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We describe the first synthesis of the novel meso-pentaspirocyclohexyl calix[5]pyrrole 2b. Anion–guest
properties of the new compound were evaluated with respect to fluoride, chloride, and bromide tetrabu-
tylammonium salts by 1H NMR titration techniques in deuterated dichloromethane at 22 �C by following
the induced shifts in the NH resonances upon complexation.

� 2010 Elsevier Ltd. All rights reserved.
HN

HN

N
H

NH

NH

2b
Calix[n]pyrroles are oligopyrrolic macrocycles produced by the
condensation of a pyrrole and a ketone (n represents the number
of pyrrole units in the molecule).1,2 The reaction is traditionally
catalyzed by a variety of protic acids, although in recent years
Lewis acids have been successfully introduced in the synthesis of
these compounds.3,4 These macrocycles are of interest for their
ability to recognize anions, cations, and neutral species. To date,
they continue to provide fertile grounds for research in the area
of supramolecular chemistry.1 Typical and widely studied exam-
ples are compounds 1a and 1b.
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The synthesis and anion recognition properties of calix[4]pyr-
roles have been widely studied. However, the synthesis of the
expanded calix[5]pyrroles is relatively new, with only two
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rcía).
reported examples of the ‘free’ macrocycle (the b-difluoro substi-
tuted cycle and 2a, the b-unsubstituted meso-decamethyl deriva-
tive).5,6 As a consequence, the study of their anion binding
potentials has been limited. The difficulty in obtaining calix[5]pyr-
roles may be due to the ease with which a pyrrole-isopropyl frag-
ment can be lost to give the more stable four-membered analog
calix[4]pyrrole. The problem of macrocycle contraction has been
previously reported to be partially solved by the condensation of
the less reactive 3,4-difluoropyrrole with acetone to give the b-flu-
orosubstituted meso-decamethylcalix[5]pyrrole.5 Compound 1a
was captured after a three-step synthesis via conversion of the
corresponding b-unsubstituted meso-decamethylcalix[5]furane
into the corresponding calix[5]pyrrole 2a by an opening process
of the five-membered heterocycle. This process involved the selec-
tive reduction of the double bond and a Paal–Knorr condensation
with ammonium acetate in 1% yield.6
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Table 1
Pyrrole conversion (%) and relative proportions of 1, 2, and 3, as detected in the 1H NMR of the crude reaction
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a; R,R1 = -CH3
b; R,R1 = -(CH2)5-
c; R,R1 = -(CH2)4-
d; R = R1 = -CH2CH3

Entry R, R1 Bi(NO3)3 (mol %) Time (h) 1 2 3 Others Pyrrole conversion (%)

1 –(CH2)5– 25 2 >99 — — <1 100
2 –(CH2)5– 1.2 2 53 46 — <1 100
3 –(CH2)5– 0.6 2 30 70 — — 100
4 –(CH2)5– 0.3 2 27 60 — 13 87
5 –(CH2)4– 0.6 2 39 — 8 27 61
6 –(CH2)4– 0.6 24 — — 99 <1 9
7 –CH2–CH3 0.6 2 — — — — 0
8 –CH2–CH3 0.6 4 31 — 19 45 95

M. Bedolla-Medrano et al. / Tetrahedron Letters 52 (2011) 136–138 137
We reported the synthesis of calix[4]pyrroles by the direct con-
densation of open or cyclic ketones with pyrrole catalyzed by bis-
muth nitrate, with yields that ranged from moderate to good. This
work used a Lewis acid instead of a protic acid.3 Extension of the
study to other Lewis acids, such as Al, Mg, Cu, Zn, or other bismuth
salts, such as iodide, chloride, phosphate, or triflate, demonstrated
that low catalyst concentrations of the bismuth salts produced the
calix[5]pyrrole, as detected by NMR, in the crude reaction mixture.
Compound 2a proved to be relatively stable and was isolated by
HPLC with 20% yield.7

The synthesis of 2a permitted to carry out initial investigations
of the host–guest chemistry of the unsubstituted calix[5]pyrrole.
Additionally, Kohnke and co-workers compared this compound
with its analogs, calix[4] and calix[6]pyrroles,8 in terms of their
affinities toward chloride and fluoride by titrations followed by
1H NMR in CD2Cl2 at 22 �C. Contrary to the expectations, 2a exhib-
ited a poor affinity for chloride (Ka = 35 M�1) when competing with
1a (Ka = 350 M�1). Unfortunately, the association constant Ka of 2a
for fluoride in dry CD2Cl2 could not be accurately determined,
although a saturated solution of D2O showed less affinity for the
anion than 1a under the same conditions.6

Research in the field of expanded calix[n]pyrroles (n > 4), partic-
ularly with respect to their practical applications (i.e., effective and
selective anion and neutral binding agents), is severely limited be-
cause the direct synthesis of these larger macrocycles from pyrrole
and ketones is hampered by the predominant formation of cyclic
tetramers. Hence, a synthetic method for the preparation of b-
unsubstituted calix[5]pyrrole (one of the most elusive members
of this family of compounds) is of considerable interest in the area
of supramolecular chemistry. In this context, we extended the
study of the condensation of acetone with pyrrole catalyzed by
Bi(NO3)3, which yielded 2a,7 with the aim of obtaining b-unsubsti-
tuted calix[5]pyrroles derived from ketones other than acetone,
and of studying the anion–guest properties of this molecule. In this
Letter, we describe the first synthesis of the novel meso-penta-
spirocyclohexyl calix[5]pyrrole 2b and its anion–guest affinity to-
ward fluoride, chloride, and bromide anions in CD2Cl2.

