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Abstract 

 Although diazeniumdiolates (X[N(O)NO]−) are extensively used in biochemical, 

physiological, and pharmacological studies due to their ability to release NO and/or its 

congeneric nitroxyl, the mechanisms of these processes remain obscure. In this work, we used a 

combination of spectroscopic, kinetic, and computational techniques to arrive at a quantitatively 

consistent molecular mechanism for decomposition of amino diazeniumdiolates (amino 

NONOates: R2N[N(O)NO]−, where R = -N(C2H5)2 (1), -N(C3H4NH2)2 (2), or -N(C2H4NH2)2 

(3)). Decomposition of these NONOates is triggered by protonation of their [NN(O)NO]− group 

with the apparent pKa and decomposition rate constants of 4.6 and 1 s-1 for 1; 3.5 and 0.083 s-1 

for 2; and 3.8 and 0.0033 s-1 for 3. Although protonation occurs mainly on the O atoms of the 

functional group, only the minor R2N(H)N(O)NO tautomer (population ∼10-7, for 1) undergoes 

the N-N heterolytic bond cleavage (kd ∼ 107 s-1 for 1) leading to amine and NO. Decompositions 

of protonated amino NONOates are strongly temperature-dependent; activation enthalpies are 

20.4 and 19.4 kcal/mol for 1 and 2, respectively, which includes contributions from both the 

tautomerization and bond cleavage. The bond cleavage rates exhibit exceptional sensitivity to the 

nature of R substituents which strongly modulate activation entropy. At pH < 2, decompositions 

of all three NONOates that have been investigated are subject to additional acid catalysis that 

occurs through di-protonation of the [NN(O)NO]− group. 
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1. Introduction 

 

 A growing appreciation of the biological and pharmacological roles of nitric oxide (NO) 

and nitroxyl (HNO/NO-) has naturally rekindled interest in diazeniumdiolates, the compounds of 

the general structure X-[N(O)NO]- shown in Scheme 1 [1-6]. Based on their known 

decomposition pathways, these compounds can be viewed either as adducts of X-NO with NO- 

or as complexes of Lewis bases X- with a Lewis acid N2O2, an N-N dimer of NO. The latter view 

is somewhat more instructive because it captures the origin of the N2O2 stabilization in 

diazeniumdiolates. 

 

Scheme 1 

 

 An N-N bond in ONNO is extremely weak, but the addition of an electron dramatically 

stabilizes the resulting hyponitrite radical (ONNO-); effectively, the extra electron “glues” 

together the two NO fragments [7-10]. Addition of another electron yields an even more stable 

hyponitrite di-anion (ONNO2-) [11]. The ONNO stabilization in all other diazeniumdiolates is 

achieved in the same manner by adding an electron pair donor X-. As has been extensively 

reviewed [2], most frequently X- is a carbanion or amide anion but diazeniumdiolates with X- = 

O2- (as in Angeli’s salt) or SO3
2- (as in Pelouze’s salt) are also long-known. From this 

perspective, both ONNO- and ONNO2- should be accepted as diazeniumdiolates with X- being an 

electron and electron pair, respectively, and the ON-[N(O)NO]- anion [8, 10, 12] should be 

recognized as a bona fide nitroxy diazeniumdiolate with X- = NO-. 

 Decomposition of diazeniumdiolates can be triggered either by photoexcitation [13, 14] 

or by addition of an electron pair acceptor that counters the stabilization exerted by X-; 
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commonly, a proton can play this role. Depending on the nature of X-, this destabilization by H+ 

can result in decomposition to various products as shown in Scheme 1. However, the molecular 

mechanisms of these reactions remain obscure; in most cases a rate determining step has not 

been unambiguously established and quantitatively characterized. This lack of mechanistic 

understanding hampers our ability to manipulate diazeniumdiolates toward the desired 

properties. 

