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4. Copper
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INTRODUCTION

It is inevitable in a review of such a prolific arca as copper co-ordination chemistry that
something has either been missed or, for reasons of conciseness, omitted. To those authors whe fall
into these categories, I extend my apologics. In an attempt to contain the review to a manageable
size, the material covered has been resiricted largely to Bnglish language publications which appear
in the popular academic chemisiry journals of 1990. Without such restrictions the tesk would have
been unduly cumbersome: the first computer scarch of Chemical Abstracts yielded 37,478
references with copper in the title or abstract; the field was subsequently restricted by intersecting
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this field with other keyword fields such as complex, ligand, crysial exc. The space limitation permits
only the most cursory ireatment of any one publication, and so the review is intended for the reader's
perusal rather than the in-depth iaterest of a particular specialism. By and large, the review pays
particular attention to structural information, with the intention that the reader will be able to use such
information to identify material worthy of deeper investigation with respect o his/her interest.
Throughout, commenly accepted ligand abbreviations are used without decoding; for example, bpy
for bipyridine.

Copper co-ordination chemistry has become a diverse field of interest which intersects with
many other research domains. A dominant part of much of the current research is the study of the
chemistty of complexes containing twe or more coppers, In deference to this trend, this review deals
first with the polynuciear complexes, then moves to mononuclear, followed by other key fields of
general interest. In this connection, inclusion of erganometallic references in this review has been
kept to a bare minimum; references relating to copper-containing superconductors, a rapidly
expanding and highly specialised area, have also boen largely excluded.

4.4 HOMOBINUCLEAR COMPLEXES

The study of both homo- and hetero-binuclear copper-containing complexes continues to be
an area of intense activity in 1990. These studies largely centre on magneto-structural correlations
between the metal centres, catalysis, and biomimicry; the latter are reserved for the section on
Biological Copper.

4.1.1 Binuclear copper(if}

A wide range of binuclear complexes containing acyclic lHgands is reported, the metal centres
being held together by usually with the aid of one or more bridging ligands, the nature of which
plays a role in the degree of communication between the copper atoms.

Large antiferromagnetic coupling occurs in the complex p-hydroxo-p-perchlorato-
bisl{diethylenetriamine)perchlomatocopper(Il}] [1]. The X-ray crystallographic study confirms the
copper(Il) centres as being tetragonally clongated octahedra comprising an N3O3 donor set with one
single-atom bridging perchlorate and one bridging hydroxide. The Cu----Cu separation is 3.435(1)
A and a large antiferromagnetic coupling (J = —374 cmr-l) is observed, the Cu(1)}O(H)-Ca(2) angle
being 128.1(4)",

In another structurally characterised single hydroxo-bridged complex [CupL{u-
OH}YMeCN)12[Cugl1p), where L- = 2,6-bis(N,N-dimethylaminoethylformimidoyl)-4-methyl-
phenolato (1) [2], antiferromagnetic coupling is also present (2F = 478 cm1); the influence of
bydroxo group on the metal-metal interaction being emphasized by the drop in coupling observed
when bromide is used as the bridging ligand (27 = 157 cm'l). One exogenous hydroxide and one
endogenous alkoxide bridge have been reported for the complex of the p-hydroquinone derivative of
(2) to give [Cupl {OH)[CI04]z i3). While no magnetic data are reported, it is interesting to note
that the ligand has been oxidised.
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Both intramolecular antiferromagnetic and ferromagnetic coupling have been reported in
doubly [4] and triply [5] bridged complexcs respectively. The ferromagnetic behaviour in the latter
is retained even when the narure of the bridging oxygen is changed from [Cuz(OAc)3(bpy)){Cl04)
to [Cus(OHNOH(OAcHbpy)2l[Cl0O4]2. The anionic hydrotris(pyrazoiyl)borate(1-) ligand
induces dirner formation by virtue of the three-dimensional disposition of the pyrazolyl nitrogens,
[6], which leaves vacant co-ordination sites on the metal; the dihydroxo-bridged complex
[CuLja(OH)z exhibits strong anti-ferromagnetic coupling [6a), while the peroxo-bridged analogue
has been examined as an oxygenation catalyst [6b).

N OH
3

Single [7] and double [8, 9] exogencus alkoxo-bridged complexes have been observed. In
[Cua(NO)(OBt)] [8), the copper centres are strongly antiferromagnetically coupled to cach other
whilst being ferromagnetically coupled to the nitrosyl ligands. Structurally characterised alkoxo
bridges, in which the alkoxide is pendant to a chelating ligand such as 3-emiino-1-propanot (3), have
also been reported [10], again with strong antiferromagnetic coupling. Other endogenous alkoxy
bridges, pendant to the backbone of the main ligand, and holding together a dimeric structure are
reported [11].

Magnetostructural correlations in complexes containing the [CusXg)?— moiety, where X =
Cl-and Br, have been examined {12, 13]. Antiferromagnetic superexchange is reported for a
planar bromo derivative [12], with a much reduced exchange for the chloro analogues [12, 13]. The
strength of the exchange in a chloro derivative are reinterpreted on the basis of the tetramer formed
by bifolded dimers {13].

Antiferromagnetic coupling from six § = 1/2 spins in the binuclear chloride-bridged complex
[Cul.5Cl3]2, where the ligand L the radical (4), is dominated by the copper-ligand interaction
medisted by the nitrogen ato: of the pyridine ring [ 14].
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A number of nitrogen-containing heterocycles, such as imidazotate (5) [15,16], pyrazolate
(6) {17], and pyrazine (7} [18] have been cited as bridging ligands, as have several mono- [5,19,20)
and di-basic {21,22] carboxylic acids. Of the former, type, four methacrylato bridges between the
two coppers bring the metals into 8 2.655(1) A contact [20]. Both bridging and terminal azide- [23,
24) and cyanate-containing [25] binuclear centres are also reported. Where the coupling was found
to be strong, such as in a room-temperature, esr-silent azide complex [23), the main part of the
contribution to exchange was found to be vig an oxime portion of the Kgand rather than the
pscudohalide. The oxyanions NO3- [26] and CO32- [27) have been crystallographically
characterised in g bridging role. The p-carbonato complex has been reported as the product of an
interesting reaction between a di-u-hydroxo copper(if) complex which fixes atmospheric CO5 as
carbonate [27].
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A number of less common bridging ligands such as the anionic forms of 1,5-dihydroxy-
9,10-anthracenedione (8) [28], phenylcyanamides [291, oximides and dithiooximides [30],
acetazolamides [31], oximes [32, 33], as well as the Schiff-base product of salicylaldehyde and 2-
hydroxynaphthylamine (9) [34] are reported. Of particular structural intarest is the formation, in the
presesce of 2 polyhydroimidazole ligand, of binuclear metallacyclic structures with large interacting
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square pyramidsl coppers [35). The neutral bridging ligands 2-deoxyadenosine (10} (36] and
hypoxanthine (11) [37] have been characterised.
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When the ligands become larger and incorporate two distinct metal binding ‘ends’, it
becomes more practicable to classify the ligands as binucteating, despite the fact that they are still
strictly bridging the metal centres. Non-cyclic ligands within this category often share the structral
features of: a) tripodal amine ‘ends’ linked by &) an organic backbone [38], which can contain
additional heteroatoms [39] which, in turn, may act as endogenous bridges {40]. Manipulation of
these structural features has been effected to furnish complexes with a range of metal-metal
distances, magnetic, and redox properties. Other exempies include the ligand (12) which contains
two chemically distinct metal-binding sites, and forms binuclear copper(fl) complexes with a variety
of exogenous bridges [41]; in contrast, the ligand (13) can hold weakly interacting copper atoms at
a separation of 7.127 A [42).

