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A. INTRODUCTION

The recent growth of studies on multimetallic compounds comes from the
areas of homogeneous catalysis, magnetic exchange between paramagnetic
centres, and bioinorganic chemistry [1-5].

There are many multi-metal center proteins and enzymes in nature;
prominent among these are many with homo- and heterodinuclear metal
centres [6]. A magnetic interaction between the two metal ions is often
essential for their biological function. Examples are the active sites in the
“blue” multicopper oxidase, ceruloplasmin and the dioxygen binding sites in
the hemocyanin respiratory proteins and tyrosinase, a mixed function oxidase
[7-11]. An imidazole-bridged copper-zinc pair forms the active site of one
type of superoxide dismutase [12-14].

Molecular systems having two (or more) redox active centres in close
proximity, capable of cooperative interactions, are also of interest in relation
to their potential as catalysts for non-biological substrate oxidation [15].

Considerable effort has thus been directed in recent years towards the
synthesis of ligands capable of holding two metal ions, either the same or
different. at separations (= 2.5-6.0 A) which are subject to control by
appropriate modification of the molecular topology. Attention to the
metal - - - metal separation and the number, nature and disposition of the
donor atoms allows the study of those physical and chemical properties
which may depend on the binuclearity of the system [16].

In particular the possibility is offered for the binding and activation of
small substrate molecules and ions between the metal centres and the
investigation of structural and physicochemical host-guest relationships
[16].

Hence, synthetic binuclear complexes can serve as suitable models for the
natural binuclear metal centres when they mimic some physical or chemical
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property of the protein site and thereby provide an improved understanding
of the biological analogue [1-5].

Studies on these models have concentrated on magnetic susceptibility,
redox properties, optical and electron paramagnetic resonance spectral
parameters.

B. SYNTHESIS, STRUCTURE AND MAGNETIC PROPERTIES

In 1970 the term binucleating ligands was introduced for a series of
polydentate ligands capable of simultaneously securing two metal ions
[17.18]. The complexes were prepared with the aim of binding and activating
small molecules such as oxygen, carbon monoxide. carbon dioxide, or
particular bonds, e.g. C--H. for the subsequent formation of organic sub-
strates of biological or industrial relevance.

Since 1970 there has been a continuous increase in the synthesis of
binucleating ligands and related complexes, and many reviews have been
published on this subject [1-5].

The complexes obtained by these ligands have recently been divided into
two general classes [16]:

(a) Complexes with metals sharing at least one donor atom of ligands
containing adjacent sites in which the central donor atom provide a bridge.
The ligands providing these complexes have collectively been termed com-
partmental ligands [1-5].

(b) Complexes in which the donor atoms are not shared. These complexes
thus derive from ligands having isolated (or remote) donor sets.

The present review deals with homo- and heterodinuclear copper(Il)
complexes dertved from compartmental ligands. Analogous complexes with
other metal ions as well as the related mononuclear copper(Il) analogues will
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Fig. 1. Keto-precursors for the preparation of binucleating ligands.



«@ A

SMe SMe SMQ SMe

@Y\/\r\/\r@
o @

@L N/lN:’
o © o

Fig. 2. Polypodal ligands containing a potentially binucleating phenoxy or alkoxy group.

be reported only when necessary for a better understanding of the properties

of the dinuclear copper(1l) complexes.

The compartmental ligands are predominantly Schiff bases (or the analo-
gous compounds where the C=N bonds have been reduced to CH-NH),
derived from 2,6-disubstituted phenols, thiophenols, 1,3,5-triketones, B-keto-
phenol, keto-acids or diamino alcohols (Fig. 1) and polyamines.

More recently a new series of compounds, classificable as compartmental
ligands (termed polypodal ligands) [16] (Fig. 2) have also been prepared by
reaction of copper(I) complexes with remote ligands and oxygen as shown in

Scheme 1.
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In all these compartmental ligands the central phenolic, alcoholic,
thiophenolic, or keto-oxygen atom acts as a bridging donor atom.

Basically four types of ligand, in addition to the keto-precursors E, have
been considered for the classification of the complexes examined in the
present review. Type A are macrocycles, derived from “2 + 2” condensation
polyamines, type B are side-off acyclic ligands in which a “2+1” con-
densation occurs, type C are end-off acyclic ligands in which a “1+2”
condensation occurs (in the related metal complexes, Y provides an endoge-
nous bridge; a further exogenous bridge may be provided by a mono- or
bidentate anion), type D are polypodal ligands. The chains R and R’ can
contain additional donor atoms (NH, S, O, PPh, etc.) producing a multiplic-
ity of different compartments.

Finally several copper(Il) compounds, containing remote donor sets or
ligands close to those examined in the present paper, have been considered
and briefly reviewed in comparison with the copper(Il) complexes with
compartmental ligands.
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(i) Complexes derived from keto precursors

Transition metal compounds derived from 1,3,5-triketones (Fig. 3a), [19,20]
and from 4-substituted-2,6-diformyl-phenols or 4-substituted-2,6-diacetyl-
phenols (Fig. 3b), [21] have been synthesized.
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Fig. 3. The binuclear structure of complexes derived from (a) 1,3.5-triketonates and (b) from
2.6-diformyl- or 2.6-diacetylphenols.

B.8-Triketones can exhibit triketo, monoenol and bisenol forms in their
tautomeric equilibria as shown in Scheme 2 [22-26] and can thus act as
bidentate or terdentate ligands to form metal chelate complexes.
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With 4 transition metal ions, the formation of binuclear species is
relatively easy and only by employing particular experimental conditions
(low temperature, etc.) can mononuclear species be obtained. These become
binuclear, for instance, on heating in pyridine.

In the binuclear copper complex with 2,4.6-heptanetrione [27] (Fig. 4) the
coordination geometry is square pyramidal. the four oxygen atoms attached
to each copper atom being coplanar.

Analogously with 1.5-bis( p-methoxyphenyl)-1,3.5-pentane-trione. copper
(IT) forms the binuclear complex [28] shown in Fig. 5.
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Fig. 4. The molecular structure of bis(2,4,6-heptanetrionato)dipyridine dicopper(1l). Re-
printed with pernussion from ref. 27.

The structure consists of discrete molecules in which each copper atom 1s
bound to four ketonic oxygen atoms of two triketones and one axial
pyridine. Each copper atom is thus five coordinate in an approximate
square-pyramidal arrangement. This d°-d® complex exhibits strong in-
tramolecular antiferromagnetism ( —2J = 825 ¢cm ') resulting in nearly dia-
magnetic behaviour at room temperature. These results are in contrast to the
structurally related d'-d! vanadyl(IV) binuclear complex in which the value -
of —2J is 160 cm ™! [28].

In the copper complex, an exchange mechanism is operating through the
g-orbital system of the four-membered Cu,O, ring. Although the ring is not
strictly planar, the exchange is almost strong enough to completely spin pair
the electrons. In the vanadyl(IV) analogue the unpaired electron is not in a

Fig. 5. The molecular structure of 1,5-bis( p-methoxyphenyl-1,3,5-pentanetrionato)bis(pyri-
dine) dicopper(Il). Reprinted with permission from ref. 28. Copyright 1986 American
Chemical Society.
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o-symmetry orbital. It was suggested it lies in the 4 orbital, and hence a
direct metal-metal interaction was considered since &, is directed between
the bridging oxygen [28]. Thus one would expect a weak exchange. Another
superexchange mechanism involving the bridging oxygen and metal orbitals
(1.e. electron excitation into orbitals of appropriate symmetry followed by
exchange in these excited states) was considered to be less convincing [28].

The unit cell of the complex bis(benzoylacetylacetonato)bispyridine di-
copper(Il) [29] (Fig. 6) is composed by four centrosymmetric binuclear
molecules with each of the two copper atoms coordinated to four ketonic
oxygen atoms and one nitrogen from a pyridine molecule. The coordinated
pyridine ligands are on opposite sides of the molecular plane precluding any
dimerization. Such dimerization does occur, however, with the copper(1l)
complex of 2,5-bis(trifluoroacetyl)cyclopentanone [29]. This complex crystal-
lizes as a dimer in which pairs of binuclear units related by inversion centers
are weakly interacting.

The molecular unit is, as usual, composed of two copper atoms coordi-
nated to four equatorial ketonic oxygen atoms and to an axial water oxygen.
The sixth coordination site is occupied by a ketonic oxygen of the symme-
try-related molecule at a distance of 3.01 A (Fig. 7). The coordination sphere

Fig. 6. The structure of bis(benzoylacetylacetonato)-bis-pyridine dicopper(1I). Reprinted with
permission from ref. 29. Copyright 1986 American Chemical Society,



173

Fig. 7. The structure of bis{2,5-bis(trifluoroacetyleyclopentanone)] diaquo dicopper(Il). Re-
printed with permission from ref. 29. Copyright 1986 American Chemical Society.

of the copper atoms is made up of distorted octahedra with the two
coordinated water molecules on the same side of the plane described by the
two copper atoms and two triketonates [29].

A pentacoordinated binuclear copper(II) complex has been obtained from
the fluorinated ligand 1,1,1,7,7,7-hexafluoro-2,4,6-heptanetrione [30]; in this
complex the apical position is occupied by a methanol molecule and four
equatorial ketonic oxygens complete the coordination sphere (Fig. 8).

The structural parameters, which are important in the superexchange

per(II). Reprinted with permission from ref. 30. Copyright 1986 American Chemical Society.
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interaction are essentially constant in bis(1,3,5-triketonato)dicopper(1l) com-
plexes; consequently the magnetic properties of these complexes show strong
antiferromagnetic exchange, with no EPR signals at room temperature and
often diamagnetism [30]. Therefore changes of substituent group produce a
small perturbation on a very large exchange interaction.

(it) Complexes with macrocyclic ligands

Many studies deal with the preparation of binuclear complexes with
symmetric or asymmetric cyclic ligands. Homodinuclear complexes can be
synthesized utilizing a template synthesis [31], by reaction of the appropriate
polyamine, 2.6-diformyl-4-substituted phenols (or 2.6-diacetyl-4-substituted
phenols) in the presence of metal salts in alcoholic solution. For the
heterodinuclear complexes, step by step reactions were employed. These
syntheses are carried out according to Scheme 3.
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Recently the X-ray structure of the dinuclear copper(Il) complex derived
from 4-methyl-2,6-diacetylphenol and 1,2-diaminoethane in the presence of
an equimolar amount of the metal template Cu(BF,),-6H,0 was de-

Fig. 10. The binuclear structure of Cu,(L,XCl),-6H,0 (2) H,L, is the macrocyele obtained
by condensation of 4-methyl-2,6-diformylphenol and 1,3-diaminopropane. The chlorine atoms
have been omitted for clarity. (b) Representation of the geometry around the binuclear core
of the complex. Reprinted with permission from ref. 33.
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termined [32] and is shown in Fig. 9. The unit cell contains one dinuclear
cation and two BF, anions. The cation forms a centrosymmetric dinuclear
complex in the crystal. The copper atoms are five coordinate in a square
pyramidal configuration; four donor atoms of the macrocyclic ligand occupy
the equatorial coordination sites and a water molecule is coordinated in the
fifth apical position.

The crystal structure of the dinuclear copper(Il) complex obtained by
condensation of 4-methyl-2,6-diformylphenol and 1,3-diaminopropane in
the presence of CuCl, - 2H,0 (Fig. 10) shows two identical copper sites [33]
with the two chlorine atoms in the apical positions on opposite sides of the
plane defined by the donor set.

A similar coordination geometry was found for the cobalt(Il) bromide
analogue [34]. In this complex (Fig. 11) the central metal ions are further out
of the macrocyclic plane (0.30 A) than is the copper(Il) ion (0.21 A).

The magnetic properties of the above pentacoordinated square pyramidal
complexes M,LX, (X=Cl, Br; M= Cu(ll), Ni(II), Co(Il), Fe(ll) and
Mn(II); H,L = macrocyclic ligand) were investigated in the temperature
range 4.2-300 K [35]. Strong antiferromagnetic exchange is present in the
dinuclear copper(II) complex (J = —294 cm™!); the net antiferromagnetic
interaction decreases monotonically in the series Cu(Il) (J = —294 cm ™ 1),
Ni(Il) (J= =27 em™ '), Co(Il) (J = —9.3 cm ') and Fe(Il) (J = —4.2
cm™ ') and finally becomes a net ferromagnetic exchange interaction with
the Mn(IT) complex (J = +0.2 cm ') [35]. This J value variation across the
series can be attributed to the changing number of unpaired electrons and
associated pathways and to an increasing metal-ligand distance from
copper(Il) to manganese(II).

The dinuclear copper(Il) complex prepared by condensing 1,3-di-
aminopropane with 2,6-diformyl-4-methylphenol and Cu(ClO,), - 6H,0 has
been reduced electrochemically, under an inert atmosphere, to the mixed
copper(II)~-copper(l) and the copper(I)-copper(I) complexes in two separate
one-electron processes (vide postea) [if a CO atmosphere is used, the
dinuclear [Cu™CuL _]** can be reduced stepwise to [Cu'"Cu'L CO]* and

Fig, 11. A schematic representation of dicobalt(Il) dibromide complex.
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Cu'Cu'L (CO),). The final Cu'Cu'L, product is essentially insoluble in
CHCI,, CH,C1, and CH,OH as shown in Scheme 4 [36,37]. The IR spectra
of these compounds indicate that the macrocyclic ligand is intact and
unreduced in the new compounds.

The magnetic moment values for [CuCu'L, J(ClO,) (1.81 B.M.) and
[Cu™Cu'L (CO)ICIO, (1.94 B.M.) are typical of magnetically dilute Cu(Il)
complexes. These results contrast with the p  for [Cu"Cu'L_}(ClO,),-
2H,O (0.60 B.M.) which indicates quite strong coupling between the
copper(II) centers. Cu'Cu'L is diamagnetic.

The extent of interaction between the metal centers in the ground state of
the mixed valent complexes has been studied. For the carbonyl complex
[Cu™Cu'L COJ]* the observation of the localized odd electron at both high
and low temperatures indicates that thermal electron transfer is either
prevented entirely or is too slow to be observed on the EPR time scale at
either temperature. The binding of CO to the Cu(l) site would be expected
to markedly alter the energy differences between Cu(I) and Cu(Il) perhaps
to an extent which makes facile electron transfer not feasible. Based on its
spectral properties [Cu''Cu'L (CO)|CIO, behaves as though it contains
non-interacting metal centers. Electrochemical measurements (vide postea)
on [Cu"Cu'L,]" indicate a fairly strong interaction. The complex
[Cu'Cu'L J(C1O,) also displays evidence of the interaction between the two
copper ions in its electronic and EPR spectra. The room temperature EPR
spectra have been interpreted in terms of intramolecular electron transfer
between copper ions at a rate which is rapid compared to the relatively slow
resonance experiment. In frozen media that exchange 1s stopped or is too
slow to be monitored. At room temperature [Cu'Cu'L_]" exhibits an
isotropic seven-line solution EPR spectrum while an anisotropic pattern was
observed in frozen solutions (77 K) with four lines for g, and unresolved
g .. Variable-temperature experiments show coalescence at about 200 K
suggesting an intramolecular electron transfer rate of about 1.7 X 10! s ! at
298 K. Electronic absorption spectral measurements in CH,Cl, revealed at
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least two bands for [CuCu'L ]ClO, at 1700 and 1200 nm, not present in
the [Cu™Cu"'L }(ClO,), - 2H,0, Cu'Cu'L, or in the carbonyl derivatives.
These bands have been attributed to intramolecular electron transfer
processes [37].

The structure of the [Cu™Cu'L ]ClO, complex reveals distinct copper
coordination sites in the solid state. Within the crystal, the flat cations are
parallel and are arranged in slipped stacks with two alternating kinds of
overlap. The intermolecular distance between the best planes through the
four nitrogen atoms is 3.37 A in both cases (Fig. 12).

The dinuclear cation is essentially planar; the two four-coordinated
copper atoms Cu(1) and Cu(2) are each bonded to two imine nitrogen atoms
and share the two bridging phenolate oxygens. The coordination about
Cu(1) is square planar. The second copper is disordered over two sites with
35% in the Cu(2a) site and 65% in the Cu(2b) site. Cu(2b) is displaced 0.15 A
from the best plane of the two oxygen and two nitrogen ligands towards an
aromatic ring carbon of an adjacent molecule. Cu(2a) is displaced 0.65 A
from the two-coordinated nitrogen and oxygen atoms towards the same
aromatic ring carbon of an adjacent molecule. The overall geometry of
Cu(2a) is square pyramidal, owing to Cu(2a)-C interaction (Cu(2a)-C
distance = 2.55 A). In the solid state this complex has been described [38] in
terms of localized valence states, with one divalent (Cu(1)) and two types of
monovalent copper ion (Cu(2a) and Cu(2b)).