 Of all diazeniumdiolates, the amino variety with X- = R1R2N- is the most extensively 

used in biochemical, physiological, and pharmacological studies due to their ability to release 

NO in neutral media 

   R2NN(O)NO- + H+ → R2NH + 2NO    (1) 

These compounds are often called amino NONOates, and we will use this notation throughout 

this paper. Despite a wealth of phenomenology consisting primarily of the decomposition rates 

and NO yields under the physiological medium conditions and of comparative studies for a large 

number of amino NONOates [1, 2, 15-20], we are aware of only a few credible attempts at 

understanding the underlying molecular mechanisms [21-26]. Unfortunately, these attempts 

generally suffer from the lack of complete pH dependencies for rates and from the data 

interpretation inconsistencies that we will briefly address in the Discussion section. In this work, 

we present a mechanistic investigation of the amino NONOates shown in Scheme 2. Through a 

combination of spectroscopic, kinetic, and computational techniques, we arrive at a 

quantitatively consistent molecular mechanism for reaction 1 and discuss the main factors 

determining its rate. 

 

Scheme 2 
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2. Materials and Methods 

2.1. Materials 

 Analytical grade chemicals and Milli-Q purified (ASTM type I) water were used 

throughout. D2O (99.8%) was obtained from ICN Biomedicals. Anionic diethylamine NONOate 

(1, dethylammonium salt) and zwitterionic dipropylenetriamine NONOate (2) and 

diethylenetriamine NONOate (3) from Cayman Chemical were used as received. Their stock 

solutions were prepared in 1 – 10 mM NaOH and stored on ice. Concentrations of these solutions 

were determined spectrophotometrically using molecular absorptivities ε248 = 8.89×103 for 1 

[20], ε252 = 7.86×103 for 2, and ε252 = 7.64×103 M-1 cm-1 for 3 [16]. 

 

2.2. Experimental procedures 

 Spectrophotometric pH titrations were carried out using a Cary 500 spectrophotometer 

(Varian). To avoid concentration changes due to the NONOate decompositions during spectral 

scans that become significant at low pH, a syringe-driven mixing system was employed in which 

an alkaline NONOate solution was mixed with a desired buffer and the spectra were recorded 

under continuous flow conditions. The buffer used were: 0.01 M borate for pH 10 – 8, 0.1 M 

phosphate for pH 8 – 6, 0.01 M acetate for pH 5 – 3.7, 0.1 M phosphate for pH 3.5 – 2.6, and 

HClO4 for pH 2 – 0. 

 The NONOate decomposition kinetics were measured under thermal stabilization at 25 

oC (except for the activation measurements) and strictly anaerobic conditions in a head-space-

free flow optical cell. For the sufficiently slow reactions the above-described flow system and 

Cary 500 were adequate, but the faster reactions were measured using SX20 stopped flow 

spectrometer (Applied Photophysics). 
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2.3. Computational techniques 

 Calculations were performed with the NWChem computational chemistry package [27] 

and consisted of two stages. In the first stage, quantum mechanical/molecular mechanics 

(QM/MM) approach was used for structural characterization of the NONOate species in aqueous 

environment. The QM/MM approach implemented in NWChem follows standard electrostatic 

embedding scheme with no modifications of the classical force parameters, and its performance 

has been validated for various aqueous systems [28-32]. In the second stage, hydration free 

energies for the configurations obtained in the first stage were evaluated with the self-consistent 

reaction field theory of Klamt and Schüürmann (COSMO) [33]. 

The system for QM/MM calculations consisted of a NONOate molecule placed in 30 Å 

cubic box of classical water molecules. The QM region containing only NONOate was treated at 

the density functional level of theory (DFT/B3LYP [34]) with 6-31+G* basis set [35]. The rest of 

the system (in this case, all the water molecules) was treated classically using SPC/E [36] water 

model and the periodic boundary conditions based on the cutoff radius of 10 Å. Within this general 

scheme, the following procedure for structural QM/MM calculations was employed. First, an 

initial guess was generated either by hydrating a gas-phase solute structure using NWChem 

prepare module or by a modifications of previously optimized aqueous structure; e.g., the initial 

guess for decomposition products was obtained by stretching the corresponding N-N bond in the 

optimized aqueous reactant. With the initial structure constructed, the QM/MM optimization of 

the entire system was performed [31]. Then, with the NONOate structure fixed, the surrounding 

solvent was equilibrated for 100 ps at 25 oC using classical molecular dynamics calculations. This 

step was followed by another round of QM/MM optimization of the entire system. 
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To determine the NONOate decomposition pathway, we used the optimized structures of 

both hydrated reactant and product in conjunction with the previously developed QM/MM 

implementation [31] of the nudged elastic band (NEB) method [37]. The transition state was 

obtained as the highest energy structure on the 10-bead NEB path, and the QM/MM calculations 

were performed to verify the presence of the single imaginary vibrational mode in this structure, 

which is a transition state indicator. 

