
Conformational Analysis of [12]aneN4 (1,4,7,10-Tetraazacyclododecane) and [14]aneN4

(1,4,8,11-Tetraazacyclotetradecane) Using Molecular Mechanics and ab Initio Methods

Patrick Bultinck,* ,† Christian Van Alsenoy,‡ Andre Goeminne,† and Dirk Van de Vondel†

Department of Inorganic and Physical Chemistry, UniVersiteit Gent, Krijgslaan 281 (S-3), 9000 Gent, Belgium,
and Department of Chemistry, UniVersiteit Antwerpen, UniVersiteitsplein 1, 2610 Antwerpen, Belgium

ReceiVed: August 8, 2000; In Final Form: September 25, 2000

The macrocyclic polyamines [12]aneN4 and [14]aneN4 have been investigated using molecular mechanics
(MM3) and ab initio quantum chemical methods. Molecular mechanics conformational searching was performed
using two schemes, and the lowest energy minima were submitted to HF/6-31G** ab initio calculations.
Differences between molecular mechanics and ab initio results are discussed, with emphasis on intramolecular
interactions, most notably intramolecular hydrogen bonding and electrostatic interactions. MM3 gives structures
that agree well with the ab initio structures but is unable to reproduce subtle effects governing the ab initio
energetic order of rotamers. Basis set dependence and influence of electron correlation is also investigated
for [12]aneN4.

Introduction

Since the discovery by Pedersen1 of crown ethers as interest-
ing agents for selective complexation of metal ions, a large
number of macrocycles have been synthesized. Not all of these
are based on the ether functional group, and a large number of
other functional groups are now used for selective metal ion
complexation.2,3 Well-known examples of nitrogen donor mac-
rocycles are [12]aneN4 and [14]aneN4, whose conformational
properties in the free (uncomplexed) state are reported in this
study.

Despite the large interest in these macrocycles and the number
of applications of its derivatives, there has been relatively little
research to investigate the conformational properties of the
macrocycles. Most of it is done using molecular mechanics,
and ab initio work is largely limited to those structures that are
found in metal complexes. Earlier ab initio work by Hannongbua
and Rode and co-workers4,5 is mostly limited to the geometries
of [12]aneN4 that are found in metal complexes or is limited to
only partial geometry optimizations. Ribeiro-Claro et al.6 have
published ab initio work on the present macrocycles.

The rather limited number of structures considered and the
relatively small basis set used make a reinvestigation of the
conformational properties of the macrocycle necessary, and this
is the scope of the present article.

Methods and Computational Details

Molecular Mechanics.Locating the lowest lying minima of
molecules such as [12]aneN4 or [14]aneN4 is not straightforward
due to the high number of degrees of freedom. This makes
scanning the potential surface for minima quite difficult using
ab initio methods. Several approaches toward locating different
minimum energy structures are possible. Ribeiro-Claro et al.6

chose to use information obtained for smaller systems as input
for obtaining initial guesses at low energy minima for the larger

macrocycles. We have chosen, in an attempt to get a better
picture of the position of different low energy minima and
stability determining effects, to use a systematic as well as a
stochastic method for locating different minima on the molecular
potential energy hypersurface.

Extensive conformational searching for molecules such as
the ones discussed here is not yet feasible on ab initio level
using sufficiently large basis sets. A method that combines high
computational speeds with relatively good results (although
bypassing the subtleties governing the conformational properties
of macrocycles6) is molecular mechanics. In this work, extensive
conformational searching was done using the MM3 force field
and using the MM3(94) and MM3(96) releases of the MM3
program.7,8

In a first approach, we used a systematic method to locate
different minima. A Z-matrix for the ring atoms was constructed,
where each atomx (x > 1) was connected to atom (x-1); for x
> 2 a valence anglex_(x-1)_(x-2) and forx > 3 a dihedral
anglex_(x-1)_(x-2)_(x-3) is given. All bond lengths in the ring,
as well as the valence angles were given standard values.
Dihedral angles were developed in a grid with step size of 60°.
By checking if the distance between the first and the last atom
in the ring is smaller than 1.5 times a standard value for a bond
of that type, we checked if the chain of atoms obtained using
this method still represents a cyclic structure. This criterion was
found to be a good balance between overlooking too many
possibly interesting structures and taking into account too many
structures that do not yield cyclic structures when further
optimized. When a certain structure was found to fall within
the criterion of being cyclic, the carbon atoms in the ring were
saturated with hydrogen atoms. For each ring geometry, different
spatial arrangements are possible for the hydrogen atoms on
the nitrogen atoms. For a certain ring geometry, a best fit plane
was calculated through the four nitrogen atoms, and each amine
hydrogen atom was placed above (+) or under (-) the plane.
All combinations of+ and- for the four hydrogen atoms were
constructed, and for each a specific complete macrocyclic
structure was made. This geometry was then submitted to MM3
geometry optimization. The resulting minimum (if one was
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found) was kept in a structure file, together with energy,
symmetry point group, and atomic coordinates.

