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A synthetic route was developed for the preparation of trans-[Ru(NH3)4(NO)X]n1, where X = isonicotinamide
(isn), pyrazine (pyz) or sulfite, and cis-[Ru(NH3)4(NO)(NO2)]

21. The complexes have been characterized by
elemental analysis, UV/VIS, infrared, 1H NMR and ESR spectroscopies, molar conductance measurements and
cyclic voltammetry. All showed ν(NO) in the range characteristic of metal-co-ordinated NO1 and do not exhibit
any ESR signal, consistent with the formulation of RuII]NO1. The equilibrium constants Keq for the reaction
trans-[Ru(NH3)4(NO)X]31 1 2OH2 trans-[Ru(NH3)4(NO2)X]1 1 H2O are 2.5 × 108 and 6 × 108 dm6 mol22

for X = isn or pyz. Cyclic voltammograms of the complexes in aqueous solution exhibited reversible
one-electron waveforms in the potential range 20.13 to 20.38 V vs. SCE, which were assigned to the
[Ru(NH3)4(NO)X]n1 → [Ru(NH3)4(NO)X](n21)1 process. Nitric oxide and trans-[Ru(NH3)4(H2O)X]21 are the
final products of the reaction between EuII and trans-[Ru(NH3)4(NO)X]31, L = isn or pyz. Ab initio molecular
orbital calculations performed for trans-[Ru(NH3)4(NO)(pyz)]31 and trans-[Ru(NH3)4(NO)(pyz)]21, and the
products of the trans-[Ru(NH3)4(NO)(pyz)]31 one-electron electrochemical or chemical reduction, strongly
suggest the added electron is localized mainly on the nitrosyl ligand. A correlation was observed between ν(NO)
and E₂

₁ for the reversible reduction wave. These results indicate that the nitric oxide reduction is facilitated by
strong π-acceptor ligands trans to the NO. Nitric oxide and trans-[Ru(NH3)4(H2O)X]31 were formed when
solutions containing trans-[Ru(NH3)4(NO)X]31 were irradiated in the range 310–370 nm.

Advances in the chemistry of co-ordinated nitric oxide were
mainly motivated by the important role that NO plays in air
pollution.1 Each year 106 tons (1 ton ≈ 1016 kg) of nitrogen
oxides (NO and NO2) are produced in fossil-fuel combustion
processes, mainly as NO.

Despite its thermodynamic instability,1 NO is kinetically
inert with respect to decomposition and reduction, and
requires the presence of metal or metal oxide 2 catalysts for
many of its reactions. In these systems 1–5 the NO ligand
reactivity is markedly influenced by the co-ordination-sphere
characteristics of the metal center. Nitric oxide is also a versa-
tile and important molecule in a wide variety of physiological
processes,3 including neurotransmission, immune regulation,
smooth muscle relaxation, neuromodulation and platelet
inhibition.4 Therefore, it is not surprising that the use of metal-
lonitrosyl complexes as agents potentially capable of releasing
or removing NO in vivo has recently become a very active area
of research.5

Aiming to learn more about the mutual influences of the
ancillary ligands and NO upon their respective reactivities and
using ruthenium ammines as a model, this paper describes the
complexes trans-[Ru(NH3)4(NO)X]n1 [X = isonicotinamide
(isn), pyrazine (pyz) or SO3

22] and cis-[Ru(NH3)4(NO)-
(NO2)]Br2.

Experimental
Chemicals and reagents

Isonicotinamide and pyrazine (Aldrich) were used as supplied.
All preparations and measurements were carried out under

an argon atmosphere, using standard techniques for manipu-
lation of air-sensitive compounds.

Apparatus

All UV/VIS spectra were recorded on a Hewlett-Packard HP
8452A diode-array spectrophotometer. Owing to the fact that
some bands are not well defined, a spectral curve fitting was
carried out for the electronic spectra, assuming that the bands
have a gaussian shape. Infrared spectra were recorded on a
Bomem MB series FT-IR spectrometer. Analysis of ruthenium
was performed in a Hitachi Z-8100 atomic absorption spectro-
photometer, following the literature method.6

The ESR spectra were recorded on a Bruker ESP 300E spec-
trometer at liquid-nitrogen temperature, NMR spectra in D2O
on a Bruker AC-200 spectrometer. 3-(Trimethylsilyl)propane-
sulfonic acid was used as an internal standard.

A Digimed model CD-21 conductimeter was used for conduct-
ance measurements in water. A table of conductance for 13
nitrosyl complexes in water, all well described in the literature,
was prepared. Our data indicate that 1 :1 complexes exhibit
conductances in water at 25 8C in the range 140–213, 1 :2 com-
plexes in the range 228–308 and 1 :3 complexes in the range
431–570 ohm21 cm2 mol21. The conductometric data for the
complexes are in good agreement with the formulations trans-
[Ru(NH3)4(NO)(isn)][BF4]3, trans-[Ru(NH3)4(NO)(pyz)][BF4]3,
trans-[Ru(NH3)4(NO)(SO3)]Cl and cis-[Ru(NH3)4(NO)(NO2)]-
Br2, which yield ΛM 552, 502, 147 and 245 ohm21 cm2 mol21,
respectively.

