JIAICIS

ARTICLES

Published on Web 03/06/2004

Mechanisms of HNO and NO Production from Angeli's Salt:
Density Functional and CBS-QB3 Theory Predictions

Andrew S. Dutton,” Jon M. Fukuto,* and K. N. Houk*t

Contribution from the Department of Chemistry and Biochemistry péhsity of California,
Los Angeles, California 90095-1569, and Department of Pharmacology, School of Medicine,
Center for the Health Sciences, Warsity of California, Los Angeles, California 90095-1735

Received October 21, 2003; E-mail: houk@chem.ucla.edu

Abstract: The mechanism of decomposition of Angeli’s salt, Na;N,Os, was explored with B3LYP and CBS-
QB3 computational methods. Angeli’s salt produces both nitroxyl (HNO) and nitric oxide (NO), depending
upon the pH of the solution. These calculations show that protonation on N(2), while less favorable than
O protonation, leads spontaneously to HNO production, while diprotonation at O(3) leads to NO generation.
Ka values for protonation at different centers and rate constants have been found which reproduce

experimental data satisfactorily.

Introduction

Angeli’'s salt, NaN,Os, variously called sodium trioxodi-
nitrate(ll), oxyhyponitrateN-nitrohydroxylamate, or hyponitrate,
was first prepared in the late 19th centdyhe synthesis was
refined in 1952 The structure of this molecule was the subject
of much debate” and eluded chemists until the crystal structure
was determined in 1973Angeli’s salt decomposes thermally
or in aqueous solutions to give several different nitrogen oxides
depending upon the conditioh8.

Figure 1 summarizes the investigations by Hughes and
Wimbledon on the pH dependence of the rate constants for
decomposition of Angeli's saft. The products of aqueous
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decomposition are highly pH dependent; HNO is generated and rigure 1. Plot of the rate constants of decomposition of Angeli's salt versus

quickly dimerizes to give PO in the pH range of 84, while
NO is produced in solutions with a pH less than 4. Angeli’'s
salt is quite stable in basic solution (pH 10). The rate of

decomposition increases with decreasing pH and becomes pH

independent in the range of pH-&. Below pH 4, the rate
increases dramatically.

The mechanism for decomposition has been of much interest,

and a variety of proposals have been put forth. Angeli proposed
that the decomposition of ME,03; to form nitrite and NO
involved cleavage of the NN bond to produce HNO that
subsquently dimerizes and loses water to fors@®NHendrick-
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pH from Hughes and WimbleddhiThel show the rate of the disappearance
of Angeli’s salt to yield nitrite (NQ™), and ¢ show the rate of the
disappearance of Angeli’s salt to give nitric oxide (NO).

son and co-workers used isotopically labeled nitrogen to
demonstrate that the nitrogen of the nitrite product comes from
N(1), the nitrogen bearing the two oxygens in Angeli's $alt.
Bonner et al., using®N NMR experiments, and Bazylinski et
al., utilizing >NO to trap HNO, proposed that decomposition
in neutral pH would occur through protonation at N(2), yielding
NO-, based upon the erroneou&pof 4.7 for HNO, and
nitrite.1112 Using a hemoglobin detection system, Doyle and
co-workers suggest that decomposition produces NO and
HONO™.1* The mechanism for the production of NO is still
unknown but is generally thought to involve HN@ byproduct
of HNO production, and is not simply a dehydration process.
HNO has physiological functions that are proposed to differ
from those of other nitrogen oxides, but the elusiveness of HNO
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makes it difficult to identify its biochemistry. HNO rapidly
dimerizes and decomposes via dehydration to yield nitrous

oxide, NO, with a second-order rate constant ok8L.0° M—1
5*1_15

Recently, there have been conflicting reports regarding the g_

use of Angeli’s salt as a source for HNO in aerobic biochemical
studiest®18 Some workers have raised the possibility that
peroxynitrite, ONOQ, is produced from Angeli’s salt. The most
recent repoff indicates that HNO is indeed produced from
Angeli’s salt decomposition by demonstrating that compounds
that react with HNO increase the rate of decomposition. Liochev
and Fridovich also suggest that the ONO@at is observed
experimentally occurs from the reaction of HNO/N@ith O,
with a rate constant of & 10° M~ s71, Miranda et al. have
estimated a value of & 10° M~ s1 for the rate constant of
reaction of HNO/NO with O,.19

