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Several critical geometries associated with the rearrangement of CH3SNO, to CH3SONO are calculated with
the density functiona theory (DFT) method and compared with those of the ab initio molecular orbital
methods. There are two probable pathways for this rearrangement, one involving the transition state of an
oxygen migration and the other through the homolytic decomposition to radicals. The reaction barrier via the
transition state is about 60 kcal/mol and the decomposition energy into radicals about 35 kcal/mal, suggesting
that the reaction pathway via the homolytic cleavage to radical species is energetically favorable. Since even
the homolytic cleavage requires large energies, the rearrangement reaction is unlikely without the aid of

catalysts.
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Introduction

The nitric oxide (NO) radica plays an important role in
biochemistry and atmospheric chemistry.: One of reaction
pathways proposed earlier involves the initial formation of
thionitrate (RSNO,) as the theoretical source of the NO
radical, but the exact function of thionitrate in the biological
mechanism of NO is gtill unresolved despite many experimental
and theoretical studies.*® The homolytic decomposition of
the sulfenyl nitrite (RSONO), which could be a product of
the rearrangement reaction of the thionitrate, was proposed
as a possible NO releasing process. This chemicaly
reasonable mechanism is not the major pathway for the
formation of the biological NO, but has been the subject of
several experimental and theoretical reports.*®° Therearetwo
probable pathways for the rearrangement of RSNO, to
RSONO, oneinvolving the migration of an oxygen atom and
the other through the homolytic cleavage of the SN bond.

RSNO, — [RS(O)NO(TS), RS+NO;] — RSONO (1)

In this work, we study two pathways of the reaction by
obtaining optimized geometries of the reactant CH3SNO,
the product CH3;SONO, the transition state for oxygen
migration in the rearrangement, and radical species in the
homolytic decomposition processes using calculations
including electron correlations, in part to complement the
similar work by Cameron et al. on HSNO, and CH3SNO,,°
which employed somewhat lower levels of calculation in the
basis set size and the amount of electron correlations. We
analyze the reaction barriers of the two processesin an effort
to produce areliable description of the reaction (1) especialy
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using the density functiona theory (DFT) method. The reaction
profile for the RSN O, rearrangement reaction is obtained by
the intrinsic reaction coordinate (IRC) analysis.® Electron
correlaions are considered at various levels of the ab initio
molecular orbital (MO) theory in addition to the DFT
method. Sec |1 briefly outlines the employed basis sets and
the quantum chemical methods, followed by results and
discussonin Seclll

Computational Details

The geometries of the reactant CH3sSNO,, the product
CH;SONO and the trangtion state of the rearrangement
reaction were fully optimized at the Hartree-Fock (HF) and
DFT levels of theory. The reaction energies were obtained at
the various corrdated levels. The reaction path through the
caculated transition state was verified by the IRC search.***2
Fully optimized geometries of the radica species for the
homolytic cleavage were also obtained at the HF and Maller
Plesset second order (MP2) levels of theory. In thiswork, the
agueous solvation energies were not considered. Cameron et
al.® treated solvation energies using the continuum dielectric
solvation model (SM3-PM3)¥** and the CDM mode of
Lim and Chan'® for the agueous condition, and reported that
estimates of the solvation energies differ only dightly (less
than 2 kcal/mol) between the thionitrate and sulfenyl nitrite.
Thermochemical reaction energies, free energies and
enthalpies were obtained from results of Gaussian-1 (G1)
and Gaussian-2 (G2) calculations'®*® as a reference, but
most analyses are based upon potentia energies without
thermal corrections.

DFT calculations were carried out with the PBE1PBE
(parameter-free Perdew Burke Ernzerhof's functional)®
functional. All species of the rearrangement reaction were
fully optimized in the DFT calculations employing two
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different basis sets, 6-311+G* and 6-311++G**. 22! Asin
the ab initio MO calculations, the 6-311+G* basis st is of
the sufficient size for the description of this system since
both basis sets affords essentialy the same results. Previous
works demonstrated that the 6-311++G** basis setsyield a
reasonable conformation energy®? and the PBEIPBE
functional produces results in good agreement with the high
level correlation treatment of coupled-cluster singles and
doubles with perturbed triples [CCSD(T)] for a diatomic
molecule.”® We report values from smaller basis set for MO
calculations and those from larger basis set for DFT. All
orbitalswereincluded at the MP2 and DFT levels of theory.

