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The synthesis and ion binding properties of calix[4]pyrrole bearing pyrene moieties appended to one side of the
calix[4]pyrrole are reported. The key feature is the presence of flexible fluorescence arms attached to the calix[4]pyrrole
ring in a cis-fashion. The preliminary solution phase anion and cation binding studies revealed that the systems can

be in fact as viable sensors for anionic guest.
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Introduction

Synthetic receptors which are capable of selective binding
and recognition of anionic substrates are of great interest due to
the importance of anions in various fields of studies including
environmental science and biology. "The design and synthesis
of anion receptors possessing high affinity and selectivity still
remains a challenging task due to rather complex nature of
anionic species compared with those of cations. Among the vari-
ous neutral anion receptors reported in recent years, calix[4]
pyrroles and their congeners have emerged as particularly attrac-
tive, in part because they are readily accessible and can be ob-
tained in single step from commercially available starting ma-
terials. Various modified calix[4]pyrroles have been designed
and synthesized for improved recognition properties.”> Among
them, calix[4]pyrroles bearing diametrical strap on one side of
the macrocycle (A) have attracted attention due to their superior
binding properties. "“* In contrast to most other calixpyrrole de-
rivatives, these systems allow for a pre-organization of the bind-
ing domain, a feature that has allowed for a fine-tuning of their
selectivity and affinity. Unlike the calix[4]arenes, the calix[4]
pyrroles are more flexible and undergo conformational changes
easily. The conversion from the 1,3-alternate conformation to
a bowl-like cone conformation can occur simply binding with
anions. The spatial orientation of the meso-substituents also un-
dergoes a dramatic change as a consequence of anion binding.
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Scheme 1. Schematic representation of calix[4]pyrrole attached with
fluorophores at meso-position

"This paper is dedicated to Professor Sunggak Kim on the occasion of
his honorable retirement.

If two or more fluorophores, such as pyrene, are introduced
at the meso-positions of the calix[4]pyrrole, the conformational
motion could potentially be used to change the fluorescence
properties of the molecule. This effect, which could be potenti-
ally exploited to produce chemosensor activity, should be en-
hanced when auxiliary hydrogen bonding donor sites are intro-
duced into the linker arm. Because the effects are largely con-
formation-based, the systems should give rise to greater sub-
strate-induced changes in fluorescence than rather rigid systems
that were reported carlier."””" In fact, unlike these previous py-
rene-functionalized systems, as well as the various other calix[4]
pyrrole-based sensor systems reported to date,”™ systems bas-
ed on conformation-based changes in the orientation of chro-
mophores are expected to combine directly an anion binding
event with a fluorescence change. In this paper we report the
synthesis and ion binding properties of calix[4]pyrroles bearing
pyrene moieties appended to one side of the calix[4]pyrrole. We
also report the results of preliminary solution phase anion and
cation binding studies and show that the systems in question can
in fact as viable sensors. As detailed below, in these systems an-
cillary functional groups have been incorporated into the linker
arm in order to gauge the effect, in any, that changes in the linker
have on the system as a whole.

A key feature incorporated into the proposed receptors is
the presence of flexible arms that strap the calix[4]pyrrole ring
in a cis-fashion. As shown in Scheme 1, 4-hydroxyacetophenone
1 was condensed with pyrrole to afford corresponding dipyrro-
methane 3, which was condensed with acetone to give mixture
of calix[4]pyrrole 5 and its isomer 7 in 26% and 2% yields, res-
pectively. The two isomers were easily separated by column
chromatography on silica. Then, the compound 5 was coupled
with pyrene derivative 9 to afford the desired receptor 10 in 12%
yield. When 3-hydroxyacetophenone 2 was condensed with py-
rrole, dipyrromethane 4 was fomed in 65% yield. Then, the con-
densation of 4 with acetone afforded a mixture of calix[4]pyrrole
6 and its isomer 8 in 19% and 15% yields, respectively. The rest
of the synthetic sequences were identical as for the synthesis
of those of 10. The isolated yield of receptor 11 was 48%. The
identity of the target compounds and intermediates were con-
firmed by spectroscopic analysis including "H NMR spectro-
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Scheme 2. Synthesis of receptor 10 and 11
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Figure 1. Titration of receptor 10 with fluoride anion (as its tetrabutyl-
ammonium salt) in CDCls. ([10] = 0.35 mM). Top trace is free host.

scopy and HRMS.

