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Abstract

Nitroxyl (HNO) demonstrates a diverse and unique biological profile compared to nitric oxide, a redox-related
compound. Although numerous studies support the use of HNO as a therapeutic agent, the inherent chemical
reactivity of HNO requires the use of donor molecules. Two general chemical strategies currently exist for HNO
generation from nitrogen-containing molecules: (i) the disproportionation of hydroxylamine derivatives con-
taining good leaving groups attached to the nitrogen atom and (ii) the decomposition of nitroso compounds
(X-N=0, where X represents a good leaving group). This review summarizes the synthesis and structure, the
HNO-releasing mechanisms, kinetics and by-product formation, and alternative reactions of six major groups of
HNO donors: Angeli’s salt, Piloty’s acid and its derivatives, cyanamide, diazenium diolate-derived compounds,
acyl nitroso compounds, and acyloxy nitroso compounds. A large body of work exists defining these six groups
of HNO donors and the overall chemistry of each donor requires consideration in light of its ability to produce
HNO. The increasing interest in HNO biology and the potential of HNO-based therapeutics presents exciting
opportunities to further develop HNO donors as both research tools and potential treatments. Antioxid. Redox

Signal. 14, 1637-1648.

Introduction

HE INTERNATIONAL UNION of Pure and Applied

Chemistry designates the simple triatomic molecule ni-
troxyl (HNO) as hydrogen oxonitrate, which also has been
referred to as nitrosyl hydride and commonly as HNO, es-
pecially with regard to its biological actions. HNO demon-
strates a distinct chemical and biological profile compared to
other redox-related nitrogen oxides such as hydroxylamine
(NH,OH), nitric oxide (NO), nitrite (NO,”), and nitrate
(NO57) (32,42, 64). These chemical and biological differences,
particularly in contrast to the well-known signaling agent
NO, have focused attention on HNO as a potential endoge-
nous biochemical mediator and therapeutic entity for various
physiological disorders.

Despite the recent interest in HNO biology and chemistry,
endogenous HNO production eludes conclusive description
(32, 42). The biochemical conversion of L-arginine to L-N-
hydroxyarginine to NO, which is catalyzed by NO synthase
(NOS), provides a potential HNO-forming pathway. In the
absence of the redox cofactor tetrahydrobiopterin, NOS cat-
alyzes HNO formation from L-arginine (in vitro) supporting
the possibility of this route for endogenous HNO formation
(91). The distinct and controlled biological activity observed
with HNO donors suggests a natural role for HNO, but HNO
reactivity and the lack of specific detection methods hinder
the confirmation of in vivo HNO production (32). Even though

endogenous HNO production remains undefined, the iden-
tification of HNO formation from both cyanamide and
hydroxyurea, clinically used drugs, coupled with the specif-
ically observed responses of the cardiovascular system to
HNO donors clearly identifies the potential of HNO donors as
new therapeutics (22, 44). Indeed, the recent patent literature
reflects the developing interest of new HNO donors as ther-
apeutics as well as HNO-based strategies for disease treat-
ment (31, 45, 85, 86). Given this dual importance and interest
in HNO donors as basic chemical, biochemical, and phar-
macological tools, as well as potential therapeutics, this re-
view summarizes the general chemistry of six known classes
of HNO donors (Fig. 1). Specifically, the preparation, struc-
ture, and HNO release mechanism (including reaction by-
products) and kinetics of each donor will be considered. In
addition, any known alternative reactions of the HNO donor,
which could interfere with its HNO release properties, will be
summarized. As interest in HNO as a therapeutic agent con-
tinues to grow, a complete understanding of the chemistry of
HNO donor compounds will become increasingly important
in the development of new HNO-based treatments.

Chemistry and Biology of HNO

Excellent reviews summarize the known chemistry of
HNO (11, 55). In particular, experimental and theoretical
studies indicate that HNO predominantly exists in the
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FIG. 1. Six classes of nitroxyl donors.

protonated (HNO) form in aqueous solution at physiological
pH with an approximate pK, of 11.4 (Fig. 1) (7, 8, 74). Ana-
logous to oxygen, theory predicts the nitroxyl anion (NO ™) to
possess a triplet ground state, which kinetically retards HNO
deprotonation (7, 8, 75). The relatively high pK, of HNO and
slow deprotonation, combined with the thermodynamically
unfavorable reduction of NO to *NO~, permits HNO to exist
as a chemically reactive species in biological systems (Fig. 2)
(59). Similar to C-nitroso compounds and lower molecular
weight aldehydes, such as formaldehyde, HNO dimerizes
with a rate constant of k=8 x10° M~ 's ! to yield hyponitrous
acid (H,N,0,) that dehydrates to nitrous oxide (N,O) (Fig. 2)
(11). This reaction directly and irreversibly consumes HNO
preventing the storage or direct use of HNO solutions and
necessitates the use of HNO donors or HNO-generating sys-
tems for the examination of HNO chemistry or biology.

