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Abstract
The intramolecular [3+2] cycloaddition (32CA) reactions of azido alkynes leading to spirocyclic, tricyclic
and bicyclic triazolooxazines has been studied within the molecular electron density theory (MEDT) at the
MPWB1K/6-311G(d,p) level. The Electron localization function (ELF) characterizes the azido alkynes as
zwitterionic species. Analysis of the Conceptual DFT indices allows classifying the azide moiety as the
electrophilic counterpart and the alkyne as the nucleophilic one. These 32CA reactions are under kinetic
control with the activation free energies of 23.4 - 26.7 kcal mol-1. Along the reaction path, the
pseudoradical center is created initially at C4, consistent with the Parr function analysis, however the
sequence of bond formation is controlled by the energetically feasible formation of the six membered
oxazine ring. The intermolecular interactions at the TSs were characterized from the Quantum Theory of
Atoms in Molecules (QTAIM) study and the Non covalent interaction (NCI) gradient isosurfaces.  

1. Introduction
The azide (1) - alkyne (2) [3+2] cycloaddition (32CA) reactions (Scheme 1), studied by Huisgen [1, 2] in the
1960s, have served as the most proli�c and successful synthetic pathways to 1,2,3-triazoles [3] since last
�ve decades. Owing to numerous industrial [4] and pharmaceutical [5] applications, these 32CAs have
been extensively utilized by the organic chemists to design new synthetic protocols. Among them is the
click chemistry discovery of the copper catalyzed version, namely the CuAAC (copper catalyzed azide
alkyne) reactions (Scheme 1), independently by Sharpless [6] and Meldal [7, 8] research groups during
2001-2002. The CuAAC reactions [9] show highly regioselective performance to generate 1,4-disubstituted
1,2,3-triazole (3) with remarkable acceleration in the reaction rate at a lower reaction temperature.
Continuing with the metal catalyzed versions of azide-alkyne 32CAs, Fokin et al [10] reported the Ru(II)
catalyzed reactions with exclusive regioselectivity leading to 1,5-disubstituted 1,2,3-triazole (4).

With no doubt, the metal catalyzed intermolecular version of the azide-alkyne 32CA reaction has
widespread utility in the synthesis of high value-added organic products. However, the relatively
unexplored intramolecular version is also worthwhile for the construction of unique heterocyclic structural
scaffolds as reported by Dutta et al [11] in 2009. In 2010, Mazumdar et al [12] synthesized 1,2,3-triazole
fused dibenzo [1, 5] diazocine derivatives from intramolecular azide-alkyne 32CAs. Very recently, in 2021,
Mazur and coworkers [13] have reported the catalyst free intramolecular azide-alkyne 32CA reaction
leading to 1,2,3-triazolobenzodiazepinones. The intramolecular 32CA reactions require strategic
positioning of the azide and the alkyne functionalities in the same reagent to allow the appropriate
structural framework for the cycloaddition. The O-alkylation of azido alcohol 5 with a propargylic halides
6, 7 generates the so called "azido alkyne" reagent 8 which undergoes thermally induced intramolecular
32CA reaction to give the triazolooxazine 9 in quantitative yields (Scheme 2). Such reactions do not
require metal induced catalysis and generally proceed with exclusive regioselectivity.

In 2018, Cobb et al [14] extended the scope of intramolecular azide alkyne 32CA reactions to synthesize
the azido alkynes 10-12 and their intramolecular cyclization to spirocyclic triazolooxazines 13-15 with
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potent antiviral activity against MHV (Murine Hepatitis Virus) (Scheme 3). Dutta et al [11] installed the
alkyne functionality in the cyclo azido alcohols to generate the azido alkyne 16 leading to the tricyclic
tricyclooxazines 17 in quantitative yields (Scheme 3). They also reported the clean and complete
conversion of azido alkyne 18 to bicyclic triazolooxazines 19 (Scheme 3).

Since the last �ve decades, analysis of organic reactions was based on the frontier molecular orbital
(FMO) theory until in 2016 Domingo [15] proposed the molecular electron density theory (MEDT) as a
promising alternative to study numerous organic reactions by identifying the role of electron density
changes in the molecular reactivity. MEDT [15–17] has been applied successfully to study varied aspects
of cycloaddition reactions since last �ve years such as strain promotion [18, 19], substituent effects [20,
21], chemo- [22, 23], stereo- and regioselectivity [24, 25], catalysis [26] etc.

