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Abstract: The synthesis of amide rotax-
anes, amide catenanes, and trefoil
amide knots is based on template ef-
fects mediated by hydrogen bonds.
While a large body of experimental
data is available, in-depth theoretical
studies of these template syntheses are
virtually unavailable, although they
would provide a more profound insight
into the exact details of the hydrogen-

ate precursor for rotaxane and cate-
nane formation. Predictions of the geo-
metries and relative energies made on
the basis of semi-empirical AM1 calcu-
lations are compared with these results
in order to judge the reliability of the
simpler approach. Since these calcula-
tions yield good agreement with the
structural features, they have been
used to extend the calculations in order
to understand the mechanism of forma-

tion of a trefoil dodecaamide knot that
has recently been synthesized. The in-
herent topological chirality of the knot
is reflected in the intermediates gener-
ated during its formation; these involve
helical loops. These loops parallel the
rotaxane and catenane wheels with re-
spect to the arrangement of the func-
tional groups that mediate the template
effect and may well serve as wheel ana-

bonding patterns involved in the for-
mation of these mechanically inter-
locked species. In this article we pres-
ent a density functional study of the
conformational properties of tetralac-
tam macrocycles and the threading
mechanism that produces the immedi-
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Introduction

Interlocked molecules, that is, rotaxanes, catenanes, and
knots, are not only interesting because of their topology and
the mechanical bond that holds together two otherwise inde-
pendent molecules, but also because they form the basis of
molecular machinery” and consequently may be of practical
interest in the future for the realization of miniature
switches and logic gates in molecular electronics.”) One of
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logues through which one of the pre-
cursor molecules can be threaded. This
threading step finally results in the
knotted structure. Good agreement be-
tween the results of the calculations
presented here and experimental find-
ings is achieved.

density

chemistry

the most important prerequisites for the realization of such
functional species is of course their synthesis, which since
the mid-eighties has been much facilitated by template strat-
egies involving noncovalent bonds that mediate the thread-
ing of one component into the other."*% Of these strategies
the most prominent are the coordination of suitably func-
tionalized ligands to metals,” & donor-acceptor interactions
between electron-rich and electron-poor aromatic systems,!”!
and hydrogen bonds to cations,® neutral molecules or
anions.'” Since the design of template effects is still a chal-
lenging task and most of these template effects have been
found coincidentally, a good understanding of the details of
these effects is of prime importance for future research in
this field.

In this contribution, we focus on the templated synthesis
of amidic rotaxanes, catenanes, and knots.'**°! The basic
structures of these molecules (1-8) are shown here. The re-
action of the extended diamine 1 with one of the acid chlo-
rides 2 or 3 under high dilution results in the synthesis of
tetralactam macrocycles 4 or 5.°*!l Catenane 6 is among
the side products of the macrocyclization of 4, while the tre-
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foil dodecaamide knot 8 is formed as a side product in the
formation of macrocycle 5. Rotaxane 7, which is related

Abstract in German: Die Synthese von Amidrotaxanen,
Amidcatenanen und dreibliittrigen Amidknotanen beruht auf
durch Wasserstoffbriickenbindungen vermittelten Templatsyn-
thesen. Wihrend eine Vielzahl von experimentellen Daten
verfiigbar ist, gibt es kaum tiefgreifende theoretische Studien
dieser Templatsynthesen—und das, obwohl sie einen weit de-
taillierteren Einblick in die exakten Einzelheiten der Wasser-
stoffbriickenmuster geben wiirden, die in der Erzeugung
mechanisch verkniipfter Molekiile eine Rolle spielen. Diese
Arbeit berichtet daher iiber eine Dichtefunktionalstudie zu
den konformationellen Eigenschaften der Tetralactam-Mak-
rocyclen und zu den FEinfidelungsmechanismen, durch die
die direkten Vorliufer der Rotaxane und Catenane gebildet
werden. Voraussagen von semiempirischen AM1-Rechnungen
stimmen mit diesen Ergebnissen hinsichtlich der Strukturen
und Energien gut iiberein. Daher werden die Rechnungen auf
semiempirischem Niveau auf den Bildungsmechanismus des
Kleeblattknotens —ausgedehnt, der kiirzlich synthetisiert
wurde. Die inhdrente topologische Chiralitit des Knotens
spiegelt sich in den Intermediaten wieder, die in der Synthese
durchlaufen werden. Helicale Verschlingungen spielen eine
entscheidende Rolle und sind den Rotaxan- und Catenanrei-
fen sehr dhnlich im Hinblick auf die Anordnung der funktio-
nellen Gruppen, die den Templateffekt bewirken. Es besteht
eine gute Ubereinstimmung der theoretischen mit den experi-
mentellen Daten.
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to catenane 6 when one considers that the axle bears the
same amide functionalities as the second wheel of the cate-
nane, is available through the reaction of terephthaloyl chlo-
ride and tritylaniline in the presence of macrocycle 4. A
large variety of similar molecules, which differ with regard
to the functional groups attached to the macrocycle or to
the structure of the axle’s center pieces and stoppers in the
case of rotaxanes, have been prepared.

While a significant amount of experimental data is avail-
able for these species, a concise theoretical treatment!" of
the template effects operative during their formation has
not been reported so far. In particular, the details of the hy-
drogen bonds that mediate the template synthesis are of in-
terest. In an earlier theoretical study, the strengths of several
candidates for such hydrogen-bond motifs were examined
by using smaller model compounds.'* Here, an attempt is
made to treat the whole system at a reasonable level of
theory by focusing on the structural aspects related to the
template effect. Therefore, the conformational flexibility of
macrocycles such as 4 and 5 was investigated, and then the
noncovalent forces responsible for the formation of cate-
nanes and rotaxanes were analyzed. Finally, the formation
of the trefoil amide knot 8 was found to rely on a very simi-
lar pattern of hydrogen bonding. The results obtained are
compared with the available experimental data in order to
evaluate the performance of the theoretical methods em-
ployed here.

