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Abstract This paper describes the use of molecular mechanics to model the geometry of the sodium
complex of a calix[4]arene tetraester, in the 1,3-alternate confiormk Partial charges were as-
signed to the calixarene on the basis of semi-empirical (AM1, PM3, MNDO, INDO, CNDO and ZINDO)
calculations and the binding of the sodium ion to the calixarene was modelled using molecular me-
chanics. Agreement between the optimised and X-ray structures of the complex was very good. The
effect of placing the cation in different starting positions on the energy-minimised geometry of the
complex is described.
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calixarenes with other conformations are known and one of
these, the tetraester, in the ‘1,3-alternate’ conformation,
o . ) is the subject of this study. This latter conformation is illus-
The principal use of molecular mechanics in calixarengyated in Figure 1. Inl, there is the possibility that
chemistry to date has been to explore the conformations Qiomplexation of the metal cation can take place at several
the metal-free calix[4]arenes [1], although the results of verkiies within the calixarene. Therefore, it is of interest to

detailed molecular dynamics calculations on calixarengjetermine what effect varying the initial position of the cation
metal complexes which included solvent molecules, havgss on the optimised geometry of the complex.

also been published [2]. However, the crystal structures of

a number of calixarenes with encapsulated Group 1 ions are

now available and the molecular modelling of these com-

plexes was the subject of a recent paper [3]. The calixarenddethod

studied in that investigation were in the so-called ‘cone’

conformation, an example is given in Figure 2. However,Optimisations were carried out using the HyperChem [4]
molecular modelling package (version 4) running on a 180
MHz Pentium Pro PC with 32 MB RAM.
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Figure 1 Line rendeing ofthe compound modelledl, The Figure 2 Line rendering o2, which is discussed in the text
atom labels O1, 02, 03, O4, C1 and C2 are used againtinhighlight the difference in the distribution of electron den-
Figure 10 to Figure 13, inclusive. The pendant groups wisiity betveen 1 and 2. The R pendant groups indicate the
atoms with the labels O1, O2 and C1 are part of the pendémtation of the ‘land ‘3’ positions, while the Ryroups are
group in the ‘1’ position while the pendant group in the ‘3 the ‘2’ and ‘4’ positions
position contain the atoms with labels O3, O4, and C2. The
‘RY groups are in the ‘2’ and ‘4’ positions

Tetraester calix[4]arenes, in the cone conformation, such
as2, are well established as ionophores for the iNa [5].
There is very strong evidence, from NMR spectroscopy, that
2, upon complexation with Naremains in a ‘cone’ confor-
mation but (unlike the free ligand) has a four-fold symmetry
and that the ion is coordinated by the four phenoxy oxygen
atoms and the four carbonyl oxygen atoms [6]. This eight-
fold coordination is found in the energy-minimised model of
the complex (see Figure 3) and in the X-ray structure of the
complex formed between the tetraamide amadoof 2 and
K* [7]. Thus, it is clear that Ndon can be complexed &/
and other, similar calixarenes in one region only. (In the
cone conformation, the carboxylate oxygen atomg afo
not have the correct orientation to interact with thée ida
collectively, either on their own or with the other types of
oxygen atoms ir2).

Examination of the total charge density contour plot for
2, given in Figure 4b, identifies the phenoxy, carbonyl and
carboxylate oxygen atoms as giving regions of high electron
density (a very similar plot would be obtained if the contour
plot were taken in a plane approximately containing the ‘2’
and ‘4’ pendant goups). Thecontour plot forl, shown in
Figure 5b, indicates that although the same types of atoms
. . i . give regions with high electron density, these atoms are dis-
Figure 3 Ball and tube rendering of the side-on view of thgsrsed over the entire molecule, rather than clustered in a
optimised structure o2:Na*. PM3 partial charges were single obvious binding site. Thus, the 1,3-alternate confor-
placed on the ligand with Method 2 and by initially placing,ation of 1 creates several possible complexation sites and
the ion close to the optimised position. The initial geomes js in contrast to the number of sites available in the case
used for the ligand was that of the optimised structure of then. (It is important to note that the model in Figure 4a and

