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Theoretical
study

Ar = Ph, 4-0,NCgHy, 4-H,NCgH,4

The regio- and stereoselectivity of [3+2] cycloaddition reactions of (Z)-1-(anthracen-9-yl)-N-methyl nitrone with analogs of trans-
B-nitrostyrene were studied within the molecular electron density theory at the B3LYP/6-31G(d) and MPWB95/6-311G(d,p) theory
levels. Analysis of the reactivity indices for presented reactions suggests that nitrone participates as nucleophile, while studied
nitroalkenes play a role of electrophiles. According to electron localization function and conceptual density functional theory, kinetic and
thermodynamic aspects of processes as well as analysis of all critical structures, the most favored reaction path is the formation of
(3RS,4RS,5SR)-3-(anthracen-9-yl)-5-aryl-2-methyl-4-nitroisoxazolidine, independently of simulated solvent.
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Isoxazolidines are a group of five-membered, saturated
heterocyclic compounds containing both nitrogen and
oxygen in the skeleton.' This class of compounds, due to
their biological activity, found use in many aspects of life.”
Isoxazolidines are widely used in medicine as antibacterial
and antiviral drugs.>* An example to be mentioned is
cycloserine which is a common structural motif in
antibiotics® (Fig. 1). Besides, isoxazolidines are used in
industry as a part of scrubbers to remove sulfur-containing
compounds® or in polymer chemistry as a part of
copolymers.”

The most universal and common protocols for the
synthesis of isoxazolidines and their derivatives, comprise
[3+2] cycloaddition (32CA) reactions of nitrones with
olefins,* " proceeding under mild conditions in absence of
catalyst and giving high yields.'"'* This method also allows
to obtain products with high or complete selectivity."'*
Moreover, 32CA reactions are characterized by complete
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Figure 1. Structure of cycloserine (4-amino-3-isoxazolidinone).
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atom economy. The full atom economy of the above
processes lies in accordance with green chemistry rules.'>'®

In our research, the study on possibility of synthesis of
sterically crowded N-methylisoxazolidines was carried out
(Scheme 1). In order to achieve assumed purpose,
(2)-1-(anthracen-9-yl)-N-methyl nitrone (1) was applied as
a three-atom component (TAC)."” Nitrone 1 has already
been tested in 32CA reaction giving high yields of
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products.” Simultaneously, the protocol of synthesis of
nitrone 1 is not complicated and according to the literature,
the molecule possesses biological activity.'® In turn, the
series of trans-B-nitrostyrene analogs 2a—c were used as
alkenes. It is well known, that conjugated nitroalkenes are
commonly used in 32CA reactions.”””® Moreover, as
in vitro tests show, trans-B-nitrostyrene-containing analogs
can be successfully used as antimicrobial agents.”!

For such defined substrates, four competitive 32CA
reaction paths are possible. They are composed of two
regioisomeric pathways, of which each one has two, likely,
stereoisomeric pathways.

Complexity of the described process led us to use the
computational methods based on molecular -electron
density theory (MEDT)* in order to understand the
reaction mechanism and, as a result, make an attempt of
synthetic study in a future.

This theoretical research was divided into four parts.
First, a topological analysis of electron localization function
(ELF)® and natural population analysis (NPA)*** for
substrates 1 and 2a—c at the ground state were done. These
analyses were presented in order to characterize the electro-
nic structure of the substrates and to predict their reactivity
in 32CA reaction based on electron density distribution in
molecules.!” ELF localization domains, ELF basin attractor
positions, together with the valence basin populations are
shown in Figure 2. The analysis was performed using
B3LYP/6-31G(d) theory level in gas phase.

The ELF topological analysis of (Z)-1-(anthracen-9-yl)-
N-methyl nitrone (1) shows the presence of two mono-
synaptic basins, V(O1) and V'(Ol), integrating a total
electron population of 5.94 e, located at the more nucleo-
philic O1 atom; one V(O1,N2) disynaptic basin, integrating
1.36 e, associated with an underpopulated O1-N2 single
bond; and one V(N2,C3) disynaptic basin, integrating 4.04 e,
associated with a N2=C3 double bond (Fig. 2). Due to the
absence of pseudoradical center nor a carbenoid center as
well as the absence of a double bond, nitrone 1 can be
classified as zwitterionic TAC (zw-type)."’

