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Abstract Four g6-p-cymene ruthenium(II) complexes with

2-(2-aminophenyl)-1H-benzimidazole (BImPhNH), 2-amino-

benzimidazole (BImNH), 2-aminobenzothiazole (BTzNH),

and 2-(2-hydroxyphenyl)benzoxazole (HBO) ligands have

been prepared and studied by IR, 1H-NMR, UV–Vis spec-

troscopy, and X-ray crystallography; its luminescent prop-

erties were examined. The experimental studies on the

complexes have been accompanied computationally by the

density functional theory (DFT) calculations.
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Introduction

For many years arene ruthenium complexes play important

role in organometallic chemistry. The increasing interest in

the chemistry of half-sandwich ruthenium(II) complexes

with different ligands, mainly N-, N,O-, and P-donors,

originates from numerous application of the complexes. The

organometallic ruthenium(II) complexes are used in the

catalytic systems for a variety organic transformations [1–3].

Even small changes in the coordination environment around

the ruthenium can play a key role in altering the redox

properties of the complexes, and thus complexation of

ruthenium by various ligands is very interesting and has been

widely studied [4–6]. Ruthenium(II)-arene complexes dis-

play a three-legged piano-stool structure in which the metal

center is octahedral and the arene ligand occupied three

coordination sites. This structural feature opens the possi-

bility to introduce in the molecule different types of ligands,

and the syntheses and structural properties of the half-

sandwich ruthenium(II) complexes are widely studied,

especially with N,(N,O)-donors [7–12]. Furthermore, the g6-

arene ruthenium complexes are increasingly investigated

due to their cytotoxicity [13, 14]. The complexes with

‘‘piano-stool’’ geometry with chloride and N-donor ligands

often possess good aqueous solubility combined with satis-

factory lipophilicity needed to cross the cell membrane. In

addition, the arene ligands stabilize the ruthenium ?2 oxi-

dation state, which makes the corresponding complexes

kinetically more labile when compared to those of ruthe-

nium(III). Furthermore, the hydrogen bonding and p-stack-

ing are important in mechanisms of biological activity and

the complexes are able to present these interactions [15–17].

The benzimidazole and benzoxazole ligands are interesting

due to their biological activity and the derivatives used as

ligands in this work are a good representative of these

derivatives. In addition, the structural and spectral charac-

terizations of new half-sandwich ruthenium(II) complexes

containing N(N,O)-donors are of great importance.

Here is presented synthesis, crystal, molecular, and

electronic structures, and spectroscopy characterization of

four g6-p-cymene ruthenium(II) complexes with 2-(2-

aminophenyl)-1H-benzimidazole (BImPhNH; C13H11N3),

2-aminobenzimidazole (BImNH; C7H7N3), 2-aminoben-

zothiazole (BTzNH; C7H6N2S), and 2-(2-hydroxy-

phenyl)benzoxazole (HBO; C13H9NO2) ligands. The

complexes are synthesized as chloride derivatives and the

luminescence properties were examined. The experimental
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studies on the complexes have been completed theoretical

calculations by the density functional theory (DFT).

Currently, DFT is commonly used to examine the elec-

tronic structure of transition metal complexes. It meets

with the requirements of being accurate, easy to use and

fast enough to render studies of relatively large molecules

of transition metal complexes possible. DFT and time-

dependent density functional theory (TD-DFT) calculations

were performed to establish nature of the orbitals involved

in transition processes and to correlate the structural

parameters with the spectroscopic properties of the com-

plexes. The calculated density of states showed the inter-

actions between N(O,S)-heteroaromatic compounds with

ruthenium(II) and allow to compare the strength of the

ligands. Thus, the studies of electronic structures of com-

plexes are an important area of chemistry. The basic

researches reported in this article combine interest in

ruthenium complexes and half-sandwich coordination

compounds with N(O)-donors [18–23].

Experimental

All the reagents were commercially available and were

used without further purification.

Synthesis of the complexes

A mixture of [(p-cymene)RuCl2]2 (0.31 g; 5 9 10-4 mol)

and 2-(2-aminophenyl)-1H-benzimidazole (BImPhNH),

2-aminobenzimidazole (BImNH), 2-aminobenzothiazole

(BTzNH), and 2-(2-hydroxyphenyl)benzoxazole (HBO)

(1 9 10-3 mol) in methanol (50 cm-3) was refluxed for

2 h, cooled and filtered. Crystals suitable for X-ray crystal

analysis were obtained by slow evaporation of the filtrate.

Complex 1: [[(p-cymene)RuCl(BImPhNH)]Cl.(CH3)2

CO, yield 87%. IR (KBr): 3436 (mNH), 3178 (mCH/PhH),

2967, 2838, 2752 (mCH), 1706 (mCO(acetone)), 1623 (mCN),

1588 (mC=C), 1542 (mring), 1487, 1463, 1446 (mring ? mC=C),

1358 (dCH), 1221 (dp-cymene), 1134 (dCH), 874 (cCH), 763

(cBImPhNH), 533 (mRu–N). UV–Vis (methanol, k [nm] (loge)):
426.6 (1.27), 356.0 (1.38), 305.8 (2.36), 237.0 (sh), 212.0

(4.87). 1H-NMR: (CDCl3, ppm): 14.61 (NH(imidazole)), 9.14

(NH2), 8.24 (H13), 7.78 (H3), 7.70 (H6), 7.26 (H4/5), 7.08,

5.61, 5.46 (p-cymene), 3.03 (t, CHp-cymene), 2.18 (acetone,

p-cymene), 1.69 (p-cymene), 0.93 (p-cymene).

