
FULL PAPER

DOI:10.1002/ejic.201201526

On the Electronic Structure of mer,trans-[RuCl3(1H-
indazole)2(NO)], a Hypothetical Metabolite of the
Antitumor Drug Candidate KP1019: An Experimental and
DFT Study
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The study reported herein focused on the electronic structure of
the {Ru(NO)}6 fragment and characterization of the oxidation
state of ruthenium in mer,trans-[RuCl3(Hind)2(NO)] (1; Hind =
1H-indazole) resulting from the reaction of mer,trans-
[RuCl3(H2O)(Hind)2] (2) with NO in acetone or solid-state An-
derson rearrangement of (H2ind)2[RuCl5(NO)] at 180 °C.The re-
sults of X-ray diffraction, 1H, 13C, and 15N NMR, EPR, IR, and
UV/Vis spectroscopy, cyclic voltammetry, magnetic suscep-
tibility, and XANES/EXAFS as well as theoretical data have
been critically analyzed. The localized orbitals, domain-
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averaged Fermi holes, frontier orbitals, Mulliken population,
and quantum theory of atoms-in-molecules (QTAIM) analyses
are presented. In addition, mer,trans-[RuIIICl3(H2O)(Hind)2] (2)
and trans-[RuIICl2(Hind)4] (3) were experimentally and theore-
tically investigated as reference compounds. A complete active
space SCF calculation was performed to estimate the extent of
antiferromagnetic spin–spin coupling in 1. We found that the
closed-shell structure {RuIII(NO)0}6 fits better to the physical/
spectroscopic properties of 1, although {RuII(NO)+}6 is formally
still suitable for describing the oxidation state of Ru in this entity.

Introduction
Ruthenium(II) and ruthenium(III) classical coordination

compounds as well as organoruthenium(II) complexes are
promising anticancer drug candidates.[1] The two most
prominent investigational drugs, namely (H2ind)-
[RuIIICl4(Hind)2] (Hind = 1H-indazole, KP1019)[2] and
(H2im)[RuIIICl4(dmso)(Him)] (Him = 1H-imidazole,
NAMI-A),[3] are currently in phase I–II clinical trials. The
prodrug trans-[RuIIICl4(Hind)2]– is active as an anticancer
agent against primary tumors and metastases and, in par-
ticular, colon carcinomas.[4] Although its antitumor activity
was reported about 30 years ago, the mechanism of action
remains obscure, at least at the molecular level, and identifi-
cation of its active species is of major interest. Aquation of
the prodrug results in the formation of the reactive species
mer,trans-[RuIIICl3(H2O)(Hind)2] with a labile Ru–OH2

bond. This compound was found to undergo dimerization
in poorly coordinating solvents such as acetone or thf with
the formation of [RuIIICl2(μ-Cl)(Hind)2]2.[5] Both species
have been characterized by spectroscopic methods and X-
ray crystallography.

The anti-angiogenic and anti-invasive properties of
NAMI-A have been attributed to the NO-capturing mecha-
nism responsible for metastasis control of this investiga-
tional drug.[6] The high affinity of ruthenium for NO is well
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documented in the literature.[7] The pronounced effect of
NAMI-A on angiogenesis was confirmed in the chick allan-
toic membrane and in the rabbit eye cornea model.[8,9] It
should be also noted that NO, which is produced by a
number of nitric oxide synthase (NOS) enzymes from l-
arginine in the body,[10] plays a major role as a signaling
molecule in biological signal transducing systems, for exam-
ple, in blood pressure regulation,[11,12] neurotransmis-
sion,[13,14] inflammatory response,[15,16] as well as necro-
sis[17] and apoptosis.[18,19] Nitric oxide is therefore essential
in biological systems, but both its excess as well as de-
ficiency leads to pathologies.

Furthermore, NO acts as a non-innocent ligand in coor-
dination chemistry,[20,21] which renders the description of
the exact electronic structure of the metal–NO entity diffi-
cult. Almost four decades ago, Enemark and Feltham[22]

offered a useful approach for describing the electronic
structure of metal–nitrosyl species as {M(NO)}n [n being
the total number of electrons in the d (metal) and π* (NO)
orbitals]. However, this notation leaves the actual physical
and formal oxidation state[23] of the metal center and ni-
trosyl ligand unclear, and therefore it remains a subject of
notable interest.[24–37] This study is an attempt to describe
such a {Ru(NO)}6-containing system in more detail.

Herein we report on the synthesis, spectroscopic, mag-
netic, and cyclic voltammetry studies of mer,trans-
[RuCl3(Hind)2(NO)] (1) along with the electronic structure
of 1 and two other related compounds, mer,trans-
[RuIIICl3(H2O)(Hind)2] (2)[5] and trans-[RuIICl2(Hind)4]
(3),[38] reported previously and now investigated by DFT
methods. The physical and formal oxidation states of ruthe-
nium in 1 are compared with those of 2 (RuIII) and 3 (RuII).
XANES and EXAFS experiments were performed to eluci-
date the physical oxidation state of the central metal in 1.
The localized orbitals (1–3) and DAFH analysis[39–41] (1)
were used to further elucidate the electron structure of the
{Ru(NO)}6 fragment in 1. QTAIM[42,43] and Mulliken pop-
ulation analyses (MPA) were performed to gain insight into
the nature of the coordination bonds. The redox behavior
of the studied species has been qualitatively considered by
comparison of the HOMO–LUMO orbitals of the studied
compounds. In addition, the possible antiferromagnetic in-
teraction in the {Ru(NO)}6 unit in 1 is briefly considered
by means of a small complete active space SCF (CASSCF)
calculation.

Results and Discussion
[RuCl3(Hind)2(NO)] was readily synthesized in two ways:

1) By reaction with [RuCl3(H2O)(Hind)2] with gaseous NO
in acetone and 2) by the solid-state Anderson rearrange-
ment of (H2ind)[RuCl5(NO)] at 180 °C. The indazolium salt
was prepared by a metathesis reaction starting from
Na2[RuCl5(NO)]·6H2O, which in turn was obtained by the
reaction of RuCl3·3H2O with NaNO2 in the presence of 1 m

hydrochloric acid.
The IR spectrum of 1 shows a very strong absorption

with a maximum at 1870 cm–1 (1832 cm–1 for the 15NO-
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enriched sample) attributed to the NO stretching vibration.
This value is comparable to a maximum at 1894 cm–1 for
Na2[RuCl5(NO)]·6H2O and implies that the NO ligand has
nitrosonium or nitrosyl character.[44] Note that the νNO

value for free NO+ is 2377 cm–1, whereas that for NO is
1875 cm–1.[45] The Ru–NO stretching vibration in 1 is at
587 cm–1 (586 cm–1 in the sodium salt), in agreement with
those of a number of other ruthenium–nitrosyl com-
pounds.[77] Stretching vibrations for [RuII(hedeta)(Y)]n–

complexes [hedeta = N-(hydroxyethyl)ethylenediaminetri-
acetate] are reported at 1846, 1827, 1858, 1842, 1383, and
1370 cm–1 for Y = 14NO+, 15NO+, 14NO, 15NO, 14NO–, and
15NO–, respectively, and are in agreement with the linear
coordination of NO+ to RuII or NO0 to RuIII in 1.[46]

The diamagnetic behavior of a polycrystalline sample of
1 and Na2[RuCl5(NO)]·6H2O in the temperature range of
2–300 K in a magnetic field of 1 T provides further evidence
for the formulation {Ru(NO)}6 containing RuII (S = 0)
bonded to NO+ (S = 0) or NO0 (S = ½) coupled antiferro-
magnetically or through a closed-shell interaction to RuIII

