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The electrochemical reduction of the [Ru(2,3-dpp),(bpy)snI2+ complexes (n = 1-3), which are extensively used as 
building blocks for the synthesis of polynuclear compounds, has been investigated at -54 OC in DMF solution up 
to a limit of -3.1 V vs SCE (dpp is the potential bridging ligand bis(2-pyridy1)pyrazine and bpy is 2,2’-bipyridine). 
For comparison purposes, the electrochemical behavior of the free 2,3-dpp ligand has also been investigated. The 
results obtained have been discussed and compared with those previously reported for bpy and Ru(bpy)32+. Convolutive 
analysis and simulation of the cyclic voltammetric curves have been performed to obtain the redox potentials in the 
case of overlapping waves. [Ru(2,3-dpp)3]2+, [Ru(2,3-dpp)2(bpy)12+, and [Ru(2,3-dpp)(bpy)2]2+ display 12, 10, 
and 8 reduction steps, respectively, in the potential window examined. The corresponding redox series are thus 
noticeably more extended than those exhibited by [Ru(bpy)#+ and related complexes not containing bridging-type 
ligands. The analysis of the genetic diagram which relates the redox potentials observed for 2,3-dpp, [Ru(2,3- 
dpp)3I2+, [Ru(2,3-dpp)2(bpy)12+, [Ru(2,3-dpp)(bpy)2I2+, [Ru(bpy)3I2+, and bpy shows that each redox step in the 
metal complexes is essentially localized on a specific ligand. A satisfactory assignment of the redox sites has been 
proposed, and their mutual interactions have been discussed. The results obtained show that in order to arrive at 
a satisfactory assignment of the redox series for a complex containing redox-active ligands a comparison with the 
behavior of complexes of the same family is as much instructive as a comparison with the behavior of the free ligands. 

introduction particularly convenient method to obtain such supramolecular 

Assembly of molecular components that possess specific 
properties is currently matching much attention as a strategy to 
obtain advanced materialsat-’ Components with suitable redox 
potentials and/or excited-state levels are fundamental building 
blocks for the design of photochemical molecular devices capable 
of performing important functions such as information storage,* 
solar energy conversion>Jo and multielectron catalysis. l0,l1 

Ru(I1) complexes of polypyridine-type ligands12J3 can be used 
as building blocks to synthesize redox-active and luminescent 
supramolecular (polynuclear) metal complexes where electron- 
and/or energy-transfer processes can be induced by light.6J4 A 
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Hpecies is that based on the use of bridging ligands (BL) like 
bis(2-pyridy1)pyrazine (2,3-dpp, Figure 1) to connect metal- 
containing units.15 The nonbridging ligands (called terminal 
ligands, L) present in such supramolecular species are usually 
2,2’-bipyridine units (bpy, Figure 1). Using this method, 
polynuclear Ru(I1) complexes containing 2,3,4,6,7,10,13, and 
22 metal atoms, as well as a large numbers of bridging ligands 
(up to 21) and terminal ligands (up to 24), have been recently 
obtained.16 

The interpretation of the electrochemical and photophysical 
behavior of polynuclear metal complexes needs a detailed 
understanding of the electrochemical and photophysical behavior 
of each mononuclear component, as shown by previous studies 
on di- and trinuclear complexes containing other types of bridg- 
ing l igand~. l~-3~ As one can see from the schematic picture of 
the tridecanuclear species shown in Figure 2, the essential com- 
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bPY 9 L 2,3-dpp, BL 
Figure 1. Structural formulas of the bridging ligand (BL) 2,3-bis(2- 
pyridy1)pyrazine and of the terminal ligand (L) 2,2'-bipyridine. 

ponents of the large family of polynuclear compounds containing 
the 2,3-dpp bridging ligand are the [Ru(p-BL)3l2+, [RU(~-BL)~-  
(L)I2+, and [Ru(pBL)(L)2]2+ mononuclear species. As a first 
step toward the examination of the electrochemical behavior of 
the polynuclear species, we have carried out a thorough inves- 
tigation on the [Ru(2,3-dpp)3]2+, [Ru(2,3-dpp)2)(bpy)]2+, and 
[Ru(2,3-dpp)(bpy)#+ mononuclear complexes. It will also be 
shown later that a comparison of the electrochemical behavior 
of these mononuclear species (and the previously studied [Ru- 
(bpy)312+) is very useful for the identification of the redox sites 
and for an evaluation of their interactions. For comparison 
purposes, the behavior of the noncoordinated 2,3-dpp ligand has 
also been studied. The investigations have been carried out in 
DMF at -54 OC and with scrupulous exclusion of any traces of 
water and the other proton donors. The results obtained have 
evidenced extended redox series (i.e., sets of compounds having 
identical stoichiometric composition and differing only in the 
overall number of electron~)3~ that have been interpreted by means 
of a genetic diagram which relates the redox potentials observed 
for the free ligands (2,3-dpp and bpy) and their homo- and 
heteroleptic Ru complexes. 
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Figure2. Schematic pictureof a tridecanuclear metalcomplexlQ showing 
the three types of mononuclear units investigated in this work. 