Hemobinuclear macrocyclic complexes of copper(l) can be divided into structural types,
depending on whether the macrocycle is cither binucleating and encapsulaics the copper atoms
together with exogenous (14) andfor endogenous (15) bridges; ot, is essentially mononucleating
but capable of producing bridges to a second copper atom, (16) and (17). These types are
represented diagrammatically with X representing the bridging functionality.

Cu--mme-X-———Ca Ctre-eeenXm-Cu

(34) as)
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The small ring size of tridentate macrocycles precludes binucleation within a common
macrocyclic cavity [43,44]. The structurally characterised complexes [Cusia(-OH)(-CHIICIO )2
[44], where L = 1,5,9-triazacyclononane, illustrates this point. Variation of the exogenous bridge in
related complexes of the N-methylated derivative of this macrocycle allows tuning of the magnetic
properties to furnish a range of homobinuclear complexes with no coupling, antiferromagnetic
coupling (27 = —460 cm-1), and ferromagnetic coupling (F = +22 cm-}), as well as Cu-—--Cu
separations in the range 3.6 to 7.6 A [45).

In general, expansion of the macrocyclic cavity allows the incorporation of two or more
metels [46). Further, the steric constraints imposed by the macrocycle (18) around the birnetallic
site has been shown to give rise 1o the first observation of a truly symmetrical, single-atom, aitrogen-
only, bridging isothiocyanate between the copper atoms {47].
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N
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The macrocycle (19) bas been obtsined and structurally characterised in its metal-free form;
however, exposure of its dicopper{l) complex to dioxygen, resnlts in the recovery a dicopper{ll)
derivative in which an exogenous OH-, and an endogenous phenolate bridge (from - insertion),
link the two copper centres [48]. An example of a macrocyclic binuclear copper{il) complex
contgining two endogenous bridges is provided by the ligand (20) which forms complexes of the
form [CuzLX2].nH20, where X = axially bound halide and azide [49]. The strong antiferro-
magnetic coupling (2F = ~750 to —855 cm-!) observed in these complexes is ascribed to the
essentially flat binuclear structure with close metal-metal approach which is facilitated by the
macrocyclic ligand constraing; this is illustrated by the crystal structure of the bromide derivative.
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Similarly, extremely strong coupling (27 = —860 cmrl) is exhibited by another co-planar binuclear
copper centre imposed by the macrocycle (21) which contains two endogenous alkoxo bridges [S0];
the bridging groups play an important syathetic role in maintaining the integrity of a binuclear
transition-state conmplex in which the CuzQOz moiety templates the macrocyclisation reaction.

A number of binuclear copper(Il) complexes of tetvasza-macrocycles containing the
chelating substituents 2-aminoethyl [51], 2-pyridytmethyl [52], and 2-benzimidazoylmethyl [53],
which are pendant to the macrocyclic nitrogen atoms, have been reporied. In these cases the
binuclear structure has been achieved by the exocyclic co-ordination of the copper atoms to the
ligands as represented by (22).
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4,12  Binuclear copperi!)

The large binucleating ligand, 2,5-bis{N N-bis(2'-pyridylethyl)aminomethyljpyrazine (23},
has been used to synthesise binuclear complexes of copper(l) {40] in addition to the copper(Il)
complexes already reported.  The crystal structure of [Cualpl[C104]2, where L = 1,8-naphthyridine
(24) reveals a short Cu----Cu separation of 2.506(2) A; the complex reversibly binds x-acids such
as CO, Cotly, and CoHy [54]. Although metal-metal bonding is not claimed in this complex, it is
interesting to note that the disilver(T) analogue exhibits a metal-metal distance which is significantly
shorter than that found in the metallic form of the clement. A number of other structurally
characterised examples of binuclear copper(T) complexes of nor-macrocyclic ligands containing
nitrogen heterocycles appear [55-58]. In view of the close metal contacts mentioned above, the
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insertion of a 'copper nitrene’ into a carbon-hydrogen bond of CulClz, where L = 1,10-
phenanthroline (28), is reported to give a complex in which a 2.600(2} A gap scparates the copper
atons, a distance approaching the 2.55 A measured for metallic copper [57). Synthetic and
stuciural studies of mixed-ligand systems involving nitrogen heterocycles along with “soft’
phosphorus- [58, 59] and sulfur-containing [59, 60] ligands are reported. The high stability of a
dicopper(I) complex, containing two thiophenolato bridging ligands and a terminal 72-
thiscycloheptyne ligand, is associated with 2 large reduction in the internal strain of the terminal
Ligand as a result of complexation [61].

<

23) (2%) (25)

Macrocyclic ligand control of the Cu----Cu separations has been demonstrated in the
synthetic and structural studies of binuclear tetrahedral copper(I) complexes of a range of thioether
crowns of the type [18]-ane-Sg (26) [62], [24]-ane-8g (27) and [28])-ane-Sg (28) [63]). The
intermetallic distances of 4.428(2), 5.172, and 6.454{3) A respectively, are in accord with the
increasing size of the macrocyclic cavity. Electrochemical and ESR spectroscopic studies of the
oxidation products of the Sg serics are also reported.
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When three moles each of tris(3-aminopropyljamine and 1,3-benzenedicarboxaldehyde are
condensed in the presence of silver(l), and e product transmetallated with copper(l), a binuclear
compiex of a (3+3) hexa-imine cryptand (29) is produced [64]. The structure of the complex is
reported, while the template route to this macrocycle complements the metal-free ronte reported for
the closely-related system based on tris(2-aminoethyl)amine by Nelson er af in 1988 (30 [65].

(29) . (30)
N N
M

(31)
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The exocyclic di-copper(I} complex of the macrocycle {31} has been smucturally
characterised and the quasireversible binding of dioxygen reported [66]. The low co-ordination
nuraber requirement of the copper(E) ion is expressed in the use of only six of the potential eight
nitrogen donots of the ligand, each copper adopting a trigonal geometry. Evidence for copper-
mediated O incorporation is by wey of isolation of the copper(ID), Cul.2, where HL is pyridine-2-
carboxylic acid desived from the 2-pyridylmethyl pendant substituent of the macrocycle.

4.1.3  Heterobinuclear complexes

Heterobinuclear complexes containing copper(il) together with the ions titanium(IH) [67],
chromivm{TIT) [68], manganese(Il) [69], iron(IT) [701, cobalt(IT) [70-73], cobalt(TIT) [74], nickei(IT)
[16, 33, 76-73, 75, 76], zinc(H) [16, 71-73], platinum(IV) {77] and gadolinturm(lIi) {78]. Studies
involve X-ray crystallographic [67, 74, 76, 771, magnetic [68-71, 73, 76-78], clectrochemical {73),
thermodynamic [75], and kinetic [72] examination.

Examples of heterobinuciear copper(l) together with iron (as a ferrocenophane tetrathia-
macrocycle) [79], zincdll) (in scaffolding-like materials) [80], ruthenium(¥I) (as an exodentate
chelate to an endodentate copper(f)-macrocycle coraplex (81], and platinum(fT) Gn {CuPt(CN)4]™)
[82]. Physicochemical measurements of the copper-iron complexes [79], show that, although the
complexes are formed by reaction of the appropriate ligand with Cu(BFa)2, the copper is present as
copper{I) while the iron is present in the Hgand backbone as ferrocenium.

