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Abstract

A novel nitroxyl (HNO) generation methou is presented, which consists of the reaction
between a gaseous base and an !1MC donor in the solid phase, allowing the formation of
gaseous HNO in a fast and c~onomical way. This method avoids the need of using a
liquid system or extreme exprimental conditions, and allows to obtain HNO directly in

the gas phase for mead.~al 1ise or other applications.
Keywords
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Introduction

Nitroxyl (azanone, HNO) is an inorganic small molecule, widely studied due to
its high biological significance.)? HNO is an expected intermediate in

biochemical ~pathways,>* and has reported medical applications regarding its

"These authors contributed equally.



cardioprotective action.>”’

This highly reactive species has been found to exert
beneficial physiological effects, some of its own, and some overlapping with
those of NO.8 %% The medical use of HNO as an agent to prevent cardiac arrest,?
as a vasodilator'! and as an antibacterial agent'? is being developed by the use of
HNO donors in solution, which allow more controlled generation. Once formed,
HNO readily reacts towards biological targets and itself, dimerizing to yield
nitrous oxide (N,O) and water.*®

The first HNO donor, Angel’s salt (NaN,O3)'* is st widely used in biological
experiments. Since then, several HNO donor compow s have been developed.

16-19 act

An important set of compounds, known as Pilotv's acid (PA) derivatives,
as HNO donors in a two-step mechanism involving fast deprotonation of the
sulfohydroxamic moiety followed by slov: itroxyl release. (Scheme 1). The rate
of HNO formation depends on -ach. derivative’s pK, which exhibit a range
between -1 and 9 in aqueou. solution, influenced by the ring substitution
pattern.’®*® PA and its dertatie, have been used as HNO donors in different
reactions, mostly in aquec's sulution?®?! Only a few employ a non-liquid phase
as a solvent, requirinn ~xteme conditions, such as high  temperatures.?>>* The
search for new wAixD yeneration methods is of great interest and the possibility of
performing the reaction with no liquid phases emerges as a new and promising
strategqy for the wuse of gaseous HNO in chemical or medical applications.
Moreover, developing a system for the controlled generation of gaseous HNO
may allow for the study of its reactivity in the gas phase, such as its reaction
towards molecular oxygen. Some controversy remains in this regard, since both

peroxynitrite and NO- + HO2" have been proposed as possible products in

solution.®>2® Due to further reactivity of the proposed products, the study of these



systems has not been an easy task.!® We studied the reaction of solid Piloty's
acids derivatives with a gaseous base (e.g., NHsz (g)). The results showed that this
method is an easy and economical way to generate HNO without the need for
liguid phases or extreme experimental conditions.  Similar studies with another
base-catalyzed HNO donor, a (hydroxylamino)pyrazolone (HAPY) derivative,

demonstrate the generality of this approach.

Scheme 1. Mechanism of HNO generation in aquenis solution (a), proposed

heterogeneous (solid-gas) reaction path (b), and nitrov,! J.nerization and dehydration

(©)

a) HNO generation in aqueous solution

1. Ph — SO,NHOH (aq) + B (aq) » Ph — SO,NHO™ “aq) + BH" (aq) fast
2. Ph — SO,NHO™ (aq) 2 Ph— S0, (aq) + P40 (1q) rate-limiting
b) Heterogeneous HNO generation

1. Ph — SO,NHOH (s) + NH; (g) — Ph — ¢ _NHOH (s) + NH; (ads)

2. Ph — SO,NHOH (s) + NH; (ads) » Pa- J?,N(H)O™ (s) + NH/ (ads) fast
3. Ph — SO,NHO™ (s) 2 Ph — S0, 7 (., +.2%.0 (ads) rate-limiting
4. HNO (ads) — HNO (g)

¢) HNO dimerization
2HNO (g) 2 H;N,0,(g) —» N, (g, + H;0 (1)