The complex with methyl groups on the imminium carbons, [39] has an
EPR spectrum exhibiting a four-line copper hyperfine pattern at room
temperature in solution; in this complex the unpaired electron is localized
on one copper ion on the EPR timescale.

The series of mixed-valence dinuclear copper(Il)-copper(I) complexes
1-7, of Fig. 13, has been prepared [40] to study systematically the factors
affecting intramolecular electron transfer.

(b)

Fig. 12. (a) The structure of mixed-valent Cu Cu' cation and (b) stacking interactions of the
cations. Reprinted with permission from ref. 38. Copyright 1986 American Chemical Society.
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+ 1 Ry = Ry, = propylene
’ ’ 2 R, = R, = 22 -dimethylpropylene
VRN /O\ /N\ 3 R, = Ry = bu’fyler.ue
R, Cu  Cu R, Fs 4 R, = R, = 2,2 —biphenylene
\N/ \o/ \N/ 5 Ry = propylene; Ry, = 2,2'-dimethylpropylene
‘ I & R. = propylene; R, = 2,2'- biphenylene
7 Ry = propylene; Rp = butytene

Fig. 13. Binuclear copper(II)-copper(I) complexes 1-7.

Chemical reduction of the dinuclear copper(ll) complexes with sodium
dithionite was used to obtain the mixed-valence complexes. These complexes
precipitate, in methanol. as BF, salts, immediately upon addition of the
dithionite solutions.

In solutions at room temperature complexes 1-3 and 5 show an isotropic
pattern with seven copper hyperfine lines. For these an average copper
hyperfine splitting of 37-41 X 10 % cm ™' was found. Four line hyperfine
patterns have been found for the other three complexes with an average
copper hyperfine splitting of 64-82 x 10~ % cm !, characteristic of the single
unpaired electron localized on one copper center.

In a frozen (105 K) acetone : toluene (3 :2) glass the unpaired electron in
each of the seven complexes is localized on one of the two copper ions on
the EPR timescale. It was suggested that in the complexes 6 and 7 the
unpaired electron is localized on the propylene copper site.

The transformation temperature from a delocalized to a localized situa-
tion was estimated to be 200 K for 1, 230 K for 2 and 5 and 250 K for 3
(complexes 2 and 5 tend to dimerize at low temperature in solution). The
temperature dependencies of the EPR spectra for complexes 4, 6 and 7 have
been examined from room temperature up to 390 K. There were no signs of
¢ither mixed-valence species converting from EPR localized to EPR delocal-
ized as the temperature of the acetone solution was increased to 390 K.

For all the above Cu"Cu' complexes the intervalence electron transfer
transition

hy
Cul'lCu! - CulCull*

(the product i1s a vibrationally excited state). i1s seen as a particularly
characteristic feature generally present in the near-IR region of the elec-
tronic absorption spectrum [40]. There is a general agreement with EPR
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results; the weakest band was observed for the complexes where the electron

is most localized.
By condensation of 2,6-diformyl-4-chlorophenol and the polyamines
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Scheme 5.
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NH,-(CH,),-X-(CH,),-NH, (X = NH, S) or NH,-(CH,),-NH, a series
of acyclic and cyclic (symmetric or asymmetric) ligands have been synthe-
sized [41,42]. By reaction of these preformed ligands, or of the keto- and
amino-precursors in the presence of copper(ll) (but also nickel(Il) or
uranyl(VI)) acetate, the complexes of Scheme 5 have been obtained.

In the symmetric cyclic mononuclear complexes, the metal ion occupies
one of the two identical compartments; obviously the change by one
coordination site to the other does not involve any variation in the physi-
cochemical properties of the complex. The difference in the coordination
ability of the two compartments in the asymmetric cyclic ligands is not
always so high as to make one chamber selective for a particular metal ion.
Consequently in the related mononuclear complexes it becomes easy for the
central metal ion to change the coordination chamber, this depending on the
physicochemical properties of the organic site and of the metal ion.

The preparation of heterodinuclear [M_(ID)M (I1)L]*" complexes with
acyclic and cyclic ligands (H,L) was not always completely successful. The
two chambers are not selective enough to prevent an exchange of coordina-
tion site of the metal ions; as a consequence scrambling of the type

2[MUMEL] - [MEMUL]® + [MIMEL]"

can be observed.

This difficulty was overcome employing, in some cases, the following
procedure: the addition of M{! salts to suspensions of ML in methanol
resulted in the rapid complexation of M| to the vacant 0,0, site (for the
acyclic complexes) and, for the preparation of the cyclic complex, by the
subsequent addition of the polyamine.

Provided that the time in solution was short and the temperature was
apparently too low to surmount the activation barrier for dissociation, little
scrambling was observed.

2.6-Diacetylpyridine and 1,3-diamino-2-hydroxypropane lead, in methanol
and in the presence of Ba(NCS), or Ba(ClO,},. to the corresponding barium
complexes containing the compartmental macrocycle (H,L,) (Fig. 14)
[43.44)].

Transmetallation with Ba(H,L,)ClO, - 2H,0, using copper(Il) perchlo-
rate in alcoholic solution, provides the dinuclear copper(Il) complex
[Cu,(HL,){(ClO,),.

The presence of an OH stretch at 3475 cm ! and »(C=N) at 1650 cm
the very low magnetic moment (0.6 uj per copper(Il) atom) and the absence
of EPR signals in the solid state and in acetonitrile solution at room
temperature have been assumed proof of an oxo-bridged homodinuclear
dicopper(II) unit [43.45].

The structure of the solvate [Cu,(HL, (CH,CN)(H,0)[(C10,),. shown in



183

Fig. 14. Macrocycle derived from 2,6-diacetylpyridine and 1,3-diamine-2-hydroxypropane
(HzLy).

Fig. 15, grown from acetonitrile, [44] confirms the above suggestion. Each
copper of the dinuclear cation has approximately square pyramidal geome-
try, being coordinated to three ligand nitrogen atoms, the bridging alkoxide
and axial solvate molecule, acetonitrile for one copper and water for the
other. The axial bonds are considerably longer than those in the square
plane. The Cu - - - Cu distance is 3.642 A and the Cu—O-Cu angle is 135.5°
(Fig. 15).

A new dinucleating ligand, resulting from the condensation of 2 mol of
2,2’ 2”-triaminotriethylamine and 3 mol of 2,6-diformyl-4-methylphenol has
been reported together with a series of homo- and heterodinuclear com-
plexes (Cu,, Fe,, Co,, Mn,, CoFe, MnFe) [46] (Fig. 16). The binucleating

Fig. 15. Structure of the complex [(Cu,(HL,)}CH,CN)H,0)[(ClO,);. Reprinted with
permission from ref. 44.
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Fig. 16. A schematic representation of the trinuclear complexes with the ligand derived by
condensation of 2,6-diformyl-4-methylphenol and diethylenetriamine. Reprinted with permis-
ston from ref. 46. Copyright 1986 American Chemical Society.

nature of the ligand was established by the single X-ray structure of the
heterodinuclear cobalt(Il)—iron(Il) tetrafluoroborate complex [46].

Room temperature X-ray powder patterns for the homo- and heterodi-
nuclear complexes with this chelate ligand indicated that all the samples
were probably isostructural, except for the homodinuclear copper(1]) tetra-
fluoroborate monohydrate complex.

The magnetic exchange interaction in these complexes is intramolecularly
propagated by the bridging oxygen atoms; X-ray results have not indicated
intermolecular interactions. The net exchange interaction in each dimer is

antiferromagnetic and is quite weak (J= ~33 ¢cm ! for Cu,, J= —0.93
cm ! for Co,, J = —0.82cm ™' for Fe,, /= —2.8 cm ' for Mn, with BF,”
as counteranion, J = —2.3 cm ' for Mn, with PPh, as counteranion). It

appears that the metal coordination and bridging geometries found in these
complexes either give rise to a relatively poor overlap of the magnetic
orbitals on the adjacent metal centers, or enhance a ferromagnetic interac-
tion that lowers the net antiferromagnetism [46].

(iii) Complexes with acyclic side-off ligands

The reaction of an «,w-diamine with one terminal keto-function of a
triketone, keto-phenol or keto-carboxylic acid, (Scheme 6) would lead to the
formation of a Schiff base, having available adjacent. dissimilar coordina-
tion compartments.

One of the compartments would resemble a Schiff base and can be
designated N,O, or N, X0, (according to the donor atoms contained in the
Schiff base); the other compartment may be compared with a B-diketone,
keto-phenol or keto-carboxylic acid and is designated O,0,. The subsequent
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metal incorporation presents the opportunities shown in Scheme 7.

When the terminal keto-functions are two, their condensation with poly-
amine leads to the formation of asymmetric or symmetric compartmental
ligands, according to the reactions reported in Scheme 8.

It has already been reported [1-5] that polyamines condense very readily
at the carbonyl carbon of an acetyl group whether it be a diketone or a
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triketone. Therefore in an unsymmetrically substituted 1,3,5-triketone in
which the 1-substituent is ~-CH, and the 5-substituent is ~C,H; or ter-C,H,,
a diamine condenses exclusively at the methyl end. Condensation was not
observed at the central carbonyl carbon.

As a consequence mono-, homo- or heterodinuclear complexes of the type
shown in Fig. 17 have been prepared and their properties studied in detail
[47-49].

Several X-ray structural investigations [50-52] have shown the existence
of heterodinuclear complexes and the site occupancy for the different metal
ions used.

In the copper—vanadyl complex [50] (R = CH,, M, = Cu, M = VO) the
inner N,Q, site is occupied by the copper(Il) ion in an approximately square
planar environment while the vanadyl(IV) group is coordinated in the outer
0,0, compartment with square-base pyramidal geometry (Fig. 18). In this
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R

Fig. 17. Schematic representation of homo- and heterodinuclear complexes derived from
acyclic hexadentate Schiff bases.

complex the planes of the diketone and of the keto-imine chelates are
approximately coincident and the bond lengths indicate extensive electron
delocalisation across each diketo-imine skeleton.

The nickel-copper complex (R = C.Hg; M, = Ni, M = Cu) [51] consists
of discrete dinuclear molecules in which the nickel atom is coordinated in
the inner N,O, chamber and the copper in the outer O,0, chamber. All the
atoms except for those in the phenyl group and the methylene and methyl
hydrogens are within about 0.1 A of the mean molecular plane. There is a
fairly good molecular plane of symmetry normal to the molecular plane and
passing through the copper and nickel atoms. The planar molecules are
arranged approximately in stacks long the b axis to which they are inclined
by 39°. Neighbouring molecules in the stack are related by inversion centers
with the distances between mean molecular planes of 3.21 and 3.50 A for
neighbours related by inversion center at (0, 0, 0) and (0, 1/2, 0) respec-
tively. One of the methylene carbons of the ligand backbone of one molecule
lies 3.06 A above the copper atom of the second molecule. The coordination

Fig. 18. Structure of [6,11-dimethyl-7,10-diazahexadeca-5,11-diene-2,4,13,15-tetraonato-
(4 —)]copper(Il) oxovanadium(VI}. Reprinted with permission from ref. 50.
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Fig. 19. Structure of [5,5'-(1.2-cthanediyldinitrilo)bis(l-phenyl-1,3-hexanedionato)(4 — )}-
nickel(1I) copper(1l). Reprinted with permission from ref. 51. Copyright American Chemical
Society.

about the nickel atom is strictly planar while the copper atom is displaced
0.11 A from the plane toward this carbon in a square-pyramidal fashion as
shown in Fig. 19.

The pronounced planar structure of these systems has also been used for
the preparation of new w-materials. The dinuclear copper(ll) complexes
derived from 1,3,5-triketones in which one terminal carbonyl oxygen has
been replaced by an aniline or 4-nitroaniline, have been prepared and the
X-ray structure reported [53]. Although these two complexes do not have a
side-off ligand, they are strictly correlated to the above compounds and can
offer a useful basis for the development of #-systems. The complex bis-2.2-
dimethyl-7-phenylimino-3,5,7-octanetrionato dicopper(Il) crystallizes from
benzene with one molecule of benzene, whilst bis-2,2-dimethyl-7-(4-
nitrophenyl)imino)-3,5,7-octanetrionato dicopper(Il) crystallizes from be-
nzene with two molecules of benzene. Both complexes are unusually stable
with respect to loss of benzene [53]. The two compounds have a very
different solid state structure. The aniline complex shown in Fig. 20 is
composed of staggered stacks of alternating dinuclear copper(1l) chelate
molecules and benzene molecules which are equidistant between two chelate
molecules. The benzene molecules are centered above and below the inver-
sion center of the complex with a distance of 3.258 A between the mean
position of the benzene carbons and the center of the chelate [53] thereby
forming an ADADAD arrangement where the complex is the acceptor (A),
and benzene the donor (D). The nitroaniline complex depicted in Fig. 21 has
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Fig. 20. The crystal packing of bis-2,2-dimethyl-7-phenylimino-3,5,7-octanetrionato dicopper

dibenzene. Reprinted with permission from ref, 53. Copyright 1986 American Chemical
Society.

Fig. 21. The crystal packing of bis-2,2-dimethyl-7-(4-nitrophenyl)imino-3,5, 7-octane-
trionatodicopper dibenzene. Reprinted with permission from ref. 53. Copyright American
Chemical Society.
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two benzene molecules associated with each chelate molecule; it is also
composed of staggered stacks in a sequence DADDAD. The unit cell
contains four molecules of the dinuclear chelate and eight molecules of
benzene. The benzene molecules are centered above and below the chelate
inversion center with a distance of 3.262 A between the mean position of the
benzene carbon atoms and the center of the chelate. The interplanar spacing
between neighboring benzene molecules located in the same stack but
associated with different chelate molecules is 3.86 A. The benzene and the
chelate planes are very nearly parallel with a dihedral angle of 1.4° [53].

Magnetic susceptibility measurements proved that both compounds are
diamagnetic at room temperature, with an estimated singlet-ground-
state—triplet-excited-state separation greater than 850 ¢cm ™' [53]. attributed
to the coplanarity of the system. The other structural feature considered to
be of primary importance in determining the strength of the exchange is the
Cu-O-Cu bridging angle and the O-Cu-O angle. Both are comparable with
other binuclear 1,3,5-triketonato complexes of copper(11).

The solid state structures are consistent with the accepted definition of
a-molecular complexes {54]: the commonly accepted range for interplanar
distances between donor and acceptor molecule in 7-molecular complexes
being 3.20--3.30 A [53.54]. For organic w-molecular complexes of the type
ADAD and DADDAD the periodicity along the stacks is about 7 and 10.5
A respectively [53]; for the aniline and nitroaniline complex values of 6.52
and 10.38 A were found [53].

The stoichiometry change accompanying the addition of the p-nitro group
was assumed as additional proof of the w-molecular interaction: the electron
withdrawing of the nitro group increases the Lewis acidity of the copper ions
and hence their acceptor properties. As a consequence two benzene donors
per acceptor were found.

The location of the benzene molecules directly over the four-membered
Cu,0, ring in the center of the molecule is another indication of the active
role played by copper ions in the #-interaction.

Both homodinuclear and heterodinuclear complexes have been prepared
from the Schiff base 3.8-dimethyl-1,10-di{ o-dihydroxyphenyl)-4,7-diazadeca-
2,8-diene-1,10-dione (H,aapen) obtained by condensation in alcoholic
medium of o-acetoacetylphenol [55] and ethylenediamine [S6].

For the heterodinuclear complexes there is also the opportunity for
positional isomers to occur.

For the copper(1)—uranyl(VI) (Cu-UO,(aapen)(DMSO},) complex with
H ,aapen the X-ray crystal structure has been solved {57] and is shown in
Fig. 22. The polyhedron around the uranium atom is a slightly distorted
pentagonal bipyramud. The five oxygen atoms, equatorially bonded to
uranium, are not coplanar, but their regularly alternating disposition indi-
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Fig. 22. Structure of CuUO,(aapen)(DMSO),. Reprinted with permission from ref. 57.

cates the presence of a puckered arrangement. The copper(Il) ion, retained
in the inner N,O, chamber, is five coordinate, also being bonded to a
DMSO molecule.

In the homodinuclear Cu,(aapen)(H,0) [58] shown in Fig. 23, one copper
is four-coordinate and square planar, being retained in the inner N,0O,
chamber, while the other, which is incorporated in the outer 0,0, chamber,
is five-coordinated.

Fig. 23. Perspective view of the complex Cu,(aapen)H,0O. Reprinted with permission from
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Fig. 24. Structure of Cu,(fsalacen)(MeOH). Reprinted with permission from ref. 60.