The structure of HNO permits reaction with a number of
important biomolecules and these reactions provide the che-
mical basis of the observed biological actions of HNO (7, 59).
The N=0O bond dipole and small size allow HNO to act as a
potent electrophile and HNO readily reacts with many nu-

HNO == H*+3NO" << No

H,0
HNo ANOL N0, 25 N,0

FIG. 2. Basic nitroxyl (HNO) chemistry.

cleophiles, including amines, thiols, and phosphines to gen-
erate diazenes, disulfides or sulfinamides, and aza-ylides,
respectively (24, 50, 69). The electron lone pairs on both ni-
trogen and oxygen permit HNO to interact with various
Lewis acids, particularly metals, and HNO exhibits diverse
chemistry with many metal-containing proteins. Deox-
ygenated ferrous heme proteins, such as myoglobin (Mb),
directly complex HNO to give coordination complexes dem-
onstrating HNO’s ability to act as a ligand in these systems
(29). The Mb-HNO complex shows excellent stability under
anaerobic conditions and rapidly reacts with oxygen, nitrite,
or NO to give oxidized ferric Mb (83). HNO reductively ni-
trosylates ferric heme proteins, such as ferric Mb, yielding the
corresponding ferrous—nitrosyl complex (9, 24, 55). HNO
rapidly reacts with oxygenated ferrous heme proteins, such as
oxygenated hemoglobin (Hb) or Mb, to generate the oxidized
ferric heme protein and nitrate (24). The known chemical re-
activity of HNO including its reaction as an electrophile, an-
tioxidant, and with heme proteins has been demonstrated
through the use of HNO donors and these reactions have been
reviewed (46, 55, 58). In addition to providing the basis of the
observed biological actions of HNO, these reactions also form
the foundation of the most commonly utilized HNO detection
methods.

These reactions (including dimerization) of HNO necessi-
tate the use of donors to unravel HNO's distinct biological
action and the biology and pharmacology of HNO has been
extensively reviewed (32, 42, 64).
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THE CHEMISTRY OF HNO-RELEASING COMPOUNDS

HNO Donor Chemistry

Understanding current HNO donors and the development
of new HNO-liberating entities requires consideration of both
basic nitrogen and HNO chemistry. Currently, two general
principal strategies exist for HNO formation from organic and
inorganic molecules (Fig. 3) (46). First, hydroxylamine deriva-
tives that possess good leaving groups attached to the nitrogen
atom have traditionally found use as HNO donors (Angeli’s
salt and Piloty’s acid, vide infra, Fig. 3, path a). The nitrogen
atom of HNO possesses a formal+1 oxidation state (NO has
a+2 nitrogen oxidation state), but hydroxylamine (NH,OH)
contains a nitrogen atom with a —1 oxidation state. Dis-
proportionation directly converts these compounds from the
N= -1 to the N=+ 1 oxidation state. Second, the decompo-
sition of nitroso compounds (X-N =0, where X again repre-
sents a reasonable leaving group, vide infra, Fig. 3, path b)
generates HNO. These compounds already contain N in the
formal+1 oxidation state and do not require further redox
chemistry but undergo other nonredox reactions (such as hy-
drolysis) to generate HNO. The formation of the nitroso com-
pound itself may occur through other multiple mechanistic
pathways that include disproportionation, oxidation, and hy-
drolysis. Two-electron oxidation of hydroxylamine (NH,OH)
provides a direct pathway to HNO absent of other donor-de-
rived by-products. These chemical approaches apply to cur-
rently known HNO donors and remain applicable to the design
and development of new HNO-releasing compounds (46).

Angeli’s Salt
Structure/synthesis

The Italian scientist Angeli first synthesized sodium triox-
odinitrate (Na,N,O3, CAS 13826-64-7) in 1896 and this inor-
ganic salt that bears his name is commercially available (3).
Condensation of hydroxylamine with an organic nitrate al-
lows the direct synthesis of Angeli’s salt (Fig. 4) (46). Treat-
ment of hydroxylamine hydrochloride with excess sodium
hydroxide to yield hydroxylamine followed by the addition of
butyl nitrate gives Angeli’s salt as a white solid (mp =284°C,
Fig. 4) (46). Angeli’s salt displays a UV-vis absorbance with a
Amax at 248nm (e=8.2x10° M~ em™") (46, 52). X-ray crys-
tallography shows Angeli’s salt contains a N =N double bond
making the overall molecule planar (41). A procedure for the
preparation of '°N-labeled Angeli’s salt (O"’NNO2)>~ has
been reported (13). Numerous studies of HNO chemistry,
biology, and medicine utilize Angeli’s salt as an HNO source
and its chemistry has been reviewed (55, 58).

Mechanism/rate of HNO release/by-products

Figure 5 shows the generally accepted mechanism for the
decomposition of Angeli’s salt to singlet HNO in aqueous

);?N—O g &
QX x

‘N=0

X = good
leaving group

FIG. 3. Chemical strategies for HNO generation. a, HNO
formation from hydroxylamine derivatives. b, HNO forma-
tion from nitroso compounds.
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FIG. 4. Synthesis of Angeli’s salt.

solution from pH 4 to 8 (13, 26, 39-41, 56). Initial protonation
occurs at the nitroso group oxygen followed by a rate-limiting
tautomerization to give a monoanion protonated at the ni-
troso nitrogen atom, a structure supported by >N NMR and
Raman spectroscopy (Fig. 5) (10). Heterolytic cleavage of the
N-Nbond yields the observed products HNO and nitrite (Fig.
5), and this decomposition represents an example of HNO
formation from the disproportionation of a hydroxylamine
derivative with a good leaving group attached to N (Fig. 3,
path a) (13, 26, 39, 52, 56). Theoretical studies support such a
pathway and further labeling studies using >N Angeli’s salt
show that HNO derives from the nitroso nitrogen atom and
nitrite from the nitro group (13). Excess nitrite slightly inhibits
this reaction revealing the reversibility of Angeli’s salt de-
composition (82). As nitrite demonstrates its own biological
profile, nitrite formation from Angeli’s salt decomposition
must be considered in experiments using this HNO donor
(33).

