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The syntheses and characterization of new nitro complexes of Ru(Il) with 2,4,6-tris(2-pyridyl)-1,3,5-triazine
(tptz) and different substituted bipyridines are reported. A disproportionation reaction can occur after applying
an oxidation potential corresponding to the couple Ru''/Ru' forming the nitrate and the nitrosyl complexes,
which were detected by cyclic voltammetry. This reaction was confirmed by IR-spectroelectrochemistry with
an OTTLE cell, for the first time. Additionally, for 2,2’-bipyridine we have obtained as ClO; salt a new nitrosyl-
complex which presents an elevated IR stretching frequency.

© 2017 Elsevier B.V. All rights reserved.

The reactivity of nitro complexes of palladium, rhodium, cobalt and
ruthenium as oxygen atom transfer (OAT) agents is interesting because
their potential applications like selective catalysts for oxidation of or-
ganic [1] and inorganic [2] substrates, which are relevant in chemical in-
dustry [3]. Also some iron-complexes with hemo and non-hemo ligands
[4,5] are interesting because is potentially a physiological route of for-
mation of nitric oxide. In addition, after the OAT reaction the nitrosyl-
complex is obtained, and the initial nitro-complex could be regenerated.

Recently we have synthesized and characterized new nitro and ni-
trite complexes of rhenium (I) [6], where we report through IR-
spectroelectrochemistry, that an O-atom transfer reaction occurs trig-
gered by oxidation of these complexes leading to a nitrosyl complex as
a product [7]. In this work, we have extended our investigation to new
nitro complexes of ruthenium of formulae: [Ru(tptz)(bpy)(NO,)]PFs
(1), [Ru(tptz)(dmb)(NO,)|PFs (2), [Ru(tptz)(dcb)(NO,)]PFs (3) (with
tptz = 2,4,6-tris(2-pyridyl)-1,3,5-triazine; bpy = 2,2’-bipyridine;
dmb = 4,4’-dimethyl-2,2’-bipyridine and dcb = 4,4’-dicarboxy-2,2’-
bipyridine). Fig. 1 schematize their structures. Additionally, derived
from complex (1), we have obtained the nitrosyl complex
[Ru(tptz)(bpy)(NO)](ClO4); (4).

In concordance with nitro-complexes of Ru(III) [8-12], Os(IIl) [13]
and Fe(III) [14] with polypyridil ligands, in this work we have detected
for complex (1), the occurrence of a disproportionation reaction after an
OAT giving the corresponding nitrosyl and nitrate complexes. This reac-
tion was detected by cyclic voltammetry and, for the first time was con-
firmed by IR-spectroelectrochemistry with an OTTLE cell.
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All chemicals used were analytical reagent grade, and were pur-
chased from Sigma-Aldrich and used as received. 4,4’-dicarboxy-2,2’-
bipyridine was prepared as previously reported [15]. UV-visible absorp-
tion spectra were recorded on a Varian Cary 50 spectrophotometer. IR
spectra were obtained with a Perkin-Elmer Spectrum RX-1 FTIR spec-
trometer. Raman spectra were measured with a DXR Thermo Scientific
spectrometer with an Olimpus microscopy, using a 532 nm laser. Cyclic
voltammetry (CV) and differential pulse voltammetry (DPV) experi-
ments were carried out using BAS Epsilon EC equipment, with vitreous
C as working electrode, Pt wire as auxiliary electrode, and Ag/AgCl (3 M
NaCl) as reference electrode. For DPV the pulse amplitude was 50 mV,
the pulse width was 50 ms and the pulse period was 200 ms. Acetoni-
trile was freshly distilled over P4,04q for electrochemical measurements.
Tetrakis(n-butyl)ammoniumhexafluorophosphate (TBAH) was dried at
150 °C for 24 h before being used as supporting electrolyte. The solu-
tions used in voltammetry in the cathodic region were degassed with
Ar prior each measurement. An IR OTTLE cell [16] was employed
equipped with CaF, windows and a Pt-minigrid working electrode, a
Pt-minigrid as auxiliary electrode and Ag wire pseudo-reference elec-
trode. Controlled potential electrolyses within the OTTLE cell were car-
ried out using a Teq-04 potentiostat. For spectroelectrochemistry
experiments the concentrations of the complexes were 3.10~3 M and
0.3 M TBAH. The measurements were done applying 100 mV steps po-
tential, and when the initial spectrum began to change the steps were
of 50 mV. After that, the potential at each step was maintained until
the spectrum does not change anymore and then a new step was ap-
plied. The application of potential in small steps was done in order to
avoid high electrolytic currents i. and uncontrolled potential shifts due
to a large ohmic potential drop iR (AE = E,pp — icR) [17].The range
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Fig. 1. Nitro-complexes under investigation where X = H (bpy), —CHs (dmb) and —COOH
(dcb), in all cases counterion = PFg.

of potential employed were 0 < E < 2 V for the oxidation region. Chem-
ical analyses for C, H and N were carried out at INQUIMAE, University of
Buenos Aires, Argentina, with an estimated error of + 0.5%.

