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2-chloropyridine 
4-chloropyridine N-oxide 
5-C!K!,H,OHCOO- 
2,2-dipyridyl-N,N-dioxide 
dimethylformamide 
ethylenediamine 
electron paramagnetic resonance 
2-ethylpyridine 
5-IGjH,OHCOO- 
2,3-iutidine 
2,6-lutidine 
3,5-lutidine 
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and 

A. INTRODUCTION 

The solvated copper@) carboxylates have been the subject of numerous 
publications [l-8]. Different pbssible coordination characteristics of the 
carboxyl group lead to the existence of mononuclear, binuclear or polymeric 
structures_ 

Copper compounds have occupied a special place in the study of intra- 
molecular magnetic exchange for a number’of reasons. Magnetic susceptibility 
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measurements, particularly on copper(I1) carboxylates, showed a large num- 
ber of examples where the paramagnetic ions were antiferromagnetically 
coupled [ 1,8]. Potential problems such as orbital contributions, degenerate 
ground state and proliferation of accessible energy levels tend to be mini- 
mized in such systems, thus permitting concentration on the more funda- 
mental aspects of the exchange process. Previous reviews of copper(I1) 
carboxylates have concentrated on spectral and magnetic data mostly of 
copper(11) compounds with unsubstituted carboxylic acids. 

We review herein the structural, magnetic and spectral properties of 
copper halogenoacetates, copper(I1) halogenopropionates, copper(I1) 
halogenobenzoates and copper(I1) halogenosalicylates. This work has been 
based on the premise that, despite the considerable literature on binuclear 
copper(I1) compounds, no such review exists. 

B. COPPER(I1) HALOGENOACETATES 

(i) Structural data-binuclear compounds 

A large number of copper(I1) carboxylates are binuclear. The most widely 
studied, and one of the simplest paramagnetic species, is copper(I1) acetate 
monohydrate. Van Niekerk and Schoening’s [9,10] investigation of the 
crystal structure of copper(I1) acetate monohydrate has shown that the 
copper(I1) ions occur in isolated pairs in the crystal. In copper(I1) acetate 
monohydrate (Fig. 1) the metal-metal distance of 2.61 A [ 11,121 (1 A = 
0.1 nm = 10-l’ m) is only slightly longer than the 2.56 A 1131 separation in 
copper metal itself. 

In Table 1 are collected structural data for some copper halogeno- 
acetates with the bridged binuclear structure. An attempt has been made to 
make this list complete to the end of 1978. The structure of copper(I1) 
acetate monohydrate has been redetermined by independent X-ray [ 111 and 
neutron diffraction studies [12]. Results of both determinations, which 

Fig. 1. A schematic view of the crystal structure of copper@) acetate monohydrate [lo]. 
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agree exceedingly well with each other, are also included in Table 1 for com- 
parison. 

Some important trends can be seen in Table 1. The Cu-Cu distances are 
elongated when the acid strength increases. In this connection, however, it 
should be noted that the axial ligand also plays a role in determining the 
metal-metal distance [ 20]_ In fact, longer distances have been found in 
binuclear compounds in which the axial ligand is more bulky and has some 
substitution in the neighbourhood of the donor atom. 

However, the Cu-0 (basal) distance is almost constant (1.9’1 A) for all the 
copper(I1) compounds listed in Table 1; moreover the sum tif all interatomic 
distances in CuOs and Cu04N (half the value of the Cu-Cu distances were 
also included in the sum of each chromophore) is almost constant and is 
approximately 11.33 A and 11.42 A, respectively. 

The major structural change accompanying the elongated metal-metal 
distance is a movement of the metal ion out of the basal plane of its square 
pyramidal coordination polyhedron. The Cu-basal plane distance is also 
elongated from 0.19 A in CU(CH$OO)~ - Hz0 to 0.32 s in CU(F&COO)~- 
quin. Other structural parameters show no discernible trends. Some variation 
exists in Cu-L (apical) distances, but this is not surprising. 

(ii) Spectral and magnetic data-binuclear compounds 

The short copper-copper distance in copper(H) acetate monohydrate has 
been recognized to be responsible for the unusual magnetic behaviour. A low 
molar susceptibility was recorded for this compound as early [22] as 1915. 
Bleaney and Bowers [23,24] on the basis of the EPR spectrum of copper(I1) 
acetate monohydrate first recognized that the magnetic properties of this 
compound could be explained by including an additional spin-coupling term, 
-JS&, in the Hamiltonian used to describe the system. This term leads to a 
splitting J between the spin singlet and triplet states, obtained from two 
electrons constrained to different orbitals, of ca. 280 cm-* such that, in this 
model, the coupling is antiferromagnetic. 

