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Theoretical study of the mechanism and
regioselectivity of prop—2—yn—|—ol with azide in
[3+2] cycloaddition reactions

Abstract

The mechanism the regioselectivity of prop—2—-yn—1-ol 4 with Azido—benzene, 4—
Azido—benzonitrile and 1-Azido—4-nitro—benzene in [3+2] cycloaddition, have been
theoretically studied using DFT methods at the B3LYP/6-311 G (d,p) computational
level. The possible ortho/meta regioselective channels were explored and characterized.
Analysis of the free energies associated with the different reaction pathways indicates
that the 32CA reactions of the between prop—2—yn—1-ol 4 and azides 1, 2 and 3 are
highly meta regioselectivities, in agreement with the experimental results.
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Introduction method.” All computations have been shown with the Gaussian 09

1,2,3-Triazoles are N-Heterocyclic compounds which have found
a range of important applications in the pharmaceutical such as
may display biological activities and there are numerous examples
in the literature including anti-HIV activity,!? antimicrobial activity
against Gram positive bacteria,® 1,2,3-Triazoles have also found
wide use in industrial applications such as dyes, corrosion inhibition,
photographic materials, and agricultural industries.* The most widely
used method for synthesis of 1,2,3-Triazoles has involved the thermal
1,3-dipolar cycloaddition of organic azides with alkynes pioneered by
Huisgen.” However, there are major problems commonly associated
with this methodology, including the need for long reaction times and
high temperatures. It was recently reported that is possible to impart
some regioselectivity into these thermal cycloadditions by utilizing
sterically or catalyze or electronically biased alkynes.®” Herein, we
used new theory recently proposed by Domingo named a Molecular
Electron Density Theory (MEDT) to study the cycloaddition reaction
of the Prop-2-yn-1-ol with azides 1, 2 and 3 experimentally studied by
Jesus MA et al.® (Scheme 1). Our aim is to explain the regioselectivity
experimentally found.
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Scheme | The 32CA reaction between the Prop-2-yn-1-ol (4) and azides
1,2 and 3.

Computational Methods

DFT computations were carried out using the B3LYP functional
together with the standard 6-311(d,p) basis set. The optimizations
have been realized using the Berny analytical gradient optimization

suite of programs.'” The global electrophilicity index" @, was

given by the following expression, @ = (,u2 /2n), in terms of the

electronic chemical potential # and the chemical hardness 77 . Both
quantities could be approached in terms of the one-electron energies
of the frontier molecular orbital HOMO and LUMO, & H and ¢ 78S

u = (SH - gL)/Z and n = (SL _51_1),respectively.12

The empirical (relative) nucleophilicity index N, based on the
HOMO energies obtained within the Kohn—Sham,' and defined as
N = EHOMO (Nu)-E, ., (TCE). The nucleophilicity was referred
to tetracyanoethylene (TCE). This choice allowed us to handle
conveniently a nucleophilicity scale of positive values. Electrophylic
Pt 4 andnucleophilic P i Parr functions, > were obtained through
the analysis of the Mulliken atomic spin density (ASD) of the radical
anion and radial cation ofthe reagents. The local electrophilicity indices
were evaluated using the following expressions: N, = N.P_k 20
The stationary points were characterised by frequency computations
in order to verify that TSs have one and only one imaginary frequency.
Intrinsic reaction coordinates (IRC)*' pathways were traced to verify
the connectivity between minima and associated TSs.

Results and Discussion
The present theoretical study has been divided in three parts:

i. An analysis of the conceptual DFT indices of the reagents
involved in cycloaddition reaction of the Prop-2-yn-1-ol with
azides 1, 2 and 3.

ii. Next the potential energy surface (PES) associated with the
cycloaddition reaction of the Prop-2-yn-1-ol with azides 1, 2 and
3 are explored and characterized,
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iii. Finally a transition states geometries are analyzed.

Comparative analysis of the conceptual DFT indices
of the reagents

The global DFT indices, namely the electronic chemical potential

u, chemical hardness 77, electrophilicity w and nucleophilicity N
, are given in Table 1.