free ligand. Colour code: cyan - carbon, red - oxygen, Majgure 4b was obtained by rearranging, for illustration pur-
genta - sodium
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Figure 4 Stick rendering of
the structure of2, without,
(left) and with, (right) the to-
tal charge density contour
plot superimposed. The con-
tour plots were determined
after carrying out a single-
point PM3 calculation on
2.They apply to a plane which
is parallel to the plane of the ) | (
page and which contains the
centre of mass of the molecule

poses, the ligand geometry in the optimised structu2eNaf, three methods were used to calculate these charges. The first
so that the phenoxy and carbonyl oxygen atoms of the tmethod was to use a single point, semi-empirical calculation
pendant groups on opposite sides of the cavity were apprdAM1 [10]) on a compound similar t& (one full aryl ring
mately in the same plane. However, for Figure 5a and Figarel its substituents plus ethyl groups substituted at the bridg-
5b, no such rearrangement of the geometryl aftructure ing positions on the ring, see Figg These charges
was carried out.) (Method 1) were then transferred, with averaging and round-

The X-ray structuref the1:Na+ complex is given in Fig- ing off, to the entire molecule d meaning that chemically
ure 6a and Figure 7a [8], (the Cambridge Crystallograpl@quivalent atoms were assigned the same charge. The trans-
Data Centre [9] refence is YERFIK). Tis complex was ferring of charges is a labour-intensive process and conse-
chosen for further modelling studies because its structure syigently, partial charges were also calculated on the full lig-
gests that there is the possibility of migration of the caticemd with the AM1, MNDO [11, 12] and PM3 [13, 14] semi-
Furthermore, the apparent multiple binding sites allow usempirical methods (Method 2), which was a less laborious
test the extent to which the modelling procedure can find thi@cess. Another advantage of the latter method is that we
global minimum (in terms of energy) of an optimised strucan see the effect that assigning slightly different partial
ture more rigorously than is possible in the case of the ‘cosbarges to atoms that are chemically equivalent but confor-
calix[4]arenes. In this work, it is assumed that the globaktionally different has on the optimised geometry of the
minimum corresponds to the X-ray structure. complex. This is relevant to the modelling bNa*, as the

The modelling procedure uses electrostatic interactioggometry of the pendant groups in the ‘2" and ‘4’ positions of
to bind the metal ion within the calixarene, which means tHais different to that of the pendant groups in theatid ‘3’
partial charges must be calculated for the ligand. In this warsitions. However, Methods 1 and 2 both suffer from the

Figure 5 As for Figure 4 ex-
cept thatl is shown

i
!
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Table 1 RMS Overlay Erroreind distance of the optimised Nposition from its X-ray position, following the superimposi-
tion of optimised structures upon the X-ray structuré:bfa* [a]

Determination of Partial Charges RMS Overlay Error / A Optimised Nat - X-ray Na* / A [b]
AM1 / Method 1 0.733 0.45

AM1 / Method 2 0.734 [c] 0.46 [c]

MNDO / Method 2 0.731 [c] 0.33 [c]

PM3 / Method 2 0.731 [c] 0.32 [c]

INDO / Method 3 0.951 0.34

CNDO / Method 3 0.942 0.32

ZINDO/1 / Method 3 0.981 0.54

[a] All the values quoted refer to optimised structures after of the methylene bridging carbons of the optimised struc-
the N& ion was initially placed in Position 2 (see Fig- ture on those of the X-ray structure
ure 9) [c] In these cases, virtually identical results (the values dif-
[b] The distances between the optimised and X-ray positionsfer in the third decimal place only) were obtained when
of the Nd ion were measured after superimposing three the Nd ion was placed in different starting positions