Angeli’s salt decomposes in a first-order and pH-depen-
dent fashion related to the two pKa’s of oxyhyponitrous acid
(2.5 and 9.7, respectively) (82). From pH 4-8, Angeli’s salt
decomposes by first-order kinetics with rate constants of
6.8x10"*s7 1 at 25°C and 4-5x1073 s~ at 37°C (52). Above
pH 8, the rate of Angeli’s salt decomposition decreases, al-
lowing the preparation of alkaline Angeli’s salt stock solu-
tions for short-term storage (55). UV-vis spectroscopy allows
direct kinetic measurement of Angeli’s salt decomposition by
monitoring the disappearance of the absorbance at Ap.x=
248 nm (8=8.2X103 M~! cm_l) for N,O52~ or the disap-
pearance of the absorbance at Ao =237 nm (e=5.50r 6.1 x 10°
M™! em™!) for HN,O;~. A manganese (I) porphyrin
complex, designed as an HNO trap, directly interacts with
Angeli’s salt (dianion form) catalyzing HNO and nitrite for-
mation (53). Overall, the kinetic properties, water-solubility,
commercial availability, and ease of handling make Angeli’s
salt the most popular choice as a donor to examine HNO
chemistry and biology.

Alternative reactions

Below pH 4, Angeli’s salt does not form HNO and nitrite but
generates NO as the only nitrogen-containing product (87).
Mechanistically, NO formation may arise from an unstable di-
protonated isomer of H,N,O5 that decomposes to water and
excited state NO dimer or through subsequent reactions of

O, + O w*+ HO X
2Na* N=Nj0__H.. ‘N=NO

.

o
Angeli's Salt
0. .o

N-N_" —— HNO + NOy
H O

FIG. 5. Decomposition of Angeli’s salt.
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nitrous acid (HNO,) with H,N,O5 (26, 39). Regardless of
mechanism, NO formation from Angeli’s salt only occurs at
low pH. Angeli’s salt also directly reacts with various metal
complexes, such as hexaammineruthenium (III) or hex-
acyanoferrate (III), to generate NO under basic conditions (2).

Angeli’s salt demonstrates reactivity with a number of or-
ganic compounds, including alkyl halides, aldehydes, and
conjugated 1,3-dienes. Early work to determine the reactivity
of HNO with alkyl halides and aldehydes actually reveals that
Angeli’s salt directly reacts with these functional groups to
give the observed products (aldoximes and hydroxamic ac-
ids) (79). Figure 6 shows the proposed reaction of Angeli’s salt
and a generic primary alkyl halide to generate an aldoxime.
Direct N-alkylation of Angeli’s salt (with the reactive reso-
nance species shown) gives the N-alkyl nitro intermediate that
decomposes to generate a C-nitroso compound that immedi-
ately tautomerizes to the aldoxime and nitrite. Angeli’s salt
directly reacts with aldehydes through a similar mechanism
to generate an unstable tetrahedral intermediate that de-
composes to the hydroxamic acid and nitrite (79). A Diels-
Alder cycloaddition between Angeli’s salt and a reactive 1,3-
diene (1,3-diphenylisobenzofuran) generates an N-O-con-
taining cycloadduct characterized by X-ray crystallography
(84). These authors suggest that the reaction occurs from the
monoprotonated form of Angeli’s salt, which would indicate
alternative reactivity besides HNO release (84). While these
reactions occur in organic solvents or basic aqueous condi-
tions and under nonphysiological conditions, they clearly
demonstrate that Angeli’s salt possesses other chemistries
that should be considered.

Piloty’s Acid
Structure/synthesis

First reported in 1896, Piloty’s acid (N-hydro-
xybenzenesulfonamide, C¢HsSO,NHOH, CAS 599-71-3) is
available commercially and can also be synthesized by con-
densation of hydroxylamine with benzenesulfonyl chloride to
give a solid product in 45%-55% yield after column chro-
matographic purification (Fig. 7) (12, 71). A similar procedure
yields 15N-labeled Piloty’s acid (12). Various reviews address
Piloty’s acid’s chemistry and HNO release properties (55, 58).

Mechanism/rate of HNO release/by-products

Figure 8 depicts the generally accepted mechanism for the
decomposition of Piloty’s acid in basic conditions to singlet
HNO and benzenesulfinate, and provides another example of
HNO formation from a hydroxylamine derivative with a
good leaving group at nitrogen (Fig. 3, path a) (12). Kinetic

o 0
M:N\+ -— F*l—l‘r* RCH,-X
0 0o _d b_
R Angeli's salt
{pe 0 NOH
- N T + NO,
(‘dN Nb R H 2
- aldoxime

FIG. 6. Reaction of Angeli’s salt with alkyl halides.
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@—SOZNHOH

FIG. 7. Synthesis of Piloty’s acid.

1) K,CO4

NH,OHHCI
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studies and "N NMR experiments show that initial depro-
tonation occurs at the nitrogen atom to give the N-anion
(structurally similar to monoprotonated Angeli’s salt) that
undergoes S-N bond heterolysis to yield the products (12).
The benzenesulfinate ion, the organic by-product, should act
as a good nucleophile and modest reducing agent and these
properties should be considered in biological experiments. In
base, Piloty’s acid decomposes by a first-order process with
rate constants at pH 13 of 4.2x 10~ * s~ ' at 25°C and 1.8 x 10>
s~ at 37°C, which are comparable to the rate constant for
decomposition of Angeli’s salt at neutral pH (12, 72). At
neutral pH, the rate of HNO release significantly decreases,
and under aerobic conditions Piloty’s acid undergoes oxida-
tion to the nitroxide radical that forms NO rather than HNO
(Fig. 8) (95). The slow rate of HNO release and production of
NO severely limit the use of Piloty’s acid as an HNO donor
under neutral aerobic conditions.