The structure of the nickel(II)—copper(Il)-aapen complex is very similar
to that of the related homodinuclear copper(1l) complex. The nickel atom is
four coordinate, square planar in the inner N,O, chamber, while the copper
is five coordinate and square pyramidal in the outer O,0O, chamber; a water
molecule occupies the apical position [59].

The reaction of 3-formylsalycilic acid with ethylenediamine yields the
binucleating Schiff base N,N’-(2-hydroxy-3-carboxybenzylidene)-1,2-di-
aminoethane (H,fsalacen) which forms homo- or heterodinuclear com-
plexes, for some of which the X-ray structure has been solved and the
magnetic behaviour studied in detail [60-66].

The homodinuclear copper(Il) complex displayed in Fig. 24 consists of
discrete units where the inner copper(Il) ion is five-fold coordinate in a
square pyramid; the fifth apical position is occupied by the oxygen of a
methanol, The outer copper(Il) is located in an essentially planar environ-
ment [60].

Fig. 25. Structure of CuVO(fsalacenMecOH). Reprinted with permission from ref. 61.
Copyright 1986 American Chemical Society.
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A very similar structure was found for the copper(Il)~vanadyl(I1V) com-
plex in which a vanadyl group is substituted to the outer copper(Il) ion [61].
The metal ions and the oxygen of the methanol molecule and of the vanadyl
groups are in the mirror plane for the two square pyramids (Fig. 25) which
point in the same direction.

During the copper—vanadyl crystal growing attempts, in addition to the
above heterodinuclear complex, two other species were detected [61]. The
first is built up from molecules with CuN,O, and VO, pyramids oriented
up—up and up-down in the respective proportions of 80% and 20% and
randomly distributed within the crystal. The second species consists of
random distributions of molecules with conformation close to the above
hetero-copper—vanadyl complex having the proportions of 85% and 15%
respectively (Fig. 26) [61].

In the structural determination of copper(ll)-magnesium(Il), copper
(II)—nickel(1I), and copper(II)—cobalt(1I) complexes with H ,fsalacen [62,65],
the copper(Il) ion is always in the inner N,O, chamber in an almost square
planar geometry. The hetero-metal ion is bound to the outer 0,0, compart-
ment in an octahedral coordination; the two apical positions are filled by
the oxygen atoms of water molecules. A similar geometry was also reported
for the copper(Il)-chromium(1Il), and the homodinuclear nickel(II) com-
plexes [64,66]. For the copper(1l)-cobalt(II) complex, in addition to this
structure, a structure was found in which the cobalt is five coordinate in a
square pyramidal geometry [62,63]. In this complex (Fig. 27) two binuclear
molecules related by a symmetry center are packed together forming a
tetramer in which the two metal ions occupy the center of octahedra sharing
edges and corners. Such units are encapsulated in a three-dimensional
network of water molecules [63)].

The homodinuclear copper(Il) complex with H,fsalacen shows strong
antiferromagnetic coupling with a singlet—triplet separation of —650 cm™2.
The copper(ll)-vanadyl(IV) complex reveals intramolecular ferromagnetic

Fig. 26. The different core of the three binuclear complexes present in the copper-vanadyl
crystals. Reprinted with permission from ref. 61. Copyright 1986 American Chemical Society.
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Fig. 27. Structure of (a) CuCo(fsalacen)(H,0), and (b) CuCo(fsalacen)(H,0). Reprinted
with permission refs. 62(a), 63(b). Copyright 1986 American Chemical Society.

coupling, characterized by a ground triplet state separated by about 118
cm~! from the excited singlet state [60,61]. The magnetic results for
copper-magnesium and nickel-nickel complexes (in the homodinuclear
complex the inner nickel(Il) is diamagnetic so that the magnetic properties
are those of the outside nickel(Il) in a pseudooctahedral environment) show
that, above 20 K, there is no intermolecular exchange, at lower tempera-
tures, weak intermolecular antiferromagnetic interactions occur [64]. For the
copper(Il)-nickel(Il) analogue, magnetic and EPR data suggest that the
energy separation between the ground doublet and the excited quartet level
is about —213 cm ™! [64]. A strong ferromagnetic interaction was observed
for the copper(Il)-chromium(IIl) complex [66].

The internal N,O, chamber of the binucleating side-off hexadentate
ligands cannot coordinate a uranyl(VI) ion. Thus the enlargement of this site
by means of a hydrocarbon chain containing a fifth donor atom offers a
very appropriate coordination geometry for UO; " with the consequent
formation of binuclear species [67].

Mononuclear and dinuclear complexes with the potentially dinucleating
ligands obtained by condensation of 3-formylsalicylic acid and polyamines
of the type NH,—(CH,),-X-(CH,),~-NH, (n=2, X=NH or §; n=3,
X = PPh) have been reported [68,69]. A typical reaction pathway of these
heptadentate ligands with copper(I1), nickel(IT) and uranyl(VI) ions is shown
in Scheme 9.

In the mononuclear and heterodinuclear complexes, uranyl( VI) occupies
the outer O,0, chamber. It is easy also to obtain homodinuclear uranyl(VI)
complexes.
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Scheme 9.

(iv) Complexes with acyclic end-off ligands

In 1970 complexes of various metals including copper(Il) with pentaden-
tate compartmental ligands, derived from the reaction of 2-aminophenol and
2,6-diformyl-4-methylphenol, were synthesized [17,18] (Fig. 28).

These compartmental ligands provide only one endogenous bridging
donor and so have a labile bridging site available between the metals into
which a variety of anions (X ) can be introduced as exogenous bridges. This
bridging ligand X may donate one (OH, OR, (], etc) or two atoms
(pyrazolate, 3,5-dimethylpyrazolate, acetate, azide, etc.). The original ligand
has been modified extensively and a wide range of new binucleating com-
pounds has been prepared with the same basic structural framework. The
complexes, almost exclusively homodinuclear copper(Il), have been synthe-
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Fig. 28. Schematic representation of the binuclear end-off complexes derived from 2,6-di-
formyl-4-methylphenol.

sized by template procedure, sometimes by prior formation of the ligand
followed by metal complexation.

2,6-Diformyl-4-methylphenol was condensed in alcoholic media, with
aminophenols [17,18,70], aminothiophenols [71], aminoacids [72.73], dial-
kylalkanediamines [74-76], 2-aminoalkylpyridines [77,78], histamine [77.78],
thiosemicarbazide [79] and diamines [76,87,88].

Potentially dinucleating ligands containing a bridging sulphur donor
derived from 2-mercapto-5-methylisophthalaldehyde, especially designed for
containing two soft metal centres (i.e., palladium) bhave been prepared
[77-82]. They have been obtained in the form reported in Fig. 29a and give
rise, under appropriate experimental conditions, to complexes of the type in
Fig. 29b.

As an extension of the ligands designed to obtain soluble dinuclear
complexes, 4-tert-butyl-2,6-bis{ N-[(heptylthio)thiocarbonyl amino] formid-
oyl}phenol and the related binuclear copper(1l) and nickel(I1) complexes of
the type reported in Fig. 30 were synthesized [83]. In these complexes the

NMe,
or ’ Ho N e, N .
| O [ | NSNS
N M M
N s N N s N W N N
\ / \ / \ /
CHy CH, CH,
(a) (b)

Fig. 29. End-off ligands related to (a) 2,6-diformyl-4-methyithiophenol and (b) the corre-
sponding binuclear complexes,
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(b)

Fig. 30. Tautomerism of (a) the ligand 4-t-butyl-2,6-bis[N[(heptylthio)thiocarbonyl]Jamino-
formidoyl] phenol and (b) the binuclear complexes derived from it.

bridging group X has been varied (OH ™, OEt™, Br~, CN~, Ny, pyrazolate)
in order to study their role in the metal-metal interaction and in redox
reactions in coordinating and non-coordinating solvents. The complexes are
very soluble in toluene, chlorinated hydrocarbons, acetone, N, N-dimethyl-
formamide and tetrahydrofuran. IR and 'H NMR data suggest that azide
and pyrazolate groups act as bidentate groups, in a 1,3- and 1,2-nitrogen
system.

The nickel(IT) complexes are diamagnetic while in the copper(Il) com-
plexes, antiferromagnetic coupling is occurring; the extent of metal-metal
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Fig. 31. Nickel(II) ethoxide complex with 3-formyl-5-methylsalicylaldchydedithiosemicarba-
zone.

interaction in the solid state and in solution is approximately the same and
depends upon X. Moderate interactions exist with OH™ or OEt~, weaker
ones for N;7, Br™ and CN 7, the weakest for pyrazolate. Room-temperature
EPR spectra generally indicate a four-line pattern, although the spectra are
not completely isotropic. When the solutions are heated at 333 K, isotropic
spectra have been observed except in the case of the ethoxy and hydroxy
bridged species. The anisotropy observed in solution is attributed to inter-
molecular interactions resulting from aggregation of the complex. Thus EPR
spectra show that such an aggregation depends largely on the bridging
group. The solution spectrum of the pyrazine-bridging system is nearly
isotropic at room temperature while the spectra of the Ny, OEt ~ and OH

systems are increasingly anisotropic, in the order shown, even at 333 K [83].

The dinuclear nature of the complexes with the acyclic end-off ligand has
been proven by X-ray structural determinations.

The ligand 3-formyl-5-methyl-salicylaldehydedithiosemicarbazone, ob-
tained by condensation of the two precursors in aqueous ethanol, reacts with
copper(Il) or nickel(Il) carboxylate in the presence of a source of X ', or by
subsequent exchange of X, giving solvate (DMSO or DMF) dinuclear
complexes. The structure of the nickel(Il) ethoxylate complex [79] (Fig. 31)
is composed of discrete molecules of the neutral complex. Two molecules of
dimethylformamide per complex formula, neither coordinated nor hydrogen
bonded to the ligand, occupy lattice sites in the crystal. The Ni-- - Nj
distance is 2.879 A and the Ni-O(1)-Ni angles are 100.4° and 101.1°.

In the complex p-[2,6-bis[(2-pyridyl)methyliminomethyl]-p-cresolato-N.
N’ N" N " -u-O]-uchloro-dichlorodicopper(ll) dihydrate [84] (Fig. 32) the
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Fig. 32. Structure of p-[2,6-bis((2-pyridyl)methyliminoethyl)-p-cresolato-N, NN’/ N "’ ,p-
O)]chlorodichloro dicopper(Il) dihydrate. Reprinted with permission from ref. 84.

ligand is near planar and acts as pentadentate while both copper(Il) ions are
double bridged by a phenolic oxygen and a chlorine atom. Two non-bridg-
ing chlorine atoms at the apex of distorted square pyramidal geometries
coordinate to the central coppers on apposite sites of the molecule. The
hydrogen bonds of the two water molecule of hydration link together two
adjacent dinuclear complexes forming an infinite linear chain of dinuclear
molecules.

The magnetic properties of this complex together with the analogous
hydroxo-bridged complex (in this case two ClO; counter anions are also
present) have been studied in the 6-300 K region. A J value of —160+ 5
cm ! was found for the hydroxo-complex and a J value of —42+ 2 cm ™!
for the chlorocomplex [52]; in both complexes an antiferromagnetic in-
tradimer interaction is operating. The chloride-bridged complex shows ad-
ditional weak interdimer magnetic interaction (J’ = —1.1 cm™!), resulting
from hydrogen bonding in the crystal lattice.

By condensation of 2,6-diformyl-4-methylphenol with primary amines,
followed by addition of Cu(BF,), - 6H,0O the complexes of Scheme 10 have
been prepared [77,78]. In these complexes both copper atoms are presuma-
bly bound to an aromatic nitrogen as shown for the complex with histidine
where each copper is five coordinate with one of the copper atoms bound to
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the oxygen of a water molecule and the other copper bound to the oxygen of
the hydroxy bridge of an adjacent molecule [85] (Fig. 33).

With the same precursors copper(l) air sensitive complexes have also been
prepared in helium atmosphere according to Scheme 11 [77]. The crystal

Fig. 33. Structure of the binuclear copper(II) cation with the ligand 2,6-bis{N-[2-(4-imidazo-
lyDethyliminomethyi-4-methylphenol. Reprinted with permission from ref. 85,
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structure of one of these compounds (R = CH,-CH,-C,H,N) confirms the
geometry proposed in Scheme 11 [77] (Fig. 34). Each copper is bound to
three atoms: a phenoxide oxygen, an imine nitrogen and a pyrazolate
nitrogen. The pyridine was found not to be coordinated to copper. The
intermolecular copper - - - copper distance is 3.304 A. The molecules form an
infinite stack in the direction of the b axis.

2,6-Diformyl-4-methylphenol and dimethylamino-1-propylamine, in the
presence of Cu(ClO,), 6H,O followed by addition of NaN;, gave the
tetramer in Fig. 35 [86]. This tetramer is formed by two dinuclear subunits
which are inverted by a center of symmetry in (1/2, 1, 1/2) resulting in C;
symmetry. In each subunit the compartmental ligand acts as tridentate; the
phenolate oxygen bridges the two copper atoms while the two imino
nitrogens each coordinate to the copper atoms. An additional bridge in the
dinuclear subunit is formed by an azido-group; the other two azido groups
are terminal, each bonded to one copper atom. Interdimeric azide bridges
form the tetranuclear unit [86].

An interesting series of dinuclear copper(Il) complexes has been prepared
by reaction of sodium salts of 2,6-diformyl-4-methylphenol or 2,6-diacetyl-
and 2,6-dibenzoyl-derivatives with a,w-diaminoalkanes in the presence of

Fig. 34. Structure of binuclear coppet(Il) pyrazolate complex with the ligand obtained by
condensation of 2,6-diformyl-4-methylphenol and 2-(2’-aminoethyl)-pyridine. Reprinted with
permission from ref. 77. Copyright 1986 American Chemical Society.



Fig. 35. The tetramer copper(Il) complex with the ligand derived from 2,6-diformyl-4-methyl-
phenol and 3-dimethylamino-1-propylamine: (a) the dimeric subunit; (b) tetrameric structure.
Reprinted with permission from ref. 86.
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copper perchlorate in very dilute aqueous methanol solution [87,88]. Only
one end of the diamine condenses with each part of the carbonyl moiety
with formation of hydroxo-bridged copper(II) complexes according to
Scheme 12. The hydroxy group can be replaced by a methoxy bridge and

generally by weak organic acids.
The formation of the macrocyclic complexes from the hydroxo-bridged

compound is remarkable because, by using this reaction it is possible to
generate variously substituted macrocyclic complexes which otherwise are
not accessible. The mechanism for the formation of these macrocyclic
complexes is proposed to involve the pathway in Scheme 13. The equi-
librium constant K(k,/k_,) for the formation of the hydroxo complex is

Me Me

Me

Scheme 13.
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4.8 dm’ mol ! and k,=1.78x10"* s '. The rate constant k, for the
cyclization reaction is 7.4 X 10~ s ', It was suggested, on the basis of these
results [87.88], that the condensation of the two amino and aldehyde
functions takes place in a concerted fashion.

Another series of more flexible ligands, with fully saturated side arms,
have been synthesized by reaction of 2,6-diformyl-4-methylphenol with an
excess of ethylenediamine [87,88] or 1,3-diaminopropane [76] in boiling
methanol, followed by reduction of the condensation product with sodium
borohydride. By using these ligands, copper(ll) complexes have been ob-
tained according to Scheme 14. Again the hydroxy group can be substituted

l/\ TN T
+  HN NH, (excess) N
i i | i
|

)
o oW O i
2 \/
Cul(CiOy), -« 6H,0 2
Me
N NH .
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v 8} Rz Rz Me
:—-N Njf :—N’ So7 R=Ph, R'- Me
H; H; Hp | H,
7—NH
NalOMe U

Me
Me

2+ 74

" \c<o> /"D ™)
M

N—N N

Scheme 14.

by weak potentially monodentate or bidentate acids. The macrocyclic com-
pounds, obtained by condensation of hydroxo complexes with 2,6-diformyl-
4-methylphenol, are particularly interesting because in these compounds the
two halves of the ring contain diamino and diaza moieties.

For the copper(Il) complex with the ligand in Fig. 36a the X-ray structure
was determined [75] to be as shown in Fig. 36b.
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Fig. 36. (a) The ligand 2,6-bis( N-2’-aminoethylaminomethyl)-p-cresol and (b) the related
copper(1l) dibromo complex.

The complex is composed of discrete cations and ClO, anions. The cations
have two five coordinate copper(Il) atoms in different environments; one
copper has a N,OBr, donor set in an almost square-pyramidal environment
with a bromine atom at the apex; the other copper has a N,O,Br donor set
in a configuration between trigonal-bipyramidal and square-pyramidal with
a methanol molecule at the apex. A second bromine atom bridges two
copper ions [76].

