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On the possible biological relevance of HSNO 

isomers: A computational investigation 

Lena V. Ivanova,a Becka J. Anton,b,a and Qadir K. Timerghazin*a  

Thionitrous acid HSNO, the smallest S-nitrosothiol, has been identified as a potential biologi-
cally active molecule that connects the biochemistries of two important gasotransmitters, nitric 
oxide NO and hydrogen sulfide H2S. Here, we computationally explore possible isomerization 
reactions of HSNO that may occur at physiological conditions using high-level coupled-cluster 
as well as density functional theory and composite CBS-QB3 methodology calculations. Gas-
phase calculations show that formation of the tautomeric form HONS and the Y-isomer 
SN(H)O is thermodynamically feasible, as they are energetically close, within ~6 kcal/mol, to 
HSNO, while the recently proposed three-membered ring isomer is not thermodynamically or 
kinetically accessible. Although the gas-phase intramolecular proton-transfer reactions re-
quired for HSNO isomerization into HONS and SN(H)O are predicted to have prohibitively 
high, 30–50 kcal/mol, reaction barriers, polar aqueous environment and assistance by water 
molecules should decrease these barriers to ~9 kcal/mol, which makes these two isomers kinet-
ically accessible at physiological conditions. Our calculations also support a possibility of an 
aqueous reaction between the Y-isomer SN(H)O and H2S leading to biologically active nitroxyl 
HNO. These results suggest that formation of HSNO in biological milieu can lead to various 
derivative species with their own, possibly biologically relevant, activity. 
 

1. Introduction 

S-nitrosothiols (RSNOs)—usually in the form of S-nitrosated 
cysteine residues—play an important biological role being in-
volved in the storage and transport of nitric oxide NO as well as 
in exerting its regulatory function via protein S-nitrosation.1-8 

Until very recently, the smallest RSNO molecule— thionitrous 
acid HSNO—has not been considered as biologically relevant 
species, although it has been observed experimentally as a pho-
tolysis product of its isomer, HNSO, in argon matrix.9-13 How-
ever, recent studies have shown that HSNO could form at phys-
iologically relevant conditions and may act as an important 
intermediate in NO-related biochemical processes.14-16 It has 
been proposed that HSNO could form in reactions between 
hydrogen sulfide H2S and cysteine-based RSNOs, thereby con-
necting biochemistries of the two important biological messen-
gers, H2S and NO.13,15,17,18 If HSNO indeed formed in biologi-
cal milieu, its subsequent reactions may lead to other potential-
ly bioactive small molecules or reactive intermediates.13,17,19 
For instance, King17 has recently hypothesized that cyclic three-
membered ring isomer of HSNO, further referred to as cycl-

SONH, could be produced from HSNO in a stepwise process 
through HONS tautomer (Scheme 1A).  
 This cyclic isomer could then undergo a reaction with H2S 
producing hydrogen disulfide HSSH and HNO (Scheme 1B). 

Thus, cycl-SONH may possibly be involved in formation of the 
elusive endogenous nitroxyl, HNO/NO–, a potent signaling 
molecule of great pharmacological potential.20-22 Unfortunately, 
this intriguing hypothesis is hard to verify experimentally, as 
cycl-SONH and HONS should be difficult to detect. In this 
respect, accurate electronic structure calculations can help to 
assess the likelihood of these HSNO isomers forming at physio-
logical conditions.  

tautomerization
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Scheme 1 Proposed

17
 HSNO isomerization into a cyclic three-membered ring 

isomer cycl-SONH (A) and its subsequent reaction with hydrogen sulfide. 

 Reliable ab initio calculations of HSNO, and RSNOs in 
general, are challenging, as their geometry and energetic prop-
erties are highly dependent on the method and the basis set 
used.23,24 Among ab initio methods, coupled cluster method 
including single, double, and triple excitations, CCSD(T), ap-
pears to be the lowest level of theory able to properly describe 
RSNOs.24,25 The S–N bond properties are particularly sensitive  
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Scheme 2 Calculated HSNO isomerization pathways leading to the cyclic isomer cycl-SONH.  

 
to the level of the electron correlation treatment, which is indic-
ative of a multireference character of the –SNO group.24,26 We 
have previously reported accurate ab initio calculations of 
HSNO at the CCSD(T) level corrected for the effect of quadru-
ple excitations and extrapolated to the complete basis set  limit 
(CBS), with corrections for core-valence electron correlation 
and relativistic effects.24 On the other hand, computational in-
vestigations of HSNO isomers and their interconversion reac-
tions reported in the literature have been performed less sys-
tematically and at lower levels of theory.27-29 Moreover, HSNO 
isomerization reaction transition states (TSs) and corresponding 
barriers calculated in the gas phase may not be relevant for the 
aqueous biological environment, where they are likely to pro-
ceed via water-assisted proton transfer mechanism that signifi-
cantly decreases reaction barriers. However, no water-assisted 
HSNO isomerization reaction studies have been reported so far, 
to the best of our knowledge.   
 Here, we report a computational investigation of the possi-
ble pathways of formation of the three-membered cyclic isomer 
cycl-SONH from HSNO using high-level ab initio coupled 
cluster calculations as well as hybrid density functional theory 
(DFT) and composite CBS-QB3 approaches. First, we use high-
level coupled-cluster calculations at the CCSD(T) level extrap-
olated to the complete basis set limit and corrected for the ef-
fect of quadruple excitations to examine HSNO transformation 
pathways in the gas phase. High-level reference parameters for 
HSNO geometry and the S–N bond dissociation energy report-
ed previously24 have also been updated with improved correc-
tion for the effect of quadruple excitations in the coupled clus-
ter expansion as well as an improved ZPE correction (Figure 1). 
The coupled-cluster reference data have been used to validate 
less computationally expensive CBS-QB3 and DFT methods. 
These methods have been used to investigate the effect of 
aqueous environment on HSNO isomerization reactions, and to 
study the feasibility of HNO formation in the reactions of 
HSNO isomers with hydrogen sulfide.  