Piloty’s A1 = Ph — SO,NHOH = RO%—NH—OH

o

o

Materials and methods

Commercially available reagents from Sigma Aldrich were used as received.
Piloty’s acid derivatives = N-hydroxy-4-nitrobenzenesulfonamide ~ (NO»-PA)  and
N-hydroxy-4-fluorobenzenesutfonamide ~ (F-PA)  were  synthesized  from  the

corresponding  benzene-sulfonyl chloride and hydroxylamine hydrochloride in the



presence of MgO, according to literature methods.'® The products were further
purified using asilica gel chromatography column as reported independently.?®
4-(N-Hydroxylamino)-4- (acetyl-O-methyoxyoxime)-N-phenyl-3-

methylpyrazolone (HAPY-1) was synthesized according to literature procedure.®®
The identity and purity of the resulting compounds were monitored by H NMR
spectroscopy.  Ammonia was generated by adding NH;OH solution to sodium
hydroxide pellets in a sealed evacuated flask. Gas was allowed to evolve until the
reaction became less vigorous. The amount of gaseous ‘mvawxr present in the flask
following this procedure was estimated to be < 3% > moles in our experimental
conditions (298K, 1 atm). Since gaseous water docs not react with NO,-PA, the

observed results are exclusively due to reaction w.h NH3(g).

NMR spectroscopy
'H NMR spectroscopy measuremets were carried out using a BRUKER Avance
Neo 500 MHz spectrometer 'siid d6-DMSO purchased from Sigma Aldrich as a

solvent.

IR measuremens

IR measurements were made with a Thermo Nicolet Avatar 320 FT-IR
spectrometer, using a five-centimeter-long gas cell with NaCl windows. In a
standard experiment, approximately 3.5 mg of PA derivative were placed each
time inside the mounted cell which was afterwards purged with a continuous
argon flow and sealed with septa. For each experiment, approximately 15-20 ml

gaseous NHs in the flask were extracted with a syringe and injected into the IR



cell. 8-scan measurements were continuously made until transmittance changes

were no longer observed.

Electrochemical HNO detection

HNO detection was also carried out with a previously described method based on
a three-electrode system consisting of platinum counter electrode, Ag/AgCl
reference electrode, and a gold working electrode modified with a cobalt
porphyrin covalently attached via a 1-decanethiol moieh/-'32  The method has
been demonstrated to be specific for HNO, show’iy no interference or spurious

signal due to the presence of NO, Oz, NO,~, and nu.~r RNOS.3132

MS measure ments

Procedure #1

Gaseous products developed from <olid NO,-PA in the presence of 100 mbar of
anhydrous ammonia were identifixd on-line using a capillary-based interface to a
high-pressure  (1-1000  mba)  Leybold  Topatron-B  radiofrequency = mass
spectrometer (MS). The sutup (see Supporting Information) consists of a 0.5 cm®
stainless steel ieactionn  vessel that is continuously sampled with the mass
analyzer. The wvessel containing the NO,-PA powder is connected to an ancillary
gas handling system, through which gaseous NHs; is put in contact with the solid.
A combination of a metering valve and a very narrow capillary is used to fine
adjust the flow sampled by the MS. The temperature of the wvessel and MS
interface is adjusted to 90 °C during the experiments. The low internal volume of

the interface region provides a response time of less than 15 seconds, while a



complete mass spectrum is recorded in less than 10 seconds. The data is
constantly acquired in a digital oscilloscope.

Gaseous products generated in the reaction of an aqueous solution containing 10
mM of NO,-PA, at pH = 10, were analyzed by the same MS procedure in order to

validate the detection (and fragmentation) of the product NO.

Procedure #2

Products from the reaction of solid NO,-PA and NH- (' were also monitored
using a Hiden ElI mass spectrometer.®®* NO,-PA (10 iy or HAPY-1 (10 mg) was
placed into a 25 mL glass reaction vessel which was evacuated with a vacuum
pump. The reaction vessel was connected to u= mass spectrometer through a
fused silica capillary (0.10 mm ID, 25 ff) :ad 10 mL of anhydrous NH3 (g) from
AirGas was injected into the react n vessel using a 10 mL gas tight syringe to
initiate  the  reaction. The rate of NH;z addition was controlled by using a
programmable syringe pump. Droducts were monitored for 25 minutes with

continuous sampling.

