Dinuclear ruthenium(ir) complexes [{(L)CIRu"},(p-tppz)]**

(L = an arylazopyridine ligand) incorporating tetrakis(2-pyridyl)-
pyrazine (tppz) bridging ligand: synthesis, structure and
spectroelectrochemical properties
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A series of dinuclear complexes [{(L'*)CIRu"},(u-tppz)][ClO,], {[1](C1O,), to [4](ClO,),} has been prepared, in
which two {Ru™(L')Cl}* fragments [L = a 2-arylazopyridine ligand of the type 2-(CsH,N)-N=N-C(H,R; for L!,

R =H; L% R =p-Mg; L}, R = p-Cl; L*, R = m-Me] are linked by the bridging ligand tppz [2,3,5,6-tetrakis(2-
pyridyl)pyrazine]. A single isomer forms during the synthesis in each case, and the crystal structure of [4](ClO,),
shows it to be a twofold-symmetric isomer with each ligand L arranged such that its pyridine donor is on the long
axis of the molecule (trans to the pyrazine ring of tppz) and the azo donor is trans to one of the pyridyl donors of
tppz. This allows the peripheral aryl ring attached to the azo unit of each ligand L to be oriented over either face of
the bridging ligand giving a three-layer n-stacked (aryl-pyrazine—aryl) sandwich. Electrochemical studies revealed (i)
separations of 190-250 mV (depending on the aryl substituent of L) between the successive Ru(ir)/Ru(1r) couples,
indicative of a significant inter-metallic electronic coupling, and (ii) several ligand-based reductions of the m-acceptor
pyrazine and arylazopyridine ligands. A UV/Vis/NIR spectroelectrochemical study showed the presence of an IVCT

transition at ca. 1900 nm in MeCN for the Ru(i1)-Ru(1r) mixed-valence states, whose narrowness is indicative of
borderline class III behaviour. Several reduced forms of the complexes were also spectroscopically characterised.

Introduction

The development of newer classes of dinuclear metal complex
incorporating suitable bridging ligands which lead to the form-
ation of stable mixed valence states has attracted considerable
research interest in recent years."* This is primarily due to the
relevance of such complexes to biological processes,® molecular
electronics* and for theoretical studies on electron transfer
kinetics.’ The bridging ligand mediated intermetallic electronic
communication takes place through their t-symmetry orbitals
either by electron-transfer or hole-transfer mechanisms.

Since the discovery of pyrazine-mediated strong intermetallic
coupling in the Creutz-Taube complex,®® interest has been
built up in the direction of designing binuclear ruthenium(ir)
complexes incorporating polyazine based heterocyclic bridging
ligands, such as 2,3-bis(2-pyridyl)aminoxaline,® 2,2 -bipyrimid-
ine,'® 2,3-bis(2-pyridyl)pyrazine," tetrapyrido[2,3-a:3’,2'-c:2",
3"-h:3" 2"-jlphenazine * and 2,3,5,6-tetrakis(2-pyridyl)pyrazine
(tppz).”* The bis-tridentate tppz bridging function has been
extensively used as a bridging ligand in recent years in combin-
ation with a wide variety of terminal ligands ranging in char-
acter from m-acidic (e.g. 2,2'-bipyridine, 2,2':6',2"-terpyridine)
and o-donor (monodentate amines) in order to prepare homo-
or hetero-polynuclear ruthenium complexes.' In all cases, tppz
has been found to be an effective mediator for intermetallic
coupling almost of the order of the Creutz—Taube ion."

Although the electronic nature of the bridging function plays
the most crucial role in the intermetallic coupling process, the
electronic properties of the peripheral co-ligands are also a
factor in determing the degree of electronic coupling between
the metal centres."* In view of this, the present work originated
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from our interest in synthesizing diruthenium-tppz complexes
comprising very strongly m-acidic azopyridine {NC;H,~N=N-
C¢H,(R)} terminal ligands, L. The azoimine (—N=N-C=N-)
function of L is isoelectronic with the diimine (-N=C-C=N-)
function of bipyridine (bpy), but the much stronger m-acidic
nature of L makes its complexes a facile successive receptor of
electrons in the low lying ligand-based LUMOs." Therefore,
polynuclear complexes having azopyridine derivatives as term-
inal ligands are expected to provide an additional opportunity
to examine the spectroelectrochemical properties of the
reduced forms of the complexes. Further, the incorporation of
different substituents onto the aryl unit of the arylazopyridine
ligands allows fine-tuning of their electronic properties.

Herein we report the synthesis of the four complexes [{(L'™)-
CIRu™},(u-tpp2)I**, [1](C10,),-[4](C10,),, including the crystal
structure of one representative example, and the electrochemical
and spectroscopic properties of the complexes including detailed
spectroeletrochemical studies over a wide range of accessible
oxidation states.

Results and discussion

Synthesis and characterisation of complexes

A group of four azo-imine based 2-arylazopyridine ligands
L'-L* has been used as the peripheral ligands for the present
study. Ligands L'-L* were chosen to provide a range of sub-
stituents with different properties attached to the para-position
of the aryl unit, from electron-withdrawing (Cl substituent in
L% Hammett parameter +0.30) to electron donating (methyl
substituent in L% Hammett parameter —0.18). Ligand L* (with
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Table 1 Microanalytical,” conductivity,” and EPR ¢ data

Elemental anlysis (%)

Compound C H N Ap/Q 7" cm? mol ™! Zico Peak width/G
[1](CIO,),-2H,0 43.57 (43.82) 2.99 (2.83) 13.57 (13.33) 256 1.999 10
[2)(CIO,),-2H,0 45.39 (45.00) 3.09 (3.28) 13.41 (13.00) 250 1.996 10
[3](C1O,),-2H,0 41.67 (41.51) 287 (2.73) 12.85 (12.64) 240 1.993 12.5
[4)(CIO,),-2H,0 45.42 (45.00) 333 (3.28) 12.78 (13.00) 245 1.999 10

