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The conformational study on thenew S‑nitrosothiols esters (SNO-ESTERS): para–substituted (X=H,OMe, Cl and
NO2) S‑nitrosothiol derivatives 2‑methyl‑2‑(sulfanyl)propyl phenylacetates (R1), 2‑(4‑isobutylphenyl)
propanoate (ibuprofen, R2), and 2‑(4‑isobutylphenyl)propanoate of 2‑methyl‑2‑(nitrososulfanyl)propyl
(naproxen, R3) was performed using infrared spectroscopy (IR) in solvents with increasing polarity (CCl4,
CH3Cl, and CH3CN), and theoretical calculations, to determine the preferential conformer and the potential of
these compounds to release nitric oxide (NO). S‑Nitrosothiols were synthesized by esterification reactions,
using chlorides of the corresponding carboxylic acids,with good yields (~60%). IR results showed that these com-
pounds presented only one conformation, and the experimental data were supported by the theoretical results
obtained by density functional theory (DFT) calculations using the 6311+G (2df, 2p) basis set. The calculations
revealed that all S‑nitrosothiols presented one preferential anticlinal (ac) geometric conformation, which agrees
with the data obtained experimentally in CCl4. These conformers are stabilized by intramolecular hydrogen
bonds. Examination of the geometry with regard to the R\\SNO group revealed that these compounds are pref-
erentially in the trans (anti) conformation. The calculation of the orbital interactions using the Natural Bond
Orbital (NBO) method showed that the nO(NO) → σ(S\\N)

∗ hyper-conjugative interaction increases the S\\N
bond length. The strong nS → π(NO)∗ interaction and electronic delocalization induces a partial π character
to the S\\N bond. The weak σS\\N bond indicates strong delocalization of the electron pair in O (NO) by the
nO(NO) → σ(S\\N)

∗ interaction, thereby increasing the capacity of NO release from SNO-ESTERS.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) are effective in the
treatment of pain, fever, and inflammation. NSAID–based therapy effec-
tively reduces the symptomsofmanypainful arthritic syndromes. How-
ever, side effects involving damage to the patient's gastrointestinal tract
during NSAID therapy are frequently reported. The most common clin-
ical manifestation of NSAID-related damage is a combination of gastro-
duodenal erosions and ulcerations, often called NSAID-induced
gastropathy, affecting at least 15% of chronic NSAID users [1–3].

During the 1990s, several structurally diverse compounds derived
from NSAID and displaying gastro sparing properties in rodents were
, CEP: 09972-270 Diadema, São

eis).
synthesized. The important strategy used to improve the NSAID safety
profile was coupling a nitric oxide (NO) donor group to the NSAID
[4–6]. NO released from NO-derivatives of NSAID, promotes vasodilata-
tion of veins and arteries, inhibits platelet aggregation, and reduces the
formation of blood clots [6,7]. In addition, it has been shown that NO ex-
erts beneficial effects to the gastrointestinal (GI) tract, maintaining the
integrity of the gastric mucosal barrier [4,5,8].

Different chemical strategies have been used to provide NSAIDswith
the capacity to release NO. Nitrooxybutyl‑ester derivatives of NSAID dis-
play anti-inflammatory activity comparable to the respective parental
NSAID against acute inflammation in rodent models, but with reduced
GI toxicity [9].

NCX-4016, also called NO‑aspirin, is the prototype of an NO-
releasing NSAID and consists of the parental aspirin molecule linked
via an ester to an NO moiety. Both aspirin and NO moieties of NCX-
4016 contribute to its effectiveness, with the effect of the latter
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occurring via both cyclic GMP-dependent and -independent mecha-
nisms. Human studies have shown that, while NO‑aspirin maintains
its anti-thrombotic activity, it spares the GI tract. The use of NCX-4016
results in a 90% reduction of the gastric damage caused by equimolar
doses of aspirin [10,11].

S‑Nitrosation, the NO-mediated modification of sulfhydryl residues
of peptides and proteins has been associated with the anti-
inflammatory actions of NO‑aspirin and NO‑naproxen [12,13]. Further-
more, recent studies have shown that S‑nitrosation of the signaling pro-
teins Src, EGFR, and Ras generating their S‑nitrosothiols derivatives,
regulates pathways associated with cell survival and proliferation
(reviewed in [14]).

In addition to NO-NSAIDS, S‑nitrosothiols are a class of NO donors
that under appropriate conditions decompose to liberate NO. They de-
compose by thermal and photochemical reactions to give the corre-
sponding disulfide and NO. It was proposed that the photolytic
decomposition of S‑nitrosothiols is a two-step process: the first step
being the homolytic dissociation of the S\\N bond to form •NO and
RS• radicals, followed by dimerization of RS• forming the disulfide
RSSR [15]. On the other hand, in aqueous buffers at physiological pH,
S‑nitrosothiols decompose in the presence of trace transition metal
ions generatingNO and RSSR. In this process RS• radicals are not formed
[16].

By the reasons explained above, addition of an S‑nitrosothiol moiety
to NSAIDs may prove to be advantageous to these molecules. However,
syntheses of these derivatives have been scarcely reported [17].

Theoretical approaches combined with experimental approaches,
provide a new and consistent picture of the conformational behavior
of S‑nitrosothiols. The combination of methodologies also provides in-
formation on how the conformational behavior influences
S‑nitrosothiols spectroscopic and chemical properties. For instance, to
assign the structure of S‑nitroso‑methanethiol, reported calculations
showed for B3LYP/6-311+G* calculation minima for the syn and anti
conformations (the former possessing an eclipsed C\\H bond). MP2/
6-311+G* geometry optimizations and QCISD (T)/6-311+G* single-
point calculations further confirm the syn preference. Also of note is
the preferred eclipsing of an R-CH and anti-clinal orientation of the
alkyl chain with respect to the SNO moiety in syn exclusively in the
anti-orientation [18].

