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AbstractÐThe geometries and energies of the cyclic hexamer (9) of glycolic acid, and its polycyclic orthoester valence tautomer (10) have
been studied by ab initio molecular orbital calculations at the HF/6-31Gp and MP2//HF/6-31Gp levels of theory. Both molecules are
preorganised to bind metal ions in both endohedral and exohedral modes. The binding of 9 and 10 with Li1, Na1, K1, Be21, Mg21, B31

and Al31 have been examined, and the energies and geometries of the resulting complexes are discussed. q 2000 Elsevier Science Ltd. All
rights reserved.

Introduction

Ionophores are substances whose biological role is to trans-
port metal ions across cell membranes. Neutral ionophores
are often macrocycles that typically coordinate metal ions
through oxygen atoms, either ether or carbonyl, and contain
external hydrophobic groups to confer lipid solubility. Iono-
phores often have remarkable selectivity for particular metal
ions. For example, nonactin (1) and tetranactin (2) are
macrotetrolide antibiotics produced by various Actinomyces
species, that coordinate the group IA metal ions and show
high binding selectivity in the order K1,Rb1.Cs1@Na1.1

X-Ray crystal structures of nonactin complexed with K1,
Na1, NH4

1 and Cs1, and of tetranactin complexed with Na1,
K1, Rb1, Cs1 and NH4

1, have been reported. All structures
are very similar and show the cation coordinated by the four
tetrahydrofuran ether oxygens and the four carbonyl oxygen
atoms arranged in a near-perfect cube.1

Valinomycin (3), a cyclic dodecadepsipeptide composed of
alternating d-valine, l-lactic acid, l-valine and d-a-hydroxy-
isovaleric acid residues, shows high selectivity for potas-
sium ions. X-Ray crystallographic studies show that the
metal ion lies at the centre of the molecule and is octa-
hedrally coordinated by the carbonyl oxygens of the ester
groups. The structures of the sodium and barium complexes
of valinomycin as well as the uncomplexed molecule have
also been determined, but these are quite different from the
K1 complex.2

Enniatin B (4), a fungal antibiotic produced by Fusarium
orthoceras, is a cyclohexadepsipeptide composed of alter-
nating l-N-methylvalines and d-hydroxyisovaleric acid
residues. Its chemical properties as well as its ion selectiv-
ities have been extensively studied.3 The crystal structure of
uncomplexed enniatin B has all the isopropyl groups

Tetrahedron 56 (2000) 8703±8713Pergamon

TETRAHEDRON

0040±4020/00/$ - see front matter q 2000 Elsevier Science Ltd. All rights reserved.
PII: S0040-4020(00)00724-9

Keywords: polycyclic aliphatic compounds; macrocycles; ionophores;
theoretical studies.
* Corresponding author. Present address: School of Pharmacy, The
University of Queensland, Brisbane, QLD 4072, Australia; e-mail:
r.mcgeary@mailbox.uq.edu.au



R. P. McGeary, D. N. Bruget / Tetrahedron 56 (2000) 8703±87138704

oriented pseudo-equatorially, with the six carbonyls point-
ing inwards and adopting alternating up±down con®gu-
rations, and the carbonyl oxygens de®ning an approximate
octahedral geometry.4 The KI complex of enniatin B was
investigated by crystallographic methods in 1969,5 but
because of the poor quality of the crystals it could not be
decided whether the cations occupy the centres of the
molecules, or whether they sit between them. The latter
situation is consistent with observations that in solution
1:1 and 2:1 sandwich-type enniatin B:metal ion complexes
exist in equilibrium.6 In contrast to valinomycin, the
enniatins do not have pronounced cation selectivity. The
order of binding is K1.Rb1.Na1,Cs1.NH4

1.Li1.
The structurally related beauvericin has been crystallised
as its barium picrate salt. In this complex the Ba21 ions
lie on the outside of the beauvericin ionophore (`exo'
geometry) and coordinate to three of its carbonyl oxygens,
with the other metal coordination sites being occupied by
picrate anions.7 A similar sandwich binding of Rb1 is
observed in the crystal structure of the complex with a
stereoisomer of enniatin B.8

Recently Lee et al. reported the facile, acid-catalysed
rearrangement of cyclic polyketones (e.g. 5) (Scheme 1).
The products, trivially named starands, have been charac-
terised by spectroscopic, crystallographic and theoretical
studies.9±14 The six oxygen atoms of [16]starand (6) de®ne
a near-spherical cavity of diameter 1.02 AÊ , while its larger
homologue, [18]starand, possesses a cavity of diameter
2.43 AÊ .10 The metal binding properties of these molecules
have been investigated, with [16]starand showing selectivity

for Li1 binding, and [18]starand showing strongest af®nity
for K1 in methanol solution.11,13

