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Abstract: The cation— interaction influence on the conformation and binding of calix[4]arenes to alkali-
metal cations has been studied using a dehydroxylated model. The model allows for the separation of
cooperative cation—sx and electrostatic forces commonly found in the binding motifs found in calixarene
complexes. Starting from the four well-known calix[4]arene conformations, six conformers for this
dehydroxylated model (cone, partial cone, flattened cone, chair, 1,2-alternate, and 1,3-alternate) have been
characterized by geometry optimization and frequency analysis using the Becke three-parameter exchange
functional with the nonlocal correlation functional of Lee, Yang, and Parr and the 6-31G(d) basis set. Without
the stabilization provided by the hydroxyl hydrogen bonds in calix[4]arene, neither the cone nor the 1,2-
alternate conformation is computed to be a ground-state structure. The partial cone, flattened cone, chair,
and 1,3-alternate conformers have been identified as ground-state structures in a vacuum, with the partial
cone and the 1,3-alternate as the lowest energy minima in the aromatic model. The C,, cone conformation
is found to be a transition structure separating the flattened cone (C,,) conformers. The energetic and
structural preferences of the calix[4]arene model change dramatically when it is bound to Li*, Na*, and K*.
The number of z-faces, the positioning of these z-faces with respect to the cations, and the nature of the
cation were studied as factors in the binding strength. A detailed study of the distances and angles between
the aromatic ring centroids and the cations reveals the energetic advantages of multiple weak cation—x
interactions. The geometries are often far from the optimal cation—s interaction in which the cation
approaches in a perpendicular path the aromatic ring center, where the quadrupole moment is strongest.
The results reveal that multiple weaker nonoptimal cation—z interactions contribute significantly to the overall
binding strength. This theoretical analysis underscores the importance of neighboring aromatic faces and
provides new insight into the significance of cation—ax binding, not only for calix[4]arenes, but also for other
supramolecular and biological systems.

Introduction

In supramolecular chemistry, a wide variety of macrocyclic
receptors are able to form hegjuest complexes with neutral,
anionic, and cationic speciés® In particular, calixplarenes

small energy changes to accommodate guests, which makes
them exceptionally resourceful host molecuiedJpper and
lower rim functionalization of calixjJarenes leading to higher
substrate specificity has also contributed to the widespread

have received much attention as a result of their role as Interestin calixfarene derivative$.They are known specifi-
biological and synthetic receptor models and easy single-stepCally for their applications as ion carriet$,'> analytical

preparation.1° The flexible calixarene framework requires

sensord-19 model structures for biomimetics reseafé?3 and
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tools for studying the stabilizing effects of intramolecular and
intermolecular hydrogen bondir#d 30
The four main conformations of calix[4]arenes have been

identified by Gutsche as cone, partial cone, 1,2-alternate, and

1,3-alternat@® The conformational stability of substituted calix-

[4]arenes has been mainly attributed to hydrogen bonding, steric

and electrostatic forces, guest complexation, and to a lesser u

degree solvent effects1028.31.32The different calixarene con-
formations can be achieved by appropriate functionaliz&fiof.
When the substituents in the lower rim are small and allow the
phenyl rings to flip, the different conformations exist in
equilibrium at room temperature. Transitions between conform-
ers of a variety of calix[4]Jarenes have been previously
reportec?®36-45 Hydrogen bonding among the four hydroxyl
groups of2 and 3 stabilize the cone, which is the most stable

chemistry introduces a complex mixture of inter- and intramo-
lecular forces, which ultimately determines the conformational
distribution.

1 X,q=H Yoa=H

2 X,4=O0OH Y,q=H

3 X,g=OH Y.s= t-Bu

4 X,,=OH X,q= OCH; Ysq= t-Bu
5 X,o=OH Xpa= OCH; Y, 4= t-Bu
6 Xaq= OCH; Y,4= t-Bu

7  Xaq= OCH; Yaogq=H

Ya

Recently, calixarene applications as ionophores for cations

conformer in both the gas and aqueous phases according t&wave underscored the importance of the catierinteraction

experimenta&~26 and theoreticdf37:414649 studies. Experi-
mental studies of partially methylatedrt-butylcalix[4]arenes
4—6 emphasize the role of hydrogen bonding in determining
the conformational distribution and stability. Although the
methyl ethers allow phenyl rotation and have conformational
inversion barriers similar to that of,°° the number of
conformations in equilibrium is reduced when hydroxyls are
replaced by methyl ethers. The 1,2-dimethyl ethadopts only
the cone and partial cone conformatidhand the 1,3-dimethyl
ether5 is detected only in the cone conformati&®! When

in supramolecular complexati&f.>* The cation- interactios®

is a strong noncovalent interaction present in both biochem-
icalP®~%5 and supramolecular systef®:66.67Crystal structures,

IH NMR spectroscopy, and mass spectrometry provide evidence
for the presence of catienr interactions in calixarenes, which
has been previously review&d.The cation-z interaction
strength was first revealed in 1981 by Kebarly and co-workers
when gas-phase equilibrium studies showed that the binding
between K and benzene could compete with the interaction
between K and watef® Over the following decade, compu-

there is no hydrogen bonding, the partial cone becomes the mostational research on the catien interaction was extensive as

stable conformer for tetra-O-methylated calix[4]are@&®
Without hydrogen bond stabilization, asinthere is a greater
role for other forces in the determination of conformational
equilibrium. The great variety of substituents used in calixarene
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reported in the review by Ma and DoughetyOver the last
few years, studies have focused on the energetics of the aromatic
interaction with met&P~8° and ammoniurfi—83 cations, as well
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as on the nature of the interaction its&f°! A detailed review

by Feller and co-workers on recent experimental and compu-

multiple cation-z interactionsi%®since the three methyl groups
are in close contact<(3.8 A) with the aromatic ring centroids.

tational advances concerning alkali-metal cation and benzeneConsequently, the calixarene aromatic core provides an excellent

complexation has been publish&dThe catior-7 interaction

model for studying the relationship between binding strength

between benzene and alkali-metal cations has been computednd the number and geometry of cation interactions, since

with high levels of theory?-72.75.76with the majority of results
in agreement with recent gas-phase experimental ‘§afa.

