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Abstract—I[4+2] cycloaddition reaction has enormous significant
in organic chemistry synthesis reactions and yet remains unexplored
for the synthesis of fluorine-containing compounds. A density
functional theory study of the stereo- and regioselectivity of the [4+2]
cycloaddition reaction of trifluoroethylene with furan, thiophene,
and selenophene was carried out in the gas phase. The B3LYP
functional is used throughout in combination with 6-31G(d) basis
set. The analysis of stationary points and the energetic parameters
indicates that the reaction mechanism is concerted and confirms
that the exo-adducts are thermodynamically and kinetically more
favored than endo-adducts. The calculated branching ratio indicates
that the exo-adducts have the higher percent yield than endo-
adducts and the yield of endo-adducts is increased only slightly on
proceeding from furan, through thiophene, and onto selenophene.
The analysis of the frontier molecular highest occupied molecular
orbital (MO) and lowest unoccupied MO orbitals indicates that
the exo-adducts are more stable due to their higher energy gab.
The reaction energies were compared to the MP2/6-31G(d) and
CCSD(T)/6-31G(d) calculations.

Index Terms—Density functional theory, B3LYP, Regioselectivity,
Stereoselectivity, [4+2] Cycloaddition.

1. INTRODUCTION

The [4+2] cycloaddition reaction (Diels-Alder reaction)
is one of the most powerful reactions for building six-
membered carbocyclic ring in organic synthesis (Nicolaou,
et al., 2002). The Diels—Alder reaction of conjugated diene
with dienophile (alkene or alkyne) is concerted reaction
(Houk, et al., 1986; Woodward and Katz, 1959). This reaction
proceeds more favorable if electron-rich dienes reacts with
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electron-poor dienophile. Thus, typical dienes are substituted
with electron-donating groups whereas good dienophiles are
substituted with electron-withdrawing groups (Gregoritza and
Brandl, 2015).

The Diels—Alder reaction may give two stereoisomeric
products, exo- and endo-adducts, relying on the conformation
of the transition state when a cyclic diene and dienophile
react with each other (Lautens and Edwards, 1989; Nickon,
et al., 1978). For that reason, a huge amount of theoretical
studies have been devoted trying to explore the reaction
mechanism leading to exo- and endo-selectivity. Density
functional theory (DFT) has been used widely and found as a
very convenient method for getting reliable results and it has
low computational cost (Cossio, et al., 1999; Liu, et al., 1998;
Silva and Goodman, 2002). This method has been successfully
used in many [4+2] cycloaddition reactions (Domingo, et al.,
2002; Domingo, et al., 2014; Fernandez and Bickelhaupt,
2014; Ho, et al., 2016; Levandowski, et al., 2018; Rivero,
et al., 2017b). Among these studies, computational works
were compared with experimental to obtain detailed reaction
mechanism, stero- and regioselectivity. Stereoselectivity
of the reaction of cyclopentadiene with protonated
phenylethylimine was studied at B3LYP/6-31G(d) level of
theory (Teixeira, et al., 2009). The results indicate that the
exo-adduct is found to be more stable than endo-adduct. In
addition, DFT method at M06-2X/6-31G(d) level of theory
was used for the reaction of s-cis-2,3-dibromo-1,3-butadiene
and malic anhydride (Rivero, et al., 2017a). This reaction
clearly favors the exo-adduct over the endo-adduct due to the
lower activation energy for the exo path.

Fluorine-containing organic compounds have found a
significant position in organic chemistry and the synthesis
of compounds exhibiting exciting properties for medicinal
and agricultural purposes. The reaction of 2-fluorooct-1-en-
3one with cyclopentadiene was studied experimentally and
found to yield the exo-adduct preferably under thermal and
microwave-assisted conditions (Essers, et al., 2002). The
percent yield for exo- and endo-adducts was found to be
69 and 31%, respectively, under thermal condition, whereas
the percent yield became 70 and 30% under microwave-
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assisted condition. The reactions of cyclopentadiene
with benzyl 2-fluoroacrylate, 2-fluoroacrylic acid amide,
1,1-difluoroethene, and 1,2-diflurodinitro ethene were studied
experimentally and the exo-adducts were found to be more
favorable with higher percent yield than endo-adducts
(Baum, et al., 1991; Ito, et al., 1999; Ito, et al., 1998; Leroy,
et al., 1987).

