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a b s t r a c t

A DFT study of the 1,3-dipolar cycloaddition of methyl acrylate to 1H-pyrazinium-3-olate and N1- and C-
methyl substituted pyrazinium-3-olates, in the gas phase and in THF, has been carried out at the B3LYP/
6-31G(d) level. Two stereoisomeric pathways, endo and exo, and two regioisomeric channels, 2-oxo-3,8-
diazabicyclo[3.2.1]octane-6-ester and 7-ester products, have been considered. Thermodynamic and ki-
netic parameters calculated at room temperature have been analyzed. The regioselectivity has been
interpreted using reactivity indices. It is generally found that the exo pathway is preferred and the
formation of the 6-esters is dominant. The theoretical data obtained for the cycloaddition reaction of 1,5-
dimethylpyrazinium-3-olate with methyl acrylate are consistent with the literature where the 6-exo
regioisomer is formed as the major cycloadduct.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The 1,3-dipolar cycloaddition (1,3-DC) reaction is an effective
route for the synthesis of five-membered heterocyclic
structures.1e10 The ring systems arising from 1,3-DCs are the
backbones of some natural products.11e13 Nitrogen-containing
heterocycles occur widely in nature, in isolation and as structural
subunits in various families of alkaloids with laboratory,14e16 in-
dustrial and pharmacological applications.8,17e20 Following on from
and inspired by the pioneering studies of Katritzky et al. on pyr-
idinium-3-olates,21e25 we have been particularly interested in the
cycloaddition reactions of pyrazinium-3-olates26e32 as a means for
the construction of complex structures. Apart from synthesis, the-
oretical methods are becoming increasingly useful to investigate
1,3-DC processes.33e37

In a recent report,38 we carried out a theoretical study on the
1,3-DC of 1H-pyridinium-3-olate and 1-methylpyridinium-3-olate
with methyl acrylate (MA) at the B3LYP/6-31G(d) level of theory.
Both the 6-ester/7-ester regioisomeric pathways were taken into
consideration so as to have a better insight into the reaction
mechanism. The theoretical results obtained were in accord with
experimental outcomes showing that 8-azabicyclo[3.2.1]oct-3-en-
2-one-6-esters are formed preferentially.39
@intnet.mu (P. Ramasami).

All rights reserved.
We have previously studied experimentally the cycloadditions
of a range of 1-substituted 5-methylpyrazinium-3-olates with
unsymmetrical dipolarophiles.26e32 These reactions produced 4-
methylene-2-oxo-3.8-diazabicyclo[3.2.1]octane-6-carboxylates, of
interest for the construction of natural products, such as anticancer
quinocarcin40e42 and antibiotic lemonomycin,43 both of which in-
clude this subunit.

We first studied31 experimentally the cycloaddition of 1,5-
dimethylpyrazinium-3-olate (1b) with MA (Scheme 1dnote that
in all the experimental work reported to date, the pyrazinium-3-
olates have had an alkyl group at C-5, leading, when R3¼Me to an
exocyclic methylene product, formed by a simple tautomerism of
the initial cycloadduct (CA)), and a mixture of the 6-exo (CA6ex)
and 6-endo (CA6en) isomers in a ratio of 4:1 was observed in both
acetonitrile and THF solutions. A minor amount of the 7-exo CA
(CA7ex) was also formed and characterized, however, 7-endo iso-
mer was formed when using phenyl vinyl sulfone as the dipolar-
ophile.27 In enlarging the range of C-substituted pyrazinium-3-
olates examined,28e30,32 we extended our experimental in-
vestigations by assessing the influence of introducing C-methyl and
C-ethyl substituents at the future ring-junction of the 1,3-dipole.
The effect of greater encumbrance was clearly observed as in sev-
eral of the CAs extensive rearrangement had taken place.

The current computational study extends the scope of the pre-
vious research38 by investigating the 1,3-DC reactions of 1H-
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Scheme 1. Model substrates for the 1,3-DC of N1-substituted and C-methyl substituted pyrazinium-3-olates (1, 1a, 1b, 1c and 1d) with MA.
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pyrazinium-3-olate 1, and N1- and C-methyl substituted pyr-
azinium-3-olates 1aed with MA in the gas phase and in THF as
solvent (see Scheme 1). Within this goal stereo- and regiose-
lectivity, thermodynamic and kinetic parameters for the 1,3-DC of
pyridinium-3-olates and pyrazinium-3-olates with MA are com-
pared and the effect of varying the position of the methyl group in
the pyrazinium-3-olate ring is examined in a systematic way.
Furthermore, the regio- and stereoselectivity of the reaction be-
tween 1,5-dimethylpyrazinium-3-olate 1c and MA are compared
with the experimental outcomes.31
2. Computational methods