The ELF topology of trans-B-nitrostyrene (2b) presents
one pair of disynaptic basins, V(C4,C5) and V'(C4,C5),
integrating a total electron population of 3.52 e. A similar
situation is observed both for trans-4-amino-B-nitrostyrene
(2a) and trans-4-nitro-B-nitrostyrene (2¢). The ELF
topological analysis of nitrostyrene 2a shows one pair of
disynaptic basins, V(C4,C5) and V'(C4,C5), integrating a
total electron population of 3.56 e. In turn, the ELF
topology of nitroalkene 2¢ shows one pair of disynaptic
basins, V(C4,C5) and V'(C4,C5), integrating a total
electron population of 3.54 e. The presence of one pair of
V(C4,C5) and V'(C4,C5) disynaptic basins is associated
with a C4=C5 double bond in nitroalkenes 2a—c structures
(Fig. 2). The presence of V(C4,C5) and V'(C4,C5) basins
of trans-B-nitrostyrene analogs 2a—c is associated with a
depopulated C4=C5 double bond caused by neighbourhood
of groups NO, and Ph.

Based on ELF analysis, the proposed Lewis-like struc-
tures together with the natural atomic charges for nitrone 1
and nitroalkenes 2a—c are given in Figure 3.
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Figure 2. B3LYP/6-31G(d) ELF localization domains of nitrone
1 and nitroalkenes 2a—c represented at an isosurface value of ELF
0.75 and ELF basin attractor positions, together with the most
significant valence basin populations. ELF valence basin popula-
tions are given in average number of electrons (e). Protonated
basins are shown in blue, monosynaptic basins in red, disynaptic
basins in green. The ELF attractors are shown as purple spheres.

While the ELF topological analysis provides a bonding
pattern concordant with the commonly accepted Lewis
structure, the NPA analysis represents reagents electronic
structure. NPA analysis of the natural atomic charges
shows that in (Z)-1-(anthracen-9-yl)-N-methyl nitrone (1),
the atom Ol is strongly negatively charged by —0.51 e,
while the atom N is weakly positive charged by +0.09 e. In
turn, C3 carbon presents a formally negligible charge of
—0.04 e (Fig. 3). Therefore, NPA indicates that nitrone 1
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Figure 3. ELF-based Lewis-like structures for nitrone 1 and
nitroalkenes 2a—c¢ proposed by B3LYP/6-31G(d), together with
the natural atomic charges. Natural atomic charges are given in
average number of electrons (e).
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does not possess a 1,2-zwitterionic charge distribution.
Presented charge distribution is a consequence of the
polarization of the O—-N-C framework toward the more
electronegative O1 oxygen.

NPA analysis of the natural atomic charges indicates
that nitroalkenes 2a—c show a similar charge distribution.
Both ethylene carbons are negatively charged. More electro-
philic C, carbon atoms possess more negative charge
compared to Cg carbon atoms. In trans-B-nitrostyrene (2b),
the charge of C, carbon is —0.16 e, while charge of Cg
carbon is —0.11 e. Introduction of electron-donating NH,
group at para position of trans-B-nitrostyrene 2a causes a
slight increase of electronic charge distribution of trans-
4-amino-B-nitrostyrene (2a) to —0.17 e (C,) and —0.13 e
(Cp). In turn, in a case of electron-withdrawing NO, group
electronic charge distribution values of nitroalkene 2¢ are
reduced to —0.12 e (C,) and —0.09 e (Cp).

An analysis of the electronic properties of substrates and
their intermolecular interactions according to conceptual
density functional theory (CDFT)***’ reactivity indices was
carried out during our theoretical research on 32CA
reaction. The global reactivity indices, namely, electronic
chemical potential w,*° chemical hardness 7, global
electrophilicity ®, and global nucleophilicity N, for the
reagents involved in these 32CA reactions were calculated
at the B3LYP/6-31G(d) theory level in the gas phase
(Table 1).2%%’

The electronic chemical potential of nitrone 1 (n—3.50 eV)
is higher in comparison to nitroalkenes 2a—¢: p —3.96 eV
(nitroalkene 2a), —4.79 eV (nitroalkene 2b) and —5.58 eV
(nitroalkene 2c¢). It means that the flux of the electron
density presumably takes place from (Z)-1-(anthracen-9-yl)-
N-methyl nitrone (1) to trans-B-nitrostyrene analogs 2a—c.
Thus, discussed 32CA reactions can be classified as the
forward electron density flux (FEDF).”®

Calculated electrophilicity” index  of (Z)-1-(anthracen-
9-yl)-N-methyl nitrone (1) is 1.90 eV and the calculated
nucleophilicity® index N for this nitrone 1 is 4.00 eV
(Table 1). These values allow to conclude that nitrone 1
can be classified as strong electrophile as well as strong
nucleophile in a polar reaction within the electrophilicity
and nucleophilicity scale.”®!