DFT and TD-DFT calculations were done using Gaussian 03 [ 18]. Mol-
ecules were optimized using the hybrid functional B3LYP [19]. Basis set
LanL2DZ [20] was chosen for all atoms, and geometry optimizations
were performed in the gas phase. Frequency calculations were per-
formed to ensure that these geometries corresponded to global minima:
no imaginary frequencies were obtained for the optimized geometries.
The effect of the solvent was included using the polarizable continuum
model (CPCM) [21] for calculating orbital energy levels and UV-vis
spectra in CH3CN. The contribution of the different groups on the or-
bitals, calculated UV-vis spectra, and transition related to them were
obtained using the GaussSum 3.0 Software [22].

The syntheses of chloro- and aqua-complexes were done according
to literature [23] and will be reported in a separate manuscript [24].
Nitro-complexes were synthesized with slight modifications in proto-
cols already reported [25].

Complex (1). [Ru(tptz)(bpy)(H»0)](PFg), (50 mg, 0.057 mmol) and
NaNO, (47 mg; 0.684 mmol) were dissolved in 12 mL of acetone and
8 mL of water. The purple solution was heated at reflux for 3 h under
Ar with stirring and protected from light exposure thought an alumi-
num foil. During that time the solution turned red-orange. After cooling
at room temperature, the acetone was rotoevaporated and a dark or-
ange solid precipitated. The suspension was transfer to a beaker and
NH,4PFg (60 mg dissolved in 1 mL of water) was added and the mixture
was cooling in the refrigerator for c.a. 2-3 h. The resulting solid was col-
lected by filtration and washed with minimum amount of cold water
and dry under vacuum over P4010. Yield: 40 mg (92%). Chemical analy-
ses were coherent with the formula [Ru(tptz)(bpy)(NO;)]|PFg-H;O0.
Chem. Anal. Calc. for CygHy3NgOsPFgRu: C, 43.2; H, 2.8; N,
16.2%.Found: C, 43.2; H, 2.7; N, 16.2%.

Complex (2). The synthesis was done with the same procedure as
before from 50 mg of [Ru(tptz)(dmb)(H,0)](PFs),.2H,0
(0.053 mmol) and 44 mg of NaNO, (0.637 mmol). Yield: 40 mg (92%).
Chemical analyses were coherent with the formula
[Ru(tptz)(dmb)(NO,)|PFs.2.5H,0. Chem. Anal. Calc. for
C30H20Ng04 sPFRu: C, 43.2; H, 3.5; N, 15.1%.Found: C, 43.1; H, 3.6; N,
14.4%.

Complex (3). The synthesis was done with the same procedure from
40 mg of [Ru(tptz)(dcb)(H,0)](PFs),.0.5H,0 (0.041 mmol) and 42 mg
of NaNO, (0.612 mmol) dissolved in 15 mL of acetone and 8 mL of
water. Yield: 14 mg (33%). Chemical analyses were coherent with the
formula [Ru(tptz)(dcb)(NO,)]PFs.10H,0. Chem. Anal. Calc. for
C30H40NogO;6PFeRu: C, 35.0; H, 3.9; N, 12.2%.Found: C, 35.0; H, 3.0; N,
12.2%.

Complex (4). [Ru(tptz)(bpy)(NO,)]|PFs-H,0 (25 mg, 0.033 mmol)
was dissolved with 3 mL of acetone. The resulting dark orange-red

solution was cooled in an ice bath and 1 mL of 6 M HCIO4 was added,
maintaining the solution in the bath under stirring for 1 h. After that
time the solution turned dark purple-pink. 2 mL of an aqueous solution
of NaClO4 was added. The acetone was evaporated in air under hood
protected of light. It was observed the formation of a precipitate howev-
er the solution keeps colored. The small quantity of solid was filtered off,
washed with a minimum amount of cold 0.1 M HCIO4 and dry under
vacuum over P401o. Yield: 2 mg (7%). In a second attempt to obtain
greater amount of precipitate, the solid decomposed possibly due to
protonation of the nitrogens atoms of pyridine and triazine in the tptz
ligand, resulting in a very low yield. Caution: sodium perchlorate,
perchloric acid and perchlorate salts of metal complexes with organic li-
gands are potentially explosive. All these compounds should be handled in
small quantities, using the appropriate safety procedures [26].

