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A survey of 18 paramagnetic species [LnRu(NO)]k, including
seven new examples studied by in situ electrolysis, reveals a
surprisingly narrow range of EPR parameters despite a wide
variety of ligands such as pyridine, polypyridines, imines,
amines, nitriles, phosphanes, carbonyl, cyclopentadienides,
halides, hydride, hydroxide, thiocyanate or cyanide: g1 =
2.015 ± 0.02, g2 = 1.990 ± 0.015, g3 = 1.892 ± 0.03, gav = 1.968
± 0.02, ∆g = g1 − g3 = 0.122 ± 0.037, A2(14N) = 3.3 ± 0.5 mT.
This rather small variability, smaller still if the organometallic
compounds are excluded, differs from the wider range of EPR
data reported for nitrosyliron species with S = 1/2; appar-

Introduction

The formation, reactivity, spectroscopy and structures of
nitrosyliron complexes have been investigated for more than
a century.[1�3] The question of the appropriate electronic
description of such species in terms of oxidation and spin
states has been highlighted recently by the examples of sim-
ple [(H2O)5Fe(NO)]2�,[4] of complexes [(L)Fe(NO)]n� with
multidentate N-, S- or O-donor ligands L,[5] and of nitrosy-
liron porphyrins inside or outside of heme proteins.[6,7] Vari-
ous iron oxidation states, from �II[8] to �IV,[9] can be dis-
cussed in conjunction with nitrosonium (NO�), nitric oxide
(NO·) or nitroside (NO�) ligands.[10] Paramagnetic neutral
NO· is of particular interest, and its presence has been ob-
served frequently by vibrational or EPR spectroscopy.[11�13]

The current surge in such studies is attributed to the rec-
ognition of the essential role of iron�NO interactions in a
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ently, the {RuNO}7 configuration involves a rather invariant
and relatively covalent metal−NO interaction. DFT calcula-
tions were employed for [(NC)5Ru(NO)]3− to reproduce the
EPR data, to evaluate the spin distribution (58% spin density
on NO), and to reveal structural changes on reduction such
as the Ru−N−O bending and Ru−NO bond lengthening. In
addition, the possibility of staggered and eclipsed conforma-
tions is discussed.

( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

physiological context,[13] including the formation,[14] bind-
ing, and release[15] of this ubiquitous messenger (neuro-
transmitter) molecule.[16] Copper-[17] or iron-coordinated
NO also play an important role in the biological nitrogen
cycle.[18] In yet another line of interest, the metal-influenced
chemistry of NO is of relevance for catalytic exhaust-gas
conversion.[19]

Recently, corresponding compounds of the higher
homologue ruthenium have also been studied in the
search for NO-scavenging[20] or NO-releasing (delivering)
agents.[14,15,21] Scavenging by specifically designed ru-
thenium() aqua complexes containing polycarboxylate co-
ligands was reported recently to involve a fast NO coordi-
nation, leading to formally RuII(NO�) complexes. However,
the potential RuII(NO·) product accessible by electrochemi-
cally reversible reduction[20c] was not studied further.[20a]

Photochemical or electron-transfer activation can be en-
visaged for the labilization of bound NO from its usual,
kinetically stable RuII(NO�) � {RuNO}6 configuration.[21]

Following more recent assumptions[22] on the transition
from RuII�(NO�) to RuII�(NO·) some EPR data on
chemically generated RuII(NO·) species and pertinent quan-
tum-chemical calculations have been published in the last
few years.[21b,23�30] Herein we describe EPR results from
the in situ reduction of several more such complexes
[LnRu(NO)]k, we summarize and critically discuss the data
of 18 different such species and compare the unexpectedly
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uniform result with the situation in corresponding iron
complexes. Results for the reduction and oxidation of
[Cl5Ru(NO)]2� are also presented, as are improved DFT
calculations of the g and hyperfine properties of
[(NC)5Ru(NO)]3�, including their orientation dependence
(eclipsed vs. staggered conformation).

Results and Discussion

Although the new RuII�(NO�) precursor complexes re-
ferred to in the Exp. Sect. are reduced reversibly at room
temperature, no EPR signals were detectable for the one-
electron-reduced forms under those conditions. EPR silence
at room temperature has been reported before for the re-
lated species from Table 1.[22�25] In glassy frozen solution a
typical pattern[17,23�30] of rhombic g splitting with 14N
nitrosyl hyperfine coupling of the central component em-
erges, a representative spectrum from the in situ electrolysis
of a precursor, [(terpy)(bpz)Ru(NO)]3�, in CH3CN/0.1 
Bu4NPF6, is shown together with a computer simulation
in Figure 1.

