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A systematic account and review of the literature on complexes of azoles is given. Particular attention has been devoted to
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I. INTRODUCTION

In 1958 Dorothy Hodgkin's group summarised1 the
results of almost ten years work on the elucidation of the
structure of vitamin B12 for which the Nobel Prize was
subsequently awarded. The authors established that, in
contrast to nucleic acid nucleotides, in the B12 nucleotide
the base (skeleton) is not a purine or pyrimidine but the
cobalt complex of 5,6-dimethylbenzimidazole2'3. More
than anything else, this discovery4 and also earlier data
concerning the involvement of azole systems in the bio-
chemical binding of metals (haemoglobin, cytochromes,
etc.)5 served as a powerful stimulus for the development
of synthetic, physicochemical, and structural studies on
metal complexes of azoles and their derivatives. This
idea is confirmed by the finding that, whereas up to the
end of the 1950's occasional synthetic or analytical studies
were made on azole complexes β~β, in the 1960's and the
1970's azole-containing systems began to occupy leading
positions among nitrogen-containing ligands 9.

In the present review, a systematic account is given of
data for different types of complexes formed by azole-
containing ligands: (1) molecular complexes; (2) Ν -metal
and Ν -element derivatives of azoles; (3) chelate com-
plexes.

The review does not claim to give an exhaustive
coverage of all data on azole complexes but it does include
the main advances in the synthetic and structural chemistry
of complexes of azole-containing systems during the last
decade (1961-1971 and partly 1972).

Π. MOLECULAR COMPLEXES OF AZOLES

The presence of several heteratoms in the quasiaroma-
tic η system suggests that azoles can behave as polydentate
ligands. Therefore the most important problem in the
chemistry of the complexes of azole-containing systems is
the site of the coordinate bond (competitive coordination10).
Hitherto, this problem has not been unambiguously solved.
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It is believed that, depending on the type of azole, metal,
and reaction conditions, the coordinate bond may be located
at the pyridine-type nitrogen atom 4>5»9"27

) the oxygen or
sulphur heteroatom28"31, or the π system 3 2"S 5. On the
other hand, analysis of numerous literature data suggests
that azoles are monodentate ligandst with a single centre
where the coordinate bond is located—the nitrogen atom of
the pyridine type. This conclusion has been justified not
only theoretically9 (by the finding of the maximum jr-elec-
tronic charge at the pyridine nitrogen atom) but also by
direct X-ray diffraction studies 3 6^ 0 and by NMR,41 infra-
red 1 8 ' 2 2 ' 4 2 " 4 4 , and ultraviolet24 spectroscopy. The con-
clusion that transition metals may be coordinated to the
oxygen atom of the oxazole ring2 9 '3 0, reached by Duff on
the basis of infrared spectroscopic and magnetochemical
studies of benzoxazole complexes, has little evidence to
support it. Pyl's attempts2 8 to account for the unusual
properties of thiazolylformazan by the coordination of the
metal to the sulphur atom of the thiazole ring is also
unconvincing. Finally there is no rigorous evidence for
the possibility of complex formation involving the π system
of the azole rings: even typical 77-complex forming agents,
such as metal carbonyls, form with azoles predominantly
σ complexes and not it complexes9 '3 4 '3 5 '4 5"4 8.

1. COMPLEXES OF AZOLES WITH GROUP I, I I , VII, AND
VIII BIVALENT METALS

The greatest number of studies have been made on the
physicochemical properties and structures of the coordina-
tion compounds of monodentate azoles with metal (II) salts}:.
In most cases complexes of this type are synthesised by
heating the components in ethanol . Sometimes
methanol2 5 '2 6 '6 7-6 9 and acetone 27'50'e3>™ are used for this
purpose or the azoles are fused together with metal
halides20. However, these procedures yielded complexes
containing a large number of ligand molecules. There-
fore, to synthesise complexes with a low coordination
number (C.N.) of the metal, the above complexes were
decomposed in vacuo at 90-140°C.3 1 '5 5 '6 4 The composition
of the complexes varies from MX2.L to MX2.6L and depends
mainly on the stoichiometry of the reactants.

The basicity (p/fa) of azoles has almost no influence on
the coordination number of the metal: coordination com-
pounds with compositions ranging from MX2.L to MX2.6L
may be obtained both for imidazole (pK'a = 7) 9 ' 7 1 and for
tetrazole (p/fa - 0). 7 2 Similarly in the series of C - and
iV-alkyl substituted pyrazoles, complexes with the com-
position MX2.wL (n = 2—4) have been obtained23 regardless
of the basicity (the p/fa varied from 4.12 to -1.96). How-
ever, in the series of benzazoles the effect qf basicity on
composition is fairly clear: complexes of the type MX2.4L
are readily obtained for benzimidazole (pKa — 5.53),β the
less basic benzothiazole (pifa — 2.0) 9 forms coordination
compounds having the above composition only with a limi-
ted number of metals and anions, and benzoxazole

) 9
1) 9 forms complexes which do not contain more than two
ligand molecules.

t Azoles containing in the heterocyclic nucleus several
sp2-hybridised nitrogen atoms behave as bridge-type
bidentate ligands (see below).

% Data for complexes of the most important azole-
containing systems have been tabulated .

The metal has also little influence on the composition.
Coordination compounds with the composition CuX2.6L
cannot be isolated in most cases only for copper salts,
although such complexes are known for imidazole49 and
its 4(5)-bromo-derivative73.

The effect of anions and steric factors, which depend
on the steric effectiveness of the ligand structure, on the
composition of the coordination compounds is much more
significant. Metals linked to CIO4 and BFi show the
greatest coordination capacity (complexes MX2.4L are
formed), while NO3 and NCY (Y = O, S, or Se) reduce the
coordination number of the metal owing to their largely
bidentate properties.

The introduction of bulky substituents into the ligand
molecule reduces the number of coordinated azoles. Thus
the complexes MX2.2L have been described57'74 for alkyl-
substituted thiazole (I). Benzo-analogues of azoles (II)
form complexes which do not contain more than four ligand
molecules even in the presence of the per chlorate anion5 9 '6 3.
On further increase of the complexity of the ligand, coor-
dination compounds containing not more than two azole
molecules are obtained, for example with l-benzyl-2-
phenylbenzimidazole (III).76 In most cases other com-
plexes, obtained with ligands containing in the 2-position
of the azole ring substituents less bulky than the phenyl
group [compounds (IV)1, have the same composi-
tion' 5,26,29,6ν,76,77

Rx /N.

•\/
- C H ,

\7\χ/ \ N / H.C -IjK \ N /

(IV) R=CI, CHS; R R R

(V) R=CH,, n-C4H, (VI) (VII) R = H , CH, .
X=O,S. NH

The above considerations concern only C-alkyl or
C -aryl substituted derivatives in which the substituent
gives rise to steric hindrance at the reaction centre (the
pyridine-type nitrogen atom). On the other hand if the
substituents are remote from the centre where the coor-
dinate bond is located, the composition of the complexes is
similar for substituted and unsubstituted azoles. This is
probably the explanation of the finding that Ν-alky 1-substi-
tuted imidazoles (V) form MX2.6L complexes even in the
presence of the bulky butyl substituent44'*8, while 5-methyl-
pyrazole (VI) forms in addition79 a complex with seven
ligand molecules§. On the other hand, coordination com-
pounds not containing more than four azole molecules have
been described for 2-methylimidazole (VII, R = H) 7 3 and
1,2-dimethylimidazole (VII, R = CH3).70'80.

The type of polyhedra formed by azole complexes
depends mainly on the coordination number of this metal
and its electronic configuration, the nature of the anion and
the ligand, and in many cases on the state of aggregation of
the system. The complexes MX2.4L and MX2.6L have an
octahedral structure with some distortion along the tetra-
gonal axes due to the specific influence of the ligand and the
anion.

§ In the complex MX2.7L [L = (VI)], one of the ligand
molecules is partly linked as a solvating species7 9.
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Usually, but not necessarily, coordination compounds
of the type MX2.4L have a trans -octahedral structure (VIII).
Distortion of the latter can lead to an elongated or short-
ened tetragonal bipyramid81'82 and also to a tetrahedral
configuration with weakly bound anions located along the
tetragonal axes5 8. On the other hand, planar square
polyhedra are also encountered among complexes of this
type. These are characteristic of n i c k e l ' 5 8 ' 8 3 coordina-
tion compounds with I", CIO4, BFi, and NCS" anions and
of palladium 3 1 complexes with Cl", I", and NO3.

The fundamental problem concerning the MX2.6L com-
plexes is that of the octahedron formed: [MLe]^ (K) or
[MX2L4]L2(X):49

χ

4-
Μ /

χ

VIII)

~7L

/

L
L—(-

/ Μ

1—Γ
ι

(IX

X-Ray diffraction 3 9 > 8 4 and spectroscopic 16>24>49'85 studies
led to an unambiguous solution in favour of structure (DC)
in which the metal is surrounded by six atoms of pyridine-
type nitrogen. The polyhedral forms of the complexes
MX2.2L are much more varied.

