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ABSTRACT: The reaction between 1,5,6-trimethylpyrazinium-3-olate and methyl meth-

acrylate (MMA) yielding a lactone—lactam has been studied using the DFT method at the "N
B3LYP/6-31G(d) level. It is concluded that formation of the lactone—lactam is a domino e e ar.»
process involving three consecutive reactions: (i) a 1,3-dipolar cycloaddition (13DC) reaction i o ﬁm
between the pyrazinium-3-olate and MMA yielding a [3 + 2] cycloadduct (CA); (ii) a skeletal AN

9,
rearrangement, which converts the [3 + 2] CA into a formal [4 + 2] CA, possessing a o 0/1
diazabicyclo[2.2.2]octane structure; and finally, (iii) an Sy2 reaction, promoted by halide T
anion, with concomitant nucleophilic attack of the created carboxylate anion on an iminium e }N@/@ h
carbon with formation of the lactone ring present in the lactone—lactam. Analysis of the four | >, 4 1YL
competitive channels associated with the 13DC reaction indicates that this cycloaddition takes | * 1 .
place with complete endo stereoselectivity and 6 regioselectivity, yielding [3 + 2] CA. The | ¢
subsequent skeletal rearrangement also takes place in an elementary step via a non-concerted
mechanism. Electron localization function bonding analysis makes it possible to establish that

the bicyclo[2.2.2]octane skeleton present in the lactone—lactam complex structure is not attained via a Diels—Alder reaction

between pyrazinium-3-olate and MMA.

B INTRODUCTION

The 1,3-dipolar cycloaddition (13DC) reaction is an effective
route for the synthesis of five-membered heterocyclic
structures.' The ring systems arising from 13DC reactions are
the backbones of some natural products.” Nitrogen-containing
heterocycles occur widely in nature, in isolation and as
structural subunits in various families of alkaloids with
laboratory,” industrial, and pharmacological applications.”*

Following and inspired by the pioneering studies of Katritzky
et al. on pyridinium-3-olates,” some of us have been particularly
interested in the cycloaddition reactions of pyrazinium-3-
olates®” as a means for the construction of complex structures.

Thus, the cycloadditions of a range of substituted S5-
methylpyrazinium-3-olates 1 with unsymmetrical dipolarophiles
such as methyl acrylate (MA) 2 have been studied
experimentally (see Scheme 1).° These reactions produced 2-
oxo-3,8-diazabicyclo[3.2.1]octane-6-carboxylates 4, via imine/
enamine tautomerism of presumed, non-isolated 13DC adducts
3.

The reaction of pyrazinium-3-olate 1a (R' = R* = R® = Me)
with the more hindered dipolarophile methyl methacrylate
(MMA) S vyielded a more complex structure 8, which was
characterized by X-ray crystallography (see Scheme 2).” Noting
that 8 possesses a diazabicyclo[2.2.2]octane skeleton, it was
suggested that this could have been reached via an initial
Diels—Alder (DA) reaction, involving the azadiene unit in 1a,
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to initially yield diazabicyclo[2.2.2]octane adduct 6.” An
intramolecular interaction between the ester carbonyl group
and the iminium cation present in 6 would provide 7, which by
N-protonation and hydrolysis (or demethylation) of the
MeO*=C unit would then finally afford the observed tricyclic
lactone—lactam 8.

On the basis of this result, it was speculated” that the [3 + 2]
cycloadduct (CA) pyrazinium-3-olate products previously
obtained® might actually derive via rearrangement of initial [4
+ 2] CA adducts and that the initial adduct had, in this special
case, been trapped by intramolecular interaction with the ester.
Indeed, this also called into question the comparable [3 + 2]
CAs obtained in Katritzky’s work on pyridinium-3-olates.
Could these also derive from rearrangement of initial [4 + 2]
CAs?

The 13DC reactions shown in Scheme 1 have recently been
theoretically studied using the density functional theory (DFT)
method.® These studies indicated that these cycloaddition
reactions take place via a one-step mechanism through highly
asynchronous transition state structures (TSs) associated with
the most favorable nucleophilic/electrophilic interactions
between either the C2 or C6 carbon of 5-methylpyrazinium-
3-olates 1 and the  conjugated position of MA 2.
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Scheme 1. 13DCs of Substituted Pyrazinium-3-olates 1 with MA 2
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Scheme 2. Proposed Mechanism for the Cycloaddition of 1a with MMA $
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Herein, we present a theoretical study for the reaction
between pyrazinium-3-olate 1a and MMA § yielding lactone—
lactam 8 shown in Scheme 2. The cardinal objective of this
paper is to shed light on the mechanism of the formation of the
diazabicyclo[2.2.2]octane skeleton present in 8. Within this
objective, we address the fundamental question of whether 8 is
formed by a [4 + 2] cycloaddition reaction such as proposed
earlier as in Scheme 2 or by a [3 + 2] cycloaddition such as that
given by MA 2, followed by a skeletal rearrangement to yield 6.
Additionally, the formation of the lactone ring present in
lactone—lactam 8 is also studied.