Complex 2: [(p-cymene)RuCl2(BImNH)], yield 82%.

IR (KBr): 3369 (mNH), 3292 (mPhH), 2965, 2923, 2872 (mCH),

1631 (mNH), 1594 (mCN), 1560 (mC=C), 1465 (mring ? mCH),

1383 (dCH), 1270 (mring(benzimidazole)), 1056 (dCH), 875

(cCH), 744, 626 (cCH). UV–Vis (methanol, k [nm] (loge)):
458.0 (1.02), 422.0 (1.16), 313.0 (1.98), 277.2 (2.76), 214.2

(4.22). 1H-NMR: (CDCl3, ppm): 9.27 (NHimidazole), 6.18

(NH2), 6.86 (H14, H15), 7.14 (H13, H16), 7.55, 7.02, 6.32,

6.17, 5.61, 3.03, 2.19, 1.92, 1.58, 1.33 (p-cymene).

Complex 3: [(p-cymene)RuCl2(BTzNH)], yield 89%.

IR (KBr): 3437 (mNH), 3298, 3219, 3130 (mPhH), 2965,

2923, 2864 (mCH), 1611 (mNH ? mring (thiazole)), 1585 (mCN),

1565 (mC=C), 1452 (mring ? mCH), 1382, 1342 (dCH), 1275

(mring), 1237 (dC–C), 1058, 1024 (dCH), 868 (cCH), 759

(cAr–H), 528 ((cp-cymene). UV–Vis (methanol, k [nm]

(loge)): 470.0 (1.23), 336.5 (2.08), 240.2 (sh), 211.0 (4.32).
1H-NMR: (CDCl3, ppm): 7.60 (H14), 7.52 (H16), 7.28

(H13), 7.10 (H15), 5.50 (NH2), 7.41, 7.02, 6.32, 6.17, 5.35,

2.95, 2.18, 1.60, 1.31, 1.29 (p-cymene).

Complex 4: [(p-cymene)RuCl(HBO)], yield 83%. IR

(KBr): 3033 (mPhH), 2963, 2872 (mCH), 1613 (mring (oxazole)),

1600 (mCN), 1556 (mC=C), 1459, 1430 (mring ? mCH), 1328

(dCH), 1257 (mC–O–C), 1247 (dC–C), 1059 (dCH), 878 (cCH),

763, 741 (cAr–H), 532 (cp-cymene). UV–Vis (methanol, k
[nm] (loge)): 464.5 (1.11), 410.0 (1.24), 378.5 (2.18), 293.0

(2.57), 250.0 (sh), 230.0 (3.88), 210.5 (4.47). 1H-NMR:

(CDCl3, ppm): 7.76 (H19), 7.56 (H16), 7.44 (H13), 7.39

(H14), 7.36 (H15), 7.13 (H22), 7.10 (H21), 6.59 (H20),

7.41, 7.02, 6.32, 6.17, 5.57, 5.50, 5.36, 2.75, 2.30, 2.18,

1.67, 1.31, 1.29, 1.11 (p-cymene).

Physical measurements

Infrared spectra were recorded on a Perkin Elmer FT-IR

spectrophotometer in the spectral range 4000–450 cm-1

using KBr pellets. Electronic spectra were measured on a

Lab Alliance UV–Vis 8500 spectrophotometer in the range

of 600–180 nm in methanol solution. 1H-NMR spectra

were obtained at room temperature in CDCl3 using a

Bruker 400 spectrometer. Luminescence measurements

were made in methanol solutions on an F-2500 FL spec-

trophotometer at room temperature.

DFT calculations

The calculations were carried out using the Gaussian09

[24] program. The DFT/B3LYP [25, 26] method was used

for the geometry optimization and electronic structure

determination, and electronic spectra were calculated by

the TD-DFT [27] method with the use of B3LYP and

CAM-B3LYP functional [28]. The calculations were per-

formed using the DZVP basis set [29] with f functions with

exponents 1.94722036 and 0.748930908 on ruthenium, and

polarization functions for all other atoms: 6-31g(2d,p)-

chlorine, 6-31g**-carbon, nitrogen, sulfur, and 6-31g-

hydrogen. The Polarizable Continuum Model (PCM)

solvent model was used in the Gaussian calculations

with methanol as the solvent. The theoretical values of

the isotropic shieldings were obtained by means of
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computational Gauge-Independent Atomic Orbital (GIAO)/

B3LYP/6-311G** routes. GaussSum 2.2 [30] was used to

calculate group contributions to the molecular orbitals and

to prepare the partial density of states (PDOS) and overlap

population density of states (OPDOS) spectra. The contri-

bution of a group to a molecular orbital was calculated using

Mulliken population analysis. The PDOS and OPDOS

spectra were created by convoluting the molecular orbital

information with Gaussian curves of unit height and

FWHM of 0.3 eV. Mayer bond orders were calculated with

use of QMForge program [31].

The bonding interactions between the p-cymene rings

and heteroaromatic ligands with ruthenium complex frag-

ments have been analyzed by means of the energy

decomposition analysis implemented in ADF package,

which is based on the EDA method of Morokuma and the

extended transition state (ETS) partitioning scheme

developed by Ziegler and Rauk. The overall bond energy

DE can be determined from interaction energy (DEint) and

the fragment preparation energy DEprep, the instantaneous

DEint between the two fragments can be divided into three

main components: DEint = DEPauli ? DEelstat ? DEorb.