2. Computational details  

Ab initio electronic structure calculations were performed with 
the Molpro 2010.1 package30 using coupled cluster method 
with single double and perturbative triple excitations 
CCSD(T).31,32 The CCSD(T) results were further improved 
with coupled cluster calculations with single, double, triple, and 
perturbative quadruple excitations, CCSDT(Q),33 performed 
using MRCC34 code interfaced with CFOUR program.35 Stand-
ard T1 and D1

 diagnostics36,37 were used to estimate the quality 
of single-reference description of the wavefunction. Molecular 
geometry optimizations were performed at the CCSD(T) level 
using numerical gradients. As these calculations are time con-
suming and require significant computational power, the geom-
etry optimizations were performed using DL-FIND38 code us-
ing in-house interface with Molpro and CFOUR to split the 
numerical gradient calculations across the nodes of a computa-
tional cluster. Geometries were optimized with L-BFGS39,40 
method in Cartesian coordinates and transition states were 
found with the partitioned rational functional optimization (P-
RFO)41-44 using delocalized internal coordinates (DLC) with 
total connections (TC).45 The convergence criteria were 4.5×10-

5 and 1.0×10-6 for the component of gradient and energy change 
respectively.  
 A series of Dunning’s augmented correlation consistent 
basis sets,46 aug-cc-pVxZ (x = D, T, Q and 5) were used for all 
elements except sulfur, for which basis sets with additional 
tight d-functions, aug-cc-pV(x+d)Z were employed,47 a combi-
nation abbreviated as AVxZ. Molecular geometries were opti-
mized at the frozen-core CCSD(T) level with AVDZ, AVTZ, 
AVQZ and AV5Z basis sets. Transition state geometries were 
optimized at CCSD(T) level with AVDZ, AVTZ and AVQZ 
basis sets, and single-point energy calculations were performed 
with AV5Z basis set for AVQZ geometries. Extrapolations to 
the complete basis set (CBS) of the energy and molecular ge-
ometry were employed using three slightly different schemes.  
 The first, most accurate extrapolation scheme used, 
CBSTQ5/Q5, form hereon referred to as simply CBS, was applied 
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to molecular geometries and their energetic properties. It uses 
an average of the mixed Gaussian/exponential formula48,49  

 

for AVTZ, AVQZ and AV5Z basis sets (n = 3, 4, 5), and the 
two-parameter extrapolation formula50 

 

for AVQZ and AV5Z (n =4, 5). As the transition state (TS) 
calculations are generally more difficult, TS geometry optimi-
zations were done only up to the AVQZ basis set. In this case, 
two-parameter extrapolation using AVTZ and AVQZ basis sets, 
CBSTQ, was used for geometries and energies. Also, the two-
parameter extrapolation was applied to AVQZ and single-point 
AV5Z energies calculated for AVQZ-optimized geometries, 
denoted as CBSQ5sp. 
 The effect of inclusion of quadruple excitation in the cou-
pled cluster calculations ∆Q was estimated at the frozen core 
CCSDT(Q) level as a difference between the results obtained 
with CCSDT(Q)/cc-pVDZ and CCSD(T)/cc-pVDZ geometry 
optimizations.  
 Corrections for the scalar-relativistic effects ∆SR were es-
timated with the Douglas-Kroll-Hess51,52 approach using the cc-
VQZ_DK30 basis set as a difference between the values ob-
tained from geometry optimizations at CCSD(T)/cc-VQZ_DK 
with and without the inclusion of SR effects. Core-valence cor-
relation corrections ∆CV were estimated at the CCSD(T) level 
using weighted CV basis set, aug-cc-pwCVQZ,53 for geome-
tries optimized at CCSD(T)/aug-pwCVTZ level as a difference 
between the values obtained with full-electron correlation (ex-
cluding sulfur 1s electrons) and those from frozen-core calcula-
tions. Zero-point vibrational energies (ZPEs) were calculated 
from CCSD(T)/AVQZ harmonic vibrational frequencies evalu-
ated numerically. 
 As one of the TSs calculated here (TS5) has been found to 
have a significant open-shell character, its geometry along with 
the corresponding product and reagent, were optimized with 
second-order multireference perturbation theory (CASPT2)54 
method as implemented in Molpro.30 The reference complete 
active space self-consistent field (CASSCF)55,56 wavefunction 
used ‘6 electrons in 6 orbitals’ (6,6) active space, chosen from 
the analysis of the natural orbitals from the second-order per-
turbation theory calculation with RHF reference for the TS 
structure. CASPT2 geometry optimizations were performed 
using AVDZ, AVTZ, AVQZ and AV5Z basis sets with analyti-
cal gradients.57 Zero-point vibrational energies (ZPEs) were 
calculated from CASPT2/AVQZ harmonic vibrational frequen-
cies in the Molpro.30 Single point multireference configuration 
interaction with Davidson correction55,56,58 (MRCI+Q) calcula-
tion with AVQZ basis set was applied for geometries optimized 
at the CASPT2/AVQZ. 

