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Abstract: [3+2] Cycloaddition reactions of 2-(trifluoroacetyl)vinyl ethyl ether
(1) to substituted and unsubstitued 2-arylidene-5-oxopyrazolidin-2-ium-1-ides
(2a—e) were studied using density functional theory (DFT) methods at the
cc-pVDZ level. The mechanistic details of these reactions, especially with
respect to regio- and stereoselectivity, were analyzed. Analysis of the relative
energies that are associated with the different reaction pathways indicated that
the presence of the trifluoroacetyl group in the dipolarophile and substituents
on the aryl ring in the dipolar have a remarkable effect on selectivity. In
addition, it was found that the ortho—endo pathway with the lowest activation
energy is preferred, which is in good agreement with the experimental data.
Moreover, the elimination of ethanol from the [34+2] cycloadducts and the
formation of bicyclic pyrazolidinones are explained in order to give a total
description of the complete domino processes. The inclusion of solvent effects
increased the activation energies and the exothermic character of the cyclo-
adducts, but did not change the gas phase selectivity. The DFT-based reactivity
indices clearly predicted the experimental regiochemistry.

Keywords: DFT study; trifluoroacetyl group; 2-arylidene-5-oxopyrazolidin-2-
-lum-1-ide; reactivity indices; cycloaddition reaction; bicyclic pyrazolidinone.

INTRODUCTION

[3+2] Cycloaddition (32CA) reactions are useful methods for the preparation
of five-membered heterocycles, since they enable access to polyfunctional com-
pounds with multiple asymmetric centers, usually with excellent stereo control.1-3
The asymmetric cycloadditions of chiral nitrone, nitrile oxide, and azomethine
ylides are well elaborated in many reports.4-12

The cyclic azomethine imine was first synthesized by Gotfresden in 1955,13
and it was recognized as a [3+2] cycloaddition reaction in 1968.14 Generally,
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286 HAGHDADI and NAB

32CA reactions of cyclic chiral azomethine imines with various dipolarophiles
were accompanied by high facial and endo/exo-selectivity and afforded the cor-
responding functionalized fused pyrazolidinones with a bridgehead N-N struc-
tural element.!4-18 The cycloaddition reactions of these dipolars were success-
fully employed with alkynes,!® alkenes,20-23 unsaturated ketones, aldehydes and
esters20.2] and in the case of asymmetric dipolarophiles, generally furnishing
mixtures of regioisomeric heterocyclics.

During recent years, along with the development of click chemistry, 5-oxo-
pyrazolidin-2-ium-1-ides, as cyclic azomethine imines, were efficiently used in
cycloaddition reactions.!9:24 In 2011, Xin et. al.25 prepared some bicyclic pyra-
zolidinone compounds (7) with anti-microbial and herbicidal activities?6 via the
32CA reactions of 2-(trifluoroacetyl)vinyl ethyl ether (TVE, 1, unsaturated ket-
one) with some 5-oxopyrazolidin-2-ium-1-ides (2), in DMSO at room tempera-
ture. These 32CA reactions presented total regioselectivity and 1 as dipolarophile
showed high activity (Scheme 1).

o COCF;3
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Scheme 1. Experimental 32CA reaction of 2-(trifluoroacetyl)vinyl ethyl ether (TVE, 1) with
some 1-arylidene-5-oxopyrazolidin-2-ium-1-ides (2).

Some experimental and theoretical research has indicated that the trifluoro-
methyl group on a dipolarophile could considerably accelerate the cycloaddition
reaction in the presence of a strong electron-withdrawing (EW) group.27-29 Tri-
fluoromethyl is an EW group, but it is not sufficient to activate ethylene effi-
ciently. It acts through an inductive effect, —/, which increases the electrophilicity
of ethylene, but does not cause a noticeable polarization of the m system. The
formation of carbocyclic compounds with a trifluoromethyl group is interesting
for the preparation of analogs of natural products due to their pharmacological
activities.30.31

The interest in cyclic azomethine imines and the trifluoromethyl group in
cycloaddition reactions were encouragements to perform this theoretical study on
the regio- and stereoselectivity of these 32CA reactions. It should be noted that
there are relatively few theoretical studies on 32CA reactions of azomethine
imines with substituted alkenes in the literature 3234

Herein, the results are presented of a density functional theory (DFT) study
on 32CA reactions of TVE 1 with selected 5-oxopyrazolidin-2-ium-1-ides 2, i.e.,
2-benzylidene-5-oxopyrazolidin-2-ium-1-ide (PY, 2a), 2-(4-methoxybenzylid-
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ene)-5-oxopyrazolidin-2-ium-1-ide (OMe-PY, 2b), 2-(4-fluorobenzylidene)-5-
-oxopyrazolidin-2-ium-1-ide (F-PY, 2c¢), 2-(4-bromobenzylidene)-5-oxopyrazol-
-idin-2-ium-1-ide (Br-PY, 2d) and 2-(4-nitrobenzylidene)-5-oxopyrazolidin-2-
-ium-1-ide (NO2-PY, 2e), which were experimentally reported by Xin et al.25
First, the potential energy surfaces corresponding to all possible regio- and
stereoselective pathways were investigated to establish the role of substituents
and the trifluoromethyl group on the reactivity, and stereo-, and regioselectivity
(see Scheme 2). Then, the global reactivity indices were defined within the con-
ceptual DFT to find a structure/reactivity relationship based on the nucleophilic/
/electrophilic behavior of the reagents. Moreover, the local electrophilicity (wy)
and nucleophilicity (Ng) indices with the Parr functions were used to explain the
observed regioselectivity.

