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Abstract In this theoretical study, several hybird DFT
functionals and MP2 method are used to investigate the pro-
perties and the kinetics of a series of nitrosamines. The results
show SN or NS transnitrosation reaction to be more favorable
via an SN2-like pathway. The stability is predicted to be in
the order of H2NNO > cis-MeHNNO > trans-MeHNNO >
Me2NNO > trans-PhHNNO > cis-PhHNNO > cis-MeSNO >
Ph2NNO > N -methylenenitrous amide, in which Ph2NNO
and N -methylenenitrous amide will be potential candidates
for the NO donor. For N -methylenenitrous amide, which has
the strongest NO donating strength among the titled nitroa-
mines, a nearly perpendicular configuration between H2C=N
and NO can plausibly be rationalized by the fact that lone pair
of the nitrogen atom on the fragment H2CN must be π -type,
not σ -type, to form a mesomeric effect with π*N−O of the
NO group. Using the polarizable continuum model to consi-
der the water solvent effect, all the barriers and endothermi-
cities of the transnitrosation reactions are decreased and the
correlated %N–H and %N–S are decreased and increased.

Keywords DFT · Nitrosamines · SN transnitrosation
reaction · Mesomeric effect

1 Introduction

Nitric oxide (NO) is one of the few gaseous signaling mole-
cules that act as key biological messengers. It plays a role
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in various biological processes. For example, NO inhibits
vascular smooth muscle contraction and growth, platelet
aggregation and leukocyte adhesion to the endothelium,
resulting in vessel homeostasis [1]. A high-salt intake was
proved to attenuate NO production in human [2]. Howe-
ver, NO is a free radical possessing an unpaired electron,
which is obviously relevant to its high reactivity and must
be stored by a carrier molecule that preserves its biologi-
cal activity [3–5]. So far, S-nitrosothiols (RSNO) have been
proposed to play a key role in transporting and storing NO
within the organism [6–11]. Recently, Bryan et al. propo-
sed that nitrosamines (−NNO), which are present in similar
abundance to S-nitrosothiols [12], play similar physiologi-
cal roles to S-nitrosothiols in vivo [13]. For example, aro-
matic N -nitrosamines like N -nitrosotryptophan derivatives
can generate S-nitrosothiols [14] and can also act as direct
NO donors [13]. However, to our knowledge, their associated
properties are less understood than those of RSNOs.

In another approach, computational chemistry seems to
offer a reasonable access to investigate the properties of
these important compounds. Schlegel et al. calculated the
transnitrosation reaction between cis-MeHNNO and MeSH
[15]. Very recently, Ohwada et al. have successfully syn-
thesized some aliphatic N -nitrosamines and calculated the
barriers of nitrogen to sulfur (NS) transnitrosation reactions
[16]. In our previous studies, we have applied various theo-
retical methods to gain detailed insights into the isomeriza-
tion pathways of RSNO [17]. Based on Bharatam’s work
and Natural bond orbital analyses [18], we intend to explore
whether the high reactivity of S-nitrosothiols is due to the
strong negative hyperconjugation (nπO ↔ σ*N−S). In addi-
tion, the mesomeric effect of S-nitrosothiols does not cause
the breakage of the N–O bond due to the compensation of
columbic attraction between N and O. To extend our contri-
bution toward other natural NO resources, we herein report
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a theoretical investigation on a series of nitrosamines in an
aim to shed light on their structure, thermodynamic proper-
ties, and the reactivity toward, e.g. thiol and amine groups.
Particular attention is paid to the NO donating strength and
the associated reactions such as sulfur to nitrogen (SN) and
nitrogen to sulfur (NS) transnitrosations.

