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Template-Induced and Molecular Recognition Directed Hierarchical Gener-
ation of Supramolecular Assemblies from Molecular Strands
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Abstract: The linear oligo-isophthala-
mide strand 1 undergoes a conforma-
tional reorganization upon binding of a
cyanuric acid template as effector to
afford a helical disklike object possess-
ing radially disposed alkyl residues.
Solvophobic and stacking interactions,
in turn, drive a “second level” self-

the stacking of the helical disks, to yield
fibers as revealed by electron micros-
copy. These data provide insight into the
interplay of the different structural and
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interactional features of the molecular
components towards the formation of
supramolecular fibers through sequen-
tial hierarchical self-assembly events
and suggest design strategies for the
effector-controlled generation of related
supramolecular assemblies.

assembly of the templated structure,

Introduction

Recognition processes occurring at the molecular level may
lead to changes at the level of the material, thus expressing
molecular information on the macroscopic scale. They may
operate both in the formation of supramolecular materials(!]
from their components and in the induction of novel proper-
ties through specific interactions. The generation of supra-
molecular materials offers the advantage over both stepwise
“bottom-up” strategies and “top-down” methods of fabrica-
tionP! to give access to nanosize entities of more or less well-
defined structure by recognition-controlled self-assembly
from selected components connected through specific inter-
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actions of organic or inorganic nature.’- For example, in the
specific case of H-bonded systems, the determination of
persistent structural motifsl® 7 has allowed their integration
into the design of programmed molecular components for the
self-assembly of discrete®® and polymericl’ supramolecular
liquid crystals, conductive fibers,'”! and organic solids pos-
sessing magnetic properties.'l A step beyond concerns the
investigation of sequential and hierarchical self-organization
events in which a given step sets the stage for a subsequent
one. Thus, internally enforced molecular helices!'? may self-
assemble to form extended fibers,!'* and molecular disks
resulting from the assembly of three sector molecules through
hydrogen bonding thereafter stack to yield discotic liquid
crystals.'¥l Three levels of sequential assembly may even be
distinguished in the generation of supramolecular liquid
crystalline polymers®*®! resulting from the initial formation
of a supramolecular strand, followed by the assembly of three
strands into columns which subsequently associate into fibers.
In the present work, an initial H-bond mediated recognition
event leads to the effector-induced generation of a coiled
object which, in turn, undergoes self-assembly into a columnar
entity, resulting in the formation of polymeric fibers. The
initial H-bond mediated substrate —receptor interaction may
also be viewed as the deconvolution of a virtual dynamic
libraryl™ of conformers to give a discrete supramolecular
object which promotes a subsequent or “second level” self-
assembly event.

Within the general context of programmed chemical
systems,?! this amounts to the reading of molecular informa-
tion through a specific interactional algorithm to yield a
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Figure 1. Possible rotameric forms of the molecular strand 1. The linkages between the hexagons represent the CO-NH fragments. The thick linkages
indicate those within which 180° rotation was performed around the CO —aromatic ring bond. Ten rotamers are represented corresponding to the
combinations obtained by rotations within linkages 2 to 5. The number in parentheses below each structure gives the number of different combinations
obtained by 180° rotation about linkages 1 and 6, resulting in 36 different rotamers.

defined structural output. Such was also the case in the
formation of inorganic double helices!'! and of double
subroutine architectures,'® induced by the binding of metal
ions of defined coordination geometry to suitably designed
ligands. It was furthermore shown in the case of the self-
assembly of double helicates!'”) and of a double subroutine
architecturel™® %1 that the reading of the same ligand
information with different sets of metal ions yields different
inorganic architectures as outputs.'® 17 18] This is of particular
interest, since it indicates that the information contained in a
molecular entity does not necessarily code for a single species
only, but may generate different outputs depending on how it
is read out and processed.

Abstract in French: Le brin lineaire oligo-isophthalamide 1
subit une reorganisation conformationnelle lorsqu’il lie un
deriveé de [lacide cyanurique servant d’effecteur pour la
formation d’un objet discoide presentant des groupes alkyles
disposes radialement. Des interactions solvophobes et d’empi-
lement induisent a leur tour un autoassemblage de ces disques
helicoidaux en fibres, mises en é€vidence par microscopie
électronique. Ces données permettent d’analyser les divers
facteurs structuraux et interactionnels qui conduisent a la
formation de fibres supramoleculaires par un processus
d’autoassemblage sequentiel hierarchise. Elles suggerent aussi
des strategies pour la generation controlée d’assemblees
supramoléculaires de types donnes a I'aide d’effecteurs speci-

fiques.
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Results and Discussion

