ES E 164 (1997) 575-666

Coordination Chemistry Reviews

Copper 1995

Diane R. Smith *

Universitdt Basel, Inst. fiir Anorganische Chemie, Spitalstrasse 51, CH-4056 Basel , Switzerland
Contents

I Imtroduction . . . o e e 576

20 Copper(l) . . e e 576

2.1. Mononuclear complexes with macrocyclic ligands . . . . . . ... ... ... .0 L. 576

2.2. Mononuclear complexes with acyclicligands . . . . .. ... ... .. ... . . .. ... 576

2.3. Dinuclear complexes with macrocyclic igands . . . . ... ... ... ... . ... ... 582

24. Dinuclear complexes with acyclicligands . . . . ... ... ... Lo 0 L 584

2.5, Trinuclear complexes . . . . . oo e e e e 587

2.6. Tetranuclear complexes . . .. .. ... e 587

27, Clustercomplexes . . . . .0 e e 588

28, Polymericcomplexes . . . . .. e e 593

29. Supramolecular complexes . . .. L 597

3 CoppertIl) . o 599

3.1. Mononuclear complexes with macrocyelic ligands . . . . .. ... ... .. oo 0oL 599

4L Nitrogencoordination . . ... . 599

3120 Sulfur coordination . . . .. L 603

313 Nitrogen, oxygen and sulfur coordination . . . . ... .00 000000 605

12 Mo -auclear complexes with acyelic ligands . . ... 0 o000 605

3200 Nivogen coordination . . . . ... .. o o 605

322 Sulfur coordination . . . ..o 613

323 Oxygencoordination . . ... ... L e 614

3.24. Nitrogen and oxygen coordination . . . ... ... oo 616

32,5 Nitrogen and sulfur coordination . ... . ... .o oo oo 623

33, Dinuclear complexes with macrocyclic ligands . .. .. ... ... . oo oo 625

34. Dinuclear complexes with acyclicligands . . . .. .. ... oo 630

35 Trinuclearcomplexes . . .. .. L 644

36. Tetranuclear complexes . .. ... . L 646

3.7. Higher nuclear complexes . . . .. ... . 650

38. Polymericcomplexes . . . .. .. 652

39, Supramolecular complexes . ... L Lo 660

4. Mixed valence complexes . . . .. 660

RO ErEmCES . . o o e 662

e, ¥ sy

* Corresponding author. E-mail: smithd@ubaciu.unibas.ch

0010-8545/97/$32.00 © 1997 Elsevier Science S.A. All rights reserved.
PII $0010-8545(97)00038-6



576 D.R. Smith | Coordination Chemistry Reviews 164 ( 1997) 575-666

1. Introduction

This review provides an overview of the coordination chemistry of copper pub-
lished in 1995 and follows a similar form as the previous copper review [1]. The
large volume of publications arising during 1995 has made it necessary to limit the
literature reviewed. The method chosen has been to select only those complexes with
full structural characterisation and located in the Cambridge Crystallographic
Database and then further restricted to mainly those published in major journals.
Organometallic complexes are generally not included in this article.

2. Copper(l)
2.1. Mononuclear complexes with macrocyclic ligands

The first X-ray crystallographic structure of a 2-vinyl-substituted tetraphenylp-
orphyrin (1) has been determined [2]. This structure shows the olefin and aldehyde
units are coplanar, while the torsion angle between the olefin and the porphyrin ring
is small (2 17°). The overall planarity of this molecule and the fact that the solution
UV/VIS spectra of the ligand and the copper complex showed red-shifted Soret
bands (relative to tetraphenylporphyrin and its copper(l) complex) suggests that
there is nothing to prevent conjugation between the porphyrin and aldehyde moieties.
n-n-Interactions are observed in the crystal structure. The porphyrin ligand has
since been used in the synthesis of porphyrin arrays.

()

2.2, Mononuclear complexes with acyelic ligands

Copper(l) complexes of the potentially terdentate ligands 6-( 2-dimethylaminophe-
nyl)-2.2"-bipyridine and 2-(2-dimethylaminophenyl )-1,10-phenanthroline have been
preparad [3]. Both complexes have highly distorted tetrahedral structures in which
only the z-diimine fragments are coordinated. The CoHNMe, fragments are
pendant and are twisted with respect to the coordipated bpy or phen lragments such
that the pendant aromatic ring of one ligand lies stacked above the coordinated unit
of the other ligand. This results in *partial encapsulation® of the copper(l) centres
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which confers chemical stability (no autoxidation in the presence of O,) and electro-
chemical stability (wide ‘redox-cxistence ranges’ for the Cu(l) oxidation states) on
the complexes. The inter-ligand stacking also results in distortion away from pseudo-
tetrahedral geometry at the metal centres towards square planar; this is maintained
in solution (as shown by 'H NMR and electronic spectra). Oxidation of the com-
plexes to the copper(11) complexes with ferrocenium afforded stable solutions whose
EPR spectra indicate that the metals have geometries that are much more flattened
towards square-planar geometries.

Several new complexes of the type [Cu(NO;)(PPh;),(L),] (L =3-methylpyrazole,
4-methylpyrazole, 3,5-dimethylpyrazole, 4-bromopyrazole or bis(4-methyl-
pyrazol-1-yl)methane, m=1; L=pyrazole, 1,24-triazole or 2-methylimidazole,
m=2), [Cu(NO;)(PPh;)(L)] (L=34,5-trimethylpyrazole or 4-phenylimidazole),
[Cu(NO;(PAr;)(L);] (Ar=p- or m-tolyl, n=0 or 1, L=pyrazole),
[CuX(PPhy),(L)] (X=Cl, Br or I, L=pyrazole or 3,5-dimethylpyrazole) and
{CuX (PPh;)(L)] (X =Cl or Br, L =bis(pyrazol-1-yl ymethane, bis(3,5-dimethylpyra-
zol-1-yl )methane or bis(triazol-1-yl ymethane) have been prepared and characterised
by analytical and spectral data [4]. The compounds [CuX(PPh;),(L)] (X=Cl, Br
or I, L=pyrazole or 3.5-dimethylpyrazole) are fluxional at temperatures above
240 K. The dinuclear compound [Cu,( PPh;);(pzH ),] was obtained from the reaction
between [Cul(PPh,);] and pyrazole (pzH ) in methanol containing alkali. The crystal
structure of nitrato bis(tri-p-tolylphosphinec)copper(1) shows the copper atom has
a strongly distorted tetrahedral geometry (P-Cu-P=128.0(1)").

A study has been carried out on the complexation of copper(l) chioride with a
series of 2,9-dialkyl-1,10-phenanthrolines [ 3]. Those complexes having a phen:Cu(l)
ratio of 2:1 have the well known structure {2) containing a cation with a distorted
tetrahedral — peometry  about  the  copper  atom  of the general form
[(2.9-dialkylphen),Cu] ' Cl . The resonances of the alkyl groups show a marked
upficld shift in their 'H NMR spectra with respect to the free ligands which is
ascribed to an aromatic ring current effect. The complexes with a 1:1 stoichiometry
can have either of two isomeric structures, (3) and (4), depending upon the bulk of
the alkyl groups in the 2- and 9- positions of the phen system, how they are prepared
and whether they are in solution or in the solid phase. Isomer (3) is favoured
with bulky alkyl groups and has the copper centre in a distorted trigonal geometry
with a coordinated chlorine atom and does not exhibit a ring current effect as seen
in (2). The struciuses of two of these complexes where R = rerr-butyl and neopentyl,
were determined by X-ray crystallography. In the case of R = tert-butyl, the copper
centre shows substantial distortion from trigonal planar geometry because of the
steric bulk of the rer-butyl groups. Complexes (4) were found to 'H NMR
spectra identical to (2), but arc isomeric with (3). having the formula
[(2,9-dialkyl-phen),Cu]* CuCl, . The  structurc  of [(2,9-n-pentyl-1,10-
phen),Cu}*CuCl; has been determined and shows the alkyl groups of each ligand
to lie directly over the face of the aromatic system of the other with a distorted
tetrahedral geometry about the copper centre.

The mechanism by which Cu(l) and Zn(ll) influence the decarboxylation of
malonic acid derivatives has been investigated comprchensively by means of kinetic



578 D.R. Smith | Coordination Chemistry Reviews 164 ( 1997) 575-666

CuCly’

and structural studies [6]. The air-sensitive bis(phosphine)copper(l) complexes of
phenylmalonic acid and its benzyl hemi-ester have been synthesised from one equiva-
lent of the acid and cuprous butanoate in the presence of phosphine ligands. The
X-ray structure of [(Ph;P);CuQ,CCEtPhCO,H] shows that the copper centre is
thres-coordinate and contains two phosphine ligands and a carboxylate group bound
in a monodentate manner. Kinctic evidence demonstrates that decarboxylation
of malonic acid or hemi-ester derivatives in the presence of bis( phosphinc)copper(l)
or n*-HB(3-Phpz),Zn" carboxylate salts (HB(3-Phpz), = tris(3-phenylpyrazolyl)-
hydroborate) occurs via a predissociation step involving metal-carboxylate bond
rupture, In accord with this mechanistic proposal, the rates of decarvoxyiauion are
greatly enhanced upon sequestering the metal cations with chelating nitrogen bases
or upon replacing the Cul) or Zn(1l) cations with a non-interacting counter-ion,
In a related study, the mechanism by which Cu(l) influences the decarboxylation
of cyanoacetic acid has also been studied comprehensively by means of structural
and kinetic investigations [ 7). The Cu(l) complexes [( R3P),CuO,CCHLONY, 5 have
been synthesised from the reaction of copper(l) butanoate with one equivalent of
cyanoacetic acid and two equivalents of phosphine. When R = Ph, the complex has
been shown to be a dimer both in the solid state and in solution and consists of
two copper(1) centres bridged by two cyanoacetate groups that are bound to the
copper centre through both the carboxylate functionality and the nitrogen atom. In
contrast, with the bulky phosphine (R =Cy =cyclohexyl), the complex is found to
be monomeric in the solid state and to contain a monodentate carboxylate group.
The monodentate nature of the cyanoacetate binding was demonstrated to be a
function of the electron-withdrawing ability of the cyancacetate ligand as revealed
from the solid state structure of the (Cy,P),Cu(butanoate) anzlogue, where
the more basic butanoate ligand binds in a didentate manner. Both phosphine
derivatives of copper(1) cyanoacetate were observed to readily undergo reversible
decarboxylation/carboxylation processes as evidenced by their exchange with
"CO,. The phosphine derivatives of copper(l) cyanoacetate were found to be
efficient catalysts for the decarboxylation of cyanoacetic acid to alford CH,CN and
CO, at rates similar to the CO, exchange process. These reactions were first-order
in copper(1) complexes and zero-order in cyanoacetic acid at concentrations below
0.05 M. At higher acid concentrations, the reaction is inhibited by cyanoacetic acid
due to its complexation with the copper(l) ion. A mechanism for decarboxylation
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is proposed which involves CO, elimination from a cyanoacetate ligand that is
nitrile-bound to the metal centre, i.e. electrophilic catalysis.

The synthesis, crystal structure and cation-binding properties of the copper(l)
complex [Cu(PPh;),(L)}BF, (5) where L= N-(2-pyridinylimethylene)-2.3,5,6.8.9,
11,12-octahydro-1,4,7,10,13-benzopentaoxacyclodein-16-ylamine] ~ which  could
serve as a model for the design @nd development of efficient alkali/alkaline earth
metal ion probes is reporied [8]. The complex consists of a copper(l) centre
coordinated to a diimine ligand in conjugation with a benzo-15-crown-5 moiety. Its
photophysical and electrochemical properties are compared with those of the
uncrowned model complex [Cu(PPh,),(L.1)]BF, (6) (L1 = N-(2-pyridinylmethylene)-
phenylamine). Both complexes show low-energy absorption bands at 374 and 350 nm
for (8) and (6), respectively, in methanol. The addition of alkali or alkaline earth
metal ions to a methanolic solution of (5) results in a significant blue shift of the
spectrum. Both (5) and (6) show dual luminescence with a high energy intraligand
emission and a lower energy MLCT orange-red luminescence upon irradiation of
light with 2> 350 nm (§), 639 nm in MeOH; (6) 675 nmi in MeOH). Unlike most
Cu(Il) diimine complexes which have been found to be non-emissive in donor
solvents such as MeOH, owing to solvent-induced quenching via exciplex, both (§)
and (6) are emissive in MeOH. Upon a.!dition of alkali and alkaline earth metal
ions to a methanolic solution of (5) enhanced emission iniensity is observed.

The use of isocyanides as ligand-directed probes of Cu(l) coordination in proteins
has been investigated [9]. The reaction of 2,6-dimethylphenyl isocyanide (DIMPI)
with reduced dopamine-fi-monoxygenase (DM ) indicates the initial formation of
monoisocyanide complexes at each of the two coppers (Cu, and Cuy) with different
IR spectroscopic frequencies (2148 and 2129 cm™') indicating inequivalent Cu'
coordination at each copper centre. Further addition of DIMPI leads to the forma-
tion of a species containing multiple isocyanide ligands which is believed to be a
trisisocyanide adduct having a single IR band at 2160 cm ™ !, This titration behaviour
can be interpreted by the active site model Cul (His),X---Cul(His),Y (X =His;
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Y ==Met) where the first stage of the reaction with isocyanide is the formation of a
mono-DIMPI four coordinate complex at each Cu centre, giving rise to the two
observed 1R bands (2148 and 2129 cm ') provided the protein ligands are different.
The second stage is the displacement of protein-bound ligands by the isocyanide
group to form a protein-bound bis or tris complex (2160 cm ™). Closely analogous
chemistry involving the reaction of DIMPI with deoxyhemocyanin is also described,
which illustrates the generality of isocyanides as probes of Cu(l) coordination in
copper proteins. A model system [Cu(Mepy,)(DIMPI)]CIO, is also described in
which identical isocyanide-binding chemistry can be described thus validating the
conclusions on the protein systems. The crystal structure is described and the clean
conversion to a triscyanide complex is demonstrated by FTIR and FT Raman
spectroscopies.

Iminosemiquinone complexes of copper have been prepared by treating copper
metal with 2,4,6,8-tetra-rert-butylphenoxazin-1-one (PhenoxBQ) (7) [10]. Reactions
carried out with PPh, gave Cu'( PPh;),(PhenoxSQ). X-Ray crystallographic analysis
has shown the copper centre to have a tetrahedral geometry. EPR Spectra indicate
the unpaired electron is ligand-based and the electrochemical properties consist of
one-electron oxidation and reduction reactions at the iminoguinone ligands.
Reactions carried out in the absence of coligand or in the presence of a nitrogen-
donor coligand gave Cu"(PhenoxSQ),. This has been determined to have a distorted
tetrahedral structure, Electrochemical characterisation has indicated that this com-
plex undergoes two one-electron oxidations and two one-electron reductions, all
occurring at the iminoquinone ligands. PR spectra and variable-temperature mag-
netic measurements indicate that exchange between the PhenoxSQ is ferromagnetic,
while Cu-PhenoxSQ exchange 1s antiferiomagnetic. At low temperature, the complex
has a ligand-based S=1/2 magnetic ground state.

¥l
Ph

Pheeg.
. , \ ;’h
LT Cu

P g p
ph‘, S ‘\ph

Ph

Th‘e mononuclear compound {PhyP)Cu(SPPh,),N (8) was prepared from the
reaction of (PhyP),CuNO; with K[{(SPPh,),N]in MeOH/CHCl; [11). The P NMR
spectrum gave the first indication that the product had formed by the presence of
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two signals in an intensity ratio of 2:1 indicating that only one molecule of triphenyi-
phosphine remained coordinated. The solid state structure showed the lattice to
contain monomeric (Ph;P)Cu(SPPh,),N units with three-coordinate copper(l)
atoms in a distorted trigona! geometry. The dithioligand acts in a didentate mode
resulting in the formation of non-planar six-membered inorganic CuS,P,N ring, the
conformation of which is best described as a distorted boat.

Copper(1) complexes of the general formula [Cu(PAr;),(bztzdtH )X ] (where X =
Cl, Br, I; PAr;=tri-m-tolylphosphine, diphenyl-p-tolylphosphine; bztzdtH =benz-
1,3-thiazolidine-2-thione) and [Cu(PAr;)(bztzdtH)X] (where X=Cl, Br;
PAr; =tri-o-tolylphosphine) were characterised [12]. The X-ray structure of
[Cu(PPh;),(bztzdtH )ClJCH,COCH; (9) has been resolved and shows the complex
to contain a distorted CuSP,Cl core.

9)

Reaction of [Cu(MeCN ),JPF, or AgBF, with 1 equivalent of tetraphos-1, P,S;
(10) in degassed acetone afforded the complexes [M(10)]*X ", M=Cu, X =PFg;
M =Ag, X =BF,, in high yield [13]. The complex Cu(L)PF, (11) contains discrete
[Cu(P,S,)]" cations and PF,- anions. The Cu(l) ion is tetra-ligated to the PS;
ligand via both P- and S-donor aioms. The geometry at the copper centre is a
severely distorted and flattened tetrahedron.

Bis(triarylphosphine)copper(1) derivatives with the anionic tetrakis( 1H-pyrazol-
1-yl)borato (pzTp) or dihydridobis(1H-pyrazol-1-yl)borato (Bp) have been pre-
pared from (Ar;P),CuNO; and KpzTp or KBp and characterised by IR and ™H,
13C and *'P NMR spectroscopies [14]. Each complex contains a tetrahedral Cu'
centre and a didentate ligand. The pzTp complexes are fluxional in solution with all
the pyrazolyl groups equivalent down to a temperature of ~ —60°. The X-ray
structure of (Ph;P),CupzTp (12) has been determined and shows the copper(l)
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centre to have a distorted tetrahedra! geometry, with the six-membered
B(NN),Cu ring adopting a boat conformation.

(12)

2.3, Dinuclear complexes with macroeyclic ligands

The hexa-Schiff-base cryptand (13) has been shown to encapsulate a pair of Cu!
cations without hydrolytic attack on the imine bonds: a problem which is evident
when the [Cu(OH)P** assembly is incorporated [15]. A similar observation is seen
for the encapsulation of Ag' ions. The structure of the dicopper complex of a singly
ring-opened ligand (14), derived from (13), has been determined. The octaamine
cryptand (18) more easily accommodates a [Cuy(u-X)P** assembly where X=
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imidazolate, Ny or OH™. The dicopper(I) coraplex is air-sensitive, while many
stable diuopper(ll) cryptates can be formed. The dicopper(l)-imidazole complex,
the imidazolate ring is sandwiched between two aromatic rings of the cryptand
strands. These rings are almost parallel, but are offset by ~1.4 A with respect to
each other with an unusually short stacking distance of 3.05 A. The aromatic .ring
of the third strand is almost perpendicular to the other three rings resulting in an
edge-to-face relationship with one of the stacked rings, such that there is a H---ring
plane distance of 3.15 A. Each copper ion has a distorted trigonal-bipyramidal

coordination geometry.
YO O
/
N

3333

Z

<:.“> C yielp

\,j‘ T i . o} >

OC,Hs

(13) (14) (15)

Z

New dinuclear  macrocyclic  systems  of  1,6-bis(diphenylphosphino)hexane
(dpph) and 1 4-bis(diphenylphosphino)butane  (dppb).  [Cuy(dppb)y(ClOy)].
[CUz(dpph)z(H‘x )2] (X =ClO, (16). NO; (17), PF302 (18), CI”l;COz, Cz“gcgz)
and [Aga(dpph)s(#-Cl0,),] have been synthesised and characterised [ 16]. The mono-
nuclear Cu(l) complex [Cu(dppp)a)(ClO,) has also been prepared, (dppp=1.3-
bis(diphenylphosphino)propane). For complexes (16)-(18), each copper atom
shares a tetrahedral geometry with the P,O, donor set giving a molecular atruzture
having two rings: the common outer, larger, ring of ~CuP(CH,)PCu(CH )P
ccmpused of copper atoms and the bridging diphosphine ligands while the inner
ring is -CuQXOCuOXO- (X=Cl, N, P) for (16)-(18) respectwely The Cu---O
distances fall within the shortest range for Cu(1) complexes of each anion, indicating
that the Cu-anon binding is strong even for anions having weak coordination ability.
The size of the cavnty for the anion trap is estimated as the distance between the
two metal centres in a molecule and ranges from 4.99 to 5.22 A. The complex
[Cu(dppp):)(Cl0,) shows a typical mononuclear structure with the chelating
dppp ligand, while [Cuz(dppb ),(ClO,),] gives a dinuclear complex with terminally
coordinated ClO; anions and a single macrocycle (L=4.63 A) of
- CuP(CI{2)4PCuP(CIlZ)4P« The ClO, ion is prevented from adopting a bridging
mode by the ring size and the spatial blocking of the phenyl groups of dppb. On
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this basis, the ligand having six methylene groups provides a cavity able to include
anions such as tetrahedral ClO; and Y-shaped NOjy .

a7

2.4. Dinuclear complexes with acyclic ligands

The air and moisture-sensitive Cu(1) salts of [Cu,( u-cnge),(cnge),] X.H,O (cnge =
2-cyanoguanidine, X=35,07" or SO;") have been prepared by the reduction of
aqueous solutions of Cu(ll) chloride containing cnge by sodium sulfite [17]. The
solid state structures of the two salts have been determined and show the two
[Cuy( p=cnge)s(cnge);]** cations to be very similar (19), but with the dithionate
structure being more symmetrical than that of the sulfate. Both cations contain two
trigonal-planar Cu(l) atoms bridged by two cnge molecules forming an eight-
membered (Cu-N-C-N), ring with the cnge molecules coordinating through its
nitrile and imino nitrogen atoms, giving a Cu---Cu separation of 5.052 and 5.048 A
in the dithionate and sulfate salts, respectively. The coordination geometry of the
copper(1) centres is completed by a terminally coordinated monodentate enge mole-
cule, coordinating through its nitrile nitrogen atom. In both structures the interaction
between the in-plane 7-systems of the bridging cnge molecules is minimised by them
being separated by = 3.1 A and angled such that they really lic on two parallel
planes separated by <0.75 A, The cation structures are stacked in a parallel fashion
separated by x3.8 A. The anions and water molecules lie between the cations and
are hydrogen bonded to the cnge molecules by cxygen-amino hydrogen contacts.

NHe
HeN=C
(19) TN C,qu.um

%
Mg NH,

The gamplexes [Cux(1-X)x(20)] (X=Clor I: Y=S or NMe: R'=H, R2=Me;
R'=R*=MeorR'=R?*=C H,) were prepared during a study to prepare copper(1)
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carbene complexes by quenching a mixture of CuCl or Cul and thiazolyllithium or
imidazolyllithium with CF;SO;H [18]. The X-ray structure of the complex (21)
where X=Cl, Y =8, R'=H, R*=Me has been determincd. The Cu---Cu separation
is 2.926(1) A. The pseudo-tetrahedral arrangement around the copper centres forces
the two 4-methylthiazele ligands into a non-coplanar arrangement.

