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Abstract
Nitric oxide (NO) is a small biological molecule dealing with several physiological processes. NO can be obtained from 
different donor compounds. In this work, an analysis of the reaction mechanism for the liberation of NO from a series of 
NONOates: 1,1-dimethyl-3-oxotriazan-2-olate (CH3)2N[N(O)NO]− (1), 1,1-diethyl-3-oxotriazan-2-olate (CH2CH3)2N[N(O)
NO]− (2), 1,1-dipropyl-3-oxotriazan-2-olate (CH2CH2CH3)2 N[N(O)NO]− (3), 1,1-dibutyl-3-oxotriazan-2-olate 
(CH2CH2CH2CH3)2N[N(O)NO]− (4) and 1,1-dipenthyl-3-oxotriazan-2-olate (CH2CH2CH2CH2CH3)2N[N(O)NO]− (5) is 
carried out. M06L/6-311++G(d,p) density functional theory calculations were performed for obtaining the geometries and 
energies of the involved species in the mechanism. Mechanism is proposed by protonation of 1–5, and then, their protonated 
tautomers are involved to obtain the intermediaries and transitions states. Tautomerization energies are found to be between 
2.23 and 21.44 kcal mol−1 with respect to the lowest energy tautomer H1 in all NONOates structures. Finally, as products, 
the corresponding secondary amine and two molecules of NO are obtained. Geometry optimizations were carried out in 
aqueous solution using SMD. Current ΔG values take into account the thermochemical contributions of enthalpy and entropy 
at 298.15 K. The effect of substituent size on the dissociation energy barrier was analyzed finding similar values for disso-
ciation of 1–5 NONOates. The NONOate 1 with smallest substituent has the lowest dissociation barrier of 4.78 kcal mol−1 
and leads to most energetically stable products. As alkyl substituent is increased in size, the value of dissociation barrier is 
increased in 1.5–2.0 kcal mol−1 for 2–5 NONOates. Relative pka values and natural bond orbitals, NBO, are estimated using 
for the tautomers H5 where the protonation site has the most acid behavior causing the NO generation.

Keywords  NONOate derivatives · DFT methods · Tautomers · Energy profile · Dissociation energy · Relative pka

1  Introduction

Nitric oxide (NO) is a small biological molecule involved in 
a great number of physiological functions. NO carries out 
its biological functions through chemical reactions with a 
specific number of biomolecules; therefore, it is important 
to study in detail the molecular liberation mechanisms of NO 
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from donor compounds. In recent studies, it is shown that 
NO influences over wound repairing by regulating inflam-
mation, cell proliferation, matrix deposition, angiogenesis, 
and remodeling processes [1]. It has also been studied that 
nitrite enzymatically reacts with deoxyhemoglobin to gen-
erate NO in the red blood cells, which acts as an endocrine 
carrier of NO in the circulation under low-oxygen condition. 
This process is involved in the inhibition of development of 
cancer [2]. Additionally, NO is part of the vascular inflam-
matory treating and heart failure [3], among other important 
physiological functions. In the brain, NO acts as interneu-
ronal messenger and is involved in many neuronal functions 
related to disorders including epilepsy, schizophrenia, drug 
addiction, anxiety, major depression [4].

The amine-based N-diazeniumdiolates are extensively 
used as NO donors, and their biological and pharmaceuti-
cal roles have been widely studied as useful pharmaceutical 
tools due to their wide experimental half-lives [5]. These 
compounds have a general structure X-[N(O)NO], with 
amino moieties like X = RRN (called NONOates) being 
extensively studied because of their ability to release NO 
in neutral media at biological level [6]. Experimentally, it is 
known that diazeniumdiolate in basic solutions is neutralized 
or acidified for giving decomposition to the amine and NO. 
Experimentally, Keefer et al. [7] evaluated the substitution 
dependency on the decomposition of diazeniumdiolates. 
They determined possible intermediates along the path, sug-
gesting the protonation on the amine nitrogen at physiologi-
cal pH as the most probable mechanism for decomposition 
and measured pka values for dialkylamino diazeniumdiolates 
[7, 8]. However, the complete molecular mechanisms for 
NO liberation from NONOates donors are not fully known.

