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Abstract

The co-ordination of non-mesomorphic 3-substituted pyrazoles HpzR to the [Pd(g3-C3H5)]+ fragment gives rise to four-coordinated
complexes [Pd(g3-C3H5)(HpzR)2]+ (R = C6H4OCnH2n+1; n = 12 (I12), 14 (I14), 16 (I16), 18 (I18)), which were isolated with BF�4 as count-
eranion. The new complexes are proved to have liquid crystal properties exhibiting monotropic or enantiotropic smectic A (SmA) mes-
ophases at low temperatures which range between ca. 40 and 80 �C. The crystal structure of I12 presents a 2D network highly
interdigitated, which could be related with the layered structure proposed in the liquid crystalline phase through the X-ray diffraction
at variable temperature.
� 2006 Elsevier B.V. All rights reserved.
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For several years, we have been interested in the liquid
crystal chemistry of substituted pyrazoles and the related
pyrazolylpyridine ligands, as well as their metal complexes.
In this context, we have proved that, in contrast to the
mesomorphic nature of 3,5-bis(4-alkyloxyphenyl)pyrazole
(HpzR2; R = C6H4OCnH2n+1) or 2-[3,5-bis(4-alkyloxyphe-
nyl)pyrazol-1-yl]pyridine (pzR2py) ligands [1–3], the 3-
substituted homologues HpzR and pzRpy did not exhibit
liquid crystal behaviour [4–6]. However, it was interesting
to note that all of them were able to induce mesomorphism
upon co-ordination to determined palladium(II) fragments
[2,3,5–7]. In particular, we have observed that the co-ordi-
nation of the mesogenic pzR2py ligands to PdCl2 or [Pd(g3-
C3H5)]+ fragments gave rise to metallomesogens [3,7]
(Scheme 1). By contrast, the four-coordinated cis-dichlor-
opalladium complexes [PdCl2(pzRpy)] containing the
related 3-substituted pzRpy ligands were not mesomopo-
rhic, while their co-ordination to the [Pd(g3-C3H5)]+ moi-
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ety yielded metallomesogenic derivatives [6] (Scheme1),
this feature suggesting the role of the electron delocalisa-
tion in the mesomorphism.

Following these results we decided to prove that the
[Pd(g3-C3H5)]+ group can be useful as a candidate to
produce metallomesogenic four-co-ordinated compounds
by co-ordination to 3-(4-alkyloxyphenyl)pyrazole HpzR

ligands (Scheme 2). We have already determined the meso-
morphic properties of the related compounds t-[PdCl2-
(HpzR)2] [5].

In this work we describe the synthesis, characterisation
and mesomorphic properties of a series of cationic
compounds of the type [Pd(g3-C3H5)(HpzR)2]+ (R =
C6H4OCnH2n+1; n = 12 (I12), 14 (I14), 16 (I16), 18 (I18)),
which were isolated with BF�4 as counteranion.

