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Abstract: Calixarenes are used as molecular scaffolds for the preparation of novel receptors for cations, anions,
and neutral molecules. Although widely studied, the nature of the-goest interactions within these molecules
remains obscure. We present a combined density-functional theory and second-order perturbation theory study
of the complexation of the alkali cations Nand Cg with tetramethoxycalix[4]arene. The results show that

the host-guest interactions of this simple system are much more complex than previously thought and suggest
new approaches for the design of selective cation receptors.

Introduction X X

Molecular recognition phenomena play a central role in O
biochemistry and in the quickly emerging field of supramo- OR RO
lecular chemistry. Macrocyclic architectures with conforma-
tionally preorganized and electrostatically favorable binding sites OR RO,
provide ideal systems to study the nature of hagiest O
interactions. Of particular interest are the calixarene macrocycles
that are widely used as hosts for cations, anions, and neutral X X
molecules’ 1! The most well-studied member of this class of Figure 1. Calix[4]arene macrocycle.
compounds, calix[4]arene, is composed of four phenol units
connected by ortho-methylene bridges (Figure 1). The 16- considerable attention both because of their use as templating
membered macrocycle ring of calix[4]arene exhibits only four agents in calixarene synthe$e$ and because of the selectivity
distinct conformations (see Figure 2 for nomenclature), an shown by particular calixarenes in alkali cation coordinafiofi.
unusual property for a ring of this size. Each conformer presentsIn the absence of structural modifications, the calix[4]arene
a unique binding cavity for the metal to occupy. Synthetic scaffold itself exhibits a relatively weak affinity for these
methods allow for the selective addition of different functional cations!’ The challenge we now confront is how to modify
groups either at the hydroxyl site or at the arene carbons paracalix[4]arene in such a way as to yield the most efficient and
to the hydroxyls, which results in a wide variety of calix[4]- selective receptor for any specified guest. Current receptor
arene derivatives. Placement of bulky substituents at the design strategy involves the introduction of additional binding
hydroxyl positions can be used to immobilize calix[4]arene in Sites, typically through O-alkylation, to yield cavities with
one of its four conformations, designated here as CONE; partial increased denticity. Although this strategy has inspired the
cone (PACO); 1,3-alternate (13ALT); and 1,2-alternate (12ALT). Preparation of a large number of calix[4]arene derivatf/és,

The alkali cations are a class of guests that have receivedfew of these exhibit enhanced selectivity for specific alkali metal
cations. Currently, this Edisonian approach remains the dominant
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C
13ALT (Dy2g)

Figure 2. CONE; partial cone (PACO); 1,3 alternate (13ALT); and
1,2 alternate (12ALT) conformations of tetramethoxycalix[4]arene
(TMC) (Figure 1, R= Me, X = H).

12ALT (Cop)

Tetraalkoxycalix[4]arenes (Figure 1, R alkyl) are the

simplest derivatives containing the binding sites found in more
elaborately functionalized calix[4]arenes. All four conformations
of tetraalkoxycalix[4]arenes are known to coordinate with the

alkali cations'® However, structural information on the actual
mode(s) of coordination is limitet,and thermodynamic data
on the stability of such complexes is not availablélthough

Hay et al.

Figure 3. Two stable geometries for Nacomplexes with methoxy-
benzene are a representative example of the two possible binding modes
for alkali cationst!

methoxybenzene, is an ambidentate ligand capable of coordina-
tion through either the oxygen or the arene (Figure 3).
Comparison of the calculated binding energies revealed that the
two binding modes yield complexes of approximately equal
strength for the LT through C$ series of cations. The similarity

of these binding energies suggests the possibility for multiple
cation binding modes in each calix[4]arene conformation.

Due to major advances in computational hardware and
software, we can now apply reliable electronic structure methods
to molecules the size of calix[4]arenes. Herein we report the
use of density functional theoand second-order perturbation
theory to identify the binding modes of Naand Cg with
tetramethoxycalix[4]arene (TMC), the simplest derivative in
which all four hydroxyl groups are alkylated (Figure 1,=R
methyl, X = H).