COMPUTATIONAL DETAILS

The ubiquitous B3LYP33 hybrid functional has been the workhorse of quantum
chemical studies on organic molecules for years.3¢ It is well known that B3LYP can
describe interactions in cycloaddition reactions. Recently, some functional, such as the
MPWBIK,37 have been proposed to investigate reaction energies, barrier heights and
intermediates for 32CA reactions. For a comprehensive comparison of geometries, all
species of the aforementioned 32CA reactions were optimized using both the B3LYP
and MPWBI1K exchange-correlation functionals. The cc-pVDZ basis set was used for
full optimization with the B3LYP and MPWBIK methods. The electronic energies
were corrected with zero-point energy (ZPE). All calculations were performed using
Gaussian09.38 The values of the relative energies, AE, were calculated based on the total
energies of the stationary points. Relative enthalpies, AH, entropies, AS, and Gibbs
energies, AG, at 298.15 K and 1 atm* were calculated using standard statistical thermo-
dynamics.3® Consequently, implicit solvent effects of dimethyl sulfoxide (DMSO) on
the energies were taken into account through energy calculations using the polarizable
continuum model (PCM), which was reported by the Tomasi group*® within the frame-
work of the self-consistent reaction field (SCRF).*! The global electron density that
was transferred (GEDT)*? at the TSs was computed through a natural population ana-
lysis (NPA).43

The electronic structures of stationary points were analyzed by the natural bond
orbital (NBO) method.*3 The global reactivity indices were estimated according to the
equations proposed by Parr and Yang.** The global electrophilicity index, w, which
measures the stabilization in energy when the system acquires an additional electronic
charge N from the environment is given by the following simple expression:*>

2
=" (1)
2n
where y is the electronic chemical potential and # is the chemical hardness.
Both ¢ and 77 may be evaluated in terms of the one-electron energies of the fron-
tier molecular orbitals HOMO and LUMO, ey and e ,** using:

*1 atm= 101325 Pa
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u=(eg+eL)/2 2)

N=&L+é&u (3)

Recently, Domingo introduced an empirical (relative) nucleophilicity index, N,*0
based on the HOMO energies obtained within the Kohn Sham scheme*” and defined as:

N = eyomo (NU) - £Lymo (TCE) 4)

Nucleophilicity is referenced to tetracyanoethylene (TCE) because this has the
lowest HOMO energy in a large series of molecules already investigated in the context
of polar cycloadditions. This choice allows a nucleophilicity scale of positive values to
be conveniently handled. Recently, Domingo proposed two new Parr functions, an
electrophilic, P;*, and a nucleophilic, P, ,*® function, which were obtained through ana-
lysis 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, w;,*® and the
local nucleophilicity indices, N;,*8 were calculated using the following expressions:

o, = OB %)

N, =NE; (6)
where P;* and P, are the electrophilic and nucleophilic Parr functions,*® respectively.
The transition states were verified by analysis of the intrinsic reaction coordinates
(IRC) in both the forward and reverse directions.*’

RESULTS AND DISCUSSIONS

The reaction between TVE (1) and a l-arylidene-5-oxopyrazolidin-2-ium-1-
-ide compound (2) is comprised of two consecutive steps: first, the 32CA reaction of
1 with 5-oxopyrazolidin-2-ium-1-ide (2) occurred to produce trifluoroacetyl tetrahyd-
ro-1H,5H-pyrazolo[1,2-a]pyrazol-1-one stereoisomers 3—6 (Scheme 2), and then, the
elimination process was accomplished to yield the final bicyclic pyrazolidinone
compounds 7 (Scheme 3). In order to obtain mechanistic details, as well as to explain
the experimentally observed complete regioselectivity in the formation of the
bicyclic pyrazolidinones 7, the present study is divided into three sections: I) the
energetic aspects of stationary points and geometric parameters of TSs and their
electronic structures in terms of bond orders and natural charges was studied for
the 32CA reactions of 1 and 5-oxopyrazolidin-2-ium-1-ides 2a—e, with special
emphasis on the regio- and stereoselectivity; II) the elimination of ethanol from
the primary cycloadducts was considered; III) finally, a DFT analyses based on
the reactivity indices for the reactants were performed.

Mechanistic details of the 32CA reactions of 2-(trifluoroacetyl)vinyl ethyl ether
(1) and 5-oxopyrazolidin-2-ium-1-ides 2a—e

In the cases considered here, four pathways are feasible for each reaction,
namely two stereoisomeric and two regioisomeric reactive pathways. The two
stereoisomeric approach modes of the carbonyl (C=0) group of 1 relative to the
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sp? hybridized nitrogen of 2 produced two stereoisomeric, endo and exo, with
two regioisomeric, meta and ortho, possibilities. The stereoisomeric pathways
along the ortho routes correspond to the formation of C;—Cs and C>—Nj3, and
along the meta routes correspond to Cr—Cs and C1—Nj3 formation.
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|
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Scheme 2. The calculated possible reaction pathways for 32CA reactions between TVE (1)
and 5-oxopyrazolidin-2-ium-1-ides 2a—e at the B3ALYP/cc-pVDZ level of theory.

R cocr, /\/(COCF3
mH
O\I\;T‘i)j —> \l\;/\
N—, “IAr
. .
' Scheme 3. Extrusion of ethanol from the
4 ortho—endo cycloadducts 4.