The dicopper(I) complexes of Fig. 37 [78] have been prepared by reaction
of the corresponding Schiff base ligand with sodium borohydride prior to
reaction with copper(Il). For the complex with the ligand derived from
histamine, the crystal structure has recently been reported {89]. It crystallizes
as a binuclear copper(Il} hydroxo cation with two related formula units of
ClO, anions and 1.5 water molecules in the asymmetric unit. The compart-
mental ligand is pentadentate; the two copper atoms are bridged by the
oxygens of the hydroxyl and phenolate groups. Two amino and imidazole
nitrogen atoms complete the coordination of the two copper atoms in the
cation (Fig. 38). One perchlorate group is situated between two dinuclear
cations, so the resulting structure has been interpreted as a one-dimensional
infinite chain. One copper atom is square planar with two additional axial
elongated ligands; the coordination polyhedron around the second copper is
a distorted tetragonal pyramid with a water molecule at its apex. No
bonding contacts between the remaining perchlorate group and the dimeric
subunits have been observed [89].

A phenoxide group from a tyrosine residue is considered a likely candi-
date for the endogenous bridging group in oxyhemocyanine [16}; an alkoxo
group has however, been proposed as an alternative [16]. A new series of
potentially pentadentate compartmental ligands have accordingly been pre-
pared by condensation of pyridine-2-carboxaldehyde, pyrrole-2-carbo-
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CHs CHy
X=0H",Y =ClO,” X = OH™,Y =CIO,
X=Y=Cl X =Y =Cl

CHsy CH,
Y = ClO, Y= ClO,

Fig. 37. Dicopper(Il) complexes with a series of reduced ligands derived {rom 2 .6-diformyl-4-
methylphenol, 2-ethylaminopyridine or 2-ethylaminopyrazole.

xaldehyde, salicylaldehyde, acetylacetone and p-diketones with 1,3-di-
aminopropan-2-ol or 1.5-diaminopentan-3-ol [90-94]. These ligands are
more flexible than the corresponding ligands based on 2,6-diformyl-4-meth-
vlphenol and such flexibility can be increased by reducing them with sodium
borohydride. The complexes prepared (Fig. 39) contain exogenous bridges
having single (OH™, Cl°, OR) or two atoms (pyrazolate, acetate). The
compartmental behaviour of these ligands has been confirmed by structural
determination.

In the p-hydroxo dicopper(Il) complex with 1.9-dipyridyl-5-hydroxy-2.8-
diazanona-1,8-diene [90] shown in Fig. 40 there are alkoxo and hydroxo
bridging groups. The N,0O, donor sets around each copper are essentially
planar. Both copper atoms are pentacoordinate in a square-pyramidal coor-
dination, with very similar basal coordination but with different apical



207

Fig. 38. Structure of the binuclear copper(Il) cation with the ligand derived from 2,6-dif-
ormyl-4-methylphenol and histamine. Reprinted with permission from ref. 89.
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Fig. 39. A series of binuclear copper(I) complexes having an alkoxo bridge.
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Fig. 40. Structure ofs,u,—hydroxo-dicopper(II) complex with 1,9-dipyridyl-5-hydroxy-2,8-di-
azanona-1,8-diene. Reprinted with permission from ref. 90. Copyright 1986 American Chem-
ical Society.

ligands. One copper is bound to a water molecule while the second copper
interacts with the oxygen of a neighboring dinuclear unit (a weaker interac-
tion with the ClO, ion is also present). The structure thus involves pairs of
dinuclear complexes leading to tetranuctear units. In the p-pyrazolato di-
copper(Il) complex with 1.7-di(o-hydroxyphenyl)-4-hydroxy-2,6-diazaepta-
1.6-diene (Fig. 41) [91] the copper atoms are bridged by the oxygen from the
alkoxo group of the pentadentate ligand and by the two nitrogen atoms
from the pyrazolate moiety. No evidence has been found for interdimer
interaction; in addition the water molecule present in the compound is not
coordinated. The intramolecular Cu - - - Cu distance is 3.359 A. while the
copper-oxygen-—-copper angle of 125.1° represents a significant opening of
this angle to accommodate the large bite of the pyrazolate bridge.

Recently two structural isomers of the p-acetato bridged copper(Il) com-
plex with 1,3-bis(salicylideneiminato)propan-2-ol [93.94] have been pub-
lished, one anhydrous and one hydrated, which are shown, respectively, in
Figs. 42 and 43. The most remarkable difference between the two isomers 1s
the non-coplanarity of the two copper coordination spheres in the anhydrous

Fig. 41. Structure of p-pyrazolato dicopper(Il) complex with 17-di( o-hydroxyphenyl)4-hy-
droxy-2,6-diazaepta-1,6-diene. Reprintved with permission from ref. 91. Copyright 1986
American Chemical Society.
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{

Fig. 42. Structure of p-acetato dicopper(ll) with the ligand derived from acetylacetone and
1,3-diamino-2-propanol. Reprinted with permission from ref. 93.

complex, folded relative to each other, compared to the overall coplanarity
of the dinuclear moiety in the hydrate complex.

The skeletal structures of the compounds of Fig. 44 are essentially the
same as that of the hydrated complex. The copper atoms are bridged by the
alkoxide and the carboxylate oxygens and the coordination planes are
approximately coplanar [73]. Only an alkoxide bridge is present in the
complex in Fig. 45 [94], where terminal CH,OH and CH,0" complete the
coordination geometry about copper(ll) ions.

Recently, 2,6-bis[(salicylideneamino)methyl]-4-methylphenol has been
synthesized [95] by reaction of 2,6-bis(aminomethyl)-4-methylphenol dihy-
drochloride and salicylaldehyde; the binuclear copper(Il) complex (Fig. 46),

Fig. 43. Structure of the monoaquo p-acetato dicopper(Il) with the ligand derived from
acetylacetone and 1,3-diamino-2-propanol. Reprinted with permission from ref. 92.
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Fig. 44. Skeletal structure of p-alkoxo, p-carboxylato dicopper(IT) complexes. Reprinted with
permission from ref. 94.

where a pyrazolate anion has been introduced as an exogenous bridging
unit, has been synthesized.

A comparison of the magnetic properties of the complexes, supplemen-
tary discussed above, can add useful information. Antiferromagnetic cou-
pling has been observed in all the systems related to 2,6-diformylphenol,
where a phenoxy bridging group occurs. Generally a high negative value of
the exchange constant J was found, the differences being generally due to
the second X bridge present.

For the complexes in Fig. 37, 2J values range from — 385 to —545 cm ™
for the hydroxo-bridged species and from -—150 to —230 cm ! for the
chloro-bridged complexes. Strong antiferromagnetic coupling is also present

1

Fig. 45. Structure of dimethoxy dicopper(1l} complex with the ligand derived from acetylace-
tone and 1,3-diamino-2-propanol. Reprinted with permission from ref. 94.
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Fig. 46. Pyrazolate copper(II) complex with 2,6-bis[(salicylidene-amino)methyl]-4-methylphe-
nol.

in the similar complexes with the more flexible ligands where the C=N
groups have been reduced.

The complex in Fig. 46, derived from 2,6-bis(aminomethylphenol) has a
magnetic susceptibility between 4.2 and 3.00 K compatible with a strong
antiferromagnetically coupled Cu?*-Cu?" pair. The 2J value for exchange
between the two copper(Il) ions may be compared with the values found for
the similar complex reported in Fig. 28 (X = pyrazolate) (2J = —460 cm ™ 1).
The changes in the ligands have made a negligible difference in the overall
magnetic interactions of the copper(1l) ions.

Theoretical analysis using models for tetrameric and dimeric interactions
have shown [86] that in these and similar systems the interdimeric interac-
tions are small in those complexes for which a tetrameric structure was
proven.

Finally antiferromagnetic interactions have also been observed in those
complexes of the type reported in Fig. 30 where two oxygen donors have
been substituted by sulphur donor atoms [83].

The occurrence of both antiferromagnetic and ferromagnetic coupling has
been found for similar complexes based on 1,3-diaminopropan-2-ol and
1,5-diaminopentan-3-ol backbones, which furnish pentadentate ligands of
greater stereoechemical flexibility. For the complexes in Fig. 43, it was
observed that —J decreases in the order OR™ = pyrazolate acetate = OH ™ >
Cl~. A comparison of the magnetic and structural data indicated that
distortion from trigonal planar toward pyramidal geometry of the endoge-
nous alkoxo-bridging group leads to a less negative value for J. In several
compounds this effect leads to net ferromagnetism {90-94].

(v) Complexes with polypodal ligands

Recent EXAFS studies [7-11,16] have shown that each copper ion in
oxyhemocyanin is four or five coordinate and the donor atoms are N and O.
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Fig. 47. Proposed binuclear copper(IT) complex in oxyhemocyanine.

Two histidine imidazole N donors are bound to each copper and a symmet-
rically bridging peroxide ion occupies the exogenous site [7-11] (Fig. 47). A
phenoxide group from a tyrosine is considered the most probable endoge-
nous bridging group although an alkoxo group has been proposed as an
alternative [7-11,16].

An extension of the availability of dinucleating ligands, containing an
alkoxo bridge for the formation of copper(Il) complexes, which can mimic
the features of the hemocyanin-active site, is represented by the synthesis of
N.N,N’ N'-tetrakis (2-(1-ethylbenzimidazolyl))-2-hydroxy-1.3-diamino-
propane prepared via condensation of ¢-phenylenediamine with 2-hydroxy-
1,3-diaminopropanetetracetic acid followed by N-alkylation with
bromoethane [96,97]. Treatment of this ligand with Cu(BF,), or Cu(ClO,),.
followed by the addition of an anionic ligand X (X = N, , OAc , pyrazolate,
HCOO ™, NO, , etc.) produces dinuclear complexes shown in Fig. 48 [96.97]
(Y = BE, or ClOy).

It was observed that simply by varying the bridge X7, it is possible to
obtain drastic changes in the copper-copper interactions; for this reason the
structures of the weakly ferromagnetic acetate complex (X = OAc ) and the
completely antiferromagnetically coupled azide complex (X =N, ) have

— ~ 2+
£ Et
\ /
N
Ne. X ’,_O\\ /l LN
/E“-,Cs{ oCu-T 2Y
ERRV X N /N—~Et
d @

Fig. 48. Copper(1l) complex with N, N,N’ N’-tetrakis[2-(1-ethylbenzimidazolyl)]-2-hydroxy-
1,3-diaminepropane (Y = BF, ., Cl10; ).
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been determined [96,97). The two structures are similar. Each copper atom is
coordinated to a tertiary amine and to two N-ethylbenzimidazole ligands.
The bridging alkoxide and the acetate or azide group complete the five
coordination (Fig. 49).

There are, however, significant differences in the detailed coordination
geometries. The stereochemistry about copper in the acetate complex closely
approximates a trigonal bipyramid; by contrast the stereochemistry about
copper in the azide complex more closely approximates a tetragonal pyra-
mid than a trigonal bipyramid. The copper - - - copper separation in the
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Fig. 49. Structures of (a) dicopper(Il)-p-acetato and (b) dicopper(I)-p-azide complexes with
N,N,N’,N’-tetrakis[2-(1-ethylbenzimidazolyl)}-2-hydroxy-1,3-diaminepropane. Reprinted
with permission from refs. 96 and 97. Copyright 1986 American Chemical Society.
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acetate complex 1s 3.459(2) /Q\; in the azide complex it is 3.615(3) A. These
different coordination geometries of the acetate and the azide complexes can
explain their different magnetic behaviour. For the acetate complex the
trigonal bipyramidal stereochemistry dictates a (d-)' ground state and thus
the major lobes of the magnetic orbital will be axially directed toward a
single bridging ligand. the acetate. By contrast the stereochemistry of the
azide complex dictates a (d,:_ )" ground state that orients the magnetic
orbital lobes toward both bridging ligands, the alkoxide and the azide.

Polypodal ligands based on the separation, by a xylene bridge, of two
tridentate donor groups containing nitrogen [98-100]. sulphur [101]. phos-
phorus [102] or arsenic [103] donor atoms have been prepared. The p-xvlyl
ligand, obtained by reaction of bis[2-(2-pyridyl)ethyllamine with a,a’-di-
bromo-p-xylene in methanol in the presence of K,CO, gives with CuCl, the
complex shown in Fig. 50 [100]. The molecule is a dimer with a crystallo-
graphic center of symmetry located at the center of the benzene ring. The
copper atoms exhibit distorted trigonal bipyramidal coordination geometry.
The two pyridyl nitrogens occupy the axial positions while the equatorial
plane is shared by the amine nitrogen and two chlorides. A large
copper - - - copper separation is present (Cu - - - Cu = 11.71 A).

The m-xylyl ligand (Fig. 51a) has been used with the aim of stabilizing the
reduced state of copper [101]. The copper(l) complex, obtained by reaction
of this ligand with [Cu(CH,CN),]JPF, is a polymer with the basic repeating
sequence of Fig. 51b. The two copper(l) ions have a highly distorted

cl
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Fig. 50. Structure of the dicopper(Il) dichloro complex with the ligand derived from
bis[2-(2-pyridylethyl)]amine and a,a’-dibromo-p-xylene.
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Fig. 51. (a) The p-xylyl ligand containing thioether groups and (b) the related dicopper
complex. Reprinted with permission from ref. 101.

tetrahedral environment; one copper is coordinated by the tridentate NS,
group and an acetonitrile molecule, the other has a NS, environment. One
thioether sulphur atom acts as a bridging bidentate group.

The m-xylyl ligand, derived by reaction of bis-2-(2-pyridyl)ethylamine
with «,a’-dibromo-m-xylene in ethylacetate in the presence of diisopro-
pylethylamine, reacts with [Cu(CH,CN),]PF; in MeOH /CH,(l, to yield an
extremely air sensitive dinuclear copper(Il) complex, which reacts with O,
giving rise to the phenoxy and methoxy copper(II) bridged complex shown
in Fig. 52, as confirmed by X-ray studies [104]. By this procedure a new
compartmental ligand has been prepared in situ. The cation has a rigorously
planar Cu,0, bridging unit with a crystallographic 2-fold axis which passes
through the two oxygen atoms and the carbons bonded thereto. The ligand
arranged around each copper atom is almost square pyramidal with an axial
pyridyl nitrogen atom and a basal N,O, donor set which includes the
tertiary amines and pyridyl atoms. Two PF; groups form the counter
anions.

Subsequent studies [105-107] have demonstrated that the reaction of the
above m-xylyl ligand with copper(l) salts leads to the formation of complex
B of Scheme 15, which reacts with oxygen to give complex C. Finally the



Fig. 52. Binuclear p-methoxy-dicopper(Il) with N, N, N’ N’'-tetrakis[2-(2-pyridyhethyl]a,a’-
diamino-m-xylene. Reprinted with permission from ref. 104.

copper ions can be removed from C producing the phenolic compound D
which by reaction with copper(I) gives E.

Manometric measurements of O, uptake by B and mass spectrometric
analyses of C prepared by using isotopically pure **O, proves that both
atoms of dioxygen are incorporated into the oxygenation product [107].
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Fig. 53. Structure of dicopper(Il) complex B of Scheme 15. Reprinted with permission from
ref. 106. Copyright 1986 American Chemical Society.

The structural determination of B, C and E have unambiguously con-
firmed the pathway of Scheme 15.

The structure of B [105,106] consists of one discrete complex dication and
two well-separated anions per asymmetric unit. The cation consists of two
crystallographically independent cuprous ion coordination environments;
each copper(I) is three coordinate with ligation from two pyridine and one
tertiary amino donor group (Fig. 53). The chelating tridentate ligands cause
considerable distortion from idealized trigonal planar coordination.

Fig. 54. Structure of p-hydroxo dicopper(Il) complex C of Scheme 15. Reprinted with
permission from ref. 106. Copyright 1986 American Chemical Society.



Fig. 56. Structure of tetrachloro-o-catecholate bridged dicopper(ll) complex with
N.N.N’,N'-tetrakis[2-(2-pyridyl)ethyl] &, o’-diamino-m-xylene. Reprinted with permission
from ref. 109. Copyright 1986 American Chemzical Society.
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The structure of C [106] (Fig. 54) is composed of one discrete dication
and two well-separated PF,” anions per asymmetric unit. The cation consists
of two crystallographically independent but very similar copper(Il) coordi-
nation environments in each dinuclear unit. Each copper ion is coordinated
by the tertiary amine and two pyridine nitrogen atoms; the bridging-pheno-
late and hydroxide oxygen atoms complete the pentacoordination. The
geometry around each copper is a tetragonal pyramid with two pyridine
nitrogens occupying axial positions on opposite sides of the Cu,0O, plane
which is essentially planar.