The reliability and accuracy of the conventional electron correlation
methods MP2 and QCISD, and the density functional theory methods
B3LYP and B3P86, to obtain optimized structures and homolytic bond
dissociation energies S\\N of a range of S‑nitrosothiols, has been inves-
tigated. A variety of model RSNOs (HSNO, CH3SNO, C2H3SNO, C2H5SNO,
C6H5SNO, and CysSNO (S‑nitroso‑cysteine) have been used. For all
methods considered, optimized S\\N bond lengths were found to be
highly dependent on the basis set being employed. In general, to obtain
convergence in the r(S\\N) values of RSNO for a given method, the 6-
311+(2df,p) or larger basis set was required [19].

The combination of IR spectroscopy and theoretical calculations has
been extensively employed in conformational studies of carbonyl com-
pounds. Analysis of the carbonyl stretching frequencies (νCO) in solution
determines the different conformations assumed by the compounds.
The unusual solvent effect and νCO shifts for the conformers as com-
pared to other α-hetero-substituted carbonyl compounds are
interpreted in terms of a decrease in polarity [20–22].

The presence of carbonyls in the structure of an S‑nitrosothiol might
interfere with its conformational behavior. However, potential interfer-
ence of these groups on the conformational behavior of S‑nitrosothiols
has not been evaluated.

In this work we synthesized the S‑nitrosothiols
2‑methyl‑2‑(nitrososulfanyl) propyl‑phenylacetate‑para‑substituted
R1, 2‑methyl‑2‑(nitrosothio)‑propyl‑2‑(4‑isobutylphenyl)‑propanoate
R2 (derivative of ibuprofen), and 2‑methyl‑2‑(nitrosothio)
propyl‑2‑(6‑methoxynaphthalen‑2‑yl)propanoate (derivative of
naproxen) R3. A conformational study of the compounds was carried
out using IR spectroscopy and theoretical calculations. This combination
of experimental and theoretical approaches, allowed us to determine
the most stable conformation they can assume in relation to the car-
bonyl group and their potential as NO releasing compounds.

The compounds showed in solvents of different dielectric constants
(CCl4, CH3Cl and CH3CN) only one band in the carbonyl region in most
cases. We carried out the conformational search for the studied com-
pounds and stable conformations geometries were theoretically opti-
mized using the B3LYP/DFT/G-6311+ (2df, 2p) basis set. Results
obtained in the IR analysis were compared with the theoretical data
showing good agreement with experimental results in CCl4 for isolated
molecules. Calculations of orbital interactions using the method of Nat-
ural Bond Orbital (NBO) showed no electronic interactions capable of
stabilizing the SNO-ESTERS conformations, potentially enhancing their
ability in releasing NO.

2. Materials and Methods

2.1. S‑Nitrosothiols Synthesis

S‑Nitrosothiols (R1–R3) were prepared using themethod presented
in Scheme 1. The reaction of intermediate 2, obtained from the reaction
of compound 1 with potassium thioacetate (KSAc) in acetone, for 2 h
with reflux and with excess of LiAlH4, led to the total reduction of the
thioacetate group (-SAc) to thiol (-SH), along with the reduction of
the ester group to alcohol (3). The S‑nitrosylation reaction using
t‑butylnitrite (t-BuONO) led to the intermediate 4, which underwent
coupling with the carboxylic acids chlorides, precursors of the com-
pounds of interest. All S‑nitrosothiols, R1–R3, were obtained in moder-
ate to good yields (45–60%) [23].

Each compound was purified by column chromatography on silica
gel using hexane/ethyl acetate as eluent. The structures of all com-
pounds were determined by 1H NMR, 13C NMR, MS (ESI) and IR
(Supporting information).

Compounds R1–R3 are stable green oils at room temperature for
more than one month. Compounds should be kept in closed vials and
protected from light.

2.2. Infrared Spectroscopy

Infrared measurements on the solutions were performed using the
FT-IR Michelson Bomem™MB100 spectrometer, with 1.0 cm−1 resolu-
tion, between 4000 and 600 cm−1. The solutions were properly pre-
pared with 0.02 mol·L−1 concentration in CCl4, CH3Cl, and CH3CN. For
the measurements of carbonyl stretch band, we used NaCl cell with a
0.5 mm optical path. The determinations in the first harmonic region
were obtained in a quartz cell with 1.0 cm optical path in CCl4. We
used the GRAMS/4.04 program for analyzing the bands [24]. The popu-
lation of conformers was estimated from themaximum of each compo-
nent of the resolved carbonyl doublet or triplet. The population of
conformers was expressed as a percentage of the absorbance, assuming
equimolar absorptivity coefficients for the referred conformers.

2.3. Computational Methods

Calculations were obtained using the Gaussian 09 program [25], in
Linux environment, 64-bits Ubuntu, with three servers, two of which
contained 16 processors in two Intel® Xeon eight-core E5-26770
sockets of 2.6 GHz, 128 GB RAM, and 9-TB disk, while the other
contained two Intel® Xeon® six-core 5560 sockets, 12 processors
with 96 GB of RAM, and 3-TB disk.



Reagents and condi�ons: (a) 2eq. KSAc, Acetone, 2 (96%); (b) 3eq LiAlH4, THF, Ar, 1h, 3 (72%); (c) t-
BuONO, DCM; 10 min; 4 (90%) (d) A-C, SOCl2, CH2Cl2, 24h, 1eq.; (R1(a: 58%; b: 45%; c: 55%), R2: 60%; 
R3:55%).

Scheme 1. Synthesis of S‑nitrosothiols a–d.
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The representations of the molecular structures were plotted in the
Gaussview [26] and ChemCraft [27] visualization programs.