In 2018, Ayouchia et al [27] reported a MEDT study for the thermally induced 32CA reactions of aryl
azides and alkyne derivatives, while the Cu(I) catalyzed regioselective intermolecular azide-alkyne 32CA
reaction leading to 1,4-disubstituted-1,2,3-triazoles was also analyzed in the same year by Ayouchia et al
[28] with the MEDT perspective. Recently, in 2020, we have reported the MEDT studies for the Grignard
reagent mediated regioselective intermolecular azide-alkyne 32CA leading to 1,5-disubstituted-1,2,3-
triazoles [29] and for the strain promoted azide-alkyne cycloadditions (SPAAC) [18] All of these theoretical
analyses were devoted to the intermolecular 32CA reactions, while MEDT studies on intramolecular azide-
alkyne 32CA reactions have not been addressed so far.

Herein, we present the MEDT study for the intramolecular azide-alkyne 32CA reactions reported by Cobb
et al [14] for the synthesis of antiviral spirocyclic triazolooxazines. The intramolecular 32CA reactions
reported by Dutta et al [11] for the synthesis of bicyclic and tricyclic triazolooxazines have also been
studied herein within the MEDT perspective to obtain a complete comprehension of the reactivity and
mechanism of intramolecular azide-alkyne 32CA reactions.

This MEDT study has been presented in six sections (1) The conceptual density functional theory [30, 31]
(CDFT) analysis at the ground state (GS) structures was performed to characterize the chemical
behaviour and the electronic �ux between the azide and alkyne moieties of the azido alkynes 10, 11, 12,
16 and 18. (2) the electron localization function [32, 33] (ELF) of these azido alkynes was analyzed to
correlate the electronic structure and the molecular reactivity (3) the potential energy surfaces (PES) of
the intramolecular 32CA reactions were followed to study the energy pro�le (4) the topological analysis of
the ELF at the TSs and along the reaction path was performed to structure the plausible mechanism (5)
�nally, the interactions at the TSs were characterized by analyzing the Quantum theory of Atoms-in
Molecules (QTAIM) parameters [34, 35] and the non-covalent interaction (NCI) gradient isosurfaces [36].

2. Computational Methods
2. Computational Methods
The Berny analytical gradient optimization method [37] was used to optimize the azido alkynes, TSs and
triazolooxazines using the MPWB1K [38] functional with the 6-311G(d,p) basis set [39]. The use of
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MPWB1K functional has been recommended in several recent studies [16–24] as a precise
computational level to study 32CA reactions. The located TSs were veri�ed by the presence of one
imaginary frequency, while the minima were veri�ed by the absence of imaginary frequency. The
minimum energy reaction pathway between the azido alkynes, TSs and triazolooxazines were veri�ed
from the intrinsic reaction coordinate (IRC) calculations [40–42].

The electronic chemical potential [30, 31, 43] µ, chemical hardness [30, 31, 44] η, electrophilicity index [30,
31, 45] ω and nucleophilicity N index [30, 31, 46] were calculated from the HOMO (EHOMO) and LUMO
(ELUMO) energies by Eq-(1) to (4)

µ ≈ (EHOMO + ELUMO)/2 (1)

η ≈ ELUMO - EHOMO (2)

ω = µ2/2η (3)

N = EHOMO - EHOMO(tetracyanoethylene) (4)

The electrophilic and nucleophilic Parr functions [47] are calculated from the Mulliken atomic spin
densities (MASD) of radical anion [ρs

ra (r)] and radical cation [ρs
rc (r)]

P k 
+ = ρs

ra (r) (for nucleophilic attack) (5)

P k 
− = ρs

rc (r) (for electrophilic attack) (6)

Solvent effects in toluene were studied using the polarizable continuum model (PCM) within the self-
consistent reaction �eld [48–50] (SCRF) framework. The thermodynamic parameters were calculated at
383 K and 1 atm.

The topological analysis of the ELF [32, 33] and QTAIM [34, 35] was carried out using Multiwfn software
[51] using high quality grid. The ELF localization domains were visualized using UCSF-Chimera software
[52] and NCI gradient isosurfaces were visualized using VMD software [53]. All calculations were
performed using Gaussian 16 suite of programs [54].

3. Results And Discussion
3.1. Analysis of the CDFT indices

The conceptual DFT [30, 31, 43] (CDFT) indices have been applied in the reactivity analysis of several
Diels Alder and 32CA reactions [30] to predict the electronic character of the reacting counterparts and
consequently the direction of electronic �ux. Accordingly, the global CDFT indices, namely the electronic
chemical potential (µ) [30, 43], chemical hardness [30, 44] (η), global electrophilicity [30, 45] (ω) and the
nucleophilicity [30, 46] (N) at the ground state (GS) of the reagents are given in Table 1. The standard
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CDFT reactivity scales are de�ned at B3LYP/6-31G(d) computational level [45, 46] and has therefore been
used to characterize the reagents within the respective standard scales.

