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Abstract

Three new ionic silver complexes based on the 3,5-dimethyl-4-nitropyrazole ligand ðHpzNO2Þ and 1:2 or 1:3 ðAg : HpzNO2Þ stoichiom-
etries, ½AgðHpzNO2Þ2�½BF4�, ½AgðHpzNO2Þ3�½SbF6� and ½AgðHpzNO2Þ3� ½PO2F2� �HpzNO2 have been prepared and structurally characterised.
The linear or trigonal metallic coordination environment, the NO2 groups on the pyrazole ligand as well as the presence of counteranions
of the type AXn

�as BF4
�, SbF6

� or PF6
� (the latter one evolving to PO2F2

�) were strategically selected to produce molecular assemblies
established on the basis of hydrogen-bonds (N–H� � �X) and p� � �p or coordinative interactions involving the NO2 group. The complex
½AgðHpzNO2Þ2�½BF4� exhibited polymeric N–H� � �F hydrogen-bonded chains which were assembled in a 3D network by weaker coordi-
native Ag� � �O(NO2) and p(NO2)� � �p(NO2) interactions. In the complex ½AgðHpzNO2Þ3�½SbF6�, consistent with the three-coordinated
molecular environment, the interactions were extended to give rise an open 3D cationic sub-network in which the counteranions
SbF6

� were encapsulated. By contrast, in the related complex ½AgðHpzNO2Þ3� ½PO2F2� �HpzNO2 the presence of a fourth non-coordinated
pyrazole HpzNO2 avoided the formation of a 3D network giving rise to a double-chained 1D structure.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The design of new materials with predictable structures
and properties, main goal of crystal engineering, is an
increasing area of current research due its multidisciplinary
incidence in different areas as materials chemistry, supra-
molecular chemistry or biology. In this context, the knowl-
edge of the molecular arrangement in the crystal network
as responsible for the properties of the material is of capital
importance, the intermolecular interactions being the main
tool to achieve the required packing for selected properties.

Among the intermolecular interactions, strong hydro-
gen-bonds and coordinative bonds have been mainly devel-
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oped for a wide variety of supramolecular 1D, 2D and 3D
architectures based on 0D coordination compounds [1,2],
or for multifunctional compounds [3].

However, in order to complete the crystal engineering
studies the presence of other weaker interactions as p� � �p
interactions or non-conventional hydrogen-bonds are more
and more recognised in building new interesting supramo-
lecular architectures [4].

Previous works in our lab have been dealt with the study
of the molecular assembly of several ionic metal complexes
based on substituted pyrazole ligands, in which the hydro-
gen-bonds between the counteranion and the NH-pyrazole
groups were the main tool for the molecular assembly
[5–8], although some other factors as variations of the
counteranion and substituents on the pyrazole ligands also
drove the supramolecular arrangement.
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In this work, we extend the potentiality of new ionic sil-
ver complexes based on the 3,5-dimethyl-4-nitropyrazole
ðHpzNO2Þ ligand for a rational design of extended hydro-
gen-bonding polymers or supramolecular arrays estab-
lished on coordinative, p� � �p and/or non-conventional
hydrogen-bond interactions. The influence of a cis or trans
molecular geometry, the nature of the counteranion (geom-
etry and coordinative ability), the presence of the NO2

group on the pyrazole ligands and the molecular stereo-
chemistry are the factors examined on the final 1D, 2D
or 3D architectures.

2. Results and discussion

2.1. Structural comparative study of ionic silver complexes

based on pyrazole-type ligands

In order to analyse the main factors which can control
the molecular assembly of ionic silver(I) pyrazole-based
complexes, a comparative study of the previous structural
results of those of the type [Ag(Hpz*)2][AXn] (Hpz* =
substituted pyrazole ligand; AXn = counteranion) is con-
sidered here as potential support for predictable structures
of new derivatives. Following the literature data and our
own research results [6,8–10], we have found in all cases
a linear N–Ag–N coordination with a cis, trans or interme-
= Hpz

