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Review

COPPER(II) COORDINATION COMPOUNDS:
CLASSIFICATION AND ANALYSIS OF
CRYSTALLOGRAPHIC AND
STRUCTURAL DATA
V. POLYMERIC COMPOUNDS*

MILAN MELNI'K"",' MARIA KABESOVA®, MARIAN KOMAN?®,
L’UBOV MACASKOVA® and CLIVE E. HOLLOWAY?

*Department of Inorganic Chemistry, Slovak Technical University, SL-81237
Bratislava, Slovak Republic; ®Department of Chemistry, York University,
4700 Keele Str., North York, M3J 1P3, Ontario, Canada

( Received 17 September 1998; Revised 24 January 1999; In final form 16 September 1999)

This review classifies almost 600 polymeric Cu(II) compounds. The various geometries are found
in increasing number in the order: four- (mostly square-planar) < five- (mostly square-pyramidal) <«
six-coordinate (mostly tetragonal-bipyramidal). The most common ligands are oxygen and nitro-
gen atoms. The ligands range from mono- to undecadentate. In most examples, apical positions
are occupied by oxygen-donor ligands. In general, the mean Cu—L(eguatorial) bond length is
shorter than the respective Cu-L(apical) bond length. The shortest Cu~Cu distance in the series
of four-coordinate derivatives is 2.95 A, five-coordinate 2.652(2) A and six-coodinate 2.977(2) A.
Several relationships between the various structural parameters were found and are discussed,

Keywords: Review; copper(Il); crystallography; structures; polymers
CONTENTS

0. ABBREVIATIONS 178
1. INTRODUCTION 185

*Part IV. J. Coord. Chem., 48, 271 (1999).
t Corresponding author. E-mail: melnik@cvt.stuba.sk.

177



14:33 23 January 2011

Downl oaded At:

178

M. MELNIK et al.

2. POLYMERIC COMPOUNDS 186
2.1. Four-Coordination 186
2.2. Five-Coordination 194
2.3. Six-Coordination 242

3. CONCLUSIONS 309

Acknowledgments 311

References mn

0. ABBREVIATIONS

abhpH
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amoxa
amp
2-amp
4-amp
6-amp
amtzt
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3-apH
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2-amino-4-bromohydroxy-pyridinium
azobispyridine-4,4'-di-N-oxide
acetate

acetylacetonate

N-acetyl-DL-valinate
bis(2-aminoethyl)ammonium
1-(2-aminoethyl)biquanide
4-(2-aminoethyl)imidazole
2-(2-aminoethyl)pyridine
D,L-alaninate

B-alaninium

a-alaninechydroxamate
4-aminobenzoylphenone
4-amino-3-methyl-1,2,4-triazole
2-amino-3-methylbenzoate
N,N'-bis(2-aminoethyl)-2-methylpropyl oxamidate
aminomethylphosphonate
2-(2-aminomethyl)pyridine
4-methyl-2-aminopyridinium
6-methyl-2-aminopyridinium
4-amino-3-methyl-1,4-dihydro-1,2,4-triazole-5-thiane
(R,S)-1-amino-2-propanol

anilinium

allopurinol

3-aminopropanolate
[2-(3-aminopropyl)aminojethanolate
3-aminopropanol
N,N’-bis(3-aminopropyl)oxamide
1,1-aminoudecane
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bromazepam
1,3-bis(dimethylamino)propan-2-ol
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N,N’-bis(2-((o-hydroxybenzhydrylidene)amino)ethyl)-

1,2-ethanediamine
N,N’-bis(2-hydroxyethyl)dithiooxamide
N,N-bis(2-hydroxyethyl)glycinate
benzimidazolium

benzimidazole
1,4,7,10,16,19,22-octaazacyclotetracosane
bis[2-(1-methylimidazolyl)methyljamine
N,N'-bis(6'-methylpyridine-2'-carboxamido)-
1,2-benzene
N,N’-bis[2-(2-pyridyl)ethyl}-2,3-pyrazine-
dicarboxamidate
bis(2-pyridylcarbonyl)amide
4-benzylpiperidinium

2,2-bipyrimidine

2,2'-bipyridine

4,4'-bipyridine
2,2'-bipyridine-3,3'-dicarboxylate
2-bromopyridine

4-bromopyridine
N-benzenesulphonyi-DL-alaninate

butyrate

benzylammonium

2-benzoylpyridine
5-[(2-carboxyphenyl)azol]-1,3-dimethylbarbiturate
caffeine

carbamide
cyclohexane-1,2-diamine-N,N,N’,N'-tetraacetate
((2-carboxyethyl)imino)diacetate
cyanoquanidine

1,2-cyclohexanediol
3,6-dichloro-2,5-dihydroxo-1,4-benzoquinonate
quanidium

1,2-ethanediole
1,2,4,5-benzoltetracarboxylate
di-n-hexylphosphinate

1,2,6,7-tetracyano-3,5-diimino-3,5-dihydropyrrolizinide
(1-oxy-2,2,6,6-tetramethylpiperidin-4-yl)pivaloylacetate
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squarate

croconate

cimetidine

citrate

p-chloroanilin

trichloroacetate
9,10-dihydro-9-oxo0-10-acridine acetate
N-carboxymethyl-L-valinate
3-cyano-2,4-pentanedionate
cyclopentylammonium
N-(o-carboxyphenyl)iminodiacetate
2-C-carboxypentane
pentaoxa-1,4,7,10,13-cyclopentadecane
crown ether

tetraprotonated 1,4,8,11-tetraazacyclotetradecane
cytosine

diacetatamide
1,3-diammonium-2-propanole
3-N,N-di-n-butylamino-1-propanolate
2,6-dihydroxybenzoate
diacetoamidopropionate
1,3-dimethyl-5-((2-carboxyphenyl)azo)barbiturate
dodecylsulphate
3,9-dimethyl-4,8-diaza-3,8-undecadiene-
2,10-dionedioxime
2-diethylaminoethanolate
3-N,N-diethylamino-1-propanolate
N,N-diethylglycinate
di-(2-aminoethyl)amine
diethylenediamine

1,4-dioxane
2-dimethylaminoethanolate
3-N,N-dimethylamino-1-propanolate
N,N'-dimethyl-4,4’-bipyridilium
dimethylcantharate
dimethylformamide
7,9-dimethylhypoxanthine
dimethylsulfoxide
1,4,7,10-tetra-azacyclododecane-
N,N/N” N"-tetra-acetate
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2-dipropylaminoethanolate
diphenylethanedione dioxime
bis(1,2-diphenylphosphinyl)ethane
3,6-di(2-pyridyl)pyridazine
di-(3-aminopropyl)amine
3,13-dimethyl-3,13-dinitro-1,5,11,15-tetraazaeicosane-
8,18-diol

dithiopropionate
diethylenetriaminemonoacetate
4-diethylenetriamine mono-3-propionate
3,6-dithiaoctane

ethanolamine
ethylendiaminetetraacetate

ethylene glycol

ethylenediamine
N,N’-ethylenebis(salicylideneiminate)
N,N'’-diethylnicotinamide
diethylthiophosphate

diethylphosphate
4,5,6,7-tetrathiocino[1,2-b:3,4-bldiimidazolyl-
1,3,8,10-tetracthyl-2,9-dithione
formamide
5-(aminosulphonyl)-4-chloro-2-[(2-furanylmethyl)-
amino]benzoate (furisemide)
glycyl-L-histidinate
glycyl-L-leucyl-L-tyrosine

glutamate

glycinate

glycyl-L-alaninate

glycylglycinate

glycyl-L-methionate

quanosine 2’-monophosphate

quanosine 5'-phosphate
hexafluoroacetylacetonate

L-histidine

histamine

hexamethylenetetramine

hypoxanthine .

iminodiacetate

imidazole
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imH imidazolate

i-pa isopropylammonium

iptac (isopropylthio)acetate

L-asp L-aspartate

L-leu-L-tyr L-leucyl-L-tyrosine

L-lys L-lysinate

L-lys-L-tyr L-lysyl-L-tyrosine

L-met-cys methionyl-S-methylcysteine

L-prl L-prolinate

L-tryp L-tryptophane

L-tyr-L-his L-tyrosine-L-histidine

L-val-L-tyr L-valine-L-tyrosine

D-lys D-lysinate

maep 2-(2-methylaminoethyl)pyridine

mal maleate

map 9-methylallopurinol

mapm 1-methyl-4-aminopyrazolo[3,4-d]pyrimidine
mapox N,N-bisf(3-methylamino)propyljoxamide
mbp tetraisopropylmethylene bisphosphonate _
mcim cimetidine modified by solvolysis of the nitrile function
mdap 2-methyl-1,2-diaminopropane
Me,CNO, propane-2-nitronate

Me.cys D,L-8,8-dimethylcysteate

Me,en N,N’-dimethylenediamine

Mesen N,N,N’,N’-tetramethylenediamine
1-Meim I-methylimidazole

2-Meim 2-methylimidazole

mel mellitate

melH melaminium

meppz 3-methyl-4-ethyl-5-phenylpyrazole
2-Mepy 2-methylpyridine

2-MepyNO 2-methylpyridine-N-oxide

3-Mepy 3-methylpyridine

4-Mepy 4-methylpyridine

4-Mepz 4-methylpyrazolate

2,4-Meopy 2,4-dimethylpyridine

mgu 9-methylguanine

mpa N-methylphenethylammonium

mpym mepirizole

mpu 9-methylpurine
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methanesulphonate

N-methylsalicylaldiminate
S-methyl-N-(salicylidene)isothiosemicarbazidate
2-methyl-1,4,8,11-tetraazacyclotetradecane-1-ene
nitroacetate

(6-p-nitrobenzyl)-1,4,8,11-tetraazacyclotetradecane-

1,4,8,11-tetraacetate
(p-nitrobenzoyl)trifluoroacetonate
nicotinate-N-oxide
2,4,4,5,5-pentamethyl-1-oxyimidazoline-3-oxide
oxalamide-N,N’-di-3-propionate
oxamidedioxime

B-oxyethyliminodiacetate

oxydiacetate

hydroxybenzoate
2-hydroxy-1,3-propanediamine
8-hydroxyquinoline

ororate

1,4-oxathiane

oxalate

oxalic acid

oxamidoximate

pyridine-2-carboxaldehyde 2-pyridylhydrazone
N-(2'-pyridylethyl)pyridine-2-carboximidate
N-(2'-pyridylcarbonyl)pyridine-2-carboximidate
5'-phosphoridoxylidene-glycinate
1,10-phenanthroline

phenylmethylphosphinate

diphenylphosphate

o-phthalate

dihydrogen-diphthalate

picrate

piperidinium

piperazinium

piperazine

N,N’~(1,2-phenylene)bis(pyridoxal-hydrochloride-

iminate)

Schiff base formed between 1-aminocyclopropane-

carboxylic acid and pyridoxal
1-(2-pyridylmethyl)imidazole
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PP

ppala
pptyr
ppzH
Pq
ptyr
Pu
pur
px
pxH
py
pydc
pyNO
pyvely
PYX
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pys

'pyz

pz
sal
sbc
sc
schb

sgly
sghh
styr
suc
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tart

M. MELNIK et al.

N’-pyridylmethylene-N“-salicyloylhydrazinate
1,2-propanediamine
4-(phosphomethyl)-2-hydroxo-2-oxo-
1,4,2-oxaphosphoridinate
5’-phosphopyridoxylidene-DL-phenylalaninate
pyridazolphosphate-DL-tyrosinate
5-phenylpyrazole
N,N’-dimethyl-4,4'-dipyridilium
5'-phosphopyridoxylidene-DL-tyrosinate
purine

purinium

pyridoxine

deprotonated pyridoxin

pyridine

pyridinium

pyridine N-oxide

pyruvylideneglycinate

pyridoxylidene

pyrazolate

pyrazole

pyrazinecarboxylate

2,3-pyrazinedicarboxylate
pyridine-3-sulphonate

pyridazine

pyrazine

salicylate
6,6'-spiro-bi(1,4,8,11-tetraazacyclotetradecane)
semicarbazide

Schiff base between(1 R)-3-hydroxymethylenecamphor

and (S)-phenylalanine

L-serinate
N-salicylideneglycinate
N-salicylidene-(S)-(+)-glutamate
N-salicylidene-L-tyrosinate
succinate

terephthalate

tetraacetylethanate
3N,7N-(1,3,5,7-tetraazabicyclo[3,3, 1Inonyl)-
dipropionate

meso-tartrate
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D-tartrate

tenuazonate

1,2,4,5-tetracyanobenzene

thiodiacetate

2,2:6',2"-terpyridine

tetrathionate
1,4,8,11-tetra-azacyclotetradecane-N,N’/ N” N"'.
tetraacetate

N-tosylglycinate

tetrazolyl-1-acethydrazide

tetrahydrofuran

4-toluidine
4-hydroxy-2,2,6,6-tetramethylpiperidinyl-N-oxy
tetramethylene sulphoxide
[1,2,4]triazolof1,5a]pyrimidine
1,3,5-tris(pyrazol-1-ylmethyl)benzene
3,3'-thiopropionatopropionate
diethylenetriamine

trithionate

1,5,9-trithiacyclododecane

1,2,4-triazole

N-p-tolylsalicylideneaminate
thiosemicarbazideacetate
4,16-dioxa-1,7,13,19-tetrathia[7,7]-(2,5)-1,3,4-
thiadiazolophane

thiazole

(£)valine

1. INTRODUCTION

The chemistry of Cu(Il) compounds has been extensively investigated, and
the relationship between structure and reactivity ranging from industrial
catalysis to biomedical activity is of major importance. The overwhelming
majority of X-ray studies of transition metal compounds are of copper
compounds. Many structural studies of Cu(II) compounds have been car-
ried out and have been classified and analyzed, mononuclear four- and five-
coordinate,! six-, seven- and eight-coordinate? dimeric derivatives,’ trimeric
and oligomeric derivatives.* To date there has not been a comprehensive
overview of polymeric Cu(II) structural chemistry, and this present report is
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aimed at providing such a survey up to 1992. This includes over 600 pub-
lished polymeric Cu(Il) structures which have been analyzed and classified
in order to assist in the understanding of the stereochemical interactions in
the coordination sphere of the Cu(II) species.

The systems discussed have been sorted by the coordination number of
the Cu(II) atom. Within each coordination number, the compounds are
listed in order of increasing covalent radius of the principle coordinating
ligand atom and increasing complexity of the coordination sphere.

2. POLYMERIC COMPOUNDS

2.1. Four-Coordination

Crystallographic and structural data for polymeric four-coordinate Cu(il)
compounds are gathered in Table 1. There are 23 derivatives, mostly blue or
green with some yellow compounds. In a dark blue derivative® the Cu(ll)
atom lies on a center of symmetry and is surrounded by O atoms from four
phosphate groups in a nearly perfect square-planar arrangement. The Cu(1I)
atoms are joined by a double phosphate bridge. These bridges are linked in
polymeric chains running along 4. The distance between the bridged Cu(II)
atoms is 4.9 A which ruled out a bond.

A structure of another deep blue derivative® consists of well-separated
infinite chains of centrosymmetric spiro-fused eight-membered rings extend-
ing along the crystallographic (110) direction. Each of the eight-membered
rings consists of two Cu(II) atoms bridged by two phosphinate groups. The
two crystallographically independent rings have qualitatively similar con-
formations which can be described as distorted chairs. The Cu(II) atoms
have D,4 flattened tetrahedral coordination geometry. The Cu—Cu separa-
tion is 4.9555(8) A.

The structure of Cu(u-Bu,PO,),” is very similar to that of Cu(u-
Et,P0,);,% which also contains double phosphinate bridges. The copper
atoms have the same D,y flattened tetrahedral coordination geometry
observed previously for Cu(u-Et,PO,),.5 The Cu—Cu separation of
4.938(2)A is slightly shorter that the value of 4.9555(8)A in the ethyl
analog.®

The structure of Cu(u-Ph,PO,)® also consists of infinite chains of centro-
symmetric eight-membered rings formed by two copper atoms bridged by
two phosphinato groups, but the Cu(II) atom resides on a crystallographic
center of symmetry having a nearly square-planar coordination geometry.
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The Cu-Cu separation of 5.081(1)A is longer than found for the other
Cu(II) phosphinates.>’

A structure of blue Cu{u-(CsH13),PO,}>° consists of well-separated infi-
nite chains of centrosymmetric spiro-fused eight-membered rings propagat-
ing along the crystallographic c-axis. The Cu(Il) atoms have the same D4
flattened tetrahedral coordination geometry observed for the ethyl® and
n-butyl’ derivatives. The CuO, chromophores in the n-butyl and n-hexyl deri-
vatives are slightly less compressed than in the ethyl derivative (o =74.3°,
73.3° and 73.0° for the ethyl, n-butyl, and n-hexyl derivatives, respectively).
The Cu-Cu separation found in the n-hexyl derivative is 4.9310(8) A.

In another blue derivative'® the Cu(II) atom lies on the symmetry center
and displays a square-planar geometry arising from coordination of one car-
boxylic O and one peptide O belonging to different N-acetyl-DL-valinato
ligands, giving rise to a polymeric structure.

In polymeric [Cu(u-CO3),}*"!! two independent copper atoms are pre-
sent. One lies on a site of 222 symmetry (},0,1), while the other is on a site
of —4 symmetry at (},1,1). In both cases, the environment of the Cu(Il)
atom comprises four oxygen atoms drawn from nearby carbonate groups,
only one oxygen atom about each copper atom being independent, as the
remaining are generated from it by the site symmetry. One Cu(lIl) atom is
pseudo-tetrahedrally coordinated and the other Cu(II) atom is square-planar
(Table I). '

The asymmetric unit of a light blue derivative'? contains four chemically
equivalent tenuazonate ligands chelated to two Cu(Il) atoms. Each ligand
is chelated to a Cu(II) atom through its acetyl oxygen and the amide-
(2-carbonyl)oxygen of the pyrolidene ring. The Cu(Il) atoms differ from
each other; one is in a square-planar arrangement (CuQ,) and the other is
square-pyramidal (CuQOs). The dimers are hydrogen-bonded into sheets by
water molecules.

The structure of one unit of the polymer!? is shown in Figure 1. In one
structural unit of the polymer there are three Cu(II) atoms (Cul, Cu2 and
Cu2’) quite close to each other. The distance between them is 3.035 A. Four
nicotinate N-oxide groups, two hydroxide groups and two water molecules
are coordinated with the copper atoms. The structural units are connected
with each other through two N-oxide oxygen atoms which are coordinated
to Cu2 and Cu2’ atoms in separate units. The coordination around Cul is
square-planar and around Cu2 (Cu2') is distorted square-pyramidal (Table I).

There are three green derivatives'*'® where structures involve extended
chains of pyrazolate-bridged Cu(II) atoms extending along the ¢ crystallo-
graphic axis. The coordination geometry about the Cu(ll) atoms is
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FIGURE 1 Structure of one Cu,(u-OH),(p-nicNO)(H;0)x(nicNO),. '

distorted tetrahedral with Cu-N distances of 1.962(2), 1.961(5) and
1.957(2) A in 4-Mepz, 4-Clpz and pz structures. The three unique N-Cu-N
angles correspond to N atoms related to one another by three mutually
perpendicular twofold axes intersecting at the copper (D, symmetry): those
within the planar six-membered Cu(N—N),Cu rings are 99.4(1)° (pz), 99.9(1)°
(4-Mepz) and 100.5(3)° (4-Clpz), and the others are 94.3(1) and 139.5(1)°
(pz); 93.7(1) and 139.7(1)° (4-Mepz); 92.4(2) and 140.8(3)° (4-Clpz),
respectively.

The structure of a black derivative'® contains planar paraquat cations
and two crystallographically distinct types of chemically similar {CuCl,]}~
chain anions which extend parallel to the (001) axis of the crystal.
Each Cu(Il) atom is surrounded by a tetrahedron of chlorine atoms, each
chlorine bridges two copper atoms. The tetrahedra about the copper atoms
are significantly flattened along the —4 axis parallel to the fourfold crystal
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FIGURE 2 Structure of alternating Cu(mbt)2* and CuyCI2~ ions.'

axis. The flattening gives mean uCl—Cu—uCl angles of 113° and 103°, very
acute Cu—Cl-Cu angles are 77°, and reduces the Cu—Cu distance within the
chain to 2.95 A.

A yellow derivative!” exhibits a network of planar CuClZ~ anions, and
thermochromism was observed both above and below room temperature.

The structure of a yellow brown derivative'® is comprised of essentially
linear chains of alternating Cu(mbp)3* cations and Cu,CI2~ anions which are
linked together by singly-bridging chlorine atoms of the anion (Figure 2).
Two such bridges result in a tetragonal geometry about the Cu(Il) in the
centrosymmetric cation, with the chlorine bridges forming elongated bonds
to the axial positions of the cation. The CuZClé‘ anions are centrosymmetric
with the two copper centers in the dimer linked together by a double
chlorine bridge. The geometry of the Cu(Il) in the anion is pseudo-
tetrahedral (dihedral angle = 44.34(2)°). The Cu—Cu separation in the anion
is 3.3570(4) A and Cu-Cl-Cu bridge angles are 93.96(3)°.