All computations were carried out with the Gaussian 03 suite of
programs.44 The full geometry optimizations of all structures and
transition state structures (TSs) were computed using density
functional theory (DFT) by applying the three-parameter hybrid
functional by Becke’s45 (B3) and the correlation functional by Lee-
Yang-Parr’s46 (LYP). The basis set 6-31G(d)47 has been employed as
it is a well-established method for the prediction of activation en-
ergies of cycloaddition reactions and to provide geometries and
electronic properties in good correlation with literature.48e50 Re-
actants and CAs were characterized by frequency computations and
have positive definite Hessian matrices. The TSs had only one
negative eigenvalue in their diagonalized force constant matrices.
The vibrational mode was assigned appropriately by means of vi-
sual inspection and animation using the CYLVIEW program.51 Fur-
thermore, the intrinsic reaction coordinate (IRC)52,53 path was
traced to authenticate the connection of a TS to the two associated
minima of the proposed mechanism. Solvent effects were taken
into account with the polarizable continuum model (PCM) as de-
veloped by Tomasi’s group54e56 in the framework of self-consistent
reaction field (SCRF).57,58 The solvent used in this present research
was THF, with temperature and pressure considered at 298.15 K
and 1 atm. The reported electronic energies include zero-point
energies (ZPE) corrections scaled by a factor of 0.96.59 Natural
bond orbital (NBO) analysis was performed on the electronic
structures of the critical points according to Weinhold et al.60,61

using NBO 3 as implemented in Gaussian 03.
The global electrophilicity index, u, is given by the following

simple expression,62 u¼(m2/2h), in terms of the electronic chemical
potential m and the chemical hardness h. Both quantities may be
approached in terms of the one electron energies of the frontier
molecular orbital HOMO and LUMO, εH and εL, as mz(εHþεL)/2 and
hz(εL�εH), respectively.63,64 Recently, we have introduced an em-
pirical (relative) nucleophilicity index, N based on the HOMO ener-
gies obtained within the KohneSham scheme,65 and defined as
N¼εH(Nu)�εH(TCE). Tetracyanoethylene (TCE) is chosenas reference as
it presents the lowest HOMO energy in a large series of molecules
already investigated in the context of polar cycloadditions. This
choice allowed us conveniently to handle a nucleophilicity scale of
positive values.66 Local electrophilicity67 and nucleophilicity68 in-
dices, uk and Nk were evaluated using the following expressions:
uk ¼ ufþk andNk ¼ Nf�k where fþk and f�k are the Fukui functions for
a nucleophilic and electrophilic attacks, respectively.69

The rate constant, calculated at 298.15 K, is predicted according
to the following equation:
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The effective rate constant corresponding to the formation of
CAs can, thus, be calculated as:
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The rate constant of each step is calculated based on the con-
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where kB is Boltzmann’s constant; h is Planck’s constant, T is the
temperature; R is the ideal gas constant; k is the transmission co-
efficient and is taken to be 1; DH� is the relative enthalpy, DHs is
the activation enthalpy while DS� and DSs are the relative and
activation entropies, respectively.

In addition, k1, has also been calculated with the Wigner tun-
neling coefficient70,73 according to the standard Eyring TST as:

k1 ¼ G
kBT
h

QTSNA

Q1Q2
exp

�
�DEa

RT

�
(6)

where NA is the Avogadro’s number; QTS, Q1, and Q2 are the total
partition functions of TS, 1 and 2, respectively and DEa is the acti-
vation barrier for the cycloaddition. The values of the rate constants
are calculated at standard conditions (T¼298.15 K and
p¼101,325 Pa).

3. Results and discussion

3.1. Energetics

3.1.1. 1,3-DC reaction of 1H-pyrazinium-3-olate 1 and 1-
methylpyrazinium-3-olate 1a, with methyl acrylate. The 1,3-DC re-
actions of 1H-pyrazinium-3-olate 1 and 1-methylpyrazinium-3-
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olate 1a with the unsymmetrical dipolarophile, MA, can yield four
isomeric CAs, the endo and exo stereoisomers of the two possible
regiochemical pathways: 6-substituted CAs involve bond formation
between the pyrazinium-3-olate C2 and MA C3 carbons and the
pyrazinium-3-olate C6 andMA C2 carbons, while 7-substituted CAs
have the opposite regiochemical orientation. Hence, four TSs, des-
ignated TS6en-1x, TS6ex-1x, TS7en-1x, TS7ex-1x and the corre-
sponding CAs, CA6en-1x, CA6ex-1x, CA7en-1x, CA7ex-1x, where x
(x¼a, b, c, d or e) signifies the substituted pyrazinium taken into
consideration, were located and characterized. Note, that along the
endo channels, the C3, C4, and C5 carbons of the pyrazinium ring
overlay the ester groupofMA, while along the exo channels, only the
N1 nitrogen could interact with the ester group (Figs.1 and 2). Table
1 reports the activation energies and reaction enthalpies of the 1,3-
DC reactions of the pyrazinium 1 and 1awithMA.
Fig. 1. B3LYP/6-31G(d) optimized geometries of the TSs involved in the 1,3-DC reaction between 1H-pyrazinium-3-olate 1 with MA.
In the gas phase, the exo approachmode is favored over the endo
one by ca. 28.6 and 24.5 kJ mol�1 leading to the 6- and 7-
substituted CAs, respectively, for the reaction of pyrazinium-3-
olate 1 with MA. Similarly, for the reaction of 1-
methylpyrazinium-3-olate 1a with MA, the exo pathway is more
favored over the endo pathway by ca. 20.9 kJ mol�1 leading to the 6-
substituted CAs, and by ca. 14.8 kJ mol�1 leading to the 7-
substituted CAs. The gas phase energy differences between 6-exo
and 7-exo (9.1 kJ mol�1 for 1þMA and 12.0 kJ mol�1 for 1aþMA)
and between 6-endo and 7-endo (5.0 kJ mol�1 for 1 and 5.9 kJ mol�1

