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The chemical fixation of nitric oxide (NO) reacting with alkynyllithium to produce 5-methyl-3-
oxide-1,2,3-oxadiazole has been investigated by using ab initio (U)MP2 and DFT/(U)B3LYP methods.
The solvent effect was assessed using the combination of microsolvation model with explicit THF
ligands on lithium and continuum solvent model based on the SCRF/CPCM method at the (U)-
B3LYP/6-31G* level. Our results reveal that the overall reaction is stepwise and considered to
include two processes. In process 1, the nitrogen atom in nitric oxide at first attacks the C; atom
in alkynyllithium to afford the intermediate 5. In process 2, after another nitric oxide reacted with
the intermediate 5 to produce 8a, we found that two pathways are involved. For path 1, the O,
atom at first attacks the Cy atom to form a five-membered ring geometry, and then lithium can
rotate around the N;—0O; bond, leading to the product 5-methyl-3-oxide-1,2,3-oxadiazole followed
addition of water. However, for path 2, lithium atom rotates first around the N;—0O; bond, and
then the product 5-methyl-3-oxide-1,2,3-oxadiazole is also generated by addition of water. Our
calculations indicate that path 1 is more favorable than path 2 in the gas phase, while both of

them exist possibly in THF solvent. The overall reaction is exothermic.

Introduction

Nitric oxide (NO), as a free radical, is a paramagnetic
gas. Recently, the geometrical structures for the dimeric
form of (NO); have been theoretically investigated using
high-level ab initio methods.}? Of these conformers, the
cis isomer (N—N interaction) is a global minimum. The
binding energies and the relative energy gaps between
these conformers are found to be relatively small. Al-
though the NO monomer, with an unpaired electron in
the nitrogen atom, can combine with the other to form
the dimeric structures, the interaction is very weak like
a van der Waals complex. Therefore, it is very easy for
the dimeric structures to dissociate into the monomer
nitric oxide due to the small binding energy.

As we know, nitric oxide is considered to be an
atmospheric pollutant along with NOy, mainly leading
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to acid rain. On the other hand, nitric oxide has attracted
increasing attention in the biological and chemical
fields.?2 Many studies have shown that NO has a
variety of biological activities including inhibition of
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platelet aggregation,* relaxation of smooth muscle,? neu-
rotransmission, ¢ and so on. It is also a unique signaling
molecule and a biological messenger in biochemical
processes. "1 In addition, nitric oxide is also widely used
in chemical synthesis.’> 22 Due to the high reactivity of
nitric oxide, it is a key component in chemical synthesis
for directly fixing nitric oxide into organic molecules in
high yield under mild conditions. Recently, Hrabie et al.?!
presented a review on reactions of nitric oxide leading
to a special atomic grouping of two nitrogen and two
oxygen atoms (—N30y—). Although the chemical fixation
of nitric oxide was extensively experimentally investi-
gated in the past decades, a new reaction of nitric oxide
with alkynes was not reported until last year. Sugihara
et al.?2 have investigated the reaction of nitric oxide with
various alkynes in a THF solution. The results showed
that the yield of product, by using alkynyllithium as the
reactant, was dramatically improved and that the reac-
tion was reproducible at —78 °C (Scheme 1). The reaction
also offered as reliable candidates 1,2,3-oxadiazole 3-0x-
ides, which are much more stable than 1,2,3-oxadiazoles
for drug frameworks.

To the best of our knowledge, the theoretical study on
the mechanism of the title reaction has not been reported
until now. Thus, in this work, our motif is to clearly
clarify the mechanism of the reaction of nitric oxide with
alkynyllithium leading to 1,2,3-oxadiazole 3-oxide. To
shorten the CPU time and present the general picture
of the mechanism, the group R = CHj; in the alkynyl-
lithium was chosen. We have performed the detailed
calculations using the (U)MP2 method to theoretically
study this reaction in the gas phase. In addition, the
natural bond orbital (NBO) analysis is also carried out
to observe the bond order changes in the process of the
reaction, and the solvent effect is examined by using the
microsolvation and continuum solvent model with the
density functional theory (DFT).