The Diels—Alder reaction of trifluoroethylene (TFE)
with furan and its derivatives has been investigated
experimentally (Chambers, et al., 2000). However, based
on our knowledge, the detail information about the reaction
mechanism, stereo- and regioselectivity have not yet been
obtained. Therefore, the aim of this paper is to suggest the
mechanism of the cycloaddition of TFE with furan and other
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heterocyclic compounds containing chalcogens using DFT
method. Herein, furan, 2, thiophene, 3, and selenophene,
4 are used in [4+2] cycloaddition reaction with TFE, 1 to
investigate the effect of chalcogens on reaction mechanism
and regioselectivity. Scheme 1 shows the exo- and endo-
adducts of these [4+2] cycloaddition reactions.

II. COMPUTATIONAL METHODS

All calculations have been done with the Gaussian 9
package under Linux operation system (Frisch, et al., 2009).
DFT method has been proven to be a convenient method for
the study of [4+2] cycloaddition reactions and is achieved
in this study (Khabashesku, et al., 2001; Lemal, 2017; Parr
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Scheme 1: Reaction paths for the [4+2] cycloaddition reaction of TFE, 1 with furan, 2, thiophene, 3, and selenophene, 4.
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and Weitao, 1989). B3LYP functional is used throughout
in combination with 6-31G(d) basis set (Ditchfield, et al.,
1971; Lee, et al., 1988). MP2 and CCSD(T) methods were
used to predict the reaction energies using the same basis
set. Frequency calculations were performed to ensure that
a transition state has only one imaginary frequency and
a local minimum has no imaginary frequencies. Intrinsic
reaction coordinate computations were carried out to verify
that the transition states connect with the required reactants
and products (Fukui, 1970). All energies and thermodynamic
parameters reported in this paper were obtained from the
frequency calculations at the same level of theory. The
enthalpies, Gibbs free energies, and entropies in gas phase
were obtained with the standard statistical thermodynamics at
298.15 K and | atm. The CYLview software was used as a
graphical interface (Legault, 2009).

The global electrophilicity index () is obtained in terms
of the electronic chemical potential () and the chemical
hardness (77) using the following simple expression (Parr,
et al., 1999):

M

The chemical hardness (7) and the electronic chemical
potential (u) quantities may be approached in terms of the
one-electron energies of highest occupied molecular orbital
(HOMO) and lowest unoccupied MO (LUMO), ¢, and, &, as
(Parr and Pearson, 1983; Parr and Weitao, 1994):
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The relative nucleophilicity index (V) obtained based on the
energies of HOMO within the scheme of Kohn-Sham (Kohn
and Sham, 1965). This quantity can be defined using equation
(4). Where TCE is tetracyanoethylene and is chosen due to its
lowest HOMO energy as a reference (Domingo, et al., 2008).
“4)
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II1. RESULTS AND DISCUSSION

In this study, B3LYP/6-31G(d) level of theory is used
and transition states for the concerted reaction mechanism
have been found. The stationary points analysis involved
in the [4+2] cycloaddition reactions of TFE, 1 with furan,
2, thiophene, 3, and selenophene, 4 gave corresponding
compound 2a, 2b, 3a, 3b, 4a, and 4b and are sketched in
Scheme 1. The relative electronic energies of the transition
states and their corresponding products in the gas phase
are presented in Figs. 1-3. As shown from these figures,
the endo transition states (TS2a for TFE+furan, TS3a for
TFE+thiophene, and TS4a for TFE+selenophene) are 1.45,
0.52, and 0.1 kcal/mol higher than the exo transition states
(TS2b for TFE+furan, TS3b for TFE+thiophene, and TS4b
for TFE+selenophene), respectively.

Vs AY
s TS2b=25.54 *,

S —
’ \
\
\
\
= ». \
H %
srant Y

\

\
\
\
\
\
\ \
N \
) \
A \
N \
\
N

PR
.\ P2a=-13.28
\

\ —

*\ P2b=-14.50

Reaction Coordinate

Fig. 1. Energy profile for the [4+2] cycloaddition reaction of trifluoroethylene with furan using B3LYP/6-31G(d) level of theory. The energies are given
relative to reactants (R) (kcal/mol).
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Fig. 2. Energy profile for the [4+2] cycloaddition reaction of trifluoroethylene with thiophene using B3LYP/6-31G(d) level of theory. The energies are
given relative to reactants (kcal/mol).
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Fig. 3. Energy profile for the [4+2] cycloaddition reaction of trifluoroethylene with selenophene using B3LYP/6-31G(d) level of theory. The energies
are given relative to reactants (kcal/mol).
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Fig. 4. Optimized geometries of the transition states involved in the [4+2] cycloaddition reactions of trifluoroethylene with furan, thiophene, and
selenophene using B3LYP/6-31G(d) level of theory.

