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Abstract

Tubular structures arise in the solid state through close chalco-
gen—chalcogen contacts. Several examples containing sulfur
and selenium centers are presented. In the case of cyclic systems
of ring size 22-33 the resulting tubes are capable of including
TT-systems as guest molecules. For hexaselenacyclotriacontahex-
ayne 8(5) it is shown that the cycle is flexible and adopts
a smaller space in the case of furan or n-hexane as compared
with that of mesitylene. This behavior is attributed to the
relatively low torsional barrier at the chalcogen-substituted
butadiyne unit.

¢ Introduction

During biological evolution the hydrogen bond has proven
to be the most effective directional force.! Well-known supra-
molecular structures” which are based on hydrogen bonds® are
ice, the pairing of bases in DNA or RNA, the folding of peptides,
the alignment of cellulose molecules or the helical structure of
amylose. Alternative directional forces which can lead to supra-
molecular structures are interactions between Lewis-acidic met-
al centers and Lewis bases,* ion dipole interactions,” and 71-77
stacking® to name the most important competitors to hydrogen
bonding.

The most prominent supramolecular structures resulting
from these forces are helices and tubes which have attracted at-
tention of chemists due to their occurrence in nature and, in the
latter case, also due to their potential in material science. The
tubular structures can be subdivided into those whose skeleton
is determined by covalent bonding or by noncovalent interac-
tions. Examples of the first kind are inorganic tubular constructs
such as zeolites’ or carbon nanotubes® to name the most impor-
tant ones.

To illustrate tubular species based on noncovalent forces we
mention carbohydrate-based species such as stacks of cyclodex-
trins,” polymer lipid-based tubes,'” or nanotubes from cyclic
peptides.'!

Concepts for constructing molecular tubes based on nonco-
valent interactions can be borrowed from biology and its tech-
nique. The inclusion of iodine into amylose is long known to
chemists. The 1,4-glycosydic linkage of «-D-glucose units re-

sults in a helical structure with a hollow core in which iodine
molecules can be included. A second building concept is found
in trans membrane channels. Here bundles of helical proteins
form a hollow tube. As examples, we mention the potassium
channel'? and maltoporin channel.'®* The tobacco mosaic virus
exemplifies a third idea. This system consists of sector-shaped
peptide units which are attached on a helical RNA “wire” to
form a helical structure with a tubular core.'* This motif is also
found for a number of dipeptides such as L-Val-L-Ala.'> In these
structures head-to-tail hydrogen bonding between the dipeptides
is observed leading to a tubular arrangement of six dipeptide
units per turn. The resulting channels of 10-A diameter are hy-
drophobic at the outside and hydrophilic in the center.!> A rather
flexible technique for building tubular constructs is the stacking
of cyclic units. This concept can be varied in different ways: the
tori can either be connected with each other by strong forces
along the stacking direction only (Figure 1a) or along the stack-
ing direction and sidewise. The first approach leads to a dense
packing of rods as found in cyclodextrines® or cyclic peptides.!!
A strong in-plane connectivity, but weak inter-stack connections
are found for shape-persistent macrocycles with phenol units as
building blocks (Figure 1b).!® Due to the 77— repulsion of the
aromatic subunits the planes are shifted sidewise. If the connec-
tivity occurs in a zigzag fashion (Figure lc), the tubuli are
stacked on top of each other. Usually the distances between
the rings within one stack are larger than in the situations shown
in Figures 1a and 1b. There are many examples of tubular struc-
tures assembled according to the situation shown in Figures la
and 1b, but only recently the zigzag connection emerged as an
alternative concept.!” Therefore we will focus this Highlight Re-
view on this case.

¢ Chalcogen—Chalcogen Interactions

A further directional force which leads to self-assembly of
molecules are short interactions between halogen centers'8 and
between chalcogen centers.'® These forces are ascribed as van
der Waals forces which usually do not show much directionality.
As a result, two- and three-dimensional networks were reported,
but no helical or tubular structures.

Our in-depth studies on cyclic tetrachalcogenadiynes such
as 1(n) and 2(n)'"*% revealed a series of molecules in which
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Figure 1. Three possible strategies to interconnect rings to
form tubes in the solid state.

the rings form tubular structures. A detailed investigation re-
vealed that in the solid state the rings associate in such a way that
the chalcogen center of one ring keeps close contact with two
chalcogen centers of two rings in a neighboring stack. This inter-
action leads to tubes as shown schematically in Figure 1c. A zig-
zag arrangement of the chalcogen centers results. Our investiga-
tions reveal two main contributions to the chalcogen—chalcogen
interactions: the isotropic dispersion forces and the interaction
between an occupied p orbital at the chalcogen center with the
unoccupied X—C(sp) o* orbital (see Figure 2).

