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J. G. MALECKI*T and R. KRUSZYNSKI}

tDepartment of Inorganic and Coordination Chemistry, Institute of Chemistry, University
of Silesia, 9th Szkolna St., 40-006 Katowice, Poland
iX-Ray Crystallography Laboratory, Institute of General and Ecological Chemistry,
Technical University of £0dz, 116 Zeromski St., 90-924 L6dZ, Poland

(Received 17 November 2005; in final form 12 January 2007)

The reaction of [RuHCI(CO)(PPhs);] with pyrazine has been examined and a ruthenium(II)
complex — [RuHCI(CO)(PPhj3),(C4H4N»)] — has been obtained. The compound has been studied
by IR, UV-Vis spectroscopy, and X-ray crystallography. The molecular orbital diagram of the
complex has been calculated with density functional theory (DFT). The spin-allowed singlet—
singlet electronic transitions of the complex have been calculated with the time-dependent DFT
method, and the UV-Vis spectrum of the compound has been discussed on this basis.

Keywords: Ruthenium hydrido carbonyl complexes; Pyrazine; X-ray structure; UV-Vis
spectra; DFT calculations

1. Introduction

Metal complexes with pyrazine ligand are an interesting topic because pyrazine is a
potential binding ligand. These types of complexes might be used as building blocks
for the constructions of polynuclear architectures [1-5]. Due to the character of the
pyrazine ring, containing a highly delocalized electron system with two reactive sites,
the ruthenium complexes containing pyrazine have been thoroughly studied. Their
electrochemical and photochemical properties [6—10], and catalytic efficiency [11, 12]
were examined.

Here, we present the synthesis, crystal, molecular and electronic structure of the
[RuHCI(CO)(PPh3),(C4H4N»)].

The molecular orbital diagram of the examined complex has been calculated with the
density functional theory (DFT), and additional information about binding has been
obtained by NBO analysis. Density functional theory is commonly used to examine the
electronic structure of transition metal complexes. It is accurate, easy to use and fast
enough to allow the study of relatively large transition metal complexes [13]. The spin-
allowed singlet—singlet electronic transitions of [RuHCI(CO)(PPh;),(C4H4N,)] have
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been calculated with time-dependent DFT (TDDFT method), and a good agreement
with the experimental spectrum has been observed.

2. Experimental

2.1. Physical measurements

Infrared spectra were recorded on a Nicolet Magna 560 spectrophotometer in the
spectral range 4000-400 cm ™! using KBr pellets. Electronic spectra were measured on a
Lab Alliance UV-Vis 8500 spectrophotometer in the range of 800-200nm in
dichloromethane. Elemental analyses (C, H, N) were performed on a Perkin-Elemer
CHN-2400 analyzer. The '"H NMR spectrum was obtained at room temperature in
CDCl; using an INOVA 300 spectrometer.

All reagents used for the synthesis of the complex are commercially available and
were used without further purification. The [RuHCI(CO)(PPhs);] complex was
synthesized using a literature method [14].

2.2. Synthesis of [RuHCI(CO)(PPh;)»(C,H,N,)]

A suspension of [RuHCI(CO)(PPhs);] (0.95g; 1x 10°mol) and pyrazine (0.16g;
2 x 10 mol) in methanol (100cm °) was refluxed until the solid dissolved, then was
cooled and filtered. Orange crystals suitable for X-ray crystal analysis were obtained by
slow evaporation of the reaction mixture. Yield 81%. Anal. Caled for
C41H35CIN,OP,Ru: C 63.94%; H 4.58%; Cl 4.60%; N 3.64%; P 8.4%; Ru 13.12%.
Found: C 64.01%; H 4.53%; N 3.66%.