Table | B3LYP/6-31G (d) electronic chemical potential, chemical hardness,
electrophilicity and nucleophilicity in eV, of the Prop-2-yn-1-ol with azides
I,2and 3

System p n N ®

I -3.79 5.8 2.89 1.24
2 -4.42 544 238 1.79
3 -4.97 424 238 291
4 -3.27 7.71 239 069

The electronic chemical potential of Prop-2-yn-1-ol 4, —3.27
eV, is higher than that of azides 1, 2 and 3, —3.79, -4.42 and -4.97
el respectively, indicating that along a polar reaction the global
electron density transfer”? (GEDT) will flux from the Prop-2-yn-1-
ol (4) framework towards the azides. The electrophilicity .y and
nucleophilicity ey indices of the simplest Prop-2-yn-1-ol 4 are
0.69 and 2.39 ¢V , being classified on the borderline of marginal
electrophiles and as a strong nucleophile within the electrophilicity®
and nucleophilicity’® scales. Inclusion of one phenyl group at
each of the carbon atoms of azides notably increases both the
electrophilicity @ and nucleophilicity ey index of azides 1, 2 and 3

to 1.24 and 2.91 eV, being classified as a moderate electrophile and
a strong nucleophile. Due to the high nucleophilic character of the
azides, in 32CA reactions are favored with the participation of good
electrophilic through polar reactions. Consequently, it is expected that
azides 1, 2 and 3 participates as a good electrophile towards the strong
nucleophilic Prop-2-yn-1-ol 4.

In polar cycloaddition reactions involving the participation of
non-symmetric reagents, the most favorable reactive channel is
that involving the initial two-centre interaction between the most
electrophilic centre of the electrophile and the most nucleophilic
centre of the nucleophile. The electrophilic Pl: and nucleophilic
Pl: Parr functions, derived from the changes of spin electron
density reached via the GEDT process from the nucleophile to the
electrophile, as powerful tools in the study of the local reactivity in
polar processes. Accordingly, the nucleophilic and electrophilic Parr
functions of the Prop-2-yn-1-ol with azides 1, 2 and 3 were analyzed
in order to characterize the most electrophilic and nucleophilic centers
of the species involved in this 32CA reaction and, thus, to explain the
regioselectivity experimentally observed (Figure 1).

Analysis of the electrophilic Pl:_ Parr functions of the azides 1, 2 and
3 indicates that the N1 nitrogen is the most electrophilic centre of these
species presenting the maximum value, Pl:- =0.32,0.17 and 0.28

respectively. Note that the N, nitrogen is very law as electrophilically
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activated as the N, nitrogen. On the other hand, the nucleophilic Pl:
Parr functions of prop-2-yn-1-ol 4 indicate that the C, carbon is the
most nucleophilic centre of this molecule Pk_ = 0.32 (Figure 1).

Consequently, in the 32CA reactions of azides 1, 2 and 3 with prop-
2-yn-1-ol 4, the most favorable electrophile—nucleophile interaction
along the nucleophilic attack of the prop-2-yn-1-ol 4 on the azides 1,
2 and 3 will take place between the most nucleophilic centre of prop-
2-yn-1-ol 4, the C, carbon, and the most electrophilic centre of azides
1, 2 and 3, the N, nitrogen, in clear agreement with the total meta
selectivity experimentally observed.

L PP

Figure | 3D Representations of the ASD of the radical anion and the radical
cations as well as the electrophilic Parr functions of the azides I,2 and 3 and
nucleophilic Parr functions of prop-2-yn-1-ol 4.

Kinetic study of the I,3-dipolar cycloaddition reaction
of the prop-2-yn-1-ol 4with 2 azides 1,2 and 3

Due to the non-symmetry of both reagents, the 32CA reaction
between Prop-2-yn-1-ol with azides 1, 2 and 3 can take place through
two competitive reactive channels, related to the two regioisomeric
approach modes of Prop-2-yn-1-ol to azides 1, 2 and 3, namely meta
and ortho (Scheme 2).

R: H, CN and NO,

OH R
Prop-2-yn-1-ol TSio N,
p-2-y L2210, o_,}'j\j i-0

Scheme 2 Regioisomeric reactive pathways associated with the 32CA
reaction between the prop—2—yn—I—ol and azides |,2 and 3.

The values of the Gibbs free energy G and the relative Gibbs free
energy (AG), of the stationary points involved in the Diels—Alder
1,3-dipolar cycloaddition reaction of the prop-2-yn-1-ol and azides 1,
2 and 3 are given in Table 2.

The activation energies of 1,3-dipolar cycloaddition reaction of
the prop-2-yn-1-ol and azides 1 associated with the two competitive
reactive channels are found in the narrow range of 3.82-4.16 kcal
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mol™". These 32CA reactions are strongly exothermic, by between 71
and 74 kcal mol™'. Analysis of these relative energies leads to some
appealing conclusions:

i. This 32CA reaction presents very low activation energy,
evidencing the high reactivity of the phenyl substituted azide 1
towards prop-2-yn-1-ol 4.

ii. This 32CA reaction is presents a very low regioselectivity, as

-ol
TS-ml is only 0.34 kcal mol—1 lower in energy than s

iii. The strong exothermic character of this 32CA reaction makes the
formation of 1m and 1o irreversible. Consequently, formation of
m o
these products 1 and I is under kinetic control.

