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a b s t r a c t

The 1,3-dipolar cycloaddition reaction of 1-substituted pyridinium 3-olates with methyl acrylate is
studied using density functional theory (DFT) method at the B3LYP/6-31G(d) level. The molecular
mechanisms of the possible stereo- and regio-chemical pathways are characterized and explored. Sol-
vent effects are also evaluated by the polarizable continuum model (PCM). Analysis of the results shows
that there are relevant differences in the reaction pathways between the gas phase and with solvent.
Only results in solvent phase are in accord with literature experimental results where 6-substituted 8-
azabicyclo[3.2.1]oct-3-en-2-ones are formed preferentially. These polar cycloaddition reactions take
place through highly asynchronous transition states in which nucleophilic attack by C2/C6 of the pyr-
idinium-3-olates on the more electrophilic centre of the methyl acrylate initiates the process. Analysis of
global and local indexes of the reactants is evaluated in order to explain the observed regioselectivity.
Rate constants are calculated at room temperature using conventional transition state theory.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Cycloaddition reactions represent one of the most powerful
processes in organic chemistry for the synthesis of cyclic and
heterocyclic compounds due to their complete atom economy1e3

and high functional group compatibility.4 The usefulness of cyclo-
addition reactions arises from their versatility and stereoselectivity,
allowing various types of carbocyclic structures to be constructed.
1,3-Dipolar cycloadditions (1,3-DCs), as first laid out by Huisgen in
the early 1960s,5 are the union of a 1,3-dipole with a dipolarophile
to form a five-membered heterocyclic ring. This process is of great
importance for general heterocyclic synthesis,6 synthesis of com-
plex natural products7e9 and of bioactive molecules.10 It is also an
effective way of introducing new chiral centres attached to the
heteroatoms.11 Extensive experimental and theoretical studies have
been carried out to understand the reaction mechanism and the
origin of regiochemistry and stereochemistry in 1,3-DC reactions.10

1-Substituted pyridinium-3-olates, derived easily and simply
from 3-hydroxypyridinium salts by O-deprotonation,12 have been
thoroughly investigated as dipoles and react with a variety of
dipolarophiles.13e17 One early driving force for studying these
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reactions was that the cycloadducts (CAs) have an 8-azabicyclo
[3.2.1]octane skeleton as found in tropane alkaloids such as atro-
pine, scopolamine and cocaine. Pioneering work by Katritzky and
Takeuchi13,14 identified exo and endo 8-azabicyclo[3.2.1]oct-3-en-2-
one 6-esters on reaction of 1-methylpyridinium-3-olate with
methyl acrylate and similar results were obtained15 with 1-aryl-
pyridinium-3-olates. More recently, careful analysis of several
1,3-DCs of pyridinium-3-olates showed that all four isomers are
usually produced, but with the 6-substituted products predo-
minating. For example, 1-methyl-4-phenylpyridinium-3-olate
reacted with ethyl acrylate16 giving a mixture of the 6-exo cyclo-
adduct (for what comes later, we designate these isomers CA6ex-R,
or CA6en-R where R defines the substituent on nitrogen), 6-endo
(CA6en), 7-exo (CA7ex) and 7-endo (CA7en) isomers in a ratio of
33:26:20:12. In a study17 of 1-methylpyridinium-3-olate itself with
methyl acrylate, the CA6ex/CA6en/CA7ex/CA7en ratio was 5:4:4:0,
however 7-endo isomers were formed using 1-benzylpyridinium-
3-olate, the ratio being 4:4:2:1.

Pyridinium-3-olate cycloadditions were interpreted12 by
Katritzky et al. using valence bond and frontier molecular orbital
(FMO) treatments.However, inorder tohave abetterunderstanding,
a detailed characterization of the various steps involved in the re-
action sequence is required. This is difficult by experimentation
alone and must rely on quantum mechanical computation, as the
latter provides a direct tool for the understanding of organic
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systems18,19 and provides physical insight into the nature of transi-
tion states (TSs) and intermediates.18,20

Several theoretical studies have been devoted to 1,3-DC reac-
tions,21e23 however, for the reactions of pyridinium-3-olates, no
theoretical studies have been reported. The 1,3-DC reactions of
1H-pyridinium-3-olate, 1a, or 1-methylpyridinium-3-olate, 1b, with
methyl acrylate, 2, can yield four isomeric CAs, the endo and exo ste-
reoisomers from the two possible regiochemical pathways:
6-substituted products involve formation of bonds between the
pyridinium C2 and ester C3 and pyridinium C6 and ester C2 while
7-substituted products have the opposite regiochemical orientation
(Scheme 1). We have now studied these reactions theoretically,
including kinetic studies. To the best of our knowledge, this is thefirst
time that the rate constant of a 1,3-DC reaction has been evaluated
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Scheme 1. Alternative pathways for the 1,3-DC reactions of 1-substituted pyridinium-
3-olates 1a,b with methyl acrylate 2.