Methods

Initial geometries for 12 tetradentate binding conformations 6f M
TMC, M = Na and Cs, were obtained from molecular mechanics
calculations using a modified MM3(96) force fielétl.The cation-
oxygen and cationarene centroid distances were constrained to values
observed in methoxybenzenestGOCHs) complexes, nameljao =
2.24 A, ryax = 2.48 A, rcso= 3.10 A, andrcsx = 3.61 A3! Further
optimization was then done at the restricted Hartrieeck (RHF) level
of theory using a combination of Dunnirgday®* [3s,2p/2s] contrac-
tions for carbon, oxygen, and hydrogen, and effective core potentials
(ECPs) and their associated valence basis sets for sodium and éesium.
The cesium ECP included the dominant relativistic effects. In the
Gaussian program, this collection of ECPs and basis sets is referenced

it was originally assumed that cation coordination to calixarenes by the keyword LANL2DZ3®

would occur only through the oxygens, crystal structure data

Although all of the initial optimizations were performed @,

shows that the electron-rich arene rings can provide alternative symmetry, in many cases additional symmetry elements appeared during
binding sitest1.19-24 Acting upon evidence that benzene forms the course of the optimization. In such cases, the calculations were

relatively stable complexes with the alkali catighs3® we
recently establishéd that the calix[4]arene building block,
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the 6-31G** basis sét*°on H, C, O, and Na, and LANL2DZ/ECP on  Table 1. Energetic Data for TMC Complexes with Nand Cs?
Cs. Cation binding energies were corrected for the undesirable effects Na- Cst
of basis set superposition error (BSSE) by the counterpoise method of

Boys and Bernardi! All of the RHF and DFT electronic structure binding mode method  AE AEe ABomp AE  AEe AEcomp
calculations were performed with Gaussian 94, Revision®E.2. CONE 40 MP2/avDZ  —67.3 8.6 9.1 —22.6 19.1 20.1
Finally, refined energetics were obtained at the BLYP/DFT geom- BLYP/6-31G* —-76.2 00 02 —-179 83 107
etries from second-order MgllePlesset perturbation theory (MP2) CONE 20+2A MP2/avDZ -756 04 09
calculations with the diffuse function augmented correlation consistent BLYP/6-31G** —72.6 3.6 3.8
valence doublé-basis set (aug-cc-pVDZ) for H, C, and*®** Sodium CONE 4A MP2/avVDZ -351 65 7.5
was described by a [5s,4p,2d] contracted basis set and the (2s,2p) shell BLYP/6-31G** -227 36 57
of electrons was explicitly correlated. Cesium was described by a paco 40 MP2/avDZ —67.1 8.8 10.3
[4s,4p,2d] basis set and the«(fh) Hay-Wadt ECP? BLYP/6-31G** —70.0 6.2 6.3
Previous studies of Mether), M= Na and Cs, complexes with  paco30r1A MP2/avDz ~ —69.4 6.6 80 —3L.1 105 125
basis sets as large as quadrupledth extra diffuse functions (aug- BLYP/6-31G** —72.9 33 34 —-210 53 75
cc-pVQZ) demonstrated that the r_eIa’Flver modest_aqg-cc-pVDZ basis PACO 20-2A MP2/aVDZ 750 00 6.6
sr:et was f?rtultgugly cap?blg ]?f y|e|c‘q|ng res(t;lts. \;]v]thm 1kkca|1}/mcl>lfof BLYP/6-31G* —72.1 4.0 4.2
t e_C(rJTr]ngete asis t:sett (ljr_nlt ?r 58 ium and witl I|n 15 _t%a mo IIor PACO 10r3A MP2/aVDZ 416 00 19
cesium?® Very recent studies of Mbenzene) complexes with equally BLYP/6-31G* 263 00 22