The activation energies for these [4+2] cycloaddition
reactions are 26.99 kcal/mol for endo path and 25.54 kcal/
mol for exo path for the reaction with furan. For the reaction
of TFE with thiophene, the activation energies for endo path
are 34.66 kcal/mol and for exo path are 34.15 kcal/mol. The
activation energies for the reaction of TFE with selenophene
are 30.58 and 30.49 kcal/mol for the endo and exo path,
respectively. These results confirm that the exo reaction paths
for three reactions are more favorable than endo reaction
paths. Based on our knowledge, most of the studies of the
exo- and endo-stereochemistry in the [4+2] cycloaddition
reactions have shown that the exo-adduct is more stable
thermodynamically whereas the endo-adduct is formed
faster and kinetic control is observed (Cooley and Williams,
1997; Foster, et al., 2015; Hoffmann and Woodward, 1968;
Lozynskyi, et al., 2016; Pavelyev, et al.,, 2016; Rulisek,
et al., 2005; Szalai, et al., 2007). However, in the current
study, the exo-adduct is kinetically and thermodynamically
more favorable than endo-adduct. Similar results were found
for the [4+2] cycloaddition reaction of Zn-porphyrin trimer
with butadiyne, nitroalkenes with methyl vinyl ether and
intermolecular cycloaddition reaction of (Z)-1-(2-iodo-3-
phenylprop- 2-enyl)-6-oxo-1,6-dihydropyridine-2-carbonitrile
(Avalos, et al., 2000; Clyde-Watson, et al., 1998; Yuan and
Yu, 2014).

The geometries of the transition states involved in the [4+2]
cycloaddition reactions of the TFE with furan, thiophene, and
selenophene are presented in Fig. 4. Studying the lengths of
the formed bonds in the transition state indicates that these
reactions follow asynchronous processes. The lengths, at
the regioisomeric transition states, between the carbon atom
with two fluorine atoms and carbon atom in heterocycles are

73
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TABLE I
THE DEGREE OF ASYNCHRONICITY, AD, AT THE TRANSITION STATES

Transition states Ad
TS2a 0.202
TS2b 0.214
TS3a 0.269
TS3b 0.248
TS4a 0.305
TS4b 0.260

shorter. Consequently, the sigma-sigma bond formation at
the more electrophilic conjugated positions is more advanced
than the other.

The degree of a synchronicity (Ad) can be calculated by
considering the lengths difference between the two forming
bonds at the transition states. The values of Ad are reported
in Table I. The analysis of Ad shows that the endo transition
states are more asynchronous than the exo transition states
when TFE reacts with thiophene and selenophene. However,
in the case of TFE with furan the degree of asynchronicity
of exo transition state is more than the endo transition
state. It can be noted from the table that the Ad increases,
for both endo and exo transition states, on proceeding from
furan, through thiophene, and on to selenophene. It can be
concluded that the presence of two fluorine atoms with high
electronegativity on one side of the TFE leads to a more
asynchronous transition states.

MP2 and CCSD(T) methods, using the same basis set, were
used to calculate the reaction energies for the title reactions
and the results were compared with B3LYP functional.
Table II shows the reaction energies for each reaction at three
different levels of theory. The MP2 and CCSD(T) methods
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both produce more negative reaction energies than B3LYP
functional. It is worth to realize that the exo path for all
reactions is more exothermic than the endo path at all levels
of theory. This confirms that exo-adducts are more favorable
than endo-adducts. In addition, the reaction energy decreases
on proceeding from furan, through thiophene, and onto
selenophene. The relative energies for products and transition
states at B3LYP/6-31G(d) and MP2/6-31G(d) levels of theory
are listed in Table III.

HOMO and LUMO energies in electron volt (eV) at
B3LYP/6-31G(d) level of theory are computed for reactants
and products, as shown in Table IV. The MO for the most
stable exo-adducts are shown in Fig. 5. As shown form the
results, the energy gap decrease on proceeding from furan
to selenophene. It is worth to realize that the energy gap for
exo-adducts is higher than the endo-adducts which indicates
the stability of the exo-adducts.

