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Abstract

Hydrogenation of ruthenium chloride in acetonitrile yields complexes of the type Ru(CH;CN),,Cl; _,, of which three are isolated
(n=2,3,4). Their formation is traced by voltammetry. Ru(CH;CN),Cl, and Ru(CH;CN),Cl; have been characterized by
single-crystal X-ray diffraction. Voltammetry shows that Ru(CH;CN),Cl; acts as a mediator for oxidation of cyclohexene,
methylcyclohexene, 1-tetralol and tetralin. Its role in tetralin oxidation is illustrated by preparative scale electrolysis. The
compounds Ru(CH,;CN),Cl, and Ru(CH;CN),Cl, did not react with any of the mentioned hydrocarbons. © 1999 Elsevier Science

S.A. All rights reserved.
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1. Introduction

Catalysis of electrochemical reactions by indirect
electrolysis has two objectives: enhancing electron-
transfer (ET) and controlling selectivity for desired
products. Since electrochemical reactions are multi-step
processes involving surface interaction, ET steps and
homogeneous follow-up reactions, the effect of any
prospective catalyst depends on its role in any of these
stages. Locating the details of its functions is therefore
essential for any methodical catalyst study. Aspects of
electrocatalysis have been reviewed and discussed [1-4]
and several recent works illustrate the variety of oppor-
tunities in this field [4,5].

Organometallic compounds and complexes often
play an important role [4,5] where closely spaced oxida-
tion states and spin multiplicity are essential for ET
mediation and where aptitude in ligand exchange con-
tributes to the control of selective reactions. Among
these, RuCl;-3H,0 has long been known as an ubiqui-
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tous homogeneous catalyst [6]. Recently, RuCl;-:3H,O
was found to be a catalyst in the electro-oxygenation of
several olefins and aromatic compounds in acetonitrile
[7]. We have found that it also enhances the reactions
of aromatic radical-cations with water [8]. Further de-
tails concerning its effect are sought by probing the
reactivity of RuCl;-3H,O with radical-cations [9] and
by studying possible consequences of its chemistry in
acetonitrile, as in this work.

RuCl;-3H,0 has been described as a complex mate-
rial that contains Ru(IV) species, Ru—O bonds and
Ru—ClI bridged aggregates [10,11]. The nature of the
catalytic entity is therefore not obvious. It is reasonable
to expect that during prolonged reactions in acetonitrile
some coordination of solvent takes place and may
influence the catalytic process. Many possible conver-
sions come to mind but very little solid knowledge is
available on this point. The study of acetonitrile—ruthe-
nium chloride compounds as possible catalysts is there-
fore a reasonable objective. The series of compounds,
of the type RuL,Cl,_, (L = CH;CN, ArCN) and some
of their corresponding ions have been studied exten-
sively by Duff and Heath [12,13]. An almost linear
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effect of the ligands on the redox potentials was ob-
served. Acetonitrile has a strong influence in increasing
the redox potentials of the central ruthenium atom.
Propositions of effects caused by exchanging chloride
with acetonitrile have been made for other cases [14]
and have been discussed by Duff and Heath for
Ru(CH;CN),Cl, _,, and Ru(C4HsCN), Cl; _,, on the ba-
sis of voltammetry, spectroscopy and calculation of
Frontier orbital energies. Electrochemical transforma-
tion between members in the series has been observed
and the pattern of electrode potentials and charge
transfer data is systematically correlated to halide and
nitrile ratios. This provides ground for their methodical
study as catalysts. Bearing in mind the facile intercon-
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Fig. 1. CV of the complex mixture obtained from hydrogenation of
RuCl;-3H,0 on 5% Pt/C in CH;CN. Sample: after 10 h reaction. Pt
electrodes, Ag | AgCl | KCl reference, in 25 ml CH;CN, 0.1 M TBAP.
Scan rate 100 mV s—! (from +2 to — 1.8 V and back). Scanning is
performed from a very positive potential value, to provide a clear and
full picture. Scanning from another point gives the same information
(cf. Figs. 3 and 4). CV at b is of Ru(CH;CN),Cl, (2); b" appears with
b in the voltammetry of 2 but is of unexplained shape. CV at ¢ is of
Ru(CH;CN),Cl, (1) and those marked a are of Ru(CH;CN),;Cl; (3).
Only transition a at 1.84 V, is active as an ET catalyst.

Fig. 2. orTEP (k) plot of the molecular structure of 2. Selected bond
lengths (A) and angles (°) with estimated S.D. values in parentheses:
Ru-N(1) 2.024(7), Ru-N(2) 2.016(7), Ru—CI(1) 2.338(7), Ru—Cl(2)
2.326(7), Ru-Cl(3) 2.368(6), Ru-Cl(4) 2.356(8), N(1)-Ru-N(2)
178(2), N(1)-Ru-CI(1) 93.4(7), N(1)-Ru-CI(2) 90.0(8), N(1)-Ru—
Cl(3) 87.4(7), N(1)-Ru-Cl(4) 90.4(8), CI(1)-Ru-Cl(2) 91.37(10),
Cl(2)-Ru—CI(3) 90.7(3), CI(3)-Ru-Cl(4) 88.20(10), Cl4)-Ru—CI(1)
89.7(3).

version of members of this series under the conditions
of electrochemical reactions, their preparation and
structure need to be carefully controlled. As a feasible
way to incorporate acetonitrile into ruthenium chloride
we chose hydrogenation. Reduction in acetonitrile with
H, over Pt on carbon black, has been reported to yield
a stable, crystalline Ru(CH;CN),Cl, (1) [15] whereas in
methanol or DMF, hydrogenation of RuCl;-3H,O was
reported to yield a complex ‘blue solution’, which acts
as a catalyst mixture in several cases and consists of a
mixture of reduced ruthenium compounds [16]. The
difficulty in isolating such dissolved intermediates is
obvious. Voltammetry was chosen in this work as the
preferred method for following the formation of the
acetonitrile complexes.