Results and discus.oi

When solid  N-hydroxy-4-nitrobenzenesulfonamide  (NO»-PA) is  exposed to
gaseous ammonia (50:1 molar ratio), its color turns from pale yellow to orange,
and N,O evolution is observed by gas-phase IR spectroscopy. After injecting the
gaseous base inside the IR cell containing NO,-PA, the characteristic N,O signal
(2250-2150 cm™) was monitored,® and its intensity was found to increase with
time (Figure 1). Full spectra for one of the experiments can be found in Section

S1.
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Figure 1. A) FT-IR spectral changes observed in the r.Jion corresponding to the
characteristic N,O signal during the reaction of solid NO,-t'A 'vith gaseous ammonia. B)
Experimental absorbance at 2237 cm™ (N,O signal) as . function of time, corresponding
to the spectral changes observed in Figure 1, durinn the first 4000 seconds. Process 1 (ko)
behaviour is observed at short timescales follo»~a by a linear response (Process 2, order

0, Krxn). Inset: full experiment, lasting ove. 27 n

Absorbance traces, shown in Fque 1B, indicate two different processes over
relatively short timescales: <n *duction period, evidenced by a fast growth of the
N,O signal following ~ ht-order process, and a few minutes later, a linear
dependence of th~ _ans|l as a function of time, indicating a zero-order Kinetic
process. A possible explanation for this behavior might be that the N»O signal
growth experimentally observed during the first seconds is dependent on the rate
of NHsz adsorption and on the efficiency of the gas phase mixing and diffusion
process (Process 1, kg). A second process begins when an equilibrium NH;
concentration is reached over the surface of the solid, and so the concentration of
N,O grows linearly as a function of time (zero-order regime, Process 2,Krxn),
until reactive sites begin to become scarce. For more details, see section S2 in SI.

Other IR experiments and kinetic fittings are shown in section S3 in the SI.



Since in the present reaction N,O is produced by HNO dimerization,®® the degree
of N>O generation, oP, was calculated as a function of time using the IR
spectroscopy measurements at 2237 cm® and compared to theoretical values,
resulting in a first order Kkinetic regime (Figure 1B, section S2 in SlI). The
calculated rate constant (k) associated with the first process was equal to ko = (7 %
2) x 102 s The rate constant for the second (linear) process (krxn) is ca. 107
M.s. There is a large error for the rate constant associated with this second
process, because its rate likely depends on particle <. porosity, and other
factors (see below and SI).

Since HNO’s dimerization rate is faster than itc |+oduction, as already described

for aqueous solution, %

it is possible to fol'ov. the production of HNO as a
function of aP of the dimerization Fy. ofuct, N,O. Scheme 1 shows the
mechanism of HNO generation fym PA in aqueous solution (a), a plausible
reaction path for the heterogeneou~ (solid-gas) reaction studied in this work (b),
and the dimerization and dehvdraio reaction of HNO (c) (kpm= 8 x 10° Mis?
in aqueous solution, estim:ted between 0.5 and 1.6 x 10° M's? in the gas
phase)®’. Likewise, if tic eprotonation rate of solid PA (Scheme 1, Eg. b2) is
greater than the ge.=rauon rate of HNO (Scheme 1, Eq. b3), the latter reaction
will be the limiting step of the owerall production of HNO, together with the
surface kinetics described before. The first-order rate constant ko obtained for the
formation of HNO from NO»-PA (s) + NH3 (g) during the first few minutes of the
reaction is surprisingly similar to the one obtained for NO,-PA (ag) in basic

solution (4.4 x 102 s, pH = 10, T = 298 K),'®?! and faster than the rate constant