The e l e c t r o n i c c o n f i g u r a t i o n of t h e
m e t a l in this type of coordination compound frequently
plays a decisive role: mainly tetrahedral complexes are
formed by Coll (d1) and Znll fcO, planar and octahedral
complexes are formed by Nill (d8) and Cull (d9), and only
planar complexes are formed by Pdll (d8). However, this
postulate cannot be regarded as valid without exception
since among cobalt and zinc complexes coordination com-
plexes are encountered with an octahedral structure2 7 '5 5

and there are tetrahedral copper and nickel complexes 1 9 ' 5 8 .
These deviations are associated primarily with the n a t u r e
of t h e a n i o n s among which mention should be made of
I, NCY (Υ = Ο, S, or Se), and NO3, which exhibit specific
effects. When chlorine and bromine in the nickel com-
plexes of imidazole20, its 5-bromo-derivative73, and
benzoxazole19 of the type NiX2.2L (X = Cl or Br) are
replaced by iodine, there is a change from an octahedral
to a tetrahedral coordination. On the other hand, in the
2-methylimidazole complexes the octahedron — tetrahedron
transition is observed not only for nickel iodide but also
for the bromide.

The replacement of chlorine and bromine by iodine
frequently leads to a flattening of the tetrahedral configura-
tion. The tetrahedron — planar square transition is
characteristic of complexes of nickel halides with 1-benzyl-
2-phenylbenzimidazole75 and 2-aminobenzothiazole86. The
structural characteristics of such complexes can be
accounted for by the different degrees of polarisability of
the halogens (I> Br > Cl) and their different sequence in
terms of their effective contribution to the metal—ligand
π -dative bond 8 7 .

The specific effect of the NO3 and NCY" groups is due
to the fact that the nitrate ion frequently behaves as a
bidentate ligand88"91 and pseudohalide anions form bridge-
type structures 9 ' 1 0 ' 9 2 " 9 5 . As a result, both anions
increase the coordination number of the metal in the com-
plexes MX2.2L to six and promote the formation of octa-
hedral structures. The transition from tetrahodral and

planar configurations to the octahedral configuration,
which is frequently observed1 9 '6 0 '6 4 '8 1 '9 6 '9 7, was discussed
in detail by Duff and coworkers for benzothiazole and
benzoxazole complexes of transition metal nitrates 6 5 . The
infrared and Raman spectra of these complexes show
Μ—Ο bond vibration frequencies in the low-frequency
region (at 270—350 cm"1), which vary with the nature of
the metal and the ligand. On the other hand, there have
been a number of studies where it has been shown con-
vincingly that the NO3 anion can also behave as a mono-
dentate ligand. In this case, when complexes are formed
with nitrate, the type of polyhedra formed by the MX2.2L
coordination compounds remains the same 4 ' 2 7. Pseudo-
halide ions behave in the same way, since among the
complexes MX2.2L containing the NCY" anions not only
bridge-type octahedral but also planar 7 5 ' 7 6 ' 9 8 ' 9 9 and tetra-
hedral 27>i3>77>100 structures are encountered. In the latter
case the question of the mode of coordination of the pseudo-
halide ion is usually discussed and a decision in favour of the
M-Nbondismadefortheazole complexes2 7 '4 4 '6 3 '7 6 '7 7 '9 8 '1 0 0

on the basis of the generally accepted tests »'10»β2-Μ»"».

For the same composition, metal, and anion, it is
possible to follow the influence of the f ine s t r u c t u r e
of t h e l i g a n d on the structure of the coordination com-
pound. Thus, in contrast to the planar complexes of
nickel thiocyanate with 2-methylbenzimidazole76, the
analogous benzimidazole complexes are octahedral102.
Nickel chloride complexes of the type MX2.2L are tetra-
hedral with benzimidazole60, while those with benzo-
thiazole63 and benzoxazole1 are octahedral.

The amount of data available for the interpretation of
the structures of the azole complexes of the type MX2.L
and MX2.3L is much less. Depending on the electronic
structure of the metal, planar (copper3 1 '5 5 '6 3), octahedral
(nickel2 0 '3 1 '6 1 '6 3 and cobalt20'55), or tetrahedral (cobalt20'31

and zinc 31) configurations are attributed to complexes of
the first type. Trigonal-bipyramidal70 or polymeric-
octahedral 9 ' 5 7 configurations are postulated for MX2.3L
coordination compounds. Rigorous proof has been
obtained only for the 1,2-dimethylimidazole complex of
copper(II) chloride: X-ray diffraction analysis definitely
indicates a cis -trigonal bipyramidal structure1 0 3. Bear-
ing in mind that in many cases the configuration of the
complexes may alter in solution9'104'105, the data quoted in
this section must be treated with some caution. Whereas
one can hardly expect a change in the form of the polyhe-
dron on dissolution of coordination compounds of the type
MX2.6L and MX2.4L, the changes in the polyhedral forms
of certain azole complexes of the type MX2.2L are very
significant (as already shown above) 19>27»99.

The s t a b i l i t y of the azole complexes of the type
discussed above has not been the subject of systematic
studies. Most data are available for the stabilities of
the complexes of imidazole 1 0 6~ 1 1 4 and some of its deriva-
tives 1 1 5 ' 1 1 6 . Sklenskaya and Karapet'yants114 determined
the thermodynamic functions for the formation of com-
plexes by bivalent copper, nickel, and cobalt ions with
imidazole in aqueous solutions from measurements of the
temperature variation of the instability constants in the
range 10-50°C. They established that the instability
constants of the imidazole 'complexes and the AH 1 vary in
the sequence Cu> Ni > Co, which is the same as the
Irving—Williams stability series generally adopted for
nitrogen-containing ligands U 7 . The Δ/7ι agree with the
values found calorimetrically (7.6 kcal mole"1 for copper
and 5.8 kcal mole"1 for nickel), the values for the imidazole
complexes being significantly higher than for the ammines
(5.6 kcal mole"1 for copper and 4 kcal mole"1 for nickel) 1 1 8 .
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2. COMPLEXES OF AZOLES WITH THE HALIDES AND
TRIALKYL DERIVATIVE OF GROUP III ELEMENTS

With the exception of scandium coordination compounds,
complexes of azoles with MX3 (M = B, Al, Ga, In, Tl, or
Sc and X = Cl, Br, I, or CH3) are synthesised in aprotic
absolute solvents9'1 1 2 5. The comparatively high stabil-
ity of scandium halides and their complexes makes it
possible to synthesise the latter in ethanol121. The tr i-
halldes of boron1 1 9 '1 2 6, aluminium120'121, and gallium9'119

and their trimethyl derivatives 119>122 form mainly 1:1
complexes with azoles, while the compositions MX3.2L and
MX3.3L are more characteristic of the corresponding
indium9 '1 1 9 '1 2 3 '1 2 4, thallium125, and scandium1*1 coordina-
tion compounds. This result is apparently due to the fact
that a tetrahedral structure with an s£3-hybridised metal
atom is most characteristic of the boron, aluminium, and
gallium complexes, while an octahedral or a trigonal-
bipyramidal structure (with d2sp3 and sp3d-hybridisation
respectively) is typical for indium, thallium, and scandium
coordination compounds9 '1 0 4·1 2 7-1 2 9.

As for the azole coordination compounds with bivalent
metals, the compositions of complexes of azole ligands
with MX3 depends more on the bulk than on the basicity of
the ligand. Thus, whereas up to 4 (indium chloride123),
5 (aluminium bromide1 2 0 and indium iodide123), and 6
(aluminium chloride1 1 9 '1 2 1 and scandium chloride121) mole-
cules of imidazole(V), which has a relatively small bulk
and a high basicity, combine with the metal halides, the
number of coordinated molecules of the bulky 4,5-diphenyl-
imidazole (XI), which has a similar p^a. does not exceed
unity for A1X3

 9 ' U 9 " 1 2 1 or two for InX3.
 U 9 ' 1 2 3 In the series

of benzimidazole, pyrazole, and indazole (XII) derivatives,
the basicity decreases while the composition remains
unchanged (InX3.3L).123

(Xii) (xiii)

On the other hand, the increase of the basicity of certain
imidazole derivatives with analogous structures is accom-
panied by an increase of the number of coordinated ligand
molecules in the complex. Depending on the reactant
ratio, aluminium bromide1 2 0 and chloride121 and scandium
chloride m can combine with up to five molecules of
tetrahydrobenzimidazole (XIII), while in the complexes
with benzimidazole (IV, X = NH, R = H) the maximum
number of coordinated molecules does not exceed three.
Similarly indium trichloride and tri-iodide form complexes
having the composition InX3.4L with (XIII) and InX3.3L with
(IV, X = NH, R = H).

In order to obtain information about the structures of
coordination compounds, studies have been made 9 ' 1 1 9" 1 2 3

on the infrared absorption spectra of the complexes and
their dipole moments have been determined; infrared,
Raman, and ESR spectra have been studied by Cotton and
Gibson124, mass spectrometric, NMR, and vibration
spectra by Lee1 2 5, and NMR spectra by Fratiello1 2 6. The
stretching vibration frequencies of the azole rings were
found to increase in the infrared spectra of complexes of
the type MX3.wL (n = 1-6) which suggested9'119"123 that the
coordinate bond is located at the pyridine-type nitrogen
atom of the heterocycle. In addition to this frequency

increase, the infrared spectra of the coordination com-
pounds MX3.nL (M = Al or Β, η > 1; Μ = In or Sc, η > 3)
showed bands due to non-coordinated ligands. On this
basis, a solvate structure of the type [MX3.(«— w)L]wL
was attributed to these coordination compounds9 '1 1 9"1 2 1 '1 2 3.
One cannot rule out the possibility of the formation of
solvates also in the case of gallium complexes of the type
GaCl3.2L, although the coordination capacity of this metal
is consistent with the formation of trigonal-bipyramidal
coordination compounds (sp3d hybridisation). On the
basis of the infrared spectra and the dipole moments,
which vary in the range 4 —7 D, a cis -trigonal-bipyra-
midal configuration (XIV) was attributed to the complexes
InX3.2L and a cis -structure with C2v symmetry (XV) was
attributed to octahedral coordination compounds of the type
InX3.3L:

9,119,133

A comparative estimate of the stabilities of the com-
plexes was made from the frequency shifts of the stretch-
ing vibrations of the azole rings (Ay). It was found that
the Δν for the MXa complexes of the same composition and
structure are satisfactorily correlated with the basicities
of the azole ligands 9.