We used themethod based on the density functional theory (DFT) to
investigate the conformational changes, with the help of the functional
hybrid B3LYP [28–30] and the standard 6-311+G (2df,2p) basis set. The
calculations of orbital interactions were obtained in NBO 3.1 [31].
Table 1
Frequencies (ν, cm−1) and intensity ratios of carbonyl stretching bands in the
infrared spectrum for the compounds S‑nitrosothiols 2‑methyl‑2‑(nitrososulfanyl)
propyl‑phenylacetate‑para‑substituted R1 (X = H, OMe and Cl),
2‑methyl‑2‑(nitrosothio)‑propyl‑2‑(4‑isobutylphenyl)propanoate (derivative of ibupro-
fen) R2 and 2‑methyl‑2‑(nitrosothio)propyl‑2‑(6‑methoxynaphthalen‑2‑yl)propanoate
(derivative of naproxen) R3, in solvents of increasing polarity.

Comp. Y CCl4 CCl4 CHCl3 CH3CN

νa
CO Pb 2νc

CO Pb νa
CO Pb νa

CO Pb

R1 OMe 1742 78 3463 70 1735 100 1738 100
1755 22 3484 30 – – – –

H – – – – 1703 8 1724 16
1745 100 3469 100 1736 92 1738 84

Cl 1748 100 3407 100 1739 100 1742 100
– – – – – – – –

R2 – – – – 1720 19 1726 13
1743 100 3465 100 1734 81 1737 87

R3 1742 100 3464 100 1732 100 1736 100
3. Results and Discussion

3.1. Infrared Spectroscopy Analysis

In the literaturewe found that the conformational analysis of various
4′‑substituted‑2‑ethylthio‑phenylacetate compounds, was performed
using IR spectroscopic analysis of the νCO. Experimental data was sup-
ported by B3LYP/6-31G (d,p) and NBO calculations [22]. The computa-
tional results predict the presence of three gauche conformers,
defined by the orientation of the C\\S bondwith respect to the carbonyl
group, whose intensities and νCO frequencies are in agreement with the
experimental results. NBO analysis suggests that all the conformers are
stabilized to the same extent in the gauche conformation via σC\\S →
π*CO and πCO → σ*C\\S orbital interactions. The different stability can
be attributed to the geometrical arrangement of the C(O)\\
CH2\\S\\CH2\\CH3. In the present study we applied the same strategy,
combining experimental with computational methods.

Table 1 shows the frequencies and relative intensities of the carbonyl
stretching bands of the S‑nitrosothiols 2‑methyl‑2‑(nitrososulfanyl)
propyl‑phenylacetate‑para‑substituted R1 (X = H, OMe and Cl),
2‑methyl‑2‑(nitrosothio)‑propyl‑2‑(4‑isobutylphenyl)propanoate (de-
rivative of ibuprofen) R2 and 2‑methyl‑2‑(nitrosothio)
propyl‑2‑(6‑methoxynaphthalen‑2‑yl)propanoate (derivative of
naproxen)R3. Bands were analytically solved in fundamental transition
νC_O, in solvents of increasing polarity (CCl4 ε = 2.22; CHCl3 ε = 4.7;
and CH3CN ε = 35.68), and in the first harmonic region in CCl4.

Thematching between the carbonyl profiles in the fundamental and
the first overtone region (the latter was measured at the frequency
twice that of the fundamental minus two times the mechanical
anharmonicity) indicates the existence of any vibrational effect on the
fundamental transition of the νCO mode [32]. Additionally, they pre-
sented one single band in the spectrum-mentioned regions, except for
the R1 (X = OMe) compound, which presented two bands, as shown
in Figs. 1 and 2 (the analysis of the stretching bands for the other com-
pounds investigated is available in the Supporting information).
Analysis of νCO in solution determines the different conformations
assumed by the compounds [20,21]. TheνCO and the apparentmolar ab-
sorptivities reported for some thio‑estheres, α‑(alkylthio)‑thioacetates,
thiopropionate and thioisobutyrate, indicated the presence of rotamers.
These effects were also observed with the SNO-ESTERS analyzed in the
present study.

The R1 (X = Cl) and R3 compounds (naproxen derivative) pre-
sented only one band in all solvents. However, for R1 (X = H) and R2
(ibuprofen derivative), two bands with increased polarity appeared,
which suggests that a possible conformation could be stabilized in
higher polarity solvents, CHCl3 and CH3CN. The highest-frequency
band observed in the spectrum of R1 (X = OMe) disappeared in more
polar solvents (CHCl3 and CH3CN).

3.2. Theoretical Calculations

A conformational search was performed for the R1–R3 compounds
to identify the most stable conformations that they can assume.

In order to guarantee that no degree of freedom of the studied mol-
ecules was neglected, we performed a double scan, in which the two di-
hedral angles were taken into account, as they are considered to have
the greatest influence on the conformations of this series of compounds
in relation to the carbonyl group. We used the Gaussian 09 program to



Fig. 1. IR analytically resolved carbonyl stretching bands of 2‑(‑4‑isobutylphenyl) propanoate of 2‑methyl‑2‑(nitrosothiol) propyl R2, ibuprofen derivative, in carbon tetrachloride [(a) first
overtone and (b) fundamental)], chloroform (c) and acetonitrile (d).
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obtain the potential energy surface (PES) graphics related to the energy
of the conformer population as a function of the rotational motions
employed in the two highlighted dihedral angles (Fig. 3).

The dihedral angles SC1 = C1\\C2\\C3\\O4 and SC2 =
C3\\O5\\C6\\C7 were increased by steps of 10° until 360°, keeping
the C2\\C3 and O5\\C6 bonds' fixed, using the semi-empiric AM1
method [33,34]. This process yielded the surface graphics of the com-
pounds presented in Fig. 4.

