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COPPERQI) COORDINATION COMPOUNDS: 
CLASSIFICATION AND ANALYSIS OF 

CRYSTALLOGRAPHIC AND 
STRUCTURAL DATA 

V. POLYMERIC COMPOUNDS* 

MILAN M E L N ~ K ~ ~ + ,  MARIA KABESOVA~, MARIAN KOMAN~, 
L’UBOV MACASKOVAL and CLIVE E. HOLLOWAY 

@Department of Inorganic Chemistry, Slovak Technical University, SL-81237 
Bratislava. Slovak Republic; bDepartment of Chemistry, York University, 

4700 Keele Str., North York, M3J IP3, Ontario, Crmada 

(Received 17 September 1998; Revised 24 Joruurry 1999; In f i l  form 16 September 1999) 

This review classifks almost 600 polymeric Cu(II) compounds. The various geometries are found 
increasipg number in thc wdcr: four- (mostly squaqhar) a i ive (mostly squarc-pymmidal) a 

s1x-mordma te (mostly tctragonal-bipyramidal). The most common ligands arc oxygen and nitro- 
gen atoms. The ligands range from mono- to undccadmtatc. In most examples, apical positions 
a n  occupied by oxygendonor ligands. In general, the mean Cu-L@quatorial) bond length is 
shorter than the respective Cu-L.(apical) bond length. The shortcpt Cu-Cu distance in the series 
of fourcoordinate derivatives is 2.95 A, fivecoordinate 2.652(2) A and sixcoodinate 2.977(2) A. 
Several relationships between the various structural parameters wcrc found and arc discussed. 
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0. ABBREVIATIONS 

abhpH 
abpo 
ac 
acac 
acval 
( a e h  
aebg 
aeim 
aeP 
ala 
0-alaH 
a-alaha 
ltambp 
am- 1,2,4-tn, 
ambz 
amoxa 
amp 
2-amp 
4-amp 
6-amp 
amtzt 
ampr 
anH 
aP 
3-ap 
apae 
3-apH 
apox 
aud 

2-amino4bromohydroxy-pyridinium 
azobispyridine-4,4'di-N-oxide 
acetate 
acetylacetonate 
N-acetyl-DL-valinate 
bis(2-aminoethy1)anium 
1 -( 2-aminoethy1)biquanide 
4-(2-aminoethyl)imidazole 
24 2-aminoethy1)pyridine 
D,Lalaninate 
,8-alaninium 
a-alaninehydroxamate 
4-aminobenzo ylphenone 
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,Uihydro- 1,2,4-triazole-5-thiae 
(R,S)- 1 -amino-2-propanol 
anilinium 
allopurinol 
3-aminopropanoiate 
[2-(3-aminopropyl)amino]ethanolate 
3-aminopropanol 
N,N '-bis(3-aminopropyl)oxamide 
1,1 -aminoudecane 
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ba 
bdmap 
bhben 

bhedto 
bheg 
bim 
bimd 
bistrien 
bmima 
bmpcb 

bromazepam 
1,3-bis(dimethylamino)propan-2-01 
N,N ' -bis(2-((o-hydroxybenzhydrylidene)amino)ethyl)- 
1,2-ethanediamine 
N,Nf-bis(2-hydroxyethyl)dithiooxamide 
N,N- bis(2-hydroxye thy1)glycinate 
benzimidazolium 
benzimidazole 
1,4,7,10,16,19,22-octaazacyclotetracosane 
bis[2-( 1 -methylimidazoly l)methyl]amine 
N,N '-bis(6'-methy1pyridne-2'-carboxamido)- 
1,2-benzene 
N,Nf-bis[2-(2-pyridyi)ethy1]-2,3-pyrazine- 
dicarboxamidate 
bis(2-pyridylcarbony1)amide 
Cbenzylpiperidinium 
2,2'-bipyrimidine 
2,2'-bipyridine 
4,4'-bipyridine 
2,2'-bipyridine-3,3'-dicarboxylate 
2-bromop yridine 
4-bromopyridine 
N-benzenesulphon yl-DL-alaninate 
butyrate 
benzy lammonium 
2-benzo ylp yridine 
5-[(2-carboxyphenyl)azo]- 1,3dimethylbarbitwate 
caffeine 
carbamide 
cyclohexane- 1,2-diamine-N,N,N ' ,N'-tetraacetate 
((2-carboxyethyl)imino)diacetate 
cy anoquanidine 
1,2-~yclohexanediol 
3,6-dichloro-2,5-dihydroxo- 1,Cbenzoquinonate 
quanidium 
1 ,Zethanediole 
1,2,4,5-benzoltetracarboxylate 
di-n-hex ylphosphinate 
1,2,6,7-tetracyano-3,5-diimino-3,5-dihydropyrrolizinide 
(1 -oxy-2,2,6,6-tetramethylpiperidin4yl)pivaloylacetate 
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c404 

csos 
cim 
cit 
CClan 
CI3ac 
cma 
cmval 
CNacac 
cPa 
cpidac 
CPO 
5-crown-5 
15-Crown-5 
CY 

CYt 
daca 
daP 
dbap 
2,6-dbh 
dcaP 
dcb 
dds 
dddo 

deae 
deap 
degly 
den 
dien 
dio 
dmae 
dmap 
dmbp 
dmcan 
dmf 
dmhx 
dmso 
dota 

squarate 
croconate 
cimetidine 
citrate 
pchloroanilin 
trichloroacetate 
9,10-dihydro-9-oxo- Wacridine acetate 
N-carbox ymeth y l-L-valinate 
3-cyano-2,4-pentanedionate 
cyclopent ylrunmonium 
N-(ocarboxyphenyl)iminodiacetste 
2-C-carboxypentane 
pentaoxa- 1,4,7,10,13cyclopentadecane 
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-dirnethyl-5-((2-carboxyphenyl)azo)barbiturate 
dodecylsulphate 
3,9-dimethyl-4,8-dia3,8-undecadiene- 
2,lOdionedioxime 
2-diethylaminoethanolate 
3-N,N-diethylamino- 1 -propanolate 
N,Ndieth ylgl ycinate 
di-(2-aminoethyl)amine 
dieth ylenediamine 
1,4dioxane 
2-dimethylaminoethanola te 
3-N,N-dimethylamino- 1 -propanolate 
N,N '-dimethyl-4,4'- bip yridilium 
dimethylcantharat e 
dimethylformamide 
7,9dmethylhypoxanthine 
dimethylsulfoxide 
1,4,7,1 O-tetra-azacyclododene- 
N,N',N",N"'-tetra-acetate 
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2,2'dtdp 
4-dtma 
dtmp 
dto 
ea 
edta 
egl 
en 
enbs 
Etznia 
(EtO),PSt 
EtzPOz 
Et4todit 

fa 
fu 

gh 
glt 
glu 
glY 

glyslv 
gl y-L-ala 

gly-L-me t 
W P  
gP 
hfacac 
his 
hist 
hmta 
hyxa 
ida 
im 

2dipropylaminoethanolate 
diphenylethanedione dioxime 
bis(l,2-diphenylphosphinyI)ethane 
3 ,&di(2-pyridyl)pyridazine 
di-(3-aminopropyl)amine 
3,13-dimethyl-3,13-dinitro-l,5,11,1 S-tetraazaeicosane- 
8,18-diol 
dithiopropionate 
diethylenetriaminemonoacetate 
44iethylenetriamine mono-3-propionate 
3,6dithiaoctane 
ethanolamine 
ethylendiaminetetraacetate 
ethylene glycol 
eth y lenediamine 
N,N '-ethylenebis(salicy1ideneiminate) 
N,N 'dieth ylnico tinamide 
diethylthiophosphate 
diethylphosphate 
4,5,6,7-tetrathiocino[ 1,2-b:3,4-b']diimidaIyl- 
1,3,8,10-tetraethy1-2,9-dithione 
formamide 
5-(aminosulphonyl)loro-2-[(2-furanylmethyl)- 
amino]benzoate (furisemide) 
glycyl-L-histidinate 
gl ycy 1- L-leucyl- L-tyrosine 
glutamate 
gl ycinate 
gl ycyl-L-alaninate 
gl ycy lgl y cinate 
glycyl-Gmethionate 
quanosine 2'-monophosphate 
quanosine 5'-phosphate 
hexafluoroacetylacetonate 
L-histidine 
histamine 
hexameth y lenetetramine 
h y poxanthine 
iminodiacetate 
imidazole 
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imH 
i-pa 
iptac 
L-asp 
L-leu-L-tyr 

L-lys-L-tyr 
L-met-cys 
L-prl 
L-tryp 
L-tyr-L-his 
L-val-L-t yr 

maep 
ma1 
map 
mapm 
mapox 
mbP 
mcim 
mdap 
Me2CN02 
Mezcys 
Mepn 
Mqen 
1 -Meim 
2-Meim 
me1 
melH 
mePP= 
2-MepY 
2-MvyNO 
3-MepY 
4-MepY 
4-Mvz 
2A-Me2py 
mgu 
mPa 
m P F  
mPU 

L-lys 

D-lys 

imidazolate 
isopropylammonium 
(isopropy1thio)acetate 
Gaspartate 
L-leuc yl-L-t yrosine 
L-lysinate 
Llysyl-L-tyrosine 
methion yl-S-meth ylcysteine 
L-prolinate 
L-tryptophane 
L-tyrosine-L-histidine 
L-valine-L-tyrosine 
D-lysinate 
2-(2-methylaminoethyl)pyridine 
maleate 
9-meth ylallopurinol 
1 -methyl4aminopyrazolo[3 ,&d]pyrimidine 
N,N-bis[( 3-methylamino)propylJoxamide 
tetraisopropylmethylene bisphosphonate 
cimetidine modified by solvolysis of the nitrile function 
2-methyl- 1 ,2-diaminopropane 
propane-Znitronate 
D,L-P7/3dirnethylcysteate 
N,N -dimethy lenediamine 
N,N,N ‘,N’-tetramethylenediamine 
1 -methylimidazole 
2-meth y limidazole 
mellitate 
melaminium 
3-methyl4ethyl-5-phenylpyramle 
2-meth y lp yridine 
2-meth ylp yridine-N-oxide 
3-methylpyridine 
4-methylpyridine 
Cmethylp yrazolate 
2,4-dimethylpyridine 
9-methylguanine 
N-methylphenethylammonium 
mepirizole 
9-methylpurine 
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ms 
msa 
msc 
mtactd 
nac 
nbteta 

nbtfac 
nic-NO 
nitme 
oadp 
oaoHz 
ocidac 
odac 

2-OH- 1,3-pn 

or0 
0th 

oxH 
oxd 

4-OHbz 

8-OHqu 

ox 

PaPhY 
PCPCi 
PeFi 
PdY 
phen 
Ph(Me)P02 
Ph~P02 
0-pht 
0-phhH 
picr 
PiPH 
pipzH2 
P h  
pl-o-phen 

placc 

pmim 

methanesulphonate 
N-meth ylsalicylaldiminate 
S-methyl-N-(salicylidene)isothiosemicarbazidate 
2-methyl-l,4,8,ll-tetraazacyclotetradecane- 1 -ene 
nitroacetate 
(6-p-nitrobenzy1)- 1,4,8,11 -tetraazacyclotetradecane- 
1,4,8,11 -tetraacetate 
( p-nitrobenzoy1)trifluoroacetonate 
nicotinate-N-oxide 
2,4,4,5,5-~entamethyl- 1 -oxyimidazoline-3-oxide 
oxalamide-N,N ‘-di-3-propionate 
oxamidedioxime 
P-ox y e thyliminodiacetate 
oxydiacetate 
hydroxybenzoate 
2-hydroxy- 1, fpropanediamine 
8-hydroxyquinoline 
ororate 
1,4oxathiane 
oxalate 
oxalic acid 
oxamidoximate 
pyridine-2-carboxaldehyde 2-pyridylhydrazone 
N-(2’-pyridyle thyl)pyridine-2-carboximidate 
N-(2’-pyridylcarbonyl)pyridine2-carboximidate 
5’-phosphoridoxylidee-glycinate 
1,lO-phenanthroline 
phen y lmeth y lphosphinate 
diphenylphosphate 
o-phthalate 
dihydrogendiphthalate 
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)imidamle 
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pmsh 
1,2-pn 
PP 