“ Calculated values are in parentheses. * In acetonitrile solution at 298 K. ¢ In acetonitrile at 77 K.

the methyl substituent at the meta position of the aryl ring)
is also included because it afforded a crystalline complex for
X-ray analysis; for a comparison of electronic substituent
effects, L'-L* are more significant. The dinuclear complexes
[{CIL)Ru™} (u-tppz)**, [1]**-[4]*", were synthesized via the
reaction of the appropriate ligand L with the precursor
ruthenium complex [CLLRu™(u-tppz)Ru™Cl,], in the presence
of NEt; and LiCl in refluxing EtOH medium under a dinitro-
gen atmosphere (Scheme 1). The complexes were isolated as
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their dihydrated perchlorate salts, [{Cl(L)Ru},(u-tppz)](ClO,),:
2H,0. The reaction in Scheme 1 also leads to the simultaneous
formation of ctc-[Ru(L),Cl,] [ctc = cis-trans-cis with respect to
chlorides, pyridine (N,) and azo (N,) nitrogens respectively] '
as a minor side product (yield is approximately 5%). The
undesired ctc-[Ru(L),Cl,] products were separated from the
respective complexes {[1]**—[4]*"}, by column chromatography.

The unsymmetrical nature of L (arising from the inequiv-
alence of the pyridine nitrogen, N, and the azo nitrogen, N,)
leads to the possibility of simultaneous formation of six geo-
metrical isomers (A-F). However, only one such product was
formed during the syntheses of each of the four complexes. The
spectral features of the complexes [11**, [2]** and [3]*" are akin
to those of the structurally characterised complex [4]** (see
below) making it logical to believe that all the four complexes
exist in the same isomeric form. Similarly, for the analogous
bipyridine derivative [{Cl(dmb)Ru},(u-tppz)** (dmb = 4,4'-
dimethyl-2,2'-bipyridine), the trans-isomer (trans with respect
to two Ru-Cl bonds) was also obtained as a major product,
although a minor product of a different isomer was also
observed in this case.'*

The complexes exhibit satisfactory microanalytical data and
conductivities in acetonitrile solution (Table 1). Further con-
firmation of the composition of the complexes were established
from the positive ion electrospray mass spectrum of the repre-
sentative complex [4](ClO,), which showed a strong molecular
ion peak centred at m/z 1157.0 corresponding to {[4](ClO,)}*
(calculated molecular weight, 1155.03). The ionic perchlorate
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bands are obtained in the IR spectrum near 1100 and 625 cm™".

The presence of a single Ru—Cl stretching frequency near
320 cm™' is also consistent with a geometry in which both
Ru—ClI bonds are equivalent, i.e. A, B, D or F (the two Ru—Cl
bonds are far apart enough to ignore coupling between them
such that each of these isomers is likely to give a single Ru—Cl
vibration). The 'H NMR spectrum of [4](ClO,),:2H,0 in
(CD,),SO (Fig. 1), is also in agreement with twofold symmetry

AU ,

95 90 85 80 75 70 65 60
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"H NMR spectrum of [4](ClO,), in (CD;),SO solvent.

Fig. 1

in the complex molecule, exhibiting 16 aromatic protons: 8 from
one m-tolyl-azopyridine (L*) and eight from the two inequiv-
alent pyridyl rings of the bridging tppz unit (overlapping
between 6-10 ppm). The methyl signal of L* appears as a singlet
at 1.9 ppm. Note that the presence of two equivalent Ru termini
(from IR and NMR data) is again consistent with structures A,
B.DorF.

The crystal structure of [4](ClO,), is shown in Fig. 2 and
unequivocally establishes the structure as A, with mutually
‘trans’ chloride ligands, and the pyridyl donors of the terminal
ligands both lying on the long axis of the complex. Selected
bond distances and angles are listed in Table 2. The asymmetric
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Fig. 2 Edge-on views of the two independent complex cations in
the structure of [4](ClO,),"(H,0),;(CH,Cl,),;, emphasising (i) the
conformation of the bridging ligand, and (ii) the aromatic stacking
involving the aryl rings on the terminal ligands and the pyrazinyl unit
of the bridging ligand.

unit contains two independent types of complex unit (G and
H), one in a general position (G) and the other astride an inver-
sion centre (H), such that the occupancy of the asymmetric unit
is 1.5 complex molecules (plus one water molecule and half a
molecule of dichloromethane).

