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Attention is drawn to the interest in the use of the redox po-
tential for the characterization and identification of coordina-
tion compounds on the basis of redox potential-structure re-
lationships that define electrochemical parameters, which
are shown for a wide variety of ligands and metal sites.
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1. Introduction

Coordination compounds are usually characterized by
common IR and multi-nuclear NMR spectroscopic meth-
ods, elemental analysis and, whenever possible, by single-
crystal X-ray diffraction. In contrast, electrochemical meth-
ods, although being increasingly applied in the last few
years (mainly cyclic voltammetry) to measure the redox po-
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tential, induce chemical reactions by electron transfer and
study the mechanisms of redox processes,['# have not yet
found a common application as a characterization or identi-
fication tool for such compounds. This is somewhat surpris-
ing in view of the useful information associated with the
redox potential of a compound.

The main aim of this Microreview is to draw the atten-
tion of the coordination and organometallic chemists to the
fact that the redox potential of a complex can provide a
relevant structural and electronic meaning, allowing for the
quantification of the metal and ligand electron acceptor/
donor properties, which can then be applied as an impor-
tant characterization parameter, the use of which has still
been neglected. For such a purpose, the review focuses on
the seminal works of Pickett and Lever who have proposed
useful models for the redox potential/structure relationships
in metal complexes, and on the developments thereof,
which have been introduced namely by the current author
and his research group.

Since the redox potentials of metal complexes have been
correlated over the years to a variety of other propertiest®>~"]
that are also dependent on the electronic/structural features
of the complexes, one could expect the possibility of using
the redox potential to quantify the electron donor/acceptor
properties of the ligands and their coordination metal
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centres. This would provide an important characterization
method for the complexes based on their redox potentials,
but would require the establishment of defined relationships
between the redox potential and such electronic properties
of all the particular ligands and metal sites that constitute
the coordination entity under study. To keep matters simple
additive effects on the redox potential have been sought.

Following preliminary additivity recognitions,®°1 within
a series of closely related 18-electron first-row transition-
metal complexes of the general type [M(CO)¢_.L.J*, which
undergo a single-electron reversible oxidation centred at the
metal atom, the main systematic approaches have been pro-
posed by Pickett et al.,l'>2] Lever!!3-161 and Bursten.l'7-1°]

The Bursten model is based on a direct linear correlation
(with a negative slope) between the HOMO energy and the
oxidation potential (E,),) of octahedral d® metal complexes
of the type [ML,L'4 ,] (L = stronger m-acceptor than L’).
This potential (viz. HOMO energy) is determined in an ad-
ditive way by the effects (B) of all the nL and (6 — n)L’
ligands and by the effects (C) of the ligands, xL and
(4 — x)L’, that m-interact with the metal dn orbital com-
prised in the HOMO of the complex {[Equation (1)] in
which A4° depends on the metal atom, in particular its oxi-
dation state, and trivially on the solvent and reference
electrode}.

Eip=A°+nB"+ (6 —n)B" + xC" + (4 - x)C*' 1)

In spite of the immediate significance of this model, in
terms of the redox potential/redox orbital energy relation-
ship, its basic expression (1) (although it can adopt a sim-
pler form) is considerably complex, requires the differentia-
tion of the ligands in terms of their m-acceptance ability
and still remains relatively unexplored. Moreover, it can be
correlated to the other models (namely the Pickett onel?"),
which are easier to apply and will not be considered further.

It is worth mentioning that, for comparative purposes,
the redox potentials have to have a common reference,
which often requires a conversion.[?!221 In Pickett’s model
the potentials have typically been quoted relative to the sat-
urated calomel electrode (SCE), whereas in the Lever one
they have been referenced to the normal hydrogen electrode
(NHE).

2. Partial Additivity Models — Pickett’s and
Derived Models

In these models, some of the ligands (and therefore their
effects) are included in the overall metal centre {M,} to
which the other ligand(s) L, is (are) bonded in the [M,L,]
complex and therefore the additive effects on the redox po-
tential are assumed only for the {M,} and the nL ligand(s).
In the extreme case, as in Pickett’s model, n = 1, i.e. only
one ligand is distinct from the binding metal site in the
[M(L] complex, corresponding to a minimum additivity
requirement. Extensions of this model to other cases, with
1474
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a separation of more than one ligand (n > 1) from {M,} (a
higher additivity assumption), have been proposed by the
current author.

