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Results of the theoretical conformational analysis of 14-crown-4 are presented. Conformational analysis was
performed using molecular mechanics (MM3) and using two conformational search techniques. The lowest
energy minima obtained are submitted to HF/6-31G** calculations, and further optimized. Results are discussed
with emphasis on the importance of intramolecular interactions, and the energetic order of conformations is
explained on the basis of findings for 1,2-dimethoxyethane and 1,3-dimethoxypropane.

Introduction

Crown ethers are very well-known agents for selective
complexation of metal ions. As a consequence, since their
discovery by Pedersen et al.1 macrocyclic chemistry has become
a major topic in chemical research over the past decades.2 A
large number of applications has been reported, and large lists
of equilibrium constants for the formation of complexes between
macrocyclic ligands and metal ions have been compiled.3

Despite the large interest in the applications of crown ethers
and in their complexes, less research has focused on the
conformational properties of the free macrocycle. These proper-
ties are certainly of fundamental interest, since they are likely
to influence the characteristics of the complexation (e.g.,
preorganization). They are also interesting by themselves
because macrocycles tend to exhibit some striking features
influencing the energetic order of different conformations, e.g.,
1,5 C-H‚‚‚O interactions4,5 and intramolecular electrostatic
interactions.6

This work aims at further investigating the properties of
macrocyclic crown ethers by conducting conformational searches
using molecular mechanics and by performing an ab initio study
of the lowest energy minima using polarized basis sets.
Emphasis is placed on understanding the phenomena explaining
the energetic ordering of conformations of crown ethers. To
that end, 1,3-dimethoxypropane (DMP) and related molecules
are studied as well.

Computational Methods

Macrocycles are quite tempting molecules for molecular
modeling, especially for ab initio studies. The molecules are
not only fairly large, they also exhibit very large numbers of
energetically low lying minima. Even using the most modern
workstations, a convergent conformational search using ab initio
calculations is computationally too demanding. A method which
allows one to explore the potential energy hypersurface ef-
ficiently, yielding qualitatively good geometries is Molecular
Mechanics. In this work the MM3 force field7 is used in the

MM3(94) and MM3(96) implementations.8 MM3 is used to
locate as many minimum energy conformations as possible, after
which the lowest lying minima can be further optimized on the
Hartree-Fock level.

Conformational searching of the potential energy hypersurface
using MM3 was performed using two different schemes. The
first method is a systematic method. AZ-matrix for all ring
atoms is constructed, with the dihedral angles as variables. The
variables are developed in steps of 120°, starting from-60°.
For each combination of the dihedral angles, and using standard
values for the bond lengths and bond angles, we checked if the
distance between the first atom in theZ-matrix and the last
atom is smaller than 1.5 times the standard value for a bond of
that type. If this distance is smaller than the criterion mentioned,
we consider the geometry to correspond to a cyclic structure.
This geometry is then submitted to MM3 optimization of the
molecular geometry. Structures for which the criterion for a
cyclic structure is not met are discarded. The criterion of 1.5
times the standard value for a C-O bond length to check
whether the molecule has a cyclic structure was found to be a
good compromise between possibly overlooking too many
structures which might yield a cyclic structure when they are
optimized using MM3, and considering too many, which makes
the problem computationally too demanding. If, after the cyclic
structure has been optimized, a minimum energy geometry is
found, the atomic coordinates and steric energy are stored in a
structure library.

One of the more important drawbacks of such a systematic
method is of course the explosion of the number of combinations
that occurs when smaller step sizes are used. The systematic
search by itself is not convergent. Convergence or the lack of
it is judged by considering the number of times the lowest
minima are found. If among the lowest energy minima there
are minima which were found only once, this indicates that the
search probably has not converged. Since the systematic search
did not converge, and since the quality of a systematic scan
depends quite heavily on the step size used, we supplemented
our list of minima with the minima obtained using the stochastic
method by Saunders.9 This method as implemented in the MM3
program optimizes one geometry of the molecule, stores this
structure, and then randomly kicks the atoms. This new structure
is then again optimized, yielding a new or possibly previously

* To whom correspondence should be addressed. Fax: 32/9/264.49.83.
E-mail: Patrick.Bultinck@rug.ac.be.

† Department of Inorganic and Physical Chemistry, Ghent University.
‡ Department of Chemistry, Universiteit Antwerpen.