obtained at pH 5.16-2136



The N,O production yield reached an approximate value of 25% + 2% from FT-
IR measurements (see section S4 in SI). An independent H-NMR experiment
showed that ca. 65% of the initial amount of NO,-PA was still unreacted. The ca.
10% difference in the expected N,O vyield (25% wversus ca. 35% of NO,-PA that
has reacted) can be attributed to some N,O loss by unexpected leaks.?>?’ The
relatively small N,O vyield suggests that gaseous ammonia readily reacts with the
surface of the solid, with little diffusion inside the particles, so that most solid
remains unreactive. Crushing the solid with a mortar and oectle did not produce a
noticeable increase on the reaction rate or total M,C yield, presumably because
this process only decreased aggregation (see sectio,. S3 in Sl), not resulting in a
net increase of available surface sites. In fact, a small decrease was observed in
the reaction rate, indicating that the sold oa:ticles were probably more compact
after crushing. The complete set «f ralculated constants is shown in Table S1.
N,O generation was also observcd by using gaseous triethylamine as the base.
Reaction of NH3 And another PA derivative, N-hydroxy-4-
fluorobenzenesulfonamide  (=-P~), was also followed by IR spectroscopy,
showing the same behav.or observed at short timescales. For more details, see SI.
We have also fuud sume preliminary evidence that NHs could directly react with
HNO in the gas phase, explaining the relative low amounts of N,O formed in

these experiments. This will be studied carefully in an upcoming work.
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Figure 2. Representative mass spectra rzzaru>d along the reaction of solid NO2-PA and
gaseous ammonia at 90 °C. Panels: (1) y.~eous NH3 before reaction, (2) reaction mixture

att =15s, (3) reaction mixture at*-- 6u s.

The reaction was also ™hoved by mass spectrometry (MS) using two different
methods. For details, sec section S8 in SI. In the first case, the gaseous products
developed in the recction were identified on-line using a high-pressure (1-1000
mbar) radiofrequency mass spectrometer (Procedure #1). Figure 2 shows a series
of representative mass spectra taken during a typical experiment. The mass
spectrum depicted in the upper panel was obtained by sampling 100 mbar of
gaseous ammonia, before allowing contact with the NO,-PA solid. The main
signal results from the NHz" molecular ion (m/z 17), while smaller peaks at m/z
18 (H20") and 32 (O,") reflect that some moisture and air were incorporated in

the system during the injection. The spectrum in the next panel was taken



approximately 15 seconds after the reaction started (t = 0), maintaining the
temperature at 90 °C. Interestingly, clear evidence of the formation of HNO™ is
visible (molecular ion at m/z 31). A careful inspection of spectrum 2 in Figure 2
allows one to recognize two very small signals accounting for N,O* (m/z 44) and
the fragmentation product NO™ (m/z 30) which can arise from N,O or HNO. At
this point, peaks from H,O and O, present in the spectrometer have decreased due
to pumping. The third spectrum, sampled one minute after the reaction started,
reflects the situation in which the reaction leading t [INO is elapsed and,
consequently, the HNO™ signal at m/z 31 drops us 2 result of pumping, while
those at m/z 30 (NO®) and 44 (N.O") are onh .arely visible. The intense signals
observed for HNO" in Figure 2, especially in spctra 2, indicates that under our
experimental conditions HNO dimerizaticn s relatively slow in comparison with
the same reaction in water, prok-:blv due to the absence of a solvent cage.
Moreover, low pressure conditics in the reaction wvessel and the manifold
decrease the encounter probakilit » of two HNO molecules.

To validate the new MS metod discussed above, the reaction was also followed
by EI-MS using Proceau= #2 (Figure 3), which is described in the SI. With this
method, masses m.~ SU (NOY), 31 (HNO* or ®NO*) and 44 (N,O") were
monitored in positive ion mode. Mixing of NHsz (g) and NO»-PA results in an
increase in all three of these signals. The m/z 31 signal can arise from either HNO
generation or from the naturally abundant ®NO* fragment of N,0.%3*°  From a
series of N,O control experiments, the ratio of m/z 30 to m/z 31 from *NO* is
determined to be 255(x3):1. A ratio smaller than 255:1 is, therefore, evidence for
HNO generation. From the reaction of solid NO,-PA with anhydrous NHs (g), the

observed m/z 30 to 31 ratio is 35 (£8):1 after considering possible contributions