The calculations for the minimum global and local conformations in
terms of the dihedral angleα=C1\\C2\\C3\\O4 (Fig. 5) disclosed one
preferential conformation for all the studied compoundsR1–R3. Several
Fig. 2. IR analytically resolved carbonyl stretching bands of 2‑(4‑methoxyphenylacetate) of 2‑m
(b) fundamental)], chloroform (c) and acetonitrile (d).
surface geometries were selected and all were found to converge to this
conformation in relation to α, and there was no significant change for
any other angle.

The geometry data (the relative Gibbs free energy, relative popula-
tions, dipole moments, carbonyl and nitroso stretching frequencies,
and dihedral angles) at the B3LYP/6-311+G (2df,2dp) level of theory
are reported in Table 2 and Fig. 6 and are taken as representatives for
the whole series of compounds. The calculation results for compounds
R1–R3 suggest the presence of one stable anti-clinal (ac) conformer in
vacuum, with α dihedral angle (O_C\\C\\Ar) varying between 83
and 85°.
ethyl‑2‑(nitrosothiol) propyl R1 (X=OMe) in carbon tetrachloride [(a) first overtone and



Fig. 3. Selected dihedral angles in conformational search, SC1 = C1\\C2\\C3\\O4 and SC2 = C3\\O5\\C6\\C7 in relation to carbonyl group, for the R1–R3 compounds.
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The geometry data obtained through the theoretical calculations
agreed with the experimental results obtained from the IR spectra in
CCl4 for all the compounds. One carbonyl stretching bandwas observed
for all the studied compounds, except for the R1 (X=OMe) compound,
which had two bands, both in the fundamental and the first harmonic
region.

Table 3 displays the atomic charge values, positive and negative, for
each atom and Table 4 shows the relevant interatomic distances and the
sum of the corresponding van der Waals radii.

On examining thedata presented in Tables 3 and4 regarding the sta-
ble conformers for R1 (X=H, OMe, and Cl), R2, and R3, we noticed the
Fig. 4. Energy surface graphics as a function of the rotation of SC1 = C1\\C2\\C3\\O4 and SC2
compounds.
occurrence of 4–5 electrostatic and charge transfer (intramolecular hy-
drogen bonds) interactions between the negative oxygen atoms in the
carbonyl and the ester groups, and the adjacent hydrogen atoms re-
sponsible for the stability of these conformations. The intramolecular
hydrogen bonds are shown in Fig. 7.

Since all the compounds converged towards one single stable con-
formation with ac geometry in relation to theα dihedral, we calculated
the preferential conformation for the R\\SNO group by running a single
scan (in AM1) around the dihedral angle C(1)\\S(2)\\N(3)_O(4). The
starting geometries used were the ones found for the global minimums
of the R1–R3 compounds in relation to the carbonyl group, rotating the
=C3\\O5\\C6\\C7 dihedral angles, optimized at AM1 semi-empirical level, for the R1–R3



Fig. 5. The α = C1\\C2\\C3\\O4 dihedral angle.
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angle through steps of 10° until 360°, keeping the S2\\N3 bond fixed
(Fig. 8). All the compounds presented the same behavior, yielding a
graph of energy as a function of rotation.

Fig. 9 shows the plot of energy as a function of the dihedral angle se-
lected for the R1 (X= OMe) compound. The minima had their geome-
try optimized using DFT calculations using the B3LYP hybrid functional
and the set of standard 6-311+G (2df, 2p) basis set. These findings are
presented in Table 5. There were no significant changes in the values
of the dihedral angles obtained in relation to the values presented in
Table 2.

As described previously [35], the S\\NO bond has a significant
double-bond character owing to the delocalization of the sulfur atom
electron pair in the nitroso group. This produces two possible conforma-
tions, syn (cis) and anti (trans), which may not directly interfere in the
carbonyl bond stretching due to the distance from the S\\NO group.
Thus, it is possible to observe a conformational equilibrium between
syn (cis) and anti (trans) conformations with different populations,
without any direct influence on the carbonyl bond stretching.

Nevertheless, for all the R1–R3 compounds, we found that the
R\\S\\NO group tended to assume the trans (anti) conformation, with
an energy difference of ~5 kcal·mol−1 compared to the cis (syn)
conformation.

In contrast to previous statements, the ratio between the cis (syn)
and the trans (anti) conformers is not directly related to the steric effect
of the methyl groups on the carbon‑α, [3,6] but this ratio results from
the balance of opposing interactions in the cis (syn) conformation,
namely, the repulsive interaction between the sulfur and the nitrogen
lone pairs and the stabilizing contribution of a C(α)\\H⋯O hydrogen
bond.
Table 2
Relative free energy (kcal mol−1), relative population (%), calculated stretching band (νC_O an
conformers of para-substituted 2‑methyl‑2‑(nitrosothiol)propyl‑phenylacetates para-substitut
DFT-B3LYP/6-311+G (2df,2p) level of theory.

Comp. X Conf. Ea Pb νC_O νN_O μ/D Dihedral angles/°c

α β γ

R1 OMe ac 0 100 1790 1635 4.12 94.84 −84.02 178.08
H ac 0 100 1792 1636 3.84 −93.32 85.62 −177.88
Cl ac 0 100 1788 1639 2.86 96.17 −82.63 177.70

R2 ac 0 100 1786 1628 3.92 93.93 −84.99 177.94
R3 ac 0 100 1784 1635 4.71 95.28 −83.53 176.66

a The relative free Gibbs energy (relative electronic energy plus ZPE correction).
b The relative population is reported as a percentage.
c α=C(1)\\C(2)\\C(3)\\O(4);β=C(1)\\C(2)\\C(3)\\O(5);γ=C(2)\\C(3)\\O(5)\\C(6); δ

= O(5)\\C(6)\\C(7)\\C(9); φ = O(5)\\C(6)\\C(7)\\S(10);Ψ = C(7)\\S(10)\\N(13)\\O(14);
This theoretical approach entirely relies on the analysis of the elec-
tron density and its corresponding reduced gradient, and it was already
successfully used to detect both intra- and intermolecular interactions.
These interactions correspond to low-value peaks of the reduced den-
sity gradient occurring at low values of the electron density, and they
can be visualized in real space plotting proper low-value reduced gradi-
ent isosurfaces [36].

