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Eb average of cathodic and anodic peak potentials in cyclic voltammetry 

AEP 
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-. anion radical 

%T charge transfer maximum 

Solvents 

dce 1,2dichloroethane 
dcm dichloromethane 
dmf N, N-dimethylformamide 
dmso dimethyl sulphoxide 
MeCN acetonitrile 

PY pyridine 

Supporting electrolytes 

tbab tetra-n-butylammonium tetrafluoroborate 
tbah tetra-n-butylammonium hexafluorophosphate 
tbai tetra-n-butylammonium iodide 
tbap tetra-n-butylammonium perchlorate 
teah tetraethylammonium hexafluorophosphate 
teap tetraethylammonium perchlorate 

tpap tetra-n-propylammonium perchlorate 

A. PREAMBLE 

(i) Introduction 

In many ways the chemistry of transition metals is the chemistry of 
multiple oxidation states and the associated redox phenomena. If a particu- 
lar element were to be singled out to illustrate this viewpoint, a model choice 
would be ruthenium-an element that is directly or indirectly the active 
centre of a plethora of redox phenomena encompassing ten different oxida- 
tion states and a breathtaking diversity of structure and bonding. 

Recent advances in electronic instrumentation and pragmatic theories 
have made available to chemists powerful electrochemical tools for fine 
probing of redox changes executed in electrochemical cells in a controlled 
manner [l-7]. The impact of these developments has been felt in many areas 
of chemistry [8-121. The chemistry of ruthenium, which has witnessed 
spectacular progress [13-U] in recent years, is an example per se. The 
purpose of this article is to highlight certain advances in ruthenium chem- 
istry brought about through application of electrochemical techniques. 
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(ii) Early history 

Jaroslav Heyrovsky of Prague invented polarography in 1922. In the first 
three decades of polarography, very few studies were made on ruthenium 
compounds. The status is adequately reviewed in a 1951 paper dealing with 
the polarography of ruthenium(W) in perchloric acid solution [16]. Metal- 
locenes were discovered at about this time and the first report on the 
polarography of ruthenocene appeared in 1952 [17]. The main conclusion of 
this report, i.e. the oxidation of [Ru”($-C,H,),] to [Ru”‘($-C,H5)2]+, has, 
however, proved to be erroneous; the electrode material (mercury) is actu- 
ally oxidized [18]. Definitive studies of early years concern cyan0 [19], 0x0 
[20] and gluconato [21] species. The total volume of information available on 
the polarography of ruthenium complexes was still very meagre in 1960. 
Indeed, widespread use of voltammetric techniques in ruthenium chemistry 
began after 1970. Since then the modern techniques have become routinely 
available and subsequent progress has been rapid. 

(iii) Electrochemical techniques 

The information content is large and the uses of electrochemical experi- 
ments are many [4,5]. Table 1 lists some of the types of studies carried out 
by coordination chemists using electrochemical methods. 

The principles of the various controlled-potential and controlled-current 
electrochemical techniques now available to chemists are excellently covered 
in several texts [1,5,7]. Practical details of cells, electrodes, solvents and 
supporting electrolytes are also available [3,4,9]. Coordination chemists 
commonly use polarography at dropping mercury and rotating solid elec- 
trodes, cyclic voltammetry, differential pulse voltammetry, alternating cur- 

TABLE 1 

Some types of studies 

A. Accessible electron transfer steps: 
(a) metal and ligand oxidation levels 
(b) electron stoichiometry 
(c) reduction potential and its correlation with other properties 
(d) reversibility and heterogeneous kinetics 

B. Chemical reactions induced by electrochemical electron transfer 
C. Excitd state redox properties 
D. Electrosynthesis 
E. Chemistry with modified electrode 
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rent voltamrnetry and constant potential coulometry. Undoubtedly the most 
popular technique today is cyclic voltammetry at stationary solid electrodes. 
This technique was first practised by Sevcik in the late forties [22]. 

(iv) Scope 

In the present review we shall be primarily concerned with the oxidation 
states (see item A in Table 1) of certain ligands coordinated to ruthenium. 
This choice is deliberate since this is one area where the unique power of 
electrochemical methods is splendidly revealed_ Without these methods, 
development in this area would have been greatly hampered. A brief 
summary of metal oxidation states is also included as a prelude to the main 
subject of this review. We plan to describe the details of metal oxidation 
levels and reactions induced by electrochemical electron transfer in future 
reviews. We shall generally emphasize the information derived which is of 
chemical interest, leaving the details of formal electrochemical arguments in 
the background. This work neither is nor was intended to be an exhaustive 
compendium of electrochemical data of ruthenium compounds_ 

(v) Electrode reaction and reference electrodes 

Electrode reactions will be uniformly written as reductions (eqn. (1)): 

ox + ne _ red 0) 

Correspondingly, electrode potentials (EG ) are given as reduction poten- 
tials. The saturated calomel electrode (SCE) is probably the most widely 
used reference electrode and all potentials in this article are referenced to 
SCE. The potentials of some other standards on the SCE scale at 298 K are 
as follows: normal hydrogen electrode (NHE), -0.242 V; saturated 
silver-silver chloride electrode (Ag-AgCl), - 0.045 V; saturated sodium 
chloride calomel electrode (SSCE), - 0.005 V; ferrocenium-ferrocene 
(Fc+/Fc) standard [23], 0.158 V. For convenience, certain symbols and 
abbreviations pertaining to electrochemical studies are listed at the begin- 
ning of this review. 

B. SITE OF ELECTRON TRANSFER 

(i) Redox orbital 

In an electrochemical redox experiment, electrons are usually transferred 
heterogeneously between the electrode surface and the dissolved electroac- 
tive substance, in the present case, a ruthenium complex. We consider the 
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two cases stated in eqns. (2) and (3): 

RuL + e- - I RU L (2) 
RuL + e- - RuIL[ (3) 

where L is a general ligand. In each case the box schematically represents 
the primary nature of the redox orbital, i.e. the orbital occupied by the 
transferred electron. The orbital is essentially metal in character in eqn. (2) 
and ligand in character in eqn. (3). The oxidation state of the metal changes 
in eqn. (2) while that of the ligand changes in eqn. (3). 

Electrochemical results alone can give some indications about the redox 
orbitals of a particular electrogenerated species. However, collective applica- 
tion of spectroscopic and magnetic methods in conjunction with electro- 
chemical techniques provides the most convincing diagnosis of the nature of 
such orbitals. Nit’rosyl complexes of ruthenium provide good examples 
[24-271. The complexes [Ru(bpy),(NO)X]‘+ (bpy = 2,2’-bipyridine; X = 
N<, Cl-, NO, with z = 2; X = NH,, py, MeCN with z = 3) undergo a 
reversible one-electron reduction in the potential range 0.1-0.6 V in MeCN. 
By collective application of IR, EPR, electron spectroscopy for chemical 
analysis (ESCA), Miissbauer, spectral and electrochemical studies, it has 
been demonstrated that the site of reduction in eqn. (4) is largely 7~ *(NO) in 
character: 

[RU lr-((NO+)J + e- <- [ Ru” (NO)] (4) 

There is, however, substantial dw(Ru)-to-7r * (NO) backbonding. There is 
also a nearly linear correlation between Y(NO) and E&. A reduced complex 
[Ru(bpy),(NO)Cl]I has been isolated in pure form [24]. 

(ii) Redox series 

Ruthenium is richly endowed with redox orbitals and it accordingly 
displays a large number of oxidation states. When the metal is bonded to a 
non-innocent ligand system which is also rich in redox orbitals, we have in 
principle a situation where a series of discrete electron-transfer steps could 
occur. Several redox series [28] of this type are well documented in ruthenium 
chemistry. In voltammetric experiments a redox series is expressed in the 
form of a sequence of redox responses_ Since it is easy to control the 
potential of the working electrode finely (-t 5 mV and better), even closely 
spaced members of a redox series can be generated selectively in a manner 
that no chemical method can match. 



245 

(iii) Extreme deiocalization: the case of dithiolenes 

In certain instances it may be very difficult to assign individual oxidation 
states to the metal and ligand owing to extreme delocalization of the redox 
orbitals over the entire metal-ligand (ML) frame. The dithiolenes are 
examples per se of this situation [29,30]. Thus in [Ru(PPh,)(&C,(CF,),),] 
[31] the formal metal oxidation state can be O-4 depending on how the 
bound ligand is formulated (l-3). 

1 2 3 

The complex displays a one-electron reduction wave (E O, ca. 0.2 V) but the 
redox orbital remains undefined. 

C. SUMMARY OF RUTHENIUM OXIDATION STATES 

(i) Classification 

Ruthenium spans all oxidation states in the range -2 to + 8 with the 
exception of - 1 [13]. It is convenient to classify the ten observed oxidation 
levels in the three-tier scale as high, medium and low on the basis of their 
degree of oxidation. In terms of the number of known compounds and the 
amount of available chemistry, a second three-tier classification can be 
made: uncommon, common and very common. These classifications are set 
out in Table 2. The two very common oxidation states belong to the medium 
level while the high and very low ( - 2) oxidation states are uncommon. 

(ii) High states 

High oxidation levels occur in 0x0 complexes in which the strong cr- and 
w-donor abilities of 02- are undoubtedly utilized. The triad RuO,, RuO; 
and RuOz- (or RuO,(OH)z-> constitutes a good redox series [20,32]. Apart 
from RuOz- , the hexavalent state is represented by an increasing number of 
complexes of the RuOz + moiety. Similarly, more and more complexes of the 
monooxo radical Ru02+ containing the intermediate oxidation state + 4 are 
being discovered. The electrochemistry of the 0x0 complexes is of current 
interest in relation to their role in 0x0 transfer reactions. The interrelation- 
ship of 0x0, hydroxo and aquo complexes vis-A-vis ruthenium oxidation 
states is stated in eqns. (5) and (6) [33]: 
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TABLE 2 

Classification of metal oxidation states 

A. Degree of oxidation 

(a) Hi& 
(b) Medium 
(c) Low 

B. Occurrence 
(a) Uncommon 
(b) Common 
(c) Very common 

+5, +6, +7, +8 
+2, +3, +4 

-22, 0, +I 

-2, -+-5, +6, +7, -1-8 
0, +1, +4 

+2, +3 

[R”“=_o]*+ + ‘+ ‘+‘L. [Rum-&f+ + H+’ +e: [Run_oH2]2+ 
- 

- H+,-e- -H+,-e- 

(5) 

(6) 

The fluoride ion is not as effective as the oxide ion in binding high 
oxidation levels. Thus the existence of RuF, is a matter of controversy. 
However, hexafluoro species occur for all oxidation states in the range + 6 
to + 3, two from the high and two from the intermediate level being covered 
[13]. The group RuF,, RuF,, RuFt- and RuFz- constitutes a potentially 
interesting and partly explored redox series [34]. 