IR and Raman spectra of complexes (1) to (3) display the character-
istics vibration modes for polypyridyl and triazine ligands between
1600 and 400 cm ™!, and the stretching frequencies of the nitro ligand
v, (NO3 ) and vs (NO3) [27] (Supplementary Fig. S1 and Supplementary
Table S1). These results indicate that the nitrite ion is coordinated
through the N-atom resulting in the so-called nitro or N-nitrite isomer
for the three compounds in contrast with rhenium(I) tricarbonyl com-
plexes with bpy and dmb where the nitrite ion is coordinated through
its N- and O- atom respectively [6].

Complex (4) shows an intense band at 1943 cm™ ! corresponding to
the stretching frequencies Vo (Supplementary Fig. S2)-The value of
Vno found for complex (4) indicates a strong character of nitrosonium
cation, being NO* a limiting case affording a triple N—O bond order
[29]. According to the Enemark-Feltham formalism complex (4) could
be described as {RuNO}® [28].

The UV-visible spectra for complexes (1) to (3) in CH3CN are shown
in Supplementary Fig. S3. Two metal-to-ligand charge transfer transi-
tion (MLCT) from dm orbital of Ru to m* orbitals of the polypyridine li-
gands in concordance with similar complexes [25,30-31].The lower
energy band is assigned to dm — 1*(tptz), and the next band correspond
to dm — m*(X,-bpy). This assignation was confirmed by TD-DFT calcula-
tions (vide infra). The high energy bands between 250 and 300 nm are
ligand centered (LC) due to dm — m* transitions.

Table 1 shows the electrochemical data for complexes (1) to (3) in
CH3CN, using 0.1 M TBAH as supporting electrolyte. Supplementary
Fig. S4 shows for complex (2) the CV and DPV in the cathodic region.
As in complex (1) and (3), three reduction waves appear. The first one
corresponds to a reversible process and the second is quasi-reversible.
However, when the potential sweep is done between 0 and — 2V, the
inverse waves are not observed because the third reduction process is
irreversible. In all cases, the first and third reductions are assigned to
the tptz ligand and are shifted to lower values with respect to the free
tptz (Ey~ —1.4/—15VandE; ~ —2.1 Vvs Ag/AgCl) [31-35], because
the coordination with the metal center stabilizes the m* orbitals of the
tptz ligand. On the other hand the second reduction wave is assigned
to the bipyridine ligand. It was found that as greater is the m-
backbonding (dcb > bpy > dmb) the reduction potential corresponding
to this ligand is lower, because of the stabilization of the m* orbitals, in
agreement with previous reports for complexes with substituted
bipyridines with different m-acceptor capabilities [36].

In the anodic region, it was observed a wave corresponding to the
Ru'/Ru™ couple (Table 1). For complex (1), as seen in Fig. 2a the electro-
chemical process is irreversible and indicates the decomposition of the
complex. Moreover, in the DPV shown in Fig. 2b a second peak is clearly
observed at higher potentials, which can be assigned to the oxidation of
complex (1). Additionally, on the reductive sweep of the cyclic voltam-
mograms two waves of low intensity of current appear atE;, = 0.58 V
and Epea = 0.2 V. According to literature [31], these reductions are
assigned to the nitrosyl ligand, and corresponds to the {RuNO}®/
{RuNO}Y’/{RuNO}? couples which could be expressed in a simplified lim-
iting manner as NO/NO+/NO . These potential values are also correlat-
ed with the high frequency vyo found for the complex. This assignment
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Table 1

Electrochemical data for complexes (1) to (3), obtained from CV in 0.1 M TBAH in CH5;CN at 100 mV/s. Potential values are referred to Ag/AgCl (3 M NaCl). E;» = (E. + E,)/2.

Complex Epeax Ru™/Ru" Ei 2 tptz/tptze~ (AE) Epeak LL/LLs ™ Epeak tptz? ~/tptze ™
(1) 129V —0.80V —134V —185V
(85 mV)
2) 126V —081V —1.58V —1.90 vV
(84 mV)
(3) 140V —0.79 V —1.06 V —-1.80V
(60 mV)

was confirmed by IR-spectroelectrochemistry and will be discussed in
the next section. Additionally, as seen in Fig. 2a, the oxidation wave at
Epeak = 1.29'V, corresponding to the Ru"/Ru™ couple, disappear in the
second cycle of the voltammetry, indicating that there is a chemical re-
action coupled to the electrochemical reaction by which complex (1)
decomposes. As was mentioned before, for other nitro-complexes of ru-
thenium [8-12], osmium [13] and iron [14] the coordinated nitrite ion
disproportionate upon oxidation producing the corresponding nitrosyl
and nitrato complexes. Besides, the second oxidation wave observed
in the voltammogram (E, = 1.38 V) could be assigned to the Ru"/Ru™
couple of the nitrate-complex [Ru'(tptz)(bpy)(NOs3)]™ obtained, be-
cause the potential values are close to the nitro-complex (1.29 V). This
wave cannot be assigned to the Ru"/Ru™ couple of the nitrosyl complex
because a higher value is expected due to the better m-acceptor ability of
the nitrosyl ligand with respect to nitrite and nitrate.