IR (KBI‘) 3052 VCH-pyrazines 3021 VCH-phenyls 2005 VRu-H» 1932 Vco, 1586 VCN,
1480 Sc_cH in the plane); 1433 vpne-phy; 1093 S cH in the planey; 997 8(c-C out of the plane):
747 8(C—C out of the plane)s 696 S(C—C in the plane)s 608 Vp_ph- IH NMR (87 CDC13) —13.55
(t, Ru-H); 7.24-7.82 (m, PPhs); 8.29 (d, pyrazine); 8.73 (d, pyrazine). >'P NMR
(8, CDCls): 45.64 (s, PPh3). UV—Vis [nm] in CH,Cl, (loge): 418.4 (3.11); 381.1 sh (3.19);
260.0 (3.81); 223.2 (4.31); 216.4 (4.10).

2.3. DFT calculations

Gaussian-03 [15] was used for the calculations. The geometry optimisation was carried
out using the DFT method with the B3LYP functional [16, 17]. Electronic transitions
were calculated with the PCM model [18] in dichloromethane solution. The calculation
was performed using the DZVP basis set [19] with f functions with exponents
1.94722036 and 0.748930908 on ruthenium, and polarization functions for all other
atoms: 6-31g(2d,p) — chlorine, 6-31 g** — carbon, nitrogen, oxygen, and 6-31 g(d.p) —
hydrogen. Natural bond orbital (NBO) calculations were performed using the NBO
code [20] included in Gaussian 03.

2.4. Crystal structure determination and refinement

A yellow needle of [RuHCI(CO)(PPh;3),(C4H4N,)] was mounted on a KM-4-CCD
automatic diffractometer equipped with CCD detector, used for data collection.
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X-ray intensity data were collected with graphite monochromated Mo-Ko radiation
(A=0.71073 A) at 291.0(3) K, with @ scan mode. The full Ewald sphere reflections were
collected up to 260 =50.1°. Unit cell parameters were determined based on least-squares
refinement of the setting angles of 7268 strongest reflections. Details concerning crystal
data and refinement are given in table 1. During the data reduction above, a decay
correction coefficient was taken into account. Lorentz, polarization, and numerical
absorption [21] corrections were applied. The structure was solved by direct methods.
All the non-hydrogen atoms were refined anisotropically using full-matrix, least-squares
techniques on F°. The carbon bonded hydrogen atoms were found from difference
Fourier synthesis after four cycles of anisotropic refinement, and refined as “‘riding”” on
the adjacent atom with individual isotropic temperature factor 1.2 times the value of the
equivalent temperature factor of the parent atom. The H(1R) atom was placed in
calculated position (Re-H distance 1.6 A) according to similar structures [22].
SHELXS97 [23], SHELXL97 [24] and SHELXTL [25] programs were used for all
calculations. Atomic scattering factors had values incorporated in the computer
programs.

3. Results and discussion

Reaction between [RuHCI(CO)(PPh;);] and pyrazine in methanolic solution yields the
mononuclear ruthenium(Il) compound [RuHCI(CO)(pz)(PPhs),] (pz=pyrazine) as a
yellow, air-stable, crystalline solid. Infrared spectrum of the complex exhibits

Table 1. Crystal data and structure refinement details of
[RuHCI(CO)(pyrazine)(PPhj3),] - 0.5CH;0H.

Empirical formula Cg3H74CILN4,O3P4Ru,
Formula weight 1572.38

Temperature (K) 291.0(3)

Crystal system Monoclinic

Space group P2y/c

Unit cell dimensions (A, °)
a
b

c

B ,
Volume (A%)
z

20.8661(15)
14.7041(11)
25.154(2)
102.554(7)
7533.2(10)
4

Calculated density (Mgm ™) 1.386

Absorption coefficient (mm™") 0.608

F(000) 3224

Crystal dimensions (mm®) 0.498 x 0.221 x 0.220

6 range for data collection (°) 2.83-25.13

Index ranges —24<h<24, -17<k<17,
—26</1<30

Reflections collected 78342

Independent reflections 13412 [R(iny) = 0.0907]

Data/restraints/parameters 13412/0/885

Goodness-of-fit on F> 1.084

Final R indices [/>20(])]
R indices (all data)

Largest diff. peak and hole (e /3(3)

