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Triangular Assembly Through Charged structure. These structural features encouraged many supramo-
Hydrogen Bonds in Polar Solvent lecular chemists to construct various three-dimensional assembly
structures. In the early days, various types of box- or capsule-
like structures were constructed using neutral hydrogen bbnds.
However, most of these systems work in nonpolar solvents
because of the relatively weak nature of hydrogen bonds in polar
Department of Chemistry, College of Natural Sciences, Seoul solvent systems. Recently, different approaches involving
National University, Seoul 151-747, Korea, and Department of  mytiple jonic interactions have been widely studied to develop
Chemistry and Applied Chemistry, College of Science, capsule-like structures that are operative in polar solvnts.

Hanyang Uniersity, Ansan, Kyunggi-Do 426-791, Korea Another type of an interesting supramolecular structure using
calixarene building blocks is the double rosette assembly
reported by Reinhoudt and co-workérghey found that calix-
[4]arenes substituted with two melamine units at the upper rim
form box-like assemblies together with barbituric acid and
cyanuric acid derivatives. These assemblies show unique
properties in terms of asymmetric inductibmoncovalent
synthesi€ and guest encapsulatiéridere, we report on the
double rosette-type assembly driven by charged hydrogen
bonding andr—u interactions between tris(imidazoling)and
calix[4]arene dicarboxylic acid?j in polar solvent.

Modeling predicted that 2:3 self-assembly of tris(imidazoline)
(1) and bidentate carboxylic aci@)(would give a triangular
assembly. We used cone-shaped calix[4]aré)es@bstituted
with two alternating carboxylic acids oriented in the same
direction on the upper rim as a bidentate carboxylic acid
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SCHEME 1

(Scheme 1§. NBS bromination of tetrapropoxycalix[4]arene The assemblyl,-2; was also characterized by MALDI-TOF
followed by treatment of the resulting 5,11,17,23- mass spectrometry. The spectrum shows a peakz2983 of
tetrabromotetrapropoxycalix[4]arene with exced3uLi in THF the assemblyl,-23 — 2CQ;]*. The major peak ain/z 2083 is
at —78 °C and quenching with CQled to the selective assigned tol>2,*Na — 4 CQ,]* and another peak at/z 2001
conversion to 5,17-dibromo-11,23-dicarboxy-25,26,27,28- to [1-2;*Na]’.
tetrapropoxycalix[4]arene?) in the cone conformation.

ThelH NMR spectrum of a 2:3 mixture df and2 in CDCly/ ¢
CD30D (v/v = 1:1) shows a highly symmetric one-set signal, l .
suggesting the formation of a symmetric structure (Figure 1). . M
The aromatic proton (Bl of 1 is strongly shifted downfield . Vs
(AdHa= 1.46 ppm), coupled with an upfield shift of the aromatic 1
proton (H,) of 2 substituted with carboxylic acid\n, = —0.39 A 12223
ppm). The shifts are the result of proton transfer from the
carboxylic acid to the tris(imidazoline) base. Methylene protons . " x
of 1 at~4 ppm become broadened. This signal change comes N N 12-13
from protonation and hindrance of free rotation bfupon , 1
complexation. l‘

IH NMR spectrum changes were monitored addirtg 2 in
CDCL/CDs0OD (viv = 1:1) (Figure 1). Asl was added t@, a PN
new set of peaks assigned to the 2:3 assembly appeared. Signals ’
corresponding to the assembled structure became major one&IGURE 2. Partial®H NMR spectra upon addingto 2 ([1] = 5 mM
at a 2:3 ratio ofl and 2 as the signals of fre€ mostly and P] = 30 mM) in CDCK/CD;OD (v/v = 1:1) at room temperature.
disappeared. At a 1:3 ratio @fand2, we cannot observe peaks ®: Complex ofl and2, <: freel, and *: free2.
of free 1, which was mostly used for constructing the assembly.
When an excess df was added, signals of freleremained at Two-dimensional NOESY experiments were performed to
the same position. At a 4:3 ratio @fand2, there are only two  locate the spatial proximity of various protons of complgx
sets of signals assigned to the complex and frdhis indicates 23. NOE connectivities were observed for the methylene protons
that exchange between the complex and free ligands is slow onof 1 with aromatic protons (kland H;) of 2. The presence of
the NMR time scale. Also, there are no intermediate structures these NOE connectivities provides strong evidence for the fact
such as partial assemblies (1:1, 2:2, 1:3, etc.) or oligomeric that1 and2 form a close contact structure in solution.
species. The assembly works in a wide range of polarities from  Crystals suitable for X-ray diffraction analysis were obtained
neat CHC4 to CHCE/MeOH = 1:2 (v/v). However, a more polar by slow evaporation of a 2:3 mixture éfand2 in a 1:1 (v/v)
solvent system cannot be used because of solubility issues. mixture of CHCk and MeOH. The crystal structure reveals that