(iii) Low states 

Among low oxidation states the zero level occurs quite commonly in 
combination with strong s-acceptor ligands: carbon monoxide, tertiary 
phosphines and unsaturated organic compounds. The - 2 state is very rare 
and occurs in species such as Ru(CO)$- and Ru(PF3)s-. The monovalent 
state is known in dimeric or polymeric metal-metal-bonded species; carbon 
monoxide is almost invariably present as one of the ligands [13]. 
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(iv) Intermediate states 

The intermediate oxidation states are the ones where most of the action 
lies. These are coordinated with a wide variety of ligands: X-, N-, 0-, S-, 
P-, As- etc. donors (X = halogen). Their ligand and geometric requirements 
being compatible with one another, these display important interstate phe; 
nomena. Two related types will be noted. Firstly, mononuclear species often 
exhibit facile and reversible redox connectivity (eqn. (7)) (electrons and 
charges are not shown): 

Ru’” L 0 Ru”‘L 0 Ru’* L (7) 
It may not be possible to isolate all 
case, but their formation in solution 
ondly, and as a corollary to the processes of eqn. (7), 
polynuclear species are formed quite readily. This aspect 
chemistry has been the centre of great interest. The five 
combinations of a dimer are shown in eqn. (8) : 

three species in a pure state in every 
can be frequently demonstrated. Sec- 

mixed-valence 
of ruthenium 
possible state 

Ru’” LRu’” 0 Ru’” LRu”’ 0 Ru”‘LRu”’ J= 

Ru”’ LRu I1 I Ru”LRu” (8) 

The redox equilibration in eqn. (8) is hypothetical but is entirely feasible in 
principle. Both mixed-valence types in eqn. (8) are well documented in 
ruthenium chemistry. 

(v) Backbonding in ruthenium(ll) 

In several ways, ruthenium(U) occupies a unique position among bivalent 
metal ions [35]. The antibonding 4da ( eg in Oh symmetry) orbitals are 
empty while the 4d~ (tz,) orbitals are fully occupied. The extension of the 
latter orbitals into space is optimal for forming strong bonds with empty VT 
orbitals of an associated ligand. Backbonding of this type is a dominant 
feature in the chemistry of ruthenium(I1). Remarkable manifestations of 
such bonding can be seen in the lengthening of (1) Ru-L distances in going 
from the bivalent to the trivalent metal [36,37] and (2) certain bond 
distances (compared with distances in the free ligand) within the T-acceptor 
ligand in ruthenium(I1) species [38,39]. The effect of backbonding on chem- 
ical, photochemical and electrochemical reactivity of ruthenium(I1) com- 
plexes is very profound. 
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D. OXIDATION LEVELS OF FREE AND RUTHENIUM-BOUND LIGANDS 

(i) General considerations 

Electrochemically accessible electron transfer can occur at a coordinated 
ligand site when the site possesses one or more low lying unoccupied orbitals 
and/or one or more not-too-stable occupied orbitals. The former can act as 
reduction orbitals which afford lower oxidation states (L-t L2- etc.) by 
accepting electrons and the latter as oxidation orbitals which furnish~higher 
oxidation states (L’: L2” etc.) by ionization. 

From the above-mentioned energy criteria, it is clear that unsaturated 
ligands with a well-defined w-orbital system should be good candidates for 
display of variable oxidation levels. For effective a-linking to the metal ion, 
such ligands should also have sites (such as N and/or 0) which form part of 
the 7r system but also have lone pairs. Most ruthenium complexes displaying 
variable ligand oxidation levels abide by these rules. The systems covered in 
this review are 4-7. The chelate rings contain a part or the whole of the 

N\ 
N/R” 

2,2’ bipyridine, 
related heterocycles, 
2-(arylazo)pyridines, 
quinone diimines 

4 

*\ 
O/RU . 

quinones 

5 

C 

N\ 

0 /R 

flavins 

u (E,l) 

6 porphyrins, 
phthalocyanines 

7 

ligand m-frame. The Ru-N and Ru-0 bonds are predominantly CJ in nature, 
with possible 77 components (e.g. RuL ?T backbonding in the case of 
ruthenium( II) species). 

When the rcdox orbitals are essentially Iigand in character, a given ligand 
should display the same pattern of electron transfer in free and coordinated 
states. However, the Eq values are expected to be substantially different in 
the two cases. Thus lower ligand oxidation states are expected to be 
stabilized (higher E+’ values) when the ligand becomes bound to a metal 
cation. In most cases this is found to be true in practice. 
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(ii) 2,2 ‘-Bipyridine 

(a) Accessible oxidation states 

Ruthenium complexes of 2,2’-bipyridine (bpy, S), its substituted deriva- 

tives and analogues (see Section D(iii)) have been of great interest for the 
past 15 years or so primarily because of their fascinating redox, photophysi- 
cal and photochemical properties [13,40,41], and therefore only the salient 
features will be considered in this review. The prototype bpy complex is the 
red tris chelate cation [Ru”(bpy)J2+ reported by Burstdl in 1936. Cyclic 
voltammetry in MeCN 1421 and polarography in dmf [43] first revealed that 
this complex is but one member of a relatively extensive redox series 
involving metal oxidation and ligand reduction. These results were further 
augmented in later studies [44,45] and voltammetric experiments in liquid 
sulphur dioxide, which has a wide voltage window at positive potentials, 
demonstrated that the redox series is extendable up to one stage of ligand 
oxidation [46,47]. In summary, the following oxidation states of ruthenium- 
coordinated bpy are electrochemically accessible: bpy2-, bpy-; bpy and 
bpy+: Among these, the two middle members are most important in terms 
of tractable chemistry_ 

(b) Redox series of fRu(bpy)J z (z = 3, 2, I, 0, - I): one-electron reduction 

of each bpy 
In MeCN or dmf solution at room temperature, four successive reversible 

(A,?&, 60-70 mV) one-electron cyclic voltammetric responses are observed 

for ]RU(bPY) 3 1 2 + at a platinum electrode [42-44,48-511. The E& values in 
MeCN are 1.32, - 1.30, - 1.49 and - 1.73 V [42] and in dmf are 1.24, 
- 1.27, - 1.46 and - 1.70 V 14.41. The response at positive potentials 
corresponds to the metal oxidation couple [Ru”‘(bpy) Xl 3+/[Run(bpy) 3] 2+_ 
The oxidized cation is green in colour and the salts are well characterized. 
The three couples at negative potentials represent successive reductions of 
coordinated bpy one after another as shown in eqn. (9): 

[ Ru(bpy),] 2+ + [ Ru(bpy),@py -‘I] + + [Ru(bPY)(bPY -321’ 
-e 

The redox orbital accommodating the odd electron is 

-em +e- Tl 
[ RU(bPY -931- (9) 
the lowest unoccupied 
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W* (+) molecular orbital [52] of bpy. The four species in eqn. (9) differ in 
net charge, and in subsequent discussions they will be simply identified as 

rRu(bPY),l’ where z is the charge as applicable. Free bpy also undergoes 
electrochemical reduction but only below - 2 V, and the process is irreversi- 
ble at room temperature [42,44,48]. The coordinated ligand is reduced at a 
much less negative potential, as expected_ 

As a corollary to the above discussion, species of type [Ru(bpy),L]‘, 
where L is electroinactive and occupies two coordination sites, would be 
expected to display a pair of one-electron reduction waves due to the two 
bpy ligands. Many examples of this have been documented [53-551. For 

rRu(bPY),(PY)J2+, the reduction potentials in MeCN are - 1.32 and - 1.56 
V. 

(c) Spatial isolation of redox orbitals 

Compelling evidence is now available to show that each added electron is 
largely localized (C,, symmetry for the reduced complex) in a single chelate 
ring, as already implied in eqn. (9), and is not delocalized ( D3 symmetry) 
over all three rings. In other words, the three redox orbitals of the three 
chelate rings are isolated from one another spatially [44,56-581. For exam- 
ple, S = l/2 EPR spectra (g = 2) are observed for all the reduced species, 
[Ru(bpy),]’ (z = + 1, 0, - 1). Spectral band shapes further suggest the pres- 
ence of a pseudo spin-rotational electron-hopping process in the case of 
z = + 1 and 0. The z = + 1 case is depicted in structure 9. The activation 

9 

barrier to this hopping process is about 1000 cm-’ [56]. 

(d) Complete redox series: two one-electron reductions of each bpy 

Attention has been directed towards realizing species which are more 
reduced than [Ru(bpy),]-. Attempted reduction in MeCN or dmf at room 
temperature beyond the z = - 1 stage affords cyclic voltammetric responses 
(below - 2 V) due to free bpy. The latter arises from rapid decomposition 
following reduction to z K - 1 [42,50]. However, in very dry dmf at 219 K 
the cathodic potential window becomes substantially extended and six 
successive reversible one-electron reduction processes are then observable 
(Fig. 1). These correspond to the formation of one, two and three coordi- 
nated bpy2- moieties in the last three stages of reduction [45]. By utilizing 



251 

I I 
0 -2.0 -3.0 -4 

E,” 

Fig. 1. Cyclic voltamm ogram (dmf, teah/Pt) 
45). 

ligands bearing electron-withdrawing 
to higher values, it is possible to 

of CWbwM2+ at 219 K (adapted from ref. 

substituents which shift the potentials 
observe all six reductions at room 

temperature in dmf [44]. A representative example is schematically displayed 
in Fig. 2. Interestingly, the potential gap between the third and fourth 
reduction steps is substantially larger than that between any other 
neighbouring pair of couples. In the fourth step an electron is added for the 
first time to a bpy- ligand. 

