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Exploration into the host—guest supramolecular chemistry of p-sulfonatocalix[6]arene with pyridine N-oxide and
4,4'-dipyridine N,N'-dioxide has resulted in the characterization of three new structural motifs with the calixarene
in the “up—down” double partial cone conformation. Two are hydrogen-bonded network structures formed with
pyridine N-oxide and either nickel or lanthanide metal counterions (1 and 2, respectively). Complex 1 displays
host—guest interactions between pyridine N-oxide and the calixarene in the presence of hexaaquanickel(ll) counterions.
Complex 2 demonstrates selective coordination modes for different lanthanides involving the calixarene and pyridine
N-oxide. The third structure, 3, is a coordination polymer which is formed with 4,4'-dipyridine N,N'-dioxide molecules
which span a hydrophilic layer and join lanthanide/p-sulfonatocalix[6]arene fragments. Although complexes 1-3 all
have the calixarene in the “up—down” double partial cone conformation, 1 and 3 form bilayer arrangements within
the extended structures while 2 forms a previously unseen corrugated bilayer arrangement.

Introduction The p-sulfonatocalixpJarenes (where = 4, 5, 6, 8) are
) ) o ) some of the most highly water-soluble and versatile container

Crystal englneenng,.coordmatlon polymerformatloq, and molecules capable of forming a range of complexes with
the enclosure of chemical space are areas of current interes{/arioys guest molecules and or counterions in both solution
given the ability of the chemist to construct desirable network 5n the solid stat&s The smallest and most conformationally
structures with a view to satisfying particular application -gnstrained analogu@:sulfonatocalix[4]arene (S§1]) is
requirementd.Water-soluble calixarenes are and have been particularly well suited to forming supramolecular architec-
of interest for some time in building up systems which mimic res of varying complexity in the solid stétd@hese range
natural biological processes through the presence of hydro-from the inclusion of small charged organic species through
phobic pockets which can bind apolar guésg8uch mol- o the formation of “molecular capsules” which can bear host
ecules can have varying levels of solubility depending on to a range of charged or uncharged guests in the presence
the functionalization at either the “upper” or “lower” rims  of metal ions®7 This versatility in complex formation is likely
which thereby alters the overall polarity of the macrocyéles.
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attributable to the affinity of the molecule to form extended
hydrophobie-hydrophilic bilayer arrangements in the solid
state with infinite layers of hydrophobic cavities which are
suitable for hosting appropriate gue%té/hen the affinity

to form such bilayer arrangements is overcome, the results

are spectacular with the concomitant formation of nanometer

scale spheres and tubules of varied geometry depending on

the guest and counterion employ®&d. Although the su-
pramolecular/hostguest chemistry for Sg4] is well docu-

mented, new and unusual architectures, molecular capsules,

and coordination polymers continue to be discovered on a
regular basis which suggests that, asgféBu-calix[4]arene,
much of the potential of this calixarene is yet to be
discovered! Notably, the formation of several of the
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Scheme 1. Diagram Showing the Two Possible Conformational
Orientations ofp-Sulfonatocalix[6]arene
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aforementioned nanometer scale architectures occurs in the

presence of pyridinéN-oxide (PyNO) and lanthanide(lll)

nitrates. Thus, PyNO has been shown to be a suitable guest/

ligand for the formation of spheres and also as an interstitial
spacer unit for the formation of helical tubules given the
affinity of lanthanide metals to bind to the hard donor oxygen
atom. The related 4'4lipyridine N,N'-dioxide (DiPyNO) is
excellent in forming coordination polymers with lanthanide
metals with some results displaying unusually high connec-
tivities between the ligand and metal centérds DiPyNO
also possesses hard donor atoms, the bifunctionality associ
ated with the molecule offers the possibility of assembling
several new structural motifs wiglrsulfonatocalixp]arenes.