This p—o* interaction determines the directionality of the
bonding.!”-?* However, also dispersion forces contribute signifi-
cantly. In Figure 3 we show the calculated (MP2 level) potential
energies for the interaction of a dimethylchalcogen (CHj3),X
with a methylethynylchalcogen CH3;—-X-C,H for X =S, Se,
Te.?! These results reveal that the intermolecular interaction de-
pends upon the chalcogen centers (Te > Se > S). This variation
is anticipated from the afore mentioned contributions. The stabi-
lization energies vary between 2 and 4 kcal/mol.?! Thus, these
attractive forces are in the same range as weak to medium hydro-
gen bonds.

In the cases of 1(n) and 2(n) the hollow core resulting from
stacking the molecules on top of each other is not large enough
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Figure 2. Directional bonding of two chalcogen centers in
R-X-R’ units by interaction of an occupied p orbital with an
empty X—C(sp) o* orbital.

to include any guest molecules. To achieve this goal one has to
enlarge the ring size. In Scheme 1 we have outlined how this
problem was solved:
@ In A simply a further repetition of the rigid 1,4-dichalco-
genaalkyne unit was applied.
@ In B the triple bond was replaced by the longer 1,3-buta-
diyne unit.
@ In C we combined A and B to get rings with three 1,6-di-
chalcogena-2,4-hexadiyne units.

The latter seems to be the most promising approach. Con-
cept A needed no further synthetic efforts because ring systems
with three 1,4-dichalcogenaalkyne units were side products of
the synthesis of 1(n) and 2(n), respectively. When we recrystal-
lized 3(4) from n-hexane we obtained single crystals which
showed a tubular stacking of the rings by including n-hexane
in a disordered fashion. Increasing the ring size by simple elon-
gation of the alkane chains between the rigid units led to 3(6).
Now the potential cavity created by the ring system collapsed
(Figure 4) to yield columns of T-shaped molecules which are
stacked in AAA fashion, favored by short intercolumnar S---S in-
teractions. This structural examination demonstrates that the rig-
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Figure 3. Interaction energies Ej, calculated at the MP2 level
[kcal/mol] between Me, X and MeXC,H (X = S, Se, Te) units
vs the interchalcogen distance d (X, X) [A] in the most favorable
arrangement.

id units are essential to guarantee a hollow core.

The molecular structures of the tetraynes 5(n) and 6(n)
(n = 2-5) according to concept B adopt in the solid state mostly
conformations with a center of inversion. In all cases the triple
bonds are oriented approximately parallel to each other.

For 5(5) and 6(5) we noticed channel-like structures in the
solid state which included solvents.

Figure 4. Top view of the columnar structure of 3(6). The
short S--S distances are indicated, the hydrogen atoms are
omitted for the sake of clarity.

By recrystallization of 5(5) from toluene we observed the in-
clusion of one aromatic species per two ring units in a regular
manner as shown in Figure 5 (left).
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Figure 5. Side and top view of 5(5) with included toluene guest molecules. The hydrogen atoms are omitted for the sake of clarity.

The rings adopt a chair conformation in the crystal and
are stacked in a AAA fashion with short contacts between the
sulfur atoms of neighboring stacks. The channel diameter varies
within the stack; the cavity itself inside a cycle is still too small
to house the aromatic ring, only the methyl group of the guest is
included. The arene unit itself is situated between two molecules
of the stack.

In the case of 8(5),>> a compound following the concept C,
the larger ring incorporates one aromatic molecule per hexasele-
nacyclohexayne ring (Figure 6). The rings are stacked in a
ABAB fashion as well as are their guests. In line with the case
of 5(5) the stacks are held together by short chalcogen—chalco-
gen contacts which lead to a hexagonal arrangement of the tubes
similar to those observed for @-cyclodextrine.’

