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Abstract 

Complexes of the type M(Pa)2(HAz)2 and M(QA)2(HAz)2 (M=cobalt(II) and nickel(II); 
HPa=picolinic acid, HQa=quinaldic acid; HAz=azoles like imidazole (Him), pyrazole (HPz), 
benzimidazole (HBzIm) etc.) show a similar thermal behaviour. In the first step of decompo- 
sition the corresponding azolinium picolinates or quinaldinates (HzAzPa, HzAzQa) are split 
off with formation of polymeric mixed ligand complexes M(Pa)(Az) or M(Qa)(Az). X-ray 
analysis of Co(Qa)z(HBzIm)2 XIIIa illustrates a proton transfer and a subsequent thermal re- 
moval ofbenzimidazolinium quinaldinate (HzBzImQa): Hydrogen bridges from pyrrole ni- 
trogen of the benzimidazole to the non-coordinated oxygen of the quinaldinate predetermine 
the thermal initiated proton transfer. The high volatility of the heterocyclic acids and the nitro- 
gen coordination are responsible for the formation of the mixed ligand complex 
Co(Qa)(BzIm) XIVa. 

Exceptions are the complexes M(Pa)2(HPz)2 XIa-b and M(Qa)z(HIm)2 XVIIa-b. Pyrazole 
is eliminated from the complexes XIa-b with formation of the solvent-free inner complex 
M(Pa)2 XIIa-b. From compounds XVIIIa-b quinaldic acid or their decomposition products are 
split off and a high temperature modification ofM(Im)2 XVIIIa-b is formed at elevated tem- 
perature. XVIIIa-b are decomposed to the cyanides M(CN)2 similarly to the thermal behaviour 
of Cu(Im). 

In the first step the thermal degradation of imidazole and pyrazole adducts of copper(II) 
picolinates and quinaldinates is characterized by the elimination ofazoles. The reason for this 
thermal behaviour is the weaker coordination of the azole heterocycles in copper chelate com- 
pounds. 

Keywords: crystal structure, metal(II) picolinate and quinaldinate, thermal degradation of imida- 
zole and pyrazole complexes 

Introduction 

Several  meta l  carboxyla tes  containing imidazoles  or pyrazoles  have been 
studied as model  substrances  for biocatalysts  [ 1 ]. For  example ,  manganese  corn- 

* For Part I see Ref. [8]. 
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570 DORING et al.: COORDINATION COMPOUNDS 

plexes ofpicolinic acid (HPa) have been synthesized as biologically interesting 
molecules to describe manganese catalases in photosystem II [2]. Picolinate an- 
ion (Pa) always acts as a bidentate chelating ligand. X-ray structure determina- 
tions of  the isostructural octahedral aqua adducts M(Pa)z(HzO)2.2H20 Ia-b 
(M=cobalt(II), nickel(II)) identify the chelate effect of  the picolinate ion, in 
which the pyridine nitrogen and one of the carboxyl oxygens act as sticking at- 
oms [3, 4]. Chains ofoctahedrons are built up in the complexes I by intermolecu- 
lar hydrogen bridges between the coordinated water and the coordinated oxygen 
atoms of the neighbouring carboxylate group. In addition, these chains are linked 
together by intermolecular O-H...O-H.-.O-hydrogen bridges, as shown in Fig. 1. 

,' ; . . . . . . . .  "9-.. _,\->~.' o v 

" / / ~.f~-~,..,~ff ) . ~ C  31 c ~ v l 2 1  ' ~ . . . . . .  ~'  , "  / -  

, '1.73 I ~ 1 ,  , , ', " - . .  C ~  \ ~ ~ ; ,' 

. . . .  , " ,.-k ',.-4 "-t"--r  ~ ~ \ " ' - ? ' , . .  . . . . . . .  , 

Fig. 1 Section of Ni(Pa)2(H20).2H20 Ib to illustrate the system of intermolecular hydrogen 
bridges in accordance with Yakenaka et al. [4b] 

Chains of octahedrons are also present in the copper complex Cu(Pa)2.2H20 
Ic. However, they are linked by bridging of the carboxylate groups. Conse- 
quently, the typical (4+2)-coordination for copper(II) is obtained. Again, the 
chains of  octahedrons are bonded together by the water molecules. However, in 
this case both water molecules are necessary to couple the chains [5]. 

In a similar way, the complex formation reaction ofmetal(II) picolinates and 
quinaldinates occurs with imidazoles, benzimidazoles, and pyrazoles forming 
the bis-adducts M(Pa)ffHIm)2, M(Qa)z(HPz)2 etc. Additional water or solvent 
molecules can be fixed in the second coordination sphere, as found in dihydrates 
of  the type M(Pa)z(HIm)T2H20 or M(Pa)ffHPz)z-2H20. 

