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Introduction

The concept of self-organization [1] was introduced some
years ago. J.F. Stoddart, a pioneer of the concept, described
the formation of several complex macrocyclic structures.
Especially Cyclobis(paraquat-p-phenylene) (14+), the synthe-
sis published in 1988 [2], has been used to prepare a variety
of self-assembled rotaxanes and catenanes [3]. An extraordi-
nary example for the success of the strategy was the synthe-
sis of ‘Olympiadan’ in 1994 [4]. Compound 14+ forms inclu-
sion complexes with a variety of compounds including amino
acids [5], benzene derivatives [6] and π-donors like
tetrathiafulvalene [7]. The template synthesis concept was
used with great success by several groups to create
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Scheme 1. Cyclobis(paraquat-p-phenylene)
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macrocycles and catenans with different capabilities [8]. Self-
organization means that the interaction between two mol-
ecules leads to a complex structure, which is lower in energy
than that of the separate molecules and shows a favourable
geometrical position for ring closure and high product yields.
The energy contribution comes from effects like donor-ac-
ceptor-interaction, π-stacking and hydrogen bonds [9]. These
small forces are difficult to describe with theoretical models
and an ab initio approach would be highly desirable. But due
to the size of those systems ab initio calculations are not

feasible at least for a series of compounds. Force field calcu-
lations do not consider electronic effects and are therefore
useless for this problem, because electronic effects play an
important role. The influence of counterions as well as sol-
vent effects on the electrostatics have been studied. This study
is intended to show that the formation of those complex self-
organized structures can be calculated with semiempirical
methods, which are known to be able to calculate hydrogen
bonds and π−π interactions [10].

Figure 1.  Cyclobis(paraquat-p-phenylene), optimized with
the PM3 Hamiltonian (14+)

+

2 3 (o), 4 (m), 5 (p)

  1 (p,p),  9 (m,m), 10 (o,o), 11 (p,m)

2 in excess
2

4

6 (o), 7(m), 8(p)

3, 4 oder 5

N N

N
+

NBr

Br

N
+

N
+

N
+

N
+

N
+

N

Br

Br

Scheme 2. Donor-acceptor interaction of a tetracationic host
with a donor-compound

Scheme 3. Synthesis of cyclophanes 14+ (p,p), 9 (m,m),
10 (o,o), 11 (p,m) [17].
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Calculational procedure

We used the PM3-Hamiltonian [11] in form of the comput-
ing package VAMP 5.0 [12] (running on a CONVEX C220
and an IBM-590) together with the EF-optimizer [13]. Un-
less otherwise noted, all structures were calculated using the
keyword PRECISE. The conformational hypersurface was
searched by the MLTOR-option in PCMODEL 3.0 [14], all
resulting structures minimized by the MM2 force field [15].
The force field minimization was followed by a full optimi-
zation without constraints using PM3. The electrostatic maps
were generated by Spartan 4.0 [16]. All geometries are pro-
vided as threedimensional pictures (xyz-coordinates), the
supplementary material is available on request.

Interaction of Cyclobis(paraquat-p-phenylene) with vari-
ous guest molecules

Cyclobis(paraquat-p-phenylene) 14+ is a tetracation which
shows extraordinary capability to form inclusion charge trans-
fer complexes with donor molecules (see scheme 2). The
synthesis itself is a self-organized process, where two mol-
ecules of 4,4'-bipyridine 2 react under phase transfer condi-
tions with o-xylene 3, m-xylene 4 or p-xylene 5 to form the
corresponding dications 6 – 8, which are preorganized for
the ring-closure with another xylene molecule [17], as shown
in scheme 3. X-ray data of 14+ [18] and 9 [19] are useful to
compare the computational results.

The dications can form two isomers. As long as both
bipyridyl units are on the same side we call them a-isomers,
if they are on opposite sides they are called b-isomers. The
size of the cavity seems to play an important role for the
interaction between the host and the guest molecule. The
cavity of the a-isomer dications is measured as described in
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Scheme 4. Size of the cavity of a- isomer dications and scheme
of b- isomer dications.

