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Abstract: The stepwise and concerted ionic Diels—Alder reactions between
phenyl(pyridin-2-ylmethylene)oxonium and styrene derivatives were explored
theoretically. The results support the use of a computational method via per-
sistent intermediates. The DFT method was essential to reproduce a reasonable
potential energy surface for these challenging systems.
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INTRODUCTION

The chromane skeleton appears in a number of natural products, such as
tocopherols! and flavans.2 They display a diverse array of biological activities,
including antioxidant,3 antiestrogens,* antiviral,> antihypertensive® and antican-
cer’ activity. Common approaches to prepare the chromane skeleton8 are
Diels—Alder reactions of o-quinone methides (1-oxadienes),” additions of O-
hydroxy acetophenones!® and intramolecular nucleophilic substitution of
phenols.!! Alternative approaches to the chroman skeleton are of considerable
interest for the formation of substituted chromanes.

Diels—Alder (DA) reactions and their formal equivalents provided a power-
ful means for the rapid construction of heterocyclic scaffolds. Oxa- and aza-DA
variants were developed in which the dienophile and/or dienes could incorporate
the heterocomponents.!2 One such aza-variant is the Povarov reaction,!3:14 ori-
ginally developed 50 years ago, which has considerable utility. These DA reac-
tions, classified as ionic DA reactions (I-DA), in which positively or negatively
charged ionic species can participate in these reactions. In I-DA type of reactions,
the reagents, transition states (TSs), feasible intermediates and cycloadducts rem-
ain charged during the cycloaddition reaction.!5 I-DA reactions could be clas-
sified as anionic and cationic DA reactions. However, while cationic DA reac-
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tions occur rapidly at very low temperatures, !¢ usually at =78 °C, due to the high
electrophilic character of cationic species, there are few anionic DA reactions
because, in spite of the high nucleophilic character of anionic species, these reac-
tions do not occur easily in the absence of strong electrophiles.!” The authors
performed a series of experiments in order to establish the mechanism of these
I-DA reactions.

Several theoretical studies were devoted to I-DA reactions.!8-2! The theo-
retical studies of Domingo ef al. on I-DA reactions of iminium cations indicated
that both one-step and stepwise mechanisms could be found.!8 The presence of
the strong electron withdrawing pyridinium substituent in the iminium cation
enabled the stabilization of a feasible intermediate once the first C—C single bond
had completely formed, making corresponding process stepwise.!® Recently,
Batey et al. reported the synthesis of chromanes via the I-DA reaction of O-aryl
oxonium species with some alkenes, including cyclopentene and styrene, yield-
ing the formal [4+2] cycloadducts, which by one rapid loss of a proton afford
chromanes.222 Their results showed that such oxonium ion species are more
reactive than the corresponding iminium ions and capable of undergoing either
direct
[-DA reaction or the equivalent stepwise Prins addition/intramolecular electro-
philic aromatic substitution reaction to give chromans. Moreover, in 2014, a
theoretical study on the mechanism of oxa-Povarov reactions was reported by
Domingo et al.2?® They studied the stereoselectivity of the I-DA reaction of
O-aryl oxonium with cyclopentene and styrene at the B3LYP/6-31G* level in the
gas phase and solvent, which was not in agreement with the experimental results.

In the present study, the stercoselectivity, regioselectivity and conform-
ational analysis on the stepwise and concerted mechanism of the oxa-Povarov
reaction leading to distereosynthesis of 2,4-substituted chromane222 were inves-
tigated by theoretical methods. In addition, the influence of substituents on sty-
rene was analyzed in these reactions. Herein, the [-DA reactions between cationic
aryl oxonium 1 and styrene derivatives 2a—c are analyzed (Scheme 1) using the
DFT method. Several pathways were analyzed in an attempt to elucidate the
energetic difference between the stepwise mechanism and the concerted one. The
calculations support the experimental finding of a two-step mechanism, as pro-
posed by Batey et al.222 In order to evaluate fully the possible reaction pathways,
several TSs and intermediates were optimized at the B3LYP/cc-pVDZ and
MPWBI1K/aug-cc-pVTZ level of theory.

