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Abstract: In this paper, we report on the formation and properties of a water-stabilized dimer comprising
calix[4]arene-guanosine conjugate cG 2. The 1,3-alternate calixarene cG 2 was poorly soluble in dry CDCl;
and gave an ill-resolved NMR spectrum, consistent with its nonspecific aggregation. The compound was
much more soluble in water-saturated CDClz. Two sets of well-resolved *H NMR signals for the guanosine
residues in cG 2, present in a 1:1 ratio, indicated that the compound’s D, symmetry had been broken and
provided the first hint that cG 2 dimerizes in water-saturated CDCls. The resulting dimer, (cG 2)2:(H20),,
has a unique property: it extracts alkali halide salts from water into organic solution. This dimer is a rare
example of a self-assembled ion pair receptor. The identity of the (cG 2),°NaCl+(H,0), dimer was confirmed
by comparing its self-diffusion coefficient in CDCls;, determined by pulsed-field gradient NMR, with that of
control compound cA 3, an adenosine analogue. The dimer's stoichiometry was also confirmed by
guantitative measurement of the cation and anion using ion chromatrography. Two-dimensional NMR and
ion-induced NMR shifts indicated that the cation binding site is formed by an intermolecular G-quartet and
the anion binding site is provided by the 5'-amide NH groups. Once bound, the salt increases the dimer’s
thermal stability. Both *H NMR and ion chromatography measurements indicated that the cG 2 dimer has
a modest selectivity for extracting K* over Nat and Br~ over Cl~. The anion’s identity also influences the
association process: NacCl gives a soluble, discrete dimer whereas addition of NaBPh, to (cG 2)2:(H20),
leads to extensive aggregation and precipitation. This study suggests a new direction for ion pair receptors,
namely, the use of molecular self-assembly. The study also highlights water’s ability to stabilize a functional
noncovalent assembly.

Introduction Water’s participation in synthetic assemblies has been, until
Water is crucial for the formation of biomolecular complekes. ~recently, less appreciated. Water usually inhibits hydrogen-
Intermolecular association is often entropically driven, with Ponded complexes in organic solvents. Adrian and Wilcox
release of each water molecule providing up to 2 kcal/mol in Showed, however, that “closed” receptors are less susceptible
stabilizatior? Alternatively, bound water can stabilize as- 0 such competition than are open_analogﬁa@nar-Law and
semblies by forming hydrogen bond bridges, screening elec- Sanders found that low concentrations of water can strengthen
trostatic repulsions, or filling holes at the intermolecular Sugar-porphyrin binding; most likely by filling gaps at the
boundary. In this way, interfacial water helps control structure, NoSt-guest interface. Hydrogen bonding waters can fix the
stability, dynamics, and functiohBound water contributes to cgnfprmatlon of un|moleculgr receptors to enable productive
the affinity and specificity of antibodyantigen complexe$A binding®** Water also stabilizes hydrogen-bonded capsules.
hydration spine in the minor groove of B-form DNA stabilizes In the solid state, resorcinarenes form dimers sealed by solvent
the duples& Interfacial water can also influence function. For ~ at their equator$>*3These bridging water molecules stabilize
example, a water layer between subunits allosterically regulatesthe dimers in solution, enabling guest encapsulafi#Water

phosphofructokinasé. is integral to even larger capsules. MacGillvary and Atwood
* Corresponding author: Telephone: 301-405-1845. Fax: 301-314-9121. (7) Schirmer, T.; Evans, P. Rature 199Q 343 140-145.

(1) Westhof, E., EdWater and Biological Macromolecule€RC Press: Boca (8) Adrian, J. C.; Wilcox, C. SJ. Am. Chem. Sod992 114, 1398-1403.
Raton, FL, 1993. (9) Bonar-Law, R. P.; Sanders, J. K. Nl. Am. Chem. S0d.995 117, 259—

(2) Dunitz, J. D.Sciencel994 264, 670. 271.

(3) (a) Ladbury, J. EChem. Biol.1996 3, 973-980. (b) Janin, JStruct. Fold. (10) Arena, G.; Casnati, A.; Mirone, L.; Sciotto, D.; Ungaro, Retrahedron
Des.1999 7, R277-R279. Lett. 1997 38, 1999-2002.

(4) Bhat, T. N.; Bentley, G. A.; Boulot, G.; Greene, M. |.; Tello, D.; Dallacqua, (11) Far, A. R.; Shivanyuk, A.; Rebek, J., J. Am. Chem. SoQ002 124
W.; Souchon, H.; Schwarz, F. P.; Mariuzza, R. A.; Poljak, Rerdéc. Natl. 2854-2855.
Acad. Sci. U. S. A1994 91, 1089-1093. (12) (a) Murayama, K.; Aoki, K.Chem. Commun1998 607—-608. (b)

(5) For references on structure: (a) Drew, H. R.; Dickerson, RJ.Bviol. Shivanyuk, A.; Rissanen, K.; Kolehmainen, Ehem. Commun200Q
Biol. 1981, 151, 535-556. (b) Shui, X. Q.; McFail-Isom, L.; Hu, G. G; 1107-1108. (c) Mansikkamaki, H.; Nissinen, M.; Rissanen, ®hem.
Williams, L. D. Biochemistry1998 37, 8341-8355. Commun2002 1902-1903.

(6) This hydration spine is critical for the thermodynamic stability of duplex (13) (a) Shivanyuk, A.; Rebek, J., hem. Commur001, 2374-2375. (b)
DNA: Lan, T.; McLaughlin, L. W.J. Am. Chem. So200Q 122, 6512~ Shivanyuk, A.; Friese, J. C.; Doring, S.; Rebek, J.JJOrg. Chem2003
6513. 68, 6489-6496.
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(cG 2),°MX+(H,0),

Figure 1. Schematic representation of (c@*MX-(H20), formation from cG 2, indicating the anion and self-assembled cation binding sites.
Abbreviations: R= ribose; Bu= butyl; TBS = tert-butyldimethylsilyl. Internal (i) and external (e) regions of the dimer are labeled. Blue and red are used
simply to distinguish between individual cBsmolecules.

described the impressive solid-state structure of a hexamerichinding2! Among the growing number of ditopic receptors there
resorcinarene with a water bound at each of its eight cofders. are some that bind and transport hydrophilic salts such as NaCl
Rebek and Shivanyuk showed that these capsules bind largequite efficiently?? Self-assembly of a ditopic receptor is another
cationic guests in wet organic solveAtsRemarkably, NMR attractive strategy for simultaneous recognition of cations and
diffusion studies by Avram and Cohen revealed that these water-anions?3-25 Our interest in ion transporters has now led us to
stabilized hexamers form spontaneously in CP@Ven in the more fully appreciate water’s ability to help organize structure
guest’s absenc¥. These diffusion NMR results, along with  and regulate function. We describe a water-stabilized dimer
additional evidence from Rebek’s grolipynderscore water's  formed in water-saturated CD{y the calix[4]arene-guanosine
key role in organizing large and functional assemblies in organic conjugate cG2 (Chart 1)?® Water enhances the organic
solution. In addition to stabilizing spherical containers, bridging solubility and ionophoric properties of c@, apparently by
water can promote formation of tubular structut&2° One such stabilizing an intermolecular hydrogen bonded G-quartet. The
assembly facilitated Natransport across a lipid membraké. resulting (cG2),-(H20), dimer extracts alkali halides from water
While developing synthetic anion channels, we described a into organic solution to give a salt-bound dimer, (2fz*MX-
calix[4]arene tetraamide that crystallizes to give channels held (H20),, whose structure is schematically depicted in Figure 1.
together by bridging water and chloride aniéfs. Rationale. The G-quartet (Chart 1), a noncovalent macrocycle
Significant attention in supramolecular chemistry has recently composed of four hydrogen-bonded guanines, is well-known

turned toward ion pair recognition. One of the motivations for in the context of mononucleotides and DNA. G-quartets, with
this work is to identify receptors that can cotransport inorganic

salts across membranes, a significant challenge given the1) For arecent review, see: Kirkovits, G. J.; Shriver, J. A.; Gale, P. A.; Sessler,

i _ ; i i J. L. J. Incl. Phenom. Macrocycl. Chera001, 41, 69-75.
reqwre,mem to dehydrate the, Ch,arge dense |ons.. _One lon pfilr(ZZ) Selected examples: (a) Reetz, M. T.; Niemeyer, C. M.; HarmAni§ew.
recognition strategy uses a ditopic receptor containing a Lewis Chem., Int. Ed. Engl1991 30, 1472-1474. (b) Scheerder, J.; van

