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The ability of conventional electron correlation (MP2 and QCISD) and density functional theory (B3LYP
and B3P86) methods to provide accurate and reliable optimized structures, and homolytic S-N bond
dissociation energies (BDEs), for a range ofS-nitrosothiols (RSNOs) has been investigated. It is found that,
in general, for any given method the 6-311+G(2df,p) or larger basis set must be used to obtain reliable
structures. With a suitably large basis set, the different methods generally give optimized structures in close
agreement with each other. However, the B3LYP method consistently overestimates the RS-NO bond length.
The trends observed are found to be due in part to the fact that the RS-NO bond does not possess considerable
double-bond character as previously suggested, but rather is a long single S-N bond, with the-NO moiety
possessing considerable multiple-bond character. The B3P86/6-311+G(2df,p) method consistently gives BDEs
in best agreement with values obtained with higher accuracy methods, e.g., CBS-Q, while the B3LYP method
increasingly underestimates BDEs with increasing RSNO size. In contrast, for all RSNOs, the QCISD method
significantly underestimates BDEs by as much as 55 kJ mol-1. Overall, the B3P86/6-311+G(2df,p) method
is found to perform the best of the methods considered for obtaining optimized structures and homolytic
S-N BDEs of S-nitrosothiols.

1. Introduction

Since 1990, there has been increasing interest inS-nitroso-
thiols (RSNOs), species containing an-SNO functional group,
due to the fact that they have been found to be formed in vivo
as part of the metabolism of nitric oxide (NO),1-3 an important
biological messenger. In particular, they are thought to be a
means of transporting and storing NO within the body.1-6

Furthermore, they often show many of the same biological
properties as NO including vasodilation of arteries and inhibition
of platelet aggregation.5,7-11 Unfortunately, due in part to the
fact that they are usually highly reactive, have short lifetimes,
and are readily decomposed by heat, light, or Cu+ ions,
experimental studies on RSNOs are often quite difficult.12,13As
a result, our current level of understanding of many of the
fundamental properties of this important class of compounds,
and their chemistry, is unsatisfactory.

Computational chemistry would seem to offer an attractive
alternative approach for investigations on RSNOs, particularly
as studies of highly reactive species are generally as straight-
forward as those of stable long-lived species. However, it can
have its own inherent difficulties, not the least of which is
determining a reliable and accurate level of theory for inves-
tigating chemical properties of interest, e.g., bond dissociation
energies.

Recently, several theoretical studies on homolytic S-N bond
dissociation energies (BDEs) of RSNOs have appeared in the
literature.4,14-17 In general, they have employed the common
approach of performing large single-point or composite method,
e.g., G318 or CBS,19 calculations, based on optimized structures
obtained at considerably lower levels of theory. More specifi-

cally, structures used in these studies have been obtained by
using the Hartree-Fock, MP2, or density functional theory
(DFT) B3LYP method, in conjunction with a modest basis set,
generally 6-31G(d) or smaller. Typically, such levels of theory
provide reliable structures for well-behaved species. However,
no previous theoretical investigations4,14-17 have considered their
reliability for S-nitrosothiols. Indeed, optimized structures of
RSNOs obtained by using such methods contain S-N bond
lengths that vary considerably, from as short as 1.75 Å16 to
almost 2.05 Å.16 This range and size is all the more remarkable
considering it has been suggested that the RS-NO bond
possesses considerable double-bond character.15,16,20Hence, it
is unclear whether such variable optimized lengths are artifacts
of the methods employed, or indicative of the nature of the RS-
NO bond. In addition, such significant differences can potentially
affect, for example, the reliability of calculated S-N BDEs
based on such structures. Indeed, previously calculated S-N
BDEs4,14-17 differ considerably from each other for some
particular RSNOs by as much as 40 kJ mol-1.16 Furthermore,
they also differ from the corresponding experimentally deter-
mined BDE by more than 30 kJ mol-1.16 Considering the
potential utility of computational chemistry for studying such
species, this is an unsatisfactory situation.

The aim of this present study is to assess the ability of a
range of commonly employed theoretical methods, in particular
DFT methods, to obtain reliable structures and homolytic S-N
BDEs of S-nitrosothiols. The methods considered are the
conventional electron correlation methods MP2 and QCISD and
the DFT methods B3LYP and B3P86. A variety of model
RSNOs (HSNO, CH3SNO, C2H3SNO, C2H5SNO, C6H5SNO,
and CysSNO (S-nitroso-cysteine)) have been used. These were
chosen to provide both various sized RSNOs and a range of R
groups used in previous experimental and theoretical studies,
hence enabling greater comparison.
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2. Computational Methods

