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Abstract—A podand containing urea units (L) was found to form interlocked structures with 2,5-dihexylamide imidazolium salts
(3-X), 2,5-dihexyl imidazolium salts (4-X), and 2,5-dihexyl benzoimidazolium salts (5-X), where X = Cl~, Br—, and PF¢~ using anions
as templates. The binding ability of L and guest molecules was evaluated by 'H NMR titrations in CDCl;. It was found that L could
form complexes with guest molecules in the following order, 3-X > 5-X >4-X. Stabilities of the complexes also depended on shape of
the templated anions: Cl~ > Br—>>PF¢~. Hydrogen bonding and n—n stacking interactions played an important role in the self-

assembling of these interlocked molecules.
© 2003 Elsevier Ltd. All rights reserved.

Template synthesis has provided important advances in
developing strategies for the synthesis of complex
molecular architectures. Chemists employ cationic and
neutral molecules as templates for synthesizing supra-
molecular species such as rotaxanes, catenanes, and
other interlocked molecules.'”? Anions have recently
been used as templates in synthetic chemistry.® Stod-
dart* and Vogtle’ are pioneers in synthesizing rotaxanes
and pseudorotaxanes using anions as templates.
Recently, Beer and co-workers have reported the chlo-
ride-directed assembly of a [2]pseudorotaxane by orga-
nizing a macrocyclic ligand and an amide pyridinium
molecule in an orthogonal fashion.%’

Interestingly, the imidazolium cation has similar prop-
erties to the pyridinium cation such as holding a positive
charge and possessing ionic liquid properties. Imidazo-
lium units display main structural motifs for the for-
mation of uncoventional C-H- - -Cl~ hydrogen bonding
interactions.® Herein, we are interested in self-assembly
recognition of azoaromatic onium compounds and a
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podand diurea compound. This receptor is able to
organize itself in a cleft-like structure and assemble
imidazolium compounds. In this paper we demonstrate
that anion templating, hydrogen bonding, and n-=
stacking interactions play an important role in produc-
ing new interlocked molecules. The podand containing a
diurea receptor L was prepared in our group.’ It con-
tains two urea units as an anion binding site using
hydrogen bonding interactions and a polyethyleneglycol
unit as a cation binding site. The host and guests
described herein are shown in Chart 1.

Compound 3 was synthesized by refluxing a chloroform
solution of N-hexylchloroacetamide 1'° and hexylcarb-
oxamide methyl imidazole 2!' prepared by generating
the sodium imidazole salt from imidazole and NaH in
dry THF and subsequently coupling it with the N-hexyl-
chloroacetamide 1. The reaction provided a white pre-
cipitate of 3-CI~ in 61% yield.!? In the case of 3-Br~ and
3-PFs, they were obtained by anion exchanges between
3-Cl™ in methanol and saturated NH,;Br and NH,PF; in
aqueous solution yielding white solids of 3-Br~ and
3 PFs~ in 89% and 90% yields, respectively. The prep-
aration of 3-X, where X =CI~, Br—, and PF¢, is shown
in Scheme 1. All compounds were characterized by 'H
NMR and electrospray ionization mass spectro-
metry.'>!* Compounds 3-Cl-, 3-Br~, and 3-PF;~ show


mail to: tthawatc@chula.ac.th

664 B. Tomapatanaget et al. | Tetrahedron Letters 45 (2004) 663-666
2
e e
H OCH,
L
OCH,
H H :( o
N
NN
Y
o}
&R Hexyl—N.®_ N—Hexyl
O{NVN_YO ~
NH X HN X Hexy!—-N@N-—Hexyl
4 X
X Cl, Brand PFg
3 5
Chart 1.
= NEt;, CH,CI N
+ RNH, NEty CH:Cl Y .
c NHR 1 (98%)
+
N_NH + NaH E» N_NNa
% 2 %
THF
/® \ =
O\ N\/N _0 CHCl, o\(—NvN OY_Cl
or Reflux = +
NHR NHR NHR > N1HR
a.cr NH,PFg (60%)
NH,Br (61%) \
3Br 3PFg R = hexyl
(89%) (90%)

Scheme 1. Synthesis of imidazolium guests.

the N H signal at ca. 8.4-8.5 ppm. The three ligands have
similar NMR spectra as observed from the -NCHN-
and -NCHCHN- signals at 9.08 and 7.65, 9.05 and 7.65
as well as at 9.03 and 7.64 ppm, for 3-Cl-, 3-Br~, and
3-PF¢, respectively. However, the melting points of
3:Cl-, 3-Br, and 3-PF¢~ were found to be distinguishable
being 160, 132, and 139°C, respectively. Compounds
4-Br~ and 5-Br~ were generated by coupling imidazole
or benzoimidazole and excess hexylamine in the pres-
ence of excess K,CO; in dried acetone.'* Compounds
4-X and 5-X, where X=Cl~ and PF~, were obtained
from anion exchanges using NH,Cl and NH4PF,
respectively.®

Compounds 3-X, 4X, and 5-X are all ion-pairing guests,
which possess positively charged imidazolium rings with
the proton at the 2-position of the imidazolium ring able
to hydrogen bond to anions. Only compound 3X
incorporates an anion binding cleft due to the amide
protons in addition to the ion pairing and the proton at
the 2-position. This allows an anion to locate within its
hydrogen bonding cleft in nonpolar solvents. All ligands
and the guest molecules dissolve very well in CDCls,
which is a noncompetitive solvent.

