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The characterization and properties of trans-(X)-[RuX2(CO)2(a/b-NaiPy)] (1, 2) (a-NaiPy (a), b-NaiPy (b);
X = Cl (1), I (2)) are described in this work. The structures are confirmed by single crystal X-ray diffraction
studies. Reaction of these compounds with Me3NO in MeCN has isolated monocarbonyl trans-(X)-[RuX2-
(CO)(MeCN)(a/b-NaiPy)] (3, 4). The complexes show intense emission properties. Quantum yields of 1
and 2 (/ = 0.02–0.08) are higher than 3 and 4 (/ = 0.006–0.015). Voltammogram shows higher Ru(III)/
Ru(II) (1.3–1.5 V) potential of 1 and 2 than that of 3 and 4 (0.8–0.9 V) that may be due to coordination
of two p-acidic CO groups in former. The electronic spectra and redox properties of the complexes are
compared with the results obtained by density functional theory (DFT) and time-dependent density
functional theory (TD-DFT) using polarizable continuum model (CPCM).

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

2.20-Bipyridine is one of the most popular bidentate N,N-che-
lating agent, so far used, in the development of coordination
chemistry of heterocyclic nitrogenous ligand [1,2]. These com-
plexes display exciting photochemical and photophysical proper-
ties, and have been applied in many technological fields [3]. Their
luminescent properties have also found applications in solar
energy converters [4], in electroluminescent systems [5], and,
particularly, in probes and sensors [6]. They have been applied
in electron transfer processes [7,8] and as catalyst and stoichiom-
etric redox reagents [9]. This has aroused immense interest to
modify the ligand structure [7,10] by other heterocycle, changing
ring size, adding substituents and different hetero atoms in
the ring, incorporating other functional groups, molecular parts,
etc.

Functional property of polypyridine is due to p-acidic diimine
chelation (–N@C–C@N–) [7]. In the synthesis of new ligands imino-
pyridine has been attracted in the last few years [11]. They are de-
rived from the condensation of pyridine-2-carboxaldehyde and
(aliphatic/aromatic) primary amine. Furthermore, mixed ligand
All rights reserved.
complexes with polypyridine and carbonyls have been investi-
gated as potential catalyst for water–gas shift reaction [12], CO2

reduction, and hydroformylation reaction of alkenes in 1980s
[13]. [Ru(bpy)(CO)2Cl2] is an excellent catalyst for the photochem-
ical and electrochemical reduction of CO2 into formate [14]. Be-
sides, ruthenium–carbonyl complexes are very recently used as
CORM (carbon monoxide releasing molecules) those liberate CO to
elicit direct biological activities such as, anti-inflammatory and
anti-apoptotic properties, promotes cardioprotection [15]. Since
then a renewed impetus has been given to design and explore
ruthenium–carbonyl–polypyridine complexes.

This work is addressed to ruthenium-carbonyl complexes of
Schiff bases, N-[(2-pyridyl)methyliden]-a(or b)-aminonaphthalene
(a/b-NaiPy). The ligand has been synthesized from the condensa-
tion of naphthylamines and pyridine-2-carboxaldehyde. There
are few reports on the chemistry of a/b-NaiPy [16–19]. Naphthyl
group is sterically more crowded, electronically labile and more
delocalized than phenyl group. Thus, naphthyl substituent in Schiff
base may affect significantly the spectroscopic and photophysical
properties of metal complexes compared to the properties of phe-
nyl Schiff bases. Herein we wish to report the synthesis, spectral
characterization, structure, electrochemistry and luminescence
properties of trans-(X)-[RuX2(CO)2{N-[(2-pyridyl)methyliden]-
a(or b)-aminonaphthalene (a or b-NaiPy)}] (X = Cl, I). DFT and
TD-DFT calculation of optimized geometry has been used to ex-
plain spectral and redox properties.

http://dx.doi.org/10.1016/j.jorganchem.2009.09.017
mailto:c_r_sinha@yahoo.com
http://www.sciencedirect.com/science/journal/0022328X
http://www.elsevier.com/locate/jorganchem
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2. Experimental

2.1. Materials and measurements

a-Naphthylamine and b-naphthylamine were purchased from
Thomas Baker & Co. Pyridine-2-carboxaldehyde was purchased
from Lancaster Ltd., England. N-[(2-pyridyl)methyliden]-a(or b)-
aminonaphthalene (a or b-NaiPy) were synthesized by equimolar
condensation of pyridine-2-carboxaldehyde and naphthylamine
in ethanol [16].

[Ru(CO)2Cl2]n was synthesized by published procedure [20].
Reactions were carried out under extremely dry oxygen free atmo-
sphere under Atmos bags (Sigma–Aldrich). All other chemicals
used were of A.R. quality and were used as received from SRL,
India.

For the solution spectral studies spectroscopic grade solvents
were used from Lancester, UK. Microanalyses (C, H, N) were per-
formed using a Perkin–Elmer 2400 CHN elemental analyzer. Spec-
troscopic measurements were carried out using the following
instruments: UV–vis spectra, Lambda 25 Perkin Elmer; FT-IR spec-
tra (KBr disk), RX-1 Perkin Elmer; 1H NMR and 13C NMR spectra in
CDCl3 Bruker 300 MHz FT-NMR spectrometers in presence of TMS
as internal standard. Luminescence property was measured using
LS-55 Perkin Elmer fluorescence spectrophotometer at room tem-
perature (298 K) in acetonitrile solution by 1 cm path length quartz
cell. Fluorescence lifetimes were measured using a time-resolved
spectrofluorometer from IBH, UK. The instrument uses a picosec-
ond diode laser (NanoLed-03, 370 nm) as the excitation source
and works on the principle of time-correlated single photon count-
ing [21]. The instrument functions �230 ps at FWHM. To eliminate
depolarization effects on the fluorescence decays, measurements
were done with magic angle geometry (54.7�) for the excitation
and emission polarizers. The goodness of fit was evaluated by ø2
criterion and visual inspection of the residuals of the fitted func-
tion to the data. The lifetimes were measured in air-equilibrated
solution at ambient temperature. FAB-MS was collected from
JEOL-JMS 600. Electrochemical measurements were carried out
with the use of computer controlled EG & G PARC VersaStat model
250 Electrochemical instrument using a Pt-disk working electrode
and Pt-wire auxiliary electrode under inert (dry N2) environment
in CH3CN. The solution was IR compensated and the results were
collected at 298 K. The reported results were referenced to Ag/AgCl
in CH3CN and were uncorrected for junction potential. [n-Bu4N]-
[ClO4] was used as supporting electrolyte.

