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Abstract Selected intrinsic aspects of the mode of action
of 3-N-morpholinosydnonimine (SIN-1) and its follow-up
products are investigated by means of density functional
theory. Besides the well known radical-cationic Feelisch–
Schoenafinger pathway, an alternative anionic route via a
neutral radical is proposed and included in the study. The
individual reaction pathways are followed. Most notably,
the overall activation barrier for the cationic route is
calculated to be 184.04 kcal mol�1, while the one for the
anionic route is predicted to be more favorable with
14.09 kcal mol�1.

Keywords 1,2,3-Oxadiazolium-5-amidines ·
N-Nitrosohydrazines · Nitric oxide

Introduction

The chemistry, biology, pharmacology and other uses of
the sydnonimine SIN-1 have been described many times.
[1, 2] Its use as an NO donor can have diverse implica-
tions that range from the rather well explored cardiovas-
cular and cytotoxic effects [3] via stimulation of musca-
rinic acetylcholine receptors [4] to repair functions in
neurogenesis in the brain. [5] There, more specifically,
NO has been implicated with demyelination effects, [6]
leading eventually to diseases such as multiple sclerosis,
Parkinson’s, Alzheimer’s or possibly behavioral disorders
such as autism. [7] Interestingly, inhibition of supraoptic
oxytocin and vasopressin neurons has been reported. [8]
Also, using SIN-1, increased permeability of the often
critical blood–brain barrier has been reported. [9]

Most notably, Feelisch and Schoenafinger have devel-
oped a first good understanding of its mechanism of

action, [10] as referred to in Scheme 1, where the one-
electron oxidation of SIN-1a has been reported to be of
generic nature using a variety of electron acceptors. [11]

While most theoretical and physico-chemical studies
dealt with sydnones such as SIN-1’s clinical prodrug
molsidomine, [12, 13] which has recently been associated
with alleviating certain aspects of memory loss, [14] only
little is known about sydnonimines and especially about
the structural and reactive properties of SIN-1 itself, as
well as of any of its postulated and/or identified decom-
position products depicted in Scheme 1. For SIN-1a, for
example, noteworthy observations here concern photoac-
tivation [15] and the fact that cyclodextrins can slow
down its decomposition rate. [16]

The aim of this work is therefore to fill this gap by
describing some of the intrinsic structural and reactive
properties of the species shown in Scheme 1, with em-
phasis on two decomposition pathways: The already
mentioned Feelisch–Schoenafinger mechanism and a
hypothetical anionic pathway, which might be of impor-
tance when using higher pHs such as in [2].

Approach, theory and methods

Computational pathology is an integral part of the
approach taken in this work. The studies follow the flow
outlined in Scheme 1, starting with SIN-1, ending with
SIN-1c. Each structure shown represents the conformer of
the molecule that is believed to result from its predecessor
in the reaction sequence. Wherever lower energy con-
formers exist, they are mentioned as well, and conversion
barriers are discussed.

In an effort to maximize quality and minimize cost, the
density functional theory (DFT) with non-local correc-
tions to the local electron density according to the
perturbative Becke [17]–Perdew [18] (pBP) theory, with a
DN** [19] numerical basis set was employed. Recently,
this level of theory has been shown to provide results very
similar in quality to those of the computationally much
more demanding Quadratic Configuration Interaction and
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Møller–Plesset calculations. [20] Further validation for
this level of theory comes from the calculated electron
momentum distribution, obtained from the Kohn–Sham
approximation, of the HOMO of gas phase glycine. When
compared to the experimental distribution obtained from
electron momentum spectroscopy (EMS), the pBP–DFT
approach proves to be in excellent agreement to the
experiment, outperforming expensive Hartree–Fock com-
putations using basis sets as high as 6-311++G**, [21]
and similar results have been found subsequently using
other density functionals and with other molecules. [22]
Also, for example, in a recent study of conformationally
labile tetrahydropyran derivatives, the pBP method ex-
hibited a very similar performance to the widely estab-
lished B3LYP method for cyclic, [23] and similar to MP2
methods for acyclic systems. [24]