A similar rearrangement of poly-1,4-diketones (7) to poly-
spiroacetals (8) has been reported for alternating co-
polymers of carbon monoxide and 1-alkenes (Scheme
2),15 and we have recently reported on cyclic peptides and
their peptidostarand valence tautomers.16

In this paper we consider the potential for cyclic polyesters,
such as 9, to undergo analogous rearrangements to give
macrocyclic polyorthoesters (10), with carbon and oxygen
atom rehybridisation from sp2 to sp3 centres. These
molecules are of interest because of the ease with which
cyclic polyesters can be synthesised,17±19 their structural
relationships to a number of naturally occurring ionophores,
and the possible metal-binding properties of these
molecules. This paper describes our ab initio molecular
orbital calculations on the polylactone (9), the polyortho-
ester (10), their higher homologues 11 and 12, and a number
of metal complexes of 9 and 10 with the lighter metal ions.

Results

Cyclic hexamer of glycolic acid

Lactone (9), the cyclic hexamer of glycolic acid, was
subjected to an exhaustive Monte Carlo conformational
search using the MM2 force ®eld, as implemented on
MacroModel, v. 4.0.20 The coordinates of the lowest energy
conformer found were then used as input for a full geometry
optimisation using the 3-21Gpp basis set (HF/3-21Gpp), as
implemented on Gaussian 94,21 and the optimised coordi-
nates were then used as input for an unrestrained geometry

Scheme 1.

Scheme 2.
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optimisation on Gaussian 94, using the 6-31Gp basis set
(HF/6-31Gp). A frequency calculation on this optimised
structure found only positive values, indicating that the
optimised geometry represented a local energy minimum.
Finally, the 6-31Gp optimised coordinates were used for a
single-point MP2 calculation (MP2//HF/6-31Gp) to examine
the effects of electron correlation. A similar process was
used to derive the structure and energy of the polyorthoester
(10).

The results of these calculations are shown in Table 1. The
difference in energies calculated for 9 and 10, at the HF/
3-21Gpp level, was only 4.7 kcal/mol. Calculations
performed at the HF/6-31Gp level again gave 9 as the
most stable valence tautomer, but this time by 44.4 kcal/
mol. The large discrepancy between the calculations at
these two levels of theory prompted us to perform single
point Mùller±Plesset second-order perturbation (MP2)
calculations on 9 and 10 at the optimised HF/6-31Gp

geometries (MP2//HF/6-31Gp). At this level of theory, 9
was again found to be much more stable than 10, which
con®rms the HF/6-31Gp result. Polyactone 9 has been
isolated, as one of many products, from the pyrolysis of
sodium chloroacetate. The identity of this material was
con®rmed by mass spectrometry and 1H NMR spectro-
scopy, and the product's infrared spectrum showed clearly
the presence of carbonyl bands.22 The optimised geometries
of 9 and 10 are shown in Fig. 1.

Cyclic hexalactone 9 adopts an S6 symmetry in its optimised
geometry, with alternating up±down arrangement of the
carbonyls, similar to that seen in the crystal structure of
enniatin B. Each ester group is in the E con®guration. The
carbonyl oxygens de®ne two triangular planes separated by
2.57 AÊ , and the distances from each carbonyl oxygen to the
centre of the molecule is 2.43 AÊ which, assuming the van

der Waals radius of oxygen to be 1.40 AÊ ,23 gives a cavity
diameter of 2.05 AÊ .

Cyclic polyorthoester 10 also adopts an S6 symmetry in its
optimised geometry, and the distance from the centre of the
molecule to the proximal oxygen atoms is 1.85 AÊ , which
gives a cavity diameter of 0.89 AÊ . This value is smaller
than that calculated for [16]starand (6) (0.97 AÊ ).24 The paral-
lel triangular planes de®ned by the interior oxygen atoms of
10 are separated by 1.56 AÊ .

Cyclic octamer of glycolic acid

The lowest energy conformation of polylactone (11), the
cyclic octamer of glycolic acid, was determined using the
Monte Carlo conformational searching routine on Macro-
Model, employing the MM2 force ®eld. As in the case of
polylactone (9), the lowest energy conformation found for
11 was used as input coordinates for full optimisation at the
HF/3-21Gpp level of theory. These optimised coordinates
were then used as input for full optimisation at the HF/
6-31Gp level of theory. A similar procedure was used to
determine the structure and energy of the cyclic polyortho-
ester (12).