Other simple N-hydroxysulfonamides, such as N-hydro-
xymethanesulfonamide (CH;SO,NHOH), release HNO un-
der basic conditions and find some use as HNO donors (76).
Recent patents describe the HNO-releasing properties of a
large number of Piloty’s acid derivatives with various aro-
matic substitutions at different positions or based upon dif-
ferent aromatic heterocycles (85, 86). Gas chromatographic
headspace analysis of nitrous oxide release shows that some
of these derivatives release significant amounts of HNO at
neutral pH under anaerobic conditions (85, 86). A number of
N-, O-diacylated or alkylated derivatives of Piloty’s acid have
been prepared as HNO pro-drugs and potential inhibitors of
aldehyde dehydrogenase (ALDH) (58). Following ester hy-
drolysis or O-dealkylation, these compounds generate a re-
active acyl nitroso compound and release HNO through
hydrolysis, therefore providing an example of HNO genera-
tion from hydrolysis of a nitroso compound (Figs. 9 and 3,
path b) (568). For example, O-demethylation of the chlorpro-
pamide derivative shown in Figure 9 yields an N-hydroxy
intermediate that decomposes to the sulfinic acid and an
acyl nitroso compound that undergoes hydrolysis to HNO
(58). Similar O-alkylated or O-acylated precursors of N-
hydroxysaccharin also release HNO under basic conditions
through a similar pathway (Fig. 9) (58). Attempts to produce
N-, O-diacylated Piloty’s acid derivatives with different
acyl groups lead to the formation of carboximidic acid
derivatives that also release HNO upon esterase-mediated
hydrolysis (76). Finally, N-hydroxysulfonimidamides and
N-(diphenylphosphinoyl)hydroxylamine, the phosphorus
analog of Piloty’s acid, both release HNO through pathways
similar to Piloty’s acid, further supporting HNO formation

-OH PhSO,NOH — PhSHO; + HNO

PhSO,NHOH

(O -
PhSO,NOH = PhSO,H + NO

FIG. 8. Decomposition of Piloty’s acid at basic pH.
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FIG. 9. HNO release from N-, O- modified Piloty’s acid
derivatives.

through decomposition of properly constructed hydroxyl-
amine derivatives (Fig. 3, path a) (65, 90).

Alternative reactions

In addition to oxidation at neutral pH to form NO via the
nitroxide radical (Fig. 8), Piloty’s acid directly reacts under
basic conditions with alkyl halides and aldehydes to give al-
doximes and hydroxamic acids (79, 95). These reactions ap-
pear to proceed through a similar mechanism as the reactions
of these functional groups with Angeli’s salt (Fig. 6) with the
final step being the tautomerism of a C-nitroso compound to
the aldoxime or hydroxamic acid (79). These reactions form
the basis of the Angeli-Rimini colorimetric test for aldehydes
and since they occur under basic conditions, directly compete
with HNO generation (70). Under basic conditions, Piloty’s
acid also reacts with cyclic ketones to give the cyclic hydro-
xamic acid and a recent study explores the synthetic potential
of this transformation with substituted cyclobutanone and
cyclopentanone substrates (6, 63). Figure 10 provides a
mechanism for the reaction of Piloty’s acid and a cyclic ketone.
Addition of the N-anion of Piloty’s acid generates a tetrahe-
dral intermediate that eliminates benzenesulfinic acid to give
a C-nitroso intermediate (Fig. 10) (6). This C-nitroso interme-
diate may eliminate HNO (regenerating the ketone) or re-
arrange to the cyclic hydroxamic acid (Fig. 10). Treatment of
aldehydes under neutral conditions in methanol with Piloty’s
acid yields the dimethyl acetals, revealing that Piloty’s acid
acts as an acidic catalyst under these nonaqueous conditions
(34). Piloty’s acid H-bonding, acid-base, and redox properties

5 G
Q o NS
PhSO,NHOH SOzPh
NaOH/EtOH "
0 " -PhSO,H

- [
O N

FIG. 10. Reaction of Piloty’s acid with cyclic ketones.
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should be kept in mind when using Piloty’s acid or its de-
rivatives as HNO donors.

Cyanamide
Structure/synthesis

Cyanamide (H,N-CN, CAS 420-04-2) has been used to treat
alcoholism in Europe, Canada, and Japan (32). A number of
studies show that cyanamide elicits its effects by acting as a
pro-drug that requires oxidative bioactivation to release
HNO, which modifies the active-site thiol of ALDH inhibiting
normal ethanol metabolism (22, 60). Cyanamide can be pur-
chased commercially and the addition of water to calcium
cyanamide gives hydrogen cyanamide as a solid (mp =42°C-
44°C) (49). The syntheses of both '*C-labeled and "*N-labeled
cyanamide have been reported (60).