The conclusions based on the infrared spectroscopic
studies have been confirmed in a few cases also by mea-
surements of the dipole moments9 '1 1 9.

3. COMPLEXES OF THE AZOLES WITH THE TETRAHALIDES
OF GROUP IV ELEMENTS

The azole complexes with MX4 (M = Sn, Ge, Ti, Zr,
Hi, or Th; X = Cl, Br, or I) known hitherto are confined
mainly to complexes of imidazole-containing sys-
tems s> 1 3 0- 1 3 2, only in the case of tin tetrachloride have
complexes been obtained also with benzo-2,l,3-thiadiazole
(XVI, R = H) and its 5-methyl derivative (XVI, R =
CHs),1 3 3 '1 3 4 and germanium tetrachloride was found to
form complexes with 3,5-dimethylpyrazole (XVII) and
2-methylbenzothiazole (XVIII).9

CHS

>-CH3

(xvi)

\/\ς

(XVII) (XVIIO

Υ
CH.C.H,

(XIX)

The azole complexes with Group IV metal tetrachlorides
were s y n t h e s i s e d by mixing in the cold the benzene or
chloroform solutions of the ligands with MX4 solutions in
benzene (M = Sn, Ti, or Ge) i r ' 1 3 0 ' 1 3 2

 O r ether (M = Zr, Hf,
o r T h ) -9,131,132

As for the coordination compounds of other oxygen-
and nitrogen-containing ligands9 '1 0 4 '1 3 2"1 3 5, the c o m p o s i -
t i o n s of complexes of this type are fairly rigorously
correlated with the properties of the MX4.

9> Regardless
of the reactant ratio and the bulk and basicity of the ligand,
tin 9 ' 1 3 0 ' 1 3 3

> zirconium131, and hafnium tetrahalides1 3 1 form
coordination compounds of the type MX4.2L. The com-
plexes MX4.3L are most characteristic of germanium
tetrachloride although (XVII) forms the complex GeCLi.L
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and imidazole even GeCl4.5L.9 Depending on the reactant
ratio, titanium tetrachloride was found to form the coor-
dination compounds TiCl4.2L and TiCU.h.s'130'132 Thorium
tetrachloride complexes of definite composition could be
obtained only with ligands containing bulky substituents in
the azole rings [for example (XIX) and the l-(a-phenyl-
ethyl), l-(a-naphthylmethyl), and diphenylmethyl deriva-
tives resembling i t ] 1 3 1 . Thorium tetrachloride forms
with imidazole, benzimidazole, and their CAr-alkyl(aryl)
derivatives coordination compounds having the composition
ThCl4.2L.w(C2H5)2O in which η varies from 6 to 14 depend-
ing on the bulk of the ligand132.

The study of the structure of the coordination com -
pounds of MX4 with azoles led to the conclusion that the
only complex-formation centre in the imidazole ring is
the pyridine-type nitrogen atom 13°. The conclusion was
based on the increase of the stretching vibration frequen-
cies in the imidazole ring (1550—1570 cm'1) on complex
formation and the similarity of a number of chemical and
physical properties (spectroscopic behaviour on coordina-
tion) of imidazole-containing systems and pyridine 9 ' 1 3 0 .
Subsequently this test was widely used to demonstrate that
coordination involves the pyridine-type nitrogen atom of
the azole Ugand«.».i»-i«»i«)-i«»»*-i3e_

It was also established that the stretching vibration
shifts Αγ of the imidazole ring on coordination interaction
with MX4 are correlated with the basicity of the
ligand9'130-132.

The structure of the complexes MX4.2L with azoles was
not studied in detail owing to their extremely low solubility
and ready hydrolysability. However, low-frequency
vibration spectra show that the SnCU and TiCU complexes
with benzimidazole as well as a number of other nitrogen-
containing ligands I 3 9 have the cis -octahedral configuration
in the crystalline phase 9.

4. COMPLEXES OF AZOLES WITH GROUP V METALS

Complexes of azoles with niobium peritachloride140'141

and niobium oxide trichloride1 4 2"1 4 4 have been isolated on a
preparative scale and partly investigated. The complexes
of both niobium derivatives were obtained by the interac -
tion of the ether compound of the pentachloride 140>141 or the
chloride trioxide 142~144 with azoles in benzene solutions.

The c o m p o s i t i o n of the coordination compound of
NbCls depends significantly on the basicity of the azoles
and in many cases also on the reactant ratio and on the
solvent. For azoles with a comparatively high basicity
imidazole, benzimidazole, 2-methylbenzimidazole), the
complexes NbCls. «L with η = 1, 2, or 3 may be obtained
for different reactant ratios 1 4 O ' i 4 1. As the basicity
decreases (3,5-dimethylpyrazole and benzothiazole), the
complexes NbCls.L are formed1 4 0 '1 4 1. When benzene is
replaced by acetonitrile, the complex NbCls.L.CH3CN may
be isolated 141.

In contrast to the NbCls complexes, the composition
NbOCh.L is most characteristic of the NbOCh coordina-
tion compounds 142~144. However, it is difficult to reach
final conclusions concerning the dependence of the com-
position of the NbOCh complexes with azoles on structural
factors and conditions of synthesis owing to the narrow
range of azole-containing systems which have been intro-
duced into the reaction with niobium oxide trichloride1 4 2"1 4 4.

The p r o p e r t i e s of the NbCls and NbOCls coordination
compounds have been investigated by magnetochemical and
infrared spectroscopic methods. It has been shown140'141

that, when NbCls interacts with azoles, niobium is not

reduced to the quadrivalent statef: all the complexes
synthesised, except NbCls.2L.CH3CN, are diamagnetic.
On the other hand, the weak paramagnetism (μβίί =* 0.7
Bohr magneton) of the complex containing an acetonitrile
molecule has been explained141 by the coordination of
CH3CN to NbCls (the complex NbCl5.CH3CN is also weakly
paramagnetic—μΘίί = 0.6 Bohr magneton).148

In view of the increase of the vibration frequencies of
the azole ring in the complexes NbCls.«L 1 4 0 > 1 4 1 and
NbOCl3.L,142"144 it was concluded that the coordinate bond
involves the pyridine-type nitrogen atom of the azole ring.
It was also established that the interaction of NbOCl3 with
azoles entails a decrease of absorption due to the NbO bond
by 30-65 cm"1 (in the range 700-800 cm"1). On this
basis, it has been suggested that the frequency shifts of the
bond stretching vibrations can serve as a kind of measure
of the stability of the donor—acceptor bond between the
ligand and niobium oxide trichloride1 4 3 '1 4 4.

5. GROUP VI -VIII METAL CARBONYL COMPLEXES OF
AZOLES

The synthesis and the study of the properties of the
metal carbonyl complexes of azoles were undertaken
mainly to investigate the possibility of the formation of π
complexes in the azole series. On the basis of the avail-
able data concerning the successful synthesis of azoferro-
cene 149~152

 a n d the similarity of a number of properties of
azoles and pyrrole, Nesmeyanov et al . 3 3 allowed
4-butyryl(benzoyl)-l,2,3-triazoles and 3,5-dimethyl-
pyrazole to react with iron nonacarbonyl. Elemental
analysis, molecular weight measurements, and infrared
spectra led the authors to the hypothesis that the com-
pounds (XX) and (XXI) obtained have the π-complex struc-
ture:

f.
(XX). R = C a H , , C 6 H s

Later similar considerations were adduced concerning the
structure (ΧΧΠ) of azole complexes having the composition
LFe(CO)3

 3 4"3 5 but σ-complex structures (XXIII) and (XXIV)
were attributed to complexes of the type LFe(CO)4 on the
basis of mass spectrometric, infrared spectroscopic, and
NMR studies 3 5 ' 3 ' :

Fe(cO) 3

Fe(CO) 4

(XXII) (XXIII)

Η

(xxiv;

Complexes of a large group of azoles and their benzo-
analogues with chromium, molybdenum, and tungsten
hexacarbonyls were obtained by Beck et al. 4 1 and indepen-
dently by Garnovskii and coworkers4 6 '4 8. Elemental
analysis [composition LM(CO)6 or Li2M(CO).i], infrared
spectroscopy, dipole moment4 6 '4 8, and 14N NMR measure-
ments4 1 suggested that all these compounds have the

IF Earlier it was stated that, when NbCls interacts with
nitrogen-containing organic compounds, paramagnetic
coordination compounds of the type NbCU.nL are
formed1 4 5"1 4 7.
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σ-complex structure with anM*-N bond involving the
pyridine-type nitrogen atom of the heterocyclic ring, for
example (XXV) and (XXVD:

The reaction of cyclopentadienylcobalt di-iodide (XXVII)
with imidazole, benzimidazole, indazole, andbenzotri-
azole led to the synthesis of the complexes (XXVDI) and
(XXK) with a Co-N σ bond153:

(XXVII) (XXVHI) (XXIX)

Alkali metal polypyrazolylborates (XXX) react with
molybdenum hexacarbonyl l i4>155 and bromomanganese
pentacarbonyl or dimanganese decacarbonylI5e to form
anions with a σ-linked metal carbonyl residue (XXXI)·.