to the m/z 30 signal from the NHs; source (see section S8B in Sl). This
corresponds to an m/z 31 signal that is approximately 85% HNO® while the other
15% is attributed to °NO*. Small amounts of N,O are also generated as a result
of HNO dimerization. We varied the rate of NHs injection from 5 mL/min (Figure
3A) to 2 mUL/min (Figure 3B) and found that this led to a slower observed release
of HNO. The m/z 30 to 31 ratio was not changed by varying the rate of NH3
addition. To examine if this reaction is possible with other base-catalyzed HNO
donors, HAPY-1, a pyrazalone based HNO donor,*®was a0 incubated with NH;
under the same conditions (Scheme 2, Figure Sio) HNO release was also
confirmed from the reaction of HAPY-1 with NH-~ ith an observed m/z 30 to 31
ratio of 50 (£9):1 (see section S8 in Sl). This cu.vesponds to an m/z 31 signal that
is approximately 80% HNO* and 20% .O". While these donors have different

half lives in solution, both donors relFased HNO at the same rate under these

conditions based on the rate of Ni !~ addition.

HO . . |
0. NHJ% 0 NH4 NHy™ O e O
\\I’L__,_f N7 G A = N +  HNO
9 e
ph-NaN PR~ N
HAPY-1

Scheme 2. Generation of HNO from HAPY -1
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Figure 3. Mass spectrum recorded from the reaction of NO,-T." a..d anhydrous NH; (g)
at RT by Procedure #2. Accounting for contribution to tre 1.z 30 signal from the NH;
(9) source, aratio of m/z 30 to 31 of 35 (£8):1 confirms the generation of HNO in this

reaction. A) NH; added at a rate of 5 mL/min and B) “:A; added at a rate of 2 mL/min

A much more intense HNO signal (m/z 31, is observed in the case of Procedure
#1. This is likely due to the highe. temperature applied to the reaction, less HNO
dilution, and a wider capillary useu in the case of Procedure #1. For more details,
see section S8 in SI.

To confrm the MS recilts indicating gaseous HNO generation, a trapping
experiment using a c~lect.e electrochemical HNO sensor®'2? was performed in
aqueous solution, wesifying its production from the gas-solid reaction (see section
S9 in SI).

Conclusions

Results show that gaseous HNO can be generated through a heterogeneous phase
reaction without the need of extreme experimental conditions. Heating of the
reaction mixture, combined with gas dilution and a fast flow, minimize the
production of N,O by HNO dimerization, making it feasible to administer a gas

containing HNO as the main species, as observed by MS (Procedure #1).



This opens the gate for the study of new methods to achieve direct generation of
this elusive molecule. From the MS experiments, HNO generation appears to be
dependent on the rate of NHs; administration rather than on the lifetime of donors
in an aqueous solution, at least for the PA and HAPY donors examined (i.e., it
could be possible to control the rate by the gaseous base administration rate).
Preliminary experiments were also performed in a similar way to explore the
reactivity of solid Angeli’s salt, an acid-catalysed HNO donor, with gaseous HCI,
resulting in N,O production via FT-IR and MS Procedure #1. This reaction will
be further explored soon.

This simple and controlled generation of gaseous 1!NO may provide a new drug
delivery scheme to be implemented in nowvel 1.~dical treatments. NO inhalation
can reduce the need of assisted ventil>tic ' .1 conditions such as pneumonia or

other acute respiratory syndromes,*

and so the therapeutic administration of
gaseous HNO is worth studying. 'n this regard, although the presence of NHjz (or
HCI) can be disadvantageous di~ to potential toxicity, diverse methods could be
engineered to eliminate e ygaseous base (or acid) from the system. Some
possibilities might incluc~ trapping the excess base (or acid) by wusing a
membrane, or an a.rupriate aqueous solution.*®4’
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e A novel methodfor O groductioninthe gas phase is described.

e The method consisi.. of heterogeneous reactions between solid HNO donors and
gaseous NHs.

e Thismethod c.n be useful forchemical studies and medical applications.



