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

Nitric oxide (NO) is a colorless odorless gas, which plays nitrate, are used as antianginal drutisnks to the vasodi-
important roles in several biological functiohk particular, latator properties of NO gas, whereas the antiinflammatory
in the human body nitric oxide is involved in the regulation properties of NO gas have been used in NO-NSAPDS,

of cardiovascular, respiratory, and nervous systems. Theclass of nonsteroidal antiinflammatory drugs able to release
development of therapeutic agents designed to release NONO. In addition, NO gas has shown antibactériahd

is an intensively active area of research, since NO gas hasantitumorat activity, and consequently, there is a strong
shown beneficial effects against several types of disease
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interest in the search of synthetic compounds that chemically The designed compound p-tert-butylcalix[4]mono-

store and release NO in a controlled fasHion.

hydroquinone3, was obtained by NaBHeduction of the

Thus, Schoenfisch and co-workers have reported the corresponding tripropoxycalix[4]monoquino@g” which in
synthesis and characterization of NO-releasing systems baseturn was prepared by TI(GEOOy-mediated oxidatiol¥ of

on diazeniumdiolafe NO-donors® The diazeniumdiolate
groups, covalently bound to dendrimer or silica nanoparticles,

tripropoxy-p-tert-butylcalix[4]arend (Scheme 1}2-20

were able to dissociate spontaneously under physiological_

conditions to give NO gas.

At the same time, there has been a growing interest in
supramoleculasystems that have the capability to reversibly
trap, store, and release N@& Among them, increasing

attention has been devoted to the development of calixarene-

based! materials able to store NO in the form of entrapped
nitrosonium (NO) ion.*2 Thus, Rathore and Rudkevich have
described stable complexes between calixarene derivative
and NO ion,*? with this ion strongly bound within the
calixarene aromatic cavity by means of catiorinterac-
tions!3 This work was also extended to the storage of NO
ion into the cavity of synthetic calixarene-based nano-
tubest41%

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

After releasing NO, the starting calixarene was regenerated

in 95% vyield 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-
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quinone reducing moiety and therefore able to release NO Examination of its'H and **C NMR spectré indicated

without the addition of external agents.
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that calix[4Jmonohydroquinon® adopts a cone conforma-
tion.2! In fact, two AX systems relative to ArC{Ar groups
[4.32/3.17 ppm{ = 12.5 Hz), 4.36/3.16 ppml(= 13.2 Hz)]
were present in th&H NMR spectrum (Figure 1a), whereas
the 13C NMR spectrum displayed two ArGiAr resonances
at 31.2 and 31.4 ppiicd22
Tripropoxycalix[4]monoquinon@ shows the presence of
a broad singlet (or a very tight AB system) at 3.51 ppm
relative to ArCHQuin protons adjacent to quinone ring and
an AX system [4.14/3.10 ppml < 12.5 Hz), 4H] relative
to ArCH.Ar 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 ArGBuin and ArCHAr
carbon, respectively, in tHéC NMR spectrum op.20:21¢-4.22
Whentert-butylnitrite (2 equiv) was added to a mixture
of calix[4lmonohydroquinon8 and TFA in CDC}, a deep-
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Figure 1. 'H NMR spectra (300 MHz, CDGJ 295 K) of: (a)

p-tert-butylcalix[4]monohydroquinon8; (b) monohydroquinon8

in the presence of TFA; (c) formation of N@3 complex upon
addition oft-BuONO to solution “b”; (d) Solution “c” after 5 min
from the addition oft-BuONO, corresponding to monoquino@e
in the presence of TFA. Relevant signals of monoquin2rae

marked with asterisks in “c” and “d”.

purple color initially appearetf. Subsequently, NO gas was
released out from the system, and within 5 min, the solution
turned to a transparent pale-yellow cofér.

These results are consistent with an initially formed™NO
ion encapsulated into the calixarene cavity and then quickly

situated inside the calix[4]Jmonohydroquinone cavity, whereas
the second postulates an extermatomplex, with NO
situated outside the calixarene cavity. Energetically, the
encapsulated-complex seems much more favorable; in fact,
it is well known that NO is easily encapsulated into the
mr-electron rich calix cavity and generally shoWSgssoc>>

10° M~1.126 The deep-purple color initially developed is an
additional proof of the formation of NQ—3 complex. In
fact, as shown in previous works6this deep-purple color

is caused by the strong charge transfer interaction between
NO™ and the electron rich-surface of aromatic rings present
in 3.3 This was corroborated by a broad charge-transfer band
at Amax = 545 nm in CHCY, typical for these systent§24

IH NMR analysis confirmed the above conclusions. In fact,
the 'TH NMR spectrum of the mixture gp-tert butylcalix-
[4lmonohydroquinone3 and TFA (Figure 1b) changed
substantially after the addition oért-butylnitrite.

