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Abstract

The complex [Ru(4,4Me,bpy)(AsPhe)(H20)](CIO,). (4,4-Me,bpy = 4,4-dimethyl-2,2-bipyridine) has been prepared and their spectral and
redox properties has been investigated. The catalytic activity of the complex has been investigated at pH 7.0 in the homogeneous electrooxidation
benzyl alcohol, 1-phenylethanol and cyclohexene. The reactivity was found to decrease in the order 1-phenylethanol > benzyl alcohol > cyclohexen
The higher reactivity of this complex compared to the analogous complex [Riébpy).(PPh)(H.0)](CIO,), is attributed to the higher
hydrophobic character of the arsine ligand.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction bpy)(AsPh)(H20)](CIO4), (4,4-Mesbpy =4,4-dimethyl-2,
2-bipyridine). Electrooxidations of benzyl alcohol, 1-
High-valent ruthenium oxo complexes have proved to be usephenylethanol and cyclohexene by using this complex have
ful catalysts for electrooxidation of organic compouritis4].  been studied. The arsine ligand complex has shown to be
The extraordinary reactivity properties of the system aquo/oxenore reactive than the analogous [Ru(4viesbpy)(PPhy)
are based on their wide range of reversibility allowing the accesH,0)](ClO4), phosphine complexl14] and we have shown
to several oxidation states varying from M(ll) to M(IV). An that the hydrophobic effects of the arsine ligand, compared to
important element in these reactivities is the ability to controlthe phosphine ligand, induce a higher activity, thus, a lower
redox potential in a systematic way by varying the ancilliaryselectivity in the benzyl alcohol oxidation.
ligands[5—7].
The chemistry and use as oxidants of oxo ruthenium com?- Experimental
plexes containing polypyridyl and tertiary phosphine ligands .
have been studief8—10]. Phosphine and arsine ligands mod- 2/ Materials
ify the oxidation chemistry of ruthenium oxo complexes due to

their variety of steric and electronic propertigsl-16] The anate. RuGHH,O, 4,4-dimethyl-2,2-bipyridine, AsPh,

hydrophobic character of these ligands influences the Sele%—phenylethanol benzyl alcohol and cyclohexene were
tivity. It has been reported the unsual hydrophobic selectivity '

. o . . purchased from Aldrich Chemical Co. Before being used,
of primary alcohol oxidation by phosphine ruthenium(1V) oxo dichloromethane was kept in an alumina column and acetone
complexeg16].

. . was distilled from potassium carbonate. All other reagents and
In this work, we report the synthesis and the electro

. . . “solvents were of analytical reagent grade and were used without
chemical and spectrochemical properties of [Ru{é, further purification y gentg

Water was distilled twice from alkaline potassium perman-

) 2.2. Instrumentation and measurements
* Corresponding author. Tel.: +55 16 6023810; fax: +55 16 6338151.

E-mail address: wfdgiova@usp.br (W.F. De Giovani). . . . .
! present address: Departamento de Baiene Biogimica, Faculdades Fed- UV-vis spectra were obtained in 1 cm optical pathway quartz
erais Integradas de Diamantina, Minas Gerais, Brazil. cells by using a 8453 Hewlett-Packard spectrophotometer.
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Electrochemical experiments were carried out with a PAR3. Results and discussion

model 273A potentiostat/galvanostat. Cyclic voltammetric

experiments were conducted in a 10mL one-compartment./. cis-[Ru(4,4'-Mebpy),(AsPh;z)(H20)](ClOy4);:

cell using glassy carbon working electrode, a platinum wirespectroscopic and redox properties

auxiliary electrode and a saturated calomel reference electrode

(SCE). TheEy» values for reversible couples were calculated Table 1shows spectroscopic and redox data for the synthe-
from half the difference betweeh, values for the cathodic sized complexes. The bands in the UV region are assignable to
and anodic waves. Spectroelectrochemical experiments weligandsm—r" excitations; the bands in the visible region can be
performed in a two-compartment quartz cell with 1 cm opticalattributed to metal to ligands transitions typical of bpy—Ru com-
pathway using transparent gold gauze working electrode, plexeg[19—-22] The position of the lowest energy absorption of
platinum wire auxiliary electrode and Ag/AgCl as referencethe complex 1) in dichloromethane depends on the electronic
electrode; the bulk electrolyses were performed in 8:2 phosphateature of the group 5 ligand (for the compleis-[Ru(4,4-
bufferzerr-butyl alcohol solutions, in a 50 mL two-compartment Me;bpy)(SbPh)(H20)]%*, this band appears at 486 nm). This
cylindrical cell, using a platinum gauze working electrodepoor coordination solvent (dichloromethane) was selected in
(164 cnf), a platinum plate auxiliary electrode (1énand  order to prevent substitution of the aqua ligand; such substi-
a SCE; both the electrolyses and the spectroelectrochemictltion is known to occur, for instance, when acetonitrile is
experiments were carried out at a fixed applied potential ofised as solvenf23]. The bands are shifted to higher ener-
+0.90V, at 25+ 1°C; this potential is sufficient to generate gies for the dicationic aquo complexes compared to the cor-
the RUV=02* oxidant from the correspondent RdOH,?>*  responding chloro species, probably because of an increased
complex. The electrolyses were continued until the current felformal charge on the ruthenium ion, thus, stabilizing théRl)