(iii) bpy-like ligandr 

(a) Tris(bidentate) and bis(tridentate) species 

A variety of bpy-like heterocycles and their ruthenium(I1) complexes have 
been subjected to voltarnmetric examination. Selected examples of such 
ligands are lo-19 [42,49,59-651. Reduction potential data are shown in 

I 
-3.0 

I II I fW4&M.2bwJj12+ 
I II I II l ~4Sd’-KO, E’12 W-,]2* 

I I II I 
-2.0 -1.0 

I‘ I I 
1.0 2-o 3.0 

E’296,V 

Fig. 2. Formal potentials (dmf, tbah/Pt) of tris complexes of bpy and some substituted 
derivatives. 
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6 

l,lO- phenanthroline 

(phen) 

10 

/ II 
2,2,2- terpyridine 

(terpy) 

11 

2,2’- bipyrozine 

2,4,6 - tripyridyl-s-triozine (bpyz) 
13 

2,2’-bipyrimidine 

(bpym) 

16 

dipyrido [3,2-a; 2;3’-cj 

phenozine 

(dph) 

16 

2,3- bis(2-pyridyl) 

pyrozine 

(bpp) 

IS 

1,4,5,8- tetraozo- 

phenonthrene 

(topt) 

15 

2,2’-biisoquinoline 

(i-big) 

17 

'I q&c 3 ‘N 

Y - 
5\ /* u 6 7 

2,3-bis(2-pyridyl)- 

qwinoxoline 

(bpq) 

19 
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Table 3. The observed redox patterns are generally analogous to those of 

bPY and NNbPY), 1 - 2+ The salient features are as follows. The complexes 
give rise to a ruthenium(III)/ruthenium(II) couple and a ligand reduction 
series. One-electron reduction of each coordinated ligand is facile. Free- 
ligand reduction occurs at more negative (by ca. 1 V) potential than 
bound-ligand reduction. In fact, the plot of reduction potentials of free 
ligands vs. those of bound ligands is linear with unit slope [65]. Redox v * 
orbitals of different ligands within the same molecule are spatially isolated. 

(b) Mixed complexes 
In mixed-ligand complexes the first reduction may be expected to involve 

the ligand having the most stable lowest unoccupied molecular orbital 
(LUMO) [49]. Selected formal potentials are given in Table 4. Mixed 
bpy-bpyz complexes are good examples. The bpyz LUMO lies lower than 
the bpy LUMO [59]. The three successive reductions of [Ru(bpy),(bpyz)12+ 
are assignable to the couples in eqn. (10) : 

[R+w)s@pyz>] 2 + + [ Ruhv),hvz -.)I+ s 
-e -e- 

[Ru(bPY-XbPY-XbPYz-‘)I_ 00) 

These have E& values of - 0.91 V, - 1.45 V and - 1.68 V respectively in 
MeCN, teap/Pt. The same effect is observed in the voltammogram in Fig. 3 
where the reductions of bound bpyz and bpy lie near 1 V and 1.5 V 
respectively [49]. 

TABLE 4 

Mixed-t& complexes 

Species Conditions J%* WI Ref. 

Metal Ligand 

3+/2+ 2+/1+ 1+/o O/l - 

UWbpyzMbw)12+ 
1Ru(bpyzXbpy)J2+ 
[Ru@pym)2(bpy)12+ 
ERu(bpymHbpy)212+ 
IRu(i-bi$2(bpy)l:: 
lRu( i-WXWy12 I 
tRu@ppX@W, 1 2 + 
DWbW,(bpy)12+ 
~Ru(bpsXbpy)J2+ 

MeCN, teap/Pt 1.72 

MeCN, teap/Pt 1.49 

MeCN, teap/Pt 1.55 

MeCN, teap/Pt 1.40 

MeCN, tbap/Pt 1.05 
MeCN, tbap/Pt 1.10 

MeCN, tbah/Pt 1.31 

MeCN, teap/Pt 1.53 

MeCN, teap/Pt 1.39 

- 0.79 
- 0.91 
- 0.95 

- 1.02 

- 1.54 

- 1.50 

- 1.06 

- 0.66 

- 0.78 

- 1.02 -11.58 49 

- 1.45 -1-68 49 

- 1.13 49 

- 1.45 49 

- 1.76 -11.86 63 

- 1.69 - 1.84 63 

- 1.50 64 

- 0.89 -1.58 65 

- 1.45 65 



255 

I I I I f 
0 -0.5 -1.0 -1.5 -2.0 

E,” 

Fig. 3. Cyclic voltammograms (MeCN, teap/Pt) of (a) [Ru(bpy~)~]~+, (b) [Ru(bpyz)t(bpy)]2’ 

and (~1 IR~pyz)(bpy)212+ at 298 K (adapted from ref. 49). 

A decrease in the u-donor capacity of coordinated ligands increases both 
the ruthenium{ III)/ ruthenium( II) and the first bound-ligand reduction 
potentials, the effect being more pronounced in the former. The two poten- 
tials correlate linearly. A decrease in ligand u-donor ability can be achieved 
by placing electron-withdrawing substituents on a given ligand type [44] or 
by replacement of one ligand by another [49,65]. The latter situation is 
represented by the two series [Ru(bpyz),12+, [Ru(bpyz),(bpy)12+, [Ru(bpyz)- 

(bwM2+ and [Ru@pym) 3 1 2 +, [Ru(bxvm) 2 (bpy)l 2 +, IRu(bpym)(bpy) 2 I* + 
[49], and the relevant formal potential data are collected in Table 4. For the 
three ligands concerned, u-donor strength decreases in the order bpy ==- 
bpym > bpyz. The observed variation in formal potentials is rationalized as 
follows. A decrease in u-donor capacity leads to an increase in the effective 
charge on ruthenium, and this in turn stabilizes metal dir-orbitals directly 
and ligand w*- orbitals indirectly through charge interactions. Subsequent 
da-?r * backbonding further stabilizes the metal drr-orbitals but destabilizes 
ligand r*-orbitals [49]. The net effect is thus more pronounced in the 
ruthenium(III)/ ruthenium(I1) couple than in the bound-ligand reduction. 
The slope of the linear plot of the two potentials is therefore greater than 
unity (Fig. 4). 

(c) Substituted species with additional reiiox orbitals 

We now cite a case where substitution at bpy is such as to add new redox 
orbitals. In complexes of l,lO-phenanthroline-5,6_dione (ptd) (chelate ring 
20) the ligand is a quinone and can in principle accept two electrons 
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Fig. 4. Correlation between the ruthenium(III)/ruthenium(II) (u axis) and first bound-ligand 
(x axis) reduction potentials (MeCN, teap/Pt) of (a) [Ru(bpy)3]2’, (b) [Ru(bpym)3]2’ and 

(c) [Ru(b~~z)~l~+. 

successively, forming a semiquinone and quinone respectively (see Section 
D(vi)). In MeCN solution the complex [Ru”(bpy),(ptd)12+ exhibits five 
one-electron reversible cyclic voltammetric waves which have been assigned 
as follows: 1.35 V, ruthenium(III)/ruthenium(II); -0.07 and -0-77 V, 
successive reductions of ptd; - 1.39 and - 1.59 V, successive reductions of 
the two bpy ligands. Surprisingly, [Ru1’(ptd),12+ displays only two (E&, 
-0.13 and - 0.86 V) reduction waves; apparently all three ptd ligands are 
electroactive at the same potential [66]. 

Another possible case is represented by complexes of the bipyridyl 
pyridazine ligand (dp) which binds to ruthenium as in 21. The complexes 

[Ru(bpy),_,(dp)]2+ (n = 1, 2, 3) display the first one-electron reduction at 
ca. -0.7 V. The redox orbital has been assigned to be bpy like, with the 
exception that it is symmetric (~3, unlike in the case of bpy (\c/, see below) 
[67]. These authors have, however, ignored the possibility that the reduction 
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may actually involve the azo function (see Section D(iv)) rather than the bpy 
fragment. 

(iu) Azo donors 

(a) Free ligandr 
Sadler and Bard have reported an electrochemical study of a series of 

aromatic azo compounds in dmf [68]. The redox orbital is the w *(azo) 
orbital. Reduction occurs in two successive one-electron steps (eqns. (11) 
and (12)): 

[-N-N-] +e- 0 k--N=N-l- (11) 
[-_NuN-]- +e- (- [-N-N-_12- 112) 

The product of the first electron transfer is a relatively stable anion radical, 
but the dianion formed in the second step undergoes facile secondary 
chemical transformations. For azobenzene, the E2& values of the couples 
(11) and (12) are - 1.36 V and - 2.03 V respectively_ The azo function can 
also undergo an irreversible one-electron oxidation [69,70], but in this review 
we shall be concerned only with the three oxidation levels implicated in 
eqns. (11) and (12). 

Of particular interest in the context of ruthenium complexes is the 
behaviour of 2-(arylazo)pyridine (aap) 22. In MeCN solvent, the free pap 

G 
/ ‘N - 

N=N* 

D 
11 R - 

(asp) 

R=H i pap 

R=Me; top 

22 

ligand displays two quasi-reversible one-electron cyclic voltammetric re- 
sponses with peak-to-peak separations in the range 120-150 mV, corre- 
sponding to the couples in eqns. (13) and (14) : 

pap + e- 0 Pap 
_. 

(13) 

pap-*+ e- _ pap*- 04) 

The formal potentials of these couples are respectively - 1.31 V and - 1.57 
V. As for azobenzene, the redox orbital is primarily w *(azo) in character 
and the couples (13) and (14) essentially correspond to the processes in eqn. 
(11) and eqn. (12) respectively [7l]. 
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(b) Complete redox series in fRu(uap),] ’ + 

Ruthenium complexes of substituted azobenzene [72,73] and other azo 
ligands [74-761 have been subjected to electrochemical examination in 
several instances, but the primary emphasis in these studies has been on 
metal redox. However, both metal and ligand oxidation levels have received 
attention for complexes of aap [71,77-851. With respect to ruthenium(II), 
this ligand system is a better v-acceptor (the acceptor orbital is rr*(azo)) 
than bpy and bpy-like ligands. Consequently, Ru”aap backbonding is 
stronger than Ru” bpy backbonding. Significantly, the Ru-N(a.zo) distance 
is shorter than the Ru-N(py) distance [37,38]. 

