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Solid-state structures of para-sulfonatocalix[6]arene with dimethylammonium and
bis-6-aminohexylammonium cations are mainly based on hydrogen bond interactions. In the two
complexes the calixarene molecule adopts a chair conformation with small varieties in geometry
influenced by the number and types of intra- and intermolecular interactions developed by polar
substituents. A stepped layer topology is induced by this chair conformation in the two complexes.
Structural motifs present in the two systems generate channels, which in the first complex include
dimethylformamide solvent molecules, while in the second case they include water molecules.

Introduction

Calixarenes are macrocyclic molecules' capable of complexing
a large variety of molecules.> Among these macromolecules,
the para-sulfonato derivatives present a particular interest due
to their important aqueous solubility,> which has led to the
development of these molecules in biological and biomedical
applications.* para-Sulfonatocalix[n]arenes interact with a
wide range of organic molecules, including ammonium
cations® and neutral molecules.® We have previously observed
solid-state inclusion of the arginine’ and lysine® and the group
of Raston has reported solid-state complexes with a number of
other amino acids.”!® Geometry, size and charge of guest
molecules prove, thus, to be extremely important in the
recognition process. It has already been demonstrated that
para-sulfonatocalix[n]arenes present anticoagulant proper-
ties showing behaviour similar to the glycosylaminoglycan
chondroitin sulfate.'" Strong complexation between the para-
sulfonatocalix[n]arenes and Bovine Serum Albumin has been
also demonstrated.'? The title calix[6]arene derivative has an
inhibitory effect on the lysyl-oxidase enzyme.'*> However it
compound shows hepatotoxicity at doses above 13 mg kg™!
in vivo,'* so some caution is required for the direct use by
injection, however the major biomedical applications of the
para-sulfonatocalix[n]arenes to date are in the ex vivo diag-
nostic of the prion protein, where such toxicity is not a factor.*

More than 75 solid state complexes of para-sulfonatocalix[4]-
arene have been reported in the Cambridge Structural
Database. The general topology observed in these systems
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is of: bilayers,® spheres and capsules.'” As for the para-
sulfonatocalix[6]arene, the solid state complexes determined
until now are less numerous. The main part of these structures
concerns complexation of para-sulfonatocalix[6]arene with
transition metals (Ni, Co) or lanthanides (La, Eu). In these
structures, para-sulfonatocalix[6]arene presents three different
conformations: cone,'® double cone'” and chair.!® The com-
plexation of r-leucine by para-sulfonatocalix[6]arene was
reported by Atwood and Raston.'” The calixarene in the double
cone conformation has multi-guest capability binding either
L- or D-leucine in a single crystal in a bilayer type arrangement
from a racemic mixture. The self assembly of this calixarene
does not describe specific motifs, as is the case of para-
sulfonatocalix[4]arene, which generally organizes in bilayers.®
However, monolayers of para-sulfonatocalix[6]arene are
observed in the complex with water,!” bilayers in the complex
with L-leucine!® and “Ferris wheel” geometry is shown in the
complex with 18-crown-6 and europium cations.'®

In this paper, we present two solid state assemblies of para-
sulfonatocalix[6]arene. The first assembly is formed by the
complex with dimethylformamide and dimethylammonium
cations, and the second involves the complex between one para-
sulfonatocalix[6]arene and two bis-6-aminohexylammonium
cations, solvated by five disordered molecules of water.

Experimental section
Synthesis and crystal growth

The crystallization of the complex A between para-sulfonatocalix-
[6]arene, dimethylammonium cations and dimethylformamide
(DMF), was achieved using the slow evaporation method. Thus
a solution of 0.01 M of para-sulfonatocalix[6]arene was prepared
in DMF.i This solution was allowed to evaporate at room
temperature. Crystals were obtained several days later.

1 Two possibilities exist for the presence of dimethylammonium
cations in the crystals: either trace amounts were present in the solvent
or para-sulfonatocalix[6]arene degrades DMF to yield dimethylamine.
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For the complex B between para-sulfonatocalix[6]arene and
bis-6-aminohexylammonium cations, a solution of 0.01 M of
para-sulfonatocalix[6]arene in methanol was layered slowly
onto an aqueous solution of bis-6-aminohexylamine in water
at equal molar concentrations, in order to obtain an interface
between the two solutions. Crystals were obtained by liquid
diffusion at room temperature after several days.