ser 
SglY 
sglu 
styr 
SUC 

ta 
tace 
tandp 

tart 

N '-py rid ylmethylene-N "-saiicylo ylhydrazinate 
1,2-propanediarnine 
4-(phosphomethyl)-2-hydroxo-2-oxo- 
1,4,2-0xaphosphoridinate 
5'-phosphopyridoxylidene-DLphenylalaninate 
pyridazolphosphate-DL-tyrosinate 
5-phenylpyrazole 
N,N '-dimethy14,4'-dipy~idilium 
5'-phosphopyridoxylidene-DL-tyrosina te 
purine 
purinium 
pyridoxine 
deprotonated pyridoxin 
pyridine 
pyridinium 
pyridine N-oxide 
p yruvylidenegl ycinate 
pyridoxylidene 
pyrazolate 
pyrazole 
pyrazinecarbox ylate 
2,3-pyrazinedicarboxylate 
pyridine-3-sulphonate 
pyridazine 
pyrazine 
salicylate 
6,6'-spiro-bi( 1,4,8,11-tetraazacyclotetradecane) 
semicarbazide 
Schi ff base between( 1 R)-3-hydroxymethylenecamphor 
and (S)-phenylalanine 
L-serinate 
N-salicy iidenegl ycinate 
N-salicylidene-(S)-(+)-glutamate 
N-salicylidene-L-tyrosinate 
suocinate 
terephthalate 
tetraacetylethanate 
3N,7N-( 1,3,5,7-tetraazabicyc10[3,3,l]nonyl)- 
di pro pionate 
meso-tartrate 
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D-tart 
taz 
tcb 
tda 
terpy 
tet 
teta 

tgly 
th 
thf 
441 
tmpo 
tmso 
tP 
tpmb 
tPPr 
trien 
tt 
ttcd 
1,2,4-t1~ 
tsa 
tSCaC 
ttt 

tz 
Val 

D-tartrate 
tenuazonate 
1,2,4,5-tetracyanobene 
thiodiacetate 
2,2':6',2'-terpyridine 
tetrathionate 
1,4,8,1 1-tetra-azacyclotetradecane-N,N',N",N"'- 
tetraacetate 
N-tosylglycinate 
tetrazolyl- 1 -acethydrazide 
tetrahydro fur an 
4-toluidioe 
4-hydroxy-2,2,6,6-tetramethylpiperidinyl-N-oxy 
tetramethylene sulphoxide 
[ 1,2,4]triazol0[1,5a]pyrimidine 
1,3,5-tris(pyrazol- 1 -ylmethyl)benzene 
3,3'-thiopropionatopropionate 
dieth y lenetriamine 
trithionate 
1,5,9-trithiacyclododecane 
1,2,4-triazole 
N-p-to1 y lsalicy lideneaminate 
thiosemicarbazideacetate 
4,16-dioxa- 1,7,13,19-tetrathia[7,7]-(2,5)-1,3,4- 
thiadiazolophane 
thiazole 
(3z)valine 

1. INTRODUCTION 

The chemistry of Cu(I1) compounds has been extensively investigated, and 
the relationship between structure and reactivity ranging from industrial 
catalysis to biomedical activity is of major importanfx. The overwhelming 
majority of X-ray studies of transition metal compounds are of copper 
compounds. Many structural studies of Cu(I1) 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 ofigomeric derivatives? To date there has not been a comprehensive 
overview of polymeric Cu(1I) structural chemistry, and this present report is 
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186 M. MELNlK er al. 

aimed at providing such a survey up to 1992. This includes over 600 pub- 
lished polymeric Cu(I1) 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(I1) species. 

The systems discussed have been sorted by the coordination number of 
the Cu(l1) 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 fourcoordinate Cu(I1) 
compounds are gathered in Table I. There are 23 derivatives, mostly blue or 
green with some yellow compounds. In a dark blue derivative’ the Cu(I1) 
atom lies on a center of symmetry and is surrounded by 0 atoms from four 
phosphate groups in a nearly perfect square-planar arrangement. The Cu(I1) 
atoms are joined by a double phosphate bridge. These bridges are linked in 
polymeric chains running along b. The distance between the bridged Cu(I1) 
atoms is 4.9 bi which ruled out a bond. 

A structure of another deep blue derivative6 consists of well-separated 
infinite chains of centrosymmetric spiro-fused eight-membered rings extend- 
ing along the crystallographic (1 10) direction. Each of the eight-membered 
rings consists of two Cu(I1) 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(I1) atoms 
have DM flattened tetrahedral coordination geometry. The Cu-Cu separa- 
tion is 4.9555(8) A. 

The structure of C ~ ( p - B u ~ p 0 ~ ) ~ ’  is very similar to that of Cu(y 
EtZPO2)3,6 which also contains double phosphinate bridges. The copper 
atoms have the same Du flattened tetrahedral coordination geometry 
observed previously for Cu(p-Et2P02)2.6 The Cu-Cu separation of 
4.938(2)A is slightly shorter that the value of 4.9555(8)A in the ethyl 
analog.6 

The structure of Cu(pPh2POd8 also consists of infinite chains of centro- 
symmetric eight-membered rings formed by two copper atoms bridged by 
two phosphinato groups, but the Cu(l1) atom resides on a crystallographic 
center of symmetry having a nearly square-planar coordination geometry. 
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The Cu-Cu separation of 5.08l(l)A is longer than found for the other 
Cu(I1) phosphinates.'-' 

A structure of blue Cu{p-(CaH13)2P02}> consists of well-separated infi- 
nite chains of centrosymmetric spiro-fused eight-membered rings propagat- 
ing along the crystallographic c-axis. The Cu(lI) atoms have the same DM 
flattened tetrahedral coordination geometry observed for the ethyl6 and 
n-butyl' derivatives. The Cu04 chromophores in the n-butyl and n-hexyl deri- 
vatives are slightly less compressed than in the ethyl derivative (a = 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(I1) atom lies on the symmetry center 
and displays a square-planar geometry arising from coordination of one car- 
boxylic 0 and one peptide 0 belonging to different N-acetyl-DL-valinato 
ligands, giving rise to a polymeric structure. 
In polymeric [Cu(pCO3)$-" two independent copper atoms are pre- 

sent. One lies on a site of 222 symmetry ($,O,@, while the other is on a site 
of -4 symmetry at (k,k,i), In both cases, the environment of the Cu(I1) 
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(I1) atom is 
pseudo-tetrahedrally coordinated and the other Cu(I1) atom is square-planar 
(Table I). 

The asymmetric unit of a light blue derivativeI2 contains four chemically 
equivalent tenuazonate tigands chelated to two Cu(I1) atoms. Each ligand 
is chelated to a Cu(I1) atom through its acetyl oxygen and the amide- 
(2-carbony1)oxygen of the pyrolidene ring. The Cu(I1) atoms differ from 
each other; one is in a square-planar arrangement (Cu04) and the other is 
square-pyramidal (CuOs). The dimers are hydrogen-bonded into sheets by 
water molecules. 

The structure of one unit of the p01ymer'~ is shown in Figure 1. In one 
structural unit of the polymer there are three Cu(I1) atoms (Cul, Cu2 and 
CuY) 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  derivative^^^^'^ where structures involve extended 
chains of pyrazolate-bridged Cu(I1) atoms extending along the c crystallo- 
graphic axis. The coordination geometry about the Cu(I1) atoms is 
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REVIEW Cu(II) POLYMERIC COMPOUNDS 191 

W Q 
FIGURE 1 Structure of one C~~(p-OH~(p-nicNO~H~O~nicN0~.’~ 

distorted tetrahedral with Cu-N distances of 1.962(2), 1.961(5) and 
1.957(2) A in CMepz, CClpz 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 (D2 symmetry): those 
within the planar six-membered Cu(N-N)2Curings are 99.4(1)” (pz), 99.9(1)” 
(4-Mcpz) and 100.5(3)” (Cclpz), and the others are 94.3(1) and 139.5(1)” 
(pz); 93.70) and 139.7(1)0 (4-Mepz); 92.4(2) and 140.8(3>0 (4-Clpz), 
respectively. 

The structure of a black derivativeI6 contains planar paraquat cations 
and two crystallographically distinct types of chemically similar [CuClz];- 
chain anions which extend parallel to the (001) axis of the crystal. 
Each Cu(II) 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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192 M. MELNlK cf at. 

FIGURE 2 Structure of alternating Cu(mbt):+ and Cu& ions." 

axis. The flattening gives mean pC1-Cu-pC1 angles of 113" and 103", very 
acute Cu-C1-Cu angles are 77", and reduces the Cu-Cu distance within the 
chain to 2.95 A. 

A yellow deri~ative'~ exhibits a network of planar CuClf 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)p cations and Cu2CIi- 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(I1) in the 
centrosymmetric cation, with the chlorine bridges forming elongated bonds 
to the axial positions of the cation. The Cu2C1;- anions are centrosymmetric 
with the two copper centers in the dimer linked together by a double 
chlorine bridge. The geometry of the Cu(I1) 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(~-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(II) atom is square-planar, with four methyl-amino-benzoate 
ligands acting as bridging bidentate ligands. Each Cu(I1) atom is bonded to 
two carboxylate 0 atoms of two different ligands and to two N atoms of 
two other ligands. The 0 and N atoms are in r r m  positions. The bridging 
ligands lead to the (010) plane. 
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REVIEW. Cu(1I) POLYMERIC COMPOUNDS 193 

In a crystal structure of C~(p- t t t ) (NO~)~~ '  the macrocyclic ligand 
4,16-dioxa-l,7,13,19-tetrathia~7,7]-(2,5)-1 ,3,4-thiadiazo1ophaney does not 
encapsulate a Cu(I1) atom to form a discrete complex, but coordinates 
externally through the nitrogen atom to form linear polymers. The cen- 
trosymmetric square-planar Cu(I1) 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-0 = 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 derivativeU the Cu(I1) atom lies on a twofold axis and 
the bis( 1,2-diphenylphosphinyi)ethane ligand lies on a center of symmetry. 
The crystal consists of infinite chains of CuC12 units linked by the phosphine 
oxide which is functioning as a bridging ligand (Table I). In a light green 
derivative= the CuC12(Hz0)2 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 C~Br~(H20)~(15-crown-5)" is similar to that of the 
chlorine a d d ~ c t . ~ ~  Coordination around the Cu(II) atom2' involves two chlo- 
rine atoms and two S-thioamide atoms of two Ebtodit molecules related by 
a screw axis, and is nearer to a square-planar than to a tetrahedral arrange- 
ment. The bridging Ebtodit ligands form helical chains running parallel to 
the e-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- 

cU02C12?233 Cu02Br2" and C U C ~ ~ S ~ . ~ ~  There are two which 
contain are two non-equivalent Cu(I1) atoms with the chromophores Cu04 
(square-planar) and CuOs (squarepyramidal). I d 8  a tetrahedral CuC4 and 
a tetragonal-bipyramidal (Cu0,Cl~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, 
0.73 A) c 2.20 A (Cl, 0.99 A) < 2.36 A (Br, 1,14 A) for monodentate; and 
1.92A (OL, 0.73 A) c 1.98 A (NL, 0.75 A) c 2.34br. (SLJ.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 (0 and N donor atoms), the mean Cu-L bond dis- 
tances are 1.93A (0) and 2.02A (N), respectively. The Cu-Cu distances 
range from 2.95 A" to 7.601 A." 

c u ~ , 1 6 - 1 8  fio 19-21 ing chromophores are found: CuO4,5-I1 2N2, 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
3
3
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



194 M. MELMK er d. 

2.2. Five-Coordination 

Crystallographic and structural data for these compounds is presented in 
Table 11. There are over 150 such derivatives in which Cu(I1) atoms have 
primarily a square-pyramidal configuration and quite complex chain struc- 
tures. For example, in [Cu2(p-dota)(H20)d - 3H2OZ6 the Cu(I1) atoms are in 
completely different environments. The two Cu(I1) atoms are bridged by four 
carboxylate groups which come from four different macrocycles (Cu-Cu 
distance is 2.652(2) A) and each Cu(I1) additionally binds a water molecule. 
Another Cu(I1) atom is coordinated by two carboxylate oxygens and four 
nitrogen atoms of the macrocycle which is folded to give a ck-octahedral 
geometry (CuN402). 