Figgis and Martin [25], in their well-known discussion of the electronic 
structure of binuclear copper(H) acetate monohydrate discussed two models. 
The first was an extension of the treatment of Bleaney and Bowers [ 231 in 
which the two copper ions are regarded as weakly coupled. In the second 
model, Figgis and Martin, using arguments based on a theoretical treatment 
by Craig et al. [26], proposed a weak o-bond to be responsible for the pair- 
ing of the pammagnetic electrons, in accord with the expectation that the 
unpaired electron will be in the d,z_ y2 orbital. More recent calculations by 
Ross [ 271 and by Boudreaux [ 281 have supported this p-bond model. 
Recently, Goodgame et al. [29] compared the magnetic properties and 
geometries of the structurally similar CU(CH&OO)~ - Hz0 and Cu(HC00)2- 
(SCN)2 species and observed a direct rather than inverse relation between the 
Cu-Cu separation and the effective exchange coupling coefficient_ They 
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interpreted this to indicate the predominance of a super-exchange rather than 
of a direct mechanism of the coupling. It was demonstrated by Gerloch and 
Harding [30] that the antiferromagnetic exchange coupling in a binuclear 
copper(I1) acetate is dominated by a super-exchange mechanism via the 
carboxylate x-bonds. A similar process was demonstrated in the case of the 
structurally analogous binuclear cobalt carboxylate [ 31,321. The proposed 
super-exchange mechanism is made possible not via spin-orbit mixing of (xy) 
a>d (x2 - y?) states but via configurational mixing of such functions caused 
by the close proximity of the second model a’tom. 

Although a large number of papers have been devoted to the magnetic 
study of copper(H) acetate, no clear picture has yet emerged for the factors 
which determine the magnetic properties of the compound. 

The effects of the introduction of one, two or three halogen0 atoms in the 
methyl group of acetic acid and of axial donor ligands upon the exchange 
coupling constant, --W, a measure of the magnitude of the copper-copper 
interaction are collected in Table 2. 

The first copper halogenoacetates were prepared by Bateman and co- 
workers [ 74,751. All the hydrated and anhydrous copper(I1) mono-, di- and 
trihalogenoacetates were prepared and found to be stable, except copper(I1) 
trtiiodoacetate which was unstable [ 71]_ From Table 2 we see that while only 
monohydrates of copper(I1) monofluoro-, monobromo- and monoiodoacetate 
were prepared, copper(U) monochloroacetate was prepared in four hydrated 
forms [ 761. Compounds of general formula Cu(ClCH,COO),L (L = cyclic N- 
oxide, triphenylphosphine oxide or triphenylarsine oxide) were first pre- 
pared by Paul et al. [77]. On the basis of effective magnetic moments, elec- 
tronic and IR spectra, binuclear structures are predicted [ 771. 

In an attempt to correlate the pKa values of the acids with magnetic data 
for copper halogenoacetates, it was observed that a tendency for forma- 
tion of mononuclear molecules is enhanced as the number of halogen substi- 
tuents is increased [ 711. This trend holds well within the series of anhydrous 
copper(I1) fluoro-, chloro-, bromo- and iodoacetates (Table 3). The introduc- 
tion of one, two or three halogen0 atoms in the methyl group of acetic acid, 
results in an increase’in the acid strength in the order XCH&OO- < 
X,CHCOO- < X&COO- (X is F. Cl, Br or I) as a result of the o-electron 
attracting effect of the halogen atom and produces a comparatively decreas- 
ing magnetic interaction by decreasing the electron density of the oxygen 
atoms, thus weakening the metal-oxygen covalent bond through which the 
demagnetisation operates. As shown in Table 3, copper(I1) clibromoacetate 
does not appear to follow this trend. This observation and its specific causes 
is not yet clear. 

It is interesting that the value of -!ZJ is almost the same in all copper 
iodoacetates (Table 3) but in chloro-, bromo- and fluoroacetates it increases 
in the order anhydrous < hydrate < dioxane adduct. The biggest contribu- 
tion to the -2J value was found for the copper fluoroacetate dioxane 
adduct; in the corresponding iodoacetate there was none. A similar trend can 
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TABLE 3 

Values of -2J (e) and /..&f, for copper(R) halogenoacetates and pKa values of the respec- 
tive acids 

Compound -2J (cm-‘) 
(0 (R)) S(T) . . 

pKa Ref. 

Cu(FCHaCOO)a 
Cu(FCHaCOO)a - Ha0 
Cu(FCHzC00)aC.,Hs02 
CU(CICH~COO)~ 
Cu(CICHzCOO)a - 2.5 Ha0 
Cu(C1CH2C00)a - 0.75 C4Hs02 
Cu(BrCHaCOO)a 
Cu(BrC!HaCOO)a - Ha0 
Cu(BrCH&OO)a - 0.5 C4HsOa 
Cu( ICHaCOO)a 
Cu(ICHaCOO)a - Ha0 
Cu(ICH&00)2 - 0.5 C&IgOz 
Cu(FaCHCOO)a 
Cu(F&COO)a 
Cu(Cl&HCOO)a 
cu(c1&coo)* 
Cu(BraCHCOO)a 
Cu(Br&COO)a 
CU(I~CHCOO)~ 

149 

366 
424 
292 
313 
352 
254 
313 
295 
280 
274 
280 

(-56) 
(-15) 
(-68) 

(-71.6) 
184.7 
215 

l-71(299) 
l-32(293) 
l-21(293) 
l-44(291) 
1.45(300) 
l-40(296) 
l-49(296) 
1.54(298.5) 
l-42(296) 
l-42(293) 
l-49(299) 
1.42(293) 
l-75(298.6) 
1.84(299.3) 
l-77(295) 
1.84(295.5) 
1.88(296) 
1.68(300) 
1.69(299.5) 

2.66 

2.86 

2.90 

3.17 

1.34 
9.2 
1.36 
0.515 
1.40 

43 
43 
44 
55 
55 
59 
70 
72 
70 
73 
71 
73 
43 
43 
55 
55 
70 
70 
71 

be seen in the values of the effective magnetic moments (Table 3). This can 
be explained in terms of steric hindrance which occurs in the iodoacetate 
compound. This steric hindrance reduces the contribution of dioxane to the 
--W value. 