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 solvents for the TSs and CAs involved in the 1,3-DC reactions
of 1a and 1b with 2

Gas phase THF Ethanol
theoretically.

E ΔE E ΔE E ΔE

1a �323.3904 d �323.4153 d �323.4202 d

1b �362.6758 d �362.6941 d �362.6975 d

2 �306.3746 d �306.3805 d �306.3816 d

TS6en-H �629.7333 83.3 �629.7673 74.9 �629.7729 75.9
TS6ex-H �629.7421 60.0 �629.7701 67.7 �629.7744 72.1
TS7en-H �629.7303 91.0 �629.7631 86.1 �629.7684 87.9
TS7ex-H �629.7383 70.1 �629.7664 77.2 �629.7713 80.1
TS6en-Me �669.0188 82.9 �629.7701 68.8 �669.0522 70.5
TS6ex-Me �669.0235 70.5 �629.7631 66.5 �669.0523 70.3
TS7en-Me �669.0158 90.6 �669.0435 81.7 �669.0475 83.1
TS7ex-Me �669.0198 80.4 �669.0458 75.5 �669.0495 77.6
CA6en-H �629.7803 �40.3 �669.0489 �25.0 �629.8079 �15.9
CA6ex-H �629.7535 �42.0 �669.0435 �26.7 �629.8088 �18.2
CA7en-H �629.7802 �39.9 �669.2558 �22.7 �629.8072 �14.0
CA7ex-H �629.7804 �40.4 �629.8047 �24.8 �629.8082 �16.5
CA6en-Me �669.0617 �29.8 �629.8053 �25.1 �669.0863 �19.0
CA6ex-Me �669.0603 �26.1 �669.0819 �21.0 �669.0852 �16.1
CA7en-Me �669.0613 �28.7 �629.8046 �22.4 �669.0853 �16.4
CA7ex-Me �669.0610 �27.8 �669.0838 �23.1 �669.0856 �17.1

a Relative to 1aþ2 or 1bþ2.
2. Computational methods

Density functional theory (DFT) has been used to optimize the
molecular geometries using Becke’s24 three-parameter hybrid ex-
change (B3) with the Lee-Yang-Parr’s25 (LYP) correlation functional
(B3LYP) in conjunction with 6-31G(d)26 basis set. The B3LYP/6-31G
(d) level has been shown to provide geometries and electronic
properties in good correlation with reported experimental
data.27e29 Solvent effects were also taken into account in the
framework of self-consistent reaction field (SCRF)30,31 based on the
polarizable continuum model (PCM) as developed by Tomasi’s
group.32e34 The solvents used are tetrahydrofuran (THF) and eth-
anol at 298.15 K.35 The relative energies were corrected for zero-
point energies (ZPE) and the thermodynamic computations were
scaled by a factor of 0.96.36 The electronic structures of the critical
points were studied by the natural bond orbital (NBO) method.37,38
The global electrophilicity index, u, is given by the following
simple expression,39 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, 3H and 3L, as mz(3Hþ3L)/2 and
hz(3L�3H), respectively.40,41 Recently, we have introduced an em-
pirical (relative) nucleophilicity index, N based on the HOMO en-
ergies obtained within the KohneSham scheme,42 and defined as
N¼EHOMO(Nu)�EHOMO(TCE). Tetracyanoethylene43 (TCE) is chosen as
reference as it presents the lowest HOMO energy in a large series of
molecules already investigated in the context of polar cycloaddi-
tions. This choice allowed us conveniently to handle a nucleophi-
licity scale of positive values. Local electrophilicity44 and
nucleophilicity45 indices, uk and Nk were evaluated using the
following expressions: uk ¼ ufþk and Nk ¼ Nf�k where fþk and f�k
are the Fukui functions for a nucleophilic and electrophilic attacks,
respectively.46 All computationswere carried out with the Gaussian
03 suite of programs.47