Electrochemical measurements were made using a Parc
Polarographic model 264A Analyzer/Stripping Voltammeter
and model 0089 XY Recorder. A Methron-type three-electrode
cell was used. Vitreous carbon, platinum wire and SCE were
used as working, auxiliary and reference electrodes, respectively.
Purified Ar was used for deaeration of the cell. The electro-
chemical reversibility was checked 7 by use of the differences in
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anodic and cathodic peak potentials and the ratio Ipa/Ipc and
plots of Ip versus v ¹².

The photolysis experiments were performed according to the
procedures described previously.8 The irradiations were carried
out by using an Osram 200 W Hg–Xe lamp in an Oriel model
6292 Universal arc-lamp source with an Oriel interference filter
(≈10 nm band pass). Photolysis was done in aqueous trifluor-
acetic acid solutions containing 1.0 × 1023 to 5 × 1024 mol
dm23 of the ruthenium complex. Solutions for the photolysis
and dark reactions were prepared in the same way. Corrections
were made for thermal reactions during photolysis by using the
dark unirradiated sample as a blank.

Since the voltammograms (cyclic voltammetry, CV; differen-
tial pulse polarography, DPP) and the electronic spectra of the
photolysed and the dark solutions are quite different, both
techniques could be used for quantum-yield measurements.
However, for convenience, the spectrophotometric technique
was chosen for quantum-yield determinations of trans-
[Ru(NH3)4(H2O)(isn)]31 (λ = 314 nm, ε = 8.5 × 104 dm3 mol21

cm21) and trans-[Ru(NH3)4(NO)(isn)]31 (λ = 323 nm, ε = 3.2 ×
102 dm3 mol21 cm21). For quantum-yield determinations,
samples subjected to irradiation were periodically monitored
by recording the UV/VIS spectra. Quantum yields were cal-
culated only for solutions where photolysis did not exceed
10%.

Preparation of ruthenium complexes

The complex cis-[Ru(NH3)4(NO)(OH)][ClO4]2 was prepared as
described by Pell and Armor 9 and trans-[Ru(NH3)4(SO2)Cl]Cl
by following the method of Isied and Taube.10

trans-[Ru(NH3)4(SO4)X]Cl (X 5 isn or pyz). The compounds
were prepared by adapting the literature procedures.11 The
complex trans-[Ru(NH3)4(SO2)Cl]Cl (0.200 g, 0.65 mmol) was
dissolved in argon-degassed water (3 cm3) and a ten-fold excess
of isonicotinamide or pyrazine added. Following this, 6 mol
dm23 HCl (2 cm3) and 30% H2O2 (5 cm3) were immediately
added to the reaction flask, resulting in a yellow solution. An
excess (≈30 cm3) of acetone was added and the solution allowed
to stand in a freezer for 4 h. The solid was filtered off, washed
with acetone, and dried under vacuum; yields varied from 62
(pyz) to 83% (isn) {Found: C, 12.87; H, 4.06; N, 22.18; Ru,
25.94. Calc. for trans-[Ru(NH3)4(SO4)(pyz)]Cl: C, 12.60; H,
4.20; N, 22.06; Ru, 26.55. Found: C, 17.81; H, 4.37; N, 20.10;
Ru, 23.40. Calc. for trans-[Ru(NH3)4(SO4)(isn)]Cl: C, 17.03; H,
4.26; N, 19.87; Ru, 23.91%}.

trans-[Ru(NH3)4(NO)X][BF4]3 (X 5 isn or pyz). The complex
trans-[Ru(NH3)4(SO4)(isn)]Cl (0.100 g, 0.24 mmol) was dis-
solved in HBF4 solution (5 cm3) with the pH previously
adjusted to 5.5. The complex was reduced with Zn(Hg) in a
stream of argon for 30 min (10 min for the pyrazine derivative).
The resulting solution was transferred to a vessel containing 4.9
mol dm23 HBF4 (1.5 cm3) and NaNO2 (0.100 g, 1.45 mmol).
The solution first turned yellow, then pale pink. An excess of
ethanol was added and the solution allowed to stand in a
freezer for 2 h. The product was filtered off, washed with eth-
anol and dried under vacuum. Yields: 67 (isn) and 63% (pyz)
{Found: C, 12.60; H, 3.41; N, 16.76; Ru, 17.37. Calc. for trans-
[Ru(NH3)4(NO)(isn)][BF4]3: C, 12.38; H, 3.10; N, 16.84; Ru,
17.36. Found: C, 8.82; H, 3.12; N, 18.36; Ru, 19.09. Calc. for
trans-[Ru(NH3)4(NO)(pyz)][BF4]3: C, 8.89; H, 2.97; N, 18.16;
Ru, 18.73%}. Infrared data (cm21): L = isn, 3420–3350 [ν(NH2)
and ν(NH3)], 3248–3147 [ν(NH3)], 1923 [ν(NO)], 1688 (amide
I), 1628 [amide II and δ(NH3)], 1558–1425 [ν(ring)], 1385
(amide III), 1348–1202 [ν(ring)], 1107 [ν(BF4)], 854 [δ(C]H) out
of plane], 750 [ρ(NH3)], 619 [ν(Ru]NO)] and 484 [ν(Ru]NH3)];
L = pyz, 3304–3215 [ν(NH3)], 1942 [ν(NO)], 1626 [δ(NH3)],

