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Theoretical Conformational Analysis of 1,3-Dimethoxypropane and 14-Crown-4:
Importance of Stabilizing Intramolecular Interactions
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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 MM3(94) and MM3(96) implementatiorfrsMM3 is used to
locate as many minimum energy conformations as possible, after

- : ; . which the lowest lying minima can be further optimized on the
complexation of metal ions. As a consequence, since their

discovery by Pedersen et'aiacrocyclic chemistry has become Hartree—Foclf level. . .

a major topic in chemical research over the past dechdes. Qonformatlonal searching of t_he potent_lal energy hypersurface
large number of applications has been reported, and large lists¥S'"9 MM3 was performed_ using two dlffere_nt SChem?S- The
of equilibrium constants for the formation of complexes between first method is a systematic method. Zmatrix for all ring
macrocyclic ligands and metal ions have been comgiled. atoms is constructed, with the dihedral angles as variables. The

Despite the large interest in the applications of crown ethers variables are d_evgloped n steps of 128tarting frorr_1—60°.
and in their complexes, less research has focused on theFor each combination of the dihedral angles, and using standard
conformational properties of the free macrocycle. These proper- Values for the bond lengths and bond angles, we checked if the

ties are certainly of fundamental interest, since they are likely dlstaqce between the f|r§t atom in téematrix and the last
to influence the characteristics of the complexation (e.g., atom is smaller than 1.5 times the standard value for a bond of

preorganization). They are also interesting by themselves that type. If this distance is smaller than the criterion mentioned,
because macrocycles tend to exhibit some striking features W€ consider th‘? geometry tq correspond to acy Cl'p structure.
influencing the energetic order of different conformations, e.g., 11iS geometry is then submitted to MM3 optimization of the
1,5 C—H---O interaction$5 and intramolecular electrostatic molecular geometry. Structures for which the criterion for a
interactions cyclic structure is not met are discarded. The criterion of 1.5
This work aims at further investigating the properties of times the standard value for a—© bond length to check

macrocyclic crown ethers by conducting conformational searches"\’he(;her the mo!ecult;e Fas a cycllc.Etlructurel WT(? foutnd tobea
using molecular mechanics and by performing an ab initio study good compromise bEWEen possibly overlooking 100 many
of the lowest energy minima using polarized basis sets. structures which might yield a cyclic structure when they are

Emphasis is placed on understanding the phenomena explainin hptimizgld using MMB,_and”considdering tgo ma?y,f\t/vhichh makle_zs
the energetic ordering of conformations of crown ethers. To the Problem computationally too demanding. If, after the cyclic

that end, 1,3-dimethoxypropane (DMP) and related molecules structure has b?‘e” optimized, a minimum energy geometry is
are studied as well found, the atomic coordinates and steric energy are stored in a

structure library.
Computational Methods One qf the more important _drawbacks of such a sygtematic
_ _ method is of course the explosion of the number of combinations
Macrocycles are quite tempting molecules for molecular that occurs when smaller step sizes are used. The systematic
modeling, especially for ab initio studies. The molecules are gearch by itself is not convergent. Convergence or the lack of
not only fairly large, they also exhibit very large numbers of it js judged by considering the number of times the lowest
energetically low lying minima. Even using the most modern minima are found. If among the lowest energy minima there
workstations, a convergent conformational search using ab initio e minima which were found only once, this indicates that the
calculations is computationally too Qemandlng. A method which gegrch probably has not converged. Since the systematic search
allows one to explore the potential energy hypersurface ef- gig not converge, and since the quality of a systematic scan
f|C|entIy,_ yleldmg_quahtatlvely good geometnes is M(_JIecuIar depends quite heavily on the step size used, we supplemented
Mechanics. In this work the MM3 force fields used in the gy jist of minima with the minima obtained using the stochastic
method by SaundefsThis method as implemented in the MM3
* To whom correspondence should be addressed. Fax: 32/9/264-49-83-program optimizes one geometry of the molecule, stores this
E-mail: Patrick.Bultinck@rug.ac.be. . .
* Department of Inorganic and Physical Chemistry, Ghent University. Structure, and then randomly kicks the atoms. This new structure
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located stationary point, after which this new stationary point 0, Cq 0
is kicked. The MM3 program automatically stores all stationary c ~ \C/ \C/ 6\C
points found, together with the steric energy and atomic ! 3 5 7
coordinates for each point, and the number of times it was found. Figure 1. Atom numbering of 1,3-dimethoxypropane. Hydrogen atoms
The number of kick-optimization steps used in this work was are not displayed, but are numbered consecutively from 8 to 19, starting
limited to 200, with a maximum displacement of the atoms of with H8, H9, and H10 bound to C1.
, placement of the atoms o
2 A. Starting from the lowest energy minimum found using the TABLE 1: Relative Energies (in kcal/mol) for
systematic method, a first stochastic procedure was carried out.1,3-Dimethoxypropane for All Minima Located at the
At each stage in the conformational searching a list of minima HF/6-31G** Level
is generated from the combined systematic search and the conformer relative energy conformer relative energy