2. Results and discussion
2.1. Complexes of RuCl;-3H,0 with acetonitrile

The slow catalytic hydrogenation of RuCl;-3H,0 was
carried out in acetonitrile at 25°C and at ambient
pressure. Within several hours (depending on catalyst
activity), a precipitate of acetonitrile complexes was
obtained (about 1.2 g from 1.5 g of RuCl;-3H,0), in
which 1, Ru(CH;CN),Cl, (2) and [Ru(CH;CN),Cl;] (3),
were identified. A continuing process of ligand ex-
change and reduction is involved and the composition
of the precipitate changes in the course of reaction. The
change is monitored by cyclic voltammetry (CV) at
predetermined intervals. Whereas RuCl;-3H,O shows a
complicated and blurred voltammogram of redox tran-
sitions, the reaction mixture gradually gives way to
definite patterns among which are those of 1, 2 and 3.
Fig. 1 illustrates the kind of CV obtained in the course
of reaction. The reaction can be interrupted to facilitate
isolation of specific compounds. Ru(CH;CN),Cl, (2)
forms early in the hydrogenation. From a precipitate
collected at an early stage as judged by CV, when it
contained mostly 2 and 3, crystals of 2 (about 50 mg),
were isolated. Compound 2 has the octahedral trans
structure shown in Fig. 2. Crystals of 2 show a re-
versible CV at E ¢ 1350 mV, an irreversible reduction
at — 600 mV and a very small oxidation current at 0.0
(impurity) (Fig. 3). The reduction at — 600 mV is of
low current intensity compared with the redox at 1350
mV. It similarly shows in CV of powders containing 2.
We have no clear assignment for it.

Prolonged hydrogenation increases the concentration
of [Ru(CH;CN);Cl;] (3), in the precipitate. This com-
pound has been separated by chromatography as a
brick-red powder. It shows two reversible single-elec-
tron transfers at £¥¢ 133 mV and at E2¥ 1840 mV
(Fig. 4). Scanning in Fig. 4 starts at a negative potential
(to Ag|AgCl), in order to give the complete picture.
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Fig. 3. (a) CV of isolated crystals of Ru(CH;CN),Cl, (2). Scan rate
100 mV s~', 1073 M of 2 in 25 ml CH;CN, 0.1 M TBAP (impurity
at 0.1 V). Scan of another sample, from E= —1.0 to E=1.7 V and
return. (b) Scanning from E=0.0 to E= —1.0 V and separately
from £=0.0 to E= + 2.0 V shows the same reduction and oxidation
patterns. The currents between 0.0 and — 1 have no satisfactory
explanation.
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Fig. 4. (a) CV at 100 mV s~ ! of Ru(CH;CN),Cl; (3), 6.6 x 10 =4 M
in 25 ml CH;CN, 0.1 M TBAP, after chromatography. (b) Steady
state CV. Scan rate: 50, 100, 200, 500, 1000 mV s —!. Scan direction:
oxidation than reduction. Scanning in Fig. 4 starts at negative
potential (to Ag|AgCl), in order to give the complete picture (see
text).

The same curve features are retained when scans are
started anywhere within the range shown, or run
against a different reference (Ag|AgBF,). (Compare
for example Fig. 4 with Fig. 1.) From 1.5 g
RuCl;-3H,0, 1.1 g of clean 3 were obtained. Crystals of
3 as the octahedral mer isomer (Fig. 5) were grown
from saturated solutions of the powder in CH,Cl,—
ether. The crystals and the powder have identical CV.

The previously reported Ru(CH;CN),Cl, (1) [14], is
isolated as a yellow powder only after extensive hydro-
genation or hydrogenation of 3. It shows a single
reversible redox transition at £3%¢ 753 mV, identical to
the CV of a sample of Ru(CH;CN),Cl, prepared inde-
pendently [17].

Hydrogenation obviously cleaves bonds like chloro-
bridges in the ruthenium chloride structure and enables
coordination of acetonitrile with ruthenium. Formation
of 2 is unexpected. The yield — by a rough estimate
from CV (re Fig. 1) — is around 10—15%. The simplest
explanation is that some Ru(IV) is present in the origi-
nal ruthenium chloride sample. This has been noted
elsewhere [10]. Perhaps more complicated processes and
certainly more products are involved. The present re-
sults concern the reaction that is summarized in Eq. (1):

Ruthenium—acetonitrile complexes in sequence of
formation: 2, 3, 1.

[H>]
2

+ Ru(CH,;CN),Cl, + Ru(CH,CN),Cl, (1)
3 1

Reversible CV and the steady-state CV over extended
age, of the solids and of solutions show that all three
compounds are stable in air and in acetonitrile with 0.1
M tetrabutylammonium perchlorate (TBAP) or LiClO,
as electrolyte.

Compounds 1 and 2 were not involved in the cataly-
sis discussed below and were not studied further in this
work.