S

Y_ _R' \ N—L
(20) A @)
/ C\l CU
N / o’
R? / N ( \
s) S

A new ligand N, N-bis(pyrazol-1-ylmethyl )benzylamine (22) has been reacted with
metal ions to form [Fe(22)Cl,], [Ni(22)(NCS),(MeOH)], [M(22)X,]. (M =Col",
Cu", Zn", X " =Cl", Br ™, NCS") and [{Cu(22)1},] [19]. The solid state structure
of [Cu(22)Cl,) shows the copper(ll) centre to have a distorted square pyramidal
geometry, while the complex [{Cu(22)1},] (23) displays a distorted tetrahedral
geometry around copper(1). Two copper(1) ions and two bridging iodide ions form
a planar Cu,l, four membered ring. The Cu---Cu distance of 3.028(2) A is larger
than that in other known examples of Cu,X, rhombohedra.

CH,Ph

(23)

The X-ray structures of seven 3-coordinated complexes of copper(1) halides with
thione ligands, [CuXL,], where L= 1,3-thiazolidine-2-thione and X =Cl or Br (24).
L = N-cthylimidazolidine-2-thione and X=Br, L= N-isopropylimidazolidine-2-
thione and X =Cl or Br, and L = N-propylimidazolidine-2-thione and X=Cl or |
(25) have been determined [20]. In all of the complexes, the copper centre hes in a
1rigonal-planar environment and the thiazolidine or imidazolidine rings show no
major distortion from planarity. The presence of hydrogen bonding between the
halogen atom and the NH group results in the complexes adopting a W- shdpr.d
conformation. The ¢3Cu NQR frequencies of these complexc% depend, for a given
halidec on the $-Cu-S bond angle, with a decrease in angle producing an increase
in resonance frequency: ve=28.7~0.544A0 and vy, =26.9—-0.229A0 MHz, where
A0 is the difference belwcen the S-Cu-S bond angle and 120°. This behaviour has
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been rationalised in terms of a partial field-gradient model of the resonance
frequencies.

<\NH >|< HN"> <\NH )l( HN/>

/K Cu 2\ /’\ Cu /L
N 70N N

S s” s S / S S \

R R
24) (25)

The X-ray structures of the copper(l) carbonate and bicarbonat> complexes of
triphenylphosphine are reported providing valuable insight into the coordination
modes of these ligands bound to Cu' in carbonic anhydrase and to transition metal
catalysed organic reactions with carbon dioxide [21]. These are the first examples
of (triphenylphosphine)copper(1) carbonates and bicarbonates to be structurally
characterised, although a vast number of copper(1l) complexes have been character-
ised. The dimeric structure of complex (26) contains two non-equivalent copper(1)
ions possessing distorted tetrahedral geometries, where each metal centre is coordi-
nated to two PPh, ligands and two oxygen atoms of an apportioned carbonate
anion. The two copper(1) ions are bonded to the bridging oxygen of the carbonate
ligand in an asymmetrical fashion with Cu---O distances differing by 0.09(1) A.
The Cu--P bond distances which average 2.24(1)A are typical of bis-
(triphenylphosphine)copper(l) complexes. The bis(triphenylphosphine)cuprous
bicarbonate complex exhibits a distorted tetrahedral geometry at each metal centre.
Two symmetrically coordinated bicarbonates bridge the two copper ions to form a
four membered planar (Cu-0), ring. The coordination sphere of each copper(l) is
completed by two triphenylphosphine ligands. The dimeric units are intermolecularly
hydrogen-bondid 2t an O---O distance of 2,50 A to provide polymeric chains.

(26)

‘l,3-Bi‘§(lriphenylphcsphonio)iso;;hcsphindolium bromide reacts with CuBr to
give a dinuclear complex which is shown by X-ray crystallography to contain a
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tx(P)-bridging cationic bis(triphenylphosphonio)isophosphindolium ligand [22].
The structure is composed of discrete dinuclear complexes LCu,Br; which contain
a planar, four-membered ring consisting of the P atom of the u,-coordinated ligand,
a u-bromine and the two trigonal planar copper atoms. The cationic ligand con-
tains a delocalised 10n-electron system extending over both anellated rings and the
bonding in the complex is best described in terms of electron-deficient three-centre
bonds as in organometallic aryl copper compounds.

The synthesis and crystal structures of three dinuclear complexes with bridging
trithiooxalate (trto) or 1,1-dithiooxalate (1-dto) are reported with Ag and Cu(l)
ions [23]. The structure [(Ph;P),Cu],(1-dto) shows a bridging 1-dto ligand linking
the copper centres in a side-on/side-on symmetrical mode, but is far from being
planar, exhibiting a torsion angle along the C-C bond of 19.3(5)°. This is in contrast
to other dinuclear symmetrically-bridged thiooxalate complexes which are planar.

2.5. Trinuclear complexes

The salt [Cu(p-27);{Cu(cnge)(MeCN )} ,[(BF,)3- MeCN (28) (27 =3,6-bis[N-{3-
tert-butyl )pyrazolyl } |pyridazine, cnge = 2-cyanoguanidine) containing a trinuclear
copper(1) cation, has been synthesised by the addition of a dichloromethane solution
of (27) to an acetonitrile solution of [Cu(MeCN ),J(BF,) containing cnge {24]. This
structure is structurally reminiscent of the active site of ascorbate oxidase and
comprises three copper atoms held together in an isosceles triangle (Cu---Cu=3.62,
3.63 and 5.01 A) by two approximately perpendicular (dihedral angle 86.9°) planar
(27)bridging ligands.

pontaey

27

2.6. Tetranuclear complexes

The complex formed by grinding together the solid sodium salt of 6-fluoro-2-
hydroxypyridine (L) and hydrated copper nitrate has the formula [{Cu,L,},] as
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determined by X-ray crystallographic analysis [25]. The complex consists of a dimer
of dinuclear units linked by two p-O atoms from the ligands. The four bridging
ligands within each dinuclear unit are arranged head-to-head, with all of the nitrogen
donor atoms attached to one copper and all of the oxygen donor atoms attached
to the second, giving a dinuclear unit with approximate C,, symmetry. The two
distinct copper atoms have quite different geometries, one bound to five oxygen
atoms and the other to four nitrogen atoms. The intra-dimer Cu---Cu distance
is 2.54 A, while the inter-dimer Cu---Cu distance is 3.12 A. Recrystallisation
of this complex from methanol-dichloromethane gave a polymeric complex
[{Cuy(OMe),L,},] which contains a tetranuclear array as a repeating unit with a
rectangular array of copper atoms bridged alternately by two u-O atoms from
methoxide or by two 1,3-bridging ligands. The ligands within the tetramer are
arranged in a head-to-head fashion which allows further inter-tetramer ligation to
one of the copper atoms, leading to a polymeric species.

The group 11 metal imino complexes [{Cu[u-N=C(Bu")Ph}},]-thf (29) and
[{Cuu-N=C(Bu")Ph}]}  PPh;),]- 6thf have been prepared by ligand-transfer reac-
tions of the tris(imino)stannate complex Sn{u-N==C(Bu")Ph],Li - thf with CuCl [26)].
X-Ray crystallographic analyses show both complexes to have planar Cu, cores. In
(29), the square-planar Cu, core (Cu-+-Cu,, =2.76 A, Cu- ++Cu-+-Cu,, =89.9°) is held
together by imino ligands in a saddle-shaped arrangement (Cu-N,, =1.857 A). This
cis,trans, cis, irans-arrangement around the copper centres presumably minimises
steric crowding of the Bu' and Ph groups on the periphery of the molecule. In
[{Cu[u-N=C(Bu')Ph]} ;(PPh;),]' 6thf, two phosphine ligands are coordinated to
only the two opposite centres of the Cu, core and this forces the surrounding imino-
ligand framework into a chair shaped (cis,cis, trans, trans) conformation. The Cu,
core is distorted into a diamond shape in which the uncomplexed copper centres
are forced into closer contact (3.540(2) A) compared to the Ph,-substituted copper
centres (3.89 A). These complexes are claimed to be the first structurally characterised
imino group 11 metal complexes.

A bowl-shaped calixresorcinarene has been derivatised to incorporate four phos-
phate units to give a phosphonitocavitand (L) which can act as a tetradentate
ligand [27]. This ligand has been used in the syntheses of several tetracopper(l)
and tetrasilver(1) complexes, such as [pyH]*[(L)Cuy(p-C)y(,-C1]” (30) and
[PYH]*[(L)Agy(1-Cl)4(315-C1}". The tetracopper(l) complex. (30), and the
tetrasilver(1) complex have been shown to act as size-selective hosts for halide
inclusion. lodide is preferred over chloride as guest in (30) since it is large enough
to coordinate to all four copper atoms in an unusual p,-face-bridging bonding mode.

2.7. Cluster complexes

The reaction system (NH,),[ VS,J/CuCl/R,dtcNa/PhSNa in dmf (Scheme 1)
affords two types of V/Cu/S complexes [28]. One is the VS,Cu complex
[VS,Cuy(Rydic)n(PhS,n]*~ (R,=FEt or OCHg; n=9, 1, or 2 R,dtc™ =dialkyl-
dithiocarbamate), the other one is the  cubane-like  cluster
[VaCu,S4(R,dte),(PhS),12~ (Ry=Me, or OC,Hyg). All of the V§8,Cu, complexes
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contain a VS, tetrahedral core and have a near planar VCu, array. The overall
symmetry of the VS,Cu, unit closely approaches D,y but the presence of the ligands
lowers the symmetry of the anions. Structural, spectroscopic and magnetic data
indicate that the VS,Cu, complexes contain metal ions with formal oxidation levels
of V(V)+4Cu(l). Vanadium-51 NMR spectra of dmso solutions of the complexes
show that disproportionation of the complexes occurs.

The heterometallic Cu(l) alkoxides Li,Cu(OCMe,)g (31) and Ba,Cuy(OCEt)g
(32) have been synthesised from the component single metal alkoxides in anhydrous
thf solution [29]. Compound (31) sublimes without decomposition under vacuum
at 150°C, while (32) is non-volatile. The crystal structures of both structures were



590 D.R. Smith | Coordination Chemistry Reviews 164 ( 1997) 575-666

Cu(SPh) 12 ~_ VS¢"
/ e s\‘ s
N7 N\
- Cu(SPh)] ’ 1
PhS [Cu -—:,-g:;-’ ES /V\ /CU(SF'?‘)]3 l
Cuﬂ\ s > _J
S
Radtc” [Cu(Rydtc)) C >v< >Cu(ﬂad!c)l&
Vs> ) S CuL
L | )
c
/s< u)\ cl AN NG e Gl NN
3 c CuL)* >
[Lcu\s /v\s /cuu - [L \s V\s / ul) tLCu\S ’/,\.'\s /CuL]
N 7 Y
Cu Cu
v L
Scheme 1.

determined. Compound (31) has a nearly identical structure to Na,Cu (OCEt;)s
consisting of two puckered M0, rings related by a centre of symmetry and joined
at the oxygen atoms by two bridging copper atoms and at the M edges by two
nearly linear O-Cu-0 units, Compound (32) has a Bay(OR), ring containing the
centre of symmetry and is bridged by two Cu,(OR), units that are nearly perpendicu-
lar to the Ba,0, ring, The two BaCu,O planes in (32) are parallel, but separated
by 0.48 A, Hydrolysis of (31) and (32) in thf afforded an orange or orange -brown
solid that was converted to the mixed metal oxide by thermolysis, but copper and
Cu,0 were also produced from the Li,CuOCMe,), hydrolysis product.

31)

Methylisothiocyanate, MeN=C=8§, in ethanol reacted with copper(l) giving a
tetranuclear complex [Cu{u;-ST(=NMe)(OE)}], [30]. The similar reaction of
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allylisothiocyanate, CH,=CHCH,N=C=S, and copper(I) in methanol gave a
hexanuclear complex, [Cu{u;-SC(=NC;H;s)(OMe)}])s (33). They show tetrahedral
Cu, and octahedral Cug cores, respectively. The two structures have two structural
similarities; a thiolato moiety [-N=C(S 7)-] which bridges three copper atoms with
a monodentate nitrogen atom and a bridging sulfur atom and a trigonal planar
geometry for copper(l) coordinated by one nitrogen atom and two sulfur atoms.
The structure of (33) has a paddle wheel-like structure with six planes made by the
ligands. Six copper atoms form a distorted octahedron and six surfaces of the eight
are capped by six C;HsN=C(OMe)S ™~ ligands (formed in sitw). Each copper atom
shows a trigonal, almost pianar geometry coordinated by one nitrogen and two
sulfur atoms.

(33)

The  preparation of  the  heptanuclear  heterometallic  clusters
[ VS4(Cu(PPhy)sBr,CuX ] and [ VS(CuPPhy)sBr,CuX]- CH,Cl, (X =0.5Br +0.5Cl)
by heating a mixture of (NH,),VS,, CuCl, PPh, and Et,NBr in a solid state reaction
at low temperature has been investigated and structures characterised by X-ray
crystallographic analysis [31]. The clusters consist of a tetrahedral VS, core bound
to an octahedral array of six copper atoms which have two different coordination
environments, viz trigonal planar and tetrahedral. Each copper atom is bound to a
terminal ligand, five of these are PPh, molecules and one a halogen atom. The
geometries of the two additional bridging bromine atoms are different in the two
clusters, in [VS4(Cu(PPh;);Br,CuX], both bromine atoms are u, atoms, while for
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[VS(CuPPh;)sBr,CuX]- CH,Cl, (X=0.5Br+0.5Cl) one is p,-Br and the other
-Br.

#él‘he syntheses and structures of the first sulfur-centred Cug cubic cluster, a cluster
in which each edge of the cube is bridged by a sulfur atom of the dithiophosphate
ligands, and the first example of an octahedral Cug cluster formed with a dialkyl
dithiophosphate ligand are reported [32]. Treatmenti of [Cu(CH;CN),]PF¢ with an
equimolar amount of (NH,)[S,P(O'Pr),] in the mixed solvent system CH,Cl,/H,O0
for 1 day afforded a light brown solution from which two products were isolated.
The major product (>60%) was the tetranuclear complex Cu,[S,P(O'Pr),], while
the Cug cluster [Cug[S,P(OPr),J4(S)] (34) was isolated as an air stable colourless
crystalline material in <5% yield. A third dialkyl dithiophosphate cluster
[Cug{S,P(OEt),}¢) - 2H,O was obtained in high yield when [Cu(CH,CN ),JPF, in
CH,Cl,/H,0 was treated dropwise with NH,OH to adjust the pH to 9.5. After the
addition of NH,[S,P(OEt),] and stirring overnight, evaporation of the solvent
afforded the hexanuclear complex. The structure of (34) reveals a sulfur-centred
Cug cubic cage with six diisopropy! dithiophosphate ligands bridging across each
cube face. The interstitial atom was established to be S~ from crystallography. The
copper atoms are located at the corners of a nearly perfect cube with the average
Cu---Cu distance along the edge of the cube being 3.105(6) A and with an average
Cu::-Cu:--Cu angle of 90.6(3)°. The 12 u,-S atoms are arranged in a nearly regular
icosahedron. In addition to the trigonal coordination by three sulfur atoms, cach
copper atom is weakly bound to the central sulfur atvom at a mean distance of
2.694(2) A. This structure is claimed to be the first with a ji,-S bridging ligand. The
cluster in [Cu,s{S,P(OEL),}e]* 2H,0 is composed of a trigonal antiprism of the six
Cu(l) atoms with Cu..-Cu distances of 3.13 and 4,31 A, The water molecules appear
to be hydrogen-bonded to the non-bridging S atoms and TGA indicates that these
water molecules are strongly held to the cage.
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2.8. Polyvmeric complexes

A series of complexes incorporating tetrathiafulvalene units have been synthesised
with the aim of developing potential organic superconductors. In one study, two
copper(l) complexes with tetrakis(ethylthio)tetrathiafulvalene (TTC,-TTF),
[(CuCl),TTC,-TTF] (35) and [(CuBr),TTC,-TTF] (36), have been synthesised and
characterised by spectroscopic and X-ray crystallographic methods [33]. Both (35)
and (36) are neutral 2:1 (metal/ligand) complexes in which each metal ion is
coordinated in a distorted tetrahedral geometry to two bridging halide ions and two
sulfur atoms from TTC,-TTF. The complex (35) has a 2-dimensional structure in
which TTC,-TTF molecules are connected between novel helical CuCl frames, while
(36) has a one-dimensional polymeric chain structure. The average Cu-Cl and Cu-8
bond lengths are 2.282(2) and 2.405(2) A in (35) and Cu-Br and Cu-S bond lengths
are 2.445(2) and 2.349(1) Ain (36). Compounds (35) and (36) were doped with
iodine to afford [(CuCl),TTC,-TTF]I and [(CuBr),TTC,-TTF]I which exhibit
electrical conductivities of 6 x 1077 and 3 x 10°7Scm ™!, respectively at 25°C for
compacted pellets. The reaction of copper(1) perchlorate and tetrakis(ethylthio)tet-
rathiafulvalene (TTC,-TTF) in acetone under argon has resulted in the formation
of a linear coordination polymer [Cu(TTC,-TTF)]CIO, (37) [34]. Study of the
polymer by X-ray crystallography shows it to be a 1:1 metal:ligand complex in
which each copper(l) ion is tetrahedrally coordinated to four sulfur atoms from the
bridging TTC,-TTF molecules to form coordination polymeric chains separated
from cach other by the perchlorate anions in the crystal. Doping of the crystal with
iodine afforded {{Cu(TTC,-TTF)|CIO 1 which behaves as a semiconductor
exhibiting a conductivity of 6 x 107 *Scm ™' at 25°C for a compacted pellet.

(38)

(37

Three Cu(l) complexes with tetrakis(methylthio)tetrathiofulvalene (TMT-TTF)
[(Cus(p=X (- TMT-TTF)],, (X =Cl, X =Br, and X =1,) have been synthesised and
their molecular structures and packmg determined by X-ray crystallographic tech-
niques [35]. The chloro-bndgcd species displays a 2D-sheet composed of TMT-TTF
molecules arranged between zigzag frames of CuCl. S---S contacts of 3.53 and 3.63 A
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between the 2D-sheets results in an overall 3D-structure. The bromo complex has a
2D-structure in which TMT-TTF molecules are connected between helical chains of
CuBr with S---S contacts of 3.68 A between neighbouring molecules. In the iodo
complex, methyl thioethyl groups of TMT-TTF are coordinated to the copper atoms
of rhomboid Cu,l, to give linear chains. Iodine-doping of the complexes afforded
compounds which showed a new broad band at ~880 nm in the absorption spectra
which is indicative of the oxidation of the TMT-TTF molecules and gave electric
conductivities of 1073%, 1072 and 10" 7 Scm ™!, for the chloro, bromo and iodo
species, respectively.

A series of copper(l) complexes with trialkyl trithiophosphite ligands
[(EtS);PCuHal with Hal=Cl, Br and I, (Hal=Cl, (38)) and
(PrS);PCuBrCH,CN ] (39) have been prepared and characterised by X-ray crystallo-
graphic analysis in order to investigate the possible binding modes of potentially
terdentate ligands [36]. The complexes of the copper(l) monohalides with triethyl
trithiophosphite appear to be isostructural, exhibiting a didentate coordination mode
via the phosphorus atom of one thiophosphite molecule and the sulfur atom of
another resulting in the formation of polymeric chains. This is claimed to be the
first example of didentate coordination for compounds containing a P-S bond. In
the complex of copper monobromide with triisopropy! trithiophosphite in acetone,
monodentate coordination via the phosphorus atom and via the nitrogen atom of
the acetonitrile water is observed, with the sulfur atoms remaining uncoordinated.
This is the more usual coordination mode for ligands containing a P-S bond. This
results in a dimeric copper(1) complex. Thus the type of coordination depends on
the reaction conditions and the bulkiness of the alkyl groups bonded to the sulfur

atoms,
A
;’s>(<s\ ol A s""\Pv-SK
e o std el Ceang Al
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Copper(1) halide-rimethylphosphine adducts were prepared by the reaction of
CuHal with PMe; in a benzene suspension [37]. The X-ray structures of
[(Me3P),Cu(pi-1),Cu(PMe,),] and [{Cu,Cl(PMe,),}..] (40) have been determined.
The latter is a one-dimensional polymer of quasi-cubanoid Cu,Cly units linked by
Cu-Cl bonds between the four co-ordinate apical atoms of successive Cu,Cl, units.
A comparison of the Ramaa spectra for the complexes has allowed the first rational
assignment of vyp, modes ior multinuclear complexes of this type.

Hydrothermal synthesis is presented as a route to accessing crystalline, metal-

\s .
.!3 \< (39)
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organic, open frameworks having extended channel systems and composed of
uncommon metal coordination [38]. This is demonstrated for the extended frame-
work in crystalline Cu(4,4-bpy), s NOy(H;0),.55 (41). A mixture of Cu(NO;),
2.5H,0 (6.74 mmol), 4.4"-bpy (1.11 mmol) and 1,3,5-triazine (0.49 mmol) in deionised
water (15 ml) was transferred to a stainless steel bomb which was sealed and placed
in a programmable furnace. The temperature was raised to 140°C at Sdegmin™!
and held there for 24 h then cooled to 90°C at 0.1 deg min~'. After holding at 90°C
for 12 h the temperature was cooled to 70°C at 0.1 deg min "' and held for another
12h and finally cooled to room temperature at 0.1 deg min ', This resulted in
the formation of rectangular parallelpiped orange crystals of Cu(4.4'bpy), s
NI H,0), 5. X-Ray structural determination of a single crystal showed an
extended cationic framework composed of slightly distorted trigonal planar
copper(1) centres linked by rod-like 4,4"-bpy ligands to form six porous and identical
interpenetrating 3D-networks. Unlike many other solids with interpenetrating net-
works, the extent of interpenetration in this structure does not fill all the available
voids but leaves a significant portion of it in the form of two rectangular channels
(8 x 6 and 4 x 5 A) which are occupied by nitrate anions that are hydrogen bonded
to solvent water molecules. Attempts to prepare the complex outside the bomb failed.

C) )]

The synthesis of [Cu(6,6'-dimethyl-2,2"-bipyrazine),)(BF,), [Cu(2,2-dimethyl-
6,6'diphenyl-4,4"-bipyrimidine),J(PF,) (42) and catena-poly-[(2,2-dimethyl-4,4"-
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bipyrimidine-N, N', N")bis(acetonitrile)-dicopper(I) (43) have been prepared [39].
Crystallographic analysis of the last two compounds have shown that both the inner
and outer nitrogen atoms of bipyrimidine molecules may be potentially involved in
the complexation process with transition metal ions. In (42), a steric effect from the
phenyl rings prevent the outer nitrogen atoms of bipyrimidine from complexing with
the Cu(l) ion. The torsion angle between the two pyrimidine rings is 3° and with
the phenyl groups nearly in the same plane as the pyrimidine rings. The bipyrimidine
molecules are stacked in a parallel manner at a distance of 3.5 A. In the absence of
these groups, as in (43), the two types of nitrogen atoms are linked to the central
copper atom, This results in the formation of a helicoidal polymeric structure. The
chains interact by face-to-face bipyrimidine molecules with overlapping distances of
3.6 A. The PF, anions are located in the free spaces bewween two parallel chains.
The torsion angle between the two pyrimidine rings is slightly larger than (42) at
9°. Both structures show the copper centres to have distorted tetrahedral geometries.

