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ABSTRACT

Calix[4]monohydroquinone has been used as a supramolecular system for the generation of NO gas. In a one-electron reduction scheme
involving NO +⊂calix[4]monohydroquinone complex, NO is released without the presence of an external reducing agent. Free calix[4]monoquinone,
thus obtained, can be reused for a new NO-releasing cycle after NaBH 4-reduction to calix[4]monohydroquinone.

Nitric oxide (NO) is a colorless odorless gas, which plays
important roles in several biological functions.1 In particular,
in the human body nitric oxide is involved in the regulation
of cardiovascular, respiratory, and nervous systems. The
development of therapeutic agents designed to release NO
is an intensively active area of research, since NO gas has
shown beneficial effects against several types of disease
states. Thus, NO-releasing organic nitrates, as glyceryltri-

nitrate, are used as antianginal drugs2 thanks to the vasodi-
latator properties of NO gas, whereas the antiinflammatory
properties of NO gas have been used in NO-NSAIDS,3 a
class of nonsteroidal antiinflammatory drugs able to release
NO. In addition, NO gas has shown antibacterial4 and
antitumoral5 activity, and consequently, there is a strong
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interest in the search of synthetic compounds that chemically
store and release NO in a controlled fashion.6

Thus, Schoenfisch and co-workers have reported the
synthesis and characterization of NO-releasing systems based
on diazeniumdiolate7 NO-donors.8 The diazeniumdiolate
groups, covalently bound to dendrimer or silica nanoparticles,
were able to dissociate spontaneously under physiological
conditions to give NO gas.

At the same time, there has been a growing interest in
supramolecularsystems that have the capability to reversibly
trap, store, and release NO.9,10 Among them, increasing
attention has been devoted to the development of calixarene-
based11 materials able to store NO in the form of entrapped
nitrosonium (NO+) ion.12 Thus, Rathore and Rudkevich have
described stable complexes between calixarene derivatives
and NO+ ion,12 with this ion strongly bound within the
calixarene aromatic cavity by means of cation-π interac-
tions.13 This work was also extended to the storage of NO+

ion into the cavity of synthetic calixarene-based nano-
tubes.14,15

We have shown that nitric oxide (NO) can be smoothly
released from the calixarene cavity after a one-electron
reduction scheme involving NO+⊂calixarene complexes and
an external reducing agent such as hydroquinone molecule.16

After releasing NO, the starting calixarene was regenerated
in 95% yield and was reused for a new NO-releasing cycle.

In this paper, we wish to report a new calixarene-based
supramolecular system endowed with an internal hydro-
quinone reducing moiety and therefore able to release NO
without the addition of external agents.

The designed compound,p-tert-butylcalix[4]mono-
hydroquinone3, was obtained by NaBH4 reduction of the
corresponding tripropoxycalix[4]monoquinone2,17 which in
turn was prepared by Tl(CF3COO)3-mediated oxidation18 of
tripropoxy-p-tert-butylcalix[4]arene1 (Scheme 1).19,20

Examination of its1H and 13C NMR spectra20 indicated
that calix[4]monohydroquinone3 adopts a cone conforma-
tion.21 In fact, two AX systems relative to ArCH2Ar groups
[4.32/3.17 ppm (J ) 12.5 Hz), 4.36/3.16 ppm (J ) 13.2 Hz)]
were present in the1H NMR spectrum (Figure 1a), whereas
the13C NMR spectrum displayed two ArCH2Ar resonances
at 31.2 and 31.4 ppm.21c,d,22

Tripropoxycalix[4]monoquinone2 shows the presence of
a broad singlet (or a very tight AB system) at 3.51 ppm
relative to ArCH2Quin protons adjacent to quinone ring and
an AX system [4.14/3.10 ppm (J ) 12.5 Hz), 4H] relative
to ArCH2Ar protons (see for comparison its spectrum in the
presence of TFA reported in Figure 1d). This is indicative
of a fixedsynorientation of ArOPr rings associated to a fast
through-the-annulusrotation of the quinone ring. This
behavior was confirmed by the presence of two resonances
at 35.5 and 31.0 ppm relative to ArCH2Quin and ArCH2Ar
carbon, respectively, in the13C NMR spectrum of2.20,21c-d,22

When tert-butylnitrite (2 equiv) was added to a mixture
of calix[4]monohydroquinone3 and TFA in CDCl3, a deep-
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purple color initially appeared.20 Subsequently, NO gas was
released out from the system, and within 5 min, the solution
turned to a transparent pale-yellow color.23

