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The molecular mechanism for the cycloaddition reaction between 2-methylfuran and a masked
0-benzoquinone has been characterized using quantum mechanical calculations at the B3LYP/6-
31G* theory level. An analysis of the results on the reaction pathway shows that the reaction takes
place along a polar stepwise mechanism. The first and rate-determining step corresponds to the
nucleophilic attack of the furan ring on the doubly conjugated position of the 2,4-dienone system
present at the masked o-benzoquinone to give a zwitterionic intermediate. Closure of this
intermediate affords the formally [2 + 4] cycloadduct. For the second step two reactive channels
have been characterized corresponding to the formation of the formally [2 + 4] and [4 + 2]
cycloadducts. Analysis of the energetic results indicates that while the first is the meta
regiocontrolling and endo stereocontrolling step, the second one is responsible for the formation of
the unexpected formally [2 + 4] cycloadduct. The global and local electrophilicity/nucleophilicity
power of the reactants and intermediate have been evaluated to rationalize these results. Density
functional theory analysis for these cycloadditions is in complete agreement with the experimental
outcome, explaining the reactivity and selectivity of the formation of the formally [2 + 4]

cycloadducts.

Introduction

Masked o-benzoquinones (MOBSs) generated in situ
from 2-methoxyphenols are the most easily accessible 2,4-
cyclohexadienones and are commonly used as powerful
dienes in Diels—Alder reactions.! However, it has been
recently shown that they can also behave as dienophiles
in competitive Diels—Alder reactions with electron-rich
dienes to provide highly cis decalins and naphthalenes.?

Despite their aromaticity, many furan derivatives react
with ethylenic and acetylenic dienophiles to form bicyclo
compounds with one oxygen bridge. With simple furans
a powerful electron-poor dienophile is needed in cyclo-
addition reactions.® In contrast, furans in general do not
efficiently participate as dienophiles in Diels—Alder
reactions.*

Liao et al.> have reported recently the cycloaddition
reactions between several furan derivatives (3a—c) and
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the MOB 2, generated in situ from the 2-methoxyphenol
1, to ascertain the degree of dienophilic nature of the
MOBs (see Scheme 1). However, when 2 was treated with
furan (3a), the cycloadduct 4a was obtained in 80% yield
as a single isomer. The cycloadditions take place with a
total meta regioselectivity and endo stereoselectivity.
However, the [2 + 4] cycloadduct 4a was highly unex-
pected considering the strongly enophilic nature of furan.®
Formation of 4a was proposed from a [2 + 4] cycloaddi-
tion between furan 3a acting as dienophile and the MOB
2 (see Scheme 2).5 Although formation of 4a can be also
achieved by a domino reaction involving a [4 + 2]
cycloaddition between 2 and 3a to give the cycloadduct
5a, followed by a Cope rearrangement, the absence of any
evidence for the formation of 5a in controlled conditions
suggested that this domino process seems improbable;
however, it cannot be completely excluded (see Scheme
2).5

According to these unexpected results, these authors
studied later the reaction of a series of MOBSs such as 2
with electron-rich 2-methoxyfuran (6), obtaining a unique
isomer (7) (see Scheme 3).” The reaction takes place again
with a total meta regioselectivity and endo stereoselec-
tivity. These authors suggest that the formation of the
endo adducts shows that these cycloaddition reactions
obey all the ground rules of the Diels—Alder reactions.’
However, formation of these unusual meta adducts
disagrees with the expected ortho regioselectivity found
more recently for the inverse-electron-demand Diels—

(6) [m + n] corresponds to the number of s electrons that should
participate in formation of these formal cycloadditions. Thus, while m
corresponds to the furan derivatives 3a—c, n corresponds to the MOB
2.
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Alder reaction of these MOBs with enol ethers such as
dihydrofuran (8), where only ortho regioisomers such as
9 are obtained (Scheme 4).2 Although the reactions of the
furans and dihydrofurans are comparable with those of
MOBs in terms of yield, the regiochemistry procured from
the reactions of dihydrofurans is opposite that obtained
from the reactions of furans.®