PM3 AM1 MNDO

6a 7a 8a 6a 7a 8a 6a 7a 8a

Link 2 4 6 9 11 13 15

r 1     5.45     6.98      7.25 –*     7.21     7.32 – *     7.19     7.47

r 2   17.30   16.89    14.80   18.32   15.72   17.65   16.42

ααααα1 359.81 359.85 359.95 32.44   32.41 279.04 261.36

ααααα2 359.83     0.13      0.02 327.55 327.27 262.67   80.77

ϑϑϑϑϑ1 294.15   39.19 358.66 308.69 326.73 199.14 327.69

ϑϑϑϑϑ2   20.64 350.34   0.98 51.19   23.14 161.16 326.40

Table1. Description of the cavity of different a-isomer
dications.

* not converged

a b
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6a 7a 8a

Figure 2.  Comparison of PM3 optimized structures 6a to 8b

6b 7b 8b
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scheme 4. The distances r1 and r2 are measured between the
nitrogen atoms, the angles α1 and α2 give the torsion within
the bipyridine unit, ϑ1 and ϑ2 are the torsional angles be-
tween the planes of the bipyridine and phenylene rings. Ta-
ble 1 gives the size of the cavity of all a-isomer dications,
while table 2 compares the heat of formation of all possible
dications.

The most obvious difference is the geometry of the
bipyridine unit (cf. figure 2). It is similar over all three iso-
mers and depends only on the Hamiltonian used. PM3 calcu-
lates this unit as almost planar, while AM1 gives an dihedral
angle in the bipyridine unit α1 of about 30°. MNDO is even

more extreme and calculates a value of about 90° for α1 and
α2, i.e. no conjugation within the bipyridyl unit. These re-
sults for α1 and α2 influence the distances r1 and r2. The r1
distances are more or less fixed and indifferent, but the r2
distances differ a lot. The distances show that the ‘scissors’
open up wide to avoid strain contributions to their energy.
PM3 calculates the shortest distances, which means that the
structure is most preorganized for cyclization.

The torsional angles ϑ1 and ϑ2 give insight into the con-
formation of the macrocycle, into the twist between the aro-
matic ring and the plane of the bipyridyl unit. In the case of
the para-substituted benzene all methods calculate the small-
est twist angle. With PM3 the structure is almost not twisted,
with MNDO and AM1 to a low degree of about 33° and 23°,
respectively. The large differences in the twist angles of struc-
ture 7a (PM3: 39.2°, MNDO: 161.9°, AM1: 51.3°) show the

Heat of formation in kcal/mol

PM3 Link AM1 Link MNDO Link

6a 507.90 2 –* –*

6b 505.40 3 523.80 8 –*

7a 498.79 4 515.62 9 516.43 13

7b 497.44 5 514.70 10 514.85 14

8a 497.37 6 514.91 11 515.22 15

8b 495.59 7 513.51 12 513.61 16

Table 2. Heat of formation of
different dications

* not converged

PM3 Host 8a

Guest Energy of guest Host- Guest- Energy Energy difference Link

∆∆∆∆∆Hf (kcal/mol) ∆∆∆∆∆Hf (kcal/mol) (kcal/mol)

12 23.45 518.42 -2.42 17

13 19.66 511.21 -5.89 18

Scheme 5. Different compounds used as guest molecules

Table 3. Interaction energy between host 8a and guests 12
and 13

12: X= H 
13: X= NH2
17: X= OCH3
18: X= OH

14: X= NH2
16: X= OCH3

15: X= NH2 202+
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influence of the used Hamiltonian. Due to the twist angle we
had to take into account both possible conformations (9a,
9b) of macrocycle 9 (see scheme 6).

The first step of the self-organization process which leads
to catenanes has to be the formation of a molecular system
where a compound like 6, 7 or 8 is favoured in the a-form
(cf. figure 2). But independent of the Hamiltonian used, the
b-isomers are more stable. The differences are small, accord-
ing to PM3 the b-isomers are between 1.3 and 2.5 kcal/mol
more stable than the corresponding a-isomers (table 2). The
results of the MNDO calculations are in both cases (7b vs.
7a, 8b vs. 8a) that the b-isomers are 1.6 kcal/mol more sta-
ble. AM1 calculates the lowest differences of about 0.9 to
1.4 kcal/mol.