[Ag(HpzNO2)2][CF3SO3][6]  (3)
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Fig. 1. Schematic representation of the molecular as
diate cis–trans orientation of the two NH groups from
the two pyrazole ligands (deduced from the torsion angle
s defined by the four nitrogens of the two pyrazoles
[8]), which is determinant of the supramolecular assembly.
In particular, in the complex cis-½AgðHpzbp2Þ2�½BF4� (1)
ðHpzbp2 ¼ 3; 5-diðp-butoxyphenylÞpyrazoleÞ both pyrazole
ligands are hydrogen-bonded to the same counteranion
BF4

� giving rise to closed molecular unities, which are
bonded through additional weaker intermolecular C–
H� � �F contacts in a 1D framework (Fig. 1a) [6,8]. By con-
trast, in the related complex trans-½AgðHpzMe2Þ2�½NO3� (2)
ðHpzMe2 ¼ 3; 5-dimethylpyrazoleÞ the cationic units are
linked by bridging NO3

� groups in a zig-zag polymeric
1D chain involving strong N–H� � �O hydrogen-bonds
(Fig. 1b) [10]. Those structural results suggest that bulky
substituents on the pyrazole group appear to prevent the
formation of polymeric hydrogen-bonded chains based
on the trans-oriented pyrazole groups. However, it was
not at all true.

So, the complex ½AgðHpzNO2Þ2�[CF3SO3] (3) where
HpzNO2 is 3,5-dimethyl-4-nitropyrazole (this ligand having
the same CH3 substituents at the 3 and 5 positions of the
ring as they are in 2) surprisingly exhibits a cis orientation
(s = 2.0�), from which cyclic unities with the corresponding
counteranion are formed (Fig. 1c) [6,8]. The cyclic molecu-
lar entities are linked in dimers (by strong coordinative
= HpzNO2 = Ag

[Ag(HpzMe2)2][NO3][10]  (2)

trans τ = 177 º(                 )

N - H ··· O
= NO3

1D

cis-trans τ = 92.6 º(                   )
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semblies of complexes 1–4 ((a)–(d), respectively).
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Ag� � �O interactions involving the CFSO3
� counteranion),

and these dimers assembled in columns by p� � �p (NO2� � �
NO2) contacts (Fig. 1c). Subsequent coordinative Ag� � �O
intercolumnar interactions (also involving the NO2 groups)
give rise to a 2D layer-like framework (Fig. 1c) [6].

The crystal structure of the related complex
½AgðHpzNO2Þ2�½NO3� (4) shows an intermediate cis–trans

(pyrazole to pyrazole) orientation (s = 92.6�), which also
produces a polymeric 1D chain acting the counteranion
NO3

� as bridge (Fig. 1d) [8]. Additional Ag� � �O interac-
tions from the NO2 substituents are the support of a 2D
layer-like network (Fig. 1d).

Fig. 1 depicts a schematic representation of the struc-
tural results of this family of compounds.

As main result of the comparative structural analysis of
1–4 (Fig. 1) it can be established that contributions of sub-
stituents at the pyrazole ligand as well as the counteranions
are determinant of the supramolecular organisation of
ionic metal complexes [Ag(Hpz*)2][AXn]. Therefore, fac-
tors such as the size, geometry and coordinative ability of
the counteranions, or the presence of coordinative groups
on the ligand, should be conveniently selected in designing
supramolecular networks.

Considering the results previously described, the NO2

substituent at the 4 position of the ring can be useful to pro-
duce hydrogen-bonding and/or coordinative or p� � �p inter-
actions (Fig. 2) [8]. Therefore we consider the HpzNO2 ligand
to be adequate to perform two- or three-dimensional net-
works of complexes ½AgðHpzNO2Þ2�½AXn� specially if they
exhibit a trans or cis–trans intermediate orientations of
the pyrazole ligands, as we have above described. On the
other hand, because of the coordinative sterically demand-
ing anion CF3SO3

� gave rise to the cis-complex 3 [6], the
smaller tetrahedral counteranion BF4

� having low coordi-
native ability is suggested as candidate to produce the
desired trans orientation of the pyrazole groups.