Computational Methods

One of the problems associated with calculating complex structures such
as those examined in this paper is their size and large conformational
space. Owing to the computer time required, high-level ab initio methods
are necessarily of very limited use for conformational studies of these
structures. We have therefore employed a three-step approach. First,
force field calculations together with the Monte Carlo algorithm were
used to generate and optimize a large number of different structures in
order to get an idea of favorable conformations. A selection of the most
favorable structures were then reoptimized at the semi-empirical AMI
level of theory. In order to explore how suitable this approach might be,
the tetralactam macrocycles served as test cases for a comparison of the
semi-empirical and density functional calculations.

Molecular modeling: Conformational searches using the Amber* force
field" implemented in MacroModel 8.0 were performed. In our expe-
rience, this method gives excellent results particularly when noncovalent
interactions such as hydrogen bonding and van der Waals forces are oper-
ative.'”? Depending on the size of the molecule under study and in pro-
portion to its conformational space, between 3000 (for the macrocycles)
and 6000 structures (for the knot and its precursors) were generated and
optimized during each Monte Carlo simulation, by placing closure bonds
in the macrocycles (one of the amide bonds) and the attached cyclohexyl
side chains (to allow for ring inversions). While the aromatic rings and
the amides were constrained to planarity, all the single bonds (with the
exception of the methyl groups, which become oriented properly in the
optimization anyway) were selected to allow rotations into other confor-
mations. The two wheels of the catenanes and the axle and wheel of the
rotaxanes were treated as independent molecules that can move relative
to each other. Note that during the search, the catenanes may convert to
structures that consist of two independent macrocycles. Similarly, the ro-
taxanes may yield a nonthreaded structure and the knot can be converted
into a simple nonintertwined macrocycle. This problem is merely a result
of the computational algorithm, which treats cyclic molecules like chains
by opening one covalent bond (the closure bond). Since such bond clea-
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vages do not occur in the real molecule, this, of course, does not have
any chemical implications. In order to prevent this, it is wise to choose
amide bonds at the periphery as closure bonds with a maximum closure
distance of 2 A. For each optimization the number of iterations was set
to 10000 in order to generate fully converged structures. The energy
range of the structures to be stored in the output file was set to
50 kImol™" above the lowest energy conformer. Since this protocol still
does not probe the complete conformational space, such calculations
were repeated with other starting geometries. For example, initial guesses
for the knot precursors were derived from fully extended rodlike struc-
tures as well as from the knot by cutting open one of the amide bonds
without any other change to the structure.

AML1 calculations: The energetically most favorable conformations de-
rived from the Monte Carlo simulations were then reoptimized at the
semi-empirical AM1 level of theory as implemented in the MOPAC ver-
sion delivered with the CaChe 5.0 program.!"¥ Some structures were also
optimized with Gaussian 98" to compare the two programs; these gave
the same results. Generally, good agreement between the force field and
the AMI calculations was obtained for the structures and relative ener-
gies of the conformers.

Density functional calculations: To compare the semi-empirical calcula-
tions with quantum chemical results, geometry optimizations for the
smaller structures were performed at the density functional (DFT) level
by using the TURBOMOLE 5.4 program.”” The density functional opti-
mizations were performed with the B3LYP™!! functional and a basis of
double-zeta quality that includes d-polarization functions (DZP). Fur-
thermore, the B-P functional® in the RI approach®! was also employed
for comparison by using the SV(P) basis as implemented in the TURBO-
MOLE set of programs. For single-point calculations on the threaded
axle/wheel complex, the BHLYP functional® and DZP basis were used,
because previous calculations have shown that hydrogen-bonding ener-
gies are described more realistically with this functional."”! The basis set
superposition error (BSSE) is in these cases considered as a counterpoise
correction.”™ Geometry optimizations that employ the DFT approach
consume a lot of computer time, even for the smaller structures, such as
the tetralactam macrocycles, under study here. Therefore, cyclohexyl
rings were replaced by methylene groups in the DFT calculations. These
groups are not expected to have a significant effect on the relative ener-
gies of the amide group conformations (see discussion below). In order
to study the conformational stability of the macrocycle, the transition
structures for the rotation of the amide groups were optimized at the
AML1 level followed by B3LYP single-point calculations on the respective
AMI1 geometries.

One problem to be borne in mind when comparing experiment and
theory is the fact that measurements are conducted in solution. For most
experiments, dichloromethane was used, because it does not interfere sig-
nificantly with hydrogen bonding. Generally, one assumes that the influ-
ence of such weakly polarized solvents is quite small and that such a sit-
uation in solution is sufficiently close to the gas-phase calculations dis-
cussed here. On the other hand, strongly polar solvents are expected to
affect hydrogen bonds quite markedly. For this reason, we have simulated
the solvent by incorporating dielectric constants ¢ into additional DFT
calculations (DZP/BHLYP) by using the COSMO (conductor-like screen-
ing model)*! implementation in TURBOMOLE. The values chosen for
e correspond to the gas phase (¢=1.0), chloroform (¢=4.9), dichlorome-
thane (¢=8.9), dimethyl sulfoxide (¢=46.7), and, for comparison, &=ec.
These calculations were carried out by using the following default param-
eters: the number of points per atom in the cavity construction (nppa)=
1082, the number of segments (groups of points) per atom (nspa)=92,
the distance threshold for elements of matrix A (disex)=10.0 A, the dis-
tance to the outer solvent sphere (rsolv)=1.3 A, and the distance of the
extra solvent sphere (routf)=0.85 A. For the generation of the cavity the
atomic radii were chosen as 1.17 times the van der Waals radii (1.9890 A
for C, 1.7784 A for O, 1.8135 A for N, and 1.4040 A for H).