2 Theoretical method

All calculations are performed with the Gaussian 03 program
[19]. The theoretical levels we have chosen are MP2/6-31G*
and six hybrid DFT functionals (B3LYP, B3P86, B3PW91,
MPW1LYP, MPW1PW91 and MPW1K) with the same basis
set [20–23]. The core electron excitations are neglected in
our MP2 calculation. All five points of interest, including
reactants, reactant complex (ReaCOM), transition state (TS),
product complex (ProdCOM), and products along the poten-
tial energy surface (PES) of the reactions are carefully exa-
mined. All the stationary points are positively identified as
equilibrium structures (the numbers of imaginary frequency
(NIMAG = 0)) or transition states (NIMAG = 1). For the
transition states, motion corresponding to the imaginary
frequency is checked visually. To obtain more accurate ener-
getic values, single-point energy calculations are also per-
formed at the BD(T)/6-311G*//MP2/6-31G* [24] level with
the addition of MP2-optimized zero-point vibrational ener-
gies (designated BD(T) hereafter). All mentioned energe-
tic values are corrected for zero-point vibrational energies.
Moreover, negative hyperconjugation (nπO ↔ σ*N−S) and
the mesomeric effect proposed in the case of RSNO will be
applied to investigate their influence on nitrosamines [25].
Polarizable continuum models (PCM), in which the cavity is
created via a series of overlapping spheres, is used to consider
the solvent effect of water on the SN or NS transnitrosation
reactions [26]. The temperature of the aqueous solution is
set to body temperature of 310.0 K to mimic physiological
conditions. The most naturally abundant isotopes are chosen
for every element.

3 Results and discussion

3.1 The most optimized DFT functional

It has been well established that transnitrosation occurs bet-
ween S-nitroso compounds and amines [27–29]. As shown
in Scheme 1, pathway 1 is assumed to be an SN2-like mecha-
nism, in which nitrosamine is formed through the transition
state (TS1) by a S-nitrosothiol and a nitrogen nucleophile and
a proton is transferred from nitrogen to sulfur simultaneously.
Alternatively, the reaction pathway 2 is supposed to involve
two transition states (TS2 and TS21) which are separated by
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Scheme 1 The proposed mechanism of the SN transnitrosation
reaction

an intermediate INT2. Schlegel and coworkers calculated the
transnitrosation reaction between cis-MeHNNO and MeSH
based on pathway 2 [15]. In another approach, Ohwada and
coworkers calculated the transnitrosation reactions between
various nitrosamines and MeSH based upon pathway 1 [16].
In this study, a fair comparison between these two pathways
is made. In the first place, we choose cis-MeSNO + NH3

as a model system and apply the proposed pathway 1 with
the above-mentioned theoretical methods. Note that in this
approach, MeSNO is adopted as a cis conformation, as it has
been reported to be more stable than the trans conformation
[17]. The results summarized in Table 1 indicate that except
for MPW1K, the corresponding transnitrosation is calcula-
ted to be endothermic for all applied methods. For example,
according to our highest theoretical level, BD(T), the reaction
enthalpy is calculated to be 3.9 kcal/mol with a barrier height
Ea(Ea = ETS − EReaCOM, see Table 1) of 41.1 kcal/mol.
Interestingly, despite its wrongly predicted exothermicity,
among the various methods used, the barrier of 38.7 kcal/mol
optimized by the MPW1K method is the closest one to that
deduced from BD(T). Furthermore, a parameter called Ddev

is introduced as (Eq. 1) shows to check the relative accu-
racy of MP2 and all DFT functionals tested with respect to
BD(T)

Ddev =
∣
∣EBD(T) − EMP2

∣
∣

∣
∣EBD(T)

∣
∣

(1)

where EBD(T) and EMP2 denote the energy of the four interes-
ting points on the potential energy surface, namely ReaCOM,
transition state, ProdCOM and product, calculated by BD(T)
and MP2, respectively. We then calculate Ddev of the selected
theoretical methods and the results are also listed in Table 1.

Accordingly, the average of Ddev of MP2, B3LYP, B3P86,
B3PW91, MPW1LYP, MPW1PW91 and MPW1K are 79.93,
127.1, 175.5, 138.2, 216.5, 231.1 and 353.5%, respectively.
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Table 1 The comparison of
various theoretical methods
based on the pathway 1 of
transnitrosation between NH3
and cis-MeSNO

a The infinitely separated
reactants are taken as the energy
standard
b Ddev is calculated according to
Eq. (1), 〈〉 denotes the average

Ea
ReaCOM Ea

TS1 Ea
ProdCOM Ea

products 〈DDev〉 × 100%b

MP2 −3.5 34.8 −1.7 3.3 79.93

B3LYP −2.1 30.9 −2.2 2.3 127.1

B3P86 −2.0 29.1 −2.9 1.5 175.5

B3PW91 −1.5 30.7 −2.2 1.4 138.2

MPW1LYP −3.2 31.1 −3.8 1.6 216.5

MPW1PW91 −2.3 30.8 −3.8 0.6 231.1

MPW1K −2.8 35.9 −6.4 −2.2 393.5

BD(T) −3.3 37.8 −0.4 3.9

Table 2 The comparison between the pathway 1 and 2 of the transni-
trosation reaction cis-MeSNO + NH3 → H2NNO + MeSH