Computational Details

The structures of all of the reactants, complexes, transition
states, intermediates, and products were fully optimized using
the ab initio (U)MP2 method with the standard 6-31G** basis
set in our calculations. The harmonic vibrational frequencies
were also calculated at the same level to characterize the
nature of the stationary points as true minima with no
imaginary or transition states with only one imaginary
frequency and to provide thermodynamic quantities such as
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thermal corrections to energy, enthalpy, and Gibbs free energy.
All thermodynamic data reported in this paper were estimated
at the experimental temperature of —78 °C and pressure of
1.0 atm as presented in ref 22. Wiberg bond indices for all
stationary points were analyzed using the natural bond orbital
(NBO) method.?® To refine the energies, single-point energies
were calculated at the (U)MP2/6-311++G** level for all
stationary points. To match further with the experimental
conditions, we also took into account the solvent effect on the
reaction. Recently, Pratt et al.?¢=26 investigated the solvent
effects of some lithium compounds. They reported that a
combination of the microsolvation and continuum solvent
models was good to examine the solvent effect. Therefore, in
this work, the microsolvation model with explicit THF ligands
on lithium was used to optimize all relevant stationary points
at the (U)B3LYP/6-31G* level, and then the single-point
energy calculations were performed by using the conductor-
like polarized continuum model (CPCM)?’ at the (U)B3LYP/
6-311++G** level to further estimate the solvent effect on the
optimized geometries. All calculations mentioned above were
carried out using the Gaussian 98 or Gaussian 03 program.2®

Results and Discussion

Reaction Mechanism in the Gas Phase. In the
absence of the THF solvent, all of the relevant stationary
points have been located at the (U)MP2/6-31G** level.
Our results shed light on that the title reaction should
be considered to include two reaction processes (Scheme
2).

Process 1: Formation of Intermediate 5. In process
1, one complex 1, two transition states 2 and 4, and two
intermediates 3 and 5 have been located at the UMP2/
6-31G** level. The corresponding structures are pre-
sented in Figure 1. Because nitric oxide is a radical with
an unpaired electron in the nitrogen atom, the optimiza-
tions for nitric oxide and other relevant structures should
be carried out using open-shell systems in this process.
Therefore, we performed the UMP2 method in our
calculations. However, the wave function is no longer a
pure doublet but is contaminated by states of higher spin
multiplicity, as reflected in the spin-squared expectation
value [$20greater than 0.75. In this work, we have
checked the values [$%(ffor all relevant stationary points
and found that the value varies from 0.78 in reactant
NO to 0.87 in intermediate 5. Hence, it is important to
note that the electronic energies have been corrected with
the use of the projected MP2 (PMP2) method. As shown
in Scheme 2 and Figure 1, one can see that process 1
proceeds via three steps. The first step is to form complex
1 via the interaction of the nitrogen in nitric oxide with
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FIGURE 1. Optimized structures in process 1 at the UMP2/6-31G** level.
SCHEME 2
Process 1
(o]
No ] 0
! 2-TS il 4TS /
HyC—==—1Li + NO—> H;C—=—=—Li — 5 H,;C —%?/N T HC—=— N
\\ 1
Reactants 1 3 Li 5
Process 2

5-methyl-3-oxide-1, 2, 3-oxadiazole

the lithium atom in alkynyllithium; the second step is
the attack of nitric oxide to the C; atom in alkynyllithium
to afford the intermediate 3; the last step is the rotation
of lithium to form 5. In complex 1, from Figure 1, the
length of the N;—Li bond is 2.2782 A. The Wiberg bond
index of N;—Li is 0.1734 with NBO analysis. The binding
energy is 5.78 kcal/mol at the UMP2/6-31G** level and
4.23 kcal/mol at the UMP2/6-311++G** level with the
thermal correction at —78 °C. In the second step, the
transition state 2-T'S has been located at the UMP2/6-
31G** level. The lengths of the C;—Nj, Lio—Cl, and
Li—Nj; bonds are 1.7060, 2.0213, and 1.8130 A, respec-
tively. The imaginary frequency is 545.43i cm™!, which
is associated with the C;—N; bond stretching motion. The
energy barrier from 1 to 2-T'S is 14.33 kcal/mol at the

UMP2/6-31G** level and 14.40 kcal/mol at the UMP2/
6-311++G** level including the thermal correction at
—178 °C. For the intermediate 3, the lengths of C;—Nj,
Li—C;, Li—Ny, and 10\71—01 bonds are 1.3796, 2.1030,
1.8705, and 1.2958 A, respectively. The values of the
Wiberg bond indices in 2-T'S are close to those in 3,
indicating that the transition state 2-TS is like the
intermediate 3, named as a product-like transition state.
Furthermore, N;—C; and N;—O; bond indices are 1.1904
and 1.2383 in 3, which implies that the N;—C; bond has
been completely formed and the N;—0O; double bond has
been partly broken. In the last step, the transition state
4-TS has been located at the UMP2/6-31G** level. Its
imaginary frequency is 15.094i cm™!, associated with the
rotation of Li—N; bond in the plane. The lengths of Li—
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FIGURE 2. Schematic potential energy profiles in process 1
in the gas phase: AE (UMP2/6-31G**), blue, solid line; AE
(UMP2/6-311++G**), red, dashed line.