Even though there exists very recent published evi-
dence for using pBP-DN* theory with negatively charged
species, [25] the possible weakness of the chosen level of
theory in our study could lie with the anions computed,
since no diffuse functions are included in the basis sets
employed, which could lead to less reliable energy
descriptions. [26]

All equilibrium geometries were fully optimized with
subsequent frequency calculation and exhibited no imag-
inary frequencies which could indicate saddle points or
other non-equilibrium states, unless specifically men-
tioned. All single point calculations were performed
subsequent to the DFT optimizations using HF (closed

shell species) or UHF (open shell species) theory with a
6-311G** basis set. Conformational barriers were com-
puted using the Linear Synchronous Transit (LST)
method, [27] employing the two conformers in question
as initial guesses and using weighing factors (wf) on a
scale from zero (reactant-like) to one (product-like),
followed by single point calculations at the individual
geometry corresponding to each weighing factor. Van der
Waals adducts were computed as described in the text.
Transition structures were obtained using the NOSYM-
TRY keyword with the geometries pre-optimized at the
maximum of the corresponding IRC, which was deter-
mined with the Linear Synchronous Transit (LST)
method followed by N2–N3 constrained optimization to
provide the best initial guess possible (details see text).
All transition structures exhibit one and only one
imaginary frequency corresponding to the bond forming
or breaking process regarding the reaction in question, as
revealed by vibrational sequence analysis (VSA). All
energies given in Figs. 1, 2, 3 and 4 are in hartrees, with
opt=from DFT geometry optimization, and sp=from
subsequent ab initio single point calculation. Frequencies
were not scaled.

Scheme 1 Possible pathways
of SIN-1 decomposition:
Feelisch–Schoenafinger mecha-
nism and hypothetical anionic
route
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Results and discussions

SIN-1 and SIN-1–

The lowest energy DFT structure of SIN-1 is depicted
in Fig. 1, and some selected parameters are shown
in Table 1. This sydnonimine exhibits an N1–N2 bond
length of 1.412 �, suggesting a single bond between the
morpholino- and the sydonimine moiety, which is plau-
sible when comparing to the findings of Improta et al. for
the corresponding sydnone derivatives. [13] Mulliken
population analysis indicates no significant positive or
negative charge for N2, a result that supports the fact that
no significant p–p interaction between N1 and N2 exists,
a consequence of the fact that morpholino- and sydnon-
imine moieties are positioned almost perpendicular to
each other. Hence, the morpholino-nitrogen is largely sp3

hybridized, as evidenced by the angle C4–N1–C3 of
110.84� and the fact that the HOMO is located in the
sydnonimine part of the molecule exclusively. Deproto-
nation of SIN-1 at N4 leads to the corresponding anion
SIN-1̄ , whose data are also displayed for comparison in
Table 1 and Fig. 1. It is of theoretical interest only, since
it exhibits two imaginary frequencies, unassociated with
any bond breaking or forming, and is hence neither an
equilibrium nor a transition state, and an imposed
constraint at the O2–C6 bond was necessary for success-
ful optimization.

SIN-1a and SIN-1a–

Removing the constraint from SIN-1– and subsequent
DFT optimization leads to ring opening of the sydnon-
imine and results in SIN-1a–. The anionic charge is
located in the sydnonimine part only, and that part of the
structure is almost flat for orbital delocalization and
perpendicular to the morpholine part. The conformer
with the NO group turned towards the H5 and H6 of the
morpholino moiety is slightly higher in energy at the
DFT level1. SIN-1a– is therefore assumed to be the