R, =0.0680, wR,=10.1707
R;=0.0923, wR,=0.1894
1.002 and —1.413
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characteristic bands due to coordinated ligands — pyrazine, CO, PPh; and hydride
group. The strong band at 1932cm™" is assigned to the vco of carbonyl bonded to
ruthenium, and the band at 2005cm™' corresponds to vry . The veo and Vry p
stretching bands in the parent [RuHCI(CO)(PPhs)s] complex are at 2020 and 1903 cm ™'
respectively. The band at 1586.cm ™ is attributed to the CN stretch of pyrazine present
in the complex. The positions of the vco and vg, g bands in the IR spectrum of the
complex indicate a decrease in the metal — carbonyl carbon interaction and an increase
in the Ru—H bond order.

The '"H NMR contains a triplet at —13.55ppm, resulting from hydrido ligand.
The pyrazine and triphenylphosphine ligands give signals at 8.29, 8.73 and
7.24-7.82ppm respectively. The singlet at 45.64ppm in the *'P NMR spectrum
indicated both the triphenylphosphoine ligands in the studied complex are equivalent
and mutually trans.

3.1. Crystal structure

The [RuHCI(CO)(pz)(PPhs),] complex crystallizes in the monoclinic space group P2/c.
The relative orientation of molecules is depicted in figure 1, which also shows
displacement ellipsoids (structure of the complex is presented in figure 2). The selected
bond lengths and angles are listed in table 2. The two crystallographically independent
molecules are structurally nearly identical (I and II hereafter for molecules containing
Ru(1) and Ru(51) respectively). The most different distances are Ru(1)-P(1) 2.366(13) A
and Ru(51)-P(51) 2.353(13) A. The most different angles are P(2)-Ru(1)-Cl(1)
93.57(4)° and P(52)-Ru(51)-CI(51) 97.20(4)°, C(41)-Ru(1)-CI(1) 97.72(16)° and

C(88)

cign

(&
-
Ci71 cor

Figure 1. Relative orientation of two molecules of [RuHCI(CO)(pyrazine)(PPhj),] in the asymmetric unit.
The displacement ellipsoids are drawn with 50% probability. The solvent molecule was omitted for clarity.
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C(O1)-Ru(51)-CI(51) 94.98(16)°, P(1)-Ru(1)-P(2) 172.96(4)° and P(51)-Ru(51)-P(52)
170.49(4)°. The ruthenium atom is in a distorted octahedral environment with CO trans
to pyrazine ligand, two mutually trans PPhs ligands and the CI and hydrido ligands
trans. The Ru—Cl bond distances (2.518(12)72.503(12)A) are longer than the ones
reported in the literature for Ru" complexes due to the rrans effect of hydride [26]. The
pyrazine and triphenylphosphine ligands display normal distances. The solvent
molecule shows of disorder. A careful inspection of difference electron density maps
did not show any local minima/maxima, thus one may suppose that the disorder
has dynamical character. One intermolecular interaction which can be classified as
0(99)-H(99) - - - N(52) hydrogen bond (D---A distance 2.899(5)A, H.--A distance
221A,and D-H---A angle 141°) is found in the structure.

Ru CcO

e yd

Ph,P

Cl
Figure 2. Structural drawing of [RuHCI(CO)(pyrazine)(PPhs),].

Table 2. Selected bond lengths (A) and angles (°) for [RuHCI(CO)(pyrazine)(PPhj;),].

