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Abstract

The concept of self-assembly developed for the construction of topologically complex molecules such as [2]-
catenanes and rotaxanes is based on non-covalent interactions between constituent parts. High product yields
are explained by favourable orientations of intermedialhese intermediates are found to be 2 - 9 kcal/mol

lower in energy than the reactand ground states and the recognition process could be reproduced by semiempirical
calculations using the PM3 Hamiltonian. Cyclobis(paraquat-p-phenylétie)which is known for its extraor-

dinary capability to form charge-transfer complexes, plays an important role. The conformational analysis of
the hypersurface ofit*) and other compounds was performed using the MM2 force field. The concept of self-
organization uses electron accepting hosts 1fkeas well as donating hosts like crown ethers. Therefore the
study was extended on donating hosts and on their capability to feemanas. These vemgteresting com-

pounds show stabilization energies of about 36 kcal/mol.
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Introduction /—®—\
N’ N
The concept of self-organization [1] was introduced some ~ | | h
years ago. J.F. Stoddart, a pioneer of the concept, described N =
the formation of several complex macrocyclic structures.
Especially Cyclobis(paraquat-p-phenyler)), the synthe- 2 =
sis published in 1988 [2], has been used to prepare a variety . | - +l
of self-assembled rotaxanes and catenanes [3]. An extraordi- N N
nary example for the success of the strategy was the synthe- \_©_/
sis of ‘Olympiadan’ in 1994 [4]. Compourid® forms inclu-

sion complexes with a variety of compounds including amino
acids [5], benzene derivativg6] and m-donors like
tetrathiafuhalene [7]. Thetemplate synthesis concept was

used with great success by several groups to create.pome 1.Cyclobis(paraquat-p-phenylene)

14+
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Figure 1. Cyclobis(paraquat-p-phenylene), optimized with Scheme 2Donor-acceptor interaction of a tetracationic host
the PM3 Hamiltonian 1**) with a donor-compound

macrocycles and catenans with different capabilities [8]. Selffeasible at least for a series of compounds. Force field calcu-
organization means that the interaction between two moltations do not consider electronic effects and are therefore
ecules leads to a complex structure, which is lower in energyseless for this problem, because electronic effects play an
than that of the separate molecules and shows a favourahiaportant role. The influence of counterions as well as sol-
geometrical position for ring closure and high product yieldsvent effects on the electrostatics have been studied. This study
The energy contribution comes from effects like donor-ac-s intended to show that the formation of those complex self-
ceptor-interactionr-stacking and hydrogen bonds [9]. These organized structures can be calculated with semiempirical
small forces are difficult to describe with theoretical modelsmethods, which are known to be able to calculate hydrogen
and an ab initio approach would be highly desirable. But dubonds andtrt interactions [10].

to the size of those systems ab initio calculations are not
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Scheme 3.Synthesis of cyclophane€™* (p,p), 9 (m,m),
10(0,0), 11 (p,m) [17].
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Scheme 4Size of the oaty ofa- isomer dications and scheme
of b- isomer dications.
Tablel. Description of the cavity of diffent a-isomer
dications.
PM3 AM1 MNDO
6a 7a 8a 6a 7a 8a 6a 7a 8a
Link 2 4 6 9 11 13 15
r 5.45 6.98 7.25 —* 7.21 7.32 —* 7.19 7.47
r 17.30 16.89 14.80 18.32 15.72 17.65 16.42
a, 359.81 359.85 359.95 32.44 3241 279.04 261.36
a, 359.83 0.13 0.02 327.55 327.27 262.67 0.78
9, 294.15 39.19 358.66 308.69 326.73 199.14 327.69
9, 20.64 350.34 0.98 51.19 23.14 161.16 326.40
* not converged Interaction of Cyclobis(paraquat-p-phenylene) with vari-
ous guest molecules
Calculational procedure Cyclobis(paraquat-p-phglene) 14+ is a tetracation which

shows extraordinary capability to form inclusion charge trans-
We used the PM3-Hamiltonian [11] in form of the comput- fer complexes with donor molecules (se@esne 2). The
ing package VAMP 5.0 [12] (running on a CONVEX C220 synthesis itself is a self-organized process, where two mol-
and an IBM-590) together with the EF-optimizer [13]. Un- ecules of 4,4"-bipydine 2 react under phase transfer condi-
less otherwise noted, all structures were calculated using thebns with o-xylene3, m-xylene4 or p-xylene5 to form the
keyword PRECISE. Theonformational hypersurface was corresponding didmns 6 — 8 which are preomnized for
searched by the MLTOR-option in PCMODEL 3.0 [14], all the ring-closure with another xylene molecule [17], as shown

resulting structures minimized by the MM2 force field [15]. in scheme 3. X-ray data d&f* [18] and 9 [19] are useful to
The force field minimization was followed by a full optimi- compare the computational results.