The solute aqueous free energy was obtained as G = E + Hc - TS + ∆Gh + 1.84 kcal/mol, 

where E is the electronic contribution to internal energy computed in the gas phase at CCSD(T) 

level of theory [38] and maug-cc-pVTZ basis set [39], Hc is the usual thermal enthalpy correction, 

TS accounts for the solute entropy contribution, ∆Gh contains the free energy of hydration from 

COSMO calculations, and the last term accounts for the standard state change from 1 bar pressure 

to 1 M concentration. Notably, both Hc and S were computed for the solute structure and 

vibrational frequencies produced by the QM/MM model. For the COSMO calculations of ∆Gh, we 

used 78.0 for water dielectric constant and solvation cavity defined by a set of intersecting atomic 

spheres with radii suggested by Stefanovich and Truong (N 2.126, H 1.172, O 1.576, and C 1.635 

Å) [40]. The QM theory in COSMO calculations was identical to that used for QM/MM 

calculations, namely DFT/B3LYP with 6-31+G* basis set. 

As a test of this method for the free energy computations, we performed a tautomer 

analysis for nitramide that resembles NONOates in terms of its structure and chemical 

composition, and for which the free energy gap of 8.2 kcal/mol between its major nitro-tautomer 

(H2N-NO2) and the higher energy aci-tautomer (HN=N(O)OH) had been reliably estimated from 

experiment [41]. Our computations gave 8.3 kcal/mol (Table S1 and Fig. S3), which is nearly 
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exact match with the experimental value. Even if somewhat serendipitous, this match does give 

us a measure of confidence in the employed computational technique. 

 

3. Results 

3.1. Acid-base equilibria 

 Complete and accurate quantitative description of protonation states is essential for 

understanding the pH-dependent decomposition of NONOates. Chemical intuition suggests that 

the terminal amines in 2 and 3 are the most basic sites in these NONOates. Because the two 

amino groups are well-separated, we should expect that each amine is protonated independently, 

and, for statistical reasons, the first apparent pKa1 should be 0.3 units lower than the second pKa2. 

These expectations are wholly confirmed by the titration data in Fig. 1. Upon dissolution of solid 

2 or 3 that are zwitterions with half-protonated terminal amines, a buffered solution is obtained 

with pH = pKa2 = 9.2, which consumes one acid equivalent on titration to pH 7 with the mid-

point at pH = pKa1 = 8.9. Thus at pH 7, 2 and 3 each carry a unit positive charge, whereas 1 

carries a unit negative charge. 

 

Figure 1 

 

 In addition to charging, protonation of terminal amines slightly perturbs the [N(O)NO]- 

chromophoric group as evidenced by a ∼2 nm red shift in the spectrum of 3 on lowering pH from 

12 to 7 (Fig. 1, inset). A very similar spectral change was observed for 2 but not for 1 that lacks 

terminal amines. However, apart from this indirect influence, protonation of terminal amines is 

not involved in the decomposition of 2 and 3, as discussed below. 
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 Much larger spectral changes are observed for all three NONOates at pH < 7. These pH-

dependent changes exhibit all the hallmarks of protonation of the chromophoric [N(O)NO]- 

group; that is, a significant blue shift with decrease of absorption maximum upon protonation 

and the isosbestic point as shown for 1 in Fig. 2A. The fits of the theoretical titration equation 

           (2) 

to the titration curves yielded pKmp = 4.6 ± 0.1 (Fig. 2B). Here, εa and εmp are the molar 

absorptivities of the anion and the conjugate mono-protonated species and Kmp is the attendant 

acid dissociation constant. Similar spectral and titration curves were observed for 2 and 3 (Fig. 

S1 and S2), and their corresponding pKa were determined as 3.8 ± 0.1 and 3.5 ± 0.1. 