1429 [ν(ring)], 1366 [ν(ring) and νsym(NH3)], 1068 [ν(ring) and
ν(BF4

2)], 874 [δ(C]H) out of plane], 827–739 [ρ(NH3)], 621
[ν(Ru]NO)] and 476 [ν(Ru]NH3)].

trans-[Ru(NH3)4(NO)(SO3)]Cl. The complex trans-[Ru-
(NH3)4(SO2)Cl]Cl (0.100 g, 0.33 mmol) was dissolved in 0.1 mol
dm3 NaHCO3 aqueous solution (4 cm3) in a stream of argon for
15 min then transferred to a flask containing 6 mol dm23 HCl
(4 cm3) and NaNO2 (0.100 g, 1.45 mol). A pale yellow solid was
precipitated upon the addition of ethanol (10 cm3), which was
filtered off and dried under vacuum. The solid was redissolved
in water and transferred to a glass tube packed with octadecyl
resin (C18) and eluted with water. The liquid collected was then
evaporated (40 8C) until a solid appeared; the solution was
cooled, the compound isolated on a filter, washed with ethanol
and dried under vacuum. Yield: 75% {Found: H, 3.75; Cl,
11.61; N, 22.28; Ru, 32.85; S, 10.21. Calc. for trans-
[Ru(NH3)4(NO)(SO3)]Cl: H, 3.81; Cl, 11.29; N, 22.25; Ru,
32.13; S, 10.17%}. Infrared data (cm21): 3261 [ν(NH3)], 1871
[ν(NO)], 1628 [δ(NH3)], 1319 [δsym(NH3)], 1094 [νdeg(SO3)], 997
[νsym(SO3)], 837–775 [ρ(NH3)], 642 [δ(SO3)], 598 [ν(Ru]NO)]
and 501 [ν(Ru]NH3)].

[(NO)(NH3)4RuSSRu(NH3)4(NO)]Cl6?H2O. Zinc amalgam
was added to a solution prepared by dissolving trans-
[Ru(NH3)4(NO)(SO3)]Cl (0.300 g, 0.95 mmol) in 0.05 mol dm23

HCl (100 cm3). The yellow solution turned blue and after a few
minutes green. After 10 min it was filtered in a glove-bag and
transferred immediately to a column containing Bio-Rad
Dowex 500W-X8 resin (200–400 mesh), previously washed with
0.25 mol dm23 NaCl (300 cm3) and 0.05 mol dm23 HCl (100
cm3). The green species was eluted with 4.0 mol dm23 HCl.
During the whole elution process the system was kept under an
argon atmosphere. The resulting green solution was evaporated
to dryness under vacuum at 40–50 8C. Yield: 15% (Found: H,
3.94; Cl, 30.39; N, 20.65; Ru, 29.63. Calc.: H, 3.75; Cl, 30.73; N,
20.79; Ru, 29.16%).

cis-[Ru(NH3)4(NO)(NO2)]Br2. The complex cis-[Ru(NH3)4-
(NO)(OH)][ClO4]2 (0.33 g, 0.079 mmol) was dissolved in argon-
degassed water (3 cm3) and concentrated HBr (0.2 cm3) added.
The pink solution became yellow. After the addition of NaNO2

(0.100 g, 1.45 mol) an orange-yellow solid precipitate was
filtered off, washed with ethanol, and dried under vacuum.
Yield: 74% {Found: Br, 39.60; H, 2.80; N, 20.77; Ru, 24.96.
Calc. for cis-[Ru(NH3)4(NO)(NO2)]Br2: Br, 39.46; H. 2.96; N,
20.74; Ru, 24.96%}. Infrared data: 3228–3148 [ν(NH3)], 1927
[ν(NO)], 1628–1533 [δdeg(NH3)], 1425 [νasym(NO2)], 1310
[δsym(NO2) and δ(NH3)], 972–835 [δ(NO2) and ρ(NH3)], 608
[ν(Ru]NO)] and 478 [ν(Ru]NH3)].

trans-[Ru(NH3)4(NO2)(isn)][BF4]. The complex trans-[Ru-
(NH3)4(NO)(isn)][BF4]3 (0.100 g, 0.17 mmol) was dissolved in 1
mol dm23 NaOH (3 cm3). The brown-red solid was filtered off,
washed with ethanol, and dried under vacuum. Yield: 92%
{Found: C, 16.55; H, 4.27; N, 22.92; Ru, 23.82. Calc. for trans-
[Ru(NH3)4(NO2)(isn)][BF4]: C, 16.98; H, 4.24; N, 23.12; Ru,
23.84%}.