zation without constraints using PM3. The electrostatic maps The dications can form two isomers. As long as both
were generated by Span 4.0 [16]. All geometries are pro- pipyridyl units are on the same side we call theefsomers,
vided as threedimensional pictures (xyz-coordinates), théf they are on opposite sides they are cabédomers. The
supplementary material is available on request. size of the cavity seems to play an important role for the
interaction between the host and the guest molecule. The
cavity of thea-isomer dications is measured as described in
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6b 7b 8b

Figure 2 Comparison of PM3 optimized structufasto 8b



J. Mol. Model.1997, 3 5

Table 2. Heat of formation of

Heat of formation in kcal/mol different dications

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
b 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

* not converged

scheme 4. The distancgsand r, are measured between the more extreme and calculates a value of about 904 fand
nitrogen atoms, the angles anda, give the torsion within  a,, i.e. no conjugation within the bipyridyhit. These re-
the bipyridine unit,3, and 3, are the torsional angles be- sults fora, anda, influence the distances and t. The r,
tween the planes of the bipyridine and phenylémgsr Ta-  distances are more or less fixed and indifferent, but the r
ble 1 gives the size of thewity of all a-isomer dications, distances differ a lot. The distances show thatscissors’
while table 2 compares the heat of formation of all possibleopen up wide to avoid strain contributions to their energy.
dications. PM3 calculates the shortest distances, which means that the
The most obvious difference is the geometry of thestructure is most preorganized for cyclization.
bipyridine unit (cf. figure 2). It is similar over all three iso- The torsional angle8, andd, give insight into the con-
mers and depends only on the Hamiltonian used. PM3 calcdermation of the macrocycle, into the twist between the aro-
lates this unit as almost planar, while AM1 gives an dihedramatic ring and the plane of the bipyridyl unit. In the case of
angle in the bipyridine unit, of about 30°. MNDO is even 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°,
Table 3. Interaction energy bewen hosBa and guestsl2 respectively. The large differences in the twist angles of struc-

and 13 ture7a (PM3: 39.2°, MNDO: 161.9°, AM1: 51.3°) show the
PM3 Host 8a
Guest Energy of guest Host- Guest- Energy  Energy difference Link
AH, (kcal/mol) AH, (kcal/mol) (kcal/mol)
12 23.45 518.42 -2.42 17
13 19.66 511.21 -5.89 18
X

X X X : \
\(j (:[ he-N O “N“ch
« /e

X
122 X=H 14: X= NH, 15 X= NH2 202+
13 X= NH2 16: X= OCH3
17: X= OCHg
18: X= OH

Scheme 5Different compounds used as guest molecules
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The negative interaction energy between the aromatic
rings of8a and12 results fronTeTtinteraction, whilel3 can
additionally act as a donor with its Mdroup. The complex
8a/12 shows no torsional angles or 3, with the benzene
molecule exactly in the middle of the tweezer. The aromatic
units are stacked in a distance of 5.1 A and the distgnse r
reduced to 14.5 A. CompleBa/13 is different,$, and 9,
show a significant torsion of 28.97 and 28.86 degrees and
the NH,-groups of guest molecults interact with the aro-
matic rings. No interaction between the nitrogens of the
bipyridyl unit and13 could be found.