9203J. Phys. Chem. A2001,105,9203-9210

10.1021/jp010829f CCC: $20.00 © 2001 American Chemical Society
Published on Web 10/04/2001



located stationary point, after which this new stationary point
is kicked. The MM3 program automatically stores all stationary
points found, together with the steric energy and atomic
coordinates for each point, and the number of times it was found.
The number of kick-optimization steps used in this work was
limited to 200, with a maximum displacement of the atoms of
2 Å. Starting from the lowest energy minimum found using the
systematic method, a first stochastic procedure was carried out.
At each stage in the conformational searching a list of minima
is generated from the combined systematic search and the
stochastic searches. We then checked the number of times every
minimum with relative energy below 10 kcal/mol above the
global minimum was found. The lowest such minimum which
was found only once is then used to initiate a new stochastic
search. Conformational searching was considered converged if
all minima with relative energy below 10 kcal/mol were found
at least twice, and a new stochastic search did not yield any
new minima with relative energy below 10 kcal/mol. Stochastic
searches were applied previously by Hay et al.,10 and by the
present authors for different macrocyclic molecules.4,6 The
reason we applied a combination of stochastic and the systematic
search is to cover as much as possible of the molecular PES by
furnishing the stochastic searches with different starting mini-
mum energy geometries.

Ab initio calculations were performed using the GAMESS11

and BRABO12 ab initio programs. These were compiled on a
set of three IBM RS/6000 machines working in parallel using
TCGMSG13 for GAMESS and PVM14 for BRABO. Hartree-
Fock level calculations were carried out using different basis
sets, each on geometries fully optimized using that same basis
set. Basis set primitive exponents and coefficients were taken
directly from the built-in values of GAMESS.

The BRABO program was used for the geometry optimiza-
tions. GAMESS was used for calculations of natural population
charges with the NBO 4.0 package15 linked to it. Gaussian9416

was used for the calculation of normal modes and tighter
optimizations of molecular geometry.

The BRABO program is especially useful for calculations
involving a high number of basis functions, since it includes
the MIA approach. This approach is a combination of Direct
SCF17 and the multiplicative integral approximation.18 The result
of an SCF calculation using the MIA approach is systematically
of equal quality as a classic SCF calculation, whereas the speed
of a MIA-SCF calculation is much higher than that of a classic
calculation.

Results and Discussion

1. 1,3-dimethoxypropane and Intramolecular C-H‚‚‚O
Interactions. First 1,3-dimethoxypropane (DMP) will be stud-
ied, since findings for this molecule help us understand the
conformational properties of 14-crown-4. The conformational
properties of the ethylene bridges in crown ethers may be
understood on the basis 1,2-dimethoxyethane (DME). DME and
12-crown-4 were studied previously using the same methods
as the ones used here.4 We found that the ethylene bridges
exhibit tGt structures in the COCCOC atom sequence, and that
DME and 12-crown-4 both exhibit intramolecular C-H‚‚‚O
interactions.

Conformational analysis of DMP was performed previously
by Smith et al.19 at relatively high levels of theory. The need
for a new conformational analysis in this work is due to the
need for a deeper study of C-H‚‚‚O interactions within the
molecule, and the fact that Smith et al. have found a smaller
number of minima compared to our work. Smith et al. have

considered only a 1,6 C-H‚‚‚O interaction in one conformation,
identifying the interaction on the basis of interatomic distances
between the H and O atoms.

It was found previously that 9-crown-3,20 12-crown-4,4 and
18-crown-65 exhibit 1,5 C-H‚‚‚O interactions within the
molecule. These interactions may help stabilize certain confor-
mations of these macrocycles. 1,5 C-H‚‚‚O interactions may
also help stabilize the structures of the ethylene bridges in 14-
crown-4. In 14-crown-4 we find two ethylene type bridges and
two propylene type bridges between two oxygen atoms in the
macrocyclic ring. As will be discussed below, the propylene
type bridges exhibit a preference for G or G′ OCCC arrange-
ments. To understand the reason for this, we performed
conformational analysis of DMP, using one systematic search,
complemented with stochastic searching, both using the MM3
force field. The resulting minima were further optimized using
HF/6-31G** calculations. Vibrational analysis was performed
to ensure that all structures correspond to minima.