CALCULATIONS

The ubiquitous B3LYP23 hybrid functional has been the workhorse of quantum chemical
studies on organic molecules for years.?4 It is well-known that B3LYP could describe inter-
actions in Diels—Alder reactions. Recently, some functionals such as the MPWBI1K,225:25 were
proposed to investigate the reaction energies, barrier heights and intermediates for Diels—
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—Alder reactions. For a comprehensible comparison of geometries, we were prompted to the
optimization of all species in the mentioned I-DA reactions using both B3LYP and the
MPWBIK exchange—correlation functional. The cc-pVDZ basis set was used for full optimiz-
ation using the B3LYP method and a single point with aug-cc-pVTZ basis set of the
MPWBIK method. Energies were then recalculated at the MPWBI1K/aug-cc-pVTZ level,
using the polarizable continuum model (PCM) as developed by the Tomasi group?® within the
framework at the self-consistent reaction field (SCRF).27 Dichloromethane (e = 8.93) was
selected as a moderately polar organic solvent. The electronic energies were corrected with
ZPE at the B3LYP/cc-pVDZ level. All calculations were performed using the Gaussian 09
program.28

The electronic structures of the stationary points were analyzed by the natural bond
orbital (NBO) method.2° Global reactivity indexes were estimated according to the equations
recommended by Parr and Yang.3? The global electrophilicity index, w, is given by the fol-
lowing expression:3!

ow="— @8

where u is the electronic chemical potential and 7 is the chemical hardness. Both quantities
may be approached in terms of the one-electron energies of the frontier molecular orbitals
HOMO and LUMO, ¢y and ¢, respectively:32
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Recently, Domingo introduced an empirical (relative) nucleophilicity index,3? based on
the HOMO energies obtained within the Kohn Sham scheme,3* that were defined as:

enomo (NU) + &omo (TCE) “4)

Nucleophilicity is referred to tetracyanoethylene (TCE), because it presents the lowest
HOMO energy in a large series of molecules already investigated in the context of polar cyc-
loadditions. This choice allows a nucleophilicity scale of positive values to be conveniently
handled. Recently, Domingo proposed two new electrophilic, B, and nucleophilic, B , Parr
functions based on the atomic spin density distribution at the radical anion and cation of a
neutral molecule.35 The electrophilic, Pk+ , and nucleophilic, A; , Parr functions were obtained
through the analysis of the Mulliken atomic spin density of the radical anion and cation by
single-point energy calculations over the optimized neutral geometries using the unrestricted
UB3LYP formalism for radical species. The local electrophilicity indices, my,3¢ and the local
nucleophilicity indices, Ny,>* were calculated using the following expressions:

o = 0B’ )
Ny = NE; (6)
where B and B; are the electrophilic and nucleophilic Parr functions,? respectively.
RESULTS AND DISCUSSION

Experimentally, two concerted and a stepwise mechanism were suggested
for these I-DA reactions of which the stepwise mechanism may be preferred to
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the concerted,222 because the reaction is not stereospecific with respect to alkene
geometry and the oxa-Povarov reaction must proceed through stepwise pathways.

Therefore, two possible mechanisms for these reactions, concerted and step-
wise mechanism were investigated herein to evaluate the energy differences
between them by theoretical methods. Then, the present study was divided into
three parts: first, a mechanistic study of the I-DA reactions of (£)-phenyl(pyridin-
-2-ylmethylene)oxonium (1) and styrene derivatives 2a—c, to yield the chromane
derivatives 7-10, was performed along the concerted and stepwise mechanisms.
Thereafter, an analysis of the geometrical and electronic structure of the
stationary points was undertaken and finally, an analysis of the DFT reactivity
indices of the reactants was performed.