Upon addition of guest molecules 3-X, 4X, and 5X,
where X =CIl~ and Br~ and monitoring complexation
processes by 'H NMR spectroscopy, NMR spectra
displayed significant shifts of signals of both L and
guests. However, where X=PF¢~, no change was
observed in the NMR spectra of mixtures of L with 3-X,
4X, and 5X. '"H NMR spectra of L, 3:‘Br~ and a 1:1
mixture of the two compounds are illustrated in Figure
1. Proton labels are shown in Figure 2. Interestingly, all
proton signals of the guest 3-Br~ (H,,, Hy, Hy, and H,)
shift upfield while those of the host L (aromatic and urea
protons) shift downfield. Hydrogen bonding interac-
tions between protons Hy and H, with Br~ was allocated
to the urea protons (H, and H;) of L resulting in a
decrease of hydrogen bonding interactions of protons
H, and H, with the anion and upfield shifts of the sig-
nals. In contrast, the urea protons of L (H, and H;)
display large downfield shifts because of the hydrogen
bonding interactions with Br~. Furthermore, the signal
H,, of 3X displays an upfield shift upon addition of
more guest species. It is probably due to the anisotropic
deshielding effect of the aromatic ring belonging to L.°
The effect of n—m stacking on the aryl protons of both
the imidazole and benzene rings of L causes the upfield
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Figure 1. '"H NMR spectra of (a) L, (b) a 1:1 mixture of L and 3-Br~,
and (c) 3-Br~ in CDCl; at 400 MHz (298 K).

A3 (ppm) of 3.CI'; Hy:-1.07, Hy:-0.18 ppm, H,: -0.49 ppm
A3 (ppm) of L; Hj: +1.18 ppm, Hg: +0.68 ppm, Hj: +0.17 ppm,
Hi: +0.06 ppm, Hj: -0.14 ppm

Figure 2. The proposed structure of the complex between L and 3-Cl—,
consistent with the cross relationship from ROSEY and the shifted
signals of L and 3-Cl".

shifts of protons Hy and Hy,. The template effect is even
more pronounced in the case of the CI~ counter ion,
which gives larger shifts of all proton signals.

In addition, interactions between the host and guests
were supported by a ROSEY NMR spectrum of L
and 3-CI" in CDCI;. The cross relation peaks of Hy
and OCHj3; protons, H,, and Hy, H; and H as well as Hy
and H, signified weak interactions in the spectrum as
shown in Figure 2. These interactions are indicative of

the threading of the cations through the cavity of the
podand.

In the case of 4X and 5X, interactions with L are
similar to those of 3-X. Considering '"H NMR titration
spectra of L and 4-Cl, it was found that both NH
protons of L shifted downfield corresponding to
hydrogen bonding interactions with anions. Addition-
ally, aromatic protons shifted significantly indicating the
n—n stacking interactions between aromatic rings and
the imidazolium ring belonging to L and 4-Cl~, respec-
tively. In the case of the complex of L and 5-Cl-, the
aromatic protons of the benzoimidazolium ring of 5X
showed significant upfield shifts due to the anisotropic
effect from the aromatic ring of L.

Association constants of complexes between L and 3-X,
4-X and 5X where X=Cl", Br~, and PFs~ were mea-
sured by '"H NMR titrations monitoring the NH urea
protons of L. Titration curves of L with 3-X, 4X, and
5-X are depicted in Figure 3. A Jobs plot indicated a
stoichiometry of 1:1 for the host and guest molecules.
Association constants of the self-assembly between two
molecules can be calculated by the EQNMR program. '

The association constants of complexation for L with
guest molecules are shown in Table 1. Both Cl~ and Br~
counter-ions have strong hydrogen-bonding interactions
with the host L and act as templates for the formation of
interlocked molecules. Among the guests, 3-X, 4-X, and
5-X, where X = Cl~, show higher binding constants with
L than those where X =Br~. Formation of these inter-
locked molecules thus prefers a spherical template to an
octahedral template.
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Figure 3. Titration curves of L and guest molecules in CDCl;.

Table 1. The association constants (M~!) in CDCl; at 298 K

K, (M)
Cr Br- PF,~
L:3X 3460.0 3157.0 :
L:4X 892.4 545.0 @
L:5X 1231.0 973.8 a

#No peak shifts were observed.
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Additionally, the association constants of the complexes
agree with the proposed structures corresponding to the
highest K, values of L with 3-X because the anion
encounters seven hydrogen bonding interactions from
the host L and the imidazolium amide unit as well as the
C-H—X interaction while the complexes of L and 4-X
and 5-X were subjected to only five hydrogen bonding
interactions.!® Association constants of L and 5-X are
higher than those of L and 4-X because of the
enhancement of binding from n—r stacking interactions
between the benzene rings of L and the benzoimidazo-
lium ring of 5-X.

In summary, self-assembly studies of the host L and
guest molecules were carried out by 'H NMR titrations
in CDCl;. The NH resonances of the urea unit of the
ligand were monitored. Large downfield shifts attributed
to hydrogen bonding interactions between NH protons
of L and anionic species of guest molecules were
observed. The results revealed that L selectively bound
guest molecules in the following order, 3-X>5-X>4-X.
The binding ability also corresponded to the shape of the
anion template (Cl- > Br >>PF4~), numbers of hydro-
gen bond donating sites and m—r stacking interactions. In
addition, we have demonstrated that the anion recogni-
tion step has oriented the nonmacrocyclic ligand
orthogonally to the cation to provide an interpenetrated
geometry and produce interlocked architectures.
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