2 only
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FIGURE 1. H NMR spectral changes upon complexation in CECD;OD (v/v = 1:1) at room temperature. (4) (b) 2, and (c)1,2s.

9226 J. Org. Chem.Vol. 71, No. 24, 2006



FIGURE 3. Crystal structures of,:2;. C (gray), O (red), N (blue),
Br (yellow), and H (white). Hydrogen bonds are indicated in green
dotted lines. All hydrogen atoms except for two hydrogen atoms in
the imidazolinium group are omitted for clarity.

1 and2 are held together by 12 Coulombic H-bonds forming a

]OC Note

assembly (distances between terminal methyl carbon atoms of
the propyl group at the corners b4-23) are approximately 2.5

nm long. Two central tris(imidazolinium)s are stackeddyr
interactions. The two central benzene rings lofie nearly
parallel to each other with an interplane distance of 3.45 A,
which leaves little space for guest encapsulation in the solid-
state structure like Reinhoudt's double rosette. One central
benzene ring ofl is twisted by about 50with respect to the
adjacent benzene ring. Chargeharge repulsion between
positively charged imidazoliniums causes them to stack with a
staggered mode. As a result, the overall structure of the assembly
displays chirality P or M), even though there is no chiral center.
The calix[4]arene units are organized into a pinched cone
conformation suitable for a 2:3 assembly. The phenyl rings
substituted with carboxylic acid in calix[4]arene are parallel to
each other with an interplane distance of 5.47 A. TheND
distance forming Coulombic hydrogen bonds lies between 2.65
and 2.80 A. Presumably;—x stacking of the central phenyl
rings of1 and the charged hydrogen bonds between carboxylate
and imidazolinium are the major driving forces for spontaneous
assembly of the 2:3 mixture dfand2 into a helical structure.

2:3 assembly of and2 can be present as two conformational
isomers in solution: thés; isomer (staggered and chiral as
shown in the solid-state structure) and g isomer (eclipsed
and achiralf. Since one set of signals of the aromatic protons
of calix[4]arene was obtained at room temperature, we examined
low-temperature NMR of 1:3 mixture dfand2 to find a major
isomer in solution (Figure 4). As the temperature drops, aromatic
protons of free2 become sharp, while aromatic protons2f
corresponding to the complebs-23 split into two sets without
showingDsh isomer signals, which indicates that theisomer
is dominant in solution. Temperature-dependent NMR o£a3

triangular assembly (Figure 3). Sides of an overall triangular mixture of 1 and2 shows a similar pattern to the 1:3 mixture.

1:3(-40)/1H
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FIGURE 4. Partial views of temperature-dependé&dtNMR spectra. 1:3 mixture of and2 (left, 25, 10, 0,—20, and—40 °C) and 2:3 mixture

of 1 and?2 (right, 25, 0,—20, and—40 °C).
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We can only observe thg; isomer and residual signals of free
2.

substituted by carboxylic acid), 6.83 (s, 12H, aromatic protons of
2 substituted by bromine), 4.21 (d, 12Bi= 13.08, ArCHAr of

In conclusion, we have demonstrated a triangular assembly2) 3.87 (broad t, 12H, OCHCH,CHjs of 2), 3.68 (broad s, 24H,

driven by 12 charged hydrogen bonding andrx interactions.

This assembly is stable even in polar solvents because of its

charged hydrogen-bond nature. Helical arrangement of the
complex is confirmed by its crystal structure. A solution
structure is assigned to tidg isomer corresponding to the solid-
state structure by temperature-dependeftiMR experiments.

