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ABSTRACT. Ruthenium complexes have been prepared for several applications, mostly for
electrocatalysis, catalytic hydrogenation, energy conversion, photolysis, medicinal chemistry, among
other fields. Bipyridine and terpyridine ligands are commonly found in the metal coordination sphere,
including ruthenium, largely due to the high stability exhibited by the resulting complex and the
possibility of greater stereochemical control during synthesis. The combination of substituted terpyridine
ligands with diphosphine ligands to the metal ruthenium occurs to a lesser extent and its catalytic
potential has been examined in several studies. This paper describes the synthesis of a new ruthenium (II)
aqua complex containing aryl diphosphine and substituted terpyridine ligands: [Ru(L)(totpy)(OH>)](ClO4)2
(L=Ph2PCH:CH2PPhy); (totpy=4"-(4-tolyl)-2,2":6°,2" "-terpyridine). The synthesis route was conducted in
three steps; the final and the intermediate products have shown good reaction yields; the results of the
characterization of the aqua complex by cyclic voltammetry, UV-visible spectroscopy and elemental
analysis are consistent with the proposed chemical structure.
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Introduction

Ruthenium complexes (Ru, atomic number 44; atomic mass 101.1), tend to exhibit remarkable stability.
Ruthenium can combine with numerous organic or non-organic ligands in synthetic routes that are
generally reliable (Malecki, 2012).

Ruthenium complexes are applied in several areas of knowledge, depending on the chemical structure of
the ligands. In recent years, they have been used in the structures of solar panels for energy conversion
(Ameta & Ameta, 2016; Sadig & Nazeeruddin, 2018). They have also extended their use in medicine, and
some authors consider ruthenium (II) complexes promising for the development of a new generation of
antitumor drugs (Lin, Zhao, & Bo, 2018), because they offer advantages related to the platinum complexes
commonly used in these types of treatment, such as greater efficacy and lower toxicity (Abid, Shamsi, &
Azam, 2016; Thota, Rodrigues, & Crans, 2018). Studies have been carried out in order to use
nanoparticulate systems for the development of drug potentially useful against cancer and also as
biocatalysts (Zeng et al., 2017); polypyridine ruthenium complexes with chiral characteristics have been
explored with significant activity against several types of cancer in in vitro tests (Wang et al., 2014).

Ruthenium complexes have played important role as catalysts in reactions, in which numerous types of
important transformations are reported, e.g., in Belousov-Zhabotinsky oscillating chemical reactions
(Delgado, Zhang, & Xu, 2011), in conversions of amines to nitriles (Cristian et al., 2013), and in
hydrogenations (Van Ravensteijn, Schild, & Kegel, 2017).

The literature describes ruthenium complexes containing tridentate polypyridine ligands used for
different purposes. These complexes exibt high stability with negligible tendency to lose ligands during the
chemical processes (Meyer, 1984; Tse et al., 2005; Ezhilarasu, Sathiyaseelan, & Kalaichelvan, 2017).

Ruthenium complexes containing diphosphine ligands have been reported since 1978 (Sullivan, Salmon,
& Meyer, 1978). However, less frequent is the combination of polypyridine and diphosphine ligands
(Dovletoglou, Adeyemi, & Meyer, 1996; Sussuchi, Lima, & De Giovani, 2006; Almeida et al., 2014; Mello-
Andrade et al., 2018). This may be due to the complexity of the preparation of polypyridine ligands,
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especially substituted terpyridines (Hanabusa, Nakamura, & Koyama, 1994; Ezhilarasu et al., 2017).
Bidentate diphosphine ligands offer some advantages related to their phosphine analogues by providing
better control of the stereochemistry of the resulting complex and by decreasing ligand exchange processes
(Chaudret, Delavaux, & Poilblanc, 1988; Gao, Wan, & Wong, 1996).

Our research group has carried out systematic electrocatalytic studies in a series of organic substrates,
using ruthenium polypyridine aqua/oxocomplex systems containing phosphine or arsine ligands and the
results have shown that these complexes are more selective than those containing polypyridine ligands only
(Sussuchi, Lima, & De Giovani, 2006; Batalini & De Giovani, 2020). In this work we have synthesized a new
ruthenium terpyridyl diphosphine aqua complex: [Ru(L)(totpy)(OH>)](ClOy), (L=Ph,PCH,CH,PPh;); (totpy=4"-
4-tolyl)-2,2":6",2" -terpyridine) (Figure 1); the complex was characterized by elemental analysis, cyclic
voltammetry and UV-visible spectroscopy.