Computational details

Ab initio calculations were carried out by using density func-
tional theory (DFT). Gradient correction for exchange was
made using Becke’s three functional parameters 12 and the non-
local correlation of Lee et al.13 These corrections were included
in the Becke 3LYP method, which is standard in the quantum-
chemistry computational package GUASSIAN 94.14 We have
used the basis set 3-21g and or the double-zeta valence-
polarized basis set DZVP-DFT.15
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Table 1 Molecular orbital energy levels (cm21) of ions [Ru(NH3)4(NO)(pyz)]n1

Orbital

π*(NO)
dz2

dx22y2

π*(NO)
π*(NO)(LUMO)
π*(pyrazine)
π*(NO)(LUMO)

π*(NO)(HOMO)
σ, π(pyrazine)
σ, π(pyrazine)(HOMO)
πpy (pyrazine)
πpy (pyrazine)
dyx

dyz

dxz

[Ru(NH3)4(NO)(pyz)]31

2111 160
2111 353

2125 750
2125 930

2139 946
2153 294
2161 670
2159 778
2166 581
2167 483

[Ru(NH3)4(NO)(pyz)]21

Unpaired (68 772) a

269 810 (269 145)
270 045 (269 834)

272 404 (272 847)
279 943 (276 620)

299 900 (unpaired)
2114 430 (2114 313)

2120 505 (2120 338)
2134 451 (2134 125)
2115 547 (2115 369)
2118 683 (2118 628)
2121 005 (2115 854)

a Values in parentheses are for β orbitals.

Table 2 The UV/VIS spectral data for the ruthenium complexes

Complex

trans-[Ru(NH3)4(NO)(isn)][BF4]3
a

trans-[Ru(NH3)4(NO)(pyz)][BF4]3
a

trans-[Ru(NH3)4(NO)(SO3)]Cl a

cis-[Ru(NH3)4(NO)(NO2)]Br2
a

λmax/nm

230 b

268
323
486
230 b

276
302
468
584
224 b

327
364
422
249
285
454

ε/dm3 mol21 cm21

1.4 × 104

1.3 × 103

3.2 × 102

4.4 × 101

1.0 × 103

4.4 × 103

6.6 × 102

4.0 × 101

4.3 × 101

9.3 × 103

5.8 × 102

3.5 × 102

3.5 × 101

1.8 × 103

3.0 × 102

1.8 × 101

Assignment

MLCT
d → d, π → π*(L)
d → d
d → π*(NO), L → π*(NO)
MLCT
d → d, π → π*(L)
d → d
d → π*(NO)
L → π*(NO)
MLCT
d → d
d → d
d → π*(NO)
MLCT
d → d
d → π*(N)

a Spectra were taken in 0.1 mol dm23 CF3CO2H. b Doubtful value because of strong absorbance of the solvent (it absorbs until 230 nm).

Molecular orbital analyses for the [Ru(NH3)4(NO)(pyz)]31

complex and the reduced species [Ru(NH3)4(NO)(pyz)]21 were
performed at the optimized geometry.

Results and Discussion
Molecular orbital analysis

The ab initio DFT geometry optimizations were performed in
internally redundant coordinates, in a real C1 symmetry. As
input data we used an optimized geometry obtained at the semi-
empirical level, using the Zindo1 method from the HYPER-
CHEM 4.5 package.16

Table 1 shows the calculated energy levels for the species
[Ru(NH3)4(NO)(pyz)]31 and [Ru(NH3)4(NO)(pyz)]21. A very
useful model for the metal nitrosyl complex treats the system as
a six-co-ordinated MNO triatomic group, in C4v symmetry.17

However the molecular orbital structure of the [Ru(NH3)4-
(NO)(pyz)]31 ion shows some difference from this model, due
to the presence of the internal pyrazine orbitals.

In the [Ru(NH3)4(NO)(pyz)]31 ion the LUMO is the degener-
ate π* orbital centered on the NO, which mixes with the metal
dπ orbitals. Above the nitrosyl π-antibonding orbitals are the
d*z2 and d*x22y2 antibonding orbitals of the ruthenium. The
HOMO and the two orbitals below are located mainly on the
pyrazine ligand. The HOMO corresponds to the lone-pair elec-
tron of the terminal nitrogen of the pyrazine, and is higher in
energy (about 20 000 cm21) than the dxy orbital. Of the d
orbitals centered on ruthenium, the dxy lies in the equatorial

plane and does not interact with the NO or the axial ligand.
The dyz and the dxz orbitals mix with the π-antibonding orbitals
of the NO fragment and populate these antibonding orbitals in
the ground state. Also due to the π interaction, the dyz and dxz

orbitals are stabilized (about 7000 cm21) relative to the dxy

orbital.
The molecular orbital calculations for the reduced species

[Ru(NH3)4(NO)(pyz)]21 localize the additional electron mainly
in the NO-π* orbital which becomes the HOMO, about 15 000
cm21 higher than the second occupied molecular orbital, that of
the lone pair on the pyrazine. Also the calculated spin density is
94% localized on the NO fragment. So, according to the ab
initio DFT calculations, we can say that in the [Ru(NH3)4(NO)-
(pyz)]31 species the NO behaves essentially as NO0. This obser-
vation is consistent with measurements on the one-electron
reduction of [Ru(NH3)5(NO)]31,18a [RuCl(bipy)2(NO)]31,18b,c

trans-[Ru(Hdmg)2Cl(NO)] 18e (Hdmg = dimethylglyoximate ion)
and trans-[Ru(NH3)4(NO){P(OEt)3}]31.19

Electronic spectra

The UV/VIS spectral characteristics and band assignments for
the new nitrosyl complexes are given in Table 2.