“3)

Four novel copper(l) phenazine (phz) compounds, [{Cu(phz)(NO,)!i.] (44),
[{Culacr),(NOy)}(phz)(H;0)). (acr=acridine) [{Cuy(phz)(PFO,)}.] (45) and
[{[Cu(phz)(MeCN)](C,6H o) (PFg)2} ] (46) (CyoH, o =pyrene) have been synthe-
sised and their molecular structures and packing have been determined [40]. The
copper atoms in (44) are bridged by phz forming an infinite one-dimensional zigzag
chain. These bridging phz molecules have a = interaction between neighbouring
chains forming an infinite columnar stack of phz molecules. The monomer
complex, [{Cu(acr)y,(NO,)}(phz)(H,0)]. has an infinite columnar stack of metal-
free phz and metal-coordinated acridine wolecules. The copper(l) ions in
[{Cuy(ph2)(PFOy)} . ] are bridged by phz and PFO3 ™ alternately. The resulting one-
dimensional chains are connected through a tetradentate, asymmetric PFO? ~ bridge,
with n-m interaction between the phz molecules forming an infinite two-dimensional
sheet structure. The backbone of (46) is almost the same as in (44), except that a
pyrene molecule is intercalated into every other phz stack in a one-dimensional
chain. The electrical conductivity of (45) was determined as ! x 10°7*Scm ™! and
that of [{[Cu(phz)(MeCN)AC oH,0)(PFg)yl; 3} ). obtained by iodine doping of
(46), determined as 1 x10°*7Sem™!. The electronic absorption bands of com-
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pounds (44), (45) and (46) which appeared at around 7¢0 nm are characteristic of
copper(l) coordination polymers with bridging phz ligands

Copper(I) salts have been shown to react with pyrazinic acid (pyz-H) to give
complexes of the types Cu(pyz-H ),X-2H,0 for X=Cl or Br, Cu(pyz-H)X - H,0
for X =Br, NO; or ClQ, and Cu,(pyz-H ), X, 3H,0 where n=3 for X=Cl and n=
2 for X =1 [41]. Spectroscopic analysis suggest that pyz-H acts as a monodentate
ligand in the Cu(pyz-H ),X - 2H,0 complexes and as a N,O-didentate neutral ligand
in the hydrated 1:1 complexes, whereas Cu,(pyz-H );Cl, - 3H,O contains both types
of acid molecules. The structure of the trihvdrated copper(l) iodide complex of
pyrazinic acid was determined by X-ray crystallographic analysis and shows it to
contain asymmetric Cu,(pyz-H),l,:3H,O units which are linked together forming
a stair or ribbon polymeric structure with tetrahedral copper(1) environments. The
two pyrazinic acid molecules in the asymmetric vnit behave differently: one as a
neutral ligand and the other as a zwitterion. Both molecules, however act as mono-
dentate ligands. The neutral pyrazinic acid molecule forms hydrogen bonds with
two water molecules and the zwitterion forms the third water molecule through a
hydrogen bond. The Cu---Cu distance within the cyclic Cu,l, unit is 2.771(1) A,

2.9. Supramolecular complexes

The self-assembly of a rigid-rack multinuclear complex of rotaxane type is reported
[42]). The system is built up from a linear ligand built on bpy subunits and a
macrocyclic phenanthroline component. Assembly of the rack system was achieved
using metal ions having a preference for a tetrahedral geometry, ie. Cu(l). The
phen unit was used in order to prevent two such ligands from coordinating to the
same copper centre and thus competing with the multicomponent self-assembly
process. The construction of the rack-like structure was confirmed by X-ray crystallo-
graphic analysis of (47) which showed that two macrocycles are threaded onto the
linear quaterpyridine ligand to form a dimetallic rotaxane in which the ligand
presents a planar arrangement between the central rings. The structure is centrosym-
metric and is in the transoid conformation; the pentaoxyethylene fragment of one
fragment of one macrocyclic ligand faces the phen fragment of the other ligand on
the gtpy ligand. The copper(1) centres are encapsulated by the phenyl groups on
the 6-position of the qtpy ligand and on the 2- and 9- positions of the phen units.
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The phen units and the Ph groups on the 6-position of the qtpy are oriented in a
face-to-face arrangement separated by 3.4 A, suggestive of a n-stacking interaction.
The complexes are all formed in high yield (> 85%) by simply mixing the components
together at room temperature or heating in the case of the larger system.

7

The reaction of the metallo-synthon comprising two bipyridine-phosphine ligands
(48) in a rrans-arrangement, with [Cu(MeCN ),JCI10, results in the self~assembly of
a J6-membered metallocycle (49) containing two ruthenium and two copper atoms
in a yield of 92% [43]. The X-ray structure shows the coplanar metal ions form a
parallelogram with sides of 8.078(5) and 6.767(5) A with interior angles of x113°
and 267", Each Cu(l) cation shows a tetrahedral coordination with a Jihedral
angle of 102.5(1)° between the mean planes of the bipyridine subunits. The wrapping
of the two bis-bpy metallosynthons around the two copper centres leads to the
formation of an achiral complex and not the alternative double-stranded helix.

48)

A [2+2] condensation reaction was used to prepare 32-membered, (50), and 34-
membered, (51), macrocyclic Schiff base type ligands with (N,S,), donor sets [44].
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The fact that both imines and thiaethers favour soft metal centres has been used in
the synthesis of their dicopper(1) complexes. The X-ray structures of the complexes
(52), which crystallise as racemates, are rather similar, both having the following
features: i) the two N,S, donor sets are each tetrahedrally coordinated to the Cu'
centres, i) the two bri:'ging para-substituted phenyl rings are parallel, about 3.5 A,
which indicates stabilisation by .«-stacking, iii) the dihedral angles between the
bridging phenyl rings are about 807, resulting in a double helical arrangement (figure-
of-cight) of the ligand backbone. The distance between the two copper centres is
about 7.8 A in both compounds. 'H NMR spectroscopic studies show the methylene
protons of the free ligand (51) are chemically equivalent (singlet at 6 2.68), while
for the dicopper copper(1) complex of (51), the methylene protons are diastereotopic
and appear as a single AX system with a geminal coupling of 10.5 Hz and a chemical
shift difference of 40 1.5. This indicates that the free ligand has an open macrocyclic
structure on the NMR spectroscopic timescale while the dicopper complex is chiral
in solution and kinetically inert on the NMR spectroscopic timescale. The cyclic
voltammogram of the dicopper(l) complex of (§1) shows a single oxidation wave
at E,;»=1.34 (vs NHE) showing that the two copper centres behave independently.

3. Copper(Il)
3.1. Mononuclear complexes with macrocyclic ligands
3.1.1. Nitrogen coordination
The effect of an increasing electronic preference for octahedral vs trigonal prismatic

coordination on the sterecochemistry of the dicationic species [M"L]** has been
studied in the reaction of the hexadentate ligand 1.4,7-tris(o-aminobenzyl)-1,4,7-
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1, n = trimethylene, m = ethylene
2, n = ethylene, m = phenylene

(52)

triazacyclononane (L) in ethanol with perchlorate salts of divalent transition metal
ions M™(Cl10,),.6H,0 to give the crystalline salts [ML)(CIO,), (M =Mn, Fe, Co,
Cu) [45]. The copper ion (d”) is five-coordinate with a square-based pyramidal
CuNj; polyhedron with one uncoordinated o-aminobenzyl arm. In the cases of Mn,
Fe and Co, the salts are isostructural with the complex [ZaL}(ClO,),. for which it
was shown that the zine fon is in a distorted trigonal prismatic environment of six
nitrogen donor atoms. Two of the six-membered aniline chelate rings adopt a boat
whereas the third has a twist-boat conformation.

The hexaamine complexes [M{NH;),sar}]** and [M{NMeg,)sar}]** (M=
Cu(ll), Zn(Il); sar=3,6,10,13,16,19-hexaazabicyclo[6.6.6]}icosane) have been
synthesised and characterised as [M{NH,;),sar}}(NO,;); H,0 (53) and
[M{NMe;),sar} [(ClO,), [46]. Visible-near-infrared absorption, circular dichroism,
magnetic circular dichroism and electron paramagnetic resonance spectroscopic
studies reveal distorted CuN, chromophores. The trigonal distottions arise from
the steric requirements of the ligands, whereas the tetragonal distortions arise
from Jahn-Teiler coupling in the Cu(ll) complexes. Partial resolution of
[M{NMe,)sar}]** into its enantiomeric forms was achieved to give the first stable
chiral molecule where Cu(1l) is the stereogenic atom.

As part of a study in developing potential electrocatalysts, small crystals
of [Cu($4)[(ClO,), were isolated from the reaction of Fcicyclam (54) with
Cu(0,CMe), ' H,0 in methanol [47]. The crystal structure shows tie copper centre
to be coordinated to four coplanar nitrogen atoms from the ligand and with the
Feyeyclam ligand showing the more thermodynamically favourable isomer with
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the two ferrocenylmethyl groups above the N, plane and the remaining two below
ithe N, plane. The ligand and the copper complex were investigated by electrochemi-
cal studies. The free ligand shows a single oxidation wave at E,;,,=0.385V vs SCE
in its cyclic voltammogram. The addition of copper to the solution resulted in the
solution turning tlue in colour and a shift in the half-wave potential to a more
ancdic value (0479V). A similar value was observed for the complex
[Cu(Fcyeyclam)}(ClO,), as  well as an  additional reduction wave at
E, ;= —0.142 V which is attributed to the reduction of the copper(11) central atom.

9 @
656
O g
Q @

Two macrocyclic dioxotetraamine ligands 4-(quinolin-8-ylmethyl)-1.4,7,10-tetra-
azacyclotridecane-11,13-dione (55) and 4,7-bis(quinolin-8-ylmethyl)-1.4.7,10-tetra-
azacyclotridecane-11,13-dione (56) have been synthesised [48]. The resulting
dioxomacrocycles readily coordinate to Cu?* with a concomitant double deprotona-
tion of the ligands. The absorption spectra show remarkable red shifts for the band
maxima (598 nm for [Cu"(55-2H)] (57) and 600 nm for [Cu"(56-2H)] (58)) in
comparison to that of the copper(11) complex of the unsubstitated ligand (516 nm).
In (57) the Cu atom is five coordinate and forms a distorted square-based pyramid
in which the nitrogen atom of the quinoline pendant is at the apical site. This apical
bond is longer than the equatorml bonds (2.266(3) vs 1.985(3) A, respectively). In
complex (58) the copper centre is again five-coordinate with one of the quinoline
pendants coordinated while the other remains uncoordinated.

(54
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The reaction of equimolar amounts of Liy(tmtaa) (H,tmtaa=>5,14-
dihydro-6,8,15,17-tctramethyldibenzob, ][ 1,4,8,11]tetrazacyclotetradecine) with
Cu(0,CMe), afforiied the complex [Cu(tmtaa)] (59) in quantitative yield [49]. The
solid state structure of this complex shows it to have a saddle conformation, similar
to that of the ligand itself. The Cu centre is displaced from the N, plane by only
0.070 A and the average Cu-N distance is 1.929 A. The electronic structure of the
complex strongly resembles that of the unmethylated congener [Cu(taa)), in spite of
the quite different conformation of the two macrocyclic ligands. This is explained
in terms of negligible electronic effects of the deformation from planarity on going
from taa to tmtaa on the nature and energy of the macrocycle orbitals involved in
the interactions with the metal.

. YY
"0
7\
N N

Using a combination of the angular overlap model (AOM ) and molecular mechan-
ics (MM) on a series of copper(1l) tetraamines ([Cu((R)-ahaz)((S)-ahaz))**, [(R)-
ahaz=(R) -3-aminohexahydroazepine, (S)-ahaz=(5)-3-aminohexahydroazepine],
[Cul(S)ahaz),(OH))* ¢, [Cu(mn|13JaneN ) (OH,),}**. imn]13]aneN, = 12-methyl-
12-nitro-1,4,7,10-tetraazacyclotridecane], [Cu(mn{13]JaneN)(OH,))**,
[Cu(mn[14]aneN)(OH,)P ',  [mnfis4janeiN, = 6-methyl-6-nitro-1,4,8,11-tetraaza-
cyclotetradecane], [Cu(mn[l5]aneN)(OH,))**, [mn[15]aneN, = 10-methyl-10-
nitro-1,4,8,12-tetraazacyclopentadecane], [Cu(mn[15]aneN,)(OH,),)* ",
[Cu(mn[16]aneN,)(OH,)]*,  [mn[16]aneN,=3-methyl-3-nitro-1,5.9,13-tetraaza-
cyclohexadecane] and [Cu(en),(OH,),]* *) with square planar, square pyramidal and
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distorted octahedral chromophores exhibiting various degrees of tetragonal distor-
tion of the central coordination plane, has produced a series of structures in good
agreement with published X-ray structures and the two crystal structures determined
in this study [50]. The spin Hamiltonian parameters and electronic transitions,
estimated with the angular overlap model based on the strain energy minimised
structures of the chromophores, where water is generally used as the axial ligand
are in reasonable agreement with the calculated spectroscopic parameters based on
experimental structures and with the experimental spectroscopic data.

Fluorine-19 NMR spectra of a series of halogenated porphyrins have been used
to create a spectral library of different types of fluorine splitting patterns for tetrakis-
(pentafluorophenyl) porphyrins (60) complexed with diamagnetic and paramagnetic
metal ions [151]. The paramagnetic shift, line broadening and fine siructure of the
resonances from the peripheral pentafluorophenyl rings are found to be dependent
on the symmetry and core environment of the porphyrin macrocycles. This study
shows that in combination with crysial structure data, '*F NMR spectroscopy helps
to define the behaviour of the halogenated porphyrins in solution.

(60)

3.1.2. Sulfur coordination

The crown thioether copper(ll) complex [Cu(61)}(CIO,); (62), where (61)=
1,5.9.13-tetrathiacyclohexadecane-3,11-diol, has been prepared by ieaction of the
ligand with a copper(ll) salt [52]. The solid state structure consists of discrete
monomers in which the tetradentate macrocycle is in the endodentate conformation
with four thioether donors in a precisely square planar arrangement around the
copper centre. The copper(ll) ion forms a monomeric complex with the ligand of
endo conformation because the metal ion prefers a square-planar geometry and fits
well the cavity size of the ligand. This is in contrast to silver(l) which forms a
polymeric complex with the ligand in an exodentate conformation because of the
large metal-ion size and the preferred tetrahedral coordination mode.

A multifaceted study has been conducted on the electron transfer reactions of the
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copper(11/1) complexes formed with 2.3-cis- (63) and 2,3-rrans-cyclohexanediyl-
1.4,8,11-tetrathiacyclotetradecane (64) [53]). Each system has been studied by (i)
'H NMR spectroscopic line broadening in D,0 to determine the electron self-
exchange rate constants at zero driving force, (i) rapid-scan cyclic voltammetry in
80% methanol-20% water to determine the rate constants for conformational
changes and heterogeneous clectron transfer, and (iii) stoppe.!- Jow spectrophotome-
try using a total of eight oxidising and reducing counter-reagents to determine the
cross-reaction electron-transier rate constants from which self-exchange rate con-
stants can be calculated for various driving forces. The crystal structures of both
Cu" complexes and of [Cu'(64)] have been determined. The crystal structures of the
Cu'" cations reveal the copper centres to have a square pyramidal geometry with the
four sulfur atoms occupying the basal plane and a coordinated water molecule (or
anion) occupying the apical site. In the structure of the copper(l) complex, the
copper centre has a flattened tetrahedral geometry in which all four sulfur donor
atoms remain coordinated. These structures imply that for each Cu''L system, two
sulfur donor atoms must invert during the overall electron transter process. The
self-exchange rate constant representative of the electron-transfer step itself, cor-
rected for ihe separate conformational change step, is estimated to be of the order
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of 10°M !'s™! for both systems, equivalent to the largest self-exchange rate
constants known for rigid Cu™'L systems.

3.1.3. Nitrogen, oxyvgen and sulfur coordination

The copper(1l)-directed condensation of 4-hydroxymethyl-3,6-dithiaoctane-1,8-
diamine with nitroethane or diethylmalonate and formamaldehyde resulted in the
formation of  (anti-6-methyl-6-nitro-1,11-dithia-4,8-diazacyclotetradecan-13-
ol)copper(1l) (65) and (diethyl 13-hydroxy-1,11-dithia-4,8-diazacyclotetradecane-
6,6-dicarboxylate)copper(II) (66) respectively in good yields [54]. Complex (66)
was readily converted to the copper(Il) complex of anti-13-hydroxy-1,11-dithia-4,8-
diazacyclotetradecane-6-carboxylic acid (67) by decarboxylation and hydrolysis in
aqueous base. Zinc-acid reduction »f the copper ion afforded the free ligand. Zinc-
acid rcuction of (65) resulted in the direct isolation of the hydrochloride salt of
the free anti-6-amino-6-methyl-1,11-dithia-4,8-diazacyclotetradecane-13-ol ligand.
The condensations were expected to result in the formation of 13-membered macro-
cycles with a pendant hydroxymethyl group fused to a macrocyclic ring carbon
atom, but the molecules are found to undergo a Wagner-Meerwein or other carbon
skeleton rearrangement to yield the 14-membered macrocycles with a pendant alco-
hol group. The pendant alcohol can act as an axial donor group as illustrated in
the crystal structure analyses of (65)(ClOy4), and (67)(ClOy),. In both complexes,
the alcohol is arranged anri to the nitro or carboxylate group. In (65)(ClO,),, the
copper ion lies in a distorted octahedral environment of two sulfur donor aioms
(Cu-S§,, 2.333 A), two nitrogen donor atoms (Cu-N,, 2.016 A), the pendant alcohol
oxygen atom (Cu-O 2.365 A) and a perchlorate anion (Cu-O 2.544 A), whereas in
(66)(C10,), a dimer with each copper in a very distorted octahedral environment
exists where each carboxylate bridges to the aliernate copper ion (Cu-O 2.293 A)
and the aleohol is weakly bound (Cu-O ;.52(),&) in addition to the macrocycle
heteroatoms (Cu N, 2.035. Cu-S,, 2.353 A).

ol ol
S S .S, S
AN \ /
Cu/ Cu
7N\ o« 7\
NH NH NUH
ON"" 0. ¢’
(65) (67)
3.2, Mononuclear complexes with acyclic ligands
3.2.1. Nitrogen coordination

With the aim of elucidating the factors that control geometry, electrochemical
behaviour and reactivity of Cu(Il) bis(pyrazole) complexes the copper complexes
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of bis[2-(3,5-dimethyl-1-pyrazolyl Jethyl Jamine (68) and its benzylated derivative
(69) have been studied as single crystals by X-ray crystallography and as solutions
and powders by a variety of techniques [55]. The structures analysed by X-ray
crystallography are [Cu(68)-2NO;] (70) [Cu(68)CIO, - C,H;OH]CIO, (71),
[Cu(69) -2NO,] (72) and [Cu(69)C,H;OHY](ClO,), (73) (Y=H,0, n=2 or
ClO,, n=1). In complexes (70), (71) and (73), the ligand coordinates Cu(II) with
a T-shaped arrangement of tiie nitrogen donor atoms. In complexes (70) and (73),
an cthanol molecule is coordinated in the apical sites. The largest difference between
(70) and (73) is a lengthening of 0.1 A in the bond between the Cu(il) and the
amine nitrcgen atom. Conductivity measurements have shown the nitrate complexes
behave as 1:1 electrolytes in acetonitrile whereas the perchlorate complexes behave
as 2:1 electrolytes. The half-wave potentials, measured in acetonitrile by cyclic
voltammetry, were tound to be —0.01, +0.15, +0.10 and +0.28 V for (70)-(73),
respectively. The high redox potentials of the copper(I1) bis(pyrazole) complexes,
in particular for complex (73), are explained by the fact that the Cu(Il) complexes
have the correct ligand geometry for the stabilisation of Cu(l).

Mo N\ /"‘\ /--\ ,N Me Me N\ 7\ /—-—\ /N Me
N ri: N N N N
H
Me Me Me e

(68) (69)
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(70) )

The crystal and wmolecular structures of [Cu(NMIm),(ClO,),] (74) and
[Cu(NMim),(H,0),]Cl, - (H,0) (75) (NMI = N-methylimidazole) have been deter-
mined [56). The structure of (74) consists of discrete centrosymmetric
[Cu(NMI)(ClO,),] units having a CuN, plane with a set of trans N-methylimidazole
ligands nearly perpendicular to the CuN, plane (dihedral angle 87.8°) and another
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set approximately parallel (dihedral angle 4.4°) and with two perchlorate anions
completing the coordination sphere of the metal centre. The structure of (75) consists
of two discrete structurally-similar centrosymmetric [Cu(NMIm),(H,0), cations
interconnected with Cl~ ions and hydrate molecules by hydrogen bonds. The dihe-
dral angles between the imidazole and the CuN, planes are 98.8° and 57.6° for one
unit and 97.0° and 50.6° for another. The electronic spectra of (74) and (75) reveal
that the former has D,, symmetry with non-degenerate d,. and d,. orbitals and the
latter has Dy, symmetry with degencrate d,. and d,. orbitals. ‘This difference is
ascribed to the difference in donor abilities of the axial ClO4 and H,0 ligands.

I
<1 J o S

OQOIOECu-QmQa (14) —N

E’ >O g

The crystal and molecular structures of [Cu(NO,;)(2,2"-bipyridine),J(NO,).H,0
(76) and [Cu(H,0)(1,10-phenanthroline),J(NO,), (77) have been determined [57].
The copper cation in 76 displays pseudo-octahedral geometry with ligand nitrogen
donor atoms occupying four positions, a coordinated nitrato oxygen atom a fifth
and a non-bonded oxygen a sixth. The copper cation in 77 shows a trigonal bipyrami-
dal geometry with ligand nitrogen donors occupying the axial and two of the
equatorial positions, and a coordinated aqua oxygen atom the other.

The preparation and characterisation of mixed ligand complexes,
[Cu(acac)(NN)(CIO,)] (acac=acetylacetonate; NN =N,N,N’,N'-tetramethylethy-
lenediamine, bpy, phen or neocuproine), are reported [58]. The crystal structure
of [Cu(acac)(phen)(ClO,)(0.5CH,CN)] has been determined and shows
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(76)

an

the complex to consist of discrete [Cu(acac)(phen)(ClO,)] and
[Cu(acac)(phen)(CH,CN ))CIO,) units with the perchlorate or the CH;CN occupy-
ing the apex of each square pyramidal unit. The acetonitrile molecule is found to
be coordinated in an unusual bent mode with a Cu-N--C angle of 129.2(9)". By
analysis of the electronic spectra of the complexes the sequence of d orbitals is
suggested as dy, »d; >d} ~} ~d,, >d,,. In these square pyramidal complexes the
acetylacetonate ligands act as n-donors whilst the heterocyclic diimines do not
participate in & interactions.