The binding modes of calixareneation systems are known
to involve cooperative effects between cationand electro-
static force$? Theoretical studies of anisole, a model for the
calixarene moiety phenylO—CH,X, reveal that alkali-metal
cations (except Li) prefer to bind to the oxygen rather than to
the phenyl by approximately 1 kcal/mBlThe high complexity
of host-guest interactions in calixarenes was illustrated by
theoretical studies on the binding of Nand C¢g to conformers
of tetramethoxycalix[4]aren€,.2 In several conformationg,
formed stronger complexes when more catianinteractions

the different conformations provide a variety of aromatic binding
motifs.

A majority of computational studies on calixarene conforma-
tions and binding of ligands have been reported using molecular
mechanical force fields. The conformationsigf-37.101.10%3nd
partially dehydroxylated calix[4]aren®@g5101.102hayve been
studied by molecular mechanical methods using the MM2 and
MM3(92) force fields'®® The cone conformation is found to
be the most stable in the majority of cases, but the results
disagree depending upon the force field used. An X-ray structure
of 1 did not clarify which conformer is more stable, since it
reveals a chairlike conformation, which is attributed to favorable

with the cations were possible. In a recent theoretical study of packing in the crystal and not to the stability of the molecule’s

calix[4]arene2, Li™ and Na bound closely to the oxygens while
K+, Cs', and Rb” bound within the aromatic cavity of the cone
conformation?® Due to the nature of calixarene complexes
previously reported, little is known concerning the influence of
cation—ax interactions upon conformational stability and selec-

conformation'®* The large computational resources required to
evaluate the energy and structure of callafenes have

prevented extensive ab initio and density functional treatments
until recently. Improvements in computers and parallel algo-
rithms allow calculations on these large systems. Recently,

tive binding of ligands cleanly separated from electrostatic and density functional studies on hydroxylated calix[4]aréh’

hydrogen-bonding effects.
Experimental evidence suggests a role for multiple cation

thiacalix[4]arené?* and tetramethoxycalix[4]arefrehave been
published. However, a full density functional assessment of the

interactions in biological and supramolecular systems. While aromatic core focusing on the effects of cationinteractions,
the binding strength of most single noncovalent bonds is void of competing forces (such as hydrogen bonding), upon the

relatively weak ¢2—6 kcal/mol) in aqueous environments,

multiple bonds increase the total binding strength and selectiv-

ity.%4 Macrocyclic hosts synthesized to investigate the cation
interaction by Dougherty and co-workers contained multiple
aromatic binding site%® In biological systems, there are cationic
binding sites rich in aromatic amino acids; for example,
phosphocholine-binding immunoglobulin Fab McPC89ghos-
phatidylcholine transfer proteff§, and the complex between
methylated histone and heterochromatin-associated prdéteif 1

conformation and ligand binding has not been presented to date.
To clarify the role of the aromatic core and cation
interactions in determining the conformations and energies of
calix[4]arenes and their complexes, we have undertaken a
density functional study of a dehydroxylated calix[4]arene model
(1) with alkali-metal cations Lfi, Nat, and K". The flexibility
and lack of substituents ihcan provide a better understanding
of the cation- interaction strength and induced structural
variations of biochemical and supramolecular systems. The

have three aromatic residues that interact with the substrate.computations provide deeper insight into the nature of the
1H NMR binding studies reveal that the presence of additional cation—z interactions in the absence of competing forces and

double bonds in vinyl-substituted calixarene derivatives en-

supplement a more complete understanding of the experimental

hances the binding of cations, suggesting that additional binding of calix[4]arenes, in which electrostatic interactions and

cation-z interactions improve complexatidf. The X-ray

solvent effects are well-known.

structure of the synthetic receptor resorcin[4]arene complexed compytational Methods

with acetylcholine trimethylammonium reveals the presence of
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All density functional theory (DFT) calculations were carried out
using the Gaussian 98 progréfrusing an IBM 16-node RS/6000 $P.
The level of theory used was Becke’'s three-parameter exchange
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Table 1. Accuracy of B3LYP/6-31G(d) in the Computation of Cation— Interaction Energies?

AE® N INLL AH AHpber cP
Ben—Li™ CIDe —38.5+3.2 —39.3+ 3.2 (T =298)
ICRY —37.9 (T = 298)
B3LYP/6-31G(d¥ —42.4 —40.3 —38.6 —41.3 (T =298) —39.2 2.1
MP2/6-31HG(d) —40.2 -36.0 —39.2 (T = 298) -35.0 4.2
MP2(TZ/DZ)y9 —34.2 2.3
CCSDTCVh —38.0+0.2 —36.84+ 0.2 (T =298)
Ben—Na" CID¢ —22.1+1.4 —22.54+ 1.5 (T=298)
CIDi —21.4+ 1.0 (T = 298)
HPMS —28.04 1.5 (T = 610)
CCIDk —22.8+1.4 —23.2+ 1.4 (T=298)
B3LYP/6-31G(dy —-285 -26.7 —25.8 —27.8 (T =298) -26.0 1.8
MP2/6-311G(d)f —24.9 —-21.9 —24.0 (T = 610) -21.0 3.0
MP2(TZ/DZ)-¢! —21.4 2.3
B3LYP(TZ/DZ)im -22.7
CCSDTCVh —25.44+0.3 —24.7+ 0.3 (T = 298)
Ben—K+ CID¢ —17.54+1.0 —17.7+ 1.0 (T = 298)
HPMS' —18.% (T = 500)
B3LYP/6-31G(dy -18.7 -16.8 -16.1 —18.1 (T = 298) -16.2 1.9
MP2/6-311G(d) 185 —16.7 ~17.8 (T = 500) ~16.0 1.8
MP2(TZ/DZ)9 —-17.1 1.3
CCSDT+CVh —20.6+0.4 —20.14+ 0.4 (T=298)
Ben-Li*—Ben ci» —63.4+ 4.8 —64.14 4.9 (T = 298)
B3LYP/6-31G(dy —69.7 —66.5 —64.0 —67.8 (T=298) —64.6 3.2
MP2(TZ/DZ)9 -60.1 6.9
Ben—Na"™—Ben CIDr —41.24+2.8 —41.74 2.8 (T = 298)
B3LYP/6-31G(dy —51.2 —47.8 —46.1 —49.6 (T =298) —46.2 3.4
MP2(TZ/DZ)9 —385 6.2
Ben—-K*—Ben CIDr —33.6+25 —34.04+ 2.7 (T=298)
HPMS —35.5 (T = 500)
B3LYP/6-31G(dy —35.3 —31.6 —30.2 —33.4 (T=298) —29.7 3.7
MP2(TZ/DZ)9 -305 3.6

aEnergies and enthalpies are reported in kilocalories per rifolalues are given in Kelvin. Bers benzene® Only computed values are CP corrected.
¢ Reference 75 using a double octopole appardtBeference 115 Present results, computed wifla,, Cat-Ry distances were 1.879, 2.376, and 2.892 A
for Li*, Nat, and K, respectively! Reference 719 MP2(full)/6-3114-G(2d,2p)//MP2(full)/6-31G(d)" Reference 69.Reference 76 using a single octopole
apparatusi Reference 113 Reference 114.Reference 787 B3LYP/6-31HG(2d,2p)//B3LYP/6-31G(d)? Reference 68,° Experimental correction for
molecular dissociatior? Present results, computed wibsn. Na© and Li* 2:1 complexes wittDgn symmetry gave small imaginary frequencies due to
hydrogen repulsion. After the rings were rotated, a true minimum was obtained, andEthalues remained within 0.1 kcal of thg, value.

