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Abstract—The self-assembly of a novel series of hydrogen bonding-mediated homodimers in chloroform-d has been described. Six anthra-
nilamide-based monomers have been prepared, in which two self-binding formamido, trifluoroacetamido, acetamido, butyl or methyl ureido
units are introduced at the two ends of the backbones. Quantitative 1H NMR investigations in chloroform-d revealed that the formamido and
ureido units are more efficient than acetamido to induce the formation of stable homodimers. The association constants of all the new homo-
dimers have been determined by 1H NMR dilution method. Multiply hydrogen bonding-driven binding patterns have been proposed for the
homodimers. It is also found that ureido-derived homodimers do not adopt common linear binding pattern observed for simple urea derivatives.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Self-assembly of linear molecules into duplexes is a common
phenomenon in biological systems.1,2 In recent years, there
has been intensive interest in constructing artificial duplexes
or dimers of defined structures through the self-assembly of
synthetic monomers.3–5 Particularly, hydrogen bonding has
been proved to be ideal non-covalent force for this purpose
due to its great directionality and strength.6 Two general
strategies have been developed for the design of hydrogen
bonding-mediated molecular building blocks. The first one
is based on heterocyclic derivatives, in which hydrogen
bonding donors or acceptors are compactly arranged in a de-
signed direction, as demonstrated by the recent self-assembly
of quadruply hydrogen bonded binding modes.7 The second
one is to iteratively incorporate simple binding residues
into linear backbones. Examples of this family of dimeric
aggregates include sheet-like aromatic and aliphatic amide
duplexes,8,9 3,6-diaminopyridazine-based homodimers10

and hydrazide-derived heterodimers.11 To achieve high bind-
ing stability and selectivity, both strategies require preorgani-
zation and rigidity of the backbones and binding sites of
monomers, which is usually realized by making use of intra-
molecular hydrogen bonding.12

Keywords: Self-assembly; Hydrogen bonding; Aromatic amide; Dimer.
* Corresponding author. Tel.: +86 21 5492 5122; fax: +86 21 6416 6128;

e-mail: ztli@mail.sioc.ac.cn
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.073
In the past decade, the construction of foldamers, linear
molecules that are induced by non-covalent forces to adopt
well-established secondary structures, has received increas-
ing attention.13 Also due to its directionality and strength,
hydrogen bonding has been widely utilized to construct aro-
matic oligoamide-based foldamers.14–23 In addition, some of
the synthetic folded structures represent new generation of
acyclic receptors for saccharides,22b,c alkyl ammoniums22d

or encapsulation of water.23b As part of a program in hydro-
gen bonding-mediated self-assembly, we had reported the
construction of a new series of planar zigzag secondary
structures.24 Recently we also succeeded in utilizing the
rigidified structural motif as preorganized backbones to
assemble a new family of homoduplex 1$1 (Chart 1).25 In
order to explore the assembling diversity and also to screen
ideal binding sites for more efficient assembling patterns, we
have designed several new monomers. In this paper, we
report the synthesis of these new monomers and their self-
assembling features in chloroform.

2. Results and discussion

Six monomers 2–5 have been designed (Chart 2), which con-
tain two formamido, trifluoroacetamido, acetamido or
ureido units, respectively. All these units have been estab-
lished to be able to self-associate in solvents of low polarity.
It was expected that a comparison of their self-associating
features would reveal the ideal binding modes for this class
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of homodimers, which should be useful for future design of
more elaborate supramolecular architectures.

The synthetic route for 2 is shown in Scheme 1. Thus, ester
625 was first hydrolyzed with lithium hydroxide to give acid
7 in 80% yield. The latter was then treated with formic acetic
anhydride in THF to afford 8 in 65% yield. Finally, 8 reacted
with diamine 925 in DMF in the presence of HATU and THF
produced 2 in 84% yield.

For the synthesis of 3 (Scheme 2), aniline 7 was first treated
with trifluoroacetic anhydride in THF to produce 10 in 95%
yield. The acid was then coupled with 1122b in DMF and THF
in the presence of HATU to afford 3 in 65% yield. For the
preparation of 4 (Scheme 3), compound 9 was first coupled
with 1224a in THF in the presence of DCC to give intermedi-
ate 13 in 65% yield. Then, another intermediate 15 was
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obtained in 80% yield from the reaction of 1426 with acetic
anhydride in THF. Finally, HATU-mediated coupling reac-
tion of 13 with 15 in DMF generated 4 in 68% yield.
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To prepare 5a (Scheme 4), 6 was first treated with butyl iso-
cyanide 16 in THF to give urea 17 in 80% yield. The latter
was then hydrolyzed with sodium hydroxide to afford 18
in 95% yield. Compound 18 was again coupled with 19 in
dichloromethane in the presence of HOBt to generate 5a
in 80% yield. The synthetic routes for 5b and 5c are shown
in Scheme 5. Thus, compound 20 was first alkylated in hot
acetonitrile with potassium carbonate as base to give 21 in
90% yield. The latter was nitrated in concd sulfuric acid to
produce 22 in 80% yield. The intermediate was then hydro-
lyzed with sodium hydroxide to acid 23 in 85% yield. Treat-
ment of 23 with oxalyl chloride yielded acyl chloride 24,
which was then reacted with compound 19 in dichlorometh-
ane in the presence of triethylamine to produce compound
25 in 90% yield. Palladium-catalyzed hydrogenation of 25
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in THF gave diamine 26 in 95% yield. Finally, the reaction
of 26 with methyl and butyl isocyanide in THF yielded 5b
and 5c, respectively.
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Previously, the rigidified preorganized conformation of the
anthranilamide backbones of compounds 2–5 has been es-
tablished by the X-ray analysis and 1H NMR techniques.24a