(XXX)

R = H , Alk; R '=H, Alk, Hal

χ
Α.

(XXXI)

The reaction of potassium tripyrazolylborate with
Rus(CO)i2 in the presence of a halogen (Cl2, Br2, Is) yields
the metal carbonyl derivatives (ΧΧΧΠ) in which an Ru-N
σ bond is formed15T:

K + + Ru(CO)1 2

u
(XXXII) X=CI,Br. 1

and in the case of the phosphites (L2) the complex has the
trans -configuration (XXXVI):1Ββ

-At*.

(XXXIV) (XXXV)

V1

(XXXVI)

"P/CO

Thus the data presented clearly demonstrate the
preferential formation by azole's of σ and not it complexes
even with powerful π acceptors such as metal carbonyls.
We believe that the difficulty of obtaining ir complexes in
the series of azoles, in contrast to pyrrole 1 4 9 " 1 5 2 ' 1 5 β · 1 β 0

and other five -member ed systems with one hetero-
atom i e i > i e 2, can be explained9>4B by the combination in the
azole molecule of a ir -electron sextet with the unsaturated
pyridine-type nitrogen atom, the electron-donating activity
of which greatly exceeds that of the ir -electron systemt.

The study of the polar properties of complexes of the
type LM(CO)s showed that the stability of the coordination
compounds varies in parallel with the basicity of ligands
of a similar type 9 ' 4 6 > f t

: imidazole > benzimidazole >
pyrazole > tetrazole. However, the stabilities of azole
complexes containing oxygen or sulphur atoms in the
heterocyclic ring (benzoxazole, benzothiazole) do not fit in
the above sequence 9>46>48.

The considerable polarity (μ = 10 D) of azole complexes
of the type L2M(CO)4 demonstrate their cis -octahedral
configuration in solution 46>4B. According to infrared
spectroscopic data, the complexes have the same struc-
ture in the crystalline phase too4 1'4 6'4 8 (four bands in the
range 1800-2000 cm'1).

To conclude our discussion on coordination compounds
with monodentate azoles, note that we have not discussed
data for the coordination compounds of Ν -substituted
tetrazoles, since a fairly complete review on this subject
is available 72. On the other hand, one must emphasise
that, according to the latest X-ray diffraction data165, the
tetrazole ring can be coordinated not only via the N(4)

atom72 but also via the N<» atom166. Together with the
azole complexes discussed above, the coordination com-
pounds of 2-methylbenzoselenazole I0°, isothiazole 1β7'16β,
thia- and selena-diazoles169"171, and also a number of
azole solvates with the general formula MX2.2L.2H2O (the
latter have an octahedral configuration) m have also been
investigated, albeit in less detail. Finally, in addition to
the metals mentioned above, azole complexes of rutheni-
um173'174, rhenium175, and rhodium171 have been synthe-
sised.

The anion (ΧΧΧΠΙ), formed in the reaction of sodium
5-trifluoromethylpyrazolide with M(CO)e, also has a
structure with an M-N σ bond16B:

A.
i ^ - C F , + M(CO), - *

M=Cr, Mo, W
- C F ,

\

(xxxiii)

The reactions of the above anions with unsaturated com
pounds154 or phosphines (phosphites)1S6 can yield the
coordination compounds (XXXIV)-(XXXVI) respectively.
In the case of phosphines, the ligands (Li) occupy the cis -
positions relative to one another [as in compound (XXXV)]

6. COMPLEXES OF AMBIDENT AZOLE-CONTAINING SYS-
TEMS

Azole ligands with several electron-donating atoms
combined into a single conjugated system (ambident com-
pounds 10>83) are of considerable interest for the problem of
competitive coordination in the chemistry of their com-
plexes e'1 0; for this problem, it is useful to arrange the
ligands of the azole series systematically in terms of the
possible bonding atoms.

t The suggestion that π complexes are formed in the
pyridine series1 β 3 proved to be erroneous1β4.
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a. Azole-containing Ligands with Electron-donating
Nitrogen Atoms

A m i n o - d e r i v a t i v e s of a z o l e s [(XXXVII)-
(XXXIX)] containing two electron-donating nitrogen atoms
hybridised in different ways are mainly monodentate
ligands and form with transition metal salts 8 6 ' 9 8 ' 1 7 6 ' 1 8 0 and
the halides of Group 1,18° ΙΠ, 9 ' 1 1 9 IV, 9 ' 1 3 2 ' 1 8 1 and V 14°-144

complexes in which the coordinate bond involves mainly
the pyri dine-type ring nitrogen atom:

(XXXVII) (XXXVIII)

X = O,S,NR: R = H,Alk.Ar

(XXXIX)

Only in a few cases has it been claimed that the com-
plex may be formed with participation of both electron-
donating centres 9 ' 1 4 0 ' 1 4 1 and, in the case of compounds
(XXXVII) 1 8 0 and (XXXIX),178 with participation of the
amino-nitrogen. In amino-derivatives of azoles, coor-
dinating attack is directed to the nitrogen heteroatom with
the highest ir -electronic charge (the X atom and the amino-
nitrogen are positively charged)9 '1 8 1. Although this result,
which follows from infrared spectroscopic M 3 2 ' 1 1 0" 1 4 4 g ^
ultraviolet spectroscopic 86>176>177>180 studies, conflicts with
Pauling's postulate that the electron-donating capacity of
nucleophilic atoms increases with the amount of/^-charac-
ter of the hybrid orbitals 182, it is consistent with data
showing that the coordinate bond involves the electron-
donating centre with the maximum negative potential183

and hence with the maximum negative π-electronic
charge1 0 '1 8 4. Similarly the coordinate bond in the cyano-
derivatives of the azole series (XL) and (XLI) involves the
nitrogen atom of the heterocyclic ring9 '1 8 5:

\ /
-CHJCEEN

R

(XL)

CHS—CH,C=N

(XLI)

Similarly complexes are formed via the nitrogen atom with
the maximum negative it -electronic charge in the series of
azole-containing systems with equally hybridised nitrogen
atoms: the anils (XLII) and (XLIII) via the azomethine
nitrogen atom 9 ' 1 0 ' 1 8 1 and the azo-compounds (XLIV) 9 ' 1 8 6

and formazans (XLV) 1 8 7 ' 1 8 8 via the pyridine-type hetero-
cyclic nitrogen atom:

the formation of cyclic structures, give rise to chelate
complexes (XLVIII) and (XLK):

(XLVII) (XI.VIII) (XLIX)

The c o m p o s i t i o n and s t r u c t u r e of complexes
of ambident nitrogen-containing systems depend on the
same factors as the complexes of monodentate azoles.
2-Aminobenzazoles (XXXVII) form mainly complexes of
type MX2.2L. 8 6>1 7 6>m However, the coordination com-
pounds of 2-aminobenzothiazole (XXXVII, X - S) with the
composition Co(C10.j).3L may be isolated176 and synthesis
in a hydrochloric acid medium yields the complexes MX2.L
(M = Cu, Co, or Hg).1 7 9 Depending on the reactant ratio,
2-amino-l,3,4-oxadiazole (XXXIX) forms the coordination
compounds MX2.nL (n = 2-6). 1 7 S The type of polyhedra
formed is determined by the electronic structure of the
metal (the cobalt complexes are mainly tetrahedral8 6 '1 7 6 '1 7 7)
but it depends also on the anion86.

The bulky ligands (XLII) -(XLVI) tend to decrease the
coordination number of the metal and to form mainly the
complexes MXm.L, 9 while the coordination compounds of
bisazole systems (XLVI) give rise to planar or polymeric-
octahedral structures 199>έ&>206.

b. Oxygen- and Sulphur-containing Derivatives of Azoles

Infrared spectroscopic studies demonstrate fairly
clearly that, in complexes of C-carbonyl derivatives of the
azole series [(L) and (LI)], the coordinate bond involves
mainly the nitrogen atom of the heterocyclic ring 9 ' 1 1 9 ' 2 1 0.

(I.) Y=NAIk,S:
R=H, Alk (LI) R = H. Alk (L1I)

Only the "hardest" 1 0 Lewis acids A1C13 and AlBr3 form
complexes via the oxygen atom: (LII) and (LIII).9 '2 1 0

Antipyrine (LIV) and its derivatives (LV) and (LVI)
form two types of complexes depending on the conditions
of synthesis: MXm.»L in neutral or weakly acid
media 9 > 1 3 2 '2 1 1~2 2 e and ionic association complexes of the
antipyrinium cation in acid solutions2 1 2 '2 2 3 '2 2 6"2 3 0.

(XLII) X^O.S.NR (XLIII) X=NCH3,S

(XLIV) R=Alk,Ar,

cyclo- C,H8

11.
(XLV) X = O.S, NR ;

R=CH3; R' = A

At the same time, the ligands (XLIII). (XLIV), and
(XLVI) 1 8 5 '.1 8 e '1 8 9-2 0 8 as well as (XLVII),209 containing
electron-donating nitrogen atoms in positions favouring

MX,

(Llll) (LIV)

,CH,

(LVI)

Regardless of the nature of MXm, the formation of the
complexes MXm.wL involves exclusively the exocyclic
oxygen atom 9 > 1 3 2 J 2 1 1 - 2 3 0

J which is consistent with the high
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negative π-electronic charge of the oxygen atom °>i3*>™w>™
In the ionic association complexes (LVH), the proton adds
to the same electron-donating centre2 2 6 °.