From Table 2 we can see that the singlet-triplet separation, --U, in the 
case of the 2-chloropyridine adducts of copper(U) chloroacetates increases in 
the order Cu(Cl,CCOO),(2 Clpy) < CU(C~,CHCOO)~(~ Clpy) < Cu(C1CH2- 
COO)2(2 Clpy). This is in agreement with the early proposed relationships 
between the value of --W in the binuclear copper compounds and the 
p&r value of the parent carboxylic acid [1,‘78]. 

Another important trend which has been noted for copper(I1) carboxy- 
lates is for -W to increase as the terminal ligands become stronger electron 
donors. Thus, the -ZJ value tends to increase according to the series of 
kerminal groups: aniline < water < anhydrous < pyridine < picoline - SW-- 
ethanol < dioxane [ 781. The data for the singlet-triplet separation presented 
in Tables 2 and 3 follow the general trends. 

(iii) Tetranuclear compounds 

The crystal structure of tetrakis(dichloroacetato)-tetra-~-(2-diethylamino- 
ethanolato)-tetracopper(I1) has been reported by Smolander et al. [ 79aj. 



Fig. 2. Projection of the crystal structure of [Cu(Cl~CHCOO)(Z-diethylaminoethanolato)~. 
(Reprinted -with permission from [79a ]_ Copyright by the Slovak Technical University_) 

This compound crystallizes in the triclinic space group Pl. The structure 
consists of discrete tetranuclear molecules as shown in Fig. 2. The tetra- 
nuclear array consists of an eight-membered Cu404 ring of cubane-type 
structure, though very distorted. Distances between copper atoms range from 
3.176 to 4.024 A and Cu-O-Cu angles from 108.3 to 120.0”. The coordina- 
tion plane of each copper atom consists of two bridging ethanolato oxygen 
atoms, one carboxyl oxygen atom and one amino nitrogen atom, with Cu-0 
and Cu-N bonds ranging from 1.85 to 2.02 A and from 2.05 to 2.11 b, 
respectively (Fig. 3). While the coordination plane of the Cu-1 and Cu-2 is 
planar, Cu-3 and 0.1-4 are not planar. The deviations of atoms from the least- 
squares plane is -0.20 A. 

The crystal structure of tetrakis( chloroacetato)-t&a-~-( 2-diethylamino- 
ethanolato)-tetra-copper(II) [ 79b] is very similar 4x1 that of tetranuclear 
,dichloroacetato(2diethylaminoeth~anolato)copper(II) [79a]. The symmetry 
of the molecule in the chloroacetate compound is much higher than in the 
clicblcroacetate compound. Smaller steric hindrance and favourable packing 
effects in passing from dichloroacetate to chloroacetate would seem to explain 
the higher symmetry [ 79b]. The distances between copper atoms range from 
3.200 to 3.746 #, and the value 111.0” of the Cu+J-Cu bridging angles in 
the eight-membered Cu,,Os, are slightly shorter (smaller) than the mean 
values of these distances (angles) in the dichloroacetate compound. 

Little et al. [80,81] reported the structural and magnetic characterization 
of the [Cu,OH(F,CCOO),(quin)J~. This compound crystallizes in the tri- 
clinic space group Pl similar to that of [ Cu(C&CHC00)(2-diethylamino- 
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Fig. 3. A view of the copper(I1) environments in [Cu(C12CHC00)(2-diethylaminoethano- 
lato)]4 [79a]. 

ethanolato)] 4 [‘79a]. A schematic view of the structure of one tetranuclear 
molecule is shown in Fig. 4. The crystal structure is comprised of centro- 
symmetric tetranuclear molecules in which copper(I1) atoms are linked by 
carboxylate bridges and by triply bri&fing OH ions {Fig. 5 j. As is clearly 

Fig. 4. A schematic view of the molecular structure of [C!u,0H(F,CCOO),(quin)2]2; CFS 
groups are represented as R and quinoline rings are not shown. (Reprinted with pennksion 
from [ 811. Copyright by the Slovak Technical University.) 



Fig. 5. A schematic view of the molecular structure of [CuzOH(F$C00)3(quin)2] *, 
illustrating the configuration of the bridging groups [81]. 

evident in Fig. 5, the bridging trifmoroacetate groups have the syn,syn con- 
figuration- Each of the two crysta.UographicaIIy independent Cu(I1) ions is 
coordinated to four oxygen atoms and a quinoline nitrogen atom in a dis- 

torted square pyramidal configuration. Distances between copper atoms 
range from 2.996(4) to 3.502(5) A and Cu-O-Cu angles from 98.6(2) to 
124.8(3)9 The square pyramidal configuration of the copper atoms are quite 
similar. The three Cu-O(l) distances range from l-963(6) to l-990(6) A and 
the Cu-N distances from l-989(4) to 2.004(6) A. Basal Cu-0 (carboxylatej 
distances range from 1.936(7) to l-990(6) A; the apical Cu-0 distances are 
Cu(l)-@(l-1) = 2.174(6) A and Cu(2)-0(2-1) = 2.200(7) A. The displace- 
ment of Cu(1) and Cu( 2) from their basal coordination planes are 0.174 and 
0.151 A, respectively. 