The structure of a blue Cy(p-ac)&py)p complex2' (Figure 3) is composed 
of one-dimensional, well-separated polymeric chains, containing two differ- 
ent types of C u z  units, each at a crystallographic center of symmetry. The 
chains are formed by alternating Cuz(p-ac)4 and [Cu~(p-ac)~(bpy)d~+ 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(1') angles of 166.0(1)0 and 135.9(1)", respectively. The Cu,(p-a~)~ 
unit contains four bidentate bridging acetates with Cu(2)-Cu(2') distance of 
2.669(1)A and Cu(2) lies 0.216A above the O4 least-squares plane fowards 
0 2  apical. The other dimeric unit, [CuZ(p-ac)2(bpy)2l2+ has a centrosym- 
metric structure with two acetate groups providing mono-atomic bridges, 

c9 
FIGURE 3 Structure of ~(p-a~)~(2 ,2 ' -bpy)~ .* '  
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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(1') separation is 3.358(1)AandCu(l)-Cu(2) is 5.441(1)A. 

The structure of a green derivative3' consists of a three-dimensional array 
of Cu(I1) 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(1I) atoms with 
05-ligand sets. An alkoxo and syn-syn carboxylate group bridge the Cu(I1) 
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-~al)~(H~O)~ crystallizes with a disordered OD structure.32 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(I1) 
atoms. Each Cu(I1) atom is square-pyramidally coordinated by 0 atoms. 
The Cu-Cu separation is 5.1 14(3)A. 

The structure of blue C~{p-Ph(Me)PO~}~(dmf)~~ consists of infinite 
chains of centrosymmetric eight-membered rings formed by two metal 
atoms belonging to four different 02PPh(Me) groups, forming a roughly 
square-planar array. One molecule of dimethylfonnamide with a Cu-0 dis- 
tance of 2.316(8)A completes a square-pyramidal environment about the 
Cu(I1) atom. The deviation of the copper atom from square-planar is 
0.16A. 

Square-pyramidal environment about Cu(I1) atom in C~(p3-mal)(H20)~~ 
is created by a water molecule at the apex (Cu-OH2 = 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(equatoria1) 
bond distance of 1.99(2)A. Each maleate group is bound to three Cu(I1) 
atoms to form a polymeric sheet. 

In Cu(pMeP03)(H20)" each Cu(11) atom is surrounded by five 0 atoms 
in a trigonal-bipyramidal arrangement. The pyramids are connected by a 
common edge to form C u 2 0 ~  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 Cu05 f r a m e w o r l ~ ~ ~ - ~ ~  only the last exam- 
ple" contains Cu(I1) in a trigonal-bipyramid in all other compounds a 
square-pyramidal environment exists. The Cu(I1) atoms are displaced from 
their basal-plane toward the apical 0 donor in the range from 0.08A36 to 
0.33 A.M 
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REVIEW Cu(I1) POLYMERIC COMPOUNDS 229 

The mean Cu-0 apical bond distance of 2.30A is about 0.34A longer 
than the mean Cu-0 equatorial bond distance (1.96 A), which is typical for 
Cu(I1) complexes. 

There are seven  derivative^^^-^' in which five-coordination about Cu(I1) 
is created only by N donor ligands. In black C~(N~)2(2-MePy),4~ the Cu(I1) 
atom has a distorted square-pyramidal environment; one-half of the a i d e  
groups act as C((1,l) bridging ligands to form centrosymmetric dimers. These 
dimeric units are further connected by the remaining p(1,3) bridging azido 
groups to form layers within the a-6 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, C~(N&(3-Mepy),~ two azido ligands lying 
on a crystallographic diad bridge a pair of Cu(I1) atoms to form a planar 
Cu2Nz ring. The rings are linked alternately by pairs of a third type of azido 
ligand which asymmetrically bridges copper atoms related by the c 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 C~(N~)~(2-Brpy)~* the Cu(1I) has a distorted square- 
pyramidal coordination geometry, where both azido ligands function as 
p( 1,l) bridges to form chains along the crystallographic a-axis. 

The structure of a dark green derivative& consists of zig-zag chains of 
dimeric cations, [Cu2(N3),(Me4en)J+ parallel 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 4.439A. 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(I1) atom has a slightly distorted 
square-based pyramid. 

The structure of C~(p-NCo)2(2,4-Mefly)~' 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(I1) atoms, 
while the oxygen atoms remain free. The approximately square-planar coor- 
dination around the Cu(I1) atom is formed by three N atoms of NCO- 
groups with an N atom of 2,4-dimethy1pyridiney 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(I1) atom in the green derivativea is bonded to two terminal NCO 
groups (Cu-N = 1.894(3) A) and to two hexamethylenetetramine molecules 
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230 M. MELMK er al. 

(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(p-im)(dien)]ClO~ units.49 
The geometry around each Cu(I1) atom is trigonal-bipyramidal, comprising 
the tridentate diethylenetriamine ligand and two imidazole molecules. The 
Cu(I1) atoms are bridged by imidazole rings in two alternating orientations, 
leading to two polymeric units in each unit ~ 1 1 .  

Noticeably, while the mean values Cu-N, vs. Cu-Nap of 2.063 vs. 
2.080 A 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  example^^-^^ in which five chlorine atoms created a square- 
pyramidal’-53355-6’ or trigonal-bipyramidal environment around Cu(I1) 
atoms. Two derivatives6263 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 (p-Cl) < 2.503 A 
(p3-C1). The Cu-Cu separations range from 3.084(1)m to 3.669(1) A.” Devia- 
tion of the Cu(I1) atom from the basal plane towards an apical chlorine 
atom range from 0.218 to 0.406A. 

The structure of (ipa)[C~Br$~~ consists of linear chains of symmetrically 
bi-bridged &Be- 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  derivative^^-^^ in which a square-pyramidal coordination 
around each Cu(I1) atom is created by four 0 donor atoms and one N 
donor atom (CuOeN). In eight of them@-@ a tetradentate ligand and water 
molecule built up such a coordination. For example, in [Cu(p-p@y)- 
(H20)] 3H2OU the square-pyramidal geometry around Cu(I1) 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 oxygms of a neighboring molecule (Table 11). The Cu(I1) atom 
deviates from a basal plane towards an apical ligand from 0.114(1) A83 to 
0.26A.” The Cu-Cu separation ranges from 3.172(1) A’* to ~ . 4 3 5 ( 3 ) A , ~  
excluding a metal-metal bond. 

Blue [Cug(p3-Br)&~pa)al, - xH,Oa contains copper in two distinct envi- 
ronments, one located near the threefold axis with a square-pyramidal coor- 
dination polyhedron of four 0 atoms and an apical bromine atom, and the 
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REVIEW Cu(I1) POLYMERIC COMPOUNDS 23 1 

other located on a twofold axis with a tetragonally distorted octahedral 
coordination polyhedron of six 0 atoms. The bromine atom bridges three 
copper atoms which are part of a six-membered alternating Cu-0 ring. 
The cpa3- 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-0-Cu bridge angle is 119.2(10)”. 

In [Cu(a-a1aha)J W2OS5 the Cu(I1) 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(I1) 
atom are coplanar. An oxygen atom is bound in the apical position, with 
Cu-0 distance of 2.878(3) A. 

The structure of blue C~2(p-apox)(p-NCO)2~~ consists of neutral one- 
dimensional chains of Cu(I1) 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(1I) 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 (CuN40). The Cu-Cu separation through apox2- and cya- 
nato bridges are 5.240(1) and 3.212(1)A. The shortest Cu-Cu separation is 
6.1 53( 1) A. 

In a dark blue derivative87 neutral one-dimensional chains of Cu(I1) 
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(I1) environment is 
square-pyramidal (CuN40). 

In a black complex [C~~(N~)~(2-bzpy)J,8~ bidentate 2-benzoylpyridine 
molecules each coordinate to a Cu(I1) atom to form a five-membered metal- 
locycle ring and all six independent azido groups serve to bridge neighbor- 
ing metal centers in the p(1,l) mode, yielding infinite composite chains 
which pack laterally to constitute a polymeric structure, with CuN40, CuN6 
and CuNsO chromophores (Table 11). 

The structure of another derivativew reveals that the [Cu(NH3)4(H20)l2+ 
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(11) centers in adjacent ions. 

In a blue green derivativeg0 a distorted square-pyramid around Cu(I1) 
atom is created by three nitrogen atoms of the terpyridine ligand (Cu- 
N = 1.94(1), 2.05(1) and 2.06(1)& with the fourth position of the basal 
plane occupied by cyanide group (Cu-C = 1.92(2) A). The Cu(I1) atom is 
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232 M. MELNIK et ol. 

displaced 0.26A from the basal plane toward the nitrogen and (Cu- 
N = 2.21(1) A) of cyanide bonded to a symmetry-related Cu(I1) atom. This 
extended interaction involving non-linear (Cu-N-C = 164(1)O) cyanide 
bridges between Cu(I1) atoms extends through the lattice along the crystal- 
lographic twofold screw axis. 

The crystal structure of polymeric chains of [C~2(p-sbc)(p-C1)]~+ 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 CuN4 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(p-im)(irnH)$Zlg2 the imidazolato ring is in a mirror 
plane ( y = 0) with both nitrogens bonded to equatorial Cu(I1) 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(I1) 
atom lies 0.25A over the N4 plane toward the apical chlorine atom (Cu- 
C1= 2.559(2) A). 

The red orange derivativeg3 contains a centrosymmetric Cu&12~0:- 
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 Cu,,Cl,,-,04- clusters in a two-step 
process. First, two of these units are fused together, showing a common 
CuCl3 face on the inner chloride octahedron. This defines a hypothetical 
intermediate CwCI150:- cluster. The Cu(I1) 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 Cu7C1150;- 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(l), Cu(3) and Cu(4) 
have trigonal-bipyramidal geometry, Cu(2), Cu(1 l), Cu(12) and Cu(13) 
have square-pyramidal geometry (Table 11). 
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234 M. M E L N k  el ol. 

FIGURE 5 Structure of [CU,~CI~~O$-?~ 

The structure of another red orange derivativew consists of infinite chains 
of chlorine bridged Cu(I1) atoms along the b-axis; the repeating unit is 
(4-ambpCuCI2-EtOH-CuCl24ambp),. 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 (CuCbON) (Table 11). 

In a red derivative” stepped chains (CuCl,), are crosslinked by (S-0) 
bridging 1,4-oxathiane ligands to give five-coordinate (CuCL&) and six- 
coordinate (CuC140,) environments. 

