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Nitric oxide (NO) is a biologically active species and its carrier molecules RXNO (X = S, O, NH) have
drawn significant attention recently. In the present work, the CBS-QB3 level of theory was used to study
the transnitrosation and thiolation reaction between MeXNO (X = S, O, and NH) molecules and three
reactive forms of the methanethiol: the neutral molecule, MeSH, the anion, MeS−, and the radical,
MeS•. The transnitrosation and thiolation reactions between MeXNO and MeSH have the highest
barriers, both with and without a molecule of water assisting. Reactions with MeS− proceed with much
lower barriers, while reactions with radical MeS• have the lowest barriers. Comparing the reactions of
MeXNO (X = S, O, NH), both transnitrosation and thiolation are more favorable for X = S than X =
O or NH.

Introduction

The endogenous production of nitric oxide (NO) is associated with
crucial biological events, such as endothelium-dependent relax-
ation, neurotransmission, and cell mediated immune response.1,2

Since NO is a highly reactive, short-lived free radical, biological
systems have evolved specific systems for NO storage, transport,
and delivery. S-Nitrosothiols (RSNO) have been shown to be
potent smooth muscle relaxants and inhibitors of platelet aggre-
gation, and are the best candidates for the endogenous storage
and transport of NO.3–5 S-Nitrosylation is also an important
mechanism for post-translational regulation of many classes of
proteins.6

N-Nitroso compounds have been extensively studied because
of their potent carcinogenic activities.7 In 1956, nitrosodimethy-
lamine was reported to induce liver cancer when fed to rats.8 Later
it was found that nitrosamines could alkylate proteins and nucleic
acids.9,10 As a result of these early findings, N-nitrosamines are
generally considered as carcinogens.7 O-Nitroso compounds, such
as tert-butyl nitrite (TBN), amyl nitrite (AMN), and isoamyl
nitrite (IAMN), have been used clinically as angina pectoris
relieving agents for more than a century.11,12 It has been shown
that the vasodilator effect of these agents is exerted by releasing
NO.13 Currently, specific attention has been focused on S-nitroso
compounds which are directly involved in many NO related
biological functions. Extensive experimental studies have been
carried out on the generation, stability and reactivity of these
nitroso compounds.12,14–28

Two aspects of these nitroso compound activities are of
particular interest in the present study. One is transnitrosation
which contributes to NO transfer but does not involve free NO
during the procedure. In aqueous solution, experiments show that
sulfur-to-sulfur transnitrosation is a second order reaction with a
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barrier height in the range of 13–18 kcal mol−1. The reaction rate
depends on pH, suggesting that RS− is the reactive species.26,29–33

This is supported by Houk’s work34 which has shown that transni-
trosation between thiol and nitrosothiol proceeds by the attack of
a nucleophilic thiolate anion on an electrophilic RSNO through a
novel anionic RSN(O)SR− intermediate. This intermediate has
recently been characterized by 15N and 1H NMR.35 Sulfur-to-
nitrogen transnitrosation has also been observed experimentally.36

Whether it plays a biological role in the generation of nitrosamines
needs further research; nevertheless, it is a possible pathway for
NO trafficking.

Another important reaction is thiolation in which both ho-
molytic and heterolytic cleavage of the X–NO bond contribute
to NO release. Several groups have reported the homolytic and
heterolytic bond dissociation energies (BDEs) of selected nitroso
compounds.14,19,37,38 It has been shown that heterolytic BDEs are
on average 29 ± 3.5 kcal mol−1 higher than homolytic BDEs,
and the latter are in the range of 25–32 kcal mol−1. Given these
bond dissociation energies, thermal dissociation of these bonds is
difficult under physiological conditions. However, previous studies
revealed that metal ions, such as Cu+, Fe2+, and Hg2+ can catalyze
the decomposition of S-nitroso compounds.39

Several theoretical studies have been focused on the bond disso-
ciation energies of X–NO bonds and numerous studies of the kinet-
ics of RXNO reactions have been reported in vitro.14,15,19,20,28,36–38,40,41

However, elementary reactions of nitroso compounds are not
yet well understood. In this paper, we present some further
explorations of possible mechanisms for transnitrosation and
thiolation reactions under a variety of conditions.