As was stated by Saunders,9 the quality of the potential
hypersurface scan depends quite strongly on the step size used
in systematic methods (here 60°). If this step size is too large,
minima can be overlooked. Smaller step sizes make conforma-
tional searching for molecules as the ones considered here too
computationally demanding. To alleviate this problem, we
supplemented our list of minima with those obtained using the
stochastic method of Saunders.9 With this method, the structure
of the molecule was optimized, obtaining one stationary point,
after which the atoms were kicked randomly, and the structure
obtained was reoptimized. The MM3 program automatically
produces a library of structures. The number of kick-optimized
sequences was limited to 200, using step sizes of maximally 2
Å. First a structure in which all ring atoms (C and N atoms) lie
in the same plane was drawn. On the basis of this structure, we
then made all possible structures differing in the relative amine
hydrogen atom positions toward the ring. These geometries were
then used as starting points for stochastic searches. For each of
these series of optimizations, after a first stochastic search, the
number of minima was examined, together with the number of
times every minimum was found. After each search, the lowest
energy minimum that was found only once was used as a starting
geometry for a new stochastic search. For [12]aneN4, confor-
mational searching was considered converged if all minima were
found at least twice, and for [14]aneN4 we considered the
conformational search converged if all minima with relative
energy under 10 kcal/mol were found at least twice. For both
molecules, all minima found in the different searches were
combined in one large structure library together with the results
of the systematic search. Redundant minima were removed by
inspecting interatomic distance matrixes.

Ab Initio Calculations. Ab initio calculations were per-
formed using the GAMESS10 and BRABO11 ab initio programs.
These were compiled on a set of three IBM RS/6000 machines
working in parallel using TCGMSG12 for GAMESS and PVM13

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 package14 linked to it. Gaussian9415

was used for the calculation of normal modes.
The BRABO program is especially useful for calculations

involving a high number of basis functions, since it includes
the MIA approach.11 This approach is a combination of Direct
SCF16 and the Multiplicative Integral Approximation.17 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

A. [12]aneN4. 1. Molecular Mechanics Calculations.Earlier
ab initio studies on [12]aneN4 considered only a few geometries
of the free macrocycle, mostly geometries that allow formation
of complexes with metal ions (e.g., Hannongbua et al.4,5). The
study by Ribeiro-Claro et al.6 focused among other macrocycles
on free [12]aneN4. No intensive conformational searching was
done in their study, since knowledge of the conformational
preferences of smaller macrocycles was used as input to find

interesting (meaning low-energy) conformers of the larger
macrocycles. Furthermore, only relatively small basis sets (3-
21G quality) were used, and we previously found the 3-21G
and similar basis sets to be severely lacking for ethylenediamine
and 1,3-propanediamine.18 These molecules may be seen as
building blocks of macrocycles such as [12]aneN4.

MM3 conformational searching, using 79 stochastic searches
and the systematic search yielded a set of 992 minima. Table 1
presents the results of the MM3 calculations for the 25 minima
with lowest relative energy. The MM3 relative energies of all
these minima are within 5 kcal/mol, except for minima 24 and
25 which have a relative energy of just above 5 kcal/mol. The
conformation description of the geometries is based on that
introduced by Hay et al.19 The first code letter (a+, -, or 0) is
used for the dihedral angle about the C1-N2 bond, the second
is for the C1-N2-C3-C4 angle, and so on. A+ means that
the dihedral angle has a value between 0 and 120 degrees, a-
means between 240 and 360 degrees, and 0 refers to a dihedral
angle between 120 and 240 degrees. Atom numbering is shown
in Figure 1.

Table 1 reveals aC2 symmetry geometry as the global
minimum of the molecule. A probable reason for the stability
of this structure is the presence of four N‚‚‚H interactions in
which the distance between the noncovalently bonded nitrogen
and hydrogen atoms is less than the sum of the van der Waals
radii. Internuclear N‚‚‚H distances in thisC2 structure are 2.44
and 2.56 Å, respectively, whereas the sum of van der Waals
radii is 2.70 Å. The presence of these interactions is reminiscent
of the smaller polyamines, such as ethylenediamine.18 All this
may indicate hydrogen bonding, but a more in depth study of
the intramolecular interactions, and the ability of MM3 to

TABLE 1: MM3 Relative Energies (RE, in kcal/mol) of the
25 Lowest Energy Minima of [12]aneN4 Together with the
Description of Their Geometry and Symmetry Point Group
of the MM3 Optimized Structure

no. conformation sym RE no. conformation sym RE

1 0++ 0++ 0++ 0++ C2 0.00 14 +0+ +- - 00+ +0+ C1 4.33
2 0-- 00+ +- - 0- - C1 2.27 15 -0- 00+ 0++ 00- Cs 4.34
3 00+ +0+ +0+ +- - C1 2.37 16 00- 0- - 00+ +0+ C1 4.34
4 +0+ +0+ +0+ +0+ C1 2.40 17 +- - 00+ +- - 00+ C2V 4.53
5 -0- -0- -0- -0- C1 2.72 18 +0+ 00- 0- - 00+ C1 4.54
6 0++ 00- -0- -++ Cs 3.21 19 -++ 00- -++ 00- Cs 4.59
7 0++ 00- -++ 0++ C1 3.24 20 00+ 0++ 00- -0- Cs 4.69
8 00+ +- - 0- - 0- - C1 3.31 21 -0- -0- -++ 00- C1 4.69
9 00+ +- - 0- - 0- - C1 3.37 22 0++ 00- -0- -++ Cs 4.70