2.2. Structures

Crystals of 2 from CH;CN-CHCI; and of 3 from
CH,Cl,—ether were analyzed by X-ray diffraction. The
unit cell of 2 contains two molecules of Ru(CH;CN),-
Cl,, two molecules of CH;CN and two water molecules,
resulting in {[Ru(CH;CN),Cl,J[CH;CN][H,O]},, where-
as that of 3 contains two molecules of Ru(CH;CN);Cl,4
and four molecules of CH;CN resulting in
{[Ru(CH;CN);CL][CH5CN]},. 2 crystallizes in the
space group P2, and 3 in P1, the difference may be
caused by the presence of solvent molecules. 2 has a
trans-octahedral coordination geometry with four Cl
ligands in the equatorial positions and two CH;CN
ligands in the axial positions and the molecule is iso-
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Fig. 5. orTEP (k) plot of the molecular structure of 3. Selected bond
lengths (A) and angles (°) with estimated S.D. values in parentheses:
Ru(1)-N(1) 2.018(7), Ru(1)-N(2) 2.024(6), Ru(1)-N(3) 2.065(7),
Ru(1)-CI(1) 2.334(2), Ru(1)-Cl(2) 2.310(2), Ru(1)-CI(3) 2.324(2),
Ru(2)-N(4) 2.023(7), Ru(2)-N(5) 2.014(7), Ru(2)-N(6) 2.055(7),
Ru(2)-Cl(4) 2.330(2), Ru(2)-CI(5) 2.303(2), Ru(2)-Cl(6) 2.335(2),
N(1)-Ru(1)-N(2) 178.2(2), N(1)-Ru(1)-ClI(1) 91.3(2), N(1)-Ru(1)-
Cl(2) 89.2(2), N(1)-Ru(1)-CI(3) 89.7(2), N(1)-Ru(1)-N(3) 90.3(2),
N(3)-Ru(1)-CI(2) 178.8(2), Cl(1)-Ru(1)-ClI(3) 176.31(8), N(4)-Ru(2)-
N(5) 179.13), N(#)-Ru(2)-Cl(4) 90.3(2), N(4)-Ru(2)-CI(5) 89.5(2),
N(4)-Ru(2)-Cl(6) 89.3(2), N(4)-Ru(2)-N(6) 91.6(3), N(6)-Ru(2)-
CI(5) 178.7(2), Cl(4)-Ru(2)-Cl(6) 175.77(8).
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Fig. 6. Plot of anodic peak—current density: i3 cm ™2 x 100, vs. (v)"/?
of Ru(AN);Cl; (3) 6.6 x 10~* M in acetonitrile. Lower line: CV at
133 mV; upper line CV at 1840 mV. Each scanned at 50, 100, 200,
500 and 1000 mV s~ !,

structural to the [Ru(C4H;CN),Cl,]~ anion [18]. Bond
distances and angles are comparable. The average
Ru-—Cl distance of 2 (2.347 A) is in the same range as in
the anion of rrans-[Bu,NJ[Ru(RCN),Cl,] (2.353 A)
[13¢,18] (R=Me, Ph) but shorter than that in
[Ru(CH;CN),Cl,] [152a] (2.410 A), whereas the average
Ru-N distance in 2 (2.020 A) is comparable with that
in [Ru(CH;CN),Cl,] [15a] (2.025 A). The C-N distance
in the coordinated CH;CN molecules (1.138 A) is for-
mally shorter than the C-N distance in the non coordi-
nated CH,;CN (1.19 A). The coordinated CH;CN is
bent. The astonishingly small angle N(3)-C(31)-C(32)
(158(5)°) is yet unexplained. 3 has a meridional—octahe-
dral geometry. The distances Ru-Cl(1), Ru-CI(3),
Ru-Cl(4) and Ru-Cl(6) are longer than Ru—CIl(2) and
Ru-CI(5) as well as Ru-N(3) and Ru-N(6) in relation
to Ru—-N(1), Ru—(2), Ru-N(4) and Ru-N(5) because of
the bigger trans influence of Cl related to CH,CN and
in accordance with corresponding results for acetoni-
trile-mer-trichloro [1-methyl-3-(2-pyridyl)-1,2,4-tria-
zole-N(4), N(1")]ruthenium [19] and for {[Ru(CHs-
CN);Cl3]o s[CsHsCN]} [13¢].

2.3. Voltammetric analysis of 3

The stability of 3 through the transition Ru(CHj;-
CN);CL]/[Ru(CH;CN),Cl;]*! was mentioned already
by Duff and Heath [13a] and as shown below, it is
stable as a redox mediator. Both its CV steps (Fig. 4)
are reversible single-ET steps over sweep rates of 50—
1000 mV s~ ' At 1000 mV s—! in absence of iR
correction, AE,=80+3 mV, AE,,=60+3 mV, i
i*=10.9 £ 0.05. The plot of i, versus v'/* at 1840 mV is
linear over v = 50—1000 mV s ~!. At 133 mV the plot of
i, versus v'’? shows a break in linearity above 100 mV
s~ !, suggesting slow ET relative to the rate of mass
transport under fast scan (Fig. 6) [20]. Voltammograms
of 3 with ferrocene as standard (500 mV) also establish
the redox transitions of 3 as single ET steps. The ratio
of diffusion coefficients of 3 to ferrocene was found to
be 0.66 and was taken into account.

Because of the substantial differences in reference
electrodes and experimental conditions like solvents
and temperature it is difficult to make comparisons
with the previous data even with consideration of fer-
rocene as standard [13a]. Ef, at 290 mV reported for
Ru(CH;CN),Cl, [13a] differs from our results of 133
mYV for 3. The second CV given for Ru(CH;CN),Cl; at
1890 mV (ES),) [13a], is close to our value of 1840 mV
(Ey) of 3. The reported value of 1450 mV for
Ru(CH;CN),Cl,, is also comparable to our value of
1350 mV for 2 but still different. The assignments in
Table 1 are concluded from the present measurements
(as in Figs. 1, 3 and 4).