large basis sets, show that the same aug-cc-pVDZ basis set is able to
reproduce estimated complete basis set MP2 binding energies to within 13ALT 40 QA&ZF/,Z\S{&ZG** :gg'g 273'2 g'g
0.3 (Na) and 1.1 (Cs) kcal/mét4” Thus, both the ether oxygen and ' ' '

arene binding modes should be well-represented at the MP2/aug-cc-13ALT 20+2A MP2/avDz ~ —69.2 6.8 4.9 —-37.1 46 3.1
pVDZ level of theory. Application of the BSSE correction actually BLYP/6-31G** —689 73 47 -242 21 16
worsens agreement between the MP2/aug-cc-pVDZ and complete basisl2ALT 40 MP2/avDz ~ -67.8 81 0.0

set results, and therefore, was not applied in this part of the study. BLYP/6-31G* —70.1 61 0.0

Investigation of the importance of higher-order correlation effects in 12ALT 20+2A MP2/avDZ -340 7.7 00
the cases of M(ether) and M(benzene) complexes, such as through BLYP/6-31G** —223 40 00
couple cluster calculations, showed such effects to be unimportant. 2aVDZ = aug-cc-pVDZ. Binding energieAE, and relative binding

All MP2 calculations were performed using the NWCH&program energiesAE. and AEqom, are given in kcal mott. MP2 AE values
running on the 512-node IBM SP in the Molecular Science Computing are given with respect to the PACO conformation of bare TMC (the
Facility. The default threshold of I®was used for eliminating linearly lowest-energy MP2 structure) and are not corrected for BSSE. BLYP
dependent eigenvectors of the overlap matrix. In practice, the number AE values are with respect to the CONE conformation of bare TMC
of basis set vectors eliminated remained relatively constant (at (the lowest-energy BLYP structure) and are corrected for BSSE.
approximately 25) across the various complexes. The largest MP2 o
calculation performed in this study involved 1015 basis functions. ~ for MP2. Both BYLP/DFT and MP2 qualitatively agreed on

the highest-lying TMC conformation (12ALT), but MP2 found

Results and Discussion this conformation to be more than 3 kcal/mol less stable than

The DFT and MP2 calculations produced slightly different
energy orderings for the bare TMC molecule. At the BLYP/
DFT level of theory, the CONE conformation lies a mere 0.1

We restricted our attention to tetradentate complexes in which
each of the four methoxybenzene components of the macrocycle
ring was coordinated to the cation. The various cation binding

kcal/mol lower in energy than the PACO structure, whereas at 1, 4eg are differentiated by the conformation of the macrocycle
the MP2 level of theory, these conformations are reversed and 4 the number and type of binding sites. For example, the

the PACO structure is 0.9 kcal/mol lower. This difference in notation “CONE 2G-2A” indicates that TMC is in the cone

the nature of the TMC global minimum is reflected in the  .,nformation and the metal is bonded to two ether oxygens and
binding energiesAE, shown in Table 1AE is defined as the 2 arenes.

total energy of the complex minus the sum of the total energies Methoxy rotamers of isolated calix[4]arenes, that is, with

pf the cation and the most stable free ligand conformation, that unoccupied cavities, have previously been examined with force
is, the CONE structure for BLYP/DFT and the PACO structure fig|q methods® It should be noted that when the metal cation

(39) Hehre, W. J.; Ditchfield, R.; Pople, J. A. Chem. Phys1972 56, is coordinated to arene donor groups, it may be possible for
2257. uncoordinated methoxy groups to rotate into the macrocycle
(40) Hariharan, P. C.; Pople, J. Aheor. Chim. Actdl973 28, 213. cavity. However, X-ray crystal structures provide no evidence
Ei%g E,l%férlscf'bfaeirsn;’rd,\';l'%ﬂys hgz:lfg&lfé"r’gfg' of such conformations when metal cations are present within a
(43) Dunning, T. H., JrJ. Chem. Phys1989 90, 1007. calix[4]arene, and these methoxy rotamers were not examined
(44) Kendall, R. A;; Dunning, T. H., Jr.; Harrison, R.1.Chem. Phys. in the current study. There are also binding modes in which
19?25?%&736"5 - Feller, D.: Glendening, E. D. Phys. Chen1.998 102 the cation binds to the “outside” of the calixarene cavity and,
3813. T g = B P thus, tolessthan four binding sites. These binding modes are
(46) Feller, D.Chem. Phys. LetR00Q 322, 543. necessarily weaker and are also not considered. Due to steric