Biological experiments utilizing Angeli’s salt demonstrate that
the decomposition products are toxic, capable of causing
glutathione depletion and double-stranded DNA bredKs.
mammalian cells, HNO is toxic only in the presence of
oxygen?0-2L|t is thought that HNO reacts with oxygen to form

Dutton et al.
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Figure 2. Comparison of the structural details between the computed and
the X-ray crystal structure, distances given in A, along with the computed
electrostatic potential. (a) B3LYP/6-3tG(d). (b) The X-ray crystal
structure’ (c) A cross-sectional view of the electrostatic potential. (d) The
electrostatic potential projected onto an electronic isodensity surface. The
scale shows the difference in electrostatic potential, with red representing
areas of large negative charge densities.

QB3, a series of calculations that generally give energies wittin

an as-yet unidentified oxidant that does not appear to be kcal/mol of experimentally measured values for the G3 dat# $ete

peroxynitrite?° In contrast to the widely known function of NO,
arterial dilation, HNO causes venodilation while not affecting
the heart raté?

We have undertaken a theoretical study of the mechanism o
decomposition of Angeli’s salt to form HNO and NO, as well
as an estimation of the basicities of various species involved in

the decomposition pathway. The reaction mechanism is comple-

mentary to our recent calculations of the mechanism of the
decomposition of dialkylamino diaziumdiolates, which form NO
exclusively?3

Methods

All structures were optimized using the B3LYP method with a
6-311+G(d) basis set using the Gaussian 98 progtastructures that

energies were given for 298 K. Aqueous solvation energies were
calculated as single points on the B3LYP/6-313(d) optimized
geometries using a 6-3315(d) basis set in the PCM model, imple-

fmented in Gaussian 98. The solvation energies were applied to the

B3LYP/6-311G(d) and CBS-QB3 optimized gas-phase energies. Key
structures to the decomposition mechanism were optimized in water
using the PCM modé& and basis set mentioned above to better simulate
the solvent effects on the mechanism utilizing Gaussiatf 88.values
reported in the text are at the CBS-QB3 level of theory unless otherwise
noted. The relative i, values were predicted using the relationship
betweenAAG, and [Ka, AG = 1.36(Ka) at 25°C. The most basic
computed K, was set equal to the experimentally measunéghv@alues

of 9.3 and 2.5 for K; and K, respectively?>® The monoprotonated
species were computed relative t&;pand the diprotonated species
were computed relative tokp.

required more accurate energy calculations were recomputed by CBS-
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Results and Discussion

Figure 2 shows (a) the computed structure of the dianion,
0,NNO?, (b) the X-ray crystal structufeof the NoOz2~ unit
in the disodium monohydrate, and (c and d) two electrostatic
potential representations of the dianion.

The computed and X-ray structures are quite similar, con-
sidering that the crystal structure contains counterions and a
molecule of water. The NN bond distance has the largest
discrepancy of 0.051 A. The largest bond angle difference of
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o AH,=0.0 0 AH,=11.4 - Y
NEN ﬁgrr:: - 0;00 0 NN 28?3 - 19'275 @, 1ar 117.9° 115-?"@
o 0 rel.aa ™ O O-H s 1.233A N\ 2.342A 12238 NN ff 12834
H 2 g\ 124.6° 150.3°
1 1184 1.244A "71.042A
Qo AH,¢ = 6.8 o} AH,=20.3 ' .
NEN  AGe=67 NEN  AGH =195
d ‘O— rel, aq = 8.3 H_O’ b— rel, aq = 15.2
H 4 1.TS 7-TS
3 QH;= 49.4 aH§: 3.3
4 AGl, =515 2G50
H‘O\ " AH, = 20.6 o\ N AH, =20.3 aq ' ag = =
N=N AGre = 19'1 N=N AGre = 19'5 Figure 5. Transition-state geometries and activation energetics in kcal/
O N AG =14.4 ~ N AG =16.3
o O rel, ag = 1% o~ O rel, aq mol (B3LYP/6-31H-G(d), PCM (B3LYP/6-31+G(d))).
5 6 S
water than structurd. The stabilization effect of hydrogen
Q, H AH,=188 bonding, 16-15 kcal/mol in the gas phase, but only 260
NENt  AG =183 . L , .
& o AG:: aq='13_3 kcal/mol in water, is illustrated by comparing the energies of
structuresl to 2 and of3 to 4.
7 The Kj's of Angeli's salt have been measured experimentally