Conformational analysis of macrocycles ¢t) and (9)

A detailed search of the conformational hypersurface of com-
pounds {#*) and @) was conducted. The PCModel 3.0 [14]
option ‘MLTOR’ wasused to generate starting geometries
for further optimizéon. All -X-CH,- bonds were rotated in
30° degree in@ments. The search faompound {#*) re-
sulted in 33 different conformers, for compoud) \{e re-
ceived 58 conformers. For optimization only the PM3 Ham-
iltonian was used, because due to previously discussed re-
influence of the used Hamiltonian. Due to the twist angle wesults, MNDO and AM1 were not expected to provide more
had to take into account both possible conformati®as ( information. After the semiempirical optimization, only two
9b) of macrocycled (see scheme 6). conformers with different symmetry were received fidt)

The first step of the self-organization process which leadghe D,,- symmetrical compound, a, = 0°) is calculated
to catenanes has to be the formation of a molecular systegs be 0.9 kcal/mol more stable than the §ymmetrical com-
where a compound lik6, 7 or 8 is favoured in thea-form pound i, a, = 32.8°). The conformational analysis of com-
(cf. figure 2). But independent of the Hamiltonian used, thepound Q) resulted in two different structuréso. They de-
b-isomers are more stable. The differences are small, accorgend on the above mentioned torsional anglesnd9, and
ing to PM3 theb-isomers are between 1.3 and 2.5 kcal/moltherefore one shows ‘chairahd one'boat’ geometry (cf.
more stable than the correspondaomers (table 2). The scheme 6). All minimum structures were then optimized by
results of the MNDO calculations are in both casés\(s. MNDO and AM1 to compare the three semiempirical
73, 8b vs. 8d) that the b-isomers are 1.6 kcal/mol more sta-Hamiltonians. Also for compountiO two different isomers
ble. AM1 calculates the lowest differences of about 0.9 tthave to be considered. The isomers, where all phenylene units
1.4 kcal/mol. point into one direction (‘boat’) are described as isomer

But as soon as an acceptor guest molecule (scheme %hose pointing in the other direction (‘chair’)msScheme 6
e.g. benzenel@) or p-phenylenediamind. ) is intercalated  gives a formula representation of compouBdsnd9b.
into the molecular tweezers of h@t (cf. figure 3) the sys- Scheme 7 describes how the size of the cavity in all
tems is lower in energy compared to the sum of the energiggtracationic cyclophanes was measurgdr,rgive the dis-
of the single compounds. No interaction betwgleand com-  tances between the nitrogen atoms apdrthe distances
pounds12or 13 could be found. between the hydrogen free carbon atoms of the o-, m- or p-

Figure 3. Host 8a with intercalaed guestsl2 and 13,
according to a PM3 calculation

Scheme 6Tetracationic isomer8a (boat)and 9b (chair).
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Scheme 7Size of the cavity of tetracationic cyclophanes.

7

phenylene bridge. Torsional anglag and a, 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 compoundl** all Hamiltonians calculate the largest
box of all macrocycles considered (cf. figure 4). Thpesi-
mentally often used systetfi* is also the compound of low-
est energy. The size of the cavityldfis comparable, buitl
shows a strong torsion in the bipyridine umit,(a, = 36.5
degree), which results in an unfavourable interaction with
the guest molecule. The molecular complekbivith a guest
molecule has to loose energy to planarize the bipyridyl unit
before a favourable interaction with a guest molecule can
take place.

Compounds9a and 9b show only with PM3 an energy
difference. PM3 favours the ‘chair’-conformation, which was

Table 4. Cavity of tetracationic cyclophanes and comparison experimentally found with the X-ray structure [19], to be 7.3

of heat of formation in PM3 method

kcal/mol higher in energy d@$*. AM1 and MNDO calculate

PM3

14

9a

9b 10a 10b 11

Link 1 19 20 21 22 23

rs 6.86 5.93 5.95 4,14 4,13 6.08
r, 6.86 5.93 5.95 4.14 4.13 6.76
re 9.75 10.21 10.28 10.57 10.77 9.93
le 9.75 10.21 10.28 10.57 10.77 9.93
a, 0.00 322.43 358.95 0.00 357.83 36.34
a, 0.00 322.41 1.05 0.00 2.20 323.37
AHf (kcal/mol) 1070.90 1079.59 1078.17 1113.12 1113.13 1076.36

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

rs 6.87 5.80 5.80 3.98 4.03 6.02
r, 6.87 5.80 5.80 3.98 4.03 6.74
re 9.77 10.46 10.54 10.72 10.93 10.06
Is 9.77 10.46 10.52 10.72 10.93 10.06
a, 32.62 326.43 327.00 331.73 332.70 31.50
a, 327.37 326.44 325.36 331.73 27.32 328.48
AH, (kcal/mol) 1092.91 1096.62 1096.65 1129.81 1129.56 1095.87
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Table 6.Cavity of tetracationic cyclophanes and comparison
of heat of formation in MNDO method