The results of these calculations are shown in Table 2. The

Table 1. Relative energies of the cyclic polylactone (9) and the cyclic polyorthoester (10) at various levels of theory

Molecule HF/3-21Gpp (kcal/mol) HF/6-31Gp (kcal/mol)a MP2//HF/6-31Gp (kcal/mol)

Polylactone 9 0 0 0
Polyorthoester 10 4.7 44.4 37.4

a When unscaled zero-point corrections were taken into account, the energy difference between 9 and 10 was 49.8 kcal/mol.

Figure 1. Optimised geometries of the cyclic hexalactone (9) (left), and the cyclic polyorthoester (10) (right).
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difference in energy between 11 and 12 was calculated to be
only 13.0 kcal/mol at the HF/3-21Gpp level of theory but, as
in the case of 9 and 10, the calculated energy difference
between 11 and 12 was substantially larger at the HF/
6-31Gp level of theory (56.5 kcal/mol). Because of this
discrepancy we again performed single point MP2 calcu-
lations on 11 and 12, and these results (50.5 kcal/mol energy
difference) were comparable with the HF/6-31Gp results.
The optimised geometries for these species are shown in
Fig. 2.

Complexation of 9 and 10 with Metal Ions

Because we were interested in the potential of these
compounds to act as ionophores, we examined the metal
binding abilities of 9 and 10 with the cations Li1, Na1,
K1, Mg21, Be21, B31 and Al31. The structures of 9 and
10 (Fig. 1) reveal that both these species are preorganised
to bind metal ions, and that two modes of metal ion binding
can be conceived. Hexalactone 9, with its alternating
up±down arrangement of carbonyl groups, can clearly par-
ticipate as a tridentate ligand for a metal ion with the metal
sitting above the plane of the molecule and along the C3

axis, coordinating to the three closest carbonyl oxygen
atoms (`exohedral binding'). Alternatively, the metal
could be enclosed within the cavity of the polylactone,
coordinating all six of the carbonyl atoms octahedrally
(endohedral binding). These modes of binding are illus-
trated in Fig. 3.

A similar situation exists with polyorthoester (10). Again, a
tripodal binding mode is possible if the metal ion sits above
the molecule on the C3 axis (exohedral binding) and, again,
the metal ion could alternatively be positioned within the
cavity, coordinating to six oxygen atoms (endohedral
binding). These binding modes are shown in Fig. 4.

In examining the potential for these macrocycles to complex
metal ions, the same general method was followed for
optimising the geometries of all the metal complexes of 9
and 10. In the case of the exohedral complexes of these
macrocycles, the input coordinates were the previously
optimised geometries of 9 or 10, with the metal ions places
along the C3 axis at a distance slightly further away from the
macrocycle than would be expected to be optimum. The
resulting complex was ®rst fully optimised using the HF/
3-21Gpp basis set, and the resulting geometry was then used
as starting coordinates for full optimisation using the HF/
6-31Gp basis set. An analogous method was used for the
endohedral complexes of 9 and 10, except that the metal
ions were initially placed at the centres of the macrocycles.

Group IA Metals

Lithium

Lactone endo. The cavity de®ned by the carbonyl oxygen
atoms of uncomplexed 9 has a diameter of 2.05 AÊ . With a
Li1 ion complexed at the centre of the molecule (endo
complex) the oxygen atoms are displaced signi®cantly
inwards, such that the cavity now has a diameter of
1.51 AÊ , and the two triangular planes de®ned by the car-
bonyl oxygens now lie 2.15 AÊ above and below the Li1

ion. The binding energy of Li1 within the cavity of 9 is
104 kcal/mol.

Lactone exo. In the case of Li1 binding in an exo manner to
the lactone 9, the optimised geometry has the metal ion
lying on the C3 axis at a distance of 1.89 AÊ from each of
the three oxygen atoms coordinating it, but lying only
0.16 AÊ above the plane de®ned by those oxygen atoms.
Binding of the Li1 ion has the effect of slightly ¯attening
the ligand. Whereas in the uncomplexed 9 the triangular

Table 2. Relative energies of the cyclic polylactone (11) and the cyclic polyorthoester (12) at three levels of theory

Molecule HF/3-21Gpp (kcal/mol) HF/6-31Gp (kcal/mol) MP2//HF/6-31Gp (kcal/mol)

Polylactone 11 0 0 0
Polyorthoester 12 13.0 56.5 50.5

Figure 2. Optimised geometries of the cyclic octalactone (11) (left), and the cyclic polyorthoester (12) (right).
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planes de®ned by the carbonyl oxygens were separated by
2.57 AÊ , the exo-Li1 complex has this distance reduced to
2.36 AÊ . The binding energy for Li1 with 9 in this exo
manner is 103 kcal/mol, almost identical to that obtained
by endo binding.