But as soon as an acceptor guest molecule (scheme 5),
e.g. benzene (12) or p-phenylenediamine (13) is intercalated
into the molecular tweezers of host 8a (cf. figure 3) the sys-
tems is lower in energy compared to the sum of the energies
of the single compounds. No interaction between 8b and com-
pounds 12 or 13 could be found.

The negative interaction energy between the aromatic
rings of 8a and 12 results from π-π interaction, while 13 can
additionally act as a donor with its NH2-group. The complex
8a/12 shows no torsional angles ϑ1 or ϑ2 with the benzene
molecule exactly in the middle of the tweezer. The aromatic
units are stacked in a distance of 5.1 Å and the distance r2 is
reduced to 14.5 Å. Complex 8a/13 is different, ϑ1 and ϑ2
show a significant torsion of 28.97 and 28.86 degrees and
the NH2-groups of guest molecule 13 interact with the aro-
matic rings. No interaction between the nitrogens of the
bipyridyl unit and 13 could be found.

Conformational analysis of macrocycles (14+) and (9)

A detailed search of the conformational hypersurface of com-
pounds (14+) and (9) was conducted. The PCModel 3.0 [14]
option ‘MLTOR’ was used to generate starting geometries
for further optimization. All -X-CH2- bonds were rotated in
30° degree increments. The search for compound (14+) re-
sulted in 33 different conformers, for compound (9) we re-
ceived 58 conformers. For optimization only the PM3 Ham-
iltonian was used, because due to previously discussed re-
sults, MNDO and AM1 were  not expected to provide more
information. After the semiempirical optimization, only two
conformers with different symmetry were received for (14+).
The D2h- symmetrical compound (α3, α4 = 0°) is calculated
to be 0.9 kcal/mol more stable than the C1- symmetrical com-
pound (α3, α4 = 32.8°). The conformational analysis of com-
pound (9) resulted in two different structures too. They de-
pend on the above mentioned torsional angles ϑ1 and ϑ2 and
therefore one shows ‘chair-’ and one ‘boat’ geometry (cf.
scheme 6). All minimum structures were then optimized by
MNDO and AM1 to compare the three semiempirical
Hamiltonians. Also for compound 10 two different isomers
have to be considered. The isomers, where all phenylene units
point into one direction (‘boat’) are described as isomer a,
those pointing in the other direction (‘chair’) as b. Scheme 6
gives a formula representation of compounds 9a and 9b.

Scheme 7 describes how the size of the cavity in all
tetracationic cyclophanes was measured: r3, r4 give the dis-
tances between the nitrogen atoms and r5, r6 the distances
between the hydrogen free carbon atoms of the o-, m- or p-

Figure 3. Host 8a with intercalated guests 12 and 13,
according to a PM3 calculation
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Scheme 6. Tetracationic isomers 9a (boat) and 9b (chair).
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phenylene bridge. Torsional angles α3 and α4 describe the
torsion within the bipyridine unit.

Tables 4-6 compile geometrical parameters of all
tetracationic cyclophanes together with their heat of forma-
tion values in dependence of the used Hamiltonian.

For compound 14+ all Hamiltonians calculate the largest
box of all macrocycles considered (cf. figure 4). The experi-
mentally often used system 14+ is also the compound of low-
est energy. The size of the cavity of 11 is comparable, but 11
shows a strong torsion in the bipyridine unit (α3, α4 = 36.5
degree), which results in an unfavourable interaction with
the guest molecule. The molecular complex of 11 with a guest
molecule has to loose energy to planarize the bipyridyl unit
before a favourable interaction with a guest molecule can
take place.