The rate constant was calculated at 298.15 K using conventional
transition state theory (TST)48e50 with the Wigner tunnelling
coefficient.48,51 According to the standard Eyring TST, the rate
constant, k, is calculated as:

k ¼ G$
kBT
h

$
QTSNA

Q1Q2
$eð�DEa

RT Þ (1)

where kB is Boltzmann’s constant; h is Planck’s constant, T is the
temperature; R is the ideal gas constant; NA is the Avogadro’s
number; QTS, Q1 and Q2 are the total partition functions of TS,1 and
2, respectively; DEa is the activation barrier for the cycloaddition
reaction and G is the tunnelling coefficient.
3. Results and discussion

3.1. Energetics

Analysis of the stationary points involved in these 1,3-DC
reactions indicates that these cycloadditions follow a one-step
mechanism. Hence, four TSs, designated TS6en-R, TS6ex-R, TS7en-
R, TS7ex-R and the corresponding CAs, CA6en-R, CA6ex-R, CA7en-
R, CA7ex-R, where R signifies the substituent on nitrogen (H or Me)
were located and characterized. Note, that in the channels leading



Table 2
Relative enthalpies (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 solvents for the TSs and CAs
involved in the 1,3-DC reactions

THF Ethanol

ΔH ΔG ΔS ΔH ΔG ΔS

TS6en-H 70.8 127.8 �191.4 74.0 130.2 �188.5
TS6ex-H 63.4 120.8 �192.5 70.2 126.0 �187.4
TS7en-H 81.8 139.2 �192.4 86.1 140.3 �181.8
TS7ex-H 75.2 131.3 �188.2 78.1 134.2 �188.2
TS6en-Me 68.5 121.6 �178.1 68.3 127.0 �197.0
TS6ex-Me 65.9 120.4 �182.7 67.9 127.4 �199.7
TS7en-Me 80.1 134.5 �182.3 80.7 139.9 �198.6
TS7ex-Me 73.2 132.2 �198.1 75.3 134.7 �199.3
CA6en-H �29.3 30.9 �201.7 �19.7 39.1 �197.3
CA6ex-H �30.9 29.3 �202.0 �22.0 36.5 �196.2
CA7en-H �26.9 32.8 �200.2 �17.8 41.2 �198.0
CA7ex-H �29.0 30.5 �199.5 �20.3 38.1 �195.8
CA6en-Me �27.7 30.7 �195.7 �23.4 40.1 �213.0
CA6ex-Me �25.2 37.4 �210.1 �20.4 43.2 �213.5
CA7en-Me �24.9 33.6 �196.2 �20.8 42.8 �213.4
CA7ex-Me �25.6 32.6 �195.3 �21.5 42.1 �213.4

L. Rhyman et al. / Tetrahedron 66 (2010) 9187e9193 9189
to endo products, C3, C4 and C5 of the pyridinium ring overlay the
ester group of methyl acrylate 2, while for the exo products, only
the nitrogen orbital could interact with the ester group. Table 1
shows the computed relative energies of the 1,3-DC reactions of
the dipoles 1a and 1bwith methyl acrylate 2 at 298.15 K and 1 atm
in both gas phase and in the presence of a solvent.

The gas phase activation energies associated with these 1,3-DC
reactions are 83.3 (TS6en-H), 60.0 (TS6ex-H), 91.0 (TS7en-H) and
70.1 (TS7ex-H) kJ mol�1 for the reaction of 1a and 82.9 (TS6en-Me),
70.5 (TS6ex-Me), 90.6 (TS7en-Me) and 80.4 (TS7ex-Me) kJmol�1 for
the reaction of 1b. In the gas phase, the exo approach mode is
favoured over the endomode byca. 23.3 and 31.0 kJmol�1 leading to
the 6-substituted and 7-substituted CAs, respectively, for the re-
action of dipole 1awithmethyl acrylate. Similarly, for the reaction of
1-methylpyridinium-3-olates 1b with methyl acrylate, the exo
pathway ismore favoured than the endopathwaybyca.12.4kJmol�1

leading to the 6-substituted CAs and by ca. 10.2 kJ mol�1 leading to
the 7-substituted CAs. The gas phase energy differences between
6-exo and 7-exo (10.1 kJ mol�1) and between 6-endo and 7-endo
(7.8 kJ mol�1) are too small to account for the regioselectivity
reported in the literature, where 6-substituted 8-azabicyclo[3.2.1]
oct-3-en-2-ones are preferred. All the 1,3-DC reactions studied
proved to be exothermic by between �26.1 and �42.0 kJ mol�1.