The magnetic moment for [Cu20H(F3CCOO)9(quin)z]z is 1.60 B.M. at 
300 K and decreases to 1.05 B.M. at 82.5 K implying a magnetically non- 
dilute system [ 811. A least-squares fit to the observed magnetic susceptibility 
yielded the following values of the exchange integrals: JI I = -90 cm-’ and 
J12 = -70 cm-‘. The results clearly demonstrate the presence of antiferro- 
magnetic interaction. 

Some Cu(II) compounds with the general formula Cu20HX3L2 (Table 4) 
were prepared and characterized [ 821. On the basis of the room tempera- 
ture magnetic moment and some spectraI data [SZ] the compounds are 
proposed to be tetranuclear similar to [CuzOH(F&COO)S(quin),l,. 
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TABLE 4 

Magnetic moments and some spectral data for tetranuclear copper halogenoacetates 

Compound 
ST) 

Electr. sp. Ref. 
. . (i3,, tm-‘)) &+Ol (cm-‘)) 

[CuzOH(F3CCOO)3(quin)212 1.60(300) 81 

CU~OH(CI~CHCOO)~- 
(2-CH3-PYO)z l-77(297) 1.435 1215,1204 82 

CU~OH(CI~CCOO)~- 
(2-CH3-PyO)2 l-76(297) 1.37 1208,1203 82 

CU~OH(C~~CCOO)~- 
(2,6-(CH3)2-PYO)2 l-82(297) 1:28 1203 82 

Cu20H(C13CCOO)3- 
(2,4,6-tCH3)3-PY0)2 l-74(299) 1.27 1206 82 

(iv) Structural data-mono- and polynuzlear compounds 

Structural data for some mono- and polynuclear copper(I1) halogeno- 
acetates are given in Table 5. The crystals of tMnS Cu(ClCH&00)2(2 pic)2 
are triclinic [ 831. The mononuclear molecule is strictly centrosymmetric and 
the copper(H) atom is surrounded by four atoms in a square-planar environ- 
ment, with two Cu-N bonds from the !Zpicoline ligands and two Cu-0 
bonds from the chloroacetate groups. The extremely tetragonally distorted 
octahedron is completed by two axial long bonds (Cu-0) (Table 5) from the 
remaining oxygen atoms of the chloroacetate groups. 

The crystals of Cu(Cl,CHC00),(2 pit), are monoclinic [ 841. The copper- 
(II) atom in the mononuclear molecule has the form of an unsymmetrically 
axially distorted octahedron. The blue crystals of bis(chloroacetato)(N,N,N’, 
N’-tetramethylethylenediamine) copper are monoclinic [ 851, in which 
the environment of the copper(I1) ion is similar to that in CU(C~CH,COO)~- 
(2 pic)2 (Table 5) [83]. In the crystal structure of Cu(Cl,CCOO),(N,N,N’,N’- 
t&ramethylethylenediamine) - Hz0 the copper(I1) atom is in a square pyra- 
midal environment [ 861. The two diamine nitrogen atoms and one oxygen 
atom from each C13CCOO- group form a distorted square base. The copper 
atom is situated 0.16 x above the mean basal plane and towards the apical 
water oxygen atom (Table 5). 

In the infinite, left-handed, helical structure of catena-@richloroacetato- 
acetylacetonatocopper(II), the coordination polyhedron has the form of a 
distorted octahedron [87]. The chromophore CuOB is built up from two 
oxygen atoms of the bidentate acetylacetonato ligand, two oxygen atoms 
from separate trichloroacetato ligands which bridge to neighbouring copper 
atoms in the spiral (Cu-Cu = 3.19 A), and two which are atoms of the 
bidentate ligand of neighbouring copper atoms. 
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Fig. 6. Schematic illustration of the atomic numbering schemes in CU(F&COO)~~~~ [89]. 

The crystals of the reaction product of copper(I1) clichloroacetate and 
1,3-diamino-2-propanol belong to the orthorhombic system with space 
group Cmca and eight formula units in the unit cell (2 = 8). The copper 
atom is in the mirror plane and’has a distorted square pyramidal coordina- 
tion (Table 5) [ 881. 

The tetrapyridine compounds exhibit very similar structures [ 891 in the 
crystal structures of pure C~(F$C00)~py, (Fig. 6) and the mixed com- 
pound CU(TTA)~~~~ + C~(F&C00)~py, (Fig. 7) (Table 5). The coordination 
polyhedron is a distorted octahedron. The copper atom is coordinated by 
four shorter Cu-N bonds and by two longer Cu-0 bonds (Table 5). 
Thenoyltrifluoroacetate (TTA) is bonded to Cu(I1) as a chelate and the 
remaining two places are occupied by pyridine molecules. 

(v) Spectral and magnetic data-mono- and polynuclear compounds 

Spectral and magnetic data for non-binuclear copper(I1) halogenoacetates 
are summarised in Table 6. The thermal decomposition of some copper(I1) 
halogenoacetates was carried out by Oloier et al. [ 1051. 