Compounds 9a and 9b show only with PM3 an energy
difference. PM3 favours the ‘chair’-conformation, which was
experimentally found with the X-ray structure [19], to be 7.3
kcal/mol higher in energy as 14+. AM1 and MNDO calculate

Scheme 7. Size of the cavity of tetracationic cyclophanes.

r
3

r
4

r 5

r
6

N
+

N
+

N
+

N
+

α3

α 4

PM3 14+ 9a 9b 10a 10b 11

Link 1 19 20 21 22 23

r 3 6.86 5.93 5.95 4.14 4.13 6.08

r 4 6.86 5.93 5.95 4.14 4.13 6.76

r 5 9.75 10.21 10.28 10.57 10.77 9.93

r 6 9.75 10.21 10.28 10.57 10.77 9.93

ααααα3 0.00 322.43 358.95 0.00 357.83 36.34

ααααα4 0.00 322.41 1.05 0.00 2.20 323.37

∆∆∆∆∆Hf (kcal/mol) 1070.90 1079.59 1078.17 1113.12 1113.13 1076.36

Table 4. Cavity of tetracationic cyclophanes and comparison
of heat of formation in PM3 method

Table 5. Cavity of tetracationic cyclophanes and comparison
of heat of formation in AM1 method

AM1 14+ 9a 9b 10a 10b 11

File 24 25 26 27 28 29

r 3 6.87 5.80 5.80 3.98 4.03 6.02

r 4 6.87 5.80 5.80 3.98 4.03 6.74

r 5 9.77 10.46 10.54 10.72 10.93 10.06

r 6 9.77 10.46 10.52 10.72 10.93 10.06

ααααα3 32.62 326.43 327.00 331.73 332.70 31.50

ααααα4 327.37 326.44 325.36 331.73 27.32 328.48

∆∆∆∆∆Hf (kcal/mol) 1092.91 1096.62 1096.65 1129.81 1129.56 1095.87
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both isomers of even energy with a lower difference to 14+

(AM1: 3.7 kcal/mol; MNDO: 4.9 kcal/mol).  There is only a
small energy difference between the a and b- isomers, how-
ever, the energy difference between the different hosts is sig-
nificant. For compounds 10a and 10b all Hamiltonians cal-
culate both isomers to have similar energy and to be at least
34 kcal/mol (PM3) higher in energy than compound 9! The
shape of 10 is a very narrow box, what is obvious in figure 5,
where the electrostatic surfaces of compounds 14+, 9, 10 and
11 are compared. The three Hamiltonians calculate almost
identical numerical values for the distances r3 to r6, while
again the bipyridyl unit is treated different. The results for
the torsional angles α3 and α4 are similar to those discussed
before for the systems 6a to 8a. Except in the cases of 9a and
11 PM3 again calculates the bipyridyl unit to be planar, while
AM1 (about 30 degree) and MNDO (about 55 degree) show

considerable twisting. Compared to the experimental X-ray
structures [18,19] PM3 again proved to be the most useful
Hamiltonian.

The electrostatic map could provide further insight into
the nature of the interaction. Therefore we created the elec-
trostatic map of compounds 14+, 9, 10 and 11. They are shown
in figure 5. The molecular electrostatic potential of all four
compounds is mapped onto the electron density surface. Red
indicates regions with the most negative electrostatic poten-
tial and blue indicates regions with the most positive electro-
static potential. In general the most negative part is the out-
side of the phenyl ring depending on the geometry of the
molecule and the most positive part is inside of the cavity
towards the nitrogen atoms. But the extent and the potential
are different. Compound 11 combines the steric effect of m-
and p-substitution. The para-substitution leads to a better dis-
tribution of the electron density. This is encoded by the lower
intensity of the colours shown, while at the meta end the red
colour is especially notable in the upper part of the phenyl
ring. The inside of 11 is sharing the positive electron density,

MNDO 14+ 9a 9b 10a 10b 11

File 30 31 32 33 34 35

r 3 6.94 5.89 5.88 4.14 4.11 6.15

r 4 6.94 5.89 5.88 4.14 4.11 6.86

r 5 9.93 10.57 10.62 10.92 11.15 10.12

r 6 9.93 10.57 10.71 10.92 11.10 10.12

ααααα3 51.19 303.76 301.14 302.81 303.54 55.06

ααααα4 51.21 303.77 306.65 302.81 302.28 304.94

∆∆∆∆∆Hf (kcal/mol) 1106.71 1111.65 1111.66 1154.55 1154.69 1108.93

Table 6. Cavity of tetracationic cyclophanes and comparison
of heat of formation in MNDO method

