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Abstract

The [3+2] cycloaddition (32CA) reaction between furoxancarbonitrile oxide (FNO 2) and electron-deficient 2,2,2-
trichloroacetonitrile (TCAN 3) in the presence of chloroform was studied within the Molecular Electron Density Theory
(MEDT), at the DFT-B3LYP/6-311G(d,p) computational level. This zwitterionic-type (zw-type) 32CA reaction takes place in
a highly chemo- and regioselective manner, yielding oxadiazole 4 as the sole product of the reaction, in excellent agreement with
the experimental findings. The very low polar character of this zw-type 32CA reaction accounts for the high activation barrier
found for this 32CA reaction. A topological analysis of the electron localization function (ELF) over some relevant points of the
reaction path permits establishing that this zw-type 32CA reaction takes place along a non-concerted two-stage one-step molec-
ular mechanism. The ELF topological analysis evidences that formation of the C1-N8 and O3—C7 single bonds take place
through the sharing of the part of the electron density of the N8 nitrogen and that of the O3 lone pairs toward, respectively, the C1
and C7 pseudoradical centers created along the reaction path.

Keywords Molecular Electron Density Theory (MEDT) - [3 + 2] cycloaddition reactions - Chemoselectivity - Regioselectivity

ELF topological analysis - Nitrile N-oxides

Introduction

[3+2] cycloaddition (32CA) reactions are well known as a
powerful and versatile synthetic route to generate five-
membered heterocyclic compounds in a high regio- and
stereoselective manner. In a 32CA reaction a three-atom-
component (TAC), including four 7t-electrons delocalized over
three adjacent nuclei, interacts with an unsaturated bond to yield
corresponding [3+2] cycloadduct [ 1-3]. In terms of their geom-
etry, TACs can be classified as allylic-type (A-TACs), with a
bent structure such as nitrones (Nis), and propargylic-type (P-
TACs), with a linear structure such as nitrile oxides (NOs) [4]. It
is worthy to note that 32CA reactions can take place in a
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desirable regio- and stereoselective fashion when TACs and
unsaturated skeletons are electronically activated employing
appropriate functional groups [5].

On the basis of theoretical approaches, chemical reactivity
of TACs in 32CA reactions can be correlated with the ground
state (GS) electronic structure of participating TACs. In this
sense, Ess and Houk proposed a distortion/interaction model
(DIM) in which distortion of reactants (TAC as well as unsat-
urated bond) within going from GS electronic structure toward
transition state (TS) structure and, then, interaction between
distorted reactants at TS is required to generate corresponding
[3+2] cycloadduct [6]. In terms of participation, twelve TACs
in 32CA reaction toward ethylene and acetylene, Ess and
Houk found a good linear correlation coefficient (R =0.97)
between B3LYP/6-31G(d) computed activation and distortion
energies. It should be noted that, in this model, distortion
energy for TAC and/or unsaturated bond is calculated through
removing corresponding fragment at TS geometry with no
taking into account this very important fact that “the external
potential created by one fragment over the other one is lost
when one of two interacting fragments is removed” [7]. In
other words, dividing the TS geometry into two separate
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fragments has no physical sense and, thus, DIM not only is not
able to rationalize the geometry dependence of activation en-
ergy [2, 8] but also seems to need a serious revision. On the
other hand, a new reactivity model has been recently intro-
duced by Domingo. In this model, namely Molecular Electron
Density Theory study (MEDT), it is emphasized that “while
distribution of the electron density is responsible for the mo-
lecular shape and physical properties, the capability for chang-
es in electron density, and not the molecular orbital (MO)
interactions, is responsible for the reactivity” [9]. MEDT, in
addition to exploration reaction paths, takes the analysis of the
conceptual density functional theory (CDFT) indices [10],
quantum topological analysis of the electron localization func-
tion (ELF) [11], quantum theory of atoms in molecules
(QTAIM) [12] analysis, and non-covalent interaction (NCI)
[13] analysis into consideration to study the molecular reac-
tivity in organic reactions in a rigorous manner [14].

