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The title compounds crystallize with the p-sulfonatocalix[4]arene
hosts packed in the well-known bilayer mode. In each case a
cationic organic guest is situated in the cavity and both structures
are stabilized by extensive hydrogen bonded networks. Na,
(pyridinium),{Cu(H,0),(NCH,),l[Cu(H,0),(p-sulfonatocalix[4]
arene),]-10H,0, 1, crystallizes in the space group P1 with a =
12.3022(6), b = 14.7452(6), ¢ = 14.9026(9) A, o = 68.672(4), B =
98.821(4), ¥y = 76.4574)°, and D, = 1.62 gem™> for Z = 1.
Full-matrix least-squares refinement on F> based on 4941 observed
reflections yielded a final R, value of 0.064. Two unique octahedral
copper environments are encountered, each with the metal coordi-
nated to four water molecules in the equatorial positions. In the
axial positions, one copper cation is coordinated to two pyridine
ligands, while the other is coordinated to calixarene sulfonate
oxygen atoms across the hydrophilic layer. The metal cations are
situated centrally in the hydrophilic layer which is also populated
by water molecules and sodium cations, while the pyridinium
cation is located within the calixarene cavity. Na,(morpholinium)
(p-sulfonatocalix[4]arene)-8H,0, 2, crystallizes in the space group
P with a = 11.824(3), b = 13.0053), ¢ = 15.0124) A, a =
110.134), B = 98.55(4), ¥ = 93.68(3)°, and D, = 1.66 gem > for Z
= 2. Full-matrix least-squares refinement on F based on 4376
observed reflections yielded a final R value of 0.048. The morpho-
linium cation is situated in the calixarene cavity and forms two

I
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N-H...O hydrogen bonds, one with a sulfonate oxygen atom of its
calixarene host and the other with a sulfonate oxygen atom across
the hydrophilic layer.

INTRODUCTION

Calixarenes' can be derivatized at the para position
with sulfonate groups to render them water soluble,>™
and X-ray diffraction studies have shown that cationic,®
anionic,”™ and neutral’®'! species may be complexed
within the hydrophobic cavity. Indeed, the study of this
versatile host compound has generated interest in the
contexts of catalysis,5 enzyme'? and clay'® mimicry and
biological function.®*!' In addition, second-'*!'* and
third-sphere'®> coordination of transition metal com-
plexes by calix[4]arenes have also been noted. Calix[4]
arene sulfonates usually crystallize with a high degree of
hydration and the bilayer packing arrangement of alter-
nating hydrophilic and hydrophobic layers has been well
documented.”* 19161718 1y this contribution we report
the preparation and X-ray crystal structures of two
p-sulfonatocalix[4]arene host-guest systems, both of
which contain cavity-bound organic cations.
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EXPERIMENTAL

Preparation of crystals
(1) Nay(pyridinium),[Cu(H,0),(NCH;),][Cu(H,0),(p-
sulfonatocalix{4]arene),]- 10H,0O. Dehydrated Na,[p-
sulfonatocalix{4larene] (0.075g, 0.098¢ mmol),
CuCl,-2H,0 (0.011g, 6.276 mmol) and pyridine (57 pl,
0.708 mmol) were added to 1.5 mL water and the
mixture heated until the solid residue dissolved to yield
a dark blue-green solution. This solution was left at room
temperature and atmospheric pressure and after a period
of several days light green crystals were formed.
(2) Na,(morpholinium)(p-sulfonatocalix{4]arene)-8H,O.
Dehydrated Nag[p-sulfonatocalix[4}arene] (0.113 g,
0.136 mmol) was dissolved together with morpholine
(0.781 g, 9.08 mmol) in 5.0 mL water at neutral pH.
Colorless crystals were formed over a period of ten days.
Crystal structure determination. In each case, a crystal
suitable for single crystal X-ray diffraction analysis was
sealed with mother liquor into a Lindemann glass capil-
lary and mounted on an Enraf-Nonius CAD4 diffracto-
meter. Intensity data were collected at 293 K using
graphite monochromated radiation (Mo-K,, A =
0.7107A). Accurate cell parameters were obtained by
least-squares analysis of the setting angles of 25 reflec-
tions and the ®w-20 scan mode was used. An empirical
absorption correction was applied to the data set for 1.
The structures were solved by direct methods using
SHELXS-86'" and 1 was refined by the full-matrix
least-squares method on FZ using SHELXL-93%° while 2
was refined on F using SHELX-76.>! All non-hydrogen
atoms were refined anisotropically with the exception of
two water molecules in 2. The latter were modeled as
being disordered over four sites. The site-occupancy
factors were deduced from the thermal parameters at full
occupancy. Two were fixed at 0.8, one at 0.25 and one at
0.15. Aromatic and methylenic hydrogen atoms were
placed in calculated positions and their thermal param-
eters constrained to 1.2 times that of their parent atoms.
Hydroxy hydrogen atoms were placed by modeling the
moieties as rigid groups with idealized geometry, maxi-
mizing the electron density at the calculated hydrogen
positions. No attempt was made to locate water hydrogen
atoms. Crystal data, data collection and final refinement
parameters are listed in Table 1 and final fractional
atomic coordinates, anisotropic thermal parameters,
bond lengths and angles and tables of observed and
calculated structure factors have been deposited.
Spectral characterization. Several crystals (ca. 10
mg) of 1 were added to 100 mg KBr and the mixture was
ground and pressed to form a pellet. Infrared spectra
were recorded using a Nicolet Magna IR Spectrometer
550.