The electrophilicity ω index of the azido alkyne 10 is 1.51 eV being classi�ed as a strong electrophile
within the electrophilicity scale [45] while its nucleophilicity N index is 2.12 eV being classi�ed as a
moderate nucleophile within the nucleophilicity scale [46]. On the other hand, the azido alkynes 11 (ω = 
1.45 eV) and 12 (ω = 1.49 eV) are classi�ed as moderate electrophiles and moderate nucleophiles (2.00 <
N < 3.00 eV). Note that the electrophilicity ω index of the azido alkyne 10 is higher than that of 11 and 12
and the nucleophilicity N index of azido alkyne 10 is lower than that of 11 and 12 owing to the terminal
alkynyl substitution. The decreased propensity of 10 to share electronic charge is also evident from the
slightly lower electronic chemical potential µ value (µ = -4.15 eV) relative to 11 (µ = -3.73 eV) and 12 (µ =
-4.01 eV).

Table 1. B3LYP/6-31G(d) calculated electronic chemical potential μ, chemical hardness η, global
electrophilicity ω and global nucleophilicity N, in eV, of the reagents
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The electrophilicity ω index of the azido alkynes 16 and 18 are 1.14 eV and 1.06 eV respectively, being
classi�ed as the moderate electrophiles, and the nucleophilicity index are 2.56 eV and 2.64 eV, being
classi�ed as the moderate nucleophiles. The electronic chemical potential µ of 16 and 18 are -3.65 eV
and -3.54 eV, suggesting higher tendency to share electronic charge compared to the azido alkynes 10, 11
and 12. The electronic chemical potential µ of the azide 20 (µ = -4.11 eV) is lower than that of the alkynes
23 (µ = -3.28 eV), 24 (µ = -3.58 eV) and 25 (µ = 3.18 eV), suggesting electronic �ux from the alkynes 23-25
to the azide 20, the latter being classi�ed as a strong electrophile (ω = 1.54 eV). The electronic chemical
potential µ of the azides 21 (µ = -3.66 eV) and 22 (µ = -3.61 eV) are comparable to that of the alkynes 23-
25. The electrophilicity ω index of the alkynes 23 and 25 are 0.67 eV and 0.62 eV being classi�ed as the
marginal electrophiles, while alkyne 24 with electrophilicity ω index of 1.21 eV is classi�ed as the
moderate electrophile.

When the non-symmetric electrophilic-nucleophilic pair approach each other, the most feasible two-center
interaction takes place between the most nucleophilic center of the nucleophile and the most electrophilic
center of the electrophile. Domingo [47] proposed the electrophilic Pk

+ Parr functions and the nucleophilic

Pk
− Parr functions derived from the Mulliken atomic spin densities (MASDs) to predict the local reactivity

at the reacting counterparts. Accordingly, the MASDs of the radical anion and the radical cation of the
azido alkyne 10 along with the nucleophilic Pk

− Parr functions at the alkyne moiety and the electrophilic

Pk
+ Parr functions at the azide are represented in Figure 1. Note that C4 (Pk

− = 0.052) of the alkyne moiety

is the more nucleophilic center than C5 (Pk
− = 0.026), while N3 (Pk

+ = 0.071) is the more electrophilic

center than N1 (Pk
+ = -0.007), thus predicting a feasible two center interaction between N3 and C4 along

the intramolecular 32CA reaction. Note that C4 and C5 of the alkyne moiety are not electrophilic and the
radical anion does not show any MASD isosurface at the alkyne moiety (Figure 1).
3.2. Analysis of the ELF topology of the reagents