All geometry optimizations were performed with the Gaussian
98 and Gaussian 03 suite of programs.21 Optimized geometries
were obtained by using a variety of methods: the conventional
electron-correlation methods MP2 and QCISD, and density
functional theory methods. For the DFT methods, Becke’s three-
parameter hybrid exchange functional22 as implemented in
Gaussian 98,23 with the Lee-Yang-Parr correlation functional24

(B3LYP) or with Perdew’s nonlocal correlation functionals25

(B3P86) were employed. All methods were used in combination
with basis sets ranging from 6-31G(d) to 6-311++G(3df,3pd),
depending on the size of molecule being investigated. Zero-
point vibrational energy (ZPVE) corrections were also calculated
at these levels of theory, and scaled by an appropriate factor.26

For each RSNO, S-N homolytic bond dissociation energies
were calculated by using a variety of methods, each being
corrected with appropriately scaled ZPVEs (see text). Restricted
and unrestricted procedures were used for all closed- and open-
shell species, respectively. All bond dissociation energies are
in kJ mol-1 and bond lengths in Å, unless otherwise noted.
Optimized geometries obtained for species considered in this
present study are given in the Supporting Information (Tables
S1 and S2).

3. Results and Discussion

TheS-nitrosothiols examined in this present study are shown
schematically in Figure 1. In all cases, the most significant
structural changes occur in the S-N and N-O bond lengths.
Thus, the following discussion is limited to these parameters,
unless otherwise noted.

Optimized Geometries: HSNO.HSNO, being the smallest
S-nitrosothiol, was examined with use of the broadest range of
methods and basis sets (Table 1). Unlike all other RSNOs
presently considered, the lowest energy conformer of HSNO is
trans (anti) with the cis (syn) conformer lying just a few kJ
mol-1 higher in energy. Typically, primary and secondary

RSNOs prefer a syn, and tertiary an anti, conformation.27 For
completeness, selected optimized parameters of both conformers
are given in Table 1. As the trends observed are essentially the
same for both, the following discussion is limited to the trans
conformer, unless otherwise noted.

For the MP2 method with the smallest basis set used in this
study, 6-31G(d), the trans and cis conformers have S-N bond
lengths (r(S-N)) of 1.850 and 1.827 Å, respectively (Table 1).
The inclusion of p-functions on hydrogen (6-31G(d)f 6-31G-
(d,p)) has minimal affect. Improving the valence description
from double- to triple-ú (6-31G(d,p)f 6-311G(d,p)), however,
has a larger affect on the S-N bond, lengthening it by almost
0.04 Å to 1.891 Å. Further augmentation of the basis set by
inclusion of diffuse functions on non-hydrogen atoms (6-311G-
(d,p)f 6-311+G(d,p)) decreasesr(S-N) by approximately 0.04
Å, while inclusion of a second set of d-functions (6-311G(d,p)
f 6-311G(2d,p)) has a similar-sized but opposite affect, i.e.,
r(SsN) increases by almost 0.04 Å. Inclusion of f-functions
(6-311G(d,p)f 6-311G(df,p)), however, dramatically shortens
the S-N bond by more than 0.06 Å to 1.827 Å. Consequently,
at the MP2/6-311+G(2df,p) level, in which these basis set
enhancements are combined, the S-N bond (1.826 Å) is shorter
relative to that obtained at the MP2/6-311G(d,p) level (1.891
Å), by about 0.06 Å. We note that the length is close to that
obtained with the smaller 6-311G(df,p) basis set (1.827 Å).
Improving the basis set to 6-311++G(3df,3pd), the largest used
in this study, results in only a slight decrease inr(S-N) to 1.810
Å.

For the QCISD method, similar trends to those described for
the MP2 method are observed (Table 1). However, the size of
the changes observed for ther(S-N) is now more tempered.
For example, including a second set of d-functions (6-311G-

Figure 1. Schematic illustration of the structures of theS-nitrosothiols
(RSNOs) considered in this present study.

TABLE 1: Selected Optimized Parametersa for trans- and
cis-HSNO

r(S-N) r(H-S) r(N-O)

method basis set trans cis trans cis trans cis

MP2 6-31G(d) 1.850 1.827 1.341 1.347 1.205 1.211
6-31G(d,p) 1.853 1.832 1.331 1.338 1.204 1.209
6-311G(d,p) 1.891 1.852 1.333 1.340 1.179 1.188
6-311+G(d,p) 1.850 1.818 1.334 1.342 1.188 1.195
6-311G(2d,p) 1.929 1.905 1.333 1.339 1.175 1.181
6-311G(df,p) 1.827 1.794 1.335 1.344 1.186 1.193
6-311+G(2df,p) 1.826 1.799 1.340 1.348 1.191 1.197
6-311++G(3df,3pd) 1.810 1.785 1.333 1.341 1.191 1.197