Design strategy: A given linear sequence of H-bond do-
nor(D)/acceptor(A) arrays may adopt different geometries
upon interaction with different complementary templates,
exemplifying that the information manifested in the arrays
may be expressed differently depending on how it is read
through a given interactional algorithm. In the case of the
conformationally dynamic receptor 1 containing a linear
sequence of four DAD H-bonding subunits, a dynamic library
of 36 different quasi-planar/conjugated rotamers is obtained,
if one considers only rotation about aryl-CO bonds (Fig-
ure 1). These 36 species have occurrences of 1 or 2 depending
on their symmetry. Their energies and therefore the popula-
tion of each conformer may differ due to long-range effects.

The outcome of a selection within this library through
binding of an effector depends on the template employed for
deconvolution. With an ADA imide template, one would
expect a linear readout of the strand to give a mixture of many
different conformers of the supramolecular entity thus
formed (Figure 2, bottom). In contrast, upon the binding of
a double-faced, Janus type, ADA/ADA cyanurate template,['”]
curvature is introduced into the backbone of the receptor 1, so
that binding of two effector units may generate three con-
formers of C, S, and helical shape (Figure 2, top). Conse-
quently, selection from the dynamic library of possible
conformational isomers of 1 occurs differentially as a function
of how the receptor is read.

A possible outcome of the interaction of strand 1 with the
monosubstituted cyanurate 4 is a helical disklike object 1:4,,
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Figure 2. Template-dependent expression of the information stored in receptor 1 as a function of the interaction/recognition algorithm of the effector. The

helical form (right) has been slightly enlarged for clarity.

in which two units of 4 bind internally to a single strand of 1 to
give a discrete coiled, closed helical entity (Figure 2, top right,
and CH, Figure 3). The S5-substitution of the isophthaloyl
moieties by a long-chain n-alkoxy group introduces radially
protruding alkyl residues. Molecular modeling calculations®!
support this assumption and show the coiling of the ligand
around the cyanurate template (Figure 4). As is also the case
for the columnar self-assembly of helicene derivatives pos-
sessing peripherally disposed alkyl groups,?!! the primary
product, (1:4,)CH, may undergo a subsequent self-assembly
process to form helical columns (1:4,), (CHC, Figure 3). This
“second level” self-assembly event is equivalent to the
generation of discotic supramolecular entities and is presum-
ably driven by Van der Waals stacking interactions, as well as
possible polar and medium (solvophobic) effects. In addition
to the above discrete coiled species (1:4,)CH, the cyanurate
template 4 could bind to receptor 1 in a frame shifted manner
in which adjacent receptors 1 share a cyanurate template,
giving either a bridged helical unit (BH, Figure 3) or two types
of non-helical bridged forms, linear (BLF) or bent (BBF,
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Figure 3); the former thereafter may assemble into a helical
supramolecular columnar entity (BHC).

Synthesis of the molecular components: For the synthesis of
the oligoisophthalamide 1, we searched for a modular and
convergent route amenable to the preparation of gram
quantities and permitting facile preparation of a variety of
structural derivatives. Thus, dimethyl 5-hydroxyisophthalate
was O-alkylated with decyl bromide to give diester 2a.
Exposure of 2a to excess 2,6-diaminopyridine monolithium
salt yields diamine 3a. Subsequent mono-acylation provides
the mono-amine mono-amide 3b, which upon treatment with
isophthaloyl chloride 2 ¢ smoothly affords the oligo-isophthal-
amide 1. Decyl cyanurate 4 was obtained by the direct
N-alkylation of cyanuric acid with decyl bromide (Scheme 1).

First level structuration, formation of helical segments: The
'"H NMR spectra of the highly soluble isophthalamide 1
feature broadened aromatic and aliphatic signals. This is likely
due to nonspecific intermolecular associations involving the
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Figure 3. Hierarchical self-assembly process enforced by effector binding
followed by aggregation into helical columns or linear “wavy” strands. The
alternative binding modes of oligoamide 1 with the cyanurate template 4
generate units of composition 1:4, which may adopt several forms: an
internally bound, closed helical form (CH), a bridged helical form (BH), or
two types of non-helical bridged forms, linear (BLF) or bent (BBF). CH
and BH may assemble into helical columns CHC and BHC, respectively.

numerous hydrogen-bond acceptors and donors and to
conformational diversity due to a variety of possible rota-
meric forms. Although significant sharpening of the spectra
takes place upon addition of 5% CD;OD which competes
with the various H-bonding sites, or upon dilution of the
sample which disfavors intermolecular association, the
'H NMR spectrum of 1 in CDCl; at 0.5mwm still displays
broad signals. (Figure 5a).

