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Figure 1. Biogenesis of maracin 1 from [1,2-1C,]acetate. The *C-labeled
C, unit is represented by an arrow (blunt end: methyl C-atom, point:
carboxy C-atom).

Artemisia lactiflora'™ is, like 1, also an ethynyl frans-vinyl
ether. a-Chloro divinyl ethers were previously unknown as
natural products.

According to initial results, maracin and maracen are active
in vitro against the pathogen responsible for tuberculosis
(ICyy < 12.5 pgmL~');11% whether they are also active in vivo
has still to be demonstrated. With an in vitro toxicity of
>24 ugmL! against the mouse fibroblast line 1.929, they are
supposedly of low toxicity for higher organisms and thus are
possibly suitable for medical application.
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n-Stacked ortho-Palladated Bipyridine
Complexes Exhibiting Unusual Liquid
Crystalline Behavior**

Abdelkrim El-ghayoury, Laurent Douce,
Antoine Skoulios, and Raymond Ziessel*

Liquid crystals (LCs) have many important applications, for
example in the manufacture of visual display units or temper-
ature sensors. Despite extensive and elegant investigations of
their morphological properties, it is still hazardous to predict
their precise structural behavior. Several major classes of LCs
have been identified, such as nematic, smectic, and columnar,
and crude guidelines have been established to specify the
molecular requisites for LC properties. The design of an
efficacious LC requires careful consideration of the molecular
architecture that might induce the formation of the desired
LC and, in some cases, also the prediction of molecular
interactions in the emerging mesophase. In fact, mesomorphic
materials provide some of the best examples of intermolec-
ular interaction or self-assembly at the supramolecular level.

In the search for new LCs, metal-containing mesogens
(metallomesogens) have recently attracted considerable at-
tention owing to the possibility of combining the properties of
the metal (color, magnetism, polarizability, redox behavior,
electronic charge, resistivity, etc.) with those of the organic
framework.["- 2 Such substances have tremendous potential as
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low molecular-mass systems addressable by weak magnetic or
optical fields. In particular, ortho-palladated monoP® and
dinuclear complexes, which yielded the first ferroelectricl¥
and cholesteric organometallic mesogens,”! form a major
cornerstone of the subject.

Recently, considerable effort has been expended on the
development of new thermotropic bipyridine-based (bipy)
molecules in order to combine the powerful chelating proper-
ties of bipy with the proven self-organizational ability of the
ancillary aliphatic chains.>”) Surprisingly, only one example
of a bipyridine-based metallomesogen has been reported so
far. The rodlike molecule contains four phenyl rings in
addition to the aryl ligands that form the primary coordina-
tion shell.® % In contrast to this calamitic (rodlike) approach
we suggest the use of transition metal complexes displaying
discotic (disklike) structure.

We now report that direct attachment of two dodecyl chains
to the bipy chelator through an ether linkage leads to a
nonmesogenic material. Subsequent coordination of a cyclo-
palladated fragment gives rise to a hitherto unreported family
of cationic complexes, some of which display LC behavior.
Interestingly, the poor thermal stability of the tetrafluoro-
borate salt 1b is eradicated by the use of an alkylsulfate
counteranion 1a.

la

Cyclopalladated complexes 1la, 1b, 2a, and 2b were
prepared by the adaptation of a literature method based on
2-phenylpyrimidine (Scheme 1).['1 The nonmesogenic bipy-
ridine ligand L was obtained by nucleophilic substitution of
5,5-di(bromomethyl)-2,2-bipyridinel'l with sodium n-dodec-
yl alcoholate (yield 70 % ). The required palladium-containing

+
N | =
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N /s 1) AgX, CH3CN N
< Pd, —_— W
c/ 2) L, CHCl, /Pd\ X~
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CH,0C1,Hos
~ | | AN
N N .C 1a, X = 0350C12H25
C = 1b, X = BF,
c CH; NMe; 2a, X = 0380C;Hys
. . 2b, x = BF
(in1) (in2) *
—N —
C12H250CH, \ / \ / CH,0CoH25
N
L

Scheme 1. Synthesis of the palladium complexes 1a, 1b, 2a, and 2b.
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fragment was obtained by silver dehalogenation of the [Pd(8-
mq)Cl]," (8-mq = 8-methylquinoline) or [Pd(dmba)Cl],I"’]
(dmba = 0-(N,N-dimethylaminomethyl)phenyl) dimers. Sub-
sequent reaction with L gave the desired pale yellow
complexes 1a, 1b, 2a, and 2b in high yield, which have
been unequivocally characterized by 'H and BC{'H} NMR,
FT-IR, and UV/Vis spectroscopy, FAB-MS, and elemental
analysis.