The 1H NMR spectra of 2–5 in CDCl3 are shown in Figure 1.
All the linking amide protons display signals at the down-
field area, which is consistent with the result observed for
their corresponding backbone molecules and suggests the
formation of the similar rigidified conformation for 2–5.24a

The 1H NMR spectrum of compound 2 in CDCl3 displays
one set of sharp signals and the HCONH signal appears at
8.01 ppm. Nevertheless, it has been reported that N-phenyl
formamide and related derivatives exist as cis and trans iso-
mers as a result of the restricted rotation of the N–C]O
bond.27 The discrepancy suggests that the NH protons
were involved in important intermolecular hydrogen bond-
ing, as observed for 1.25 1H NMR dilution experiments
were then carried out, which revealed important upfield
shifting of both the HCONH and HNCHO signals (Fig. 2).
By fitting the data of the amide proton to a 1:1 binding
mode, a Kassoc of 2.6 (�0.3)�103 M�1 was obtained for ho-
modimer 2$2.28 This value is substantially higher than that
of 1$1 in the same solvent, reflecting the increased efficiency
of the self-binding formamide unit obviously as a result of
the decreased steric hindrance. Because it has been estab-
lished that in solution homodimer 1$1 mainly adopts a linear
binding mode25 and the X-ray analysis has also revealed a
linear assembling pattern for p-chlorophenyl-formamide,29

it is reasonable to propose that dimer 2$2 should also adopt
a linear self-associating mode (Chart 3), which is stabilized
by three intermolecular hydrogen bonds. The upfield shift-
ing of the HCONH signal with dilution may be ascribed to
the weakening of the intermolecular shielding at reduced
concentration. Also based on the 1H NMR dilution experi-
ments, a Kassoc of 80 (�7) M�1 was estimated for homo-
dimer 3$3 in CDCl3 (Chart 3). The values of 1$1 and 3$3
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Figure 1. Partial 1H NMR spectrum (400 MHz) of (a) 2, (b) 3, (c) 4, (d) 5c
and (e) 30 in CDCl3 at 25 �C (6.0 mM) (for numbering, see Chart 2).
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Figure 2. Plot of the chemical shift of the NH (-) and O]CH (C) protons
of 2 (18.2 mM to 1.2 mM) in CDCl3 at 25 �C.
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are pronouncedly smaller than that of 2$2, which reflect the
increased steric hindrance of the CH3 and CF3 groups com-
pared to that of the hydrogen atom.

The self-associating property of longer 4 was also investi-
gated by the 1H NMR spectroscopy. 2D-NOESY experiment
in CDCl3 revealed modest intermolecular NOE connections
between the appended methyl protons and the centrally
located benzene protons, which are shown in Chart 4. This
observation suggests dimer 4$4 also forms in the solution.
The 1H NMR dilution experiments in CDCl3 were then per-
formed, which revealed that the signal of the appended NH
protons moved upfield substantially with the decrease of
the concentration (Fig. 3). By fitting the data to a 1:1 binding
mode, a Kassoc of 230 (�20) M�1 could be derived for
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homodimer 4$4. The value is close to that of homodimer
1$1, probably as a result of decreased steric hindrance in
this dimeric structure, which increases the strength of the
single intermolecular hydrogen bond.

Alkyl ureido unit is an efficient self-binding site, which has
been widely used for the formation of numerous dimeric cap-
sules.30 It was envisioned that replacement of the acetamide
unit in 1 with the alkyl ureido unit might lead to the formation
of more stable homodimers. Therefore, compounds 5a–5c
were prepared. Unfortunately, 5a and 5b were only slightly
soluble in chloroform, which made it impossible to investi-
gate their self-associating property in chloroform. However,
a single crystal of 5a suitable for the X-ray analysis was
grown from evaporation of its solution in chloroform.
Surprisingly, the solid-state structure revealed a dimeric
structure (Fig. 4), in which one of the ureido unit of the mono-
mer was hydrogen bonded to the centrally located C]O
oxygen. In addition, the aromatic backbone of the molecule
is also twisted considerably. We attribute these results to
the large size of the butyl group connected to the ureido
unit, which retards the linear self-associating mode (Chart
5). 1H NMR dilution experiments in CDCl3 were carried
out for the soluble analogue 5c, which revealed important up-
field shifting of the protons of the two ureido NH groups. Be-
cause the signal of the benzene-connected NH protons was
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Figure 3. Plot of the chemical shift of the NH-1 (-), NH-2 (:) and NH-3
(C) protons of 4 (19.5 mM to 0.2 mM) in CDCl3 at 25 �C.