1) Study of I-DA reaction of (E)-phenyl (pyridin-2-ylmethylene)oxonium (1) and
the styrene derivatives 2a—C along the concerted mechanism

The reaction of aryl oxonium 1 species and styrene derivatives 2a—¢ com-
prises two consecutive steps (Scheme 1): i) an [-DA reaction between 1 and 2a—c
to yield the corresponding intermediates 3—6 and i7) the elimination of hydrogen
to give chromans 7—10. The relative energies and Gibbs free energies for the sta-
tionary points are given in Table I, and Table S-1 of the Supplementary material
to this paper.
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Scheme 1. The calculated possible reaction pathways for the concerted mechanism of the
I-DA reaction between phenyl (pyridin-2-ylmethylene)oxonium (1)
and styrene derivatives 2a—c.
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TABLE 1. The calculated activation energies (AE™), activation free energies (AG") and reac-
tion energies (AE,), all in kJ mol’!, of the I-DA reactions between phenyl(pyridin-2-ylmethy]I-
ene)oxonium (1) and styrene derivatives 2a—c for the concerted mechanism (for a full com-
parison of energies see the Supporting material)

Species TS AE"a AE AG™ AE2 AE}

1+2a—3a-endo TS1a 15.12 -10.29 67.95 -87.26 -174.75
3a—7a-endo TS2a -75.23 -163.30 -12.55 -261.17 -328.57
1+2a—4a-exo TS3a 14.10 -9.13 66.00 -88.14 -179.91
4a—8a-exo TS4a —63.76 -146.07 -0.39 -245.93 -313.21
1+2b—3b-endo TS1b 21.21 -2.55 72.74 -78.60 -165.50
3b—7b-endo TS2b -74.93 -162.44 -10.71 -261.36 -337.05
1+2b—4b-exo TS3b 20.59 -1.95 72.31 -79.26 -170.15
4b—8b-exo TS4b —64.83 -147.09 -1.32 -246.50 -322.51
1+2¢—3c-endo TS1c 5.53 -16.39 55.63 -90.62 -178.37
3¢—7c-endo TS2¢ —74.66 -163.47 -10.23 -260.63 -337.13
1+2¢—4c-exo TS3c¢ 4.27 -17.67 61.47 -91.68 -182.74
4¢c—8c-exo TS4c —63.22 —145.42 0.30 -245.17 -321.63

a0ptimization was performed at the B3LYP/cc-pVDZ level of theory; ® calculated at MPWBI1K/aug-cc-
-pVTZ//B3LYP/cc-pVDZ level

Due to the asymmetry of the two reagents, four competitive pathways are
feasible for the I-DA reaction between aryl oxonium ion 1 and styrene deri-
vatives 2a—c. They are related to the two stereoisomers corresponding to the endo
and exo approach modes of the styrene aryl group relative to the phenyl group of
the oxonium ion, and the two regioisomeric possibilities, ortho and meta
(Scheme 1). TS1, TS3, TSS and TS7 were used to indicate the transition states
(TSs) of the first step, TS2, TS4, TS6 and TS8 are the TSs for the second step, 3—6
are intermediates and 7-10 are cycloadducts of each pathway. The structures of
the TSs and intermediates are displayed in Figs. S-1-S-3 of the Supplementary
material.

As can be seen from the results of the calculations presented in Tables I and
S-1, the transition states of the first step (cycloaddition reaction), TS1, TS3, TS5
and TS7, are more energetic than the second step (elimination of a proton), TS2,
TS4, TS6 and TS8, which suggests that the cycloaddition step is the rate-deter-
mining step. Then in ortho-endo pathway, the energy barriers for two transition
states, TS1a and TS2a are 15.12 and —75.23 kJ mol~! for the B3LYP geometries,
and —10.29 and —163.30 kJ mol-! for the MPWB1K geometries, respectively, and
the first step with TS1a could be the rate-controlling one. The energy barriers of
the first step for ortho and meta pathways are 15.12, 14.10, 42.10 and 59.85 kJ
mol~! for the B3LYP geometries, and —10.29, —9.13, 19.20 and 31.81 kJ mol-!
for the MPWBI1K geometries, respectively, which are higher than of the second
steps and the intermediate 3a with —87.26 kJ mol~! could be a stable compound.