C; and Li—O; bonds are 2.5858 and 2.9587 A, respec-
tively. The energy barrier from 3 to 4-TS is 2.38 kcal/
mol at the UMP2/6-31G** level and 0.73 kcal/mol at the
UMP2/6-311++G** level including the thermal correc-
tion at —78 °C. For intermediate 5, tohe lengths of Li—N;
and Li—O0; are 1.8252 and 1.8420 A, respectively. Our
calculations show that the energy dramatically decreases
from the intermediate 3 to 5 by ca. 18 kcal/mol in the
third step.

The schematic potential energy profiles for process 1
are presented in Figure 2. One can see that the energy
decreases from the reactants to the intermediate 5, which
implies that the process is exothermic. Results indicate
that step 2 is the rate-limited step in this process.

Process 2: Formation of the Product 5-Methyl-
3-oxide-1,2,3-oxadiazole. In this process, the optimized
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structures are presented in Figures 3—5. After formation
of intermediate 5, we further investigated the reaction
process of another nitric oxide with intermediate 5. In
our calculations, as shown in Figure 3, two possible
complexes (6a and 6b) were located at the MP2/6-31G**
level. For complex 6a, the lengths of the Li—N; and N;—
N; bonds are 1.4576 and 2.1991 A, respectively. The
binding energy is 16.09 kcal/mol at the MP2/6-31G**
level and 12.30 kcal/mol at the MP2/6-311++G** level
including the thermal correction at —78 °C. Then, the
N; atom can attack the N; atom to form the N;—Nj; bond.
In this step, the transition state 7a-T'S has been located
at the MP2/6-31G** level. The N;—N, distance is 1.7830
A, which is 0.4161 A shorter than that in 6a. The Li—N,
distance is 3.1260 A, which is 1.6684 A longer than that
in 6a. The imaginary frequency is 160.28i cm™!, which
is associated with N;—Ns bond stretching motion. The
energy barrier from 6a to 7a-T'S is 10.20 kcal/mol at the
MP2/6-31G** level and 7.98 kcal/mol at the MP2/6-
311++G** level including the thermal correction at —78
°C. After the reaction surmounted the transition state
7a-TS, intermediate 8a is formed. For intermediate 8a,
the O1, Ny, Ny, Oy, Li, C4, C,, and C3 atoms are almost on
the same plane. The Li—0;q, Li—l\{l, and N;—N; distances
are 1.8381, 2.0806, and 1.3356 A, respectively. Wiberg
bond indices of N;—Nj and No—O; are 1.3376 and 1.5713,
which implies that the N;—Ns bond has been completely
come into being and somewhat conjugated with each
other, and that the Ny;—0O; double bond has been partly
broken.

On the other hand, for the complex 6b, the lengths of
Nl_Nz, Li_Nl, Ll_ool, and 01_02 are 22863, 18447,
1.8149, and 2.1557 A, respectively. It is important to note
that the Os—Ny—N;—0; dihedral angle is —2.47°, which
implies that O; and O are on the same side. The binding
energy is 12.89 kcal/mol at the MP2/6-31G** level and

