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This Microreview deals with the supramolecular chemistry of
pyrazole metal complexes, in particular, complexes of pyr-
azoles with a nonsubstituted N-H group, which are able to
engage in hydrogen bonding. The most pertinent general
features of pyrazoles, in comparison with other heterocycles
that are also popular ligands, and some aspects of the supra-

molecular chemistry of free pyrazoles are also included. In
addition to the general supramolecular chemistry of pyrazole
complexes, sections of this Microreview are devoted to liquid
crystals, self-assembled species, and hosts for anions.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Azole heterocycles are interesting because of, among
other reasons, their occurrence in natural and unnatural
molecules with biological activity and the wide application
of azole-derived ligands in all areas of coordination chemis-
try. Pyrazoles, while rarely found in naturally occurring
molecules, are present in many pharmaceuticals with a wide
range of biological activities.[!]

Aromatic N-heterocycles such as pyrazoles, imidazoles,
and pyridines (Figure 1) contain, as part of the aromatic
ring, a nitrogen atom with a localized lone electron pair
on an in-plane orbital. They also feature low-energy empty
orbitals, the antibonding ©* orbitals of the aromatic system,
perpendicular to the molecular plane. Therefore, electroni-
cally, these heterocycles are both o-donor and m-acceptor
ligands.[?! As per their steric characteristics, their planarity
makes these aromatic molecules relatively unencumbered li-
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gands. This is more so in the case of the azoles, with a CNC
angle of 108° about the donor N atom, compared with 120°
for pyridine. However, the exact steric profile is highly de-
pendent on the presence of substituents, their size, and their
position on the ring.
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Figure 1. Pyrazole with numbering scheme (a), imidazole (b), and
pyridine (c).

As ligands, pyrazoles have attracted considerable interest
mainly because their conjugate bases, pyrazolates, have
been found to bind metals in a variety of coordination
modes and, in particular, are robust bridging ligands.’]
Among other properties, pyrazolato complexes have been
used as precursors for chemical vapor deposition and they
have luminescent properties.! Moreover, pyrazole and pyr-
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azolate moieties can be integrated as part of many poly-
dentate ligands.’1 Among these, polypyrazolylborates are
some of the most useful and widely employed ligands in
several areas of coordination chemistry.[¢]

As excellent reviews have dealt with pyrazolato com-
plexesl! and with the chemistry of polypyrazolylborate and
related ligands,[>% in this Microreview we will focus mainly
on metal complexes of simple N-H pyrazoles and those as-
pects of their chemistry in which noncovalent interactions,
prominently hydrogen bonding, play a major role.

Pyrazoles, which can be used as ligands or as precursors
of pyrazolate-based ligands, are, in general, accessible by
well-established synthetic methods.l”! These methods are
quite general, and this allows the preparation of pyrazoles
with a variety of substitution patterns and with different
functionalities as substituents of the pyrazole ring.

The parent azoles possess, besides a pyridine-like nitro-
gen atom bearing a lone electron pair, a pyrrole-like nitro-
gen atom, with its relatively acidic hydrogen atom. There-
fore, the azoles are both basic and acidic according to the
Bronsted-Lowry definition, that is, they are amphiprotic
species. Their conjugate bases (their deprotonated forms),
namely, the azolate anions, are well-known ligands. Due to
the presence of two basic nitrogen sites the azolates often
act as bridging ligands.

The conjugate acids (or protonated forms) of the azoles,
namely, the azolium cations, are present in many salts. The
behavior of azolium cations as supramolecular guests to-
ward certain hosts has been studied.®! While imidazolium
cations have been the ones most extensively applied, pyraz-
olium cations have been found to play crucial roles in some
cases. For instance, theoretical studies suggest that ionic
pairing involving hydrogen bonds between the N-H groups
of pyrazolium cations and chlorido ligands of tetrachloro-
platinate anions (Figure 2) is important in the Shilov-like
C-H activation catalyzed by PtCl, in concentrated H,SO,
and a pyrazole-based ionic liquid.”!

Qi

Figure 2. Neutral adduct formed between the tetrachloroplatin-
ate(II) anion and two pyrazolium cations.

H----cCl Cl----- H

N/ N
Pt I©>
--CI/ SR

H- ---H

Supramolecular Behavior of Free Pyrazoles

Besides being able to fully accept or donate H*, the basic
site of azole molecules can act as a hydrogen-bond acceptor,
and the N-H group can act as a hydrogen-bond donor. The
ability of this N-H group to act as a hydrogen-bond donor
is the main reason why azoles are important molecules in
supramolecular chemistry. Since both hydrogen-bond-do-
nor and -acceptor sites are present on the same molecule,
relatively strong intermolecular N—H---N hydrogen bonding
occurs in N-H azoles. This interaction is an important con-
tribution to the melting point of imidazoles and pyrazoles:
4914
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whereas at room temperature pyrazole and imidazole are
solids, N-methylpyrazole and N-methylimidazole are, like
pyridine, liquids.[!