Results and Discussion

Conformational flexibility of the tetralactam macrocycle:
For the density functional calculations performed in order
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to assess the conformations of the tetralactam macrocycles,
analogue 9, which lacks the two cyclohexyl side groups, was
employed. Five different conformers 9.1-9.5 of this macrocy-
cle were examined by density functional methods (Figure 1).
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Figure 1. Five conformers 9.1-9.5 of tetralactam macrocycle 9 optimized
with the B3LYP density functional hybrid and a DZP basis. Structures
9.1 and 9.2 are also viewed from the side along the line connecting the
two isophthalic dicarboxamide moieties in order to show the NH groups
above and below the macrocycle plane. The relative energies of these
conformations are very similar to each other. The definitions of the ge-
ometry parameters used in Table 1 for characterizing the cavity sizes and
shapes are shown in the structure of 9.1.

Although the macrocycles bear six aromatic rings connected
by either methylene groups or amides with their rather high
rotational barrier, they exhibit some conformational flexibil-
ity. We can distinguish an “in-conformation” of the amide
groups with the NH proton pointing into the cavity of the
macrocycle and an “out-conformation”, in which the amide
proton is rotated out of the cavity while the carbonyl group
points inwards. This change in conformation does not signifi-
cantly alter the relative energies of the conformers (Figure 1
and Table 1). The energetically preferred (9.1) and least fa-
vorable (9.5) structures differ by less than 9 kJmol™'. We at-
tempted to optimize the geometry of several other struc-
tures with two, three, or even four adjacent amide groups in
the out-orientation; however, such structures were found
not to be local minima.

A closer look reveals that the amide NH protons are not
exactly coplanar with the aromatic ring of the isophthalic di-
carboxamide parts. Consequently, the two all-in conforma-
tions 9.1 and 9.2 differ in the directions of the NH groups
relative to the macrocycle plane (side views in Figure 1). In
9.1, both isophthalic dicarboxamide moieties are connected
to one amide group directed below the plane and to one di-
rected above the plane. In 9.2, the two amide NH groups of
each isophthalic dicarboxamide point in the same direction.
These results suggest that two barriers to the conformational
change of an amide group exist. The first barrier for the
transition from 9.1 to 9.2, in which the amide switches be-
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Table 1. Relative energies [kImol '] and geometry parameters for the cavities [distances in A, angles in degrees, see Figure 1 for their definition] of five
different tetralactam macrocycle conformations 9.1-9.5 as calculated at the B3LYP, the B-P RIDFT, and the AM1 levels of theory.

9.1 9.2 9.3 9.4 9.5

B3LYP B-P AM1 B3LYP B-P AM1 B3LYP B-P AM1 B3LYP B-P AM1 B3LYP B-P  AMI

RIDFT RIDFT RIDFT RIDFT RIDFT
E.[kImol™'] 0.0 0.0 0.0 29 3.0 3.0 5.7 6.4 2.5 72 7.9 32 8.2 8.5 4.9
a[A] 8.45 8.48 840  8.46 8.49 841 839 8.41 835 832 8.36 827 857 860 852
b [A] 8.45 8.50 840 M fa] fal 8.68 8.75 848 876 8.81 859 850 855 842
c[A] (el (el ol fal o) ol fal o) fa) 8.75 8.81 859 827 829 829
d[A] fal fal fal fal (@) ol fal (2l fal 8.33 8.35 827 859 865 846
a ] 96.4 96.4 971 959 95.5 9.1 1119  111.8 1080 1110  111.1 1074 101.8 1020  99.8
B 83.6 83.6 829 841 84.5 839  68.1 68.2 720 710 66.7 710 783 783 800
v [°] fal fal fal fal (@) fal fal fa) B 1110 1113 1075 103.6 1037 1014
0 [°] fal fal fal fal fal fal fal fal B 710 70.9 742 762 761 785
]

tween the two orientations above and below the macrocycle
plane, but in which the NH remains oriented towards the
cavity, is computed to be approximately 4 kJmol~'. It is un-
likely that this process occurs simultaneously for two or
more amide groups. The second barrier represents the tran-
sition of one of the amide groups from an in- to an out-con-
formation and requires approximately 29 kJmol ' of activa-
tion energy according to the calculation. Both barriers are
rather low. Furthermore, calculations that model the solvent
for dielectric constants ¢ ranging from 1.0 to 46.7 (DMSO)
show the solvent polarity to have very little influence (less
than 2 kJmol™) on the relative stability of the various con-
formations of the macrocycles listed in Table 1. These calcu-
lations predict conformations 9.1-9.5 to be in equilibrium at
room temperature in solution.

The four dimethylphenyl rings of the two diamine sub-
units are perpendicular to the plane of the tetralactam mac-
rocycle for all the conformers studied so that a rhomboid
cavity as defined in Figure 1 is formed whose dimensions
are characteristic of each conformer. The distances a, b, c,
and d and the angles a, 5, ¥, and 0 are summarized in
Table 1. Taking into account the ease with which transitions
between the five conformers occur, the cavity of the macro-
cycle may well adapt to some extent to the sizes and shapes
of potential guests.