0z
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1.1789 02
N2
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13746 ) G
3 N
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FIGURE 3. Optimized stationary points of 6a,b, 7a-TS, 7b-TS, 8a,b, and 8ab-TS in process 2 at the MP2/6-31G** level.
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9.92 kcal/mol at the MP2/6-311++G** level including the
thermal correction at —78 °C. Similar to transition state
7a-T'S, we also located a transition state 7b-TS, which
also corresponds to the formation of the N;—Ny bond. T}}e
lengths of N1—N, agnd 0;—0g are 1.7250 c:md 2.4625 A,
which are 0.5613 A shorter and 0.3068 A longer than
those in the complex 6b. The imaginary frequency is
238.84i cm™!, which is also associated with the N;—N,
bond stretching motion. The energy barrier from 6b to
7b-TS is 3.2 kcal/mol at the MP2/6-31G** level and 1.87
kcal/mol at the MP2/6-311++G** level including the
thermal correction at —78 °C. The geometry 8b would
be generated if the reaction surpassed the transition state
7b-TS. For 8b, as shown in Figure 3, one can see that
the lithium atom both interacts with the O; and Os atom.
The lengths of N1—Nj, Li—0;, Li—002 and N;—O; are
2.3302, 1.8269, 1.8433 and 1.3097 A, respectively. The
calculated energies indicate that 8b is ca. 21 kcal/mol
lower that that of 8a. That is to say, if 8b isomerizes to
8a, the energy barriers would be no less than ca. 21 kcal/
mol. To describe the isomerization process from 8b to 8a,
the transition state 8ab-T'S was located at the MP2/6-
31G** level. In 8ab-TS, the lengths of Li—Nj, Li—04, O1—
Ny, N2—O,, and N;—N; are 1.9462, 1.7513, 1.4134, 1.1953,
and 1.6099 A, respectively. Note that the O;—Ny—N;—
C; dihedral angle is —104.87°. The imaginary frequency
is 96.961 cm ™!, which is associated with the N;—Ny bond
rotation mode. Our calculations show that the energy
barrier from 8b to 8a is 42.07 kcal/mol at the MP2/6-
31G** and 40.23 kcal/mol at the MP2/6-311++G** level
including the thermal correction at —78 °C, respectively.
It is implied that the isomerization process from 8b to
8a is very difficult in the reaction. Moreover, as men-
tioned above, 6a is more stable than 6b because the
binding energy of 6a is higher than that of 6b. Therefore,
in this work, it is rational to form the complex 6a and to
generate the intermediate 8a, and then the reaction goes
on.

In the next section,two possible pathways, leading to
the product 5-methyl-3-oxide-1,2,3-oxadiazole, have been
investigated. One is that the O, atom directly attacks the
Cq atom; the other is that the O, atom also attacks the
Cy atom after the torsion of lithium around the N;—0O;
bond about 180°. We denote the two pathways as path 1
and path 2 in our calculations.

Path 1. As shown in Figure 4, we at first have located
the transition state 9-T'S at the MP2/6-31G** level, which
directly connects with the intermediates 8a and 10. For
9-TS, the Cs—0,, CITCZ, and O,—N, distances are 2.2108,
1.2520, and 1.2804 A, respectively. The Co—C;—N; bond
angle is 124.1°. It is indicated that the transition state
9-TS has the trend to produce a five-membered-ring
geometry. The imaginary frequency is 261.9i cm~!. The
analysis of the vibrational modes indicates that this
imaginary frequency is associated with the O;—Cs bond
stretching motion. Wiberg bond indices show that the
transition state 9-T'S is a reactant-like geometry due to
the small differences between 8 and 9-T'S. The calculated
energy barrier from 8 to the transition state 9-T'S is 5.93
kcal/mol at the MP2/6-31G** level and 7.35 kcal/mol at
the MP2/6-311++G** including the thermal correction
at —78 °C. For the intermediate 10, Wiberg bond indices
of C1—Cy, O2—C,, and No—O; bonds change from 2.7583,
0.0366, and 1.5713 in 8 to 1.5435, 0.9829, and 1.0686 in

JOC Article

11-TS 12

FIGURE 4. Optimized geometries in path 1 of process 2 at
the MP2/6-31G** level.

10. The C;—Cs and Ny—O. distances are 1.3826 and
1.3469 A in 10, which are 0.0248 and 0.0844 Aclonger
than those in 8. The O;—C, distance is 1.4014 A. It is
revealed that the C;—Cs and Ny—O5 bonds are weakened
while the Os—C2 bond possesses single-bond nature. We
suppose that the lithium atom can rotate about 180°
around the C;—0; bond to interact with the electroneg-
ative C; atom. To verify this supposition, we have located
the transition state 11-T'S at the MP2/6-31G** level. The
C1—N;—0;—Li dihedral angle is 100.6°; the imaginary
frequency is 153.09i cm™!, which exactly corresponds to
the torsion of lithium atom around the N;—0O; bond. The
energy barrier from 10 to 11-TS is 4.99 kcal/mol at the
MP2/6-31G** level and 5.71 kcal/mol at 6-311++G**
level with the thermal correction at —78 °C. After the
reaction overcame the transition state 11-T'S, the geom-
etry 12 is produced. In 102, the Li—C, and Li—0O; distances
are 2.0710 and 1.8809 A. Note that the Li, Cy, Cg, O, O,
N1, Ny, and Cs atoms are also almost on the same plane.
Our results show that the energy of 12 is ca. 15 kcal/mol
lower than that of 10. In view of the energy barrier and
relative energy between 10 and 12, it is very favorable
for the torsion of lithium atom around the N;—0; bond
to proceed via the transition state 11-TS in the gas phase.