Experimental Seetion 
All the materials were reagent grade chemicals. 2,3-Bis(2-pyridyl)- 

pyrazine (2,3-dpp) was prepared according to a literature method.36 The 
synthesis of the above mentioned complexes has been previously 
reported.15J6 Dry vacuum-distilled Nfl-dimethylformamide (DMF) was 
mixed under argon with sodium anthracenide and allowed to stand for 
5 days in order to remove any traces of water and oxygen, according to 
the method of Aoyagui and co-worker~.~' The solvent was then distilled 
via a closed system into an electrochemical cell containing the supporting 
electrolyte and the species under examination. 

Cyclic voltammetric experiments were carried out in a single- 
compartment electrochemical cell of the type described clsewhere,9* 
utilizing platinum as working and counter electrodes and a silver spiral 
as quasi-referenceelcctrode. We haveverified that its drift was negligible 
for the time required by an experiment. All the potentials are referred 
to an aqueous saturated calomel electrode (SCE). They have been 
determined by adding, at the end of the measurements, [Ru(bpy)#+ as 
an internal standard. The peak potentials were measured with respect 
to a Ru(bpy)02+ peak, which docs not superimpose with those of the 
species under investigation. The potentials for Ru(bpy)32+ referred to 
SCE, as previously de t~rmined?~ are reported in Table I. The cell 
containing the supporting electrode ( C ~ H S ) ~ N B F ~  was dried under vacuum 
((7-9) X 10-5 mbar) a t  140 OC for 48 h before each experiment. 
Successively the species under study were introduced, under argon 
atmosphere, into the cell, which was then kept under the above vacuum 
conditions for 60 h at 90 OC before the distillation of the solvent. 

Voltammograms were recorded with an AMEL Model 552 potentiostat 
controlled by an AMEL Model 568 programmable function generator, 
an AMEL Model 863 X-Y recorder and a Nicolet Model 3091 digital 
oscilloscope. The minimization of the uncompensated resistance effect 
in the voltammetric measurements was achieved by the positive-feedback 
circuit of the potentiostat. For differential pulse polarography experi- 
ments, the equipment used was an AMEL Model 466 polarographic 
analizer. 

Results and Discussion 

The experimental conditions used in this work have allowed 
us to explore a wide potential window (up to --3.1 V us SCE). 
Some of the compounds investigated had previously been studied 
in a much narrower potential range.16.40 

Electrochemical Behavior of Free Ligands. In order to 
understand the pattern for the ligand-based redox series, one of 
the main prerequisites is to know the electrochemical behavior 
of the free ligands. For the free bpy ligand, in a previous ~ t u d y 3 ~  
performed under the same experimental conditions used in this 
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Electrochemical Reduction of Ru(I1) Complexes 

Table I. Reduction Potentials in DMF at -54 OC vs SCE 
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2J-dpp -1.93 -2.55 -2.74 
[Ru(bpy)a12+ -1.33 -1.48 -1.70 -2.32 -2.55 
[ R u ( ~ , ~ - ~ P P ) ( ~ P Y ) ~ ] ' +  -1.04 -1.43 -1.64 -2.06 -2.38 
[ R U ( ~ , ~ - ~ P P ) ~ ( ~ P Y ) ] ~ +  -0.99 -1.17 -1.58 -1.97 -2.17 
[Ru(2,3-dpp)3l2+ -0.94 -1.08 -1.32 -1.93 -2.13 
bPy' -2.09 -2.69 

* Reference 39. 
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Figure 3. Cyclic voltammetric curve for 5 X 1P M DMF solution of 
2,3-dpp (a) and bpy (b) in 0.1 M (CzH5)dNBFd. Working electrode: R. 
Sweep rate: 0.05 VIS. T = -54 OC. 

work, two one-electron steps were found, both chemically and 
electrochemically reversible, with E112 equal to -2.09 and -2.69 
V. 