AM1 MNDO PM3

Figure 4. Compound 14+ calculated with all three different
Hamiltonians AM1, MNDO and PM3
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Figure 5. Electrostatic maps of sterically different
macrocycles 14+ , 9, 10 and 11

1 9

10 11
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PM3 Host 14+

Guest Energy of guest Energy of complex Interaction energy Link

∆Hf (kcal/mol) 14+ + Guest (kcal /mol)

∆Hf (kcal/mol)

12 23.45 1092.10 -2.25 36

13 19.66 1083.54 -7.02 37

14 19.17 – * – * –

15 22.21 1081.70 ** -11.41 38

16 -52.61 1003.55 ** -14.74 39

17 -51.89 1010.12 -8.89 40

18 -65.98 1004.61 -0.31 41

18** -65.98 998.09 ** -6.83 42

Figure 6.  Compounds 18 and 18**  in top and side view explain the displacement of the guest molecule.

Table 7. ∆Hf of single guest compounds (donor) as well as
Hf of the complexes of macrocycle 14+ with different guests
and their interaction energy

* no inclusion complex could be found
** not exactly incorporated, slight displacement
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while the colour coding of the nitrogens at the meta end is
more intense than at the opposite side. This effect is also
notable at compound 10. The geometry of 10 leads to a red
coding on the outside of the upper part of the phenyl ring and
a blue coding inside the macrocycle with a deep blue region
around the nitrogen atoms. Compound 9 and even more com-
pound 14+ show a different electron density distribution, so
the intensity of the colour coding is lower. The electron den-
sity distribution of 14+ is the smallest of these four compounds,
which might result from the lower steric repulsion.

But the host-guest interaction does not only depend on
the electron density. To incorporate donor compounds the
host needs a cavity which is also large enough to have not
too much unfavourable contacts. To our knowledge there has
never been a publication about inclusion complexes of 9 and
10, which can be understood from figure 5. The distance be-
tween the electrostatic surfaces leaves not enough space for
a guest compound, while 11 should be able to incorporate
guests.

Typical donor molecules are shown in scheme 5:  ben-
zene (12), p-phenylendiamine (13), m-phenylendiamine (14),
o-phenylendiamine (15), m-dimethoxybenzene (16), p-
dimethoxybenzene (17) and p-dihydroxybenzene (18).

Complexes with compound 14+ could be found for al-
most every donor molecule (see table 7), while the cavity of
compounds 9, 10 and also 11 proved to be too small to give
stable host-guest-complexes. During the optimization the
guest sometimes was displaced along the central axis due to
unfavourable interaction energies. For compound 14+ there
are several molecular charge-transfer complexes known in
literature [2,5b,6b,7]. It was possible to reproduce these ex-
perimentally known geometries. The host molecule 14+ acts
as an acceptor to several donors. The molecular complex
between 14+ and 17 is an example where the guest is dis-
placed from the optimal arrangement for π-stacking due to a
more favourable electrostatic interaction between one of the
methoxy oxygens and the nitrogen atoms. The methoxy group
is known as a moderate π-electron donating substituent [20]
and additionally stabilizes the complex. The electrostatic
surface of the complex 14+/17 shows a red (negative) region
where the other oxygen, which is not interacting with the
nitrogen atoms, is pointing out of the complex. The interac-
tion of the second methoxy group with the nitrogen atoms
results in an electrostatic surface where no red coloring is
visible. The partial charges on the nitrogen atoms close to
the oxygen atoms of the methoxy group are influenced by
the interaction and show a more positive partial charge, which
is stabilized by the donation of the methoxy group. This re-
sults in the highest stabilization of all studied guests.

Figure 6 shows two molecular complexes between 14+

and 18. The displaced structure is 6.5 kcal/mol more stable
than the structure where 18 is fully incorporated. The most
probable explanation for the energy difference is the exist-
ence of repulsive forces between the phenyl rings in the com-
plex 14+/18. Both are minima on the hypersurface.