The planar molecules of Cu(u-msa),'® form chains along the c-axis with a
Cu—Cu separation of 3.33 A. In a dark green derivative?® the coordination
of the Cu(Il) atom is square-planar, with four methyl-amino-benzoate
ligands acting as bridging bidentate ligands. Each Cu(II) atom is bonded to
two carboxylate O atoms of two different ligands and to two N atoms of
two other ligands. The O and N atoms are in trans positions. The bridging
ligands lead to the (010) plane.
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In a crystal structure of Cu(p-ttt)(NO;),?' the macrocyclic ligand
4,16-dioxa-1,7,13,19-tetrathia[7,7]-(2,5)-1,3,4-thiadiazolophane, does not
encapsulate a Cu(ll) atom to form a discrete complex, but coordinates
externally through the nitrogen atom to form linear polymers. The cen-
trosymmetric square-planar Cu(II) atom is coordinated in trans fashion by
an N atom from each of two macrocycles (Cu—N = 1.978(2) A) and by two
nitrate ions (Cu-0O=1.988(2) A). The macrocycles are themselves cen-
trosymmetric, yielding infinite chains of alternating macrocycles and metal
centers along the a-axis of the crystal.

In a greenish blue derivative” the Cu(II) atom lies on a twofold axis and
the bis(1,2-diphenylphosphinyl)ethane ligand lies on a center of symmetry.
The crystal consists of infinite chains of CuCl; units linked by the phosphine
oxide which is functioning as a bridging ligand (Table I). In a light green
derivative® the CuCl,(H,0), structural fragments are situated between two
15-crown-5 molecules, forming a polymeric chain with the inorganic and
organic parts of the molecule alternating by hydrogen bonds.

The structure of CuBr,(H,0),(15-crown-5)?* is similar to that of the
chlorine adduct.?® Coordination around the Cu(II) atom?® involves two chlo-
rine atoms and two S-thioamide atoms of two Etstodit molecules related by
a screw axis, and is nearer to a square-planar than to a tetrahedral arrange-
ment. The bridging Ettodit ligands form helical chains running parallel to
the c-axis. The Cu—Cu distances in and between the chains are 7.601(4) and
9.185(5) A, respectively.

Inspection of the data in Table I reveals two limiting coordination geo-
metries are generally observed, square-planar and tetrahedral, from which
the former prevails. In the series of four-coordinated derivatives the follow-
ing chromophores are found: CuO,,>!! CuN,,'*!* CuCL,!¢~'® CuO,N,, '*-
Cu0,Cl,,22* Cu0,Br,** and CuCl,S,.2° There are two examples'?!? which
contain are two non-equivalent Cu(Il) atoms with the chromophores CuO,
(square-planar) and CuOs (square-pyramidal). In'® a tetrahedral CuCly and
a tetragonal-bipyramidal (CuO,4Cl;)moieties are present.

In general, the mean Cu-L bond distances elongate with the covalent
radius (in parenthesis) of the coordinated atom in the order: 1.95 A (OL,
0.73A)<2.20A (Cl, 099A)<2.36A (Br, 1.14A) for monodentate; and
1.92A (OL,0.73A) < 1.98 A (NL, 0.75A) < 2.34 A (SL,1.02 A) for bidentate
ligands. The mean Cu-Cl (terminal) bond distance of 2.20A is shorter by
about 0.10 A than that of the Cu—Cl (bridge) bond distance. In the series of
hetero-bidentate ligands (O and N donor atoms), the mean Cu-L bond dis-
tances are 1.93 A (O) and 2.02A (N), respectively. The Cu—Cu distances
range from 2.95 A to0 7.601 A.%5
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2.2. Five~Coordination

Crystallographic and structural data for these compounds is presented in
Table II. There are over 150 such derivatives in which Cu(II) atoms have
primarily a square-pyramidal configuration and quite complex chain struc-
tures. For example, in [Cuy(p-dota)(H20),] - 3H,02® the Cu(Il) atoms are in
completely different environments. The two Cu(II) atoms are bridged by four
carboxylate groups which come from four different macrocycles (Cu—Cu
distance is 2.652(2) A) and each Cu(lI) additionally binds a water molecule.
Another Cu(Il) atom is coordinated by two carboxylate oxygens and four
nitrogen atoms of the macrocycle which is folded to give a cis-octahedral
geometry (CuN4O5).

The structure of a blue Cuy(p-ac)s(bpy), complex?’ (Figure 3) is composed
of one-dimensional, well-separated polymeric chains, containing two differ-
ent types of Cu, units, each at a crystallographic center of symmetry. The
chains are formed by alternating Cua(u-ac)s and [Cua(p-ac)a(bpy)z)°* units
that are linked by syn—anti bridging acetates. The Cu—Cu vectors are not
colinear but form a zig-zag line, with Cu(2')-Cu(2)-Cu(l) and Cu(2)-
Cu(1)-Cu(l’) angles of 166.0(1)° and 135.9(1)°, respectively. The Cuy(u-ac),
unit contains four bidentate bridging acetates with Cu(2)~Cu(2’) distance of
2.669(1) A and Cu(2) lies 0.216 A above the O, least-squares plane fowards
O, apical. The other dimeric unit, [Cuz(u-ac)(bpy).J** has a centrosym-
metric structure with two acetate groups providing mono-atomic bridges,

FIGURE 3 Structure of Cug(u-ac)s(2,2'-bpy)..*’
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REVIEW: Cu(Il) POLYMERIC COMPOUNDS

€8

(4.4

8

08

6L

8L

O e N'O
G1'nzeLt
A1°DET6
(r'neLs oo
§'8)'t6 0°0
»(E)L'96
2(D)se8 N'O
(€)0691
(e)6s11
pBI8H6
2(E)TE8 N'O
©)6'LL1
@v'ede 0°0

uaArS JoN

@0'6L1 N'O

@riL1 o'N
(ss'DooL1 O°0

uoAlf JoN

u2ALd JON

uaAlf 10N

W)e9n
@)8sey

uaAld ION

(E)ser's
114,743

uaAld 10N

(€)89v'T N (Ov11°0
(8270261 O N*OnD
9161 N BaAld JoN
(9)956'1 O N*On)
(®)8¢6'1 N
(8)os'T
(8)s16'1 O7 A3 10N
95'6)0E6'1 O N*OnD
@007 N
@zt uAI3 10N
Le61 0 N*On)
(6)9c€'T O'H
(9)$90'7 Ndewpqr!
(9)0£6'1 Orfdewipq
(S)L61 ooer! u2Ald 10N
(v)6s6'1 Oo® N*ORD
(S)p90'T Ndewpqr/
(16’1 Oridewpq
(S)o9r'T
()os6'1 Orfoe uaALd 10N
(F)¥96'1 Oderl NO"WD
($)X96'1 O°H
(§)$66'1 ONO
(9)786'1 NABY :
(©)eLe'T w318 0N
(©)ev6'1 OXIB N*On)

110z Alenuer €z €g v

(¥)8pL96

WLl

(£)88°101
(£)L8'66
(OL8T01

D9z g0l

(w1
(Mer1°T1
(1)s00°01
(1)896'9
(€)ses€1
(§)eo6'61

(10Lse 0t
(S)ogs's
®o1ez1
(199
(19z'L
(86

€906
®uon
(s)pss ol

(1)z86°€1
(Dests
(sLzé

© v pspeo |umog

u/'zd

27
10

NATALZ:
10

‘td

(>n1q y7%p)
YawoeND1)N)

(usa18)
(quas-m)ny

(w318 yiwp)
(sas-rf)nn

(uaard j0u)
(reaun-r)ng

(s03q)
O°HY - [H(O*H) - ¥(o¢)
2(dewpq-1)*(de-11)n))

(uaai8 jou)
(O*H)CONNL18-)0D



M. MELNIK et al.

'8'p)L 86 (6)967°7 O4dzq (eq)
PEIL O'N (6)2£0°T NAdzq (e6e 8 {H(4dzq-7)
(8'5')8°091 o sI'yreol G)L10°T N uaAld 10N @11 ®qd -(EN-Y11-5)
88 OS'P)S16 N'N  usatB 10N (€'6)766'1 NENY O'NND ©)e08¥1 o S(EN-T1-1)EnD)]
W1vL1
©ToOI16
09°€8 O'N (74254
€9z (E)L'v8 (8)9L61 NENT awicL 4 (usaid y1ep)
TE'e)8e6 ©)'s6 (5)086'1 oxodewr!  000°0 Wiyt (Nzzsol u/'zd (xodew-n)
L8 pENSEN'N  usABION  (9¢°6)886°1 Nxodemy  OPNND (£)6er11 w HEN-¢'1-M)enD
@691
O A rard
o766 N'N @816 (r0z9°7
@set (£)1°88 (h)sv6'1 NODON oL (4
106 (1esto (€)686'1 Oxoder  uwaalBioN  (1Z0v6  (€)SILL uf'zd {aniq)
98 JLovs O'N (VTITE 61'%)5L6°1 Nxoder O'ND ©LeTel w YOON-1)(xode-r)nD
av'DL 16 N'O
(ri'nooLt (£)8L8'T O®YEe (s)861°0Z ¥ (uaA18 you)
(9*1)E'86 (ve'e)pLel Neyeped  uwaaioN  ()8p'S6  (£)Eov1I rAAr/ | O*HZ - [(eyeje-0)
8 LI'DSISN'N  wadioN (S£'£)656°'1 Neyere O°ND @kLos m -(eqere-o-)np)
(z'9)8°891 (266’1 O*H
@Tv'ITre gz uaAld 10N
AI'€'9)9'6L OO 2)€6'1 Qodor! ‘on)
(Z'9)8°891
@Y'ITes
0'1'Y)8'v8 019 (€)26'1 O'H
(6e'RE 1L (£)8s0°€ gt (11)8910'8 — (>nyq)
EYoNTYs ovzelt (9'v)E61 Orfodo w2 JoN 1Zed OHx
8 0171568 0'0 (S)eece @161 Qodat FOND oDeLT 1z an -[3(odo-nF(ag-Erf)6n )
[ 771~-nD—77 3.._ auvyd [ 4 2_ F] Z dnou8 ands
lJnd-1-nD Jo yno-n) []¢ yly  uonoafissop (#0109)
i) 1 7-70~71 ylno-n> tyl7-70 asoydoworyy  []o ylo  owydosSopoisia) punoduo)
(panunuo2) 11 9719VL

1102 AJtenuer €2 €€ :vT

1Y papeo jumog



207

REVIEW: Cu(Il) POLYMERIC COMPOUNDS

€6

26

68

©)o611

(€4 X33
A'T€)896 1D

)91
(so1'vezs 1D'O

(reavon

@ set
(€9'09°T6 1D'1D

WesLl
(€SP)5°L8 DO

(8°€€X0T91 N'N
(I'e'€)9'66 N'1D

uaa13 JoN
(Sr6'6s1

@1'9)0°66 O'N
©)L9st

Oy Le
2(6)6'8L N'N

UIAIB JON

o1
6°€PLY6
-(P8sL O'N
oLt
(€9'p)8Z6
W9TL N'N
(6'9'v)s"L91
(6'8'P)0°96
@L'Y0SL N'N

(re'sh601 O

WsLrzn
wriezn
(L)oorc
S)sseT 108
(108061 O

©)oeT D7
eSSz
GLLpieT 108
(ioze'1 o™
@6ssT D
(T1'9)sL6) NHUU
(8507 N

(6'01°¢)sss1
OsIL8LD

uaAIg 10N

udAIS JON

©wzoz D"
(—)10°'7 Nogs

=ir9
(—)szs

WDLOTT N

(91)0z6'1 ONT

waBIoON (92719107 NAdIY)
(1)677 O°H
('1¥%0°¢ N°H

(6)9£€'7 OAdzq
(6)020°7 NAdzq
(6)010'7 N*
(6)98¢2
(6'6)800°7 NENT
(LT9°T NENB
6oLET
(92601007 N*N"

uaAld 10N

O°10,"0
@80zL  (9E66°LL
(€518 (WTeTer
o'onrd (g6l (HsIeEl
(19609
$T0 (ozLet
1D'NND ey
ey ol
(24)] ©15° 101 (9)89€ M1
ID'NTD (6)0EL ST
S1oorLy
970 ©)x606 ORPLL
O'NBD (mogzel
(zLov1
u2AL8 10N (1)810°01
O'NRD @DsiT6!
udAIZ 10N
O°ND
uaAld 10N
INND

TT0Z AJenuer €2 €€:¥T @I Papeo juwod

(a8uei0 par)
PO nOEMAN)

{anjq yysy)

DY HW)(w-)ny
(omq)

HOM ' *("01D)
(-")gs)n))

(usa18 anyq)

O'H - (FON)
UND)Adson)n))
(uoas8 1ou)

(9 4d) “[(9-umoio-g[)
«(O*H)"(CHNDnD]



(16'gs1

1102 AJtenuer €2 €€ :vT

1Y papeo jumog

mren @QLyo'T Nde
aenNoze DD (1Ls9T (n69z 01 g
(169L1 awstz 17 udAl JON (100647 L= | (usA13 jou)
19 @¥'Doss D'N Nz [Nyeiie] (isiL o Ay (1D-"nD
(D)88e1
@kt (V11 Ae]
L'e)sss DD (974 VA4
©)s6L1 (11'9)8s¢°z 107
19578 DO (1068’1 OF7 o¥D "D
€1
. @z (Los1'z 1D
3 @¥'96'L6 DD (5)878'7
s @eoLt (9*9)¢1£7 D7
] (1'1'neeg Do (1)g06°1 O 0'1D;,"D
Z (89066 1D'ID @961 D
& WsL (11'e)ogee 1O7
= @€151 (Pvosz D
s (Is'vEvs 'O (6)Lo6'1 O 0'D,"0
9591z
@ L6611 DD (8°)Es€T 1D
€006 DO (8)ces1 O
(t)8'9L1 O'0 (6)oze1 O™ 0D,
(Rd a7at
@rLor 9] {14
TT'0896 DD 9)seeT D7
®sLLr ()09sT 1D
(s'e)Tes 1D'O (enoze'1 O 0*IDBD
(o] 771-nD~77 [y) auord L4 [yl? 7 dnou8 a>vds
Jo mo-np g {vlg uoyoifissop (40109)
foy [d7-m>-7 lyl7-m aoydowosyny | o ?w_ o owdpiBoyvisdi) punodwo)
g (pomauod) 11 41GVL



REVIEW: Cu(Il) POLYMERIC COMPOUNDS

017908 N'N
(o1)86'1L1
615181

(Ly'901)68°€6 N'O
6L s

L6  (££'T'6)90'86 OO

(616 N'N

©v—IL'06 N'O

(0’186 00

(—’'L6 N'N

) v01
(6TIL06 N'O
96 @16 00

1196 oD
€T1'10°06 DD
(1)s9¢1
mrzn
(85'1)5°16 S'1D
(De9Ll
i
611886
$6 (S'DES8 DD

(€)T'T6 N'O
(Ls's)s's8 O'D
(r'e)8°88 N'1D

(oL
v6 90916 DD

@96
(D)z8sL
(1oL8z

(6121
Wees
(€'8)6'8L
(—eore
(974 Thd

uaAIB JON

uaAid JoN

(ralert
Or‘eneiv'e

(S1'EN10'T NAdq

(Qosez *0*or
#'DLze't On7

(L'61)810'T N*HSW

(S1)s9€'T O°H

(€2's1)196°'1 OHY
(L'61)#10°'T N*HOW

(sDeor'T

(—)o00°Z OHEr

(sD1v6'1 onr
9)r99°7 Oyror!
@Ouee
@19z 107

(D)6ec'T Sypor!
(D96r'T
{@6ccT
(68T 17
(01)0£0°'7 Ndque
{L1)650°T OHY
)65z
(1'o)isy't
(O -ade
(01)0£0° Ndquie
(©)€65T
(1'9)isye
Clraded

1102 AJtenuer €2 €€ :vT

(10510
INFOUD

uaAlf 0N
INFOnD

uaAlB 10N
INfOUD

uan B JON
Zo"onD

udAg 10N
SO

uaAd JoN
NOM 1O

udAId 10N
N*IOnD

@iegol  (D60v'8
©keor  @ovos
@seor  (@Tos
61°€lL1 STY'L
¥6'26 e
89'86 1826
©8roL (st
aneszir KoieL
@Lrzir (§)sLes
(D561’
»s8ze (@079
(¥)E06°67

v papeo jumog

Id
n

L4
v/'td

(onyq)
O%Hp - {(*0*>)

-{(Adq- ' D(HOINO}]

(onq y1ep)
*osl(O*H) - *(CHNAIW)
“(HO-M)HOE 1))

(pau)
Ymo-mE{L(1D-1nD}

(a8ueio pa1)
(HOWD
“dquie-p)X(D-1)0D



M. MELNIK et al.

210

(©)L's01 N'N

697996 N'O (0'9)586°1 NAdqn (©)6es€l r4 (usau8 yuep)
€1oLLst (@9°001 (S)1v6°1 Oy 6280 (©)66°€01  (SWspol u/'zd O°H - jup
101 H{6'1°0E18 0'0 810°€ (9)zk6'1 Oy INFOND {roy ot w - [(Adg-p'y-7)op-)nD]
wg..a N'N €nziLe
vl L9z ororon
199016 N'O 0z'0DiI86't N
©keLt (9)6£6°'T OTigsw TIALS JON
(+'8'9)1°06 O'0 (8)6£6'1 OH" INFOND
(©)i66 N'N @wLsT O'H (ua318)
:.m..&.E G'elsL  (@1I6ILET N (wesL 8 O%HS'0
PBTSRTENO @I (£)696'1 OMigsw SO0 (€)8sT'81 %0 ‘Ho*R) - (Po-)
001 wreheoo  @rioe {8)856'1 OH" INfORD ®)k¢s1Ty 10 “gsw-)(HO-7)nD)
HEOTT8 N'N (€)169°7 orO1DO"
(£)z 601 (L'1)0£6°1 Nosa £00°0
pOL°06 N'O 01's)zv6’1 Orfosw INEQND
HEWTBN'N (D18 ($)815°Z 0Ol Mrgol  (s)8or6T ¥ (uaud yrep)
(£)gL01 (£'c)s°86 (L'Dve6'T Noswst LEVO (Dses Tl ufizd oD
66 [0 NO (16T 61'9)L¥6’1 Qriosu INfOND eowreL w - [rO1D-T)(oswm-1T)n))
(TN07 NAdq
=)L vz
@6 0'0 (—wTz 00D
(1')Te6 NO )97 u2Alf 10N
2108 N'N (—)s6'1 *000" INPOND
(1'-)z0'7 NAdq @ocszl  (BoLzee ¥ (use18)
WT—Wse N‘O 1 )vse (1'—Wwez 007 uoAll 0N (9.1} A q/'zd Y(4dq-7'0)
86 S IE08N'N (68T (e—)s6'1 ORT INEQUD (Sdogr€l w E0D-"HHO-T)END
Lo 77 -nD—77 [y) awopd L4 [yl>  Zdnossaonds
Llmo-71-10 Jomo-n> [1g lyle  uonuvoifissop (40703)
o [ 7-70-7 [ylno-n> yl7-7 auoydowosyy [ ]o [yle  omdviSoorsdsd punoduio)
(pammuo)) 1 414V L

1102 AJtenuer €2 €€ :vT

1Y papeo jumog



211

REVIEW: Cu(II) POLYMERIC COMPOUNDS

x4

L01

901

so1

4114

€01

201

L(DP08 N'N
(s'9'1)¢'891
(Deon
@s'1916 N'O
#8516 00
(©)6'8L1 N'N
€v'668 N'O
(£)°851
@genn
()98 0°0
(T1)08'L6 N'N
(16'1°01)62°96 N‘O
(85°8)LS°T6
(8)8£'99 0’0
E)L'98 N'N
€p9sLy
HEes
OLEN 16 NO
09'0)L'L8 O'O
we'1sze O'0
vl
axin
8 T10°L8 O'N
D296 N'N
@816 N'N
(6'€)2'96 O'0
(1'v)$"891
PLUEEWPE NO
0°5'15°56 O'0
(1)9°€6 N'N
(v*1)T89t
#8786 N'O

(pss v

@vivy

(1)oos¢

(@seL
(Dese'e

(1)6'08
(1066
TS
(aneze

(€)9L
(€)s° 01
(Dveoe

(1)g9L'o
(1weoe

Z'7e0'T NAdq
(et
(2)9e6'1 Ooer!
(DvL6'1 Od®

(9°9)810°T NAdoW
(9)98€°7
azZ'vocs1 owd

(LD8L6'T NFH
(Deoe'T
(T'0886'1 OFODY

(L)z88'1 Quaugr
(1¥'6)s86'T Nuangr!