B COMPUTATIONAL METHODS

DFT computations were carried out using the B3LYP’ exchange-
correlation functionals, together with the standard 6-31G(d) basis
set.'” The optimizations were carried out using the Berny analytical
gradient optimization method."" In order to test the reliability of this
basis set, the stationary points involved in the formation of lactone—
lactam enolate 13 were optimized using the 6-311G(d) basis set. The
stationary points were characterized by frequency computations in
order to verify that TSs have one and only one imaginary frequency.
The intrinsic reaction coordinate (IRC) paths'? were traced in order
to check the energy profiles connecting each TS to the two associated
minima of the proposed mechanism using the second order
Gonzalez—Schlegel integration method."®> The electronic structures
of stationary points were analyzed by the natural bond orbital (NBO)
method'* and by the electron localization function (ELF) topological
analysis, 7(r)."”> The ELF study was performed with the TopMod
program'® using the corresponding monodeterminantal wave
functions of the selected structures of the IRC. All computations
were carried out with the Gaussian 09 suite of programs.'”

The global electrophilicity index, @, is given by the following
expression,'® @ = (4*/2n7), in terms of the electronic chemical
potential 4 and the chemical hardness 7. Both quantities may be
approached in terms of the one-electron energies of the frontier
molecular orbitals HOMO and LUMO, &y and €1, as u = (e + €1)/2
and 17 ® (g + &,), respectively.'® Recently, we introduced an empirical
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(relative) nucleophilicity index,*® N, based on the HOMO energies
obtained within the Kohn—Sham scheme®' and defined as N =
Eyomo(Nu) — Eyomo(TCE). The nucleophilicity is referred to
tetracyanoethylene (TCE) because it presents the lowest HOMO
energy in a large series of molecules already investigated in the context
of polar cycloadditions. This choice allows us to handle conveniently a
nucleophilicity scale of positive values. The local electrophilicity
indices,** @y, and the local nucleoI)hilicity indices,” Ny, were evaluated
using the following expressions:** @y = wP} and Ny = NP, where P}
and P; are the electrophilic and nucleophilic Parr functions,”
respectively, obtained through the analysis of the Mulliken atomic
spin density of the radical anion and the radical cation.”*

B RESULTS AND DISCUSSION

This theoretical study was divided into three different parts: (i)
analysis of the cycloaddition reaction based on DFT reactivity
indices; (ii) mechanistic study of the domino reaction of
pyrazinium-3-olate 1a with MMA § with formation of lactone—
lactam 8; and finally (iii) an ELF bonding analysis along the
formation of the most favorable [3 + 2] CA 9, and its
isomerization to formal [4 + 2] CA 6.

1. Analysis Based on the Reactivity Indices at the
Ground State of Reagents. Recent studies devoted to DA
and 13DC reactions have shown that the analysis of the global
and local indices defined within the context of the conceptual
DFT? are a powerful tool to understand the reactivity in polar
cycloadditions. In Table 1, the static global properties, namely,
electronic chemical potential y, chemical hardness 7, global
electrophilicity @, and global nucleophilicity N indices, of
pyrazinium-3-olate 1a and MMA § are reported, while the local
electrophilicity wy and local nucleophilicity Ny indices are given
in Figure 1.

The electronic chemical potential of MMA S, it = —4.16 €V,
is lower than that of pyrazinium-3-olate la, g = —3.48 €V,
indicating that along a polar cycloaddition reaction path the net
charge transfer (CT) will take place from the pyrazinium-3-

dx.doi.org/10.1021/j0302730q | J. Org. Chem. 2013, 78, 1621—1629



The Journal of Organic Chemistry

Table 1. Electronic Chemical Potential g, Chemical
Hardness 7, Global Electrophilicity @, and Global
Nucleophilicity N Indices, in eV, of Pyrazinium-3-olate 1a
and MMA §

Iz n ® N
la —348 3.69 1.64 3.80
MMA 5 —4.16 624 1.39 1.84
Me _N_ oo ‘0020
= 3| 1.75 0.36 Me
~
145l6@ 2 149 MO G002
Me 1’]‘ 0.74 078l ¢
Me
1a 5

Figure 1. Local nucleophilicity of pyrazinium-3-olate 1a (Nj in eV,
blue) and local electrophilicity of MMA § (@ in eV, red).

olate la toward the electron-deficient MMA S, in clear
agreement with the CT analysis performed at the TS (see
Section 2).