disadvantage that because the calculations are carried ouhanhof the ligand as in the X-ray structureldfia®. Hydro-
the free ligand, they do not take into account withdrawal @én atoms needed to be added, as the X-ray structure did not
electron density from the ligand when it binds with a catiooontain them. With Methods 1 and 3, the ion \ir@sally
Accordingly, partial charges were also determined by carplaced in Position 2 only - the position it occupies in the
ing semi-empirical calculations on the full metal complex-ray structure (see Figure 5a and 8). When partial charges
using those methods which have parameters for sodiunvere assigned with Method 2 the initial position of the Na
INDO [15], CNDO [16] and ZINDO/1 [17] (Method 3). ion was varied as shown in Figure 8. The geometry of the
The molecular mechanics MM+ force field available witktructure was subsequently optimised using the MM+ force
the HyperChem software (and indeed, the other force fieftdd within HyperChem, which is a modified version of the
available in HyperChem) contain no parameters for GroupMM2 force field developed by Allingeet. al.[18]. A com-
metal ions and therefore, as in previous studies [3], the atioimation of three algorithms were used: steepest descent ini-
type for neon was used for the sodium ion since neutral néially, then Polak-Ribiere and finally, Newton-Raphson. The
is isoelectronic with Na The ion was assigned a formaatomic charges electrostatic interaction option was used with-
charge of +1 in the case of Methods 1 and 2. out any artificial distance cut-off. The terminating gradient
The starting geometry used for the ligand for both theas 0.001 kcal-matA=L.
molecular mechanics and semi-empirical calculations was

Figure 6 Ball and tube ren-
dering of the side-on views of
the X-ray (left) and optimised &
(right) structures ofl:Na*.
The optimised structure was
obtained by placing PM3
partial charges with Method
2 and by initially placing the
ion in Position 2. The atom
labels in (a) are used to de-
fine the region of the cation
and are also used in Tables 2
and 3 and Figure 9 to 12, in-
clusive
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Table 2 Critical distances and torsional angle for the X-ray and optimised structurgéNaf in the region of the Naion

Determination of 02-03/A 01-04 /A Mean of Mean of @/°a]
Partial Charges 02-Na-03-Na / A O1-Na—04-Na / A

X-ray 3.29 [b] 4.39 [b] 2.33 [b] 2.39 [b] -6.14 [b]
AML1 / Method 1 2.98 [c] 4.57 [c] 2.55 [c] 2.32 [c] -7.94 [c]
AM1 / Method 2 2.96 4.56 2.54 2.32 -8.22
MNDO / Method 2 2.99 451 2.46 2.32 -8.02
PM3 / Method 2 3.06 [d] 4.61 [d] 2.42 [d] 2.38 [d] -7.83 [d]
INDO / Method 3 4.36 [e] 4.81 [e] 2.59 [e] 2.74 [e] -11.04 [e]
CNDO / Method 3 4.30 4.80 2.60 2.70 -10.94
ZINDO/1 / Method 3 4.91 5.06 3.00 2.75 -9.41

[ This is the improper torsional angle made by the lingg] These values are also given in Figure 13

joining atoms O1 and C1 and C2 and O4 [f] The values quoted for Method 2 are almost identical for
[b] These values are also given in Figure 10 each of the five starting positions for the*Nen. For the
[c] These values are also given in Figure 11 distances quoted, variation occurs in third decimal place,
[d] These values are also given in Figure 12 while the range over which the improper torsional angle

varies is ca. 0.2

The quality of fit of the structure to the X-ray structur&rrors, given in Table 1. Of these structures, that produced
was assessed by superimposing each optimised structure wgorg the combination of the PM3 semi-empirical method
it and calculating the Root Mean Square (RMS) Overlay Eand Method 2 of assigning partial charges gave the best re-
ror. sults, as judged by the error in the cation positions in the X-
ray and optimised structurésee Table 1and by examina-
tion of the geometry of the complex in the region of the cation
. . (compare Figure 10 with Figure 11 and 12).