In contrast to S@)4], p-sulfonatocalix[6]arene (S46])
is a more highly charged and conformationally flexible
molecule, a fact which renders solid-state complex formation
and structural characterization a more formidable challenge.
This is reflected in the small number of solid-state supramo-
lecular structures that incorporate &) and that have been
reported in recent time$:1¢ In this respect, we are endeav-
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oring to “map out” the possible supramolecular motifs with
a view to forming alternative structures that deviate from
the typical bilayer arrangements formed with 5.
p-Sulfonatocalix[6]arene has been shown to typically adopt
an “up—down” double partial cone conformation when in
the form of alkali metal salts and when acting as polyhap-
toaromatic ligands for such metal ions (Schemé31).A
handful of the solid-state structural examples show the
calixarene to be in an “upup” double cone conformation,
the most noteworthy of which displays multiguest inclusion
in a “bis-molecular capsule” arrangeméntVhen in the up-
down double partial cone conformation, the calixarene can
also be shown to act as a ditopic receptor to selected guests
in the presence of lanthanide metal counterions. Given this
structural versatility, it is reasonable to expect such a flexible
molecule to assemble into alternative supramolecular archi-
tectures of far greater complexity than a simple bilayer
although this has, to date, been unachievable.

Herein we report aqueous transition-metal supramolecular
chemistry for S@6] which gives rise to a hydrogen-bonded
network in the complex [(Ni(kD)s)s]¢"{ (pyridine N-oxideyc-
(p-sulfonatocalix[6]arengf—-7H,0O, 1. The calixarene acts
as a ditopic receptor to two PyNO molecules with hexaaqua-
nickel(Il) cations residing in the hydrophilic regions within
the bilayer.

As mentioned above, S{3]/PyNO/Ln(lll) systems re-
ported by Atwood et al. had remarkable results in the
formation of spheroids and tubulé&xamination of similar
chemistry for SQ6] resulted in the formation of an unusual
SO;[6]/PYNO/Yb(II) complex which has varied coordination

(16) Atwood, J. L.; Dalgarno, S. J.; Hardie, M. J.; Raston, CNew J.
Chem.2004 28, 326-328.
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modes of lanthanide metals within the extended structure

associated with varied hoesguest interactions between

tectonst® The lanthanide/PyNO coordination mode can be

altered through use of La(lll) in place of Yb(lll) resulting

in the formation of the complex [(La@®)/(pyridine-N-

oxide))(p-sulfonatocalix[6]arene)pH,O, 2, where there is

only one PyNO molecule bound to any one metal center.

Both structures are formed in the presence of excess PyNO

with respect to both calixarene and lanthanide(lll) nitrate.

Although a bilayer is present within the extended structure,

it is markedly different from that observed for the Yb(lIl)

complex mentioned above and is described herein as a

“corrugated bilayer”. Figure 1. Extended structure of, showing the bilayer arrangement of
Extension of this chemistry to encompass the use of calixarenes, the PyNO molecules residing in the cavities of the calixarenes,

DiPyNO as a guest molecule in place of PyNO and in the and the nickel(ll) counterions included in the hydrophilic layer. (Hydrogen

h . . atoms and solvent water molecules are omitted for clarity.)

presence of both S{B] and europium(lll) nitrate results in

the formation of a zigzag coordination polymer [(Eu()%)2-

(4,4-dipyridine N,N-dioxide)(-sulfonatocalix[6]arene)]

8H,0, 3, with water molecules residing in the partial cones

of the calixarene while also displaying G+hromatics

interactions similar to those reported for inclusion of water

molecules in the hydrophobic cavity of g@].1”

) ) Figure 2. Partial hydrogen-bonding network inshowing hydrogen bonds
Results and Discussion between the PyNO molecules and the aqua ligands bound to the nickel(ll)
ions. (Calixarenes, hydrogen atoms, and solvent water molecules are omitted

Crystals of complexl, [(Ni(H20)e)s]®"{(pyridine N- for clarity.)
oxideyC(p-sulfonatocalix[6]arenéf~-7H,0, grew from an

aqueous solution containing hexaaquanickel(ll) chloride, ¢4 gych interaction® The included solvent water molecules
octasodiump-sulfonatocalix[6]arene hydrate (BBO;[6]), also hydrogen bond to both sulfonate groups and aqua ligands
and excess PyNO. The crystals are in a triclinic cell, and 5, the Ni(ll) centers and are partaking in a complex
the structure was solved in space grdtip The asymmetric hydrogen-bonding network within the bilayer.