 Density functional theory (DFT) calculations with Perdew-
Burke-Ernzenhof hybrid functional (PBE0) method,59,60 as well 
as calculations using a composite CBS-QB3 methodology61 
were performed with Gaussian 09 package.62 PBE0 calculations 
used a polarized triple-zeta basis set by Weigend and Ahlrichs63 
with diffuse functions by Rapport and Furche,64 def2-TZVPPD. 
The chemical nature of all transition states obtained with PBE0 
and CBS-QB3 was confirmed by the intrinsic reaction coordi-
nate (IRC) reaction path calculations.65,66 Solvent effects were 
included using the implicit integral equation formalism polariz-
able continuum model (IEF-PCM).67 

3. Results and discussion 

 Our calculations show that the reaction pathway of HSNO 
isomerization into the cyclic form, cycl-SONH, is more compli-
cated (Scheme 2A) than previously proposed (Scheme 1A): it 
requires transformations between trans- and cis- conformers of 
HSNO and HONS and proceeds via additional intermediate, 
SN(H)O or the Y-isomer. Besides this pathway, which involves 
six isomers and five TSs, we found a shorter, two-step pathway 
(Scheme 2B) for the trans-HSNO transformation into cycl-

SONH via the Y-isomer only. 
 Figure 2 shows the energy profiles for the two possible 
pathways of trans-HSNO conversion into cycl-SONH, comput-
ed at the coupled-cluster level, along with the structures of rel-
evant of HSNO isomers and transition states (TSs). While the 
structures of HSNO isomers were optimized with the basis sets 
up to AV5Z that allowed accurate CBS extrapolations of the 
energetic and geometric parameters, which are reported at the 
CCSD(T)/CBS+CORR, CORR=∆Q+∆CV+∆SR level, with the 
energies also corrected for the zero-point vibrational energy, 
ZPE. As the TS structures are difficult to optimize, the reported 
TS geometries and the reaction barriers are based on slightly 
less accurate CBSTQ and CBSQ5sp extrapolation schemes. In the 
most computationally challenging case of the HSNO molecule 
and its trans-to-cis isomerization barrier the CBSQ5sp results are 
within 0.1 kcal/mol and the bond lengths obtained with CBSTQ 
are within 0.003 Å of the full CBS values. For consistency, the 
energies and geometries shown in Figure 2 are based on the 
CCSD(T)/CBSQ5sp+CORR+ZPE and CCSD(T)/CBSTQ+CORR 
results, respectively. Tables 1–3 list the geometries and ener-
gies (relative to trans-HSNO) of HSNO conformers and iso-
mers obtained at various levels of theory, and Table S1 in Sup-
porting Information lists all the data regarding the calculated 
reaction barriers.  
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Figure 1 Recommended geometric and energetic parameters of HSNO estimated 

at the CCSD(T)/CBS level with corrections for quadruple excitations, core-valence 

correlation, relativistic effects, and zero-point vibrational energy (ZPE, for ener-

getic parameters). Earlier results in Ref. 24 have been updated with improved 

correction for quadruple excitations and improved ZPE values, as detailed in the 

text.  

 

 

Figure 2 Energetic profiles for the two reactions pathways of HSNO isomerization into the cyclic isomer cycl-SONH (Scheme 2). Energetic parameters calculated at the 

CCSD(T)/CBSQ5sp+CORR+ZPE level, except TS5 which is calculated at the CCSD(T)/CBSTQ+CORR+ZPE level.
68

 Molecular and TS geometries are obtained at the 

CCSD(T)/CBSTQ+CORR+ZPE level. 

 

3.1 HSNO: Improved coupled-cluster description 

Previously,24 we reported a high-level ab initio coupled-cluster 
investigation of HSNO that highlighted the slow convergence 
of the S–N bond properties with respect to the single-electron 
basis set size and the level of electron correlation treatment. For 
instance, coupled cluster calculations with only single and dou-
ble excitations included (CCSD) were found highly unreliable, 
as they underestimate the S–N bond length by >0.05 Å and its 
bond dissociation energy by >6 kcal/mol. Even the “gold stand-
ard” CCSD(T) method is not sufficient for accurate quantitative 
description of HSNO, as it requires a correction for the effect of 
computationally expensive quadruple excitations in the cou-
pled-cluster expansion. In the earlier work,24 we estimated the 
effects of quadruple excitations at the CCSDT(Q) level using a 
smaller VDZ basis set by Ahlrichs and partial geometry optimi-
zation with only the S–N bond relaxed. Here, we improve upon 
these calculations by fully relaxed geometry optimizations of 
the two HSNO conformers at the CCSDT(Q) level with larger, 
fully polarized cc-pVDZ basis set, which suggest even larger 
effect of quadruples on the S–N bond length and dissociation 
energy, 0.03 Å and 1.3 kcal/mol vs earlier estimations of 0.02 
Å and 1 kcal/mol, respectively. Tables 1 and S1 (in Supplemen-
tary Information) summarize the calculated geometric parame-