In the laboratory, these 1,3-DC reactions are carried out in polar
solvents, and these can modify activation energies and selectivities,
so the effects of THF and ethanol were considered. With the
inclusion of solvent effects all species are stabilized, reactants being
slightlymore stabilized than TSs. As a result, the activation energies
for all the cycloaddition processes in the polar solvents increase
markedly. Interestingly, the endo TSs are more stabilized by the
inclusion of solvent than the exo TSs, which correlates with the
large dipole moments of the former (Table 4). In THF and ethanol,
the channels leading to 6-esters are more favourable than those
leading to 7-esters.

The activation energies for formation of 6-esters, in the twopolar
solvents, indicate that the exo approach is favoured over the endo
approach;TS6ex-H andTS6ex-Me are lower in energy thanTS6en-H
and TS6en-Me by 7.2 and 2.4 kJ mol�1 in THF and by 3.8 and
0.3 kJ mol�1 in ethanol, respectively. Likewise, for the formation of
7-esters, the exo approach remains the more favourable pathway;
TS7ex-H and TS7ex-Me are lower in energy than TS7en-H and
TS7en-Me by 8.9 and 6.2 kJmol�1 in THF and by 7.8 and 5.5 kJ mol�1

in ethanol, respectively. In addition, in these solvents TS6en-Me and
TS7en-Me are slightly lower in energy than TS6en-H and TS7en-H,
hence it can be concluded that substitution of a hydrogen atom by
themethyl group on the nitrogen of 1-methylpyridinium-3-olate 1b
does not change the course of the reaction pathway. Significantly,
the predicted activation energies are close to that obtained experi-
mentally by Guiheneuf et al.,35 which was carried out in ethanol for
the 1,3-DC reaction of 1bwith 2, 79.1 kJ mol�1.

The thermodynamic parameters including activation enthalpies
and activation Gibbs free energies as well as the reaction enthalpies
and reaction Gibbs free energies at 298.15 K and 1 atm in THF and
ethanol of the more favourable pathway are gathered in Table 2.
The computed activation enthalpies range from 63.4 to
70.8 kJ mol�1 for the 1,3-DC reaction of the dipole 1a with methyl
acrylate 2 in THF, while a range of 70.2e74.0 kJ mol�1 is observed
for the reaction in ethanol. Likewise, the predicted activation en-
thalpies of the dipole 1bwith 2 range from 65.9 to 68.5 kJ mol�1 in
THF and from 67.9 to 68.3 kJ mol�1 in ethanol. The predicted
activation enthalpies of 1-methylpyridinium-3-olate 1b to methyl
acrylate 2 are in fair agreement with the experimental value,
77.4 kJ mol�1 obtained in ethanol.35 It is interesting to note that the
activation enthalpy for the exo approach is lower compared to the
endo approach. Moreover, the activation entropy corresponding to
the exo approach is more negative than that corresponding to the
endo approach. As a consequence, the activation free energies for
formation of the CA6ex and CA7ex are lower than that for the
CA6en and CA7en.

In summary, we find that all the 1,3-DC reactions are exothermic
processes and the CA6ex is slightly more stable than the CA6en.
Moreover, from kinetic and thermodynamic points of view, the
results suggest that the pathway leading to the CA6ex is preferred.
Thus, the experimental observations that mixtures of four products
are normally obtained, but with the 6-esters predominating and
6-exo and 6-endo formed in similar amounts,12,16,17 are supported
by the computations, where a small energy difference between the
endo and exo CAs is observed.

3.2. Geometrical parameters

The geometries of the TSs are shown in Fig. 1a,b, while the
lengths of the CeC forming bond involved in these 1,3-DC reactions
are given in Table 3. An analysis of the lengths of the two forming
bonds at the TSs shows that they are not formed to the same extent.
It is also seen that the C3eC2 and C3eC6 forming bonds at the
regioisomeric TSs are shorter than the C2eC6 and C2eC2 bonds,
respectively. This suggests that the CeC bond formation to the
more electrophilic conjugated C3 of methyl acrylate 2 is more
advanced than that to C2. Hence, these 1,3-DC reactions take place
via asynchronous TSs.