MNDO 14* 9a 9b 10a 10b 11

File 30 31 32 33 34 35

ry 6.94 5.89 5.88 4.14 4.11 6.15
My 6.94 5.89 5.88 4.14 411 6.86
rs 9.93 10.57 10.62 10.92 11.15 10.12
e 9.93 10.57 10.71 10.92 11.10 10.12
a, 51.19 303.76 301.14 302.81 303.54 55.06
a, 51.21 303.77 306.65 302.81 302.28 304.94
AH; (kcal/mol) 1106.71 1111.65 1111.66 1154.55 1154.69 1108.93

AM1 MNDO PM3

Figure 4. Compound1** calculated with all three different considerable twisting. Compared to the experimental X-ray
Hamiltonians AM1, MNDO and PM3 structures [18,19] PM3 again proved to be the most useful
Hamiltonian.

The electrostatic map could provide further insight into
both isomers of even energy with a lower difere to14* the nature of the intaction. Therefore we created the elec-
(AM1: 3.7 kcal/mol; MNDO: 4.9 kcal/mol). There is only a trostatic map of compound$", 9, 10and11. They are shown
small energy difference between thandb- isomers, how- in figure 5. The molecular electrostatic potential of all four
ever, the energy difference between the different hosts is sigompounds is mapped onto the electron density surface. Red
nificant. For compound&0a and 10b all Hamiltonians cal-  indicates regions with the most negative electrostatic poten-
culate both isomers to have similar energy and to be at leatil and blue indicates regions with the most positive electro-
34 kcal/mol (PM3) higher in energy than compo@dhe  static potential. In general the most negative part is the out-
shape oflOis a very narrow box, what is obvious in figure 5, side of the phenyl ring depending on the geometry of the
where the electrostatic surfaces of compouifds9, 10 and molecule and_the most positive part is inside of the cawty
11 are compared. The three Hamiltonians calculate almogpwards the nitrogen atoms. But the extent and the potential
identical numerical values for the distancgsor r,, while ~ are different. Compoundil combines the steric effect of m-
again the bipyridyl unit is treated diffett. The esults for ~and p-substitution. The para-substitution leads to a better dis-
the torsional angles, anda,, are similar to those discussed tribution of the electron density. This is encoded by the lower
before for the systen@ato 8a. Except in the cases @and  intensity of the colours shown, while at the meta end the red
11PM3 again calculates the bipyridyl unit to be planar, whilecolour is especially notable in the upper part of the phenyl
AM1 (about 30 degree) and MNDO (about 55 degree) showing. The inside ol1is sharing the positive electron density,
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Figure 5. Electrostatic maps of sterically different
macrocytes 1** , 9, 10 and 11
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Table 7. AH; of single guest compounds (donor) as well as
H, of the complexes of macrocydt& with different guests
and their interaction energy

J. Mol. Model.1997,3

PM3 Host 1**
Guest Energy of guest Energy of complex Interaction energy Link
AH, (kcal/mol) 1** + Guest (kcal /mol)
AH; (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

* no inclusion complex could be found
** not exactly incorporated, slight displacement

Figure 6. Compoundd 8 and18** in top and side view explain the displacement of the guest molecule.
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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 atompoundl0. The geometry ofl0 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. Compo@mahd even more com-
pound 1** show a different electron density distribution, so
the intensity of the colour coding is lower. The electron den-
sity distribution ofi** 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 complex&sawfd

(-

O<— >0
fg

O<——7 1 —=>0

@) @)

<O

19

10, which can be understood from figure 5. The distance bescheme 9Bisparaphenylene-[34]crown-10.

tween the electrostatic surfaces leaves not enough space for
a guest compound, whil&l should be able to incorporate
guests.

Typical donor molecules are shown in scheme 5: ben-
zene 12), p-phenylendiaminéel@), m-phenylendiamineld),
o-phenylendiamine1®), m-dimethoxybenzenelf), p-
dimethoxybenzenel{) and p-dihydroxybenzend §).