to about residual values or upon reaching the desired number ofbitals.

coulombs. The products of the electrolyses were extracted with Spectroelectrochemical experiments showed that when an
diethyl ether and analyzed by gas chromatography (GC); thaqueous solution oflj is submitted to a potential of +0.90V,
chromatograms were recorded with Intralab 3000 gas chromat@ne can observe the disappearance of the band at 446 nm and
graph; benzoic acid obtained in the oxidation of benzyl alcohothe appearance of a band at 486 ritig( 1), the same observa-
was transformed to the sodium salt, extracted with water, aciction occurs when 1) is oxidized stoichiometrically by C&.

ified, precipitated, recrystallized and characterized by meltingVhen the oxidized solution is reduced electrochemically at

point. +0.1V, the band at 446 nm is regenerated but a low broad
band at 650 nm appears. The same process is observed when an
2.3. Synthesis of the complexes excess of hydroxylamine (three times the stoichiometric reac-

tion) is added to the oxidized solution. The band at 446 nm

[Ru(4,4-Mezbpy)(AsPhy)(H20)](ClO4)2 (1) aswellitspre-  can be due to the formation of Bu-O-RU!" dimer[11] (Eq.
cursorsis-[Ru(4,4-Meobpy)Clo]-2H,0 (2) [17]and [Ru(4,4 (1)) which is formed as consequence of rapid comproportiona-
Meobpy)(AsPhs)CI(PFs)2 (3) [16,18] were prepared by pro- tion reaction (Eq(2)); this kind of reaction has been reported
cedures described for related complexes. The preparatidy of (to occur for oxo/aquo polypyridyl ruthenium complexes]
was performed in a mixture of 3:2 ethanol:water; the reactiorand for similar complexes containing tertiary phosphine ligands
for (2) was conducted in ethylene glycol, and f&),(in 4:1  [16].
ethanol:water. Yield ofk) in the last step: 73%. Found: C, 49.4, , " o
H, 3.9: N, 6.0%. Calc. for GH41N4ClOoASRuU: C, 50.8: H, 2L(4 4-Mezxbpy)(AsPrE)RUT -OH]

4.2;N, 5.6%. = [{(4, 4-Me;bpy)(AsPh)RU" },0]* 1)

Table 1

E1/, potentials and UV-vis spectral data for the complexes

Complexes E12 (V) 2, nm € x 10 mol~t Lem™1)
RUIIIIII RUIV/III

[RUCly(4,4-Mezbpy)]-2H20 (2) +0.22 296 (29.9), 376 (8.0), 558 (6.7)

[Ru(4,4-Mezbpy)(AsPh)CI1Z* (3) +0.81 292 (29.5), 342 (7.1), 476 (6'5)

[Ru(4,4-Mezbpy)(AsPhy)(H20)]2* (1) +0.8¢ +1.20 238 (26.2), 290 (33.9), 446 (58)
+0.48 +0.74# 226 (26.5), 252 (20.0)

292 (31.7), 446 (5.6)

a MeCN + 0.1 mol =1 TBAP, glassy carbon working electrodes 100 mV s,
b CH,Cl,.

¢ MeCN+0.1mol L TBAP, v=50mV s,

d CH,Cl, +0.1 mol L1 TBAP, glassy carbon working electrodes 100mV s L,
€ 8:2 aqueous phosphate buffer-butyl alcohol, pH 7.0, =0.25 mol L1).
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Fig. 1. Spectroelectrochemistry of 1x110~*molL~1 [Ru(4,4-Mezbpy)
(AsPg)(H20)]?* in 8:2 phosphate buffer solutiaar-butyl alcohol, pH 7.0
(v=0.25mol 1), E=+0.90V vs. Ag/AgCl.
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Fig. 2. Cyclic voltammogram of 1.2 10 3molL~! [Ru(4,4-Mezbpy)

(AsPg)(H20)]?* in TBAP/dichloromethane, glassy carbon working electrode

(diameter 3mm)y=100mV s vs. SCE.