HsC

Q OH,

""" (CIO4),

Figure 1. Structure of [Ru(L)(totpy)(OH2)](Cl0s) (L=Ph2PCH>CHPPhy); (totpy=4"-(4-tolyl)-2,2":6",2" "-terpyridine).

Material and methods

Materials and reagents

Water was doubly distilled from alkaline potassium permanganate (Morita & Assumpgao, 2007). Diethyl
ether was previously dried by keeping it over anhydrous MgSQ,, distilled and subsequently dried over
metallic sodium and redistilled (Morita & Assumpcao, 2007). Methylene chloride was dried in an alumina
column. All other reagents and solvents were PA grade (Merck, Aldrich, Mallinckrodt, Sigma) and were used
without further purification. The pH 8.1 solution was 7:3 phosphate buffer (NaH,P0O./Na,HPO,.H,0), (u=0.25
mol.L):tert-butyl alcohol). The pH values of the buffer:tert-butyl alcohol solutions were determined from
direct pH meter readings and are therefore apparent pH values. Tetrabutylammonium perchlorate (TBAP)
was prepared from tetrabutylammonium bromide, according to a classic literature procedure (Sawyer &
Roberts, 1974).

Instrumentation and measurements

Electrochemical experiments were carried out at room temperature and pressure, in a FAC-200A
potentiostat/galvanostat coupled to an Intralab current data logger. Cyclic voltammetric and differential
voltammetric experiments were performed in a one-compartment glassy carbon working electrode (0.086
cm?, 0.40 cm diameter), a platinum wire auxiliary electrode, and a saturated calomel electrode (SCE). 'H
NMR spectra were recorded in a Bruker AC-80 (80MHz) NMR spectrometer, using deuterated chloroform as
solvent and tetramethylsilane as internal standard (0 ppm on the 5 scale). UV-visible spectra were obtained
in 1.00 cm quartz cells by using a 8452A Hewlett Packard diode array spectrophotometer. Elemental
analyses were performed using a CNH Perkin Elmer Model 2400, at Institute of Chemistry of the University
of Sao Paulo (USP). EPR spectra were obtained at -196°C in a Bruker ESP 300E EPR spectrometer.

Synthesis of the ligand 4’-(4-tolyl)-2,2’:6°,2”-terpyridine (totpy)

The totpy ligand was prepared in three stages, analogously to literature procedures (Basset, 1981; Spahni, &
Calzagerri, 1984; Constable, Ward, & Corr, 1988). The product was characterized by 'H NMR spectrum. The
details of each step of the synthesis have been recently published (Batalini & De Giovani, 2019).
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Synthesis of the complex [Ru(L)(totpy)(OH2)](ClO4), (L=Ph,PCH,CH,PPh;) (totpy=4"-(4-tolyl)-2,2":6",2" -
terpyridine)

The synthesis of the complex [Ru(L)(totpy)(OH3)](ClO4), involved three steps, as shown in Figure 2 and
described below.

(@] [H4C ] .
(D) Ligand,
HZO---..,_ ‘ o OH, totpy, ethanol 1,2-dichloroethane
Ru reflux, 6h, N,
reflux, 18h, N
Hy ‘ \CI > ’ >
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[Ru(OH,)sCl3] — c -

ethanol:water (60:20)

cr reflux, 1h, N, (ClO4),

»
>

3rd Step

[Ru(L)(totpy)CIT'CI [Ru(L)(totpy)(OHz)](CIO4)2I

Figure 2. Synthesis of the complex [Ru(L)(totpy)(OH2)](Cl04) (L=Ph.PCH:CH:PPh); (totpy=4"-(4-tolyl)-2,2":6",2" "-terpyridine).

15t Step — Synthesis of the complex [Ru(totpy)Cls] (totpy=4"-(4-tolyl)-2,2":6"°,2" - terpyridine) (Sullivan,
Calvert, & Meyer, 1980):

A mixture of [Ru(OHy)Cls] (0.46 g, 1.76 mmol) and totpy (0.57 g, 1.76 mmol) was kept under N,
atmosphere, in 250 mL of ethanol, for 3.0 h. The mixture was then refluxed for 6.0h, under N,. The solvent
was evaporated to about 70 mL and the remaining solution was cooled to 0°C. The solution was filtered, the
product was washed with diethyl ether and dried under vacuum. The complex was characterized by cyclic
voltammetry, UV-visible spectroscopy and elemental analysis.