Figure 3. Relative energies in kcal/mol of the monoprotonated species ; ; i
(CBS-OB3, PCM (B3LYP/6-312G(d))). to be 2.51 and 9.7, via extrapolation to an ionic stre_ngt_h of
zero, by Hunt and co-workeP8,and >3 and 9.35 at an ionic

o o strength of 0.25 mol dr? by Hughes et al.Setting the |, of
NEN pK, = 9.3 NEN pKy=7.5 the least acidic tautomef, to 9.3 and using the computed
o o O O-H relative free energies in water, theoretically calculatéd'
H 2 are derived and shown in Figure 4. The trend in basicity follows
1 that of the relative energetics shown in Figure 3, wlitheing
o o the most basic anfl being the least. The calculate&s for
:NJ&N\ pK, =3.2 :NJ&N\ pKy =-1.9 structuresl and 7 are 9.3 and-0.5, respectively.
o O H-O O We have explored the reactivities of the monoprotonated
H 4 speciesl, 6, and7. The transition states for NN cleavage of
3 H 1(1-TS) and7 (7-TS) were located in the gas phase, and single-
H-O of . point energetics were evaluated with the PCM model to obtain
N=N_ pKg=-13 N=N__ pKa=-27 aqueous solvation energies. The transition structures and their
o © o 0 energetics are shown in Figure 5, and the reaction energetics
5 6 are summarized in eqs—B.
g, H AHpyq = 64.4
N=N"_ pKa=-05 o Agm, = 5_2.22 .
©c 0 NEN LOrnaq828 o, + °NOH )
7 o p
Figure 4. Computed [, values (CBS-QB3, PCM (B3LYP/6-3#1G(d))). H
3.4 involves the O(3)N(2)N(1) bond angle. Both structures are ! 22”‘“ 232“;
planar. The electrostatic potential, shown in Figure 2, and the s AGE: aq = 6.4
natural bond orbital (NBO) analysis of the atomic charges NOH ————— > HNO @
suggests that all of the oxygens and N(2) are sites of high
electron density.
All monoprotonated species derived from Angeli’s salt were igfxn Z jg'zg
~n .

optimized. The results are shown in Figure 3. Energies are O t’ AGrin, aq = -3.8

relative values ofAH (electronic energy+ ZPE + thermal N=N" ————> NO; + HNO @)

corrections) AG values for 298 K in the gas phase, aGa, ©

which include agueous solvation energies computed by the PCM

method. Decomposition ofl is very unfavorable and gives the high
The most thermodynamically favored position for protonation energy intermediate, NOH, as shown in eq 1. NOH, a ground-

is the oxygen of the nitroso group, structdrelhe non-hydrogen  state triplet, possesses a singlttplet gap of 15.7 kcal/mol in

bonded conformer, structug is much higher in energy inthe  water as calculated with the CBS-QB3 method. Equation 2

gas phase, but only 2.5 kcal/mol higher in water. Protonation shows that the energy for the conversior®®®OH to HNO is

of O(1) gives the hydrogen-bonded struct@rthat is between —25.7 kcal/mol in the gas phase an@6.4 kcal/mol in water

1 and2 in energy in the gas phase. The non-hydrogen-bonded as calculated by CBS-QB3. These values agree well with the

conformer of this,4, is much higher in energy, as are the previous calculatiorf§2° of —25.4 kcal/mol in the gas phase

products of protonation at O(3%, and 6. Protonation of N(2) using MP2/6-31%+** and —22.7 kcal/mol in the gas phase

gives structure/, which is 13.3 kcal/mol higher in energy in  using CASPT2 with zero-point correction. This process has a