stochastic searches. We then checked the number of times every GGt 0.00 9Ga 3.96
minimum with relative energy below 10 kcal/mol above the TGt 0.63 ¢TGg 4.00
global minimum was found. The lowest such minimum which tTTt 1.63 9GGg 4.00
was found only once is then used to initiate a new stochastic ~ 9GGt 1.90 gTGg 4.07
search. Conformational searching was considered converged if (1G9 2.17 1Ga 4.20
all minima with relative energy below 10 kcal/mol were found g,E%tt ggé gﬂ_’g 54(')714
at least twice, and a new stochastic search did not yield any gTTt 3.19 gGGg: 7.01

new minima with relative energy below 10 kcal/mol. Stochastic
searches were applied previously by Hay ef%hnd by the considered only a 1,6-€H---O interaction in one conformation,
present authors for different macrocyclic molecutésThe identifying the interaction on the basis of interatomic distances
reason we applied a combination of stochastic and the systematidetween the H and O atoms.
search is to cover as much as possible of the molecular PES by It was found previously that 9-crown28,12-crown-4} and
furnishing the stochastic searches with different starting mini- 18-crown-6 exhibit 1,5 C-H---O interactions within the
mum energy geometries. molecule. These interactions may help stabilize certain confor-
Ab initio calculations were performed using the GAMESS ~— mations of these macrocycles. 1,5-8+--O interactions may
and BRABJ2 ab initio programs. These were Compi]ed on a also h9|p stabilize the structures of the ethy'ene bridges in 14-
set of three IBM RS/6000 machines working in parallel using crown-4. In 14-crown-4 we find two ethylene type bridges and
TCGMSG- for GAMESS and PVM# for BRABO. Hartree- two propylene type bridges between two oxygen atoms in the
Fock level calculations were carried out using different basis macrocyclic ring. As will be discussed below, the propylene
sets, each on geometries fully optimized using that same basistype bridges exhibit a preference for G of GCCC arrange-
set. Basis set primitive exponents and coefficients were takenments. To understand the reason for this, we performed
directly from the built-in values of GAMESS. conformational analysis of DMP, using one systematic search,
The BRABO program was used for the geometry optimiza- complemented with stochastic searching, both using the MM3
tions. GAMESS was used for calculations of natural population force field. The resulting minima were further optimized using
charges with the NBO 4.0 packé§éinked to it. Gaussiand4 HF/6-31G** calculations. Vibrational analysis was performed

was used for the calculation of normal modes and tighter 0 ensure that all structures correspond to minima.

The BRABO program is especially useful for calculations structure, followed by the tGTt and tTTt structures (in the aBCd
involving a high number of basis functions, since it includes nomenclature of conformations, a refers to the dihedral angle

the MIA approach. This approach is a combination of Direct C1-02-C3-C4, B to 02‘03_04__(:5’ C to C3-C4-C5—
SCP7and the multiplicative integral approximatighiThe result O, and d to C4C5-06-C7, see Figure 1 for atom number-
of an SCF calculation using the MIA approach is systematically I"9- T @nd tindicate dihedral angles near 18pand G angles
of equal quality as a classic SCF calculation, whereas the speed'€@" 60, and gand G indicate angles near60°). The energetic

of a MIA-SCF calculation is much higher than that of a classic order of the different minima is clearly influenced by a number
calculation. 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 xGgstructures. Concerning

1. 1,3-dimethoxypropane and Intramolecular C-H-:-O the COCC dihedral angles, we find that there is a clear
Interactions. First 1,3-dimethoxypropane (DMP) will be stud-  preference for t orientations. The energetic order of all minima
ied, since findings for this molecule help us understand the can largely be explained on the basis of these preferences with
conformational properties of 14-crown-4. The conformational a higher weight for the preferences in OCCC dihedral angles.
properties of the ethylene bridges in crown ethers may be The preference for trans COCC arrangements is reminiscent
understood on the basis 1,2-dimethoxyethane (DME). DME and of that in DME# and is due to unfavorable steric interactions
12-crown-4 were studied previously using the same methodsin gauche COCC arrangements. In the case of 1,3-propanediol,
as the ones used hetdVe found that the ethylene bridges the preference for gauche OCCC arrangements could be
exhibit tGt structures in the COCCOC atom sequence, and thatexplained on the basis of the gauche effect, and intramolecular
DME and 12-crown-4 both exhibit intramolecular—&i---O hydrogen bonds between the two alcohol grotipehese are
interactions. “classical” hydrogen bonds of the type-®i---O. Such hydro-

Conformational analysis of DMP was performed previously gen bonds cannot occur in DMP. On the other hand, DMP may
by Smith et alt® at relatively high levels of theory. The need exhibit intramolecular €H---O interactions. These interactions
for a new conformational analysis in this work is due to the are sometimes considered hydrogen bonds as well, but do show
need for a deeper study of-@---O interactions within the some different features than the more classical hydrogen bonds.
molecule, and the fact that Smith et al. have found a smaller Gu et al?2 have shown that they may be called hydrogen bonds,
number of minima compared to our work. Smith et al. have and have outlined some characteristic features of these interac-