The tris complexes [Ru(aap) J 2 + have meridional geometry (23) and 

23 

display the [Ru”‘(aap),13+,/[Ru”(aap),]2+ couple above 2 V. Six successive 
one-electron reductions can occur in principle owing to the three azo groups. 
In anhydrous MeCN, all the reductions can indeed be observed in differen- 
tial pulse voltammetric experiments using a mercury electrode. Selected 
results are shown in Table 5 and Fig. 5. As expected, the first reduction 

E,‘.’ 

Fig. 5. Differential pulse voltammogram 
Hz0 at 298 K (adapted from ref. 71). 

(MeCN, teap/Hg) of mer-[Ru(tap)2@ap)](C104)z- 
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potential displays a substantial positive shift from the corresponding free 
ligand value. 

Both aap and bpy have one electrochemically accessible redox orbital. 
However, the ?T *(azo) orbital of the former is substantially more stable than 
the 7~ *( +) orbital of the latter. The reduction potentials of the former are 
systematically higher (by ca. 1 V) than the corresponding potentials of the 
latter, both in the free and in the complexed states. Indeed, the reduction 
potentials of the aap system are higher than those of all bpy-like ligands. 
The observation of six reductions in [Ru(bpy) 3] 2+ requires special experi- 
mental conditions so as to make the required highly negative potentials 
accessible (see Section D@)(d)) 1451. The electronic structures of the reduced 
derivatives of [Ru(aap),]*’ have not been carefully investigated so far, but 
there are strong indications that the three ligand redox orbitals are spatially 
isolated (eqn. (15)) as in the case of bpy [71,85]: 

[Ru(aap),] 2-t + [Ru(aap),(aap--)] + % [Ru(aap)(aap--),I0 

+e- -e- 
1T 

[ Ru(aap-‘),I - etc. 

05) 
Lastly, it is noted that the aap ligand contains the azo-imine function 

-N=N-C=N- which is isoelectronic with the diimine function -N=C-C=N- 
present in bpy. This analogy is, however, of only formal value and has little 
practical utility since the aap LWMO is essentially localized in the azo 
fragment. 

(c) Mixed species 

Complexes of type [Ru”(aap) 2 L]” where L is a bidentate neutral or 

I I POP 

II I I [RubnHpop)2]2+ 

I I I [Woca4(pap)2]2* 

III I j 1 [WPOP)~~+ 

IIll I 1 ~4bWd2]2+ 

III I I [RuPd2bodj 
2+ 

I 1 I t 
-3.0 -2.0 -1.0 0.0 

GE!," 

Fig. 6. Ligand reduction potentials (MeCN, teap/Hg) of free aap, tris and mixed-tris 
complexes (adapted from ref. 71). 
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anionic ligand have been reported [71,78,80,81,83-851. When L is electroin- 
active, all or most of the four expected azo reductions are observable. The 
complexes where L = en, acac, Ph,P(CH,),PPh, are listed in Table 5. 

[Ru(aaP)*(bPY)12+ and ERu@ap)(bpy),12+ are interesting in that both types 
of ligand are electroactive. In the former, all the six expected reductions are 
observed, but in the latter the last reduction is inaccessible (Table 5). It has 
been proposed that in the bpy-aap mixed complexes, the aap ligand(s) 
is(are) completely reduced (aap + aap -‘+ aap2-) before bpy reduction oc- 
curs [71]. The successive reduction potentials of a group of complexes are 
graphically presented in Fig. 6. 

(d) Correlation of reduction potential with charge transfer 

Normally, ruthenium(II) complexes of unsaturated ligands displaying the 
electrochemical responses shown in eqns. (16) and (17) 

[ Ru”*L] + + e- _ [Ru”L] 06) 

[Ru”L] + e- 0 [Ru”L-‘1 (17) 

also show allowed electronic transition(s) in the visible region owing to 
metal-to-ligand charge transfer (MLCT) of the type t, + ?I *. In simple 
terms the excitation process which involves intramolecular redox can be 
represented as 

[ Ru”L] = [RuL] * = [Ru”‘L-‘1 08) 

The energy +T of the lowest MLCT transition is expected to be related in 
some simple manner with the reduction potentials of the couples in eqns. 
(16) and (19): 

[Ru”‘L] + + e- 0 [ Ru”‘L-‘1 (19) 

However, the last couple is not experimentally observable, as metal reduc- 
tion (eqn. (16)) precedes ligand reduction which is observed only in the form 
of eqn. (17). The redeeming practical feature is that a meaningful correlation 
is still possible with the observable couples (eqns. (16) and (17)). The 
potential difference defined in eqn. (20) as 

AE” = E”(16) - E”(17) (20) 

varies linearly with vff_ This was first noted in a sizeable group of com- 
plexes of [Ru(aap),12+ with various coligands [71]. Data are collected in 
Table 6. The ligands used include triazene l-oxides (Rto, 24), hydroxamates 
(RR’hya, 25a) and hydroximates (R’hyi, 25b). 
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Et, Ho 
N 

k-i 
‘NH 

R=MeO, MexHLl, 

CO2 Et, NO2 

C/O 

I 
Rp---OH 

II 

N----OH 

(R R’hyo) ( R’hyi ) 

R=Me, Ph, H 
R’=MeOrMe,H,Cl,NO2 

R’= MeOt H ,C~,NO~ 

24 25a 

The configuration of the [Ru(aap),12+ fragment is tram-truns 
tram-& (tc), 24% or cis-cis {cc), 26~. The MLCT transition 

25b 

W, %a, 

involves 

tc 

26b 

cc 

26s 

excitation to the azo IZ* -orbital [71,85] and the first ligand reduction 
involves the same orbital as discussed above. The values of E “(16), E O (17), 
AE O (cm-‘) are given in Table 6. The least-squares plot (Fig. 7) of pcT 
against A E O (in volts) corresponds to eqn. (21) : 

VI- = 0.82AE O + 0.67 (21) 

The closeness of this fit can be directly seen in the excellent agreement 
between experimental transition energies and those calculated with the help 
of eqn. (21) (Table 6). The ranges of A E O (2.3-1.0 V) and V, (12 000-21000 
cdl-l, 1.5-2.6 eV) covered by this relationship are quite wide. 

A similar correlation has been observed for bpy complexes [86-881. The 
physical basis of such correlations generally defined by 

%r =aAEO+p (22) 

has been examined [41,88] and reviewed [41]. Using a thermodynamic cycle, 
pff can be expressed [87] as in eqn. (23): 

vc,=AEO+S+Q (23) 

where the term S involves the free energies of solvation of the various 
species ([Ru”L], [RuL] *, [Ru”‘L]+ and [Ru”L-‘I) as well as the reorganiza- 



6 

AE;V 

Fig. 7. Least-squares plot of vcT against A E o of some aap complexes (data from Table 6). 

tion energies of the excited state. The quantity Q is the energy of the 
hypothetical electron transfer process in the gas phase. 

[Ru’i’L] + + [Ru”L-‘1 - [Ru”L] + [Ru”‘L-‘] + (24 

The last equation connects eqns. (17) and (19). In a group of complexes, 
where only the electroinactive coligand varies, S may be expected to remain 
more or less constant. However, Q may vary with AE * and this may be one 
of the main reasons for the deviation of the slope ~1 from unity in eqn. (22). 

(v) @&one diimines 

(a) Free liganch 

The most oxidized form of this class of ligand is illustrated by qd (27a). It 
is related to bpy in that both species contain the diimine fragment 
-N=C-C=N-. It is also related to quinones (Section D(vi)), the two oxygen 
atoms of the latter being replaced by two imine functions (=NH). The two 
other oxidation levels are found in the semiquinone diimine anion radical 
(sqd, 27b) and o-phenylenediamine dianion (pd, 27~) [89]. Neither 27a nor 
27b can be isolated in pure form; only 27c is isolable in the diprotonated 
form. 

$ a$ a;: 

(qd) (ssd1 (4) 
27a 27b 27~ 
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This complex can be prepared by aerobic oxidation of the corresponding 
pd complex [90]. Assuming that each qd ligand has one electrochemically 
accessible m* LUMO, six one-electron reduction waves may be anticipated 
from this complex. In practice, all these are not observable, MeCN solutions 

of vwm,12+ display two reversible ( E&+ 0.03 and -0.31 V), one quasi- 
reversible ( - 1.08 V) and one irreversible ( - 1.2 V) one-electron reductions 
[90]. It is very likely that the first two reductions correspond to the 
successive formation of [Ru”(qd),(sqd)]+ and [Ru”(qd)(sqd) 2]_ The sep- 
aration between the two E& values is comparable to that between the first 
two ligand reduction potentials of [Ru(bpy),12+ (Table 3). Attempted oxida- 
tion of the metal in [Ru(qd) 3]2’ leads to decomposition of the molecule. 

(c) Mixed qd-bpy complexes 

The species [Ru(qd),(bpy)12+, [Ru(qd)(bpy),]‘+ and some other related 
systems are also described [91]. The structure of [Ru(qd)(bpy),](PF,), is 
accurately known: The Ru-N(qd) distance is shorter than the Ru-N(bpy) 
distance (2.02(l) A and 2.08(l) A respectively). This has been attributed to 
the v-backbonding order Ru$ > Ru&,. 

The complex [Ru(qd),(bpy)]‘+ displays the metal oxidation couple 
(ruthenium(III)/ruthenium(II)) E&, 1.13 V. Multiple reductions are ob- 
served at negative potentials. The first two reduction couples (E&, - 0.48 
and - 0.93 V) are well formed and are presumably due to successive 
reductions of the complexed qd to sqd. A comparison of these results with 
those in Table 3 shows that the reduction Ru*‘qd * Ru”sqd occurs at a 
much higher potential than Ru’ibpy + Ru” bpy -: The LUMO of qd lies 
considerably lower than that of bpy. The higher 72 backbonding by qd 
compared with that by bpy (see below) is compatible with this. A similar 
comparison was made between bpy and aap in Section D(iv). The qd 
reductions occur at a potential even more positive than those of aap 
reductions. 