The electrophilicity index of pyrazinium-3-olate la is 1.64
eV, a value that lies in the range of strong electrophiles on the
electrophilicity scale.”® On the other hand, pyrazinium-3-olate
1a has a high nucleophilicity index, N = 3.80 eV, bein§7 classified
as a strong nucleophile on the nucleophilicity scale.”” MMA §
has an electrophilicity index of w 1.39 eV and a
nucleophilicity index of N = 1.84 eV, being classified as a
moderate electrophile and as a moderate nucleophile.

In spite of the fact that pyrazinium-3-olate 1a is slightly more
electrophilic than MMA S, analysis of the electronic chemical
potential y indicates that the CT will take place from 1a to
MMA §; thus, pyrazinium-3-olate la will behave as a
nucleophile and MMA 5 as an electrophile. This behavior is
reasonable considering the strong nucleophilic character of
pyrazinium-3-olate la.

Recent studies devoted to cycloaddition reactions with a
polar character have shown that the analysis of the local
electrophilicity index @y in the electrophilic component and the
local nucleophilicity index Ny in the nucleophilic partner
explains the observed regioselectivity. In this way, the Nj in
pyrazinium-3-olate 1a and the @, in MMA § were analyzed in
order to predict the best electrophilic/nucleophilic interaction
along a polar cycloaddition path and thus explain the observed
regioselectivity.

MMA $ has the largest electrophilic activation at the f
conjugated C1’ position, wcy = 0.78 eV. Note that this position
is twice as electrophilically activated as the ester C3’ carbon,
@cy = 0.36 eV. On the other hand, the O7 oxygen atom and
the C2 and C6 positions of the heterocyclic ring relative to the
O7 oxygen are the most nucleophilically activated of
pyrazinium-3-olate la. The O7 oxygen atom is the most
nucleophilic site of these molecules, N, = 1.75 eV, followed by
the C2 position, N, = 1.49 eV, and then C6, N4 = 1.45 eV.

Along a polar reaction pathway involving unsymmetrical
reactants, the most favorable regioisomeric channel is that
associated with the two-center interaction between the most
electrophilic site of the electrophile and the most nucleophilic
site of the nucleophile. Therefore, the most favorable reaction
channel will be that associated with the approach of the O7
oxygen atom of la toward the f conjugated C1’ position of
MMA S. However, this reaction channel cannot progress, and
consequently this interaction reversibly gives the separated
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reactants. On the other hand, the approach of the nucleophilic
C2 position toward the f conjugated C1’ position of MMA §
can be assisted by the concomitant ring closure with formation
of the second C—C bond, to result in the formation of the final
[3 + 2] or [4 + 2] CA. Note that the C6 position of
pyrazinium-3-olate 1a is also nucleophilically activated: N¢g =
1.45 eV. Consequently, the approach of the nucleophilic C6
position of 1a toward the f conjugated C1 position of MMA §
could be competitive, yielding a corresponding regioisomeric
CA.

2. Mechanistic Study of the Domino Reaction of
Pyrazinium-3-olate 1a with MMA 5. 2.1. Cycloaddition
Reaction between Pyrazinium-3-olate 1a and MMA 5. An
exploration of the potential energy surface (PES) for the
reaction between pyrazinium-3-olate 1a and MMA § indicates
that the reaction begins with the initial formation of [3 + 2] CA
9, which experiences a skeletal rearrangement to yield formal [4
+ 2] CA 6 (see Scheme 3). Because of the asymmetry of both

Scheme 3. Alternative Pathways for the 13DCs of 1a with
MMA §
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reactants, formation of four isomeric [3 + 2] CAs is feasible.
They are related to the two regio- and stereoisomeric approach
modes of the ester-substituted double bond of MMA § to the
ring of la. The two possible regioisomeric products are
numbered 6 (C2’ linked to C6) and 2 (C2’ linked to C2),
depending on the relative position of the carboxylate group in
the products; the stereochemical possibilities are named endo
and exo for each of these regioisomeric products. This 13DC
reaction takes place through a one-step mechanism. Con-
sequently, four TSs, TS1—6n, TS1—6x, TS1—2n, and TS1—-2x,
and the corresponding [3 + 2] CAs, 9—12, were located and
characterized. As the lactone ring present in lactone—lactam 8
must be formed via [2.2.2] bicyclic structure 6, only the
isomerization of [3.2.1] bicyclic compound 9 to 6, via TS2, was
studied (see Scheme 3). The total and relative energies are
given in Table 2, while the geometries of the TSs are given in
Figures 2 and 3.