Mechanism/rate of HNO release/by-products

Detailed chemical and biochemical studies outline the
mechanistic pathway of HNO release from cyanamide (22, 60,
77). Oxidation of cyanamide with catalase and a hydrogen
peroxide-generating system forms unstable N-hydro-
xycyanamide through a catalase-mediated N-hydroxylation
(Fig. 11) (60). N-Hydroxycyanamide directly decomposes to
HNO and HCN (Fig. 11), another example of a hydroxylamine
derivative with a good leaving group attached to nitrogen
decomposing to HNO (Fig. 3, path a) (61). *C NMR spec-
troscopy studies using '*C-labeled cyanamide clearly identify
cyanide as a by-product of catalase-mediated cyanamide oxi-
dation (60). While metabolic activation of cyanamide forms the
cyanide ion, evidence of cyanide toxicity during cyanamide use
has generally not been reported (32). Gas chromatographic
analysis of the reaction headspace using both '*N- and
>N-labeled cyanamide identifies nitrous oxide as evidence of
HNO formation and the nitrogen atoms of cyanamide as the
ultimate source of HNO (60). Although N-hydroxycyanamide
provides an alternative structural platform for new HNO
donors, the possibility of cyanide formation severely limits the
development of these compounds as new therapeutics. Few
cyanamide derivatives have been reported, but the treatment
of N-, O-dibenzoyl hydroxylamine with cyanogen bromide
gives N-, O-dibenzoyl-N-hydroxycyanamide (58). Although
this N-hydroxycyanamide derivative would be expected to
release HNO upon ester hydrolysis, the HNO release proper-
ties of this compound have not been reported.

Alternative reactions

Further work on the mechanism of cyanamide bioactiva-
tion reveals that carbon dioxide and nitrite also form during
the catalase-mediated oxidation of cyanamide (77). These
studies indicate that this system further oxidizes the N-
hydroxycyanamide intermediate to nitrosyl cyanide (ONCN)),

N Catalase H@NC‘C N
H,NCEN ————> ‘NSC=N| —
£ H0;, H

HN=0O + HC=N

FIG. 11. Bioactivation of cyanamide to HNO.
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which reacts with water at the cyano group to form an acyl
nitroso compound (77). The acyl nitroso compound hydro-
lyzes to HNO and a carbamic acid, which decomposes to
carbon dioxide and ammonia (Fig. 12) (77). In a separate
pathway, water adds to the nitroso group directly generating
nitrite and cyanide without HNO formation (77). These fur-
ther reactions reveal more complexity in HNO formation from
cyanamide, including the production of nitrite (similar to
Angeli’s salt), and may partially explain the lack of cyanide
toxicity in patients taking cyanamide.

Diazeniumdiolate-Based Donors
Structure/synthesis

Complexes of two equivalents of NO with a carbon, oxy-
gen, sulfur, or nitrogen nucleophile generate diazeniumdio-
lates (NONOates), which contain the N(O)NO™ moiety (Fig.
13) (25). Secondary amine-derived NONOates generally re-
lease NO under neutral and acidic conditions and have found
wide use as NO donors with therapeutic promise (57). An-
geli’s salt, which releases HNO at physiological pH and NO
below pH 4, possesses the formal NONOate structure when
the nucleophile is oxide (O*7) (57). Complexes of primary
amines and the NO dimer also generate NONOates and
Figure 13 shows the isopropylamine NO adduct (iso-
propylamine diazeniumdiolate [IPA /NOJ). IPA/NO releases
both HNO and NO at pH 7.4, as judged by chemiluminescent
and electrochemical studies, and only NO below pH 3 (57).
Under physiological conditions, IPA /NO primarily acts as an
HNO donor by reductively nitrosylating ferric Mb in a thiol-
sensitive fashion (57). In dogs, IPA/NO demonstrates a
pharmacological profile similar to Angeli’s salt by producing
positive inotropic effects and increased plasma levels of cal-
citonin gene-related peptide (CGRP) but not cyclic guanylate
monophosphate (57). Treatment of isopropylamine with NO
under pressure in the presence of base gives IPA/NO as a
solid (mp =71°C), which displays a UV-vis absorbance Amax at
252nm, £=8.7x10° M~ em ™! (25, 52).

Mechanism/rate of HNO release/by-products

Kinetic studies show that IPA/NO decomposes in a first-
order manner with a rate constant at pH 7.4 of 5.1 x 107%s at
37°C (comparable to the rate constant for decomposition of
Angeli’s salt at pH 4 to 8) (52). Figure 14 gives the proposed
mechanism, based on theoretical calculations using methyl-
amine diazeniumdiolate (MA/NO) as a model, for IPA/NO
decomposition to HNO (and NO under acidic conditions)
(27). At pH 5-13, HNO release occurs through the decom-

H H,0
H-O-N-CN 22 0=N-CcN 123
Cat(Fe™) pitrosyl
¢ cyanide
HNO + HCN
0 0 co
JL 9 wno + J\ — +2
HoN™ N H,N” OH  NH,
FIG. 12. Catalase-mediated oxidation of N-hydro-

xycyanamide.
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FIG. 13. Basic structure/synthesis of diazeniumdiolates
including isopropylamine diazeniumdiolate (IPA/NO).

position of an unstable tautomer [MeNN" (O )NHO ] of
IPA/NO in a process that also generates the N-nitrosated
primary amine (Fig. 14, path a) (27). The decomposition of this
tautomer fits the pattern of HNO release from a hydroxyl-
amine derivative substituted with a good leaving group at the
nitrogen atom (Fig. 3, path a). At lower pH (below 7), pro-
tonation of IPA/NO at the amine nitrogen gives an unstable
intermediate that decomposes to two equivalents of NO and
the primary amine (Fig. 14, path b) (27).