Scheme 9. Bisparaphenylene-[34]crown-10.
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The interaction energy between the electron accepting
host 14+ and donating guests is calculated to be between 2
and 9 kcal/mol. This is enough to stabilize structures which
are preorganized for the formation of catenanes. The calcu-
lated intermediates provide insight into the mechanism of
the self-organization process which is experimentally known
for compound 14+, where the self-organization accounts for
high product yields.

But it is known [21] that the self-organization process is
also useful with donating host molecules and electron ac-
cepting guests, which are incorporated as scetched in
scheme 8.

As a model system bisparaphenylene-[34]crown-10 (19)
was used. A thourough conformational analysis was con-
ducted to investigate the conformation of the host molecule.
The same methodology described before for the analysis of
14+ and 9 was used to conduct the conformational analysis.
The structure is very flexible and posesses many degrees of
freedom. A full approach would consider all the torsions over
all bonds, but due to the multidimensionality of the problem

we excluded unfavourable conformations and considered only
those bonds marked in scheme 9.

60 degree increments were used for the torsion and 91
different conformers were received. After MM2-minimi-
zation all structures were optimized by PM3. The plot of the
distribution of all 91 starting structures after the minimiza-
tion shown in figure 7 resembles the conformational flexibil-
ity of compound 19. Due to the flexibility of the host mol-
ecule the energy differences between the conformers, which
are shown at the x-axis of figures 7 and 8, are small with
some exceptions (cf. figure 7). There are only a few high
energy conformations with high strain energy contributions
during the MM2-preoptimization, whereas the size of the
cavity differs a lot.

Figure 8 shows the result of the semiempirical optimiza-
tion and proves that the different flexibility leads to a distri-
bution of all structures over a range of 20 kcal/mol.

PM3 19a 19b

Link 43 44

r 7 4.74 10.11
r 8 8.18 9.52

r 9 11.15 11.36
∆∆∆∆∆Hf (kcal/mol) -334.14 -316.26

Table 9. Size of the cavity and heat of formation of 19,
calculated with PM3

Figure 9. Comparison of structures 19a and 19b, optimized
with PM3.

Scheme 8. Donor- acceptor interaction of a donating host
with an acceptor- compound
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Compound 19a is according to the PM3 calculation al-
most 20 kcal/mol more stable than 19b, but the phenyl rings
are very close together and in a very unfavourable conforma-
tion for the inclusion of compounds (cf. figure 9). It is known
[22], that a unreasonable stabilization is calculated for this
geometrical arrangement, where the interaction between two
phenyl rings is overestimated [23]. Compound 19b is very
similar to the published X-ray structure [21] and its values

for r7 to r9 are more favourable for the inclusion of guests.
For the definition of r7 to r9 see scheme 9 and table 9. So 19b
was choosen as the starting geometry of the host molecule.

According to scheme 8 useful guest molecules should
carry a positive charge. Therefore we have choosen two
dications as guests: paraquatdication (202+) and diprotonated
p-phenylendiamine (132+) There are experimental data avail-
able for 202+. From an association constant Ka of 730 dm3·
mol-1 a free enthalpy G0 of -3.9 kcal/mol was calculated for
the complex with 19 [24]. Furthermore it is known from the
X-ray structure that the molecular structure of 19 does not
change in the molecular complex with 202+. PM3 calculates
two different minima for the complex of 19 with 202+ (table
10). One is almost identical with the X-ray structure [24],
where the paraquatdication is incorporated in the crown. All

PM3 Host 19

Guest Energy of guest Energy of complex Interaction energy Link
∆∆∆∆∆Hf  (kcal/mol)  19 + guest (kcal/mol)

∆∆∆∆∆Hf (kcal/mol)

20a 425.8 face-to-face 60.3 -31.3 45

20b 425.8 square 65.7 -25.9 46

132+ 402.1 face-to-face 12.2 -55.8 47

Table 10. ∆Hf of guests 202+ and 132+, of the molecular
complexes and the interaction energy with host 19

Figure 10.  Host 19a with intercalated guests 20a, 20b and
132+.