2.1. General

The linear relationships observed by Pickett et al. be-
tween the oxidation potentials (E¢%) of the members of a
series of 18-electron octahedral-type complexes [M,L]
(bearing a variable L ligand at a 16-electron Mg metal cen-
tre) and the oxidation potentials of the homologous com-
plexes [Cr(CO)sL] [with the {Cr(CO)s} site and the com-
mon L ligand] can be expressed by the basic Equation (2).
Herein, E is the oxidation potential of the carbonyl com-
plex [M(CO)] [Equation (3)], a measure of the electron rich-
ness of the metal centre (the higher this property, the lower
E,), the slope f is the polarizability of the metal site (a mea-
sure of the sensitivity of the HOMO energy to a variation
of the ligand L) and the ligand P; parameter [given by
Equation (4)] is the shift in the oxidation potential resulting
from the replacement of one CO group in [Cr(CO)¢] by one
L ligand.['%

EXM,LI=E, +f P, @
E M, } = E3[M,(CO)] 3)
P.(L) = EBICH(CO); L]~ E3[CHCO),] )

Expression (2) allows (i) the estimate of E; and f of the
metal centre from the plot of the oxidation potential of a
series of complexes [M L] vs. Py, or (ii) the estimate of Py
for the ligand L if E; and f are known for a certain {M,}
centre, as well as the oxidation potential of the particular
complex [M, L] with this metal site and the ligand L, or (iii)
the estimate of either Es or f, when the other parameters
and the oxidation potential of an [M L] complex is known,
or (iv) the prediction of the oxidation potential of any
[ML] complex provided the corresponding E,, f and P
parameters are known.

The above Pickett’s approach has been adapted or ex-
tended to complexes of types other than [ML] as follows.

Extension of the additivity to 18-electron complexes
[M,L,] (n =2, 3; n =1 was the original case) leads to Equa-
tions (5), (6) and (7),5->31 with the P,; ligand parameter rep-

ESIML,1=E +4P

12 nL (&)
E :Elo/é[Ms(CO)n] (6)
P, = E3ICH(CO), L]~ ER[CH(CO),] ™
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resenting the shift of the oxidation potential upon replace-
ment of nCO ligands in [Cr(CO)g] by nL ligands. It is the
sum of the n individual P; values [Equation (8)] when the
L ligands have independent effects on the oxidation poten-
tial.>23] The metal centre {M,} is then a 14-electron (n =
2) or a 12-electron (n = 3) site.

PL=nPk 8)

For the mixed-ligand complexes [M,LL’], the oxidation
potential was shown? to be the average of those of the
corresponding [ML,] and [ML’,] [Equation (9)] when the
metal sites {M,L} and {ML’'} exhibit analogous values of
polarizability (f).

ERIMILL] =128 EB ML, 1+ B ML, 1} ©)

Moreover, the oxidation potential of the complexes
[M,L,] was demonstrated to be given by Equation (10),
showing that the potential of any member of the series can
be predicted provided one knows the oxidation potential of
the dicarbonyl complex [M (CO),], the E; and f values of
an auxiliary {M,L'} site with the auxiliary L’ ligand and
the Py values of both L and L’. The knowledge of these
auxiliary parameters also allows for the estimate of the elec-
tron richness and polarizability of the {M,L} centre [Equa-
tions (11) and (12)].1>3

These expressions, (9)—(12), with an evident predictive
value, have been successfully applied to the series of isocy-
anido and carbonyl complexes of rhenium(l), trans-
[ReLL'(dppe),]* (L, L’ = CNR, CO; dppe =
Ph,PCH,CH,PPh,) and trans-[ReL,(dppe),]* (L = CNR,
CO0),P42T and of nitrile and carbonyl complexes of iron(II),
trans-[FeL,(depe),]** (L = NCR, CO; depe = Et,PCH,-
CH,PEL,).?%1 The E, and f values of the corresponding
trans-{ReL(dppe),}* and trans-{FeL(depe),}>* metal sites
have also been estimated (see below).?42%

An extension of the model to open-shell 17- and 16-elec-
tron complexes has also been carried out.[*-?8 The general
expressions (2)—(4) can be kept but now the metal site {M,}
is a 15- or a 14-electron centre, respectively. The approach
has been applied to the 17-electron complexes cis-
[ReCl(L)(dppe),]t (L = NCR, CO) and trans-
[FeBr(L)(depe),]**, with a 15-electron Re™ or Fe™ cen-
tre,?”l and to the square-planar 16-electron Rh' complexes
[Rh(OMO)(CO)L] [0"O = MeC(O)CHC(O)Me (acac),
PhC(O)CHC(O)Me  (bac)].*®!

_AW R,

E{M,Li=|1 £ [M,(CO ML}

M, |: PL(L')] 12[M( )2]+P,_(L') i ¥ (1
[l— IfL((f,’)]Eﬁ{MSL'}—[I— ;)L((LL,)JES[MxCO»]+/3{M,L'}PL ®

BIM Ly = L L

ALY

(12)

2.2. Py, Ligand Parameter

The P; ligand parameter can be obtained from expres-
sion (4) if the oxidation potential of the corresponding
[Cr(CO)sL] complex is known, or otherwise by using the
general Equation (2) if one knows the oxidation potential
of a particular [MiL] complex with that ligand binding a
metal centre {M} with known E; and f values. It can also
be derived from the Lever Ey parameter (see below). Pp
values are already known for a wide variety of li-
gandsl>10-24-5¢1 and lists have been collected**->°! with par-
ticular emphasis on the estimate of the values for carbynes,
carbenes, vinylidenes, allenylidenes and alkynyls.*®! Repre-
sentative examples are given in Table 1, which also includes
those reported recently.