J. AM. CHEM. SOC. = VOL. 126, NO. 12, 2004 3797
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Q. AHrg) 2q=10.0 o\‘+ H AHpe) aq=5.5 Because of the importance of speciésand 7 to the
N=N  AGrei aq=0.0 N=N*  AGre)aq=53 mechanism of decomposition, these structures as well as their
0~ 0 PKa=93 O~ 0O PKa=54 transition statesl-TS and7-TS, respectively, were reoptimized
, H 7 in the PCM model of water to better simulate the experimental
reaction conditions. The relative energies, theoretikaMalues,
AH*q =492 AHo, =8.4 and the energetics of the transition states are shown in Figure
118 Aqu =447 TS AGL,=78 6.

Figure 6. Relative energies in kcal/mol of specigsand 7 optimized in When the_ pH is lowered below a pH of 4, the products of
water with computed Ig, values and transition-state energetics of species decomposition change from HNO and BfQo NO and HONO.
1-1T15 an&ﬂ-TS optimized in water (B3LYP/6-31£G(d), PCM B3LYP/6- The pH dependence implies that a diprotonated intermediate is
S1HG(). involved. To determine the relative energies of diprotonated

barrier of 56.2 and 53.8 kcal/mol in the gas and aqueous phasesSpeCieS’ the structures_, result_ing from protonating structures
respectively, using the B3LYP/6-315(d) method. The de- through7 were all optimized using the CBS-QB3 level of theory.

composition ofl to HNO and NQ~ is significantly endergonic, 'I;]hefresultlng r_elat_|ve gas-phase;]enthglp@s, free energies, and
by 16.4 kcal/mol in water. the free energies in water are shown in Figure 7.

Species? has a very low barrier to decomposition, 7.8 kcal/  Calculations suggest that the monoprotonated spécielsich
mol in water. The reaction to form nitrite and HNO is slightly Wil be present in the highest concentration, is most likely
endothermic, but exergonic in the gas phase and water. Anprotonated a second time, leading to spe6iesd10. The NO
insignificant amount of will be present at equilibrium, since ~ dimer plus water8, is the most thermodynamically favored
the production of7 from 1 involves a free-energy change of diprotonated product, arising from optimization of the O(3)
5.3 kcal/mol. In the pH range from 8 to 4, Angeli’s salt is diprotonated species. The molecular complex of water and the
primarily monoprotonated at the nitroso oxygen, spetjesd NO dimer is formed in the gas phase, but the energy to form
the total free energy of activation for decomposition via the the diprotonated speci&ss quite high, approximately 46.4 kcal/
N-protonated specied, is 13.1 kcal/mol. Attempts to find a  mol in water, as demonstrated by the bond-constrained structure
transition state for decomposition 8fled to proton transfer 21 in Figure 8. A second protonation at O(1) &fleading to
and a transition state the same as that found for decompositionspeciedsl4, also results in spontaneous dissociation to water and

of 1. the NO dimer, but the dimer is formed in an electronically
Q O H H
N 7
_ AH,o = 0.0 - AH,o = 11.6 = % AH =120
NN = 0.0 0, O  AG=161 0, O aGge=166
H-Q AGgaq, re1 = 0.0 élN_N\H AGyq, el = 5.6 H O,N_N AGyuq, re1 = 7.6
’ o
8 9 10
H
_ \ H
Q, O AHg = 13.2 H-Q , O-H AH =172 ‘ o AH =173
NEN AGS =178 N AG = 22,0 Q, O H aG%=213
g AGgg re1 = 10.2 A o re1 = 10.5 O,I_\I—N Gag, el = 1.7
Ho gy 12 13
H H
-G — AH =148 H - 0, O  AHg=227
HO0 o Ag®-152 H-O, O AHe=191 NEN AGS =270
R Ac_:‘rel 2922 \ s AG =235 , AGrel ~17.9
/L\I=N aqg, rel = 14- ,N:N AGqq re1 = 134 Q ag,rel = 17.
o o ’
14 15 16
H - H H
' AHe =284 0, O  AHg=343 -t A
o, 9 AGrg = 33.2 NN+ AGg = 38.2 O, O7H ntimizedto <, O7H
T a1+ T
N=N AGa e1=220 -G |y  AGaqrel=220 N=N N=N
O H o o~
17 18 19 13