Orthoester endo. The cavity de®ned by the ether oxygens
of uncomplexed 10 is 0.89 AÊ in diameter. While this
distance appears to be too small to ®t most metals, we
®nd that when Li1 is placed at the origin, the optimised
geometry of the resulting complex is only marginally

Figure 3. Possible modes of binding of polylactone (9) with a metal ion. Exohedral binding is shown at left, and the endohedral binding mode is displayed at
right.

Figure 4. Possible modes of binding of polyorthoester (10) with a metal ion. Exohedral binding is shown at left, and the endohedral binding mode is displayed
at right.
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distorted from the original structure of 10. Speci®cally,
while the six oxygen atoms are displaced slightly outwards
from the metal ion such that the cavity diameter of the endo-
Li1 complex of 10 is now expanded to 0.91 AÊ , the distance
separating the triangular planes de®ning the coordinating
oxygen atoms is reduced to 1.54 AÊ , slightly less than in
the case of 10 itself (1.56 AÊ ). The binding energy for Li1

with 10 in this endo manner is 50 kcal/mol.

Orthoester exo. In the case of Li1 binding in an exo manner
to 10, the optimised geometry has the metal ion lying on the
C3 axis at a distance of 1.94 AÊ from each of the three oxygen
atoms coordinating it, and lying 1.02 AÊ above the plane
de®ned by those oxygen atoms. The distance between the
two planes of oxygen atoms in the exo complex is 1.56 AÊ ,
the same as in 10. The binding energy for Li1 with 10 in the
exo manner is 72 kcal/mol.

Sodium

Lactone endo. With a Na1 ion complexed at the centre of
lactone 9 (endo complex) the carbonyl oxygen atoms are
displaced inwards signi®cantly, such that the cavity now has
a diameter of 1.79 AÊ (cf. 2.05 AÊ for uncomplexed 9), and the
two triangular planes de®ned by the carbonyl oxygens now
lie 2.31 AÊ above and below the Na1 ion. The binding energy
for Na1 with 9 (endo) is 77 kcal/mol.

Lactone exo. In the case of Na1 binding in an exo manner to
the lactone 9, the optimised geometry has the metal ion
lying on the C3 axis at a distance of 2.21 AÊ from each of
the three oxygen atoms coordinating it, and lying 0.77 AÊ

above the plane de®ned by those oxygen atoms. As was
observed in the case of Li1 binding in an exo mode to 9,
exo binding of the Na1 ion has the effect of slightly
¯attening the ligand. The binding energy for Na1 with 9
in this exo manner is 78 kcal/mol and, as is the case with
Li1, the binding energy is almost exactly the same for the
exo and the endo modes of binding.

Orthoester endo. As expected, when Na1 is placed at the
origin of 10, the optimised geometry of the resulting
complex is signi®cantly distorted from the original structure
of 10. The six coordinating oxygen atoms are displaced
outwards from the metal ion such that the cavity diameter
of the endo-Na1 complex of 10 is now expanded to 1.13 AÊ ,
and the metal±oxygen distances are now a very low 1.96 AÊ .
However, the distance separating the triangular planes
de®ning the oxygen atoms coordinating to the metal is
now 1.56 AÊ , exactly the same as in the case of 10 itself.
The binding energy for Na1 with 10 in this endo manner
is 250 kcal/mol, i.e. endothermic.

Orthoester exo. For Na1 binding exo to 10, the optimised
geometry has the metal ion lying on the C3 axis at a distance
of 2.31 AÊ from each of the three oxygen atoms coordinating
it, and lying 1.59 AÊ above the plane de®ned by those oxygen
atoms. The binding energy for Na1 with 10 in the exo
manner is 50 kcal/mol.

Potassium²

Lactone endo. Hexalactone (9) appears to accommodate an

endo K1 ion very well. The coordinating carbonyl oxygen
atoms are displaced outwards signi®cantly from the starting
structure (9), such that the cavity now has a diameter of
2.26 AÊ , and the two triangular planes de®ned by the car-
bonyl oxygens now lie 1.29 AÊ above and below the K1

ion. The distance between the metal ion and the carbonyl
oxygen atoms is 2.53 AÊ , in the normal range for a K±O
bond. The binding energy for K1 with 9 (endo) is 48 kcal/
mol.