: H : H P H Duynhoven, J. P. M.; Engbersen, J. F. J.; Reinhoudt, DArdgew. Chem.,
base for cation coordination and a Lewis acid for anion Int. Ed. Engl.1996 35, 1090-1093. (c) Mahoney, J. M.; Beatty, A. M.;
Smith, B. D.J. Am. Chem. So@001, 123 5847-5848. (d) Deetz, M. J.;

(14) MacGillivray, L. R.; Atwood, J. LNature 1997, 389, 469-472. Shang, M.; Smith, B. DJ. Am. Chem. So00Q 122, 6201-6207. (e)

(15) (a) Shivanyuk, A.; Rebek, J., Rroc. Natl. Acad. Sci. U. S. 2001, 98, Koulov, A. V.; Mahoney, J. M.; Smith, B. DOrg. Biomol. Chem2003
7662-7665. (b) Shivanyuk, A.; Rebek, J., @hem. Commur2001, 2424- 1, 27-29. (f) Webber, P. R. A.; Beer, P. D. Chem. Soc., Dalton Trans.
2425. 2003 2249-2252.

(16) (a) Avram, L.; Cohen, YJ. Am. Chem. So@002 124, 15 148-15 149. (23) For a hydrogen bond based assembly that binds cations and organic
(b) Avram, L.; Cohen, YOrg. Lett.2002 4, 4365-4368. (c) Avram, L.; anions: (a) Shi, X.; Fettinger, J. C.; Davis, J.Angew. Chem., Int. Ed.
Cohen, Y.Org. Lett.2003 5, 1099-1102. 2001 40, 2827-2831. (b) Shi, X.; Mullaugh, K. M.; Fettinger, J. C.; Jiang,

(17) Shivanyuk, A.; Rebek, J., 3. Am. Chem. So@003 125, 3432-3233. Y.; Hofstadler, S. A.; Davis, J. TJ. Am. Chem. So€003 125 10830~

(18) (a) Perez, C.; Espinola, G.; Foces-Foces, C.; Nunez-Coello, P.; Carrasco, 10841.
H.; Martin, J. D.Org. Lett.200Q 2, 1185-1188. (b) Carrasco, H.; Foces- (24) For an approach that uses coordination chemistry to build a LiCl receptor:

=

Foces, C.; Perez, C.; Rodriguez, M. L.; Martin, J.1DAm. Chem. Soc. Piotrowski, H.; Severin, KProc. Natl. Acad. Sci. U. S. 2002 99, 4997
2001, 123 11 9706-11981. 5000.
(19) Hong, B. H.; Lee, J. Y.; Lee, C. W.; Kim, J. C.; Bae, S. C.; Kim, KJS. (25) Other ion pair receptors that are formed by noncovalent self-assembly: (a)
Am. Chem. So®001, 123 10 748-10 749. Casnati, A.; Massera, C.; Pelizzi, N.; Stibor, I.; Pinkassik, E.; Ugozzoli,
(20) Sidorov, V.; Kotch, F. W.; Abdrakhmanova, G.; Mizani, R.; Fettinger, J. F.; Ungaro, RTetrahedron Lett2002 43, 7311-7314. (b) Barboiu, M;
C.; Davis, J. TJ. Am. Chem. So@002 124, 2267-2278. Vaughan, G.; van der Lee, ADrganic Lett.2003 5, 3073-3076.
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a strong affinity for alkali-metal cations, tend to stack to give tubes3! and 1,3-alternate calixarenes can function as ion
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channels in phospholipid membrarf@€82 Our initial studies

Gottarelli and co-workers showed that lipophilic guanosines seemed promisingf as NaBPh addition to ¢G1 in 1:1 CHs-

formed G-quartets in organic solverfsLater, we solved a

CN—H,0 gave quantitative precipitation of fibers with diameters

crystal structure of a lipophilic guanosine quadruplex showing consistent with the G-quartet’s dimensions. Also, the 1:1:Na
that four G-quartets stack to give a cation “channel” that is 30 ¢G 1 stoichiometry for this precipitate was that expected for a
A Iong.29 We reasoned that such a channel might be extended polymer composed of intermolecular I&a™ quartet§3 How-

if guanosine bases were attached to aaéli8rnate calix[4]-
arene®® a platform that would orient orthogonal pairs of

ever, the poor solubility of c@ made its purification tedious,
precluded NMR investigation of self-assembly, and made it

guanines so that tubular structures might be attained upon cationypjikely that this first-generation compound would function well
templation of G-quartets. This approach has precedence in that,s a1 ion transporter in membranes. Therefore, we prepared a
other functionalized 1,3-alternate calixarenes form infinite o6 jipophilic derivative, c@ (Chart 1), with 23-TBDMS

(26) There are many dimeric calixarenes. For a review, saetdf, F.; Craig,
S. L.; Nuckolls, C.; Rebek, J., JAngew. Chem., Int. EQ002 41, 1488—

1508. For recent examples of calix[4]arene dimers, see: (b) Vysotsky, M.

O.; Thondorf, I.; Bdimer, V. Angew. Chem., Int. EQ200Q 39, 1264~
1267. (c) Castellano, R. K.; Craig, S. L.; Nuckolls, C.; Rebek, J.JJr.
Am. Chem. So00Q 122, 7876-7882. (d) Rincon, A. M.; Prados, P.; de
Mendoza, JJ. Am. Chem. So@001, 123 3493-3498. (e) Corbellini, F.;

Fiammengo, R.; Timmerman, P.; Crego-Calama, M.; Versluis, K.; Heck,

A. J. R.; Luyten, |.; Reinhoudt, D. Nl. Am Chem Soc 2002 124, 6569~
6575. (f) Brewster, R. E.; Shuker, S. B. Am Chem Soc 2002 124
7902-7903. (h) Corbellini, F.; Di Costanzo, L.; Crego-Calama, M.;
Geremia, S.; Reinhoudt, D. N. Am Chem Soc 2003 125, 9946-9947.

(27) G-quartet review: Guschlbauer, W.; Chantot, J. F.; Thiele].Biomol.
Struct. Dyn.199Q 8, 491-511.

(28) Gottarelli, G.; Masiero, S.; Spada, G. ®hem. Communl995 2555-
2557

(29) Forrﬁan, S. L.; Fettinger, J. C.; Pieraccini, S.; Gottarelli, G.; Davis, J. T.
Am. Chem. So200Q 122, 4060-4067.
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(30) For other calix[4]arene-nucleosides, see: (a) Vreekamp, R. H.; Verboom,
W.; Reinhoudt, D. NRec. Tra. Chim. Pays-Bad4996 115 363-370.
(b) Zeng, C.-C.; Tang, Y.-L.; Zheng, Q.-Y.; Huang, L.; Xin, B.; Huang,
Z.-T. Tetrahedron Lett2001, 42, 6179-6181. (c) Zeng, C.-C.; Zheng, Q.-
Y.; Tang, Y.-L.; Huang, Z.-TTetrahedror2003 59, 2539-2548. (d) Kim,
S. J.; Kim, B. H.Nucleic Acids Re2003 31, 2725-2734.