The fluorescence quantum yield of the complexes was deter-
mined using carbazole and phenanthrene as references with a
known /R of 0.42 and 0.13 respectively in MeCN. The complex
and the reference dye were excited at the same wavelength, main-
taining nearly equal absorbance (�0.1), and the emission spectra
were recorded. The area of the emission spectrum was integrated
using the software available in the instrument and the quantum
yield is calculated according to the following equation:

/S=/R ¼ ½AS=AR� � ½ðAbsÞR=ðAbsÞS� � ½g2
S=g

2
R�

Here, /S and /R are the fluorescence quantum yield of the sample
and reference, respectively. AS and AR are the area under the fluores-
cence spectra of the sample and the reference respectively, (Abs)S

and (Abs)R are the respective optical densities of the sample and
the reference solution at the wavelength of excitation, and gS and
gR are the values of refractive index for the respective solvent used
for the sample and reference.
2.1.1. Preparation of [RuCl2(CO)2(a-NaiPy)] (1a)
To [Ru(CO)2Cl2]n (50 mg, 0.219 mmol) dissolved in dry acetoni-

trile (15 cm3) a-NaiPy (51 mg, 0.22 mmol) was added and the
solution was refluxed for 5 h. The color of the solution changed
to deep brown red. Then the solvent was evaporated under low
pressure and the crude product was chromatographed in a neutral
Al2O3 column prepared in petroleum-ether (60–80� fraction). A red
portion was eluted with 1:2 (v/v) acetonitrile–benzene. Removal of
the solvent afforded analytically pure product [RuCl2(CO)2(a-Nai-
Py)] in 65% yield.

Microanalytical data are as follows: Anal. Calc. for [RuCl2-
(CO)2(a-NaiPy)] (1a), C18H12N2O2Cl2Ru, C, 46.96; H, 2.61; N, 6.09.
Found: C, 46.91; H, 2.64: N, 6.11%. FAB-MS, m/z = 460 (M+), 432
(M�CO)+, 404 (M�2CO)+; IR (KBr, cm�1) mCO, 2059, 1990 cm�1.

Reaction of [Ru(CO)2Cl2]n with b-NaiPy has synthesised the
complex [RuCl2(CO)2(b-NaiPy)] (1b) (yield 60%; brown red).

Microanalytical data are as follows: Anal. Calc. for [RuCl2-
(CO)2(b-NaiPy)] (1b), C18H12N2O2Cl2Ru, C, 46.96; H, 2.61; N, 6.09.
Found: C, 46.88; H, 2.62: N, 6.13%. FAB-MS, m/z = 460 (M+), 432
(M�CO)+, 404 (M�2CO)+; IR (KBr, cm�1) mCO, 2063, 1999 cm�1.

2.1.2. Synthesis of [Ru(CO)4I2]
Ru3(CO)12 (500 mg; 0.68 mmol) and I2 (199 mg; 0.78 mmol)

were taken in 1:3 molar ratio in a mortar and finely mixed. The
mixture was then transferred in a Teflon reactor in hexane, corked
and placed in the microwave oven 450 W for 5 min with 5 min
interval between each step. Seven steps were performed cyclically.
A brown residue of Ru(CO)4I2 was obtained. The mixture was then
filtered and washed with n-hexane.

Microanalytical data are Anal. Calc. for Ru(CO)4I2: C4O4I2Ru, C,
10.26. Found: C, 10.25%. FAB-MS, m/z = 467 (M+), 439 (M�CO)+,
411 (M�2CO)+, etc.; IR (KBr, cm�1) mCO, 2011, 2059, 2118 cm�1.

2.1.3. Synthesis of [RuI2(CO)2(a/b-NaiPy)] (2)
To an acetonitrile solution of [Ru(CO)4I2] (100 mg; 0.21 mmo-

l)a-NaiPy /b-NaiPy (149.7 mg, 0.21 mmol) was added and refluxed
for 5 h under dry dinitrogen. The dark red solid product was ob-
tained by the evaporation of the solvent. The compound was then
purified by previously described chromatographic process. The
yield was 70%.

Microanalytical data are as follows: Anal. Calc. for [RuI2(CO)2(a-
NaiPy)] (2a), C16H12N2O2I2Ru, C, 29.86; H, 1.87; N, 4.35. Found: C,
29.89; H, 1.90: N, 4.31%. FAB-MS, m/z = 643 (M+), 615 (M�CO)+,
587 (M�2CO)+; IR (KBr, cm�1) mCO, 2047, 1985 cm�1. [RuI2-
(CO)2(b-NaiPy)] (2b), C16H12N2O2I2Ru, C, 29.86; H, 1.87; N, 4.35%;
Found: C, 29.85; H, 1.82: N, 4.38%. FAB-MS, m/z = 643 (M+), 615
(M�CO)+, 587 (M�2CO)+; IR (KBr, cm�1) mCO, 2048, 1971 cm�1.

2.1.4. Preparation of [RuCl2(CO)(CH3CN)(a-NaiPy)] (3a)
To a solution of [RuCl2(CO)2(a/b-NaiPy)] (80 mg, 0.293 mmol)

in dry acetonitrile (20 cm3) was added Me3NO (25 mg,
0.294 mmol) and the resulting solution was refluxed for 2 h under
nitrogen atmosphere. The color of the solution changed from
brown red to purple. The solvent was then evaporated after cooling
to room temperature. The remaining mixture was redissolved in
dichloromethane and purified by chromatography on a neutral alu-
mina column prepared in petroleum–ether (60–80� fractions). A
purple red solution was eluted with 1:1 (v/v) acetonitrile–benzene.
The solution was then evaporated to dryness which yielded analyt-
ically pure product [RuCl2(CO)(CH3CN)(a-NaiPy)] in 45% yield.