The gas phase activation energies associated with the four
competitive channels of the 13DC reaction of pyrazinium-3-
olate 1a with MMA § are 6.9 (TS1—6n), 14.9 (TS1-6x), 11.8
(TS1—2n), and 18.5 (TS1—2x) kcal/mol. The most favorable
reaction channel corresponds to the formation of [3 + 2] CA 9,
via TS1—6n. These energy results indicate that this 13DC is
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Table 2. Relative Energies (in kcal/mol), in Gas Phase and
in Acetonitrile, of the Stationary Points Involved in the
Reaction of Pyrazinium-3-olate 1la with MMA $§

gas phase acetonitrile
TS1—6n 6.9 12.9
TS1-6x 149 15.9
TS1—-2n 11.8 17.2
TS1-2x 18.5 21.3
9 -10.9 —=2.0
10 —-14.0 -5.5
11 —14.7 —6.1
12 —17.1 —8.2
TS2 6.5 10.0
6 0.2 0.1
TS3 11.3 30.0
13 + CI” —-8.1 16.8

- -
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Figure 2. B3LYP/6-31G(d) transition structures for the 13DC
reaction of pyrazinium-3-olate la with MMA 5. The values of the
bond lengths directly involved in the processes are given in A. The
values corresponding to the reaction in acetonitrile are given in
parentheses.

entirely endo stereoselective, TS1—6x being 8.0 kcal/mol higher
in energy than TS1—6n, and completely 6 regioselective, TS1—
2n being 4.9 kcal/mol higher in energy than TS1—6n.
Formation of the CAs is exothermic, between —10.9 and
—17.1 kcal/mol.

The geometries of the TSs involved in the 13DC reaction of
pyrazinium-3-olate 1a with MMA § are given in Figure 2. At
the TSs associated with the regioisomeric channels 6, the length
of the C2—C1’ forming bonds are 1.997 A at TS1—6n and
2.000 A at TS1—6x, while the distance between the C6 and the
C2' atoms is 2.986 A at TS1—6n and 2.885 A at TS1—6x. At
the TSs associated with the regioisomeric channels 2, the length
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of the C6—C1’ forming bonds are 1.976 A at TS1—2n and
2.051 A at TS1—2x, while the distance between the C2 and the
C2’ atoms is 2.642 A at TS1—2n and 2.512 A at TS1-2x.

The extent of the asynchronicity of the bond-formation can
be measured by the difference between the lengths of the two ¢
bonds being formed in the reaction, ie., Ad = d1 — d2. The
asynchronicity at the regioisomeric channels 6 is Ad = 0.99 A at
TS1—6n and 0.88 A at TS1—6x, while that at the regioisomeric
channels 2 is Ad = 0.67 A at TS1—2n and 0.46 A at TS1-2x.
Formations of the most favorable TSs associated with channels
6 are more asynchronous than those associated with channels 2.
The IRCs from TSs to CAs clearly connect with the
corresponding [3 + 2] CAs. At TS1—6n only the C2—C1’ &
bond is being formed by means of a favorable nucleophilic/
electrophilic interaction between one of the most electrophilic
centers of pyrazinium-3-olate la, the C2 carbon, and the most
electrophilic center of MMA S, the C1’ carbon.

Natural population analysis (NPA) allows us to evaluate the
CT along this 13DC reaction path. The B3LYP/6-31G(d)
natural atomic charges at the TSs were shared between the
pyrazinium-3-olate la and MMA 5. At the TSs, the CT that
fluxes from la to MMA § is 0.12e at TS1—6n, 0.11e at TS1—
6x, 0.16e at TS1—2n, and 0.12e at TS1—2x. These values
indicate that these TSs have some zwitterionic character. The
low CT found in this polar cycloaddition can be related to the
low electrophilic character of MMA 5; note that it is classified
as a moderate electrophile.

As some of the species involved in the reaction between
pyrazinium-3-olate la and MMA S have a zwitterionic
character, solvent effects in the reaction were considered by
optimizing the gas phase geometries in acetonitrile. Inclusion of
solvent effects increases the activation energies and decreases
the exothermic character of the reactions as a consequence of a
larger stabilization of the pyrazinium-3-olate 1a when compared
with the other species (see Table 2).*® Solvent effects are
different on the endo TSs, TS1—6n and TS1—2n, than on the
exo ones, TS1—6x and TS1-2x. The latter two are more
stabilized than the endo ones. In spite of this, formation of the
6-endo [3 + 2] CA via TS1—6n remains the most favorable
reaction channel. In acetonitrile the activation energy of the
13DC reaction rises to 12.9 kcal/mol, the reaction being
exothermic by —2.0 kcal/mol.

Inclusion of solvent effects provokes minor changes in the
geometries of the TSs associated with the regioisomeric
channels 6. A different behavior is found at the TSs associated
with the regioisomeric channels 2; along these channels, solvent
effects decrease the asynchronicity of the bond formation since
the length of the C2—C2’ forming bond is reduced to 2.335 A
at TS1—2n and 2.329 A at TS1—2x (see Figure 2).