As mentioned above, ligand exchanges in the series
Ru(CH;CN),Cl; _,, can be electrically induced [13]. It is
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Table 1
Redox states proposed for the isolated ruthenium-acetonitrile com-
pounds *

Ru(I/II)  Ru(I/IV)  Ru(V/V)
(mV) (mV) (mV)
Ru(CH,CN),CL, (1) 753 NA
Ru(CH,CN);Cl, 3) 133 1840
Ru(CH,CN),Cl, (2) a 1350

* Values are of E3™ observed within the window of —1.5 to +2.3
V in CH;CN, reference clectrode Ag|AgCl. NA, not available. a
Reduction is observed at —570 mV. Assignment uncertain.

(a) 7‘ T T R R

120 -
pA

Fig. 7. (a) Catalytic current of Ru(CH;CN);Cl; (3), shown at 1840
mV when tetralin 5x 10~3 M, is scanned in the presence of
Ru(CH;CN);Cl; (3) 103 M, solid line. Background: 5 x 103 M
tetralin only. CV at 50 mV s~ ! in 25 ml CH,;CN, 0.1 M TBAP. Scan
from zero current towards positive potential (oxidation current posi-
tive) upper curve. Return: (lower curve). (b) Enlarged detail.

therefore important to note that the reversibility and
stability of the structure of 3 over many redox cycles
implies that the ET steps observed as in Fig. 4, involve
no change in the structure of this complex. The most
reasonable redox transitions are suggested in Eq. (2):

[Ru(CH5CN),CL]~ & [Ru(CH;CN);Cly]
+e

& [Ru(CH,CN),CL]* )
+e

The reported stability of the anion [Ru(C4H;CN),Cl,]~
[17] and the reversibility of the step: Ru(CH;CN);Cl;]/
[Ru(CH;CN),;ClL;] ™! [13a], support such conclusions.
The structures, stability and ET features of 1, 2 and
particularly 3 are therefore established.

2.4. Catalysis

So far, catalysis was observed with compound 3.
Compounds 1 and 2 do not show interactions in any of
the following cases. Compound 3 acts as a reversible
ET mediator for the oxidation of cyclohexene, 1-
methylcyclohexene, 4-methylcyclohexene, tetralin and
1-hydroxy-tetralin, as seen by CV. All these compounds
oxidize above 1900 mV and in their presence the CV
trace of 3 at 1840 mV is transformed into a catalytic
curve. At the same time in these cases, the CV profile at
133 mV remains unchanged through repeated catalytic
cycles. This is an extra indication that the coordination
sphere of 3 survives the catalytic cycle. It also serves as
a useful internal standard for the concentration of the
catalyst during CV and in the course of preparative
electrolysis (Fig. 7). A similar situation, in which an ET
reduction catalyst carried an internal marker, has been
observed by Lund and Simonet [21]. In other cases,
internal standards were attached to heterogeneous cata-
lysts on modified electrodes [22].

Tetralin was selected for a detailed study of the
catalysis by preparative electrolysis. The CV of tetralin
alone and in presence of 3 is shown in Fig. 7. When a
small amount of 3 is added, its relative concentration is
clearly seen at 133 mV. The catalytic current appears at
1850 mV and shows a tenfold increase relative to the
133 mV marker. The catalytic current appears at a
value where tetralin is not electroactive. It is character-
istic of an EC reaction [23] with the expected Nernstian
shift of the reverse (reduction) potential, the absence of
the reverse (reduction) current, the limiting value of i,
above 100 mV s~ ' and decrease of [i,/(v)1/2] versus v.
The current intensities observed at potentials above 2.0
V in the direct oxidation of tetralin, also increase in
presence of 3.

CPE of tetralin in acetonitrile with LiClO, or TBAP
as electrolyte, was carried out at a potential of 1400 mV
versus Ag | AgBF,. This is 200 mV below the over-po-
tential for direct oxidation of tetralin [24]. A sample
run with LiClO, as electrolyte, starting with 45 x 103
mol tetralin and 2.5 x 10 =3 mol 3, gave 29% conver-
sion in 4 h. A charge equivalent of 263 x107° e
mol ~! was passed. Accordingly 3 has made over 10.5
cycles namely, a turnover rate of 1.25 h~! where
turnover rate =mol tetralin oxidized mol catalyst ~!
h~!. Current efficiency for consumption of tetralin if
taken as two 1 e steps is > 98%. The same run after 5.5
h reached 35.5% conversion. A charge equivalent of
32.9 x 10> ¢ mol ~ ' was passed. Here 3 has made over
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13 cycles, a turnover rate of 1.145 h—!. Under the same
conditions with TBAP as electrolyte the initial reaction
rate is 6 x 10~® M min ~ !, about 3.5 times slower than
with LiClO,, current yields are 65-67%, and the
turnover rate of the catalyst is 0.93-0.95 h—!, 20%
lower with TBAP.

No reaction at all takes place, nor any current pro-
duced at this potential without catalyst. The direct,
uncatalyzed reaction at 1900 mV (2300 mV vs.
Ag | AgCl), shows a current efficiency of 64% for two 1
e steps. Thus, the catalytic current observed in voltam-
metry fully accounts for the oxidation of tetralin.

An undivided cell has been used in this work and in
the course of the reaction, 3 is slowly reduced to 1,
obviously a reduction by H, on the cathode. With the
progress of reaction, intensity of the reversible CV for 3
at 133 mV decreases and the reversible CV for 1 at 753
mV appears and increases. Cell division prevents loss of
catalyst and there is practically no reduction of 3 when
it is electrolyzed in the anodic compartment of a cell,
divided by fritted glass.