The complex trans-[Ru(NH3)4(NO)(pyz)]31 shows an intense
band at 230 nm, assigned to a metal to pyrazine charge trans-
fer. A band at 302 nm is assigned to the d–d spin-allowed tran-
sition and one at 276 nm to a second d–d spin allowed tran-
sition, considering that the occupied d orbitals are split by
about 7000 cm21 due to the interaction with the π* orbitals of
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NO. However in this region an internal π → π* transition of
pyrazine also occurs and these two bands (d → d and
π → π*) are probably superimposed, making assignments
very difficult. In addition, two other bands can be observed at
468 and 584 nm. The former is assigned to the dxy → π*-
(NO) transition. The lower-energy band is only observed when
the axial ligand is an heterocyclic ring. According to the calcu-
lated molecular orbital levels, we tentatively assign this band to
an interligand π(pyrazine) → π*(NO) transition.20 These
assignments, except for the ligand-to-ligand charge-transfer
band, are essentially the same as those made by Manoharan
and Gray 21 for the [Ru(CN)5(NO)]22 ion and suggest some
changes in Schreiner’s assignment for the [Ru(NH3)4(NO)X]q1

type compounds.22

The trans-[Ru(NH3)4(NO)(isn)]31 ion exhibits an intense
band at 230 nm assigned to the RuII→isn charge-transfer tran-
sition. The second band of medium intensity at 323 nm was
assigned to a spin-allowed d–d transition. According to the
molecular orbital calculation for trans-[Ru(NH3)4(NO)(pyz)]31,
the lower-energy band at 486 nm could be assigned to a super-
position of the interligand π(isn) → π*(NO) transition and
the metal to NO charge transfer, d → π*(NO). Another
intense band at 268 nm was tentatively assigned to a second d–d
transition, superimposed on the isonicotinamide π → π*
internal transition (free isonicotinamide shows this band at 268
nm in aqueous solution).

For trans-[Ru(NH3)4(NO)(SO3)]
1 the band at 224 nm is

assigned to the metal to ligand charge-transfer transition and
those at 327 and 364 nm could be assigned to a spin-allowed
d–d transition. The band of low intensity at 422 nm is assigned
to a d → π*(NO) charge-transfer transition.

The complex cis-[Ru(NH3)4(NO)(NO2)]
21 shows three bands

in the UV/VIS spectrum. The band at 249 nm is assigned to a
metal to ligand charge transfer, a band of medium intensity at
285 nm is assigned to a spin-allowed d–d transition and another
band of low intensity at 454 nm is assigned to d → π*(NO)
charge-transfer transition.

Infrared spectra

The assignments made for the compounds described here are
based on data for similar systems 9,23 (see Experimental section).
The infrared spectra show N]O stretching frequencies in the
1871–1942 cm21 region, and Ru]NO bands in the 598–739 cm21

region.
The spectrum of trans-[Ru(NH3)4(NO)(SO3)]Cl shows bands

at 1094, 997 and 642 cm21 assigned to the SO3 degenerate (deg)
stretching, the symmetric stretching and the bending frequen-
cies, respectively. This assignment follows Nakamoto 23 who
suggested that the S-bonded sulfite group shows only two SO
stretches between 1120 and 930 cm21.

For the cis-[Ru(NH3)4(NO)(NO2)]Br2 complex the symmetric
stretching mode of NO2 overlaps with the ammine band at 1310
cm21, however the asymmetric mode of NO2 shows one sharp
band at 1425 cm21 and the bending frequency was observed at
835 cm21.

According to DFT molecular orbital calculations,24 ν(NO) is
somewhat dependent on the nature of the trans ligand, L. The
ligand X, the ruthenium center and the ligand NO will interact
along the z axis and the 4dπ orbital can be regarded as a bridge
between X and NO. The weaker the π acidity of the ligand L,
the more 4dπ electron density is transferred to the π*(NO)
orbital. Consequently, the NO stretching frequency decreases
as the π-acceptor ability of L decreases.

1H NMR spectra

The features of the 1H NMR spectra for all complexes are con-
sistent with the co-ordination of N-heterocyclic ligands. A pro-
ton chemical shift chart for the isn and pyz protons in the
nitrosyl complexes is given in Fig. 1.

The spectrum of free isn exhibits absorptions at δ 7.73 and
8.67, assigned to the ortho- and meta-protons. The pyz, as
expected, shows only one signal at δ 8.63.

The 1H NMR spectrum of trans-[Ru(NH3)4(NO)(isn)][BF4]3

shows one absorption at δ 8.22 attributed to the o-protons and
another at δ 8.70 due to the m-protons. The complex trans-
[Ru(NH3)4(NO)(pyz)][BF4]3 shows two absorptions at δ 8.65
(meta) and 9.22 (ortho).

The above complexes do not show a peak for the N]H pro-
tons of the ammines in D2O. The absence of a broad peak for
these protons (even in very concentrated solutions) suggests a
rapid exchange of the ammine protons. Palmer and Basolo 25

noted that in a series of isoelectronic ammine complexes an
increase in charge resulted in a marked increase in the rate of
hydrogen exchange. Thus, the higher positive charge of the
nitrosyl complex may be responsible in part for the enhanced
rate of exchange of the ammine protons on trans-[Ru-
(NH3)4(NO)(isn)]31 and trans-[Ru(NH3)4(NO)(pyz)]31.

