48 Bull. Korean Chem. So2002 Vol. 23, No. 1 Jong-In Choe and Suk-Kyu Chang

Molecular Modeling of Complexation Behavior of
p-tertButylcalix[5]arene Derivative toward Butylammonium lons

Jong-In Choe and Suk-Kyu Chang

Department of Chemistry, Chung-Ang University, Seoul 156-756, Korea
Received September 11, 2001

Using several molecular modeling programs we have performed computer simulations to investigate the
complexation behaviors of an ester derivativepdért-butylcalix[5]arene 1€ toward a variety of butyl-
ammonium ions. Semi-empirical AM1 method was used for calculating the binding energies and the formation
enthalpies. MM and CVFF forcefields for molecular mechanics calculations were adapted to express the
complexation energies of the host. Molecular dynamics were performed to the calculated complex systems to
simulate the ionophoric behavior of the host-guest complexes. The absolute Gibbs free energies dfdéhe host (
complexed with four kinds of butylammonium ions have been calculated using the Finite Difference
Thermodynamic Integration (FDTI) method in Discover. Calculation results show that the trend in complex
formation isn-BuNHs" > iso-BuNH;" >> secBUNH;* > tert-BuNHs;*, which is in good agreement with the
experimental results.
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Introduction the cone-shape host. Cheeal!®'” also studied the mole-
cular modeling of complexation of alkylammonium ions by

Selective recognition of biologically important organic p-tertbutylcalix[4]crown-6-ether. In those reports, the primary
ammonium guests attracts much research interests, whidiinding site of host for the recognition of alkylammonium
results in developments of many sophisticated host sygjuests was confirmed to be the central part of the crown
tems?™® Among the many of the supramolecular systemsmoiety. The complexation energy calculations by MM, AM1,
calixarene derivatives having suitable binding sites seem tand ab initio methods revealed that the alkylammonium
be relatively useful for the recognition of organic ammoni-cations having smaller and linear alkyl groups showed the
um ions® The cationeelectron interactions are known to better complexation efficiencié$?’
play an important role in the molecular recognition of In this paper, we report the simulation of the confor-
ammonium ions as well as many positively charged guestmnational and the molecular recognition behaviortest-
by the electron-richresystem of naturdland synthetft  butyl ester derivativel€) of p-tertbutylcalix[5]arene toward
hosts. Selectivendacalix complexations of alkylammonium four different butylammonium guests. The main purposes
cations by functionalized (1,®Hert-butylcalix[5]crown  are to understand more deeply the complexational behavior
ethef and by calix[5]arene-based molecular vessHisg] of the present host-guest system that would be helpful for the
have been evidenced B NMR spectroscop¥’ In this  development of more elaborate host systems for butyl
case, for a given butylammonium guest ion, the stability olammonium isomers as well as many related biologically
the complexes generally decreases in the following ot@er: interesting guests.
> 1b > 1c > 1d. Also, ester derivative gf-tert-butylcalix-

[5]arene (e) appears to bind the lineafBuNH;* ion more Computational Methods
selectively than other isomeric butylammonium catiéns.

Complex formation of compounds containing benzene rings The initial structures of host and guest molecules were
with ammonium cations was theoretically studied using mangonstructed by HyperCheth.In order to find optimized
computational techniques includiad initio calculations*®  conformations, we executed conformational search by simu-
The reports show that two types of NH-aromatiand CH-  lated annealing method, which is described in previous
aromatic 77 interactions, which are important in biological publication'® We have adapted MMorcefields to express
systems, are responsible for the binding. More recently, Kinthe Molecular Mechanics (MM energies op-tertbutyl-
et al. published charged hydrogen bonds versus cation-calix[5]aryl host, butylammonium cations, and complexes
interaction for the origin of the high affinity and selectivity obtained thereof.
of novel receptors for NFlover K ions* Semi-empirical Quantum Mechanical (AM1) Method