The complex E [133] has been obtained by addition of D, containing
NaOH, to [Cu(CH,CN),]PF,. The structure of the cation is reported in Fig.
55. Each of the two crystallographically independent molecules in the
asymmetric unit, consists of two four-coordinate copper(l) ions bonded to
the amino nitrogen, to two pyridine nitrogens, and to a bridging phenoxo
oxygen. The geometry about each copper(l) has been described as pyra-
midal, the basal plane being formed by the two pyridine donors and the
oxygen atoms; the longer axial position is occupied by the tertiary amino
nitrogen. The Cu - - - Cu distances in the molecules are 3.619 and 3.715 A,
while the Cu—O-Cu angles are 128° and 130°. Reaction of this complex
with oxygen is remarkable [106] (Scheme 16).

Scheme 16.

Manometric measurements at —78°C indicated that 1 mol of dioxygen is
taken up per mol of complex, and Raman and electronic spectra confirmed
the formation of a copper peroxide complex. It was impossible to distinguish
between p-1,1-, p-1,2- or terminally bound peroxide. The electronic spec-
trum of this copper(II)-peroxide complex, significantly different from that
of oxyhemocyanin, suggests a different coordination mode for the peroxo-
groups in the two cases.

The proposed mechanism of phenol oxygenation and oxidation by the
tyrosinase coupled dinuclear copper site [108] is reported in Scheme 17. An
intramolecular two-electron-transfer reaction produces the o-quinone prod-
uct and regenerates the copper(l) center.

A dinuclear phenoxo-bridged copper(Il) complex containing a catecholate
bridging group has been obtained through the oxidation and coordination of
tetrachloro-o-benzoquinone, according to Scheme 18 [109]. The
copper(1I)—tetrachloro-o-benzoquinone complex is stable in the presence of
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O, and has a magnetic moment of ~ 1.5 py. In this complex the coordina-
tion geometry around each copper(ll) has been described as square-based
pyramidal with the amine nitrogen atoms, one pyridyl nitrogen atom, the
bridging phenoxo oxygen and one of the catecholate oxygen donors forming
the basal plane. The second pyridyl nitrogen atom occupies the apical
position with a longer Cu-N distance. The Cu - - - Cu distance 1s 3.248 A.
(Fig. 56).

This oxidation reaction is not a general route; 3,5-di-t-butyl-o-benzo-
quinone does not react with the copper(I) dinuclear complex in Scheme 18.
The dinuclear phenoxo and hydroxo complex C of Scheme 15 catalytically
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Scheme 18.
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Fig. 57. Structure of Cu,L _(CH,COO). Reprinted with permission from ref. 113.

oxidizes 3,5-di-t-butylcatechol to the corresponding 3,5-di-t-butylquinone.
The catecholate complex, however, serves as a structural model for the
probable intermediate in the catalytic oxidation of catechols by dicopper
moieties [110-112].

More recently the ligands 2,6-bis(2-pyridylmethyl)-aminomethyl-4-meth-
ylphenol (HL_,) and 2,6-bis,bis-2-(methylthio)ethylaminomethyl-4-methyl-

Fig. 58. Structure of Cu,L (Cl),. Reprinted with permission from ref. 113.
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phenol (HL ;) have been used for the preparation of a series of copper(1l)
complexes [113], and the structure of the copper(Il) acetato and chloro
complexes of HI.. and hydroxo complex of HL, have been reported [113].
In the acetato complex the two copper(Il) ions are bridged by the phenolate
and the acetate groups as shown in Fig. 57. The two copper(Il) 1ons have a
different square pyramidal geometry; in one. the axial positon is occupied
by a pyridyl nitrogen, in the other by a bridging phenolate oxygen atom.

As a consequence the two copper—oxygen (phenolate) distances are differ-
ent. Also for the chloro complex the coordination geometry around the
copper atoms is square pyramidal. The two square pyramids share the
phenolate oxygen at the axial position (Fig. 58). The two chlorine atoms are
terminal. In this complex only a phenolate bridge is present.

In the hydroxo-complex shown in Fig. 59 the two copper(ll) ions are
bridged by phenolate and hydroxide oxygen atoms. The geometry around
the copper atoms is trigonal bipyramidal.

As already reported in square-pyramidal copper(ll) complexes. an un-
paired electron is localized in the & . _ . orbital whose lobes are directed to
the four ligand atoms in the basal plane. Therefore the exchange interaction
between the copper(ll) ions must be negligible when two square pyramids
share an atom at their apices as with the chlorocomplex (—2J =0 cm '). In
the acetate complex, superexchange via the phenolate oxygen was considered
negligible, the antiferromagnetism observed being due to a superexchange
through the acetate bridge. This gives rise to a low antiferromagnetism
(—2J =80 c¢cm ™ !). For the hydroxo-complex —2J =675 ¢cm ! was ob-
served. In this complex the unpaired electron is localized in the d4_: orbital,

Fig. 59. Structure of Cu,L ;(OH).
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which is mainly spread along the trigonal axis of the trigonal bipyramid.
Since the two trigonal axes interact at the hydroxide oxygen, substantial
magnetic coupling is feasible through this pathway. The antiferromagnetic
interaction through the phenolate is negligible; therefore the antiferromag-
netism in the complex arises from the superexchange interaction through the
bridging hydroxide ion. The Cu-O(hydroxide)-Cu angle of 104.8° 1s com-
patible with such an interaction. With HL double bridged (CI~ and N;)
complexes have also been obtained. These complexes have, at room temper-
ature, a reduced magnetic moment, indicating the presence of an antiferro-
magnetic interaction between the copper(Il) ions.
2,6-Bis{[bis(2-(1-pyrazolyl)ethyllJamino]methyl]-p-cresol gives, with
Cu(BF,), - 6H,0 in methanol, the dinuclear p-hydroxo complex [114] re-
ported in Fig. 60. There is a significant difference in the two Cu—O(pheno-
late) bond lengths probably due to the different coordination geometry
about each copper. For Cu(2) the geometry has been described as square
pyramidal, for Cu(l) it is more distorted, bordering on trigonal bipyramidal.
The copper—copper distance is 3.053 A. Strong antiferromagnetic coupling
was observed between the two copper(Il) ions (—2J = 420 cm ') [114]. The
unpaired electron on Cu(2), lies in the b (d,._,>) orbital, while for Cu(1),
which is considered trigonal bipyramidal, the unpaired electron resides in
the a,(d..) orbital. However whether the local symmetry of Cu(l) 1s te-

Fig. 60. The p-hydroxo-dicopper(Il) complex with the ligand 2,6-bis{[bis-[2-(1-
pyrazolyl)ethyl]lamino]methyl}-p-cresol. Reprinted with permission from ref. 114, Copyright
1986 American Chemical Society.
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tragonal or trigonal bipyramid, the Cu(II) orbital containing the unpaired
electron has a high electron density along the bond that forms the p-hydroxo
bridge and provides a pathway for magnetic exchange. In addition, assum-
ing that the pathway with the stronger magnetic coupling, i.e. the larger
Cu-O-Cu angle, will predominate, a value of —450 cm ! for the
singlet—triplet separation can be obtained from the Hatfield-Hodgson tabu-
lation [115,116].

A similar ligand has recently been prepared by the reaction pathway
reported in Scheme 19 [117-119], copper(I1) and cobalt(II) complexes being
obtained, and the reaction with oxygen tested [117]. In the copper complex,
Cu, L (H,0),(ClO,),, the copper atoms are in a non-equivalent distorted
square pyramid; each of the copper atoms is coordinated to benzimidazole,
a tertiary amine nitrogen and a water molecule; the bridging phenolate
oxygen completes the coordination sphere [119]. The Cu - - - Cu distance is
3.875 A.

HI@
L<&;©

Ct OH Cl

Scheme 19.
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Fig. 61. Structure of the binuclear cation of the complex Cu,L (H,0)(Cl0O,);. Reprinted
with permission from ref. 119.

This and related complexes [118] show a normal magnetic moment at
room temperature. In the structure, disordering of solvent molecules and

perchlorate anions precludes high accuracy in the structure determination
(Fig. 61).

C. REDOX PROPERTIES IN NATURAL AND SYNTHETIC COMPOUNDS

Interest in the electrochemical behaviour of dinuclear copper complexes
arises from metalloprotein chemistry. “Type 3 copper proteins contain a
coupled dinuclear copper active site, involved in oxidoreductive biological
functions, able to perform multicharge transfers at largely positive poten-
tials. For example, in Table 1 the redox potentials of two “Type 3 copper

TABLE 1

Standard redox potentials (mV, vs. N.H.E.) of “Type 3” copper centers in Laccases *

Polyporus versicolor +782
Rhus vernicifera +434

? From ref. 120.
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centres in the two-electron acceptor laccases are reported [120)].

The electrochemistry of some classes of dicopper complexes has recently
been reviewed [121], but a more systematic survey can help researchers in
this area, and also in devising strategy in the synthesis of compounds with
foreseeable redox properties.

Electrochemists use different reference electrodes, thus we have tried here
to unify potential values by reporting them (unless otherwise specified)
versus the normal hydrogen electrode (N.H.E.), according to known scales
of reference electrode potentials [122].

In addition we have considered, as is usual, the ferrocenium /ferrocene
couple to be located at +0.40 V versus N.H.E., independently of the solvent
[123] *; although this assumption introduces some minor error due to
unconsidered junction potentials, it is useful to have comparable potential
values within the different compounds.

D. ELECTROCHEMISTRY OF DINUCLEAR COMPLEXES WITH SITES HAVING
THE SAME DONOR SET

Dinuclear complexes having the same coordination donor set around each
metal centre are here further subdivided between those having adjacent
chambers and those having non-adjacent chambers; strictly speaking these
latter compounds should not be covered in this topic devoted to “compart-
mental ligands”.

(1) Adjacent O,-0,-0, donor set

The first class of copper(Il) compounds showing a M,O, unit, studied
from the electrochemical viewpoint, belongs to the 1,3,5-triketonato chelates,

(I

The electrochemistry of these complexes has been ascertained with some
difficulty. In a first approach it was reported that these dicopper(I) com-

* In fact, we disagree with this widely accepted extrathermodynamic assumption, since in
our cxperience ferrocene is oxidized in various nonaqueous solvents at a mean value of
+0.4 V versus saturated calomel electrode (SCE).
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plexes in DMF solution undergo a two electron reduction in a single step,
according to the sequence

+e +e
Cu'lCu! 2 Cul'Cu! 2 CulcCu!

—e —e

EP EY

with the two reversible one-electron charge transfers occurring at E) = EJ
[19,20]. Figure 62 shows the relevant typical cyclic voltammetric response.
This result was quite unexpected. In fact, even if the two-electron process
does not proceed through two stepwise one electron changes at different
potentials, it must likely be accompanied by a stereochemical change from
square planar copper(ll) geometry to distorted tetrahedral copper(l) geome-
try. In electrochemical terms this should involve an ECEC, or EEC mecha-
nism (with C indicating the chemical (in this case stereochemical) complica-
tion following the charge transfer E), rather than a simple EE mechanism.
At any rate, it is possible that the conformational change is too fast to be
detected in the timescale of fast voltammetric techniques, i.e. the structural
reorganization occurs concomitant with the charge transfer [124]. It seems
likely that, according to the Marcus theory, the activation barrier to electron
transfer is increased, slowing down the rate of heterogeneous charge trans-
fer, t.e. causing a marked deviation from the pure reversible character of the
charge transfer.

Later, it was shown that the previous results must be considered not as

LNIYEND

L] 1

Ll T T
—-0.70 —-050 - Q30

£ V(vs.S.CE.)
Fig. 62. Cyclic voltammogram of 1 (R = C,H,;, R"=CH,) in DMF solution containing

tetraethylammonium perchlorate as supporting electrolyte. Hanging mercury drop indicator
electrode [20].
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TABLE 2

Redox potentials (V) for the single two-electron reduction of I derivatives in DMF, in the
presence and absence of Na~™ ions ®

R R’ RN E((é(u”(‘u “,/('u TCuhy
Na' absent Na' present

CH, C H, H —0.58 ~0.24
C,H., C.H, H - ~0.22
CH, p-CH,OC.H, H - 041
p-CH,OC, H, p-CH,OC, H, H - —0.28
C,H. C(CH,), H . ~0.25
CH, C(CH,), H ~0.63 —0.33

“ From refs. 19, 20, 47, 49 and 125.

the reduction of the starting triketonato complexes, but as the reduction of
the relevant sodium ion-paired complexes [47,49,125]

+e

[Na(Cu'Cu)] " 2 [Na(Cu™Cu')] 2 [Na(CulCu!)]”

In addition it was confirmed that in the absence of Na® ions the
single-stepped two-electron charge transfer is quasireversible in character. It
seems surprising that conformational changes, affecting the rate of charge
transfer, do not also occur in the reduction of the ion-paired complexes.

Table 2 reports the formal electrode potentials of the single two-electron
redox change for the various triketonate complexes, both in the presence
and absence of Na™ ions.

Another series of compounds showing a M ,0O, unit comes from copper(I1)
complexes of 4-methyl-2,6-di(acylbenzoyl)phenol, II [21,126]. It is interesting
to note that while the homodinuclear copper(Il) species reduce in a single

W@Y

O O O
VAV
VAVAN

M2 = Cu,Co, Ni,Mn

CH,

(Ir)
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(a) -1

LN3HEND

(b) Fd

E
E/V(Vs.SCE.) L\—moo

-2.00

Fig. 63. Cyclic voltammograms recorded at mercury electrode for the heterodinuclear
compound (Cu''-Co'!) in: (a) MeCN-[NEt,]C10, (0.1 mol dm’); (b) DMSO-[NEt,]CIO,
(0.1 mol dm~?) [126].

two-electron step [21], the heterodinuclear complexes reduce 1n two sequen-
tial one-electron processes at different potentials [126]. Figure 63 schema-
tizes the cyclic voltammetric responses recorded from the heterodinuciear
Cu'Co" species in (a) both acetonitrile (MeCN) and (b) dimethylsulphoxide
(DMSO) solutions and shows the often neglected influence of the solvent on
the redox behaviour of dinuclear compounds.

In both solvents the two redox couples A /F and D /E may be assigned to
the Cu® /Cu! and Co" /Co' redox couples, respectively. These redox changes
are quasi-reversible in character, and kinetically coupled to decomplexation
of the electrogenerated metal(I) centres. In MeCN the voltammetric picture
is complicated by the presence of the adsorption peak B and by the cathodic
step C, which in the reverse scan causes the appearance of the characteristic
stripping peak G, due to redissolution of electrodeposited copper metal. A
reliable explanation assumes that in the less coordinating MeCN solvent the
following mechanism takes place:

[CulCoML]** & [CulCo'L]” B [cu’Coll] 2 [Cu’CoL]”

—e” —e —e

v 2 l
Cu' + [Co"L] Cu® + [Co"'L] Cu®+ Co' + 12~
In the more coordinating DMSO solvent the electrode process is simplified
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TABLE 3

Formal electrode potentials (V) of the charge transfers observed in the cathodic reduction of
homo- and heterodinuclear derivatives 11

M R R’ E((,ifullmil/.(:~ulm iy E(‘éful‘klll Cu'MY SO]VEHt Ref
Cu H H +0.20 +0.20 DMF 21
Cu  CH, CH, +0.19 +0.19 DMF 21
Cu  nCH, nCH, +019 +0.19 DMF 21
Cu C.H, C.H. +0.20 +0.20 DMF 21
Cu  CH, CH, +0.20 +0.20 DMF 21
Ni CH, CH, -0.03 —1.60 MeCN 126
Ni CH, CH, ~0.03 ~1.31 DMSO 126
Co CH, CH, ~0.04 - 1.54 MeCN 126
Co CH, CH, —0.03 ~1.31 DMSO 126
Mn CH, CH, ~0.03 ~1.65 McCN 126
Mn  CH, CH, —0.02 -~ 1.49 DMSO 126

by the stabilizing effect of the solvent on the electrogenerated copper(l)
centre

+e

[Cu"COML]*™ & [CulCollL] " & [CulCo'L]
o ) o l
Cu'+ [Co''L] Cu'+ Co' + L*-

Table 3 summarizes the redox potentials of the charge-transfer involved in
the cathodic reduction of type Il derivatives.

A comparison between the homodinuclear copper(1l) complexes Il and I
shows that the former reduce at potentials significantly less negative than
the latter. This has been attributed not only to the fact that compounds Il
are cationic and hence favour electrostatically the addition of electrons, but
also to their tetrahedrally distorted geometry (with respect to the planar
geometry of triketonato complexes) which thermodynamically favours access
to copper(I) species. For these bimetallomers, homodinuclear Cu-Cu species
are more easily reducible than heterodimetal Cu-M species.

Indeed, this behaviour is quite common to other dinuclear complexes,
reported below, and can be explained both on the basis of resonance-stabi-
lized, delocalized mixed-valent Cu'Cu' species [127,128], and on the basis
of electronic synergistic interactions accompanying the redox chemistry of
the dinuclear compounds [83].