The Py ligand parameter reflects both o- and n-effects in
an overall manner and is considered as a measure of the net
electron-donor minus the electron-acceptor ability of the li-
gand L, since the higher this property the less stabilized will
be the HOMO for [Cr(CO)sL] and hence the lower oxi-
dation potential of this complex and the lower the Py pa-
rameter [Equation (4)]. Although the oxidation potential of
a compound depends on the energetics of both the com-
pound and its oxidized form, a linear correlation of the oxi-
dation potential with the HOMO energy (see above) is ex-
pected for a series of closely related complexes such as
[Cr(CO)sL] with a variable L.

The strongest net w-electron acceptors exhibit the highest
Py values (=0), namely NO* (+1.40 V)[' > carbynes
(+0.24 to +0.21 V)1 > n2vinyl (+0.22 V)P > benzoyl
isocyanide (+0.20 V)31 > PF; (+0.14 V)[321 > aminocar-
byne (=CNH,") (+0.09 V)1 > CO (0 V).

Dinitrogen and the phosphaalkyne P=C¢Bu, coordi-
nated in the n'-mode, have P; values (-0.07!'% and —0.0433]
V, respectively) close to that of CO (0 V), but this is ac-
counted for by the limited o-donor and m-acceptor abilities
of the former ligands. Similar P values can be displayed
by both a weak m-acceptor/weak o-donor ligand and a
strong m-acceptor/strong c-donor one, since Py is deter-
mined by the net m-electron acceptor minus c-donor char-
acter of the ligand.

2 2 2
ESZ[MSL2]=[1— e } EM, (O, | ZUEL LD g oy AR g 1y
ALY ALY P71 £(L)
(10)
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Table 1. Py and Ey values for selected ligands.[?!

Py [V] Ref. Ey [V vs. NHE] Ref.
NO* 1.40 [1o] >1.5 [13,16]
Carbynes (=CR) 0.24 to 0.21 [29] ca. 1.2 (291
n2-Vinyl (n>-CH,CCH,Ph) 0.22 311 ca. 1.2 361
Benzoyl isocyanide (C=NCOPh) 0.20 [30] 0.16 301

\ 0.14 321 , _

Aminocarbyne (=CNH,") 0.09 311 ca. 1.1 361
CO 0 (o] 0.99 (131
n'-Phosphaalkyne (n'-P=CrBu) -0.04 [33] — —
N, ~0.07 o] - -
Isocyanides (bent) (C=NR)[] —0.07 to —0.18 [24,25.34.35] - -
Hydrazinium (NH,NH;") - - 0.80 (571
Ethylene (CH,=CH,) - - 0.76 [13)
N-Pyrrolylphosphanes - - 0.69 to 0.53 (28]
PPh,(NC4Hy)3_, (n = 0-3)
Vinylidenes (=C=CHR) 0to 0.6 [29,36] 0.71t0 0.2 361
P(OPh), 0.18 [10) 0.58 (3]
n2-Allene (n2-CH,=C=CHPh) -0.21 Bl 0.56 (361
Metallo-dinitriles (N=C-X-C=N-ML,_,) ~0.18 to —0.40 1371 0.58 to 0.39 361
Ferricinium isocyanides -0.22 to -0.28 [38.39] 0.55 to 0.50 (361
Nitriles (N=CR) -0.23 to —0.58 [10.27] 0.49 to 0.33 (131
C=N-BF;~ -0.24 [30] 0.20 (301
Metallo-cyanides (C=N-ML,_;") -0.25 to —0.61 [30.40] 0.50 to 0.21 (36]
Phosphonium isocyanides -0.28 to —0.36 [41] 0.50 to 0.43 (41
Allenylidenes (=C=C=CR,) 0to-0.8 [36.42] 0.8to0 (361
Me,SO (S-coordinated) -0.19 [36] 0.57 (571
Isocyanides (linear) (C=NR)[! -0.33 to —0.44 [24.25.34.43] - —
Organophosphanes -0.3 to -0.5 [10,32.45] 0.5t0 0.3 [13.36]
Bithiophene-carbenes —0.38 to —0.62 (4] 0.41 to 0.21 36]
Phosphirene -0.43 [43] - -
Protonated indole derivatives —0.44 to -0.62 (1] - —
Indazole -0.56 1361 0.26 (71
C=N-BPh;- 0.51 146] ~0.05 [30]
Pyridine -0.59 (101 0.25 (131
Oxocarbenes [=C(OR)Y] -0.51 to -0.64 1361 0.30 to 0.19 (361
Cyanamides (N=C-NR,) -0.57 to —0.85 26, 47-49] 0.25 to 0.0 [36]
Pyrazole - - 0.20 (131
4-Methylpyrazole - - 0.18 (731
Triazole - - 0.18 (131
1-Methyltriazole - - 0.17 (73]
Thiocarbenes [=C(SR)Y] —0.66 to —0.68 1361 0.17 to 0.15 (361
Aminocarbenes [=C(NRR")Y] —-0.69 to —0.80 [5.36] 0.15 to 0.05 361
Hydrotris(pyrazolyl)methane (HCpzs) - - 0.14 (721
Imidazole - - 0.12 (131
Benzoyldiazenide (NNCOPh") - - 0.11 (721
Benzimidazole - - 0.10 (751
1-Alkylimidazole - - 0.08 to 0.06 [13.73]
Ferrocenyl-oxocarbenes —-0.70 to —0.9 [36] 0.14 to 0.0 301
NH; -0.77 (o] 0.07 (131
CF;COO -0.78 [1o] -0.15 (131
Phosphoylide-aminocarbenes —-079 to —0.87 [41] 0.06 to 0.0 [41]
Cyanoguanidine [N=C-NC(NH,),] -0.86 (0] - -
Hydrogendicyanamide (N=CNHCN) -0.88 (0] - -
NCS- -0.88 (101 -
Tris(pyrazolyl)methanesulfonate (SO;Cpzs") - - -0.09 (731
Ferrocenyl-aminocarbenes -0.99 to —1.1 [36] —0.11 to -0.21 361
Indole derivatives -0.92 to 1.0 @1 - -
C=N1d -1.00 (o] 0.02 (131