Path 2. We also found that the lithium atom can rotate
around the N;—O; bond in 8. As shown in Figure 5, the
transition state 13-T'S has been located in this rotation
step. The C;—N;—0O;—Li dihedral angle is 66.9°; the
imaginary frequency is 103.53i cm™!, which is also
corresponded to the lithium atom rotation mode. The
energy barrier from 8 to 13-T'S is 12.52 kcal/mol at the
MP2/6-31G** level and 13.63 kcal/mol at the MP2/6-
311++G** level with the thermal correction at —78 °C.
In view of the energies, the energy barrier in this step is
about 3.5 higher than that in the step of 8 to 10, which
indicates that this step of the lithium atom rotation is
somewhat more difficult than the step of 8 to 10. If the
reaction surmounted the transition state 13-T'S, it would
generate the intermediate 14 in our calculations. In 14,
as shown in oFigure 5, the Li—C; and Li—O; are 2.3207
and 1.7769 A, respectively. It should be noted that the
Li, Cq, Cs, O4, O3, N, Ng, and C3 atoms are also almost
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FIGURE 6. Schematic potential energy profiles in process 2 in the gas phase: AE (MP2/6-31G**), blue, solid line; AE (MP2/6-

311++G**), red, dashed line.

on the same plane. And then, the transition state 15-
TS, associated with the attack of the Os atom to the Cs
atom, has been located at the MP2/6-31G** level. The
0,—C, distance is 2.5287 A. The imaginary frequency is
179.07i cm ™!, which is associated with the O;—C; bond-
stretching mode. The Wiberg bond indices indicate that
the transition state 15-TS is a reactant-like geometry.
The energy barrier from 14 to 15-T'S is 7.63 kcal/mol at
the MP2/6-31G** level and 7.23 kcal/mol at the MP2/6-
311++G** level with the thermal correction at —78 °C.
Next, the geometry 12 is also generated after the reaction
surmounted the transition state 15-T'S.

In addition, the schematic potential energy profiles for
process 2 are presented in Figure 6. One can see that
the energy is also downhill and that path 1 is more
favorable than path 2. Accordingly, this process is
exothermic and stepwise.

Reaction Mechanism in THF. To estimate the
solvent effect of THF on the title reaction, we reoptimized
the geometries based on the microsolvation model by
using two THF ligands on the lithium atom at the
B3LYP/6-31G* level, and then single-point energies were
calculated for the optimized geometries at the B3LYP/
6-311++G** level by using the SCRF method based on
the CPCM model in solvent THF. The optimized molec-
ular structures and energies of all stationary points along
the reaction paths in THF are given in Figure S-1 and
Tables S-2 and S-5 of the Supporting Information.
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Process 1. Although spin contamination exists in
these geometries, our results were not corrected by using
the projected method because [$2[Kklightly deviates from
0.75, varying from 0.7525 in nitric oxide to 0.7636 in S3.
For the complex S1, the lengths of Iﬁi—Nl, N;—C,, and
Li—C; are 2.1752, 2.5039, and 2.0066 A, respectively. The
binding energy is 5.93 kcal/mol at the UB3LYP/6-31G*
level with the thermal correction at —78 °C. For the
transition state S2-TS, the lengths of N;—C,, Li—Cy, and
Li—Nj are 1.7904, 2.1155, and 1.9297 A. the imaginary
frequency is 345.361 cm™!, which is associated with the
N;—C; bond-stretching mode. The calculated energy
barrier is 4.24 kcal/mol at the UB3LYP/6-31G* level with
the thermal correction at —78 °C. For intermediate S3,
the N1—C; bond has completely formed. The lengths of
N;—Cy, Li—Ny, and Li—O; are 1.3285, 1.9430, and 1.8537
A. For this process, the potential energy profile is
presented in Figure 71. Compared with the results in
the gas phase, the explicit THF ligands remarkably
affect the reaction. As shown in Figure 71, there is only
one transition state, which indicates that the transi-
tion state 3-T'S located in the gas phase is not stable in
THF.

