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Abstract

A critical discussion of the coordination properties of some heterocyclic alcohols and aldehydes derived from imidazole, pyrazole or pyridine
are the subject of this review. The versatility of these ligands, which may act as monodentate or didentate, either neutral or deprotonated,
and which undergo tautomeric equilibria upon coordination to Cu(ll), Zn(ll), Co(ll) and Cd(ll) is discussed and illustrated using relevant
examples. Special attention is paid to a comparison of results obtained by the X-ray diffraction method in the solid state with those acquired by
the potentiometric, NMR and EPR methods in aqueous solution. A discussion of the crystal structures, as well as a correlation of the stability
constants of reported complexes is also provided. Additionally, differences in the geometries of the central ions of these complexes, which
extend from tetrahedral (most common for zinc) to the octahedral form for cobalt and dodecahedral for cadmium (and copper) complexes
respectively, are extensively discussed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction 2. Copper(II) complexes

The aim of this short review is to present a critical look at As pointed out in the introduction, the appreciable in-
the coordination chemistry of some hydroxyalkyl and alde- terest in imidazole derivatives widely used in coordination
hyde derivatives of imidazole, pyrazole or pyridine as ligands. chemistry results from the presence of the imidazole moi-
Commonly investigated heterocyclic alcohols and aldehydesety in a variety of biologically important substances. Much
are chelating ligands that show many variants in their for- effort has been expended to estimate the parameters modulat-
mation of coordination bonds with a number of inorganic ing the donor—acceptor properties of the imidazole ligands.
ions. The design of such ligands must take into account theOne of the most important factors is the basicity of the lig-
factors influencing the stability and the molecular geometry ands, which is mainly responsible for thenteraction with
of the metal complexes. Therefore, this review pays special metal ions[24,28,30,33] The protonation constants of hy-
attention to a comparison of the results describing the coor- droxymethyl and aldehydeimidazol§&2,25,33]and some
dination ability of ligands, as obtained by potentiometric or alkylimidazoles as reference compourn@$—23,26,28]de-
NMR methods in aqueous solution with those obtained by termined by pH potentiometric technique at 298K D.5
X-ray diffraction. Interest in these studies has evolved as a (KNQO3)] are given inTable 1 The results indicate that the
result of a number of different factors: basicity of imidazoles depends on the electron density on the

basic nitrogen atom. Literature dgt29,37] show that the
1. From a bioinorganic point of view, heterocyclic alcohols stability of the Cu(ll) complexes is practically independent
and aldehydes are of great importance as ligands con-of the size of the alkyl substituent at position 1 of the imi-
taining N,O donor atoms which can be adopted to mod- dazole ring. However, the presence of the alkyl substituent
elling coordination environments of synthetic analogues at positions 2 or 4 of the diazole ring increases the basicity
that mimic both the structure and function of the active due to a positive induction effect. On the contrary, the ba-
sites of metal enzymg4—6]. sicities of hydroxymethyl and aldehyde derivatives are about
2. Model compounds simulating their local coordinating one to three orders of magnitude smaller due to the strong
sites, generally employ simple derivatives of imidazole electron-withdrawing effect of the Gi®H or CHO groups,

or their isomer, pyrazole because most of metalloproteins respectively. The data given ifable 1show that the basic-

contain one or more moieties of the amino acid, histidine ity of the imidazoles is only one of the factors determining

[6-8]. the stability of Cu(ll) complexes in aqueous solution. The
3. Studies of such ligands are relevant to medicine as theyhigh pKj values of the ligandi23,26,32,33Jare not always

are linked with the problem of searching for compounds reflected in high values of the stability constants. Other fac-

with potential properties as chelators for the removal of tors which ought to be considered are: (i) the steric effect of
toxic metals from the body. the substituent situated next to the electron-donating nitro-
4. The Cu(ll), Zn(ll) and Co(ll) ions as central atoms of gen atom of the imidazole ring, (ii) the contribution not only
complexes with heterocyclic alcohol and aldehydes are of o but alsomy_ back bonding in the coordination bond
examples of the most important trace transition elements with the Cu(ll) ion, (iii) the chelating effect of the diden-
essential to all forms of lif§9—12]. Therefore, an espe- tate ligands and (iv) the annular tautomerism of some ligands
cially important question in current coordination chem- which allow more stable complexes to be formed. Quanti-
istry is how a protein selects a specific metal from the tatively, an influence of these factors on the stability of the
mixture of iong[13,14] Cu(ll) complexes could be illustrated by the values of the re-
5. In addition, a study of the compounds covering such placement constant, I0g [38,39](equationg1a), (1b)and

chelating ligands can be a promising candidate for the (2):

development of coordination chemistry.

[Cu(H20)%]%t + HLT < [Cu(H20)sL]%T + H3O0  (1a)

Although there has been much interest in the va-
riety of bonding possibilities associated with imida- ,,  [Cul(H20)s]*"[H30"]
zole, pyrazole- and pyridine-based chelating ligands 1= [Cu(H20)6] % [HL ]
and the structural data of their coordination complexes
[13—-20] there is no review available comparing the log*pB; =logpBi — pKa (2)
solid state and aqueous solution chemistry of these com-
plexes. In recent years, many coordination compounds The log B reflects the stability of a complex after the
with hydroxymethylimidazoles, carbaldehydeimidazoles, 1- influence of ligand basicity has been eliminated and al-
hydroxymethy-3,5-dimethylpyrazoles and their substituted lows properties other tha# donor properties to be identi-
derivatives have been synthesised in our laboratories and theified as responsible for the complexes’ stability. In the case
stability constants, structures and spectroscopic properties reof 1,2-DMelm, 4,5-DMelm, 4(5)-Melm, 1-Pr-2-Melm, 1-
ported. Therefore, with this review | attempt a comparison of Bu-2-Melm, which in spite of their basicities (higher in
the stability and the molecular geometry of these complexes.comparison to imidazole), form less stable complexes with

(1b)
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Table 1
Stability constants of imidazole and some imidazole derivatives with Cu(ll) ion in aqueous solution at 298K@&dnol dn3 (KNO3)
Ligand Ka log 1 log B2 log B3 log Ba log Bs log Be log” 81 Reference
Im! 7.12 4.31 7.84 106 1290 - - —2.81 [21,22]
1,2-DMeln? 8.21 3.70 6.80 B0 1080 11.72 - —4.51 [23]
1-Me-2-CHOHIm? 6.98 4.04 7.48 108 1170 12.38 13.57 —2.94 [24]
1-Me-2-CHOInt 5.16 2.87 5.63 B2 885 11.39 - —2.29 [25]
4(5)-Meln? 7.80 4.18 7.74 100 1305 13.95 - —3.62 [36]
7.69 4.13 7.62 1@9 1245 - - - [27]
4(5)-CH,OHIm® 6.67 3.60 7.05 %3 1090 - - -3.07 [24]
4,5-DMeln? 8.19 3.72 6.92 %5 1078 - - —4.47 [26]
4-CH,OH-5-Meln? 7.14 3.95 7.26 126 1179 13.00 - —3.19 [28]
4-CHO-5-Meln? 4.20 3.39 5.80 B7 838 - - —-0.81 [31]
1-Etimt® 7.25 4.40 7.99 108 1322 14.20 - —2.85 [29]
1-Et-2-CHOHIm!! 7.02 4.12 7.58 138 1213 12.68 14.28 —2.90 [30]
1-Pr-2-Melni? 8.20 3.67 7.23 B5 1199 - - —4.53 [32]
1-Pr-2-CHOHIm!3 7.04 4.10 7.55 161 1150 12.10 13.42 —2.94 [30]
1-Pr-2-CHOIn* 5.15 2.86 5.66 B8 1015 - - —2.29 [32]
1-Bu-2-Melnt? 8.18 3.74 6.98 94 1126 - - —4.44 [33]
1-Bu-2-CHOHIm!% 7.00 4.11 7.62 139 1189 13.18 - -2.89 [33]
1-Bz-2-CHOHImM!? 6.58 3.34 7.54 - - - - -3.24 [31]
BIm18 5.66 3.26 6.02 86 1021 - - —2.40 [34]
2-CH,OHBImM" 5.52 2.85 6.26 109 - - - —2.67 [35]

I=0.16 mol dnT3 (KNO3) [27]; the potentiometric methods based on simultaneous measurementg tfgad [HsO*] [35].