For 2,3-dpp, the data reported in the literature are only relative 
to the first reduction process due to the restricted potential range 
in~estigated.~' Since we are interested in a much wider potential 
window, its electrochemical behavior has been re-examined. The 
cyclic voltammetric curve (cvc) recorded at low temperature is 
reported in Figure 3, where the cvc for bpy is also shown for 
comparison purposes. Three reduction peaks are observed. They 
are all electrochemically reversible, but while the first is also 
fully chemically reversible, the second and third peaks present 
some degree of chemical irreversibility. Each peak corresponds 
to a one-electron process. By using the usual diagnostic criteria 
(in particular, by considering that thevalues of thecathodic current 
peaks are always in the ratio 1:l:l in the whole range of sweep 
rates explored (0.05-50 V/s)), it can be concluded that three 
electrons are accepted in a sequence by the starting molecule. 
The possible coupled chemical reactions do not seem to lead to 

(40) (a) Fucb, Y.; Lofters, S.; Dieter, T.; Shi, W.; Morgan, R.; Strekas, T. 
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1989, 28, 81. (d) Berger, R. M. Inorg. Chem. 1990, 29, 1920. (e) 
Coopcr, J. B.; MacQuecn, D. B.; Petersen, J. D.; Wertz, D. W. Inorg. 
Chem. 1990,29,3701. (f) Richter, M. M.; Brewer, K. J. Inorg. Chem. 
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Md. K. J. Phys. Chem. 1992.96, 5865. 
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-2.85 
-2.45 -2.65 -2.73 
-2.40 -2.45 -2.51 -2.57 -2.80 
-2.22 -2.59 -2.65 -2.70 -2.73 -2.71 -2.83 

electroactive species. The Ell2 values, obtained by averaging the 
cathodic and anodic peak potentials, are -1.93, -2.55, and -2.14 
V. 

By comparison of the E112 value for the first process for the 
two free ligands, it can be seen that 2,3-dpp is reduced more 
easily by about 0.2 V with respect to bpy, in agreement with the 
greater delocalization of its redox orbitals. The two reversible 
one-electron reduction processes of bpy occur at -2.09 and -2.69 
V, and their AE (0.60 V) is attributed to the coupling energy of 
the two electrons in the same redox orbital.3s The first reduction 
process of 2,3-dpp should mainly concern the pyrazine ring, which 
is known to be much easier to reduce than pyridine.42 The more 
positive (0.2 V)43 value of the first reduction potential of 2,3-dpp 
compared with pyrazine can be accounted for by some electron 
delocalization on the pyridine rings. The second reduction process 
is displaced toward more negative potentials by -0.6 V, as it 
happens for other similar ligands (e.g., bpy). This would suggest 
the coupling of two electrons on the same redox orbital. The lack 
of theoretical treatments and of experimental data obtained with 
other techniques prevents the assignment of the third reduction 
process to a specific orbital or site of the ligand. However this 
process, as we will see later, is only slightly displaced to more 
positive potentials upon metal coordination. This would suggest 
that it involves an orbital mainly localized on the pyridine unit 
that is not engaged in metal coordination. At any rate, the lack 
of a specific assignment for the third reduction process of free 
2,3-dpp does not affect the discussion that will be reported later 
concerning the identification of the ligands involved in the various 
reduction processes of the heteroleptic complexes. 

Ligand-Based Redox Series. Before discussion of the ligand- 
based redox series in the complexes of the [Ru(2,3-dpp),(bpy)h]2+ 
family ( n  = 0-3), two important points should be emphasized: 
(1) 2,3-dpp and bpy have quite different redox properties, as 
shown by the cvc of the free ligands (Figure 3) and of the two 
homoleptic complexes (vide infra). Since in Ru( 11) complexes 
the ligand-ligand interaction is weak,12 in the mixed-ligand 
complexes it should be possible to assign the various redox 
processestoeither 2,3-dppor bpy. (2) bpyisa symmetricchelating 
ligand, whereas 2,3-dpp is not symmetric since it uses a pyridine 
and a (substituted) pyrazine unit for chelation (Figure 1). The 
nonsymmetric nature of the 2,3-dpp ligands carries two important 
consequences: (a) For the [Ru(2,3-dp~)2(bpy)]~+ and [Ru(2,3- 
dpp)3]*+ complexes, three and two, respectively, geometrical 
isomers can exist in principle (Figure 4). (b) Identical chelating 
ligands may occupy nonequivalent positions in the coordination 
sphere (see, for example, the two bpy ligands of [Ru(2,3-dpp)- 
(bpy)2]2+, Figure 4a), and therefore they may experience slightly 
different ligand-ligand interactions. 

[Ru(2,3-dpp)(bpy)2I2+. On the basis of the behavior of the 
free ligands, [Ru(2,3-dpp)(bpy)212+ is expected to exchange at 
least seven electrons (three on 2,3-dpp and two on each bpy ligand). 

