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a b s t r a c t

Complex fac-[RuCl3(NO)(P–N)] (1) was synthesized from the reaction of [RuCl3(H2O)2(NO)] and the P–N
ligand, o-[(N,N-dimethylamino)phenyl]diphenylphosphine) in refluxing methanol solution, while com-
plex mer,trans-[RuCl3(NO)(P–N)] (2) was obtained by photochemical isomerization of (1) in dichloro-
methane solution. The third possible isomer mer,cis-[RuCl3(NO)(P–N)] (3) was never observed in direct
synthesis as well as in photo- or thermal-isomerization reactions. When refluxing a methanol solution
of complex (2) a thermally induced isomerization occurs and complex (1) is regenerated.

The complexes were characterized by NMR (31P{1H}, 15N{1H} and 1H), cyclic voltammetry, FTIR, UV–Vis,
elemental analysis and X-ray diffraction structure determination. The 31P{1H} NMR revealed the presence
of singlet at 35.6 for (1) and 28.3 ppm for (2). The 1H NMR spectrum for (1) presented two singlets for the
methyl hydrogens at 3.81 and 3.13 ppm, while for (2) was observed only one singlet at 3.29 ppm. FTIR
Ru–NO stretching in KBr pellets or CH2Cl2 solution presented 1866 and 1872 cm�1 for (1) and 1841
and 1860 cm�1 for (2). Electrochemical analysis revealed a irreversible reduction attributed to RuII–
NO+ ? RuII–NO0 at�0.81 V and�0.62 V, for (1) and (2), respectively; the process RuII ? RuIII, as expected,
is only observed around 2.0 V, for both complexes.

Studies were conducted using 15NO and both complexes were isolated with 15N-enriched NO. Upon
irradiation, the complex fac-[RuCl3(NO)(P–N)] (1) does not exchange 14NO by 15NO, while complex
mer,trans-[RuCl3(NO)(P–N)] (2) does. Complex mer,trans-[RuCl3(15NO)(P–N)] (20) was obtained by direct
reaction of mer,trans-[RuCl3(NO)(P–N)] (2) with 15NO and the complex fac-[RuCl3(15NO)(P–N)] (10) was
obtained by thermal-isomerization of mer,trans-[RuCl3(15NO)(P–N)] (20).

DFT calculation on isomer energies, electronic spectra and electronic configuration were done. For com-
plex (1) the HOMO orbital is essentially Ru (46.6%) and Cl (42.5%), for (2) Ru (57.4%) and Cl (39.0%) while
LUMO orbital for (1) is based on NO (52.9%) and is less extent on Ru (38.4%), for (2) NO (58.2%) and Ru
(31.5%).

� 2011 Elsevier B.V. All rights reserved.

1. Introduction

Two events have made nitric oxide (NO) one of the most studied
small molecules. In 1992, NO was considered the molecule of the
year by Science and the 1998s Nobel Prize in physiology or medi-
cine awarded to Robert Furchgott, Ferid Murad and Louis Ignarro
for the discovery of NO as a signaling molecule in biological
systems. After theses events, an impressive number of works have
been published dealing with properties and applications of NO
containing transition metal complexes [1–17]. Therefore ruthe-
nium is of crucial importance in the NO chemistry and probably

is one of the most studied transition metal with NO in coordination
compounds [1–28]. The chemistry of this successful association
has been explored by chemists focusing on different aspects. The
most explored aspect is the use of such complexes as NO controlled
releasing or scavenger compounds [1,2]. Many other insights have
been explored, ranging from electronic and molecular structure [3–
6,29–33] to catalysis [7–9]. Recently, application of ruthenium–
nitrosyl complexes as anticancer agent has emerged [10–13].

In general, ruthenium/nitrosyl complexes are associated with
co-ligands such as pyridines [3], salen [2,14], amines [15–18],
porphyrins [15,34–39] and diphosphines [12,19–26]. The chemis-
try of ruthenium/nitrosyl complexes with chelated P–N ligands is
rare, and only two works can be found in the literature so far
[27,28].
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In this work, we present the synthesis, characterization of
fac/mer-[RuCl3(NO)(P–N)] (P–N = o-[(N,N-dimethylamino)phenyl]-
diphenylphosphine)). These complexes were characterized by FTIR,
NMR (31P{1H}, 15N{1H}, 1H), cyclic voltammetry, UV–Vis, X-ray dif-
fraction studies and elemental analysis. X-ray structure for (1) has
been published previously [28], although will be presented to en-
lighten the discussion. 15N-enriched nitrosyl complexes were also
isolated. Density functional theory was also applied in an attempt
to understand the electronic structure of these compounds.

2. Experimental methods

2.1. Measurements

The IR spectra were recorded on a FTIR Bomem-Michelson 102
spectrometer in the 4000–400 cm�1 region using solid samples
pressed in KBr pellets or dichloromethane solution in a CaF2 crystal
with path length of 1 mm. NMR spectra (31P{1H}, 15N{1H} and 1H)

were acquired at room temperature on a Bruker AVANCE 400
NMR spectrometer, operating at 9.4 T, equipped with a 5 mm mul-
tinuclear direct detection probe. The 31P{1H} NMR spectra were ob-
tained in CH2Cl2 (D2O capillary was inserted in the solution), while
1H and 15N{1H} NMR spectra were obtained in CDCl3. The 31P, 15N
and 1H NMR chemical shifts are given in parts per million related
to H3PO4 (85%, capillary), CH3NO2 (neat, capillary) and TMS (tetra-
methylsilane, internal), respectively. The coupling constants are gi-
ven in Hertz, and the splitting of hydrogen, phosphorus and
nitrogen signals are defined as s, singlet; d, doublet; m, multiplet.
EPR spectra were measured at 77 K on a Bruker EMX-micro EPR
spectrometer, operating at X band, equipped with a rectangular
TE102 resonator cavity. Cyclic voltammetry (CV) experiments were
carried out at room temperature in CH2Cl2 or CH3CN containing
0.1 M [Bu4N]ClO4 (TBAP) (Fluka Purum) (in these conditions,
Half-wave potential for ferrocene is 0.423 V) using a PARC 273
(Princeton Applied Research). The working and auxiliary electrodes
were stationary Pt foils; the reference electrode was Ag/AgCl in a
Luggin capillary probe filled with the electrolyte solution (TBAP
in CH2Cl2 or CH3CN). The electronic spectra were obtained from
dichloromethane solution of the complexes in quartz cuvettes with
path length of 1 cm, with concentrations ranging from 10�6 to 10�2

on a Hewlett–Packard diode array 8452A spectrophotometer. The
elemental analyses were performed on a Fisons CHNS-O, EA 1108
Element analyser.