Thermal investigations of  the imidazole and pyrazole complexes are based on 
the ability of  such complexes to work as thermal latent epoxy curing agents. 
While remaining stable at ambient temperature, the azole-metal complexes dis- 
sociate at elevated temperature. Henceforth, the released azoles catalyze the ho- 
mopolymerization of  epoxy resins [6]. 
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Thermal degradations of  coordination compounds of  the type M(dkt)z(HIm)2 
(dkt=l,3-diketonates) are topochemical reactions and the reaction course de- 
pends on the crystal structure of these compounds [7]. In addition to this, we 
were able to show that the thermal behaviour of imidazole- and pyrazole-con- 
taining metal acetates differs markedly in respect of  the interrelation of kinetic 
and thermodynamic factors controlled by the variation of the central metal and 
the nitrogen heterocycle of  the chelate adducts. Therefore, either acetic acid or 
mainly imidazole is eliminated from complexes of the type M(ac)2(HIm)2 
(M=Co, Ni, Cu; ac=acetate) under similar conditions. There exists either an acid 
or a basic thermal latency [8]. 

We report herein the thermal behaviour of  the azole adducts of  the corre- 
sponding metal(II) picolinates and quinaldinates, and the X-ray crystal structure 
of  Co(Qa)2(HBzIm)2 XIIIa determined in the course of  this study are also de- 
scribed. 

Experimental 

Synthesis 

The complexes VIIa-b, IXa-b, XIa-b, XIIIa-b, XVa-b, and XVIIa-b were pre- 
pared according to the following procedure: 

To a solution of  1 mmot of cobalt (II) or nickel(II) nitrate hexahydrate in 
methanol picolinic or quinaldic acid (2 retool) and 2 mmoles of solid sodium hy- 
droxide were added. The mixture was stirred between 40-50~ until a homoge- 
neous precipitate of the metal(II) picolinate or quinaldinate was separated. After 
that, 2 mmoles of the azole as a solution in methanol (20 ml) were added. After 
an additional stirring for two hours, the newly formed precipitate was filtered, 
repeatedly washed with small portions of cold methanol, and vacuum-dried at 
room temperature. Melting together copper(II) picolinate Cu(Pa)2.2H20 or qui- 
naldinate Cu(Qa)2.2H20 with imidazole or pyrazole, respectively, afforded the 
copper complexes VIIc, XVc and XVIIc. Subsequent crystallization from di- 
methylformamide or nitromethane gave pure complexes. Yields and analytical 
data are listed in Table 1. 

Thermal Analysis 

The thermobalance designed in our Institute has been described in earlier pa- 
pers [7a, 9]. 

X-ray Structure Determination of XIIIa 

Crystallographic data pertaining to the structural determination are listed in 
Table 2. 
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Table 1 Elemental analysis of complex compounds 