Initial examination of the complexes with polarizing optical
microscopy, differential scanning calorimetry (DSC), and X-
ray diffraction showed that 2a and 2b melt upon heating
directly into an isotropic liquid (probably because steric
hindrance of the geminal methyl groups perturb the flatness
of the aromatic cores). In contrast, 1a and 1b are perfectly
able, as expected, to produce thermotropic LCs. The complex
salt 1b degrades quickly when heated at high temperature,
while 1a is fairly stable, resisting a two-hour heat treatment at
185°C without detectable damage. In the present work,
attention was thus focused on the liquid crystal behavior of
1a only.

The DSC thermograms of 1a, in the temperature range
from 25 to 220°C, displayed two sharp peaks at 131 and 168°C,
indicative of reversible first-order transitions. The optical
textures observed upon slow cooling from the isotropic melt
showed the emergence of a smectic A phase at
216°C (appearance of Batonnet textures, turning
into focal conic, then into homeotropic) and of
one other liquid crystal phase at 168°C, which
resembled a smectic C phase (appearance of fine
Schlieren textures) but was, in fact, columnar in
symmetry as shown by X-ray diffraction.

131°C 168°C . 216°C N
crystal «——— columnar «——— smectic A «——— isotropic liquid
11.87g! 271g! 571g!

The X-ray diffraction pattern of the crystal contains several
Bragg reflections consistent with a (pseudo)orthorhombic
crystal lattice: a=12.67, b=3.53, c=33.60 A. The b period
coincides with the known stacking separation of polynuclear
aromatic molecules,'*l suggesting that the aromatic cores of
the molecules!®™ are stacked on top of one another to form
columns aligned along the b axis of the crystal. The a period
correlates with the lateral dimensions of the aromatic cores,
suggesting that the columns lie side by side in close contact
with one another, to form well-defined layers. The existence
of several (001) reflections shows that the aromatic layers are
stacked along the ¢ axis to form a lamellar crystal. The ¢
period is larger than the size of the aromatic cores and smaller
than the overall length (44.4 A) of the molecules in a fully
extended conformation; the molecules must therefore be
arranged in single layers in which the flat aromatic cores lie
parallel to the b,c crystal faces and the alkyl chains are tilted
with respect to the layer normal. The dodecylsulfate counter-
ions are inserted among the alkyl chains of the bipyridine
moieties inside the aliphatic sublayers, with their ionic
headgroups as close as possible to the positively charged
palladium centers (vide supra).

The X-ray pattern of the columnar phase (Figure 1)
contains a diffuse band (A, Figure 1) at 4.6 A which shows
that the alkyl chains have a liquidlike structure and are
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Figure 1. X-ray diffraction pattern of the columnar phase of 1a at 152°C.
For clarity, the intensities of the peaks at Bragg angles 26 > 5° have been
multiplied by 15. Numerals are Miller indices of the reflections (defined by
the pseudo-orthorhombic lattice parameters a, b, ¢ of the crystalline phase).
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segregated from the aromatic cores. A broad band (B,
Figure 1) at 3.53 A indicates that the aromatic cores are
stacked together to form columns, as in the crystal but in a
looser fashion (with a correlation length of 65 A, estimated
from the width of the band). Five sharp reflections in the
small-angle region are consistent with a two-dimensional
rectangular lattice: a=13.5, ¢=334 A, which is almost
identical with the a,c lattice dimensions of the crystal (the
small expansion of the a period suggests an “unlocking” of the
columns inside the layers, consistent with the observed
loosening of the intracolumnar stacking of the aromatic
cores). It thus appears that the structure of the columnar
phase is very similar to that of the crystal: the aromatic cores
are stacked in columns; these lie side by side in close contact
with one another to form well-defined layers, and the layers,
separated by the disordered alkyl chains, stack to form a
periodic lamellar structure (Figure 2). The absence of general
(hkl) reflections suggests that the layers (or columns) are
gliding freely along the columnar axis while maintaining po-
sition in the perpendicular direction. From the cell parame-
ters, it is apparent that the aromatic cores cover an area of
13.5x3.53=477 A? in the a,c plane, allowing the molten
alkyl chains (including those of the alkylsulfate anions) a
reasonable cross-sectional area of 2 x 47.65/3~31.8 A%