Table 1 shows that the lowest energy minimum is the tGGt
structure, followed by the tGTt and tTTt structures (in the aBCd
nomenclature of conformations, a refers to the dihedral angle
C1-O2-C3-C4, B to O2-C3-C4-C5, C to C3-C4-C5-
O6, and d to C4-C5-O6-C7, see Figure 1 for atom number-
ing. T and t indicate dihedral angles near 180°, g and G angles
near 60°, and g′ and G′ indicate angles near-60°). The energetic
order of the different minima is clearly influenced by a number
of preferential orientations of the dihedral angles. For a given
x and y, the xGGy structures are clearly the lowest in energy,
followed by xTG(′)y orientations. Third, we find xTTy struc-
tures, followed by higher energy xGG′y structures. Concerning
the COCC dihedral angles, we find that there is a clear
preference for t orientations. The energetic order of all minima
can largely be explained on the basis of these preferences with
a higher weight for the preferences in OCCC dihedral angles.

The preference for trans COCC arrangements is reminiscent
of that in DME,4 and is due to unfavorable steric interactions
in gauche COCC arrangements. In the case of 1,3-propanediol,
the preference for gauche OCCC arrangements could be
explained on the basis of the gauche effect, and intramolecular
hydrogen bonds between the two alcohol groups.21 These are
“classical” hydrogen bonds of the type O-H‚‚‚O. Such hydro-
gen bonds cannot occur in DMP. On the other hand, DMP may
exhibit intramolecular C-H‚‚‚O interactions. These interactions
are sometimes considered hydrogen bonds as well, but do show
some different features than the more classical hydrogen bonds.
Gu et al.22 have shown that they may be called hydrogen bonds,
and have outlined some characteristic features of these interac-

Figure 1. Atom numbering of 1,3-dimethoxypropane. Hydrogen atoms
are not displayed, but are numbered consecutively from 8 to 19, starting
with H8, H9, and H10 bound to C1.

TABLE 1: Relative Energies (in kcal/mol) for
1,3-Dimethoxypropane for All Minima Located at the
HF/6-31G** Level

conformer relative energy conformer relative energy

tGGt 0.00 gGG′t 3.96
tTGt 0.63 g′TGg 4.00
tTTt 1.63 gGGg 4.00
gGGt 1.90 gTGg 4.07
tTGg 2.17 tGG′t 4.20
gTGt 2.21 gTTg 4.74
g′TGt 2.50 gTTg′ 5.01
gTTt 3.19 gGG′g′ 7.01
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tions. In what follows, we will investigate the presence of the
C-H‚‚‚O hydrogen bonds in DMP and will investigate to what
extent they govern the energetic order of minima.

In DME we found 1,5 C-H‚‚‚O interactions.4 Such interac-
tions are absent in DMP. On the other hand, 1,6 C-H‚‚‚O
interactions may be present in DMP. The interatomic distances
in such an interaction however are expected to be too large for
most conformations. Only in the gGG′t structure such an
interaction could occur. The H‚‚‚O distance was found to be
2.71 Å, which is very similar to the value found by Smith et
al.19 This conformer has a quite high relative energy, and none
of the other conformations exhibit such an interaction. 1,6
C-H‚‚‚O interactions are expected to play only a very minor
role. Beside 1,6 C-H‚‚‚O interactions, no other C-H‚‚‚O
hydrogen bonds are expected for DMP. Shorter range C-H‚‚‚O
interactions are unlikely due to the very unfavorable C-H‚‚‚O
angles. This is, in the first instance, also the case for 1,4
C-H‚‚‚O interactions.

The gauche effect as a stabilizing effect for gauche structures
is often identified through observed differences in energy
components for different conformations. This effect can usually
be identified through the lower one-electron energies of gauche
rotamers than those of trans rotamers, whereby the more
negative one electron energy is not compensated by the
accompanying increase of two electron energy and nuclear
repulsion energy.23 In the present molecule we find that, for
the tXYt structures (which are the lowest energy structures),
the one-electron energies are lowest for tGGt (nucleus-electron
potential energy) -1475.23762 hartree), followed by the tTGt
and tTTt structures, respectively (nucleus-electron potential
energies respectively are-1460.86164 and-1449.02470 har-
tree). These differences are not fully compensated by the
differences in two electron energy and nuclear repulsion
energy: hence, the relative energies of the three conformers. It
should be noted that in most occasions where the gauche effect
is mentioned, one considers XCCY atom sequences, where X
and Y are both electronegative atoms, carrying free electron
pairs.23 This is not the case in the present molecule. On the
other hand the present observations for the one-electron energies
and other components of the total energy are quite similar to
what is found in the “classical” Gauche-effect, warranting further
investigation. Given the fact that C-H‚‚‚O hydrogen bonds are
often mentioned as stabilizing in crown ethers, and given the
fact that such interaction was not directly found for DMP
(especially in the propylene bridge structures similar to those
occurring in 14-crown-4), we investigated what effect may cause
the energetic order of the tXYt structures.