Ea
ReaCOM Ea

TS Ea
INT Ea

TS1 Ea
ProdCOM

Pathway 1 −2.1 30.9 – 30.9 −2.2

Pathway 2 −2.2 52.8 23.4 39.1 0.1

a The infinitely separated reactants are taken as the energy standard

Accordingly, B3LYP seems to perform the best among all
DFT functionals tested for pathway 1. Accordingly, for a
fair comparison, thermodynamics along pathway 2 are also
calculated on the basis of B3LYP, and the optimized geo-
metries (by B3LYP) of reactant complex (ReaCOM), TS,
product complex (ProdCOM), and the nitrosamine product
along these two pathways are depicted in Fig. 1. Notably,
in this study, since cis-MeSNO may form many stable com-
plexes with respect to nitrogen nucleophiles, we are particu-
larly interested in the reactive complexes that undergo least
motion to arrive TS. To do this, we altered the demanding
bond lengths of TS and treated it as the initial guess to cal-
culate the reactant complex. On this basis, it is found that
there exist different complexes between reaction pathway 1
and 2. Their corresponding thermodynamics are summarized
in Table 2, such that a fair comparison can be made for the
two pathways. Evidently, owing to its higher energy barrier,
step 1 of pathway 2 (see Scheme 1) should be ascribed to
the rate-determining step, the result of which is in agreement
with the previous report regarding the reaction between cis-
MeSNO and MeNH2 [15]. However, the calculated barrier
of 54.9 kcal/mol is higher in energy than that of pathway 1 by
21.9 kcal/mol. Accordingly, the SN transnitrosation reaction
seems to favor an SN2-like reaction.

3.2 The substituent effects of methyl groups and phenyl
rings on nitrosamines

The substituent effects of methyl groups and phenyl rings
are discussed in this section. The optimized geometries of
the titled nitrosamines are depicted in Fig. 2. Additionally,

N -methylenenitrous amide is also considered in this study
in order to investigate the differences in the interaction of
sp3-nitrogen or sp2-nitrogen with respect to the NO group.
Note that the nitrosamines symbolized as MeHNNO and
PhHNNO may exist as a trans or a cis conformer. Both
conformers and their respective isomerization TSs are also
depicted in Fig. 2. As shown in Fig. 2, the length of the N–N
bond is longer in the cis form than it is in the trans form,
and it is especially pronounced in PhHNNO. This may be
due to the steric hindrance between Me (or Ph) and oxygen
atoms, in which the phenyl ring evidently renders a stron-
ger steric effect. In TS, the N–N bond distance is signifi-
cantly lengthened for both trans and cis forms, while the N–O
bond distance is conversely shortened. The relative energy,
which is defined as Etrans − Ecis , is calculated to be 0.5
and −2.5 kcal/mol for MeHNNO and PhHNNO, respecti-
vely. This may be due to the fact that phenyl ring is much
more bulky, such that it induces a strong steric hindrance with
the oxygen atom of NO. A similar mechanism can be applied
to rationalize why the N–N bond distance of PhHNNO is fur-
ther lengthened from 1.352 Å in cis-PhHNNO to 1.373 Å in
Ph2NNO. Moreover, the N–N bond length is apparently leng-
thened from sp3-(1.335 Å) to sp2-nitrogen (1.397 Å) attached
to the NO group. The barriers of trans ↔ cis isomerization
(ETS − Ecis) are calculated to be 25.3 and 19.8 kcal/mol
for MeHNNO and PhHNNO, respectively. In our previous
study on S-nitrosothiols, it was found that the rotation of cis-
MeSNO must overcome a barrier of 14.7 kcal/mol based on
the similar theoretical level [17]. That is to say, cis-MeHNNO
must overcome a higher barrier to undergo trans ↔ cis iso-
merization than cis-MeSNO must. Furthermore, the critical
geometrical parameters of cis-MeSNO and titled nitorsa-
mines are summarized in Table 3. Table 3 also lists some pre-
vious results for a fair comparison [17,30–32]. In agreement
with the result of Gauld and coworker, the B3LYP functional
seems to lengthen the N–S bond of cis-MeSNO if comparing
with the QCISD result [32].

