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ABSTRACT

A coupling protocol has been developed which allows the synthesis of oligo( p-benzamide)s on solid support. Aromatic carboxylic acids are
activated in situ with thionyl chloride and used to acylate secondary aromatic amines. N-p-Methoxy benzyl (PMB) as well as N-hexyl protected
monomers were investigated. Heterosequences of both monomers were synthesized. Such nanoscale objects are important building blocks
for supramolecular chemistry.

Shape-persistent rigid rodlike molecules with dimensions on
the nanometer scale are important building blocks for
supramolecular architectures such as rod-coil block-
copolymers and have recently received increased attention.1

As most of these rodlike molecules are oligomers, solid-
supported synthesis is an ideal tool for their preparation via
repetitive coupling protocols. However, few examples de-
scribing the synthesis of rigid rodlike molecules on solid
support have been reported to date. Nelson2 as well as Huang3

et al. described a solid-supported synthesis of linear oligo-
(phenylene ethynylene)s, and Wang and co-workers synthe-
sized phenylacetylene dendrons on solid support.4 The
Fréchet group successfully prepared oligothiophenes up to

the pentamer on the solid phase.5 Nanometer-sized molecular
rods of uniform length based on oligoamides were prepared
by Levins et al.6 Aromatic oligoamides have been synthesized
on soluble7,8 as well as solid support.9,10 Most recently, the
Whitesides group described the solid-supported synthesis of
rodlike oligopiperidines up to the decamer.11

Most rigid rods employed in supramolecular chemistry are
based on extendedπ-systems and aggregate via relatively
weakπ-π interactions. Extended rigid rods that are capable
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of strong directional intermolecular noncovalent interactions
such as hydrogen bonds are scarce.

We have recently described the synthesis12 and solution
organization13 of block-copolymers in which hepta(p-ben-
zamide) rods are responsible for solution structure formation
via strong intermolecular hydrogen bonds between the rigid
rodlike molecules.

Herein, we describe the first solid-phase synthesis of oligo-
(p-benzamide)s (OPBA) up to the decamer via acylation of
secondary aromatic amines on a Wang resin support.

Our initial investigations explored the direct synthesis of
amide N-unprotected OPBA using a repetitive coupling cycle
in which we (1) acylated withp-nitrobenzoyl chloride
followed by (2) reduction of the nitro group with SnCl2, etc.
However, because of increasing intermolecular hydrogen
bond formation among the growing oligomers, the trimer
was the largest oligomer that could successfully be prepared
and isolated via this strategy.

To avoid hydrogen bonding among the immobilized oligo-
mers, the amide groups had to be protected. We chose thep-
methoxy benzyl (PMB) protective group, which is well estab-
lished for amide protection.14 We also prepared oligomers
with amideN-hexyl substitution for reasons discussed below.

As outlined in Scheme 1,p-amino benzoic acid was
reductively alkylated with hexanal or anisaldehyde to give
secondary aromatic amine3 (87%) and7 (69%), respectively.
These were either directly Fmoc protected using Fmoc-Cl
to give compounds5 (94%) and9 (85%) or reacted with
p-nitrobenzoyl chloride to give the amides4 (90%) and8
(98%).

For our initial attempts to build OPBAs on Wang resin
(1.2 mmol OH g-1), we chose Fmoc- and PMB-protected
p-amino benzoic acid9. First residue attachment was easily
achieved using standard DCC coupling. Fmoc deprotection
with piperidine in DMF was also successful as determined
by UV spectroscopy and RP-HPLC analysis of an analytical
sample cleaved from the resin (TFA/DCM) 1:1). The
attachment of the next residue, i.e., coupling of9 with the
secondary aromatic amine immobilized on solid support, was,
however, unsuccessful with the standard coupling protocols
typically employed inR-peptide synthesis.15 Neither the
symmetrical anhydride method (with DIC) nor DIC/HOBt,
HBTU,10 or HATU activation of9 gave the desired coupling
product. Coupling reagents typically used for the synthesis
of aromatic amides and polyamides such as DBOP16 and
TPP17 were also evaluated, but no product formation was
observed.

This was not unexpected, considering that even secondary
aliphatic amines pose considerable challenges in peptide
synthesis.18 Successful, however, was an activation method
described by Ueda et al. using 1 equiv of thionyl chloride in
NMP in which the carboxylic acid is turned into an acid
chloride under otherwise mild conditions.19 Activated9 was
used to prepare a deca(p-benzamide) in 10 coupling steps
on solid support (Wang resin, 1.2 mmol OH g-1) as shown
in Scheme 2.