Copper(I1) dichloroacetate forms one blue and one violet 1 : 2 addition 
compound with 2-picoline [ 481. Only the crystal structure of the blue form 
has been reported [ 841. The violet form is thermodynamically less stable 
than the blue form. However, it is not clear at present what influences the 
formation of the more stable blue form. Their effective magnetic moments 
are practically identical, but significant differences were found in the d-d 

. band energies (Table 6), which suggests a difference in the stereochemistry 
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Fig. 7. Schematic illustration of the atomic numbering schemes in Cu(F$COO)2py4 + 
Cu(mA)z PY~ [89 I. 

of the copper atom in these two compounds 1481. 
On the basis of data presented in Table 6, the compounds are categorised 

as follows: compounds with stoichiometry CuL4Xz (L = pyridine or its deri- 
vatives) and CuL2X2 (L = ethylenediamlne, 1,2- or 1,3-propanediamine) 
probably contain the copper(I1) atom in an essentially tetragonal environ- 
ment with the nitrogen ligands coordinated to form approximately square 
coplanar structures. The tetragonal positions are occupied by oxygen atoms 
from the monodentate halogenoacetate anions. Table 6 indicates that the 
band maxima of the electronic spectra for the bis(diamine) compounds are 
at appreciably higher energy (ca. 1.8 wnr-‘) than those of CuL4X7 (ca. 1.6 
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pm-‘). This difference could be explained in terms of an increased tetragonal 
distortion in bis(diamine) compounds compared with CuLqX2_ 

Compounds with stoichiometry CuL,X* (L = pyridine or its derivatives) 
and CuLX* (L = ethylenediamine, 1,2- or 1,3-propanediamine) are also six- 
coordinate, probably with bide&ate halogenoacetate attached to the 
copper atom. 

The third class of compounds include anhydrous compounds with stoichio- 
metry CuX2L (L = monodentate ligand) which are thought to be poly- 
nuclear. In general, the electronic spectra of the third class have broad maxi- 
ma which are at appreciably lower energies than those of corresponding 
compounds in the fist two groups (Table 6). 

From the stoichiometry of the diamine compounds we can also see 
(Table 6) that there is a tendency for the creation of hydrates dependent 
upon the pKa value of the corresponding acid (as pKu decreases, hydrates 
tend not to form) and also upon the coordinating diamine in the range 1,2- 
propanediamine > ethylenediamine > 1,3-propanediamlne. 

C. COPPER(I1) HALOGENOPROPIONATES 

(i) Spectral and magnetic data 

An X-ray investigation of copper(I1) propionate [106] shows a binuclear 
structure simiiar to the copper(I1) acetate monohydrate [ 9-121. A note- 
worthy feature of this structure is the Cu-Cu distance of 2.578(4) A, shorter 
by 0.037 A than the comparable distance in copper(I1) acetate monohydrate 
(Table 1). On the basis of the results summarised in Table 1, we would 
expect a decrease in the distance of the Cu atom to its basal coordination 
plane with a shortening of the Cu-Cu distance. In spite of this fact, the dis- 
tance of the Cu atom to its coordination plane in copper(I1) propionate is 
0.22 A, which is longer by 0.03 w than in copper(I1) acetate monohydrate. 
The Cu-0 distances range from 1.86(l) to 1.97(l) A, with a mean value of 
1.93(l) A. The apical Cu-0 distance is 2.28(l) A. 

Spectral and magnetic data of binuclear copper(I1) pro@onates are given 
in Table 7. The spectral and magnetic data for anhydrous and monohydrated 
copper propionates are very similar to those of the copper(I1) acetates. 
The EPR spectra of the anhydrous copper(I1) 2-halogenopropionates were 
extremely broad over 6000 Oe; the g values were found to be approximately 
2.2. The molecules in the triplet state form clusters resulting in delocalization 
of the interacting unpaired electrons. 

The introduction of a chlorine atom into propionic acid results in an 
increase in the acid strength in the order ClCH&H&OO- < CHsCHClCOO-< 
CI-I&Cl&OO-. When the pKa value of the respective acid increases the value 
of the exchange couplmg constant also increases (Table 7). As the acid 
strength decreases the electron densities of the oxygen atoms increase, which 
leads to stronger covalent metal-oxygen bonds and thereby to an-increased 
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overlap of the orbit& of the two unpaired electrons in the binuclear units. A 
similar correlation can also be seen in the case of copper(I1) bromopropio- 
nates. The -2Jvalue decreases in the order BrCH&H2COO- > 
CH&HBrCOO- > BrCH&HBrCOO-. 

From the data summarised in Table 7 it is also clear that the terminal 
ligands also influence these values. The --2Jvalue tends to increase along the 
following series of terminal ligands: antipyrine < water < anhydrous < 
dioxane. The largest contribution to the -2J value was found in the case of 
the dioxane adduct of copper(H) 3-fluoropropionate. Copper(I1) fluoro- 
acetate behaves similarly. 

