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a b s t r a c t

The complexes, cis-(CO)-trans-(Cl)-[Ru(SRaaiNR)(CO)2Cl2] (2) and trans-(Cl)-[Ru(SRaaiNR)(CO)Cl2] (3)
(SRaaiNR = 1-alkyl-2-{(o-thioalkyl)phenylazo}imidazoles; R = Me (1a) and Et (1b)) have been synthesized
and characterized. The structural confirmation is achieved by single crystal X-ray structure determina-
tions. The complexes show Ru(III)/Ru(II) couple and ligand reductions. Electronic structure and spectral
properties of the complexes have been explained with the DFT and TDDFT calculation.

� 2009 Elsevier B.V. All rights reserved.
The coordination chemistry of ruthenium with pyridine and its complexes cis-(CO)-trans-(Cl)-[Ru(SMeaaiNMe)(CO) Cl ] (2a) and

derivatives is one of the most studied areas because of catalytic, re-
dox, photoreactivity, biological and supramolecular properties of
the complexes. Small variation in the coordination environment
around ruthenium by changing donor centre, ligand structure
and chelate ring size play a key role in altering the properties of
the complexes [1,2]. The synthesis of new ligands in the framework
of diimine group (–N@C–C@N–) [3] or to design conjugated system
isoelectronic to diimine function such as azoimine, (–N@N–C@N–)
[4] are of interest in the recent years. The attachment of arylazo
(Ar–N@N–) group at ortho-position to a five- or six-membered N-
heterocycle has synthesized azoimine function and have been used
to explore the chemistry of transition [4,5] and non-transition met-
als [6–8]. Recently we have synthesized 1-alkyl-2-{(o-thi-
oalkyl)phenylazo}imidazole (SRaaiNR) [9], a tridentate
N(imidazole), N(azo) and S(thioether) ligand. This work is con-
cerned with the syntheses, crystal structures, redox properties
and correlation of spectral and electrochemical properties of a
new series of ruthenium(II) carbonyl complexes of SRaaiNR. The
spectral and redox properties are correlated with DFT and TDDFT
computed results.

The syntheses of ligands are reported elsewhere [9]. The ligands
SMeaaiNMe (1a) (1-methyl-2-{(o-thiomethyl)phenylazo}imidaz-
ole) and SEtaaiNEt (1b) (1-ethyl-2-{(o-thioethyl)phenylazo}imid-
azole react with [Ru(CO)2Cl2]n in 1:1 molar ratio in ethanol [10]
under N2 environment to afford hexa-coordinated red colored
ll rights reserved.
2 2

cis-(CO)-trans-(Cl)-[Ru(SEtaaiNEt)(CO)2Cl2] (2a), respectively
(Scheme 1). The green colored complexes trans-(Cl)-[Ru(SRa-
aiNR)(CO)Cl2] (3a and 3b) have been synthesized from the similar
reaction in acetonitrile in presence of excess Me3NO [11]. The com-
plexes have been characterized by elemental analyses, 1H NMR, IR
and UV–Vis spectroscopy together with single X-ray crystal struc-
tures of 2a (Fig. 1a) and 3b (Fig. 1b). Although S-centres in the li-
gand are susceptible to O2 (in air) to produce sulfoxides/sulfones
[12] but no such oxidation is observed in this reaction. Complex
2a shows two equally intense m(CO) bands at 2004 and
2066 cm�1 (mtheo = 2023 and 2072 cm�1 for 2a, calculated from
optimized geometry of the compound using DFT computation
technique); 2b shows m(CO) at 1998 and 2062 cm�1 that suggests
the presence of two carbonyl groups cis to each other. The spectra
of 3a and 3b show only one strong stretching at 1995 and
1991 cm�1, respectively corresponding to single m(CO)
(mtheo = 2015 cm�1 for 3b). Other significant peaks appear at
1544–1555 cm�1 and at 1370–1395 cm�1 those correspond to
m(C@N) and m(N@N), respectively. The azo (–N@N–) stretching is
significantly shifted to lower frequency region compared to free
ligand value (1400–1410 cm�1) [9] which supports efficient back-
donation, dp(RuII) ? p*(N@N). The electronic spectra of 2 show in-
tense band at 495–500 nm and the complexes 3 exhibit transition
at 590–595 nm along with weak band at 790–810 nm. Azoimidaz-
oles are susceptible to light both at free and coordinated state in
Hg(II), Cd(II) and Pd(II) complexes and undergo trans-to-cis photo-
isomerisation upon light irradiation [13]. Ruthenium(II) complexes
are silent to photoisomerisation. There may be several reasons.
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Fig. 1a. ORTEP structure of 2a (35% probability). Hydrogen atoms have been
omitted for clearity. Selected bond lengths (Å) and angles (�): Ru1–C1 1.888(3),
Ru1–C2 1.909(3), Ru1–N1 2.102(2), Ru1–N2 2.146(2), Ru1–Cl1 2.3785(2), Ru1–Cl2
2.3959(6), O1–C1 1.127(4), O2–C2 1.090(3), N1–N2 1.285(3), N1–Ru1–N2 75.73(8),
C1–Ru1–C2 90.91(11), Cl1–Ru1–Cl2 175.69(2).

