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Abstract

The mononuclear complexes [(1>-CsMes)IrCI(LY)] (1), [(n>-CsMes)RhCILY] (2), [(n®-p-Pr'iCeHsMe)RuCI(LY] (3) and [(n-
CeMeg)RuCI(LY)] (4) have been synthesised from pyrazine-2-carboxylic acid (HL!) and the corresponding complexes [{(n’-
CsMes)IrCl,},], [{(°-CsMes)RhCl o], [{(n%-p-PriCeHsMe)RuCl,},], and [{(n®-C¢Meg)RuCl,},], respectively. The related dinuclear
complexes [{(n*-CsMes)IrCl»(p-L)] (5), [{(n°-CsMes)RhCL}»(p-L%)] (6), [{(n°-p-Pr'CsHaMe)RuCl}o(1-L?)] (7) and [{(n®-CsMeg)R-
uCl},(p-L?)] (8) have been obtained in a similar manner from pyrazine-2,5-dicarboxylic acid (H,L?). Compounds isomeric to the latter
series, [{(n°-CsMes)IrCl}5(1-L*)] (9), [{(n*-CsMes)RhCl}5(u-L%)] (10), [{(p-Pr'CeHsMe)RuCl}5(n-L*)] (11) and [{(n°-CeMeg)RuCl} o(p-
L?)] (12), have been prepared by using pyrazine-2,3-dicarboxylic acid (H,L?) instead of H,L?. The molecular structures of 2 and 3,
determined by X-ray diffraction analysis, show the pyrazine-2-carboxylato moiety to act as an N,O-chelating ligand, while the structure
analyses of 5-7, confirm that the pyrazine-2,5-dicarboxylato unit bridges two metal centres. The electrochemical behaviour of selected

representatives has been studied by voltammetric techniques.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Formation of supramolecular architectures via self-
assembly of transition metal complex units is dominated
by square-planar metal coordination geometries. Pioneered
by Fujita in 1990 [1], and later exploited by other groups
[2], the combination of 90° coordination building blocks
and linear ligands leading to square and rectangular net-
works has been extensively studied. A few years later, the
same approach was used to generate three-dimensional net-
works [3]. So far a multitude of two- and three-dimensional
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structures incorporating transition metals with square-pla-
nar geometry have been synthesised [4]. In the search for
new building blocks for the synthesis of supramolecular
materials with interesting properties, there is an increasing
interest in using transition metal complexes with octahedral
geometry [5]. Recently, Severin has constructed a series of
macrocycles and cages by connecting (n°-CsMes)M(III)
(M =1Ir, Rh) or (n®arene)Ru(Il) fragments by multifunc-
tional ligands [6]. Self-assembly of such half-sandwich
complex units with 3-hydroxy-2-pyridone in the presence
of a base (Cs,CO;3) led to the formation of trinuclear
metallacrowns [7]; this work was inspired from the
trinuclear metallacrown [(n°-CsMes)Rh(9-methyladenyl)]s-
[O3SCF;]; - 6H,O synthesised by Fish in the early
1990s [8].
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Recently we have shown the cationic triangular
metallo-prisms [(n®-arene)sRug(4-tpt)s(pr-Co04)5 " (are-
ne = p-Pr'C¢H Me, C¢Meg: 4-tpt = 2,4,6-tri(pyridin-4-yl)-
1,3,5-triazine) containing bridging oxalato ligands to have
a double-helical chirality [9]. Therefore, in search of new
dinuclear bridging units, we have synthesised a series of dinu-
clear pyrazine carboxylato complexes incorporating
(M°-CsMes)M(III) (M = Ir, Rh) or (n®-arene)Ru(Il) frag-
ments. The different pyrazine carboxylato derivatives used
in the present study are shown in Scheme 1. Although it
turned out that with these systems and with 4-tpt building
blocks triangular metallo-prisms did not form, the new
ruthenium, iridium and rhodium pyrazine carboxylato com-
plexes are interesting in their own right from a synthetic,
structural and electrochemical point of view. The structure
of several representatives has been determined by X-ray
structure analysis, and the redox behaviour of the complexes
studied by voltammetric methods.

2. Results and discussion
2.1. Syntheses and characterisation

The dinuclear pentamethylcyclopentadienyl complexes
[{(n°-CsMes)MCl,}»] (M =Ir, Rh) and the arene ruthe-

nium  complexes [{(n%arene)RuCl,},] (arene = p-
Pr'CsHyMe, CgMeg) react with pyrazine-2-carboxylic acid

OH OH OH
N N N
| X o} X o) | X o
= O = P OH
N N N
OH 0
HL'

HoL2 H,L3

Scheme 1.

e
o/ Ny HL', NaOMe o /\
c! Cl MeOH N
e
/ U
DRSS B A
1. M=Ir
2: M =Rh
< /4
Fé q
u u
ST
o \\CI HL', NaOMe cl / 0
_ >
C|\\/C| MeOH [Nj/go
RG |
<= <
N
R
3 <<
4 <®>R =—§é‘
Scheme 2. Synthesis of complexes 1-4.
(HL') in the presence of sodium methoxide in

methanol to form the neutral mononuclear pentamethylcy-
clopentadienyl iridium and rhodium complexes [(1°-
CsMes)IrCI(LY)] (1), [(n*-CsMes)RhCI(LY)] (2) and the
arene ruthenium complexes [(n°-arene)RuCl(L")] (arene =
p-PriC¢HsMe: 3, arene = C¢Meg: 4) (Scheme 2). The com-
plexes 1-4 are orange-yellow, non-hygroscopic, air-stable
and shiny orange crystalline solids. They are sparingly sol-
uble in methanol, chloroform, soluble in dichloromethane,
acetone, acetonitrile, and insoluble in hexane and diethyl
ether.