42 POLYNUCLEAR COMPLEXES
42.1  Trinuclear Complexes
42.1.1 Homotrinuclear Complexes

Homotrinuclear complexes can be either linear or eyclic with respect to the metal core. The
complexes [CusLqXz]-Hz0, where X = CI- or Br- and HL = bis(2-pyridyl)amine (32), is an
example of the first of these strucwural types {83]. Each of the four ligands co-ordinates in a
unindentate manner to each copper atom, forming a four-column cylinder within which the Cuz-
chromophore is situated. The central copper{il} atorn thus involves a co-planar CuNy chromophore,
while the terrninal copper(Il} atoms co-ordinate an additional halide to adopt a square pyramidai
geomeiry. Little mention is made in the abstract of the very close metal-metal distances of 2.471(1)
and 2.468(1) A in these songly antiferromagnetically coupled, ESR-silent, complexes.
Semiconductor activity has been found in stacked copper(Jl)-porphyrinato trimers, with large
exchange interactions existing within the rimer [84].
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Several other linear Cus-cores have been either structurally charecterised or proposed on the
basis of magnetic and spectroscopic information. Thus, bridging bis{oximato) ligands give fisc to a
planar terminal CuNg-chromophore with a central, flattened tetrahedral CuQOy4 chromophore [835].
Triply bridged coppers, from six p-triazole ligands, again produces the linear Cug core, this time
with an octahedral CulNg-unit as the central chromophore, while tetragonal pyramidal CuN3O3
{oxygen is from water) chromophores terminate the trinuclear chain [86]). An almost linear trimer
{Cu-Cu-Cu = 175.04(2)") with copper-copper distances of 2.9515(5) A and 3.0106(5) A, and with
two of the copper atoms having a distorted square pyramidal geometry while the central copper is
found in an octahedral environment, was realised with 3-aminopropanol, HoNCH;CHCH;OH
[87]. The crysial strucnare of [Cusla(FHCCO2)(EtOH)1, where HL = EtgNCHCO,H, shows
terminal square-planar CuNOQ;3 and central CuQy chromophores [88]). Bridging glyoximate ligands
have also afforded complexes in this category [89). The magnetic non-equivelence of two types of
copper atom in this structural category permits straightforward structural inferences 1o be made on
the basts of spectroscopic and magnetic data [90, 911. A trinuclear copper(l) complex of formula
CuyCiz(RyTe)a(Ha0) has been reported [92], but structural detail is limited. Detailed magneto-
structural correlations within copper trimer stacks of type [CuzXg)2-, where X = Cl or Br, have been
published [93). '

Examples of cyclic Cuz include the metal in both the +1 and +2 oxidation states. The
trinuclear iodocuprate complex [Cuz(AsPh3)sls] consists of an apicel iodide miply bridging to three
equivalent pseudotetrahedral coppers, cach of which are further doubly bridged by iodide and
terminally co-ordinated by a single AsPhs ligand [94]. Three po-pyrazolate ligands form a large
nine-membered cyclic arrangement, incorporating the metals, which is co-planar to within 0.07 A
[95). Oxidation of {{Cu(HL)2Cl1}7], where HL = pyrazole, yields the trinuclear complex
[Cus(OHY{L)3(HL)2Cls] in which the hydroxo group bridges to all three copper(ll} ions, while
three of the pyrazolato ligands bridge between two metals, closing a circle around the central
hiydroxide [96]).

42.12 Heterotrinuclear Complexes

Linear complexes of the M2Cu(ll) type, with copper at the centre are: [LFe{p-
(dmg)3Cu)FeL)2*, where L = 1.4,7-trimethyl-1,4,7-riazacyclononane (33}, and Hadmng =
dimethylgliyoxime [97); [(NHi)sCo(u-im)CuL(p-im)Co(NH3)5]4+, where HaL =
HO,CCH;NHCHCO2H and imH = imidazole, contains such an arrangement {74], and
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[L(H20)Nif (p-pba)yCu } Ni(H20)L12*, where L = bis(3-aminopropyl)amine (34) and Hapba =
1,3-propylenebis{oxime) {35) [98].

MeN — NMe NN AN
N/ J B L
Me HN NH, HO” “~CH
(33) (34) {35)

The alternative linear trinuclear unit, MCu(Il);, is found for a series of complexes in which
M = Mg, Mr, Co, or Ni, the zinc member of the series serving as structural reference [91]. The
macrocyclic ligands (36) have two metal binding sites: the S4-unit of the macrocyclic cavity and the
exocyclic glyoxime-fused unit. In accordance with these feanires, heterotrinuclear complexes of the
type (37), where M = nickel(I) and cobalt{(Il) have been proposed [99).  The complex
[{ Culbpy) }2Cr{ox)a)* shows distinet ferromagnetism with an increase in magnetic moment to 8.78
Ry at SK from 4.82 pg ar 300 K 168).

The imidazole-containing ligand, formed by the seguential Schiff-base condensation of 5-
chlore-2-hydroxybenzophenone, 1,2-diaminobenzene and imidazole-4-carboxaldehyde (38), has
been used to form the iron({M)dicopper(lt) complex (39) in which the central iron is complexed 1o
tetraphenylporphyrin. This compound exhibits a low-temperature ferromagnetic interaction between
the heterometals (f = 22.2 co L in the range 2 — 300 K) [100). Mention has already been made of
the heterobinuclear structure obtained with a tetrathia-macrocyclic ferrecenophane ligand [791; 2:1
complexation affording the heterotrinuclear complex has also been achieved by using the smaller
cavity of the trithia-analogues. Similarly, the use of other ferrocenyl-derived ligands to form 2:1
complexes (40}, this time with copper(IL}, have given rise to tetrahedrally distoried copper(fl) centre
in FeCus-complexes {101].

A structurally characterised example of cyclic MaCu(I} in an incomplete {MozCuS4}
cubane-like core was found [102]. A copper-magnesium complex [103) roerits special mention in
that the X-ray crystal structure reveals unprecedented magnesinm-solfur{thiophenolato) bonds, two
of which bridge to the copper.
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422  Tetranuclear Complexes
Linear, tetrahedral, ring, and cubane siructures have il been realised.
4.2.2.1 Homotetranuclear Complexes

Within this subdivision mixed-valence and copper(I} chemisiry is commonplace. A
compartmenta] ligand of the bis(triketonate) type is capable of complexing two binuclear copper(il)
units o form a tetranuclear complex {104]. The binuclear units are far apart (6.9 A) and there is
strong interaction within the binuclear units to the extent that the complex is ESR-silent at room
temperature. Dimerisation of the binuclear unit (41) gives a lincar tetracopper(Il) compound with
intradimer bridging between the external catechols. The related complex derived from 2-
aminomethylpyridine (42) gives rise to 4 cubane structure based on a CugOy4 core [105).
Electrochemical studies of these polynuclear complexes are also reported, showing that both the
metal and the ligand are clectroactive. A coplanar arrangement of four copper(Il) atoms occurs the
complex anion of some polyoxotungstate salts {106]; each copper forming a CuOg octshedren. A
planar oxocuprate(Il} array of type CusO3(OCHMe3); has been charucterised in a heterometailic
alkoxide complex CusZrgO3(0OCHMe)1g [107]; the vnit shows antiferromagnietic coupling, with
Kegr= 1 K per copper between 100 and 300 K. A tetrahedral cluster of copper(Il) ions orientated
about a centroidal O atom has been found in a copper-chleride-nicotine compiex [108]; each copper
awom is trigonal bipyramidal with bridging chliorides to all neighbouring copper atoms, and wrminal
N-banded nicotine.