Complexes of axle and wheel—how to achieve a threaded
geometry: After examining favorable conformations of the
wheel, the next step towards an analysis of the template
mechanism that mediates rotaxane formation is to study the
interaction between the tetralactam macrocycle and the
axle. In order to make economic use of computer time, we
placed the truncated axle 10 (Figure 2) into the macrocycle
cavity; this molecule corresponds to a typical®” amide rotax-
ane axle without the bulky stopper groups. If 10 is inserted
into the all-in-conformer 9.2, in which the two amide NH
protons of each isophthalic dicarboxamide are directed to-
wards the same side of the macrocycle, two hydrogen
bridges are formed between these NH groups and the
oxygen atom of one carbonyl group of the axle (Figure 2).
BHLYP single-point calculations using the B-P RIDFT opti-
mized structures provide a value of approximately
29 kJmol™' by which the complex that forms a twofold (bi-
furcated) hydrogen bridge is lower in energy than its sepa-
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10 10-9.2 10-9.5
Ere 28 kJ mol~! 0 kJ mol~!
AE -29 kJ mol~! -57 kd mol~!

Figure 2. From left to right: truncated axle 10 and structures of com-
plexes 10-9.2 and 10-9.5 as optimized at the DFT level of theory. Dotted
lines represent hydrogen bonds between the two components. Energies
are the relative energies (E,.) of the two complexes and the electronic
energy differences relative to the two separate components (AE,). The
lengths of the hydrogen bonds (from donor to acceptor heteroatom) are
given.

rate components. The complex of 10 and 9.5 is an alterna-
tive, in which one of the amide groups of the macrocycle is
in an out-conformation so that one carbonyl group points
into the cavity. Although 9.5 is calculated to be the least fa-
vorable conformer of 9, the resulting complex 10-9.5 is
lower in energy than the two separate components by
57 kJmol™!, owing to the formation of a third hydrogen
bond that connects the NH of the axle amide group to the
carbonyl oxygen atom of the inverted amide within the mac-
rocycle (Figure 2). Consequently, this structure, which has a
total of three hydrogen bonds, is more favorable than its an-
alogue by approximately 28 kJmol~!. A more detailed anal-
ysis of these binding energies shows that about 13 kJmol™
are consumed in the small changes to the geometry of the
components that are needed to realize a perfect geometry
for binding. In other words, the lowering in the electronic
energy due solely to hydrogen bonding would be 42 kJ mol™!
for 10-9.2 and 70 kJmol™" for 10:9.5. These values are in
good agreement with calculations on smaller model systems
that have been reported previously,"" which have shown a
twofold hydrogen bridge to be approximately 1.5 times
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stronger than a single hydrogen bridge. On the basis of the
value of 42 kJmol™" for the twofold hydrogen bridge deter-
mined for 10:9.2, one can thus estimate the third single hy-
drogen bond in 10-9.5 to provide an additional binding
energy of approximately 28 kJmol™', which together with
42 kJmol™" provided by the two-old hydrogen bond also
present in 10-9.5, results in a total of 70 kI mol~'. The other
conformations of macrocycle 9 are not suitable for binding
10 as the guest inside their cavities and a transition to either
9.2 or 9.5 would be required for a favorable arrangement of
the amide groups. On the basis of this “back-bonding” motif
the calculations suggest secondary amides to be much more
suitable as guests for templating rotaxane synthesis than
other carbonyl compounds, such as tertiary amides, esters,
or ketones, which are unable to form the third hydrogen
bond owing to the lack of amide NH.

One might speculate whether m—m stacking interactions
between the axle and the macrocycle play an important role,
because aromatic rings of both components can be oriented
in a parallel fashion. However, the distance of about 5 A be-
tween these rings is much larger than the usual distance of
about 3.5 A between stacked aromatic rings. Since DFT
methods might not treat these interactions correctly, MP2
calculations in the RI approximation,® as implemented in
TURBOMOLE 5.4 (TZVP basis), were carried out. They
result in m—m stacking interactions in the order of 5 kJmol™!
when the counterpoise correction is included and thus con-
firm that stacking interactions do not play a significant role
in the binding of the axle.

The experimental results are in good agreement with
these calculations. First, the hydrogen-bonding patterns ob-
served in X-ray crystal structures of rotaxanes involve all
three hydrogen bonds as calculated.” Then, the flexibility
of the amide groups to interconvert between in- and out-
conformations and their hydrogen-bonding capability is re-
flected experimentally in the recently reported deslipping
kinetics of rotaxanes bearing ester groups in the axle.'”
These rotaxanes show a distinct solvent effect on the rate
with which the wheel slips over one of the stoppers and lib-
erates the two components. In dimethyl sulfoxide (DMSO),
a highly competitive solvent, deslipping is observed for a
representative rotaxane with a half-life of 560 h at 373 K,
while only a lower limit of 25000 h could be estimated for
the half-life of the same rotaxane in a noncompetitive sol-
vent such as tetrachloroethane (TCE) at the same tempera-
ture. This dramatic solvent effect is attributed to the forma-
tion of hydrogen bonds between the wheel and the axle in
TCE, while DMSO efficiently competes and forms hydrogen
bonds with the wheel itself. Since the cavity is occupied by
the rotaxane axle, the amide groups need to rotate into an
out-conformation in order to bind the solvent molecules. Fi-
nally, experiments confirm that secondary amides bind sig-
nificantly more strongly than tertiary amides, ketones, acid
chlorides, or esters.?”)

However, the absolute binding constants in dichlorome-
thane solution amount to K=200-300m~' for secondary
amides, which translates into a binding energy of approxi-
mately 14 kImol™' at room temperature, a value significant-
ly lower than those calculated here. This difference may be
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attributed to solvation and entropic effects. It is almost im-
possible to estimate the entropic effects for the solvated spe-
cies under study. On one hand, one might argue that two in-
dependent molecules form a complex causing the entropy to
decrease, owing to the higher order generated through com-
plex formation. On the other hand, it is not unreasonable to
assume that the wheel cavity is filled with solvent molecules
that are liberated upon binding of the axle. If, for example,
two molecules of dichloromethane occupy the cavity, one
would form an axle-wheel complex plus two molecules of
dichloromethane during complex formation. Such effects
have nicely been examined for the Rebek softballs,* which
encapsulate two molecules of benzene. Larger guests are
driven into the cavity of the softballs through the entropical-
ly favorable release of two solvent molecules. Consequently,
the entropic contributions may even affect complex forma-
tion positively. Since we do not know the details of solva-
tion, it is thus not easy to provide a realistic estimation of
the entropic effects by theory here.