Based on Bharatam’s work [18], our previous results on
S-nitrosothiols also concluded that there existed two types of
significant orbital interactions in S-nitrosothiols [17], namely
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Fig. 1 The optimized
geometries of complexes,
transition states, intermediate of
transnitrosation between
cis-MeSNO and NH3 and the
product H2NN = O (The bond
length in Å, the bond angle in ◦,
the color of the atom decreases
from black to white according to
atomic number)

the mesomeric effect (nS ↔ π*N−O) and the negative
hyperconjugation (nπO ↔ σ*N−S). We have applied the
coordination of BH3 or Cu+ toward S-nitrosothiols to check
the effect of each individual interaction on the stability of
S-nitrosothiols. It was found that the mesomeric effect was
compensated by the columbic attraction between N and O,
with the net effect being a stabilizing factor on S-nitrosothiols.
Conversely, the high reactivity of S-nitrosothiol was due to
the strong negative hyperconjugation [17,18]. The strengths
of the corresponding orbital interactions in nitrosamines can
thus be extracted by NBO analyses. Taking the mesome-
ric effect (nS ↔ π*N−O) of S-nitrosothiols as an example,

the interaction strength between nS and π*N−O should be
inversely proportional to the corresponding energy gap. Accor-
ding to the second order perturbation theory, the interaction
energy E (2) of the mesomeric effect can be written as (Eq. 1):

E (2) = 2

〈

ns |Hint|π∗
N–O

〉2

Eπ∗
N–O

− Ens

(2)

where Ens and Eπ *N–O are the energy of nS and πN–O∗
orbitals, respectively. Hint is the interacting Hamiltonian.
The number 2 on the right side of (Eq. 2) indicates the
number of electrons occupied on the nS orbital. In Table 4,
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Fig. 2 The optimized
geometries of nitrosamines and
their isomerized TSs (The bond
length in Å, the bond angle in ◦,
the color of the atom decreases
from black to white according to
atomic number)

E (2) for mesomeric effect and negative hyperconjugation of
cis-MeSNO and nitrosamines are calculated and summa-
rized. As listed in Table 4, all titled nitrosamines, except
for N -methylenenitrous amide, possess stronger mesomeric
effects but weaker negative hyperconjugation than that of
cis-MeSNO. However, in addition to these two orbital inter-
actions, other intrinsic properties may influence the stability

order of S-nitrosothiols and nitrosamines. For example, it
has been reported [33] that 3p–2p orbital overlapping in S–N
(e.g. MeSNO) is worse than that of the 2p–2p orbital in N–N
(e.g. MeHNNO). It is also worth note that the dihedral angle
<C–N–N–O in e.g. N -methylenenitrous amide is calculated
to be 84.00 ◦, indicating that H2C = N is nearly perpendicu-
lar to NO. The result may be due to the fact that the lone pair
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Table 3 Optimized bond lengths (Å) and bond angles (◦) for
cis-MeSNO and titled nitrosamines

r (N–O) r (N–X) < (O–N–X)
X=S or N X=S or N

cis-MeSNO 1.19 1.87 117

1.19a 1.82a 117a

1.18b 1.86b 117b

1.22c 1.78c 114c

1.19d 1.80d

H2NNO 1.22 1.34 114

1.24c 1.34c 113c

trans-MeHNNO 1.23 1.33 114

cis-MeHNNO 1.23 1.34 114

1.24c 1.33c 113c

Me2NNO 1.23 1.34 114

trans-PhHNNO 1.23 1.34 113

1.24c 1.34c 113c

cis-PhHNNO 1.22 1.35 116

Ph2NNO 1.22 1.37 115

N -methylenenitrous amide 1.21 1.40 114

a The value is calculated by B3P86/6-31++G**, see [30]
b The value is calculated by B3LYP/6-311+G*, see [30]
c The values are obtained by the G3 method, see [31]
d The values are obtained by the QCISD/6-311+G(2df,p) method,
see [32]

of nitrogen atom on the fragment H2CN must be a π -type,
not a σ -type, to induce mesomeric effect with π*N–O of the
NO group.