In order to obtain a quantitative estimate of the conformational energies in
such systems, conformational analyses of the chromane ring were performed for
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intermediates in all pathways at B3LYP/cc-pVDZ level, which adopts two
conformers, distorted half-chair and boat conformations. The conformational
analysis showed that the distorted boat conformers are more stable than the chair
conformers for the ortho-endo and meta-endo pathways by 16.73 and 27.28 kJ
mol~1, respectively, while in the ortho-exo and meta-exo pathways, the distorted
chair conformers are the more stable ones by 15.21 and 11.33 kJ mol~!, respect-
ively.

Similar to the ortho-endo pathway, a common intermediate, 4a, is formed in
the ortho-exo pathway, via TS3a with an energy barrier of 14.10 kJ mol-! at the
B3LYP/cc-pVDZ and —9.13 at the MPWBI1K/aug-cc-pVTZ level. Then, 4a loses
a proton (as AcOH) to form the cycloadduct of 8a via TS4a, the barrier height of
which is —63.76 kJ mol~! at the B3LYP method and —146.0 kJ mol-! at the
MPWBIK method (in Fig. S-1, AcO~ is not shown in all structures but it was
considered in all of the calculations). As mentioned above, the energy barrier of
the ortho-endo pathway is lower than those of the others are, and should be the
most favorable pathway from the kinetic viewpoint.

The processes are extremely exothermic and the corresponding cyclo-
adducts, 7a and 8a, are stable because their energies are lower than their corres-
ponding reactants by —261.17 and —245.93 kJ mol-! with B3LYP calculations,
and —328.57 and —313.21 kJ mol~! with MPWBIK calculations, respectively.
The most favorable product 7a was also confirmed, suggesting that the ortho-
-endo pathway is the favorable pathway from the thermodynamic viewpoint. The
transition states of the meta pathways, TS5a, TS6a, TS7a and TS8a, have higher
energy than those of the ortho ones, indicating that the ortho pathways are
expected to be the dominant reaction pathways. Therefore, the meta pathways
were ignored due to their high potential energies and focus was directed to the
ortho pathways, see more information about meta pathways in Table S-I and Fig.
S-3 of the Supplementary material.

To understand the effects of electron donating (methyl) and electron with-
drawing substituents (chloro) on the styrene ring on the [-DA reaction, the reac-
tions of the aryloxonium ion 1 with 4-chlorostyrene (2b) and 4-methylstyrene
(2¢) were investigated. These two I-DA reactions also take place in the same way
as mentioned earlier (I-DA reaction of 1+2a). Then, the two ortho pathways
dominated the reaction pathways.

As shown in Table I, along the ortho pathway, the chloro group on styrene
slightly increased the activation energies of TS1 and TS3, while the methyl
group decreased the energy barriers (10 kJ mol-!), relative to the parent (styr-
ene). The activation energies associated to the regioisomeric pathways (ortho and
meta) indicated a large regioselectivity in the [-DA reaction of 1 with 2b and 2c.
Thus in this section, for the I-DA reactions of 1 with 2b and 2¢, the main focus



DFT STUDY ON MECHANISM OF DIELS-ALDER REACTION OF CHROMANES 73

was on the two ortho pathways and mera ones were ignored due to the high
potential energies (Tables I and S-I).

If the easy equilibrium between all stereoisomers is considered, the most
favorable reaction pathway corresponds to the formation of 7¢ via TS1e, by 5.53
kJ mol-! at the B3LYP level and —16.39 kJ mol~! at the MPWBIK level.