In the gas phase, the distance between the acidic NeH hydrogen
atom of the dipole 1a and the carbonyl oxygen atom of methyl
acrylate at the most favourable TS6ex-H is 2.221 Å. This distance,
showing an HeO hydrogen bond interaction in the TS, accounts for
the large stabilization of TS6ex-H relative to TS6en-H;TS6ex-H is
located 23.3 kJ mol�1 below TS6en-H (Table 1). This large gas phase
stabilization disappears in ethanol, and as a consequence, the
energy difference between the two TSs decreases to 3.8 kJ mol�1.
Inclusion of solvent effects causes a shortening of the forming
bonds at C3 of methyl acrylate, while the lengths of the forming
bonds at C2 are increased. Thus, in polar solvents, the TSs are
slightly more advanced and more asynchronous.

The extent of the asynchronicity can be measured by consider-
ing the difference between the lengths of the two forming bonds at
the TSs such that Δd6¼[d(C2eC6)�d(C3eC2)] for 6-ester pathways
and Δd7¼[d(C2eC2)�d(C3eC6)] for 7-ester pathways. Table 3
reports the asynchronicity degrees, Δd in both gas phase and
solvents. The endo TSs are more asynchronous than the exo TSs, and
the more favourable TSs leading to 6-esters are more asynchronous
compared to those leading to 7-esters. Inclusion of solvent effects



Fig. 1. (a) B3LYP/6-31G(d) optimized geometries of the TSs involved in the 1,3-DC reaction between 1H-pyridinium-3-olate 1a and methyl acrylate 2. (b) B3LYP/6-31G(d) optimized
geometries of the TSs involved in the 1,3-DC reaction between 1-methylpyridinium-3-olate 1b and methyl acrylate 2.
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Table 3
Bond lengths of the CeC forming bond (in Å) and asynchronicity, Dd, at the tran-
sition states

C2eC6 C3eC2 Dd6 C2eC2 C3eC6 Dd7

Gas phase
TS6en-H 2.718 1.979 0.74 TS7en-H 2.439 2.079 0.36
TS6ex-H 2.610 1.993 0.62 TS7ex-H 2.496 2.036 0.46
TS6en-Me 2.710 1.969 0.74 TS7en-Me 2.450 2.057 0.39
TSex-Me 2.669 1.947 0.72 TS7ex-Me 2.555 1.992 0.56

THF
TS6en-H 2.790 1.888 0.90 TS7en-H 2.566 1.943 0.62
TSex-H 2.628 1.926 0.70 TS7ex-H 2.572 1.948 0.62
TS6en-Me 2.773 1.895 0.88 TS7en-Me 2.538 1.964 0.57
TS6ex-Me 2.684 1.903 0.78 TS7ex-Me 2.616 1.930 0.69

Ethanol
TS6en-H 2.798 1.869 0.93 TS7en-H 2.590 1.918 0.67
TS6ex-H 2.639 1.909 0.73 TS7ex-H 2.589 1.929 0.66
TS6en-Me 2.787 1.880 0.91 TS7en-Me 2.554 1.948 0.61
TS6ex-Me 2.692 1.892 0.80 TS7ex-Me 2.634 1.917 0.72

Table 4
Charge transfer (CT, in e) and dipole moment (in Debye) of TSs

Gas phase THF Ethanol

CT Dipole
Moment

CT Dipole
Moment

CT Dipole
Moment

TS6en-H 0.16 6.562 0.18 9.325 0.18 9.975
TS6ex-H 0.19 4.438 0.18 5.665 0.18 5.938
TS6en-Me 0.14 5.816 0.16 8.510 0.17 9.145
TS6ex-Me 0.18 3.811 0.19 5.967 0.20 6.468
TS7en-H 0.17 6.851 0.19 9.332 0.19 9.916
TS7ex-H 0.19 4.500 0.19 5.835 0.20 6.128
TS7en-Me 0.15 6.198 0.17 8.548 0.17 9.083
TS7ex-Me 0.19 4.512 0.20 6.066 0.21 6.406