The 1H NMR spectra of trans-[Ru(NH3)4(NO)(SO3)]
1 and

cis-[Ru(NH3)4(NO)(NO2)]
21 complexes show a broad peak for

the N]H protons of the ammines in D2O at δ 4.3 and 4.0,
respectively. This is consistent with the charge effect,26 since
these species have overall charges of 11 and 12, which are
lower than that of 13 for the above two complexes.

All the new nitrosyl complexes described in this work do not
exhibit any signals in the ESR spectra. This fact is consistent
with the formulation of NO1 in the Ru]NO fragment.

Sulfite reactivity

In the complexes trans-[Ru(NH3)4(SO3)(H2O)] and [Co(NH3)5-
(SO3)]

1 the sulfite ligand is easily oxidized to sulfate 10,11 by
action of air or H2O2. Therefore the resistance of the sulfite
ligand in trans-[Ru(NH3)4(NO)(SO3)]

1 to undergo oxidation
to sulfate species is remarkable. Titration of trans-
[Ru(NH3)4(NO)(SO3)]

1 in acidic media (cH1 ≈ 1021–1 mol
dm23), with H2O2, Ce(SO4)2 and KMnO4 leads to the consump-
tion of less than 1 equivalent of oxidant per mol of complex.
However trans-[Ru(NH3)4(NO)(SO3)]

1 is quite reactive towards
reducing agents. Upon treatment with Zn(Hg) and Cd(Hg),
reduction of the sulfite ligand leads to the formation of a bi-
nuclear ruthenium tetraammine species which is bridged by a
disulfide group, [(NO)(NH3)4RuSSRu(NH3)4(NO)]Cl6?H2O.
Evolution of H2S takes place upon a larger contact between the
solution and the amalgam. The formation of the binuclear
species was demonstrated by elemental analysis and by com-
parison of the electronic and vibrational spectra of the solid
isolated with those described 26 for similar compounds. As
observed for the [{Ru(NH3)5S}2]

41 ion, the electronic spectrum
of [{(NO)(NH3)4RuS}2]

61 exhibits absorptions at 236
(ε = 7.0 × 103), 332 (3.1 × 102), 398 (1.6 × 102) and 712 nm
(7.0 × 102 dm3 mol21 cm21). The last has been assigned in earlier
studies of analogous compounds 26–29 to the chromophore
RuSSRu.

Fig. 1 Proton chemical shift chart for the N-heterocyclic protons in
the nitrosyl complexes
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The infrared spectrum of the binuclear complex reveals NO
stretching frequencies of 1911 and 1847 cm21. In the Raman
spectrum the S]S stretching was observed at 492 cm21 in good
agreement with what is expected from reported values for simi-
lar compounds.26–29

NO Reactivity

The chemical reactivity of co-ordinated NO depends on the
mode of bonding.1,2 Thus, linearly co-ordinated nitrosyls with
ν(NO) higher than 1850 cm21 are expected to undergo nucleo-
philic attack at the nitrosyl N atom.2,30,31 We investigated the
reactions of the present complexes with the nucleophilic agents
OH2, N3

2, N2H4 and ON(CH3)3.
As far as the electronic spectra indicate, the nitrosyl com-

plexes, at the concentration of 1.0 × 1023 mol dm23, do not
react with a ten-fold excess of N3

2, N2H4 and ON(CH3)3 (range
pH 1–8.5), 20 min after mixing. Nevertheless all react promptly
with hydroxide ion giving deep yellow solutions. In the case
of the trans-[Ru(NH3)4(NO)(isn)]31 the yellow color is due to
the formation of a trans-[Ru(NH3)4(NO2)(isn)]1 species, which
was isolated and characterized (see Experimental section),
equation (1). Reconversion into the nitrosyl complex occurs by

trans-[Ru(NH3)4(NO)(isn)]31 1 2OH2

trans-[Ru(NH3)4(NO2)(isn)]1 1 H2O (1)

acidification of the alkaline solution. The equilibrium constant
for reaction (1) was measured by a spectrophotometric
method 32 at 25.0 8C ± 0.1, as Keq = 2.5 × 108 dm6 mol22. For the
corresponding trans-[Ru(NH3)4(NO)(pyz)]31 system, using the
same methodology, Keq was estimated as 6 × 108 dm6 mol22. For
the same equilibrium, the following Keq values have been
reported: 1.6 × 109 for cis-[Ru(bipy)2(NO)Cl]21,33 2.2 × 105 for
trans-[Ru(NH3)4(NO)(py)]31, 5.9 × 107 for trans-[Ru(NH3)4-
(NO)(nic)]31 (nic = nicotinamide), 9.7 × 1010 for trans-
[Ru(NH3)4(NO)(Him)]31 and 4.6 × 1013 dm6 mol22 for trans-
[Ru(NH3)4(NO)(-His)]31.34

The Keq data are indicative of the completeness of the nitric
oxide reaction and accordingly are expected to reflect, to some
extent, the degree of nitrosonium character exhibited by the co-
ordinated NO. Therefore, as suggested,2 these equilibrium con-
stant data should provide a straightforward way to compare the
relative electrophilicity of the NO ligand. According to this
proposition, the higher the electron deficiency in the NO frag-
ment, as a consequence of the co-ordination sphere π acidity
(mainly caused by the ligand trans to NO), the higher would be
the driving force for the reaction of NO with OH2.