The topological analysis of the ELF allows understanding the electronic structure and characterizes the
bonding and non-bonding regions in a molecule. The ELF valence basin populations at the GS of the
reagents are given in Table 2 while the ELF localization domains are represented in Figure 2. The ELF of
the azido alkynes 10, 11, 12, 16 and 18 show the presence of V(N1) and V(N3) monosynaptic basins
integrating 3.47-3.52 e and 3.74-3.79 e respectively associated with the non-bonding electron density at
N1 and N3 nitrogen. The V(N1,N2) disynaptic basin integrates 2.53-2.58 e associated with the N1-N2
bonding region, while the V(N2,N3) and V'(N2,N3) disynaptic basins integrating a total population of 4.08-
4.13 e are associated with the N2-N3 bonding region. The C4-C5 alkyne bonding region integrates at the
total population of 5.36-5.51 e. The ELF topological study allows correlating the molecular reactivity with
the electronic structure of a three atom component (TAC) participating in the 32CA reaction, following the
standard classi�cation of the TACs, namely the pseudodiradical, pseudo(mono)radical, carbenoid and
zwitter-ionic TACs [15–16, 24]. The presence of a monosynaptic basin integrating less than 1 e is
associated with the presence of a pseudoradical center, while that integrating less than 2 e with the
carbenoid centre. TACs with two pseudoradical centers are denoted as the pseudodiradical ones and
exhibit very high reactivity and consequently lowest activation energy barrier. On the other hand, the TACs
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with one pseudoradical center are the pseudo(mono)radical ones and show comparable reactivity as the
carbenoid TACs, the latter being associated with the presence of a carbenoid center. The zwitter-ionic
TACs show the least reactivity (high activation energy barrier) and do not show the presence of
pseudoradical or carbenoid centers [24].

The absence of any pseudoradical or carbenoid center in the azide moiety of the azido alkynes 10, 11, 12,
16 and 18 classi�es its zwitter-ionic TAC character associated with the high activation energy (See
Section 3.3.) demanding appropriate electrophilic-nucleophilic interactions. The proposed Lewis like
structures on the basis of ELF valence basin populations and the natural atomic charges are given in
Scheme 4. Note that C4 of the azido alkynes 10, 16 and 18 are negatively charged by -0.24 e, -0.22 e and
-0.23 e, while that of the alkynyl azides 11 and 12 show minimal negative charges of -0.03 e and -0.07 e
owing to the terminal alkynyl substitution. In the azide moiety, N1 nitrogen is negatively charged by -0.39
e to -0.43 e, while N3 shows minimal negative charge of -0.06 e to -0.09 e, thus provoking a polarization
of charge distribution along the N1-N2-N3 bonding region.

 
Table 2

ELF valence basin populations at the MPWB1K/6-
311G(d,p) optimized azido alkynes associated with

the intramolecular 32CA reaction

  10 11 12 16 18

V(N1) 3.49 3.49 3.47 3.49 3.52

V(N1,N2) 2.55 2.53 2.56 2.58 2.53

V(N2,N3) 2.38 2.39 2.36 2.31 2.28

V'(N2,N3) 1.74 1.73 1.75 1.77 1.85

V(N3) 3.75 3.75 3.76 3.79 3.74

V(C4,C5) 1.81 2.61 2.70 2.41 3.24

V'(C4,C5) 0.85 2.81 2.71 0.10 2.12

V''(C4,C5) 2.70   0.10 0.36  

V'''(C4,C5)       2.50  

3.3. Study of the PES of the intramolecular 32CA reactions
The search for the stationary points along the potential energy surface (PES) of the intramolecular
reactions allowed locating the azido alkynes 10, 11, 12, 16 and 18, the TSs TS1-TS5 and the
triazolooxazines 13, 14, 15, 17 and 19 (Scheme 5). These 32CA reactions follow one-step mechanism.

The total and relative energies of the reagents, TSs and the products are given in Table 3 and the
thermodynamic parameters, namely the enthalpies, entropies and free energies in toluene at 110°C are
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given in Table 4. The studied energy pro�le allows arriving at some appealing conclusions (1) The 32CA
reactions show negative reaction free energies between -67.8 to -71.6 kcal mol−1 in toluene, suggesting
highly exergonic reactions under kinetic control and hence irreversible. (2) The activation energy of TS1 is
lowered than that of TS2 and TS3 by 2.7 kcal mol−1 and 2.1 kcal mol−1 in gas phase and by 2.4 and 2.3
kcal mol−1 in toluene. The activation enthalpy of TS1 is lowered than that of TS2 and TS3 by 2.3 kcal
mol−1 and 2.4 kcal mol−1. Note that the activation enthalpies of TS4 and TS5 are increased by 2.7 kcal
mol−1 and 1.5 kcal mol−1 relative to TS1. The intramolecular 32CA reaction of azido alkyne 10 is the most
energetically feasible one, as expected from the lowest electronic chemical potential µ = -4.11 eV of azide
20 along the series (Table 1).

