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ABSTRACT: The role of hydrogen bond and solvent effects on no H-bond H-bond
the regio- and diastereoselectivity of the [3 + 2] cycloaddition N—o--)(./ ’ N—O-~-f/_ ’
reaction (32CA) between 2,2-dimethylpropanenitrile oxide (NO) ' /
¢ i tBu WN_  tBu N

and N-(cyclopent-2-en-1-yl)benzamide has been theoretically COPh COPh
studied at the B3LYP/6-311++G(d,p) level using the molecular e 3 4
electron density theory (MEDT). Solvent effects of dichloro- @N,H 1 (CA-1a) (CA-1s)
methane (DCM) and benzene were taken into account. The P Ly, P ,tBu tBu
electron localization function (ELF) classifies NO as a three-atom e H he H
component with a zwitterionic electronic structure, which _Ratio 3456 © N, © BN

.. . . .. . . Solvent 3 4 5 6 COPh COPh
participates in zwitterionic-type 32CA reactions. The reactions Ch,Cl, 3 85 nd. 12 "

. . . d. 5

occur through a one-step mechanism and present high activation pgenzene 1 85 nd. 14 cazs) ¥ (ca1a) X

Gibbs free energies in DCM and in benzene, with a slight difference
favoring the reaction in benzene. Along the intrinsic reaction
coordinate reaction pathway, the topological analysis of the ELF shows the asynchronous formation of the C—C bond prior to the
C—0 bond by coupling the two-carbon pseudoradical centers. The low global electron density transfer indicates that these reactions
have a nonpolar character, which accounts for their high Gibbs free activation energies. Analysis of the noncovalent interactions
associated with the TSs reveals a hydrogen bond in the favored TS, which confirms its participation in the experimental selectivities.

1. INTRODUCTION antitumoral,'®*%*?*?72° and  antiviral.'****>"*"*° In the
industry, isoxazoline derivatives can also be used as chemical
substances in agronomy and in dyes,w’31 electrical insulating
oils, and high-temperature lubricants.””

The application of the 32CA reactions for synthesizing
isoxazoline compounds has shown an increasing interest in the
theoretical sciences.”” " The study of chemical reactions is
considered incomplete without the combination of exper-
imental data and theoretical results. In addition to the design
of appropriate reaction conditions, theoretical studies of the
32CA reactions enable also to provide information about the
selectivity of these processes. Particularly, the molecular
electron density theory (MEDT)* allows establishing the
importance of the change in electron densities through the
reaction paths.**® 32CA reactions of NOs with quiral alkene

The concept of [3 + 2] cycloaddition (32CA) was initially
suggested by Smith in 1938." This reaction became widely
applicable only after its generalization by Huisgen in the
1960s.” The 32CA reactions, defined by the interaction
between a three-atom component (TAC)® and an olefin,
offer a very important method to prepare five-membered ring
heterocycles.” 32CA reactions have become versatile strategies
for chemo-, regio-, and stereoselective synthesis in organic
chemistry.”~" These reactions are also increasingly studied by
chemists for their possibility to give heterocyclic compounds in
pharmacology.”~"" As one of the many TACs used in these
cycloaddition reactions, nitrile N-oxides (NOs)'*~'* partic-
ularly lead to isoxazole and isoxazoline frameworks™'> when
reacting with an appropriate ethylene or acetylene derivative,
respectively. Due to the stupendous chemical properties of
isoxazoline compounds, making it more useful in many
domains, various studies have been extensively investigated
in the recent years.'°”*® In the drug discovery process, organic
compounds containing an isoxazoline unit as the core are
known by their biological activities as antibacterial,"®'**°
antifungal, 16,20-22 analgesic, 16,29,30 anti-inflammatory, 16-18,20
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Scheme 1. Solvent Effects on the 32CA Reaction of 2,2-Dimethylpropanenitrile Oxide (1) with N-(Cyclopent-2-en-1-

yl)benzamide (2)
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Scheme 2. Regioisomeric and Stereoisomeric Reaction Pathways along the 32CA Reaction of 2,2-Dimethylpropanenitrile