for 1a) are too small to account for the regioselectivity.
In THF, the exo approach for the reaction of 1 with MA remains

favored over the endo approach; TS6ex-1 and TS7ex-1 are lower in
energy than TS6en-1 and TS7en-1 by 11.1 and 10.9 kJ mol�1.
Likewise, for the reaction of 1-methylpyrazinium-3-olate 1a with
MA, the exo approach remains the more favorable pathway; TS6ex-
1a and TS7ex-1a are lower in energy than TS6en-1a and TS7en-1a
by 8.0 and 7.6 kJ mol�1 in THF. Furthermore, this reaction channel
favors the same regiochemical sense, 6-esters, as that observed in
Katritizky’s work on pyridinium-3-olates21e25 and the previous
theoretical38 outcome of our study of cycloaddition reactions of
pyridinium-3-olates with MA.

The thermodynamic parameters including activation enthalpies
and activation Gibbs free energies as well as the reaction enthalpies
and reaction Gibbs free energies computed at 298.15 K and 1 atm in
THF are gathered in Table 2. The computed activation enthalpies
range from 54.8 to 66.0 kJ mol�1 for the 1,3-DC reaction of 1H-
pyrazinium-3-olate 1, while a range of 44.2e63.5 kJ mol�1 is ob-
served for the 1,3-DC reaction of 1-methylpyrazinium-3-olate 1a. It
is interesting to note that the activation enthalpy for the exo ap-
proach is lower compared to the endo approach for the reaction of
1H-pyrazinium-3-olate 1 with MA, in line with the calculated ac-
tivation energy. Moreover, the activation entropy corresponding to
the exo channel is more negative than that corresponding to the
endo channel. As a consequence, the activation free energies for
formation of the CA6ex-1 and CA7ex-1 are lower than those for
CA6en-1 and CA7en-1. Similarly, for the reaction of 1-
methylpyrazinium-3-olate 1a with MA comparable observations
are made for the preferred reaction pathways leading to the for-
mation of 6-esters.

We find that all these 1,3-DCs are exothermic processes (Table 2)
and the CA6ex is slightly more stable than the CA6en (Table 1).
Moreover, from kinetic and thermodynamic points of view, the



Fig. 2. B3LYP/6-31G(d) optimized geometries of the TSs involved in the 1,3-DC reaction between 1-methylpyrazinium-3-olate 1a with MA.
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results show that the pathways leading to the CA6ex are always
preferred independent of the N-substituent. In addition, the
expected CAs for the reaction of 1H-pyrazinium-3-olate 1withMA,
would be a mixture of 6-exo and 7-exo CAs with 6-exo as the major
product. The 7-exo product would also be formed to the same ex-
tent as they are close in energies. However, the 6-endo and 7-endo
CAs might be observed in minor amounts. On the other hand, for
the reaction of 1-methylpyrazinium-3-olate 1a with MA, the 6-
esters are the dominant CAs where the 6-exo is expected to be
the major product followed by the 6-endo. The other significant
product would be the 7-exo due to the comparable activation en-
ergies to the 6-esters.

3.1.2. Comparison of the 1,3-DC reactions of pyridinium-3-olates and
pyrazinium-3-olates with methyl acrylate. The activation energies
for the 1,3-DC of MA with pyridinium-3-olates are higher than
those for the reactions with pyrazinium-3-olates. Additionally, the
6-exo TSs are kinetically favored over the 6-endo ones in THF, and
the decrease in activation energies is larger when the nitrogen (N1)
is substituted with a methyl. Furthermore, the relative energies of
the CAs increase with the inclusion of the second nitrogen in the
pyrazinium ring and thus, the CAs become more stable. In general,
a larger relative energy difference is found for the exo approach for
both systems. From Table 2, it can be seen that the CAs are more
exothermic when MA reacts with pyrazinium-3-olates. For the 6-
esters, the exothermicity difference between the two different
systems is larger for the exo mode of addition over the endo mode
while the opposite is observed for the 7-esters. It can also be ob-
served that there is a larger difference in the relative energy and
enthalpy with the unsubstituted pyridinium-3-olate and pyr-
azinium-3-olate compared to 1-methylpyridinium-3-olate and 1-
methylpyrazinium-3-olate.