The two different nitrogen atoms are in the 1,2-positions
(vicinal) in pyrazoles, and in the 1,3-positions (alternate) in
imidazoles. An important consequence is that only open,
chain-like structures, termed catemers, are possible for imid-
azoles. For pyrazoles, both catemers and cyclic oligomers
have been found (Figure 3). The particular type of aggrega-
tion that occurs in the solid-state structure of N-H pyr-
azoles has been found to be largely dependent on the substi-
tution pattern of the pyrazole ring. For instance, the known
structures of N-H pyrazoles with only C—H or C-CHj; ring
carbon atoms are either catemers (pyrazole and 3.4,5-tri-
methylpyrazole) or trimers [4-methylpyrazole, 3(5),4-di-
methylpyrazole, and 3,5-dimethylpyrazole]. For N-H pyr-
azoles with bulky substituents at the 3- and 5-positions, di-
mers, tetramers, or hexamers were found.!'! This secondary
structure, in turn, explains some surprising trends in melt-
ing points: for instance, the melting points of 4-methylpyr-
azole and 4,5-dimethylpyrazole are lower than that of pyr-
azole. Now, unlike N-CHj pyrazoles, these three com-
pounds possess N—H groups, and their molecules engage
in N-H--N hydrogen bonding. 4-Methylpyrazole and 4,5-
dimethylpyrazole have larger molecular weights than pyr-
azole. Hence, larger van der Waals forces are present, and,
as a result, higher melting points would be expected. The
fact that the opposite is observed is attributed to the inabil-
ity of the trimeric structure of the methylpyrazoles to form
extended hydrogen-bonded structures like the catemer
formed by pyrazole.

In solution, the degree of aggregation of pyrazoles varies
strongly, depending on the nature of the solvent: in rela-
tively “inert” solvents such as chloroform or toluene, a high
degree of intermolecular hydrogen bonding persists be-
tween pyrazole molecules. In solvents with a higher ability
to act as hydrogen-bond acceptors, this hydrogen bonding
is mostly broken and replaced by solvent—pyrazole interac-
tions. This is reflected, for instance, in the shift to lower
field observed for the N-H signals of pyrazoles upon
changing the solvent from thf to toluene. The shift indicates
that the hydrogen bonds between pyrazole molecules (the
ones occurring predominantly in toluene) are stronger (thus
giving rise to lower-field signals) than those between pyr-
azole and thf.[1?!

The ability of pyrazoles to act both as hydrogen-bond
donors and acceptors likens them to molecules such as car-
boxylic acids, which also self-associate. Because of this com-
mon feature, supramolecular adducts of carboxylic acids
with pyrazoles (Figure 4) have been used as crystal engi-
neering synthons.!!3!

N-H pyrazoles undergo tautomeric prototropy (Fig-
ure 5).141 For many pyrazoles, this has been found to be a
fast process in solution at room temperature. However, with
a combination of low temperature and aprotic solvents of
high polarity, it can usually be slowed down to the point
that separate signals for the two tautomers can be observed
by NMR spectroscopy.['>] Of course, for the two tautomers
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Figure 3. Oligomers formed by pyrazoles.
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Figure 4. Adducts formed between 3,5-dimethylpyrazole and carb-
oxylic acids.
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to be observed by NMR spectroscopy, they must be dif-
ferent. In symmetric systems with the same substituents at
the 3- and 5-positions, such as pyrazole or 3,5-dimethylpyr-
azole, the two tautomers are identical (this tautomerism is
termed autotrope or degenerate),!*! and only one species
is observed even at low temperature. However, when the
tautomerism is slowed down, separate signals can be seen,
for instance, for the carbon atoms C3 and C5.I'3] Despite
the fact that tautomerism in pyrazoles is relatively fast, it is
an intermolecular process. Several theoretical studies have
indicated that this intramolecular tautomerism has a rela-
tively high energy barrier (around 50 kcalmol ).l
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H

Figure 5. Prototropy in pyrazole.

Recent investigations have tackled the study of tautomer-
ism in the solid state. It has been found that one of the
requirements for it to occur is that the numbers of transfer-
red protons must be small. As a consequence, it occurs in
pyrazoles that crystallize by forming trimers, such as 3,5-
dimethylpyrazole, but is not observed in catemers.'!]

Pyrazole Complexes: Synthesis and Stability

Azole complexes are almost invariably prepared by sub-
stitution reactions of the free azole with a suitable precursor
containing a coordinative unsaturation or a ligand that can
be displaced easily under the reaction conditions. In a few
cases, pyrazole complexes were prepared by the substitution
reaction of a preformed pyrazolate salt with a metal com-
plex such as a halide complex.['”] The latter reaction affords
a pyrazolato complex that is protonated in a subsequent
step to yield the pyrazole complex.l'’l Complexes contain-
ing pyrazolato ligands can be prepared by reaction of pre-
formed alkaline pyrazolate salts with suitable metal com-
plexes (e.g., halide complexes, so that the pyrazolate anion
replaces the halide), but also by treating preformed pyrazole
complexes with a base.'8! In many cases the employment
of preformed pyrazolate salts or pyrazole complexes is not
required for the synthesis of metal pyrazolato complexes.
Rather, they can be directly formed from suitable metal pre-
cursors, the pyrazole, and a base.['”1 However, the formation
of pyrazolato complexes can also occur by the reaction of
the metal precursor and the pyrazole without the purpose-
ful addition of an external base. For instance, if the metal
complex contains ligands (X) such as alkyl, hydrido, alkox-
ido, amido, etc., its reaction with relatively acidic N-H
groups such as those of azoles can afford azolatometal com-
plexes upon elimination of HX (HX = alkane, dihydrogen,
alcohol, amine, etc).?1 A similar reactivity has been en-
countered for some n’-cyclopentadienyl complexes.!!