Figure 4. The solid-state structure of 5a, highlighting the dimeric binding
pattern.
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overlapped with other aromatic signals upon dilution, the
signal of the BuNH unit was used as probe for quantitative
self-associating study, which gave rise to a Kassoc of 1.1
(�0.1)�103 M�1 for homodimer 5c$5c. This value is also
remarkably larger than that of 1$1 probably as a result
of the increased number of the intermolecular hydrogen
bonds.

It has been reported that simple N-alkylated urea derivatives
form extended linear stacking structures in the solid state,
which are stabilized by intermolecular hydrogen bonding be-
tween the ureido units.31 In order to explore the influence of
the rigidified backbone on the self-assembly of the urea de-
rivatives, compound 30 was also prepared according to the
route shown in Scheme 6. The 1H NMR spectrum of 30 in
CDCl3 is provided in Figure 1. The intramolecular hydrogen
bonding is evidenced by the fact that the signals of both
amide protons appear in the downfield area. Based on the
1H NMR dilution experiments, we determined the Kassoc of
the homodimer 30$30 of this molecule in CDCl3 to be
approximately 820 M�1. This value is lower than that of
homodimer 5c$5c but notably larger than that of N,N0-di-
methylurea (ca. 400 M�1) in benzene of less polarity.32 This
result indicates that homodimer 30$30 should also mainly
adopt the quadruply hydrogen bonded binding pattern, as
shown in Chart 6. In principle, if monomers have good
solubility, replacement of the ending butyl groups with
smaller methyl groups would remarkably reduce the steric
hindrance and increase the stability of the corresponding
homodimers.
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3. Conclusion

In summary, we have reported the hydrogen bonding-medi-
ated self-assembly of a new series of homodimers. The key
feature of the new supramolecular architectures is the pre-
organization of their anthranilamide backbones, which is
realized by introduction of consecutive three-centered intra-
molecular hydrogen bonding. The formamido and ureido
units display greater binding affinity and may be ideal
binding sites for the self-assembly of more stable dimeric
structures. Future work will point to the development of
longer oligomeric or polymeric monomers, which might
lead to the construction of new generation of duplexes of
well-ordered structures or self-duplication.

4. Experimental

4.1. General methods

Melting points are uncorrected. All solvents were dried be-
fore use following standard procedures. All reactions were
performed under an atmosphere of dry nitrogen. The 1H
NMR spectra were recorded on 400 or 300 MHz spectro-
meters in the indicated solvents. Chemical shifts are expressed
in parts per million (d) using residual solvent protons as in-
ternal standards. Chloroform (d 7.26 ppm) was used as an in-
ternal standard for chloroform-d. Elemental analysis was
carried out at the SIOC analytical center. Unless otherwise
indicated, all starting materials were obtained from commer-
cial suppliers and were used without further purification.

4.1.1. Compound 7. A solution of 625 (2.23 g, 10.0 mmol)
and lithium hydroxide monohydrate (0.13 g, 30.0 mmol) in
THF (50 mL) and water (25 mL) was stirred at room temper-
ature for 1 h and then neutralized with dilute hydrochloric
acid (1 N) to pH¼7. The solvent was removed under reduced
pressure and the resulting residue washed with cold water
and ether. The crude product was dried in vacuo and purified
by recrystallization from methanol to give 7 as a white solid
(1.68 g, 80%). 1H NMR (CDCl3) d: 7.49–7.48 (m, 1H),
6.89–6.87 (m, 2H), 4.17 (t, J¼6.8 Hz, 2H), 1.88–1.83 (m,
2H), 1.54–1.47 (m, 2H), 1.00 (t, J¼6.4 Hz, 3H). MS (EI):
m/z 209 [M]+. Anal. Calcd for C11H15NO3: C, 63.14; H,
7.23; N, 6.69. Found: C, 63.05l; H, 7.28; N, 6.54.

4.1.2. Compound 8. To a stirred solution of compound 7
(0.51 g, 2.42 mmol) in THF (10 mL) was added a solution
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of formic acetic anhydride (0.26 g, 3.00 mmol) in THF
(2 mL). The solution was stirred at room temperature for
0.5 h and then concentrated under reduced pressure. The re-
sulting residue was dissolved in chloroform (20 mL). The
solution was then washed with saturated sodium bicarbonate
solution (10 mL), water (10 mL�2), brine (10 mL) and
dried over sodium sulfate. After the solvent was removed
under reduced pressure, the crude product was purified by
recrystallization from THF and petroleum ether to give 8
as pale yellow solid (0.37 g, 65%). 1H NMR (CDCl3) d:
11.07 (br, 1H), 8.40 (d, J¼1.7 Hz, 1H), 8.30 (dd,
J1¼2.9 Hz, J2¼9.0 Hz, 1H), 7.94 (d, J¼2.8 Hz, 1H), 7.61
(s, 1H), 7.05 (d, J¼9.0 Hz, 1H), 4.29–4.25 (m, 2H), 1.95–
1.86 (m, 2H), 1.57–1.47 (m, 2H), 1.04–0.99 (m, 3H). 1H
NMR (DMSO-d6) d: 8.63 (s, 1H), 8.22 (s, 1H), 7.87 (d,
J¼2.7 Hz, 1H), 7.66 (dd, J1¼2.8 Hz, J2¼8.9 Hz, 1H), 7.08
(d, J¼9.0 Hz, 1H), 4.01–3.97 (m, 2H), 1.72–1.62 (m, 2H),
1.50–1.37 (m, 2H), 0.93–0.88 (m, 3H). MS (ESI): m/z 238
[M+H]+, 260 [M+Na]+. Anal. Calcd for C12H15NO4: C,
60.75; H, 6.37; N, 5.90. Found: C, 60.70; H, 6.28; N, 5.79.

