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Chemistry of ruthenium in N, P,X, (X = Cl, Br) coordination sphere:
Synthesis, characterization and reactivities

JOYDIP CHAKRAVARTY and SAMARESH BHATTACHARYA*

Department of Chemistry, Inorganic Chemistry Section, Jadavpur University,
Calcutta 700032, India

Abstract. Reaction of 2-(phenylazo)pyridine (pap) with [Ru(PPh;); X, 1 (X=Cl, B;)
in dichloromethane solution affords [Ru(PPh,),(pap)X,]. These diamagnetic
complexes exhibit a weak d-d transition and two intense MLCT transitions in the
visible region. In dichloromethane solution they display a one-electron reduction
of pap near —090V vs SCE and a reversible ruthenium(II)-ruthenium(I1I)
oxidation near 0-70V vs SCE. The [Ru"™(PPh,),(pap)Cl,]* complex cation,
generated by coulometric oxidation of [Ru(PPh;),(pap)Cl, ], shows two intense
LMCT transitions in the visible region. It oxidizes N,N-dimethylaniline and
[Ru"(bpy),Cl,] (bpy = 2,2-bipyridine) to produce N,N,N/, N'-tetramethylbenzidine
and [Ru™(bpy),Cl,]* respectively. Reaction of [Ru(PPh,),(pap)X,] with Ag™ in
ethanol produces [Ru(PPh,), (pap)(EtOH),]** which upon further reaction with
L (L = pap, bpy, acetylacetonate ion(acac") and oxalate ion (0x*7)) gives com-
plexes of type [Ru(PPh,) 2(pap)(L)]"* (n=0, 1,2). All these diamagnetic complexes
show a weak d-d transition and several intense MLCT transitions in the visible
region. The ruthenium(II)-ruthenium (IIT) oxidation potential decreasesin the order
(of L): pap > bpy > acac™ > 0x?~. Reductions of the coordinated pap and bpy are
also observed.

Keywords. Ruthenium; N, P, X, (X = Cl, Br) coordination sphere; reactivities.

1. Introduction

The chemistry of ruthenium has been receiving increasing attention (Seddon 1981,
1982, 1985; Kalyansundaram 1982; Seddon and Seddon 1984; Ghosh and Chakravorty
1989; Wong 1994), much of which is due to the interesting redox properties exhibited by
the complexes of this metal. Ruthenium offers a wide range of oxidation states which
are stabilized by different coordination spheres. Study of the chemistry of ruthenium in
various coordination environments has thus been of special importance. In the present
work, which originated from our interest in the chemistry of ruthenium (Bhattacharya
1993, 1994; Chakravarty and Bhattacharya 1994; Ghatak and Bhattacharya 1994:
Ghatak et al 1994), we have created a N, P, X, (X = Cl, Br) coordination sphere around
ruthenium where 2-(phenylazo)pyridine (pap, 1) has been used as the N,N-donor
ligand and triphenylphosphine (PPh,) as the P-donor ligand. The 2-(arylazo)pyridine
ligands have strong n-acid character and are good stabilizers of the lower oxidation
states of ruthenium (Krause and Krause 1980, 1982; Goswami et al 1981) and the
Ru-pap complexes usually display interesting redox reactions (Lahiri et al 1990).
Herein we report the synthesis and characterization of new Ru-pap complexes and
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their reactivities with special reference to electron-transfer and ligand-displacement
reactions.

2. Experimental

2.1 Materials

Commercial ruthenium trichloride was purchased from Arora Matthey, Calcutta,
India and was converted to RuCl,-3H, O by repeated evaporation to dryness with
concentrated hydrochloric acid. Triphenylphosphine and 2,2'-bipyridine (bpy) were
obtained from Loba Chemie, Bombay, India. Acetylacetone (Hacac), oxalic acid
(H, 0x) and triethylamine (NEt,) were bought from S.D. Fine-Chem, Bombay, India.
Preparation of [Ru(PPh;);X,] and 2-(phenylazo)pyridine were done by following
reported procedures (Stephenson and Wilkinson 1966; Goswami et al 1981). Purifica-
tion of acetonitrile and dichloromethane, and preparation of tetraethylammoniumper-
chlorate (TEAP) for electrochemical work were performed as reported in the literature
(Sawyer and Roberts 1974; Walter and Ramalay 1973). All other chemicals and
solvents were reagent grade commerical materials and were used as received.