[(4, 4'-Mezbpy)(AsPhe)RU' -OH,]*" + [(4, 4-Mezbpy),

(AsPhy)RUY-017F — 2[(4, 4-Mesbpy),

(AsPhy)RU" -OH]?+ 2
The band at 486 nm is due to the oxidation of'R®-RU"
dimer to [(4,4-Mesbpy)(AsPhe)Ru' -O-RUY (AsPly)(4,4-
Mezbpy)]®* [11].

Cyclic voltammetry of {) in 0.1molL! tetran-
butylammonium perchlorate solutioRif. 2) shows chemically

TheEj2andAE1; values are higher in dichloromethane than
in aqueous solution, this can be attributed to the easier electron
and proton loss in wateiSgcheme L In these redox couples,
electrons are gained and lost from kkvels orbitals of the coor-
dinated meta[25]. Changes in electron contents do not occur
in the o-bonding framework. This is the reason for stability of
the ligands in coordination sphere during the formation of the
three adjacent oxidation states. The cyclic voltammogram of
(1) shows a third redox couple at +0.31V (+0.24V in water)
which can be attributed to the formation of the trans isomer; the
appearance of redox couples at lower values were also observed
for the complexescis-[Ru(bpyk(PRs)(H20)]1(ClO4),> [16],
cis-[Ru(tpy)(PR)Cl2] [12], cis-[Ru(dppm}Clo] (dppm = bis
(diphenylphosphino)methanf)3], cis-[Ru(bpy»Cl,] and cis-
[Ru(Mexbpy):Cls] [26]; the authors have referenced to this as
fastcis—trans-photochemical isomerizations.

3.2. Electrocatalytic oxidations of organic compounds in
homogeneous solutions

Table 2shows the results obtained in electrooxidations of
benzyl alcohol, 1-phenylethanol and cyclohexene. The effi-
ciency of current by time unit relationship can give a reac-
tivity order for the electrooxidations: 1-phenylethanol > benzyl
alcohol > cyclohexene. This reactivity order is in according
to that observed in electrooxidations using the [Ru¢4,4
Mesbpy)(PPh)(H20)]2* analogous complekl4]. The pro-
posed mechanism for oxidations using ruthenium oxo com-
plexes suggests the formation, in the transition state, of an
electron-deficient carbdi5]. A substituent group can decrease
the activation energy, inducing a delocalization of the positive
charge by hyperconjugation, inductive or resonance effects. In
thisway, the secondary 1-phenylethanol is more reactive because
of the methyl group bound to the benzylic carbon. Benzyl alco-
hol has a higher reactivity than cyclohexene: the resonance effect
in the benzyl alcohol aromatic ring is responsible by positive
charge delocalization; in cyclohexene, the allylic carbocation
formed at C-3 before the water molecule attackd$eaction)
induces a stabilization by resonance with a conjugated unsatura-
tion at the carbon ring. Nevertheless, as cyclohexene has fewer
canonic structures than benzyl alcohol, the lower positive charge
delocalization decreases the reactivity.

For the oxidation of 1-phenylethanol, the acetophenone yield
and the efficiency of current are higher compared to the oxidation
using [Ru(4,4Mezbpy)(PPh)(H20)]>* [14]. Hydrophobic
alcohols are easily oxidized by complexes containing phosphine
ligands substituted by hydrophobic groygk in the arsine lig-
ands, the phenyl groups are more exposed due to steric effects.
Then, the higher reactivity observed with the arsine complex

reversible oxidation and reduction waves for two redox coupleszan be explained by the increase of the alcohol concentration

according tdScheme 1

[Ru"(4.4"-Me,bpy),(AsPhy)(H,0)]**

f—

[Ru"™(4,4"-Me,bpy);(AsPhs)(OH)]**

around the oxo site because of the hydrophobic interactions.

[Ru"'(4.4"-Me,bpy),(AsPhy)(OH)]*" + ¢ + H"

[Ru' (4.4"-Me,bpy),(AsPh ()] + ¢ + H*

Scheme 1.
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Table 2
Electrocatalytic oxidation of organic compoundsdiy[Ru(4,4-Me;bpy)(AsPhg)(OH,)]2*2
Substrate Product % Yield % Oxidative coulombs passed % Efficiency of current Reaction time (h)
1-Phenylethanol Acetophenone 100 25 80 14.0
Benzyl alcohol Benzaldehyde 34 181 74 15.3
Benzoic acid 41
Benzyl alcohol Benzaldehyde 2 @r 98 23.0
Benzoic acid 93
Cyclohexene 2-Cyclohexen-1-one 48 @4 65 16.3

a |n 25 mL 8:2 phosphate buffep(= 0.25 mol L-1):err-butyl alcohol, pH 7.0. Catalyst concentration: 2.0 mmotL
b Substrate concentration: 50.0 mmaiiL
¢ Based on total coulombs passed, superscript (1) denotes 2 e/mol and (2) denotes 4 e/mol.