(ii) Adjacent N,—O,-N, donor set

A great deal of work was devoted to dinuclear complexes in which each
metal site is coordinated to a N,O, atom set. The redox behaviour of
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RE

()

compounds I, [36,37,39,40,88], has been investigated thoroughly. In all
cases, these dinuclear copper(Il) derivatives undergo two one-electron
successive reversible, or quasireversible, cathodic charge transfers at differ-
ent potentials, indicating that the mixed-valent Cu'?Cu' species is stable, its
stability increasing with the increasing separation between the potential of
the two reduction steps. In fact the difference AE between the standard
electrode potentials of the Cu!Cu! /CuCu! and Cu'Cu'/Cu'Cu’ redox
couples is a measure of the comproportionation constant, K__

Kcom
CullCul + Cu'Cu! 2 2CuCu!

INIHEND

.

CuII Cun/CunCuI

culcd/cdl ol
-1.2 —-08 —0.4
E/VisSCE.)

Fig. 64. Cyclic voltammetric response typical for the reduction of compounds III. Present
compound R =R’'=C,H;, R”=CH,, R =R =(CH,);; MeCN-[NEt,]CIO, (0.1 mol
dm™?) solution. Hanging mercury drop working electrode. Scan rate: 0.05 V s~ 1 [88].
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through the relation
F
K= exp(— RT AE

It has been suggested [36,37] that the value of K, can be correlated to the
extent of delocalization in the mixed valent species, according to the
Robin-Day classification [129]. Valence-trapped “Class I” compounds
should have Kcom < 4; slightly delocalized “Class 1I” compounds should
have K__ ranging from 4 to 10% — 10°; completely delocalized “Class III”
compounds should have very high K values (from ~ 10° to ~ 10%).
These conclusions must however be viewed cautiously [83].

A cyclic voltammetric response typical for type III compounds is reported
in Fig. 64, together with the relevant assignment for the sequential one-elec-
tron charge transfers. Table 4 summarizes the redox potentials for all
dicopper(II) complexes of type III.

Discrepancies between potentials reported from different authors for
same compounds are largely due to the previously cited assumption that
ferrocene oxidizes at +0.4 V versus N.H.E. in every solvent.

Substituent electronic effects show that electron-donating substituents
stabilize the 2 + copper oxidation state, while electron-withdrawing sub-
stituents favour access to the 1+ oxidation state. In addition the more
flexible the cavity, through control of the diamine linkage, the more easily
reducible are the complexes, because of a more favoured tetrahedral distor-
tion around the electrogenerated copper(I) centre.

Heterodinuclear complexes of type IV, which are simply a form of the

more general skeleton III, have been studied electrochemically [127,128]. All

(@J

\ / \ / M = Mn(Il} , Fe(ID),
/ \ 4 \ Ni(TL)
CH,
(VD)

complexes display a one-electron Cu"M™ /Cu!M! step, well distinct from
the oxidation or reduction of the second metal centre. Table 5 summarizes
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TABLE 5

Redox potentials (V) for charge transfers obscerved for homodinuclear and heterodinuclear
complexes of type IV *

M E((éfuuMu/(‘uan) E:zfulr\dn/,(vu;Ml) E((zfunMn/(-“an) Solvent
Cu ~0.54 - - CH,OH
Cu —0.52 —0.91 - DMF
Mn —0.68 +0.55 DMF
Mn —0.55 - +0.70 CH.OH
Fe —0.66 - +0.25 DMF
Ni —-0.69 —1.16 - DMF

* From refs. 36, 37.

the redox potentials relevant to complexes IV, together with those of the
corresponding homodinuclear complexes [36.37].

It has been pointed out that the potential for the copper(Il) /copper(I)
couple is not appreciably affected by the nature of the second metal centre,
unless copper itself is the second metal; in this case reduction is easier, as
discussed above.

The diazadiamino copper(ll) complex V, in MeCN, reduces in two
separate one-electron quasireversible charge transfers at —0.28 V and —0.54
V, respectively [88].

CH,

CH4

(M)

Comparison with the corresponding unsaturated compounds (see Table 4)
shows that the partial saturation of the ligands disfavours slightly the
Cu'Cu" /CuCu' step, while notably favouring access to the Cu'Cu’
species, so destabilizing the mixed-valent Cu'Cu! species.

A further class of compounds showing the N,~O,-N, donor atom set,
recently reviewed [130], is that constituted by alkoxo-bridged linear chain
tridentate complexes VI-VIII.

Interestingly some of these dicopper(II) compounds are reduced in a
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2+ 2+ 2+
7 \W m < —1 M S R\N A W
g\/\/ NP4 NN

ef (CH,)

/\/\ \:/\O/\/

(MI) (M)

single Cu”CuII /CulCu! two-electron step or in two separate stepwise
one-electron steps, depending upon the solvent. As an example, Fig. 65
shows the cyclic voltammetric response obtained from VI (R = C,H, m =3,
n = 2) in DMF and MeCN solvents.

Note the marked quasireversible character of the single two-electron step
in DMF, as well as the chemical complications (likely decomplexation of
electrogenerated copper(I)) following the second one-electron step in MeCN
(as shown by the (¢,)*/(i,)° ratio < 1).

Whether adjacent binuclear complexes reduce in a single two-electron
step or in two separated one-electron steps, it is clear that the solvent plays,
in our opinion, a fundamental, but until now almost unrecognized, role.

Table 6 summarizes the redox potentials of compounds VI-VIII [130-132].

Potential data reported in Table 6 refer to electrochemistry in solutions
containing [NEt,]ClO, as supporting electrolyte; in fact it was reported that
the presence of different anions (like BF,” or PF,") in some cases splits the

0O
C
3
m
Z
j
—O'.6O ' —c;O ;
E/Vivs SC.E)
Fig. 65. Cyclic voltammograms recorded on one of the compounds VI (m=3, n=2,
R =C,H;) in: ( ) DMF-[NEt,]CIO, (0.1 mol dm ?); (------ ) MeCN-[NEt,]C1O,

(0.1 mol dm "~ ?). Hanging mercury drop working electrode. Scan rate 0.2 V s~ ! [131].
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single two-electron step into two very close one-electron steps. We neglect
this aspect because it complicates the general picture, and does not affect the
mean potential values; however, we point out another unexpected factor
affecting the Cu!Cu!! /Cu!Cu! reduction pathway. Examining Table 6, it is
difficult to explain here (and as we shall see later in subsequent studies from
these authors reported in D(iv) [130-132]) why R groups with increasing
electron-donating ability facilitate the reduction steps.

A particular class of dicopper complexes coordinated to a N,-O,-N,
donor set is constituted by hydroxo-bridged complexes. The redox proper-
ties of compounds IX-XVII have been studied by electrochemical tech-

H H 2+
2+ _ __ - r‘u ’L F\
H H
\ / LN /W \Z s (N/
\C“/ C"J/ \c/ \Cu/ \Cu/ \Cu/
/\ \ N NN

M \H | |
CHy CH, CHs
(IX) (X) (XT)
" o 2+
| !
H AN
(01 € B
Nt N\ \/\/
N/ Ny w—/
H SH
CH,
Hs (XM)
(XID)

<:\/\/

O
H2 l H2

H

(XIV)
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CH, 2+ ﬁ T _ |—12+
/N\CU/O\CU/N\
AN ‘

O NH

N
NN o
/
&‘g \Ci)/ \H (XVI)
2 ! 2
(X)

2+
——— l —_—
\WaSave J
N/ NN
‘ @]

(XVII)

niques [77,78,87,133,134]. Generally these types of derivatives show irreversi-
ble, ill-defined cathodic reductions [77,78,87]. This behaviour has been
attributed to the poor ability of the hydroxo-bridge to bind the electrogener-
ated copper(l) centres. In fact, in the presence of pyrazole, complexes IX
and XIII display two separated well-defined one-electron reduction steps in
the potential range from —0.1 V to —0.5 V, in DMF solution [77}.

Compound XVI 1s however reduced in two distinct one-electron quasire-
versible charge transfers at +0.28 V and —0.11 V, respectively [133]. This
easy reduction, comparable with that of compounds II, has been attributed
to the high flexibility induced by the presence of two bridging hydroxyl
groups, which support the likely tetrahedral rearrangement required to
stabilize the electrogenerated copper(l) centres.

Even if this marked flexibility cannot be invoked in the case of compound
XVII, it however reduces through two close one-electron quasireversible
charge transfers at +0.39 V and +0.22 V, respectively [134]. There is indeed
no structural reason accounting for the difference in redox behaviour
between the notably similar compounds IX and XVII, but the solvents
employed in the electrochemical studies (MeCN for IX, DMF for XVII).

(iii) Adjacent S,-0,-S, donor set

The alkoxo-bridged dicopper(ITl) compound XVIII containing thioether
sulphur atoms, has been characterized electrochemically [130]. In DMF it
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reduces to the corresponding Cu!Cu! species in a single two-electron step at
+0.39 V, which in comparison with the related N,-O,-N, VI-VIII deriva-
tives, denotes that the substitution of sulphur for nitrogen makes the
reduction notably easier.

(iv) Adjacent NS—O,—SN donor set
The redox properties of a series of dicopper(II) derivatives having mixed

nitrogen-sulphur coordination of the type NS-O,—-SN have been char-
acterized [83,130].

?2”5
P P \\ //\\ /’ | S S
I/ N \’ M = Cu(I1), Zn(IT)
(XIX)

(XX) (XX ) (XXII)

The dicopper(Il) complex XIX is reduced in two separate one-electron
quasireversible steps, both in DMF and CH,Cl, solutions [83]. EPR data on
the electrogenerated CuCu! species prompted the authors to criticize
conclusions on the extent of delocalization in mixed-valent species, when
electrochemically evaluated through the above reported K [36,37], par-
ticularly in polar solvents, in which either variation of coordination number,
or changes in geometry of the electroactive centres may occur.
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The cathodic reduction of compounds XXI and XXII proceeds through a
single two-electron step [130], while derivatives XX are reduced in two
distinct one-electron steps. This difference in behaviour has been attributed
to the fact that cationic compounds XX, prepared only with CI™ or Br~
anions, are thought, on the basis of their conductivity, to have two inequiv-
alent copper(Il) moieties, i.e. a five coordinate high potential Cu(Il) centre
and a four-coordinate low-potential Cu(II) centre, according to

—_—
—1 R Y =Cl, Br
s o) \N/ Al ( )

[\Cu/ \Cu/

T/wlr\o/ g

0 T —

Table 7 summarizes potential data characterizing this type of compound
coordinated to a NS-O,-NS donor set. The first reduction step of com-
pound XIX, for homodinuclear copper(Il) species is easier than that of the
corresponding heterodinuclear species. As noted in Section D(i), electronic
synergistic interactions have been invoked to account for this usual be-
haviour in bimetallomer redox chemistry.

The increased ability for thioetheralkoxo-bridged complexes to undergo a
facile reduction with respect, not only to the 4-t-butyl-6-formylsalicylalde-
hyde derivative XIX, but also towards the N,—O,-N, homologues VI-VIII,
is evidently due to the poor electron-donating ability of the sulphur atoms
towards the copper centre, relative to nitrogen.

As discussed in D(ii), in alkoxo-bridged derivatives, electronic effects
from substituents on redox potentials are difficult to rationalize.

(v) Adjacent NO-O,~ON donor set

A mixed nitrogen—oxygen donor set 1s present in the dicopper(ll) com-
plex XXII, derived from condensation of 2,4-pentanedione with 3-amino-

)
MN\CU/O\CﬁO \
\ o O d_

(XXTIL)

I-propanol. This compound in CH,OH undergoes the two-electron
Cu'"Cu" /Cu'Cu' reduction in a single near-reversible step at E, , = —1.18
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V [132]. While substitution of a nitrogen atom with a thio group favours
access to the copper(l) centre, substitution with an oxygen atom stabilizes
the copper(Il) centres.

(vi) Adjacent N,—Cl,—N, donor set

A few halogeno-bridged dicopper(I) complexes of the type XXIV and
XXV have been prepared and characterized [135]. These dicopper(I) com-
plexes undergo two quasireversible one-electron anodic charge-transfers
Cu'Cu'/Cu'Cu" and Cu'Cu /CuCu™ in Me,CO.

N\
O/C
N
_,.Z/C

\
o
’a

O/C

N

N
\

(XXIV ) (XXV )

In the case of two substituted derivatives (XXIV, Z = CH;; XXV, Y =
CH,) a single step has indeed been displayed. This was interpreted as proof
that the complexes are mononuclear [135]; however the data do not exclude
the occurrence of the single-stepped Cu!Cu!/Cu?Cu®! two-electron oxida-
tion. Table 8 reports the redox potentials for these species. The high
potential values for the redox changes of these compounds is noteworthy: in
particular the high potential values for the Cu"Cu''/CuCu' and
Cu''Cu'/Cu'Cu’ couples of XXV with respect to the corresponding hy-
droxo-bridged derivative XVL

TABLE §

Standard electrode potentials (V) for the anodic oxidation of dicopper(l) chloro-bridged
complexes, in Me,CO-[NBu,]C10, (0.1 mol dm ~?) solution [135]

Compound X Y V4 E((z{ulCUI/CUH(MJ ) E(qun CulsCallent
XX1v H H C1 +0.61 +0.96

H H H +0.57 +0.93

H CH, H + (.55 +0.91

CH, H H +0.50 +0.90

C.H, H H +0.56 +0.91

H H CH, +0.90 ° +0.90 *
XXV H H - +0.55 + (.98

CH, H - +0.50 +0.94

H CH, - +0.93 ¢ +0.93

* Assuming a single two-electron oxidation step.
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(vii) Adjacent N,—O,~N, and N,S—O,-SN, donor sets
The electrochemical behaviour of some homo- and heterodinuclear com-

plexes having five-coordinate metal centres of the type XXVI has recently
been reported [136].

M = Cu(II), UO, (VI)
X =NH, S

c 2+

C

(XXV1)

-100

INFHEND

E/Vivs,SC.ED C

Fig. 66. Cyclic voltammetric response recorded at platinum electrode on a DMSO solution of
the Cu-UO, complex XXVI. 0.1 M [NEt,]ClO, supporting electrolyte. Scan rate 0.2 V s~ *
[136].
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Figure 66 shows the cyclic voltammogram recorded on the heterodinuclear
complex in DMSO solution. This behaviour is representative of electro-
generated labile copper(I) complexes. In fact the features of the peak system
A /D, due to the UYICu" /UYICu! couple, clearly indicate the occurrence of
the decomplexation of the electrogenerated copper(l). which is reoxidized at
peak E. The anodic-to-cathodic current ratio of the peak system B/C, due in
its turn to the UY'Cu'/UYCu' couple, also manifests the instability of the
electrogenerated uranyl(V)-—copper(I) moiety.

The corresponding homodinuclear copper(1l) complexes (X = NH, S) are
reduced at a platinum electrode in two very close sequential one-electron
steps. The lability of the electrogenerated copper(I) complexes is so high, or
alternatively the charge transfers are totally irreversible, that reoxidation
peaks could not be revealed even at the scan rate of 50 V s 1.

Table 9 summarizes the redox potentials for these complexes. The kinetic
complications do not allow accurate standard potential values to be ob-
tained. It seems that structural constraints imposed by the fifth coordination
labilize the electrogenerated copper(I) centres, with respect to the simple
N,-0O,-N, four coordination.

(viii} Adjacent N.—O ~N, donor set

The electrochemistry of the dicopper(II) clathrochelate XXVII has not yet
been reported [46].
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TABLE 9

(Approximate) formal electrode potentials (V) for complexes of type XXVI in
DMSO-[NEt,4]C10, (0.1 mol dm~?) solution [136]

M X E((c)::u”M"/Cu'M”) E(“C’UIMU/C“[MI)
Cu NH —0.69° —-0.69*

Cu S -0.79° -0.79 ¢

uo, S -0.27 —0.60

* Peak potential values at 02 Vs L.

(ix) Adjacent NON—O-NON donor set

The series of complexes XXVIII-XXX, having an endogenous oxo or
phenoxo bridge and an exogenous pyrazolato bridge, has recently been
characterized electrochemically [95,137]. Apparently, all these compounds

Dot
O\CU/ N\Cu/o
/ \O/ \
CH=N~ o, ch—crg N =H

(XXIX)

Me
(XXX)

reduce in DMF in two one-electron steps at different potentials (Figure 67).