Experimental Section

5,17-Dibromo-11,23-dicarboxy-25,26,27,28-tetrapropoxycalix-
[4]arene (2). To a stirred of solution of 5,11,17,23-tetrabromo-
25,26,27,28-tetrapropoxycalix[4]arene (1 g, 1.1 mmol) in dry THF
(100 mL) at—78 °C was addedh-BuLi in hexane (2.76 mL, 4
equiv, 1.6 M). The yellow solution was stirred &{78 °C for 5
min, quenched with dry C£Xg) (large excess), and stirred for 30
min. The reaction mixture was poured into iceetdl M hydro-
chloric acid and extracted with CHLthree times. The organic
layer was washed with water and brine, MgS®ied, and
evaporated in vacuo. Recrystallization from THF/MeOH (v
1:1) gave2 as white crystals (460 mg, 50% yield).

H NMR (300 MHz, DMSOsg) : 6 12.56 (s, 2H), 7.68 (s, 4H),
6.42 (s, 4H), 4.33 (d, 4H] = 13.2), 4.01 (t, 4HJ) = 7.9), 3.72 (t,
4H,J = 6.6), 3.38 (d, 4H,) = 13.5), 1.89-1.84 (m, 8H), 1.07 (t,
6H,J=7.2),0.92 (t, 6HJ = 7.2).

13C NMR (75 MHz, CDC}): 6 171.60, 158.97, 156. 81, 138.42,

NCH,CH;N of 1), 3.39 (broad t, 12H, OC}H,CHjs of 2), 2.95
(d, 12H,J = 13.24, ArCHAr of 2), 1.73 (broad m, 12H, 12H,
OCH,CH,CH;z of 2), 1.68-1.58 (m, 12H, OCHCH,CH; of 2), 0.81
(broad t, 18H, OCHCH,CHjs of 2), 0.69 (broad t, 18H, OCHH,-
CH; of 2).

13C NMR (125 MHz, CDC} + MeOD-d; (v/v = 1:1)): 174.48,
161.65, 158.73, 157.72, 139.98, 134.53, 132.58, 131.98, 130.76,
130.06, 125.37, 115.17, 77.67, 77.34, 49.65, 49.48, 49.31, 49.14,
48.97, 48.80, 48.63, 46.27, 46.00, 31.69, 24.14, 23.55,11.13, 10.21.

Mass (MALDI-TOF): m/z2983 [1,:2; — 2CO,]*; m/z2083 [1,*
2,Na — 4CQ)]*; m/z 2001 [1,-2-Na]*.

Crystal Data of 1,-23. Crystal structure ofl,23: CisgHizs
BreN1,0,4, MW = 3080.53, colorless crystal 1.00 m#0.25 mm
x 0.20 mm, trigonaP3;21,a=b = 34.775 (1)c = 31.201(1);V
=32676(2) B, Z=6, pcaica= 0.939 Mg/nd, u(1 = 0.82657 A)=
1.155 mnl, 20,. = 48.9; 131 468 measured reflections, 22 709
unique of which 13 296 were observable-[ 2o(1)]. The refinement
converged to a final RE 0.1255 and wR2= 0.3215 for observed
reflections ofl > 20(1). Structure refinement following modification
of the data with the SQUEEZE routine in PLATORR1 = 0.0778
(I > 20(l)), wR2 = 0.2136, GOF= 1.002, max/min residual
electron density 0.852/0.867 e3/Crystallographic details are in
the Supporting Information.
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HRMS (FAB): Calcd for G;H4eBr,0g (M™): 836.1559, found:
836.1553.

Preparation of Complex (1,:23). The assembly1;-23) can be
obtained by two ways. FdH NMR analysis,1 and2 were mixed
in 2:3 ratio in CDC} and CROD (v/v = 1:1).1 and2 were mixed
in a 2:3 ratio in EtOH and heated until the mixture became clear
and cooled down to room temperature, which gave a colorless
crystalline solid. A solid obtained by two methods shows the same
property {H NMR, 13C NMR, Mass).

1H NMR (300 MHz, CDC} + MeOD-d; (viv = 1:1)): 9.37 (s,
6H, aromatic protons ir1), 7.05 (s, 12H, aromatic protons &f
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ship.

Supporting Information Available: Spectral data of new
compounds and1p-23] and crystallographic data ofif-23]. This
materialis available free of charge viathe Internetat http://pubs.acs.org.
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