2M Step — Synthesis of the complex [Ru(L)(totpy)Cl]*Cl- (L=Ph,PCH,CH,PPh;); (totpy=4"-(4-tolyl)-
2,2°:6°,2" -terpyridine):

A mixture of [Ru(totpy)Cls] (0.40 g (0.75 mmol), 1,2-bisdiphenylphosphinoethane (L) (0.34 g (0.85 mmol),
LiCl (0.10 g and 0.5 mL of trimethylamine was refluxed, under N, atmosphere, in 200 mL of 1,2-
dichloroethane, for 18 h. The solvent was evaporated to dryness. The product was recrystallized twice by
dissolving it in 2 mL of CHCIs and precipitating by addition of 200 mL of diethyl ether. The solution was
filtered and the crystals were dried under vacuum. The complex was characterized by cyclic voltammetry
and UV-visible spectroscopy.

3 Step — Synthesis of the complex [Ru(L)(totpy)(OH,)](ClOy); (L=Ph,PCH,CH,PPh;) (totpy=4"-(4-tolyl)-
2,2°:6°,2" -terpyridine):

[Ru(L)(totpy)CI]*CI" (0.40 g, 1.21 mmol) and silver p-toluenesulfonate (0.60 g, 2.00 mmol) were heated to
reflux in 60:20 mL of ethanol:water, under N, atmosphere, for 1 h. The volume was reduced, the solution
was cooled to room temperature and filtered to remove the AgCl. Then, 5 mL of a NaClO, saturated solution
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were added to the filtrate. The product was recrystallized by dissolving it in 2 mL of methylene chloride and
precipitating it by dropping the solution on 200 mL of diethyl ether. The crystals were collected by filtration
and dried under vacuum. The aqua complex was characterized by cyclic voltammetry, UV-visible
spectroscopy and elemental analysis.

Results and discussion

Synthesis of the ligand 4’-(4-tolyl)-2,2’:6°,2”’-terpyridine (totpy)

The totpy ligand was characterized by 'H NMR (¢, CDCls), showing the following signals: 8.50-8.80 (m,
6H); 7.70-8.00 (m, 4H); 7.15-7.40 (m, 4H); 2.40 (s, 3H). The signals are consistent with the chemical
structure of terpyridine ligand, since only methyl hydrogens appear in a more shielded field and the
remaining signals of aromatic hydrogens in a less shielded field (Batalini & De Giovani, 2019).

Synthesis of the complex [Ru(L)(totpy)(OH>)](Cl0.), (L=Ph,PCH,CHPPh;) (totpy=4"-(4-tolyl)-2,2":6",2" -
terpyridine)

The synthesis of ruthenium (II) terpyridyl diphosphine aqua complex involved three steps as discussed below.

15t Step — Synthesis of the complex [Ru(totpy)Cls] (totpy=4"-(4-tolyl)-2,2":6°,2" "-terpyridine) (Sullivan,
Calvert, & Meyer, 1980):

Brown crystals were obtained. Yield 0.72 g (78%). The cyclic voltammetric and UV-vis experiments were
carried out in acetonitrile (Figures 3 and 4); the data, including those of elemental analysis are shown below
and are consistent with those of the literature.

¢ UV-visible spectroscopy (Figure 3): Amax.= 412 nm (= 8100 mol-'.L.cm™); literature (Lima et al., 1998):

Amax= 410 nm (¢= 7800 mol'.L.cm™).

¢ Cyclic voltammetry (Figure 4): E1» = +0.01 V, corresponding to the Ru'¥™ system; literature (Lima et

al., 1998): E,»,=+0.01 V (E; = half-wave potential).

+ Elemental analysis: (theoretical values (%) / experimental values (%) / errors (%)): C (49.82 / 49.34 /

1.00); H (3.23/3.32/2.80); N (7.92 /7.51 / 5.00).
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Figure 3. UV-vis spectrum of 0.10 mmol.L! [Ru(totpy)Cls] (totpy=4"-(4-tolyl)-2,2":6°,2" “-terpyridine), in CHsCN.
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Figure 4. Cyclic voltammogram of 1.00 mmol.L™! [Ru(totpy)Cls] (totpy=4"-(4-tolyl)-2,2":6",2" "-terpyridine), in CHsCN + 0.1 mol.L-*
TBAP, at 0.10 V.s™!, glassy carbon working electrode.
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2" Step — Synthesis of the complex [Ru(L)(totpy)Cl|*Cl (L=Ph,PCH,CH:PPh;); (totpy=4"-(4-tolyl)-
2,2°:6°,2" " -terpyridine):

Purple crystals were obtained. Yield 0.57 g (85%). The UV-vis and cyclic voltammetric experiments were
carried out in methylene chloride (Figures 5 and 6).