The syntheses of [Pd(g3-C3H5)(HpzR)2][BF4] (R =
C6H4OCnH2n+1; n = 12 (I12), 14 (I14), 16 (I16), 18 (I18))
[8] were carried out as it has been described for related
compounds [6,7]. The spectroscopic (IR and 1H NMR)
and analytical data [9,10] allowed us to establish their
identity and they are in agreement with the proposed
formulation.
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Scheme 1. Schematic molecular representation and mesomorphic properties of the pzR2py (a) and pzRpy (b) ligands, and their complexes [Pd(g3-
C3H5)(pzR2py)][X] (c), [PdCl2(pzR2py)] (d), [Pd(g3-C3H5)(pzRpy)][X] (e) and [PdCl2(pzRpy)] (f) [3,6,7].
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Scheme 2. Schematic molecular representation of the complexes [Pd(g3-
C3H5)(HpzR)2][BF4] (I12�18) studied in this work.
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The 1H NMR spectra of I12�18 at room temperature in
CDCl3 solution show the expected resonances as broad sig-
nals attributed to a dynamic behaviour, which was proved
by the analysis of their spectra at variable temperatures
(from 30 to �50 �C) [10]. This behaviour can be explained
on the basis of the existence of different isomers related
with the relative orientation of the allyl group and the
two pyrazoles, which can interchange through a rotation
of the allyl group or a tautomeric equilibrium. Many exam-
ples in the literature support this proposal [11].
Fig. 1. Perspective ORTEP plot of [Pd(g3-C3H5)(Hpzddp)2][BF4] (I12). Hydrog
ellipsoids are at 30% probability level. Selected bond lengths (Å) and angles (
Pd1–C11 2.09(1), C9–C10 1.381(5), C10–C11 1.374(5), N1–Pd1–N3 92.9(3), N1
C9 167.9(4), N3–Pd1–C10 131.1(4), N3–Pd1–C11 99.7(5), C9–Pd1–C10 38.4(2
The knowledge of the molecular structure of the meso-
phases has been a focus of interest in order to understand
the liquid crystal behaviour of the compounds. In this con-
text, we think that the X-ray structure of the studied com-
plexes will contribute as a support for the establishment of
potential structure/properties relationships. On this basis,
we have solved the X-ray single-crystal structure of
[Pd(g3-C3H5)(Hpzddp)2][BF4] (Hpzddp = 3-(4-dodecyloxy-
phenyl)pyrazole) (I12) (Fig. 1), as a representative member
of the homologues studied in this work [12]. The crystal
structure reveals that the complex is comprised of the
BF�4 anion and the cation [Pd(g3-C3H5)(Hpzddp)2]+,
bonded through a strong H-bond (Table 1).

The four-co-ordination around the metal is defined by
two nitrogen atoms from two cis-pyrazole groups and the
two allyl C9 and C11 carbon atoms, in an almost square-
planar geometry. It is deduced by the dihedral angle of
4.7(4)� between the planes defined by the Pd, N1 and N3
atoms, and the Pd, C9 and C11 atoms. The Pd atom devi-
ates 0.044(1) Å of the co-ordination plane defined by the
N1, N3, C9 and C11 atoms. The Pd–N distances of ca.
2.08 Å are similar to those found in related complexes
[2,5,6,13–17]. The allyl group shows Pd–C distances of
en atoms, except H2 and H4, have been omitted for clarity. The thermal
�): Pd1–N1 2.085(8), Pd1–N3 2.079(8), Pd1–C9 2.10(1), Pd1–C10 2.10(2),
–Pd1–C9 99.1(4), N1–Pd1–C10 132.3(4), N1–Pd1–C11 166.6(5), N3–Pd1–
), C9–Pd1–C11 68.2(5), C10–Pd1–C11 38.3(2), C9–C10–C11 117(2).



Table 1
Hydrogen-bond geometries for I12

D–H � � �A d(D–H)
(Å)

d(H� � �A)
(Å)

d(D� � �A)
(Å)

\(D–H� � �A)
(�)

N4–H4� � �F3 1.28 1.87 2.98(1) 141.3
N2–H2� � �F1a 1.27 1.86 3.04(1) 151.8
C5–H5� � �F1b 0.93 2.46 3.31(1) 150.5

a 1 � x, �y + 1, �z.
b x, �y + 3/2, �z + 1/2.
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ca. 2.10 Å, in agreement with that observed in other Pd-
compounds containing N-donor ligands [6,13–17].

The C9C10C11 allyl group is slightly deviated from the
ideal geometry, with bond distances of ca. 1.38 Å and an
C–C–C angle of 117(2)�. The central C10 carbon atom pre-
sents a deviation of 0.65(2) Å of the co-ordination plane.

The benzene planes of the substituents are slightly
twisted with respect to their own pyrazole planes with dihe-
dral angles of 15.6(4) and 14.2(4)�. The two alkyl chains
point in an almost opposite direction with an angle of
63.9(1)� which is defined as that formed between the lines
O2–C29 and O1–C47.