For the trans-[Ru(NH3)4(NO)X]31 complexes above, calcu-
lated Keq values decrease as -His > Him > pyz >isn > nic > py,
which except for the relative position of pyz and py follows the
same trend 34 of increasing π-acceptor ability of X: -
His ≈ Him < py < isn < nic < pyz. This observation is not con-
sistent with the reasoning above which would predict the com-
plexes with the stronger π acceptors to have the higher values of
Keq. Probably the thermodynamic stability of the nitro species,
which is included in Keq, represents an important term in the
driving force of this reaction and should be considered.
Unfortunately the equilibrium constant data for the trans-
[Ru(NH3)4(NO2)X]21 species are not available, but are currently
under investigation in our laboratory.

For trans-[Ru(NH3)4(NO)(SO3)]
1, trans-[Ru(NH3)4(NO2)-

(pyz)][BF4] and cis-[Ru(NH3)4(NO)(NO2)]
21 a nitrite → nitro-

syl interconversion occurs, but is not quantitative and loses
reversibility above pH ≈ 11. Efforts to isolate the corresponding
trans-[Ru(NH3)4(NO2)(pyz)][BF4] and the sodium salt of trans-
[Ru(NH3)4(NO2)(SO3)]

2 have been unsuccessful.
Cyclic voltammetry experiments showed that all the nitrosyl

complexes exhibit a reversible one-electron process between
20.13 and 20.38 V vs. SCE (see Table 3). Since reversible

electrochemical reductions of the NO ligand have been
reported 1d,18,19 for complexes containing a linear MNO group in
the same region of the voltammetric spectrum, this redox pro-
cess was assigned to the reduction NO1 1 e NO at the co-
ordinated NO1. This assignment is supported by molecular
orbital calculations (see Table 1) which localize the HOMO in
the reduced species trans-[Ru(NH3)4(NO)(pyz)]21 on the
π*(NO) orbital. Since no other electrochemical process was
observed up to 11.2 V vs. SCE in the voltammetric scans of
solutions containing the complexes described, we concluded
that the ruthenium center is oxidized only at potentials higher
than 11.2 V.

The NO1 → NO0 process in the species cis-[Ru(NH3)4-
(NO)(NO2)]

21, trans-[Ru(NH3)4(NO)(isn)]31 and trans-[Ru-
(NH3)4(NO)(SO3)]

1 is reversible on the time-scale of the
experiments (scan rates of 10 mV s21–1 V s21) suggesting that
trans-[Ru(NH3)4(NO)(SO3)], trans-[Ru(NH3)4(NO)(isn)]21 and
cis-[Ru(NH3)4(NO)(NO2)]

1 are reasonably stable.
For the complex trans-[Ru(NH3)4(NO)(pyz)]31, the process at

E₂
₁ = 20.13 V is electrochemically reversible at scan rates >0.1

V s21 and at temperatures <5 8C. At slower scan rates (<20 mV
s21) or at room temperature the reduced species trans-
[Ru(NH3)4(NO)(pyz)]21 does not live long enough to be reoxi-
dized at the electrode.

The complex trans-[Ru(NH3)4(NO)(pyz)]31 is chemically
reduced by europium() ions. This reaction consumes 1 mol of
EuII per mol of nitrosyl complex. After this reaction the elec-
trochemical process with E₂

₁ ≈ 20.13 V is absent in the solution
voltammogram whereas a new one is observed at E₂

₁ ≈ 0.17 V
which has been identified as due to the couple RuIII–RuII in
trans-[Ru(NH3)4(H2O)(pyz)]21. Also an electrochemical anodic
wave, at Epa ≈ 0.76 ± 0.02 V, can be observed. This last electro-
chemical process is probably due to oxidation of free NO.35 The

Fig. 2 Differential pulse polarogram for a solution of trans-
[Ru(NH3)4(NO)(isn)][BF4]3. I = 0.20 mol dm23 KCl, pH 4.60, 25 8C.
cRu = 1.0 × 1023 mol dm23, pulse height 25 mV, 3 mV s21, Ei = 20.400 V

Table 3 Electrochemical data for the ruthenium nitrosyl complexes
and ν(NO) frequencies

Complex

[Ru(NH3)5(NO)]31

trans-[Ru(NH3)4(NO)(SO3)]
1

trans-[Ru(NH3)4(NO)(Him)]31

trans-[Ru(NH3)4(NO)(-His)]31

cis-[Ru(NH3)4(NO)(NO2)]
21

trans-[Ru(NH3)4(NO)(py)]31

trans-[Ru(NH3)4(NO)(isn)]31

trans-[Ru(NH3)4(NO)(nic)]31

trans-[Ru(NH3)4(NO){P(OEt)3}]31

trans-[Ru(NH3)4(NO)(pyz)]31

trans-[Ru(NH3)4(NO)(pic)]41

E₂
₁*/V

20.40
20.38
20.36
20.35
20.26
20.23
20.19
20.17
20.14
20.13
20.24

ν̃(NO)/cm21

1913
1871
1923
1921
1927
1931
1923
1941
1909
1942
1933

Ref.