Reactions were followed by HPLC and GC-MS.
Scheme 1 shows that the products obtained by cata-
lyzed CPE are those expected from reactions of a
radical—cation or of the derived cation, with any of the
available nucleophiles [25]. A sample of products after

Catalysis:
-e

removal of electrolyte; with unavoidable loss of mate-
rial, shows: tetralin (43.5%), 1,2-dihydronaphthalene
(4.4%) 1-tetralol (10.4%) 1-tetralone (27.8%) acetami-
dotetralin (13.8%), chlorotetralin (0.1%) (reaction 3 in
Section 4.3.4, average of two analyses). Dihydronaph-
thalene from deprotonation and oxidation of the radi-
cal—cation; an ECEC process, 1-tetralol and 1-tetralone
from reaction with water (0.03% in acetonitrile). The
general pattern in all runs is: 1-tetralone > 1-tetralol >
dihydronaphthalene. Particular yields depend on charge
and reaction time. 1,2-Dihydronaphthalene forms early
in the reaction, always in small amounts and reacts
further, by oxidation to tetralone or presumably by
polymerization. CV of 1,2-dihydronaphthalene shows
E¥4=1680 mV (160 mV lower than the 1840 mV of
3), and no interaction with 3. It therefore oxidizes
directly. Tetralol, with the same ES™® as tetralin re-
sponds to 3 in the same way as tetralin, with a catalytic
current and is an intermediate in formation of te-
tralone. 1-tetralone with £ =2.6 V shows no interac-
tion with 3 and at 1840 mV accumulates as a final
product. Hence the reasons for selectivity for tetralone.
Acetamidotetralin reflects the reaction of the radical—
cation or cation with the solvent, particularly in the
direct, uncatalyzed reaction under high potentials. The
reduced potential of the indirect electrolysis is an effec-

+
RuCl(CH;CN); ==——= [RuCly(CH;CN)}

+ €

T+ [RUCK(CH,CN) — > RuCL(CHiCN),  + [@O

Possible sequence, main reaction:

QO] =

- (OO =)

-]

+

+ H,O OH

_H ©© 2e ,-2H
—

v

Other reactions: . + CH3;CN + H,0 HNCOCH;
[ ] + -H ©© *
[ Cl

The issue of deprotonation of radical cations is discussed in detail in

-]
+ Chlorination

A. Anne, S. Fraoua, V. Grass, J. Moiroux and J.M. Saveant, J.Amer.Chem.Soc. 120 (1998) 2951.

Scheme 1.

L "
it
Position of substitution uncertified.
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tive means to circumvent this side reaction. Acetamida-
tion is itself an interesting reaction. Chlorotetralin has
been detected only in trace amounts and only in one
run out of ten, an exception that possibly indicates a
minor route for the disintegration of 3. Mere presence
of chloride anions is not enough. No chlorination is
observed when tetralin is electrolyzed at 1840 mV
(Ag ] AgCl), with tetracthylammonium chloride 0.1 M
as electrolyte.

With LiClO, as an electrolyte, current yields are high
and product separation is easy. When TBAP is used as
electrolyte instead, current efficiency is in the range of
60-66% for a 2 e step. Yields in this case are lower
because the work-up and separation of electrolyte are
more tedious.

In terms laid down by Andrieux et al. [26], 3 is a
typical ET catalyst, and acts specifically on the initial
step of oxidation to create the radical cation. Therefore
the obvious advantage of electrolysis aided by 3 is
mainly the reduction in the required oxidation overpo-
tential and an accelerated charge transfer. This ulti-
mately affects selectivity by favoring products with
lower oxidation potentials and prevents follow-up oxi-
dation. There is also some selectivity in regard with 3.
Several aromatic compounds like naphthalene and
methyl naphthalene, which oxidize at 1.65 V and are
affected by RuCl; [8], or like dihydronaphthalene men-
tioned above, do not interact with 3. They oxidize at
potentials lower than 1.850 V. Electron transfer is after
all not only a question of potential [1] and selectivity
also depends on factors such as reorganization energy.
For example, 4-chlorotoluene, which has been oxidized
by electrogenerated Ru(IV) compounds [27,28] shows a
current increase above 1840 mV in the presence of 3 but
not a catalytic wave and no catalytic effect was verified
in that case by controlled-potential electrolysis.

3. Conclusions

Three complexes have been isolated from the solu-
tion of RuCl;-3H,0 in acetonitrile. Their structures and
redox chemistry were studied. Compound 3 is found to
be a singular redox mediator, capable of converting
substances that have an intrinsic higher oxidation po-
tential. The oxidation of tetralin was examined in some
detail. It is also noted that 3 reacts only with specific
compounds as mentioned above, depending possibly on
their structure as well as their redox potential. It should
be possible to tune the catalytic activity to other cases
by modifications of ligands in RulL,Cl; and explore
further possibilities in the RuL, X _,, series.

The advantage of electrochemical methods over pure
chemical methods is in safety and mild conditions, in
easy adaptation to flow methods, and in linear scale-up.
The mediated method has a further advantage over

direct electrolysis in providing appreciable current den-
sities at low potentials where the direct oxidation is
inactive. Electrochemical oxidation of hydrocarbons
has been widely reported [2—5] with use of additives
such as RuO,, MnO,, cerium salts and others in situ or
in separate cells. All these additives are seldom cata-
lytic, are required in large amounts and are harmful for
the environment. KMnO, was used in a specific exam-
ple to convert tetralin to tetralone [29] electrochemically
in a membrane divided cell with a phase transfer cata-
lyst. The indirect electrolysis with 3, is a simpler proce-
dure. The homogeneous oxidation of tetralin which is
based on hydrogen-transfer to a sacrificial aldehyde,
tends to over-run the tetralone stage when catalyzed by
metal complexes to yield also 1,4-di-keto-2,3-dihy-
dronaphthalene and other products [30]. The catalyzed
anodic process does not over-run the stage of tetralone.