4.1.3. Compound 2. To a stirred solution of compounds 8
(0.24 g, 1.00 mmol) and 9 (0.13 g, 050 mmol) in DMF
(10 mL) and THF (10 mL) were added HATU (0.40 g,
1.05 mmol) and DIEA (0.2 mL). The mixture was stirred at
room temperature for 20 h and then concentrated in vacuo.
The resulting residue was triturated with methanol
(10 mL). The mixture was stirred for 0.5 h. The precipitate
formed was filtered, washed with ether and recrystallized
from methanol and chloroform to give 2 as a yellow solid
(0.29 g, 84%). 1H NMR (CDCl3) d: 10.14 (s, 2H), 9.31 (s,
2H), 9.15 (s, 2H), 8.31 (dd, J1¼2.7 Hz, J2¼8.9 Hz, 2H),
8.25 (d, J¼2.7 Hz, 1H), 8.01 (s, 2H), 6.95 (d, J¼9.0 Hz,
2H), 6.59 (s, 2H), 4.22–4.18 (m, 4H), 4.19–4.14 (m, 4H),
1.91–1.77 (m, 8H), 1.52–1.43 (m, 8H), 0.99–0.93 (m,
12H). 1H NMR (DMSO-d6) d: 10.03 (s, 2H), 9.24 (s, 1H),
8.24 (s, 2H), 8.17 (d, J¼2.8 Hz, 2H), 7.83 (dd, J1¼2.8 Hz,
J2¼8.9 Hz, 2H), 7.23 (d, J¼9.0 Hz, 2H), 6.87 (s, 1H),
4.27–4.23 (m, 4H), 4.17–4.13 (m, 4H), 1.85–1.69 (m, 8H),
1.49–1.35 (m, 8H), 0.94–0.88 (m, 12H). 13C NMR (CDCl3)
d: 162.4, 161.6, 161.5, 159.3, 152.8, 152.3, 145.0, 131.8,
124.0, 122.6, 122.5, 122.0, 120.9, 120.0, 115.0, 114.8,
114.3, 98.6, 69.2, 68.6, 30.7, 30.4, 18.5, 13.6. MS
(MALDI-TOF): m/z 691 [M+1]+, 713 [M+Na]+, 729
[M+K]+. HRMS (MALDI-TOF) Calcd for C38H51N4O8

[M+H]+: 691.3687. Found: 691.3701.

4.1.4. Compound 10. Compound 10 was prepared as a white
solid (95%) from the reaction of compound 7 and trifluoro-
acetic anhydride in THF according to the procedure de-
scribed above for the preparation of 8. 1H NMR (CDCl3)
d: 9.07 (s, 1H), 8.29 (dd, J1¼2.8 Hz, J2¼9.0 Hz, 1H), 8.22
(d, J¼2.8 Hz, 1H), 7.04 (d, J¼9.1 Hz, 1H), 4.23 (t,
J¼6.8 Hz, 2H), 1.95–1.90 (m, 2H), 1.48–1.43 (m, 2H),
0.96 (t, J¼6.5 Hz, 3H). 19F NMR (CDCl3) d: �76.03. MS
(ESI): m/z 305 [M]+. Anal. Calcd for C13H14F3NO4: C,
51.15; H, 4.62; N, 4.59. Found: C, 51.02; H, 4.70; N, 4.51.

4.1.5. Compound 3. Compound 3 was prepared as a white
solid (65%) from the reaction of 10 and 1122b according to
the procedure described above for the preparation of 2. 1H
NMR (CDCl3) d: 10.00 (s, 2H), 9.24 (s, 1H), 9.15 (s, 2H),
8.12–8.16 (m, 4H), 7.02 (d, J¼9.8 Hz, 2H), 6.55 (s, 1H),
4.23–4.10 (m, 8H), 1.94–1.86 (m, 4H), 1.51–1.42 (m,
10H), 0.99–0.94 (m, 6H). 19F NMR (CDCl3) d: �76.01.
MS (MALDI-TOF): m/z 771 [M+1]+, 793 [M+Na]+, 809
[M+K]+. HRMS (MALDI-TOF) Calcd for C36H41N4O8F6:
771.2802. Found: 771.2823.