Complex compound 
Yield/ Total molecular Analysis/% calculated/found 

% formula C H N M 

Co(Pa)2(HIm)2.2H20 VIIa 

Co(Pa)z(HBzIm)2 IXa 

Co(Pa)2(HPz)2.2H20 XIa 

Co(Qa)z(Hlm)2 XVIIa 

Co(Qa)z(HBzIm)2 XIIIa 

Co(Qa)z(HPz)z.CH3OH XVa 

Ni(Pa)2(Hlm)2.2HzO VIIb 

Ni(Pa)~(HBzlm)2 IXb 

Ni(Pa)z(HPz)2.2H20 XIb 

Ni(Qa)2(Hlm)2 XVIIb 

Ni(Qa)2(HBzIm)2 XIIIb 

Ni(Qa)2(HPz)z.H20 XVb 

Cu(Pa)2(HIm)2,2H20 Vile 

Cu(Qa)2(Hlm)2 XVIIc 

Cu(Qa)z(HPz)2 XVc 

57 CIgH2oN606Co 45.48 4.25 17.68 12.39 

45.68 3.97 18.08 12.48 

68 C26H2oN604Co 54.26 3.74 15.58 10.92 

54.11 3.86 15.45 10.24 

82 CagH2oN606Co 45.48 4.25 17.68 12.39 

45.31 4.09 17.67 12.34 

90 Cz6H2oNdO4Co 57.88 3.74 15.58 10.92 

57.58 3.88 15.60 11.10 

80 C36Hz4N604Co 63.85 3.78 13 .15  9.22 

63.82 4.03 12.97 9.21 

85 C27H24N6OsCo 56.74 4.20 14.71 10.33 

56.65 4.02 14.85 10.29 

80 CIsH2oNdO6Ni 45.50 4.25 17.69 12.35 

45.63 4.00 17.86 12.51 

74 C26H.~oNdO4Ni 5 7 . 9 1  3.75 15.59 10.89 

57.72 3.95 15,61 10.79 

55 CIsHzoN606Ni 45.50 4.25 17.69 12.35 

45.37 4 . 3 1  17.71 12.44 

90 C26HzoN604Ni 5 7 . 9 1  3.75 15.59 10.89 

57.82 3.63 14.91 10.95 

93 C34H24N604Ni 63.88 3.78 13 .15  9.18 

64.03 4.02 12:92 9.23 

90 C26HzoN6OsNi 56 .01  3.95 15.08 10.59 

56.18 4.06 15.07 10,59 

26 CIsH2oN606Cu 45.04 4 . 2 1  17,51 13.24 

45.38 4.26 17.51 13.23 

80 C26H2oN604Cu 57.39 3 . 7 1  15.45 11.68 

57.27 3.94 15.58 11.75 

44 C26HzoN604Cu 57.39 3 . 7 1  15,45 11.68 

57.20 3.79 15.53 11.71 
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Diffraction data were collected on an Enraf-Nonius CAD 4 diffractometer 
using graphite monochromated MoK~, radiation ()~=71.069 pm) at room tem- 
perature. X-ray intensity of up to |215176 has been measured by m-2| 
ning. Lorentz and polarisation corrections were applied. No absorption correc- 
tion was done. The structure was solved by heavy-atom methods (SHELXS-86), 
which permitted location of  the metal atom and most of  the non-hydrogen atoms 
[ 10]. The coordinates of the remaining non-hydrogen atoms were determined by 
successive least-squares refinements and difference Fourier maps. The refine- 
ments were carried out by full-matrix LSQ-process with anisotropic temperature 
factors for cobalt. Hydrogen atoms were localized by difference Fourier maps 
and refined isotropicatly. The final R-value converged at 0.033 (Rw=0.042). 

Table  2 Crystallographic data and data collection parameter for XIIIa 

Crystal colour brown-yellow 

Chemical formula C34H24N604Co 
Molecular mass Mr=639.3 g mol 

Crystal size 0.14 mm• mmx0.32 mm 

Crystal system monoclinic 

Space group P2~/n (No. 14) 

Cell constants 

a 1003.9(2) pm 

b 999.3(1 ) pm 

c 1521.9(3) pm 

108.81(1) ~ 

Cell volume V=1.4443(I ) n m  ~3 

Calculated density Dc=l .47g  cm t 

Molecules per unit cell Z=2 

Absorption coefficient ~t=7.22 cm ~ (MoK~) 

Oma • 19 o 

NO, of  independent reflexions 3283 (from 3603) 

No. of  obserced reflexion I>sCY(I) 2372 

No. of  parameters 205 

R 0.049 

R w 0.057 

Final difference fourier 0.68 epm -3 
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Results and discussion 

The picolinates of cobalt, nickel and copper each form with azoles complexes 
of the type M(Pa)2(HAz)2. In addition, these complexes form diaqua-adducts 
(Table 1 ). 

The thermal behaviour of the complexes mentioned can be characterized as 
follows: 

1. Complexes of the type M(Pa)z(HAz)2 and M(Qa)z(HAz)2 show a signifi- 
cant thermal stability in comparison with the acetates M(ac)z(HAz)2 [8] and 1,3- 
diketonates M(dkt)2(HAz)2 [7]. Apart from thermal elimination of second sphere 
coordinated water the thermal decompositio n mostly starts at elevated tempera- 
tures, frequently above 200~ This might be due to the low volatilities of free pi- 
colinic acid (136~ - sublimation) or quinaldic acid (157~ -decomposit ion) 
comparable to acetic acid (b.p.: 116~ or acetylacetone (b.p.: 137~ On the 
other hand, a coordination core [MN402] exists in the complexes M(Pa)z(HAz)2 
or M(Qa)z(HAz)2 while a central unit [MN204] was found in the corresponding 
acetates or 1,3-diketonates. Because of the ability of the transition metal(II)ions 
to nitrogen coordination, an increasing nitrogen environment of the coordination 
sphere might effect a significant stabilization. 

2. The nickel and cobalt complexes M(Pa)z(HAz)2 and M(Qa)2(HAz)2 show 
a similar thermal behaviour. The same thermal degradation steps have been 
found, only the temperature pattern is different depending on the metal (chap- 
ter 3). 