(S = ½).
The 1H, 13C, and 15N NMR spectra of 1 show signals

for indazole and the 15N-labeled nitrosyl ligand (see Fig-
ures S1–S5 in the Supporting Information). The 1H NMR
spectrum is well resolved and displays identical signal sets
for both coordinated indazoles (molecular symmetry C2)
with the same multiplicity as for the metal-free indazole, in
line with the diamagnetism of 1 (see Figure S1). The H1
resonance in the 15N,1H HSQC plot is seen at δ =
13.77 ppm (see Figure S4; for atomic labeling, see part a of
Figure 1). Another singlet, attributed to H3, is observed at
δ = 8.80 ppm. The 1H,13C HMBC plot shows a cross-peak
of C3 with H4. The cross-peaks in the 1H,1H COSY plot
indicate H4–H5 and H6–H7 couplings (see Figure S5).
Therefore two doublets are due to H7 (δ = 7.80 ppm) and
H4 (δ = 7.99 ppm) protons, and two triplets have been as-
signed to H6 (δ = 7.58 ppm) and H5 (δ =7.31 ppm). In the
13C{1H} NMR spectrum (see Figure S2), four CH signals
arising from C7, C4, C5, and C6 are seen at 111.58, 121.76,
122.80, and 129.77 ppm, respectively, and two carbon sig-
nals originate from the quaternary carbons C8 and C9. In
the CH HMBC plot (see Figure S6), the CH at δ =
122.01 ppm shows cross-peaks with H1, H3, H4, and H5,
whereas the CH at δ = 141.51 ppm reveals cross-peaks with
H1, H3, H4, and H6. Taking into account the fact that the
couplings through four bonds, such as C8–H5 and C9–H6,
are most likely undetectable, we suppose that C8 displays a
signal at δ = 141.51 ppm and C9 at δ = 122.01 ppm.

A 15N resonance arising from the 15NO-enriched sample
of 1 appears at δ = 316 ppm (see Figure S3 in the Support-
ing Information), which compares well with those measured
for Na2[RuCl5(15NO)]·6H2O at δ = 313 ppm and [Ru(N-
O)(NH3)5]Cl3 at δ = 312 ppm, determined relative to
15NH4Cl,[47] and suggests a linear coordination of NO+ to
ruthenium(II) or NO0 to ruthenium(III). The nitrogen
chemical shifts due to the bent coordination of NO– to ru-
thenium(II) documented in the literature are downshifted
by several hundred ppm.[48] The linear coordination of NO+



www.eurjic.org FULL PAPER

Figure 1. X-ray structures of the studied compounds with atom
labeling schemes. a) [RuCl3(Hind)2(NO)] (1), b) [RuCl3(H2O)-
(Hind)2] (2), and c) [RuCl2(Hind)4] (3).

or NO0 to ruthenium in 1 is further supported by the results
of the X-ray diffraction study shown in Figure 1 (a).

Figure 2. Ru:K edge XANES spectra together with their first derivatives (inset) for samples 3 (black line), 2 (red line), 1 (blue line), and
a 0.1 μm Ru0 metallic foil (dashed green line).

Eur. J. Inorg. Chem. 2013, 2505–2519 © 2013 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2507

The ruthenium coordination environment can be de-
scribed as a slightly distorted octahedron with a Ru–Cl1
bond length (trans to the nitrosyl group) of 2.3418(8) Å,
being significantly shorter than the Ru–Cl2 bond of
2.3664(6) Å. These features, as well as the Ru–N3 bond
length of 1.742(3) Å, are in good agreement with those ob-
served in Na2[RuCl5(NO)]·6H2O [1.727(2) Å][44] and other
related structures.[13,14] The Ru–N3–O1 angle is linear
(180.0°) and the N3–O1 bond length of 1.138(4) Å is
slightly shorter than in free NO (1.154 Å),[5] but markedly
longer than that in free NO+ (1.063 Å).[78]

XANES Spectrocopy

The results of the XANES (X-ray absorption near edge
structure) experiments are presented in Figure 2. The edge
energies of compounds 1–3, determined as the first maxi-
mum of the first derivative (FMFD), as well as the half-
height of the normalized XANES spectra (in parentheses)
are 22125.7 (22124.7), 22125.2 (22123.2), and 22123.9 eV
(22122.4 eV), respectively. It is clearly seen that the Ru:K
edge energy for 1 is most strongly shifted towards higher
energies, more than the monochromator’s energy resolution
of approximately 0.42 eV at 22125 eV, which indicates that
the effective nuclear charge on Ru in this sample is higher
than in 2 with the oxidation state 3+. The same tendency
for the shift in the position of the half-height of the
XANES spectra is also observed. Nonetheless, the FMFDs
of 1 and 2 are similar (0.5 eV), although the difference of
the corresponding half-heights is three times as large
(1.5 eV). The similar shapes of the first derivative peaks of
1 and 2 may be related to the similar local geometries
around the Ru ion in 1 and 2. On the other hand, the shape
of the normalized intensity of the XANES signal for 1
clearly differs from those for 2 and 3. This seems to be
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related to the fact that 2 and 3 are both coordination com-
pounds stabilized by σ dative bonds, whereas in the case of
1, the π back-donation in the {Ru(NO)} unit has a much
stronger influence on the shape of the XANES spectra, as
indicated by the broadening of the white line. The same
effect of the shift of the edge energy and broadening of
the white line, associated with the local environment of the
investigated ion, has also been observed for {Fe(NO)}-con-
taining systems.[49] In the literature, the edge energy of the
1s excitation (K edge) is associated with the effective charge
of the photo-induced element and can also be used to deter-
mine the oxidation state, with respect to the local symmetry,
in complex materials, for example, proteins. There are no
reported XANES measurements for similar systems at the
Ru:K edge, however, there are a number of papers on Ru-
based oxides[50–52] as well as on Fe-based systems.[53,82] An
energy shift per oxidation state of 1.47(12) eV can be found
for Ru-based perovskites.[85] Similar values have been deter-
mined for Ru-based double perovskites,[84] Ru-based lay-
ered perovskite-like structures,[83] or ruthenium oxides.[54]

Note that despite the similar energy shift per oxidation state
for Ru-based compounds with different structures, these
references cannot be used in an interchangeable manner.
Taking into account the above remarks, the oxidation state
of Ru in sample 1 can be determined by using the edge
energies from the FMFDs of samples 3 and 2, with ruthe-
nium in the formal oxidation states of 2+ and 3+, respec-
tively. The observed energy shift of 1.3(3) eV per oxidation
state for the FMFDs of 2 and 3 results in the physical oxi-
dation state of 3.4(3)+ for Ru in 1. However, this value may
be slightly overestimated owing to the lack of data for the
RuIV reference compound. This inconvenience, together
with the energy shift between RuIII and RuIV of 1.3–2.5 eV
presented in the literature,[85,87] suggests that, in the case of
1, the physical oxidation state of Ru is close to 3+. Also
note that 1 shows the same NO stretching vibration before

Figure 3. EXAFS χ(R) spectra for samples 3 (black line), 2 (red line), and 1 (blue line) analyzed by the Athena software with phase
correction. The inset shows χ(k)k4 spectra.
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and after irradiation by the 22 keV synchrotron beam at
room temperature.

EXAFS Spectroscopy

The results of the EXAFS (extended X-ray absorption
fine structure) experiments on compounds 1–3 are summa-
rized in Figure 3. The χ(k)k4 spectra are also compared in
the inset.

