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[(C6H6)Ru(1,2,4-triazole)3](CF3SO3)2 has been prepared and studied by IR, electronic and
1HNMR spectroscopy and X-ray crystallography. The complex was prepared by reaction of
[(C6H6)RuCl2]2 with 1,2,4-triazole in the presence of AgCF3SO3 in methanol. The electronic
spectrum of the compound has been calculated using the TDDFT method.

Keywords: Ruthenium; Arene; 1,2,4-Triazole; X-ray structure; Bond valence; DFT; TDFFT;
CASPT2

1. Introduction

�6-Arene ruthenium complexes play a vital role in organometallic chemistry [1a–e]. The
arene ruthenium halide compounds, obtained by Winkhaus and Singer [2], are key
starting materials for the formation of a wide range of neutral and cationic ligand
derivatives [1d, 3a–d]. Half-sandwich arene ruthenium complexes may serve as excellent
catalyst precursors for hydrogenation [3c, 4a–e] and for ring-opening metathesis
polymerization [4f]. Recent studies of arene ruthenium complexes have shown that they
are found to inhibit cancer cell growth [5a–d]. 1,2,4-Triazole is of considerable interest as
a ligand because of its presence in many biological systems (fungicides, herbicides,
pharmaceutics) [6a–c]. Activity is enhanced if triazole exists as a metallic complex [7a–c].

In the last decade, density functional theory (DFT) has become a very popular
computational method for the calculation of a number of molecular properties [8a–e].
Because of its greater computational efficiency, DFT has been applied extensively to

*Corresponding author. Email: gmalecki@us.edu.pl

Journal of Coordination Chemistry

ISSN 0095-8972 print/ISSN 1029-0389 online � 2007 Taylor & Francis

DOI: 10.1080/00958970600914796

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
4
8
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



inorganic and organometallic complexes [9a–e]. The time-dependent generalization of
DFT (TDDFT) offered a rigorous route to calculate the dynamic response of charge

density [10a–c]. The reliability of the TDDFT approach in obtaining accurate

predictions of excitation energies and oscillator strengths is well documented. The
method has been successfully used to calculate the electronic spectra of transition metal

complexes with a variety of ligands [11a–f]. It was found that the TDDFT method gives

fairly accurate results for valence excited states but incorrectly describes long-range
excited states of CT character. This failure was ascribed to the self-interaction error in

DFT or alternatively to incorrect asymptotic behaviour of the approximate density

functional [12]. The influence of the contribution of the HF exchange in hybrid
functionality on the calculated energies of CT states was studied for ruthenium

complexes [12d]. In this article, we present the synthesis, crystal structure, spectroscopic
properties and the electronic structure of the first benzene ruthenium(II) complex with

1,2,4-triazole ligands.

2. Experimental

The starting material [(C6H6)RuCl2]2 was synthesized according to a literature

procedure [13]. All other reagents were commercially available and used without
further purification.

2.1. [(C6H6)Ru(triazol)3](CF3SO3)2

A suspension of [(C6H6)RuCl2]2 (0.25 g, 5� 10�4mol) and AgCF3SO3 (1.0 g) in
methanol (80 cm3) was stirred in the dark for 2 h. Precipitated AgCl was filtered off and

to the yellow solution 1,2,4-triazole (0.5 g) in 20 cm3 of methanol was added.

The mixture was stirred for 3 h. Crystals suitable for X-ray analysis were obtained by
slow evaporation of the solution. Yield: 41%. IR (KBr): 3126 �NH; 3002, 2906, 2832

�CH; 1530 �CN; 1422 �C¼C; 1294 �(triazole); 1039 �(N–N, N–C in the plane); 834 �(C–C benzene);
633 �(N–N, N–C out of plane).

1HNMR (�, acetone-d6): 14.2 (s, 1H), 8.98 (s, 2H), 6.28

(s, 6H). Electronic spectrum (nm, CH2Cl2) (log "): 546.6 (1.23), 365.2 (1.74), 280 (sh),

260 (sh), 230 (sh), 212.2 (2.98). Anal. Calcd for C14H15F6N9O6RuS2 (%): C, 24.57;
H, 2.21; N, 18.42; O, 14.02. Found: C, 24.59; H, 2.20; N, 18.39; O, 13.97.