Fig. 1b. The 2D sheet (bc plane) through p–p, C–H���p and C–H���Cl hydrogen
bonding in 2a.
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Ligand is chelated to Ru(II) and X-ray structure determination
shows that Ru–N(azo) bond length is shorter than Ru–N(imidaz-
ole) distances. This has also prompted charge flow dp(Ru) ? p*(a-
zo) which synergistically enhances Ru–N(azo) bond strength. This
structural rigidity may resist photoisomerisation. Besides, the en-
ergy transfer from (p–p*) to MLCT state may cause very fast
bleaching [14].

The crystal structure of 2a (Fig. 1) shows distorted octahedral
geometry with RuCl2C2N2 coordination where SMeaaiNMe (1a)
acts as bidentate N(imidazole), N(azo) chelator and thioether-S re-
mains free and conformationally away from metal centre. Some
general features in the molecule are: chelating ligand; two cis-CO
constitute square plane, Ru(C)2(N, N) (C is donor centre of CO)
while two trans-Cl are nearly perpendicular to this plane
(\Cl(1)–Ru(1)–Cl(2), 175.69(2)�. The chelate ring dimension
(\N(2)–Ru(1)–N(1), 75.73(8)�) is comparable with those of other
structurally characterized azoimine chelated molecules [4,15–
17]. The Ru–N(azo), [Ru(1)–N(2), 2.146(2) Å], is longer than Ru–
N(imidazole) [Ru(1)–N(1), 2.102(2) Å]. In general, the Ru–N(azo)
bond length is shorter than Ru–N(imidazole) bond which is mainly
due to back-donation, dp(Ru) ? p*(N@N), to azoimine ligand
[4,17]. Two strongly p-acidic CO at cisoid conformation polarize
Ru–N bonds and hence, Ru–N(azo) suffers considerably more room
for exocyclic N(azo) than N(imidazole) [18]. Thus the van der
Waals repulsion will be greater in N(azo) than N(imidazole). This
may be the reason to reduce backbonding efficiency and the rever-
sal of bond dimensions. The N@N bond length is 1.285(3) Å and is
longer than free ligand azo distance (1.252(1) Å) [19] which sup-
ports back bonding conjecture. Intermolecular hydrogen bond be-
tween one of the coordinated Cl and H of one N–CH3 group of
adjacent molecule has generated dimer. The presence of C–H–p
and p–p interactions between two adjacent imidazole rings gener-
ate supramolecular network (Fig. 1b).

In 3b, 1-methyl-2-{(o-thioethyl)phenylazo}imidazole acts tri-
dentate NN0S ligand and CO constitutes distorted square plane,
Ru(C)(N, N, S) (C is donor centre of CO) and the two trans-Cl are
nearly perpendicular to this plane (\Cl(1)–Ru(1)–Cl(2),
176.38(2)� (Fig. 2). The chelate ring dimensions are \N(1)–
Ru(1)–N(3): 76.65(7)� and \N(1)–Ru(1)–S(1), 84.43(5)�. In 2a the
azo ligand acts as bidentate N, N chelator, removal of CO may de-
crease the hardness of Ru and may prefer to bind thioether-S. This
may enhance the backbonding efficiency in 3b. The immediate