The structural information obtained by theoretical
methods based on quantum mechanical calculations of
possible intermediates and transition structures (TSs)
provides powerful assistance in the study of organic
reaction mechanisms.® These methods are accepted as
available tools for the interpretation of experimental
results, since such data are rarely available from
experiment.®

Several theoretical studies devoted to the cycloaddition
reactions of furan derivatives have been recently re-
ported.’® These studies point out that the mechanism
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changes from concerted to stepwise with the increase of
the electron-poor character of the dienophile. Thus, while
the [4 + 2] cycloaddition reaction of furan with methyl
vinyl ketone takes place along an asynchronous concerted
mechanism,% the reaction between 2-methylfuran and
acetylenedicarboxylic acid takes place along a polar
stepwise mechanism because of the large capability of
the latter to stabilize a negative charge.’®® In this
cycloaddition reaction the 2-methylfuran acts as a nu-
cleophile instead of a diene.

Although the sequence of the major products obtained
from the alternative synthetic routes is known from
experimental work,® there are no theoretical investiga-
tions about the detailed molecular mechanism. The ortho
regioselectivity for the cycloaddition between dihydrofu-
ran and MOBs has been recently studied using the
frontier molecular orbital (FMO) model.®* However, the
opposite meta regiochemistry for the reaction using furan
derivatives and the dienophile or diene nature of the
furan ring in these cycloadditions remain unresolved. As
a part of a program directed toward the investigation of
related Diels—Alder cycloadditions, we present herein the
results of a theoretical study on the cycloaddition between
the MOB 2 and asymmetric 2-methylfuran (3b), to give
the unexpected cycloadduct 4b (see Scheme 1), as a model
for the cycloaddition reactions of the furan derivatives
3a—c and 6 with these MOBs. The purpose of the present
study is to contribute to a better understanding of the
mechanistic features of these processes, especially by
localization and characterization of all stationary points
involved in these formally [2 + 4] cycloadditions. Finally,
a density functional theory analysis of these reactions
has also been carried out to explain both the reactivity
and regioselectivity.

Global and Local Properties

Global electronic indexes, as defined within the density
functional theory (DFT) of Parr, Pearson, and Yang,!* are
useful tools to understand the reactivity of molecules in
their ground states. For instance, the electronic chemical
potential u is usually associated with the charge-transfer
ability of the system in its ground-state geometry. It has
been given by a very simple operational formula in terms
of the one-electron energies of the frontier molecular
orbitals HOMO and LUMO, ¢4 and ¢:
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Besides this index, it is also possible to give a quantita-
tive representation to the chemical hardness concept
introduced by Pearson,2 which may be represented as!'?

N €T €y 2)

Recently, Parr et al.® introduced a new and useful
definition of global electrophilicity, which measures the
stabilization in energy when the system acquires an
additional electronic charge, AN, from the environment.
The electrophilicity power has been given by the simple
expression’s

w = u’l2n (3)

in terms of the electronic chemical potential x and the
chemical hardness #, defined in egs 1 and 2.

A recent study of the electrophilicity of common diene/
dienophile pairs in Diels—Alder reactions points out that
the classification of these reagents on an unique scale of
electrophilicity, o, is a powerful tool to predict the ionicity
of the cycloaddition process and, as a consequence, its
feasibility.'* Thus, the difference of electrophilicity, Aw,
for the diene/dienophile pair located at the extremes of
the electropilicity scale agrees with a process with a large
ionic character. Moreover, evaluation of the local elec-
trophilic and nucleophilic Fukui function'® at the re-
agents allows the regioselectivity observed for these polar
processes to be explained.'*