Table 2 The Gibbs free energy and relative Gibbs free energy (AG kcal'mol™')
for the stationary points involved in the |,3-DC reaction between the prop-2-
yn-1-ol (4) with Azido-benzene (1), 4-Azido-benzonitrile (2) and |-Azido-4-
nitro-benzene (3)

G AG
1+4 -587.253445 -

TS™! -587.247347 3.82
TS! -587.246805 4.16
I -587.370589 -735
I -587.367519 -71.58
2+4 -679.245526 -
TS™? -679.239771 3.6l
TSe2 -679.227083 11.57
2m -679.321939 -47.94
2 -679.319176 -46.21
3+4 -791.494966 -
TS™3 -791.492052 1.82
TS3 -791.480258 9.22
3m -791.582031 -54.63
3° -791.587096 -57.8

The activation energies associated to TS ™ and TS™ of the
1,3-dipolar cycloaddition reaction of the prop-2-yn-1-ol and azides
2 presents are 3.61 and 11.57 kcal mol ™' respectively these energies
indicate that the formation of the products 2" is kinetically favored
than 2°° and the formation of the products 2" is slightly exothermic

by 1.73 keal mol'. Consequently the formation of 2~ is kinetically
and thermodynamically favored.

The activation energies of the 1,3-dipolar cycloaddition reaction
between prop-2-yn-1-ol and azides 3 indicated that the meta approach
modes are slightly more favorable than the ortho ones by 7.40

kcalemol™'. In addition, the low difference between the activation

energy of both 7S~ and TS™™ reveals that this 32CA reaction
should lead to the formation of the product 1™ as the kinetic
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favored. Formation of all CAs is exothermic in the range between 45
and 74 kcalemol™, indicating that this 32CA reaction is only under
kinetic control. These results are in disagreement with the meta
regioselectivity observed experimentally.

The new Molecular Electron Density Theory (MEDT) recently
proposed by Domingo Consists that the partition of the TS geometry
into two separated structures does not have any physical sense within
density functional theory (DFT) since in this quantum chemical model
the energy of a system is a functional of the electron density and the
external potential, i.e. the nucleus positions. Consequently, the energy
of the two separated fragments cannot be correlated with the energy
of the TS because each of them losses the external potential created by
the other fragment.? The optimized density map ad geometries of the
TSs at B3LYP/6-311G (d, p) computational method involved in this
32CA reaction are given in Figure 2.
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Figure 2 DFT/6-311G (d,p) optimized density map and structures of the
TSs of the 32CA reaction between the mesitonitrile oxides and 2-Fluoren-9-
ylidene-malononitrile. Lengths are given in Angstroms.

The lengths of the N*-C? and N'-C? newly formed bonds at the TSs
associated with the meta channels are 1.645 and 2.558 A at TS ™" and

1.699, 2.564 A at TS " and 1.629, 2.584 A at TS ", respectively,
while the lengths of the N3-C? and N'-C? newly formed bonds at the

ortho channels are 2.623 and 1.699 A at TS ,2.632and 1.759 A at

7S’ and 2.644 and 1.689 A at TS, respectively. These values

suggest that the bond formation process at the meta TSs is slightly
more asynchronous than that at the ortho ones, in which the formation
of the C'-C? bond is the more advanced one.

Conclusion

The 1,3-dipolar cycloaddition reaction of prop-2-yn-1-ol 4 with
Azido-benzene, 4-Azido-benzonitrile and 1-Azido-4-nitro-benzene
has been studied within the MEDT through DFT calculations at the
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6-311(d, p) computational level. The obtained results are supported
by the combination of the analysis of the reactivity indices at the
ground state of the reagents, derived from the conceptual DFT, the
exploration of the values of the Gibbs free energy G and the relative
Gibbs free energy (AG) of these 32CA reactions.

The analysis of the electrophilic Pl: Parr functions allows
characterising the N' nitrogen atom as the most electrophilic centre
of the azides 1-3 indicate, in clear agreement with the regioselectivity
found in the 32CA reaction. An exploration of the of the values of
the Gibbs free energy G and the relative Gibbs free energy AG of
these 32CA reactions indicates that it takes place through a one-step
mechanism. The exothermic character of these 32CA reactions makes
the formation of the four products 1m, 2m, and 3m irreversible, and
finally meta position is thermodynamically and kinetically favored in
good agreement with experimental observations.
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