In our study, the values found in the theoretical calculations for the
size of S\\N bonds for the R1–R3 compounds, ranging from 1.62 to
1.82 Å, are showed in Table 4. The reliability and accuracy of the DFT
methods to obtain optimized structures and the homolytic breakdown
energy of S\\N bonds to yield NO of a range of S‑nitrosothiols, has
been investigated. Among all methods considered, optimized S\\N
bond lengths are found to be highly dependent on the basis set being
employed. In general, it has been found that the length of the S\\N
bond ranging from 1.8 to 1.9 Awere stabilized for the hyper conjugative
interactions [37].

Interestingly, were reported the high-resolution crystal structure
determination of an S‑nitroso‑cysteine derivative. Given the importance
of S‑nitrosation of cysteine residues in biology, the knowledge of the
solid-state conformations of the S‑nitroso‑L‑cysteine group allow for
more complete predictions of the conformations of S‑nitroso‑L‑cysteinyl
groups in nitrosated peptides and biomolecules. [38]Were observed the
S\\N bond lengths of the major occupancy rotamer of 1.745–1.781 Å
range [39].

Our findings are in agreement with those described by Meyer et al.
[37] and we can suggest that hyper conjugative interactions may ex-
plain the relative stability of the R1–R3 compounds. Nevertheless, the
relative stability of the R1–R3 compounds does not preclude their abil-
ity as potential NO donors.

Themost stable trans (anti) conformations of R1–R3were then sub-
jected to the NBO calculation and Tables 6 and 7 presents all the orbital
interactions with energy above 2 kcal·mol−1. The highest energy value
of the orbital interactions for the compounds of the R1–R3 series re-
ferred to the aromatic ring. However, these values were not listed be-
cause high values for these interactions were expected.

The ac conformers of theR1–R3 compoundswere stabilized to about
the same extent by the strong nO(COC) → π(CO)∗ and nO(co)→ σ(C\\O)

∗ inter-
actions (ca. 47 kcal·mol−1 and 35 kcal·mol−1, respectively) as a conse-
quence of the suitable symmetry exhibited by the oxygens lone pairs of
the carbonyl and ester groups.

Work of Khomyakov and Timerghazin reported accurate ab initio
calculations of the structure and properties of S‑nitrosothiols. [40] It is
interesting to consider that exist a relation between the antagonistic
d νN_O, cm−1), dipole moment (μ/D), and selected dihedral angles (deg) for the different
ed R1 (X = H, OMe, and Cl), and the derivatives of ibuprofen R2 and naproxen R3, at the

δ ε ϕ ω φ Ψ α′ β′

−116.19 0.90 −59.90 65.09 102.37 179.94 – –
121.46 1.08 60.30 −64.74 177.81 179.93 – –
172.72 1.19 −61.05 64.02 −178.48 179.78 – –
−117.01 1.00 −58.58 66.12 179.95 179.96 30.95 150.11
−175.39 −2.18 −61.91 63.10 −179.38 178.92 −29.51 151.66

=C(3)\\O(5)\\C(6)\\C(7); ε=O(4)\\C(3)\\O(5)\\C(6);ϕ=O(5)\\C(6)\\C(7)\\C(8);ω
α′ = C(15)\\C(2)\\C(3)\\O(4); β′ = C(15)\\C(2)\\C(3)\\O(5).



Fig. 6. Optimized geometric representation, at B3LYP/6-311+G(2df,2p) level, for ac conformers of the R1–R3 compounds.
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nature and the multireference character of the R\\SNO group. The cal-
culated S\\N bond length in the cis-trans interconversion shows as the
S\\N bond loses its double-bond character, to support the hypothesis
that connects the ionic component RS−/NO+ and the multi-reference
character of the R\\SNO group. Since the unusual electronic structure
of the R\\SNO group likely plays a defining role in the biological
Table 3
Charge ofMuliken (e) of selected atoms obtained at DFT-B3LYP/6-311+G (2df,2p) level for the
and the derivatives of ibuprofen R2 and naproxen R3 (the minus sign indicates excess of nega

Comp. X Conf. C1 C2 C3 O4

R1 OMe ac 0.70 −0.141 0.14 −0.34
H ac 0.86 −0.26 0.13 −0.34
Cl ac 0.49 −0.28 0.11 −0.33

R2 ac 0.49 0.50 0.55 −0.16
R3 ac 0.39 0.63 −0.27 −0.32
reactivity of S‑nitrosothiols, further investigations in this direction are
warranted.

Controversies remain on the nature of the S\\N bonds in RSNO com-
pounds. On one hand, quite high rotation barriers were observed for the
syn/anti interconversion, suggesting a partial S\\Ndouble-bond charac-
ter [41]. On the other hand, the computed homolytic dissociation
2‑methyl‑2‑(nitrosothiol)propyl‑phenylacetates‑para-substitutedR1 (X=H, OMe and Cl),
tive charge).