Nevertheless, the effects of solvation can be taken into ac-
count in the calculations by modeling the solvents through
their dielectric constants (¢) by using the COSMO algorithm
(see the Computational Methods section). Table 2 provides

Table 2. Binding energies [kJmol '] calculated for 10-9.2 and 10-9.5 for
different dielectric constants with the COSMO algorithm implemented in
TURBOMOLE.

e 1.0 2.0 49 8.9 46.7 oo
solvent gas phase CHCl, CH,(Cl, DMSO

10:9.2 28.7 12.2 -33 -9.6 -16.8 -17.2
10:9.5 56.7 38.0 21.1 14.2 6.4 52
AE 28.0 25.8 24.4 23.8 232 22.4

the binding energies (including BSSE)F! for 10-9.2 and
10-9.5, as calculated with different values of e. As expected,
higher solvent polarities cause a decrease in binding ener-
gies for both complexes. The calculated value of
14.2 kJmol ™" for 10-9.5 in dichloromethane (¢ =8.9) is in ex-
cellent agreement with experiment (14 kImol™'). However,
the negative binding energy of —9.6 kImol™!' calculated for
10-9.2 in dichloromethane does not correspond to a bound
species. Most importantly, the difference between the bind-
ing energies of 10-9.2 and 10-9.5 does not change much irre-
spective of the dielectric constant used for these calcula-
tions. It is calculated to be approximately 28 kJmol ! in the
gas phase (e=1.0), and approximately 22 kImol ' for e=-co.
This suggests that complex 10-9.5 with its three hydrogen
bonds between the axle and the wheel is more stable than
10-9.2 in a wide range of solvents.

A transition structure for the threading process has not
been calculated, owing to the floppy nature of the complex
formed. Also, a potential effect of the chloride anions
formed during the synthesis of the rotaxanes is likely to
need a more in-depth investigation, although so far there
has been no indication that they play a pivotal role. They
are not found in any of the available crystal structures of
amidic rotaxanes or catenanes, nor does the addition of tet-
rabutylammonium chloride to a solution of a derivative of
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catenane 6 change its NMR spectra significantly. For the
time being, these two aspects must wait for a more detailed
experimental and theoretical study.

Evaluation of semi-empirical AM1 and density functional
calculations: A closer inspection of the data in Table 1 dem-
onstrates that all three methods applied, including the semi-
empirical AM1 method, give very similar geometries. In
general, the distances calculated by the AM1 method are a
little shorter (ca. 0.05 A for the cavity dimensions). The op-
timized geometries of the complexes of axle 10 and macro-
cycle 9 obtained by DFT and AM1 calculations are also sim-
ilar with the same hydrogen-bonding patterns. This trend is
less evident if their energies are compared (Table 1). Struc-
ture 9.1 clearly has the most favored arrangement of nuclei
and structure 9.5 the least favored in both treatments. The
absolute energy differences are somewhat smaller in the
AM1 approach. The energy order of structures 9.2, 9.3, and
9.4 is somewhat different for the DFT and semi-empirical
approaches. On the other hand, the energy differences be-
tween all the structures are quite small so that one should
not place too much emphasis on such discrepancies.

Furthermore, earlier examinations of smaller model sys-
tems™ have already shown that the AM1 method is suitable
for a qualitative description of two-fold hydrogen bridges. It
was also found to be superior to other semi-empirical meth-
ods such as the PM3 method, which was developed original-
ly as an improvement on AMI1 with regard to hydrogen
bonding. At the PM3 level, inaccurate descriptions of the
hydrogen bonding were found with O-N distances deviating
by up to 0.5 A. Consequently, for a theoretical approach to
larger species, the AM1 method should provide reliable geo-
metries and at least qualitatively correct energies.

Templated synthesis of catenanes and rotaxames: On the
basis of our experience with DFT (some MP2) and AMI1
calculations for the macrocycle and rotaxane treated so far,
we are confident that larger structures can be reliably de-
scribed by the AM1 approach and do not require the elabo-
rate DFT treatments. Before studying complete rotaxanes,
catenanes, and the trefoil knot, we should briefly mention
that the conformation of macrocycle 4, which bears the cy-
clohexyl side chains that were omitted in the calculations
discussed so far, differs from that of 9 as its dimethylphenyl
rings are slightly tilted out of the perpendicular position
(Figure 3).'**2'However, this difference does not alter any
of the conclusions drawn from the calculations performed
with 9.

It comes as no surprise that rotaxane 7 maximizes the
number of possible hydrogen-bonding interactions between
the axle and the wheel by inverting one of the carbonyl
groups of the wheel. This pattern has been described above
and one could expect it not to change much just by attach-
ing two stopper groups (Figure 3, top). The same pattern of
hydrogen bonds can easily be realized in the templating step
of the rotaxane synthesis (Scheme 1). A secondary amide
group is capable of forming three hydrogen bonds with a
calculated binding energy of 42.8 kImol™', while the only
possible competitor, the acid chloride, can only form two hy-
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Figure 3. Left (top to bottom): the energetically most favorable structures
of macrocycle 4, rotaxane 7 and catenane 6. The bottom structure repre-
sents conformer 6’ of the catenane, which is higher in energy than 6 by
approximately 23 kJmol™". Note the common hydrogen-bonding pattern
(dotted bonds) of three hydrogen bonds for each pair of macrocyclic host
and amide guest. Right: intermediates immediately preceding the prod-
ucts in the templated synthesis of 7 (top) and 6 (bottom). Carbon-cen-
tered hydrogen atoms are omitted for clarity. The two components of
each structure are shown in different colors (grey and blue). Amide
groups involved in hydrogen bonding are shown with CPK colors in ball-
and-stick representation. The energies given are relative energies (E,,)
calculated at the AM1 level of theory and can be compared only pairwise
for structures of the same elemental composition. Electronic energy dif-
ferences relative to the two components are denoted AE,. Some repre-
sentative lengths of the hydrogen bonds (from donor to acceptor heteroa-
tom) are given for the rotaxane and the catenane.