Analysis of the EXAFS spectrum of 3 clearly shows
peaks at around 1.95 and 2.3 Å, which can be assigned to
the nearest nitrogen N1 atoms of indazole and the Cl1 and
Cl2 atoms, respectively. The EXAFS spectra of 1 and 2 are
very similar up to 2.5 Å due to the similarities in the coordi-
nation polyhedra of the Ru ions. In 1, the additional peak
at around 2.7 Å can be attributed to the directly nonbonded
Ru and O1 terminal atoms in the Ru–N3–O1 entity. The
broadening of the low-R slope of the first peak of 1 (Ru–
N2) at 1.5 Å is associated with overlap with the Ru–N3
scattering path, which is shorter than that of Ru–N2.

Note that the Ru–N2 distances for 3, 2, and 1 (1.95, 1.87,
and 1.85 Å, respectively) decrease with increasing physical
oxidation state of Ru. This finding can be attributed to the
decrease in the ionic radius of ruthenium and is in agree-
ment with XANES experiments and QTAIM calculations
(see below).

Cyclic Voltammetry and EPR Spectroscopy

The cyclic voltammograms of ruthenium complexes 1–3
recorded in dmso containing 0.20 m [(nBu)4N]PF6 as the
supporting electrolyte with a platinum wire working elec-
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trode are shown in Figure 4 (a). The electrochemical prop-
erties of 1 and 2 are comparable. Complex 1 displays one
irreversible oxidation peak at 0.61 V versus Fc/Fc+ and a
considerably smaller irreversible reduction peak at about
–1.03 V. This behavior is similar to that of 2 with ruthenium
in the oxidation state 3+ (see green line in Figure 4, a).
Complex 2 exhibits an oxidation wave at 0.52 V versus
Fc/Fc+. In strong contrast, compound 3 with ruthenium
in the oxidation state 2+ shows a reversible one-electron

Figure 4. a) Cyclic voltammograms of 1 (blue line), 2 (green line),
and 3 (red line: first anodic CV peak; black line: 1st and 2nd anodic
CV peaks) in dmso measured at a scan rate of 100 mVs–1. b) EPR
spectra of 1 (blue line) and 2 (green line) in dmso at 100 K (3 is
EPR silent like 1, spectrum not shown).

Figure 5. B3LYP/ECP-DZ localized 4d orbitals of ruthenium in 2.

Eur. J. Inorg. Chem. 2013, 2505–2519 © 2013 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2509

oxidation peak with E1/2 = –0.13 V versus Fc/Fc+, which
corresponds to the RuII/RuIII redox couple.[55] In addition,
an irreversible oxidation peak can be observed at 0.47 V,
very close to the first oxidation peaks observed for 1 and 2
(see black line in Figure 4, a). This observation is discussed
in further detail in the theoretical section (see below). On
the other hand, the EPR analysis (see Figure 4, b) shows a
significant difference in the spectroscopic behavior of 1 and
2. Compound 2 (RuIII, d5 low-spin configuration) has a typ-
ical rhombic EPR signal at 100 K due to the presence of an
unpaired electron,[88] unlike 1 and 3, which are EPR silent
even at 100 K. Note that the EPR silence of 1 is due to the
d6 low-spin configuration of RuII bound to NO+ (S = 0) or
is a result of the antiferromagnetic or closed-shell interac-
tion of RuIII (S = ½) with NO0 (S = ½) radical. The elec-
tronic structure of 1 will be discussed at the DFT level of
theory in the computational section (see below) and com-
pared with those of 2 and 3 in order to explain the experi-
mental electrochemical and EPR spectroscopy results.

Electronic Structure � Localized Orbitals

Localized orbitals are unique tools for assessing the for-
mal oxidation state of the central metal atom in coordina-
tion compounds containing innocent ligands. For example,
in the case of 2 (Figure 5), one finds 3α and 2β d orbitals/
electrons localized on the ruthenium(III) atom (the low-
spin state), which can be considered t2g-like dxy, dxz, and
dyz orbitals if assuming an octahedral ligand-field sym-
metry (see the Computational Details section for the de-
scription of the Cartesian coordinate set of axes). In the
case of 3, one finds three localized doubly occupied d orbit-
als on ruthenium(II), which is fully in line with the formal
d6 electron configuration of RuII (see Figure 6).

The localized orbitals of 1, which involve the t2g-like d
orbitals of ruthenium, are shown in Figure 7. In contrast to
the localized d orbitals of 2 and 3, only the dxy orbital of 1
is localized entirely on ruthenium (Figure 7, a), whereas the
remaining two t2g-like d orbitals of ruthenium (dxz and dyz)
are involved in two π bonds between ruthenium and the
nitrogen atom N3 (for the atom numbering, see Figure 1,
a) of the NO ligand. Such π bonds are most often interpre-
ted as arising from π back-donation from ruthenium to the
π* orbitals of NO. Very similar dative bonds have been
found in the {Fe(NO)}6 entity.[24,26] However, there are two
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Figure 6. B3LYP/ECP-DZ localized d orbitals of ruthenium in 3.

Figure 7. B3LYP/ECP-DZ localized α d orbitals on Ru and the NO ligand of 1 and the atomic populations.

possible resonance structures available for interpreting the
electron configuration of the {Ru(NO)}6 entity. The first
is the {RuII(NO+)}6 system[24,26,28,34] with strong π back-
donation of the electron density from ruthenium to the NO
ligand, which accounts for 1.06 electrons (when considering
the Mulliken populations of the localized orbitals). The sec-
ond resonance structure {RuIII(NO0)}6 implies two closely
degenerate π bonds between Ru and N3, although stabiliza-

Figure 8. a–d) Localized orbitals of 1 displaying the σ bonds be-
tween Ru and Cl1, Cl2, N3, and N2 (indazole) and the atomic
populations. e,f) Localized β orbitals of 2 and the atomic popula-
tions.
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tion by antiparallel spin–spin coupling cannot be excluded
by DFT calculations. A weak overlap is found between the
2s electron pair of the N3 atom and the empty dz2 orbital
on Ru (see Figure 8, c), which represents a rather weak
σ(N3–Ru) dative bond. The Cl–Ru and N2–Ru localized
orbitals in 1, which represent the σ dative bonds from the
ligands towards the empty eg-like orbitals of Ru (dz2 and
dx2–y2), are shown in parts a, b and d of Figure 8 and have
almost the same shapes and Mulliken populations as found
for 2 and 3. In addition, none of the localized orbitals of 1
corresponds to a π bond between Ru and the Cl1, Cl2, or
N2 atoms of the ligand.

In the case of 2, in addition to the Cl1–Ru, Cl2–Ru, N2–
Ru, and N4–Ru σ dative bonds (not shown), one finds three
localized orbitals corresponding to a weak π donation from
the px and pz orbitals of Cl1 and Cl2, respectively, into the
empty β dxz orbital of Ru (see Figure 8, e,f).

Electronic Structure � DAFH Analysis

The domain-averaged Fermi holes (DAFH) were used to
gain an alternative insight into the electronic structure of
the {Ru(NO)}6 entity of 1, that is, the specification of the
oxidation state of the Ru atom and the nature of its bond-
ing with the NO ligand. Hence, the natural choice of do-
mains in the DAFH analysis are the NO ligand and/or the
central Ru atom.