There are almost 40  derivative^^^*"*^^- 13’ which contain fivecoordination 
around the Cu(I1) atom with a CuO3N2 chromophore (Table 11). The struc- 
tures are very complex. For example the structure of a dark blue derivative96 
contains two crystallographically independent Cu(I1) 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(p-OH)(bpy))2(p-C.,0.,)’7 contains squarat0-01,03- 
bridge bis(p-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 derivativew is built up from [Cu2- 
(j~-msc)~(p-ClO4)]+ cations and ClOh anions. The approximately planar 
Cu2(p-msc)2 dimers in the cations are joined in chains by tetrahedral 
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REVIEW: Cu(II) POLYMERIC COMPOUNDS 235 

p-bridging perchlorate ions. The coordination polyhedron of each Cu(I1) 
atom is square-pyramidal. The deviations of the Cu atoms from the OZNz 
plane are 0.137 and 0.003 A. 

In a green derivativeIm 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 CUOJN~ square pyramids are combined 

by sharing an 0-0 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(p-dmap)(p-NCO)102 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 C~~(p-ac)~(p-amoxa)'" consists of zig-zag 
chains of Cu(I1) 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 derivativeIo5 zig-zag chains of Cu(I1) atoms are bridged 
by bhben and acetate groups with Cu-Cu separation of 7.325(2) and 
3.383(2) dL, respectively. 

The structure of a dark blue derivativelM consists of infinite polymeric 
chains of Cu(p-CO&NH,h 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(I1) 
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'I5 has infinite chains parallel to (001) built up of 
1 -bis-(monodentate)squarate-O'03 C404 anions bridging [Cu(mpym)- 
(HzO)]*+ units. The Cu(II) atoms display distorted trigonal-bipyramidal 
geometry. 

The structure of a green blue derivative"* consists of two crystallogra- 
phically independent, square-pyramidal Cu(p-pht)( complexes linked in 
polymeric chains by bridging phthalate anions which also act as chelating 
ligands through two 0 atoms from one carboxylate group. Each eU(1I) 
atom has a square-pyramidal environment with the deviation of the Cu(I1) 
atom from the basal plane of 0.265 A. 
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236 M. MELNIK et al. 

FIGURE 6 Structure of Cu(pabMpy)."' 

A structure of a blue derivative'21 consists of a polymeric two-dimm- 
sional network in which each Cu(I1) 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 tigand 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 (CuO3N2) in polymeric chains. 
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In the series of polymeric Cu(I1) complexes where Cu(I1) atoms are 
surrounded by three 0 and two N donor atoms (Cu03N2) a distorted square- 
pyramidal geometry dominates, except for one example1I5 in which a tri- 
gonal bipyramidal environment around Cu(I1) was found. The deviation of 
Cu(1I) atom from the basal plane towards the apical (by far prevails 0 donor 
atom) ligand is in the range from 0.003 to 0.364A. There are four exam- 
p l e ~ ~ * ' ~ * " ~ * ' ~ ~  which contain non-equivalent Cu(I1) atoms, CuO3N2 
(square-pyramidal) and CuO4N2 tetragonal-bipyramidal). The shortest Cu- 
Cu distance found in this series is 2.782(5) A.% 

In Cu(yabp~)~(abpo)Cl~ '~~ each Cu(I1) atom has a slightly distorted 
square-pyramidal environment (Cu03C12). The two oxygen and two chlo- 
rine atoms form the base, with an oxygen at the apex. The Cu(I1) atom sits 
0.29 A above the basal plane. Two Cu(I1) atoms share the two basal oxygen 
atoms and a center of symmetry requires the four-membered ring (CuzOd 
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  derivative^'^^.'^^ in which the oxygen with one 
nitrogen donor atom and a chlorine atom (Cu03NCl) created a distorted 
square-pyramidal environment around each Cu(I1) atom. A onedimen- 
sional polymer chain is bridged by a carboxylate group of a Gprolinato in a 
syn-anti ~onfiguration.'~~ The Cu(I1) atom deviates from the 02NCl plane 
by 0.18 A toward the apical 0 atom (Cu-0, = 2.286(5) A). 

In two green  derivative^'^'*'^^ each Cu(I1) atom with a chromophore 
Cu03NS has a distorted square-pyramidal geometry (Table 11). 

There are nine derivatives, mostly green,Z'b.'37-'40.'42-'45 in which three 
0 and two N donor atoms (Cu03N2) build up a distorted square- 
pyramidal environment about -01). In all of them an apical position is 
occupied by an oxygen donor atom with Cu-O(apidl bond distances ran- 
ging from 2.160(10)21b to 2.749(5)A.'38 The Cu(I1) atom deviates from 
the basal plane (N30) toward an apical 0 donor atom from 0.04bL'40 to 
0.289 In Cu(p-tda)(terp~)'~' the coordination polyhedron (CuN3Od 
was described as distorted uigonal-bipyramidal. A green complex, 
Cu(pmsh)(p-NCS), shows'46 a distorted square-pyramidal environment 
around each Cu(I1) atom, involving a tridentate (N20) pmsh anion, 
and a thiocyanate nitrogen (Cu-N= 1.930(5)A and sulfur (Cu- 
S = 2.709(2) A) from an adjacent thiocyanate group. This group bridges 
the coordination polyhedra in zig-zag chains along (001). The Cu(I1) 
atom is out of the plane (N30) by 0.18 A in the direction of the top of 
the pyramid (S). 
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In a green der i~a t ive '~~  the [Cu(paphy)(p-a)]+ unit is stacked in columns 
oriented in the (001) direction with chlorine atoms building a linear chain 
between CuN3 moieties. The Cu(I1) 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'49 and dark green'M derivatives polymeric chains of copper 
centers are linked by attachment of the pyridyl group to the adjacent Cu(I1) 
atom. The copper is in a roughly trigonal-bipyramidal environment 
CuN3C12 (Table II). 

There are two blue complexe~ '~~ '~ '  which contain mono-ybromo- 
copper(I1) chains. Each Cu(I1) atom is in a ps&square-pyramidal envir- 
onment (CuN3Brz). Two green  derivative^'^^^'^^ with di-p-chlorocopper(I1) 
chains and again each Cu(I1) atom is in a pseudo-square-pyramidal arrange- 
ment with a chromophore CuCl3O2. 

The structure of a green complex Cu(p-pyNO)(p-CI)Cl'" contains 
oxygen-bridged dimers held together in infinite chains by chloride bridges. 
Three chlorine atoms with two oxygen donor atoms form around each 
Cu(I1) atom a pseudo-Square-pyramidal environment. 

Another green deri~ative'~' consists of Cuz(p-C1)2(p-2MepyN0)2C12 
dimers bridged by Cu(p-C1)2(H20)2 groups with Cu-p-Cl distances 
2.654(1) and 2.955(3) A to form infinite chains. The Cu(I1) atoms are found 
in square-pyramidal and distorted octahedral environments (Table 11). 

and blue green,'57 consist of 
square-pyramids (CuCl3Nz) which are linked by single chloride bridges, the 
axial chloride on one Cu(I1) atom being in the basal plane of an adjacent 
copper. The copper atom lies 0.182A'56 and 0.16A'57 out of the NzC12 
planes. 

Polymeric chains61*'60 are also linked by single Cu-C1-Cu bridges from 
distorted square-pyramidal CuC130N chromophores. Formula units of the 
green Cu(pdto)(p-Cl)C1l6' are catenated in two directions to neighboring 
units, forming a chain comprised of alternating sulfur and chlorine bridges 
with Cu-Cu separation in the Cu2C12 planar units of 4.046(1) and in the 
CuzS plane of 4.679(1)A with a Cu-C1-Cu bridging angle of 93.1(1)0 and 
with a Cu-S-Cu bridging angle of 109.3(1)". 

In another three derivatives, green,162 blue'63 and green yellowla a dis- 
torted square-pyramid around each Cu(I1) atom is created by O2N2Cl 
donors with chlorine'"*'63 or 0 donor atoms'64 in an apical position. 

There are seven green d e r i v i a t i v e ~ ' ~ ' ~ ~ - ' ~  of general formula Cu(p-L)- 
(p-NCS) which are isostructural. These compounds essentiatly consist of 
alkoxo-bridged dimeric units. Each Cu(I1) atom is coordinated by amino 
and thiocyanate nitrogens and two alkoxo-oxygen atoms. In addition to this 

Another three derivatives, 
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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 dim& 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 derivative169 consists of crystallographically equi- 
valent Cu(bpy)'+ units linked by 2,2'-dithiodiproponate ligands into infinite 
chains. Each Cu(I1) 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 11). 

The structure of another blue derivativeI7' consists of [Cu2(p-apae)d2+ 
dimers where Cu-Cu distances are 2.969 and 2.976 A. Each Cu(I1) atom has 
a distorted square-pyramidal coordination with 02N2 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  derivative^'^'*'^^ are isostructural and consist 
of methoxy-bridged dimers connected to each other through asymmetric 
chlorine bridges, forming a one-dimensional chain. Each Cu(I1) atom is in a 
distorted square-pyramidal environment (Cu02C12N). 

In a pale blue der i~a t ive '~~  each Cu(1I) atom is bridged by two 1,3,5-tris- 
(pyrazol-l-ylmethy1)benzene ligands and two chloride ions to form a poly- 
meric structure. The coordination around each Cu(I1) atom is distorted 
square-pyramidal (CuN2C120). 

Molecules of blue Cu(gly)( l-Meim)(p-C1)'74 are linked through p-Cl 
atoms forming polymeric zig-zag chains. Each Cu(I1) atom has four close, 
equatorial ligating atoms (N20Cl) and an axial chlorine ligand at 2.883(5) A. 

The structure of green [C~~(OH)(bppz)Br~], '~~ 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(I1) atoms of the dimeric 
moiety are five-coordinate with a geometry which is intermediate between 
square-pyramidal and a trigonal-bipyramidal. The Cu-€31 distance within 
the dimer is 3.398(8) A, excluding a direct metal-metal bond. 

Inspection of the data in Table I1 reveals that there are over 160 deriva- 
tives in which Cu(I1) atoms are fivecoordinate. Square-pyramidal is pre- 
valent, with a few trigonal-bipyramidal e x a r n p l e ~ . ~ ~ ~ ~ ~ ' ~ ~ ~ ' ~ ~ ~ ' ~  There are 
26 different types of chromophores from which CuO3N2 are most common. 
Several cases contain non-equivalent Cu(I1) atoms, five- and six- 

Cu05 and Cu03N2 chromophores. The shortest Cu-Cu distance found 
coor~~na~e~~26~38~62~63~8~.88.94.95~98.'l~~,~2~~~~~~~~~ Cu(II) atoms27 with 
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REVIEW Cu(II) POLYMERIC COMPOUNDS 241 

in this series is 2.652(2) In the series of Cu(I1) derivatives with a square- 
pyramidal configuration, deviation of Cu(I1) 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(I1) 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-yequatorial) bond lengths are somewhat shorter than 
those of Cu-L(apica1). The mean Cu-*ridge) 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 Odonor. 

TABLE IIA Summary of the Cu(1I)-L bond distances for fivecoordinated 
derivatives' 

~ 4 0  
~ 7 0  

0.73 2.0 l(9.28) 
1.95(8,10) 
1.93(7,15) 
1.W1.1) 
2.00 
1.92(2,0) 
1.97( 12.20) 
1.98(7,14) 
1.94(5,6) 
1.9212.4) 

- 
2.43 

2.39(15,30) 
2.37(8,20) 

- 

2.38(12,32) 
2.28 

LN 0.75 1.97(2,$ 2.32 
rLN 1.98(9,8) 2.53(20.18) 
L*N 2.02(8.15) 2.3y6.10) 
L'N 1.99(9,10) - 
L4N 2.034.3) - 
L ~ N  2.01 - 
a 0.99 2.5X8.11) 2.66U9.39) 
P a  2.30(10,6j 

1.02 2.32 
1.14 2.40(2,2) Br 

rBr 2.43(3,8) 

L% 

P3Br 
PI 1.33 2.99 
SCN 0.75 1.93(3,4) 
N G  1.02 - 

2.55(15,65) 
2.57(26.79) 

2.8 1 
2.3q33.33) 
3.06 
3.22 

2.89(18,18) 
- 

"lbc first number in pareothgis is the maximum deviation from the nuan of the loweat 
value o w .  The eccond number in ia the maximum &viation from the 
mean ofthe hi-t v n k  ob&md. b ~ x  = 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=O mean value 56(6,a)o 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(I1) 
compounds are summarized in Table 111. 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 
 example^^^*^^*' 16*176-2'9 which contain CuOs chromophores. 