D. COPPER(D) HALOGENOBENZOATES 

(i) Structural data-binuclear compounds 

The structure of copper(H) 2-bromobenzoate monohydrate has been 
determined [ 1263. The Cu-0 (basal), Cu-0 (apical) and Cu-Cu distances 
in the compound were found to be 1.99(2), 2.1’7(2) and 2.624(7) A, respec- 
tively. The distances are longer than those in copper(I1) acetate mono- 
hydrate (Table 1). This can be explained in terms of the steric hindrance 
which occurs in the 2-bromobenzoate compound. This small elongation of 
the Cu-Cu distance in Cu(2-BrC,H&OO), - H,O is reflected in a small 
increase in the distance of the Cu atom from its basal coordination (0.20 A), 
0.01 A more than the comparable distance in copper(I1) acetate mono- 
hydrate. In spite of this the mean O-C-O bond angle in binuclear 2-bromo- 
benzoate is smaller (124(3)” vs. 124.9(l)“), but the Cu-O-C angle was ob- 
served to be 123.5(20)“, larger by =0.5” than that. in binuclear acetate. 

(ii) Spectral and magnetic data-binuclear compounds 

In Table 8 are summarised the spectral and magnetic data of the binuclear 
copper(I1) halogenobenzoates. The introduction of a halogen0 atom into the 
2-, 3- or 4-position of benzoic acid results in a decrease in acid strength in 
the order 2-XC&H.,COO- > 3-XC6H&OO- > 4-XCsH&OO- (X = F, Cl, Br 
or I). Although the pKa values of the halogenoarylcarboxylic acids increase, the 
tendency for the formation of mononuclear molecules increases too, which 
can be seen from the magnetic mom&its of their copper(I1) hydrates 

t, 
Tables 8 and 10). The oppositi effect occurs in the case of copper(I1) 
alogenoalkylcarboxylates (Table 3). It seems reasonable to seek the cause 

of this anomaly in the distinct bonding system of the carboxylate groups. 
Unpaired spin delocalization from the copper(I1) atoms appears in the 
o-bonding system of the carboxylate groups. This o-bonding system is 
reduced in the case of halogenoarylcarboxylates because of finite spin densi- 
ties appearing in the n-systems of the aromatic ring possibly via hyperconju- 
gation. 
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The value of--W is almost the same in all the copper(H) Z-iodobenzoates 
(Table 8). A similar observation was made in the case of the copper(I1) iodo- 
acetates (Table 3). Steric hindrance by the iodine atoms plays the major role. 

The singlet-triplet separation (-2J) varies not only with the pKa values of 
the bridging acids [ 1,781 but also according to the terminal ligands, as is 
clearly demonstrated in Table 8. From Table 8 the tendency to increase the 
singlet-triplet separation (--25) lies in the order anhydrous < water S 
aniline < pyridine - nicotine - antipyrine < dimethylformamide - dioxan. 

Three isomeric forms of CU(~-C~C~H&OO)~ were prepared [ 1341. 
According to the magnetic data form (a) is proposed to be a polynuclear 
structure with strong antiferromagnetic super-exchange interaction and the 
other two forms ((b) and (c)) are binuclear (Table 8). 

Two isomers of Cu(3-C1C6H&00)2 (( a and (b)) [134], differ in their ) 
magnetic data (Tables 8 and 10). On the basis of magnetic behaviour a poly- 
nuclear structure for form (a) and a binuclear structure for form (b), are 
proposed. 

(iii) Tetranuclear compounds 

The green Cu(4-XC6H.&00)2nic was obtained by drying Cu(4XCbH4- 
C00)2nicz (X = F or Cl; nit = nicotine) at 105°C 11321. The electronic 
spectra of both Cu(4-FC,H&OO)znic and Cu(4-C1C6H&00)2nic display a 
shoulder at about 2.60 pm-’ and bands at 1.35 and 1.33 pm-‘. respectively_ 
Their EPR spectra exhibit absorption typical of a triplet in which D > hv. 
The compounds also display a line at ~3200 Oe which can be attributed to 
a mononuclear impurity. The effective magnetic moments are 1.59 and 1.62 
B;M. at 293 K and decrease to 1.13 and 1.025 B.M. at 93 K, respectively. 
On the basis of spectral and magnetic data [ 1321 tetranuclear structures 
were proposed with a distorted square pyramidal configuration around each 
copper(I1) atom. 

(iv) Structural data-mononuclear compounds 

Table 9 shows relevant crystallographic data for the bis(l,3-propane- 
diamine)copper(II) benzoates. All the compounds crystallize in the mono- 
clinic system, space group P2,/C (no. 14, C’,), with 2 molecules per unit 
cell (2 = 2). In all the bis(l,3-propanediamine)copper(II) benzoates the 
1,3-propanediamine molecules form a square-planar configuration around 
the copper(I1) atom with foiLr short bond lengths (Table 9, Fig. 9). The 
tetragonal environment is completed with two axial, longer bonds (Cu-0) 
from the monodentate anions. The compounds are all centrosymmetric. 

The introduction of a halogen atom into benzoic acid results in an 
increase of the acid strength_ The decrease in the electron density of the 
coordinated oxygen atom results in a decrease in the Cu--O bond strength 
(Table 9). However the distances between the coordinated oxygen atoms 
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Fig. 8. A view of the bls( 1,3-propanediamine)copper(II) 4-iodobenzoate molecule. (Re- 
printed with permission from 11491. Copyright by the Slovak Technical University_) 

and the carbon atoms of the halogenocarboxylate groups range from 1.23 
to 1.26 A, shorter than the same distance, 1.30 Hi, in the case of unsubsti- 
tuted benzoate groups. 