functional in combination with the nonlocal correlation functional of between N& and benzene spanning a\&6 kcal/mol range. HPMS
Lee, Yang, and Paft (B3LYP) and the 6-31G(d) basis s&8.1°The results inAHg10= —28.0+ 1.5 kcal/mol, whereas CIf gives AHzgg
6-31G(d) basis set has been shown to reproduce experimental binding= —21.4 + 1.0 kcal/mol. The two values lie outside their respective
enthalpies AHP) of the catior-x interaction between benzene and experimental uncertainties. The most recent competitive CID (CE1D)
alkali-metal cation§>119-112 This basis set reproduces the experimental results in a stronger binding withHzes = —23.24 1.4 andAGes =
data even better than more complete basis ‘4gispbably due to a —15.9+ 1.8 kcal/mol, which is in agreement with a Fourier transform
fortuitous cancellation of errors when coupled with limited chemical ion cyclotron resonance (FTICR) experim@iih which AGyes = —15.7
methods. The different conformers ofand the complexes of these £ 0.3 kcal/mol. High-level theoretical studies are also inconsistent.
conformers with the Ui, Na*, and K" cations were geometry optimized. ~ Computed second-order MgliePlesset (MPZ}7678 and G3 and
Vibrational frequency analysis was used to confirm whether the CBS-46 values for the binding between Neand benzene are in
stationary points were minima or transition structures, and provided agreement with the lower CID values, while a study that extrapolates
the zero-point energy (ZPE) and thermodynamic corrections necessaryto the complete basis set (CBS) limit with core/valence and higher order
to obtain the enthalpyAH) and Gibbs free energyAG) at 298 K. correlation effects, CCSD(T)- CV with AHy9s = —24.7+ 0.3, is in

The B3LYP density functional method was chosen for this study agreement with the CCID vallfe.Consequently, the discrepancy
due to its excellent agreement (Table 1) with experimental binding between values for Naand benzene bonding remains unclear. For this

enthalpies at 298 K for benzene interacting with' land K" from study, the energies computed using B3LYP/6-31G(d) are solidly within
collision-induced dissociation with guided ion beam mass spectrometry reported experimental errors for the enthalpy of binding between
(CID)" and for benzene interacting with Nand K" from equilibrium benzene and Lt and K. Our computations are consistent with the

high-pressure mass spectrometry (HPM8)One problematic point experimental HPMS enthalpy of binding for Nabenzene, yet outside
has been with understanding the binding of'Neith benzene. There the CID experimental and computational uncertainty of other reports.
are four available experimental measurements of the enthalpy of binding Nevertheless, the currently unresolved issue of" Minding with
benzene is not the focus of this paper, nor does it change the

(107) Lee, C.; Yang, W.; Parr, R. (Phys Re. 1988 37, 785. interpretations and Conclusions_
(108) Francl, M. M.; Petro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M. S.; s . . . .
DeFree, D. J. Pople, J. A. Chem. Phys1982 77, 3654. B3LYP/6-31G(d)’'s agreement with experiment and its computational

(109) E}%Sg»(ilgg, l\/z-é?’F’Ople, J. A.; Ratner, M.; Windus, T.JL.Chem. Phys. efficiency make it the method of choice for this study on a large

(110) Gallivan, J. P.; Dougherty, D. A. Am. Chem. So@00Q 122, 870. aromatic model, allowing the calculation of frequencies for the
(111) Mecozzi, S.; West, A. P.; Dougherty, D. Rroc. Natl. Acad. Sci. U.S.A. identification of stable structures, which is one of the main goals and
(112) ﬁé’gogz’gi 1g56v6\3/ést A. P Dougherty, D. & Am. Chem. Sod996 could not be done with higher levels of theory such as MP2. Recent
118 2307. T Y ' '
(113) Guo, B. C.; Purnell, J. W.; Castleman, A. WChem. Phys. Lettl990 (114) Amicangelo, J. C.; Armentrout, P. Bit. J. Mass Spectron2001, 212,
168 155. 301.
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A were located using symmetry constraints. While @e 1,3-

SN ALEL s alternate andC; partial cone conformers are predicted to exist
( ’ ' \,‘*\; N i in the gas phase, th&y, cone and th@®,q 1,2-alternate are not

,,( ; M—( ,\:{"s—f“‘ﬁ true minima in a vacuum. Vibrational analysis on the optimized

arve R C4, cone gave an imaginary frequency ofl7 cnt?! corre-

‘ Cone sponding to a deformation in which the two opposing rings move
y: closer to each other while the other two move further apart.
} (_, »\,,5?\,,». The complex was reoptimized with tighter SCF convergence

‘ 3—{ ' Sy (-*1;}4&41"” criteria of 10° and disabled symmetry instead of 0 The
BN v same energy and imaginary frequency were obtained. The cone

Flattened Cone symmetry was then lowered t@,,, and a fifth conformer was

{ optimized which lacked imaginary frequencies. T@is cone

corresponds to the flattened cone, which was previously

identified and is sometimes referred to as the pinched ébtfe.

