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The term three atom components (TACs) is used in molecular electron density theory to denote three centre four electron 
systems, which react with multiple bonded compounds to generate stereo- and regiochemically defined five membered het-
erocycles by [3+2] cycloaddition reactions. TACs can be allyl type or allenyl type, and the electron ic distribution of TACs is a
crucial factor to dictate their selectivity and reactivity in [3+2] cycloaddition reactions. Electron localization function (ELF) to-
pological analysis of the TACs have been compared and analyzed at DFT/B3LYP/6-311G(d,p) level of theory to get a precise
idea of the proposed Lewis bonding model and reactivity of the TACs. This follows the classification of 12 different TACs as
pseudodiradical, pseudo(mono)radical, carbenoid and zwitter-ionic type and analysis of the DFT based reactivity indices of
the TACs.
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Introduction
Five membered heterocycles serve as versatile synthetic

intermediates1–3 and show potent biological significance4.
The synthesis of five membered heterocycles containing mul-
tiple stereogenic centers is carried out by [3+2] cycloaddi-
tion reactions (32CAs) between two reactants. One of the
reactants is a multiple bonded compound. The other reac-
tant of 32CAs is an allyl-type or a propargyl/allenyl-type struc-
ture in which four electrons are shared in the -system over
three atoms. This reactant of 32CAs was termed as "1,3-
dipole" since late 1880s and gained sincere attention due to
the pharmaceutical importance of five-membered hetero-
cycles. We can draw resonance structures of a 1,3-dipole to
allow delocalization of positive and negative charges along
the two ends. However, one can achieve at an accurate elec-
tronic distribution of the 1,3-dipole by using computational
chemistry calculations.

In the 1960s, Fukui5 proposed frontier molecular orbital
theory (FMO) to explain the reactivity of 1,3-dipoles, which
was subsequently followed by semi-empirical computational
studies of the FMOs of 1,3-dipoles by Houk et al.6 in 1973.

Conceptual density functional theory (CDFT) was reviewed
in 2003 by Geerlings et al.7. Subsequently, CDFT studies
were employed to understand the electronic framework of
1,3-dipoles. Domingo et al.8 proposed global electrophilicity
scale in 2012 for different dienes and dienophiles from CDFT
studies. In 2016, the term “1,3-dipole” was modified to “Three
atom component (TAC)” after the advent of molecular elec-
tron density theory (MEDT) proposed by Domingo9 in 2016.
MEDT9,10 focuses on the calculation of CDFT indices and
Electron Localization Function (ELF) topology of these three
atom components to unravel the mechanism of 32CA reac-
tions in terms of activation energy calculations and following
the reaction pathways by calculations of ELF basin popula-
tions10.

DFT studies related to the optimization and ELF studies
of TACs have been reported at the calculation levels requir-
ing high computational cost and long run time. In this con-
text, precision of a computationally effective calculation sys-
tem is worth investigating, which is expected to reduce the
run time and computational energies required for such cal-
culations. With this in mind, the present study was carried
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out for 12 TACs; nitrile ylide (1), nitrile imine (2), nitrile oxide
(3), diazoalkene (4), azide (5), nitrous oxide (6), azomethine
ylide (7), azomethine imine (8), nitrone (9), carbonyl ylide
(10), carbonyl imine (11) and carbonyl oxide (12) at DFT/
B3LYP/6-311G(d,p) level of theory to provide a complete ra-
tionalization of ELF topology and global properties of TACs.
This calculation can be performed with the help of a simple
i3 personal computer processor. This study is intended to
provide a detailed comprehension of the classification, elec-
tronic distribution and global properties of the TACs. Lewis
structures of the TACs have been proposed on the basis of
the calculated electron densities at the ELF valence basins,
and were found be in  accordance to the communications
reported at other higher computational levels under molecu-
lar electron density theory9,10.