With these considerations in mind and in order to con-
firm the above proposal, in this work the complex
½AgðHpzNO2Þ2�½BF4� (5) has been prepared and its crystal-
line structure is reported. In fact, the complex exhibits
the expected trans geometry which supports a 3D supramo-
lecular network, as described below.
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Fig. 2. Schematic representation of the potential interactions through the
NO2 group of the HpzNO2 ligand.
On the other hand, on the basis of the well-established
three-coordinated azolyl–silver complexes [11], new trigonal
silver(I) derivatives containing a 1:3 ðAg : HpzNO2Þ stoichi-
ometry can be proposed as support of acentric arrange-
ments, useful for non-linear optical properties [12].
Following these considerations, the silver salts AgSbF6

and AgPF6 were allowed to react with the HpzNO2 ligand in
a 1:3 molar ratio. From these reactions, the complexes
½AgðHpzNO2Þ3�½SbF6� (6) and ½AgðHpzNO2Þ3�½PO2F2��
HpzNO2 (7) were isolated, and their crystal structures solved
and reported in this work.

2.2. Synthetic and characterisation studies

Compounds 5–7 were prepared by reaction of the corre-
sponding silver salt with the pyrazole HpzNO2 ligand in a
1:2 or 1:3 molar ratio. The reactions were carried out in
the darkness due to partial decomposition of the com-
pounds when we were light-exposed.

All complexes were air-stable white solids. They were
characterised by analytical and spectroscopic techniques
(IR and 1H NMR), and all data agree with their proposed
molecular formulation. 31P NMR spectroscopy was also
used for complex 7. All data are listed in Section 3.

The IR spectra show, amongst others, the characteristic
bands of the pyrazole ligands and those from the corre-
sponding counteranions [5–7,13–15]. As general pattern,
it is observed an absorption band at ca. 1600 cm�1 associ-
ated to the typical m(C–N) + m(C–C) vibrations and a mul-
tiple and intense absorption in the 3300–2700 cm�1 interval
from the m(NH) and m(CH) vibrations. The latter frequen-
cies are similar to those of the free ligand which exhibits
strong hydrogen-bonds [16], suggesting the presence of
such interactions in our compounds.

The 1H NMR spectra in CDCl3 solution at room tem-
perature show in all cases only a singlet corresponding to
the CH3 protons, indicating the equivalence of all the
methyl groups. Thus, it is possible to suggest a metallo-
tropic equilibrium to explain the above behaviour similar
to that previously found for related complexes [6,17]. This
equilibrium could be responsible for the absence of signals
attributed to the NH protons. An alternative explanation
emerges by considering the hydrogen-bonds as determinant
factor of the absence of NH resonances. So, new 1H NMR
experiments in highly diluted solutions in the temperature
range of 5–50 �C allowed us to observe the NH signal at
11.78 ppm for compound 5, but not for 6, this different
behaviour being attributed to their different structural
characteristics.

It is interesting to mention that, although the synthetic
procedure of compound 7 was carried out by reaction
between AgPF6 and HpzNO2 in a 1:3 molar ratio, the new
compound exhibits an unexpected formulation involving
four pyrazole ligands each metal as well as PO2F2

� as
counteranion. The presence of PO2F2

� was confirmed by
the triplet signal at �15.5 ppm observed in the 31P{1H}
NMR spectrum of 7. The transformation of PF6

� to
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PO2F2
� occurs through a hydrolysis process which has

already been observed in some examples described in the
literature [14,18]. The fourth pyrazole ligand was proved
to be non-coordinated, acting as a crystallisation molecule.

Adequate single crystals for X-ray purposes were
obtained for the three compounds, confirming the formula-
tion proposed.

2.3. Crystal structure of ½AgðHpzNO2Þ2�½BF 4� (5)

The X-ray crystal structure of 5 is depicted in Fig. 3, and
Table 1 lists selected bond distances and angles. Table 2
shows hydrogen-bond geometries. The compound crystal-
lises in the monoclinic system, space group P21/c. The asym-
metric unit consists of a cationic unit ½AgðHpzNO2Þ2�

þ held
by a moderate bifurcated hydrogen-bond to the BF4

�

counteranion involving one of the NH-pyrazolic group
and the F1 and F4 atoms (Table 2). The Ag–N distances
are similar to other observed in related compounds contain-
ing heterocyclic ligands [6,9,10,19]. The N1–Ag–N4 angle of
169.3(2)� agrees with the typical linear coordination around
the silver centre.

The NO2 planes are almost coplanar with the own pyr-
azole planes (dihedral angles of 4.8(2)� and 5.9(4)�).
Fig. 3. A ORTEP view of ½AgðHpzNO2 Þ2�½BF4� (5), showing the numbering atom
ellipsoids are at 40% probability level.