3.1.3. Effects of the methyl substitution on the pyrazinium ring. This
section is devoted to the 1,3-DC reactions of MA with 1,5-
dimethylpyrazinium-3-olate 1b, 1,6-dimethylpyrazinium-3-olate
1c and 1,2-dimethylpyrazinium-3-olate 1d. In the ongoing discus-
sion, the acronyms 1b,1c, and 1d are added to the TSs and CAs. The
energetic parameters of the various pathways of the cycloaddition
reactions are listed in Table 3.

The relative energies in THF given in Table 3 indicate that the
regiochemical channels leading to the 6-esters are more favorable
than the channels leading to the 7-esters for the reaction of 1b and
1c with MA. The energy differences between the 6-endo and 6-exo



Table 2
Relative enthalpiesa (ΔH, in kJ mol�1), free energies (ΔG, in kJ mol�1) and entropies
(ΔS, in J mol�1) computed at 298.15 K and 1 atm in THF for the TSs and CAs involved
in the 1,3-DC reactions of 1 and 1a with MA

ΔH ΔG ΔS ΔH ΔG ΔS

TS6en-1 66.0 122.4 �188.9 TS6en-1a 52.4 109.7 �192.3
TS6ex-1 54.8 111.6 �190.5 TS6ex-1a 44.2 102.3 �195.1
TS7en-1 75.1 130.4 �185.5 TS7en-1a 63.5 121.5 �194.5
TS7ex-1 64.0 120.7 �190.0 TS7ex-1a 55.9 114.3 �196.1
CA6en-1 �42.1

(�29.3)b
15.6 �193.6 CA6en-1a �31.9

(�27.7)b
28.3 �201.9

CA6ex-1 �45.7
(�30.9)

12.5 �195.3 CA6ex-1a �35.6
(�25.2)

25.2 �204.1

CA7en-1 �43.1
(�26.9)

15.6 �196.9 CA7en-1a �43.0
(�24.9)

19.0 �207.8

CA7ex-1 �44.9
(�29.0)

12.4 �192.1 CA7ex-1a �34.9
(�25.6)

25.5 �202.3

a Relative to 1þMA or 1aþMA.
b Values in parentheses are the relative enthalpies for the reaction of 1H-pyr-

idinium-3-olate and 1-methylpyridinium-3-olate with MA (see Ref. 38).

Table 3
Relative energiesa (ΔE, in kJ mol�1) computed at 298.15 K and 1 atm in gas phase and
THF involved in the 1,3-DC reactions of 1bed with MA

1b 1c 1d

Gas phase
TS6en 53.7 54.1 67.2
TS6ex 33.3 28.6 46.3
TS7en 58.1 65.5 64.8
TS7ex 43.6 50.7 46.4
CA6en �68.8 �58.6 �53.5
CA6ex �73.8 �57.5 �49.1
CA7en �71.9 �61.3 �53.8
CA7ex �73.3 �63.5 �49.1
THF
TS6en 62.6 55.4 76.2
TS6ex 54.8 42.5 67.1
TS7en 72.1 73.1 77.2
TS7ex 63.7 66.3 65.3
CA6en �37.4 �32.2 �18.8
CA6ex �40.1 �31.5 �15.1
CA7en �39.4 �26.4 �18.9
CA7ex �41.2 �36.2 �15.1

a Relative to 1x (x¼b, c and d)þMA.

Table 1
Energies (E, in au) and relative energiesa (ΔE, in kJ mol�1) computed at 298.15 K and
1 atm in gas phase and THF involved in the 1,3-DC reactions of 1 and 1a with MA

Gas phase THF

E ΔE E ΔE

1 �339.436668 d �339.456442 d

1a �378.723995 d �378.742348 d

MA �306.374595 d �306.380500 d

TS6en-1 �645.788739 59.1 (83.3)b �645.810996 68.1 (74.9)b

TS6ex-1 �645.799654 30.5 (60.0) �645.815226 57.0 (67.7)
TS7en-1 �645.786832 64.1 (91.0) �645.807590 77.1 (86.1)
TS7ex-1 �645.796165 39.6 (70.1) �645.811746 66.2 (77.2)
TS6en-1a �685.076601 57.7 (82.9) �685.102116 54.4 (68.8)
TS6ex-1a �685.084586 36.8 (70.5) �685.105172 46.4 (66.5)
TS7en-1a �685.074383 63.6 (90.6) �685.097825 65.7 (81.7)
TS7ex-1a �685.080010 48.8 (80.4) �685.100701 58.1 (75.5)
CA6en-1 �645.838740 �72.1 (�40.3) �645.851533 �38.3 (�25.0)
CA6ex-1 �645.839921 �75.2 (�42.0) �645.852927 �42.0 (�26.7)
CA7en-1 �645.839149 �73.2 (�39.9) �645.851873 �39.2 (�22.7)
CA7ex-1 �645.839579 �74.3 (�40.4) �645.852611 �41.1 (�24.8)
CA6en-1a �685.121688 �60.6 (�29.8) �685.133441 �27.8 (�25.1)
CA6ex-1a �685.122976 �64.0 (�26.1) �685.134833 �31.5 (�21.0)
CA7en-1a �685.122018 �61.5 (�28.7) �685.134207 �29.8 (�22.4)
CA7ex-1a �685.122641 �63.1 (�27.8) �685.134569 �30.8 (�23.1)