Experimental Calculated
Ru(1)-C(41) 1.830(5) Ru(51)-C(91) 1.836(5) 1.855
Ru(1)-N(1) 2.193(4) Ru(51)-N(51) 2.201(4) 2.266
Ru(1)-P(1) 2.366(13) Ru(51)-P(51) 2.353(13) 2.431
Ru(1)-P(2) 2.378(13) Ru(51)-P(52) 2.365(13) 2.434
Ru(1)-CI(1) 2.518(12) Ru(51)-CI(51) 2.503(12) 2.576
Ru(1)-H(IR) 1.600 Ru(51)-H(51R) 1.600 1.609
C(41)-Ru(1)-N(1) 173.39(19) C(O1)-Ru(51)-N(51) 174.67(17) 170.88
C(41)-Ru(1)-P(1) 90.63(15) CO1)-Ru(51)-P(51) 90.25(15) 88.69
N(1)-Ru(1)-P(1) 90.53(10) N(51)-Ru(51)-P(51) 92.73(10) 91.52
C(41)-Ru(1)-P(2) 87.46(15) CO1)-Ru(51)-P(52) 87.12(15) 88.56
N(1)-Ru(1)-P(2) 90.60(10) N(51)-Ru(51)-P(52) 89.24(10) 90.80
P(1)-Ru(1)-P(2) 172.96(4) P(51)-Ru(51)-P(52) 170.49(4) 176.29
C(41)-Ru(1)-CI(1) 97.72(16) C(91)-Ru(51)-CI(51) 94.98(16) 100.80
N(1)-Ru(1)-CI(1) 88.71(10) N(51)-Ru(51)-CI(51) 89.32(10) 88.31
P(1)-Ru(1)-CI(1) 93.40(4) P(51)-Ru(51)-CI(51) 92.12(4) 90.86
P(2)-Ru(1)-CI(1) 93.57(4) P(52)-Ru(51)-CI(51) 97.20(4) 92.10
C(41)-Ru(1)-H(IR) 82.3 CO1)-Ru(51)-H(51R) 82.8 89.67
P(1)-Ru(1)-H(1R) 86.6 P(52)-Ru(51)-H(51R) 85.0 86.19
P(2)-Ru(1)-H(1R) 86.4 P(51)-Ru(51)-H(51R) 87.9 87.66
N(1)-Ru(1)-H(1R) 91.3 N(51)-Ru(51)-H(51R) 90.7 84.70

CI(1)-Ru(1)-H(IR)  180.0 CI(51)-Ru(51)-H(51R)  180.0 173.00
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3.2. Optimized geometries

The geometry of the studied complex was optimized in singlet states using the DFT
method with the B3LYP functional. The optimized geometric parameters of the singlet
state of the complex are gathered in table 2. In general, the predicted bond lengths and
angles are in good agreement with the values based on the X-ray crystal structure data,
and the general trends observed in the experimental data are well reproduced in the
calculations. The largest differences are observed in the Ru-N and ruthenium—
phosphine distances: 0.0715 and 0.069 A, respectively. Maximum deviation between
the calculated angles and the average observed ones is close to 7.12° (carbonyl-
ruthenium—hydride).

3.3. Electronic structure and NBO analysis

The bonding of CO to the ruthenium center involves a synergic interaction between the
carbonyl ligand orbitals and the metal orbitals. The Ru—CO bond consists of two
components (i) a donation of electron density from a o-type orbital of CO onto the
metal orbital and (ii) a donation of electron density from the occupied metal d-orbitals
onto the 7* anti-bonding orbitals of the CO ligand. In the studied complex, the
occupied dy, and d,.. ruthenium orbitals participate in the back donation from
ruthenium to carbonyl. The largest contribution of the mr, co bonding interaction is
visible in the HOMO, H-1 and H-5 orbitals. The n*r,_co orbitals are also distributed
among several unoccupied molecular orbitals. Their contribution is visible in L + 14,
L+15 and L+17 orbitals. The HOMO orbital of [RuHCI(CO)(pz)(PPhs),] is
composed of the d,. metal orbital and chlorine 7 orbital in anti-bonding arrangement.
The LUMO is localized on the pyrazine ring. The d.. orbital of Ru atom makes the
largest contribution into L 42 and, L +14 and L+ 17 have d,. ,. character. Figure 3
presents the molecular orbitals of the studied complex, in which the interaction between
ruthenium ion and carbonyl, phosphorus or hydride ligands is visible.