Oxide (1) with N-(Cyclopent-2-en-1-yl)benzamide (2)
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derivatives present, in general, experimental total regioselec-
tivity and stereoselectivity resulting from the attack of NO to
one of the two diastereotopic faces of the olefin C=C bond.
The application of MEDT has allowed classifying these
reactions as zwitterionic type (zw-type), in which NO
(TAC) is present, usually, a zwitterionic structure. This type
of reactions usually present high activation energies and
demand the use of adequate nucleophilic/electrophilic
interactions to take place easily”

In 1990, by studying a series of simple 3-cyclopentenyla-
mides as reagents toward NOs, Curran et al. [J. Org. Chem.
1990, 55(12), p. 3710—3712] found that the relatively acidic
hydrogen of secondary amides could control both the regio-
and stereochemistry in 32CA reactions of NOs. They
mentioned that NOs added preferentially on the opposite
(anti) face of the alkene, indicating that a hydrogen bond is
probably operating, and the predominant cycloadduct
formation is supported for a hydrogen-bond-directed NO
32CA reaction. Moreover, to test whether solvents could
disrupt the hydrogen bond between the NOs and 3-
cyclopentenylamides, dichloromethane (DCM) and benzene
were included, finding that the product ratios and conversion
percent’s do not depend strongly on the solvent.

13869

The purpose of our work in this paper is to achieve an
MEDT investigation of the 32CA reaction between 2,2-
dimethylpropanenitrile oxide (1) and N-(cyclopent-2-en-1-
yl)benzamide (2) (Scheme 1), in order to gain insights on the
mechanism, selectivity, and role of the hydrogen bond
formation and solvent effects on this 32CA reaction
experimentally studied.” For that, all competitive pathways
of this 32CA reaction were examined and studied. These are
named r1/r2 regioselective reaction paths and syn/anti
diastereoisomeric approach modes.

2. COMPUTATIONAL DETAILS AND METHODOLOGY

All DFT calculations reported in this paper were realized using
B3LYP*** as an exchanége—correlation functional, with the 6-
311++G(d,p) basis set,”’ implemented in the Gaussian 09
program.”’ The optimization of stationary points was carried
out using the Berny analytical gradient optimization
method.>>>” To verify if TSs have only one imaginary
frequency, the stationary points were characterized by
frequency computations and visualized using the CYLView
program.54 For all optimized transition states, using the
second-order Gonzalez—Schlegel integration method,>>>° the
calculations of the intrinsic reaction coordinate (IRC)>” have
been effectuated in order to verify that the located TSs are

https://doi.org/10.1021/acsomega.4c07794
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associated with the reagents and cycloadducts as minimum
stationary points. The effect of solvents is taken in account
using the polarizable continuum model (IEFPCM) developed
by the group of Tomasi et al.** " in the framework of the self-
consistent reaction field.®~* Based on Gibbs free energy
differences, the Maxwell—Boltzmann populations, proportional
to e 2GR yag calculated for all of associated transition states
and the corresponding cycloadducts in DCM and benzene as
solvents. At the TSs, the global electron density transfer
(GEDT)®* was calculated basing on natural population

analysis.”° The formula is given by GEDT (f) = Zq o 7™

where the sign shows indications about the direction of the
flux; the positive values denote a flux from the considered
framework toward the other. Basing on conceptual density
functional theory, the global indices of reactivity,””** namely,
chemical hardness (7), electronic chemical potential (),
electrophilicity (@), and relative nucleophilicity (N), were
calculated according to the formulas given in ref 69. The
electron localization function (ELF) topological studies were
carried out for the most significant points of the potential
energy surface (PES) curve using the Multifwn program.70
Finally, the bond strength of the hydrogen bond was evaluated
using noncovalent interactions’' =’ (NCIs), which allows a
visualization of these NCIs using the electron density of the
system.