QCISD 6-31G(d) 1.863 1.851 1.346 1.352 1.194 1.197
6-31G(d,p) 1.864 1.853 1.334 1.339 1.193 1.197
6-311G(d,p) 1.878 1.860 1.336 1.342 1.175 1.179
6-311+G(d,p) 1.855 1.838 1.338 1.344 1.179 1.184
6-311G(2d,p) 1.890 1.878 1.334 1.340 1.174 1.177
6-311G(df,p) 1.834 1.814 1.338 1.345 1.176 1.180
6-311+G(2df,p) 1.834 1.818 1.342 1.349 1.179 1.182
6-311++G(3df,3pd) 1.820 1.804 1.347 1.342 1.179 1.182

B3LYP 6-31G(d) 1.913 1.901 1.349 1.355 1.175 1.178
6-31G(d,p) 1.914 1.904 1.348 1.353 1.174 1.178
6-311G(d,p) 1.942 1.928 1.347 1.353 1.160 1.164
6-311+G(d,p) 1.910 1.894 1.347 1.354 1.166 1.170
6-311G(2d,p) 1.922 1.909 1.342 1.348 1.163 1.166
6-311G(df,p) 1.926 1.905 1.347 1.353 1.161 1.165
6-311+G(2df,p) 1.874 1.857 1.344 1.351 1.169 1.172
6-311++G(3df,3pd) 1.870 1.852 1.341 1.349 1.168 1.172

B3P86 6-31G(d) 1.881 1.867 1.345 1.352 1.174 1.178
6-31G(d,p) 1.883 1.870 1.344 1.351 1.174 1.177
6-311G(d,p) 1.903 1.884 1.344 1.351 1.161 1.165
6-311+G(d,p) 1.878 1.860 1.345 1.353 1.165 1.169
6-311G(2d,p) 1.882 1.867 1.340 1.346 1.164 1.167
6-311G(df,p) 1.887 1.864 1.344 1.351 1.162 1.167
6-311+G(2df,p) 1.843 1.824 1.342 1.350 1.168 1.173
6-311++G(3df,3pd) 1.839 1.820 1.340 1.347 1.168 1.172

a Bond lengths are in angstroms.
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(d,p) f 6-311G(2d,p)) increasesr(S-N) by just 0.012 Å, less
than half that observed with the MP2 method. Furthermore,
including diffuse or f-functions (6-311G(d,p)f 6-311+G(d,p)
or 6-311G(df,p)) decreasesr(S-N) by about 0.02 and 0.04 Å,
respectively, for both conformers. While these are nonnegligible
changes, they are smaller than those observed for the MP2
method. At the QCISD/6-311++G(3df,3pd) level, the S-N
bond length intrans-HSNO is 1.820 Å, close to that obtained
with the smaller 6-311+G(2df,p) and 6-311G(df,p) basis sets
(both 1.834 Å), see Table 1.

The DFT methods B3LYP and B3P86 exhibit similar basis
set affects to each other, which differ from those observed for
the conventional MP2 and QCISD methods. With the 6-31G-
(d) basis set, the B3LYP and B3P86 methods give optimized
S-N bond lengths fortrans-HSNO of 1.913 and 1.881 Å,
respectively, longer than obtained at the corresponding MP2
and QCISD levels (Table 1). Increasing the basis set from
6-31G(d) to 6-311G(d,p) lengthens the S-N bond by 0.02-
0.03 Å. The B3LYP method exhibits the largest increase,
resulting in a quite long S-N bond length of 1.942 Å. Improving
the 6-311G(d,p) basis set by including diffuse, and a second
set of d- or a set of f-functions results in modest decreases in
the optimized values ofr(S-N) by 0.016-0.032 Å. When each
of these basis set enhancements is combined in the 6-311+G-
(2df,p) basis set, the B3LYP method still predicts a considerably
longer S-N bond length (1.874 Å) thanany of the other
methods. In contrast, the B3P86 method now gives an S-N
length of 1.843 Å, in reasonable agreement with the QCISD/
6-311+G(2df,p) value of 1.834 Å (see Table 1). Improving the
basis set to 6-311++G(3df,3pd) causes only minor decreases
in r(S-N) of much less than 0.01 Å. At the B3LYP/6-311++G-
(3df,3pd) and B3P86/6-311++G(3df,3pd) levels, the S-N bond
lengths oftrans-HSNO are 1.870 and 1.839 Å, respectively.
We note that while the agreement between the QCISD and
B3P86 methods is slightly worse with this larger basis set, they
still agree within 0.02 Å.

Optimized H-S and N-O bond lengths are also included in
Table 1. They are noticeably less sensitive to basis set changes
than the S-N bond. Indeed, the largest single change observed
for all methods occurs in the N-O bond upon going from
6-31G(d,p) to 6-311G(d,p), which shortens by 0.025 Å or less.
It is interesting to note, however, that the DFT methods
consistently predict slightly shorter N-O distances than the
QCISD method, which are shorter than those obtained with the
MP2 method, see Table 1.