Despite extensive searches, a stable 1,2-alternate conformation

Partial Cone could not be located. Two strong imaginary frequencies were

Kotaoial x/l\ computed, where the adjacent rings tried to minimize their

g ) » IIAI‘I\{‘ y repulsion. A sixth conformer, the chair, was optimized without
Y \,"Y{ any symmetry restrictions, and frequency analysis established
,’/ Sy it as a minimum. The chair corresponds to the geometry obtained

1’3_A“emat£ in a previous study where the X-ray crystal structure was

minimized with molecular mechaniégt

B, o )\ - According to the B3LYP/6-31G(d) electronic energid (
\_\f;(lx:ﬁlﬂi in Table 2, the order of the conformers in decreasing stability
L A and the electronic energy difference among conformaAis, (
T 12-Altermate kcal/mol) is partial cone (0.0), 1,3-alternate (0.21), flattened cone
g (0.47), and chair (0.65). Th€,4, cone corresponds to the
i ‘ transition structures between flatter@g cones, with a barrier
— “,?"J"“"{'* height of 0.43 kcal/mol. The energy differences among the
]/: lowest four conformers are insignificant at room temperature,
Chair ' and the possibility exists that the energetic order could be subject
Figure 1. Two perspectives of the geometry-optimized B3LYP/6-31G(d) (O thermal corrections and dispersion forces. Basis set effects
conformers ofl. were explored by computing energies with a more complete
basis set (B3LYP/6-31G(2d,2p)). This caused a decrease in
studies have raised concerns about the lack of dispersion energy inthe energy differences among conformers, as compared to the
DFT methods. Comparisons between DFT and MP2 reveal differences ragylts from the smaller basis set, reaffirming that a definite
iq thg cgnformational stability of of 1 kcal/mof? and differences in assignment of a global minimum is not possible. Thermo-
binding in ther systems of 42 kcal/mol?sv“GHoweV(_er, Table 1 shows dynamic energy corrections do not reorder the energetic ranking
that Su?h d!ﬁerences are not uncommon even Wlth methods that tt?Ikeof the conformers, but do change their relative values, as seen
dispersion into account. Caution should be exercised when drawing ! 9 i
conclusions; however, the known limitation of DFT is not a significant by the AH values in Table 2. Entropy shuffles the ordering of
factor in this study. The computed electronic binding energh& the conformers, which are separated by less than 0.1 kcal/mol.
are also in excellent agreement with the experimental binding enthalpiesAccording to differential Gibbs energy differencesQ, kcal/
(AH). ConsequentlyAE? will be discussed throughout this study.  mol), the order starting with the most stable is 1,3-alternate (0.0),
Inclusion of all corrections to the binding energies does not change a partial cone (0.10), chair (0.95), and flattened cone (0.96). The
conformer’s cation binding selectivity. Binding energies were calculated |argest change is that the activation free energy barrier increases
by subtracting the energies of the monomers from the energies of thetq 3.9 kcal/mol for theCy, cone. A definite assignment of the
complexes of those monomers. Basis set superimposition error (BSSE)globaI minimum is not possible, due to the small energy

was not included, except fqr a few |I|ustrat|ye examples, .Wh'Ch Were jitferences of the conformational distribution, but most impor-
calculated by the counterpoise (CP) correction meffibals discussed o .
tantly, it is not the cone as previously thought.

in more detail in the next section.
(a) Cone and Flattened Conelt is clear from the DFT
calculations that theC,, cone conformation is a transition
Energetic Stability of Conformers. The geometries of the  structure. The present results contradict previously reported gas-
six optimized conformers of structufieare shown in Figure 1. phase molecular mechanics studié¥!where the MM2 and
The four well-known conformations of calix[4]arene identified MM3(92) force fields predict that th€s, cone ofl is the most

by Gutsche (cone, partial cone, 1,2-alternate, and 1,3-alternate)stable conformer. Our results demonstrate the importance of
hydrogen bonding in the stability of the coneZsince without

Results and Discussion

(115) Woodin, R. L.; Beauchamp, J. I. Am. Chem. S0d.978 100, 501. i i i i

(118) Liv T Gu 3D Tan X Zhu W L Lior X, M- Jang, Ho L i, R. hydroxyls1is !ored|cted not to exist as a cone in the_ggs p_hase.
Y.; Chen, K. X_; Silman, I.; Sussman, J. IL. Phys. Chem. 2001, 105, To compare directly conelsand2, we repeated the optimization
5431. ; ;

(117) Duineveldt, F. B.: Duijneveldt-van de Ridt, J. G. C. M.: Lenthe, 3. 1. ©f cON€2 which had been previously report&but for the

Chem. Re. 1994 94, 1873. first time with a vibrational frequency analysis including electron
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Table 2. Calculated Energy Differences of the Aromatic Models 1 and 2 of Calix[4]arene Conformers?

cone flattened cone partial cone 1,2-alternate 1,3-alternate chair

Structurel
B3LYP/6-31G(d)
E —1081.46293 —1081.46520 —1081.46595 —1081.46285 —1081.46562 —1081.46492
AE 1.90 0.47 0.00 1.94 0.21 0.65
AEZPE 1.89 0.48 0.00 1.89 0.05 0.67
AHagg 1.29 0.48 0.00 0.76 0.11 0.68
AGggg 4.83 0.96 0.10 4.93 0.00 0.95
symmetry Cay Co» Cs Ci Co Cy
imaginary freq —16.95 none none —20.6,—-8.2 none none
B3LYP/6-31H-G(2d,2p)//B3LYP/6-31G(d)
AE 1.14 0.39 0.00 1.66 0.19 0.39
MM3(92)37
steric energy 0.0 1.2 1.8 1.7
MM2101

0.0 0.67 1.51 0.82 2.66
Structure2
BLYP/6-31G(d)
AE*6 0.0 10.7 18.6 18.1
MM3(92)37
steric energy 0.0 5.6 6.1 10.6

a2 The absolute energies are reported in atomic units, and the relative and steric energies are given in kilocalories per mole.