The analysis of the stationary points involved in these 32CA reactions indicated
that they could occur through four TSs, TS1, TS2, TS3 and TS4, and four
cycloadducts (CAs), 3—6 (Scheme 2). It should be noted that the 5-oxopyrazolidin-
2-ium-1-ides 2 could result from the reaction of pyrazolidin-3-one (A) and some
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aromatic aldehydes (B), which produce two types of pyrazolidinium ylide, anti
(s-shape) and syn (w-shape, Scheme 2). The s-shape pyrazolidinium ylides ener-
gies are lower than those of the w-shape by 4.91 (2a), 6.14 (2b) 5.66 (2¢), 5.77
(2d) and 5.29 (2e) kcal* mol~!, which is in line with the product structure.

Study of the 32CA reaction between TVE (1) and 1-benzylidene-5-oxopyrazolidin-
2-ium-1-ide (PY, 2a)

Due to the unsymmetrical reagents, the 32CA reaction of 1 with 2a can take
place along four reaction pathways, involving the transition states TS1a, TS2a,
TS3a and TS4a, and corresponding cycloadducts (CAs), 3a, 4a, 5a and 6a
(Scheme 2). The stationary points of this reaction are presented in Scheme 2. The
geometries of the TSs are presented in Fig. 1, and Fig. S-1 of the Supplementary
material to this paper, and the atomic numbering, and the relative energies are
summarized in Table I, and Table S-I of the Supplementary material.
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Fig. 1. Optimized geometries of transition states involved in the 32CA reactions of 1 and 2a-
-e along the ortho pathways at the B3LYP/cc-pVDZ level of theory. Bond distances are given
in A, Wiberg bond indices are given in parentheses and the global electron-density transfer
(GEDT, in e) of the TSs are given (for a full comparison of the geometries, see the
Supplementary material).
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The activation energies associated with the four reactive pathways of the
32CA reaction between 1 and 2a are 15.07 (TS1a), 4.32 (TS2a), 27.20 (TS3a)
and 14.16 (TS4a) (Tables I and S-I). These energy barriers indicate that the ortho
approach modes are more favorable than the mefa ones by 12.13 and 9.84 kcal
mol-! for the exo and endo modes, respectively, leading to the formation of the
ortho CAs 3a and 4a. Additionally, the endo approach mode in the ortho
pathway is more favorable than the exo one by 10.75 kcal mol~!. Thus, the large
differences in the activation energies result in this reaction being completely
stereo- and regioselective.

TABLE L. Calculated activation energies (AE? / kcal mol'!), reaction energies (AE, / kcal mol-
1), activation Gibbs energies (AG* / kcal mol!), activation enthalpies (AH? / kcal mol-') and
activation entropies (AS* / cal mol! K'! in the gas phase for the ortho pathways of the [3+2]
cycloaddition between TVE (1) and 5-oxopyrazolidin-2-ium-1-ides 2a—e at the B3LYP/cc-
-pVDZ level of theory. (For a full comparison of the energies, see the Supplementary
material)

Reaction TS AE# AE, AG# AH? AS?

1+2a—3a TS1a 15.07 -16.36 28.91 15.06 -46.50
1+2a—4a TS2a 4.32 -16.29 17.76 4.33 -45.06
1+2b—3b TS1b 14.88 —15.65 2791 14.87 -46.22
1+2b—4b TS2b 3.34 -15.70 15.32 3.40 -43.33
1+2¢—3c¢ TSl1c 14.49 —16.65 27.07 14.48 -46.93
1+2¢c—4c TS2¢ 3.24 -16.52 14.84 3.29 —44.52
1+2d—3d TS1d 14.71 -16.55 27.26 14.72 -46.23
1+2d—4d TS2d 341 -16.41 15.27 3.50 -43.57
1+2e—3e TS1e 14.93 -16.31 28.10 14.98 —45.58
1+-2e—4e TS2e 3.63 -16.10 16.12 3.78 -42.96

As can be seen in Tables I and S-I, this reaction is exothermic with AE;
between —11.12 and —16.36 kcal mol~! and so it could be considered irreversible.
Furthermore, the formation of ortho CAs, 3a and 4a is more exothermic than
meta CAs, 5a and 6a, by 5.22 and 5.17 kcal mol-!, respectively.

The thermodynamic parameters, including changes in activation enthalpies,
activation free energies and activation entropies as well as the reaction enth-
alpies, reaction free energies and reaction entropies were computed at 298.15 K
and 1 atm and are given in Table I and Table S-II of the Supplementary material.
A comparison between the relative activation enthalpies was associated with the
four reactive pathways of the 32CA reaction of 1 with 2a and indicates that the
most favorable approach mode is the ortho—endo pathway which is associated
with TS2a (AH* = 4.33 kcal mol-!). This was in line with the calculated
activation energy. Moreover, analysis of the activation Gibbs energy changes
showed that the ortho—endo reactive pathway is the consequence of the unfav-
orable negative activation entropy change associated with it, AS* = —45.06 cal
mol~1 K-1. Addition of the entropic contribution to the enthalpy changed the
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activation Gibbs energy change of the ortho—endo pathway to 17.76 kcal mol-!.
Hence, this 32CA reaction shows high stereoselectivity, as the activation Gibbs
energy of TS2a is lower than of TSla by 10.73 kcal mol~!l. The activation
entropies for this 32CA reaction varied from —40.84 to —46.50 cal mol-! K1,
which raises the activation Gibbs energy from 17.76 to 34.07 kcal mol-!.