A comparison of the activation energies for all the I-DA reactions indicated
that the energy of the transition states associated with the ortho-endo pathway
were slightly lower than those of the ortho-exo ones; which is in agreement with
the experimental results.22 When the solvent effects of CH,Cl, were considered,
the activation energies increased. For example, the activation barrier for the first
step of the I-DA reaction of 1 with 2a becomes 15.52 kJ mol~! with MPWB1K
calculations, which is 25.81 kJ mol-! higher than that in gas phase (—10.29 kJ
mol~1). In addition, the relative energy of 3a is reduced (by about 30 kJ mol~!) in
gas phase, which shows that it becomes more stable than in the solvent. Fur-
thermore, the predicted stereoselectivity in the solvent remains almost the same
as in the gas phase (the ortho-endo pathway is preferred). Thus, it is apparent that
in this work geometry optimization in the continuum solvent does not offer any
direct advantage over the single-point calculations on the gas phase geometries.

1) Study of I-DA reaction of (E)-phenyl(pyridin-2-ylmethylene)oxonium (1) and
the styrene derivatives 2a—C along the stepwise mechanism

Experimentally, these reactions were not stereospecific with respect to the
alkene geometry and scrambling was observed, thus the oxa-Povarov reaction
must proceed through a stepwise path. Hence, the second suggested mechanism
is a stepwise one. The TSs structures, suggested intermediates, products and rel-
ated energies are provided in Scheme 2, Table II and Table S-II of the Supple-
mentary material.

The computational results indicated that these I-DA reactions could be
achieved by a stepwise mechanism along four competitive pathways, two stereo-
selective (endo and exo) and two regioselective pathways (ortho and meta). The
initial stepwise Prins-type addition of the styrene derivatives 2a—c to the oxo-
nium 1 generates carbocation intermediates, 11, 14, 17 and 20 via TS9, TS13,
TS17 and TS21. The relative stereochemistry of the C1—C5 or C1—Cg bond form-
ation could be compared to the addition of styrene to the oxonium ion. The com-
putational study revealed that I-DA reactions between styrene derivatives and the
oxonium ion occurred preferentially to give the syn carbocation intermediate.
These observations were rationalized comparing the energy barriers of all TSs, of
which the lowest energy barrier as starting points were predicted for TS9 or
TS13 in the ortho pathways. Next, the newly attached bond C-C undergoes a
rotation to form 12, 15, 18 and 21 via TS10, TS14, TS18 and TS22. Then a
rotation along the newly formed o bond in the intermediates yields new inter-
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mediates 13, 16, 19 and 22 via TS11, TS15, TS19 and TS23, respectively. Now,
the latter intermediates having the proper stereochemistry undergo Friedel—Crafts
cyclization to form 3—6 via TS12, TS16, TS20 and TS24, respectively.
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Scheme 2. The calculated possible reaction pathways for the stepwise mechanism of the [-DA

reaction between phenyl(pyridin-2-ylmethylene)oxonium (1)
and the styrene derivatives 2a—c.

A comparison among the activation energies and reaction energies for the
I-DA reaction of 1 with 2a in Table II and Table S-II of the Supplementary
material indicated that the meta pathways with extremely high potential energies
should be ignored and thus attention was focused on the ortho pathways of these
reactions. For more information about the mefa pathways, see Table S-1I of the
Supplementary material.

In ortho-endo stepwise pathway, first, styrene 2a approaches to 1 through a
synclinal orientation to generate the carbocation intermediate 11a via TS9a. The
energy barrier for this process is —7.26 kJ mol-! at the B3LYP level and —29.93
kJ mol-! at the MPWBIK level with 11a being more stable than reactants by —
37.44 kJ mol~! according to the B3LYP method and —89.52 kJ mol-! according
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to the MPWBI1K method. Then intermediate 11a must undergo C;—Cs bond
rotation to generate intermediate 12a, which is antiperiplanar, via TS10a with an
energy barrier of —35.41 and —79.85 kJ mol~! at the B3LYP and MPWBIK
levels, respectively. Next, 12a undergoes rotation around the same C1—Cs bond,
with an energy cost of —16.45 kJ mol~! (—61.79 kJ mol~! at the MPWBIK level),
to yield 13a via TSl1la. Subsequently, intermediate 13a undergoes
Friedel-Crafts cyclization to produce 3a via TS12a. Finally, 3a loses a proton to
produce 7a, as discussed in the concerted section.