Table 3

MPWB1K/6-311G(d,p) total (E, in a.u.) and relative ∆E (in
kcal mol−1) energies of the stationary points associated

with the intramolecular 32CA reactions in gas phase and in
toluene

  Gas phase Toluene 

  E ∆E E ∆E 

10 -1351.801970   -1351.808819   

TS1 -1351.768035 21.3 -1351.774480 21.5 

13 -1351.925033 -77.2 -1351.933014 -77.9 

11 -1682.041191   -1682.048568   

TS2 -1682.002995 24.0 -1682.010449 23.9 

14 -1682.161642 -75.6 -1682.169768 -76.1 

12 -1391.112407   -1391.119012   

TS3 -1391.075136 23.4 -1391.081117 23.8 

15 -1391.232286 -75.2 -1391.239513 -75.6 

16 -589.947920   -589.951031   

TS4 -589.911032 23.1 -589.912641 24.1 

17 -590.069070 -76.0 -590.074551 -77.5 

18 -704.231309   -704.235614   

TS5 -704.195301 22.6 -704.199307 22.8 

19 -704.349489 -74.2 -704.355225 -75.1 
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(3) The thermodynamic corrections in toluene decrease the activation energies by 1-1.3 kcal mol−1

relative to the activation enthalpies, and the reaction energies by 1.8-2.7 kcal mol−1 relative to the reaction
enthalpies. Note that these reactions show high activation enthalpies and Gibbs free energies (greater
than 20 kcal mol−1) characteristic of the zwitter-ionic character of the azide moiety (Section 3.2.). (4)
These unimolecular reactions show negative entropies of activation between -6.6 to 10.4 kcal mol−1 and
negative entropies of reaction between -10.9 to -15.3 kcal mol−1. The unfavorable entropies result in the
increase of the activation free energies by 1.9-3.1 kcal mol−1 relative to the activation enthalpies and the
reaction free energies by 3.2-5.9 kcal mol−1. Consequently, the activation free energies of these 32CA
reactions are between 23.4 to 26.7 kcal mol−1

Table 4

MPWB1K/6-311G(d,p) enthalpies (H, in a.u.), entropies (S, in Cal mol−1 K−1) and
Gibbs free energies (G, in a.u.), and relative enthalpies (∆H, in kcal mol−1),

entropies (∆S, in Cal mol−1 K−1) and Gibbs free energies (∆G, in kcal mol−1),
computed at 110°C and 1 atm in toluene, for the stationary points associated

with the intramolecular 32CA reactions

  H ∆H S ∆S G ∆G

10 -1351.369900   204.754   -1351.494920  

TS1 -1351.337485 20.3 196.772 -8.0 -1351.457631 23.4

13 -1351.490374 -75.6 191.622 -13.1 -1351.607376 -70.6

11 -1681.525367   239.815   -1681.671795  

TS2 -1681.489311 22.6 233.181 -6.6 -1681.631689 25.2

14 -1681.643764 -74.3 224.921 -14.9 -1681.781098 -68.6

12 -1390.648597   216.783   -1390.780962  

TS3 -1390.612434 22.7 206.417 -10.4 -1390.73847 26.7

15 -1390.766055 -73.7 201.488 -15.3 -1390.889081 -67.8

16 -589.716008   108.446   -589.767534  

TS4 -589.679406 23.0 101.896 -6.6 -589.727821 24.9

17 -589.835264 -74.8 97.509 -10.9 -589.881593 -71.6

18 -703.982059   126.183   -704.042013  

TS5 -703.947262 21.8 117.942 -8.2 -704.0033 24.3

19 -704.096983 -72.1 113.266 -12.9 -704.150799 -68.3
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The MPWB1K/6-311G(d,p) optimized gas phase geometries of the TSs associated with the 32CA
reactions are displayed in Figure 3. The lengths of the N1-C5 and N3-C4 forming bonds are 2.124 and
2.148 Å at TS1, 2.103 and 2.189 Å at TS2, 2.133 and 2.161 Å at TS3, 2.088 and 2.182 Å at TS4 and 2.096
and 2.177 Å at TS5. (1) Considering that the C-N bond formation takes place at 1.8-1.9 Å, it can be
predicted that the formation of new N1-C5 and N3-C4 single bonds has not been started at the TSs, in
conformity with the ELF study at the TSs (see Section 3.4). (2) The difference in the forming bond
distances ∆d are 0.024, 0.086, 0.028, 0.094 and 0.081 respectively at TS1, TS2, TS3, TS4 and TS5,
suggesting minimal asynchronicity. Note that the N1-C5 forming bond distance is shorter than the N3-C4
one, in agreement with the earlier N1-C5 bond formation along the reaction pathway predicted from the
bonding evolution theory study (see Section 3.5) (3) Inclusion of solvent effects in toluene causes
unappreciable changes in the forming bond distances at the TSs.