(31) (a) Ikeda, A.; Shinkai, SChem. Commuril994 2375-2376. (b) Mislin,
G.; Graf, E.; Hosseini, M. W.; De Cian, A.; Kyritsakas, N.; Fischer, J.
Chem. Communl1998 2545-2546. (c) Jaunky, W.; Hosseini, M. W.;
Planeix, J. M.; De Cian, A.; Kyritsakas, N.; Fischer,Chem. Commun.
1999 2313-2314. (d) Kleina, C.; Graf, E.; Hosseini, M. W.; De Cian, A.;
Fischer, J.Chem. Commun200Q 239-240. (e) Budka, J,; Lhotak, P.;
Stibor, I.; Sykora, J.; Cisarova, Supramol. Chem2003 15, 353—-357.

(32) de Mendoza, J.; Cuevas, F.; Prados, P.; Meadows, E. S.; Gokel, G. W.
Angew. Chem., Int. EAL998 37, 1534-1537.

(33) Sidorov, V.; Kotch, F. W.; EI-Khouedi, M.; Davis, J. Them. Commun.
200Q 2369-2370.
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Scheme 1. Synthesis of Calix[4]arene-1,3-Alternate Acid Chloride 9
Cl

CH,0, HCI
T
on & g HiPO,, HOA

Na, BuOH
— >

Dioxane
5
o Cs,CO;,
Br\)J\OEt Acetone
46%

1 .KOH(aq)
SOCl, THF,MeOH
-
Benzene 2.HCI
93% 97% o

Scheme 2. Synthesis of 5'-Amino-5'-deoxy-2',3'-O-di-tert-butyldimethylsilylguanosine 15

MeO ><OMe
N N - N
¢ X b ¢1 U I ¢ IE
TBSO—\ o N” "N °NH, ——— = Ho o NTN"NH, HO—y o NN NN
_\Lf 2001 _U DMF, 93% _‘Yj '
MeNO,:H,0 3

TBSO OTBS 80% TBSO OTBS TBSO OTBS

10 11 12

(o)

Ph,P, DEAD
NH
THF
N
</ ]&‘\H :g <, ﬂNH
HZNW N""NH, H,NNH, N NH, ZnCl,, EtOH ©::
<—

S EtOH, 64% 0 9% (2 steps)
1880 OTBS TBSO OTBS TBSO OTBS

15 14 13

groups on the ribose rings and butoxymethylene chains on the Calix[4]arene-1,3&lt-tetraacid chlorided was prepared as
calixarene’s upper rim. We found that &@an be synthesized  outlined in Scheme 1. Chloromethylation of calix[4]arene’s
and purified in gram quantities and that its solubility in water- upper rim3> followed by coupling with butoxide, gavé.
saturated CDGlenabled NMR investigation of its self-assembly Subsequent O-alkylation of the lower rim with ethyl bromo-

and salt binding. acetate, using GEOz as basé?® afforded a 46% yield of the
. . conformationally fixed 1,3-alternate calixareneBase hydroly-
Results and Discussion sis of tetraester gave tetraaci®, and subsequent reaction with

thionyl chloride afforded the tetraacid chlori@e

The nucleoside component;&mino-3-deoxy-2,3-O-di-tert-
butyldimethylsilylguanosinel5 (Scheme 2), was prepared
starting with 2,3,5'-trisilyl guanosinel03” The B-silyl group

Synthesis of ¢cG 2 and Control CompoundsChart 1 shows
the major compounds in this study. The 1,3-alternate calix[4]-
arene cQ@ is the building block for the ion pair receptor. Calix-
[4]arene cA3 and nucleoside @ were controls for determining
the roles of the nucleobase and calixarene core in self-assembly

34) An adenosine tetrad in a DNA oli onucleotlde occurs only when stacked
and salt binding. Adenosine does not form hydrogen- bonded( )aboveaG quadruplex: Patel, P. g ; Koti, A. S. R.; Hosurle\McIelc

4 ; i} ; i Acids Res1999 27, 3836-3843.
quartet.s?. makmg.the’r 1',3 alternate pallxarene S.Nd'eal for (35) Huang, 2 T Wang, G O. Yang, L. M.: Lou, Y. ynth. Commun.
determining guanine’s involvement in self-association. Mono- 1995 25, 1109-1118.

B ; ; (36) (a) Verboom, W.; Datta, S.; Asfari, Z.; Harkema, S.; Reinhoudt, DJ.N.
nucleoside G4 contains the same functional groups as 2G Org. Chem.1992 57, 5394-5398. (b) iwamoto, K.. Shinkai, SI. Org.

but lacks the calix[4]arene’s preorganization. Chem.1992 57, 7066-7073.
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Scheme 3. Final Coupling to Give Calix[4]arene-guanosine cG 2
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(@]
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of 10 was selectively removed using ZnBin aqueous ni- CHC,
tromethane to givé1.38 Protection of the guanine N2 amine as
an amidine, followed by Mitsunobu coupling of phthalimide to H8 + 5'-amide NH
the B-carbon, affordedl3. Amidine removal and subsequent
hydrazinolysis gave 'samino G15.3%40 The target cG2 was Calix-aryl H’s
obtained in 49% yield by coupling calix[4]arene acid chloride N1-H
9 and G15 (Scheme 3). ThéH NMR spectrum for c&@ was l
consistent with a chiral 1,3-alternate calix[4]arene [Df A
symmetry. Achiral 1,3-alternate calixarenes with the same para
substituents on each ring haldgg symmetry and show a singlet
for their homotopic bridging methylene protons and a singlet ... " r N ——
for their aromatic proton$ In c¢G 2, the four homochiral v
guanosines attached to the lower rim make the methylene bridge "™ NiH. SNH,
protons and the aromatic protons diastereotéplo. DMSO- S__JL
ds, ¢cG 2 showed singlets ab 7.00 and 6.93 for the aromatic & & I 5 I 1
protons and singlets at3.71 and 3.70 for the methylene bridge Figure 2. M NMR spectra of (A) ¢G2 in DMSO<s, (B) ¢G 2 in
protons. commercial CDGJ, and (C) (cG2)2(H20), in water-saturated CDGI

Conjugate cA3 was obtained by coupling-Bmino-3-deoxy- Dashed lines indicate the splitting of c&signals.
2',3-O-di-tert-butyldimethylsilyladenosine and acid chlorigle
Mononucleoside & was obtained in 66% yield upon coupling
acid chloride20 and G15 (see supporting information).

cG 2 Forms a Discrete Species in Water-Saturated CDgl
NMR spectra in Figure 2 indicate that water enables discrete
self-assembly of c@ in CDCls. In the competitive solvents
DMSO-ds (Figure 2A) and CBOD (not shown) c@& gives a
IH NMR spectrum that is consistent with a monomeric species
having D, symmetry. Due to itD, symmetry, all four aryl
groups in the 1,3-alternate calix[4]arene @&re chemically
equivalent. Therefore, a single set #f NMR resonances is
observed. In contrast, c&was poorly soluble in commercial