Recently, Choet al.reported the computer simulations on The conformations of the host and complexes obtained from
molecular recognition of alkylamines by ester derivatives ofMM/MD calculations of HyperChem and Insightll/Discotfer
p-tert-butylcalix[6]arene’® Endocone-shaped complex was were fully re-optimized to estimate the binding energy and
reported as the most stable conformer among the differehe enthalpy of formation of the compounds using AM1
orientations of alkylammonium cations complexed insidesemi-empirical quantum mechanics. The default semi-empirical
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options (Restricted Hartree-Fock (RHF) spin pairing) were
used except the followings: total charge = 0, spin multipli-
city = 1 for neutral hostl©); total charge = 1, spin multipli-
city = 1 for cationic guests and complexes.
Molecular Dynamics and Molecular Mechanics Calcu-
lations by Insightll/Discover.? The lowest energy conformers
of host and complexes obtained from the previous Hyper
Chem MD, MM, and AM1 runs were read by Insightll/
Discover. We have adapted Consistent Valence Forcefiel
(CVFF) to express the MM energiesptertbutylcalix[5]-
arene derivative, butylammonium cations, and complexes
The initial structure was subjected to a conformational
search in which 300 K constant temperature MD was carrie ¢
out for 3 ns. Every 50 ps structure taken during the 3 n
snapshot was saved and the energies of these conforme
were minimized to 0.01 kcal/mol gradient.
Absolute Gibbs Free Energy by Insightll/Discover.
The technique of absolute free energy is general and can [Figure 2. Calculated cone conformation of free hdsd(
applied in transparent manner to systems in a vacuum or in
solution, under any conditions of volume and/or temperaturetert-butylcalix[5]aryl derivatives. Figure 2 displays the
See the references 15 and 22(f) for detailed explanation. calculated cone conformation of free habg)( Hydrogen
atoms are omitted for clarity in Figures 1 and 2.
Results and Discussion Endo-cone-type Complex Four kinds of complex for-
mation are possible for the different orientations (upper or
Conformational Characteristics of Calix[5]arene Four  lower rim of the host and up or down direction of alkyl-
different conformations (cone, a partial cone, two-[(1,2),ammonium ions for each location) of guest inside the cavity
(1,3)]-alternates) are possible fottert-butylcalix[Slarene.  of calix[n]arene host The NMR study on the complexation
Although the shape of the calix[5]arene cavity can, in princi-of n-butylammonium 1§-Bu) cation by alkylp-tertbutyl-
ple, be tuned by changing the nature and bulkiness of sulgzalix[5]aryl derivative indicated that the guest is held tightly
stituents on both the upper and lower riththe adaptation deep in the cone-shape aromatic cavity of calix[S]arene, thus
of cone conformation is essential for the selective inclusiorforming endetype complex? In thereendecomplexation is
of RNH;* ions. Therefore, we focused only to the coneunambiguously supported by the dramatic upfield shifts
conformers of the host for the complexation with the guest
ions. Figure 1 shows the chemical structure of coneflypé Taple 1 Binding Energies (kcal/mdl)of Host, Butylammonium
lons, and Complexes

Butylammonium guebt
Binding Energies -
(AM1) n-Bu iso-Bu secBu tert-Bu
-1298.26 -1296.78 -1297.45 -1296.39
Host Complexes of host with guest
le -22289.62 -23645.80 -23643.20 -23631.11 -23627.42
leComplexatiofi -57.92 -56.80 -44.03 -41.41
(o]
\

@ rror limits in these semi-empirical guantum mechanics calculations are
0.01 kcal/mol’Bu = Butylammonium ion‘Complexation energy =damplex

d\ - EHost_ EGuest-
\R / Table 2 Enthalpies (kcal/mdtjof Host, Butylammonium lons, and
R Complexes
Butylammonium guest
R AHca B iso-B B tert-B
(AM1) n-Bu iso-Bu secBu ert-Bu
1a H
16 | (CHsCHICH), 123.526 125.008 124.329 125.397
1¢c | (CH,);OCH(CH3), Host Complexes of host with guest
1d | CH,CO,CH(CH3); _ - - - -
16 CH.COC(CHa)s le 618..35 552.74 550.14 538.05 534.36
leComplexatioR -57.92 -56.80 -44.03 -41.41