9)6v'T

(9)zs6'1 Qour

(+'7)86'1 Nexower/
(8)866'1 Qexower
et
{2)i6'1 Ovoe
(11)s26'1 Nride
('9)ce6'1 Oride
(8)100°'7 NHder
(6)19¥'7 OHder
Q616’1 NOOT
(€)185'7 OONT
(29907 Nrideurp
(€2'Voge’y Qridewrp

110z Alenuer €z €g v

98I0
INFOD

udAld 10N
INFQUD

uaalf 10N
INEOMD

S10°0
INFORD

£1'0
INFOID

udAId JoN
INFOMD

u2Ald 10N
INFQRD

(1)89°601
(1)s€°901
(1)1L'86

@crsit

(Neb'L6

(26701
(D9sc11
@16

@101

@iegn

se L

(8oL L
@99z°21
(D8

w)szs6l
@p81¢1
oL

(€)or'L
()6Ls°01
@ovos

(#)889°01
(€)991°8
(©)080'8

(r)869°L
(Lavr1z
(s)so9

(2)60€°01
(S)6R9€l
@res

(£)969°€1
@9sc L
@9zve

LIV papeo |umog

id
1

v
3/'td

12
sf'zd
w

(en1q)
(M 0€£1 38) OPHZ
- [{(4dq-z*T)oe-rYn))]

(onjq 1431
HOPIS 0 - S HAdoN-£)
- [E(Adap-g)(er-1)nD)]

(anyq yyep)
HEHN)(FOD-)InD

(onjq uaasd)
HOSNT
- [(uoqug-rTyx(oe-)en))]

(eniq)
(exowrs-r)¥(oe-r1)enD

(aniq)
(gde-g-v)(de-¢-)in>

(u2a18 anjq)
(0ON-"¥dewp-r)n)



M. MELNIK et al.

212

1102 AJtenuer €2 €€ :vT

© v pspeo |umog

WL N'N (8)260'7 NAd
pT1DL'68 N'O (£)000°z Nqeor! 159161 ¥
@851 )14 d ©eero (19896  (ogzL u/izd (uea18)
m (re'9rior o'o ©)xee (8€'9)p06°1 Oqeor INFOND (8)0L0°S1 w OFH¢ - [(£d)(qeo-)nD)]
©9¥L1 N'N
(' 1'9v°06 N'O @107 NAd WoL9s 4
(se'Lvost (1)€z'T O*H 120 (1)ssg vl izeug (angq)
otl Ahwx.g oo  (¥ooLs (0'Ds6’1 odprprt INFOD 189TTT o (O*H)4(Ad)(dpp-T)nD
D§sLT
9'1'1)076 0'0 (£)8L6'1 O°H
(1¢-go1 (zT'e)810'T NexAyrf L (4 (smiq)
6¥'1Dr06 O'N (3 7Ard 81°0 1s1z6  ()sr6'Tl Izd (O'H)
601 (MWIN'N  (1)ss6F (£)916'1 080" INEfOnD (ss6d w «(exAy-m)(*Os-"ND
Lr'exes oo
€v'OLILy
(s'e)8c6 (zz'6)0£0°7 Newwl
o(6'€)9°$8 O'N (7274 (%4 w2l 10N
pE)E°96 N'N (9'1)8z6°1 OBt INEOMD
©1'e056 0°0
('1€)9°891
T'e)9s6 Lzt O'H ovo'Ll z (snjq daap)
S(I'E)1°$8 O'N (1'6)ez0'z Nevw! wAlBION (29076  (£)91Z°6 ad O%HL
801 p0'86 N'N (8T8 (£7'VoL6’1 Qmaw INfORD (©)105°01 @ -[(o*HXEaqu-r)Fn))
(9»9¢2°7 O'H
(O'L)ECOT N wo
(r1'0)se61 0 INTOND
(I'OT0T N @ient  @Le6st z (uaAtd 10u)
(4357 Wevtt L1'0 o001  (€dozzol 1-d OFHS
9% u2A8 JoN oLL'Y (€'9ov6'1 O INFORD (1076 (PWST6 n - orHXEm-ynD)
L} 7-no—1 J\_ aunyd [J4 —ﬁ 2 Z dnod8 aovds
Lmy-1-n> Joma-np g vle uonpo1fissop (40109)
Sour [J7-rD-7 [ylno-no yl7-n> asoydoworyy  [Jo lvle  awydoidoymistsn punoduio)
(panunuo)) 11 A19VL



213

REVIEW: Cw(Il) POLYMERIC COMPOUNDS

(DEs6 N'N
a-Lo8e9l
@rein
(6'€0T6 N'O
@1oLes
91l -(DLT8 OO
HADL6L N'N
(6'sLY
(el
awsn
(re'18'T6 N'O
(1)s°601
SIt 6’16 0'0
(Zy'1°8)e8°76 O'N
() TR TA
SE¥'ZI1'68 O'0
1411 (1I)L8oL1 N'N
(1)8°891
LTS8 N'N
(£)'98
H{I'ENL0s 0'0
@)8'6¥1
(R€ET1
€11 1'1ovs O'N
o{1J0'98 N'N
(£8°1)5°691
CED8Ps N'O
191
Se1)ses
10926
(I'z19'sL oo
HD0°L8 N'N
wenozL
€' L6 N'O
(1656
Th #1526 0'0

(I'v)¥86'1 NUd
W9Lec o

(1)secs @1'vEL6'T OXo

{L'p)920°7 NwAdus
(€)se6'1 O'H
(ssesoT *oror
0'c)sz0T NAd
©)€1£T
(£)L96'1 OODH"
(€)156'1 OODOH

uaAId JoN

UAAIS 10N

(£'6)966'1 Nus
WeLsz
(E)L8r'e

usAIB 10N (h)eT1'T O'ON7

@T'E)or0°T uad
(5)886'7 OID%O
(€)96v't O*H

(£'€)006'1 Qo8N

{€'£)0£0°T NUS*IN
#)s58' O°H
(1°7)888°1 Q@oE¥

(DgpL8
(1)zo0'8
(eseL

1102 AJtenuer €2 €€ :vT

(1)9650°0
INfOD

uanif 10N
INtOnD

9900
INFOD

usAld 10N
INfOnD

()eL800
IN'ORD

(€)80900 ()T 901

INFOnD

@We6'L
(s)s95°61
(DseT's

(©)ssLst
@¢eLvi
(€)z6s°81

(1)zog o1
misey1
(NEL6

6Tt
9906
¥)0s0'6

(€)805°92
(1)spL'8
[@)865°S1

© v pspeo |umog

zoqd
i

10

14
e
10

quug
10

o't

. (enpq)
YmpW-g)(xo-Mn)

(umouq)
OHz - [(0™H)
(widw)(*oro-1)nd)

(anyq)
O™H - [H(4d)
<00DHXO00DH-")N)]

(eniq)
fON((ua)foN-")nD)

(3jdnd)
(O*H) - H*OID)
Z(uarop }sov1-m)n)



(6)0°991 (2)86°1 Nuxt (Nsor'L ¥ (on1q)
(89101 @)Lt 980°0 (1)zz9'6 AR | O'HZ
121 €6 0'0  uaadioN (e)L6'1 Odser/ INEOND (@6v091 o - [(wn)(dse-1-MnD)
€76 (—)66'T Nlea
Rall (—)X6I N (441 81
2I'E8 N'O (8T #1°0 £ (usard)
(1741 €26 0°0 uAldioN ()61 Oxkde INFORD €557 n (1ea)(x&d-)n)
J(D)0T8 N'N
(LTD0E6 N'O (0'S)s¥10'T Nusyd (€)Lovl ¥ (aniq)
@L16 )11+ O*H (2)s€0°0 ©sL111 uogd O*HS 0" [(O°*H)
611 2DL98 0°0  usABION (0't)oge’'1 Oy INfOND (€0L9°11 Jo ~(uayd)(yd-r)np}
. @901 N'N
] @rost
] O1'D6v6 N'O
Y (©)6'191 (8£°6)901°7 NAd
Z @101 (r)s8eT $92°0
o AD¥'19 00, (L1'5)8€6'1 Owdn INFORD
= @evil N'N
5 DL 6€1
Lr'DTse N'O
(T61°€91 (55°9)0L0°T NAd (8)£T6°L1 8
@reol o1£2 £VE°0 (D86'611  1)166°T1 of‘zd (on]q uaf)
811 @909 00  uanidioN (€z's)spe’1 Owdr INFOND (9)661°81 w YAd)(yd-)nD
m@mg N'N
(s 891
0'6'7LE6 N'O (11°5)986°1 N @81t @ 14
WToLse (Bvee-T odep ualBloN  (zesL  (6eo’ 11 I-d {onyq 1y31)
A HDsE8 00 weaBioN  (11%)iLe’1 OXO INfOND  (DEEle (D)E69°6 n (xo)(dep-#/)n)
[ 771-nD—771 [y} auwpd LI [ylo  zdnosaowds
[oJnD>—7-7D Jomo-np L1g iylg  uonypoyfissop (40702)
oy [J7-m0-7 {ylno-no yl7-n aioydowosydy [ o F._ v owydviSoyiskiD punodwio)
<t
~ (ponunuo)) 11 314V.L

TT0Z AJenuer €2 €€:¥T @I Papeo juwod



215

REVIEW: Cu(ll) POLYMERIC COMPOUNDS

91

Y41

¥l

€Tl

[44]

()6 0°0
(e*—)eo1
)98 O'N

S8 N'N

(Drp8 N'N

e
(ST'D9v6 N‘O
(6TDL06 OO
o1'98sLl
@zo1
@
{@9e8 N'O
@191
(9'5'7)9'68
@¥LL 00
wpg,g N'N
(zs'vs 101
(S ESE N'O
L'tw'96 0'0
Srwis
(DLes 0'0
(rr')sol
@s'neeor
LV'Z8 O'N
o(D6°€’ N'N
(€)9'86 N'N
{©1'26 0'0
el 1Ll
29'0T¥8 N'O
(6)5°0L1 N'N
(6'c'LEes
o(L)9's8
(Lr08 N'O

UaAId 10N

u2AI8 10N

uaAId JoN

usAd J0N

uaAld 10N

(L'—U6TN
—wez
661 0
(5'9)956'1 N
)19
(9)08'T
(15)€6'1 O

(£'9)056'1 N
(9)9gcT
Q'shie1 o

EDEOTN
@kt
005610

(€162 O°H
L¥'e)8s6'1 N
02'€)986°1 O

(0'8)6L6'1 Nefer!
(LoseT
(€°LILb6'1 Ourer

1102 AJtenuer €2 €€ :vT

usard JoN
INfORO

udAIB JON
IN*ORD

«Lro
INEORD

(oe0
INFORD
udAB JoN

INEORD

£ro
INfOnD

(D)881°%1
@)9e88
()ses 01

(2)80°66

©8Le11
(9)8LE°0T
(g)szotl

(2)66'56
@ETY8
@o1¢itl

(n620'9T
(68569
oLezt

(5)8£89'8
@1z191
(Dswss1

(Dey's
neLLs
(g9 1t

1Y papeo jumog

i-d
n

2't'td
10

4
—N_N—N&
Jo

¥
iT't'ud
Jo

(uaa13 10u)
{(oomW)
~(sk>-yow-1-1)jnD

(peEa)
(uayd-o-1d-)n)

(on1q)
{dpumy-1)n)

(aniq daop)
HOW - O%HT - [(O°H)
{3y-7-n3[~1-")nD)

(snjq)
Y(eye-g-m)n)



.

M. MELNIK et al.

216

W01 D'D

s —oss DO (5°9)661°T 1D (rgor (8)98L I
@1-)Lse (LT oodqe 670 918 (Soivol Id (uaA1d jou)
431 (—¥6oL00 Wwre  (Tonoloz oodaer ZDfOnD  (D8Le  (S)8I'TT n p(odqe)z(odqe-n)
(€126 O0'0 (TD00T N
Z'1oo1 @t uaAid JoN
@W'1sg N'O  usaBioN €610 INFORD
€1Nig 0'0 W'TW6' 1 N (1so'1T 14 (onjq)
(9‘1)601 (@sT woAld 10N @pLst 17''ud O°HY
1€1 (O'1S8 N'O  ueadjoN @k610 INEQND @o1¢'6 1o -0Bg[(8-1)nD)
6)6L'T
OLP8 N'N (6)676'1 O1fsqua @sgL1 4
¥z os O'0 (6)06'1T Osquar! 6v0°0 (£)096 st o/'zd (p33)
o€l HANTPSTE N'O  uaABIoN (6'1)¥6'1 Nsquar! INEOND @we1 w SIOHD - [(squa-mn))]
(8 1)5°121 0°0
(CH)IMTA
®1Tsst @T'D0s6'T N @cz91 14 (on1q)
(074 r4 (Ds6LT 8900 @8z y! i7'7'ud O'HY
671 J81DE08 O'N  WABION (L'D9L6'1 O INFORD (1ees o -[(#51-1-rea-1-nD)]
J(B)1'P8 N'N (£S'8)S6'T N (pe's 4 (eniq)
(8)8'76 O'0 ©)zseT 9€1°0 WsLs FAArZ | O'HY
871 LBETEN'O  usioN (z£'9)166'1 O INfOmD (1816 o - [(eje-1-48-7)nD)
HQ)68°E’ N'N
9208291
(€'1'D0'01
S8 TVE8 N'O @L'YT66'T N (S)TL8'8 14
(19901 (€)eTe $€T°0 i AT/ | (enjq)
JiA| @LI'DTo6 0'0  waBioN (51'€)500'Z O INFOND Orseol 10 (Pw-T-AB-7)n)
L) 711-n0—77 [ylaumd []+ Iyl>  Zdnoidaouds
[J70-7-1D Jomo-ny fld [vlg  vonvofissop (40109)
Joy ) 7-10-7 [ylno-n> yl7-n aioydowosyy  []o lyle  owdoidopoisdip punoduio)
(panunuo)) [1 414V.L

TT0Z AJenuer €2 €€:¥T @I Papeo juwod



217

REVIEW: Cu(II) POLYMERIC COMPOUNDS

31

Lel

9¢1

SEl

PEl

£El

(2¢'891 00
@see
SDV'18 N'O
(@)8'8L1
@St
(T'9'0T'06 N'N
(£)T'891
(€)9'101
JE)9v8 N'N
(€)0'891
(8€'E)6 16
€)9°€8 N'O
(£)'68 O'0

(—)os1 O's
(691 OO
JLLE N'S
©1'700L6 SO
@LLs
(DS 18 N'O
(8'v'09'06 0'0
(eL6 N'D
('z9l
€1'ss6 0D
Mot
()9ozi
o1EP8 N‘O
‘106
{1)5°1S 0’0
(16¥6 N'ID
L)z s9l
€ 1'De'e6 OO
(e
{1)6'¥8 N'O
€TOL68 O'0

UdALS JON

UaAI8 10N

udAld JON

(DsL9
(g1

@01 o
ey

uIALg JON

©)6rLT

(¥ 161°7 Oeunpr
(0Z's)Lp0°T Neunpr!

(L)296't NOS

(®)8pE'z O'H
918610
@T'9Erot
(L)s68'1 N
(—s8zzs
)80z N
60z 0
@y 008
(6)(96'1 O°'H
()9zTS
(9)s€6'1 N
ooz 0

(661 1D
{OvoT N
(2201 4

P)Lr6'1 OMA8p
(£)196°1 OABapr

@zzH
(€)i86'1 O'H
(s)p661 Npdy
(c)oszz
(£)8v6'1 OLdr

110z Alenuer €z €g v

UIAIZ 10N
ZOINPD

(DoLoo
Z0ND

UaAIB JoN
SNfOnD

600

SNfQnD

uoAIS JON
IDNfOnD

810
IONfOnD

(2)s69°9
©1es
(€)9g0'0z

(2)58'96

(§)sz5°01
(S)ESL6
()8L's

(E)Ly'6
€©9v'vl
©pov1

($)69°101

{€)s's01

@sL's
(DebL
©iriz

one6' 111

(etl'L
(9,74 K41
(2)8L6'6

@)681'8
@»0T's
(2)605°6

(2)ot 601

© v pspeo |umog

w/zd

(uan8 jou)
(SON)(eunp-p-)n)

(anyq doap)
O%H - [(O°H)
(k11841 1-1)nD)]

(ua3)
(oeds1-1)n)

(uoud yrep)
[0os-7)- {(4(0*H)
<opayg-)upi]

(enjq)
DA Bop-+)n)

(niq)
IHO*H)(pd-T-1)nD



@661
008 N'N

1102 AJtenuer €2 €€ :vT

© v pspeo |umog

@wes1
@)kzo1 ©sLit 9kLes v (usa18 anjq)
O+'0656 N'O (€)996°'1 O®prt $0°0 (Dete (Wsesor uf'zd O%H - OD%WN
ovl (X)E'€01 00 uaadioN (bS'9)L66'T NAdIa ZOINND Miver w - [(4dus)(epi-inD)]
©)oLt
©xzi
@ero6
(8)0v8 O'N
(5)L'68 O'O 6zt
. ©o91 (1)¢6'1 odAnn ©)z91's 4 (uaA(8 10u)
L] 9)8'66 (1)c0'z NdAnr uaALd 10N (Ds80'11 iz'z'ed OFHST-*0OD
3 6¢1 20)0°e8 N'N  uaaiBioN (11)00°7 Nuyd LOINND (PEY'sT 1o H(uayd }(dAn-1-7)nD)
m 65)'s6 00
A ©0TL1
I (€°6°5)E96
= )58 O'N (01)666'T N3
b ©)8'8s1 (ono91z
€86 (6)9z6°1 Onydn 8€2°0
2(§)8°08 N'N O‘TY10°7 NAdg OENRD
)9°001 00
WL ist
(o01'M1'96
PWe8 O'N (01)286°1 N8
seLt (Vs shoL1z 8
w001 (8)096°1 On3n 6870 IsEL L1 7't (anjq daap)
qIz JBTIS NN waiZioN (8'11)610°7 NAdq OfNDD (oL 0 (Adg-,z°T)(n@-")nD
[o) 77 -nD—7171 ly) auryd [JL [ylo  zdnousaovds
Llno-1-0 Jomo-npy {1¢ lylg  vouvxnfissop (40109)
Sy [JT-m0-7 lylno-n> yl7-m auoydoworyy  [J]o vl omdvsSopoisiap punodwo)y
o0
S (panupuo)) 11 914VL



219

REVIEW: Cu(Il) POLYMERIC COMPOUNDS

194!

i

34

wi

vt

+)0'891
€)891r1
(£1'9)8'86 O'N
5991
SI'P)SP8 N'N
WRsPI
(£)0'¥6
(€)ozs 0'0
U &7A
®'1'9)2°76 ON
©)Teol
SLEVTE N'N
(svLl
()58 0'0
L'1)006 N'O
@oLLy
o066
oA09'€8 N'N
(1)oT91
LI'DVI8 N'N
(6Lt
(8°01'8)2°C6 N'O
®1'z01 0'0
@956 O'0
@St
©s111
(6'1)8'¢6 O'N
(2)3'891
2(1T'$8 N'N
()psst
o1T6L N'N
(16’16 O'0
ovel
G1'D6'L6 N'O

(£)0°601
A
€81y

(DszL9

@oL1s

usA1d 10N

uaALlf 0N

(8)008'T

(®81£°T

(L)010°T oW
(11'6)£66°'1 Nuaw)

€)r'T OO0
©)LT6'1 O
(LT1°L)666'1 Nuam

09T
()8e6'1 O
(ISPILET N

@897
(D)8z6'1 Ooert

(I1S°£)966'T Neuuw

(S)691°7

(5)$€0°'T 0OOH"

(L'1)910°T Nusmn

(0*€)s60°T orpw/

(9£'p)866'1 NAdIn

1102 AJtenuer €2 €€ :vT

udAd JON
INFOND

1o
LOENDD

90°0
0N

$80°0
20ENDD

A3 JoN
TOIND

uaAld 10N
TOENND

(¥)zs 601

wiLezol
©)eLse
(6)60°S6

@ozi

wsirst
#)so8'L
910171

@090°€1
(10959
(9)88¢°L1

(€3990°01
(€)68p's
(9. TANS

(€1)9L9'6
ore' 11
(€1¥s6'8

(5)e€9's
ez
(9)155°01

© v pspeo |umog

'2'e'td
10

I-d
n

ureug

Jo

|4
92D

(oniq yiep)
*01D- [("O1D)
“HYuam)(ayd-)inD}

(wjow)
Gy-T-14-T-1)0)

(enjq)
*OID(euirmq)(oe-1)nD}

(eoniq)
OO0DH
“(uam)(00oH-"ND)

(uau8 Jy3uq)
(Adan)(epr-ri)nD



M. MELNIK e al.

220

(1¥901 DD

TT0Z AJenuer €2 €€:¥T @I Papeo juwod

@o'zr1
@ont
WeT9T6e N'D
(£)ooLt wwsez D7 (nszo1 b
o(£)0°56 (16901 ©)e9ez 1D waBioN (Dree (€©)ooLe ofizd (uosd y1ep)
01 HLE)T8L N'N  woaidjoN (05°1)900°7 Nodadqr!  ZOENND seL w () odadg-rEny
(ssE1 DD
@6611
@901
@&'1°708°06 ID'N ©'Dosez D ©uLe (Deoe r4
©)ssL1 9)06T'C wABioN  (S)s108 (2186 1-d (on1q)
6v1 DL N'N usaiZjoN (0'9)9L6'1 Nunw HOINND  (Qosye  (@sLL n OH - [F(unwd-r)n))]
(Tizsl r4
@6ve  (€)sys | (onyq)
8l usaii 10N wAl 10N IDEND De96°¢ w (1-1)(1pdad)u)
(Teo1 DD
wWL91
WIrve DN (DI'eL (¥)s08°T (2)869'9 ¥y (usaid)
w1091 @)ozo1 WeLizzpr @010  (£)61'66  (R)IEL'SI of'zd O*H - dd)
24! AUTDISNN  (€)616°€ #'1)86'1 NAuded  ZDENDD 9T 91 w (107X Aqded)n))]
(196 8’0
(9'16'p6 S'N (2)60L'T SONT
o(1)6'8L O'N (5)0£6'1 NOST
oLt (€)066°1 Oyswd (1)€9°s ¥
(1'01°'1)9°06 (£)8£0°7 810 e  (eLst ufizd (u3248)
9yl {S08 N'N  uaaidjoN (»)sz6'1 Nyswd SOFNDND (Nov9i w (SON-M)(yswd)nD
[} 77 -—nD~77 [v) auvyd [} 4 EH 2 Z dnou8 aovds
[Jno~1-10 Jo mo-np Ll¢g [vle uononfissop (40109)
P Ll7-n0-17 ylno-n> vl7-n asoydowosyy [} iYle  owydvisoymisds) punoduwio)
(panuyuod) 11 419V1L



221

REVIEW: Cu(ll) POLYMERIC COMPOUNDS

¥s1 il JoN
@98 00

MLy

(DL6p1
(6'1€)5°06 O'D

(£)6°021

€61 @9 168 DD
A16'6L O°0
O€nIs9l
#1606 O'D
1434 E1'86 DO

udAd JoN

151 usAd JoN
O'€'PXE 891
(S+'P)1°96 19'N
@ov6 1939
W91
(s'1'6)o'ss
8v1 TSI N'N
(Doeo1 DD
@ sp1
. @so11
Ly'Orie N
©zel
»(€)0S6
AE)s6L N'N

(—)9810
Lo
uaArd JoN

uaAId Jo0N

(Dizge

(6 ¥EL
{D6s'L
wissy
Wreel
(T)8sL
) 3 4

(€)888'c

(1o'€01
udAId JoN

(€107 ONd?
98T
Atadeo
90TT 1D

(£'v¥86'1 Qyup
@r6LT
@
@99z DM

4374V 4
ormscz it
(81°6)986'1 O

(8'€)6.8°T
(s1°2)004°C 1g7
(L0)66'1 Nwdad
(s'e)198'Z
OUoLIvT a7
D661 Niodod

(T)LesT
(D6or'z 17
'zeoT
(11)906'1 Nwdod

oz 7
W6ETTID
(L£'1)166'1 Nodadqr!