O5 C6 C7 S N O

−0.05 −0.20 1.16 −0.319 −0.11 0.02
−0.05 −0.22 1.11 −0.33 0.12 0.022
−0.05 −0.336 1.05 −034 −0.11 0.02
−0.03 −0.33 −0.47 1.15 −0.26 0.02
−0.03 −0.28 1.08 −0.34 −0.11 0.02



Table 4
Selected interatomic distances (Å) (intramolecular hydrogen bonds) and r(S\\N) bond (Å) at DFT-B3LYP/6-311+G(2df,2p) level of 2‑methyl‑2‑(nitrosothiol)propyl‑phenylacetates‑para-
substituted R1 (X = H, OMe and Cl) and the derivatives of ibuprofen R2 and naproxen R3 (sum of van der Waals radii O⋯H = 2.72 Å).
Comp. X Conf. Interatomic Distances (Å) r(S-N)

O4...H2 O4...H6 O4...H11 O4...H12 O5...H2 O5...H8 O5...H9

R1 OMe ac 2.56 2.26 - 3.10 2.47 2.62 2.70 1.74
H ac 2.56 2.25 - 3.11 2.47 2.62 2.68 1.84
Cl ac 2.56 2.56/2.69 - 3.07 2.49 2.61 2.59 1.73

R2 ac) 3.20 2.26 2.85 4.87 2.40 2.61 2.70 1.82
R3 ac 3.20 2.58/2.67 2.81 4.92 2.42 2.59 2.60 1.62

Fig. 7.Molecular graphs for the ac conformers of the compounds R1–R3, showing electrostatic and charge transfer (intramolecular hydrogen bonds) interactions between the negative
oxygen atoms in the carbonyl and the ester groups and the adjacent hydrogen atoms.
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energy, typically 30 kcal mol−1, suggested that this bond is relatively
weak. This fact may be related with its photo degradation and also
with the formation of NO by products. Although it is commonly ac-
cepted that S‑nitrosothiols decompose under formation of the
Fig. 8. Selected dihedral angles in the conformational search of the preferential
conformation of the S‑nitrosothiol group C(1)\\S(2)\\N(3)_O(4).
corresponding disulfides and NO by a unimolecular hemolytic scission
of the S\\N bond [41].

The NBO results also revealed that the nO(NO) → σ(S\\N)
∗ hyper

conjugative interaction (40–44 kcal·mol−1) is quite effective, weaken-
ing the σ bond and resulting in an increase of S\\N bond length in the
S‑nitrosothiol derivatives. The strong nS → π(NO)∗ delocalization (20–-
28 kcal·mol−1), induces a partial π character to the S\\N bond. The
weak σS\\N bond indicates strong delocalization of the electron pair in
O(NO) due to the nO(NO)→ σ(S\\N)

∗ interaction, responsible for the elonga-
tion of the S\\Nbond,which in turn increases the capacity of NO release
by the compounds R1–R3. The nO(NO)→ σ(S\\N)

∗ hyper conjugative inter-
action calculated for the R1 (X = OMe) compound is presented in
Fig. 10.

The photoelectron spectrum of a thionitrite species in the gas phase
wasmeasured and interpretedwith the help of electron propagator cal-
culations at the OVGF/6-311+G(2df) level of approximation. The elec-
tronic structure in the valence region of (CH3)3CSNO was



Fig. 9. Energy surface graphics as a function of the rotation of C(1)\\S(2)\\N(3)_O(4) dihedral angles of the R1 (X = OMe) compound.

140 M.M. Reginato et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 207 (2019) 132–142
characterized by ionizations of electrons formally located at the
thionitrite moiety [42]. The energy bands observed in the spectrum
were associated with ionization processes from the outermost nπ(S)

(HOMO), n(O) and π(N_O) orbitals, respectively. The S 2p absorption
spectra is explained in terms of different LUMO orbitals, namely σ*
(S\\N) and π*(NO).

The biological and potential pharmacological activities of
S‑nitrosothiols are not circumscribed to their capacity to release NO.
S‑Nitrosothiols may decompose to form NO− which under certain con-
ditions, generate peroxynitrite-ONOO− and nitrous acid–HNO2

(reviewed in [43]). Another important aspect of the complex chemistry
of S‑nitrosothiols is their capacity to transfer nitrosonium–NO+ to cellu-
lar thiols, in a process known as transnitrosation [44]. The
transnitrosation reactions ofR1–R3 SNO-ESTERS are currently under in-
vestigation in our laboratory.

4. Conclusion

We have examined the relationship between the structure and sta-
bility of the R1–R3 SNO-ESTERS. A thorough study of their conforma-
tional preferences showed that, the trans (anti) conformers of the
S\\NO bond are prevalent for all compounds studied.

Combined analysis of experimental and theoretical data demon-
strated that R1–R3 S‑nitrosothiols showed a preferential anti-clinal con-
formation in relation to the carbonyl group.

TheNBOanalysis showed that the nO(NO)→σ(S\\N)
∗ hyper conjugative

interaction is quite effective inweakening theσ bond, which leads to an
Table 5
Calculated and experimental stretching (νN_O, cm−1), dipolemoment (μ/D) and selected dihed
of the anti clinal conformermost stable for 2‑methyl‑2‑(nitrosothiol)propyl‑phenylacetates‑para
at the DFT-B3LYP/6-311+G (2df,2p) level of theory.
Comp. X Conf. νN=O (calc.) νN=O

(exp,)
μ/D α β Dihedr

γ

R1 OMe trans 1635 1637 4.12 94.84 -84.02 178.08
H trans 1636 1635 3.84 -93.32 85.62 -177.88
Cl trans 1639 1636 2.86 96.17 -82.63 177.70

R2 trans 1628 1634 3.92 93.93 -84.99 177.94
R3 trans 1635 1632 4.71 95.28 -83.53 176.66

aα=C(1)\\C(2)\\C(3)\\O(4);β=C(1)\\C(2)\\C(3)\\O(5); γ=C(2)\\C(3)\\O(5)\\C(6); δ=
O(5)\\C(6)\\C(7)\\C(9); φ = O(5)\\C(6)\\C(7)\\S(10); Ψ = C(7)\\S(10)\\N(13)\\O(14); α′
increase in the S\\N bond length in S‑nitrosothiols. The strong nS →
π(NO)∗ delocalization induces a partial π character to the S\\N bond.
The nO(NO) → σ(S\\N)

∗ interaction, responsible for the elongation of the
S\\N bond, increases the capacity of NO release by all the R1–R3
compounds.