Figure 5a shows thelow-temperaturecvc recorded for v = 0.05 
V/s. As one can see, the curve presents six peaks, the first four 
corresponding to one-electron diffusion-controlled reversible 
processes, while each of the last two peaks corresponds to two 
consecutive one-electron diffusion-controlled reversible processes 

(42) Tabner, B. J.; Yandler, J. R. J .  Chem. SOC. A 1969, 382. 
(43) Roffia, S.; et al. Unpublished results. 
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Figure 4. Schematic representation of the possible geometrical isomers 
for [Ru(2,3-dpp)(bpy)2l2+ (a), [Ru(2,3-dpp)2(bpy)I2+ (b), and [Ru- 
(2,3-dpp)312+ (c). B-C and A-A indicate the pyrazine-pyridine and 
pyridinepyridine coordinating sites, respectively, of 2,3-dpp and bpy 
(see Figure 1). 
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Figure 5. (a) Cyclic voltammetric curve for a 5 X 104 M DMF solution 
of [Ru(2,3-dpp)(bpy)2]*+ in 0.1 M (C2Hs)4NBF4. Working electrode: 
Pt. Sweep rate: 0.05 V/s. T = -54 OC. (b) Simulated curve for the 
system and conditions reported in (a) (see text). 

with closely spaced standard potentials. Such interpretation is 
based on the analysis of the morphology and relative heights of 
the peaks, the scan rate independence of the current function, 
and the peak potentials of the individual peaks. 

The number of electrons exchanged in the individual processes 
as attributed on the basis of the cvc result is in agreement with 

-1 .o -2.0 -3.0 
E I V  

Figure 6. Voltammetric curve recorded with a platinum electrode with 
periodical renewal of the diffusion layer for a 5 X l0-C M DMF solution 
of [Ru(2,3-dpp)(bpy)2I2+in 0.1 M ( C ~ H ~ ) J N B F ~ .  T= -54 OC. Renewal 
time: 3 s. 

the data obtained from the voltammogram recorded with a Pt 
electrode with periodical renewal of the diffusion layer,U where 
the heights of the waves are in the ratio 1:1:1:1:2:2 (Figure 6). 
Experiments carried out with the differential pulse polarography 
technique did not show a significantly greater resolution of the 
multiplets with respect to the cvc. Therefore we have preferred 
to examine the cvc curve. 

The values of ,5112 for the various steps are reported in Table 
I. For single peaks, E1,2values were directly obtained by averaging 
the cathodic and anodic peak potentials. For the doublets, the 
Elpvalues were evaluated by convolutive analysis of the cathodic 
currents according to a procedure described by Ammar and 
Sa~6ant,4~ utilizing an algorithm given by Bard and Faulkner for 
the evaluation of the semi-integral of the current.46 In the analysis, 
the (simulated) extrapolated current curve of the preceding 
processes was used as base line for each doublet. The contribution 
to the current from the base solution was taken into account in 
all the calculations. 

The simulated current-potential curve is reported in Figure 
5b. As one can see, the agreement between the experimental and 
simulated curve is satisfactory. The simulation was carried out 
by extending the method4' for a two-step consecutive charge 
transfer to a multistep charge transfer and considering all the 
redox steps as one-electron diffusion-controlled reversible pro- 
cesses. The simulation parameters were obtained by a nonlinear 
regression analysis?* 

With reference to the identification of the redox sites, a first 
consideration concerns the extension of the redox series. The 
comparison between the number of electrons expected on the 
basis of the behavior of the free ligands (seven) and that 
experimentally observed (eight) shows that one more electron is 
exchanged by the complex in the potential window examined. 
Due to the full reversibility of all steps, this difference can only 
be accounted for by a reduction concerning the metal center or 
a further reduction of one of the ligands. The fact that such extra 
processes are related to the number of 2,3-dpp ligands contained 
in the complexes (vide infra) suggests that the eighth reduction 

(44) Famia, G.; Roffia, S. J .  Electroanal. Chem. 1981, 122, 347. 
(45) Ammar, F.; SavQnt, J. M. J .  Electroanal. Chem. 1973, 47, 215. 
(46) Bard, A. J.; Faulkner, L. R. Electrochemicul Methods; J. Wiley and 

Sons: New York, 1980; p 239. The algorithm used is eq 6.7.10. 
(47) Polcyn, D. S.; Shain, I. Anal. Chem. 1966, 38, 370. 
(48) Niki, K.; Kobayashi, J.; Matsuda, H. J .  Electroanal. Chem. 1984,178, 