2.2. X-ray diffraction data

Crystal data for complexes (1) and (2) (Table 1): formula
weight = 542.77, orthorhombic, P212121. For (1) a = 9.3629(1) Å,
b = 14.6378(2) Å, c = 15.3757(3) Å, V = 2107.27 Å3, Z = 4, Dcalc =
1.711 g cm�3, R(wR) = 0.0231(0.0565) for 15 860 reflections
[I > 2r(I)], and for (2) a = 8.7986(1) Å, b = 15.2385(3) Å, c =
16.2248(2) Å, V = 2175.38 Å3, Z = 4, Dcalc = 1.657 g cm�3, R(wR) =
0.0316(0.0818) for 16 965 reflections [I > 2r(I)]. X-ray diffraction
data collection using the COLLECT program [40] was performed on
an Enraf-Nonius Kappa-CCD diffractometer utilizing graphite-
monochromated Mo Ka radiation (0.71073 Å). Final unit cell
parameters were based on all reflections. Integration and scaling
of the reflections were performed with the HKL Denzo–Scalepack
system of programs [41]. A Gaussian absorption correction was ap-
plied [42]. The structure was solved by direct methods using SHELXS-
97 [43]. The model was refined by full-matrix least-squares on F2
with SHELXL-97 [44]. All hydrogen atoms were stereochemically
positioned and refined with the riding model.

2.3. Method of calculation

Calculations were performed with GAUSSIAN 03 program [45].
The DFT and TDDFT methods were used with the B3LYP func-
tional [46–48]. In the calculations the PCM solvent model was
used [49], with dichloromethane (DCM) as the solvent. The
PCM calculations were performed on the optimized geometries
without solvent. The DGauss DZVP [50] basis sets were em-
ployed for ruthenium with two additional polarization f func-
tions with the exponents 1.9472 and 0.7489. These basis sets
are of the form (18s12p9d2f)/[6s5p3d2f]. For C, N, O, P, Cl and
H the standard 6–31G� basis set was employed. The specified
basis set has already been successfully applied to the calcula-
tions for other ruthenium complexes [51]. Natural orbital bond
(NBO) population analysis [52] was used for calculating
the atomic charges, bond orders and for characterization of the
Ru–NO bonding. The molecular structures were depicted by
the program MOLDEN [53]. Molecular orbitals were drawn with
the use of program GOPENMOL [54].

Table 1
Crystal data and structures refinement.

fac-[RuCl3(NO)(P–N)]
[28]

mer,trans-
[RuCl3(NO)(P–N)]

Empirical formula C20H20N2OPCl3Ru C20H20N2OPCl3Ru
Formula weight 542.77 542.77
Temperature (K) 150(2) 293(2)
Wavelength (Å) 0.71073 0.71073
Crystal system orthorhombic orthorhombic
Space group P212121 P212121

Unit cell dimensions
a (Å) 9.3629(1) 8.7986 (1)
b (Å) 14.6378(2) 15.2385(3)
c (Å) 15.3757(3) 16.2248(2)
Volume (Å3) 2107.27(6) 2175.38(6)
Z 4 4
Dcalc (mg/m3) 1.711 1.657
Absorption coefficient

(mm�1)
1.214 1.176

F(0 0 0) 1088 1088
Crystal size (mm3) 0.315 � 0.309 � 0.296 0.47 � 0.23 � 0.15
Theta range for data

collection (�)
3.43–27.5 3.42–27.48

Index ranges �12 6 h 6 11 �11 6 h 6 11
�19 6 k 6 18 �19 6 k 6 19
�19 6l 619 �21 6l 618

Reflections collected 15 860 16 965
Independent reflections 4828 [R(int) = 0.0258] 4942 [R(int) = 0.0230]
Completeness to

theta = 27.5�
99.7% 99.4%

Absorption correction Gaussian Gaussian
Maximum and minimum

transmission
0.754 and 0.655 0.830 and 0.622

Refinement method Full-matrix least-
squares on F2

Full-matrix least-
squares on F2

Computinga COLLECT, HKL Denzo and
Scalepack

COLLECT, HKL Denzo
and Scalepack

SHELXS-97, SHELXL-97 SHELXS-97, SHELXL-97
Data/restraints/

parameters
4828/0/256 4942/0/256

Goodness-of-fit on F2 1.104 1.147
Final R índices [I > 2r(I)] R1 = 0.0231, R1 = 0.0316,

wR2 = 0.0565 wR2 = 0.0818
R indices (all data) R1 = 0.0238, R1 = 0.0321,

wR2 = 0.0569 wR2 = 0.0821
Absolute structure

parameter
0.04(2) �0.03(3)

Extinction coefficient 0.0071(6) 0.0143(10)
Largest difference peak

and hole
0.589 and
�0.659 e Å�3

2.044 and
�0.445 e Å�3

a Data collection, data processing, structure solution and structure refinement,
respectively.
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2.4. Materials and methods

Commercially available RuCl3�3H2O was donated by Johnson
Matthey plc and was used as received. Na15NO2 was purchased
from Sigma–Aldrich (ISOTEC) and used as received. [RuCl3(H2O)2

(NO)] and [o-(N,N-dimethylamino)phenyl]diphenylphosphine
(P–N) were prepared according to the literature methods [20,55].
The NO was generated by reaction of dilute nitric acid (ca. 33%)
over copper metal. The NO gas was passed in a trap with saturated
solution of NaOH and dried by passing it through a column
containing anhydrous CaC12. 15NO was generated by the reaction
of Na15NO2 and 0.1 mol L�1 HCl solution.

The solvents were dried before use. All manipulations involving
solutions of the complexes were performed under argon atmo-
sphere. Yields are based on the metal.

2.5. Synthesis of (1) and (2)

The designation fac and mer refers to the relative position of the
chloro ligands, and the designation trans and cis refers to the rela-
tive position of nitrosyl and phosphorus atom to each other.

2.5.1. fac-[RuCl3(NO)(P–N)] (1)
To a degassed methanol solution of [RuCl3(H2O)2(NO)] (200 mg,

0.731 mmol) P–N was added (246 mg, 0.806 mmol) and the result-
ing suspension was refluxed for 3 h, period in which an orange so-
lid is formed. After cooling the suspension to room temperature
the orange solid was filtered and washed with methanol (3�
2 mL) and dried under vacuum. Suitable single-crystals were ob-
tained from slow evaporation of dichloromethane solution pro-
tected from light. Yield (372 mg, 94%). Anal. Calc. for
C20H20N2OPCl3Ru.1/2H2O: exp. (Calc.) C, 42.40; H, 3.48; N, 5.16.
Found: C, 42.84; H, 3.95; N, 5.00%. IR, mNO 1866 cm�1 (KBr) and
1872 cm�1 (CH2Cl2). UV–Vis (CH2Cl2), k/nm (e/M�1 cm�1) 274
(7.5 � 105); 319 (4.5 � 103); 396 (458); 481 (102). 31P{1H} NMR
(162 MHz, CH2Cl2, D2O capillary) 35.6 ppm (s). 1H NMR
(400 MHz, CDCl3): d/(ppm) 8.00–7.35 (m, 14H, aromatic hydro-
gens); 3.81 (s, 3H, NCH3); 3.13 (s, 3H, NCH3).