3. No oxidation products were found under the described experimental condi- 
tions for the cobalt(II) complexes Co(Pa)z(HAz)2 and Co(Qa)2(HAz)2. In con- 
trast to this, the complex system Co2+/acen2=2HIm (acen=bis(acetylace - 
tone)ethylendiimine) is oxidized in air to the cobalt(III) cation [Co(acen)(HIm)2] + 
with the same coordination sphere [CoN4O2]  [11] .  

In addition to the generally higher thermal stability of the picolinates, the 
environment richer in nitrogen has a fundamental influence on the released 
molecules. Earlier investigations of the authors have shown that the same ther- 
mal degradation of M(acac)2(HIm)2 IIa-c and Niac)z(HIm)2 IVb (Eqs (1, 2)) is 
based on the large stability of the intermediate coordination polymer M(Im)2 
III and also on the comparable crystal structures of IIa-c and IVb [7, 8]: Inter- 
molecular hydrogen bonds between imidazole and acetylacetonate or acetate 
allows an easy proton transfer from the coordinated heterocycle to the anion. 
This finally leads to the thermal release of acetylacetone or acetic acid [7, 12]. 

However, in the first step the cobalt complex IVa releases only one mole of 
acetic acid forming an acetate and imidazolate bridged tetrahedral species V. 
The stability of these different bridges seems to be responsible for the following 
thermal transformation step characterized by the loss of imidazole and imida- 
zolium acetate and formation of the polymeric mixed ligand complex 
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- 2 Hacac - 2 "Ira" 
M(acac)2(Him)2 200 - 260 *C =' M(Im)2 360 *C ~ Ni 

Ha-c IHa-c 

M = CO, Ni, Cu 

(1) 

Ni(ac)2(Him) 2 - 0,75 Hac ~ - 1,25 Hac ~ Ni(im) 2 

IVb  180 *C 250 *C m b  (2) 

-Hlrn 
H2~,ac 2 "Co(ac)(Im)" -" Im'Ctu)CH3~'----- CoO (3) 

- Hac =" C~176 -330  *C i,, 460"C 2 Co(ac)20..-tim)2 175 *C 
IVa V VI 

- 2 H20 - H21mPa - "lm-C(O)Py" 
_- "Co(Pa)(Im)" ~ CoO (4) I 

C~ 8.0 (7.6) =' 38.5 (40.1) 38.0 (38.4) 

V l l a  190 *C 305 *C V i l l a  410 "C 

IEquations (I) through (14) show the Am values [%] found without brackets and those obtained by 
calculation in brackets below the arrows. Temperature data refer to the initial temperature of DTG- 
curves, i,. e. to the temperature of the completed thermal degradation step. 

'Co(ac)(!m)' VI (Eq. 3) [8]. In this context, it is not surprising that IVa and 
Co(ac)2.4 H20 show similar thermal behaviour, but the thermal degradation 
leads to a hydroxide and acetate bridged intermediate [13]. 

The thermal formation of polymeric mixed ligand complexes is also favoured 
in the case of imidazole-containing metal(II) picolinates. Thus, after releasing 
the water molecules of the second coordination sphere, the complex 
Co(Pa2(HIm)2-2H20 VIIa decomposes in a further step with elimination of imi- 
dazolium picolinate (H2ImPa) to yield the mixed ligand complex Co(Pa)(Im) VI- 
IIa (Eq. (4)). 

This behaviour was also observed for the benzimidazole adduct 
Co(Pa)2(HBzIm)2 IXa (Fig. 2) resulting the coordination polymer Co(Pa)(BzIm) 
Xa as an intermediate. The corresponding nickel complexes show an analogous 
thermal behaviour in contrast to the acetate complexes (Eqs (2, 3, 5)). The rea- 
son for the similar decomposition patterns of imidazole- and benzimidazole- 
containing cobalt(II) and nickel(II) picolinates VIIa-b and IXa-b and quinaldi- 
nates X/Ia-b and XVa-b(see the following section) is the stability of the corre- 
sponding mixed ligand intermediates M(Pa)(Az) or M(Qa)(Az). (These com- 
plexes contain both imidazolato-bridges and chelating picolinate or quinaldinate 
in their coordination sphere [M(N30)].) and the readily volatility of the azolium 
picolinates are quinaldinates (HzImPa, HzBzImPa, HzBzImQa), respectively. 
The azolium salts sublime undecomposed in the observed high temperature 
range (Figs 2, 5, 6). 
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Fig. 2 Thermal degradation of  Co(Pa)2(HBzlm)2 IXa (TG thermogravimetry, DTG derivative 
thermogravimetry) 
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Fig. 4 Thermal degradation o f  Cu(Pa)2(HIm)2.2H20 VIIc 