However both the dependence of the standard electrode potentials on the

electrode materials, and an unexpected dependence of the second charge
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Fig. 67. Cyclic voltammograms recorded on XXVII in DMF solution containing [NEt,]C10O,
(0.1 mol dm ~ 3_): (a) hanging mercury drop electrode: (b) platinum electrode. Scan rate 0.02 V
s ' Temperature 20°C [95].

transfer on the temperature (the charge transfer is faster at low temperatures
than at high temperatures) prompted the authors to search for electrode
mechanisms more complicated than the often invoked simple quasireversible
charge transfers [95,137]. A mechanism has been proposed involving simul-
taneous equilibria among stereochemical isomers, generated by the flexibility
of the ligand. These electrogenerated isomers are too labile to be identified.
Table 10 summarizes the formal electrode potentials for these com-
pounds. The electronic effects on the formal potentials are easily understood
by considering that the endogenous phenoxo bridge is more electron-
withdrawing than the oxo bridge: in addition the presence of electron-donat-

TABLE 10

Formal electrode potentials (V) for compounds XXVIII-XXX, measured in DMF-[NEt,]C10,
(0.1 mol dm *) solution

Compound Et(éfu"(‘u”/(‘u”(‘ul ) E(qu UenUeulculy Ref.
XXVIII —Q.55 —0.80 95
XXIX -0.76 —-0.96 * 137
XXX —0.86 —1.09* 137

* Value from DC polarography; process irreversible in cyclic voltammetry.
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ing methyl groups on both exogenous bridge and side chains disfavours the
reduction process.

The redox potentials for these compounds lie in the same range as those
relevant to N,-O,-N, type Il compounds, but are notably more cathodic
than those of N,—O,-N, alkoxo-bridged derivatives VI-VHI.

(x) Adjacent NSN—O-NSN donor set

The previously cited XIX has also been prepared with a terminal azido-
bridging group, XXXI. While in DMF, the azido group is displaced by the
solvent; in CH,Cl, the dicopper(Il) compound maintains its composition

/\/\/\/ \/\/ TN T
Y/\/\Y
| l

(XXXT)

and is reduced in two one-electron quasireversible charge transfers at the
following formal potentials: Eg nc,n cuncg, = —0.33 Vi EQ ey cuicat, =
—0.88 V. The poorer electron-donating ability of azide with respect to
ethoxide is evident, by comparison with potential data for compound XIX
[83]. In addition comparison with XXVIIIL, having a NON-O-NON donor
set, again suggests that the substitution of a “hard” oxygen atom with a
“soft” sulphur atom favours the reduction of copper(Il) centres.

(xi) Adjacent N,—~O—-N, donor set

A wide range of dicopper(I) complexes, XXXII, in which each copper
centre is three-coordinate, has been prepared by condensation of dial-
dehydes with primary amines and bridging bidentate ligands, and has been
electrochemically characterized [77]. All these compounds in DMF solutions
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TABLE 11

Formal electrode potentials (V) for the redox changes observed in DMF -[NBu ,]JC10, (0.1
mol dm ) solution of XXXII *

0 =0 .
R X E((‘ul(‘u[/’(‘u"('u]) h(('n”( ul Cutteuth

— CHZ—(/} H -0.21 - {145
Ne—
v—CHz—@ CH, —-0.19 ~0.37
N
’—CHQCHz“@ H —0.11 —0.34
Y

T CHLCH, /N CH, -0.11 - 0.27
N

*-%-@ H +0.15 ~0.08
_CHZQ CH, +0.21 0.00

—cren,— N H +0.13 ~0.08
—CHZCHQ‘Q CH, +0.20 +0.01
n-C,H- H +0.15 ~0.08
i-C,H, H +0.19 0.00
t-C,H, H +0.24 +0.05
-C,H, CH, +0.24 +0.08
@ H +0.14 ~0.03
(CH,y) N 7N\ H +0.15 —0.05

T
:HB(O)C—Q— H +0.15 +0.01

* From ref, 77.

undergo two stepwise one-electron quasireversible anodic charge transfers
Cu'Cu'/Cu™Cu' and CuCu'/Cu™Cu'™. Table 11 summarizes the formal
electrode potentials for these sequential steps.
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Two points deserve some comment:

(i) Electronic effects from the substituents are generally reversed with
respect to those expected (electron-donating groups are expected to favour
electron removal). This has been attributed to steric effects inhibiting the
binding of electrogenerated copper(Il) centres to a fourth donor atom (from
the solvent or side arm coordinating groups), required for a square planar
copper(1l) geometry.

(i1) Pyridine-substituted derivatives are more easily oxidized than phenyl
or alkyl substituted analogues.

This facile access to dicopper(1I) derivatives is attributed to the following
overall structural change subsequent to charge transfer:

CH
CHs 3

It is evident that the overall electrode process involves an ECEC or EEC
mechanism, rather than a simple EE mechanism.

In spite of the slight resemblance of these species, particularly for pyri-
dine substituted species, with dicopper(Il) compound XXVIII, the
Cu"Cu" /Cu™Cu' and CuCu!/Cu’Cu formal potentials for XXXII are
higher. It seems that in mimicking “Type 3” copper centres, at least with
respect to the redox potentials, a good strategy could involve starting from
stereochemically favoured three-coordinate dicopper(I) molecules.

(xii) Remote N, donor sets

The electrochemical behaviour of the dicopper(I) phenylazo-oximate
XXXIII has recently been reported [138). In CH,Cl, solutions, at a glassy-

Ph——N N—OQ O—m m —Ph
\Cu \‘/’l \Cu/
s AN N
Phe——N \N——d b——NI N —Ph
N4
(XXXIIT)

carbon electrode, this compound is oxidized to the mixed valent species
Cu!Cull. The one-electron step is however followed by rapid decomposition
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of the Cu'Cu" species, preventing any reliable calculation of the formal
potential for the redox change. The peak potential value of +1.09 V (at 0.2
V 571, testifies however for the notably high potential Cu"/Cu’ redox
couple present in this compound.

The electrochemistry of the dicopper(Il) complex XXXIV, having two
remote N, chambers, has also been studied [139]. In this derivative the
dicopper(1l)-imidazolato complex is encapsulated in the cavity of a rather
flexible macrocycle. In MeCN solution this complex reduces at a glassy-

carbon electrode in two distinct irreversible one-electron charge transfers
located at the following peak potential values: E pCultcut scutteyty = —0.48 V5
Ecutcat cuicay, = —0.59 V. The redox behaviour of complexes XXXIII and
XXXIV shows the difficulty in preparing dicopper complexes with two
separated N, chambers, able to support the stereochemical rearrangements
imposed by the Cu' 5 Cu! redox changes.

{xiii) Remote N,O, donor sets
A wide range of dicopper(Il) compounds, in which each remote copper(1])

centre is surrounded by a N,O, donor set, has been studied electrochem-
ically [140-147].

C{CHy), CICH4),
u/ﬂil\fii] ? x (:ll
o] N N o e} N N (]
N/ N/ N Nt
AN Vas Sy W o
ey | k@
Lew, L, ( XXXL)
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A further subdivision can be attempted between those complexes in which
the two chambers are linked by substantially rigid bridging systems,
XXXV-XXXVIII, and those linked by more flexible bridging systems,
XXXIX-XLV. Generally, as can be deduced from Table 12, complexes of
these types are reduced from Cu"'Cu to Cu'Cu', in two sequential one-
electron steps at the same (XXXV, XXXVIIL, XXXIX, XL, XLI, XLII) or
nearly the same potential; in the case of XXXIX and XLI this cathodic step
is trreverstble in character.

Complexes XXXIX allow access to the corresponding unusual
dicopper(I1I) species through two distinct one-electron quasireversible anodic
steps at surprisingly low potentials. Figure 68 shows the typical cyclic
voltammetric response recorded in the anodic region for XXXIX (R = Me).

Coupled ESR-electrolysis tests proved both the electrogenerated Cu Cu'!!
and Cu™Cu'™ species to be non-transient. Comparison with other com-
plexes of this class shows that the effect of the triazene ring in the
coordination of the copper(Il) centre stabilizes the 3 + oxidation state, and
destabilizes the 1 + oxidation state.

Attention must furthermore be focused on complexes XLII and XLIV.
As can be seen in Table 13, they are reduced in some cases in a single



253

‘arevoqued dudfadord ‘Hq  ‘sassaoord a[qrszanalir 10j sanfea [enualod Yeaq ,

ST q Dd - - 90+ s0+ - ATX
Wi JNdA - - 80T — 801 — - 1110 ).
b1 OSINA - - 2 9T T— 9T T— - I'X
Wl  OSWd - - 08°0— 08°0— - X
€vT NOIW 96°0 + 0L 0+ 2 80— ~ 80— ~ LtH'D
vl NDIW 001+ vLO+ . 80— ~ . 80—~ ‘H'DU
34! NI 860+ €L0+ 2 80— ~ » 80— ~ ‘H*D
vl ND3N 660+ LLO+ 80— ~ 80— ~ *HD XIXXX
w1 INA - - 8T 8T1— - IMAXXX
w1l  OSKWd - - 88'0— 18°0— - MAXXX
v ‘ovl WA - - 65°0— LY0— - IAXXX
1 ‘opl JNd - - Wo— W0 ~ AXXX
pEN 1QIAJOS (00 11" :\,wvum A::U:_:U\::U:Jwvm A_:U.:U\hz_u::\UOVm ::U::U\:.,U::mwuvr@ N punodwo)

ATX PU® [I'TX-AXXX spunodwos Jo uonnfos ut paarasqo safueys xopar ayi 107 (A) senusjod sponossfa rewio

1 d1dvL



254

CURRENT

- + e o

T T

+030 + 050 +070 +080
E/Vivs S.CE)

Fig. 68. Cyclic voltammogram recorded at a platinum electrode on a MeCN solution of
XXXIX (R = Me), containing [NEt,]C10, (0.1 mol dm *) as supporting clectrolyte. Scan
rate 02 Vs ! [143].

Cu"Cu" /Cu!Cu' two-electron step, and in other cases in two separate
steps.

The appearance of two distinct cathodic processes was attributed
[130.146,147] to the occurrence of an equilibrium between stacked and
non-stacked species, the first cathodic process being due to the
Cu'Cu" /Cu'Cu' step of the stacked species, and the second step due to
the Cu"Cu! /Cu'Cu' non-stacked species.

TABLE 13

Formal electrode potentials (V) for the redox changes observed in CH,Cl, —[NBu,|ClO, (0.1
mol dm ?) solutions of homo- and heterodinuclear complexes XL and XLIV

Compound R M E&‘/u”M”,ﬁ('u'M”; ’ E((z','u’M",-%’,‘u‘M'; " Ref.

XL H Cu -1.12 -1.29 130, 146
CH, Cu ~1.42 —1.42 130, 146
t-C,H, Cu ~1.45 ~1.45 130, 146
H Ni —0.86 —1.38 130, 147
CH, Ni ~0.91 —1.41 130, 147
Br Ni - 0.87 —1.24 130, 147

XLV H Cu ~1.09 ~1.40 130. 146
CH, Cu —1.09 —1.40 130, 146
t-C,H, Cu —1.40 -1.40 130, 146
H Ni —0.89 -1.42 130, 147
CH, Ni —0.94 —1.41 130, 147
Br Ni —0.90 —1.26 130. 147

* Authors quoted in the relevant references assign this step to the Cu"M"/Cu'M" redox
change in the stacked species; see text. ” Authors quoted in the relevant references assign this
step to the CuM!'"/Cu'M!" redox change in non-stacked heterodinuclear species, and to
Cu"'C"/Cu'M! in non-stacked homodinuclear species; see text.
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Indeed on the basis of the electrochemical measurements, this assump-
tion, even if highly stimulating, is as plausible as the more simple one which
assumes the occurrence of two distinct Cu'Cu /Cu'Cu! and Cu’Cul/
Cu'Cu! steps. The same argument is true for the corresponding heterodi-
nuclear complex, if one considers that Ni(II) in heterobimetallomers is
usually electroactive [21,127,128]. Hence in Table 13 both hypotheses have
been taken into account.

Finally note that the cathodic reduction of the macrocyclic complex XLV
not only proceeds through partially overlapping Cu"Cu! /Cu®Cu' and
Cu"Cu'/Cu'Cu’ redox changes centred at +0.49 V, but also gives rise to a
further cathodic step at E% = —0.51 V, due to reduction of cuprous centers
to copper metal, followed by decomplexation from the ligand. The interest
in these high-potential multisite receptors as models for biological functions
is well documented [148].

An examination of Table 12 directed to the understanding of the role of
the bridging system between the two metal chambers, seems to indicate that
the flexibility of this system is unimportant with respect to the stereochem-
ical changes favoring the copper(I) lodging, largely dominated by the
flexibility of the chamber itself, as indicated by redox data for compound
XLV.

(xiv) Remote N,S, donor sets

A series of macrocyclic dicopper(Il) complexes, XLVI-XLVIII, contain-
ing two remote chambers of N,S, donor set, has been prepared and

Cly Ly Cly Ly
L0000 O D (0D

electrochemically characterized [145]. In propylene carbonate solution, all
three complexes are reduced in a single quasireversible two-electron step,
corresponding to the Cu®Cu! /Cu'Cu' redox change. The electrogenerated
dicopper(I) species are quite stable in solution. Table 14 reports redox
potentials for these types of copper(Il) complexes. The great ability of these
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dicopper(Il) complexes to act as high-potential two-electron exchangers, so
mimicking the redox properties of copper proteins, must be recognised.

(xv) Remote N,O donor sets
Only the dicopper(Il) compound XLIX, having two remote N,O cham-

bers, has been briefly electrochemically investigated [132]. In CH LJOH this
compound undergoes two distinct redox changes Cu”CuH/Cu”Cu and

ht
(I)

(XEIX)

Cu'Cu!/CulCu! reversibly at potentials of —0.45 V and —0.82 V, respec-
tively.

(xvi) Remote 0,0, donor sets

The only electrochemically studied dicopper(Il) compound L, having two
remote 0,0, donor sets, belongs to the 1.3,5,7-tetraketonate complexes.

At variance with the 1,3,5-triketonato analogue, which in DMF is reversi-
bly reduced in one two-electron step, L. in DMF undergoes irreversible

TABLE 14

Formal electrode potentials (V) for the two-electron cathodic reduction of complexes
XLVI-XLVIII in PC-[NEt,]C1O, (0.1 mol dm “3y solution ®

Compound E&(u” cul' /Cu’culy
XLVI +0.46
XLVII +0.72
XLV +0.51

* From ref. 145,
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reduction [20]. The stabilizing effect of adjacent O,0, chambers on copper(I)
centers is further shown by the fact that in the trinuclear-tetraketonate LI,
both the copper(Il) and uranyl(VI) centers undergo separate near-reversible
one-electron cathodic processes (£, 5 cuiuoyuoy! /cutuoyiuoyy = —0.25 V, in
DMF) [149].

Y = pyridine

(xvii) Remote N, donor sets

In recent years the chemistry of complexes of types LII, LIII, has been
extensively investigated [150,151]. In order to test their ability to act as

e U‘\
N N\O
h a
Cu Cu
\ ~
\

he®

(©)

(D (1)

models for some copper proteins, their redox properties have also been
probed by electrochemical techniques. As seen in Fig. 69, both compounds
display a similar oxidation pathway. They undergo a two-electron anodic
change Cu!Cu' /Cu?Cu'! in a single quasireversible process [151]. However,
since the exhaustive two-electron electrolysis of LII in methanol leads to the
corresponding di-p-methoxo-bridged copper(1l) complex, the anodic process
must be followed by chemical steps, so that the electrode process should
involve an EEC or ECEC mechanism in the overall reaction:

Me

o)
;1 2MeOH 2e CUV \Cun

I
Cu'Cu g—r————7-
J ~o e
Q
Me

Table 15 summarizes redox data for these two similar dicopper(l) com-
pounds.
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Fig. 69. Cyclic voltammograms recorded at a platinum electrode in MeOH solution contain-
ing [NBu,]BF, (0.1 mol dm %} (=———) LIL (---- - y LI [151].

Two dicopper(Il) compounds, LIV and LV, having the N, donor set
around each copper center, have been prepared from macrocyclic ligands,
and electrochemically characterized. Despite their similarity, compound LIV
is reduced in a single quasireversible two-electron step, generating the quite
stable Cu'Cu' species [145], while compound LV is reduced in two distinct

e

* H\ /\/\/\ /H 44
N N N/w ‘—l
o N-—‘C H—C(Iiu 1Cu——N~—H
N\ / l ‘ N/ Q/IL l
H/N N\H e TS TS \H
(L) (LY)
TABLE 15

Standard electrode potentials (V) for the two-electron anodic oxidation of compounds LI1
and LIII

Compound Eicat cutica Solvent Ref.