3.4. Topological analysis of the ELF at the TSs and along the reaction path associated with the
intramolecular reaction

The most signi�cant ELF valence basin populations at the TSs are given in Table 5, while the ELF
localization domains of TS1, TS4 and TS5 are shown in Figure 4. The ELF at the TSs show the presence
of V(N1) and V(N3) monosynaptic basins integrating the total population of 3.36 - 3.40 e and 3.69 - 3.72
e associated with the non-bonding electron density on the N1 and N3 nitrogen. Note that the V(N1) and
V(N3) monosynaptic basins are depopulated by 0.09 - 0.16 e and 0.04-0.06 e at the TSs relative to the
azido alkynes. The N1-N2 and N2-N3 bonding regions are respectively depopulated by 0.67 - 0.72 e and
1.17 - 1.19 e at the TSs relative to the reagents to create the V(N2) monosynaptic basin associated with
the non-bonding electron density at N2 nitrogen (integrating 2.00-2.03 e at the TSs). The C4-C5 bonding
region integrates the total population of 5.04 - 5.31 e at the TSs, indicating the depopulation of 0.15 - 0.38
e relative to the azido alkynes. The absence of V(N1,C5) and V(N3,C4) disynaptic basins indicates that
the formation of new N1-C5 and N3-C4 bonds has not been started at the TSs, in agreement with the
forming bond distances (Figure 3).
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Table 5

ELF valence basin populations at the MPWB1K/6-
311G(d,p) optimized TSs associated with the

intramolecular 32CA reaction

  TS1 TS2 TS3 TS4 TS5

V(N1) 3.40 3.39 3.40 3.36 3.36

V(N1,N2) 1.84 1.84 1.84 1.87 1.86

V(N2,N3) 2.94 2.95 2.93 2.91 2.94

V(N2) 2.02 2.00 2.03 2.02 2.01

V(N3) 3.69 3.69 3.72 3.71 3.70

V(C4,C5) 2.51 2.44 2.55 2.52 2.51

V'(C4,C5) 2.67 2.60 2.76 2.70 2.70

In order to study the bonding changes along the intramolecular reaction and to establish the molecular
mechanism, the topological analysis of the ELF along the 32CA reaction of the azido alkyne 10 has been
carried out. The molecular mechanism represented by the Lewis-like structures derived from the ELF
topology is shown in Scheme 6. The most signi�cant valence basin populations of the selected IRC
structures de�ning the ELF topological phases are given in Table 6, while the basin attractor positions of
the relevant ELF structures associated with the formation of N1-C5 and N3-C4 bonds are shown in Figure
5.

The conjunction of ELF study [32, 33] and Thom's catastrophe theory [55], namely the bonding evolution
theory (BET) study proposed by Krokoidis [56] allows structuring the molecular mechanism. This 32CA
reaction takes place along 8 ELF topological phases. Phase I begins at the azido alkyne S0, which
corresponds with the starting point of the IRC. Phase II is characterized by the creation of a new V(N2)
monosynaptic basin with an initial population of 0.52 e associated with the formation of non-bonding
electron density at S1. Note that the V(N1,N2) disynaptic basin is depopulated from 2.55 e at S0 to 2.37 e
at S1, while the two V(N2,N3) and V'(N2,N3) disynaptic basins integrating the total population of 4.12 e at
S0 are merged into one V(N2,N3) disynaptic basin integrating 3.83 e at S1. The energy cost (EC)
associated with these bonding changes is 10.5 kcal mol−1. Phase III begins at structure S2 (d(N3-C4) =
2.10 Å, d(N1-C5) = 2.08 Å) and is characterized by the creation of a new V(C4) monosynaptic basin, with
an initial population of 0.26 e (see Figure 5), which derives electron density from the C4-C5 bonding
region, which experiences depopulation from 5.35 e at S1 to 4.90 e at S2. Phase IV begins at structure S3
(d(N3-C4) = 2.01 Å, d(N1-C5) = 2.00 Å) and is characterized by the creation of a new V(C5) monosynaptic
basin, with an initial population of 0.11 e (see Figure 5). Note that the C4-C5 bonding region is
depopulated from 4.90 e at S2 to 4.59 e at S3. Phase V begins at structure S4 (d(N3-C4) = 1.95 Å, d(N1-
C5) = 1.95 Å). In this phase, the non-bonding electron density at N1 nitrogen is split into two
monosynaptic basins V(N1) (2.29 e) and V'(N1) (1.11 e), and subsequently in Phase VI, starting at S5
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(d(N3-C4) = 1.90 Å, d(N1-C5) = 1.91 Å), the formation of �rst N1-C5 single bond takes place by the
coupling of the pseudoradical centre at C5 and part of the non-bonding electron density of the N1
nitrogen. Phase VII begins at structure S6 (d(N3-C4) = 1.89 Å, d(N1-C5) = 1.90 Å). In this phase, the non-
bonding electron density at N3 nitrogen is split into two monosynaptic basins V(N3) (3.78 e) and V'(N3)
(0.40 e), and subsequently in Phase VII, starting at S7 (d(N3-C4) = 1.74 Å, d(N1-C5) = 1.76 Å), the
formation of second N3-C4 single bond takes place by the coupling of the pseudoradical centre at C4 and
part of the non-bonding electron density of the N3 nitrogen. From S7 to the product 13, the molecular
geometry is relaxed by 66.8 kcal mol−1.