A further explanation of the thermal degradation pattern may be found in the 
structure of the starting complexes. The dihydrates VIIa-b are supposed to have 
a structure similar to that of the complexes M(Pa)2(H20)2.2H20 1 (Fig. 1). While 
the hydrogen bridging system remains unmodified, the apical water molecules 
are replaced by the imidazoles. The exchange of the water ligands for imidazole 
and retention of the hydrogen bridges has also been found in the case of ionic 
complexes [9, 14]. In contrast to the thermolysis of the complexes 
Ni(ac)R(HPz)4.H20 [8] and Co(ba)2(HIm)2.2CH3OH (ba=benzoylacetonate) 
[7b] the water of the second coordination sphere of the complexes VIIa-b has no 
effect on their thermal degradation. In the first step the additional coordinated 
solvent molecules were always split off. This means that the thermal degradation 
and the possible proton transfer markedly depends on the molecular structure of 
the complexes M(Pa)2(HAz)2 and M(Qa)2(HAz)2. 

Hydrogen bridges between pyrrole nitrogen of the coordinated heterocycle 
and chelating picolinate or quinaldinate predetermine the proton transfer. A 
characteristic crystal structure is discussed in section 4. This finally leads to the 
elimination of azolium picolinate or quinaldinate, respectively (Figs 2, 5, 6). 

In the last thermal reaction step the mixed ligand intermediates M(Pa)(Im) 
VIIIa-b and M(Pa)(Bzlm) Xa-b decompose into the metal oxides while formally 
eliminating N-picolyl imidazoles [Im-C(O)Py or Bzlm-C(O)Py] which are im- 
mediately transformed into the mentioned imidazolium picolinates (H2ImPa and 
H2BzImPa respectively) by atmospheric humidity [ 15]. Two peaks or one peak 
with a shoulder in an elevated temperature range are characteristic of this degra- 
dation step (Figs 2, 5, 6). This decomposition pattern is also observed in the case 
of imidazolato-cobalt(II) acetate [8]. 
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Because of the lack of the hydrogen bonds, the thermal decompositions of the 
complexes M(Pa)2(HPz)2.2H20 XIa-b occur in a different manner. After the 
elimination of water, the pyrazole is released in the case of the nickel compound 
XIb in one step and in the case of the cobalt complex in two steps. The remaining 
picolinates M(Pa)2 XIIa-b decompose to yield the metal oxides MO at about 
400~ Because of the formation of the complex salts M(Pa)2 XIIa-b, the thermal 
degradation of the pyrazole adducts XIa-b is similar to that of water-containing 
complexes M(Pa)2( H20)2.2H20 Ia-b. 

Surprisingly, the imidazole copper complex Cu(Pa)z(HIm)z.2H20 VIIc also 
shows a similar pattern (Fig. 4). The reason for the different thermal behaviour 
compared with the analogous cobalt- and nickel complexes lies in the different 
structure of the copper complex VIIIc. Chains ofoctahedrally surrounded copper 
units exist in the complex Cu(Pa)2.2H20 Ic [5]. These chains are realized by dif- 
ferent coordinations of the picolinate oxygens one long and bridging 
(Cu-O=275.4(11) pro) and the other short and chelating (Cu-O= 193.5(9) pro). 
The distorted coordination ([4+2]-octahedron) is based on the Jahn-Teller-effect 
[16]. Both imidazole ligands occupy the weaker coordinated apical positions in 
compound VIIc. For this reason, the thermal water elimination is directly fol- 
lowed by degradation of two moles of imidazole per mole of complex is shown 
in Fig. 4. 

The thermal degradation of imidazole and pyrazole metal(II) 
quinaldinates 

In the first step most of the azole adducts of the quinaldinate complexes also 
release azolium quinaldinate which shows an increased stability compared to 
free quinaldic acid. Thus, the decomposition of Co(Qa)2(HBzIm)2 XIIIa results 
in the formation of a blue violet tetrahedral coordinated complex, benzimidazo- 
lato-cobalt(II) quinaldinate Co(Qa)Bzlm) XIVa (Fig. 5). Further thermal degra- 
dation leads to cobalt oxide, as described above. The thermolysis of 
Ni(Qa)2(HBzIm)2 XIIIb affords the analogous nickel product. However, the first 
decomposition step is shifted to higher temperature (Fig. 5). The maximum in 
the DTG curve which represents the thermal elimination of benzimidazolium 
quinaldinate, was observed at 300 and 330~ for XIIIa and XIIIb, respectively. 