Themain goal of the present study was to get insights into the SNO-
ESTERS structure, stability, reactivity, and their capacity to release NO.
Such information will lead us to propose the synthesis of new SNO-
ESTERS characterized by enhanced anti-inflammatory actions without
the well characterized harmful side effects. In particular, we believe
that a detailed analysis of inter- and intra-molecular interactions in
which the different S‑nitrosothiols are involved will be of fundamental
importance to propose suitable pharmacophore descriptors that will
drive the design of new potential drugs.
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ral angles (deg) for trans conformers, in relation to C\\S\\N\\O (Ψ) dihedral angle rotation,
-substitutedR1 (X=H,OMe and Cl) and the derivatives of ibuprofenR2 and naproxenR3,

al Angles /o a

δ ε ϕ ω φ Ψ α’ β’

-116.19 0.90 -59.90 65.09 102.37 179.94 - -
121.46 1.08 60.30 -64.74 177.81 179.93
172.72 1.19 -61.05 64.02 -178.48 179.78
-117.01 1.00 -58.58 66.12 179.95 179.96 30.95 150.11
-175.39 -2.18 -61.91 63.10 -179.38 178.92 -29.51 151.66

C(3)\\O(5)\\C(6)\\C(7); ε=O(4)\\C(3)\\O(5)\\C(6);ϕ=O(5)\\C(6)\\C(7)\\C(8);ω=
= C(15)\\C(2)\\C(3)\\O(4); β′ = C(15)\\C(2)\\C(3)\\O(5).



Table 6
Energy of electronic interactions calculated by theNatural BondOrbitalmethod (kcal·mol−1), for the para-substituted 2‑methyl‑2‑(nitrosothiol)propyl‑phenylacetatesR1 (X=H,OMe and Cl).
X=OMe X=H X=Cl

Interaction E Interaction sOrbitalares E Interaction E

σC(3)-C(11)→π⁎C(14)-O(15) 3.29 πC(3)-C(4)→σ⁎C(12)-O(15) 3.32 σC(11)-H(12)→σ⁎C(14)-O(16) 3.84
σC(4)-C(5)→σ⁎C(3)-C(11) 3.64 σC(3)-C(12)→π⁎C(15)-O(16) 3.32 σC(11)-H(13)→σ⁎C(3)-C(4) 4.12
πC(11)-H(12)→π⁎C(14)-O(16) 3.86 σC(3)-H(13)→σ⁎C(15)-O(16) 3.63 σC(11)-H(13)→σ⁎C(14)-O(15) 3.54
πC(11)-H(13)→π⁎C(14)-O(15) 3.56 σC(3)-H(13)→π⁎C(15)-O(16) 2.37 σC(11)-H(13)→π⁎C(14)-O(15) 2.40
σC(11)-C(14)→σ⁎O(16)-C(17) 4.20 σC(12)-H(14)→π⁎C(3)-C(4) 2.12 σC(11)-C(14)→π⁎C(2)-C(3) 2.34
σO(16)-C(17)→σ⁎C(11)-C(14) 2.12 σC(12)-H(14)→σ⁎C(15)-O(17) 3.73 σC(11)-C(14)→σ⁎O(16)-C(18) 4.12
σC(20)-S(34)→σ⁎O(16)-C(17) 4.79 σC(12)-C(15)→π⁎C(3)-C(4) 2.47 σO(16)-C(18)→σ⁎C(11)-C(14) 2.33
σC(21)-H(22)→σ⁎C(20)-C(25) 3.82 σC(12)-C(15)→σ⁎O(17)-C(18) 4.21 σO(16)-C(18)→σ⁎C(21)-S(30 2.16
σC(21)-H(23)→σ⁎C(20)-S(34) 5.62 σC(21)-S(30)→σ⁎C(22)-H(23) 2.45 σO(16)-H(19)→σ⁎C(21)-C(26) 3.67
σC(21)-H(24)→σ⁎C(17)-C(20) 3.76 σC(21)-S(30)→σ⁎C(26)-H(29) 2.45 σC(21)-S(30)→σ⁎O(16)-C(18) 4.77
σC(25)-H(28)→σ⁎C(20)-S(34) 5.63 σC(22)-H(23)→σ⁎C(21)-S(30) 5.62 σC(21)-S(30)→σ⁎C(22)-H(24) 2.43
η1 O(15)→ σ⁎C(11)-C(14) 2.34 σC(22)-H(25)→σ⁎C(21)-C(26) 3.86 σC(21)-S(30)→σ⁎C(26)-H(29) 2.45
η2 O(15)→ σ⁎C(11)-C(14) 18.56 σC(26)-H(27)→σ⁎C(21)-C(22) 3.83 σC(22)-H(23)→σ⁎C(18)-C(21) 3.80
η2 O(15)→ σ⁎C(14)-O(16) 35.42 σC(26)-H(28)→σ⁎C(18)-C(21) 3.77 σC(22)-H(24)→σ⁎C(21)-S(30) 5.62
η1 O(16)→ σ⁎C(14)-O(15) 8.36 σC(26)-H(29)→σ⁎C(21)-S(30) 5.60 σC(26)-H(29)→σ⁎C(21)-S(30) 5.56
η2 O(16)→ π⁎C(14)-O(15) 47.06 η1 O(16)→ σ⁎C(12)-C(15) 2.32 η1 O(15)→ σ⁎C(11)-C(14) 2.36
η2 O(16)→ σ⁎C(17)-C(20) 3.60 η2 O(16)→ σ⁎C(12)-C(15) 18.69 η2 O(15)→ σ⁎C(11)-C(14) 18.85
η2 S(34)→ σ⁎C(20)-C(25) 3.00 η2 O(16)→ σ⁎C(15)-O(17) 35.74 η2 O(15)→ σ⁎C(14)-O(16) 35.18
η2 S(34)→ π⁎N(35)-O(36) 28.63 η1 O(17)→ σ⁎C(18)-H(20) 2.75 η1 O(16)→ σ⁎C(14)-O(15) 7.80
η2O(36)→ σ⁎S(34)-O(N35) 43.40 η2 O(17)→ π⁎C(15)-O(16) 47.42 η2 O(16)→ π⁎C(14)-O(15) 48.86

