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ABSTRACT

NMR and STM studies revealed that the hydrazide −quinolinone-based building block 5 exhibited a monomer −dimer −polymer equilibrium,
while its acyclic analogue 6, due to conformational flexibility, exhibited a more complicated mode of aggregation and formed a gel in
dichloromethane/hexane.

Due to its directionality, specificity, and strength, hydrogen
bonding has been described as the “master key interaction
in supramolecular chemistry”.1 Multiple hydrogen-bonded
systems, especially quadruple hydrogen-bonded systems,
have gained great success in the construction of many
superstructures and applications in the fields of material
science, catalysis, and template synthesis.2 Inspired by the
hydrogen-bonding capability of nucleobases found in DNA
duplexes, quadruple hydrogen-bonded systems are mainly
based on functionalized nucleobases, especially urea deriva-
tives. Heterocycle-based quadruple hydrogen-bonded systems

developed by the groups of Meijer et al.3 and Zimmerman
et al.4 are examples of great success. However, the number
of quadruple hydrogen-bonded modules available for use in
supramolecular assembly is limited.5 There is a strong need
for the development of new quadruple hydrogen-bonded
systems to meet the demand of increasing applications.

Organogels are a new class of soft materials, composed
of a self-assembled superstructure of low-molecular-mass
organic gelators (LMOGs) through specific interactions and
a large volume of organic liquid immobilized therein.6
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Stimulated by the potential applications in sensors, molecular
electronics, and catalysts, great efforts have been paid to this
kind of new material. In hydrogen bond-mediated self-
assembly systems, little attention has been paid to the
hydrazide derivatives,7 considering their high density of
hydrogen-bonding sites (two acceptor sites and two donor
sites) and convenient fixation of conformation.

As stated above, most heterocycle-based quadruple hy-
drogen-bonded systems came from urea derivatives. Con-
tinuing our current interest in the hydrazide motif as an
excellent building block in self-assembly,8 we herein report
a new quadruple hydrogen-bonded motif based on hy-
drazide-quinolinone derivative. Its acyclic analogue oxalic
monoester-monoamide derivative gelates organic liquid to
form organogel. To increase the strength, in the design of
the target molecule5 the following factors have been
considered (Scheme 1): (i) the rigid quinolinone framework

and introduction of anS(6)-type hydrogen-bonded ring9

confine the molecule to be planar and preorganize hydrogen-
bonding sites staying in register for the formation of a

quadruple hydrogen-bonded homodimer; (ii) the aromatic
ring as a spacer reduces 2-fold repulsive electrostatic
interactions;10 (iii) the reservation ofR-carbonyl vinyl motif
renders good proton donability of the NH group and
consequent high stability of the resulting homodimer. In the
case of its acyclic analogue6, the self-assembly process may
be complicated by large conformational mobility.

2-(Octyloxy)-5-nitrobenzoic acid (1)11 was first converted
into its acyl chloride in refluxing thionyl chloride and then
coupled with acetylhydrazide to give compound2 in
quantitative yield. The nitro functional group was reduced
under the catalytic hydrogenation conditions and then was
reacted with dimethyl acetylenedicarboxylate to give com-
pound4 or was coupled with methyl oxalyl chloride to give
compound6. Compound4 further underwent thermal cy-
cloaddition reaction in reflux diphenyl ether to give com-
pound5 in satisfying yield. As control, compounds7,8a 8,12

and913 were also synthesized (Scheme 2).

1H NMR studies (Figure 1, each 5 mM) in CDCl3 revealed
significant downfield shifts of NH signals of5 (11.64 ppm
for Hb, 10.45 ppm Ha, and 10.88 ppm for Hc) compared to
those of control compounds7 (10.91 ppm for Hb, 9.03 ppm
Ha), and8 (8.99 ppm for Hc), while minor downfield shifts
were observed for compound6 (11.03 ppm for Hb, 9.42 ppm
for Ha, and 9.53 ppm for Hc) compared to controls7 and9
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Scheme 1. Secondary Electrostatic Interaction Analysis of
Homodimer5‚5 and Conformational Analysis of Acyclic6 Scheme 2. Synthetic Route of5 and6, Chemical Structures

of Controls7, 8, and9
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(8.87 ppm for Hc). In addition to the different electrostatic
effects of the frameworks, different aggregation modes might
mainly account for these great differences.

