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In this short review, an approach towards visual detection, conversion and use of NO, is descri-
bed, which applies methods and techniques of supramolecular chemistry and employs ca-
lix[4]arenes. Exposure of alkylated calix[4]arenes to NO, / N,O,, both in chlorinated solvents and
in the solid state, results in deeply colored calixarene-nitrosonium (NO+) complexes. NO+ were
found encapsulated within the calixarene cavities, and stable charge-transfer complexes resul-
ted with K .. > 106 dm3 mol-' (CDCl;). The complexation process is reversible, and the com-
plexes dissociate upon addition of water and alcohol, recovering the parent calixarenes. At-
tachment of calix[4]arenes to silica gel was demonstrated, which afforded a solid material for
visual detection and entrapment of NO, / N,O,. Design and synthesis of calixarene-based nano-
tubes for trapping NO, / N,O, was proposed. Chemical utilization of NO, / N,O, was demonstra-
ted through the transformation into calixarene-NO* complexes and their use as nitrosonium
storing and transferring reagents for organic synthesis. These findings open wider perspectives

towards NO, / NOj sensing, storing and converting materials.
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Introduction

Nitrogen dioxide (NO,) is a major component of so-called
NO, gases.m> NO, is the sum of nitric oxide (NO), NO,,
N,O,, N,O, and other oxides of nitrogen. These are toxic
atmospheric pollutants derived from fossil fuel combustion,
power plants, and large-scale industrial processes. NO, are
involved in the formation of ground-level ozone, participa-
te in global warming, and also form toxic chemicals and
acid rain/aerosols. NO, are aggressively involved in various
nitrosation processes in biological tissues.? Being free radi-
cal, NO rapidly reacts with oxygen, producing N,O, (e.g.,
NO - NO,) and NO,/N,O,. These are powerful nitrosating
agents, both, in the gas phase and in solution. The patho-
physiological significance of NO, derives from their ability
to generate mutagenic nitrosopeptides and further diazo-
peptides, to produce carcinogenic nitrosoamines, and to
nitrosate and further deaminate DNA nucleobases. Accor-
ding to The United States Environmental Protection Agen-
cy,! national emissions of NO, have increased over the past
20 years by 4 %. Tolerable levels of NO, arew < 5 - 107°

Extensive NO, circulation in the atmosphere requires its sy-
stematic monitoring under variety of conditions and also
necessitates the development of improved methods for its
fixation, chemical conversion and utilization. In this review
article, we describe a supramolecular approach to the pro-
blem. We present host-guest complexes, formed upon re-
versible interaction between NO, and simple calix[4]arenes
(Fig. 1). We show that calixarenes react with NO, to form
stable nitrosonium (NOT) complexes. These calixarene-
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NO™T complexes are deeply colored and can dissociate
upon addition of water. These complexes can be utilized
for the NO* transfer processes and nitrosation reactions.
Accordingly, our findings offer novel processes of NO, vi-
sual sensing and chemical utilization. They may also lead
towards supramolecular NO,-storing materials.

O

NO,/N,O, NOg’
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Fig. 1 — Chemical sensing and fixation of NO,/N,O, with
calix[4]arenes, a cartoon representation

Calix[4]arenes and their complexes

Calix[4]arenes are popular building blocks in molecular re-
cognition. They are widely used in the construction of mo-
lecular receptors, sensors and container-molecules.* Cone-
shaped calix[4]arenes are ~ 4 A (~ 0.4 nm) deep and ~7 A
(~ 0.7 nm) in diameter at the upper rim (see 1, Fig. 2). Ca-
lix[4]arenes in a 1,3-alternate conformation possess a cylin-
drical inner tunnel, defined by two cofacial pairs of aro-
matic rings oriented orthogonal along the cavity axis (see 2,
Fig. 2). According to the X-ray studies, this tunnel is ~ 5-6 A
(~ 0.5-0.6 nm) in diameter.