Even with less reactive ligands, such as chlorido, elimi-
nation of hydrogen chloride can occur, which is favored by
its volatility.[>?l Moreover, since azoles themselves are bases,
4915
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part of the azole added as ligand can act as a base in-
stead.[?’l This feature is particularly important when the
possible product of elimination is strongly acidic, such as
HCI. Even when pyrazole complexes can be accessed under
conditions of kinetic control, the simultaneous presence in
the coordination sphere of the same metal center of the
pyrazole and some basic ligand X, able to eliminate HX,
should be seen as a possible source of thermal instability.

Some pyrazole complexes do not possess ligands X that
are able to eliminate products HX, but are nevertheless
thermodynamically unstable. One needs to keep in mind
that electron-rich metal centers, if they are unsaturated or
can lose some ligand to generate an unsaturation, can un-
dergo oxidative addition of the N-H group of azoles.**! If
this reaction is kinetically viable and the products are not
stable, then the metal complexes of, for instance, N-H
azoles, will be unstable. Also, an N-donor ligand such as an
azole, a relatively hard base, can be a poor ligand for a soft
metal center, such as a low-oxidation-state, electron-rich
metal complex. As a recent example, cis-[Mo(CO)4(Hpz),]
complexes were found to be isolable as crystals, yet they
were thermally quite unstable in solution.[’]

Pyrazole Complexes: Supramolecular Chemistry

Coordination of azoles to metal centers has several ef-
fects. First, electron donation from the pyridine-like nitro-
gen atom of the azole to the Lewis acidic metal center in-
creases the acidity of the azole N-H group. This can lead to
the formation of pyrazolate rather than pyrazole complexes.
Even when stable pyrazole complexes can be prepared, the
increase in the acidity of the N-H group due to pyrazole
coordination can result in the deprotonation of the com-
plexes in the presence of even very weak bases. If full depro-
tonation does not occur, coordination of the azole increases
the ability of the azole N-H group to act as a hydrogen-
bond donor. This increase will be higher if the complex is
positively charged. In this case, the electrostatic attraction
between the cationic complex and the anionic host will add
to the hydrogen-bond interaction between the two species.

A second effect of the coordination of the azole to a
metal center is placing the azole in the proximity of other
ligands. When a coordinated pyrazole is adjacent to a hy-
drogen-bond-acceptor ligand, intramolecular hydrogen
bonding can occur. Note that this is not possible for an
imidazole, in which the donor N and the N-H group are in
alternate positions. Such hydrogen bonds have been deemed
partly responsible for the difference in the behavior of pyr-
azole and imidazole as ligands toward nickel(IT) chloride.
Thus, even when using a large excess of pyrazole (Hpz),
only [NiCl,(Hpz)4] could be isolated, and no further substi-
tution of chlorido ligands could be achieved. In this species,
intramolecular hydrogen bonds between each Cl ligand and
the N-H groups of the two adjacent pyrazole ligands stabi-
lize the metal-coordinated chloride anions (Figure 6).2°! In
contrast, with imidazole (Him), [Ni(Him)¢]Cl, is isolated,
4916
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in which the hydrogen bonds between the N-H groups and
the chloride anions outside the first coordination sphere of
the metal are intermolecular.
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Figure 6. Structure of [NiCly(Hpz),] showing intramolecular hydro-
gen bonds as dashed lines.

Among pyrazoles, the number, positions, and size of the
substituents contribute significantly to the nature of the
product in the reaction with metal precursors. Guzei and
Winter studied the reactions of titanium tetrachloride with
two equivalents of different pyrazoles and found the results
summarized in Scheme 1.7

With 3,5-dimethylpyrazole and 4-iodopyrazole, neutral
complexes [TiCl4(Hpz),] were obtained as the only prod-
ucts. The bulkier 3,5-dimethylpyrazole affords the trans iso-
mer, whilst with 4-iodopyrazole the cis isomer is obtained.
In contrast, the reaction with 3,5-bis(zert-butyl)pyrazole,
which would be too bulky a ligand, yielded a mixture of the
neutral [Ti{x*(N,N')-pz},Cl,] (in the x*-coordinated pyr-
azolates, the bulky 7Bu groups are kept away from the
metal, in contrast to the situation observed with a mono-
dentate neutral pyrazole) and the salt [H,pz][TiCl¢]. In the
latter, a significant lengthening of one of the Ti-Cl dis-
tances is attributed to a strong N-H---Cl hydrogen bond.

Pyrazolato ligands have a strong tendency to act as brid-
ges between two metal centers. In fact, most pyrazolato
complexes are binuclear species. Because the two nitrogen
atoms in pyrazoles are directly bonded, the distance be-
tween the two metals in pyrazolato-bridged bimetallic com-
plexes is small, being compatible with distances resulting
from other small bridges, such as halido, hydroxido, etc.?®!

Using mononuclear pyrazolato complexes as metalloli-
gands for a second metal center (which can be different
from the first) or reacting mononuclear pyrazole complexes
with a suitable metal precursor in the presence of a base
can serve as a rational synthetic procedure for the stepwise
synthesis of binuclear (including heterobinuclear) com-
plexes.[28-301

Pyrazolato ligands can abstract protons from carboxylic
acids without cleavage of the N-metal bonds; the resulting
cationic pyrazole complexes form strong, charge-assisted,
N-H---O hydrogen bonds with the carboxylato anions (Fig-
ure 7).131

A few complexes are known in which both a bridging
pyrazolato ligand and a monodentate pyrazolato or pyr-
azole ligand coexist, and the dynamic processes intercon-
verting the two ligands have been studied.*?