Thiopyrine (LXV) 2 1 7 and thiazolidenethione (LXVI) 2 4 0

must be classified as sulphur- and nitrogen-containing
ambident systems.

CSH5

[MX,]

(LVII)

A cyclic structure with the metal coordinated to exo-
cyclic oxygen and nitrogen atoms has been attributed 233~235

to 4-aminoantipyrine (LV, R = H) and its JV-dimethyl-
amino-derivative (LV, R = CH3). Complexes of ligands of
this type have an octahedral structure regardless of the
metal and the anion236.

2-Acetamidothiazole (LVm) and its benzo-analogue
(LK) are ambident systems whose complexes with differ-
ent MX2 may be formed in three ways: (1) via the nitrogen
atom in the thiazole ring (CUCI2), (2) via the amide oxygen
atom and the heterocyclic nitrogen atom (NiX2, X = Cl,
Br, or I; CuBr2), and (3) via the amide and ring nitrogen
atoms [CuX2, X = NO3 or CIO4; Ni(NO3)2].237

>—NHCOCH,

(LVIII)

-NHCOCH,

o -Hydroxyanils of the azole series (LX) and (LXI) 8>132>189

and the 5-hydroxy derivatives of 1-pyridylpyrazole
(LXII) -(LXIV) l >2°4 are unusual ambident nitrogen- and
oxygen-containing ligands.

(LXII) (Lxm)

Compounds (LX)-(LXII) form complexes via the
azomethine [compounds (LX) and (LXI)] 9>132»189 or pyri-
dine-type nitrogen atoms 1 8 6 ' 2 0 4. However, for ligands
with a preferential oxo-form [(LXHI) and ( L X I V ) ] , 9 ' 1 8 5 ' 2 0 4 ' 2 3 8

the coordinate bond involves the oxygen atom of the
carbonyl group1 8 5 '2 0 4.

There are comparatively few data concerning the nature
of the polyhedral forms of these complexes. Antipyrine
complexes of the type CuCl2.2L and CuBr2.2L are known to
be pseudotetrahedral and the complexes Cu(NO3)2.2L are
planar or have a distorted octahedral structure2 1 4. The
complex Cu(ClQi)2.5L has a pentacoordinate copper
atom2 1 5 and the copper complexes with acetate or arene-
carboxylate anions have tetragonally distorted octahedral
structures2 2 4. The octahedral configuration is character-
istic of antipyrine complexes of the type M(C1O4)2.6L.239

ΑΧ
A.H,

(UXV)

γ
SB

'XXVI)

In the coordination compounds of both ligands, the coor-
dinate bond involves the exocyclic sulphur atom. Similar-
ly, the coordination interaction9 of selenapyrine (LXVII)
involves the exocyclic selenium atom. The complexes of
thiazolidine-2-thione (LXVI) have been investigated in fair
detail24C. Magnetic and spectroscopic (ultraviolet and
infrared) studies established that the complexes MX2.2L
are tetrahedral (M = Co, X = Cl, Br, or I; M = Ni;
X = I) or octahedral (M = Ni, X = Cl or Br). 2 4 0

Apart from the ambident systems mentioned above,
Ν -vinyl derivatives of azoles (LXVIII)-(LXX) have been
used to form complexes with metal salts 1".ΐ3β,24ΐ,242.

CH

CH=CH,

(LXVIII)

CH=CHa

(LXIX)

\

\ N /

CH=CH,

(LXX)

The study of the interaction of tin and nickel chlorides
with the ligands (LXVni)-(LXX) showed that in this case
too the composition of the complexes depends on the
reactant ratio and on the nature of the ligand and the
solvent241'242. Infrared, ultraviolet, and NMR spectro-
scopic studies showed unambiguously that the coordinate
bond involves the pyridine-type nitrogen atom of the azole
ring. 1 3 7 ' 1 3 8 ' 2 4 1 A similar conclusion was reached concern-
ing the structure of the cobalt complexes of Ν-vinyl-
benzimidazole and a number of its 2-alkyl(arylalkyl)
derivatives (XIX).242

Together with the complexes of the amibdent systems,
those of a number of azole ligands with isolated electron-
donating centres have been obtained: 2-hydroxymethyl
derivatives of benzimidazole (XXI) 68>81>243-247

 a n d benzo-
thiazole (LXXII),26'96'248 2-(a -hydroxybenzyl)benzimidazole
(LXXIII),249 and 2-acetonylbenzothiazole (LXXIV):26

OH

>-CH.

(LXXI) X=NH
(LXXI!) X = S (LXXIII) (LXXIV)

The ligands (LXXI)-(LXXIV) are bidentate; the com-
plexes are formed via the pyridine-type nitrogen atom of
the azole ring and the hydroxyl oxygen, as a result of
which they have a chelate structure with an octahedral
configuration. Apparently the ligand (LXXIV) also
occupies two coordination sites in the coordination com-
pound26. However, in order to reach a final conclusion
concerning the mode of its coordination, it is necessary to
make a detailed infrared spectroscopic study of the stretch-
ing vibration frequencies of the carbonyl group on complex
formation.
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7O STABILISATION OF TAUTOMERS AND CONFORMERS OF
AZOLE-CONTAINING COMPOUNDS AS A RESULT OF COMPLEX
FORMATION

It is believed 25° that the formation of chelate complexes
results in the stabilisation of specific tautomeric forms of
the ligands (for example the enol and thiol forms in the
metal chelates of acetylacetone2B1 and its thio-ana-
logues252"254). However, these examples of the stabilisa-
tion of one of the tautomeric forms as a result of complex
formation are not altogether correct. In the coordinated
ligand of a chelate complex, the bonds are known to be
partly equivalent (acetylacetonates) and therefore it is
difficult to speak of the stabilisation of a particular tauto-
meric form as a result of the formation of the chelate. On
the other hand, it has been shown9>255 that the hypothesis
of the stabilisation of one of the tautomeric forms of the
ligand as a result of complex formation is valid for molec-
ular complexes in which the ligand [bonding] system is
fully retained.

The infrared spectra of the complexes of pyrazolones
as well as of the coordination compounds of antipyrine
(LIV) show bands due to the NH group (2400-3300 cm"1)
and the protonated antipyrine ring (1550—1600 cm"1).
Moreover, frequencies characteristic of the complexes of
MXji with 3,4,4-trimethylpyrazoione-5-one do not occur in
the region of 1700 cm"1. These data suggest that in the
pyrazolone complexes the antipyrine structure is stabilised
and the complexes have the structure of coordination
polymers (LXXV):

«χ»

(LXXV)

MX,

CltS,

(LXXVI) R = H,Alk .

In the complexes of 1 -(a -pyridyl)pyrazolones (LXII),
the pyrazolone tautomeric form (LXXVI) is stabilised:
the infrared spectra of the complex of (LXII) with SnCU
show absorption due to the free carbonyl group (1710 to
1715 cm" 1 ). 2 0 4

A study of the infrared spectra of complexes of MXn

with ο -hydroxyanils of the benzazole series led to the
view9 that the quinonoid form (LXXVII), which is "unchar-
acteristic" of ο -hydroxyazomethines, is stabilised by
complex formation: at 1650 cm"1 a band was observed,
which may be attributed to the coordinated C=O group:

'iP
(LXXVII)

It has been established that not only tautomers but also
conformers of compounds of the azole series may be
stabilised by complex formation9. This may involve the
retention or an alteration of the configuration of the ligand
compared with the form of the non-coordinated azole mole-
cule. In their complexes with MXn, l-(a -pyridyl)-
pyrazoles 2 0 4 and 2-formylbenzazoles 2 1 0 retain the S -trans -
configurations (LXXVIII) and (LXXDC) characteristic of
free azole molecules9:

nO

iP^N-'-MX,

(LXXVIII)

Only the complexes of carbonylazoles with A1X3 (X = Cl
or Br) form cyclic structures (LIII) in which the ligands
assume the S-cis -form9. A similar conversion of the
S-trans-trans -form into the S-cis-trans -configuration
(XLVIII) is observed when anils of 2-formylbenzazoles
(XLHI) react with MXn.9 '1 8 9 It has been concluded9 that
the stabilisation of one of the conformers need not neces-
sarily be due solely to the structure of the ligand system
as is usually postulated for a whole series of bishetero-
cyclic systems (bipyridyl): the properties of the complex-
forming agent (MXn) play an extremely important role in
this process.

III. Ν -METAL AND Ν -ELEMENT DERIVATIVES OF
AZOLES

Azoles with an unsubstituted NH-group exhibit acid
properties on interaction with metals. The acidity con-
stants of tetrazole and its derivatives (p#b = 5), which are
the most acid of the azoles, are close to those of acetic
acid (p/fb = 4.76), while imidazole, which is least acidic,
has pK"b = 14.52. Despite the comparatively low p/fb
values of azoles, Ν-metal-substituted derivatives of
imidazole 1 3 ' 1 6 ' 4 9 ' 5 0 ' 1 2 2 ' 1 7 2 ' 2 5 6- 2 6 3. pyrazole1 1 3 '2 6 4·2 6 5, tr i-
azoles2 6 1 '2 6 6"2 6 8, tetrazole2 6 9"2 7 7, benzimidazole4'57'278, and
benzotriazole (LXXX) 2 6 1 ' 2 7 9" 2 8 5 are now known.