1102 AJtenuer €2 €€ :vT

udAd JoN
ot DD

usa1d JoN
tofonD

(DEI1o
ofpnD

uaAld 10N
IgENRD

U3Al3 JON
tgtNnD

610
ugeNnD

usALd JoN
HOINRD

uaAIB 10N

Zio'e
won

87°€01 oL

evo'L

(169L°81
(Ngs1-01

(V68T P
(€918
(E)06'L

(Drve'Ll
(©)119'8
(£)888'¢

9)¢9°26

v papeo jumog

uaAd 10N

e/'7d
w

quod
1o

91
q'zod
10

(usaus)
12O (ONAd-T)nD

(w2218 yydyy)
oMy (Jupind

(=218 ydy)
OHS'0
Sl (el Ceid Co)lle)|

(en[q)
934l(xg-7)(rdad)nD)]

(an1q)
(3g-1)(dod)n)



M. MELNIK et al.

222

S1'Dyse DD DszLz (1)9se's z
(No'vL1 O'N (1)Lsze om waBloN  (IWEve  (DLSL'9T ‘4 (uaAs3 jou)
19 OFDIes DN waBioN Megzz D NOOD (eoLe w (deu)(O*HIDGO-TND
AOE€6L N'N (£2°02)056°1 NpPXO
(1'Z'9L°L91 (174 x4 @LLe €l z
eV N'D )s9zT 1D7 waalBIoN  (P)L6s0l  (DISLE 5d (u2a18)
651 66 DD (Dovey (J]Tra e} INEDDD WwsoL'L w (D) (pxon)
(8)£96'1 NOAPIW
(€)9°L91 N'N {L)656'1 NEN*s
(L9016 N'D o9t (6)600°01 r4 (pa1 usmoiq)
(1)8°891 (D526 @1z D7 uwAlBioN  (991°€6  (POLTL ofizd (*Ns)
81 (I'9'1)9e6 DD waBioN (] frade] INFDnD )5£9'6 w AINDPODD-1)ND]
(6'06 N'N
(TsD60LI (€1'P)reo T Ndoew
(X101 Qs8L'T ©0z5'9 4
CTNUBND ERSEND (D)ooez 107 910 (£)887'8 ArAr/ | (usud aniq)
LS1 CrNenn @y MLz n INEORD (e)Lz9°61 10 (-1 ){d2ew)n)
OUErLI N'N (o1°zE86'T Nmt
OT8L06 N'D ®1sLz (1)€08'9 ¥
(€)6'991 wsocT oM 7810 (6L 01 zuaqd (uaa1d)
951 9'€)996 1D'D WIS JON Wizez o INEDND (16961 o (D7) (wm)n)
Le'€)6091 (0'1)66'1 O'H
(5€'E)8'56 O'D (£)s56°C uaAi8 JoN
O DD ©)6p9z°T 107 oMon)
@661
s)e 601 @T'¥)00'T ONAd
wLoLo (D xR0 €20 ©)s189  (L)96S°6 I (usasf)
143,22 R0 o B 14) §: 10 (59T (zx) Shizelr  (oseL 1d HO'H) - {ONAdaW-Z-1)
sl weesee O'D (98Tt wzee o7 ofony (Tl (LTELe bl Prd-END
[} 777-nD-T7 lylauwpd [ 4 [yl  Zdnoi3aovds
[o}nD-7-1D Jo imo-np [ AF:) [yle  wonvnjissop («0j02)
Vg § [J1-70-7 ylno-n> yl7-7 aaoydowosyy  [;]o V1o owdoidopoisdi punodio)
(panuuo)) 11 31AV.L

1102 AJtenuer €2 €€ :vT

© v pspeo |umog



223

REVIEW: Cu(ll) POLYMERIC COMPOUNDS

1

£91

791

191

091

(§)z01 00
) 191
(9°¢'9K°06 N'O
wesu
MILs N'D
$€'e)9T6 0D
(1Lsg 1D'0
(1506 ID'N
21998 O'N
. 171!

1 =ie6 DN
)05t
s o

05 —9'L6
»(—)008 O'N
(UL N'N

(—9'46 0'0
#e'nNros
oDLoLs's

Le'ngest

€L'D1o6
ML s
(1'9'1)6°501
1698 DO
@191 N'O
(g'sLl
@TDLres D
@1 901
0906 N'D
@Tv)E0s 0D
©'1'v's8 0'D
(1)8°891

(] yrad
' 1'9)6°001
(€)L8EE

UdAIZ 10N

(—)8L99
{(—zisy

(6Loy
(Noro'

1'821
)9y

€)ooz 1D
(s‘z1)e86'1 zddpr!
(et
(1881 OHH
Lvoe 1D
(1)0L6'T NSAT
(1)eg6'1 084y

)Xz

G104

(—)66'1 Oopzdr
(1*-)10°7 Nopzdr

@1)11ez s
(weee
(Dvozz 107
(Nogzz 1D

(186’1 Njyeo

(16’1 OFH
(2)88LT
@e1£7T 17
@Q8¥TT 1D
{Z)zeoT Ndew
(596’1 O*H

110z Alenuer €z €g v

¥T10
D'NFO™D

uaalf 10N
ID*N%OD

wIAIB JON
ID*NFOND

udALB 1oN
$sfon)

sTo
NOfOD)

(11896

s LL
P9c' 1L
1L69

(DeoL'L
(€)81E€T
(€)s15°22
@sze 1
@pseL1
nzsis

(aneiLL
(2)888°01
@ss6

(9)c08'6
(s)6T6L
WesL

Okiss
(Leey'el
(6)oLe9t

LIV papeo |umog

®qd
10

ufizd

‘zeug
10

1-d
1

_N_N—E
10

(mofjak usad)

OHT - 10 - [F1D(zddp-)
O*HXHO")tn))
(oniq)

OHY
-FoGA-a)Es-1nO)

(uoau)

1D(opzd-)nD

(ua2:8)
(DTN ewp-)n)

(us0B)
(JRNO*IIDGD-)ND



E'e6 N'N

(T6TO16 S'N (S)ZL8'Z7 SONT
@95t (9)9.6'1 NOSY (2)0s¢'6 4
(€)6'86 O'N (9)€86'1 Nrfed wAlBIoN (1)09'sol  (1)o168 of'zd {u2213 yrep)
91 @6101 S'O L6z ©)eve'1 Otfes SINFOND (Dpos°L w (SoN-)ea-1)n)
{L'9'6)s'86 N'S
(5'9'%)5°16 S'O
(€)8°001 N'N
st (OW8Z SON
(€)X 6#1 6L {L)sT6'1 NOS? ©vLriz 4
3 ©)6'L6 s)or101 (19907 Needp  uwaatBioN  (1)91°0v1  (1)9€6L o'l (usaI8 yrep)
% 991 SN0 (@D9s6T  (b1°01)916'1 Orerdp  STNEOND @LeLt w (SON-r}(aedp-)n)
m (6'1)5'86 S'N
(1926 N'N
= @nsieso  €seL (D)v88°T SONY
= O+ 1591 {L'1)6'001 w161 NOS (950891 8
S Nz's6 sLes (©Lc0z Neewp  waalBioN (157201 (€568 o/'zd (us018)
91 H{DISEN'O (0562 (I'O1161 ofemp  §INTOND ws611 w (SON-)(eeurp-Mny
H6)L8L N'N
»6's6 0°0
©)»'191
(re'rig N'o {991z D
(1 ¥7A (1DoLET O'H
L6 ND (st'p1)e107 Nzddpr! €E1°0
(L'g)E 66 O'D 01)LL6'1 OHY ID*NEOND
29)¢°6L N'N
(o) 77-NnD—17 [yl eyd [J4 [yl> 2 dnosaonds
lino-71-mD Jo mon> [dg lvle  wonpyfissop (40109)
foy Ll7-10-7 ylno-nD lyl7- aoydowosyy  []o iz omdviSoyossds punodwo)
=
q (panupuo)) 11 414V.L

1102 AJtenuer €2 €€ :vT

1Y papeo jumog



225

REVIEW: Cu(Il) POLYMERIC COMPOUNDS

0Ll

691

201

201

701

891

S8 O'N
D06 N'N

SOYS8 O'N
pE)EE6 N'N
D018 N'N
('r'eol N'S
{9 aTX TR
SDUZ6 N'O
(2)s98
(0908 SO
@6 O'0
(9°S*1)5°86 NI'S
©TN816 O'S
(D166 N'N
(34 97411
plES6 N'O
@196 N'S
@®1'1)76 O'S
(1)s'26 N'N
€t
2(1T'56 N'O
81096 N'S
(1I's')T¥6 O'S
@66 N'N
©'9°VT¥91
o(10P6 N'O
L'E)8 68 O'S
0'8'v)9'101 N'S
-(P6¥8 O'N

@618
@186
696'C
@98
©s5L6
96T

uaAld JoN

oL
(1)se0'c

(1)9'9¢L
(eeoe

@19L
(Nogo'e

(€)s'8L
(£)5°101
2186

(—)wzoc 17
(S1'9)Z10°C Nrieede
01°6)1L6'1 Qrisade

(—66T 17
(z1'L)900°z Nraede

(L's)9L6"1 Ofoede

(5°9)E00'T NAdq
(2)8L9°T sdppr
(8Z'9)ES6°1 odpip

(1)L88°T SONY

(£)6£6'1 NOST

(£)zL0'T Nridesp
(TTYLes| ordeap

(1c68°C SONT

(£)9te'1 NOSY

(£)690°c Nr/dswmp
(sz')zes' 1 ordemp

(D€10°¢ SONT
(P)pe6’1 NOSY
(#)pL0T Nridedp
(ST'O)¥T61 Orideqp
()158'7 SONT
@IN¥6'1 NOST
(11)680°7 Nfaeop
(Z1'8)5T6'1 Orforap

1102 AJtenuer €2 €€ :vT

670
EN“OnD
870
ENTOD

0
SINTO™D)

uaAI JON
SEN*OD

usa1d 10N
S'™N%ORD

udAld J0N
SENFOND

udAld oN
SENOND

(L)es'sL
WoevL
(R)e'es

(sp1°16
(WEv6
(kv 96

(1€z's8
(1¥8sL
(1)eg99

{§)s09'¥T1

(S)ops89
(£)oc6 oL
©)ootzL

#Fus1ot

@nigs1l
6T 11
@sors

soz 11
(9)8LE°01
(5)865°8

@016
@orss
@986

@eoL's
e
@cov'L

©ozrzl
@ors
@ers

apiet
©zsL
(085021

v papeo jumog

I-d
l

(eniq)
O°HL
- 11y (zede-r)n))

(oniq)
OHt - [(Adq-2'7)
«{dpip-g'7-")nD)

(us9213 anjq)
(SON-)(desp-)ny

(wsa13 anyg)
(SON-7)(dewp-1)nD

(uo2u8 aniq)
(SON-")(deqp-r)nD

(uaA18 1ou)
(SON-""Xaeap-r)nD



M. MELNIK ez al.

226

(9168

5(9)0't8 O'N
(L6TLI N'N (5)e88°T
#)8'€91 €6z 107
Wr've O'D (€1)£96'1 OAI8 wpirs 4
O'€)5'16 D'N 91)9¥6'1 NAS uaAld 10N (1)600t Izeod (onjq)
yLl (©8001 DO weatdioN (S1)9v6'1 NWBIN  OYDENND @Levt 10 (- waN-&@B)nD
(e8'1'20)5T°L8 O'N
(£DL8TLI N'N
WELIL (5)8L6'1 O°H
¥1)90°56 O'D (2)589°C ©ELTST T (usand sped)
Gri'sIrie N  (9)I€Ls 4, Tradey uaald joN  (S1)s£9°p01 (E)EE9EL o/'td O*HZ - *01D) - ["(0*H)
€Ll W6 DD (DLEvE (8'9)L107 Nqudi!  OYOTNDD (D88T' 11 w - (qudy-r)nD})
(8)8€°98 DD
€6 LS1 (8)9e6 D
06 ON  (@L9Lo (S)z107 NAd
G'ors DN (1)Teot (fozsz @nsor  (S)oes (4
seLt (e)ocLe E6LTz 1M waaBioN  ()ov6  (2)680°9 1-d (u2013)
Tl (090566 0D  DLE0E t'9)9e6'1 OO NUD*OND  (D)1979  (£)0sT'8 n (Ad)1D- 1N OW-MD
@uis DD
WLl
EL'9)T86 1D'0 (KT (D107 NAdapy
@TPEP6ID'N  (S)EE01 O reT (€)6sLI r4 (u2as8)
©)L'8s1 @886 1D (s9Tz 107 waABIoN  (ODFvo1 (D109 afizd (Ads-7)
1L1 ©)xt6 N'O  (€kT0t (Z'1DE6'T OO NEIDPOMD ©)6L'8 w 1NN
o] 7P -nD—77 [yl auoyd [ & [y]2 Z dno.3 3ovds
(JnD-T1-1D Jomo-nd g ivle uoyvfissopd (40702)
S [o] T-nD2-7 [ylno-n> vl7-no awoydowonyy [ ]o lylo  omdvdogmsdid punoduio)
(ponunuod) 11 A1GVL

1102 AJtenuer €2 €€ :vT

1Y papeo jumog



227

REVIEW: Cu(I) POLYMERIC COMPOUNDS

*Buit 0504001819 paIAqUIAU-MO , "Suw o1joks

~O{jR13W PAIRQUIBW-XIS , “JULK Olfo£O0] B1AW PAIIUIIW-SAL , "SUUIN|OS 263y} w1 pagjioads 5t puedfl/woie pATRUIPI00D JO A)RUSP! [EaIAYD YL, "3Njea UBILD Y] WIOY] UOHELARP
WNWXPW ¥ $1 pU0sds IY) “p's'd 51 sisaquased Ul QN 18415 YL PABINGE) §1 AN[RA uB YY) Juosasd st 3jBur 10 Jourielp JuILAINDY AJjBIIWYD IUO UBY UOW UYM ,

SL1

HTDETI8 N'N
(€1)6€91
@19 N'O
@'ss1
L'oNeve N
O <116 Od
(2)0'801 g9
2(P1D9°6L N'N
{€16°191
WTeg N'O
(€'9°01)L°L6 N
@ 1'11)2°56 0
@osit g

(9£)798'1 OR"

(ze'e€)L10°T Nzddpr!
©)sis°z g7 620
9ri8c 14 OUIEINRD
(s€)916'1 OHY
wIszio  (#1'9¢6)610° Neddpr! )86z°01 z {usuB)
@5 Lot g 9)999'7 197 L0 ©)zeeor  (€)spT9 uf'zd 1gH(ag-1)
(8)86€°€ 6)8LET 24 OHEEND (s)169°€1 w  ~zddp-M)}HO)*nD

TT0Z AJenuer €2 €€:¥T @I Papeo juwod



14:33 23 January 2011

Downl oaded At:

228 M. MELNIK et al.

a terminal bipyridine molecule and an oxygen atom from a syn—anti bridging
acetate complex with square-pyramidal coordination at each copper atom.
The Cu(1)-Cu(l’) separation is 3.358(1) A and Cu(1)-Cu(2) is 5.441(1) A.

The structure of a green derivative®® consists of a three-dimensional array
of Cu(Il) atoms linked by alkoxo and three types of carboxylate bridges of
citrates. The asymmetric unit contains two water molecules, one heptaden-
tate citrate ligand, and two crystallographically unique Cu(lI) atoms with
Os-ligand sets. An alkoxo and syn—-syn carboxylate group bridge the Cu(Il)
atoms within this unit. An anti—-syn carboxylate group joins these units into
zig-zag chains, which in turn are joined by a second type of anti—syn car-
boxylate bridge to form the three-dimensional network.

Cu(p-sal)o(H,0); crystallizes with a disordered OD structure.>? The two
structures, orthorhombic and monoclinic, have been determined from single-
crystal X-ray diffractometer data. The complex contains chains, parallel to b,
in which one of the salicylate ligands acts as a bridge between two Cu(II)
atoms. Each Cu(Il) atom is square-pyramidally coordinated by O atoms.
The Cu—Cu separation is 5.114(3) A.

The structure of blue Cu{u-Ph(Me)PO,},(dmf)** consists of infinite
chains of centrosymmetric eight-membered rings formed by two metal
atoms belonging to four different O.,PPh(Me) groups, forming a roughly
square-planar array. One molecule of dimethylformamide with a Cu—-O dis-
tance of 2.316(8) A completes a square-pyramidal environment about the
Cu(Il) atom. The deviation of the copper atom from square-planar is
0.16 A.

Square-pyramidal environment about Cu(II) atom in Cu(us-mal)(H,0)*
is created by a water molecule at the apex (Cu—~OH, = 2.26(2) A), a chelat-
ing maleate group forming a seven-membered chelate ring, and two oxygen
atoms of two other maleate groups with the average Cu-—-O(equatorial)
bond distance of 1.99(2) A. Each maleate group is bound to three Cu(Il)
atoms to form a polymeric sheet. _

In Cu(p-MePO,3)(H,0)*? each Cu(Il) atom is surrounded by five O atoms
in a trigonal-bipyramidal arrangement. The pyramids are connected by a
common edge to form CuyOg clusters in which the Cu—Cu distance is
3.139(5) A. These clusters are associated with methylphosphonate tetra-
hedra to form infinite layers of polyhedra parallel to (100).

In the series of derivatives with CuOs framework,2°=*2 only the last exam-
ple*? contains Cu(Il) in a trigonal-bipyramid in all other compounds a
square-pyramidal environment exists. The Cu(II) atoms are displaced from
their Pg.osal-plane toward the apical O donor in the range from 0.08 A* to
0.33A.
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The mean Cu—O apical bond distance of 2.30 A is about 0.34A longer
than the mean Cu~O equatorial bond distance (1.96 A), which is typical for
Cu(II) complexes.

There are seven derivatives in which five-coordination about Cu(II)
is created only by N donor ligands. In black Cu(N3).(2-MePy),*® the Cu(IT)
atom has a distorted square-pyramidal environment; one-half of the azide
groups act as u(1,1) bridging ligands to form centrosymmetric dimers. These
dimeric units are further connected by the remaining 1(1,3) bridging azido
groups to form layers within the a—b plane. These layers are separated by
the basal coordinated 2-methylpyridine ligands. The average Cu—N-(equa-
torial) bond distance of 2.000(2)A is shorter than that of Cu-N-
(apical) distance (2.273(2) A). The Cu—Cu separation is 3.095(1) A.

In another black complex, Cu(Na1),(3-Mepy),* two azido ligands lying
on a crystallographic diad bridge a pair of Cu(II) atoms to form a planar
Cu,N, ring. The rings are linked alternately by pairs of a third type of azido
ligand which asymmetrically bridges copper atoms related by the ¢ glide,
giving rise to a composite column structure. The coordination geometry
about the copper atom is distorted trigonal-bipyramidal, with the 3-methyl-
pyridine ligand occupying one of the axial positions (Cu—N = 1.999(9) A).

In another black Cu(N;),(2-Brpy)*® the Cu(Il) has a distorted square-
pyramidal coordination geometry, where both azido ligands function as
4(1,1) bridges to form chains along the crystallographic a-axis.

The structure of a dark green derivative*® consists of zig-zag chains of
dimeric cations, [Cux(N3)s(Mesen),]™ paraliel to the c-direction and non-
coordinated PF; anions. Within the dimeric unit, the copper atoms are
bridged by a single azido group in a symmetrical end-to-end fashion with
a Cu—Cu mean separation of 4.439 A. The dimeric units are linked to each
other by a double dissymmetrical end-to-end azido bridge with a Cu—-Cu
mean separation of 5.131 A. Each Cu(ll) atom has a slightly distorted
square-based pyramid.