An explanation for the trends noted above, i.e., sensitivity of
r(S-N) to the basis set employed and the requirement for
extensive basis sets, e.g., 6-311+G(2df,p), before convergence
in its optimized length for a given method is achieved, is
suggested by considering the pertinent bonds in HSNH2, HNO,
and NO. Formally, HSNH2 contains an S-N single bond28,29a

and HNO an N-O double bond, while NO has a bond order of
2.5.29b Selected optimized parameters of these species obtained
with the 6-311+G(2df,p) basis set in conjunction with each
method are listed in Table 2. It can be seen that the optimized
r(S-N) values for HSNO are all 0.10-0.15 Å greater than those
obtained for HSNH2 at the same level of theory. Thus, the S-N
bond in HSNO does not possess considerable double bond
character as previously thought,15,16,20but instead is a long single
bond. An explanation for this bond character is suggested by
considering the N-O length in HSNO, which is between that
of r(N-O) in HNO and NO (cf. Table 1). That is, the-NO
moiety in HSNO retains significant multiple-bond character, less
than that of NO but enhanced relative to HNO, consequently

reducing its participation in the S-N bond, hence its lengthen-
ing. The sensitivity of long bonds to the method and basis set
employed, i.e., the accuracy of the description of such longer
range interactions between moieties, has been noted previously.30

Thus, the trends noted above are a direct consequence of the
long single-bond nature of the RS-NO bond. In addition, the
above results suggest that the B3LYP method overestimates the
length of such bonds, while the MP2 method is the most
sensitive to the description of the orbitals involved, i.e., basis
set. We note that a long single RS-NO bond may help explain
the experimentally observed high labililty of the NO moiety in
RSNOs.

Optimized Geometries: CH3SNO. This next largest alkyl
S-nitrosothiol was also examined with the broadest range of
basis sets, to enable greater comparison with the prototypical
RSNO, HSNO. The lowest energy conformer is cis, with one
of the methyl hydrogens directed toward the oxygen (see Figure
1). Selected optimized parameters are listed in Table 3.

The same trends upon increasing the basis set for each method
are observed as previously described for HSNO. For example,
for the MP2 and QCISD methods, inclusion of diffuse or
f-functions (6-311G(d,p)f 6-311+G(d,p) or 6-311G(df,p))
causes the S-N bond to shorten by 0.02-0.05 Å, while
inclusion of d-functions lengthens it by 0.01-0.02 Å. As for
HSNO, the largest changes inr(S-N) for any basis set
enhancement occur for the MP2 method. In addition, for both

TABLE 2: Selected Optimized Parametersa for
trans-HSNH2, HNO, and NO Obtained by Using the
6-311+G(2df,p) Basis Set with Various Methods

r(S-N) r(N-O)

method HSNH2 HNO NO

MP2 1.717 1.219 1.137
QCISD 1.721 1.204 1.152
B3LYP 1.724 1.198 1.146
B3P86 1.709 1.193 1.142

a Bond lengths are in angstroms.

TABLE 3: Selected Optimized Parametersa for cis-CH3SNO

method basis set r(S-N) r(C-S) r(N-O)

MP2 6-31G(d) 1.811 1.795 1.214
6-311G(d,p) 1.837 1.789 1.191
6-311+G(d,p) 1.806 1.791 1.198
6-311G(2d,p) 1.858 1.797 1.191
6-311G(df,p) 1.783 1.783 1.196
6-311+G(2df,p) 1.776 1.790 1.202
6-311++G(3df,3pd) 1.761 1.784 1.203

QCISD 6-31G(d) 1.834 1.805 1.201
6-311G(d,p) 1.846 1.801 1.183
6-311+G(d,p) 1.828 1.804 1.186
6-311G(2d,p) 1.852 1.809 1.183
6-311G(df,p) 1.802 1.795 1.184
6-311+G(2df,p) 1.799 1.801 1.187

B3LYP 6-31G(d) 1.867 1.813 1.187
6-311G(d,p) 1.887 1.809 1.174
6-311+G(d,p) 1.861 1.812 1.179
6-311G(2d,p) 1.864 1.807 1.177
6-311G(df,p) 1.865 1.808 1.175
6-311+G(2df,p) 1.821 1.804 1.182
6-311++G(3df,3pd) 1.814 1.799 1.182