The calculated electrophilicity index o of nitroalkene 2b
is 2.66 eV and the calculated nucleophilicity N index for
this compound is 2.17 eV (Table 1). Thus, trans-p-nitro-
styrene (2b) can be classified as strong electrophile and
moderate nucleophile in a polar reaction based on the
electrophilicity and nucleophilicity scale.*

Introduction of electron-donating group NH, at para
position has a slight impact on the electrophilicity index ©
of nitroalkene 2a with a decrease to 2.17 eV and significant
increase of nucleophilicity index N to 3.34 eV (Table 1). In
consequence, trans-4-amino-B-nitrostyrene (2a) can be
considered a strong electrophile as well as a strong
nucleophile.*

In turn, introduction of electron-withdrawing group NO,
significantly increases the electrophilicity index ® of nitro-
alkene 2¢ to 3.70 eV and slightly reduces its nucleo-
philicity index N to 1.44 eV (Table 1). So, trans-4-nitro-
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Table 1. The global reactivity indices for nitrone 1
and nitroalkenes 2a—c, calculated based on B3LYP/6-31G(d)
theory level in gas phase

Compound u, eV n, eV o, eV N, eV
1 -3.50 3.23 1.90 4.00
2a -3.96 3.62 2.17 3.34
2b -4.79 4.31 2.66 2.17
2¢ —5.58 421 3.70 1.44

B-nitrostyrene (2¢) can be classified as a superelectrophile
and marginal nucleophile.”*!

Overall, for all studied 32CA reactions, it can be
assumed that (Z)-1-(anthracen-9-yl)-N-methyl nitrone (1)
most evidently can participate as nucleophilic component,
while nitroalkenes 2a—c remain electrophilic substrates.
Thus, the regioselectivity of 32CA including the participa-
tion of nonsymmetric reagents can be defined through
interaction between the most electrophilic center of the
electrophile and the most nucleophilic center of the
nucleophile.*”” Therefore, in order to characterize the most
nucleophilic and the most electrophilic centers of the
species involved, the electrophilic P;" and nucleophilic P,
Parr functions together with local electrophilicity oy and
local nucleophilicity Ny of substrates 1 and 2a—c were
analyzed (Fig. 4).”

Four different isomeric products can be formed in 32CA
reaction between (Z)-1-(anthracen-9-yl)-N-methyl nitrone
(1) and trans-B-nitrostyrene analogs 2a—c (Scheme 1).

Analysis of the nucleophilic P, Parr functions of
(2)-1-(anthracen-9-yl)-N-methyl nitrone (1) indicates that
O atom of nitrone fragment includes the most nucleophilic
center of this species, presenting the maximum value
Py 0.22, and the values of the local nucleophilicity index Ny is
0.88 eV (Fig. 4).

The electrophilic P," Parr functions of trans-B-nitro-
styrene analogs 2a—c indicates that C, atom is the most
electrophilic, presenting the maximum value Pc, 0.29
(nitrostyrene 2a), 0.25 (nitrostyrene 2b), and 0.12 (nitro-
styrene 2¢) and the values of the local electrophilicity index
oy are 0.63 (nitrostyrene 2a), 0.67 (nitrostyrene 2b), and
0.44 eV (nitrostyrene 2c¢, Fig. 4).

So, based on CDFT theory, the most favorable reaction
paths are determined by the nucleophilic attack of O atom
of (Z)-1-(anthracen-9-yl)-N-methyl nitrone (1) on electro-
philic C, atom of trans-B-nitrostyrene analogs 2a—c. There-
fore, the creation of compounds 3a—c¢ and/or 4a—c as the
most favored regioisomeric adducts is equally probable
(Scheme 1).

Further, the kinetic and thermodynamic analysis of
potential energy surface (PES) was presented for reaction
between (Z)-1-(anthracen-9-yl)-N-methyl nitrone (1) with
trans-B-nitrostyrene (2b) (Table 2). By analogy, the results
for reaction of nitrone 1 with the rest of nitroalkenes 2a,c
are given in Tables S1 and S2 (Supplementary information
file). The computational study was performed using the
MPWB95/6-311G(d,p) theory level. The solvent effect was
included via polarizable continuum model (PCM) for
PhMe and EtOH solutions.
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HYNO,

Figure 4. The local electronic properties are presented as 3D models of Mulliken atomic spin densities for nitroalkenes 2a—¢"~ radical
anions and nitrone 1'" radical cation, together with the electrophilic P," Parr functions of nitroalkenes 2a—c and the nucleophilic P, Parr
functions of nitrone 1 and indices of the local electrophilicity @y (eV) of nitroalkenes 2a—¢, given in red, and the local nucleophilicity Ny

(eV) of nitrone 1, given in blue.