Ligand-based reduction has also been observed in the ruthenium-bound 
p-quinone diimine system 28 [92,93]. 

(NH& RPHNGNH R&NH-j1 

5+ 

28 

(vi) Q uinones 

(a) Free Iigandr 

The o-quinonoid system (29) spans three oxidation levels: quinone (Rq, 
29a), semiquinone anion radical (Rsq, 29b) and hydroquinone or catechol 
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dianion (Rcq, 2%~). Quinones and catechols are known in pure form. 
Paramagnetic semiquinones are usually generated and studied in solution. 
These have a characteristic strong EPR signal near g = 2.00 [94]. By virtue of 
their frequent occurrence in the living world, the quinones have received 
considerable attention from organic chemists and biochemists [95,96]. 

(Rq I (Rsq) 
290 29b 

tR=d 
29~ 

In aprotic media, the three oxidation levels of 29 are observable voltam- 
metrically (eqn. (25)): 

Rq + Rsq a Rcq 
--e -e- 

(25) 

The formal potentials of the two couples [97] are given in Table 7. Upon 
protonation, Rsq disproportionates into an equimolecular mixture of Rq 
and H,Rcq. When a proton source is present in the solution, the electro- 
chemistry of 29 becomes complex owing to this and other reactions [97]. 

(b) Complexes: a general principle 
The quinonoid system can chelate transition metal ions as a bidentate 

O,O-ligand. Central to the chemistry of such chelates is the question of the 

TABLE 7 

The u-quinonoid systems a 

Compounds Conditions E&z 0 Ref. 

Rq/Rsq Rw’Rcq 

dbcq MeCN, teap/Pt - 0.51 - 1.30 97 

H=i MeCN, teap/Pt - 0.31 - 0.92 97 

tccq MeCN, teap/Pt 0.18 - 0.60 97 

lRu(tcc4XCoMPPh,M b dcm, tbah/Pt 0.65 101 

lR~(tbcclxCOMPPh,M b dcm, tbah/Pt 0.66 101 

lRu(bpyMdbcq)l dce, tbap/Pt 0.15 - 0.75 104 
lR@py),(Hcq)l dce, tbap/Pt 0.31 - 0.57 104 

lRu(bP%(tccq)l dce, tbap/Pt 0.64 - 0.22 104 

lRu(pyL@bcq)l dce, tbap/Pt 0.16 - 0.84 104 

lRu(PyMt=~l dce, tbap/Pt 0.70 - 0.33 104 

* The R substituents (abbreviations given in parentheses) of structure 29 are R = 3,5-di-t-butyl 
tdb), R = H (H), R = 3,4,5,6-tetrachloro (tc) and R = 3,4,5,6_tetrabromo (tb). 

A reversible one-electron transfer at ca. 1.7 V is observed but the origin has not been 
assigned_ 
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oxidation state of the ligand in relation to that of the metal centre. In this 
regard, the case of 3d ions is well developed but much remains to be done 
for 4d and 5d ions [98-1001. 

The case of ruthenium is documented in a few publications [101-1061. 
The available information can be qualitatively unified on the basis of the 
following simple principles. In the presence of strongly w-accepting co- 
ligands (CO, PPh,, bpy etc.) in sufficient numbers, the ruthenium(I1) state is 
stabilized and can support the chelation of 29 in its various oxidation levels. 
Here redox processes, except possibly those occurring at very high and very 
low potentials, would primarily involve the quinonoid system. However, 
when m acceptance by coligands is limited, possible changes in the oxidation 
levels of the metal and/or ligand must be taken into account. Here it may 
be expected that 29 would bind to ruthenium(I1) in the m-accepting Rq form 
and to higher oxidation states of the metal in the 
forms, Rsq and Req. 

(c) When coligands are not strong w acceptors 

We shall consider examples of the second situation 

electron-rich reduced 

first. Ammonia is not 
a ?T acceptor and it affords genuine (spectroscopic and magnetic data) 
Ru’“Rcq complexes of type 30a which can be reversibly oxidized electro- 
chemically or chemically [103]. The product of this one-electron oxidation 
was diagnosed as an Ru”Rq complex (Mb) primarily on the basis of 
carbonyl stretch data. If this is true, the oxidation 3Oa -+ 30b ( E&, 0.1-O-4 
V) is the net result of a two-electron oxidation of the ligand and a 
one-electron reduction of the metal. 

R 

-2+ 
NH3 

-cx I P\,un’ I NH3 

R\ 
‘0’ ~H\NH~ 

3 

R =H,4-COZH,4-CH2CH2C02H, 
4,5 - benzo 

300 

30b 

The structure (31) of an [RuL,(O,O),] complex derived from 3,5&-t- 
butylquinone is known (L = 4-t-butylpyridine) [105,106]. The C-O lengths 
in a coordinated quinonoid system are a good indication of the latter’s 
oxidation state: Rq, 1.23 A; Rsq, 1.29 Ai; Rcq, 1.34 A [98,106]. In 31 the 
C-O distance is l-321(5) A, a value intermediate between the lengths 
associated with Rsq and Req. The ruthenium oxidation state is a hybrid of 
+2 and +4. 
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(d) when coligandr are strongly v accepting 
We can now summarize the cases where strong m-accepting coligands are 

abundantly present. At present this group consists of two varieties: 
carbonyl-phosphiue mixed complexes and bpy complexes. Tetrachloro and 
tetrabromo quinones oxidatively add to [Ru(CO),(PPh,),] affording orange 
complexes of type 3%~ [loll. These can be reversibly oxidized electrochem- 
ically (Table 7) and chemically, furnishing the semiquinone congener 32b. 
EPR results reveal that in 32b the unpaired electron is essentially Rsq in 
character, but it is subject to slight delocalization at least over the ruthenium 
and phosphorus atoms. As for free Rsq [94], the isotr;yic g values for 32b 
in dichloromethane he close to 2.00 but with a small P coupling (A = 25 
G). In frozen solution (77 K), only a very small g anisotropy is observed 
( g1 = 2.02, g,, = 2.00, tetrabromo complex). In genuine ruthenium(II1) com- 
plexes the anisotropy is much larger as in 30a (R = 4-CO,H; g, = 2.72, 
g,, = 1.89) [103]. The Ru”‘Rcq character of 32b is significant but small. 

PPh3 

I 0, /CO 
R 

a :I oNRLo I 
PPhJ 

R=C$, Br4 

320 

PPh3 + 

Rg-J&{<$ 

PPh, 

R=C14, Br4 

32b 

Complexes closely related to 32 have also been described [102]. 
Complexes of type [Ru(bpy),(Rcq)] (33a) and [Ru(py),(Rcq)] have been 

isolated in the pure state [104]. These display two successive and reversible 
one-electron oxidations (Table 7) attributed to changes in the quinonoid 
fragment: 

[ Ru”Rq] + [ Ru”Rsq] + [ RL?R~~] (26) 

where the (bpy) 2 or (py) 4 moieties are not shown. The Rsq complex 33b has 
been isolated as salts via aerial oxidation of the 33a congener. Other Rsq 
and Rq species can be generated in solution coulometrically. The status of 
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33a 3fb 

the unpaired electron in 33b, as revealed by EPR spectra, is similar to that in 
32b. The X-ray structure of the perchlorate salt of 32b is known [106]. Here 
the two C-O distances are unfortunately unequal. One of these is l-289(14) 
A and is compatible with the Rsq formulation of 33b. The other distance is 
longer, 1.327(15) A, apparently due to certain intermolecular contacts. This 
complication makes a confident designation of the oxidation state difficult. 
In another member of this family, such a difficulty may not arise, and a 
structure solution of such a system would clarify matters. Ideally, structural 
information for all the three members in eqn. (26) would be desirable. More 
work on ruthenium-quinonoid systems is required. It is hoped that the 
principles enunciated earlier will provide a basis for further research. 

(vii) Fluvins 

(a) Free ligands 
Variable oxidation states of prosthetic groups provide the key to the 

functioning of redox enzymes. Such groups usually contain transition metal 
ions and/or certain unsaturated organic molecules such as flavins in 
flavoproteins [107,108]. Plavins, exemplified in 34, are substituted isoal- 
loxazines. The best known flavin is riboflavin (vitamin &), 34~. The parent 
isoalloxazine (R, R’ and R” in 34 replaced by H) tautomerizes immediately 
to alloxazine by a 10 -+ 1 prototropic shift. The 10-R substituent is crucial 
for stabilizing the isoalloxazine tautomer. 

The isoalloxazine ring in 34 is in the most oxidized form, the quinonoid 
(fq) form. The semiquinone (fsq) and the hydroquinone (fhq) forms are 

34 

Ligand R* R’ E 
340 i i Me 
34b Me H Me 
34c H Me CHS(CHOH)~ CHZOH 
34d H Me Me 
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fq Ht2+ 

fsq H ; 

PKO~O 

-n 
+H+ 

pKa-I.3 
-H+ ~ 

+H+ 

pKa?lO 

-n 
. 

l u+ 

pKa%,5 
-H* . 

. 
+n+ 

fhqHf fhq Hj 

fa- 
0 

fsqH- 

fhqH; 

Fig. 8. The flavin redox system (only the pyrimidinoid part is shown) (adapted from Angew. 
Chem., Int. Ed. Engl., 4 (1965) 671). 

derived from it by successive one-electron reductions. However, in protic 
media the electron transfer behaviour of flavins is complicated by simulta- 
neous proton transfer involving the basic nitrogen centres. Each of the three 
oxidation states can be envisaged in cationic, neutral and anionic forms, 
depending on pH. In principle, this can afford an array of electroprotic 
equilibria [109] as depicted in Fig. 8. Structural studies [llO-1141 have 
revealed that the quinonoid ring system (Fig. 8) is nearly planar, the fully 
reduced fhqH, system is folded about the N(5)-N(lO) axis and the semi- 
quinone form fsqH, is probably also folded, though to a lesser extent. The 
fold is interrelated to the localization of the c(4a)-C(lOa) double bond and 
tetrahedral hybridization of the N(5) and N(10) atoms. The EPR spectra of 
semiquinone species (generated by chemical reduction) correspond to locali- 
zation of spin density, primarily at N(5) [115,116]. 