Table 1. EPR spectroscopic data[a] of nitrosylruthenium complexes; n.o. not observed

Complex g1 g2 g3 gav ∆g A1 A2 A3 Ref.

[(py)4(NH3)Ru(NO)]2� 2.0215 1.9875 1.878 1.963 0.1435 n.o. 3.0 n.o. this work[b]

[(py)4(SCN)Ru(NO)]� 2.0225 1.9895 1.877 1.963 0.1455 n.o. 2.9 n.o. this work[b]

[(py)4ClRu(NO)]� 2.025 1.990 1.886 1.967 0.139 n.o. 3.1 n.o. this work[b]

[(py)4ClRu(NO)]� 2.033 1.989 1.874 1.965 0.159 1.51 3.18 1.07 [28][c]

[(py)4(OH)Ru(NO)]� 2.0235 1.991 1.886 1.967 0.1375 n.o. 3.2 n.o. this work[b]

[(bpy)2(CH3CN)Ru(NO)]2� 2.028 1.9925 1.882 1.968 0.146 n.o. 3.3 n.o. this work[b]

[(bpy)2ClRu(NO)]� 2.029 1.992 1.881 1.968 0.148 n.o. 3.2 n.o. this work[b]

[(terpy)(bpy)Ru(NO)]2� 2.0175 1.998 1.883 1.967 0.1345 n.o. 3.4 n.o. this work[b]

[(terpy)(bpz)Ru(NO)]2� 2.0215 1.999 1.886 1.969 0.1355 n.o. 3.4 n.o. this work[b]

[(NC)(py)4Ru(µ-CN)(py)4Ru(NO)]2� 2.024 1.990 1.865 1.960 0.159 1.55 3.39 0.97 [28][c]

[(cyclam)ClRu(NO)]� 2.035 1.995 1.883 1.971 0.152 1.7 3.21 1.5 [24,25b][d]

[(bpydip)ClRu(NO)]� 2.027 1.991 1.889 1.969 0.138 1.69 3.23 1.48 [29][e]

[(dppe)2ClRu(NO)]� 2.011 1.976 1.867 1.951 0.144 1.71 1.85[f] 1.43 [25b][g]

[(depe)2ClRu(NO)]� 2.010 1.984 1.888 1.961 0.122 1.8 3.5 1.9 [25b][d]

[(NC)5Ru(NO)]3� 2.004 2.002 1.870 1.959 0.134 n.o. 3.8 n.o. [27][h]

[(Ph3P)2(C5Me5)Ru(NO)]� 2.0115 1.983 1.900 1.965 0.111 1.63 2.10[f] 2.29 [30a][i]

1.995 1.995 1.896 1.962 0.099 n.o. 2.85 n.o. [30a][j]

[(PhMe2P)2(C5Me5)Ru(NO)]� 2.000 1.998 1.915 1.970 0.085 1.06 3.38 1.07 [30a][i]

1.996 1.996 1.964[f] 1.985[f] 0.032[f] n.o. 3.25 n.o. [30a][j]

[(Me3P)2(C5Me5)Ru(NO)]� 2.007 2.002 1.918 1.976 0.089 1.15 3.37 1.20 [30a][i]

2.001 1.994 1.912 1.969 0.089 0.6 3.3 1.3 [30a][j]

[HCl(OC)(PiPr3)2Ru(NO)] 2.006 1.993 1.910 1.970 0.096 n.o. 3.45 n.o. [30b][k]

[DCl(OC)(PiPr3)2Ru(NO)] 2.001 1.994 1.910 1.968 0.091 n.o. 3.45 n.o. [30b][k]

[a] 14N hyperfine coupling A in mT. [b] In CH3CN/0.1  Bu4NPF6, measured at 110 K. [c] In CH3CN/0.1  Bu4NPF6, measured at 10 K.
[d] In ethylene glycol � 30% H2O, measured at 77 K; cyclam � 1,4,8,11-tetraazacyclotetradecane; depe � 1,2-bis(diethylphosphanyl)-
ethane. [e] In CH3CN, measured at 110 K; bpydip � N,N�-bis(7-methyl-2-pyridylmethylene)-1,3-diiminopropane. [f] Probably erroneous
value. [g] In CH2Cl2, measured at 77 K; dppe � 1,2-bis(diphenylphosphanyl)ethane. [h] In CH3CN/0.1  Bu4NPF6, measured at 3.5 K. [i]