Complexes with compound** could be found for al-
most every donor molecule (see table 7), while the cavity of
compounds, 10 and alsoll proved to be too small to give
stable host-guest-complexes. During the optimization the -

kcal/mol
T
| |

yin

11

B
o
1

[ ]

guest sometimes was displaced along the central axis due tdg ¢+ .

unfavourable interaction energies. Eampound1** there (&
are several molecular charge-transfer complexes known in
literature [2,5b,6b,7]. It was possible to reproduce these ex-
perimentally known geométs. The host motaile 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 festacking due to a

more favourable electrostatic interaction between one of thejgure

methoxy oxygens and the nitrogdnimas. Thenethoxy group
is known as a moderateelectron donating substituent [20]
and additionally stabilizes the complex. The electrostatic
surface of the complex**/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-2
the oxygen atoms of the methoxy group are influenced by
the interaction and show a more positive partial charge, whichs
is stabilized by the donation of the methoxpuyp. This re-
sults in the highest stabilization of all studied guests.

Figure 6 shows two molecular complexes hestw1**
and18. The displaced structure is 6.5 kcal/mol more stable
than the structure whefe8 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.

keal/mol

orm

Heat

W e T
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T T T T T T
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number of isomers

7. Steric energy distribution of all 91.
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Figure 8. Energy distribution AH; ) of all 91 conformers
after MM2-optimization conformers after PM3-optimization.
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Table 9. Size of the cavity and heat of fortioa of 19,

calculated with PM3 @1 - @ - @
PM3 19a 19b E> <'E|
Link 43 44
r, 4.74 10.11 @ 1
re 8.18 9.52 - - @
r 11.15 11.36
AH, (kcal/mol) -334.14 -316.26

Scheme 8.Donor- acceptor interaction of a donating host
with an acceptor- compound

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 whictwe excluded unfavourable conformations and considered only
are preorganized for the formation oter@anes. The calcu- those bonds marked in scheme 9.
lated intermediates provide insight into the mechanism of 60 degree increments were used for the torsion and 91
the self-organization process which is experimentally knowrdifferent conformers were received. After MM2-minimi-
for compoundl**, where the self-organization accounts for zation all structures were optimized by PM3. The plot of the
high product yields. distribution of all 91 starting structures after the minimiza-
But it is known [21] that the self-organization process istion shown in figure 7 resembles the conformational flexibil-
also useful with donating host molecules and electron acity of compound19. Due to the flexibility of the host mol-
cepting guests, which are incorporated as scetched iacule the energy differences between the conformers, which
scheme 8. are shown at the x-axis affires 7 and 8, are small with
As a model system bisparaphenylene-[34]crowniB) ( some exceptions (cf. figuid. There are only a fehigh
was used. A thourough conformational analysis was conenergyconformations with high strain energy contributions
ducted to investigate the conformation of the host moleculeduring the MM2-preoptimization, whereas the size of the
The same methodology described before for the analysis afavity differs a lot.
14+ and 9 was used to conduct the conformational analysis. Figure 8 shows the result of the semiempirical optimiza-
The structure is very flexible and posesses many degrees t¥n and proves that the different flexibility leads to a distri-
freedom. A full approach would consider all the torsions oveibution of all structures over a range of 20 kcal/mol.
all bonds, but due to the multidimensionality of the problem

Figure 9. Comparison of structureé9a and 19b, optimized
with PM3.
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Table 10.AH, of guests20?* and 132*, of the molecular
complexes and the interaction energy with Hest

PM3 Host 19
Guest Energy of guest Energy of complex Interaction energy Link
AH; (kcal/mol) 19 + guest (kcal/mol)
AH; (kcal/mol)
20a 425.8 face-to-face 60.3 -31.3 45
20b 425.8 square 65.7 -25.9 46
13+ 402.1 face-to-face 12.2 -55.8 a7