Preliminary fluoride anion binding studies of systems 10 and
11 were carried out in DMSO-d, using proton NMR spectros-
copy (Figure 1 and Figure 2). This was done by titrating receptor
10 or 11 with fluoride anion (studied in the form of its tetra-
butylammonium salt). A completely new sets of signals was
observed upon the addition of one equivalent of fluoride anion.
This observation is consistent with a 1/1 binding stoichiometry
and consistent with rather slow complexation/decomplexation
kinetics.

When compound 10 was titrated with fluoride anion, the
pyrrole N-H proton signals appearing originally at 7.15 ppm in
the absence of fluoride anion were shifted to 12.62 ppm as a
broad signal in the presence of fluoride anion. On the other hand,
signal of the amide N-Hs was almost intact with slight down-
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Figure 2. Titration of receptor 11 with fluoride anion (as its tetrabutyl-
ammonium salt) in CDCls. ([11] =0.35 mM). Top trace is free host.

field shift (Figure 1). The aromatic protons on the picket were
up-field shifted from 6.75 ppmto 6.49 ppm, indicating a strongly
association of bound anion with aromatic n-system. Based on
these observations, we concluded that the fluoride anion bound
to the cavity. The amide N-Hs seemed not to participate in the
initial fluoride anion binding and all the experimental observa-
tions corresponds to the cavity binding of fluoride anion and
the host-fluoride anion complex formation did not lead to the
significant spatial changes between the two pyrene units (vide
infra).

The titration of receptor 11 with fluoride anion also showed
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Figure 3. Titration of receptor 10 with acetate anion (as its tetrabutyl-
ammonium salt) in CDCls. ([11]= 0.35 mM). Top trace is free host.
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similar spectral changes as shown in Figure 2. A completely new
set of signals were observed upon the addition of only one
equivalent of fluoride anion. This observation is consistent with
a 1/1 binding stoichiometry with slow complexation/decom-
plexation kinetics. However, the resonances of the aryl-Hs
were somewhat shifted to up-field but not as large as those of
receptor 10. The amide N-Hs seemed not to participate in the
initial fluoride anion binding.

It is worth to note that the receptor 6 also displays slow com-
plexation/decomplexation binding equilibrium when titrated
with fluoride anion unlike meso-octamethyl calix[4]pyrrole.
The anion must prefer to bind within the pocket generated by
the two aryl groups and the bound-anion mainly interacts with
pyrrole N-Hs and weakly interacts with aromatic n-system.

Titration of receptor 10 with acetate anion studied in the form
of its tetrabutylammonium salt gave similar results as those ob-
served with fluoride anion (Figure 3). The signals of the pyrrole
N-Hs were gradually shifted from 6.94 ppm to 7.21 ppm upon
titration with acetate anion. Relatively lower affinity is obvious
and indicates the fast complexation/decomplexation kinetics.
Unlike the fluoride anion binding, the signals of the Ar-Hs were
not shifted. These observations indicate that the acetate anion
primarily interact with pyrrole N-Hs and amide N-Hs with weak
hydrogen bonding.