The infrared spectra of 1-4 show the presence of a
v(COO) band in the range 1645-1660 cm ™', which is com-
parable with the literature values [10]. The "H NMR spec-
tra of complexes 1, 2, and 4 exhibit a strong methyl signal
at 0 = 1.68, 1.70 and 2.18, respectively, for the pentameth-
ylcyclopentadienyl and hexamethylbenzene methyl groups.
The "H NMR spectrum of 3 exhibits two doublets for the
diastereotopic methyl protons of the isopropyl group, since
the ruthenium atom is stereogenic due to the coordination
of four different ligator atoms. Likewise, the diastereotopic
CH protons of the p-cymene ligand give rise to four dou-
blets observed between o0 =5.49-5.69. A septet at
0 =2.89 is observed for the CH proton of the isopropyl
group. The a-proton (see Scheme 1) of the pyrazine moiety
in 1-4 appears as a doublet at 6 ~ 8.85. The Hg and Hg
appear as double doublet and a doublet at ¢ ~ 8.65 and
9.15 ppm, respectively.

The reaction of the dimeric chloro complexes [{(n’-
CsMes)MCl,},] (M =Ir or Rh) and [{(n°-arene)RuCl,},]
(arene = p-Pr'C¢H4;Me, C¢Mes) with pyrazine-2,5-dicar-
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Scheme 3. Synthesis of complexes 5-8.

boxylic acid (H,L?) at the appropriate molar ratio in pres-
ence of NaOMe in methanol results in the formation of
the orange coloured, air-stable dinuclear complexes [{(n’-
CsMes)IrClyy(p-L?)] (5), [{(n*-CsMes)RhCl}5(u-L?)] (6),
[{(n®p-PrCH,Me)RuCl (i L?)] (7) and [{(n°-CeMe)-
RuCl},(u-L?)] (8) (Scheme 3). In the IR spectra of 5-8 a
strong band appears at around 1660 cm™' due to the
v(COO) vibration of the pyrazine-2,5-dicarboxylato ligand
(L% [10]. "H NMR spectra of 5-8 exhibit a sharp singlet
between 6 = 8.98 and 9.31, which can be assigned to the
pyrazine protons, while the CsMes or CgMeg protons
appear at 6 1.70 for 5-6 and at 6 =2.17 for complex 8.
Complex 7 exhibits only one characteristic set of doublets
at 6 =1.32 and 1.29, and a septet at 6 =2.95 for the
isopropyl protons. This observation suggests that despite
the presence of the cis and trans isomers in the crystal pack-
ing of 7, in solution the isomerisation is fast on the NMR
time-scale.

The analogous reaction between [{(n°-CsMes)MCl,},]
(M=1Ir or Rh) and [{(n%arene)RuCl,},] (arene = p-
Pr'‘CcH4Me, C¢Meg) and pyrazine-2,3-dicarboxylic acid
(H,L%) in methanol in the presence of NaOMe yields the
neutral bis(N,O-chelated) dinuclear complexes of the types
[{(n°-CsMes)MCl}»(p-L*)] (M =1Ir: 9, M =Rh: 10) and
[{(n%-arene)RuCl},(p-L?)] (arene = p-Pr'C¢H,Me: 11, are-
ne = C¢Meg: 12) (Scheme 4). While 11 and 12 are soluble
in acetonitrile, 9 and 10 are insoluble even in acetonitrile
and dimethylsulfoxide, hence, they could be characterised
only by their IR, MS and micro-analytical data.

The IR spectra of complexes 9-12 exhibit two bands for
the v(COO) vibration around 1680 and 1660 cm~'. This
may be explained by the asymmetry induced by the twist
in the ligand as a result of the coordination. The 'H
NMR spectrum of 11 in CD3;CN shows a singlet resonance
for L* at 6 = 9.12 and two multiplets for aromatic p-cym-
ene moiety centred at § 5.76 and 5.59, respectively. The
methyl protons of isopropyl group resonate at
0 =1.28 ppm, as two doublets due to the diastereotopic
nature of the isopropyl group. Two singlets are observed
for complex 12, the first one at 6 = 8.58 being due to the
L? protons and the second one at & = 2.09 due to the hex-
amethylbenzene protons.

The molecular structure of mononuclear carboxylato
pyrazine complexes has been established by single-crystal
X-ray structure analysis of the two representatives 2 and
3. Both complexes show a typical piano-stool geometry
with the metal centre coordinated by the aromatic ligand,
a terminal chloride and a chelating N,O-ligand (see Figs.
1 and 2). The distance between the Rh atom and the centre
of the n°-CsMes ligand in 2 is 1.764 A, while the distance
between the Ru atom and the centre of the C¢H, aromatic
ring of the n%p-Pr'iC¢H Me ligand in 3 is 1.669(7) A. The
Rh(1)-N(1) bond distance [2.111(5) Aj in 2 is comparable
to that in 3 [Ru(1)-N(1) =2.095(5) A] while the Rh(1)-
O(1) bond distance [2.145(4) A] in 2 is slightly longer than
the Ru(1)-O(1) distance [2.096(5) A] in 3. There is no sig-
nificant difference in the M—Cl bond lengths in 2 and 3
[average 2.407 A] and the values compare well with the
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Fig. 1. ORTEP diagram of complex 2 with 50% probability thermal
ellipsoids. Hydrogen atoms are omitted for clarity. Selected bond lengths
(A) and angles (°): Rh(1)-CI(1) 2.4100(16), Rh(1)-N(2) 2.111(5), Rh(1)-
O(1) 2.145(4); N(2)-Rh(1)-Cl(1) 86.45(14), N(2)-Rh(1)-O(1) 78.0(2),
O(1)-Rh(1)-CI(1) 91.81(15).

reported values [11,12]. The O(1)-Rh(1)-N(2) bond angles
of complex 2 [78.0(2)°] are similar to that of complex 3
[O(1)-Ru(1)-N(1) = 77.6(2)°].