Computational methods:
Optimization of the TACs was performed at B3LYP/6-

311G(d,p)11,12 level of theory. Stationary states were identi-
fied by the absence of imaginary frequencies. The electronic
chemical potential 8 and chemical hardness 8,13 have been
calculated from the computed HOMO and LUMO energies.
The global electrophilicity index 8 is calculated using eq.
(3).

 1/2 [EHOMO +   ELUMO] (1)
 ELUMO – EHOMO (2)
 = 2/2 (3)

ELF topology of the TACs was calculated from Multiwfn (Ver-
sion 3.6) software14. ELF basin analysis was performed with
high quality grid with spacing 0.06 Bohr. ELF attractor im-
ages were visualized using VMD software15 and UCSF Chi-
mera software16. The calculations were performed using
Gaussian 200317 set of programs along with the graphical
interface Gauss View 2003.

Results and discussion
ELF topological analysis of the TACs:
Electron Localization Function (ELF) for atomic and mo-

lecular systems was introduced by Becke and Edgecombe18

and the use of ELF attractors was outlined in a 1994 study19

published in Nature. ELF attractors identify the core, bond-
ing and non-bonding regions of a chemical system. A basin

contains a whole region of points in space. One reaches at
the attractor through steepest ascent along these points. We
obtain a non-overlapping partition of the space through a
basin calculation. MEDT9 requires the ELF topological analy-
sis of the TACs and calculation of ELF basin populations
along the reaction pathway provides a precise idea of the
plausible reaction mechanism. ELF topological analysis clas-
sifies TACs into pseudodiradical type (pdr-type), pseudo
(mono) radical type (pmr-type), carbenoid type (cb-type) and
zwitter-ionic type (zw-type)9,10. ELF topology of TACs has
been employed to study 32CA reactions of nitrile ylides20,
azomethine ylide20, nitrile imine21, azomethine imine22,
nitrone23 and nitrile oxide24.

B3LYP/6-311G(d.p) level of theory is an appropriate sys-
tem of calculation with respect to computational cost. Hence,
the precision and accuracy of this system of calculation is
worth investigating to underline its applicability for TAC opti-
mizations and analysis. With this in mind, the present study
deals with the ELF topological analysis of 12 TACs at B3LYP/
6-311G(d.p), level of theory and aims to investigate the pre-
cision of this level of theory to identify the classification and
reactivity of the TACs: nitrile ylide (1), nitrile imine (2), nitrile
oxide (3), diazoalkane (4), azide (5), nitrous oxide (6),
azomethine ylide (7), azomethine imine (8), nitrone (9), car-
bonyl ylide (10), carbonyl imine (11) and carbonyl oxide (12).
Fig. 1 shows the ELF attractor positions at B3LYP/6-311G(d,p)
level of theory of the investigated TAC series. TACs can be
classified from the total integrating populations of the ELF
valence basins9,10,20.

Monosynaptic basins integrating at less than 1e are as-
sociated with pseudoradical centers. TACs which show the
presence of two pseudoradical centers are classified as
pseudodiradical type20 (pdr) TACs, while those with one
pseudoradical centre are classified as pseudo(mono)radical
type22 (pmr) TACs. Monosynaptic basins integrating at 2e in
neutral molecules are associated with carbenoid centers and
the TACs with carbenoid centre are classified as carbenoid
type20 (cb-) TACs. Absence of any pseudoradical or carbenoid
centre in the TACs classifies them as zwitter-ionic type (zw)
TAC23,24. The reactivity of TACs follows the order:
pseudodiradical type > carbenoid type > zwitter-ionic type8,9.
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ELF attractor positions in the TACs are shown as red
spheres in Fig. 1. The ELF valence basin populations of the
investigated TACs are listed in Table 1. Red spheres on an
atom are associated with the non-bonding electron density,
while red spheres between two atoms indicate the bonding
attractor positions.