10 00+ 0++ 00- -0- Cs 3.97 23 +0+ +0+ +0+ 00- C1 4.81
11 0- - 0- - 0- - 0- - C1 4.07 24 -0- -0- -++ 00- C1 5.04
12 +0+ +0+ 00- +0+ C1 4.27 25 00- -++ 00- -++ C2V 5.11
13 00+ +- - 0- - 0- - C1 4.31

Figure 1. Atom numbering in [12]aneN4 (hydrogen atoms on carbon
not displayed).
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reproduce these, will be presented below. All other rotamers of
[12]aneN4 have relative energies higher than 2 kcal/mol.

Similar to ethylenediamine is the presence of gauche NCCN
conformations, meaning the preference of the NCCN chains to
adopt dihedral angles of approximately 60 or-60°. The
“Gauche-effect”20 often stabilizes the gauche conformation of
XCCY dihedral angles (where X and Y are both electronegative
elements). We previously found it to be an important stabilizing
term in ethylenediamine.18 In case of a macrocycle such as [12]-
aneN4, it is not possible to assess the importance of the gauche
effect as a leading reason for the presence of gauche NCCN
conformations. One cannot simply change the conformation of
the NCCN angle from gauche to trans, keeping bond distances
and valence angles in the rest of the molecule equal, and as a
consequence the energy difference between the two possible
conformations cannot be attributed to the gauche effect. The
preference for gauche NCCN orientations may simply be a
consequence of larger steric strain induced in the ring when
trans NCCN arrangements are present. It should be noted in
this context that trans NCCN arrangements were found only in
higher energy conformations (the lowest energy rotamer with
a trans NCCN dihedral angle has a relative energy of 7.6 kcal/
mol. Trans NCCN angles are moderately abundant only in
rotamers with relative energies over 12.5 kcal/mol).

Few experimental results could be found that focus on the
conformational properties of the free macrocycle. Searching of
the Cambridge Structural Database (CSD)21 revealed several
crystallographic studies in which the 1,4,7,10-tetraazacyclodode-
cane entity is found. Most of these studies, however, deal with
molecules containing this entity but with functionalized groups
attached to the entity. These functional groups clearly influence
the conformational properties of the free macrocycle and can
as such not be used to investigate the agreement between
experiment and calculation. Reibenspies et al.22,23 published two
studies in which they used crystallography to identify the
structure of the free macrocycle (CSD codes, respectively,
VUCGEF and SEFREA). Only the VUCGEF structure qualifies
for a direct comparison with the calculated structures. The
SEFREA structure was found for the macrocycle in salt-form
and is a tetracation. The VUCGEF structure (found for 1,4,7,-
10-tetraazacyclododecane trihydrate) agrees not only qualita-
tively with the MM3 calculated global minimum, but Table 2
shows that there is very good quantitative agreement between
the experimental values for the dihedral angles in the macro-
cyclic ring and the MM3 calculated ones.

2. Ab Initio Calculations.Starting from the MM3 optimized
geometries HF/6-31G** geometry optimizations were per-
formed. No symmetry restrictions or other restrictions on the
molecular geometry were employed, thus yielding fully opti-
mized structures. The energetic order of the different minima
obtained using the HF/6-31G** geometry optimizations is given
in Table 3. The global minimum is still theC2 geometry. The
MM3(2) structure remains the second lowest energy minimum
on the HF/6-31G** level, but the agreement in the rest of the
energetic order is worse [MM3(x) denotes thexth minimum in
the MM3 determined energetic ranking of rotamers, see Table

1]. The most pronounced differences are for the MM3(12) and
MM3(20) geometries which are highly stabilized. On the other
hand, we find that the MM3(4) structure has a much higher
relative energy on the HF/6-31G** level than on the MM3 level.
Also remarkable is the lowering of the relative energy of the
MM3(25) geometry. For most other minima, the relative
energies with respect to the global minimum do not change more
than 2 kcal/mol between the MM3 and the HF/6-31G**
calculations. The poorer performance (as compared to the
agreement in structural features, see below) of the MM3
calculations in obtaining the energetic order of minima is the
reason 25 minima were chosen for the ab initio calculations.
Including fewer could possibly result in too biased conclusions
drawn from the ab initio calculations. Further inclusion of MM3
minima results in too large computational requirements.