In some of the lowest unoccupied molecular orbitals of [RuHCI(CO)(pz)(PPhjs),], the
contribution of the phosphorus orbitals is visible (see figure 3). In classical concepts
empty phosphorous 3d orbitals are used in -back bonding between metal center and
phosphine ligand. It is generally recognized that the d orbitals have very high energy
and play only a minor role in the my_pr3 bond formation [27]. In the 7-back bonding
between metal center and phosphine ligand, the o*(P—C) orbitals are involved. The
HOMO-LUMO gap is 3.59¢V.

The energy and character of selected frontier molecular orbitals are given in table 4.
The ruthenium-hydride ligand interaction is visible in the H-4, H-7 and L + 14, L+ 17
molecular orbitals.

The natural bond orbital (NBO) o4p can be written in terms of two directed valence
hybrids (HHOs) sa and /g on atoms A and B:

U/*\B = caha + chp

where ca and cg are polarization coefficients. Each valence bonding NBO must in turn
be paired with a corresponding valence anti-bonding NBO:

UZB = CBhA — CAhB
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7 /3 Lo
SO B

Lumo Lumo+2 Lumo+14

Lumo+15 Lumo+17

Figure 3. Contours of several HOMO and LUMO molecular orbitals of [RuHCI(CO)(pyrazine)(PPhs),].

Table 3. The occupancies and hybridization of the calculated Ru—C and C-O natural bond
orbitals (NBOs) for [RuHCI(CO)(pyrazine)(PPhjs),].

BD (2-center bond) Occupancy Hybridization of NBO
Ru(1)-C(48) 1.935 (0.269) 0.564(sd>**)ry + 0.838(sp" )
C(1)-0(1) 1.994 (0.014) 0.553(sp" ) +0.833(sp" )0
1.996 (0.229) 0.496(p)c +0.869(p)o
1.997 (0.247) 0.492(p)c +0.871(p)o

to complete the span of the valence space. The Lewis-type (donor) NBOs are thereby
complemented by non-Lewis-type (acceptor) NBOs that are formally empty in an
idealized Lewis picture. Interactions between ‘filled” Lewis-type NBOs and ‘empty’ non-
Lewis NBOs lead to loss of occupancy from the localized NBOs of the idealized Lewis
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Table 4. Energy and character of selected MOs of
[RuHCI(CO)(pyrazine)(PPhs),].

MO Energy (eV) Character
H-17 —7.329 Tph

H-16 —7.192 dRu+nCl+7[Ph
H-15 —7.150 TTph

H-14 —7.067 dry+ e+ pn
H-13 —6.977 Tpn

H-12 ~6.954 P,

H-11 —6.904 TTph

H-10 ~6.870 o

H-9 —6.843 Tph

H-8 —6.769 Tph

H-7 ~6.740 dru + 001+ on
H-6 —6.690 Tph

H-5 —6.634 dRu+nCl+7TCO
H-4 —6.565 dRu+O'Cl+(7H
H-3 —6.444 drut+oci+on
H-2 —6.184 dry+np

H-1 —5.692 dru+7*c1+7*co
Homo —5.419 d;:u—t-n*cl +7*co
Lumo —1.826 ¥,

L+1 —0.935 .
L+2 —0.689 dru+ T*pp
L+3 —0.574 7T*Ph+nP

L+4 —0.508 T¥pp + Np

L+5 —0.449 ¥ ppy

L+6 ~0.347 Ton

L+7 —0.254 ¥pp

L+8 —0.148 ¥ ppy

L+9 —0.119 *pp

L+10 0.005 ¥ pp

L+11 0.071 ¥ ppy

L+12 0.143 i

L+13 0.167 ¥ pp

L+14 0.356 dRu+7T*CO+U*Cl
L+15 0.806 dry+7*co —np
L+16 0.963 dry+7*co
L+17 1.248 dRu+7T*CO_UH

structure into the empty non-Lewis orbitals, and they are referred to as ‘delocalization’
corrections to the zeroth-order natural Lewis structure.

The occupancy and hybridization of the calculated natural bond orbital (NBO)
between the ruthenium and the hydrido ligand is 1.849 and 0.6934(sd***)g, 4+ 0.721(s);
respectively; the occupancy of the antibonding orbital of Ru—H is 0.271.