B3P86 6-31G(d) 1.835 1.796 1.186
6-311G(d,p) 1.848 1.792 1.175
6-311+G(d,p) 1.829 1.795 1.178
6-311G(2d,p) 1.827 1.790 1.178
6-311G(df,p) 1.829 1.791 1.176
6-311+G(2df,p) 1.793 1.787 1.182
6-311++G(3df,3pd) 1.787 1.783 1.181

a Bond lengths are in angstroms.
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of these methods, optimizedr(S-N) values obtained with the
6-311G(df,p) and 6-311+G(2df,p) basis sets agree within 0.01
Å (see Table 3). For the MP2 method, increasing the basis set
further to 6-311++G(3df,3pd) causes only a slight decrease in
r(S-N). The B3LYP and B3P86 methods again exhibit a more
tempered basis set dependence than the MP2 method. For
example, improving the 6-311G(d,p) basis set by inclusion of
diffuse d- or f-functions results in modest decreases in the
optimizedr(S-N) values of 0.02-0.03 Å (see Table 3). Similar
to that noted for HSNO, of the two DFT methods, the largest
changes inr(S-N) occur with the B3LYP method, which also
consistently predicts longer S-N bonds, for a given basis set,
than any of the other methods. Increasing the basis set to
6-311++G(3df,3pd) results in only minor shortening of the
S-N bonds. It should be noted that optimized S-N bond lengths
obtained at the QCISD/6-311+G(2df,p) and B3P86/6-311+G-
(2df,p) levels are again in close agreement, being 1.799 and
1.793 Å, respectively.

The N-O bond, for all methods, is again quite insensitive to
the basis set beyond 6-311G(d,p). The broadest variation occurs
for the MP2 method, which also consistently predicts a slightly
longer NsO bond than any of the methods. Indeed, the QCISD,
B3LYP, and B3P86 methods all give quite similar optimized
NsO bond lengths of approximately 1.18 Å, while the MP2
method generally predicts a value close to 1.20 Å (see Table
3).

In CH3SNO, for all methods in combination with the
6-311+G(2df,p) basis set or larger, the S-N bond is predicted
to be significantly longer than in HSNH2 while concomitantly
the N-O bond length lies midway between that of HNO and
NO (cf. Table 2). Thus, while the CH3S-NO bond is shorter
than that in HSNO (cf. Table 1), it is still a lengthened S-N
single bond, again with considerable multiple-bond character
in the -NO moiety.

Optimized Geometries: CH2CHSNO, CH3CH2SNO, C6H5-
SNO, and CysSNO.Optimized S-N and N-O bond lengths
for all four species are given in Table 4. Due to their larger
size, a reduced range of basis sets and methods was used.

In general, similar trends are observed as previously described
for HSNO and CH3SNO. For example, for the conventional
MP2 and QCISD methods, inclusion of f-functions (6-311G-
(d,p)f 6-311G(df,p)) significantly shortens the S-N bond with
a concomitant, though less dramatic, lengthening of the N-O
bond. In addition, increasing the basis set further at the MP2
level to 6-311+G(2df,p) results in only quite minor changes in
the optimized bond lengths. A notable exception to this occurs
for C6H5SNO, wherer(S-N) increases by almost 0.04 Å (see
Table 4). However, the MP2 method appears to have consider-
able difficulty describing the interaction between the aromatic
(C6H5S) system and the NO moiety, ultimately causing it to

overestimater(S-N). This is indicated by the fact that at the
MP2/6-311G(d,p) level, the optimized S-N bond length is very
long at 2.097 Å, while at the QCISD/6-311G(d,p) level it is
1.906 Å, 0.191 Å shorter. In comparison, at the same levels of
theory, the corresponding differences obtained for the other
RSNOs are all less than 0.03 Å (cf. Tables 1 and 3). It should
also be noted that the NsO bond length is 1.154 Å at the MP2/
6-311G(d,p) level, markedly shorter than the value obtained for
any other RSNO atany level of theory.

For the DFT methods, substantial decreases in the optimized
r(S-N) values, with smaller concomitant increases in ther(N-
O) values also occur upon increasing the basis set from 6-311G-
(d,p) to 6-311+G(2df,p). In general, structures obtained at the
B3P86/6-311+G(2df,p) level are again in better agreement with
those obtained with the QCISD/6-311G(df,p) and MP2/6-
311+G(2df,p) methods, than are those obtained at the B3LYP/
6-311+G(2df,p) level, which again generally predicts longer
S-N bonds than the other methods. The exception to this occurs
for C6H5SNO; however, this is most likely due to overestimation
of the C6H5S-NO bond length by the MP2 method, as noted
above.

As for HSNO and CH3SNO, comparison with the appropriate
bond lengths of HSNH2, HNO, and NO clearly illustrates the
long single-bond nature of the RS-NO bond and multiple-bond
character of the-NO group, in each of the above RSNOs (cf.
Table 2).