3. RESULTS AND DISCUSSION

3.1. PES Study of the 32CA Reaction of NO (1) and
Ethylene (2). Due to the nonsymmetric structure of ethylene
(2) and the linear structure of the nitrile oxide (1), four
different competitive reaction paths are feasible (see Scheme
2). These reaction paths can proceed through two possible
regioisomeric approach modes, r1/r2, and two diastereoiso-
meric approach modes, anti/syn. As solvent effects’*~"*
32CA reaction are experimentally considered,*” all calculations
were realized in the gas phase and also in solvents. The four
TSs localized and characterized are denoted: TS-1s, TS-1a,
TS-2s, and TS-2a, and the corresponding isoxazoline cyclo-
adducts are denoted: CA-1s, CA-la, CA-2s, and CA-2a,
respectively (see Scheme 2). The relative energies in the gas
phase and the relative Gibbs free energies in DCM and in
benzene are gathered in Table 1.

on the

Table 1. Gas-Phase Relative Energies (AE) and Solvent-
Phase Relative Gibbs Free Energies (AG®) Corresponding
to the Possible Paths, Calculated on B3LYP/6-311++G(d,p)
in kcal mol™¢

The activation and reaction energies calculated at the
B3LYP/6-311++G(d,p) level (Table 1) show, clearly, that the
r1/syn reaction pathway yielding to the CA-1s cycloadduct
formation, via TS-1s, is favored kinetically and thermodynami-
cally. Note that TS-1s is located, in the gas phase, at 18.0 kcal
mol~! above reactants. It is also the lowest one, with calculated
activation Gibbs free energies of 34.4 and 33.7 kcal mol™’ in
DCM and benzene, respectively. The Gibbs free energy
difference between regioisomeric TS-1s and TS-2s is 2.8 kcal
mol™!, indicating a high r1 regioselectivity, while that between
TS-1s and TS-1a is 1.5 kcal mol™’, showing a relatively high
syn diastereoselectivity as well. Furthermore, the calculated
Maxwell—Boltzmann populations confirm the predominance of
TS-1s and TS-2a by 79.5% and 17.1% in DCM and by 56.6%
and 36.1% in benzene, respectively. TS-1a shows only 3.3%
and 6.9% in DCM and benzene, respectively, while the
population of TS-2s is negligible, emphasizing that the r1/syn
reaction is, kinetically, the most favored pathway. Con-
sequently, the calculated reaction Gibbs free energies show
that the formation of the favored CA-1s cycloadduct, via r1/
syn path, is the most exergonic reaction by —11.9 kcal mol™ in
DCM and —12.4 kcal mol™ in benzene. Hence, CA-1s is,
thermodynamically, the most favored cycloadduct with a
population of around 67% in both solvents (Table 1). These
results clearly show that CA-1s, occurred via the rl/syn
reaction pathway, is the major adduct as observed
experimentally.*” Note that using the benzene as the solvent
leads to a slight diminution of approximately 0.5 kcal mol™" in
the TS and cycloadduct energies compared to DCM. In Figure
1, the 32CA reaction profiles between NO (1) and alkene (2)
in benzene are presented.

40

35

30 |-

AG*® (kcal/mol)
S o S o

3]
T

CA-2s
CA-2a
CA-1a
CA-1s

Figure 1. B3LYP/6-311++G(d,p) profiles of the 32CA reaction paths
between NO (1) and ethylene (2), computed in benzene (the profiles
in DCM are shown in the Electronic Supporting Information).

gas phase in DCM in benzene
species AE” AG? pop. (%) AG? pop. (%)
TS-1s 18.0 34.4 79.5 33.7 56.6
TS-1a 19.9 36.3 3.3 35.2 6.9
TS-2s 20.2 38.0 0.1 36.5 0.4
TS-2a 19.0 35.4 17.1 343 36.1
CA-1s -31.6 -11.9 66.9 —-12.4 67.0
CA-1a =29.5 —-11.2 33.0 —-11.4 32.8
CA-2s —27.6 —7.4 0.0 -7.6 0.0
CA-2a —28.4 —-8.7 0.1 -9.2 0.2

“Maxwell-Boltzmann populations are given in %. “Relative to
reactants (1 + 2).

From the results of B3LYP/6-311++G(d,p) calculations
given in Table 1, we conclude that the r1-favored regioselective
path corresponds to the C1—C$5 and O3—C4 bond formations;
NO is added on the same face of the ethylene as the amide
(syn) (see Scheme 2).