4.1.6. Compound 13. A solution of compounds 9 (0.51 g,
2.00 mmol), 1224a (0.20 g, 1.00 mmol), DCC (0.45 g,
2.20 mmol) and HOBt (0.30 g, 2.20 mmol) in THF
(25 mL) was stirred at room temperature for 12 h and then
concentrated in vacuo. The resulting residue was triturated
with chloroform (50 mL). The organic phase was then
washed with saturated sodium bicarbonate solution
(25 mL), water (25 mL�2), brine (25 mL) and dried over
sodium sulfate. After the solvent was removed under reduced
pressure, the crude product was purified by column chroma-
tography (dichloromethane/acetone 100:1 to 50:1) to give 13
as a pale yellow solid (0.40 g, 65%). 1H NMR (CDCl3) d:
9.65 (s, 1H), 8.21 (d, J¼7.8 Hz, 2H), 8.04 (s, 2H), 7.39 (t,
J¼7.8 Hz, 1H), 6.52 (s, 2H), 4.01–3.96 (m, 11H), 3.65 (s,
4H), 1.85–1.72 (m, 8H), 1.59–1.38 (m, 8H), 1.02–0.97 (m,
6H), 0.90–0.85 (m, 6H). 13C NMR (CDCl3) d: 162.4,
155.9, 143.1, 141.2, 134.7, 130.1, 128.6, 125.2, 121.7, 108.7,
99.4, 69.9, 68.8, 64.2, 31.5, 19.4, 19.2, 13.9, 13.8. MS
(MALDI-TOF): m/z 687 [M+Na]+. HRMS (MALDI-TOF)
Calcd for C37H52N4O7Na+ [M+Na]+: 687.3733. Found:
687.3728.

4.1.7. Compound 15. A solution of compound 14 (0.84 g,
5.00 mmol), acetic anhydride (1.02 g, 10.0 mmol) and
DMAP (10 mg) in THF (25 mL) was stirred at room temper-
ature for 1 h. After workup, the crude product was subjected
to column chromatography (AcOEt/petroleum ether 1:5) to
give 15 as a white solid (0.84 g, 80%). 1H NMR (CDCl3)
d: 8.26 (dd, J1¼3.0 Hz, J2¼9.0 Hz, 1H), 7.85 (d, J¼
3.0 Hz, 1H), 7.06 (d, J¼9.0 Hz, 1H), 4.08 (s, 3H), 2.20 (s,
3H). MS (EI): m/z 209 [M]+. Anal. Calcd for C10H11NO4:
C, 57.41; H, 5.30; N, 6.70. Found: C, 57.29; H, 5.25; N, 6.60.

4.1.8. Compound 4. To a stirred solution of compounds 13
(0.14 g, 0.21 mmol) and 15 (0.094 g, 0.45 mmol) in DMF
(10 mL) were added HATU (0.17 g, 0.45 mmol) and DIEA
(0.1 mL). The mixture was stirred at room temperature for
12 h and then the solvent was removed under reduced pres-
sure. The resulting residue was triturated with methanol
(3 mL). The yellow precipitate formed was filtered, dried
in vacuo and then subjected to column chromatography
(CH2Cl2/AcOEt 10:1) to give 4 as a light-yellow solid
(0.15 g, 68%). 1H NMR (CDCl3) d: 10.18 (s, 2H), 9.57 (s,
2H), 9.43 (s, 2H), 8.27–8.20 (m, 6H), 7.94 (d, J¼2.6 Hz,
2H), 7.40 (t, J¼7.7 Hz, 1H), 6.98 (d, J¼9.1 Hz, 2H), 6.53
(s, 2H), 4.06–3.99 (m, 17H), 2.16 (s, 6H), 1.86–1.72 (m,
8H), 1.60–1.39 (m, 8H), 1.02–0.97 (m, 6H), 0.90–0.85 (m,
6H). 13C NMR (CDCl3) d: 169.1, 162.9, 162.3, 155.9,
153.6, 145.9, 134.8, 132.6, 128.5, 125.3, 125.2, 123.6, 122.2,
121.1, 120.3, 116.2, 112.1, 97.3, 69.0, 68.9, 64.3, 56.4, 31.5,
31.4, 24.3, 19.2, 13.8, 13.8. MS (MALDI-TOF): m/z 1047
[M+H]+, 1069 [M+Na]+. HRMS (MALDI-TOF) Calcd for
C57H71N6O13 [M+H]+: 1047.5072. Found: 1047.5074.

4.1.9. Compound 17. To a solution of aniline 6 (0.93 g,
4.20 mmol) in THF (20 mL) was added n-butyl isocyanide
16 (0.60 mL). The solution was stirred at room temperature
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for 24 h and then concentrated in vacuo. The resulting resi-
due was washed with ether thoroughly and the resulting solid
subjected to column chromatography (petroleum ether/
AcOEt 2:1) to give 17 as a white solid (1.00 g, 75%). 1H
NMR (CDCl3) d: 7.61 (d, J¼2.8 Hz, 1H), 7.49 (dd,
J1¼8.9 Hz, J2¼2.77 Hz, 1H), 7.27 (s, 1H), 6.92 (d,
J¼8.9 Hz, 1H), 6.44 (s, 1H), 4.77 (s, 1H), 4.00 (s, 2H),
3.87 (s, 3H), 3.24–3.20 (m, 2H), 1.94–1.75 (m, 2H), 1.57–
1.46 (m, 4H), 1.39–1.26 (m, 2H), 0.99–0.88 (m, 6H). MS
(EI): m/z 323 [M+H]+. Anal. Calcd for C17H26N2O4: C,
63.33; H, 8.13; N, 8.69. Found: C, 63.20; H, 8.20; N, 8.52.