¢ UV-visible spectroscopy (Figure 5): Amax= 550 nm (¢= 2700 mol' L cm™).

¢ Cyclic voltammetry (Figure 6): E;» = +0.49 V (corresponding to the Ru"™" system of a possible

concomitant product) and E;; = +1.12 V (corresponding to the Ru"™" system of the chloro complex).

In this step, the diphosphine ligand is related to the reduction process of ruthenium (III) to ruthenium
(II); phosphorus act as electron back donor to the central metal, as verified in some works with similar
complexes (Gericke & Wagler, 2017; Wu et al., 2017). The side bands observed in the UV-vis spectrum and
two pairs of waves in the cyclic voltammogram indicate the presence of a concomitant product, probably the
[Ru(totpy)Cls] which may have not completely reacted. Attempts to purify the monochloro complex using a
neutral Al;Os column, eluting with different chloroform:methanol ratios were not successful. Albeit not
completely pure, the purity of the monochloro complex was considered satisfactory as a starting material
for the synthesis of the terpyridyl diphosphine aqua complex (step 3).
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Figure 5. UV-vis spectrum of 0.10 mmol.L! [Ru(L)(totpy)Cl]*Cl (L=PhPCH,CH:PPhy); (totpy=4"-(4-tolyl)-2,2":6",2"-terpyridine) in CHzCl,.
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Figure 6. Cyclic voltammogram of 1.00 mmol.L! [Ru(L)(totpy)Cl]"Cl (L=Ph:PCH:CH:PPhy); (totpy=4"-(4-tolyl)-2,2":6",2""-terpyridine)
in CHzClz+ 0.1 mol.L'! TBAP, at 0.10 V.s™!, glassy carbon working electrode.

o

3% Step — Synthesis of the complex [Ru(L)(totpy)(OH,)](Cl0.); (L=Ph.PCH;CH,PPh;); (totpy=4"-(4-tolyl)-
2,2°:6°,2" -terpyridine):

Red crystals were obtained. Yield 0.31 g (66%). The elemental analysis data are shown in Table 1 and are
consistent with the proposed formula.
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Table 1. Elemental analysis data for the complex [Ru(L)(totpy)(OHz)](ClOx)2 (L=Ph2PCH:CH2PPhy); (totpy=4'-(4-tolyl)-2,2':6',2"-terpyridine).

Elements Calculated Experimental Error (%)
C (Carbon) 55.40 55.20 0.4

H (Hydrogen) 4.17 4.22 1.2

N (Nitrogen) 4.04 4.23 4.7

Table 2 summarizes the UV-vis spectroscopic and cyclic voltammetric data for the complex. Figures 7, 8,
9 and 10 show the UV-vis spectra and cyclic voltammograms of the aqua complex.

Table 2. Spectral and electrochemical data for the complex [Ru(L)(totpy)(OHz2)](ClO4)2 (L=Ph2PCH2CH2PPhy); (totpy=4'-(4-tolyl)-
2,2':6',2"-terpyridine).

UV-vis Spectroscopy Cyclic Voltammetry
Amax., MM (Emax X 10%, mol*.L.cm™) Ei2 (Vs SCE)
CH.CL; pHS8.1! CH)Cl, 2 pHS8.13
448 (3.7) 444 (3.9) +0,72,+0.97, +1.18 * +0.37,+0.62
484 (3.8) 480 (3.7) +0.70,+0.95,+1.17° +0.36,+0.62,+0.89 °

17:3 phosphate buffer: tert-butyl alcohol solution, pH 8.1; 2 CHzCl; + 0.10 mol.L.! BusNClO4, v=0.10 V.s™!, glassy carbon working electrode; 3 7:3 phosphate
buffer: tert-butyl alcohol solution, pH 8.1, v = 0.10 V.s!, glassy carbon working electrode; * Redox waves (Ei.), obtained by cyclic voltammetry; ° Anodic
peak potentials (E;.), obtained by differential pulse voltammetry.
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Figure 7. UV-vis spectrum of 0.10 mmol.L! [Ru(L)(totpy)(OHz)](C104)2 (L=Ph2PCH2CH,PPhy); (totpy=4"-(4-tolyl)-2,2":6",2" -
terpyridine), in CHaCla.
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Figure 8. UV-vis spectrum of 0.10 mmol.L! [Ru(L)(totpy)(OH2)](C104)2 (L=Ph2PCH>CH,PPhy); (totpy=4"-(4-tolyl)-2,2":6",2" - terpyridine)
in 7:3 phosphate buffer:tert-butyl alcohol solution, pH 8.1.
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Figure 9. Cyclic voltammogram of 1.00 mmol.L™! [Ru(L)(totpy)(OH2)](ClO4): (L=Ph,PCH2CH2PPh:); (totpy=4"-(4-tolyl)-2,2":6",2""-
terpyridine) in CH;Cl;+ 0.1 mol. L' TBAP, at 0.10 V.s™!, glassy carbon working electrode.
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Figure 10. Cyclic voltammogram of 1.00 mmol.L! [Ru(L)(totpy)(OHz)](C104)2 (L=Ph;PCH2CH2PPhy); (totpy=4"-(4-tolyl)-2,2":6,2""-
terpyridine) in 7:3 phosphate buffer:tert-butyl alcohol solution, pH 8.1, at 0.10 V.s’}, glassy carbon working electrode.