a Relative to 1þMA or 1aþMA.
b Values in parentheses are the relative energies for the reaction of 1H-pyr-

idinium-3-olate and 1-methylpyridinium-3-olate with MA (see Ref. 38).
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are 7.8 and 12.9 kJ mol�1 for the reaction of 1b and 1c with MA,
respectively, whereby, the exo TSs are kinetically more favorable
relative to the endo TSs. However, an exception is observed for the
reaction of MA with 1d where the channels leading to the exo TSs
(TS6ex-1d and TS7ex-1d) have comparable activation energies to
the channels leading to the endo TSs (TS6en-1d and TS7en-1d). A
difference of only 1.8 kJ mol�1 is noted between the two exo TSs;
TS7ex-1d has lower energy than TS6ex-1d.

The preferred reaction pathway for the reaction of 1bwithMA is
the channel leading to the 6-esters, which have lower activation
energies (62.6 and 54.8 kJ mol�1) compared to the channels leading
to the 7-esters. From a kinetic point of view, it can be concluded
that the 6-exo pathway is preferred over the 6-endo and these re-
sults agree with the experimentally observed major product and
with the isolation of the 6-esters with a predominating 6-exo CA in
the ratio 4:1.26 The next significant CA in the reaction mixture
should also consist of the 7-exo CA as its corresponding TS has
comparable activation energies to the 6-esters. This is in accord
with experimental findings where wewere able to characterize the
presence of a 7-exo CA.27

The possible outcomes for the reaction of 1c and 1dwithMA are
also predicted as these are experimentally untried. The in-
troduction of a methyl substituent at the C6 position on pyrazinium
1c shows that the 6-exo reaction channel remains the most favor-
able pathway. It can be concluded that both the 6-exo and 6-endo
CAs are expected to be formed kinetically. However, the 6-endo
product is slightly more stable than the 6-exo product. The in-
troduction of a methyl group at C2 on pyrazinium 1d does not yield
the same ordering of CAs formation as with pyraziniums 1b and 1c.
The 1,3-DC reaction mechanism shows that the predominating CAs
are the exo esters; 6-exo and 7-exo. Surprisingly, the 7-exo channel
is comparable to the 6-exo channel. For the reaction of 1dwithMA,
the major product should be the 7-exo CA followed by the forma-
tion of the next significant 6-exo CA as these reaction channels are
kinetically more favorable even though they are not thermody-
namically more stable.

The thermodynamic parameters of the methyl substituted
pyrazinium-3-olates 1bed with MA are gathered in Table S1. The
activation enthalpy for the exo approach is lower compared to the
endo approach and this is in agreement with the calculated acti-
vation energy. Additionally, a more negative activation entropy is
observed for the exo channel than for the endo one. Consequently,
the activation free energy for formation of the exo esters is lower
than that for the endo esters. It can also be observed that the exo-
thermicity decreases in the order 1b>1c>1d.

3.2. Geometrical parameters

3.2.1. 1,3-DC reactions of 1H-pyrazinium-3-olate 1 and 1-
methylpyrazinium-3-olate 1a with methyl acrylate. The geometries
of the TSs involved in the 1,3-DCs of the pyrazinium-3-olates 1 and
1a with MA are presented in Figs. 1e3, Figs. S1 and S2. An analysis
of the lengths of the two forming bonds at the TSs associated with
these 1,3-DC reactions indicate that they are asynchronous con-
certed processes. At the regioisomeric TSs, the lengths of the C3eC2
and C3eC6 forming bonds are shorter than the C2eC6 and C2eC2
bonds, respectively. This suggests that the CeC bond formation at
the more electrophilic conjugated C3 position of MA is more ad-
vanced than that at C2.

In the gas phase, the distance between the acidic N-hydrogen of
the 1H-pyrazinium-3-olate and the carbonyl oxygen of MA at the
most favorable TS7ex-1 is 2.271�A. This distance, which corresponds
with an HeO hydrogen bond interaction at the TS, accounts for the
large stabilization of TS7ex-1 relative to TS7en-1; TS7ex-1 is lo-
cated 24.5 kJ mol�1 below TS7en-1 (Table 1). However, this large
stabilization found in the gas phase disappears in THF, and as



Fig. 3. B3LYP/6-31G(d) optimized geometries of the TSs involved in the 1,3-DC reaction between 1,5-dimethylpyrazinium-3-olate 1b with MA.
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a consequence, the energy difference between the two TSs de-
creases to 10.9 kJ mol�1. Similarly, at TS6ex-1 the distance of the
HeO hydrogen bond is 2.318 �A, indicating a larger stabilization
compared to TS6en-1. Once again, this stabilization is reduced in
THF where a difference of 11.1 kJ mol�1 is observed. Inclusion of
solvent effect causes a shortening of the forming bonds at C3 ofMA
in contrast to the forming bond length at C2, which increases. Thus,
in THF, the TSs are slightly more advanced and show a higher de-
gree of asynchronicity.