lowest energy conformer found in this study2. Mulliken
population analysis of this conformer shows largest parts
of the electron density on O2 (Table 2), supported by the
electrostatic potential mapped on the 0.002 isodensity
surface (Fig. 2), predicting that C5 protonation would
most likely occur with assistance of the NO group.
Indeed, when following the IRC, the so identified van der
Waals adduct SIN-1a–H+vdW is essentially a hydroxy-
lamine, as evidenced by the bond-electron density map
shown in Fig. 2 (see also Table 2). It is relatively unstable
since it involves significant charge separation between
N2 and C5, as evidenced by the corresponding Mulliken
charges and since the former sydnonimine part is twisted
out of its preferred perpendicular position with respect to
the morpholine moiety (Table 2, second row). The
intrinsic barrier to eventually form the C5–H10 bond
from SIN-1a–H+vdW is calculated to be only 1.62
kcal mol�1, and the corresponding transition structure
SIN-1a–H+ts is shown also in Fig. 2 and details are
outlined in Table 2. Resulting from this approach is of
course SIN-1a itself, which, with 2.149 � distance, still

Fig. 1 DFT structures showing
the HOMOs and DFT energies
[htr] of SIN-1 and the hypo-
thetical anion SIN-1– (with
O2–C6 bond constrained)

Table 1 Selected structural parameters and Mulliken charges of
SIN-1 and SIN-1̄ (from DFT calculation)

SIN-1 SIN-1–

ff Plane 1, N1, N2a [�] 6.36 6.64
ff Plane 1, Plane 2a [�] 89.46 89.52
ff C4, N1, C3 [�] 110.84 110.35
N1–N2 [�] 1.412 1.441
N2–N3 [�] 1.318 1.329
N3–O2 [�] 1.395 1.444
O2–C6 [�] 1.458 constrained at 1.458
C6–C5 [�] 1.428 1.490
C5–N2 [�] 1.344 1.327
C6–N4 [�] 1.276 1.237
Mulliken N1 [au] �0.27 �0.27
Mulliken N2 [au] 0.05 0.04
Mulliken N3 [au] �0.01 �0.14
Mulliken O2 [au] �0.31 �0.35
Mulliken C6 [au] 0.24 0.03
Mulliken C5 [au] �0.06 �0.14
Mulliken N4 [au] �0.43 �0.52
Imaginary frequency [cm�1] n.a. 164.91, 85.35

a Plane 1: C4,C3,C2 Plane 2: C5,N2,N3. Atom assignments see
Fig. 1

1 28. �603.652651 opt, and �599.908077 sp, at DFT and ab initio
level, respectively (structure not shown). Note that in contrast to the
DFT level, the single point ab initio energy is slightly lower for this
conformer compared to the one for SIN-1a–.

2 Another conformer with the N1–N2 bond turned 180� is slightly
higher in energy and is therefore not considered.
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shows a notable possibility for H10...O2 through space
stabilization.

When turning the NO group of SIN-1a towards the H5
and H6 hydrogens of the morpholino moiety, the resulting
conformer arises with a slightly higher total energy3.
Also, with reported NO turn-barriers of 21–25 kcal mol�1

for several N–NO compounds, [28] including N-ni-
trosopiperidines, which do allow enantiomeric resolution
by inclusion crystallization using optically active diols,
they are likely too large to render any other NO-turned

conformer of SIN-1a– or SIN-1a highly populated.
Therefore SIN-1a is used for all further studies of the
Feelisch–Schoenafinger pathway.

The more complex question of whether SIN-1a or
SIN-1a– is the prevalent species in SIN-1 activation is
more difficult to address, especially when comparing to
equilibrium situations in solution, mainly because there is
no direct correlation between kinetic acidity and thermo-
dynamic acidity of C–H acidic compounds. [29] Since
this work is aimed at intrinsic reactivities only, both
pathways will be considered and discussed.