In CH2Cl2, measured at 113 K. [j] In acetone, measured at 100 K. [k] In toluene, measured at 77 K. Additional 1H hyperfine coupling
observed at about 3.5 mT.
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Figure 1. EPR spectrum of [(terpy)(bpz)Ru(NO)]2� at 110 K in
CH3CN/0.1  Bu4NPF6 (top); computer simulation (bottom)

Conversion of commercially available K2[Cl5Ru(NO)]
into its tetrabutylammonium salt allowed us to additionally
study its reduction behavior in acetonitrile. Even at �40
°C the electrochemical reduction proved to be irreversible,
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presumably due to the facile dissociation of chloride. In
contrast, reversible oxidation produced a species with an
EPR signal (g1,2 � 2.1075, g3 � 2.0577) which will have to
be analyzed further.

The results for the reversibly reduced systems are summa-
rized, together with literature data, in Table 1; most pre-
viously reported species were obtained by chemical
reduction with, for example, Zn/Hg[29] or Eu2�.[21b,24,25b]

The spectra reported here were simulated without in-
corporating unresolved nitrosyl 14N hyperfine splitting of
the g1 and g3 components. Such incorporation has been re-
ported in the literature;[25,29][30b] however, the correspond-
ing values between 1 and 2 mT, or even below, may rather
serve as an approximation or upper limit and they will not
be discussed further. Accuracy of the g factors is assumed
to be �0.0005 (g1), �0.0002 (g2) and �0.001 (g3); the A2

values are given with a �0.1 mT error margin.
Given the wide variety of ligands L for the species [LnRu-

(NO)]k in Table 1 (L � pyridine, polypyridines, imines, am-
ines, nitriles, phosphanes, carbonyl, cyclopentadienide, hal-
ides, hydride, hydroxide, thiocyanate, cyanide), the small de-
gree of EPR parameter variation is surprising:
g1 � 2.015 � 0.02, g2 � 1.990 � 0.015, g3 � 1.892 � 0.03,
gav � 1.968 � 0.02, ∆g � g1 � g3 � 0.122 � 0.037,
A2(14N) � 3.3 � 0.5 mT.

The variance is still smaller if organometallic deriva-
tives[30] are excluded.

Paramagnetic nitrosyliron complexes, even those involv-
ing only low-spin systems,[4,5,7,31] exhibit a distinctly greater
variation. In part this may reflect contributions from the
more accessible valence-tautomeric MI(NO�) state for M �
Fe which has a (dz

2)1 configuration and leads to g1,2 � 2.07,
g3 � 2.0 and gav � 2.03 for clearly established FeI(NO�) ca-
ses.[25,31b]

On average, the g anisotropy, ∆g � g1 � g3, is about
twice as large for the ruthenium complexes as for related
nitrosyliron() species.[27] This is an immediate consequence
of the higher spin-orbit coupling constant ξ(Ru) �
2ξ(Fe).[32] The deviation of g from the free-electron value
of 2.0023 results from admixtures of higher excited states
with nonzero angular momentum; according to the
approximation in Equation (1) the spin-orbit coupling con-
stant, ξ, is a crucial factor.[33]

Unrestricted ADF/BP calculations for the most sym-
metric species [(NC)5Ru(NO)]3� have confirmed the ex-
pected[11] and recently experimentally confirmed[30b] bend-
ing of the RuNO moiety to 146.1° [138.75(11)° for
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[HCl(OC)(PiPr3)2Ru(NO)][30b]) and the lengthening of the
Ru�NO bond by 0.128 Å to 1.899 Å [1.8566(11) Å for
[HCl(OC)(PiPr3)2Ru(NO)][30b]), in agreement with the es-
tablished NO labilization on reduction for potential medical
applications.[20,21] G98/B3LYP calculations give an RuNO
angle of 146.7° and a Ru�NO bond length of 1.915 Å.
ADF/SAOP calculations indicated about 29% metal and
58% NO contributions to the singly occupied molecular
orbital (SOMO), suggesting RuII�(NO·) as the dominant
oxidation state formulation, albeit with considerable mix-
ing.[27] The lowest (completely) unoccupied molecular or-
bital (LUMO) is the second NO-based π* MO (25% metal
and 62% NO contribution), originating from the degenerate
e level of [(NC)5Ru(NO)]2�. The calculated values (gn, An)
are listed in Table 2.