In the case of the NO domain of 1 (see Figure 9), one
finds nine non-zero DAFH eigenvectors, six of which have
occupation numbers close to two. These represent the
bonds and lone and core electron pairs that are retained in
the NO domain [1s(O), 2s(O), 1s(N); σ(NO), two π(NO)].
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Some of the eigenvectors are depicted in Figure 9a [2s(O)],
9c,d [π(NO)], and 9e [σ(NO)]. The remaining three eigen-
vectors (with occupations of 1.736, 0.682, and 0.683, de-
picted in parts b,f,g of Figure 9) correspond to dangling
valences of one σ and two π, formally broken, coordination
bonds between Ru and the NO domains. The actual values
of these occupation numbers indicate a considerable po-
larity of the individual components of the Ru–NO bonds.
Thus, for example, in the case of the σ component of the
Ru–NO bond, the occupation number of 1.732 indicates
that the dominant contribution to the unevenly shared elec-
tron pair of the corresponding bond comes from N3 and
the σ(Ru–NO) bond is thus Ru(+)–NO(–) polarized (i.e.,
the donation of the electron density from the 2s orbital of
the nitrogen atom N3 into the dz2 orbital of ruthenium). On
the other hand, the polarization of the π components of the
Ru–NO bond is in the opposite direction and the contri-
bution of the N3 atom to the unevenly shared electron pairs
of these bonds is only around 0.68 electrons. In addition,
one actually obtains an almost unchanged number of nine
electrons when summing the occupation numbers of all the
DAFH eigenvectors of the NO domain.

Figure 9. DAFH eigenvectors and the occupation numbers of the
dangling valences of the NO domain.

The complementary contributions to unevenly shared
electron pairs of the σ and π components of Ru–NO bonds
straightforwardly follow from the DAFH analysis of the
fragment averaged over the Ru atom domain. The corre-
sponding eigenvectors are given in Figure 10 (a–c). Their
shapes are reminiscent of the eigenvectors given in Figure 9
(e–g). This resemblance is very important as it indicates,
together with the near complementarity of the correspond-
ing occupation numbers (1.736+ 0.226�2; 0.68 +1.32≈ 2),
the shared electron-pair nature of individual components of
the Ru–NO bond. In addition to three dangling valences of
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individual components of the formally broken Ru–NO
bond, the analysis of the Ru fragment revealed another four
eigenvectors (not shown) with non-zero eigenvalues. One of
the eigenvectors is close to 2.0 (the actual value is 1.838)
and corresponds to the electron pair of the fully occupied
dxy orbital on Ru. The remaining three eigenvectors corre-
spond to the dangling valences of formally broken dative
bonds with the remaining Cl1, Cl2, and N2 atoms.
Their occupation numbers are equal to 0.477, 0.401, and
0.313, respectively (the corresponding eigenvectors
are not shown), and their values again indicate the
Ru(+)···ligand(–) polarity of these bonds, which is in agree-
ment with an ordinary σ dative character of the Ru–ligand
bonds.

Figure 10. DAFH eigenvectors between Ru and NO for the Ru
fragment in 1 and the occupation numbers on the Ru domain.

The analyses of both complementary domains (Ru and
NO) provide mutually consistent pictures of the bonding,
which also agree with the conclusions implied by the local-
ized orbital analysis.

QTAIM Analysis

A meaningful assignment of the oxidation state of an
atom can be obtained by comparison of the QTAIM
charges in a series of molecules in which a given atom is
present in well-defined oxidation states. The B3LYP/
DKH2/UDZ-calculated charges on ruthenium in RuCl2,
RuCl3, [RuCl5(NO)]2–, and [RuCl5(H2O)]2– are 0.98, 1.24,
1.31, and 1.23, respectively. Comparison of these data with
the QTAIM charges of the studied compounds (see Table 1)
shows the closest coincidence of the charge on Ru in 1 with
the same charge (1.33 e) in the one-electron oxidized com-
pound 3 (labeled as 3+), which has the formal electronic
configuration d5 and the physical oxidation state 3+.

This is also in agreement with the QTAIM charges on
the NO ligand atoms in 1, which are similar to those on the
NO free radical (see Table 1). The NO ligand remains
strongly polarized, as in the case of the NO radical, and the
total charge on the NO group/ligand is a little negative
(–0.11), very different to the +1 total charge on the NO+

species.
In addition to the assignment of the oxidation state of

the Ru atom, complementary insights into the electronic
structure of the studied complex can be obtained from
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Table 1. QTAIM charges calculated at the B3LYP/DKH2/UDZ
level of theory.

Ru Cl1 Cl2 N2 O1 N3
(Hind) (NO)

1 1.350 –0.493 –0.552 –0.708 –0.333 0.220
2 1.258 –0.447 –0.568 –0.685 –1.106
3 1.030 –0.653 –0.685
3+ 1.334 –0.535 –0.715

NO+ –0.152 1.152
NO –0.398 0.398
NO– –0.722 –0.278

bond critical point (BCP) electron densities, Laplacians,
and ellipticities, values of which are summarized in Table 2.
In particular, the BCP densities and Laplacians of the Ru–
Cl1, Ru–Cl2, and Ru–N2 bonds in 1 and 2 correspond to
the usual values found for σ donor bonds.[56–58] On the
other hand, the Ru–N3 BCP densities and Laplacians in 1
are considerably higher and the bond is significantly shorter
than Ru–N2. This is in agreement with the picture of a mul-
tiple bond between Ru and the NO ligand, which has been
discussed above (see the sections Electron Structure – Lo-
calized Orbitals and DAFH Analysis). Similar BCP charac-
teristics have been found in transition-metal carbonyl com-
plexes in which the π back-donating character of the bonds
dominates.[59–61] In the case of the NO ligand, the values of
ρBCP and �2ρBCP are more similar to the NO radical than
to NO+, which is in agreement with the QTAIM charges as
well as the bond lengths.

Table 2. BCP characteristics calculated at the DKH2/B3LYP/UDZ
level of theory.

d [Å] ρ [ebohr–3] �2ρ [ebohr–5] Ellipticity

1
Ru–Cl1 2.350 0.082 0.212 0.013
Ru–Cl2 2.458 0.065 0.182 0.348
Ru–N2 2.122 0.088 0.381 0.344
Ru–N3 1.773 0.180 1.019 0.019
N3–O1 1.145 0.594 –1.757 0.001

NO+ 1.067 0.732 –3.267 0.000
NO 1.154 0.579 –1.854 0.061
NO– 1.277 0.419 –0.816 0.000

2
Ru–Cl1 2.304 0.088 0.243 0.362
Ru–Cl2 2.410 0.069 0.215 0.625
Ru–N2 2.120 0.084 0.436 0.085
Ru–O1 2.224 0.054 0.315 1.192