Microanalytical data are as follows: Anal. Calc. for [RuCl2-
(CO)(CH3CN)(a-NaiPy)] (3a), C19H15N3OCl2Ru, C, 48.20; H, 3.17;
N, 8.88. Found: C, 48.18; H, 3.16: N, 8.83%. FAB-MS, m/z = 473
(M+), 445 (M�CO)+; IR (KBr, cm�1) mCO, 1968 cm�1.

Microanalytical data are as follows: Anal. Calc. for [RuCl2-
(CO)(CH3CN)(b-NaiPy)] (3b), C19H15N3OCl2Ru, C, 48.20; H, 3.17;
N, 8.88. Found: C, 48.23; H, 3.19: N, 8.89%. FAB-MS, m/z = 473
(M+), 445(M�CO)+; IR (KBr, cm�1) mCO, 1970 cm�1.
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Reaction of [RuI2(CO)2(a/b-NaiPy)] (2) with Me3NO in MeCN
under identical condition has afforded the complex [RuI2-
(CO)(CH3CN)(a/b-NaiPy)] (yield 55%; purple red).

Microanalytical data are as follows: Anal. Calc. for [RuI2-
(CO)(CH3CN)(a-NaiPy)] (4a), C19H15N3OI2Ru, C, 34.76; H, 2.29; N,
6.40. Found: C, 34.85; H, 2.25: N, 6.25%. FAB-MS, m/z = 656 (M+),
628 (M�CO)+; IR (KBr, cm�1) mCO, 1960 cm�1.

Microanalytical data are as follows: Anal. Calc. for [RuI2-
(CO)(CH3CN)(b-NaiPy)] (4b), C19H15N3OI2Ru, C, 34.76; H, 2.29; N,
6.40. Found: C, 34.87; H, 2.31: N, 6.33%. FAB-MS, m/z = 656 (M+),
628 (M�CO)+; IR (KBr, cm�1) mCO, 1962 cm�1.
2.2. X-Ray diffraction study of [RuCl2(CO)2(b-NaiPy)] (1b)

The crystallographic data are shown in Table 1. A suitable single
crystal of [RuCl2(CO)2(b-NaiPy)] (1b) (0.70 � 0.23 � 0.13 mm) was
mounted on a CCD Diffractometer equipped with fine-focus sealed
tube graphite monochromated Mo Ka (k = 0.71073 Å) radiation.
The unit cell parameters and crystal-orientation matrices were
determined by least squares refinements of all reflections. The
intensity data were corrected for Lorentz and polarization effects
and an empirical absorption correction were also employed using
the Bruker SAINT program [22]. Data were collected applying the
condition I > 2r(I). Out of total 13 135 data 3487 were used
within hkl parameters �15 6 h 6 17; �10 6 k 6 10; �22 6 l 6 22
for structure solution. All these structures were solved by direct
methods and followed by successive Fourier and difference Fourier
syntheses. Full matrix least squares refinements on F2 were carried
out using SHELXL-97 with anisotropic displacement parameters for
all non-hydrogen atoms. Hydrogen atoms were constrained to ride
on the respective carbon or nitrogen atoms with isotropic displace-
ment parameters equal to 1.2 times the equivalent isotropic dis-
placement of their parent atom in all cases of aromatic units. All
calculations were carried out using SHELXS 97 [23], SHELXL 97 [24],
PLATON 99 [25] and ORTEP [26] programs.
Table 1
Selected crystallographic data for trans-(Cl)-[RuCl2(CO)2(b-NaiPy)] (1b).

[RuCl2(CO)2(b-NaiPy)]

Formula C18H12Cl2N2O2Ru
Crystal size (mm3) 0.70 � 0.23 � 0.13
Formula weight (g M�1) 460.27
Crystal system monoclinic
Space group P21/c (No. 14)
a (Å) 14.241(5)
b (Å) 8.645(3)
c (Å) 17.872(5)
a (�) 90.0
b (�) 125.917(19)
c (�) 90.0
V (Å3) 1782.0(10)
Z 4
T (K) 293(2)
Density (calculated) (Mg/m3) 1.716

k (ÅA
0

) (Mo Ka) 0.71073

Absorption coefficient (mm-1) 1.193
Data/restraints/parameters 3487/8/226
Goodness-of-fit on F2 1.007
R(Fo)a [I > 2r(I)] 0.0650
wR(Fo)b [I > 2r(I)] 0.1186
R [all data] (wR [all data]) 0.1322 (0.1438)
Largest difference in peak and hole (e Å�3) 0.629, �0.435

Weight factor: w = 1/[r2(F2
o) + (AP)2 + (BP)] A = 0.0626; B = 1.447

a R =
P

||Fo| � |Fc||/
P

|Fo|.
b wR = {

P
[w(F2

o � F2
c )2]/

P
[w(F2

o)2]}1/2; w = [r2(Fo)2 + (AP)2 + BP]�1, where P =
(F2

o + 2F2
c )/3.
2.3. DFT and TD-DFT calculations

Full geometry optimizations were carried out using the density
functional theory method at the (R)B3LYP level for 1b and 2b [27].
The 6-311G(d) basis set was used for C, H, N and O atoms while
Stuttgart/Dresden SDD basis set with effective core potential was
employed for iodine and ruthenium atoms [28]. The vibrational
frequency calculations were performed to ensure that the opti-
mized geometries represent the local minima and there are only
positive eigen values. All calculations were performed with
GAUSSIAN03 program package [29] with the aid of the GAUSSVIEW

visualization program [30]. Vertical electronic excitations based
on B3LYP optimized geometries was computed using the time-
dependent density functional theory (TD-DFT) formalism [31] in
acetonitrile using conductor-like polarizable continuum model
(CPCM) [32]. GaussSum [33] was used to calculate the fractional
contributions of various groups to each molecular orbital.
3. Results and discussion