Table 2 Structural features of
SIN-1a, SIN-1a¯H+ts, SIN-
1a¯vdW and SIN-1a¯ (from
DFT calculation)

SIN-1a SIN-1a–H+ts SIN-1a–H+vdW SIN-1a¯

ff Plane 1, N1, N2a [�] 7.82 9.55 9.48 4.40
ff Plane 1, Plane 2a [�] 87.51 43.29 50.80 89.49
ff C4, N1, C3 [�] 111.19 112.31 111.61 111.45
N1–N2 [�] 1.400 1.393 1.404 1.423
N2–N3 [�] 1.355 1.312 1.306 1.337
N3–O2 [�] 1.232 1.319 1.355 1.279
C6–C5 [�] 1.461 1.424 1.412 1.393
C5–N2 [�] 1.474 1.433 1.393 1.406
C6–N4 [�] 1.168 1.176 1.177 1.191
H10–C5 [�] 1.112 1.622 1.900 n.a.
H10...O2 [�] 2.149 1.123 1.025 n.a.
Mulliken N1 [au] �0.25 �0.21 �0.23 �0.27
Mulliken N2 [au] �0.09 0.06 0.07 �0.02
Mulliken N3 [au] 0.14 0.08 0.03 �0.02
Mulliken O2 [au] �0.31 �0.31 �0.30 �0.45
Mulliken C6 [au] 0.06 0.05 0.01 �0.01
Mulliken C5 [au] �0.22 �0.45 �0.35 �0.25
Mulliken N4 [au] �0.15 �0.19 �0.17 �0.33
Imaginary frequency [cm�1] n.a. 522.55 58.18 n.a.

a Plane 1: C4, C3, C2 Plane 2: C5, N2, N3. Atom assignments see Fig. 2

Fig. 2 Ring opened SIN-1a–

(from SIN-1̄ with constraint
removed) with HOMO and
electrostatic potential mapped
on 0.002 isodensity surface
(red=negative potential,
blue=positive potential), the
protonated van der Waals ad-
duct and the corresponding
transition structure with their
0.08 isodensity surfaces, and
SIN-1a with HOMO after pro-
tonation of SIN-1a– at C5

3 �604.211827 opt, �600.522470 sp, structure not shown.
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SIN-1b�+ and SIN-1b�

Removing one electron from SIN-1a and SIN-1a– and
subsequent DFT geometry optimization results in the
formation of radical cation SIN-1b�+ and the neutral

radical SIN-1b�, respectively, as depicted in Fig. 3a and
described in Table 3.

The radical cationic pathway is most interesting, but
also the most complex. This is mainly because removal of
the electron results in weakening of the stabilizing
H10...O2 interaction going from a distance of 2.149 �
(SIN-1a) to 2.192 � (SIN-1b�+), and further step-by-step
elongation of the N2–N3 bond, following the IRC path for
NO loss, apparently results in conformational lability of
the position of the CH2–CN group. All corresponding
geometry as well as transition state optimizations con-
verged easily but yielded one to two imaginary frequen-
cies at around 30–60 cm�1, all of which represent
torsional movements of the CH2–CN group around the
N2–C5 bond, plus a sidewise movement around the N1–
N2 bond, but no apparent displacement of the NO group.
This is visualized in Scheme 2, along with the corre-
sponding IRC. The latter can only be a guess, since in this
case at this level of theory, any attempt, including the
freezing of atoms, to eliminate the imaginary frequencies
was unsuccessful, and a clean transition structure could
not be obtained. While there is precedent in the literature
for possible artifacts of DFT theory when dealing with
open shell species, [30] it is also likely that a too flat
potential energy surface is the reason why no proper
transition state for NO loss could be found within the
scope of this work.

The thermodynamics of the Feelisch–Schoenafinger
pathway compute as follows: one-electron oxidation of
SIN-1a to SIN-1b�+ requires 183.14 kcal mol�1, which
translates to 7.94 eV. Then, further activation through NO
loss is best guessed to require about 0.9 kcal mol�1,
indicated in Scheme 2. It should be mentioned that this

Fig. 3 a DFT structures show-
ing spin density distributions of
SIN-1b�+ (derived from SIN-1a)
and SIN-1b� (derived from
SIN-1a–). b DFT transition
structure of the radical SIN-1b�
showing spin density distribu-
tion

Table 3 Selected structural features of SIN-1b�+ and of SIN-1b� and
the transition structure SIN-1b� ts (from DFT calculation)