Computational Methods

All gas-phase calculations were carried out with the Gauss-
ian 98 suite of programs.¢ In a preliminary study, an extensive
characterization of the potential energy surface (PES) was
carried out at the HF/6-31G* 7 level to ensure that all relevant
stationary points were located and properly characterized. The
stationary points were characterized by frequency calculations
to verify that the TSs have only one imaginary frequency.
Previous theoretical studies of cycloaddition and related reac-
tions have indicated that the activation energies calculated
at the HF level are too large, while DFT calculations using
the B3LYP hybrid functional®® have been shown to be in good
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agreement with experimental activation energy values.®
Consequently, the HF/6-31G* stationary points were fully
optimized and characterized at the B3LYP/6-31G* level to
obtain accurate energies for a correct characterization of the
PES. Finally, values of relative enthalpies, entropies, and free
energies were estimated by means of the B3LYP/6-31G*
potential energy barriers along with the harmonic frequencies.
These frequencies were scaled by 0.98. The activation free
energies were computed at 25 °C, which is the experimental
temperature.’ The enthalpy and entropy changes were calcu-
lated from standard statistical thermodynamic formulas.*” The
optimizations were carried out using the Berny analytical
gradient optimization method.?° The electronic structures of
stationary points were analyzed by the natural bond orbital
(NBO) method.?*

The vast majority of chemical reactions are performed in
solution, and as solvent effects can yield valuable information
about the reaction mechanism, the need to increase our
knowledge about interactions between solvent and solute
remains crucial. The solvent effects have been considered by
B3LYP/6-31G* single-point calculations of gas-phase station-
ary points using a relatively simple self-consistent reaction
field (SCRF)% based on the polarizable continuum model of
the Tomasi group.?® The solvent used in the experimental work
is methanol. Therefore, we have used the dielectric constant
at 298.0 K, ¢ = 32.63.

Electrophilic and nucleophilic Fukui functions'® condensed
to atoms have been evaluated from single-point calculations
performed at the ground state of molecules at the same level
of theory, using a method described elsewhere.?* This method
evaluates Fukui functions using the coefficients of the frontier
molecular orbitals involved in the reaction and the overlap
matrix. The global electrophilicity power was evaluated using
eq 3 with the electronic chemical potential and chemical
hardness given by egs 1 and 2.

Results and Discussions

(a) Gas-Phase Calculations. An exhaustive explora-
tion of the PES for the reaction between 3b and the MOB
2 indicates that this cycloaddition reaction takes place
along a stepwise mechanism which is initialized by the
nucleophilic attack of the nonsubstituted C6 carbon atom
of 2-methylfuran on the C5 carbon atom of the MOB to
give a zwitterionic intermediate (see Scheme 5). The
subsequent cyclization of this intermediate along the
formation of a new C—C bond gives the final cycloadduct
(see Scheme 6). Moreover, the initial attack of 3b on 2
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can take place along two stereoisomeric reactive channels
corresponding to the endo and exo approaches of the
2-methylfuran ring to the 1,3-diene system belonging to
the MOB. Although two regioisomeric reactive channels
are also possible for these furan derivatives, ortho and
meta, the fact that the C6 position of the 2-methylfuran
is the most nucleophilic onel® allows us to discard the
study of the attacks of the C7 position of 3b on the C5
conjugated position of the MOB 2 (see ref 25 and section
¢ for the meta regioselectivity of these cycloadditions).

To simplify the extensive possibilities for this reaction,
we studied first the endo and exo approach modes of 3b
to 2 via TS1-en and TS1-ex to give the corresponding
intermediates IN-en and IN-ex (see Scheme 5); then the
two possibilities of cyclization for the most favorable endo
intermediate were considered. Thus, two TSs, TS2-24
and TS2-42, and two cycloadducts, P-24 and P-42,
corresponding to the different cyclization modes of the
intermediate IN-en were also studied (see Scheme 6).
The stationary points corresponding to the reaction
between 3b and 2 are presented in Schemes 5 and 6
together with the atom numbering, while the total and
relative energies are summarized in Table 1. The geom-
etries of the TSs and intermediates are presented in
Figure 1.