In nitrile ylide 1, we observe one red sphere on carbon
atom Cb, which can be associated with carbenoid or
pseudoradical centre depending on its ELF valence basin
population. Nitrile ylide (1) shows the presence of one mono-
synaptic basin at Cb integrating at 1.89e, which can be as-
sociated with a carbenoid centre (see Table 1). Hence 1 can
be classified as cb-type TAC. This is in complete agreement
with the carbenoid classification of 1 at other levels of

theory20. Two red spheres between Cb and N are the bond-
ing attractor positions for the Cb-N double bond integrating
at 4e (see Table 1), while one red sphere between Ca and N
is the bonding attractor position for the underpopulated Ca-
N double bond integrating at 3e (see Table 1).

In case of nitrile imine, we obtained two optimized struc-
tures 2 and 2a. Nitrile imine 2 shows a carbenoid centre at
the carbon atom (see red sphere on C in Fig. 1) integrating
at 1.64e, thus allowing its classification as cb-type TAC. On
the other hand, another optimized structure 2a shows two
red spheres between C and Na associated with bonding
attractor for the C-Na overpopulated double bond integrat-
ing at 4.80e (see Table 1) and one red sphere between Na
and Nb for the overpopulated single bond integrating at 2.21e
(see Table 1). One red sphere on Nb indicates the attractor
position for non-bonding electron density on Nb integrating
at 3.54e (see Table 1). Thus, 2a allows zw type classification
due to absence of any pseudoradical or carbenoid centre.
This is in complete agreement with the reported studies of
Domingo et al.21 and Begue et al.25, where nitrile imine shows
allenic geometry 2 and propargylic geometry 2a is a transi-
tion state in between two allenic geometries of nitrile imine.

Similarly, nitrile oxide (3), azide (5), nitrous oxide (6),
nitrone (9), carbonyl imine  (11) and carbonyl oxide (12) do
not show the presence of pseudoradical or carbenoid centre
and hence can be classified as zw-type TACs. In these TACs,
we find red spheres as bonding attractors between atoms as
well as for attractor positions associated with non-bonding
electron density on oxygen and nitrogen atoms.

In, diazoalkane 4, we observe two red spheres on the
carbon atom (see Fig. 1), indicating the ELF attractor posi-
tion for the pseudoradical centre at carbon integrating at 0.96e
(see Table 1), which allows its classification as pmr-type TAC.

The two symmetrical TACs, azomethine ylide (7) and
carbonyl ylide (10), show the presence of two red spheres
each on the carbon atoms Ca and Cb  (Fig. 1), which are
associated with the pseudoradical centers integrating at 0.84e
and 0.82e respectively (Table 1) and hence can be classified
as pdr-type TAC.

In azomethine imine, 8, we find two red spheres on car-
bon atom associated with the presence of pseudoradical

Fig. 1. DFT/B3LYP/6-311G(d,p) calculated ELF attractor positions of
the TACs. Red spheres indicate ELF attractor positions. Green
spheres indicate hydrogen atoms, pink spheres indicate car-
bon atoms, blue spheres indicate nitrogen atoms and yellow
spheres indicate oxygen atoms (Attractor positions for hydro-
gen atoms are omitted to avoid complexity).
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centre integrating at 0.58e and hence 8 can be classified as
pmr type TAC, which agrees well with its classification re-
ported at different levels of theory22. In azomethine imine,
we also find red spheres as bonding attractor positions be-
tween Na-Nb and C-Na, along with red sphere on nitrogen
atom Nb associated with the lone pair electron density inte-
grating at 3.51e (see Table 1).

Fig. 2 shows the ELF localization domains of the investi-
gated TACs, where monosynaptic, disynaptic, proton and core
basins are shown in different colours. Basins are identified
as monosynaptic and disynaptic respectively being partici-
pated by one and two atomic valence shells.

The proposed Lewis bonding model of the TACs on the

basis of ELF basin populations is represented in Fig. 3. Mono-
synaptic basins V(A) are associated with lone pairs of the
Lewis bonding model. The shared pair of electrons in the
Lewis bonding model are denoted by the presence of
polysynaptic basins.