3
Ru–Cl2 2.518 0.050 0.221 0.128
Ru–N2 2.115 0.082 0.460 0.070

3+

Ru–Cl2 2.474 0.061 0.188 0.719
Ru–N2 2.096 0.093 0.416 0.397

The BCP ellipticities of Ru–Cl1 and Ru–N3 in 1 are close
to zero, which is in agreement with the axial symmetry of
these bonds. This is consistent with the σ character of the
Ru–Cl1 bond. A slightly different situation is observed in
the case of the Ru–N3 bond, the axial symmetry of which
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originates from the contributions of one σ and two nearly
equivalent π components independently detected by using
localized orbitals and the DAFH analysis. The almost zero
ellipticity values of the Ru–N2 bonds in 3 are consistent
with σ dative bonds and weak π interactions between Ru
and the ligand atoms. On the other hand, the ellipticities of
the Ru–Cl2 and Ru–N2 bonds in 1 are both close to 0.35,
which points towards a higher π character of the interaction
between Ru and the Cl2/N2 atoms in one of the directions
perpendicular to the particular bonds or confirms a π inter-
action in the {Ru(NO)} entity. The Ru–Cl2 bond ellipticit-
ies are considerably higher in 2 and 3+ (including Cl1 in 2),
which is consistent with localized orbitals from the π dative
bonds of the ligands into the empty β d orbital of Ru(d5)
in 2 as well as 3+ (not shown). Finally, the ellipticity of the
Ru–O1 bond in 2 is greater than 1, which indicates a large
polarization of the Laplacian at the BCP of this bond in
one of the directions perpendicular to the bond. Very large
bond ellipticities have been considered to be unstable, that
is, they might easily undergo ligand exchange.[62] Nonethe-
less, the Laplacian eigenvalues for this bond are –0.0540,
–0.0246, and 0.3937 e bohr–5. The Ru–O1 negative BCP La-
placian eigenvalues are at least an order of magnitude
smaller than the eigenvalues of usual covalent bonds for
which the interpretation of bond ellipticity is straightfor-
ward (this also holds for the remaining Ru–ligand bonds).
B3LYP/DKH2/UDZ calculations of the [Ru(H2O)6]2+ opti-
mized structure (D2h symmetry) gives BCP ellipticities for
Ru–O bonds between 0.520–0.544 for almost equal Ru–O
bond lengths of 2.155 Å. On the other hand, analogous cal-
culations on low-spin [Ru(H2O)6]3+ give three considerably
different Ru–O bond ellipticities (namely 1.389, 0.813, and
0.108) for Ru–O bond lengths of 2.117, 2.042, and 2.115 Å,
respectively. Although the bond ellipticities for the Ru–li-
gand bonds are in line with the results of the localized or-
bitals and DAFH analysis, they are more qualitative in
meaning and have often not been considered in the analysis
of metal–ligand bonds.[92–94]

The above QTAIM data can conveniently be comple-
mented by QTAIM bond indices[63,64] (see Table 3), which
give a quantitative measure of the electron exchange be-
tween atomic domains (i.e., they can be considered as a
bond-order analogue). The highest values for the two-cen-
ter bond index are observed for the N3–O1 and Ru–N3
bonds. This result is not surprising and straightforwardly
reflects the multiple character of these bonds detected by
both localized orbitals and DAFH analysis. In connection
with this, it is, however, important to mention yet another
aspect of Ru–NO bonding, the existence of a non-negligible
bond index between the nonbonded Ru and O1 terminal
atoms in the Ru–N3–O1 entity. Such a situation in which
nonvanishing bond indices are observed between all pairs
of atoms in the array is typical for multicenter bond-
ing,[65–67] which is reflected in the non-negligible value of
the three-center bond index in the Ru–N3–O1 entity. The
negative sign of this index is typical for three-center–two-
electron (3c–2e) bonding.[68–70,99,100] This result, together
with the axial symmetry of the bonds in the array (indicated
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by the negligible ellipticity of the Ru–N3 and N3–O1
bonds), clearly implies that the bonding in the Ru–N3–O1
unit involves two 3c–2e bonds of π symmetry formed by the
overlap of the d–p–p orbitals on individual atoms in the
array. The remaining bond indices for Ru–Cl1, Ru–Cl2, and
Ru–N2 indicate that the corresponding bonds have the
character of simple σ dative bonds.

Table 3. QTAIM bond pair indices in 1 calculated at the B3LYP/
DKH2/UDZ level of theory.

Two center Bond-pair index

Ru–Cl1 0.762
Ru–Cl2 0.708
Ru–N2 0.598
Ru–N3 1.554
Ru–O1 0.492
N3–O1 1.976
Three center
Ru–N3–O1 –0.398

Mulliken Population Analysis of the d Orbitals of Ru

The electronic configuration of the Ru central atom can
be described within the quasi-octahedral approximation of
the coordination polyhedron with a straightforward t2g/eg-
like assignment of the individual d-orbital populations (see
Table 4). To avoid any additional problems of the MPA
with diffuse functions for the UDZ basis set, the B3LYP/
ECP-DZ/PCM(dmso) d-orbital populations will be pre-
sented (nonetheless, in the case of uncontracted basis sets,
the difficulties associated with diffuse functions seem to be
much less pronounced and MPA in the UDZ basis set
seems to be robust). Total Mulliken d-electron populations
calculated at the B3LYP/ECP-DZ/PCM(dmso) level are
similar for 1–3 (the total d-electron populations are 6.54,
6.62, 6.63, and 6.39 electrons for [RuCl5(NO)]2–,
[RuIIICl5(H2O)]2–, RuIICl2, and RuIIICl3, respectively).
Hence, the differences in the populations between the com-
pounds with ruthenium in the oxidation states 2+ and 3+
vary between 0.1 and 0.3 electrons.

Table 4. ECP-DZ Mulliken d-orbital populations on ruthenium in
1–3 and 3+.

Comp. Orbitals dz2 dxz dyz dx2–y2 dxy t2g Total[a]

1 α+β 0.80 1.47 1.52 0.76 2.00 4.99 6.56
2 α 0.37 1.01 0.98 0.35 1.00 2.99 6.58

β 0.34 0.29 0.92 0.32 0.99 2.21
3 α+β 0.53 1.98 1.98 0.50 1.80 5.75 6.78
3+ α 0.33 1.00 0.96 0.35 0.35 2.96 6.50

β 0.31 0.99 0.23 0.32 0.32 2.22

[a] Total d population, that is, α + β.
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It seems that the t2g-like d-electron population might be
more suitable for characterization of the oxidation state
than the total d-electron population (see Table 4). In this
respect, the t2g-like d-electron populations (dxy, dxz, dyz) of
1 and 2 account for 4.99 and 5.20 electrons, respectively. In
the case of 2, the low population of the β dxz(Ru) atomic
orbital indicates an open d-subshell of Ru; the non-zero d
population comes from Cl2�Ru π donation. By neglecting
the d population of the β dxz orbital we obtain the t2g pop-
ulation of 4.91 electrons for 2. On the other hand, the t2g

orbitals of 3 are populated by 5.75 electrons. The dxy pop-
ulation of 3 is 1.80 and indicates the π back-donation of
electron density into p orbitals of ligand atoms, although
some artifact of the MPA as well as small deviations be-
tween the orientation of the Cartesian axes and the coordi-
nation polyhedra might also contribute. The dxz and dyz

electron populations of 1 are both close to 1.50 and in
agreement with the two π(Ru–N3)-localized orbitals or
DAFH eigenvectors found. The populations of the eg d or-
bitals (dz2 and dx2–y2) of 1 and 2 are also very similar and
arise from σ dative bonds between the ligands and ruthe-
nium.

The total d-electron populations indicate only qualita-
tively the oxidation state of the ruthenium atoms in 1–3.
On the other hand, the t2g-like d populations yield physical
t2g d-electron populations on Ru close to five in 1 and 2
and therefore the physical oxidation state of Ru in 1 is 3+.
Furthermore, the MPA charge on the NO ligand in 1 is
close to zero (or slightly negative), which also agrees with
the physical electronic structure {RuIII(NO)0}. The MPA of
NO is not considered in further detail.