An analysis of the results indicates that the first and
rate-determining step of the reaction corresponds to the

(25) The unusual meta regioselectivity for these cycloadditions has
also been studied, optimizing the TS corresponding to the nucleophilic
attack of the C7 position of 3b on the C5 position of the MOB 2 along
the endo/ortho reactive channel (see the Supporting Information). The
ortho TS, which corresponds to an asynchronous concerted process, is
12.7 kcal/mol more energetic than the meta TS1-en, in agreement with
the exclusively meta regioselectivity observed for these furan deriva-
tives.57

Domingo and Aurell

Table 1. Total Energies (au) and Relative Energies?
(kcal/mol, in Parentheses) for the Stationary Points
Corresponding to the Cycloaddition Reaction between
the Masked o-Benzoquinone 2 and 3b

B3LYP/6-31G* B3LYP/6-31G* in methanol

2 —269.343717 —269.348185

3b —764.344632 —764.355676

TSl-en —1033.670251 (11.4) —1033.692440 (7.2)
TSl-ex -1033.664241 (15.1) —1033.684302 (12.3)
IN-en  —1033.675911  (7.8) —1033.699145 (3.0)
IN-ex —1033.669785 (11.6) —1033.695181 (5.4)
TS2-24 —1033.674776  (8.5) —1033.697514 (4.0)
TS2-42 —1033.668616  (12.4) —1033.688340 (9.7)
P-24  —1033.708930 (—12.9) —1033.727743  (—15.0)
P-42  —1033.676285  (7.6) —1033.693332 (6.6)

2 Relative to that of 2 + 3b.

v =140.9i
TS2-24

v =220.4i
TS2-42

Figure 1. Transition structures and intermediates corre-
sponding to the cycloaddition reaction between the masked
0-benzoquinone 2 and 3b. The lengths of the forming bonds
involved in the reaction are given in angstroms. The unique
imaginary frequencies, v (cm™1), are also given.

nucleophilic attack of the nonsubstituted C6 carbon atom
of 3b to the doubly conjugated C5 carbon atom of the 2,4-
dienone belonging to the MOB 2. For this C5—C6 bond
formation process two stereoisomeric attack modes are
possible corresponding to the endo and exo approaches
of the furan ring relative to the 1,3-diene system present
in 2. An analysis of the relative energies corresponding
to TS1l-en and TS1l-ex indicates that the latter is 3.7
kcal/mol more disfavorable than TS1l-en. As a conse-
quence, there is a large endo stereoselectivity along the
nucleophilic attack of 3b on 2 in this stepwise mecha-
nism, in agreement with the experimental outcome.>”
Along the endo reactive channel the furan ring is located
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Figure 2. B3LYP/6-31G* free energy profiles computed at 25
°C for the cycloaddition reaction between 3b and the masked
0-benzoquinone 2.

more favorably over the conjugated 2,4-hexacyclodienone
system of the MOB than along the exo reactive channel.
As a consequence, the favorable Coulombic interactions
that appear between the donor 2-methylfuran, charged
positively, and the acceptor dienone, charged negatively,
in TS1-en are responsible for the endo stereoselectivity
found in these cycloadditions. Note that the furan deriva-
tives 3a—c and 6 present the same endo selectivity (see
Schemes 1 and 3). The large endo stereoselectivity allows
us to discard the study of the cyclization processes
associated with IN-ex. The potential energy barrier for
the most favorable endo reactive channel along TS1-en
is 11.4 kcal/mol.