2.2 Preparation of complexes

[Ru(PPh;),(pap)Cl,] - To a mixture of [Ru(PPh,),Cl,] (500 mg, 0-52 mmol) and pap
(100mg, 0-55mmol) was added dichloromethane (50ml). The resulting red-violet
solution was stirred for 1h. Hexane (100 ml) was layered over this red—violet solution.
Upon slow diffusion of the solvents [Ru(PPh,),(pap)Cl,] deposited as shining
needle-shaped crystals, which were collected by filtration, washed thoroughly with
hexane and dried in air. The yield was 87%. ‘

[Ru(PPh,),(pap)Br,] - This complex was synthesized by following the above pro?
cedure, using [Ru(PPh,), Br,] (550 mg, 0-53 mmol) instead of [Ru(PPh,),Cl,]. The
yield was 90%.

[Ru(PPh,),(pap),] (Method A)-To a suspension of [Ru(PPh,),X,] (0-20mmol) in
ethanol (40 ml) was added pap (100 mg, 0-55 mmol) and the mixture was refluxedfor 2 h.
The resulting blue-violet solution was cooled to room temperature and a saturated
aqueous solution of NaClO, (10ml) was added to it. Dark crystalline precipitate of
[Ru(PPh,),(pap), ] (C10,), separated, which was collected by filtration, washed with
cold water and dried in vacuo over P,O 10- The yield was 75%. : ‘

[Ru(PPhs),(pap),](ClO,), (Method B) - [Ru(PPh,), (pap)X, ] (0-20 mmol) was taken
in ethanol (40 ml) and AgNO; (70mg, 0-41 mmol) was added to it. The mixture was
stirred for 30 min and the deposited AgX was separated by filtration. To the filtrate was
added pap (40mg, 0-22mmol) and the solution was refluxed for 1h. The resulting
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blue-violet solution was cooled to room temperature and a saturated aqueous solution
of NaClO, (10 ml) was added to it. [Ru(PPh;),(pap),] (ClO,), precipitated as a dark
crystalline solid, which was collected by filtration, washed with cold water and dried in
vacuo over P,O,,. The yield was 70%.

[Ru(PPh,),(pap)(bpy)] (Cl0,), — This complex was synthesized by following the
method B, described above, using bpy (35 mg, 0-22 mmol) instead of pap. The yield was
70%.

[Ru(PPhy),(pap)(acac)] CIO, — This complex was synthesized by following the
method B, described above, using a mixture of Hacac (25mg, 0-25mmol) and
NEt;(25mg, 0-25 mmol) instead of pap. The yield was 75%.

[Ru(PPhy),(pap)(ox)] — A mixture of [Ru(PPh;),(pap)X, ] (0-20mmol) and AgNO,
(70mg, 0-41 mmol) was stirred in ethanol (40 ml) for 30 min. The deposited AgX was
removed by filtration and to the filtrate was added oxalic acid (30 mg, 0-24 mmol) and
NEt,(50mg, 0-50 mmol). The solution was refluxed for 1 h and then partially evapor-
ated to give [Ru(PPh;),(pap)(ox)] as a deep red crystalline solid. This was collected
by filtration, washed with hexane and water, and dried in vacuo over P,O, ,. The yield
was 65%.

2.3 Physical measurements

Microanalyses (C, H, N) were performed using a Perkin—Elmer 240C elemental ana-
lyzer. Infrared spectra were obtained on a Perkin-Elmer 783 spectrometer with
samples prepared as K Br pellets. Electronic spectra were recorded on a Hitachi U-3400
spectrophotometer. Magnetic susceptibility measurements were done by using a PAR
155 vibrating sample magnetometer. Solution electrical conductivities were measured
using a Philips PR 9500 bridge with a solute concentration of about 10™3M. Elec-
trochemical measurements were made using the PAR model 370-4 electrochemical
system incorporating the following components: 174A polargraphic analyzer, 175
universal programmer, RE 0074 X-Y recorder, 173 potentiostat, 179 digital coulometer
and 377 cell system. All electrochemical experiments were performed under a dinitro-
gen atmosphere. A planar Beckman 39273 platinum-inlay working electrode, a plati-
num-wire auxiliary electrode and an aqueous saturated calomel reference electrode
(SCE) were used in a three electrode configuration. A platinum-wire gauge working
electrode was used in the coulometric experiments. All electrochemical data were
collected at 298K and are uncorrected for junction potentials.