Several MEDT studies have been directed to different 32CA
reactions resulting in a reasonable and straightforward classifi-
cation for this type of cycloadditions as (i) pseudo(di)radical-
type (pdr-type); (ii) pseudo(mono)radical-type (pmr-type); (iii)
carbenoid-type (cb-type); and (iv) zwitterionic-type (zw-type)
32CA reactions [15]. Such a helpful classification enables us
to predict the reactivity of a given TAC in the corresponding
32CA reaction in terms of ELF analysis over the GS electronic
structure of participating TAC. In this way, a 32CA reaction of
type (i) and (ii) includes TACs with a pseudo(di)radical and
pseudo(mono)radical structure, respectively, while in a 32CA
reaction of type (iii) and (iv) TACs with a carbenoid and zwit-
terionic structure are involved, respectively. Scheme 1 shows
the Lewis structures derived from ELF analysis over the GS
electronic structure of the TACs and corresponding reactivity
type in 32CA reactions [14, 15].

It is worth mentioning that the reactivity of TACs is de-
creased from pdr-type toward zw-type (left to right in
Scheme 1) 32CA reactions. Indeed, a pdr-type 32CA reaction
can easily take place via an earlier TS, even if the reaction does
not provide a considerable polarity, while a zw-type 32CA re-
action requires proper nucleophilic/electrophilic activation to
take place in a polar fashion with a noticeable rate [15].

NOs, as mentioned, belong to the P-TACs whose 32CA re-
action toward C—C double bonds yields isoxazolines with notice-
able synthetic and biological applications [16]. Isoxazolines are

sufficiently stable and can be converted into o, [3-unsaturated
ketones [17], 3-hydroxycarbonyl compounds [18], and 1,3-
aminoalcohols [19] through functionalization or ring-cleaving
processes. Recently, the reactivity, regioselectivity, and molecular
mechanism aspects of 32CA reaction between NOs and C-C
double bonds have been theoretically studied by Domingo et.
al [20, 21]. The use of a C—N triple bond as the ethylene com-
ponent in a 32CA reaction toward NOs leads to construction of
oxadiazoles possessing a diversity of useful biological effects
[22]. The large impact of oxadiazole derivatives on drug discov-
ery across some disease areas such as cancer [23], obesity [24],
infection [25], and diabetes [26] has also been well proved.

Very recently, the 32CA reaction of furoxancarbonitrile
oxide (FNO) toward the C—N triple bond has experimentally
been investigated by Larin and co-workers in which nitration
of furoxancarbaldehyde oxime 1 followed by thermolysis of
the formed nitrolic acid furnishes FNO 2. Then, in situ gener-
ated FNO 2 participates in a chemo- and highly regioselective
32CA reaction toward electron-deficient 2,2,2-
trichloroacetonitrile, TCAN 3, to produce 1,2,4-oxadiazole 4
in a moderate yield 56% (see Scheme 2) [27].

The main goal of the present investigation is to perform an
MEDT study over 32CA reaction between FNO 2 and
electron-deficient TCAN 3 to shed light on the energetics,
chemo- and regioselectivity, and molecular mechanism of this
reaction. It is worthy to indicate that, to the best of our knowl-
edge, 32CA reaction of an NO toward C—N triple bond has not
ever been studied from molecular mechanism (the bond
forming/breaking patterns point of view).

Details of calculations

The B3LYP functional [28] together with the standard 6-
311G(d,p) [29] basis set was employed within full geometry
optimizations and, then, optimized stationary points were
characterized by frequency calculations at the same level of
theory in order to ensure all reactants and products have not
any imaginary frequency and TSs have one and only one true
imaginary frequency along the reaction coordinate.
Employing the second order Gonzalez—Schlegel integration
method [30, 31], the intrinsic reaction coordinate (IRC) paths
[32] were traced in both forward and backward directions to

Scheme 1 Lewis structures Name Azomethine ylide Azomethine imine Nitrile ylide Nitrone
derived from ELF analysis over
GS electronic structure of the H H H H
TACs and corresponding N N N

i ; ; Lewis structure O N NN \ N
reactivity type in 32CA reactions H,C~ SCH, H,C~ NH o C——N—CH, H,C = Os

Structure Pseudo(di)radical Pseudo(mono)radical Carbenoid Zwitterionic
IReactivity type / pdr-type / pmr-type / cb-type / zw-type
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Scheme 2 Synthesis of 1,2,4- 3 3 /O B o CCly
oxadiazole 4 over the course of 2N N/ \H/
chemo- and regioselective 32CA HON NO ] / / N\ N
reaction of in situ generated FNO ——=NOH 2 7 8
2 toward electron-deficient Me Me Me 4 ClzC—C=N Me
TCAN 3, experimentally | A\ N N2O, ) | A N | A\ N 3 | A N
investigated by Larin and co- N—_/ CHCl3 0°C N / j /SN\ / CHCly, reflux, 2n N~ /
workers [27] O/ o O/ o o) o 1) o
HNO, ¢
1 2 4

ensure located TSs truly connect two associated minima. The
wavefunction stability of optimized FNO 2 and TSs was also
examined using “STABLE” keyword.