2.5.2. mer,trans-[RuCl3(NO)(P–N)] (2)
Complex (1) (100 mg, 0.366 mmol) was dissolved in CH2Cl2 un-

der argon and the resulting orange solution was stirred during
3 days in presence of white light. The resulting green solution
was concentrated to �1 mL and addition of diethylether yield a
green solid. Suitable single-crystals were obtained from slow evap-
oration of dichloromethane solution. Yield (98 mg, 98%). Anal.
Calcd. for C20H20N2OPCl3Ru exp. (Calc.) C, 43.00; H, 3.85; N, 5.10.
Found: C, 42.84; H, 3.95; N, 5.00%. IR, mNO 1841 cm�1 (KBr) and
1860 cm�1 (CH2Cl2). UV–Vis (CH2Cl2), k/nm (e/M�1 cm�1), 273
(5.0 � 105); 313 (5.1 � 103); 400 (27); 480 (10); 625 (3.2).
31P{1H} NMR (162 MHz, CH2Cl2, D2O capillary) 28.3 ppm (s). 1H
NMR (400 MHz, CDCl3): d/(ppm) 7.80–7.38 (m, 14H, aromatic
hydrogens); 3.29 (s, 6H, NCH3).

2.6. Photo-isomerization reaction in the presence of 15NO
(fac ? mer,trans)

The procedure was the same used for the synthesis of mer,trans-
[RuCl3(NO)(P–N)] (2), except that the reaction was carried out
under 15NO atmosphere. The green solid isolated is a mixture of
mer,trans-[RuCl3(NO)(P–N)] and mer,trans-[RuCl3(15NO)(P–N)].
Spectroscopic data for 15N-enriched complex: FTIR, mNO

1807 cm�1 (KBr) 31P{1H} NMR (CDCl3) 28.3 ppm (d) (2JP–N =
75.4 Hz). 15N{1H} NMR (40.5 MHz, CDCl3, CH3NO2 capillary)
�15.6 ppm (d) (2JN–P = 75.4 Hz).

2.7. Thermal-isomerization (mer,trans ? fac)

A degassed methanol solution of mer,trans-[RuCl3(NO)(P–N)]
(2) (50.0 mg, 0.183 mmol) was refluxed for 5 h in absence of light.
The resulting solution was concentrated and an orange solid was
obtained after addition of diethylether.

The same procedure was conducted using the mixture of
mer,trans-[RuCl3(NO)(P–N)] and mer,trans-[RuCl3(15NO)(P–N)]
obtained above. Spectroscopic data for 15N-enriched complex:
FTIR, m 1828 cm�1 (KBr) 31P{1H} NMR (162 MHz, CH2Cl2, D2O
capillary) 35.6 ppm (d) (2JP–N = 4.0 Hz). 15N{1H} NMR (40.5 MHz,
CDCl3, CH3NO2 capillary) �39.5 ppm (d) (2JN–P = 4.0 Hz)

3. Results and discussion

3.1. Synthesis and basic characterization

Complex fac-[RuCl3(NO)(P–N)] (1) was synthesized from the
reaction of [RuCl3(H2O)2(NO)] and o-[(N,N-dimethylamino)-
phenyl]diphenylphosphine (P–N) ligand in refluxing methanol.
During the reaction, the complex precipitates as an orange solid.
Complex mer,trans-[RuCl3(NO)(P–N)] (2) was synthesized from
the isomerization reaction of (1) in dichloromethane when ex-
posed to white light. (Note. Solution of complex (1) is stable for
several days when kept in absence of light.) The orange solution
of (1) starts to change to green after a few hours and after 3 days,
complex (2) is precipitated with diethyl ether as a green solid (see
Scheme 1).

The third possible isomer, mer,cis-[RuCl3(NO)(P–N)], in which
the nitrosyl is in trans position to the nitrogen of P–N ligand, was
not observed.

The 31P{1H} NMR spectra for (1) and (2) presented one singlet
centered at 35.6 and 28.3 ppm, respectively. The shielding ob-
served on 31P NMR of (2) compared to (1) can be rationalized in
terms of Ru–P bond lengths in both complexes (see Table 2). It is
known that in general there is an inverse relationship between
Ru–P bond length and 31P NMR chemical shift [56].

In the 1H NMR spectra, the methyl hydrogens are observed as
two singlets at 3.81 and 3.13 ppm for (1) and one singlet at
3.29 ppm for (2). The deshielding observed for the methyl hydro-
gens when compared to the free ligand (d = 2.60 ppm) and the

[RuCl3(H2O)2(NO)] + MeOH Ru

P

N Cl

NO

Cl

Cl

CH3H3C

Ph Ph
fac (1)

Δ, 3h
Ru

P

N NO

Cl

Cl

Cl

CH3H3C

Ph Ph
mer,trans (2)

hν, 3 days
CH2Cl2

P

N

H3C CH3

PhPh

Reflux, 5 h.
CH3OH

Scheme 1.
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chemical shifts observed in the 31P{1H} NMR spectra support a
bidentate coordination mode of the P–N ligand.

In the IR spectra, the mNO band is observed at 1866 cm�1 (KBr
pellet) and 1872 cm�1 (CH2Cl2 solution) for complex (1), and
1841 cm�1 (KBr pellet) and 1860 cm�1 (CH2Cl2 solution) for com-
plex (2). These values are in the range observed for other nitrosyl
ruthenium complexes and are characteristics for RuII–NO+ species
[10,12,19,20,22,24,57]. For the complexes with 15N-enriched nitro-
syl, the mNO are 1828 and 1807 cm�1, for fac-[RuCl3(15NO)(P–N)]
(10) and mer-trans-[RuCl3(15NO)(P–N)] (20), respectively. These val-
ues are shifted to lower energy, 38 and 34 cm�1, for (10) and (20),
respectively, when compared to the analogous with 14NO. The val-
ues m14NO=m15NO are 1.021 and 1.019, for (10) and (20), respectively;
these values are very close to the theoretical one calculated from
the Hooke’s Law (1.018) [58].