The extent of the bond formation along a reaction pathway was provided by
the concept of bond order (BO),50 which has been used to study the molecular
mechanism of chemical reactions and to evaluate the asynchronicity for form-
ation processes. The BO values of C;—Cs5 and C,—N3 forming bonds along the
ortho approach modes are 0.385 and 0.402 for TS1a and 0.244 and 0.621 for
TS2a, respectively (Fig. 1). Furthermore, along the meta approach modes, the
BO values of the C;—N3 and C,—C5 forming bonds are 0.352 and 0.202 for TS3a,
and 0.214 and 0.551 for TS4a, respectively. These data indicate that in the TSs of
the ortho pathway, the N—C forming bond is very advanced while in the meta
pathway the C—C forming bond is generally more advanced than the N—-C bond.
Moreover, the most favorable ortho—endo TS is more asynchronous than the
others, which is in agreement with the low activation energy.

Recently, Domingo et al. proposed the global electron-density transfer
(GEDT)*? concept for the TSs to analyze the polar nature of Diels—Alder
and 32CA reactions. The GEDT concept is related to the electron density
transfer that occurs from a nucleophile to an electrophile along a polar
reaction,*2:51 and interestingly, a high correlation is found between the
GEDT at the TSs and the polar character of these reactions. The GEDT was
computed by sharing the natural charges for the TSs which were obtained
by a natural bond orbital (NBO)#3 analysis between the nucleophilic and
the electrophilic frameworks. The GEDT values for the TSs associated with
the 32CA reaction of 1 with 2a are given in Figs. 1 and S-1. The computed
GEDT values that flux from 2a to 1 are 0.010e for TS1a, 0.183¢ for TS2a,
0.037e for TS3a and 0.149¢ for TS4a, which indicate a low polar character
for these 32CA reactions.

In order to establish the role of the trifluoromethyl group in the reactivity
and selectivity of cycloaddition reactions, the 32CA reactions of 2a with 4-etho-
xybut-3-en-2-one (1a) and 1-ethoxy-4,4,4-triflourobut-1-ene (1b), were studied
(Scheme 4). The relative energies are given in Table S-VI. As could be seen in
Tables I and S-VI, the activation energy values of 1a and 1b with 2a are higher
than those obtained for 1. The activation energies for the most favorable pathway
(ortho—endo) of 2a with 1a and 1b are 17.81 and 15.57 kcal mol-!, respectively,
which are higher than that for the most favorable pathway of 1 with 2a (4.32 kcal
mol-1).

Available on line at www.shd.org.rs/JSCS/

(CC) 2018 SCS.



DFT STUDY ON [3+2] CYCLOADDITION REACTION OF BICYCLIC PYRAZOLIDINONES 293

This shows that the inclusion of the carbonyl group in the a-position of the
trifluoromethyl group in 1 apparently accelerates the cycloaddition reaction but
modifies neither the complete regioselectivity, nor the high stereoselectivity.

H OE
EtO§H H tRH
L o) o
TsuTs2 O N?\/(R N
I N A r N “Ar
3 4

YV)\J.OB t)j?ﬁt

Scheme 4. The calculated possible reaction pathways for the 32CA reactions between
4-ethoxybut-3-en-2one (1a) and 1-ethoxy-4,4,4-triflourobut-1-ene (1b) with 5-oxopyr-
azolidin-2-ium-1-ide 2a at the B3LYP/cc-pVDZ level of theory.

o) Q
R~ N& 2 OCH
~FN0E: + N

la R=COCH3 2a
1b R=CH2CF3

TS3/TS4

In order to compare the B3LYP energy results with the MPWBIK results,
the stationary points of the most favorable pathways (ortho) from the B3LYP/cc-
-pVDZ level of theory were optimized at the MPWB1K/cc-pVDZ level.

The MPWBIK relative energies and Gibbs energies changes are given in
Table S-V. A comparison of the relative energy changes indicates that the
MPWBIK activation energies are less lower than those of the B3LYP method
(between 1.44 to 1.80 kcal mol~!) and the exothermicity was increased by around
10.0 kcal mol-! as a consequence of lower stabilization of the reagents than of
the TSs and cycloadducts. However, it could be concluded that the MPWBI1K
computations do not necessarily improve the B3LYP results.

Moreover, to investigate the solvent effect on the regio- and stereoselectivity
of this reaction, the gas phase stationary points were studied in DMSO through
single-point energy calculations at the B3LYP/cc-pVDZ level of theory. As
could be seen in Table S-IV, the activation energies in DMSO associated with
this 32CA reaction are higher than in the gas phase, because of the larger sol-
vation of the reactants than the TSs. Therefore, while the inclusion of solvent
effect increases the activation energies to 21.10 kcal mol~! for TS1a and 7.99
kcal mol~! for TS2a, the exothermic character decreased to —12.66 and —11.62
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kcal mol~! for 3a and 4a, respectively. In addition, the inclusion of the solvent
effect has no effect on the regio- and stereoselectivity of this reaction, and the
selectivity found in the gas phase is not changed.

Study of the 32CA reactions between TVE (1) and electronically activated 5-oxo-
-pyrazolidin-2-ium-1-ides 2b—e

Next, an analysis of the 32CA reactions of TVE (1) with substituted 5-oxo-
pyrazolidin-2-ium-1-ides (2b—e) indicates that they can occur through four react-
ive pathways, namely all combinations of ortho or meta regioselectivity with
endo or exo stereoselectivity. Thus sixteen TSs, TS1(b—e), TS2(b—e), TS3(b—e)
and TS4(b-e) and the corresponding CAs, 3(b—e), 4(b—e), 5(b—e) and 6(b—e)
were found and characterized for these 32CA reactions. The stationary points
associated with these reactions are presented in Scheme 2, and the relative
energies in the gas phase and DMSO are summarized in Tables I, S-I and S-1V.

As can be seen from Tables I and S-I, the energy barriers for all processes in
the ortho pathways are lower than in meta ones, and the endo TSs are more stable
than the exo ones. Hence, the ortho—endo pathways are the most favorable regio-
and stereoselective pathways.

