.0022
3" 0.6057  0.5932 —0.3681 0.0432  0.0643  0.0617
3% 0.7312  0.7605 -0.0215 0.3084 0.1160  0.1054
3" 0.0197  0.0003  0.9748 0.0085 —0.0017 —0.0016
-1.01 — .
 wepzn
-2.01 — — [Ru(dm) + tppz(r)]
S‘ -3.01 T ------------ . [tppz(n*)]
) 187eV  qggev
w 4.0
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Fig. 8 Orbital energy diagrams for 1 and 3.

13434 | Dalton Trans., 2012, 41, 13429-13440

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2dt31763j

Published on 03 September 2012. Downloaded by Freie Universitaet Berlin on 16/03/2015 12:02:00.

View Article Online

mixed-valent state as anticipated for a valence-delocalised class
III mixed-valence situation according to the Robin and Day
definition.® The K, value varies depending on the B-diketonate
terminal ligands to some extent, following the order 1" ~ 4" <
2" ~ 5" < 3". The high K, value of 10" for complex 3 can be
attributed both to the strong +/-effect of ‘Bu group and to the
sterically enforced syn configuration with rather upright Ru—Cl
vectors and linear frans angles O—Ru—Cl. The present set of
tppz-bridged complexes 1-5 thus exhibits remarkably high K.
values of >10'° (Table 4) in contrast to several related complexes
[CIL)Ru"(u-tppz)RuN(L)CIP*®  with K. of 10°-107
(Table S1%).747:tm

The splitting of oxidation potentials for 1°—5" is almost
double that reported for [(NHz)sRu"(u-pz)Ru"™(NH;)s]>" (AE ~
0.35V, K, ~ 10°, pz = pyrazine).'” The role of the anionic donor
ligands is also illustrated by comparing [(NH;);Ru"(u-tppz)
Ru™(NH;);)%" (K. = 10%)7¢ with [Cl,Ru"(u-tppz)Ru™Cl5]~
(K.~ 10').7"

Further one-electron oxidation (Ox2, Fig. 5) of the cations
generates isovalent diruthenium(ur) species, [CI(L)Ru"™(u-tppz)-
Ru"(L)CI]*" (1**-5"). DFT calculations on the optimised struc-
ture of 1>* and 3% confirm that the energy of the triplet (S = 1)
states are appreciably lower than those of the singlet (S = 0)
states by 4707 cm™' and 5327 cm™', respectively, as has been
similarly observed in related ligand bridged diruthenium(im)
complexes.'? The spin-density plots of 1" and 3*" (Tables 6 and
S9-S101 and Fig. 7b, S11b}) reveal the metal ions as the
primary spin bearing sites, with minor contributions from the
peripheral ligands.

DFT calculations predict tppz dominated LUMO and LUMO
+ 1 orbitals in the representative complexes 1 and 3 (Tables S5—
S6, S11-S12F and Fig. S6-S7, S12-S13¥), suggesting that the
successive two reductions of 1-5 (Fig. 5 and Table 4) essentially
correspond to tppz = tppz = (Redl) and tppz~ = tppz*~
(Red2) processes.” The K, values, calculated from the potential
separation of Redl and Red2 are in the order of 10'° (Table 4)
which signifies appreciable thermodynamic stability of the

tppz~ radical bridged diruthenium(i) intermediate of [CI(L)
RuH(p-tppz'_)RuH(L)Cl]_ in 1"7-5"". Consequently, one-elec-
tron reduced 1'"-3"" and 5°~ as obtained by in-situ electrolysis
display radical type EPR spectra in CH;CN at 110 K (Table 5
and Fig. 6b and S147).

The <g> (close to 2) and the small Ag values of 2.002-2.007
and 0.012-0.016, respectively (Table 5), prove the ligand centred
spin. The Mulliken spin densities calculated for 1°~ and 3'~
(Fig. 7c and Sllc,T Table 6) confirm the location of the unpaired
electron at the tppz bridging ligand. No EPR signal has been
detected for an electrolytically reduced solution of 4 even at 4 K,
possibly due to exchange of labile chloride ligands (4 — 4') and
rapid EPR relaxation for the solvated complex formed. The dis-
torted first reduction wave for compound 4 suggests electron
transfer induced labilisation of the Ru—Cl bonds, as suggested by
the earlier described CI"/CH3CN exchange on crystallisation of
4. As outlined above, the system 4” is also distinguished by EPR
silence of the one-electron reduced form, which is assumed to
have the anionic Cl™ ligand exchanged by neutral CH;CN,
leading to rapid relaxation and thus severe EPR line broadening
of [(CH;CN)(L)Ru"(tppz ")Ru"(L)(CH;CN)]".