The structure of Cu(u-NCO)2(2,4-Me,py)* consists of infinite polymeric
chains, mutually bonded by van der Waals bonds. The nitrogen atoms in the
cyanate groups fulfill the function of bridges between the Cu(II) atoms,
while the oxygen atoms remain free. The approximately square-planar coot-
dination around the Cu(Il) atom is formed by three N atoms of NCO™
groups with an N atom of 2,4-dimethylpyridine, and the N atom of NCO
group completing a distorted square-pyramidal environment. The Cu-Cu
separations of 3.22 and 3.44 A ruled out a direct metal-metal bond.

The Cu(II) atom in the green derivative® is bonded to two terminal NCO
groups (Cu—N = 1.894(3) ;\) and to two hexamethylenetetramine molecules

43-49
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(Cu-—N=2.167(2)A). There is an additional, rather long bond to one of
the hexamethylenetetramine molecules of the neighboring complex unit
{Cu-N=2.712(3) A), resulting in the formation of chains.

A pale blue crystal is built up of polymeric [Cu(u-im)(dien)]ClO4 units.*®
The geometry around each Cu(Il) atom is trigonal-bipyramidal, comprising
the tridentate diethylenetriamine ligand and two imidazole molecules. The
Cu(Il) atoms are bridged by imidazole rings in two alternating orientations,
leading to two polymeric units in each unit cell.

Noticeably, while the mean values Cu—Nq vs. Cu—N,, of 2.063 vs.
2.080A are almost identical for trigonal-bipyramidal environments; the
values 2.027 vs. 2.399 A for a square-pyramid differ from each other.

There are 17 examples>®~%3 in which five chlorine atoms created a square-
pyramidal®-33-33-6! or trigonal-bipyramidal environment around Cu(Il)
atoms. Two derivatives®*%® contain a square-pyramidal and tetragonal-
bipyramidal coordination about the copper atoms.

Dibridged linear chains are most common in this series. The mean Cu-Cl
bond distances elongate in the order: 2.335 A (Cl) < 2.422 A (u-Cl) < 2.503 A
(u3-Cl). The Cu—Cu separations range from 3.084(1)* to 3.669(1) A.>® Devia-
tion of the Cu(Il) atom from the basal plane towards an apical chlorine
atom range from 0.218 to 0.406 A.

The structure of (ipa)[CuBr3]**® consists of linear chains of symmetrically
bi-bridged Cu,Br2~ anions. Bridging distances are 2.433(2) and 2.458(2) A
with a bridging angle of 95.21(7)°. The asymmetric bridges between dimers
have lengths 2.413(2) and 2.823(2)A. The average Cu—Cu separation of
3.629(3) ruled out a metal-metal bond.

There are 22 derivatives®%? in which a square-pyramidal coordination
around each Cu(ll) atom is created by four O donor atoms and one N
donor atom (CuO,4N). In eight of them®~%° a tetradentate ligand and water
molecule built up such a coordination. For example, in [Cu(u-pgly)-
(H,0)] - 3H,0% the square-pyramidal geometry around Cu(II) is created with
phenolic oxygen, imine nitrogen, and carboxylate oxygen atoms of the
Schiff-base ligand and a water molecule as basal donors. The compound is a
one-dimensional polymer due to the axial coordination of one of the phos-
phole oxygens of a neighboring molecule (Table II). The Cu(ll) atom
deviates from a basal plane towards an apical ligand from 0.114(1) A% to
0.26 A.™ The Cu—Cu separation ranges from 3.172(1) A™ to 5.435(3)A,”™
excluding a metal-metal bond.

Blue [Cug(u3-Br)a(u-cpa)e), - xH,0* contains copper in two distinct envi-
ronments, one located near the threefold axis with a square-pyramidal coor-
dination polyhedron of four O atoms and an apical bromine atom, and the
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other located on a twofold axis with a tetragonally distorted octahedral
coordination polyhedron of six O atoms. The bromine atom bridges three
copper atoms which are part of a six-membered alternating Cu—O ring.
The cpa’~ is a heptadentate ligand to the three copper atoms. Channels of
disordered water occupy a major fraction of the cell volume. The Cu-Cu
separation is 3.332(5) A and Cu—O—Cu bridge angle is 119.2(10)°.

In [Cu(a-alaha),] - 2H,08% the Cu(Il) atom is coordinated by four nitro-
gens of the amino and hydroxamate groups, and by an oxygen of the carbo-
nyl group from a neighboring molecule. These nitrogens and the Cu(Il)
atom are coplanar. An oxygen atom is bound in the apical position, with
Cu-O distance of 2.878(3) A.

The structure of blue Cuz(u-apox)(u-NCO)z86 consists of neutral one-
dimensional chains of Cu(ll) atoms bridged alternatively by the oxamidato
and cyanato groups. The former acts as a bis-terdentate bridge whereas the
latter is bound through nitrogen in an end-on fashion. The equatorial plane
around Cu(Il) is defined by the oxygen and nitrogen atoms of the amide, the
nitrogen atom of the amine group, and the nitrogen atom of the cyanato
ligand whereas the apical position is filled by a nitrogen atom of another
cyanato group (CuN,4O). The Cu—Cu separation through apox*~ and cya-
nato bridges are 5.240(1) and 3.212(1) A. The shortest Cu—Cu separation is
6.153(1)A.

In a dark blue derivative?” neutral one-dimensional chains of Cu(ll)
atoms are bridged alternatively by the oxamidato and azido groups. The for-
mer acts as a bis-terdentate ligand whereas the latter is bound through a
nitrogen in an asymmetrical end-on fashion. The Cu(Il) environment is
square-pyramidal (CuN,O).

In a black complex [Cus(N3)e(2-bzpy),l,%® bidentate 2-benzoylpyridine
molecules each coordinate to a Cu(II) atom to form a five-membered metal-
locycle ring and all six independent azido groups serve to bridge neighbor-
ing metal centers in the u(1,1) mode, yielding infinite composite chains
which pack laterally to constitute a polymeric structure, with CuN,O, CuNg
and CuN;sO chromophores (Table II). '

The structure of another derivative® reveals that the [Cu(NH3)4(H,0)]**
cation forms a chain copolymer with 18-crown-6 in which each individual
crown molecule is involved in no fewer than 10 hydrogen bonds with four
amine ligands coordinated to the Cu(II) centers in adjacent ions.

In a blue green derivative®™ a distorted square-pyramid around Cu(ll)
atom is created by three nitrogen atoms of the terpyridine ligand (Cu-
N =1.94(1),2.05(1) and 2.06(1)A) with the fourth position of the basal
plane occupied by cyanide group (Cu-C=1.92(2) A). The Cu(Il) atom is
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displaced 0.26 A from the basal plane toward the nitrogen and (Cu-
N=2.21Q) A) of cyanide bonded to a symmetry-related Cu(II) atom. This
extended interaction involving non-linear (Cu—N-C=164(1)°) cyanide
bridges between Cu(Il) atoms extends through the lattice along the crystal-
lographic twofold screw axis.

The crystal structure of polymeric chains of [Cu,(u-sbc)(u-Cl))°" cations
is shown in Figure 4. The zig-zag propagation of the chain results primarily
from the ligand structure where the quarternary carbon in the ligand plays
a crucial role and controls the relative orientation of each macrocyclic
plane defined by the CuN, unit. The angle between these planes is 86.9°
and the distance between the copper atoms that are not bridged through
a chlorine atom is 6.41 compared to 5.25A between the chloro-bridged
copper atoms. The polymeric structure results from the alternate linkages
formed by the bridging chlorine and the quarternary carbon in the ligand
structure.

In the light blue Cu(u-im)(imH),C1°? the imidazolato ring is in a mirror
plane (y =0) with both nitrogens bonded to equatorial Cu(II) atoms in the
same plane, forming a bridge between the copper atoms in successive unit
cells in the z-direction. The two imidazole rings are coordinated to the cop-
per atoms on either side of the mirror plane through one of the nitrogen
atoms. The chlorine atom lies in the mirror plane with the Cu—Cl bond in
the x-direction. The polymeric chains are held together by hydrogen bonds
between adjacent chains. The distance NH - -- C1=3.223(6) A. The Cu(II)
atom lies 0.25A over the N, plane toward the apical chlorine atom (Cu-—
C1=2.559(2) A).

The red orange derivative’® contains a centrosymmetric Cu4ClsOf~
anion and eight tetraethylammonium cations per unit cell. There are five
crystallographically independent cations in the structure. The anion can be
visualized as being built up from parent CuCl,00*~ clusters in a two-step
process. First, two of these units are fused together, showing a common
CuCl; face on the inner chloride octahedron. This defines a hypothetical
intermediate Cu7C1150§’ cluster. The Cu(II) atom in the shared face is coor-
dinated to two oxygen atoms in axial positions, while each of the other cop-
per atoms has one oxygen and one chlorine atom in these positions. The
second step involves dimerization of two C\J-,Cl;sog‘ clusters with one of
the non-bridging (exo) ligand sites from each cluster being occupied by one
of the bridging chlorine atoms from the other cluster. The centrosymmetric
linkage yields the final cluster (Figure 5). While Cu(1), Cu(3) and Cu(4)
have trigonal-bipyramidal geometry, Cu(2), Cu(11), Cu(12) and Cu(13)
have square-pyramidal geometry (Table II).

]3+
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FIGURE 4 Structure of [Cua{p-sbc)(u-CDPP 5!
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cui4)

FIGURE 5 Structure of [Cu,ClygOJ% .

The structure of another red orange derivative™ consists of infinite chains
of chlorine bridged Cu(Il) atoms along the b-axis; the repeating unit is
(4-ambp-CuCl,-EtOH-CuCl,-4-ambp),. Although the two coppers are related
through crystallographic inversion centers, they have different coordination
geometries owing to the positioning of the ethanol molecule. One has a
square-pyramidal geometry (CuCl;N) and the second is a pseudo-octahedral
coordination (CuCL,ON) (Table II).

In a red derivative®® stepped chains (CuCl,), are crosslinked by (S-O)

bridging 1,4-oxathiane ligands to give five-coordinate (CuClS) and six-
coordinate (CuCl40,) environments.
There are almost 40 derivatives®®27%6-13! which contain five-coordination
around the Cu(II) atom with a CuO3;N, chromophore (Table II). The struc-
tures are very complex. For example the structure of a dark blue derivative®
contains two crystallographically independent Cu(Il) atoms having square-
pyramidal coordination, joined together with one of the edges of each
polyhedron in common to form a dimer. The dimers are piled up along the
c-axis, and sulfate ions are attached to them through hydrogen bonds.

A structure of {Cu(u-OH)(bpy)}2(1-C404)°" contains squarato-O',0%-
bridge bis(u-hydroxo)bis[(2,2'-bipyridyl)copper(II)] units forming zig-
zag one-dimensional chains. Each copper atom is in a square-pyramidal
environment.

The crystal structure of a dark green derivative®® is built up from [Cu,-
(u-msc)(u-ClO4)])+ cations and ClO; anions. The approximately planar
Cu,(u-msc), dimers in the cations are joined in chains by tetrahedral
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p-bridging perchlorate ions. The coordination polyhedron of each Cu(Il)
atom is square-pyramidal. The deviations of the Cu atoms from the O;N,
plane are 0.137 and 0.003 A.

In a green derivative'® the dimeric units are linked by perchorate groups
to one-dimensional infinite chains along the c-axis. The coordination
polyhedra around the copper atoms are square-pyramidal and tetragonal-
bipyramidal, respectively.

In a dark green derivative'” two CuQ;N, square pyramids are combined
by sharing an O-O edge, forming dimeric units. All dimeric units are con-
nected through N atoms of the 4,4'-bipyridyl ligands, resulting in an infinite
network.

The structure of a dark green Cu(u-dmap)(u-NCO)'%? complex consists
of an infinite two-dimensional network of alkoxo-bridged dimers connected
by cyanato-groups in the plane (100).

The crystal structure of blue Cuy(u-ac),(u-amoxa)'® consists of zig-zag
chains of Cu(II) atoms bridged by amoxa and acetate groups. The Cu—Cu
distance for the atoms separated by the amoxa ligand is 5.24(5) A while that
for the atoms bridged by acetate is 3.261(1) A.

In a green blue derivative'” zig-zag chains of Cu(Il) atoms are bridged
by bhben and acetate groups with Cu—Cu separation of 7.325(2) and
3.383(2) A, respectively.

The structure of a dark blue derivative!® consists of infinite polymeric
chains of Cu(u-CO3;)}INH;), units; the polymeric linkages are formed
through the terminal oxygen atom of one carbonate moiety bonding to an
adjacent copper atom, whose terminal carbonate oxygen atom continues the
chain.

The structure of a green derivative'!! is shown in Figure 6. The Cu(Il)
atoms are bridged sequentially by the barbituric ring with a Cu—Cu sepa-
ration of 6.322(3) A. The environment of each copper atom is square-
pyramidal, with a deviation of copper from the basal plane of 0.177(3) A.

A brown derivative''* has infinite chains parallel to (001) built up of
1-bis-(monodentate)squarate-0'0* C,O, anions bridging [Cu(mpym)-
(H20)]** units. The Cu(Il) atoms display distorted trigonal-bipyramidal
geometry.

The structure of a green blue derivative''® consists of two crystallogra-
phically independent, square-pyramidal Cu(u-pht)(py)2; complexes linked in
polymeric chains by bridging phthalate anions which also act as chelating
ligands through two O atoms from one carboxylate group. Each Cu(Il)
atom has a square-pyramidal environment with the deviation of the Cu(Il)
atom from the basal plane of 0.265 A.

101
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FIGURE 6 Structure of Cu(u-cab)Xpy).'"!

A structure of a blue derivative!?! consists of a polymeric two-dimen-

sional network in which each Cu(ll) atom is coordinated in a distorted
square-pyramidal geometry by three asparate ions and one imidazole mole-
cule. The asparate ion acts as a bidentate ligand bridging in an extended
configuration, with three metal atoms.

There are several examples'**~'3! in which one multidentate ligand, fre-
quently peptide, created a square-pyramidal environment around each
Cu(II) atom (CuO;N,) in polymeric chains.
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In the series of polymeric Cu(II) complexes where Cu(Il) atoms are
surrounded by three O and two N donor atoms (CuO;N,) a distorted square-
pyramidal geometry dominates, except for one example''® in which a tri-
gonal bipyramidal environment around Cu(II) was found. The deviation of
Cu(II) atom from the basal plane towards the apical (by far prevails O donor
atom) ligand is in the range from 0.003 to 0.364 A. There are four exam-
ples®®100-112125 which contain non-equivalent Cu(II) atoms, CuO;N,
(square-pyramidal) and CuO,N, tetragonal-bipyramidal). The shortest Cu~
Cu distance found in this series is 2.782(5) A.%

In Cu(u-abpo)x(abpo)Cl,'*? each Cu(Il) atom has a slightly distorted
square-pyramidal environment (CuO;Cl;). The two oxygen and two chlo-
rine atoms form the base, with an oxygen at the apex. The Cu(II) atom sits
0.29 A above the basal plane. Two Cu(ll) atoms share the two basal oxygen
atoms and a center of symmetry requires the four-membered ring (Cu;0;)
to be planar with Cu—Cu distance of 3.274(4) A. The second N-oxide oxy-
gen atom of each bridging ligand bridges a second pair of copper atoms
forming an infinite polymer.

There are two blue derivatives in which the oxygen with one
nitrogen donor atom and a chlorine atom (CuQ3;NCl) created a distorted
square-pyramidal environment around each Cu(Il) atom. A one-dimen-
sional polymer chain is bridged by a carboxylate group of a L-prolinato in a
syn—anti configuration.'3? The Cu(II) atom deviates from the O,NCl plane
by 0.18 A toward the apical O atom (Cu~O,p = 2.286(5) A).

In two green derivatives'>*!3¢ each Cu(ll) atom with a chromophore
CuQ;NS has a distorted square-pyramidal geometry (Table II).

There are nine derivatives, mostly green,2'>137-140.142-145 45y which three
O and two N donor atoms (CuO;N;) build up a distorted square-
pyramidal environment about Cu(II). In all of them an apical position is
occupied by an oxygen donor atom with Cu—Oggpicay bond distances ran-
ging from 2.160(10)*'® to 2.749(5) A."*® The Cu(Il) atom deviates from
the basal plane (N;0) toward an apical O donor atom from 0.04 A'* to
0.289 A.2'"® In Cu(u-tda)(terpy)'*' the coordination polyhedron (CuN;05)
was described as distorted trigonal-bipyramidal. A green complex,
Cu(pmsh)(x-NCS), shows'*® a distorted square-pyramidal environment
around each Cu(ll) atom, involving a tridentate (N;O) pmsh anion,
and a thiocyanate nitrogen (Cu—-N= 1.930(5)A and sulfur (Cu~
§$=2.709(2) A) from an adjacent thiocyanate group. This group bridges
the coordination polyhedra in zg-zag chains along (001). The Cu(Il)
atom is out of the plane (N;O) by 0.18 A in the direction of the top of
the pyramid (8S).

133,134
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In a green derivative'*’ the [Cu(paphy)(u-C1)]* unit is stacked in columns
oriented in the (001) direction with chlorine atoms building a linear chain
between CuNjy moieties. The Cu(II) atom deviates from the N3Cl plane by
0.109(2) A toward the apical chlorine atom (Cu—Cl(apicai) = 2.805(4) A).

In other blue'*® and dark green'*® derivatives polymeric chains of copper
centers are linked by attachment of the pyridyl group to the adjacent Cu(II)
atom. The copper is in a roughly trigonal-bipyramidal environment
CuN;Cl, (Table II).

There are two blue complexes which contain mono-u-bromo-
copper(lI) chains. Each Cu(Il) atom is in a pseudo-square-pyramidal envir-
onment (CuN3Br,). Two green derivatives' !> with di-u-chlorocopper(II)
chains and again each Cu(II) atom is in a pseudo-square-pyramidal arrange-
ment with a chromophore CuCl;0,.

The structure of a green complex Cu(u-pyNO)(u-CDCI'** contains
oxygen-bridged dimers held together in infinite chains by chloride bridges.
Three chlorine atoms with two oxygen donor atoms form around each
Cu(Il) atom a pseudo-square-pyramidal environment.

Another green derivative!>® consists of Cu,(u-Cl)s(u-2MepyNO),Cl,
dimers bridged by Cu(u-Cl)x(Hz0), groups with Cu-u—Cl distances
2.654(1) and 2.955(3) A to form infinite chains. The Cu(ll) atoms are found
in square-pyramidal and distorted octahedral environments (Table II).

Another three derivatives, green'’*'>® and blue green,'”” consist of
square-pyramids (CuCl3N,) which are linked by single chloride bridges, the
axial chloride on one Cu(Il) atom being in the basal plane of an adjacent
copper. The copper atom lies 0.182A'% and 0.16 A’ out of the N,Cl,
planes.

Polymeric chains are also linked by single Cu—Cl-Cu bridges from
distorted square-pyramidal CuCl;ON chromophores. Formula units of the
green Cu(u-dto)(u-C)CI'®! are catenated in two directions to neighboring
units, forming a chain comprised of alternating sulfur and chlorine bridges
with Cu-Cu separation in the CuyCl,. planar units of 4.046(1) and in the
Cu;S plane of 4.679(1)15. with a Cu—Cl—-Cu bridging angle of 93.1(1)° and
with a Cu—S-Cu bridging angle of 109.3(1)°.

In another three derivatives, green,'®? blue'®® and green yellow'®* a dis-
torted square-pyramid around each Cu(II) atom is created by O,N,Cl
donors with chlorine'®'%? or O donor atoms'* in an apical position.

There are seven green deriviatives'?>165-18 of general formula Cu(u-L)-
(u-NCS) which are isostructural. These compounds essentially consist of
alkoxo-bridged dimeric units. Each Cu(Il) atom is coordinated by amino
and thiocyanate nitrogens and two alkoxo-oxygen atoms. In addition to this

148,151

61,160
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coordination, a thiocyanate S atom of a neighbouring dimeric unit
approaches the copper atom forming a distorted square-pyramid
(CuO;N,S), thereby dimeric units are linked in chains parallel to the b-axis
throughout the crystal The Cu—Cu distance in the dimeric units range from
2.950(2) to 3.035(1) A.

The structure of a blue derivative'® consists of crystallographically equi-
valent Cu(bpy)>™* units linked by 2,2’-dithiodiproponate ligands into infinite
chains. Each Cu(II) atom has a distorted square-pyramidal coordination
geometry with the two bpy nitrogen and two carboxylate oxygen atoms in
equatorial positions. An apically bound disulfide completes the coordina-
tion sphere (Table II).

The structure of another blue derivative'™ consists of [Cuy(u-apae),]**
dimers where Cu—Cu distances are 2.969 and 2.976 A. Each Cu(II) atom has
a distorted square-pyramidal coordination with O,N, atoms in the basal
plane, and an iodide ion in the apical position. The iodide ion lies between
two dimers, giving rise to polymeric chains.

The structures of two green derivatives!’"!’ are isostructural and consist
of methoxy-bridged dimers connected to each other through asymmetric
chlorine bridges, forming a one-dimensional chain. Each Cu(II) atom isin a
distorted square-pyramidal environment (CuO,Cl;N).

In a pale blue derivative'”® each Cu(II) atom is bridged by two 1,3,5-tris-
(pyrazol-1-ylmethyl)benzene ligands and two chloride ions to form a poly-
meric structure. The coordination around each Cu(Il) atom is distorted
square-pyramidal (CuN;Cl,0).