333. 
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Figure 7. (a) Cyclic voltammetric curve for a 5 X 10-4 M DMF solution 
of [Ru(2,3-dpp)2(bpy)12+ in 0.1 M (C2Hs)dNBFd. Working electrode: 
Pt. Sweep rate: 0.05 V/s. T = -54 OC. (b) Simulated curve for the 
system and conditions reported in (a) (see text). 

process of [Ru(2,3-dpp)(bpy)#+ concerns the 2,3-dpp ligand. 
In other words, coordination to the metal increases the ability of 
2,3dpp to accept electrons, either making available another redox 
orbital or allowing electron pairing in an already available orbital. 
An analogous behavior observed for 2,2'-bipyrimidine ligated in 
a dinuclear complex has recently been interpreted in a similar 
way.18 In the case of the free 2,3-dpp ligand, EHMO calculations 
show that the energy separation between the LUMO + 1 and 
LUMO + 2 orbitals is of the order of magnitude of the electron 
pairing energ~.~9 Therefore both the above hypotheses are 
acceptable. 

[Ru(ZJ-dpp)Z(bpy)P+. Figure 7a shows the low-temperature 
cvc recorded for u = 0.05 V/s. The first five peaks and the last 
one are reversible, each corresponding to a one-electron process. 
As to the broad peak which follows the first fiveones, an indication 
of the overall number of electrons exchanged comes from the 
analysis of the voltammogram obtained with a Pt electrode with 
periodical renewal of thediffusion layer (Figure 8). The heights 
of the various successive waves are in the ratio 1:1:1:1:1:4:1. 
Therefore, the number of electrons exchanged in correspondence 
with the broad peak is 4. For this complex, as in the case of the 
preceding one, the use of differential pulse polarography did not 
show, for the overlapping waves, a better insight with respect to 
cv. 

Considering all the processes as one-electron diffusion- 
controlled reversible processes, a simulated curve (calculated 
according to the above mentioned procedure) has been obtained 
(Figure 7b). As one can see, the agreement between the 
experimental and the simulated curve is satisfactory. The E112 
values reported in Table I have been obtained as a mean of the 
cathodic and anodic peak potentials for the single peaks and by 
means of the simulation for the broad multielectron peak. 

As far as the extension of the redox series is concerned, it can 
be seen that the number of exchanged electrons exceeds by two 

(49) De Cola, L.; Barigelletti, F. Guzz. Chim. Irul. 1988, 118, 477 and 
unpublished results. 
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Figure 8. Voltammetric curve recorded with a platinum electrode with 
periodical renewal of the diffusion layer for a 5 X 10-4 M DMF solution 
of [Ru(2,3-dpp)2(bpy)I2+in 0.1 M (C2Hs)rNBFr. T = -54 OC. Renewal 
time: 3 s. 

-1 .o 2.0 - 3.0 
E I V  

-1.0 -2.0 - 3.0 
E / V  

Figure 9. (a) Cyclic voltammetric curve for a 5 X 10-4 M DMF solution 
of [Ru(2,3-dpp)3I2+ in 0.1 M ( C ~ H S ) ~ N B F ~ .  Working electrode: Pt. 
Sweep rate: 20 V/s. T = -54 OC. (b) Simulated curve for the system 
and conditions reported in (a) (see text). 

that expected on the basis of the behavior of the free ligands. This 
is in line with the preceding hypothesis that 2,3-dpp in the ligated 
state exchanges one more electron with respect to the free state. 

As shown in Figure 4, three different geometrical isomers are 
possible in principle for [ Ru(2,3-dpp)2(bpy)] 2+. The cvc of Figure 
7a shows that either only one isomer is present or different isomers 
exhibit thesame electrochemical behavior within the experimental 
uncertainties. 

[Ru(2,3-dpp)#+. Figure 9a shows the low-temperature cvc 
recorded for 20 V/s. Because of the relatively high sweep rate, 
thecurve has been corrected for the capacitive current by digitally 
substracting the corresponding base solution curve stored into 
the bubble memory of the oscilloscope. The first four peaks 
correspond to four one-electron diffusion-controlled reversible 
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Figure 11. Comparison of the Et12 values (genetic diagram) for the 
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Figure 10. Voltammetric curve recorded with a platinum electrode with 
periodical renewal of the diffusion layer for a 5 X 10-4 M DMF solution 
of [Ru(2,3-dpp),I2+ in 0.1 M (CzH5)dNBFd. T = -54 "C. Renewal 
time: 3 s. 

processes. The fifth peak seems to be composed by two closely 
spaced one-electron reversible peaks. As to the last broad peak, 
the charge exchanged during the sweep suggests that it corresponds 
to six electrons. The number of electrons exchanged in the various 
processes is in agreement with that obtained by recording a 
voltammogram with a Pt electrode with periodical renewal of the 
diffusion layer (Figure lo), where the heights of the waves are 
in theratio 1:1:1:1:2:6. Alsoin thecaseofthiscomplexdifferential 
pulse polarography experiments were carried out in order to see 
whether a better separation of the overlapping waves was 
achievable, but the presence of kinetically unstable species made 
this techniqueless suitable than CV. On thebasis of these results, 
the simulation of the cvc (Figure 9b) has been carried out under 
the hypothesis that all the processes are one-electron diffusion- 
controlled reversible processes. 