4.1.10. Compound 18. A solution of compound 17 (0.65 g,
2.00 mmol) and sodium hydroxide (0.24 g, 4.00 mmol) in
THF (20 mL) and water (5 mL) was stirred at room temper-
ature for 1 h and then hydrochloric acid (1 N) added to
pH¼6. The solvent was removed under reduced pressure
and the resulting residue washed with cold water and dried
in vacuo. The crude product was purified by flash chromato-
graphy (CH2Cl2/MeOH 20:1) to give 18 as a white solid
(0.59 g, 95%). 1H NMR (CDCl3) d: 11.40 (s, 1H), 8.31
(dd, J1¼9.0 Hz, J2¼2.9 Hz, 1H), 7.71 (d, J¼2.9 Hz, 1H),
7.60 (s, 1H), 7.02 (d, J¼9.0 Hz, 1H), 5.55 (t, J¼5.4 Hz,
1H), 4.27–5.22 (m, 2H), 3.30–3.25 (m, 2H), 1.92–1.84 (m,
2H), 1.59–1.36 (m, 6H), 1.06–0.92 (m, 6H). MS (MALDI-
TOF): m/z 309 [M+H]+. Anal. Calcd for C16H24N2O4: C,
62.32; H, 7.84; N, 9.08. Found: C, 62.20; H, 7.94; N, 9.01.

4.1.11. Compound 5a. A solution of compound 18 (0.31 g,
1.00 mmol) and pentafluorophenol (0.18 g, 1.00 mmol),
DCC (0.23 g, 1.10 mmol) and DMAP (20 mg) in dichloro-
methane (20 mL) was stirred at room temperature for 1 h.
The solid formed was filtered off and the filtrate added to
a stirred solution of diamine 19 (84 mg, 0.50 mmol) and
HOBt (0.14 g, 1.00 mmol) in dichloromethane (20 mL).
The solution was heated under reflux for 10 h and then cooled
to room temperature. After workup, the crude product was
purified by column chromatography (CHCl3/MeOH 100:1–
20:1) to give 5a as a white solid (0.24 g, 80%). 1H NMR
(DMSO-d6) d: 10.52 (s, 2H), 9.45 (s, 1H), 8.47 (s, 2H),
7.93 (d, J¼2.8 Hz, 2H), 7.74 (dd, J1¼8.8 Hz, J2¼3.0 Hz,
2H), 7.17 (d, J¼9.0 Hz, 1H), 6.92 (s, 1H), 6.07 (t,
J¼5.9 Hz, 1H), 4.02 (s, 6H), 3.98 (s, 6H), 3.12–3.06 (m,
4H), 1.46–1.27 (m, 8H), 0.92–0.87 (m, 6H). MS (ESI): m/z
665 [M+H]+, 687 [M+Na]+.

4.1.12. Compound 21. To a solution of compound 20
(6.30 g, 41.0 mmol) and n-decyl bromide (11.0 g,
49.0 mmol) in acetonitrile (100 mL) was added potassium
carbonate (14.0 g, 0.10 mol). The suspension was heated
under reflux for 20 h and then concentrated under reduced
pressure. The resulting residue was triturated with ethyl ace-
tate (200 mL). The organic phase was washed with saturated
sodium bicarbonate solution (100 mL), water (100 mL�2),
brine (100 mL) and dried over sodium sulfate. Upon removal
of the solvent under reduced pressure, the crude product was
purified by column chromatography (petroleum ether/AcOEt
10:1) to afford 21 as colorless oil (11.8 g, 90%). 1H NMR
(CDCl3) d: 7.78 (dd, J¼7.8 Hz, 1.6 Hz, 1H), 7.48–7.38 (m,
1H), 6.97 (dd, J1¼7.6 Hz, J2¼3.7 Hz, 1H), 4.05–4.01 (m, 2H),
3.89 (s, 3H), 1.88–1.78 (m, 2H), 1.51–1.28 (m, 14H), 0.89
(t, J¼6.5 Hz, 3H). MS (EI): m/z 293 [M+H]+. Anal. Calcd
for C18H28O3: C, 73.93; H, 9.65. Found: C, 73.81; H, 9.80.
4.1.13. Compound 22. To a stirred solution of compound 21
(12.9 g, 44.0 mmol) in concd sulfuric acid (98%, 30 mL),
cooled in ice bath, was added dropwise a mixture of concd
nitric acid (4 mL) and concd sulfuric acid (15 mL). The
mixture was stirred at room temperature for 2 h and then
poured into ice water (400 mL). The precipitate formed
was filtered, washed with water and dissolved with ether
(200 mL). The organic phase was washed with aqueous
sodium hydroxide solution (0.5 N, 50 mL), water (100 mL�
2), brine (100 mL) and dried over sodium sulfate. Upon re-
moval of the solvent under reduced pressure, the resulting
residue was purified by flash chromatography (petroleum
ether/AcOEt 10:1) to give 22 as a yellow solid (10.1 g,
80%). 1H NMR (CDCl3) d: 8.70 (d, J¼2.9 Hz, 1H), 8.34
(dd, J¼9.2 Hz, 2.9 Hz, 1H), 7.04 (d, J¼9.2 Hz, 1H), 4.15
(t, 2H), 3.93 (s, 3H), 2.14–1.68 (m, 2H), 1.59–1.17 (m,
14H), 0.89 (t, J¼6.4 Hz, 3H). MS (EI): m/z 338 [M+H]+.
Anal. Calcd for C18H27NO5: C, 64.07; H, 8.07; N, 4.15.
Found: C, 63.92; H, 8.21; N, 4.09.