The diffraction pattern of the smectic A phase contains, as
expected, a diffuse band at 4.6 A, characteristic of the
disordered conformation of the alkyl chains, together with
two sharp reflections in the small-angle region, related to a
smectic single-layer arrangement of the molecules with a
period of 31.3 A. But in addition, they contain two diffuse
bands at the same spacings as the sharp (100) and (010)
reflections of the columnar phase, which reveal a local
ordering of the molecules inside the layers reminiscent of
the structure of the columnar phase. This structure is similar
to that reported by Levelut et al.l'*! for the smectic A phase of
a conducting charge-transfer assembly of tetrathiofulvalene
and tetracyanoquinodimethane, in which the aromatic cores
of the molecules have a tendency to stack to form juxtaposed
short columns randomly oriented inside the smectic layers.

Although complying rigorously with the symmetry require-
ments of columnar LCs (the long-range positional ordering of
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Figure 2. Idealized schematic view of the molecular packing of 1a. The flat
molecular cores of Pd atoms and coordinated aromatics rings (represented
as boxes) are stacked on top of each other along the b direction to form
columns (bottom half); these columns are juxtaposed along the a direction
to form layers; and the layers stack along the ¢ direction to form a lamellar
structure.

the molecules is fully described by a two-dimensional crystal
lattice), the columnar phase discussed in the present work is
none the less quite unusual. Breaking the general rule, the
columnar cores are not surrounded by the molten alkyl chains
and thus entirely isolated from one another, but are joined
together to form well-defined compact layers that are
separated by the alkyl chains and stacked periodically. From
a purely phenomenological point of view, one might wonder,
therefore, whether the columnar phase could not be equally
well described as a smectic mesophase, or more precisely, as
an ordered smectic phase with one-dimensional ordering of
the molecules within the layers. Such a phase would be a type
of plastic mesophase, because the interactions between the
columns are stronger than across the layers, so that the aromatic
layers are able to slip on top of each other under moderate shear
stresses in a direction normal to the columnar axis.

In summary, we have developed a novel synthetic strategy
using the coordination of ortho-palladated quinolines with
nonmesogenic alkyl-disubstituted 2,2'-bipyridine residues. By
reducing the number of phenyl rings in the complexes to a
minimum, we were able to obtain LCs at relatively low
temperatures, and thus avoid thermal degradation. By study-
ing these new complexes with X-ray diffraction, we were able
to identify a smectic A and a columnar liquid crystalline
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phase, both of which contained flat aromatic cores stacked on
top of each other to form columns. The columns were
arranged in compact layers separated by the alkyl chains in
a disordered conformation. Obviously, these special struc-
tures are a result of stereochemical demands of the cation, the
stacking ability of the ancillary ortho-palladated ligand, and
the insertion of the counteranion among the alkyl chains. The
packing mode of the aromatic cores may be optimized
depending on the position of the alkyl chains on the bipy
residues. The lamellar morphology of the columnar phase
indicates that macroscopically oriented samples could be
easily produced and could be profitably exploited for their
physical properties. Because columns of closely stacked
aromatic units are accessible at modest temperatures, we
anticipate that these materials could be used as medium-
length molecular wires or chemical sensors.

Experimental Section

L: Dodecanol (ca. 2 g) was heated with Na (0.08 g) for 2 h at 80°C to yield a
white precipitate of C;,H,;ONa. After cooling to 20°C, a suspension of 5,5'-
dibromomethyl-2,2’-bipyridine (0.30 g, 0.94 mmol) in anhydrous THF
(5mL) was added dropwise. The mixture was heated under reflux for
24 h. After distillation of the solvent, the residue was purified over a
chromatography column (flash silica, n-hexane/CH,Cl,, gradient of 1/1 to
0/1). The analytically pure ligand L was then obtained (0.36 g, 70%). R;=
0.65, SiO,, CH,Cl,/MeOH: 98/2; m.p. 60—62°C; UV/Vis (CH,CL): A,.(€):
290 nm (28500); 'H NMR (200.1 MHz, CDCl;, 25°C): 6 =8.6 (s, 1 H; H°),
8.4 (d,3J=8Hz, 1H; H%), 7.8 (dd, *J =8 Hz, / =2 Hz, 1H; H*), 4.6 (s, 2H,
bipy-CH,), 3.5 (t, 3y=6Hz, 2H; OCH,), 1.6 (m, 2H; OCH,CH,), 1.3
(broad s, 18H; (CH,),), 0.9 (t, 3/=6Hz, 3H; CH;); “C{'H} NMR
(50.1 MHz, CDCl;, 25°C): 6 =154.7-120.1 (aromatic C), 70.2 (bipyCH,),
69.6 (OCH,), 31.3 (OCH,CH,), 29.1 ((CH,);), 28.9 (CH,), 28.8 (CH,), 28.7
(CH,), 25.5 (CH,CH,CH,), 22.1 (CH;CH,), 13.5 (CH3;); IR (KBr): 7#=2925
(s),2853 (s), 1598 (w), 1553 (w), 1467 (m), 1384 (w), 1350 (w), 1109 cm~! (s).
FAB*-MS: m/z (%): 553.4 (100) [M], 383.2 (32) [M" — C},H,;]; elemental
analysis calcd for C3sHgN,O, (552.465): C 78.21, H 10.94, N 5.07; found: C
78.09, H 10.79, N 5.02.