In both types of complex (G and H), the Ru-Cl bonds are in
a mutually trans configuration, with CI - -+ Cl separations of
8.173 and 8.792 A respectively. The RuN,Cl coordination
sphere around each ruthenium centre is distorted octahedral,
which is reflected in the trans angles of the meridionally
coordinated tppz ligand: N(131)-Ru(1)-N(141), 160.1(14);
N(231)-Ru(2)-N(241), 158.8(4)° and N(331)-Ru(3)- N(341),
158.4(4)°; these are comparable to the distortions from octa-
hedral symmetry seen on other complexes of tppz.'*#!"!® In
both complex cations, it is clear that there is aromatic stacking
between the pendant phenyl rings of the terminal arylazo-
pyridine ligand and the central pyrazine ring of tppz; these
phenyl rings, one from each end of the complex, lie above
and below the central pyrazine ring to give a three-layer stack.
The presence of this interaction may explain the presence of
only a single isomer in each case: for the interaction to occur
requires that the ligand L is coordinated with the pyridyl
N atom on the molecular long-axis, such that the pendant
aryl unit, directed off to one side, is available for stacking with
the bridging ligand. In each case the pendant phenyl ring
cannot manage to be parallel with the central pyrazine ring
but is at an angle to it [for C(121)-C(126) in complex G, 30.7°;
for C(221)-C(226) in complex G, 31.5°% for C(321)-C(326) in
complex H, 23.7°]. Because of this divergence the inter-ring
distances within the stacks (defined as the distances from
the mean plane of the pyrazine ring to the individual atoms
in the phenyl rings) accordingly span a wide range, of about
2.84.1A.
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The major difference between units G and H is the conform-
ation of the tppz ligand, which is substantially distorted from
planarity in each case. In complex cation G, the tppz ligand is
saddle-shaped such that a mutually trans pair of pyridyl sub-
stituents (e.g at C* and C° of the pyrazine nucleus) are bent in
the same sense towards one face of the pyrazine ring, whereas
the other pair of pyridyl substituents (at C* and C°) are bent in
the opposite sense. This is shown by the offsets of the four
carbon atoms C(136), C(236), C(246) and C(146) from the
pyrazine mean plane; the values are +0.523, —0.556, +0.517
and —0.525 A respectively, i.e. a regular alternation around the
ring. A consequence of this is that the two RuNj; planes involv-
ing the tppz ligand are substantially twisted with respect to one
another, by 27.6°% this is also reflected in the angle between the
mean planes of the terminal pyridyl rings of the arylazopyr-
idine ligand, which instead of being zero, is 33.1°. In complex
cation H in contrast, it is the two pyridine rings at the same
end of the pyrazine bridge (e.g attached to C? and C° of the
pyrazine) which are offset towards the same face of the pyrazine
ring, with the other pair of pyridines (at the C* and C° posi-
tions) directed towards the other face. Thus, the offsets of the
carbon atoms C(336) and C(346) from the mean plane of the
pyrazine ring are 0.202 and 0.225 A (in the same sense) respect-
ively, whereas in the other half of the complex the symmetry-
equivalent pair of C atoms are offset by the same extent but in
the opposite direction. The bridging ligand accordingly has a
‘stepped’ rather than a saddle-shaped structure, and the two
RuN; mean planes are necessarily parallel although they are
offset by 0.47 A (Fig. 2). The Ru - - - Ru separations are 6.581
and 6.563 A for G and H respectively.

The Ru—N(pyrazine) distances in G and H, Ru(1)-N(151),
1.965(9); Ru(2)-N(254), 1.941(8) and Ru(3)-N(351), 1.957(10)
A, match well with reported data for related complexes."*"
The shortness of the Ru—N(pyrazine) distances as compared to
the Ru—N(pyridine) distances within the tppz unit (Table 2) can
be attributed to stronger back-bonding to the pyrazine unit
compared to the pyridines. This reflects their relative abilities to
act as m-acceptor units, and the effective d(n)-p(n) Ru-pyrazine
overlap helps to provide the necessary pathway for the inter-
metallic electronic coupling.!” A similar effect arises in the
coordinated arylazopyridine ligands L*, for which in every case
the Ru-N(azo) distance is shorter than the Ru-N(pyridine)
distance by ca. 0.1 A, reflecting the stronger m-acidity of the
azo unit. A consequence of this is that the average azo(N=N)
distance [1.289(12) A] of coordinated L* is significantly longer
than that found in the free azo ligands (ca. 1.25 A),? as also
observed earlier in other complexes of arylazopyridines.! The
average Ru—Cl distance of 2.390 (2) A in [4](ClO,), compares
well with other reported Ru"™-Cl distances. '3

Redox properties of the complexes

The redox properties of the complexes [1]**—[4]*" were studied
by cyclic voltammetric and differential pulse voltammetric
techniques in acetonitrile solution using a platinum working
electrode. The complexes are electroactive with respect to the
metal as well as the ligand centres and display multiple revers-
ible redox processes in the potential range *2 V versus SCE.
Representative voltammograms are shown in Fig. 3 and redox
potential data are given in Table 3.

All four complexes display two successive one-electron redox
processes (couples I and II) in the range 1.28-1.59 V versus
SCE, which are readily assigned as successive metal-centred
Ru(m)/Ru(mm) couples. The one-electron nature of the first
process has been confirmed by constant-potential coulometry.
The separation of ca. 200-250 mV between the Ru(i)/Ru(1ir)
couples indicates a moderate intermetallic electronic coupling
across the tppz bridging ligand, and corresponds to compro-
portionation constant (K,) values in the range of 2.2 x 10°-
2.11 x 10* (Table 3) [using the equation RTInK, = nF(AE)] in



Table 2 Selected bond distances (A) and angles (°) for [4](ClO,),*(H,0)y;*(CH,CL,),/;

Ru(1)-N(118) 1.960(7) Ru(2)-Cl(22) 2.387(2)

Ru(1)-N(151) 1.965(9) Ru(3)-N(318) 1.943(12)

Ru(1)-N(111) 2.045(9) Ru(3)-N(351) 1.957(10)

Ru(1)-N(131) 2.073(10) Ru(3)-N(311) 2.057(12)

Ru(1)-N(141) 2.085(9) Ru(3)-N(331) 2.05109)

Ru(1)-CI(11) 2.384(2) Ru(3)-N(341) 2.073(9)

Ru(2)-N(218) 1.963(7) Ru(3)-CI(33) 2.401(3)

Ru(2)-N(254) 1.941(8) N(117)-N(118) 1.279(11)

Ru(2)-N(211) 2.064(9) N(217)-N(218) 1.284(11)

Ru(2)-N(231) 2.065(9) N(317)-N(318) 1.304(14)

Ru(2)-N(241) 2.057(9)

N(118)-Ru(1)-N(151) 97.1(3) N(254)-Ru(2)-N(218) 98.0(3)

N(118)-Ru(1)-N(111) 75.9(3) N(254)-Ru(2)-N(241) 80.3(4)