The asynchronicity of the TSs can be measured by considering
the difference between the lengths of the two forming bonds such
that Δd6¼[d(C2eC6)�d(C3eC2)] for 6-ester pathways and
Δd7¼[d(C2eC2)�d(C3eC6)] for 7-ester pathways. Table 4 reports
the degree of asynchronicity, Δd, of the TSs in both gas phase and
THF. Overall TSs display varying degrees of asynchronicity when
compared to the asynchronicity of the 1,3-DC reactions of 1H-pyr-
idinium-3-olate and 1-methylpyridinium-3-olate withMA38 where
the endo TSs for the formation of the 6-esters are consistently more
asynchronous than the exo TSs in the gas phase. In THF, however,
greater asynchronicity is observed. Moreover, a comparison of the
Δd for the reaction ofMAwith 1 and 1a in the gas phase and in THF
indicates that the Δd is larger with the pyrazinium-3-olate 1a than
with 1. Conversely, the TSs for 1a have higher Δd than the TSs of 1,
which correspond to the electron-releasing ability of the N-methyl
group of 1a. Thus, we can conclude that the presence of the methyl
group leads to a more asynchronous exo TS. On comparing the
asynchronicity of TSs for the 1,3-DC of pyridinium-3-olates and
pyrazinium-3-olates with MA, it can be seen that the inclusion of
a second nitrogen leads to more synchronous TSs.

3.2.2. Effect of adding a methyl substituent to pyrazinium-3-
olate. The asynchronicity difference has also been calculated for
the reaction of 1b, 1c, and 1d with MA. Table S2 reports the asyn-
chronicity degrees, Δd, in both the gas phase and in THF. A general
trend observed is that the exo TSs are consistently more asyn-
chronous relative to the endo TSs. Furthermore, the TSs leading to



Table 4
Dd at the TSs arising from the 1,3-DC of 1 and 1a with MA

Dd6 Dd7

Gas phase
TS6en-1 0.64 (0.74)a TS7en-1 0.28 (0.36)a

TS6ex-1 0.58 (0.62) TS7ex-1 0.35 (0.46)
TS6en-1a 0.65 (0.74) TS7en-1a 0.31 (0.39)
TS6ex-1a 0.69 (0.72) TS7ex-1a 0.51 (0.56)
THF
TS6en-1 0.76 (0.90) TS7en-1 0.50 (0.62)
TS6ex-1 0.63 (0.70) TS7ex-1 0.44 (0.62)
TS6en-1a 0.77 (0.88) TS7en-1a 0.55 (0.57)
TS6ex-1a 0.74 (0.78) TS7ex-1a 0.66 (0.69)

a Values in parentheses are the asynchronicity for TSs involved in the 1,3-DC of
1H-pyridinium-3-olate and 1-methylpyridinium-3-olate with MA (see Ref. 38).
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the 7-esters are more synchronous compared to the TSs leading to
the 6-esters, with the TS7en-1c showing only a slight degree of
asynchronicity. An exception is noted for the reaction of 1d with
MA in THF, where the endo TS6en-1d leading to the 6-esters
presents a higher degree of asynchronicity relative to the exo
TS6ex-1d. It is worthwhile pointing out that the asynchronicity
difference is inversely proportional to the predicted activation
energies.
Table 6
Electronic chemical potential, (m, in eV), chemical hardness, (h, in eV), global elec-
trophilicity, (u, in eV), and global nucleophilicity, (N, in eV), of pyrazinium-3-olates 1
and 1aed, and MA

m h u N

1 �3.93 3.77 2.05 3.30
1a �3.78 3.77 1.89 3.46
1c �3.62 3.64 1.80 3.68
1b �3.67 3.77 1.79 3.57
1d �3.60 3.73 1.73 3.65
MA �4.32 6.17 1.51 1.72
3.3. Bond order and charge analysis

The Wiberg bond indices74 have been computed to follow the
nature of the cycloaddition process using NBO analysis. The bond
order (BO) analysis of the TS arising from the 1,3-DC of 1H-pyr-
azinium-3-olate 1 and 1-methyl substituted pyrazinium-3-olates,
1aed with MA shows asynchronicity of the bond formation pro-
cesses. The BO values of the two CeC forming bonds at the TSs for
the cycloaddition of 1 and 1awithMA are reported in Tables S3eS4.
The BO values for the C3eC2 and C3eC6 bonds being formed at the
regioisomeric TSs have larger values than the C2eC6 and C2eC2
bonds, respectively, in agreement with the predicted degree of
asynchronicity. However, the polar character of the solvent in-
creases the BO values of the CeC forming bond at the conjugated C3
of MA, and decreases the BO values of the CeC forming bond at C2,
i.e., in solution the TSs are slightly more advanced and more
asynchronous. It is noteworthy that the presence of a methyl group
at the C6 position results in a low BO value for the C2eC6 bond
formation process, indicating that the bond is partially formed due
to the electron-donating ability of the methyl group.