Table 1
Bond lengths (Å) and angles (�) for 5–7

½AgðHpzNO2 Þ2�½BF4� (5) ½AgðH
Ag–N1 2.155(4) 2.2
Ag–N4 2.135(4) 2.2
Ag–N7 2.2

N1–Ag–N4 169.3(2) 111.5
N1–Ag–N7 118.4
N4–Ag–N7 129.0
Besides, the pyrazole rings are also coplanar between them
(dihedral angle of 6.5(2)�), indicating the planarity of the
whole cationic entity.

The pyrazole ligands exhibit a trans orientation of the
NH groups, as deduced by the torsion angle s defined by
the four nitrogen atoms of 177.1(4)�, which in agreement
with our hypothesis should favour the polymeric chain
ordering. In fact, the BF4

� counteranion is bonded through
a moderate hydrogen-bond between the F2 atom and the
NH group of the neighbouring cationic unit (Table 2), giv-
ing rise to a zig-zag polymeric chain which lies parallel to
the a axis (Fig. 4a). In this distribution the cationic unit
is twisted an angle of 25.6(1)� with respect to the ab plane.
All the hydrogen-bond interactions produce an approach
of the silver centre to fluorine atoms of the closest count-
eranions with Ag� � �F distances in the range of 3.0–3.5 Å
(Ag� � �F4 3.043(4) Å; Ag� � �F2 (x � 1, y, z) 3.437(4) Å),
which also support the 1D distribution.

The chains are further extended to a 2D
arrangement through coordinative Ag� � �O interac-
tions with the oxygen atoms of the NO2 groups
(Ag� � �O4 (�x + 1, y + 1/2, �z + 1/2) 2.815(4) Å; Ag� � �O3
(�x + 1, y + 1/2, �z + 1/2) 3.041(4) Å), so generating a
corrugated layer in the ab plane (Fig. 4b).
. Hydrogen atoms, except H2, have been omitted for clarity. The thermal

pzNO2 Þ3�½SbF6� (6) ½AgðHpzNO2 Þ3�½PO2F2� �HpzNO2 (7)

72(8) 2.218(5)
49(9) 2.207(5)
43(8) 2.322(6)

(3) 139.6(2)
(3) 108.0(2)
(3) 109.8(2)



Table 2
Hydrogen-bond geometries of 5–7

D–H� � �A d(D–H)
[Å]

d(H� � �A)
[Å]

d(D� � �A)
[Å]

\(D–H� � �A)
[�]

½AgðHpzNO2 Þ2�½BF4� (5)
N2–H2� � �F1 0.99 2.19 2.978(6) 135.5
N2–H2� � �F4 0.99 1.98 2.873(5) 149.2
N5–H5� � �F2a 0.98 1.85 2.766(5) 154.1
N5–H5� � �F3a 0.98 2.49 3.297(6) 138.6

½AgðHpzNO2 Þ3�½SbF6� (6)
N8–H8� � �F5 0.95 2.26 3.15(2) 156.6
N8–H8� � �O3b 0.95 2.51 3.10(1) 120.5
N2–H2� � �O6c 1.05 1.95 2.99(1) 168.1
N5–H5� � �O1d 1.03 1.98 2.98(1) 165.9
N2–H2� � �F6e 1.05 2.64 3.13(2) 107.9

½AgðHpzNO2 Þ3�½PO2F2� �HpzNO2 (7)
N2–H2� � �O9 0.93 2.21 2.88(1) 128.8
N8–H8� � �N11 0.99 1.92 2.848(8) 156.0
N8–H8� � �N10 0.99 2.62 3.334(8) 129.5
N10–H10� � �O10f 0.99 1.85 2.829(8) 170.5
N5–H5� � �O10f 0.96 1.82 2.777(7) 178.1
N2–H2� � �O5g 0.93 2.35 3.093(9) 137.5

a x � 1, y, z.
b �x + 1/2, y + 1/2, z.
c x � 1/2, �y + 3/2, �z + 1.
d x, �y + 3/2, z + 1/2.
e �x + 1/2, y � 1/2, z.
f x + 1, y, z.
g �x + 1, �y, �z + 1.
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Additional p� � �p interactions between NO2 groups of
consecutive layers (which have not been implicated in the
above Ag� � �O interactions) (N3� � �N3 (�x + 1, �y + 1,
�z) 3.147(6) Å; O2� � �N3 (�x + 1, �y + 1, �z)
3.233(6) Å; O1� � �O2 (�x + 1, �y + 1, �z) 3.416(6) Å)
extends the supramolecular dimensionality to a 3D net-
work (Fig. 4c). Similar p� � �p (NO2� � �NO2) interactions
have been reported for other compounds [6,20].