Solvent effects of chloroform were implicitly applied
through re-optimization of the gas phase located stationary
points using polarizable continuum model (PCM) [33, 34]
followed by frequency calculation at 339.0 K to obtain ther-
mochemical functions. Note that since the studied 32CA re-
action (see Scheme 2) is experimentally refluxed for 2 h in the
presence of chloroform, temperature of 339.0 K which is 5°
higher than the normal boiling point of chloroform seems to
be a reasonable choice to apply thermal effects over thermo-
chemical functions.

Natural atomic charges, calculated through natural population
analysis (NPA) [35, 36], were taken into consideration to evalu-
ate the value of global electron density transfer (GEDT) [37] as a
measure of the polar character of the studied 32CA reaction.
CDFT global reactivity indexes as well as Parr functions [38]
were computed using the equations described in reference 9.
Employing TopMod software package [39], ELF analyses were
carried out over the B3LYP/6-311G(d,p) generated
monodeterminantal wavefunctions. All computations were per-
formed by means of Gaussian 09 revision D.01 [40].

Results and discussion

The present MEDT study is given in the four different sections
as follows: (1) in “ELF and NPA analysis over GS electronic
structure of FNO 2,” the GS electronic structure of FNO 2 is
characterized by means of ELF as well as NPA analyses to
have a deep insight over the reactivity of FNO 2 in 32CA
reactions; (2) in “Analysis of the global and local CDFT reac-
tivity indices at the GS electronic structure of FNO 2 and
TCAN 3,” CDFT reactivity indices at the GS electronic struc-
ture of FNO 2 and TCAN 3 are analyzed; (3) in “Exploration
of the reaction paths involved in the interaction between FNO
2 and TCAN 3,” the competitive reaction paths involved in
the interaction between FNO 2 and TCAN 3 are explored to
shed light over the energetics of reaction; and (4) finally, in
“Elucidation of molecular mechanism in 32CA reaction be-
tween FNO 2 and TCAN 3 via the ELF topological analysis,”
ELF analysis over the most relevant points along the IRC

profile corresponded to the energetically most favorable TS
involved in 32CA reaction of FNO 2 toward TCAN 3 enables
us to extract bond forming/breaking patterns portraying mo-
lecular mechanism aspects in details.

ELF and NPA analysis over GS electronic structure
of FNO 2

Since FNO 2 includes two different NO and Ni frameworks,
any of which can potentially be involved in a zw-fype 32CA
reaction toward TCAN 3, an ELF topological analysis of the
electron density of FNO 2 was performed in order to charac-
terize the electronic structure of these fragments to obtain an
obvious portray about their reactivity. ELF valence attractor
positions and corresponding populations, natural atomic
charges, and proposed Lewis structures for FNO 2 is given
in Fig. 1. As can be seen, the C1-N2 bonding region in FNO 2
is characterized with the presence of two V(C1,N2) and V
'(C1,N2) disynaptic basins with a total population of 6e
portraying a triple C1-N2 bond. While N2 does not display
any V(N2) monosynaptic basin associated with its lone pair,
N2-03 bonding region is distinguished with the existence of
one V(N2,03) disynaptic basin integrating 1.71e which evi-
dently defines a single N2—-O3 bonding in FNO 2. Moreover,
the existence of two V(0O3) and V'(O3) monosynaptic basins
with a total population of 5.65¢ implies that there is a non-
bonding region around O3 oxygen atom equivalent to three
lone electron pairs. A similar analysis for the Ni framework
(C4-N5-06 bonding region) in FNO 2 shows that the pres-
ence of one V(C4,N5) disynaptic basin integrating 3.92¢ de-
fines a double C4-N5 bond as a part of resonance structure in
the aromatic five-membered ring.

The presence of one V(N5,06) disynaptic basin with a
population of 1.60e indicates a single N5—-06 bonding region,
while the presence of two V(06) and V'(O3) monosynaptic
basins with a total population of 5.70e characterizes a non-
bonding region around O6 oxygen atom associated with three
lone pairs. On the other hand, the absence of any V(N5)
monosynaptic basin clearly indicates that the N5 nitrogen
has no lone pair, as a consequence of its delocalization on
the aromatic ring.