Cu(ll) ions, the parameter I3g8; shows the lowest values ~ This results in the formation of a five-membered chelate ring
(Fig. ). involving the exocyclic oxygen atom and the pyridine-like

This implies that the alkyl substituents situated atéhe  hitrogen atom of the imidazole ring. Formation of chelates
position to the donating nitrogen atom of the imidazole ring, by hydroxymethylimidazoles is notaccompanied by loss of a
represent a steric hindrance to complexation. The lowering of proton from the hydroxymethyl group, therefore, quantitative
log” B1 can also be partially caused by areductiomatcep- ~ analysis of logK1/K>) does notindicate the existence of typ-
tor properties of the ligands due to the inductive effect of the ical strong chelates in agueous solution. The metal-oxygen
alkyl groups. However, when substituting at the 2 or 4 posi- bond in the complexes is weak and easily broken and it leads
tions, the CHOH or CHO groups do not decrease but rather, to the establishment of the intramolecular equilibrium for
on the contrary, increase the stability of the Cu(ll) complex. Cu(ll) complexes (e.gScheme )

The considerable increase of the gty parameter of the According to Sigel[40,41] a positive value of the dif-
Cu(ll) complexes with alcohol and aldehydeimidazoles can ferences (logim/) between the experimentally measured
be explained by assuming that the stability of the complexes Stability constants (lo§m()exp =109 B1exp) and those calcu-

is influenced by additional interactions between the Cu(ll) lated on the basis of the acid—base properties of the ligand

ions and the oxygen atom of the @H or CHO group.  (Scheme 1open form of isomers, l08m()op =109 B1cald
reflects the extent of the formation of the chelate complex in

log s, equilibrium according to equati(3):
14
log Am/L = 109 B1exp— 109 Bicalc 3
) The constant describing intramolecular equilibrium be-
7 tween chelating and not chelating forn&cheme Y of the
complex is defined by equatiqd) [42—45]
-3 Ky = ,BleXp 1= 1d0gAM/|_ -1 (4)
Bicalc
4 CHgy N/;; CH 5 N/H
|
-5 T T T T T T T T T T 1 0 l
N

4 5 6 7 8 pK, 9 cul cull

Fig. 1. Dependence |01 =f(pKa) of the ligands1-19 from Table 1 Scheme 1. The configurational equilibrium of Cu(ll) complexes (open and
(R:=0.916). chelating forms) with aldehyde- or hydroxymethyimidazoles.
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Fig. 2. Plots of log31 =f(pK,) for the Cu(ll) complexes with imidazole derivativels-17) from Table 1(R; =0.990).

Fig. 2 presents an exemplary correlation between the bility constants and leads to establishment of the intramolec-
values of the logarithms of the stability of the first Cu(ll) ular equilibrium mentioned above accordingScheme 1
complexes and the ligand basicjg1-34] The points corre-  The positive value for log\wm,. (log Apm. =2.65+0.2 and
sponding to the experimentally measured stability constants3.754+ 0.2) for Cu(ll) complexes with 1-Pr-2-CHOIm and 4-
of Cu(ll) complexes for families of related ligands lie about CHO-5-Melm, respectively, reflects the extent of formation
two intersecting lines which were plotted according to linear of the chelating species in equilibriurB¢gheme L
approximation coefficients, calculated by the least-squares EPR spectra of frozen solutions of Cu(ll) hydrox-
method[42], according to equatio¢b): ymethylimidazole and aldehydeimidazole complexes are

an additional source giving more evidence that complex
log f1 = m pKa+ b ®) stability is enhanced due to chelate ring formation. The

Those points corresponding to imidazole and its deriva- values ofA; andg) parameterg30-32] which are an in-
tives containing an alkyl substituent in position 1 or to hy- dication of the change in the coordination sphere around
droxymethylimidazoles are found on the line with positive the Cu(ll) ion are presented ifiable 2 The parameters
slope. The other line shows points corresponding to imida- (A, =154x 10~ cm~! andg), = 2.356) of the first complex
zole derivatives containing alkyl substituent situated at the with 4-CHO-5-Melm[31] are similar in magnitude to those
2 or 4 positions, which presents steric hindrance to com- found for 1-Pr-2-CHOHIm [30] and can be assigned to
plexation. The points corresponding to the experimentally the effect of the oxygen atom (of the functional group)
measured stability constants of Cu(ll) complexes with alde- on Cu(ll) binding. When the pH is increased to 4.1, for-
hydeimidazoles lie above the line with positive slope, which mation of two equilibrium species is observed for the Cu-
indicates that the chelating effect of ligands increases the sta4-CHO-5-Melm system Table 2. One of them exhibits

Table 2
EPR parameters of dominating species formed between Cu(ll) and substituted imidazoles in agueous solution
[-Pr-2-Melm[32] I-Pr-2-CH,OHIm [30] I-Pr-2-CHOIm[32] 4-Me-5-CHOIm |-Bz-2-CH,OHIm
(31] 61
pPH g Ay PH g Ay pPH g Ay pPH g Ay pH g A
56 (2413 (123 52 2.356(2.369 150(120) 3.9 2.412(2.360) 126(146) 3.2 2356 154 2.3 2360 145
5.9 2360(2.419 149(120) 56 2.294 160 43 2360(2.492 146(120) 4.1 2310 166 4.3 2360 145
6.6 2312 168 6.2 2272 180 4.9 2.296 (2312 157 (126) 2.293 165
7.0 2.280 178 75 2272 184 5.2 2292 165 48 2293 165
74 2.260 187 8.2 2261 190 5.6 2.289 171 5.8 2280 170
85 2.258 188 9.2 2251 190 7.8 2270 184 6.1 2277 175
9.2 2270 180
9.9 2258 187

Ajin 104 cm~1; parameters of the complexes with smaller contribution are given in parentheses.
a Denotes the parameters of Cu-aqua complexes.
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Scheme 2. The tautomeric equilibrium between 4-Me-5-CHOIm (1) and
4-CHO-5-Melm (2).

parametersA| = 165x 10~ cm™1, g, =2.293), which can

2263

not yielded complete information on stabilization of one of
tautomers $cheme P by metal ions on coordination. The
donor—acceptor interaction with the metal ion changes the
imidazole electronic structure.

This problem was solved by using X-ray diffraction to
investigate Cu(ll) complexes with 4-Me-5-CHOI[81] and
4-Me-5-CHOHIm [28] in the solid state. The former com-
plex was obtained in aqueous solution (molar ratio Cu:L was
1:2) and is a good example of how investigations in aqueous
solution and in the solid state can complement each other.

be assigned to the chelate ring formed by the oxygen atomThe molecular structure reveals stabilization of the 4-CHO-

of CHO group in 4-CHO-5-Melm. Analogous phenomena
are observed for Cu(ll) complexes with 1-Pr-2CHOB2]
(PH 5.2,A=165x 10-*cm1, g, =2.292) and for 1-Pr-2-
CH,OHIM[30] (pH 5.6,4; =160x 10~*cm 1, g =2.294).