drogen bonds and thus, in agreement with the experiment,?”!
gives a lower binding energy of 15.5kJmol™!. The latter
complex is thus higher in energy by 27.3 kimol™', as shown
in Figure 3. From these considerations, it is clear that semi-
axle 11 is threaded into the macrocycle to yield the complex
11-4 by binding of the secondary amide group. Attachment
of the second tritylaniline stopper 12 traps the wheel on the
axle and leads to the formation of rotaxane 7.

The situation is somewhat different and more complex for
catenane 6. Here, the two macrocycles bear a total of eight
amide groups, which allow for a larger number of hydrogen
bonds to be formed simultaneously than in rotaxane 7 or its
truncated analogue discussed above. The most stable confor-
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Scheme 1. Template mechanism leading to the formation of rotaxane 7.

mation found in the calculations is capable of forming a
total of six hydrogen bonds, because each wheel serves as
the host for one of the amide groups of the other wheel
(Figure 3, center). Each of the patterns is analogous to that
mediating the binding between the axle and the wheel in ro-
taxane 7. A second arrangement is possible that bears a
total of five hydrogen bonds (Figure 3, bottom). While the
two forked hydrogen bonds in 6 point away from the cate-
nane center in opposite directions, they point in the same di-
rection in the macrocycles of 6. This second conformer is
less stable than 6 by approximately 23 kJmol™ in agreement
with the crystal structures of analogous catenanes in which
the more stable conformer was observed.[*

However, conformer 6’ is interesting for one reason:
while in 6 all amide groups are involved in the hydrogen-
bonding pattern, 6’ bears two “unemployed” amide groups.
When considering possible intermediates in the synthesis of
the catenane, at a late stage, one of the wheels must already
be complete, while the second one is still open and needs to
be cyclized by the formation of the last amide group while
threaded into the first one. In this step, one might expect
that the amide opened into an acid chloride and an amine
moiety might be unavailable
for hydrogen bonding in 6. In-
stead, if one of the “unem-
ployed” amide groups in 6’ is z
opened, the hydrogen-bonding o L2 NH,
pattern found in this conform- Cg“ -
er may be retained more or N
less unchanged. Consequently, z
it is not clear, a priori, which
of these precursors is more
stable. We therefore performed

calculations on intermediates #

13 and 13, which are based on o} N NH,
ring-opened structures derived \—N: ) + Cg
from 6 anq 6’ by opening gne TN SN R
of the amide bonds. Opening z

other amide bonds would lead 14

to different intermediate con-

in energy. In agreement with
expectation, 13’ bears a hydro-
gen-bonding pattern similar to
that of 6'. Nevertheless, it is
energetically less favorable
than 13 by 19.6 kJmol™" (AM1
calculations), because the hy-
drogen-bonding pattern in 13
is analogous to that of 6, so
that the number of hydrogen
bonds is the same as that in
the catenane. The acid chloride
moiety in the open wheel is in-
volved in the hydrogen-bond-
ing pattern just like the car-
bonyl group of the “inverted”
amide. An additional, probably
weak interaction exists between the terminal NH, group of
the open wheel and the acid chloride end.

The mechanism of knot formation—a closely analogous hy-
drogen-bonded template? Owing to its complex structure, a
detailed treatment of the trefoil knot 8 is most challenging.
Therefore, we start by summarizing some experimental
facts.

1) No knot is formed when the extended diamine 1 reacts
with isophthaloyl chloride 2. A knot is found among the
products of the reaction only if the pyridine analogue 3
is used. Thus, the pyridine dicarbonyl dichloride is man-
datory for successful knot synthesis.

2) Knot formation is not observed when extended diamine
14 bearing a pyridine dicarboxamide reacts with 2; that
is, when the same subunits are used, but their order of
use in the synthesis is reversed (Scheme 2). Again, the
particular role of the pyridine building block becomes
evident.

3) If the flexibility of the extended diamine is increased by
introducing additional single bonds into the isophthalic

Cl NH,
R — —— 8
cl NH2
H
AN
o N
15
(@) o] -
o e ned e 0
= H H H H =
E— \'NH HN P -—/—> 8
¢ s sEehLI e B O
¢ e D

Scheme 2. The pyridine moiety induces curvature through internal hydrogen bonding. Consequently, two dif-

formations, which have been
calculated to be less favorable
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dicarboxamide moiety of 1, as in 17-20 (see below), no
knots could be isolated. Seemingly, the additional de-
grees of freedom prevent a suitable preorganization of
the intermediates.

4) Substitution of the pyridine dicarbonyl dichloride 3 at
the 5-position is possible, even with larger substituents
such as allyloxy, without significant reduction in the
yield of the knot, while any substituent in the equivalent
position of 1 reduces the yield of the knot or even pre-
vents its formation completely. For example, a methyl
group at this position reduces the yield of the knot to
less than 5%, while a tert-butyl group in the same posi-
tion results in complete suppression of knot forma-
tion.*¥

The X-ray crystal structure!™®! of knot 8 provides a ratio-
nalization for this finding: while the isophthalic dicarboxa-
mide building blocks are deeply buried inside the knot
structure, the pyridine moieties are located at the periphery.
During the formation of the knot, substituents in the pyri-
dine rings do not significantly hamper the formation of the
intermediates giving rise to the intertwined structure, while
substituents in the isophthalic dicarboxamide moieties
hinder its formation. These experimental findings underline
that not only the presence, but also the exact position of the
pyridine subunits is important.