ELF valence disynaptic basins with the total integrating
populations approximately closer to 2e, 4e and 6e are indi-
cated by the single, double and triple bonds between the
respective atoms. The pseudoradical centres integrating at
less than 1e are present in diazoalkane (4), azomethine ylide
(7), azomethine imine (8) and carbonyl ylide (10). Carbenoid
centres integrating at about 2e are shown in nitrile ylide (1)
and nitrile imine (2).

Table 1. DFT/B3LYP/6-311G(d,p) calculated ELF basin populations of the TACs (Numbering of the atoms in TACs refer to that of Fig. 1)
TAC ELF valence basins and their calculated total integrating populations

1 V(Cb) V(Cb-H) V(Ca) V(Ca) V(Cb-N) V(Cb-N) V(Ca-N) V(Ca-H) V(Ca-H)
1.89 1.96 0.27 0.22 2.00 2.00 3.00 2.18 2.17

2 V(Nb) V(Nb-H) V(C) V(C-H) V(C-Na) V(C-Na) V(Na-Nb)
3.29 1.93 1.64 2.07 2.31 2.16 2.28

2a V(Nb) V(Nb-H) V(C) V(C-H) V(C-Na) V(C-Na) V(Na-Nb)
3.54 1.88 – 3.26 2.66 2.14 2.21

3 V(C-H) V(C-N) V(N-O) V(O)
2.57 5.79 1.66 5.64

4 V(C-H) V(Na-Nb) V(Na-Nb) V(C-Na) V(Nb) V(Nb) V(C-H) V(C) V(C)
2.10 1.82 1.82 3.05 1.92 1.92 2.10 0.48 0.48

5 V(Nc) V(Nb-Nc) V(Na-Nb) V(Na) V(Nb-Nc) V(Na-H)
3.82 2.48 2.39 3.45 1.66 1.88

6 V(O) V(Nb) V(Na-O) V(Na-Nb)
+V(Na-Nb)

5.57 4.57 1.73 3.79
7 V(Ca-H) V(Ca-H) V(Ca) V(Ca) V(Cb) V(Cb) V(N-H) V(Ca-N) V(Cb-H) V(Cb-H)

2.19 2.17 0.42 0.42 0.420 0.42 2.15 2.58 2.17 2.19
8 V(Nb) V(C) V(C) V(Nb-H) V(C-H) V(C-H) V(C-Na) V(Na-Nb) V(Na-H)

3.51 0.29 0.29 1.98 2.19 2.21 3.02 1.96 2.21
9 V(C-H) V(O) V(O) V(C-H) V(C-N) V(N-O) V(N-H)

2.20 2.83 3.01 2.21 3.71 1.45 2.26
10 V(Ca-H) V(Ca-H) V(Ca) V(Ca) V(O) V(Ca-O) V(Cb) V(Cb) V(O-Cb) V(Cb-H) V(Cb-H)

2.25 2.19 0.41 0.41 3.07 2.03 0.41 0.41 2.03 2.25 2.19
11 V(C-H) V(O) V(C-O) V(N-H) V(N) V(C-H) V(N-O)

2.74 3.31 2.30 2.00 3.69 2.26 1.38
12 V(Ob) V(Oa) V(Ob) V(C-Oa) V(C-H) V(C-H) V(Oa-Ob)

3.11 3.38 2.91 2.70 2.29 2.25 1.03
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Analysis of FMOs and global properties:
Table 2 lists the DFT/B3LYP/6-311G(d,p) calculated fron-

tier molecular orbital (FMO) energies and CDFT indices, elec-
tronic chemical potential, , global hardness, , and global
electrophilicity,  of the investigated series of TACs. Now,
let us divide the investigated TAC series into four fragments,
[1-3], [4-6], [7-9] and [10-12]. In each fragment of the inves-
tigated series, change of one atom leads to two TACs of the
same fragment. For example, carbon in nitrile ylide (1) is
changed to nitrogen in nitrile imine (2) and to oxygen in ni-
trile oxide (3), keeping the other two atoms unaltered and
the allyl/allenyl system. As we move along the series from
nitrile ylide (1) to nitrile imine (2) and then to nitrile oxide (3),
there is  increase in the HOMO-LUMO energy gap. This in-
crease in the FMO energy gap is also observed as we move