5-Melm tautomer$cheme Ras the only isomer able to form

a chelate ring with the Cu(ll) ion. It is an unusual example of
an eight-coordinated Cu(ll) complex in which four ligands
are bound to the mutual ion in a didentate fashion through

Additionally, the EPR data reveal the existence of two species the pyridine-like nitrogen atom of the imidazole ring and the

in equilibrium for the Cu-4-Me-5-CHO system, indicating

oxygen atom of the carbonyl group leading to a G@local

that the two nitrogen atoms present in the five-membered molecular chromophore (sé&ég. 3).

unsaturated imidazole ring, being asymmetrically substi-
tuted (4,5-DMelm, 4(5)-Melm, 4-Me-5-CHOIm, 4-Me-5-
CH20OHIm), induce imidazole tautomerism at the nitrogen
atoms according t8cheme 2

Theoretical investigations on tautomer equilibria, mainly

of the 5-substituted imidazoles, in both geometry and en-

ergetics[46—49] as well as those connected with the influ-
ence on tautomerism of substituents at J&)-53] have

The structural data indicated that the Cu(ll) ion is in-
volved in a flattened tetrahedron composed by four nitrogen
atoms as well as in a more distant elongated tetrahedron of
four off-thez-axis oxygen atoms. The coordination polyhe-
dra of this structure were described as a distorted dodecahe-
dral. The form of distortion in the [Cu(4-CHO-5-Melgj$*
cation involves not only bond length but also apparent
bond angle distortions. Selected geometrical parameters for

Fig. 3. Atomic numbering scheme and the structure of the [Cu(4-CHO-5-M#fmation[31].
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Table 3

Selected geometrical parameters for monodentate Cu(ll) complexes with chosen N,O donor ligands

Compound/stereochemistry Chromophore Cu—N/Cu&p( 8l Ay (ecm™1) Reference
[Cu(4-CHO-5-Melm)](H20)2(NO3),/distorted dodecahedron CyQ, 2.013(3fu-N(11) 2.277 176x< 1074 [31]

[Cu(4-CH,OH-5-Melm)](NO3)2/distorted tetragonal bipyramid Cul,

[Cu(1-Bz-2-CHOHIm)4](NO3),/distorted tetragonal bipyramid Cul,

[Cu(3,5-DMePz3(NOgz),%/square pyramidal CuwhO2

1.995(3ku-N(21)
2.028(3ku-N(31)
2.006(3ku-N(a1)
2.987(3ku-o(11)
2.997(3ku-o(21)
2.816(3ku-N(31)
3.002(3ku-N(a1)

1.981(2ku-Na1i1a) 2263 185<10°4  [28]
2.050(2ku-N(21,21a)
2.496(2ky-o(11,11a)

2.009(2bu-Natat) 2277 176<107% [31]
2.028(2ku-N(21,21i)
2.472(2¢y-0(11,11i)

1.966(4%u-n@1) 2.270 180¢ 1074 [58]
2.010(4ku-N(21)
2.010(4ru-N(31)
2.015(1ku-o(1)
2.324(4ku-0q)

@ The starting ligand is 1-CfOH-3,5-DMePz.

copper complexes are collectedliable 3 Cu(ll) complexes
with hydroxymethylimidazoles (4-C#OH-5-Melm, 1-Bz-
2-CH;OHIm) [28,31] have been synthesized in a similar

The equatorial plane of its base is formed by the four ni-
trogen atoms of the imidazole rings and two oxygen atoms
derived from the CHOH substituents located at the axial

manner from an aqueous solution of the corresponding lig- position. Thus, two of the ligands act as monodentate (N

and and Cu(N@)2 in a 4:1 ratio. The crystal structure of
[Cu(4-CHOH-5-CHIm)4](NO3)2 [28] determined by sin-
gle crystal X-ray diffraction confirmed that similar tau-

tomers to those stated for the related complex with 4-

donor) and two as didentate when, in coordination with the
Cu(ll) ion, not only the nitrogen but also the oxygen atom
(N,O donors) the CbhIOH groups are involved. These phe-

nomena are reflected in the IR spectrum which exhibits two

aldehyde-5-methylimidazole are involved in the complex- OH vibration bands, at 3336 cth (the free OH group) and

ation (Scheme P The geometry found in the structural
analysis of both [Cu(4-CpDH-5-Melm)](NO3)2 [28] and
[Cu(1-Bz-2-CHyOHIM)4](NO3)2 [31] is the slightly dis-
torted tetragonal bipyramid (e.Big. 4).

c12
Q 3
c110 ) L
. (c111 N12 Gy
) c16
c19 s {cis
17
C1BC ]

3112cn1?! (the group being sensitive to metal coordination

via the oxygen atom). The X-ray results confirmed the data
obtained in aqueous solutions, namely that formation of the
chelates by hydroxymethylimidazoles is not accompanied

Fig. 4. Atomic numbering scheme and the structure of the complex [Cu(P>-B4+,OHIm)4](NO3), [31].
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Fig. 5. Molecular structure of dinuclear [Cu(L)(LO)N complex showing the atom numbering scheme. Fifty percent probability amplitude displacement

ellipsoids are showfb9].

by loss of a proton from the hydroxymethyl group. Other
examples of Cu(ll) complexes with heterocyclic alco-
hols are 1-hydroxymethyl-3,5-dimethylpyrazole (1-£3H-
3,5-DMePz) and 1-hydroxyethyl-3,5-dimethylpyrazole (1-
CoHs50H-3,5-DMePz). The protonation constant of 1-
CH20H-3,5-DMePz (5 = 3.84), which is much lower com-

3,5-DMePz [57-58] and 1-GHs50H-3,5-DMePz (N-hed)
[54-56]have been prepared and the crystal structure of some
of them has been determined by single crystal X-ray diffrac-
tion. It is interesting to compare the crystal structures, mag-
netic and spectroscopic data of Cu(ll) complexes with both
chelating ligands, which differ from each other only in one

pared to that of hydroxymethylimidazole, shows that the CH2 group of a side substituent of pyrazole ring. Addition-
donor properties of the ligand depend on the electron den-ally, upon coordination, the ligands exist in neutral or de-

sity at the pyridine-like nitrogen atom of the pyrazole ring.
The equilibrium stability constants of Cu(ll) complexes, de-
termined by the potentiometric technique (f®g=—6.10,
log B2 =2.68) [25], clearly indicate a competition of D

protonated forms: 1-8H50-3,5-DMePz (N-oed), 1-C}O-
3,5-DMePz (LO). The deprotonated form is more able to
form dinuclear complexes. Ifiable 4 the compounds iso-
lated in the reaction of Cu(ll) salts with hydroxyalkylpyra-

molecules with the weak donor ligand upon coordination to zoles are listed. The table shows that the kind of coordina-

Cu(ll) ions in agueous solution.