The variable-pH polarographic reduction of riboflavin at a dropping 
mercury electrode in aqueous solution was studied by BrdiCka and others 
many years ago and the results have been reviewed [117,118]. A two-electron 
wave, believed to be the result of two overlapping one-electron processes 
(quinone -+ semiquinone --* hydroquinone), is observed throughout the pH 
range. The half-wave potential is pH dependent, owing to the involvement 
of protons in the redox equilibria (Fig. 8). Two changes in the slope of a 
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linear E,,,-p H plot occur at pH ca. 6 and ca. 10, corresponding to the acid 
dissociation constants of fhqH, and fqH respectively. 

In aprotic non-aqueous media, the electrochemical behaviour is quite 
different, and the serniquinone form can be separately generated and di- 
rectly observed. Riboflavin has been examined in dmso at both mercury 
[118,119] and platinum [120] electrodes. In neutral dmso solution, a quasi-re- 
versible one-electron cyclic voltammetric couple ( Epc, - 0.82 V; Epa, - 0.55 
V) corresponding to the formation of the semiquinone radical anion (Fig. 8) 
is observed at a platinum electrode_ The anion can be generated coulometri- 
tally ( - 0.9 V) and is stable for several hours in the absence of oxygen. A 
second reduction is observed at - 1.3 V but its chemical nature is unclear 
[120]. 

(b) Complexes 
Generally, flavoquinones (34) are poor coordinating agents for metal ions. 

The electron pair at N(5) is not sufficiently basic, and 3,4-prototropy which 
could convert 34 into an 8-hydroxyquinoline-like reagent is energetically 
unfavourable [121]. Ruthenium(I1) is an exception, and dark blue stable 
complexes of type [Ru”(NH3)4(fq)]2’ can be readily obtained and have 
been described for the ligands 34a-34e [113,122-1241. Structural work on 
the complex with fq = 34a has revealed metal binding at N(5) and 0 at C(4) 
as in 35. The special stabilizing factor for the structure appears to be strong 
ruthenium(II)-fq v-backbonding. Owing to this electron flow, bound fq 
develops an approximately 10” fold along the N(5)-N(lO) axis. The free 
ligand is planar [llO]. It appears as though the bound ligand exists in a 
partially reduced state. The cyclic voltamrnetry of 35 has been reported in 
both non-aqueous [121] and aqueous [113,122,123] media. A one-electron 

35 

metal oxidation couple is seen at positive potentials. However, the most 
remarkable feature is the observation of two distinct one-electron responses 
on the negative side of the SCE assignable to the complexed quinone/ 
semiquinone and semiquinone/hydroquinone couples in neutral dmf as well 
as in alkaline aqueous solution. Below we consider in some detail the results 
obtained in buffered aqueous solution. 

Owing to rapid proton-assisted dissociation of the hydroquinone com- 
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Fig. 9, E,-pH plots for the riboflavin complex of tetraammineruthenium(11) 
ref. 123). 

(adapted from 

plexes below pH 7, the complexed semiquinone/ hydroquinone couple is not 
observable at acidic pH. The semiquinone complexes are also unstable at 
low pH owing to competition for the N(5) site by protons. However, by 
increasing the scan rate, it is still possible to observe the com_elexed 
quinone/semiquinone couple under acidic conditions. The observed E,-pH 
plots for the riboflavin complex are displayed in Fig. 9. 

The behaviour of the complexed quinone/semiquinone couple can be 
rationalized with the help of the following dissociation constants (pK): 
Ru(ribqHl), 0.7 f 0.1 (dissociation of proton at N(1)); Ru(ribqH), 7.4 * 0.1 
(N(3)); Ru(ribsqH,), 3.98 + 0.09 (N(1)) and Ru(ribsqH-), 10.9 + 0.2 (N(3))_ 
Here ribqHz etc. has the same meaning as in Fig. 8 but with specific 
reference to riboflavin. For brevity, the coordinated NH, ligand and net 
charge on the complexes are not shown. The equilibria at the electrode in 
various pH ranges are as follows. 
For 1 < pH -C 4, H+ transfer site N(1) 

Ru(ribqH) -t- H++ e- +r Ru( ribsqH 2 ) 

For4<pH<7 

Ru(ribqH) + e- 0 Ru(ribsqH-) 

For 7 c pH -C 11, H + transfer site N(3) 

Ru(ribq-) + H++ e- 0 Ru(ribsqH-) 

For 11 -C pH -C 13 

(27) 

(28) 

(29) 
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Ru(ribq-) + e- _ Ru(ribsq’-) (30) 

The E& values of the electroprotic couples (27) and (29), calculated with 
the help of eqn. (31) [109] 

EQ 298 = i!$ + 0.059pH (31) 

and the data in Fig. 9, are approximately -0.33 V and - 0.12 V respec- 
tively. The pH-independent couples (28) and (30) have 
and - 0.79 V respectively. The E& values of couples 
(29) and (30) are interconverted using eqn. (32) [109]: 

(Egg)i = (E&)j + 0.059pK 

Using the E& and pK values stated above (i = 27, 

O values of -b.56 
2;; and (28), and of 

(32) 

j = 28, pK 3.98 and 
i = 29, j = 30, pK 11.9), it is seen that the above relation holds satisfacto- 
rily. 

The observed pH-dependence (ca. 60 mV shift in Er, for unit change in 
pH) of the complexed semiquinone/hydroquinone couple above pH 7 
corresponds to the transfer of one proton at the N(1) site (estimated pK 
11.5) (couple (33)): 

Ru(ribsqH-) + H++ e- ) Ru(ribhqH,) (33) 

The Eg8 of this couple is estimated (eqn. (31), Fig. 9) to be - 0.36 V. 
The electrochemistry of ruthenium-coordinated flavins in aqueous solu- 

tion differs from that of free flavins in the same solvent in two significant 
ways. In the latter, a two-electron process is observed throughout the pH 
range. In the former the three oxidation states of the flavin moiety become 
directly observable. In free flavins, the response potentials are pH dependent 
over the entire range, but in the complexes, there are pH regions where 
proton transfer is absent. The blocking of the N(5) site by coordination and 
changes in the flavin pK values upon coordination make this possible. 
Owing to extensive backbonding, ruthenium-coordinated flavins are more 
difficult to reduce than free flavins. The opposite relationship usually 
applies to the other ligands considered in this article. 

(viii) Porphyrins 

(a) Free Iigands 
Porphyrins (36) are of great interest in biology, and their oxidation states 

in the free and complexed forms have been the subject of numerous studies 
[125]. Porphyrins will be generally abbreviated as H,pp where H refers to 
dissociable NH hydrogen. Some specific abbreviations are also shown in 36. 
Both the highest occupied and lowest unoccupied rrr-MOs of the highly 
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R’ 

R R’ R 
0 

H - 

Abbreviorion 

C2 Hs C2 Hs HZOBP 

H C2H5 CH3 H2em 

V5 H H H2ttw 

p-XC*H4 Ii H H2Xtrw 

36 

conjugated ligand frame are electrochemically accessible in non-aqueous 
media, affording five oxidation levels in all (eqns, (34)-(37)): 

[H2pp12+ + e- 0 [H,PFI + (34) 

w,PPl+ + e- 0 [H,PP~ (35) 

W2PPl + e- _ [H,PPl_ (34) 

[H,pp3-+ e- 0 [H,PP~ 2- (37) 

where [H,pp]’ is a v-cation radical, [H, pp] ‘+ a ?r dication, [H, pp] - a 
7r-anion radical and [H2pp12- a ?I dianion [126-1321. In favourable cases, all 
the four couples corresponding to eqns. (34)-(37) are experimentally ob- 
servable. Representative formal potential data are shown in Table 8. Certain 
regularities in the relative values of formal potentials among porphyrins and 
their metal complexes are evident [131,133]: 

E”(34)-E0(35)=0.3+0.1V 

E O (35) - E O (36) = 2.25 + 0.15 V 

E”(36)-E”(37)=0.4f0.1 V 

The difference E O (35) - E * (36) is an approximate measure of the first 
?T--* transition energy. The dependence of the formal potentials of eqns. 
(34)-(37) on substituents and solvents has been investigated [132]. 

(b) Role of axial ligands in complexes 

Transition metal ions are usually bound by porphyrins in the deproto- 
nated form (pp2-) with the help of the planar N4 matrix. The two tram axial 
sites can be utilized for ligand binding. Depending on the trans-labilizing 
powers of the Iigands and on other factors, one or both trans positions may 
be occupied, leading to grossly square-pyramidal (37) or octahedral (38) 
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L 1 

( 
NC-N 
H”\ > ( NcM-N 

> 

N-N 
I N? i N 

L 

37 38 

geometries. In the absence of ligation, the axial sites can promote 
metal-metal binding particularly in the case of heavy metals [134]. Such 
axial phenomena can profoundly influence the electronic properties of the 
coordinated macrocycle, including the accessibility of porphyrin oxidation 
states in relation to those of the metal. Ruthenium porphyrins provide 
model examples. 

Ruthenium is generally inserted into porphyrins as the carbonyl fragment 
Ru(II)CO [135-1371. Some reactions affording [138-1441 different types of 
ruthenium porphyrins are stated in eqns. (38)-(42): 

[ Run( L [Ru”(PP)(CO)Ll (38) 

[Ru” (PP) WO)PYl = [Run (PP)(PY)J (3% 

[Ru”(PP)(COWOH)l -% [Ru”(PP)(PR,)J @Jo) 

[RUDE] f_BuOOY [RU’~(~~)(OH),],O (41) 

[Ru”(PP)(PY)zl vq [Ru;(p~)~] (42) 

In eqn. (38), L can be chosen from a wide variety of donors such as EtOH, 
tetrahydrofuran, dmso, py, MeCN etc. The complex [Ru(pp)(CO)] belongs 
to the structural type 37 while [Ru(pp)(CO)L], [Ru(pp)(py),] and 
[Ru(pp)(PR,),] belong to type 38. The structures of [Ru(tpp)(CO)L], L = py 
and EtOH, are known [145,146]. The species of type [Ru(pp)(OH)],O has a 
linear RuIv-0-Ru Iv bridge (39) and the porp h y rin rings are staggered with 
respect to each other [142,144]. The dimer [Racy] (40) also has staggered 
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porphyrin rings [147]. The metal-metal double bond holds two unpaired 
electrons ( 02?r4n4?r *‘) [148]. 

