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Recently, increasing attention is being paid to concave
reagents,1 that is, cavity-shaped molecules with an
inwardly-directed functionality embedded in the concave
position, which are modeled on the environment of the
active sites of enzymes. Calixarenes have been widely
utilized as a versatile building block in supramolecular
chemistry,2 and incorporation of a concave functionality
into their cavity would open up a newmode of application
of this class of macrocycles. However, they are at a
disadvantage in that the functionalities in their upper
and lower rims tend to diverge away from the substrates
held within the cavity.
As a strategy for introducing an inwardly-directed

functional group into the cavity of a calix[6]arene, we
have designed bridged calix[6]arenes represented by a
general formula 1 and previously reported the photolysis

of an azide bearing this framework.3,4 While the cavities
of calixarenes have so far been utilized mostly as a
complexing site,5 that of 1 is expected to work also as a
reaction field for the functionality and regulate its
reactivities in a unique fashion. In the course of our
study on macrobicyclic cyclophanes, we have found that
their bowl-shaped framework is of great use for the
stabilization of a reactive species such as a sulfenic acid

(RSOH),6 which is known to play important roles in some
enzymatic reactions but to be usually very unstable
because of its quite easy self-condensation to the corre-
sponding thiosulfinate.7,8 If a sulfenic acid functionality
is incorporated into the cavity of 1, it would provide a
good probe to investigate how the bridged calixarene
framework can regulate the reactivity of an intracavity
functional group. In this paper, we report the synthesis
and crystal structure of a bridged calix[6]arene bearing
a sulfenic acid functionality in the cavity.9
As the method of generating a sulfenic acid, thermoly-

sis of a tert-butyl sulfoxide was employed because it can
be carried out under mild conditions.10 The reaction of
calix[6]arene 2 and sulfide 3 in the presence of KOH gave
sulfide 4 in a high yield of 92% (Scheme 1).11 Methylation
of 4 with KH and methyl iodide afforded a tetramethyl
ether 5. Sulfoxide 6 was readily obtained by oxidation
of 5 with m-CPBA as a mixture of two inseparable
conformational isomers (ca. 10:3 ratio by 1H NMR).
Thermolysis of sulfoxide 6 was carried out in solution or
in the solid state, and in either case sulfenic acid 7 was
obtained as stable colorless crystals in good yields (97%
in toluene, 80 °C, 4 h; 76% in the solid state, 160 °C, 60
s).12,13
The 1H NMR spectrum of 7 (CDCl2CDCl2)11 showed

quite broadened signals at room temperature, which were
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Scheme 1a

a Reagent: (a) KOH, THF-DMF, 92%; (b) KH, CH3I, THF-
DMF, 82%; (c)m-CPBA, CH2Cl2, 81%; (d) toluene, 80 °C, 4 h, 97%;
(e) in the solid state, 150 °C (bath temp), 60 s, 76%; (f) CDCl3, 50
°C, 16 h, 86%.
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sharpened at high temperatures. At 120 °C were ob-
served a singlet at δ 3.56 for OMe protons, two pairs of
doublets for ArCH2Ar methylenes (ratio 1:2), a singlet
at δ 4.59 for ArCH2O methylenes, and a singlet at δ 2.39
which is most likely assigned to the hydroxyl proton of
SOH.14 The signal broadening at room temperature
indicates that the conformational interconversion of the
calix[6]arene macrocycle is considerably restrained by the
m-xylenyl bridge. Recently, it has been reported that
bridging at two or three positions reduces the conforma-
tional flexibility of calix[6]arenes effectively.5 In com-
pound 7, the m-xylenyl bridge not only introduces the
functional group but also rigidifies its structure. At 120
°C, the four nonbridged anisolic rings appear equivalent,
which can be explained in terms of their rapid flipping
motion through the annulus. The geminal coupling of
ArCH2Ar protons indicates that there is no complete
inversion of the calix[6]arene with the central aromatic
ring passing through the annulus even at temperatures
as high as 120 °C.
The structure of 7 was finally determined by X-ray

crystallographic analysis (Figure 1).15 This is the first
X-ray analysis of an arenesulfenic acid16 as well as of a
calix[6]arene bridged by an aromatic unit. It has been

found that 7 is solvated by one molecule of toluene and
its conformation is the (u,u,d,d,d,u)17 1,2,3-alternate,
which has been proposed for several bridged calix[6]-
arenes5b,g but has not been established by X-ray crystal-
lography. As expected, the SOH functionality is directed
into the cavity and shielded by the parent macrocycle,
enjoying a situation apparently unfavorable for self-
condensation. The central aromatic ring is arranged
almost parallel to two of the nonbridged rings at a
distance of ca. 3.5 Å. Unfortunately, the disordering at
the bridgingm-xylene unit has made it difficult to discuss
the detailed structural parameters of the benzenesulfenic
acid moiety at present.18

The reaction of 7 with methyl propiolate in CDCl3 at
50 °C afforded sulfoxide 8 (86%), although it took 16 h
to be completed probably due to the strong shielding by
the calix[6]arene macrocycle.
Sulfenic acid 7 has remarkable stability both in the

crystalline state and in solution. Heating of 7 even at
80 °C for 4 h in CDCl3 or toluene-d8 resulted in only slight
decomposition. In order to clarify the stabilizing effect
of the calixarene framework, a control experiment was
carried out using sulfoxide 9 which does not have
macrocyclic structure (Scheme 2). Although 1H NMR
monitoring of the thermolysis of 9 at 80 °C in toluene-d8
indicated the formation of sulfenic acid 10 along with its
self-condensation product 11,19 only thiosulfinate 11 was
obtained after silica gel chromatography (98%). These
results clearly demonstrate that in the case of 7 encap-
sulation of the sulfenic acid functionality within the
cavity of calix[6]arene effectively prevents its self-
condensation, thus rendering it stable enough to be
isolated.
In summary, the bridged calix[6]arene 1, which can

fix a functionality in such a way that it points into the
cavity, presents a new mode of functionalization of
calixarenes to furnish them with unprecedented proper-
ties. A variety of highly functionalized macrocycles
would be developed by modifying its upper and lower
rims and by making the most of its potential complexing
ability. Investigations including the synthesis of a water-
soluble derivative of 7 are currently in progress.
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Figure 1. ORTEP drawing of 7 (one of two disordered
molecules) with thermal ellipsoid plot (30% probability).

Scheme 2
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