Redox Behavior

The HOMO and LUMO orbitals are very useful indi-
cators of the redox behavior for a given species. As the cy-
clic voltammetry experiments show, the species 1, 2, and 3+

are oxidized at very similar potentials, and thus the shapes
of their HOMO orbitals should be similar. Nonetheless, as
can be seen in Figure 11, the HOMO of 1 is localized on
the indazole rings, whereas the HOMO of 2 has Ru–Cl1
antibonding character (both α and β spin orbitals). Unlike
1 and 2, the HOMO orbitals of 1 and 3+ (Figure 11) have
the same shape. This is in agreement with the same redox
behavior of 1 and 3+ observed in the cyclic voltammetry
experiments.

The discrepancy between the similar oxidation behavior
of 1 and 2 and the differently shaped HOMO orbitals of 1
and 2 is worth considering. In the HOMO–1 or HOMO–2
orbitals of 2, a non-negligible part of the electron density
is localized on the indazole rings (see Figure 12b for the α
HOMO–1 orbital of 2). The HOMO orbitals exactly fit
with the X-ray structures of 1 and 2 and have an antibond-
ing character between Ru and Cl2 (the HOMO�4 of the
reoptimized geometry of 1, not shown). During the geome-
try optimization of 1 and 2, the indazole rings relax towards
the Cl2–Ru–N2 plane and the Cl2–Ru–N2–N1 dihedral
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Figure 11. B3LYP/ECP-DZ/PCM(dmso)-calculated HOMO and
LUMO orbitals and the corresponding eigenvalues (in hartrees) for
1–3 and 3+.

angles for 1 and 2 change from around 45° to almost 0°,
which causes reordering of the frontier orbitals. In addition,
the interaction of the Cl2 ligands with the H atoms of the
water molecule in the case of 2 need not be properly de-
scribed at the DFT/B3LYP/PCM(dmso) level of theory. The
inappropriate description of the interaction of Cl2 atoms
with the hydrogen atoms of the water ligand leads to further
changes in the optimized geometry of 2, which causes ad-
ditional reordering of the frontier orbitals in 2. This might
also contribute to the large ellipticity of the Ru–O1 bond in
2. On the other hand, our DFT-optimized structure should
better correspond to the structure in solution, which might
differ significantly from the solid-state structure.

The HOMO of 3 (Figure 11) is presumably localized on
Ru and the β LUMO of 3+ is the same as the HOMO of 3,
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Figure 12. B3LYP/ECP-DZ/PCM(dmso)-calculated α(LUMO+1)
and α(HOMO–1) frontier orbitals and the corresponding eigenval-
ues (in hartrees) for 1 and 2, respectively.

which is in agreement with the reversible cyclic voltammetry
oxidation peak observed for 3.

CASSCF

Although the DFT method has been used to elucidate
the electronic structures of the studied compounds, with the
focus on the {Ru(NO)}6 entity of 1, the contribution from
antiparallel spin–spin coupling is worth considering by
means of CASSCF calculations. The broken-symmetry
DFT calculations did not converge, probably because of the
very short distance between the two spin centers (Ru, NO).
The open-shell DFT calculation on 1 gives a triplet spin
state that is energetically less stable than the singlet spin
state, and a spin population of 1.8 is found on Ru, whereas
the nitrogen and oxygen atoms of NO both have a spin
population close to –0.25. In addition, no difference in total
energy is found for the UKS/RKS B3LYP calculations on
1 in the singlet spin state, which does not indicate any anti-
parallel spin–spin coupling.

The CASSCF calculation started with six active electrons
from the B3LYP/ECP-DZ t2g localized orbitals [dxy(Ru),
dxz(Ru)–π*(NO), dyz(Ru)–π*(NO); see Figure 7, a–c)] and
the canonical LUMO and LUMO+1 B3LYP/ECP-DZ or-
bitals (see part b of Figure 11 and Figure 12, a) have been
included in the virtual active space (i.e., six electrons in five
orbitals). The final CASSCF natural orbitals are shown in
Figure 13. The active orbital occupation numbers (0, 1, 2)
in the individual state determinants are ordered according
to the labels in Figure 13 (i.e., [abcde]). The ground-state
CASSCF wavefunction has a dominant (87.3%) contri-
bution from the ground-state [22200] determinant, whereas
the excited determinants [21111], [22020], and [20202] have
weights of 5.1, 3.2, and 3.0%, respectively. The ground state
has a negligible contribution from the [22110] and/or
[21201] determinants, and the antiparallel spin–spin cou-
pling comes predominantly from the [21111] determinant,
the weight of which points to a small antiferromagnetic in-
teraction in the {Ru(NO)}6 entity.
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Figure 13. CASSCF/ECP-DZ natural orbitals of 1. Eigenvalues are
given in hartrees (ground-state CASSCF occupation numbers).

Conclusions

Our DFT calculations have confirmed that the bonding
in the {Ru(NO)}6 entity is due to one rather weak σ dative
bond and two strong π back-donating bonds. This is im-
plied by both the localized orbitals and DAFH analysis.
In addition, the CASSCF calculation confirmed that the
{Ru(NO)}6 entity has a predominantly closed-shell charac-
ter. The two π bonds are thus interpreted as being Ru–NO
back-dative bonds,[34] as in analogous {Fe(NO)}6 spe-
cies,[24,26] which leads to the {RuII(NO)0}6 formal electronic
structure. The closed-shell interaction in 1 was also con-
firmed by EPR spectroscopy and magnetic susceptibility
data. Nonetheless, as indicated by the atomic populations
of the localized orbitals, almost 1.1 electrons are transferred
by the π back-donation from ruthenium to the π*(NO) or-
bitals. This is also in agreement with the QTAIM charges
as well as Mulliken d populations (especially when con-
sidering the t2g d populations), which provide evidence for
the physical oxidation state 3+ of Ru in 1. The BCP charac-
teristics of the Ru–N3 and N3–O1 bonds are also indicative
of RuIII as the physical oxidation state and a neutral NO
ligand. The BCP electron density and the Laplacian of the
N–O bond in the coordinated nitrosyl ligand are closer to
the NO radical than to NO+, and the same is implied by
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the NO ligand QTAIM charges. These theoretical findings
are supported by the XANES experiment, which suggests
the physical oxidation state of Ru to be higher than 3+.
Nonetheless, the enhanced d–p interaction in the
{Ru(NO)}6 entity is manifested by the different shapes of
the XANES spectra of 1 and 2, although the corresponding
first derivatives, which are more related to the oxidation
state, are very similar. In addition, the cyclic voltammetry
experiments showed that compounds 1, 2, and 3+ have sim-
ilar oxidation waves. However, a straightforward assign-
ment of the oxidation process by cyclic voltammetry was
not possible; the oxidation may be ruthenium- as well as
ligand-centered. The B3LYP HOMO orbitals of 1 and 3+

are in agreement with each other and both are ligand (inda-
zole)-centered, whereas the HOMO of 2 is the Ru–Cl1 anti-
bonding orbital. Note that the HOMO–1 of 2 is also li-
gand-centered. It seems that the interactions of Cl2 atom(s)
with the H atoms of the water ligand are not properly de-
scribed by the B3LYP functional, which affects the reopti-
mized geometry of 2 as well as the order of the frontier
orbitals. Nonetheless, taking into account the experimental
results (redox behavior, IR spectra, and XANES/EXAFS
data) and the theoretical investigations (atomic charges and
populations), we can assign the physical electronic structure
to a closed-shell {RuIII(NO)0}6 configuration.[25,29]

The (nonmeasurable) formal configuration of {RuII-
(NO)+}6 is physically better described as {RuIII(NO0)}6,
which provides another example of the discrepancy between
formal and physical oxidation states in metal com-
plexes.[23,28,34]

Experimental Section
Materials: The starting compound mer,trans-[RuCl3(H2O)-
(Hind)2] was prepared according to a literature protocol.[5] NaNO2,
FeSO4, and 1H-indazole were purchased from Aldrich, and
RuCl3·nH2O and Na15NO2 were obtained from Johnson-Matthey
and Eurisotop, respectively. NO gas was generated by the dropwise
addition of a 40 % aqueous solution of NaNO2 to a 20% aqueous
solution of FeSO4 containing the same volume of concentrated
HCl.