From theoretical point of view, ab initio methods [9] 
and density functional theory calculations have been used 
to explore the NONOates decomposition for NO liberation 
[10–12]. Hall et al. [9] proposed a reaction mechanism for 
NO liberation using HF/6-31G(d) and MP2/6-31G(d) theory 
levels, where the protonation sites were the oxygen atoms at 
[N(O)NO]− moiety of substituted diazeniumdiolates. How-
ever, in this proposal a second protonation on the amino 
nitrogen was necessary for NO release from protonated 
NO dimer. Later, Dutton et al. explored the mechanism for 
NO liberation from dialkylamino diazeniumdiolates using 
B3LYP/6-311+G(d) and CBS-QB3 theory levels. They 
obtained optimized geometries and thermodynamic prop-
erties (i.e., enthalpies and free energies for 298 K) using 
PCM model for aqueous solvation. Relative pKa values were 
obtained for protonated species of diazeniumdiolates using 
their relation with ΔGaq parameter. The measured pka of 
4.5 for diethylamino diazeniumdiolate (DEA/NO) was used 
for the least acidic tautomer, and then, the other tautomers 
were relative to it. pKa estimation and NBO analysis showed 
the oxygen in [N(O)NO]− moiety are the most basic sites 

on dimethylamino diazeniumdiolate, while the protonation 
on the amino nitrogen leads to spontaneous dissociation to 
the amine and the NO dimer [10]. In a subsequent work, 
isopropylamine diazeniumdiolate (IPA/NO) was studied 
for its pH-dependent decomposition. Authors predicted the 
production NO at lower pH upon protonation of the amine 
nitrogen from fragmentation of the amide/NO adduct using 
B3LYP/6-311+G(d) and CBS-QB3 theory levels with PCM 
and CPCM solvation models. This mechanism involved the 
HNO production from protonation of the terminal oxygen 
at the [N(O)NO]− group, the most basic site, and NO results 
from double protonation process [11]. Dealing with decom-
position molecular mechanisms of NONOates, Shaikh et al. 
reported a study about spectroscopic, kinetic, and compu-
tational approaches of the NO liberation from amino dia-
zeniumdiolates. A computed energy profile for the NO 
liberation from DEA/NO using B3LYP/6-31+G(d) theory 
level was presented in aqueous environment evaluated with 
COSMO model. Also, the mechanism was proposed as pH-
dependent via tautomerization of protonated NONOates, 
with pka predicted to be 4.6 for DEA/NO and − 2.7 for pro-
tonated tautomer on amine nitrogen, obtaining the amine 
and NO as products. Authors reported kinetic parameters 
for decomposition of amino NONOates for supporting the 
proposed mechanism, concluding that the rate determining 
step involves the cleavage N–N single bond for liberation of 
NO dimer [12].

In the present work, the effect of the dialkyl substituent 
in NONOates on the reaction mechanism of NO liberation is 
evaluated by M06L/6-311++G(d,p) theory level. Complete 
energy profiles, NBO analysis, and predicted pka values are 
presented for giving insights of reactive sites involved in the 
NO liberation mechanism.

2 � Methodology

2.1 � Computational chemistry

Calculations were carried out by density functional theory 
with M06L functional [13] and 6-311++G(d,p) [14] basis 
set. All possible protonated tautomers were obtained for 
NONOates 1–5, see Fig. 1. H5 is directly involved in the 
reaction path. Geometry optimization of reactants, inter-
mediaries, transition states, and products was obtained in 
aqueous solution using solvation model density (SMD) [15]. 
Harmonic vibrational frequency calculations were computed 
using the same level of theory for all the stationary points 
to ensure their assignation of local minima and transition 
states. Analysis of natural bond orbital, NBO [16], was car-
ried out on the NONOates 1–5 and their protonated tautom-
ers at the same theory level using SMD in aqueous solu-
tion. pka values were estimated using the Pliego and Riveros 
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methodology [17] for the tautomers 1–5-H5. All electronic 
structure calculations were performed using Gaussian16 
program [18].

3 � Results and discussion

3.1 � Tautomers

Figure 2 presents the molecular structures for the optimized 
geometries of NONOates 1–5. Non-protonated struc-
tures 1–5 are anionic structures with Z position for [N(O)
NO]− moiety. The strong preference for the Z isomers of 
the dialkylamino diazeniumdiolate species has already been 

studied in previous theoretical studies [9–12]. Five tautom-
ers were generated in the five possible protonation sites 
indicated in Fig. 1. Protonation on oxygen atoms in [N(O)
NO]− moiety generates the tautomers H1 and H4, while pro-
tonation on the nitrogen atoms produces the tautomers H2 
and H3. Protonation on the amino nitrogen generates the 
tautomer H5, which is used for NO liberation mechanism.