Once the bonding pattern of FNO 2 was established, the
charge distribution was analyzed through an NPA. The atomic

@ Springer



320 Struct Chem (2019) 30:317-326
Fig. 1 Representation of ELF V(03)
valence attractor positions 2.77 |BS V'(03) 06. .
together with corresponding V(C1,N2) 0.22 ° 2.88 * / *
populations (black values in e), 2.85 V(N2,03) !
natural atomic charges (blue \ / * 1.71 /N
values in e), and proposed Lewis -0.60 0.17 V (C1N2) / /
structure for the GS electronic @ 0.11 3.15 Cc
structure of FNO 2 V(ca, NS)‘I’ @ Me /
Vv(06) 3.92 N
261g O/‘,Q §o:36 r\\\
: L H
-0.375% V(N5,06) N-- R4
S
v'(oe) 1.60 .3 ~ 30
3.09

charges located over nuclei involved in both NO (C1, N2, and
03 atoms) and Ni (C4, N5, O6 atoms) fragments in FNO 2 are
given in Fig. 1. While O3 with a charge of —0.34e and O6
with a charge of — 0.37e are the most negative centers in NO
and Ni frameworks, respectively, the N2 and N5 atoms dis-
play the most positive charge of 0.22¢ and 0.36e, respectively.
Such evidences indicate both N2—-O3 and N5-O6 are polar-
ized toward oxygen atoms and, at the first glance, a commonly
accepted 1,2-zwitterionic structure with a noticeable charge
separation may be concluded for NO and Ni frameworks in
FNO 2, as depicted in Scheme 2. It should be noted that
“within the DFT framework, the charge distribution distin-
guished by the NPA is the consequence of the asymmetric
electron density distribution resulting from the presence of
different nuclei in the molecule, rather than the consequence
of the resonance Lewis structures” [21]. On the other hand,
considering FNO 2 as an infegrated molecular system, the
most negative center is located over carbon atom of the methyl
substituent with a considerable negative charge of — 0.60e (see
Fig. 1). In consequence, as shown by the Lewis structure in
Fig. 1, the 1,2-zwitterionic representation should be avoided
for NO and Ni frameworks in FNO 2 [41]. On the basis of
ELF patterns, neither pseudo(mono)radical and
pseudo(di)radical character nor carbenoid one (see
Scheme 1) is found over both NO and Ni frameworks in
FNO 2 and, thus, this species can only participate in a zw-
type 32CA reaction toward an unsaturated bond, whether the
NO or Ni frameworks of this TAC is involved.

Analysis of the global and local CDFT reactivity indices
at the GS electronic structure of FNO 2 and TCAN 3

Global reactivity indexes defined within the CDFT [10, 42]
are frequently used as a highly useful tool to describe the
reactivity in cycloaddition reactions. Taking this fact into ac-
count that the global electrophilicity and nucleophilicity
values are scaled based on B3LYP/6-31G(d) computations,
FNO 2 and TCAN 3 were fully optimized at this computa-
tional level. The global reactivity indices for FNO 2 and
TCAN 3, i.e., electronic chemical potential (), chemical
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hardness (1), global electrophilicity (w), and global nucleo-
philicity (N) are collected in Table 1.

The electronic chemical potential i of FNO 2, —4.71 eV, is
greater than that of TCAN 3, —5.61 eV, indicating that along a
polar 32CA reaction, the GEDT should take place from FNO 2
toward TCAN 3 which act as nucleophile and electrophile,
respectively. FNO 2 and TCAN 3 exhibit a high global electro-
philicity index of 2.35 and 2.23 eV, respectively, being classi-
fied as a strong electrophilic species within the electrophilicity
scale [43]. On the other hand, the almost low global nucleophi-
licity index of 2.05 eV permits FNO 2 to be located on the
borderline between weak and moderate nucleophile within the
nucleophilicity scale [44]. It is worth mentioning that the pres-
ence of a highly electron-withdrawing CCl; group at TCAN 3
leads to a negative nucleophilicity index, —0.02 eV, implying
TCAN 3 does not provide any nucleophilic character.

In spite of the high electrophilic character of TCAN 3 aris-
ing from existence of highly electron-withdrawing CCl; func-
tional group, the low nucleophilic character of FNO 2 makes
this zw-type 32CA reaction to have a low polar character,
demanding a high activation barrier to take place (see latter).