Homolytic S-N BDEs: HSNO and CH3SNO. Calculated
S-N BDEs oftrans-HSNO andcis-CH3SNO are listed in Table
5. Both exhibit very similar basis set dependencies. For all
methods, improving the basis set from 6-311G(d,p) to 6-311+G-
(2df,p) increases the calculated BDEs. The largest increases of
approximately 30 and 20 kJ mol-1are observed for the MP2
and QCISD methods, respectively, while those observed for the
B3LYP and B3P86 methods are just 10 kJ mol-1 or less.
Improving the basis set further, 6-311+G(2df,p) to 6-311++G-
(3df,3pd), results in only minor changes in the calculated BDEs.
For a suitably large basis set, e.g., 6-311+G(2df,p) or larger,
values obtained with the MP2 and B3P86 methods are in close
agreement, agreeing within 5 kJ mol-1 (see Table 5). The
corresponding values calculated with the B3LYP method are
lower by 15-20 kJ mol-1. Surprisingly, however, S-N BDEs
calculated by using the QCISD method with any basis set are
significantly lower than those obtained with use of any other
method by 30-50 kJ mol-1. Thus, while the QCISD method
appears to provide reliable structures, it grossly underestimates
the strength of the long single S-N bond.

Of the methods previously used to calculate S-N BDEs, the
CBS-Q and G3 methods have the highest expected reliability
and accuracy. We note that the CBS-QB3 method is of similar
accuracy. In general, however, for the RSNOs in this present

TABLE 4: Optimized S-N and N-O Bond Lengthsa for Cis Conformers of CH2CHSNO, CH3CH2SNO, C6H5SNO, and
CysSNO

CH2CHSNO CH3CH2SNO C6H5SNO CysSNO

method basis set r(S-N) r(N-O) r(S-N) r(N-O) r(S-N) r(N-O) r(S-N) r(N-O)

MP2 6-311G(d,p) 1.883 1.184 1.806 1.201 2.097 1.154 1.955 1.170
6-311G(df,p) 1.800 1.194 1.762 1.204 1.900 1.174 1.791 1.197
6-311+G(2df,p) 1.803 1.197 1.760 1.210 1.937 1.171 1.795 1.201

QCISD 6-311G(d,p) 1.866 1.180 1.833 1.187 1.906 1.173
6-311G(df,p) 1.816 1.181 1.792 1.188

B3LYP 6-311G(d,p) 1.920 1.169 1.883 1.175 1.966 1.161 1.921 1.167
6-311+G(2df,p) 1.856 1.176 1.817 1.184 1.887 1.169 1.855 1.174

B3P86 6-311G(d,p) 1.880 1.170 1.846 1.176 1.926 1.161 1.882 1.167
6-311+G(2df,p) 1.825 1.176 1.792 1.183 1.854 1.169 1.825 1.174

a Bond lengths are in angstroms.
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study it gives values that lie between those obtained with the
G3 and CBS-Q methods. Thus, for simplicity, it is omitted from
the following discussion, unless otherwise noted. From Table
5 it can be seen that the G3 method predicts BDEs that are
about 10 kJ mol-1 lower than obtained with the CBS-Q method.
As a result, S-N BDEs obtained by using the MP2 and B3P86
methods with the 6-311+G(2df,p) basis set or larger are within
5 kJ mol-1 or less of those obtained by using the CBS-Q
method. However, BDEs obtained with the B3LYP method and
6-311+G(2df,p) basis set or larger give the best agreement with
those obtained by using the G3 method, being just 10 kJ mol-1

or less lower. As the QCISD method underestimates the S-N
BDE of HSNO and CH3SNO, it gives poorest agreement with
most of the previously calculated values, in particular those
obtained with the CBS-Q and G3 methods, being approximately
35-50 kJ mol-1 too low.14,16We note that BDEs calculated at
the QCISD/6-311+G(2df,p) level are close to those obtained16

with the mixed MP2/6-311++G(d,p)//B3LYP6-31G(d) method.
However, these values are likely to be erroneously low, due in
part to the fact that structures obtained with the B3LYP method
possess considerably longer S-N bonds than obtained with the
MP2 method (cf. Tables 1 and 3).

Homolytic S-N BDEs: CH2CHSNO, CH3CH2SNO,
C6H5SNO, and CysSNO.Calculated and experimental, where
available, values for these RSNOs are listed in Table 6. In
general, similar trends as previously described for HSNO and
CH3SNO are observed. For instance, improving the basis set
from 6-311G(d,p) to 6-311+G(2df,p) for any method increases
the calculated S-N BDEs. The largest increases, approximately
25-30 kJ mol-1, are again observed for the MP2 method while,
in contrast, the DFT methods exhibit smaller increases of just
14.4 kJ mol-1 or less. In addition, the QCISD method again
drastically underestimates RS-NO BDEs. For example, for
CH3CH2SNO the BDE obtained at the QCISD/6-311G(d,p) level
is 55.3 kJ mol-1 lower than that obtained at the B3P86/6-311G-
(d,p) level, which is itself in good agreement with the previously
calculated16 G3 value (see Table 6).

