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This review discusses the major efforts to synthesize a variety of conjugated molecular belts.
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Nanotube of specific
diameter and chirality

A few of these

synthetic efforts have led to completely unsaturated compounds, whereas in many cases the belt is only partially

aromatized.

In those cases, the challenges preventing a successful synthesis of the fully unsaturated belt are

discussed from both an organic chemistry and theoretical chemistry perspective. The potential application in the
synthesis of single-walled carbon nanotubes is discussed.

Methods for making single-walled carbon nanotubes
involve very high temperatures and are not suitable for
producing large quantities. The syntheses are essentially
uncontrolled and proceed through very small carbon
fragments with no well-defined starting point. As a
result, the reactions produce a distribution of carbon
species which are typically very difficult to separate.
This mixture consists of a wide variety of nanotubes with
vastly different physical properties. The ability to
synthesize carbon nanotubes with specific diameter and
chirality will allow access to compounds that previously
were not readily available in pure form. Furthermore,
this will allow a nanotube with specific properties to be
tailored to a particular application. Inevitably, this will
lead to more widespread use of single-walled carbon
nanotubes.

This paper explores methods for using conjugated
molecular belts as precursors in carbon nanotube
syntheses. Conjugated molecular belts are particularly
well-suited for this purpose as they are highly strained

curved aromatic structures' and have the same overall
cyclic shape. Unlike the current methods for nanotube
syntheses, the seed here is a well-defined organic
compound so it should be possible to obtain nanotubes
with a specific diameter and chirality from this. Despite
widespread interest and significant effort, very few
examples of a fully conjugated molecular belt have
actually been successfully isolated. There are, however,
many examples of molecular belts that have not been
synthesized in their fully unsaturated form.

Efforts to synthesize and characterize fully conjugated
belts has led to a variety of novel methods for introducing
curvature and strain into aromatic compounds. Herges
has summarized three general strategies for making a
conjugated molecular belt or tube (see Figure 1)°. One of
these is a layer-by-layer approach in which rings are
stacked together on top of each other to form the
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Figure 1. General Strategies for Belt and Tube Synthesis and Related Molecules
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molecular belt. This is one possible mechanism for
carbon nanotube formation using either arc dicharge or
chemical vapor deposition methods. The ribbon
approach involves connecting convex molecules in a
specific way to make a belt. Various functional groups
are used to induce the curvature necessary and are then
later removed to unmask the fully unsaturated form. This
is the strategy employed in Stoddart’s Diels-Alder
attempt to synthesize [n]cyclacene* and in Diederich’s
attempt to synthesize cyclo[n]carbon®®’. Finally, there is
the ring-expansion approach in which a small belt
combines with another small belt and by releasing strain a
larger belt is formed. This approach is used by Herges in
his photochemical synthesis of the picotube®.
Layer-by-Layer.  Diederich  has  successfully
synthesized (see figure 1A) three different cyclo[n]carbon
precusors of various sizes (n=18, 24, and 30)>. Other
cyclo[n]carbon precursors (n=12,16, and 20) have also
been synthesized®. However, attempts to isolate and
characterize any cyclo[n]carbon have all failed even at
very low temperatures (~15K)°. Every attempt to isolate
cyclo[n]carbon led to decomposition and formation of
polymer®. This is probably attributed to being highly
strained and very reactive. For cyclo[18]carbon, the bond
angle is ~160° significantly less than the typical 180°.
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However, other cycloalkynes with bond angles less than
160° have been isolated™.

Using laser desorption Fourier mass spectrsocopy,
cyclo[n]carbon was detected as a transient species from
the carbon oxide precursor**. For the negative ion, only
the respective cyclo[n]carbon is detected. For the
positive ion, however, higher fullerenes such as Cg, and
C,o are seen as well. The exact mechanism for fullerene
formation in the gas phase is still unknown. This
research has led to other highly strained acetylene
containing compounds which are being explored as
potential precursors to either carbon nanotubes or
fullerenes*2,