The thermodynamic parameters for the [4+2] cycloaddition
reactions of TEF with furan, thiophene, and selenophene in the
gas phase at 1 atm and 298.15 K with B3LYP functional and
MP2 method are listed in Table V. The activation enthalpies
for these reactions range from 24.96 to 34.15 kcal/mol using
B3LYP functional, whereas these values decrease when MP2
method is used. The activation enthalpies, as shown from

TABLE II
REACTION ENERGY (IN KCAL/MOL) FOR EACH REACTION AT B3LYP/6-31G(D),
MP2/6-31G(p) AND CCSD(T)/6-31G(D) LEVELS OF THEORY

http://dx.doi.org/10.14500/ar0.10575

the table, for the exo paths, are lower compared to the endo
paths. All products are entropically disfavored. The values
of Gibbs free energy for all exo-adducts are negative values,
which refer to spontaneous reactions. The heat of formation
for all products is negative which indicates the stability of
these products. The values of Gibbs free energy for products
2a and 3a were found to be 0.56 and 1.76 kcal/mol and these
values become more negative when MP2 method is used.
However, the Gibbs free energy of 4a and 4b was —6.02 and
—6.74 kcal/mol, respectively. These negative values indicate
the spontaneity of reactions for both exo- and endo-adducts.
Based on the observed data of thermodynamic parameters, it
can be concluded that the exo reaction paths are formed faster
and have lower heat of formation, thus the exo reaction paths
are preferred thermodynamically as well as kinetically.
Products branching ratios (BR) were estimated using
the method previously used by McFarland, et al., 1974
for all reactions to obtain the product percent yield. The
BR for all possible products are collected in Table VI. As
shown in Table VI, the exo-adducts for all reactions had a
higher percent yield than endo-adducts. Similar results were
obtained experimentally by Richard, et al. for the reaction of
TFE with furan (Chambers, et al., 2000). The percent yield
of endo-adducts increases only slightly on proceeding from

TABLE IV
HOMO ENERGIES, LUMO ENERGIES, AND ENERGY GAP (IN EV UNIT) FOR
REACTANTS AND PRODUCTS AT B3LYP/6-31G(D) LEVEL OF THEORY

Reactions Reaction energy (kcal/mol)
B3LYP MP2 CCSD(T)
TFE+furan (endo) -13.3 —24.44 —28.51
TFE+furan (exo) -14.5 —25.88 —30.04
TFE+thiophene (endo) -12.3 —24.89 —28.25
TFE+thiophene (exo) —13.14 —26.03 -29.27
TFE+selenophene (endo) -20.17 —33.38 —36.54
TFE+selenophene (exo) —20.88 —34.38 —37.46
TABLE III

RELATIVE ENERGIES (AE) IN (kcaL/MOL) COMPUTED AT B3LYP/6-31G(D) AND
MP2/6-31G(D) LEVELS OF THEORY

Structure AE (B3LYP) AE (MP2)
TFE+furan
Reactants 0.00 0.00
P2a -13.29 —24.44
TS2a 27.00 19.80
P2b —14.50 —25.88
TS2b 25.54 18.12
TFE+thiophene
Reactants 0.00 0.00
P3a -12.30 —24.89
TS3a 34.66 25.24
P3b -13.14 —26.03
TS3b 34.15 24.51
TFE+selenophene
Reactants 0.00 0.00
P4a -20.17 —33.38
TS4a 30.59 20.54
P4b —20.88 —34.37
TS4b 30.50 20.27

Structure HOMO LUMO Energy gap
TFE -6.92 0.73 7.65
Furan —6.11 0.54 6.64
Thiophene —6.34 -0.21 6.13
Selenophene —6.31 -0.33 5.97
P2a -7.30 —0.48 6.81
P2b —7.24 -0.37 6.88
P3a —6.42 -1.13 5.30
P3b —6.55 —-1.11 5.44
P4a -5.99 —1.46 4.54
P4b —6.15 —1.48 4.67

HOMO: Highest occupied molecular orbital, LUMO: Lowest unoccupied molecular
orbital

TABLE V
THERMODYNAMIC PARAMETERS FOR TRANSITION STATES AND PRODUCTS AT
B3LYP/6-31G(D) AND MP2/6-31G(D) LEVELS OF THEORY IN (KCAL/MOLE) FOR
AH AND AG AND IN (CAL/MOL.K) FOR AS