One accepted mechanism for photochemical isomerization of
ruthenium nitrosyl complexes involves the dissociation of the
NO0 formed from MLCT (RuII ? NO+) [59–61]. In order to clarify
the mechanism of isomerization (fac ? mer,trans), the isomeriza-
tion reaction of fac-[RuCl3(NO)(P–N] was performed under 1 atm
of 15NO. The 31P NMR spectrum was recorded and two signals with
the same chemical shift were observed, a singlet and a doublet at
29.3 ppm (2JP–N = 75.4 Hz for the doublet) (see Fig. 1). The singlet
corresponds to the complex mer,trans-[RuCl3(NO)(P–N)] (2) and
the doublet corresponds to the complex mer,trans-[RuCl3

(15NO)(P–N)] (20). The coupling constant is in agreement with
phosphorus trans to 15N [24,25]. The 15N spectrum NMR revealed
a doublet centered at �15.6 ppm (2JN–P = 75.4 Hz) (see Fig. 1).
Although this observation indicates a dissociative pathway, the
reaction of complex (2) with 15NO in the white light also leads to
the formation of mer,trans-[RuCl3(15NO)(P–N)] (the reaction of (2)
with 15NO does not occur in the dark). In this way, it is hard to as-
sume that the mechanism is dissociative, once that the reaction
can follow another mechanism, for example, via nitrosyl metasta-
ble states [62–65] and then, after formation of complex (2), the ex-
change of 14NO by 15NO can occur. It is worth mentioning that
complex (1) does not exchange 14NO by 15NO in the same condi-
tions, since no complex (1) with 15NO was found (the reaction
was also analyzed before completion, presenting a mixture of (1),
(2) and (20)). In addition, no paramagnetic species, e.g., RuIII and/or
NO0, were detected by EPR during the isomerization reaction or in
the isolated green solid (complex (2)). This observation is in accor-
dance with the high yield for the conversion of complex (1) into (2).

The isomerization proceeds even when carried out in non-
degassed dichloromethane or O2 saturated solution. The isomeriza-
tion was also conducted in the presence of methanol (CH2Cl2:
MeOH 2:1) in order to favor the substitution of NO, but no species
without NO were observed. Therefore, the dissociation pathway
can be discharged, once it would be expected the observation of
some denitrosylated species [61].

Irradiating complex (1) in dichloromethane with a UV lamp
(350 nm/200 W) the isomerization proceeds faster and, as ob-
served previously, without denitrosylation.

On the other hand, complex (1) can be obtained refluxing
a methanol solution of (2) in absence of light (complex (1) is
thermodynamically more stable than complex (2) (see Fig. 4)).
The formation of (1) was confirmed by 31P{1H} and 1H NMR. The
same procedure was carried out to generate the 15N-enriched
complex fac-[RuCl3(15NO)(P–N)] (10). Since the precursor was used

Table 2
Selected geometry parameters (calculated and experimental) for complexes 1 and 2.

(1) (2)

Calculated Exp. Calculated Exp.

Bond lengths (Å)
Ru�N(1) 1.752 1.750(2) 1.766 1.770(3)
Ru–N(2) 2.333 2.2155(18) 2.348 2.222(3)
Ru–P 2.374 2.3241(6) 2.476 2.4038(9)
Ru–Cl(3) 2.364 2.3390(6) 2.374 2.3681(9)
Ru–Cl(1) 2.399 2.3759(6) 2.431 2.3536(8)
Ru–Cl(2) 2.460 2.4153(6) 2.425 2.3710(9)
O–N(1) 1.154 1.135(3) 1.151 1.148(4)

Bond angles (�)
N(1)–Ru–P 95.50 89.96(6) 177.93 171.45(10)
N(1)–Ru–Cl(3) 176.67 177.64(7) 94.76 93.63(10)
P–Ru–Cl(3) 86.12 87.99(2) 86.70 89.09(3)
N(1)–Ru–Cl(1) 88.08 92.24(7) 93.35 102.79(10)
P–Ru–Cl(1) 92.45 94.56(2) 85.13 85.35(3)
Cl(3)–Ru–Cl(1) 88.95 86.75(2) 91.85 89.07(3)
N(1)–Ru–Cl(2) 87.86 90.84(7) 90.23 84.05(10)
P–Ru–Cl(2) 173.13 174.78(2) 91.25 87.89(3)
Cl(3)–Ru–Cl(2) 90.84 91.31(2) 89.18 89.13(4)
Cl(1)–Ru–Cl(2) 93.66 90.56(2) 176.17 173.03(4)
O–N(1)–Ru 174.37 178.3(2) 178.94 163.7(3)

35.6035.65 ppm 28.028.5 ppm

-39.2 -39.4 ppm -14 -16 ppm

(A) (B)

*

15N{1H} 

31P{1H} 

fac-[RuCl3(NO)(P-N)] mer,trans -[RuCl3(NO)(P-N)] 

**

Fig. 1. 31P and 15N NMR (CDCl3) spectra of the mixtures fac-[RuCl3(14NO)(P–N)] and
fac-[RuCl3(15NO)(P–N)] obtained by thermal-isomerization of the mixture of (2) and
(20) after full conversion (A), and mer,trans-[RuCl3(14NO)(P–N)] and mer,trans-
[RuCl3(15NO)(P–N)] obtained by photo-isomerization of (1) under 1 atm of 15NO (B).
�Signal for fac-[RuCl3(14NO)(P–N)]; ��signal for mer,trans-[RuCl3(14NO)(P–N)].

Fig. 2. ORTEP view of the complex fac-[RuCl3(NO)(P–N)] (1), showing the atoms
labeling and the 50% probability ellipsoids.
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as a mixture of mer,trans-[RuCl3(NO)(P–N)] (2) and mer,trans-
[RuCl3(15NO)(P–N)] (20), the fac isomer obtained is also a mixture
of fac-[RuCl3(NO)(P–N)] (1) and its 15N-enriched complex (10).
The 31P NMR of fac-[RuCl3(15NO)(P–N)] presents a singlet and a
doublet centered at 35.6 ppm (2JP–N = 4.0 Hz for the doublet). The
15N spectrum NMR reveals a doublet centered at �39.5 ppm
(2JN–P = 4,0 Hz) (see Fig. 1). Obviously, the singlet belongs to the
fac-[RuCl3(NO)(P–N)] (1) and the doublet to fac-[RuCl3(15NO)
(P–N)] (10).

In the 15N NMR, the shielding observed for complex (10) when
compared to complex (20) is indicative of more linear Ru–N–O for
(10) than for (20) which is in agreement with the X-ray structures
(see the following section); and the chemical shifts for both com-
plexes are characteristics for RuII–15NO+ [66].

3.2. X-ray crystallography for complexes (1) and (2)

Single crystals of complexes (1) and (2) were obtained by slow
evaporation of a dichloromethane solution. Molecular structures of
the complexes (1) and (2) are shown in Figs. 2 and 3, respectively,

and the relevant bond lengths and angles are summarized in
Table 2.

The geometry around ruthenium for both complexes is pseudo-
octahedral with the nitrosyl opposite to a chlorine atom in (1) and
to the phosphorus atom in (2). The chlorine atoms adopt a facial
configuration in (1) and a meridional configuration in (2). The
Ru–Cl bond lengths are in the range observed in other complexes
[10,19,67–72].

Nitrosyl is known to cause a pronounced structural trans-effect
(STE) due to its strong p-accepting character, especially when posi-
tioned in trans position to p-donor or p-acceptor ligands [73]. In
complex (1), the presence of the nitrosyl in trans position to a chlo-
rine atom causes a shortening of the Ru–Cl bond length (Ru–Cl(3)
2.3390(6) Å, trans to the NO) when compared to the other two
chlorine atoms (Ru–Cl(1) 2.3759(6) Å, trans to the N of P–N ligand;
Ru–Cl(2) 2.4153(6) Å, trans to P). The shortening of Ru–Cl bond is
accompanying by shortening of Ru–NO bond, 1.750(2) Å [73].