From a point of view of topology, the structure could be
visualized as layers of cationic entities with the BF4

� count-
eranions occupying the interlayer spacing (Fig. 5).

2.4. Crystal structure of ½AgðHpzNO2Þ3�½SbF 6� (6)

The X-ray crystal structure of 6 is depicted in Fig. 6
and Tables 1 and 2 list selected distances and angles.
The compound crystallises in the orthorhombic system,
space group Pbca. The asymmetric unit consists of a cat-
ionic unit held by a hydrogen-bond to the SbF6

� counter-
anion (Table 2). The silver centre is three-coordinated to
three pyrazole ligands by their corresponding pyridinic
N-atoms, and deviated 0.137(1) Å from the plane defined
for these nitrogen atoms N1, N4 and N7. The Ag–N dis-
tances of ca. 2.25 Å (Table 1) are in the range found for
related examples [6,9–11b,19,21]. However they are
slightly longer than those observed in 5, this fact being
attributed to the crowding imposed by the coordination
of three pyrazole ligands. The N–Ag–N angles (Table 1;
mean value of 119.6(3)�) are consistent with the presence
of a pseudo-C3 axis passing through the silver centre. The
relative orientation of the pyrazole ligands are also in
agreement with this pseudo-axis, exhibiting dihedral
angles between pyrazole planes of 55.9(4)�, 64.4(4)� and
76.7(4)�. The NO2 planes are almost coplanar with the
own pyrazole planes (dihedral angles of 4(1)�, 4.8(5)�
and 7.6(5)�).

The supramolecular arrangement of this compound is
dominated by moderate hydrogen-bonds from the NO2 sub-
stituents and the NH groups of pyrazole ligands of neigh-
bouring cationic unities (Table 2). Through these
hydrogen-bonds, an open 3D cationic sub-network with
channels along the a axis is generated, the cavities within
the channels being formed by six cationic units (Fig. 7).
Then, taking the silver centres as reference, a honey-comb
type structure can be described (Fig. 7). The channels are
occupied by the SBF6

� counteranions (Fig. 8), which are
linked by coordinative Ag� � �F1 (�x + 1, y �1/2, �z + 1/2)
interaction of 2.87(1) Å and bifucarted hydrogen-bonds
(Table 2) to the cationic units. Both kind of interactions
support the building of an open network with the SbF6

�

anion acting as template. The role of anions as template
in supramolecular chemistry has recently been revised
[22].

2.5. Crystal structure of ½AgðHpzNO2Þ3�½PO2F 2� � HpzNO2 (7)

Looking for new open supramolecular structures like
that observed in 6, we tried to prepare similar compounds
varying the counteranion. So, we carried out the reaction
between AgPF6 and HpzNO2 in a 1:3 stoichiometric molar
ratio. Surprisingly the isolated compound presented the for-
mulation ½AgðHpzNO2Þ3�½PO2F2� �HpzNO2 (7), which could
be explained by considering a hydrolysis process of the
anion PF6

� to give PO2F2
�. The new compound 7, exhibit-

ing the expected three pyrazole ligands coordinated to the
metal centre, has an additional non-coordinated pyrazole
group HpzNO2 as a crystallisation molecule, which drasti-
cally modify the supramolecular network observed in 6.

Fig. 9 shows a ORTEP representation of the asymmetric
unit of 7, and Tables 1 and 2 present selected distances and
angles. The compound crystallises in the monoclinic sys-
tem, space group P21/c.

The asymmetric unit consists of a cationic unit
½AgðHpzNO2Þ3�

þ which is linked through a moderate hydro-
gen-bond N2–H2� � �O9 to the PO2F2

� counteranion (Table
2), and an additional HpzNO2 molecule which is linked to
the cationic unit through an additional hydrogen-bond
N8–H8� � �N11 (Table 2).