An improved four-step synthesis of the tetradentate compound 6.6'-bis(amino-
methyl )-2,2"-bipyridyl is reported as well as the Xeray structures of the Cu" and
Ni" complexes [59]. The copper ion in [Cu(L)(H,0)]Br, (78) is five coordinate
while the Ni complex, [Ni(L)(H,0)Br]Br, contains a 6-coordinate metal centre.
The order of stability for the chelates of the divalent metal ions was determined as
Cu"> >Ni">Co" > Zn" > Fe", although the stability constants wese unusually low,
e.g. 15.05 in the case of the copper complex. The unusually low stabilities of the
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complexes are attributed to the low basicity of the ligand and to the unfavourable
spacing of its donor groups as evident in the solid state structures.

me OHp jee

2
VA B\

\ N N { (78)
HoC \Cu/ CH
N N

Ha Hz

A study has been carried out on the complex formed between the tripodal ligand
tris(2-pyridyl )ymethane and Cu(NO;), and it illustrates the differences between the
information provided by various techniques [60]. The crystal structure of bis[tris(2-
pyiidyl )methane]copper(11) dinitrate has been determined at 295 K and 173 K. At
295 K the Cu atom lies in a special position so that all six Cu-N bonds are
crystallographically equivalent with Cu---N distance of 2.103(4) A. The structure at
173 K is very similar with Cu..-N distance of 2.095(3) A. However, the electronic
spectrum suggests that the Cu?* ion experiences a ligand field of tetragonal symme-
try. This has been confirmed by the EXAFS of the compound, which showed four
nitrogen atoms at 2,04 A and two at 2.25 A from the copper. The apparent trigonal
symmetry revealed by the X-ray analysis therefore arises from the disorder of the
long and short Cu-N bonds about the 3-fold axis. The EPR spectrum shows an
isotropic signal at 295 K, but a signal characteristic of a tetragonally elongated
octahedral complex at 150 K. This suggests that the directions of the long and short
bonds interchange rapidly on the EPR spectroscopic time-scale at room temperature,
but that the complexes become frozen into particular orientations on cooling.

The syntheses and characterisation of five-coordinate Cu(il) complexes of the
pentadentate ligands 4-[4-(2-pyridyl )-3-uzu-3-butenyl }-1.4,7-triazaheptane (79), 4-
[4-(2-pyridyl )-3-azabutyl ]-1,4, 7-triazaheptane (80) and 1,4-bis(2-pyridylmethyl)-
1.4,7-triazacyclononane (81) are described [61]. The solid state structures of
[Cu(79))(CIO,), and [Cu(80)(C1O,), have been determined. The geometry of the
Cu(ll) in the [Cu(79))** cation is close to square pyramidal while that of the Cu(ll)
in [Cu(80)]** is intermediate between square pyramidal and trigonal bipyramidal.
Cyclic voltammetry of the complexes revealed a quasi-reversible redox wave
corresponding to the Cu(ll)-Cu(l) couple at —-0.80, —0.94 and —0.81V for
[Cu(79))**, [Cu(80))*" and [Cu(81)]**, respectively. Thus some stabilisation of the
Cu(l) state results from the greater ability of trenimpy and dmptacn (cf. (80)) to
accept electron density from Cu(I).

The synthesis and characterisation of a new ligand, tris((6-phenyl-2-pyridyl )meth-
yl)amine (82) and some of its copper complexes are described. The complexes
[Cu(82)]BPh, (83) and [Cu(82)(CH;CN)]CIO, (84) have been prepared and their
solid state structures and redox potentials determined [62]. In (83), the copper(l)
atom has a distorted trigonal bipyramidal coordination sphere, while in (84) the
copper(Il) atom has the expected trigonal bipyramidal geometry. In (84), a cavity
suitable to accommodate the coordinating acetonitrile molecule is accomplished by
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rotation of the three N-CH, bonds, resulting in a large propeller-like twist of the
ligand. The X-ray structure of (83) shows a smaller twist as a result of the absence
of the coordinated solvent molecule. In (83), the copper ion lies significantly below
the basal plane in a distorted tetrahedral geometry. The redox potentials of
(83) are more positive than the corresponding Cu(ll) complex of TPA
[Cu(TPA)(AN)J(CIO,), (where TPA =tris(pyridylmethyl)amine) which demon-
strates the greater stabilisation of the reduced state of the copper ion in the TPPA
complex. The redox potentials between (83) and the TPA analogue are largest in
solvents of larger molecular sizes which is consistent with steric interactions between
the phenyl substituents destabilising the Cu(1l) form.

(82)

In a study of the synthesis of model systems for metalloenzymes the
crystal structure of [Cu{ HB(pypz);} (H,0))(PF,) (85){ HB(pypz), = hydrotris[3-(2-
pyridyl)pyrazol-1-yl]borate} has been determined and shows a square-pyramidal
Cu" centre coordinated by two of the three didentate arms of the ligand and an
axial water molecule whilst the third, pendant, didentate ligand arm is involved in
a ‘chelating’ hydrogen-bonding interaction with one of the protons of the axial water
molecule [63]. This interaction is not maintained in solution.

Tie 1:1 and 1:2 copper(11) complexes with the tridentate ligand bis( benzimidazol-
2-ylmethyl Jamine (86) and its benzimidazole (87) and amine (88) N-methyl-substi-
tuted derivatives have been prepared [64). The 1:1 complexes have the formula
CulX; nH,0 (X=ClO;, NO;, Cl~ or Br ") while the 1:2 complexes are of the
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type Cul.;(ClO,4),.nH,0. In all of thg complexes, the ligands acts in a tridentate
mode with the amine nitrogen atom and both of the benzimidazole nitrogens
coordinating to the Cu" ion. The X-ray struciare of [Cu(86),)(ClO,),.2H,0 is
reported and shows the copper(Il) ion to have an elongated octahedral geometry
with four equatorial benzimidazole and two long-distance axial amine N donors.
The Cu:‘Npzim and Cu-+ N, ine distances are 2.011(4) and 2.597(6) A, respectively.
This facial coordination is favoured when the terminal donor sites in the tridentate
N3 ligand possesses partial rigidity and hence reduced eo-donor ability as well as
enhanced n-back bonding ability. In contrast, meridional coordination is favoured
when primary amine nitrogen atoms with strong e-donor ability form the termini
of a non-rigid ligand or when a ligand like terpyridine is available for planar
coordination.

\'(\ (86) R'=R*=H
h (87) R'=MeR?=H

(88) R'=HR?=Me

Two new copper(1l) chloride complexes of A-( 2-hydroxyethyl)bis( pyridylmethy-
)amine [Cu(89)] and N-(3-hydroxypropy! ibis(pyridylmetayl Jamine [Cu(90)) have
been synthesised and characterised and the reactivittes of [Cu(89}] an.d [Cu(90)] for
cleaving bis(2,4-dinitrophenyl) phosphate (91) have veen compared ‘o that of the
copper(11) chloride complex of bis(pyridylmethy Yamine [Cu(92)] [65]. The copper
complex with the hydroxypropyl group [Cu(90)] has been shown to cleave the
phosphate diester by transesterification, while the complex with the hydroxyethyl
group [Cu(89)] or the complex without any pendant groups cleaves it by
hydrolysis. Furthermore the rate of cleavage of the diester by [Cu(90)]
(k=72x10""M~!'s™ ! at 25°C and pH 8.8) is about two orders of magni-
tude higher than those by [Cu(89)] and [Cu(92)] (k=9.5x10"% and 2.0x
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1072 M ~!s™1). On the basis of crystallographic analysis of two analogues, (93) and
(94), the difference in reactivity and mechanism are explained in terms of differences
in their structures. This study shows that a simple metal complex with a pendant
alcohol group can cleave a phosphate diester effectively by transesterification. This

process has been proposed for alkaline phosphatase catalysed cleavage of phosplate
monoesters and the Tetrahymena ribozyme catalysed transesterification reaction.

|/\ OH (_-\ OH

92)

94)

The five coordinate complexes [Cu(tren)(H,0)]Cl,, [Cu®(tren)( HAdR)Cl,.
[Cul(tren)(HAde)[(NO,), and [Cu'(tren)(Ade)]Cl- 2H,0 [tren = tris( 2-aminoethy-
)amine und HAde = neutral adenine] have been synthesised and characterised [66).
In [Cu™(tren)(Ade))Cl- 2H,0, the adenine molecule is bound in its monoanionic
form, while in [Cu"(tren)( HAde))Cl, and [Cu'(tren)(HAde))(NO;),, physicochemi-
cal data support the presence of neutral adenine coordinated to the Cu® centres. In
[Cu'(tren)(Ade)]Cl: 2H,0, the copper(11) centre has an approximate trigonal bipyr-
amidal geometry, with the equatorial sites occupied by the three primary amino
nitrogen atoms and the axial positions filled by the tertiary amino nitrogen and the
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imidazole nitrogen from the adenine monoanion. The Cu---N g, distance is rather
short at 1.965(9) A.

A study has been carried out to synthesise metal-containing nucleoside analogues
in which the metal-base interactions are modified [67]. The adenine N(3) site was
the target for metallation since it is located in the minor groove of the DNA duplex
and would not be expected to be involved in protein-DNA binding interactions. The
crystal and molecular structure of a copper complex prepared hy the reaction of
copper(Il) nitrate hemipentahydrate with the nucleobase-ligand conjugate.
ethylenediamine-N,9-propyladenine, reveals the unprecedented coordination of
adenine-N3. The copper centre is five coordinate in a distorted square-pyramidal
geometry. The metal is bound by three nitrogen atoms, one of which is adenine
N(3). Such binding is unprecedented for an N°-substituted adenine derivative and
the complex is the first mononuclear complex involving N3, —metal binding. The
remaining nitrogen donor atoms arise from the ethylenediamine group. The triden-
tate binding mode of the adenine-cthylenediamine conjugate generates an eight
membered chelate ring which adopts a boat-type conformation. The coordination
of N(3) in the complex is a result of the ethylenediamine group directing the site of
metallation and shows that the preferred nucleobase coordination sites can be
modified through multidentate ligand conjugation. Hoogsteen-type interactivns are
exhibited in the complex with the formation of hydrogen-bonded chains. These
chains are cross-linked forming sheets with chloride/nitrate anions alternating above
and below the plane.

An investigation to help provide an understanding of the metabolic pathways
of creatinine has been performed [68). 1he creatinine ternary complex
[Cu(gg)(E1,0)(creat)]) 1.5H,0 (gg =dianion of glycylglycine, creat = creatinine) has
been erystallised frem aqueous solution. The coordination geometry about the
copper centre is approximately square pyramidal with the tridentate glyeylglycine
and the N(1) of creatinine occupying the corners of a square. The coordination
sphere of the copper centre is completed by an axial water molecule.

3.2.2. Sulfur coordination

Interest in molecular magnets, especially those based on charge transfer
complexes, has resulted in several decamethylferrocenium (Fe(Cp*)/transition metal
maleonitriledithiolate (mnt) compounds being synthesised and structurally char-
acterised [69]. The compounds investigated have the general [lormula
[Fe(Cp*),l [M(mnt),](CH,CN), where M=Cu", Co™ and Fe™. In the case of
[ Fe(Cp*),]s[Cu(mnt),], the dianion [Cu(mm)»] exhibits a planm monomeric and
the mixed anion-cation stacks adopt a ---A2"D* D A* D'D*A* -+ arrangement
with short anion-cation distances (Fe-S=5.54 A and Fe-Cu=6.37 A). In this
copper complex magnetic measurements have shown each [Cu(mnt),}’ " to interact
antiferromagnetically with two adjacent [Fe(Cp*),]" cations.

As an attempt to synthesise electrically-conducting materials, a series of
INR [M(dpdt);] (R=Bu, M=Ni, Au or Cu, R=Me, M=Ni; H,dpdt=6,7-di-
hydro-6-methylene-5H-1.,4-dithiepine-2,3-diol) complexes have been svnthesised
[70]. Magnetic susceptibility measurements indicate that the gold and copper com-
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plexes are diamagnetic whilst the Ni complex is paramagnetic over the temperature
range studied (290-22 K). The X-ray structure of the complexes revealed crystal
packing structures consisting of two crystallographically independent [M(dpdt),]~
units possessing square-planar geometry in which there are no intermolecular S.--S
contacts shorter than the sum of the van der Waals radii.

3.2.3. Oxygen coordination

The compound of composition copper(II)-glycinate—picric acid-water (1/2/2/6)
(95) has been synthesised and its crystal structure determined [71]. The structure
contains a centrosymmetric copper(Il) ion coordinated in a distorted octahedral
geometry by two water molecules in trans positions, two monodentate glycine
molecules linked to the inetal in a rrans arrangement via single carboxylate oxygen
atoms, and two more distant water molecules. The monodentate glycine species,
probably existing as zwitter-ions, represent an unexpected non-chelated form of the
ligand. Similar compounds of (§)-alanine and (S)-lysine have also been prepared.

As part of a study in the interaction between surfactants and inorganic compounds
the structure of copper(1l) dodecylsulfate tetrahydrate [Cu(OSO,C,3H35)s] 4H,0
(96) has been determined with crystals having been obtained from an aqueous
mixture of copper nitrate and sodium dodecylsulfate [72). The Cu" centre is six
coordinate in a tetragonally clongated octahedral gcometry with the four oxygen
atoms of water equatorial and the two oxygen atoms of the dodecylsulfate groups
axial. The Cu-O(dodecylsulfate) bonds are much longer at 2.456(4) A than the
Cu-O(water) bonds at 1.860(4) and 1.870(4) A. The extended alkyl chains are tilted
between the planes of copper atoms but there is no interdigitating between the alkyl
chains from two adjacent layers.

A range of new f-diketones of formula RC(O)CH,C(O)(CH,),
(OCH,CH,),OMe (n=1, R=Me, Ph, 2,4,6-Me,C.H, or Bu'; n=2, R=Me) have
been prepared [73]. Complexes of these f-diketones with copper(11) (n=1, R =Me;
n=1, Ph giving complex (97)) have been prepared and are shown to be involatile
becausé*tiie polyether chain binds to a different metal atom from that to which the
fp-diketonate function is bound, thus forming polymers. The X-ray structure of
complex (97) has been established and shows the copper atoms to exhibit Jahn-Teller
distorted six-coordinate geometry with the oxygen atoms of two didentate p-diketo-
nates occupying the equatorial positions (Cu---O=1.92 A) and the two terminal
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(96)

oxygen atoms from the polyether chains of different neighbouring molecules occupy-
ing the axial sites (Cu---0=3.065 A). A study as to the origin of different coordination
polyhedra for Cu(hhacac),L (hfacac=CF;C(O)CHC(O)CF; , L =H,0, NHj;) has
been performed. Cu(hfacac),(NH;) (98) gs shown to have a trigonal bipyramidal
structure with Cu-O(axial)=1.945(3) A, Cu-O(equatorial)=2.075(3) A and
Cu-N=1.933(6) A [74]. This contrasts with the square pyramidal structure of
Cu(hfacac),(H,0) which has a long Cu-OH, bond (2.204(3) A). The ammine
complex retains its NH, ligand upon vacuum sublimation, while the H,O complex
loses water. The difference in coordination and Cu-L distance (L =H,0, NH,) is
ascribed to minimising ¢-antibonding interactions with the stronger ligand, which
by the criterion of 10Dgq, is NH;.

Host molecules which satisfy both facile synthesis and strong as well as selective
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binding of metal ions have been developed by introducing an idea of metal-assisted
organisation of linear molecules into crown ethers [ 75]. For this purpose, an oligo(ox-
yethylene) prehost having two f-diketone units in both terminal positions was
synthesised. Intramolecular coordination of the two f-diketones to divalent trans-
ition metals, Cu, Zn or Ni, organised the linear prehost into a macrocyclic pseudo
crown structure. The crystal structure of the Cu-organised host and K™ picrate
ccmplex was determined and indicates that the mtramolecular coordination of -
ketoenolate oxygens to the transition metal produced an organised cavity into which
the potassium cation was entrapped. The metal-organised crowns show a good size-
fit selectivity, characteristic of macrocycles, and a superior extraction efficiency for
the picrate extraction of alkali and alkaline earth metal cations compared with
dibenzo-18-crown-6.

The ferrocenylbis(phosphine) dioxide complexes [Cu(odppf ), EtOH ))(BF,), and
[Cu(odppf ),}(BF,), (odppf=1.,1"-bis(oxodiphenylphosphoranyl )ferrocene) have
been prepared and characierised in the solid state by X-ray analysis and in solution
by a combination of ESR, visible, and IR spectroscopies and electrochemical tech-
niques [76]. In the cations the four oxygen atoms of two odppf ligands are directly
bonded to tic metal centre with Cu---O distances ranging from 1.92-2,078 A. In
[Cu(odppf ), EtOH)|(BF,),, the metal is pentacoordinate with a distorted trigonal
bipyramidal geometry formed from the two chelated odppf moieties and the fifth
site occupied by an ethanol molecule. In the complex [Cu(odppf )5} BF,),, the copper
centre has a distorted square planar structure, with the two odppf moieties ucting
as chelating ligands with a bite angle of 2 153", The lability of the EtOH ligand
allows complex [Cu(odppt’)s( EtOH ))(BF,); to be casily and reversibly coordinated
to [Cu(odppl'),J( BF,); upon dissolution in non-coordinating solvents. ESR spectro-
scopic parameters indicate that ca. 95% of the unpaired electron resides in the metal
centre, thus revealing a scarcely covalent character of the Cu™ O bonds.
Electrochemical studies have shown the ligand appears 1o stabilise the homoleptic
species [Cu(odppt);]*. which is claimed to be the first copper(1) complex to be
stabilised by u purcly hard coordination sphere. Although this species was found to
be extremely reactive towards dioxygen, it was quite stable toward valence dispropor-
tionation in aprotic solvents.

3.2.4. Nitrogen and oxveen coordination

The unsymmetrical and potentially dinucleating ligand 4-bromo-2-(2-hydroxye-
thyliminomethyl )-6-(morpholin-d-ylmethyl ) phenol (99) has been synthesised via a
Mannich reaction under non-aqueous aprotic conditions [77]. Reaction of the ligand
with copper(1l) yielded mono- and dinuclear complexes. The crystal structure of
the mononuclear complex [Cu(99)ICIO,),  H,0.MeOH has been determined and
shows the coordination of the copper is square-based pyramidal with the cther
oxygen atom of the morpholino group not involved in the coordination. The satu-
ated six membered ring has a chair conformation.

The copper(ll) and nickel(11) complexes ML (where H,L =[9-(2"-hydroxy-
phenyl )-6-methyl-3-acetyl-3,7.8-triazanona-3.6.¢ ~trien-2-one]) have been synthesised
by the template reaction of salicylaldehyde acetamidrazone with the corresponding
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Br

M (acac), and Hacac in the presence of the orthoformic ester at 110°C [78]. The
crystal structure of [CuL] (100) has been determined and shows the copper centre
in a square planar mode. This complex has been shown to be an efficient catalyst
for the epoxidation of norbornens with molecular oxygen (1atm) in thi (or
thi-EtOAc¢) at 70 C.

The crystal structures of some metal complexes having 3-dimensional hydrogen-
bonded networks and stacking interactions  based on  pteridine  ligands,
[Cu(101-H )5 H,0),. [Cu(102-H)(H,0),] (103) and [Zn(PR)y(H,0),]: 2H,0 are
reported [ 79]. All three structures contain the following features: (i) the two pteridine
ligands chelate to the metal ion through the O(4) and N(S5) donor atoms of the
pteridine, (ii) the molecular units are connected to two-dimensional H-bonded
molecular sheets by the coordinated water molecules (iii) in the molecular sheet,
there are stacking structures of the pteridine skeleton (iv) the sheets are further
connected to 3-dimensional H-bonded networks vie the H-bonded sites of the
pteridine ligands (v) almost all of the H-binding sites existing in the molecule
participate in intermolecular H-bonding interactions.

NH,

/—\ OH? HN——<
HN ND N N >__g— ,o._.. N
o"J\u N /l\ N’J >__

HNT N \ /

(1o1) (102) (103)
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Two new mixed ligand complexes [Cu(bpym)(C,0,)(H,0);]-2H,0 (104) and
[Cu,(bpym)(C,0,),(H,0)¢] (bpym =2,2"-bipyrimidine; C,02~ =dianion of squaric
acid (3,4-dihydroxycyclobut-3-ene-1,2-dione)) have been obtained from aqueous
solutions containing Cu(NO;), - 3H,0, bpym and Li,([C,0,] in 1:1:0.25 and 2:1:0.5
(Cu?* :bpym:C,0%7) molar ratios respectively [80]. The solid state structures of
both complexes have been determined. Compound (104) consists of mononuclear
[Cu(bpym)(C,0,)(H,0),] units in which the copper centre has a slightly distorted
elongated octahedral geometry, coordinating to two bpym nitrogen atoms, one
squarate oxygen atom and one water oxygen atom in the equatorial plane and to
two water molecules in the axial sites. The structure of the dicopper complex is built
by centrosymmetric bpym-bridged [Cu,(bpym)(C,0,4),(H,0)¢] units, with the coor-
dination geometry of the copper centres similar to that in (104). Squarate acts as a
monodentate ligand in both complexes, whereas bipym exhibits chelating and
bis(chelating) coordination modes in the mono- and dinuclear complexes, respec-
tively. The intramolecular Cu---Cu distance in [Cu,(bpym)(C,0,),(H,0)s] of
5.542(1) A is claimed to be the largest found in bipym-bridged copper(II) complexes.
The magnetic behaviour of [Cu,(bpym)(C40,),(H,0),] has been investigated over
the temperature range 10-300 K. The magnetic susceptibility data yield a singlet-
triplet energy gap (J) of —139cm ™! which is the smallest antiferromagnetic inter-
action found in bpym-bridged copper(Il) complexes for which the ¢ in-plane
exchange pathway is operative.

The synthesis and crystal structure of Cu( Hdpa)(chp), (108) are reported (Hchp =
6-chloro-2-hydroxypyridine, Hdpa =dipyridylamine) [81]. The copper(Il) centre is
six coordinate, with Hdpa and one of the chp ligands bonding in a chelating mode.
The second pyridine is bound through its nitrogen atom and with the oxygen atom
taking up the sixth coordination site but is also hydrogen bonded to the Hdpa
ligand of a second Cu(hdpa)(chp), unit, forming a centrosymmetric dimer. A new
(orthorhombic) phase of [Cu(dpa),] (106) has been found in which the distorted
tetrahedral copper(11) complexes are linked through a network of hydrogen bonds
b’elwe@n the deprotonated dpa ligand and the C-H bonds mera to the pyridyl
nitrogen donor.

A series of copper(1l) complexes derived from tripodal ligands bearing pyridyl
and phenolic arms have been synthesised as models for the active site of galactose
oxidase [82]. The molecular structures of the neutral mononuclear complexes
[Cu(107-H)(0,CMe)] H,0 and [Cu(107-H)(SCN)]- MeCO,Et (108) [(107)=2-
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bis[2-(2-pyridyl )ethyl Jaminomethyl-4-nitrophenol] were determined by X-ray
diffraction. The coordination geometry around the copper atom in each is a distorted
square based pyramid where one pyridyl nitrogen atom occupies the axial position.
Three ligand donor atoms comprising the square plane are the same in the two
complexes, while the fourth ligand is an exogenous donor atom from MeCO; or
SCN 7, respectively. In the absence of an exogenous donor or in the presence of
only weakly coordinating anions, these compounds form dimeric copper(Il) com-
plexes. In order to inhibit dimer formation and prepare the related mononuclear
complexes, stronger coordinating ligands, e.g. acetate, have been introduced in the
copper(1l) coordination sphere.