-0.74 [30] -0.26 301
Hydrotris(3,5-dimethylpyrazolyl)borate - - -0.23 (641
[HB(Me,pz);7]
Bis(pyrazolyl)borate (H,Bpz,") - - -0.24 (641
Pyrazolate ~1.14 [36] -0.24 (131
2-Pyridinecarboxylate (2-pyCOO")! - - -0.24 (741
Dicyanamide (NCNCN") ~1.14 (501 — —
I -1.15 (101 - —
NCO~ -1.16 (101 -0.25 (131
Br- -1.17 [10] - -
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Table 1. (continued)

PL[V] Ref. Ey, [V vs. NHE] Ref.
Cl -1.19 (o] -0.24 (3l
Acyl- or aroyl-cyanamide -1.19 (51 - -
[NCNC(O)R ]
Monodeprotonated cyanoguanidine -1.22 1301 - -
[NCNC(NH)NH, ]
Alkynyls (-C=CR") 0.9 to 1.7 [5,36,42,52,53] 0.1 to -0.7 1361
H- -1.22 (o] —0.30 (3l
Ny 2126 [10] 2030 [13]
Me,SO (O-coordinated) - - -0.37 1571
F -1.3 1541 -0.42 13l
Hydrogen cyanamide (NCNH") ~1.34 [49] -0.41 1361
Szp(OEt)27 -1.34 1531 - -
Oxycarbenes (anionic) [=C(O)Y] ~1.1to -1.7 1361 -0.16 to —0.73 1361
OH- —-1.55 (o] -0.59 (13l
Aryls, alkyls, NO~ 1.7 to -1.9 361 -0.7 to 0.9 16}
0> - - -1.8 (731

[a] Ordered generally from higher to lower Py and/or E; values; for multidentate ligands the values refer to each ligating arm. [b] At an
electron-rich metal centre such as trans-{MX(dppe),} (M = Re, Tc; X = Cl, H). [c] At an electron-poor metal centre such as {Cr(CO)s}.
[d] The Py values of —1.0 and —0.74 V have been estimated at the {Cr(CO)s} and trans-{FeH(dppe),} " centres, respectively. [e] Carboxylate

arm.

Isocyanides show Py values that are spread over a wide
range, from +0.2 to 0.4 V (Table 1): benzoyl isocyanidel*"!
> bent isocyanides>*2>-34331 > ferricinium isocyanides!3-3]
> phosphonium isocyanides!*] = linear isocya-
nides, [24.25.34.43]

Metallo-cyanide adducts and other cyano adducts are
quite sensitive to the Lewis acid but are always stronger net
electron acceptors than cyanide: CNBF;B% = CN-
NiCly(Pey;) ™9 > CN-VCly(thf), 9 > CN-BPh; 46 >
CN-PdCly(PPh;) 10 > CN-[1030]

Carbenes and related ligands are spread over an even
wider window of Py values (from 0 to —1.7 V): vinylidenes
C=CHRP%3¢ = allenylidenes C=C=CR,**#*1 > bithio-
phene-carbenes** = oxocarbenes C(OR)Y[® > thiocarb-
enes C(SR)YP®! > aminocarbenes C(NRR') Y,[>3% ferro-
cenyl-oxocarbenes* = phosphoylide-aminocarbenes!*!]
> ferrocenyl-aminocarbenes*®! > anionic oxycarbenes
C(O)Y.39