Structure B3LYP MP2
AH AG AS AH AG AS

P2a —14.47 0.56 —50.40 —25.72 -10.53 —50.96
P2b —15.68 —0.66 —50.38 -27.16 -11.97 —50.96
P3a -13.42 1.76 =50.92 =26.11 -10.73 —51.58
P3b -14.25 0.93 -50.92 -27.25 -11.87 —51.58
P4a -21.21 —6.02 —50.98 —34.52 -19.14 —51.56
P4b -21.91 -6.74 -50.87 —35.50 —20.15 —51.48
TS2a 26.42 40.02 —45.61 19.10 32.96 —46.48
TS2b 24.96 38.54 —45.53 17.42 31.27 —46.44
TS3a 34.16 47.88 —46.03 24.63 38.62 —46.93
TS3b 33.63 47.36 —46.04 23.89 37.88 —46.94
TS4a 30.14 43.91 —46.22 19.99 34.03 —47.08
TS4b 30.05 43.81 —46.15 19.71 33.73 —47.02
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Fig. 5. B3LYP highest occupied molecular orbital and lowest unoccupied molecular orbital of the exo-adducts for all reactions at B3LYP/6-31G(d) level

of theory.
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TABLE VI
PrODUCT BRANCHING RATIOS AND PERCENT YIELD FOR EXO- AND ENDO-
ADDUCTS
Products Branching ratios % Yield
P2a 0.114 11.40
P2b 0.886 88.60
P3a 0.1963 19.63
P3b 0.8037 80.37
P4a 0.2283 22.83
P4b 0.7717 77.17

furan, through thiophene, and on to selenophene: About
11.40 %, 19.63%, and 22.83%, respectively. However, the

percent yield of exo-adducts decreases on proceeding from
furan, through thiophene, and on to selenophene: About
88.60%, 80.37%, and 77.17%, respectively.

The global reactivity indices defined within the conceptual
DFT is a powerful tool to study the reactivity in polar
cycloaddition reactions. The static global properties, namely,
chemical hardness (1), global nucleophilicity (N), global
electrophilicity (@), and electronic chemical potential (p) for
the reactants, TFE, furan, thiophene, and selenophene are
listed in Table VII.

The electronic chemical potential (i) of TFE, (u =—3.10 eV),
is lower than furan, (n = —2.79 eV), indicating thereby that
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TABLE VII
THE CHEMICAL HARDNESS (1)), ELECTRONIC CHEMICAL POTENTIAL (p),
GLOBAL ELECTROPHILICITY (®), AND GLOBAL NUCLEOPHILICITY (N) FOR
TRIFLUOROETHYLENE, FURAN, THIOPHENE, AND SELENOPHENE IN ELECTRON

VorLr
Reactant n n ® N
TFE 7.65 -3.10 0.63 1.86
Furan 6.64 -2.79 0.58 2.68
Thiophene 6.13 -3.27 0.87 245
Selenophene 5.97 -3.32 0.92 2.48

the net charge will be from the furan to the electron-deficient
component, TFE. However, the electronic chemical potential of
TFE is higher than thiophene (un = —3.27 ¢V) and selenophene
(1 = —3.23 eV) indicating that the net charge transfer will be
from TEF to the thiophene and selenophene.

The power of electrophilicity for thiophene and
selenophene is 0.87 and 0.92 eV, respectively, falls in the
range of moderate eclectrophiles, whereas the for TFE and
furan are 0.63 and 0.58 eV, respectively, falls in the range of
marginal electrophiles within the ® scale (Domingo, et al.,
2002). The electrophilicity power increases on proceeding
from furan, through thiophene, and onto selenophene.
Conversely, the power of nucleophilicity (N) decreases
slightly on proceeding from furan, through selenophene, and
onto thiophene: About 2.68, 2.48, and 2.45 eV, respectively.

IV. CONCLUSIONS

The B3LYP/6-31G(d) method was used to study the [4+2]
cycloaddition reaction of TFE with furan, thiophene, and
selenophene. The thermodynamic parameters associated with
the formation of exo and endo stereoisomers in the gas phase
were analyzed. These reactions are taking place through a
concerted mechanism. It is observed that, on comparing the
energetic results, the reaction paths leading to exo-adducts
are thermodynamically and kinetically more favorable than
endo-adducts. MP2 and CCSD(T) methods, using the same
basis set, were used to compute the reaction energies and
produced more negative reaction energies than B3LYP/6-
31G(d) method. The percent yield of the exo-adducts is
higher than the endo-adducts using the analysis of BR. This
percent decreased on proceeding from furan to selenophene.
The analysis of frontier MO indicates that the exo-adducts
have larger energy gap than the endo-adducts and this
indicates the stability of exo-adducts.
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