CDCls, giving a NMR spectrum with broad or absent amide
NH signals and multiple signals for carbon-bound protons
(Figure 2B). We attributed this poor solubility and ill-resolved
NMR spectrum to nonspecific aggregation of 2@n addition,
the quality of the spectra would vary with different batches of
CDCls, suggesting that the solvent’s water content was influenc-
ing the association state of <& Washing a CDGlsuspension
of ¢G 2 with water completely dissolved the compound and
greatly improved its NMR spectral resolution, indicating a water-
mediated transformation from an aggregate to a discrete species.
The same spectrum was also obtained by dissolvin@ dG
water-saturated CDgf? Two sets of well-resolvedH NMR
: . signals for the guanosine residues in2@resent in a 1:1 ratio

(37) Li, H.; Miller, M. J. J. Org. Chem1999 64, 9289-9293. ? e
(38) Seela, F.; Oftt, J.; Potter, B. V. .. Am. Chem. Sod983 105, 5879 (Figure 2C), indicated that the compoundg symmetry had
(39) i?i?ﬁpts to convert1 directly to 14 under Mitsunobu conditions failed been broken and prov@ed the first hint t.hat 2@imerizes in

due to N2 iminophosphorane formation, thus necessitating use of the water-saturated CDglSignals for the amide NH protons at G

protecting group. N1 (A6 = +1.3 and+0.6 ppm) and the'SNH position A6 =

(40) Iminophosphorane formation under Mitsunobu conditions at guanine N2 R . . .
has been previously described: Chien, T. C.; Chen, C. S.; Yeh, J. Y.; Wang, +1.9 and+0.5 ppm) underwent significant downfield shifts in

K. C.; Chern, J. WTetrahedron Lett1995 36, 7881-7884. _ ; ; ;
(41) Parzuchowski, P.; Boner, V.; Biali, S. E.; Thondorf, |Tetrahedron: Wat_er Sat_urate_d C_D@Irelatlve to DMSOEJ_G’ consistent \_Nlth .
Asymmetn200Q 11 2393-2402. their participation in hydrogen bonds. This last feature is quite

15144 J. AM. CHEM. SOC. = VOL. 125, NO. 49, 2003
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N1-H; N1-H, Table 1. lon Concentration from the Back Extraction of Salt from
J S NH S NHL (cG 2)2*MX:(H20), in CD,Cl, into H,O Measured by lon
¢ ! Chromatography?
A _}L ._A LNaBr
. s Woddwsamn salt extracted cation (concentration, mM)  anion (concentration, mM)

NaCl Na (0.724+0.14)  CI (0.60+ 0.07)

KCl K+ (0.81 0.08) CI (0.854 0.08)

J J( KBr K+ (0.95+ 0.09) Br (0.96+ 0.04)
N 1:1:1:1 Na:K*:CI=:Br- Na* (0.374 0.07) CI (0.194 0.02)
¢ | L o wa K+ (0.71+ 0.06) Br (0.69+ 0.07)

n Jj\Nac..NaB, NaBr Na (0.80+0.06)  Br (0.65+ 0.03)

2The concentration of cG 2 was 2 mM.

J\‘ A NaCI-KCl

modest cation and anion extraction selectivities. A:Ma’"

. <l selectivit_y of 2:1 was determined from iqtegration of the separate
N1—H signals neap 12.2 after extraction of a 1:1 NaCl and
5 A o A 9 ' s KClI solution (Figure 3D). The K:Na" selectivity was the same
Figure 3. Low-field region of the!H NMR spectra of (cG)z+(HzO)n in whether using the Cland Br salts, indicating little cooper-

water-saturated CD@lafter washing with aqueous (A) 1.0 M NaBr, (B)  ativity in the extraction of alkali halide salts by c&* To

0.5 M NaBr/0.5 M NaCl, (C) 1.0 M NaCl, (D) 0.5 M NaCl/0.5 M KCl, i ; i ;

and (E) 1.0 M KCI. Dashed lines highlight the individual complexes in the meas_ur.e anion exiraction selectivity, an agueous SOlu.tlon

mixtures. containing 1:1 NaCl:NaBr (0.5 M each) was extracted using
cG 2. Integration of the separaté-BH signals neard 8.6

unusual for amide NH protons, as they are usually shifted farther revealed a 2:1 Br.CI™ extraction selectivity (Figure 3B). Again,
upfield in CDCk compared to DMSQ@j due to DMSO’s no cooperativity in alkali halide extraction was observed, as
stronger hydrogen bond acceptor properties. We tentatively the anion selectivity was the same for the"Nand K* salts.
attributed the two sets of NMR signals in water-saturated GDCI  Direct evidence for Naextraction by c& was obtained by
to the “internal” (i) and “external” (e) guanosines in a nonco- “Na NMR spectroscopy. A 20 mM solution of (cB,NaCk
valent dimer of formula (c@),+(H;0), (see Figure 1). As  (H20) in CDCl; gave a@*Na NMR signal at —5.23 (Figure
detailed below, we believe that this dimer arises from water- S1 in supporting information). Extraction of NaCl, NaBr, KClI,
mediated formation of an intermolecular G-quaffet. and KBr by cG2 (2 mM) was quantified by ion chromatography
The Water Stabilized Dimer (cG 2)+(H20), Is an lon Pair (IC). Complexes of (c@)zMX -(H20)n in CD:Clp were first

Receptor.We used multinuclear NMR and ion chromatography generated by salt extrac_tion from water. The receptor-b_ound
to show that (c@)2:(H20), extracts alkali halides from water salttwats back-extractedd mt_oZEIIgnthht:el ag_l;e,\? ,l\J/ls;?Iayerst on
into CDCl. The insolubility of alkali halides in CDGprecluded ~ CONtent was measured using IC (Table ). spectra

the determination of stability constants, but the water-complex 23;?;;5?22 ;ﬁ;res(ilt@??:ﬂkj?g aocglogof:r:];;rgs ?otrtlﬁecv?/zr;glrete
(cG 2)2*(H-0), clearly binds hydrophilic salts in this nonpolar 2 22)n COMP

organic solvent. lon-induced changes in fieNMR spectra dimer (CG?)Z'(HZO.)”' Back-extraction of KBr gave a c@salt
9 o . . - . S ratio of ~2:1, consistent with the stoichiometry for a calixarene
first identified the cation and anion binding sites. Stirring a

. L dimer binding one ion pair, while ratios somewhat greater than
CDCl; solution of (cG2),:(H20), for 12 h with either aqueous . . .
1.0 M NaBr, 1.0 M NaCl, or 1.0 M KCI gave distinct spectra 2:1 were obtained with NaCl, NaBr, and KCI. Importantly, the

for the (CG 2),-MX-(H;0), complexes (Figure 3A.C.E). The relative cation and anion concentrations measured by IC were

more upfield of the two SNH amide protonsd 8.6) showed always close to 1:1, consistent with ion pair binding by the cG

: ) : 2 dimer.
different chemical shifts for the NaCl and NaBr complexes Vl\lne]ezilso directly determined the ion extraction selectivity of
(Figure 3A,C), implicating this particularH proton in anion y y

binding. In contrast, the chemical shift of the otheNBH proton ¢G 2 by IC. An aqueous solution of a 1:1 mixture of NaBr (1.0

(6 9.9 ppm) did not change after the salt washes. ComparativeM) and KCI (1.0 M) was stired over a solution of cBin

CD.CI, for 12 h, the organic solvent was back-extracted with

1

H NM.R specira for the Na(_:l and .K.CI complexe_s s,hqwed_that water, and the ion content of the aqueous phase was measured.
the amide N+H neard 12.2 is sensitive to the cation’s identity,

. . i Extracti lectivities by c@ imately 2:1 for K
unlike the other N*H signal ato 11.3 (Figure 3C,E). xiraction selectiviies by ©.awere approximarely or

i . Na' and 3:1 for Br:Cl~ (Table 1), in good agreement with the
Competition experiments revealed that the @(Hz0) has IH NMR derived selectivities. One factor that certainly con-