At this stage, it is interesting to compare structural features
between the MM3 and the HF/6-31G** levels of calculation.
Valence angles and dihedral angles are compared directly, but
for bond distances, care should be taken because MM3 and ab
initio calculations use different types of bond lengths. MM3
optimizations are done inrg, whereas ab initio calculations yield
re values (see e.g., Hargittai24 for the definition of different types
of bond lengths). The MM3 program, used in full matrix
optimization of the molecular geometry, also calculatesre,MM3

values from therg,MM3 values used in the actual optimization.
Tables 4-5 show the MM3 and ab initio determined structural
parameters for the five lowest energy minima. Analysis of both
tables shows that there is fine agreement between the MM3
and HF/6-31G** calculated values.re bond distances differ on
average 0.009 Å for N-C bonds and 0.006 Å for C-C bonds.
CCN and CNC valence angles differ 1.29° and 1.82° on average,
and even the dihedral angles show a very good agreement (2.86
° and 1.55° differences on average for CNCC and NCCN
dihedral angles). At least for the calculation of molecular
geometries, we may conclude that the MM3 force field is very
well parametrized.

Experiments do not yieldre values but often giverg values.
The latter are also used in MM3. Ma et al.25 have proposed a
method that allows us to obtainrg,ai (the subscript ai refers to
“ab initio”) values from there,ai values using a simple, yet
empirical formula. They studied several small molecules at high
levels of theory and using extended basis sets. These yielded
“converged”re,aidistances. Using an empirical constantC, they
derived the following simple formula to obtainrg,ai distances
from MP2/6-31G* calculatedre,ai values:

rg,ai is obtained fromre,ai by adding the MM3 difference inrg

and re. The empirical constantC accounts for the differences
in basis set truncation and treatment of electron correlation
between the MP2/6-31G* calculatedre values and the “con-
verged”re values (calculated at CCSD level with extended basis
sets). Since our work yielded HF/6-31G**re values, we have
used the same formula (eq 1) but have re-derived a value forC
by adding to it an extra term, accounting for differences in basis
set truncation and treatment of electron correlation between the
HF/6-31G** and MP2/6-31G* levels. This extra term was
evaluated from calculations on ethane, methylamine, and
dimethylamine (i.e., the same molecules as used by Ma et al.25

for their determination ofC). Using our values forC, knowledge
of re,MM3 and rg,MM3 from our MM3 calculations, and there,ai

values, we calculatedrg,ai values. Depending on the type of bond
involved, the following values ofC were used: 0.008 (N-H),
0.007 (N-C), 0.000 (C-H), and-0.006 (C-C). Tables 4-5

TABLE 2: Experimental, MM3, and HF/6-31G** Values (in
deg) for the Dihedral Angles around the Bonds in the
Macrocyclic Ring of the Global Minimum of [12]aneN4 (C2
Symmetry)

C1-N2 N2-C3 C3-C4 C4-N5 N5-C6 C6-C7

exp -160 71 62 -165 81 62
MM3 -160 77 60 -165 80 60
HF/6-31G** -160 82 62 -164 74 59

rg,ai ) re,ai + (rg,MM3 - re,MM3) + C (1)

Conformational Analysis of [12]aneN4 and [14]aneN4 J. Phys. Chem. A, Vol. 104, No. 50, 200011803



give rg,ai andrg,MM3 values for the five lowest minima. We found
that therg,ai values agree very well with therg,MM3 values, with
differences in C-N and C-C bond lengths 0.003 Å on average,
which is still better than the agreement between there values
calculated on both levels of theory.

As already stated, the differences in the energetic order of
minima between the MM3 and HF/6-31G** levels of calculation
are more pronounced. Different effects can play a role in this.
The gauche effect cannot readily explain this, since all minima
exhibit the same number of gauche NCCN arrangements.
Intramolecular hydrogen bonding may play a role in [12]aneN4,
together with differences in the extent of hydrogen bonding at
both levels of theory. We will therefore first discuss the presence
of intramolecular interactions using the ab initio calculations.
Unfortunately, for intramolecular interactions, one cannot split
the large molecule in monomers and calculate interaction
energies or use energy decomposition schemes to identify
intramolecular interactions. Neither can one simply control the
possibility of hydrogen bonding by changing some geometrical
parameter, as is the case in intermolecular interactions, where
one can also investigate the interactions by studying the
influence of increasing or decreasing distances or changing
orientations between monomers. On the other hand, hydrogen
bonds, intermolecular as well as intramolecular ones, are often
characterized through their effect on vibrational frequencies, or
by the (N-)H‚‚‚N distances that are shorter than the sum of van
der Waals distances. Other effects are their preference for linear
(N-)H‚‚‚N angles, the larger atomic charges on the hydrogen
atoms involved in the hydrogen bond, and longer N-H bond
lengths when the hydrogen atom is involved in a hydrogen bond.