Remarkable sharpening of
the signals occurs upon incre-
mental introduction of up to OH
two equivalents of cyanurate 4
to a solution of 1 in CDCl;.
This, along with a downfield
shift of the amide-hydrogen
signals, indicates the formation
of a discrete species upon bind-
ing of 4 (Figure 5c). Apparent-
ly, specific association between
1 and cyanurate 4 resolves the
ill-defined mixture of aggre-

by 1 alone.

Adding at the same concen-
tration (0.5mwm) four equiva-
lents of the simple ADA naph-
thalimide template (Figure 2)
has very little effect on the
shape 'H NMR spectrum,
which still displays broad peaks,
even upon concentration to
10mM, intended to compensate
for the presumably much weak-  f) 2¢, NEt,, THF, 0°C.
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Figure 4. Computer-minimized structure of the 1:4, supermolecule. Top:
side view. Bottom: top view.
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Scheme 1. Synthesis of the oligoisophthalamide 1. a) BrC,H,;, DMF, K,CO;, room temperature; b) 2,6-
diaminopyridine, BuLi, THF, —78°C; c¢) CoH;,COCI, NEt;, THF, 0°C; d) EtOH, aq. NaOH; e) SOCl,, reflux;
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addition of 4 to 1 (0.5mm) in
CDCl, (Figure 7a). The calcu-
lated values of log Ka,=
3.9(0.2) and log Ka,=38.2(0.1)
are of the same order of mag-
nitude as those obtained for
similar systems!'”] and, in fact,
indicate a positive cooperative
effect for the binding of the
second cyanurate guest. In-
deed, when the region between
0 and 2equivalents of added
cyanurate is expanded (Fig-
ure 7b), an inflection point at
1 equivalent of added cyanu-
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Figure 5. 500 MHz 'H-NMR spectra of 1 at a concentration of 0.5mm in CDCl;. a) 0 equiv of 4; b) 1 equiv of 4;

¢) 2 equiv of 4.

er binding constant displayed by this system. These results
suggest that the imide template interacts with the molecular
strand in a different way and that whatever entity may be
formed, it is different from that obtained with cyanurate 4.

That a species 1:4, of 1:2 binding stoichiometry had indeed
formed was confirmed by applying Job’s method of contin-
uous variation to NMR results for species in rapid ex-
change.”l The chemical shifts of the amide hydrogens were
monitored, and the product of the mole fraction of 1 X(1) by
A(9), the observed chemical shifts minus the chemical shifts of
free 1, was plotted as a function of X(1) (Figure 6).

O —o— NHe
—O— NHg
—A— NHp
=
X
§ D\Dsu
O
K ~o
T T |i T T T T 1
00 01 02 03 04 05 06 0.7 0‘8 09 10

Mole fraction of 1 X(1)

Figure 6. Determination of the 1:2 binding stoichiometry by a Job plot of
the system 1:4 at constant total concentration of 2.0mm; the product of the
mole fraction of 1 X(1) by A(9), the observed chemical shifts minus the
chemical shifts of free 1, is plotted as a function of X(1). The y axes have
been normalized.

Additionally, association constants for the binding of
cyanurate were determined using the Chem-Equili pro-
gram.”’l The calculations were based on the assumption of
two solution-state equilibria [Egs. (1) and (2)].

Ka:(1) + (=14 1)

Kay: (1) + 2(4)=(1:4,) (@)

Data sets were obtained by the analysis of the 'H NMR
titration curves for the NH protons, obtained by progressive
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Figure 7. '"H NMR titration plot of the chemical shift values of three of the
four NH protons of 1 (¢,=0.5mm) as a function of added equivalents of
cyanurate 4. The straight lines represent the calculated fitting curves for the
experimental data point series.

preorganization of the strand by the first molecule of
cyanurate, facilitating the binding of the second one. To
further corroborate these association constants, a dilution
experiment (vide supra) was conducted in which the decreas-
ing chemical shifts of the NH proton signals were used as data
input for the Chem-Equili analysis. The calculated values,
though presenting a greater margin of error, confirm the
validity of those previously obtained: log Ka; =3.8(2.5) and
log Ka, =8.4(1.5) (Figure 8).