Alternative reactions

While IPA /NO generates both HNO and NO formation at
neutral pH, the biological profile of this primary amine-de-
rived NONOate appears quite similar to Angeli’s salt and
consistent with an HNO-based effect. The current mechanism
suggests that manipulation of the basicity of the starting
amine used to generate the NONOate may control the pro-
portion of HNO to NO generated. The release of a primary
amine N-nitroso compound may be of toxicological concern
(57). The large amount of structural variety available within
this class (primary amine starting materials) further warrants
detailed exploration.

Acyl Nitroso Compounds

Structure/synthesis

Acyl nitroso compounds [RC(=0O)NO] are highly reactive
species and no stable or isolable examples of acyl nitroso
compounds have been reported (Fig. 15). Time-resolved in-

a H_CH b H cH
N +H* N
P Y I
N S~ :
I .
(o} OHW
H
N’CH3 H‘IIQ;CH;;
1]

H * N*
\rﬁ,N\O_ o
o lo}

B
H3C~N=N‘ + HNO CH3NH, + 2NO

FIG. 14. pH-dependent decomposition of IPA/NO to (a)

HNO and (b) NO.
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FIG. 15. Generation of acyl nitroso compounds.

frared spectroscopic measurements give evidence (infrared
resonances at 1735, 1590, 1560, and 1235cm ') for the first
direct observation of an acyl nitroso compound in solution
(18). The observed decay of these resonances gives a lifetime
on the order of 1 ms for these species in organic solvent (18).
Oxidation of N-acyl hydroxylamine derivatives (hydroxamic
acids, N-hydroxyureas, or N-hydroxycarbamates) with vari-
ous reagents (sodium periodate, tetra-alkyl ammonium peri-
odate, Swern, Dess-Martin periodinane, and metal
complexes) provides the most direct method of acyl nitroso
compound formation (17, 36). Acyl nitroso compounds rap-
idly react with conjugated 1,3-dienes as an N-O- hetero-
dienophile to produce cycloadducts, whose structure strongly
supports the intermediacy of the acyl nitroso compound (Fig.
15) (47). The horseradish peroxidase (HRP) and catalase-me-
diated oxidation of hydroxyurea in the presence of hydrogen
peroxide forms the corresponding acyl nitroso compound,
which has been trapped using 1,3-cyclohexadiene (38). This
sequence indicates that these reactive intermediates can be
enzymatically generated in aqueous conditions. Cycload-
ducts of different acyl nitroso compounds and 9,10-di-
methylanthracene undergo a retro-Diels-Alder reaction with
half-lives between 0.25 and 2.6 h at 40°C. This method pro-
vides a nonoxidative method for the formation of acyl nitroso
compounds (Fig. 15) (17, 92). Modification of the hydroxyurea
portion of these cycloadducts gives water-soluble and pho-
toactivatable compounds with enhanced acyl nitroso (and
HNO)-generating capabilities (1, 96). Other reactions that
generate acyl nitroso species include the photolysis or ther-
molysis of 1,2,4-oxadiazole-4-oxides, exposure of 1,2,4-ox-
adiazole-4-oxides to a nitrile oxide, the addition of N-methyl
morpholine N-oxide to nitrile oxides and the decomposition
of N-, O-diacylated or alkylated N-hydroxyarylsulfonamides
and have been reviewed (Fig. 9) (58).

Mechanism/rate of HNO release/by-products

Reaction of an acyl nitroso compound with a nucleophile
presumably generates HNO through a nucleophilic acyl
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substitution mechanism that includes a tetrahedral interme-
diate with decomposition to HNO and the corresponding
carboxylic acid derivative as the by-product (Fig. 16). Time-
resolved infrared spectroscopic measurements show that an
acyl nitroso compound (R = — Ph) reacts with diethyl amine to
give the corresponding amide with a derived second order
rate constant of 1.3x10° M~' s~! (18). In support of this
pathway (Fig. 3, pathway b), the oxidation of a hydroxamic
acid in water or in the presence of an amine yields carboxylic
acids and amides, respectively (4, 78). The identification of
nitrous oxide in these reactions provides strong evidence for
HNO generation. Oxidation of hydroxyurea with aqueous
sodium periodate in the absence of any 1,3-diene rapidly
produces nitrous oxide, carbon dioxide, and ammonia (93).
Catalase and HRP-mediated oxidation of hydroxyurea gen-
erate an acyl nitroso compound that hydrolyzes to HNO and
carbamic acid, which decomposes to carbon dioxide and
ammonia (Fig. 16) (37, 38). The nascent HNO dimerizes and
dehydrates to nitrous oxide in the HRP system but re-
ductively nitrosylates catalase distinguishing these ferric
heme proteins (37, 38). HNO formation through ferric heme
protein-mediated oxidation of nitrogen-containing substrates
has recently been reviewed (68).

Application of similar strategies (oxidation/retro Diels-
Alder reactions) to hydroxylamine or HNO-derived cy-
cloadducts present methods for the direct generation of
HNO (Fig. 17). Hydroxylamine rapidly reacts with heme
proteins, including oxy, deoxy, and methemoglobin to pro-
duce NO (44, 51, 80, 89). Treatment of hydroxylamine with
HRP in the presence of hydrogen peroxide generates HNO
as determined by HNO trapping with glutathione and high-
performance liquid chromatography/mass spectrometric
identification of glutathione sulfinamide (23). Gas chro-
matographic identification of nitrous oxide in the headspace
of this reaction further confirms HNO formation. In this
system, hydrogen peroxide activates HRP to a reactive in-
termediate that oxidizes hydroxylamine to HNO (Fig. 17)
(23). Hydroxylamine, in the presence of catalase and a hy-
drogen peroxide-generating system, activates sGC (20). EPR
spectroscopic examination of this reaction reveals the for-
mation of the Cat(Fe)NO complex, which forms during the
reaction of HNO and ferric catalase (20). Given the inability