2.2. Physical measurements

IR spectra (KBr pellets) were recorded on a Nicolet Magna 560 spectrophotometer in
the range 4000–400 cm�1. Electronic spectra were measured on a Lab Alliance UV-VIS

8500 spectrophotometer in the range 800–280 nm in deoxygenated dichloromethane

solution. Elemental analyses (C, H, N) were performed on a Perkin-Elmer CHN-2400
analyser. The 1HNMR spectrum was obtained at room temperature in acetone-d6 using

an INOVA 300 spectrometer.
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2.3. Computational details

The Gaussian-03 program [14] was used in the calculations. Geometry optimization was
carried out with the DFT method with the use of B3LYP functions [15, 16]. Electronic
transitions were calculated with the PCM model [17] with methanol solution as solvent.
The calculation was performed using the DZVP basis set [18] with f functions with
exponents 1.94722036 and 0.748930908 on the ruthenium atom, and polarization
functions for all other atoms: 6-31g(2d,p) chlorine, 6-31g** carbon, nitrogen, 6-31g(d,p)
hydrogen.

CASPT2 [19] calculations were performed with the use of the MOLCAS-5 program
[20]. The LANL2DZ with ECP for ruthenium was used. The ANO-L basis [21]
(14s9p4d/3s2p1d) was used for carbon and nitrogen and ANO-L (8s/2s) for hydrogen.

2.4. Crystal structure determination

A yellow plate of [(C6H6)Ru(1,2,4-C2H3N3)3](CF3SO3)2 was mounted on a KM-4-CCD
automatic diffractometer equipped with a CCD detector, and used for data collection.
X-ray intensity data were collected with graphite-monochromated Mo-Ka radiation
(�¼ 0.71073 Å) at 293.0(2)K, with the ! scan mode. A 55 second exposure time was
used and all Ewald sphere reflections were collected up to 2�¼ 50.20�. Unit cell
parameters were determined from least-squares refinement of the setting angles of the
2218 strongest reflections. Details concerning crystal data and refinement are given in
table 1. Examination of two reference frames monitored after each 20 frames measured

Table 1. Crystal data and structure refinement details for
[(C6H6)Ru(C2H3N3)3](CF3SO3)2.

Empirical formula C14H15F6N9O6RuS2
Formula weight 684.54
Temperature (K) 293(2)
Crystal system Monoclinic
Space group Cm
Unit cell dimensions (Å, �)

a 8.6409(12)
b 19.271(2)
c 7.0020(9)
� 96.337(11)

Volume (Å3) 1158.8(3)
Z 2
Calculated density (Mgm�3) 1.962
Absorption coefficient (mm–1) 0.959
F(000) 680
Crystal dimensions (mm3) 0.537� 0.102� 0.016
� range for data collection (�) 2.93–25.10
Index ranges �10� h� 8, �22� k� 22, �8� l� 8
Reflections collected 6066
Independent reflections 1920 [R(int)¼ 0.1222]
Data/restraints/parameters 1920/2/186
Goodness-of-fit on F2 0.983
Final R indices [I42�(I)] R1¼ 0.0550, wR2¼ 0.1073
R indices (all data) R1¼ 0.0636, wR2¼ 0.1110
Largest diff. peak and hole (e Å–3) 0.935 and �0.499

Half-sandwich Ru complex 743
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showed 9.73% loss of the intensity. During the data reduction, the above decay

correction coefficient was taken into account. Lorentz, polarization, and numerical

absorption [22] corrections were applied. The structure was solved by direct methods.

All non-hydrogen atoms were refined anisotropically using full-matrix, least-squares
techniques on F2. All hydrogen atoms were found from difference Fourier syntheses

after four cycles of anisotropic refinement, and refined as riding on the adjacent atom

with an individual isotropic temperature factor equal to 1.2 times the value of

equivalent temperature factor of the parent atom. SHELXS97 [23], SHELXL97 [24]

and SHELXTL [25] programs were used for all calculations. Atomic scattering factors

were those incorporated in the computer programs.