In the mononuclear complexes 1-4, the metal centre is
stereogenic. However, since none of the ligand contains a
chiral information, 1-4 are obtained as racemic mixtures.

Fig. 2. ORTEP diagram of complex 3 with 50% probability thermal
ellipsoids. Hydrogen atoms are omitted for clarity. Selected bond lengths
(A) and angles (°): Ru(1)-N(1) 2.095(5), Ru(1)-CI(1) 2.405(2), Ru(1)-O(1)
2.096(5); N(1)-Ru(1)-Cl(1) 84.27(18), N(1)-Ru(1)-O(1) 77.6(2), O(1)-
Ru(1)-CI(1) 86.29(17).

While the single crystal X-ray analysis of 3 (space group
P2,/n) shows the two expected enantiomers in the same
crystal, the X-ray analysis of 2 (space group P2,2,2)
reveals an enantiopure crystal containing only the (R)-
enantiomer. However, the CD (circular dichroism) spec-
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trum of a dichloromethane solution of a single-crystal of 2
shows no optical activity, suggesting fast racemisation in
solution.

The complexes 5 and 6 crystallise in the space group
P2,/n, while complex 7 crystallises in the space group C2/c.
ORTEP drawings with the atom labelling scheme for the
complexes 5-7 are shown in Figs. 3-5 together with
selected bond lengths and angles. Complexes 5-7 contain
two metal centres (Ir(III), Rh(III) or Ru(Il)) bonded to a
n°-CsMes or n°-p-PriC¢H,Me ligands, respectively, which
are bridged by the dianionic (L?)*~ ligand through its oxy-
gen and nitrogen atoms. The distance between the iridium

Fig. 3. ORTEP diagram of complex 5 with 50% probability thermal
ellipsoids. Hydrogen atoms are omitted for clarity. Selected bond lengths
(A) and angles (°): Ir(1)-Ir(1)" 6.9751(6), Ir(1)-N(1) 2.107(3), Ir(1)-O(1)
2.099(3), Ir(1)-Cl(1) 2.4048(13); O(1)-Ir(1)-Cl(1) 87.49(11), O(1)-Ir(1)-
N(1) 77.19(13), N(1)-Ir(1)-CI1(1),83.30(11) (i=1 — x, —p, —2).

Fig. 4. ORTEP diagram of complex 6 with 50% probability thermal
ellipsoids. Hydrogen atoms are omitted for clarity. Selected bond lengths
(A) and angles (°): Rh(1)-Rh(1)’ 6.9996(7), N(1)-Rh(1) 2.132(2), O(1)-
Rh(1) 2.099(2), CI(1)-Rh(1) 2.4086(8); N(1)-Rh(1)-Cl(1) 84.56(7), N(1)—-
Rh(1)-O(1) 77.71(9), O(1)-Rh(1)-Cl(1) 90.33(7) (i=2 — x, 2 — y, —z).

atom and the centre of the 1n°-CsMes ring is 1.770 Ain 5,
whereas the corresponding Rh-CsMes distance in 6 is
1.765 A. These bond lengths are comparable to those in
the related complex cations [(nS-CSMes)IrCI(C5H4N-2-
CH=N-C¢H,-p-X)]", where X =NO,, and Cl [14]. The
Ir(1)-N(1) and Rh(1)-N(1) bond lengths are 2.107(3) A
for complex 5 and 2.132(2) A for complex 6, which is in
accordance with the reported complexes [(1°-
CsMes)IrCI(S-1-phenylethylsalicylaldiimine)] [2.121(3) A]
and [(n°-CsMes)RhCI(S-1-phenylethylsalicylaldiimine)]
[2.136(3) A]o [12a]. The M-Cl bond lengths are
2.4048(13) A (in 5) and 2.4086(8) A (in 6), which are closely
similar to reported poly-pyridyl rhodium complex cation
[(n5;C5Me_~;)RhCl(4’-pheny1—2,2’:6’,2”-terpyridine)]Jr [2.3984
(1) AJ[13].

The unit cell of complex 7 contains two symmetry-inde-
pendent molecules. The centrosymmetric one is a molecule
with trans configuration of the two chloro ligands, while
the other molecule with a twofold symmetry axis has the
two chloro ligands in cis configuration, as shown in
Fig. 5. Selected bond lengths and angles are presented in
Table 1. The ruthenium-chlorine bond distances in the
cis isomer Ru(2)-Cl(2) 2.388(3) A and Ru(3)-CI(3)
2.399(3) A are slightly shorter than in the frans isomer
Ru(1)-CI(1) 2.408(5) A. The Ru-O bond distances of the
cis [2.083(10) A, 2.109(9) A] and rrans (2.081(8) A) mole-
cules are comparable to that of the mononuclear complex
3.

The UV-Vis data of complexes 1-8 and 11-12 are listed
in Table 2. The low-spin d° configuration of the mono and
dinuclear complexes provides filled orbitals of proper sym-
metry at the Ir(IIT), Rh(III) and Ru(II) centres, which can
interact with low-lying " orbital of the ligands. One should
therefore expect a band attributable to the metal-to-ligand
charge transfer (MLCT) (t, — ©*) transition in their elec-
tronic spectra [14]. Furthermore, the energy of these tran-
sitions should vary with the nature of the bridging ligand
acting as m acceptor [15]. The electronic spectra of the
mononuclear complexes 1 and 2 display a medium intensity
band in the visible region at ~450 nm and an intense band
at ~340 nm. The low intensity band at ~450 nm can be
assigned to the metal-to-ligand charge transfer transition
(MLCT) (tpg — m*). The high-energy band at ~340 nm
can be assigned to intra-ligand n—n" transitions. The posi-
tion of the MLCT transitions in the spectra of the binu-
clear complexes 7, 8, 11 and 12 exhibits significant red
shifts (~480 nm) [15]. In general, these complexes follow
the normal trends observed in the electronic spectra of
the nitrogen bonded metal complexes, which display a
ligand based n—m" transition for pyrazine—carboxylic acid
ligands in the UV region and metal-to-ligand charge trans-
fer transitions in the visible region.