N(151)-Ru(1)-N(111) 172.4(3) N(218)-Ru(2)-N(241) 93.4(3)

N(118)-Ru(1)-N(131) 93.0(3) N(254)-Ru(2)-N(211) 172.8(3)

N(151)-Ru(1)-N(131) 80.2(4) N(218)-Ru(2)-N(211) 75.5(3)

N(111)-Ru(1)-N(131) 103.0(4) N(241)-Ru(2)-N(211) 96.9(4)

N(118)-Ru(1)-N(141) 93.6(3) N(254)-Ru(2)-N(231) 78.8(4)

N(151)-Ru(1)-N(141) 80.3(4) N(218)-Ru(2)-N(231) 93.5(3)

N(111)-Ru(1)-N(141) 96.8(3) N(241)-Ru(2)-N(231) 158.8(4)

N(131)-Ru(1)-N(141) 160.1(4) N(211)-Ru(2)-N(231) 104.2(3)

N(118)-Ru(1)-CI(11) 171.0(3) N(254)-Ru(2)-C1(22) 91.2(2)

N(151)-Ru(1)-Cl(11) 91.6(2) N(218)-Ru(2)-Cl1(22) 170.8(2)

N(111)-Ru(1)-CI(11) 95.5(2) N(241)-Ru(2)-C1(22) 88.9(2)

N(131)-Ru(1)-Cl(11) 86.2(2) N(211)-Ru(2)-C1(22) 95.4(2)

N(141)-Ru(1)-CI(11) 90.1(2) N(231)-Ru(2)-C1(22) 87.5(2)

N(318)-Ru(3)-N(351) 93.6(4) N(331)-Ru(3)-N(341) 158.4(4)

N(318)-Ru(3)-N(331) 87.4(4) N(311)-Ru(3)-N(341) 100.6(4)

N(351)-Ru(3)-N(331) 80.3(4) N(318)-Ru(3)-Cl1(33) 168.1(4)

N(318)-Ru(3)-N(311) 76.7(5) N(351)-Ru(3)-ClI(33) 95.6(3)

N(351)-Ru(3)-N(311) 170.1(4) N(331)-Ru(3)-Cl1(33) 86.7(2)

N(331)-Ru(3)-N(311) 100.5(4) N(311)-Ru(3)-CI1(33) 94.3(3)

N(318)-Ru(3)-N(341) 102.2(4) N(341)-Ru(3)-Cl1(33) 86.9(2)

N(351)-Ru(3)-N(341) 79.8(4)
Table 3 Electrochemical data at 298 K *

E®g/V (AE,/mV) Varer/em !

Compound Couplel  CoupleII Couple Il Couple IV Couple V Couple VI  Couple VII  AE’V Obs‘ Cale.” K-
[P 1.28(70) 1.51(88) —0.44(70) —0.81(70) —0.98(70) —1.43(70) —1.59(150) 1.72 17452 16872 4.0 x 10°
21" 1.32(70)  1.58(90)  —0.40(60) —0.81(70) —0.99(70) —1.42(90) -1.57(80) 1.72 17271 16872 2.1 x 10*
[31** 1.40 (100) 1.59(100) —0.31(70) —0.67(80) —0.85(60) —1.34(70) —1.53(80) 1.71 17331 16791 2.2 x 10°
(47" 1.29(80) 1.52(90) —0.45(80) —0.83(80) —1.28(100) —1.43(80) —1.63(110) 1.74 17361 17033 6.4 x 10°

“Solvent, acetonitrile; supporting electrolyte, [NEt,]J[CIO,]; reference electrode, SCE; solute concentration, 10* mol dm™*; working electrode,

>

platinum wire; scan rate, 50 mVs™'; E®g = 0.5(E,, + E,.) where E,, and E, are cathodic and anodic peak potentials respectively. ” Calculated using
eqn. (2). ¢ In acetonitrile. ¢ Calculated using eqn. (1). ¢ Calculated using the eqn. RTInK, = nF(AE).

Couple VII

Couple VI

Couple V

Couple IV
Couple Il
l‘\

Couple |
Couple Il

15 10 05 00 -05 -10 -15
E/V versus SCE

Fig. 3 Cyclic voltammograms and differential pulse voltammograms
of [1](ClO,), in CH,CN at a Pt working electrode (scan rate S0 mV s™").

the mixed valence states of [1]**—[4]**, indicative of class II
mixed valence states.”® The K value changes slightly depending
on the nature and location of the ‘R’ groups present in the
pendant phenyl ring of L. For the para-substituted ligand
series, the K, values follow the order [3]** < [1** < [2]**, with

the electron-withdrawing chloro-substituent giving the weakest
coupling and electron-releasing methyl substituent giving the
strongest coupling.

For comparison, the successive Ru(1)/Ru(i) couples of the
analogous complex [{Cl(bpy)Ru™},(u-tppz)]** (with terminal
2,2'-bipyridine ligands) appear at 0.96 and 1.25 V; compared to
our new complexes, these redox potentials are less positive and
also more substantially separated (290 mV).*¢ Therefore, due
to the stronger m-acidic character of L compared to bpy, the
potentials of the corresponding Ru(ir)/Ru(i) couples in [17**—
[4]** are positively shifted by approximately 0.3 V. Similarly,
Ru(u)/Ru(tin) potentials of [1]**—[4]** are appreciably higher
(about 150 mV) than those of the corresponding mononuclear
mixed-ligand terpyridine-azopyridine complexes [CI(L)-
Ru(trpy)]”™ (trpy = 2,2":6’,2"-terpyridine), due to the stronger
n-acceptor character of tppz relative to terpyridine.”** The more
positive redox potentials in the arylazopyridine complexes are
to be expected, but it is interesting to note that the reduction in
electron density at the metal centres also results in a decrease
in the electronic coupling between them. It is reasonable to
suggest therefore that the overall reduction in metal-centred
electron-density will decrease the extent to which the unpaired
electron is delocalised across the bridging ligand in the mixed-
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valence state. This is the same effect as was noted above for the
different substituents, with the most electron-withdrawing sub-
stituent giving the smallest separation between the Ru(ir)/Ru(1)
couples.