NO, is a paramagnetic gas of an intense brown-orange co-
lor. It forms easily the colorless dimer, dinitrogen tetroxide
(N,O,). Bonding in N,O, is quite weak, and as the tempe-
rature raises, it rapidly dissociates back to NO,. The posi-
tion of the equilibrium between the two compounds varies
with temperature. The dynamic interconversion between
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NO, and N,O, makes it impossible to study either of these
species alone. On the other hand, N,O, may disproportio-
nate to ionic NO*NO,~ while interacting with aromatic
compounds.®

NO3™ SnCly

NO,/N,O,
—_—

N 03- Sn C|4

— >
SnCly, CHCI3

Fig. 2 — Chemical reaction between NO,/N,O, and calix[4]are-
nes 1 and 2. Formation of encapsulated nitrosonium
complexes 3 and 4

We found that calix[4]arenes 1 and 2
reversibly interact with NO,/N,O, with
the formation of deeply colored species
(Fig. 2, Fig. 3). 7 Specifically, 1 and 2 fa-
cilitate disproportionation of N,O,, and
then entrap highly reactive NO™ cations
within their cavities. Very stable nitroso- HEES
nium complexes 3 and 4 were formed,
which were quantitatively isolated upon
addition of a Lewis acid SnCl, (Fig. 2). It
is known that Lewis acids stabilize are-
ne-nitrosonium charge-transfer comple-
xes.’ Only one NO* cation was found |

4).8 In particular, aromatic CH protons of guest-free 2 were
seen as a singlet at 6.95 ppm. In nitrosonium complex 4, it
was trans- formed into a singlet at 7.02 ppm. The methyle-
ne bridge CH, protons of 2 were recorded as a singlet at
3.73 ppm. In complex 4, this was seen at 3.60 ppm.

Complexes 3, 4 can be obtained from calixarenes 1,2 and
NO,/N,O, even without SnCl, (see for example, Fig. 4C),
however their stability is lower.

Independent structural evidence for 3, 4 came from the
complexation experiments between calixarenes 1, 2 and

NO,

S

&5

v

Fig. 3 — Color changes upon interaction of
NO,/N,O, with calix[4]arenes (in
chlorinated solvents)

e

Ha

per cavity. Very high K. . >> 10° dm?3
mol~! were determined (chlorinated sol-
vent, UV-Vis, NMR). Complexes 3 and 4
were characterized by various spectro-
scopic techniques and CHN elemental L

analysis.

The UV-Vis spectra showed broad
charge-transfer bands at 4, ~ 550 nm,
and the FTIR spectra exhibited characte-
ristic arene-NO™, stretching atv ~ 1950
cm'. The TH NMR spectra of 3 and 4
showed new sets of the calixarene sig- Lo Ao
nals.

For example, the TH NMR spectrum of 4 T
(R = (CH,);CH,, R" = t-Bu) showed new
sets of the calixarene signals, different

from 2 (R = (CH,),CH,, R" = t-Bu) (Fig.

& ) 4

[Ppm]

Fig. 4 — Portions of the 'H NMR spectra (500 MHz, CDCl,, 295 = 1 K) of a calix[4]are-
ne and its nitrosonium complexes, prepared by three different methods. The
residual CHCI; signals are marked “*”.
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commercially available NO*SbF - salt (CDCl,, 295 K). The
corresponding UV-Vis, FTIR and "H NMR complexation in-
duced changes were in agreement with the data presented
above for complexes 3 and 4 (see for example, Fig. 4D).°

In the control experiments with non-cyclic anisole (e.g.,
methoxybenzene), only weak coloration was observed
upon exposure to NO,. Moreover, when structurally similar
calixarenes, with blocked cavities, were tested, no colora-
tion was observed either; there was no indication for com-
plexation in the UV-Vis and "H NMR spectra. These
experiments emphasize the importance of the calixarene
cavities in the described transformations and rule out the
possibility of the NO* coordination outside the cavity.

At the same time, the complexation process is reversible,
and the NO™ guest can still leave the calixarene cavity. Ad-
dition of H,O to the freshly prepared CHCI, solutions of 3,
4 resulted in the complete dissociation and recovery of ca-
lixarenes 1, 2. The color quickly disappeared (Fig. 3).