TABLE 1. The calculated activation energies (AE"), activation free energies (AG*) and
reaction energies (AE,), all in kJ mol"!, of the I-DA reactions between phenyl(pyridin-2-yl-
methylene)oxonium (1) and styrene derivatives 2a—c for the stepwise mechanism (for a full
comparison of the energies, see the Supplementary material)

Species TS AE"a AE" AG™ AE2 AEb

1+2a—11a-endo TS9a —7.62 -29.93 42.44 -37.44 -89.52
11a—12a-endo TS10a -35.41 -79.85 30.39 -45.68 -91.18
12a—13a-endo TS11a -16.45 —-61.79 43.93 -33.65 -79.52
13a—3a-endo TS12a -21.46 -75.72 40.28 -87.26 -174.75
1+2a—14a-exo TS13a -5.85 -28.31 45.58 -35.77 —88.96
14a—15a-exo TS14a —18.58 —68.66 42.02 -72.32 -118.12
15a—16a-exo TS15a -6.05 -56.07 53.42 -28.89 -75.91
16a—4a-exo TS16a -14.30 -63.82 51.15 -88.14 -179.91
1+2b—11b-endo TS9b -1.66 -23.56 47.84 -33.95 -84.80
11b—12b-endo TS10b -29.54 -72.84 36.64 -42.07 -86.83
12b—13b-endo TS11b -13.33 -57.43 47.45 -25.55 -71.62
13b—3b-endo TS12b -15.36 —69.28 46.97 —78.60 -165.50
1+2b—14b-exo TS13b 0.015 -21.41 51.45 -13.27 -85.59
14b—15b-exo TS14b -15.05 -64.25 46.18 —-67.30 -112.17
15b—16b-exo TS15b 7.09 -32.38 70.46 -25.68 -71.94
16b—4b-exo TS16b -8.425 -56.87 29.67 -79.26 -170.15
1+2¢—11c-endo TS9¢ -17.29 -38.26 32.19 -53.23 -106.06
11¢—12c¢-endo TS10c¢ -50.56 -95.89 15.68 —65.38 -112.65
12¢—13c¢-endo TS11c -38.12 -84.02 22.37 -53.65 -101.37
13¢c—3c-endo TS12¢ -35.06 -90.43 27.30 -90.62 -178.37
1+2¢—14c-exo TS13c¢ —15.12 -35.15 35.51 -56.49 -110.39
14¢—15¢c-exo TS14c -39.28 -91.24 22.13 -88.39 —135.34
15¢—16c-exo TS15¢ -16.54 -59.82 46.21 -50.10 -101.07
16c—4c-exo TS16¢ -27.07 -79.41 37.93 -91.68 -182.74

20ptimization was performed at BALYP/cc-pVDZ level of theory; calculated at the MPWBI1K/aug-cc-pVTZ//
B3LYP/cc-pVDZ level

From a comparison of the relative energies of the TSs and intermediates in
the ortho-endo stepwise pathway, some results could be concluded as follows: i)
the formation of the C;—Cs5 bond (TS9a) is the rate-determining step, ii) as
expected, the energy of intermediates are low compared to the surrounding bar-
riers (TS9a—TS12a), iii) the low energy of the TSs and intermediates (their ener-
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gies are lower than those of reactants) together with the rotation of the C;—Cs
bond may suggest that these processes occur via an reversible stepwise mech-
anism, iv) furthermore, the lowest activation and relative energies were seen for
TS10a and 3a, respectively. The optimized geometries of TSs and intermediates
involved in the domino pathway are given in Figs. S-2 and S-3 of the Supple-
mentary material, respectively.