DEelstat is the electrostatic component, calculated by

superposition of the unperturbed fragment densities of the

molecular geometry, corresponding to the classical elec-

trostatic effects due to the attractive and repulsive forces;

DEPauli represents the repulsive interactions between the

fragments because two electrons with the same spin cannot

occupy the same region in the space; and DEorb is the

stabilizing orbital interaction term. The calculations were

performed using the Amsterdam Density Functional (ADF

2008.01) program [32] with use of the generalized gradient

approximation (GGA) method with non-local exchange

and correlation corrections within the PW91 functional

proposed by Perdew–Wang [33, 34]. The basis sets had

triple f quality augmented with a single set of polarization

functions (f for the metals, d for the main group elements,

and p for hydrogen) (TZP). The core electrons were left

unfrozen in all the calculations. The calculations were

performed on the geometries optimized in Gaussian.

Crystal structures determination and refinement

Red crystals of [(C6H6)RuCl(BImPhNH)]Cl.(CH3)2CO (1),

[(p-cymene)RuCl2(BImNH)] (2), [(p-cymene)RuCl2(BTz

NH)] (3), and [(p-cymene)RuCl(HBO)] (4) were mounted

in turn on an Xcalibur, Atlas, Gemini ultra Oxford Dif-

fraction automatic diffractometer equipped with a CCD

detector, and used for data collection. X-ray intensity data

were collected with graphite monochromated Mo Ka radi-

ation (k = 0.71073 Å) at temperature 295.0(2) K, with x
scan mode. Ewald sphere reflections were collected up to

2h = 50.10�. The unit cell parameters were determined

from least-squares refinement of the setting angles of 4946,

2823, 19067, and 3681 strongest reflections. Details con-

cerning crystal data and refinement are gathered in Table 1.

During the data reduction, the decay correction coeffi-

cients were taken into account. Lorentz, polarization, and

numerical absorption corrections were applied. The struc-

tures were solved by the direct method. All the non-hydro-

gen atoms were refined anisotropically using full-matrix,

least-squares technique on F2. The Olex2 [35] and SHEL-

XS97, SHELXL97 [36] programs were used for all the

calculations. Atomic scattering factors were those incorpo-

rated in the computer programs.

Results and discussion

The half-sandwich complexes were obtained by the reaction

of [(p-cymene)RuCl2]2 with 2-(2-aminophenyl)-1H-benz-

imidazole (BImPhNH), 2-aminobenzimidazole (BImNH),

2-aminobenzothiazole (BTzNH), and 2-(2-hydroxyphenyl)

benzoxazole (HBO) in methanol solutions. The 2-amino-

phenyl- and 2-hydroxyphenyl-ligands coordinate as

bidentate ligands and the 2-aminobenzimidazole, 2-amino-

benzothiazole are monodentate ones.

In the IR spectrum of the complexes the ring C=C and

C=N stretching modes of the ligands are present at the

wavenumber range from 1623 to 1560 cm-1. The stretch-

ing modes of the NH2 are observed at 3436 (1, 2),

3363 cm-1 (3) and above 1600 cm-1. The methyl groups

of p-cymene ligands C–H bend modes have maxim close to

1150 cm-1. The twist modes of aryl C–H are close to

870 cm-1.

In the 1H-NMR spectra of the complexes, the protons of

p-cymene present set of signals characteristic for the ligand

given in ‘‘Experimental’’ section. The NH2 protons of the

ligands appear at 9.14 ppm in (1), 6.18 ppm in (2), and

5.50 ppm in (3). The imidazole NH protons gave signals at

14.61 and 9.27 ppm for complexes (1) and (2), respec-

tively. In addition, the signals of ligands protons have been

assigned to the corresponding protons which are consistent

with the numbering introduced for the molecular structures

presented in Fig. 1. These assignments were based on

NMR spectra calculated in the GIAO method at the B3LYP

functional level of theory.

Crystal structures

The complexes (1) and (4) crystallize in the monoclinic

space groups P21/c, P21/n and the complexes (2) and (3) in

orthorhombic Pna21 and P212121 space groups, respectively.

The molecular structures of the complexes are shown in

Fig. 1. Selected bond lengths and angles are listed in

Table 2. The complexes adopt a distorted piano-stool type of
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structure with the ruthenium atom p-bonded to the p-cymene

ring with an average Ru–C distance of 2.2 Å, while the

distances between the ruthenium atom and the centroid of the

p-cymene ring fall in the 1.679 Å (1)–1.660 Å (3) range

similar to those observed for p-cymene ruthenium com-

plexes. The ruthenium atom is also directly coordinated to

both nitrogen atoms of the BImPhNH ligand, one imidazole

and thiazole nitrogen atom of BImNH and BTzNH ligands

and nitrogen and oxygen donor atoms of 2-(2-hydroxy-

phenyl)benzoxazole with a normal distance. The Ru–Cl

bonds length are also normal and comparable with other

ruthenium(II) half-sandwich complexes. The angles

between the nitrogen heteroaromatic ligands and chlorine

ligands in the complexes are close to those observed in the

ruthenium(II) arene compounds. In the structures of the

complexes (1), (2) and (3), inter- and intramolecular weak

hydrogen bonds exist and these are [37, 38] collected in

Table 3. In the crystal structure of complex (4) no classical

hydrogen bonds are presented but the short contacts between

chloride, p-cymene, and benzoxazole ligands assemble a

two-dimensional network shown in the Fig. 2.