Table  1 summarizes the selected bond lengths for 
NONOates 1–5 and their protonated tautomers H1-H5 
in M06L/6-311++G(d,p) theory level in aqueous solva-
tion with SMD. It can be observed the O1-N2 is increased 
from non-protonated NONOates to their corresponding 
tautomer H1 while for H2–H5 tautomers decreases. For 
N2–N3, a significant increase is observed for tautomer 

Fig. 1   Structures of NONO-
ates 1–5 and their protonated 
tautomers H1–H5 
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H3 (1.96–1.99 Å) while the rest of tautomers keep up a 
value about 1.28–1.31 Å close to that in non-protonated 
NONOates. Also, N3–O4 is only increased for tautomer 
H4 (1.39 Å) from non-protonated NONOates, while the 
others maintain a value close to non-protonated NON-
Oates (1.25–1.29  Å). For N3–N5, a slight increase is 
observed for protonated tautomers from non-protonated 
specie except for tautomer H4. In this case, it is relevant 
to underline that for non-protonated NONOate 1 and its 
tautomer H1, the distance N3–N5 is smaller than the rest 
of NONOates 2–5. Bond length N3–N5 was previously 
reported as 1.491 Å at B3LYP/6-311+G(d) [10] for tau-
tomer 1-H5 and 1.51 Å and B3LYP/6-31+G(d) [12] for 
2-H5, and both values are in agreement with our results. 
In general, according to Table 1, it can be observed that 
the values of bond lengths are kept up as the dialkylamino 
substituent is increased for NONOates 1–5.

With respect to bond angles, in Table 2, the value of 
angle O1–N2–N3 was kept up for tautomers H1, H4, and 
H5, while for H3 decreased in about 10°. Also, an increase 
about 10° was observed for H2 in all NONOates. On the 
other hand, for N2–N3–O4 a decrease is observed for H3, 

Table 1   Selected bond lengths (in Å) of NONOates 1–5 and their 
protonated tautomers H1–H5 calculated at M06L/6-311++G(d,p) 
level of theory with SMD in water

Numerical convention is used as Fig. 1

1 2 3 4 5

O1–N2
 Non-protonated 1.285 1.285 1.285 1.285 1.285
 H1 1.368 1.355 1.355 1.355 1.355
 H2 1.250 1.250 1.250 1.250 1.250
 H3 1.139 1.141 1.141 1.141 1.241
 H4 1.252 1.252 1.252 1.253 1.253
 H5 1.267 1.266 1.266 1.266 1.266

N2–N3
 Non-protonated 1.305 1.306 1.306 1.306 1.306
 H1 1.290 1.281 1.281 1.281 1.281
 H2 1.305 1.306 1.306 1.306 1.306
 H3 1.999 1.960 1.961 1.960 1.958
 H4 1.301 1.302 1.302 1.302 1.302
 H5 1.315 1.316 1.316 1.316 1.316

N3–O4
 Non-protonated 1.290 1.290 1.290 1.290 1.290
 H1 1.260 1.259 1.259 1.259 1.259
 H2 1.245 1.246 1.246 1.245 1.245
 H3 1.269 1.284 1.284 1.284 1.284
 H4 1.395 1.395 1.395 1.395 1.395
 H5 1.259 1.261 1.261 1.261 1.261

N3–N5
 Non-protonated 1.290 1.431 1.432 1.433 1.432
 H1 1.396 1.433 1.433 1.433 1.433
 H2 1.436 1.432 1.434 1.434 1.434
 H3 1.454 1.447 1.447 1.448 1.448
 H4 1.368 1.365 1.366 1.366 1.366
 H5 1.492 1.481 1.484 1.483 1.483

Table 2   Selected angles (in °) of NONOates 1–5 and their protonated 
tautomers H1–H5 calculated at M06L/6-311++G(d,p) level of theory 
with SMD in water

Numerical convention is used as Fig. 1

1 2 3 4 5

O1–N2–N3
Non-proto-

nated
113.72 113.60 113.67 113.64 113.66

H1 109.72 110.34 110.35 110.33 110.36
H2 122.93 123.00 122.99 123.00 123.00
H3 98.83 101.79 101.76 101.80 101.88
H4 113.26 113.22 113.22 113.20 113.21
H5 113.20 113.06 113.08 113.10 113.10
N2–N3–O4
 Non-proto-

nated
126.29 126.01 126.09 126.08 126.08

 H1 123.92 124.56 124.55 124.53 124.53
 H2 122.41 122.28 122.32 122.34 122.33
 H3 101.74 104.81 104.84 104.89 104.98
 H4 119.97 119.77 119.77 119.75 119.76
 H5 132.14 131.56 131.64 131.68 131.67

N5–N3–O4
 Non-proto-

nated
120.35 120.33 120.33 120.28 120.32

 H1 118.72 122.31 122.33 122.34 122.35
 H2 124.83 124.92 124.92 124.92 124.92
 H3 117.02 120.99 120.99 120.96 120.93
 H4 118.39 118.39 118.41 118.41 118.42
 H5 117.57 117.51 117.50 117.48 117.48