The second step of the reaction corresponds to the
cyclization process of the zwitterionic intermediate IN-
en to give the final cycloadduct. This cyclization process
can take place by the electrophilic attack of the C7 or C9
carbon atom of the furan ring on the C2 or C4 carbon
atom belonging to the 2,4-dienone residue of the inter-
mediate IN-en with formation of the second C—C bond.
Due to the free C5—C6 bond rotation in the intermediate
IN-en, this C—C bond formation process can take place
along two reactive channels corresponding to the forma-
tion of the formally [2 + 4] and [4 + 2] cycloadducts (see
Scheme 6). From IN-en, formation of P-24 along TS2-
24 is 3.9 kcal/mol more favorable that formation of P-42
along TS2-42. As a consequence, the cyclization process
is the step responsible for the formation of the formally
[2 + 4] cycloadducts. Moreover, while formation of P-42
is an endothermic process, 7.6 kcal/mol, formation of P-24
is exothermic, —12.9 kcal/mol. Thus, formation of the
formally [2 + 4] cycloadduct P-24 is thermodynamically
and Kinetically more favorable than formation of the
formally [4 + 2] cycloadduct P-42 (see Figure 2). These
facts are in complete agreement with the experimental
outcome,>” and allow the understanding of the formation
of P-24.

Finally, relative enthalpies, entropies, and free ener-
gies have been computed at 25 °C for the different
stationary points along this formally [2 + 4] cycloaddi-
tion. The results are summarized in Table 2. The free
energy profiles for the reaction between 3b and 2 are
presented in Figure 2. The inclusion of the zero-point
energy and thermal contributions to the potential energy
barriers does not modify the endo/exo and the formally
[2 + 4]/[4 + 2] selectivities. However, the relative
entropies play a more relevant role in the changes of the
free energies along the cycloaddition reaction. Thus, the
negative entropy associated with TS1-en rises to —51.8
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Table 2. Relative? Enthalpies® (AH, kcal/mol),
Entropies? (AS, cal/mol-K), and Free Energies (AG,
kcal/mol) Computed at 25 °C and 1 atm for the
Stationary Points Corresponding to the Cycloaddition
Reaction between the Masked o0-Benzoquinone 2 and 3b

AH AS AG
TS1-en 11.9 51.8 27.4
TS1-ex 15.7 49.1 30.3
IN-en 9.2 50.6 24.3
IN-ex 131 48.2 27.5
TS2-24 9.4 52.4 25.1
TS2-42 13.4 56.0 30.1
P-24 10.2 53.6 5.8
P-42 9.6 55.0 26.0

a Relative to that of 2 + 3b. ? For 2 + 3b H2% = 1033.367201
au and S2% = 203.30 cal/mol-K.

cal/mol-K due to the bimolecular nature of the process.
This fact, similar to what is found in related intermo-
lecular cycloadditions, is responsible for the increase of
the activation free energy of the rate-determining step
to 27.4 kcal/mol. For the second step the negative
activation entropy is only —1.8 cal/mol-K because of the
unimolecular nature of the cyclization process. However,
a comparison of the relative free energies for endo and
exo reactive channels corresponding to the nucleophilic
attack of 3b on 2 and the cyclization processes associated
with the formation of the formally [2 + 4] and [4 + 2]
cycloadducts shows that the calculated activation pa-
rameters do not modify the selectivities found in this
cycloaddition reaction. Inclusion of the entropy term in
the free energy stabilizes the intermediate IN-en relative
to TS2-24 by 0.6 kcal/mol because of a larger negative
entropy for the latter. This fact together with a large
stabilization of IN-en with the inclusion of a solvent
effect (see section b) emphasizes the stepwise nature of
the cycloaddition.

For the TSs corresponding to the nucleophilic attack
of 3b on the MOB 2, the lengths of the C5—C6 forming
bonds in TS1-en and TS1l-ex are 1.947 and 1.962 A,
respectively (see Figure 1). The C5—C6 forming bond is
slightly shorter at the most favorable endo TS. The C2—
C7 distances, 3.241 and 3.214 A, respectively, indicate
that these atoms are not bonding in these TSs. In the
intermediates IN-en and IN-ex, the lengths of the
formed C5—C6 bonds are 1.659 and 1.612 A, respectively,
while the distances between the more relevant reactive
centers of the furan moiety, C7 and C9, and the MOB,
C2 and C4, are between 2.9 and 3.2 A. For the TSs
corresponding to the cyclization processes, the lengths
of the C—C forming bonds are 2.560 A for C2—C7 in TS2-
24 and 2.227 A for C4—C9 in TS2-42.