We considered several molecular properties in the tXYt
structures, as well as their variation as a function of the dihedral
angles X and Y in these structures. We found that when the
tTTt structure is converted to the tTGt structure by stepwise
development of the dihedral angle, the energy grows more
negative. When further varying dihedral angles in a stepwise
fashion, we again find a lowering of the energy when moving
from the tTGt structure to the tGGt minimum. At each step in
these analyses, all geometry parameters are optimized, excluding
the OCCC dihedral angles. Our calculations suggest that 1,4
C-H‚‚‚O interactions may play an important role. It should be
noted that we do not wish to categorize these interactions
immediately as hydrogen bonds. Gu et al.22 have shown that
C-H‚‚‚O hydrogen bonds do exhibit a greater tolerance of the
C-H‚‚‚O interaction angles as compared to classical hydrogen
bonds, but still the angles in the C-H‚‚‚O interactions in e.g.
the tGGt structure are very far from ideal (100° vs 180°). As

shown in Figure 2, a C-H bond is in fact a dipole, and an
electrostatic interaction may occur between a relatively nega-
tively charged oxygen atom, and this dipole. Ideally the
C-H‚‚‚O dihedral angle should be 180°. In the present situation,
such a value cannot be obtained. We do find some features
which indicate that this electrostatic interaction may be important
in the stabilization of the gauche rotamers. We will first present
purely geometrical indications of the existence of this kind of
interaction, followed by observations for the NPA charges and
eventually by studying the effect of atomic substitutions. The
interaction such as that in Figure 2 cannot occur in the tTTt
structure. When an OCCC dihedral angle in tTTt is varied to
eventually obtain the tTGt structure, such an interaction grows.
We examined how the energy varies with dihedral angle when
all geometric parameters are optimized, except the stepwise-
developed dihedral angle(s), and all other parameters in which
the C, H, and O atoms from the possible C-H‚‚‚O interaction
are involved. We could not fully reproduce the observed
difference in energy between the tTTt and tTGt structures. When
allowing all parameters to relax during the stepwise developing
of the dihedral angle, we found that the energy lowers more
with the lowering of the OCCC dihedral angle from T to G.
Another observation is that the C-H distance grows smaller
when going from tTTt to tTGt. This in effect makes the
C-H‚‚‚O angle larger, strengthening the interaction. As shown
in Figure 3, of all C-H bonds in similar chemical surrounding
(C-H bonds contained in the C3 and C5 methylene groups,
see Figure 1), those that could be involved in the C-H‚‚‚O
interaction, are (among) the shortest. The possibility of the C-H
bond being involved in a C-H‚‚‚O interaction is assessed by
calculating the H‚‚‚O interatomic distance. If this distance is
lower than the sum of van der Waals radii, we consider it
possible that the C-H bond is involved in a 1,4 C-H‚‚‚O
interaction. In the tTTt structure the four C-H bonds are equally
long, namely, 1.0919 Å. In the tGGt structure, two of these are
reduced to 1.0908 Å. The two C-H bonds that may be involved
in the C-H‚‚‚O interaction are 1.0877 Å long. In the tTGt
structure, values of three such bond lengths are 1.0920, 1.0902,
and 1.0923 Å. The C-H bond in the C-H‚‚‚O interaction is
1.0873 Å. These effects are rather small, but we do find that
C-H bonds which may be involved in a charge-dipole
interaction, are almost always shorter than the other, similar
C-H bonds in the structure. To show that these features are
not a numerical coincidence due to the numerical convergence
criteria used to consider a structure optimized, we reoptimized
the structures to the minimum energy structure under more strict
optimization limits (VeryTight optimization criteria in Gauss-
ian94). The observed differences remained very similar to the
ones described above.