Figure 7. Relative energies in kcal/mol of the diprotonated species (CBS-QB3, PCM (B3LYP/&M))). Attempted optimization of structuf® gave
13

— H\ +/H — H\ 14727A \ + /7
Q. 0 H-Q ., O optimized to HQ ., & O : ~N=N

N—N A7 NN T N=N H-Q*

O/ \H 1.413 O/_ O/_ \H

9 20 20/15 21

AH¢ = 0.0 AH,g = 11.1 AHg =52.2
AGg = 0.0 AGY =106 AGS =513
AGg| aq = 0.0 AGrg|, aq = 10.9 AGre|, aq = 46.4

Figure 8. Relative energetics for the constrained bond structur@aoid14. Changes in enthalpy and free energy in the gas phase and changes in the free
energy in the aqueous phase in kcal/mol (B3LYP/6-8G1d), PCM (B3LYP/6-311+G(d))).
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\\ /7 H H
N—N pK,=6.6 O—+ be) pKy=2.5 g o pKa=1.0
H-Q NN N=N
H H H-O
8 9 10
a H‘o K.=-0.9 H-Q  O-H pK,=-1.1 H Ko =-2.0
\ / p =" - \ p =" y —_ p =
N=N N=N Q. Oo7H
i N=N
Q (o] G
Ho 14 12 13
H H
K,=-2.4 H K. =32 Q. O pK,=-63
H-0O - P \ =_ = -
, 0 H-q, 0 Pfa== NeN
N=N* =N o
a /_ \
(6] (@] H
14 15 16
- H -
/ ~  pK,=-9.6 Q, 0 pK, =-9.6 . \ pKa =-5.5
O\NJ’— N'Sr) NN " NE N’o
NN - 14138 N=
F W H-O H &
17 18 20/15
1 4727A\N N pK, =-31.6
H-O*
H
21

Figure 9. Computed K, values for the diprotonated species (structi8ed8 CBS-QB3, PCM (B3LYP/6-311G(d)), structure0/15and21 B3LYP/
6-311+G(d), PCM (B3LYP/6-311G(d))).

excited state which should relax rapidly to the trans dimer and ﬁg’?ﬁgﬁnlmggﬁgoggﬁ Mechanism for the Generation of HNO and
then to two NO molecules. Similar results were found for the o H «
decomposition of the analogous isomer of dimethylamino NENt ——— |NO; + HNO
diazeniumdiolat&? o o
The barrier to protonation and decomposition was ap- 7
proximated by constraining the-€N bond to the optimized
monoprotonated bond length; this prevents dissociation. This K7

was carried out for specié&s constrained bond O(3)N(1), and Hs0" | H0

14, constrained bond O(3)N(1), giving21 and20, respectively. - Ki v o -~

These are shown with their energies relative to spe@ias E Hs0 NEN =— NEN

Figure 8. Interestingly, specie2) optimized to specied5, g o HO o’— ‘o d o

indicating that once speciéd$ is formed, an internal hydrogen AS 3

transfer leads to20 which spontaneously decomposes to - \|\—|30

products. Attempts to find the concerted hydrogen transfer/ Hzg/ zg\

decomposition transition state were unsuccessful, implying that H

there must be a very low barrier between spedigsand 14. 1413 A (?‘N“f N o, H o Q
Protonation of the protonated oxygen in spediésading to H- Q+ o O/I:I_N\O O/’:FN\O

speciesl8 failed to give spontaneous dehydration, contrary to H 20/15 9 H 10 H

the other oxygen diprotonated species. Spet@®ptimizes lkz

via proton transfer to specids3, as shown in Figure 7.

The K4's for the diprotonated acids, shown in Figure 9, can
be computed using the same method as in the monoprotonated
cases; the g, of species9 was set to the experimentally
determined [, value of 2.5, and the otheKg's were computed
from the relative free energies in water shown in Figure 7.