Both arylazopyridine (L) and tppz ligands are well known to
be redox-active. Each ligand can accommodate two electrons in
the electrochemically accessible lowest unoccupied molecular
orbitals (LUMOs).'*?! In the case of L, the LUMO is believed
to be dominated by the azo function.”* Since the complexes
contain one tppz and two L ligands, six successive one-electron
reductions are therefore expected (in principle) for each com-
plex. However, in practice, we have observed five successive one-
electron reductions within the experimental potential limit
(—=2.0 V versus SCE, Table 3). The order in which the ligands
are reduced may be determined by comparison with previously-
reported complexes containing L and tppz.

The first reduction of tppz occurs at a potential several
hundred mV less negative than the first reduction of free L
(with R = H);**?¢ likewise, the first reduction of coordinated
tppz in [{Cl(bpy)Ru™},(u-tppz)]** occurs at a less negative
potential (—0.5 V versus SCE)'* than that of the arylazopyrid-
ine ligand L' in [CI(LY)(trpy)Ru™]"* (ca. —0.8 V versus SCE).”*
Accordingly we assign the first reduction of [1*"—[4]** (couple
II1) as tppz-based in each case, and the absolute redox potential
values for couple III are consistent with this assignment.'3*%##
The next two reductions in each case (couples IV and V) are
assigned as stepwise reductions of the two terminal arylazo-
pyridine ligands,®* with the separation between them arising
from a moderate electronic interaction between the two ends
of the complex; these processes are too close together to be
assigned as a pair of reductions on a single ligand. With each
of the three m-acceptor ligands now reduced once, the next
reduction (couple VI) will be the second tppz-based reduction.
Usually the successive reductions of a coordinated tppz are
separated by only ca. 500 mV,"* whereas here the separation
between couples III and VI is about one volt; this may be
ascribed to the intervening reductions of the arylazopyridine
ligands, such that the second tppz-based reduction is made
more difficult by the accumulated negative charge on the com-
plex. Finally, couple VII is the second reduction of one of the
arylazopyridine ligands.

Electronic spectra and spectroelectrochemistry

(i) Oxidations. In acetonitrile, complexes [1]**—[4]** exhibit
four strong transitions in the UV/Vis region (Fig. 4, Table 4).
The strong transitions in the UV region are ligand-centred n—n*
processes. The visible region is dominated by an intense transi-
tion near 580 nm (with ¢ values of ca. 30,000 dm* mol ' cm ™' in
each case), having a low-energy shoulder at ca. 700 nm. Given

that the lowest-energy MLCT transition must involve the ligand
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Fig. 4 Electronic spectra of [3]*" (——), oxidised forms [3]** [Ru(in)—
Ru(mm) state, (---)] and [3]*" [Ru(mn)-Ru(m) state, (- - +)], recorded in
CH,CN at 243 K during a spectroelectrochemical experiment. The inset
shows the IVCT in the Ru(m)-Ru(m) state (with interference from
solvent peaks subtracted).
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Table 4 Electronic spectroscopic data for the complexes (12*-3*") in
their different oxidation states, from spectroelectrochemical experi-
ments (MeCN, 243 K)

Complex/charge Jmadnm (1073 &/dm® mol ™' cm™")

[1](ClO,),

+2 294 (43), 368 (36), 383 (36), 458 (7.0), 573 (31)*

+3 294 (39). 376 (41). 570 (14). 1890 (3.8)"

+4 313 (33). 397 (52), 748 (1.3)°

+1 313 (39), 388 (28), 567 (28), 868 (3.3), 992 (15)
0 316 (36). 368 (38), 567 (17). 990 (5.7)

-1 256 (34), 317 (37). 383 (51). 654 (17), 1149 (3.4)

[2](CIOy),

+2 289 (42), 373 (42), 383 (40), 458 (6.9), 579 (30)°

+3 291 (35), 381 (41), 570 (10), 1890 (4.6)"

+4 312 (30), 399 (52). 748 (1.1)°

+1 315 (37). 387 (35), 571 (28), 875 (4.3), 996 (16)
0 377 (41), 570 (16), 990 (5.4)

-1 256 (33), 383 (47). 644 (16), 1133 (2.8)

[31(ClO,),

+2 292 (44), 371 (42), 383 (41), 461 (6.8), 577 (31)*

+3 293 (37). 380 (43). 570 (15). 1890 (3.0)"

+4 313 (30). 398 (56), 740 (1.3)°

+1 314 (40), 387 (33), 570 (27), 870 (4.3), 984 (15)
0 308 (37). 378 (46), 636 (19). 990 (4.5)

-1 258 (33). 312 (34). 394 (49). 657 (16), 1144 (4.2)

“MLCT transition. * IVCT transition. ¢ LMCT transition.

acceptor that is most easily reduced, this is assignable as a
Ru[d(r)] — tppz(r*) MLCT transition."¥ The predicted
Ru[d(r)] — tppz(n*) MLCT energies for [1*"—[4]*", derived
from the electrochemical data [eqns. (1) and (2)],2*?7 agree well
with the energies of these transitions observed in the electronic
spectra (Tables 3 and 4).

Voarer) = 8065(AE, ;) + 3000 1)
AE,= Euz(Rum—Ruu) — Eyu(tppz) 2

where E,;, (Ru™-Ru") is the formal potential (in V) of the first
reversible Ru(ir)/Ru(1r) couple (couple I); E,,(tppz) is the first
tppz-based reduction; and vy cr) is the predicted wavenumber
of the charge-transfer band in cm ™.