2.2. Conversion of [3 + 2] CA 9 into [4 + 2] CA 6.
Conversion of [3.2.1] bicyclic structure 9 into [2.2.2] bicyclic
structure 6 requires a skeletal rearrangement associated with a
1,2-carbon shift. An exploration of the PES associated with this
isomerization made it possible to find one TS, TS2. In gas
phase, the activation energy associated with this isomerization
process via TS2 is 17.4 kcal/mol (see Table 2). Although this
activation energy is 6.9 kcal/mol higher than that associated
with the 13DC reaction, TS2 is positioned below TS1—6n
because of the exothermic character of the formation of 9.
Formation of formal [4 + 2] CA 6 from [3 + 2] CA 9 is
endothermic by 11.2 kcal/mol. However, the favorable
thermochemistry associated with the formation of lactone—
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lactam 8 may displace this unfavorable equilibrium toward
formation of [2.2.2] bicyclic compound 6 (see below).

The gas phase geometry of TS2 is given in Figure 3. The
length of the C5—C2’ forming bond at TS2 is 2.097 A, while

Figure 3. Transition structure TS2 involved in the isomerization of [3
+2] CA 9 into [4 + 2] CA 6. The values of the bond lengths directly
involved in the processes are given in A. The values corresponding to
the reaction in acetonitrile are given in parentheses.

the distance between the C6 and the C2’ atoms is 2.568 A. The
length of the C2—C1’ bond at TS2 is 1.577 A. Analysis of the
atomic movements at the unique imaginary frequency of TS2
(—366.6 cm™) indicates that this TS is mainly associated with
the C5—C2’ breaking bond. The IRCs from TS to reagent and
product directly connect structure 9 with 6.

In acetonitrile, the activation energy associated with this
isomerization process via TS2 is 12.0 kcal/mol. Formation of [4
+ 2] CA 6 from 9 is endothermic by 1.9 kcal/mol.
Consequently, solvent effects play an important role in the
isomerization process; both the gas phase activation energy and
the endothermic character are reduced by ca. 5 kcal/mol.

The geometry of TS2 involved in the isomerization of 9 to 6
in acetonitrile is given in Figure 3. At TS2, the length of the
C5—C2’ forming bond is 2.279 A, while the distance between
the C6 and C2' atoms is 2.605 A.

2.3. Formation of Lactone—Lactam 8. First, we inves-
tigated the formation of the zwitterionic intermediate 7, which
was proposed as an intermediate in the formation of lactone—
lactam 8 (see Scheme 2). However, all attempts to locate 7 as a
stationary point were unsuccessful, yielding formal [4 + 2] CA
6 (see Scheme 4). In addition, a scan of the reaction profile

associated with the nucleophilic attack of the carboxyl oxygen
on the iminium carbon showed that the relative gas phase
energy of 6 rises to 28.7 kcal/mol. These results indicate that
formation of 7 from 6 is kinetically and thermodynamically
unfavorable. These results can be understood as a consequence
of the poor nucleophilic character of the carboxylate group
carbonyl oxygen present in 6.

The carboxylate anion is a more powerful nucleophile, but its
formation requires the elimination of the methyl group from
the ester. Since this reaction is carried out experimentally in
presence of iodide anion, this anion can provoke a nucleophilic
attack on the carbon atom of the methyl group promoting a
bimolecular nucleophilic Sy2 substitution to yield methyl
iodide plus the corresponding carboxylate anion, which could
then attack the iminium carbon.

To investigate this reaction path, we used chloride anion
instead of iodide. In this way, TS3 associated with the Sy2
reaction between chloride anion and the methyl carboxylate
group of the formal [4 + 2] cycloadduct 6 was easily located,
being, in gas phase, only 11.3 kcal/mol above 6 plus chloride
anion (see Table 2). An analysis of the atomic movements at
the unique imaginary frequency of TS3 (—413.6 cm™") showed
that it is mainly associated with the Cl—C bond formation and
the C—O breaking bond process involved in the Sy2 reaction.
However, the IRC from TS3 to the product provides, in an
elementary step, lactone—lactam enolate 13, which in a slightly
acidic medium, can yield the final lactone—lactam 8 (see
Scheme 4). Reaction of 6 with chloride anion results in the
formation of 13 and methyl chloride, which is exothermic by
—8.1 kcal/mol.

The geometry of TS3 is given in Figure 4. At TS3 the lengths
of the CI-C forming bond and C—O breaking bond are 2.385
and 1.941 A, respectively, while the distance between the
carboxyl oxygen and the iminium carbon is 2.333 A.