Results and Discussion
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tions. In what follows, we will investigate the presence of the st
C—H---O hydrogen bonds in DMP and will investigate to what & 0 C
. . Cic . a S e L7
extent they govern the energetic order of minima. 1\ 56/ _______ /
In DME we found 1,5 G-H---O interactions!. Such interac- 07 N K
tions are absent in DMP. On the other hand, 1,6Hz--O C4 5

interactions may be present in DMP. The interatomic distances Figure 2. Qualitative representation of a 1,4-El---O interaction.

in such an interaction however are expected to be too large for o o )

most conformations. Only in the gGGstructure such an  SNOwn in Figure 2, a €H bond is in fact a dipole, and an
interaction could occur. The +O distance was found to be  €lectrostatic interaction may occur between a relatively nega-

2.71 A, which is very similar to the value found by Smith et tVely charged oxygen atom, and this dipole. Ideally the
al 2% This conformer has a quite high relative energy, and none C—H-+*O dihedral angle should be 180n the present situation,
of the other conformations exhibit such an interaction. 1,6 SUCh & value cannot be obtained. We do find some features

C—H-O interactions are expected to play only a very minor WhiCh indic_a_lte t_hat this electrostatic interaction may b_e important
role. Beside 1,6 CH---O interactions, no other €H--O in the stablllzatl_on o_f th_e gguche rotamers. We will flr_st present
hydrogen bonds are expected for DMP. Shorter rangelG-O purely geometrlcal indications of the existence of this kind of
interactions are unlikely due to the very unfavorableg--O interaction, followed by observations for the NPA charges and

angles. This is, in the first instance, also the case for 1,4 eventually by studying the effect of atomic substitutions. The
C—H---O interactions ' " interaction such as that in Figure 2 cannot occur in the tTTt

Th he effect tabilizi froct f he struct structure. When an OCCC dihedral angle in tTTt is varied to
. € gauche etlect as a siabilizing €fiect for gauche struc ureseventually obtain the tTGt structure, such an interaction grows.
is often identified through observed differences in energy

. X ; We examined how the energy varies with dihedral angle when
compon.e.nts for different conformations. This eﬁec,t can usually all geometric parameters are optimized, except the stepwise-
be identified through the lower one-electron energies of gaUChedeveloped dihedral angle(s), and all other parameters in which
rotamgrs than those of trans rptamers, whereby the MOr€e ¢ H. and O atoms from the possible-B-++O interaction
negative one electron energy is not compensated by the

L | d | are involved. We could not fully reproduce the observed
accompanying increase of two electron energy and nuclear g ence in energy between the tTTt and tTGt structures. When
repulsion energy? In the present molecule we find that, for

; allowing all parameters to relax during the stepwise developing
the tXYt structures (which are the lowest energy structures), ¢ ihe dihedral angle, we found that the energy lowers more

the one-electron energies are lowest for tGGt (nuctelsctron with the lowering of the OCCC dihedral angle from T to G.
potential energy= —1475.23762 hartree), followed by the tTGt - Apother observation is that the-GH distance grows smaller
and t'!'Tt structures, respectively (nuclewectron potential when going from tTTt to tTGt. This in effect makes the
energies respectively are1460.86164 ane-1449.02470 har-  =_,...5 angle larger, strengthening the interaction. As shown
tree). These differences are not fully compensated by the, Figyre 3, of all G-H bonds in similar chemical surrounding
differences in two electron energy and nuclear repulsion (C—H bonds contained in the C3 and C5 methylene groups,
energy: hence, the relative energies of the three conformers. ltgqq Figure 1), those that could be involved in thekG--O
should be noted that in most occasions where the gauche effectieraction, are (among) the shortest. The possibility of théiC
is mentioned, one considers XCCY atom sequences, where Xpqnq4 being involved in a €H-++O interaction is assessed by
and Y are both electronegative atoms, carrying free electron ¢qicyating the H-O interatomic distance. If this distance is
pairs?3 This is not the case in the present molecule. On the |gwer than the sum of van der Waals radii, we consider it
other hand the present observations for the one-electron energiegossime that the €H bond is involved in a 1,4 EH---O
and other components of the total energy are quite similar 10 jyteraction. In the tTTt structure the four-Gf bonds are equally
what is found in the “classical” Gauche-effect, warranting further long, namely, 1.0919 A. In the tGGt structure, two of these are
investigation. Given the fact that-cH---O hydrogen bonds are  gqyced to 1.0908 A. The two-cH bonds that may be involved
often mentioned as stabilizing in crown ethers, and given the i, the G—H---O interaction are 1.0877 A long. In the tTGt
fact that such interaction was not directly found for DMP  girycture, values of three such bond lengths are 1.0920, 1.0902,
(especially in the propylene bridge structures similar to those 5nq 1.0923 A. The €H bond in the G-H-+-O interaction is
occurring in 14-crown-4), we investigated what effect may cause 1 0g73 A. These effects are rather small, but we do find that
the energetic order of the tXYt structures. C—H bonds which may be involved in a chargdipole