ters of HSNO; the final recommended S–N lengths in trans- 
and cis-HSNO are 1.858 Å and 1.842 Å, respectively, evaluated 
at the CCSD(T)/CBS+CORR level (Figure 2).  
 The calculated energetic properties of HSNO were also im-
proved in this work by using harmonic ZPE correction obtained 
at the CCSD(T)/AVQZ level, whereas the earlier work used a 
smaller AVTZ basis set. The recommended value for the ener-
gy of cis-HSNO relative to the more stable trans-form is 8.69 
kcal/mol at the CCSD(T)/CBS+CORR+ZPE level. The final 
recommended S–N bond dissociation energy is 29.4 kcal/mol 
(Figure 2), calculated at the CCSD(T)/CBS+CORR+SO+ZPE 
level, which also includes a spin-orbit (SO) energy correction24 
for the HS˙ radical. 
 We also calculated TS for trans-to-cis isomerization (Table 
1, TS1 in Figure 2); it is characterized by 345i cm-1 imaginary 
frequency, and has a nearly perpendicular geometry and a high-
ly elongated S–N bond, ~0.18 Å longer than in trans-HSNO. 
Like in the case of the equilibrium HSNO structures, the calcu-
lated S–N bond length in the TS decreases with the basis set 
size, from 2.067 Å with AVDZ to 2.015 Å with AV5Z, and 
significantly increases (~0.025 Å) when a correction for quad-
ruple excitations is included. The corresponding barrier height 
increases with the basis set size, form 8.08 kcal/mol with 
AVDZ to 8.93 kcal/mol with AV5Z, and the inclusion of quad-
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ruple excitations further increases it by 0.5 kcal/mol. Harmonic 
ZPE correction decreases the barrier by 0.8 kcal/mol. The final 
estimation for the trans-to-cis isomerization barrier is 8.7 

kcal/mol at the CCSD(T)/CBS+CORR+ZPE level (Table 1).  
 

 

Table 1 Geometric parameters of trans- and cis-HSNO, energy difference between them, geometric parameters of the TS for their interconversion, and the 
corresponding barrier height (∆E1

‡, kcal/mol), calculated at different levels of theory.  

trans-HSNO cis-HSNO TS1 

  S–N/Å N–O/Å SNO/°   S–N/Å   N–O/Å SNO/° Ecis-HSNO   S–N/Å N–O/Å SNO/° ONSH/° ∆E1
‡ 

CCSD(T)/ 

AVDZ 1.903 1.189 114.50 1.894 1.192 115.49 1.05 2.067 1.171 112.92 87.63 8.08 

AVTZ 1.860 1.183 114.55 1.847 1.187 115.76 0.97 2.031 1.161 112.99 87.48 8.62 

AVQZ 1.846 1.181 114.54 1.830 1.184 115.88 0.93 2.019 1.158 113.00 87.51 8.85 

AV5Z 1.841 1.181 114.50 1.825 1.184 115.87 0.91 2.015 1.157 112.95 87.51 8.93 

CBS 1.837 1.181 114.47 1.821 1.184 115.86 0.90 2.012 1.157 112.91 87.51 8.99 

CBSTQ 1.836 1.180 114.53 1.818 1.182 115.97 0.91 2.010 1.156 113.01 87.53 9.02 

CBSQ5sp 0.89 9.00 

∆Q 0.033 -0.001 0.34 0.034 -0.001 0.04 0.10 0.025 0.000 0.03 0.45 0.54 

∆CV -0.007 -0.001 0.01 -0.008 -0.001 0.07 -0.01 -0.007 -0.001 0.02 -0.02 0.11 

∆SR -0.005 0.001 -0.07 -0.005 0.001 -0.04 0.00 0.006 -0.001 -0.03 0.08 -0.09 

∆ZPE -0.10 -0.83 

CBS+CORR 1.858 1.180 114.74 1.842 1.183 115.93 1.00 2.035 1.155 112.94 88.02 9.52 

CBS+CORR+ZPE 0.90 8.69 

CBSTQ+CORR 1.856 1.179 114.81  1.839 1.181 116.04 1.00  2.034 1.154 113.04 88.05 9.57 

CBSTQ+CORR+ZPE       0.91      8.74 

CBS5sp+CORR+ZPE       0.89      8.72 

               

PBE0/def2-TZVPPD 1.828 1.167 115.31 1.811 1.170 116.95 1.07 1.983 1.144 113.59 87.89 11.06 

PBE0/def2-TZVPPD+ZPE 0.88 10.25 

CBS-QB3 1.929 1.163 115.27 1.917 1.165 116.24 1.13 2.082 1.145 113.35 87.87 8.66 

CBS-QB3+ZPE 0.99 7.91 

 

 
 Compared to the full CBS scheme, less computationally 
expensive CBSQ5sp extrapolation gives the energies within 0.03 
kcal/mol while the CBSTQ extrapolated bond lengths are within 
0.003 Å. DFT calculations with PBE0 functional as well as 
calculations with CBS-QB3 composite methodology reproduce 
the high-level results reasonably well. The S–N bond optimized 
at PBE0 method is underestimated by 0.03 Å for trans-HSNO 
and cis-HSNO, by 0.05 Å for the TS.  This method overesti-
mates the trans-to-cis interconversion barrier by 1.5 kcal/mol, 
10.3 kcal/mol vs 8.7 kcal/mol at the 
CCSD(T)/CBS+CORR+ZPE.  However, the energy difference 
between cis- and trans-forms is almost the same, 0.9 kcal/mol 

(Figure 2, Table 1). CBS-QB3 methodology, which employs 
B3LYP/6-311G(2d,d,p) DFT method for geometry optimiza-
tion, overestimates the S–N bond by 0.05 Å for transition state, 
by 0.07 Å for trans-HSNO and cis-HSNO. Trans-to-cis inter-
conversion barrier is underestimated by 0.8 kcal/mol (7.9 
kcal/mol), while the energy difference between cis- and trans-

forms is overestimated by 0.1 kcal/mol (1.0 kcal/mol). 