SIN-1b� SIN-1b� SIN-1b� ts

ff Plane 1, N1,N2a [�] 36.44 7.51 4.55
ff Plane 1, Plane 2a [�] 85.63 89.86 77.09
ff C4, N1, C3 [�] 117.89 110.82 111.07
N1–N2 [�] 1.348 1.409 1.398
N2–N3 [�] 1.448 1.431 1.679
N3–O2 [�] 1.189 1.228 1.191
C6–C5 [�] 1.461 1.399 1.409
C5–N2 [�] 1.485 1.359 1.337
C6–N4 [�] 1.167 1.181 1.179
H9–C5 [�] 1.110 n.d. n.d.
H10–C5 [�] 1.112 n.d. n.d.
H10...O2 [�] 2.192 n.a. n.a.
H4...H9 [�] n.d. n.d. n.d.
Mulliken N1 [au] �0.13 �0.28 �0.26
Mulliken N2 [au] �0.13 �0.04 �0.11
Mulliken N3 [au] 0.22 0.10 0.08
Mulliken O2 [au] �0.11 �0.25 �0.15
Mulliken C6 [au] 0.06 0.03 0.01
Mulliken C5 [au] �0.27 �0.04 �0.03
Mulliken N4 [au] �0.10 �0.15 �0.15
Imaginary frequency [cm�1] n.a. n.a. 171.07
hS2ib 0.751 0.753 0.753

b Plane 1: C4, C3, C2 Plane 2: C5, N2, N3. Atom assignments see
Fig. 3.
b Total spin. Ideal value for doublet open shell systems: 0.750 from
s(s+1) with s=1/2.

125



“guess” might be entirely due to the CH2–CN lability
rather than having any true intrinsic reaction barrier
component.

In contrast, the anionic pathway appears to be less
elusive. One-electron removal from SIN-1ā and geometry

optimization results in SIN-1b� as displayed in Fig. 3 and
described in Table 3. Following the IRC, the transition
structure SIN-1b� ts with exactly one imaginary frequency
at 171.07 cm�1 (Table 3, Fig. 3b), showing a displacement
along the N2–N3 bond vector. For this pathway, two steps

Scheme 2 Torsional move-
ments and IRC estimate in the
radical-cationic Feelisch–
Schoenafinger mechanism as a
function of N2–N3 bond elon-
gation (NO displacement). N2–
N3 distances: 1=1.4484;
2=1.4486; 3=1.4489; 4=1.4493;
5=1.4497; 6=1.4502; 7=1.4507;
8=1.4512

Fig. 4 Structures of SIN1c+,
the H9 removed and H10 re-
moved SIN-1c conformers, all
from the Feelisch–Schoenafin-
ger pathway, as well as the
resulting SIN-1c conformer
from the anionic pathway. The
cation shows the LUMO, all
others show the HOMOs
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apply. First, the oxidation potential of SIN-1a¯ yielding
SIN-1b� computes to �0.72 kcal mol�1; hence that step
would be intrinsically exothermic. Second, to promote
NO loss from SIN-1b�, 14.82 kcal mol�1 are calculated to
be necessary, suggesting an overall intrinsic barrier of
only 14.09 kcal mol�1.

Not unexpectedly, both spin density distributions of
the radical cationic structure SIN-1b�+ and the neutral
radical structure SIN-1b� look very different and reflect
the distribution of the HOMOs of their respective
predecessors, SIN-1a and SIN-1ā . In contrast to the
anionic route, in the cationic pathway, large parts of the
morpholino moiety are predicted by DFT theory to
participate in the density distribution. There is precedence
for this pattern as reported in the case of N-alkylni-
trosamines. [31]

SIN-1c+ and SIN-1c

Removal of the NO group from both, the cationic
SIN-1b�+vdW and the neutral and SIN-1b�vdW, and
subsequent DFT optimization results in SIN-1c+ and
SIN-1c, respectively, which are shown in Fig. 4 and
described in Table 4.