The analysis of Eyring parameters shows that for the
reaction between (Z)-1-(anthracen-9-yl)-N-methyl nitrone
(1) and trans-B-nitrostyrene (2b) in PhMe (¢ 2.4) the
cycloaddition's enthalpies are negative: —2.76 (MCjp),
—1.65 (MCyp), —4.84 (MCsp), —3.25 (MCgp). This is due to
formation of the molecular complex (MC) at the first
reaction stage (Table 2, Fig. 5). For all of the possible
reaction paths MCs are created without the necessity of

Table 2. Kinetic and thermodynamic parameters for 32CA reaction
of nitrone 1 with frans-p-nitrostyrene (2b) in different solvents,
according to MPWB95/6-311G(d,p) (PCM) calculations

(AH and AG are given in kcal-mol™, AS is given in cal/(mol-K))*

Reaction sep PhMe (¢ 2.4) EtOH (¢ 24.8)
AH AG AS AH AG AS

1+2b>MCy, 276 885 -3894 —122 13.04 —47.80
1+2b> TSy, 1686 3246 —49.70 2392 3948 —52.18

1+2b—3b  —047 1435 -5233 237 1708 -4933
1+2b>MCy -1.65 1070 4140 -031 1279 -43.94
1+2b— TSy 23.62 3926 -52.45 30.88 4693 -—53.83

1+2b—>4b 619 2279 -5569 8.83 2519 -54.88
1+2b>MCs, -484 635 -3755 —088 1126 —40.73
1+2b—>TSs, 2023 3492 4928 2754 4297 -51.76

1+2b>5b 612 2227 -5417 882 2475 5345
1+2b—>MCq -325 843 -39.19 -1.58 10.12 -39.26
1+2b—TSq 1830 3357 -51.20 2554 4112 -5227

1+2b—>6b  1.00 1699 -53.62 421 2002 -53.00

* MC — molecular complex, TS — transition state, € — relative permittivity.
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crossing an activation barrier. Therefore, MCs may not
exist as stable complexes.

Further MC conversion along the reaction proceeds to
the transition states (TSs), irrespective to the 32CA pathway.
Results of intrinsic reaction coordinate (IRC) analysis
indicate the appearance of TSs with the one imaginary
eigenvalue in the Hessian. The IRC calculations connect
transition state directly with the energy minimum of MC
and product in any reaction pathways. It also confirms the
absence of more energy minimum connected with the presence
of other critical structures. Therefore, we conclude that the
mechanism of reaction between (Z)-1-(anthracen-9-yl)-
N-methyl nitrone (1) and trans-B-nitrostyrene (2b) should
be considered as one-step. The TSs forming is associated

30 — AH, kcal/mol

20 —

-10

Reaction coordinate
Figure 5. Enthalpy profile for 32CA reaction of (Z)-1-(anthracen-
9-yl)-N-methyl nitrone (1) with frans-B-nitrostyrene (2b) in PhMe,
according to MPWB95/6-311G(d,p) (PCM) calculations.
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with increase of the Gibbs free energy of the process to
14.35 kcal-mol™" (Table 2, Fig. 5). Data in Table 2 suggests
that the forming of (3RS,4RS,5SR)-3-(anthracen-9-yl)-
2-methyl-4-nitro-5-phenylisoxazolidine (3b) is the most
preferable product from the kinetic point of view. The
activation barrier in this case is 32.46 kcal-mol™ (Table 2).
The obtained results correspond well with the the CDFT
analysis results discussed above. In turn, the creation of
(3RSASR,5RS)-3-(anthracen-9-yl)-2-methyl-4-nitro-5-phenyl-
isoxazolidine (4b) as the second regioisomer should be
considered as unfavorable from the kinetic point of view
with the highest activation barrier 39.26 kcal-mol™ (Table 2,
Fig. 5). On the other hand, the activation barriers of both regio-
isomers 5b and 6b are comparable (34.92 and 33.57 kcal-mol ™,
respectively) and the formation of these two products is of
similar probability under the 32CA conditions in PhMe
(Table 2).