We considered several molecular properties in the tXYt interaction, are almost always shorter than the other, similar
structures, as well as their variation as a function of the dihedral C—H bonds in the structure. To show that these features are
angles X and Y in these structures. We found that when the not a numerical coincidence due to the numerical convergence
tTTt structure is converted to the tTGt structure by stepwise criteria used to consider a structure optimized, we reoptimized
development of the dihedral angle, the energy grows more the structures to the minimum energy structure under more strict
negative. When further varying dihedral angles in a stepwise optimization limits (VeryTight optimization criteria in Gauss-
fashion, we again find a lowering of the energy when moving ian94). The observed differences remained very similar to the
from the tTGt structure to the tGGt minimum. At each step in ones described above.
these analyses, all geometry parameters are optimized, excluding Following other observations were made: the charge on the
the OCCC dihedral angles. Our calculations suggest that 1,4hydrogen atom grows with lowering of the dihedral angle from
C—H---O interactions may play an important role. It should be tTTt to tGTt. The hydrogen NPA charge increases from 0.177
noted that we do not wish to categorize these interactionsto 0.195, which is a relevant change. Charges on the carbon
immediately as hydrogen bonds. Gu ef%@have shown that  and oxygen atoms change only a few thousands. We believe
C—H---O hydrogen bonds do exhibit a greater tolerance of the this amount is too small to allow any decisive conclusion. On
C—H---O interaction angles as compared to classical hydrogen the other hand, changes of 0.001 NPA charge units have been
bonds, but still the angles in the-&1---O interactions in e.g. considered significant in 18-crown26Although changes are
the tGGt structure are very far from ideal (2085 180). As small in the present molecule, they do tend to point in the
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Figure 3. C—H bond lengths for C3 and C5 methylene groups (see Figure 1). lllustration 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.

A CHy_  CHy_  CH o_ CH o TABLE 2: Relative Energies (in kcal/mol) for Different
e Tews” Teny” ow B o Dowr” ew” em Conformations of All Molecules Depicted in Figure 4:
Energies Given Relative to the tTTt Structure Calculated at
the HF/6-31G** Level

o] CH. CH o) tTTt TGt tGTt tGGt
B ohe emr Newr o P Sows CHQ\CH,/ O\CH3
A 0.00 1.04 1.04 1.99
B 0.00 1.07 —0.16 0.76
o cHy o o - o C 0.00 —1.00 —1.00 —-1.64
© me” Tow” ens” o o o Semy omr” o o 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

D O\ CH]\ 0,
me”” o Son” o «Structures for which the charge can be better dissipated in
Figure 4. Molecules studied to investigate the effect of atomic {he groups bound to the acceptor Sitoup should show more
substitution on the presence and strength of 144G+ O interactions. negative energy differences tTGt-tTTt compared to DMP. Less
N . . . well dissipating groups should show the opposite trend.
expected direction, with C growing more negative by O.QOZ as  ,when the substituted group is bound to the donor O atom,
well ‘as the oxygen atom when the—@---O interaction  yhe energy difference tGTt-tTTt should grow less negative.
produces. The idea behind this is that when more electronegative atoms
The observations described above point in the direction of 5re near the accepting H atom, the charge can be better
effective 1,4 C-H---O interactions. Although the aim of this  gjssipated over the group attached to the accepting methylene
work is mainly to investigate the conforma_tlonal properties of group, and the tTGt-tTTt energy difference should grow more
crown ethers, we have performed studies on a series ofpegative. N-heptane and DMP are used as references. Consistent
molecules related to DMP, but where some atoms have beenyith steric considerations, far-heptane the tTTt structure is
substituted. We consider the molecules shown in Figure 4. Whenne global minimum, whereas the tGGt structure has the highest
the hydrogen atom is involved in the-Gi---O interaction, it energy. The better the excess charge can be accommodated,
NPA charge increases by 0.02. As we have shown, only smallerthe more negative the tTGt-tTTt energy difference should be.

differences in NPA charges on C and O have been found. SomeTgple 2 shows that the order is (using the abbreviations from
of the increase of positive charge is dissipated in the methoxy figyre 4):

groups. Our hypothesis aimed at providing further indications

for a C—H---O interaction, is that when the methoxy groups E<D<G<F<C<A

are being replaced by other groups, which can better or less

well dissipate the charge excess, this should manifest itself in This is consistent with the more diffuse nature of Cl vs F, and
the strength of the €H---O interaction, which in turn influences  the fact that an OCXgroup is better at catering the charge
the relative energies of the conformers. For all molecules we than a single atom. The observed order of tF@iTt structures
have studied the influence of atom substitution on the energy agrees with the hypothesis.

difference between the tTTt, tTGt, tGTg and tGGt structures.  Considering the tGTt structures (where the substitution occurs
If C—H---O interactions are important, we expect the following near the donating O atom), we find that the trend also agrees
trends: with the hypothesis. The differences are less outspoken, because
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TABLE 3: MM3 Steric Energy (in kcal/mol) and Relative Cs
Energies (MM3 RE, in kcal/mol) of the 15 Lowest Energy TN
Minima Located Using MM3 Conformational Searching for Ca Cq
14-Crown-4, Together with Description of the Molecular I

Geometry and Symmetry Point Group.