NH,
@1) (42)

A distorted tetrahedral tetracopper(X) core is present in [Cua(PPh3)3CK{PMes3)s] and related
complexes [109]. The core comprises a six-membered CuaP3 base which is bridged by a CuCl anit
via two PPhz groups. This gives rise 1o (wo clectron-deficient PCus fragments in the structure
which, by way of compensation, possess short Cu----Cu contacts (2.51(2) A) in the metal-metal
bond range. An example of tetrahedral tetracopper{ll} is found in {CusCls(0)L4).0.25H720 where
the structure is maintained by a cenirally co-ordinated tetrahedral oxo species, bridging Ci-, and
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terminal ligand L = 1,2-dimethylimidazole (43} (110). The reaction of copper powder with sulfur in
pyridine gives rise to CusS1p(py)4 amongst other species [111]. This product can exchange the
pyridine ligand 1o give 2 range of structuraily related complexes based on a tetrahedral tetracopper
coxe.

JMe
P e

(43)

Ring structures containing four copper atoms bridged by ligands are now well known for
copper() [112-114}, copper(ll} [115, 116] and mixed-valence coppez {117). Cubane geometrics
have also been reported for copper(T) [118], copper(M} (119), and mixed-valence copper [126]. In
most cases, structural dats are available [112-119]. Cne structure is the first example of a square
planar CuyS4 ring [113]; magnetic data [115, 119], ESR spectral; data {117, 120], electrochemistry
[117, 120], and electronic spectra [120] have been studied. An adamantane-rype structure is adopted
by the [Cua(RS)sl?- species [121].

o0
gfl} . )\_._( _<§é:f X = McOH
\ Y=H20

(44}
4222 Heterotetranuclear Complexes

The heterotetranuclear complexes also show a variety of topologies for the metal-copper
cluster, from linear Za-Ce-Cu-Zn (zinc{I)/copper(i)) {122], to planar MoCuj (molybdenum{IV))
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[123). The cubane M>Cuz+ arrangement has been demonstrated for M = Mo and W [124], while
a coplanar unit occurs in (BEtyN}2[MCu3S4L3].DMF, where M = Mo and W, and HL =
piperidinocarbodithioic acid [125]. A stepped M{II)Cu(ll)2 conformation, with exchange
coupling between the copper and the Ianthanides gadolinium and dysprosiom, has been structuratly
characterised and magnetic studies discussed in relation to their potential as high-T;
superconductors [126). In all cases the integrity of the metal cluster core is maintained by the
ligands. The fitting of magnetic behaviour of M{ITYCu(il)3, where M = Cd, Ni, and Mn, to the
cluster topology has also been anempted [127].

42.3  Pemtanuclear and higher nuclearity complexes

Bow-tie and linear forms of [L14[CusCly] (L. = 1,4-dimethylpyridininm) are reported [128]
along with magnetic behaviour which is difficuit to rationalise due the complicated structures
involved. Cubane-derived topologies, involving f- and S-bridging groups, have been characterised in
ReCuy complexes [129]; very short metal Re-Cu contacts (2.638(4) -2.712(4) A) are remarked
upon and formal oxidation states of Re(V) and Cu(l) are assigned.

Six copper{Il} centres are bound in a cyclohexanc-type boat arrangement within a single
macrocyclic ligand cavity (44) with two bridging hydroxide groups at the centre of the cavity help

maintain the cluster [130].
(ls
H

(45)

An octahedral Cu(l)s-core comprising trigonal copper atoms in [Cugl.g] has been
characterised [131]. The singly deprotonated ligand L = 1-H-pyridine-2-thione (45), is bonded to
each irigonal face of the octahedron.

Qrganometaltic PtyCug [132], and RugCuz [133] clusters have appeared. The synthesis of
M3 Cus clusters involving dithiocarbamate ligands, where M = Mo or W, together with solution
characterisation in both cases and X-ray struciurat characterisation for M = Mo is reported [134].

The elecirochemical synthesis of copper derivatives of alkanedithiols {135] has lead to the
isolation of octanuclear copper complexes. Reaction of the polymeric copper{l) complex of 3,5-
dimethylpyrazolate, (46), with oxygen gives rise to Cuglg{OH)g; this is the first example of &
copper complex containing a planar ring of eight metal atoms [136]. It would seem that the
planarity of the metal-bridging N-N-group of pyrazolate restricts the cluster formation to two
dimensions since the same ligand has previously been reported {951 to give rise to pianar Cus3-rings.
A complex of formula [CugBraL)2- is reporied as containing two distinct copper sites, a 5-
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coordinate atom and a 6-coordinate atom with the ligand (2-C-carboxypentanoate) binding in a
heptadentate manner 1o three copper atoms [137].

H
N—N

Mc/U‘ Me

(46)

A number of papers concerning polymeric complexes have been published and are included
here. It is best to consider these examples as polymerised mononuclear complexes. The bridging
agent is commonly halide [138], often organic ligands (1391, and sometimes both ligand and halide
or pseudohalide [140]. A theoretical treatrnent for the prediction of new stacking patiems of quasi-
planar CupXonla oligomers (X = halide) is reported [141}.

43 MONONUCLEAR COMPLEXES
43.1  Mononuclear copper{H)

The vast number of structural studics on mononuclear copper(ll) complexes is reflected in
the extent of the entries in Teble 1 at the end of the section. There is only space here to describe but
a few of the more esoteric compounds. The table is designed for quick reference giving the donor
chromophore, an indication of the geomeiry of the coordination sphere, and an indication of the
nature of the ligands involved.

The structure of the copper(Il) complex of a 9-membered N2S-macrocycle, containing two
pyridyimethy] arms pendant to the nitrogen donors [142], is described as square pyramidel with an
axially positioned sulfur atom. The Cu-S bond is somewhat short and the Ns-basal plane is
trapezoidaily distorted; a strained conformation imposed by co-ordination requirements,

The square planar complex produced by the acyclic ligand (47), gives rise to unusual
electrochemical behaviour which is atiributed to extensive delocalisation of metal electron density
into the ligand nt-system [143].

Pseudotetrahedral complexes are produced by the geometrical constraints of the bidentate
ligand 2,2'-bis(2-imidazolyl)biphenyl (48) [144). The ligand offers an N4-chromophore to the
copper atom, and in doing so exerts an "unprecedented” degree of geometric control over the co-
ordination sphere of not only copper(ll) but & range of other fisst-row late-transition metals. The
dihedral angle of 87.2¢2)" is close to ideal for a tetrahedron. Electrochemical and NMR techniques
wete used to examine electron exchange rates for the copper(I}/copper(il) pair, the slow value of
which is ascribed to ineffective interaction of the unpaired electron with ligand orbitals.
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NH HN

(49)

The co-ordinaton behaviour of the thioether function of the ligand {49) is reported as
unusual in that in neither of the two farms of the complex [CeLCla] (the red form is trans squere
planar; the green form is totrahedral) are the suifur atoms involved in co-ondination, despite the fact
that molecular mechanics calculations show no steric inhibition in this respeet; the copper co-
ordination sphere consists of two pyrazole nitrogens and two chlorides. The copper(l) analogues,
on the other hand, do incorporate the thiccthers within the co-ordination sphere [145].