The four TS geometries, corresponding to the four possible
pathways, are visualized in CYLview”~ and given in Figure 2.
However, the Cartesian coordinates of reactants, TSs, and
cycloadducts optimized in the gas phase, in DCM, and in
benzene, are given in the Electronic Supporting Information.
At the syn transition states, the distances between interacting

https://doi.org/10.1021/acsomega.4c07794
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TS-2s

TS-2a

Figure 2. Structures of TSs associated with the 32CA reaction of NO (1) with ethylene (2), optimized in the gas phase at the B3LYP/6-311+

+G(d,p) level.

atoms in C1—C5 and O3—C4 are, respectively, 2.212 and
2.301 A at TS-1s and 2.249 and 2.199 A at TS-2s. However, at
the anti TSs, the distances in C1-C4 and O3—-CS are,
respectively, 2.213 and 2.261 A at TS-1a and 2.228 and 2.247
A at TS-2a (Figure 4). The present distances point out a
geometrical asynchronicity. The asynchronous process is also
observed in bond formations, in which C1—CS is more
advanced than the O3—C4 at TS-1s. The presence of a
hydrogen bonding N—H-+O of 2.184 A at TS-1s, discussed in
more detail below in Section 3.5, may favor the rl1/syn path
(see Figure 2).

The GEDT analysis at the TSs, in both solvents, shows a
small transfer of electron density from the NO to the ethylene
frameworks, 0.0S e. This very small value reveals that the 32CA
reaction between NO (1) and ethylene (2) has a nonpolar
character, which is a consequence of the slight difference in
electronic chemical potential ¢ of (1) and (2) and the marginal
electrophilic character of (2) as predicted by the reactivity
indice’s analysis.

3.2. Analysis of the CDFT Reactivity Indices of
Reactants. Analysis of the DFT-based reactivity indices®”*®
is a very important tool to rationalize the reactivity of polar and
ionic reactions in organic chemistry.”” Hence, an analysis of
reactant indices in the gas phase was carried out at the B3LYP/
6-311G++(d,p) theory level. The global CDFT reactivity
indices””*"** of NO (1) and ethylene (2) are given in Table 2.

The slight difference of electronic chemical potential
w88 indicates that the electron density transfer between
reactants (1) and (2) is not very strong, which expect that the
corresponding 32CA reaction has a low polar character,
classifying it as of null electron destiny flux (NEDF).**

Table 2. B3LYP/6-311++G(d,p) Calculation Level of
Global CDFT Reactivity Indices, in eV, of NO (1) and
Ethylene (2)

species ] n ® N
1 =3.77 6.43 1.11 2.50
2 —4.01 S.61 1.43 2.67

The electrophilicity @ index®* shows that ethylene (2) is
more electrophilic, 1.43 eV, than NO (1), 1.11 €V; while the
former is classified as a moderate electrophile, the latter is
categorized as a marginal electrophile.”> However, the
nucleophilicity N index*>®*” of (1) and (2) is close, 2.50 and
2.67 eV, respectively, which allows us to classify them as
moderate nucleophiles.”” Consequently, it will be expected
that NO (1) participates as a nucleophile and (2) as an
electrophile in this 32CA reaction. In fact, the moderate
electrophilic character of ethylene (2), together with the
similar electronic chemical potentials, suggests a low polar
character and high activation energy for this zw-type 32CA
reaction.

3.3. ELF Topological Analysis of NO (1). In order to
elucidate the electronic structure of NO (1), a topological
analysis of the ELF was performed using the Multiwfn
program.®® The basin population analysis in the gas phase
shows three V(C1,N2) disynaptic basins, each one integrating
2.04 e and one V(N2,03) monosynaptic basin of 1.56 e, in
addition to three monosynaptic basins on the oxygen atom of
1.91 e, with no basin on the nitrogen atom (Figure 3a,b).
These topological features allow classifying NO (1) as a
zwitterionic TAC® (see Figure 3c).

3.4. ELF Study of the 32CA Reaction along the
Favored Path of NO (1) with Ethylene (2). Along the
reaction path, the ELF topological analysis’’ can also be used
as a valuable tool to understand and predict the bonding
changes. In order to characterize the C—C and C—O bonding
formation between NO (1) and ethylene (2) in the 32CA
reaction, some points of the IRC paths of the most favorable
r1/anti reaction pathway were analyzed. The valence basin
populations determined by ELF topological analysis of the
some selected points are shown in Tables 3 and 4 and
represented in Figure 4a,b, while the corresponding attractor
positions associated, essentially, to the two C1—CS and C4—
O3 bond formation are presented in Scheme 3.