The UV-vis spectra in CH:Cl; and in aqueous solution at pH 8.1 are shown in Figures 7 and 8,
respectively. The bands at A=484 nm and 480 nm can be attributed to metal-to-ligand dm(Ru) — m*
(diphosphine) transitions and the bands at A=448 nm and 444 nm can be attributed to metal-to-ligand
dn(Ru) — m* (polypyridyl) transitions (Sussuchi, Lima, & De Giovani, 2006). According to the literature (Wu
et al., 2017; Khade, Choudhury, & Pal, 2018), cyclic voltammograms of ruthenium (II) aqua complexes, such
as those studied here, exhibit two reversible redox waves involving concomitant transfers of protons and
electrons: [Ru'(L)(totpy)OH;]*/[Ru™(L)(totpy)OH]*/[Ru’(L) (totpy)O]** (corresponding to the Ru"™ and
Ru™ couples, as observed in cyclic voltammogram in aqueous medium, pH 8.1 (Figure 10, Table 2). On the
other hand, the cyclic voltammogram in CH,Cl; shows three pairs of redox waves (Figure 9, Table 2). The
EPR spectrum of the aqua complex in CH,Cl; has indicated small percentage of Ru (III), which may explain
the three redox pairs observed in the voltammogram. However, monitoring the aqua complex in CH,Cl,, by
differential pulse voltammetry (DPV) one could observe the disappearing of the redox pair at +0.72 V,
possibly indicating an isomeric interconversion process, whereby the small part of terpyridyl diphosphine
aqua complex in oxidation state (III) is reduced to state (IT) when in solution.

Attempt to purify the aqua complex [Ru(L)(totpy)(OH,)](ClOy), using a neutral Al,Os column (58 A, ~150
mesh) with CH,Cl, as eluent was not successfull. The use of an SP-Sephadex C-25 cation exchange column
(Marmion & Takeuchi, 1988), eluting with 0.20 mol L NaClO, solution, has caused decomposition of the
complex. Using a Merck silica gel column (40 A, 35-70 mesh), eluting with different chloroform:methanol
ratios, complex decomposition has not occurred. However, no change has been observed in the cyclic and
DPV voltammograms, and in UV-vis and EPR spectra.

It is worth to note that a similar aqua complex, containing Ph,AsCH,CH;AsPh; ligand presents cyclic
voltammetric, UV-vis spectrum and elemental analysis data in agreement with the aqua complex
synthesized in this work (Batalini & De Giovani, 2019). In prolonged tests of differential pulse voltammetry
this kind of complexes has demonstrated high stability, without loss of ligands, as verified in the studies
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carried out by Meyer (1984), Tse et al. (2005) and Ezhilarasu et al. (2017). We have used ruthenium
aquacomplexes containing substituted terpyridine and bidentate ligands as catalysts in electrooxidations of
alcohols in homogeneous solution (Batalini & De Giovani, 2020); the electrocatalysis have shown selective
reactions with good yields, whose process is in progress aligned with several Green Chemistry criteria.

Conclusion

The aim of this work was to synthesize a ruthenium aqua complex with the unprecedented combination
of a substituted terpyridine ligand and a bidentate phosphine ligand. The proposed three-step synthesis
strategy to obtain the diphosphine aqua complex [Ru(L)(totpy)(OH,)](Cl0y); (L=Ph,PCH,CH,PPh;) (totpy=4"-
d-tolyl)-2,2"°:6",2" "-terpyridine) was successfully achieved. Very good reaction yields have been obtained
for each one of the reaction steps (1% step 78%, 2" step 85%, 3" step 66%). Elemental analysis, cyclic
voltammetric and UV-vis spectroscopic data support the proposed chemical structure for the aqua complex.
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