Pseudo-macrocyclic ring formation, facilitated by hydrogen-bonding within a square planar
complex, has becn observed in an anionic species conteining fluorinated alkoxide ligands [(146].

The copper(il) complex of a Seq-donor coronand (L) is reported as unstable in solution and
spontaneously undergoes electron transfer to give copper(I), L+, and 1.2+ [147]; crystatlographic and
redox studies are reported.

HS

HSI i\as

s

(50)
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The reaction of t,1'-dichalcogenolate complexes Cu(BOCCNEn) (X = 8§, X' = S, Se), with
(BusNyiCuLa), GzL = 1,3-dithiole-2-thione-4,5-dithiol, 50), in acctone yields [Cul (XX'CNE)]
via a ligand exchange reaction [148); ESR spectroscopy reveals that the 4-membered chelate ring,
rather than the 5-membered ring, gains considerable electron density. In a related study,
delocalisation of the unpaired electron was confirmed by the byperfine splitting in a single-crystal
and powder ESR spectroscopic study of 2 $3Cu enriched complex [145}.

43.1.1 Copper{Il} in synthesis

The involvement of copper(Il) in ligand synthesis is usually in the form of a templating
agent. Such reactions are a cotnon featare of the co-ordination chemistry of macrocyclic Hgands.
New porphyrin-type macrocycles have been reported as being the result of a copper(Ti)-promoted
cyclisation of acyclic tetrapyrroles [150]. The ring-closed product is extremely stable even in
concentrated zcid. The stabilising influence of the ion is emphasised by the ring expansion
observed when the metal is removed. The condensation of glyoxal with (VN "-bis{aminopropyl}-
1,4,7-triazacyclononane}copper(Il) results in the formation of the macrobicyclic product with
evidence for co-ordination-stabilised imidate and enamine intermediates (51) [151]. Mannich-type
reactions may also be copper-directed, such as the reaction of (4,7-diazadecane-1,10-
diamine)copper(Il) with formaldehyde and a variety of nitto-containing carboxykic acids ko give new
pendant-arm macrocycles (52) [152].

The Mannich [153) and Schiff-base [154] condensations are the most commonly found
copper{Il}-promoted ligand synthesis reactions. Where the template route is not available for
complex ligands, prior synthesis followed by incorporation of copper{Il) is necessary; this is
illustrated in the recovery of the copper complexes of 2 mnge of peadant-arm macrocycles. Pendant
N-heterocycles [155, 156], nitriles{157] and amincs [158), as well as carboxyl [159], alcohol and
cther groups [160-161). Most frequently, the pendant group is attached to one of the precursor
tgand N-donors [142, 155, 157-159, 161).

M,o\tﬂﬁ ()

-
U \) HO,C

(51) (52)
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The electrochemical generation of complexes using a sacrificial copper anode is a useful
addition to the synthetic repertoire when neutral complexes of anionic ligands are required [1621.

CulLz (53), for cxample, has been produced in this way [163).

7\

NH S-

3

Cu?.-l-

H,0

(54)

N
O
HN + o
0O
l N-Hg
N + NHa

Several papers on copper{II)-assisted ligand hydrolysis reactions have appeared. The
hydrolysis of a triazine ligand (54) has been studied (164]. Other work has shown that amide
hydrolysis is facilitated by co-ordination of the amide carbonyl to the copper, with at least five
substrates being acted upon by each copper [165]. The complex (55) is active in catalysing the
hydrolysis of amides at nentral pH, in contrast to Ca{QHa)g2* [166].

HN

N }DH’

Sy

(;u ~0OH;
1§

(55)

2+



4.3.12 Miscellaneous copper(i) studies

There has been some interest in the thermodynamics of the complexstion of copper(Il).
Macrocycles feature prominently in these studics targely because of their relatively sraightforward
speciation in solution and their classical perception as size-based discriminators in the complexation
of metal ions. In these smdies, copper is usually only one of a series of metal ions examined. Size-
based selectivity has been examined as a depenctant of chelate ring size, rather than macrocyclic ring
size, and found to be dominant in a carefully chosen series of structurally related ligands [167);
while a similar conclusion emerges from conformationally reswicted open-chain amines [168].
Thus, for copper specificity, many interdependent variables need to be considered, with the result
that molecular mechanics studics are a useful aid for the rationalisation of results [169]. A
considerable macrocyclic effect is observed in the interaction of copper(Il) with a series of N1O;-
donor macrocyclic and related acyclic ligands [170). A number of these macrocycles show a strong
specificity for copper(Il), with negligible complex formation with other late first-row ransition-mesal
ions.

In selective transport studics, bis-benzimidazole ligands have been used as camiers to effect
potentially useful discriminations berween silver{I)/copper(Il) and copper(ll)/zinc(I) [(171]. Other
studies have examined the solution thermodynamic [172, 173, 174) and kinetic [173, 174] properties
of copper(Il).

An electrochemical examination of the copper{IT)/copper(T) redox couple in DMSO finds
that the formal potentials are approximately 0.15 V less positive relative to their aqueous analogues
and concludes that this effect is due to solvation and complexation; reduced diffusion coefficients
are attributed to the higher viscosity of the DMSO solutions [175].

In a continuing sequence of papers, the complexation of copper, within a v-
Zr(HPO4)2.2H3C matrix, is achieved with the intercalated ligands 2,2'-bipyridine and 1,10-
phenanthroline, but when the ligand is the more bulky 2,9-dimethy?-1,10-phenanthioline, the copper
atom is still included but is not complexed o the heterocyclic Egand [176]. Nevertheless, the
importance of matrix-ligand interactions is emphasised by the unexpected order of copper uptake:
1,10 -phenanthroline > 2,9-dimethyl-1,10-phenanthroline > 2,2-bipyridine.

The plasticity of the copper(Hl) co-ordination sphere for the CuN2Os-chromophore has been
modelled using molecular mechanics calenladions [177, 178). Using the models, it has proved
possible to reproduce the enantioselectivity effect of bis(Z-N N-dimethylvalinato)copper(d) [178).
Theoretical treatment of the weak magnetic exchange in one-dimensional halo-bridged copper{ll)
complexes hes been examined [179).
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Table 1 Some structaratly cheracterised copper{ll) compiexes
Swucture®? | Ligand type(L; L1172 | Complex Notes Ref
Oct (N204) | 2-benzoylpyridine [CuLa(OH)2+ 180
Oct (N204) | B-diketonato/diazole CuLlo1 2 181
Oct (N204) iminodiacetate CuL.1L2MeOH 182
fimidazole
Oct (N203S) | alcohol-pendant glycinato | CuL{NCS) polywmer; 183
bridging NCS-
Oct thio-imidazole Cul{BFa)2 Opfcatlytic activity | 184
(N2S2)(BFs)2
Oct/sbp oxadiazole-dipyridine [Culp]2+ 185
MN4O2)
Oct (N4O2) purinyl/ethylamine CuL‘zLZ;(LOHz}z 186
Oct (N4Og) | Ng-macrocycle {Cul (OHpn2* 187
Oct (N4Op) | ethylenediamine [Culp(OHp 2+ 187
Oct (NgS2) imidazole-thioether [Cul )2+ glectrochemistry 188
Oct (NaS2) dioximate/thiourca Cu iy 189
Oct {Ng) 2-{aminomethyl) [CuL3)2+ C1- from nucl. 190
pyridine attack on CHoCls
Ot (Ng) terpyridine [CuLz)2* ESR study 191
Oct (Og) imidazolyl-N-oxide [CuL(hfack]* N-oxide bridge 192
Jacetylacetonato 0 second Cu
Qct (Og) pyrrolidinyl-N-oxide [Cul(acacy]* one-dimen. chain; | 193
Jacetylacetonato N-oxide bridge
Oct (Clg) chloride [Cul.al- pseudo-1-D 194
ferromagret
Oct halides [CuXqi? bridging halide 195
| (Cly/Brg) between sheets
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Oct 4-methylpyridine [Cula(NCSyly, 3-co-ardination 196
polyhedra
Oct 4-picoline CuLa(NCS) 3.co-ordination  § 197
poiyhedra