A tetrahedral cobalt(II) environment was detected for the coordination poly- 
mer Co(Qa)(BzIm) XIVa by determination of the magnetic moment (gen=4.3 
B.M.). On the other hand, for Ni(Qa)(Bzlm) XIVb a planar Ni(N30)-coordina- 
tion is assumed, which is tetragonal distorted by steric hindrance as a result of 
coordination polymerization [ 17]. In general, the change from octahedral to tet- 
rahedral coordination occurs in the case of cobalt(II) complexes in agreement 
with the order of stability predicted from the spectrochemical series [18] 
(Fig. 5). We have reported elsewhere [7a] the same phenomena for imidazole ad- 
ducts ofcobalt(II) and nickel(II) acetylacetonates at lower temperature. 
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The further thermal behaviour of the complexes XIVa and XIVb is reversed. 
The latter is decomposed to NiO at 30~ lower temperature than the correspond- 
ing cobalt(II) complex. The DTG maxima differ less distinctly because of the 
higher decomposition temperature in contrast to the complex of the type 
M(acac)2(HIm)2 IIa-b with a M(O4N2)-coordination and more volatile chelating 
ligands [7a]. 

Unlike the pyrazole adducts of the metal(II) picolinates M(Pa)2(HPz)a.2H20 
XIa-b the corresponding quinaldinates only crystallize with one molecule of 
water Ni(Qa)2(HPz)2.H20 XVb or methanol Co(Qa)2(HPz)2.CH3OH XVa. The 
thermal degradation differs, too. Compared to the benzimidazole complex XIIIb 
the nickel complex XVb releases pyrazolium quinaldinate with formation of 
pyrazolato-nickel(II) quinaldinate Ni(Qa)(Pz) XVIb. However, there are two 
separate degradation steps about 100~ representing the elimination of half a 
mole ofpyrazolium quinaldinate each (Fig. 6). 

The peak splitting seems to be favoured by a multinuclear mechanism, and 
the pyrazolato-bridges could act as connecting link. Detected by the charac- 
teristic degradation pattern (shoulder at elevated temperature), the final decom- 
position to NiO takes places as mentioned above. After the removal of methanol 
the thermal degradation diagram of the cobalt c.ompound XVa shows only one 
stage representing the release of one mol ofpyrazole. According to Eq. (7) the re- 
maining organic ligands are split off in a subsequent step. 

The thermal degradation of the complexes M(Qa)2(HIm)z XVIIa-b differs 
from that of other azole adducts ofmetal(II) picolinates and quinaldinates. In ac- 
cordance with Fig. 7, the nickel compound XVIIb releases 2 moles of quinaldic 
acid or its decomposition products (quinoline and carbon dioxide) in separate 
steps in the range between 270 a 390~ 
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Fig. 7 Thermal degradation ofNi(Qa)2(HIm)2 XVIIb 
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As an intermediate, a modified Ni(Im2) XVIIIb is formed. Ni(Im)2 IIIb, 
which can be obtained according to Eqs 1 and 2 or in direct synthesis [19], re- 
spectively, decomposes into elementary nickel below 360~ 2,2'-Bisimidazolyl 
is released during this process. In accordance with Fig. 7, the high temperature 
modification ofNi(Im)2 XVIIIb is available at about 390~ and further heating 
up to 450~ causes a loss in mass of  16.5%, with Ni(CN)2 as residue (about 
20%). The release of  the high temperature modification XVIIIb is similar to cop- 
per(I) imidazolate. Cu(Im) is also decomposed between 400 and 500~ to yield 
CuCN [7a, 11]. 

Another copper(I) compound Cu(Qa) XX is obtained by thermal degradation 
of  imidazole or pyrazole adducts of  copper(II) quinaldinates Cu(Qa)2(HIm)2 
XVIIc or Cu(Qa)2(HPz)2 XVc (Fig. 8, Eq. (8)). 
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Fig. 8 Thermal degradation of Cu(Qa)2(HIm)2 XVIIc 

The thermal process leading XX cannot be explained easily. The loss in mass 
in the first degradation step could be related to the elimination of imidazole  and 
carbon dioxide. It might be due to the decarboxylation of  easily decomposed chi- 
naldic acid in the coordination sphere of  copper(II). During the second thermal 
decomposition step the remaining quinoline (Qi) and one mole equivalent imida- 
zolate, again as 2,2'-bisimidazolyl,  is released from the copper intermediate 
Cu(Qa)(Im)(Qi) XIX. The reductive separation of  2,2'-bisheterocycles also al- 
lows the thermal transformation of  Cu(Im)2 or Cu(Pz)2 into Cu(Im) or Cu(Pz), 
respectively [ 11, 17]. In the last step Cu(Qa) XX decomposes to cuprous oxide. 
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The crystal structure of complex Co(Qa)2(HBzlm)2 XIIIa 

Suitable crystals of compound XIIIa have been obtained by recrystallizing 
from boiling dimethylformamide. The complex XIIIa is centrosymmetrical, 
while the cobalt atom has an octahedralcoordination geometry and is situated at 
the symmetry center (Fig. 9). For this reason, the benzimidazole rings in trans 
position are twisted by 180 ~ towards each other. This is in analogy with the cor- 
responding complex Co(acac)z(HIm)2 IIIa [7b]. 