In four complexes, besides 0 donor organic ligands four molecules of 
water create a pseudo-octahedral configuration about CU(II).'~~-'*' The 
structure of Cu(pEtS04)(H20)4176 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 C U { ~ - O J ( C H ~ ) ~ S O ~ } ( H ~ O ) ~ ' ~  shows chains of Cu(I1) atoms 
bridged by the ethanedisulfonato groups. All H atoms of the water mole- 
cules are involved in hydrogen bonds (average 2.75A). The structure of 
triclinic Cu{p03S(CH-J4S03}(H20)4178 is similar to that of the 1 ,Zethane- 
disulfonate deri~ative'~' with hydrogen bonds (average 2.7 A). 

In green CU(~-C~O~)(H~O)~'~ the Cu(H20)Y moieties are bridged by 
bidentate squarate anions. Copper(I1) is coordinated to the p-orbital of 
the squarate oxygen (the torsion angle C(2)-C(l)-O(l)-Cu = -100.2O). 
The geometry around Cu(I1) is characteristic of Jahn-Teller distortion. The 
Cu(1I) to squarate oxygen bond length, Cu-0 = 2.469(2)A, is much longer 
than the copper to water oxygen length, Cu-0 = 1.961(3) and 1.98(2) A. 

Blue Cu2(p-cdta)(H20)4 was studied by two  group^.^^'^^^ 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(~-C,O~)(HZO)~'~~ consists of infinite one-dimensional chains 
of Cu(I1) atoms bridged by croconate ligands acting in mono- and bidentate 
fashion. 

Pale green CU(~-HCOO)~(H~O)~ which was studied by two groups'83*'" 
consists of three-dimensional chains of Cu(I1) atoms joined together by for- 
mate groups in an anti-syn and anti-anti bridging arrangement. Two Cu(I1) 
atoms in the unit cell are surrounded exclusively by oxygen atom' of for- 
mate groups, forming an elongated octahedral coordination. The remaining 
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REVIEW: Cu(1I) POLYMERIC COMPOUNDS 287 

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(I1) atoms by two oxygen 
atoms from two different formate groups. 

X-ray'" and neutron diffractionIs6 analysis of light blue [CU(~-HCOO)~- 
(H20)d - 2H20 show, that each Cu(I1) 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 111); green 
[Cu(p-HC00)2(H20)2 2urea'" is isostructural. The Cu(1I) atom in a light 
blue complexI8* 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-0-of-peptide atoms. 
Diacetoamidopropionate anions bridge Cu(1I) atoms, such that the struc- 
ture consists of a two-dimensional (sheet-type) polymer. A blue complex'89 
has a similar structure."* 

The structure of pale blue [C~~(p-alaH)(p-H20)&30&,'~ Figure 8, 
shows a polymeric chain of Cu(I1) 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(p-L)2(H20)2; L= 2 , 6  
dihydrobenzoate, ''I ethylene glycol,'92 9,lO-dihydro-Poxo- 10-acridineace- 
tate,'" or nicotinate-N-oxide'w in which two L ligands serve as a bridge 
between pseudo-octahedral (CuO,) units (Table 111). 

In another four derivatives of composition Cu(pL)(H20)2, L = 3,6- 
dichloro-2,5-dihydroxo- 1,4-ben~oquinonate,'~~ squarate,'% d-tartrate19' or 
o-~hthalate'~' one four-oxygen donor ligand serves as a bridge and two 

FIGURE 8 Structure of [Cuz(p - alaH)(p - H~0)2]~+ .190  
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288 M. MELNIK ef al. 

water molecules complete a pseudo-octahedral environment about each 
Cu(I1) atom. 

A green derivative'* contains square-planar [Cu(p-nac)d2- 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"0"-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 CuO6 elongated bipyramid formed around 
Cu(I1) 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(1I) atoms with two oxygens in the equatorial plane 
(Cu-O= 1.924(2)& and the other two in apical positions at 2.720(2)A. 
The Cu-Cu separation of 4.749 di excluded a metal-metal bond. 

There are two derivatives20'Bm2 in which pseudo-octahtdrallycordinated 
Cu(I1) atoms (CuO6) are held together by lactate or glycolate anions. A blue 
derivativem3 contains two types of Cu(I1) atoms, one at - 1 and the other on 
the twofold axis, both with distorted octahedral coordination spheres. Each 
Cu(1I) atom is bound to two bridged water molecules and four phthalate 
groups, and each phthalate group is bound to four Cu(I1) atoms through 
three of its oxygen atoms. The result is a complex sheet polymer extending 
through the b-c plane. 

Copper(I1) atoms in a royal blue derivativem 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(CHzCO~} groups, with 
Cu-0 = 1 .!M1(9)- 1.952(8) bi. Longer contacts to the ether oxygen of the 
chelating ligand (Cu-0 = 2.488(8) A) and to a statistically disordered water 
molecule (Cu-0 = 2.73(21)& complete a (4 + 1 + 1) arrangement. 
In another blue derivativem5 the HCOO group in a syn-syn arrangement 

with the OH group bridge the neighboring Cu(1I) 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(I1) atoms and hydroxy groups, and the layers parallel to 
(100) are formed. In a turquoise derivative106-208 the HCOO groups act as 
bridges between Cu(I1) atoms forming an infinite anti-anti chain through 
the crystal. 

The Cu(I1) atoms and the nitronate groups in the crystals of Cu(p-Me2- 
CN02)2209 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(1I) 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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REVIEW: Cu(1I) POLWEFUC COMPOUNDS 289 

One of the most characteristic features of the Cu(p-C32Hs4NzOs)2 
structure21o is the different conformation of the two molecules in the ceI1. 
The coordination geometry about both CugI) atoms corresponds to a 
tetragonally-distorted octahedron with a pair of P-diketonate ligands and 
two monodentate-0-bonded nitrozyl radicals belonging to other molecules. 
Significant parameters of the coordinated nitroxides include Cu-0 2.583(5) 
and 3.157(3)A and Cu-0-N 158.5(4)" and 139.5(4)". 

containing planar Cu(p-ox)$- ions in 
which the oxalate ions act as bidentate ligands. In each salt, the Cu(I1) 
atoms complete their coordination sphere by formation of long Cu-0 
bonds to non-coordinated oxygen atoms of neighboring anions (Table 111). 

A pale green derivative214 consists of onedimensional polymeric chains in 
which two phosphinate groups form double bridges and a formamide oxy- 
gen atom forms a p-0 bridge between Cu(I1) atoms. The intrachain Cu-Cu 
distance is 4.056(1) A. 
In green complexes2' '-"' pseudo-square-planar Cu04 moieties, created by 

a pair of 0,O'Ychelating acetylacetonato ligands, are held together by biden- 
tate, 1,Uioxane molecules of 4-hydroxy-2,2,6,6-tetramethylpiperidinyl- 
N - O X ~ ? ' ~  or 2,4,4,5,S-pentamethyl- l-oxyimidazoline-3-0xide~'~ in a 
one-dimensional polymeric array. 
In the infinite, left-bonded hetical structure of Cu(p-acac)(p-C13ac),218 

each Cu(I1) atom is surrounded by six oxygen atoms, two from a bidentate 
acetylacetonato ligand, two from separate trichloroacetato ligands which 
bridge to neighboring Cu(I1) atoms in the spiral, and two atoms of ligands 
of neighboring Cu(I1) atoms. 
There are 15  derivative^^^*^-^^^ where pseudo-octahedral environments 

about Cu(I1) atoms are created by six nitrogen donor atoms (CuN6) 
(Table 111). In black brown crystals, Cu(N3)2,zz0 the CuN6 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)@3)2221 and green &(N3)2( ~ y ) ~ "  the CuNs octahedra are linked 
to form chains by the sharing of comers. The structure of black C U ( N ~ ) ~ ( ~ -  
Mepy)2w is built up by oligomeric edge-sharing chains of polyhedra. In 
green Cu(N3)~(bpy)~ each azide takes part in asymmetric bridging through 
a single nitrogen atom (p( 1,l)) (Table 111). 
Three violet ~ o r n p l e x e s ~ ~ - ~ ~  which contain [C~(en)~(p-NcS)]+ cations 

are isostructural. The isothiocyanate group forms a bridging unit between 
two [Cu(en)12' cations, giving infinite chain structures and complete a tetra- 
gonal bipyramidal arrangement about each Cu(II) atom (CuN6). Cu(trz)2- 
(NCS)2228 exhibits two-dimensional networks with 2,4-bridging triazole 

There are three blue 
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molecules and NCS- groups, acting as N donors on either side of the 
planes. The CuN6 octahedra clearly show Jahn-Teller deformation with 
Cu-N(NCS) 1.984(3) A; and Cu-N(tn) 2.002(5) and 2.477(3) A bond 
distances. 

X-ray analysis of dark green C U ( ~ ~ ) ( N C S ) ~ ~ ~  shows an essentially 
layered structure with the Cu(I1) atom coordinated in a square-planar by 
two nitrogen atoms (tram) from the N3-coordinating tp ligand and by two 
NCS groups. The coordination is completed to octahedral by two nitrogen 
atoms from adjacent tp molecules which Nl-coordinate axially to a Cu(I1) 
atom, so that two-dimensional system parallel to each other is formed. 

In black C U { ~ - C ( C N ) ~ ) ~ ~ ~ ~  Cu(I1) is surrounded by a distorted octa- 
hedron of six CN groups belonging to six different molecules. The crystal 
structure is therefore polymeric consisting of planes of C(CN); ions inter- 
secting at an angle of about 79" with Cu(I1) atoms occupying pseudo- 
octahedral holes. 

A blue derivative23' consists of polymeric one-dimensional chains, formed 
from [Cu(pzH)$+ cations linked by one brid$ng tricyanomethanide anion. 
The second tricyanomethanide anion is not bonded to this chain. The Cu(I1) 
atom is pseudo-octahedrally coordinated by four pyrazole molecules in the 
equatorial plane (average Cu-N l.W4(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  derivative^^^^-^ in which each Cu(11) atom is coordinated 
by six chlorine atoms (CuCk) with a different degree of distortion. The crys- 
tal structure234 of [CuCh]'- consists of corner-sharing octahedra which 
form layers in the a-b plane. Two of the four Cu-Cl distances (bridging) 
are relatively short (CuC12.283( 1) A) and two are long (Cu-C12.9O7( 1) A). 
The two axial bonds are short with a distance of 2.296(1) A. At 100 K the 
two long Cu-CI distances appear slightly shorter, whereas the four short 
ones appear longer, in accordance with a riding-atom model (Table 111). 
Other derivatives236-240 also contain [CuCL#- anions, which are isostruc- 
tural with that described above2j4 (Table 111). 