Molecules of blue Cu(gly)(1-Meim)(¢-C1)'™* are linked through u-Cl
atoms forming polymeric zig-zag chains. Each Cu(II) atom has four close
equatorial ligating atoms (N,OCI) and an axial chlorine ligand at 2.883(5) A.

The structure of green [Cuy(OH)bppz)Brs],'”” is shown in Figure 7. It
consists of dimeric units joined to each other through bridging bromine atoms
to form a polymeric array. The two independent Cu(II) atoms of the dimeric
moiety are five-coordinate with a geometry which is intermediate between
square-pyramidal and a trigonal-bipyramidal. The Cu—Cu distance within
the dimer is 3.398(8) A, excluding a direct metal-metal bond.

Inspection of the data in Table II reveals that there are over 160 deriva-
tives in which Cu(II) atoms are five-coordinate. Square-pyramidal is pre-
valent, with a few trigonal-bipyramidal examples ***%145.14%.150 There are
26 different types of chromophores from which CuO;N; are most common.
Several cases contain non-equivalent Cu(Il) atoms, five- and six-
coordinated.26’33'62'63'34'88'94'95'98"°°’“2"25’“5"55 Cu(II) atom527 exist with
CuOs and CuO;N; chromophores. The shortest Cu—Cu distance found
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in this series is 2.652(2) A.2% In the series of Cu(Il) derivatives with a square-
pyramidal configuration, deviation of Cu(II) from the basal plane toward
on apical donor atom range from 0.08 to 0.406 A.

A summary of the copper-ligand(atom) bond lengths for Cu(ll) com-
pounds with coordination number five is given in Table IIA. In general, the
Cu-L bond distances increase with covalent radius of the respective donor
atoms. The mean Cu-L(equatorial) bond lengths are somewhat shorter than
those of Cu—L(apical). The mean Cu—L(bridge) bond distances are longer
than those of the non-bridging bonds. In the series of chelating ligands, the
effect of both electronic and steric hindrance of the coordinated atom can be
seen in the opening of the L-Cu—L bond angles of the respective metal-
locycles. For example, in the five-membered metallocyclic rings, the L—Cu—
L angles range from 77° to 81°, when L is an N-donor with unsaturation,
and from 82° to 86.5° when the N-donor is saturated, but from 80° to 85.5°
when L is an O-donor.

TABLE IIA Summary of the Cu(II)-L bond distances for five-coordinated
derivatives®

Coord. atom®  Cov. rad. [A] Cu—L (equatorial) [Al  Cu-L (apical) [A]

LO 0.73 2.01(9,28) 2.37(14,48)
pLO 1.95(8,10) 2.39(8,T)
pOH 1.93(7,15) -
#:0 1.90(1,1) —_
#:0H 2.00 243

#0 1.92(2,0) —
L?0 1.97(12,20) 2.39(15,30)
L0 1.98(7,14) 2.37(8,20)
L‘o 1.94(5,6) 2.38(12,32)
L’'o 1.92(2,4) 2.28

LN 0.75 1.97(2,5) 2.32

ULN 1.98(9,8) 2.53(20.18)
LN 2.02(8,15) 2.33(6,10)
L’N 1.99(9,10) —
L‘N 2.02(4,3) —
LN 2.01 —

cl 0.99 2.55(8,11) 2.66(19,39)
$Cl 2.30(10,6) 2.55(15,65)
p3Cl 2.57(26,79)
L 1.02 232

Br 1.14 2.40(2,2) 2.81

uBr 2.43(3,8) 2.39(33,33)
psBr 3.06

pl 1.33 2.99 3.22

SCN 0.75 1.93(3,9) —
NCS 1.02 — 2.89(18,18)

* The first number in parenthesis is the maximumn deviation from the mean of the lowest
value observed. The second number in parenthesis is the maximum deviation from the
mean of the highest value observed. PL* = x — dentate,
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The metallocyclic internal ring angle increases as expected with the num-
ber of ring atoms in the order L=0 mean value 56(6,6)° for four-membered
rings; 83.5(3.5,2) for five-membered and 92.5 for six-membered; for L=N
the values are 79(2,2)° for five-membered(unsaturated), 83.5(15,3)° for five-
membered(saturated) and 94(6,4)° for six-membered.

2.3. Six-Coordination

Crystallographic and structural data for six-coordinate polymeric Cu(II)
compounds are summarized in Table III. The order is in increasing
complexity of the coordination sphere and increasing covalent radius of the
principal coordinated atom. Structures are very complex. There are 51
examples®®98:116.176-219 which contain CuO4 chromophores.

In four complexes, besides O donor organic ligands four molecules of
water create a pseudo-octahedral configuration about Cu(Il).'’*'3! The
structure of Cu(u-EtSO.)(H,0),'7 consists of chains parallel to the c-axis.
Adjacent chains are held together by a system of hydrogen bonds from each
water oxygen of one chain to ethyl sulfate oxygens of adjacent chains.
Monoclinic Cu{u-03(CH;);S03}(H;0)4'”’ shows chains of Cu(I) atoms
bridged by the ethanedisulfonato groups. All H atoms of the water mole-
cules are involved in hydrogen bonds (average 2.75 A). The structure of
triclinic Cu{u-03S(CH,),S03}(H,0),'™ is similar to that of the 1,2-ethane-
disulfonate derivative!”” with hydrogen bonds (average 2.7 A).

In green Cu(u-C404)(H;0),'” the Cu(H20)i+ moieties are bridged by
bidentate squarate anions. Copper(Il) is coordinated to the p-orbital of
the squarate oxygen (the torsion angle C(2)-C(1)-0(1)-Cu=—100.2°).
The geometry around Cu(Il) is characteristic of Jahn—Teller distortion. The
Cu(Il) to squarate oxygen bond length, Cu-0 =2.469(2) A, is much longer
than the copper to water oxygen length, Cu—O = 1.961(3) and 1.98(2) A.

Blue Cuy(u-cdta)(H,0), was studied by two groups.'®*!®! The complex
exhibits a chain arrangement built up from altering ‘hydrated’ and ‘che-
lated’ pseudo-octahedral sites bridged by carboxylate groups of cdta anions.

Brown Cu(u-CsOs)(H»0)3'%2 consists of infinite one-dimensional chains
of Cu(IT) atoms bridged by croconate ligands acting in mono- and bidentate
fashion.

Pale green Cu(u-HCOO),(H,0):; which was studied by two groups'8134
consists of three-dimensional chains of Cu(Il) atoms joined together by for-
mate groups in an anti—syn and anti—anti bridging arrangement. Two Cu(II)
atoms in the unit cell are surrounded exclusively by oxygen atoms of for-
mate groups, forming an elongated octahedral coordination. The remaining
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REVIEW: Cu(ll) POLYMERIC COMPOUNDS
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REVIEW: Cu(Il) POLYMERIC COMPOUNDS
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REVIEW: Cu(ll) POLYMERIC COMPOUNDS

(20'8L1 O'0
DLvo1
0968
SDLSL N'O
(A4 27N
IS¢ (D816 N'N
081 00
06
(©)T6'8L N'O
081
0s€ 06 N'N
(£)o'081 O'0
(D768 N'O
(€)0r081
6vE (8'2)0°06 N'N
(e¥eLl 00
TOI66
BV'E)M'L8 N'O
(25001
(2)896
280608 N'N
@DLeL 0'0
9'T'0066
8'c)0L8 N‘'O
8v' D001
@)L 96
8 LSDI'I8 N'N

(€Z1)068 O'N
L¥E 2(1D698 N'N

weeeol
9bt T8 N'N

#'v)800T O
(S)ose
9zt

uaMBION  (ZZOWSO0T N

(1)956°'1 Qsw
Q69T

usAL3 10N (2)850°'7 Nzdv

RIELET O°OD
10°L (€)790°7 Nzdr

(115297 OHPW
(M16v'T oopppr

(ez1's  (z1'5)8p6'1 Nopppr!

(01)¥29°'C OHPN

(r)e6r'z Qopppr

s (£1°6)8b6'1 Nopppr
©'L1s°T Ospprt
waABION  (1°7L00°'T Nua

9)Lz9T oWt

wABION  (59)066'1 NAdq

1102 AJtenuer €2 €€ :vT

{OPND

YO'NND

O'N"D

O'NmD

tO"NND

0PN

TO'NDD

(ngoe6

@zrLet

(£)L901
(€)69°86
(£)18°001
(€)L17v01
€)Lo's6
()t L6

(c)osL 11
@Leysi
(1osg'6

(1)k16'9
(NoETET
(16618

(Tvs6'8
@1sL6
Wezrvl

18 A
w0l
(€)L68'9
©se1z
(Lves
(1)809°s
(1oLi9l
(o1)6€8°Z1
ooz’ 11

v papeo jumog

8/'zd

wuug
10

wizd
w

Id
1-d
n

uqd
10

(an1q WB1)
{roNE(-7)nD]

(anq 2red)
(sw)t(uzd-1)nD

{uoald jou)
Yror0y(uzd-Mny

(pa1)
o)
(HO*W) (eppp-1YnD]

(sidind)
Yspp-r)t(ua)n)

(nyq redor)
(oy-1)(Adg- 70D



M. MELNIK et al.

272

e 198 ID'N O'sesz D"
(0806 N'N (91'¥)970°7 Nuros PN
(£)z0°81 v (uanrd you)
GTTL6 DN ‘7887 D7 Mgl (@De9rol Ifizd O'HZ
§6¢ LU N'N - uweaBioN  (LI'6)6z0° Nuwe IOFNND @LLe w -l() (me)n))
(MLezz 1D (1)280'8 [/
61196 DN sz (zeeor  (1)8s6'8 of'zd (anjq)
61T (De68 N'N 908 MizoT Nd IPDINID (1)9¥5°6 w (D
@s'£91 00
5’10601
€Dr9g N'O
@1'06s1 98617 @Ot ¥
@eLu 9)697 O @1 @Syl df'td (usasd yrep)
143 HASVSIB NN uwaaBIoN (6409007 N OPNTD %ol w (qodwg-7)nD
{D)S¥s 0'0
ﬁ_.sm.nﬂ
(€LOL16 N'O (L)og9oz
(€)9'991 Oxcoz odunpr @uzeo ¥
(9'8'¢)¢" 101 (ev'8)z0'7 Ndunpr ©xree  (ELzs u/lzd (u2ard 10u)
g€l LS8 N'N  uaaB 10N (6)8L1°T NOS O'NDD Q)68 11 w (SONNdunp+-1)nd
(Ds6'T Ngow! (ews @6y I
('os’1 onb (196 oLt I-d (1oeiq)
£5€ J{L)0'S8 O'N  uaaSIoN (1'1)96'1 Nnb O'NRD (D686 (§)712 n (9o )Z(nbyO-7)RD
O)xrie  (5)896 1
©'Lesy omw oL (Rsi'L i-d (aaA18 j0u)
4y H{E)068 N'N  usaBioN  (11'Lspo'z Nud TO'NRD Lol (9)1899 n (&1 (ud-g -HO-ZIIND
[} A& —ﬁ 2 Z dno48 aovds
L) 7-7-7D []¢g Ivle uopafissop (40109)
oy [LT-m-1 ylno-nD lyl7-m asoydoworyy  [}o lyle  omdvidoymisdsd pumodwioD
(ponutue]) 11 18V.L

1102 AJtenuer €2 €€ :vT

v papeo jumog



273

Cu(Il) POLYMERIC COMPOUNDS
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REVIEW: Cu(Il) POLYMERIC COMPOUNDS
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two coppers are surrounded by two molecules of water, which form a
square-planar coordination. This coordination is completed to the elon-
gated octahedral coordination most typical for Cu(II) atoms by two oxygen
atoms from two different formate groups.

X-ray'® and neutron diffraction’® analysis of light blue [Cu(u-HCOO),-
(H20),] - 2H,0 show, that each Cu(II) atom is surrounded by four oxygen
atoms of four different formate ions in an approximately square configura-
tion and by two water molecules at a greater distance (Table III); green
[Cu(u-HCOO)5(H,0), - 2urea'® is isostructural. The Cu(II) atom in a light
blue complex'®® lies on a center of symmetry and is coordinated to six oxy-
gen atoms in an octahedral-type configuration by pairs of water molecules,
monodentate carboxylic groups and two carbonyl-O-of-peptide atoms.
Diacetoamidopropionate anions bridge Cu(Il) atoms, such that the struc-
ture consists of a two-dimensional (sheet-type) polymer. A blue complex'®’
has a similar structure, '

The structure of pale blue [Cuy(u-alaH)(u-H;0)5](SO4)2,'*° Figure 8,
shows a polymeric chain of Cu(II) atoms bridged by water molecules and by
the carboxylate functions (syn—syn) of the alanine molecules, in its zwitter-
ionic form.

There are four derivatives of general formula Cu(u-L),(H,0),; L=2,6-
dihydrobenzoate,'®! ethylene glycol,'"? 9,10-dihydro-9-oxo-10-acridineace-
tate,'®? or nicotinate-N-oxide!'** in which two L ligands serve as a bridge
between pseudo-octahedral (CuQOg) units (Table III).

In another four derivatives of composition Cu(u-L)}H;0),, L=3,6-
dichloro-2,5-dihydroxo-1,4-benzoquinonate,'®® squarate,'®® d-tartrate!®’ or
o-phthalate'®® one four-oxygen donor ligand serves as a bridge and two

N19 oz (T

2 P

FIGURE 8 Structure of [Cuy (i — alaH)(u — H20),]4*.1%°
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water molecules complete a pseudo-octahedral environment about each
Cu(Il) atom.

A green derivative'®® contains square-planar [Cu(u-nac),}*~ units in
which the nitro and carboxyl groups of the two chelate ligands are in cis
positions. Two of the units form a centrosymmetric dimer with a four-
membered CuOCu“Q”-ring, the dimers being connected by exo-oxygens of
the ligands into two-dimensional layers.

Another green derivative®® consists of flattened molecules arranged in
stacks with a centrosymmetric CuQg elongated bipyramid formed around
Cu(Il) by four oxygen atoms from the carboxylate groups of furosemi-
date and two from the methanol molecules. The carboxylate groups act as
bridges between the Cu(II) atoms with two oxygens in the equatorial plane
(Cu-0=1.924(2) A) and the other two in apical positions at 2.720(2) A.
The Cu—Chu separation of 4.749 A excluded a metal-metal bond.

There are two derivatives?®2°2 in which pseudo-octahedrally-coordinated
Cu(Il) atoms (CuQg) are held together by lactate or glycolate anions. A blue
derivative®® contains two types of Cu(IlI) atoms, one at —1 and the other on
the twofold axis, both with distorted octahedral coordination spheres. Each
Cu(II) atom is bound to two bridged water molecules and four phthalate
groups, and each phthalate group is bound to four Cu(II) atoms through
three of its oxygen atoms. The result is a complex sheet polymer extending
through the 4—c plane.

Copper(I) atoms in a royal blue derivative’® are coordinated by four
carboxy-oxygen atoms, two from the two ends of a chelating oxydiacetate
ligand and one from each of two neighboring Cu{O(CH,CO,)} groups, with
Cu-0=1.941(9)-1.952(8) A. Longer contacts to the ether oxygen of the
chelating ligand (Cu—O = 2.488(8) A) and to a statistically disordered water
molecule (Cu—O =2.73(21) A) complete a (4 + 1 + 1) arrangement.

In another blue derivative?®® the HCOO group in a syn—syn arrangement
with the OH group bridge the neighboring Cu(II) atom, and in this way infi-
nite zig-zag chains are formed along the b-axis. The chains are connected by
the bonds of Cu(II) atoms and hydroxy groups, and the layers parallel to
(100) are formed. In a turquoise derivative?®®2%® the HCOO groups act as
bridges between Cu(II) atoms forming an infinite anti-anti chain through
the crystal.

The Cu(Il) atoms and the nitronate groups in the crystals of Cu(u-Me,-
CNO,),* are bound to each other in such a way that the structure consists
of chains of bis(propane-2-nitronato)copper(II) units. Each Cu(II} atom is
coordinated in a distorted octahedral (4+1+ 1) manner to six oxygen
atoms from four different propane-2-nitronate ions.
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One of the most characteristic features of the Cu(u-CiyHs4N;Og)s
structure®!® is the different conformation of the two molecules in the cell.
The coordination geometry about both Cu(II) atoms corresponds to a
tetragonally-distorted octahedron with a pair of g-diketonate ligands and
two monodentate-O-bonded nitrozyl radicals belonging to other molecules.
Significant parameters of the coordinated nitroxides include Cu-0O 2.583(5)
and 3.157(3) A and Cu—O-N 158.5(4)° and 139.5(4)°.

There are three blue salts''%?!'2 containing planar Cu(u-ox)>~ ions in
which the oxalate ions act as bidentate ligands. In each salt, the Cu(ll)
atoms complete their coordination sphere by formation of long Cu-O
bonds to non-coordinated oxygen atoms of neighboring anions (Table III).

A pale green derivative?'* consists of one-dimensional polymeric chains in
which two phosphinate groups form double bridges and a formamide oxy-
gen atom forms a p-O bridge between Cu(II) atoms. The intrachain Cu-Cu
distance is 4.056(1) A.

In green complexes®'3-217 pseudo-square-planar CuO, moieties, created by
a pair of 0,0'-chelating acetylacetonato ligands, are held together by biden-
tate, 1,4-dioxane molecules of 4-hydroxy-2,2,6,6-tetramethylpiperidinyl-
N-oxy,2'® or 2,4,4,5,5-pentamethyl-1-oxyimidazoline-3-oxide*’’ in a
one-dimensional polymeric array.

In the infinite, left-bonded helical structure of Cu(u-acac)(u-Clyac),'®
each Cu(Il) atom is surrounded by six oxygen atoms, two from a bidentate
acetylacetonato ligand, two from separate trichloroacetato ligands which
bridge to neighboring Cu(II) atoms in the spiral, and two atoms of ligands
of neighboring Cu(II) atoms.

There are 15 derivatives***2°~233 where pseudo-octahedral environments
about Cu(ll) atoms are created by six nitrogen donor atoms (CuNg)
(Table III). In black brown crystals, Cu(N3),,??° the CuNg octahedra are
linked together by sharing edges to form double chains, which are then
coupled by azide groups to form a three-dimensional network. In blue green
Cu(N3)(NH,),2! and green Cu(N3)x(py),>2 the CuNg octahedra are linked
to form chains by the sharing of corners. The structure of black Cu(N3),(4-
Mepy).*2 is built up by oligomeric edge-sharing chains of polyhedra. In
green Cu(N3)2(bpy)*** each azide takes part in asymmetric bridging through
a single nitrogen atom (u(1,1)) (Table III).

Three violet complexes®* 22" which contain [Cu(en),(u-NCS)]* cations
are isostructural. The isothiocyanate group forms a bridging unit between
two [Cu(en)]** cations, giving infinite chain structures and complete a tetra-
gonal bipyramidal arrangement about each Cu(II) atom (CuNg). Cu(trz),-
(NCS),?® exhibits two-dimensional networks with 2,4-bridging triazole
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molecules and NCS™ groups, acting as N donors on either side of the
planes. The CuNg octahedra clearly show Jahn—Teller deformation with
Cu-N(NCS) 1.984(3)A; and Cu-N(trz) 2.002(5) and 2.477(3)A bond
distances.

X-ray analysis of dark green Cu(tp)(NCS),”*® shows an essentially
layered structure with the Cu(II) atom coordinated in a square-planar by
two nitrogen atoms (¢rans) from the Nj-coordinating tp ligand and by two
NCS groups. The coordination is completed to octahedral by two nitrogen
atoms from adjacent tp molecules which N,-coordinate axially to a Cu(Il)
atom, so that two-dimensional system parallel to each other is formed.

In black Cu{u-C(CN)3},*>° Cu(l) is surrounded by a distorted octa-
hedron of six CN groups belonging to six different molecuies. The crystal
structure is therefore polymeric consisting of planes of C(CN); ions inter-
secting at an angle of about 79° with Cu(ll) atoms occupying pseudo-
octahedral holes.

A blue derivative“>* consists of polymeric one-dimensional chains, formed
from [Cu(pzH)J** cations linked by one bridging tricyanomethanide anion.
The second tricyanomethanide anion is not bonded to this chain. The Cu(Il)
atom is pseudo-octahedrally coordinated by four pyrazole molecules in the
equatorial plane (average Cu—N 1.994(6) A) and axially by two N atoms from
two symmetrically equivalent tricyanomethanide anions (Cu-N 2.373(7)
and 2.500(7) A).

There are 10 derivatives®**~2% jn which each Cu(II) atom is coordinated
by six chlorine atoms (CuClg) with a different degree of distortion. The crys-
tal structure?®* of [CuClyJ*~ consists of corner-sharing octahedra which
form layers in the a—b plane. Two of the four Cu—Cl distances (bridging)
are relatively short (CuCl 2.283(1) A) and two are long (Cu—Cl 2.907(1) A).
The two axial bonds are short with a distance of 2.296(1) A. At 100K the
two long Cu—Cl distances appear slightly shorter, whereas the four short
ones appear longer, in accordance with a riding-atom model (Table III).
Other derivatives**~4 also contain [CuCl,}*~ anions, which are isostruc-
tural with that described above®** (Table III).