Dilution 1H NMR experiments14 (298 K, 300 MHz,
CDCl3) on 5 revealed unique concentration dependency.
Within the concentration range investigated (from 100 mM
to 0.5 mM), almost all resonances of the protons of5 shifted
downfield with the lowering of the concentration, especially
those for Hc (∆ ) 1.03 ppm) and He (∆ ) 1.12 ppm). This
phenomenon might suggest the existence of different ag-
gregation modes in CDCl3 solution. A 2D NOESY experi-
ment (Figure 2) further revealed important contacts between

Hh and Hg, Hh and Ha, Ha and Hc, and Hc and He. In addition
to Hc and He, distances between the above-mentioned protons

are much too long for any cross-peaks to be observed within
the same molecule of5; the signals must correspond to
intermolecular contacts between the two constituent mol-
ecules of the homodimer. ESI-MS14 provided more evidence
for the formation of a homodimer; in additon to a signal
corresponding to monomer (432.4, [M+ H]+, calcd: 432.2),
signals corresponding to the homodimer structure (885.7,
[2M + Na]+, calcd: 885.4; 863.7, [2M+ H]+, calcd: 863.4)
were observed. Another important NOE contact between Hd

and Hg was also observed, which cannot be explained
intramolecularly based on a monomer or intermolecularly
based on a homodimer. There should exist an equilibrium
of monomer-homodimer-polymer as depicted in Figure 3.15

Variable-temperature1H NMR experiments14 (10 mM,
CDCl3, 600 MHz) further confirmed the above hypothesis.
With lowering the temperature, the spectra became unre-
solvable. This might come from slowing the above-
mentioned equilibrium, which complicated the picture of
NMR spectra. Scanning tunneling microscope (STM) tech-
nology provided other evidence. An STM image of5 on high
oriented pyrolytic graphite (HOPG) is shown in Figure 4.
The image clearly shows the homodimer structure and the
zipperlike polymeric structure.

In the case of its acyclic analogue6, because of flexible
comformation, there were great differences. First, dilution
1H NMR experiments (CDCl3, 300 MHz, 298 K)14 revealed
that below a concentration of 5 mM, it displayed a well-

(14) See Supporting Information for details.

(15) At higher concentrations, the two hydrogen bond-linked polymer
might be favored, while the quadruple hydrogen-bonded homodimer might
be favored at lower concentrations. As a result, formation of quadruple
hydrogen bonds and the deshielding effects of the aromatic rings led to
downfield shifts of the protons. This unique phenomenon would need further
investigation. Because of the complicated picture of self-assembly, no
apparent association constant was provided.

Figure 1. Stacked partial spectra of (a)7, (b) 8, (c) 9, (d) 5, (e)6,
each 5 mM in CDCl3, 298 K, 300 MHz.

Figure 2. 2D NOESY spectrum of5, 100 mM, CDCl3, 298 K,
300 MHz, with important NOE contacts highlighted.

Figure 3. Representation of a monomer-homodimer-polymer
equilibrium of5, with important NOE contacts indicated by arrows.
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resolved spectrum, while with increase of the concentration,
the spectrum became unresolvable. Lowering the temperature
also led to unresolvable spectra.14 These all suggested a more
complicated aggregation mode of6 compared to those of5.
Slow evaporation of a solution of6 in CH2Cl2/hexane led to
an opaque gel at a concentration of ca. 2% (w/w). An AFM
image (Figure 5) on xerogel revealed fibrous structure. We
proposed that the single molecule of6 first self-assembled
into a polymeric structure via hydrogen bonding, and then
the polymeric structures entangled with each other to form
a network. The nonpolar solvent was then immobilized
mainly through van der Waals interactions.

In summary, we have presented a new hydrazidequinoli-
none-based quadruple hydrogen-bonded building block.
NMR and STM studies showed that there exists a monomer-
dimer-polymer equilibrium. Contrary to many heterocycle-
based systems, no isomerization in our system was observed.
While its acyclic analogue displayed a more complicated
aggregation mode due to its conformational flexibility. It
formed gel in dichloromethane/hexane at a concentration of

2% (w/w). We believe that the new building block we
presented here can find wide applications in the development
of new self-assemblies, material science, and construction
of various nanostructures.
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Figure 4. STM image of 5 on HOPG, showing homodimer
structure and zipperlike polymeric structure.

Figure 5. AFM image of a gel formed from6 in CH2Cl2/hexane,
ca. 2% (w/w), with digital photography of the gel inserted.
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