Following other observations were made: the charge on the
hydrogen atom grows with lowering of the dihedral angle from
tTTt to tGTt. The hydrogen NPA charge increases from 0.177
to 0.195, which is a relevant change. Charges on the carbon
and oxygen atoms change only a few thousands. We believe
this amount is too small to allow any decisive conclusion. On
the other hand, changes of 0.001 NPA charge units have been
considered significant in 18-crown-6.5 Although changes are
small in the present molecule, they do tend to point in the

Figure 2. Qualitative representation of a 1,4 C-H‚‚‚O interaction.
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expected direction, with C growing more negative by 0.002 as
well as the oxygen atom when the C-H‚‚‚O interaction
produces.

The observations described above point in the direction of
effective 1,4 C-H‚‚‚O interactions. Although the aim of this
work is mainly to investigate the conformational properties of
crown ethers, we have performed studies on a series of
molecules related to DMP, but where some atoms have been
substituted. We consider the molecules shown in Figure 4. When
the hydrogen atom is involved in the C-H‚‚‚O interaction, its
NPA charge increases by 0.02. As we have shown, only smaller
differences in NPA charges on C and O have been found. Some
of the increase of positive charge is dissipated in the methoxy
groups. Our hypothesis aimed at providing further indications
for a C-H‚‚‚O interaction, is that when the methoxy groups
are being replaced by other groups, which can better or less
well dissipate the charge excess, this should manifest itself in
the strength of the C-H‚‚‚O interaction, which in turn influences
the relative energies of the conformers. For all molecules we
have studied the influence of atom substitution on the energy
difference between the tTTt, tTGt, tGTg and tGGt structures.
If C-H‚‚‚O interactions are important, we expect the following
trends:

•Structures for which the charge can be better dissipated in
the groups bound to the acceptor CH2 group should show more
negative energy differences tTGt-tTTt compared to DMP. Less
well dissipating groups should show the opposite trend.

•When the substituted group is bound to the donor O atom,
the energy difference tGTt-tTTt should grow less negative.

The idea behind this is that when more electronegative atoms
are near the accepting H atom, the charge can be better
dissipated over the group attached to the accepting methylene
group, and the tTGt-tTTt energy difference should grow more
negative. N-heptane and DMP are used as references. Consistent
with steric considerations, forn-heptane the tTTt structure is
the global minimum, whereas the tGGt structure has the highest
energy. The better the excess charge can be accommodated,
the more negative the tTGt-tTTt energy difference should be.
Table 2 shows that the order is (using the abbreviations from
Figure 4):

This is consistent with the more diffuse nature of Cl vs F, and
the fact that an OCX3 group is better at catering the charge
than a single atom. The observed order of tTGt-tTTt structures
agrees with the hypothesis.

Considering the tGTt structures (where the substitution occurs
near the donating O atom), we find that the trend also agrees
with the hypothesis. The differences are less outspoken, because

Figure 3. C-H bond lengths for C3 and C5 methylene groups (see Figure 1). Illustration of the shorter bond lengths when H is possibly involved
in a 1,4 C-H‚‚‚O interaction. Because of symmetry, some data points coincide and are not separately visible in the plot. The conformer number
refers to Table 1.

Figure 4. Molecules studied to investigate the effect of atomic
substitution on the presence and strength of 1,4 C-H‚‚‚O interactions.

TABLE 2: Relative Energies (in kcal/mol) for Different
Conformations of All Molecules Depicted in Figure 4:
Energies Given Relative to the tTTt Structure Calculated at
the HF/6-31G** Level

tTTt tTGt tGTt tGGt

A 0.00 1.04 1.04 1.99
B 0.00 1.07 -0.16 0.76
C 0.00 -1.00 -1.00 -1.64
D 0.00 -1.52 -0.89 -2.06
E 0.00 -1.55 -0.93 -2.10
F 0.00 -1.27 -0.74 -1.60
G 0.00 -1.33 -0.92 -1.83

E < D < G < F < C , A
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the negative charge build-up on the oxygen atom when going
from tTTt to tGTt is much less than the increase in charge on
the accepting hydrogen atom.

The energy difference for the tGGt structures vs the tTTt
structures for each molecule also agrees with the hypothesis of
the existence of the 1,4 C-H‚‚‚O interaction in DMP.

We believe that the observations described above, and which
are not solely based on geometrical features, indicate the
importance of a stabilizing 1,4 C-H‚‚‚O interaction. This
interaction stabilizes Gauche OCCC arrangements in DMP, and
explains the energetic order of the tXYt structures in DMP.