3.1. Synthesis and formulation

The reaction of a/b-NaiPy and [Ru(CO)2Cl2]n/[Ru(CO)4I2] under
stirring and refluxing condition in dry MeCN under N2 environ-
ment for a period of 5 h has synthesized brown red complexes in
60–70% yield (Eqs. (1) and (2)). The ligands, N-[((2-pyridyl)methyl-
iden)-a/b-aminonaphthalene] (a-NaiPy (a), b-NaiPy (b)) are N,N0-
chelating system where N and N0 refer to N(pyridyl) and N(imine)
donor centers, respectively (Scheme 1). The composition of the
complexes, [RuX2(CO)2(NaiPy)] (X = Cl (1), I (2)) has been sup-
ported by microanalytical and spectroscopic data. Three isomers
trans-(X)-[RuX2(CO)2(N,N0)] ( 1, 2), cis-(X)-[RuX2(CO)2(N,N0)] (10,
20), cis-(CO, X)-[RuX2(CO)2(N,N0)] (1

00
/2
00
) are possible. However,

we have isolated only one isomer: CO groups are in cis (1 and 2)
and two X are in trans disposition (Scheme 1). The complexes are
diamagnetic, indicating the presence of metal in the +2 oxidation
state (d6)

½RuðCOÞ2ðClÞ2�n þ NaiPy

!Reflux for 5 h in MeCN

Nitrogen atmosphere
trans-ðClÞ-½RuCl2ðCOÞ2ðNaiPyÞ� ð1Þ

½RuðCOÞ2ðIÞ2�n þ NaiPy

!Reflux for 5 h in MeCN

Nitrogen atmosphere
trans-ðIÞ-½RuI2ðCOÞ2ðNaiPyÞ� ð2Þ

trans-ðXÞ-½RuX2ðCOÞ2ðNaiPyÞ�

!Excess Me3No
trans-ðXÞ-½RuX2ðCOÞ2ðNaiPyÞðNCMeÞ� ð3Þ

The structure has been established by single crystal X-ray diffrac-
tion study in case of [RuCl2(CO)2(b-NaiPy)] (1b) and has trans-(Cl)
geometry. The higher stability of trans-(Cl)-cis-(CO) isomer relative
to cis-(Cl)-trans-(CO) is also known in analogous 1-alkyl-2-(ary-
lazo)imidazole complexes of ruthenium(II) [33] which is not sur-
prising due to the trans weakening effect of CO. The selectivity of
trans-(Cl) configuration has also been supported by DFT calculations
(vide DFT section). The complexes, 1 and 2 undergo selective mono-
decarbonylation reaction upon refluxing with Me3NO in acetronitri-
le (Eq. (3)) and has synthesised, trans-(Cl)-[RuCl2(CO)(MeCN)(a/b-
NaiPy)] (3), trans-(I)-[RuI2(CO)(MeCN)(a/b-NaiPy)] (4). Considering
structure of precursor (1 and 2) we may assume the configuration
of 3 and 4 as trans-(Cl)-[RuCl2(CO)(MeCN)(NaiPy)]. Photochemical
treatment of trans-(X)-[RuCl2(CO)2(a/b-NaiPy)] is unsuccessful to
isomerise and to decarbonylate completely. Rather light irradiation
in MeCN solution has synthesized monocarbonyl compounds trans-
(X)-[RuX2(CO)(MeCN)(a/b-NaiPy)]. The crystals of these complexes
are weakly diffracting for X-ray structure determination. Complete
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removal of CO has not been achieved even under drastic reaction
condition in presence of large excess of Me3NO. This reaction has
yielded an intractable brown solid. All these complexes are diamag-
netic which indicates that ruthenium is in divalent state (Ru(II)).
Fig. 1. (a) Molecular structure of trans-(Cl)-[RuCl2(CO)2
3.2. Molecular structure

The X-ray structure of trans-(Cl)-[RuCl2(CO)2(b-NaiPy)] (1b) is
shown in Fig. 1; selected bond parameters are listed in Table 2.
(b-NaiPy)] (1b) and (b) unit cell packing diagram.



Table 2
Selected bond lengths (Å) and angles (�) for the complex trans-(Cl)-[RuCl2(CO)2(b-NaiPy)] (1b) with estimated standard deviations in the parentheses.

Bond distances (Å) Experimental Calculated Bond angle (�) Experimental Calculated

Ru(1)–N(1) 2.120(6) 2.155 N(1)–Ru(1)–N(2) 76.3(2) 76.83
Ru(1)–N(2) 2.130(6) 2.150 N(1)–Ru(1)–Cl(1) 88.39(16) 85.07
Ru(1)–C(17) 1.890(9) 1.883 N(1)–Ru(1)–Cl(2) 86.56(16) 92.96
Ru(1)–C(18) 1.867(11) 1.910 N(1)–Ru(1)–C(17) 172.0(3) 172.3
Ru(1)–Cl(1) 2.374(2) 2.445 N(1)–Ru(1)–C(18) 100.0(3) 96.45
Ru(1)–Cl(2) 2.3768(19) 2.457 N(2)–Ru(1)–Cl(1) 87.98(14) 87.80
C(17)–O(1) 1.111(8) 1.150 N(2)–Ru(1)–Cl(2) 88.69(14) 85.39
C(18)–O(2) 1.130(9) 1.148 N(2)–Ru(1)–C(17) 96.1(3) 96.47

N(2)–Ru(1)–C(18) 92.52
C(17)–Ru(1)–C(18) 87.7(4) 90.29
C(17)–Ru(1)–Cl(1) 93.8(2) 90.98
C(17)–Ru(1)–Cl(2) 90.9(2) 90.19
C(18)–Ru(1)–Cl(1) 91.2(2) 92.55
C(18)–Ru(1)–Cl(2) 91.9(2) 94.16
Cl(1)–Ru(1)–Cl(2) 174.49(7) 173.2

Fig. 2. Electronic absorption and emission spectra of [RuCl2(CO)2(a-NaiPy)] (1a).
Inset picture shows absorption spectra of 1a at higher wavelength.
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The molecule consists of a central Ru surrounded by six donor cen-
ters, and the arrangement is distorted octahedral. The atomic
arrangement involves two trans-chlorine, two cis-CO and chelated
b-NaiPy within the RuCl2C2N2 coordination sphere. The trans-chlo-
rine angle, Cl(1)–Ru(1)–Cl(2) is 174.49 (7)�. Other angles about Ru
define the distorted octahedral geometry.