Six bromine atoms, create a pseudo-octahedral arrangement about each 
Cu(I1) in four  derivative^.^'-^^ Three"'.242 contain [CuBr4]*- with a struc- 
ture which consists of layers of square-planar [CuBr4]*- 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 derivativea3 consists of the 2-amino4bromohydroxy- 
pyridinium cations, planar dibridged Cu2B4- dimers, and water molecules. 
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The dimers aggregate through the formation of semicoordination Cu-Br 
bonds to form stacks parallel to the a-axis. 
There are 11 blueu4p245s247-255 and one greenw derivative in which a 

psmh-octahedral arrangement around each Cu(I1) atom is created by five 
oxygen donor atoms and one nitrogen donor atom (Cu05N) (Table 111). 
In Cu(py~gly) (H20)~~ the octahedral coordination is composed of the 
long bonds (Cu-OH2 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(p-Me2cy~)(H~O)~]2H~O~~’ contains Cu(I1) atoms 
linked by syn-anti carboxylate bridges to form zig-zag Cu-0-C-0 chains 
parallel to c-axis. Each Cu(I1) atom is tetragonally coordinated. Equatorial 
03N ligation is provided by the two carboxylate 0 atoms (1.949(3) and 
1.957(3)A) and the amino N atom (1.986(3)A) of the tridentate P,p- 
dimethylcysteate ligand; and one water molecule (1.983(3)&. Two addi- 
tional water molecules form axial bonds with copper (2.471(3) and 
2.572(5) A) and complete the 05N coordination. 

There are three derivatives of composition Cu(p-L)(H20)2, L = N-oxyphe- 
nyliminodiacetate:4 irnin~diaceate,”~ or pyridine-2,6-dicarboxylate.“8 
The organic molecule acts as a tridentate 02N ligand, with one of its 
0 atoms in a bridging position so that the coordination polyhedra are 
joined in chains running parallel to the a-axis. 

Five derivatives ‘of general formula Cu(p-L)(H20), L = @-oxyethylimino 
dia~etate,”~ N-(o-carboxyphenyl)iminodiacetate:m N-(o-carboxyethy1)- 
iminodiacetate,2” N-benzenesulfonyl-DL-alaninate,252 or  tamat ate^^^ con- 
tain tetragonal-elongated octahedral coordination of each Cu(I1) atom 
(CuO5N). Each ligand molecule links two Cu(1I) atoms and each Cu(I1) 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(p-ox)(NH3),w one oxygen of an oxalate 
group functions as a bridge between two Cu(I1) atoms. Each Cu(I1) atom 
has a tetragonal-bipyramidal arrangement, CuO’N. The blue crystals 
of C~(ap)(HC00)~~’ are centrosymmetric dialkoxy, bridged dimers (Cu- 
Cu=2.964(1)&. The dimers are polymerized along the o a x i s  into chains 
v i a  two NH-0 hydrogen bonds (Cue. .  Cu = 5.479(1) A). These chains are 
joined along the b-axis by CuOCOCu bridges and NH . - - 0 hydrogen bonds 
(Cu . . . Cu = 4.622(1) A) forming layers, which are held together by van der 
Waals forces. 

The structure of blue C~,(bprn)(NC0)$~~ consists of a two-dimensional 
array of Cu(I1) atoms bridged by bis-bidentate bpm ligands and end-to-end 
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cyanato groups. The Cu(I1) 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 111). 

The structure of C~(p~-Br)2(pBr)~(py)?~' 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' pHdine ring is not 
coplanar with the Cu2Br2 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 C~(p--F)~(rneppz)~~ is shown in Figure 9. 
The structure consists of Cu(I1) 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(I1) atoms (related to the central 

FIGURE 9 Structure of Cu(p-F)2(mcppzh?s8 
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copper by an inversion center), have significantly longer Cu-F bond 
lengths. The zig-zag chains, consisting of two different CuF2Cu units, are 
positioned along the b-axis, Cu-Cu distances are 3.330(2) and 3.294(2)k 
The polymeric structure is stabilized further by hydrogen bonding of the 
pyrazole N-H to fluoride ions of nearby Cu(I1) atoms. 

There are 70  derivative^'^^^'^-^" (Table 111) in which a distorted octa- 
hedral environment (mostly a tetragonal-bipyramid) is created by four oxy- 
gen and two nitrogen donor atoms, usually two 0 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-methylpurine2B or, purinem bind equatorially to Cu(II) through two 
atoms in two symmetry-related purine rings, thus producing polymeric 
chains. The other positions are occupied by water molecules. 

In green [Cu(p-H20)(H~O)3(mgu)~S04~ 2H20"' the sixcoordinate 
Cu(I1) atoms (Cu04N2) 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 v i a  hydrogen 
bonds. 

A green derivative262 consists of structural units of the type C~(p-gmp)~- 
(Hz0)3, which are linked into a polymeric chain by Cu-0 bonds involving 
the ribose 0 of one of the two gmp group molecules. 

There are three monoclinic derivatives of general formula Cu(p-S04)- 
(HzOXL), L = bpy:a phen2@ or en27o which are isostructural. The pseudo- 
planar Cu02N2 units are bridged through the two axial coordination 
positions by sulfate groups: 0 - SO2 - O[Cu(OH2)2L]O . S02.0, etc. to give a 
linear polymeric array. The five-membered metallocyclic ring, opens in the 
order of L 80.9(5)0 (L = bpy) < 8Z.ql)O (L = phen) < 86.43(2)0 (L = en). 

The structure of deep green Cu2(p-N03)2(p-Me3NCH2C00)2(p-1, 
1-N3)za8 is shown in Figure 10. The structure contains Cu(I1) atoms in 
two crystallographically and chemically different environments, as illus- 
trated in Figure 10. Cul, located at an inversion center in Wyckoff 
position qa), is transcoordinated 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 qe), is also trcms-coordinated. Every pair of adjacent copper atoms, 
separated by a non-bonded distance of 3.436(1)& 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 parallel 
to the c-axis. 
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CJ2al 

There are several  derivative^^^^-^'^*^^* in which crystals are built up 
from rrum-CuL2 (L= tridentate 4 N )  chelates associated in infinite layers 
(Table 111). 

In another three derivatives of composition Cu(p-L’)(L); p-L‘ = 
~uccinate ,~’~ glutarate”’ or 3,3’-dithiopr0pionate;’~~ and L = en, Me4en or 
bpy, the p-L’ ions join the CuL2+ units in chains. Each Cu(I1) atom is coor- 
dinated with four short bonds (02N2) in nearly square-planar arrangements 
and two longer bonds (02 to complete a tetragonal bipyramidal arrange- 
ment (Table 111). 

A 12-membered heptadcntate ma~rocycle~’~ with two pendent acetato 
groups created a distorted octahedral environment about Cu(I1) (CuO4N2). 
One of the features of the structure is that one of the acetato groups is coor- 
dinated to two Cu(I1) atoms forming a one-dimensional -Cu-0-C-0- 
Cu- chain. 

There are two green  derivative^^^*^^' in which the Cu(I1) and two 
Pdiketonates lie in a plane of symmetry, giving square-planar coordination 
about the Cu(I1) atom (CuO4). The fifth and sixth positions are occupied 
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by nitrogen atoms of I ,4-diazabicycl0[2,2,2]-octane(ted)~~~ or pyrazine 
( ~ 2 ) ~ ~ ’  ligands. The ted3m or pz3” molecule bridges two copper atoms. 

A black derivative3” contains two non-equivalent Cu(I1) atoms, one 
being coordinated symmetrically to pairs of N, the other 0 and carbonyl 
0 atoms (CuO4N2) and the other to two C1 and four carbonyl atoms of 
neighboring ligands (CuOsCl~, thus joining the molecules into chains paral- 
lel to (101). 

In a pale blue deri~ative,”~ distorted octahedrally coordinated Cu(I1) 
atoms (Cu04NC1) are linked by bridged prolinate groups. 

In another two blue d e r i v a t i ~ e s ~ ~ ’ . ~ ~ ~  a pseuhsctahedral environment 
about each Cu(I1) atom is built up by four oxygen, one nitrogen and one 
sulfur donor atoms (Cu04NS). The structure of [Cuz(ptedta)(H20)d - 
3H20325 consists of dimeric units containing two independent Cu(I1) 
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 [C~2(p-tbcmc)(H20)~~4H20~~~ one N and two 0 atoms (from the 
same bis(carboxymethy1)amino moiety) and one 0 atom (from one water 
molecule) approximately define the square base of a distorted octahedral 
environment for each Cu(I1). The octahedron is achieved by longer trms 
axial bonds to one S atom (from a disulfide group) and to one 0 atom (from 
the adjacent ligand). Each ligand molecule chelates two Cu(11) 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 derivative327 the (isopropy1thio)acetato acts as a terden- 
tate ligand, coordinating via one S, and one carboxylate 0 to a copper atom, 
and v i a  the other 0 to another copper atom. The Cu(I1) atom has a 
deformed octahedral coordination (CuO&), and the complexes are aligned 
to form a polymer chain parallel to the c-axis. 

A red derivative32* consists of alternating chains of dimeric dibridged 
Cu2C1,2- anions (CuC4) and monomeric Cu( tmso)? cations (Cu04CI2) 
extended along the c-axis. 

In C~(daca)2(p-Cl)C13~~~ two non-equivalent Cu(I1) atoms, one Cu04C12 
and the other C u m  are linked by a single chlorine atoms. 

In another derivative330 two non-equivalent pseudo-octahedral units 
CuO4Cl2 and CuC402 are linked by chlorine atoms. The Cu-Cu distance 
of 3.553A ruled out a direct metal-metal bond; black C~3(tmso)Brb~~ is 
isostructural with its chlorine analogue.328 
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There are two d e r i ~ a t i v e s ~ ~ ’ ~ ~ ~ ~  in which approximately planar CuNi+ 
units are linked by bridging SiFi- ”’ or BFT 332 groups as axial ligands com- 
pleting a tetragonal-bipyramidal arrangement (CuN4F2). 

There are over 20 deri~atives’~~*~’~-~” mostly blue or violet in which a 
pseudo-octahedral environment about Cu(I1) is created by four N and two 
0 donor atoms (CuN40Z). In the violet complex C~(im)4(p-S04)~~~ four 
imidazole nitrogens create square-planar CuNf+ units which are linked 
together by SO:- ions, forming symmetry-related chains; these chains form 
layers parallel to the u-c plane. A deep blue complex C U ( N H ~ ) ~ ( ~ - S ~ O ~ ) ~ ~  
is isostructural with that of C ~ ( i r n ) ~ ( p - S O ~ ) . ~ ~ ~  
In another three blue deri~ative$~’-~~’ nearly square-planar CuNP units 

are connected by NO; ions as axial ligands, completing a tetragonal- 
bipyramidal environment about each Cu(I1) atom (CuN402). In yellow 
brown Cu( 1,2-pn)2(p-Cr~O$~~ the dichromate(V1) anions seme as a bridge 
between square-planar CuN:’ units. 

The structure of [Cu(bpy)2(p-C104)]C104 was studied by two 
The crystal is composed of infinite chains of [Cu(bpy)z- 

(p-C104)]+ and ClOb. A perchlorate ion in the chain bridges two adjacent 
Cu(II) atoms through its two oxygen atoms in axial positions. The coordi- 
nation polyhedron around each Cu(I1) atom is a tetragonal-distorted octa- 
hedron. In another two d e r i ~ a t i v e s ~ * ~ ~ ’  nearly square-planar CuN:+ units 
are also linked by perchlorate groups (Table 111). 

The structure of a dark violet derivativeM2 is built up of trimeric units, con- 
sisting of distorted octahedral environments about each Cu(II) atom (-&) 
connected through two imidazolato bridges. Each unit is mtrosymmetric 
around the central Cu(I1) atom. The trimer units are linked through two per- 
chlorate groups forming a chain running along the c-direction. 