It has been mentioned above that prototropic tautomer-
ism in pyrazoles is usually fast at room temperature, and
that the steric profile of pyrazoles as ligands depends of

Eur. J. Inorg. Chem. 2009, 4913-4925
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Figure 7. Intermolecular hydrogen bonds formed between pyrazol-

ato ligands and carboxylic acids. Copyright Wiley-VCH Verlag
GmbH & Co. KGaA. Adapted from ref.[*!] with permission.

the position of the substituents on the ring. 3-Substituted
pyrazoles are usually in a dynamic equilibrium with their 5-
substituted tautomers. Sometimes, such an equilibrium also
occurs in metal-complexed pyrazoles, and it involves metall-
otropy in addition to prototropy; that is, the proton and
the metal exchange sites (Figure 8). Often, coordination of
the pyrazole to a metal center leads to the formation of a
complex with the 5-substituted tautomer of the pyrazole as
the only product, because it is the one with the lower steric
hindrance.[>33* Accordingly, the presence of a bulky sub-
stituent in the 5-position of a pyrazole ligand usually pre-
vents metallotropy. A few examples have been reported in

Eur. J. Inorg. Chem. 2009, 4913-4925
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which the presence of linkage isomerism for pyrazole li-
gands has been demonstrated.’*3%) In the Pt" complexes
investigated by Bokach et al., the presence of the 3-methyl-
pyrazole or 5-methylpyrazole isomers was attributed by the
authors, in part, to the hydrogen bonding between the N—
H group of the pyrazole ligands and the CI or O atoms of
the PtCl, or picrate counteranions.

Figure 8. Simultaneous prototropy and metallotropy.

Compared with prototropy in free pyrazoles, metallo-
tropy in N-H pyrazoles involves not only proton scram-
bling, but also simultaneous metal scrambling between the
two nitrogen atoms. As a result, metallotropy is a kinetically
more difficult process.['8 Thus, in solution most pyrazoles
display prototropy, but only some of their metal complexes
display metallotropy. The occurrence of metallotropy is sen-
sitive to the strength of the M—N(pyrazole) bond, which,
for a given metal, usually correlates with the basicity of pyr-
azole. Thus, stronger M-N(pyrazole) bonds can suppress
metallotropy. However, it must be noted that the deproton-
4917
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ation of a pyrazole to generate a (more basic) pyrazolato
ligand makes metallotropy a more facile process, because it
now involves only metal (not H*) scrambling.

Dixon and co-workers, in the first study of the dynamic
behavior of pyrazole complexes, noted the occurrence of
metallotropy for palladium complexes, whilst the platinum
analogues were found to be static, in accord with the more
inert M—N bond for the third-row metal.[*8! The same effect
was found by Villafafie and co-workers in a study of Ag
pyrazole complexes as compared with their Au ana-
logues.?”!

Grotjahn and co-workers prepared chelating ligands con-
taining an N-H pyrazole and either a phosphane or a thio-
ether, and their dichlorido-cis-palladium(II) complexes are
depicted in Figure 9. The authors found that prototropy oc-
curs in the free ligands, but not in the complexes.*¥! In this
case, dissociation of the pyrazole donor from the metal
would be more difficult than it would be in monodentate
pyrazoles because of the chelate effect. Moreover, metal
bonding by the phosphane or thioether, along with the ri-
gidity of the pyrazole ring donor would make the alterna-
tive arrangement resulting from metallotropy highly un-
stable. In addition, pyrazole dissociation can be hampered
by the presence of an intramolecular N-H--+Cl hydrogen
bond.

L N—N
N\ / \
Pd\ H
CI/ Cl
L = PPh,, SMe

Figure 9. Dichloridopalladium(II) complexes of a chelating pyr-
azole prepared by Grotjahn and co-workers (see text).

Several complexes contain pyrazole and pyrazolato li-
gands coordinated to the same metal center.!!7-18:39401 For
these species, another dynamic process has been noted: H*
scrambling between the different noncoordinated nitrogen
atoms. In these species, proton scrambling does not require
a concomitant metallotropy and is therefore kinetically
more facile than prototropy in complexes with only pyr-
azole ligands. In addition, intra- and intermolecular N-—
H-+*N hydrogen bonds have been found in such complexes.

Hydrogen bonds involving the N-H groups of coordi-
nated pyrazoles as donors have been found to be important
in determining the structures and properties of extended
networks, but also of some molecular species.[*'1 Rocha and
co-workers attributed the enhanced basicity of the pyrazol-
ato ligand in [RuCl(dmpz)(bipy),][PF¢] to the formation of
an intramolecular N-H-*Cl hydrogen bond in its proton-
ation product (Figure 10).42!

Pyrazole complexes of low-valent organometallic frag-
ments offer opportunities to observe important effects of
even weak hydrogen bonds. For instance, Villafaie et al.
proposed that the rotational (about the Mn—N bond) orien-
4918
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Figure 10. The product of protonation of a pyrazolato complex
reported by Rocha and co-workers (see text).

tation of the pyrazole ligands in [MnBr(CO);(Hpz),] com-
plexes is in part due to the intramolecular N-H---Br hydro-
gen bonds.*3!