Spy (NOg) —~OCsH4CH=NCH>- Cul(OH>2) -801~ bridge 198
CHpSOy- long range)

Spy (N203/ | bipyridine CuL}(HL%OH; 195

NiO») fasparaginato and Cul1L2

Spy (N2Os) Schiff basefimidazole CullL2 ESR study 200

Spy (N2O3) | diamine/formamide [Cul 12532+ 201

Spy amino-phosphine oxide [CalxCl* 202

(N202€D)

Spy (N20S) | imidazole-thioether Cul{ONQ») electrochemistry 188

Spy Schiff-base dianion [CuaL{NCS)}- NCS- bridge; ESR { 203

(N2G2S)

Spy 1,5-bis(benzimidazol-2- Cul By mobility 204

(N2SBr2) yi)-3-thiapentane of biometallosites

Spy (N302) | N3-macrocycie/gem-diol | Cul11L2 205

Spy (N3Oz) | desferrithiocin Culp 206

Spy/Spl amino-alkoxides Culz volatile complexes | 207

Spy/tbp diethylenctriamine [CuL(ONO)}* 208

(N302) _

Spy (N3Clp) | pyridyl-imidazoly) Cul.Cly 209

Spyfthp imidazole-thiocther CuL(NCS) electrochentistry;  { 210

(N3%) ESR

Spy (N4O) | Ng-macrocycle benzoic | FCuL}2+ jonised and 211
acid (pendant) and {CuLj* unionised acid

Spy (N4O) diaza-dioxime {Cul {OH2)* 212

Spy (N4CD dizmino-diimidazolyl [CulLCTJ* 213
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Spy (N4Br) | 2,3-di(2-pyridyl) [CulBr}* 214
guinoxaline

Spy (NaD) N3-macrocycle-amine [CuLTj* 215
{pendant)

Spy (NgS) glyoximaso/thiourea CufLil2 216

Spy (Ns) pyridyl-armino-amide- {Cul}* 217
imidazole

Spy (Ns) Ns-macrocycle (CuLj2+ 218

Spy (Ns) bipyridyl/cyanamide (CuLlz1.2)2+ 219

Spy (Os) 1,2,3-benzenctricarboxlat | Cul)(OHy)3 220

Spy amino-pyran-2-one CuL151.2 221
Ipyridine

Spy pyridyl-amino- [Cul.X]* stereospecific 222
thioacctamide X =Br, N1~

Spy L-valinato CuL(OHy) ESR 223

Tbp pyrazolyk-thioether [CuL(OHpJ2* 224

(N20S2)

Thy 1,5-bis(benzimidazol-2- | Cul{NO3)2 mobility 204

(N203S) y1)-3-thiapentane of biomerallosites

Top (N4OQ) | bipyrimidine [Culo(OHN2* 225

Tbp (N4O) ditmino-diguinoliayl [CuL{OH)]2* 226

Top (N4CD) | bipyridyl [Cul2ChH* 227

Top (Ns) Giimino-diquinoliny}- {Cul ]2+ 226
amino

Top (Ng) purinylethylamine fCuL Ll 24)2+ 186

Thbp (Ns) Ns-cage [Cul]2* 228

Spl (NOGg) acerylacetonato/2- {CullL2) 229
carbamoylpyrazine

Spl (N209) salicylaldimine Caly liguid crystailine 230
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Spl (N202) | L-prolinato Culg 231
Spl (N202) | imine-phenolate-pyridyl | Culp pyridyl ot 232
co-ondinated

Spl (N202) | amino acid [Cul,J2* 233

Spl (N2O2) phenolate-imine-alcohol | Culs 234

Spl (N2O2) L-2-aminobutyrato Culsy ESR 235

Spl (N2O2) | salicylidenenaminato Culy 236

Spl (N207) | salicytaldiminato Culy 237

Spl (N2C12) bipyridyl-dicarboxylic CulCly 238
acid

Spl (N4} bis(methoxycarbimido)- | Culo 2319
aminato

Spl (Ng) pyrrolylamino Cui, 240

Spl (Ng) bipyridyl/cvanamide CullL2, electrochemistry | 219

Spl (Ng) porphinato Cul 241

Spt (O pyridyl-N-oxide Cul 2(ONO;) 242

Spl (S4) dithiocarbamato Culy long-range 243

interactions

Spl imino-N-oxide/imidazole | [CuL.1L2J* 244

Tet (Na) bis(bipyridyl) jCul.j2+ electrochemistry | 245

Tet (Ng) o-phenylendiminato Culli2, 246
fpyridine

Tet (Na) amino-uracilato Coly ESR 247

Tet (Bra) bromide [Culy}2- 248

2 Oct = octahedral; Spy = square pyramidal; Tbp = trigonal bipyramidal; Spl = square
planar; Tet = tetrahedral
b expressions in parenthesis represent co-ordination sphere of donor atoms
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432  Mononuclear copper(l}

Numerous papers have appeared involving the copper(T} ion, and many of these have already
been cited above. However, this section limits its remit only to mononucicar complexes and
especially to cases where the complexes have been structurally characterised,

The synthesis of entwined Ligands, or interlocked macrocycles (catenands), continued to be &
productive area in 1990 [249]. The copper(]) ion is implicated in the templated organisation of such
ligand arrangements. It is the copper(I)-enforced tetrahedral pre-organisation of the reacting
functionalitics of the precursor ligands that directs the reaction to produce the mechanically
interiocked catenands (56). Studies of the chelaling open-chain 'fragments’ of the catenands
suggest that interaction between the ligands within the copper{l) coordination sphere, such as
mesomeric phenyl interactions, are also factors determining the stability of precursor pre-
organisation [250].

Tripodal Schiff-base ligands, derived from tis(aminocalkyl)amines, give rise to trigonal
pyramidal complexes with long bonds to the spical bridgehead nitrogen compared to the distances
for the equatorial pendant nitrogens [251].

(56)
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A most interesting structure for bis{bis(trimethylphosphine)-tetrahydroboron }copper(I) is
reported as the tetrabedral ligation of copper{l) by means of two vicinal hydrogen atoms on each
ligand (§7) [252].

Ligands involving softer donors have also been examined. Tetrahedral complexes result with
an N28»-donor macrocycle [253]; while distorted tetrahedral complexes are characterised for
[Cu(PMe3)l4* [254], and [CuL(PPh3)2], where HL = 3-hydroxyflavone (58) [255]. Lower co-
ordination numbers of three [256), and two [257] are also reported.