Previous DFT calculations™ on smaller model systems
revealed that the effect of the pyridine moiety is likely to be
twofold. On the one hand, the hydrogen bond strength is di-
rectly proportional to charge transfer and thus reduced
somewhat when isophthalic amides are replaced by the cor-
responding pyridine derivative. On the other hand, the pyri-
dine’s nitrogen atom preorganizes the adjacent amide
groups into a geometry that is favorable for the formation
of a twofold hydrogen bond to a guest molecule and thus re-
duces entropic demand when a guest is bound.

With these considerations in mind, one might ask what
the particular features of the pyridine—-dicarboxamide
moiety are. Several earlier publications deal with its ability
to form internal hydrogen bonds between the two amide
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Figure 4. Top: lowest-energy conformation of intermediate 15 which
forms a helical loop held together by hydrogen bonds (dotted bonds).
Preorganization through the pyridinedicarboxamide group is important.
For clarity, the two arms are shown in grey and blue. Three amide
groups, which are oriented suitably for binding an extended diamine 1 as
the guest, are shown in CPK colors and as a ball-and-stick model.
Bottom: lowest energy, S-shaped conformation of intermediate 16, which
bears two pyridine moieties that induce curvature in the wrong parts of
the molecules. Carbon-centered hydrogen atoms are omitted for clarity.

protons and the pyridine’s nitrogen atom.* These hydrogen
bonds not only cause the angle between the two arms to
contract from the expected 120° to approximately 100°, they
also fix the conformation of the amide groups and thus
preorganize the arms into a cisoid orientation. This is shown
in Scheme 2: first, intermediate 15 is formed from 1 and 3
en route to knot 8. With one pyridine subunit in the center
of the molecule, a specific curvature is induced. The inter-
mediate 16, formed from 2 and 14, is different. In this case
two pyridine moieties are involved and induce curvature
where it is not needed, while it is missing in the center of
the molecule.

The calculated lowest energy conformations of 15 and 16
(Figure 4) confirm these considerations: while 16 is calculat-
ed to have an energetically favorable, but for knot forma-
tion, inappropriate S-shaped conformation, the structure of
15 provides an idea as to why just this structure is appropri-
ate as an intermediate in the formation of the knot. A heli-
cal loop is formed through internal hydrogen bonding 1)
within the pyridinedicarboxamide moiety and 2) between
the two arms opposite the pyridine moiety. One real hydro-
gen bond between two amides of the arms is supported by
additional interactions between an amide group of one arm
and the NH, terminus of the other. However, these interac-
tions are probably rather weak, since distances of 3.3 and
41A between the functional groups are quite large
(Figure 4). Nevertheless, they might help to preorganize the
loop. Interestingly, three amide groups within the loop are
spatially oriented in a way very similar to the pattern found
for rotaxane 7 and catenane 6 so that one might expect that
loop-shaped 15 should be able to accommodate an amide
guest such as extended diamine 1. It becomes clear now,
why increased flexibility as realized in 17-20 prevents knot
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formation. A loop-shaped arrangement
of more flexible intermediates analo-
gous to 15 will be entropically less fa-
vorable, since a larger number of de-
grees of freedom would have to be con-
stricted. According to a study by
Whitesides and co-workers,* locking
the rotation about one single bond in-
creases the entropic costs by approxi-
mately 6.3 kJmol™', so that the addi-
tional degrees of freedom might well
outweigh the stabilization arising from
the hydrogen-bonding interactions that
preorganize the two arms.

Another feature of the knot is its in-
herent topological chirality.”” Since the
knot is the only chiral—although race-
mic—product formed in the reaction of
achiral precursors 1 and 3, the separa-
tion of the enantiomers may well serve as evidencel®! for
the formation of knots rather than large non-intertwined
macrocycles of the same elemental composition. This fea-
ture is already reflected in loop-shaped 15. Since a helix is
formed, chirality is already realized in its topology even
before the knot is finally formed.

In order to understand the effects of substitution, we need
to look at the host—guest complex of loop 15 and extended
diamine 1 (Figure 5). In the lowest energy conformer of
15-1, the helical loop is somewhat contracted in order to ac-
commodate extended diamine 1 as its guest. It is neverthe-
less still a helical structure, which is likely to be further sta-
bilized by binding the guest, because both molecules are
held together by four hy-
drogen bonds in addition
to those found in loop-
shaped 15 alone. Again,
the hydrogen-bonding pat-
tern found in the struc-
tures of catenane 6 and ro-
taxane 7 is operative and,
in addition, a fourth hy-
drogen bond between the
guest and the second arm
of the loop is formed. In-
terestingly, three amide
groups within the loop so
that substitution at its 5-
position would severely
distort and likely destroy
the loop. Consequently,
the interactions between
the host and guest would
be strongly diminished
and knot formation would
be expected to be more
difficult, if not impossible.
Instead, substitution of the
pyridine in 15 occurs at
the periphery and does
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substitution

Figure 5. Left: lowest energy conformation of extended diamine 1. Center: side view of the complex
of loop 15 and diamine 1. Note that the helical loop is conserved in this intermediate with two of
the amino termini coming close enough together to react in the required way with pyridine dicar-
bonyl dichloride. Right: top view of the 15-1 complex. For an unobstructed view of the hydrogen-
bonding pattern (dotted bonds), parts of the extended diamine guest have been omitted. Amide
groups involved in hydrogen bonding are shown with CPK colors in a ball-and-stick representation.
Carbon-centered hydrogen atom are omitted for clarity.

not interfere much with the formation of the loop. Note that
two amino termini of 1 and 15 are positioned very close to
each other in this structure so that they can easily be con-
nected through a second pyridine dicarbonyl dichloride 3.
For the formation of the knot rather than a non-intertwined
macrocycle, it is important to connect the correct ends,
which is indeed the case if these two ends react with the
acid chloride. This mechanistic scenario is depicted in
Scheme 3.