Lactone exo. exo Binding of K1 to 9 leads to the optimised
geometry having the metal ion lying on the C3 axis at a
distance of 2.55 AÊ from each of the three oxygen atoms
coordinating it, and lying 1.39 AÊ above the plane de®ned
by those oxygen atoms. The binding energy for K1 with 9 in
this exo manner is 71 kcal/mol, signi®cantly higher than for
the case of endo binding.

Orthoester endo. The cavity de®ned by the ether oxygens
of 10 (0.89 AÊ in diameter) is too small to accommodate the
potassium ion without severe distortion of the ligand. In the
optimised geometry the six coordinating oxygen atoms are
displaced signi®cantly outwards from the metal ion such
that the cavity diameter of the endo-K1 complex of 10 is
now expanded to 1.53 AÊ , giving K±O bond lengths of only
2.16 AÊ , indicating severe strain in the complex. The binding
energy for K1 with 10 in this endo manner is 2178 kcal/
mol, i.e. highly endothermic.

Orthoester exo. For K1 binding in an exo manner to 10, the
optimised geometry has the metal ion lying on the C3 axis at
a distance of 2.62 AÊ from each of the three oxygen atoms
coordinating it, and lying 1.98 AÊ above the plane de®ned by
those oxygen atoms. The binding energy for K1 with 10 in
the exo manner is 57 kcal/mol.

Group IIA Metals

Beryllium

Lactone endo. With a Be21 ion complexed at the centre of 9
(endo complex) the oxygen atoms are displaced signi®-
cantly inwards, such that the cavity now has a diameter of
only 1.07 AÊ . The distance between the metal ion and the
carbonyl oxygens is 1.94 AÊ , somewhat longer than opti-
mum, and the two triangular planes de®ned by the carbonyl
oxygens now lie 0.96 AÊ above and below the Be21 ion. The
binding energy for Be21 with 9 (endo) is 380 kcal/mol.

Lactone exo. For Be21 binding in an exo manner to the
lactone 9, the optimised geometry has the metal ion lying
on the C3 axis, and adopting a trigonal geometry, such that
the metal ion lies almost in the plane of the three coordinat-
ing carbonyl oxygens. In fact, the Be21 ion is offset by
0.07 AÊ towards the centre of the molecule. The Be±O
distance is 1.56 AÊ . Binding of the Be21 ion has the effect
of signi®cantly ¯attening the ligand. Whereas in the uncom-
plexed cyclic lactone 9 the triangular planes de®ned by the
carbonyl oxygens are separated by 2.57 AÊ , the exo-Be21

² All calculations involving potassium were done using the 3-21Gpp basis
set.
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complex has this distance reduced to 2.18 AÊ . The binding
energy for Be21 with 9 in this exo manner is 444 kcal/mol,
signi®cantly higher than the endo case.

Orthoester endo. We ®nd that when Be21 is placed within
the cavity of 10, the six coordinating oxygen atoms are
displaced inwards towards the metal ion such that the cavity
diameter of the endo-Be21 complex of 10 is now reduced to
only 0.75 AÊ (cf. 0.89 AÊ for 10), giving a Be±O bond length
of 1.78 AÊ . The binding energy for Be21 with 10 in this endo
manner is 328 kcal/mol.

Orthoester exo. When the Be21 ion was initially placed exo
to the macrocycle 10, and the whole complex was then
optimised, a most unusual result was obtained. The resulting
geometry was exactly that obtained for the geometry opti-
misation of the lactone-exo complex of Be21, as described
above. This result was obtained regardless of the distance
that the metal ion was positioned from the ligand, and the
same result was also obtained regardless of whether the
3-21Gpp or the 6-31Gp basis set was used for the geometry
optimisation. It would appear that there is no stable complex
of the polyorthoester 10 with a Be21 positioned exo to it, and
that such a complex would rearrange to the lactone
structure, with the metal ion still positioned exo (Scheme 3).

Magnesium

Lactone endo. With a Mg21 ion complexed at the centre of
9 (endo complex) the coordinating carbonyl oxygen atoms
are displaced signi®cantly inwards relative to the starting
structure, such that the cavity now has a diameter of only
1.38 AÊ (cf. 2.05 AÊ for 9), and the two triangular planes
de®ned by the carbonyl oxygens now lie only 1.01 AÊ

above and below the Mg21 ion. The binding energy for
Mg21 with 9 (endo) is 293 kcal/mol. The Mg±O bond
lengths are 2.09 AÊ .