The electronic nature of these 1,3-DC reactions is evaluated by
analyzing the charge transfer (CT) at the TSs along the cycloaddi-
tion process. The natural atomic charges are shared between the
pyrazinium-3-olate and MA fragments and these data are reported
in Table 5. In the gas phase, the CT at the TSs, which fluxes from the
pyrazinium-3-olate to the MA fragment, are in the range
0.09e0.20 e indicating some polar nature for these 1,3-DC
Table 5
Charge transfer (CT, in e) and dipole moment (in Debye) of TSs

1 1a 1b 1c 1d

CT Dipole
Moment

CT Dipole
Moment

CT Dipole
Moment

CT Dipole
Moment

CT Dipole
Moment

Gas phase
TS6en 0.09 8.233 0.11 8.615 0.12 8.512 0.12 9.142 0.11 8.343
TS6ex 0.12 6.003 0.13 6.091 0.14 6.035 0.14 6.537 0.13 5.764
TS7en 0.10 7.394 0.11 7.818 0.13 7.753 0.11 8.046 0.14 7.834
TS7ex 0.14 5.174 0.16 5.664 0.17 5.775 0.15 5.939 0.20 5.723
THF
TS6en 0.11 10.864 0.11 11.611 0.13 11.481 0.12 12.195 0.12 11.280
TS6ex 0.12 7.510 0.12 7.928 0.14 7.852 0.13 8.427 0.12 7.565
TS7en 0.15 9.976 0.15 10.651 0.16 10.627 0.13 10.674 0.18 10.737
TS7ex 0.15 6.717 0.18 7.745 0.18 7.978 0.16 7.894 0.21 7.842
reactions. For the more favorable exo TSs, the CT is slightly higher
than for the endo ones. Moreover, in THF, the CT at the TSs slightly
increases, a fact that is in agreement with a more advanced and
more asynchronous character of the TSs.

Table 5 also reports the dipole moments of the TSs. The endo TSs
are more polar than the exo TSs in spite of their larger CT. With the
inclusion of solvent effect, the dipole moment of the TSs increases
as a consequence of an increase of the CT. The greater polar char-
acter of the endo TSs than the exo TSs, measured by the dipole
moments, accounts for the higher solvation of the former. This
explains the changes in regioselectivity between the gas phase and
the solvent results.
3.4. Analysis based on the global and local reactivity indexes
at the ground state of reagents

Recent studies carried out on cycloaddition reactions75e77 have
shown that the analysis of the reactivity indices defined within the
conceptual DFT78,79 is a powerful tool to study the reactivity in
polar cycloadditions. In Table 6, the static global properties (elec-
tronic chemical potential, m, chemical hardness, h, global electro-
philicity, u, and global nucleophilicity, N) of pyrazinium-3-olates 1
and 1aed, and MA are presented.
The electronic chemical potential of MA, m¼�4.32 eV, is lower
than that for pyrazinium-3-olate 1, m¼�3.93 eV, and for methyl
substituted pyrazinium-3-olates, 1aed, �3.78<m<�3.60 eV, in-
dicating thereby that along a polar cycloaddition reaction the net
CT will take place from these pyrazinium-3-olates towards the
electron-deficient MA.

Pyrazinium-3-olate 1 presents both high electrophilicity,
u¼2.05 eV, and high nucleophilicity,N¼3.30 eV, being classified both
as strong electrophile and strong nucleophile within the electrophi-
licity75 and nucleophilicity80 scales. Methyl substituted pyrazinium-
3-olates 1aed present electrophilicity indices between 1.89<u

<1.73eV,andnucleophilicity indicesbetween3.46<N<3.68eV,being
classified also as strong electrophiles and strong nucleophiles. In-
clusion of one or two electron-releasing methyl groups on pyr-
azinium-3-olate 1 both decreases the electrophilicity and increases
the nucleophilicity of methyl derivatives 1aed.

Pyridinium-3-olates present electrophilicity indices of
u¼1.43 eV (R¼H) and u¼1.36 eV (R¼Me),38 being classified as
moderate electrophiles, and nucleophilicity indices of N¼3.91 eV
(R¼H) and N¼4.02 eV (R¼Me), being classified as strong nucleo-
philes. Therefore, the inclusion of a second nitrogen atom in the
pyridinium-3-olates, increases the electrophilicity and decreases
the nucleophilicity of the pyrazinium-3-olates 1aed.

MA has an electrophilicity index of u¼1.51 eV, at the borderline
of the strong electrophiles, and a nucleophilicity index of
N¼1.72 eV, being classified as a marginal nucleophile. Conse-
quently, MA is a poorer electrophile than pyrazinium-3-olates 1
and 1aed.