Organonitriles (P from -0.23 to —0.58 V)l!%27] behave
as weaker m-acceptors than analogous isocyanides, whereas
cyanamides N=C-NR, (with the electron-donor amino
group)?%47-41 and related species, such as cyanoguanidine
N=C-NC(NH,),’" and  hydrogen  dicyanamide
N=CNHCN,PY are quite strong net electron-donor neutral
ligands, being comparable to NCST% or CF;COO~.['

The strongest net electron-donors are the following, with
P; values below —1.0 V: aryls, alkyls and NO-,[3¢1 QH-,[1"]
anionic oxycarbenes [=C(O")Y],1*® hydrogen cyanamide
(NCNH),#  F 34 N 00 H 00 alkynyls
(C=CR"),:36:4252.331 monodeprotonated cyanoguanidine
[NCNC(NH)NH, 1,59 acyl- or aroylcyanamide
[NCNC(O)R 1,51 CI-,l10 Br[10] NCO-,11) 110 dicyana-
mide (NCNCN").[0

A modification of a ligand naturally leads to a change of
P;. Hence, protonation is expected to result in an increase
of P, due the promotion of the net electron acceptance (or

Eur. J. Inorg. Chem. 2007, 14731482
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hampering of the net electron donation), as shown in the
following cases (see Table 1): protonation of vinylidenes
C=CHR to carbynes CCH,R* (AP, = 0.5V),[?>3% of a
bent isocyanide C=NR to an aminocarbyne C=NR," (R
= H) (AP = 0.2 V),313¢ of phosphoylide-aminocarbenes
(protonation at the ylide carbon atom) (AP; = 0.3 V)I!
and of indole derivatives (protonation at N) (AP =
0.5V).1

Oxidation of a metallo-ligand has the same type of effect
if there is electronic communication between the two metal
atoms, as observed for the ferrocene—isocyanide C=N-
FcB383% and  fumaronitrile-iron N=CCH=CHC=N-
{FeH(dppe),} 17 systems (AP = 0. 2'V).

Linkage isomerization with an ambidentate ligand can
result in a high P variation, as in the case of dimethyl
sulfoxide (DMSO) (AP = 1.1 V upon changing from O- to
S-binding).>”!

A further important matter concerns the possibility, in
some cases, of Py dependence on the metal centre, which was
not accounted for by the initial Pickett’s model. Although
such a behaviour poses difficulties to the application of this
model, the recognition of the failure of Equation (2) in par-
ticular cases enables us to propose corrections to the Py
values for such cases. This has been recognized for isocya-
nides, 242334331 nitriles,*”] cyanamides?®47 41 and cya-
nide.B% A high electron richness of the metal centre and a
strong electron release from the frans ligand promote the
net m-electron acceptance (or hamper the net electron do-
nation) of the ligand under study, resulting in a positive
correction (up to 0.34 V) for its usual Py value.

Hence, in such cases, Py also conveys information on the
electronic properties of the metal centre and, for isocya-
nides, is also diagnostic of their bent or linear geometry.
For trans-{ReCl(dppe),} (E; = 0.68 V) or for {Cr(CO)s} (E,
= 1.50 V), the former with a much higher electron richness,
isocyanides are bent (stronger m-acceptors, higher Py values
1477
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by ca. 0.26 V) or linear (weaker m-acceptors), respectively.
For trans-{TcH(dppe),}, with a higher electron richness (E,
= 0.34V), an even greater correction (+0.34 V)33 is re-
quired.

2.3. E and f Metal-Site Parameters

The electron richness (E;) of a metal centre {M} is given,
by definition [Equation (3)], as the oxidation potential of
its carbonyl complex [M(CO)]. It can also be obtained, as
well as the polarizability (f), from the plot of E5[ML] vs.
Py (L) [Equation (2)], comprising as many points as pos-
sible. Less direct methods can be applied, namely by con-
sidering an auxiliary site {M’} with known E; and f values,
and comparing the oxidation potentials of [M L] with those
of homologues of the related series [M'(L] [from the inter-
cept and the slope of Equation (13), E; and S can be esti-
mated for {M}]. Other cases have been indicated above
[Equations (11) and (12)].

E2 [ML] — E™ [MY{L] = (£ M} — ESM') + (B{M} - BIM'}) P (L)
(13)

E, and 8 values are knownl10-2428,34.35.41,43.56,58-61] for the
following {M,} centres, ordered, within each group, accord-
ing to decreasing FE, values: (a) 16-electron square-
pyramidal ones: {FeL(depe),}?* (L = CO, NCR),?*
{W(=CR)(CO)y(dppe)} ", {M(CO)s} (M = Cr, Mo,
W), {ReL(dppe),}* (L = CO, N, CNR),2425]
{FeX(LL),}* (X = Br, H; LL = depe, dppe),?”1%
{Mo(NO)(dppe),} *," {Mn(CO)(dppm),} *,**!
{ReX(dppe),} (X = CN, NCS, Cl, NCO, Nj),[3439601 5
{ReCl(dppe),},”! {TcH(dppe),},” {MoL(dppe),} (L =
CO, N,, NCPh),l'% {Mo(N5)(dppe),} 1% (b) 16-electron
half-sandwich ones: {Mo(n’-C;H;)(LL)}* (LL = dppe,
tBu,-diazabutadiene, bipyridine);>%! (c) 15-electron ones:
{FeBr(depe),}2*.,27 cis-{ReCl(dppe),} *;?"! (d) 14-electron
T-shaped one: {Rh(acac)(CO)}.®!