O1–N2–N3–
O4

 Non-proto-
nated

0.00 0.04 0.00 0.00 0.00

 H1 2.83 0.08 0.00 0.00 0.01
 H2 0.16 0.00 0.00 0.00 0.00
 H3 1.11 5.22 − 5.02 − 4.69 4.63
 H4 0.31 0.14 0.39 0.47 0.38
 H5 − 0.23 0.01 0.00 0.02 0.00

O1–N2–N3–
N5

 Non-proto-
nated

− 179.99 179.83 179.99 179.98 − 179.99

 H1 − 172.81 − 179.73 179.98 179.99 − 179.95
 H2 − 179.85 − 179.99 179.99 179.98 − 179.99
 H3 − 119.94 135.96 − 135.73 − 135.35 135.23
 H4 179.54 179.60 178.71 178.45 178.71
 H5 − 179.66 − 179.98 179.99 179.96 179.99
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while an increase is found for H5. For N5–N3–O4, values 
are kept up around the value of 120° of non-protonated spe-
cies. Similar values for angles O1–N2–N3, N2–N3–O4, and 
N5–N3–O4 were reported by tautomers of NONOate 1 and 
2 in references [10, 12], respectively.

For dihedral angle O1–N2–N3–O4, it is observed that all 
tautomers for NONOates 1–5 prefer the Z conformation for 
[N(O)NO]− group. Only, slight deviations are observed for 
tautomer H3. For O1–N2–N3–N5, the tautomer H3 suffers 
significant deviation for the conformation of dialkylamino 
substituent with respect to [N(O)NO]− group, while the rest 
of the tautomers maintain the atoms of the [N(O)NO]− group 
coplanar with amine nitrogen of the dialkylamino substituent 
(values in reality of 180°), see Table 2. Details of optimized 
structures are given in the SM in Table S1.

The optimized non-protonated NONOates in gas 
phase are predicted to be relative electronic energies 
ΔEg = 68.0–71.0  kcal  mol−1 and relative free energies 
ΔGg = 64.0–66.0 kcal mol−1 higher than those calculated 
with SMD solvation in water (as present in Fig. 2). However, 
the tautomers H1–H5 have only ΔEg = 4.3–25.0 kcal mol−1 
and ΔGg = 4.0–23.0 kcal mol−1 with respect to optimized 
geometries in SMD. Relative free energies in gas phase 
and aqueous solvation free energies are shown in Table 3. 
Detailed values for energies are summarized in Table S2. In 
general, the tautomerization free energies are endergonic 
in water. Optimization in water predicts tautomer H1 is the 
most energetically favorable, closely followed by tautomers 
H4 and H5 for the five NONOates. Considerable stabiliza-
tion is observed when the aqueous solvent effect is taken 
into account including the thermochemical contributions of 
enthalpy and entropy at 298.15 K for change of standard 
state at 1 bar pressure and 1 M concentration. The relative 
free energies follow the trend H1 < H4 < H2 < H3 < H5 in 
gas phase and H1 < H4 < H5 < H2 < H3 in aqueous solu-
tion using SMD. This last trend is similar to that reported 
previously for dimethylamino diazeniumdiolate in Ref. [10] 
using CBS-QB3 with PCM model and for DEA/NO reported 
in Ref. [12] using B3LYP/6-31+G(d) with COSMO model 
for solvation. The great stabilization of H5 tautomer in the 
five NONOates with SMD solvation could be attributed 
to the disposition for the spontaneous dissociation in gas 
phase observed in protonated amino diazeniumdiolates as 
it was obtained in previous study using B3LYP functional 
[10]. In our case, using M06L/6-311++G(d,p) theory level, 
although the fully optimization in gas phase does not lead 
to the dissociation of NO dimer, a lengthening of the bond 
distance N3–N5 (1.528, 1.534, 1.530, 1.554, and 1.517 Å) 
is observed with respect to their corresponding bond lengths 
in solution phase (1.492, 1.481, 1.484, 1.483, and 1.483 Å), 
see Table 3. Values of hydration free energies, calculated 
as ΔGhyd = Gs − Gg, where s indicates solution phase and 
g indicates gas phase, show higher negative values for 

non-protonated species, followed by tautomers H5. ΔGhyd 
can be used as a measurement of the interaction between 
the solute with the solvent. In this case, negative values of 
ΔGhyd correspond to a strong interaction between the com-
pound with the water molecules for tautomer H5, which 
is proposed as the more labile reactant for liberation NO 
mechanism.