For TS1-en and TS1-ex the BO values?® for the C5—
C6 forming bonds are ca. 0.52, while the BO values
between the C2 and C7 atoms are lower than 0.06. These
very low values indicate that the C2 and C7 atoms are
not being bonded. For IN-en and IN-ex the BO values
of the C5—C6 bonds, ca. 0.82, indicate that these C—C
single bonds are already formed. The C7—C8 and C8—
C9 BOs in these intermediates, ca. 1.5 and 1.4, respec-
tively, point to an allyl structure for the C7—C8—C9
framework, which allows a favorable stabilization of the
positive charge developed at the furan residue along the
nucleophilic attack. Moreover, the slightly larger BO
value for the 010—C9 single bond, 1.12, than for the
010—-C6 one, 0.88, in IN-en accounts for a slight =

(26) Wiberg, K. B. Tetrahedron 1968, 24, 1083.
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character of the 010—C9 single bond due to the delocal-
ization of the O10 lone pair on the electron-poor C7—C8—
C9 allyl system.0¢

Along the nucleophilic attack of the furans on the
electrophilic MOBs three z bonds belonging to the 1,3-
dienone system and two x bonds and one lone pair
belonging to the furan ring are involved. As a conse-
quence, the [2 + 4] pericyclic reaction model?” is not
adequate to explain the experimental outcome for these
stepwise processes.

The natural population analysis?'2 allows us to evalu-
ate the charge transferred along these polar cycloaddition
processes.?® The atomic charges have been shared be-
tween the donor 2-methylfuran and the acceptor MOB
framework. The values of the charge transferred from
3b to the MOB 2 along the nucleophilic attack are 0.32
au (for TS1-en), 0.34 au (for TS1-ex), 0.44 au (for IN-
en), and 0.46 au (for IN-ex). These values indicate an
increase of the charge transferred along the nucleophilic
attack of the C6 position of 3b to the doubly conjugated
C5 position of MOB 2 up to formation of the zwitterionic
intermediates IN-en and IN-ex.

(b) Solvent Effects. Solvent effects on cycloaddition
reactions are well-known and have received considerable
attention, especially in the past few years. Recent studies
carried out on polar cycloaddition reactions indicate that
the inclusion of the solvent effects on the geometry
optimization does not modify substantially the gas-phase
geometries.?®2° As a consequence, the solvent effects at
the relative energies have been evaluated by single-point
calculations on the gas-phase B3LYP/6-31G*-optimized
geometries using a relatively simple SCRF method,??
based on the PCM method of Tomasi’'s group.?® Table 1
reports the total and relative energies of the stationary
points corresponding to the cycloaddition reaction be-
tween the MOB 2 and 3b in methanol.

With the inclusion of the solvent effects, methanol, the
TSs corresponding to the nucleophilic attack of 3b on 2
and the subsequent intermediates are preferentially
stabilized relative to the reactants due to the large charge
transfer that is being developed along this polar cycload-
dition. Thus, solvent effects decrease the barrier for the
rate-determining step in 4.2 kcal/mol. The low barrier
found for this cycloaddition reaction, 7.2 kcal/mol, is in
good agreement with the reaction temperature; this
reaction is experimentally carried out at room temper-
ature.®> Moreover, solvent effects increase the endo se-
lectivity of the cycloaddition; now, TS1-en is 5.1 kcal/
mol more favorable than TS1-ex. This finding allows us
to rule out the widespread opinion that a large endo
selectivity for the Diels—Alder reactions indicates a
pericyclic concerted bond formation process. Thus, inclu-
sion of solvent effects, methanol, increases the endo
stereoselectivity and accelerates this polar reaction by a
larger stabilization of the TS corresponding to the nu-
cleophilic attack of 3b on 2 than the reactants.