correlation effects, which confirmed that co@es indeed a of 1is very stable. This is interesting, since among the flexible
minimum, unlikel. The breaking of th€,, cone symmetry of substituted calix[4]arenes the 1,3-alternates are thought to be
substituted calix[4]arenes in the absence of hydroxyl groups, among the least stable. A previous DFT study revealed an 18.1
which results in the flattened cone conformation, has been kcal/mol energy difference between the cone and the 1,3-
attributed to electrostatic and steric interactions from substituent alternate o£.%6 In the hydroxylated calix[4]arenésand3, the
groups. In the case of the tetra-O-alkylated calix[4]arene “cone”, most stable conformations are known to benefit from hydrogen
temperature-dependet NMR18 and computationg?4° stud- bonding® Clearly, the instability of the 1,3-alternate conforma-
ies have shown that the observed cone conformation at roomtion in 2 or 3 does not arise from the aromatic core, rather from
temperature is really the interconversion between the two its inability to form stable hydrogen bonds. Consequently, the
flattened cone conformers. The computations presented herdack of hydrogen bonding and steric repulsion across the lower
show for the first time that the aromatic core of the dehydroxy- rim equally destabilizes all of the conformers in the dehydroxy-

lated calixarene contributes to a lowering fro@, to Cp, lated calixarend, yielding conformations of approximately the
symmetry. same energy.
(b) Partial Cone. In the absence of substituenfisprefers (d) 1,2-Alternate. Despite extensive searching, a stable

the partial cone conformation in the gas phase. Experimental minimum could not be located. The stability of this conformation
evidence supports this conformational preference in the casejn supstituted calix[4]arenes is due mainly to hydrogen bonding.
of tetraO-methylcalix[4]arenes, which lacks hydrogen-bonding  |n tert-butylcalix[4]arene, NMR data revealed that after hydro-
stabilization. The partial cone often appears as the most stablegen substitution of two or three hydroxyls the molecule no
conformer in a variety of alkylated calixarenes. This has been |onger adopted the 1,2-alternate conformer in solutid®.
previously rationalized by electrostatics, steric repulsion, en- syrprisingly, the X-ray structure of the tetradedeyt-butylcalix-
tropic control of conformational dynamié¥and a softer energy [4]arene was observed in a 1,2-alternate conformafidrhe
potential surface of the partial cone which counterbalances the computed instability of the 1,2-alternate aromatic core in the
steric hindrance by slight changes in its geométrifurther  gas phase supports the notion that intermolecular packing
evidence toward conformational stability can be provided by interactions in the crystal influence the stability of this

studies on solvation effects. The equilibrium favors the partial conformation in the solid phase, which has been previously
cone with decreasing solvent polar/;?*which supports the  g,ggesteds

idea that .the partllal cone 1S the preferred . aromatic core (e) Chair. The chair is a true minimum in the gas phase with
conformation. Considering that the low dielectrics of nonpolar . . . :
no imaginary frequencies and is one of the four more stable

solvents are c_Ioser to a gas-phase en_vwonmen_t_, the ContrIbUtloncom‘ormers. Although the chair is the conformation adopted by
of the aromatic core to the conformational equilibrium must be

- 1in the X-ray structure of McMurry?! it is less stable than
considered.

13-Al With onlv 0.21 keal/mol ing th the partial cone, flattened cone, or 1,3-alternate according to
(¢) 1,3-Alternate. With only 0. cal/mo sepgratlng e " the present results. According to McMurry, the chair, with one
1,3-alternate conformer from the partial cone, this conformer

pair of rings lying in the same plane while the other two rings
are perpendicular to that plane, exists because it maximizeas
stacking in the crystal and not because of its stability. Since

(118) lkeda, A.; Tsuzuki, H.; Shinkai, S. Chem. Soc., Perkin Trans.1®94
2073

(119) BIixt,.J.; Detellier, CJ. Am. Chem. Sod994 116, 11957. e i ; P
(120) van Hoorn, W. P.; Briels, W. J.; van Duynhoven, J. P. M.; van Veggel, this is not a common Conf_ormer of substituted callx[4]ar_enes
F.; Reinhoudt, D. NJ. Org. Chem1998 63, 1299. and placement of the cations would be somewhat arbitrary,
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Figure 2. Geometry-optimized B3LYP/6-31G(d) conformers btom-
plexed with the alkali-metal cations. The cations are indicated by black
spheres.

Figure 3. A schematic view of the calixarene core and geometric
parameters used for analysise B the center of the reference plane
containing the four methylene carbon bridges.ifthe centroid of a ring,
where Y= A, B, C, or D.

Table 3. Structural Changes of 1 upon Complexation?

Cat-P. Cy—Cc Ra—Rc  Rg—Rp Ra—Ca—Pc Rs—Cs—Pc
cone 5.234 6.893 6.893 126.9 126.9
Lit—cone 0.721-0.058 —0.091 —0.091 -1.1 -1.1
Na*—cone 1.113+0.014 —0.092 —0.092 -2.8 —-2.8
K*—cone 1.942+0.068 —0.151 —0.151 -5.6 —5.6
flattened cone 5.188 5.507 7.869 98.3 162.9
Lit—flattened cone 1.549-0.052 —0.852 +0.129 -16.1 -1.9
Na"—flattened cone 1.584+0.006 —0.386 —0.048 —6.1 -9.8
K*—flattened cone 2.073+0.052 +0.374 —0.325 +6.5 —18.0
partial cone 5.148 5.535 7.063 99.8 163.9
Lit—partial cone 1.410-0.034 —0.905 +0.064 —17.7 -7.3
Na"—partial cone  1.370+0.040 —0.379 —0.105 —-8.6 —13.9
K*—partial cone 2.042+0.048 +0.300 —0.304 +5.2 —22.3
1,3-alternate 5.066 5.715 5.715 105.5 105.5
Lit—1,3-alternate  0.000-0.002 —0.302 —0.302 —5.8 -5.9
Na"—1,3-alternate  0.781+0.230 —0.560 —0.329 —16.3 —11.7
K*—1,3-alternate  1.865+0.152 +0.075 —0.589 —-1.8 —17.1

Cat-P, Ca_Cc Ra-Rs Rg-Rc  Ra-Ca—Pc Rp-Cp_Pc
1,2-alternate 5.145 4743 7.098 1245 124.5
Lit—1,2-alternate 0.000—0.013 —0.086 —0.204 —6.3 —4.6
Na"—1,2-alternate 0.000+0.148 —0.060 —2.038 —10.9 —10.0
K*—1,2-alternate  2.479—-0.022 —0.133 —2.078 +4.2 +4.2

aNumbers in italics are the differences with respect to the uncomplexed
conformers. Angles are reported in degrees and distances in angstroms.

were—18.6,—18.9, and—25.3 cn1?, respectively. Therefore,
the C4, complexes are transition structures, separating the
complexes of the flattened cone. Surprisingly, the angle formed
by the plane of the rings and the plane of the methylengs-(R
Ca—Pc) decreases with increasing ionic radii upon complexation
(by up to 5.8). The greatest change occurs with,Kvhere the
distance between opposing ring centroids,{fR¢c) changes
from 6.89 to 6.74 A. Lt complexation results in a contraction
of the lower rim, where &—Cc changes from 5.23 to 5.18 A,
while the larger ionic radius of Kresults in an expansion, from
5.23 to 5.30 A. The ionic radii of Ifi, Na*, and K" are 0.68,
0.97, and 1.33 A, respectively! which places the cations at
different distances from the tighter, lower rim as reflected in
the Cat-Pc distances.