We would also expect to see in the visible region the Ru[d(n)]
— L(n*) MLCT transitions associated with the arylazopyridine
m-acceptor ligands; on the basis of the electrochemical meas-
urements, which shows that L is more difficult to reduce than
tppz, these transitions are expected to be at higher energy than
the 580 nm MLCT transition. In [CI(L)(trpy)Ru"™]* for example
the MLCT transition to the arylazopyridine occurs at ca. 510—
520 nm, depending on the substituent, and has an intensity of
5,000-10,000 dm® mol ™! cm™! (for a single chromophore).?** On
this basis it is possible that the Ru[d(r)] — L(n*) MLCT transi-
tions may overlap with the high-energy side of the Ru[d(n)] —
tppz(n*) MLCT transition and not be separately resolved;
evidence for this comes from the spectroelectrochemical studies
(see below).

UV/Vis/NIR spectroelectrochemical measurements were per-
formed on complexes [1]**—[3]*" in MeCN at 243 K over a range
of six oxidation states, spanning charges —1 to +4. The results
are summarised in Table 4 and Figs. 4 and 5; all of the com-
plexes behaved very similarly, so the main points will be dis-
cussed with reference to complex [3]** whose spectra are used
in the figures. On one-electron oxidation to [3]*", giving the
Ru(m)-Ru(m) mixed-valence state, there are two important
changes in the electronic spectrum. Firstly, the intensity of the
intense MLCT manifold in the visible region is reduced by
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Fig. 5 Electronic spectra of [3** (——), and the reduced forms [3]*
(---), [3]° (+++) and [3]" (---), recorded in CH;CN at 243 K during a
spectroelectrochemical experiment.

approximately 50%, consistent with the fact that the oxidised
Ru centre is no longer acting as a n-donor. Actually we might
expect a weak LMCT transition associated with the Ru(mm)
terminus to appear,? but unless there is a strongly polarisable
ligand in the donor set, it will be weak and any such transition
will be obscured by the low-energy tail of the residual Ru(1)-
centred MLCT transition. Secondly, a new low-energy transi-
tion at 1890 nm (¢ = 3000 dm® mol~! cm™") appears which is an
inter-valence charge-transfer (IVCT) transition between the
Ru(1) and Ru(i) termini. This transition is narrow, with a full-
width at half maximum height (fwhm) value of 1650 cm™'; it is
also noticeably asymmetric, being cut off much more sharply
on the low-energy side." For a Gaussian IVCT peak in a class IT
mixed-valence complex, with an absorption maximum at 5300
cm™! the fwhm value is expected to be about 3500 cm ™. This
indicates the onset of class III behaviour, which means use of
the Hush equation®* to derive the electronic coupling con-
stant V, from the parameters of the IVCT transition will pro-
duce an underestimate which can be considered as a lower limit.
In fact application of the Hush equation gives V,, values of ca.
510 em™' for [3]**, 530 cm™' for [1]** and 570 cm™' for [2]*".
Based on the uncertainty in measurements from these near-IR
transitions due to interference from solvent bands on the low-
energy side we estimate an uncertainty in these values of ca.
10% which makes them more or less comparable although we
note that order of V, values follows the order of K, values for
the mixed-valence states derived form electrochemical data,
with [2]** having the largest and [3]** having the smallest.
There is very little literature data available to use for com-
parison purposes. Sauvage, Launay and co-workers'** calcu-
lated a ¥V, value of ca. 3200 cm™ for [{(tterpy)Ru},(u-dppz)]**
[tterpy = 4'-(tolyl)terpyridine] based on the assumption that it
was class 111, such that V,, is just half the energy of the IVCT
transition (a similar assumption for [1]**—[3]** would give V,,
values of about 2600 cm ™! in each case, which we can take as an
upper limit). The separation of 300 mV between the successive
Ru(1)/Ru(min) couples for [{(tterpy)Ru},(u-dppz)]** is however
somewhat greater than we observe for [1]**—[4]*" over the
same metal-metal separation, suggesting that [{(tterpy)Ru},-
(u-dppz)I’* should have a higher V,,. The closest analogue to
our complexes is [{Cl(bpy)Ru},(u-tppz)]** for which a redox
separation of 290 mV between the Ru(m)/Ru(t) couples was
measured but whose mixed-valence properties have not yet been
fully described,'® although they are briefly mentioned in a
recent review." In this review it is suggested that [{Cl(bpy)-
Ru},(u-tppz)]**, which has a narrow IVCT transition at 6070
cm™! (1647 nm), is best described as being electronically local-
ised, although the narrowness of its IVCT transition implies
decoupling of the inter-valence electron transfer from sol-
vent reorientation.” This happens when the rate of electron
exchange in the (localised) mixed-valence state is sufficiently
fast that the solvent reorientation cannot keep up and solvent
averaging occurs, with the consequence that an electronically
localised complex can still show the lack of solvent-dependence

(and narrow IVCT transitions) more usually associated with
class III behaviour. Such cases have been defined as class II-111
hybrids.” This seems to be an appropriate description for [1]*"—
[4]**, for which the separations between Ru(m)/Ru(i) redox
potentials of up to 250 mV are less than the values often
observed for genuine class III complexes (e.g. 390 mV for the
Creutz-Taube ion),*” but for which the IVCT transition is
much narrower than expected for class II behaviour. Determin-
ation of V,, values for these complexes is problematic because
the simple assumptions used for class I or class 111 extremes
give under- and over-estimates of V,,, respectively, as shown
above." It is noteworthy that the apparently very similar com-
plex [{Cl(bpy),Ru},(u-pz)]*" (pz = pyrazine), which has the
same bridging pathway as in [{Cl(dmb)Ru},(u-tppz)]** and an
essentially identical (pyridine),(pyrazine)(chloride) donor set,
nonetheless has quite different electronic properties with a
separation between Ru(m)/Ru(in) couples of only 120 mV.*
This implies that it is not safe to use the data available for
pyrazine-bridged mixed-valence complexes’¥ to compare with
those containing a tppz bridge such as [1]**—[4]**, even when
the donor sets are apparently very similar.

