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The structures and complexation energies of penta-O-alkylfitedid penta-Qert-butyl esterle of p-tert
butylcalix[5]arene and their simplified structur@b @nd2e)toward a series of alkyl ammonium guests have
been calculated by a semi-empirical AM1 method. For AM1 calculations, complexation efficiencies of the
simplified host2e are very similar to the values of hdst The complexes of simplified hoge with alkyl
ammonium ions also have been optimizedabyinitio HF/6-31G method. The calculated complexation
efficiencies for2e by ab initio method have been found to be bigger in magnitude than the values obtained by
AM1 calculations for linear alkyl ammonium guests. Calculation results show that all of the calix[5]aryl
derivatives investigated in this study have much better complexation ability toward ammonium cation without
alkyl group compared with other alkyl ammonium guesis.initio calculations also well duplicate the
molecular discriminating behaviors of calix[5]arene derivafigbetween butyl ammonium ions:-BuNH;"

> iso-BUNH;" > secBuNH;" > tert-BuNH;".
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Introduction Parallel to this, a lot of computational studies have been
performed for the supramolecular systems of calixarenes
Calixarenes? have received much attention recently asand their complexe$We previously reported the computer
one of the most widely employed molecular frameworks forsimulations on the molecular recognition of butylamines by
the construction of many versatile supramolecular systéms. ester derivative op-tert-butylcalix[5]arene, using several
Among the varying structures of calixarenes, pentamerienolecular modeling programs of AM1 semi-empirical and
analogue calix[5]arene has received relatively less attentiomolecular mechanicS.The results show thatbutyl ammo-
due to difficulties encountered both in its synthesis anchium guests generally have larger complexation affinity over
selective derivatization compared with other widely employ-other branched butyl ammonium iofisends of these calcu-
ed calixarenes having four, six, or eight repeating unitslations in vacuum agree well with the published experi-
However, a series of calix[5]arene derivatives having crowrmentat! results in the following ordet:e> 1b > 1c¢> 1d.
ether or ester functions has been prepared and is known toStudies of thep-tert-butylcalix[4]crown-6-ether and its
have strong affinity toward large alkali metal iGr8elective  alkyl ammonium complexes show that cone conformation is
recognition of organic ammonium guests is very importanthe most stable for all the employed calculation methbds.
for many functional biogenic ammonium ions, and a humbein this paper, we have calculated the molecular recognition
of sophisticated host systems are derived from calixafénes. behaviors of penta-O-alkylated derivatille andtert-butyl
For calix[5]arene based amine selective ionophores, selectivester derivativele of cone-shapeg-tert-butylcalix[5]arene
endocalix complexation of alkyl ammonium cations by and their simplified structure2l§ and2e)toward a series of
functionalized (1,3p-tert-butylcalix[5]crown ethéf and by ~ alkyl ammonium guests by semi-empirical AM1 method.
calix[5]arene-based molecular vesséls-1¢' have been The hosRe (methyl calix[SJaryl ester) is a trimmed version
reported. Giannettet al. report very efficient discrimination of hostle {ert-butyl p-tert-butylcalix[S]aryl ester) for the
behavior between butylammonium isomers by means opurpose ofab initio HF/6-31G optimization. The main
calix[5]arene-based ion selective electrode techrifjdere emphasis of this research is determining the selectivity of the
recently, 1,3-bridged calix[5]crown-6-ether was investigatedhost for different alkyl ammonium guests with varying
as a tool for the shape recognition of alkylammonium ions irstructural characteristics, which are good model compounds
focusing theende versusexocavity complexatiod® These  for the biologically important organic amine guests. The
interesting host-guest properties are mainly related to thealculation results might provide a deeper insight into these
calix[5]arene backbone fixed in cone-ty@,-symmetric  relatively less well studied but interesting molecular frame-
structure by providing a highly preorganized three dimensionalvorks of calix[5]arenes.
molecular framework assembled as efficient binding sites.
Computational Methods
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method using the supercomputer. Therefore, we had to
change theert-butyl group in the upper rim of calix[5]arene

to hydrogen atom and tlert-butyl group in the ester branch

to methyl group. This way, hogte has the same basic
skeleton of calix[5]arene as the smaller substituent as
opposed to hoste without significantly affecting the basic
binding site ofle