Synthesis of mer,trans-[RuCl3(Hind)2(NO)] (1)

Method a: A stream of NO gas was passed through a solution of
mer,trans-[RuCl3(H2O)(Hind)2] (100 mg, 0.2 mmol) in acetone
(20 mL) for 10 min. The color of the solution changed from orange
to ruby. The solution was filtered and allowed to crystallize in a
closed vessel. After 72 h, the dark-red crystals were filtered off,
washed with acetone, and dried in air, yield 65 mg (63%). The crys-
tals were readily soluble in dmso and dmf, moderately soluble in
acetonitrile, and insoluble in methanol, 2-propanol, dichlorometh-
ane, thf, and water. 1H NMR (500 MHz, [D6]dmso): δ = 13.77 (s,
2 H, 1-H), 8.80 (s, 2 H, 3-H), 7.99 (d, J = 8.31 Hz, 2 H, 4-H), 7.80
(d, J = 8.60 Hz, 2 H, 7-H), 7.58 (t, J = 8.38 Hz, 2 H, 6-H),
7.31 ppm (t, J = 7.83 Hz, 2 H, 5-H). 13C NMR (125 MHz,
[D6]dmso): δ = 141.51, 139.32, 129.77, 122.80, 122.01, 121.76,
111.58 ppm. 15N NMR (50 MHz, [D6]dmso): δ = 165.04
(NH) ppm. IR (ATR): ν̃ = 3344 (NH), 1870 (NO), 1627 (C=N),
1513, 1360, 1239, 1088, 854, 837, 750 cm–1. UV/Vis (dmso): λmax (ε)
= 507 (81), 279 nm (13110 m–1 cm–1). MS (ESI, positive ion mode,
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acetone): m/z = 496 [M + Na]+. C14H12Cl3N5ORu (473.71): C
35.50, H 14.78, N 2.55; found C 35.79, H 14.58, N 2.41.

[RuCl3(15NO)(Hind)2] was produced as above by using Na15NO2.
IR (ATR): ν̃ = 3343 (NH), 1832 (NO), 1625 (C=N) cm–1. 15N
NMR (50 MHz, [D6]dmso): δ = 316.23 ppm.

Method b

Na2[RuCl5(NO)]·6H2O: RuCl3·3H2O (2.50 g, 9.5 mmol) was dis-
solved in degassed 1 m hydrochloric acid and heated at reflux for
10 min. A solution of NaNO2 (1.97 g, 28.5 mmol) in water (5 mL)
was then added dropwise over 10–12 min. The resulting brown
solution was heated at reflux for 3.5 h under argon and the solvent
was evaporated on a steam bath. The residue was dissolved in eth-
anol (12 mL) and the dark-red solution filtered. Needle-like crys-
tals were formed after 3–4 h. The crystals were separated by fil-
tration and the filtrate evaporated to dryness on a steam bath. The
residue (2.0 g) was dissolved in 6 m HCl (5 mL) and allowed to
stand at room temperature. The resulting red crystals, which were
suitable for X-ray data collection, were filtered off, washed with a
small amount of cold ethanol, and dried in air, yield 1.8 g.
H12Cl5Na2NO7Ru (462.41): calcd. N 3.03; found 3.32. The X-ray
diffraction structure of this compound was identical with that re-
ported previously.[71]

(H2ind)2[RuCl5(NO)]: (H2ind)2[RuCl5(NO)] was crystallized from a
solution prepared by the reaction of Na2[RuCl5(NO)]·6H2O (0.5 g,
1.1 mmol) in 6 m HCl (2 mL) with excess indazole (2.0 g,
17.1 mmol) in 6 m HCl (14 mL) at 5 °C, yield 623 mg (74%).

mer,trans-[RuCl3(NO)(Hind)2]: (H2ind)2[RuCl5(NO)] (100 mg,
0.18 mmol) was heated in an evacuated glass oven at 180 °C for
16 h to form a pale-violet product, yield 82 mg, 96%. The IR spec-
trum was identical to that for the sample obtained by method a.

Physical Measurements: Elemental analyses were performed by the
Microanalytical Service of the Faculty of Chemistry of the Univer-
sity of Vienna on a Perkin–Elmer 2400 CHN Elemental Analyzer.
NIR spectra were measured with a Perkin–Elmer 370 FTIR 2000
spectrometer (4000–400 cm–1) equipped with an ATR unit. UV/Vis
spectra were recorded with a Perkin–Elmer Lambda 20 UV/Vis
spectrophotometer using samples dissolved in dmso. Electrospray
ionization mass spectrometry was carried out with a Bruker Es-
quire 3000 spectrometer (Bruker Daltonics, Bremen, Germany)
with acetone as solvent. Expected and measured isotope distribu-
tions were compared. The electrochemical measurements were per-
formed with a HEKA PG 284 (Lambrecht, Germany) potentiostat/
galvanostat using the PotPulse 8.53[104] software package. All cy-
clovoltammetric experiments were performed at room temperature
under nitrogen. Platinum wires were used for the working and
counter electrodes, and a silver wire was used as the pseudorefer-
ence electrode. The recorded voltammetric curves were obtained
at a scan rate of 0.1 Vs–1. Sample solutions were prepared with a
concentration of 0.5 mm in dmso with 0.2 m TBAPF6 as supporting
electrolyte and purged with N2 for 5 min before each experiment.
Ferrocene (Fc) was used as an internal standard. The 1H, 13C, and
15N NMR spectra were recorded at 500, 125, and 50 MHz with a
Bruker Avance III 500 MHz (Ultrashield Magnet) spectrometer in
[D6]dmso. 2D 13C,1H HSQC, 15N,1H HSQC, 13C,1H HMBC, and
1H,1H COSY experiments were performed on 1. The solvent resid-
ual peak for 1H and 13C was used as internal reference, whereas
15N chemical shifts are given relative to external NH4Cl. The EPR
spectra were recorded with an EMX EPR spectrometer (Bruker,
Germany) at 100 K by using liquid nitrogen. Magnetic data were
obtained with a Quantum Design MPMS SQUID susceptometer.
Magnetic susceptibility measurements were performed in the 2–
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300 K temperature range under a 0.5 T applied magnetic field and
diamagnetic corrections were applied by using Pascal’s constants.

X-ray Crystallography: X-ray diffraction was performed with a
Bruker X8 APEXII CCD diffractometer at 100 K. A single crystal
was placed 40 mm from the detector and 1653 frames were mea-
sured, each for 30 s over 1° scan width. The data were processed
by using the SAINT software.[72] The structure was solved by direct
methods and refined by full-matrix least-squares techniques. Non-
hydrogen atoms were refined with anisotropic displacement param-
eters. H atoms were placed at calculated positions and refined as
riding atoms in the subsequent least-squares refinements. The iso-
tropic thermal parameters were estimated to be 1.2 times the values
of the equivalent isotropic thermal parameters of the non-hydrogen
atoms to which hydrogen atoms are bonded. The following com-
puter programs and equipment were used: SHELXS-97, SHELXL-
98,[73] SCHAKAL,[74] and an Intel CoreDuo personal computer.
Crystal data, data collection parameters, and structure refinement
details for 1 are given in Table 5.