\ (107), R = NO,, x=y=2

(108)

As part of the growing interest in copper complex ligands containing phenolic
ligands (on account of the presence of such moieties in a number of mono-(e.g.
galactose oxidase) or dinuclear (tyrosinase, haemocyanin) copper proteins), a study
on the electrochemical oxidation of metal anodes (copper and nickel) in acetonitrile
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solutions of Schiff bases (109) (synthesised from salicylaldehydes and 2-aminophe-
nols) has resulted in the isolation of the mononuclear complexes Cul. and NilL
complexes [83]. The addition of phen or bpy to the electrolytic cell resulted in the
mixed complexes CuLL’ and NiLL’ (L’=phen or bpy) being obtained. The crystal
structure of the copper(Il) complex (110) was determined by X-ray diffraction and
shows it to consist of monomeric molecules in which the copper atom has a distorted
square pyramidal CuN;O, coordination.

Cu (110)

The synthesis of four 6,6-bis(acylamino)-2,2"-bipyridine-based amino acids are
described [84]. These residues when coordinated to Cu(1l) are designed to replace
the i+1 and i+2 residues of a f-turn. The amino acids were incorporated into
several different peptides in order 1o evaluate their efiicacy as fl-sheet nucleators.
Matrix-assisted laser desorption mass spectroscopy and UV spectroscopy reveal that
peptides incorporating these residues bind Cu(1l) ions under alkaline and acidic
conditions with a 1:1 stoichiometry. In an effort to predict the geometry of the metal
binding site of peptides containing fl-turn mimics, three model complexes (111),
(112) and (113), were prepared and their crystal structures determined. The crystal
structure of 6,6 -bis(phenylacetamide)-2,2"-bipyridine (111) suggests that the bpy
rings of peptides containing these residues should exist in a transoid conformation
in the absence of Cu(ll) ions and other stabilising forces. The crystal structures of
neutral (deprotonated) Cu(1l) complex (112) and 2" charged (protonated) Cu(ll)

(1

complex (113) suggest the peptides containing the bpy residues bind Cu(1l) ions
under alkaline and acid conditions resulting in a cisoid bpy ring conformation with
a near perfect square planar geometry about the copper centre,

An investigation has been performed into the synthesis of an efficient model of
dopamine f-hydroxylase (DFH), an enzyme that catalyses the ascorbate dependent
benzylic hydroxylation of phenylethylamines such as dopamine to the corresponding
norepinephrine [85]. The enzyme contains two copper atoms per catalytic unit, but
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these copper centres hav: recently been suggested as having different roles, one
(Cu,) being an electron acceptor (ascorbate binding site) and the other(Cuy) acting
as a substrate as well as an O, binding site. In order to mimic the enzyme active
centre, a tridentate ligand py.Phe (N, N-bis[2-(2-pyridyl Jethyl ]-2-phenylethylamine)
in which a phenylethylamine (substrate) moiety is incorporated into the ligand
molecule. The copper(1l) complex (114) was prepared by the treatment of the
py:Phe ligand with Cu(ClO,), 6H,0 in methanol (Scheme 2). X-Ray crystallo-
graphic analysis of the complex shows the Cu(ll) complex has a nearly square
pyramidal structure and with the phenyl ring located far from the copper centre. In
the enzymatic system, two electrons are supplied to the Cuy active centre from
ascorbate through the Cu, centre during the hydroxylation reaction. Therefore, this
study employed a 1,2-enediolate, derived from benzoin and a base, as a model of
the electron donor, ascorbate. The Cu(ll) complex (114) was treated with an

A,

=]
VQ NH,OH
OH 100%
Py

Scheme 2.
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equimolar amount of benzoin and triethylamine in CH,Cl, at room temperature for
2h under Ar and then the mixture stirred under an atmospheric pressure of O, for
several hours. On standing, a single green crystal was obtained and iis structure
determined by X-ray crystallographic analysis. The product was shown to be a
dinuclear copper(Il) complex (115) in which ligand hydroxylation had occurred
selectively at the benzylic position of the substrate moiety and this O™ group acts
as a bridge for both copper atoms. The two copper centres have nearly square
pyramida! structures. The yield of the ligand hydroxylation was 100% with the
modified ligand being isolated after treating the reaction mixture with NH,OH.
When the reaction was carried out using [Cu'(CH,CN),J(PF,) under O, rather than
the Cu salt, the yield of hydroxylation was 50% based on the copper ion and the
stoichiometry of Cu:0, was 2:1 which indicates that 2 equivalents of electrons and
one equivalent of O, are required for the quantitative ligand hydroxylation.

The perchlorate salt of the copper(1l) comp'ex {116) reacts with sodium tetraphe-
nylborate in dmf to give an electrically neutral complex (117) exhibiting a B-N bond
[86]. The syntheses and the crystal structures of (116) and (117) and the N-
methylimidazole adduct of (117), [Cu(LBPh;)(N-Melm)] are reported. The impor-
tant feature of (117) and its N-methylimidazole adduct is the presence of a B-N
bond, in which the boron atom bonds to the nitrogen atom of the imidazolate
moiety of the copper(1l) complex and to the three carbon atoms of the phenyl
groups. The B-N bond of (117) is rather stable towards acid and base.

(116)

The copper(1l) complex [Cu(bdoa)(H,0),] (bdoaH,=benzene-1,2-dioxy-
acetic acid) reacts with aniline in an cthanol-water mixture to give
[Cu(bdoa)(CsHsNH,),],CHsNH, [87]. The X-ray crystal structure of this complex
shows the asymmetric unit to contain two mononuclear [Cu(bdoa)(C;HNH,),)
units and a solvent aniline molecule. Each copper(Il) atom has essentially square
planar coordination and is bonded to the nitrogen atoms of two trans aniline
molecules and a single oxygen atom from each of the two carboxylate moieties of
the bdoa®~ ligand. The ether oxygen atoms of the bdoa’~ bond only weakly to the
metal, and one of the metals also interacts weakly with the solvate aniline.
Compound [Cu(bdoa)(H;0),] reacts with bipyridine to form the dinuclear
copper(Il) complex [Cu,(bdoa)(bpy).]bdoa.8.66H,0 the X-ray structure of which
shows a discrete [Cu,(bdoa)(bpy)J?* dication, an uncomplexed bdoa®~ dianion
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and water molecules linked by O-H---O hydrogen bonding. The dication shows the
copper centre to have a N,O, distorted octahedral. Only one of the carboxylate
oxygens is strongly bonded and the other forms a weak interaction with the metal
centre.

The a,w-dicarboxylic acids heptanedioic acid (hdaH,) and octanedioic acid
(odaH,) reacted smoothly with [Cu(u-O,CCH;),(H,0),] in water giving the
insolubic copper(Il) complexes [Cu(hda)] and [Cu(oda)] [88]. These complexes
reacted further with 1,10-phenanthroline giving [Cu(n-hda)(phen),]-xH,0 and
[Cu(y*-oda)(phen),]- xH,O0 (x~8), respectively. The X-ray structures of
[Cu(n*-hda)(phen),]- 11.73H,0, (118)-11.73H,0, and  [Cu(y*-oda)(phen),]:
12H,0 show that for each complex the copper(ll) atom lies at the centre of a
distorted octahedrcn crmprising four nitrogen : t« wms from two chelating phen units
and two oxygen atoms from a single asymmetric chelating carboxylate function,
with the remaining carboxylate group of the diacid uncoordinated.

Mononuclear compounds of composition CuX,(py)s(H,0) and dinuclear com-
plexes of compaosition Cu, X4 (py): (py = pyridine, X = heptanoate, octanoate, nonan-
oate, decanoate or dodecanoate) were prepared and analysed [89]. Generally, the
complexes are unstable, the mononuclear being even less so than the dinuclear,
losing pyridine in air at room temperature. The X-ray structure of the mononuclear
adduct of copper(ll) nonanoate with pyridine, Cu(0,CCzH;7)2(py)a(H;0), was
determined and shows the copper centre to have a square pyramidal coordination
geometry with two pyridine nitrogen atoms and two oxygen atoms from unidentate
nonanoato ligands forming the basal plane of the pyramid and with a water molecule
coordinated at the apex.

3.2.5. Nitrogen and sulfur coordination

2-Benzoylpyridine *N-substituted thiosemicarbazones (119) commonly coordinate
as neutral tridentate ligands to give five coordinate [Cu(HL)Cl,] complexes when
prepared in boiling isopropanol [90]. However, when prepared in boiling ethanol,
the anion (loss of the *N-hydrogen) coordinates as a tridentate ligand to give
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[CuLCl] complexes. The crystal structures of representatives of both stoichiometries,
{Cu(HBz4P)Cl,] and [Cu(Bzhexim)Cl], have been determined (Lhexim = the anion
of 2-acetylpyridine 3-hexamethyleneiminylthiosemicarbazone). The antifungal prop-
erties of some of the complexes are described.

R

HBz4M NHMe
HBz4E NHEt
HBz4P NHPr
HBz4DE NMe,
HBz4DP NPry

N f
S NR. HBzpip N: >
(119)

HBzhexim N‘ s

The reaction of CuCl, with ligand (120) in methanol-acetone afforded the neutral
five-coordinate dithiadioxime copper(1l) complex (121) [91]. The crystal structure
of Cu(1.LH)CI monohydrate, [CuCl(C,3H,5N,8,0,)]- H,0, shows the copper centre
to bave a square pyramidal geometry. The Cu(1l) ion is coordinated in an approxi-
mately square plane by the two oxime nitrogen atoms and the two thioether sulfur
atoms of the tetradentate dithiadioxime ligand and with the chlorine atom occupying
the apical coordination site at a Cu-Cl distance of 2.2931(8) A. The Cu---N distances
average 1.997 A, while the Cu---S distances average 2.3279 A, The copper atom is
displaced 0.467(1) A above the S,N, plane towards the chlorine atom. A proton
bridges the two oxime oxygen atoms (O---0=2425(3) A) of the complex in the
fashion typical of metal complexes containing cis-oxime functions.

M) ()
Cu

N N N/ \l;l
\HO‘Q

|
c'm clau o)
(120) (121)

An investigation into the development of simple models towards further under-
standing of the structural and redox properties in copper metalloenzymes has resulted
in the structure of the copper(1l) complex of the Schiff base ligand (122) has been
determined [92]. Mixing one equivalent of Cu(ClO,),6H,0 and one equivalent of
(122) afforded the complex of 1:2 Cu:(122) stoichiometry. The copper(l1) ion is



D.R. Smith / Coordination Chemistry Reviews 164 { 1997) 575-666 62

(V]

coordinated to six nitrogen atoms in an octahedral arrangement not involving the
thiophene S atoms. Cyclic voltammetry in acetonitrile showed reversible behaviour
for the [Cu"(122),]**-[Cu'122),]* couple.
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The copper(1I) complex of 2-methylthiosemicarbazide (2MeTSC) was obtained
to evaluate the influence of the >N-substitution on the structure and properties of
thiosemicarbazide complexes. The structure of [Cu(2MeTSC),(NQO;),] was deter-
mined [93]. The complex was shown to be monomeric and hexa-coordinated with
a strongly tetragonally elongated octahedral structure. Two 2MeTSC groups coordi-
nate to the metal ion as didentate ligands through the hydrazinic nitrogen and the
sulfur atoms, giving a nearly square-planar coordination. The remaining two coordi-
nation sites are filled by two NO; anions at a long distance from the metal (Cu---O =
2.864(3) A). The Cu---S (2.262{*} A) and Cu-N (1.992(3) A) bond lengths are
shorter than those observed in <imilur Jsioscimicarbazide copper(ll) compounds
indicating a strongei bond. The complex units link together into a 3-dimensional
network through hydrogen bonding. The interest in thiosemicarbazides and thiosemi-
carbazones arises owing to their pharmacological activity.

(122)

3.3, Dinuclear complexes with macrocyclic ligands

Two members of a homologous series of bis(triazacyclononane) ligands, 1,3
bis( 1,4,7-triaza-1-cyclononyl ) propane, (123) and 1,4-bis( 1,4,7-triaza-1-cyclononyl)-
butane, (124), form stable 1:1 and 2:1 Cu(ll)-L complexes [94]. The cation
[Cu(123)]** is more stable than [Cu(124)]** while [Cu,(124)]** is slightly more
stable than [Cu,(123)]". Dinuclear complexes of both ligands have been isolated
and their structures determined by X-ray crystallography. In both complexes, the
copper(I1) centre is S-coordinate with two secondary amine N atoms of a [9]ane
N, group and two Cl~ occupying sites at the base and the tertiary N atom of the
same unit at the apex of a square pyramid. The str ures have somewhat different
conformations: the pair of chloride ions attached to the two Cu(ll) are approxi-
mately syn for Cu,(123)Cl, - 2H,0 and anti for Cu,(124)Cl,. This family of ligands
allows construction of dinuclear complexes where metal-metal distances can be
varied.

A systematic study has been carried out into the long-range exchange coupling
between two unpaired electrons of two copper(11) ions in a square pyramida! ligand
environment which are rigidly separated by > 10 A by an organic spacer ligand (e.g.
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a p-dicarboxylato ligand) [95]. The following complexes have been synthesised
and characterised [{ LCu(OH,)},(u-terephthalao)}(ClO,), [LCu"(OH.,)(benzoato)]-
(Cl0,), [{LCu"(NCS)},(u-terephthalato)].2CH;OH, [{LCu"(NCS)},(u-4.4"-oxy-
bisbenzoato)].3CH,0H, [{ LCu"(OH,)} ,(m-tetrafluoroterephthalato)}(ClO,),,
[{ LCu"(OH,)},{LCu"} ,(u-tetrafluorobenzoato);}(Cl0,),.6H,0, [{LCu™(OH,)}.(u-
biphenyl-4,4'-dicarboxylato)}(Cl0,),, [LCu"(u-biphenyl-4,4-dicarboxylatoj],-
(H,0),,, [{LCu"(NCS)},(u-biphenyl-4,4"-dicarboxylato)], [{LCu(OH,)},(u-trans,
trans-2,4-hexadien-1,6-dicarboxylato)}(ClO,), (L =1,4,7-trimethyl-1,4,7-triazacyclo-
nonane). The combined crystallographic and magnetic susceptibility data from this
investigation demonstrate that intramolecular antiferromagnetic exchange coupling
of considerable magnitude is possible over distances >15 A, provided that the
effective magnetic orbitals are favourably aligned.

Two dichloro-bridged dimeric metal complexes of 1.4,7-triazacyclodecane (tacd)
[Cuy(tacd),CLJ(CIO,), (125) and [Zn,(tacd),CL,)(ClO,), have been prepared and
characterised by X-ray crystallographic analysis [96]. Each copper(lI) atom has a
kighly distorted trigonal-bipyramidal N;Cl, coordination geometry with the Cu-N
bond lengths in the range of 2.011(4)-2.180(4) A and the Cu-Cl bond lengths in
the range 2.323(3)-2.353(1) A. The Cu---Cu distance is 3.369(1) A.

SeVA R

VAN V)

A model system for understanding the unusual spectroscopic properties of type |
copper sites in proteins has been reported in a study that claims the first example
of a doubly bridged Cull(u—SR), [bis{ u-thiolato)dicopper(11)] motif by using a
sterically hindered ligand (126, [97]. Mixing the ligand with cupric triflate in thf,
followed by removal of solvent, anion exchange (NaClO, in MeOH ) and recrystalli-
sation afforded the complex [(126)Cul(ClO,), (127) as dark green crystals.
Crystallographic determination of the crystals showed the complex to consist of two
symmetry-related square pyramidal Cu(1l) ions linked by the thiolate arms of the
ligands. The short Cu---Cu separation of 3,340(3) A arises from the structure show-
ing a distinct “butterfly” distortion with the axial N donors in a cis arrangement.
Combined analytical and spectroscopic data suggest that the structure persists in a
methanolic solution. X-Ray absorption spectroscopic measurements on the complex
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have helped to define the EXAFS signatures associated with bis(thiolate)-bridged
dicopper centres. This has shown that observable Cu-Cu interactions are expected
from dicopper sites with bis(thiolate) connectivity at distances well in excess of 3 A.
This result is relevant io the interpretation of the EXAFS of the Cu A Sites in proteins
where the Cu.--Cu distances are believed to be much shorter (2.5 A).

(\S‘ Na* L 2

(126) (127)

The syntheses of 1,4,7-trimethyl-1,7-bis(4-carboxybenzyl)-1,4,7-triazaheptane
(128) and 1,4,7,16,19,22-hexamethyl-1,4,7,16,22-hexaaza[9.9])paracyclophane (129)
are described [98]. 129 forms both mono and dinuclear complexes with Cu* in
aqueous solution, but does not interact with Zn®* and Cd**. The X-ray structure
of crystals of [Cu,(129)Cl,)(ClO4)(BPh,).CH,;CN show the two copper(ll) centres
coordinated by three nitrogen atoms of the ligand and a Cl~ anion in a square
coordination environment. The ligand acts as a ditopic receptor. The stability of
128 with divalent metal ions is rather low. Thermodynamic data suggest the N,
moiety is the binding site for the Cu®*.

'r@ l\'ﬁe
(\N/\ " (\N/\W Vo
Me Me ~ -
\N NI N N

(129)

N N
Me”” “Me
N
i

Me

The Cu(ll) complexes of two new macrocyclic ligands 1,4,7,16,19,22-
hexaza-10,13,25,28-tetraoxacyclotriacontane (130) and 1,4,7,16,19,22,25-heptaza-
10,13,28,31-tetraoxacyclotritriacontane (131) are reported [99]. Both ligands contain
two polyamine units separated by two eight atom dioxa-bridges. Both (130) and
(131) form mono- and dinuclear complexes in aqueous solution. In the mononuclear
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complex, the Cu(II) ion is coordinated to only one polyamine unit. The dinuclear
complexes show a marked tendency to form mono- and dihydroxo species in aqueous
solution. The high values for the formation constants for the addition of the
first hydroxide group to the dinuclear complexes suggests that in the
[Cu,(130)(OH)** and [Cu,(131)(OH)]** species the OH™ group bridges the two
metal centres. This thermodynamic result is confirmed by the crystal structure of
the zinc analogue [Zn,(130)(u-OH)(C1O,); - 0.5EtOH. In the crystal structure of
[Cu,(130)(NCS),], each metal ion is coordinated to one triamine unit and by two
isothiocyanate ions in a distorted square pyramidal arrangement. The Cu---Cu
distance is 6.18 A. In the structure of [Cu,(130)(NCS),].Na2S2, the copper centres
exhibit a coordination geometry almost equal to that found in [Cu,(130)(NCS),).
but the [Cu,(130)(NCS),] units are joined by NCS—Na*-—(S-S)*"—Na"* inter-
actions giving rise to a 3-dimensional polymeric structure.

Y

_NH HN(_
N o
O 0L n=l(130)
N S n=2 (131)
/o 0
SN HN/
/ H
N
n
N/NWN\N
NH HN
[ j (132)
NH HN
N\NMN’N

In the aim of synthesising mimics for the active site of copper proteins such as
haemocyanin, tyrosinase and dopamine-#-hydroxylase the first example of a structur-
ally characterised macrocycle containing neutral endocyclic pyrazole donors capable
ol coordinating two metal ions is reported [100]. The 30-membered tetrapyrazolyl
macrocycle (132), was synthesised by the Schiff base condensation under dilute
conditions between the 1,3-di(3"-formyl- “methyl-1"-pyrazolyl )propane precursor
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and ethylenediamine followed by in situ reduction of the (2 +2) tetraimine macrocy-
cle with NaBH,. The addition of 2 equivalents of Cu(NQO;), to a solution of (132)
affords the dinuclear copper(1l) complex. Microanalytical data are consistent with
a mixed-anion composition with formula [Cu,(132)Cl,( EtOH ),}(NO;),. The pres-
ence of the chloride ion arises from the unexpected coordination of NaCl during
the isolation of the ligand. However, NaCl is only weakly bound to (132) and can
be removed by washing a CH,Cl, solution of (132) with water. The X-ray structure
of the complex reveals the presence of two copper(II) ions, each bound in a distorted
square pyramidal geometry. The absence of any bridging ligand between the copper
centres results in a long Cu---Cu distance of 7.14 A. However, the macrocycle
appears to be sufficiently flexible to allow bridging of small molecules such as
hydroxide anions.

A dinucleating :uacrocycle H,L with two 2,6-bis(iminomethyl )-4-methylphenolate
entities combinec thrcugh two lateral chains, CH,CH, and CH,CH,SCH,CH,, at
the imino nitrogen «.oms has been obtained as a mononuclear copper(II) complex
[Cu(133))(ClO,), [101]. Reaciion of this complex with a second metal ion under
alkaline conditions forms the dinuclear complexes [Cu"M"(133-2H)(NCS),].H,O
(M =Co, Ni, Zn), [Cu"Cu"(133-2H)](Cl0,), and [Cu"Cu'(133-2H)}(ClO,). An anti-
ferromagnetic spin exchange is observed in the Cu"M" complexes with
J=—=32cm"! for Co, —90 cm ! for Ni and —440 cm ™! for Cu. The cyclic voltam-
mograms of the [Cu"Cu'(133-2H)}(Cl0O,), and [Cu"Cu'(133-2H)}(ClO,) complexes
showed a reversible Cu"-Cu' redox couple at +0.08 V for the copper ion at the site
with the CH,CH,SCH,CH, lateral chain. The crystal structure of
[CuZn(133-2H)(NCS),] - dmf has been determined. This shows a CuZn dinuclear
structure bridged by two phenolic oxygen atoms. The Cu" resides at the site with
the CH,CH, and assumes a square pyramidal geometry with an isothiocyanato
nitrogen atom at the apex. The Zn" is at the site with the CH,CH,SCH,CH, chain
and assumes a similar square pyramidal geometry with an isothiocyanate nitrogen
at the apex.

The imidazolate-bridged dinuclear copper(1l) (134) and the imidazolate-bridged

Z==
2

OH ’»
S (133)
N

OH N

4
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heterodinuclear copper(II)-zinc(II) (135) complexes of the macrobicyclic ligand
(136) (L=1,4,12,15,18,26,31,39-octaazapentacyclo[i3.13.13.16:10,120:24 133.37} tetra-
tetracontane-6,8,10,20,22,24,33,35,37-nonanene) were s nthesised as possible models
for superoxide dismutase (SOD) [102]. The solid state siructures of both complexes
show that the two ions are pentacoordinated in a coordination environment that is
found to be a slightly distorted trigonal bipyramid for one metal centre and a
distorted square pyramid for the other. The metal-nitrogen bond lengths range from
1.91 to 2.33 A and with the Cu---Cu and Cu---Zn distances being 5.95 and 5.93 A,

respectively, slightly shorter than the value in the (Cu-Cu) SOL or in the (Cu-Zn)
SOD. Magnetic measurements and ESR spectroscopy of the dicopper complex show
an antiferromagnetic exchange to occur with a coupling constant of
=2J=88em™', The complexes have been found from pH-dependent ESR and
electronic spectroscopic studies to be stable over wide pH ranges (4.4-12 for (134)
and 6=10.5 for (135)). Electrochemical studies have indicated quasi-reversible behav-
iour in dimethylacetamide solution for the first step of the reduction Cull/Cu} E,
=0.27V for (134) and E, ;= —0.31V for (135) (both vs SCE). Both complexes
catalyse the dismutation of superoxide at biological pH and the activity survives in
the presence of bovine serum albumine. All these results indicate that both (134)
and the zinc complex act as good models for superoxide dismutase.