(b) Flattened Cone.To eliminate the imaginary frequencies
of the C4, cone, complexes were optimized with, symmetry,

complexation studies have not been carried out. Placement of2/0Wing cation movement along ti& axis. All Cz, complexes

the cation near ring B or D would result in a partial cone

conformation due to repulsion between the cation and hydro-
gens. The distance between the two coplanar, electropositive

hydrogens in the center of the DFT optimized chair is only 3.04
A

Structural Analysis of Conformers Complexed with Alkali
Metals. The optimized complexes of the conformers with the
alkali-metal cations are shown in Figure 2. Key structural

changes for each conformer upon binding the cations are define

in Figure 3 and summarized in Table 3. The greatest variation )
d substantial decrease of ’L# the Rs—Cg—Pc angle. Complex-

occurs in the position of the rings, which bend inward towar
the center (and the cation) when the,-RCy—Pc angle

decreases, and outward when the angle increases with respe

to the uncomplexed conformer.
(a) Cone.C,4, complexes were optimized in which the cation
was free to move along th@, principal axis. The imaginary

frequencies observed in the parent conformer, which forced the
cone to become a flattened cone, were still present. While the

imaginary frequency of the uncomplexed cone wds cnt?,
the imaginary frequencies for the™,iNa*, and Kt complexes

were found to be true minima by frequency analysis. The strong
cation—s interaction with Li" causes rings A and C to move
closer to each other and bend inwardy-HRc changes from
5.51t0 4.66 A, and R—Ca—Pc decreases from 98.30 82.2.
These changes are smaller in the complexation with, M&ere

the B and D rings move closer to Nawith a 9.8 decrease in
the Rs—Cg—Pc angle. The larger ionic radius of'Kprevents
rings A and C from bending inward; /R Ca—Pc actually

dincreases from 98°3to 104.8. However, rings B and D also

move inward toward the cation, as demonstrated by the

ation with larger cationic radii causes the flattened cone

&onformer to change into a more conelike conformer.

(c) Partial Cone.Complexes involving the partial cone were
optimized without symmetry restrictions. Rings-& behave
similarly as in the flattened cone. A and C bend inward to
improve the catior s interaction with Li- and Na, where the
change in R—Ca—Pc is —17.7 and—8.6°, but bend outward

(121) Kittel, C.Introduction to Solid State Physicéth ed.; Wiley: New York,
1996; p 78.
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which would strain the conformer. Indeed;" Kkomplexation
results in an outward movement of the two aromatic rings with
which it interacts as indicated by the increase in the-Ba—

Pc angle, thus eliminating the imaginary frequencies.

Energetic Analysis of the Conformations of Alkali-Metal
Complexes.The cation selectivity of each conformer and the
stability of the conformers complexed with a specific cation
are two points of interest. The accuracy of B3LYP/6-31G(d) in
computing catior interactions must first be assessed. There
are no gas-phase experimental binding datalfdout data are
available for benzene, which is a well-known model for the
cation—z interaction®® Table 1 compares the present results to
previous experimental and theoretical values. For the berzene
cation complexes, the B3LYP/6-31G(d) binding enthalpies
qAHzgsb) are in agreement with experimental binding enthalpies
(AH1P). The computedAHod values for benzene interacting
with Li*, Naf, and K" are—41.3,—27.8, and—18.1 kcal/mol,
respectively. The computed values are within the experimental
uncertainties of theAH:? values for Li* (—39.3 + 3.27°> and
—37.919, Na" (—28.0 £ 1.5113 but not—22.5+ 1.59), and
Kt (—17.1+ 0.95 and —19.%9).

After the B3LYP accuracy was calibrated with experimental
results on the 1:1 complex, the energies of the benzeaton—
benzene (2:1) complexes were compared with the recent CID

Figure 4. Detailed view of the 1,3-alternate conformer binding tation.

to accommodate the largertKradius, as shown by ansR
Ca—Pc change of+5.2°. With all three alkali metals, ring B
bends inward toward the cation as demonstrated by decreasin
Rg—Cg—Pc values, with the greatest change occurring for, K
as in the flattened cone complex. Figure 2 illustrates how the
cation—u interaction between the cations and ring B results in
a slight displacement of the cations toward ring B, and away
from the plane containing the centroidg,R¢, and R, in which
they were placed at the beginning of the optimization.

(d) 1,3-Alternate. Cy, symmetry was used to optimize the
1,3-alternate complexes with the alkali-metal cations, which
were verified as true minima. Surprisingly,’Lprefers to lie in
the center of the reference plane defined by the methylene

75 b —
linkage carbons, CatPc = 0.0 A, where it is equidistant from data’ The+ computed_AH_ yalue of 33'4 keal/mol for
the aromatic centroid of the four rings, as seen in Figure 4. benzene-K™—benzene is within the experimental enthalpy error

Cat-Ry is 3.09 A and CatRy—Cy is 54.% for all four rings. bars of the CID result at-34.0 + 2.7 kcal/mol. Similar
Li* also causes a tightening of the complex in which all rings 2dreement with the benzenki*—benzene binding enthalpy
bend inward. To rule out other possible minima along @e 'S computed at-67.8 kcal/mol, which falls within the-64.1
axis, a second unconstrained optimization was started with the® 4.9 kcal/mol CID range. Itis not surprising that the COTF’Uted
Li* positioned between two rings at Cetc = 2.0 A, a enthalpy .Of binding of the 2:1 complex of benzerida™—
geometry which seemed to optimize the catianinteraction benzene is too strong at49.6 kcal/mol when compared to the
with two of the rings. TheCi-optimized structure resulted in CID result of—41.7+ 2.8 kcal/mol, since the computed B3LYP

the same geometry as the, conformer, with L at the center binding for the 1:1 complex was also stronger than the CID

of the plane of the methylene carbons. In the complexes with value. The overall simile_trity of these results with the_ 1:1
Nat and K the cations are 0.78 and 1.87 A above the complexes suggests that, inthe presence of more aromatic faces,

methylene plane, thus optimizing their placement between rings B3LYP gives reliable results.