In contrast to the molecular complexes discussed in
section II, Ν -metal -substituted azoles contain covalent
Μ—Ν σ bonds and electron-donating (sp2 -hybridised nitro-
gen) and electron-accepting (metal atom) centres not
involved in coordination interaction [compounds (LXXXI)
and (LXXXII)l:

cx> -o-
(LXXX) (LXXXI) (LXXX11)

(LXX1X)

Therefore molecules of types (LXXXI) and (LXXXII) tend
to undergo self-association and to form polymeric struc-
tures ·»·«ι»,»·-*«.*7ο# Metal-containing polymers of the
azole series have anomalous magnetic properties (the μβίί
are lower than the spin-only values), which is attributed
to a metal—metal exchange interaction via the π-electron
system of the azole rings 4 ' 9 ' 2 6 1 ' 2 6 2 ' 2 6 8 or to a metal-metal
bond50.

The study of the magnetic properties 4>5°>57'258>259

 a n d
reflection spectra 4 ' 6 0 ' 5 leads to the conclusion that the
type of polyhedra formed in the crystalline phase by
Ν -metal-substituted azoles depends primarily on the
nature of the metalB0. Copper complexes of imidazole and
benzimidazole57 have distorted tetrahedral (almost planar)
structures, cobalt and zinc coordination compounds have
tetrahedral structures regardless of the type of
ligand4 '4 9 '5 0 '1 1 3, and nickel complexes have predominantly
planar structures 16>5°>2S8>2^.

The capacity of azoles with an unsubstituted NH group
to form Ν -element -substituted compounds was observed
in the 1960's by several independent groups of investiga-
tors 9. Birkofer developed a method for the synthesis of
ΛΤ-silyl derivatives of azoles2 8 6 '2 8 7, which proved to be
exceptionally reactive in the synthesis of numerous
Ν -substituted azole derivatives286"291. Systematic studies
oniV-trialkylmetal derivatives of azole-containing systems
have been made by Van der Kerk and coworkers 2 9 2- i o 6,

The development of the chemistry of pyrazole deriva-
tives of boron is associated mainly with studies by
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Trofimenko 164>15Β>2β5>««-Μ^ Q t h e r investigations in this
field have also been made 1 2 5 ' 3 0 7 ' 3 1 1 .

The choice of conditions for the synthesis of N-element-
substituted derivatives depends on the acidity of the NH
group of azoles, the reactivity of the metallating agents,
and the resistance of the complexes obtained to hydrolysis.
Tetrazole reacts with trimethylsilane under exceptionally
mild conditions (benzene, 10°C),287 while the synthesis of
N-trimethylsilyl-substituted derivatives of other azoles
requires heating of the azole system with hexamethyl-
disilazane for many hours2 8 6. The trimethyl derivatives
of the majority of Group III elements react even with
imidazole, the least acid compound of this series, in ben-
zene or hexane in the cold9 '1 2 , but BR3 derivatives react
only under comparatively severe conditions 9>119>302>306,

The majority of Ν -metal derivatives of the azole series
are readily hydrolysed, but tin-, 2 9 T ' 2 B 9"S 0 1 germanium-,296

and lead-substituted298 compounds are comparatively stable.
Therefore Ν -trimethylmetal derivatives can be obtained
from the oxides297 and hydroxides293'298'308 of the corres-
ponding elements:

+ 2HN/ -> 2RsM—N + Η,Ο

Ν -Element -substituted derivatives are obtained with the
aid of the above reactions for a number of azoles and
benzazoles and also purines3 0 8. W-Phenylmercury deriva-
tives of imidazole, benzimidazole312, and pyrazole313

systems are obtained in the same way.
Ν -Metal carbonyl derivatives of the azole series are

successfully synthesised by methods based on the inter-
action of alkali metal salts of azoles with metal carbonyl
halides154 or their ττ-cyclopentadienyl derivatives3 4 '3 5 '4 5 '3 1 4 '

N-M + X (CO),FeCiH5-n - . j ) N - F

\where Μ = Na or K, X = Cl, Br, or I, and \ l is a

heterocyclic group. This reaction was first widely
employed by Seel to prepared a series of σ -complexes of
azoles with JT -cyclopentadienyliron dicarbonyl45)314. Sub-
sequently the analogous benzotriazole derivatives 3 4 > 3 5 '3 1 S

and rhodium dicarbonyl complexes of pyrazoles154 were
synthesised in the same way. The reaction serves as a
basis for the synthesis of rhodium and palladium com-
plexes of pyrazole and its derivatives linked by IT bonds to
olefins154'^5.

Ν-Element-substituted derivatives of azoles can be
obtained not only directly from the heterocycles but also
by an indirect method. Thus Birkofer 287>289 employed the
1,3-cycloaddition of trimethylsilyl azides to synthesise
JV-trimethylsilyl derivatives of 1,2,3-triazoles (LXXXII1):

(CH3)3Si—N3 + R—C=C—R -

(LXXXIII)

The synthesis of bisftetrazolyltris(triphenylphosphine) -
metal] complexes (LXXXIV) 8 ' 9 0 in which the metal is
copper, palladium, platinum, and ruthenium has been
achieved on the same basis although other methods for

the synthesis of complexes of this class from tetrazole or
its W-metal derivatives have been developed277'316:

aP)jMN3

LjM+ 2 Ρ A T /

2LH + CI,M(PArj)j

J\
U.XXX1V)

2LH + M(PAri)t

LH = tetiasole

Ν-Element-substituted derivatives of azoles, like the
iV-metal-substituted derivatives discussed above, are
mainly coordination-saturated oligomers or poly-
mers 2 9 6 " 3 0 1 ' 3 1 2 ' 3 1 7 . Comparative viscometric studies
showed that organotin polymers contain association com-
plexes with much higher molecular weights than the
organogermanium polymers296.

The structure of Ν -element-substituted derivatives of
azoles has so far been very little investigated. It has
been postulated, albeit without insufficient justification,
that trialkyltin derivatives of imidazoles have a linear
coordination-saturated structure (LXXXV) with a penta-
coordinate tin atom and equivalent bonds2 9 7 '3 1 7:

s n - R2M
V

(LXXXV) (LXXXVI) M=B.A1

According to NMR spectroscopic data, N-phenylmer-
cury derivatives of 4,5-dichloro-2-methylimidazole have
a similar configuration312, Ν-dialkylmetal derivatives
of a z oies 9 ' 1 1 9 ' 1 2 2 ' 2 6 5 · 3 0 3 ' 3 0 6 , N-trimethylsilylazoles287'291,
and JV-phenylmercury derivatives of imidazole312 and
pyrazole313 have been most thoroughly investigated among
compounds of this class.

Cryoscopic (ebullioscopic) studies, NMR spectroscopy,
and determinations of dipole moments showed9'119'122 that
the type of oligomers of the alkyl derivatives of Group III
elements under consideration depends on the nature of the
ligand (the distribution of nitrogen atoms in the hetero-
cyclic ring) and on the properties of the ERn substituent,
where Ε is an element and R an organic group. JV-Tri-
alkyl-boron- 1 5 5> 2 6 5 · 3 0 3 and -aluminium-substituted9'122

pyrazoles are highly symmetrical dimers (LXXXVI),
while the complexes of imidazole, benzimidazole, and
tetrahydrobenzimidazole with the same substituents are
probably linear polymers' Ν -Dimethyl-gallium
and -indium derivatives form cyclic tetramers or hexa-
mers in solution regardless of the type of azole9 '1 2 2.

Ν -Trimethylsilyl(germyl) -substituted triazoles2 8 9,
pyrazoles 2 9 ι>3 0 9, and indazoles3CS have been investigated
mainly in connection with the determination of the position
of the ERn substituent in the azole ring 2 8 9 ' 3 0 9 and of the
elementotropic mobility of the ER3 group2 8 9 '2 9 1. Measure-
ments of the dipole moments of a series of NSiR3-substitu-
ted 1,2,3-triazoles showed that these complexes have the
structure (LXXXVID with the substituent in the 2-position
of the triazole ring2 8 9. However, the analogous benzo-
triazole derivative (LXXXVII) contains the SiR3 substitu-
ents in the ] -position 2 8 9:

(LXXXVII) SiRj

R = CH a (LXXXV11I)

ER,

(LXXX1X) (XC)
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Elguero et al . 3 0 9 determined from NMR spectroscopic
data the position of the ER3 substituent (E = Si or Ge;
R = CH3 or C2H5) in pyrazoles (LXXXK) and in indazole
(XC).