In acetonitrile, the activation energy associated with TS3
rises to 30.0 kcal/mol, while formation of 13 plus methyl
chloride turns endothermic to 16.8 kcal/mol. These unfavor-
able energies can be attributed to the strong solvation of
chloride anion with the insertion of solvent effects.

Finally, all stationary points involved in the formation of
lactone—lactam enolate 13 were optimized at the B3LYP/6-
311G(d) level. The gas phase energies and TS geometries are
given in Table S2 and Figure S1 in the Supporting Information.

Scheme 4. Formation of Lactone—Lactam 8
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N
Me
8
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TS3

Figure 4. Transition structure TS3 involved in the formation of the
lactone ring. The values of the bond lengths directly involved in the
processes are given in A. The values corresponding to reaction in
acetonitrile are given in parentheses.

A comparison of the gas phase relative energies using the two
basis sets indicates that there are not significant changes. The
gas phase activation energies associated with the three
sequential steps increase only by 0.6—1.8 kcal/mol as a
consequence of a larger stabilization of reagents than TSs. A
similar trend is found in the solvent results. On the other hand,
a comparison of the B3LYP/6-31G(d) geometries of TS1—6n
and TS2 and TS3 given in Figures 2, 3, and 4 with the B3LYP/

6-311G(d) TSs geometries given in Figure S1 (Supporting
Information) also shows minor changes. Consequently, the use
of triple-¢ functions does not improve the 6-31G(d) results.

3. ELF Bonding Analysis along the Formation of the
Most Favorable [3 + 2] CA 9 and Its Isomerization into
the Formal [4 + 2] CA 6. Several theoretical studies have
shown that topological ELF analysis along a reaction path can
be used as a valuable tool to understand the bonding changes
along the path.”®7' After an analysis of the electron density,
the ELF provides basins, which are the domains in which the
probability of finding an electron pair is maximal.'>® The basins
are classified as core basins and valence basins. The latter are
characterized by the synaptic order, that is, the number of
atomic valence shells in which they participate. Thus, there are
monosynaptic, disynaptic, trisynaptic basins and so on.'®
Monosynaptic basins, labeled V(A), correspond to the lone
pairs or non-bonding regions, while disynaptic basins connect
the core of two nuclei A and B and, thus, correspond to a
bonding region between A and B and are labeled as V(A,B).
This description recovers the Lewis bonding model, providing a
very suggestive graphical representation of the molecular
system.

In order to explain the forming and breaking bond processes
along the 13DC reaction between pyrazinium-3-olate la and

Table 3. Valence Basin Populations N Calculated from the ELF of Some Selected Points of the 13DC Reaction between
Pyrazinium-3-olate 1a and MMA $ and the Subsequent Isomerization of [3 + 2] CA 9 into [4 + 2] CA 6“

la S TS1-6n P1-1
di(C2—-Cl’) 1.997 1.933
d2(C6—C2') 2.986 2.969
d3(Cs—C2’) 3.085 3.071
BO(C2-Cl’) 0.48 0.55
BO(C6-C2') 0.10 0.12
BO(Cs—C2") 0.05 0.06
V(N1,C2) 3.08 2.14 2.12
V(C2,C3) 298 2.33 231
V(C3,N4) 218 221 2.19
V(N4,C5) 2.62 2.64 2.65
V(Cs,C6) 332 3.05 3.03
V(N1,C6) 241 2.55 2.55
V(C3,07) 223 2.32 235
V(N1) 0.94 1.01
V(N4) 2.81 2.84 2.83
v(Cr,c2’) 1.67 2.99 2.71
V'(C1,C2) 1.81
v(C2',C3') 2.34 2.55 2.59
Vv(C6)
v(C2) 0.20
v(C6,C2")
V(Cs)
V(Cs,C2")
v(C2) 0.60
V(C1) 0.30
Vv(C2,C1") 1.05
Me /“ N_ o
L
6 \@ 2
Me 1’?
Me
1a

“The BO values®® of the forming and breaking bonds are also included.
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P2-1 9 P1-1I TS2 P2-II 6
1.60S 1.561 1.573 1.577 1.568 1.542
2.409 1.643 1.961 2.568 2.535 2.503
2.687 2.580 2.558 2.097 1.972 1.616
0.90 0.96 0.95 0.93 0.95 0.98
0.32 0.89 0.65 0.08 0.06 0.01
0.08 0.01 0.04 0.45 0.57 0.86
178 1.67 1.69 1.87 1.86 1.87
2.18 2.16 2.16 2.1 2.08 2.03
2.14 2.0§ 2.07 232 2.35 2.53
2.67 2.88 2.83 2.14 1.94 1.64
2.48 2.15 224 2.43 2.35 225
2.40 1.74 1.9 2.98 3.06 3.84
2.48 2.45 2.51 2.36 2.29 2.20
1.60 2.26 2.02 0.93 0.85
2.90 2.75 2.81 3.22 3.34 3.4S
2.16 1.93 2.01 2.07 2.03 1.88
2.53 223 2.34 247 2.40 2.24
0.36 0.70
0.60 0.83 0.72
1.86
0.40