All cdculations were performed with the Gaussian
program package.?*

Results and Discussion

The optimized molecular geometries of the reactant
CH3SNO;, the product CH3SONO of the rearrangement
reaction at the MP2 level of theory and the transition state at
the HF level of theory are shown in Figure 1. For the
CH3SNO, molecule, the N-O and N-S bond lengths are
increased by 0.04 A and 0.03 A, respectively, and the N-S-C
angle is decreased by 2° due to electron correlations. For the
CH3SONO molecule, two N-O bond lengths, one for the
terminad O and the other for the connecting O, are also
increased by 0.18 A and 0.02 A, respectively, and all the
bond angles change by less than 1° due to electron
correlations. Effects of electron correlations on the geometry
are rather small for al structures studied except for the NO
distance for the terminad O atom of CH3SONO, and the
difference between 6-311+G* and 6-311++G** results are
even smaller. The transition state is confirmed by the
anadlysis of vibrationa frequencies and the IRC analysis.
Figure 1 dso describes the reaction paths of the
rearrangement through the transition state.

The energies rdlevant to the rearrangement reaction
through the transition state are shown in Table 1. The
calculated stahilities of the molecules in the rearrangement

ABioug

Reaction coordinate

Figure 1. The reaction pathway of rearrangement through the
transition state analyzed by IRC. The optimized structures for
CH3SNO,, CH3SONO and the transition state are al so shown.
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Table 1. Energies (in kcal/mal) of the product CH3;SONO and the
oxygen-migrating transition state relative to the reactant CH3sSNO-
at various levels of theory?

AE (P-R)® AE (TSR)®
HF 0.4 68.0
MP2 12.3 60.9
MP3 5.4 63.9
MP4D 6.0 614
MP4DQ 4.4 62.0
MP4SDQ 9.2 53.7
MP4SDTQ 52 57.5
CCSD 46 58.9
CCSD(T) 6.7 55.5

aAll energies are single point energies at the HF optimized structures
using 6-311+G* basis sets. "Energy difference between the reactant (R)
CH3SNO; and the product (P) CH3SONO. “Energy difference between
the reactant (R) and the transition state (TS).

reaction change drastically upon inclusion of electron
correlations. The energy difference between the reactant
CH3SNO; and the product CH3SONO is 6.7 kcal/mol and
that between the reactant and the transition state 55.5 kcal/
mol from the accurate CCSD(T) cdculations. In comparison,
HF calculations with the same basis set yield -0.4 kcal/mol
for the reaction energy and 68.0 kcal/mol for the activation
energy. The reaction and activation energies for HSNO;
obtained by Cameron et al.® are —1.4 kcal/mol and 55.3 kcal/
mol, respectively, at the MP4SDQ/6-31G* level, while the
reaction energy for CH3sSNO, a the same leve is 6.0 kcal/
mol. The activation energy for CH3SNO, was not reported
by Cameron et al.,® but is likely to be smaller than that of
HSNO; by about 2 kcal/mal.

The energies of the radical species in the homolytic
cleavage are calculated at several levels of theory using
restricted (RO-) and unrestricted (U-) open-shell schemes.
Cleavage energies deviate substantialy at the given level
between the two reference schemes although spin
contaminations for the unrestricted methods are rather small.
The difference between restricted (ROHF and ROMP2) and
unrestricted (UHF and UMP2) open-shell vaues tends to
decrease as the amount of electron correlations increases as
can be seen from the HF and MP2 results in Table 2. The

Table 2. Total energies (in a.u.) and bond dissociation energies (De
in kcal/mol) of the hemolytic decomposition of CH3SNO, at
various levels of theory®

CH3S+NO2 CH3SNO2 De
UHF —641.224968 641243817 11.8
ROHF —641.213281 ' 19.2
UMP2 —642.051464 642107692 35.3
ROMP2 —642.044614 ' 39.6
ROMP2° —642.041468 —-642.101442 41.6
ROCCSD" —642.057708 -642.115122 36.0
ROCCSD(T)® —642.093146 -642.154161 38.3

3Al| calculations are performed using 6-311+G* basis sets. °Single point
energies at the HF-optimized structures.
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Table 3. Thermochemical energies calculated by G1 and G2
methods for thionitrate and sulfenyl nitrite molecules