In complex (2), the nitrosyl is in trans position to the phospho-
rus atom and the structural trans-effect (STE) [73] is still observed,
but now an elongation of Ru–P bond is observed when compared
to (1) [Ru–P, 2.3241(6) Å and 2.4038(9) Å in (1) and (2), respec-
tively]. All Ru–Cl bond lengths are longer in (2) (2.3536(8)–
2.3710(9) Å) than the Ru–Cl(3) (trans to the nitrosyl) observed in
(1).

Of note is the N–O bond lengths, the presence of p-donor or
p-acceptor ligands in trans position to nitrosyl also affects the
strength of N–O bond. For (1), N–O bond length is shorter
(1.135(3) Å) than for (2) (1.148(4) Å). These distances appear to
be the inverse of the expected, since the presence of a p-donor
atom should intensify the Ru–NO p-backbonding. Actually, this is
not a surprise, and examples can be found in other mer complexes
[25].

The Ru–N bond length in (1) (Ru–N(1) 1.750(2) Å) is shorter
than in (2) (Ru–N(1) 1.770(3) Å). It is known that for complexes
such as fac/mer-[RuCl3(NO)(P–P)] [25] the expected behavior for
the mer- compared to fac-isomer, in general, is not observed. In
fac-isomer, the nitrosyl is opposite to a chlorine atom and due to
this arrangement, the Ru–NO p-backbonding interaction should
be more favorable when compared to the mer-isomer. For the
mer-isomer, the nitrosyl is opposite to a phosphorus atom (a
p-acceptor competitor). The same trend is observed in the fac/mer,-
trans-[RuCl3(NO)(P–N)] described here. One could expect higher
mNO for complex (2) than for (1), but this is not observed. In
addition, the N–O bond length follows the NO stretching; N–O
bond length in (2) is longer than in (1).

Another aspect worth mentioning is the Ru–N–O bond angles,
178.3(2)� and 163.7(3)� in (1) and (2), respectively, which is in
agreement with the mNO and 15N{1H}NMR chemical shifts.

3.3. Geometry

The geometry optimization for the complexes (1) and (2) was
carried out without any symmetry constraints. The optimized
structures and the relative energies are depicted in Fig. 4. The se-
lected geometry parameters, including the experimental bond
lengths and angles, are gathered in Table 2. Complex (2), which
is a product of the photochemical isomerization, has energy of
6.0 kcal higher than (1) in vacuum, in dichloromethane (DCM) this
difference becomes 10.4 kcal. The photochemical isomerization
leads to the isomer (2), the complex with the highest energy.
One may note, however, that this is a photochemical reaction,
which occurs on the excited state energy surface and, contrary to
the thermal rearrangement, it does not need to lead to the lowest
energy product. The calculated geometry parameters are in good
agreement with the experimental ones. The largest difference
between calculated and experimental geometry parameter, overFig. 4. Optimized geometries and relative energies of the complexes (1) and (2).

Fig. 3. ORTEP view of the complex mer,trans-[RuCl3(NO)(P–N)] (2), showing the
atoms labeling and the 30% probability ellipsoids.
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0.1 Å, is found for Ru–N2 bond length. The Ru–NO bond lengths are
well reproduced in the calculations; the difference is 0.002 Å for (1)
and 0.004 Å for (2) while the calculated N–O bond lengths are
slightly greater than the experimental ones. The differences are
approximately 0.02 Å and 0.003 Å for (1) and (2), respectively.
The calculated N–O distance in complex (2) is somewhat smaller
than in (1) and an inverse relationship regarding the experiment
is found for these bond lengths. In calculations the Ru–NO and
N–O bond lengths are consistent with the concept of a more
favored p-backbonding interaction in fac-isomer (1). Shorter
Ru–NO bond and longer N–O bond in the complex (1) compared
to (2) may be associated with a stronger effect of back donation
of electrons from d orbital of the ruthenium into p antibonding
orbital of NO ligand. The calculated Ru–N–O angle is 174.4�
(178.3� experimental) in (1) and 178.9� (163.7� experimental) in
(2). The difference between calculated and experimental bond
lengths and bond angle may be a result of a soft energy potential
to NO bending, and/or crystal packing forces.

3.4. Molecular orbitals and population analysis

In Table 3, the orbital energies for complexes (1) and (2) are
gathered, and in Fig. 5 selected molecular orbitals are depicted
for (1) and (2). The bonding molecular orbitals of the Ru–NO bond
are 119 (HOMO-17), 120 (HOMO-16) for (1) and 117, 118 (HOMO-
19, HOMO-18) MOs for (2). The respective antibonding orbitals are
137, 138 (LUMO, LUMO+1) for both isomers. The bonding orbitals
contain admixtures from chlorine and phenyl orbitals. The bonding
orbitals are mainly d in character, while the antibonding orbitals
are mainly centered on NO. The form of bonding and antibonding
orbitals of Ru–NO bond implies that this bond can be described
as RuII–NO+ type in both isomers.

Table 3
Orbital energies for (1) and (2). H stands for HOMO, L for LUMO.

Orbital (1) (2)

Occupied
117 H-19(rPh) �9.68 H-19(d + p�NO) �9.51
118 H-18(rP–C) �9.64 H-18(d + p�NO) �9.50
119 H-17(d + p�NO) �9.52 H-17(d,Cl) �9.27
120 H-16(d + p�NO) �9.30 H-16(rP–C) �9.23
121 H-15(rP–C) �9.16 H-15(rP–C) �9.10
122 H-14(d, Cl) �9.02 H-14(rP–C) �9.01
123 H-13(Cl, nN) �8.60 H-13(Cl, nN) �8.39
124 H-12(Cl, nN) �8.37 H-12(nN, Cl) �8.31
125 H-11(pPh) �7.73 H-11(Cl) �7.70
126 H-10(pPh) �7.57 H-10(Cl) �7.62
127 H-9(Cl) �7.47 H-9(pPh, Cl) �7.50
128 H-8(pPh,Cl) �7.44 H-8(pPh,Cl) �7.40
129 H-7(Cl, p) �7.37 H-7(Cl) �7.28
130 H-6(Cl, pPh) �7.34 H-6(Cl) �7.23
131 H-5(pPh, Cl) �7.27 H-5(Cl) �7.12
132 H-4(pPh, Cl) �7.20 H-4(pPh) �7.05
133 H-3(Cl) �7.14 H-3(pPh) �6.97
134 H-2(pPh,Cl) �7.03 H-2(Np, pPh) �6.88
135 H-1(nP, Cl) �7.02 H-1(Cl, pPh) �6.76
136 H(d, Cl) �6.69 H(d, Cl) �6.48