UV-Vis-NIR spectroelectrochemistry

The experimentally observed transitions in the complexes 1"-5"
(n=2+,+,0, —) (Fig. 9 and Fig. S15-S18%) have been analysed
through time-dependent density functional theory (TD-DFT) cal-
culations of the representative systems 1” and 3" (Tables 7, 8 and
S13%). The neutral precursor compounds 1-5 display weak
absorptions (¢ ~ 1400 dm® mol™" c¢m™) in the NIR region
between 1400-1000 nm in addition to strong bands in the Vis
and UV regions. The wavelength of the NIR band varies in the
order 1404 nm (5) > 1390 nm (3) > 1347 nm (2) > 1330 nm (1)
> 1050 nm (4). Consequently, the calculated HOMO-LUMO
energy gap of 3 (1.68 eV) is lower than that of 1 (1.87 eV)
(Fig. 8). The bands in the NIR and visible regions are assigned

Table 7 UV-Vis-NIR spectroelectrochemical data for 1-5 in CH3;CN/0.1 mol dm™ BuyNPF,4

Complex Amax/TM (s/dm3 mol ™! cm_')

1% 641(7900), 573(sh), 514(7100), 386(32 500), 369(32 000), 296(30 000), 269(28 400)

1" 1680(2900), 637(20 500), 475(sh), 385(sh), 362(32 000), 98(28 900), 264(29 000)

1 1330(1400), 1015(2100), 674(21 000), 495(sh), 390(sh), 355(35 700), 294(27 000), 262(31 500)

1 1130(3900), 1024(5700), 670(13 500), 580(sh), 488(sh), 439(33 600), 391(31 800), 377(32 000), 324(27 000), 287(sh), 269(32 000)
2% 654(9400), 505(7300), 387(30 700), 370(30 800), 298(28 000), 270(26 500)

2" 1688(3300), 636(23 600), 467(sh), 385(sh), 360(33 100), 300(28 600), 267(28 700)

2 1347(1700), 1017(2100), 676(23 000), 497(sh), 357(35 500), 295(27 400), 265(30 700)

2- 1140(4100), 1025(6200), 670(13 600), 597(13 200), 490(sh), 440(36 400), 384(33 000), 324(27 700), 285(sh), 270(34 100)

3% 655(9100), 605(sh), 518(7200), 387(32 500), 370(33 400), 291(36 000), 275(sh)

3" 1750(3000), 639(21 000), 473(sh), 387(sh), 358(35 000), 291(32 500), 265(35 700)

3 1390(1400), 1060(1900), 688(19 500), 505(7800), 403(sh), 350(38 000), 300(31 000), 263(38 500)

3~ 1177(3400), 1048(5200), 665(11 500), 594(12 300), 495(sh), 442(34 000), 380(32 400), 329(26 800), 285(sh), 265(37 400)

4" 725(sh), 555(8300), 383(33 300), 367(33 100), 295(30 400), 267(26 800)

4" 1660(2300), 663(17 700), 385(sh), 363(33 900), 296(29 800), 266(28 800)

4 1050(sh), 665(18 200), 450(sh), 390(sh), 357(36 200), 295(29 100), 262(29 700)

4~ 1168(4050), 1020(4700), 660(12 400), 583(12 900), 490(sh), 439(30 800), 390(29 200), 320(24 800), 294(25 600), 266(15 700)
52" 736(8370), 542(7090), 381(32 580), 368(32 880), 295(32 580), 234(26 450)

5 1674(2240), 638(19 080), 360(32 640), 297(29 800), 266(29 170), 238(23 660)

5 1404(1100), 1080(1480), 680(19 978), 515(sh), 350(36 510), 292(29 286), 262(29 147)

5" 1174(3720), 1037(5440), 675(11 360), 595(11 600), 440(33 560), 386(29 580), 326(25 600), 292(28 940), 267(27 570), 230(sh)
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Fig. 9 UV-Vis-NIR spectroelectrochemistry for the conversions of (a)
1 -1, ®) 1" - 1> and (¢) 1 - 17 in CH5CN, 0.1 mol dm™
BuyNPFg (inset shows the IVCT band in wave number scale).

according to TD-DFT calculations as Ru(dr) — tppz(n*)
(MLCT: metal-to-ligand charge-transfer), Ru(drt) — tppz(n*)/
Ru(dr) (MLMCT: metal-to-ligand/metal charge-transfer) and
Ru(dn)/Cl(pr) — tppz(z*) (MLLCT: metal/ligand-to-ligand
charge-transfer) transitions.