unit consists of two-half calixarenes, two PyNO molecules, “gg,or5| other transition metal salts were also examined
three hexaaquanickel(ll) counterions, and seven solvent watet + none formed suitable crystals for single-crystal X-ray,

mole_cules. W'th'r thfe extens.(lad structure, the cen_trrcl)syr?- diffraction studies. Similar work with the smaller and rather
metric macrocycles form a bilayer arrangement with sul- synthetically inaccessiblg-sulfonatocalix[5]arene (S{b])

fonate groups pplnltlng mr:o the hfydr%phlllcl_ Iayers.. TE'Shwas reported by one of us in 1996 and used pyridine as a
arrangement s similar to that seen for the calixarene in bot potential guest with various transition metal satshe

the corresponding octasodium salt and sulfonic acid andformation of a complex containing two SfB] molecules

assemb Ie_s W'Fh similarr-stacking dlstancle S (_ce_ntre?d hinged via a nickel center with free pyridine guest molecules
c_entr0|d ring distances of 3.806 and 3.850 ;‘W'.thm this . residing in the calixarene cavities was suggested; however,
bilayer arrangem_ent, PYNO _molecules reside n the partial single crystals of suitable quality for X-ray diffraction studies
cones of the calixarenes with the polar functional graup could not be grown. Notably, it was not possible to crystallize

pointing into the hydrophilic region, Figure 1 the corresponding transition metal/calix[5]arene/PyNO com-
Each PyNO has one Artz interaction with a phenyl plex. It would appear that the partial cone of & in 1,

group on each half-calixarene (distances to ring centrmdswh”e smaller than that of S¢B], is favorably sized for

2.724 and 2.840 A). In addition, the polroxide group is PYNO uptake. It also appears that the aquated nickel(ll) in

directed into th.e hydrophilicllayer an(_j forms an intr_icate 1 prefers to be noncoordinating rather than forming any Ni
hydrogen-bonding network with aquo ligands of the nickel- OS coordination with calixarene. This is in contrast to the

E”r)elg?ls,d'r:olgg;eb%n Es?rgrﬁxriliglfgl gf ltjr;elipg:(ljg Vr\:;:)r:.ecultai has predicted calix[5]arene structure described above.
ydrog quo g NON Replacement of nickel(Il) chloride from the above system

distances ranging from 2.664 to 3.031 A. Al three crystal- with ytterbium(lll) nitrate affords a hydrogen-bonded array

lographically independent hexaaquam(_:kel(ll_) ions are of of a ytterbium/S@6]/PyNO complex which has varied
octahedral geometry as expected and lie entirely within the coordination modes within the extended struct§r@&here
hydrophilic layer. All have Ni®--OS, NiC--O, and NiQ--

ONi distances consistent with typical H-bonding distances

(18) Kosnic, E. J.; McClymont, E. L.; Hodder, R. A.; Squattrito, Rndrg.
Chim. Acta 1992 201, 143-151. Blake, A. J.; Brett, M. T.;

(17) Atwood, J. L.; Hamada, F.; Robinson, K. D.; Orr, G. W.; Vincent, R. Champness, N. R.; Khlobystov, A. N.; Long, D.-L.; Wilson, C.;
L. Nature 1991, 349 683-684. Atwood, J. L.; Barbour, L. J; Schraler, M. Chem. Commur2001, 21, 2258-2259.
Dalgarno, S. J.; Raston, C. L.; Webb, H. R.Chem. Soc., Dalton (19) Johnson, C. P.; Atwood, J. L.; Steed, J. W.; Bauer, C. B.; Rogers, R.
Trans.2002 23, 4351-4356. D. Inorg. Chem.1996 35, 2602-2610.
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Figure 3. View of hydrogen-bonded chains falong thea axis showing
intra- and intermolecular H-bonds from aquo ligands of the lanthanum center
to sulfonate groups of the calixarene. (Hydrogen atoms and solvent water
molecules are omitted for clarity.)

are two independent supramolecular tectons, one of whichFigure 4. Packing diagram for compleXshowing the corrugated bilayer
has two octacoordinate lanthanide(lll) ions bound to one arrangement. (Hydrogen atoms and solvent water molecules are omitted
calixarene through sulfonate groups with one PyNO molecule for clarity.)