Table 2. Comparison of experimental and calculated g values and
hyperfine constants A (mT) for [(NC)5Ru(NO)]3� at optimized
geometry (eclipsed conformation)

Exp. Calcd.[a] Calcd.[b] Calcd.[c]

g1 2.004 2.000 2.006 2.007
g2 2.002 1.993 1.996 1.997
g3 1.870 1.814 1.845 1.890
g1 � g3 0.134 0.186 0.161 0.117
giso

[d] 1.959 1.936 1.949 1.965
A1 (101Ru) n.o. 0.96 � 1.13
A2 (101Ru) n.o. 1.61 � 1.67
A3 (101Ru) n.o. 0.24 � 0.46
A1 (14N) n.o. 0.51 � 1.28
A2 (14N) 3.8 3.23 � 4.04
A3 (14N) n.o. 0.35 � 1.14

[a] ADF/BP calculations: g values calculated using spin-restricted
approach including spin-orbit coupling; A values calculated within
the UKS-ZORA approach with core electrons included. [b] ADF/
SAOP spin-restricted ZORA calculations including spin-orbit
coupling. [c] UKS-Pauli approach. [d] Calculated from �g� � [(g1

2

� g2
2 � g3

2)/3]1/2.

The well-known bending of the M�N�O moiety in
{MNO}7 species with approximately octahedral configura-
tion at M produces a conformational isomerism charac-
terized by variations of the C(CN)�Ru�N�O dihedral
angle, θ, with the eclipsed (θ � 0°) and staggered (θ � 45°)
conformations as the two extreme cases (Scheme 1). G98/
B3LYP geometry optimization shows the eclipsed confor-
mation to be more stable by 0.041 eV (as in [HCl(OC)-
(PiPr3)2Ru(NO)][30b]), the rotational barrier being highly
dependent on the functional used. The calculated gn,
An(14N) and An(101Ru) parameters depend only slightly on
the conformation.

The analysis of individual contributions to the ∆g values
was performed within the UKS-Pauli approach, indicating
that the largest contribution arises from the paramagnetic
orbital-orbital coupling between the SOMO and LUMO of
the same spin polarization. The experimental g values are
well reproduced by the calculations. Table 2 shows how the
functional and the type of approach influence the calcu-
lated values. The best agreement between experimental and
calculated g values was achieved using either the ADF/
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Scheme 1

SAOP spin-restricted ZORA spin-orbit calculation or the
UKS-Pauli approach.

The spin distribution in complexes [LnRu(NO)]k �
{RuNO}7 seems to be rather invariant throughout the com-
plexes of Table 1, reflecting the high degree of covalency of
the Ru�N bond in the {RuNO}[7] configuration with 19
valence electrons. Increasing covalency is also responsible
for the general shift to higher g values on going from
Na��NO· via CuI complexes[34] to the RuII compounds
summarized here. In comparison to the results given here,
some other calculations[26,29] seem to underestimate the NO
contributions. In that context, some conclusions based on
very small ν(NO) shifts on reduction such as a RuIII(NO·)
formulation for [(cyclam)ClRu(NO)]2� or a ligand-delo-
calized description (L·�)RuII(NO�) suggested for
[(bpydip)ClRu(NO)]� [29] are not supported by the EPR
data [cyclam � 1,4,8,11-tetraazacyclotetradecane;
bypdip � N,N�-bis(7-methyl-2-pyridylmethylene)-1,3-di-
iminopropane].

Despite the rather uniform EPR results for the species in
Table 1 there are some slight variations. The most sym-
metrical species [(NC)5Ru(NO)]3� displays a g component
splitting approaching the axial limit, with g� � g||. The av-
erage value of g is smallest for this species whereas it is
slightly larger (in 0.012) for [(cyclam)ClRu(NO)]�; however,
all RuII(NO·) complexes have gav below 2, indicating the
closeness of both π* orbitals of NO[27] and thus of both
2Πx and 2Πy states.[34,35] The presence of states lying close
to the radical ground state is also responsible for the rapid
relaxation as evident from the EPR silence at room tem-
perature. The relatively large A2 hyperfine value of 3.8 mT
for 14N(NO) may in part reflect the reluctance of negatively
charged cyanide ligands in [(NC)5Ru(NO)]3� to accommo-
date the unpaired electron. On the other hand, the A2 val-
ues are smallest, at about 3.0 mT, for the series of
complexes [(py)4XRu(NO)]� with rather weak donor li-
gands (Table 1).
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The total g anisotropy ∆g � g1 � g3 is highest for the
dinuclear complex [(NC)(py)4Ru(CN)(py)4Ru(NO)]2�,
possibly reflecting an effect of the second, non-NO-coordi-
nating metal center with its high spin-orbit coupling con-
stant. [(NC)5Ru(NO)]3� and the phosphane-containing
compound [(depe)2ClRu(NO)]� [depe � 1,2-bis(diethyl-
phosphanyl)ethane], both with strong σ donor/π acceptor
ligation, display relatively small ∆g values, indicating
smaller metal contributions; this is also supported by rather
high nitrosyl ligand coupling constants A2(14N).