Encouraged by this success, we decided to prepare10, an
Fmoc-protected dimer of9, which would allow the synthesis
of larger oligomers in fewer coupling steps on the solid
phase.9 was therefore activated using Ueda’s protocol and
reacted with7 to give dimer10 (36% after chromatographic
purification). The potential advantage of coupling a dimer
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Scheme 1. Synthesis of Monomers5, 9, and10 as Well as
Model Compounds4 and8
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instead of a monomer was lost, as the dimer10 exhibited a
remarkably lower reactivity compared to the monomer9.
RP-HPLC monitoring of the solid-supported oligomerization
of 9 and10 (Scheme 2) revealed that a typical reaction cycle
using dimer10 took at least 20 h, whereas activated monomer
9 could be coupled within 1 h. Such short coupling cycles
are on the same time scale as those forR-amino acid
couplings using standard Fmoc chemistry on a peptide
synthesizer.

As could be shown by RP-HPLC and1H NMR spectros-
copy, the SOCl2 activation of9 or 10 did not result in any
loss of the acid-labile PMB-protective groups.

Cleavage of the decamer11j from the Wang resin was
achieved using TFA in DCM (1:1).11j could be purified
by preparative RP-HPLC. The RP-HPLC elugram of purified
11j is shown in Figure 1. The ESI mass spectrum shows the
product peak as well as the product that has lost PMB
protective groups. The loss of PMB groups most likely occurs
in the mass spectrometer.

To the best of our knowledge, no unsubstituted OPBAs
larger than the tetramer have been reported.20 This is most
likely due to the very low solubility of these compounds as
a result of their rigid rodlike geometry combined with
perfectly aligned hydrogen-bond donors and acceptors.

On the other hand, the decamer11j exhibits very good
solubility in solvents such as acetonitrile or chloroform, a
fact that cannot merely be due to the lack of hydrogen bonds
if the rigid rodlike shape persists. The improved solubility
is due to the preference of N-alkylated aromatic amides to
adopt a cis transformation and the preference of N-unsub-
stituted aromatic amides to adopt a trans conformation,21,22

allowing the oligomer11j to explore more geometrically
diverse conformers which greatly reduce its tendency to
aggregate.

To test this hypothesis, dimeric model compounds4 and
8 were prepared and revealed the expected cis conformation
in the solid state as well as in solution (see Supporting
Information).

The two monomers5 and9 can therefore be used to build
soluble OPBA precursors. Upon deprotection of the PMB
groups, lineartrans-amide bonds (vide supra) are expected
to form whereas the hexyl-substituted amides should remain
in the cis conformation under these conditions. Designed
heterosequences of monomers5 and9 should therefore, after
deprotection of the PMB groups, allow the synthesis of
nanoscale shape-persistent objects with predefined geometry
composed of linear and “bent” segments.

To prove that heterosequences of5 and 9 or 10 can be
prepared, the octamer13 was synthesized on solid support
from two monomer units of10 and four monomer units of
5 as shown in Scheme 3. To demonstrate that PMB-protected
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Scheme 2. Coupling Cycle for the Solid-Phase Synthesis of
Oligo(p-benzamide)s11a-j

Figure 1. RP-HPLC elugrams of11j after preparative HPLC
purification. The inset shows the ESI-MS spectrum of purified
11j.

Org. Lett., Vol. 8, No. 9, 2006 1821



OPBA can be cleaved from Wang resin without loss of PMB
groups, nucleophilic cleavage with hexylamine in toluene
at 80 °C was carried out. Figure 2 shows the ESI mass
spectrum of13.

In summary, a solid-phase coupling protocol has been
developed that allows the synthesis of oligomers of N-

substitutedp-amino benzoic acids. Such oligomers show a
dramatic increase in solubility in organic solvents compared
to the unsubstituted case. We explain this fact on the basis
of X-ray crystallographic and NOESY-NMR experiments
of model compounds: the N-unsubstituted oligomers exist
in a linear all-trans form, whereas the N-substituted oligomers
seem to adopt a more compact form due to the presence of
cis-amides thereby gaining solubility. Heterosequences of
differently N-substituted monomers can be synthesized as
was demonstrated by an octa(p-benzamide) carrying two
types of N-substituents. Designed heterosequences will allow
the synthesis of objects with different geometries consisting
of linear (trans) segments and bent (cis) segments. We are
currently investigating the synthesis of object-coil block-
copolymers with varying object geometries prepared by solid-
phase synthesis.
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Scheme 3. Coupling Cycle for the Solid-Phase Synthesis of
Octa(p-benzamide)13

Figure 2. ESI mass spectrum of13.
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