Virtual
137 L(p�NO-d) �3.14 L(p�NO-d) �3.10
138 L + 1(p�NO-d) �3.09 L + 1(p�NO-d) �3.08
139 L + 2(d) �2.47 L + 2(d) �2.51
140 L + 3(d) �1.97 L + 3(d) �2.08
141 L + 4(r�P—C) �1.40 L + 4(r�P—C) �1.24
142 L + 5(p�Ph) �0.95 L + 5(p⁄) �0.78
143 L + 6(r�P—C) �0.85 L + 6(r�P—C) �0.68
144 L + 7(p�Ph) �0.52 L + 7(r�P—C) �0.45
145 L + 8(r�P—C) �0.45 L + 8(p�Ph) �0.27
146 L + 9 �0.31 L + 9(p�Ph) �0.17

Fig. 5. Selected molecular orbitals of the complexes (1) and (2).
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The orbitals 122(HOMO-14) and 136(HOMO) of (1) consist of
the ruthenium dxy orbital and p-orbitals of Cl. The low energy dxy

orbital is mixed with the occupied p-Cl orbitals, as a result, the
HOMO orbital gains significant d character. This effect may be de-
scribed as a repulsive interaction between dxy and p-Cl occupied
orbitals, as a result, the dxy orbital is shifted to higher energy. In
(2), the respective orbitals are 119 and 136. In complex (2), the
doubly occupied d orbital interacts with three chlorine orbitals
while in (1) only with two. As a result, the HOMO orbital of (2) is
higher in energy than in (1) (Table 3). The orbital 135(HOMO-1)
of (1) is a free electron pair orbital on the phosphorus atom (nP),
with an admixture of a p orbital of the trans-Cl atom and a p orbital
of a phenyl group. The relevant orbital of (2) is 134, where nP mixes
with a p orbital of the cis-Cl atom, and an orbital of the trans-NO
ligand. Orbitals 121 and 141 are examples of r and r⁄ orbitals
of the P–C bonds. There are three bonding (r) orbitals and three
antibonding (r⁄) orbitals in PR3 ligands [74]. They are formed by
p orbitals of the phosphorus atom, two of the bonding (and the cor-
responding antibonding) orbitals have e(p) symmetry and one has
symmetry r along the Ru–P bond. The antibonding carbon–phos-
phorus orbitals act as p-accepting orbitals in phosphines. The p⁄
orbitals of the nitrosyl ligand also have strong p-accepting proper-
ties. In the cis position (complex (1)), the phosphine and NO orbi-
tals interact with three doubly occupied ruthenium d orbitals, and
in the trans position (complex (2)), only with two. In effect, the
ruthenium–phosphorus and ruthenium–nitrosyl bonds in (1) are
stronger than in (2). The Ru–P and Ru–NO bond are longer in (2)
than in (1), which is especially visible for the Ru–P bond. As a con-
sequence, the occupied orbitals involving phosphorus atom are
lower in energy in (1) than those in (2), and the unoccupied d orbi-
tals in (1) are higher in energy than in (2) (Table 3).

The differences in strengths of Ru–P and Ru–NO bonds for com-
plexes (1) and (2) can also be seen on the basis of atom–atom over-
lap-weighted NAO bond order calculations and NBO analysis
shown in Tables 4 and 5. The bond orders presented in Table 4 cor-
respond to a sum of off-diagonal NAO density matrix elements be-
tween atoms and they can be correlated with the bond strength. In
addition, the sum of bond orders on the atoms is also presented.
Comparison of the calculated bond orders for Ru–P and Ru–N(1)
bonds shows that these bonds are stronger in (1) than in (2). The
stronger binding of ruthenium to P and NO ligand in the complex
(1) is also evident if one compares the sum value of the bond order
for Ru, P and N(1), which are higher just for this isomer. In the case
of N–O bond the relation between the indexes for (1) and (2) is re-
versed. The value of N–O bond order for complex (1) is smaller

than for (2), and therefore N–O bond in the complex (1) should
be weakened compared to this bond in the complex (2).

Stronger binding of ruthenium with nitric oxide in the case of
complex (1) can also be seen from the NBO analysis. The
Ru–N(1) bond in (1) is described by an additional r-symmetry
orbital (Table 5). This orbital is formed from spd hybridized orbi-
tals of ruthenium and the sp hybridized orbitals of N(1) and it is
strongly localized on the nitrogen atom. Such a r-donation should
increase the strength of Ru–NO bond. The r-symmetry orbital is
not present in the case of complex (2) and the relevant electron
pair is a lone pair, localized solely on the nitrogen atom. For both
complexes the p(Ru–NO) orbitals are localized to a great extent
(about 65%) on d orbitals of ruthenium (Table 5). Consequently,
the electron density is shifted towards the Ru and the NO ligand
gains a positive charge. Formally, Ru–NO bond can be described
as RuII–NO+ type in both complexes.

This is also confirmed by NPA analysis (Table 6). The total
charge of the nitrosyl ligand is positive (0.276 for (1) and 0.283
for (2) in calculations with PCM/CH2Cl2 solvent model) and the
charge on the ruthenium is negative in both complexes.

According to the p-backbonding concept, increasing the
dRu ! p�NOþ donation the bond order in NO ligand decreases and
should lead to a low energy mNO. The mNO frequencies obtained in
calculations with PCM/CH2Cl2 solvent model are 1929 cm�1 and
1934 cm�1 for complexes (1) and (2), respectively (in gas phase:
1960 cm�1 for (1) and 1971 cm�1 for (2)). The Ru–NO p-backbond-
ing interaction, more favorable in fac-isomer (1) leads to a shift of
mNO band in the direction of lower frequencies compared to the
mer,trans-isomer (2). The calculated values of mNO are also in good
agreement with the presented analysis on strength of Ru–NO and
N–O bonds in the investigated complexes, but are not confirmed
by the experiment. However, it should be noted that the difference
of energy for the mNO in complexes (1) and (2) is very small.
Depending on the external environment, the geometry of the com-
plexes may undergo changes, which may cause a difference in the
relative positions of the mNO band for the complexes.

Table 4
Atom–atom overlap-weighted NAO bond order for selected bonds of (1) and (2)
complexes in calculations with PCM/DCM solvent model.

(1) (2)

Overlap-weighted NAO bond order
Ru–P 0.6756 0.6343
Ru–N(1) 1.0033 0.9809
Ru–N(2) 0.3339 0.3315
Ru–Cl(1) 0.5986 0.5911
Ru–Cl(2) 0.5818 0.6015
Ru–Cl(3) 0.6768 0.6171
N(1)–O 1.2879 1.2917

Totals on atom
Ru 3.7699 3.6645
P 3.2710 3.1813
N(1) 2.3725 2.3152
O 1.2276 1.2279
N(2) 2.6774 2.6758
Cl(1) 0.6579 0.6721
Cl(2) 0.6102 0.6538
Cl(3) 0.7299 0.6730

Table 5
NBO analysis for Ru–N(1) and Ru–P bonds in calculations with PCM/DCM solvent
model. (The hybridization is indicated with the percent contribution of the s, p and d
orbitals as a superscript).