For the carbonyl group, three natural bond orbitals were detected for the C—O bond,
and one for the Ru—C bond. The Ru—C bond orbitals are polarized towards the carbon
atom, and the C—O bond orbitals are polarized towards the oxygen. The oxygen of the
carbonyl ligand has one lone pair (LP) orbital. The occupancies and hybridization of
the CO and Ru—C bonds are gathered in table 3 (anti-bonding NBOs are given in round
brackets).

Not detected in NBO analysis Ru-N,, bonds have character of predominant
Coulomb-type interactions betwee}rl the central ion and pyrazine ligand [28].

The resonance structure M——C==0:, which presents the bonding between CO
ligands and Ru ion in [RuHCI(CO)(pz)(PPhs),], is consistent with the values of the
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Figure 4. The UV-Vis spectra of [RuHCI(CO)(pyrazine)(PPhj3),] (solid line — experimental; dashed line —
calculated).

calculated atomic charges. The calculated charge on the ruthenium atom of the complex
is close to 0 with negative sign (—0.094); formally ruthenium is 4+2. The charge on the
carbon atom of the carbonyl ligand is positive (+0.576), whereas the oxygen atom is
negatively charged (—0.499). The charge of hydride ligand is close to —0.093. The
occupancies of the ruthenium d orbitals, obtained from NBO analysis, are: d,, — 1.73;
dy-—-193;d,.-1.76; d.. — 1.22; d = » — 1.06. The nitrogen donor atom of pyrazine has
—0.45 charge and the second —0.41. The occupancies of the lone pairs in the N-pyrazine
atoms are 1.79 and 1.93 the bound and unbound nitrogens respectively.

3.4. Electronic spectrum

The experimental and calculated electronic spectra of [RuHCI(CO)(pz)(PPh;),] are
presented in figure 4. Each calculated transition is represented by a Gaussian function
y= ce~" with the height (c) equal to the oscillator strength and b equal to 0.04 nm 2.
90 electronic transitions were calculated using the TDDFT method and they do not
comprise all the experimental absorption bands. The UV—Vis spectrum was calculated
up to ~225nm, so the shortest wavelength experimental bands cannot be assigned to
calculated transitions. However, considering that the solution spectra of PPhs; and
pyrazine exhibit intense absorption bands in the 260-200 nm region, some additional
intraligand and interligand transitions are expected to be found at higher energies in the
calculations.
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The assignments of calculated transitions to experimental bands are based on the
criterion of the energy and oscillator strength of the calculated transitions. In the
description of the electronic transitions only the main components of the molecular
orbital are taken into consideration.

The longest wavelength experimental broad band with maximum at 418.2nm is
assigned to the transitions from HOMO-1 and HOMO to LUMO orbitals. As the
LUMO orbital is composed of the 7* orbitals of the pyrazine ring, the transition is of
Metal-Ligand Charge Transfer type.

The shoulder (moze “hump’?) at 381.1 nm results from transitions from HOMO to
LUMO + 1 and LUMO + 2 MOs. These transitions are excitations from central metal d
orbitals to the 7* orbitals of pyrazine ligand and d — d (LF).

The asymmetric band with maximum at 260.0 nm is ascribed to the metal-ligand
charge transfer transitions (d—n*,, and d—m*,,) with a mixture of
Ligand-Ligand Charge Transfer transitions (mwp,— m*,,). The last calculated
transition attributed to the experimental one at 223.2nm proceeds mainly from the
d ruthenium orbitals with admixture of s chloride and 7 carbonyl orbitals to 7*y,
and 7*,.

The experimental band at 216.4nm could not be assigned on the basis of the
calculated transitions; it can be assumed that the band results from transitions in the
PPh; ligands and from 7 — 7* excitations in the pyrazine ligand.

Supplementary material

More details of the crystal structure determinations have been deposited with the
Cambridge Crystallographic Data Centre with the deposition number: CCDC 615581.
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