The Ru–N(imine), [Ru(1)–N(1), 2.120(6) Å], is slightly shorter
than Ru–N(pyridine) (Ru(1)–N(2), 2.130(6) Å). In the Ru–C bond
lengths (Ru(1)–C(17), 1.890(9); Ru(1)–C(18), 1.867(11) Å) the
bonds trans to Ru–N(pyridine) (Ru(1)–C(18)) is shorter than the
bonds those are trans to Ru–N(imine) (Ru(1)–C(17)). That may be
due to higher p-acidity of pyridine-N than exocyclic imine-N. The
C–O distances differ significantly; C(18)–O(2) (1.130(9) Å) is
elongated by �0.02 Å than C(17)–O(1), (1.111(8) Å). The bond
lengths and angles are comparable with the parameters of [RuCl2-
(CO)2(bpy)] [34] and. [RuCl2(CO)2(HaaiEt)] (HaaiEt = 1-ethyl-2-
(phenylazo)imidazole) [35].

The calculated structure of 1b correlates well with the results of
its X-ray analysis (Fig. 1, Table 2). The theoretical Ru-N bond
lengths are about 0.02–0.03 Å longer than that of observed one.
The experimental Ru–Cl distances are shortened by 0.07–0.08 Å
than theoretical data. The Ru–C and C–O distances are also reduced
by 0.04–0.07 Å and 0.01–0.04 Å, respectively, in the experimental
than calculated structure.

The reason of isolation of 1b isomer may be answered from DFT
calculation. It shows that energy of HOMO of trans-(Cl)-[RuCl2-
(CO)2(b-NaiPy)] (1b) is �6.08 eV and that of cis-(Cl)-[RuCl2-
(CO)2(b-NaiPy)] and cis-(Cl, CO)-[RuCl2(CO)2(b-NaiPy)] are �5.92
and �6.32 eV, respectively. The results show that cis-(Cl, CO) has
lowest energy. It is the experimental condition that may be
appropriate to populate next level and thus trans-(Cl)-[RuCl2-
(CO)2(b-NaiPy)] (1b) is isolated. The energy of HOMO of trans-(I)-
[RuI2(CO)2-(b-NaiPy)] (2b) (EHOMO: �5.83 eV) is higher than the
trans-(Cl)-[RuCl2(CO)2(b-NaiPy)] (1b) (EHOMO: �6.00 eV) which
suggests better stability of the chloride complex than the iodide
one. The electronegativity difference of Cl and I may cause higher
stability of 1b than 2b.

3.3. Spectroscopic characterization

3.3.1. FT-IR and mass spectra
The infrared spectra of 1 and 2 show the presence of two m(CO)

stretching vibrations at 1971–1999 and 2047–2063 cm�1 which
indicate the cis coordination of two COs [20,36]. Usually m(CO) of
1 appear at higher frequency than 2. The m(Ru–Cl) of 1 appears at
330–340 cm�1. We can not detect m(Ru–I) for the complexes 2 as
we can not scan FT-IR beyond 200 cm�1 (Section 2). However,
the effect of Ru–I in 2 is observed by decreasing m(CO) relative to
1. Other significant peaks appear at 1590–1630 cm�1 correspond
to m(C@N). The m(C@N) is significantly shifted to lower frequency
region (1580–1600 cm�1) compared to free ligand value (1590–
1620 cm�1) [37] which supports efficient back donation, d
p(Ru(II)) ? p*(imine). The infrared spectra of 3 and 4 show one
m(CO) at 1960–1970 cm�1 and is in support of monocarbonyl for-
mulation [34,35] and shifting at lower frequency region compared
to m(CO) of 1 and 2, respectively, is an indication of better d
p(Ru(II)) ? p*(CO) in 3 and 4. The molecular ion peak as well as
the peaks obtained at mass values (M�CO)+, (M�2CO)+ for 1 and
2 and at (M�CO)+ for 3 and 4 by FAB-MS supports the formation
of the expected monocarbonyl complex.
3.3.2. UV–Vis and emission spectra
The electronic spectra of the complexes, show a broad low in-

tense band (e � 600–1800 M�1 cm�1) at 500–530 nm in addition
to high intense bands at 340–410 nm (Fig. 2, Table 3). Free ligands
a and b show intense transitions at 258, 275–288 and 300–344 nm.
The shorter wavelength transitions are ligand centered (n–p* and
p–p*) transitions. DFT and TD-DFT calculations are used to explain
the origin of transitions.

The DFT calculations have been done using optimized geometry
of representative complexes of the series [RuX2(CO)2(b-NaiPy)]
(X = Cl (1b), I (2b)). The HOMO and HOMO-1 of trans-(Cl)-[RuCl2-



Table 3
Cyclic voltammetryb, absorptiona, fluorescencea spectra and lifetimea data.

Compound Cyclic voltammetric
datab

Absorptionakmax

(nm) (10�3e [M�1 cm�1]
kmax(Excitation)

(nm)
kmax(Emission)

(nm)
Quantum
yield (u)

Lifetime
(s) (ns)

(v2) kr � 10�9

(s�1)
knr �
10�9(s�1)

EM (V)
(DEp, mV)

EL (V)
(DEp, mV)

[RuCl2(CO)2

(a-NaiPy)] (1a)
1.48 (190) �1.28 (220) 286 (11.236), 342 (3.906),

399 (2.103), 512 (0.941)
342 414 0.082 1.253 0.98 0.065 0.733

[RuCl2(CO)2

(b-NaiPy)] (1b)
1.45 (230) �1.19 (260) 328 (3.667), 383 (1.906),

520 (0.748)
328 426 0.046 1.143 0.83 0.012 0.875

[RuI2(CO)2

(a-NaiPy)] (2a)
1.34 (195) �1.25 (215) 229 (47.76), 309 (20.52),

402(4.86), 521 (0.60)
309 407 0.037 1.193 1.08 0.0310 0.807

[RuI2(CO)2

(b-NaiPy)] (2b)
1.32 (198) �1.22 (190) 229 (27.99), 305 (8.87),

407 (2.90), 524(0.65)
305 354 0.024 1.045 1.1 0.0134 0.944

[RuCl2(CO)(CH3CN)
(a-NaiPy)] (3a)