Changing the solvent from CH3CN to DMF in the case
of [(py)4ClRu(NO)]� yielded identical EPR parameters. Al-
though the cyanoiron compounds [(NC)5Fe(L)]2� [L �
NO� or N-methylpyrazinium (mpz)] can lose one cyanide
ligand on reduction[36,37] we found no evidence for conver-
sion into a five-coordinate complex in the paramagnetic ru-
thenium species studied here. The new calculated metal hy-
perfine coupling constants An(101Ru) (Table 2) confirm the
failure to observe such splittings experimentally. Even the
calculated A2 value of 1.61 mT would be difficult to detect
because of the line-width, the relatively low natural abun-
dance of only 17% and the distribution of signal intensity
over six lines (I � 5/2). The isotope 99Ru (12.7% natural
abundance, I � 5/2) has a 10% smaller hyperfine coup-
ling[45] and would be still harder to detect. The maximum
calculated isotropic hyperfine splitting of 0.94 mT accord-
ing to Table 2 is only slightly larger than the Aiso(101Ru)
parameters measured for radical complexes containing cy-
anoruthenium[37,38] (�0.52 mT) or other ruthenium()
complex fragments (�0.86 mT).[39] Species with metal-cen-
tered spin containing ruthenium()[40] are expected to have
isotropic metal coupling constants of several milliteslas.

In summary, the small variation in g tensor splitting and
hyperfine coupling for all 18 compounds in Table 1 suggest
very similar electronic structures, described essentially by
the RuII(NO·) formulation. The surprising invariance of
EPR parameters points to a higher degree of covalency in
the {RuNO}7 situation than in the corresponding {FeNO}7

arrangements, the latter having more accessible options
between the limiting structures FeII(NO·) and FeI(NO�)
and between low-spin and high-spin states. Perspectives for
future work will include nitrosylruthenium complexes with
strongly dominant co-ligands such as porphyrins or other
macrocycles[41] and the study of osmium analogues with
their much higher spin-orbit coupling contributions from
the 5d metal.

Experimental Section

Instrumentation: IR spectra were recorded with KBr pellets on a
Thermo Nicolet model Avatar 320 FT-IR instrument. 1H NMR
spectra were obtained on a Bruker 500 MHz spectrometer. Electro-
chemical studies were performed with a Princeton Applied Re-
search potentiostat 273A, by square-wave voltammetry (SWV) at
60 Hz, with vitreous carbon as working electrode and Ag/AgCl (3
 KCl) as reference. The electrolyte was an aqueous solution that
was 1  in NaCl and 0.01  in HCl. Elemental analyses were done
on a Carlo Erba elemental analyser, model 1106. EPR spec-
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troscopy: The nitrosylruthenium complexes were reduced for in situ
EPR studies in a two-electrode capillary described earlier.[42] The
electrolyte was CH3CN/0.1  Bu4NPF6. Whereas the brief (ca.
10 min) electrolysis was performed at 295 K, the EPR spectra were
recorded at 110 K in glassy frozen solutions due to the EPR silence
of the complexes at room temperature. A Bruker ESP 300 spec-
trometer was used. The g factor determination was carried out with
a Bruker ER035M gaussmeter and a HP 5350B microwave counter.
The spectra were simulated (program Bruker WinSimfonia) with-
out incorporating the unresolved hyperfine splitting of the g1 and
g3 components.
The complexes trans-[(py)4ClRu(NO)](PF6)2,[43] trans-[(py)4(OH)-
Ru(NO)](PF6)2,[43] trans-[(py)4(NH3)Ru(NO)](BF4)3,[44a] cis-
[(bpy)2ClRu(NO)](PF6)2,[23] cis-[(bpy)2(CH3CN)Ru(NO)](PF6)2

[44b]

and [(terpy)(bpy)Ru(NO)](PF6)3
[45] were prepared as described

previously.