18(a)

34
34

34

34
19

* Potential versus SCE, I = 0.20 mol dm23 Na(O2CCF3)–CF3CO2H,
cH

1 = 1024–1025 mol dm23, 25 8C.
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reaction of the nitrosyl species with EuII was also monitored by
UV/VIS spectroscopy. After the addition of EuII to the solution
containing trans-[Ru(NH3)4(NO)(pyz)]31 the band at λmax = 276
nm (ε = 4.4 × 103 dm3 mol21 cm21) disappeared and a new
band at λmax 474 nm (ε = 1.5 × 104 dm3 mol21 cm21) appeared.
The characteristics of the new band are consistent with the
formation of trans-[Ru(NH3)4(H2O)(pyz)]21. Ions trans-[Ru-
(NH3)4(NO)(isn)]31 when reduced at the electrode (see Fig. 2)
or by EuII exhibit the same behavior as described above for
trans-[Ru(NH3)4(NO)(pyz)]31 equation (2). Therefore, as far

trans-[Ru(NH3)4(NO)X]31 1 EuII 1 H2O →
trans-[Ru(NH3)4(H2O)X]21 1 EuIII 1 NO (2)

as the electronic spectra and voltammograms (see Fig. 2) are
concerned, the ions trans-[Ru(NH3)4(NO)X]31 (X = pyz or isn),
after a one-electron reduction, exhibited a nitric oxide dissoci-
ation with formation of the aqua species.

Table 3 gives ν(NO) values for each of the nitrosyl complexes
reported along with those of similar complexes and their poten-
tials. There is, as expected, a direct relationship between the two
parameters since both are dependent upon the electronic prop-
erties of the nitrosyl group. The most easily reducible NO1

group is that bonded to the [Ru(NH3)4(pyz)]21 fragment, and
the most resistant are the [Ru(NH3)5]

21, [Ru(NH3)4(SO3)] and
[Ru(NH3)4(Him)]21 moieties. This is not surprising since the pyz
ligand is the strongest π acceptor in the series of ligands trans to
NO1 in the compounds listed in Table 3. The NH3, SO3

22 and
Him ligands are better σ bases than pyz and do not compete
with NO1 for the ruthenium() 4dπ electrons. Instead they make
more favorable the RuII→NO1 back bonding, through the
L:→RuII σ interaction.

Photolysis experiments

The photochemical behavior of these complexes is now being
investigated.36 Solutions containing trans-[Ru(NH3)4(NO)-
(isn)]31 upon irradiation with light of 310–370 nm undergo
the photochemical reaction (3). The voltammogram of the

trans-[Ru(NH3)4(NO)(isn)]31 1 H2O
hν

trans-[Ru(NH3)4(isn)(H2O)]31 1 NO (3)

photolysed solutions suggests the presence of trans-[Ru-
(NH3)4(isn)(H2O)]31 (E₂

₁ 10.10 V) and of free NO (Epa ≈
10.78 V).35 The presence of trans-[Ru(NH3)4(isn)(H2O)]31 ions
has also been confirmed through ESR spectroscopy (g = 2.02),
see Fig. 3.

The quantum yield for the above reaction is 0.073 at 330 nm
and exhibits no dependence in the pH (in the range 3.0–6.4) and
on the presence of oxygen. However, for the same experimental
conditions (pH, I, temperature) the quantum-yield data exhibit
a wavelength dependence: 310 nm, φNO = 0.040; 370 nm,

Fig. 3 The ESR spectrum of a frozen photolysed solution of trans-
[Ru(NH3)4(NO)(isn)][BF4]3. Microwave power 100 mV, 77 K. Pho-
tolysis time 60 min; λirr = 330 nm, pH 3.60; cRu = 1.0 × 1023 mol dm23

φNO = 0.009. No experimentally detectable NH3 ligand photo-
aquation has been observed over the range of wavelengths
investigated (310–370 nm).

Preliminary photolysis experiments 36 with trans-[Ru-
(NH3)4(NO)X]31, X = pyridine, 2-methylpyridine, pyrazine or
nicotinamide, also indicate the formation of NO and trans-
[Ru(NH3)4(H2O)X]31 as a product.

In all these experiments the irradiations were performed
using the ligand-field band (310–370 nm). Therefore, the popu-
lation of an 3E state is expected to increase. Since the observed
reaction is of the photooxidation type it is likely that the popu-
lation of the photoactive state is a product of the 3E decay. This
is consistent with what is expected 24 for ruthenium() nitrosyls
in which the LUMO is localized on the π*(NO) orbital, the
occupation of which by an electron will lead to the loss of NO.
However, the quantum yields are wavelength dependent, sug-
gesting the existence of more than one photoactive state.

Studies of the photochemical behavior of the mononuclear
nitrosyl complexes, and of the electron-transfer processes in the
binuclear [{(NO)(NH3)4RuS}2]

61, species are in progress at our
laboratory.

The complexes trans-[Ru(NH3)4(NO)(pyz)]31 and trans-
[Ru(NH3)4(NO)(isn)]31 are inert with respect to substitution
reactions over a wide range of pH (1–8) on the time-scale of
days. However dissociation of NO can easily be achieved by
treating these complexes with reducing agents or by photolysis.
Since the reduction potential for the NO1 1 e → NO conver-
sion in the above complexes is in the range of those of the
biological reductors,37 and these compounds show very low tox-
icity when tested on chinese hamster lung fibroblasts,38 they
may hold some promise as models for delivering intact NO in
living systems.
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