2.2. Electrochemistry

The selected complexes [16] have been studied by cyc-
lic voltammetry on a stationary platinum disc and by
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Fig. 5. ORTEP diagram of complex 7, trans-7 (left) andcis-7 (right), with 50% probability thermal ellipsoids. Hydrogen atoms are omitted for clarity.

Table 1 Table 3
Selected bond lengths and angles for complex 7 Summary of the electrochemical data®
trans-T cis-7 (Ru2) cis-7 (Ru3) Compound Epol Epe [E12)/[V]

Distances (A4) 1 +1.46 (irrev.)® [+1.45]

Ru-Cl 2.408(5) 2.388(3) 2.399(3) 2 +1.64 (irrev.)® [+1.62]

Ru-O 2.081(8) 2.083(10) 2.109(9) 3 +1.44 (irrev.)> [+1.43]

Ru-N 2.119(9) 2.102(7) 2.074(7) 4 +1.27/+1.20 [+1.23]

Ru-Ru 6.961(2) 6.889(3) 5 +1.52 (irrev.)® [+1.53]

6 +1.73 (irrev.)®

Angl@s (O) : b,d,e

O-Ru-Cl 83.7(3) 86.6(2) 86.1(2) b o e E;gb(f}lfl trrev.)

O-Ru-N 76.8(3) 77.0(4) 76.8(3) ©ore o

N-Ru-Cl 82.9(3) 84.0(3) 81.6(2) # Recorded at platinum electrode in acetonitrile solutions containing
0.1 M BuyNPF; supporting electrode. Ep, and E,. are peak potentials
from cyclic voltammetry; Ej,, is half-wave potential from voltammetry at

Table 2 RDE. Potentials are given in volts vs. saturated calomel electrode. For

UV-Vis absorption data in acetonitrile at 298 K

Complex Janax/nm (¢/107> M~ em™!)
1 [(n’-CsMes)IrCI(L")] 456 (0.52) 331 (3.67)
2 [(n°-CsMes)RhCI(LY)] 312 (3.16)
3 [(n%-p-PriCeHsMe)RuCI(LY)] 454 (0.55) 340 (3.03)
4 [(n%CeMeg)RuCl(Lh)] 363 (4.37)
5  [{(n*-CsMes)IrCl},(pu-L?)] 418 (0.85)

6 [{(n*-CsMes)RhCl}5(n-L%)] 377 (0.81)
7 [{(M°p-PriCeHuMe)RuCl}H(p-L*)] 460 (0.53)
8  [{(n*-CeMeg)RuCl}y(n-L%)] 484 (0.30)
11 [{(n%p-Pr'CeH Me)RuCl)o(u-L*)] 436 (0.82)
12 [{(n®CsMeg)RuCl}o(p-L3)] 464 (0.30)

voltammetry at a rotating platinum disc electrode (Pt-
RDE) in MeCN - 0.1 M NBuyPFg4 solutions. In our
study, we have focused only on the oxidative behaviour
since the oxidation is likely to occur at the metal centre.
The data are summarised in Table 3.

The mononuclear complexes 1 and 2 exhibit both only
one oxidation wave within the experimentally accessible

~! scan rate are given.

irreversible processes, values obtained at 0.1 V's
b E,, given.
¢ The electrogenerated product gives rise to a couple of counterwaves at
+0.71/40.77 V.
4 The separation of the first two waves does not allow for Ej/, to be read.
¢ The electrogenerated products gives rise to a pair of waves at ca.
+0.68/+0.88 and at +0.84/+1.05 V.

' See text.

region, which is attributable to one-electron oxidation of
the respective metal centre. In both cases, the oxidation is
electrochemically irreversible at 20-500 mVs~' while
remaining diffusion-controlled as indicated by i, o< v'72 (in
cyclic voltammetry) and iy, o< w'’? (in voltammetry at Pt-
RDE).! In the case of 1, the oxidation is complicated by
adsorption of the electrogenerated species or its decompo-

! Definitions: E,, and E,. are anodic and cathodic peak potentials,
respectively. Similarly, i,, and i, denote the anodic and cathodic peak
currents. iy, i the limiting voltammetric current, v the scan rate, and o the
rotation frequency of the disc electrode.
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Fig. 6. Cyclic voltammograms of: 3 (a), 4 (b), 5 (c), and 11 (d) recorded at 200 mV s7!(at platinum disc electrode in acetonitrile solutions). The potentials

are given relative to saturated calomel electrode.

sition products. However, the processes resulting in cover-
age of the electrode surface are relatively slow and, there-
fore, the adsorption phenomena are observable well in
voltammograms at Pt-RDE (at 20 mV s~ ') whereas in cyc-
lic voltammograms they become apparent only at relatively
slow scan rates. Thus, the voltammograms show the
expected sigmoidal wave (E),, + 1.45 V) together with an
additional wave at Ej/, ca. +1.70 V, whose height also cor-
responds to one-electron process. By contrast, cyclic vol-
tammograms exert only a single wave (E,, +1.46YV)
though with a buckling at the anodic branch of the oxida-
tive half-wave, which becomes more pronounced at slow
scan rates.