O
steric  MM3 o~ 1 05\
conformation energy RE  symmetry Cu Cs
0—--0 O+— 0--0 O+— 19.8137 0.00 C, l
0+-0 0+0 0-+0 0-0 20.0744 0.26 Con C o
0++0 ++0 0--0 ——0 20.5968 0.78 C \ 7
0—--0 O++ O0++40 ++0 20.8932 1.08 C, On Og
0+-0 0++ 0++0 0-0 21.3492 1.54 C
00+0 ++0 0--0 O+— 22.0274 221 C, I
0—--0 —+0 ++00 —+0 22.0448 2.23 C C Co
0—--0 —+0 040 ++0 22.2292 242 C \C
0++0 0——- 0-+0 0-0 222292 242 C
0—+0 0+ O0++0 0-— 223108 2.50 C Figure 5. Atom numbering in 14-crown-4. Methylene hydrogen atoms
0+-0 0+— 0— — — 0-0 223912 2.58 C are not shown.
0———- 0-— 0--0 O+— 224572 264 C
0—-+0 0—+ 00— -— 0-0 225792 277 C TABLE 4: HF/6-31G** Relative Energies (in kcal/maol),
00+0 0-—- 0--0 0+— 22.6834 2.87 C, Together with Description of the Molecular Structure and
-—+0 00 —-+0 0-0 227563 294 Symmetry
) . ) MM3
the negative Charge bUlld-Up on the oxygen atom when going conformation HFRE symmetry positiorf\
from tTTt to tGTt is much less than the increase in charge on (o= "™ "7 "5 gr— 000 G 1
the accepting hydrogen atom. 04+4+0 +40 0——-0 —-0 269 C 3
The energy difference for the tGGt structures vs the tTTt 0——-0 O++ 0++0 ++0  3.07 C, 4
structures for each molecule also agrees with the hypothesis of0~ —0 —+0 ++00 —+0  3.16 C 7
the existence of the 1,4-€H---O interaction in DMP. 0+0 g+o 8_ _8 81_ 3'1‘7" gl 12
~ 0—— 0—— _ ) X
We believe that the observations described above, and WhICh 00+0 0—— 0—-0 O+— 4.68 o 14
are not solely based on geometrical features, indicate theo+-0 0+— 0-—— 0-0 5.30 C 11
importance of a stabilizing 1,4 €H---O interaction. This 0+-0 O0++ O0++0 0-0 5.49 C 5
interaction stabilizes Gauche OCCC arrangements in DMP, andg -l—(? 8_‘:9 8;18 3‘_‘"0 g-gg gl 1%
_ ) X
explains the energetlc.order of the tXYt.strugtures in DMP 0440 O—— 0-+0 0-0 503 G 9
2. 14-Crown-4.The first step was locating different minima, 0-4+0 0-+ 00—-— 0-0 5.96 C 13
especially those with a low relative energy. Contrary to the case 0+-0 0+0 0-+0 0-0 7.49 Con 2
of 12-crown-4 where we found relatively fast convergenceasa — —t0 0-0 —-—-+0 0-0  8.97 G 15

function of the number of stochastic searches, conformational aMM3 position refers to the rank of each minimum in the MM3-
searching was found very time-consuming for 14-crown-4. derived energetic order (see Table 3).

Many stochastic searches yielded a lot of stationary points which

were found only once. To obtain a sufficiently high level of symmetry of the structure. Atom numbering is shown in Figure
convergence the number of stochastic searches had to beé. Conformation description is based on the codes introduced
increased quite strongly. Starting from the lowest energy by Hay et all® Each symbol in the code refers to the value of
minimum found using the systematic search, a first stochastic a certain dihedral angle. The first symbol describes the dihedral
search was performed. The list of minima obtained during the angle 14-1—-2—3, the second 12—3—4, etc. A “+” means
latter search was combined with the list obtained from the the dihedral angle has a value betweéna@dd 120, a “—*
systematic search, and the lowest energy minimum found only signifies a value between®°@nd —12(°, and a “0” means a
once was used to initiate a new stochastic search. Indicative ofvalue between 120and 240. The groups of four symbols refer
the difficulty of conformational searching for 14-crown-4 is the to the propylene bridges, the groups of three symbols to the
fact that the eventual global minimum was found for the first ethylene bridges.

time only in the sixth stochastic search, whereas for most other Table 3 shows that the global minimum of 14-crown-4
macrocycles studied (12-crown-4, 12-aneN4, and 14-ah®N4 corresponds to &, symmetrical structure. We clearly see that
the global minimum was found in the earliest stages of the the OCCO dihedral angles adopt gauche values (see the 6th
stochastic searches. In total we conducted 1 systematic searclkand 13th symbols). Concerning the OCCC dihedral angles we
and 99 stochastic searches. Another problem was that the MM3find that the two such angles in each propylene bridge are
program often distinguished between two structures which are characterized by++ or — — combinations. Trans:gauche
almost identical, but whose energy differed more than the combinations are rare. Trans:trans combinations are not present
threshold for identity in the MM3 program. We therefore in the lowest energy minima. The lowest 15 MM3 minima were
checked the list of minima of the combined searches after everythen fully optimized on the HF/6-31G** level. For the minima
search, and programmed a routine to investigate similarity with HF/6-31G** energy under 5 kcal/mol, HF/6-31G** Hes-
between conformers on the basis of intramolecular interatomic sian eigenvalues were calculated to ensure the located structures
distance matrices. In total the 100 molecular mechanics searchesire minima. For the other optimizations, the MM3-optimized
yielded approximately 2000 minima. One hundred fourteen minima were used as starting structures for optimizations on
minima have a relative energy below 6 kcal/mol. The 15 lowest the HF/6-31G** level, followed by evaluation of HF/3-21G
energy minima obtained using these searches are given in Tablggeometry optimizations and calculation of the Hessian eigen-
3. In Table 3 we find the steric energy of each minimum together values. The resulting structures were all found to be minima.
with its relative energy toward the global minimum and the The final step of Hessian evaluation on the HF/3-21G level was
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TABLE 5: MM3 Optimized Molecular Geometries for the 5 Lowest Energy Minima of 14-crown-4