Ribbon. Many years before the discovery of carbon
nanotubes in 1991, Végtle proposed [n]cyclacene (see
figure 1B)as a major synthetic target for conjugated
molecular belts*®. In many ways, this is an ideal carbon
nanotube precusor because it is the repeating unit found
in a zigzag carbon nanotube. Stoddart published the first
attempt at synthesizing [12]cyclacene in 1987*. As
shown in scheme 1, this involves successive Diels-Alder
reactions between convex dienes and dienophiles in such
a way that a belt is formed. After the Diels-Alder
reactions, the compound is aromatized through successive
dehydrations steps. Upon dehydration, rearrangement
occurs to yield 1. Despite many attempts to synthesize
the desired cyclacene 2, to date it has never been made.
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Scheme 1. Stoddart’s [12]cyclacene synthesis

Diels-Alder
@ Q toluene/reflux
—>

kohnkene

H Diels-Alder
> dichloromethane/heat

[12]cyclacene

The electronic and structural relationship of
[n]cyclacenes to infinite polyacenens and to two weekly
interacting polyacetylenes has been studied extensively
using theoretical calculations'®. These show that the
bond lengths in both cyclacenes and linear polyacenes are
very similar and are not affected significantly by
molecular strain. Houk and collegues, using B3LYP and
UB3LYP density functional methods, have shown that
[n]cyclacene should have a triplet ground state making
them very reactive’®. This is compared to the triplet
ground state of linear octacene, which also has not been
isolated.

Schliiter has incorporated peri-condensed naphthalene
units with two adjacent five-membered rings into linear
polyacenes®’. This breaks the conjugation and leads to
considerable stabilization.  This technique has been
extended to making molecular belts (see scheme 2)*. A
similar approach to Stoddart is used in that convex dienes
and dienophiles undergo a Diels-Alder reaction to make
the molecular belt (see compound 3) followed by
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aromatization reactions. Unexpectedly upon dehydration
compound 4 is formed instead of the fully aromatized
compound 5. AM1 calculated macrocyclic strain
energies were determined for the four dehydration
intermediates between compounds 3 and 5. The first two
dehydration reactions which lead to compound 4 are
exothermic and increase the macrocylic strain energy
only slightly. However, the next step two dehydration
steps were shown to be energetically unfavored. It is
expected that compound 5 will be relatively stable and
could possibly be made if a different synthetic route is
employed.

Ring Expansion. Herge’s picotube synthesis uses
another strategy for molecular belt formation (see figure
1C). The route to the picotube 7 utilizes the
photochemical dimerization of anthracene and a
photochemical metathesis reaction. After the
photodimerization of 9-bromoanthracene across the 9 and
10 (see scheme 3) positions and a double
dehydrodehalogenation reaction,
tetradehydrodianthracene (TDDA) 6% is obtained. The
next step in the synthesis of the picotube is to irradiate
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Scheme 2. Schliiter’s Cg,4 belt fragment Synthesis

R=-CsH1;

TDDA in a dilute benzene solution to form 7 by a
photochemically induced metathesis. The chemistry of
the picotube has been studied®?°. Attempts to oxidatively
cyclize the 8 remaining positions to form a very small
(4,4)-nanotube fragment from the picotube by flash
vacuum pyrolysis of 7 at 800°C were unsuccessful*. A
rearrangment reaction predominates.

Scheme 3. Herge’s Picotube Synthesis
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In both Stoddart’s and Schliter’s attempt at
synthesizing molecular belts, the synthesis fails at the
aromatization step. Recently, the x-ray crystal structure
of methylpentacene (see scheme 4) was obtained®. This
structure is bent significantly from planarity. By taking
advantage of the tautomerization between the two forms
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of methylpentacene 8 and 9 it might be possible to
synthesize molecular belts without having to worry about
the aromatization step in the end. The compound will
only have to tautomerize to achieve the aromatic form.

In the future it might be possible to use molecular belts
similar to either 2, 5, or 7 as seeds for nanotube growth.
To demonstrate this principle, Smalley has recently
reported a technique for continuing carbon nanotube
growth from previously prepared open carbon
nanotubes®. He has shown that the nanotube’s chirality
was maintained in the continuation. The ability to
incorporate molecular belts into this technique would be a
huge leap in progress for carbon nanotube synthesis.

Scheme 4. 6-Methylpentacene and X-ray Structure
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