The redox behaviour of 5 (Fig. 6¢) and 6 is similar to
their mononuclear counterparts in that both binuclear
complexes undergo an irreversible oxidation which is, in
the case of the Ir(III) compound, associated with electrode
adsorption. The adsorption is manifested in a manner sim-
ilar to that in 1 (voltammetry vs. cyclic voltammetry),
which is again consistent with a relatively slow chemical
transformation following the primary electrochemical oxi-
dation to give a product prone to adsorption on the elec-
trode surface. Notably, the heights of the waves in cyclic
voltammograms and in voltammograms recorded at Pt-
RDE clearly indicate two-electron oxidation processes.
This suggests that the oxidation occurs independently
and simultaneously at both metal centres present in the
molecule, which in turn rules out any significant electronic
coupling of the metal-based redox systems (Ir and Rh). As
compared with 1 and 2, the oxidation waves of the binu-
clear complexes are observed at more positive potentials
(ca. 60 and 90 mV). The shift is consistent with the presence
of an additional electron-withdrawing carboxyl group on
the pyrazine ring and with bridging coordination of the

(L*? anion that both reduce the donation per one metal
centre, thus making the electron removal more difficult.

The redox behaviour of (n°®-arene)ruthenium(II) com-
plexes 3 and 4 (Fig. 6a-b) strikingly differs from that of
their Rh(I)- and Ir(I)-analogs and also from each other,
even if the compounds differ only by substitution at the
arene ring. The redox response of 4 is relatively simple,
since the compound is oxidised in a single, practically
reversible one-electron step. The oxidation is diffusion-con-
trolled (i, o< "2 and ijm(Pt-RDE) < ') and the ipcl Ipa
ratio changes from ca. 0.85 to 1.0 upon increasing the scan
rate from 20 to 200 mV s~ .

Quite expectedly, the oxidation of compound 3 featuring
the less alkylated arene ligand occurs at a potential lower
than for 4 — yet, as an irreversible, one-electron process
(Tpa o= /2, iim(Pt-RDE) o< wl/z). However, the primary oxi-
dation (A) is followed by chemical reactions that generate
another electroactive species, which gives rise to a couple
of peaks (B) at lower potentials in cyclic voltammogram
(Fig. 6a). Peak currents associated with the peaks due to
the newly formed species (B) are much smaller than i,,(A)
of the primary oxidation but increase with the scan rate,
always holding i,(B) <ip,(B) at the scan rates applied
(N.B. The oxidation counterpeak is hardly observable at
rates below ca. 50 mV s™'). The increase of the B-peaks
occurs on expense of the primary oxidation (in other
words, the primary oxidative peak (or ip,(A)) is higher in
the first scan than in the following ones). However, the
newly emerged peaks are observed unchanged during
repeated cycling. More importantly, the i,(B)/ip.(A) ratio
grows with the scan rate, limiting to 0.5 at 500 mV s~
Such a behaviour can be explained by a relatively slow for-
mation of a reducible dimeric species after the primary oxi-
dative step.
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The increased nuclearity and isomerism in complexes 11
and 12 makes their redox behaviour even more complex.
Thus, upon increasing the external potential, compound
12 undergoes three one-electron oxidations: two narrow-
spaced steps followed by the third one. The first oxidation
is irreversible while the second and third show signs of elec-
trochemical reversibility.

The oxidation of 11 (Fig. 6d) proceeds in a manner sim-
ilar to that of 12 albeit at potentials by ca. 200 mV higher
(see also above). The compound undergoes three subse-
quent one-clectron removals of which the first two are clo-
sely separated. Similarly to 3, the oxidation triggers the
formation of a new electroactive species that is observed
in the second and following voltammetric cycles as a pair
of reductive peaks at around +0.84 and +0.67 V. The
peaks become more intense at faster scan rates and after
electrolysis at ca. +1.6 V (i.e., after the second oxidative
peak) and disappear entirely when the switching potential
is set before the main oxidative peak. In contrast to 3, how-
ever, there are no respective oxidative counterparts
observed in the cyclovoltammogram of 11.

The mono- and dinuclear (n°-arene)ruthenium(II) com-
plexes constitute an interesting set of compounds, which
allows for many comparisons. Whereas the oxidation of 4
is practically reversible, that of its p-cymene analogue 3 is
irreversible, due to some follow-up chemical (structural)
changes that probably involve a kind of dimerisation pro-
cess. The oxidation patterns observed for both binuclear
complexes (11 and 12) are analogous, too. In both cases,
the oxidation proceeds in two one-electron, narrow-spaced
waves (RDE) or peaks (CV) followed by a third one; the
potentials of the first process corresponding well with the
oxidation potentials of the single oxidation process
observed for the mononuclear analogues 3 and 4. The
observed small separation of the first two oxidation waves
of 11 and 12 indicates certain electronic communication
between the metal centres through the bridging ligand (cf.
the behaviour of 5 and 6 that feature an isomeric form of
the bridging ligand).

In summary, the oxidative patterns seem to be generally
analogous for the 3-4 and 11-12 pairs but strongly influ-
enced by the nature of the aromatic ligands. The substitu-
tion at the arene ring not only influences the values of the
redox potentials but also affects the overall electrochemical
behaviour via governing the reversibility of the electron-
transfer reactions and the extent of follow-up chemical
reactions. The observed differences between the hexameth-
ylbenzene and p-cymene complexes can be rationalised in
terms of a higher donor ability and sterically protecting
properties of the former arene ligand. Hexamethylbenzene
clearly makes the ruthenium centre more electron rich,
which is reflected by a shift of the redox potentials to lower
values. In addition, however, it better compensates the elec-
tron-deficient character of the primary electrogenerated
product and hinders its possible structural transformations.
Vice versa, the irreversible oxidation as well as the presence
of additional waves (though rather minor) due to electro-

chemically generated product(s) in the voltammograms of
(n®-p-cymene)Ru(IT) complexes 3 and 11 can be accounted
for a relatively lower donating ability and reduced steric
bulk.