On the other hand, it has been established that in related
[Pd(g3-C3H5)(Hpz)2]+ derivatives, the two cis-pyrazole can
adopt different orientations of the NH-groups which can be
determinant for the supramolecular architecture [16,17]. In
the current compound, the pyrazole planes form an dihe-
dral angle of 71.9(3)�, and the torsion angle s defined by
the four N-atoms of the two pyrazoles involved in the
Fig. 2. Dimeric unit of I12 showing the N–H� � �F hydrogen bonds.

Fig. 3. 2D network of I12 v
whole cation is 26(2)�. As a consequence, the two NH-
groups interact with two different BF�4 counteranions
through strong H-bonds (Table 1). Each BF�4 group
bridges two cationic entities, as it had been observed in
related compounds exhibiting polymeric chains and an tor-
sion angle s of ca. 180� [16–18]. However, at difference to
those, in our compound, two BF�4 counteranions bond
the same two cationic unities so generating dimers through
these N–H � � �F interactions (Fig. 2).

New weak C–H � � �F interactions between the dimers
(Table 1) give rise to layers defining a 2D structure that
is highly interdigitated (Fig. 3).

The thermal behaviour of the new complexes I12�18 was
studied by differential scanning calorimetry (DSC), polar-
ised light optical microscopy (POM) and X-ray diffraction
at variable temperature (XRD). The phase transition tem-
peratures and thermodynamic data are given in Fig. 4.
Complex I12 was non-mesomorphic showing only a melting
process at 73 �C. The remaining compounds I14�18 dis-
played monotropic (I14 and I16) or enantiotropic (I18)
liquid crystal properties exhibiting smectic A (SmA) meso-
phases (Fig. 5), which were identified from the battonets
and homeotropic textures observed by POM.

For compounds I14 and I16, the transition from the mes-
ophase to crystal could not be determined since the crystal-
line phase appears at lower temperatures than 40 �C. Then,
on reheating from 40 �C, a simple clearing event at 60 and
71 �C, respectively, is observed by POM and DSC. The
third heat–cool cycle reproduces the second exactly.
iewed in the ac plane.

I14 Cr ISmA
59 (−3.2)

74 (92.5)

I16 Cr I
SmA

69 (−2.5)T < 40

96 (65.7)

I18 Cr ISmA
79 (−2.2)54 (−21.3)

77 (2.2)57 (58.2)

T < 40

Fig. 4. Phase properties on the first heat–cool cycle of I14�18. Onset
temperatures (�C) and enthalphies (kJ mol�1, in parentheses) are given.



Fig. 5. Texture of the smectic A mesophase, observed on cooling, for I16

at 71 �C.
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The enantiotropic behaviour of I18 was confirmed by the
DSC trace observed in the first heating, which shows two
phase transitions related with the melting Cr–SmA and
clearing SmA–I processes (Fig. 4). Successive heat–cool
cycles reproduce the same behaviour. The enantiotropic
SmA phase in I18 can be related to a larger molecular isot-
ropy produced by the presence of longer chains.

As a representative example, X-ray diffraction experi-
ments at variable temperature were undertaken for I14 in
order to examine the mesomorphic structure of these com-
pounds. At 50 �C on cooling, the diffractogram exhibits
two small-angle peaks at 40.9 and 21.0 Å, and a broad halo
at ca. 4.5 Å corresponding to the fluid behaviour of the
alkyl chains. The former ones from the (001) and (002)
reflections agree with a lamellar structure from the SmA
phases observed by POM. At 25 �C, on cooling, the pattern
observed corresponds neither to a crystalline phase nor to a
liquid crystal phase. This result could be attributed to the
presence of a smectic glassy phase in accordance with the
no evidence of crystallisation established from the POM
observations.

The length of the cationic part in the most extended
crystalline conformation, calculated on the basis of the
X-ray structure of I12 commented above, was estimated
to be of ca. 52 Å, and the value of the spacing was
40.9 Å. Therefore these results reveal some interdigitation
of the layers, as it has been observed in the packing of
I12 (Fig. 3).

Supplementary material

Crystallographic data of I12 have been deposited with
the Cambridge Crystallographic Data Centre (CCDC
deposition number 609242).
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