Furthermore, we also carried out the SCRF calcula-
tions on the basis of the CPCM model for process 1. Our
calculations exhibit that the energy barrier of the transi-
tion state S2-T'S is dramatically decreased to 2.54 kcal/
mol.
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FIGURE 7. Schematic potential energy profiles in process 1:
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311++G**), red, dashed line.

Process 2. Due to the steric effect of THF ligands on
lithium, we cannot locate any minimum like 6a or 6b.
In our work, like 8a and 8b, we have located the minima
S4a and S4b at the BSLYP/6-31G* level. For S4a, the
03—N3—N;—0; dihedral angle is about 180°; the lengths
of Li—0; and Li—N; are 1.8948 and 2.2013 A, respec-
tively. The binding energy is 17.35 kcal/mol at the
B3LYP/6-31G* level with the thermal correction at —78
°C. For S4b, the O;—N;—N;—0; dihedral angle is about
Q°, the lengths of Li—0O; and Li—O; are 1.8798 and 1.9232
A, and the binding energy is 33.81 kcal/mol at the
B3LYP/6-31G* level with the thermal correction at —78
°C.

Similar to the results in the gas phase, we also have
investigated two pathways in THF in our study. In path
1, for the transition state S5-T'S, the O,—C, distance is
2.1827 A; the imaginary frequency is 212.381i cm ™!, which
is associated with the O2—Cs bond-stretching mode. The
energy barrier is 7.03 kcal/mol at the BSLYP/6-31G* level
with the thermal correction at —78 °C. For S6, it is
generated after the reaction surmounted the transition
state S5-TS.° The lengths of Li—Nj; and Li—O1 are 2.2883
a}nd 1.8801 A, respectively; The O,—C, distance is 1.3861
A, which implies that the Os—C, bond has completely
formed. Note that the Li—O;—N;—Ns dihedral angle is
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—140.40°, different from that in 10 in the gas phase.
According to the results in the gas phase, like 10 and
12, lithium attaching to the C; atom is more stable than
that attaching to the Ny atom. It is possible for S6 to
rotate the N;—0; bond, leading to S8 in the reaction.
Therefore, we have optimized S8 and found its energy is
12.99 kcal/mol lower than that of S6 at the B3LYP/6-
31G* level with thermal correction at —78 °C. For S8,
the lengths of Li—C; and Li—O; are 2.1633 and 1.9671
A, respectively; the lithium atom is almost on the plane
of the five-member ring. Then, the transition state S7-
TS, which direct connects S6 and S8, has been located
at the B3LYP/6-31G* level. For the S7-TS, the Li—0;—
N;—C; dihedral angle is —119.15°; tbe lengths of Li—Np
and Li—O; are 2.7894 and 1.8326 A, respectively. The
imaginary frequency is 43.76i cm™!, which is associated
with the rotation mode of the five-membered ring around
the N1—0; bond. The energy barrier is 0.07 kcal/mol. The
results imply that the transition state S7-T'S is very close
to S6 and that it is very favorable to produce S8.

In path 2, we at first planned to optimize a transition
state like 13-T'S. Unfortunately, this transition state
cannot located due to the two explicit THF ligands on
the lithium atom. For the intermediate S9, the lengths
of Li—C; and Li—O; are 2.6278 and 1.8228 A. the Li—
0;—N;—C; dihedral angle is —11.98°, which indicates
that Li atom slightly deviates the plane. For the transi-
tion state S10-T'S, the length of Li—C; is 2.5902 A, which
is 0.0376 A shorter than that in S9; the length of O—Cs
is 2.5888 A. the imaginary frequency is 135.12i cm™1,
which is also associated with the Os—Cs bond stretching
mode. The energy barrier is 3.21 kcal/mol at the BSLYP/
6-31G* level including thermal correction at —78 °C.
After the reaction surmounted the transition state S10-
TS, it also can offer the geometry S8.

Finally, we also perform the SCRF calculation based
on the CPCM model at the BSLYP/6-311++G** level for
process 2. In our work, the SCRF calculations increase
the energy barriers of S5-T'S to 10.03 kcal/mol, S7-T'S to
0.88 kcal/mol, and S10-T'S to 4.4 kcal/mol. It turned out
that the SCRF calculations little affect the results
obtained by using the microsolvation model in process
2. In addition, the energies of the transition state S5-T'S
and S10-T'S are very close, which implied that paths 1
and 2 both possibly exist in the reaction in THF. As
shown in Figure 8I, one can see that, like in the gas
phase, the energy is downhill and this process is exo-
thermic and stepwise in the THF solvent.