[(terpy)(bpz)Ru(NO)](PF6)3: [RuCl3(terpy)][46] (100 mg, 0.227
mmol) and bpz (2,2�-bipyrazine, 60 mg, 0.379 mmol) were heated
to reflux for 3 h in 50 mL of EtOH/H2O (1:1). NaNO2 (150 mg)
was added to the red-brown solution and refluxing was continued
for 2 h. The red solution was then filtered and a concentrated solu-
tion of NH4PF6 was added until complete precipitation of the
product was ensured. The red solid was suspended in 3  HCl and
NH4PF6 was added in the same way as before to afford a brown
solid. The product was further purified by recrystallization from
acetonitrile/diethyl ether. IR: ν(NO) � 1957 cm�1. E1/2 � 0.46 V
vs. Ag/AgCl. C28H17F18N8OP3Ru (957.40): calcd. C 28.85, N 1.79,
N 11.71; found C 27.66, N 1.74, N 11.04. 1H NMR (CD3CN): δ �

10.12 (s, 1 H), 9.96 (s, 1 H), 9.51 (d, 1 H), 9.38 (d, 1 H), 8.99 (t, 1
H), 8.87 (d, 2 H), 8.82 (d, 1 H), 8.71 (d, 2 H), 8.47 (t, 2 H), 8.06
(d, 2 H), 7.73 (t, 2 H), 7.22 (t, 1 H) ppm.

trans-[(py)4(SCN)Ru(NO)](PF6)2: trans-[(py)4Ru(NO2)2][43] (100 mg,
0.0106 mmol) and NaSCN (300 mg, 3.7 mmol) were suspended in
20 mL of acetonitrile, and 0.5 mL of concentrated HPF6 was ad-
ded. After mixing, the sample was evaporated to dryness. The solid
residue was suspended in water and filtered. 700 mg of NH4PF6

was added to the solution and a yellow solid was obtained. This
compound was further purified by loading onto a DOWEX 50
WX2 cation exchanger (100�200 mesh) in acid form eluting with
1  HCl. The main orange fraction was collected and precipitated
with NH4PF6. C21H20F12N6OP2RuS (795.49): calcd. C 31.69, H
2.01, N 10.56, S 4.03; found C 31.90, H 2.27, N 10.12, S 3.63. IR:
ν(NO) � 1902 cm�1. E1/2 � 0.12 V and �0.35 V vs. Ag/AgCl. 1H
NMR (CD3CN): δ � 8.29 (t, 4 H, H4), 8.26 (d, 8 H, H2,6), 7.70 (t,
8 H, H3,5) ppm.

DFT Calculations: Ground state electronic structure calculations
on [(NC)5Ru(NO)]3� have been done on the basis of density-func-
tional theory (DFT) methods using the ADF2002.03[47,48] and
Gaussian 98 program packages.[49]

Within the ADF program, Slater-type orbital (STO) basis sets of
triple-quality with polarization functions were employed. Basis I
was represented by the frozen-core approximation (1s for C, N O
and 1s�3d for Ru), basis II also includes core electrons. The fol-
lowing density functionals were used within ADF: the local density
approximation (LDA) with VWN parametrization of electron gas
data or the functional including Becke’s gradient correction[50] to
the local exchange expression in conjunction with Perdew’s gradi-
ent correction[51] to the LDA expression (ADF/BP). The scalar re-
lativistic (SR) zero-order regular approximation (ZORA) was used
within the geometry optimization. The g-tensor calculations were
also performed using the asymptotically correct functional SAOP
(statistical average of orbital potentials),[52] which gives better ener-

 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2004, 2902�29072906

gies of the frontier MOs. Core electrons were included in the ADF/
SAOP calculations.
The g-tensor was obtained from a spin-nonpolarized wave function
after incorporating the spin-orbit (SO) coupling. A tensors and g
tensors were obtained by first-order perturbation theory from the
ZORA Hamiltonian in the presence of a time-independent mag-
netic field.[53,54] The analysis of individual contributions to the g
tensor was done by the UKS-Pauli approach using gauge-including
atomic orbitals.[55]

Within Gaussian-98 Dunning’s polarized valence double-ζ basis
sets[56] were used for the C, N and O atoms and the quasi-relativis-
tic effective core pseudopotentials with a correspondingly optim-
ized set of basis functions[57] for Ru. The hybrid Becke three-par-
ameter functional with Lee, Yang and Parr correlation functional
(B3LYP)[58] was used in the Gaussian-98 calculations (G98/
B3LYP).
The geometry of [(NC)5Ru(NO)]3� was optimized without any
symmetry restrictions using the spin-unrestricted open-shell
Kohn�Sham (UKS) approach.
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