3. Results and discussion

3.1. Crystal structure

The half-sandwich [(C6H6)Ru(1,2,4-C2H3N3)3](CF3SO3)2 complex was obtained by the

reaction of [(C6H6)RuCl2]2 with 1,2,4-triazole in presence of Ag CF3SO3 in methanol.

The elemental analysis of the complex is in good agreement with the formulation.

Characteristic bands of the triazole ligands �(CN) at 1530 cm–1 and �(C¼C) at

1422 cm�1 are present in the IR spectrum of the complex. In the 1HNMR spectrum
of the complex the protons of the C6H6 ligand appears as a singlet at 6.28 ppm.

The 1,2,4-triazole protons resonate at 14.2 ppm (NH) and 8.98 (CH).
[(C6H6)Ru(1,2,4-C2H3N3)3](CF3SO3)2 crystallises in the monoclinic space group Cm.

The Ru(1) atom, two atoms of the benzene ring (C(5) and C(8)) and the triazole ring

indicated by the N(1) atom lie on a mirror (special positions a of space group Cm at

x, 0, y [26]) and all other atoms lie in general positions. The molecular structure of the

compound (two asymmetric units) is shown in figure 1. Selected bond lengths and

angles are listed in table 2.
The ruthenium atom is in a formally six-coordinate environment, and the structure of

the cation [(C6H6)Ru(1,2,4-C2H3N3)3]
þ adopts a distorted piano-stool geometry with

angles around ruthenium of 87.6(3)� (N(1)–Ru–N(4)), 86.6(4)� (N(4)–Ru–N(4A)),

87.2(4)� (N(4A)–Ru(1)–C(6)). The ruthenium atom is �-bonded to the benzene ring

with an average Ru–C distance of 2.159(14) Å (range 2.145(14)–2.170(2) Å). The

distance between the ruthenium atom and the centroid of the benzene ring is 1.674 Å

and is consistent with those reported for the other Ru(II) �6-arene complexes [3d,

27, 28]. The ruthenium atom is also coordinated to nitrogen atoms of 1,2,4-triazole

ligands with distances 2.109(12) and 2.117(8) Å.
Bond valences were computed as �ij¼ exp[(Rij� dij)/b] [29–31], where Rij is the bond-

valence parameter (in the formal sense the Rij parameter value can be considered as an
idealised single-bond length between i and j atoms). RRu–N and RRu–� were taken as

being 1.656, 1.731 [32], respectively, and b was taken as 0.37 [29]. Computed bond

valences of ruthenium are �Ru–N¼ 0.294, 0.288 and �Ru–�¼ 0.944 v.u. (valence units)

which means that Ru–� bond is almost four times stronger than other bonds. The

valence sum rule states that the sum of the valences of the bonds formed by an atom is

equal to the valence of the atom, and only the difference larger than 0.23–0.30 can be a
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reasonable guide to those structural studies that should be examined in more detail
because of possible errors [33]. The computed total valence of the Ru atom is 1.813 v.u.

Nine intermolecular hydrogen bonds [34–36] linking the trifluoromethanesulphonate
anion and the cation and two between triazole N–H and N(N(3)–
H(3N) � � �N(5)(#2xþ 1, y, z), N(3)–H(3N) � � �N(5)(#3xþ 1,�y, z) are observed
(table 3). In this way a three-dimensional, infinite hydrogen bonded net is created.
No significant intermolecular interactions were identified.

Figure 1. ORTEP drawing of [(C6H6)Ru(C2H3N3)3](CF3SO3)2 with 50% probability displacement
ellipsoids, showing the atom labelling scheme.

Table 2. Selected bond lengths (Å) and angles (�) for [(C6H6)Ru(C2H3N3)3](CF3SO3)2.