When an electrophile/nucleophile pair come close together,
provided steric effects do not interfere, the most electrophilic
center of electrophile approaches the most nucleophilic center
of nucleophile to proceed the reaction within energetically most
preferred channel leading to generation major regioisomer under
kinetically controlled conditions. Proposed by Domingo, the
electrophilicP;” and nucleophilicP, Parr functions [38] are found
as a powerful tool in the study of the local reactivity in polar
processes. It is highly important to note that in the definition of
Parr functions, the excess of spin electron density reached via the

Table 1 B3LYP/6-31G(d) computed electronic chemical potential (1)
chemical hardness (1), global electrophilicity (w), and global
nucleophilicity (N), in eV, for FNO 2 and TCAN 3

Species i n w N
FNO 2 —-4.71 471 2.35 2.05
TCAN 3 —5.61 7.06 223 —-0.02
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GEDT process from the nucleophile to the electrophile is taken
into account as a key factor. Accordingly,P, Parr functions of
FNO 2 and the electrophilicP; Parr functions of TCAN 3 were
analyzed in order to characterize the most electrophilic and nu-
cleophilic centers of this species involved in an intramolecular
32CA reaction (see Fig. 2).

Analysis of the nucleophilicP), Parr functions of FNO 2 indi-
cated that the O6 oxygen belonging to the Ni framework is the
most nucleophilic center of this molecules, P, =0.42, while the
C1 carbon belonging to the NO framework is a marginally acti-
vated nucleophilic center, P, =0.04. On the other hand, analysis
of the electrophilicP; Parr functions of TCAN 3 indicates that
the three chlorines are the most electrophilic centers of this mol-
ecules while the C7 carbon is marginally activated as an electro-
philic center, P; =0.03. Note that the N8 nitrogen of TCAN 3
possessing a negative P, value of —0.01 is deactivated as an
electrophilic center [40].

From the CDFT analysis performed in this section, we can
conclude that low nucleophilic charter of FNO 2 together with
the poor nucleophilic activation of the NO framework of FNO
2 and the low electrophilic activation of the nitrile framework
of TCAN 3 point to a non-polar character and, consequently, a
high activation energy for this 32CA reaction.

Exploration of the reaction paths involved
in the interaction between FNO 2 and TCAN 3

Upon in situ generation, FNO 2 in the reaction mixture, four
competitive 32CA reaction paths toward TCAN 3 can take
place as a consequence of the presence of the NO and the Ni
frameworks in FNO 2, and the non-symmetry of both re-
agents. Although the 32CA reaction involving the Ni frame-
work is expected to be very unfavorable because of its partic-
ipation in the aromatic ring, in excellent agreement with the
experimental outcomes [27], the two competitive reaction
paths are analyzed to elucidate a quantitative description of
the energy profiles and mechanistic aspects. Noted that due to

0332 —-0.03°-d.0

Fig. 2. 3-D representations of the B3LYP/6-311G(d,p) computed
Mulliken atomic spin density of the radical cation FNO 2 (left) and of
the radical anion TCAN 3™ (right), together with the nucleophilic P}, Parr
functions of FNO 2 and the electrophilic P} Parr functions of TCAN 3

lineal geometry of TCAN 3 no stereoisomeric reaction paths
are involved in this 32CA reaction. Scheme 3 displays reac-
tion paths involved in the aforementioned 32CA reactions.

As demonstrated in Scheme 3, C1-N2-03 involvement of
FNO 2 toward C—N triple bond of TCAN 3 leads to generation
oxadiazole 4 via C1-N8 attack passing through TS1 or gen-
eration oxadiazole 5 via C1-C7 attack passing through TS2.
On the other hand, cycloadduct 6 can be produced if C4-N5—
06 framework of FNO 2 is involved in 32CA reaction with
TCAN 3 via C4-C7 attack which demands to overcome TS3.
Similarly, cycloadduct 7 can also be obtained if the C4 carbon
in FNO 2 approaches N8 atom of TCAN 3 which requires to
overcome TS4. Analysis of the IRC profiles of located TS1,
TS2, TS3, and TS4 reveals that formation of all cycloadducts
takes place through a one-step mechanism without formation
of any stable intermediate.