Lactone exo. No stable structure could be found with the
Mg21 ion bound to the lactone 9 in an exo manner. The
metal ion was initially placed along the C3 axis at a distance
of 1.90 AÊ from the centre of the lactone, and the resulting
geometry optimised using the 3-21Gpp basis set. The metal
ion migrated to the centre of the lactone 9, and gave a
structure and energy identical to that obtained when the
metal was initially placed at the origin before geometry
optimisation. The same result was obtained when the
6-31Gp basis set was used directly. Again the ®nal structure
was identical to the `lactone-endo' Mg21 complex.

Orthoester endo. When Mg21 is placed at the origin of 10,
the optimised geometry of the resulting complex is slightly
distorted from the original structure. Speci®cally, the six

oxygen atoms are displaced outwards such that the cavity
diameter of the endo-Mg21 complex of 10 is now increased
to 1.01 AÊ . The binding energy for Mg21 with 10 in this endo
manner is 157 kcal/mol. The Mg±O bond lengths are
1.91 AÊ .

Orthoester exo. In the case of Mg21 binding in an exo
manner of 10, the optimised geometry has the metal ion
lying on the C3 axis at a distance of 1.97 AÊ from each of
the three oxygen atoms coordinating it, and lying 1.07 AÊ

above the plane de®ned by those oxygen atoms. The binding
energy for Mg21 with 10 in the exo manner is 197 kcal/mol.

Group IIIB Metals

Boron

Lactone endo. The largest distortion of the polylactone 9 is
observed when a B31 ion is complexed at its centre (endo
complex). The oxygen atoms are displaced signi®cantly
inwards, such that the cavity now has a diameter of only
0.67 AÊ (cf. 2.05 AÊ in uncomplexed 9). The distance between
the contiguous (on opposite faces) carbonyl oxygen atoms,
2.38 AÊ , is now shorter than then the sum of their van der
Waals radii, and the two triangular planes de®ned by the
carbonyl oxygens now lie only 0.94 AÊ above and below the
B31 ion. The binding energy for B31 with 9 (endo) is
969 kcal/mol.

Lactone exo. No stable symmetrical structure could be
located with the lactone 9 binding B31 in an exo manner.
When, using the 3-21Gpp basis set, the metal ion was
initially placed along the C3 axis at a distance of 1.90 AÊ

from the centre of the complex, the optimised geometry
had a very unsymmetrical shape with the metal ion coordi-
nating to only one carbonyl oxygen (Fig. 5). The same result
was obtained when the process was repeated using the
6-31Gp basis set directly. The only B±O distance is
1.45 AÊ . The binding energy for B31 with 9 in this exo
manner is 819 kcal/mol.

Orthoester endo. No stable structure could be found with
the B31 ion lying at the centre of the polyorthoester ligand.
When the metal ion was initially placed at the centre of the
ligand and the geometry was optimised, using either the
3-21Gpp or 6-31Gp basis set, the ®nal structure was
the same as that which resulted from the `orthoester exo'
case (see below).

Orthoester exo. In the case of B31 binding in an exo
manner to 10, the optimised geometry had a most unex-
pected structure. We found that three of the C±O bonds
had broken, with the oxygen atoms in each case now
binding to the B31, such that three dioxycarbocations were
formed (13, Fig. 6). The boron is bound in a trigonal geome-
try, with the B±O bonds 1.37 AÊ long, and the proximal O±O
distances only 2.38 AÊ . The boron atom lies almost exactly
in the plane de®ned by the three proximal oxygens.
The binding energy for B31 with 10 in this manner is
1089 kcal/mol, signi®cantly higher than for the case of the
9:B31 complexes.

Scheme 3.
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Aluminium

Lactone endo. When an Al31 ion is complexed at the centre
of the polylactone 9 (endo complex), the oxygen atoms are
displaced signi®cantly inwards from their starting positions,
such that the cavity of the macrocycle now has a diameter of
only 1.07 AÊ , with Al±O distances of 1.94 AÊ . The binding
energy of Al31 with 9 (endo) is 691 kcal/mol.

Lactone exo. No stable structure could be located with the
lactone 9 binding Al31 in an exo manner. When the metal
ion was initially placed along the C3 axis at a distance of

1.90 AÊ from the centre of the complex, the metal ion
migrated during optimisation to the centre of the molecule
and attained an optimised geometry identical to the `lactone
endo' case obtained above. The same result was obtained
whether the 3-21Gpp or the 6-31Gp basis sets were used.

Orthoester endo. When the metal ion was initially placed at
the centre of the ligand and the geometry was optimised,
using either the 3-21Gpp or 6-31Gp basis set, we were
surprised to ®nd that the ®nal structure was identical to
the `lactone endo' one obtained above. Thus, it appeared
that the polyorthoester structure in 10 was unstable with
an Al31 placed at the origin, and rearranged to the poly-
lactone form with the metal ion at the centre of the complex
(Scheme 4). This is analogous to the rearrangement which
occurred when Be21 was placed exo to 10 (Scheme 3).