Experimental Optimised Experimental Optimised

Ru(1)–N(1) 2.109(12) 2.16 N(1)–Ru(1)–N(4) 87.6(3) 89.90
Ru(1)–N(4) 2.117(8) 2.20 N(1)–Ru(1)–C(7) 104.3(6) 104.56
Ru(1)–C(6) 2.157(9) 2.26 N(4)–Ru(1)–C(7) 164.8(4) 163.46
Ru(1)–C(7) 2.145(14) 2.26 N(1)–Ru(1)–C(6) 136.7(4) 137.23
Ru(1)–C(5) 2.164(14) 2.29 N(4)–Ru(1)–C(6) 134.9(4) 131.93
Ru(1)–C(8) 2.170(2) 2.29 N(1)–Ru(1)–N(4A) 87.6(3) 84.05
S(1)–O(3) 1.398(7) N(4A)–Ru(1)–C(7) 103.1(6) 103.64
S(1)–O(1) 1.418(9) N(4A)–Ru(1)–C(6) 87.2(4) 86.75
S(1)–O(2) 1.421(7) C(6)–Ru(1)–C(6A) 66.8(6) 65.56
S(1)–C(9) 1.829(15) N(4)–Ru(1)–N(4A) 86.6(4) 84.05
C(9)–F(1) 1.247(14) N(4)–Ru(1)–C(6A) 87.2(4) 86.75
C(9)–F(3) 1.262(16) N(1)–Ru(1)–C(7A) 104.3(6) 103.64
C(9)–F(2) 1.314(15) C(6)–Ru(1)–C(8) 66.8(6) 65.70

C(7A)–Ru(1)–C(6) 77.7(5) 76.96
N(1)–Ru(1)–C(5) 167.8(4) 168.11

Half-sandwich Ru complex 745
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3.2. Geometry and electronic structure

Optimised geometrical parameters for the complex are given in table 2. Optimized bond

distances and angles agree with experimental values. The largest differences were found

for the ruthenium–benzene carbon distances. The calculated Ru–benzene distance is

1.7508 Å. The formal charge of ruthenium is þ2 in the complex. The calculated charge

on the ruthenium atom, obtained from natural population analysis is 0.483. The

population of the dxy, dxz, dyz, dx2 � dy2 and dz2 orbitals of the central atom is 1.714,

H
H-1
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H-5
H-6
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H-8
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H-11−15.5
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Figure 2. Molecular orbital diagram showing (a) HOMO and (b) LUMO orbitals of [(C6H6)Ru(C2H3N3)3]
(CF3SO3)2.

Table 3. Hydrogen bonds in [(C6H6)Ru(C2H3N3)3](CF3SO3)2 (Å and �).

D–H � � �A d(D–H) d(H � � �A) d(D � � �A) ff(DHA)

N(3)–H(3N) � � �N(5)#2 0.99 2.37 3.164(12) 137.0
N(3)–H(3N) � � �N(5)#3 0.99 2.37 3.164(12) 137.0
N(6)–H(6N) � � �O(1)#4 1.07 2.52 3.036(12) 108.6
N(6)–H(6N) � � �O(3)#5 1.07 1.96 2.920(12) 148.2
C(1)–H(1) � � �O(2)#4 0.93 2.54 3.164(13) 124.9
C(1)–H(1) � � �O(2)#6 0.93 2.54 3.164(13) 124.9
C(2)–H(2) � � �O(2)#7 0.93 2.59 3.254(15) 128.8
C(2)–H(2) � � �O(2)#8 0.93 2.59 3.254(15) 128.8
C(3)–H(3) � � �O(3)#9 0.93 2.38 3.296(12) 166.7
C(6)–H(6) � � �F(2)#1 0.93 2.55 3.286(13) 136.6
C(7)–H(7) � � �O(1)#7 0.93 2.52 3.37(2) 153.0

Symmetry transformations used to generate equivalent atoms, 1: x, �y, z; #2: xþ 1, y, z; #3: xþ 1, �y, z;
#4: xþ 1/2, �yþ 1/2, zþ 1; #5: x, y, zþ 1; #6: xþ 1/2, y� 1/2, zþ 1; #7: xþ 1/2, y� 1/2, z; #8: xþ 1/2,
�yþ 1/2, z; #9: x� 1/2, �yþ 1/2, zþ 1.
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0.864, 1.776, 1.646 and 1.768, respectively. This is a result of charge donation from the
benzene ring and triazole ligands. The charge on the benzene ring, obtained from NBO
analysis, is close to 0.6026. Charges on 1,2,4-triazole nitrogen donor atoms are negative
and amount to �0.307 (N1), �0.549 (N4) and �0.556 (N4A). N1 is less negative,
which indicates higher electron density delocalisation towards the ruthenium atom.
The HOMO-LUMO gap is 4.65 eV.