"H NOE experiments proved particularly diagnostic for the
characterization of the helical geometry of the 1:4, entity,
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Figure 8. Dilution study of the 1:4, supermolecule in CDCl;. The data
series represent the chemical shift variation for the NH proton NMR
signals of 1 as a function of concentration. The straight lines represent the
calculated fit of the experimental data points.

since the amide hydrogens may exhibit cross-peaks with either
the H-2 or H-4(6) protons of the isophthalic ring depending
on whether the rotameric form present corresponds to the
helical or to the “linear” geometries, respectively. It would
have been desirable to compare the NOE correlations for the
receptor 1 in the presence and absence of the cyanurate
template 4. However, due to the aforementioned nonspecific
self-aggregation of compound 1 in CDCl;, no NOE spectrum
could be measured for 1 in the absence of template and so a
suitable model system was sought. Compound 3¢, a truncated
analogue of 1, proved to be useful in this regard. The 'H NOE
spectrum of 3¢ in the absence of template 4 at 0.5mM
concentration showed two cross peaks of equal intensity for
the isophthaloyl amide protons with the H-2 and H-4(6)
protons of the isophthalic ring, indicating that there was no
preference for any of the three possible rotameric forms.
Upon introduction of one equivalent or more of 4, the amide
protons gave only one cross-peak with the H-2 proton of the
isophthaloyl moiety, thus dem-
onstrating a binding induced
shift in the rotameric equilibria
towards the curved species.
Similarly, the oligoisophthal-
amide 1 itself, upon treatment
with two equivalents of cyanu-
rate, displayed three major
cross-peaks for three of the four
amide hydrogens: NH, with
H-2 and both NHy and NH
with H-2'. Additionally, three
minor cross-peaks for three of
the four amide hydrogens, NH ,
with H-4, NHy with H-4" and
NH, with H-6" were observed.
A comparison of the relative
intensities of the NOE cross-
peaks suggests that the predom-
inant species formed in solution
by 1:4, (Figure 9) is of helical
nature. The helix is apparently
more stable than the S-shaped

Chem. Eur. J. 2000, 6, No. 11
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Figure 9. Top: possible rotameric forms of the oligo-amides 3¢ and possible NOE cross correlations. Bottom:

observed NOE correlations for 1:4,.
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and C-shaped conformers, possibly because of intramolecular
stacking interactions within the helix.

For the reasons described above, no information about the
rotameric equilibria could be obtained from the NOE
spectrum for 1 (Smwm) saturated with four equivalents of the
naphthalimide template.

Second level assembly into fiber structures: We have shown
that intermolecular H-bonding between 1 and 4 leads to
helical discrete architectures at low concentrations. Upon
increasing concentration, further aggregation may be expect-
ed for such structures containing flat aromatic units, generat-
ing eventually fibrous columnar entities as observed for other
systems reported in the literature.’!l We sought for such
stacked structures by increasing concentration and decreasing
solvent polarity. Thus, the 'H NMR signals of a solution of 1:4,
in CDCl; and especially those in the aromatic region shift
upfield when increasing concentration from 0.125 to 40mm
(up to 0.2 ppm), or upon successive addition of deuterated
cyclohexane C¢D, up to 60% to a Smm solution of 1:4,
complex in CDCIl; (up to 0.18 ppm), despite the dilution
which was previously shown to favor the opposite trend.

This suggests that further aggregation indeed takes place
under these conditions. More specifically, upfield shifts were
interpreted as the consequence of face to face stacking
interactions within oligomeric species of variable sizes. The
signals remain sharp indicating that exchange occurs rapidly
on the NMR time scale.

In an attempt to determine whether these aggregates do
correspond to incremental additions of a monomer to an
oligomer with expectably identical free energies, we per-
formed a quantitative analysis of the stepwise dilution of the
1:4, complex from 40mM down to 0.125mm. For this, we
followed several aromatic NMR signal shifts and assumed, on
the basis of the high association constants, the presence of a

H
N\Irﬁ OCH,R
o}
0] o)
A
~-N N~
O. N\H H,N\(O
R R
H,N o
3C: R =CgH1g

0947-6539/00/0611-1943 $ 17.50+.50/0 1943



FULL PAPER

J.-M. Lehn et al.

single (predominant) species 1:4, in solution within the whole
concentration range. All possible conformers were assumed
to aggregate with similar constants.

The chemical shift values of three aromatic protons as a
function of complex concentration were used as input for the
Chem-Equili program. All data sets fit very well a simple
dimerization event according to Equation (3), with log Ky, =
1.88(0.03), a value which is close to those reported for
comparable systems.*!