4

3.4. Dinuclear complexes with acyclic ligands

A new nonsymmetric dinuclear copper(11) complex [Cu(137)(0Ac),)(ClO,) (138)
has been synthesised as a possible mimic for active sites of type I dinuclear copper
enzymes hemocyanin and tyrosinases [ 102]. The complex was prepared by complex-
ation of Cu(OAc),.H,;0O with a new nonsymmetric dinucleating ligand (137) which
is formed in situ by condensation of 2-formyl-6-((4-methylpiperazin-1-yl )methyl )-
phenol with 2-(aminoethy!)pyridine (Scheme 3). The crystal structure establishes
the presence of a dinuclear copper core with distinct copper sites. One of the copper
ions is coordinated by two sp® nitrogen atoms whereas the other copper is coordi-
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nated by two sp” nitrogen atoms. The two copper ions are bridged by a phenoxo
group, by a syn-syn didentate acetato bridge and by a monodentate acetato group
resulting in a Cu---Cu distance of 3.0293(10) A The copper centres are weakly
antiferromagnetically coupled with 2J= —15 cm ~!. Microcalorimetric and UV-VIS
spectroscopic measurements establish the stepwise complexation behaviour of the
ligand (137) with the enthalpy of formation of the first complexation step being
—8.4 (£0.2) kcal mol ™! (K=1.8 (+0.1) x 105 and for the second step 4H= —1.9
(£0.1) kcal mol ~* (K=1.1 (£0.1) x 10°) as determined by microcalorimetry.

N o
E( }Cu/ _'l +
N AcO \N
|
CH.
A Y
Cu(OAc), or Cu(OAc)z
N OH N - \ / \ /
{ 4
. , Lr/
CH CHa
3 \7 N\ /o N
(137) E(/ “oAc (138)
| N
CHy \
Scheme 3.

Dinuclear copper(ll) complexes with eight different 2-hydroxyacetophenone
‘N-substituted thiosemicarbazones (139) have been prepared and characterised
[103]. The copper(1l) complex of 2-hydroxyacetophenone 3-hexamethylenciminyl-
thiosemicarbazone [Cu( Aphexim)], has been solved.

A potentially pentadentate (ONNNO donor) ligand 6,6"-bis(2-hydroxyphenyl )-
2,2":6',2"-terpyridine (140) was reacted with Cu(lIl) resulting in the formation of
[{Cu(140-H)},J(PF;), [104]. X-Ray structural analysis showed the complex to exist
as centrosymmetric dimers. The monomeric unit is four coordinate Cu(HL)* in
which the copper(1l) ion is coordinated to one phenolate oxygen and three pyridyl
nitrogen atoms of (140-H). The remaining pheno! group remains protonated and
uncoordinated, but involved in hydrogen-bonding interactions with [PF¢]™ ions or
lattice MeCN molecules. The geometry is best described as square planar. T wo qf
these units are stacked such that the copper(Il) centre of one monomeric unit is
coordinated axially by the phenolate ligand of the other, forming a Cuy( u‘-O).z core
with (approximately) elongated square-pyramidal copper(il) centres, resulting in
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(139
NCH;(CHg),;CHg H,_Aphexim

aromatic stacking between the two ligands. Low-temperature magnetic susceptibility
measurements indicate a weak antiferromagnetic coupling between the metals.

(140)

A study into the synthesis of model systems for the dinuclear type-3 site of
haemocyanin in which the copper centre is bound by three imidazole nitrogens from
histidine residues has been carried out [105]. The Cu:--Cu distance in the oxy and
deoxy form of Limulus lyphemus haemocyanin has been determined as 2 3.6 A and
= 4.6 A, respectively. Three new asymmetric tripodal imidazole-containing ligands
(141), (142) and (143) have been designed and synthesised by the reaction of
bis{imidazol-2-yl)nitromethane  with  histamine, 2-ethylaminopyridine and
1-ethylaminopyrazole, respectively. The reaction of (143) with copper(1l)
perchlorate in ethanol afforded the rather unusual dinuclear complex
{{Cu,(143)5(Cl10,),)(ClO,),} (144) which is formed by two copper ions sharing two
ligand moicties. This sharing of two ligands results in the formation of a cavity
between the two copper ions which may be accessible to small molecules after a
slight conformational rearrangement. The two copper centres are separated by a
distance of 342 A and coordinated in a square pyramidal geometry, with the
equatorial sites occupied by a nitrogen of the bis(imidazole) unit, the amine nitrogen
atom, the nitrogen atom of the separate imidazole group and the nitrogen atom
from a bis(imidazole) unit of a second ligand. The axial site is filled by a weakly
coordinated perchlorate anion. The diffuse-reflectance spectrum in the VIS-NIR
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region shows a band at 17.7x10°cm ™", which is the usual range for a square
pyramidal coordinated Cu" ion.

‘7 > e

HN /—\
NH ,N—
HN N
\ N2
N N
(143)
(144)
The structure of the complex [Cuy(L-EO(NDBEF,), (L-Et=the anion of

N.N, N’ N'-tetrakis[ 2-( 1-ethylbenzimidazolyl )-2-hydroxy-1,3-diaminopropane) has
been redetermined and has been found to deviate significantly from that published
carlier {106, 107]. The main difference between the two structures is the coordination
geometry of the copper ions which is trigonal-bipyramidal in the current determina-
tion, but approximately square-planar in the carlier structure. This results as a
consequence of a different coordination of the central carbon atom of the L-Et
ligand. Magnetic measurements on the current compound shows a strong antiferro-
magnetic coupling (—2J> 1200 cm ') which is claimed to be a new lower limit for
a single bridging azide in copper dimers. This study shows that a cis u-1.3-bridging
azide group is able to mediate strong superexchange without contribution from a
second bridging ligand and indicates that a tetragonal ground state is not a necessity
for strong antiferromagnetic coupling.

A group of new compounds with the general formula Cu(L)(sol ")(A )(Hsol),
where A =ClO; , CF,S0; , BF; and NOj; , L = bis(2-benzimidazolyl propane (tbz)
and bis(2-benzimidazolyl )butane (qbz), and Hsol = methanol and ethanol, and with
the formula [Cu(tbz)(N; )(Hsol) has been prepared and characterised structurally,
magnetically and spectroscopically [108]. Three representative  compounds
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[Cuy(tbz),(CH;0),J(Cl0,),(CH;0H), (145), [Cuy(tbz),(NO;)(CH;0),)(NO;)-
(CH;OH), (146) and [Cu(tbz),(N3),),(CH;0H), (147) have been characterised by
X-ray crystallographic analysis. The structures (145) and (146) consist of dinuclear
units with bridging methoxo groups and one ligand linked to each copper via the
nitrogen atom providing square planar CuN,O, chromophores. Structure (146)
consists of a dinuclear unit in which one of the copper atoms is linked to an oxygen
atom of a nitrate ion to yield a unit with two different copper environments, one
square planar and the other square pyramidal. Structure (147) consists of dinuclear
units with the two copper centres bridged by u-(1,1)-azido groups. Furthermore,
each copper is surrounded by two nitrogen atoms of the ligand and a nitrogen atom
of a non-bridging end-on u(1,1)-azido unit resulting in a distorted square pyramidal
geometry. Far infra-red spectroscopy reveals bands characteristic of the bridging
Cu,0,N, chromophore with Cu-O vibrations found near 457 and 330 cm ™! for the
ethoxo-bridged compounds and in the region 390 and 232 cm™! for the methoxo-
bridged compounds. The magnetic susceptibility measurements of the alkoxo-bridged
compounds display a diamagnetic behaviour below room temperature with an
estimated exchange parameter 2Jf of < —600 cm™!. These dinuclear complexes are
EPR silent, and only a weak signal assigned to monomeric impurities is observed.
The u-(1,1)-azido-bridged dimer shows ferromagnetic behaviour with a calculated
J value of +23em ™! and a weak, very broad isotropic EPR signal at g=2.14. The
results show that the ligands tbz and gbz in the presence of weakly coordinating
anions in alcoholic solution form copper(Il) alkoxy dimers. It appears that the
ligands are sufficiently basic to dehydronate the alcohol. When stronger coordinating
anions are used (e.g. chlorides) only monomeric species are obtained whereas with
the azido anion bis-p=(1,1)-bridging dimers are formed. Formation of the dinuclear
species is related to the flexibility of the ligand; the ligand with the shorier chain
between the two benzimidazole moieties (bis(2-benzimidazolyl )ethane) only forms
monomeric species.

The synthesis and coordination chemistry of a new asymmetric multidentate ligand
designed for modelling coordination number asymmetry at metal sites in dinuclear
metalloproteins is reported [109]. A dinuclear copper complex of this ligand demon-
strates proof-of-concept for inducing coordinative unsaturation at one metal of the
dinuclear pair, and subsequent reaction with azide illustrates site-directed reactivity.
The ligand N, N,N'-tris({(N-methyl-2-benzimidazolyl ymethyl )-N'-methyl-1,3-dia-
mino-2-propanol (148) reacts with copper(Il) in methanol to produce a mono-
nuclear copper complex, [Cu(148))(ClO,),* CH,CN. The X-ray structure of the
complex shows that the copper ion is coordinated to the five N donor atoms in a
distorted trigonal bipyramidal structure, with the hydroxo oxygen of the ligand not
participating in the metal coordination. The reaction of (148) with 2 equivalents of
Cu(ll) and acetate in methanol produces the dinuclear copper complex
{Cu,(148-H) (OAC)I(ClO,),* 2H,0 (149). The solid state structure reveals that the
two copper ions are coordinated to the aromatic and aliphatic N atoms as well as
being bridged by the acetate anion and the alkoxide oxygen of the ligand. As a
result of the inherent asymmetry in the ligand, one copper ion is five coordinate
{distorted trigonal bipyramidal) while the other one is four coordinate (distorted
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(147)

square planar). The structure also shows that in the solid state an oxygen atom
from one of the perchlorate counter-ions is weakly bound to the 4-coordinate copper
(22.6 A), suggesting that a vacant coordination site exists at this formally 4-
coordinate copper centre. The potential for site-directed reactivity at this lower
coordinated copper centre was demonstrated by adding 0.5 equivalents of azide ion
to the dinuclear complex in acetonitrile resulting in the formation of an azido-
bridged complex of formula {{Cuy(148-H)(OAC),]N;3}(ClO,); - 8.5H,0. The X-ray
structure of this complex shows that the two copper ions within the dinuclear unit
are still bound to the ligand N atoms, the acetate and the alkoxy oxygen atom. In
addition, the copper ion that was four ccordinate is now bridged by azide to its
neighbouring previously 4-coordinate centre in a separate dinuclear unit. As a result,
both copper centres within the dinuclear unit are now 5 coordinate, one remaining
distorted trigonal bipyramidal while the other adopts a square pyramidal geometry.
The two dinuclear paramagnetic copper(11) complexes are only weakly magnetically
coupled, but their 'H NMR spectra show relatively sharp lines.

CHg CHa

PN /—<)
Of >—-’
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(149)

The (p-alkoxo)(u-X )dicopper(1l) complexes [Cu,( L-R)(X)}(CIO4), (150) have
been prepared by two routes [110]. In the first, ethanolic solutions of the free ligand,*
HL-R, and two equivalents of Cu(ClO,), - 6H,O were mixed to form the unbridged
species [Cuy(L-R)(H,0),J(ClO,), which was then reacted with one equivalent of
NaX to form the bridged species. In the second route, the free ligand, HL-Me and
two equivalents of Cu(ClO,), 6H,0 were added sequentially as solids to boiling
methanol, followed by the addition of a methanolic solution containing two equiva-
lents of NaX to precipitated the desired bridged complex. X-Ray structural analysis
of the complexes [Cu,(L-Me)(0,CCH,)CIO,),; and [Cuy( L-Me)(p2)(CIO,), (with
a pyrazolate bridge in place of the acetate bridge) have been obtained. The 'H NMR
spectra of the complexes in acetonitrile-dy are reasonably sharp and isotropically
shifted signals are observed over the 250 to 1.5ppm chemical shift range
for the acetate-bridged complex and  between 180 and LSppm for
[Cu,(L-Me)(p2)I(CIO,), which have been assigned. Hence this study shows that
'H NMR spectroscopy can be used to characterise dinuclear complexes with mag-
netic coupling that ranges from weakly ferromagnetic (acetate) o strongly antiferro-
magnetic (pz}.
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4 4'-Bis(2-picolinimino)-2,2"-dibenzimidazoles derived from I,1'-disubstitated 4,4'-
diamino-z.2-bibenzimidazoles and 2-pyridinecarboxaldehyde were developed as
models for type 3 sites of the copper proteins hemocyanin and tyrosinase [111].
These hollow, ditopic ligands can hold two metal ions face to face at distances of
3.15 A or larger. The metal---metal distance can be restricted (tuned) to a given
value via a corresponding polymethykene bridge in the backbone of the ligand. The
complex [Cul(I51)(dmf);(H,0),(F;CS0;), (153) of the unresiricted ligand
1,1',5,5",6.6"-hexamethyl-4,4'-bis(picolinimino}-2,2"-bibenzimidazole {151) has been
characterised by X-ray crysiallography and shows an open conformation with
discrete (4+2) copper environments, where two dmf molecules occupy the fourth
positions of the equatorial CuN,;0 squares (Cu-N=2.02 A, Cu-O=1.95 A). Two
water molecules, a dmf and one of the triflate anions are coordinated to the four
axial sites (Cu-0=2.28-2.74 A). The two halves of the ligand are rotated out of
the cis-coplanar conformation by [15.7° rcsulting in a relatively long Cu..-Cu
distance of 6.16 A. In acetonitrile, the complex shows two irreversible Cu"/Cu' redox
potentials at 0.60 and 0.30 V(vs NHE). Two oxygenation products of the dicopper (1)
complex of the restricted ligand 1,1-trimethylene-5,5',6,6"-tetramethyl-4,4"-bis(2-
picolinimino)-2,2"-bibenzimidazole {152), which best approaches the geometry
of a type 3 site were isolated in the crystalline state. The first product,
[Cul(H,(152)037),(C10,),, is a tetranuclear copper(Il) cluster, best described as
a symmetric Cu,0, eight membered ring (Cu---Cu distances are 3.05, 3.50 and
6.30 A), attached 1o two (152) molecules, with the four oxy anions covalently linked
to the azomethane carbons. The second oxygenation product [Cub(L3");](ClO,); is
a dinuclear copper(l) complex of a degradation product of (152), carrying a free
amino group on one side. The copper ions are in a bis(diimine) type. distorted
tetrahedral environment (dihedral angle 79.17) with a Cu---Cu distance of 4.59 A.

R, Ry
| |

(151) R, = Ry = CH,
(152) R;-R; = (CHy);

The structure of (p-4-amino-3,5-bis(pyridin-2-yl)-1.2.4-triazole-N'.N LN NY)
(u-sulfato-0,0")|(sulfato-O)aquacopper (11 )]triaquacopper(1l)hydrate, [Cus(abpt)
(SO, H,0),] H,O (154) in which abpt=4-amino-3,5-bis(pyridin-2-yl)-1,2.4-tri-
azole, has been determined [112]. The structure consists of asymmetric dinuclear
units in which the copper(1l) ions are linked by an N',N? bridging chelating abpt
ligand and a didentate bridging sulfate anion resulting in the Cu-O distances beirg
very short (1.937(4)-1.908(5) A) and with a Cu---Cu distance is 4.415(])2\. The
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(153)

compound is claimed to represent the first example of a dinuclear copper(Il)
compound having a single N'N? 1,2,4-triazole bridge. Both Cu(Il) ions have four
short equatorial distances to the bridging sulfate, the bridging 1,2,4-triazole, the
pyridyl group and a monodentate sulfate or a water molecule. One of the copper
centres has one additional apical water molecule while the second copper has two
additional axial water molecules. Hydrogen bonding appears to play an important
role in the stabilisation of the complex. The study has shown that the anisotropic
exchange via a single 1,2,4-triazole bridge is comparable to that via a double 1,2,4-
triazole bridge. However, the isotropic exchange via the single N' N? 1,2 4-triazole
bridge is found to be about four times smaller than that via a double N'.N? 1,2.4-
triazole bridge. These exchange effects arise from different mechanisms and so cannot
be correlated.

(154)

The cthylpyridino functionalised N,N -bis(2-aminoethyl )-2-( 2-(4-pyridyl ethyl )-
malondiamide ligand (158) has been prepared and its protonation and complexation
properties (toward (ﬁl‘u“) have been studied in agueous solution [113]. The ligand
can coordinate one Cu' ion with the diamino-diamido binding unit to form complex
(156) after the release of two protons. This complex still has a free, outward pointing
pyridine unit capable of coordinating to a second metal centre. Two molecules of
(156) have been joined through their pyridine nitrogen atom vig the kinetically inert
¢is-C1,Pt" unit. This complex is able to release the peripheral Cu" when the pH of
the solution becomes acidic and to re-form the original complex when basicity is
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restored. The crystal and molecular structure show the solid state structure to consist
of “head-to-tail” dimers, i.e. (156),. In the dimeric complex, each dianion acts as a
tetradentate tris(chelate) ligand, through the two amino and the two amido groups.
The coordination sphere of the copper centre is completed by the pyridine of the
second complex giving a distorted square pyramidal geometry. The roughly planar
N, donor set (two mutually c¢is N-amino and two mutually cis N-amido atoms) is
distorted toward a very flattened tetrahedron and with the metal centre displaced
from the N, donor set by 0.34 A toward the vertex of the pyramid. The pyridine
rings interact with each other by “head-to-tail” type overlap leaving an interplanar
separation of 3.52 A between the pyrldlne rings. Electrochemical studies -evealed
that both in the separate component and in the assembled system the Cu" centres
are reversibly oxidisable to Cu™.

(155)

The structures of four dicopper complexes of the dinucleating ligand HL-H
(N.N.N', N'“tetrakis[( 2-benzimidazolyl )methyl-2-hydroxy-1,3-diaminopropane) with
chloride counter ions were investigated by X-ray diflraction studies [114]. In
Cuy(HL-H)Cl, - 2H,0 - Et,0 - CHOH (157), one chloride is not coordinated and a
square pyramidal geometry is found for both the CuN,Cl, and CuN,OCI coordina-
tion sites. In Cuy(HL-H)Cl,-5H,0-2CH,OH -0.5CH;CN (158), which was
obtained from the same reaction as that for (157) on addition of sodium azide, the
basic coordination environments of the two copper ions are the same as in (157)
with CuN,Cl, and CuN,OCl in square pyramidal geometries. Complexes (157) and
(158) are rotational isomers. In Cuy( HL-H)CI5(Cl0,), - 1.5Et,0 - CH;0H the com-
plex exists as a dimer with the two monomeric units connected by two bridging
chloride ions. The basic coordination environments of the two copper centres
are square pyramidal CuN;Cl, and CuN,OClL In the fourth complex,
Cu,(HL-H)Cl1(ClO,), - 5H,0 - Et,0-C,H,OH the coordination of both copper
centres is CuN,OCI with hydroxy bridges between the two copper centres. The
coordination geometries of the two copper centres are quite distinct, however, with
one being square pyramidal while the other is distorted trigonal bipyramidal. The
Cu---Cu distances in the four complexes are in the range of 4.9--7.2 A. The endoge-
nous hydroxy groups in these complexes do not deprotonate and are claimed to be
the first structurally-characterised examples of the coordination of nondeprotonated
alcoholic hydroxy groups to Cu(ll) in dicopper complexes.

A ligand that was originally designed to form mononuclear 4- or 5-coordinate
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(157)

(158)

nickel compounds as model systems for hydrogenases has in fact turned out to be
a powerful dinucleating ligand, which yields complexes that may be mimics for
several enzymes with two metal ions in the active site, such as urease and tyrosinase
[115]. The synthesis and characterisation of transition metal coordination complexes
of the new pentadentate ligand 1,9-bis(3,5-dimethyl-1-pyrazolyl )-3,7-dithia-S-non-
anol (159) are described. Most of the compounds are of the general formula
[M,(bdnol)X,) n(solvent) with M=Co**, Ni**,Cu®*, Zn** and Cd** and
X=Cl", Br”, NOy and NCS". Additionally, a polymeric copper(1) compound of
the formula [Cu,(189)(NCS),] has been isolated. In all the complexes, (159) acts
as a pentadentate ligand with the alcohol group generally deprotonated and bridging
between the metal ions, except in the case of the copper(l) complex, where the
alcohol group is non-coordinating. X-Ray structures of [Cu,(159-H)NO,] and
[Cu,(189)(NCS),] are reported. In the former, the geometry of the two metal centres
is significantly different from each other with the ligand folded in a facial way
around one copper centre, but in a meridional fashion around the other. Both
centres have an elongated octahedral geometry, but formed in difierent ways. The



D.R. Smith ;{ Coordination Chemistry Reviews 164 { 1997) 575-666 641

alcohol group is deprotonated and bridges the two copper centres, which are sepa-
rated by a distance of 3.308 A. In [Cu,(159)(NCS),] each copper(I) has a distorted
tetrahedral geometry. As the copper ions are not bridged by the alcohol group of
the ligand, the Cu---Cu distance is quite large at 7.42 A. Shorter Cu-.-Cu distances
are obtained through the thiocyanate bridges between neighbouring units of 5.95

and 5.85 A.
Ty

]
~ s s w-N (159

The mixed-ligand dinuclear complex [Cu(phen)(Sa)(ClO,)], (where phen=1,10-
phenanthroline and Sa =salicylaldehyde) has been synthesised and characterised as
part of a study to clucidate further the biological-potential of Cuphen complexes
[116]. The solid state structure consists of a dimer of two [Cu(phen)(Sa)(ClO,))]
units linked by two oxygen atoms from two phenolate groups with the coordination
of the copper atom being an elongated octahedron. The Cu---Cu separation is
3.379(2) A. Magnetic susceptibility measurements obeyed the Curie-Weiss law with
0= ~-10K.

An investigation of the magnetic interaction through oxalato bridges has resulted
in the syntheses and characterisation of a series of dinuclear p-oxalato complexes
of the type [(N)M(C,O MNP, where M=Mn(11), Fe(ll), Co(1l), Cu(ll)
and Zn(1l) are described [117]. The ligands (N), represent the tetradentate ligands
N, N%-bis(2-pyridylmethyl )-1,2-ethanediamine (L1), N, N-bis(2-pyridylmethyl)-1.3-
propanediamine, and N, Nbis(2-pyridylmethyl )- N, N'-dimethyl-1,2-¢thanediamine
(L2). The structures of [(L1)Cu(C,0,)Cu(L1(CIO,), (160) [(L2)Cu(C,0,4)Cu
(L2)KCIO,), (161) have been determined. Both complexes contain six-coordinate
metal centres bridged by planar bis-didentate oxalate groups. For the copper
complexes, there is only a small magnetic interaction between the two metal centres,
with J=2¢cm !