From isolated reactants until the point P1, no V(Cl1)
monosynaptic basin is observed on NO (1), which confirms its
zwitterionic structure.

https://doi.org/10.1021/acsomega.4c07794
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Figure 3. ELF valence attractor positions (a) and basin populations (b), calculated in the gas phase at the B3LYP/6-311G++(d,p) level, and

proposed Lewis-like structure (c) of nitrile oxide (1).

Table 3. Bond Lengths, in Angstroms, A, and Valence Basin Populations, in e, of Selected Structures of r1/anti Path of the

32CA Reaction between NO and Ethylene in DCM

P1 P2 P3 TS
AE (kcal-mol™")* 6.8 16.3 19.8 20.0
d(C1-Cs) 2.845 2.441 2.247 2.197
d(C4-03) 2.855 2.506 2.363 2.328
d(03-H) 2207 2.180 2.168 2.164
V(C1) 0.03 0.64 0.59 0.66
Vv(CS) 0.26 0.35
V(C1,C5)
v(C4)
V(03)
V'(03) S.75 572 5.68 5.70
V(C4,03)
V(N2) 1.98 223 2.30
V(C1,N2) 6.10 3.88 3.86 3.77
V(N2,03) 1.50 1.40 1.34 1.32
V(C4,C5) 3.40 323 291 2.79

“Relative to reactants (1 + 2).

P4 PS P6 P7 CA
18.0 14.1 52 -S54 =303
2.044 1.943 1.801 1.687 1.521
2.221 2.147 2.025 1.884 1.458
2.154 2.147 2.138 2.131 2.396
1.38 1.56 1.76 1.90 2.04
0.12 0.21
0.21
5.70 5.70 5.50 5.25 4.97
0.77 1.27
2.48 2.57 2.67 2.77 293
3.58 3.49 3.38 3.29 3.18
1.26 1.23 1.17 1.10 0.96
2.56 2.35 2.18 2.08 1.95

Table 4. Bond Lengths, in Angstroms, A, and Valence Basin Populations, in e, of Selected Structures of the r1/anti Path of the

32CA Reaction between NO and Ethylene in Benzene

P1 P2 P3 TS
AE (kcal'mol™)“ 43 14.4 18.5 19.2
d(C1-Cs) 2.989 2491 2.304 2204
d(C4-03) 2.962 2.530 2.384 2312
d(03-H) 2234 2.197 2.185 2.178
v(C1) 0.11 0.64 0.61 0.74
V(Cs) 0.25 0.42
V(C1,C5)
v(C4)
Vv(03)
Vv’(03) 5.76 5.69 5.69 5.69
V(C4,03)
V(N2) 1.96 223 2.35
V(C1,N2) 5.92 391 3.78 3.70
V(N2,03) 1.53 141 135 1.31
V(C4,CS) 341 3.23 291 2.70

“Relative to reactants (1 + 2).

P4 PS P6 P7 CA
18.3 15.5 7.7 1.0 -30.7
2.103 2.002 1.856 1.769 1.521
2.240 2.166 2.048 1.960 1.456
2.171 2.164 2.154 2.148 2.378
1.38 1.56 1.76 1.85 2.04
0.12 0.22
0.25
S5.69 5.69 5.46 5.29 4.92
0.69 1.27
2.47 2.56 2.68 2.74 2.90
3.59 3.49 3.38 3.32 3.16
1.28 123 1.18 1.14 0.99
2.57 2.35 2.18 2.11 195

In DCM, a monosynaptic basin V(C1) appears at the first
point, P1, with a slight population of 0.03 e, 6.8 kcal mol™*
above reactants. This basin reached 0.64 e (16.3 kcal mol™") at
P2, with a new monosynaptic basin V(N2) of 1.98 e appearing
on the N2 nitrogen atom and a diminution of the number of
disynaptic basins observed in the C1—N2 region from three to
two basins. At P3, a V(CS) monosynaptic basin of 0.26 e (19.8
kcal mol™") came into sight. The two monosynaptic basins,
V(C1) and V(CS), reach 0.66 and 0.35 e, respectively, at TS
(20.0 keal mol ™). The first most suitable change occurs at P4,
when V(C1) and V(CS) are integrated to give a new