Six bromine atoms, create a pseudo-octahedral arrangement about each
Cu(ll) in four derivatives.*!~2** Three?*!**2 contain [CuBr,}*~ with a struc-
ture which consists of layers of square-planar [CuBr,*~ anion linked
together by semi-coordinate Cu—Br bonds with the latter completing the
Jahn-Teller distortion. The structure is strictly isomorphous with the corre-
sponding chloride salt.

A brownish violet derivative®*® consists of the 2-amino-4-bromohydroxy-
pyridinium cations, planar dibridged CuzBrﬁ‘ dimers, and water molecules.

231
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The dimers aggregate through the formation of semi-coordination Cu—Br
bonds to form stacks parallel to the a-axis.

There are 11 blue?****5247-255 and one green?*® derivative in which a
pseudo-octahedral arrangement around each Cu(Il) atom is created by five
oxygen donor atoms and one nitrogen donor atom (CuQO;N) (Table III).
In Cu(pyvgly)(H,0):2* the octahedral coordination is composed of the
long bonds (Cu~OH, 2.451(10) and 2.616(10) A), and of four short square
bonds. The octahedrons in the unit cell are associated with each other by
hydrogen bonds (average 2.73 A).

The structure of [Cu(u-Mexcys)(H,0):]2H,0?** contains Cu(II) atoms
linked by syn-anti carboxylate bridges to form zig-zag Cu~0O~-C-O chains
parallel to c-axis. Each Cu(II) atom is tetragonally coordinated. Equatorial
O3N ligation is provided by the two carboxylate O atoms (1.949(3) and
1.957(3)A) and the amino N atom (1.986(3)A) of the tridentate S,5-
dimethylcysteate ligand; and one water molecule (1.983(3) A). Two addi-
tional water molecules form axial bonds with copper (2.471(3) and
2.572(5) A) and complete the OsN coordination.

There are three derivatives of composition Cu(u-L)(H>0),, L = N-oxyphe-
nyliminodiacetate,2*® iminodiaceate,”’ or pyridine-2,6-dicarboxylate
The organic molecule acts as a tridentate O,N ligand, with one of its
O atoms in a bridging position so that the coordination polyhedra are
Jjoined in chains running parallel to the g-axis.

Five derivatives of general formula Cu(u-L)(H,0), L = 8-oxyethylimino
diacetate,”*® N-(o-carboxyphenyl)iminodiacetate,”® N-(o-carboxyethyl)-
iminodiacetate,?>' N-benzenesulfonyl-DL-alaninate, 2 or glutamate®*® con-
tain tetragonal-elongated octahedral coordination of each Cu(ll) atom
(CuOsN). Each ligand molecule links two Cu(II) atoms and each Cu(Il) is
bonded to two ligands. The related copper complexes share one oxygen
atom, thus forming infinite polymeric zig-zag chains.

In the polymeric structure of Cu(u-ox)(NH,),>** one oxygen of an oxalate
group functions as a bridge between two Cu(Il) atoms. Each Cu(Il) atom
has a tetragonal-bipyramidal arrangement, CuOsN. The blue crystals
of Cu(ap)(HCOO)*** are centrosymmetric dialkoxy, bridged dimers (Cu—
Cu=2.964(1) A). The dimers are polymerized along the c-axis into chains
via two NH-O hydrogen bonds (Cu--- Cu=5.479(1) A). These chains are
joined along the b-axis by CuOCOCu bridges and NH - - - O hydrogen bonds
(Cu---Cu=4.622(1) A) forming layers, which are held together by van der
Waals forces.

The structure of blue Cu,(bpm)(NCO),>*¢ consists of a two-dimensional
array of Cu(II) atoms bridged by bis-bidentate bpm ligands and end-to-end
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cyanato groups. The Cu(lIl) atoms are in a distorted octahedral arrange-
ment with a CuNsO chromophore. Four nitrogen atoms, two from the bpm
ligand and two from the cyanate groups, occupy the equatorial positions,
whereas the axial positions have an oxygen and a nitrogen atom of other
cyanate groups (Table III).

The structure of Cu(ps-Br)a(u-Br)a(py)22>’ consists of well-defined centro-
symmetric dimers which stack on top of one another to form linear chains.
Within each dimer, Cu—Br distances range from 2.412(4) to 2.464(6) A while
interdimer distances are 2.928(4) and 3.331(4) A. The pyridine ring is not
coplanar with the Cu,Br, plane but is twisted at an angle of 54° from the
dimer plane allowing efficient packing of the pyridine rings.

The structure of pale green Cu(u-F),(meppz),?*® is shown in Figure 9.
The structure consists of Cu(Il) atoms coordinated by two pyrazole nitrogen
atoms and two fluoride ions in a distorted square-planar arrangement. The
axial bonds, two fluoride ions of nearby Cu(II) atoms (related to the central

FIGURE 9 Structure of Cu(u-F)o(meppz)e. 2%
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copper by an inversion center), have significantly longer Cu-F bond
lengths. The zig-zag chains, consisting of two different CuF,Cu units, are
positioned along the b-axis, Cu—Cu distances are 3.330(2) and 3.294(2) A.
The polymeric structure is stabilized further by hydrogen bonding of the
pyrazole N-H to fluoride ions of nearby Cu(Il) atoms.

There are 70 derivatives'%>**~32* (Table III) in which a distorted octa-
hedral environment (mostly a tetragonal-bipyramid) is created by four oxy-
gen and two nitrogen donor atoms, usually two O donor atoms occupying
axial positions. The compounds are mostly blue or green, with some violet.
Their polymeric structures are complex. For example, in two derivatives
9-methylpurine®® or, purine®® bind equatorially to Cu(Il) through two
atoms in two symmetry-related purine rings, thus producing polymeric
chains. The other positions are occupied by water molecules.

In green [Cu(u-H,O)H;0)s(mgu),JSO,-2H,0%! the six-coordinate
Cu(ll) atoms (CuO4N,) are linked in an infinite chain by one of the coordi-
nated water molecules. Two 9-methylquanine molecules, binding copper
through N(7), are arranged in a syn configuration with a water molecule
in the coordination sphere bridging to two carbonyl groups via hydrogen
bonds.

A green derivative®® consists of structural units of the type Cu(y-gmp),-
(H;0)s, which are linked into a polymeric chain by Cu-O bonds involving
the ribose O of one of the two gmp group molecules.

There are three monoclinic derivatives of general formula Cu(u-80,)-
(H,0)L), L =bpy,?®® phen®® or en?” which are isostructural. The pseudo-
planar CuO,N: units are bridged through the two axial coordination
positions by sulfate groups: O- SO, - O[Cu(OH,),L]JO - S0, - O, etc. to give a
linear polymeric array. The five-membered metallocyclic ring, opens in the
order of L: 80.9(5)° (L = bpy) < 82.0(1)° (L = phen) < 86.43(2)° (L =en).

The structure of deep green Cuy(u-NO;3)(p-MesNCH,COO) (u-1,
1-N3),28 is shown in Figure 10. The structure contains Cu(ll) atoms in
two crystallographically and chemically different environments, as illus-
trated in Figure 10. Cul, located at an inversion center in Wyckoff
position 4(a), is trans-coordinated by two carboxy oxygens from different
betaines, two azido nitrogens, and two nitrato oxygens in a distorted octa-
hedral environment. The other Cu(2), lying on twofold axis in Wyckoff
position 4(e), is also trans-coordinated. Every pair of adjacent copper atoms,
separated by a non-bonded distance of 3.436(1) A, are simultaneously
bridged by an azido group, a nitrato group, and the carboxy group of a
betaine ligand to build up a linear zig-zag polymeric chain running paraliel
to the c-axis.
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FIGURE 10 Structure of Cuy(NO3);(Me;NCH,CO0),(N3), 2%

There are several derivatives®> 31431% in which crystals are built up

from trans-Cul, (L. = tridentate O,N) chelates associated in infinite layers
(Table III).

In another three derivatives of composition Cu(u-L')(L); p-L'=
succinate,3'® glutarate®!? or 3,3'-dithiopropionate;'® and L =en, Meyen or
bpy, the u-L’ ions join the CuL?* units in chains. Each Cu(II) atom is coor-
dinated with four short bonds (O;N,) in nearly square-planar arrangements
and two longer bonds (O,) to complete a tetragonal bipyramidal arrange-
ment (Table III).

A 12-membered heptadentate macrocycle®!® with two pendent acetato
groups created a distorted octahedral environment about Cu(Il) (CuO4N2).
One of the features of the structure is that one of the acetato groups is coor-
dinated to two Cu(Il) atoms forming a one-dimensional —-Cu-0O-C-0O-
Cu- chain.

There are two green derivatives’?**2! in which the Cu(Il) and two
[B-diketonates lie in a plane of symmetry, giving square-planar coordination
about the Cu(Il) atom (CuQ,). The fifth and sixth positions are occupied
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by nitrogen atoms of 1,4-diazabicyclo[2,2,2]-octane(ted)**® or pyrazine
(p2)**' ligands. The ted*® or pz>?! molecule bridges two copper atoms.

A black derivative®® contains two non-equivalent Cu(lI) atoms, one
being coordinated symmetrically to pairs of N, the other O and carbonyl
O atoms (CuO4N;) and the other to two Cl and four carbonyl atoms of
neighboring ligands (CuQ,4Cl,), thus joining the molecules into chains paral-
let to (101).

In a pale blue derivative,'** distorted octahedrally coordinated Cu(lI)
atoms (CuO,NCl) are linked by bridged prolinate groups.

In another two blue derivatives’?>32° a pseudo-octahedral environment
about each Cu(Il) atom is built up by four oxygen, one nitrogen and one
sulfur donor atoms (CuO4NS). The structure of [Cuy(u-tedta)(H,0).]-
3H,0%% consists of dimeric units containing two independent Cu(ll)
atoms. The thioether S atom bridges the copper atoms. The crystal structure
is held together by a combination of bridging carboxylate groups and
an extended hydrogen-bond network. The Cu-Cu distances across these
bridges are 5.387(1) and 5.629(1) A compared to 5.189(1) A across the thio-
ether bridge.

In [Cuy(u-tbemc)(H,0)5] - 4H,0%% one N and two O atoms (from the
same bis(carboxymethyl)amino moiety) and one O atom (from one water
molecule) approximately define the square base of a distorted octahedral
environment for each Cu(Il). The octahedron is achieved by longer trans
axial bonds to one S atom (from a disulfide group) and to one O atom (from
the adjacent ligand). Each ligand molecule chelates two Cu(II) atoms and is
also bonded via a bidentate carboxylate group to two others, thus forming
layers linked to each other by water in a hydrogen bonded network.

In a black violet derivative®?’ the (isopropylthio)acetato acts as a terden-
tate ligand, coordinating via one S, and one carboxylate O to a copper atom,
and via the other O to another copper atom. The Cu(Il) atom has a
deformed octahedral coordination (CuQ4S,), and the complexes are aligned
to form a polymer chain parallel to the c-axis.

A red derivative®®® consists of alternating chains of dimeric dibridged
Cu,CI2™ anions (CuCly) and monomeric Cu(tmso)3* cations (CuO4Cly)
extended along the c-axis.

In Cu(daca)y(u-ClCl3*% two non-equivalent Cu(ll) atoms, one CuO,4Cl,
and the other CuCly are linked by a single chlorine atoms.

In another derivative®® two non-equivalent pseudo-octahedral units
Cu0,Cl; and CuCl 0O, are linked by chlorine atoms. The Cu—Cu distance
of 3.553 A ruled out a direct metal-metal bond; black Cus(tmso)Brg>2® is
isostructural with its chlorine analogue.3%3
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There are two derivatives®*"*32 in which approximately planar CuN2*
units are linked by bridging SiF2~ 3! or BF; **? groups as axial ligands com-
pleting a tetragonal-bipyramidal arrangement (CuN,F5).

There are over 20 derivatives'>332-3% mostly blue or violet in which a
pseudo-octahedral environment about Cu(ll) is created by four N and two
O donor atoms (CuN4O,). In the violet complex Cu(im)((u-SO4)*** four
imidazole nitrogens create square-planar CuNZ* units which are linked
together by SO2~ ions, forming symmetry-related chains; these chains form
layers parallel to the a—c plane. A deep blue complex Cu(NHa)4(p-SeO4)***
is isostructural with that of Cu(im)4(g-SO4).>*?

In another three blue derivatives*>*~337 nearly square-planar CuN2* units
are connected by NO; ions as axial ligands, completing a tetragonal-
bipyramidal environment about each Cu(ll) atom (CuN4O,). In yellow
brown Cu(1,2-pn)a(u-Cr.04)**® the dichromate(VI) anions serve as a bridge
between square-planar CuN2* units.

The structure of [Cu(bpy)(u-ClOy)JCIO, was studied by two
groups. 3233 The crystal is composed of infinite chains of [Cu(bpy).-
(1-ClO4)]* and ClO7. A perchlorate ion in the chain bridges two adjacent
Cu(Il) atoms through its two oxygen atoms in axial positions. The coordi-
nation polyhedron around each Cu(ll) atom is a tetragonal-distorted octa-
hedron. In another two derivatives’*®>4! nearly square-planar CuN2* units
are also linked by perchlorate groups (Table III).

The structure of a dark violet derivative®*? is built up of trimeric units, con-
sisting of distorted octahedral environments about each Cu(II) atom (CuN,O5)
connected through two imidazolato bridges. Each unit is centrosymmetric
around the central Cu(II) atom. The trimer units are linked through two per-
chlorate groups forming a chain running along the c-direction.

A purple derivative®*? consists of u~4,4'-bipyridine Cu(II) dimeric cations
and perchlorate anions. Two of the perchlorate anions are not coordinated,
whereas the other two link the dimeric units in a bis(monodentate) way,
building one-dimensional chains of Cu(Il) linked by 4,4'-bipyridine to form
ladders. They are arranged in a three-dimensional network. The Cu(ll)
atom is in a 442 environment (CuN,O;) with O atoms in axial positions
(Table III). The Cu-Cu distance through the 4,4’-bipyridine molecule,
within a dimeric unit, is 11.106(2) A, much longer than the Cu—Cu distance
through a perchlorate anion between two dimeric units, which is 7.283(2) A.

In a dark blue derivative*** only the 4,4'-bipyridine ligand bridges neigh-
boring Cu(Il) atoms forming polymeric chains along the c-axis in the crys-
tal. Each Cu(II) atom has a 4 + 2 coordination (CuN,O,) with O atoms in
axial positions.
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In a blue derivative®®® [Cu(bpy),]** units are linked by trithionate anions
forming chains along (100). In this case, each Cu(II) atom also has a 4+ 2
coordination (CuN,O,) with O atoms of trithionate groups on axial posi-
tions. A royal blue complex Cu(2,2'-bpy)a(p-ted)**® is isostructural with
Cu(2,2’-bpy)2(/,¢-tt).345 In purple Cu(en),(u-dda),>*’ two O atoms of the
dodecylsulfato ligands occupy axial positions about each Cu(ll) atom. In
addition to the Cu—O bond, there are two intramolecular hydrogen bonds
from each dodecylsulfato ligand to the bis(ethylenediamine) Cu(II) moiety.
The dodecyl chains are extended and form a highly ordered interdigitating
structure.

A red derivative®® consists of perchlorate anions and infinite-chain
[Cuy(u-dddo),(MeOH)J** cations. Each Cu(ll) atom is coordinated to a
tetradentate dddo ligand through four coplanar nitrogen atoms (Cu—N dis-
tances range from 1.937(5) to 1.961 A), and each Cu(IlI) atom is also coordi-
nated to an oxime oxygen of the adjacent unit (Cu—O distances of 2.491(4)
and 2.493(4) A) to form singly-bridged zig-zag chains.

The structure of Cu(u-pz)(Cl04)2>* consists of sheets of Cu(Il) atoms
bridged by ambidentate pyrazine ligands. The distance between two adja-
cent sheets is 7.012 A. The coordination geometry about each Cu(II) atom is
that of a tetragonally elongated octahedron, where each Cu(Il) atom is
bonded strongly (Cu—N=2.062(3) A) to four pyrazine ligands and weakly
(Cu-0=2.373(12) A) to two perchlorate group. The structure of pale blue
Cu(u-pz)o(ms); > is isostructural with that of Cu(u-pz)x(ClO4).. 34

Light blue [Cu(u-th);J(C104):>*' consists of [Cu(u-th),F** cations and
perchlorate anions; the structure of the [Cu(u-th),* cations is shown in
Figure 11. As can be seen the complex cation has a chain structure and
tetrazolyl-1-acethydrazide performs the function of a tridentate-bridging
ligand bonding adjacent Cu(II) atoms through the chelate hydrazide frag-
ment and the nitrogen atom in position 4 of tetrazole, respectively.

In Cu(2-OH-1,3-pn)(u-trp)**2 [Cu(2-OH-1,3-pm),J** units are linked by
the terephthalate groups, resulting in infinite chains.

The crystal of a black derivative®®® is made up of alternating sheets of
bis(8-hydroxyquinolinato)Cu(II) molecules and tetracyanobenzene mole-
cules. These sheets extend in the y—z plane, and the molecules in each sheet
are inclined to this plane. The sheets are arranged so that alternate copper
chelate and tetracyanobenzene molecules stack along the z-axis.

In dark green Cu(u-bmpceb)®™ the ligand is tetradentate through the four
N atoms forming a highly distorted, square plane about the Cu(II) atom.
Amide oxygen atoms of neighboring molecules coordinate also to form chains
parallel to a, completing a tetragonally distorted six-coordination (CuN4O5).
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FIGURE 11 Structure of [Cu(u-th);)*+.>%!

There are four derivatives?***>>~3%7 in which Cu(Il) has a pseudo-
octahedral environment created by four N and two Cl atoms (CuN4Cl). In
[Cu(aeim),(u-ChHJCI - 2H,0%55 the Cu(ll) atoms are located at two indepen-
dent centers of symmetry (000 and 00). Two bidentate histamine ligands
form a square-planar environment around the Cu(ll) atoms (CuN,). The
coordination sphere is expanded to a tetragonal-bipyramid by bridging
chlorine atoms. Polymeric chains are extented along the y-axis (Table III).

The structure of a deep blue derivative®®® consists of centrosymmetric
dimeric Cua(p-bistren)** units held together by chiorine bridges forming
pairs of polymeric zig-zag chains parallel to the b-axis. Each Cu(Il) atom
has a 4+ 1+ 1 coordination (Table III). The intramolecular Cu~Cu dis-
tance is 6.138(1) A.

In a dark brown derivative™’ the Cu(Il) atoms are not equivalent, one
Cu(II) has the tetradentate N, atom macrocycle in a square-planar arrange-
ment. In addition, the axial positions are occupied by two chlorine atoms of
two CuCI2™ units, which act as bridges. The other Cu(II) atom is coordi-
nated by four chlorine atoms in a distorted tetrahedral geometry (Table III).

There are 10 derivatives?¢>%-3% in which each Cu(Il) atom is sur-
rounded by four nitrogen and two sulfur donor atoms (CulN,S;). The
structures of two green®*®3% and one brown®** complex are characterized by
infinite polymeric chains along (010), constructed from Cu(;,z—(o::im«.etidine)%+

357
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entities which are linked through N-cyano groups belonging to symmetry-
related molecules. The Cu(u-cim,)>* cations in the perchlorate,3® nitrate>®
and sulfate®® salts are one-dimensional infinite chains characterized by dif-
ferent conformations of the antiulcer drug cimetidine (cation structure iso-
merism). The Cu(Il) atom lies in a strongly distorted octahedral CuN,S,
environment (Table III).

A violet derivative®®! consists of Cu(en),{u-(EtO),PS,}* cations and
NCS™ anions. In the complex cation Cu(en); moieties are linked by diethyl-
dithiophosphate anions to form polymeric chains. Each Cu(II) atom has a
tetragonal-bipyramidal arrangement (CuN,4S,) with S atoms in the apical
positions.

Light blue Cu(en)(u3-NCS)(NCS)**? contains two symmetrically indepen-
dent Cu(II) atoms. Each Cu(ll) atom is coordinated in plane by the N atoms
of ethylenediamine and the N atoms from two NCS groups. The planar
coordination is supplemented by the sulfur atom of the NCS group to give
a distorted tetragonal-bipyramidal environment (CuN,S;). There are two
types of NCS groups, u3-SCN and monodentate (N).

The structure of dark green Cu(4-Brpy)(1~-NCS),%* is shown in Figure 12.
There are two symmetrically independent Cu(Il) atoms, both psewdo-
octahedrally coordinated (CuN,S,). Both types of Cu(Il) polyhedra alter-
nate in the chain and are linked by thiocyanate groups. Another dark green
complex Cu(4-Mepy),(u-NCS),>%*% contains three symmetrically indepen-
dent Cu(II) atoms and is isostructural with Cu(4-Brpy)(u-NCS),.3%

The structure of dark green Cu(bim)(u-NCS),>%6% is made up of one-
dimensional chains of Cu(bim)** units linked by thiocyanato groups
which act as asymmetrical end-to-end bridges. Blue green Cu,(u-NCS)s-
(u-bpm),2%¢-3% is made up of a three-dimensional network of Cu(Il) atoms
bridged by bis-bidentate bpm ligands and bis-unidentate end-to-end thio-
cyanate groups Figure 13.

In Cu(NH3)414**" four nitrogen atoms and two axial iodine atoms form
a tetragonal-bipyramidal environment about Cu(II) (CuN,l,). A connection
of the Cu(II) atoms by linear, centrosymmetric Ii‘ polyiodide ions results in
infinite chains of [Cu(NH3)3*12-] units.