N2 ~ 
C 1 " ~  

N1 �9 
5 C14 

�9 . . C 1 6  C 1 3  

C 1 0  

0 2  

e ~  ~cl 

C4 

C3 
Fig. 9 Molecular structure of  Co(Qa)2(HBzIm)2 XIIIa 

Table 3 Selected bond distances (pm) and bond angles (deg) in Co(Qa)2(HBzlm)2 XIIIa with 
estimated standard deviations in parentheses 

Co-O 1 205.1 (2) O 1-Co-N 1 87.9(1) 

Co-N1 217.4(3) O1-Co-N1 77.5(1) 

Co-N3 221.8(2) NI-Co-N3 90.8(2) 

O1-C8 126.0(4) Co-O 1-C8 118.5(2) 

O2-C8 123.2(4) Co-N 1-C 1 133.0(2) 

N 1-C 1 139.9(4) Co-N 1-C7 121.6(2) 

N 1-C7 131.6(4) Co-N3-C6 110.6(2) 

N2-C2 138.1 (4) Co-N3-C 17 131.4(2) 

N2-C 1 134.9(4) N 1-C l-N2 113.8(8) 

N3-C9 132.3(4) C 1-N1-C7 104.4(3) 

N3-C17 136.5(4) O1-C8-O2 126.3(3) 

C2-C7 139.6(4) O 1-C8-C9 116.3(3) 

C8-C9 152.3(4) N3-C9-C8 116.5(3) 

C9-C10 139.8(5) N3-C9-C10 123.9(3) 
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Table 4 Positional parameters (. 10 4) with estimate standard deviations for XIIIa 

Atom x y z B 

Co 0000 0000 0000 

Ol -704(2) -373(2) -1400(1) 

02 -66(3) -558(3) -2665(2) 

N1 -914(2) 1988(3) -307(2) 

N2 -2505(3) 3463(3) -1124(2) 

N3 1821(2) 614(2) 4 3 1  (2) 

C t -903(3) 3108(3) 246(2) 

C2 -80(4) 3416(4) 1153 (2) 

C3 -324(4) 4613(4) 1516(2) 

C4 -1359(5) 5502(4) 1002(3) 

C5 -2154(4) 5232(3) 114(3) 

C6 -1901 (3) 4030(3) -259(2) 

C7 -1879(3) 2264(3) -1106(2) 

C8 147(3) -242(3) -1849(2) 

C9 1574(3) 365(3) -1323(2) 

CI 0 2521 (4) 659(4) -1798(2) 

C 11 3752(3) 1264(4) -1329(2) 

C12 4081 (3) 1544(4) -380(2) 

C13 5345(3) 2143(5) 154(3) 

C14 5611(4) 2411(4) 1055(3) 

C 15 4629(4) 2074(4) 1494(2) 

C16 3381(3) 1471(3) 1009(2) 

C17 3078(3) 1188(3) 54(2) 

H2 624 2817 1507 

H3 223 4843 2132 

H4 -1508 6314 1280 

H5 -2853 5838 -236 

HN 3221 3843 -1633 

H7 -2113 1672 -1621 

HI 0 2305 440 -2436 

H11 4396 1498 -1643 

H13 6030 2363 -131 

H14 6471 2830 1398 

H15 4827 2266 2134 

HI6 2721 1242 13314 

250(1) 

259(4) 

468(6) 

265(5) 

347(6) 

228(5) 

273(6) 

348(8) 

431(9) 

478(9) 

421(9) 

303(7) 

321(7) 

291(7) 

263(6) 

377(8) 

440(8) 

351(7) 

52(1) 
51(1) 

390(8) 

310(7) 

256(6) 

Starred atoms were refined isotropically. Anisotropically refined atoms are given in the form of the 
isotropic equivalent displacement parameter defined as. 