In 1966 Birkofer289 suggested that the SiR3 group may
migrate readily between the nitrogen atoms of the tr i-
azole ring (XCI):

N-—'SiRj >J—-'SiRj

(XCI) (XCH) (XC1II)

Subsequently this elementotropic mobility of the Ν -sub-
stituent was observed for methylsilyl derivatives of
pyrazole (XCII) 3 0 4 and was demonstrated almost unam-
biguously in a series of iV-phenylmercury derivatives of
the same heterocycle (XCIII).313

The situation is different with the coordination-satu-
rated Ν -substituted derivative of benzotriazole containing
a substituent with a relatively low mobility—π -cyclopenta-
dienyliron carbonyl315. In this case, it is possible to
isolate two isomers in which the substituent is linked to
different nitrogen atoms of the triazole ring [(XCIV) and
(xcv)l·3 1 5

Fe (CO)AH.-it

(XCIV) (XCV)

Thus even a limited number of examples demonstrate
that not only is it possible to observe elementotropism in
azole Ν -substituted derivatives of the elements but also
one can isolate stable isomers involving different positions
of the substituent relative to the nitrogen atoms of the
heterocyclic ring. Nesmeyanov et al. 3 1 6 noted that the
formation of similar isomers could probably be expected
also for Ν -metal -substituted benzotriazole systems. We
believe that, when the substituents and temperature condi-
tions are suitably chosen, elementotropism may be
observed or stable isomers isolated also for other
Ν -element- and possibly Ν -metal -substituted triazole and
tetrazole systems.

In this connection it is interesting to note that X-ray
diffraction studies led to the discovery of a 2-palladium-
substituted 5-phenyltetrazole derivative (XCVI), " 7 while
1-metal-substituted structures (XCVII) have been postula-
ted for other metals 2 6 9- 2 7 7

:

|HS

(XCVI)

Μ

(XCVII)

In conclusion we may note that the reaction of alkali
metal borohydrides with pyrazole yielded polypyrazolyl-
borates 1 5 4 ' 3 *' 3 0 3 ' 3 0 5 , which are exceptionally interesting
ligands for the synthesis of metal chelates1 5 5 ) 2 β 5 and n
complexes1 5 4"1 5 7 '3 0 6.

IV. CHELATE COMPLEXES IN THE AZOLE SERIES

Numerous chelate complexes synthesised from azole
ligands t and containing chelate groups of the types MO2N2,
MS2N2, MSe2N2, and MN4, which are of greatest importance

t Azole-containing systems with chelating groups
occupy an outstanding place among analytical reagents,
metallochromic indicators, and extractants 6" 9 ' 3 1 8" 3 3 8.

for coordination chemistry, are now known. In consider-
ing the methods of synthesis, the physicochemical proper-
ties, and the structures of complexes of this class, it is
useful to arrange them systematically in terms of different
types of coordination units.

1. METAL CHELATES WITH AN MO2N2 COORDINATION
UNIT

The hydroxyazomethines (LX) 9> 3 3 9 ' 3 4 0 and (LXI) 9 ' 3 3 9

and 4 -aminomethylene derivatives of pyrazolones9 interact
with bivalent metals salts to form chelates with five-
membered [compounds (XCVin)] 9>3 4 0-3 4 4

 a n d six-membered
[compounds (XCK) and (C)] 9 ' 1 β δ ' 3«'Μ 5 metal-containing
rings:

(XCVIII) (XC(X) (Q

The most typical composition of the chelates is ML2, where
LH are the ligands (XCVni)-(C).9 '3 4 1"3 4 5 However, the
anils (XCLX) form the complexes ML.COOCH3 with
copper(II), manganese(II), cadmium(II), lead(n), and
UIIO2.341~ 4 Copper complexes of a similar type were
obtained also for the azomethines (XCK).9 '1 8 9 On the
other hand, zinc and cadmium complexes with the com-
position ML2 can be synthesised by refluxing the o-amino-
phenoxides of the above metals and the corresponding
2-formylbenzazoles in dioxan344.

The chelate structure of the above complexes was
established by comparing the infrared spectra of the
coordination compound and the ligand: the hydrogen
atoms of the hydroxy-group are found to be substituted
[the bands corresponding to the OH stretching vibrations
in the range 3400-3450 cm"1 for compound (LX) 3 3 9 and,
3000-4000 cm"1 for compound (LXI) 9 '1 8 9] and the stretch-
ing vibration frequencies of the azomethine linkage
increase 3 4 2 ' 3 4 4. Magnetic measurements showed that, as
for the chelates of aromatic azomethines with a five-
membered metal-containing ring 1 0 4 ' 3 4 6" 3 5 1, the complexes
of the ο-hydroxyanils (LX) have a tetrahedral or poly-
meric-octahedral configuration in the crystalline
phase 343>344. in contrast to the chelates of aromatic
ο-hydroxyazomethines with a six-membered metal chelate
unit 1 0 4 ' 3 5 2

) coordination compounds of types (XCK) and (C)
have a polymeric-octahedral structure in the solid phase
and a tetrahedral structure in solution regardless of the
complex-forming metal 9>344»345, These differences were
explained9'344 by the additional coordination of the metal
to the pyridine-type nitrogen atom of the azole ring, which
leads to an increase of the number of binding sites of the
ligand actually employed (octahedron) or stabilises the
tetrahedral configuration in solution.

Copper chelates with the acetate anion have unusual
magnetic properties: while the chelates of the azomethine
(XCVIII) have effective magnetic moments (μβίί) corres-
ponding to one unpaired electron (1.8—1.9 Bohr magnetons)
the complexes of the ο -hydroxyanils (XCIV) and (C) have
the anomalous values μβίί = 1.47 — 1.62 Bohr magnetons9'34'
This result is attributed9 '3 4 4 '3 6 1 to the formation in the
first case of the coordination-saturated structure (CI) and
metal-metal exchange interaction, while in the second
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case the structure (CII) is believed to be formed via a
Cu-Cu linkage or an acetate bridge3 5 3 '3 5 4:

Cu X

Y = NAlk.NAr,NArA№.S

The six-membered metal chelate unit MN2O2 is also
formed in the chelates of β -aminovinylketones [compounds
(CIII)1 9 and 2-(o-hydroxyphenyl)benzazoles [compounds
(dV)and(CV)l . 9 ' l / ) m ' 3 5 i - 3 6 1

(cm)
= S; NCjH5

(CIV)

X = O,S,NH

(CV)

·, n-c,H,

The synthesis of the chelates (CIII) was achieved by the
reaction of the metal acetylacetonates with 2-amino-
benzazoles9 and compounds (CIV) and (CV) were obtained
by direct interaction of metal salts (the acetates are
best) 3 5 8 > 3 5 9 with 2-(o-hydroxyphenyl)benzazoles. In tne
crystalline phase, all these complexes apparently have a
polymeric-octahedral structure >361. The initial hypothe-
sis of a tetrahedral configuration of the metal chelates
(CIV) 3 6 9 was shown to be erroneous by X-ray diffraction
studies3 6 1 §: in the copper and palladium complexes the
metal is located in the plane of the coordination unit, but,
as a result of the intermolecular (axial) coordination of
copper(II) or palladium(II) to the oxygen atom of an adjacent
metal-containing ring, a polymeric-octahedral configura-
tion is produced361.

The 4-hydroxybenzazole complexes (CVI) were investi-
gated Χ3~3βί only in order to compare their stability with
that of the chelates of the very important analytical reagent
8-hydroxyquinoline. It was found that, with the exception
of the zinc complexes, the stability of the chelates fits the
Irving-Williams series and is lower than that of the
8-hydroxyquinoline complexes 3 6 3" 3 β 6

:

Χ

(CVI)

X = O.S, NH

Hydroxyazo-derivatives of benzazoles (CVII) 9 ' 3 4"' 3 6 7

and pyrazolones [compounds (CVIII) and CDQ1 M 8- 3 7 0

yielded chelates with a six-membered metal chelate unit
MO2N2, which in the crystalline phase has mainly an
octahedral structure 9 ' 3 > 3 7 1 '3 7 3 and in solution mainly a
tetrahedral structure 9 ' 3 7 3 .

The tetrahedral configuration of chelates of type (CVII)
precludes the intramolecular coordination of the metal to
the nitrogen atom of the heterocyclic ring34'1'367 and was
adopted α priori for complexes of pyridylazonaphthol and
related heterocyclic compounds 374~377

( including benzo-
thiazolylazonaphthol375'3 .

Snavely and coworkers have carried systematic deter-
minations of the stability constants of chelates of types
(CVm) and (CDC), s69'370»372»378 The studies of Yamayichi
et al.37£> of the properties of o-(4-hydroxyaryl)azoimid-
azole complexes (CX) and (CXI) had the same aimit.
However, thermodynamic data were not obtained in any of
these investigations and therefore the conclusions arrived
at must be treated with a certain amount of caution:

s-L,
(CX) (CXI) ·

R = p-OCH,,jn-N(CHs)i

Schetty's studies on the structures of the chromium
chelate complexes of the tridentate azopyrazolone systems
of type (CXH) need not be specially considered, since they
have been reviewed by the author himself 38°:

(CXIlV- R=OH.COOH tcxiii):x=o~,cocr

We shall mention only that, after the publication of his
review, a number of reports by the same author appeared,
in which are described stereoisomeric chromium chelates
of azopyrazolone derivatives (CXII, R = COOH) 3 8 1 and
also complexes of 2-(o-hydroxyphenyl)-4,5-diphenyl-
imidazoles with 5/5- or 5/6-metal-containing rings3 8 2.

2. CHELATES OF TYPES MS2N2 AND MSe2N2

Complexes of 2-mercaptoazoles (CXV) 3 8 3"3 8 6 and
2-mercaptobenzazoles (CXVI) 3 8 e" 3 8 3 with a five-membered
metal-containing ring of type MN2S2 [structure (CXIV)]
have been investigated. The majority of the studies were
directed towards the analytical applications of compounds
(CXV) and (CXVI) for a quantitative determination of
platinum group metals 3 3*' 3 8 4- 3 8 6 ' 3 8 9 ' 3 9 4 ' 3 9 5.