Geometry and electronic structure

To gain insight into the electronic structures and bonding

properties of these complexes, DFT calculations were car-

ried out. Before the calculations of electronic structures of

the complexes, their geometries were optimized in singlet

states using the B3LYP functional. From the data collected in

Table 2, one may see that the bond lengths are maximally

elongated by *0.1 Å
´

in the calculated gas phase structures,

while the change of bond angles do not outrun 8�. Figure 3

shows that the calculated and experimental IR spectra of

complexes (3) and (4) are in good agreement.

The formal charge of ruthenium is ?2 in all complexes.

In the complex (4) the same charge of ruthenium central

Table 1 Crystal data and structure refinement details of [(p-cymene)Ru(BIm-PhNH)]Cl.(CH3)2CO (1), [(p-cymene)RuCl2(BImNH)] (2),

[(p-cymene)RuCl2(BTzNH)] (3), and [(p-cymene)RuCl(HBO)] (4)

1 2 3 4

Empirical formula C23H25ClN3Ru,C3H6O,Cl C17H21Cl2N3Ru C17H20Cl2N2RuS C23H22ClNO2Ru

Formula weight 573.51 439.34 456.38 480.94

Temperature (K) 295.0(2) 295.0(2) 295.0(2) 295.0(2)

Crystal system Monoclinic Orthorhombic Orthorhombic Monoclinic

Space group P21/c Pna21 P212121 P21/n

Unit cell dimensions

a (Å) 9.7710(3) 7.1806(5) 8.3547(2) 13.2871(15)

b (Å) 13.0322(5) 18.1386(13) 13.4758(3) 7.7975(8)

c (Å) 20.4031(7) 13.6855(10) 15.7496(4) 19.037(2)

b 97.309(3) 90 90 95.896(10)

Volume (Å3) 2576.97(15) 1782.5(2) 1773.19(8) 1961.9(4)

Z 4 4 4 4

Calculated density (mg/m3) 1.478 1.637 1.710 1.628

Absorption coefficient (mm-1) 0.839 1.181 1.303 0.954

F(000) 1176 888 920 976

Crystal dimensions (mm) 0.28 9 0.11 9 0.08 0.10 9 0.06 9 0.05 0.31 9 0.16 9 0.11 0.12 9 0.08 9 0.03

h range for data collection (�) 3.40–25.05 3.40–25.03 3.56–25.04 3.63–25.04

Index ranges -11 Bh B 11 -6 B h B 8 -9 B h B 9 -15 B h B 12

-11 B k B 15 -21 Bk B 20 -16 Bk B 16 -9 B k B 9

-23 B l B 24 -16 B l B 13 -18 B l B 18 -18 B l B 22

Reflections collected 10,973 4,754 26,594 7,280

Independent reflections 4,558 [R(int) = 0.0277] 2,474 [R(int) = 0.0679] 3,123 [R(int) = 0.0333] 3,473 [R(int) = 0.0659]

Data/restraints/parameters 4,558/0/303 2,474/1/211 3,123/0/211 3,473/0/256

Goodness-of-fit on F2 1.032 0.998 1.084 1.084

Final R indices R1 = 0.0315 R1 = 0.0503 R1 = 0.0160 R1 = 0.0613

[I [ 2r(I)] wR2 = 0.0669 wR2 = 0.1184 wR2 = 0.0387 wR2 = 0.1048

R indices (all data) R1 = 0.0455 R1 = 0.0802 R1 = 0.0173 R1 = 0.1009

wR2 = 0.0713 wR2 = 0.1286 wR2 = 0.0393 wR2 = 0.1165

Largest diff. peak and hole 0.384 and -0.266 0.740 and -1.159 0.187 and -0.384 0.994 and -0.635
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ion is due to the deprotonation of the hydroxyl part of the

ligand during the complexation reaction. The calculated

charges on the ruthenium atoms, obtained from natural

population analysis, vary from 0.4 in complex (4) to 0.18 in

complex (3). The charge on the chlorine ligands is equal to

-0.4 and those on the nitrogen donor atoms of the ligands

are about -0.5. The low charges on the Ru central ions are

the results of charge donations from the ligands to the

metal. The conclusion is confirmed by the second-order

perturbation analysis from NBO. The stabilization energy

calculated in this analysis shows that the lone pairs local-

ized nitrogen atoms of the BImPhNH, BImNH, BTzNH

and nitrogen and oxygen HBO ligands donate the charge to

the ruthenium d orbitals, and the stabilization energy (DEij)

is 196.97 kcal mol-1 for (1), 96.51 kcal mol-1 for (2),

86.84 kcal mol-1 for (3), and 215.83 kcal mol-1 for

complex (4), respectively. The back donation from ruthe-

nium to the N(N,O)-donor ligands is smaller averaging to

48.26 kcal mol-1 for complex (1), 32.47 kcal mol-1 for

(2), 33.72 kcal mol-1 for (3), and 37.89 kcal mol-1 for

1 2

3

4

Fig. 1 ORTEP drawing of [(p-cymene)Ru(BIm-PhNH)]Cl.(CH3)2CO (1), [(p-cymene)RuCl2(BImNH)] (2), [(p-cymene)RuCl2(BTzNH)] (3),

and [(p-cymene)RuCl(BzO)] (4) with 50% probability displacement ellipsoids
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complex (4), respectively. The interaction between ruthe-

nium and N(O)-donor ligands is presented on the Fig. 4b

and one may see from the overlay partial density of states

(OPDOS) diagram that the 2-(2-hydroxyphenyl)benzoxaz-

ole is considerably stronger ligand in comparison of

BImNH and BTzNH. The Mayer bond orders of Ru–N(Im)

bonds are 0.85 for (1), 0.79 for (2), 0.73 for (3), and 0.84

(Ru–O 1.30) for (4) which confirm strength of HBO ligand.