A purpk derivativeM3 consists of p4,4‘-bipyridine Cu(1I) 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(I1) linked by 4,4’-bipyridine to form 
ladders. They are arranged in a three-dimensional network. The Cu(I1) 
atom is in a 4+2  environment (CuN4O2) with 0 atoms in axial positions 
(Table 111). 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 d e r i ~ a t i v e ~ ~  only the 4,4’-bipyridine ligand bridges neigh- 
boring Cu(I1) atoms forming polymeric chains along the oaxis in the crys- 
tal. Each Cu(I1) atom has a 4+2 coordination (CuN402) with 0 atoms in 
axial positions. 
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In a blue derivativeM5 [Cu(bpy)d2+ units are linked by trithionate anions 
forming chains along (100). In this case, each Cu(II) atom also has a 4 + 2 
coordination (CuN4O2) with 0 atoms of trithionate groups on axial posi- 
tions. A royal blue complex C~(2,2’-bpy)2(p-ted)~ is isostructural with 
C~(2,2‘-bpy)z(p-tt).~~~ In purple C~(en)z(p--dda)2~’ two 0 atoms of the 
dodecylsulfato ligands occupy axial positions about each Cu(I1) atom. In 
addition to the Cu-0 bond, there are two intramolecular hydrogen bonds 
from each dodecylsulfato ligand to the bis(ethy1enediamine) Cu(II) moiety. 
The dodecyl chains are extended and form a highly ordered interdigitating 
structure. 

A red derivative= consists of perchlorate anions and infinitechain 
[Cu2(p-ddd0)2(MeOH)]~+ cations. Each Cu(I1) 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(I1) atom is also coordi- 
nated to an oxime oxygen of the adjacent unit (Cu-0 distances of 2.491(4) 
and 2.493(4) A) to form singly-bridged zig-zag chains. 

The structure of Cu(p-p~)2(ClO&~~ consists of sheets of Cu(11) atoms 
bridged by ambidentate pyrazine ligands. The distance between two adja- 
cent sheets is 7.012A. The coordination geometry about each Cu(I1) atom is 
that of a tetragonally elongated octahedron, where each Cu(I1) 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(p-pzk(ms)250 is isostructural with that of Cu(p-p~)2(ClO&.~ 

Light blue [C~(p-th)J(ClO4)2~~’ consists of [Cu(p-th)$+ cations and 
perchlorate anions; the structure of the [Cu(p-th)J2+ cations is shown in 
Figure 11. As csul be seen the complex cation has a chain structure and 
tetrazolyl- I -acethydrazide performs the function of a tridentate-bridging 
ligand bonding adjacent Cu(I1) atoms through the chelate hydrazide frag- 
ment and the nitrogen atom in position 4 of tetraz.de, respectively. 

In Cu(2-OH- 1.3-~n)(p-trp)~~~ [Cu(2-OH- 1 ,3-pm)d2+ units are linked by 
the terephthalate groups, resulting in infinite chains. 

The crystal of a black derivative353 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 &reen Cu(p-bmp~b)~” the ligand is tetradentate through the four 

N atoms forming a highly distorted, square plane about the Cu(I1) atom. 
Amide oxygen atoms of neighboring molecules coordinate also to form chains 
parallel to u, completing a tetragonally distorted six-coordination (CuN402). 
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FIGURE 11 Structure of [Cu(p-thW’+.’’’ 

There are four  derivative^^^^*^^^-^^' in which Cu(I1) has a pseudo- 
octahedral environment created by four N and two Cl atoms (CUNqC12). In 
[Cu(aeim)2(pCl)]CI. 2H20355 the Cu(1I) atoms are located at two indepen- 
dent centers of symmetry (000 and O@). Two bidentate histamine ligands 
form a square-planar environment around the Cu(I1) atoms (CuN,). The 
coordination sphere is expanded to a tetragonal-bipyramid by bridging 
chlorine atoms. Polymeric chains are extented along the y-axis (Table 111). 

The structure of a deep blue derivative356 consists of centrosymmetric 
dimeric Cu~(p-bistren)~+ units held together by chlorine bridges forming 
pairs of polymeric zig-zag chains parallel to the b-axis. Each Cu(I1) atom 
has a 4+ 1 + 1 coordination (Table 111). The intramolecular CU-Cu dis- 
tance is 6.138(1) A. 

In a dark brown derivative”’ the Cu(I1) atoms are not equivalent, one 
Cu(I1) has the tetradentate N4 atom macrocycle in a square-planar arrange- 
ment. In addition, the axial positions are occupied by two cblorine atoms of 
two CuCli- units, which act as bridges. The other Cu(I1) atom is coordi- 
nated by four chlorine atoms in a distorted tetrahedral geometry (Table 111). 

There are 10 d e r i v a t i v e ~ * * ~ . ~ ~ ~ - ~ ~  in which each CU(II) atom is sur- 
rounded by four nitrogen and two sulfur donor atoms (CuN4S2). The 
structures of two green358*360 and one brown354 complex are characterized by 
infinite polymeric chains along (OlO), constructed from Cu(p-(cimetidine)i+ 
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entities which are linked through N-cyano groups belonging to symmetry- 
related molecules. The Cu(,~-cim2)~+ cations in the perchl~rate,~~’ nitrate359 
and s ~ l f a t e ’ ~  salts are one-dimensional infinite chains characterized by dif- 
ferent conformations of the antiulcer drug cimetidine (cation structure iso- 
merism). The Cu(I1) atom lies in a strongly distorted octahedral CuN& 
environment (Table 111). 

A violet der i~a t ive~~’  consists of C~(en)~{p-(EtO)~Ps~}+ cations and 
NCS- anions. In the complex cation C~(en)~  moieties are linked by diethyl- 
dithiophosphate anions to form polymeric chains. Each Cu(I1) atom has a 
tetragonal-bipyramidal arrangement (CuN4Sz) with S atoms in the apical 
positions. 

Light blue C U ( ~ ~ ) ( ~ ~ - N C S ) ( N C S ) ’ ~ ~  contains two symmetrically indepen- 
dent Cu(I1) atoms. Each Cu(I1) 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 (CuN4S2). There are two 
types of NCS groups, p3-SCN and monodentate (N). 

The structure of dark green C U ( ~ - B ~ ~ ~ ) ~ ( ~ - N C S ) ~ ~ ~ ~  is shown in Figure 12. 
There are two symmetrically independent Cu(I1) atoms, both ps&- 
octahedrally coordinated (CuN4Si). Both types of Cu(I1) polyhedra alter- 
nate in the chain and are linked by thiocyanate groups. Another dark green 
complex C U ( ~ - M ~ ~ ~ ) ~ ( ~ - N C S ) ~ ~ ~ * ~ ~ ~  contains three symmetrically indepen- 
dent Cu(I1) atoms and is isostructural with C U ( ~ - B ~ P ~ ) ~ ( ~ - N C S ) ~ . ~ ~ ~  

The structure of dark green C~(bi rn) (p-NCS)?~~*~~ 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,(p-NCS)4- 
( p - b ~ m ) ? ~ ~ ~ ~ ~  is made up of a three-dimensional network of Cu(I1) atoms 
bridged by bis-bidentate bpm ligands and bis-unidentate end-to-end thio- 
cyanate groups Figure 13. 

In C U ( N H ~ ) ~ I ~ ~ ~ ’  four nitrogen atoms and two axial iodine atoms form 
a tetragonal-bipyramidal environment about Cu(I1) (CuN41i). A connection 
of the Cu(I1) atoms by linear, centrosymmetric 1;- polyiodide ions results in 
infinite chains of [Cu(NH3):’1;-] units. 

In the blue complexm perchlorate groups link the [Cu(den)(p-NCS)]; 
dimers along the b-axis. Each Cu(I1) atom is coordinated by four N atoms 
in the plane and an S atom of the NCS group and an 0 atom of the per- 
chlorate group complete a ktragonal-bipyramidal environment (CuNdOS) 
(Table 111). The Cu-Cu distance in the dimeric unit is 5.51 A. 

There are six  derivative^'^^*^^-^" in which each Cu(II) atom is coordinated 
by four chlorine and two oxygen donor atoms (CuCbOi). The structure of a 
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FIGURE 12 Structure of C U ( ~ - B ~ ~ Y & - N C S ~ . ~ ~  
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FIGURE 13 Strpcture of Cu+NCS)&bph?s 

brown derivative3@ is formed of nearly planar (CuCl~(rranS-chd) and 
CuC13(thf)2 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 dg-zag type trace. Each Cu(11) 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 111). 
The structure of a green derivative3'' contains square-planar CuCI2- 

( H 2 0 ) 2  subunits stacked along the a-axis. Distorted octahedral coordina- 
tion at Cu(1I) is completed by two rather long Cu-Cl bonds with the next 
layers. The octahedral units form one-dimensional chains by edge-sharing 
(Table 111). There are two orange derivati~es'~' of composition Cu(p-Cl)&-L) 
(L = tetramethylsulfoxide or dimethylsulfoxide). Each contains linear chains 
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of Cu(I1) atoms with three bridging ligands (2C1, 10) between each pair of 
Cu(I1) atoms with Cu-Cu distances of 3.2W(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 (C130) and two long Cu- 
ligand bonds (OCl). 

The structure of (Cua3)(di0)2~~’ contains zig-zag (CuClz), chains along 
the c-axis. Each Cu(I1) atom is also bonded to two 0 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  derivative^^'^-'^^ in which a square plane about each Cu(I1) 
atom is created by pairs of chlorine and nitrogen atoms (NzC12) and another 
pair of chlorine atoms completed a square-bipyramidal coordination 
(CuCbN2). A polymeric chain structure of dark green CuC12(oaoH2)373 is 
formed where a chlorine atom bridges three Cu(I1) atoms. This leads simul- 
taneously to bent and to nearly linear Cu-C1-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  derivative^^^'-^^ (Table 111) consist of 
infinite chains of doubly chloride-bridged Cu(I1) atoms, with Cu-Cu dis- 
tance ranging from 3.649 to 3.932(4) A. 

The crystal structure of green ChClz(pz)380*381 reveals that CuC12 units 
are bonded by pyrazine to form linear chains. These chains are cross-linked 
by doubly-bridged chlorine atoms. 

The structural unit of C ~ C l ~ ( t z ) ~ ~ ~  and C ~ C l ~ ( a m t z ) ~ ~ ~  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 ”atoms of one t r ia~ole~~’  or Camino- 
3-methyl- 1,2,4-tria~ole~~~ molecule. 

A green d e r i v a t i ~ e ~ ~  consists of ClzCu(bpm)CnCl~ 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(C1)zCu moieties the intermolecular Cu-Cu distance is only 
3.600(1) A. 

There are five  derivative^'^^-'^^ in which a pseudosctahedral environ- 
ment about each Cu(II) atom is created by four chlorine, one oxygen and 
one nitrogen atoms (CuCbON). 

CuCl&c), exists in two isomeric forms a blue green monoclinic and blue 
o r tho rh~mbic .~~~  In the monoclinic compound, the two semicarbazide mole- 
cules, which are present in two adjacent octahedra along the chain, have the 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
3
3
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



REVIEW. Cu(II) POLYMERIC COMPOUNDS 303 

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 - . - 0 hydrogen bonds which join the chains 
together. 

In C ~ C l ~ ( a m p ) ~ ~ ~  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 100) and the total coordination of Cu(I1) can be seen as a Jahn- 
Teller distortion octahedron (Table 111). CuC12(L-hi~)~~~ is isostructural 

The structure of brown red C U C ~ ~ ( M ~ & I " N ) ~ ~ ~  consists of slightly folded 
CuClt chains parallel to (100). The chlorines surround the copper in an 
almost petfkct square. Perpendicular to the chlorine plane two adjacent cop 
pers in the chain are connected by the 0 and the nitroso N of one dimethyl- 
nitrosamine alternating on both sides of the CuClz chain. 