Nr. Ol Cc2 C3 C4 05 Co C7 08 c9 Ci0 Cil 012 Ci3 Cl4

1 r 14132 15181 1.5183 14128 1.4121] 15189 14163 14132 15181 15183 14128 14121} 1.5189 1.4163
| 1.4212  1.527¢0 1.5278 1.4200] 142 1.5284 14243 142124 1.5276{ 1.527§ 1.4200 1.42 1.5284 1.4243
1 a | 113733 108.965 113.389 109.012] 112.44(1 110.032 110.73¢ 113.733 108.965 113.389 109.012 112.440, 110.032 110.73¢
1 t 1722200 -63.217) -62.547 176.973| -177.15¢ 72.222] -93.72¢| 1722200 -63.217| -62.546( 176.973 -177.15¢ 72.222 -93.726
2| re 1413 15182 1.5186 1.4131 14145 15183 14133 1.413] 151824 15186 1.4131] 14145 1.5183 1.4133
2 0 142090 1.527¢ 1.5281 14211 1.4224 15278 142121 1.4209 1.5276/ 1.5281} 1.4211 1.4224 15278 1.4212
2 | a | 112,094 109282 113.587] 109.1101 114.94¢ 112.640 109.309 112.094 109.282 113.587| 109.11Q0 114.946( 112.64Q) 109.309
211 -175719)  57.228  56.896 176.982 66.682 60.309 -171.941] 175719 -57.228 -56.896 -176.9821 -66.682 -60.309 171.941
3 r 1.41260 1.5188 1.51881 1.4126 1.4134 15181 14154 1.4138 15184 15184 14138 14154 15181 14134
3|1 14204 15283 1.5283 1.4204 14213 1.5275 14233 14217 1.5279) 1.5279 14217, 14233 15275 1.4213
3 1 a | 112.252] 109.267) 113.544) 109.267| 112.252 108.996 112.106 114.560 109.154 113.788 109.154 114.561 112.106 108.996
3 t 176472 -51416 -51.416, 176472 -166.677 63.007 72.221f 177.33 62.187, 62.187] 177.338 72.2200 63.007| -166.678
4 ] r 14117 15183 15187 14161 14138 1.5195 1.415) 1413 15189 15195 14124 14154 1.5227} 14161
4 | g 14195 1.5277 1.528]1] 1.4241 14217 1.529 1.423] 14208 1.5284 15290 14203 14234 1.5323 1.4241
4 | a | 112975 109.055 114.179 109.110| 114.465 111.723 110.311} 114.067 111.675 112.529 109.156 113.893] 1i1.319 110.010
41t 178.837| -61.517] -61.102 -179.168 -88.542 77.097| -178.941] 76.67§ 56.390 -169.682 168.828 -81.931} 76.52¢ -170.020
S| 14118 15189 15197 14126 1.4164 1.52020 14131 14159 1.5202 1.5175 14129 14162 15217 1.4129
50 14196 1.5284 1.5292 1.4205| 1.4244 1.5297 1421 14239 15297 15269 1.4208 14242 1.5313 1.4208
51 a | 114327 109.818 111.5000 108.294 114926 110.572 109.180 112.111] 109.786| 114.468 109.473 112.770 109.552 112.633
5 t -175.599 -174.73 62735 -152.116¢  79.581} 62.533) -168.872 178.309 -56.589 -52.605| -175.738 -160.893 82.309 -62.051

are values are calculated from values through weighing of the molecular vibrations in the MM3 force field.