 

Figure 2 

 

Because the spectrophotometric titration gives no information about the protonation site, 

we have resorted to computational methods for ranking the five possible tautomers of protonated 

1 in terms of their relative energies in aqueous environment. Fig. 3 shows the computed 

optimized structures for 1 and the tautomers of 1-H, and Table 1 summarizes their geometry and 

energetics. (See, Table S1 for the more details.) Recalling that the nominal bond lengths for N-N, 

N=N, N-O, and N=O are 1.45, 1.25, 1.40, and 1.21 Å, respectively [43] we observe that the O1-

N2, N2-N3, and N3-O4 bonds in the anion can all be best characterized as partially double, 

which corresponds to the Lewis structures that we use in Scheme 2 and in Fig. 3. Notably, the 

N2-N3 double bond character gives rise to the E and Z isomers, and the calculations reveal that 

the lowest energy structures are all Z isomers. However for the 1-H(5) species, we have found 

that the E isomer is only slightly (0.7 kcal/mol) above the corresponding Z isomer (Fig. S4), and 
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this energy difference is likely to be within the computational uncertainty. The most 

consequential structural features of the mono-protonated species in Table 1 are that their N3-N5 

bond is essentially single for all tautomers and, with the exception of very high energy 1-H(3), 

the N2-N3 bond remains partially double. Lewis structures that best correspond to the computed 

ones are included in Fig. 3. As can be seen from the bottom lines in Table 1, comparison 

between our computed structure and the crystallographic data is very favorable, which serves to 

validate our structural computations. 

 

Figure 3 

Table 1 

 

 As expected and in agreement with previous computations [21, 23], protonation at 

oxygen atoms is preferential with the terminal O1 being the most basic site followed by the O4 

site. Among the nitrogen sites, protonation of N5 is most advantageous leading to overall third 

lowest energy tautomer 1-H(5). The apparent Kmp derived from the data in Fig. 2 relates to the Ka 

values of individual tautomers through 

           (3) 

where Fi = Ka(1-H(1))/Ka(1-H(i)) = exp(-∆Gi/RT) are the fractions of individual tautomers. From 

this equation and ∆Gi in Table 1, we estimate: pKa(1-H(2)) ≈ -5.9, F2 ≈ 3×10-11; pKa(1-H(3)) ≈ -

15, F3 ≈ 6×10-20; pKa(1-H(4)) ≈ 1.7, F4 ≈ 10-3; and pKa(1-H(5)) ≈ -2.8, F5 ≈ 6×10-8. A 

comparison of pKa ≈ -2.8 for the 1-H(5) tautomer with pKa = -2.0 for N-cyanodiethylammonium 

[44] suggests that, despite its overall negative charge, the –[N(O)NO]- group is as strongly 

electron-withdrawing as the –CN group; the substitution of diethylammonium (pKa = 10.8 [45]) 

5 5
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with either of these groups increases its acidity by ∼13 units. The–[N(O)NO]- group is, in fact, 

the hyponitrite radical [7, 9], and its considerable electron-withdrawing strength is consistent 

with the high reduction potential E0 = 0.96 V vs. NHE of this radical [7], which exerts large 

polarization (inductive effect) on the N3-N5 σ-bond in 1-H(5). 

 

3.2. Decomposition kinetics 

 These are conveniently observed through the decay of the strong UV absorption bands of 

the NONOates. In qualitative agreement with the previous reports [17, 22], the decays show a 

very good exponential behavior, and a sharp increase in the decay rate as the N(O)NO- groups of 

the NONOates become protonated (Fig. 4). However, the rate constants do not completely level 

off, and we observe a previously unreported further steep increase in rates at lower pH. A control 

experiment has shown that the rate enhancement in the high acid concentration region (0.001 – 1 

M HClO4) is not due to the ionic strength effect. The addition of 1 M NaClO4 at pH 1.0 (0.1 M 

HClO4) resulted only in a 6% rate increase for 1; thus, high medium acidity opens an additional 

decay pathway. This feature is consistent with the onset of the second protonation that further 

decreases the NONOate stability. 

 

Figure 4 

 

 The most generic mechanism describing this behavior is shown in Scheme 3 which 

corresponds to the following expression for the observed rate constant 
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where Kdp and Kmp are the acid dissociation constants and kdp and kmp are the rate constants for 

decomposition of a NONOate with di-protonated and mono-protonated functional group, 

respectively. This equation faithfully describes the entire pH dependencies in Fig. 4 for both 1 

and 2 and the low pH rate increase for 3 (the higher pH kinetics for 3 were deemed rather 

uninformative and not studied for this very stable NONOate). It is clear from the data that in all 

cases kdp >> kmp and that pKdp is negative making the last denominator term in eq. 4 small even at 

pH ∼0. Therefore, only the kdp/Kdp ratios, kmp, and pKm could be determined from the data, and 

these are shown in Table 2. 