Results and Discussion

| There might be a variety of conformational isomers in

| i e ether and ester derivatives of calix[5]arene, depending on the
1a H G(CH;)y degree and nature of substituttSmAmong them, penta-O-
Ho Eg::;:g:ﬁ:ﬂjh g}g:!]’! alkylatedp-tert-butylcalix[S]arenes frozen i@s,-symmetric
10 | ‘cHicocHICHy: | cicHa, cone conformation have received much attention as one of
1o | CHzCOCICH;) C{CHy)y the most efficient and selective synthetic neutral molecular
2b | (CHalGHICHs); I _receptor_s f_or linear alkylammonium iolsAs we discussed
2e | CH,CO,CH, H in a preliminary report; we have focused our efforts on the

most stableendecone-shaped complexes of hosts with
Figure 1. Chemical structure of calix[5]arene derivatives. various alkyl ammonium ions.

Semi-empirical (AM1) Method. The conformations of
constructed by HyperCheth.To find optimized confor- the host and complexes obtained from MM calculations
mations, we executed a conformational search by simulategrere fully re-optimized to estimate the binding energies and
annealing method, which has been described in a previoube enthalpies of formation for the complexes, using the
publication!®*The structures of the hostb, 1 2b, 2 and  AM1 semi-empirical method. Since the binding energy and
their complexes obtained from MM/MD calculations of the enthalpy of formation are directly connected for the
HyperChem and Insightll/Discov&mere fully re-optimiz-  calculation of complexation energy, the complexation energy
ed to estimate the binding energies and the enthalpies @Ecompiex— Erost— Ecues) iS exactly the same as the complex-
formation for the compounds, using the AM1 method. Toation enthalpies XHcomplex— AHHost— AHgues). Therefore,
confirm that the final structure is in the local minimum point, we report only the values of the calculated enthalpy. Table 1
we have calculated the normal mode frequencies of theummarizes the calculated enthalpies of formation and the
optimized complex. Each vibrational spectrum shows naelative complexation efficiencies of the hosts with various
negative value of frequency, which suggests that thelkyl ammonium cations.
optimized structure is really in minimum poiAb initio HF/ In Table 1, the data more meaningful than the individual
6-31G optimization of hoste or its complex by Gaussian 98 enthalpies are in fact the complexation enthalgét:{mpiex
on a Fujitsu VPP 5000 supercomputer at Okazaki Nationat AHwoest— AHgues) to cancel out the individual guest effects
Research Institute of Japan took more than 100 hours tior the different alkyl ammonium cations. The hdtsand
reach an optimum conformation for each complex. Initially, 2e (methyl calix[5]aryl derivative) are trimmed structures of
we tried to calculate the hode with guest ions, but this host 1b and le tert-butyl p-tertbutylcalix[5]aryl ester)
complex was too big to be optimized &ly initio HF/6-31G ~ having the same basic structural unit comprising possible

Table 1. AM1 Enthalpies (kcal/mof)of Complexes of Calix[5]arene with Alkyl Ammonium lons

Semi-empirical Alkyl ammonium guest

AM1 enthalpies NH,* Me Et n-Pr n-Bu® iso-Bu° seeBu®  tert-Bu®
using HyperChem 150.53 148.65 138.57 131.17  123.53 125.01 124.33 125.40
Host Guest Complexes with host

-307.77 Hosilb RNH;* -226.00 -219.15 -225.76  -231.72  -238.85 -237.30  -234.15 -226.23
-619.32 Hostle RNH;* -545.24 -535.22 -539.85  -54554  -552.74 -550.14  -538.05 -534.36
-215.68 Hosgb RNH;* -129.46 -124.00 -130.68  -136.45  -144.03 -142.02  -139.16 -131.57
-471.89 Hosete RNH;* -394.09 -386.62 -389.99  -39547  -402.62 -399.42  -394.32 -387.23

Host1b + Guest complexatidh -68.76 -60.03 -56.56 -55.12 -54.61 -54.54 -50.71 -43.86
Hostle+ Guest complexatidh -76.45 -64.55 -59.10 -57.38 -56.95 -55.83 -43.06 -40.44
Host2b + Guest complexatidh -64.31 -56.97 -53.57 -51.94 -51.88 -51.35 -47.81 -41.29
Host2e+ Guest complexatidh -72.73 -63.38 -56.67 -54.75 -54.26 -52.54 -47.21 -40.74