3.2 HONS, the tautomeric form 

 HONS, the tautomeric form of HSNO, also exists as nearly 
isoenergetic trans- and cis- conformers (Figure 2). Slightly 
more stable cis-HONS is 5.6 kcal/mol higher in energy relative 
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to trans-HSNO, whereas trans-HONS is just 0.3 kcal/mol less 
stable (Table 2, Figure 2). The TS for cis-to-trans isomerization 

is slightly higher than for the similar transformation of HSNO:  
 

Table 2 Geometric parameters of cis- and trans-HONS, their energy relative to trans-HSNO (∆E, kcal/mol), geometric parameters of the TS for their inter-
conversion, and the corresponding barrier height (∆E3

‡, kcal/mol) calculated at different levels of theory. 

cis-HONS trans-HONS TS3 

  S–N/Å N–O/Å SNO/° ∆E 
 

S–N/Å N–O/Å SNO/° ∆E 
 

S–N/Å N–O/Å SNO/° HONS/° ∆E3
‡ 

CCSD(T)/ 

AVDZ 1.608 1.374 115.85 5.51 1.597 1.403 112.42 5.55 1.591 1.468 112.78 86.77 11.95 

AVTZ 1.591 1.361 115.99 3.62 1.581 1.389 112.85 3.75 1.574 1.450 113.13 87.00 12.23 

AVQZ 1.585 1.355 116.11 3.23 1.575 1.382 113.04 3.49 1.568 1.441 113.31 87.15 12.56 

AV5Z 1.582 1.353 116.12 3.07 1.573 1.380 113.10 3.35 

CBS 1.580 1.352 116.13 2.98 1.571 1.379 113.15 3.27 

CBSTQ 1.580 1.350 116.19 2.95 1.571 1.376 113.18 3.29 1.564 1.435 113.43 87.27 12.80 

CBSQ5sp 2.91 3.21 12.65 

∆Q 0.003 0.003 -0.12 0.93 0.003 0.005 -0.12 0.89 0.003 0.003 -0.03 0.15 0.17 

∆CV -0.004 -0.003 0.07 -0.12 -0.004 -0.003 0.69 -0.14 -0.003 -0.003 0.07 -0.01 0.04 

∆SR 0.001 0.000 -0.01 -0.29 0.001 0.001 -0.08 -0.29 0.001 0.001 -0.06 -0.03 -0.04 

∆ZPE 2.21 2.26 -1.16 

CBS+ 
    CORR 

1.581 1.353 116.06 3.50  1.571 1.382 113.63 3.74       

CBS+CORR+ZPE  5.71     6.00       
CBSTQ+ 
    CORR 

1.581 1.350 116.13 3.48 
 

1.571 1.378 113.66 3.76 
 

1.565 1.435 113.42 87.38 12.96 

CBSTQ+CORR+ZPE  5.68     6.02      11.80 

CBS5sp+CORR+ZPE 5.64 5.94 11.65 

PBE0/                
def2- 
 TZVPPD 

1.571 1.325 117.16 5.35 
 

1.562 1.352 114.30 6.18 
 

1.552 1.409 114.50 88.31 15.26 

def2-TZVPPD+ZPE 7.55 8.48 14.05 

CBS-QB3 1.585 1.340 116.87 2.93 1.573 1.378 113.92 2.94 1.563 1.434 114.03 87.94 12.31 

CBS-QB3+ZPE 5.11 5.21 11.09 

 

 
11.7 kcal/mol vs 8.7 kcal/mol, respectively. Overall, the calcu-
lated HONS properties demonstrate much more robust conver-
gence with respect to the basis set size and electron correlation 
treatment. Interestingly, compared to the other bonds in HONS, 
the O–N bond length still demonstrates the slowest conver-
gence with the basis set and the largest ∆Q correction (~0.005 
Å). Also, somewhat reminiscent to the S–N bond in HSNO, this 
bond O–N bond demonstrates significant elongation in the cis-
to-trans isomerization TS (~0.09 Å).  
 Compared against the high-level coupled-cluster data, CBS-
QB3 methodology reproduces the energetic and geometric pa-
rameters of HONS and its cis-to-trans isomerization TS, while 

PBE0 slightly overestimates HONS energy relative to trans-
HSNO as well as the cis-to-trans isomerization barrier, both by 
~2 kcal/mol. 

3.3 SN(H)O, Y-isomer  

 Both pathways of HSNO isomerization into the cyclic struc-
ture (Scheme 2) involve the Y-isomer SN(H)O which is 4.66 
kcal/mol higher in energy relative to trans-HSNO at the 
CCSD(T)/CBS+CORR+ZPE (Table 3). The Y-isomer is also 
planar, with the S–N bond ~0.2 Å shorter compared to trans-

HSNO (1.624 vs 1.858Å, Table 3). The calculated SN(H)O 
properties converge rather fast with the basis set size, and the 
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inclusion of quadruple excitations has a relatively small effect 
on the geometry and the energetic properties of SN(H)O.  

 

Table 3 Geometric parameters of the Y-isomer SN(H)O and the cyclic isomer cycl-SONH, and their energy relative to trans-HSNO (∆E, kcal/mol) calculated 
at different levels of theory. 