However, the arguments presented so far are not conclu-
sive unless they apply analogously to the intermediate di-
rectly preceding the final amide bond formation that closes
the knot structure. We chose to introduce the arguments

151 8

Scheme 3. Template mechanism leading to the formation of knot 8.
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step by step because they are probably easier to follow
when the discussion involves less complex structures. How-
ever, we finally must put our hypotheses to the test and
therefore we performed calculations on the last intermediate
and the complete knot (Figure 7). This intermediate, 19, can
be converted into the knot by forming the last of the 12
amide bonds from the acid chloride and amino termini of
the molecule. Its lowest energy conformer again supports
two typical hydrogen-bonding patterns in which an amide
guest is bound by three hydrogen bonds (lower circle in
Figure 6). The two reactive ends of the molecule are thus di-
rected towards each other. The amino group can interact
with one of the carbonyl groups of the terminal pyridine di-

Figure 6. Lowest energy conformation of the immediate precursor 19 for
knot formation. The intertwined structure is stabilized by hydrogen-
bonding patterns as shown in the two circles. Note that hydrogen bonding
also brings the amino and acid chloride termini close together which
would be expected to react to form the last amide bond to complete the
knot. The three intertwined loops are shown in yellow, blue and red.
Amide groups involved in hydrogen bonding are shown in CPK colors
and as a ball-and-stick model. Carbon-centered hydrogen atom are omit-
ted for clarity.
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Figure 7. Lowest energy conformer of knot 8. For clarity, the three inter-
twined loops are shown in yellow, blue, and red. Amide groups involved
in hydrogen bonding are shown in CPK colors and as a ball-and-stick
model. Carbon-centered hydrogen atoms are omitted for clarity. Note
that the three loops are different with respect to the hydrogen-bonding
patterns and their sizes.

carbonyl moiety, as shown in the upper circle in Figure 6.
This brings the reactive groups into close proximity so that
one can expect them to react efficiently with each other to
form the last amide bond and yield knot 8 as the product.

The structure of the knot is depicted in Figure 7. Al-
though the knot has a threefold symmetrical sequence of
building blocks, the lowest energy conformer found in the
calculations has a lower symmetry. The typical hydrogen-
bonding pattern discussed above is found only twice in the
knot. The third loop does not form hydrogen bonds with the
amide of the adjacent loop. This is quite a remarkable
result, which is at least qualitatively in line with the X-ray
single-crystal structure, in which only one such pattern was
found, while the other two pyridinedicarboxamide groups
hydrogen bond to solvent molecules.'*! It is also in agree-
ment with the finding of different loops in solution which in-
terconvert slowly on the NMR timescale.*® The fact that
the calculation predicts the hydrogen-bonding pattern to
exist in two of the loops, while the crystal structure shows
only one such pattern is likely to be due to the presence of
competing solvent molecules in the crystal.

Conclusion

In this contribution, we have employed a stepwise approach
to more and more complex template effects. Starting with a
study of the conformational flexibility of tetralactam macro-
cycles, rotaxane precursors were investigated by focusing on
the hydrogen-bonding pattern that mediates the threading
of the axle in the cavity of the wheel. The next level of com-
plexity is a catenane, which is capable of forming a larger
number of hydrogen bonds to connect the two wheels. Final-
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ly, the most complex structure studied here is the trefoil
amide knot and its templated synthesis. From the calcula-
tions, a quite general hydrogen-bonding pattern emerges as
the basis of all these templated syntheses; it consists of a
forked hydrogen bond (referred to as a “twofold hydrogen
bond” in reference [14]) between two amide groups of the
host and the carbonyl oxygen atom of an amide guest.
“Back-bonding” between the amide NH of the guest and
one of the carbonyl groups of the host adds a third hydrogen
bond, which increases the binding energy and makes second-
ary amides the preferred guests. In the synthesis of knot 8,
the tetralactam macrocycle is replaced by a helical loop
which is “cyclized” by noncovalent interactions rather than
by a covalent bond. However, the same functional groups
are present in this loop in a favorable orientation to hydro-
gen bond the appropriate guest needed for knot formation.

Besides revealing this general hydrogen-bonding motif,
this study, in line with experimental data, also provides in-
formation about the limitations of the structural variations
of the knot. Since it is a quite compact architecture, no sub-
stitution or functionalization is possible in its interior, while
its periphery can be altered in many ways. Also, the degree
of flexibility of its components is a major issue as far as the
fine and sensitive balance between favorable enthalpic bind-
ing interactions and unfavorable entropic effects due to re-
striction of the degrees of freedom is concerned. Finally, the
pyridinedicarboxamide moieties play a pivotal role in the
preorganization of the knot precursors and can thus not
easily be replaced. These are severe limitations that make
the knot a unique species, which is difficult to modify except
at the pyridine periphery.

Experiment and theory have been demonstrated to syn-
ergistically work together in the analysis of template effects.
Even for such complex structures as rotaxanes, catenanes,
and trefoil knots, a theoretical approach can help to increase
the understanding of the bonding that is important in the
template effect. This is important for the design of templates
which is still a great challenge for the supramolecular chem-
ist.
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