To obtain insight for the fluorescence responses of the recep-
tors with anions, the receptor 10 was titrated with fluoride anion.
As shown in Figure 4, the addition of fluoride anion resulted in
decrease in intensities on both the pyrene monomer and excimer
bands. The relatively high emission band for both monomer
and eximer in 10 indicates the flexible nature of conformation.
The calculated affinity for fluoride anion was 1.1 x 10°M " with
1:1 binding stoichiometry. Titration with chloride anion with 10
displayed similar fluorescence changes as those of fluoride
anion. However, slightly larger binding affinity was obtained
(K=3.2x10"M"). These results indicate that the anions mainly
interact with pyrrole N-Hs and no significant conformational
changes of pyrene moieties are accompanied with the binding
event. The bound-anion interact weakly with benzene and poss-
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Figure 4. Fluorescence spectral changes upon addition of F (as its
tetrabutyl ammonium salt). [10] = 8.87 x 107" M (CH,Cl,). Ay =354

Figure 5. Proposed binding mode with chloride or fluoride anion.

ibly amide N-Hs. The decrease in the fluorescence intensity is
merely due to the heavy atom effect or intramolecular CT from
anion to pyrene.

In conclusion, we have synthesized and fully characterized
calix[4]pyrroles bearing two fluorescent pyrenyl groups at the
diametrical meso-positions on one side of the calix[4]pyrrole.
Anion-binding studies indicate that fluoride and chloride anion
irreversibly binds to the pocket generated by the two pyrene
pickets and the affinity for other anions is far less than those of
fluoride anion resulting fast complexation/decomplexation
kinetics. The conformational changes associated with anion
binding are not significant to incur any interaction between the
two appended pyrene units. The observed higher affinity of chlo-
ride anion other than fluoride anion may be associated with
stronger anion-pi interaction in the chloride complex with recep-
tor 10. New model systems bearing tight linkages between py-
rene and calix[4]pyrrole are currently under study.

Experimental

Proton NMR spectra (400 MHz) were recorded using TMS
as the internal standard. High and Low resolution FAB mass
spectra were obtained on an AUTO SPEC M-363 high-resolu-
tion mass spectrometer. Column chromatography was perform-
ed over silica gel (Merck, 230 - 400 mesh). Pyrrole was distilled
at atmospheric pressure from CaH,. All other reagents were ob-
tained from Aldrich and used as received unless noted otherwise.

5-(4-Hydroxyphenyl)-5-methyldipyrromethane (3). To the
mixture of 4-hydroxyacetophenone (4.9 g, 0.036 mol), pyrrole
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(25 mL) was added trifluoroacetic acid (2.8 mL) at 0 °C and the
mixture was stirred for 72 hr at room temperature. The reaction
was quenched by adding aqueous NaOH (0.1 N) and extracted
with CH,Cl, The organic layer was dried (Na>SO4) and the sol-
vent was removed in vacuo. The resulting dark brown solid was
purified by column chromatography on silica (CH>Cl,/EtOAc =
9/1). Yield : 3.9 g (42%); 'HNMR (300 MHz, CDCl) 5 7.78 (bs,
2H, N-H), 7.01-6.96 (m, 2H, Ar-H), 6.75-6.70 (m, 2H, Ar-H),
6.68-6.66 (m, 2H, B-pyrrole-H), 6.18-6.15 (m, 2H, -pyrrole-H),
5.97-5.95 (m, 2H, B-pyrrole -H), 4.66 (s, 1H, OH), 2.02 (s, 3H,
CH3).

5-(3-Hydroxyphenyl)-5-methyldipyrromethane (4). To the
mixture of 3-hydroxyacetophenone (0.1 g, 0.75 mmol), pyrrole
(1 mL) was added trifluoroacetic acid (28 pL) and the mixture
was stirred for 30 min at 60 °C. The reaction was quenched by
adding aqueous NaOH (0.1 N) and extracted with CH>Cl,. The
organic layer was dried (Na;SO4) and the solvent was removed
in vacuo. The resulting dark brown solid was purified by column
chromatography on silica (CH>CL/EtOAc =9/1). Yield: 0.12 g
(65%); "HNMR (300 MHz, CDCl3) & 7.79 (bs, 2H, pyrrole-NH),
7.16 (t,J=7.93 Hz, 1H, Ar-H), 6.74-6.70 (m, 2H, Ar-H), 6.68-
6.66 (m, 2H, B-pyrrole-H), 6.54-6.53 (m, 1H, Ar-H), 6.19-6.16
(m, 2H, B-pyrrole-H), 6.00-5.97 (m, 2H, B-pyrrole-H), 4.66 (s,
1H, -OH), 2.03 (s, 3H, CH3).