Literature datg54-58] show that solid state chemistry
of hydroxyalkylpyrazole complexes with Cu(ll) ion is more
interesting. A number of Cu(ll) complexes with 1-gBH-

tion compound obtained in the reaction of Cu(ll) salts with
1-hydroxymethyl-3,5-dimethylpyrazole depends on the type
of solvent used during synthesis. Preparation using a solvent
mixture of (trimethyl orthoformate, methanol and propan-2-

Table 4

The conditions of synthesis of Cu(ll) compounds with hydroxyalkylpyrazoles

Complex Colour Solvent Molar ratio Reference
[Cu(N-hed}»(NO3)2] Blue Ethanol, triethyl orthoformate 1:20r1:3 [34]
[Cu(N-hedXCl,] Green Ethanol, triethyl orthoformate 1:2 [55]
[Cu(N-o0ed)CIp Dark blue Ethanol, triethyl orthoformate 11 [55]
[Cu(N-oed)Br} Dark green Ethanol, triethyl orthoformate, triethylamine or KOH 1:1 [55]
[Cu(N-0ed)(NQ)]2 Blue Ethanol, triethyl orthoformate, triethylamine or KOH 1:1 [55]
[Cuz(N-hed)(N-0ed)](ClO4)2 Dark blue Ethanol, triethyl orthoformate, triethylamine or KOH 1:2 [57]
[Cu(L)(LO)(CIO4)]2 Dark green Methanol, 3,5-DMePz, sodium perchlorate, KOH 1:1:1 [56]
[CuL(LO)(CIO4)]2 Dark green 2-Propanol 1:4 [59]
[CUL(LO)(BF4)]2 Blue 2-Propanol 1:4 [58]
[CuL(LO)(NO3)]2 Sea green 2-Propanol 1:4 [59]
[CuL3(NO3)7] Blue Methanol, 2-propanol, trimethyl orthoformate 1:20r1:4 [58]

L: 3,5-DMePz; LO: 1-CHO-3,5-DMePz; N-hed: 1-§H50H-3,5-DMePz; N-oed: 1-§Hs0-3,5-DMePz.
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Fig. 6. Molecular structure of mononuclear [Cu(3,5-DMefX)03)2] complex[59].

ol), and molar ratio Cu:L, 1:2 or 1:4 results in only one type
of the mononuclear Cu(ll) complex [CdINOs3)2] (Fig. 6,
Scheme 8). Carrying out the reaction using only propan-2-

A similar dinuclear complex [Cu(L)(LO)CIg}> was ob-
tained by Oki et a[56] but in a different wayTable 4, using
not only 1-hydroxymethyl-3,5-dimethylpyrazole as a starting

ol as the solvent (Cu:L, 1:4) in the atmosphere results in the ligand but also 3,5-dimethylpyrazole and KOH.

formation of dinuclear complexes of the type [Cu(L)(LOXX]
(X=NOg3, BF4, ClO4) with mixed ligands (3,5-DMePz (L)
and 1-CHO-3,5-DMePz (LO)) Fig. 5. Half of the stoi-
chiometrically used 1-hydroxymethyl-3,5-dimethylpyrazole

1-(2-Hydroxyethyl)-3,5-dimethylpyrazole (N-hed) with
Cu(ll) ions forms three types of complexes, mononuclear
[Cu(N-hed}»X>] [55] containing neutral ligand and compen-
sating anion X (X=CI, N@), dinuclear complexes of the

decomposes to formaldehyde and 3,5-dimethylpyrazole (L) type [Cu(N-oed)X} [55] (X = Cl, Br, NO3) or [Cu(N-oed)(N-

(Scheme 3).

Another part of the ligand undergoes deprotonation
giving 1-methoxy-3,5-dimethylpyrazole (LO) according to
Scheme B.

CH, CH,
\ o \ 0
/ N v / N+ HC
HC N H,C | H
CH,OH
(@) ’ H
CH, CH,
2+ / \ +
o\ Cu N + H
N/N — HC ITI
H,C | CH,O"
CH,OH

(b)

Scheme 3. (a) The ligand reaction during the formation of monodentate
Cu(ll) complex; (b) the process of deprotonation during the formation of
dinuclear complexes.

hed)b(ClO4) [57] with deprotonated and with both neutral
and deprotonated ligands. From a structural point of view,
the dinuclear copper(ll) compoundEaple 4 can be divided
into two groups. The structures of [Cu(N-oed)(B{ (1) and
[Cu(N-0ed)CIp (2) are the same as descrit{&8] for [Cu(N-
oed)Br} (3) where the two copper atoms doubly bridged by
oxygen atoms of the ethoxy group of the ligands, are at a
distance of 3.04A. Each copper ion is in a roughly square
planar environment (CufDBr). In the structures of [Cu(N-
hed)(N-0ed)}(ClOg); (4) and [Cu(L)(LO) XD, the copper(ll)
ions are in a tetragonal pyramidal environment with X as
the monodentate anion (CiOBF4, NOs) occupying the ax-

ial position except for [Cu(N-hed)(N-oed][CIO4)2 where

the oxygen of GHsOH group is coordinated in this posi-
tion. All the dinuclear Cu(ll) complexes indicate an anti-
ferromagnetic interaction between the individual copper(ll)
ions. The complexe3—4 are diamagnetic over the whole
temperature range (10—-293 K) and EPR silent. The data col-
lected inTable 5for [Cu(L)(LO)X]2 complexes indicate an
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Table 5

Selected structural and magnetic data for dinuclear Cu(ll) type [Cu(L)(LOXinplexes

Compound Cu—Cu50 In plane Cu-L é) Cu-O—Cu () O-Cu-0¥() 27 (cm1)
cu-0 Q) Ccu-N &)

[CULLO(C1Qy)]2 [56] 3.022(1) 1.915(2) 1.965(2) 290(2k-0(cioy) 103.7(1) 76.43(9) —288[59]

[CULLO(BF4)]2 3.003(1) 1.914(2) 1.960(2) 23(2bu+@Fy) 102.9(1) 77.09(9) —269

[58] 1.926(2) 1.964(2)

[CULLO(NO3)]2 2.958(1) 1.936(2) 1.973(2) 2562k ooy 99.2(1) 80.79(9) —58,-45

[59] 1.949(2) 1.983(3)

L: 3,5-DMePz, LO: I-CHO-3,5-DMePz.

interesting correlation between the X-ray data and the mag-, 40+
netic exchange between the coupled copper centres. The api'°g£1'
cal anions clearly play a role in determining th&/ value ]
in dinuclear compounds. The value 62/ increases as the 3,01
axial ligands become stronger electron donors. Thus; &7e
value tends to increase in the series:N& BF;~ <ClO4~.

In the same direction the Cu—Cu distances and Cu—O-Cu 2{0_'
angles decrease (séable 5. This kind of correlation is typ- ]
ical of dinuclear, anti-ferromagnetic Cu(ll) dialkoxo-bridged 1,54
complexeg59,60] ]

2,54

3. Cobalt(Il) complexes

0 45 50 55 60 65 70 75 80 85 90
The aqueous solution coordination chemistry of Co(ll) pK

ions with imidazole derivatives is specially interesting due to

the ablhty of the Co(”) ion to Change geometry on reaction Flg 7..P|OtS of |0¢51 =f(pKa) for the CO(”) complexes with imidazole

with ligands. Some possible reasons for the geometrical flex- 4€rvatives (=7, 9-16) from Table 6(R. = 0.954).

ibility of Co(ll) ion can be extracted from the data collected

in Table 6and from the correlation presentedHrig. 7. The of imidazole ring, is confirmed not only by a considerable
ligands containing an alkyl substituent situated at 2 or 4 po- ‘red shift’ of the UV d—d bandXmax=580 mm) but also by
sitions (the points on the line with negative slopég( 7)) the high value of the molar absorption coefficiest @30 or

decrease the coordination number of the central ion from 600 M~ cm™! for 1-Bu-2-Melm[33] and 1,2-DMeln23],