As one can see from Figure 9, the agreement between the 
experimental and simulated curves is satisfactory. At lower sweep 
rates, such as those utilized for recording the cvc for the preceding 
complexes, the anodic counterpart of the last broad peak is much 
lower than the cathodic part, which still corresponds to the 
exchange of six electrons. Due to the multielectron nature of the 
process, such irreversibility remains unexplained. The Ell2 for 
the various processes, obtained as illustrated before, are reported 
in Table I. 

As far as the extension of the redox series is concerned, the 
overall number of electrons introduced in the complex (1 2) is in 
agreement with the above hypothesis that 2,3-dpp in the ligated 
state can acquire 4 electrons in sequence. 

As shown in Figure 4c, [Ru(2,3-dpp)J2+ can exist as two 
geometrical isomers. 99Ru and IHNMR data50 indicate a 9:l 
ratio of the mer and fac isomers. In the cvc curve there is no 
evidence for the presence of two species, presumably because of 
the large predominance of the mer isomer and/or the likely similar 
behavior of the two isomers. 

Identification of the Redox Sites. In order to identify the redox 
sites, the patterns of the Ell2 values for the systems [Ru- 
(2,3-dpp),(bpy)3-,]2+ with n = 0-3 is compared in Figure 1 1 with 
those of the free ligands. 

Excluding for the moment the processes not expected on the 
basis of the behavior of free 2,3-dpp, it can be seen that there is 
a clear correlation between the redox potentials of the freeligands 
and those of the corresponding complexes in the sense that, on 

(50) Predieri, G.; Vignali, C.; Denti, G.; Serroni, S. Work in progress. 

ligands and the complexes [Ru(2,3-'dpp),(bp,),]*+ (n =%-3)'in 0.1 M 
(C~HJ)~NBF~/DMF. T -54 "C. 

going from [Ru(bpy)312+ to [Ru(2,3-dpp)3I2+ or vice versa, the 
generation of multiplets of redox processes is observed according 
to the rules followed by systems containing multiple, mutually 
and not too strongly interacting redox centers.35 

Besides the correlations between the Ell2 values of the free 
ligands and those of the corresponding complexes, the diagram 
of Figure 11 shows that a correlation also exists for the processes 
that occur in the coordinated state only, as recently reported for 
[ (Ru(bpy)2)2( bpm)14+ (bpm = 2,2'-bipyrimidine).18 

It should be pointed out that the correlation established in 
Figure 1 1 are unambiguous only for those processes occurring in 
the same molecule at sufficiently different Ellis. For other 
processes the lines connecting the various E I / ~ s  only represent, 
at this stage of the discussion, correlations between the number 
of processes which are expected and not expected on the basis of 
the behavior of free ligands rather than a real succession of 
Occurrence of the processes. Some light on these processes will 
be thrown by considering the entity of mutual interactions between 
the redox centers (vide infra). 

Figures Sa, 7a, and 9a show the assignment proposed on the 
basis of the correlations shown in the genetic diagram of Figure 
1 1. In this connection and on the basis of the preceding discussion, 
only the first four, five, and six processes for the complexes [Ru- 
(2,3-dpp)(bp~)21~+, [ R ~ ( Z ~ ~ P P ) ~ ( ~ P Y ) I ~ + ,  and [ R U ( ~ , ~ - ~ P P ) ~ I ~ + ,  
respectively, are unambiguously localized at the moment. 

Redox Sites: Interaction and Localization. The differences 
among the various Ell2 values reported in Figure 1 1 and in Table 
I will be now examined in order to obtain information on the 
mutual interactions among the redox sites and, at the same time, 
to support the proposed assignment for the localization of the 
redox sites. 

Let us first consider the behavior of the tris complexes. The 
ligands in the coordinated state are reduced at much more positive 
potentialscompared to thefreestate,inagreement with thestrong 
stabilization of the redox orbitals produced by the coordination.35 
The observed shift is 0.99 and 0.76 V for 2,3-dpp and bpy, 
respectively. The difference between these two values can 
reasonably be attributed to a greater ability of 2,3-dpp to donate 
negative charge to the metal ion. 