NBO Occupancy

Complex (1)
Bonding orbital

r(Ru–P) 0.592(s15.51p47.45d36.92)Ru + 0.806(s30.07p69.73)P 1.8213
35.0% 65.0%

r(Ru–N(1)) 0.445(s13.95p42.84d42.69)Ru + 0.895(s65.02p34.97)N(1) 1.9345
19.8% 80.2%

p1(Ru–N(1)) 0.802(d98.02)Ru + 0.598(p99.92)N(1) 1.9709
64.3% 35.7%

p2(Ru–N(1)) 0.795(d91.47)Ru + 0.606(p98.88)N(1) 1.9183
63.2% 36.8%

Lone pair
dxy LP1(Ru) d99.76 1.9614

Complex (2)
Bonding orbital

r(Ru–P) 0.584(s22.97p27.54d49.45)Ru + 0.812(s30.50p 69.36)P 1.8846
34.1% 65.9%

p1(Ru–N(1)) 0.805(d94.55)Ru + 0.592(p99.94)N(1) 1.9276
65.0% 35.0%

p2(Ru–N(1)) 0.802(d98.31)Ru + 0.598(p99.94)N(1) 1.9613
64.3% 35.7%

Lone pair
dyz LP1(Ru) d99.93 1.9762
spx LP1(N(1)) s68.52p31.48 1.6235
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3.5. Electronic spectra

The complex (1) has two intense absorptions centered at
274 nm (e = 7.5 � 105) and 319 nm (e = 4.5 � 103). In addition,
two weak absorptions at 396 nm (e = 458) and 481 nm (e = 102)
are observed (Fig. 6A). The complex (2) has two intense bands at
273 nm (e = 5.0 � 105) and 313 nm (e = 5.1 � 103), and three
absorptions at 400, 480 and 625 nm with e < 100 (Fig. 6B). The pos-
sible attributions to the observed absorptions can be found in Ta-
bles 7 and 8.

The electronic spectra of (1) and (2) were calculated using the
TDDFT method with the PCM solvent model, using DCM as the sol-
vent. The TDDFT excited state wave function is a combination of
singly excited determinants, arising from single excitations in the
ground state, one-determinant wave function. In Tables 7 and 8,
the calculated transition energies, oscillator strengths and the most
important excitations (those with the largest coefficients in the ex-
cited wave function) are collected for complexes (1) and (2),
respectively. Only those transitions with the largest oscillator
strengths are presented, except for the long wave part of the spec-
trum where the transitions with small oscillator strengths are also
shown. In the orbital description used in Tables 7 and 8, N, P, Cl
symbols are used for the free electron pairs orbitals, r denotes a
rP–C orbital and p are phenyl orbitals. d–NO and NO–d are bonding

and antibonding orbitals of the nitrosyl metal bond, the former are
of predominantly d in character, the later is mostly p�NO type.

The characteristics intraligand transitions (r ? r⁄) of coordi-
nated arylphosphines are omitted since the calculated values are
below 250 nm.

3.6. Cyclic voltammetry

Cyclic voltammetry studies of (1) and (2) (Fig. 7A) revealed one
monoelectronic and irreversible redox process attributed to RuII–
NO+ ? RuII–NO0, process 1. For complex (1), this process occurs
at �0.81 V and for (2) at �0.62 V. These values are in the range ob-
served for complexes with general formula fac/mer-[RuCl3(NO)(P–
P)] [25]. For complexes with the unit ‘‘RuCl3(NO)’’ the observation
of one irreversible reduction process followed by a chemical reac-
tion is usual [12,19,25]. After the reduction process RuII–NO+ ? R-
uII–NO0, a chemical reaction involving production of free chloride,
dissociation of NO0 and formation of RuII species occurs [25]. These
species produced in solution are oxidized in the range 0–1.50 V, as
observed in Fig. 7A for the complexes (1) and (2).

In general, the process RuII–NO+ ? RuII–NO0 is observed at low-
er potentials for fac-isomer than for the mer [25], as found for com-
plexes (1) and (2). The easier reduction of (2) compared to (1) is in

Table 6
NPA analysis for the complexes (1) and (2).

Charge

Ru N(1) O(1) N(2) P Cl(1) Cl(2) Cl(3)

Vacuum
(1) �0.145 0.413 �0.168 �0.438 1.328 �0.305 �0.391 �0.286
(2) �0.090 0.424 �0.159 �0.439 1.279 �0.375 �0.366 �0.285

Dichloromethane
(1) �0.132 0.422 �0.146 �0.428 1.348 �0.365 �0.463 �0.324
(2) �0.079 0.423 �0.140 �0.431 1.287 �0.401 �0.396 �0.345
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Fig. 6. UV–Vis spectra of fac-[RuCl3(NO)(P–N)] (A) and mer,trans-[RuCl3(NO)(P–N)]
(B).

Table 7
Electronic spectrum of the complex (1) calculated with the TDDFT method in DCM.

DE (eV) k/nm Calc. f Excitations k/nm (/M�1 cm�1)
exp.

2.28 543.4 0.0009 136(d, Cl) ? 137(NO, d) 481 (102)

2.35 526.1 0.0014 136(d, Cl) ? 138(NO, d)

2.68 462.2 0.0049 136(d, Cl) ? 139(d)

3.02 409.6 0.0015 135(P, Cl) ? 137(NO, d) 396 (458)

3.10 399.2 0.0024 133(Cl) ? 138(NO, d)
135(P, Cl) ? 138(NO, d)

3.54 349.4 0.0071 129(Cl, p) ? 138(NO, d)
131(p) ? 138(NO, d)

3.64 340.0 0.0303 134(p, Cl) ? 139(d) 319 (sh � 103)
135(P, Cl) ? 139(d)

3.73 331.8 0.0202 129(Cl, p) ? 139(d)
133(Cl) ? 139(d)

3.91 316.5 0.0153 125(p) ? 137(NO, d)
126(p) ? 138(NO, d)
129(Cl, p) ? 139(d)

3.96 312.8 0.0160 125(p) ? 137(NO, d)
130(Cl, p) ? 139(d)
135(P, Cl) ? 139(d)

3.97 311.6 0.0200 125(p) ? 137(NO, d)
130(Cl, p) ? 139(d)

4.07 303.9 0.0358 132(p, Cl) ? 140(d)
133(Cl) ? 140(d)

4.18 296.3 0.0852 124(N, Cl) ? 137(NO, d)
134(p, Cl) ? 140(d)
135(P, Cl) ? 140(d)

4.22 293.7 0.0299 127(Cl) ? 139(d)
128(p, Cl) ? 139(d)
134(p, Cl) ? 140(d)

4.28 289.4 0.0303 124(N, Cl) ? 137(NO, d)
130(Cl, p) ? 140(d)
135(P, Cl) ? 140(d)