In some of these low-valent organometallic species, the
lack of good hydrogen-bond donors allows the detection of,
for instance, intermolecular hydrogen bonds in which the
acceptor is the oxygen atom of a carbonyl ligand. For in-
stance, Villafafie et al. reported that [Mo(CO)4(Hdmpz),]
complexes are dimers formed by two such complementary
hydrogen bonds (see Figure 11).*! The structural conse-
quences of the latter distort significantly the first coordina-
tion sphere: to allow the formation of the hydrogen bonds,
the Mo—N bonds of the involved pyrazoles are tilted out of
the pyrazole plane by 16.0(4)°.

co
— ’ —
/N—N\MO/CO HeN
oc"’\co" N

PN oc—_ | _-co )
NTH- oo ‘ N N —n
=N,

Cco

Figure 11. Dimerization by N-H-+OC-M hydrogen bond forma-
tion in a complex reported by Villafafie and co-workers (see text).

In the [Mo(n?-C3Hs)(CO),»(Hpz),] complexes, the same
research group notes a dramatic effect in the IR spectrum
that could be attributed to hydrogen bonding.*®) When
comparing the IR spectra of the nonsubstituted pyrazole
and the 3,5-dimethylpyrazole complexes, the authors found
that, in thf, slightly higher v(CO) values are found for the
former, as expected, because Hdmpz is a stronger donor.
Solid-state structures of the two complexes showed them to
be isostructural and are consistent with the stronger donor
character of Hdmpz. However, in the solid state (where hy-
drogen bonds are not broken by the solvent), the bands of
the Hdmpz complex occur at considerably higher wave-
number values than those of the parent pyrazole complex.
The authors note that in the pyrazole complex (but not in
the 3,5-dimethylpyrazole complex) there are intermolecular

Eur. J. Inorg. Chem. 2009, 4913-4925
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N-H-+O hydrogen bonds. The absence of the intermo-
lecular hydrogen bonds in the Hdmpz complex could be
due to the higher steric hindrance resulting from the pres-
ence of the Me groups.

The binuclear compound prepared by Palma and co-
workers (Figure 12) possesses a pyrazolate bridge and a 3,5-
dimethylpyrazole coordinated to one of the nickel atoms.[*?!
Despite being a bromide salt, it is soluble in toluene, and
its acetone solution shows low conductivity, suggesting a
strong N—H---Br hydrogen bond. In accordance, no v(NH)
band was visible in its IR spectrum, and an N-H-Br hy-
drogen bond was found in its solid-state structure. The ana-
logue with tetraphenylborate (a weaker hydrogen-bond ac-
ceptor than bromide) as counteranion turned out to be in-
soluble in toluene, displayed a much higher conductivity in
acetone, and a v(NH) band was visible in its IR spectrum.
Furthermore, the proposed mechanism of a dynamic pro-
cess operative on the bromide derivative includes dissoci-
ation of the pyrazole ligand assisted by metal-coordinated

bromide.
Q.
MesP % (j P
Ni© N 2

-

[ ]\
e

Figure 12. Strong N-H---Br hydrogen bonding in the Ni compound
reported by Palma and co-workers has important consequences
(see text).

Pyrazole Complexes and Liquid Crystals

Some cis-[MCI(CO),L] {M = Rh, Ir; L = nitrogen donor,
calamitic (rodlike) premesogenic ligand} complexes have
been found to display mesogenic behavior. Mesogenic be-
havior was observed in some calamitic pyrazoles synthe-
sized by Oro, Serrano, and co-workers, who synthesized
[RhCI(CO),(pyrazole)] complexes. The the pyrazole com-
plex shown in Figure 13 formed a monotropic nematic
phase.#4

o
H
\ @70010H21
NN

N>~

Figure 13. A calamitic pyrazole for which mesogenic behavior was
found.

The same group viewed the planar supramolecular tri-
mers formed by pyrazole aggregation as potential discotic
mesogens that could be used to prepare columnar phases.
This idea failed, but it was observed that geometrically
analogous pyrazolate-bridged gold trimers shown in Fig-
ure 14 formed columnar mesophases at room tempera-
ture.[+3]
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Figure 14. Mesogenic pyrazolate-bridged gold trimers.

In similar complexes, Cano et al. noted the presence of
an intramolecular hydrogen bond between the cis-chloro
and 3-substituted pyrazole ligands.[*®! Perhaps this hydro-
gen bond helps to restrict the rotation about the Rh—pyr-
azole bond and therefore to maintain the observed stacking
of the square-planar units in the solid state (Figure 15). The
intermolecular separation is short, so that some degree of
metal-metal bonding along the stacking axis is proposed.
In addition, there is some interdigitation between consecu-
tive layers. The importance of interdigitation in the forma-
tion of metallomesogens has been stressed in a recent re-
view by Noveron and co-workers.*”]

>Rh H
oc™ ! ~C|
00— e0 o L =70
el \"‘\—"\_/\/\—’_\
a” N=NJ

Figure 15. Relative disposition of the planar cis-[Rh(CO),Cl(pyr-
azole)] complexes reported by Cano et al. (see text).

Attempts by Cano and co-workers to synthesize
[RhCI(CO),(pyrazole)] complexes with a range of new me-
sogenic, 3,5-disubstituted pyrazoles led to the isolation of
the nonmesogenic pyrazolato complexes shown in Figure 16
via HCI elimination, despite the fact that a basic medium
was not used.[*®!
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Figure 16. Pyrazolate-bridged rhodium dimers reported by Cano
and co-workers (see text).