19a/20a 19a/20b 19a/132+

PM3 ∆∆∆∆∆Hf Interaction energy Link
(kcal/mol) (kcal /mol)

21a 14+ + 19 700.86 -35.88 48

stacked

21b 14+ + 19 700.03 -36.73 49

22 9 + 19 699.76 -44.27 50

23 11 + 19 703.75 -38.47 51

Table 11. Calculated Catenanes
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oxygens are pointing towards the nitrogen atoms, the phenyl
rings are stacked in a distance of 4 Å and the conformation
of the crown looks like a chair conformation. The other mini-
mum is a structure where 202+ is square to the orientation of
the crown. All oxygens are pointing towards one nitrogen,
the distance between the phenyl rings is further (5.5 and 4.8
Å) and the crown adopts a boat conformation (cf. figure 10).
The partial charges reflect the difference between both struc-
tures. All ‘coordinated’ nitrogen atoms show the same par-
tial charges, while the nitrogen which is pointing out of com-
pound 20b is 0.03 less positive than all other nitrogen atoms.
Another destabilizing influence is the torsion of 15 degree
within the bipyridine unit in 20b. This leads to a decrease in
the overlap and this results in a 5.4 kcal/mol higher heat of
formation.

The interaction of the dication 132+ with 19 gives the most
stable complexes of this study. The interaction energy is cal-
culated for compound 19b. This is reasonable cause the in-
teraction of the phenyl rings in a distance of 3.6 Å is very
favourable and additionally there is a strong donor-acceptor
interaction between the nitrogen atoms and the donating
oxygens.

Catenane

The calculated catenanes were built from an electron donat-
ing and an electron accepting macrocycle. Catenane 21 was
built from cyclobis(paraquat-p-phenylene) (14+) and the crown
ether 19. All catenanes are optimized without the keyword
PRECISE, their gradient norms are between 0.3 – 0.4. From
our previous results we could expect a catenane where the
phenyl rings are stacked as in 20a, but is the conformation of
20b also stabilized in a catenane? The results are shown in
table 11. Compound 21a is very similar to 20a, all oxygens
are again pointing toward nitrogen atoms and the phenyl rings
are stacked in a distance of 4 Å. This results in a comparably
high interaction energy of about 36 kcal/mol. Probably this
is only a local minimum, but the catenanes 21 have so many
degrees of freedom, that a detailed analysis of the conforma-
tional hypersurface would make hundreds of calculations
necessary. On the other hand, it would not provide so much
more information for our study. Comparing the energy dif-
ference between 20a and 20b with the difference between
21a and 21b it is even more obvious that 21a is probably not
the global minimum which should be even lower in energy.
Figure 11 shows the calculated geometries of 21a and 21b.
Experimental data of two other catenanes, 22 and 23, built
from compounds 9 and 11 with the same crown ether 19 are
available [25]. Their geometrical arrangement is very simi-
lar to 21a. The phenyl rings of the crown ether are stacked in

21a 21b

Figure 11. PM3 calculated structures of compounds 21a and
21b.
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distances of 3.6 to 3.8 Å within the macrocycle and about
4.2 Å outside due to the larger flexibility of the crown ether
chain. The phenylene ring outside is not exactly above the
other three rings. It is slightly twisted against their planes.
Their interaction energy is also very high, so they should be
easy to synthesize.

Conclusion

The concept of self-organization was examined using the
semiempirical PM3 Hamiltonian. The experimentally known
inclusion complexes could be reproduced and the results com-
pare well with known experimental data and X-ray struc-
tures. π-stacking and electrostatics are the driving forces re-
sponsible for the formation of those molecular complexes.
Cyclobis(paraquat-p-phenylene) (14+) is an exceptional com-
pound and the only macrocycle from a series of compounds
with similar geometry for which stable molecular complexes
could be calculated. The calculated catenanes give high in-
teraction energy values and due to our results it should be
possible to create catenanes which are not known yet.
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