Some interesting conclusions could be drawn by comparing the 32CA react-
ions of 1 with 2b—e at the B3LYP/cc-pVDZ level of theory:

I) While high stereoselectivity could be seen in the 32CA reaction of 1 with
OMe-PY (2b) for the most favorable ortho regioisomeric pathways, AAE# =
= 11.54 kcal mol~1, low stability for the CAs were obtained for this reaction.

IT) The energy barriers for the 32CA reaction of 1 with 2b—e, in the more
favorable pathways (ortho) are lower than those for the 32CA reaction of 1 with
2a, which is a consequence of the effects of substituents on the aryl ring.

IIT) The presence of an ED or EW group on the aryl ring in 2c—e increased
the stereoselectivity, while the regioselectivites were decreased.

IV) While the ortho cycloadducts 3 and 4 are more stable than the meta ones
(5 and 6) by about 5 kcal mol~1, there is no significant difference in the stability
of the endo and exo cycloadducts 3 and 4.

V) All these cycloaddition reactions are exothermic, between —15.65 and
—16.65 kcal mol~! (in the ortho pathways) and hence, they could be considered
irreversible.

The thermodynamic parameters of these 32CA reactions were calculated and
are given in Tables I, S-I and S-II. It is interesting to note that the activation
enthalpies for the ortho—endo pathways are the lowest, which is in agreement
with the calculated activation energies. Additionally, these 32CA reactions are
entropically unfavorable due to the steric bulk of the TSs and cycloadducts,
which prevents their movement. However, the activation entropies in the ortho—
—endo pathways are less negative than in the other pathways. Consequently, the
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activation Gibbs energy changes for the formation of the ortho—endo CAs are
decreased and all 32CA reactions are spontaneous (AG;<0) and exothermic
(AH<0).

The geometries of all TSs in these 32CA reactions are shown in Figs. 1 and
S-1. The lengths of the two forming bonds in the TSs are in the range of 2.16 to
2.20 A (C1—Cs) and 2.03 to 2.10 A (C,—Nj3 ) for TSI, 2.39 to 2.46 A (C;—-Cs)
and 1.69 to 1.78 A (Cp—Nj3) for TS2, 1.94 to 1.97 A (C,—Cs) and 2.42 to 2.46 A
(C1—Nj3) for TS3, and 1.73 to 1.75 A (C,—Cs) and 2.33 to 2.40 A (C1—N3) for
TS4. An analysis of the lengths of the two forming bonds for these TSs reveals
that the N—-C bond length in the TSs associated with the most favorable ortho
pathway, is shorter than the C—C one. However, for the meta pathway, the C-C
bond is shorter than the N—C one. These geometric parameters suggest the
shortest forming bond corresponds to that at the f-conjugated position of 1.
Meanwhile, there are highly asynchronous bond formation processes along the
most favorable ortho—endo regioisomeric pathways but almost synchronous pro-
cesses along the ortho—exo pathways.

The Wiberg index (BO) values of the forming bonds for the TSs are given in
Figs. 1 and S-1. These BO values validate the main conclusions that were
obtained from the analysis performed on the geometrical parameters. It could be
seen that the electronic activation of 5-oxopyrazolidin-2-ium-1-ides 2 by the
strong ED group —OCH3z (2b) and the strong EW group —-NO, (2e) does not
produce any significant changes in the bond formation process of the geometries
of the TSs. In addition, in the most favorable ortho—endo pathways, the corres-
ponding BO values indicate that the formation of the C—N bond is more advanced
than that of the C—C bond. Note that for the most favorable TSs, the analysis of
the C—N and C—C BO values indicated an asynchronous bond formation process.
Then, the extent of bond formation for TSs was confirmed with the calculated
bond order (BO).

The electronic nature of the 32CA reaction of 1 with pyrazolidinium ylides
2b—e was evaluated by computing the GEDT for the TSs associated with the four
reactive pathways. The values of the GEDT are given in Figs. 1 and S-1. In the
32CA reactions of 1 with pyrazolidinium ylides 2b—d, the GEDT of the most
favorable TS, TS2, which fluxes from the ylide framework 2 to 1, is between
0.171 and 0.230e. These values indicate that these processes have a small polar
character and are in agreement with the computed low activation energies. More-
over, the presence of a strong withdrawing group (—NO») on aryl ring, 2e, dec-
reases the GEDT to 0.124e, with the low nucleophilic character of 2e leading to
this low value (see below).

The energy values of the solvent effect (DMSO) for these 32CA reactions
are given in Tables I and S-I, and are shown not to modify the regio- and stereo-
selectivity that were found in the gas phase.
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Elimination of ethanol

Experimentally, in all 32CA reactions of 1 with 5-oxopyrazolidin-2-ium-1-
ides 2a-e, 2-(trifluroacetyl)-2,3-dihydro-1H,5H-pyrazolo[1,2-a]pyrazol-1-one
derivatives (7a—e) were obtained.25 The formation of these products can only be
explained by the initial formation of cycloadducts according to reaction ortho—
endo pathways. However, it must be stressed that none of primary cycloadducts
(4a—e) could be observed. Instead, they underwent a subsequent elimination of
ethanol (Scheme 3). Consequently, a description is given of the elimination
process in which the elimination of the ethanol from the cycloadducts 4a—e leads
to new fragments 7a—e.