After one-electron oxidation to the mixed-valent state in 1°—
57, the weak NIR bands at about 1400—1000 nm disappear and
the strong band near 700 nm shifts slightly to higher energy.
Most conspicuously, the mixed-valent state in 1°—5" exhibits
moderately strong (¢ ~ 2700 dm® mol™' ¢cm™") MMCT absorp-
tions in the NIR region with Ay, at 1750 nm (37) > 1688 nm
(27> 1680 nm (17) > 1674 nm (5") > 1660 nm (4"). While the
variation in energy is marginal for 17, 2", 4" and 5" with anti
configuration, there is a more appreciable shift to lower energy
for the syn-configured 3". In accordance, the TD-DFT calcu-
lations on 1" or 3" predict metal-to-metal (Ru(dm) — Ru(dm))

transitions at 1810 and 1930 nm, respectively. The experimental
band widths at half height (Av,,,) of the MMCT bands in 15"
are 1590, 1600, 1990, 2130 and 1840 cm™, respectively, and
thus significantly lower than the respective calculated values of
3708, 3699, 3633, 3730 and 3714 ¢cm~', based on the Hush
formula, Avy, = (2310E0p)” 2 (Eop = energy of the intervalence
charge transfer (IVCT) band in cm™')*° for valence-trapped
class II situations. This discrepancy clearly justifies the valence
delocalised (class I11*) mixed-valent (Ru**Ru*?) description for
175", as has been already inferred from the high K, values of
10'°-10'% (Table 4). The calculated interaction energy (Vag)
values of 1°—5" at 2980, 2960, 2860, 3010, 2990 cm™", respect-
ively, are then based on the assumption of a class III situation for
which Vg is considered as half the energy of the MMCT transi-
tion.>”’*'*  For comparison, the Creutz—Taube ion has
3185 cm™' 7, as determined by the same approach (Table S1+t).

The MMCT band corresponding to the mixed-valent state
completely disappears on oxidation of 1'—5" to the isovalent
Ru"Ru™ forms in 1>~5%*. These triplet species exhibit mainly
charge transfer bands in the visible region (Tables 7, 8 and
S13%), involving the ligands (L, Cl, tppz) and metal-based
orbitals.

The one-electron reduced ions 1'"-3"~ and 5~ exhibit two
new moderately intense bands at about 1200—1000 nm which are
assigned based on previous observations” and on TD-DFT cal-
culations as mixed tppz(r) — tppz(n*) (SOMO — LUMO) intra-
ligand transitions. In addition, several absorptions involving
Ru(dn)-to-tppz'~ transitions are observed in the visible region
(Tables 7, 8 and S137).

In fact, it is remarkable that potentially useful NIR absor-
bance'” is observed here for the neutral species (weak MLCT
transitions), for the mixed-valent monocationic intermediates
(MMCT transitions), and for the one-electron reduced anion
radical complexes (SOMO based intraligand transitions).

Conclusion

The incorporation of o/mn-donating B-diketonates L in the
complex platform [CI(L)Ru(u-tppz)Ru(L)C1]" 7% enhances
intramolecular metal-to-metal electronic interaction in the
mixed-valent state (n = +1) through mediation by the n*-orbital
of the tppz acceptor bridge. Large comproportionation constants
K, in the range of 10'°~10'? were observed for anti (1, 2, 4, 5)
and syn (3) configured complexes (Scheme 1, Table S1t). The
mixed-valent states in 1"—5" exhibit metal-to-metal charge trans-
fer absorptions around 1700 nm at moderate intensity (£ ~ 2700
dm® mol™! cm_l) and with relatively small bandwidth (Avy,; ~
1800 cm™"). A delocalised mixed-valent situation is thus inferred
with Vap at about 3000 cm™'. The EPR-active cations a-3"
and 57) show largely but not exclusively metal-centred spin, sup-
ported by calculated (17, 3") spin densities on the metal ions
(~0.6/Ru) and a sizeable (negative) spin density of about —0.4
on the tppz bridge, reflecting the electron transfer mechanism of
valence exchange between metals via the n* MO of the bridge.
While the spectroelectrochemically characterised 17*-52" were
calculated with a triplet ground state, the reduced species 1" —
3" and 5 display radical type EPR signals and ligand based
NIR transitions.'
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Table 8 Electronic transitions at the TD-DFT/B3LYP/6-31G(d) level for 1" (n = 0, +, 2+, —)