Y-isomer SN(H)O Cyclic isomer cycl-SONH 

  S–N/Å N–O/Å S–O/Å N–H/Å SNO/° ∆E   S–N/Å N–O/Å S–O/Å N–H/Å SNO/° ∆E 

CCSD(T)/ 

AVDZ 1.647 1.248 2.619 1.036 129.07 4.48 1.789 1.484 1.744 1.039 63.61 33.75 

AVTZ 1.629 1.239 2.597 1.028 129.20 2.21 1.754 1.473 1.702 1.028 62.97 28.39 

AVQZ 1.624 1.236 2.588 1.027 129.17 1.81 1.745 1.468 1.694 1.026 62.94 28.09 

AV5Z 1.622 1.235 2.585 1.027 129.16 1.77 1.743 1.466 1.691 1.026 62.90 27.80 

CBS 1.620 1.234 2.583 1.027 129.159 1.75 1.740 1.465 1.688 1.026 62.87 27.63 

CBSTQ 1.620 1.233 2.582 1.027 129.14 1.52 1.739 1.463 1.688 1.025 62.91 27.86 

CBSQ5sp 1.73 27.50 

∆Q 0.006 0.003 0.006 0.000 -0.14 0.47 0.003 0.003 0.004 0.001 -0.02 1.21 

∆CV -0.003 -0.002 -0.005 -0.001 0.00 -0.29 -0.003 -0.003 -0.004 -0.001 -0.04 0.02 

∆SR 0.001 0.000 0.001 0.000 0.01 -0.20 0.002 0.000 0.002 0.000 0.02 -0.14 

∆ZPE 2.93 2.22 

CBS+CORR 1.624 1.235 2.586 1.026 129.03 1.73 1.742 1.465 1.690 1.026 62.82 28.71 

CBS+CORR+ZPE 4.66 30.94 

CBSTQ+CORR 1.624 1.233 2.585 1.026 129.02 1.50 1.741 1.464 1.689 1.025 62.87 28.95 

CBSTQ+CORR+ZPE 4.43 31.17 

CBS5sp+CORR+ZPE 4.67 29.72 

PBE0/def2-TZVPPD 1.616 1.216 2.569 1.031 129.75 1.30 1.728 1.438 1.678 1.026 63.25 30.25 

PBE0/def2-TZVPPD+ZPE 4.14 32.54 

CBS-QB3 1.636 1.223 2.594 1.035 129.65 0.60 1.769 1.448 1.731 1.029 64.19 28.33 

CBS-QB3+ZPE 3.45 30.42 

 

 
Inexpensive CBSTQ extrapolation scheme demonstrates very 
close result to CBSTQ5/Q5, with the maximum difference be-
tween extrapolated bond lengths less than 0.002 Å. Again, the 
results of CBS-QB3 and PBE0 calculations agree well with the 
high-level coupled-cluster reference data (Table 3). 
 

3.4 Cyclic isomer cycl-SONH 

CCSD(T) calculations confirm that the three-membered cyclic 
structure (Figure 2, cycl-SONH, Table 3) exists as a local min-
imum on the potential energy surface. The S–N bond in this 
molecule, 1.742 Å at the CCSD(T)/CBS+CORR (Table 3), is 
significantly shorter compared to trans-HSNO (1.858 Å), but 
longer compared to the Y-isomer SN(H)O (1.624 Å). The N–O 

bond in cycl-SONH, 1.465Å, is significantly longer compared 
to trans-HSNO (1.180 Å) and the Y-isomer (1.235 Å). Inclusion 
of quadruple excitations does not affect the geometry to the 
same degree as in the case of HSNO, which suggests a smaller 
role of multireference effects. Indeed the values of the T1 and 
D1 coupled cluster diagnostics, 0.016 and 0.046, respectively, 
are below the threshold values established for multi-reference 
systems, 0.02 and 0.05, respectively. Unlike the other HSNO 
isomers considered here, the cyclic form cycl-SONH is signifi-
cantly higher in energy, ~31 kcal/mol above trans-HSNO, as 
estimated at the CCSD(T)/CBS+CORR+ZPE level (Table 3). 
The deviations of the geometric parameters calculated with 
CBS-QB3 and PBE0 are slightly larger for cycl-SONH com-
pared to the other isomers, e.g. the S–N bond length is underes-
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timated by >0.01 Å with PBE0 and overestimated it by ~0.03 Å 
with CBS-QB3. However, the energy difference relative to 
trans-HSNO (31 kcal/mol) is well reproduced with CBS-QB3 
and slightly overestimated by PBE0 (30 and 33 kcal/mol, re-
spectively, Table 3).   

3.5 Possible pathways of HSNO isomerization into cycl-SONH 

 The first pathway for the formation of cycl-SONH from 
trans-HSNO (Scheme 2A and Figure 2) studied here is an ex-
tended version of the reaction scheme proposed by King17 
(Scheme 1A). In order to tautomerize into HOSN, trans-HSNO 
first has to convert into its cis-conformer via a small barrier 
(TS1, 8.7 kcal/mol). Then, cis-HSNO can isomerize into cis-

HONS via hydrogen/proton transfer between the sulfur and 
oxygen atoms, which requires 28.4 kcal/mol to overcome the 
energy barrier (TS2). Next, cis-HONS must convert into the 
trans-conformer via 11.7 kcal/mol barrier (TS3). However, 
instead of direct transformation into cycl-SONH, trans-HONS 
first converts into the Y-isomer SN(H)O via oxygen to nitrogen 
hydrogen/proton transfer (TS4) with a sizable energetic barrier 
of 45.7 kcal/mol.  
 Finally, SN(H)O undergoes cyclization into cycl-SONH that 
involves closing of S–N–O angle form ~130° to 63° and pyram-
idalization at the nitrogen atom through TS5 associated with a 
high activation barrier, estimated to be >50 kcal/mol at the 
CCSD(T)/CBSTQ+CORR+ZPE level.68 However, a large effect 
of quadruple excitations on the TS5 geometry (+0.014 Å) and 
the corresponding barrier height (-1.8 kcal/mol), as well as 
large values of T1 and D1 diagnostics (0.07 and 0.30, respec-
tively, Table S2) suggests a highly multireference character of 
the TS5 structure. Indeed, stability analysis of the correspond-
ing Hartree-Fock wavefunction revealed a significant 
RHF → UHF instability, with the UHF solution 13.5 kcal/mol 
lower in energy and the 〈S2