3.2 � Reaction mechanisms

Upon optimization in gas phase of minima structures of tau-
tomers H1–H5 of NONOates 1–5, spontaneous dissociation 
does not occur; however, transition states (TS) and interme-
diary structures (Int) in the path are directly dissociated to 
the amine and the NO dimer. In order to obtain the ΔGSMD, 
all necessary thermodynamic contributions were taken into 

Table 3   Calculated ΔG (in kcal mol−1) of NONOates 1–5 and their 
protonated tautomers H1–H5 at M06L/6-311++G(d,p) level of the-
ory in gas phase and SMD in water

NONOate ΔGgas ΔGSMD ΔGhyd

1 347.23 283.04 − 64.19
 1-H1 0.00 0.00 0.00
 1-H2 15.97 10.81 − 5.15
 1-H3 20.22 19.37 − 0.84
 1-H4 4.89 3.54 − 1.34
 1-H5 27.00 9.45 − 17.55

2 343.85 281.02 − 62.82
 2-H1 0.00 0.00 0.00
 2-H2 13.33 8.37 − 4.95
 2-H3 22.63 20.35 − 2.27
 2-H4 2.27 2.23 − 0.04
 2-H5 25.26 5.56 − 19.69

3 343.04 281.33 − 61.70
 3-H1 0.00 0.00 0.00
 3-H2 13.15 8.71 − 4.43
 3-H3 21.90 20.73 − 1.16
 3-H4 2.08 2.47 0.39
 3-H5 22.58 6.04 − 16.53

4 342.67 281.41 − 61.26
 4-H1 0.00 0.00 0.00
 4-H2 13.04 8.87 − 4.17
 4-H3 22.14 21.11 − 1.02
 4-H4 2.13 2.82 0.69
 4-H5 21.83 6.22 − 15.61

5 342.29 281.79 − 60.50
 5-H1 0.00 0.00 0.00
 5-H2 12.92 8.97 − 3.95
 5-H3 21.98 21.44 − 0.54
 5-H4 2.14 2.57 0.42
 5-H5 22.68 5.91 − 16.77



	 Theoretical Chemistry Accounts (2019) 138:66

1 3

66  Page 6 of 11

account to perform calculations in gas phase from fully 
optimized geometries at M06L/6-311++G(d,p) theory level 
with SMD in water as single-point calculations. The pres-
ence of single imaginary vibrational mode in each transition 
state structure was verified through frequency calculations at 
same level of theory with SMD. Table 4 collects the relative 

free energies for the species involved in the reaction mecha-
nism of NO liberation from tautomers H5 of each NONO-
ate in aqueous solvation. Dissociation barriers for tautom-
ers H5 via TS 1–5-H5 are found at 4.8–6.7 kcal mol−1. A 
slight increase in the ΔGdis for dissociation is observed when 
dialkylamino substituent is increased in size. The general 
behavior of energy profiles for decomposition of tautom-
ers 1–5-H5 can be observed in Fig. 3. Tautomer 1-H5 was 
predicted to provide the smallest barrier to N3–N5 cleavage 
as reaction coordinate in the exothermic dissociation to the 
products, obtaining the most energetically stable products 
as amine 1 and two NO molecules. For tautomers 1–4-H5, 
when dialkylamino substituent is increased, the energy bar-
rier is slightly affected. The energy barriers for decompo-
sition of TS 1–5-H5 of tautomers H1–H4 differ by only 
1.5 kcal mol−1. These results indicate that tautomers H1–H5 
possess similar energetic profiles and would be expected to 
decompose at similar rates even though the alkyl substitu-
ent is increased. The transition states found for the decom-
position of tautomer H5 of DEA/NO has been reported as 
17.8 kcal mol−1 in Ref. [12], which value is very higher 
compared to our value of 6.29 kcal mol−1. However, the 
structure for TS2–H5 is found to be similar geometry with a 
value for N3–N5 of 1.89 Å and ν(N3–N5 stretching) = 146i, 
cm−1 [12] in comparison with our value of N3–N5 = 1.882 Å 
and ν(N3–N5 stretching) = 286i, cm−1. It can be attributed 
to the different methodologies used. Details of optimized 
structures and computed energies of species involved in 
decomposition mechanism are given in Tables S1 and S2. 
The values for dissociation barriers are consistent for all 
NONOates calculated. The energy profiles illustrating the 
decomposition of tautomers 1-H5 and 5-H5 for the forma-
tion of their corresponding secondary amines 1 and 5 and 

Table 4   Free energy values, ΔG (in kcal mol−1) of species involved 
in the reaction mechanism of liberation of NO from tautomers 1–5-
H5 calculated at M06L/6-311++G(d,p) level of theory with SMD in 
water