Aexcitation/NM Oscillator strength
Eoxcitation/€V (expt.) (expt.: £/dm® mol™! em™h) Transition Character
1
0.9563 1290 (1330) 0.0090 (1400) (73%) HOMO — LUMO Ru(dr) — tppz(n*)
1.2477 993 (1015) 0.0262 (2100) (76%) HOMO — 1 - LUMO Ru(dr) — tppz(n*)
1.8714 662 (674) 0.3861 (21 000) (77%) HOMO — 1 - LUMO + 1 Ru(dr) — tppz(n*)/Ru(dr)
2.4843 500.1 (495) 0.1596 (87%) HOMO — 2 - LUMO + 2 Ru(dr) — tppz(m*)
2.9837 410 (390) 0.0732 (56%) HOMO — LUMO + 4 Ru(dr) — tppz(n*)
(24%) HOMO — 5 - LUMO + 2
3.1689 390 0.0214 (68%) HOMO — 6 - LUMO L — tppz(r*)
3.3564 370 0.2165 (37%) HOMO — 7 - LUMO + 1 L — tppz(r*)
. (355) (35700) (35%) HOMO - 12 - LUMO tppz(n) — tppz(n*)
1
0.6832 1810 (1680) 0.0085 (2900) (81%)HOMO — 3(B) — LUMO(B) Ru(dr) — Ru(dr)
0.8444 1470 0.0396 (84%)HOMO(B) — LUMO(B) Ru(dn)/tppz(rr) — Ru(dn)
1.9696 630 (637) 0.0234 (20 500) (86%)HOMO — 3(B) — LUMO + 1(B) Ru(dr) — tppz(n*)
2.0190 610 0.2388 (60%)SOMO1(er) —» LUMO + 1(a) Ru(dr)/L — tppz(m*)
(27%)HOMO — 2(o) — LUMO(v)
2.5738 480 (475, 385) 0.0243 (95%)HOMO - 2(o) — LUMO + 1(o) Ru(dn)/Cl(pr) — tppz(n*)
2.6373 470 0.0219 (50%)HOMO — 3(o) — LUMO + 1(e) Ru(dr)/Cl(pr) — tppz(n*)
(41%)HOMO — 9(B) - LUMO(B) L/Cl(pr) — Ru(dr)
3.2+392 370 (362) 0.2140 (32 000) (71%)HOMO - 8(B) — LUMO + 1(B) tppz(n) — tppz(n*)
1
1.0549 1170 0.0117 (90%)HOMO(B) — LUMO(B) Ru(dr)/L — Ru(dr)
1.6154 770 0.0143 (72%)SOMO1(er) - LUMO + 1(a) Ru(dr)/L — tppz(m*)
1.8990 650 (641) 0.0591 (7900) (61%)HOMO — 1(B) — LUMO + 3(B) Ru(dr)/Cl(pr) — tppz(r*)
1.9809 620 0.0489 (43%)SOMO2(ar) — LUMO(o) Ru(dn)/Cl(pr) — tppz(n*)
(23%)HOMO — 1(B) — LUMO + 3(B)
2.1284 580 (573) 0.0230 (71%)HOMO — 6(B) - LUMO(B) L/Cl(pr) — Ru(dr)
2.1556 570 0.0147 (39%)HOMO - 6(B) — LUMO + 1(B) L/Cl(pn) — Ru(dr)/tppz(n*)
(36%)HOMO — 8(B) - LUMO(B)
2.3890 520 (514) 0.0284 (7100) (59%)HOMO - 8(B) — LUMO + 1(B) L/Cl(pr) — Ru(dr)/tppz(n*)
2.4941 500 0.0270 (62%)HOMO — 7(B) - LUMO(B) tppz(n) — Ru(dr)
-
1.0656 1160 (1130) 0.0042 (3900) (85%)SOMO(ar) -» LUMO(0v) tppz(r) — tppz(n*)
1.2244 1010 0.0136 (57%)SOMO(a) — LUMO + 1(o) tppz(n) — tppz(n*)
(1024) (5700) (23%)HOMO(B) — LUMO(B) Ru(dr) — tppz(n*)
1.7456 710 (670) 0.0711 (69%)SOMO(a) — LUMO + 2(o0) tppz(n) — tppz(n*)
(13500) (22%)HOMO(B) - LUMO + 1(B) Ru(dr) — tppz(n*)
1.7956 690 0.0313 (63%)HOMO(B) — LUMO + 1(B) Ru(dr) — tppz(n*)
1.9270 640 0.0312 (63%)HOMO — 4(B) —» LUMO(B) Ru(dr) — tppz(n*)
2.0353 610 (580) 0.1363 (64%)HOMO — 1(o) — LUMO + 1(e) Ru(dr) — tppz(n*)
2.4452 510 0.0233 (72%)HOMO — 4(o)) —» LUMO + 1(ov) Ru(dn)/Cl(pr) — tppz(n*)
2.4494 510 0.0567 (55%)HOMO - 2(B) — LUMO + 2(B) Ru(dr) — tppz(n*)
2.5173 490 (488) 0.0680 (61%)HOMO - 2(B) - LUMO + 3(B) Ru(dr) — tppz(n*)