Benzaldehyde and benzoic acid are the products in the oxi{2] J.P. Santos, M.E. Zaniquelli, C. Batalini, W.F. de Giovani, J. Phys. Chem.
dation of benzyl alcohol, but using the phosphine complex, B 105 (2001) 1780.
benzaldehyde is the only oxidation product. The hydrophobic-[! x'gglgﬁrlrgbw'ﬁ de Giovani, J.R. Romero, J. Mol. Catal. A Chem. 135
ity of Fh,e arsine ligand can also_ ,be re§popsible for th? IOWer[4] A. Deronzier; J.-C. Moutet, in: A. McCleverty, T.J. Meyer (Eds.), Com-
selectivity. Benzaldehyde, the initial oxidation product, is kept prehensive Coordination Chemistry Il, vol. 9, Elsevier, Oxford, 2004, p.
closer to the oxo site because of the greater hydrophobic influ- 471507.
ence of the triphenylarsine ligand, increasing the formation of[5] C.A. Tolman, Chem. Rev. 77 (1977) 313.

benzoic acid. A very high yield in benzoic acid is obtained in [6] P- Dopplet, T.J. Meyer, Inorg. Chem. 26 (1987) 2027.
the four-electron process [7] A. Dovletoglou, S.A. Adeyemi, T.J. Meyer, Inorg. Chem. 35 (1996)

. . . . 4120.
In previous wor27], the exhaustive oxidation of cyclohex- (g} m.E. Marmion, K.J. Takeuchi, J. Chem. Soc. Dalton Trans. 9 (1988)

ene using [Ru(tpy)(bpy)(£D),]?* yieldedp-benzoquinone; the 2385.
formation of 2-cyclohexen-1-one as the only oxidation prod- [9] J.G. Muller, J.H. Acquaye, K.J. Takeuchi, Inorg. Chem. 31 (1992) 4552.
uct in the cyclohexene oxidation is a very interesting result; i1 S-B- Billings, M.T. Mock, K. Wiacek, M.B. Turner, W.S. Kassel, K.J.

. . . . Takeuchi, A.L. Rheingold, W.J. Bouko, C.A. Bessel, Inorg. Chim. Acta
this case, the oxidation process was interrupted when 74% of .. (2003) 103 g g

coulombs needed for a four-electron reaction had been passeds] g.p. Gilbert, D.S. Eggleston, W.R. Muroh, D.A. Geselowitz, S.W. Ger-

sten, D.J. Hodgson, T.J. Meyer, J. Am. Chem. Soc. 107 (1985) 3855.

4. Conclusions [12] B.P. Sullivan, J.M. Calvert, T.J. Meyer, Inorg. Chem. 19 (1980) 1404.
[13] B.P. Sullivan, T.J. Meyer, Inorg. Chem. 21 (1982) 1037.

The electrocatalytic capability ofis-[Ru(4,4-Mesbpy) [14] E(Ei;:éslilgf:’g_P'G' Fenga, J.R. Romero, W.F. de Giovani, Polyhedron 17

(AsPhg)(H20)]%* complex in electrooxidations of alcohols and [15] M.S. Thompson, T.J. Meyer, J. Am. Chem. Soc. 104 (1982) 4106.

specially of olefin shows that this complex can be useful16] M.E. Marmion, K.J. Takeuchi, J. Am. Chem. Soc. 110 (1988) 1472.

in oxidations of other functional groups. The results show(17] J.P. Collin, J.P. Sauvage, Inorg. Chem. 25 (1986) 135.

that when the oxo-arsine ruthenium complex is the oxidant%lB] B.P. Sullivan, D.J. Salmon, T.J. Meyer, Inorg. Chem. 17 (1978) 3334.
. . . . 19] G.M. Bryant, J.E. Fergusson, H.K.J. Powell, Aust. J. Chem. 24 (1971)

the higher hydrophobic character of the arsine ligand, com="" -

pared to the phosphine ligand, induces kinetic and mechanistjgo; . Romero, M. Rodriguez, A. Liobet, M.N. Collomb-Dunand-Sauthier,

changes. A. Deronzier, T. Parella, H. Stoeckli-Evans, J. Chem. Soc. Dalton Trans.
11 (2000) 1689.
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