introduced due to the large cpu-times necessary for evaluation The agreement in structural features between the MM3 and
of the Hessian on the HF/6-31G** level. One might wonder HF/6-31G** levels of calculation was investigated for all 15
why this step was not taken as an intermediate step, betweerminima. Valence and dihedral angles were compared directly.
MM3 and HF/6-31G** levels of calculation. The reason is that Bond distances cannot be compared directly. The reason for
we have previously shown that use of small basis sets such aghis is that MM3 calculations are conducted gbond lengths,
3-21G can lead to the loss of minima in the case of macrocyclic whereas ab initio calculations are performeddbond lengths.
molecules’ For the present molecule we also found that some rg bond lengths are longer than thebond lengths since they
HF/3-21G optimizations starting from a specific MM3 minimum include vibrational motion. Both types of bond lengths should
optimize to a previously located minimum, causing the loss of not be compared directly. Since possible future experimental
that minimum in the HF/6-31G** calculations. Straight sub- work will likely yield rq distances, we will comparg, bond
mission of the MM3 minima to further optimization on the HF/  lengths calculated on both levels of theory, wheyg values
6-31G** level did not cause any such effect. We feel that, in are deduced as described below. MM3 calculations give values
future research on macrocyclic compounds, one should take careof rgmmz andre wvs (Wherere mums values are easily calculated
in using intermediate smaller basis set calculations. The from rqums values if optimizations are performed in a full matrix
energetic ranking of the 15 minima on the HF/6-31G** level fashion; see the MM3 program mandah temperature of
is given in Table 4. 298.15 K is used in the conversion). Ab initio calculations
Comparison of the MM3 and HF/6-31G** results shows that usually givere 5 values (the subscript “ai” denotes “ab initio”).
the global minimum remains the same on both levels of Ma et al?* have derived a simple, yet empirical formula to
calculation. We do note that there are clear changes in thecalculatere srbased values forga, given rgmvs and remwvs
energetic order for the other minima. On the MM3 level there values.rg i values are calculated as follows:
are several minima within 2 kcal/mol of the global minimum,
whereas on the HF/6-31G** level the second lowest energy lgai= Teait (Fgmms — Femma) T C
minimum has a relative energy of 2.69 kcal/mol. The rest of
the energetic order is also clearly different between both levels The empirical nature of the formula lies in the use of an
of calculation. Especially the second lowest energy MM3 empirical constanC. This constant, which holds corrections
minimum is shifted upward in relative energy. for basis set truncation and insufficiently taking into account
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TABLE 6: HF/6-31G* Optimized Geometries for the Five Lowest Energy Minima of 14-crown-4

Nr. Ol C2 C3 C4 05 Co C7 08 Cc9 C10 Ci11 012 C13 Ci4

I |r 14051 1.5191 15190 14006 13947 15152 1.3972 14050 1.5191 1.5190f 1.4006 13947 1515 1.3972
1|5 1.4327) 1.5227) 1.5226 14280 14222 15183 1.4248 14326 15227 15226 14280 14222 1.518§8 1.4248
1 a | 116343 108.469 113.63(0f 109.163] 114.593 110.105] 112.766] 116.341| 108.472 113.635 109.167} 114.591f 110.115 112.778
1 t 171.939 -63.663 -63.504 177312 -173.0700 71.387| -94.149 171.998 -63.604 -63.455 177.303 -173.158 71.402 -94.057
20T 1.3990 1.5191) 1.5195 14001 1.3943 1.5186 13912 1.3990 1.5191f 1.5195 1.400]1] 1.3943 15186 1.3912
AN A 14265 1.522 1.5231] 14277 14218 15222 14187 14265 1.5226 1.5231 142771 14218 15222 1.4187
2 | a | 115024 108.889% 113.153] 108.747] 116.612 114.848 109.526( 115.030 108.885 113.152 108.744| 116.612] 114.845 109.526]
21t -174.862 58.678 60.523 173.36]1] 64.0377 59.039 -164.7100 174.914 -58.697] -60.604 -173.410 -64.068 -59.025| 164.842
3|1 1.3987 1.51911 1.5191] 1.3987) 1.3928 1.5179 13952 1.4004 1.5193 1.5193 14004 13952 15179 1.3928
3|1 142611 1.5227) 1.5227) 14261 14203 1.5214 14227 14279 1.5229 1.5229 1.4279 14227 15214 1.4203
3] a | 114947 109.154 113.184 109.154 114.950 109.555| 114.370| 116.451] 108.722 113.352] 108.723 116.450 114.366 109.553]
31t 176.678 -56.064 -56.03;1 176.699 -157.925] 63.385 71.869 176.206 61.7500 61.704 176.25¢ 71927} 63.398 -157.951
4 | r 14002 1.5197, 1.5199 14046 13974 15156 13982 14047 15254 1.5197) 14054 13970 15180 1.3974
4 | g 14276 1.5232 1.5234) 14322 14249 15192 14258 14321 1.5290 15233 14329 14246 1.5217 1.4250
4 | a | 115029 109.184 114.347| 108.613 116.700 113.331} 110.007] 115.830 112.843 112.070 108.459 116.163] 113.03Q 110.222
4 [t -177.421] -61.659 -62.2801 -177.479 -93.615 73.877 -173.846( 82.699% 60.476( -169.299 162.011f -84.881f 75.644 -166.630)
5| r 14030 1.5192 1.5212 1.4032 13952 15180 13937 13992 1.5198 1.5202 14000 1.4010 15213 1.3969
Sir 1.4304 1.5228 1.5248) 1.4307) 14228 15216 14212 14268 1.5234 1.5237 14275 14286 152500 1.4244
5 a | 116.084 108947 111.157, 108.498 117.489% 112.974 109.375] 114.635 109.542 113.988 109.274 115.224 110.407 114.060
S|t 177.600 -170.477)  65.248 -149.068 81.766 63.367 -167.013( 178.304{ -57.985 -56.228] -178.138 -154.050| 84.739 -68.800

arg values are calculated from  values as described in the text.