〉 value of ~0.9 are indicative of the 
strongly open-shell character of this TS. Thus, we supplement-
ed the closed-shell coupled-cluster calculations of the SN(H)O 
cyclization reaction with multireference second-order perturba-
tion theory (CASPT2) calculations that employed (6,6) active 
space, as described in Computational Details section. The reac-
tions barrier calculated at with CASPT2 is even higher than the 
CCSD(T) predictions (~58 kcal/mol, Table S3). Improvement 
of the correlation treatment using single point multireference 
configuration interaction (MRCI) with Davidson correction 
(MRCI+Q) calculation slightly decreases the barrier (by ~3 
kcal/mol).     
 Besides the multi-step isomerization trans-HSNO in the Y-

isomer SN(H)O via the tautomer HONS (Scheme 2A), we 
found that trans-HSNO can directly convert into SN(H)O via a 
hydrogen/proton transfer form sulfur to nitrogen through TS6 
(Scheme 2B). Like a similar oxygen to nitrogen hydro-
gen/proton migration TS (TS4), TS6 has a highly strained 
three-membered ring geometry and thus associated with a large 
barrier height, ~49 kcal/mol (Figure 2). The second and final 
step in this alternative pathway also involves SN(H)O cycliza-
tion into cycl-SONH.  

 
Figure 3 Effect of the aqueous environment on the transformation between 

HSNO isomers: energetic profiles for ‘dry’ and water-assisted reactions in the gas 

phase and in PCM water (for two-water assisted reactions), and the structures of 

the relevant transition states.  

 Despite some ambiguity in the calculated reaction barrier 
for the SN(H)O cyclization step, it is clear that the formation of 
the cyclic form cycl-SONH from HSNO at physiological condi-
tions is highly improbable. Indeed, besides a prohibitively high 
energetic barrier, >50 kcal/mol, formation of cycl-SONH is 
thermodynamically unfavorable, as it is ≥25 kcal/mol higher in 
energy compared to HSNO and its other isomers (Figure 2). At 
the same time, the Y-isomer SN(H)O and the tautomer HONS 
are only 4.6 and 5.6 kcal/mol less stable than HSNO, and thus 
may be thermodynamically accessible at physiological condi-
tions. Interconversion between these three species requires hy-
drogen/proton migration reactions with substantial (30-50 
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kcal/mol) energetic barriers. However, in aqueous environment 
these barriers can be significantly decreased by involvement of 
water molecules.69,70 Although calculations of water-assisted 
isomerization reactions at the CCSD(T)/CBS level are prohibi-
tively expensive at the moment, CBS-QB3 and PBE0 methods 
provide a viable alternative. Indeed, the barriers for the hydro-
gen/proton migration reactions (TS2, TS4, and TS6, Figure 2) 
predicted with CBS-QB3 and PBE0 are within 0.8 and 1.0 
kcal/mol, respectively, of the high-level coupled-cluster results 
(Table S4). Thus, we further apply these methods to investigate 
water assisted interconversion reactions of HSNO isomers and 
their possible reactions with H2S.   

3.6 Water-assisted HSNO isomerization reactions 

 Schematic profiles of the isomerization reactions via water-
assisted hydrogen/proton migration and the corresponding tran-
sition structures obtained at the CBS-QB3 level are shown in 
Figure 3. The transition structure for sulfur-to-oxygen migra-
tion necessary for cis-HSNO→cis-HONS transformation,TS2, 
is less strained compared to the other two reactions, and the 
corresponding reaction barrier is relatively low, ~29 kcal/mol 
(Figure 3A).  Addition of a water molecule relives the strain 
provides and a proton shuttle in a six-membered ring TS2-1W, 
which lowers the reaction barrier to 15.4 kcal/mol. While addi-
tion of the second water molecule leads to 8-member ring TS2-

2W and has a much weaker effect on the barrier height (14.6 
kcal/mol barrier). 
 The transformation form trans-HONS to the Y-isomer 
SN(H)O proceeds via a highly strained three-membered ring 
transition structure corresponding, TS4. Addition of a single 
water molecule leads to five-membered ring TS4-1W and dra-

matic lowering of the barrier height, from 46.5 to 22.5 kcal/mol 
(Figure 3B). Addition of the second water molecule leads to 
even more relaxed 7-member ring TS4-2W and further barrier 
lowering to 15.2 kcal/mol. Much the same way, the water-
assisted mechanism decreases the reaction barrier from 48.7 to 
15.2 kcal/mol for the direct trans-HSNO→SN(H)O transfor-
mation that has very similar strained transition structure TS6 
(Figure 3C).   
 Besides the significant barrier-lowering effect of the addi-
tion of water molecules that act as a bridge for a proton trans-
fer, the HSNO isomerization reactions could benefit from the 
non-specific solvation in highly polar aqueous environment. 
Indeed, the barrier heights for the reactions assisted by two 
water molecules calculated using polarizable continuum model 
(PCM) drop by 4-6 kcal/mol: to 8.0 kcal/mol for cis-

HSNO→cis-HONS transformation, to 10.6 kcal/mol for trans-
HONS→SN(H)O, and to 9.0 kcal/mol for trans-

HSNO→SN(H)O transformation (Figure 3). Thus, two of the 
HSNO isomers, the Y-isomer SN(H)O and the tautomer HONS 
appear to be both thermodynamically and kinetically assessable 
at physiological conditions.  