In the blue complex?®® perchlorate groups link the [Cu(den)(u-NCS)}y
dimers along the b-axis. Each Cu(Il) atom is coordinated by four N atoms
in the plane and an S atom of the NCS group and an O atom of the per-
chlorate group complete a tetragonal-bipyramidal environment (CuN,OS)
(Table IIT). The Cu—Cu distance in the dimeric vnit is 5.51 A.

There are six derivatives' %32 in which each Cu(II) atom is coordinated
by four chlorine and two oxygen donor atoms (CuCl40,). The structure of a
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FIGURE 12 Structure of Cu(4-Brpy),(u-NCS),.36>
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FIGURE 13 Structure of Cuy(p-NCS),(y-bpm),. 3%

brown derivative®® is formed of nearly planar (CuCly(trans<hd) and

CuCly(thf), units which are alternatingly tied together by two chloro-
bridges and one hydrogen bond, forming an infinite chain along the c-axis.
In this chain there are three copper atoms on the same line. These lines
form a zig-zag type trace. Each Cu(ll) atom has tetragonal-bipyramidal
geometry, in the former with two chlorine atoms and in the latter units two
oxygen atoms (thf) in apical positions (Table III).

The structure of a green derivative’’® contains square-planar CuCly-
(H,0), subunits stacked along the g-axis. Distorted octahedral coordina-
tion at Cu(Il) is completed by two rather long Cu—Cl bonds with the next
layers. The octahedral units form one-dimensional chains by edge-sharing
(Table III). There are two orange derivatives®’! of composition Cu(u-Cl),(z-L)
(L = tetramethylsulfoxide or dimethylsulfoxide). Each contains linear chains
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of Cu(Il) atoms with three bridging ligands (2Cl, 10) between each pair of
Cu(1]) atoms with Cu—Cu distances of 3.209(6) and 3.238(1) A, respectively.
In each salt, the copper coordination geometry is severely distorted from
octahedral with four short Cu-ligand bonds (Cl;0) and two long Cu-
ligand bonds (OCl).

The structure of (CuCly)(dio)."? contains zig-zag (CuCl,), chains along
the c-axis. Each Cu(II) atom is also bonded to two O atoms of 1,4-dioxane
molecules, which cross-link the chains in the a—c plane. The Cu-Cu
distances of 3.120(3) and 3.358(3) A alternately ruled out a direct metal—
metal bond.

There are 13 derivatives in which a square plane about each Cu(lIl)
atom is created by pairs of chlorine and nitrogen atoms (N,Cl;) and another
pair of chiorine atoms completed a square-bipyramidal coordination
(CuCLN,). A polymeric chain structure of dark green CuCly(caoH,)*” is
formed where a chlorine atom bridges three Cu(II) atoms. This leads simul-
taneously to bent and to nearly linear Cu—Cl-Cu chains, and to zig-zag
chains of copper atoms with a Cu—Cu distance of 3.972(2) A.

The structures of another five derivatives®’>~>" (Table III) consist of
infinite chains of doubly chloride-bridged Cu(II) atoms, with Cu—Cu dis-
tance ranging from 3.649 to 3.932(4) A.

The crystal structure of green CuCly(pz)****#! reveals that CuCl, units
are bonded by pyrazine to form linear chains. These chains are cross-linked
by doubly-bridged chlorine atoms.

The structural unit of CuCly(1z)**? and CuCl,(amtz)*®? is an infinite chain
parallel to the c-axis, in which coordination octahedra are joined by sharing
edges containing two chlorine atoms. The octahedra are also linked along
the chain through vertices from the N atoms, since vertices of adjacent octa-
hedra are occupied by adjacent N’atoms of one triazole**? or 4-amino-
3-methyl-1,2,4-triazole>®® molecule.

A green derivative®® consists of Cl,Cu(bpm)CuCl, dimeric units doubly
bridged by chlorine atoms. The bpm ligand bridges two copper atoms in a
planar arrangement with the intermolecular Cu—Cu distance of 5.528(2) A.
While in Cu(Cl):Cu moieties the intermolecular Cu—Cu distance is only
3.600(1) A.

There are five derivatives in which a pseudo-octahedral environ-
ment about each Cu(Il) atom is created by four chlorine, one oxygen and
one nitrogen atoms (CuCLLON).

CuCly(sc), exists in two isomeric forms a blue green monoclinic and blue
orthorhombic.*® In the monoclinic compound, the two semicarbazide mole-
cules, which are present in two adjacent octahedra along the chain, have the

373-385

386-389
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oxygen and nitrogen atoms in the trans configuration, one with respect to
the other, and are correlated by a center of symmetry. In the orthorhombic
compound, the two semicarbazide molecules are in the cis configuration
and there is no center of symmetry. In both compounds packing is deter-
mined by the NH - - - Cl and NH - - - O hydrogen bonds which join the chains
together.

In CuCly(amp)*®” all chlorine atoms are shared between different coordi-
nation octahedra, which form slabs parallel to (100). The octahedra in a slab
alternately share edges and corners. The Cu-L bonds are not colinear
(deviation 10°) and the total coordination of Cu(II) can be seen as a Jahn-~
Teller distortion octahedron (Table III). CuCly(L-his)*®® is isostructural
with CuCl(amp).3®

The structure of brown red CuCl(Me,NNO)** consists of slightly folded
CuCl; chains parallel to (100). The chlorines surround the copper in an
almost perfect square. Perpendicular to the chlorine plane two adjacent cop-
pers in the chain are connected by the O and the nitroso N of one dimethyl-
nitrosamine alternating on both sides of the CuCl, chain.

The structure of [CuClz(amtzt)-HZO”"‘ is isostructural with the brown
red derivative.®® Two adjacent coppers in the chain are connected by the N
and the S of the amtzt molecule alternating on both sides of the CuCl,
chain.

A centrosymmetric coordination sphere of Cu(ll) atom in red brown
Cu(p-tted),C1,>® is comprised of an S atom from each of two 1,5,9-trithia-
cyclododecane ligands and two chlorine atoms at distances of 2.447(1) and
2.205(1) A, respectively. In addition, each copper interacts weakly with an
S atom of a neighboring unit to yield a severe tetragonal elongation geometry
(CuS4N,) (Table III).

There are seven derivatives in which a tetragonal-
bipyramidal arrangement about each Cu(II) atom is built up by four bro-
mine and two N donor atoms, with two bromine atoms at apical positions.
Structures of four of them375378-380.384 5re jsostructural with their chlorine
analogue.

Structures of two green derivatives®®! consist of infinite dibromo-bridged
chains, in which one bromine ligand serves to propagate the chain in both
directions while the others are not involved in the chain, thus one bromine
is coordinated to three copper atoms while the others are coordinated to
only one. The geometry about each Cu(II) center is distorted octahedral, with
two cis nitrogen atoms and two bromines in the plane, and the weaker chain-
propagating bromine interactions out of the plane., The Cu—Cu separation
in the two chains are 3.737(6) and 3.866(2) A for the aminomethylpyridine

375,378,380,384,391,392
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and diaminopropane complex, respectively, with associated Cu—Br—Cu
bridging angles of 80.77(4)° and 87.56(3)°, respectively.

Blue CuBry(aep)*®? consists of infinitt Cu—Br—Cu chains which are
joined by doubly-bridged Cu—Br—Cu—Br linkages, where the bromine
atoms involved in these pairwise linkages are not involved in the chain pro-
pagation. Both types of bromine bridges are asymmetric (Table III).

In another 14 derivatives®!3¥3-%5 3 pseudo-octahedral arrangement
about each Cu(II) atom is created by three O and three N donor atoms
(Table III). Their structures are very complex. For example, in dark blue
[Cu(p-dmhx)(glygly)) - 4H,0% the primary coordination sphere about the
copper is approximately square-planar with the tridentate glycylglycine
dianion and an N atom of the 7,9-dimethylhypoxanthine ligand. In addition
to the strongly coordinated equatorial plane, the copper also forms two
weak, axial interactions with an O atom of the 7,9-dimethylhypoxanthine
ligand; one intramolecular Cu-0=2.970(2) A, and one intermolecular
Cu-0=2.769(2) A. The structure of purple Cu(u-cyt)(glygly)®® is very
similar to that of Cu(u-dmhx)(glygly).>**

The structure of blue Cuy(u-ghg)(H-0)*? is shown in Figure 14.
Each tripeptide binds two copper atoms and, therefore produces a poly-
meric chain of Cu-tripeptide—Cu-tripeptide units extending approximately
along the crystallographic a-axis. The four closest donor atoms, which form
an approximate square-plane about the copper, are the amino, peptide and

FIGURE 14 Structure of Cuy(u-ghg)s(H,0).2*
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imidazole N atoms of one ligand and a carboxyl O of another. The distorted
octahedral geometry about the Cu(Il) atom is completed by the second
O atom of the carboxyl group, and by a water molecule (Table III).

A dark blue derivative®® contains perchlorate anions and the dicationic
centrosymmetric dimeric [(dien)Cu(u-tp)Cu(dien)]** complex. The crystal-
lographic inversion center is located at the center of the benzene ring of the
terephthalate anion (tp) bridging ligand. Within the dimeric unit the Cu(II)
atoms are bridged by the tp ligand in a bis-unidentate fashion with a Cu~Cu
separation in each dimeric entity of 11.006(5) A. Moreover, two Cu(Il)
centers of two different dimeric units are bridged by an oxygen atom of a
carboxylate group. Thus, chains along the b-direction and layers parallel to
(100) are formed.

In another blue derivative®® the sulfate group forms a bridge between
pseudo-hexacoordinate Cu(Il) atoms (CuO3N3) leading to infinite chains
along the twofold screw axes. Blue [Cu(u-NCS)bheg)JH,0%% forms a one-
dimensional polymer chain through the isothiocyanato group. The polymer
chains are parallel to the c-axis. Each Cu(II) atom is at the center of the
typical tetragonal-bipyramidal geometry (CuO;N,S) (Table I1II).

The structure of green blue [Cuy(tampz)CLJCl, - 2.25H,0%7 is shown
in Figure 15. The dimeric complex cations are linked by two parallel
Cu-Cl(2)—Cu bridges to form a ladder-type polymer structure with an inter-
molecular Cu—Cu distance of 5.716( I)A. In the crystal the ladders stack up
the g-axis with an interladder Cu—Cu distance of 5.536(1) A. Each Cu(II) is
pseudo-octahedrally coordinated, (CuN;Cls) (Table III).

A deep blue derivative*® consists of chains of iodine-bridged Cu(Il)
atoms along the crystallographic c-direction. Each Cu(II) atom has a
tetragonal-bipyramidal environment (CuNj;l;). The equatorial plane con-
sists of three nitrogen atoms from the diethylenetriamine ligand and one
iodine, while the axial sites are occupied by the other (chain-propagating)
iodine ligands. The intrachain Cu—Cu separation is 6.658(1)A, and the
bridging Cu—I-Cu angle is 167.7(1)°.

The structure of blue Cu{gaba(mpy),}Br*® is shown in Figure 16. The
bis(2-pyridylmethyl)amino moiety binds in a meridional fashion. There is
no crystallographically imposed symmetry around the copper atom, but
there is a pseudo-mirror plane through N(1)-Br-0O(1)-0O(2), ignoring
the carboxylate tail. The dihedral angle between N(1)-N(2)-N(3) and
O(1)-C(16)~0(2) is 87.6(4)°. Each Cu(ll) atom is tetragonal-bipyramidally
coordinated (CuN;O2Br) (Table III).

In triclinic CuCly(ctonia),*'® all the N,N-diethylnicotinamide molecules
are bridging, and are coordinated via the nitrogen atom of a pyridine ring to
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FIGURE 15 Structure of [Cux(tampz)Ch]Cl,. %"

a copper atom situated in one system of centers and via the oxygen atom to
a copper atom lying in another system of centers. This leads to the produc-
tion of a three-dimensional framework. Each Cu(II) atom is tetragonal-
bipyramidally coordinated (CuO,N,Cl,) with two O atoms in the axial
positions.

In green [Cu(u-bpydc)(u-Cl),] - 2H,0*!! pseudo-octahedrally coordinated
Cu(II) atoms (CuO,N,Cl,) are bridged by bpydc molecules as well as by
chlorine atoms. Finally, in another green derivative® tetragonal-bipyramids
(Cu0,Cl,8,) are linked by 1,4-oxathiane molecules (Table ITI).
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FIGURE 16 Structure of Cu{gaba(mpy),}Br.*?®

Inspection of the data in Table III reveals that there are over 270 Cu(lIl)
derivatives, in which Cu(II) atoms are six-coordinated, with tetragonal-
bipyramidal geometry the most common. From 36 different types of chro-
mophores around Cu(II) atoms, the CuO4N; (70x) and CuOg (51 x) are the
most common. There are several derivatives which contain non-equivalent
Cu(II) atoms: CuO4N; and Cu0O,,’2* Cu0,Cl, and CuCl,,>?3?° CuO,Br,
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and CuBr,,*?® CuN,Cl; and CuCl,,*” CuNg and CuNs**? CuOs and
CuO;N,,'#'¥! CuO4N; and Cu04Cl;,*** and CuQ,4Cl; and CuCl,0,.**°

The Cu—Cu distances range from 2.977(2) to 11.0229(2) A which excludes
direct metal-metal bonding. The mean Cu-L distances found in the six-
coordinate polymeric Cu(II) compounds are summarized in Table ITIA. In
general Cu—L(equatorial) bond distances are shorter than Cu-L(apical)
bond distances. The Cu—L bond distance elongated with increasing covalent
radius of the coordinated atom. The mean Cu-L bond distances obtained
for six-coordinate derivatives (Table IIIA) compared to those obtained for
five-coordinate derivatives (Table I1A) show that, in mostly cases, the mean
Cu-L bond distance is longer for six- than for five-coordinate species. But
when L =LO,,, L*O,, Cl,g, Br,p, u-LN or pu-Cl.g, the opposite is true, and
finally, when L = LzNeq, L°Ngg or -LO,q, the mean Cu-L bond distances
are equal.

Multidentate ligands include both mono- and hetero-donor atoms, with
O and N donors being by far the most common. Hetero-bidentate ligands

TABLE IIIA Summary of the Cu(II}-L bond distances for six-coordinate

derivatives®

Coord. atom®  Cov.rad.[A]  Cu—L (equatorial)[A}]  Cu-L (apical) {A]
LO 0.73 1.98(6,8) 2.54(24,45)
pLO 1.95(3,4) 2.57(22,34)
L’0 2.01(11,11) 2.61(31,39)
Lo 1.96(5,7) 2.57(24,33)
L‘o 2.019,31) 2.66(31,27)
L0 1.94(4,6) 2.48(11,6)
LN 0.75 2.00(9,8) 2.70(14,14)
uLN 1.97(1,2) 2.57(11,11)
LN 2.02(11,13) 2.65(18,30)
LN 1.99(%,4) 2.65(38,47)
LN 2.05(11,8) —
LN 2.05(4.4) —

al 0.99 2.28(8,3) —
uCl 2.29(8,6) 2.88(40,42)
Gl 2.28(3,2) 2.86(1,4)
s 1.02 2.45 3.04(4,5)
1S 2.57(26,79)
Br 1.14 2.43(4,2) 2.74

uBr 2.42(3,3) 3.20(27,50)
p3Br 2.44(2,2) 321(15,12)
ul 1.3 2.585 322

SCN 0.75 1.95(5.8) —
NCS 1.02 — 3.05(29,22)

*The first number in parenthesis is the maximum deviation from the mean of the lowest
value observed. The sccond number in parenthesis is the maximum deviation from the
mean of the highest value observed. >L* = X — dentate.
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include those with O plus N; O plus S and N plus S donor sites. Hetero-
tridentate ligands include those with two O plus one N, two N plus S, and
one O plus two N donor sites. The hetero-tetradentates are either three
O plus N, three N plus S, or two O plus two N donor sites. The hetero-
pentadenta-ligands include four O plus N, two O plus three N, one O and
four N donor sites. The hetero-hexadentate ligands include four O plus two
N, four O plus S, two O plus four N donor sites. The hetero-heptadenate
ligands have five O plus two N donor sites, hetero-nonadentate ligand has
six O plus two N and one 8; and hetero-undecadentate has seven O plus
four N donor sites as the only examples.

The effects of both electronic and steric factors of the coordinated atoms
can be seen in the opening of the L-Cu-L bond angles of the respective
metallocycles. In four-member rings the mean L-Cu-L intra-ligand
angles are: 49.9°-56.7° (mean 53.2°, O—~C-O) and 64.7°—67.0° (mean 65.8°,
O-C1-0). For the five-member rings the values are: 77.0°—81.2° (mean
80.0°, N donor with unsaturation); 82.0°—89.5° (mean 84.5°, N donor with
saturation); 74.4°-85.7° (mean 81.0°, O donor); 73.6°-85.7° (mean 83.3°,
O+ N donor); 82.2°~84.2° (mean 83.2°, O+ S donor); 77.4°—-78.8° (mean
78.0°, N + S donor, unsaturation and 86.0° N + S donor saturation. For six-
member rings the values are: 87.5°—93.8° (mean 91.5°, O donor); 91.2°-95.3°
(mean 93.0°, O + N donor) and 89.0°-100.50° (mean 93.8°, N donor).

3. CONCLUSIONS

The review has classified almost 500 polymeric Cu(II) compounds. The
various geometries are found in increasing number in the order : four- «
five- <& six-coordination. In the series of four-coordinate complexes there
are square-planar, tetrahedral and intermediate square-planar < tetra-
hedral derivatives. In the series of five-coordination, by far the most pre-
valent is square-pyramidal geometry with differing degrees of distortion.
The Cu(ll) atom is displaced from the basal plane toward an apical donor
atom from 0.003 to 0.406 A. In the series of six-coordination, an elongated
tetragonal-bipyramidal environment with differing degrees of distortion
prevails.

Two symmetrically independent copper units, differing by degree of
distortion, have been found in several cases,2!P23.26.30.46:49,56,59,60,62,74~
76,79,96,99,108,118,131,150,151,164,170 11 ho ooca? three such units and in one
case® seven such units are present. There are several examples which con-
tain non-equivalent Cu(II) atoms: four- and five-coordinate,'>'? four- and
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18,321,328,329,357 38,63a,84-

six-coordinate, five- and six-coordinate.
88,94,95,98,100,112,125,155,222 11y two cases five-coordinate Cu(II) atoms differ by
chromophores; CuOs and CuO;N,,>” CuClLO and CuCl;0,°® and in
another four derivatives six-coordinate Cu(II) atoms also differ by chromo-
phores; CuOg and CuO,N,,'8!8! CuO,N; and Cu0,Cl,;*** CuO,Cl, and
CuCl0,.**°

Copper(IT) compounds are for the most part blue or green, but there are
examples of violet, red, yellow or even black.

The ‘borderline’ behavior of the Cu(Il) atom is evident from the nature of
the ligands most commonly found, and in particular the nature of the bind-
ing. The most common ligands are oxygen and nitrogen donors, and chlo-
rine atoms. The ligands range from mono- to undecadentate. In mostly
examples, an apical positions are occupied by oxygen-donor ligands.

Relationships between the various structural parameters have been dis-
cussed within each section.

In general, the mean Cu—L bond length increases with coordination num-
ber of the metal atom and with covalent radius of the donor atom. In gen-
eral, the mean Cu-L(equatorial) bond length is shorter than the respective
Cu-L(apical) bond length. The shortest Cu—Cu distance found in the series
of four-coordinate derivatives is 2.95A,'® five-coordinate 2.652(2) A% and
six-coordinate 2.977(2) A 2%

Table IV summarizes the intra-metallocyclic ring angles for the five- and
six-coordinate derivatives. The angle opens with increasing covalent radius
of the donor atom and with increasing number of atoms in the ring as
expected. The angle opens with decreasing coordination number, except of
5-N and 5-O +S.

TABLE IV Summary of the mean intra-metalio-

cyclic ring angles (°)
Ring 5-Coord, 6-Coord.
4-0 56.0 53.0
5-0 83.7 81.0
5-N 80.0* 80.3"
83.7° 84.5°
5-0+N 83.7 83.3
5-0+8 80.6 832
5-N+8 87.7 80.7
6-0 9224 921.5
6-N 94.0 93.8
60O+ N 93.7 932

*Unsaturation. ®Saturation.
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This review together with its precursors of Cu(II) for monomers’? 1800x
dimers® 900x trimers and oligomers® 250x represents the first overview of
structural data for over 3500 Cu(lI) coordination compounds.

These reviews for Cu(II) coordination compounds, together with the
review*'? which classified over 1000 Cu(l) structures and the review*'>
which classified 40 mixed-valence Cu(I)-Cu(Il) coordination complexes
show the wide range of stereochemistry around copper atoms with different
degree of distortion and the enormous interest in copper chemistry.

During the collection and organization of the data it became clear, despite
the increasing availability of data retrieval systems, the tracing of relevant
material is not always a straightforward task. Some of the data are only
available as supplementary material, and some are not mentioned at all.
This can lead to overlooking of relevant structural features which should be
compared with other derivatives. In view of such limitations in information
retrieval, we believe, that it is necessary to make a systematic overall review,
and that such reviews serve the useful purpose of delineating areas of both
interest and weakness. Related reviews of the structural chemistry of hetero-
metallic Cu(IT) compounds as well as of Cu(III) compounds are currently in
progress.
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