Unlike HSNO and CH3SNO, however, of all of the methods
considered, the B3P86/6-311+G(2df,p) level gives closest
agreement with values obtained atboth the G3/G3(MP2)and
CBS-Q levels, the differences being less than 10 and 5 kJ mol-1,

respectively. For the 6-311+G(2df,p) basis set, the B3LYP
values are all approximately 20-25 kJ mol-1 less than the
corresponding B3P86 values. Consequently, the B3LYP/6-
311+G(2df,p) level no longer gives comparable agreement with
the higher accuracy composite methods, as observed for HSNO
and CH3SNO. Indeed, values calculated at this level are lower
than the corresponding G3/G3(MP2) and CBS-Q values by 11-
26 kJ mol-1, the difference increasing with increasing size of
the RSNO (see Table 6). The B3P86/6-311+G(2df,p) and MP2/
6-311+G(2df,p) S-N BDEs are now only in close agreement
for CH3CH2SNO and CysSNO, i.e., those containing saturated
R groups. In contrast, for CH2CHSNO and C6H5SNO, the MP2/
6-311+G(2df,p) values are 28 and 105 kJ mol-1 higher,
respectively, than the corresponding values obtained at the
B3P86/6-311+G(2df,p) level. This is due to high spin contami-
nation of the underlying Hartree-Fock wave function for CH2-
CHS• and C6H5S•, with 〈S2〉 values of 0.94 and 1.20, respec-
tively. Thus, erroneously high energies, and consequently S-N
BDEs, are obtained. In contrast, spin contamination in all other
RS• radicals at the same level of theory was much lower, 0.75-
0.78. We note that the QCISD method also experienced high
spin contamination for these radicals. However, due in part to
its explicit consideration of single and double excitations, it is
less affected.

From Tables 5 and 6 it can be seen that the B3P86/6-311+G-
(2df,p) BDEs of the saturated RSNOs (HSNO, CH3SNO, CH3-
CH2SNO, CysSNO) are all within 10 kJ mol-1. In contrast, the
corresponding BDEs of the conjugated RSNOs CH2CHSNO and
C6H5SNO, while in close agreement with each other (see Table
6), are 29-37 kJ mol-1 lower. This is due to stabilization of
the sulfur radical by theπ-system of the adjacent R group.32

From Table 6, it can be seen that the various CBS and G3
style methods give homolytic S-N BDEs that are generally in
reasonable agreement with each other, and furthermore are in
reasonable agreement with those obtained at the B3P86/6-
311+G(2df,p) method. This is despite the fact that they are all
based upon different optimized structures. However, due to the
“elongated single-bond” nature of the RS-NO bond, it can be
expected that the potential energy surface for homolytic
dissociation is relatively flat. Hence, differences in optimized
structures will not have as great an energetic consequence as is
generally the case with more typical covalent single and double
bonds,as long asan appropriate level of theory is chosen for
obtaining the relative energies of interest, e.g., not QCISD or
B3LYP.

The experimentally4 determined S-N BDE of C6H5SNO is
also listed in Table 6. It should be noted, however, that it was
not directly measured but rather was estimated by using a series
of related thermochemical values. The present results suggest
that it may be a lower estimate of the gas-phase S-N BDE of
C6H5SNO.

4. Conclusions

The reliability and accuracy of the conventional electron
correlation methods MP2 and QCISD, and the density functional
theory methods B3LYP and B3P86, to obtain optimized
structures and homolytic S-N BDEs of a range ofS-nitroso-
thiols, has been investigated.

For all methods considered, optimized S-N bond lengths are
found to be highly dependent on the basis set being employed.
In particular, the MP2 method is found to be the most sensitive
to the basis set being used, with the other methods exhibiting
more tempered affects. In general, to obtain convergence in the
r(S-N) values of RSNO for a given method, the 6-311+G-

TABLE 5: Calculateda Homolytic S-N BDEs of
trans-HSNO and cis-CH3SNO (kJ mol-1)

method HSNO CH3SNO

MP2/6-311G(d,p) 101.3 113.4
MP2/6-311+G(2df,p) 130.8 142.5
MP2/6-311++G(3df,3pd) 130.4 144.6

QCISD/6-311G(d,p) 65.0 75.9
QCISD/6-311+G(2df,p) 84.1 92.0
QCISD/6-311++G(3df,3pd)b 85.4

B3LYP/6-311G(d,p) 109.1 112.8
B3LYP/6-311+G(2df,p) 116.8 121.0
B3LYP/6-311++G(3df,3pd) 116.8 121.7

B3P86/6-311G(d,p) 126.1 132.2
B3P86/6-311+G(2df,p) 135.5 142.2
B3P86/6-311++G(3df,3pd) 135.4 142.9