The electron richness is unfavoured (increase of E,) by
the presence, within {M,}, of ligands (e.g. carbyne or CO)
with a strong m-acceptance (high P;), by the increase of
charge and by the metal oxidation state. Thus, the least elec-
tron-rich sites are the dicationic Fe' centres {FeL(depe),}>*
(L = CO, NCR) (E, = 2.3-1.7 V vs. SCE),[?! the dicationic
Fe'l site {FeBr(depe),}>* (Es = 1.98 V vs. SCE)" and the
cationic carbyne-carbonyl centres {W(=CR)(CO),(dppe)}*
(E;=1.7-1.6 V vs. SCE),*3! followed by the pentacarbonyls
{M(CO)s} (M = Cr, Mo, W) (E; = 1.50 V vs. SCE).[*!l

At the other extreme, as the most electron-rich centre,
lies the anionic Mo site {Mo(N3)(dppe),}~ (E; = —1.00 V
vs. SCE)!'9 with the strong electron-donor azide ligand, fol-
lowed by the neutral {MoL(dppe),} (L = NCPh, N,, CO)
sites, all with negative E; values.

Interestingly, the polarizability () of the metal centre
also tends to decrease (as does the electron richness) with
the increase of the net m-electron acceptor ability of a ligand
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(increase of Py ) comprised in {M,}, as observed for a series
of related centres such as rrans-{M(L)(dppe),}* (M = Tc,B!
L = H; M = Rg;[32425:3439.601 [, = Cl", CN", CNR, CO). In
accord, {Mo(NO)(dppe),}" and {W(=CR)(CO),(dppe),},
with the very strong m-acceptors NO™ and carbyne/CO li-
gands, are the centres with the lowest 8 values (0.510'% and
0.61-0.73,#31 respectively). The delocalization of the
HOMO towards the strong m-acceptor ligands in {M}, as
shown by MO calculations in the W-carbyne case,**! leads
to an attenuation effect (energy “buffering”, low ) on the
changes of the HOMO energy upon change of another li-
gand (L) bound to the centre in the complex [M,L].

3. Full Additivity Lever’s Model

3.1. General

In this model, the additivity is extended to all the ligands,
and the redox potential of a complex with the M+ redox
couple is given by Equation (14) in V vs. NHE, where Sy
(slope) and Iy (intercept) depend on the metal and redox
couple, the spin state and the stereochemistry, and E; is
an additive ligand parameter that was obtained through a
statistical analysis on the known redox potentials of the

high number of complexes with the Ru''""!' redox cou-
le.[13-16]

ple.

E L [M™" =S (ZE)+1, /Vvs.NHE (14)

On account of its wide scope of application, simple use
and availability of data, Lever’s model became the most
popular one and has been reviewed.['*-'l However, its high
generality is concomitant with the risk of failure for par-
ticular cases, and for strong m-acceptor ligands, e.g. CO,
carbynes and isocyanides. Equation (14) requires the use of
empirical terms that reflect additional HOMO stabilization
effects. Corrections have also been introduced!*?! to account
for isomeric effects.

The attenuation of the CO ligand additivity effect, also
in agreement with electronic spectroscopic and X-ray data,
has been recognized!®? for the Os™/" and Os"™!" redox po-
tentials in a series of hexacoordinate mixed halide/carbonyl
and halide/carbonyl/nitrile complexes, i.e. the shift of the
redox potential upon the first replacement of a halide or a
nitrile by a CO ligand is much more pronounced (ca. two
to three times) than the shift resulting from the second re-
placement. Similar nonlinear trends are exhibited by related
(isocyanido)Os complexes,!®?! although a roughly constant
potential shift is observed per each halide replacement by
nitrile either in the Os seriesi®? or in the Ru analogues.[®]

Hence, the mutual influence of the strong m-accepting
CO or isocyanido ligands, in such series, leads to an attenu-
ation of the corresponding ligand additivity effects.

The deviation from linearity [Equation (14)] for a wide
range of XE;, as observed for the Re! redox system,!'#
can be overcome by the consideration of either different
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expressions along the E; scale or of a curved relationship,
the latter is supported by some studies on a series of Re'-
vinylidene or —nitrile®*”! complexes.

Although typically applied only to hexacoordinate com-
plexes, the model has been recently extended by the current
author to square-planar tetracoordinatel®®®¥ and pentaco-
ordinate?®! Rh"' complexes; the former has also been
studied by others®! although with a smaller number of
compounds. Extensions to particular Ru clusters,[®6-68]
sandwich and half-sandwich complexes,'>1%%! and to re-
duction processes centred at ligands!!>!®l have also been
proposed.