For both complexes the first six electrons introduced (the only 
ones observed for the bpy complex) can be grouped in two triplets 
separated by a potential difference of about 0.6 V, which 
corresponds to the observed difference between the first and the 
second peak in the free molecule and which, at least for bpy,35 
can be attributed to spin-pairing energy. The separation between 
successive peaks of triplets are similar but not identical for the 
two complexes, indicating different interactions between the redox 
sites. Particularly strong is the difference in the potential 
separation between the fifth and the sixth peak, which is 90 mV 
in the 2,3-dpp complex and 300 mV in the bpy complex. This 
can probably be related to the nonequivalent geometrical situation 
of the three 2,3-dpp ligands in the mer isomer (which is by far 
the dominant species; see above). In this species, in fact, the 
three 2,3-dpp ligands have two pyrazines, a pyrazine and a 
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pyridine, and two pyridines in the trans positions (Figure 4c). 
This could imply different ligand-ligand interactions, on successive 
reduction of the ligands, through the metal orbitals, especially 
for high electron densities. 

The other remarkable feature of [Ru(2,3-dpp)3]2+ is the 
presence of a broad six-electron peak. It seems likely that the 
first three of these six electrons correspond to the third reduction 
of each 2,3-dpp ligand, already observed in the free ligand (Figure 
11). The small stabilization of this process upon coordination 
(compare with the third reduction potential of the free ligand) 
and the small separation of the three peaks corresponding to the 
successive third reduction of each ligand suggest that the third 
electron enters a 2,3-dpp molecular orbital mainly localized on 
the noncoordinated pyridine moiety. The small displacement of 
the successive three peaks suggests that they correspond to 
occupation of another 2,3-dpp orbital (rather than electron 
pairing). The fact that such an orbital is not accessible in the 
free ligand (up to --3.1 V) suggests that it is mainly localized 
in the coordinating moieties of the ligand. 

Let us now consider the mixed-ligand complexes [Ru(2,3-dpp)- 
(bpy)2]2+ and [Ru(2,3-dpp)~(bpy)]~+. It will be shown in the 
following that the redox potentials for the various redox centers 
can be justified by taking the homoleptic complexes as model 
compounds for the interaction among the various redox centers 
and considering the effect deriving from the substitution of bpy 
for 2,3-dpp ligands. 
On the basis of the genetic diagram of Figure 11, the first 

redox process in the complexes [Ru(2,3-dpp)(bpy)J2+ and [Ru- 
(2,3-dpp)2(bpy)]2+ has been attributed to the red,uction of 2,3- 
dpp. If one also considers, beside these two processes, the first 
reduction process in [Ru(2,3-dpp)1l2+, it can be seen that Ell2 
of the process shifts by about 50 mV toward more negative 
potentials for each replacement of a 2,3-dpp with a bpy. This 
can be reasonably ascribed to a lesser delocalization on the whole 
molecule of the 2,3-dpp redox orbital due to the substitution. 

As to the second redox process, in [Ru(2,3-dpp)(bpy)212+ it 
has been attributed to the reduction of bpy, and its difference 
with respect to the first one (AElp = -390 mV) can essentially 
be explained on the basis of (i) the different reducibility of bpy 
and 2,3-dpp (the latter being more easily reducible by about 200 
mV in the free state; vide supra) and (ii) a greater delocalization 
of the charge introduced by substituting a 2,3-dpp for a bpy. 
Since the process under discussion concerns a second electron 
introduced into the complex, a good approximation for evaluating 
its redox potential is to take Ell2 of the second reduction process 
in [Ru(bpy)3]2+ and to add 50 mV because of the substitution 
of a 2,3-dpp in the place of a bpy. The result obtained (Ell2 = 
-1.43 V) is coincident with the experimental value. Analogously, 
the second reduction potential of [Ru(2,3-dpp)z(bpy)12+ is, as 
expected for thesecond reduction of [Ru(2,3-dpp)3I2+, decreased 
by a quantity corresponding to the substitution of a bpy for a 

Let us consider the third process. In [Ru(2,3-dpp)(bpy)212+ 
it has been attributed to the reduction of the second bpy, and Ell2 
evaluated on this basis agrees well with the experimental 
observation. As a matter of fact, a good model for this process 
is the third process in [R~(bpy)3]~+ increased by about 50 mV 
to account for the substitution of a 2,3-dpp for a bpy. The same 
reasoning can be applied to the third process in [Ru(2,3-dpp)2- 
(bpy)]2+, which has been attributed to the first reduction of bpy. 
Since we are dealing with the third electron introduced in the 
complex, one can take Ell2 for the third process in [Ru(bpy)312+ 
increased by about 100 mV for the substitution of two 2,3-dpp 
for two bpy's. The value so obtained (-1.60 V) is in good 
agreement with the experimental value (El12 = -1.58 V). It may 
be noticed that the separation between the second and third peaks 
is very close to that observed for [Ru(bpy)3]2+, which shows that 
the nonequivalence of the two bpy ligands in [Ru(2,3-dpp)- 
(bp~)~]2+  caused by the lack of symmetry of the chelating 2,3- 
dpp ligand is almost negligible. 