Similar results were obtained for the ortho-exo pathway, which are given in
Table II. Comparing the ortho pathways with regard to stereochemistry, the endo
pathways are usually followed preferentially, as the activation energies in the
more stable step (TS10a) are slightly lower than those in the exo addition and the
resulting intermediates are more stable. These results confirmed that the ortho-
-endo pathway is the most energetically favorable one among the other proposed
reaction pathways, in agreement with the experimental results.

Moreover, the stepwise pathways were investigated in I-DA reaction of
4-chlorostyrene and 4-methylstyrene (2b and 2¢, respectively) with aryl oxonium
ion 1 (Scheme 2) along the more favored pathways (ortho ones), and the results
of their activation energies and reaction energies, given in Table II, indicated that
the ortho-endo pathways are the more favorable ones.

The theoretical results proved that the I-DA reaction with the lowest acti-
vation barriers involved 4-methyl substituted styrene along the ortho-endo path-
way, while 4-chloro substitution increased the activation and reaction energies.

As can be seen in Table 11, the activation energies varied within the series of
dienophiles. Of all the possible stepwise TSs, TS10 is consequently favored over
the others. Furthermore, the energy of TSs increased when going from 2a to 2b
and became the lowest for 2¢. A similar trend was observed for their inter-
mediates, i.e., 11¢, 12¢, 13c and 3¢ are the most stable intermediates, while the
intermediates of [-DA reaction 1+2 appear to be less stable.

11l) Geometrical parameters

Selected geometry parameters of the TSs on the concerted pathways at the
B3LYP/cc-pVDZ level are shown in Fig. 1. As can be seen, the lengths of the
C1—Cs5 and C4—Cg bonds (the atom numbering is given in Scheme 1) for the
concerted mechanism, at the ortho-endo pathway (TS1), are about 2.23 and 3.89
A and at the ortho-exo (TS3), the corresponding values are 2.25 and 3.89 A res-
pectively. These bond lengths indicated that both TSs structures are with highly
asynchronous bond formation processes, where it seems only the C1—Cs bond is
being formed.

The extent of bond-formation along a reaction pathway is provided by the
concept of bond order (BO).37 The BO values of the C4—C¢ forming bonds for
the concerted mechanism along the most favorable pathway is virtually zero,
indicating a stepwise or at least highly asynchronous pathway for these reactions.
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The polar nature of the two cyclization modes can be estimated by a charge
transfer (CT) analysis at the TSs.2® The CT descriptors (Figs. S-1 and S-3)
clearly show that these reactions are polar according to the Domingo classific-
ation.

Moreover, the important dihedral angles and bond lengths for the TSs and
intermediates of stepwise mechanism are presented in Table 111, and Table S-III
of the Supplementary material.

TABLE III. Selected geometrical parameters, bond lengths (7 / A) and dihedral angles (¢ / ©)
for the stationary points of I-DA reactions between phenyl(pyridin-2-ylmethylene)oxonium
(1) and styrene (2a) for the ortho pathway of stepwise mechanism at the B3LYP/cc-pVDZ
level of theory? (for numbering of atoms, see Scheme 2, and for full comparison of geomet-
rical parameters, see the Supporting information to this paper)