To gain more detailed insight into the overall perturba-
tion, the relative stabilities between these nitrosamines and
cis-MeSNO are further investigated by the homolytic bond
dissociation energies (BDEs) of the N–X bonds (X=N, S).
Although the N–X bond may also undergo heterolytic brea-
kage, it has been proven that the homolytic process is more
favorable than the heterolytic one and the biological acti-
vity of RSNOs has been mostly attributed to the homoly-
tic cleavage of the N–S bond [34–36]. It is reasonable to
conclude that the larger the BDE of the N–X bond is, the more
stable the molecule is. In this regard, RSNOs are famous NO
donors, and their BDEs of the N–S bond are measured to be
20 ∼ 28 kcal/mol experimentally [37]. In our computational
approach, the optimized BDE of the N–S bond in cis-MeSNO
is estimated to be 28.7 kcal/mol, a value which is close to the
experimental value [37]. The BDE of the N–S bond in RSNO
was reported to be sensitive to the basis set and underesti-
mated by the B3YP functional [32]. However, as shown in
Table 4, the calculated BDEs of N–S and N–N bonds are only
deviated from the previous G3 results by ∼1.3 kcal/mol in
average [31]. The G3 method is proved to be able to give high-
accuracy thermodynamic data and its overall average abso-
lute deviation from experiment has already deduced to be as

Table 4 Second-order perturbation energy E (2) for mesomeric effect
and negative hyperconjugation and corresponding BDE (all in kcal/mol)
of RXNO (X=S or N)

E (2) for E (2) for negative BDE of N–S
mesomeric hyperconjugation or N–N bond
effect

cis-MeSNO 27.1 48.6 28.7

32.3a 42.5a 35.4a

42.9b 29.0b 28.1b

31.5c

20 ∼ 28d

H2NNO 61.3 20.7 46.3

45.7c

trans-MeHNNO 76.0 20.4 44.8

cis-MeHNNO 76.5 20.7 45.4

47.3c

Me2NNO 80.2 21.1 42.6

trans-PhHNNO 69.7 20.7 32.9

34.2c

cis-PhHNNO 70.2 23.4 30.4

Ph2NNO 54.8 26.3 23.5

N -methylenenitrous 24.1 14.4 19.9
amide

a The results are calculated by B3P86/6-31++G**, see [30]
b The values are obtained by MP2/6-31+G*, see [31]
c The values are obtained by the G3 method, see [31]
d The experimental value in [37]

small as 1.02 kcal/mol [38]. Therefore, the optimized BDEs
should be accurate enough to make a fair comparison, at least
in a qualitative manner, and the calculated BDEs are summa-
rized in Table 4. As listed in Table 4, the thermal stability is
in the order of H2NNO > cis-MeHNNO > trans-MeHNNO >
Me2NNO > trans-PhHNNO > cis-PhHNNO > cis-MeSNO >
Ph2NNO > N -methylenenitrous amide. Obviously, due to
their less stability than that of cis-MeSNO, Ph2NNO and
N -methylenenitrous amide analogues may act as a suitable
NO donor. This result provides theoretical evidence in
support of the experimental observation that certain aromatic
N -nitrosamines can act as a direct NO donor [13]. Our results
also clearly show that the N–N bond in N -methylenenitrous
amide is the weakest among all titled nitrosamines, sugges-
ting that N -methylenenitrous amide, if synthesis is feasible,
may serve as a better NO donor than RSNOs and aromatic
nitrosamines.

3.3 The SN transnitrosation reactions and the reactivity
of a nitrosamine

Based on pathway 1, Table 5 lists the barriers of the SN trans-
nitrosation reactions between cis-MeSNO and corresponding
nitrogen nucleophiles to produce the nitrosamines shown in
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Table 5 The barriers, reaction heats, %N−H and %N−S of the SN
transnitrosation reactions between cis-MeSNO and different nitrogen
nucleophiles

Ea
a E ′a

a � H %N–Hb %N–Sb

NH3 33.0 33.1 2.3 27.30 45.65

24.5c 28.9c −5.6c 9.87c 77.56c

MeNH2 26.8 33.1 −4.2 28.86 48.61

19.1c 28.0c −11.2c 9.74c 80.38c

Me2NH 23.4 30.8 −7.7 28.19 51.68

19.2c 29.1c −12.4c 11.26c 81.01c

PhNH2 29.9 32.7 −0.1 35.25 42.53

25.6c 29.5c −2.9c 10.77c 89.74c

Ph2NH 28.0 24.7 2.8 46.01 39.43

29.2c 28.9c 0.3c 37.12c 54.99c

H2C=NH 31.3 21.6 10.0 15.64 45.47

29.5c 21.2c 8.9c 7.32c 85.63c

a Ea = ETS − EReaCOM, Ea′ = ETS − EProdCOM, the unit of the
energetic value is kcal/mol
b The parameters are defined in Eqs. (3) and (4)
c The values are obtained as considering the solvent effect of water by
full optimization