NONOate ΔGdis ΔGhyd

1-H5 0.00 0.00
TS1-H5 4.78 17.66
Int1-H5 − 4.01 26.77
Amine1 + 2NO − 6.33 28.47
2-H5 0.00 0.00
TS2-H5 6.29 18.28
Int2-H5 − 0.90 26.63
Amine2 + 2NO − 3.29 27.38
3-H5 0.00 0.00
TS3-H5 6.20 18.12
Int3-H5 − 1.18 26.36
Amine3 + 2NO − 3.45 27.11
4-H5 0.00 0.00
TS4-H5 6.31 18.88
Int4-H5 − 1.23 26.24
Amine4 + 2NO − 3.19 27.31
5-H5 0.00 0.00
TS5-H5 6.72 19.31
Int5-H5 − 0.94 26.54
Amine5 + 2NO − 3.35 27.43

Fig. 3   General scheme of 
energy profiles for decomposi-
tion of tautomers 1–5-H5 for 
the liberation of NO calculated 
at M06L/6-311++G(d,p) level 
of theory. Reac refers reactant, 
TS is transition state, Int is 
intermediary, and Prod refers 
product
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liberation of NO are shown in Fig. 4. The energy profiles for 
tautomers 2–4-H5 are illustrated in Fig. S1.

3.3 � pKa calculations and NBO analysis

As it has been mentioned, the tautomeric species 1–5-H5 
are the direct participants in NONOates decomposition. 
Therefore, estimated pka values were calculated from tau-
tomers H5 and their corresponding non-protonated species 
1–5. The loss of proton from NONOates 1–5-H5 produces 
to five different non-protonated species according to the fol-
lowing Scheme 1.

Table 5 summarizes the values of relative free energies 
in gas phase and the solvation free energies for tautomers 
1–5-H5 and their non-protonated species 1–5 using M06L/6-
311++G(d,p) level of theory. The results show that tautomer 
5-H5 with the largest substituent is more stable than tau-
tomer 1-H5 at − 314.3 Hartrees. For non-protonated NONO-
ates, 5 is 3.20 kcal mol−1 more stable than 1.

The theoretical pka values were obtained with the objec-
tive to get insights about adequate physiological conditions 
to proton loss when the liberation of [N(O)NO]− groups is 
carried out. Estimated pka values were found based on the 
thermodynamic relations proposed by Pliego and Riveros 

Fig. 4   Energy profile illus-
trating the decomposition of 
tautomer a 1-H5 and b 5-H5 for 
the formation the corresponding 
secondary amine and liberation 
of NO calculated at M06L/6-
311++G(d,p) level of theory

(a)

(b)



	 Theoretical Chemistry Accounts (2019) 138:66

1 3

66  Page 8 of 11

[17] and following the acid–base theory according to 
Scheme 1. The equation used for estimating pka value is:

where ΔG0
sol

 is the difference of free energy between the 
species in aqueous solution, which is related to equation 
ΔΔG

0
sol

= ΔG
0
solA− + ΔG

0
solH3O

− − ΔG
0
solHA

− ΔG
0
solH2O

 . The 
solvation free energies of neutral species and their corre-
sponding conjugated species as well as the water molecules 
were calculated using SMD model. For minimizing the cal-
culation error in the computed pka, the experimental value 
of the free energy solvation for ion H3O+ of 
− 110.2 kcal mol−1 was used, as it was suggested by Pliego 
and Riveros [17].

Table 6 shows the calculated pka of NONOates 1–5-H5. 
Deprotonation of –NH group is associated with the pka val-
ues in ascending order. It means as the alkyl substituent is 
increased, a change in the pka value is observed from nega-
tive to positive values. Also, it is important to observe that 
deprotonation of N5 atom is favored in aqueous solution 
when the alkyl substituent is increased.

Previous theoretical pka estimations have been carried 
out using the relation pka = − 0.74(ΔΔGaq) + 4.5 for N-pro-
tonated dimethylamino diazeniumdiolate with pka = − 8.9 
relative to 4.5 of the least acidic tautomer of DEA/NO. In 
this case, authors used the experimental pka of 4.5 of the 
DEA/NO, which is not that of the reactive site leading to 

pKa =
ΔG

0
sol

1.364
− log

[

H2O
]

decomposition. However, in their study these authors indi-
cated that longer half-lives for NO production could arise 
by lowering pka of the amino nitrogen when the basic sites 
in the substituents are protonated [10]. Using the same 
approach, the pka value for DEA/NO was theoretically esti-
mated as 4.6 and the N-protonated DEA/NO tautomer was 
estimated as − 2.7 [12]. The pka predicted for IPA/NO was 
of 4.0 [11] using the method of Pliego and Riveros [13].

The natural bond orbital, NBO, analysis was realized 
on the tautomers 1–5-H5 for determining the electrostatic 
and bonding properties of these protonated species. Partial 
atomic charges of the atoms of [N(O)NO]− moiety from 
NBO analysis are summarized in Table 7. In general, simi-
lar values of atomic charges are obtained for the NONOates 
when the substituent is increased.