In the cationic unit, the silver centre is three-coordinated
to the pyridinic N-atoms of three pyrazole ligands, exhibit-
ing a pseudo-C3 axis passing through the metal atom. In
this environment, the Ag–N distances (Table 1) are again
in the range observed for related compounds [6,9–
11b,19,21], and they compare well with those found in
compound 6. However, the N–Ag–N angles deviate from
the ideal value of 120�, this fact being attributed to the



Fig. 4. (a) View of the 1D distribution along the a axis for 5 showing the hydrogen-bonds. (b) View of the two-dimensional network in the ab plane for 5

showing the Ag� � �O interactions. The counteranions are omitted for clarity. (c) View of the 3D network for 5 showing the Ag� � �O and p� � �p (NO2� � �NO2)
interactions. The counteranions are omitted for clarity.
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presence of the fourth non-coordinated pyrazole. The three
planes of the coordinated pyrazoles are twisted each to
other with dihedral angles of 72.9(3)�, 61.9(2)� and
74.7(3)�. The ring of the non-coordinated pyrazole lies
almost parallel to one of the coordinated pyrazoles (dihe-
dral angle of 4.9(2)�), but twisted with respect to the other
ones (dihedral angles of 66.6(2)� and 74.8(2)�).

The hydrogen-bond between the PO2F2
� counteranion

and the cationic unit produces an approach of the silver
centre to one of the oxygen atoms giving rise to a coordi-
native Ag� � �O9 interaction of 2.873(8) Å.

The non-coordinated pyrazole still has the possibility to
perform a new hydrogen-bond which is established
through the O10 atom from the PO2F2
� counteranion from

the closest unit (Table 2). In this way, the hydrogen-bonds
define chains which are propagated through the a axis
(Fig. 10a).

Neighbouring chains exhibit opposite orientations, giv-
ing rise to an approach of those pyrazoles not implicated
in previous hydrogen-bonds. It produces a new hydro-
gen-bond N2–H2� � �O5 (Table 2), so generating a double
chain (Fig. 10b).

In summary, the crystal packing (Fig. 10c) defines a 1D
network produced by double chains formed through mod-
erate hydrogen-bonds, without additional interactions
among them.



Fig. 5. View of the 3D network for 5 through the b axis.

Fig. 6. A ORTEP view of ½AgðHpzNO2 Þ3�½SbF6� (6), showing the numbering atom. Hydrogen atoms, except H2, H5 and H8, have been omitted for clarity.
The thermal ellipsoids are at 25% probability level.
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Fig. 7. View of the cationic sub-network of 6.

Fig. 8. View of the 3D structure for 6, showing the occupancy of the channels of the cationic sub-network by the counteranions SbF6
� and the Ag� � �F and

N–H� � �F interactions.
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3. Experimental

3.1. Materials and instrumentation

All commercial reagents were used as supplied. The
ligand 3,5-dimethyl-4-nitropyrazole ðHpzNO2Þ was pre-
pared by the literature procedures [23].
Elemental analyses for carbon, hydrogen and nitrogen
were carried out by the Microanalytical Service of Complu-
tense University. IR spectra were recorded on a FTIR
ThermoNicolet 200 spectrophotometer with samples as
KBr pellets in the 4000–400 cm�1 region.

1H NMR spectra were performed on a Bruker AC200
(200.13 MHz) and 31P{1H} NMR spectrum was recorded



Fig. 9. A ORTEP view of ½AgðHpzNO2 Þ3�½PO2F2� �HpzNO2 (7), showing the numbering atom. Hydrogen atoms, except H2, H5, H8 and H10, have been
omitted for clarity. The thermal ellipsoids are at 20% probability level.
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on a Bruker DPX-300 (121.49 MHz) of the NMR Service
of Complutense University, from solutions in CDCl3 at
room temperature. Dilution and variable temperature 1H
NMR experiments were carried out on a Bruker Avance
500-AV (500.13 MHz) of the NMR Service of Complu-
tense University. Chemical shifts d(H) (±0.01 ppm) are
listed relative to TMS using the signal of the deuterated sol-
vent as reference (7.26 ppm), and d(P) (±0.3 ppm) relative
to 85% H3PO4. Coupling constants (J) are in Hz.