3. Experimental
3.1. General remarks

All reagents were purchased either from Aldrich or
Fluka and wused as received. [{(n°-CsMes)MCl,},]
(M =1Ir, Rh) [17]. [{(n®p-Pr'CsHsMe)RuCL},], [{(n®
Ce¢Meg)RuCl,},] [18] were prepared according to the liter-
ature methods. UV/Vis absorption spectra were recorded
on an Uvikon 930 spectrophotometer. CD spectra were
recorded on a JASCO J-710 spectropolarimeter (band-
width 2 nm, step resolution 0.5 nm, response time 4 s, three
accumulations). The NMR spectra were recorded on a
Varian Gemini 200 MHz or Bruker AMX 400 spectrome-
ter using the residual protonated solvent as internal stan-
dard. Infrared spectra were recorded as KBr pellets on a
Perkin—-Elmer FTIR 1720-X spectrometer. Micro-analyses
were performed by the Laboratory of Pharmaceutical
Chemistry, University of Geneva (Switzerland). Electro-
spray mass spectra were obtained in positive-ion mode with
an LCQ Finnigan mass spectrometer.

Electrochemical measurements were performed on a
multipurpose polarograph PA3 interfaced to a Model
4103 XY recorded (both Laboratorni pristroje, Prague)
at room temperature using a standard three-electrode cell:
rotating or stationary platinum disc working electrode
(1 mm diameter), platinum sheet auxiliary electrode, and
saturated calomel electrode (SCE) reference electrode, sep-
arated from the analysed solution by a salt bridge filled
with 0.1 M BuyNPF¢ in acetonitrile. The potential of the
reference ferrocene/ferrocenium couple under the experi-
ment conditions was +0.44 V. The samples were dissolved
in acetonitrile (Fluka for UV spectroscopy) to give ca.
5%107*M concentration of the analyte and 0.1 M
BuyNPF¢ (supporting electrolyte; Fluka, puriss for electro-
chemistry). The samples were degassed and saturated with
argon prior to the measurement and then kept under an
argon blanket. Cyclic voltammograms were recorded at
stationary platinum disc electrode (scan rates 20—
500 mV s~'), while the voltammograms were obtained at
rotating disc electrode (500-2500 rpm, scan rates 10—
100 mV s~ ).

3.2. Synthesis of the mononuclear complexes 1-4

Sodium methoxide (17.3 mg, 0.32 mmol) and pyrazine-
2-carboxylic acid (39.7 mg, 0.32 mmol) were added to a
suspension of the corresponding dimeric chloro complex
(0.16 mmol) in dry methanol (20 ml). Then the suspension
was stirred at room temperature for 6 h. During the period
the starting materials dissolved completely, and the solu-
tion became first of all clear. In the second half of the reac-
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tion time the solution became cloudy again, as the product
precipitated. The precipitate was filtered, washed three
times with diethylether (3 x 10 ml) and then dried in vacuo.

3.2.1. [(X-CsMes)IrCI(L')] (1)

Yellow solid, yield 116 mg, (75%). '"H NMR (CD,Cl,,
200 MHz): 9.18 (d, 1H, *J=1.10 Hz, Pz-Hp), 8.83 (d,
1H, *J =2.92 Hz, Pz-H,), 8.50 (dd, 1H, Pz-Hg), 1.68 (s,
15H, CsMes). IR (cm™'): 1656(s) (COO). ESI-MS: 509.1
[M+Na]". Anal. Calc. for (%): C;sH;sN,ClO,Ir: C,
37.07; H, 3.73; N, 5.76. Found: C, 37.03; H, 3.49; N, 5.50%.

3.2.2. [(X-CsMes)RhCI(L")] (2)

Orange-yellow solid, yield 91 mg, (72%). 'H NMR
(CD,Cl,, 200 MHz): 9.15 (d, 1H, *J = 1.46 Hz, Pz-Hp),
8.87 (d, 1H, *J =2.92 Hz, Pz-H,), 8.51 (dd, 1H, Pz-Hp),
1.70 (s, 15H, CsMes). IR (cm™'): 1648(s) (COO). ESI-
MS: 419.0 [M+Na]". Anal. Calc. for (%):
C,sH,sN,CIO,Rh: C, 45.42; H, 4.57; N, 7.06. Found: C,
45.85; H, 4.78; N, 6.93%.

3.2.3. [(n°-p-Pr'CsH Me)RuCI(L')] (3)

Orange-yellow solid, yield 95 mg, (74%). 'H NMR
(CD,Cl,, 400 MHz): 9.11 (d, 1H, *J=1.20 Hz, Pz-Hyg),
8.93 (dd, 1H, *J=3.04 Hz, Pz-Hpg), 8.85 (d, 1H, Pz-H,),
569 (d, 1H, *J=6.00Hz, At,cm), 5.67 (d, 1H,
°J = 6.00 Hz, Ar,.cym), 5.53 (d, 1H, Ar,.cym), 5:49 (d, 1H,
Al cym), 2.89 (sep, 1H, *J = 3.72 Hz, CH(CH3),), 2.16 (s,
3H, CHsj), 1.30 (d, 3H, CH(CHs),), 1.29 (d, 3H,
CH(CH3),). IR (ecm™!): 1658(s) (COO). ESI-MS: 416.9
[M+Na]". Anal. Calc. for (%): C;sH{7N,CIO,Ru: C,
45.86; H, 4.36; N, 7.13. Found: C, 45.45; H, 4.27; N, 7.02%.