Table 1 Crystal data, data collection and final refinement parameters

CRYSTAL DATA

Compound 1 2
Empirical formula Ci6Hog050N.SeN2,Cu,  Cy3H,s0,5NS,Na,
Formula weight 2297.12 1063.89
A (A) 0.70930 0.70930
Space group P1 P1

Z 1 2

a(A) 12.3022(6) 11.824(3)
b(A) 14.7452(6) 13.005(3)
¢ (A) 14.9026(9) 15.012(4)
a () 68.672(4) 110.13(4)
B 98.821(4) 98.55(4)
¥ () 76.457(4) 93.68(3)
Volume (A% 2361.7(2) 2127(1)
D, (gem™?) 1.62 1.66

p (mm™*) 0.74 0.36
F(000) 1190 1104

DATA COLLECTION PARAMETERS
Crystal dimensions

(mm) 0.35 X 0.3 X 0.25 0.20 X 0.25 x 0.30
0 range scanned (°) 1-25 1-22
Range of indices bk, *14, 17, +17 *11, £13, 15
Overall intensity
variation (%) —-125 —2.2
No. of unique
reflections 8294 5476
No. of observed
reflections* 4941 4376
FINAL REFINEMENT PARAMETERS
Number of variables 647 473
R,. wR,7 (all data) 0.124, 0.227 0.051, ~
R *, wR,*, T 0.064, 0.189 0.048, —
Goodness of fitf 0.90 1.19

“with L, > 20l for 1 and I, > 30 L, for 2
WR, = [o(wF — F2)o(w(Fa)1%* (reference 20)
*based on F? for 1 and on F for 2

RESULTS AND DISCUSSION

The atomic labeling scheme adopted for the calixarene
anion in both 1 and 2 is shown in Figure 1. The
molecular structure of 1 is shown in Figure 2. Two
crystallographically unique, octahedrally coordinated
copper cations can be distinguished, each occupying a
position of 1 site symmetry. Cu(1) is coordinated to four
water molecules in the equatorial plane and to O(2B) of
two separate p-sulfonatocalix[4]arene anions in the axial
positions. The latter bond is 2.407(5) A in length as a
result of Jahn-Teller distortion. Cu(2) is coordinated to
four water molecules in the equatorial plane and to two
pyridine molecules in the axial positions. Jehn-Teller
distortion is once again observed, but in this case bond
lengthening occurs along Cu(2)-W(4). The calixarene
cavity is occupied by a pyridinium cation, the presence
of which is confirmed by a band in the infrared spectrum
at 1544 cm™! which is assigned to the N, -H" deforma-
tion.?! Furthermore, five unique water molecules were
located during the structure refinement process, in addi-
tion to a sodium cation, the latter completing the overall
charge balance.
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Figure 1 Atomic labeling scheme used for the p-sulfonatocalix[4]
arene anions,

As seen in Figure 3, the p-suifonatocalix{4]arene
anions pack in the familiar bilayer mode. That the
structure is stabilized by an extensive hydrogen bonded
network is inferred from the many relatively short O...0
and O..N contacts listed in Table 2. The two unique
copper cations are situated centrally in the hydrophilic
layer which aiso contains the sodium cations and both
the coordinated and the free water molecules. The
sodium cation is S-coordinate with Na-O distances rang-
ing from 2.250(6) to 2.55(1) A. Cu(l) is relatively
weakly trans-coordinated to two symmetry-related sul-
fonate oxygen atoms across the hydrophilic layer. The

Figure 2 Molecular structure of Na,(pyridinium),[Cu(H,0),
(NC5H;s),)[Cu(H,0),(p-sulfonatocalix[4]arene),]- 10H,0.