Kiim: 2(1:4) = (1:4,), 3)

Good fits are also obtained when taking into account the
formation of trimers and higher order aggregates. However,
the values for the successive association constants are given
with large error margins to indicate that the dilution data have
low information content for their determination. Most likely,
the formation of these higher order aggregates is not sufficient
within the concentration range studied to affect significantly
the shape of the dilution curve (Figure 10).

7.9

7.8

7.6

7.5

F1f

' ' 2 k)
concentration of 1:45, mM

o
=y
o
S-

Figure 10. Variation of the chemical shift of three selected aromatic proton
NMR signals of 1 on the 1:4, complex on dilution in CDCl;. The curves
represent the calculated fit for the indicated binding constant of the
dimerization.

However, it is not clear whether stacking in solution occurs
directly between the helical conformers of 1:4, observed at
low concentration, or whether it also involves S-shaped and
C-shaped conformers. Indeed, NOE experiments performed
at 5mm show the expected two cross peaks of NHy and NH¢
both with H-2’ with no traces of cross peaks of NHg with H-4
and of NH with H-6', but unlike the results obtained at lower
concentration (0.5 mM), NH, shows two cross peaks of nearly
equal intensity with H-2 and H-4, consistent with the
existence of C-shaped and S-shaped conformers, in addition
to the helical one. This could indicate that at higher concen-
tration there is an increase in the fraction of forms in which
the template is bound less strongly and/or which polyassociate
more weakly, such as the linear entity BLF (Figure 3).
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However any interpretation can only be very tentative in
view of the complexity of the process and the variety of
possible species.

Definite evidence of second level aggregation of 1:4,
complexes was obtained after noting that addition of a
hydrocarbon solvent such as cyclohexane or tetradecane to a
20-40mm chloroform solution results in a strong visco-
elasticity, consistent with the formation of long and entangled
fibers. In the same solvent conditions, 1 or 4 alone simply
precipitate. Under crossed-polarizers, the viscous solutions
did not show any particular texture. However, shearing of the
solution by simple vigorous stirring resulted in birefringence
which was interpreted as a trace of fiber alignment under
shear.

These observations prompted us to examine these viscous
solutions by electron microscopy (EM).

Electron microscopy analysis: The viscous solutions of 1:4,
were investigated by electron microscopy (EM). As the
solutions in CHCly/hexane were evaporating too quickly on
the grid, coating the whole surface with material, we used
higher boiling C,H,Cl, and mixtures of C,H,Cl, with heptane
as solvents. The dilute solution (2—10mm) of 1:4, in pure
tetrachloroethane were analyzed by spreading on a carbon
supporting film and rotary shadowing. For all concentrations
(1-10mwm), the formation of fibers was observed. The fibers
are up to 1 pm in length and 4775 A in diameter and show a
clear natural tendency to aggregate and to form larger
bundles and two-dimensional sheets with a periodicity of
113-117 A (Figure 11a). The fibers present no internal

Figure 11. a) Smm solution of 1:4, in pure CH,Cl,, observed after
adsorption on a carbon film and rotary showing. Fibers are observed with
a diameter of 47—75 A (arrows), that often assemble to form 2D sheets
(arrowheads) (bar 1000 A). b) 2mw solution of 1:4, in C,H,Cl,/heptane 1:9.
Very long entangled fibers are observed. They form larger bundles up to
several um in length (bar 1 pm).

helicity and tend to be straight with a high persistence length.
Preliminary analyses by cryo electron microscopy (data not
shown) allowed to determine more precisely the diameter of

0947-6539/00/0611-1944 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 11
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the fibers in the frozen-solvated state to be around 50 A. This
value is close to the calculated diameter of 43 A of the 14,
helical disklike object (Figure 3), assuming radially protrud-
ing and linearly disposed alkoxy chains. However, it does not
exclude the presence of linear forms such as BLF (Figure 3).
The structural analysis by the cryoEM technique is being
pursued.

Diluting the pure C,H,Cl, solutions with heptane (up to
90 % ) results in the formation of much longer fibers of several
microns of length (measured from 3-6 um) of a similar
diameter range as observed for the fibers obtained from the
pure C,H,Cl, solutions. The fibers are randomly disordered
and show a high degree of entanglement, which explains the
macroscopic observation of the formation of a visco-elastic
solution, as previously described (Figure 11b).

In the numerous control experiments performed on the
pure components 1 and 4 no fibers were observed under
various conditions similar to or different from those under
which they were observed for the 1:4, mixture.