3.2.4. [(n°-CsMes)RuCI(L")] (4)

Orange solid, yield 110 mg, (81%). "H NMR (CD,Cl,
400 MHz): 9.05 (d, 1H, *J=1.20 Hz, Pz-Hpg/), 8.83 (d,
1H, °J=3.07 Hz, Pz-H,), 8.63 (dd, 1H, Pz-Hp), 2.18 (s,
18H, C¢Meg). IR (cm™'): 1659(s) (COO). ESI-MS: 445.0
[M+Na]+ Anal. Calc. for (00)2 C17H21N2C102R11: C,
48.35; H, 5.01; N, 6.64. Found: C, 48.70; H, 5.03; N, 6.46%.

3.3. Synthesis of the dinuclear complexes 5-8

Sodium methoxide (17.3 mg, 0.32 mmol) and pyrazine-
2-carboxylic acid (27 mg, 0.16 mmol) were added to a sus-
pension of the corresponding dimeric chloro complex
(0.16 mmol) in dry methanol (20 ml). Then the suspension
was stirred at room temperature for 3 h. During the period
the starting materials dissolved completely, and the solu-
tion became first of all clear. In the second half of the reac-
tion time the solution became cloudy again, as the product
precipitated. The precipitate was filtered, washed three
times with diethylether (3 x 10 ml) and then dried in vacuo.

3.3.1. [{(n’-CsMes)IrCly,(p-L?) ] (5)
Orange solid, yield 114 mg, (80%). '"H NMR (CD,Cl,,
200 MHz): 9.03 (s, 2H, Pz), 1.70 (s, 30H, CsMes). IR

(em™1): 1673(s) (COO). ESI-MS: 915.1 [M+Na]". Anal.
Calc. for (%): CysH3N-ClLO4lr,: C, 35.01; H, 3.61; N,
3.14. Found: C, 35.32; H, 3.72; N, 3.12%.

3.3.2. [{(n’-CsMes) RhCl}»(p-L7) ] (6)

Orange-yellow solid, yield 104 mg, (91%). '"H NMR
(CD,Cl,, 200 MHz): 9.05 (s, 2H, Pz), 1.71 (s, 30H,
CsMes). IR (ecm™'): 1656(s) (COO). ESI-MS: 735.0
[M+Na]". Anal. Calc. for (%): C,sH3,N,CLO4Rh,: C,
43.78; H, 4.52; N, 3.93. Found: C, 43.98; H, 4.80; N, 3.49%.

3.3.3. [{(n°-p-Pr'CsH Me) RuCl}5(u-L7)] (7)

Orange solid, yield 95 mg, (82%). 'H NMR (CDCl;,
400 MHz): 9.31 (s, 2H, Pz), 5.72 (d, 2H, *J=5.64 Hz,
Aty cym), 5.70 (d, 2H, 3] =5.64 Hz, Ar,cym), 5.59 (d, 2H,
Al cym)s 5.56 (d, 2H, At,eym), 2.95 (sep, 2H, *Jy =
3.84 Hz, CH(CH;),), 2.33 (s, 6H, CHj3), 1.32 (d, 6H,
CH(CHj;),), 1.29 (d, 6H, CH(CH;),). IR (cm™'): 1654(s)
(COO). Mass (ESI): 730.9 [M+Na]". Anal. Calc. for (%):
C26H30N2C12O4R112I C, 4413, H, 427, N, 3.95. Found:
C, 44.65; H, 4.71; N, 3.62%.

3.3.4. [{(n’-CsMes) RuCl}y(u-L?) ] (8)

Red solid, yield 64 mg, (53%). 'H NMR (CD,Cl,
400 MHz): 8.98 (s, 2H, Pz), 2.17 (s, 36H, C¢Meg). IR
(em™1): 1658(s) (COO). Mass (ESI): 787.0 [M+Na]". Anal.
Calc. for (%): C30H33N-ClL,O4Ru,: C, 47.18; H, 5.01; N,
3.66. Found: C, 47.63; H, 5.16; N, 3.30%.

3.4. Synthesis of the dinuclear complexes 912

Sodium methoxide (17.3 mg, 0.32 mmol) and pyrazine-
2-carboxylic acid (27 mg, 0.16 mmol) were added to a sus-
pension of the corresponding dimeric chloro complex
(0.16 mmol) in dry methanol (20 ml). Then the suspension
was stirred at room temperature for 3 h. During the period
the starting materials dissolved completely, and the solu-
tion became first of all clear. In the second half of the reac-
tion time the solution became cloudy again, as the product
precipitated. The precipitate was filtered, washed three
times with diethylether (3 x 10 ml) and then dried in vacuo.

3.4.1 [{(H-CsMes)IrCly>(p-L?) ] (9)

Red solid, yield 116 mg, (82%). IR (cm™"): 1690 (s), 1665
(s) (COO). Mass (ESI): 915.1 [M+Na]". Anal. Calc. for
(%): Co6H32N,Cl,O4lr,: C, 35.01; H, 3.61; N, 3.14. Found:
C, 35.59; H, 3.64; N, 3.00%.

3.4.2. [{(n’-CsMes)RhCI}»(u-L7) ] (10)

Orange-yellow solid, yield 96 mg, (84%). IR (cm™'):
1678 (s), 1654 (s) (COO). Mass (ESI): 736.27 [M+Na]".
Anal. Calc. for (%): CysH3,N,Cl,O4Rh,: C, 43.78; H,
4.52; N, 3.93. Found: C, 43.22; H, 4.62; N, 3.78%.