Toward materials for NO, sensing and fixation

Thus found interactions between calix[4]arenes and NO,
posses a number of unique features. They a) are reversible,
b) result in dramatic color changes, and ¢) are unique and
specific for NO,. The latter could be rather useful for the gas
detection in the presence of other gases such as H,0, O,,
HCI, HBr, SO,, and NH,. None of those reacts with calixa-
renes. Neat nitric oxide (NO) also does not react. In their
work on the NO sensing by tetra-O-alkylated calix[4]are-
nes,? Kochi and Rathore showed, that calixarenes had to be
oxidatively activated and form the corresponding cation-
radicals, prior complexing NO.

NO5/N5O,4

Current NO, sensors are mostly electrochemical and moni-
tor changes of potential upon exposure metal surfaces to
NO,." In many cases however, other vapors — H,0O, O,,
HCI, HBr, SO,, and NH, significantly influence the detec-
tion selectivity and therefore sensitivity. Optical sensors,
which are based on coloration reaction between NO, and
certain organic compounds, are more selective as the re-
actions are specific.’ At the same time, reversibility of such
sensing processes is not easy to achieve.

For potential application in sensing technology, receptor
molecules must not only be synthetically available, but also
readily immobilizable on larger (macro)molecules, solid
supports or surfaces. A wide variety of polymers and nano-
materials are now commercially available. We used 3-ami-
nopropylated silica gel from Aldrich and functionalized it
with calixarene modules.” Calixarene silica gel 5 was thus
obtained. As follows from molecular modeling, calix[4]are-
ne fragmentsare ~ 1 x 1 nm (~ 10 x 10 A) in their dimen-
sions, so their attachment via lower rim should guaranty the
proper configuration of the upper rim to sufficiently res-
pond to the presence of the gas analyte.

In the NO, entrapment experiments, stream of the gas was
passed through Pasteur pipettes, loaded with the calixare-
ne-based silica gel 5 (Fig. 5). In one pipette, dry silica gel 5
was loaded, and the other contained 5 pre-wetted with
CHCI,. Both silica gels instantly turned dark purple, indica-
ting the NO* complexation. The color of the wetted mate-
rial appeared to be deeper and it stayed for hours. The dry
material bleached within minutes. The FTIR spectrum, re-
corded in KBr discs, gave weak but reproducible stretch at
v ~ 1920 cm™', indicating the presence arene-NO* com-
plexes. No coloration was observed for the pipette loaded
with the starting, 3-aminopropylated silica gel. This once

1. CHCl
NO4NgOg4 2. NOo/NLOy

!

Fig. 5 — Calix[4]arene functionalized silica gel 5 traps NO,. The columns were prepared as follows: a) loaded with starting aminopropy!
functionalized silica gel; b) loaded with the calixarene-based dry silica gel 5; c) loaded with silica gel 5 and flashed with CHCI;. All three co-
lumns were then flashed with NO, (~30s), and the pictures were made after ~2-3 min afterwards.
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Fig. 6 — Encapsulated nitrosating reagent 6 and its reaction with amides.

again emphasizes the role of calixarene cavities in the de-
scribed processes.

Although requiring further synthetic optimization, silica gel
5 may still be used for NO, detection and even for purifica-
tion of other nitrogen oxides, especially NO for medical
purposes.

Nitrosating reagents from calixarenes and NO,

Calixarene-nitrosonium complexes may release NO* and
thus act as nitrosating agents. In organic chemistry, nitrosa-
tion holds a special place. Alkylnitrites, nitrosamines/ami-
des, and nitrosothiols are used in biomedicine as NO-re-
leasing drugs."? In total synthesis and methodology, -N=0
is an important activating group, allowing elegant transfor-
mations of amides to carboxylic acids and their derivati-
ves.3 In addition, nitrosation mimics interactions between
biological tissues and environmentally toxic NO, gases.3
We discovered, that secondary amides 6 reacted with com-
plexes 7, with remarkable selectivity (Fig. 6).”2 Chemical
properties of the encapsulated NO™ are different from tho-
se in bulk solution and controlled by the cavity.

The cavity in complex 7 protects highly reactive NO* spe-
cies from the bulk environment. Indeed, complex 7 is quite
stable towards moisture and oxygen, and can be handled,
for at least several days, without dry box conditions and/or
N, atmosphere. On the other hand, it can be decomposed
within few minutes by addition of larger quantities of H,O
or alcohols, recovering the corresponding free calixarene.