/ N

s \ / \
—C Μ C—

\ S / \ N /
I

(CXIV)

SH
\ C—SH

(CXV) X=NH, NR; (CXVI)
Y=CR; Y = N X=NH, S

(C1X)

However, in some of the investigations data have been
obtained for the structures of the chelates synthesised
from mercaptoazoles 387>392'393>39*. I t i s believed392 that

§ In constructing a model of the metal chelate unit,
Verkhovedova et al. 3 5 9 employed the usual1·1 M-O bond
lengths of 1.8-1.9 A. However, in chelates of type
(CIV) they actually exceed 2 A.

H They described379 the metal chelate (CXI-LH) with
the composition LCuBr, in which according to infrared
spectroscopy the hydrogen atom of the OH group and not
the NH group is substituted by the metal.
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the bis(azathio)chelate unit (CXIV) is most probably formed
rather than the thione configuration (CXVII):

A
—C

(CXVII)

«Re (CO),,

(CXVIII)

The chelates of 2-mercapto-l-phenyltetrazoles (CXV,
X = NH, Υ = N) of type RuLa have an octahedral structure
and those of types PtL2 and (RhL2)2 have a planar struc-
ture 39°. The same derivatives of tetrazole with
Rh(PAr3)3Cl form mixed triphenylphosphirie complexes of
rhodium in which an Rh—S bond (300 cm"1) and a metal
chelate unit with a square planar configuration were
found396. The dimeric octahedral complex (CXVIII) of
2-mercaptobenzothiazole with rhenium tricarbonyl is of
undoubted interest3 9 7.

A five-membered metal chelate unit of the type under
consideration is formed in 1-pyrazolyldithiocarboxylates
(CXDC) 3 9 8 and in the chelates of o-mercaptoanils of 2-formyl-
benzazoles [compounds (CXX) and (CXXI)].9'343'344'399

(CXIX) (CXX) (CXXI)
X = NCH3,S

The complexes (CXX) and (CXXI) were shown to be metal
chelates by infrared spectroscopy9'343'399. Magneto-
chemical studies make it possible to ascribe to the
chelates (CXX) a polymeric-octahedral or tetrahedral
configuration in the crystalline phase9»343'399. intra-
molecular coordination of the metal to the nitrogen atom
of the heterocyclic ring appears to be very probable in the
complexes (CXXI), which have a normal magnetic
moment399.

Recently an azomethine complex (CXXII) of the azole
series containing a five-membered metal chelate unit with
nitrogen and selenium atoms was synthesised9>4t>0:

(CXXII)

As was to be expected104, the zinc complex (CXXII)
was found to have a tetrahedral structure in solution400.
On the other hand, the pathways followed in the synthesis
of this chelate with transition metals are still obscuref.

4-Phenylaminomethylene derivatives of thio- and
selenopyrazol-5-one (CXXIII) 4 0 2 form chelates containing
the six-membered coordination units MN2S2 9> 3 4 6 ' 4 0 7 and
MN2Se2,9 which are rarely encountered with aromatic
ligands4 0 3"4 0 6:

(CXXIII): R = H, °,m./>-CH3,
Hal, NO2, OCH3,
N(CH,)2;X=S,Se

(CXXIV): R =H,o,m,p-CH,.
Hal,NCyOCH3.

t Selenium-containing azomethines are unstable. On
the other hand, a reaction similar to that indicated above
proceeds only with seleno- and thio-phenoxides of non-
transition metals 4 0 0 ' 4 0 1.

The nickel complexes of the ligands (CXXIII) have
unusual magnetic properties in the crystalline phase: in
contrast to the mainly diamagnetic (planar) metal chelates
containing nitrogen and sulphur atoms in the coordination
unit 362'408»409

> these chelate complexes have intermediate
effective magnetic moments varying in the range 1.3—1.8
Bohr magnetons9'345>407. This result is attributed to the
formation in the solid phase of a mixture of square planar
(diamagnetic) and polymeric-octahedral (paramagnetic)
forms 3 4 5 ' 4 0 7. On the other hand, in solution the nickel,
cobalt, and zinc chelates of (CXXIII) are tetrahedral 9 ' 3 4 5 ' 4 0 7

according to their dipole (Ni2+, Co2+, Zn2+) and magnetic
(Ni2*, Co2*) moments. The cobalt and zinc chelates
apparently have the same configuration in the crystalline
phase9 ' . The nickel % metal chelates of thioazo-
pyrazolones (CXXIV), synthesised for the first time by
Snavely 368>369>410>411

( have the same properties in the solid
phase 3 7 3 ' 4 1 0 as their azomethine analogues (CXXIII). How-
ever, in solution the chelates (CXXIV) assume the diamag-
netic and polar (μ = 3ϋ) tetragonal-pyramidal configuration
with the metal atom raised above the plane of the metal-
containing ring3 7 3 '4 1 2.

3. CHELATES WITH MN4 UNITS

In his review, Hennig207 described fairly completely the
studies on chelates based on ligands with an acid NH group,
including those of the azole series with an MN4 coordina-
tion unit. Therefore we shall consider only some of the
fundamental characteristics introduced by the azole moiety
into the configuration of the complexes in which the metal
is linked to the nitrogen atoms.

In contrast to the usually planar chelates of aromatic
compounds with an MN< coordination unit 3 β 2 ' 4 0 8 ' 4 0 9

) the
analogous metal chelates of azole-containing systems have
in the crystalline phase mainly a polymeric-octahedral
structure and in solution a tetrahedral structure. This
difference between the configurations of the metal chelate
units was observed in a study of the magnetic and polar
properties of the chelates of the azole series with four-
membered [the triazene complexes 9>413 (CXXV)], five-mem-
bered [complexes of azo-compounds 9>1 8 β·4 1 4~4 1 β (CXXVI)],
and six-membered [complexes of formazans9»28»132'416"429

(CXXVII)l metal-containing rings.

(CXXV): Ar=C,H,X:

X = H. p-Alk. p-CI

(CXXVI): Ar = C6H5, (CXXVII): R = Alk,Ar;
C,H4CHj R'rAr.Het

There is no doubt that the formation of polymeric -
octahedral structures in the crystalline phase can be
accounted for by the coordination of the metal to the
nitrogen atom of the azole ring of an adjacent molecule
(the monomeric units of such chelates are coordination-
unsaturated) "«"i8»422»424»4^ T h e o n l y s t u d y i n w h i c h

intramolecular coordination of the metal to the sulphur
atom of the thiazole ring in the nickel and cobalt com-
plexes of iV-thiazolylformazan28 was postulated does not
withstand criticism, since the above heteroatom virtually
lacks electron-donating properties (see above). On the

t The chelates of thioazopyrazolones with other metals
have been described and their stabilities have been deter-
mined4 1 0 '4 1 1.
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other hand, planar polyhedra are encountered among
chelates of the azole series with MN4 metal chelate .
The latter include the nickel complexes (CXXVII) of
pyridylpyrazoles, the planar structure of which has been
demonstrated not only by magnetochemical 43° but also by
X-ray diffraction431 studies:

(CXXVIII) (CXX1X) (CXXX)

Possibly the above anomaly is associated with the
comparatively low basicity of pyrazole. However, final
conclusions will become possible only after detailed
physicochemical and X-ray diffraction studies of the
chelates of 2-pyridylimidazole (CXXK) and its benzo-
analogue(CXXX).207'432

ADDENDUM

During the preparation of the manuscript for the press,
new data were published on the synthesis and structure of
molecular complexes of azoles with transition metals4 3 3 W | 5 1

and complexes of polypyrazolyl borate ligands460"462§ .
Competitive coordination in the following ambident azole
systems was considered: benzothiazole446, benzoselen-
azole457, JV-vinylimidazole439'440, 2-aminobenzazoles463,
pyridylmethylene-2-aminobenzothiazole464, oligohetero-
cycles4 6 6" , and dinuclear copper complexes of 2-formyl-
benzimidazole n.ldoximes The structures and magnetic
properties of complexes of the antipyrine series 4 7 2" 1 8 3 and
of acetamidothiazole484 have been investigated.

Studies have been made on the physicochemical proper-
ties of Ν-metal-substituted 5-chloro- and 5-methoxy-
phenyltetrazoles485, and 1 -borylimidazole 4 8 6 and on the
possible synthetic applications of silver and chloromercury
salts of benzotriazole487.

New metal chelates of ο -hydroxyazo-488 and o-hydroxy-
azomethine4a9 derivatives of isoxazoles have been obtained.
An electrochemical method has been developed490 for the
synthesis of chelates of types (XCVIII), (XCDC), (CIV),
and (CV). Chelate complexes of copper(I) with 2-mer-
captobenzothiazole491 and of lanthanides with tetrazole-5-
thione492 have been synthesised.

Comparison of the properties of the chelates
obtained489'493 from pyrazole [(compounds (CXXIII)l 4 0 2

and
pyrrole4 9 4 mercaptoaldimines led to the conclusion that the
heterocyclic moiety promotes a tetrahedral structure of
the complexes with an MS2N2 coordination unit not only in
solution9 '3 4 5 '4 0 7 but also in the crystalline phase4 8 9 '4 9 3.

The ESR spectra of the copper complex (CXXVIII) of
pyridylpyrazole have been investigated498. There has
been a growth of interest in C -metal- and C -element-
substituted derivatives of azoles4 9 e-6 0 8. c -Metal-substi-
tuted azoles have a polymeric-octahedral structure4 9 6.
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