Figure 3 Packing diagram of 1 viewed along [100]. Sodium ions are
represented as black circles and water oxygen atoms as grey circles.
N-H...O hydrogen bonds are shown as dotted lines.

second copper complex, [Cu(H,0),(NCsHs),], is situ-
ated such that the trans pyridine moieties are inserted
into adjacent hydrophobic layers. The pyridinium cation
is positioned in the calixarene cavity with its protonated
nitrogen atom protruding into the hydrophilic region.
This nitrogen atom, N(1P2), is situated at a distance of
2.84(1)A from a sulfonate oxygen atom of a calixarene in
an adjacent layer, thus forming a hydrogen bond across
the hydrophilic layer (see Figure 3).

The structure of 1 has several features in common with
previously published structures consisting of a coordi-
nated or protonated pyridine moiety included in the
cavity of the p-sulfonatocalix{4]arene anion. In order to
make comparisons between structures, it is necessary to
define the following parameters: (a) D, the distance of

Table 2 O..0 and N ... O contacts shorter than 3.3 A in 1 (values
given in A)

W(L) ... W(2) 2754(d)  W(1)... O(2B) 3.182(6)
W(2) ... O(2B) 3.136(7)  W(@3)...N(1P1) 2.814(6)
W(3) ... O(4A) 2.70(1) W(4) ... N(1P1) 3.216(7)
W(6) ... 0(4C) 295009)  W(7)...0(4D) 2.70(1)

O(1A) ... O(1B) 2.729(7) O(1A) ... O(1D) 2.817(7)
O(1B) ... O(1C) 2.758(7) O(1C) ... O(1D) 2.715(7)

W(l) ... W2y 2.8626)  W(l)...0(2B)* 3.082(7)
W(l) ... O(3B)* 2704(7)  W(1)...03DP 2.727(6)
W(2) ... W) 27228)  W(2)..0(2B)* 3.078(6)
W(2) ... O2D)? 2741(5) W) .. W@ 3.070(9)
W(3)..N(P1)®  2.848(7) W(3)..0@Q) 2.744(6)
Wd) ... W(8)2 3.01(1) W) .. N(IP1)*  3.161(9)
W) ... OGO 2.908(8) W(4)...0(3D)° 3.246(9)
W(4) ... O(4D) 3203(9)  W(5) ... 0QA) 2.697(6)
W(5) ... O4BY 3272 W(5) ... 00k 2796(6)
W(6) ... W(7) 2.77(1) W(6) ... O(1C)* 2.992(6)
W(6) ... O(ID) 32158)  W(7)... W) 3.20(2)
W(7) ... O(1A)2 3.102) W(7) ... OQA)™ 2.76(1)
W(B) ... W) 321(2) W(8) ... O2B)k 2.89(1)
W(8) ... O(4B)k 3.041(9)  W(9)... WO 2.87(1)
W(9) ... O(3A)! 3.022) N(IP2) .. 0Q2C)  2.84(1)

N(1P2) ... O(3C) 3.22(1) O(1A) ... O(3AY 3.153(%)

Symmetry transformations: *—x,—y,] — z; °I — x,~y,l — z; °x,1 — y,z;
% - 1Lyz®l - x-y—z1-x~yl—z8 -x]-y-z hy,z —
Lixy + Lzi—xl -yl —zM—xl -yl - z'xyz + ;™ + Lyz
"—x-y2 -z °—x1 - y~z
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the centroid of the aromatic guest from the plane of the
calixarene methylenic carbon atoms, (b) ¢, the dihedral
angle made between the least-squares plane of the
aromatic guest and that defined by the methylenic carbon
atoms of the calixarene, (¢) S; and §,, the S...S trans
approaches of the sulfonate moieties and (d) O,, 0,, O;
and O,, the O...0 distances between adjacent hydroxyl
moieties of the host. Inspection of Table 3 reveals that in
spite of the variation of the insertion angle of the guest
species into the cavity, the depth of penetration remains
remarkably constant.

The values of §; and S, are a measure of the degree of
deviation from idealized C,, symmetry of the calixarene
(in all cases but one this deviation is marked as the
symmetry approaches that of C,)). In each of the
previously reported structures described in Table 3, one
of the phenolic protons has been removed and the
calixarene exists as a 5- anion.”'*'* This is consistent
with the general pattern of one long and three relatively
short distances for O, to O,. In 1 the calixarene is present
as a 4- anion and a more symmetrical distribution of
these values is observed.