The first report on the electrochemistry of ruthenium porphyrins ap- 
peared in 1973 [149]. This work was concerned with cyclic voltammetric and 
coulometric oxidatitins of species of types [Ru(pp)(CO)], [Ru(pp)(CO)py], 

[RNPP)(PY) 2 1 etc. and laid the foundation of subsequent activities 
[140,150-1551. 

In carbonyl complexes of types 37 and 38, there is strong axial rrr-back- 
bonding involving metal d,,, d_,_ and VT *(CO). This is reflected in low vco 
values, 1920-1930 cm-’ [149,150]. A secondary effect of this binding is 
tram labilization. Thus [Ru(pp)(CO)] exists as such in non-coordinating 
solvents, while in coordinating solvents or in the presence of donor ligands, 
the tram position becomes occupied (see eqn. (38)) but relatively weakly 
[145,146,156]. Extended Hiickel calculations on [Ru(oep)(CO)py] have re- 
vealed that owing to axial backbonding the filled metal r orbitals are 
significantly stabilized to make a porphyrin orbital of azu( VT) symmetry, the 
highest occupied molecular orbital (HOMO). The LUMO is also a porphyrin 
orbital, eg( 77 * ) [139]. Thus one-electron oxidation and one-electron reduc- 
tion of the carbonyl complexes should both involve the porphyrin ligand 
rather than the metal centre. This is in accord with experimental results. 

In non-carbonyl species, axial backbonding is relatively weak or absent. A 
metal orbital now becomes the HQMO lying above azu( m). The LUMO 
remains e,(m * ) as before. Here the first oxidation is expected to occur at 
the metal, as found in practice. 

(c) Carbonyl complexes 
In general, cyclic voltammetry of such complexes reveals two successive 

one-electron oxidative responses in dcm solution (Fig. 10); for 
[Ru(Xtpp)(CO)L] a one-electron reduction is also observable [140,149,151, 
153,155]. All the responses are more or less reversible on the cyclic voltarn- 
metric time scale. Selected formal potential data are listed in Table 8. 

The monocations [Ru(pp)(CO)L,]+ (n = 0, 1) produced by the first 
oxidation are chemically quite stable and can be prepared in solution by 
electro-oxidation. However, the dicationic product of the second oxidation is 
stable only on the cyclic voltammetric time scale. Attempts to generate 
solutions of the dication have not been successful, and the same is true for 
the monoanion [ Ru( Xtpp)( CO)L] - formed by one-electron reduction. 

The EPR spectra of the monocation [Ru(pp)(CO)L,]+ (n = 0, 1) taken in 
frozen solution (77 K) consist of an isotropic signal at g = 2.00. The pco 
band of the oxidized complex is shifted by 15-30 cm-l from that of the 
parent complex. This shift is much smaller than that expected (> 100 cm-r) 
for metal oxidation. Thus the redox orbital involved in the first oxidation is 
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1.2 0.8 0.4 0.0 

E,” 
Fig. 10. Cyclic voltammograms (dcm, tbah/Pt) of (a) [Ru(tpp)(CO)py] and [Ru(tpp)(py),] at 
298 K (adapted from ref. 149). 

porphyrin based. The visible spectrum of the monocation also supports this 
conclusion [149,155]. The redox couple corresponding to the first oxidation 
is thus given by eqn. (43) : 

[Ru”(pp+‘)(CO)L,] + + e- 0 [Ru”(PPWO)L,] (43) 
The reduction potentials for the first oxidation (in dcm containing one 

molar L) in a series of complexes of type [Ru( tpp)(CO)L], where L is py or 
substituted derivatives thereof, have been reported [154]. The pK, of the 
conjugate acid of L (in aqueous solution) was varied over a wide range 
(0.67-6.46) and the E O values decreased from 0.95 to 0.86 V. The potentials 
correlate linearly with pK,. The equilibrium constants for the reactions 
(eqns. (44) and (45)) 

[Ru(tPP)WON + L = [Ru(tPP)(CO)Ll (44) 

[Ru(tpp)(CO)] + + L 0 [Ru(tPP)(CO)Ll+ (45) 

have also been determined in dcm solution containing a suitable concentra- 
tion of L. The stability constants of the two equilibria have very similar 
values. That is why the shift in potential on going from [Ru(tpp)(CO)] to the 
pyridine adducts [ Ru( tpp)(CO)L] is small (100 mV or less). A similar study 
has been conducted for the reaction of [Ru(tpp)(CO)] with a series of donor 
solvents (S) utilized as ligands in dcm. The reduction potentials of both the 
first oxidation [Ru( tpp)(CO)( S)] +/[Ru(tpp)(CO)( S)] and the reduction 

[Ru(tpp)(CO)(S)l/ ER~(~PP)(CO)(S)I - could be correlated to solvent parame- 
ters [153]. 

The assignment of the redox orbital in the case of the second oxidation is 
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less certain, but the balance of evidence [151,155] suggests that it is metal 
centred as shown in eqn. (46): 

[Ru”‘(pp~~)(CO)L,]2++ e- 1 [Ru”(PP+‘)WO)L,] + (46) 
One of the arguments in favour is that the difference in potentials between 
the first and the second oxidation steps (Table 8) is substantially larger than 
0.3 V found [131] in porphyrins and metalloporphyrins where both oxida- 
tions are genuinely porphyrin based. A second line of evidence is based on 
substituent effects (see below). On a similar basis, the redox orbital in the 
one-electron reduction is believed to be porphyrin based [151,155]. This is 
shown in eqn. (47) : 

[Ru”(Xtpp)(CO)] + e- * [Ru”(Xtpp-‘)(CO)] - (4-n 
The effect of substituent X (MeO, Me, H, F, Cl, Br) on the reduction 

potentials of [Ru(Xtpp)(CO)] has been assessed [151]. Oxidations were 
studied in dcm and reductions in dmso; the species undergoing reduction is 
thus [Ru(Xtpp)(CO)(dmso)]. Data are collected in Table 8. The reduction 
potentials of all three couples (eqns. (43), (46) and (47)) correlate linearly 
with 40, where ox is the Hammett constant of substituent X and the factor 
4 appears owing to the presence of the four X substituents. The relationship 

holds. Here p is the reaction constant measuring the susceptibility of the 
electron-transfer process to polar effects and AE,” is the shift of Eq from 
the X = H case. The values of p, obtained as the slope of the plot of Eq vs. 

40x9 are as follows: first oxidation (eqn. (43)), 0.066 V; second oxidation 
(eqn. (46)), 0.041 V; f’ t u-s reduction (eqn. (47)), 0.064 V. The p value for the 
second oxidation is significantly lower than that for the first oxidation 
whose p value is close to that for the first reduction. In a general way, the 
more remote the redox orbital is from X, the less p should be. On this basis, 
the assignments of redox orbitals as made in eqns. (43), (46) and (47) are 
consistent with the p values. More complex substituent effects are reported 
for [Ru(Xtpp)(CO)( t-Bupy)] (X = Et,N, MeO, Me, n-Pr, Cl, CF,) studied in 
dcm [155]. A notable result is that the complex with X = Et,N displays 
three reversible oxidations ( E&, 0.50, 0.73 and 1.06 V) instead of the usual 
two; however, only one reduction ( E2’&, - 1.62 V) is observed as in the other 
cases. The first two of the three successive oxidations for the X = Et,N case 
are attributed to porphyrin oxidations and the third to metal’ oxidation. 

(d) Non-carbonyi complexes 
Selected examples together with formal potential data are given in Table 

8. Like the carbonyl complexes, these also display two reversible to quasi-re- 
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versible one-electron oxidations in dcm solutions (Fig 10). However, the 
separation between the two responses is substantially larger in the non- 
carbonyl species primarily because the first oxidation occurs at much lower 
potential. Thus the difference in the E& values of the first oxidations of 
[Ru( tpp)(CO)py] and [Ru(tpp)(py) 2] is 0.6 V. The monocation produced 
coulometrically is quite stable in solution and its electronic spectrum is 
closely similar to that of iron(II1) porphinate. Indications are strong that it 
is a ruthenium(II1) complex. Unfortunately, it is EPR silent even in frozen 
solution (77 K) but this can be due to rapid relaxation of the low spin d5 
ion. It is generally agreed that the two oxidations correspond to the 
processes of eqns. (49) and (50): 

[Ru’u(tPP)(PYLl+ + e- _ [ Ru’I @PP) (PY>,l 

[Ru111(tpp+‘)(py)2]2++ e- 0 [Ru”*(tPPMPY),] + 

(49) 

(50) 

in which the metal and the ligand are oxidized in that sequence [149]. 
The electrochemical behaviour of complexes with axial tertiary phos- 

phines [140,152] has been studied. Complex [Ru(oep)(PBu,),] follows the 
pattern of eqns. (49) and (50). In this case the [Ru111(oep)(PBu,)2]+ cation 
can be isolated as the bromide salt via dibromine oxidation of the parent 
complex. Further, the product of the second oxidation, namely 
[R~“~(oep+‘)(PBu,),]~+, is EPR active in frozen solution (77 K). Two 
signals of nearly equal intensity are observed at g = 2.35 (broad) and 
g = 2.008 (sharp). These have been assigned respectively to the ruthenium(II1) 
and porphyrin radical. The assumption is that there is no serious coupling 
between the two paramagnetic centres of the dication. Further EPR work on 
the ruthenium(II1) species considered in this section is required. 

An interesting reaction occurs upon adding PBu, or PPh, to the 
[Ru*‘(oep+‘)(CO)(py)]+ cation in solution: 

[Ru”(oep+-)(CO)(py)] + + 2PPh, - [ Ru”‘(oep)(PPh,),] + + CO + py 

(51) 

Apparently an internal electron transfer from ruthenium(I1) to the bound 
porphyrin radical occurs following loss of the CO ligand. The reaction in 
eqn. (51) succinctly embodies the basic difference between the redox orbitals 
of the carbonyl and non-carbonyl monocations. 