L1 +0.52 CH,OH 151 ¢

LHI +0.37 CH,0OH 151
+0.16 DMF I

# In ref. 151 potential values are reported vs. a silver wire pseudo-reference electrode. In our
laboratory such a reference electrode shows a potential value of +0.04 V vs. N.H.E.
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TABLE 16
Formal electrode potentials (V) for the cathodic processes of compounds LIV and LV

Compound Edatcut sculcaty El ol scu'culy Solvent Ref.
LIV +0.04 +0.04 PC 145
LV -030" -0.50 ¢ MeCN 139

* Peak potential value for irreversible process.

one-electron irreversible steps [139]. Even if in the latter case the electro-
chemistry has only been briefly studied, it is likely that the irreversibility of
the process is associated with fast chemical reactions involving the electro-
generated copper(l) center rather than to an extremely low heterogeneous
charge-transfer rate.

Compound LIV can in fact be reduced to the stable Cu'Cu’ congener
because of the presence of the pyridine ring, which stabilizes the two
copper(l) centers. Table 16 summarizes the electrode potentials for the
reduction processes of compounds LIV and LV.

(xviii) Remote NS,Cl,, N,S, and N,S,0 donor sets
The compounds LVII-LIX have been grouped in a unique class, though
with different remote donor atom sets, because all are inclusion complexes

of the macrocyclic ligand 1,13-diaza-,4,10,16,22-tetrathiacyclotetracosane
(24-ane-N,S,), LVL

<\S Y (\\ \|/>

H_N N—H H—N-—Cl
SN s
NP
(LMD (IVID)
NN - o
s 3
H_C'C/“—”:“\Q] @ / ._W
e \o
(LVII) (BX)

Both the chloro and azido derivatives are reduced from the Cu'Cu'! to
the Cu'Cu’ form in a single two-electron step, resulting from two merging
sequential one-electron charge-transfers (£ — EQ < 100 mV) [152].
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Compound LVIII comes from the tetraazido derivative, which in DMSO
releases two azides according to the scheme proposed.

G e D

KN— Cu-N Cu~=aNH

/ W
A I OSSR SRNINAD

This scheme also shows the ability of this derivative to support the
conformational changes induced by the redox activity.

The redox behaviour of compound LIX has not yet been definitively
ascertained because the Cu?Cu®/Cu!Cu’ step occurs at potentials very
close to the likely reduction of pyrazole dicarboxylate groups to carbo-
xaldehyde. The redox potential data for these inclusion dicopper(Il) com-
plexes are reported in Table 17.

(xix) Remote N, donor sets

In the briefly represented class of two-coordinated copper complexes only
the dicopper(I) compound LX has been studied electrochemically [153]. In

u Cu
SO
X

MeCN this compound shows, at a glassy-carbon electrode, an irreversible
two-electron anodic process located at the notably high peak potential value

TABLE 17
Formal electrode potentials (V) for the dicopper(1l) inclusion complexes LVII-LIX

Compound El et ool Solvent Ref.
LVl +0.49 DMSO 152
LVIII +0.31 DMSO 152
LIX —0.06 ° DMSO 148

“ Complicated by the closeness of the reduction of carboxylate groups to carboxaldehyde.
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of E cuicutcutcany = +1.51 V. The irreversibility of the redox change is

associated with the lack of stabilizing donor atoms toward the electrogener-
ated copper(Il) centers.

E. ELECTROCHEMISTRY OF BINUCLEAR COMPLEXES WITH SITES HAVING
DIFFERENT DONOR ATOM SETS

(i) Adjacent N,—O,—0, donor set

A wide range of binuclear copper(Il) complexes, LXI-LXIII, showing the
adjacent N,0,0, donor set, has been studied.

(LXT) (LX)
M = Cu(Il), Ni(Il) M, = Cu(II) M, = Cu(II), Ni(II)
M, = Cu(Il), UO,(VI) M, = Cu(II), Ni(II),

U0, (V1)

The cathodic behaviour of homo- and heterodinuclear complexes of LXI
may be “complicated” by the above cited (see Section D(i)) complexation
with Na* ions [47,49]. In the absence of Na™ ions, the homodinuclear
complex LXI reduces in a single-stepped Cu'!Cu™ /Cu'Cu’ quasireversible
process. In the presence of Na™ ions the same process becomes reversible,
and is shifted about 0.3 V towards less negative potentials, because of the
stabilizing effect of Na* ion-pairing towards electrogenerated anions.

The stereochemical changes accompanying the reduction should at least
affect the rate of charge-transfer in the presence of complexing Na* ions. In
addition, we, and others [37], are surprised that two metal centers differing
in their coordinating donor atom sets reduce at the same potential value, at
least in the absence of Na™ ions. Also without considering that the occur-
rence of a two-electron reduction is disputed [37], we remark that, when
dealing with dicopper(Il) complexes, the consumption of two electrons per
molecule of bimetallomer does not necessarily mean the formation of the
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relevant CulCu'! species, unless this is proved by chemical. or electrochem-
ical (for instance a CV test showing the presence of the reduced species of
the starting complex) evidence. In fact the consumption of two electrons
may arise from the frequently occurring Cu" /Cu® overall reduction, centered
on only one metal moiety. Curtously in controlled potential electrolysis tests
it is noted that two electrons per molecule are spent in a first step, resulting
in a Cu/Hg amalgam, as well as a further two electrons per molecule in a
second step at more negative potentials [49]. Only in the case of the
compound with R = t-C,Hy and n = 3, are four electrons
(Cu"Cu" /Cu®Cu’) per molecule involved at the potential of a single step.
Only in this case, the sequential Cu''Cu" /Cu"'Cu', and Cu"Cu'/Cu'Cu!
changes occur at the same potential in the cyclic voltammetric timescale. In
this connection the same authors [49] maintain that in the heterodinuclear
Cu""Ni" complex LX, both metal centers are one-electron reduced at the
same potential. Further they noted that coulometric experiments provided
the consumption of two electrons per molecule, with concomitant formation
of copper metal. Assuming a reduction pathway of the type

+e

2 [Cu'NilL]” 2 [Cu'Ni'L]* E0=EY

[Cu"NiL]
F?) ;LQ +e” | slow

Cu®+ [Ni'L]’~

the consumption of three electrons per molecule of complex would be
expected.

Furthermore other authors have found that one of the homodinuclear
compounds LXI, undergoes two distinct near reversible Cu'Cu™ /Cu''Cu!
and Cu'"Cu’/Cu'Cu' reduction steps [132].

It is evident that the reduction pathway of this type of compound has not
vet been unequivocally determined. The redox potentials for complexes LXI
are reported in Table 18.

The electrochemistry of the copper(lf) complexes LXI and LXIII is
characterized by the fact that the one-electron reduction of the metal centers
1s generally followed by decomplexation steps (EC mechanisms). For exam-
ple, Fig. 70 shows the cathodic behaviour of both the homodinuclear
complexes in DMSO solution. The CuCu complex LXII is reduced in two
distinct sequential one-electron steps, irreversible in character. The CuCu
complex, LXIII shows first a quasireversible CuCu!' /Cu" Cu' step (kineti-
cally complicated by the decomplexation of the Cu(l) center). followed by
the subsequent irreversible CuCu' /Cu!Cu! step.

The appearance of the reoxidation peak at = +0.1 V, due to CU ey
Cu?,.,,. is indicative of the decomplexation reaction following charge trans-
fer. We suggest the irreversibility of the charge transfer is a consequence of
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TABLE 18

Formal electrode potentials (V) for the redox changes observed in the cathodic reduction of
homo- and heterodinuclear compounds LXI in DMF solution; values in parentheses refer to
the presence of Na* ions

R n M E(OC,u"M”/Cu'M") E(O(‘/uIM”/CuIM') Ref.
CH, 2 Cu —0.78 —1.66 132
Co.H; 2 Cu —0.68 * (—0.32) —-1.68° (—-0.32) 47
t-C,H, 2 Cu —0.78 (—0.45) —0.78 (—0.45) 49
t-C,H, 2 Cu —-0.99 - 37
C.H; 3 Cu —0.86 (—0.50) —0.86 (—0.50) 49
t-C,Hgq 3 Cu —-0.92 —-0.92 49
CH; 2 Ni —0.66 (—0.36) —0.66 (—0.36) 48

* Peak potential value for irreversible process.

the speed of the chemical reactions coupled to the reduction steps. Accord-
ing to this assumption, compound LXII displays much lower ability to bind
the Cu(I) centres than LXIII. Only in the case of uranyl(VI) complexes, 1s
the electrogeneration of uranyl(V) not complicated by decomplexation.
Table 19 summarizes the redox potentials for complexes LXII and LXIIL
In EC electrode processes, formal redox potentials must be derived from
voltammograms recorded at potential scan rates sufficiently fast to over-
come the occurrence of the chemical reactions following the charge transfer,
i.e. in a cathodic process, for instance, (7,)*/(i )°=1. When, owing to the
quasireversibility of the n-electron charge transfer, high scan rates cause
AE, values to become higher than the theoretical 59/n (mV) values, and

-20 —10

e i

E/VsSCE.)

Fig. 70. Cyclic voltammetric responses recorded in DMSO solution (0.1 M in [NEt,]ClO,) of
{a) LXII M = Cu), (b) LXIII (M, = Cu; My = Cu). Scan rate 0.2 V s~ [154,155].
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where one can assume that the transfer coefficient « is not very different
from 0.5 (as usually happens), the cathodic shift of the reduction peak and
the anodic shift of the directly associated reoxidation peak are substantially
symmetric with respect to the formal potential.

It has been also reported that the dicopper complex LXII in DMF gives
no distinct reduction steps [132].

(ii) Adjacent N,—Q,-Cl, donor sets

Only the compound LXIV, showing the N,0,Cl, adjacent donor set, has
been reported to undergo cathodic processes [157].

M = Cu(II), Zn(II), Hg(II)

N O Cl
(I NN
N N

|

(LXIV)

The homodinuclear copper(1l) complex undergoes two well-separated quasi-
reversible one-electron reduction steps, with the more facile Cu''Cu'/
Cu''Cu' step assigned to the O,Cl, coordinated copper center which can

TABLE 19

Formal electrode potentials (V) for the redox changes of each site observed in
DMSO-[NEt,]CIO, (0.1 mol dm ?) solutions of homo- and heterodinuclear complexes LXII
and LXIII

Compound M, M, NATIVIR Ean ol Ref.
LXII Cu Cu -1.09* —0.92° 154
Cu Uo, —~1.32 —0.90 155
LXII Cu Cu —0.42 —-0.99 ° 156
Cu Ni —0.73 —1.48 156
Cu uo, ~0.53 —0.53 156
Ni Cu —1.36 —0.73 156

* Peak potential value at 0.2 Vs ! for irreversible process.
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TABLE 20

Formal ¢lectrode potentials (V) for the redox changes of each metal site observed in CH,Cl,
solutions of LXIV @

M E(()C’u”/(‘u‘) E(Uh:ill/Ml)
Cu —1.40 +0.76
Hg —143 —0.20
Zn —143 -

2 From ref. 157.

easily rearrange to copper(I) in a tetrahedral configuration. The same
behaviour is true for the heterodinuclear CuHg complex.

Table 20 summarizes the redox potentials of these complexes, and shows
how much the different coordination in two close metal centres may affect
the relevant redox properties.

(iii) Adjacent N,Y-0,~0, (Y = N, P) donor sets
Two similar acyclic derivatives, LXV and LXVI, having a five-coordinate

inner chamber and a four-coordinate outer chamber, have been electrochem-
ically investigated [68,69].

FN OV
S TAVAN AV
/|Cl\[ bf”\ H/H\[ )/Ié\OH
(LX) (LXVI)
M, = Cu(1I), Ni(II) M, = Cu(II), Ni(II)
M,, = Cu(11), Ni(IT), UO,(VI) M, = Cu(I), UO,(VI)

Unfortunately the electrochemical behaviour of such compounds is not
straightforward, because of some interference from cathodic processes of the
ligand itself and the irreversibility of most of the redox couples. However the
potential data do roughly allow one to evaluate whether structural changes
with respect to the N,0,0, coordination stabilize low-valent centers. As in
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TABLE 21

Formal electrode potentials (V) for the redox changes occurring at each center of dinuclear
complexes LXV and LXVI in DMSO-[NEt,]CIO, (0.1 mol dm ) solutions at a platinum
clectrode

Compound M, My ENu o, EXpi o, Ref.

LXV Cu Cu —0.54° —1.65 69
Cu Ni —~111° —1.80 ® 69
Cu uvo, -0.41° ~1.33 69
Ni Cu —138¢ ~ (.45 ° 69

LXVI Cu Cu ~1.04° —1.74% 68
Cu uo, —0.86 ° ~1.74 68
Ni Cu —~1.74 -0.46 " 68

* Peak potential value at 0.2 V s ! for irreversible process. ” Mercury electrode.

the case of the precursor compound LXIII, kinetic complications following
the charge transfers are also present.

Table 21 reports the redox potentials for these compounds. No significant
improvement 1s reached with respect to the N,—O,-0, assembly regarding
thermodynamic access to reduced species; their kinetic lability is greatly
increased. Finally, as expected, N,PO, coordination makes reduction of
metal ions more difficult with respect to N,O, coordination, phenylphos-
phine groups being better electron donors than amino nitrogen atoms.

(iv) Adjacent N,S—-0,-0, donor sets

The electrochemical behaviour of the heterodinuclear compound LXVII,
having two differently coordinated (0,0, and N,SO,) adjacent chambers,

—p*

Cl

(TXVID)
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has recently been reported [136]. In DMSO solution, this complex gives rise
to two close one-electron quasireversible cathodic processes, complicated by
coupled decomplexation steps. The use of high scan rates in order to prevent
these complications causes the merging of the two processes
(Cu"UOJ"/Cu'UOY!, Cu'UOy!/Cu'UO;, respectively), so that only one
formal electrode potential can be attributed to them at —0.34 V.

(v) N, remote-linked to N,S, donor sets

Dinuclear complexes containing two remote chambers having different
donor atom sets are very rare. The only report containing electrochemical
data deals with the compound LXVIII [145].

In propylene carbonate, each copper(ll) center is reduced to the 1+
oxidation state at different potentials, because of the difference in coordina-

P

L

N—Cu S—Cu—S,

=
N

/
H

(IXVIT)

tion set. The Cul{ ¢ /Culy ¢ step occurs at +0.55 V, whereas the Cuy /Cul,
step occurs at +0.07 V. The further reductions to Cu®, concomitant with
decomplexation, occur at potentials more negative than —0.37 V.

F. CONCLUSIONS

In the electrochemistry of dinuclear copper compounds both thermody-
namic and kinetic aspects have to be considered.

The thermodynamic interest lies in the redox chemistry and is directed
towards characterizing the Cu''Cu /Cu*Cu! and Cu™Cu' /Cu’Cu! couples.
First of all, one is interested in being able to determine if these redox
changes proceed in a single two-electron step and secondly whether these
redox changes occur at high or low potentials.

Although there have been attempts to rationalize the pathway of these
cathodic processes on the basis of the interactions between the two copper
centers [37,141,144], the great variety of electrode mechanisms we have
reported, together with their occasional dependence on solvents and in some
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cases, even on the supporting electrolyte, highlight the complexity involved
in making predictions about the occurrence of a single step or two separated
steps.

Regarding the synthesis of dicopper derivatives displaying high potential
Cul' /Cu! redox couples, some strategies can be suggested:

(1) The preparation of dicopper(Il) complexes having a tetrahedral assem-
bly in the copper(1l) coordination sphere. This is the case for the complexes
IL, derived from (acyl/benzoyl) phenolates; but consider also the hydroxo-
bridged complexes XVI and XVII, thioalkoxo-bridged complexes XVIIL, XX,
XXII, halogeno-bridged complexes XXIV, XXV, arylazo-oximate XXXIII.
macrotricyclic complexes XLV-XLVIII, and macrocyclic inclusions com-
plexes, LVII-LIX, all of which favor the access to copper(I) centres because
of their marked flexibility able to support tetrahedral coordination re-
arrangenients.

(11) The preparation of stereochemically stable three-coordinate dicopper(I)
complexes, such as XXXII, LI, LIIL

(1) (Apparently) the preparation of two-coordinate dicopper(l) com-
plexes. Really these derivatives are very rare, the only one being compound
LX.

The kinetic aspect of the Cu''Cut /CuCu' overall reduction refers to the
degree of stability of the electrogenerated Cu''Cu' and/or Cu'Cu' com-
plexes. Indeed this aspect is in many cases neglected, not only in the short
timescale of voltammetric studies, but also concerning characterization of
the products from macroelectrolysis tests. Obviously this aspect is also
connected to ligand structural design and to the difficulty of determining
solvent effects. For instance it has been shown that the presence of five-co-
ordinate copper(Il) centers always causes fast decomplexation of generated
copper(l) centers. From this point of view, the electrochemical behaviour of
dinuclear copper complexes is still almost unexplored.
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