A systematic study has been carried out into the long-range exchanee coupling
between two unpaired electrons of two copper(11) ions in a square pyramidal ligand
environment which are rigidly separated by > 10 A by an organic spacer ligand (e.g.
a p-dicarboxylato ligand) [118]. The following complexes have been synthesised and
characterised  [{ LCu(OH,)}( p-terephthalac)(C10,);.  [LCu'(OH,)(benzoato))-
(ClO,). [{LCu(NCS)} o pe-terephthalato)] - 2CH,0H, [{LCu(NCS)} o u=d, 4"
oxybisbenzoato)] - 3CH;OH, [{LCu*(OH,)} ;(m-tetrafluoroterephthalato)}(ClO,),,
[ LCu™(OH,)} ;4 LCu"} ( p-tetrafluorobenzoato);)(ClO,), - 6H,0, [{ LCu™(OH,)} »(1-
biphenyl-4.4"-dicarboxylato)(ClO,),, [LCu( u-biphenyl-4,4'-dicarboxylato)],-
(H;0)5. [{LCu"(NCS)} o u-biphenyl-4.4-dicarboxylato)], [{LCu(OH,)}(p-trans,
trans-2,4-hexadien-1,6-dicarboxylato)j(ClO,), (L= 1,4,7-trimethyl-1,4,7-triazacyclo-
nonane). The combined crystallographic and magnetic susceptibility data from this
investigation demonstrate that intramolecular antiferromagnetic exchange coupling
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(160)

(161)

of considerable magnitude is possible over distances >15 A, provided that the
effective magnetic orbitals are favourably aligned.

A series of complexes containing the cations [Cu,(-OR)(3-0,CMe),(bpy),)*
(R=Me, Et, Pr") have been prepared [119]. Treatment of Cu,(0,CMe)(H,0),
with 2 equivalents of bpy and | equivalent of NaOH in anhydrous EtOH followed
by the addition of [BujN][PF,] in MeCN gave the highly crystalline blue complex
[Cuy(OEH(0,CMe),(bpy)a)(PF,) (162) in x70% yield. The corresponding
reaction in dry MeOH-MeCN led to green crystals of the methoxy analogue
[Cu{OMe)(O,CMe),( bpy),li PF,) (163), also in x70% vield. The structures of the
two complexes were shown to consist of triply-bridged pairs of copper(il) atoms.
Two of the bridging groups are sy, syn 'in':u, acetate groups, with the third being
the OR ~ ion. A terminal bpy unit completes the five coordination at each copper
centre which in (162) is best described as square pyramidal, while in (163) it is best
described as trigonal bipyramidal. The Cu---Cu distance are 3.093(1) and 3.230(1) A
for (163) and (162), respectively.
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Two dinuclear copper(1l) complexes, [Cu,(bpm)(H,0)g)(SO,), - 2H,0 (164) and
[Cu,(bpm)(H,0),(80,),] - 3H,0 (165) and (bpm =2,2"-bipyrimidine) have been syn-
thesised and characterised by X-ray crystallographic analysis [120]. The structure
of (164) is composed of non-cantrosymmetric dinuclear [Cu,(bpm)(H,0)s]** cat-
ionic units, uncoordinated sulfaie anions and waters of crystallisation with both
copper centres having distorted octahedral geometries; one being compressed and
the other elongated. The structure of (165) consists of a 2D-array of copper(11)
ions bridged by bis-didentate bpm groups and bis-unidentate sulfate groups. Each
copper centre has an elongated octahedral CuN,O, geometry with two water mole-
cules and two nitrogen atoms from a bpm molecule forming the basal plane and
with two sulfate oxygen atoms occupying the axial sites. The 2D-structure is held
together by hydrogen bonding. Both (1658) and (164) exhibit antiferromagnetic
coupling which is relatively strong in (165) (J= — 159 cm ') but is weak in (164)
= —-2dem ).

Dinuclear copper(ll) complexes involving a combination of p,-1,2-diazine (pyri-
dazine or phthalazine) and a p,-l,1-azide bridge have been shown to exhibit
net antiferromagnetism with the azide contributing to the total spin exchange
as an antiferromagnetic bridge [121]. X-Ray structures of the complexes
[Cus(166)( p5-N4)Bry) : CH,Cly, [Cuy(167)(112-N3) (1t5-Br)Br,] - 1.68H,0, [Cu,(167)
(Hz'Ng;)( ﬂz"HzO)NOsl( N03) * 0‘75(:“30“-. [Cu;z( 168)( llg‘Na)( [«lz“NO;;)( N()q)l]
CH;OH - CH,CN, and [Cuy(169)(us-N3)Bry(CH;OH). These show azide bridge
angles in the range 108.7-122.5°. Very strong net antiferromagnetic coupling
(—~2J>780cm ') is observed for complexes with large azide bridge angles while
complexes having much smaller azide bridge angles exhibit much weaker net antifer-
romagnetism. In all cases, both the azide and diazine appear to act in a complemen-
tary manner with both parallel, magnetically active bridge groups (N,, diazine),
contributing to the total exchange in an antiferromagnetic sense.

An investigation into the synthesis of new electrical-conducting molecular materi-
als has resulted in the synthesis of a fully conjugated, 2-thioxo-1,3-4,5-dithiolate
(dmit) capped, tetrathiooxalate-bridged, copper(1l) acceptor complex [122]. The
crystal structure shows two Cu(dmit) units bridged by the side on coordination of
the tetrathiooxalate ligand with all the Cu-S (2.269(1) A to the tetrathiooxalate
bridging ligand being equivalent, thus indicating a fully conjugated system. The
coordination geometry around the copper centre is square planar with a slight
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tetrahedral distortion. The crystal packing consists of sheets of anionic chains
separated by sheets of isolated cations. The complex is insulating with single-crystal
conductivities of <107°S cm . Reaction of the complex with varied amounts of
Nal/l, in acetone afforded black powders with pressed pellet conductivities of up
to 1072Sem™!,

Copper complexes of sterically demanding tris(pyrazolyl)hydroborate ligands
have found application as synthetic analogues for cuproprotein active sites and this
has led to the synthesis of copper(1) complexes of the new tripodal ligands tris[2-
(1,4-diisopropylimidazolyl )phosphine (170) and tris{2-1-isopropyl-4-rert-butylimi-
dazolyl)]phosphine (171) [123]. The dioxygen reactivity of the pseudotetrahedral
complexes [Cu(170)CH,CNJ(BF ) and [Cu(171)CH,CN](BF,) has been examined.
The former complex forms a violet peroxo-dicopper(il) species upon reaction with
0, at low temperature; the electronic absorption spectrum  (4=343 nm,
e=19500M ‘'em " A=5349nm, e=790M ! em ') and O--O stretching frequency
(Vo o= 750 em 1) of the adduct approximate those of oxyhaemocyanin, Warming
a mixture of the peroxide complex and triphenylphosphine at room temperature
affords [Cu(170)PPh,}( BF,) and produces no O = PPh;. In methanol at ~ 78°C, the
peroxide complex is unreactive towards acid, curbon dioxide, hex-1-ene and triphe-
nylphosphine. Therma! decomposition of the dioxygen adduct in the presence of
water yields a bis(hydroxo)-bridged dicopper(1l) dimer [Cu(170)],(OH )y(BF,),
which further reacts with atmospheric CO; to produce the carbonate-bridged com-
plex [{Cu(170)},CO;)( BF,), which has been characterised by X-ray crystallographic
analysis. The structure of a prototypical mononuclear S-coordinate complex
[Cu(170)0ACc)(BF,) has also been determined. The geometry about the Cu(ll) in
both structures is near square pyramidal indicating that (170) can accommodate
side-on binding of oxygen to the copper centres. The more sterically hindered Cu(l)
complex [Cu(171)CH,,CN}(BF,) is inert to O,, but reacts readily with CO to form
the isolable adduct [Cu(171)CO)(BF,).

3.5, Trinuclear comploxes

The complexation ol the macrocyelic ligand {15]aneN,0,, (172), with Cu" and
Zn" in aqueous solution has been studied [124]. In the case of copper, the
species present in alkaline solution are the mono- and dihydroxe complexes
[Cu(172){OH)]"* and [Cu(172)(OH),]. When a solution containing the copper
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complex of the macrocycle is exposed to air, CO, is rapidly absorbed (15-30 mins)
forming the product [{Cu(172)};(13-CO3)(ClO,),, [(173)NCIO,),, in good yield.
The solid-state structure of the complex shows the p; —CO3 ™ anion bridging the
three metal ions through the three oxygen atoms of the carbonate group. The metal
ions are five-coordinate having a distorted square pyramidal geometry, being bound
to the three nitrogen atoms and one oxygen atom of the macrocycle and by one
oxygen atom of the carbonate group. The copper centres are displaced by 0.294(1) A
from the carbonate plane. A similar structure is observed for the zinc structure.

(172)

A systematic study of the products of the reaction of pyridazine with copper(1l)
nitrate in cthanol has revealed conditions for obtaining four distinct products, one
[{Cu(pdz)y( NO,),} ,Cu] contains both bridging and terminal pyridazine ligands while
the other three, [Cu(pdz)y(NO,),], [Cu(pdz)i(NO;),] and [Cu(pdz)(NO;)}(NO,)
contain only terminal ligands [125]. No evidence for an extended chain structure is
observed as exists for pyrazine in Cu(pyz)(NO,),. The trimetallic complex
[{Cu(pdz);(NO,),1,Cu] is claimed to be the first example of a structurally and
magnetically characterised complex in which both terminal and bridging pyridazines
are present and in which the metals are doubly bridged by pyridazine. The magnetic
susceptibility measurements determined J= —139cm™ ', a value which is much
greater than that observed in pyrazine complexes and shows the greater efficiency
of the two atom pathway at mediating magnetic exchange. The other three complexes
have nonmetallic structures and are magnetically dilute. [{Cu(pdz)y(NOs);},Cuj
appears to be indefinitely stable, while the other three complexes showed visible
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signs of decomposition over time. This has been interpreted in terms of molecular
rearrangements in the solid state possibly involving changes in pyridazine coordina-
tion yielding Cu(pdz);(NO;);],Cu and conversion of some of the coordinated pyri-
dazine to lattice pyridazine.

The structure of the complex [Cu"Br,(Hae),][Cull(ae),Br,] (Hae=2-aminoetha-
nol) containing a neutral mononuclear copper unit bridged by a u,-bromide ion
and hydrogen bonds to a dinuclear copper(II) unit has been determined [126]. The
bridging bromide ion is unique; it links two copper(II) ions in the dinuclear unit
and a Cu" centre in the mononuclear unit forming a chain-type of structure.
Hydrogen bonding stabilises the formation of the chains and links the chains
together. Magnetic susceptibility studies have shown that the dinuclear unit exhibits
a weakly antiferromagnetic exchange interaction, while the mononuclear unit
behaves as a paramagnetic centre.

3.6. Tetranuclear complexes

The reaction of Cu(ClO,),* 6H,0 with the N, diazine ligand (174) followed by
the addition of a slight excess of NaN; dissolved in water has led to the formation
of green crystals of [Cuy(174),(p=1,1-N;),( =1,3-N,)o( u-MeOH )5(N;),] (175) [127].
The crystal structure shows three different bonded azide groups to be present. Each
pair of six coordinate copper(1l) centres, which are bonded to one ligand, are
bridged equatorially by an intramolecular p-1,1-azide with a bridge angle of
107.9(5)". Two p-1,3-azide bridges link the two anvi-dinuclear complex units via
axial interactions and four terminal azide ligands fill the remaining equatorial coordi-
nation sites, A distant bridging methanol completes the coordination sphere. The
intradinuclear copper-copper separation (3.207(3) A) is smaller than the interdi-
nuclear separations [5.517(4), 6.382(3) A]. Magnetic measurements have shown the
copper centres o be weakly antiferromagnetically coupled.

(175)
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The generation of dendritic, polypodal ligands with the capacity to coordinate
large numbers of metal centres and produce nanometer-sized complexes has been
demonstrated using a simple reaction involving poly(alcoholic) substrates 4-nitro-
1.2-dicyanobenzene to give poly(phthalonitriles), which are further functionalised
to produce polyisoindolines and poly(aminophthalazines) [ 128]. The poly(aminoph-
thalazine) ligands involving two (Ng) connected phthalazine groups produce tetra-
nuclear, hexanuclear and octanuclear copper(11) complexes, which contain repeating
arrays of spin-coupled, dinuclear centres.The ligands 6,6'-(1,2-phenylenediox-
y)bis[1,4-bis(2-pyridylamino)phthalazine] (176) and 6,6"-oxybis[1,4-bis(2"-
pyridylamino)phthalazine] (177) bind four copper(II) ions in two well-separated
dinuclear pairs in  one molecular entity in the derivatives
[Cuy(176)(112OH )y 11,-NO;3)( H,0)2(NO;):(NO3), - 4H,O (178) and [{Cuy(177)
(Hg"OH )2( [lz‘NO:;)z( HzO)-y}( ﬂz'NOs)l(N03) * 6“20 (179) Variable—temperature
magnetic studies indicate strong local antiferromagnetic coupling in these hydroxide-
bridged compounds, with non-existent coupling across the ligand framework itself.
The solid state structure of (176), shows two chemically identical, but structurally
slightly different, tetranuclear species exist per unit cell. Pairs of square-pyramidal
copper centres are bridged equatorially by hydroxides and phthalazine diazine units
with Cu-OH-Cu angles in the range 110.4—116.7° and Cu---Cu separations in the
range 3.122-3.188 A. In (177), pairs of six coordinate copper centres are bridged
equatorially by hydroxides and phthalazine groups with comparable dinuclear centre
dimensions to (176). Two tetranuclear complexes are linked by a didentate nitrate
bridge to form an octahedral species.

Q. o L
N NiH HN N
A O O

N (176)

When [Cu(L1));] (HLI =aliphatic f-diketone with branched alkyl groups) and
[Cu(L2)), (HL2=aliphatic p-diketone with lincar alkyl groups) were allowed to
react with 1H-pyrazoles (Hpzl), tetranuclear complexes [Cuy(us-O)(L1)4( pu-pzl),]
and dinuclear complexes [Cuy(L2)y(p-pz1),] were produced, respectively [129].
However, the reactions of [Cu(L3),) (HL3=aroyl- or heteroaroylacetone) with 1H-
pyrazole (Hpz) gave coordination polymers [{Cu(L3)(u-pz)},] and/or adducts
[Cu(L3),(Hpz),] (n=1 and/or 2). The structure of one of the tetranuclear products
[Cuy( pts~0)(dibm)y( p-4-mpz),] (180) (Hdibm = 2,6-dimethylhept:ne-3,5-dione; 4-
Hmpz =4-methyl-1H-pyrazole) has been determined. The four copper centres have
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an approximately tetrahedral arrangement, with each copper centre having an
approximate square-planar geometry, being linked to the central oxygen atom, two
oxygen atoms from a didentate dibm ligand and a nitrogen atom from a didentate

4-mpz ligand.

(180)

The nitroxide free radical 2-(3-pyridyl )-4.4,5,5-tetramethyl-4,5-dihydro-1 H-imida-
zolyl-1-oxy-3-oxide (L) reacts with Cu(hfac),, leading to a complex of formula
[Cu(hfae),),L, (181) [130]. This complex has a cvclic molecular structure where
two copper ions are bridged by the free radicals. The two remaining metal centres
are exocyclic. Both oxygen atoms of the nitronyl nitroxide ligand are axially bound
to both types of copper(11) ions at room temperature, while at 30 K. coordination
of the NO group to the intracyelic metal ion is equatorial, The magnetic behaviour
is strongly correlated to the change of coordination. While at room temperature the
complex observes a Curic law corresponding to six independent S = 1,2 spins, at low
temperature only two 8= 1/2 spins are observed.

(181)
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The crystal structure of [Cuytren)(C,0,))(ClO,), (182) (where tren is tris(2-
aminoethyl)amine and [C,O,)°*" is the dianion of 3.4-dihydroxycyclobutenedione)
has been determined [131]. The structure consists of tetranuclear
[Cuy(tren)(C,0,)°* cationic units and uncoordinated perchlorate anions. The
copper centres have trigonal bipyramidal coordination geometry with tren nitrogen
atoms occupying the equatorial positions and with the axial sites filled by the tren
central nitrogen atom and a squarate oxygen atom. The squarato group acts as a
tetra-monodentate ligand. The X-ray structure of this complex is claimed to be the
first example of a tetrameric transition metal complex with the four metal cations
being bridged by a single squarato ligand in a p-1.2,3.4-coordination mode. Magnetic
susceptibility studies have shown the complex to be antiferromagnetic and the value
of J=—19.0cm™! for the interaction through the OCCO fragment is the largest
found in a structurally characterised squarato-bridged copper(1l) complex.

(182)

Macrocyclic  tetranuclear  copper(ll) complexes of  the general formula
[CuL(OH L)X LY ] (L=(183), X=Y=ClO; or X=MecCO,, Y=PF,; L=
(184), X=Y=ClO; or X=Y =PF, ) have been obtained by template reactions,
where L denotes the macrocycles formed by the |2 + 2] condensation of 2,6-diformyl-
4-methylphenol with 3,6-diazaoctanc-1.8-diamine (L =(183)) or 3.6-dithiaoctane-
L8-diamine  (L=(184)) [132] In the complex  [Cuy(183)(OH),]
[MeCO,),(PF,),  4MeCN - 2Pr'OH, the tetranuclear  cation  [Cuy(183)(OH),-
(PriOH ),(MeCN),J* " contains two dinuclear CuY units in a ‘dimer-of-dimers’
arrangement. In cach unit two copper(ll) ions are bridged by an endogenous
phenolic oxygen of (183)° " and an endogenous hydroxide oxygen with a Cu---Cu
separation of 2.949(4) A. A propan-2-ol molecule resides on the axial site of one of
the copper ion and an acetonitrile molecule on the axial site of the other copper
ion, affording a square-pyramidal geometry about both copper centres. The two
dinuclear skeletons are nearly coplanar and the two bridging OH ™ groups arc
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facing each other with an O---O separation of 3.32(2) A. In the complex
[Cu,(184)(OH ),)(PF),, the centrosymmetric cation [Cu,(184)(OH),(MeCN), J**
(188) assumes a similar ‘dimer-of-dimers’ structure with two facing OH™ groups
where an acetonitrile molecule coordinates at the axial site of each copper(II) ion.
The Cu---Cu separation in the dinuclear unit is 2;976(2) A and the O---O separation
between the two facing OH ™ groups is 3.80(1) A. In all the tetranuclear complexes
the two dinuclear units are magnetically isolated from each other and a significant
antiferromagnetic interaction operates within each Cu} unit (—J=229-357 cm ™).

N/ \A/ \A/ \N

(183) A=NH
Y- e O HO Me (184) A=S
A A N==
N/
(185)

Reaction of CuCly. 2H,0 or CuBr, with the tridentate ligand 4-methyl-2,6-bis( pyr-
rolidin-1-yl-methyl)phenol (Hmbpp) in methanol yielded two copper(11) complexes
[Cu,OCIL(mbpp):].2MeOH and [Cu,OBr (mbpp),] [133]. Both structures were char-
acterised by X-ray crystallographic analysis and both are shown to consist of a
tetrahedron of copper atoms centred by a pg-bridging oxygen atom. Magnetic
susceptibility data indicate a significant antiferromagnetic coupling between
the copper(ll) centres with J,,=-275(1)em ' and Jy3= ~278(5)em™* for
Cu,OCl(mbpp),] 2MeOH and Jy3= ~261(1)em ! and Jyy= —21.6(S)cm ! for
[CuOBry(mbpp),], where J,, and J,, describe the intra- and inter-dimer exchange
phenomena respectively. By comparison with similar pg-oxo-bridged copper(1l)
complexes, a linear relationship between the magnetic intradimer coupling constant
and the mean Cu-O-Cu angle is obtained.

3.7, Higher nuclear complexes

A hexanuclear copper(1l) complex [Cug{bpy)iol #=CO4)5(#-OH ),)(ClO,)6 - 4H,0
(186), has been characterised [ 134]. The structure consists of discrete centrosymmet-
ric hexanuclear units in which a central bis (s-hydroxo)copper(11) bipyridine moiety
contains two ¢is-Cu(bpy) fragments attached via carbonate bridging groups, trans-
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axially to the central Cu atoms. The bpy rings are arranged in a parallel fashion
due to n-n interactions. Detailed magnetic studies on the complex show that ferro-
magnetic coupling of the spins on each copper(II) centre occurs leading to a S=3
ground state. The J value for the central Cu,(OH), moiety was determined as
+24 cm ™! and three J values for the three identifiable Cu,(u-CO;) pachways were
determined to lie in the range +2.75 to +3.3cm™'. A second complex was formed
on recrystallisation of the [PF] ™ salt of (186) from dmf. This structure is dinuclear
wiih the formula [Cuy(bpy)s(u-CO;)l(PFs),.2dmf and has an anri-anti mode of
carbonate bridging with the two square-pyramidally coordinated copper atoms
separated by 5l 26 A. This complex displays antiferromagnetic coupling with
J=-=702cm™ !,

(186)

A series of octanuclear Cu(ll) complexes has been prepared containing carb-
oxylate and 2-pyridonate ligands [135]. The complexes have the general formula
[Cug(O)(O4CR) L), where R =Me, Ph or CF;, and L = 6-chloro-, 6-bromo- or 6-
methyl-2-pyridonate. X-Ray structural analyses of the acetate complexes show the
compounds to have an edge-sharing Cu,O, bitetrahedral core, surrounded by two
[CuL,] units, The Cu---Cu distances within the core vary irom 2.92 to 3.58 A,
depending on the ligand bridging the Cu-Cu vector. Two routes to these complexes
have been investigated; the first involving the reaction of the preformed copper
pyridonate complexes with copper carboxylates and the second involving the reaction
of copper carboxylates with molten HL. DSC and TGA studies reveals (ii) to
procecd via formation of copper pyridonate complexes. The 'H NMR spectra
of the octanuclear complexes show the resonances of both the pyridonate and
carboxylate ligands to be paramagnetically shifted. Magnetic studies of
Cuy(0),(0,CMe),Lg] (L =6-chloro- and 6-bromo-2-pyridonate) show largely anti-
ferromagnetic exchange coupling within the CugO, core. The structure of the com-
plexes and the magnitude of the couplings lead to spin-frustrated systems, with
subtle diiforences between the two complexes studied. These results demonstrate the
degree to which thie magnetic properties of a complex can be altered (a change of
~10em ™! in one of the exchange coupling terms) by seemingly trivial changes in
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structure (a 2° change in a bond angle at a bridging ligand) which at present can
neither be predicted or controlled.

The template condensation of 2,6-diformyl-4-(R)phenol (R =methyl, rers-butyl)
with 1,3-diamino-2-hydroxypropane in the presence of Cu(Il) or Ni(Il) salts and
base results in the formation of hexacopper(Il) and hexanickel(11) complexes of
the 30-membered, 3:3 macrocyclic ligands (HEMME, H,MTB) [136]. The macro-
cyclic rings contain pseudohexagonal *‘benzene-like” arrangements of metai centres,
which are linked by alternating double (u,-phenoxide, p,-hydroxide) and single
(uy-alkoxide) bridges within each ring: [Cug(L)(u,-OH)3lX,-yH,0 (L=MME,
X =NO,, y=10 (187); X=ClO,, y=6; X=BF,, y=8. L=MTB: X=ClO,, y=8
(188); X =BF,, y=14. The two complexes (187) and (188) exist as dimers in the
solid state, with the hexagonal fragments linked by axial interactions, forming
dodecanuclear species. The addition of NCS to the mother liquor from the
preparation of (188) led to the formation of a 2:2 macrocyclic complex
[Cu(H,MTB)(NCS),],. Magnetic susceptibility data for the copper complexes show
the presence of intra-ring and inter-ring antiferromagnetic interactions

(187)

The concentration of un aqueous solution of the composition LIOH:Cu(OH )2:D-
sorbitol in the molar ratio 1:2:1 resulted in the isolation of blue crystals of the D-
sorbitol-copper complex Lig[Cu,o{ D-Sorb ) D-Sorb1.2.34H )] = 46H,0 [137].
In the structure, hall’ ol the D-sorbitol ligands are completely deprotonated
1 ns-hexaanions while the other hall are present as gy-tetraanions in which four
neighbouring hydroxy groups have been deprotonated. The eight polyolate ions are
the sole ligands in the resulting hexadecanuclear cuprate, The hexadecacuprate on
i3 toroidal in structure with an oval cross-section. Magnetic susceptibility measure-
ments indicate @ weak antiferromagnetic coupling between the copper centres.

