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Abstract

The 1,3-dipolar cycloaddition reaction of benzaldehyde with diazomethane is investigated, in gas phase and in diverse polar
solvents, using the molecular electron density theory through density functional theory calculations at the B3LYP(+D3)/6-
31G(d) level. Analysis of the reaction pathway reveals that this reaction takes place along a concerted but asynchronous
mechanism. Computations show that the acetophenone product is kinetically and thermodynamically more favored than
2-phenylacetaldehyde product in agreement with experimental outcomes. The favored cyclization mode and the observed
regioselectivity of this cycloaddition are rationalized by both activation energy calculations, frontier molecular orbital analy-
sis and reactivity indices. Also, polar solvents effect favors the reaction. Furthermore, we performed electron localization
function (ELF) topological analysis. The ELF topological analysis of diazomethane indicates that this reactant presents an

allenic pseudoradical electronic structure.
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1 Introduction

1,3-Dipolar cycloaddition reactions play an important role
in organic chemistry [1]. Indeed, they are routes for the syn-
thesis of a large variety of functionalized five-membered
heterocyclic systems, which in turn often lend themselves
as ideal synthons of “non heterocyclic” derivatives [2]. The
influence of the 1,3-dipolar cycloaddition reactions in the
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field of heterocyclic synthesis is in many ways comparable
to that of Diels—Alder reactions on carbocyclic synthesis
[3]. In fact, the availability of various classes of dipoles and
dipolarophiles has allowed many perspectives.

The earlier works of Huisgen and coworkers [4-8]
revealed that the mechanism of 1,3-dipolar cycloadditions
leading to 5-membered rings is governed by the stereose-
lectivity of dipolarophiles, by the nature of solvent and sub-
stituents, by the activation parameters and by orientation
phenomena. Since then, 1,3-dipolar cycloadditions repre-
sent a key strategy to regio- and stereoselective synthesis of
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five-membered heterocycles and their ring-opened acyclic
derivatives [9]. For explanation, Houk et al. [10] proposed
that the frontier molecular orbitals (MOs) allow a specific
qualitative treatment of reactivity of individual 1,3 dipoles.
Typical dipolarophiles used for that purposes are either an
alkene or an alkyne, but can be other © molecular systems.
In the case of alkyne, aromatic rings are generally produced
[11].

Among the most common dipoles, there are the diazo
compounds, despite significant conjugative stabilization.
For instance, these compounds are primed for rapid nor-
mal-electron-demand during 1,3-dipolar cycloadditions.
They have reaction rates with strained alkynes that surpass
those of azides. Indeed, Gold et al. [12] have reported that
diazoacetamides provide chemoselectivity in the presence
of terminal alkynes, a feature unobtainable with an azido
moiety. Furthermore, the diazo groups are more nucleophilic
than azido groups.