also bound to the metal center while residing in the partial

cone of the calixarene. The other has identical lanthanide/

calixarene binding, but there are two PyNO molecules bound

to each lanthanide center. Examination of other early

lanthanide metals (1%4) affords complex2, [(La(H2O)--

(pyridineN-oxide)x(p-sulfonatocalix[6]areneypH,O, crys-

tals of which grew from solutions under conditions identical

with the aforementioned but which form a structure markedly

different from a previously reported ytterbium complex. The

crystals are in a monoclinic cell, space groep,/c, with

the asymmetric unit consisting of a half-calixarene, one

lanthanum center with seven aquo ligands, one PyNO Figure 5. Part of the extended structure3rshowing the Okt-aromatics
molecule, and three solvent water molecules. The lanthanuminteraction in the cavity of the partial cone. (Hydrogen atoms and solvent
centers are nine-coordinate with tricapped trigonal prismatic water molecules are omitted for clarity).

geometry in the primary coordination sphere. In addition to

being bound to a sulfonate group of the calixarene, the The structural network chemistry based on DiPyNO and
lanthanum has one PyNO ligand which resides in the partial lanthanide(lll) metals is currently under investigation by
cone of the calixarene but is positioned closer to the others and shows that the molecule acts as a remarkably
hydrophilic layer than free or bound PyNO molecules in versatile linker capable of forming several networks of varied
either the nickel 1) or ytterbium complexes, respectivéefy. coordination mode and topolod¥.This, coupled with the
Complex2 forms hydrogen-bonded chains along thaxis interesting and often complex structures generated when Py-
through H-bonds from four aquo ligands of the lanthanum NO is used as a guest with lanthanide(lll) ions gmsul-
center to sulfonate groups of the calixarene. These occur afonatocalixhlarenes i = 4, 5), suggests a wealth of supra-
one intramolecular (distance of 2.967 A) and three intermo- molecular chemistry yet to be uncovered with such guests
lecular LaQ--OS (distances ranging from 2.657 to 2.917 A) and the larger, more flexible calixarene analogues. An
H-bonds as shown in Figure 3 (dashed lines). entrance into such chemistry is evident in the formation of

In addition to the formation of the H-bonded chains along
thea axis, one of the aquo ligands used in the formation of
the chain along also hydrogen bonds to the closest sulfonate

complex 3, [(Eu(HO)e)2(4,4-dipyridineN,N'-dioxide)(p-
sulfonatocalix[6]arene)BH,O, crystals of which grew from
an aqueous solution containing ¢$8;[6], europium(lil)

groups of the nearest-neighboring calixarene moiety in the nitrate, and DiPyNO. The crystal structure was solved in the

bc plane with the La®-0S distance of 2.682 A. Also present
is H-bonding from another aquo ligand to another oxygen
of the same sulfonate group (L&@DS distance 2.758 A)
and H-bonding from one other aquo ligand to the oxygen of
the nearest PyNO molecule in the plane (LaQ:-ON
distance of 3.022 A). When solvent water molecules in the

monoclinic space grouf2,/c with the asymmetric unit
consisting of a half-calixarene to which an octacoordinate
lanthanide metal with six aquo ligands is tethered with also
half of a bound DiPyNO molecule (Figure 5). In addition,
there are a total of four solvent water molecules, one of which
resides in the partial cone at a distance consistent with OH

extended structure are taken into account, complex hydrogen--aromaticst interactions with one of the aromatic rings of

bonding regimes are evident. The result of these intermo-

lecular interactions coupled with one uniquestacking
interaction (aryl centroid-centroid separation of 3.719 A)

the calixarene fragment although hydrogen atoms could not
be located in the Fourier difference map (distance to ring
centroid 3.622 A). This is consistent with those seen for this

between neighboring calixarenes is that the molecules packcalixarene as the octasodium salt and for the smaller calix-
in the extended structure into a previously unseen corrugated4]arene analogue when the water molecule is trapped deep

bilayer type arrangement, Figure 4.
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Conclusion

Earlier studies revealed that g6] is capable of as-
sembling into capsulelike arrangements with PyNO guests
in the presence of various lanthanide metals but is yet to
form more complex superstructures similar to those of-SO
[4].91020We have previously shown that the conformation
of SG;[6] can be controlled through the formation of
lanthanide crown ether complex€s-Here we have shown
that SQ[6] is capable of forming various well-ordered
supramolecular architectures of varied complexity while in
the “up—down” double partial cone conformation but, at this
stage, none as spectacular as those for thg4hMespite
this, it is feasible, when considering the conformational
flexibility associated with previously reported supramolecular
assemblies coupled with those reported hereptbalfonatocalix-
[5,6]arenes will form larger supramolecular assemblies in
the presence of particular guests under specific conditions.