This BET study allows arriving at some noteworthy conclusions (1) the activation energy of 21.3 kcal
mol−1 associated with the intramolecular 32CA reaction can be mainly related with the continuous
depopulation of the N1-N2, N2-N3 and the C4-C5 bonding regions, demanded for the creation of the non-
bonding electron density at the N2 nitrogen and the pseudoradical centre at the C4 carbon (2) The
pseudoradical centre at C4 carbon is created in Phase III earlier to that at C5 carbon created in Phase IV
along the reaction path, which is consistent with the most nucleophilic center at C4 carbon of the alkyne
moiety as anticipated by the Parr function analysis (Figure 1). However, the N1-C5 bond formation takes
place is formed earlier along the reaction path due to the energetically feasible formation of the six
membered spirocyclic ring resulting from the earlier N1-C5 bond formation, compared to the formation of
the nine membered spirocyclic ring resulting from the earlier N3-C4 bond formation. (3) The formation of
second N3-C4 bond takes place when the �rst N1-C5 bond formation is completed by 59%, suggesting
asynchronicity in the bond formation process, although not to a considerable extent, consistent with the
minimal difference in the N1-C5 and N3-C4 forming bond distances (Figure 3).
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Table 6

ELF valence basin populations, distances of the forming bonds, and relative electronic energies
of the IRC structures S0 – S7 de�ning the eight phases characterizing the molecular

mechanism of the intramolecular 32CA reaction of 10. Distances are given in angstroms, Å, and
relative energies in kcal·mol−1.

Phases I II III IV V VI VII VIII

Structures S0 S1 S2 S3 S4 S5 S6 S7 13

d(N3-C4) 3.027 2.538 2.097 2.008 1.949 1.904 1.889 1.743 1.347

d(N1-C5) 3.326 2.447 2.080 2.003 1.950 1.910 1.896 1.761 1.341

ΔE 0.0 10.5 21.0 17.9 14.1 10.2 8.7 -10.4 -77.2

V(N1) 3.49 3.38 3.40 3.40 2.29 2.21 2.19 2.03 0.76

V(N1,N2) 2.55 2.37 1.82 1.78 1.77 1.76 1.76 1.76 1.76

V(N2,N3) 2.38 3.83 2.88 2.78 2.72 2.68 2.67 2.54 2.05

V'(N2,N3) 1.74                

V(N3) 3.75 3.71 3.70 3.73 3.75 3.78 3.78 3.17 3.15

V(C4,C5) 1.81 3.71 2.45 2.32 2.22 2.14 2.13 2.01 3.42

V'(C4,C5) 0.85 1.49 2.45 2.27 2.19 2.15 2.14 2.02  

V''(C4,C5) 2.70 0.15              

V(N2)   0.52 2.13 2.29 2.38 2.45 2.47 2.63 2.87

V(C4)     0.26 0.49 0.58 0.64 0.65    

V(C5)       0.11 0.20        

V'(N1)         1.11        

V(N1,C5)           1.43 1.45 1.70 2.89

V'(N3)             0.40    

V(N3,C4)               1.42 2.26

Topological analysis of the AIM at the TSs involved in the 32CA reactions

The covalent and non-covalent interactions between the atomic pairs connected by a bond path can be
characterized from the electron density accumulation and the Laplacian of electron density at the bond
critical points (BCPs) proposed by Bader and Coworkers [34, 35]. The BCPs, CP1 and CP2 are associated
with the forming N3-C4 and N1-C5 bonds at the TSs. The total electron density, ρ (a.u.), and the Laplacian
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of electron density  (a.u.) at CP1 and CP2 are given in Table 7. The total electron density accumulation at
CP2 is higher than that at CP1, consistent with the earlier N1-C5 bond formation along the reaction path
(see Section 3.4). The positive Laplacian of electron density at the BCPs indicate non-covalent interaction
(NCI) at the TSs, which is in conformity with the absence of V(N1,C5) and V(N3,C4) disynaptic basins
predicted from the ELF study (see Section 3.4).