(47) Feller, D.; Dixon, D. A.; Nicholas, J. B. Submitted for publication. inti indi i
(48) Anchell, J.; Apra, E.; Bernholdt, D.; Borowski, P.; Bylaska, E.; res_trlctlons, there do not_appf_sar to be any blndlng mOde.S in
Clark, T.; Clerc, D.; Dachsel, H.; de Jong, B.; Deegan, M.; Dupuis, M.; Which morethan four binding sites are able to coordinate with

Dyall, K.; Elwood, D.; Fann, G.; Fruchtl, H.; Glendening, E. D.; Gutowski, the cation.
M.; Harrison, R.; Hess, A.; Jaffe, J.; Johnson, B.; Ju, J.; Kendall, R.;  There are 12 physically achievable ways that tetradentate M

Kobayashi, R.; Kutteh, R.; Lin, Z.; Littlefield, R.; Long, X.; Meng, B.; -
Nicho){s, J.; Nieplocha, J.; Rendall, A.; Rosing, M.; Sagndrone, Gg Stave, (TMC) complexes can form. These are designated as the CONE

M.; Straatsma, T.; Taylor, H.; Thomas, G.; van Lenthe, J.; Windus, T.; 40, CONE 2Cr2A, CONE 4A, PACO 40, PACO 3©1A,
Wolinski, K.; Wong, A.; Zhang, Z. NWChem, Version 3.3; Pacific PACO 20+2A, PACO 10+3A, 13ALT 40, 13ALT 20+2A,
Northwest National Laboratory, U.S. Department of Energy: 1999. This
program, as developed and distributed by Pacific Northwest National  (49) Fischer, S.; Grootenhuis, P. D. J.; Groenen, L. C.; van Hoorn, W.
Laboratory, Richland, P.O. Box 999, Richland, WA 99352 and funded by P.; van Veggel, F. C. J. M.; Reinhoudt, D. N.; Karplus, 84 Am. Chem.
the U.S. Department of Energy, was used to obtain some of these results.Soc.1995 117, 1611.
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PACO 10+3A 13ALT 20+2A © 12ALT 20+2A
Figure 5. Tetradentate binding modes for the coordination of 6g TMC located at the BLYP/6-31G** level of theory.

13ALT 4A, 12ALT 40, and 12ALT 2@G-2A. In practice, the collapses to the CONE 2E2A complex. Unlike Nd, the larger
BLYP calculations yielded eight distinct binding modes for'Na  Cs" does adopt a CONE 4A structure. This binding mode has
(Figure 4) and six distinct binding modes for ‘C&igure 5). been observed in a crystal structure of d Calixarene complex
Of the three possible ways the CONE conformation could (Figure 1, R=H, X = tert-butyl).1° The CONE 40 conforma-
bind Na", only two resulted in stable complexes. The CONE tion also binds C5, but in contrast to the results for Nait is
20+2A binding mode is one of the most stable of all of the the least stable of all of the Cgomplexes. The CONE 2€RA
Na® complexes, as can be seen from the relative binding geometry with C$ collapses into the CONE 4A complex.
energiesAEe, shown in Table 1. The reference point fE The PACO conformation has four possible binding modes,
is the lowest-energy conformation, which is the CONE 40 three of which result in stable Naomplexes. The most stable
structure for MP2 and the PACO 22A structure for BLYP. of these is the PACO 2©2A, with PACO 3Ct+1A and PACO
The CONE 2G-2A binding mode is found in a crystal structure 40 being less stable. Optimizations of the PACO+13A
of a Na" calixarene complex (Figure 1, R OMe, OH, X= geometry with N& give the PACO 2@-2A complex. For C8,
tert-butyl).5° The calculations also predict that Nforms a less only two of the four possible PACO binding modes yield stable
stable CONE 40 complex. This binding mode has been complexes. The PACO 1€BA binding mode is the most stable
observed in a Nacalixarene complex (Figure 1, R OMe, X of all the Cs complexes, whereas the PACO BDA mode
= tert-butyl).5* The remaining CONE 4A geometry with Na  hinds C$ weakly. Attempted optimizations of the PACO 40