For complex (2) (Supplementary Fig. S5) it appears a low intense
wave at E;, =~ 0.6 V which can be also assigned to the nitrosyl-
complex. However, the Ru"/Ru™ couple of the nitro-complex
electrogenerated is more reversible than for complex (1) showing that
the disproportionate reaction occurs to a lesser extent possible due to
the donor effect of the methyl substituent in accordance with Meyer
etal [9,13,].

In Supplementary Fig. S6 is shown the mechanism proposed for the
disproportionation reaction for nitro-complexes of Ru (II) after oxida-
tion to Ru (III) in concordance with previous reports by Meyer [9,13,
37], where the rate determinant step is the bimolecular process. Thus,
the low intensity of the reduction wave of nitrosyl could be due to a ste-
ric effect originated in the voluminous ligand tptz that would not favor
the formation of the dimeric species so the disproportionate reaction
occurs in low magnitude.

Fig. 3a shows the IR spectra obtained when a potential of E = 1.2V
was applied to a solution of complex (1). It is observed a small band at
around 1950 cm™ ! corresponding to the vyq stretching frequency of
complex (4). The low intensity found for this band is related with a
small quantity of product obtained and agrees with the low intensity
of the reduction wave observed in the CV (Fig. 2a). Moreover, when a
potential E = 0 V was applied (Fig. 3b) the band at 1950 cm™'
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disappears in agreement with the reduction localized in the nitrosyl li-
gand, verifying these assignment. The new band corresponding to the
species {RuNO}” (NO- in a simplified notation) that should appear at
around 1600-1700 cm™ !, was not visualized due to the absorption of
the solvent in that spectral region (Spectra from 4000 to 1000 cm ™!
in Supplementary information Fig. S7).

For complex (2), the band corresponding to nitrosyl stretching fre-
quency Vno Was not observed because the quantity of the nitrosylic
complex would be too small to be detected in the measurement condi-
tions, in concordance with the disproportionate reaction which occurs
in a lower magnitude than in complex (1).

Computational analyses were carried out for complexes (1) and (2)
and are shown in Supplementary Information. DFT calculated energies
and compositions of selected molecular orbitals expressed in terms of
composing fragments for complexes (1) and (2) are shows in Supple-
mentary Table S2. Supplementary Fig. S8 shows the frontier orbitals
for both complexes. The HOMO, HOMO-1 and HOMO-2 are predomi-
nantly based in dm orbitals of the Ru atom. The LUMO and LUMO+1
are m* orbitals primarily localized on the tptz ligand, while LUMO+-2
is a * orbital based on the bipyridine ligand. This last orbital is at high
energy for complex (2) than for complex (1), due to the lower m-
accepting ability of dmb versus bpy.

Supplementary Table S3 summarized the TD-DFT calculated ener-
gies of low-lying singlet electronic transitions for complexes, the oscilla-
tor strengths and the experimental values which able us to confirm the
assignments of the electronic transitions.

To conclude, we have synthesized three new Ru(Il) nitro-complexes
with the tridentate ligand tptz and the bidentate ligands bpy, dmb
and dcb which have different abilities to accept electronic density
from the metal center. The spectroscopic and electrochemical prop-
erties of the complexes were characterized. Besides, we have obtain-
ed the nitrosyl complex with a high stretching frequency, vno. For
complex (1) it was found an electrochemical disproportionation reac-
tion to give the nitrate and nitrosyl-complexes, which was confirmed
by IR spectroelectrochemistry. For complex (2), this reaction also occurs
but in lower magnitude. DFT and TD-DFT confirm the assignment of the
absorption bands observed in the UV-visible spectra.

—~
<
=2
154
-20 4
ST T 7T T T T T
20 18 16 14 12 10 08 06 04 02 00
E(V)

Fig. 2. (a) Cyclic voltammetry at 100 mV-s~ ' (left) and (b) differential pulse voltammetry (right) in the anodic region, for complex (1) C = 1.10~> M in CH5CN using 0.1 M TBAH as

supporting electrolyte.
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Fig. 3. FT-IR spectroelectrochemistry for complex (1), C = 3.10~> M in CH5CN with 0.3 M TBAH. Spectra from 2050 to 1875 cm™ . (a) E = 1.2V, At = 2 min, (b) E = 0V, At = 2 min. The
black line is the supporting electrolyte. Red line is the initial spectra of complex (1), without applying an external potential. Blue line is the final spectra of electrolyses after applying a
potential E = 1.2 V, At = 2 min (left). Green line is the final spectra of electrolyses after applying a potential E = 0 V, At = 2 min (right). (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)
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