3. Results and discussion

3.1 Synthesis and characterization

[Ru(PPh,),(pap)X,] (X = Cl, Br) complexes have been synthesized in good yields by
the smooth displacement of one PPhy from [Ru(PPh,),X,] by pap in dich-
loromethane solution at ambient temperature. The compositions of the complexes
have been confirmed by elemental analytical data (table 1). The complexes are
diamagnetic which corresponds to the + 2 oxidation state of ruthenium (low-spin d®,
§ = O). The infrared spectra of these complexes contain many bands and are complex
in nature. Assignment of each individual band has not been attempted. However,
characteristic bands showing the presence of all three types of ligands could be
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Figure 1. Infrared spectra of (a) [Ru(PPh,), (pap)Cl,] and (b) [Ru(PPh,),(pap)
{acac)]ClOy,.

identified. A selected spectrum is shown in figure 1. [Ru(PPh;),(pap)Cl, ] exhibits a
sharp band of medium intensity at 305 cm ~*, which is absent in [Ru(PPh;),(pap)Br,].
Hence this band is assigned to the v(Ru-Cl) stretching mode (Chowdhury et al 1992).
The v(Ru-Br)stretch in the bromo complex could not be observed because it probably
occurs beyond our experimentally accessible range. Comparison of the spectra of
[Ru(PPh,),(pap)X,] with those of corresponding [Ru(PPh,), X, ] shows that some
vibrations are common to both spectra (e.g. intense bands at 495, 520, 695, 745, 1090,
1160, 1190, 1435 and 1482cm™ 1), which is due to the.common Ru(PPh,), fragment
in both complexes. Many additional bands are present in the spectra of
[Ru(PPh,),(pap)X, ] (e.g. intense bands at 965, 1232, 1291 and 1450cm ™ 1), which are
obviously due to the coordinated pap. The band at 1450cm™! is assigned to the
V(N=N) stretching vibration (Goswami et al 1981). Therefore the infrared spectral data
are in good agreement with the composition of these complexes.

Four geometrical isomers are possible for the [Ru(PPh;),(pap)X,] complexes.
Assignment of any particular stereochemistry to these complexes has not been possible
due to lack of structural evidence. The complexes are readily soluble in dich-
loromethane and less soluble in acetonitrile producing red—violet solutions. Conduc-
tivity measurements show that these complexes are non-electrolytes in solution,
which indicates that the halide ligands do not dissociate in solution.- Electronic
spectra recorded in dichloromethane solution show three absorptions in the visible
region (figure 2, table 1). The low-intensity band near 760 nm is assigned to the d-d
(*4, - 'T,) transition (Mercer and Buckley 1965; El-Hendawy et al 1993). The other
probable d-d (*4, - ' T, ) transition (Mercer and Buckley 1965) could not be identified
due to intense absorptions at higher energies. The two intense absorptions near 525 nm

and 350 nm are assigned to the metal-to-ligand charge-transfer transitions (Dose and
Wilson 1978). ‘
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Figure 2. Electronic spectra in dichloromethane solution of (a) [Ru(PPh,),(pap)
Cl,], (b) [Ru™(PPh,), (pap)Cl,]1* and (c) [Ru(PPh,),(pap)(ox)].

3.2 Electron-transfer reactions

Cyclic voltammetric studies on the [Ru(PPh,),(pap)X,] complexes in dichloro-
methane solution show a one-electron reduction of the coordinated pap and an
oxidation of the metal. Voltammetric data are given in table 1 and voltammograms are
shown in figure 3. Each 2-(arylazo)pyridine ligand is known to accept electrons in its
lowest unoccupied molecular orbital which is largely azo in nature (Goswami et al
1983). Hence two one-electron reductions are expected in these complexes of which
only the first (see (1)) is observed near — 0-90 V (all potentials are referenced to SCE),

[Ru™(PPh,), (pap)X,] + e~ =[Ru"(PPh,),(pap)X,] . M

The second reduction, which usually occurs at a much lowér potentiai (Goswami et al
1981, 1983), is not observed due to solvent cut-off.