The structure of [CuC12(amtzt). H20383 is isostructural with the brown 
red derivative.389 Two adjacent coppers in the chain are connected by the N 
and the S of the amtzt molecule alternating on both sides of the CuCl2 
chain. 

A centrosymmetric coordination sphere of Cu(I1) atom in red brown 
C~(p-tted)2Cl2~~ 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) 16, respectively. In addition, each copper interacts weakly with an 
S atom of a neighboring unit to yield a severe tetragonal elongation geometry 
(CuS4Nd (Table III). 

mere are seven derivatives375.378.380.384.391.392 in which a tetragonal- 
bipyramidal arrangement about each Cu(I1) atom is built up by four bro- 
mine and two N donor atoms, with two bromine atoms at apical positions. 
Structures of four of them3'5*3789380*384 are isostructural with their chlorine 
analogue. 

Structures of two green derivatives391 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 

with CuC12(amp).388 
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and diaminopropane complex, respectively, with associated Cu-Br-Cu 
bridging angles of 80.77(4)0 and 87.56(3)”, respectively. 

Blue C u B r ~ ( a e p ) ~ ~  consists of infinite 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 111). 

In another 14  derivative^^'^^^^^^ a pseudo-octahedral arrangement 
about each Cu(I1) atom is created by three 0 and three N donor atoms 
(Table 111). Their structures are very complex. For example, in dark blue 
[Cu(pdmhx)(glygly)] 4H203” the primary coordination sphere about the 
copper is approximately square-planar with the tridentate glycylglycine 
dianion and an N atom of the 7,9dimethylhypoxanthine ligand. In addition 
to the strongly coordinated equatorial plane, the copper also forms two 
weak, axial interactions with an 0 atom of the 7,9dimethylhypoxanthine 
ligand; one intramolecular Cu-0 = 2.970(2) A, and one intermolecular 
CU-o = 2.769(2) A. The structure of purple ~u(p -cy t ) (g~yg~y)~~  is very 
similar to that of Cu(p-dmh~)(glygly).~~~ 

The structure of blue C ~ ~ ( p - g h g ) , ( H ~ O ) ~ ~  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 
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imidazole N atoms of one ligand and a carboxyl0 of another. The distorted 
octahedral geometry about the Cu(I1) atom is completed by the second 
0 atom of the carboxyl group, and by a water molecule (Table 111). 

A dark blue derivativem contains perchlorate anions and the dicationic 
centrosymmetric dimeric [(dien)Cu( p-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(I1) 
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(I1) 
centers of two different dimeric units are bridged by an oxygen atom of a 
carboxylate group. Thus, chains along the &direction and layers parallel to 
(100) are formed. 

In another blue derivativeM5 the sulfate group forms a bridge between 
pseudo-hexacoordinate Cu(I1) atoms (CuO3N3) leading to infinite chains 
along the twofold screw axes. Blue [Cu(p-NCS)(bheg)]H20w forms a one- 
dimensional polymer chain through the isothiocyanato group. The polymer 
chains are parallel to the c-axis. Each Cu(I1) atom is at the center of the 
typical tetragonal-bipyramidal geometry (CuO3N2S) (Table 111). 

The structure of green blue [Cu2(tampz)Cl~IC12. 2.25H2OM7 is shown 
in Figure 15. The dimeric complex cations are linked by two parallel 
Cu-C1(2)-Cu bridges to form a ladder-type polymer structure with an inter- 
molecular Cu-Cu distance of 5.71ql)A. In the crystal the ladders stack up 
the a-axis with an interladder Cu-Cu distance of 5.536(1) A. Each Cu(I1) is 
pseudo-octahedrally coordinated, (CuN3C13) (Table 111). 

A deep blue derivative&* consists of chains of iodine-bridged Cu(I1) 
atoms along the crystallographic c-direction. Each Cu(I1) atom has a 
tetragonal-bipyramidal environment (CuN313). 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)z}Br@ is shown in Figure 16. The 
bis(2-pyridylmethy1)amino moiety binds in a meridional fashion. There is 
no crystallographically imposed symmetry around the copper atom, but 
there is a psmdo-mirror plane through N(l)-Br-0(1)-0(2), ignoring 
the carboxylate tail. The dihedral angle between N(l)-N(2)-N(3) and 
O( I)-C(16)-0(2) is 87.6(4)”. Each Cu(I1) atom is tetragonal-bipyramidally 
coordinated (CuN302Br) (Table 111). 

In triclinic C~Cl~(et2nia)~~’’ all the N,N-diethylnicotinamide molecules 
are bridging, and are coordinated via  the nitrogen atom of a pyridine ring to 
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a copper atom situated in one system of centers and v ia  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(I1) atom is tetragonal- 
bipyramidally coordinated (C1102N2C12) with two 0 atoms in the axial 
positions. 
In green [Cu(p-bpydc)(p-Cl)d - 2H204” pseudo-octahedrally coordinated 

Cu(I1) atoms (Cu02N2Cli) are bridged by bpydc molecules as well as by 
chlorine atoms. Finally, in another green derivative9’ tetragonal-bipyramids 
(CUO~CI~S~)  are linked by 1,4-oxathiane molecules (Table 111). 
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c9 

FIGURE 16 Structure of Cu{gaba(mpy)2)Br.409 

Inspection of the data in Table I11 reveals that there are over 270 Cu(I1) 
derivatives, in which Cu(I1) atoms are six-coordinated, with tetragonai- 
bipyramidal geometry the most common. From 36 different types of chro- 
mophores around Cu(I1) atoms, the Cu04N2 (70x) and CuOd (51 x) are the 
most common. There are several derivatives which contain non-equivalent 
Cu(I1) atoms: CuO4N2 and C U O ~ , ~ ~ ~  Cu04C12 and CuCb,3289329 CuOqBr2 
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and CuBr4,328 CuN4C12 and C U C ~ ~ , ~ "  CuN6 and CuN5,Z22 CuO6 and 
Cu04N2,'8"81 CuOqNz and cu04c12,324 and CuO4C12 and 

The Cu-Cu distances range from 2.977(2) to I1.0229(2) A which excludes 
direct metal-metal bonding. The mean Cu-L distances found in the six- 
coordinate polymeric Cu(I1) compounds are summarized in Table IIIA. In 
general Cu-L(equatoria1) bond distances are shorter than Cu-L(apica1) 
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 IIA) show that, in mostly cases, the mean 
Cu-L bond distance is longer for six- than for fivecoordinate species. But 
when L = LO,, L30e,, 5 Brap, p-LN or pC&, the opposite is true, and 
finally, when L = L2N,, L N, or p-LO,, the mean Cu-L bond distances 
are equal. 

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

TABLE IIIA Summary of the Cu(1I)-L bond distances for su-coodi te  
derivatives' 

Coord. atomb COV. rad. [A] CU-L (equatorial) [A] Cu-L (apical) [A] 
LO 0.73 1.98(6,8) 2.54(24,45) 

1.95(3,4) 2.57(22,34) 
2.01(11,11) 2.61(3 1.39) 

4-0 
LZO 
~ 3 0  1.96(5,7) 2.57124.33) 
~ 4 0  2.01(9,31) 2.66(3 1.27) 
LSO 1.94(4,6) 2.48(11,6) 
LN 0.75 2.00(9,8) 2.7q14.14) 
IJ-N 1.97(1.2) 2.57(11,11) 
L ~ N  2.0311,13) 2.65(18,30) 
L3N 1.99(8,4) 2.65(38,47) 
L4N 2.05( 1 1,8) - 
L ~ N  2.05(4,4) - 
c1 0.99 2.28(8,3) - 
Pa 2.29(8,6) 2.88(40,42) 

2.28(3.2) 2.86(1,4) 
1.02 2.45 3.04(4.5) 

2.57(26,79) P3S 
Br 1.14 2.43(4.2) 2.14 
PBr 2.433.3) 3.20(27,50) 

2.44(2,2) 3.21(15,12) 

sa 
NCS 1.02 - 3.05(29,22) 

3: 

sBr 1.33 2.585 3.22 
0.75 1.95(5.8) - 

''Ibe first number in putnthcmis is Ihe maximum deviation from the mam of Lhe lowest 
value obamd. The d number in ppnatheais is the maximum deviation from the - of the highest value olwerved. bLX= X - dentate. 
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include those with 0 plus N, 0 plus S and N plus S donor sites. Hetero- 
tridentate ligands include those with two 0 plus one N, two N plus S, and 
one 0 plus two N donor sites. The hetero-tetradentates are either three 
0 plus N, three N plus S, or two 0 plus two N donor sites. The hetero- 
pentadenta-ligands include four 0 plus N, two 0 plus three N, one 0 and 
four N donor sites. The hetero-hexadentate ligands include four 0 plus two 
N, four 0 plus S, two 0 plus four N donor sites. The hetero-heptadenate 
figands have five 0 plus two N donor sites, hetero-nonadentate ligand has 
six 0 plus two N and one S; and hetero-undecadentate has seven 0 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", 0-C-0) and 64.7"-67.0" (mean 65.8", 
0-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", 0 donor); 73.6"-85.7" (mean 83.3", 
0 + N donor); 82.2"-84.2" (mean 83.2", 0 + 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", 0 donor); 91.2"-95.3" 
(mean 93.0", 0 + N donor) and 89.0"-100.50" (mean 93.8", N donor). 

3. CONCLUSIONS 

The review has classified almost 500 polymeric Cu(I1) 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(1I) 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 found in several cases.21 b,23~26.30.46,49.M.s9.60.62.74- 
76,79,%,99,108,118.131.1u).151,164,170 In one -=72 three such units and in one 
case93 seven such units are present. There are several examples which con- 
tain non-equivalent Cu(I1) atoms: four- and five-coordinate,'2'3 four- and 
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si~-coordinate,'~*~~'*~~*~~~*~~~ five- and si~-coordinate.~~.~~~*~~- 
88~94~95~98~100~112~125i155~w In two cases five-coordinate Cu(I1) atoms differ by 
chromophores; CuOs and C U O ~ N ~ ? ~  C u a O  and C U C I ~ O ~ ? ~  and in 
another four derivatives six-coordinate Cu(11) atoms also differ by chromo- 
phores; CuOd and Cu04N2,180D181 Cu04N; and Cu04C12;324 Cu04C12 and 

Copper(I1) 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(I1) 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 oxygendonor 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(equatoria1) bond length is shorter than the respective 
Cu-L(apica1) bond length. The shortest Cu-Cu distance found in the series 
of four-coordinate derivatives is 2.95 five-coordinate 2.652(2) A26 and 
six-coordinate 2.977(2) A?81 

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 5-0 + S. 

c ~ c ~ 0 ~ . ~ ~ ~  

TABLE IV Summary of the mean intra-metallo- 
cyclic ring angles (") 

Rina 5-Coord. CCoord. 

4-0 
5-0  
5-N 

SO+ N 
so+s 
S N + S  
6-0 
6-N 
&O+N 

56.0 
83.7 
80.0. 
83.7b 
83.7 
80.6 
87.7 
92.4 
94.0 
93.7 

53.0 
81.0 
80.3. 

83.3 
83.2 
80.7 
91.5 
93.8 
93.2 

84.9 

'Unsaturation. bSaturation. 
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This review together with its precursors of Cu(I1) for monomers1J 1800x 
dimen’ 900x trimers and oligomers4 250x represents the first overview of 
structural data for over 3500 Cu(I1) coordination compounds. 

These reviews for Cu(I1) coordination compounds, together with the 
review4I2 which classified over 1000 Cu(1) structures and the review4” 
which classified 40 mixed-valence &(I)-Cu(I1) 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(I1) compounds as well as of Cu(1II) compounds are currently in 
progress. 
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