(50) Dubberly, S. R.; Blake, A. J.; Mountford, B. Chem. Soc. Chem. (51) Bott, S. G.; Collman, A. W.; Atwood, J. J. Am. Chem. So4986
Commun1997 1603. 108 1709.
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Table 2. Comparison of BLYP and MP2 Results fortkDimethyl Ether and M/Benzené

Nat/DME Na*/benzene CYDME Csf/benzene
basis set method AE 'Nao AE INax AE rcso AE rcsx
6-31G** BLYP —30.0 2.197 —28.1 2.387 —11.6 3.130 —9.3 3.584
BLYP(CP) —26.8 —25.6 -9.9 -7.5
aug-cc-pvVDzZ MP2 —25.8 2.218 —-25.3 2.420% —13.2 3.090 —-13.C 3.406
aug-cc-pVTZ MP2 —26.2 2.204 —24.7F 2.39% —15.0 3.023 -15.3 3.309
aug-cc-pvQZz MP2 —26.3 2.212 —25.0 2.39¢ —14.Z2 3.313

a Electronic binding energie\E) are given in kcal/mol. For NVbenzene complexesux is the distance between the metal cation and the center
of the carbon ring. For the MP2 calculations on"N2ME and Na/benzene, the frozen core approximation the 1s pair of electrons on C, O, and
Na, that is, the sodium (2s,2p) electrons were actieller, ref 46. Feller, et al., ref 47.

and 20t+2A geometries yield the 3®1A and 10+3A geom- prototype systems were in better agreement with complete basis
etries, respectively. There are as yet no crystal structures of alkaliset estimates than the BBSE-adjusted values. In light of the
cations bound to PACO conformations of simple tetraalkoxy- previous calibration of MP2 binding energies with respect to
substituted calix[4]arenes. However, precedent for the PACO higher-level coupled cluster theory results for similar chemical
40 and PACO 3@-1A modes is found in crystal structures of systemg>47 the MP2/aVDZ method applied here is expected
calix[4]crown ethers and calix[4]spherands with\N&™, and to yield reliable binding energies. In comparison, the BSSE-
Rb* 52755 corrected BLYPAE values are, on average, overestimated by
There are three possible binding modes for the 13ALT 1.5 kcal/mol for Na and underestimated by 11.2 kcal/mol for
conformation. Of these, Naforms the more stable 13ALT  Cs'. This behavior is consistent with calculations on smaller
20+2A complex and the less stable 13ALT 40 complex. All prototype systems, as illustrated by results fardiimethyl ether
attempts to optimize a 13ALT 4A geometry with Ngave the ~ (DME) and M"/benzene shown in Table 2. When compared
13ALT 20+2A geometry. In contrast, the calculations predict with the MP2/aVDZ method, the BSSE-corrected BLYP method
that Cs forms only a stable 13ALT 2®2A complex. There  Yyields Na binding energies for the prototype complexes that
are as yet no crystal structures of alkali cations with 13ALT are too strong by 1.0 kcal/mol with DME and 0.3 kcal/mol with
conformations of simple tetraalkoxy-substituted calixarenes. benzene and yields Csinding energies that are too weak by
However, precedent for the 13ALT 2€2A binding mode is 3.3 kcal/mol with DME and 5.5 kcal/mol with benzene.
found in crystal structures of calix[4]Jcrown ethers with Binding energies relative to that of the most strongly bound
cesiunt?135659 and in a Nd& complex (Figure 1, R= CH,C- complex,AE,, are also reported in Table 1. Despite the fact
(=0)OEt, X = tert-butyl) .80 that the BLYP method significantly underestimates the strengths