Diazomethane was first synthesized by Pechmann [13,
14] through the reaction of N-nitrosourethane with potas-
sium hydroxide. It is known as 1,3-dipole of the propargyl/
allenyl anion types [15]. It has been extensively used for
1,3-dipolar cycloaddition reactions. Diazomethane and its
derivatives react with aldehydes and ketones usually under
very mild conditions to yield a variety of products. In fact,
von Auwers et al. [16, 17] have realized experimentally
the first stereospecific 1,3-dipolar cycloaddition by react-
ing diazomethane with cis/trans-isomeric unsaturated car-
boxylic acid esters. Theoretically, Branchadell et al. [18]
have used both CCSD(T) and B3LYP methods in conjunc-
tion with the 6-31G(d) basis set to study the 1,3-dipolar
cycloaddition reactions of diazomethane with ethylene
and formaldehyde. Their results show that the pyrazoline
intermediate is more stable than the reactants and that the
Gibbs energy barrier for nitrogen elimination is larger than
the barrier corresponding to its formation. In contrast, the
reaction of diazomethane with formaldehyde provides the
kinetically most favorable cycloadduct (i.e. 1,2,3-oxadiazo-
line), which is less stable than the reactants and has a lower
barrier for nitrogen elimination. Also, Blavins et al. [19]
used valence-bond theory to describe the electronic mecha-
nism for the gas phase concerted 1,3-dipolar cycloaddition
of diazomethane to ethene through spin-coupled calculations
at a sequence of geometries along the intrinsic reaction coor-
dinate (IRC) obtained at the MP2/6-31G(d) level of theory.
They showed that the bonding rearrangements during the
reaction between diazomethane and ethene follow a hetero-
lytic pattern by moving the well-identifiable orbital pairs
that are retained along the entire reaction path from reactants
to products. Moreover, Nguyen et al. [20] investigated at
the B3LYP/6-3114++G(d,p) and CCSD(T)/6-311++G(d,p)
levels the regiochemistry of 1,3-dipolar cycloadditions reac-
tions of some simple dipolarophiles with diazomethane. It
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was established that the presence of two methyl groups in
the dipole reinforces the electron-donating capacity of the
C-atom in diazomethane as dipole with ethylene as dipo-
larophile, involving its highest occupied MO (HOMO),
whereas it becomes an electrophilic reactant interacting via
its lowest unoccupied MO (LUMO) in the reactions with
prop-1-yne and fluoroprop-1-yne. Later on, Benchouk and
Mekelleche [21] studied the mechanism and regioselectivity
of the 1,3-dipolar cycloaddition reaction of diazomethane
with methyl acrylate using the B3LYP/6-31G(d) approach.
They showed that this cycloaddition reaction follows an
asynchronous concerted mechanism via the ortho channel.

In 1907, Schlotterbeck [22] reacted diazomethane with
benzaldehyde and obtained acetophenone. The reaction is
most often carried out by either allowing the carbonyl com-
pound to react with an ethereal solution of the diazometh-
ane derivative with or without the addition of a catalyst, or
by treating a methanol solution of the carbonyl compound
with a nitrosoalkylurethane in the presence of a base. The
products from aromatic aldehydes depend on the solvent and
on the substituents of the ring. For example, benzaldehyde
forms acetophenone in 97% yield in the absence of metha-
nol [22-24]. A smaller yield (40-50%) is obtained however
when methanol is present [24, 25].

The aim of the present work is to investigate in depth the
concerted pathway of the cycloaddition reaction between
benzaldehyde (1) and diazomethane (2), in gas phase and
in solvents, using first principles methods. We would like
thus to get insights into the mechanism of this reaction and
on its high regioselectivity. Benzaldehyde (the dipolaro-
phile) may approach diazomethane (the dipole) in two par-
allel plans, where the C of the carbonyl interacts with the
nucleophilic nitrogen of compound 2. This interaction leads
a priori to 5-phenyl-4,5-dihydro-1,2,3-oxadiazole (P-1),
2-phenyl-2,5-dihydro-1,3,4-oxadiazole (P-2), acetophenone
(P-3) and 2-phenylacetaldehyde (P-4) products (Scheme 1).
These reactions evolve through the pathways specified in
Scheme 1, where four transition states (TS-1, TS-2, TS-3
and TS-4) are involved. Our results include the analysis of
the geometrical and electronic structures of the reactants,
the transition states and the products, the conceptual density
functional theory (CDFT) reactivity indices of the reactants,
the electron localization function (ELF) outcomes of the
electronic structure and the discussion of the mechanistic
study of different paths in gas phase and in polar solvents.

2 Computational details

Geometry optimizations, without constraints, of reactants,
transition states and products are carried out with the
density functional theory (DFT) [26-29] by adopting the
B3LYP density functional as implemented in GAUSSIAN
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Scheme 1 1,3-Dipolar cycload-
dition reaction between benza-
ldehyde (1) and diazomethane
(2) producing 5-phenyl-4,5-di-
hydro-1,2,3-oxadiazole (P-1),
2-phenyl-2,5-dihydro-1,3,4-
oxadiazole (P-2), acetophenone
(P-3) (+N,) and 2-phenylacet- H 15
aldehyde (P-4) (+N,) products. 1 16 2
TS-1, TS-2, TS-3 and TS-4 are