3.4.3. [{(n°-p-Pr'CsH Me) RuCl}(u-L7)] (11)
Orange-yellow solid, yield 78 mg, (67%). 'H NMR
(CD;CN, 200 MHz): 9.12 (s, 2H, Pz), 5.76 (d, 2H,
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Table 4
Crystallographic and structure refinement parameters for complexes 2, 3, 5-2CH,Cl,, 6 - 2CH,Cl, and 7
2 3 5-2CH,Cl, 6 - 2CH,Cl, 7
Chemical formula C|5H|8C1N202Rh C15H17C1N202RU C23H36C1(,Ir2N204 C26H36C16N204Rh2 C25H30C12N204RUZ
Formula weight 396.67 393.83 1061.69 883.11 707.56
Crystal system Orthorhombic Monoclinic Monoclinic Monoclinic Monoclinic
Space group P2,2,2| (no. 19) P2,/n (no. 14) P2y/n (no. 14) P2y/n (no. 14) C2/c (no. 15)
Crystal colour and shape Orange block Brown rod Red rod Orange rod Orange block
Crystal size 0.28 x 0.20 % 0.20 0.40x0.15%0.15 0.55%0.10%x0.10 0.50 x 0.20 x 0.20 0.22%x0.10x0.10
a(A) 7.828(2) 6.0024(7) 7.9512(6) 7.9544(7) 22.741(5)
b (A) 9.183(2) 16.642(2) 9.4388(7) 9.3868(6) 21.095(4)
¢ (A) 21.297(4) 15.428(2) 22.6265(17) 22.588(2) 20.103(4)
B(°) 90 100.544(16) 90.323(9) 90.601(11) 110.16(3)
V(A% 1530.9(6) 1515.1(3) 1698.1(2) 1686.5(2) 9053(3)
Z 4 4 2 2 12
T (K) 173(2) 173(2) 173(2) 173(2) 173(2)
D (gem™) 1.721 1.726 2.076 1.739 1.557
u (mm™ 1.295 1.216 8.337 1.490 1.209

Scan range (°)

Unique reflections
Reflections used [/ > 20(1)]
Rint

Final R indices [I > 26(D)]*
R indices (all data)
Goodness-of-fit

242 <0<2586
2950

2821

0.1077

0.0435, wR, 0.1149
0.0492, wR; 0.1571
1.184

2.45<0<26.04
2942

1815

0.1263

0.0619, wR, 0.1472
0.0970, wR; 0.1762
0.891

2.34<0<2594
3284

2902

0.0659

0.0292, wR, 0.0702
0.0338, wR, 0.0734
1.046

235<0<25.44
3256

2811

0.1176

0.0343, wR, 0.0864
0.0395, wR; 0.0979
1.074

1.93 <0 <26.02
7467

2378

0.0856

0.0613, wR, 0.1285
0.1824, wR; 0.1495
0.701

Maximum, minimum Ap/e (10\’3) 1.424, —2.648 1.578, —2.090

0.973, —1.268 0.881, —1.948 2.070, —0.884

@ Structures were refined on F3: wR, = [N [w(F2 — F2)*)/ Y W(F%)z]l/z, where w™! = [Y2(F2) + (aP)* + bP] and P = [max(F3,0) + 2F2]/3.

J =3.66 Hz, At,.cym), 5.73 (d, 2H, °J = 3.66 Hz, At,.cym),
5.59 (d, 2H, Ar,.cym), 5.56 (d, 2H, Ar,_cym), 2.82 (sep, 2H,
3Jin = 4.76 Hz, CH(CH,),), 2.16 (s, 6H, CH;), 1.27 (d,
6H, CH(CHs),), 1.23 (d, 6H, CH(CH;),). IR (cm™'):
1678(s), 1657(s) (COO). Mass (ESI): 731.0 [M+Na]". Anal.
Calc. for (%): CyH30N>ClL,O4Ru,: C, 44.13; H, 4.27; N,
3.95. Found: C, 44.72; H, 4.38; N, 3.80%.

3.4.4. [{(n°-CsMeg)RuCl},(u-L7)] (12)

Orange-yellow solid, yield 86 mg, (70%). 'H NMR
(CD,Cl,, 200 MHz): 8.58 (s, 2H, Pz), 2.09 (s, 36H,
CeMeg). IR (cm™1): 1687(s), 1662(s) (COO). Mass (ESI):
764.9 [M+Na]". Anal. Calc. for (%): C30H3sN>ClL,O4Ru,:
C, 47.18; H, 5.01; N, 3.66. Found: C, 47.42; H, 5.10; N,
3.57%.

3.5. X-ray crystallography

Crystals of complexes 2, 3, 5, 6 and 7 were mounted on a
Stoe Image Plate Diffraction system equipped with a ¢ cir-
cle goniometer, using Mo Ko graphite monochromated
radiation (1 =10.71073 A) with ¢ range 0-200°. The struc-
tures were solved by direct methods using the program
SHELXS-97 [19]. Refinement and all further calculations
were carried out using sHELXL-97 [20]. The H-atoms were
included in calculated positions and treated as riding atoms
using the sHELXL default parameters. The non-H atoms
were refined anisotropically, using weighted full-matrix
least-square on F>. Crystallographic details are summarised
in Table 4. Figures of complex 2-3 and 5-7 were drawn
with orTEP-32 [21].
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Appendix A. Supplementary material

CCDC 622205, 522206, 622207, 622208, and 622209
contain the supplementary crystallographic data for 2, 3,
5-2CH,Cl,, 6 -2CH,Cl,, and 7. These data can be
obtained free of charge via http://www.ccdc.cam.ac.uk/
conts/retrieving.html, or from the Cambridge Crystallo-
graphic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: (+44) 1223-336-033; or e-mail: deposit@
ccde.cam.ac.uk. Supplementary data associated with this
article can be found, in the online version, at
doi:10.1016/j.jorganchem.2006.12.040.
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