4.1.14. Compound 23. To a solution of compound 22
(6.76 g, 20.0 mmol) in THF (10 mL) and methanol
(100 mL) was added a solution of sodium hydroxide
(1.80 g, 40.0 mmol) in water (40 mL). The mixture was
added at room temperature for 12 h and then neutralized
with hydrochloric acid to pH¼5. The solvent was distilled
under reduced pressure and the resulting residue triturated
with ethyl acetate (100 mL). After workup, the crude product
was purified by recrystallization from ethyl acetate to afford
23 as a pale yellow solid (5.49 g, 85%). 1H NMR (CDCl3) d:
9.05 (d, J¼3.0 Hz, 1H), 8.44 (dd, J1¼9.3 Hz, J2¼3.0 Hz,
1H), 7.17 (d, J¼9.3 Hz, 1H), 4.38–4.33 (m, 2H), 2.00–1.95
(m, 2H), 1.54–1.30 (m, 14H), 0.90–0.86 (t, J¼6.8 Hz,
3H). MS (EI): m/z 323 [M]+. Anal. Calcd for C17H25NO5:
C, 63.14; H, 7.79; N, 4.33. Found: C, 62.95; H, 7.87; N,
4.26.

4.1.15. Compound 24. A solution of compound 23 (3.23 g,
10.0 mmol), oxalyl chloride (6 mL, 24 mmol) and DMF
(0.05 mL) in benzene (60 mL) was stirred at room tempera-
ture for 1 h and then concentrated under reduced pressure.
The resulting residue 24 was dissolved in dichloromethane
(40 mL). The solution was used for the next step.

4.1.16. Compound 25. To a stirred solution of 19 (0.84 g,
5.00 mmol) and triethylamine (1.10 mL, 10.0 mmol) in di-
chloromethane (20 mL) was added the above solution of
24 in dichloromethane. The mixture was stirred at room tem-
perature for 2 h and then another part of dichloromethane
was (50 mL) added. The solution was washed with dilute hy-
drochloric acid (1 N, 20 mL), saturated sodium bicarbonate
solution (20 mL), water (25 mL�2), brine (25 mL) and then
dried over sodium sulfate. After the solvent was removed
under reduced pressure, the resulting residue was subjected
to column chromatography (CH2Cl2/EtOAc 15:1) to give 25
as a yellow solid (3.50 g, 90%). 1H NMR (CDCl3) d: 9.93 (s,
2H), 9.66 (s, 1H), 9.30 (d, J¼2.7 Hz, 2H), 8.31 (dd,
J1¼9.2 Hz, J2¼2.6 Hz, 2H), 7.10 (d, J¼9.1 Hz, 2H), 6.57
(s, 1H), 4.33–4.29 (m, 4H), 3.93 (s, 6H), 2.72–1.59
(m, 4H), 1.65–1.14 (m, 32H), 0.86 (t, J¼6.4 Hz, 6H). MS
(ESI): m/z 779 [M+H]+. Anal. Calcd For C42H58N4O10:
C, 64.76; H, 7.51; N, 7.19. Found: C, 64.65; H, 7.62; N,
7.14.
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4.1.17. Compound 26. A suspension of compound 25
(2.33 g, 3.00 mmol) and Pd–C (0.2 g, 10%) in THF
(100 mL) was stirred under the atmosphere of hydrogen
gas (40 atm) in an autoclave for 20 h. The solid was then fil-
tered and the filtrate concentrated under reduced pressure.
The resulting residue was subjected to column chromato-
graphy (chloroform/methanol 20:1) to give 26 as a pale yel-
low solid (2.05 g, 95%). 1H NMR (CDCl3) d: 10.23 (s, 2H),
9.52 (s, 1H), 7.70 (d, J¼2.7 Hz, 2H), 6.83–6.79 (m, 4H),
6.55 (s, 1H), 4.12–4.07 (m, 4H), 3.90 (s, 6H), 3.56 (br,
4H), 1.94–1.86 (m, 4H), 1.46–1.25 (m, 28H), 0.89–0.85
(m, 6H). MS (ESI): m/z 719 [M+H]+, 741 [M+Na]+, 757
[M+K]+. Anal. Calcd for C42H62N4O6: C, 70.16; H, 8.69;
N, 7.79. Found: C, 69.73; H, 8.68; N, 7.67.