2. 14-Crown-4.The first step was locating different minima,
especially those with a low relative energy. Contrary to the case
of 12-crown-4 where we found relatively fast convergence as a
function of the number of stochastic searches, conformational
searching was found very time-consuming for 14-crown-4.
Many stochastic searches yielded a lot of stationary points which
were found only once. To obtain a sufficiently high level of
convergence the number of stochastic searches had to be
increased quite strongly. Starting from the lowest energy
minimum found using the systematic search, a first stochastic
search was performed. The list of minima obtained during the
latter search was combined with the list obtained from the
systematic search, and the lowest energy minimum found only
once was used to initiate a new stochastic search. Indicative of
the difficulty of conformational searching for 14-crown-4 is the
fact that the eventual global minimum was found for the first
time only in the sixth stochastic search, whereas for most other
macrocycles studied (12-crown-4, 12-aneN4, and 14-aneN44,6)
the global minimum was found in the earliest stages of the
stochastic searches. In total we conducted 1 systematic search
and 99 stochastic searches. Another problem was that the MM3
program often distinguished between two structures which are
almost identical, but whose energy differed more than the
threshold for identity in the MM3 program. We therefore
checked the list of minima of the combined searches after every
search, and programmed a routine to investigate similarity
between conformers on the basis of intramolecular interatomic
distance matrices. In total the 100 molecular mechanics searches
yielded approximately 2000 minima. One hundred fourteen
minima have a relative energy below 6 kcal/mol. The 15 lowest
energy minima obtained using these searches are given in Table
3. In Table 3 we find the steric energy of each minimum together
with its relative energy toward the global minimum and the

symmetry of the structure. Atom numbering is shown in Figure
5. Conformation description is based on the codes introduced
by Hay et al.10 Each symbol in the code refers to the value of
a certain dihedral angle. The first symbol describes the dihedral
angle 14-1-2-3, the second 1-2-3-4, etc. A “+” means
the dihedral angle has a value between 0° and 120°, a “-“
signifies a value between 0° and -120°, and a “0” means a
value between 120° and 240°. The groups of four symbols refer
to the propylene bridges, the groups of three symbols to the
ethylene bridges.

Table 3 shows that the global minimum of 14-crown-4
corresponds to aC2 symmetrical structure. We clearly see that
the OCCO dihedral angles adopt gauche values (see the 6th
and 13th symbols). Concerning the OCCC dihedral angles we
find that the two such angles in each propylene bridge are
characterized by++ or - - combinations. Trans:gauche
combinations are rare. Trans:trans combinations are not present
in the lowest energy minima. The lowest 15 MM3 minima were
then fully optimized on the HF/6-31G** level. For the minima
with HF/6-31G** energy under 5 kcal/mol, HF/6-31G** Hes-
sian eigenvalues were calculated to ensure the located structures
are minima. For the other optimizations, the MM3-optimized
minima were used as starting structures for optimizations on
the HF/6-31G** level, followed by evaluation of HF/3-21G
geometry optimizations and calculation of the Hessian eigen-
values. The resulting structures were all found to be minima.
The final step of Hessian evaluation on the HF/3-21G level was

TABLE 3: MM3 Steric Energy (in kcal/mol) and Relative
Energies (MM3 RE, in kcal/mol) of the 15 Lowest Energy
Minima Located Using MM3 Conformational Searching for
14-Crown-4, Together with Description of the Molecular
Geometry and Symmetry Point Group.

conformation
steric
energy

MM3
RE symmetry

0- -0 0+- 0- -0 0+- 19.8137 0.00 C2

0+-0 0+0 0-+0 0-0 20.0744 0.26 C2h

0++0 ++0 0- -0 - -0 20.5968 0.78 CI

0- -0 0++ 0++0 ++0 20.8932 1.08 C2

0+-0 0++ 0++0 0-0 21.3492 1.54 C1

00+0 ++0 0- -0 0+- 22.0274 2.21 C1

0- -0 -+0 ++00 -+0 22.0448 2.23 C1

0- -0 -+0 0-+0 ++0 22.2292 2.42 C1

0++0 0- - 0-+0 0-0 22.2292 2.42 C1

0-+0 0-+ 0++0 0- - 22.3108 2.50 C1

0+-0 0+- 0- - - 0-0 22.3912 2.58 C1

0- - - 0- - 0- -0 0+- 22.4572 2.64 C1

0-+0 0-+ 00- - 0-0 22.5792 2.77 C1

00+0 0- - 0- -0 0+- 22.6834 2.87 C1

- -+0 0-0 - -+0 0-0 22.7563 2.94 C2

Figure 5. Atom numbering in 14-crown-4. Methylene hydrogen atoms
are not shown.