We investigated whether these effects are found in [12]aneN4,
using the HF/6-31G** calculations. We found that there are
indeed several (N-)H‚‚‚N distances that are shorter than the sum
of the van der Waals radii. Such short distances occur in many
of the rotamers of the macrocycle, but this by itself did not

allow us to conclude the presence of hydrogen bonding. These
shorter distances may simply be a byproduct of the molecular
geometry, which is then caused by other factors. To investigate
that these shorter distances are indeed associated with hydrogen
bonds, we calculated NPA charges. We found that the charges
on the hydrogen atoms involved in such an interaction are indeed
somewhat higher. In the lowest energy rotamers, we found that
charge differences between the hydrogen atoms involved in a
possible hydrogen bond and those that are not, amount to 0.016e
and 0.013e, respectively. On the other hand, the MM3(12) and
MM3(20) structures, which are highly stabilized when going
from MM3 to HF/6-31G** calculations, do not exhibit these
differences [respectively, 0.006e and 0.005e for MM3(12) and
MM3(20)]. These are quite small numbers and do not prove
that their small (N-)H‚‚‚N distances are in any way due to
hydrogen bonding. Furthermore, we did not find the expected
trends in N-H bond lengths. Considering all rotamers, we found
only a few rotamers where N-H bond lengths are longer when
the hydrogen atom is involved in a short-distance (N-)H‚‚‚N
interaction. Another argument against hydrogen bonding are the
N-H‚‚‚N angles. A preference for linear arrangements is
expected, with some variation allowed, but in most rotamers
the N-H‚‚‚N angles in the possible hydrogen bonds are as small
as 120°. In most rotamers, no vibrational shifts for the N-H
stretches were found. Only four rotamers were found where the
geometrical conditions are favorable for hydrogen bonding. The
MM3(7), MM3(18), MM3(10), and MM3(8) structures exhibit
N-H‚‚‚N angles over 149° and N-H‚‚‚N distances below the
sum of van der Waals radii. These are not among the very lowest
energy minima, so we conclude that hydrogen bonding plays
only a secondary role.

We then performed a geometrical analysis for all minima
studied at the HF/6-31G** level and found a rationale explaining
the energetic order of the different minima. Each nitrogen atom
in the macrocycle can point its hydrogen atom or its lone pair

TABLE 3: Relative Energies (in kcal/mol) Calculated at the Different Levels of Theorya

conformation HF/6-31G** HF/3-21G(N*) MP2/6-31G** MM3 position configuration

0++ 0++ 0++ 0++ 0.00b 0.00b 0.00b 1 (2+2)D
0- - 00+ +- - 0- - 1.50 1.89 0.67 2 (2+2)D
+0+ +0+ 00- +0+ 2.47 3.24 2.06 12 (2+2)D
00+ 0++ 00- -0- 2.85 3.42 1.84 20 (2+2)D
00+ +0+ +0+ +- - 3.00 3.12 3.05 3 (2+2)D
0++ 00- -0- -++ 3.23 3.62 2.92 6 (2+2)D
00- -++ 00- -++ 4.02 4.72 2.89 25 (2+2)D
-0- -0- -0- -0- 4.55 5.36 4.98 5 (2+2)ND

0++ 00- -++ 0++ 4.56 5.23 3.45 7 (3+1)
+0+ 00- 0- - 00+ 4.68 5.72 4.43 18 (2+2)ND

00+ +- - 0- - 0- - 4.88 6.06 4.70 8 (2+2)ND

+0+ +0+ +0+ 00- 5.02 23 (3+1)
+0+ +0+ +0+ +0+ 5.12 other 5.27 4 (3+1)
00+ 0++ 00- -0- 5.17 6.03 4.72 10 (3+1)
00+ +- - 0- - 0- - 5.37 1.89 4.95 9 (3+1)
+0+ +- - 00+ +0+ 5.48 14 (2+2)ND

00- 0- - 00+ +0+ 5.71 16 (2+2)ND

-++ 00- -++ 00- 5.95 19 (3+1)
0- - 0- - 0- - 0- - 5.99 other 7.29 11 (3+1)
+- - 00+ +- - 00+ 6.06 17 (2+2)D
-0- -0- -++ 00- 6.07 24 (3+1)
00+ +- - 0- - 0- - 6.32 13 (2+2)ND

0++ 00- -0- -++ 6.55 22 (3+1)
-0- 00+ 0++ 00- 7.05 15 (3+1)
-0- -0- -++ 00- 7.54 21 (3+1)

a HF/3-21G(N*) and MP2/6-31G**//HF/6-31G** calculations were carried out on a subset of conformations (see text). “Other” means that the
optimization, using the level of calculation indicated, converges to another minimum than the MM3 of HF/6-31G** optimized geometry from
which it was started (see text). MM3 position refers to the energetic ranking of a specific geometry on the MM3 level (see Table 1). Configuration
refers to the orientation of Lone electron pairs and amine hydrogen atoms in the macrocyclic cavity of [12]aneN4. See Figure 2 for abbreviations
and their meaning. MM3(17) has a favorable configuration, but high steric strain.b Energies for the global minimum:-532.373068 Hartree (HF/
6-31G**), -529.542014 Hartree (HF/3-21G(N*)), and-534.259400 Hartree (MP2/6-31G**//HF/6-31G**).
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toward the cavity of the ring. Suppose a simple model, namely,
a square in the macrocyclic cavity, where the corners of the
square are hydrogen atoms or lone pairs. When the corner is a
lone pair, it carries a negative charge; if it is a hydrogen atom,
it carries a positive charge. Figure 2 shows different possible
arrangements of charges on this square and introduces the
nomenclature used. The electrostatically optimal combination
of the charges is one where two positive charges and two
negative charges form the four corners in a geometry where
equal charges are on opposing corners. This is the (2+2)D
geometry (see Figure 2). Less favorable is the (2+2)ND