Figure 1. Chemical structure ob-tertbutylcalix[SJarene deriva-  3Error limits in these semi-empirical quantum mechanics calculations are
tives (). 0.01 kcal/mol°Complexation enthalpy &Hcompiex— AHkHost— AHouest
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© (d)

Figure 3. Calculatedendacone conformations dfe complexed with (ah-butyl, (b)iso-butyl, (c)secbutyl, and (d}ert-butyl ammonium
ions.

(complexation-induced shifts, CIS, upAd = 4.1) for the  dual energies are the complexation energieswiiex— Erost
resonances of the cavity-included alkyl chain of the guest Egues) to cancel out the individual guest effects for the
(See Figure 3(a)). Therefore, we have focused our efforts tdifferent butyl ammonium cations. As one sees from Tables
endcecone-shaped complexes of histwith various butyl- 1 and 2, the complexation energies and the complexation
ammonium ions. enthalpies for a given guest ion are exactly same. The

Semi-empirical Quantum Mechanical (AM1) Method enthalpy of formation4H) in Table 2 is directly connected
The conformations of the host and complexes obtained fromwith the binding energy in Table 1 calculated from semi-
MM calculations were fully re-optimized to estimate the empirical quantum mechanics. When one compares the
binding energy and the formation enthalpy of the complexesesults of complexation energies in Tablg-butyl p-tert
using AM1 semi-empirical quantum mechanics methodbutylcalix[5]aryl esterle shows the binding selectivity in
Table 1 summarizes the relative complexation efficiency ofollowing order which is in parallel with the experimental
the hostle with four kinds of butyl ammonium isomer. The observationsn-BuNH;z" > iso-BuNHz* >> secBuNH;z" >
same calculation results are also presented by the enthalpiest-BuNHs*. Figure 3 shows the calculated structures of
of formation in Table 2. endoecone-type complex diewith butylammonium cations

In Tables 1 and 2, the more meaningful data than indiviin which hydrogen atoms are omitted for clarity.
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Table 3. MM Energies (kcal/mot)of Host, Butylammonium Cations, -45
and Complexes 3
. £ [
Butylammonium guebt 5
MM Energies . = -504
(CVEF forcefield) n-Bu iso-Bu secBu tert-Bu =
28.86 35.78 -1.65 -93.94 o
Host Complexes of host with guest ; -55
le -140.12 -170.24 -161.30  -196.33  -282.00 -
leComplexatioR  -58.98 -56.96 -54.56 -47.94 %
“Error limits in these calculations are 0.01 kcal/miGomplexaton & -60-
energy = lcomplex— Erost— Ecuest. g [ | u
[
O
. . . : -65 T T T T T T v T T T
Table 4 Gibbs Free Energies (kcal/mfadf Butylammonium Cations 14 16 1.'8 20 o 54

and Complexes

- Distance (Angstrom)
Butylammonium guest

AGealc ) : - g Figure 4. Plot of the calculated complexation free energies with the
(CVFF forcefield) n-Bu Iso-Bu secBu tert-Bu distances between the nitrogen atom of butylammonium ion and
70.31 77.30 39.48 -54.89 the mean plane of five ether-oxygen atoms of hbgtgbout four
Host Complexes of host with guest different isomers of butyl ammonium guest ions.
le 37595 384.20 391.90 358.08 272.81 . ] ] ] )
leComplexatioR -62.06 61.35 .57.35 4825 Is the relative location of the ammonium groups in the cavity