0.909 (225) �1.20 (230) 282 (9.424), 346 (2.668),
399 (1.587), 515 (1.242)

346 424 0.0152 1.096 1.02 0.014 0.898

[RuCl2(CO)(CH3CN)
(b-NaiPy)] (3b)

0.879 (280) �1.18 (270) 275 (15.096), 318 (7.094),
368 (3.825), 502 (1.759),

318 415 0.011 0.906 0.96 0.0017 1.102

[RuI2(CO)(CH3CN)
(a-NaiPy)] (4a)

0.852 (208) �1.15 (210) 261 (22.03), 300 (11.39),
405 (2.92), 503 (1.11)

300 434 0.010 1.003 0.95 0.010 0.987

[RuI2(CO)(CH3CN)
(b-NaiPy)] (4b)

0.810 (210) �1.14 (200) 230 (56.59), 291 (20.88),
397 (7.14), 508 (0.65)

291 354 0.006 0.876 0.99 0.0068 1.135

a Solvent, MeCN.
b Solvent, MeCN Pt-working electrode, Ag/AgCl reference Electrode, Pt-auxiliary electrode; [n-Bu4N](ClO4) supporting electrolyte, scan rate 50 mV/s; metal oxidation

EM = 0.5 (Epa + Epc), V for Ru(III)/Ru(II) couple, DEp = |Epa � Epc|, mV; Epa (anodic-peak-potential); Epc (cathodic-peak-potential). EL refers to ligand reduction.
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(CO)2(b-NaiPy)] (1b) have >40% contribution from Cl function and
in trans-(I)-[RuI2(CO)2(b-NaiPy)] (2b) iodo contributes >70% to
these MOs. The energy of HOMO of trans-(Cl)-[RuCl2(CO)2(b-Nai-
Py)] (1b) (EHOMO, �6.08 eV; EHOMO�1, �6.18 eV) is lower due to
the higher electronegetivity of Cl than that of I in trans-(I)-[RuI2-
(CO)2(b-NaiPy)] (2b) (EHOMO, �5.83 eV; EHOMO�1, �5.86 eV) (Figs.
3 and 4). Ruthenium orbitals contribute <35% in trans-(Cl)-[RuCl2-
(CO)2(b-NaiPy)] (1b) and <25% in trans-(I)-[RuI2(CO)2(b-NaiPy)]
(2b) to construct HOMO and HOMO-1 of the complexes. The lowest
unoccupied MO, i.e. LUMO and also LUMO + 1, LUMO + 2 are char-
acterized by b-NaiPy ligand orbitals (>90%) (Fig. 4). The transitions
(>400 nm) in the complexes are admixture of metal-to-ligand and
halide-to-ligand (XLCT) charge transferences (Table 4). trans-(I)-
[RuI2(CO)2(b-NaiPy)] (2b) shows longer wavelength (546.5 nm)
Fig. 3. Calculated orbital energy levels of trans-(I)-[RuI2(CO)2(
than trans-(I)-[RuCl2(CO)2(b-NaiPy)] (1b) (495.8 nm) that may be
due to better electron donating ability of I than Cl. The transitions
<400 nm are characterized as either intra-ligand charge transfer
(ILCT where L = b-NaiPy), halide-ligand charge transfer (XLCT) or
admixture of ILCT and XLCT. The TD-DFT calculation (Table 4)
shows that the transition at wavelength >400 nm could
be assigned to HOMO ? LUMO/HOMO-1 ? LUMO/HOMO� 1 ?
LUMO + 1.

Free ligands exhibit emission at 414 and 405 nm for a-NaiPy
and b-NaiPy, respectively, at room temperature in CHCl3 solution
upon excitation at 330 nm [16]. The complexes, [RuX2(CO)2(Nai-
Py)] (X = Cl, I) (1, 2), exhibit intense emission upon excitation at
305–342 nm. The emission is assigned to p–p* state (Table 3).
We do not observe any emission when the complexes are excited
b-NaiPy)] (1b) and trans-(Cl)-[RuCl2(CO)2(b-NaiPy)] (2b).



[RuCl2(CO)2(β-NaiPy)] (1b) 

HOMO 
E = -5.83 eV;  
Ru, 24%; I, 73%. 

HOMO-1 
E = -5.86 eV;  
Ru, 22%; I, 76%. 

HOMO-2 
E = -6.10 eV;  
L, 72%; I, 27%. 

HOMO-3 
E = -6.31 eV;  
I, 95%. 

LUMO 
E = -3.19 eV;  
L, 92%. 

LUMO+1 
E = -1.98 eV;  
L, 90%. 

LUMO+2 
E = -1.94 eV;  
Ru, 43%; CO, 5%; 
L, 13%; I, 39%. 

LUMO+3 
E = -1.48 eV;  
Ru, 10%; CO, 5%; L, 
84%. 

 [RuI2(CO)2(β-NaiPy)] (2b) 

HOMO  
E = -6.08 eV;  
Ru, 32%; CO, 3%; L, 
20%; Cl, 44%. 

HOMO-1 
 E = -6.18 eV;  
Ru, 35%; Cl, 60%. 

HOMO-2 
E = -6.24 eV;  
Ru, 7%; CO, 3%; L, 
79%; Cl, 13%. 

HOMO-3 
E = -6.69 eV;  
L, 95%; Cl, 5%. 

LUMO 
E = -3.12 eV;  
L, 95% 

LUMO+1 
E = -1.89 eV;  
L, 98%. 

LUMO+2 
E = -1.57 eV;  
Ru, 45%; CO, 6%; L, 
27%; Cl, 22%. 

LUMO+3 
E = -1.34 eV;  
Ru, 25%; CO, 
9%; L, 58%; Cl, 
8%. 