Removing H9 and H10 from the corresponding
deprotonation–van der Waals adducts (not shown) of
SIN-1c+, leads to SIN-1c H9rem and SIN-1c H10rem,
respectively. The former is Z-configured, while the latter
assumes the energetically favored E-configuration at the
N2–C5 double bond. Conversion of the latter to the
lowest energy conformer, SIN-1c anionic, obtained
directly from NO loss of SIN-1b� vdW, computes to a
quite significant 11.927 kcal mol�1. Typical experimental
values for N–N rotations range from 14 to around
20 kcal mol�1. [32] Consequently, and in contrast to
SIN-1 above, slightly widened angles C4–N1–C3 of
around 112–115� as well as shorter bond distances of
around 1.32–1.33 � do suggest some double bond
character between N1 and N2 for the SIN-1c structures.

Summary and conclusions

In a first effort to fill the striking gap of physico-chemical
data in the area, two possible intrinsic reaction pathways
of SIN-1 decomposition have been explored using DFT
theory. The most notable results thus predicted are:
SIN-1a is lowest energy species, but total activation along
the Feelisch–Schoenafinger pathway would take about
183.14+0.9 kcal mol�1=184.04 kcal mol�1 or 7.94+
0.04 eV=7.98 eV. In contrast, the one-electron removal
from the anionic SIN-1a ¯ is predicted to be slightly
exothermic with the overall activation energy computing
to 14.09 kcal mol�1 or 0.61 eV. These findings are
summarized in Scheme 3. Some of the data provided in
this work, especially the thermodynamic feasibility of the
anionic pathway, might be of interest to future bioavail-
ability studies, for example in environments where proton
availability might be scarce, i.e. in lipid membranes,
myelinic structures of neurons or the blood brain barrier.
[9] Future work should include excited states, condensed
phase modeling and higher levels of theory for the
cationic pathway in order to address issues such as NO·

versus NO+ emission. With respect to the well known
drug applications of SIN-1 in the form of molsidomine,
important barrier crossings such as the gut, i.e. Caco-2
cell models, [33] or the blood–brain barrier partitioning
coefficients [34] could be studied computationally.

Equipment and software

All calculations were carried out on a Silicon Graphics
Power Indigo 2XZ workstation with an R8000 175-MHz
processor, and a Silicon Graphics 4xR4400 150-MHz
Challenge server with SGI IRIX 64 Release 6.5 mounted,
using the SPARTAN molecular modeling software pack-
age V5. [35] All graphical molecule depictions but the
one in Scheme 2 were created in Spartan ‘04 for
Windows. [36]

Table 4 Structural features of
SIN-1c+ and SIN-1c (from DFT
calculation)

SIN-1c+ SIN-1c H10 rem SIN-1c H9 rem SIN-1c anionic

ff Plane 1, N1, N2a [�] 57.48 78.82 62.31 16.65
ffC4, N1, C3 [�] 113.50 112.19 112.60 115.22
N1–N2 [�] 1.257 1.330 1.317 1.330
N2–C5 [�] 1.482 1.308 1.314 1.308
C5–H9 [�] 1.114 1.105 n.a. n.a.
C5–H10 [�] 1.106 n.a. 1.099 1.105
H4...H9 [�] n.d. n.a. n.a. 2.029
H1...H9 [�] 2.179 1.985 n.a. n.d.
Mulliken N1 [au] �0.01 �0.18 �0.18 �0.17
Mulliken N2 [au] �0.04 �0.07 �0.07 �0.06
Mulliken C6 [au] 0.05 0.04 �0.04 0.04
Mulliken C5 [au] �0.31 �0.15 �0.15 �0.15
Mulliken N4 [au] �0.09 �0.17 �0.18 �0.17
Imaginary frequency [cm�1] n.a. n.a. 63.45 n.a.

a Plane 1: C4, C3, C2. Atom assignments see Fig. 4
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Scheme 3 Summary of pathways and highlights of energetic findings. Unless otherwise mentioned, energies are in hartrees from single
point calculations
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