CHsSNO;(R) CHsSONO(P) A (P-R)
(inau.) (inau.) (in keal/mol)
G1Energy (E) -642.407649  —642.401707 3.7
G1 Enthapy (H) -642.406705  —642.400762 3.7
GlFreeEnergy (G) —642.442790 642438101 29
G2 Energy (E) -642.409024  —642.402597 40
G2 Enthalpy (H) -642.408080 —642.401653 40
G2 FreeEnergy (G) —642.444166  —642.438992 32

Table 4. Total energies E caculated at the PBE1IPBE/6-311++G**
optimized structures (PBE1PBE/6-311++G**//PBE1PBE/6-311++G**)
and the relative energies AE (in kcal/mol)

E (au.) AE (kcal/mol)
CH3SNO:; (R) -642.874781 0.0
CH3SONO (P) -642.856490 115
Transition State (TS) —642.780934 589
CH3S + NO, (Radical 1) -642.812399 39.1
CH3SO + NO (Radical 2) -642.839602 221

unrestricted open-shell reference scheme predicts De to be
about 35 kcal/mol a the MP2 level. Since the ROCCSD(T)
value at the HF geometry is about the same as the ROMP2
one a the ROMP2 geometry, it is reasonable to estimate De
as about 35 kcal/mol. At the highly correlated level, the
restricted open-shell scheme may be better, but the
unrestricted scheme usudly yields values closer to the
accurate ones at lower levels of theory.

G1 and G2 caculations which are contrived to include
higher order electron correlation corrections of larger basis
sets in general'®*® could give more accurate description of
reaction energies. The reaction energies, enthalpies and free
energies of the rearrangement from these compounded
caculations are shown in Table 3. The reaction energy
becomes smaller due to thermal energy corrections to about
4 kcal/mol and the free energy is around 3 kcal/mal.

All structures relevant to the rearrangement reaction are
fully optimized using PBE1PBE/6-311++G** calculations.
These DFT optimized geometries are in good agreement
with those from ab initio MO calculations for all the species
including the transition state. Total energies and relative
energies are listed in Table 4 and Figure 2. Relative energies
at the fully optimized geometries using large basis set are
close to those of the smaller basis set and aso to those
estimated by the high-level post-HF calculations at the HF-
optimized geometries. The dissociation energy is about 39
kcal/mol and the reaction barrier is close to 60 kcal/mol. The
reaction energy for the rearrangement is 11.5 kca/mol, a
value close to the MP2 one. In Table 4, the DFT energy for
CH3SO+NO is aso included and shown to be dightly larger
than CH3SONO, implying that CH3sSONO may readily
dissociate into those two radicals. The spatial constraint
would not alow CH3SNO. to directly dissociate into
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(CHoSNO,*
5.9 CHyS + NO,
CH3S0 +NO
39.1 CH;SONO _ATis
CHySND, 1061 11.5

Figure 2. Relative energies (in kca/moal) caculated by the PBELPBE/
6-311++G** method.

CH3SO+NO. It is dso noted that the stepwise conversion of
CHsSHNGO; into CH3;SO+NO without going through CH;ONO
requires a large energy to initially separate an O atom from
NO.. The DFT calculations aso confirm that the homolytic
cleavage of the SN bond is kinetically most favored reaction
in gas phase, and that even this cleavage will require
substantial  energy. All the calculated values are in
reasonable agreement with the G3(MP2) values reported by
Wang et al.* who studied the reaction mechanism of CH3S
+ NO; including CH3SNO, and CHsONO as possible reaction
intermediates.

In conclusion, RSNO, will require substantial energy in
order to rearrange or to decompose in gas phase. A
reasonable theoretical treatment of the system should
include electron correlations in energy calculations, but the
geometry is little affected by the electron correlations. The
DFT energies with the PBE1PBE functiona appear to bein
best agreement with the CCSD ones among the various
correlated MO calculations considered for the present case.
We do not expect that the inclusion of more dynamic and/or
datic correlation energy will dragtically change the conclusions
drawn here. Since one type of RSNO: (R = t-Butyl) can be
readily synthesized® and known to produce the NO radical
probably via RSONO, it may still be worthwhile searching
for rearrangement pathways with smaller activation energies.
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