From relative enthalpies given in Scheme 3, it is obvious
that among located TSs, TS1 with an activation barrier of
18.7 kcal/mol is the less energetic TS. Note, however, that
the significant activation barrier of TS1 is a consequence of
the non-polar character of the zw-type 32CA reaction (see
“Analysis of the global and local CDFT reactivity indices at
the GS electronic structure of FNO 2 and TCAN 3”), and can
be overcome under harsh conditions employed experimentally
leading to the formation of oxadiazole 4. On the other hand,
TS2 is located by 10.5 kcal/mol over TS1, in clear agreement
with the complete regioselectivity observed experimentally.
Moreover, the high thermodynamic stabilization gained via
the newly formed aromatic five-membered ring in oxadiazole
4 is responsible for the high energy content of 43.0 kcal/mol
released within formation of oxadiazole 4 through a quite
irreversible pathway. Computed relative enthalpies, however,
clearly demonstrate that formation of cycloadducts 6 and 7
which demand to overcome a very high activation barrier of
42.9 (TS3) and 26.2 (TS4) kcal/mol, resulting from the loss of
the aromatic character of five-membered ring in FNO 2,
should completely be ruled out. These results, in excellent
agreement with the experimental findings [25], explain why
interaction between FNO 2 and TCAN 3 leads to the forma-
tion of oxadiazole 4 as the only isolable product over the
course of a chemoselective (C1-N2-0O3 involvement rather
than C4-N5-06 one in FNO 2) and regioselective (C1-N8
attack instead of C1-C7 one) 32CA reaction.

The aromatic character of newly formed five-membered
rings at oxadiazole 4 and 5 was evaluated using nucleus-
independent chemical shift (NICS) method. It has been well
documented that the zz component of NICS tensor at 1.0 A
above the ring center, NICS(1),,, is the most appropriate index
to describe the 7r-orbitals contribution to the aromaticity in an
aromatic ring [45]. The B3LYP/6-311++G(d,p) value of
NICS(1),, for the newly formed five-membered ring in
cycloadduct 4 and 5 is — 19.5 and —24.3 ppm, respectively.
When these values are compared with that of furan (—
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Scheme 3 Competitive reaction /° O CCh
paths involved in the 32CA N
reaction of FNO 2 toward TCAN cle (/://
3. The B3LYP/6-311G(d.p) \ "fe
computed relative enthalpies (red /7 TCTN\ TS3 N .
values) and Gibbs free energies \ /,L\ N ig-g 8 2
(blue values) in the presence of o o (42:9) E 5
chloroform at 339.0 K and 6 2 =z
1.0 atm are given in kcal/mol o o
49.7
(32.6) C4-N5-06 Involvement N C1-N2-03 Involvement
o
/ ] Cl,C—C=N ]
N\é/< ) (0.0) o
C|3c—c// | \N TS4
N N/ 426
o o (26.2)
7 5
16.7 1.6
(0.0) (-16.5)
27.2 ppm), as the well-known aromatic five-membered spe-  associated with these bimolecular processes (see Scheme 3).

cies, it is evidenced that not only is the oxadiazole ring in ~ Despite such large positive shift in the relative Gibbs free
compounds 4 and 5 highly aromatic but the aromatic character ~ energy changes, oxadiazole 4 is the only reachable product
of latter is also significantly greater than the former. Despite ~ under experimentally employed conditions passing through

such greater aromaticity, cycloadduct 5 is noticeably less sta-  TS1 with a considerable activation Gibbs free energy of
ble than 4 by 26.5 kcal/mol (see Scheme 3). In fact, the aro-  33.0 kcal/mol within a highly exergonic pathway.

maticity predominance of 5 over 4 is extremely affected by the The B3LYP/6-311G(d,p) optimized structure of TS1
energy content released within formation of different bonds. through TS4 involved in 32CA reactions of FNO 2 toward

Inclusion of the entropy effects (TAS) among enthalpy =~ TCAN 3 including some key geometrical distances as well as
changes leads to a large positive shift within Gibbs free energy ~ the unique imaginary frequency, in cm™, in the presence of
values as a consequence of the unfavorable negative entropy  chloroform is given in Fig. 3. Considering that the C-O, C-N,

optimized structure of TSs
involved in 32CA reactions of

FNO 2 toward TCAN 3 in the m
presence of chloroform. While 9 ' ‘ ’
P 2.054 12,143

some geometrical distances are

2. ; . 2.143
given in Angstrom, the unique ‘ ’/‘ ¥ ; \ .03
imaginary frequency given in the j/“;‘ S

Fig. 3 B3LYP/6-311G(d,p) f

parenthesis is in cm™'

9
TSI (412.4) TS2(-428.0)
\
u)“
1.846 11.990 Jz,o(m/ | 1.837
0o 23 |
ot _ 3 4 >
P e® %00 33
9 9
TS3 (-335.2) TS4 (-437.0)
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and N-O single-bond formation takes place at different dis-
tances, these TSs correspond to asynchronous single-bond
formation processes in which the formation of the C-O or
C-N single bond involving the C1 carbon atom of TCAN 3
is more advanced than the other single bond (see latter).