The Mayer bond orders are more dependent on the bases

used to calculate than the Wiberg indices which are well

known. Wiberg indices in this regard are less sensitive

which is important when comparing the properties of

Table 2 Selected bond lengths (Å) and angles (�) for [(p-cymene)Ru(BIm-PhNH)]Cl (1), [(p-cymene)RuCl2(BImNH)] (2), [(p-cymene)

RuCl2(BTzNH)] (3), and [(p-cymene)RuCl(HBO)] (4) with the optimized geometry values

1 2 3 4

Exp Calc Exp Calc Exp Calc Exp Calc

Bond lengths (Å)

Ru(1)–N(1) 2.113(2) 2.148 2.133(8) 2.189 2.169(18) 2.239 2.086(5) 2.132

Ru(1)–N(3) 2.141(2) 2.194

Ru(1)–O(2) 2.104(4) 2.075

Ru(1)–Cl(1) 2.396(8) 2.414 2.441(3) 2.471 2.420(6) 2.424 2.4048(17) 2.423

Ru(1)–Cl(2) 2.427(3) 2.425 2.427(6) 2.469

Ru(1)–C(1) 2.222(3) 2.309 2.209(11) 2.256 2.193(2) 2.236 2.211(6) 2.207

Ru(1)–C(2) 2.153(3) 2.222 2.171(13) 2.203 2.155(2) 2.206 2.186(6) 2.290

Ru(1)–C(3) 2.174(3) 2.255 2.163(10) 2.234 2.180(2) 2.237 2.150(6) 2.262

Ru(1)–C(4) 2.223(3) 2.288 2.207(11) 2.242 2.209(2) 2.263 2.185(6) 2.205

Ru(1)–C(5) 2.198(3) 2.249 2.149(11) 2.238 2.176(2) 2.240 2.169(5) 2.274

Ru(1)–C(6) 2.171(3) 2.238 2.138(10) 2.213 2.160(2) 2.207 2.186(5) 2.234

Angles (�)

N(1)–Ru(1)–N(3) 79.23(9) 78.90

N(1)–Ru(1)–O(2) 82.87(18) 85.92

Cl(1)–Ru(1)–Cl(2) 84.99(10) 87.97 84.69(2) 86.89

Cl(1)–Ru(1)–O(2) 85.44(14) 84.58

N(1)–Ru(1)–Cl(1) 86.01(6) 85.32 92.40(2) 89.80 91.23(5) 91.14 87.07(14) 86.89

N(1)–Ru(1)–Cl(2) 83.00(2) 87.03 87.16(5) 88.33

N(3)–Ru(1)–Cl(1) 82.12(7) 79.77

N(1)–Ru(1)–C(1) 109.99(10) 112.83 129.00(4) 123.77 157.76(8) 160.52 130.3(2) 137.04

N(1)–Ru(1)–C(3) 132.64(12) 129.91 141.90(4) 148.54 91.47(8) 94.33 90.5(2) 93.28

N(1)–Ru(1)–C(5) 169.61(11) 166.60 88.00(4) 90.44 114.35(8) 113.02 145.1(2) 141.02

N(3)–Ru(1)–C(1) 101.58(10) 101.46

N(3)–Ru(1)–C(3) 111.14(12) 112.83

N(3)–Ru(1)–C(5) 169.23(11) 168.25

Cl(1)–Ru(1)–C(1) 163.95(8) 161.86 137.60(4) 139.98 110.89(6) 108.33 90.32(16) 89.31

Cl(1)–Ru(1)–C(3) 95.99(9) 95.82 84.30(3) 87.05 158.86(7) 159.40 149.10(17) 141.60

Cl(1)–Ru(1)–C(5) 108.53(9) 111.98 128.80(5) 123.20 92.41(7) 93.47 125.60(17) 132.26

Cl(2)–Ru(1)–C(1) 91.00(4) 92.51 92.48(6) 92.00

Cl(2)–Ru(1)–C(3) 134.10(3) 138.74 116.39(7) 113.08

Cl(2)–Ru(1)–C(5) 145.50(5) 149.36 158.39(7) 158.62

O(2)–Ru(1)–C(1) 146.31(19) 136.24

O(2)–Ru(1)–C(3) 124.8(2) 131.30

O(2)–Ru(1)–C(5) 87.5(2) 84.34

C(1)–Ru(1)–C(3) 68.06(12) 66.58 68.70(4) 67.69 68.79(9) 67.66 68.1(2) 67.28

C(1)–Ru(1)–C(5) 67.75(11) 66.14 69.30(5) 78.74 68.51(9) 67.57 68.1(2) 66.75

C(3)–Ru(1)–C(5) 67.09(13) 65.95 65.90(5) 66.65 67.44(10) 66.12 67.9(2) 66.53
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similar compounds, but is not sufficiently sensitive to the

impact of valence orbitals of central atom on the properties

of bonds. The Wiberg indices for the Ru–N(Im) bonds are

0.49 for (1), (3), (4) and 0.47 for complex (2). In general,

the bonding between ruthenium and imidazole or benzox-

azole derivatives ligand have predominant Coulomb char-

acter in contrast to the effects of chloride ligands and

especially p-cymene rings which are covalent. Figure 4a

shows OPDOS diagram for cationic complex (1) and one

may see that the p-accepting interaction between p-cymene

ligand and ruthenium is very strong.