On further oxidation to the Ru(tr)-Ru(mn) state, the residual
Ru()-centred MLCT transition disappears completely (Fig. 4),
being replaced by a relatively weak transition at ca. 740 nm (e,
ca. 1000 dm® mol~' cm™") which we assign as an LMCT process
associated with the Ru(m) centres.***® Also the transition at
1890 nm disappears in every case, which confirms its assign-
ment as an IVCT process since it is associated only with the
mixed-valence state and not with either of the isovalent states.

(i) Reductions. On one-electron reduction of each of the
starting complexes to the +1 species, a reduction of the tppz
bridging ligand ocurs resulting in one intense new transition at
ca. 990 nm (g, ca. 15000 dm®* mol' cm ™) in every case (Fig. 5).
Given that the reduction is tppz-centred there are only two pos-
sibilities for this: (i) it could be an internal transition associated
with the ligand radical, or (ii) it could be a ligand-ligand
charge-transfer [(tppz'~) — L(n*)] from the now electron-
rich ligand anion to the LUMO of one of the arylazopyridine
m-acceptors. In the absence of any literature data on the
electronic spectra of tppz-based radicals we can turn to calcu-
lations, and a ZINDO calculation shows that reduction of free
tppz to its radical anion should generate an intense new elec-
tronic transition at 1010 nm (g, 20000 dm® mol ™' cm™!) which is
a fully allowed n(SOMO) — n*(LUMO + 1) transition. This
is in very good agreement with what we observe. Secondly,
charge-transfer transitions between electron-rich and electron-
deficient ligands have been demonstrated in related cases and
tend to occur in the near-IR region of the spectrum.® It is
perhaps surprising that the intensity of the principal MLCT
transition at around 570 nm should only decrease in intensity
by about 10% as the tppz unit is reduced; presumably this area
of the spectrum (as suggested above) also includes the expected
Ru[d(n)] — L(n*) MLCT transitions whose intensity will not
be affected much by a tppz-based reduction.

Further reductions of the complexes to the neutral and then
—1 states, i.e. reduction of each of the arylazopyridine ligands
in turn according to the assignments discussed earlier, have two
effects on the spectra (Fig. 5). Firstly, the area of MLCT
absorption in the visible region (500-700 nm) steadily decreases
in intensity as the ligand-based acceptor orbitals become singly
occupied. Secondly, changes in the near-IR region, where
ligand-radical centred and LLCT transitions are expected,
occur. The intense transition at 992 nm discussed above almost
completely disappears on reduction; this behaviour is not
consistent with it being a solely tppz-radical centred transition,
but suggests that it has [(tppz'~) — L(n*)] LLCT character
which would be diminished by reduction of the acceptor
ligands L. Also, in the +1, 0 and —1 states the near-IR region
from 1200 nm downwards contains poorly-resolved broad areas
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of absorbance which could be assigned to LLCT bands
between reduced and non-reduced ligands, or to ligand-centred
transitions associated with the radical states, or a combination
of both.’? For example, [Ru(bpy);]*" displays, in its partially-
reduced forms, transitions in the region of 2000 nm associated
with (bpy ™) — (bpy) LLCT processes.** Examination of the
more highly reduced states of the complexes proved not to be
possible due to slow decomposition of the complexes on the
slow timescale of spectroelectrochemistry.

Finally, we note that the mono-reduced species [1]7-[4]"
could be generated on a larger scale from the starting com-
plexes, either by controlled-potential coulometry in acetonitrile,
or chemically by reduction with hydrazine hydrate in aceto-
nitrile. The resulting violet-coloured solutions are reasonably
stable at 298 K, although attempts to isolate the reduced species
invariably resulted in re-oxidation during the work up process.
Solutions of [1]*—[4]" exhibit an intense, symmetric and sharp
EPR signal at around g = 2.0 (see Table 1 for precise values),
with a peak—peak separation of 10 G (Fig. 6); this signal is
clearly indicative of formation of a ligand centred radical, as
expected. 33

tcne

3100 3200 3300 3400
HIG

Fig. 6 X-Band EPR spectrum of chemically reduced complex [4]" in
CH,;CN solution at 77 K.

Conclusions

The series of dinuclear complexes described in this paper illus-
trate several points. The use of strongly m-acceptor terminal
ligands (arylazopyridines, instead of e.g bipyridine) shifts the
Ru(m)/Ru(m) redox potentials to more positive values, as
expected, and also decreases the K, value for the mixed-valence
Ru(m)-Ru(m) state [i.e. reduces the separation between the suc-
cessive Ru(m)/Ru(m) couples]. Similar behaviour is seen on a
smaller scale within the series of complexes with different sub-
stituents; an electron-donating substituent (methyl) on the aryl
group of the terminal ligand slightly increases the K, value,
whereas an electron-withdrawing substituent (Cl) decreases it.
Nevertheless, the redox separations of 190-250 mV indicate a
still-substantial electronic coupling between the metal centres
across the pyrazine-based bridging ligand. On one-electron
oxidation to the Ru(m)-Ru(m) state all the complexes show
an IVCT transition at ca. 1900 nm, which is in each case
much narrower than expected for a class II mixed-valence
state; this is indicative of some class III character, in agree-
ment with the properties of two related complexes in the
literature. Several ligand-centred reductions were also detected
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electrochemically, and electronic spectra of the reduced forms
were recorded.