Numerous MEDT studies have shown a very good corre-
lation between the polar character and the feasibility of cyclo-
addition reactions. Accordingly, the polar nature of this 32CA
reaction was evaluated by computing the GEDT at the corre-
sponding TSs. Reactions with the GEDT values of 0.00e cor-
respond to non-polar processes, while values higher than
0.20e correspond to polar processes. The B3LYP/6-
311G(d,p) GEDT value, which fluxes from the NO frame-
work to the TCAN one is 0.08e at TS1 and 0.11e at TS2.
Moreover, the GEDT value which fluxes from the Ni frame-
work to the TCAN one is 0.09¢ at TS3 and 0.08e at TS4. The
low GEDT value found at the energetically most preferred
TS1 indicates that this zw-type 32CA reaction has a very
low polar character.

Elucidation of molecular mechanism in 32CA reaction
between FNO 2 and TCAN 3 via the ELF topological
analysis

In order to understand molecular mechanism involved in
32CA reaction between FNO 2 and TCAN 3, ELF topological
analysis of some relevant points along the IRC profile of the
energetically most favorable TS1 connecting separate FNO 2
and TCAN 3 with oxadiazole 4 was performed.

Figure 4 represents the B3LYP/6-311G(d,p) IRC profile of
energetically most preferred TS1 involved in 32CA reaction
between FNO 2 and TCAN 3 to generate cycloadduct 4 which
includes a total 177 points with a narrow step size of 0.02
Bohr. Position of the most relevant points P1 through PS5 is
also given along this IRC profile. As depicted in Fig. 4, five
relevant points are characterized along the IRC profile of TS1
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Fig. 4 B3LYP/6-311G(d,p) IRC profile of energetically most preferred
TS1 involved in 32CA reaction between FNO 2 and TCAN 3 to generate

cycloadduct 4 involving position of the most relevant points P1 through
P5

any of which comprises distinguished change(s) in the ELF
valence attractor positions and their populations enabling us to
portray bond forming/breaking patterns within interaction be-
tween FNO 2 and TCAN 3. Figure 5 displays the ELF valence
attractor positions and their populations for separate FNO 2
and TCAN 3 (the top box) and for points P1 through PS.
While a detailed explanation about the ELF valence attractors
of isolated FNO 2 is given in Fig. 1, the C7-N8 bonding
region in the isolated TCAN 3 is characterized with the pres-
ence of three V(C7,N8), V'(C7,N8), and V" (C7,N8)
disynaptic basins presenting a total population of 4.53¢ (see
the top box in Fig. 5), which is considerably lower from the
expected value of 6e associated with a triple bond.

This behavior can be related to the polarization of C7-N§
bonding region toward C7 carbon atom due to presence of
highly electron-withdrawing CCl; group, in one hand, and
the more electronegative character of the N8 nitrogen than
the C7 carbon, in the other hand. Such polarization produces
that the population of the C7—C9 single bond becomes 2.28e,
and that of the N8 lone pair becomes 3.15¢. At point P1,
d(C1-N8)=2.243 A and d(03—-C7)=2.297 A, the first rele-
vant ELF topological changes are evidenced (see Fig. 5).
Indeed, the formation of a new V(C1) monosynaptic basin
over the Cl1 carbon, integrating 0.48e, and a new V(N2)
monosynaptic basin over the N2 nitrogen, integrating 1.94e,
are observed. Consequently, at P1, the C1 pseudoradical cen-
ter required for the subsequent C1-N8 single-bond formation
is already created, while a N2 lone pair has emerged because
of depopulation C1-N2 bonding region toward C1 and N2
centers. At P2, d(C1-N8)=1.939 and d(03-C7)=2.037 A,
the electron population of C7-N8 bonding region decreases
from the initial value of 4.53e in the separate TCAN 3 to 4.0e.