 

Scheme 3 

Table 2 

 

Temperature dependencies of the decay rates were investigated for 1 and 2 at pH 2; that 

is, when the functional groups of these NONOates are completely mono-protonated and yet the 

contribution to rate from the kdp pathway is still negligible as it is obvious in Fig. 4. Under these 

conditions, kobs is essentially identical with kmp (eq. 4). As can be seen from Fig. 5 and Table 2, 

the decomposition of mono-protonated species occurs with very significant activation energy 

that is practically identical for 1 and 2 and the lower rate for 2 is entirely due to the much lower 

pre-exponential factor. Our Ea value for 1 is in general agreement with a crude estimate of 24 

kcal/mol obtained by Ramamurthi and Lewis [17]. 
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Figure 5 

 

The hydrogen kinetic isotope  effect (KIE) was measured for 2 by running its 

decomposition in acidic H2O and D2O under the otherwise identical conditions. The values for 

KIE = kmp(H2O)/kmp(D2O) = 0.82 and 0.85 were found in 10 and 20 mM HClO4, respectively. 

These numbers indicate that the isotope effect is secondary [46] and inverse (KIE < 1); that is, a 

hydrogen ion is not directly involved in the decomposition of mono-protonated species and the 

measured reaction is likely to be not elementary. 

 

4. Discussion 

 Apart from the pH region above 6 where the amino end-groups of 2 and 3 undergo the 

acid-base equilibration (Fig. 1), the protonation and attendant decomposition patterns for all 

three NONOates are similar (Scheme 3). It is clear from Table 2 that summarizes our kinetic data 

that there is a good correspondence between spectrally and kinetically determined pKmp values, 

as it should be if Scheme 3 is valid. This is in variance with the previous report by Davies and 

co-workers who, as shown in Table 2, found spectrally determined pKa values consistently much 

lower than pKa obtained from kinetics. To explain this observation, they suggested two 

protonation steps at the [NN(O)NO]- group between pH 8 and 2, both leading to rate increases 

but only that occurring at lower pH reflected in the UV spectrum. Our data in Fig. 1, 2, and 4 

clearly show that this is not the case: in this pH range, there is only one protonation step 

affecting both kinetics and spectrum. 
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 We will now consider the molecular mechanism of decomposition of amino NONOates, 

focusing primarily on the mono-protonated species and compound 1 as a prototypical case. First, 

we note that the plateaus for kobs around pH 2 in Fig. 4 and the very small inverse hydrogen 

kinetic isotope effect that we have observed exclude from consideration any mechanism with 

proton participation in the rate-determining step including the tautomerization reaction and the 

mechanism proposed in the theoretical work by Hall and co-workers [21]. Thus, the rate-

determining step must be the monomolecular decomposition of one (or, less likely, more than 

one) of the 1-H tautomers shown in Fig. 3. As for the equilibration between tautomers, its 

mechanism undoubtedly involves deprotonation-protonation with intermediacy of the 1 anion 

(see Scheme S1). Because the distribution of tautomer populations at equilibrium are pH-

independent, the experimentally observable values kmp and Kmp (defined by eq. 3 and 4) are 

related to the monomolecular decomposition rate constants, kd(i), of tautomers and their acidities, 

Ka(i), as 

    
5

mp
mp d

1 a

( )
( )

i

i

K
k k i

K i

=

=

= ∑     (5) 

Recalling that kmp = 1 s-1 and pKmp = 4.6, we estimate that tautomers with pKa more negative 

than -4.5 cannot appreciably contribute to the decomposition with the observed rate (see Scheme 

S1 and its discussion), and we can safely exclude decomposition pathways through the highest 

energy 1-H(2) and 1-H(3) tautomers. 