These results are consistent with an initially formed NO+

ion encapsulated into the calixarene cavity and then quickly
reduced to NO by means of a one-electron reduction scheme
by the hydroquinone moiety of calix[4]monohydroquinone
3, which was oxidized to calix[4]monoquinone2. Clearly,
there are two possibilities for the reduction of NO+ ion to
NO: the first is an encapsulatedπ-complex, with NO+

situated inside the calix[4]monohydroquinone cavity, whereas
the second postulates an externalπ-complex, with NO+

situated outside the calixarene cavity. Energetically, the
encapsulatedπ-complex seems much more favorable; in fact,
it is well known that NO+ is easily encapsulated into the
π-electron rich calix cavity and generally showsKassoc .
106 M-1.12b The deep-purple color initially developed is an
additional proof of the formation of NO+⊂3 complex. In
fact, as shown in previous works,12,16 this deep-purple color
is caused by the strong charge transfer interaction between
NO+ and the electron richπ-surface of aromatic rings present
in 3.13 This was corroborated by a broad charge-transfer band
at λmax ) 545 nm in CHCl3, typical for these systems.20,24

1H NMR analysis confirmed the above conclusions. In fact,
the 1H NMR spectrum of the mixture ofp-tert butylcalix-
[4]monohydroquinone3 and TFA (Figure 1b) changed
substantially after the addition oftert-butylnitrite.

In particular, a new set of resonances relative to NO+⊂3
complex (Figure 1c) appeared, whose aromatic protons were
shifted downfield with respect to calix[4]monohydroquinone
3, in accordance with our previous results.14,16 In addition,
the 1H NMR spectrum (Figure 1c) displayed also the
resonances relative to tripropoxycalix[4]monoquinone2
(marked signals). After that the reduction had taken place
completely and neutral NO molecule was released, calix[4]-
monoquinone2 was obtained in quantitative yield, as
confirmed by NMR analysis (Figure 1d) and by the transpar-
ent pale-yellow color of solution. Calix[4]monoquinone2
thus obtained was sufficiently pure (Figure 1d) and, after
NaBH4-reduction to3, can be reused for a new NO-releasing
cycle (Scheme 2).

The headspace NO gas generated by the reaction between
3 and tert-butylnitrite in TFA was analyzed using UV
spectrophotometry, and three characteristic peaks were
obtained atλmax ) 206, 214, and 226 nm (Figure 2). These
UV data are in agreement with previously published UV
absorption data for identification of NO.25

In contrast to the NO-releasing experiment reported in
Scheme 2, if 4 equiv oftert-butylnitrite were added to a
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Figure 1. 1H NMR spectra (300 MHz, CDCl3, 295 K) of: (a)
p-tert-butylcalix[4]monohydroquinone3; (b) monohydroquinone3
in the presence of TFA; (c) formation of NO+⊂3 complex upon
addition oft-BuONO to solution “b”; (d) Solution “c” after 5 min
from the addition oft-BuONO, corresponding to monoquinone2
in the presence of TFA. Relevant signals of monoquinone2 are
marked with asterisks in “c” and “d”.

Scheme 2
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mixture of 3 and TFA (10 equiv) in dry chloroform, the
excess nitrosonium ion reacted further with calix[4]-
monoquinone2 and allowed the selectiveipso-nitration of
2 at the distal aromatic ring with respect to the quinone
moiety, yielding4 in 60% yield (Scheme 3). The reaction

outcome is likely to be the result of an initialipso-nitrosation
of 2, followed by an oxidation of the nitroso intermediate to
nitroderivative4 by oxygen.26 The structure of4 was assigned
by spectral analysis. In particular, the presence of a pseudo-
molecular ion peak atm/z723 in the ESI(+) mass spectrum
confirmed the molecular formula. The molecular structure
of 4 was confirmed by the pertinent signals in the1H NMR

spectrum. In fact, a singlet was present at 8.07 ppm relative
to protons inortho to nitro group, whereas an AB system
relative to the remaining aromatic protons was present at
6.54 and 6.89 ppm (J) 2.1 Hz, 4 H). In addition, a
resonance was present at 6.74 ppm (2H) relative to the
protons of the quinone moiety. Also in this case, the presence
of a broad singlet at 3.56 ppm and of an AX system at 4.22/
3.27 ppm (J ) 13.0 Hz) relative to ArCH2Quin and ArCH2Ar
protons, respectively, were indicative of a fastthrough-
the-annulusrotation of the quinone ring of4, which was
confirmed by the pertinent13C NMR signals.

The regiochemical outcome of the nitrosation can be
explained by considering that very likely the excess NO+

ion is complexed by quinone2, as indicated by the deep-
purple color of the solution. In this complex, the nitrosonium
cation should be sandwiched between the two distal Ar-
OPr rings, which would be parallel to one another. In this
way, the NO+ ion is perfectly oriented to give theipso-
nitrosation onto the central Ar-OPr ring opposite to quinone
system, with high regioselectivity.27 This reaction can be
considered as an interesting example of supramolecular
control of a reaction outcome,28 which could be probably
exploited in a larger context.

In conclusion, we have shown thatp-tert-butylcalix[4]-
monohydroquinone3 can be used for the generation of NO
gas. In a one-electron reduction scheme involving NO+⊂3
complex, NO is released without the presence of an external
reducing agent. Free tripropoxycalix[4]monoquinone2, thus
obtained, can be reused for a new NO-releasing cycle after
NaBH4-reduction to3.
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Figure 2. UV spectrum of the head space gas generated from the
NO+⊂3 complex.
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