Fig. 2. ELF localization domains [Isovalue: 0.79]  of the TACs. Proto-
nated basins are shown in blue, disynaptic basins are shown
in green, monosynaptic basins are shown in red and core ba-
sins are shown in magenta colours.

Table 2. DFT/B3LYP/6-311G(d,p) calculated global properties of
the TACs

TAC HOMO LUMO LUMO-HOMO   
(eV) (eV) (eV) (eV) (eV) (eV)

1 –5.82 –0.46 5.36 –3.14 5.36 0.92
2 –6.61 –0.71 5.90 –3.66 5.9 1.13
3 –7.59 0.24 7.84 –3.67 7.84 0.86
4 –6.18 –1.39 4.79 –3.78 4.79 1.49
5 –7.62 –0.98 6.64 –4.3 6.64 1.39
6 –9.44 –0.52 8.92 –4.98 8.92 1.39
7 –4.38 0.00 4.38 –2.19 4.38 0.55
8 –5.25 –0.44 4.82 –2.84 4.82 0.84
9 –6.42 –0.95 5.47 –3.69 5.47 1.24

10 –4.87 –1.14 3.73 –3.01 3.73 1.21
11 –5.80 –1.90 3.89 –3.85 3.89 1.90
12 –6.83 –2.69 4.14 –4.76 4.14 2.74

from diazomethane (4) to nitrous oxide (6), from azomethine
ylide (7) to nitrone (9) and from carbonyl ylide (10) to carbo-
nyl oxide (12). If we consider the TAC classification, then
moving from 1 to 2 to 3 leads to the change in TAC type from
cb-type in 1 and 2 to zw-type in 3. Now, reactivity of cb-type
TAC is higher than zw-type TAC, which is reflected in the
increase in FMO energy gap from 1 to 3. Similarly, change in
TAC from pmr-type in 4 to zw-type in 6, from pdr-type in 7 to
pmr-type in 8 and zw-type in 9, from pdr-type in 10 to zw-
type in 12 leads to increase in the HOMO-LUMO energy gap,
thus indicating the decrease in reactivity of the TAC.

Along the four fragments of the series, the zw-type TACs
show lowest values of electronic chemical potential,  in each
fragment, which reflects the decreased tendency of zw-type
TACs to acquire electronic charge. Domingo8,9 proposed the
electrophilicity scale to classify organic molecules according
to their global electrophilicity, . Molecules with  > 1.5 eV
are strong electrophiles, moderate electrophiles show 0.8
eV < < 1.5 eV and marginal electrophiles show  < 0.8
eV. For the present study, 1, 2, 3, 5, 6, 8, 9 and 10 can be
classified as a moderate electrophile with 0.8 eV < < 1.5
eV. 4 ( = 1.49 eV) can be classified in the borderline of
moderate and strong electrophiles. Azomethine ylide, 7 (
= 0.55 eV) is a marginal electrophile, while 11 ( = 1.90 eV)
and 12 ( = 2.74 eV) can be classified as the strong
electrophiles.
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Conclusion
B3LYP/6-311G(d,p) level of theory is a computationally

effective process to study the classification and reactivity of
TACs with good precision. The calculated ELF valence ba-
sin populations at this level of theory allowed correct classi-
fication of the TACs as carbenoid, pseudodiradical,
pseudo(mono)radical or zwitter-ionic type. Consequently,
Lewis bonding models of the TACs could be proposed on
the basis of ELF topology of the TACs at this level of theory.
Analysis of FMO energies were also found to be in complete
agreement with the reactivity trend of the TACs.
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