Experimental Section

Octasodiunp-sulfonatocalix[6]arene hydrate was synthesized by
literature method&! while PyNO, DiPyNO, and lanthanide salts
were purchased from Aldrich and used as supplied. Bulk samples
were analyzed by IR spectroscopy and microanalysis (two of which
were adjusted for solvent loss).

Synthesis of [(Ni(HO)e)3]¢{ (pyridine N-oxide)c(p-sulfon-

Ihe coordination and H-boncing netark (+-bonding ks, dashed ines; 210C2{elarene}® 7Hz0, 1. Octasodiunp-sulfonatocaliGlarene

coordination links through DiPylg\lO, solid lines), and ?c) the ’overall biIayer’ hydrat(_a (15 mg, 11.,5_mol), pyridineN-oxide (2.5 mg, 26.amol),

arrangement and organization of the networks within the extended structure.2nd nickel(ll) chloride hexahydrate (14 mg, G@nol) were
dissolved in distilled water (1.5 cih Over several days, pale green

The extended structure reveals a bilayer arrangement aglates formed which were suitable for X-ray diffraction studies.
in 1 (Figure 6¢) with the calixarenes packing through one Yield: 10 mg, 45%. IR (KBr disky, cm™?): 3276 s, 2965 m,
uniquezz-stacking interaction with an aromatic centroidd 1636 m, 1473 s, 1362 m, 1211 s, 1148 s, 1045 s. Anal. Calcd
centroid distance of 3.719 A. The extended structure also (2djusted for the loss of five water molecules) fapsoN2OacSs-
reveals the calixarene/Eu/DiPyNO fragment (devoid of sol- Nis G 34.0; H, 4.39; N, 1.52. Found: C, 33.9; H, 4.55; N, 1.50.
vent molecules) to form a zigzag coordination polymer chain __Synthesis of [(La(HO)x(pyridine-N-oxide))(p-sulfonatocalix-
along thea axis with the DIPyNO molecules spanning the Lojaréne)l6H:0, 2. Octasodiunp-sulfonatocalix[jarene hydrate

. . . (30 mg, 23 umol), pyridine N-oxide (5 mg, 53umol), and
hydrOph'“C_layer between tv_vo europium centers, Figure 6a,b. lanthanum(lll) nitrate hexahydrate (20 mg, 4®ol) were dissolved
TheS.e Cha'ns a.re linked via E#@DS/SO--Eu hydrogen- in distilled water (1.5 cr§). Over 2 days, colorless plates formed
bonding interactions through sulfonate groups such that eachynich were suitable for X-ray diffraction studies. Yield: 8 mg,
europium “sees” the three nearest europium centers in a neage%. IR (KBr disk,v, cmY): 3250 s, 2949 m, 1642 m, 1472 s,
trigonal planar fashion (H-bonding distances range from 1364 m, 1240 s, 1149 s, 1044 s. Anal. Calcd (adjusted for the loss
2.746 10 2.943 A). If each of these europium centers is linked of three water molecules) forgHsNOxSsLa: C, 34.14; H, 3.64;
by a dashed line, graphitic sheets of hydrogen bonds areN, 1.53. Found: C, 34.1; H, 3.50; N, 1.60.
formed in thebc plane with adjacent sheets linked via coor- ~ Synthesis of [(Eu(HO)e)(4,4-dipyridine- N,N'-dioxide)(p-
dination polymer chains as described above (Figure 6b,c). sulfonatocalix[6]arene)}8H.0, 3. Octasodiump-sulfonatocalix-

These hydrogen-bonding sheets are formed entirely within []arene hydrate (15 mg, 118nol), 4,4-dipyridineN,N-dioxide
the hydrophilic layer of the bilayer arrangement, and the (& M9: 254mol), and europium(lll) nitrate hydrate (12 mg, 35
overall structure, to our knowledge, is the only example of umol) were dissolved in distilled water (2 nOver several days,

i t dinati I fonatocali small colorless plates formed which were suitable for X-ray
a multicomponent coordination polymer fssulfonatocalix- diffraction studies. Yield: 5 mg, 44%. IR (KBr disk;, cm2):