Figure 5 shows density of states (DOS) diagrams for

complexes (1), (2), and (4). The DOS plot mainly presents

the composition of the fragment orbitals contributing to the

molecular orbitals. As one can see from Fig. 5, dRu orbitals

play a significant role in the frontier Homo orbitals of the

complexes. The contributions of d orbitals of ruthenium

central ions in occupied molecular orbitals are in the range of

48–54% (Homo, Homo-1, and Homo-4) in the cationic

complex (1) and 10–42% (Homo–Homo-3) in neutral com-

plexes (2), (3), and (4). In these molecular orbitals, chloride

and heteroaromatic ligands play a significant role. As one

Table 3 Hydrogen bonds for

[(p-cymene)Ru(BIm-PhNH)]Cl

(1), [(p-cymene)

RuCl2(BImNH)] (2),

[(p-cymene)RuCl2(BTzNH)]

(3), and [(p-cymene)

RuCl(HBO)] (4) complexes

(Å and �)

Symmetry transformations used

to generate equivalent atoms:

#1: 1 ? x, y, z; #2: -x,-1/

2 ? y, 1/2 - z; #3: -x,

1/2 ? y, 1/2 - z; #4: -1/2 ? x,

1/2 - y, z; #5: 1 - x,1 - y,

1/2 ? z

D–H…A d(D–H) d(H_A) d(D_A) \(DHA)

1

N(2)–H(2)…Cl(2) #1 0.86 2.28 3.105(2) 161

N(3)–H(3A)…Cl(2) #2 0.90 2.29 3.189(2) 173

N(3)–H(3B)…O(1) 0.90 2.25 3.074(3) 153

C(15)–H(15)…Cl(1) #3 0.93 2.77 3.546(3) 141

C(24)–H(24)…Cl(1) 0.96 2.70 3.580(5) 152

2

N(2)–H(2)–Cl(2) #4 0.86 2.55 3.379(9) 162

N(3)–H(3A)–Cl(1) #4 0.86 2.43 3.229(12) 155

N(3)–H(3B)–Cl(1) 0.86 2.41 3.118(12) 140

C(12)–H(12)…Cl(2) #5 0.93 2.82 3.689(11) 156

C(15)–H(15C)…Cl(2) 0.96 2.77 3.485(15) 132

3

N(2)–H(2A)…Cl(1) 0.86 2.42 3.081(2) 134

Fig. 2 The crystals packing of

complex (4) viewing down the

a axis with short contact

indicated by dotted lines
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may see from the DOS diagrams, participations of bidentate

ligands are meaningful larger compared to monodentate

2-aminobenzimidazole and 2-aminobenzothiazole. The

frontier virtual molecular orbitals are mainly localized on the

N(N,O)-donor ligands and dRu orbitals with contributions of

p-cymene. Furthermore, dRu orbitals are diffused in energy

scope corresponding to Lumo?1 to Lumo?4 (24–67%)

levels. In these unoccupied orbitals, p-cymene and hetero-

aromatic ligands play significant role.

The bonding between benzene and ruthenium is formed

by the two p orbitals of e1g symmetry (p2 and p3) and the

empty d orbitals of the metal atom (donation from benzene to

ruthenium). The resulting bonding orbitals are HOMO-12

and HOMO-15, the antibonding are LUMO and LUMO?1.

In the back donation (metal to ligand) the occupied dx2�y2
and

dxz metal orbitals and empty p4*, p5* benzene orbitals par-

ticipate (HOMO-2, HOMO, and LUMO?2, LUMO?4). To

get an insight into the Ru–p-cymene bonds, an energy

decomposition analysis has been carried out. In Table 4 are

listed the result of energy decomposition analysis calculated

for the complexes in methanol solvents. The repulsive

interactions are dominated in the binding of arene rings with

ruthenium central ions. On the other hand, the electrostatic

contribution plays a role and has a stabilizing influence. In

addition, the DEelstat is slightly higher than the orbital

interaction in the all complexes and the percentage contri-

bution of the electrostatic interaction to the total attraction

vary in the range of 61% in complexes (3) and (4) to 54% in

complex (1). The data confirm the covalent character of the

bonding interaction between ruthenium and p-cymene ring.

However, when the heteroaromatic ligands are considered as

fragments, the electrostatic interaction is the leading stabil-

ization energy except the complex (4) in which DEOrb plays

dominant role. It drives the bonding interaction of the

occupied MOs of HBO ligand with the d orbitals of the

Fig. 3 The experimental and calculated IR spectra of [(p-cymene)

RuCl2(BTzNH)] (3) and [(p-cymene)RuCl(HBO)] (4) complexes

Fig. 4 The overlap partial density o states diagram for interactions of

ruthenium and 2-(2-aminophenyl)-1H-benzimidazole (BImPhNH),

2-aminobenzimidazole (BImNH), 2-aminobenzothiazole (BTzNH),

and 2-(2-hydroxyphenyl)benzoxazole (HBO) ligands
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ruthenium atom and confirms strong donor properties of

HBO ligand. In addition the DEPauli energies are smaller than

that in the p-cymene fragments.