Fig. 2. ORTEP structure of 3b (35% probability). Hydrogen atoms have been omitted
for clarity. Selected bond lengths (Å) and angles (�): Ru1–C14 1.879(2), Ru1–N1
2.0364(17), Ru1–N3 2.0607(17), Ru1–Cl1 2.3908(9), Ru1–Cl2 2.3984(9), O1–C14
1.127(3), N1–N2 1.286(2), N1–Ru1–N3 76.65(7), S1–Ru1–N1 84.43(5), Cl1–Ru1–Cl2
176.38(2).
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consequence of back bonding has been reflected in the shortening
of Ru–N(azo) distance [Ru(1)–N(1), 2.0364(17) Å] compare to Ru–
N(imidazole) [Ru(1)–N(3), 2.0607(17) Å]. The structural identity
has been proved by DFT calculation [20] using optimized struc-
tures of 2b and 3b. The composition of unoccupied MOs shows
the partial mixing of frontier orbitals of dp(Ru) with the vacant
p* orbitals of CO that implies better dp(RuII) ? p*(N@N) back
bonding (Table S3). The theoretical Ru–N bond lengths are 0.01–
0.05 Å longer than that of observed one. The experimental Ru–Cl
distances are reduced by 0.04–0.05 Å than the theoretical data.
The Ru–S distances are also elongated in calculated structures by
�0.06 Å. The Ru–C and C–O distances are also reduced by 0.01–
0.03 Å in the experimental structures compared with their calcu-
lated structures.

Three natural bond orbitals [20] are detected for each C–O bond,
and one for Ru–C bond. The Ru–C bond orbitals are polarized to-
wards the carbon atom, and the C–O bond orbitals are polarized to-
wards the oxygen. The occupancies and hybridization of the CO
and Ru–C bonds are summarized in Supplementary Table S2. The
highly populated anti-bonding NBOs (0.312–0.335) indicate the
Table 1
Most important singlet–singlet excitations for the absorption of 2a and 3b in CH2Cl2 at th

Complex Excitations E (eV) k (nm) f

2a (72%) HOMO ? LUMO 2.2243 557 0.036
(62%) HOMO-1 ? LUMO 2.2327 555 0.0 97
(81%) HOMO-2 ? LUMO 2.4088 515 0.035
(49%) HOMO-3 ? LUMO
(33%) HOMO-4 ? LUMO

2.8513 435 0.145

(52%) HOMO-2 ? LUMO+1 3.0720 404 0.064
(18%) HOMO-4 ? LUMO
(38%) HOMO-4 ? LUMO 3.1163 398 0.154
(26%) HOMO-2 ? LUMO+1

3b (94%) HOMO ? LUMO 1.5103 821 0.003
(87%) HOMO-1 ? LUMO 2.0538 604 0.032
(47%) HOMO-2 ? LUMO
(23%) HOMO-4 ? LUMO

3.0135 411 0.272

(48%) HOMO-5 ? LUMO
(38%) HOMO-4 ? LUMO

3.0865 402 0.033

(40%) HOMO-5 ? LUMO
(27%) HOMO-6 ? LUMO

3.2486 382 0.072

(92%) HOMO-7 ? LUMO 3.6683 338 0.078
(87%) HOMO-8 ? LUMO 3.8578 321 0.037
higher extent of back-donation from Ru(II) to p* orbitals of CO.
The calculated electron population on 4d orbitals of Ru are 7.54
and 7.50 for complex 2a and 3b, respectively, indicates +II oxida-
tion state of central Ru atom. The charge excess over the formal
d6 configuration of low spin Ru(II) arises from charge transfer from
ligands. The formal charge of Ru atom is 0.014 and 0.098 in 2a and
3b, respectively, which are much lower than +2. The average
charge on the carbon atom of the carbonyl ligands is positive
(+0.639 to +0.682), while oxygen atom is negative (�0.415 to
�0.440). The average charge on Cl are �0.484, and �0.502 in 2a
and 3b, respectively. The charge on coordinated N atoms are also
negative (�0.174 to �0.192, Nazo and �0.453 to �0.492, Nimi)
(Table S2).

The electronic structures of the complexes show high degree of
mixing between Ru(dp) and ligand-p and pp of Cl. The HOMO of 2a
have 42% Ru(dp) and 53% Cl(pp) contribution while in 3b, 56%
Ru(dp) and 37% Cl(pp) contribution. HOMO-1 also caries mixture
of Ru(dp) and Cl(pp) characters. The lowest unoccupied molecular
orbital, LUMO carries >80% ligand character (L). The CO also con-
tributes to the construction of unoccupied MOs (Table S3). The
HOMO–LUMO energy gaps for the complexes are 2.32 eV (2a)
and 1.93 eV (3b).