Fig. 4. Surface plot of the frontier orbitals of trans-(Cl)-[RuCl2(CO)2(b-NaiPy)] (1b) and trans-(I)-[RuI2(CO)2(b-NaiPy)] (2b).
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at higher wavelength (>500 nm). We have taken p–p* transition in
the complexes to investigate emission properties (Fig. 2, Table 3).
The quantum yields (/) vary 0.006–0.08. The fluorescence quan-
tum yield of the iodo complexes is lower than chloro complexes;
this may be considered as heavy atom effect on fluorescence
[38]. Again, [RuX2(CO)2(a-NaiPy)] and [RuX2(CO)(MeCN)(a-Nai-
Py)] show higher quantum yield than [RuX2(CO)2(b-NaiPy)] and
[RuX2(CO)(MeCN)(b-NaiPy)]. The quantum yields of the dicabonyl
complexes (1, 2) are higher than the corresponding monocarbonyl
complexes (3, 4) which may be due to the presence of additional p-
acidic CO group. Because of p-acidity of CO the dd and MLCT tran-
sition energy raises even higher than ligand centered transition
(ILCT) which reduces the radiationless decay process [21,39]. Thus
CO coordination to Ru(II) may increase quantum yield.

Lifetime data of the complexes are taken at 298 K in acetonitrile
solution when excited at 370 nm. The fluorescence decay curve
was deconvoluted with respect to the lamp profile. The observed
florescence decay fits with bi-exponential nature for the complexes
(Fig. 5, Table 3). We have used mean fluorescence lifetime (sf = a1-

s1 + a2s2 where a1 and a2 are relative amplitudes of decay process)



Table 4
Selected list of excited energies of [RuCl2(CO)2(b-NaiPy)] (1b) and [RuI2(CO)2(b-NaiPy)] (2b) in the acetonitrile phase.

Excitation energy (eV) Wavelength, k (nm) Osc. strength (f) Major contribution Character

[RuCl2(CO)2(b-NaiPy)] (1b) in acetonitrile
2.5004 495.8 0.0072 (95%)HOMO ? LUMO Ru(dp)/Cl(pp) ? L(p*) (MLCT, XLCT)
2.5862 479.4 0.1076 (84%)HOMO � 1 ? LUMO Ru(dp)/Cl(pp) ? L(p*) (MLCT, XLCT)
3.0564 405.6 0.0019 (74%)HOMO � 1 ? LUMO + 1 Ru(dp)/Cl(pp) ? L(p*), (MLCT, XLCT)
3.1850 389.5 0.0154 (45%)HOMO � 3 ? LUMO L(p) ? L(p*) ILCT

(39%)HOMO � 3 ? LUMO + 1
3.5488 349.4 0.1946 (72%)HOMO � 2 ? LUMO + 3 L(p) ? L(p*) ILCT
3.8564 321.5 0.0436 (55%)HOMO � 5 ? LUMO Cl(pp) ? L(p*) XLCT

(38%)HOMO � 4 ? LUMO
4.0934 302.9 0.0873 (67%)HOMO � 3 ? LUMO + 3 L(p) ? L(p*) ILCT
4.3879 282.5 0.1091 (72%)HOMO � 7 ? LUMO Cl(pp)/L(p) ? L(p*) (XLCT, ILCT)

[RuI2(CO)2(b-NaiPy)] (2b) in acetonitrile
2.2686 546.5 0.0065 (94%)HOMO ? LUMO Ru(dp)/I(pp) ? L(p*) (MLCT, XLCT)
2.4859 498.7 0.0673 (83%)HOMO � 1 ? LUMO Ru(dp)/I(pp) ? L(p*) (MLCT, XLCT)
2.8315 437.9 0.0065 (84%)HOMO ? LUMO + 1 Ru(dp)/I(pp) ? L(p*) (MLCT, XLCT)
3.0787 402.7 0.0129 (97%)HOMO � 2 ? LUMO + 1 I(pp)/L(p) ? L(p*) (XLCT, ILCT)
3.7408 331.4 0.1675 (88%)HOMO � 6 ? LUMO L(p) ? L(p*) (ILCT)
4.1183 301.0 0.0747 (72%)HOMO � 7 ? LUMO L(p) ? L(p*) (ILCT)
4.1905 295.9 0.1257 (45%)HOMO � 6 ? LUMO + 1 L(p) ? L(p*) ILCT

(24%)HOMO � 9 ? LUMO L(p) ? L(p*) (ILCT)

X = Cl (1b)/I (2b).
MLCT: metal-to-ligand charge transfer; XLCT: halide (Cl or I)-to-ligand charge transfer; ILCT: intra-ligand charge transfer.
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Fig. 5. Decay profile of trans-(Cl)-[RuCl2(CO)2(a-NaiPy)] (A) and trans-(Cl)-[RuCl2(CO)2(b-NaiPy)] (B).
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to compare excited state stability of the complexes. The radiative
and non-radiative rate constants (kr and knr) are calculated and
data show usual higher knr value than kr (Table 3). The fluorescence
lifetime of the complexes is in the range 0.8–1.3 ns. The fluores-
cence lifetime of the complexes is less than the ligands.

Photoirradiation of trans-(Cl)-[RuCl2(CO)2(b-NaiPy)] (1b) in
MeCN solution shows spectral pattern of trans-(Cl)-[RuCl2(CO)-
(MeCN)(b-NaiPy)] and suggests replacement of a carbonyl by the
solvent molecule [40]. The irradiation was continued until the ori-
ginal pair of m(CO) bands in the IR spectrum was replaced by a sin-
gle band at 1970 cm�1. The product contained a mixture of two
isomers with ca. 70% of the dominant component trans-(Cl)-
[RuCl2(CO)(CH3CN)(b-NaiPy)]. It becomes difficult to unambiguous
assignment of NMR of the mixed complexes due to large number of
protons from coordinated ligands. Similar results of photoexcita-
tion of trans-(Cl)-[RuCl2(CO)2(bpy)] supports this conjecture of
CO substitution by MeCN [40].
3.3.3. 1H NMR spectra
The 1H NMR spectra were assigned on comparing with free li-