3Error limits in these calculations are 0.01 kcal/niMe = methyl ammonium, Et = ethyl ammoniumPr =n-propyl ammoniump-Bu= n-butyl
ammonium iongtc “Butyl ammonium data for hogeare taken from reference TEomplexation enthalpy AHcompiex— AHrost— AHguest
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AN Commplexation Enthalpy for endo—Complees ammonium ions also show a similar trend to those of host
" A 1b. Therefore, it can be generalized that the complexation
& - .
;/ efficiency decreases gradually as the size of the alkyl group
_ J: increases. The calculation results fbeé and 2e clearly
_ m IR i suggest that the presencepetertbutyl groups in the upper
x g N rim of host le does not affect significantly the relative
£0.00 d stability of the host-guest complexes in the present calix[5]-
Vi arene systems.
Ab Initio HF/6-31G Method As we mentioned in the
-70.00 “Computational Methods” section, we could not calculate
m the whole structure of the hobe due to the memory size,
m but fortunately the smaller calix[5]aryl est2e could be
g 8 ey P TS PSS Ry e =y e optimized using the HF/6-31@ethod.
2 | s | s | 0T | e Table 2 summarizes theb initio energies and the com-
o plexation efficiency of hoewith various alkyl ammonium
75 | 54 | @5t |l | cations. To compare the complexation efficiency ofAhe
Ay | dermaniuen Gues! semi-empirical method withb initio HF/6-31Gcalculation
Figure 2. Plot of AM1 complexation enthalpies faendo for.hostZQ we have c_onverted the cqmplexation data of host
complexes of hosts. 2ein Tables 1 and 2 into a plot of Figure 3. When one sees
the graphs in Figure 3, the trend of the complexation ener-
binding sites of upper rim cavity and lower rim ester andgies for hos®e, usingab initio HF/6-31Gmethod is similar
ether functions. to that of host2e with AM1 semi-empirical calculations.

To compare the complexation efficiencies for the alkylBut, the complexation energies calculated ddy initio
ammonium guests in various calix[5]aryl hosts, we havemethod is 10-17 kcal/mol bigger in magnitude than those by
converted the complexation energy data in Table 1 into a ploAM1 calculation for alkyl ammonium ions, except fert-
(Figure 2). When one sees the graphs in Figure 2, it is vergutyl ammonium.
clear that the trend of the complexation efficiencies for the

40.00

kealfmale

Jdd

G B 2

trimmed hosewith alkyl ammonium ions is very similar to L AW aned b iilio Complexation Energies b 2¢ Cormplixes
that of hosflein the order of NI > MeNHs* > EtNH* > n- Tl /,«’
PrNHs" ~ n-BuNH;" > iso-BuNHs" > secBuNH;" > tert- it s
BuNHs*. Among the butylammonium ions, the complex- T _.____‘-"’ i
ation affinity decreases drastically frombutyl to other ,,r'""_

isomeric butyl ammonium ions due to steric hindrance of thez ™% | w

bulky substituents. The calculated results confirmed th(.{fg ./' i il

earlier suggestion of the efficient discrimination of butyl- ~ it "

amine isomers by calix[5]arene based ether ionophote

ISE techniqué? In that report the complexed-butyl- -B0.00 -

ammonium guest is depicted as efficiently interacting with

the preorganized ether oxygen atomslbf with its alkyl £t | ey e T pR oA (e ey e
group pointing toward upper rim cavity of calix[5]larene. |—s—iesiimmei| e | mm | swmer | sam s | ses |

With this structure, the role of the carbonyl function seems
to be relatively less important than the ether oxygen dona
site in the complexation of alkyl ammonium guests. Therigure 3. Plot of AM1 andab initio complexation energies ifo
complexation efficiencies of the trimmed hastwith alkyl endecomplexes of hoste

Ay | Arrvronium Gusst

Table 2. Ab initio HF/6-31G Energies (A.U.pf Different Complexes of Calix[5]arene with Alkyl Ammonium lons