Orthoester exo. In the case of Al31 binding in an exo
manner to 10, the optimised geometry using the 3-21Gpp

basis set was again found to be identical to the `lactone
endo' structure calculated above. That is, the metal ion
had migrated to the centre of the complex, and the bonds
had rearranged to the polylactone structure. However
when the 6-31Gp basis set was used directly, we obtained
a stable structure analogous to the boron orthoester exo
structure obtained above, i.e. with the tricarbocation struc-
ture and the Al31 lying nearly in the plane of the three
oxygen atoms coordinating it (14). The aluminium ion is
bound in a trigonal geometry, with the Al±O bonds 1.73 AÊ

long, and the distances between the proximal oxygens
2.99 AÊ . The aluminium atom lies very slightly above the
plane de®ned by the three proximal oxygens (0.15 AÊ ). The

Scheme 4.

Table 3. Summary of the energies and geometries of 9 and 10, and their complexes with metal ions

Molecule Symmetry Binding energy (kcal/mol) Cavity diameter (AÊ ) Metal±oxygen distance (AÊ )

9 S6 ± 2.05 ±
9-Li1 (endo) S6 104.4 1.51 2.156
9-Li1 (exo) C3 103.1 ± 1.893
9-Na1 (endo) S6 77.3 1.79 2.293
9-Na1 (exo) C3 77.7 ± 2.209
9-K1 (endo) S6 47.9 2.26 2.528
9-K1 (exo) C3 71.0 ± 2.545
9-Be21 (endo) S6 380.3 1.07 1.935
9-Be21 (exo) C3 443.9 ± 1.561
9-Mg21 (endo) S6 293.3 1.38 2.091
9-Mg21 (exo) ± ± ± ±
9-B31 (endo) S6 968.8 0.67 1.731
9-B31 (exo) C1 819.5 ±
9-Al31 (endo) S6 690.9 1.07 1.937
9-Al31 (exo) ± ± ± ±
10 S6 ± 0.89
10-Li1 (endo) S6 49.5 0.91 1.856
10-Li1 (exo) C3 71.8 ± 1.938
10-Na1 (endo) S6 249.8 1.13 1.963
10-Na1 (exo) C3 49.5 ± 2.307
10-K1 (endo) S6 2178.0 1.53 2.163
10-K1 (exo) C3 56.9 ± 2.616
10-Be21 (endo) S6 328.5 0.75 1.776
10-Be21 (exo) ± ± ± ±
10-Mg21 (endo) S6 157.2 1.01 1.906
10-Mg21 (exo) C3 196.5 ± 1.974
10-B31 (endo)a C3 1089.3 ± 1.374
10-B31 (exo)a C3 1089.3 ± 1.374
10-Al31 (endo) C3 ± ± ±
10-Al31 (exo)a C3 643.1 ± 1.731

a See text.



R. P. McGeary, D. N. Bruget / Tetrahedron 56 (2000) 8703±8713 8711

binding energy for Al31 with 10 in this manner is 643 kcal/
mol.

These results are summarised in Table 3.

Discussion

Our calculations show that the polylactone (9) is signi®-
cantly lower in energy than its polyorthoester valence tauto-
mer (10) and, similarly, that polylactone (11) is lower in
energy than its valence tautomer (12). This is in contrast
to the analogous starands (6) which are more stable than
their polyketone isomers (5), and probably results from
the increased importance of delocalisation energy of the
ester groups in 9 and 11, compared with the unsaturated
ketone units in 5. In the case of peptidostarands, these

compounds were calculated to be much less stable than
their isomeric cyclic peptides, and this was attributed to
the delocalisation energy of the amide bond. Indeed, it
was calculated that substitution of the nitrogens in cyclic
peptides with strongly electron-withdrawing groups led to a
reversal of the relative stabilities, such that the peptido-
starand valence tautomers were more stable.16

The polylactone 9 was ¯exible enough to accommodate all
the metal ions examined and to bind exothermally with
them. The binding of Li1 to 9 was calculated to be almost
equally exothermic for both the endo and exo modes, and
this was also seen in the case of Na1. There was a preference
for K1 and Be21 to bind to 9 exohedrally, but no stable
structures for exo-binding of Mg21 or Al31 to 9 were
found; in both cases these ions migrated to the centre of 9
during geometry optimisation. The preference for exohedral
binding of K1 of 9 would support the sandwich model of K1

binding for the enniantins.6 There was a strong preference
found for B31 to bind 9 endohedrally, leading to a complex
markedly distorted from the uncomplexed structure.
Attempts to optimise the exo-B31 complex of 9 led to an
unsymmetrical structure (Fig. 5) in which the metal ion was
coordinated to only one carbonyl oxygen.