The ruthenium(II)-ruthenium(III) oxidation takes place reversibly near 0-70 V
[Ru(PPh,),(pap)X,1=[Ru"(PPh,),(pap)X,]* +e~. @

The AE,, valueis 70 mV and the anodic and cathodic peak currents are almost equal, as
expected for reversible couples. The reversible nature of this ruthenium (II)-ruthe-
nium(IIl) oxidation and its potential indicate that [Ru™(PPh,),(pap)X,]* may
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Figure 3. Segmented C};clic voltammograms in dichloromethane solution O1M
TEAP) of (a) [Ru(PPh,),(pap)Cl, ] and (b) free dma (---) and dma mixed with an
equimolar quantity of [Ru’/(PPh,),(pap)Cl, 1™ at a scan rate of 50mVs~!.

function as a moderately strong one-electron oxidation. To explore this possibility,
[Ru™(PPh,),(pap)Cl,]* has been generated by coulometric oxidation of
[Ru'(PPh,),(pap)Cl,] in dichloromethane solution (O-1MTEAP) at 095V. The
orange solution of [Ru"(PPh,),(pap)Cl,]™ displays the same voltammogram as its
precursor, indicating that no gross change in stereochemistry has taken place during
the oxidation. The solution of [Ru™(PPh,), (pap)Cl,]* shows two intense absorptions
in the visible region at 500nm (e= 5400 M~ ‘cm- ') and 350nm (shoulder,
e=11500 M ~*cm™!) (figure 2) which are probably due to ligand-to-metal charge-
transfer transitions. No attempt has been made to isolate this complex-cation as a salt.
The efficiency of [Ru™(PPh,),(pap)Cl,]* as an oxidant has been tested by the
following two reactions.

Oxidation of N,N-dimethylaniline — Addition of N,N-dimethylaniline (dma, 1 mmol)
to a solution of [Ru™(PPh,), (pap)Cl,]* (1 mmol) in dichloromethane brings about a
colour change from orange to red-violet, indicating the conversion of the ruthenium (II1)-
complex to [Ru“(PPh3)2(pap)C12]. Cyclic voltammetry of the resultant solution
shows a new response near 0-40V (figure 3), which is characteristic of N,N,N',N’-
tetramethylbenzidine (tmb) (Mizoguchi and Adams 1562), '

2[Ru"™(PPh,), (pap)Cl,]1* + 2dma — 2 [Ru(PPh,), (pap)Cl, ]
+tmb+2H*. 3)

Evidently dma, the reductant, undergoes a simultaneous one-electron oxidation
followed by a coupling reaction to produce tmb, (3) (Lahiri et al 1990). The current
height measurement of the tmb-response shows that about 40% of the oxidant has been

utilized in the coupling reaction. The first of it has probably been used in the side
reactions (Galus and Adams 1962; Galus et al 1962).

Oxidation of a rutheniizm(II)-complex — [Ru(bpy),Cl1,] is known to undergo a one-
electron metal-centred oxidation near 0-30 V (Johnson et al 1978) and hence it may be
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expected to reduce [Ru™(PPh,),(pap)Cl,]*. To test the feasibility of this reaction,
asolution of [Ru(bpy), Cl, ] (1 mmol) in dichloromethane has been added to a solution
of [Ru™(PPh,),(pap)Cl,1* (1 mmol) in the same solvent,

[Ru™(PPhj,),(pap)Cl,1* + [Ru(bpy), Cl,] -
[Ru"(PPh,),(pap)Cl, ] + [Ru™(bpy),Cl,]1". (4)

Cyclic voltammetry on the resultant solution shows that the expected redox reaction,
(4), has indeed taken place. A reversible one-electron reduction near 0-30 V characteris-
tic of [Ru"(bpy), Cl,1* (Johnson et al 1978), is observed together with the reversible
one-electron oxidation of [Ru"(PPh,),(pap)Cl,] at 0-68 V.

The above two reactions prove that [Ru™(PPhs,), (pap)Cl,]* can function as a good
one-electron oxidant to oxidize both organic molecules and transition-metal com-
plexes in non-aqueous media.

3.3 Reactions involving dissociation of the Ru-X bonds

The halide ligands of the [Ru(PPh,),(pap)X, ] complexes, though not dissociating in
solution, can be displaced by reacting these complexes with silver ion in ethanol.
[Ru(PPh,),(pap)(EtOH),]**, thus produced, reacts smoothly with a group of biden-
tate chelating ligands (L) to afford complexes of type [Ru(PPh,),(pap)(L)]"* in decent
yields,

Ag*/EtOH

[Ru(PPh,),(pap)X, ] o [Ru(PPh,),(pap)(EtOH),]**

. .
— [Ru(PPhy),(pap)(L)]"*. )