Complex 7 acts as a mild nitrosating reagent.? When added
to the equimolar solution of amide Alk’C(O)NHAIk 6 in
freshly distilled CHCL,, it reacted quickly at room tempera-
ture, yielding N-nitrosamides 8 in 50-95 % (Fig. 6). Dark-
blue solutions of 7 discharged upon addition of amide sub-
strates, which is a reasonable visual test for the reaction. In
the TH NMR spectra of the reaction mixtures, signals for
amides 6 and complex 7 disappeared and characteristic si-
gnals for N-nitrosamides 8 and for the nitrosonium-free ca-
lixarene were detected.

In reaction with variety of amides 6, only those possessing
N-CH, substituents were transformed to the corresponding
N-nitrosamides 8. No reaction occurred for substrates pos-
sessing N-Alk groups, bulkier than CH,. As a consequence,
no color discharge was observed for these reaction mix-
tures.

Tight but reversible encapsulation of NO™ species thus of-
fers size-shape selectivities, previously unknown for exi-
sting, more aggressive nitrosating agents.’> NO™*, generated
from NO*-salts, N,O,, NO,/N,O,, NO/O,, HNO,, etc., is
typically not selective. Mechanistically, nitrosation of se-
condary amides incorporates an electrophilic attack of
NO™ on a nucleophilic carbonyl oxygen of the substrate,
yielding the corresponding O-nitroso species.’> Rapid
deprotonation, rotation around the C-O bond and inver-
sion through the nitrogen results in the intermediate, in
which, both, the nitrogen lone pair and the NO group are
properly oriented for the isomerization to the N-nitrosam-
ide. Dimensions and shapes of Alk and Alk’ become very
crucial when encapsulated reagent 7 is employed. The mo-
lecules 6 approach the cavity 7 facing it with the carbonyl
oxygen (Fig. 6). This places the N-Alk alkyl group in a close
proximity to the calixarene two t-Bu and two O(CH,).CH,
groups. For sizeable Alk, this situation could be sterically
unfavorable, so that the substrate C=0 and the encapsula-
ted NO* would not reach each other. Once formed, the
O-nitroso intermediate leaves the interior and further col-
lapses in bulk solution, as expected.’> Due to the extremely
strong binding of NO* by the calixarene, the rate limiting
formation of the O-nitrosation intermediates should take
place within the cavity, prior to the NO™ dissociation. Ot-
herwise, all reactions should proceed with the roughly same
rate, and no selectivity should be seen.

Toward synthetic nanotubes

Recent studies have revealed that gases can be stored inside
single-walled carbon nanotubes (SWNTs). This is impor-
tant. Entrapping isotopes of noble gases by SWNTs may im-
prove their use in medical imaging, where it is desirable to
physically confine the gas before injection.’® SWNTs en-
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capsulate N,, O,, NO, and CF,."” They have been shown to
effectively detect O,, NH,, and NO,."8 Upon exposure to
gaseous molecules the electrical resistance of SWNTs dra-
matically changes. Storage of H, in SWNTs is extremely
promising in the design of energy-rich fuel-cell electric de-
vices.! Synthetic nanotubes are very rare,?? and their che-
mistry with gases is not known. This is surprising. Organic
synthesis permits much greater structural variations and
control over the tube length/diameter, which is important
for the gas dynamics and for the design of potential gas
storing chambers and conversion/catalytic vessels. We re-
cently designed synthetic tubes for NO,/N,O, fixation,
which is based on calixarenes (Fig. 7, Fig. 8).%"

In the design, several calix[4]arenes are rigidly connected
from both sides of their rims, with at least two symmetrical
bridging units. This is structurally possible for a 7,3-alternate
conformation. Two pairs of phenolic oxygens are oriented
in opposite directions, providing with the diverse route to
enhance the tube length modularly. Molecule 9 is a shortest
tube, designed to entrap two NO™, one per each cavity. It
possesses the inner tunnel of ~ 0.5 X 1.1 nm (~ 5 x 11 A)
dimensions and thus represent a first generation of calixare-
ne nanotubes for NO,/N,O, fixation and conversion. Two
1,3-alternate calix[4]arenes in 9 are connected via their
phenolic oxygens through two diethylene glycol bridges
(Fig. 7). By our calculations, the bridge length is quite
optimal: it not only provides relatively high conformational
rigidity of the tubular structure, but also seals the walls, mi-
nimizing the gaps between the calixarene modules.