(@] o +
Nuc—H (@] NucH
sy ueH o< —
1] 1
o 0
0]
R/U\Nuc + HNO
0 0
HZNJ\NH E’,HQNJ\N M8
! 1l
OH 0
hydroxyurea
o} CO,
HNO + L —= o+
HN” “OH  NH,

FIG. 16. HNO formation from acyl nitroso compounds.
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FIG. 17. Formation of HNO from hydroxylamine.

of NO to reduce ferric catalase, these results strongly imply
initial HNO formation followed by reductive nitrosylation
(35). A cycloadduct of HNO and 9,10-dimethylanthracene,
produced by the Diels-Alder reaction of an acyl nitroso
compound followed by amide hydrolysis, undergoes a retro-
Diels-Alder reaction at high temperature to directly generate
HNO (19). Subsequent work reveals the ability of a catalytic
antibody to catalyze HNO formation from the retro-Diels-
Alder reaction of a cycloadduct providing a nonoxidative
means to HNO (5).

Alternative reactions

Acyl nitroso compounds react with 1,3-dienes as N-O-het-
erodienophiles to give cycloadducts and with alkenes as N-O-
enophiles (ene reactions) to give N-substituted hydroxamic
acids (43, 81, 88). Such reactions often form the basis for the
total synthesis of nitrogen-containing molecules and have
been performed in water, indicating that these cycloadditions
compete with HNO formation from hydrolysis (81, 88). The
relatively rare occurrence of 1,3-dienes and low concentration
of alkenes should limit such reactions of acyl nitroso com-
pounds in biological systems. Similar to HNO, the high re-
activity of acyl nitroso compounds requires their generation
from precursor molecules and as such, the chemistry of each
acyl nitroso donor and their by-products must be considered.
For example, a variety of ferric heme proteins act as compe-
tent oxidants for N-acyl hydroxylamines providing a poten-
tial in vivo pathway for acyl nitroso compound formation but
the carcinogenic/mutagenic properties of 9,10-dimethylan-
thracene likely limit the use of the acyl nitroso cycloadducts
derived from this 1,3-diene to in wvitro studies of HNO
biology/chemistry (30).

Acyloxy Nitroso Compounds
Structure/synthesis

Many acyloxy nitroso compounds, which typically dem-
onstrate a brilliant bright blue color due to their n— n* elec-
tronic transition, have been prepared and studied (15, 21, 66,
97). Direct oxime oxidation with lead tetra-acetate gives 1-
nitrosocyclohexyl acetate and addition of an excess amount of
the appropriate acid allows variation of the acyl group (Fig.
18) (66, 67). These methods yield various acyloxy nitroso
compounds, including 1-nitrosocyclohexylacetate, 1-ni-
trosocyclohexyl-4-nitrobenzoate, and 1-nitrosocyclohexyl tri-
fluroroacetate (Fig. 18) (73). 1-Nitrosocyclohexyl acetate
displays a UV-vis absorbance .. at 667 nm (e=207M7!
cm 1) and infrared absorbances for C=Oatv=1750cm ™~ ! and
N=O at v=1561cm™' (73). A crystal structure of 1-
nitrosocyclohexyl 4-nitrobenzoate reveals the C-N-O bond
angle as 114.2° that is consistent with a HNO-like bent con-
figuration and a N=O bond length of 1.183 A (73). Hy-

DUMOND AND KING

o)
NOH d
Pb(OAc), NP~
CHCl, @ Q
NOH 7
R
Pb(OAC), NP~
. 0
CHCl,
10 eq R-COoH
R= -CFS, -pC5H4NO;_|J

FIG. 18. Synthesis of acyloxy nitroso compounds.

pervalent iodine compounds oxidize oximes to acyloxy
nitroso compounds and p-bromo(diacetoxyiodo)benzene
converts the oximes of acetone, cyclohexanone, and cyclo-
pentanone to the corresponding 1-nitrosoacetoxy derivatives
(97). Acylation of nitronate anions, generated by the treatment
of alkyl nitro compounds with base, followed by a [2, 3] sig-
matropic rearrangement, provides another alternative syn-
thetic route to acyloxy nitroso compounds (21).

Similarly, oxime oxidation with iodobenzene diacetate
gives the acyloxy nitroso compound, 2,2-dimethyl-5-nitroso-
1,3-dioxan-5-yl acetate (Fig. 19) (16). 2,2-Dimethyl-5-nitroso-
1,3-dioxan-5-yl benzoate and 5-nitroso-1,3-dioxan-5-yl
benzoate have also been synthesized, crystallized, and char-
acterized by X-ray crystallography (14).