One may point out that the formation of extended fibers as
described above, represents a template-induced hierarchical
self-assembly process: the binding of the two cyanurate units
leads to an entity 1:4, which sets the stage for the subsequent
polyassociation into fibers. On another line, it is worth noting
that a hierarchical self-assembly process amounts also to an IF
logic function (and a case of conditional probability), the
second stage being accessible only if the first one is realized.

Conclusion

The incorporation of specific H-bonding arrays into the
components sets the stage for the design of recognition
capable materials. The utilization of template direction in the
assembly process contributes even greater capabilities by
facilitating tandem-hierarchical self-organization events and
allowing the interactional algorithm to be read in different
ways. It has been shown that the reading of the same ligand
information through different metal ion coordination algo-
rithms generates different output species, amounting to a
multiple processing behavior.'*!8] In the present system
multiple reading takes place through different H-bonding
based interactional schemes. Receptor 1 can in principle be
read out linearly upon interaction with an imide template, or
may bind a cyanurate effector, to form a disklike object, which
itself undergoes a subsequent self-organization event: aggre-
gation to form columnar structures. Furthermore, an addi-
tional means of control is represented by the medium, that is
fiber formation depends critically on the solvent composition,
temperature and concentration. The ability to identify and
selectively orchestrate the interactional features governing
the outcome of competitive self-assembly processes makes
possible the expression of a specific member of a dynamic
structural/conformational library.'>>! The dependence on
medium effects confers adaptive character to the material.
Such features, dynamic diversity®! and adaptability!'”! open
novel perspectives to materials science.
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Experimental Section

General methods: THF was distilled over sodium/benzophenone. Triethyl-
amine (Lancaster, 99 %) was used as received. Flash column chromatog-
raphy was performed using silica gel (Geduran, SI 60 (40— 63 mm, Merck).
Infrared spectra were recorded as thin films on NaCl discs on a Perkin
Elmer 1600 Series FTIR. 500 MHz 'H NOESY spectra were recorded on a
Bruker ARX 500 spectrometer, 300 MHz 'H NMR and and 75 MHz
3C NMR spectra on a Bruker AM 300 spectrometer, and 200 MHz
"H NMR and 50 MHz *C NMR spectra on a Bruker SY 200 spectrometer.
The solvent signal was used as an internal reference for both 'H and
13C NMR spectra. The following notation is used for the '"H NMR spectral
splitting patterns: singlet (s), doublet (d), triplet (t), multiplet (m). EI and
FAB mass spectrometric measurements were performed by the Service de
Spectrométrie de Masse, Institut de Chimie, Université Louis Pasteur.
Melting points (m.p.) were recorded on an electrothermal Digital Melting
Point Apparatus and are uncorrected. Elemental analyses were performed
by the Service de Microanalyse, Institut de Chimie, Université Louis
Pasteur.

Electron microscopy: A 2 to 10mm solution of 1:4, (5 puL) in the different
solvents was deposited on to a 400 mesh EM grid covered with a carbon
supporting film. The solution was adsorbed (2 min) and the excess of
solution was removed with a piece of filter paper (Whatmann 2 or 5) and air
dried. The grids were then put in an Auto 306 evaporator (Edwards) and
rotary shadowed at an angle of 13° with platinum/tungsten. The grids were
then observed in a Philips CM12 electron microscope operating at 100 kV.
Dimethyl 5-decyloxy-isophthalate (2a), N,N'-bis-(6-amino-pyridin-2-yl)-5-
decyloxy-isophthalamide (3a), and N,N'-bis-(6-decanoylaminopyridin-2-
yl)-5-decyloxy-isophthalamide (3¢): known compounds prepared accord-
ing to literature procedures.?’!