geometry, and least favorable are both (3+1) combinations.
(4+0) combinations were not found in the rotamers of [12]-
aneN4. We then checked if the energetic order could be
explained through the order of preference for the electrostatic
interaction [(2+2)D > (2+2)ND > (3+1)], bearing in mind that
the view of a true square is only an idealized picture for
illustrating our ideas. All lowest energy minima are characterized
by a (2+2)D configuration of the charges. Still in agreement
with the electrostatic considerations, higher energy rotamers
exhibit a (2+2)ND configuration, which is electrostatically less
favorable. Still other rotamers with even higher relative energies
have three hydrogen atoms or three lone pairs pointing inside
the macrocyclic cavity. The energetic order of the minima on
the HF/6-31G** level can thus be explained. Table 3 shows
the agreement between energetic order and the configuration
of hydrogen atoms and lone pairs. Moreover, the simple model
also explains the differences between the MM3 and HF/6-31G**
energetic rankings of MM3(12), MM3(20), and MM3(25). These
rotamers are stabilized by a (2+2)D geometry. It is clear that
MM3 is unable to reproduce such subtle effects, despite its good

performance in yielding macrocyclic structures. The MM3(4)
geometry is highly destabilized when going from MM3 to ab
initio level, which is because this geometry has an unfavorable
(3+1) configuration.

On the other hand, the MM3(7), MM3(18), MM3(8), and
MM3(10) still have a relatively low relative energy on the HF/
6-31G** level, despite their less favorable hydrogen-lone pair
configurations. These geometries were found to be stabilized
by hydrogen bonding. The (N-)H‚‚‚N distances are below the
sum of the van der Waals radii, and the N-H‚‚‚N angle is above
149°. Furthermore, the NPA charge on the hydrogen atom
involved in the hydrogen bond is larger than those on the other
amine hydrogen atoms. For example, for MM3(18), we find
that the (N-)H‚‚‚N distance is 2.2105 Å, with a N-H‚‚‚N angle
of 149.00°. The charge on the hydrogen atom involved in the
hydrogen bond is 0.022e higher than that of the other hydrogen
atoms. Its N-H distance is 0.003 Å longer than the other N-H
bond distances. Clearly, the main factor governing the energetic
order of the minima is the electrostatic interaction within the
macrocyclic cavity. Hydrogen bonding plays a secondary role.

When using molecular mechanics for coordination com-
pounds, quite often charges are put on the donor atoms. These
charges are fixed and usually not allowed to vary with
conformation. This amount of variation could be especially
important for the C, N, and (N)-H atoms, since these are most
likely to be given a charge in molecular mechanics calculations.
From HF/6-31G** NPA charges, we find that the charges on
the (N)-H atoms and the N atoms are only slightly scattered
and that the scattering is likely to yield only minor errors when
using fixed charges [standard deviations for the charges on C,
N and (N-)H are 0.006e, 0.009e, and 0.010e, respectively].

TABLE 4: MM3 Optimized Molecular Geometries for the Five Lowest Energy Structures of [12]aneN4
a

a re andrg are distances in Å between the indicated atoms,a are bond angles (in deg) in the ring, centered on the atom indicated, andt are the
torsion angles in degrees with respect to the indicated central bond. Atom numbering is shown in Figure 1.
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Given the size of the molecule studied and the number of
relatively low energy conformers, quite often ab initio calcula-
tions are restricted to relatively small basis sets. In a study by
Ribeiro-Claro et al.,6 basis sets of 3-21G quality were used,
including a nitrogen d-type polarization function [exponent 0.8,

this basis set will be abbreviated as 3-21G(N*) in what follows].
Another approach is to use effective core potentials to reduce
the number of basis functions. The applicability of this approach
was examined by Ribeiro-Claro et al.6 It is of course necessary
to find which level of basis set is appropriate to study
compounds such as macrocycles, since the quality of studies
on macrocyclic complexes and complexation reactions will
depend not only on calculations on the complexes but also on
the quality of the study of free macrocycles (to study for
example preorganization effects). Use of smaller basis sets
decreases the computer time, which is especially important for
molecules such as [12]aneN4 where ab initio calculations should
always be performed for many rotamers. We took the 10 lowest
energy minima on molecular mechanics level and supplemented
these with the 10 lowest energy minima found on the HF/6-
31G** level (given redundancies, this yields 14 structures) and
re-optimized their geometry using HF/3-21G(N*) calculations.