In all cases, concerted cis elimination of the hydrogen atom at C; and the
ethoxy group at C, was calculated for the ortho—endo pathways. Relevant
structural parameters for the corresponding transition states, as well as reaction
energies, are shown in Fig. 2 and given in Tables II and S-III. As could be seen in
Table II, the energy barriers for ethanol elimination are high, but if the high
exothermicities of the formation of 4 are taken into account, the elimination TSs
are lower than those for the cycloaddition TSs. Thus, the elimination step is the
rate-determining step for the domino reactions. If the overall domino reaction is
considered, the activation energies associated with the extraction of ethanol via
TSs are 0.63 (TS5a), 9.75 (TS5b), 9.43 (TS5c¢), 9.77 (TS5d) and 9.42 (TSSe)
kcal mol~!; and the formation of the CAs 7 are exothermic by —29.67 (7a),
—25.92 (7b), —28.28 (7¢), —28.0 (7d) and —27.25 (7e) kcal mol~!. The optimized
geometries of the TSs involved in the elimination process of the CAs 4a—e are
given in Fig. 2. The lengths of the breaking and forming bonds of the TSs inv-

2 LY . P
16% e -8 1680. 1492“ < 1674‘ 1495J/“J ‘%“g“
7 1.665
11200)’) - J‘Jﬁzos 9 J/J j )‘J ”OIJ‘&J J,‘J"qrﬂsﬂ
J Y
& b 9 J*}J ’ JJ}J . S
TSSa TSSb TSSc TS5d
9
" .
1.646.’ )15104}4
Q' 1192 -9 *)
% 5 o0
o
TS5e

Fig. 2. Optimized geometry of the transition states involved in the minimum energy
pathway for the elimination reaction starting from the cycloadduct 4.
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olved in the ethanol elimination step are given in Fig. 2. The lengths of the C-O
breaking bond are 1.497 (TSS5a), 1.492 (TSSb), 1.497 (TS5¢), 1.500 (TS5d) and
1.510 A (TS5e). Furthermore, the lengths of C-H breaking bond are 1.669
(TS5a), 1.680 (TS5b), 1.674 (TS5¢) 1.665 (TS5d) and 1.646 A (TS5e), and of
the H-O forming bonds, they are 1.200 (TS5a), 1.203 (TS5b), 1.201 (TS5c),
1.198 (TS5d) and 1.192 A (TS5e). These data indicate that for TSSe, the ethanol
elimination process is more advanced than for the others.

TABLE II. Calculated relative activation energies (AE? / kcal mol!), reaction energies (AE, /
kcal mol'!), activation Gibbs energies (AG* / kcal mol!), activation enthalpies (AH* / kcal
mol'! ) and activation entropies (AS?/ cal mol"! K1) in gas phase for the elimination of ethanol
from cycloadduct 4 at the B3LYP/cc-pVDZ level of theory

Reaction TSs AE?# AE, AG* AH? AS#

4a—7a TS5a 26.92 -13.38 3542 26.59 -47.87
4b—7b TS5b 25.45 -10.22 3391 27.88 -46.57
4c—7Tc TS5¢ 25.95 -11.76 32.33 26.23 -48.25
4d—7d TS5d 26.18 -11.59 33.84 27.68 —47.48
4e—Te TS5e 25.52 -11.15 32.97 26.36 —46.56

All the elimination steps are spontaneous (AG;<0), exothermic (AH;<0) and
favored by entropy (AS>0), which indicate that the formed cycloadducts 4a and
4e are unstable and readily convert to 7a—e (see Table S-III). The elimination
step following the 32CA reaction occurs spontaneously without the presence of
any other reagent.

DFT-based reactivity indices analysis

Recent studies devoted to DA and 32CA reactions have shown that analysis
of the reactivity indices defined within the context of the conceptual DFT52.53
was a powerful tool to understand the reactivity in polar cycloadditions. The DFT
reactivity indices, namely, the electronic chemical potential, x, hardness, 7, elec-
trophilicity, o, and nucleophilicity, N, indices of 1 and the 5-oxopyrazolidin-2-
-ium-1-ides 2a—e are given in Table III.

The electronic chemical potential of TVE (1), u = —4.43, is lower than those
of the 5-oxopyrazolidin-2-ium-1-ides 2a-2d, ¢ = —3.99 to —3.34, indicating that
along a polar cycloaddition reaction, the GEDT will occur from the pyrazol-
idinium ylides (2a—d) toward the electron deficient 1. In contrast, the electronic
chemical potential of NO2-PY (2e), in which the phenyl substituent has an EW
group (—NOy) at the para position of the aryl ring, u = —4.604, is lower than the
electronic chemical potential of 1, stressing that the GEDT will occur from 1
toward 2e, in clear agreement with the GEDT for the TSs.

The nucleophilicity index of PY (2a) is high, with N = 3.46 eV and hence, it
is classified as a strong nucleophile within the nucleophilicity scale.54 In contrast,
a carbonyl group at the N3 nitrogen atom (see Scheme 2 for atom numbering)
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and a phenyl group at the C; carbon atom of 2a give a high electrophilicity
index, w = 2.00 eV, making it possible to classify this species as a strong elec-
trophile on the electrophility scale.5> Consequently, it is expected that it will
react toward nucleophilic and electrophilic dipolarophiles in 32CA reactions via
a zw-type mechanism.>0

TABLE III. HOMO energies / au, LUMO energies / au, electronic chemical potential (u /eV),
chemical hardness (7 / eV), global electrophilicity (w /eV) and nucleophilicity (N/ eV) for the
reactants obtained at the B3LYP/cc-pVDZ level of theory