(58)

A number of remaining simcturally chamacterised complexes are summarised in Table 2.

Table 2 Some stucturaliy chamcterised copper(l) complexes.

Ligand (L) Complex Sructred Notes Ref.

2,5-dimethylpyrazine | Cula{CF3503) Tet. (N3O} Polymeric; 258

bridging L
1-methyl-1.3- Cual(PPhayBr Tet. (BrP3S) 12 analogues | 259
imidazoline-2-thione also reported

pyridine-2-thione [Cula{PPha)al* Tet. (P282) 8 analopues 260

also reported
carbon monoxide CulCl Tet. (C13C0) | Cl-bridged 261
layers
dibenzotetrathia- L{Cu{NCS}2} Bent 262

2Tet, = tetrahedral; expression in parenthesis indicates co-ordination sphere



433  Mononuclear copper(lii}

The oxidative addition of dibenzoyl peroxide o copper{l) chloride gives an isolable
copper{Il) product, [CuCi(Bz0)2(Py)2), which is shown by X-my crystallography to have
tetragonat pyramidal geometry [263]. Another structuraily characterised copper(HI) complex in the
solid state, is that of the anion bis(cis-1,2-dicyanoethylenedithiolato)euprate(JIT) (59) [264].

NC._ _§ s_ LON [
N7
Y
40
(59)

Other reports concerning copper(II) relate to solution stadies, usually of short-lived species,
and commonly involve the use of macrocyclic igands. Thus, in a study of the spectral properties of
copper(Il) and copper(lil) complexes of amide-containing macrocyclic Hgands, it has been shown
that, of the two states, the +3 fon is more sensitive to changes in ligand structure such as ring size
and the nature of substituents [265). A chlorine-bridged inner-sphere mechanism is proposed for
the production of copper(Ill) species by oxidation of coppen(ll) tetrsaza-macmocyclic complexes
using photo-generated oxidants such as Cl- and OClI- [266]; axial co-ordination of chloride is said
to stabilise the copper(Ill) statc. In this connection, a kinetic study of diimine macrocyclic
complexes also purports a similar stabilisation from axial halide co-ordination [267]. In a puise-
radiolysis study, the oxidation of copper(il} to copper(MI} using methyl free-radicals in agueous
solution demonstrates the feasibility of the use of aliphatic free-radicals to generate very short-lived
copper(il) species, and suggests that they may be implicated in the reported radiosensitisation effect
of copper compounds [268]. Finally, a photochemical study of copper{il} macrocyclic complex,
bound to poly(acrylic acid), shows the generation of a short-lived copper(Hl) intermediate [269),

44 BIOLOGICAL COPPER

This section has been subdivided into three categories: model compounds; studies on nasural
systems; and, biologically related uses of copper compounds. Segregation of complexes classed as
models for natural systems was problematic since many copper complexes are of relevance in this
Tespect, but to varying degrees. Inclusion as a 'model’ has been largely restricted to those
compounds whick have not already been described above, and which in addition, are overtly
classified as models in cither the title or the abstract of the paper.
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44.1  Model complexes

44,11 Typelcopper

Interest in this area remains steady, with the complex which will satisfactority model several
of the key type I features still remaining elusive. The topic was the subject of 2 103-reference review
[2701 covering aspects of both the synthetic chemistry and the physical data of the compounds.
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In a study of tetrahedral copper(IT) complexes of hindered tris{pyrazolyl)-borate ligands, a
thiolato derivative of the formn [Cu(SBu)L] has been isolated at low temperature [271]. The visible
and ESR spectra of the compound are promising for a model, while the X-ray structure of the more
stable analogue, {Cu(CI1)L), establishes the co-ordination environment as tetrahedral. A series of
Ligands with N82-donor sets, derived from the condensation of (1R)-3-hydroxymethyleneborane-
2-thione and 2-aminothia-alkyl-1-methyl-benzimidazoles, gives rise to tetrahedral copper{Ii)
complexes on the basis of visible and ESR specirel evidence [272]; electrochemical work shows that
the copper(l) derivatives of these compournds are readily accessed. The nearly tetrahedral copper(D)
complexes, [CuL), of (60) have been structurally characterised in the solid state, showing normal
Cu-N distances while the Cu-8 distances are long in comparison to related comaplexes, and short in
comparison to the reduced fonn of plastocycanin [273]. In contrast, the copper(Hl) analogues form
[CuLz] complexes, indicative of a switch to Na-coordination. A stabilising effect of insulin on the
copper(Hl) thiolate bond in intensely blue complexes of pentafluorothiophenol has been noted [274).
The kinetics of the reduction of copper(il) to copper(I) by hydroguinone in the presence of
polydentare 8-mercaptoquinolyl phenols has also been examined with & view to model activity [275].
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44.12 Type I and type(til} copper

The binuclear copper(l) complexes of (31) have already been described above as having
exocyclic copper, as in (22). This compiex comes close to achieving two very impeortant criteria in
the modelling of type I copper: (i} the stabilisation of the Cu-O2-Cu intermediate and, (i) the
moderation of the copper(lf}/copper(I) potential to achicve reversible binding of dioxygen [66).
Thus, the macrocyclic ‘platform’, together with the bulk of N-pendant pyridyl groups, provides
sufficient restriction of access to the coppers, as to severely limit the degres of dimer formation, and
hence prevents full and imeversible 4-clectron reduction of the dioxygen. Further, the pendant
nature of the pyridyl ligands provides a low-energy pathway for geometrical changes that
accompany redox processes, while the electronic properties of the group lend a considerable positive
shift of potential relative to pendant amine groups. The uptake of dioxygen is guasi-reversible and
corresponds to .75 of a molecule per dicopper site; this is auributed to a mixtwre of the 1:1 adduct
which reversibly binds O9, and a mixed-valence Os-bridged dimer which is irreversible with respect
to binding.

l |

N N—O X

\C“\ )C“/

x/ O—N \N _N
o
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(61) (62)

A series of model complexes are reported of the form CusloXs (61) with a strictly planar 6-
membered Cu{ON)zCu core [276]. Extensive x-delocalisation within this core facilitates strong
antiferromagnetic coupling between the metal centres io the extent that the complexes are rendered
diamagnetic at all measurable temperatures up to 403 K. The strong coupling, together with other
spectroscopic dats, is compared with that of biological type [ copper in oxidases. In addition, a
further series of complexes based on the strucrure {62) is reported in the same paper. These
complexes are models for the active site of ascorbate oxidase, now known to contain both type Il
and type II copper.

The remaining type Il models are structurally very similar, being based on binucleating
ligands with pendant bridging hydroxide groups; 1,3-diaminopropan-2-ol is a popular synthetic
platform for the genemtion of such ligands by reaction at the primary amines, Thus, the impornance
of the plasticity of the co-ordination sphere of copper(l), in model studics using N-pendant
imidazolyl ligands of this genre, emphasises that the superior ligand constraints imposed by the
protein in the natural systems is improtant for the maintence of irregular geometries around
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copper(l} [277]. The closely related ligand derived from the Schiff-base condensation with
acetylacetone yiclds a copper{Il}-azido complex which is 2 model for metazidohaemocyanin [278].
Other model compounds examine the role of the endogenous bridge in oxyhaemocyanin [279], and
the kinetics, andd mechanism of Hgand substitution [280].