MeSH + MeXNO � MeSNO + MeXH (1)

MeSH + MeXNO � MeSXMe + HNO (2)

Depending on the conditions and the solvent, the reactive form
of the thiol can be in the neutral molecule, MeSH, the anion,
MeS−, or the radical, MeS•. In aqueous solution, the pKa of MeSH

1352 | Org. Biomol. Chem., 2006, 4, 1352–1364 This journal is © The Royal Society of Chemistry 2006



is 10.3. At pH = 7.0, it exists mainly as neutral MeSH, but there
is also a significant concentration of the anion, MeS−. In organic
solvents, the pKa is much higher; for example in MeCN, the pKa

of MeSH is 26.3 and only the neutral form of MeSH is present.
The radical MeS• can be generated from MeSNO photochemically
or by thermal decomposition. Therefore, we have examined each
of these three forms as reagents in transnitrosation and thiolation
reactions.

Methodology

Molecular orbital calculations were carried out using a develop-
ment version of the Gaussian series programs42 and the CBS-
QB3 method developed by Petersson and co-workers.43,44 This
method uses B3LYP45–47 density functional theory and the 6-
311G(2d,d,p) basis set to calculate optimized geometries and
vibrational frequencies, and single point calculations at CCSD(T),
MP4SDQ, and MP2 levels with smaller basis sets. The known
asymptotic convergence of pair natural orbital expansions is used
to extrapolate the MP2 calculations with a finite basis set to
the estimated complete basis set limit. The CBS-QB3 level of
theory has a mean absolute deviation of 0.87 kcal mol−1 for
comparisons in the G3 validation set of atomization energies,
proton affinities, ionization energies and electron affinities. It has
also been shown to give reliable bond dissociation energies and
heats of reactions for nitric oxide compounds.14,34,37 Free energies
of solvation were estimated using the conductor-like polarizable
continuum model (CPCM)48 computed using the B3LYP45–47

density functional theory with the 6-31G(d,p)49,50 basis set and
gas phase B3LYP/6-31G(d,p) optimized geometries. Enthalpies in
solution were obtained by adding the solvation energy difference
to the CBS-QB3 gas phase enthalpies. We chose the smallest
molecules MeSNO, MeONO and MeNHNO as models. Since
previous work showed that the cis conformer is the most stable one
for primary RXNO compounds,14,19 our study is based on the cis
conformer only.

Results and discussion

Transnitrosation

As a free radical, NO has a very short life-time. However, NO stor-
age molecules such as RXNO significantly increase its life-time and
enable NO to be transported in biological systems. An important

reaction of RXNO molecules is transnitrosation, in which NO can
be transferred from one molecule to another without involving
free NO. Binding to an RX group alters the stability of NO
and transnitrosation reactions can lead to a variety of molecules,
possibly including N-nitrosamines which are known to be harmful.
In this section we examine transnitrosation reactions involving
MeXNO (X = S, O, NH) with neutral methanethiol, MeSH, the
anion, MeS−, and the radical, MeS•. For consistency the reactions
are written and discussed in the MeXNO → MeSNO direction,
but some reactions are energetically more favorable in the reverse
direction.

MeSH + MeXNO Transnitrosation reactions. Fig. 1 shows
the structures and energetics for sulfur-to-sulfur transnitrosation,
MeSH + MeSNO → MeSNO + MeSH, in the gas phase. This
would also be a suitable model for reactions in a non-polar solvent
where the neutral form of methanethiol is more stable than the thi-
olate. Because the transition state (TS) involves a four-membered
ring, the barrier is rather high (40.9 kcal mol−1 relative to the reac-
tant complex). From this transition state, the reaction proceeds to
an intermediate that is 38.4 kcal mol−1 more stable than the TS. A
similar intermediate has been found by Houk in transnitrosation
reactions with thiolate, MeS− attacking MeSNO.34 However, the
barrier for transnitrosation with MeS− is much lower since it does
not require the breaking of an S–H bond. For both MeSH and
MeS−, the reaction proceeds from the intermediate over a second
transition state that is the mirror image of the first, and then on to
products.

Barriers that involve hydrogen transfer in a four membered ring
can be dramatically lowered by adding one or two molecules
of water.51–60 Therefore, we studied the reaction catalyzed by a
molecule of water. As shown in Fig. 2, the energy profile along
the reaction coordinate is qualitatively similar to the uncatalyzed
reaction, with two transition states separated by an intermediate.
In the transition state, the water accepts a proton from MeSH
and donates a different proton to the nitrogen of MeSNO. The
barrier height is lowered significantly, but is still relatively high
(33.4 kcal mol−1 above the reactant complex) and comparable to
the homolytic dissociation energy of MeSNO (CBS-QB3: 32.4
kcal mol−1).14,19,37,38 In the absence of water, a second molecule
of MeSH can catalyze the reaction, though the effect may not
be as large. The effect of bulk solvent can be modeled implicitly
with the CPCM polarizable continuum method (Fig. 2). When
measured from the reactant complex, the barriers in water and

Fig. 1 Transnitrosation between MeSH and MeSNO in the gas phase at the CBS-QB3 level of theory.
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Fig. 2 Transnitrosation between MeSH and MeSNO with one molecule of water assisting in the gas phase and in solution (water and CH3CN using the
CPCM model).

acetonitrile are only 4 kcal mol−1 lower than in the gas phase. Thus
solvation lowers the barrier by only a modest amount, provided
one molecule of water is included explicitly to assist in the proton
shuttle.