19a/20a 19a/20b

Figure 10. Host19awith intercalded guest20a 20band  for r, to r; are more favourable for the inclusion of guests.
132+, For the definition of J to r see scheme 9 and table 9.13b
was choosen as the starting geometry of the host molecule.
According to scheme 8 useful guest molecules should
Compoundl19ais according to the PM3 calculation al- carry a positive charge. Therefore we have choosen two
most 20 kcal/mol more stable thaBb, but the phenyl rings  dications as guests: paraquatdicati®®{) and diprotonated
are very close together and in a very unfavourable conformap-phenylendiaminel@*) There are experimental data avail-
tion for the inclusion of compounds (cf. figure 9). It is known able for 20?*. From an association constant & 730 dni:
[22], that a unreasonable stabilization is calculated for thisnol* a free enthalpy &of -3.9 kcal/mol was calculated for
geometrical arrangement, where the interaction between twthe complex withl9 [24]. Furthermore it is known from the
phenyl rings is overestimated [23]. Compout®b is very  X-ray structure that the molecular structurel8fdoes not
similar to the published X-ray structure [21] and its valueschange in the molecular compleith 20°*. PM3 calculates
two different minima for the complex a4 with 20%* (table
10). One is almost identical with the X-ray structure [24],

Table 11.Calculated Catenanes where the paraquatdication is incorporated in the/cr@ll
PM3 AH, Interaction energy Link
(kcal/mol) (kcal /mol)
2la #+19 700.86 -35.88 48
stacked
21b *+19 700.03 -36.73 49
22 9+ 19 699.76 -44.27 50

23 11+19 703.75 -38.47 51
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2la

Figure 11.PM3 calculated structures of compou2dsaand  Catenane

21b.
The calculated catenanes were built from an electron donat-
ing and an electron accepting macrocyclee@@ane21 was

oxygens are pointing towards the nitrogen atoms, the phenyUilt from cyclobis(paraquat-p-phenylen#}j and the crown

rings are stacked in a distance of 4 A and the conformatioftner 19 All catenanes are optimized without the keyword
of the crown looks like a chair conformation. The other mini-PRECISE, their gradient norms are between 0.3 — 0.4. From

mum is a structure whe®0?* is square to the orientation of OUr previous results we could expect a catenane where the
the cravn. All oxygens are pointing towards one nitrogen, phenyl rings are stacked as2iba, but is the conformation of

the distance between the phenyl rings is further (5.5 and 4.40P @lso stabilized in a éenane? Theesults are shown in
A) and the crown adopts a boat conformation (cf. figure 10)t@Ple 11. Compounglais very similar to20a all oxygens

The partial charges reflect the difference between both stru@'€ @gain pointing toward nitrogen atoms and the pheny! rings

tures. Al ‘coordinated’ nitrogen atoms show the same par&re stacked in a distance of 4 A. This results in a comparably

tial charges, while the nitrogen which is pointing out of com-high interaction energy of about 36 kcal/mol. Probably this

pound20b s 0.03 less positive than all other nitrogen atoms S Only @ local minimum, but the catenar#shave so many
Another destabilizing influence is the torsion of 15 degregi€drees of freedom, that a detailed analysis of the conforma-
within the bipyridine unit ir20b. This leads to a decrease in tional hypersurface would make hundreds of calculations

the overlap and this results in a 5.4 kcal/mol higher heat gf€cessary. On the other hand, it would not provide so much
formation. more information for our study. Comparing the energy dif-

The interaction of the dicatid®?* with 19 gives the most ference beteen 20a and 20b with the difference between

stable complexes of this study. The interaction energy is cag1@@nd21bitis even more obvious thaiais probably not
culated for compound9b. This is reasonable cause the in- the global minimum which should be even lower in energy.

teraction of the phenyl rings in a distance of 3.6 A is veryFigure 11 shows the calculated geomestof21aand21b.

favourable and additionally there is a strong donor-acceptopXPerimental data of two other catenan®and 23, built

interaction between the nitrogen atoms and the donatin§®M compound$ and11 with the same crown ethéB are
oxygens. available [25]. Their gometrical arrangement is very simi-

lar to21a The phenyl rings of the crown ether are stacked in
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distances of 3.6 to 3.8 A within the macrocycle and about
4.2 A outside due to the larger flexibility of the crown ether

chain. Thephenylene 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 4-
inclusion complexes could be reproduced and the results com-
pare well with known experimental data and X-ray struc-.
tures.testacking and electrostatics are the driving forces re-
sponsible for the formation of those molecular complexes.
Cyclobis(paraguat-p-phenylend}) is an exceptional com-
pound and the only macrocycle from a series of compound§-
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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