gand values and reported complexes [16,17]. The spectra are re-
corded in DMSO-d6 solution (Table 5). Important observation is
the downfield shifting of pyridine protons (3- to 6-H) by 0.2–
0.5 ppm. This supports the coordination of pyridine-N to metal
center. Naphthyl protons (8-H to 15-H) experience small perturba-
tion and the chemical shift data are comparable with free ligand
data. Imine proton (–CH@N–) appears as a singlet at 8.5–8.7 ppm
(Table 5). The complexes 3, 4 show a singlet around 2.06–
2.07 ppm, which supports the presence of CH3CN in these
complexes.
3.3.4. Electrochemistry
The electrochemical behavior of the complexes was investi-

gated by cyclic voltammetry (CV) in presence of [NBu4][ClO4] in
MeCN at scan rate 50 mV S�1. The compounds show one oxidative
response positive to reference electrode and one reduction nega-
tive to this reference (Ag/AgCl) in the potential range 2.0 to
�2.0 V (Table 3). Reduction is irreversible in nature as evident from
peak-to-peak separation (DEp > 170 mV) (Fig. 6). One single elec-
tron oxidation is also irreversible in the range of 1.3–1.5 V for 1
and 2; 0.8–0.9 V for 3 and 4 and is assigned to Ru(III)/Ru(II) couple.
DFT calculation of 1b and 2b show that the HOMO has halide con-
tribution (44% in 1b and 73% in 2b) and thus the oxidation may be
referred to oxidation of X� to 1/2X2 those may inherently oxidize
Ru(II) ? Ru(III). Thus the process follows classical EC mechanism
[41]. Iodo complexes, [RuI2(CO)2(NaiPy)] (2) exhibit lower poten-
tial (1.3 V for 2 and 0.8 V for 4) than chloro derivatives,
[RuCl2(CO)2(NaiPy)] (1.5 V for 1 and 0.9 V for 3) which may be



Table 5
1H NMR spectral data of the complexes (1-4) in DMSO-d6.

Compound d (ppm)

3-Ha 4-Hb 5-Hb 6-Ha 7-Hc 8-Ha 9-Ha 10-Ha 11-H-14-Hd 15-Ha

[RuCl2(CO)2(a-NaiPy)] (1a) 8.06 (9.0) 8.18 (9.0) 8.18 (9.0) 8.43 (9.0) 8.67 7.95 7.80 (9.0) 7.59 7.46 (9.0)
[RuCl2(CO)2(b-NaiPy)] (1b) 7.96 (9.0) 7.91 (9.0) 7.91 (9.0) 8.32 (9.0) 8.63 7.82 (9.0) 7.68 (9.0) 7.58 7.31 (9.0)
[RuI2(CO)2(a-NaiPy)] (2a) 8.03 (9.0) 7.98 (9.0) 7.98 (9.0) 8.15 (9.0) 8.63 7.90 (9.0) 7.84 (9.0) 7.54 6.80 (9.0)
[RuI2(CO)2(b-NaiPy)] (2b) 8.00 (9.0) 7.92 (9.0) 7.92 (9.0) 8.10 (9.0) 8.60 7.82 (9.0) 7.74 (7.5) 7.56 6.76 (9.0)
[RuCl2(CO)(CH3CN)(a-NaiPy)] (3a) 8.00 (9.0) 7.93 (9.0) 7.93 (9.0) 8.40 (9.0) 8.51 7.85 (9.0) 7.83 (9.0) 7.56 7.52 (9.0)
[RuCl2(CO)(CH3CN)(b-NaiPy)] (3b) 7.95 (9.0) 7.90 (9.0) 7.90 (9.0) 8.28 (9.0) 8.48 7.78 (9.0) 7.83 (9.0) 7.57 7.36 (9.0)
[RuI2(CO)(CH3CN)(a-NaiPy)] (4a) 7.92 (9.0) 7.88 (9.0) 7.88 (9.0) 8.30 (9.0) 8.46 7.80 (9.0) 7.77 (9.0) 7.50 7.40 (9.0)
[RuI2(CO)(CH3CN)(b-NaiPy)] (4b) 7.90 (9.0) 7.83 (9.0) 7.83 (9.0) 8.25 (9.0) 8.50 7.81 (9.0) 7.72 (9.0) 7.52 7.34 (9.0)

a Doublet.
b Triplet.
c Singlet.
d Multiplet.

Fig. 6. Cyclic voltammogram of 1b (–) and 3b (- -) in MeCN using Pt-disk working
and Pt-wire auxiliary electrodes and reference to Ag/AgCl electrode.

4132 P. Datta et al. / Journal of Organometallic Chemistry 694 (2009) 4124–4133
due to higher electronegativity of Cl than I. Energy of HOMO by
DFT (Fig. 3) also explains this observation: the EHOMO (�6.08 eV)
of 1b is lower than 2b (�5.83 eV). The one electron nature of the
oxidation has been confirmed by comparing its current height with
that of the standard ferrocene/ferrocenium couple under identical
experimental conditions. On the other hand the one reductive re-
sponses can be attributed to the reduction of the diimine ligand
which can accommodate the electrons to its p* MO. The DFT data
have assigned that the LUMO of the complexes are constituted
mainly by imine group of ligand (>90%) and thus the reduction is
considered as electron accommodation at imine dominated
orbitals.

4. Conclusion

We synthesized and characterized trans-(X)-[RuX2(CO)2-
(a/b-NaiPy)] (a/b-NaiPy = N-[(2-pyridyl)methyliden]-a(or b)-ami-
nonaphthalene) (X = Cl, I). In one case the structure has been
confirmed by single crystal X-ray diffraction study. trans-(X)-
[RuX2(CO)(MeCN)(a/b-NaiPy)] are synthesized by reacting Me3NO
with dicarbonyl precursor. All the complexes are redox active and
possess good fluorescence property. The optimized geometries, fre-
quencies, energies, frontier orbitals and excited states that
emerged from DFT to TD-DFT calculations provided a detailed
description of the spectra and redox properties of the complexes.
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