X-Ray crystallography

Crystal data were collected on a Nonius KappaCCD diffrac-
tometer. Data were corrected for Lorentz and polarisation
effects but not for absorption. The two structures were solved
using direct methods and Fourier techniques (SHELXS862)
and were refined by full matrix least squares on F> (I > 2o(I))
using the program SHELXL97.>!

H-Atoms were included in geometric positions and refined as
‘riding’ atoms with isotropic thermal parameters based upon
the corresponding bonding carbon atom [Ujs, 1.2Uqq,
Uiso = 1.5Uq for CH; and OH hydrogen atoms].

For complex B the refinement was unstable due to the high
temperature factors of guest bis-6-aminohexylammonium
molecules most probably caused by disorder and the presence
of disordered water molecules. The above was, also a direct
reflection of the number of observations as well as of the data
resolution. Consequently, restraints on the bond lengths of the
guest molecules were applied to keep a reasonable geometry
for the bis-6-aminohexylammonium cations.

Table 1 X-Ray crystallographic and experimental data for the
complex of para-sulfonatocalix[6]arene with dimethylammonium and
bis-6-aminohexylammonium cations

Complex of 1 with A B

Chemical formula C42H3002486~ C42H3002456'
6C,HgN- 2C1,H3,N;
2C3H;NO 10H,O

Formula mass/g mol ™! 1533.78 1707.84

Space group Pl P1

alA 12.2408(5) 11.8372(4)

bJA 12.4420(5) 12.2645(4)

c/A 12.8054(5) 15.1670(6)

o/° 87.975(2) 106.721(2)

pl° 70.696(2) 111.948(2)

y/° 75.688(2) 91.773(2)

A 1 1

VA3 1781.2(1) 1932.7(1)

Peale/g cm > 1.430 1. 467

Data collection

Diffractometer detector CCD CCD

Type of radiation MoKa MoKa

Radiation /A 0.71073 0.71073

T/K 100(2) 100(2)

0 range/® 3.04-21.26 2.99-21.97

Crystal colour Colourless Colourless

Crystal size/mm 0.40 x 0.25 x 0.05 0.30 x 0.20 x 0.05

No. different reflections 22771 21525

Rint 0.033 0.034

No. of independent 3941 4656

reflections

No. of reflections with 3439 3797

Fy > 40(F,)

No of parameters (restraints) 466(0) 502(16)

R factor all 0.079 0.155

R factor gt. 0.065 0.135

Goodness of fit on F* 1.15 1.85

Crystal and refinement data are summarized in Table 1.

Results and discussion

Solid state structure of the two complexes are described as
follows; the chemical formula of para-sulfonatocalix[6]arene
(1) is given in Fig. 1.

The first complex (A) formed between 1 and dimethyl-
ammonium cation with dimethylformamide (DMF) as solvent
involves one anion of 1 associated with two molecules of DMF
and six dimethylammonium cations. The second solid-state
system (B) involves one anion of para-sulfonatocalix[6]arene
with two bis-6-aminohexylammonium cations and ten water
molecules. Four water molecules are disordered over eight
sites and solvate the whole assembly providing a strong effect
on the self-organization of the system as will be discussed later.

With regard to the molecular geometry, 1 adopts a chair
conformation, in both complexes (Fig. 2). This conformation
represents a particular case of the usual 1,2,3-alternate con-
formation. The specificity of this conformation is due to the
arrangement of two opposite aromatic rings of 1 which
describe planes parallel to ac and ab, respectively for the
complexes A and B. Small differences are noted related to
the geometry of calixarene molecules in this conformation;
angles of 94.0 and 92.0° in complex A, and 94.6 and 100.9° in
complex B, are measured between these planes and the ad-
jacent rings (Fig. 2a and b). The conformational variation is
closely related to the intermolecular interactions formed by
the sulfonate moieties with the local environment that induce
different orientations of the aromatic rings. This explains the
specificity of the intramolecular interactions formed by 1 in the
two complexes. As shown in Fig. 2¢ and d, intramolecular
hydrogen bonds are formed between phenolic groups of the
calixarene. Two pairs of hydrogen bonds are formed in the
complex A, between the phenolic moieties of the two pairs of
aromatic rings, which project along and above the crystallo-
graphic plan ac (2.641(5) A). For complex B, besides the
analogous hydrogen bonds (of 2.612(7) A), the formation of
two additional hydrogen bonds between the phenolic moieties
of the two aromatic rings parallel to ab and the adjacent
phenolic groups is observed presenting values of 2.762(8) (as
illustrated in Fig. 2d). Formation of these additional hydrogen