In addition, to compare with the results calculated by
using microsolvation method at the BSLYP/6-31G* level,
we have also investigated the reaction without the
explicit THF ligands on the lithium atom at the same
level. The results are also presented in Figures 7II and
8I1. We checked all stationary points optimized at the
B3LYP/6-31G* level and found that the geometry pa-
rameters are very close to these calculated at the MP2/
6-31G** level except the complex 1. As shown in Figure
7II, one can see that the solvent remarkably affects
process 1. The energy barrier of the step from D3 to D5
is 2.29 kcal/mol in the gas phase. However, the energy
barrier disappears including the solvent effect, which is
very agreement with the result obtained by using micro-
solvation model. For process 2, as shown in Figure 8II,
the results also exhibit that this process is stepwise and
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FIGURE 8. Schematic potential energy profiles in process 2: I, with two explicit THF; II, without the explicit THF; AE (B3LYP/
6-31G*), blue, solid line; AE (SCRF/B3LYP/6-311++G**), red, dashed line).

exothermic. The energy barrier of D6ab-T'S is 34.15 and
42.01 kcal/mol with and without solvent effect, which also
implies that the isomerization from D6b to D6a is very
difficult. The energy barrier of D11-TS is 7.11 and 11.07
kcal/mol with and without the solvent effect in path 2,
while the energy barrier of D7-TS is 8.72 and 8.0 kcal/
mol with and without the solvent effect in path 1. It is
implied that path 2 is also favorable to proceed in this
process. The information supports and makes up the
results obtained by using the microsolvation model.
Analysis of 5-Methyl-3-oxide-1,2,3-oxadiazole. To
the end, the product 5-methyl-3-oxide-1,2,3-oxadiazole
can be generated by addition of water after the reaction
afforded the intermediate 12 in the overall reaction. Its
geometry was optimized at the MP2/6-311++G** level,
and vibrational analysis was also performed at the same
level in our calculations. The results are presented in
Figures 9 and 10, respectively. It is important to note
that the product 5-methyl-3-oxide-1,2,3-oxadiazole has C;
symmetry. As shown in Figure 10, the calculated IR
spectrum has a very strong peak whose intensity is much
bigger than those of others. Moreover, we checked the
vibrational modes and found that this strong line is
associated with the N;—O; bond stretching mode. To
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FIGURE 9. Optimized geometry and bond indices of 5-meth-
yl-3-oxide-1,2,3-oxadiazole at the MP2/6-311++G** level.

obtain more information regarding the vibrational modes,
we also calculated the Raman spectrum for 5-methyl-3-
oxide-1,2,3-oxadiazole in this work, shown in Figure 10.
Different from the IR spectrum, five stronger peaks occur
in the Raman spectrum. The results show that the
Raman spectrum not only presents the N;—0O; bond
stretching mode but also presents the stretching modes
of the C;=C,, C;—H, and two C—H bonds in CH; group.
The frequencies of the vc1-n, VN1-01, and vc1=c2 modes are
3341, 1639, and 1699 cm™!. Note that the activity of the
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FIGURE 10. Calculated IR and Raman spectra of 5-methyl-3-oxide-1,2,3-oxadiazole at the MP2/6-311++G** level (frequency,
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TABLE 1. Calculated Excited States of 5-Methyl-3-oxide-1,2,3-oxadiazole at the MP2/6-311++G** Level