Fig. 2. Figure 3 depicts the geometries of corresponding Rea-
COMs, TSs and ProdCOMs along the potential energy sur-
faces of the SN transnitrosation reactions. As listed in Table 5,
with respect to cis-MeSNO, the SN transnitrosation reaction
of phenylamine is nearly thermoneutral, while the similar
reaction of methylamine and dimethylamine is exothermic.
We thus conclude that the SN transnitrosation reactions of
ammonia, diphenylamine and methanimine are not thermo-
dynamically favorable, while this reaction is allowed bet-
ween cis-MeSNO and dimethylamine. In our previous study
about the transnitrosation reactions between MeXNO and
YMe− (X=S, Se; Y=S, Se) [39], the reactions are found to
undergo concerted reactions in the aqueous solution at 310 K
by fully optimized PCM model. The result is in sharp contrast
to the two-step reaction pathways concluded in the gas phase
[39,40]. Therefore, the SN transnitrosation reactions are also
investigated by fully optimized PCM model to simulate the
physiological conditions in this study. For a fair comparison,
the results including the solvent effect of water are also listed
in Table 5. Clearly, all the barriers and endothermicities of
the transnitrosation reactions are decreased in the aqueous
solution, implying a more polar TS and product environment
with respect to that of the reactants.

Nitrosamines are supposed to deliver NO in either a direct
or indirect manner. As for the direct pathway, the N–N bond is
ruptured intramolecularly to render NO· and R′ R′′N·. Alter-
natively, the indirect pathway incorporates the transnitro-
sation to generate an unstable S-nitrosothiol, which then
decomposes to NO· and SR· [13,14]. For the latter case, Ea′
in Table 5 can be viewed as the barrier of the nitrogen to sul-

fur (NS) transnitrosation reaction. From a kinetic viewpoint,
the results show that the reverse NS transnitrosation reaction,
except for Ph2NNO and N -methylenenitrous amide, requires
more energy to occur than the forward SN transnitrosation
reaction. This viewpoint is in agreement with the experimen-
tal result in that the generation of S-nitrosothiols from aroma-
tic N -nitrosamines is feasible [14]. The result also predicts
that N -methylenenitrous amide should more easily undergo
the NS transnitrosation reaction than Ph2NNO. Therefore,
N -methylenenitrous amide can be considered to be more
labile than Ph2NNO in both direct and indirect generation
of NO.

To gain more insight into the substituent effect of methyl
group and phenyl ring on the geometry of TS, we then apply
two parameters, %N–H and %N–S, expressed in (Eqs. 3, 4),
to check the degree of the bond breakage of N–H and N–S
in TS

%N − H = rN−H(T S) − rN−H(N)

rN−H(N)
(3)

%N − S = rN−S(TS) − rN−S(MeSNO)

rN−S(MeSNO)
(4)

where rN−H (TS) and rN−S (TS) indicate the bond lengths
of N–H and N–S in the transition state, and N represents
the mentioned nitrogen nucleophiles. The results shown in
Table 5 clearly indicate that %N–H becomes larger as the
hydrogen atom of NH3 is replaced by either a methyl group or
phenyl ring. However, the value of %N–S increases as methyl
groups substitute hydrogen and decreases as phenyl rings
substitute hydrogen. Upon considering the solvent effect of
water, the values of %N–H (%N–S) are decreased (increased)
in all cases. The reactivity of nitrosamine is further investi-
gated by taking H2NNO and NH3 as a model system, and
the ReaCOM, TS and ProdCOM of this reaction based on
pathway 1 are also depicted in Fig. 3. The activation energy
of this reaction is calculated to be 50.6 kcal/mol, the results
of which indicate that thiols are more efficient nucleophiles
than amines upon reacting with nitrosamines.