(e) Dimeric complexes 

We first consider the oxo-bridged dimer 39. The cyclic voltammetry of 
[Ru1V(oep)X]20 has been examined in dcm [143]. Three quasi-reversible 
couples are observed, each corresponding to the transfer of two electrons. It 
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has been suggested (but not proved) that the couples (the case of X = OH is 
chosen) are those shown in eqn. (52): 

I (oep f’)Ru’V- 0 

1 
I 

OH 

r 14- 
&& = - 0.82 V 

_- F 12- 

I (oep)Ru” - 
+A2 < 

l 1 (ep)Ru 'I' - 0 - Ru”’ (oep) 1 

1 
I o-Y(oep) ’ 

OH OH I 

-2e- 

1 
I 

OH OH I 

- Rulv(oep+m) 

I 
OH 

2+ & -1.18 v 

1. 

+2e- 
, 

1 

-2e- I (oep)Ru Iv - 0 - RdV(oep) 

1 
I I 

OH OH 

1 
0 

I 
E&-O.68 V IT -2e- 

+2e- 

(52) 

Two of these couples involve metal orbitals and one involves ligand orbitals. 
Here the ruthenium(IV)/ruthenium(III) couple lies at a lower potential than 
the porphyrin redox couple. The ruthenium(N) oxidation state is particu- 
larly stabilized in the linear Ru-0-Ru configuration. It is, however, surpris- 
ing that in a strongly coupled situation such as this, the two parts are 
systematically oxidized or reduced at the same potential. 

An even more dramatic example of the stabilization of higher oxidation 
states of ruthenium in relation to that of porphyrin exists [157]. The 
oxo-bridged dimers, 39, are formed by the reaction in eqn. (41). Application 
of this reaction (replacing &BuOOH with m-chloroperbenzoic acid) to the 
(IL, p, P, Stetramesityl porphyrin complex, [Ru( tmp)(CO)], however, affords 
the tram dioxo complex [Ruv’(0) 2 (tmp)]. Here dimerization is precluded by 
the steric bulk of the mesityl functions. The +6 state of the metal is so 
stabilized by the two 0x0 groups that it is unable to oxidize tmp. In dcm, 
this complex displays a single reversible oxidation wave at 1.12 V, corre- 
sponding to the formation of the porphyrin cation radical: 

[ Ruv* (O),(tmp+‘)] + + e- 0 [Ruv’w2bP)l (53) 
We now turn to the metal-metal-bonded dimer 40. In dimethoxyethane, 

[Ru’,‘(oep),] has been examined by cyclic and rotating disk voltammetry. A 
redox series consisting of six reversible couples is observed. These corre- 
spond to two successive reductions of the porphyrin, two successive oxida- 
tions of the metal and finally two successive oxidations of the porphyrin as 
stated in eqn. (54): 



285 

E&,=1.25 V 

[(oep+‘)Ru”‘= Ru1r1(oep+>]4+ a 

E&, - 1 .lO V 

[(oep+-)R~‘~‘=Ru”‘(oep)]~+ + 

E& =0.57 V 

[(oep)Ru1u=Ru11’(oep)]2f e 

E&s = -0.04 v 

[(oep)Ruul~Ru”(oep)J+ e 

E&== -0.97 v 

[(oep)Ru” = Rurl(oep)] qe 

E&= -1.46V 

[(oep-.)Rull=Rulr(oep)]- l & 
-e- 

[(oep-S)Ru1r=Ru11(oep-‘)]2- 

(54) 

The assignments are based on a critical comparison with the known electro- 
chemical behaviour of free porphyrins and mononuclear complexes [158]. In 
the oxidized species the metal-metal bond orders are 2.5 and 3 compared 
with 2 in 40 [148]. 

Finally, we consider the case of cofacial porphyrin dimers such as H,dpa 
(41). The ruthenium complex [Ru,(dpa)(PPh,),] (42) shows two two-elec- 

41 42 
tron ligand oxidations (0.61 and 0.78 V) and one two-electron metal oxida- 
tion (-0.17 V). However, [Ru,(dpa)(py),] (43) displays two successive 
one-electron ligand oxidations (0.96 and 1.01 V) and two successive metal 
oxidations ( - 0.22 and -0.11 V). Other related species have also been 
investigated [159]. 



(ix) Phihalocyanines 

(a) Free iiganiis 
Phthalocyanine, H,pc (44) is a tetrazaporphyrin: the methine and pyrrole 

fH2pc) 

44 

functions of the porphyrin skeleton are replaced by nitrogen and benzpyr- 
role functions respectively. Like porphyrin, H,pc acts as a planar N, 
macrocyclic ligand but with a smaller hole size [160-1621. Mild bases 
deprotonate phthalocyanine but not porphyrin, implying that the former is a 
weaker CI donor than the latter. However, phthalocyanine excels porphyrin 
as a 7~ acceptor [163,164]. Both macrocycles have LUMOs of ep( T*) 
symmetry. Stronger m acceptance by phthalocyanine is dependent on the 
greater stability of its LUMO and is reflected in (1) the higher reduction 
potentials of H,pc and (2) superior v backbonding in Mpc compared with 

MPP- 
The insolubility of H,pc has been a problem in electrochemical studies. 

However, by constant potential electrolysis in dmf, it can be solubilized, 
affording the radical anion [HZpc]-. Polarography of such solutions reveals 
four successive one-electron reductions: 

[H,pc] + e- _ W,Pcl- 

[H,pcl --I- e- 1 [H,pcl*- 

(55) 
(56) 

(57) [H,pcj2-+ e- # [H,pcl 3- 
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[H,pc13- + e- 0 [H,PC14_ (58) 
Formal potential data are given in Table 9. Complexes of type Mpc afforded 
by a bivalent metal behave similarly [161,165]. The polarography of the 
sodium salt of the tetrasulphonated derivative Na,[H,pcts] has been re- 
ported in dmso at a rotating platinum electrode and a dropping mercury 
electrode. The reduction potentials are about 0.1 V higher than those of 
H,pc. Three successive reductions are observable; the fourth is obscured by 
the onset of Na+ reduction. Electrolysis of Na,[H,pcts] at the potential of 
the first reduction plateau affords the radical anion [Hapcts]‘- having a 
strong EPR signal at g = 2.00 [166]. The observation of three to four 
successive reductions within the electrochemically accessible voltage domain 
reflects the relatively low energy of the LUMO in phthalocyanines. In the 
case of porphyrins, the LUMO energy is higher, and only the first two 
reductions are experimentally identifiable (compare Tables 8 and 9). 

(b) Compkxes 

Blue phthalocyanine complexes of ruthenium(I1) have been known for 
many years, but owing to synthetic difficulties, progress has been relatively 
slow [167-1741. The electrochemical oxidation of species of types 

PWP~)(CW-I and [Ru(pc)(L),] has been studied in dcm [175,176]. These 
complexes are structural analogues of the corresponding porphyrin species 
(38) with the ligand pair CO,L or L,L axially coordinated to the Rupc plane. 

The bis(pyridine) complexes show two reversible one-electron cyclic volt- 
ammetric oxidations; in the other complexes, only the first oxidation is 
observable (Table 9). The red-purple one-electron oxidized complexes can be 
produced in solution for all complexes by exhaustive electrolysis at the 
potential of the first oxidation_ In frozen solution (77 K) an isotropic EPR 
signal near g = 2 is systematically observed for every complex. From this 
observation as well as from optical spectral data, it has been concluded 11753 
that both carbonyl and non-carbonyl species afford a coordinated phthalo- 
cyanine cation radical upon one-electron oxidation: 

[ Ru”(pc+‘)(CO)L] + + e- r--+ [R~“(Pc)(CO)L] (59) 

[ Ru”(pc+‘)(L),] + + e- 0 [Ru” (PC) ml wo 
The site of the second oxidation in the bis(pyridine) complexes is, however, 
unknown; the dication is too unstable for generation by electrolysis. Cathodic 
reduction of the various complexes was also attempted, but no meaningful 
results could be obtained [175]. This is unfortunate since H,pc itself displays 
a rich reduction series. 

The porphyrin and phthalocyanine complexes are strikingly different with 
respect to the first oxidation. To highhght this, the behaviour of four specific 
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TABLE 10 

Summary of oxidation behaviour of four porphyrin and phthalocyanine complexes 

Complex %%3 (v) Oxidation site 

[Ru(PcXPY),I 0.77 Ligand 

[Ru(pcXC0l~~l 0.91 Ligand 

[Ru(PPXPY),I 0.21 Metal 

[R~(PPXCO)PYI 0.81 Ligand 

complexes is restated in Table 10. There is no qualitative difference between 
the oxidation sites of the non-carbonyl and carbonyl phthalocyanine species; 
only oxidation becomes a little more difficult (by 0.1 V) in the latter. Here 
the strong w-acceptor character of the macrocyclic ligand provides so much 
stability to the filled metal dl~~ orbital that the HOMO remains a phthalo- 
cyanine orbital irrespective of the nature of the axial ligands. In the case of 
porphyrins, the HOMO is a ligand orbital only when axial carbon monoxide 
is present for backbonding; otherwise it is a metal orbital_ Hence there is the 
qualitative difference between the oxidation of [Ru(pp)(py),] and 

wJ(PC)(PY) 2 l- 
The %098 values of [Ru(pc)(CO)py] and [Ru(pp)(CO)py] suggest that the 

macrocyclic HOMO energies are not very different for the two ligands. The 
major difference between them lies in the Ir-backbonding interaction involv- 
ing macrocycle LUMO and metal dw orbitals, and in this property, 
phthalocyanine far excels porphyrin. 

E. CONCJ,UDING REMARKS 

In this article we hAve reviewed primarily the pattern and systematics of 
ligand redox in ruthenium complexes. The synergistic combination of elec- 
trochemical and spectroscopic methods has vastly increased our understand- 
ing of ligand redox phenomena during the last 15 years or so. This in turn 
has led to better understanding and new developments in other fields. 
Photophysics and photochemistry could be cited as examples [41]. We wish 
to mention specifically the area of catalysis and chemical reactivity. The 
reduced/oxidized ligands can act as reservoirs of electrons/ holes and hence 
as centres which can support redox transformation of other chemical enti- 
ties. We hope to cover this topic as a part of the next review. 
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