Species Enomo Erymo U n w N

1 —0.25715 —0.06967 —4.431 5.083 1.930 2.183
la —0.23567 —0.03700 -3.692 5.380 1.267 2.761
1b -0.22985 —0.01369 -2.901 5.857 0.717 2.918
2a —0.20982 -0.07373 —3.844 3.690 2.001 3.461
2b —0.16828 -0.07821 -3.342 2.442 2.287 4.593
2¢ —0.21106 —0.07500 -3.878 3.689 2.038 3.433
2d —0.21389 —0.08102 -3.998 3.603 2.218 3.357
2e —0.23017 —0.10941 —4.604 3.274 3.237 2.915

More interesting results are found with an ED group (-OCH3) or an EW
group (-F, —Br, —-NO») at the para position of the aryl ring. In general, the
methoxy group on 2b increases the electrophilicity, w = 2.29 eV, and increases
the nucleophilicity, N = 4.56 eV, compared with 2a. Similarly inclusion of an
EW group (-F, —Br, -NO») on the aryl ring, increases the electrophilicity indices
to 2.04 (2c¢), 2.22 (2d) and 3.24 (2e) eV, which classifies them as very strong
electrophiles, but decreases the corresponding nucleophilicity N indices to 3.43
(2¢), 3.36 (2d), and 2.92 (2e) eV. In spite of these facts, they remain classified as
strong nucleophiles. Consequently, it is expected that they could participate in
32CA reactions with a polar character.

Furthermore, 1 presents both high electrophilicity, @ = 1.93 eV, and high
nucleophicity, N = 2.18 eV, and hence, could be classified both as a moderate
electrophile and nucleophile within the electrophilicity>> and nucleophilicity>4
scales. The above results indicate that along electrophilic/nucleophilic interact-
ions, the more favorable ones would be between 1, acting as an electrophile, and
5-oxopyrazolidin-2-ium-1-ides 2a—d, acting as nucleophiles and also between 2e
acting as an electrophile and 1 acting as a nucleophile.

In contrast, by comparing the electrophilic activation of TVE (1), w = 1.93
eV, with 4-ethoxybut-3-en-2-one (1a), w = 1.27 eV, and 1-ethoxy-4,4,4-triflouro-
but-1-ene (1b), w = 0.72 eV, it is clear that low electrophilicity indices of 1a and
1b are coupled with low reactivity in polar processes. Consequently, the strong
electrophilic character of 1 accounts for the low activation energy computed for
these 32CA reactions.
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The relationship between the difference in electrophilicity for the 1,3-
-dipole/dipolarophile pair, Aw, and the static polarity may be a useful tool
to describe the electronic pattern expected for the TSs involved in the
32CA reaction, describing them as low polar (Aw small) or high polar (Aw
large) mechanisms.?” The high Aw between 1 and 2e, 1.31 eV, shows a
polar character for this 32CA reaction. The values of Aw for the 32CA
reactions of 1 with 3-oxopyrazolidinium ylides 2a—d, decreased to 0.07 eV
for 1+2a, 0.36 eV for 1+2b, 0.11 eV for 1+2¢ and 0.29 eV for 1+2d. More-
over, the charge transfer pattern for the 32CA processes may be estimated
using the values of electronic chemical potential and chemical hardness for
the reactants. Thus, the highest GEDT (0.233 e in Fig. 1) and the largest
chemical potential difference (Au = 1.09 eV) occur in the 32CA reaction of
1 with 2b, and a simultaneous decrease in the chemical hardness of 2.44 eV
was observed, which is associated with a low resistance to charge transfer.
It is worth noting that the minimum GEDT value is obtained along the high
synchronous TS, TS1.

Along a polar reaction involving the participation of non-symmetric
reagents, the most favorable reactive pathway is that involving the initial
two-center interaction between the most electrophilic center of the electro-
phile and the most nucleophilic center of the nucleophile in all of reag-
ents.46 Recently, Domingo et al. proposed the electrophilic P;™ and nucleophilic
Py~ Parr functions, derived from the changes of the electron density from the
nucleophile to the electrophile, as powerful tools in the study of the local react-
ivity in polar processes.#3 Hence, in order to characterize the most nucleophilic
and the most electrophilic centers of the species involved in these 32CA react-
ions, the nucleophilic Py~ Parr functions of 2a—d, the electrophilic P;* Parr
function of 2e and the electrophilic P;* and the nucleophilic P;~ Parr functions
of dipolarophile 1 were analyzed. The Parr functions were computed based on
the Mulliken atomic spin density analysis and the local electrophilicity indices
(wp) and local nucleophilicity indices (Vi) were computed for Cy, Co, N3,
and Cs atoms of the dipolarophile 1 and 2a—e, which are given in Table IV
(see Scheme 2 for atomic numbering).

Analysis of the electrophilic P;~ Parr functions of 1 indicate that the C, atom
is the most electrophilic center of this species, P;t = 0.497, and with a maximum
local electrophilicity index, wy, of 1.22 eV, which decreases to 0.23 eV at the C;
atom. Moreover, an analysis of the nucleophilic Py~ Parr functions of PY (2a)
indicate that the N3 atom is more nucleophilically activated, Py~ = 0.58, com-
pared to the C5 carbon, Py~ = 0.13, while the corresponding local nucleophilicity
indices, Ny, are Nn3 = 2.01 eV and Ncs = 0.47 eV. Therefore, the most favorable
electrophile—nucleophile interaction along the nucleophilic attack of 2a to 1 will
occur between the most nucleophilic center of PY (2a), the N3 atom, and the
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most electrophilic center of 1, the C, atom, leading to the formation of CAs 3a
and 4a, which is in agreement with experimental observations.2> The same
results were obtained for the 32CA reactions of 1+2b, 1+2¢ and 1+2d. In
contrast, in the 32CA reaction of 1 with NO2-PY (2e), the most nucleophilic
center of 1 is the C atom with the maximum value, Py~ = 0.59 eV, and the local
nucleophilicity index is Ncj = 1.29 eV. Moreover, the electrophilic P;™ Parr
functions of 2e indicate that the C5 atom is the most electrophilic center of this
species, with P;t = 0.17 and the corresponding local electrophilicity values is
wcs = 0.22 eV. Hence, the most favorable two-center interaction occurs between
the C1 atom of 1 and the C5 atom of 2e, leading to the formation of the 3e and 4e
stereoisomers, which is in agreement with the experimental findings.2>