Finally, of the two possible binding modes of the 12ALT of the Cs'—oxygen and Cs—arene interations, the relative
conformation, N& forms only the 12ALT 40 complex, and  stability order for all C3 complexes is the same at both levels
Cs' forms only the 12ALT 2G-2A complex. There are as yet ~ Of theory, with the PACO 1&3A complex being the most
no crystal structures of alkali cation complexes with 12ALT stable. In contrast, the relative stabilities for the'Namplexes

conformations of any calix[4]arene. In summary, crystal data are dramatically altered at the two levels of theory. For example,
demonstrates the existence of several of our predicted bindingBLYP finds the CONE 40 to be the most stable, whereas MP2

modes, although others await experimental verification. In finds the PACO 2Q-2A to be most stable, which represents a

addition, there are no crystal data for either'Na Cs" which change in relative binding energy of 12.6 kcal/mol! Only 1.0
show binding modes that the computations indicate are not kcal/mol of this difference can be attributed to changes in the
stable. relative energies of the bare TMC conformers (vide supra).

Binding energiesAE, obtained at the BLYP and MP2 levels Moreover, because the origin of this difference does not appear
are listed in Table 1. When compariagE values from the two (0 lie with the fundamental Na-oxygen and Na-arene
methods, one should keep in mind that different TMC reference interactions, we speculate that BLYP may not properly account
conformations were used for BLYP and MP2. Furthermore. 10 repulsive nonbonded interactié#$2induced within TMC
although the BLYP binding energies have been corrected for UPon metal ion binding.

BSSE, the MP2 values are without adjustment because, as The AEg values include the cost of conformational reorga-
previously mentioned, the raw MP2 binding energies for Nization and, thus, reflect the relative stabilities of the TMC

complexes when the ligand is conformationally mobile. After
(52) Reinhoudt, D. N.; Dijkstra, P. J.; Veld, P. J. A; Bugge, K-E.; correction for entropic contributions arising from rotational and

Harkema, S.; Ungaro, R.; Ghididi Am. Chem. S0d.987, 109 4761. conformational degeneraéy,we can use the\E, values to
(53) Dijkstra, P. J.; Brunink, J. A. J.; Bugge, K.-E.; Reinhoudt, D. N.; dict th h lati %) th Id It if TMC

Harkema, S.; Ungaro, R.; Ugozzali, F.; Ghidini,.E Am. Chem. So¢989 predict the gas-phase populations (%) that would result if

111, 7567. were completely saturated with either cation. If the vibrational

(54) Bakker, W. W. I.; Haas, M.; Khoo-Beattie, C.; Ostaszewski, R.; entropy is assumed to be constant, relative free energies of the

Franken, S. M.; den Hertog, H. J., Jr.; Verboom, W.; de Zeeuw, D.; . p .
Harkema, S.: Reinhoudt, D. N. Am. Chem. Sod994 116, 123. cation complexes are obtained frofNk,e after correction for

(55) Ugozzoli, F.; Ori, O. C. A.; Pochini, A.; Ungaro, R.; Reinhoudt, D.  conformational and rotational degeneracy whGe; = AErel
N. Supramol. Chenm1995 5, 179. + RT In(o/n), whereT is 298 K, o is the symmetry number,

(56) Asfari, Z.; Naumann, C.; Vicens, J.; Nierlich, M.; Thuery, P; ; ; ;
Bressot, C.: Lamare. V.- Dosol. J-Rew J. Chem1996 20, 1183, andn is the conformational de_genera‘i?yThe theqretlcal results
(57) Thuery, P.; Nierlich, M. Bressot, C.; Lamare, V.; Dozol, J. F.; Predict that N& would be a mixture of two binding modes, the
Asfari, Z.; Vicens, JJ. Inclusion Phenom. Mol. Recognit. Chetf96 23, PACO 20t+2A (88%) and the CONE 2®2A (12%), and C$
305.