Alkyl ammonium guest

Ab initio
HF/6-31G energies NH4" Me Et n-Pr n-Bu iso-Bu secBu tert-Bu
Using Gaussian 98 -56.5159  -95.5388 -134.5658 -173.5862 -212.6057 -212.6063 -212.6111 -212.6172
Host2e Guest Complexes with host
-3044.1610 RN -3100.8194 -3139.8275 -3178.8378 -3217.8529 -3256.8751 -3256.8644 -3256.8570 -3256.8428
Host2e+ Guest -89.4145  -80.1284  -69.6833  -68.4953  -68.0851  -60.9592  -53.2837  -40.4973

complexation enerdy

3Error limits in these calculations are about 20° A.U. Units for theab initio total energies are in A.U., and units for complexation energies are in
kcal/mol using conversion factor 1 A.U. = 627.50955 kcal/fi@bmplexation energies (kcal/mol) =dmpiex— Erost— Ecuest
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cavity of the host molecule. When one sees the structure
shown in Figure 5(a), the nitrogen atom in the host-guest
(2e+ NH4") complex is located just below the mean plane,
which is comprised of five ether-oxygen atoms of test
experiencing the intimate interaction with ether oxygen
atoms.The structure also implies that there exist multiple
hydrogen-bonding interactions between the hydrogen atoms
. of NH;* and the oxygen atoms of phenol ethers and some of
\ carbonyl groups of ester. These charge-dipole and hydrogen
'fh, N q bonding interactions resulted in the highest stability of the
[ o 2e+ NH4" complex among all complexes.

L I The optimized structures in Figures 5(b) through 6(d),
L] show the nitrogen atom in ti2e+ RNH;* complex situated
somewhat above the mean plane of five ether-oxygen atoms

of host2e. With increasing bulkiness of the alkyl groups of
The ab initio optimized structure for the cone confor- the ammonium ion, the ammonium group is progressively
mation of free hos2eis depicted in Figure 4. The free host located relatively away from the oxygen atoms of phenol
2e has a somewhat irregular distorted conformation withethers. This weakens the interactions between alkyl ammo-
ester carbonyl functions pointing relatively randomly with nium guests and oxygen atoms of the host. When we
respect to the central pseudo-cavity of the host. Figures 5(@punted the number of hydrogen bonding between the
through 5(d) show theb initio calculated structures of nitrogen atom of alkyl ammonium guests and the ether-
endoecone-type complex oPe with smaller alkyl ammo- oxygen atoms of host, we found that most of RNbhs use
nium cations, in which the hydrogen atoms are omitted fowrll three hydrogen atoms of ammonium moiety for hydrogen
clarity. The structure of ho®e became more regular upon bonding, except foseecBuNHz*, which uses two hydrogen
complexation with ammonium ion, and ester carbonylatoms.tert-BuNHs" uses only one hydrogen atom, with a
functions are pointing toward the interior of the pseudo-longer H-bond distance than linear alkyl ammonium ions. A

I:;'- e,
IIWi \I

Figure 4. Ab initio calculated cone conformation of free hdat

Figure 5. Ab initio calculatecendecone conformations ¢fe complexed with (a) ammonium, (b) methyl ammonium, (c) ethyl ammonium,
and (d)n-propyl ammonium ions.
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(b)

Figure 6. Ab initio calculatecendocone conformations &ecomplexed with (aj-butyl ammonium, (biso-butyl ammonium, (ckecbutyl
ammonium, and (dertbutyl ammonium ions.

detailed comparison of the calculated complexation freelkyl group has a much better complexation ability than
energies with the distances between the nitrogen atom afther alkyl ammonium guests in the order of J,NE
butylammonium ion and the mean plane of five ether-MeNH;" > EtNHs" >n-PrNHs" ~ n-BuNH;" > iso-BuNH;" >
oxygen atoms of hoste about four different isomers of secBuNHs" > tert-BuNHs*. We believe that the present
butyl ammonium guest ions was reported in previotisly. simulations provide a general and useful insight into the
Figures 6(a) through 6(d) show thbé initio calculated molecular recognition behavior of the calix[5]arene deriva-
structures oéndaecone-type complex dewith the isomers  tives toward alkylammonium guests, which will be appli-
of butyl ammonium guests. For all the above calculatectable for the design of other functional ionophore systems
structures, most of the distances between the nitrogen atofor the recognition of biologically important amines.
of the guest with the carbonyl oxygen atoms are larger than
5.0 A, far exceeding the usual hydrogen-bonding interactio . . .
range of 2.865 A for the related systeftihis fact indicates Q:hung-Ang University resear_ch grants n 2001. We offer our
that there is little influence of the carbonyl oxygen atoms oiIhankS for the generous time allocation on the super-
hosts on thendecomplexation with butyl ammonium guest computer at the research center for computational science at

in the calix[5]arene host molecules studied in this work. the Institute for Molecular Science of Japan.
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