On the basis of the 0,+,- conformation descriptions for all
minima (except MM3(4) and MM3(11), these structures opti-
mize toward different minima) located using the different basis
sets, we found that each minimum has the same qualitative
geometry when optimized with the two basis sets. The smaller
basis set performs relatively well for the geometries of the
different minima. Taking numeric values of the dihedral angles
in the ring as a measure of the agreement between the optimized
geometries for the different basis sets and taking the HF/6-
31G** geometries as reference, we found that the HF/3-21G-
(N*) CNCC and NCCN dihedral angles differ on average 3.12°
and 1.71°. The agreement between the energetic ordering is
worse. Table 3 shows the relative energies obtained for the

TABLE 5: HF/6-31G** Optimized Molecular Geometries for the 5 Lowest Energy Structures of [12]aneN4
a

a re andrg are distances in Å between the indicated atoms,a are bond angles (in deg) in the ring, centered on the atom indicated, andt are the
torsion angles in degrees with respect to the indicated central bond. Atom numbering is shown in Figure 1.

Figure 2. Different configurations of lone electron pairs (Lp) and amine
hydrogen atoms in the macrocyclic cavity (illustrated for [12]aneN4).
Only the lone pairs and hydrogen atoms pointing toward the cavity
are shown.
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different minima using the 3-21G(N*) and 6-31G** basis sets.
From this table, we see that the smaller basis set yields results
that are different from those obtained with the larger basis set.
The HF/3-21G(N*) level of calculation tends to yield a low
relative energy for MM3(9), whereas this structure is strongly
destabilized on the HF/6-31G** level. Furthermore, when using
smaller basis sets like 3-21G(N*), some minima optimize to
previously located minima, resulting in the loss of some minima.
The smaller basis set does exhibit strong stabilization of the
MM3(12) and MM3(20) structures, which agrees with the results
of the HF/6-31G** calculations. As a general conclusion, one
should take care in using small basis sets to do conformational
analysis of macrocycles, since the energetic ordering of minima
can differ strongly from the ones obtained using the larger basis
sets, and some minima cannot be found using the smaller basis
sets.

Not only is the size of basis sets of importance, but we also
investigated the importance of electron correlation. Given the
size of the molecule and of the basis sets used, we restricted
ourselves to investigating what the effect is of electron correla-
tion by doing MP2(full)/6-31G** level calculations using the
HF/6-31G** optimized geometries. Previous calculations of
similar quality on 12-crown-4 by Bultinck et al.26 and work by
Anderson et al.27 on 9-crown-3 revealed that electron correlation
has a minor effect on the energetic ordering of the minima in
crown ethers. Taking 15 minima [comprising the 10 lowest
energy minima on the MM3 and HF/6-31G** levels and MM3-
(11)] Table 3 shows that MP2 electron correlation generally
lowers the relative energy of all minima and that the qualitative
ordering largely remains the same as on the HF/6-31G** level.
The most prominent differences are for the MM3(5) structure,
which has a higher relative energy on the MP2 level, and the
MM3(7), MM3(20), and MM3(25) structures, which are more
than average stabilized upon going from the HF/6-31G** to
the MP2/6-31G** level. On average, the difference between
the relative energies calculated on these two levels is less than
0.5 kcal/mol.

As noted previously, only a few experimental structure
determinations are known for [12]aneN4. As was already
discussed above, Reibenspies identified two different crystal
structures, of which only one can be used for direct comparison
to the calculated structures.22,23 The VUCGEF structure re-
sembles the structure of the global minimum. Table 2 gives the
values for the dihedral angles in the macrocyclic ring, showing
that there is very good agreement between the experimental
structure and the HF/6-31G** global minimum.

B. [14]aneN4. 1. Molecular Mechanics Calculations.The
cyclam macrocycle differs from [12]aneN4 in the presence of
two propylene alkylbridges instead of two ethylene bridges. As
was the case for [12]aneN4, little theoretical work has focused
on the conformational properties of the free molecule. Most of
these studies deal with few structures of the macrocycle or
consider only those geometries of the free macrocycle that are
found in the complexes.6 On the other hand, the number of
experimental studies is quite high, although not all qualify for
a comparison with the calculated structural features (see below).

A systematic search was performed, together with a total of
35 stochastic searches. This number may seem relatively small
for this macrocycle (as compared with the 79 such searches for
[12]aneN4) and is a consequence of the very high number of
higher-energy minima found for [14]aneN4. We therefore
required the searches to yield not all minima at least twice but
only those minima with a relative energy under 10 kcal/mol.
Requiring that all minima should be found at least twice would

give rise to too high a number of searches to be conducted. In
total, the MM3 searches give rise to 41 minima having a relative
steric energy under (or only slightly above) 6 kcal/mol. Table
6 gives the conformation description, MM3 relative energy, and
symmetry point group for the 41 minima. The four-letter codes
describe the geometries of the NCCCN alkyl chains, while the
three-letter codes describe the structures of the NCCN type
bridges. Table 6 shows that the global MM3 minimum exhibits
aCi structure. All minima from Table 6 were further optimized
using the 6-31G** basis set. Table 6 indicates that the agreement
between the MM3 and HF/6-31G** is fair, not only for the
energetic order but also for the values of the relative energies.