Species ?P0-C1-C5-C6 rcl-o 7'C3-C4 'c4-C6 r'cs-c6
1 - 1.28 1.39 - -

2a - - - - 1.34
TS9a 69.15 1.31 1.39 493 1.37
11a 53.52 1.41 1.39 5.09 1.47
TS10a 116.23 1.43 1.39 5.74 1.48
12a 172.26 1.41 1.40 5.22 1.46
TS11a 115.01 1.44 1.39 4.93 1.45
13a 45.23 1.43 1.40 4.59 1.47
TS12a 65.20 1.45 1.44 4.51 1.48
3a 26.11 1.48 1.47 1.58 1.55
TS2a 49.10 1.46 1.48 1.58 1.55
7a 62.05 1.43 1.40 1.52 1.54
TS13a 67.86 1.30 1.39 4.55 1.37
14a 60.11 1.40 1.39 5.13 1.47
TS14a 120.32 1.42 1.39 5.52 1.47
15a 177.17 1.40 1.40 443 1.46
TS15a 119.75 1.42 1.40 4.89 1.46
16a 41.30 1.42 1.39 4.72 1.47
TS16a 45.52 1.45 1.44 2.49 1.49
4a 53.14 1.47 1.49 1.55 1.54
TS4a 44.33 1.46 1.49 1.57 1.55
8a 53.81 1.43 1.40 1.52 1.54

CONCLUSION

The molecular mechanism of I-DA reactions between aryl oxonium 1
species and styrene derivatives 2a—c yielding chromanes 7—10 was studied using
the DFT method at the B3LYP/cc-pVDZ level of theory.

The formation of cycloadducts 7-10 occurs through two consecutive steps;
first, a cycloaddition reaction between 1 and 2a—c¢ occurred to yield the inter-
mediates 3—6, then the elimination of hydrogen from these intermediates yielding
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chromanes 7-10. These I-DA reactions are completely regioselective and slightly
endo selective.
The calculation results suggest that:

I. The elimination of hydrogen is kinetically favored over the cycloaddition
process (first step).

II. The concerted and stepwise mechanism of all the I-DA reactions were
investigated, the results of which showed that the stepwise mechanism is more
favorable than the concerted ones.

III. The ortho-endo pathway with an energy barrier of 15.12 kJ mol~! for 4-Cl
styrene and 5.53 kJ mol~! for 4-Me styrene, on the concerted mechanism is the
most energetically favorable pathway; on the stepwise mechanism these energy
barriers are reduced to —13.33 and —38.12 kJ mol~!, respectively.

IV. DFT-based reactivity indices clearly predict the regiochemisty of the iso-
lated cycloadducts.

Moreover, it is reasonable to conclude that the gas-phase geometry optimiz-
ation at the B3LYP/cc-pVDZ level can give quite good estimates of the mech-
anism and stereoselectivity in I-DA reactions.

SUPPLEMENTARY MATERIAL

The calculated energies, geometrically optimized transition states and intermediates, as
well as selected geometrical parameters are available electronically from http://
/www.shd.org.rs/JSCS/, or from the corresponding author on request.

U3BOJ
ITOCTEIIEHO WJIM KOHUEPTOBAHO? DFT CTYJIWUJA MEXAHHW3MA JOHCKE
IOUJIC-AJIJEPOBE PEAKIIMJE XPOMAHA

MINA HAGHDADI, SEYEDEH SOGHRA MOUSAVI u HASSAN GHASEMNEJAD
Department of Chemistry, Islamic Azad University, P.O. box 755, Babol branch, Babol, Iran

[MocTeneHe ¥ KoHIepTOBaHe joHcke unc—Annepose pekuuje nusmehy dbenwn(nupunus-
-2-WIIMETHIIeH ))OKCOHHjYMCKHX ¥ CTHPEHCKHX JepuBaTa M3ydaBaHe Cy KopulrhewmeM TeopHj-
CKHMX MeToga. Pe3yntaTu fajy mofmpuiky ynoTpedu pauyHapKkHUX MeTofia ITPBEHCTBEHO Ha CTa-
OwnHUjUM HHTepMenujepuma. DFT MeTon ce mokasao OUTHHUM 3a PeNponyKoBame peasnuc-
THYHE MMOBPIIKHE MOTEHLHjaIHe eHepTHje 3a OBe 3aXTeBHE CUCTEME.

(ITpumsbeHo 20. anpuna, peBUAUpaHo 26. centemdpa, npuxsaheHo 5. okrodpa 2015)
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