Giménez, Elduque et al. studied the preparation of co-
lumnar mesophases by using [RhCI(CO),(pyrazole)] com-
plexes of nonmesogenic 3,5-disubstituted pyrazoles.*’! The
pyrazoles employed in this study bear highly alkoxy-substi-
tuted aryl groups, and only with a pyrazole having six decy-
loxy chains could mesomorphism be achieved (Figure 17).
The authors noted the importance of the N-H---Cl hydro-
gen bonds in the adoption of the columnar mesophase.
Using the same type of 3,5-disubstituted pyrazoles, Gimé-
nez et al. prepared [ZnCl,(pyrazole),] complexes.>” Unlike
all the species mentioned above, these are tetrahedral com-
plexes, as expected for Zn coordination compounds. This is
a major difference from most mesogens, which typically
have either calamitic or discotic (disc-like) molecules. In
solution, the bis(pyrazole) molecules display metallotropy.
In the solid state, [ZnCl,(pyrazole),] molecules aggregate
into dimers through intermolecular N-H--Cl hydrogen
bonds. The mesomorphic behavior of the complexes de-

ocC
Cl
/
\ N
C10H21O ] l OC10H21
C10H210 OC1oH2+
OC10H21 OC10H21

Figure 17. A mesomorphic complex reported by Giménez, Elduque
et al. (see text).

HsCO OCHs
OCH3 H3CO
HsCO OCHg
—N N>~
/ \CI
H,CO OCH;4
OCH3 H3CO
OCHs

Figure 18. A tetrahedral, mesomorphic complex reported by Gimé-
nez et al. (see text).
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pends on the number of decyloxy substituents of the pyr-
azoles, columnar mesomorphism being reached for the
higher substitution (Figure 18). The new compounds were
found to display luminescence both in solution and in the
mesophase.[>!]

Lodeiro, Cano et al. prepared a number of [M(pyrazole),]-
X (M = Ag, Au; X = anion) salts and observed hydrogen
bonding between the ligated pyrazoles and the anion in the
solid state (Figure 19), metallotropy in solution, mesomor-
phism, and luminescent behavior in solution and, for some
compounds, in the mesophase.>!

OR

Figure 19. Gold compound reported by Lodeiro, Cano et al., show-
ing anion—cation hydrogen bonding.

Self-Assembled Supramolecular Entities

The mixture of a labile metal precursor and a pyrazole
(and perhaps additional components) in the appropriate
medium has been used to synthesize self-assembled solid
networks.’?l In 1991, Looney, Parkin, and Rheingold re-
ported that the reaction of thallium tris(3-zerz-butylpyrazo-
lyD)hydroborate with HCI, followed by addition of AlCl;,
yielded the compound shown in Figure 20a.553 This species
can be considered as a supramolecular adduct formed be-
tween the protonated form of a tris(pyrazolyl)borate and a
chloride anion, which would be held together by a combi-
nation of electrostatic attraction and hydrogen bonds. The
chloride ion forms strong hydrogen bonds with the three
N-H groups. The authors noted that, unlike in previous
examples in supramolecular adducts of chloride anions, in
which the anion was encapsulated by the receptor, in this
case, the three N—H groups interact with only one face of
the chloride anion.

In 1994, Reger and co-workers reported a similar struc-
tural motif in the lead compound shown in Figure 20b, ob-
tained as a low-yield decomposition product by the reaction
of Pb(NO3),, P(0)(3,5-Me,pz);, potassium tris(3,5-dimeth-
ylpyrazolyl)borate, and HCLP¥ This decomposition reac-
tion is an example of cleavage of the B-N bond of a poly-
pyrazolylborate ligand on protonation, a quite general
transformation that would complicate attempts of using tri-
protonated forms of such ligands as receptors of anions.[>¢!
Halcrow and co-workers reported the synthesis and struc-
tural characterization of the self-assembled compound
shown in Figure 20c by reaction of zinc halide and three
equivalents of 3(5)-tert-butyl pyrazole.®’l The pyrazoles
can, therefore, be considered ditopic ligands, which are able
to interact simultaneously with the metal (as a Lewis base)
and with the anion (through the hydrogen-bond-donor N—
H groups). Alternatively, the supramolecular product can
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Figure 20. Self-assembled adducts reported by the groups of Parkin
(a), Reger (b), and Halcrow (c), showing hydrogen bonds between
the anion and the N-H groups of three pyrazole ligands. Copyright
Wiley-VCH Verlag GmbH & Co. KGaA. Adapted from ref.[®* with
permission.

be viewed as an adduct of anion X~ with “host” [XZn-
(pzH);]*. However, it should be noted that the formation
of the product is an example of self-assembly rather than
host—guest chemistry. The neutral supramolecular adduct is
soluble in solvents of low polarity, including chloroform
and benzene, and it is even sparingly soluble in pentane.
The authors pointed out that, in addition to the hydrogen
bonds to the N-H groups, the chloride anion lies in the
hydrophobic cavity created by the bulky terz-butyl groups.
In benzene, chloroform, and dichloromethane solution,
NMR spectroscopy indicated the integrity of the supra-
molecular adducts. In contrast, in acetone, the pyrazole li-
gands are in rapid chemical exchange. Moreover, even in
less polar solvents, an excess (1.5 equiv.) of halide also pro-
motes pyrazole exchange, presumably through nucleophilic
attack to the Zn center. Besides showing the lability of the
supramolecular adducts, this behavior precludes the use of
NMR spectroscopic titrations to determine binding con-
stants. When a BF, salt is added instead, the labilizing ef-
fect, as expected (BF, is less nucleophilic than the halides),
is less perceptible, but dy  is lowered, indicating that BF,~
competes to an appreciable degree with the halides for the
complex anion-binding site. Further work with other
anions of relatively low nucleophilicity such as nitrate, tri-
flate, and hexafluorophosphate, reinforces this view. The
authors showed that the reaction of [ZnCl(HpzzBu);]Cl
with silver or thallium salts of different anions (X) affords
[ZnCl(HpztBu);]X.8 When very large, weakly nucleophilic
carbaborane anions are used, only one of the three pyrazole
ligands orients its N-H group towards the anion, whereas
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the other two form hydrogen bonds with the chlorido ligand
of the other complex, thus leading to the formation of di-
mers.[]
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Pyrazole Complexes as Hosts for Anions