exited state symmetry excited energy (eV) oscillator strength (f) assignment
1 triplet-A’ 2.3616 0 26 — 27 (+149%), 26 — 29 (+9%), 24 — 27 (+6%)
2 triplet-A" 4.0532 0 25 — 27 (+99%), 25 — 29 (+5%)
3 singlet-A" 4.4381 0.0005 25 — 27 (+93%)
4 triplet-A’ 4.4405 0 24 — 27 (+101%), 24 — 29 (12%)
5 singlet-A’ 5.0312 0.06 26 — 27 (+64%), 26 — 29 (15%)
6 triplet-A’ 5.1947 0 26 — 29 (+91%)
7 triplet-A" 5.7292 0 26 — 28 (+97%)
8 triplet-A’ 5.7481 0 24 — 29 (+93%), 24 — 27 (+8%), 24 — 32 (6%)
9 singlet-A" 5.7556 0.0005 26 — 28 (+98%)
10 singlet-A’ 5.8807 0.0363 26 — 29 (+58%), 24 — 27 (+18%), 26 — 27 (+9%)
11 triplet-A" 5.9331 0 23 — 27 (+98%), 25 — 29 (6%)
12 triplet-A” 6.1479 0 25 — 29 (+87%), 23 — 27 (+6%), 25 — 27 (5%)
13 singlet-A’ 6.1673 0.2572 24 — 27 (+61%), 26 — 29 (19%)
14 singlet-A" 6.2382 0.0007 25 — 29 (+93%)
15 triplet-A” 6.4649 0 26 — 30 (+74%), 26 — 31 (+12%), 26 — 33 (+8%),
16 singlet-A" 6.5127 0.0001 26 — 30 (+92%)
17 triplet-A’ 6.5608 0 25 — 28 (+97%)
18 singlet-A’ 6.5896 0.0181 25 — 28 (+95%)
19 singlet-A” 6.7715 0.0001 26 — 31 (+75%), 26 — 34 (6%), 23 — 27 (+6%), 26 — 30 (6%),
20 singlet-A" 6.9532 0.0073 23 — 27 (+60%), 24 — 28 (23%), 26 — 31 (8%)

vN1-01 mode is almost equal to that of the vc1—c2 mode in
Raman spectrum.

In addition, to theoretically study the absorption
spectrum of 5-methyl-3-oxide-1,2,3-oxadiazole, the time-
dependent (TD) B3LYP calculation with 6-311++G**
basis set was employed on the geometry calculated at the
MP2/6-311++G** level. As shown in Table 1, 10 singlet
states and 10 triplet states were calculated in this work.
The data were further processed using the SWizard
program (revision 2.9).2° In this process, the Gaussian
model was used and the half-bandwidths were taken to
be equal to 3000 cm™'. Therefore, the absorption spec-
trum is plotted in Figure 11. One can see that two obvious
peaks appear in the absorption spectrum. The strong
peak occurs at ca. 6.17 eV (4.98 x 10* cm™'), and the other
weak peak is ca. 5.03 eV (4.06 x 10* cm™1). As shown in

(29) Gorelsky, S. I. SWizard program, http://www.sg-chem.net/.

Table 1, the two peaks, corresponding to the excited
states 5 and 10, are all mainly concerned with the orbitals
24, 26, 27, and 29. The weak peak is mainly associated
with the transition of 26 to 27, while the strong peak is
mainly associated with the transition of 24 to 27.
Furthermore, the orbital coefficients reveal that the
orbitals 24 and 26 are the C;=C, and N;=N, 7 orbitals,
while that the orbitals 27 and 29 are the C;=C, and
N;=N. 7* orbitals, respectively. Correspondingly, the
weak peak should be mainly assigned to the 7%Nj—n2 <~
7tN1=Ne transition, while the strong peak should be mainly
assigned to the m*N1=Nn2 < 7c1=c2 transition.

Conclusions

In this work, the chemical fixation of nitric oxide to
produce 5-methyl-3-oxide-1,2,3-oxadiazole has been in-
vestigated by using ab inito (U)MP2 and DFT/(U)B3LYP
method. The combination of the microslovation model by
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FIGURE 11. Calculated absorption spectrum of 5-methyl-3-
oxide-1,2,3-oxadiazole at the MP2/6-311++G** level.

using two explicit THF lingands on the lithium atom and
continuum solvent model based on the SCRF/CPCM
method was used. Our findings are summarized as
follows:

1. The title reaction is stepwise and exothermic.

2. In process 1, the nitrogen atom in nitric oxide attacks
the C; atom in alkynyllithium to afford the intermediate
5.
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3. In process 1, taken into account the solvent effect,
the intermediate 3 can directly transform to the inter-
mediate 5 without energy barrier in THF.

4. In process 2, the intermediate 12 is produced via
two pathways, and then the five-member-ring product
5-methyl-3-oxide-1,2,3-oxadiazole is generated by addi-
tion of water.

5. In process 2, path 1 is more favorable than path 2
in the gas phase, while they both possible exist in the
THF solvent.

6. The analysis of the product 5-methyl-3-oxide-1,2,3-
oxadiazole indicates that the strongest IR peak is associ-
ated with the N;—0O; bond stretching mode and that the
strong absorption peak is assigned to the 7¥N1=xo—TTc1=C2
transition.
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