TABLE 4: HF/6-31G** Relative Energies (in kcal/mol),
Together with Description of the Molecular Structure and
Symmetry

conformation HF-RE symmetry
MM3

positiona

0- -0 0+- 0- -0 0+- 0.00 C2 1
0++0 ++0 0- -0 - -0 2.69 Ci 3
0- -0 0++ 0++0 ++0 3.07 C2 4
0- -0 -+0 ++00 -+0 3.16 C1 7
00+0 ++0 0- -0 0+- 4.14 C1 6
0- - - 0- - 0- -0 0+- 4.17 C1 12
00+0 0- - 0- -0 0+- 4.68 C1 14
0+-0 0+- 0- - - 0-0 5.30 C1 11
0+-0 0++ 0++0 0-0 5.49 C1 5
0- -0 -+0 0-+0 ++0 5.90 C1 8
0-+0 0-+ 0++0 0- - 5.90 C1 10
0++0 0- - 0-+0 0-0 5.93 C1 9
0-+0 0-+ 00- - 0-0 5.96 C1 13
0+-0 0+0 0-+0 0-0 7.49 C2h 2
- -+0 0-0 - -+0 0-0 8.97 C2 15

a MM3 position refers to the rank of each minimum in the MM3-
derived energetic order (see Table 3).
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introduced due to the large cpu-times necessary for evaluation
of the Hessian on the HF/6-31G** level. One might wonder
why this step was not taken as an intermediate step, between
MM3 and HF/6-31G** levels of calculation. The reason is that
we have previously shown that use of small basis sets such as
3-21G can lead to the loss of minima in the case of macrocyclic
molecules.6 For the present molecule we also found that some
HF/3-21G optimizations starting from a specific MM3 minimum
optimize to a previously located minimum, causing the loss of
that minimum in the HF/6-31G** calculations. Straight sub-
mission of the MM3 minima to further optimization on the HF/
6-31G** level did not cause any such effect. We feel that, in
future research on macrocyclic compounds, one should take care
in using intermediate smaller basis set calculations. The
energetic ranking of the 15 minima on the HF/6-31G** level
is given in Table 4.

Comparison of the MM3 and HF/6-31G** results shows that
the global minimum remains the same on both levels of
calculation. We do note that there are clear changes in the
energetic order for the other minima. On the MM3 level there
are several minima within 2 kcal/mol of the global minimum,
whereas on the HF/6-31G** level the second lowest energy
minimum has a relative energy of 2.69 kcal/mol. The rest of
the energetic order is also clearly different between both levels
of calculation. Especially the second lowest energy MM3
minimum is shifted upward in relative energy.

The agreement in structural features between the MM3 and
HF/6-31G** levels of calculation was investigated for all 15
minima. Valence and dihedral angles were compared directly.
Bond distances cannot be compared directly. The reason for
this is that MM3 calculations are conducted inrg bond lengths,
whereas ab initio calculations are performed inre bond lengths.
rg bond lengths are longer than there bond lengths since they
include vibrational motion. Both types of bond lengths should
not be compared directly. Since possible future experimental
work will likely yield rg distances, we will comparerg bond
lengths calculated on both levels of theory, whererg,ai values
are deduced as described below. MM3 calculations give values
of rg,MM3 andre,MM3 (wherere,MM3 values are easily calculated
from rg,MM3 values if optimizations are performed in a full matrix
fashion; see the MM3 program manual.8 A temperature of
298.15 K is used in the conversion). Ab initio calculations
usually givere,ai values (the subscript “ai” denotes “ab initio”).
Ma et al.24 have derived a simple, yet empirical formula to
calculatere,ai-based values forrg,ai, given rg,MM3 and re,MM3

values.rg,ai values are calculated as follows:

The empirical nature of the formula lies in the use of an
empirical constantC. This constant, which holds corrections
for basis set truncation and insufficiently taking into account

TABLE 5: MM3 Optimized Molecular Geometries for the 5 Lowest Energy Minima of 14-crown-4

a re values are calculated fromrg values through weighing of the molecular vibrations in the MM3 force field.