Three types of L [neutral (pap. bpy), monoanionic (acac™) and dianionic (0x?~)] have
been used and the net charge of the complex varies (n=2, 1, 0) accordingly. The
[Ru(PPh;),(pap),]** complex (ie. L = pap) has also been prepared by the direct
reaction of [Ru(PPh;), X, ] with pap in refluxing ethanol. Elemental analytical data
(table 1) agree well with the compositions of the complexes. Magnetic susceptibility
measurements show that the complexes are diamagnetic as expected for complexes of
Futhenium(II). As pap is an unsymmetrical bidentate ligand, serveal geometrical
isomers are possible for these [Ru(PPh,),(pap)(L)]"* complexes. Lack of structural
evidence has prevented us from assigning any stereochemistry to these complexes.

Infrared spectra of the [Ru(PPh,),(pap)(L)]** complexes show many vibrations .

due to the presence of PPh,, papand L (also ClO; ; for n = 1,2), and are therefore very
complex in nature. A selected spectrum is shown in figure 1. However, useful informa-
tion is obtained on comparing the spectra of these complexes with the spectrum of
[Ru(PPh,),(pap)Cl, ]. For example, the v(Ru-Cl) stretch at 305 cm ~ ! is absent in these
complexes, as expected. For the jonic (n = 1,2) complexes, a very intense vibration near
1100cm™! and another strong band near 620 cm - are observed, which indicate the
presence of ClO_ . Additional vibrations, due to the coordinated L, are observed in
[Ru(PPh;), (pap)(L)]". | |
The [Ru(PPh, ), (pap)(L)]"* complexes aré soluble in both acetonitrile and dich-
loromethane, the ionic (n=1,2) complexes are more soluble in acetonitrile and the
neutral (n=0) complex in dichloromethane. Conductivity - measurements show
(table 1) that in acetonitrile solution the L =pap, bpy complexes behave as 1:2

G W
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electrolytes, the L =acac™ complex as 1:1 electrolyte, while the L = ox2™~ complex is
a nonelectrolyte, as expected. Electronic spectra of these corpplexgs show sgveral
absorptions in the visible region (table 1, figure 2). The low-1nten81_ty band in the
700~750 nm region is assigned (vide supra) to the d-d(* A, — ' T,) transition. Th.e'other
intense absorptions are probably due to metal-to-ligand charge-transfer transitions.

Cyclic voltammetry on the [Ru(PPh,),(pap)(L)]"* complexes shows both metal-
oxidation and ligand (pap, bpy)-reductions. Voltammetric data are given in table 1. All
four complexes show two quasi-reversible reductions of the pap,

[Ru"(PPh,), (pap)(L)]"* j: [Ru(PPh,), (pap)(L) ]~ *

+e~

== [Ru(PPhj),(pap)(L)]"~2*. (6)

In the bis-pap complex (L = pap) the first two reductions at — 0-23 and — 079V ate '

assigned to the first reductions of the two pap ligands. The third reduction at — 1-23 V
is due to the second reduction of one pap, the second reduction of the other pap is not
observed due to solvent cut-off. In the L = bpy complex, a third reduction at — 1-52 V is
observed which is assigned to the first reduction of bpy (Tokel-Takvorian et al 1973).
The second reduction of bpy has not been observed because the solvent reduction
precedes it.

A reversible ruthenium(II)-ruthenium(IIT) oxidation is displayed by all four
[Ru(PPh,),(pap)(L)]"* complexes,

[Ru"(PPh,), (pap)(L)]"* = [Ru™(PPh,), (pap)(L)]™* V* + ¢~ (7)

The nature of L is observed to have considerable influence on this oxidation potential.
The potential decreases in the order (of L): pap bpy acac~0x?", as expected (Bhat-
tacharya 1993; Chakravarty and Bhattacharya 1994). Therefore the potential of this
couple can be shifted in any desired direction by varying the nature of L.

4. Conclusions

New and stable 2-(phenylazo)pyridine (pap) complexes of ruthenium of type
[Ru"(PPh,), (rPap)X,] (X =Cl, Br), have been synthesized and characterized. The
oxidized complexes, [Ru™(PPh,), (pap)X, 17, are good oxidants and can oxidize both
organic molecules and metal-complexes in non-aqueous medjum. The Ru-X bonds in

the [Ru(PPh,),(pap)X, ] complexes are dissociable under mild conditions and hence they
can be used as starting materials to prepare complexes of the type [Ru(PPh 3)2(pap)(L) " *
(L = chelating bidentate ligand).
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