4. Experimental

4.1. General

NMR measurements were taken on a Bruker spec-
trometer 300 MHz. IR spectra were obtained with a
Nicolet, Impact 400 spectrophotometer. Diffraction
analysis was performed with an Enraf—Nonius CAD4
automatic diffractometer. Electrospray ionization (EIS)
mass spectrometry of compound 3 was performed on a
Finingan LCQ (ESI-Iontrap—MS). GC-MS was per-
formed with a model HP 5989A on 5% silicon HPI
capillary column. HPLC was performed on a Tracor
model 970 A on a CI18 reversed phase column and
voltammetric measurements were carried out with a
PAR Versastat model 253.

Solvent was degassed and all procedures other than
hydrogenation were carried out under Ar. Dry acetoni-
trile (Aldrich or Mallinckrodt) was HPLC quality, con-
taining 0.03% water.

4.2. Hydrogenation of RuCl;-3H,0

A solution of RuCl;-3H,0 (Johnson Matthey, 1.5 g)
in acetonitrile (20 ml), with 0.010-0.015 g of 5%Pt/C
(Aldrich catalogue 33,015-9) was stirred in dry acetoni-
trile by a slow stream of hydrogen (ca. 20 bubbles
min ~!) at 15-20°C. An orange precipitate collected in
the course of several hours (7—15). At a suitable stage
(see below), the precipitate was filtered off and dried
under a stream of Ar. The amount of filtered precipi-
tate was about 1.2-1.5 g. If the hydrogenation was
prolonged (10-24 h) or the precipitate treated further
with hydrogen, the product turned yellow—green to
yield mostly 1. The reaction is not homogeneous and
the time required depends very much on the catalyst.
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CV analysis of solution and precipitate was taken at
1 h intervals. The CV trace for RuCl;-:3H,O was very
complex and obscure. After several hours of hydro-
genation, potential scans of the solution and precipitate
showed distinct CV waves indicating a mixture of sev-
eral compounds. Mixtures of 1, 2 and 3, can be recog-
nized within 7-15 h (Fig. 1). Some unidentified
products were also present. The suitable stage for sepa-
rating the precipitate is when concentration of a com-
pound (1, 2 or 3), is judged optimal from CV.
Compound 2 was obtained from a short hydrogenation
time (6 h) by collecting the precipitate and crystalliza-
tion from CH;OH. From 1 g of powder consisting of 2
and 3, crystals of 2 (about 50 mg) were isolated after
several days in a saturated solution of CH;CN-CHCl,.
In a typical run, the crude precipitate shows a composi-
tion as in Fig. 1 where 3 and 2 appear in proportions of
3:1. From 1.5 g of RuCl;-:3H,0, 1.5 g precipitate was
obtained after 14 h hydrogenation with a ratio of 3:1
for 3 and 2. That gives a rough estimate of yields as
40% 3 and 13% 2. From this, 3 was purified by column
chromatography on silica gel, with CH;CN-CH,CI,
(1:1) as eluant, to yield 1 g of a brick-red colored
complex, m.p. (dec) 180°C. CV as in Fig. 4. IR at 2327
cm ! (C=N stretching). (CH;CN shows 2295 and 2253
cm~ ') Anal. Calc. for dry powder: C, 21.8; H, 2.74.
Found: C, 21.9, 22.1; H, 2.92, 2.92%. Crystal growth
from the powder with a small amount of CH,CN-
CH,CI, (1:1) at 20°C + 5, is very slow and takes several
weeks. The crystals and powder have CV as in Fig. 4.
Compounds 2 and 3 also separate by TLC on alumina
by solvents like CHCI;, CH,Cl, and mixed eluants.

Prolonged hydrogenation or hydrogenation of 3
yields 1 as a yellow—green precipitate.

4.2.1. Mass spectra of 3

MS by ESI of 3 shows [Ru,(CH;CN),Cl,Na] aggre-
gates. Highest intensity clusters: [Ru,(CH;CN),Cl4Na]*
m/z average 684.20335, with m/z peaks ranging from
673.7 to 6949 around highest peak at 683.2,
[Ru,(CH5CN),CIgNa]t m/z around highest peak at
602.3, [Ru(CH;CN);CI;Na]*t m/z around highest peak
at 354.7, all closely fit with simulation of the expected
isotope clusters.

Sodium adducts: in the course of spraying, un-
charged compounds may become ionized by protons,
or if not basic enough, by alkali ions, ubiquitous
sodium ions in this case.

4.3. Electrochemistry

Voltammetry was conducted in a three electrode cell.
Working electrodes were 2 mm? tips of a 1 mm Pt wire,
counter electrode a 1 cm? piece of Pt or steel, in
acetonitrile with 0.1 M TBAP. Reference electrode for
voltammetry was Ag|AgCl|KCl 3 M |. Voltammetry

was also performed with Ag|AgBF, (0.1 M) as refer-
ence. For compounds 1, 2 and 3 as well as the mixtures,
scanning was performed from various points of the
potential scale. The same curve is retained when scans
are started at different positions within the range
shown, or run against a different reference
(Ag \ AgBF,). For example, 3 is seen in Fig. 1 and in
Fig. 4 from different directions, as is 2 in Fig. 1 and in
Figs. 3a and b.

Voltammograms of 2; voltammograms of 2 as shown
in Fig. 3 are of crystals. Scanning from positive or
negative potential, as well as separate scans for oxida-
tion and reduction gives the same two curves, at 1330
mV (reversible) and at —600 mV (irreversible
reduction).