In the case of more polar solvent EtOH (¢ 24.8), solution
is included as dielectric media to DFT calculations as the
result the reaction profiles do not change qualitatively, but
only quantitatively to a small extent comparing to the
results calculated for PhMe solution. In particular, the
increase of AH and AS values for all MCs are observed as
well as activation barriers are significantly higher.*
Nevertheless, the paths preference of 1 + 2b reaction based
on kinetic aspects for EtOH is identical as in a case of
PhMe solution (Table 2).

Finally, the last calculation part includes the diagnostic
analysis for all critical structures of the reaction. Similarly
to kinetic and thermodynamic studies, the MPWB95/
6-311G(d,p) (PCM) theory level was applied for calcu-
lation. The results include key parameters’ such as
interatomic distance between reaction centers for signi-
ficant structures (), development of new single bond (/),
asymmetry index A/ and the global electron density transfer
(GEDT) values and are given in average number of
electrons in PhMe (Table 3) and in EtOH (Table 4). Due to
similar results, the data for 32CA reactions of methyl
nitrone 1 with nitroalkenes 2a,¢ are given in Tables S3 and
S4 (Supplementary information file). The visualisation of
key critical structures is shown only for the most favorable
1 + 2b reaction path leading to oxazolidine 3b in PhMe
solution (Fig. 6).

As noted above, the first stage of 32CA reaction 1 + 2b
in PhMe is the formation of a MC, independently from
reaction path (Table 3, Fig. 6). The analysis of the
structural aspects shows that within MC distances between
reaction centres C3—C4 and C5-O1 remained outside the
typical r range for bonds in transition state. It can be
concluded that in all MCs no new single bonds start
forming. GEDT parameters for each MC are equal to 0.0 e,
which demonstrates that none of the MC forms electron
density transfer complex (Table 3).*°

The next reaction step is the formation of TS (Table 3,
Fig.6). Distances C3—C4 and C5-Ol in the following TS
are significantly shortened compared with the corresponding
distances within the MC. The nature of TS depends on the
relative orientations of complex subunits. In particular, for
the TS;p the extent of C3—-C4 and C5-O1 forming new

Table 3. The key parameters of the critical structures

for 32CA reaction of (Z)-1-(anthracen-9-yl)-N-methyl nitrone (1)
and trans-B-nitrostyrene (2b) in PhMe (g 2.4), according

to MPWB95/6-311G(d,p) (PCM) calculations

Sttll:::_ - C3-C4 C5-01 ALA  GEDT.e
r, lsca A A lesol A

MGC;, 2.884 3.411 0.00
TS;3p 1.892 0.79 1.891 0.72 0.07 0.19
3b 1.564 1.480

MCyp 2.768 3.436 0.00
TS4p 1.936 0.78 1.905  0.61 0.17 0.18
4b 1.585 1.374

MCs, 4.232 3.342 0.00
TSsp 2.112 0.67 1.733  0.82 0.15 0.11
5b 1.588 1.469

MCg 4.003 3.262 0.00
TSen 2.135 0.63 1.779  0.79 0.16 0.14
6b 1.558 1.465

bonds is identical with calculated distances equal to 0.79
and 0.72 A, respectively (Table 3). In turn, for the same
regioisomer but competitive stereoisomer 4b the predicted
TSy is more asynchronous. Thus, the distance C3—-C4 is
1 0.78 A, while C5-O1 predicted bond length is 0.61 A
(A10.17 A). The two other possible TSs;, and TSgp are also
asynchronous with interatomic distance asymmetry index
Al0.15 and 0.16 A, respectively.

TS;3p

Figure 6. Critical structures for 32CA reaction path of 1 + 2b — 3b
in PhMe solution according to MPWB95/6-311G(d,p) (PCM)
calculations.
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Table 4. The key parameters of the critical structures

for 32CA reaction of (2)-1-(anthracen-9-yl)-N-methyl nitrone (1)
with trans-B-nitrostyrene (2b) in EtOH (e 24.8), according

to MPWB95/6-311G(d,p) (PCM) calculations

Stt::ec' AC37C4 C5-01 ALA GEDT.
r, lesca, A r, A les o, A

MC;, 3.244 2.902 0.00
TSsp 1.848 0.82 2.080 0.51 0.31 0.26
3b 1.561 1.396

MCy 2996 3.489 0.00
TS4p 1.850 0.83 1.968 0.57 0.26 0.17
4b 1.584 1.375

MCs, 3.862 3.001 0.00
TS5, 2.139 0.66 1.665 0.88 0.22 0.19
5b 1.590 1.474

MCq, 4.031 3.291 0.00
TSen 2.164 0.62 1.702 0.84 0.22 0.22
6b 1.566 1.464
So, during the most kinetically favored reaction

pathway, the formation of synchronic transition state is also
more favorable. Noteworthy, that all TSs calculated for
PhMe exhibit low polar nature in the range of GEDT 0.11-
0.19 e (low polar GEDT parameter 0.05 < GEDT < 0.20,
Table 3).”” However, the most preferred reaction pathway
1+ 2b — 3b in EtOH is characterized by GEDT 0.26 e and
by the most synchronous TS, (Table 4).”