 

Scheme 4 

 

 From the bond lengths in Table 1 and the related discussion of their structural 

implications we believe that the lowest energy pathways to the amine and NO final products are 
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through the rate determining step that involves heterolytic scission of the N3-N5 single bond in 

one of the three remaining tautomers as shown in Scheme 4. While for 1-H(5) such a pathway 

gives relatively low-energy Et2NH and N2O2 as the nascent products (rds 1), for 1-H(4) and 1-

H(1) the emerging products are high-energy Et2N- and HN2O2
+ (rds 2). With reference to 

tautomerization energies in Table 1 and the notations in Scheme 4, it is easy to see that the 

minimal free energy difference (in kcal/mol) between rds 2 and rds 1 is ∆2𝐺𝐺 − ∆2𝐺𝐺 =

1.36(p𝐾𝐾𝑎𝑎1 − p𝐾𝐾𝑎𝑎2) + ∆𝑡𝑡2𝐺𝐺. Taking into account that pKa1 = pKa(R2NH) ≈ 35 [46], pKa2 = 

pKa(HN2O2
+) is certainly negative, and ∆t2G ≈ 4 kcal/mol, we estimate that the rds 1 pathway is 

at least by 52 kcal/mol more favorable than any of the rds 2 pathways. Because this number by 

far exceeds the activation energy of 21 kcal/mol that we have observed, there is little, if any, 

doubt that the amino NONOates decompose through the N5-protonated tautomer, and eq. 5 

reduces to 

    mp
mp d

a

(5)
( -H(5))
K

k k
K

=
1

    (6) 

so that kd(5) and Ka(1-H(5)) cannot be separately obtained from the kinetic data alone. However, 

from eq. 6 and the data in Table 2, we derive kd(5)/Ka(1-H(5)) = 4×104 M-1 s-1. Invoking our 

computational data for pKa(1-H(5)) ≈ -2.8, we estimate kd(5) ≈ 2×107 s-1. 

 We have also investigated the kd(5) decomposition pathway computationally, and the result 

is shown in Fig. 6. We find that N3-N5 bond scission in 1-H(5) requires significant activation and 

results in a metastable Et2NH···N2O2 complex (see Fig. S5 and Table S3 for structures and 

energetics of the transition states and the complex). The lowest energy decomposition pathway 

includes three steps: (a) equilibrium tautomerization between 1-H(1) and 1-H(5) occurring through 

intermediacy of their common conjugate base 1, (b) N3-N5 bond scission in 1-H(5), and (c) 
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decomposition of the nascent Et2NH···N2O2 complex from step b. Applying the activated complex 

formalism to the observed kmp temperature dependence, we obtain 

  𝑘𝑘𝑚𝑚𝑚𝑚 = 𝑘𝑘𝑘𝑘
ℎ
𝑒𝑒𝑒𝑒𝑒𝑒 �− ∆𝐺𝐺𝑜𝑜𝑜𝑜𝑜𝑜

#

𝑅𝑅𝑅𝑅
� = 𝑘𝑘𝑘𝑘

ℎ
𝑒𝑒𝑒𝑒𝑒𝑒 �− ∆tau𝐺𝐺+ ∆𝑑𝑑𝐺𝐺# 

𝑅𝑅𝑅𝑅
� (7) 

where ∆G#
obs is the experimentally observed activation free energy and the meaning of ∆tauG and 

∆dG# is evident from Fig. 6. From data in Table 2, we obtain ∆G#
obs = 16.1 kcal/mol; this number 

is in good agreement with the computed value for ∆tauG + ∆dG# = 17.8 kcal/mol. 

 

Figure 6 

 

 Previously, Houk and co-workers [23] explored a mechanism qualitatively analogous to 

the one shown in Scheme 4 and derived kd(5) = 7.2×1011 s-1 and pKa(1-H(5)) = -6.9 by analyzing 

an incomplete pH dependence of kobs available only in the pH 8 – 5.2 range [22] (that is, without 

reaching the low pH “plateau”), and supported this very negative pKa by theoretical energy 

computations. Thus, 1-H(5) was described as an extremely strong acid with virtually no stability 

toward losing N2O2. In contrast, kd(5) ≈ 2×107 s-1 and pKa(1-H(5)) ≈ -2.8 obtained in the present 

work suggest that 1-H(5) is a much weaker acid, whose decomposition with the N2O2 release is 

significantly activated and thus relatively slow. This large disagreement merits two brief 

comments. As has been mentioned above, it is impossible to obtain both kd(5) and pKa(1-H(5)) 

even from a complete kobs vs pH dependence; even the kd(5)/Ka(1-H(5)) ratio that can be obtained 

from eq. 6 is subject to a large uncertainty without the kinetic data below pH 5, such as those in 