Of the metal ions examined for binding endohedrally within
the cavity of 10, only the complexation of Na1 and K1 was
unfavourable, presumably due to their large size and severe
strain in the resulting complexes (for both B31 and Al31

these systems rearranged). There was a moderate preference
for both Li1 and Mg21 to bind exohedrally to 10, but while
the cavity diameter in uncomplexed 10 is calculated to be
0.89 AÊ , both Li1 and Mg21 (ionic diameters 1.18 and
0.98 AÊ , respectively23) were still able to ®t comfortably,
i.e. with minimal distortion of 10. This type of phenomena
has been observed in the case of spherand (15), which is
capable of complexing Na1 endohedrally, even though its
cavity diameter (1.62 AÊ ) is signi®cantly smaller than the
ionic diameter of Na1 (1.94 AÊ ).25 This was rationalised as
a relief of strain caused by oxygen±oxygen interactions in
the uncomplexed ligand.

In several of the cases examined, the structures consisting of
a metal ion bound exohedrally to polyorthoester (10) do not
appear to be minima on the energy hypersurface. We found
for example that while Be21 ®ts comfortably within the
cavity of 10, the structure with Be21 bound exohedrally
rearranged during the geometry optimisation to the same
arrangement as was found for Be21 binding exohedrally to
9. A similar rearrangement was seen for the endohedral
complex of 10 with Al31Ðagain the orthoester structure

Figure 5. Optimised geometry of the complex arising when a B31 ion was
placed exo along C3 axis of polylactone (9).

Figure 6. Optimised geometry of the unexpected complex arising when a
B31 ion was placed either endo or exo along C3 axis of polyorthoester (10).
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rearranged to the polylactone to give the same structure as
was obtained for Al31 binding endohedrally to 9.

The most surprising result was obtained in the case of B31

binding to 10, either endohedrally or exohedrally. We found
that a new type of complex was formed, the result of the
breaking of three B±O bonds to give three oxygen-stabilised
carbocations (Fig. 6). An analogous structure was obtained
by geometry optimisation of the exohedral Al31 complex of
10 (Fig. 7).

It was of interest to examine the structures and energies of
2:1 ligand:metal complexes, analogous to the sandwich
complexes described for enniatin B (4) and its stereo-
isomers.4±6 Such complexes could form between a metal
and two molecules of 9 and/or 10, each binding to the
metal in an exo manner. Such calculations were attempted
at the HF/3-21Gpp level of theory but, due to the large
number of heavy atoms, these calculations exceeded the
computer resources available to us (a Silicon Graphics
ORIGIN 2000 with 64 CPUs). For Gaussian molecular
orbital calculations computer resource requirements (CPU
time and memory usage) increase exponentially, approxi-
mately proportional to the number of basis functions to the
power of 3.5.26

Conclusion

The geometries and energies of the cyclic hexamer of
glycolic acid (9) and its cyclic polyorthoester valence tauto-
mer (10) have been studied by ab initio molecular orbital
calculations. At the MP2//HF/6-31Gp level of theory we ®nd
that the cyclic polyester isomer (9) is more stable than 10 by
37.4 kcal/mol, a much greater difference than that obtained
from HF/3-21Gpp calculations (4.7 kcal/mol).

The cyclic octamer of glycolic acid (11) and its cyclic
orthoester valence tautomer (12) have also been studied
by ab initio molecular orbital calculations, and here too
we ®nd that the cyclic polyester is more stable than its
valence tautomer, in this case by 50.5 kcal/mol at the
MP2//HF/6-31Gp level of theory.

The metal-binding properties of 9 and 10 with Li1, Na1,
K1, Be21, Mg21, B31 and Al31 have been investigated. All
the group IA metals bound more strongly to the polylactone
9 than to 10. For the IIA metals, Be21 binds preferably to 9
rather than 10, in either the endo or exo modes, and Mg21

also binds in an endo manner to 9 more strongly than to 10.
In the case of the IIIB metals, B31 binds more favourably
with the rearranged tricarbocation (13, Fig. 6) than it does
with 9. However Al31 binds more strongly with 9 than with
the rearranged tricarbocation (14).

Supplementary material

A listing of energies and Cartesian coordinates of all
optimised geometries described may be obtained from the
corresponding author.
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