In Table 9 we see that while the value of Rs decreases the value of RL 
increases. The value of (RL - R,) is lowest in the case of CuLZ(C6HSCOO)Z 
but highest in CuLZ(4-IC6H&00)2. The ratio of Rs/RL may be considered 
a measure of the relative tetragonal distortion [160-l 521. 

These variations give some support to the suggestion that the axial dis- 
tortions arise through a simultaneous elongation out-of-plane and contrac- 
tion in-plane of the coordination polyhedron, and further indicate the plas- 
ticity of the coordination sphere of copper 11531. 

The sum of ah the interatomic distances Cu-N (4Jc) and Cu-0 (2x) of 
bis(l,3-propanediamine)copper(II) benzoates (Table 9) is almost constant 
and is approximately 13.16 A (20.04 A). The analogous sum for most 
examples [ 1533 of the chromophores CM!& and CuO, are 14.3 and 12.6 A, 
respectively. The sum of the chromophore CuN,02 presented here lies 
almost between these two sums. 
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Cu(l,3-propanediamine),(3-IC6H4C00)2 - Hz0 crystallizes in the ortho- 
rhombic system in space group P2,2,2 (no. 18) with 4 molecules per unit 
cell (2 = 4) [ 1541. The 1,3-propanediamine molecules form an almost 
square-planar configuration around the copper atom, where the Cu-N 
distances range from 2.01(3) to 2.08(8) A. The axial positions of the octa- 
hedron are occupied by an oxygen atom of one 3-iodobenzoate anion 
(Cu-0 = 2.67(3) A) and by coordinating water (Cu-OH, = 2.51(5) A). The 
second 3iodobenzoate anion is bonded with hydrogen bonds to two water 
molecules and one 1,3-propanediamine via nitrogen atoms. 

(v) Spectral and magnetic data-mono- and polynuclear compounds 

On the basis of spectral and magnetic data (Table 10) mononuclear struc- 
tures similar to those of the corresponding copper(I1) alkylcarboxylates (see 
Sect. B.(v)) were proposed for the mono- and bis(diamine)copper(II) aryl- 
carboxylates. 

The violet-blue ar-Cu(4-FC,H,COO)znicz and blue fl-Cu(4-FC6H4COO)znic2 
were found [ 1321 to possess different spectral and magnetic data (Table 10). 
Both isomers are supposed to possess an axially distorted octahedron, with 
distortion somewhat greater in the case of a- than in the fl-isomer. These 
may be distortion isomers of +Uhe type described for other copper com- 
pounds [153]. 

A polynuclear structure was proposed for the anhydrous compounds 
(Table 10). 

E. COPPER(I1) HALOGENOSALICYLATES 

(i) Spectral and magnetic data 

The pammagnetic turquoise blue needles of cu-Cu(C,H,OHCOO), - 4 HzO, 
cry&a&e in the monoclinic space group P2i/crC& wii!h two formula units 
per cell (2 = 2) [ 1561. In the crystal structure the coordination number of 
copper(I1) is six and the coordination polyhedron is elongated along the 
tetragonal axis. The plane around the Cu(I1) atom is built up by two oxygen 
atoms of water in trams position at 1.92 A and two oxygen atoms of the two 
carboxyl groups at 1.84 A. Positions five and six are occupied by the oxygen 
atoms of two water molecules at 3.00 A. Besides the two water molecules in 
the inner coordination sphere of the copper atom, there are two water 
molecules in the crystal bonded only by hydrogen bonds and forming a 
crystal hydrate. The spectral and magnetic data of (Y-CU(C~H~OHCOO)~ - 4 
HZ0 (Table 11) are consistent with the crystal structure [156]. The other 
two isomeric forms fl- and ~-Cu(C6H40HC00)2 * 4 HZ0 were isolated and 
some data are collected in Table 11. For the p-isomer a binuclear structure 
similar to that of copper acetate monohydrate was proposed; and for the 
T-isomer a tetranuclear structure [ 1601. These results show the versatility of 
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coordination polymerism of copper( 
Spectral and magnetic data for copper(I1) halogenosalicylate compounds 

are given in Table 11. Two isomers of Cu( 5 Clsal)Zpy, and Cu( 5 B~~al)~py, 
were prepared and characterized with small differences in their spectral and 
magnetic data. The isomers are supposed t9 possess an octahedral stereo- 
chemistry with different tetragonal distortion around copper(I1) and are 
another example of distortion isomerism in copper(I1) [ 1531. 

In the case of Cu(5 Brsal)z - C4Hs02 - Hz0 the data are similar to those 
observed for copper(I1) acetate monohydrate (Table 2). On the basis of such 
a similarity a binuclear structure for the dioxane adduct was proposed [165]. 

The gll value increases and gl value decreases as the hydrates are dehy- 
drated (except in the case of copper(I1) 5-chlorosalicylates). The metal- 
oxygen bond length in the equatorial plane is expected, then, to be longer 
in the case of the anhydrous rather than the hydrated species. A possible 
reason for this is less electron delocalization in the anhydrous form due to 
less mixing of the metal wave functions with those of the anion ligands. This 
is in agreement with the results of Smith [ 1661, i.e. the gll value will tend to 
increase as the equatorial metal-ligand bond length increases. The effective 
magnetic moments of the hydrated forms are higher than those of the anhy- 
drous. We can see (Table 11) that the magnetic super-exchange interaction 
decreases in the order Cu(5 Clsal), > Cu( 5 Brsal), > Cu(5 Isal), > Cu(3,5 
Br,sal), probably as a result of steric hindrance. 