The condensation of pyrrole with an excess of cyclohexanone in
the presence of 0.6 mol % Bi(NO3)3 as a catalyst at room tempera-
ture gave, after 2 h, the best conditions for obtaining 2b with
100% conversion of pyrrole and a ratio of 1b:2b of 30:70, as de-
tected by 1H NMR. It is noteworthy that the proton signals belong-
ing to 1b and 2b were clearly distinguished by 1H NMR by the beta
protons of the pyrrole, at 5.89 and at 5.79 ppm, respectively. When
the catalyst concentration was increased, the 1b:2b ratio de-
creased to yield only 1b for 25 mol % catalyst used. However, if less
than 0.3 mol % catalyst were used, the pyrrole was not converted
and a poor yield of the calixpyrroles was observed. Compound 2b
showed decomposition after column chromatography (SiO2), and
only calix[4]pyrrole was recovered. Purification was possible by
washing the solid with ethyl ether, followed by acetone and dis-
solved in dichloromethane. It should be noted that ethyl ether
was strongly trapped by the macrocycle, and it was not possible
to remove it under high vacuum; therefore, the dissolution of
dichloromethane was absolutely necessary. After purification,
compound 2b was obtained with 28% yield. This new compound
was characterized by 1H and 13C NMR spectroscopy and by low res-
olution and high resolution mass spectrometry (LRMS and HRMS,
respectively).9

The condensation of the pyrrole and cyclopentanone resulted in
the formation of 1c, 3c, and other products after 2 and 24 h of reac-
tion. The possibility that calix[5]pyrrole was present was not ruled
out, but it was not isolated because purification attempts yielded
only 1c and 3c. Reaction with 3-pentanone (Table 1, entries 7
and 8) gave only 1d and 3d with low pyrrole conversion after 4 h
reaction time, which produced the ‘best’ conditions. The results,
summarized in Table 1, correlated with the yields obtained under
the conditions used to obtain compounds 1a–d (Bi(NO3)3,
25 mol %), in which the relative yields were 1b > 1a > 1c� 1d after
0.5, 5, 5, and 120 h, respectively.3 These yields indicated that steric
restrictions governed the yields of both macrocycles.

In an attempt to explore alternative green synthetic methods,
the reaction was attempted under microwave radiation. The best
conditions for the reaction of pyrrole with cyclohexanone were
identified as 120 W irradiation at 40 �C to give 1b and 2b after
10 min reaction, although several impurities were obtained which
were difficult to eliminate. The reaction with acetone gave mainly
1a and 3a, and the reaction with 2-pentanone gave only 3d.



Figure 1. 1H NMR titration plot of calix[5]pyrrole NH resonance upon addition of
tetrabutylammonium fluoride, chloride, or bromide in dichloromethane-d2 at
298 K.

Table 2
Comparison of anion stability constants (M�1) for 1a, 1b, 2a, and 2b determined in
deuterated dichloromethane anhydrous at 298 K12,13

Anion 1a 1b 2a 2b

F� 17,170 3600 140014 1130
Cl� 350 117 35 225
Br� 10 N.D. N.D. 61
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Anion–guest properties of 2b were evaluated with respect to
fluoride, chloride, and bromide tetrabutylammonium salts by 1H
NMR titration techniques in deuterated dichloromethane at
298 K by following the induced shifts in the NH resonances upon
complexation.10 Upon addition of the anions, a maximum NH pro-
ton shift was observed at 10.1 ppm for the fluoride, 9.9 ppm for the
chloride, and 8.5 ppm for the bromide. Titration plots are shown in
Figure 1.

Association constants (Kas) were obtained by assuming a 1:1
anion binding model using the WinEQNMR least-squares fitting
program.11 Table 2 shows the binding constants for the novel
calix[5]pyrrole. Also included in Table 2 are the previously re-
ported fluoride, chloride, and bromide anion affinities for the anal-
ogous calix[4] and calix[5]pyrroles 1a, 1b, and 2a.

The results presented in Table 2 reveal that 2b behaved simi-
larly to 2a in the sense that both compounds showed lower affinity
toward anions than the corresponding calix[4]pyrrole compounds.
However, the relative preference for the fluoride anion was
maintained.

Our work demonstrated that 2b could be synthesized by direct
condensation. Although the affinity constants were low toward F,
Cl, and Br, it may be interesting to probe other anions, such as
the organic salts, which could interact with the extended cavity
and improve the anion affinity through chemical modification of
the macrocycle.
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