 
Table 7

Total electron density, ρ (a.u.), Laplacian of
electron density  (a.u.) of CP1 and CP2 at

the TSs associated with the intramolecular
32CA reactions in gas phase and in toluene

  CP1 (N3−C4) CP2 (N1−C5) 

ρ  ρ  

TS1 0.058 0.100 0.062 0.105 

TS2 0.054 0.096 0.065 0.104 

TS3 0.057 0.097 0.061 0.104 

TS4 0.054 0.097 0.067 0.106 

TS5 0.055 0.098 0.066 0.105 

The decomposition of the Laplacian of electron density into three Eigen values λ1, λ2 and λ3 of the
electron density Hessian matrix allows identifying the NCIs by the sign of λ2. The NCI gradient
isosurfaces at TS1, TS4 and TS5 are shown in Figure 6. The forming N3-C4 and N1-C5 bonding regions
show the same pattern at the isosurfaces with both blue and red surfaces in each case respectively
characterizing the strong attractive NCIs and strong repulsive NCIs.

Conclusion
The intramolecular 32CA reactions of azido alkynes resulting in spirocyclic, tricyclic and bicyclic
triazolooxazines have been studied within the molecular electron density theory perspective at
MPWB1K/6-311G(d,p) level of theory. Analysis of the CDFT indices predicts the nucleophilic character of
the alkyne moiety, while the azide counterpart is predicted as the electrophilic one. The Parr function
analysis predicts the terminal alkyne carbon C4 as the most nucleophilic center, while the terminal
nitrogen N3 is predicted as the most electrophilic center. The bonding evolution theory study predicts
earlier formation of the pseudoradical center at C4 consistent with the Parr function analysis, but the N1-
C5 bond formation takes place earlier along the reaction path, suggesting energetic feasibility for the
formation of six membered spirocyclic ring which outweighs the two center interaction between the most
electrophilic and most nucleophilic centers. These kinetically controlled 32CA reactions follow one-step
mechanism with high activation enthalpies in toluene from 20.3 to 23.0 kcal mol-1, while the activation
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free energies range from 23.4 to 26.7 kcal mol-1 due to the inclusion of unfavourable entropies of
activation. The located early TSs do not show the formation of new N1-C5 and N3-C4 bonds, as evident
from the geometrical parameters and the topological analysis of the ELF and the AIM. The activation
energy is mainly associated with the formation of non-bonding electron density at N2 nitrogen and the
pseudoradical centre at C4. The NCI gradient isosurfaces show strong attractive and strong repulsive
non-covalent interactions at the interatomic bonding regions. 
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Scheme
Please see the Supplementary Files for the Scheme 1, 2, 3, 4, 5 and 6.

Figures

Figure 1

3D representations of the Mulliken atomic spin densities of the radical anion and radical cation of azido
alkyne 10 together with the electrophilic Pk+ Parr functions of the azide moiety (N1-N2-N3) and the
nucleophilic Pk- Parr functions of alkyne moiety (C4-C5).

Figure 2

MPWB1K/6-311G(d,p) ELF localization domains and the most signi�cant ELF valence basin populations
(in average number of electrons e) of the azido alkynes. Protonated basins are shown in blue,
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monosynaptic basins in red, disynaptic basins in green and the core basins in black colour (Isovalue =
0.82).

Figure 3

MPWB1K/6-311G(d,p) optimized geometries of the TSs associated with the intramolecular 32CA
reactions. Bond distances are given in angstrom units.
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Figure 4

MPWB1K/6-311G(d,p) ELF localization domains of TS1, TS4, TS5. Protonated basins are shown in blue,
monosynaptic basins in red, disynaptic basins in green and the core basins in black colour (Isovalue =
0.82).
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Figure 5

ELF basin attractor positions at S2-S7 structures associated with the formation of N3-C4 and N1-C5
bonds along the intramolecular reaction of azido alkyne 10

Figure 6

NCI isosurfaces (Isovalue= 0.01) of TS1, TS4, TS5. associated with the intramolecular 32CA reactions
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