F. CONCLUSIONS 

The copper-copper distances in the binuclear structures are glongated 
when the pKa value of the respective acid decreases but at the same time the 
Cu-L distances tend to contract. This elongation accompanies a movement 
of the metal ion out of the basal plane of its square pyramidal coordination 
polyhedron. In spite of this fact, the Cu-0 (basal) distances, as well 2s the 
sum of all the interatomic distances around copper ion are almost con- 
stant and are approximately 1.97 and 11.37 A, respectively. These variations 
give some support to the suggestion that the asymmetric axial distortions 
observed in binuclear copper( II) halogenoacetates arise through a simulta- 
neous elongation of the ellipsoidal electron cloud of the copper(I1) ion. 
Although steric interactions of the terminal ligands undoubtedly play a role 
in stabilizing the binuclear structure, the primary factor determining the 
Cu-Cu distances is electronic behaviour of the carboxylate groups. 

In copper(I1) halogenocarboxylates the -2J values ve according to the 
pKu values of the bridging acids. In the case of anhydrous and hydrated 
coppe$II) halogenoalkylcarboxylates the tendency for formation of mono- 
nuclear molecules is enhanced as the p&z value of the respective acid 
decreases. The opposite effect occurs in the case o$ copper@) halogenoaryl- 
carboxylates. 

In the copper(I1) carboxylates, --25 increases as the terminal ligands 
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become stronger electron donors [ 78]_ Thus, the --W value tends to increase 
according to the series of terminal ligands: aniline < water < anhydrous < 
pyridine < picolines - SCN- - ethanol < dioxane. Copper(H) halogeno- 
alkylcarboxylates follow this trend, but copper(B) halogenoarylcarboxylates 
do not. These observations indicate that the variation of--W with the 
properties of the terminal ligands is not a simple function of the base 
strength of the ligands or of any other readily evident parameter. The signifi- 
cance, if any, of this observation cannot be definitively evaluated on the 
basis of existing experimental data. It does however suggest possible rational 
directions for further experiments. Further effort will be needed to clarify 
this situation. 

From a wide range of EPR measurements of g,, and its anisotropic compo- 
nents two clear broad trends may be distinguished: (a) halogenoalkyl- 
carboxylates: g (aniline and its derivatives) < g (pyridine and its derivatives) < 
g (dioxane) - g (H,O) < g (0 donor atom from organic compounds) - g 
(anhydrous); (b) halogenoarylcarboxylates: g (anhydrous) < g (aniline and 
its derivatives) < g (HzO) < g (pyridine and its derivatives) < g (dioxane) < g 
(0 donor atom from organic compounds). Binuclear copper(I1) halogenoaryl- 
carboxylates tend to exhibit rather smaller values of g than copper halo- 
genoalkylcarboxylates. This may correlate [78] partly with the stronger 
ligand fields and the presence of a rhombic coordination sphere for the aryl 
compounds. In general, such a situation will lead to the admixture of the 
I z2 1 orbital with the ground state. For such a reason the average value of g 
will be reduced [ 1671. 

The general tendency to decrease the singlet-triplet separation (-2J) is 
in the order: halogenoacetates Z halogenopropionates > halogenobenzoates. 
While the value of (-2J) is greatest in the case of copper(B) halogenoalkyl- 
carboxylates, the value of the zero field splitting param eter IDI is lowest, 
which is opposite to the case of copper(B) halogenobenzoates. Since the 
parameter IDI includes a contribution from both exchange and dipole-dipole 
interaction and these effects are opposite in sign, this suggests that the 
dipole-dipole interaction provides the greatest contribution to 101 in the 
first case and the least in the second case, and thereby the smallest reduction 
in the exchange interaction. 

In the case of bis( 1,3-propa.nediamine)copper( II) benzoates, the tendency 
to increase axial distortion lies in the order: unsubstituted benzoic acid < 
3-halogeno- < 4-halogeno-substituted benzoic acid but the value of the dipole 
moment of the corresponding anion [ 1511 decreases in the same order. These 
observations can be correlated with distortion of the umbrella configuration, 
which is formed by the halogen0 atoms and benzene rings of different mole- 
cular groups. In the case of bis( 1,3-propanediamine)copper(II) chlorobenzo- 
ales [145] the umbrella configuration is distorted considerably more for the 
4-chlorobenzoate than for the 3_chlorobenzoate, and thereby the chlorine 
atoms are nearer the benzene rings in the 3chlorobenzoate than in the 
4chlorobenzoate. In this fashion there arises a “new” situation to build O-X 
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bonds between the chlorine atom and the benzene ring in the umbrella con- 
figuration. At the same time with distortion of the umbrella configuration 
the electron densities of the oxygen atoms decrease, leading to weaker 
covalent metal-oxygen bonds and therefore the axial distortion of b&$1,3- 
propanediamine)copper(II) benzoates increases in the order mentioned 
above. 
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