5-Decyloxy-isophthalic acid (2b): 2a (5.88 g, 16.7 mmol, 100 mol %) was
dissolved in ethanol (167 mL) at 65°C and a 1M solution of NaOH in water
(2.68 g, 67 mmol, 400 mol %, in 16 mL H,0) was added. The mixture was
stirred at 65°C for 8 h, cooled to room temperature, and filtered. The
residue was washed with diethyl ether and dissolved in water. The solution
was acidified with concentrated HCI, and the precipitate was collected by
filtration and dried under high vacuum. The title compound 2b was
obtained as a white powder (5.1 g, 95%). M.p. 213-214°C. IR (thin film):
7=2922, 1709, 1595, 1411, 1272, 1047, 761, 733 cm~'; '"H NMR (200 MHz,
[Dg]DMSO): 6 =8.06 (t, J=1.4 Hz, 1H), 7.62 (d, J=1.4 Hz, 2H), 4.06 (t,
J=6.4Hz, 2H), 1.72 (m, 2H), 1.23 (m, 14H), 0.84 (t, /=6.4 Hz, 3H);
3C NMR (50 MHz, [D{]DMSO): 6 =166.3, 158.7, 132.5, 122.0, 118.9, 68.0,
31.2, 28.8, 28.6, 28.4, 25.3, 22.0, 13.8; FAB-MS: m/z: 321.3 ([M —H]",
100%); HRMS (FAB-MS) calcd. for C;sH,;O5 322.1780, found 322.1787.
N-(6-Aminopyridin-2-yl)-N'-(6-decanyolaminopyridin-2-yl)-5-decyloxy-
isophthalamide (3b): To a solution of 3a (7.80 g, 15.5 mmol, 100 mol %)
and triethylamine (0.79 g, 7.7 mmol, 50 mol %) in dry THF (40 mL) was
added dropwise a solution of decanoyl chloride (1.47 g, 7.7 mmol,
50 mol %) in THF (8 mL) at 0°C and the reaction stirred for 1 h, before
warming to room temperature. The reaction mixture was filtered,
evaporated to dryness and applied to a column (SiO,; EtOAc/hexane
1:3) to provide 3b (3.2 g, 32 % yield). Under these conditions, the amount
of undesired side product 3¢ (0.7 g, 6%) was small and the unreacted
starting material 3a (4.1 g, 53 %) was recovered. 3b: White powder. M.p.
93-94°C. IR (thin film): 7 = 3316, 2925, 2864, 1678, 1585, 1520, 1449, 1299,
1292, 1243, 1155, 1049, 881, 793, 721 cm~'; "TH NMR (300 MHz, CDCL,): 6 =
9.51 (br.s, 1H), 8.74 (br. s, 1H), 8.72 (br. s, 1 H), 7.87 (m, 3H), 7.55 (m, 4 H),
744 (t, 3/ =8.0 Hz, 1H), 6.13 (d, >/=8.0 Hz, 1H), 4.55 (br. s, 2H), 3.86 (t,
3] =6.5Hz, 2H), 2.40 (t,°] =7.5 Hz, 2H), 1.67 (m, 4H), 1.24 (m, 26 H), 0.83
(m, 6H); “C NMR (75 MHz, CDCl,): 6 =172.4, 165.0, 164.3, 159.7, 149.9,
149.6,149.2, 140.4,140.1, 135.7,135.4, 117.6, 117.3, 116.9, 109.9, 109.5, 105.0,
104.0, 68.5,37.4,31.8, 29.5, 29.3, 29.2, 29.0, 25.9, 25.3, 23.6, 22.6, 14.0; FAB-
MS: miz: 659.4 ([M+H]*, 100%); elemental analysis calc. (%) for
C3Hs,NO, (658.88): C 69.27, H 8.26; found: C 69.30, H 8.28.

N,N'-Bis-(6-{[6-(6-decanoylamino-pyridin-2-ylcarbamoyl)-4-decyloxy-ben-
zoylamino ]-pyridin-2-yl}-5-decyloxy-isophthalamide (1): The diacid 2b
(0.95 g, 2.86 mmol, 124 mol%) was suspended in SOCIl, (20 mL) and
heated to reflux for 5h after which time SOCI, was distilled off. The
remaining oily isophthaloyl chloride 2¢ was dried under high vacuum,
dissolved in dry THF (3 mL) and immediately transferred by syringe to a
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previously prepared solution of mono-amine 3b (3.0g, 4.55mmol,
200 mol %) and triethylamine (0.47 g, 4.7 mmol, 206 mol %) in dry THF
(15 mL) at 0°C. The reaction was monitored by TLC (eluent: 1% MeOH/
CH,Cl,). Compound 2¢ (112 mol %) was added at which point 3b was
completely consumed. The reaction mixture was then filtered, evaporated
to dryness, and the residue was purified by column chromatography (SiO,;
slow gradient 1% MeOH/CH,CI, to 3% MeOH/CH,Cl,). The collected
fractions were evaporated to about 20 mL, diethyl ether was added
(50 mL), the precipitate was filtered and dried under high vacuum.
Isophthalamide 1 was obtained as a slightly yellow powder (2.71 g, 74 %).
M.p. 110-111°C. IR (thin film): 7=3304, 2925, 2854, 1682, 1586, 1520,
1448, 1402, 1315, 1243, 1156, 1121, 1051, 993, 881, 797, 739, 739 cm™;
'"H NMR (500 MHz, CDCl;, 0.5mm): 6 =8.98 (br. s, 2H), 8.52 (br. m, 4H),
8.18 (br. m, 1H), 8.11 (br. m, 2H), 8.02 (br. m, 2H), 7.89 (br. m, 6 H), 7.77
(br. m, 4H), 7.66 (br. t, 3/ =8.0 Hz, 4H), 7.57 (br. m, 2H), 7.53 (br. m, 2H),
4.05 (br. t, 3/ =6.5 Hz, 2H), 3.94 (br. t, 3/ =6.3 Hz, 4H), 2.25 (br. t, 3/ =
6.5 Hz, 4H), 1.80 (br. m, 2H), 1.74 (br. m, 4H), 1.28 (m, 66 H), 0.83 (m,
15H); ®C NMR (125 MHz, CDCl;, 0.5mm): 6 =172.49, 165.09, 165.06,
159.86, 159.36, 151.77, 150.62, 150.41, 150.04, 149.97, 149.40, 147.98, 140.90,
135.29, 134.92, 118.54, 118.12, 118.01, 116.09, 112.69, 112.54, 111.75, 111.31,
68.59,37.14, 31.87, 31.85, 29.62, 29.61, 29.59, 29.55, 29.49, 29.48, 29.40, 29.33,
29.07, 26.64, 26.06, 25.93, 25.25, 22.67, 22.65, 14.18, 14.08; FAB-MS: m/z:
1604.0 ([M*], 60%); elemental analysis calcd (%) for CoH;3N;,Oy;
(1604.14): C 70.38, H 8.17; found: C 70.37, H 8.26.