3.2. Synthetic methods

3.2.1. Synthesis of ½AgðHpzNO2Þ2�½BF 4� (5)

This compounds was prepared as described previously
[6]. Adequate single crystals were grown from dichloro-
methane/hexane solutions.

3.2.2. Synthesis of ½AgðHpzNO2Þ3�½SbF 6� (6)

AgSbF6 (125.0 mg, 0.363 mmol) was added under nitro-
gen atmosphere to a solution of HpzNO2 (154.0 mg,
1.091 mmol) in dry THF (20 mL). The resulting mixture
was stirred for 24 h in the absence of light. Then it was fil-
tered through a plug of Celite and the obtained colourless
clear filtrate was evaporated to dryness, giving rise to an oil
from which a white solid was isolated after the addition of
dichloromethane and pentane. This product was crystal-
lised by diffusion of hexane into a dichloromethane solu-
tion. Yield: 60%. C15H21F6N9O6SbAg (767.00): Calc. C,
23.5; H, 2.8; N, 16.4. Found C, 23.4; H, 2.8; N, 16.3%.
IR (KBr, cm�1): 3360–2700 m(N–H) + m(C–H), 1600 m(C–
N) + m(C–C), 1509 mas(NO2), 1365 ms(NO2), 665 m(SbF6).
1H NMR (CDCl3, ppm): 2.73 (s, CH3).

3.2.3. Synthesis of ½AgðHpzNO2Þ3�½PO2F 2� � HpzNO2 (7)
This compound was prepared in a similar way to 6, from

AgPF6 (130 mg, 0.514 mmol) and HpzNO2 (218.5 mg,
1.542 mmol). Crystals were obtained by slow diffusion of
hexane into a dichloromethane solution of the compound.
Yield: 45%. C20H28F2N12O10PAg (773.36): Calc. C, 31.1;
H, 3.7; N 21.7. Found: C, 30.9; H, 3.6; N, 21.5%. IR
(KBr, cm�1): 3210–2750 m(N–H) + m(C–H), 1593 m(C–N)
+ m(C–C), 1509 mas(NO2), 1365 ms(NO2), 1295 m(PO), 833
m(PF) overlapped with pyrazole absorptions. 1H NMR
(CDCl3, ppm): 2.70 (s, CH3). 31P{1H} NMR (CDCl3,
ppm): �15.5 (t, 1JP–F = 959 Hz).

3.3. X-ray structure determinations of 5–7

Colourless prismatic single crystals of 5–7 suitable for
X-ray diffraction experiments were successfully grown by
slow diffusion of hexane into a dichloromethane solution
of each compound. Data collections were carried out at
room temperature on a Bruker Smart CCD diffractometer,
with graphite-monochromated Mo Ka radiation (k = 0.
71073 Å), operating at 50 kV and 25 mA. In all cases data
were collected over a hemisphere of the reciprocal space by
combination of the three exposure sets. Each frame expo-
sure time was of 20 s, covering 0.3� in x. The first 100
frames were recollected at the end of the data collection
to monitor crystal decay. No appreciable drop in the



Fig. 10. (a) View of the chain in 7 along the a axis, showing the hydrogen-bonds. (b) View of the double chain in 7, showing the hydrogen-bonds. (c)
Crystal packing of 7 in which the double chains are propagated along the a axis.

4102 P. Ovejero et al. / Journal of Organometallic Chemistry 692 (2007) 4093–4105



Table 3
Crystal and refinement data for 5–7

5 6 7

Empirical formula C10H14BF4N6O4Ag C15H21F6N9O6SbAg C20H28F2N12O10PAg
Formula weight 476.95 767.03 773.38
Crystal system Monoclinic Orthorhombic Monoclinic
Space group P21/c Pbca P21/c
a (Å) 8.6968(6) 17.216(1) 8.400(1)
b (Å) 15.064(1) 17.287(1) 11.811(2)
c (Å) 13.532(1) 17.442(1) 31.507(4)
b (�) 96.392(1) 95.536(3)
V (Å3) 1761.8(2) 5190.8(6) 3111.2(7)
Z 4 8 4
T (K) 296(2) 296(2) 296(2)
F(000) 944 2992 1568
qcalc (g cm�3) 1.798 1.963 1.651
l (mm�1) 1.213 1.887 0.782
Scan technique x and u x and u x and u
Data collected (�11,�19,�17)–(11,19,17) (�20,�20,�17)–(20,20,20) (�9,�11,�37)–(9,14,37)
h Range (�) 3.03–29.09 2.04–25.00 1.30–25.00
Reflections collected 16475 38022 23354
Independent reflections 4243 (Rint = 0.0612) 4573 (Rint = 0.1045) 5350 (Rint = 0.0660)
Completeness to maximum h (%) 89.9 100.0 97.9
Data/restraints/parameters 4243/0/241 4573/0/317 5350/0/407
Observed reflections [I > 2r(I)] 2027 2457 3031
Goodness-of-fit (F2) 1.023 0.984 1.005
Ra 0.0426 0.0659 0.0599
RwF