la: A solution of AgO;SOC,,Hys (0.034 g, 0.090 mmol) in anhydrous
CH;CN (5 mL) was added at 20°C under argon, to a stirred suspension of
[Pd(8-mq)Cl], (0.026 g, 0.045 mmol). A white precipitate of AgCl appeared
instantaneously. After 2 h, the solution was filtered over celite under argon.
The filtrate was evaporated to dryness, and a solution of 5,5-di(dodecyloxy-
methyl)-2,2"-bipyridine (0.05 g, 0.09 mmol) in anhydrous CH,Cl, (5 mL)
was added. The yellow solution was stirred for 2 h, and the product was
precipitated by addition of pentane (10 mL). 1la was recovered by
centrifugation as a yellow powder (0.08 g, 84 % ). UV/Vis (CH,CL): A,.x(¢):
229 nm (45500), 243 (43800), 315 (25900); '"H NMR (200.1 MHz, CDCl;,
25°C): d=9.1 (d, 1H; aromatic H), 8.8 (s, 1 H; aromatic H), 8.6 (dd, 2H;
aromatic H), 8.4 (s, 1 H; aromatic H), 8.2 (d, 1 H; aromatic H), 8.1 (pseudo
t, 2H; aromatic H), 7.9 (dd, 1 H; aromatic H), 7.5 (m, 3H; aromatic H), 4.8
(s, 2H; bipy-CHy,), 4.5 (s, 2H; bipy-CH,), 4.2 (t, 3/ =7 Hz, 2H; O;SOCH,),
3.75 (s, 2H; CH,Pd), 3.6 (m, 4H; OCH,), 1.7 (m, 6H; OCH,CH,), 1.3
(broad s, 54H; (CH,),), 09 (t, 3/=6Hz, 9H; CH;); “C{H} NMR
(50.1 MHz, CDCl;, 25°C): § =155.2-123.5 (aromatic C), 71.6 (bipyCH,),
69.0 (OCH,), 67.6 (O;SOCH,), 34.4 (CH,Pd), 32 (CH,), 29.8 [ (CH,),], 29.6
(CH,), 29.4 (CH,), 26.4 (CH,), 26.2 (CH,), 22.7 (CH,), 14.2 (CH;); IR
(KBr): 7=3055 (w), 2923 (s), 2854 (s), 1604 (w), 1509 (w), 1468 (m), 1386
(w), 1251 (s), 1223 (s), 1117 cm™" (s). FAB*-MS: m/z (%): 800.4 (100) [M —
0;SOC,H,s]*", expected isotopic profile, 658.3 (8) [M — O;SOC,,H,s —
mq], 6302 (30) [M—O;SOC,,Hy);—C,Hy], 2479 (45) [M—
0O;SOC,Hys — L]; elemental analysis calcd for CssHosN;O4SPd (1065.58):
C 65.32, H 8.80, N 3.94; found: C 65.17, H 8.61, N 3.69.
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Anion Control in the Self-Assembly of a
Cage Coordination Complex**

Ramén Vilar, D. Michael P. Mingos,*
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Anion binding and recognition has attracted increasing
interest because of its importance in biological and chemical
processes.l'2l Many enzyme reactions involve the selective
transformation of anions.[! The selective extraction of anionic
pollutants also requires the development of specific coordi-
nation sites.*! Classically, cations have been used to promote
the assembly of ligands,®! but recently interest has been shown
in using anions as templates for the formation of supra-
molecular entities.[

The supramolecular interactions required for anion-assist-
ed self-assembly involve either Lewis acid—base interactions
between a metal cation and an anionl ¢l or hydrogen-bonding
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