Based on pathway 2 depicted in Scheme 1, Schlegel and
coworkers found one extra water molecule cannot catalyze
the NS transnitrosation reaction between cis-MeHNNO and
MeSH efficiently [15]. On one hand, in this study, we inten-
ded to investigate whether a similar catalytic effect is also
unfavorable upon one-water catalysis. On the other hand,
it should be interesting to investigate the role of NH3 in the
relevant reaction, in which one NH3 was used as the reactant,
while the other may be used as a catalyst. Similar dual roles of
the reactant have been found in other reaction. For example,
Plummer et al. used HF method to calculate the reaction
SO3 + H2O → H2SO4 and found that a large barrier height
existed between adduct and sulfuric acid, the result of which
seemed to discount the simple picture of the rapid reaction
of sulfur-trioxide with one water molecule to form the acid
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Fig. 3 The optimized geometries of various complexes and TSs of transnitrosation reactions (The bond length in Å, the bond angle in ◦, the color
of the atom decreases from black to white according to atomic number)

[41]. Accordingly, they concluded that a study of the poten-
tial surface of SO3 with two or more water was necessary in
order to obtain a complete picture. Figure 4 depicts the opti-

mized geometries of ReaCOMs, TSs and ProdCOMs contai-
ning one extra water or ammonia. Clearly, the bond length of
N–H in TS, which is ready to break, is influenced more upon
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Fig. 4 The optimized geometries of various complexes and TSs of
one extra water or NH3 assisted transnitrosation (The bond length in Å,
the bond angle in ◦, the color of the atom decreases from black to white
according to atomic number)

the insertion of additional ammonia (or water) than that of
N–S. Moreover, data summarized in Table 6 also imply that
the addition of one extra ammonia (or water) molecule only

Table 6 The change of activation energies, %N−H and %N−S when
one extra water or ammonia molecule is added to the transnitrosation
reaction cis-MeSNO + NH3 → H2NNO + MeSH

NH3 H2O

�Ea
a 4.7 4.5

�E ′b
a 0.2 0.7

�(%N–H)c 22.33 3.427

�(%N–S)d −6.694 −8.613

a �Ea = Ea (adding one extra water or ammonia) −Ea
b �E ′

a = E ′
a (adding one extra water or ammonia) −E ′

a
c �(%N–H) = %N–H (adding one extra water or ammonia) −
%N–H, %N−H are defined in (Eq. 3)
d �(%N–S) = %N–S (adding one extra water or ammonia) − %N−S,
%N−S are defined in (Eq. 4)

slightly gains the net catalytic effect on the transnitrosation
reaction between cis-MeSNO and NH3, the result of which
seems to be in agreement with the previous Schlegel’s result
[15]. Thus, it is believed that the bulk-water catalyzed trans-
nitrosation reactions in the physiological conditions should
be more sophisticated. Nevertheless, as shown by a larger
reduction of the activation energy (see Table 6), ammonia
has a stronger catalytic effect than water, the result of which
may be due to the fact that the basicity of NH3 is stronger
than that of H2O.

4 Conclusion

To sum up, according to the results presented in this study,
the SN or NS transnitrosation reaction is more favorable via
an SN 2-like pathway. The stability is in the order H2NNO >
cis-MeHNNO > trans-MeHNNO > Me2NNO > trans-
PhHNNO > cis-PhHNNO > cis-MeSNO > Ph2NNO >
N -methylenenitrous amide. Compared to cis-MeSNO,
Ph2NNO and N -methylenenitrous amide are good candi-
dates as NO donors, in which N -methylenenitrous amide
is expected to be better than Ph2NNO available currently. It
is also worth note that the dihedral angle <C–N–N–O in e.g.
N -methylenenitrous amide is calculated to be 84.00 ◦, indica-
ting that H2C=N is nearly perpendicular to NO. This result
may be due to the fact that the lone pair of nitrogen atom
on the fragment H2CN must be a π -type, not a σ -type, to
induce a mesomeric effect with π*N−O of the NO group.
Clearly, the bond length of N–H in TS is influenced more
with the addition of ammonia (or water) than that of N–S.
Although the effect is not significant, the water or ammonia
molecule shows catalytic effect on the transnitrosation reac-
tion between cis-MeSNO and NH3. All barriers and endo-
thermicities of the transnitrosation reactions are decreased
and the values of %N–H (%N–S) are decreased (increased)
if we further consider the solvent effect of water. The results
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imply that bulk water may have more subtle effects on the
transnitrosation reaction.
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