Mechanism/rate of HNO release/by-products

Acyloxy nitroso compounds undergo hydrolysis to re-
lease HNO, the corresponding ketone and acid (Fig. 20) (73).
Acid- or base-catalyzed ester hydrolysis gives the acid
and an unstable nitroso alcohol derivative that decomposes
to HNO and the ketone (Fig. 20). Gas chromatographic
headspace analysis of the basic decomposition of these
compounds shows thiol and ferric iron sensitive formation
of nitrous oxide, strong evidence for HNO formation (73).
Nitrous oxide does not form from acyloxy nitroso com-
pounds upon incubation in alcohol solutions, but 1-
nitrosocyclohexyl acetate generates nitrous oxide (24%) in a
mixture of methanol and neutral phosphate buffer after 2h,
indicating HNO formation (66, 67, 73). 1-Nitrosocyclohexyl
acetate generates small amounts (0.4%-0.5%) of NO
and (3%—4%) of nitrite over this same time period (73). 1-
Nitrosocyclohexyl acetate demonstrates relative stability
under buffered conditions (t;,2>2h) but rapidly decom-

9
PhI(OAc), X/\ 0
o 0 CH,Cl> C><C'

FIG. 19. Synthesis of 2,2-dimethyl-5-nitroso-1,3-dioxan-
5-yl acetate.
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FIG. 20. Hydrolysis of acyloxy nitroso compounds to re-
lease HNO.

poses under basic conditions (t;,,=0.8 min in 0.1 N NaOH)
(73). The rate of hydrolysis depends on the structure of
the acyloxy nitroso compound: I-nitrosocyclohexyl tri-
fluoroacetate releases more nitrous oxide (34% yield, phos-
phate buffer pH 7.4, 2h) compared to 1-nitrosocyclohexyl
acetate (28% yield) (73).

Early work shows acyloxy nitroso compounds inhibit
platelet aggregation as well as thrombus formation in vitro
(66, 67). Both 1-nitrosocyclohexyl acetate and trifluoroacetate
relax preconstricted rat aortic rings in a dose-dependent
fashion (ECsp=10,000 and 885nM, respectively) similar to
Angeli’s salt (ECs50=82nM) (73). 1-Nitrosocyclohexyl tri-
fluoroacetate enhances sGC activity 60-fold providing sup-
port for HNO activation of this important heme protein (54).
Further biological studies are required to clearly delineate the
activity of this class of HNO donors.

Alternative reactions

2,2-Dimethyl-5-nitroso-1,3-dioxan-5-yl acetate acts as an
N-O dienophile in Diels-Alder reactions (Fig. 21) in both or-
ganic and aqueous media (15, 16). Lewis acids catalyze this
reaction resulting in improved yields and the cycloadducts
can be opened to give 1,4-allylic amino alcohols (Fig. 21) (15).

Surprisingly, acyloxy nitroso compounds derived from
cyclopentanone oximes do not generate HNO upon hydro-
lysis but rather rearrange to the cyclic hydroxamic acid (Fig.
22) (6). Expansion of the cyclopentane apparently relieves
eclipsing interactions not present in the cyclohexane-derived
compounds. This pathway converges with the direct reaction
of Piloty’s acid anion with a cyclic ketone to yield the ring-
expanded cyclic hydroxamic acid (Fig. 10) (79).

Acyloxy nitroso compounds bear structural similarity
to C-nitroso compounds, such as nitrosobenzene and 1-
nitrosoadamantane, which react as potent electrophiles with
various nucleophiles. For example, nitrosobenzene and

3y O

‘ﬁéﬁ’r

FIG. 21. Diels-Alder reaction of acyloxy nitroso com-

pounds.
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FIG. 22. Ring expansion of cyclopentane-derived acyloxy
nitroso compounds.

other C-nitroso compounds react with enol ethers and en-
olates to generate substituted hydroxylamines with further
synthetic utility (94). Nitrosobenzene also forms an adduct
with glutathione both in vitro and within red blood cells that
ultimately rearranges to a glutathione sulfinanilide that hy-
drolyzes to aniline. Further investigation into reactions of
nitrosobenzene with 1-thioglycerol reveals that sulfinic and
sulfenic phenylamides form, which also hydrolyze to aniline
(48). Para-substituted nitrosobenzenes react with the thiol
groups of human Hb trapping these adducts within red
blood cells (28). C-Nitroso compounds also inhibit ALDH
through modification of the active site thiol (62). Taken to-
gether, these results clearly show that C-nitroso compounds
react with thiols to yield oxidized sulfur products, and
such reactivity may compete with the HNO-releasing
properties of acyloxy nitroso compounds and demands
further investigation.

Conclusion

The distinct biological properties of HNO compared to NO
have markedly increased interest in this triatomic molecule
over the last 10 years. The inherent chemical reactivity of
HNO requires the use of donor molecules for the study of its
chemical and biological processes and interest in the devel-
opment of new molecular entities, as well as better under-
standing HNO'’s reactivity, has paralleled the increase in
interest in its biology. Two general chemical strategies
currently exist for the generation of HNO from nitrogen-
containing molecules: (i) the disproportionation of hydrox-
ylamine derivatives containing good leaving groups attached
to the nitrogen atom and (ii) the decomposition of nitroso
compounds (X-N =0, where X again represents a good leav-
ing group). This review examines the synthesis/structure,
HNO-releasing mechanisms, and alternative reactions of six
major groups of HNO donors: Angeli’s salt, Piloty’s acid and
its derivatives, cyanamide, diazenium diolate-derived com-
pounds, acyl nitroso compounds, and acyloxy nitroso com-
pounds (Fig. 1). The large body of work already performed on
these six groups of HNO donors supports much of our current
understanding of HNO chemical reactivity and biology and
presents opportunities to further develop new molecules as
both research tools and potential therapeutics.
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ALDH = aldehyde dehydrogenase
CGRP = calcitonin gene-related peptide
Hb =hemoglobin
HNO = nitroxyl
HRP = horseradish peroxidase
IPA/NO = isopropylamine diazeniumdiolate
MA /NO =methylamine diazeniumdiolate
Mb = myoglobin
NO =nitric oxide
NONOates = diazeniumdiolates
NOS = nitric oxide synthase
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