The reaction profiles for MeSH + MeNHNO � MeSNO +
MeNH2 and MeSH + MeONO � MeSNO + MeOH (Fig. 3–6)
are similar to the sulfur case in that there are two high energy
transition states separated by an intermediate. The reaction for
MeONO is slightly exothermic in the gas phase and in solution,
whereas the reaction for MeNHNO is slightly endothermic.
For both systems, the gas phase barriers are higher than for
transnitrosation with MeSH and comparable to the MeX–NO
homolytic bond dissociation energies (BDE: 43.9 and 49.0 kcal
mol−1, respectively at CBS-Q level of theory).19 Introducing an

explicit molecule of water brings the barriers relative to the
reactant complex into the same range as for MeSH. Similar to
the sulfur case, adding the effect of solvents via CPCM cause only
a 2–4 kcal mol−1 change in the barrier height relative to the reactant
complexes.

MeS− + MeXNO Transnitrosation reactions. In experiment,
the rate of transnitrosation between thiols is increased by an
increase of thiol acidity, elevated pH, and enhanced electrophilicity
of the nitrosothiol. These results suggest a mechanism involving
the attack of a nucleophilic thiolate anion on an electrophilic
RSNO. As mentioned above, Houk has found a low energy
pathway for transnitrosation between MeS− and MeSNO via a
novel intermediate, MeSNO(−)SMe.34 The optimized structures

Fig. 3 Transnitrosation between MeSH and MeONO in the gas phase at the CBS-QB3 level of theory.
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Fig. 4 Transnitrosation between MeSH and MeONO with one molecule of water assisting in the gas phase and in solution (water and CH3CN using
the CPCM model).

Fig. 5 Transnitrosation between MeSH and MeNHNO in the gas phase at the CBS-QB3 level of theory.

for reaction MeS− + MeSNO in CBS-QB3 level of theory are
shown in Fig. 7 for comparison with MeS− + MeXNO (X =
O, NH). For the reaction between MeS− and MeONO (Fig. 8),
the first transition state and the anionic intermediate are ca.
5 kcal mol−1 above the reactant complex (before correction for zero
point energy and higher order correlation effects, the transition
state is 0.98 kcal mol−1 higher than the intermediate). For MeS−

and MeNHNO (Fig. 9), no transition states could be located
and the energy increases monotonically from reactant complex to
products. The reactions of MeS− with MeXNO (X = O, NH) are
both quite endothermic (18.4 and 50.1 kcal mol−1, respectively)
and are unlikely to occur in the gas phase or in non-polar

solvents without some means of stabilizing the MeX− anions.
These energetics are consistent with the fact that the gas phase
basicity of MeO−, and MeNH− are 24.3 and 43.8 kcal mol−1 greater
than MeS−.

For MeS− + MeSNO and MeONO, the largest solvent effect
is for the energy of the reactant and product complexes to the
isolated species. By contrast solvent has only a modest effect on the
barriers relative to these complexes. Because of the high barrier for
X = O, sulfur-to-sulfur transnitrosation occurs much more ready
than oxygen-to-sulfur transnitrosation by this mechanism. The
large solvent effect computed for MeS− + MeNHNO in aqueous
solution is probably an artifact.
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Fig. 6 Transnitrosation between MeSH and MeNHNO with one molecule of water assisting in the gas phase and in solution (water and CH3CN using
the CPCM model).

Fig. 7 Transnitrosation between MeS− and MeSNO in the gas phase and in solution (water and CH3CN using the CPCM model).

Fig. 8 Transnitrosation between MeS− and MeONO in the gas phase and in solution (water and CH3CN using the CPCM model).
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Fig. 9 Transnitrosation between MeS− and MeNHNO in the gas phase
and in solution (water and CH3CN using the CPCM model).