13872

disynaptic basin, V(C1,CS), of 1.38 e (18.0 kcal mol™).
These topological changes are associated with the first bond
formation of peptides (C1—CS). Next, a V(C4) monosynaptic
basin is observed at P6, integrating 0.12 e (14.1 kcal mol™),
followed by V(03) with 0.21 e (5.2 kcal mol™"). The V(0O3)
monosynaptic basin comes from the V’(O3) monosynaptic
basin that is associated with the nonbonding electron density
of O3 oxygen atom, which integrates 5.70 e throughout the
reaction path before P6. The two basins, V(C4) and V(03),
transform into a disynaptic basin V(C4,03) of 0.77 e (—5.4
kcal mol™) to form the second single bond (C4—03). The
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Figure 4. Evolution of the ELF valence basin populations along the favored r1/anti path.

Scheme 3. ELF Attractor Positions for the Most Relevant Points along the Favored r1/anti Path of the 32CA Reaction of
Nitrile Oxide (1) with Alkene (2)
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evolution of ELF valence basin populations through the IRC mol™" above reactants, reaching 0.64 e at P2 (14.4 kcal mol™").
path is given in Figure 4a. At this time, a V(N2) monosynaptic basin of 1.96 e is observed
On the other hand, in benzene, the first monosynaptic basin, at the N2 nitrogen atom with a depopulation of the C—N triple

V(C1), appears with a population of 0.11 e at only 4.3 kcal bond from 5.92 to 3.91 e, which implies the transformation of
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in gas phase

in DCM

in benzene

Figure 6. Comparative study of RDG and vs sign(4,)p scatter map (au) (isovalue 0.5) and RDG isosurfaces (isovalue 0.08) for TS-1s.

(1) from a propargylic to an allylic structure. At P3, a V(CS)
monosynaptic basin of 0.25 e (18.5 kcal mol™") is appeared.
The two monosynaptic basins, V(C1) and V(CS), reach 0.74
and 0.42 e, respectively, at TS (19.2 kcal mol™") and merge
each other into a disynaptic basin, V(C1,CS), integrating 1.38
e (18.3 kcal mol™") at P4. These topological changes are
associated with the formation of the first single bond (C1—
CS). At PS, a V(C4) monosynaptic basin is observed with a
population of 0.12 e (15.5 kcal mol™"), followed by a V(O)
monosynaptic basin with a population of 0.25 e (7.7 kcal
mol™") at P6. The two basins merge each other, forming a new
V(C4,03) disynaptic basin of 0.69 e (1.0 kcal mol™") to form
the second single bond (C4—03). The evolution of ELF
valence basin populations through the IRC path is given in
Figure 4b.

The most relevant finding from this ELF study is the
significant evolution in basin populations with a decrease in
energy in benzene compared to the reaction in DCM (Tables 3
and 4), which explains why the 32CA reaction between NO
(1) and ethylene (2) is better realized in benzene than in
DCM (see Table 1). However, mechanistically, no significant
changes are observed.

This ELF topological analysis allowed us to propose the
following mechanism of this reaction (Scheme 4).

Along the reaction path, the disynaptic basins in the C1-N2
region of NO (1) experience a depopulation due to its
participation in the density formation of the lone pairs at the
N2 atom and a pseudoradical center®” at the C1 carbon of the
NO, leading to the first C1—CS bond formation. The second
bond, O3—C4, is formed by sharing the nonbonding electron
density of the oxygen of NO and the C4 pseudoradical center
created after the formation of the first C1—CS$ bond. As can be
seen in Figure 4, the O3—C4 and C1-CS bond formation
takes place in notably separated points of the IRC, which
accounts for the asynchronous bond formation. In fact, the
second bond forms when the first is almost completed,
suggesting a nonpolar two-stage one-step mechanism.