In case of [12]aneN4, we found that intramolecular hydrogen
bonds play only a secondary role in the stabilization of certain
minima over other minima. The presence of these interactions
was investigated by checking the (N)-H‚‚‚N distances and by
calculating the NPA charges on the hydrogen atoms, among
other methods. In case of [14]aneN4, we also found relatively
small such distances in the lower energy minima. Care should
be taken however in concluding the presence of these interac-
tions, since almost every minimum (irrespective of its steric
energy) exhibits relatively small interaction distances. We
previously found that the main reason for the stabilization of
the lowest energy minima is the electrostatic interaction inside
the macrocyclic cavity, with a clear preference for a (2+2)D
configuration. We can now check if this observation holds for
other nitrogen-containing macrocycles as well. We found that
indeed the energetic order of minima in [14]aneN4 is explained
by the strength of the electrostatic interaction in the macrocyclic
cavity, with the lowest energy minima having a (2+2)D
configuration. In the higher energy rotamers, we find less
favorable (2+2)ND configurations, while still higher energy
rotamers exhibit (3+1) type structures. Noteworthy also is that
the order in electrostatic configuration also explains the
stabilization and destabilization of rotamers when going from
the MM3 to the HF/6-31G** level. A good example is MM3-
(7). This structure exhibits a (3+1) configuration and is
destabilized. On the other hand, a structure such as MM3(25)
is stabilized in the energetic order because it has a (2+2)D
structure. Note that stabilization is hereby defined as ranking
lower in the energetic order, not necessarily having a lower
relative energy on HF/6-31G** level than on MM3 level [e.g.,
the relative energy of MM3(25) is similar on both levels of
theory, but on HF/6-31G** level it is the tenth lowest energy
minimum.].

The agreement between the structural features of the MM3
optimized structures and the corresponding HF/6-31G** opti-
mized structures exhibits the same characteristics as in [12]-
aneN4. There is good agreement in all geometrical parameters.

Figure 3. Atom numbering in [14]aneN4 (hydrogen atoms on carbon
not displayed).
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For the NCCC dihedral angles the difference amounts to 4.1°
on average, which is also good. Since differences are small and
were discussed in detail for [12]aneN4, we do not repeat the
entire discussion for [14]aneN4.

The structure of cyclam has been studied experimentally
numerous times. Most entries in CSD are for [14]aneN4 carrying
extra functional groups. Since we cannot readily assess the
influence of these groups, we have to discard these entries in
our comparison for structural data obtained experimentally and
using ab initio calculations. Other CSD entries are for structure
determinations in solutions where [14]aneN4 is protonated,
yielding a dication or tetracation. Especially for the tetracations,
we find that the NCCN angles usually have a trans orientation,
which is easily explained since protonated ethylenediamine
fragments are similar ton-butane. Given the fact that experi-
mental structure determinations are for another species than our
ab initio calculations, no assessment of the agreement between
experimental and theoretical structures can be given.

Conclusions

Using molecular mechanics methods and by doing extensive
conformational searching of the potential energy hypersurface,
we located 25 minima with MM3 relative energy under 5 kcal/
mol for [12]aneN4 and 41 minima for [14]aneN4. HF/6-31G**
geometry optimizations starting from these minima revealed that
ab initio calculations can yield different energetic orderings of
these minima. MM3 optimized geometries on the other hand
agree well with the HF/6-31G** ones. Since macrocycles exhibit
numerous different minima, conformational searching using ab
initio techniques is too computationally demanding at present.
Conformational searching using force field methods yields a
high number of minima with values for the structural parameters
that agree well with ab initio determined values. Since the
agreement in energetic order is less favorable, ab initio
calculations should always involve a fairly large number of the
lower energy minima found using the force field calculations.
In this study, we considered all minima with relative energies
under 5 kcal/mol.

The global minima for [12]aneN4 and [14]aneN4 exhibit a
C2 and Ci geometry, respectively. The stability of the lowest
lying geometries is mainly due to favorable electrostatic
interactions inside the macrocyclic cavity. A simple model
explains the energetic order obtained for the different minima.
Stabilizing (N)-H‚‚‚N interactions are only of secondary im-
portance. The MM3 force field geometries agree very well with
the HF/6-31G** geometries, but force field calculations are
unable to reproduce the subtle effects governing the energetic
order of the minima.

A small basis set dependence study shows that small basis
sets, such as 3-21G(N*), can be used for qualitative geometries
but are too small to be used for obtaining relative energies of
different minima and tend to discard some minima. Electron
correlation has only a minor influence on the qualitative
energetic ordering.
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