4.50 275.3 0.1015 130(Cl, p) ? 140(d) 274 (7.5 � 105)
132(p, Cl) ? 140(d)
135(P, Cl) ? 140(d)

4.57 271.0 0.0389 125(p) ? 139(d)

4.65 266.1 0.0221 136(d, Cl) ? 141(r⁄)
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disagreement with mNO, since a higher NO stretching on infrared
spectrum [1872 cm�1 for (1) and 1860 cm�1 for (2)] implies in a
lower electron density over NO and a lesser cathodic reduction.
In addition, the LUMO’s energies, �3.14 eV for (1) and �3.10 eV
in (2) are not followed as expected, but as can be noticed, the dif-
ference between these two states is small. In both complexes these
orbitals are NO predominant, but Ru atomics orbitals have a signif-
icant participation. For the complex (1), Ru has a participation of
38.4% and NO of 52.9%; for the complex (2), Ru has a participation
of 31.5% and NO of 58.2%. One explanation for this inversion can be
found on the NPA analysis (see Table 6). Analysis of the charges on
ruthenium and nitrosyl shows that the charges in (2) are �0.05
more positive on ruthenium and �0.007 on nitrosyl than in (1),
which is in agreement with the reduction potentials found for both
complexes.

The one-electron reduction processes for complex (1) and (2)
can be represented showing the spectator ligand in trans position
to the NO+ in both complexes as follow:

Cl—RuII—NOþ þ e� ! Cl—RuII—NO0 complex ð1Þ
P—RuII—NOþ þ e� ! P—RuII—NO0 complex ð2Þ

Another aspect that can explain the observed reduction poten-
tials is the arrangement of the ligands in trans position to the NO+.
The presence of phosphorus atom in opposite position to the NO+

in complex (2), can lead to a more delocalized system, due to the
p-accepting ability of the aromatic substituted phosphines, which
can withdraw the additional electron density after the reduction
process. On the other hand, the presence of a chlorine atom in trans
position to the NO+ in complex (1), increases the electron density
over NO (see Table 6) leading to a lower reduction process when
compared with complex (2).

As expected, due to the NO+ ability to withdraw electron-
density from the ruthenium, the process RuII ? RuIII for both
complexes is only observed at high potential (>1.80 V) (Fig. 7B).
For complex (1), the metal center is oxidized at 2.19 V and for com-
plex (2) this process is observed at 1.95 V. This observation does
not follow the expected order considering the NBO charge of ruthe-
nium in both complexes. Although, considering the arrangement of
the ligands around the ruthenium; the presence of two p-accepting
ligands in opposite position (P from P–N ligand and NO+) for com-
plex (2) can lead to an electron richer ruthenium center when com-
pared to complex (1). In addition, HOMO orbital for complex (2) is
higher in energy than the HOMO for complex (1) (see Table 3),
which is in accordance with the observed potentials for the process
RuII ? RuIII.

Comparison among complexes such as fac/mer-[RuCl3(NO)
(P–P)] [25] and the complexes fac/mer-[RuCl3(NO)(P–N)] shows
that the presence of a nitrogen instead of a P atom does not cause
any significant difference on electrochemical behavior and in the
reductions potentials. For example, fac/mer-[RuCl3(NO)(dppe)]
have the RuII–NO+ ? RuII–NO0 at �0.87 (fac) and �0.70 V (mer),
and RuII ? RuIII at 2.03 (fac) and 1.88 V (mer); as mentioned before,
these values are very similar to the observed for the complexes
reported in this work.

Table 8
Electronic spectrum of the complex (2) calculated with the TDDFT method in DCM.

DE (eV) k/nm
Calc.

f Excitations k/nm (/M�1 cm�1)
exp.

2.04 607.0 0.0002 136(d, Cl) ? 138(NO, d) 625 (<100)
136(d, Cl) ? 139(d)

2.09 592.4 0.0001 136(d, Cl) ? 137(NO, d)

2.18 567.2 0.0002 136(d, Cl) ? 138(NO, d) 480 (<100)
136(d, Cl) ? 139(d)

2.77 447.5 0.0005 135(Cl) ? 137(NO, d)

3.14 394.1 0.0020 131(Cl) ? 138(NO, d) 400 (<100)
134(P, p) ? 138(NO, d)

3.19 388.4 0.0035 133(p) ? 137(NO, d)
135(Cl) ? 139(d)

3.64 340.3 0.0068 128(p) ? 138(NO, d)
135(Cl) ? 140(d)

3.70 335.0 0.0084 131(Cl) ? 139(d)
133(p) ? 139(d)

3.72 332.6 0.0105 128(p) ? 137(NO, d) 313 (5.1 � 103)
128(p) ? 138(NO, d)

3.97 312.1 0.0106 130(Cl) ? 140(d)
134(P, p) ? 140(d)

4.14 299.2 0.0228 126(Cl) ? 139(d)
128(p) ? 139(d)

4.27 290.0 0.1223 133(p) ? 140(d)
134(P, p) ? 140(d)

4.30 288.3 0.0148 123(Cl, N) ? 137(NO, d)
126(Cl) ? 139(d)

4.32 286.8 0.0308 126(Cl) ? 139(d)
134(P, p) ? 140(d)

4.38 282.5 0.0214 129(Cl) ? 140(d)
130(Cl) ? 140(d)
132(p) ? 140(d)

4.51 274.4 0.0361 123(Cl, N) ? 138(NO, d) 273 (5.0 � 105)
124(N, Cl) ? 137(NO, d)

4.54 273.0 0.0143 125(Cl) ? 140(d)
127(Cl, p) ? 140(d)
128(p) ? 140(d)
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Fig. 7. Cyclic voltammograms for complexes (1) and (2). Cyclic voltammograms in
dichloromethane showing the process centered on NO+ (A). Cyclic voltammograms
in acetonitrile showing the process centered on Ru2+ (B). ([complex] = 1.0 � 10�3 M,
in dichloromethane. Pt vs. Ag/AgCl, solution containing PTBA, 0.1 M. Scan rate:
100 mV s�1).
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4. Conclusions

Two isomers of the complex [RuCl3(NO)(P–N)] were isolated
and studied. Both complexes can be described as [RuII–NO+]6. X-
ray structures of both complexes were presented and the bond
lengths and angles are compatibles to other complexes observed
in the literature. The reduction processes are centered at LUMO
orbitals which are essentially dominated by orbitals of the NO+ li-
gand, but ruthenium has an expressive participation in both com-
plexes. Oxidation processes are observed at high potentials due to
the presence of a strong p-acceptor ligand, NO+. These oxidations
processes are centered at HOMO orbitals which are dominated
by ruthenium orbitals. Isomerization studies, including formation
of 15N-enriched complexes for both isomers and the lack of obser-
vation of denitrosylated species exclude the mechanism involving
dissociation and recombination of NO0 during the isomerization
process (further studies will be conducted to unravel the mecha-
nism of isomerization, including other ruthenium nitrosyl
trihalides).
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