(c) Global and Local Electrophilicity/Nucleophi-
licity Analysis. These cycloaddition reactions have also

(27) (a) Fleming, 1. Frontier Orbitals and Organic Chemical Reac-
tions; John Wiley and Sons: New York, 1976. (b) Fleming, I. Pericyclic
Reaction; Oxford University Press: Oxford, 1999.

(28) Domingo, L. R.; Arnd, M.; Andrés, J. J. Org. Chem. 1999, 64,
5867.

(29) (@) Domingo, L. R.; Picher, M. T.; Andrés, J.; Moliner, V.; Safont,
V. S. Tetrahedron 1996, 52, 10693. (b) Domingo, L. R.; Picher, M. T.;
Andrés, J.; Safont, V. S. J. Org. Chem. 1997, 62, 1775. (c) Domingo, L.
R. J. Org. Chem. 2001, 66, 3211.
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Table 3. Global Properties? of the Masked
o-Benzoquinone 2, 3b, 6, and 8

molecule u n 0
2 —0.1674 0.1453 2.62
3b —0.0946 0.2358 0.52
6 —0.0794 0.2292 0.37
8 —0.0803 0.2470 0.36

a Electronic chemical potential, x4, and chemical hardness, 7,
values are in atomic units; electrophilicity power values, w, are
in electronvolts.

0.06() 0.19()  007() __ 0.24() 0.41()
78
0.24(-) @E,&? 0.31(-)@\050(') o1l
O O \ Q
Me
3b 6 8
Me
0.29(+)
Meo,c. 0245 PVe
0z OMe 0.25() OMe
MeO,C—;
0.19(+) 0.14(+) OMe
o S
026() ©
2 IN-en

Figure 3. Fukui functions for electrophilic (—) and nucleo-
philic (+) attacks for the furan derivatives 3b, 6, and 8, the
MOB 2, and the intermediate IN-en. The largest Fukui values
are shown in bold.

been analyzed using global and local indexes defined in
the context of density functional theory.***2 In Table 3
the static global properties, electronic chemical potential
u, chemical hardness 7, and global electrophilicity w,
defined in eqs 1-3, for the MOB 2 and the furan
derivatives 3b, 6, and 8 are displayed.

The electronic chemical potential of the masked o-
benzoquinone 2 (u = —0.1674 au) is less than the
electronic chemical potential of 3b (¢« = —0.0946 au),
thereby indicating that the net charge transfer will take
place from 3b toward 2, in agreement with the charge-
transfer analysis (see section a). The MOB 2 has a large
electrophilicity power, w = 2.62 eV. This value is similar
to that calculated for the nitroethylene, v = 2.61 eV,
which is classified as a strong electrophile.* On the other
hand, 2-methylfuran has a low electrophilicity, w = 0.52,
it being classified as a moderate nucleophile. Thus, the
electrophilicity difference between both reactants, Aw =
2.09, indicates a large ionic character for this cycloaddi-
tion reaction.'* Moreover, a comparison of the electro-
philicity values for 3b, w = 0.52, 6, ® = 0.37,and 8, v =
0.36, shows similar low values, and as a consequence,
they will present similar reactivities in agreement with
the experimental results.”8

Since these reactions have a large ionic character, an
analysis of the electrophilic and nucleophilic Fukui
functions?®® for the corresponding reactants and interme-
diate allow the regioselectivity experimentally observed
to be explained.’* As a consequence, the local Fukui
functions have been evaluated for the reactants 2, 3b, 6,
and 8 and the intermediate IN-en to explain the forma-
tion of the unexpected meta cycloadduct P-24. These local
functions are summarized in Figure 3.