42) Itis dificul to get 6G2 e drv. ThusiH NVIR ndicated that tributes to extraction selectivity is the lower desolvation energies

is difficult to get cG2 completely dry. Thus! indicated that a

2 mM solution of cG2 in CDCls still contained 2 mM H,O, even after for K* (70-5 kcallmOD Versus Na(87-2 kcal/mOI) and Br (75-3
the compound had been rotovaped from toluene 3 times followed by in kca|/mo|) versus Ci (81_3 kca|/m0|)‘}5 However, ion dehydra_
vacuo drying over s for 24 h. In this paper we define “wet” CDgas . . . heNGH
having water concentrations between 0.5 and 10 mi®.HDry” CDCls tion cannot be the only determinant. Otherwise, theN&
was prepared according to Bonar-Law and San#igtas, small amounts and Br/CI~ selectivities would be much greater, given the large
of powdered and activated 4-A molecular sieves were added to £DCI
solutions of c& until the residual HO peak at) 1.5-1.7 had disappeared.
“Water-saturated” CDGlwas prepared by stirring with an aqueous phase (44) cG2 does show cooperativity in the sense that it dimerizes to form a “salt”

for 1 h; 'H NMR showed it to contain 51 mM #D. For some other receptor for relatively small and coordinating ions. For example, according

compounds with similar behavior in dry and wet CRGlee refs 12b and to ion-induced NMR shifts, c@ binds NaCl, NaBr, NaOAc, NaRFand

13. NaSCN. Salts with large, noncoordinating counterions do not interact with
(43) Titration with DMSO#€ls in water-saturated CDglgave separate signals cG 2 to give discrete complexes in solution. As described below, NaBPh

for the dimeric and monomeric forms of ¢& The monomer/dimer ratio and (cG2),+(H20), gave a precipitate, and BNCI addition to a solution

increased with increasing DMS@-concentration due to denaturation of of ¢G 2 gave no evidence for Clbinding.

the hydrogen-bonded dimer. (45) Marcus, Y.J. Chem. Soc., Faraday Trank991, 87, 2995-2999.
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difference in desolvation energiéslt is likely that the ions Table 2. Self-Diffusion Coefficients (Ds) for (cG 2)2*NaCl-(H20)n
bound in the dimer are not completely dehydrated due to %ﬁscg‘g Measured by PFG-NMR in Water-Saturated CDCl; and
residence in a water-filled cavity at the dimer’s core. There are u

clearly other factors that must enhance the ldad Ct binding soient D, ((¢G 2)"NaCl-(H;O)n). 107 mls D (cA3), 107 ms _ratio Dy2)D(3)
affinities of the dimer (C@)z- CDClg 3.82+0.10 5.37+£0.10 0.71+0.01
DMSO-ds 0.91+0.02 0.94+ 0.01 0.97+ 0.01

Control compounds demonstrate that both guanine and the
calix[4]arene are critical in c@ self-association and ion binding.
In contrast to c&, neither cA3 nor G 4 demonstrated self-  of diffusion coefficients requires a standard with similar structure
assembly or ionophore properties. Both &and G4 were and molecular weight, we measur&y values for samples
highly soluble in CDCJ, gave single sets ofH NMR reso- containing both ¢c@ (mw 2972) and cA3 (mw 2908) in the
nances, and showed only minor NMR spectral changes uponsame NMR tube. Monomeric c¢/8 served as the internal
washing with water or aqueous salt solutions (see Figures S6standard for determining the association state oRaGdifferent
and S7 in supporting information). Both @and G4 extracted solvents. NMR spectra indicated that there were no significant
little salt (<10% by IC) and showed mSNa NMR signal upon interactions between c@ and cA 3. The Ds values for 1:1
washing 20 mM solutions of the control compounds with 1.0 mixtures of (¢G2),-NaCl-(H20), and cA3 (both 6.7 mM in
M NaClag These control experiments indicate that @  monomer) were determined in water-saturated GD&id
requires both the guanine base and the calix[4]arene core forDMSO-ds (Table 2). Values oDs were determined based on

dimerization and ion pair extraction. the attenuation of the Hkignal for cG2 and cA3. Stejskal-
Confirmation of a Dimer by Pulsed-Field Gradient NMR. Tanner plots (IN{l,) versusy2g?64(A — 6/3)) are shown in

We used pulsed-field gradient NMR (PFG-NMR), a technique Figure 4.

that provides self-diffusion coefficient9§),*” to obtain sup- Figure 4A and Table 2 show that the intact (&-NaCl

porting evidence for a solution-phase dimer of 2¢ Diffusion (H20), dimer, with a diffusion coefficient of 3.8% 10710 m?%/

NMR, widely used for studying protein aggregatihas only s, diffuses significantly slower than ¢ (5.37 x 10710 m?/s)
recently been applied to hesguest and hydrogen-bonded in water-saturated CDgIThe ratio ofDg(2):D«(3) = 0.71 (Table
assemblies in organic solverts°In particular, PFG-NMR has  2) agrees well with the theoretical ratio of 0:7@.75 expected
been used to confirm dimerization for a variety of noncovalent for a dimer4®:53.54|n DMSO-Us, where (cG2),:NaCl-(H20), is
systems, from proteins to antibiotics to hydrogen-bonded completely denatured to give a dGmonomer, both c@ and
complexeg®51.52A number of theoretical studies have predicted cA 3 diffuse at similar rates, as reflected byg?2):D«(3) ratio
that a dimer should have a self-diffusion coefficiedt)(that is of 0.97 (Figure 4B and Table 2). These similar diffusion
72—75% that of its corresponding mononfég354 coefficients in DMSO are as expected for two molecules of
Hupp and Larive have stressed the importance of using similar size, shape, and molecular weight. This diffusion NMR
appropriate standards for interpreting diffusion NMR measure- study, confirming a dimer in CDglis entirely consistent with
ments: “Excluding strictly spherical species, evaluation of the two sets ofH NMR signals for (cG2)-NaClk(H20), and
molecular weights via diffusion parameters requires diffusion with the near 2:1 calixarene:salt stoichiometry determined by
standards because diffusion coefficients are not directly related!C. We conclude that the dimer (c&,:NaCl(H20), has 1 equiv
to molecular weight. Instead, they reflect effective hydrodynamic of bound salt.
radii. Therefore, not only the size but also the shape of the Variable Temperature NMR Shows that Salt Binding
molecule will determine the value @s.” 5° Since reliable use  Stabilizes the Dimer.Both the water complex (c@):(H20),
and the salt complex (c@),-NaCl-(H»0), have similar NMR

(46) tI)r) a DNhA G-qugdrurb_lex study, lf:eEijgé%: é\r)\]d CO_IIﬁagues stafted.+ Hglmaflly spectra at room temperature, consistent with their similar
inds the coordination sites o 3)]2 with a more favorable free .
energy than K. However, N4 is displaced by K because of the more structures. However, these 2 complexes have much different
negative hydration free energy of NaHud, N. V.; Smith, F. W.; Anet, spectra at high and low temperatures. Above°@5the well-
F. A. L.; Feigon, JBiochemistryl996 35, 15 383-15 390. lved si Is f @ 0). d di he ill
(47) (a) Stejskal, E. O.; Tanner, J. E.Chem. Phys1065 42, 288-292. (b) resolved signals for (c@)2+(H20), degenerated into the ill- -
Tanner, J. EJ. Chem. Phys197Q 52, 2523-2526. defined signals characteristic of aggregation (Figure 5A). This