Several receptors for anions to be used in the aqueous
phase contain pyrazole moieties in their structure.” In
many cases the function of the pyrazole units is to act as a
rigid spacer, a ligand (often for Cu'), or both. N-H pyr-
azoles are often deprotonated under the conditions used.
Here we will focus on the metal complexes containing sim-
ple pyrazoles as ligands and that are used in organic media,
where the only possible base is the anionic guest.

One of the roles that metals can play in the construction
of supramolecular hosts for anions is to serve as geometry-
organizing elements. Beer and co-workers used metals to
impart rigidity to 2,2"-bipyridines (Figure 21a), thus enforc-
ing the convergence of the amido groups on their backbone
towards external anions.’®!! Our own group used a similar
strategy with 2,2'-biimidazole (Figure 21b).16%1 With the
right choice of metal fragment, even monodentate ligands
featuring hydrogen-bond-donor groups can be used for the
synthesis of metal-based hosts.®* Our group employed
pseudo-octahedral metal complexes with three pyrazole li-
gands.[*¥ To be able to converge towards an external guest,
the three pyrazole groups must be in a fac geometry. CO
groups and other strongly n-accepting ligands tend to adopt
cis (two ligands) or fac (three ligands) geometries to mini-
mize the competition of the ligands for the metal back-do-
nation of electron density. Therefore, we explored their tris-
(pyrazole) complexes. We chose cationic fragments so that
coulombic attraction between host and guest would add to
hydrogen bonding. Mid transition metals in low oxidation
states provide carbonyl complexes with pseudo-octahedral
geometries and sufficient stability. We prepared the molyb-

(a)

(b)

H-NTTN__ | __co |
Mo

H—NI \co R“\N/\

l Cl/ \N:\z\N\
& N H
ll ~H
N
|
tBu

Figure 21. The 4,4'-bis(carbamoyl)-2,2’-bipyridine ligand em-
ployed by Beer (a) and 2,2’-biimidazole complexes used as anion
receptors by our group (b).
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denum, manganese, and rhenium complexes shown in Fig-
ure 22.1651 When cationic complexes are to be used as anion
hosts, the nature of the counteranion is particularly impor-
tant. The tetraarylborate BAr'y [Ar’ = 3,5-bis(trifluoro-
methyl)phenyl] counteranion, with a high degree of charge
delocalization, was chosen because it is more inert toward
B-C bond cleavage and group transfer, less coordinating,
and interacts less with the cationic hosts than other more
frequently used anions. In addition, as a result of the pres-
ence of the CF; substituents, it imparts to its salts large
solubility in organic solvents of moderate polarity.[°]

(@)

ﬂ _| BAr,

M = Mn, Re

(b)

BAF,=B

cFs |,

Figure 22. Tris(pyrazole) complexes reported by our group (a) and
the BAr’, anion (b).

The compounds of choice were prepared in high yield by
the routes outlined in Scheme 2 and isolated as pure solids
that can be handled in the air. The presence of carbonyl
ligands allows easy monitoring of the solution behavior of
these species by IR spectroscopy in the v(CO) region. In
addition, the behavior of these diamagnetic compounds can
be studied by means of NMR spectroscopy.

The new compounds were found to be stable and non-
fluxional in solution, that is, the pyrazole ligands were not
undergoing fast dynamic processes. However, for the mo-
lybdenum and manganese compounds, in the presence of
most anions, one of the pyrazoles was rapidly displaced. In
contrast, the rhenium complexes were found to be stable in
solution even in the presence of several equivalents of
anions. This is not surprising, since the high kinetic stability
of thenium tricarbonyl complexes, due to the d® electronic
configuration and the third row metal, has been taken ad-
vantage of in, for instance, bioinorganic and medicinal
chemistry.[7]

In the solid state, our investigation on the behavior of
the new receptors towards anions has relied on the charac-
terization by single-crystal X-ray diffraction of the anion—
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Scheme 2. Synthesis of the compounds shown in Figure 22.

CH.Cl,

receptor adducts. In solution, IR and NMR spectroscopy
were used. In '"H NMR spectroscopy, successive additions
of the chosen anion (as the tetrabutylammoniun salt) gave
rise to the displacement of the signals of the N-H groups
to higher frequencies rather than to the appearance of new
signals. This demonstrated that the anion exchange was fast
in the NMR timescale. This variation of the chemical shift
was used to calculate the binding constants, in other words,
the thermodynamic stability of the anion-receptor adducts.