b 0.1370 0.2261 0.2002
Largest residual peak (e Å�3) 0.690 2.117 1.300

a P[jFoj � jFcj]/
P
jFoj.

b {
P

[w(F2
o � F2

c)2]/
P

[w(F2
o)2]}1/2.
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intensities of standard reflections was observed. A sum-
mary of the fundamental crystal data and refinement data
are given in Table 3.

The structures were solved by direct methods and con-
ventional Fourier techniques. The refinement was done by
full-matrix least-squares on F2 (SHELXS-97) [24]. Aniso-
tropic parameters were used in the last cycles of refine-
ment for all non-hydrogen atoms with some exceptions.
For 6 and 7, the fluorine and oxygen atoms of the
SbF6

� and PO2F2
� groups, respectively, have been refined

isotropically. Hydrogen atoms bonded to the nitrogen
atoms have been located in a Fourier synthesis, included
and their coordinates fixed or refined. The remaining
hydrogen atoms were included in calculated positions
and refined as riding on their respective carbon atoms
and the thermal parameters related to the bonded atoms.
The largest residual peaks in the difference map (Table 3)
for 6 and 7 were found in the vicinity of the fluorine
atoms of the SbF6

� group and the oxygen atoms of the
PO2F2

� group, respectively. Final R(Rw) values were
0.0426(0.1370), 0.0659(0.2261) and 0.0599(0.2002) for 5,
6 and 7, respectively.

4. Concluding remarks

In this work, new ionic silver(I) pyrazole-based com-
plexes have been designed to perform supramolecular
assemblies, which were mainly obtained by an anion-direc-
ted process. In particular, in the two-coordinated com-
plexes ½AgðHpzNO2Þ2�½AXn� the influence of the
counteranion has been proved to be determinant in the
final network. The cis NH,NH-geometry, established when
the CF3SO3

� counteranion was present (4), has been chan-
ged by the smaller and uncoordinative BF4

� anion to a
trans orientation of the pyrazole groups (5), which is
involved in the formation of polymeric 1D chains through
moderate hydrogen-bonds with the counteranions. The
role of the NO2 substituent on the pyrazole ligand as linker
of those chains was also confirmed in defining the extended
supramolecular structure of the solid.

The X-ray structure of the compound ½AgðHpzNO2Þ3�-
½SbF6� (6) has shown how the octahedral anions SbF6

�

are encapsulated at the centre of cavities of the cationic
assembly, providing evidence of the coordinative and
hydrogen-bonding interactions between the F atoms of
the anion and the metal centre and the NH-pyrazolic
group, respectively. Once again, the anion plays an impor-
tant role yielding to 3D supramolecular open networks,
and it opens new expectatives to pursue this kind of
structures.

The difference observed in the packing of 6 and 7 can be
attributed to the presence of the pyrazole of crystallisation
in 7, which avoids the formation of channels and thus
reducing the dimensionality of the molecular arrangement.

The results of this work indicate that the efficient selec-
tion of counteranions, stoichiometry and substituents at
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the pyrazole are determinant for required supramolecular
networks of metal pyrazole-based complexes.

5. Supplementary material

CCDC 638858, 638859 and 638860 contain the supple-
mentary crystallographic data for 5, 6 and 7. These data
can be obtained free of charge via http://www.ccdc.cam.a-
c.uk/conts/retrieving.html, or from the Cambridge Crystal-
lographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: (+44) 1223-336-033; or e-mail: deposit@
ccdc.cam.ac.uk.
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