B3LYP/6-31G(d)16 120.9 123.8
B3LYP/6-311++G(2df,p)//B3LYP/6-31G(d)16 121.8 124.3
ROMP2/6-311++G(d,p)//B3LYP/6-31G(d)16 85.4 94.1
CBS-4M16 137.2 143.9
CBS-QB314 122.2a 135.6
CBS-Q16 128.9 141.0
G316 120.9 131.8

a From this current study, unless otherwise noted.b ZPVE calculated
at the QCISD/6-311G(d,p) level, scaled by 0.96.
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(2df,p) or larger basis set is required. For the conventional MP2
and QCISD methods, however, reliable structures can be
obtained with the smaller, less computationally expensive,
6-311G(df,p) basis set. When suitably large basis sets are used,
the MP2, QCISD, and B3P86 methods generally give optimized
structures that are in close agreement with each other, particu-
larly the QCISD and B3P86 methods. In contrast, the B3LYP
method typically overestimates RS-NO bond lengths compared
to the above methods. However, for N-O bond lengths, the
MP2 method typically predicts longer RSN-O bonds than the
other methods, which generally give lengths in good agreement
with each other. In the case of C6H5SNO, the MP2 method fails
to correctly predict the S-N bond length, with any of the basis
sets used.

These observed basis set and method dependencies are found
to be due to the fact that the S-N bond in RSNOsdoes not
possess considerable double-bond character as previously sug-
gested, but that it is in fact a long single S-N bond. Conversely,
the-NO moiety within RSNOs is found to retain considerable
multiple-bond character, between that of a formal N-O double
bond in HNO and the N-O bond (bond order 2.5) of isolated
NO. Thus, of the methods considered, the DFT method B3LYP
overestimates the distance of such long-bond interactions, while
the MP2 method is most sensitive to the description of the
molecular orbitals involved. In contrast, for obtaining optimized
structures possessing such long bonds, the DFT method B3P86
exhibits similar reliability and accuracy to that of the highest
conventional electron correlation method used in this study,
QCISD.

In general, to achieve convergence in the calculated homolytic
RS-NO bond dissociation energy for a given method, the
6-311+G(2df,p) or larger basis set must be used. For all RSNOs
considered in this present study, the QCISD method, regardless
of the basis set employed, severely underestimates the strength
of the RS-NO bond, predicting BDEs that are considerably
lower than any other methods by as much as 55 kJ mol-1. When
the R group in the RSNO is not aromatic or conjugated, the
MP2/6-311+G(2df,p) method gives values in reasonable agree-
ment with those obtained with the B3P86/6-311+G(2df,p) and
CBS-Q methods. When the R group is unsaturated or aromatic,
however, it significantly overestimates BDEs due to spin
contamination.

For the smallS-nitrosothiols HSNO and CH3SNO, S-N
BDEs calculated at the B3LYP/6-311+G(2df,p) level give the
best agreement of all methods with those calculated by using
the high accuracy G3 method. However, as the size of the RSNO
increases, the B3LYP method increasingly underestimates the
S-N BDEs, i.e., predicts values that become increasingly lower
than the corresponding values obtained at the G3/G3(MP2) and
CBS-Q levels. In contrast, for smallS-nitrosothiols, the B3P86/
6-311+G(2df,p) method predicts BDEs in good agreement with
those values calculated by using the CBS-Q method. However,
as the size of the RSNO increases, it continues to give the best
agreement with the CBS-Q calculated values and furthermore,
now also gives the best agreement with those values obtained
at the G3/G3(MP2) level. In addition, the absolute differences
remain essentially constant as the size of theS-nitrosothiol
increases.

Due to the elongated single-bond nature of the RS-NO bond,
hence relatively flat potential energy surface for homolytic bond
dissociation, reasonable homolytic S-N BDEs can be calculated
by using optimized structures with different (within reason) S-N
bond lengths. This will hold as long as an appropriate method
is chosen, e.g., G3, CBS, or B3P86/6-311+G(2df,p) but not
QCISD or B3LYP, for obtaining the necessary relative energies.
Of course, the more accurate the structure used with, for
example, the G3 method, the more reliable and accurate the
calculated values will be.

Overall, the B3P86/6-311+G(2df,p) method represents the
best compromise between computational cost and accuracy for
obtaining reliable structuresandhomolytic S-N bond dissocia-
tion energies ofS-nitrosothiols, particularly with increasing size
of the RSNO.

It is noted that the structures and BDEs of RSNOs, in
particular C6H5SNO, can also be thought of in terms of
resonance structures, i.e., [C6H5S]+[NO]- T [C6H5SNO] T
[C6H5S]-[NO]+. However, atomic charges from a Mulliken
Population Analysis of C6H5SNO suggest that contributions due
to ionic structures are comparatively small; the-NO moiety
exhibits atomic charges close to those calculated for isolated
NO. More detailed studies are currently in progress.
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