When the behavior of the new receptors towards the tet-
rabutylammonium salts of several anions (X) was investi-
gated, two reactions appeared in addition to the formation
of N-H-+X hydrogen bonds.[®®! With HSO,~, one of the
pyrazole ligands was protonated, leading to the coordin-
ation of sulfate, to which the resulting pyrazolium cation,
outside the first coordination sphere of the metal, is
strongly hydrogen-bonded (Scheme 3a). With the fluoride
anion, deprotonation of the NH group took place
(Scheme 3b). Deprotonation of N-H groups of different re-
ceptors by the basic fluoride anion is a well-known reac-
tion, which, in many instances, proves to be difficult to dis-
tinguish from hydrogen bond formation.l”! In our case, the
neutral pyrazole/pyrazolate product is a complex previously
prepared by another route by Masciocchi, Ardizzoia, and
co-workers.['8 Tts formation from the cationic tris(pyrazole)
complex was accompanied by a large decrease in v(CO) val-
ues. The straightforward detection of eventual deproton-
ation reactions is, therefore, an advantage of using carbonyl
complexes as hosts. In addition, in the timescale of IR spec-
troscopy, all dynamic processes are slow; therefore, bands
corresponding to the interconversion of individual species
are visible in the IR spectrum.

The solid-state structures of the anion-host adducts
show a difference from those of the self-assembled struc-
tures discussed in the preceding section: now only two out
of the three pyrazole groups form hydrogen bonds with the
anion (Figure 23). The comparison of the structural param-
eters of the free “receptor” {the [Re(CO);(Hpz);]* complex
as BAr', salt} with those of the X adducts revealed that
the formation of the latter involves a perceptible degree of
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Pyrazole Complexes and Supramolecular Chemistry
(@)

o T <

N\ _N

N \H
/\/\\/ CHCI / N
— \
©0RE N T NSH 4 BUNHSO, —— ocm '
\ — BuyNBAr',
M o
—N \
7 //
4«)\ S\\o
H O
1, .
/N\N/H
-
(b) + other unidentified products
—I BAr,
ha— —~I
N\ \
NELN NE -
o= - V=
(0C) /.wN N\H + BuNF oLl (OCKR (ot )
- HF H
N—pn-H — BuyNBAr, N—N

Scheme 3. Protonation (a) and deprotonation (b) of pyrazole li-
gands in rhenium complexes. Copyright Wiley-VCH Verlag
GmbH & Co. KGaA. Adapted from ref.[%] with permission.

deformation.[®8! Thus, the N—Re—N angles need to open
somewhat to form the hydrogen bonds with the anionic
guest. The difference from the compounds studied by the

Figure 23. X-ray structures of the supramolecular adducts formed
between several anions and [M(CO);(Hpz);]BAr's (M = Mn or Re)
receptors prepared by our group. The dashed lines represent the
main hydrogen bonds between the anions and the N-H groups of
the coordinated pyrazoles (see refs.[6+:65-68]),
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groups of Parkin and Halcrow (see above) can be attributed
to the different geometries of these adducts: octahedral
(rhenium complexes) vs. tetrahedral (B or Zn). Such distor-
tion would make hydrogen bonding to the three pyrazoles
unfavorable. In contrast, the wider N-M-N angles about
the pseudo-tetrahedral B or Zn centers would not need to
distort to form three hydrogen bonds to the anion. In solu-
tion, variable-temperature studies showed that fast anion
exchange occurs between pairs of pyrazoles.

The possibilities offered by the transition metal center
allowed us to synthesize anion hosts featuring pyrazoles co-
operating with other ligands. Thus, pyrazole-nitrile cou-
pling, a reaction of which a few precedents were reported,
was used to synthesize a bidentate pyrazolylamidino li-

co \\\/\>/—‘ BAry

N—
[0) OCry,,, | W™ TN
[ReBr(CO)3(Hdmpz),] T oo™ Re \ H
S
N C\
Me
4 N N—H
(i) AGOTF, CH,Cl, .
(i) NaBAr's, CH,Clo/MeCN
CH,Cl,
co ,_‘ BAr',
W
OCH,,,' cont N —
OC/ \N ?\\
\
H
N
Z SN—H

Scheme 4. Synthesis of a rhenium pyrazole pyrazolylamidino com-
pound.
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Br _ oTf _
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Scheme 5. Synthesis of mixed receptors featuring both pyrazole
and aminopyridine ligands.
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gand." A cationic complex (with BAr’,~ as counteranion)
with both the pyrazolylamidino and a pyrazole ligands was
prepared as shown in Scheme 4.

As a different example, complexes featuring two different
types of monodentate ligands, namely, pyrazoles and ami-
nopyridines, were synthesized by using the sequence de-
picted in Scheme 5.17!]

Both types of mixed complexes showed higher selectivity
for the chloride anion than the tris(pyrazole) hosts.

Conclusions

The presence of pyrazoles containing N-H groups as li-
gands in metal complexes presents both difficulties and op-
portunities. The facile deprotonation of the N-H groups,
which opens a way for the synthesis of pyrazolato com-
plexes, can hamper attempts to synthesize the pyrazole
complexes. Prototropy and metallotropy can occur in pyr-
azole complexes. The occurrence of intra- or intermolecular
hydrogen bonding, in which the N-H groups of coordinated
pyrazoles act as donors, is a major feature in pyrazole com-
plexes. These hydrogen bonds can contribute to the deter-
mination of the molecular structure of the metal complexes,
including their stoichiometry, geometry, and solid-state
structures. They can also have a dramatic effect on reactiv-
ity, solubility, and spectroscopic properties. Metal com-
plexes with pyrazole ligands can display mesomorphic
properties, can serve as synthons for crystal engineering,
can afford self-assembled supramolecular adducts, and can
be used as supramolecular hosts for anions.
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