5,15-(4-Hydroxyphenyl)-5,10,10,15,20,20-hexamethylcalix
[4]pymrole (5) and (7). To the mixture of (3) (0.99 g, 3.9 mmol),
acetone (400 mL) was added BF3-OEt; (1 mL) and the mixture
was stirred for 1 hr at room temperature. The reaction then was
quenched upon addition of triethyl amine (2.4 mL). Excess ace-
tone was removed under reduced pressure and the mixture was
combined with water and extracted with CH>Cl,. The organic
layer was dried (Na,SO,) and the solvent was removed in vacuo.
Column chromatography on silica (EtOAc/hexanes = 2/3) re-
sulted in clean separation of the two isomers (5) and (7). Yield
for (5): 0.30 g (26%); '"H NMR (300 MHz, CDCl3) & 7.21 (bs,
4H, N-H), 6.85-6.82 (m, 4H, Ar-H), 6.70-6.66 (m, 4H, Ar-H),
5.92-5.90 (m, 4H, B-pyrrole-H), 5.63-5.61 (m, 4H, -pyrrole-H),
4.68 (bs, 2H, OH), 1.87 (s, 6H, CHs), 1.61 (s, 6H, CH3), 1.52
(s, 6H, CH3); Yield for (7): 0.023 g (2%); "H NMR (300 MHz,
DMSO-ds) 6 9.54 (bs, 4H, pyrrole-NH), 9.18 (bs, 2H, OH),
6.94-6.91 (m, 4H, Ar-H), 6.61-6.58 (m, 4H, Ar-H), 5.70-5.68
(m, 8H, B-pyrrole-H), 1.72 (s, 6H, CH3), 1.50 (s, 12H, CH3).

5,15-(3-Hydroxyphenyl)-5,10,10,15,20,20-hexamethyl-
calix[4]pyrrole (6) and (8). To the mixture of (4) (0.31g, 1.2
mmol), acetone (125 mL) wa added BFs-OEt; (0.3 mL, 2.4
mmol) and the whole mixture was stirred for 1 hr at room tem-
perature. Then, the mixture was combined with triethyl amine
(0.7 mL) and the solvent was removed in vacuo. The residue
was combined with water and extracted with CH,Cl, (50 mL x
3). The organic layer was dried (Na,SO,) and the solvent was
removed in vacuo. The resulting yellow solid was purified by re-
peated column chromatography on silica (CH,Cly/EtOAc =9/1,
then EtOAc/hexanes = 2/3) to afford (6) and (8). Yield for (6):
0.069 g (19%); 'H NMR (300 MHz, DMSO-ds) 8 9.61 (bs, 4H,
pyrrole-NH), 9.21 (bs, 2H, OH), 7.02 (t, J=7.89 Hz, 2H, Ar-H),
6.57-6.54 (m, 2H, Ar-H), 6.34 (m, 2H, Ar-H), 6.30-6.27 (m, 2H,
Ar-H), 5.72-5.70 (m, 4H, B-pyrrole-H), 5.63-5.61 (m, 4H, B-py-
rrole-H), 1.76 (s, 6H, CH3), 1.63 (s, 6H, CH3), 1.50 (s, 6H, CH3);
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MALDI-TOF calcd. for CssH4N4O> 584.32, found 585.30
(MH"); Yield for (8): 0.055 g (15%); '"H NMR (300 MHz,
CDCl3) 8 7.16 (bs, 4H, pyrrole-NH), 7.13 (t, 2H, Ar-H), 6.72-
6.68 (m, 4H, Ar-H), 6.58-6.57 (m, 2H, Ar-H), 5.92 (t, 4H, B-
pyrrole-H), 5.78 (t, 4H, B-pyrrole -H), 4.60 (s, 2H, OH), 1.88 (s,
6H, CHzs), 1.52 (s, 12H, CHj3).