Voltammograms of 3; When the two CV positions
(Fig. 4) are analyzed individually, at scan rates between
50 and 1000 mV s—!, i¢/i*=0.95 at 133 mV and
i°/i*=0.88 £ 0.3 at 1850 mV. The values AE,, =58 +3
mV, AE,=75+5 mV were the same for both CV
curves. Such parameters are expected for reversible
single-electron steps [20]. Voltammograms of ferrocene
(508 mV) together with 3 in predetermined quantities,
show that the redox processes of 3 are single electron
steps as determined by the values of AE and i,. Fer-
rocene can only be matched against the CV at 133 mV,
as at 1820 mV unexplained catalytic currents are ob-
served. The ratio of diffusion coefficients of ferrocene
and of 3, was found by chronoamperometry. Potential
steps were applied at 800 mV (Ag | AgCl) and diffusion
coefficients D (D5 for 3; D, for ferrocene), calculated
from the slope of i versus 1/t~ 2. For ferrocene n = 1.
Assuming n=1 for 3, (D3)/(D;) =0.66 + 0.09. The ra-
tios of peak currents in CV, of same solutions, were
found as (i5)/(i)) = 0.7 + 0.07 for the first redox at 133
mV.

Catalytic currents; voltammetry of solutions of 3
(~10~% M) shows catalytic currents at 1840 mV with
cyclohexene, methylcyclohexene, ferrocene, tetralin and
1-tetralol. The products of tetralin oxidation, 1-te-
tralone E9 =26 V and 1,2-dihydronaphthalene
E¥9=1680 mV, do not show interaction with 3.

Controlled-potential electrolysis; controlled-potential
electrolysis (CPE) of tetralin in undivided three elec-
trode cells, in 50 ml acetonitrile solutions, was run on 1
cm? Pt working electrode at the potential of 1400 mV
unless otherwise stated, versus Ag | AgBF, (0.1 M) with
fritted glass separation as reference electrode. Elec-
trolyte in CPE was 0.1 M LiClO, or 0.1 M TBAP.
Sample runs in the presence or absence of 3 are given
below.

4.3.1. Non-catalyzed CPE at low potential —
reaction 1

At 1.4 V. [3]=0, LiClO, 0.1 M, quantity of tetralin
45 x 107> mol, potential set at 1.4 V (Ag|AgBF,).
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Only negligible current is observed, no loss of tetralin,
nor any oxidation was detected after 3 h.

4.3.2. Direct CPE at high potential — reaction 2 (a)
non-catalyzed

Reaction was run at 1.9 V (see Fig. 7). LiClO, was
0.1 M, [3] =0, tetralin quantity was 44 x 10~> mol.
Reaction time was 4 h, charge passed 22 x 107> F,
tetralin converted was 7 x 10 ~° mol (15.9%), current
efficiency for two 1 e steps is therefore ~ 64%. Initial
rate is d[Tetralin]/dz =5 x 10~7 mol min ~', calculated
as an average over the first 30 min.

4.3.3. Direct CPE at high potential — reaction 2 (b)
catalyzed

CPE, was carried out direct, at 1.9 V in the presence
of 3. Reaction 8: initial quantities were: 3 2.5 x 103
mol, tetralin 45 x 10> mol. Reaction time was 4 h,
charge passed 41.4 x 10~ F, tetralin converted 17 x
10~> mol (37.7%), current efficiency 82%. Initial rate
over first 30 min. d[Tetralin]/dz=3.10"° mol min~—".

4.3.4. Indirect CPE-catalyzed, low potential —
reaction 3

At 1.4V (see Fig. 7). LiClO, 0.1 M, Quantities in the
sample: 3=2.5x 10" mol, tetralin 45 x 10~°> mol
(initial). Reaction time 4 h, charge passed 26.3 x 103
F, tetralin converted 13 x 10 =% mol (29%) (by HPLC),
current efficiency ~ 98%. Reaction time 5.3 h: 29 x
10~> mol (final), (35.5% converted), hence 16 x 107
mol consumed, charge passed 31.7 C (32.86 x 10 ~° F).
Current efficiency for two 1 e steps is 98%. Initial rate
(first 30 min), d[Tetralin]/df=1.5 x 10~¢ mol min—".
Reaction under the same conditions with 0.1 M TBAP
instead of LiClO, shows 21.6% conversion after 4 h, 28
C (29x10~° F), a current efficiency of 65%. The
composition of a sample of isolated products mixture
after 5.3 h, is given in the results section.

4.3.5. Effect of water

Reaction under the same conditions as reaction 3,
with 0.1 M TBAP and increasing concentrations of
water to 0.1 M (untreated acetonitrile has 0.03%, 0.017
M water), shows 16.5% conversion after 4 h, 23 C
(24 x 10— F), a current efficiency of 61%.

4.4. Products from CPE

Tetralone is the main product, accompanied by 5-
20% tetralol depending on run and reaction time. Te-
tralol is an intermediate and oxidizes to tetralone.
Dihydronaphthalene and naphthalene are in small
amounts in the low potential runs. Tetralin, tetralol,
tetralone and 1,2-dihydronaphthalene were identified
by HPLC and GC-MS and compared with authentic
samples (Aldrich). Tetralin conversion and tetralone

formation was followed in the course of CPE on HPLC
based on calibration graphs. Between 9 and 10 samples
were taken at predetermined times in each run. Te-
tralone gives a strong HPLC signal as compared to
tetralin, tetralol and other products, due to the high
response factor of the UV detector.

GC-MS from reactions 2-3 shows m/z (%): te-
tralin = 132(46), 117(12), 115(12), 104(100), 91(4); 1,2-
dihydronaphthalene 131(54), 130(100), 129(35), 119(27),
115(19), 91(4); I1-tetralol 148(42), 147(38), 131(19),
130(100), 129(38), 120(92), 119(54), 115(23), 105(42),
104(8), 91(58); 1-tetralone 146(69), 131(15), 118(100),
115(12), 104(4), 90(65); 1-acetamidotetralin (identified
by GC-MS only): 189(7), 146(13), 131(16), 130(100),
129(25), 119(11), 118(4), 117(2), 115(11), 91(7) (from
reaction 3, trace amount).