The electronic spectra of 2a/2b in CH2Cl2 show an intense band
at 506–510 nm corresponding to HOMO/HOMO-1 ? LUMO transi-
tions (Table 1). These are not at all pure MLCT rather admixture of
MLCT and XLCT transitions (Fig. 3) (XLCT: chloride to ligand charge
transfer). The complexes show two low energy bands at 790–810
and 590–595 nm which are attributed to mixed MLCT and XLCT
transitions as predicted by TD DFT calculation. Intense ligand-cen-
tered bands are observed at 370–420 nm which are L(p)/
Cl(pp) ? L(p*), ILCT/XLCT origin.

The complexes (2 and 3) show one quasireversible oxidation
couple when scanned in the potential range 0.0–2.0 V vs. SCE
(Fig. S2) [21] and is assigned to Ru(III)/Ru(II) redox couple as
HOMO has 42% and 56% Ru(dp) character in complex 2a and 3b,
respectively. The Ru(III)/Ru(II) redox potential of 3a/3b (0.76–
0.78 V) is lower than 2a/2b (1.22–1.26 V) as expected from their
HOMO’s energies [EHOMO = �5.69 eV (2a), �5.23 eV (3b)]. The com-
plexes show three successive reduction couples in the potential
range 0.0 to �2.0 V (Scheme 2). The reductions are ligand centered
since LUMO, LUMO+1, LUMO+2 predominantly have ligand charac-
teristics. Both azo (–N@N–) and imine (–C@N–) functions will be
reduced accommodating electrons in the LUMOs. Two reductions
e B3LYP/SDD level.

Character kexp (nm) (e, M�1 cm�1)

Ru(dp)/Cl(pp) ? N@N(p*), (MLCT, XLCT) 506(3822)
Ru(dp)/Cl(pp) ? N@N(p*), (MLCT, XLCT)
S(pp) ? N@N(p*), (ILCT)
Cl(pp) ? N@N(p*), (XLCT) 410(9565)

S(pp) ? L(p*), (ILCT)
Cl(pp) ? N@N(p*), (XLCT)
Cl(pp) ? N@N(p*), (XLCT) 380(8384)
S(pp) ? L(p*), (ILCT)

Ru(dp)/Cl(pp) ? N@N(p*), (MLCT, XLCT) 810(921)
Ru(dp)/Cl(pp) ? N@N(p*), (MLCT, XLCT) 595(2265)
Ru(dp)/Cl(pp) ? N@N(p*), (MLCT, XLCT)
Cl(pp)/L(p) ? N@N(p*), (XLCT, ILCT)
Ru(dp)/L(p) ? N@N(p*), (MLCT, ILCT)
Cl(pp)/L(p) ? N@N(p*), (XLCT, ILCT)

420(14923)

Ru(dp)/L(p) ? N@N(p*), (MLCT, ILCT)
Cl(pp) ? N@N(p*), (XLCT)
Cl(pp)/L(p) ? N@N(p*), (XLCT, ILCT) 320(3827)
Cl(pp)/L(p) ? N@N(p*), (XLCT, ILCT)



Fig. 3. Energy level diagrams of the molecular orbitals involved in the spin allowed singlet–singlet transitions for complexes 2a and 3b calculated by TDDFT in CH2Cl2 at the
B3LYP/SDD level. Calculated transition energies are expressed in wavelength (nm).

[ N CN N ] [ N CN N ] -

[ N CN N ]
2-

[ N CN N ]
3-

[ N CN N ]
2-

+ e

+ e

------------(1)

------------(2)

------------(3)

+ e

[ N CN N ]
-

Scheme 2.

276 T.K. Mondal et al. / Inorganic Chemistry Communications 13 (2010) 273–277
may be referred to azo/azo� (Eq. 1) and azo�/azo = (Eq. 2) while
third reduction is referred to electron insertion into –C@N– group
(Eq. 3).

In conclusion, depending on hardness of central Ru(II) the li-
gand (L) acts as either tridentate N, N0, S or bidentate N, N0 chelator.
All the complexes show low energy metal ligand to ligand charge
transfer (MLLCT) band in addition to ILCT. The character of transi-
tions has been predicted from TDDFT calculation. The complexes
show one quasireversible Ru(III)/Ru(II) redox couple while three
successive reductions couple of redox non-innocent ligand(L).
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Appendix A. Supplementary material

CCDC 673713 and 673711 contain the supplementary crystallo-
graphic data for 2a and 3b. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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