6 to 4. This results in configuration equilibrium of the oc- respectively).

tahedronx tetrahedron typ¢23,32,33] The change in the On the other hand, the visible-range absorption spec-
coordination symmetry from octahedral to tetrahedral, due tra of the Co(ll) complexes with aldehydeimidazoles
to steric hindrance of the alkyl group positioned at 2 or 4 [32] and hydroxymethylimidazolef24,30,33]in aqueous

Table 6

Stability constants of imidazole and some imidazole derivatives with Co(ll) ion in aqueous solution at 298K@&dnol dn3 (KNO3)

Ligand Ka log 1 log B2 log B3 log B4 log Bs log” 1 Reference
Im! 7.12 2.47 4.40 5.85 6.85 - —4.65 [21,22]
1,2-DMeln? 8.21 1.13 2.39 3.81 4.32 - —7.08 [23]
1-Me-2-CHOHIm? 6.98 2.06 3.65 3.93 5.67 - —4.92 [24]
1-Me-2-CHOInt 5.16 1.18 1.68 3.22 - - —3.95 [25]
4(5)-Meln? 7.80 2.34 4.09 5.33 6.67 - —5.46 [36]
4(5)-CHOHIm® 6.67 1.88 3.60 4.62 5.98 - —4.79 [24]
4,5-DMeln? 8.19 1.17 - - - - -7.02 [26]
4-CHO-5-Meln? 4.20 1.38 2.45 - - - —2.82 [31]
1-Etimt? 7.25 2.32 4.17 5.42 7.02 7.42 —4.93 [29]
1-Et-2-CHOHIm!! 7.02 2.00 3.70 4.60 5.80 - —5.02 [30]
1-Pr-2-Melni? 8.20 1.61 2.00 3.08 5.40 - —6.63 [32]
1-Pr-2-CHOHIm!3 7.04 1.99 3.85 4.56 6.23 - —5.05 [30]
1-Pr-2-CHOIn4 5.15 1.23 1.59 3.03 - - —3.92 [32]
1-Bu-2-Melnt$ 8.18 1.73 2.08 2.76 5.65 - —6.45 [33]

1-Bu-2-CHOHIm!® 7.00 2.18 4.03 4.67 6.65 - —4.82 [33]
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solution suggest that complexation in these systems in- Co,Hs0H-3,5-DMePz[57]) — membered chelate rings with
volves replacing water molecules in the hydration sphere Co(ll) ions. In the complexg$2—-65] hydroxymethylimida-

of the central ion by the ligand molecules with reten- zoles have a dual nature, that is, they can act as monodentate
tion of the pseudo-octahedral structure. (For example, pH ligands, coordinating only through the pyridine-like nitrogen
4.4, »=514mm, =18 M tcm for Co(ll) complexes atom or as didentate ligands where the oxygen atom of the
with 4-CHO-5-Melm and 1-Pr-2-CHOIN33] or pH 6.9, CH2OH group acts as an additional electron donor. Formation
2=523mmg=60M-1cm~1for1-Et-2-CHOH[30] and 1- of these chelates is not accompanied by loss of a proton from
Bu-2-CH,OHIm[33].) Theincrease inthe values ofthe molar the hydroxyalkyl substituent. All of the ligands are coordi-
coefficient for hydroxymethyl complexes can be interpreted nated in their neutral forms. This fact correlates with the data

in terms of an interaction of the oxygen atom with the central
ion. Itis one more piece of evidence that the hydroxymethyl
oxygenisinvolved in the formation of chelate complexes with

for Co(Il) complexes obtained by the potentiometric method
in aqueous solution and it explains the rather low capacity
of these ligands to form chelate species. A comparison of

Co(ll) ion (see equilibrium irscheme Yvide supra)). This
kind of interaction of the Co(ll) with an O donor atom from
the CHOH or CHO substituent of imidazoles is reflected in  octahedral coordination of Cq; [64,65] or CoN,O20>’
increased complex stabilitféble § despite the one to three  [57] chromophores. The metal-donor distances ranging be-
orders of magnitude lower basicity of the ligands compared tween 2.072(2) and 2.155(1§)f0r Co—-N and 2.088(2) and
to alkyl derivativeq24,30,32,35,61]The increase of log1 2.418(3)& for Co—O bonds, are typical for Co(Il) complexes.
caused by the chelating effect is especially notable in the caseA further interesting illustration of the geometrical flexi-
of the first Co(ll) complexes with 4-CHO-5Melnfrig. 7). A bility of the Co(ll) ion is provided by Co-1-Bz-2-C}OH
positive value of logAm/ =109 B1exp— 109 B1calc= 0.64[61] complexeg65]. Their synthesis, carried out using trimethyl
reflects the extent of formation of the chelate complex in equi- orthoformate as solvent, generates Co:L =1:6 orziaés-
librium vide suprafcheme )1 A large excess ofligandinthe  andcis-isomersTrans-(0)-[Co(1-Bz-2CHOHIM)4](NO3)2
solution (pH 6.9) shifts the equilibrium towards complexes crystallizes in the triclinic space groupl (Fig. 8 and the
with the chelating form of the ligands. coordination geometry around the Co atom is approximately
The X-ray dataTable 7 for a series of Co(ll) complexes  octahedral. The hydroxo-oxygen atoms of two ligands oc-
provide direct proof of the role of alcohol and aldehyde cupy axial positions (i.e. are irvauns position to each other).
diazoles as chelates towards the Co(ll) ions. All the data The equatorial plane is defined by four nitrogen atoms of the
collected inTable 7confirm that N,O-donor ligands form  imidazole rings. The stereochemistry of the metal centre of
five — (4-CHOH-5-Melm[64],1-V-2-CH,OHIm [62,63], 1- cis-(0)-[Co(1-Bp-2-CH,OHIM)4](NO3)2 x 1.5H,0) [65] is
Bz-2-CH,OHIm [65], 4-CHO-5-Melm[61]) — or six — (1- veryirregular, and can be considered as adistorted octahedron

the X-ray data Table 7 clearly emphasizes that cobalt(Il)
with N,O-donor ligands has a strong preference for distorted

Table 7
Selected geometrical parameters for Co(ll) complexes with chosen N,O donor ligands
Compound Chromophore Co—IfXX Co-O @) d—d Spectra (cm!)  FarlR data (cm?)
Co-N Co-O
[Co(4-CH,OH-5-Melra)]?* [64] CoN;O2 2.079(1ronay  2.198(1fo-o(11) 10,040 282,266 389
2.139(1ko-N21) 16,600
20,400
[COCly(1-V-2-CH,OHIm),] [62] CoChN,0O 2.036(3ko-n)  2-418(3ko-o)
2.016(3}0-n(2)
trans-(0)-[Co(I-Bz-2-CH,OHIm)4]%* [65] CoN4O2 2.091(1ronN@1  2.1749(10%0-0(11) 9,340 256 461
2.156(2)co-N(21) 15,698
20,660
is-(0)-[Co(I-Bz-2-CHOHIm)4]2* [65] CoN;O; 2.096(3ko-N@41)  2.205(2k0-o(21) 8,305 298,269 475, 458
2.124(3)co-N1)  2.247(2k0-0(11) 15,674
2.135(3k0-NG31) 21,142
2.143(3ko-N(11)
[Co(l-CoHs0H-3,5-DMePz)(NO3)]NO3 [57]  CoN,Os 2.078(2ko-N@2)  2.088(2k0-0(20) 8,300
2.072(2konN@2)  2.114(2k0-0(30) 15,900
2,172(2k0-0(a1) 19,600
2.148(2k0-0(42)
[Co(4-CHO-5-Melm}(H20),]?* [61] CoNyOy 2.103(2) (Col) 2.0479(2)1-ow 9,066 280 386, 377
2.085(2) (Co2)  2.186(2b-o() 16,863
2.066(2)r02-0w 20,325

2.189(2k02-0(11)
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Fig. 8. Atomic numbering scheme and the structure of the compiex-(0)-[Co(1-Bz-2-CHOHIm),](NO3); [65].