Table 5
Electronic chemical potential (m, in au), chemical hardness (h, in au), global elec-
trophilicity (u, in eV) and global nucleophilicity (N, in eV) for 1a,b and 2

m h u N

2 �0.1586 0.2267 1.51 1.72
1a �0.1215 0.1402 1.43 3.91
1b �0.1181 0.1385 1.37 4.02
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causes an increase in the asynchronicity, which is related to the
dielectric constant of the solvents. Moreover, a comparison of the
Δd for the reaction of methyl acrylate with 1a and 1b in the gas
phase and in solvents indicates that the Δd is larger with the dipole
1b thanwith 1a in the gas phase. However, in solvents, the endoTSs
for 1a have a larger asynchronicity compared to 1b. Conversely, the
exo TSs for 1b have higher Δd than the exo TSs of 1a, which may
correspond to the electron-releasing ability of the N-methyl group
of 1b. Thus, we can conclude that the presence of the methyl group
leads to a more asynchronous exo TS.
3.3. Bond order and charge analysis

The extent on bond-formation at the TSs is provided by the bond
order (BO). The Wiberg bond indices52 were computed using the
NBO analysis as implemented in Gaussian 03. The BO values of the
two CeC forming bonds are reported in Table S1. 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.
However, the polar character of the solvents increases the BO
values of the CeC forming bond at the conjugated C3 of methyl
acrylate, 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.

The electronic nature of these 1,3-DC reactions was also evalu-
ated by analyzing the charge transfer (CT) at the TSs. The natural
atomic charges at the TSs were shared between the dipoles 1a,b
and methyl acrylate fragments and these data are reported in Table
4. In the gas phase, the CT at the TSs, which fluxes from the dipoles
to the methyl acrylate fragment, ranges from 0.16 to 0.19 e, in-
dicating the polar nature of the 1,3-DC reactions. For the exoTSs, the
CT is slightly higher than for the endo ones. With the inclusion of
solvent effects, the CT at the TSs slightly increases, a fact that is in
agreement with a more advanced and more asynchronous char-
acter of the TSs.

Table 4 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 effects, 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 of regioselectivity between the gas phase and
in solvent results.
3.4. Analysis based on the reactivity indices at the ground
state of reagents

Recent studies devoted to DielseAlder53 and 1,3-DC54 reactions
have shown that the analysis of the global and local indices defined
within the context of conceptual DFT are powerful tool in un-
derstanding the behaviour of polar cycloadditions.55 In Table 5, we
report the static global properties, namely, electronic chemical
potential m, chemical hardness h, global electrophilicity u and
global nucleophilicityN indices of the pyridinium-3-olates 1a,b and
methyl acrylate 2.
The electronic chemical potential of methyl acrylate 2,
m¼�0.1586 au, is lower than those for the pyridinium-3-olates,
m¼�0.1215 (1a) and �0.1181 (1b) au, indicating thereby that
along a polar cycloaddition pathway, the net CT will be from
the pyridinium-3-olates 1a,b to the electron-deficient com-
ponent 2, in clear agreement with the CT analysis performed at
the TSs.

The electrophilicity power of methyl acrylate 2 is 1.51 eV,
a value that falls in the range of strong electrophiles within the u

scale.53 On the other hand, the pyridinium-3-olates also present
a significant electrophilicity, u¼1.43 (1a) and 1.37 (1b) eV, being
classified as moderate electrophiles within the u scale.53 In nu-
cleophilicity, N, of the reagents, while methyl acrylate presents
a low nucleophilicity, N¼1.72 eV, the pyridinium-3-olates present
a high nucleophilicity, N¼3.91 (1a) and 4.02 (1b) eV, respectively,
accordingly being classified as strong nucleophiles.56 The methyl
substitution on the nitrogen atom of 1b slightly increases the
nucleophilic character as a consequence of the electron-releasing
character of the methyl group. The N values for the dipoles 1a and
1b account for the slightly lower activation energy in condensed
phase found for TS7ex-Me than that for TS7ex-H. The analysis of
the electronic chemical potentials as well as the global electro-
philicity and nucleophilicity indices indicates that along a polar
cycloaddition pathway methyl acrylate 2 will act as a good elec-
trophile while the pyridinium-3-olates 1a,b will act as good
nucleophiles.