Based on the analysis of the electrophilicity indices, it is
expected that in a polar cycloaddition, pyrazinium-3-olates 1 and
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1aed will act as electrophiles while MA will act as nucleophile.
However, analysis of the electronic chemical potential of these
compounds indicates that in a polar process the net CT will take
place from pyrazinium-3-olates 1 and 1aed to MA. On the other
hand, pyrazinium-3-olates 1 and 1aed are strong nucleophiles,
while MA is a marginal nucleophile. Therefore, along electrophilic/
nucleophilic interactions, the more favorable ones will be between
MA acting as electrophile and pyrazinium-3-olates 1 and 1aed
acting as nucleophiles. These behaviors are in agreement with the
analysis of the CT performed at the corresponding TSs, which fluxes
from 1 and 1aed toward MA. On the other hand, the low CT found
at the TSs, less than 0.20 e, is a consequence of the low electro-
philicity of MA.

The local electrophilicity uk of MA and the local nucleophilicity
Nk of the pyridinium-3-olates 1 and 1aedwere analyzed in order to
predict the best electrophilic/nucleophilic interaction and, there-
fore, to explain the observed regioselectivity (see Table 7). When
MA behaves as an electrophile, the most electrophilic site is the
conjugated C3 position, uk¼0.62 eV.38 Finally, analysis of the local
nucleophilicityNk at pyrazinium-3-olates 1 and 1aed indicates that
the relative position of the methyl groups on the pyrazinium ring
does not have a significant influence on the regioselectivity of polar
reactions, it being controlled by the relative position of the two
nitrogen atoms compared to the nucleophilic oxygen atom.
Table 7
Local nucleophilicity (Nk, in eV) indices of pyrazinium-3-olates 1 and 1aed

N

N

O

R1

R3

R4 R2
1
2

3
4

5

6

1 1a 1b 1c 1d

N1 0.02 0.02 0.02 0.02 0.02
C2 0.73 0.73 0.76 0.79 0.71
C3 0.03 0.03 0.03 0.03 0.04
N4 0.52 0.57 0.60 0.52 0.60
C5 0.02 0.02 0.02 0.04 0.04
C6 0.90 0.96 1.03 0.89 1.02
O 1.09 1.12 1.20 1.15 1.14
Analysis of the local nucleophilicity Nk at the six positions of the
pyrazinium-3-olate ring indicates that the C2 and C6 carbons are
the more nucleophilically activated positions. The C6 position is
more activated than the C2, indicating that the more favorable
polar reaction will take place by the nucleophilic attack of the C6
position of pyrazinium-3-olate to the conjugated C3 position ofMA,
allowing the formation of the 7-regioisomeric CAs. Although this
analysis does not agree entirely with the energy results, it is in-
teresting to note that the CTs at the 7-regioisomeric TSs are slightly
larger than that at the 6-regioisomers (see Table 5).
3.5. Rate constants

The rate constant for the second order elementary step, k1 and
the effective rate constant, kef, for the 1,3-DC of the substituted
pyrazinium-3-olates with MA are reported in Table S5. An analysis
of the rate constants from Table S5 indicates that firstly the exo
channel has a larger rate constant than the endo channel whereby
the 6-exo and 6-endo pathways are the faster reaction channels
compared to the 7-exo and 7-endo pathways, respectively. Sec-
ondly, there is a good agreement with the values of the k1 calcu-
lated from Eq. 3 and 6. Thirdly, on comparing the 1,3-DC of
pyridinium-3-olates and pyrazinium-3-olates with MA, it is found
that the larger rate constants, k1, are associated with the pyr-
azinium-3-olates. In general the variations in the rate constants can
be rationalized in terms of activation energies.

4. Conclusions

DFT computations using B3LYP functional in conjunction with
the 6-31G(d) basis set have been used to analyze the outcome of the
1,3-DC reactions of 1H-pyrazinium-3-olate and N1- and C-methyl
substituted pyrazinium-3-olates with MA. Solvent effects of THF
were also evaluated so as to mimic the experimental environment
and it was found that reliable results were obtained in solvent
phase which favors the same regiochemical sense as literature
experimental outcomes. Thermodynamic and kinetic parameters of
the possible endo/exo stereoisomeric and 6-ester/7-ester regioiso-
meric pathways have been determined. The rate constants of the
second order elementary step were calculated at room temperature
using conventional TST. The 1,3-DC of 1,5-dimethylpyrazinium-3-
olate that we reported27,31 is consistent with the theoretical re-
sults where the 6-exo CA is formed as the major product; the ac-
tivation energies favor the formation of the 6-exo over the 6-endo
by 7.8 kJ mol�1. Related systems, which are experimentally untried,
were studied so as to predict the effect of varying the position of
the methyl group on the pyrazinium-3-olate ring. It is found that
the formation of 6-esters is preferred over the 7-esters where the
reaction channel leading to the 6-exo CA is preferred. On comparing
the 1,3-DC of pyridinium-3-olates and pyrazinium-3-olates with
MA, it is found that lower activation energies and more stable
CAs are formed with the inclusion of a second nitrogen as in the
pyrazinium-3-olates. Further, more advanced and synchronous
TSs are observed with pyrazinium-3-olates. The outcome of this
research provides incentive to study the 1,3-DC of more hindered
pyrazinium-3-olates with MA and methyl methacrylate so as to
take into account the effect of adding more methyl groups to the
system. This will be the subject of a future communication.
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