Partial atomic charges were previously reported [10] for 
[N(O)NO]− group using NBO analysis obtaining similar val-
ues (− 0.60, 0.00, 0.26, − 0.68, and − 0.37) to the reported in 
Table 5 (− 0.68, 0.02, 0.267, − 0.681, and − 0.36) for non-
protonated NONOate 1.

Figure 5 illustrates the NBO molecular graphs, as it 
can be observed no significant change is obtained with the 
increases in substituent. It means net charge is preserved in 
[N(O)NO]− group.

According to the charge distribution of the tautomers 
1–5-H5 analyzed in Table 7 and Fig. 5, dipole moment 
(DM) was calculated to correlate the charge distribution in 
the non-protonated NONOates and protonated tautomers. 
Table 8 shows that DM values for tautomers 1–5-H5 are 
considerably larger than the other tautomers with values 

Scheme 1   Formation of 
non-protonated species from 
NONOates 1–5-H5 

N3

N2

O1

N5 O4

+

R
R

H H2O
N3

N2

O1

N5
O4

R

R

R= -CH3 (1); -CH2CH3 (2); -(CH2)2-CH3 (3); -(CH2)3-CH3 (4); -(CH2)4-CH3 (5)

H3O++

Table 5   Relative free energy values in gas phase (G°g) (in Hartrees) 
and solvation free energy values (ΔG°s) (in kcal mol−1) for tautom-
ers 1–5-H5 and non-protonated species 1–5 involved in the reaction 
mechanism of liberation of NO calculated at M06L/6-311++G(d,p) 
level of theory

NONOate G°g ΔG°s NONOate G°g ΔG°s

1-H5 0.00 − 32.08 1 0.00 − 69.53
2-H5 − 78.59 − 31.97 2 − 78.59 − 68.73
3-H5 − 157.18 − 31.48 3 − 157.18 − 67.60
4-H5 − 235.76 − 31.00 4 − 235.76 − 67.02
5-H5 − 314.34 − 30.58 5 − 314.34 − 66.33

Table 6   Solvation free energy (ΔΔG°s) (in kcal mol−1) and theoreti-
cal pka of tautomers 1–5-H5 involved in the reaction mechanism of 
NO liberation calculated at M06L/6-311++G(d,p) level of theory

NONOate ΔΔG
0

S
 (kcal mol−1) pKa

1-H5 → 1 − 177.65 − 6.2
2-H5 → 2 − 171.96 − 1.8
3-H5 → 3 − 168.32 0.5
4-H5 → 4 − 164.22 3.4
5-H5 → 5 − 160.65 5.6
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around 14.4 Debyes being similar to non-protonated spe-
cies. It could indicate that charge and the substituent size 
play an important role in the DM value. DM is significantly 

increased when the size of dialkyl substituent increases of 
11.1–14.7 Debyes in non-protonated species and 3.6–14.5 
in the protonated tautomers. However, as it can be observed 
in Fig. 5 the charge distribution does not vary and, as a 
consequence, the DM direction either when substituent is 
increased.

Our calculations suggest a mechanism of decompo-
sition via the direct protonation of the amine nitrogen as 
in early experimental [8] and theoretical [10–12] studies 
has suggested. Our calculations indicate slight variation 
in the dissociation barrier through the protonation of the 
amino nitrogen, tautomer H5, leading to decomposition 
for dialkylamino diazeniumdiolates when the dialkylamino 
substituent increases its size. Although NONOates can be 
protonated in five possible protonation sites, the NO libera-
tion only occurs favorably and directly from tautomer H5. 
NONOates with substituents that contain terminal amines 
are currently being studied in more detail in order to study 
the effect of substituents with different chemical properties 
and size.

4 � Conclusions

The theoretical studies for NO generation from diazeni-
umdiolate decomposition was performed using M06L/6-
311++G(d,p) density functional theory calculations. The 
dialkylamino species were selected for increasing the sub-
stituent size, and all possible tautomers were generated by 
protonation. The relative stability of the tautomers varies in 
the gas phase and in aqueous solution.

The results suggest that the decomposition of 
dialkylamino diazeniumdiolates for NO generation with 
alkyl substituents increasing its size occurs via protonation 
on the amino nitrogen. It means the tautomers H5, assigned 
to the protonation on the amino nitrogen, provoke the exo-
thermic dissociation of NONOates to corresponding second-
ary amine and NO dimer. The analysis of the mechanism 
of decomposition of NONOates to generate NO indicates 
that tautomer H5 of NONOate 1 is slightly favored with the 
smallest free energy dissociation; however, no significant 
changes are found with the increase in the dialkylamino sub-
stituent chain. Previous studies were performed on dimethyl-
amino diazeniumdiolate and diethylamino diazeniumdiolate 
(DEA/NO), which are in agreement with our structural and 
mechanistic results. The pka and NBO values provide insight 
into acid behavior and the atomic charge densities for tau-
tomer H5 of NONOates 1–5.