Results and discussion It is worth noting that virtually identical structures were
o i . . obtained ven theAM1, MNDO and PM3 semi-empirical

MM optimisations of 1:Na" (partial charges assigned withyethods were used to determine partial charges with Method

Methods 1 and 2), produced structures (see Figure 6b anghq also when the AM1 method was used to assign charges

7b) that closely match the X-ray structure (shown in Figusgth Method 1 (see Figure 11 and 12, where partial charges

6a and 7a), as judged by the smallness of the RMS Oveylayte assigned with AM1/Method 1 and PM3/Method 2 re-

Figure 7 As for Figure 6, ex-
cept that the view through the
cavities are shown
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Figure 8 Line rendering of almost identical, regardless of the initial position of the ion,
compoundl used to assign for each of the three semi-empirical methods used (see Ta-
partial charges by Method 1 bles 1 and 2).

It is very interesting to note that though the conformation
of the ligand initially used was that of the X-ray structure,
the two pendant groups most involved in the binding of the
ion as indicated by the X-ray structure (the ‘1’ and ‘3’ pen-

o dant groups), are the least involved according to the optimised
J\ structures, regardless of the initial position of the ion, i.e.,
07 ~OCH, when, for example, the ion was placed initially placed in
Position 2 - its position in the X-ray structure - its optimised
position was that of Position 3 with the corresponding rear-
) rangement of the both pairs of pendant groups. It is impor-
spectivey). The fomer result would suggest that thgant to realise that in the X-ray structure, the ‘1’ and ‘3’ pen-
optimised structure of this complex is independent of the sefémt groups of the ligand have a geometry that is very well
empirical method used to assign partial charges to the lgited to complexation with the Nin as the ion is approxi-
and, Wh|le the |attel’ I’esu|t indicates that (a|bEIt Sl|ght|y) d|ﬁ‘|ate|y equidistant from the Carbony| and phenoxy Oxygen
ferent initial conformations of the pendant groups in the ligtoms of these pendant groups, and the two carbonyl groups
and and any resultant differences in partial charge betweggy the Naion are approximately in the same plane. This
chemically equivalent atoms in the pendant groups with difrovement of the ion from Position 2 to Position 3 suggests
ferent conformations, have a small effect on the optimisggt the energy barrier to the migration is relatively small.
structure of the ligand in the complex. This is supported by evidence, obtained fropmainic H
A very encouraging result is the fact that, when MethothdIR measurements [19], that the ‘Nan oscillates rapidly
was used to assign partial charges, the geometries of #®3 s') across the hydrophobic arene cavity in an intramo-
optimised structures of the complex (both in terms of theylar fashion.
conformation of the ligand and the position of the ion) are A very noticeable difference between the optimised struc-
tures (when partial charges were assigned with Methods 1
and 2) and the X-ray structure df Na* concerns the final
position of the N&aion. In thoseoptimised structures where
partial charges were assigned with Methods 1 and 2, it is
nearer to the phenoxy oxygen atoms than the carbonyl oxy-