2,3-dpp. 
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As far as the fourth process is concerned, for both [Ru(2,3- 
dpp)(bpy)2I2+ and [Ru(2,3-dpp)~(bpy)]2+ the E l l i s  are in good 
agreement with those expected by subtracting from the ElI2value 
of the fourth process of [R~(2 ,3-dpp)~]~+ 50 and 100 mV for 
[Ru(2,3-dpp)2(bpy)12+ and [Ru(2,3-dpp)(bpy)#+, respectively. 

Let us now consider the fifth peak. For [Ru(2,3-dpp)(bpy)212+, 
it has been attributed to the occurrence of two processes, with 
rather close standard potentials occurring in bpy and 2,3-dpp, 
respectively. The following arguments would be in favor of the 
fact that the reduction of bpy occurs before that of 2,3-dpp. 
Considering that the process is relative to the introduction of a 
fifth electron, E112 expected for the reduction of bpy would be 
given by Ell2 for the fifth process of [Ru(bpy)#+, increased by 
about 50 mV to account for the substitution in [Ru(bpy)312+ of 
a 2,3-dpp for a bpy. The resulting Ell2 would be -2.50 V, in 
substantial agreement with the experimental value (-2.38 V). 

As far as 2,3-dpp is concerned, the expected El12 would be that 
corresponding to the sixth process in [Ru(2,3-dpp)3]2+ decreased 
by two contributions, one due to the replacement of two 2,3-dpp 
with two bpy's and the other due to the fact that we are dealing 
with a third electron introduced in the same 2,3-dpp molecule 
and not with a second electron as it is the case in the starting 
model compound [Ru(2,3-dpp)#+. Considering the behavior 
of the free ligand, the latter contribution would be equal to about 
-200 mV. Thevalue thusevaluated is-2.42V, ingood agreement 
with theexperimentalvalueof-2.45 V. Analogous considerations 
based on the interchange of the two processes (2,3-dpp reduced 
before bpy) would lead to predicted Ell2 values too distant from 
the observed ones. 

With reference to the fifth peak for [Ru(2,3-dpp)2(bpy)12+, 
attributed to the reduction of the second 2,3-dpp, its E112 agrees 
wellwith thevaluededucedfrom the fifth Elllin [Ru(2,3-dpp)3I2+ 
decreased by the contribution of the substitution of a bpy for a 

The redox potentials corresponding to the various processes of 
the sixth peakof [Ru(2,3-dp~)(bpy)~]2+ and the sixth and seventh 
peaks of [Ru(2,3-dpp)2(bpy)]2+ are more difficult to justify on 
the basis of the homoleptic complexes as model compounds for 
at least two reasons: (i) The electronic interactions become larger 
in the highly reduced species. (ii) In the case of the seventh 
electron of both compounds the reference is lacking because [Ru- 
(bpy)312+ exhibits only six reduction processes. 

Conclusions 

2,3-dpp. 

The complexes studied in this work give rise to ligand-based 
redox series which are typical of systems with multiple, weakly 
interacting redox centers. The observed redox series formed by 
8,10, and 12 one-electron steps for [Ru(2,3-dpp)(bpy)212+, [Ru- 
(2,3-dpp)~(bpy)]2+, and [ Ru( 2,3-dpp)3] 2+, respectively, are con- 
siderably more extended than those previously reported for 
complexes of the polypyridine family. 

The analysis of a genetic diagram displaying the change of 
redox potentials for the various processes for the systems 
[Ru(2,3-dpp),(bpy)3,]2+ (n = 0-3) has allowed us to propose a 
satisfactory assignment for the localization of the redox sites and 
to obtain information on the extent of their mutual interaction. 
The results obtained have also shown that the extension of the 
redox series cannot be judged only on the basis of the behavior 
of the unligated centers since other redox orbitals of the ligands 
can become accessible upon coordination. 

The detailed knowledge of the electrochemical behavior of the 
[Ru(2,3-dpp),(bpy)3,]2+ building blocks will now allow us to 
investigate and interpret the very complicated electrochemical 
behavior of oligonuclear complexes of this family. 
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