Acetamidotetralin m/z 189 was found in uncatalyzed
direct reactions at high potential. Chlorotetralin was
detected in trace amounts in one catalyzed run only
(out of ten), and identified by GC-MS only. Tetralin
itself contains trace impurities m/z =130 m/z =128
presumably 2,3-dihydronaphthalene and naphthalene.

Electrolysis of 3; A ‘H-shaped’ cell with a fritted
glass separator was used with Pt electrodes as above
with 90 ml acetonitrile solutions of TBAP 0.1 M in
each compartment. Compound 3, 2.5x 107> mol
(2.8 x 10~* M) was added to the anode compartment
and electrolyzed at 1.4 V (Ag \ AgBF,) for 3 h, under a
steady current of 130 pA. Altogether, 1.4 C was passed.
The solution was scanned by CV at predetermined
times. There was no change in 3. The cell was reversed
and with 3 in the catholyte its concentration dropped
rapidly with build up of the reversible CV signal of 1.
Over 2 h, the current dropped from 250 to 60 pA,
during which, 0.6 C were passed.

4.5. X-ray structure determination of 2 and 3

Crystal data and other details of the structural deter-
mination are collected in Table 2 Data collections were
carried out with an Enraf—Nonius CAD4 automatic
diffractometer (w — 26 scan, A=0.71096 A, variable
scan time 45 s), controlled by a PC fitted with a
low-temperature equipment. The cell parameters were
obtained from a least-squares treatment of the SET4
setting angles of 25 reflections in the range of 12.7° <
20 < 24.2° for 2 and 10.16° < 26 < 26.4° for 3. Reflec-
tions were scanned with variable scan time, depending
on intensities, with 2/3 of the time used for scanning the
peak and 1/6 measuring each the left and the right
background. The intensities of three check reflections
monitored every 2 h showed only statistical fluctuations
during the data collection. The orientation of the crys-
tal was checked every 200 intensity measurements by
scanning three strong reflections well distributed in
reciprocal space. A new orientation matrix would have
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Table 2
Crystal data and structure refinement for 2 and 3

2 3

Empirical formula C¢H,,CI,N;ORu C,6H,4ClgNgRu,

Formula weight 384.05 743.27
(g mol~")
Temperature (K) 163(2) 163(2)
Crystal system Monoclinic Triclinic
Space group P2, P1
Unit cell dimensions
a (A) 8.238(2) 8.6294(10)
b (A) 7.700(7) 12.146(6)
¢ (A) 11.842(3) 14.808(5)
o (°) 82.92(4)
B (©) 106.86(2) 87.31(2)
7 (°) 74.92(2)
Volume (m?) 718.9(7) x 1039 1487.0(9) x 10—3°
VA 2 2
D, (g cm™3) 1.774 1.660
Absorption coefficient  1.814 1.574
(mm~")
F(000) 376 732
Crystal size (mm?) 0.18 x0.18 x0.27 0.18 x0.15%x0.15
Aperture (mm) 2.3 2.3

(0.83+0.35 tan 0)
3.6<20<47.86

(1.1+0.35 tan 6)
2.78 <20 <45.90

Scan angle (°)
0 Range for data
collection (°)

Index ranges 0<h<9, —2<h<9,
0<k<S, —12<k<13,
—13<i<12 —l6<i<l16

Reflections collected 1312 4535

Independent reflections 1222 [R;, = 0.0370] 4118 [R;, = 0.0459]
Refinement method Full-matrix least- Full-matrix least-
squares on F? squares on F?

Data/restraints/ 1214/0/124 4104/0/297
parameters

Goodness-of-fit on F2¢ 1.050 1.011

Final R indices R, =0.0382, R, =0.0426,
[I>2a(D)]*® wR, = 0.0940 wR, = 0.0861

R indices (all data) R, =0.0652, R, =0.0927,

wR, =0.1141 wR, =0.1092
Absolute structure —0.1(2)

parameter
Largest difference peak 1.198 and —0.971
and hole (e A73)

0.520 and —0.499

R, =(F,—F)/F,).
S WR, = [w(F,—F.)?/wF3V2
© Goodness-of-fit = [w(F, — F.)*/(n—p)]'/%.

automatically been calculated from a list of 25 re-en-
tered reflections, if the angular change was larger than
0.1%. The raw data were corrected for Lorentz, polar-
ization and absorption effects [31]. The positions of the
heavy atoms were determined with direct methods
(SHELXS-86) [32]. Structure solution and refinement
were carried out with the SHELXS-86 [31] and SHELXL-
93 [33] software, respectively. The non-hydrogen atoms
were refined with anisotropic temperature factors. The
hydrogen atoms were calculated in idealized positions
(C-H=0.96 A, U, = 0.08 Az). Scattering factors were

taken from Ref. [34] The non-hydrogen atoms of the
solvent molecules were refined with isotropic tempera-
ture factors. Data reduction was performed using PC-
software [30]. All other calculations were done with
SHELXL-93 [32]. Molecular plots were obtained with the
program zZORTEP [35], thermal ellipsoids were scaled to
50% probability level.

5. Supplementary material

Crystallographic data for the structural analysis have
been deposited with the Cambridge Crystallographic
Data Centre, CCDC no. 131449 for compound 2 and
no. 131450 for compound 3. Copies of this information
may be obtained free of charge from The Director,
CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK
(Fax: 4 44-1223-336033; e-mail: deposit@ccdc.cam.-
ac.uk or www: http://www.ccdc.cam.ac.uk).
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