MeS• + MeXNO Transnitrosation reactions. In solution, thiol
radicals can be produced either by thermal dissociation or by
photodissociation. MeS• + MeSNO form a weakly bound complex
in the gas phase (Fig. 10). However, a relaxed scan shows that there
is no barrier for the direct reaction between MeS• + MeSNO to

Fig. 10 Transnitrosation between MeS• and MeSNO in the gas phase
and in solution (water and CH3CN using the CPCM model).

form the intermediate which is 10.8 kcal mol−1 lower than reactant
complex. Thus NO can be very easily transferred between MeS•

and MeSNO. The reactions between MeS• and MeXNO (X = O,
NH, shown in Fig. 11 and 12) have higher barriers (15.5 and
24.6 kcal mol−1, respectively) and are both endothermic (10.8
and 16.5 kcal mol−1, respectively). However, compared with the
corresponding reactions between MeS− and MeXNO (X = O,
NH), these two reactions are less endothermic, especially for X =
NH. In contrast to the reactions with MeS− anion, solvation causes
only modest changes in the energetics of reactions between MeS•

radical and MeXNO. The barriers for MeS• in the gas phase and
in solution are lower than the homolytic bond dissociation energy
for the corresponding MeX–NO bond (32.4, 43.9, and 49.0 kcal
mol−1 for X = S, O, and NH respectively), and are consistent with
the trend in the BDEs.

Thiolation

In vivo, thiolation occurs in competition with transnitrosation
and may be associated with the release of NO which contributes
the bioactivity of S-nitrosothiols. It has been established that S-
nitrosothiols are sensitive to both photolytic61,62 and transition
metal ion-dependent decomposition39 but are stable in the presence
of transition metal ion chelators in the dark. A recent theoretical
study demonstrates that CuI complexation promoted degradation
of S-nitrosothiols is the result of S–NO bond weakening by the
formation of a CuI–RSNO complexes.63 In the present work, we
limit our study to non-metal-catalyzed mechanisms. Similar to
transnitrosation, thiolation can be also considered via neutral
MeSH, anion MeS−, or radical MeS•.

MeSH + MeXNO Thiolation reactions. The uncatalyzed thi-
olation reaction between MeSH and MeSNO has a prohibitively
high barrier in the gas phase. The optimized geometries and
energetics are shown in Fig. 13 and 14. Without a molecule of
water, the barrier is ca. 12 kcal mol−1 higher than transnitrosation
in gas phase. Inclusion of an explicit water lowers the difference
to 9 kcal mol−1 and adding bulk solvent reduces the difference to
3–5 kcal mol−1.

Fig. 11 Transnitrosation between MeS• and MeONO in the gas phase and in solution (water and CH3CN using the CPCM model).
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Fig. 12 Transnitrosation between MeS• and MeNHNO in the gas phase and in solution (water and CH3CN using the CPCM model).

Fig. 13 Thiolation reaction between MeSH and MeSNO in the gas phase at the CBS-QB3 level of theory.

Fig. 14 Thiolation reaction between MeSH and MeSNO with one molecule of water assisting in the gas phase and in solution (water and CH3CN using
the CPCM model).
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Fig. 15 Thiolation reaction between MeSH and MeONO in the gas phase at the CBS-QB3 level of theory.

Fig. 16 Thiolation reaction between MeSH and MeONO with one molecule of water assisting in the gas phase and in solution (water and CH3CN using
the CPCM model).

Fig. 17 Thiolation reaction between MeSH and MeNHNO in the gas phase at the CBS-QB3 level of theory.
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Fig. 18 Thiolation reaction between MeSH and MeNHNO with one molecule of water assisting in the gas phase and in solution (water and CH3CN
using the CPCM model).

Fig. 19 Thiolation reaction between MeS−, MeS• and MeSNO in the gas
phase and in solution (water and CH3CN using the CPCM model).

The uncatalyzed thiolation reactions of MeSH with MeONO
and MeNHNO have even high barriers than with MeSNO. Addi-
tion of an explicit water lowers the barriers for MeNHNO but not
for MeONO. Bulk solvent does not change the barrier heights or
reaction energies significantly (Fig. 15–18).