Out of the five B-diketonato ligated systems 1"-5", the anti-
configured compound 4 is distinguished by the lability of the
Ru—CI bonds as evident from crystallisation, cyclic voltammetry
and (spectro)electrochemistry experiments. On the other hand,
the redox system 3” is distinguished by the sterically induced
preference for a syn configuration with rather upright Ru—Cl
vectors, leading to an unusually high K, of 10'* for 3%, to a
bathochromically shifted MMCT transition, and to DFT
calculated minimum Ru-N bond lengths in comparison to the
isovalent congeners 3 and 3*".

A formal similarity exists between the mixed-valent systems
1"-5" and [(tpy)Ru(u-tpb-2H+)Ru(tpy)]3 ", also involving a bis-
tridentate bridge (tpy = 2.,2;6/,2-terpyridine and tpb = 1,2,4,5-
tetrakis(2-pyridyl)benzene).''” However, in contrast to the
n-donating doubly deprotonated (tpb-2H") dicarbanion, the tppz
acts as a neutral m-acceptor bridge, leading to an opposite
valence transfer mechanism (electron versus hole transfer).>**¢
Characteristically, the [(A)Ru(u-n>n’-D)Ru(A)]*" ion (A = tpy
acceptor; D = (tpb-2H") donor) and the systems [(D)CIRu-

(u-n’:n*-A)RuCI(D)]" described here (D = B-diketonato donor;
A = tppz acceptor) produce different electrochemical and spec-
troscopic results. The lower energy (greater wavelength) and
lower intensity of the IVCT transitions in 1°—5" illustrate that the
electronic coupling is larger in the dicarbanion donor-bridged
situation.'"” However, in agreement with published con-
cepts,>* the acceptor-bridged systems 15" are distinguished
by larger K, values (10'° > 107) and wider g anisotropy (g,—g5:
0.9 > 0.34)""” because of the inherently* small contribution
from the bridge in the spin distribution of the singly occupied
MO, leading to confinement of spin on the metals with their
high spin—orbit coupling constant.

Experimental
Materials

The starting complex [Cl;Ru(u-tppz)RuCl;] was prepared
according to the reported procedure.”? The ligand acetylacetone
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was obtained from Merck, India and other ligands, 3,5-heptane-
dione, 2,2,6,6-tetramethyl-3,5-heptanedione, 3-methyl-2,4-penta-
nedione and 3-ethyl-2,4-pentanedione were purchased from
Aldrich, USA. Other chemicals and solvents were reagent grade
and used as received. For spectroscopic and electrochemical
studies, high performance liquid chromatography (HPLC) grade
acetonitrile was used.