A and C, which was the behavior originally expected fo Li While for the 1:1 complexes with Lj Na*, and K" the BSSE

The positions of opposing ring pairs are correlated: wher R~ Was 2.1, 1.8, and 1.9 kcal/mol, the 2:1 complexes had higher

Ca—Pc increases, R—Cg—Pc decreases. BSSEs of 3.2, 3.4, and 3.7 kcal/mol, respectively. These BSSE
(e) 1,2-Alternate. Even though ground-state tLiand Na values are generally less than those obtained with the higher

complexes could not be located with the 1,2-alternate conformertheory MP2. The BSSEs for the complexes between the
usingC; symmetry, the K complex was found and determined ~ conformations ofl and K" are in the range of 1:52.8 kcal/
to be a real minimum. The 1,2-alternate parent has two low- Mol, and if they are included, they do not change the ordering

mode imaginary frequencies ef20.6 and—8.2 cnt1, which of the stability of the conformers.

disappear after complexation with only the" Kation. After Since the computed electronic binding energies are in
the 1,2-alternate conformer complexes with Lonly the first excellent agreement with the experimental binding enthalpies,
imaginary frequency remains, and it is weaker-atl.9 cnt?, the AEP will be discussed throughout this study. Inclusion of

while the complex with Na still has two imaginary frequencies  all corrections to the binding energies does not change a
of —19.1 and—13.7 cnT. Both the Li" and N& cations lie in conformer’s cation binding selectivity since the binding energies
the reference plane of the methylene carbons, while the largerdiffer by at least 8 kcal/mol in all cases as reported in Table 4.
K* moves 2.48 A above the plane, interacting closely with AEP was calculated by subtracting from the energy of the
adjacent rings A and B. Calculations with different starting complex the energy of the cation and the energy of the
geometries for the Lfi and N& resulted in the cations moving  conformer ofl found in that complexAEP Patwas obtained by
back into the methylene plane. The larger ionic size df K subtracting from the energy of the complex the energy of the
prevents it from being inside the rim where four weak catian cation and the energy of the partial cone, which was the global
interactions are better than two slightly stronger catian minimum according to the electronic energies and enthalpies.
interactions as revealed by the other complexes. Also, if the AEPPatincludes the energy necessary foto change from its
more electropositive [li and Na interact with adjacent faces  most stable conformer into the conformer found in the complex,
then, they might induce a bending of these around the cations,therefore providing information on the conformational stability
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Table 4. Conformational Stability of the Complexes (AE) after Binding the Cations and Calculated Binding Energies (AEP, AEP-part)a

cone flattened cone partial cone 1,2-alternate 1,3-alternate
1-Lit E —1088.84854 —1088.85940 —1088.86045 —1088.84596 —1088.86443
AE 9.97 3.16 2.50 11.59 0.00
AEP —63.42 —68.81 —69.02 —61.85 —=71.70
AEb-part —61.55 —68.37 —69.02 —59.93 —71.52
1-Na" E —1243.63145 —1243.63758 —1243.63827 —1243.62155 —1243.63916
AE 4.84 0.99 0.56 11.05 0.00
AEP —54.77 —57.20 —-57.19 —48.61 —57.93
AEPpart —52.91 —56.75 —57.19 —46.70 —57.75
1-K+ E —1681.25667 —1681.25992 —1681.25814 —1681.24135 —1681.25440
AE 2.03 0.0 1.11 11.65 3.46
AEP —43.29 —43.90 —42.34 —33.73 —40.17
AEPcP —40.50 —42.00 —39.70 —31.70 —38.7
AEDP.part —41.42 —43.46 —42.34 —31.81 —39.99

aE js reported in atomic units, whereas€, AEP, and AEP P2 (defined in the text) are given in kilocalories per mole.

4

of the complexes. On the other hamE provides a measure-

ment of cation complementarf&'22in cases of preorganized
hosts. The cone and 1,2-alternate complexes are included for
completeness, since they represent common conformations of&\
substituted calix[4]arenes, but the presence of the imaginary 3, 3
frequencies rules out their existence as stable structures in the 3

gas phase.

The gas-phase cation selectivities of the five conformers
follow the electrostatic series ti> Na* > KT in a similar
manner to that of the benzene selectivity for the alkali-metal
cations®®> Complexation with LT is preferred over that with
Na' by at least 8 kcal/mol, and Nacomplexation is preferred
over that of K" by at least 11 kcal/mol. The stabilities of the
conformers after complexing alkali-metal cations are given by
the binding energiesAEP and AEPPaY, as reported in Table 4.
The partial cone is no longer the lowest energy conformer. With
Li™ and Na, the 1,3-alternate forms the most stable complexes,
while K* interacts most strongly with the flattened cone.
According toAEP, the two conformers most complementary to
Lit are the 1,3-alternate and partial cone, while the flattened
cone and cone offer greater complementary for the larger K
cation. Overall, the trends revealed hE? and AEPPatare the
same in this study, except in the less significant case of the
cone and partial cone complexes with.KAlthough the partial
cone binds K more strongly by 0.92 kcal/mol, the cone has a
greater complementarity for K(1 kcal/mol) than the partial
cone.AEP and AEPPatreveal that, among the stable structures
(1,3-alternate, partial and flattened cone), complexation with
Li*™ by the 1,3-alternate conformer is more stable by ca. 2.5
kcal/mol. Na shows no strong binding preference for any of
the three conformers, with binding energy differences within 1
kcal/mol of each other. Complexation of'Kby the flattened
cone is preferred by almost 3.5 kcal/mol over the complexation
by the 1,3-alternate, but is only slightly more stable (within 1
kcal/mol) than the partial cone complex.

Deviation from Optimal Cation —x Geometries: Advan-
tages of Multiple Interactions. A new and fundamental aspect
of cation—u interactions is revealed by the geometries of these
complexes. In an optimal catietr interaction, the cation

approaches the ring centroid along the normal to the carbon

plane, where the quadrupole is strongest, with a-Gat-Cy
value of 90.5 If the aromatic carbon ring has electron-
withdrawing or electron-donating substituents, the cation

binding energies change accordingly, but the cation remains

(122) Cram, D. J.; Lein, G. M1985 107, 3657.