3.8 Polymeric complexes

The reaction of ligand (189) with copper(1l) nitrate in a mixture of methanol
and acctonitrile afforded the polymeric species [Cu(189)(NQ,)LJ(NQO,), - 2H,O
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[138]. The X-ray structure shows the presence of dinuclear Cu.O, units in which
pyridone oxygen atoms bridge pairs of copper ions. The Cu,0, units are linked by
(189) bridges to produce a complex array of 68-membered rings ‘threaded’ by
interwoven (189) strands. Each copper centre adopts a distorted square-pyramidal
geometry with bridging p-(189) oxygen atoms occupying both axial and basal
positions and with the remaining coordination sites occupied by two pyridone oxygen
atoms and the oxygen atom of a unidentate nitrate group. The transannular Cu.--Cu
distance is 3.34 A. This close approach of the copper centres results in Cu---Cu spin
coupling and an S=1 type EPR spectrum.

0 N-C—@—C-—N 0 (189)
H Hp

The crystal structures of [Cu(C;H;N;)CI}PFs) and [Cu(C,;H,3N;)Br](PFy)
where C,;H;N; = pepci= N-(2-2-pyridylethyl) pyridine-2-carbaldimine, have been
determined at room temperature [139]. Both structures consist of [Cu(pepci)X]*
(X =Cl, Br) cations which stack in a chain structure with [PFg]™ anions sited in
spaces between the chains. Within the stack, two successive copper complexes are
in alternating orientation giving a zigzag, mono( g-halide) chain structure. There are
four independent [Cu(pepei) X J(PF,) units in the unit cell, repeated four times. The
magnetic properties of the complexes have been investigated down to 4K. The chloro
complexes exhibit weak antiferromagnetic interactions while the bromo complex is
ferromagnetic.

The compound [Cuox)(py),] (190) (ox = oxalate, py = pyridine) was obtained as
a breakdown oxidised product of [Cu(epgly),] (Hepgly = N-cthylphenylglycine) and
has been characterised by means of structural and magnetic measurements [ 140].
The structure of the complex consists of [Cu(py),)* " units bridged sequentially by
centrosymmetric oxalate anions to form zig-zag polymeric chains with a Cu---Cu
distance of 5.463(1) A. The copper centre has a distorted octahedral geometry with
the equatorial sites occupied by two nitrogen atoms from two pyridine molecules
and two oxygen atoms from two oxalate molecules. Two weaker axial bonds are
formed from the two oxalate molecules. From magnetic susceptibility data, the
complex is found to exhibit a weak ferromagnetic exchange interaction
(/=0.67 cm ') between nearest-neighbour copper(11) ions.

The synthesis and characterisation of two new complexes of copper(11) szide, 1:1
with pyridine N-oxide (191) and 1:2 with 3-acetylpyridine (192) are described [141].
The polymeric structure of (191) features five coordinate copper centres in distorted
tetragonal pyramidal environments with two pu(1,1) bridging azido ligands in the
basal sites and the oxygen atom of the pyridine N-oxide occupying the apical site.
The dimeric structure (192), contains both terminal and p(1,1) bridging azido
groups. Each copper(11) centre is further coordinated by two nitrogen atoms from
3-acetylpyridine molecules to give a distorted square pyramidal geometry.

A new modification of the polymeric [Cu(pyridine)y,(N;),), complex has been
synthesised and characterised by spectroscopic and X-ray crystallographic meihods
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(190)
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[142]. The copper centres are six coordinate and simultancously bridged by u(1.1)
and u(1,3) azido ligands, The u(1,3) bridging azido ligand is symmetrical whereas
the u(1,1) group is asymmetric but both are almost linear [178.5(5) and 176.4(5)",
respectively]. The presence of iwo azido ligand environments was also evident in
the IR spectrum,

The reaction of 1 equivalent of 2,5-bis(2-pyridyl )pyrazine (bppz) with 4 equiva-
lents of Cu(OAc),* H,0 in acetonitrile afforded an insoluble green precipitate which
was characterised as catena-(octakis( p-acetato)] 2,5-bis( 2-pyridyl ) pyrazine]tetra-
copper(11) [143]. The structure consists of symmetrical [Cu,(bppz)] dinuclear units
linked by two acetate groups coordinating in the syn-syn mode so forming a one-
dimensional chain. These 1-D chains are further linked to the copper acetate dimer
by an acetate anion coordinating in a syn-anri mode so forming a 2-dimensional
network (193). The polymer sheets in the solid state structure are separated by 6.6 A
and the pyridine rings of neighbouring sheets overlap almost perfectly with a separa-
tion of 4.07A. The shortest interplane Cu---Cu distance is 6.287 A while the
intraplane Cu---Cu distances are 3.941 and 5.167 A,

A new synthesis of 5-(2-pyridylmethyleneYhydantoin (194) and the first transition
metal complexes (nickel(11) and copper(11)) are reported [144]. The addition of an
aqueous solution of CuCly 6H,0 to a methanolic solution of (194) gave 2 green
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(193)

precipitate that analysed correctly for 'CuCl(194-H )(OH,)]. X-Ray crystallographic
analysis shows the complex to consist »f a polymeric structure based on distorted
octahedral coordination centres linked thi ough asymmetric double chloro- and aqua-
bridges. Each linear polymeric chain of copper complexes is cross-linked via intermo-
lecular hydrogen bonds involving the Cu-O-Cu bridging aqua oxygen atoms in one
chain and one of the hydantoin carbonyl oxygen atoms in another. Hydantoins
substituted at the C-5 position exhibit a wide range of pharmacological activities
including anticonvulsant, antidepressant and platelet aggregation inhibitory activi-
ties. Hence the coordination complexes that incorporate the hydantoin fragment
could have significant biological uses.

0 0
- " /QQ]%NH
HN\( NN
/CJu
0 cl I\OHaQ
(194) OHp  (195)

A study into one-dimensional magnetic systems has resulted in the preparation
and characterisation of four 2,2"-bipyrimidine-coniaining (bpm = 2,2"-bipyrimidine)
copper(11) complexes of formula [Cuy(bpm),(H,0),(0H),(NOy),)-4H,0 (196),
[Cuy(bpm)(OH )3(NO,),) - 2H,0 (197), [Cuy(bpm)(H,0),(OH ),J(NO;), (198), and
[Cu,(bpm)(H;0),(0OH ),(NO,),] - 2H,0 (199) [145)]. The structure of (196) consists
of discrete, centrosymmetric bis( u-hydroxo) copper(11) dimers with bpm as terminal
ligand, weakly coordin:ted water molecules, monodentate nitrate anions and mole-
cules of water of crystallisation. The copper centre is in a distorted octahedral
geometry with two bridging hydroxo groups and iwo nitrogen atoms of the bpm
building the equatorial plane whereas two oxygen atoms from water and nitrato
groups occupy the axial sites, The Cu-OH-Cu bridging angle is 95.7° and the
Cu---Cu distance is 2.881(1) A. The structures of (197)-(199) consist of cationic
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one-dimensional chains of copper(ll) ions alternately bridged by bpm and two
hydroxo groups. Electroneutrality is achieved the nitrate groups in (197) and (199)
binding in a monodentate fashion and being uncoordinated in (198). The metal
environment in (197) and (198) is square pyramidal, whereas in (199) it is best
described as distoried octahedral. The copper atoms in (197)-(199) bond to two
nitrogen atoms of bpm and two oxygen hydroxo groups in the equatorial plane
while the axial sites are filled by oxygen atoms of nitrate (197), of water (198) and
of both ligands (199). The angles of the hydroxo bridge vary in the range
95.0(1)-96.1(2)°. The metal-metal separations through the double-hydroxo bridge
[2.886(1) (2), 2.854(1) (3) and 2.860(1) A (4)] are much shorter than through the
bis-chelating bpm [5.471(1) and 5.474(1) (2), 5461(%) and 5452(2)A (4)]. A
strong intramolecular ferromagnetic coupling (114 cm ™! for the singlet-triplet energy
gap) is observed in (196). Alternating antiferromagnetic (=J = 145-135 ecm ') inter-
actions through the bpm bridge and ferromagnetic (aJ = 160-97.5 cmi ') interactions
through the hydroxo bridges are obtained for (197)-(199).

The preparation, X-ray structure and optical and magnetic properties of a poly-
meric 2-dimensional p-2,2-bipyrimidine (bpm), p-oxalato-bridged (C,03 . ox) and
u-chloro-bridged copper(1l) network of formula [Cu,(bpm)(ox)Cl,], is reported
[146]. Tic structure consists of alternating pu-bpm- and p-ox bridged copper(il)
chains which are again connected through mono (g-chloro) ligands forming a
corrugated 2-dimensional framework. The temperature dependence of the magnetic
susceptibility is explained with an alternating chain model, taking into account the
strong intramolecular antiferromagnetic interaction through the p-bpm- and p-ox
bridges with the exchange parameters of J= ~ 189(1)em ! for the g-ox link and
2= —76(1)cm ! for the -bpm link which corresponds to an alternation parameter
of a=040(2).

Copper(11) bis(carboxylato) benzimidazole complexes of the type Cu(Hbim),-
(A) and Cu(Hbim)y(A),(HA) (where Hbim=benzimidazole and A and
HA =the dianion and monoanion of a dicarboxylic acid) have been synthesised
[147]. The X-ray structure of {{Cuy Hbim)(pim)( Hpim),]: 8H,0}, (200) (where
pim and Hpim stand for the di- and mono-deprotonated forms of pimelic acid) has
been determined and show a polymeric chain structure in which single dianionic
and double monoanionic bridge the metal centres with each carboxylate or carboxylic
group acts as a monodentate moiety. The Cu" ions are five coordinate with a square-
pyramidal CuN,0,0 chromophore.

The 1:22 and 11 reactions of CuCl, with 1-methylbenzotriazole in

(200)
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EtOH-CH(OEt); gave the doubly chloro-bridged dimer [Cu,Cl(C,H-N,),] and the
alternating linear-chain polymer [{Cu,Cl(C,H,N,),},.] (201), respectively [148]. The
crystal structure of [Cu,Cl(C,H-N;),] consists of isolated dinuclear molecules with
two bndglns. chloro ligands with Cu,Cl, unit planar. The geometry of the copper
centres is square pyramidal and with a Cu---Cu separation of 3.438(1) A. The
C,H,N; groups in the syn positions are nearly parallel with the angle between their
mean planes being 4.3°. There appears to be intradimer stacking between these
ligands which are separatedby 3.50 A. The crystal structure of (201) is composed of
linear, well separated polymeric chains of Cu" atoms bridged asymmetrically by two
chloro ligands. A regular alternation of two non-equivalent copper centres occurs
in the chain, with one copper centre surrounded by four chlorides in an almost
perfect square planar environment, while the other copper centre exhibits a rrans-
octahedral environment. The Cu---Cu distance is 3.556(1) A. Magnetic susceptibility
studies show that complex [Cu,Cl(C-H,N,),] possesses intramolecular ferromag-
netic coupling, while complex (201) shows intrachain ferromagnetic coupling.
However, the one-dimensional chains are coupled antiferromagnetically.

(201)

Imidazolium bis(oxalato)cuprate(11) has been synthesised and its structure deter-
mined [149]. in the solid state the compound cxists in & chain-like structure with
an asymmetric one atom weak oxalate bridge joining adjacent copper(1l) centres.
Of the two oxygen atoms of each coordinated oxalate, only one participates in
bridging, thus each oxalate ultimately achieves three-point coordination. Each of
the imidazolium ions participates in two hydrogen bonds through the two N-H
moietics. The compound exhibits a weak antiferromagnetic  interaction
(J= —0.40 cm ). The EPR spectra reveal that the triplet state is appreciably popu-
lated at both room and liquid nitrogen temperature.

The reaction of copper hexafluoroacetylacetonate with the stable nitroxide 4-
amido-2,2-dimethyl-5,5-dimethoxy-3-imidazoline-1-oxyl (L) in a 2:1 ratio in hexane
afforded the Cu(hfac),-saturated coordination chain polymer of composition
[Cu(hfac),),L (202) [150]. In this polymer, half of the Cu(hfac), molecules coordi-
nate L in a didentate fashion by the amide-group oxygen and the imine nitrogen of
the heterocycle, while the other Cu(hfac), molecules arrange the previously
described {Cu(hfac),L} fragments in polymer chains by alternate coordination of
either the N-O group or the amide oxygen atoms of two {Cu(hfac),L} fragments
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to axial positions. This results in the polymer consisting of three copper ions with
coordination number six and with different coordination environments. The magnetic
properties of the complex are described in terms of an exchange cluster model with
ferromagnetic intracluster exchange interactions.

(202)

The new coordination polymer [Cus( 1-0X)5( p-py2)(py2z)s), (0x = oxalate, pyz =
pyrazine) has been synthesised and characterised [151]. The solid state structure of
the complex shows it to consist of an extended sheet structure of copper(il)
ions bridged by oxalate anions and pyrazine. The repeating unit of [Cu,-
(p=0X)3( p=py2)( pyz),] contains two types of 4+ 2 coordination environments with
O,N,, which are characteristic of pyz coordination; one of the two copjer atoms
has only terminally coordinated pyz molecules while the other is linked by bridging
pyz molecules. The Cu-ox-Cu- sequence appears as a pleated ribbon and planes of
Cu-o0x-Cu torm a boat conformation. The magnetic susceptibilities were measured
to 2K and coupling constants of /= ~20.4 cm ! and «=0.85 determined.

One study has shown that C, symmetric core oxalo retro-bispeptides
show a unique property of self’ assembly with Cu(ll) ions using the core
~NH=-CO-CO-NH - unit as the anchor leading to the formation of highly organised,
rigid, two-dimensional molecular arrays interlinked vie the terminal carboxylate
units [ 152]. Addition of Cu(11) salts with the core oxalo retro-bispeptide dicarboxylic
acid (203) resulted in the formation of a blue-violet coloured complex. The X-ray
crystal structure of this complex revealed a two-dimensional structure arising from
modular self-ussembly. The structure consisis of layers separated by 6.4 A with a
nearest contact of 3.3 A and with the layers held together by van der Waals forces.
The solid state structure shows that the interconnection of the units results in the
formation of voids of 6.3-6.6 A diameter. The Cu---Cu distance in each module of
5.155 A and the Cu---Cu distance between proximate modules in the network of
4.551 A permits both intramodular, as well as intermodular exchange couplings to
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occur. An antiferromagnetic coupling constant of 2J=—5319cm™! has been
observed.

Me Me O

Pl o

O Me Me

P {-.. AN /c:\c < \’cu
N 7N\

(204)

Cu

The crystal structure of (Et;Me,N );[Cu,Cl,,] has been shown to consist of tri-
bridged [CuCl,,]* " units that are linked into infinite chains through the formation
of dibridged Cu,Cl, groups (204) {153]. Magnetic susceptibility measurements in
the range 4-100 K revealed the presence of dominant ferromagnetic coupling at
high temperature with the onset of substantially weaker antiferromagnetic coupling
at lower temperature. The data are consistent with ferromagnetic coupling within
the tetrameric units (J/Kx50 K). The ground states of these units (S=2) are
essentially fully occupied before the antiferromagnetic interactions become signifi-
cant. These interactions (J/K = — 2.6 K ) link the units into an effective § =2 antiferro-
magnetic chain.

The syntheses, crystal structures and powder magnetic studies of several new
quasi-planar bridged Cu,X3,.; oligomers (n=34.6 and 7; X=Cl or Br) are
reported, based on the 1-methylpyridinium (CyHgN) ' and 1,2-dimethylpyridinium
(CsH,;oN)* cations [154]. These include (CqH 0N ),Cu;sBrg, (CoHgN ) CuyClyy,
(CoH ((N),CuCly, and (C5HoN),CusBry. A common feature of the structures is
the existence of oligomers containing quasi-planar symmetric dibridged finite chains
of edge-sharing CuX4 ( X = halide) monomeric units. The n=3 oligomers aggregate
into chains through the formation of asymmetric dibridged linkages between terminal
copper ions on adjacent trimers. In the n=4 salt, the oligomers aggregate into stacks
in which pairs of the copper ions extend their coordination sphere by forming a
long, semicoordinate bond to a halide ion from a neighbouring oligomer. For both
the n=3 and n=4 salts, the pyridinium cations lie parallel to and directly above
and below the anionic oligomers separating the chains. In the n=6 and n=7 salts,
the stacks formed in this manner interdigitate, forming two-dimensional slabs. The
slabs are separated by the organic cations. The magnetic properties of the compounds
are dominated by antiferromagnetic intraoligomer interactions. While the n=4 and
n=6 salts depopulate into singlet ground states at low temperature, the n=3 and

=7 oligomers have S=1/2 ground states. At low temperature, the n=13 oligomer
exhibits ferromagnetic behaviour.
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3.9. Supramolecular complexes

As part of a study of synthetic metallohelices which use hydrogen bonds, n-
stacking and weak metal-ligand interactions as the predominant forces that determine
secondary structure the solution and solid state structures of a series of metallohelices
of the multidentate ligand (205) have been prepared [155]. The ligand contains two
aryl moieties that are held rigidly through hydrogen bonds and linked covalently to
a pyridyl diamide tridentate chelate. In the solid state the ligand has a helical
structure which results mainly from bifurcated hydrogen bonds between the pyridyl
nitrogen atom, the amide protons and the adjacent acyloxygen atoms. The two
termini overlap with a stacking distance of 3.27 A. Deprotonation of the pyridyl
amide groups gives a tridentate chelate that becomes planar on coordination to a
metal centre. The acyl oxygen atoms are disposed to donate additional electron
density to the metal centre. However, since these donors are relatively weak Lewis
bases their interactions depend on the stereochemical requirements of the metal
centres and not on the geometric requirements of the ligand. Two Cu(Il) complexes,
one green and one red, have been isolated and characterised by X-ray crystallog-
raphy. The green Cu(1l) complex crystallises with two crystallographically indepen-
dent, but virtually identical molecules. The Cu(ll) centre has a distorted square
pyramidal geometry and the helical nature of the structure arises from unsymmetri-
cal Cu-0,,,40 Interactions. This results in the helix having an unsymmetrical twist
as is evident from the torsion angles 0.0 and 5.3°. In the red complex, the Cu(ll)
centre has a four coordinate peometry and with much shorter Cu-N and Cu-O
bond lengths. The main difference between the two Cu(1l) complexes is the absence,
in the red complex, of the weakly coordinating amide group found in the green
complex. This absence of apical ligation in the red complex results in a much more
compact helix compared 1o that found in the green form with the pitch of the helix
reduced by 1.445 A and the radius of the helix reduced by 0.739 A, The consequence
of the difference in pitch of the two helical structures is seen in their crystal lattice
structures, Whereas the green form has a microporous lattice, with the pores formed
via parallel aryl ring n-stacking (3.40 A) between the termini of the ligand, the red
complex forms extended helices in the solid state. Each extended helix consists of
alternating right- and left-handed helical monomers that assemble through intermo-
lecular m-stacking interactions, Within an extended helix two intermolecular Cu---Cu
distances (5.504 and 9.131 A) are observed and this close arrangement of the mole-
cules lead 1o crystals that are significantly more dense (1.137 gem %) than those
found for the more porous green isomer (1.505 gem ).

4, Mixed valence complexes

The synthesis and characterisation of a mixed valence tricopper(1.11.1) complex
with thiolate bridges as a mimic to N,OR or Cu, active sites for example in nitrous
oxide reductase (N,OR) has been reported [156]. The assembly of the mixed valence
complexes involved the combination of monomeric copper(1l) dithiolates L'Cu"
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(206) or L>Cu" (207) with either of the copper(l) bis(pyrazolyl )dihydroborates
[{H,B(3.5-R.R'pz),}Cu], ((208): R="'"Bu, R'=H, n=2; (209): R=R’'=Me, n=
unknown) (Scheme 4). The addition of colourless CH,Cl, solutions of the copper(1)
complexes to solutions of purple (206) or burgundy (207) induced colour changes
to dark green. Monitoring the reaction by UV-VIS absorption spectroscopy
indicated that 1 equivalent (i.e. two Cu' ions) was needed for one equivalent
of (206) or (207) to reach the reaction end-point. This was confirmed by X-ray
crystallographic  analysis  of  the dark  green  products [L'Cu-
{H,B(‘Bupz),}iCu,]- C:H,, (210)-C;H,,, and  [L*Cu{H,B(Mepz),}Cu,] C-H,
(211) CyHy. The structures both contain two symmetry-related three-coordinate
planar Cu' ions linked via thiolate sulfur atoms to the central four-coordinate Cu"
ion. The Cu'--Cu" distances are 3.163(5) and 2.996(5) A in (210) and (211) respec-
tively. Preliminary EPR spectroscopie studies support the presence of localised mixed
valence formulations in the tricopper complexes,

l"(\s
%@Cu‘? s {[HB@-Bupz)ICul,
. \iﬁs) R“R-- CufHB(R,R"-pz)y)
(206) <R

Qusouzity

tﬂu \Culeﬂ(R.R"pl)‘g]

‘C\\Nf'::.‘s
Oty L B(Menz). IC (210): R = 1-Bu; R' = R" = Me
e {|H,B(Mepz),|Cu),, (211) R=R S Me R =H
(207) (209)

Scheme 4.

In another study, a mimic of the electron-transfer site “CuA™ has been synthesised
by a Cu(l) template method followed by Ag™* oxidation [157]. The X-ray crystallo-
graphic study of the complex confirms the close approach of the copper nuclei
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HN

HN

(212)

(213)

within the cryptate ligand cage with a Cu-Cu distance of 2.419(1) A. Comparison
of the electronic spectra of the complex with related cryptate systems have enabled
the spectra to be assigned to transitions within a manifold of mainly d orbitals
delocalised over the Cul* dimer.

A doubly complex salt containing the atypical non-planar Cu' dimeric anion
[Cu,CLE ™ and a Cu" containing macrocyclic cation has been synthesised
starting from CuCl.2H,0 and a new N,S, type macrocycle 7.9-diaza-3,14-
dithiatetracycle[ 15,4,0,0*,0" ¥ nonacosa-1(17).18,20,4(22),23,25.13( 26),-27,29-
nonaene (212) [158]. The complex [Cu(212)Cl],|Cu,CLYL2CH,OH (213) is a dark
blue air-stable complex which X-ray diffraction analysis shows contains both
copper™, [Cu(212)C1)*, cations and copper' [Cu,ClLJ*  anions.
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