TABLE IV. The Parr functions (F};—r/ au), local electrophilicity indices (wy / €V) and local
nucleophilicity (N, / eV) at the reactive sites of the reactants calculated at the B3LYP/cc-
pVDZ level of theory

Species k Pt Py oy, Ny
1 Cl 0.120 0.592 0.232 1.292
C2 0.497 0.018 1.223 0.064
2a N3 0.034 0.582 0.068 2.014
C5 0.210 0.135 0.420 0.467
2b N3 0.027 0.533 0.061 2.431
C5 0.245 0.037 0.560 0.168
2¢ N3 0.034 0.573 0.069 1.967
C5 0.223 0.122 0.454 0.419
2d N3 0.047 0.558 0.104 1.873
C5 0.166 0.109 0.368 0.366
2e N3 0.018 0.588 0.058 1.714
C5 0.167 0.193 0.217 0.562
CONCLUSIONS

The regio- and stereochemistry of 1,3DC reactions between 2-(trifluoro-
acetyl)vinyl ethyl ether, TVE (1), with 5-oxopyrazolidin-2-ium-ides 2a—e were
investigated at the B3LYP/cc-pVDZ and MPWBI1K/cc-pVDZ level of theory in
the gas phase and a solvent (DMSO). Generally, these cycloadditions proceed
through a one-step but asynchronous reaction mechanism. The lowest activation
energies are obtained for ortho—endo pathway in all cases. Moreover, the primary
cycloadducts could never be isolated but were converted into (trifluroacetyl)-2,3-
-dihydro-1H,5H-pyrazolo[1,2-a]pyrazol-1-one derivatives (7) by subsequent eli-
mination of ethanol. The energy barrier for the elimination step is slightly higher
than the cycloaddition step and is extremely exothermic. The inclusion of the
solvent effect increased the activation energy and decreased the exothermic
character of these 32CA reactions because of the larger solvation of reagents than
transition states and cycloadducts. Analysis of the DFT global reactivity indices
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and the Parr functions of the reactants allow an explanation of the regioselect-
ivities of these 32CA reactions to be provided.

SUPPLEMENTARY MATERIAL

Additional calculated data are available electronically at the pages of the journal website:
http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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H3BOJ
TEOPUJCKO IMTPOYYABAE PETHO- U CTEPEOCEJIEKTHMBHOCTH [3+2]
LHUKITOAOULIUIA 2-(TPUDJIYOPALIETUI)BUHUJI-ETUJI-ETPA CA
2-APUJIMJEH-5-OKCOITMPA3OJIMONH-2-UJYM-1-UJUMA

MINA HAGHDADI u NASIM NAB
Department of Chemistry, Islamic Azad University, P. O. Box 755, Babol Branch, Babol, Iran

[3+2] uuxnoamuuroHe peakuuje 2-(TpuduryopaueTun)BUHMI-eTHn-eTpa (1) ca cymncru-
TYHUCaHUM U HECYICTUTYHCAaHUM 5-OKCONHPA30IUOMH-2-UjyM-1-unuma 2a—e mpoydyaBaHe Cy
KopuirhemeM MeToja Teopuje ¢yHkuuoHana ryctude (DFT) Ha cc-pVDZ HuBOy. AHamu-
3MpaHM Cy MEXaHHUCTUYKH AeTa//bU OBUX peaklivja, mocebHo y Moriefy Ha perio- U CTepeo-
CEJIeKTUBHOCT. AHalM3a pPEIaTUBHUX EHepruja NPHUIPYKEHUX PasIMuUTHM DPeaKkUUOHUM
IyTeBUMa yKasyje Jja PUCYCTBO TPUQIIYyOpaleTUI Ipyne Y JUNOAapoPUIy U CyNCTUTYEHTH
Ha apw NPCTeHy NIPUMETHO yTUYy Ha cenexkTuBHOCT. Takohe je HaheHo ma je mpedepucan
ortho—endo TyT ca HajHWKOM aKTHBALIHOHOM €HEPTHjoM, IITO je y foOpOoj carimacHOCTH ca eKc-
nepUMeHTanHUM nogjauuma. llltaBuuie, eluMuHalnMja eTtaHona U3 [3+2] pukioamykara U
dopmrpame SUIUKIMYHHAX TUPA30IUIMHOHA Cy 00jalllbeHH KaKko Ce Jao MOTIYH OMUC yKYII-
HUX IOMHHO Ipolleca. YK/byyuBame edexara pacTBapaya nosehasa akTUBallMOHE €HEPIrUje U
€r30TEPMHH KapaKTep LMKI0ajykaTa, alld HE Mema CEeJeKTHUBHOCT U3 racHe (ase. MHpexcu
peakTBHOCTH 3acHoBaHH Ha DFT jacHo mpensubajy excriepuMeHTaIHy perHoXeMHujy.

(ITpummeno 11. Maja, peBunupato 23. jyna, npuxsaheno 28. asrycta 2017)
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