Figure 10 Ball and tube rendering of the side-on view of the
Figure 9 Ball and tube rendering of the side-on view of thé-ray Structureof 1:Na*, showing the geometry of the com-
X-ray structure ofl:Na*, showing the different positions inplex in the region of the ¢an. Themetal to ligand dis-
which the N& ion was initially placed when carrying out theances shown, given in Angstroms, are mean distances, for
optimisations. In the X-ray structure, the*Nan is in Posi- oxygen atoms of a given type. The measurements shown are
tion 2 also given in Table 2
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gen atoms, whereas in the X-ray structure, thé iNa is The part of the complex where the X-ray and optimised
positioned lower in the cavity, by 0.32 to 0.46 A, as is showtructures match least, and therefore, presumably the main
in Table 1. Furthermore, as illustrated in Figure 11 and *8ason for the magnitude of the RMS Overlay Error, is in the
the optimised structures produced using Methods 1 anddhformation of the pendant groups not involved in the
give the impression that the Nin is bound mainly by the complexation of the sodium (compare Figure 6a with 6b and
two phenoxy oxygen atoms of the pendant groups in the Figure 7a with 7b). For example, Figure 7a clearly shows
and ‘3’ positions, whereas the X-ray structure (see Figure 1@at the orientation of the one of the carbonyl groups of the
indicates that the carbonyl oxygen atoms in these penda@tdant group in 3-position of the X-ray structure is very
groups are involved in the complexation to a very simildifferent to that in the optimised structure, shown in Figure
degree as the phenoxy oxygen atoms. However, as mightlbeThe same feature was also present in the optimised struc-
expected for a complex containing 154 atoms, the differeriaees obtained for the AM1 and MNDO semi-empirical meth-
in position of the ion in the X-ray and optimised structuresls and also when Method 1 was used to assign AM1 partial
has little effect on the RMS overlay error; when the ligarwharges.
from the optimised and X-ray structures (va@thoutthe ion) When Method 3 was used to assign partial charges, the
are superimposed on each other, the RMS overlay ergoality of fit was poorer than when Methods 1 and 2 were
changes little from that obtained with the ion present, typised (see the RMS Overlay Errors in Table 1 and compare
cally by ca. 0.03 A. Figure 10 with 13). A possible reason for this is the fact that
In molecular modelling, differences in the ion positiothe use of Method 3 resulted in partial charges on the sodium
between X-ray and optimised structures can arise becausé gypically +0.3, which is in contrast to the charge of +1
counterion and/or solvent molecule(s) were not includedvihich was formally assigned to the sodium ion with Meth-
the modelling. Preliminary work (results not shown) in whiabds 1 and 2. Thus, it is possible that the greater magnitude of
a perchlorate ion (sodium perchlorate was used to prepte partial charges on the ligand atoms generated by Method
thel:Na* complex [8]) was initially placed just below the ‘1'3 caused intra-ligand attractive and repulsive forces to be
and ‘3’ pendant groups of the ligand resulted in an optimisgekater than with Methods 1and 2, leading to a poorer qual-
position of the perchlorate ion which was in the cavity criy fit with the X-ray structure. The N&on in these optimised
ated by the ‘1’ and ‘3’ pendant groups, with an distance sifuctures is approximately equidistant from the phenoxy and
3.65 A between the Néon and the nearest chlorine atomcarbonyl oxygen atoms, as in the X-ray structure, but the
This result is clearly at variance with the X-ray structure biklgand geometry in the region of the cation is noticeably dif-
cause the latter structure indicates that the perchloréeent to that shown by the X-ray structure. This leads to a
counterion is outside both cavities of the calixarene. We f&NS Overlay Error which is significantly larger than that
justified in excluding solvent molecules from these moddbund when partial charges were assigned with Methods 1
ling studies because they are not part of the X-ray structaed 2. In particular, the distances between the phenoxy oxy-

Figure 11 As for Figure 10, except that the optimised strué-igure 12 As for Figure 10, except that the optimised struc-
ture of 1:Na* is shown, in the region of thet@m. The ion ture shown has PM3 partial charges assigned with Method 2
was initially placed in Bsition 2 and AM1 partial charges

were assigned to the ligand with Method 1
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Conclusion

This paper demonstrates that in some calixarenes at least,
the optimised geometry of the ligand in the complex and the
final position of the ion is independent of the initial position
of the ion and this is a very encouraging result. We have also
demonstrated that improved results are obtained when metal
cations (of Group 1 and Group 2, at least) are assigned for-
mal charges than when partial charges are calculated for both
the ligand and the metal ion. There is scope for refining the
proposed method, as more crystallographic data becomes

available and where it is possible to take into account the
polarizability of the ion. However, the method described in
this paper, when combined with the previously described
method [3], does provide a very useful visualisation tool for
calixarene cation complexes.
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