Such a decrease results in the formation of a new V(C7)
monosynaptic basin integrating 0.24e. Consequently, at P2,
the C7 pseudoradical center required for the subsequent
03-C7 single-bond formation is already created. At this point,
the population of the V(N8) monosynaptic basin has been
increased by 0.35¢ from isolated TCAN 3. At P3, d(C1-
N8)=1.753 A and d(03—-C7)=1.882 A, the presence of a
V(C1,N8) disynaptic basin integrating 0.97e indicates that
the formation of the first C1-N8 single bond has already be-
gun at a C-N distance of 1.73 A through the sharing of the
electron density of the V(C1) monosynaptic basin and some
electron density of the V(N8) monosynaptic basin present at
P2. Note that the population of N8 lone pair is significantly
decreased from 3.40e at P2 to 2.98¢ at P3 (see Fig. 5). At P4,
d(C1-N8)=1.619 A and d(03-C7)=1.754 A, the non-
bonding electron density of the O3 oxygen present at P3 is
shared into three monosynaptic basins, V(O3), V'(O3), and V'
'(03). The V"(03) monosynaptic basins, which integrate
0.43¢, will be involved in the formation of the second O3—
C7 single bond. Finally, at PS5, d(C1-N8)=1.532 A and
d(03-C7)=1.643 A, the presence of a new V(C7,03)
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disynaptic basin with an initial population of 1.11e indicates
that the formation of second O3—C7 single bond has already
been formed at a O—C distance of 1.64 A through the sharing
of the electron density of the V(C7) monosynaptic basin and
that of the V"(03) monosynaptic basin present at P4.

It is highly important to mention that when the very de-
layed formation of the O3—C7 single bond starts at point P5 at
the short O—C distance of 1.64 A, the electron population of
the already formed C1-N8 single bond reaches 1.62e. This
value which is more than 85% of its population at oxadiazole
4 (1.90e) permits establishing that this 32CA takes place
through a non-concerted two-stage one-step mechanism [46]
in which formation of the second O3—C7 single bond begins
when the formation of the first C1-N8 bond becomes almost
complete. Moreover, in terms of ELF analysis, the bonding
changes along 32CA reaction of FNO 2 toward TCAN 3 are
not concerted but sequential, which permits to reject the pro-
posed pericyclic mechanism in which a concerted movement
of electrons around a cycle is suggested [43]. Note that the
non-concerted two-stage one-step character, portrayed for the
molecular mechanism of'the studied 32CA reaction, is in quite
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agreement with previous studies devoted to 32CA reactions
[1, 3,5, 8, 47-50].

Conclusions

The chemo- and regioselective 32CA reaction of in situ gen-
erated FNO 2 with TCAN 3 yielding 1,2,4-oxadiazole 4, ex-
perimentally reported very recently by Larin and co-workers
[27], has been theoretically studied within the MEDT at the
DFT-B3LYP/6-311G(d,p) computational level. The present
MEDT study permits to point out some conclusions as
follows:

* Among the four types of reactivity provided for 32CA
reactions, the 32CA reaction of FNO 2 toward TCAN 3
should be classified as a zw-type 32CA reaction, in which
the low nucleophilic character of FNO 2 is responsible for
the non-polar character displayed by the reaction. This
non-polar character of this accounts for the high activation
enthalpy computed for the reaction, 18.7 kcal/mol.
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Exploration of the four competitive reaction paths evident-
ly indicates that the NO framework of FNO 2 rather than
its Ni one participates in this zw-type 32CA reaction to-
ward TCAN 3. Indeed, while a 32CA reaction at NO
framework allows a new aromatic five-membered ring to
be generated in oxadiazole 4, the participation of Ni
framework requires to loss of the aromaticity in FNO 2
and, thus, it is highly prevented. Consequently, the 32CA
reaction of FNO 2 toward TCAN 3 yields oxadiazole 4 as
the sole product through a high activation barrier but a
very exergonic pathway acting as a driving force, in ex-
cellent agreement with the experimental findings.

In quite agreement with the previous mechanistic consid-
erations devoted to 32CA reactions, the ELF analysis of
the most relevant points located over the IRC profile of the
energetically most favorable TS1 characterizes a non-
concerted two-stage one-step molecular mechanism for
the studied 32CA reaction.

In this sense, while formation of the first C1-N§ single
bond takes place through the sharing of part of the electron
density of the N8 lone pair with that of the C1
pseudoradical center, formation of the second O3—C7 sin-
gle bond takes place through the sharing of part of the
electron density of the O3 lone part with that of the C7
pseudoradical center. Both C1 and C7 pseudoradical cen-
ters are created in this zw-type 32CA reaction along the
reaction path through the depopulation of the C1-N2 and
C7-N8 bonding regions of the reagents.

The bonding changes along this 32CA reaction evidenced
by the ELF analysis make it possible to rule out the pro-
posed pericyclic mechanism in which a concerted move-
ment of electrons around a cycle is suggested.
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