The value changes of key parameters of the trans-
formation in EtOH 1is only quantitative. Preferences
regarding the length of interatomic distances, single bond
development indices as well as synchronicity and polarity
character of reactions are similar to those calculated for
PhMe (Table 4). Still, in all of TSs in EtOH an increase of
asynchronicity degree as well as the increase of the GEDT
values can be observed, which is due to the more polar
nature of the solvent.

To sum up, the presented quantum-chemical studies of
[3+2] cycloaddition reactions between (Z)-1-(anthracen-
9-yl)-N-methyl nitrone and trans-B-nitrostyrene analogs
clearly indicate to a one-step asynchronous mechanism.
The polar character of processes depends on the type of
simulated solvent. The presented ELF and CDFT calcula-
tions show that the most favorable reaction path is deter-
mined by the nucleophilic attack of atom O of nitrone on
the electrophilic C, atom of nitroalkenes. Accordingly, the
formation of regioisomer of 3-(anthracen-9-yl)-5-aryl-
2-methyl-4-nitroisoxazolidine is the most probable. In turn,
the analysis of kinetic and thermodynamic parameters as
well as the diagnosis of critical structures for studied
[3+2] cycloaddition reactions confirms the previous regio-
isomeric preference, and demonstrates the formation of
(3RS,4RS,55R)-3-(anthracen-9-yl)-5-aryl-2-methyl-4-nitro-
isoxazolidine as the most probable product among all
possible.
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Computational details

The calculations associated with the [3+2] cycloaddition
reactions were performed using the Gaussian 09 package®
at the Prometheus computer cluster of the CYFRONET
regional computational center in Cracow. DFT calculations
were performed using the MPWB95/6-311g(d,p)*’ theory
level. The similar computational level has already been
successfully used for the exploration of mechanistic aspects
of different cycloaddition processes.*™* Calculations of
critical structures were performed at 298K temperature and
1 atm pressure. The localized stationary points were
characterized using vibrational analysis. For optimized TS,
intrinsic reaction coordinate (IRC)* calculations have been
performed to verify whether the located TSs are connected
to the corresponding minimum stationary points associated
with reactants and products.

The solvent effects were simulated using a standard self-
consistent reaction field (SCRF)***® based on the polarizable
continuum model (PCM).*’

The global electron density transfer (GEDT)? values
were estimated by the natural population analysis (NPA)**
using the equation GEDT(f) = charge g, where ¢ are the
atoms of a framework (f) of the TSs.

Indices of single bond development (/) were calculated
according to the formula:*

Iy y=1- Ry ;”)lsz
rxX-y
where ¢ v is the distance between the reaction centers X
and Y in the transition structure and ryy’ is the same
distance in the corresponding product.

Global electronic properties of the reactants were
estimated according to the equations recommended in
references.” The CDFT indices were calculated at the
B3LYP/6-31G(d) computational level in gas phase also
used to define the electrophilicity and nucleophilicity
scales.”®*"* Electrophilic Py" and nucleophilic P, Parr
functions were obtained from the changes of atomic spin
density (ASD) of the reagents.***°

Topological analysis of the electron localization
function (ELF)* was performed with the TopMod™'
program, using monodeterminantal wave functions over a
grid spacing of 0.1 au. Calculation was performed on
B3LYP/6-31G(d) level theory in gas phase.

GaussView program™ was used to visualize molecular
geometries and 3D representations of the radical anion and
the radical cations and the position of the ELF basin
attractors. The ELF localization domains at an isovalue of
0.75 au were obtained with the Paraview software.”>*

Supplementary information file, containing the kinetic and
thermodynamic data as well as the key parameters of the
critical structures for the 32CA reactions 1 + 2a and 1 + 2¢,
and cartesian coordinates of critical key structures is available
at the journal website http:/link.springer.com/journal/10593.

This work was partially supported by PLGrid Infra-
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