3.5. Hydrogen Bond and NCI Analysis in TSs.
3.5.1. NCI Analysis of TSs in the Gas Phase. The NCI”* is
a very applied method to study the weak interactions. In order
to characterize the hydrogen bond effect on the selectivity of

the 32CA reaction, the NCI method is used. The scatter maps
of the NCI of the 32CA reaction of NO (1) and ethylene (2)
for all optimized TSs in the gas phase are given in Figure Sa,
while the corresponding RDG isosurfaces are shown in Figure
Sb. In the graphs (Figure Sa), the X-axis represents the
sign(4,)p function, while the Y-axis represents the RDG one.
Note that the plot of the NCI attractive region (left region) at
TS-1s shows two spikes and a denser region compared to
those of TS-1a, TS-2s, and TS-2a, which show one spike and a
less dense region. The repulsive (right region) and weak
interactive regions (center region) show more spikes for all
TSs, indicating more repulsive NClIs like steric interactions
associated with the benzene ring of (2) and the t-butyl group
of (1). Therefore, both the darker green surface between the
NO oxygen and the amide hydrogen at TS-1s (see Figure Sb),
and the additional spike found at the attractive region in the
corresponding plot, show the presence of a weak hydrogen
bond, which leads to the stronger stabilization of TS-1s
compared to the other TSs and subsequently to the observed
r1/syn selectivity.

3.5.2. NCI Analysis of TS-1s in Solvents. In Figure 6, the
scatter map plots the gas phase, and DCM and benzene are
represented and compared. The repulsive NCI (red region)
and weak interaction (green region) of TS-1s indicate more
spikes in the gas phase and in DCM than in benzene. On the
other side, the attractive region shows a denser spike in
benzene compared to DCM, representing the H-bond, which
is clearly shown by RDG isosurfaces (Figure 6). These findings
might suggest that TS-1s can be more selective in benzene
relative to DCM, which confirm energy calculations given in
Table 1 (see above).

4. CONCLUSIONS

The present study provides evidence of the important role
played by hydrogen bonding and solvent effects in orienting
regio- and stereoselectivities of the 32CA reactions between
2,2-dimethylpropanenitrile oxide (1) and N-(cyclopent-2-en-1-
yl)benzamide (2). The reactivity has been rationalized using
MEDT at the B3LYP/6-311++G(d,p) level. The computed
activation and reaction Gibbs free energies show that the r1/
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syn isomeric path, via TS-1s, leading to the formation of the
CA-1s cycloadduct, is the most favored path both in DCM and
in benzene, with a slight decrease of energy using benzene as
the solvent, which is in good agreement with experimental
results. The ELF topological analysis clearly shows the
zwitterionic structure of NO (1) participating in the zw-type
32CA reactions. The present reaction follows a mechanism in
one step. The electronic chemical potentials of the reagents at
the ground state predict a nonpolar reaction character, which is
confirmed by the calculated GEDT in the TSs. The creation of
the two new o-bonds, C—C and C—O, is described using ELF
topological analysis of basin and population evolution along
the more favored rl/syn reaction path in solvents. The
presence of an H-bond between the oxygen of NO (1) and the
amide hydrogen of ethylene (2) in the favored TS-1s, allows
proving its effect on the selectivity of this 32CA reaction, as
predicted by Curran et al. in 1990. Using the NCIs method,
the analysis of scatter maps and RDG-isosurfaces, in the gas
phase and in both solvents, shows a weak attractive interaction
N—H---O, being responsible for the r1/syn selectivity.

This MEDT study permits us to explain the regio- and
stereoselectivity experimentally observed and to propose a
plausible mechanism of the 32CA reaction between 2,2-
dimethylpropanenitrile oxide and N-(cyclopent-2-en-1-yl)-
benzamide.

This work opens a path to extend the 32CA reaction study
at theoretical and experimental levels. The other nitrones and
dipolarophiles will be considered in future studies to
understand whether the observed mechanistic details are
generally applicable. In addition, further extending the
computational methods to account for explicit solvent effects
or other DFT functionals may also improve the predictions of
the selectivity and reactivity. Furthermore, the potential
bioactivity of the cycloadducts suggests an avenue for future
studies.
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