(4/3)[a2B(1, 1)+b2B(2, 2)+c2B(3, 3)+ab(cosT)B( 1,2)+ac(cos~)+B(1, 3)+bc(cosc0B(2, 3)] 
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Table 5 Comparison of characteristic bond distances (pm) of selected cobalt(II) complexes 

Co-NI~lm Co-O CO-Nacid N-H'"O 

Co(Qa)2(HBzlm)2 XIIIa 217.4(3) 205.1(5) 221.8(2) 275 

Co(Pa)2(HzO)2'2H20 [3] Ia - 204.5(9) 206.9(9) - 

Co(ac)z(Hlm)2 [10a] IVa 197.4(11) 201.1(12) - 268 

Co(acac)z(Hlm)2 [7b] IIa 215.6(3) 206.2(2) - 297 

Co(ba)z(Hlm)z.2CH3OH [7b] 214.4(7) 206.0(4) - 274 

Selected bonding distances and -angles and the atom coordinates belonging 
to the X-ray analysis of the complex XIIIa are summarized in Tables 3 and 4. In 
Table 5 bonding distances around cobalt ions and hydrogen bonding distances 
around the imidazole nitrogen of some inner complexes are compared. 

The Co-Nimidazole and Co-O distances in XIIIa are well in the range of such 
bonds in similar octahedral cobalt(II) complexes. However, the Co-NuBzIm bond 
length in XIIIa is slightly (by 2-3 pm) longer than the corresponding distances in 
the imidazole-containing complexes. Because of the higher nitrogen-containing 
ligand core [CoN402] the Co-N~cid bond length in XIIIa is much more stretched 
(ca. 15 pm) compared to that of the aqua complex Ia. The central coordination 
unit in compounds Ia and IIa is [CON204]. Because of the reduced coordination 
number in the tetrahedral cobalt(II) complex IVa, the Co-N and Co-O distances 
are much shorter [12a]. 

The weaker bonded chelating ligand in XIIIa compared to Ia should allow an 
easy thermal release of the free acid. Thermal elimination of quinaldic acid or 
benzimidazolium quinaldinate observed for XIIIa, needs to be preceded by a 
proton transfer from benzimidazole to the coordinated quinaldinate. Such a pro- 
ton transfer is often predestined by availability of hydrogen bridges [7]. Thus, 

Fig. 10 Selected section of Co(Qa)2(HBzlm)2 XIlla to illustrate the intermolecular hydrogen 
bridges 
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hydrogen bonds in complex XIIIa exist between the pyrrole nitrogen ofbenzimi- 
dazole and the non-coordinated oxygen of the chinaldinate ligand (Fig. 10). 

The lengths and directions of hydrogen bonds are comparable to those in 
Co(ac)z(HIm)2 IVa (Table 3). Hydrogen bonds determine the three-dimensional 
structural linking of cobalt octahedrons similarly to the complex 
Co(acac)2(HIm)2 IIa. However, the hydrogen bridge distances of the latter com- 
pound are much longer (Table 5). A thermally initial double proton transfer in IIa 
is the requirement for the elimination of 2 moles of acetylacetone (Hacac) 
(Eq. (1)). Characteristically ofazole adducts, the thermal elimination of azolium 
salts takes place, in other words only one proton is transferred from the azole to 
the heterocyclic carboxylate. Two factors act in favour of  the simple proton 
transfer. First, the M(N30) coordination polyhedron formed is quite stable. Sec- 
ondly, the preshaped layer structure, shown in Fig. 10, is conserved. In this way, 
a lot of coordination compounds with nitrogen-rich coordination sphere prefer 
the formation ofpolynuclear complexes with simple imidazolate bridges against 
forming the homogeneous imidazolates M(Im)2 [20]. 

The crystal structure of the benzimidazole adduct XIIIa presented here may 
explain the thermal release of benzimidazolium quinaldinate and the formation 
of  the mixed ligand complex Co(Qa)(BzIm) XIVa. This thermal behaviour is 
dominating for the azole adducts of cobalt(II) and nickel(II) picolinates and qui- 
naldinates. However, two different types of complexes with regard to their ther- 
mal degradation were found. One reason might be a change in the hydrogen 
bridge system of the complexes. This seems possible because of the small energy 
differences in these systems [7]. Structural determinations will be done in future. 
In the first degradation step the copper(II) complexes always release an azole 
heterocycle. This can be explained by a weaker axial coordination of the azoles 
caused by the Jahn-Teller-effect. In addition, the quinaldinates are thermally re- 
duced to the copper(I) quinaldinate Cu(Qa). The azole adducts of metal(II) pi- 
colinates and quinaldinates represent latent epoxy curing agents at elevated tem- 
perature. In the above mentioned manner, the initiation of homopolymerization 
of epoxy resins is possible at about 150~ Moreover, the reactivity of these com- 
positions can be regulated by the thermal release of azolium picolinate or qui- 
naldinate~(cobalt or nickel complexes - lower activity) and pure imidazole or 
pyrazole (copper complexes), respectively. 

We are grateful to the Fonds der Chemischen Industrie for financial support, 
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