In this context, it is important to know the mechanistic 
details by which dialkylamine NONOates are decomposed 
to produce NO, because it has demonstrated to be a signal-
ing molecule of great importance for immunology, neuro-
biology, and cardiology. Improvements are necessary to 

Table 7   Natural bond orbitals (NBO) of NONOates 1–5 and their 
protonated tautomers H1–H5 calculated at M06L/6-311++G(d,p) 
level of theory in SMD in water

1 2 3 4 5

O1
 Non-protonated − 0.682 − 0.679 − 0.679 − 0.679 − 0.679
 H1 − 0.545 − 0.519 − 0.519 − 0.519 − 0.519
 H2 − 0.528 − 0.524 − 0.525 − 0.525 − 0.525
 H3 − 0.130 − 0.140 − 0.140 − 0.140 − 0.141
 H4 − 0.539 − 0.537 − 0.538 − 0.538 − 0.538
 H5 − 0.607 − 0.602 − 0.602 − 0.602 − 0.602

N2
 Non-protonated 0.027 0.030 0.030 0.030 0.030
 H1 − 0.003 0.066 0.066 0.066 0.066
 H2 0.118 0.118 0.118 0.118 0.118
 H3 0.274 0.282 0.282 0.282 0.282
 H4 0.162 0.164 0.164 0.165 0.165
 H5 0.040 0.039 0.039 0.039 0.039

N3
 Non-protonated 0.267 0.260 0.260 0.261 0.261
 H1 0.372 0.345 0.346 0.346 0.346
 H2 0.357 0.350 0.350 0.351 0.351
 H3 0.036 0.028 0.030 0.030 0.031
 H4 0.232 0.227 0.227 0.228 0.228
 H5 0.270 0.263 0.263 0.264 0.264

O4
 Non-protonated − 0.681 − 0.684 − 0.683 − 0.683 − 0.683
 H1 − 0.556 − 0.544 − 0.543 − 0.543 − 0.543
 H2 − 0.508 − 0.510 − 0.509 − 0.509 − 0.509
 H3 − 0.599 − 0.629 − 0.628 − 0.629 − 0.629
 H4 − 0.551 − 0.553 − 0.553 − 0.553 − 0.553
 H5 − 0.581 − 0.590 − 0.588 − 0.588 − 0.588

N5
 Non-protonated − 0.362 − 0.376 − 0.371 − 0.369 − 0.369
 H1 − 0.278 − 0.351 − 0.346 − 0.345 − 0.344
 H2 − 0.352 − 0.370 − 0.365 − 0.363 − 0.363
 H3 − 0.371 − 0.374 − 0.369 − 0.368 − 0.368
 H4 − 0.308 − 0.330 − 0.320 − 0.323 − 0.322
 H5 − 0.265 − 0.275 − 0.271 − 0.269 − 0.269

C(−R)
 Non-protonated − 0.360 − 0.166 − 0.162 − 0.160 − 0.159
 H1 − 0.369 − 0.169 − 0.166 − 0.163 − 0.162
 H2 − 0.363 − 0.167 − 0.164 − 0.161 − 0.160
 H3 − 0.375 − 0.177 − 0.173 − 0.170 − 0.169

− 0.366 − 0.169 − 0.166 − 0.163 − 0.163
 H4 − 0.357 − 0.161 − 0.158 − 0.155 − 0.154
 H5 − 0.349 − 0.152 − 0.151 − 0.147 − 0.147
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optimize the transition structures in gas phase which led 
to the products, suggesting these structures lay in shallow 
minima on the PES with small decomposition barriers. It 
should be attempted for dealing with other further strat-
egies for calculation. The results obtained in this work 
should be of value for the design of other NONOates 
donors of NO. NONOates with zwitterionic structures with 
protonated terminal amines are currently being studied in 
more detail. We suggest further investigation about the 
intramolecular hydrogen bond of the different protonated 
tautomers as a stabilizing interaction in the aqueous solva-
tion. Also, an important perspective of our research group 
is the study of different conformations of CNBD of HCN 
channel interacting with NO through dynamic molecular 
simulations for modeling the molecular mechanism close 
to the physiological medium conditions.

5 � Supplementary material

Cartesian coordinates and energies of the different com-
pounds optimized at the M06L/6-311++G(d,p) level of 
theory and energy profile for decomposition of tautomers 
H5.
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