effects of electron correlation, is derived from the comparison analysis of the propylene type bridges in 14-crown-4 reveals
of experimentaf g expvalues andr ai+ (rgmms — e, mmz)] values that there is a preference for Oxy0 conformations, indicating a
for a relatively large set of small molecules (representing preference for trans COCC dihedral angles. Concerning the
different types of bonds), wherg 5 values are obtained at the OCCC angles, we find that the preferred conformation is a
MP2/6-31G* level. In the present work, HF/6-31G** calcula- 0++0 or 0— —0 geometry, while &—0 and 06-0 similar
tions are used. We have added @ a further correction conformations are less common in the lowest energy conforma-
accounting for deficiencies of Hartre€ock calculations com-  tions. All this is in fine agreement with what is suggested on
pared to MP2 calculations, and differences in basis set trun-the basis of the conformational preferences of DMP. In DMP
cations. This correction fo€ was obtained from comparison the global minimum was found to be tGGt (or in the Hay
of there siMP2/6-31G* values with our HF/6-31G* 4 values nomenclature &+0, symmetry equivalent with-0 —0). Also

for the same set of molecules as used by Ma ét @hbles 5 in fine agreement is the fact that #0 combinations are
and 6 givere values for the five lowest ab initio minima, energetically less favorable, and-6:0 combinations are the
optimized on the MM3 and HF/6-31G** levels of calculation, least favorable. The conformational preference of the ethylene

respectively. They also givegmvs and calculatedy values type bridges in 14-crown-4 (preference for@ type combina-
together with valence angles and dihedral angles. From thesetions) is in good agreement with findings for 1,2-dimethoxy-
tables we see that for-&C bonds, the agreementiigis good, ethane (DMEY. It should be noted that the cyclic structure

whereas it is much less for-@C bond lengths. By using the  naturally prohibits the presence of some geometries for the ethyl-
empirical formula, we see that there is a very good agreementene and propylene bridges. Concerning the presence of the sta-
for both bond lengths ing, with differences on average of less  bilizing C—H-+-O interactions, we find that NPA charges point
than 0.007 A. We find a very good agreement for valence anglesto the existence of these stabilizing interactions as we described
and dihedral angles between the MM3 and HF/6-31G** values, earlier for DME and 12-crown#and DMP (see above).
with differences of only 1.2 on average for valence angles, The geometry of free 14-crown-4 was studied experimentally
and 2.5 on average for dihedral angles. by Groth et af> Unfortunately, the published data contain errors,

A major point of interest is to examine if the energetic order making a comparison with our calculated structure impossible.
of minima may be explained in terms of intramolecular The Cambridge Structural Datab&%kolds this same structure
interactions, or maybe other effects which govern it. Structural (TOXCTD file), but also mentions the presence of errors in the
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(6) Bultinck, P.; Van Alsenoy, C.; Goeminne, A.; Van de Vondel, D.
J. Phys. Chem. 200Q 104, 11801.
(7) Allinger, N. L.; Yuh, Y. H.; Lii, J.-H.J. Am. Chem. Soc1989
111, 8551.

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

(8) MM3 versions 1994; 1996, obtained from QCPE.
(9) Saunders, MJ. Am. Chem. Soc1987 109, 3150.

(10) Hay, B. P.; Rustad, J. R.; Zipperer, J. P.; Wester, D.JWMol.
Struct. (THEOCHEM) 1995 337, 39.

have been located. Conformational searching using molecular ™ 1 1y schmigt, M. W.: Balridge, K. K.; Boatz, J. A.: Elbert, S. T.; Gordon,
mechanics was found to converge relatively slowly, indicating M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A; Su, S. J.;
that care should be taken during conformational analysis for Windus, T. L.; Dupuis, M.; Montgomery, J. Al. Comput. Chem1993

macrocycles, and maximum convergence sought. After thorough14' 1347.

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 &, symmetrical global
minimum, but the ab initio calculations show a different
energetic order for the rest of the minima.

(12) Van Alsenoy, C.; Peeters, A. Mol. Struct. (THEOCHEM)1993
286, 19.

(13) Harrisson, R. ICGMSG Message Passing ToaglBattelle Pacific
Northwest Laboratory: Richland, Washington, 1991.

(14) Beguelin, A. L.; Dongarra, J. J.; Geist, G. A.; Jiang, W. C.;
Manchek, R. J.; Moore, B. K.; Sunderam, V.F8/M version 3.3: Parallel
Virtual Machine SystemUniversity of Tennessee: Knoxville, TN. Oak
Ridge National Laboratory: Oak Ridge, TN. Emory University: Atlanta,

The conformational analysis shows several clear conforma- GA.

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-

(15) Glendening, E. D.; Badenhoop, J. K.; Reed, A. E.; Carpenter, J.
E.; Weinhold, F.NBQ, version 4.0; Theoretical Chemistry Institute:
University of Wisconsin, Madison, 1994.

(16) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;

molecular interactions between an oxygen atom and a methylenejohnson, B. G.; Robb, M. A.; Cheeseman, J. R.: Keith, T.: Petersson, G.

hydrogen in a 1,4 €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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