1in complex 1:4,: '"H NMR (500 MHz, CDCl;, 0.5mMm): 6 =9.54 (br.s,2H),
9.38 (br. s, 2H), 9.20 (br. s, 2H), 8.68 (br. s, 2H), 8.10 (d, */ =7.8 Hz, 2H),
8.08 (d,*J=7.8 Hz,2H), 8.02 (s, 1H), 8.01 (d, >/ =8.0 Hz, 2H), 7.98 (s, 2H),
7.94 (d, 3] =8.5Hz, 2H), 7.89 (t, >/ =8.3 Hz, 2H), 7.75 (t, /] =8.2 Hz, 2H),
771 (s, 2H), 7.64 (s, 2H), 7.62 (s, 2H), 4.09 (t, 3/ = 6.7 Hz, 2H), 4.01 (t, %/ =
6.6 Hz, 4H), 2.33 (t, >/ =73 Hz, 4H), 1.83 (m, 2H), 1.78 (m, 4H), 1.68 (m,
4H), 1.27 (m, 66 H), 0.87 (m, 15H). 4 in complex 1:4,: '"H-NMR (500 MHz,
CDCl;, 0.5mMm): 0 =12.32 (br.s,4H), 3.75 (t,3/ =7.5 Hz, 4H), 1.44 (m, 4H),
1.17 (m, 14H), 0.85 (m, 6 H).

1-Decyl-[1,3,5]triazinane-2,4,6-trione 4 (decyl cyanurate): A solution of
[1,3,5]triazinane-2,4,6-trione (cyanuric acid) (5.16 g, 40 mmol, 200 mol % ),
decyl bromide (4.14 mL, 20 mmol, 100 mol%), and K,CO; (2.76 g,
20 mmol, 100 mol%) in DMSO (40 mL) was stirred at 60°C for 22 h.
The reaction mixture was partitioned between diethyl ether and saturated
NaHSO,,g). The organic phase was washed three times with brine, dried
over Na,SO,, filtered, and evaporated to approximately 50 mL. Hexane
was added dropwise with stirring, the resulting precipitate was collected by
vacuum filtration and dried under high vacuum to yield decyl cyanurate 4
as a white powder (2.9 g,27%). M.p. 181 -182°C. IR (thin film): #= 3200,
2910, 2844, 1740, 1660, 1442 cm™'; '"H NMR (200 MHz, [D,]DMSO): 6 =
9.22 (br. s, 2H), 3.61 (t, 7 =7.1 Hz, 2H), 1.49 (m, 2H), 1.23 (m, 14H), 0.84
(t,37=6.4 Hz, 3H); “C NMR (50 MHz, [D;]DMSO): 6 =149.7,148.5, 31.2,
28.8, 28.6, 272, 26.0, 22.0, 13.8. FAB-MS: m/z: 270.1 ([M+H]*, 85%);
elemental analysis calc. (%) for C;;Hy;N;O; (269.34): C 57.97, H 8,61;
found: C 57.86, H 8.46.
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