(Fig. 9). The cobalt(ll) ion is coordinated by two oxygen thecis-isomerand at3336 and 3123 chfor therrans-Co(ll)
atoms of the hydroxymethyl groups, which occupsispo- complex. The first one is assigned to the£CHH group of the
sition to each other in the equatorial plane, and four nitro- monodentate ligands and the second to the OH group, which
gen atoms furnished by the imidazole rings. The complexes, js sensitive to metal coordination via the oxygen atom.
which consist of two kinds of ligands, mono and didentate, 1-(2-Hydroxyethyl)-3,5-dimethylpyrazole, when em-
exhibit two O-H vibration bands, at 3336 and 3119 ¢rfor ployed as a neutral ligand, yields two kinds of coordination
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Fig. 9. Atomic numbering scheme and the structure of the comj$ef0)-[Co(1-Bz-2-CHOHIM)4](NO3)2 x 1.5 H,O [65].
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Fig. 10. The structure of the Co(ll) complexes with 4-CHO-5-M¢].

compounds, [Co(1-§H50H-3,5-DMeP2z)}(NOg3)2] [55] of the prominent doublet at 1614 and 1586¢nin the v

and [Co(1-GHsOH-3,5-DMePz)(NO3)](NO3) [57]. The (CO) region of the IR spectrum support the above-mentioned
single crystal X-ray structure analysis, which has been X-ray data. In both six-coordinated Co(ll) complexes two
carried out for the other compoun@s7], shows that the  molecules of didentate ligands and two water molecules are
cobalt(ll) ion is in a strongly distorted octahedraj®bO,’ coordinated to the central ion forming a chromophore of
environment due to the didentate coordination of only one CoN,O, type. The coordination of Co(ll) could be consid-
of the nitrate ions. Ligand-field spectra of this complex ered as a geometrigans-isomer due to the water molecules

(Table 7 are very much in support of a distorted geometry occupying axial positions (i.e. are inans position to each
of the Co(ll) environment. An entirely different geometrical other) Fig. 10).

complex forms from 1-methoxy-3,5-dimethylpyrazole upon
reaction with Co(ll) ion66]. To induce deprotonation of the
ligand, the reaction mixture was made alkaline (KOH). The 4. Comparison of the zinc and cadmium complexes
fact that Co(ll) complexef66] of the type [ CoX(1-CHO-
3,5-DMePz)(EtOH)4] where X=CI, Br are isomorphous Zinc, as one of the most important trace elements, plays
with [{NiX(1-CH20-3,5-DMePz)(EtOH),4] for which the a versatile role in biological systems due to its struc-
presence of the cubic core was confirmed by the X-ray data,tural and catalytic roles in enzymd89-73] Therefore,
allow us to predict that the deprotonated ligand coordinates much effort has been expended on the study of synthetic
as a N,O-donor ligand. The oxygen atom of the methoxy analogues of zinc enzymes in the hope of clarifying the
group acts as a bridge between three metal ions, forming amechanism of their actiofd—6,73] In studies of how the
Co404 cubane-type cluster. Such compounds show slight chemistry of zinc is modulated by its coordination envi-
anti-ferromagnetic behaviour. ronment, heterocyclic alcohols and aldehydes, as poten-
The chelating nature of aldehydeimidazoles uponreactiontially N,O-donor ligands, have been incorporatgt6].
with Co(ll) ions is reflected in the coordination compounds For this purpose, the Zn(ll) complexes with pyridine-2-
of 4-CHO-5-Melm[61]. X-ray investigation shows a spe- carbaldehyde (PA), 6-methylpiridine-2-carbaldehyde (MPA)
cific phenomenon for the crystal structure of the compounds. and 2,6-pyridine-dicarbaldehyde (PDA) have been isolated
The unit cell includes two symmetry independent cations: and structurally characterizgd]. Selected X-ray data on
[Co(1)(4-CHO-5-Melm)(H20),]?* and [Co(2)(4-CHO-5-  some complexes involving coordinating aldehydes are col-
Melm),(H20)2]?* which differ slightly in bond lengths and  lected inTable 8 Comparison of the structural data of the
valence angles (sekable 7. The position and appearance zinc complexes, [ZBAMPA)], [ZnX2(PA),] (X=ClI, Br, 1),
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Table 8
The selected X-ray data of the attachment of heterocyclic alcohols, alkoxides and aldehydes to Zn(ll) and Cd(ll) ions
Compound Zn—N/°{\) Zn-0 (,&) 0O—-Zn—-N/N-Zn-N ¢) Reference
Znlx(MPA) 2.05(2)/2.06(1) 2.10(1)/2.11(1) &16)/80.2(6) [4]
ZnCly(PA) 2.108(7¥n-nN1 2.481(6)n-o01 72.2(2N1-zn-01 [4]
2.108(7kn-n2 2.544(7yn-02 7L0(2N2-zn-02
ZnBry(PA); 2.102(15)n-N1 2.498(14¥n-01 717(5N1-zn-01 [4]
2.111(14n-n2 2.525(14yn-02 70.9(5)N2-zn-02
Znlz(PA), 2.102(5)n-n1 2.483(4}n-01 72.1(2N1-zn-01 [4]
2.117(4¥nnN2 2.532(4¥n-02 716(2N2-zn-02
[Zn2(PA)2(H20)Cla] 2.087(3)n-n1 2.444(3yn-01 77.1(IN1-zn-01 [4]
2.108(3}n-n2 2.267(3}n-02 75.3(INnz-zn-02
1567(IN1-zn-02
[Zn(PA)I]* 2.06(1yn-N1 2.25(1yn-01 76.8(5)N1-zn-01 [4]
89.8(5)N1-zn-01
[(PicA)ZNn(SGsFs)2] 2.07(1) 2.24(1) 734(7) (6]
[(OpyA)Zn(SGsFs)2] 2.059(2) 2.165(2) 785(6) [6]
(MimA) 2Zn(SGsFs)2 2.048(3pn-n1 3.061(3)zn--0 97.2(1N-zn-N [6]
2.055(3yn-N3
[Zn(4-CHO-5-Melm)](NO3), 2.022(3) 3.06%n..0 11175(8) [61]
10501(2)
2.069(3) 1.964(3h-o0 817(2)y—zn-n [6]
(PyMeO)Zn(GH2Pr3)4 1.936(3),_g 109.0(2)
. 2.048(3) 1.958(3h-0 825(2)y_znnN [6]
(QuiMeQ)Zn(S@Fs). 1.964(3); o 104.7(2)
PicMeOHZn(SGsFs)2 2.048(3) 2.123(3) 8a(1) [6]
[Cd(4-CHO-5-Melm}(NO3)2] 2.252(1k4-n1 2.340(2kd-042 136.13(6N1-cd-N11 [83]
2.261(6)d-N11 2.371(2kd-021 12918(6N1-cd-042
2.542(6kd-07 83.13(6N11-cd-042
2.756(2kd-041 87.93(6N1-cd-021
2.603(2kd-022
2.612(1kd-017
[Cd(4-CHO-5-Melm}](NO3)2 2.298(1xd-N1 2.700(1}xd-o07 13896(5N1-cd-N11 [61]
2.292(1pd-N11 2.745(1}d-017 67.60(4N1-cd-07