The HOMO (62% dRu), HOMO-1 (63% dRu), HOMO-2 (87% dRu) and LUMO
(46% dRu), LUMOþ1 (45% dRu) molecular orbitals are d ruthenium type orbitals with
admixture of triazole p orbitals. In figure 2(a) molecular orbital diagram of the complex
is presented with several contoured molecular orbitals (HOMO – figure 2a, LUMO –
figure 2b). Bonding between benzene and ruthenium involves HOMO-10 and
HOMO-11; antibonding is associated with LUMOþ1 and LUMOþ3. In back-
donation (metal to ligand), the occupied ruthenium d orbitals and empty p�4, p

�
5 benzene

orbitals participate (HOMO-1, HOMO and LUMOþ5, LUMOþ6). Remaining
molecular orbitals are composed from AOs of triazole and benzene ligands. HOMO-
6, HOMO-8 and HOMO-9 MOs are mainly composed of orbitals of lone pairs localized
on uncoordinated nitrogen atoms.

3.3. Electronic spectrum

The experimental spectrum of the complex shows bands at 547, 365 and 212 nm with
shoulders at about 280, 260 and 230 nm. Electronic transitions of [(C6H6)Ru(1,2,4-
C2H3N3)3]

2þ were calculated with the TDDFT method using the DZVP basis set on the
ruthenium atom. The PCM model with methanol as solvent was used in the
calculations. Figure 3 shows experimental (solid line) and calculated (dotted line)
spectra. Each calculated transition was represented by a gaussian function with equal
oscillator strength and width equal to 0.05. Assignment of the calculated transitions to
the experimental bands is based on the energy and oscillator strength of the calculated
transitions. In the description of the electronic transitions the main components of the
molecular orbital are used. TDDFT-calculated transitions are gathered in table 4.

There is a very low intensity band at 546.6 nm ("¼ 16) in the experimental spectrum.
In calculated spin-allowed singlet transitions with the TDDFT method there was no
transition above 500 nm. Hence, we performed calculations for triplet transitions, and
in this region excitations were obtained between 546 and 519 nm. These are of d! d
(LF) character, and we ascribe them to the band at 546 nm. The experimental band
at 365 nm is assigned to calculated singlet transitions between 426 and 363 nm of d! d
type. They originate from excitations among HOMO, HOMO-1, HOMO-2 and
LUMO, LUMOþ1 molecular orbitals. The shoulder at 280 nm is assigned to the
calculated transition at 244 nm of d! p�ðbenzeneÞ (MLCT) character; the shoulders at 260
and 230 nm are assigned to MLCT transitions (d!p�ðtriazoleÞ). The highest energy band
at 212 nm is of LMCT and MLCT types involving n(Ntriazole)

! d and d! p�ðtriazoleÞ
transitions.

To verify the TDDFT assignments we performed calculations of electronic
transitions with the CASPT2 method. The validity of the assignment of the lowest
energy band to the triplet transitions was of special interest. In CASSCF/CASPT2
calculations, the active space of 14 orbitals and 14 electrons was used. Cs symmetry was
used in the calculations. The active space consists of the occupied 3dx2�y2 and 3dxy

Half-sandwich Ru complex 747
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orbitals and two correlating p* orbitals of benzene forming two native bonds (metal to
ligand donation), the unoccupied 3dxz and 3dyz orbitals and two correlating benzene p*
orbitals (ligand to metal back-donation), the unoccupied 3dz2 orbital and a correlating