1.34 1.86

1.71 1.85 1.80 1.78 179 1.86
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a) Selected points of the 13DC reactrion between pyrazinium-3-olate 1a and MMA 5.
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b) Selected points of the conversion of [3+2] CA 9 into [4+2] CA 6.
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Figure S. Attractor positions and atom numbering of some selected points of the 13DC reaction between pyrazinium-3-olate 1a and MMA § and the

subsequent isomerization of [3 + 2] CA 9 into [4 + 2] CA 6.

MMA 5 and the subsequent isomerization of [3 + 2] CA 9 into
[4 + 2] CA 6, a topological ELF analysis along the IRCs of the
two reaction paths was performed. The most relevant ELF
valence basins and their corresponding N populations of the
selected points along the two reaction paths are displayed in
Table 3, while the attractor positions and atom numbering for
some points are shown in Figure S. For simplicity, only the
monosynaptic V(A) and the disynaptic V(A,B) basins involved
in the forming and breaking bonds will be discussed.

In pyrazinium-3-olate 1a, the presence of one monosynaptic
basin V(N4), integrating 2.81e, at the N4 nitrogen, and the
absence of a monosynaptic basin at the N1 nitrogen as a
consequence of its complete delocalization are the most
noticeable features. Note that the population of the disynaptic
basins V(N1,C2) and V(NI1,C6) are 3.08e and 2.4le,
respectively, as a consequence of this electron delocalization.
In MMA 35, the presence of two disynaptic basins V(C1/,C2")
and V'(Cl’,C2'), integrating 1.67e and 1.8le, which are
associated with the C1’—C2’ double bond, is the most
noticeable feature. At TS1—6n, d1 = 1.997 A and d2 = 2.986
A, the two disynaptic basins V(C1’,C2’) and V'(C1/,C2’)
present at MMA S have merged into the disynaptic basin
V(C1’,C2’), which integrates 2.99e. The presence of two new
monosynaptic basins, V(C2) and V(C1’), integrating 0.60e and
0.30e, respectively, is noteworthy. These monosynaptic basins
are located at one of the most nucleophilic centers of
pyrazinium-3-olate la, and at the most electrophilic center of
MMA 5.%°" At point P1-1, d1 = 1.933 A and d2 = 2.969 A,
the two monosynaptic basins V(C2) and V(C1’) present at
TS1-6n have merged into the new disynaptic basin
V(C2,C1’), which integrates 1.0Se. This change indicates that
the C2—C1’ bond formation has started at a C2—C1’ distance
of 1.933 A. At this point of the IRC, a new monosynaptic basin
V(C2’) integrating 0.20e appears at the C2’ carbon of MMA 5.
At point P2—1, d1 = 1.605 A and d2 = 2.409 A, while the
monosynaptic basin V(C2’) has reached 0.60e, a new
monosynaptic basin V(C6) integrating 0.36e appears at the
C6 carbon of pyrazinium-3-olate 1a. Finally, at [3 + 2] CA 9, d1
= 1.561 A and d2 = 1.643 A, while the two monosynaptic basins
V(C6) and V(C2') present at P2—I have merged into the new
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disynaptic basin V(C6,C2’) integrating 1.86e, the population of
the disynaptic basin V(C2,C1’) has reached 1.85e.

Along the conversion of [3 + 2] CA 9 into [4 + 2] CA 6, the
first relevant point corresponds to P1-II, d2 = 1.961 A and d3
= 2.558 A, in which the disynaptic basin V(C6,C2’) created at
the end of the 32CA reaction splits in two monosynaptic basins
V(C6) and V(C2'), which integrate 0.70e and 0.83e,
respectively. This behavior indicates that the C6—C2’ bond is
already broken at this point. Along the reaction path associated
with the isomerization process, the fluctuation of the electron
density of the disynaptic basin V(C2,C1’) is below 0.07e. At
TS2, d2 = 2.568 A and d3 = 2.097 A, while the monosynaptic
basin V(C6) disappears, a new monosynaptic basin V(CS),
integrating 0.40e appears at the C5 carbon. Therefore, while the
C6—C2’ bond is already broken at TS2, the formation of the
C5—C2’ bond has not started. This behavior allows us to
characterize this isomerization as a non-concerted process. At
point P2—1II, d2 = 2.535 A and d3 = 1972 A, the two
monosynaptic basins V(CS) and V(C2’) have merged into the
new disynaptic basin V(CS,C2’), which integrates 1.34e. This
behavior indicates that at this point of the IRC, the C5—C2’
bond is already being formed. From this point to [4 + 2] CA 6,
the population of the disynaptic basin V(CS5,C2’) increases to
reach 1.86e.