66.66(5N11-cd-017
79.80(5N11-cd-07

[Zn2(PA)2(H20)Cla], [Zn(PA)21]* obtained by the reactions  [Zn(PA),(H20)]2* (Zn coordination number 6), of octahedral
of PA or MPA with zinc halideq4] provides some exam-  structure and a tetrahedral [Zn@®~, one which is bridged
ples of complexes in which the Zn(ll) changes both co- by one of its halide$4]. The X-ray data of the [Zn(PA)]*
ordination number and geometry. The complex containing cation, likewise, confirm the didentate nature of the PA lig-
one molecule of MPA is a distorted tetrahedron resulting and in forming two of the five coordinating chelate rings with
from the 6-methylpyridine-2-carbaldehyde acting as a sym- zn(Il) ion. The coordination number of this complex is 5 and
metrical, N,O ligand with two halides. In the [Zn¥PA);] the chromophore is [ZnpDsl].

complexes with two aldehydes, the central ion changes its  To help assign structural representations to the NS
coordination number to 6. However, other authpts af- coordination pattern of the enzymatic model ADH, the lig-
ter analysis of the angular distortion and comparatively ands MPA, 6-methoxypyridine-2-carbaldehyde (OMPA) and
long Zn—-O distancesT@ble §, have postulated a distorted N-methylimidazole-2-carbaldehyde (MimA) were combined
tetrahedral (ZnhXy) rather than an octahedral shape of with zinc thiolateg6]. Aldehydes derived from pyridine, on
the complex polyhedron. On the other hand, X-ray data of account of their chelating effect, stabilize the above men-
the dinuclear complex [Z{PA),(H20)Cls] and [Zn(PAYI]* tioned Zn(ll) complexes and provide not only the nitrogen
cation (Table § prepared from ZnGl PA and RO in the donor atom but also the oxygen atom to the Zn chromophore.
ratio 2:2:1, show that pyridine-2-carbaldehyde should be However, when the pyridine chelating ligand was exchanged
treated as a didentate N,O-donor ligand. The unique dinu-for MimA, the 1:2 complex [MimAY»Zn(SGsFs)2] — a
clear complex [Zp(PA)2(H20)Cls] consists of acationicunit  ZnN,S, type chromophore — was obtained. This result
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indicates thatv-methylimidazole-2-carboaldehyde is bound
to zinc in monodentate fashion with its N atom. The Zn-O
distance (3.06?\) is so long and the deformation of the
polyhedron too significant to obtain a ZpS, coordina-
tion pattern. A similar effect was observed for the [Zn(4-
Me-5-CHOImY]?* cation[61]. In the coordination sphere
of the central ion there are four 4-CHO-5-Melm moieties
(chromophore ZnbdJ. The four identical zinc—nitrogen bond
lengths Table § as well as the values of N-Zn—N angles
indicate tetrahedral coordination of the Zn(ll) ion. The CHO
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been observed upon coordination to Cu(ll) and Co(ll) ions
(vide supra).

It is evident that the importance of zinc derives from its
role in enzymes, with functions that are both structural and
catalytic. Therefore, a comparison of the zinc and cadmium
complexes ought to provide a solidly based example of how
metal ion substitution may perturb the structure of the active
site of zinc enzyme. Moreover, cadmium has been designated
as a human carcinogen by the International Agency for Re-
search on Cancer and the US National Toxicology Program

group are oriented in such a way that oxygen atoms are sit-[67,68] For such a comparison, two Cd(ll) complexes with

uated 3.06% from the central ion. It supports the conclu-

aldehydeimidazole have been synthesized from ethanolic

sion that the Zn(ll) with aldehyde ligands possessing the solutions of 4-CHO-5-Melm and Cd(N®» in 2:1 and 4:1

imidazole unit of histidine, prefer a tetrahedral geometry;

molar ratio for [Cd(4-CHO-5-Melm)NO3);] [83] (1) and

likewise, the geometry of the active site of zinc enzymes [Cd(4-CHO-5-Melm)}](NO3)2 [61] (2), respectively. The

(Fig. 10).
In addition, when, in the Zn(ll) complexes mentioned

complexes obtained are rare examples of distorted dodecahe-
dron geometry brought about by the presence of N,O donors

above, the aldehyde ligands were changed to hetero-in small-molecule ligands. It is noteworthy that coordination

cyclic alcohols (e.g. 2-pyridylmethanol (PyMeOH); 2-
quinolylmethanol (QuiMeOH) the tetranuclear alkox-
ide complexes [(PyMeO)Zn(SEl>Prs’)] and [(QuiMeO)-

Zn(SGsFs)]4 were obtained via deprotonation of alco-

number of 8 is the stable one because in the case of species
1, in which the cadmium can bond only for donor atoms
from two molecules of aldehydeimidazole, it completes the
eight-coordination environment by additionally bonding two

hols. The deprotonation is facilitated by the presence of nitrate anions in didentate fashion (S&g. 12). The struc-

Zn[N(SiMe3)]2. The X-ray data revealed their tetrametric
nature of the boat-shaped ADy rings and the presence
of alkoxide bridging. On the contrary, the neutral alco-

tural data for [Cd(4-CHO-5-Melm]NQO3),] indicate that
cadmium ions coordinate eight atoms in double coordination
sphere. The internal coordination sphere consists of two

hol upon coordination forms the mononuclear compound nitrogen atoms of imidazoles and two oxygen atoms from

[PicMeOuzZn(SGFs)2] (seeTable §. The same differences

nitrate anions (one oxygen atom from each coordinating

between deprotonated and neutral forms of hydroxypyra- nitrate anion) with the boond length Cd—donor atoms ranging
zoles, leading to polynuclear or mononuclear complexes havefrom 2.252(2) to 2.371(2). The second coordination sphere

Fig. 11. The structure of Zn(Il) complex with 4-CHO-5-Me[B1].

is composed of four oxygen donors with the Cd-O distances
of 2.543(2)—2.756(2/;. The observed Cd-O bond distances
(Table § are in good agreement with the values previously
reported for eight-coordinated cadmium(ll) complexes
[74-79]

In the [Cd(4-CHO-5-Melmy](NO3)2 [61] complex, the
four 4-CHO-5-Melm molecules act as N,O didentate lig-

Fig. 12. The structure of Cd(Il) complex with the 4-CHO-5-Melm (M:L,
1:2)[83].
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ands, in contrast to the same ligand in [Zn(4-CHO-5-
Melm)4](NO3)2 compound (vide supra) where ligands bind
to zinc only by the N pyridine-like nitrogen atom of imida-
zole ring indicating a preference for tetrahedral Zrogor-
dination. The shape of eight-coordinating polyhedron of Cd
complex can be described as a distorted dodecahedron with
four oxygen atoms occupying the vertices with four neigh-
bours and the four nitrogen atoms, which are in the vertices
with five neighbours (se€ig. 13.