Physical measurements

UV-Vis-NIR spectroelectrochemical studies were performed in
CH3CN/0.1 M BuyNPFg at 298 K using an optically transparent
thin layer electrode (OTTLE) cell'® mounted in the sample com-
partment of a J&M TIDAS spectrophotometer. '"H NMR spectra
were obtained from 300 MHz Varian FT spectrometer and
400 MHz Bruker FT spectrometer. The EPR measurements were
made in a two-electrode capillary tube'” with an X-band Bruker
system ESP300, equipped with a Bruker ERO35M gaussmeter
and a HP 5350B microwave counter. Cyclic voltammetric
measurements were carried out using a PAR model 273A
electrochemistry system. Platinum wire working and auxiliary
electrodes and an aqueous saturated calomel reference electrode
(SCE) were used in a three-electrode configuration. The support-
ing electrolyte was 0.1 mol dm™> Et;NCIO, and the solute con-
centration was ~10™> mol dm™. The half-wave potential E°og
was set equal to 0.5(E,, + E,c), where E,, and E, are anodic
and cathodic cyclic voltammetric peak potentials, respectively.
Elemental analyses were carried out on a Perkin-Elmer 240C
elemental analyser. Electrospray mass spectra were recorded on a
Micromass Q-ToF mass spectrometer.

Preparation of complexes

Synthesis of 1-3. The complexes 1-3 were prepared by fol-
lowing a general procedure. The details are given below for
representative 1: The starting complex [Cl;Ru(u-tppz)RuCls]
(100 mg, 0.12 mmol), acetylacetone (30 mg, 0.30 mmol) and
NEt; (0.2 cm®, 1.5 mmol) were taken in 20 cm® of ethanol, and
the mixture was heated to reflux for 16 h under dinitrogen atmos-
phere. The initial greenish solution gradually changed to deep
green. The solvent was then removed under reduced pressure.
The dried crude product was purified by using a silica gel (mesh
60—120) column. The green dinuclear complex 1 was eluted by a
solvent mixture of CH3;CN-MeOH (6:1). Evaporation of
solvent under reduced pressure yielded the pure complex 1.

For 2 and 3 the refluxing time and solvent mixture used for
chromatography were 12 h, 24 h and CH;CN-MeOH (10: 1),
respectively.

1. Yield: 65 mg (60%). C34H30Cl,NgO4Ru, Anal. Caled: C,
47.44; H, 3.52; N, 9.77. Found: C, 47.21; H, 3.37; N, 9.52.
ESI-MS(+) in CH;CN, m/z Caled for [1]": 859.98; Found:
859.80. '"H NMR [CDCls, 6/ppm (J/Hz)]: 8.91 (d, 5.7, 4H), 8.69
(t, 6.9/7.2, 4H), 7.75 (t, 7.2/8.4, 4H), 7.55 (d, 8.2, 4H), 5.42
(s, 2H), 2.61 (s, 6H), 1.44 (s, 6H).

2. Yield: 63 mg (55%). C3gH33C1,NgO4Ru, Anal. Caled: C,
49.78; H, 4.18; N, 9.17. Found: C, 49.46; H, 4.15; N, 8.95.
ESI-MS(+) in CH5CN, m/z Caled for [2]": 916.04; Found:
915.99. 'H NMR [(CDs),SO, &/ppm (J/Hz)]: 8.79 (d, 5.1, 4H),

8.74 (d, 8.1, 4H), 8.01 (t, 7.2/9.0, 4H), 7.83 (t, 6.0/6.0, 4H), 5.46
(s, 2H), 2.79 (m, 4H), 1.53 (m, 10H), 0.35 (m, 6H).

3. Yield: 64 mg (50%). C46Hs4C1,NgO4Ru, Anal. Caled: C,
53.69; H, 5.29; N, 8.17. Found: C, 53.92; H, 5.48; N, 8.38.
ESI-MS(+) in CH;CN, m/z Caled for [3]": 1028.17; Found:
1028.44. "H NMR [(CD5),SO, &/ppm (J/Hz)]: 8.74 (d, 5.4, 4H),
8.66 (d, 8.4, 4H), 7.99 (t, 6.9/7.8, 4H), 7.81 (t, 5.7/6.3, 4H), 5.55
(s, 2H), 1.55 (s, 18H), 0.28 (s, 18H).

Synthesis of 4 and 5. The starting complex [Cl3Ru(u-tppz)-
RuCl;] (100 mg, 0.12 mmol), 3-methyl-2,4-pentanedione
(35 mg, 0.30 mmol) and KOH (34 mg, 0.62 mmol) were taken
in 20 cm® of ethanol and the mixture was heated to reflux for
20 h under dinitrogen atmosphere. The initial greenish solution
gradually changed to deep green. The solvent was then removed
under reduced pressure. The dried crude product was purified by
using a silica gel (mesh 60—120) column. The green dinuclear
complex 4 was eluted by a solvent mixture of CH;CN-MeOH
(30:1). Evaporation of solvent under reduced pressure yielded
pure complex 4.