Asymmetric 3b has the largest nucleophilic activation
at the nonsubstituted C6 position (f,~ = 0.24), and as a
consequence, this is the more reactive site for an elec-
trophilic attack.'°®14 On the other hand, for the 2,4-
cyclohexadienone system present in the MOB 2 there are
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three electrophilic sites (the C1, C3, and C5 carbon
atoms). Analysis of the electrophilic Fukui functions for
the MOB 2 (i.e., Fukui functions for the nucleophilic
attacks, f") indicates that the doubly conjugated C5
position has the largest electrophilic activation (fit =
0.24) (see Figure 3). Thus, the most favorable nucleophile/
electrophile interaction between 3b and 2 will take place
between the C6 carbon atom of 3b and the C5 carbon
atom of 2, in agreement with the meta regioselectivity
observed.®> Moreover, a comparison of the nucleophilic
Fukui functions for 3b and 6 indicates that both furan
derivatives have similar patterns. A quite different result
is found for 8, which presents the largest nucleophilic
Fukui function at the C7 position (f,~ = 0.41) (see Figure
3). These opposite results allow us to explain the different
regioselectivities found for these cycloadditions, the
unusual meta regioselectivity for the furan derivatives
3a—c and 6,57 and the expected ortho regioselectivity for
the inverse-electron-demand Diels—Alder reaction of a
vinyl ether such as 8.8

The second step corresponds to the cyclization of the
zwitterionic intermediate IN-en to give the formally [2
+ 4] cycloadduct P-24. This process takes place along the
nucleophilic attack of the rest of the MOB on the electron-
poor furan residue. As a consequence, for IN-en the site
analysis must be carried out at the electrophilic positions
of the furan residue, the C7 (fi" = 0.29) and the C9 (fi*
= 0.26) centers, and the nucleophilic positions of the
MOB residue, the C2 (f,- = 0.26) and C4 (f,~ = 0.25)
centers (see Figure 3). These local Fukui functions point
out that the more favorable interaction along the cycliza-
tion process corresponds to the attack of the nucleophilic
C2 center on the electrophilic C7 one, with formation of
the formally [2 + 4] cycloadduct P-24. Thus, this local
analysis is in agreement with the experimental outcome,
explaining the formation of the unexpected cycloadduct
P-24 along a polar stepwise process.®

Conclusions

The molecular mechanism for the cycloaddition reac-
tion between 2-methylfuran and masked o-benzoquinones
has been characterized using quantum mechanical cal-
culations at the B3LYP/6-31G* theory level. An analysis
of the results on the reaction pathway shows that the
reaction takes place along a polar stepwise mechanism.
The first and rate-determining step corresponds to the
nucleophilic attack of the furan ring on the doubly
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conjugated position of the 2,4-dienone system present in
the masked o-benzoquinone to give a zwitterionic inter-
mediate. Closure of this intermediate affords the Diels—
Alder cycloadduct. For the second step two reactive
channels have been characterized corresponding to the
formation of the formally [2 + 4] and [4 + 2] cycloadducts.
Analysis of the results indicates that while the first is
the meta regiocontrolling and endo stereocontrolling step,
the second one is responsible for the formation of the
formally [2 + 4] cycloadduct. Formation of the unexpected
[2 + 4] cycloadduct is kinetically and thermodynamically
favored relative to the formation of the [4 + 2] one.

Inclusion of solvent effects, methanol, has a relevant
role in these polar cycloadditions. Methanol accelerates
the process by a larger stabilization of the TS corre-
sponding to the nucleophilic attack of the 2-methylfuran
on the masked o-benzoquinone than the reactants, and
increases the endo/exo stereoselectivity through a pref-
erential solvatation of the endo TS.

A density functional theory analysis performed on the
reactants shows that the cycloaddition takes place along
a bond formation process with a large polar character.
The charge transfer is therefore predicted to take place
from the 2-methylfuran acting as a nucleophile toward
the end of the doubly conjugated 2,4-cyclohexadienone
acting as a strong electrophile, as confirmed by the values
of the electronic chemical potential and charge-transfer
analysis at the corresponding TSs. Finally, analysis of
the local Fukui functions at the reactants allows the
unusual meta regioselectivity found for this cycloaddition
to be explained.
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