Some interesting conclusions can be drawn from this ELF
analysis: (i) ELF analysis of the 13DC reaction between
pyrazinium-3-olate 1a and MMA § indicates that formation of
[3 + 2] CA 9 takes place via a two-stage mechanism,* in which
the formation of the two o bond takes place through a non-
concerted process. While the C2—C1’ bond is formed in the
first stage of the reaction, the formation of the second C6—C2’
bond takes place along the second stage; (ii) ELF analysis of
the isomerization of [3 + 2] CA 9 into [4 + 2] CA 6 indicates
that this process is also non-concerted; note that at TS2 while
the C6—C2’ bond is already broken, the CS—C2’ bond
formation has not yet started; (iii) in spite of the electronic
similarity between points P2—I and the P1-II, whose C6—C2’
bond is broken, they correspond to different reaction paths;
(iv) ELF analysis of the IRCs associated with the two
consecutive reactions asserts that [4 + 2] CA 6 cannot be
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obtained in a direct way from pyrazinium-3-olate 1a plus MMA
S; and (v) as observed in previous 13DC and DA reactions,
formation of C—C o bonds takes place within a short-range of
distances around 1.950 A, in which two monosynaptic basins,
V(Ca) and V(Cb), located at the two interacting carbons Ca
and Cb, merge into a new disynaptic basin V(Ca,Cb) associated
with the formation of the new Ca—Cb ¢ bond via a pseudo-
diradical Ca-to-Cb coupling.®*

B CONCLUSIONS

The reaction between pyrazinium-3-olate la and MMA §
yielding lactone—lactam 8 has been studied using DFT
methods at the B3LYP/6-31G(d) level. Formation of
lactone—lactam 8 is a domino process involving three
consecutive reactions: (i) a 13DC reaction between pyrazi-
nium-3-olate la and MMA § yielding [3 + 2] CA 9; (ii) a
skeletal rearrangement, which converts [3 + 2] CA 9 into
formal [4 + 2] CA 6, possessing a diazabicyclo[2.2.2]octane
structure; and finally, (iii) an Sy2 reaction, promoted by halide
anion, with concomitant nucleophilic attack of the carboxylate
anion, thus created, on the iminium carbon with formation of
the lactone ring present in 8.

Energy analysis of the four competitive channels associated
with the 13DC reaction between pyrazinium-3-olate la and
MMA § indicates that this cycloaddition takes place with a
complete endo stereoselectivity and 6 regioselectivity, yielding
[3 + 2] CA 9, being the only CA that can experience this
domino process. IRC analysis of the highly asynchronous TS1—
6n, which is associated with the most favorable two-center
nucleophilic/electrophilic interaction between the C6 carbon of
the pyrazinium-3-olate ring of 1a and the f conjugated position
of MMA §, indicates that it is directly connected to the reagents
and to the [3 + 2] CA 9. The subsequent skeletal
rearrangement also takes place in a single step via a non-
concerted mechanism; in TS2, while the C6—C2’ bond is
already broken, the CS—C2’ bond formation has not yet
started.

This ELF bonding analysis makes it possible to establish that
the diazabicyclo[2.2.2]octane skeleton present in the product 8
is not attained via a Diels—Alder reaction between pyrazinium-
3-olate 1la and MMA 5, as was previously suggested for
consideration.” In spite of the large electronic similarity found
between points P2—I and the P1-1II, in which the C2—C1’ ¢
bond is completely formed and the C6—C2’ and the C5—-C2’ ¢
bonds are not still formed, they correspond to IRCs of two
different reaction paths; while P2—I is located at the end of the
13DC reaction, P1-II is located at the beginning of the
subsequent skeletal rearrangement. It also seems reasonable to
extrapolate this result and conclude that the [3 + 2] CAs
obtained from pyridinium-3-olates® are the results of direct
13DC reactions and do not involve the intervention of a [4 +
2] CA intermediate. A future publication will consider this
aspect of the 13DCs of pyridinium-3-olates explicitly.

B ASSOCIATED CONTENT

© Supporting Information

Total energies, in gas phase and in acetonitrile, of the stationary
points involved in the reaction of pyrazinium-3-olate la with
MMA §. B3LYP/6-311G(d) total and relative energies of the
stationary points involved in the formation of lactone—lactam
enolate 13. B3LYP/6-311G(d) geometries of the TSs involved
in the formation of lactone—lactam enolate 13. B3LYP/6-
31G(d) computed total energies, unique imaginary frequency,

1628

and Cartesian coordinates of the stationary points involved in
the reaction of pyrazinium-3-olate la with MMA S. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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