[6]arene. Similar Chemistry has been examined with other 3333 s, 2941 m, 1665 s, 1478 s, 1372 m, 1215 s, 1161 s, 1039 s.
lanthanide metals but has to date been unproductive with anal. Calcd for GgHsgNOxSEU: C, 31.81: H, 4.00: N, 1.43.
regard to single crystal formation. Clearly, however, mol- Found: C, 31.35: H, 4.05: N, 1.55.

ecules such as PyNO and DiPyNO are excellent in forming X-ray Crystallography. X-ray data for compound$—3 were
hydrogen-bonded network or coordination network supramo- collected on an Enraf-Nonius KappaCCD with MaxKadiation
lecular structures and similar chemistry of other similarly
sized and related molecules should be examined in the hope?20) Steed, J. W.; Johnson, C. P.; Barnes, C. L.; Juneja, R. K.; Atwood, J.
of forming larger and more complex arrangements in the g'(;)sfgg’é ?‘1;7':'22“2’221"1";13S£mh’ P.H. Clark, D. LJ. Am. Chem.

solid state. (21) Makha, M.; Raston, C. LChem. Commur2001, 23, 2470-2471.
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Table 1. X-ray Crystallographic Data for Compounds-3

Dalgarno et al.

param 1 2 3
empirical formula G2HgooN2051SsNi3 CaeHzgNO23SsLa CoeH3aNO23S3EU
M, 1927.75 968.67 981.72
cryst size (mm) 0.1 0.19x 0.26 0.08x 0.14x 0.16 0.03x 0.13x 0.14
cryst system triclinic monoclinic monoclinic
space group P1 P2i/c P2i/c
T (K) 150(2) 150(2) 150(2)

a(h) 12.3959(3) 17.2709(2) 13.8169(2)

b (A) 17.6908(3) 18.4511(3) 12.2289(2)
c(A) 20.1012(4) 11.9992(3) 22.3563(4)
o (deg) 66.2390(1)

p (deg) 72.2680(1) 108.7160(1) 107.8600(1)
y (deg) 71.2420(1)

V (A3) 3741.43(13) 3621.55(12) 3595.40(10)
z 2 4 4
pealcd(Mg-m~3) 1.711 1.777 1.814

0 range (deg) 2.1927.47 2.49-26.00 2.54-27.50
reflcns collcd 65 851 65 215 29028
indpndt reflcns (R) 16 881 (0.1087) 7107 (0.1185) 8187 (0.0885)
no. of params 1027 487 487

final Ry [I > 20(1)] 0.0651 0.0646 0.0362

S 1.024 1.140 1.017

wR; (all data) 0.1956 0.1618 0.0882

min, max resid electron density-{?) 1.47,—-1.36 3.13-1.00 0.80,-0.97

(A =0.710 73 A). Structures were solved by direct methods using the Cambridge Crystallographic Data Centre, 12 Union Road,
SHELXS-97 and refined by full-matrix least squaresFnusing Cambridge CB2 1EZ, U.K.; fax (internat}44-1223/336-033;
SHELXL-97. All non-hydrogen atoms were refined anisotropically E-mail deposit@ccdc.cam.ac.uk].
with the exception of one water molecule2nC—H and alcohol
OH hydrogen atoms were included at geometrically estimated Acknowledgment. We thank the EPSRC and the NSF
positions with a riding refinement. Details of data collection and for support of this work as part of an international collabora-
structure refinement are given in Table 1. Residual electron density tion.
in compoundsl and 2 is located arouth 1 A from nickel or s fting Inf tion Available: X tall hic dat
lanthanide metal centers, respectively. CCDC-233058, -233055, and. upporting in orma lon V al_a e . -fay crystatiographic _aa

. . ._in CIF format. This material is available free of charge via the
-233056 contain the supplementary crystallographic data for this Internet at http://pubs.acs.org
paper as complexes-3, respectively. These data can be obtained ' T
free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html [or from 1C0493595
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