Distance along Benzene Cq

0 T T T T
0 1 2 3 4
Distance along Benzene C, Axis A)

Figure 5. Cation paths around benzene obtained by increasing the angle
of the cation to the €ring normal. Data labels illustrate the decreasing
binding energies (kcal/mol) of each geometry-optimized catimenzene
complex in which the angle was the only constraint. The origin of the axis
is the benzene centroid.

centered above the rirfg? Exceptions occur when nitrogen or
oxygen is part of the aromatic, altering the position of the
quadrupole and resulting in a cation that is slightly off-center
(~0.2 A)885Figure 5 illustrates the trajectories that the cations
follow when moving within the ZY plane and the effect on
the binding energies. Starting from the optimal position in which
the cations lie along the normal axig-éxis) to the benzene,
the angles between the cations and the normal were gradually
increased while allowing the rest of the complex to optimize at
B3LYP/6-31G(d). When CatRy—Cy is 3C°, the binding
energies of LT, Na*, and Kt are still significant at 44%, 37%,
and 26% of the binding energies when € —Cy is 9C.

Close inspection of distances and angles (Table 5) between
the cations and the aromatic ringsloghows that they are far
from the optimal cationr angle parameters. Catietvenzene
complexes were then optimized in which the €B{—Cy
angles and the CaiRy distances were constrained to equal the
reported angles and distances found in the conformetsTie
cation—benzene complexes lack the attractive interactions with
the remaining three rings presentlinthe repulsive interactions
between the aromatics, and the electron-donating effects of the
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Table 5. Cation— Interaction Parameters between the Conformers of 1 Complexed with Alkali-Metal Cations?

AEP Cat-Ry,  Cat—Ra—Ca AER Cat-Rg  Cat—Rg—Cg AEg? Cat-Rc  Cat—R¢c—C¢ AE® Cat-R, Cat—Rp—-C AER?

Lit—cone —63.4 3.425 474 —23.1 3.425 47.4 —23.1 3.425 474  —23.1 3.425 47.4 —23.1
Na*—cone —54.8 3.401 55.3 —19.8 3.401 55.3 —19.8 3.401 55.3 —19.8 3401 55.3 —19.8
K*—cone —43.3 3.455 714 —15.1 3.455 71.4 —15.1 3.455 714 —151 3.455 71.4 —-15.1
Lit—flattened cone —68.8 2.329 1021 —37.3 4.194 34.2 —13.1 2.329 1021  —37.3 4.194 34.2 —13.1
Na*—flattened cone —57.2  2.608 922 —27.3 4.044 40.6 —13.7 2.608 922 —27.3 4.044 40.6 —13.7
K+—flattened cone —43.9 3.014 89.3 —18.4 3.977 53.8 —11.6 3.014 89.3 —18.4 3.977 53.8 —11.6
Li*—partial cone —69.0 2.321 98.6 —37.4 3.986 36.2 —15.7 2.321 98.6 —374 4.174 38.5 —13.3
Na*—partial cone —57.2 2.583 88.3 —275 3.861 40.1 —155 2.583 88.3 —275 4.034 41.2 —13.8
K*—partial cone —42.3 2.988 88.4 —18.5 3.722 56.8 —13.1 2.998 88.4 —18.5 4.498 39.7 —-8.1

Lit—1,3-alternate —71.7 3.085 541 —-27.5 3.084 54.1 —27.5 3.085 541 -275 3.084 54.1 —27.5
Nat—1,3-alternate —57.9 2.671 777 —26.4 3513 48.3 —18.9 2.671 777 —26.4 3.513 48.3 —18.9

K*—1,3-alternate —40.2 2.926 86.5 —18.6 4.205 41.1 —9.7 2.926 86.5 —18.6 4.205 41.1 —9.7
Lit—1,2-alternate —61.9 3.440 41.0 —23.5 3.462 39.8 —23.2 3.436 41.8 —23.5 3.444 41.6 —23.4
Nat—1,2-alternate —48.6 3.447 448 —19.3 3.462 441 —19.1 3.432 451  —19.4 3.447 44.4 —19.3
K*—1,2-alternate —33.7 2.996 85.7 —18.2 2.997 85.7 —18.4 5.642 315 —3.0 5.641 31.6 -3.0

a AE? is the binding energy for complexes bf while AEAP, AEgP, AECP, and AER® correspond to the binding energy (in italics) of a catitvenzene
complex in which the angle and distance equal those reported. Energies are reported in kilocalories per mole, distances in angstroms, andraegles in de

methylene linkages, but a qualitative assessment of the effectthe larger alkali-metal cations form two. Although previous
of variations in angles and distances on the energies can beexperimental studies have suggested a role for multiple cation
made. interactions, this is the first study quantifying the energetic
In the case of the lowest energy 1,3-alterrdte™ complex, advantages of these nonbonding motifs.
the cation could interact strongly with two of the aromatic rings
(A, C) at near right angles, but prefers to interact through four ]
weaker catior- bonds with the cation buried deep within the ~ The energetic and structural preferences of a dehydroxylated
calixarene core. While th&E® of the Cg, complex of Li*— cal|x[4]a.rene. with apd wnhoqt alkall-metal cations are presented
benzene in the gas phase 4s12.4 kcal/mol at an optimal for the first time using density functlorlal t'heory tg isolate the
distance of 1.879 A, thAEP of a Li*—benzene complex with effects of the aromatic core and catiam interactions. The
a Cat-Ry—Cy of 54.1° and a CatRy distance of 3.085 A is  Presentresults underscore the important contributions of weaker
only —27.5 kcal/mol. Nevertheless, four of these weak interac- cation—x interactions to the overall binding strength in cases
tions are more favorable than two optimal and two weak Where multiple catiorz interactions are possible. Not only are

Conclusions

interactions: the\E® of the Dg, benzene-Li*—benzene com- multiple weak interactions equivalent to a single strong cat-
plex is —69.7 kcal/mol (Table 1), while thAE® of Li+—1,3- ion—z interaction in binding strength, but also the presence of
alternate is—71.7 kcal/mol (Table 4). Naand K* with their several aromatic groups effectively controls the binding con-

larger ionic radii are not centered on the 1,3-alternate methyleneformation. The computed effect is of interest not only in calix-
plane, but move upward to interact with two aromatic rings [4larenes, but also in a wide variety of synthetic hosts and
which then move closer to optimize the catiem interactions. biochemical systems capable of multiple catianinteractions.
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which is generated by a different number and combination of
aromatic rings. However, the formation of multiple cation
interactions depends on the nature of the cationic partner. For
example, the resulting position of the cation in the 1,3-alternate
and chair conformations, as shown in Figure 2, illustrates the
importance of the cation, where the small and more electro-
positive Lit benefits from four weak catiefrr interactions and JA0285971
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