(48) Evidence for dimerization in the gas phase or in the solid-state has eluded -
us. We were unable to gain FAB or ESI mass spectrometry evidence for temperature-dependent aggregation of 2ds presumably
a (cG2), dimer. Only molecular ions for monomeric &were observed. entropically driven by the loss of bound water to the bulk
Apparently, the water complex and the salt complex are not stable to . 4 . . .
desolvation or ionization in the gas phase. Crystals grown from a ¢HCI  solution. The process is reversible, as cooling the GB@lution

solution of (€G2),*NaCl(H.0), had a large unit cellagd = 26 A, b = 30.6 o .
A, ¢ =308 A) but they did not diffract strongly enough to obtain a of ¢G 2 back to 25°C regenerated th.e spect_r_um for (&
structure, (H20)n. In sharp contrast to the relative lability of the water
(49) (a) Altieri, A. S.; Hinton, D. P.; Byrd, R. AJ. Am. Chem. S0d995 117, ; _ ;
7566-7567. (b) Krishnan, V. V3. Magn. Reson1997 124 468473, complex at h|gher_temperatures, the salt-bound _d|mer20@G
(50) (a) Gafni, A.; Cohen, YJ. Org. Chem1997, 62, 120-125. (b) Frish, L.; NaCl(H,0), remained intact even up to 5 (Figure 5B).
Matthews, S. E.; Bomer, V.; Cohen, YPerkin Trans. 21999 669-671. : , Ty [T
(c) Timmerman, P.; Weidmann, J. L.; Jolliffe, K. A.; Prins, L. J.; Reinhoudt, The dimer’s enhgncgd Stablllty in the presenqe Qf saltis “kely
(%.)N.; Shhinkai, S.; Frish, L.; Cohen, YPerkin Trans. 2%00 2077—2&89. due to N& coordination by a G-quartet and Gbinding by the
Frish, L.; Sansone, F.; Casnati, A.; Ungaro, R.; Cohed, @rg. Chem. / : : ’ .
2000 65, 5026-5030. (€) Cameron, K. S.; Fielding, L. Org. Chemz2001 5'-amide NH groups at the dimer’s core (Figure 1).
66, 6891—6895. .
(51) Lo, M. C.; Helm, J. S.; Sarngadharan, G.; Pelczer, I.; Walked, &m. The effects of low temperatu_re on ((2)2 (HZO)n an(.j (CG
Chem. So0c2001, 123 8640-8641. 2),*NaCl(H»0), were also drastically different (see Figure S8

(52) ten Cate, A. T.; Dankers, P. Y. W.; Kooijman, H.; Speck, A. L.; Sijbesma, i i i .
R, P Meijer, £ W.J. Am. Chem. 'So@003 125 6360-6861. in supporting information). The (c@),+(H20), sample was

(53) Wills, P. R.; Georgalis, YJ. Phys. Chem1981, 85, 3978-3984. “denatured” upon cooling te-60 °C. This denaturation was

(54) de la Torre, J. G.; Bloomfield, V. AQ. Re. Biophys.1981, 14, 81—139. ;

(55) Otto, W. H.; Keefe, M. H.; Splan, K. E.; Hupp, J. T.; Larive, C.IKorg. apparent upon V\_/armlng the s_ample back to room temperature,
Chem.2002 41, 6172-6174. as the sample displayed the ill-resolvétl NMR spectrum so
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Figure 4. Stejskal-Tanner ploté? of the normalized signal intensity as a functiony3826%(A O d/3) for (A) dimeric (cG 2),"NaClk(H20)x (solid) and
monomeric cA3 (dashed) in water-saturated CR@Ind (B) cG2 (solid) and cA3 (dashed, overlaid) in DMS@s. Data were recorded at 2& and are
derived from the attenuation of Hgignals of cG2 and cA3. The slope of each line is equal teDs for that species.

(A) (¢G 2),*(H,0)n (B) (cG 2),*NaCl+(H,0),
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Figure 5. ™M NMR spectra in water-saturated CQGtom 25 °C up to 50°C, then back to 23C for (A) (cG 2),:(H20), and (B) (cG2)2:NaCk(Hz0)n.
Samples were 2 mM in c@. The asterisk in (B) indicates the N2&; signal at 50°C.

-
A

typical of nonspecific aggregation. Cooling t660 °C must Diagnostic NOEs for the G-quartet were identified in (cG
freeze out the bound water in (c@,(H.0),, shifting the 2),*NaCl(H20),. As shown in Figure 6A,B, both N2H; amino
equilibrium from the dimer to an aggregate. In sharp contrast, protons ¢ 9.9 and 6.6) showed NOEs to G H 6 7.2. These

the same experiment with (c8,-NaCl(H,0), resulted in no N2—H8 NOEs between hydrogen-bonded neighbors are hall-
changes in théH NMR spectra before and after this same marks of the G-quartet structut@N2—H and H8 within the
cooling—warming cycle. These comparative experiments at high same nucleobase are too far apart for an intramolecular NOE.
and low temperatures indicate that the bound salt stabilizes theAlthough the data does not distinguish between possible

calixarene dimer. geometries, we are confident that (&-NaCl-(H,0), is held
NMR Evidence for a G-Quartet in (cG 2),NaCl-(H20);. together by an intermolecular G-quartet. Regardless of the exact
Assignments for the two sets of NMR signals in (2fz-NaCl morphology, it is the G-quartet’'s electronegative pocket that

(H20), in CDCl; were based ontH—'H COSY, H-IH enables the (c@), dimer to bind hydrophilic cations.
NOESY, and!H—13C HMQC data (see Figures S3 and S4 in Location of the Water in the (cG 2),*NaCl-(H,0), Com-
supporting information). The two sets of signals are referred to plex by IH—1H NOESY. NOEs are often used to locate bound
as internal (i) and external (e) guanosines, as depicted in Figurewater in biomolecules and in organic compleXé% For (cG
1. 2)>*NaCl(H20),, NOEs located the water to be bound near the
At low temperature (0 te-20 °C) in CDCk, two new signals G-quartet. At—20 °C, the downfield-shifted kD signal ¢ 2.8)
appear for (c&),*NaCl(H,0), atd 9.9 and 6.6 (Figure S2).  showed NOEs to NtH; (6 12.3), 3-amido NH (J 8.6), both
These well-separated Namino signals, which belong to the  N2—H; amino protonsd 9.9, 6.6), and, most importantly, the
internal G, arise due to slow €22 bond rotation caused by  nonexchangeable H& 7.2). All of these NOEs to KD were
the G-quartet’s N2H---N7 hydrogen boné& For (cG2),-NaCk from the “internal” guanosine that make up the G-quartet (Figure
(H20), the hydrogen-bonded proton occursda®.9 and the 6C). Water-nucleobase cross-peaks were not observed for the
“free” proton is atd 6.6. At room temperature, these two signals dimer’s external set of signals. The G N#H; and 3-NH; amide
broaden into the baseline. At 8CQ, faster C2-N2 bond rotation protons that correlate with # are also the same protons
causes the two N2H protons to become equivalent on the  ." o G brog. Nucl. Magn. Reson. Spectrod97, 31, 259-285.

NMR time scale, giving a single resonanceda®.25 (marked (58) (a) Newby, M. I.; Greenbaum, N. Proc. Natl. Acad. Sci. U. S. 2002
99, 12 697-12 702. (b) Bagno, A.; Campulla, M.; Pirana, M.; Scorrano,

with an asterisk in Figure SB). G.. Stiz, S.Chem.-Eur. J1999'5, 12911300 (c) Angulo, M.: Hawat,
C.; Hofmann, H. J.; Berger, ®rg. Biomol. Chem2003 1, 1049-1052.
(56) Marlow, A. L.; Mezzina, E.; Spada, G. P.; Masiero, S.; Davis, J. T, (d) Pinkhassik, E.; Sidorov, V.; Stibor, J. Org. Chem1998 63, 9644~
Gottarelli, G.J. Org. Chem1999 64, 5116-5123. 9651.