44.i3 Miscellaneous

Madels for the metalioenzymes superoxide dismutase [281], cytochrome-c-oxidase [282,
283), the phenolase and catecholase activity of tyrosinase [55], and monooxygenases [284]) appear.

In perticular, a copper(lIT}-induced C-terminal oxidative N-dealkylation reaction of peptide-
derived ligands has been proposed as a model for the copper enzyme peptidyl a-amidating
monooxygenase [285]. The reaction of 2 frinuclear copper(l) complex, CusL(PFgh, with dioxygen,
with complete 4-clectron reduction, ogether with formation of a hexanuclear copper{Il) cluster,
{ {CuzL{OH)]2(u-OH) } (PFg)5, emphasises the importance of a 3-electron trinuclear copper(l)
source for dioxygen reduction in model compounds of cytochrome-c-oxidase [283). Other studies
include models for metal ion-assisted molecunlar recognition using copper(I)-D/L-histidine
complexes [286]; the biomimetic binding of azide and thiocyanate to copper [2871, and the
biomimetic reduction of copper(il) {288]. The deoxyrybomucleohelicates are double-sranded,
double-helical {with the bases on the 'outside’ of the helix) complexes which self-assembie under the
directive influence of tetrahedral co-ordination to copper(l) [289]. These topologically interesting
compounds are cited as wseful structural and models for the formation of double helices, and also
for the study of the selectivity of binding of complementary entities to the external bases.

The reaction of the mixed-valence compound, [CusL)PFg in which HL = 2,6-bis(bis{2-
pytidylethyl)aminomethyl)phenol (63), with [NOJPFg to give {Cusl{u-NO)I(PFg)2.2CH;Cl;
serves as a wxxdel for the ion-mediated nitrite reduction in enzymes [290].

(63)

442 Protein studies

The results of a comparative kinetic study of cyanide binding to hapmocyania and
tyrosinase, indicate that the active site in the latter is much more accessible than that of the former
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[291). The effects of pH on the structure and resctivity of the blue-copper proteins, azurin and
amnicyanin, have been examined [292]. Intercalative binding 10 DNA by copper(lI) complexes of
porphyrinic ligands enhances unwinding relative to the metal-free porphyrin [293]. The hydrolytic

cleavaae of RNA alisomers by notentially redox-active connar( I comnlexes of puridine.derived
Age O XINA UIgOIMETE DY POCHNALY TEROX-2CUVE COPPLril) COmMBIEXES Of PYTIOINE-CLNVEE

ligands showed mo significant difference from non-redox-active metal complexes [294]. pH-
Dependant redox titrations of cytochrome-c oxidase ligated with cyanide are interpreted on the basis
of an interaction between the hacme group and at least two other copper componemnts [295]. The
characierisation of a (.5:1 carbon monoxide:copper(I) adduct of reduced dopamine B-hydroxylase
provides “the first evidence” for structurat non-equivalence in the copper(l) centres of the enzyme
[296]). The uptake of copper(H) by brain tissue was found to be facilitated by complexation using
histidine in a study of the uptake of complexed copper-67 by brain hypothalamic tissue {297). A
mechanism for the cellular uptake of copper from ceruloplasmin proposes that the protein never
enters the celis, dissociation of the copper being necessary prior to uptake by the cell {298].
Formation of a copper(IT) derivative of thioredoxin {from Escherichia coli) allowed crystallisation of
the protein, and the resolution of a crystal structure at 1.68 A with a crystallographic R-factor of
0.165 [299]. The structure, which gives important information about the active-site disulfide bridge,
showed a distorted octahedral copper environment which facilitates essential packing interactions in
the crystal.

443  Biologically relevant ligands

The stability of copper(Tl) complexation by ATP and AMP has been examined in a range of
1,4-dioxane-water mixtuzes in order to mimic the behavioor of resultant species in proteins [300].
The results suggest the extent of macrochelate formation is both variable and unpredictable, and
indicates that at the protein-water interface, changes in polarity may cause structurzl changes in the
complexes.

Schiff-base complexes, derived from the condensation of sulfophenylglycine with the
vitamin-Bg co-enzymes pyridoxat 5'-phosphate and 5'-deoxypyridoxal, have been shown to react
with O2 to produce the corresponding oximes as Oq-insertion products [301].

The interaction of copper with amino acids has been examined in a number of respects,
ranging from structural: Z-threonato [302], glycinato [303], cytosine [304]; to electronic: L-
histidinato and L-asparaginato [305], histamine and adenosine [306]; to clectrochemical: cysteine
[307]; 1o ESR: histarpine [306].

The interacton of copper with a range of other biologically relevant ligands of industrial and
medicinal significance are mentioned. Saccharin, as saccharinate, with copper has been examined
both structurally (3081, and electronically [309]. The antiinflammatory drugs tolmetin, ibuprofen and
naproxen deprotonate to ligate copper{Il} as the monomeric and dimeric complexes CuLa(py) and
Cuslg{DMS0O); [310); while the antiflammatory drug piroxicam binds copper(Il) through amide
and pyridyl nitwogens to form Cula{DMF}; [311]. The reaction of streptomycin with Cully in
aqueous solution afforded the copper(Il) complex of the hydrolysed product stretidine [312]. A
trans-square planar complex of formmula Cul 5(py);, where L = the antidiabetic drug acetohexamide,
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has alsc been reported [313). Reports appear on the interaction of copper(Il) with the herbicide
acifluorfen [314], and the mutagenic agent S-bromouracil {315].

444  Biologically Applied Studies

Kinetically stable complexes of tetraazamacrocycle-monocional antibody conjugates,
containing both copper-64 and copper-67, have been developed and studied with a view towards
their potential as tumour targetting agents [316). The senum stability of copper-67 complexes of
bifunctional chelating agents and macrocyclic ligands has been reported [317]. Computer
simulations of the blood plasma distribution of 2 number of metal complexes of diethylenetriamine
pentaacetic acid, including copper(H), which are potential contrast agents in NMR imaging have
been undertaken [318]. The antifungal properties of copper(Il) complexes of thiosemicarbazones
derived from 2-acetylpyridine have been examined along with other first-row transition metails [319).

45 SUPRAMOLECULAR CHEMISTRY

The incorporation of metal chelates, including copper, into bitayer membranes, either as a
component of the bilayer, or as a guest molecule, has been the subject of a short review [320]. A 36-
reference review discusses the interlacing of molecular threads, with particolar emphasis on the
exploitation of copper co-ordination chemistry [321]). Studies on the formation of molecular
vesicles, by the liquid surfactant dihexadecyl[S-(1-imidazolyl}-3-oxzpentyl]methylammoniym
chloride, have shown that copper(Il) initiates vesicle formation through co-ordination within the
bilayers [322]. Hydrolytic metallomicclles, made up of ligand (64) (with R = "C;4H33) and
copper(I), show catalytic properties in the cleavage of the p-nitrophenyl ester of picolinic zcid
[323). The imporiance of the supramolecular assembly is demonstrated through the lack of activity
for the analogous complex with R = Me,

Qi

(64)

Inclusion complexes of alcoholic guests in vaulted macrocyclic copper complexes (65) are
reported to be regiospecific and driven by hydrophobic interactions in agueous media [324];
crystallographic and NMR spectroscopic results are reported.
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