The molecular structure of 2 is shown in Figure 4. In
addition to four sodium cations and eight water mol-
ecules, the asymmetric unit consists of a [p-sulfonato-
calix[4]arene}’ ™ anion with a morpholinium cation situ-
ated in its cavity. Two of the water molecules are
disordered over a total of four sites. The sodium cations
are either 5- or 6-coordinate with Na-O bond lengths
ranging from 2.017(3) to 2.872(4) A. Once again the
overall structure is stabilized by an extensive network of
hydrogen bonds (see Table 4). The morpholinium cation
assumes the chair conformation with a CH, deepest in
the cavity and the NH, hydrogen bonding to two
sulfonate oxygen atoms at N...O separations of 2.767(5)
and 2.991(6) A (this hydrogen bonding mode is facili-
tated by an O..N..O angle of 117°). As generally
observed in previous structures, the cone conformation
of the calixarene host is distorted from one of near C,,
symmetry to one closer to C,,, and this is evidenced by
the parameters S; and S, listed in Table 3. The bilayer
packing arrangement of the structure is shown in Figure

Table 3 Geometric parameters in structures of p-sulfonatocalix{4]-
arene anions with protonated or coordinated pyridine moieties in the
cavity (distances are given in A and angles in °)

D ¢ S, S, 0, 0, 0; 0, Reference

42 69 92 113 273 276 272 282 structure 1
— - 9.8 112 266 253 253 289 structure 2
43 74 89 114 270 260 267 282 13,142
42 91 85 112 263 292 264 293 13.14°
40 54 100 109 267 255 251 285 ¢

43 91 85 113 274 247 256 296 7¢

010 Sic

Figure 4 Molecular structure of Na,(morpholinium)(p-sulfonato-
calix[4]arene)-8H,0O.

S. Clearly the water molecules are not exclusively
confined to the hydrophilic region between the opposing
sulfonate head groups which form planes parallel to
(001). Instead, interstices are formed between calixarene
anions as they pack less efficiently relative to one another
and, in order to satisfy space-filling considerations, water
molecules and sodium ions occupy these lattice vacan-
cies. There is no significant evidence for the existence of
O-H...m hydrogen bonds!! between any of the water
molecules and the outer faces of the aromatic rings of the
macrocycle.

Table 4 QO .0 and N ... O contacts shorter than 3.3 A in 2 (values
given in A).

O(1A) ... O(IB) 2.657(5) O(14) ... O(1D) 2.893(5)

0(2A) ... O(3A) 2.411(5) O(ZA) ... O4A) 2.387(5)
O(3A) ... O4A) 2.398(5) O(1B) ... O(1C) 2.527(4)
O(2B) ... O(3B) 2.417(4) O(2B) ... O(4B) 2.420(5)
O(3B) ... 04B) 2.410(5) O@4B) ... W(1) 2.850(4)
O(1C) ... O(1D) 2.531(5) 0(2C) ... 0(30C) 2.396(6)
0(2C) ... 0(4C) 2.392(5) 030) ... 0(4C) 2.410(4)
0(2D) ... O33D) 2.420(5) 0O(2D) ... 04D) 2.415(5)
0O(ZD) ... W(3) 3.357(5) Oo(2D) ... W(4) 3.477(6)
0@3D) ... 04D) 2.392(5) O@3D) ... N(1G) 3.287(6)
0O(4D) ... N(1G) 2.767(5) O4D) ... W(3) 2.810(5)
W(2) ... W(4) 3.317(5) W(81) ... W(82) 2.65(4)

0@3A) ... w1y 2.858(5) O(4A) ... O(4A)? 2.889(4)
O(4A) ... W(1)? 3.261(4) O(2B) ... W(2)® 2.892(5)
O(2B) ... W(5)° 2.867(5) O(3B) ... W(5)* 2.860(6)
O(3B) ... W(81)° 3.21(2) O(4B) ... 0(4C)* 3.157(5)
O@4B) ... W(5)° 3.291(5) 0(1C) ... W(6)° 2.751(5)

0QC) ... W72y 3.010(9) 0Q2C) ... W(81) 2.58(2)
030 ... W) 3.051(6) O(2D) ... W(B1)® 3.19(2)

N(1G) ... W(81)® 3.00(3) W(l) ... W(3)* 3.175(5)
W(2) ... W(72)f 2.83(1) W(2) ... W(82)f 2.74(4)

W(4) ... WD) 2.84(1) W) ... W(71)® 3.244(9)
W(6) ... W(72)8 2.89(1) W(6) ... W(B2)2 2.54(4)

O(3B) ... N(IG)® 2.991(6) 0Q0) ... W3)" 3.190(5)
0(4C) ... W(6)" 3.082(6) O(1D) ... O(3D)! 3.227(5)
04G) ... W(3)h 2.862(4) W(6) ... 02Dy 2.919(6)