Fig. 4, that include a rate plateau. Second, the values of kd(5) and pKa(1-H(5)) suggested by 

Houk and co-workers are incompatible with the key premises behind Scheme 4, which are 
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equilibrium between tautomers and the N3-N5 bond heterolysis being the rate determining step, 

because it is inconceivable that equilibration of the so strongly acidic 1-H(5) can compete with 

its decomposition occurring at ∼1012 s-1. It can be shown that tautomerization 1-H(1) → 1-H(5) 

becomes rate limiting if kd(5) exceeds ∼109 s-1 and pKa(1-H(5)) is more negative than about -4.5 

(see Scheme S1 and its discussion); thus the numerical values for kd(5) close to 1012 s-1 and 

pKa(1-H(5)) ≈ -7 that were obtained in [23] invalidate the very mechanism that they were 

intended to quantitatively describe. In contrast, our values for kd(5) and pKa(1-H(5)) are well 

within the required limits. 

 With the decomposition mechanism for di-protonated NONOates that becomes 

increasingly important at pH < 2 (Fig. 4), the situation is less clear-cut. There are 10 di-

protonated tautomers and their detailed exploration in aqueous environment is computationally 

expensive. It is also doubtful that the second plateaus somewhere at pH < 0 in the pH-

dependencies for kobs in Fig. 4 can be reached and the values of kdp and Kdp can be determined 

experimentally. Nevertheless, a reasonable mechanistic proposition can be made. As with the 

mono-protonated species, the decomposing di-protonated tautomer will probably need a proton 

on the N5 atom to provide for the lowest energy pathway by releasing amine, an excellent 

leaving group. Of the remaining sites, the O1 will probably remain the most basic after N5 has 

been protonated. Thus, we tend to think that the di-protonated species decompose as shown in 

Scheme 5. Our calculations have shown that the 1-H2(1,5)+ tautomer does exist in water as a 

bound structure (Fig. S6), which makes this mechanism plausible. 

 

Scheme 5 
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 Overall, the experimental and computational results and their interpretation presented in 

this work suggest that initiation by protonation and involvement of several protonated tautomers 

are likely to be the common features in decomposition of NONOates. Therefore, structural and 

thermochemical characterization of these tautomers is a major prerequisite for molecular-level 

understanding of the decomposition process. Because this information is difficult, if not 

impossible, to obtain from experimental measurements, computational modeling becomes of 

significant value. Even in their uncharged, protonated state, NONOates exhibit significant 

intramolecular charge separation, which places a great demand on a computational model in both 

electronic structure and solvation treatment. We believe that our approach, based on the explicit 

treatment of water for the electronic structure characterization followed by the hydration energy 

computation through the continuum approximation, provides a reasonable practical solution to 

this problem. However, as with any model, theoretical predictions are not infallible and should 

be crosschecked with reality and the experimental data, as has been done in present work. While 

essential, information on the distribution of tautomers is only part of the picture because the 

NONOates decomposition reactions are substantially activated (Table 2). Thus, calculation of the 

free energy activation barriers is another place where theoretical modeling can make a 

substantial impact. 

 To illustrate these points, let us consider tautomers 1-H(2) and 1-H(5) from Fig. 3 and 

Table 1. The former can, in principle, decompose to nitrosamine and nitroxyl 

    R2NN(O)N(H)O → R2NNO + HNO   (8) 

but this reaction is not a major channel with R = ethyl, apparently because 1-H(2) is higher in 

energy then 1-H(5). However, it is conceivable that replacement of the ethyl by a less electron-

donating group could decrease the basicity of N5 to a greater degree than that of N2, thus 
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narrowing or even reversing the ∼4 kcal/mol energy gap between 1-H(2) and 1-H(5); with a 

favorable free energy activation barrier, this change in relative basicity can lead to the 

predominance of HNO-producing pathway. The computational approach can certainly help with 

fundamental understanding of how overall reaction process can be influenced by the choice of 

functional groups in NONOates, and the effort in this direction is under way [47]. 
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Table 1. Computed properties of the lowest energy structures for hydrated 1 and tautomers of 1-