(58) Thuery, P.; Nierlich, M.; Lamare, V.; Dozol, J.-F.; Asfari, Z.; Vicens, (61) Perez-Jorda, J. M.; Becke, A. Dhem. Phys. Letl995 233 134.
J. Acta Crystallogr., Sect. @996 52, 2729. (62) Perez-Jorda, J. M.; San-Fabian, E.; Perez-Jimenez,JA.Chem.
(59) Saadioui, N.; Asfari, Z.; Thuery, P.; Nierlich, M.; Vicens, J. Phys.1999 110 1916
Tetrahedron Lett1997 38, 5643. (63) Benson, S. WThermochemical Kineticdohn Wiley & Sons: New

(60) lkeda, A.; Tsuzuke, H.; Shinkai, $etrahedron Lett1994 35, 8417. York, 1968.
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would be predominantly (99.99%) in the PACO QA mode
with a minor contribution (0.01%) from the 13ALT 2€2A
mode.

These predictions are consistent with NMR studies of the
effect of added salts on the conformational equilibria of calix-
[4]arenes. In the absence of salts, {LDCD;CN solutions of
tetramethoxycalix[4]arenes (Figure 1,=Rmethyl, X = H or
tert-butyl) contain mixtures of conformers in which the major
forms are the CONE (1535%) and the PACO (6080%), and
the minor forms are the 13ALT (85%) and the 12ALT (6
5%) 5466 Addition of Na"ClO,~ to CDsCI:CDsCN (9:1, V/v)

Hay et al.

through an analysis of isolated, that is, gas phase, structures
and, on the basis of such analyses, to rationalize the influence
of host structure on metal ion binding affinities in solution.

So far, we have considered the binding energy of eath M
(TMC) complex relative to the optimal geometry of bare TMC.
Because the addition of appropriate functional groups to the
macrocycle often is used to synthesize TMC derivatives that
are preorganized for binding, another quantity of interest is the
binding energy relative to TMC when locked in the conforma-
tion it possesses in the complex. These values, demoEggh
in Table 1, provide a quantitative measure of the degree of cation

solutions of TMC causes a decrease in PCONE concentrationcomplementari§? associated with each binding mode. More
and an increase in the CONE conformation with the appearancespecifically,AEcompis defined as the total energy of the complex

of new peaks that can be assigned to & NEGONE complexé*
With addition of the more soluble N&F,~ to CD;CI:CDsCN
(2:1, v/v), it is possible to drive the equilibrium completely to
a single Na CONE species (Figure 1, R methyl, X = tert-
butyl) .85 Our results indicate this species to be the CONE
20+2A structure. Although the calculations predict that theé Na
PACO 20t+2A complex would be populated in the gas phase,

minus the energy of the cation and thinding conformer of

the free ligand and is reported relative to the most strongly bound
complex. Examination of Table 1 reveals that the three most
complementary receptor sites for Nare provided by the
12ALT 40, CONE 2G-2A, and 13ALT 20t+2A binding
modes, whereas the three most complementary receptor sites
for Cs' are provided by the 12ALT 2G2A, PACO 1Ct+3A,

the failure to observe this species in solution is consistent with and 13ALT 20+2A binding modes.

a stabilization of the more polar CONE over the less polar
PACO complex expected in dielectric medfalhe addition of
Cs'l3™ to a CDsCl:CD3CN (1:1, v/v) solution containing calix-
[4]arene (Figure 1, R= methyl, X = tert-butyl) results in the
disappearance of all free calix[4]arene and the formation of two
Cs" complexes, a PACO form~80%) and a 13ALT form

Experimental evidence to support our theoretical ranking of
binding mode complementarity is provided by a study of 1,3-
dimethoxycalix[4]crown-62 In the absence of cations, this
molecule exists as a mixture of three conformers in GD60%
CONE, 25% PACO, and 15% 13ALT. There are only three
calixarene binding modes that allow a large cation such ds Cs

(~20%)5¢ Our theoretical results indicate these species to be to simultaneously contact the crown ether oxygen donors and

Cs" complexes in the PACO 188A and 13ALT 20t+2A
binding modes.