Electronic spectrum

Electronic spectra of the complexes exhibit, except the

intense bands connected with ligands, absorption bands

originated from d–d transitions. The UV–Vis spectra of the

complexes are similar and show bands in the ranges m1:

427–470 nm; m2: 410–422 nm; m3: 313–378 nm attributed

to 1A1 ? 1A2, 1A1 ? B1, and 1A1 ? B2 transitions in

pseudo-octahedral geometry of these complexes. There-

fore, the ligand field parameters 10 Dq can be estimated to

12,140, 15,105, 15,101, and 12,766 cm-1 for the com-

plexes (1), (2), (3), and (4), respectively. Racah’s param-

eters for the complexes are B = 292, 632, 530, 305 cm-1;

C = 1342, 2907, 2438, 1403 cm-1, respectively, and the

nepheloauxetic parameters have values b55 = 0.41, 0.88,

0.74, and 0.42, respectively. The differences in these

parameters are in accordance with the covalence of these

complexes and strength of ligands interactions with

ruthenium central ions.

For these complexes, the nature of the transitions

observed in the UV–Vis spectra have been studied by the

time-dependent density functional (TD-DFT) method based

on the optimized geometries, in gas phase without any

symmetry restrictions, in the singlet states. The PCM solvent

model was used in the Gaussian calculations with methanol

as the solvent. The experimental spectrum of complex (4)

with the calculated transitions is presented in Fig. 6. The

electronic transitions were calculated with use B3LYP and

CAM-B3LYP functional. Nevertheless, the calculations

with CAM-B3LYP functional showed worse results as one

can see from data collected in Table 5. The assignments of

the calculated transitions to the experimental bands are based

on the criteria of energy and oscillator strength of the cal-

culated transitions. In the description of the electronic tran-

sitions, only the main components of the molecular orbitals

are taken into consideration.

The experimental bands in the range 470–313 nm are

assigned to the transitions between the frontier HOMO and

LUMO molecular orbitals. As the highest occupied and

lowest virtual molecular orbitals are composed of the

d ruthenium the transitions are of Ligand Field type

(d ? d). The bands with maxima in the range 290–237 nm

have metal–ligand charge transfer character and the

highest energy bands with maxima near 212 nm are

attributed to transitions of the ligand–ligand charge

transfer type (p ? p*C=N).

The emission characteristics of the complexes have been

examined in the methanol solutions (with concentration of

5 9 10-4 mol/dm3) at room temperature. The excitations

were executed at wavelengths corresponding to maxima of

d ? d character electronic absorptions, i.e., at 420 nm for

(1) and (2), and 470, 460 nm for (3) and (4), respectively. The

emission spectra present in Fig. 7. The fluorescence maxima

Fig. 5 The density of states (DOS) diagrams for complexes (1), (2),

and (4)
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are at 490, 484, 550, and 565 nm with shoulders at wave-

lengths shifted about 40 nm toward higher energy. As one

can see from the figure, the strongest emission was detected

for complex (4). It is associated with a substantial share of

HBO ligand and dRu orbitals in frontier Homo and Lumo

orbitals. Moreover, the interaction between 2-(2-hydroxy-

phenyl)benzoxazole and ruthenium(II) has the most covalent

character among the studied complexes. Taking into account

the contributions of ligand orbitals in MOs the emission

originating from the lowest energy metal to ligand charge

transfer (MLCT) state, derived from the excitation involving

a dp ? pligand* transition are observed. The complicated

structure of the luminescence spectra suggest that more than

one state is involved in luminescence processes [20].

Conclusion

From the simple reactions between [(p-cymene)RuCl2]2

and 2-(2-aminophenyl)-1H-benzimidazole (BImPhNH),

2-aminobenzimidazole (BImNH), 2-aminobenzothia-

zole (BTzNH), 2-(2-hydroxyphenyl)benzoxazole (HBO)

ligands in methanol solutions, four new half-sandwich

ruthenium(II) complexes were obtained. Except the cat-

ionic complex (1) (with BImPhNH) the others are neutral.

The molecular structures of the complexes were deter-

mined by X-ray crystallography, and the spectroscopic

properties were studied.

Electronic structures of the studied complexes were

calculated using DFT method, and apart from the

descriptions of frontier molecular orbitals the bonding

properties in the complexes were determined. Based on

calculated stabilizations energies, the values of the inter-

action between ruthenium(II) ions and heteroaromatic

ligands and the energy decomposition analysis indicated

the HBO was strong ligand. The differences in acceptor

properties of the ligands were shown in the values of ligand

field parameters determined from electronic spectra of the

complexes.

Analyses of the bonding properties in the complexes

show strong covalent character of the interaction between

ruthenium and p-cymene ring. In the binding of arene rings

with ruthenium(II) the repulsive Pauli interactions are

dominated, however, the electrostatic contribution plays a

role and has a stabilizing influence. Moreover, the DEelstat

is slightly higher than the orbital interaction in the all

complexes. On the other hand, when the heteroaromatic

ligands are considered as fragments, the electrostatic

interaction is the leading stabilization energy except the

complex (4) in which DEorb plays dominant role. It drives

the bonding interaction of the occupied MOs of HBO

ligand with the d orbitals of the ruthenium atom and con-

firms strong donor properties of HBO ligand. In addition,

the DEPauli energies are smaller than that in the p-cymene

fragments.