J. AM. CHEM. SOC. = VOL. 125, NO. 49, 2003 15147



ARTICLES Kotch et al.

HS;
N1-H; . .-
M e Nl
H < NOE ' Je
R - b
N N2 N - 8 O O . ’
N =z Hnu.......,”N/ N’R
H_<\N N. —
: 1 Hog N : Ee
0 4 ’
: i N d 1
L@ il
H-N H B
NG o : ‘- J O BEAY
o “I“”I'H__ =
,Hq: N
R~ \]y H L Sy N 3
H |'-| R .
‘ . K . 12
.
- P » H : 7
(©) s, CHCl_ms,
(3
5’-amide
N1-H; NI-H. NH, 5’-amide
i Nom | NH, N2-H,
w
o7 i
1<) H,0
N
>
""" | AN I I I A DA
=] =y - - -]
° N - o © @ ~ o °
3 3

Figure 6. H—'H NOESY spectrum of (c@),*NaCl-(H20), in CDClz at —20 °C: (A) G-quartet indicating characteristic intermolecular-N2 to H8
NOEs. (B) Low-field region of the spectrum showing correlations between,NN2H;s, and H8at the G-quartet bridge of (c&2*NaCl(H.0), (characteristic
G-quartet N2k -H8; NOEs are circled). (C) Correlations to the® signal. Only the internal (i) set of signals shows cross-peaks.

20 o

implicated to be in the dimer’s cation and anion binding sites,
indicating that the ion pair and water bind nearby in the dimer’s
core.

CD Spectra of cG 2 Depend on the Solvent and Condi-
tions. Circular dichroism (CD) has previously been used to study
the structure of chiral calixarerf8$° and of G-quartet based
assemblies? %1 We found that CD spectroscopy also provided
qualitative insight into self-association of @&The CD spectra
of cG 2 (1.0 mM) were recorded using a 0.1-mm cell to ensure
that the same concentrations were used for CD and NMR
measurements. As shown in Figure 7, the spectra vary with
solvent and ionic conditions, reflecting a significant conforma-
tional change by c@. The CD spectrum in MeOD, a solvent
Lr:)uvglr;l%h V\(I:Iﬁl z plzsirt?\?eng:;]%ngén?:rsedaatsgg;r?ﬁ::ﬁ aeﬁggc;gveﬁgure 7. pircular dichroism spectra of c@in MeOD (black Iine),(pG

’ 2)2+(H20), in water-saturated CDgl(red line), and (c@)2*MX+(H20), in

band centered at 250 nm. The spectrum of @&(Hz0), in water-saturated CDglwhere MX is NaCl (green line), NaBr (navy line),
KCI (blue line), and KBr (maroon line). All samples were 1.0 mM in cG

Circular Dichroism (mdeg)
[

wavelength (nm)

(59) (a) Arimura, T.; Kawabata, H.; Matsuda, T.; Muramatsu, T.; Satoh, H.;
Fujio, K.; Manabe, O.; Shinkai, §. Org. Chem1991, 56, 301-306. (b)
lkeda, A.; Nagasaki, T.; Shinkai, 8. Phys. Org. Cheml992 5, 699—

710.

(60) Castellano, R. K.; Nuckolls, C.; Rebek, J., JrAm. Chem. Sod999
121, 11 156-11 163.

(61) Gottarelli, G.; Masiero, S.; Spada, G. Ehantiomer1998 3, 429-436.
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wet CDC} is quite different from the spectrum in MeOD, as it
shows an asymmetric and positive Cotton band. This difference
indicates a change in conformation and/or secondary structure
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for ¢cG 2 upon moving from MeOD to water-saturated CRCI
All of the salt complexes, (c@),:MX-(H20),, give similar

spectra, featuring an enhanced positive Cotton band at 284 nm

for the K' salts and at 286 nm for the Na&alts. That the CD
spectra of c@ change so markedly under conditions that favor

self-association and salt binding is consistent with other studies

on the associationdissociation of calixarene dimef$.We

cannot yet unequivocally assign these CD bands to specific

chromophores in c@, since both the calixarene aromatic rings
and the guanine base have UV absorption shoulders in the 270

280-nm region. Nonetheless, these preliminary experiments open

the door for further and more detailed CD investigation of the
structure and thermodynamics of these chiral assemblies.
The Anion Controls the Aggregation State of cG 2.In

previous studies, we found that the first-generation compound,

cG 1, reversibly precipitated from solution in the presence of
NaBPh, indicating formation of a noncovalent aggreg#te.
Sodium tetraphenylborate, with its noncoordinating anion, also
triggers a similar aggregation of c%

Titration of (cG 2),*(H20), in water-saturated CDglwith
NaBPh dissolved in 1:1 CDGICDsCN resulted in the NMR
signal broadening and precipitation that is characteristic for a
noncovalent polymer (Figure S%52Washing a CDGlsolution
of (cG 2)2(H20), with 1.0 M NaBPh(aq) led to complete
precipitation of (cG2:Na")y-(BPhy)n. Semiquantitative EDX
analysis of the precipitate gave a Si:Na ratio of 10.3:1%%)
in qualitative agreement with a noncovalent polymer comprising
intermolecular Na-G-quartets. The expected Si:Na value for a
polymer composed of a 1:1 c&Na ratio is 8:1, as c@ con-
tains eight silicons.

ARTICLES
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Figure 8. Schematic representation for the reversible polymerization of
¢G 2. For individual molecules, the calix[4]arene-laB-core is shown and

“G” represents the guanosine nucleobase. All other atoms are removed for
clarity. Blue and red are used simply to distinguish between individual
molecules.

halides from aqueous solution into organic solvents. An
intermolecular G-quartet formed by two molecules of 2G
provides the cation binding site and the neighborifgride
groups bind the halide anion. Formation of (2)z-NaCl(H.0),
provides a prime example of the cooperative interactions of host,
solvent, and guest. Salt binding by a @G@limer is enabled by
water, and the bound ion pair further stabilizes the dimer. These
noncovalent structures based on self-assembly of2c&e

These experiments demonstrate that the anion can modulatdunable; changing the anion from a halide to the noncoordinating

the supramolecular organization of &and provide another

BPh,~ switches the assembly from a discrete dimer to a

example of how supramolecular structures can be modulatednoncovalent polymer.

by altering one component in a multicomponent assembly. With
NaCl, cG 2 forms discrete dimers, whereas with NaBRh
noncovalent polymer is obtained.

The (cG2-Na"),(BPh ), precipitate could be converted to
the soluble dimers (c@),-(H20), or (cG 2),-NaCl(H,0), by
washing a CDG suspension of the precipitate with eithesCH

This study also provides evidence for an isolated G-quartet,
a structure that typically occurs in stacks of neighboring
quartetg2”-2% Although direct NMR evidence for the G-quartet
came from (c@),-NaCk(H.0),, it is likely that (cG2),:(H20),
is also held together by a G-quartet. Both (2fz-(H20), and
(cG 2),*NaClk(H20), have similartH NMR and CD spectra in

or an aqueous salt solution, again demonstrating the assembly’gvater-saturated CDglsuggesting similar structure. A G-quartet

reversibility and underscoring water’s role in controlling the
structure and properties of the &&limers (Figure 8). It remains
an open question as to why (@}+(H20), and (cG2),-NaCl
(H20), form discrete dimers instead of polymerizing. One
possible explanation for the lack of polymerization is that the
water or salt that binds in the dimer’s interior induces a

formed by (cG2),:(H20), could use its four O6 carbonyls to
hydrogen bond to water. In this way, water would take the
cation’s usual place within the G-quarfétindeed, in the
original paper describing 85MP self-association, Gellert et al.
wrote that a G-quartet “would contain a hole in the middle in
which it might be possible to place one water molecule per

conformational change disfavoring the external G residues from tetramer® Bound water in (c@).+(H20)n likely facilitates the

also forming intermolecular G-quartets. Such ion-induced con-
formational changes are well-known for 1,3-alternate calix-
arene$s?