Cadmium-nitrogen and cadmium-oxygen distances
(Table § are similar to those observed for other N,O-eight-
coordinated complexgg4—79] The possibility that an alter-
native coordination mode of 4-CHO-5-Melm to Cd(ll) and
Zn(ll) ions (didentate or monodentate, respectively) exists,
can be e>iplored by NMR spectra recorded IffI_ISO|Uj[IOI’I Fig. 13. Scheme of the coordination polyhedron of [Cd(5-Me-4-
[61]. The*H resonance of the aldehyde proton is shifted by CHOIm)J2* cation[61].
0.15ppm or by 0.08 ppm to lower fields compared to the
free aldehyde, for Cd(4-CHO-5-Melg®)" and Zn(4-CHO- clusion derived from potentiometric investigations on Zn(ll)
5-Melm)?*, respectively. The same mode of coordination is and Cd(ll) complexes with alcohol and aldehydeimidazoles
confirmed, too, by NMR data for 1-Pr-2-CHOIm with Zn(ll)  (Table 9 Fig. 14 is that complexation in aqueous solution
ion in aqueous solution (D). The most important con-  occurs in a different way for each metal cation. The plot of the

Table 9
Stability constants of imidazole and some imidazole derivatives with Zn(ll) and Cd(Il) ions in aqueous solution at 29830dhhol dnT3 (KNO3)
Ligand Ka Central ion logBy log B2 log B3 log Ba log Bs log”* B1 Reference
Im! 7.12 Zn(ll) 2.56 4.89 7.16 9.19 - —4.56 [21]
cd(ll) 2.67 4.87 6.01 7.14 - —4.45 [21]
1-Melm? 7.19 Zn(ll) 2.70 4.80 - - - —4.49 [80]
cd(ll) 2.73 4.64 6.30 6.80 - —4.46 [61]
2-Melm® 8.05 Zn(ll) 1.88 3.99 7.49 9.32 - —6.17 [81]
cd(l) 2.78 4.74 5.84 - - —5.27 [61]
1,2-DMelnt 8.21 Zn(ll) 1.92 4.32 7.11 9.00 .82 —6.29 [23]
1-Me-2-CHOIn? 5.16 Zn(ll) 1.41 2.24 3.88 - - —3.75 [25]
cd(l) 1.38 2.20 3.85 - - —3.78 [61]
4(5)-Meln? 7.80 Zn(ll) 2.44 4.97 7.61 9.99 - —5.36 [27]
Zn(l 2.48 5.06 4.74 10.52 182 —5.32 [36]
cd(ll 2.65 4.65 6.30 6.70 - —5.15 [36]
4(5)-CH,OHIm’ 6.67 Zn(ll) 2.04 4.48 6.10 8.12 - —4.63 [24]
Cd(ll 2.01 4.06 4.93 6.37 - —4.66 [24]
4,5-DMeln? 8.19 Zn(ll) 2.48 - - - - —5.71 [26]
cd( 2.48 4.30 - - - -5.71 [26]
4-Me-5-CHOIn? 4.20 Zn(ll) 1.59 3.18 3.96 - - —2.61 [61]
1-Ex-2-Melni1 6.83 Zn(Il) 1.88 3.33 5.67 7.13 - —4.95 [82]
cd(l) 2.20 3.80 4.70 - - —4.63 [82]
1-Et-2-CHOHIm!2 7.02 Zn(Il) 2.19 4.94 6.37 7.67 - —4.83 [30]
cd(l) 2.27 4.25 5.48 6.60 - —4.75 [30]
1-Prim'3 7.22 Zn(ll) 2.62 4.68 7.25 9.19 .90 —4.60 [29]
cd(l) 2.60 4.92 6.96 8.74 1P0 —4.62 [61]
1-Pr-2-Melnt4 8.24 Zn(ll) 1.35 4.40 7.45 9.41 45 —6.89 [32]
cd(l) 2.56 4.06 5.57 - - —5.68 [61]
1-Pr-2-CHOHIm!® 7.04 Zn(ll) 2.07 4.92 6.11 7.42 - —4.97 [30]
cd(l) 1.99 4.19 5.03 6.25 - —5.05 [30]
1-Pr-2-CHOIni® 5.15 Zn(ll) 1.65 2.11 4.19 - - —3.50 [32]

cd(ll 1.45 2.45 3.76 - - -3.70 [61]
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Fig. 14. Plots of logg1 =f(pKa) for the Zn(ll) and Cd(Il) complexes with imidazole derivativds{, 11-16) from Table 9(R. =0.783 and 0.881).

correlation between the values of I8gof Zn(Il) complexes mium complexes, suggests successive displacement of water
and the ligand basicity is similar to that obtained for Co(ll) molecules from the coordination sphere of the central ion by
complexes with the same ligands ($8gs. 7 and 1)tand in- the ligands, the basic structure being retained:

timates the possibility of establishment of a configurational

equilibrium, occurring as early as the first complex (equation [Cd(H20)6]?t +nL < [Cd(H20)s_nL,]?+ +1nH20  (7)

(6)):
Moreover, NMR datg61] have shown that for hetero-
[Zn(H20)5L]1%" < [Zn(H20)5L] % + 2H,0 5 cyclic aldehydes, an additional equilibrium takes place dur-
octahedraks> tetrahedral 6) ing the coordination procesS¢heme 1 The preference for
coordination number 6 or 8 by cadmium and 4 by zinc ions
On the other hand, based on the stability constantsin aldehydeimidazole complexes cannot be explained by the
(Table 9 and on the same correlation for Cd(Il) complexes, it ligand-field stabilization energy gain, which is not open to
can be concluded that the stability of cadmium compounds, closed shell & ions. Therefore, it is suggested that differ-
contrary to those of zinc, is practically independent of the ences in the radii of these ions might be a reason why cad-
steric hindrance to complexation presented by some ligands.mium prefers dodecahedral coordination, whereas the zinc
All of the experimentally obtained points are found on one ion in complexes prefers tetrahedral structure in its aldehyde
line (Fig. 14). The coordination process in the case of cad- complexes.
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5. Conclusions

This review shows that the X-ray data of heterocyclic al-
cohols and aldehydes chelated with Cu(ll), Co(ll), Zn(ll) and
Cd(ll) ions correlate well with potentiometric and NMR stud-
ies of those compounds in aqueous solution. Moreover, it
shows the versatility of hydroxyalkyl and aldehyde deriva-
tives of imidazole, pyrazole or pyridine as ligands to bind
metal ions. The existence of a tautomeric equilibrium of
the asymmetrically substituted hydroxymethyl (4-4CHH-5-
Melm) or aldehydeimidazole (4-CHO-5-Melm) allows these

ligands to be not only monodentate (N donors) but also diden-

tate (N,O donors). In addition, upon coordination with metal
ions, pyrazole and pyridine alcohols exist in their neutral or
deprotonated forms, which are more likely to form dinuclear

or polynuclear complexes. The data extracted from a compar-[25] J.

ison of Zn(ll) and Co(ll) model complexes with N,O-donor
ligands shows that zinc exhibits a different structure (tetrahe-
dral) from those of the cobalt complexes (octahedral). This

observation should not be ignored when using these metals agq) J.

spectroscopic probes for studying zinc enzymes. The differ-
ences in the structure of the Cd(Il) (coordination number 8)
and Zn(Il) (coordination number 4) complexes with aldehy-

deimidazoles, recognized by X-ray, IR, NMR and potentio-

metric methods confirm that the geometries of the cadmium
active sites may not be similar to those of the native zinc
enzymes. This may be a pointer to the reason for the dif-

ferences in activity of the substituted enzymes. On the other

hand, the identical structure of Cu(ll) and Cd(Il) complexes
with 4-CHO-5-Melm (distorted dodecahedral) can lead to re-
placing the natural cofactor, e.g. Cu, by a heavier metal. This
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