The electronic spectra of the complexes were calculated

with use of TD-DFT method using the B3LYP functional

Table 4 Energy decomposition

analysis for [(p-cymene)

Ru(BIm-PhNH)]? (1),

[(p-cymene)RuCl2(BImNH)]

(2), [(p-cymene)

RuCl2(BTzNH)] (3), and

[(p-cymene)RuCl(HBO)] (4)

complexes (energies in

kcal mol-1)

Energy (kcal/mol) 1 2 3 4

[RuCln(L)] ? p-cymene

DEelstat -194.73 -238.95 -269.21 -255.93

DEPauli 288.43 358.32 354.13 339.19

DEorbint -166.55 -174.38 -179.45 -164.56

DEsolvation -58.12 -33.31 -27.53 -28.91

DE -127.19 -88.32 -122.06 -106.43

[(p-cymene)RuCln] ? L

DEelstat -149.03 -92.10 -82.93 -144.34

DEPauli 166.46 107.58 98.38 226.31

DEorbint -99.42 -44.99 -42.80 -167.61

DEsolvation -54.13 -33.29 -27.35 -22.42

DE -136.12 -62.81 -54.69 -108.06

Fig. 6 The experimental and calculated UV–Vis spectra of complex

(4) with calculated electronic transitions
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and its long-range corrected version CAM-B3LYP which

uses the Coulomb-attenuating method. The calculations

with CAM-B3LYP functional showed worse estimations of

excitation energies especially for the transitions with

charge transfer character.

The emission properties of the complexes were exam-

ined. The emissions originating from the lowest energy

MLCT state, derived from the excitation involving a

dp ? pligand* transition were observed. This assignment

was supported by the analysis of the frontier orbitals of the

corresponding complexes, showing a partial contribution

from the ligands. In addition, the complicated structure of

the luminescence spectra suggest that more than one state

is involved in luminescence processes.

Supplementary data

CCDC 808289, CCDC 811596, CCDC 813005, and CCDC

814576 contain the supplementary crystallographic data

for complexes [(p-cymene)RuCl(BImPhNH)]Cl.(CH3)2CO,

[(p-cymene)RuCl2(BImNH)], [(p-cymene)RuCl2(BTzNH)],

and [(p-cymene)RuCl(HBO)], respectively. These data can

be obtained free of charge from http://www.ccdc.cam.ac.

uk/conts/retrieving.html, or from the Cambridge Crystal-

lographic Data Centre, 12 Union Road, Cambridge CB2

1EZ, UK; fax: (?44) 1223-336-033; or e-mail: deposit

@ccdc.cam.ac.uk.

Table 5 The electronic transitions for the complex (2) calculated with CAM-B3LYP and B3LYP functional by the TD-DFT method

k (nm) Contributions Exp. k (nm)

CAM-B3LYP B3LYP

504.9 503.0 H-2 ? LUMO (23%); H-1 ? LUMO (45%)

H-1 ? LUMO (74%)

458.6 465.1 H-4 ? L?1 (23%); H-2 ? LUMO (16%); HOMO ? L?1 (17%)

H-4 ? L?1 (10%); H-3 ? L?1 (20%); HOMO ? L?1 (47%)

458.0

449.2 453.0 H-3 ? L?1 (21%); H-3 ? LUMO (46%)

H-2 ? LUMO (42%); H-1 ? L?1 (25%)

384.0 393.7 H-2 ? LUMO (12%); H-2 ? L?1 (44%) 422.0

H-2 ? LUMO (21%); H-2 ? L?1 (30%); H-1 ? L?1 (31%)

375.9 385.5 H-3 ? LUMO (12%); H-3 ? L?1 (30%); H-1 ? L?1 (15%)

H-3 ? L?1 (20%); H-2 ? LUMO (11%); H-2 ? L?1 (25%)

336.3 H-4 ? LUMO (11%); H-3 ? LUMO (36%); H-1 ? LUMO (20%)

327.0 H-4 ? L?1 (11%); H-3 ? L?1 (33%); HOMO ? L?1 (29%) 313.0

301.4 H-1 ? L?2 (28%); HOMO ? L?2 (56%)

286.8 H-2 ? L?2 (28%); HOMO ? L?3 (40%)

261.7 278.8 H-2 ? L?2 (17%); H-1 ? L?3 (19%); HOMO ? LUMO (19%) 277.2

H-5 ? L?1 (48%); H-2 ? L?3 (37%)

257.6 258.5 H-5 ? LUMO (20%); H-4 ? L?1 (17%); H-1 ? L?1 (13%)

HOMO ? L?4 (85%)

241.7 248.9 HOMO ? L?4 (33%)

H-1 ? L?4 (61%)

208.6 216.6 H-8 ? LUMO (66%)

H-5 ? L?3 (94%)

214.7 H-12 ? LUMO (16%); H-9 ? L?1 (36%) 214.2

Fig. 7 The emission spectra of the complexes in the methanolic

solutions (c = 5 9 10-4 mol/dm3) (Inset shows a magnified range

from 490 to 600 nm)
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