3Error limits in these calculations are 0.60 kcal/M@lomplexation of the calix[SJarene. . .
Gibbs free energy AGcomplex— AGrosi— AGGuest Table 5 shows the distance between nitrogen atom of

butylammonium ion and the mean plane of five ether-oxy-

ble 5. Di b Ni A — il gen atoms of hostLé)in following order:n-BuNHs* < iso-
Table 5. Distance between Nitrogen Atom of Butylammonium lon BUNH3+ << SGCBUNH3+ << tert-BuNH3+.

and the Mean Plane of Five Ether-Oxygen Atoms of t . . . .
v e HIst ( Figure 4 shows the linear relationship of the calculated

Butylammonium guest complexation free energies with the distances between the
nBu isoBu secBu tert-Bu nitrogen atom of butylammonium ion and the mean plane.
Distancé 1418 1473 1832 2343 With increasing bulkiness of the alkyl groups of the

, ammonium salt, the ammonium group is located relativel
Complexation free enerfy-6206 -6135 -57.35 -48.25 away from the oxygen atoms of pghengl ethers and carbon);/I
The distance is an average value of 61 molecular structures of |°C§roups of ester, which causes C-H bonds of butylammonium
minima from MD calculation by Insightll/Discover (See L .
“Computational Methods” section for detaflfhese values (kcal/imol) 10N 0 be pushed out of the aromatic rings of the calix[5]-
are taken from Table 4. arene framework. That will weaken the interactions between
butyl ammonium guest and both oxygen atoms and
Molecular Mechanics Calculations with CVFF Force-  electrons of host.
field. Using the structures determined by the above mention- When one compares the calculated complexation energies
ed AM1 semi-empirical quantum mechanics method, MD/of hostle by various butyl ammonium guests in Tables 1
MM calculations by Insightll/Discovérwere performed. through 4,n-butyl ammonium guest generally has larger
Table 3 reports the MM energies and complexation energieomplexation affinity over other branched butyl ammonium
es of hostLlewith four different isomers of butyl ammonium ions.Trends of these calculations in vacuum agree well with
ions. Host1le shows the relative binding selectivity in the published experimental results (Table 6) for the extrac-
following order which is in parallel with the experimental tion of butylammonium picrates with ester derivativep-of
observationsn-BuNH;* > iso-BuNHs" > secBuNHs* > tert-  tert-butylcalix[5]arene in solutiot’
BuNHs".
Absolute Gibbs Free Energy The free energies of the Conclusion
optimized conformers were calculated using the optimized
structures obtained from the above MM (CVFF) routine by Using several molecular modeling programs of semi-
the absolute free energy calculation method in Disébver

program. Table 6. Association Constants (IEgs9 of Isomeric BUNH' lons
Table 4 reports the Gibbs energies and complexatiofPicrate Salts) Obtained by UV Spectroscopy
energies of hostle with four different isomers of butyl logKass Complexes of host with guest

ammonium ions. Hoste shows the similar binding selec-

tivity in following order: n-BuNHs" > iso-BuNHs" > sec-

BuNH;" > tert-BuNHs". le 6.47 4.09 3.80 3.49
One interesting thing to note from the calculated structure3raken from reference 10.

Host n-Bu iso-Bu secBu tert-Bu
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empirical AM1, MM and CVFF forcefields for molecular
mechanics, and Finite Difference Thermodynamic Integra- /-
tion (FDTI), we have performed computer simulations of the
complexation behaviors of the ester derivatig 6f p-tert-
butylcalix[5]arene toward a variety of butylammonium ions.
For all the calculation results in these simulationbutyl
ammonium guest has much better complexation ability over®-
other butyl ammonium guests, which is in good agreemen
with the experimental results. Although the calculations are ;
performed under quite different condition of vacuum com-
pared with the experimental conditions of two phase system
of chloroform-water, we have successfully simulated thel2-
binding properties of calix[5]arene derivative toward model
compounds of butylammonium ions. We believe that the
present simulations provide a general and useful explanatiors,
to the molecular recognition behavior of the calix[5]arene
derivatives, which will be applicable for the design of other14-
functional ionophore systems for the recognition of biologi—15
cally important amines.
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