H shown in Fig. 3.a 

Species 
Relative 

∆Gi, kcal/mol 

Bond length, Å Bond angles, degrees 

O1-N2 N2-N3 N3-O4 N3-N5 O1-N2-N3 N2-N3-O4 N5-N3-O4 

1-H(1) 0.00 1.36 1.28 1.27 1.43 111 125 121 

1-H(2) 14.3 1.26 1.30 1.25 1.44 124 123 123 

1-H(3) 26.3 1.15 1.85 1.28 1.47 105 111 119 

1-H(4) 4.0 1.24 1.31 1.40 1.38 114 121 118 

1-H(5) 10.0 1.28 1.30 1.28 1.51 115 133 116 

1  1.28 1.30 1.30 1.44 115 128 119 

1, Na+  1.29 1.29 1.31 1.42 113 126 121 

1, Et2NH2
+  1.32 1.28 1.28 1.43 112 126 120 

aThe bottom two lines show crystallographic data for the salts of 1 [42].  
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Table 2. Kinetic parameters for decompositions of amino NONOates.a 

Species pKmp
b kmp,b s-1 

t½,c min 

at pH 7 

kdp/Kdp,b 

M-1s-1 

A, 1013 

s-1 

∆S#, 

cal/(mol K) 

Ea (∆H#), 

kcal/mol 

pKa from 

ref. [22] 

1 4.5 (4.6d) 1.0 3.7 0.57 330 14.5 21 (20.4) 5.0 (4.5d) 

2 3.6 (3.5d) 0.083 350 0.13 4.0 5.7 20 (19.4) nd 

3 3.7 (3.8d) 0.0033 7000 0.019 nd nd nd 5.9 (3.1d) 

aParameters are defined by eq. 4. bAt 25 oC. cHalf-life estimated using eq. 4 and parameters in the 

table. dSpectroscopically determined pKa.  
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Figure captions 

 

Figure 1. pH-metric titrations of 2 (green up triangles) and 3 (blue down triangles). Solid 

NONOates were dissolved in 5 mL of pure water to give 5 mM solutions of pH 9.2 that were 

titrated with 25 mM HCl. On the acidic side, these measurements were limited by the rates of 

NONOates decompositions. Inset: spectral shift for 3 upon changing pH from 12 to 7. 

 

Figure 2. Panel A: changes of 1 absorption spectra upon lowering pH from 7.0 to 5.0, 4.8, 4.0, 

3.3. Isosbestic point is observed at 233 nm. Panel B: pH dependencies of the apparent molar 

absorptivities at 248 nm (red circles) and 226 nm (blue diamonds); the lines show fits to eq. 2 

with pKmp = 4.6 (red) and 4.7 (blue). 

 

Figure 3. Optimized structures of the hydrated 1 anion and its mono-protonated tautomers 

showing surrounding water molecules. Also shown are the corresponding Lewis structures based 

on bond lengths in Table 1. Top to bottom and left to right: 1, 1-H(1), 1-H(2), 1-H(3), 1-H(4), 1- 

H(5). 

 

Figure 4. pH dependencies of the observed rate constants for 1 (blue circles), 2 (green squares) 

and 3 (red diamonds). For 2 and 3 the kobs data are multiplied by 5 and 20, respectively. The 

curves show fits to eq. 4 with the parameters from Table 2. 
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Figure 5. Temperature dependencies in the Arrhenius coordinates of the observed decomposition 

rate constants for 1 (squares) and 2 (circles) at pH 2 (HClO4). The activation energy (Ea) and pre-

exponential factor (A) derived from the linear fits are shown in Table 2. 

 

Figure 6. Computed energy profile for the proton-initiated decomposition of 1. Solid and dashed 

red arrows show the pre-equilibrium and decomposition steps, respectively. The transition state 

corresponds to the N3-N5 bond scission. 
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Scheme captions (added at proofreading) 

 

Scheme 1. General structure and known decomposition pathways of NONOates. 

 

Scheme 2. Amino NONOates investigated in this work. 

 

Scheme 3. Proton-assisted decomposition of amino NONOates. 

 

Scheme 4. Free energy relationship between tautomerization and decomposition of 1-H. 

 

Scheme 5. Proposed structure and decomposition pathway for the 1-H2(1,5)+ tautomer. 
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