MeS− + MeXNO Thiolation reactions. Thiolation via MeS−

is complicated by the fact that the singlet NO− is higher in
energy than the ground state triplet NO− (∼17 kcal mol−1

experimentally,64,65 24.2 kcal mol−1 at CBS-QB3). The crossing
from singlet to triplet surface must occur somewhere along the
reaction path. For the present study, it is sufficient to calculate
the stationary points along reaction path on singlet and triplet
surface separately. The optimized structures and energies at CBS-
QB3 level of theory are shown in Fig. 19, 20, 21. On a singlet
surface, all three of these reactions are significantly endothermic
(energies of the isolated products relative to isolated reactants are
34.6, 46.6, and 51.0 kcal mol−1 for MeXNO, X = S, O, and NH,
respectively), and consequently the barriers are also very high. For
X = O and NH (Fig. 20 and 21), the transition states are 40.3 and
72.9 kcal mol−1 above the corresponding reactant complex,
respectively. For X = S, a relaxed scan along the reaction path
shows that transition state does not exist, which means that
MeSSMe + NO−(singlet) react without a barrier producing
MeS− + MeSNO. On a triplet surface, a relaxed scan indicates
that MeS− + MeSNO also does not have transition state. However,
the triplet MeSSMe + NO− product is 24.2 kcal mol−1 more stable
than the singlet case. For X = O and NH, both in the gas phase and
in solvent, the singlet and triplet surfaces cross just before or just
after the transition states (Fig. 16 and 17). For X = O (Fig. 20) the
transition state is 1.0 kcal mol−1 higher than the product complex at
the B3LYP/6-311G(2d,d,p) level of theory, but additional electron
correlation effects stabilize the transition structure more than the
product complex. In the gas phase the reactions are ca. 20 kcal
mol−1 more endothermic than for thiolation via thiol. In solution,
the barriers for thiolation via thiolate are lower than via neutral
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Fig. 20 Thiolation reaction between MeS− and MeONO in the gas phase and in solution (water and CH3CN using the CPCM model).

MeSH. The calculations for X = S suggest that solvation by water
or acetonitrile may lower the energetics by ca. 10 kcal mol−1, but
the barriers are still very high. Computational and experimental
work find the pKa of NO− is around 11.4 indicating that NO−

tends to be protonated in water around pH = 7 (However, HNO
can dimerize readily to give hyponitrous acid which dehydrates
to give N2O).66–68 Potentially, protonation could occur during the
course of the reaction, leading to more reasonable energetics. In
addition, the fast consumption of NO− by reaction with oxygen or
by other mechanisms may make this reaction thermodynamically
more favorable.28,69

MeS• + MeXNO Thiolation reactions. Similar to transnitro-
sation, thiolation reactions with MeS• radical are facile (Fig. 19, 22
and 23). In particular, the reaction of MeS• with MeSNO to form a
disulfide bond is barrierless. This is in accord with the autocatalytic

effect of MeS• on the decomposition reaction of MeSNO at high
MeSNO concentration and the increase of the decomposition rate
at the increase concentration of MeSH.17 Reactions are exothermic
and the barriers are modest between MeS• and MeXNO (X = NH,
O). Optimized structures and energetics are shown in Fig. 22 and
23. Solvation does not change the barrier height significantly and
the reactions remain exothermic.

Summary

Molecular orbital calculations have been used to study transni-
trosation and thiolation reactions. Depending on the reaction
conditions, neutral MeSH, anion MeS−, and radical MeS• are
all possible reactive species. Barriers for neutral MeSH are very
high, but can be lowered by the participation of an explicit water

This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 1352–1364 | 1361



Fig. 21 Thiolation reaction between MeS− and MeNHNO in the gas phase and in solution (water and CH3CN using the CPCM model).

Fig. 22 Thiolation reaction between MeS• and MeONO in the gas phase and in solution (water and CH3CN using the CPCM model).

molecule. Formation of the anion MeS− brings down the barrier
heights even more. In each case, MeS• radicals reacting with
RXNO (X = S, O, NH) have the lowest barrier for both
transnitrosation and thiolation reactions. The transnitrosation
and thiolation reaction of RXNO are more favorable for X =
S than for X = O or NH.

Recent experimental work shows that the S-transnitrosation
reaction is facile and several orders of magnitude faster than
S-thiolation reaction at pH 7 and room temperature.21,41 Under

these conditions, the neutral thiol is the majority species, but
there is a significant amount of thiolate. Since the mechanisms
for both reactions involving neutral thiol have very high barriers,
the reactions involving thiolate species will contribute the most.
The mechanisms involving radical MeS• have the lowest barriers;
however, the concentration of radical MeS• in the solution is very
low, making the contribution from the radical MeS• mechanism
very small. At high temperatures or in the presence of transition
metals or in light, the radical mechanism may contribute more.
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Fig. 23 Thiolation reaction between MeS• and MeNHNO in the gas phase and in solution (water and CH3CN using the CPCM model).
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