Fig. 1 Chemical formula for para-sulfonatocalix[6]arene (1).
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ab crystallogryphic

ae crystallographic plane
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Fig. 2 a,b—View of the chair conformation adopted by the molecule
of 1 in the complexes A and B, respectively; c,d—top view of the
molecule of 1 with the representation of the intramolecular hydrogen
bonds developed by the phenolic moieties.

bonds is due to the reorientation of the aromatic rings of 1
parallel to the crystallographic plane and thus is responsible
for the variation of the geometry of the calixarene molecule in
the two complexes.

The topology that characterizes the two solid state systems
is represented by stepped layers of para-sulfonatocalix[6]arene
(Fig. 3).

In complex A the centrosymmetric chair conformation of
the 1 provides two identical binding sites for DMF guests
leading to 1 : 2 host-guest inclusion stoichiometry. The
sulfonate groups play an important role in the organisation
of the structure. In complex A, these groups develop a large
network of hydrogen bonds with the other elements of the
system, except for the solvating molecules. Short contacts
between neighbouring calixarenes exist via two homologous
pairs of hydrogen bonds. One of the pairs of hydrogen bonds
is formed between the phenolic group of one calixarene that is
a hydrogen donor and the sulfonate group of the neighbouring
calixarene. The phenolic group of this latter molecule is
reciprocally the hydrogen bond donor to the sulfonate moiety
of the first one (these hydrogen bonds are shown in red in
Fig. 4). All other hydrogen bonds formed by the sulfonate
moieties involve the dimethylammonium cations. Twelve
dimethylammonium cations participate in hydrogen bond
formation with the acidic functions of the molecule of 1
(shown in blue in Fig. 4).

Beside this dense network of intermolecular hydrogen bonds
generated by the sulfonate moieties, the phenolic groups of the
two aromatic rings of 1 parallel to ac crystallographic plane

Fig. 3 Packing of the complex A (top) and B (bottom) along ¢ and a
crystallographic axis, respectively, with the representation, in blue of
the stepped layers of calixarene molecules.

Fig. 4 Representation of hydrogen bonds formed by the polar groups
of one calixarene with the environment in complex A; hydrogen bonds
between two calixarenes are colored in red, hydrogen bonds formed by
1 with dimethylammonium in blue and with DMF in green.

are hydrogen bond donors to the oxygen atoms of two
molecules of DMF (in green in Fig. 4).

In addition to the hydrogen bonds in which the calixarene
molecule is involved, a hydrogen bond exists also between the
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Fig. 5 Representation of hydrogen bonds formed by the polar groups
of one calixarene with the environment in complex B (possible
hydrogen bonds with water molecules omitted for clarity); hydrogen
bonds between two calixarenes are colored in red, hydrogen bonds
formed by 1 with bis-6-aminohexylammonium cations in blue.

Table 2 Hydrogen bonds for A (A and °)“

D-H---A dD-H) dH---A) dD---A) ,(DHA)

O(I1B)-H(1B)---O(1C)  0.84 1.80 2.641(5)  176.1
O(IC)-H(IC)-- -O(4A)"  0.84 1.75 2.592(5) 1748
N(1Y)-H(1Y4)---O(1S)°  0.92 2.13 2961(7) 1503
N(1Y)-H(1Y4).--02C) 0.92 2.34 2.806(6) 111.0
N(1Y)-H(1Y5)---O(3B)* 0.92 1.93 2.834(6) 167.6
N(IX)-H(I1X1)---O@4B)  0.92 2.00 2.916(6) 172.6
N(1X)-H(I1X1)---O(2B)  0.92 2.49 3.083(6) 1226
N(IX)-H(1X2)--03C)°  0.92 2.00 2773(7) 1403
N(1Z)-H(1Z4)- --O(3A) 0.92 1.93 2.846(8) 1743
N(1Z)-H(1Z5)---0(3C)  0.92 2.07 2.861(7) 1434
N(1Z)-H(1Z5)---0(2C)  0.92 2.32 3.149(8)  150.3

Cx,—y+ 2 —z+ LPx oy 21 —x, —y+ 11—z +1.9—x +
l—y+1l—z+1xp,z+ 1. x,y—1,z—1.