4dz2 orbital, together with two p and two p* orbitals of triazole ligands. Such active

space leads to about 1.4 million configurations in the singlet state and 2.5 million in the

triplet state. In CASPT2 the level shift parameter 0.3 was used. In the ground state and
all excited states the weight of the reference function was similar, about 0.53. In each

symmetry 11 singlet electronic transitions were calculated. Several triplet states of both

symmetries were also calculated.
In table 5 the CASPT2 calculated singlet transitions with the largest oscillator

strength and the triplet transitions are gathered. The calculated CASPT2 transitions
correspond to the low energy part of the spectrum. There are no singlet transitions

found above 500 nm in the CASPT2 electronic spectrum. The four transitions at 412,

408, 388 and 333 nm of d!d character can be assigned to the wide band in the

experimental spectrum with a maximum at 365 nm. The weak band at 546 nm is

ascribed to the triplet transitions found in CASPT2 between 565 and 503 nm. These
transitions are also of d!d type. There are calculated singlet transitions at 282 and

279 nm of d! p�ðbenzeneÞ character. These transitions can be ascribed to the shoulder at

280 nm in the experimental spectrum. The transition of similar character is found in the

200.00 400.00 600.00
nm

0.00

0.10

0.20

0.30

Figure 3. Electronic spectrum of [(C6H6)Ru(C2H3N3)3](CF3SO3)2.
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TDDFT calculated spectrum at somewhat shorter wavelength (244 nm). The CASPT2
and TDDFT calculated transitions 4240 nm agree very well with each other. Both
methods lead to the conclusion that the lowest energy experimental band at 546 nm
originates from triplet d! d transitions.

Table 4. Calculated electronic transitions for [(C6H6)Ru(C2H3N3)3]
þ with the TDDFT method.

The most important
orbital excitations Symmetry � (nm) E (eV) F

Experimental
�(nm) [E(eV)]

log " Character

Singlet transitions

H-1!L H!Lþ 1 A00 426.08 2.909 0.0046 365.2 (3.39)
1.74

d! d
H-2!L A0 409.99 3.024 0.0048 d! d
H-2!L H-1!Lþ 1 A0 363.40 3.412 0.0055 d! d
H-1!Lþ 2 A0 244.67 5.067 0.0355 280 (sh) d! p*(benzene)
H-1!Lþ 4 A0 232.91 5.323 0.0141 260 (sh) d! p*(triazole)
H-1!Lþ 4 A0 222.98 5.560 0.0779 d! p*(triazole)
H-1!Lþ 5 A0 222.05 5.584 0.0386 230 (sh) d! p*(triazole)
H-1!Lþ 5 H!Lþ 6 A00 215.69 5.748 0.0194 d! p*(triazole)
H!Lþ 7 A0 211.10 5.873 0.0376 212.2 (5.84)

2.98
d! p*(triazole)

H-8!L A0 204.14 6.074 0.0135 n(Ntriazole)! d
H-8!Lþ 1 H!Lþ 8 A0 200.20 6.193 0.0245 n(Ntriazole)! d

d! p*(triazole)
H-2!Lþ 5 A0 199.93 6.201 0.0373 d! p*(triazole)

Triplet transitions

A00 545.90 2.271 546.6 (2.27)
1.23

d! d
A0 544.75 2.276 d! d
A0 529.03 2.344 d! d
A0 519.26 2.388 d! d
A0 470.57 2.635 d! d
A0 440.67 2.814 d! d

Table 5. Calculated electronic transitions for [(C6H6)Ru(C2H3N3)3]
þ with the CASPT2 method.

Symmetry (eV) (nm) f Character

Singlet transitions
A0 3.01 412.00 0.0035 d! d
A00 3.04 408.17 0.0053 d! d
A0 3.19 388.83 0.0032 d! d
A0 3.71 333.98 0.0014 d! d
A00 4.40 282.00 0.0058 d! p�ðbenzeneÞ
A0 4.43 279.73 0.0036 d! p�ðbenzeneÞ
Triplet transitions

A00 2.19 565.96 d! d
A0 2.33 532.14 d! d
A00 2.44 508.06 d! d
A0 2.46 503.06 d! d
A0 2.72 456.36 d! d
A00 2.96 418.53 d! d

Half-sandwich Ru complex 749
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Supplementary material

Crystallographic data have been deposited with the Cambridge Crystallographic Data
Centre with deposition number CCDC 271563.
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