Exposure of 9 to NO,/N,O, in chlorinated solvents results
in the rapid encapsulation of nitrosonium (NO*) cations
within its interior. Mono- and dinitrosonium complexes 10
and 11, respectively, were isolated and characterized by
UV-Vis, FTIR and TH NMR spectroscopies, and also mole-
cular modeling. The NO™ entrapment process is reversible,
and addition of water quickly recovered starting tube 9. Si-
milar to simple complexes 3, 4 and 7, encapsulated within
the tube NO™ species act as nitrosating agents for seconda-
ry amides.?!

9 10

Synthesis of longer, polycalixarene-containing nanotubes is
on the way (Fig. 8). Such nanotubes may be used for NO,/
N,O, conversion, nitrosonium storage, and act as encapsu-
lated nitrosating reagents. There is also a potential sensory
application, since dramatic color changes are involved. Fi-
nally, in contrast to cavitands, carcerands, and capsules, su-
pramolecular chemistry of synthetic nanotubes is unex-
plored.

Conclusions and outlook

Supramolecular chemistry of environmentally and industri-
ally important gases is quickly emerging,?? and now novel
sensing and fixation processes for NO, are available. These
employ simple calix[4]arenes. Calixarenes conveniently
transmit the information about NO, binding via visible light
signals. The described charge-transfer interactions are che-
mically unique for NO, and thus guaranty its detection in
the presence of such gases as H,0, O,, HCl, SO,, NH,, and
even NO. For these and other applications, solid-supported
calixarene materials were prepared. Synthetic nanotubes
were also synthesized for chemical entrapment and conver-
sion of NO,/N,O,. Nitrosonium complexes of calixarenes
and based on them nanotubes can be used as vehicles for
nitrosonium transfer and encapsulated nitrosating reagents
for synthetic methodology. These findings open wider pos-
sibilities towards more sophisticated NO,/NO, sensing and
storing materials.
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Fig. 7 — Calix[4]arene based tube 9 reacts with NO,/N,O, with the formation of complexes 10 and 11. Multiple-guest complexes

are expected with the tube elongation.
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Fig. 8 — Molecular tubes for NO,/N,O, fixation, a schematic re-
presentation. Upon exposure to polyaromatic surfaces of the tubes,
N,O, disproportionate to NO*NO,. Nanotubes encapsulate NO*
within their interiors. In and out exchange of trapped NO* species
is possible, and this can be applied for nitrosation reactions.
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SAZETAK
Prepoznavanje i fiksacija NO, pomocu kaliksarena
D. M. Rudkevich

U ovom kratkom prikazu opisan je pristup vizualnoj detekciji, pretvorbi i upotrebi NO,, sto
obuhvaca metode i tehnike supramolekularne kemije i upotrebu kaliks[4]arena. 1zlaganje alkili-
ranih kaliks[4]arena djelovanju NO,/N,O, i u kloriranom otapalu i u ¢vrstom stanju dovodi do
stvaranja duboko obojenih kaliksaren-nitrozonijevih (NO*) kompleksa. Utvrdeno je da je NO*
smjesten unutar kaliksarenih Supljina, a stabilni kompleks s prijenosom naboja rezultirao je s
Kaoc > 108 dm3 mol~' (CDCl,). Proces nastajanja kompleksa je reverzibilan, pa dodatkom vode i
alkohola kompleks disocira, ponovo stvarajuci polazne kaliksarene. Prikazano je vezanje ka-
liks[4]arena na silikagel, Sto je omogucilo ¢vrst materijal za vizualnu detekciju i hvatanje NO,/
/N,O,. Predlozen je dizajn i sinteza nanocijevi za hvatanje NO,/N,O,. Pokazana je kemijska
primjena NO,/N,O, kroz prevodenje u kaliksaren-NO* komplekse i njihova upotreba kao nitro-
zonijskih spremnika i kao prijenosnih reagensa za organske sinteze. Ti pronalasci otvaraju siroke
perspektive za prepoznavanje NO,/NO,, ¢uvanje i pretvorbu materijala.
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