N-Chloroacetyl-pyrenemethylamine (9). The mixture of 1-
pyrenemethylamine hydrochloride (0.50 g, 1.9 mmol), K,CO;
(2.6 g, 19 mmol), water (2 mL) and EtOAc (8 mL) was stirred for
10 min at room temperature. Then, chloroacetylchloride (0.25
mL, 3.1 mmol) was added and the mixture was stirred for 12 hr.
The mixture was then combined with water and extracted with
CH:Cl,. The organic layer was dried (anhydrous Na>SO,) and
the solvent was removed in vacuo. Resulting solid was purified
by column chromatography on silica (CH,CL, /EtOAc = 9/1).
Yield: 0.32 g (56%); 'HNMR (300 MHz, CDCls) & 8.27-7.98
(m, 9H, pyrene-H), 6.92 (bs, 1H, NH), 5.23 (d, /=5.45 Hz, 2H,
CH:NH), 4.16 (s, 2H, CH2Cl).

Calix|[4]pyrole (10). The mixture of (5) (0.1 g, 0.17 mmol),
compound (9) (0.14 g, 0.44 mmol), K,COs (0.53 g, mol), Nal
(0.040 g, mol) and acetonitrile (40 mL) was refluxed for 24 hr
under nitrogen atmosphere. Then, the mixture was combined
with water and extracted with CH>Cl, (50 mL % 3). The organic
layer was dried (Na»SQ4) and the solvent was removed in vacuo.
Column chromatography on silica (EtOAc/hexanes = 1/1) af-
forded desired compound (10). Yield : 0.024 g (12%); '"HNMR
(300 MHz, CDCl3) 6 8.26-7.94 (m, 18H, pyrene-H), 7.18 (br,
4H, pyrrole-NH), 6.94 (br s, 2H, NH), 6.84-6.81 (m, 4H, Ar-H),
6.71-6.68 (m, 4H, Ar-H), 5.85 (t, J=2.99 Hz, 4H, B-pyrrole-H),
5.52 (t,J=2.97 Hz, 4H, B-pyrrole-H), 5.25 (d, J=5.54 Hz, 4H,
CH:NH), 4.56 (s, 4H, CH.CO), 1.78 (s, 6H, CH3), 1.47 (s, 6H,
CH3), 1.25 (s, 6H, CHj3).

Calix[4]pynole (11). The mixture of (6) (0.036 g, 0.061
mmol), compound (9) (0.045 g, 0.15 mmol), K,COs (0.17 g),
Nal (0.018 g) and acetonitrile (20 mL) was stirred for 24 hr at
room temperature. The mixture was then combined with water
and extracted with CH>Cl, (60 mL x 3). The organic layer was
dried (Na,SO4) and the solvent was removed in vacuo. The
resulting yellow solid was purified by column chromatography
on silica (CH>Cl,/EtOAc = 4/1) to afford (11). Yield 0.033 g
(48%); 'H NMR (300 MHz, CDCl3) & 8.26-7.95 (m, 18H,
pyrene-H), 7.09 (t, /= 8.08 Hz, 2H, Ar-H), 7.07 (bs, 4H, pyr-
role-NH), 6.91-6.88 (m, 2H, NH), 6.67 (q, /= 8.12 Hz, 2H, Ar-
H), 6.56 (d,J=8.61 Hz, 2H, Ar-H), 6.40-6.39 (m, 2H, Ar-H),
5.73 (t, J=2.98 Hz, 4H, B-pyrrole-H), 5.46 (t,J=2.89 Hz, 4H,
B-pyrrole-H), 5.24 (d, /= 5.48 Hz, 4H, CH,NH), 4.48 (s, 4H,
CH»CO), 1.75 (s, 6H, CH3), 1.45 (s, 6H, CH3), 1.27 (s, 6H, CH3);
MéLDI-TOF caled. for C76HgsN6O4 1126.51, found 1126.52
M)).
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