Conclusions

This study underscores water’s ability to stabilize a functional
assembly. Calix[4]arene-guanosine 2@&rms a dimer (c@),-
(H20), in water-saturated CDgl This dimer extracts alkali

(62) For a review on noncovalent polymers, see: Brunsveld, L.; Folmer, B. J.
B.; Meijer, E. W.; Sijbesma, R. -Chem. Re. 2001, 101, 4071-4097.

(63) 1,3-alternate calixarenes can exhibit allosteric effects induced by confor-
mational change. (a) For a negative allosteric effect, see: Budka, J.; Lhotak,
P.; Michlova, V.; Stibor, |.Tetrahedron Lett2001, 42, 1583-1586. (b)
For a positive allosteric effect, see ref 22b.

recruitment and localization of ions by lowering the energy
required for ion transfer from bulk water to the self-assembled
ionophore’s binding site. Finally, bound waters would also likely
stabilize the salt complex (c@),:NaCl(H0), by providing
additional ligands to fill the cation’s coordination sphéte.

(64) A templating cation is not always required for G-quartet formation; see:
Sessler, J. L.; Sathiosatham, M.; Doerr, K.; Lynch, V.; Abboud, K. A.
Angew. Chem., Int. E200Q 39, 1300-1303.

(65) Gellert, M.; Lipsett, M. N.; Davies, D. RProc. Natl. Acad. Sci. U. S. A.
1962 48, 2013-2018.

(66) X-ray structures of DNA G-quadruplexes show that the coordination spheres
of terminal cations are completed by water: (a) Phillips, K.; Dauter, Z.;
Murchie, A. I. H.; Lilley, D. M. J.; Luisi, B.J. Mol. Biol. 1997, 273 171-

182. (b) Horvath, M. P.; Schultz, S. G. Mol. Biol. 2001, 310, 367—377.
(c) Haider, S.; Parkinson, G. N.; Neidle, $.Mol. Biol. 2002 320, 189~
200.
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Experimental and 8 times, respectively, and the diffusion coefficients reported are

. . . ) . . the meant standard deviation of all experiments. Concentrations were
Synthesis.Synthetic details are provided in the supporting informa- 6.7-6.8 MM in cG2 and cA3

tion.

Complex Formation. Typically, a suspension of c@ (1—2 mM)
in CDCl; (1 mL) was stirred with either 0 or a 1 Maqueous salt
solution (1 mL) for 12 h. The organic layer was separated, centrifuged
to remove residual water, and analyzed. In(l/1,)) = —yzgzéz(A — 0/3)D (1)

2’Na NMR Measurements.?®Na NMR spectra were recorded on a
Bruker DRX-500 operating at 132.29 MHz and are reported in ppm
relative to 25 mM NacCl in BO at 0 ppm (external standard). A 5-mm
broad band probe was used. For all experiments, 95 000 transients wer
collected and a J0pulse of 7.7us, acquisition time of 619 ms with a
1-s delay between pulses, and a sweep width of 13.2 kHz were used.
The concentrations were 20 mM in &

lon Chromatography (IC). lon chromatographs were run on a
Dionex DX-120 ion chromatograph. Eluents were 4.8 mMO&@s/
0.6 mM NaHCQ for anions and 20 mM methylsulfonic acid for cations.
lon concentrations are reported relatieeat 1 mM standard for each
ion. In all experiments, 1.2 mLof2mM L (EcG2, cA3 G4)in
CD,Cl, was stirred with 1 mL 61 M salt (salts were NaCl, NaBr,
KCI, KBr, and 1:1:1:1 Na:K:Cl:Br) for 12 h. The aqueous salt solutions
were removed and the organic layers were centrifuged to remove
residual saltwater. Millipore D (1 mL) was layered over the GDI»
solution (1 mL) containing the ligand (and salt if extracted), and the
biphasic mixture was stirred for 12 h to effect back-extraction of the
salt into HO. Salt concentrations in the aqueous layer were measured Acknowledgment. We thank the Separations and Analysis
by IC. Importantly, stirring the already back-extracted organic layers Division, Basic Energy Sciences, U.S. Department of Energy
with Millipore H,O for an additional 12 h resulted in no further back-  for supporting this work. F.K. thanks the ACS for a Division
extraction; i.e., all salt was removed during the first back-extraction. of Organic Chemistry Graduate Fellowship sponsored by

Pulsed Field Gradient (PFG) NMR. Diffusion experiments were  AstraZeneca. J.D. thanks the Dreyfus Foundation for a Teacher
broad-band inverse probe in Shigemi tubes (Shigemi, Inc., Allison Park, undergraduate fellowships. We thank Melanie Moses for EDX
PA) at 26°C using th.e pulsg sequence developed by Taﬁf@vlth measurements, Athi Narayanan for assistance with CD measure-
an added homo-spoil gradient (Bruker pulse sequence “stegpls, V. . o .
1.1.2.2"). The gradient strength was calibrated with water af@5 ments, Prof. Vlc_tor Mufip for the use of h|§ CD spectropho-

Jometer, and Yinde Wang for NMR assistance. We thank

and the temperature was calibrated with a methanol sample. The pulse e ) X :
gradients were incremented from 1.7 to 30.0 G/cm in 18 steps with a Francesca Corbellini and Prof. Giovanni Gottarelli for helpful

duration ¢) of 2 ms and 32 transients were collected with a pulse delay discussions.
of 6 s in allcases. The pulse gradient separati) \was 200 ms for Supporting Information Available: Experimental and se-

experiments in CDGland 800 ms for experiments in DMS@- The lected spectroscopic data. This material is available free of
sample height was maintained at 8 mm to minimize the effects of charge via the Internet at http:/pubs.acs.org

convection. Measurements of the (&p-NaCl(H,0)/cA 3 mixture ' T

in CDCl; and cG2/cA 3 mixture in DMSOds were repeated 16 times ~ JA0364165

According to the pulse gradient spiecho techniqué’? the ratio
between the echo intensity in the presence (I) and absegjcef (&
pulsed gradient is given by

wherey is the gyromagnetic ratiag is the pulsed gradient strength
(G/cm), 0 and A are the duration and separation of the two gradient
é)ulses, respectively, aridlis the diffusion coefficient. All spectra were
processed using XWINNMR 3.0 (Bruker) and data analyses were
accomplished using the t1/t2 routine. Diffusion coefficients were
obtained by fitting H1 peak volumes to a single-exponential decay
(eq 1) using the program Simfit (Bruker).

Energy Dispersive X-ray (EDX) Analysis.EDX was performed
with an AMRAY 1820K scanning electron microscope with an
acceleration potential of 20 kV. The sample was prepared by washing
a solution of (cG2)*(H20), (2 mM in ¢G 2) in CHCl; with 1 M
NaBPh(aq). The resulting precipitate (c&polymer) was isolated by
drawing off the liquid layers after centrifugation and purified by
centrifugation with and removal of CHEI(3x) and water (%)
followed by drying under high vacuum for 18 h. The data are the
average and standard deviation of three runs at different spots on the
sample.
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