3.7 Reaction of hydrogen sulfide with Y-isomer and cycl-SONH 

 Our calculations suggest that the cyclic form cycl-SONH is 
very unlikely to form at physiological conditions, and thus is a 
very unlikely source of biological nitroxyl HNO in the reaction 
with H2S (Scheme 1B). However, a similar but less strained 
thus thermodynamically more plausible Y-isomer SN(H)O may 
react with H2S in a similar way (Scheme 3). 
 

 

Figure 4 Energetic profiles for ‘dry’ and water-assisted reactions between the Y-isomer SN(H)O and hydrogen sulfide H2S, and the relevant transition state structures, 

calculated at the UPBE0/def2-TZVPPD level. 
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S

N

H

O

Y-isomer

SN(H)O,

H2S HSSH + HNO+

 
Scheme 3 Possible reaction of the Y-isomer SN(H)O and H2S; cf. Scheme 1B.  

Indeed, we were able to locate a transition state for reaction of 
Y-isomer with H2S, TS7 (Figure 4). This transition structure 
corresponds to simultaneous hydrogen/proton transfer between 
the two sulfur atoms and a covalent bond formation between 
them. As TS7 was found to have an open-shell character, we 
used symmetry-broken unrestricted PBE0 (UPBE0) approach to 
study this reaction that is expected to be more robust in this 
situation. Similarly to the isomerization reactions (Figures 2 
and 3), water-assisted proton shuffle significantly decreases the 
reaction barrier, from 31.4 kcal/mol to 26.1 and 19.8 kcal/mol 
for one- and two-water assisted reactions (TS7-1W and TS7-

2W, Figure 4). At the same time, addition of water molecules 
decreases the open-shell character of the transition structure: 
 〈S2

〉 = 0.5 for the ‘dry’ TS7, while it drops to 0.2 and 0.1 for 
TS7-1W and TS7-2W, respectively.71 Transition into polariza-
ble aqueous environment modeled with PCM approach further 

decreases the barrier height to 17.8 kcal/mol for two-water as-
sisted reaction (TS7-2WPCM, Figure 4). 
 For completeness, we also investigated the reaction of cycl-
SONH with H2S proposed in the literature17 (Scheme 1B). The 
energetic barrier for this reaction (~30 kcal/mol, Figure 5) is 
associated with the transition structure TS8 that corresponds to 
simultaneous sulfur-sulfur bond formation and hydrogen atom 
exchange, which is similar to the TS of the SN(H)O + H2S re-
action (TS7, Figure 4). Curiously, CCSD(T), CBS-QB3, as 
well as PBE0 calculations suggest that TS8 does not directly 
lead to the products—HSSH and HNO—but rather leads to an 
unusual intermediate structure HSS(H)ONH that preserves the 
initial SNO three-membered ring (Figure 5),72 and features a 
hypervalent sulfur atom simultaneously connected to the H, O, 
and N atoms, as well to the other S atom.73 Decomposition of 
the HSS(H)ONH intermediate by breaking the S–O and S–N 
bonds (TS9, Figure 5) is associated with a small (~7 kcal/mol) 
energetic barrier. Although the reaction of cycl-SONH with 
H2S is rather unlikely to have biochemical relevance, its unusu-
al mechanism revealed by our calculations illustrates and un-
derscores the richness of the chemistry of sulfur-nitrogen spe-
cies.   
 

 
Figure 5 Energetic profile for the proposed (Scheme 1B) reaction between the cyclic isomer cycl-SONH  and reaction H2S and the structures of relevant transition 

states and the HSS(H)ONH intermediate, calculated at the CCSD(T)/AVTZ+ZPE level. 
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4.  Conclusions 

 Recent discoveries of the potential biological relevance of 
the smallest S-nitrorsothiol—HSNO—opened up numerous 
possibilities of the secondary biochemical processes involving 
this molecule, including formation of derivative species, includ-
ing—but certainly not limited to—SNO– and SSNO– anions and 
HSNO isomers. In this computational study, we revisited the 
possible pathways of HSNO isomerization at physiological 
conditions and tested a recent hypothesis17 on the possibility of 
HSNO transformation into its cyclic isomer cycl-SONH. Our 
calculations suggest that while formation of this cyclic structure 
is not feasible thermodynamically as well as kinetically, for-
mation of the tautomeric form HONS and the Y-isomer 
SN(H)O via water-assisted proton transfer reactions is not at all 
impossible in the physiological, aqueous environment. These 
two HSNO isomers then may engage in a variety of reactions 
with other molecules present in biological milieu. In fact, while 
the proposed17 formation of nitroxyl HNO in the reaction of 
H2S with the cyclic form is unlikely, possibility of a reaction 
between H2S and the Y-isomer SN(H)O leading to HSSH and 
HNO cannot be excluded. Further studies of the reactions in-
volving HSNO and its derivative species will be required to 
reveal the entire spectrum of possible reactions that can tie to-
gether the biological signaling pathways the two gasotransmit-
ters, NO and H2S. 
 Methodologically, this work once again highlighted the 
complex and unusual electronic structure of the –SNO group: 
compared to its isomers, the computed properties of HSNO 
demonstrate the slowest convergence with respect to the elec-
tron correlation treatment and the basis set size. Therefore, 
computational methods used to study the HSNO/RSNO reac-
tions should be always carefully benchmarked and validated 
against high-level ab inito results. 
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