Table 3 Hydrogen bonds for B (A and °)

D-H---A d(D-H) dH---A) dD---A) /(DHA)

O(IC)-H(IC)---O(1A)*  0.84 1.90 2.612(7)  142.0
O(I1B)-H(1B)---O(1C)  0.84 1.94 2.762(8) 167.8
O(1A)>-H(1A)---O2BY  0.84 1.78 2.567(8) 1552
N(IX)-H(1X1)---O(IW)°  0.91 2.09 2.84(2) 1384
N(IX)-H(1X1)---02C)? 0.91 2.26 3.143) 1618
N(IX)-H(1X2)---O(3A)* 091  2.02 2.88(2) 1553
N(1X)-H(1X3)---O(5SW) 0.91 1.88 2.78(2)  168.6
N(QX)»-H(2X3)-- OB 092  2.27 3.14(2) 1585
N(QX)»-H(2X4)---O3W)  0.92 1.78 2.693)  170.5

N(GX)-H(3X5)---03B)" 092 2.90 33(1) 1100
NGX)-H(3X4)---0@4W1) 092 243 29(1) 1086
NGX)-H(3X3)---0(4C) 092  2.19 3.0()  146.1

N(1)-H(1E)---O(3A1)*  0.91 1.76
N(D)-H(IF)---O(1W)* 091 1.62
N(D)-H(IF)---02ClY 091  2.46
NQ)-HQF)---03W1) 092  1.79
N(Q2)-HQG) - -0E4wW)" 092  1.82
NGIHQBO)---0QW)* 094 217
N(3)-H(3D)- - -O(3B)’ 094 236 3.156) 1416
N(G3)-H(3E)- - -O(4W) 094  1.54 231(5) 1366

“—x—1,—y+1,—z+ l.bfx,nyr 1,—z + l.cx,yfl,z.dx,y
—l,z—_l."x+ Ly—1,z"—x+ 1,—y,—z."'—x,—y,—z.h —x-—1,
-y, —z.'x—1,y,z— 1.

2.653) 1638
2293) 1274
3.013) 1189
2715) 1786
2.59(4) 1399
295(6)  139.8

oxygen atom of the DMF and the protonated nitrogen of one
of the dimethylammonium cations.

In complex B each partial cone of C6S acts as a host for bis-
6-aminohexylammonium cation leading to 1 : 2 host—guest
inclusion stoichiometry. The ammonium groups of the guest
are situated near the anionic sulfonate groups of the
C6S. Similarly, neighbouring para-sulfonatocalix[6]arenes are
linked to each other vig an alternating hydrogen bond formed
between a phenolic moiety and a sulfonate group (colored in
red in Fig. 5). The four remaining sulfonate groups form short
contacts with bis-6-aminohexylammonium cations (values of
2.88 and 3.05 A, shown in blue in Fig. 5) and also participate
in possible hydrogen bonds with disordered water molecules.

Fig. 6 Channels formed in the two complexes; a—solvated nanotube
in the complex A, containing two molecules of DMF and two
molecules of dimethylamonium; b—hydrated nanochannel in the
complex B, containing disordered water molecules; here, for reasons
of clarity, two molecules of calixarenes are not represented entirely.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008
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All protonated nitrogen atoms also forms hydrogen bonds
with water molecules.

Detailed geometry of hydrogen bonds in complexes A and B
described above is given in Tables 2 and 3.

Formation of solvated channels is observed in both com-
plexes. Thus in the complex A, one calixarene molecule
constitutes the inner wall of a nanotube along the b axis, of
approximate internal dimensions 5 x 5 A, that contains two
molecules of DMF and two dimethylamonium cations
(Fig. 6a). The generated network of nanotubes is very dense
and describes a rhombohedral-like packing. In the complex B
the nanochannel formed along the a axis contains six dis-
ordered water molecules (Fig. 6b). This channel is formed
by four calixarene molecules and two bis-6-aminohexyl-
ammonium cations, showing internal dimensions of approxi-
mately 5 x 6 A. The presence of this water nanochannel
explains the double position of the water molecules.

Conclusion

The two solid-state structures of para-sulfonatocalix[6]arene
with dimethylammonium and bis-6-aminohexylammonium
show certain similarities, including the chair conformation of
the calixarene molecules, the self organization of the calixarenes
in a stepped layer, the fact that the unity of the complexes is
assured mainly by hydrogen bonds and the formation of
channels including either DMF molecules or water molecules.
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