η2 O(17)→ σ⁎C(18)-H(19) 4.01 η2 O(16)→ σ⁎C(18)-H(19) 4.15
η2 S(30)→ σ⁎C(21)-C(22) 3.00 η2 S(30)→ σ⁎C(21)-C(22) 2.98
η2 S(30)→ σ⁎N(31)-O(32) 28.21 η2 S(30)→ σ⁎C(21)-C(26) 2.97
η2 O(32)→ σ⁎S(30)-N(31) 43.60 η2 S(30)→ σ⁎N(31)-O(32) 20.61

η2 O(32)→ σ⁎S(30)-N(41) 44.06Σ 234.66 Σ 238.49 Σ 230.97

Table 7
Energy of electronic interactions calculated by the Natural Bond Orbital method (kcal·mol−1), for the derivatives of ibuprofen R2 and naproxen R3.
R2 R3

Interaction E Interaction E

σC(3)-C(11)→σ⁎C(13)-O(14) 3.05 σC(13)-C(17)→π⁎C(23)-O(25) 3.24
σC(11)-H(12)→σ⁎C(13)-O(14) 3.69 σC(14)-H(16)→σ⁎C(10)-C(13) 4.01
σC(11)-H(12)→π⁎C(13)-O(14) 2.74 σC(17)-H(18)→σ⁎C(13)-C(14) 4.63
σC(11)-H(12)→σ⁎C(16)-H(18) 2.61 σC(17)-H(18)→σ⁎C(23)-O(25) 3.67
σC(16)-H(17)→σ⁎C(3)-C(11) 3.20 σO(24)-C(31)→σ⁎C(17)-C(23) 2.21
σC(33)-H(34)→σ⁎C(36)-C(41) 3.76 σC(27)-H(28)→σ⁎C(1)-O(26) 3.51
σC(33)-H(35)→σ⁎C(36)-C(37) 3.70 σC(34)-S(43)→σ⁎O(24)-C(31) 4.68
σC(36)-S(45)→σ⁎O(15)-C(33) 4.06 σC(34)-S(43)→σ⁎C(35)-H(37) 2.25
σC(36)-S(45)→σ⁎C(37)-H(48) 2.35 σC(35)-H(37)→σ⁎C(34)-S(43) 5.57
σC(36)-S(45)→σ⁎C(41)-H(42) 2.86 σC(35)-H(38)→σ⁎C(31)-C(34) 3.78
σC(37)-H(38)→σ⁎C(36)-S(45) 5.69 σC(39)-H(40)→σ⁎C(34)-C(35) 3.88
σC(37)-H(39)→σ⁎C(33)-C(36) 3.79 σC(39)-H(41)→σ⁎C(31)-C(34) 3.78
σC(37)-H(40)→σ⁎C(36)-C(41) 3.80 σC(39)-H(42)→σ⁎C(34)-S(43) 5.62
σC(41)-H(42)→σ⁎C(36)-S(45) 4.68 η1 O(24)→ σ⁎C(23)-O(25) 7.79
σC(41)-H(43)→σ⁎C(36)-C(47) 3.64 η2 O(24)→ π⁎C(23)-O(25) 47.05
σC(41)-H(43)→σ⁎C(33)-C(36) 3.61 η2 O(24)→ σ⁎C(31)-H(32) 4.31
η2 O(14)→ σ⁎C(11)-C(13) 18.97 η2 O(24)→ σ⁎C(31)-H(33) 5.06
η2 O(14)→ σ⁎C(13)-O(15) 35.12 η1 O(25)→ σ⁎C(17)-C(23) 2.21
η1 O(15)→ σ⁎C(13)-O(14) 8.67 η2 O(25)→ σ⁎C(17)-C(23) 18.54
η2 O(15)→ π⁎C(13)-O(14) 46.39 η2 O(25)→ σ⁎C(23)-O(24) 34.57
η2 O(15)→ σ⁎C(13)-O(14) 3.50 η2 S(43)→ σ⁎C(34)-C(35) 2.97
η2 O(15)→ σ⁎C(33)-C(36) 3.56 η2 S(43)→ σ⁎C(34)-C(35) 2.96
η2 S(45)→ σ⁎C(33)-C(36) 3.05 η2 O(45)→ σ⁎S(43)-N(44) 40.60
η2 S(45)→ π⁎N(46)-O(47) 24.00
η2 O(47)→ π⁎C(45)-N(46) 41.95Σ 242.44 Σ 216.89
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Fig. 10. nO(N\\O) → σ(S\\N)
∗ orbital interactions, with a 43.40 kcal·mol−1 contribution,

responsible for the elongation of the S\\N bond in the R1 (X = OMe) compound.
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Appendix A. Supplementary Data

The following are the supplementary data related to this article:
Analysis of the stretching bands of all the investigated compounds, ex-
perimental procedures, chromatograms, spectral and characterization
data. Supplementary data to this article can be found online at https://
doi.org/10.1016/j.saa.2018.09.020.
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