In particular, a new set of resonances relative to'NG
complex (Figure 1c) appeared, whose aromatic protons were
shifted downfield with respect to calix[4]monohydroquinone
3, in accordance with our previous resuftd® In addition,
the 'H NMR spectrum (Figure 1c) displayed also the
resonances relative to tripropoxycalix[4]Jmonoquinoge
(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]monoquinoi2e
thus obtained was sufficiently pure (Figure 1d) and, after
NaBH,-reduction tad3, can be reused for a new NO-releasing
cycle (Scheme 2).

Scheme 2

reduced to NO by means of a one-electron reduction scheme

by the hydroquinone moiety of calix[4Jmonohydroquinone
3, which was oxidized to calix[4]Jmonoquinori Clearly,
there are two possibilities for the reduction of N@n to
NO: the first is an encapsulated-complex, with NO

(23) In a preparative procedutert-butylnitrite (0.70 mmol) was reacted
with trifluoroacetic acid (3.5 mmol) in presence pftert-butyl-calix[4]-
mono-hydroquinon8 (0.25 g, 0.35 mmol) in dry chloroform (1.5 mL) under
vigorous stream of Bl The evolved NO gas (ca. 7.6 mL, 0.34 mmol) was
collected by a syringe or over cold water and identified by UV spectroscopy
(yield 97%). Three characteristic peaks were observethat206, 214,

226 nm, which confirmed the evolution of pure NO gas. The tripropoxycalix-
[4Jmonoquinone2 was quantitatively (>95%) produced and identified by
IH NMR spectroscopy.

Org. Lett, Vol. 10, No. 6, 2008

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 aflmax = 206, 214, and 226 nm (Figure 2). These
UV data are in agreement with previously published UV
absorption data for identification of N&.

In contrast to the NO-releasing experiment reported in
Scheme 2, if 4 equiv ofert-butylnitrite were added to a

(24) (a) Borodkin, G. I.; Shubin, V. QRuss. Chem. Re2001,70, 211.
(b) Zyryanov, G. V.; Rudkevich, D. Ml. Am. Chem. So€004 126, 4264.

(25) (a) Marmo, F. FJ. Opt. Soc. Am1953,43, 1186. (b) Bosch, E.;
Rathore, R.; Kochi, J. KJ. Org. Chem1994,59, 2229.
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s 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
1.0 6.54 and 6.89 ppm (& 2.1 Hz, 4 H). In addition, a
resonance was present at 6.74 ppm (2H) relative to the
0.8+ 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/
& 067 3.27 ppm § = 13.0 Hz) relative to ArCkHQuin and ArCHAr
< 04l protons, respectively, were indicative of a faktough-
’ the-annulusrotation of the quinone ring of, which was
024 confirmed by the pertinerffC NMR signals.
The regiochemical outcome of the nitrosation can be
0.0 explained by considering that very likely the excess™O
ion is complexed by quinong, as indicated by the deep-

T T T T T 1
200 210 220 230 240 250 260

Wavelength (nm) purple color of the solution. In this complex, the nitrosonium

cation should be sandwiched between the two distat Ar
Figure 2. UV spectrum of the head space gas generated from the OPr rings, which would be parallel to one another. In this
NO*C3 complex. way, the NO ion is perfectly oriented to give thiso-
nitrosation onto the central AtOPTr ring opposite to quinone
system, with high regioselectivifif. This reaction can be
considered as an interesting example of supramolecular
control of a reaction outcont& which could be probably
exploited in a larger context.

In conclusion, we have shown thpttert-butylcalix[4]-
monohydroquinon& can be used for the generation of NO
gas. In a one-electron reduction scheme involving'&Q
_ complex, NO is released without the presence of an external

Scheme 3 reducing agent. Free tripropoxycalix[4Jmonoquin@éhus
obtained, can be reused for a new NO-releasing cycle after
NaBH,-reduction to3.

mixture of 3 and TFA (10 equiv) in dry chloroform, the
excess nitrosonium ion reacted further with calix[4]-
monoquinon& and allowed the selectivipso-nitration of

2 at the distal aromatic ring with respect to the quinone
moiety, yielding4 in 60% yield (Scheme 3). The reaction
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of 2, followed by an oxidation of the nitroso intermediate to  5ygjlable free of charge via the Internet at http:/pubs.acs.org.
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by spectral analysis. In particular, the presence of a pseudo-
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confirmed the molecular formula. The molecular structure secondary amides by nitrosoniaralixarene camplexes (see ref 12c and
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