rg,ai ) re,ai + (rg,MM3 - re,MM3) + C
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effects of electron correlation, is derived from the comparison
of experimentalrg,expvalues and [re,ai+ (rg,MM3 - re,MM3)] values
for a relatively large set of small molecules (representing
different types of bonds), wherere,ai values are obtained at the
MP2/6-31G* level. In the present work, HF/6-31G** calcula-
tions are used. We have added toC a further correction
accounting for deficiencies of Hartree-Fock calculations com-
pared to MP2 calculations, and differences in basis set trun-
cations. This correction forC was obtained from comparison
of there,aiMP2/6-31G* values with our HF/6-31G**re,aivalues
for the same set of molecules as used by Ma et al.24 Tables 5
and 6 give re values for the five lowest ab initio minima,
optimized on the MM3 and HF/6-31G** levels of calculation,
respectively. They also giverg,MM3 and calculatedrg values
together with valence angles and dihedral angles. From these
tables we see that for C-C bonds, the agreement inre is good,
whereas it is much less for O-C bond lengths. By using the
empirical formula, we see that there is a very good agreement
for both bond lengths inrg, with differences on average of less
than 0.007 Å. We find a very good agreement for valence angles
and dihedral angles between the MM3 and HF/6-31G** values,
with differences of only 1.2° on average for valence angles,
and 2.5° on average for dihedral angles.

A major point of interest is to examine if the energetic order
of minima may be explained in terms of intramolecular
interactions, or maybe other effects which govern it. Structural

analysis of the propylene type bridges in 14-crown-4 reveals
that there is a preference for 0xy0 conformations, indicating a
preference for trans COCC dihedral angles. Concerning the
OCCC angles, we find that the preferred conformation is a
0++0 or 0- -0 geometry, while 0+-0 and 00+0 similar
conformations are less common in the lowest energy conforma-
tions. All this is in fine agreement with what is suggested on
the basis of the conformational preferences of DMP. In DMP
the global minimum was found to be tGGt (or in the Hay
nomenclature 0++0, symmetry equivalent with 0- -0). Also
in fine agreement is the fact that 00+0 combinations are
energetically less favorable, and 0+-0 combinations are the
least favorable. The conformational preference of the ethylene
type bridges in 14-crown-4 (preference for 0+0 type combina-
tions) is in good agreement with findings for 1,2-dimethoxy-
ethane (DME).4 It should be noted that the cyclic structure
naturally prohibits the presence of some geometries for the ethyl-
ene and propylene bridges. Concerning the presence of the sta-
bilizing C-H‚‚‚O interactions, we find that NPA charges point
to the existence of these stabilizing interactions as we described
earlier for DME and 12-crown-44 and DMP (see above).

The geometry of free 14-crown-4 was studied experimentally
by Groth et al.25 Unfortunately, the published data contain errors,
making a comparison with our calculated structure impossible.
The Cambridge Structural Database26 holds this same structure
(TOXCTD file), but also mentions the presence of errors in the

TABLE 6: HF/6-31G* Optimized Geometries for the Five Lowest Energy Minima of 14-crown-4

a rg values are calculated fromre,ai values as described in the text.
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original coordinates, and does thus not hold useful geometrical
information for 14-crown-4.

Conclusion

Using molecular mechanics and ab initio calculations, the
lowest lying minima of 1,3-dimethoxypropane and 14-crown-4
have been located. Conformational searching using molecular
mechanics was found to converge relatively slowly, indicating
that care should be taken during conformational analysis for
macrocycles, and maximum convergence sought. After thorough
conformational searching, MM3 was found to give structures
which agree well with the structures obtained after further
optimization using HF/6-31G** calculations. Both the MM3
and ab initio calculations yield aC2 symmetrical global
minimum, but the ab initio calculations show a different
energetic order for the rest of the minima.

The conformational analysis shows several clear conforma-
tional preferences in the macrocyclic structure. An in-depth
study of the conformational properties of 1,3-dimethoxypropane
revealed the existence and importance of stabilizing intra-
molecular interactions between an oxygen atom and a methylene
hydrogen in a 1,4 C-H‚‚‚O fashion in the propylene bridges.
These bridges exhibit a geometry which agrees well with the
structure of the global minimum of 1,3-dimethoxypropane.
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