3.2. E;, Ligand Parameter and Associated Ones

The ligand E; parameter depends on the reference elec-
trode (it has been referenced to the NHE), in contrast with
the Py parameter, but both are related by the experimen-
tally observed Equation (15), which, however, fails for
strong m-acceptor ligands (see above) when the Lever Equa-
tion (14) also requires corrections. Hence, for such ligands,
Equation (15) has to be used cautiously for the estimate of
the value of one of the parameters from that of the other
one. Recognized examples of failure of Equation (15) in-
clude, apart from CO, carbynes and bent isocyanides, as
well as a number of metallo-cyanide and other cyano ad-
ducts e.g. C=N-A"[A = BF;,’% BPh;,BFT ML, ; (M = VI,
ReY, Nill, Pd"B39497  Nevertheless, Equation (15) is valid
for allenylidenes and alkynyls.[?8-36:42]

PL=1.17E.—-0.86 (15)

E; values are already known for a wide variety of li-
gands,[13-16.28-30.36.41,57.64.70-75] including an extensive list of
recently estimated values by the current author!3® for many
carbyne, carbene, vinylidene, allenylidene and alkynyl li-
gands. Examples are given in Table 1.

Sy and Iy, values (listed in refs.['3-16:36:30l) have already
been proposed for the following M”* redox couples: M =
Nb (n=3,4),31Ta (n=4),"31Cr(n=0,2),"3 Mo (n =0,
D, Te (n = 1-3),l1 Re (n = 1-3),l'4 Fe (n = 2, 3),[13:26:27]
Ru (n =2, 3),l1371 Os (n = 2)["3 and Rh (n = 1).128-%4 Nor-
mally, the redox centres are six-coordinate, with the excep-
tion of the four- and five-coordinate Rh!V1,128:41 and in par-
ticular the five-coordinate Fe''V"131 and Mn!V1II3) cases,
The parameters usually have been obtained in organic me-
dia, but different values are observed in water where sol-
vation effects and the complex charge can play a relevant
role, as observed for Cr!!VIL[13] FellVIL 131 RylIVIT (94714 [13]
Ru™ (1-/2)l7L731 and Os!VHII3] systems. The charge ef-
fect has been studied”*! particularly for the Ru'™!! system.

Moreover, particular sets of Sy and Iy values, different
from the general ones but that better fit an expression of
the type (14), have been proposed®®27] for certain series of
complexes.
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4. Identification of Coordination Compounds

The relationships discussed above [in particular (2) and
(14)] between the redox potential of a complex and the elec-
trochemical ligand and metal centre parameters can be used
not only to estimate (from the measured redox potential)
these parameters that characterize the components of the
complex, as discussed above, but also conversely to predict
the redox potential of any complex, provided the values of
those parameters are known. This latter approach has been
much less explored but its significance towards the identifi-
cation of coordination compounds is rather valuable. It can
assist in the identification not only of isolated complexes
but also of those generated in situ in a reaction process.
This can be conveniently done by cyclic voltammetry, an
expedient and rapid method to search for redox waves and
measure their potentials, provided these lie within the avail-
able solvent/electrolyte potential range and the species have
a sufficient lifetime for the wave detection. The redox waves
should also be reversible, at least partially, since irreversible
processes can lead to considerable shifts in the redox poten-
tial.

The identification of the new species generated upon an
electron-transfer induced chemical reaction greatly contrib-
utes to the understanding of the redox process whose
mechanism, in some cases, has been established by digital
simulation of the cyclic voltammograms. This is illustrated
by the following cases investigated in the author’s labora-
tory.

The trichloro-Os™ complex mer-[OsCly(NH3)>(Me,S)]
undergoes, by cyclic voltamemtry in DMSO, a single-elec-
tron partially reversible reduction wave (19, Figure 1),
which involves heterolytic Os—Cl bond rupture with loss of
CI" followed by its replacement by DMSO to afford the S-
coordinated  complex  [Os''Cl,(NH3)(Me,S)(DMSO)]
(Scheme 1).571 This product as well as an intermediate spe-
cies that was postulated as the pentacoordinate complex
[OsCl,(NH3),(Me,S)] were detected by their oxidation
waves (I1°* and III°%, respectively, Figure 1) upon scan re-
versal following the reduction wave (I"*%) of the starting
complex.’” The identification of the product was based on
the very close agreement between the measured value of its
oxidation potential (ITI°*) and the predicted one by apply-
ing Lever’s Equation (14).57]

(1ncd)

C
— -

T

[OsU'CI3(NH5),(Me,8)] [0s"Cl3(NH3)5(Me;$)]
-l
(I1°%)
——C_ [Os!'CL,(NH3),(Mc,$)]

p—
DMSOl

[Os'CL,(NH5)»(Me,S)DMSO)]