Table 5. Crystal data and details of data collection for 1.

Empirical formula C14H12Cl3N5ORu
Mr 473.71
Space group C2/c
a [Å] 14.6560(6)
b [Å] 12.2121(6)
c [Å] 9.6281(4)
β [°] 104.829(4)
V [Å3] 1665.85(13)
Z 4
λ [Å] 0.71073
ρcalcd. [g cm–3] 1.889
Crystal size [mm] 0.25�0.08�0.05
T [K] 100(2)
μ [mm–1] 1.434
R1

[a] 0.0230
wR2

[b] 0.0515
GOF[c] 1.090

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|. [b] wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}1/2.

[c] GOF = {Σ[w(Fo
2 – Fc

2)2]/(n – p)}1/2, in which n is the number of
reflections and p is the total number of parameters refined.

X-ray Absorption Spectroscopy: X-ray absorption spectroscopy
(XAS) experiments were performed at the beamline X1 at
DORIS III in Hasylab, DESY, Hamburg, Germany. The spectra
were collected in transmission mode at room temperature at the
same time as the energy shift reference (20 µm Rh foil). The double-
crystal Si(311) monochromator (ΔE/E = 1.9 � 10–5) was calibrated
to the edge energy of 22117.0 eV of a 0.1 μm Ru metallic foil. Sam-
ples were diluted in cellulose and measured as pellets. The data
were analyzed by using the Athena software.[75,76] The Ru:K edges
of samples 1–3 were measured.

Computational Details: Unless otherwise stated, the B3LYP func-
tional[77] was used for geometry optimizations starting from the X-
ray structures and single-point calculations in dmso solutions by
using the integral equation formalism version of the polarized con-
tinuum model (PCM).[78] Compounds 1 and 3 in the singlet spin
state (closed shell) as well as compounds 2 and 3+ (the one-electron
oxidized compound 3) in the doublet spin state (open shell) were
investigated. The LANL(28)[79] effective core potential and
LANL08[80] basis set were used for the Ru atom, and the remaining
atoms were treated by using the cc-pVDZ basis sets[81,82] (abbrevi-
ated as ECP-DZ). The presented frontier orbitals and localized or-
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bitals (using the Pipek–Mezey procedure) were obtained by using
the same ECP-DZ basis sets. On the other hand, the DAFH analy-
sis, which utilizes the QTAIM approach, has been performed at
the scalar second-order Douglas–Kroll–Hess (DKH2)[83–87] level of
theory. Uncontracted basis sets of DZ (abbreviated as UDZ) qual-
ity were employed in the DKH2 calculations, that is, Dyall’s UDZ
basis set (21s14p10d1f)[88] was used for the ruthenium atom,
whereas Dunning’s uncontracted cc-pVDZ basis sets[54,55] were
used for the Cl, O, N, and C atoms and the uncontracted 6-31G
basis set[89] for the hydrogen atoms. The Gaussian 03 software[90]

was used for all DKH2 and ECP calculations. For description pur-
poses, the Ru–Cl2, Ru–N2, and Ru–Cl1 (Ru–N4 for compound 3)
bonds are (nearly) coincident with the x, y, and z Cartesian axes,
respectively (for the atom numbering, see Figure 1). The DAFH
analysis was performed with the WinBader program,[91] and the
QTAIM analysis with the AIMAll software.[92]

The B3LYP/ECP-DZ localized and frontier canonical orbitals were
obtained by using the ORCA software.[93,94] In addition, the ORCA
package was used to determine the Mulliken populations of the
localized and canonical orbitals. All the orbitals (as well as the
DAFH eigenvectors) are drawn with isovalues of 0.05 ebohr–3. The
gOpenMol program[95] was used to plot the localized and canonical
orbitals, and the DAFH eigenvectors were visualized by GaussView
software.[96]

The CASSCF calculation of 1 in the B3LYP/ECP-DZ/
PCM(dmso)-optimized geometry was also performed with the
ORCA package. The minimal active space, used to elucidate the
antiferromagnetic interaction in the {Ru(NO)}6 entity, accounted
for the t2g d electrons of Ru and the π*(NO) orbitals.[97] The start-
ing active space was built up of the localized B3LYP/ECP-DZ t2g-
like d orbitals of Ru [dxy(Ru), dxz(Ru)–π*(NO), dyz(Ru)–π*(NO)]
and the LUMO and LUMO+1 canonical B3LYP/ECP-DZ orbitals
(in total six electrons in five orbitals). For further details see the
CASSCF section. A state-averaged CASSCF calculation for the
five lowest roots was performed and the CASSCF single-root calcu-
lation was then restarted from the obtained state-averaged natural
orbitals.

Several different theoretical methods were employed to reveal the
electronic structures of the studied compounds. The localized orbit-
als are a useful tool for elucidating electronic structures, providing
essential information about the shapes and types of bonds between
atoms as well as about the lone pairs and core parts of atoms.

Quantum Theory of Atoms-in-Molecules (QTAIM) analysis is
based on the topological analysis of electron density ρ(r),[42,43]

which results in partitioning of the electron density into domains
associated with individual atoms. The integration of the electron
density within the individual domains provides the QTAIM atomic
charges. A similar integration can also be applied to the straightfor-
ward extension of the concept of bond indices as quantitative mea-
sures of electron-sharing between individual atoms. Further infor-
mation can be extracted from bond characteristics such as electron
density ρ, its Laplacian �2ρ, and bond ellipticity ε at bond critical
points (BCP) defined by Equations (1) and (2) in which
λ1 � λ2 � 0� λ3 are the eigenvalues of the Hessian of the BCP
electron density. BCP is the bond path point with the minimal elec-
tron density.

�2ρ = λ1 + λ2 + λ3 (1)

ε =
λ1

λ2
– 1 (2)

Domain-averaged Fermi hole (DAFH) analysis was proposed to
extract highly visual information about the electronic structure or
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bonding, especially in molecules with nontrivial bonding pat-
terns.[98–103] Its principles are described in the original litera-
ture.[39–41] Especially interesting and chemically relevant infor-
mation can be extracted from the holes defined by atomic domains
resulting from Bader or Mulliken analysis, but more complex do-
mains, formed by the union of several atomic domains, which
correspond, for example, to certain functional groups or interesting
molecular fragments, can be analyzed as well. In any case, the holes
provide information about the electron pairs (chemical bonds, core
and valence lone pairs) retained in the domain and about the
broken or dangling valences resulting from the formal splitting of
the bonds required for the isolation of the corresponding fragments
from the rest of the molecule. The structural information is re-
trieved from the combination of qualitative insights provided by
the visual inspection of individual DAFH eigenvectors and their
eigenvalues (occupation numbers). Occupation numbers close to
two typically correspond to electron pairs (chemical bonds, core
and/or valence lone pairs) that are retained in the analyzed domain.
Occupation numbers that considerably deviate from the ideal value
of two usually denote the dangling valences of the formally broken
bonds and the actual values provide information about the polarity
of these bonds.

In connection with the above broad spectrum of independent theo-
retical tools and procedures used, it is extremely important and
worthy that the picture of the bonding provided by all of them is
very similar and mutually consistent.

Supporting Information (see footnote on the first page of this arti-
cle): 1H and 13C NMR spectra of 1 and 15N NMR of 15NO-labeled
1, 15N,1H HSQC, 1H,1H COSY, and 13C–1H HMBC plots for 1,
and optimized geometries of 1–3 and 3+ (including full details of
Gaussian 03 calculations).
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