For the synthesis of 5 the reaction mixture was heated to
reflux for 12 h following the same route as for 4. The solvent
mixture CH3;CN-MeOH (6:1) was used to elute the pure
complex 5 from the silica gel column.

4. Yield: 45 mg (40%). C36H34C1,NgO4Ru, Anal. Caled: C,
48.65; H, 3.86; N, 9.46. Found: C, 48.12; H, 3.33; N, 9.02.
ESI-MS(+) in CH;CN, m/z Caled for [4]": 888.01; Found:
888.14. '"H NMR [(CD;),S0, 6/ppm (J/Hz)]: 8.76 (m, 8H), 8.00
(t, 7.6/7.8, 4H), 7.79 (t, 5.9/6.7, 4H), 2.66 (s, 3H), 2.07 (s, 12H),
1.39 (s, 3H).

5. Yield: 51 mg (45%). C33H33C1,NgO4Ru, Anal. Caled: C,
49.78; H, 4.18; N, 9.17. Found: C, 49.54; H, 4.02; N, 8.92.
ESI-MS(+) in CH;CN, m/z Caled for [5]": 916.04; Found:
916.12. "H NMR [(CDs),SO, &/ppm (J/Hz)]: 8.81 (d, 5.4, 4H),
8.76 (d, 8.4, 4H), 8.00 (t, 7.5/8.4, 4H), 7.80 (t, 5.7/6.9, 4H), 2.70
(s, 6H), 2.33 (m, 4H), 1.41 (s, 6H), 1.04 (t, 6.6/5.4, 6H).

Crystallography

Single crystals were grown by slow evaporation of acetonitrile
solution of 1 or 4, of a 3 : 1 CH3;CN-CH,Cl, solution mixture of
2, of a CD3;CN solution of 3, and by slow diffusion of aceto-
nitrile into dichloromethane solution of 5 followed by slow evap-
oration of the solvent mixture. X-ray diffraction data were
collected on OXFORD XCALIBUR-S CCD and BRUKER
APEX-II CCD single crystal X-ray diffractometers for 1, 2, 3, 5
and 4/, respectively. The structures were solved and refined by
full-matrix least-squares techniques on F* using the SHELX-97
program.'® The absorption correction was done by the multi-
scan technique. All data were corrected for Lorentz and polariz-
ation effects, and the non-hydrogen atoms were refined anisotro-
pically. Hydrogen atoms were included in the refinement process
as per the riding model. The molecules 1, 2 and 4’ lie about an
inversion centre. One ‘Bu group in 3 is disordered. Crystallisa-
tion of 4 from moist CH;CN gave single crystals identified as
[(CH3CN)o.5(C1o 2(L)Ru' (-tppz)Ru(L)(CH3CN)o.5(Clo.2]-
(Cl),4H,0, 4’ (Fig. S3 and Tables S2 and S31). The complex
molecule 4’ crystallises with two water molecules in the asym-
metric unit, of which one is disordered. H-atoms were not fixed
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for them, but their contributions have been included in the mo-
lecular composition (Table S2t). Compound 5 crystallises with
disordered CH,Cl, and C,HsOH molecules along with two H,O
molecules, of which one water molecule is disordered. Restraints
such as SIMU, DELU, DANG and DFIX were applied to dis-
ordered model so that ethanol and dichloromethane (DCM) mo-
lecules exhibit appropriate geometry. The disordered CH,Cl,
and C,HsOH molecules were refined isotropically. The hydrogen
atoms of OH groups of ethanol and water molecules could not
be located by difference Fourier, but their contributions have
been included in the molecular composition (Table 1). The atom
C35 in 5 has positional disorder.

Computational details

Full geometry optimisations were carried out using the density
functional theory method at the (R)B3LYP level for 1/3, 177/3*"
and (U)B3LYP for 177/3%", 17/3", 17/37."° 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.”® The vibrational frequency calculations were performed
to ensure that the optimised geometries represent the local
minima and there are only positive eigen values. All calculations
were performed with the Gaussian03 program package.?' Verti-
cal electronic excitations based on B3LYP optimised geometries
were computed for 1/3, 173", 1**/3*" and 17/3~ using the
TD-DFT formalism®* in acetonitrile using conductor-like polar-
izable continuum model (CPCM).>* GaussSum?®* was used to
calculate the fractional contributions of various groups to each
molecular orbital.
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