The 33-membered ring of 8(5) with its three rigid 1,6-dise-
lena-2,4-hexadiyne units proved to be a neat example to demon-
strate the elastic properties of the ring scaffold. A systematic
study with 12 different guest molecules (see Table 1), aliphatic
as well as aromatic, electron-rich as well as electron-poor ones,
revealed tubular structures with inclusion of solvents. It turned
out that all structures show very similar primitive unit cells. In
Table 1 each structure is denoted by a greek letter (from « to
(). In those cases where the trigonal space group R3 was
observed (« to ¢ ) the guest molecules could not be localized
at well-defined positions. In all the other cases (7) to () a triclinic
space group resulted (P1) in which the guests were found on
well-defined positions. We ascribe the observation that the sol-
vent molecules were incorporated in 8(5) in an ordered fashion
to weak C—H.--77 interactions® between the alkane chains of
the host and the 77-system of the aromatic guest. Two examples
of triclinic structures of 8(5) are depicted in Figure 7.

In Table 1 we have listed the solvent-accessible volume (per
unit cell) in the solid state calculated by the PLATON pro-
gram.?? This volume is increasing from the inclusion of furan
(19%) to that of mesitylene (26%). Obviously, the diameter of
the tube within the 8(5) scaffold depends on the size of the incor-
porated guest. The larger the guest, the more space is provided.

Figure 6. Side view of two modifications of 8(5): (left) with in-
clusion of toluene and (right) with inclusion of mesitylene show-
ing a flattening of the ring in comparison to toluene. The hydro-
gen atoms are omitted for the sake of clarity.

To understand the origin of this flexibility we have also list-
ed in Table 1 the angle ¢ which is defined as the angle between
the medium plane of the macrocycle and the vectors of the
SeC4Se units. A straight forward, almost linear correlation be-
tween the solvent-accessible volume and the angle ¢ is found:
The smaller @, the larger the cavity. The angle ¢ is most effi-
ciently influenced by the torsional angle y between the Se—
CH, bonds of the rigid units. The smaller y is, the flatter is
the cyclic system and the smaller is ¢. As DFT calculations have
shown the rotational energy for a diselena-substituted butadiyne
moiety amounts to 2 kcal /mol,>* representing a rather flat poten-
tial which facilitates the reduction of ) and thus allows a flatten-
ing of the ring. In turn a larger solvent-accessible volume is pro-
vided inside the tube. We favor this rationalization as compared
with the less favorable bending of the 1,3-butadiynyl units or



130

Chemistry Letters Vol.34, No.2 (2005)

Figure 7. Top view of two modifications of 8(5): (left) with inclusion of toluene and (right) with inclusion of mesitylene showing a
structure with larger cavities. The hydrogen atoms are omitted for the sake of clarity.

Table 1. Solid-state data of 8(5) with different guests

Angle
Structure  Guest molecule Srztitr;ﬂ V(;l;/lzne o)

Y ° /degb

805 a furan trigonal 18.9 37.8
8(5) B n-hexane trigonal 19.2 37.6
8(5) y thiophene trigonal 20.0 36.6
8(5) 6 benzene trigonal 20.3 36.1
8(5) ¢ aniline trigonal 20.4 36.0
8(5) ¢ chlorobenzene  trigonal 20.7 359
85)n nitrobenzene triclinic 20.8 35.5
8(5) 0 toluene triclinic 20.8 353
85t anisole triclinic 21.0 35.1
8(5) p-Xxylene triclinic 23.3 34.1
85 A 4-bromoanisole triclinic 23.5 33.6
8(5) 1 mesitylene triclinic 25.6 30.6

4Solvent-accessible volume of the unit cell, calculated with
PLATON.?

®Angle ¢ between the medium plane of the macrocycle and
the Se-C4—Se unit(s).

a stretching of the alkyl chains by enlarging the tetrahedral
C-C-C angle.

¢ Conclusion

The synthesis of large ring systems, of ring size between 22
and 33 heavy atoms, provided cycles with a cavity, large enough
for the inclusion of molecules between the size of n-hexane and
mesitylene. One prerequisite for the inclusion of guests was a
sufficient number of rigid fragments in order to avoid a collapse
of the cavity. Essential for the formation of tubular structures
was the presence of chalcogen centers with effective p—o* inter-
actions. The most interesting finding during the studies of these

large cycles is their flexibility due to a lower force constant of
changing the torsional angle in the R-X-C=C-C=C-X-R units.
This hinge-like mechanism allows a specific hosting of guests:
more space for bigger guests.
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