Because the spontaneous decompositiorsarid 14 could
be due to the lack of favorable aqueous solvation during the
optimization, the structures 08, 9, 14, and 20/15 were
reoptimized in the PCM model for water. The oxygen-

H,O + (NO), —» | 2NO

structures9 and 20/15, as shown in Figure 10.

diprotonation becomes competitive with KD§~ decomposition,

(28) Sumathi, R.; Peyerimhoff, S. 0. Chem. Phys1997 107, 1872-1880.

diprotonated speciggand 14 spontaneously dissociated to the

water and NO dimer molecular complex as seen in the earlier
gas-phase optimizations. Optimization in aqueous solvent
changed to the relative energy differences only slightly for

When the pH of the solution is lowered, such that the rate of

an equilibrium between the diprotonated species and the

(29) Luna, A.; Merchan, M.; Roos, B. Ghem. Phys1995 196, 437—445. monoprotonated species will exist. From the relative energies
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Figure 10. Relative energies (kcal/mol) of speci@snd20/15o0ptimized
in water with computed I8, values (B3LYP/6-311G(d), PCM B3LYP/
6-311+G(d)).

in Figure 7, this equilibrium will favor the diprotic acié.
Specied is unreactive toward decomposition and will be in an
equilibrium with the other diprotic acids. Speci28/15 with
one oxygen diprotonated lies just 3.1 kcal/mol abbsén water.
Decomposition 0f20 yields an electronically excited state of
the NO dimer and waté® This excited state of the NO dimer
will relax and dissociate to two molecules of NO. As seen by
Cambti! and Hun®2 et al., when Angeli’s salt is added to a 1
M solution of H,SOy all the nitrogen is found as NO. This is in

1.3x10°H"] + 2.08x10°H'P
1x1072 + 2x10°[H" + 6.3x 107[H")?

obs =

R?=0.93

10%Kpe/s™

pH
Figure 11. Dependence of the rate constant for decomposition of Angeli’'s

agreement with our proposed mechanism, shown in Scheme 1salt on pH. The® show the experimental rate constdmtfthe disappearance

From the mechanism in Scheme 1, it is possible to derive a

kinetic expression (eq 4) describing the rate of pH-dependent

decomposition of Angeli’s salt:

Kos = [KiK;1 KK dH T+ koK Ke[H 17/
[K K KoK oos+ K7KgKogndH T+ K KoKpo dH T +
KKe[H 1% + KK dH 17 (4)

In this equationk; refers to the rate constant for the decomposi-
tion of 7 yielding HNO and nitrite andk; refers to the rate
constant for decomposition 80/15to give water and an excited
state of the trans NO dimeK; and K; are the equilibrium
constants for the monoprotonation of Angeli’s salt giving species
1 and 7, respectively, an&g and Kyo/15 are the equilibrium
constants for equilibium ot with the diprotonated speciés
and 20/15 respectively.

By using these theoreticaKp values and rate constaris
andk, as variables, it is possible to fit eq 4 to the experimental
data from Hughes et 8lthat was previously shown in Figure
1. The fit of computed to experimental data is shown is Figure
11. The theoretical rate constakisandk, determined in this
way are 5.2 st and 1.7x 10° s7%, respectively.

The predicted rate constants in Schemdglandk,, are in
good qualitative agreement with the proposed mechanism in
Scheme 1. From the computed transition state of SpgeiES
with a barrier of 7.8 kcal/mol when optimized in aqueous
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of Angeli’'s salt, and the line shows the fit of eq 4 to the experimental data
utilizing computed K, values.

solvation and from the very low barrier to intramolecular proton
transfer in going from specieb to 14 via the intermediacy of
speciesl5/2Q it is expected thak; is slower thank,. These
theoretical calculations suggest that as an aqueous solution of
Angeli’s salt is titrated with acid, Angeli’s salt will be initially
protonated to give an unreactive intermediate, spelGiadich

will be in equilibrium with the reactive intermediate, species
that decomposes with a rate of 5:2 syielding HNO and nitrite.

As the pH of the aqueous solution is lowered further, speties
will become protonated again primarily at N(2) to give species
9. This will be in equilibrium with specie80/15that will rapidly
lose water and form two molecules of NO with a rate constant
of 1.7 x 10° s7L,
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