The local electrophilicity uk of 2 and the local nucleophilicity Nk

of the pyridinium-3-olates 1a,b were analyzed in order to predict
the best electrophilic/nucleophilic interaction and, therefore, to
explain the observed regioselectivity (see Table 6).57,58 When 2
behaves as an electrophile, the most electrophilic site is the con-
jugated C3 position, u1¼0.62 eV. For the pyridinium-3-olates 1a,b
behaving as nucleophiles the most nucleophilic site is the olate
oxygen atom: NO¼1.38 eV for 1a and NO¼1.42 eV for 1b. Therefore,



Table 6
Local electrophilicity (uk, in eV) and local nucleophilicity (Nk, in eV) indices of 1a,b
and 2

N
R

O

2

1a R = H
1b R = Me

26
3

4

OMe
2

1

O

uk Nk

2 3 0.62 0.02
2 0.30 0.10
1 0.30 0.08
]O 0.23 1.29

1a 2 0.48 0.93
6 0.19 0.81
4 0.37 0.69
O 0.01 1.38

1b 2 0.44 0.97
6 0.18 0.83
4 0.35 0.69
O 0.01 1.42
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the most favourable attack will be that associated with the conju-
gate addition of the olate oxygen atom of 1a,b at C3 of 2, i.e., an oxa-
Michael-type addition. However, this would be readily reversible.
Nucleophilic attack by C2 of 1a,b, NC2¼0.93 eV at 1a and
NC2¼0.97 eV at 1b, at the conjugated C3 position of 2 can be
assisted by the concomitant ring closure with formation of the
second bond, to yield the final CAs irreversibly. Significantly, it is
found that for these 1,3-DC reactions, the C6 positions of the pyr-
idinium-3-olates 1a,b are also activated as nucleophilic centres:
NC6¼0.81 eV for 1a and NC6¼0.83 eV for 1b. The greater nucleo-
philic activation at C2 than at C6 accounts for the regioselectivity
experimentally observed in these polar cycloadditions of pyr-
idinium-3-olates, and the lower activation energies computed for
TS6ex-R relative to TS7ex-R.
3.5. Rate constant

The rate constants for the second order elementary step,
denoted as k1, were evaluated using conventional TST along with
the Wigner transmission coefficient and are shown in Table S2. It
turns out that TS6ex-H and TS6ex-Me have larger rate constants
than TS6en-H and TS6en-Me. Moreover, the rate constant of TS6ex-
H is hundred times higher than that of TS6ex-Me in the gas phase
whereas in ethanol, the rate constant is only ten times higher.
However, in THF, the rates of reaction are comparable for both
TS6ex-H and TS6ex-Me due to comparable activation energies.
Therefore, the faster reaction channels for the cycloadditions of
both dipoles 1a and 1bwith methyl acrylate 2 are those associated
with formation of 6-ester products via exo approach. The rate
constants from TS to the reactants, k2, have also been calculated
using the DG¼�RTlnKeq and as Keq¼k1/k2, k2 can also be calculated.

Experimentally, the overall rate constant for the 1,3-DC reactionof
1-methylpyridinium-3-olate 1b tomethyl acrylate 2was determined
by applying the KezdyeSwinbourne method from the reactants to
the CA.59 The reported value is 0.345�10�3 cm3 mol�1 s�1 while for
the retrocycloaddition, the value is 1.4�10�6 s�1 at 29.8 �C and in
ethanol as solvent.35 The experimental rate constant cannot be
compared with the predicted rate constant as the latter considers
only the reactants-transition state elementary step. However, the
calculated rate constant is sufficient to interpret the overall reaction.
4. Conclusions

DFT computation using B3LYP functional in conjunction with
the 6-31G(d) basis set has been used to study the 1,3-DC re-
actions of 1H-pyridinium-3-olate 1a and 1-methylpyridinium-3-
olate 1b to methyl acrylate 2. These 1,3-DC reactions take place
through an asynchronous TS associated with a one-step mecha-
nism. Thermodynamic parameters, such as activation energies,
enthalpy changes, entropy changes and Gibbs free energies of the
possible endo/exo stereoisomeric and 6-ester/7-ester regioiso-
meric pathways have been determined. Solvent effects were also
evaluated so as to mimic the experimental environment and it
was found that results in solvent phase are in accord with liter-
ature experimental results where 6-substituted 8-azabicyclo
[3.2.1]oct-3-en-2-one are preferred. Analysis of the global and
local reactivity indices shows that these polar cycloadditions are
characterized by a nucleophilic attack by C2 or C6 of the pyr-
idinium-3-olates on the most electrophilic centre of the conju-
gated ester. The rate constants of the second order elementary
step were calculated at room temperature using conventional
TST. The findings of this research are in agreement with litera-
ture. This provides incentive to study the 1,3-DC of dipolarophiles
with 1-substituted pyrazinium-3-olates and this will be the
subject of a future report.
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