[Os™Cl,(NH3),(Me,S)]

(I1°%)
[Os"CIy(NH;)(Me,S)(DMSO)] ¥ a2

Scheme 1.
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Figure 1. Cyclic voltammogram of mer-[OsCl3(NHs),(Me,S)] in
DMSO with 0.2m [BuyN][BF4] at a Pt electrode (scan rate:
0.2 VshHB7

Other recent examples concern various series of chlorido/
azole-ruthenium(IIl) complexes with antitumor activity,
such as [RuCl4L,] """ (L = imidazole, benzimidazole, tri-
azole, pyrazole, indazole or a substituted derivative),
[RuCl;L;]71 or [RuCl,L4]"."31 They exhibit a single elec-
tron reduction (wave 1*9) to the corresponding Ru"' com-
plexes, which then readily undergo sequential dechlorina-
tion steps upon solvolysis [S = dimethylformamide (DMF)
or DMSO] (Scheme 2 for [RuCl L,] ).

=
—f = [RACLL T

—_—
Cl ky
S

[Ru"CLLy($)]”

af g
$

[Ru"Cl,L(S),]

Ru"'C1,L,]”

(1%
[RUTCLL,(S)] ==

—

Ty
RulCLLAS)] =—=

[r—

Scheme 2.

The partially dechlorinated/solvated Ru™f products, such
as [RuCLLx(S)]” and [RuCl,Ly(S),] derived from
[RuCl4L,], were detected in situ by the appearance of their
Ru'/Ru' oxidation waves (I1°* and III°%, respectively) and
identified by the similarity of the corresponding measured
oxidation potential values with those predicted by using Le-
ver’s Equation (14). A similar behaviour was observed for
the other series of azole complexes.

The mechanisms of the processes were investigated in de-
tail by digital simulation of cyclic voltammetry,’-71 al-
lowing us to estimate the kinetic rate constant of solvolysis
upon reduction (k; and k»), which interestingly were shown
to correlate with the redox potential’’-7>! (thus, with the
azole E; parameter) and with the anti-tumor activity.’¢-7”]

5. Final Comments

The redox potential of a coordination compound bears
rich structural/electronic information, which has started to
be explored, in a systematic way, by ligand and metal pa-
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rameterizations that constitute the bases of simple additive
models. The electron donor/acceptor properties of the li-
gands and binding metal centres can thus be quantified
through the values of associated electrochemical param-
eters, which, conversely, once known, can be used to predict
the redox potentials of their complexes.

The latter approach (the estimate of the redox potential)
can provide an important contribution towards the identifi-
cation of unknown complexes by comparing the predicted
and the experimentally measured values of the redox poten-
tial. The complexes, products or intermediates in reactions,
can thus be identified in situ, without the need for their
isolation from the solution, lowering the risks of their loss
upon further reaction or decomposition.

Another important perspective concerns the possibility
of correlating not only the redox potential but also, in a
more perceivable way, the above electrochemical ligand
(and/or metal site) parameters, with a variety of other prop-
erties of the complexes that are also determined by elec-
tronic and structural features,[>-6-15:16:6%-78 gych as ligand IR
stretching frequencies,[’* energy of MLCT bands,!'®! Ham-
mett’s o-substituent constants and related ones,[*%-79-8%1 Tol-
man’s electronic parameter®!l or metal-metal interaction in
ligand-bridged dinuclear complexes. Some of those corre-
lations can allow the estimate of E; or P for further li-
gands.

Ligand coordination!!®11:34571 and chemical reactiv-
ityl!0-37:82-83] criteria have also been proposed in a few cases.
A different type of relationship, between the azole E; ligand
parameter and the anticancer activity, has recently been rec-
ognized”®7"] for some ruthenium complexes.

However, one should be aware of the model’s limitation,
associated with the additivity assumption that does not take
into account interactions and synergisms. Pickett’s model,
in its initial form, bears the minimum additivity (only the
effect of a single ligand is separated from all the others,
taken as a whole) and is expected to be more accurate for
particular sets of complexes but has the lowest generality,
while Lever’s model assumes a full additivity and is more
general but has a higher risk of failure in particular cases.
These include isomeric effects that require the consideration
of corrective terms in Lever’s equation,!'¥ whereas they can
be handled by Pickett’s model by considering distinct (E,
B) sets of values for the different isomers.?”-3¥ The isomeric
dependence of the redox potential is particularly relevant in
accounting for the type of mechanism of electron-transfer-
induced isomerizations in coordination compounds.[8¢-3°]

Another frequent limitation results from the small
number of available data (in some cases limited to a single
complex) used to estimate the ligand or metal parameters.
Many more complexes have to be studied and the values of
these parameters averaged.

Although extensions of the initial models have already
been proposed, they have still to be further applied to other
types of complexes with different metals and ligands, elec-
tron counts, geometries, etc. The results so far achieved, as
illustrated above, are promising and the field hopefully will
attract wider attention.
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