Experimental
Materials

The starting ruthenium precursor [CL,Ru™(u-tppz)Ru™Cl;] was
prepared according to the reported procedure.'*® The peripheral
2-(arylazo)pyridine ligands (L'-L*) were synthesized using the
literature methods.'® Other chemicals and solvents were reagent
grade and used as received. For electrochemical studies HPLC
grade acetonitrile was used. Commercial tetraecthyl ammonium
bromide was converted to pure tetracthylammonium per-
chlorate (TEAP, used as base electrolyte) by following an avail-
able procedure.®*

Physical measurements

Solution electrical conductivity was checked using a Systronic
conductivity bridge 305. Infrared spectra were taken on a
Nicolet spectrophotometer with samples prepared as KBr
pellets. NMR spectrum was recorded in (CD;),SO solvent using
a 300 MHz Varian FT spectrometer. UV/Vis/NIR spectro-
electrochemical studies were performed in MeCN solvent at
243 K using an optically transparent thin layer electrode
(OTTLE) cell mounted in the sample compartment of a Perkin-
Elmer Lambda 19 spectrophotometer; the cell design and the
method used have been described previously.** Cyclic voltam-
metric and coulometric measurements were carried out using a
PAR model 273A electrochemistry system. A platinum wire
working electrode, a platinum wire auxiliary electrode and a
saturated calomel reference electrode (SCE) were used in a
standard three-electrode configuration. TEAP was the support-
ing electrolyte and the solution concentration was ca. 107* mol
dm™?; the scan rate used was 50 mV s~'. A platinum gauze
working electrode was used in coulometric experiments. All
electrochemical experiments were carried out under dinitrogen
atmosphere and all redox potentials are uncorrected for junc-
tion potentials. The elemental analyses were carried out with a
Perkin-Elmer 240C elemental analyser. The electrospray mass
spectrum was recorded on a Finnigan LCQ ADVANTAGE
mass spectrometer; USA.

Preparation of complexes [1-4](Cl0,),-2H,O

All the complexes were prepared by the same general procedure,
yields vary in the range 75-80%. The details are given for one
representative complex, [4](ClO,),-2H,0.

[{(LYCIRu"} ,(n-tppz)1(C10,),-2H,0, [4](C10,),-2H,0. The
starting ruthenium complex [CLRu™(u-tppz)Ru™Cl,] (150 mg,
0.19 mmol), L* (93 mg, 0.47 mmol), LiCI (80 mg, 1.9 mmol) and
NEt, (0.5 cm®) were added in absolute ethanol (20 cm®) and the
reaction mixture was heated to reflux with stirring for 6 h,
under a dinitrogen atmosphere. The initial light green colour
solution gradually changed to deep blue. The solvent was evap-
orated under reduced pressure. Saturated aqueous NaClO,
solution was then added to the concentrated acetonitrile solu-
tion of the product. The solid precipitate thus obtained was
filtered and washed thoroughly by cold ethanol followed by ice-
cold water. The crude product was purified by column chrom-
atography on alumina. Initially the side product Ru(L*),Cl, was
eluted using 5 : 1 CH,Cl,~CH;CN; then the complex [4](ClO,),*
2H,0 was eluted using 5 : 2 CH,Cl,~CH;CN mixture as eluent.
Yield: 70% (170 mg). Apa/nm (10~ &/dm?® mol ™' em™'): 576 (33),
384 (46), 292 (49), 213 (104).

Crystallography

A small single crystal of [4](ClO,),-(H,0),;(CH,Cl,),; was
grown by slow diffusion of an acetonitrile solution of the



Table 5 Crystallographic data for [4](ClO,),*(H,0),;*(CH,Cl,),;5

Empirical formula Cis.33Ha0Cly 67N 1205 67,RU,

FW 1295.16
Crystal symmetry, space group Triclinic, P1
al 10.9908(3)
blA 12.7354(3)
clA 27.5708(7)
al® 98.012(2)
pr 96.645(10)
y° 99.560(2)
VIA3 3730.10(16)
V4 3

TIK 90(2)
Peateal g cM 1.730
Absorption coefficient/mm ™! 7.818

7425, 24, 978
0.0566, 0.2097

Data, restraints, parameters
Final R,, wR,

complex into benzene, followed by slow evaporation. Signifi-
cant crystal data collection and refinement parameters are
listed in Table 5. X-Ray measurements were made at 90 K using
a Bruker-AXS Proteum area-detector diffractometer with
monochromated Cu-Ko radiation (1 = 1.54056 A). After inte-
gration of the raw data and merging of equivalent reflections,
an absorption correction was applied based on comparison of
multiple symmetry-equivalent measurements.*® The structure
was solved by direct methods and refined by full-matrix least
squares on weighted F? values for all reflections using the
SHELX suite of programs.’” Most of the non-hydrogen atoms
were assigned anisotropic displacement parameters and refined
without positional constraints; however, due to the weakness of
the data (the crystal was < 0.1 mm in every dimension), 13 of
the non-H atoms (the C atom of the disordered CH,Cl, mole-
cule, and 12 ligand C or N atoms) were refined isotropically to
keep the refinement stable. All hydrogen atoms were con-
strained to ideal geometries and refined with fixed isotropic
displacement parameters. Hydrogen atoms were not included
for disordered solvent molecules, viz. two H,O (each with 50%
site occupancy) and one CH,CI, (with 50% site occupancy) per
asymmetric unit. The main residual electron-density peaks, of
around 1 ¢ A=, are in the vicinity of the partial-occupancy
CH,Cl, molecule and the nearby perchlorate anion, indicative
of further disorder which could not be resolved

CCDOC reference number 186198.

See http://www.rsc.org/suppdata/dt/b2/b204862k/ for crystal-
lographic data in CIF or other electronic format.
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