4.1.18. Compound 5c. To a solution of compound 26
(0.19 g, 0.27 mmol) in THF (5 mL) was added n-butyl iso-
cyanide 16 (60 mg, 0.60 mmol). The solution was stirred
at 40 �C for 12 h and then concentrated under reduced
pressure. The resulting residue was washed with ether
thoroughly and then purified by recrystallization from meth-
anol and chloroform to afford 5c as a white solid (0.11 g,
55%). 1H NMR (CDCl3) d: 10.48 (s, 2H), 9.18 (s, 1H),
8.23 (d, J¼8.1 Hz, 2H), 7.96 (s, 2H), 7.86 (s, 2H), 6.88 (d,
J¼9.0 Hz, 2H), 6.58 (s, 1H), 5.79 (s, 2H), 4.12–4.06 (m,
4H), 3.92 (s, 6H), 2.75 (s, 4H), 1.95–1.90 (m, 4H), 1.60–
0.97 (m, 32H), 0.88 (t, J¼6.4 Hz, 6H), 0.79 (t, J¼6.3 Hz,
6H). MS (ESI): m/z 916 [M]+. HRMS (ESI) Calcd for
C52H80N6O8: 916.6038. Found: 916.6054.

4.1.19. Compound 5b. Compound 5b was prepared as
a white solid (50%) from the reaction of compound 26 and
methyl isocyanide in THF under similar conditions. 1H
NMR (CDCl3) d: 10.49 (s, 2H), 9.08 (s, 1H), 8.25 (d, J¼
9.10 Hz, 2H), 8.00 (s, 2H), 7.87 (s, 2H), 6.91 (d, J¼9.7 Hz,
2H), 6.63 (s, 1H), 5.53 (s, 2H), 4.15–4.10 (m, 4H), 3.93 (s,
6H), 2.30 (s, 4H), 1.96–1.90 (m, 4H), 1.48–1.26 (m, 30H),
0.89–0.85 (m, 6H). MS (ESI): m/z 833 [M+H]+, 855
[M+Na]+, 871 [M+K]+. Anal. Calcd for C46H68N6O8: C,
66.32; H, 8.23; N, 10.09. Found: C, 66.12; H, 8.25; N, 9.92.

4.1.20. Compound 27. A solution of compound 14 (1.67 g,
10.0 mmol) and n-butyl isocyanide 16 (1.22 mL,
10.0 mmol) in THF was stirred at room temperature for
24 h. The solvent was removed under reduced pressure and
the resulting residue washed with ether thoroughly. The
crude product was purified by recrystallization from THF
to give 27 as a white solid (1.55 g, 70%). 1H NMR (CDCl3)
d: 8.30 (dd, J1¼9.0 Hz, J2¼3.0 Hz, 1H), 7.72 (d, J¼3.0 Hz,
1H), 7.35 (s, 1H), 7.03 (d, J¼9.0 Hz, 1H), 5.36–5.32 (m,
1H), 4.08 (s, 3H), 3.31–3.24 (m, 2H), 1.58–1.50 (m, 2H),
1.46–1.36 (m, 2H), 0.97–0.92 (t, J¼6.4 Hz, 3H). MS (EI):
m/z 266 [M]+. Anal. Calcd for C13H18N2O4: C, 58.63; H,
6.81; N, 10.52. Found: C, 58.49; H, 6.85; N, 10.46.

4.1.21. Compound 30. A solution of compound 27 (0.13 g,
1.00 mmol), pentafluorophenol (0.10 g, 1.00 mmol), DCC
(0.27 g, 1.00 mmol) and DMAP (10 mg) in chloroform
(20 mL) was stirred at room temperature for 1 h. The solid
formed was filtered off. The filtrate, the solution of com-
pound 28, was added to a solution of compound 2924a

(0.15 g, 0.50 mmol) and HOBt (0.14 g, 1.00 mmol) in chlo-
roform (20 mL). The solution was heated under reflux for
24 h and then washed with hydrochloric acid (0.5 N,
10 mL), saturated sodium bicarbonate solution (15 mL),
water (15 mL), brine (15 mL) and dried over sodium sulfate.
After the solvent was removed under reduced pressure, the
resulting residue was purified by column chromatography
to give 30 as a white solid (0.39 g, 70%). 1H NMR
(CDCl3) d: 10.32 (s, 1H), 10.30 (s, 1H), 9.42 (s, 1H), 8.34
(d, J¼8.3 Hz, 1H), 8.04 (dd, J1¼9.1 Hz, J2¼2.9 Hz, 1H),
7.87 (d, J¼2.7 Hz, 1H), 7.48 (t, J¼7.5 Hz, 2H), 7.12 (t,
J¼7.6 Hz, 1H), 7.03 (d, J¼8.3 Hz, 1H), 6.94 (d, J¼8.8 Hz,
1H), 6.58 (s, 1H), 5.41–5.38 (m, 1H), 4.06 (s, 3H), 4.00 (s,
3H), 3.96 (s, 3H), 3.93 (s, 3H), 3.01–2.94 (m, 2H), 1.29–
1.14 (m, 4H), 0.82–0.77 (m, 3H). MS (MALDI-TOF): m/z
551 [M+H]+. Anal. Calcd for C29H34N4O7: C, 63.26; H,
6.22; N, 10.18. Found: C, 63.08; H, 6.31; N, 10.14.

4.2. The determination of binding constants

The methods have been reported in a previous paper.11
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