The ability of a set of donor groups to interact with a metal
ion is, to a large extent, controlled by the structure of the
host87-71 Therefore, an important aspect of the effort to design
metal ion receptors with enhanced binding affinity is the
identification of host structure that provides the strongest
interaction with the targeted guest. The effort to increase
selectivity of the receptor for one metal ion over another
involves the identification of a structure that provides strong

interaction with the targeted metal and prevents strong interac-

the calixarene donor groups: CONE 40, PACOH3IA, and
13ALT 20+2A. Of these three modes, only the 13ALT 20A
provides a complementary architecture fortGsee Table 1).

In full agreement with the theoretical results, thdé NMR
reveals a shift in conformational equilibria t895% 13ALT
form when Cg is present. Moreover, when this architecture is
modified to obtain the conformationally inert 1,3-dipropoxycalix-
[4]crown-6 in the formwith the lowest C5 complementary
CONE, C¢ complexation is too weak to measure. When this
same structure is isolated as the conformationally inert confor-
mationwith the highest Cscomplementary of the three possible

tion with competing metals. As has been demonstrated in a binding modes13ALT, the Cs binding constant increases by

number of prior example®, 84 it is possible to evaluate the

2 orders of magnitude in comparison to the conformationally

degree to which a host structure complements a metal ion mobile form.
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A strategy for the rational design of more effective and
selective calixarene hosts is to choose structural modifications
that (1) constrain the macrocycle to a conformation that favors
binding, (2) provide additional binding sites to augment the
interactions of the targeted binding mode, and (3) weaken or
eliminate any alternate binding modes that may be preferred
by competing guests. The results herein suggest how this
strategy could be used in the development of new calix[4]arene
receptors that are selective for'Gs the presence of Na For
example, with the proper choice of substituents, such as
replacing two adjacent OR groups with—R groups, it should
be possible to prepare a 12ALT conformation that is preorga-
nized to the most complementary binding mode fof ARALT
20+2A, and that does not adopt the 12ALT 40 binding mode
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preferred by Na. Replacement of OR groups with—R groups
should result in only slightly reduced catioarene binding.
Preliminary calculations of Na binding the arene ring of
methoxybenzene and toluene give binding energies26.7
and —26.3 kcal/mol, respectively, a difference of only about
2%. Modifications to the two—OR substituents could be
explored to introduce additional donor sites that are comple-
mentary to the geometry of the €42ALT 20+2A binding

mode. Similar strategies could be pursued with other conformers,

for example, enhancement of the PACO-#8A mode while
eliminating the PACO 2&2A mode or enhancement of the
CONE 4A mode, while eliminating the CONE 2€A modes.

Summary

Our theoretical analysis of the alkali cation binding modes
of a simple calix[4]arene scaffold shows that the coordination
chemistry of calix[4]arene is considerably more complex than
previously recognized. Of 12 potential tetradentate binding

modes, 11 have been verified by theoretical calculations and

ranked in terms of their relative stability and complementarity
for Na© and Cg. The structures and relative binding energies
are fully consistent with available data from crystallographic
and'H NMR studies. In a number of cases, conformer binding
modes with predominant arene coordination form stronger
complexes than those with predominant oxygen coordination,

which further confirms the importance of the arene as a donor
for the alkali cations. The results reveal that a rational approach
to the design of a calixarene-based receptor must not only

account for the selection of macrocycle conformation, but also
must account for the different ways that a given conformation

J. Am. Chem. Soc., Vol. 122, No. 41, 20089

can interact with the guest. The contrasting binding modes
observed for Naand Cs suggest new approaches for designing
cation selective calix[4]arenes.
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