*Na[(H,0)sNi(NC;H;)],(C4S)-3.5H,0 (C4S = p-sulfonatocalix[4]-
arene) °(H;0),[(H,0),Cu(NC4H;),](C4S)-10H,0 °Na,(pyridinium)
(C4S)-8H,0 “Na,(H,0);[Cu(NC;H;),}(C4S8)-13H,0

Symmetry transformations: *2 — x,1 — y,—z: *x,y,1 — z;x + L,y.z
—hYx - Lyntxy - lz-Lfx+Lyz; 82 - xl -yl -z
3 -x1—y—2z'3 - x—-y-z/3-x] -yl -z
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Figure 5 Packing diagram of 2 viewed along [001]. Sodium ions are
represented as black circles and water oxygen atoms as grey circles.
N-H...O hydrogen bonds are shown as dotted lines.

ACKNOWLEDGEMENT

We are grateful to the National Science Foundation for
support of this work.

REFERENCES

1 Gutsche, C. D. Calixarenes, Royal Society of Chemistry,
Cambridge, 1989.

2 Bohmer, V.; Vicens, J. (Eds) Calixarenes: a Versatile Class of
Macrocyclic Compounds, Kluver, Dordrecht, 1990.

3 Shinkai, S. Pure Appl. Chem. 1986, 58, 1523.

4 Shinkai, S.; Araki, K.; Tsubaki, T.; Admura, T.; Manabe, O. J.
Chem. Soc., Perkin Trans. 1 1987, 2297.

5 Gutsche, C. D.; Alam, 1. Tetrahedron Lert. 1988, 44, 4694.

11

12

13

14

15

16

17

18

19

Bott, S. G.; Coleman, A. W.; Atwood, J. L. J. Am. Chem. Soc.
1988, 110, 610.

Atwood, J. L.; Orr, G. W.; Hamada, E,; Bott, S. G.; Robinson, K.
D. Supramol. Chem. 1992, 1, 15.

Lehn, J.-M.; Meric, R.; Vigneron, J.-P.; Cesario, M.; Guilhem, J.;
Pascard, C.; Asfari, Z.; Vicens, J. Supramol. Chem., 1995, 5, 97.
Atwood, J. L.; Barbour, L. I.; Junk, P. C.; Orr, G. W. Supramol.
Chem. 1995, 5, 105

Coleman, A. W.; Bott, S. G.; Morley, S. D.; Means, C. M;
Robinson, K. D.; Zhang, H.; Atwood, J. L. Angew. Chem. Int. Ed.
Engi. 1988, 27, 1361.

Atwood, J. L.; Hamada, F.; Robinson, K. D.; Orr, G. W.; Vincent,
R. L. Nature, 1991, 349, 683.

Atwood, J. L.; Omr, G. W.; Robinson, K. D.; Hamada, F
Supramol. Chem. 1993, 2, 309.

Atwood, J. L.; Orr, G. W.; Hamada, F.; Vincent, R. L.; Bott, S. G.;
Robinson, K. D. J. Am. Chem. Soc. 1991, 113, 2760.

Atwood, J. L.; Orr, G. W.; Hamada, F.; Vincent, R. L.; Bott, S. G.;
Robinson, K. D. J. Incl. Phenom. Mol. Recog. Chem. 1992, 14,
37.

Atwood, J. L.; Orr, G. W.; Robinson, F. Supramol. Chem. 1994,
3, 89.

Iki, H.; Tsuzuki, H.; Kijima, H; Hamachi, I.; Shinkai, S,
Supramol. Chem. 1995, 4, 223.

Atwood, J. L.; Orr, G. W.; Means, N. C.; Hamada, F.; Zhang, H.;
Bott, S. G.; Robinson, K. D. Inorg. Chem. 1992, 31, 603.
Atwood, J. L.; Coleman, A. W.; Zhang, H.; Bott, S. G. J. Incl.
Phenom. Mol. Recog. Chem. 1989, 7, 203.

Sheldrick, G. M. SHELXS-86, Crystallographic Computing 3,
Sheldrixk, G. M.; Kruger, C.; Goddard, R. (Eds), Oxford
University Press, 1985.

Sheldrick, G. M. SHELXI.-93, University of Gottingen, 1993.
Sheldrick, G. M. SHELX-76, Computing in crystallography,
Schenk, H.; Olthof-Hazekamp; von Koningsveld, J.; Bassi, G. C.
(Eds), Delft University Press, 34, 1978.

Little, L. H. Infrared Spectra of Absorbed Species, Acadmeic
Press, New York, 1966.