transition states along the cor-

responding reaction pathways

13 17
® O

09 program [30], where the atoms are described using the
6-31G(d) basis set [31]. This functional has been employed
with a great success in reactivity studies, with a good com-
promise between accuracy and computational cost [27,
28]. However, previous works [29, 32-34] showed that one
needs to consider an energy correction in order to obtain an
accurate determination of the heats of formation and of the
reaction barriers. Indeed, the B3LYP triple-hybrid density
functional includes a term depending on virtual orbitals but
London-dispersion effects are not completely incorporated.
An additive dispersion correction should be incorporated
ensuring the correct asymptotic behavior of the dispersion
energy per construction. This correction can be taken into
account using Grimme’s (D3) density-independent DFT
[35]. Therefore, we performed computations with and
without considering the D3 dispersion correction on top of
B3LYP.

For the optimized stationary points, second derivative
calculations were carried out to reveal their nature. All mini-
mal structures possess all positive frequencies, whereas first-
order saddle points (i.e. transition states) on the respective
potential energy surfaces have one imaginary frequency. Sol-
vent effects were taken into account using a self-consistent
reaction field (SCRF) [36, 37] based on the polarizable con-
tinuum model (PCM) [38—40]. Different solvents including
mixture of diethylether and methanol, pure diethylether and
pure methanol were considered implicitly as implemented
in GAUSSIAN 09.

The global reactivity has been analyzed through the
condensed Fukui functions by using natural popula-
tion analysis (NPA) [41]. We also evaluated the elec-
tronic chemical potential (4 = (eyomo + €Lumo)/2)-
chemical hardness (7 = (e ymo — €nomo ))» global elec-
trophilicity (@ = u*/2n) and global nucleophilicity
(N = (€romO(nucteophile) — EHomo(tcE))» Where TCE refers to
tetracyanoethylene [27, 42, 43]. N can be considered as a
measure of the electrophilic power of a system. It may be
noted that a global nucleophilicity index would be super-
fluous because in comparison, a system with lower elec-
trophilicity will have a more nucleophilic character [44].
We also used Parr functions (P(r)) [45]: P(r) = p(r) for

12,0 H_ N
+ C=N=N}
H 18 19

13._N19 13
\ o
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— cl5 ——— >
14 H 17 15
P-1 16 P-3
e 3
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L2 o L 14
H 19
pa 14 P4

electrophilic attacks; P*(r) = p(r) for nucleophilic attacks,
where p{°(r) is the atomic spin density (ASD) at the r atom
of the radical cation of a considered molecule and p(r) is
the ASD at the r atom of the radical anion. Each ASD gath-
ered at different atoms of the radical cation and the radi-
cal anion of a molecule provides the local nucleophilic P,
and electrophilic PZ Parr functions of the neutral molecule.
Moreover, we performed ELF topological analyses, at the
B3LYP/6-31G(d) level, of the reactants using the Multiwfn
[46] package. The corresponding reaction path was followed
by ELF topological analyses along the IRC path. The VMD
1.9.3 and UCSF Chimera 1.14 programs were used to visu-
alize the ELF basin attractor position and the ELF basin
domains [47, 48].

3 Results and discussion

Figure 1 gives the optimized structures of the reactants, the
transition states and the products as given in Scheme 1. The
corresponding main geometrical parameters are listed in
Table 1. This figure gives also the outermost MOs of 1 and 2
compounds and their energies. These energies are used later
to evaluated the CDFT reactivity indices of the reactants,
namely the electronic chemical potential (1), the chemical
hardness (77), the electrophilicity (w) and the nucleophilicity
(N), which are listed in Table 2 [49, 50].

3.1 Regioselectivity of the reaction
between benzaldehyde and diazomethane

The regioselectivity of the 1,3-dipolar cycloaddition reaction
between benzaldehyde and diazomethane was analyzed in
light of the CDFT reactivity indices of the reactants. Table 2
shows that the electronic chemical potential [27, 51] of the
diazomethane (u=-3.64 eV) is smaller, in absolute value,
than that of benzaldehyde (u=—4.33 eV), thereby indicating
that the global electron density transfer (GEDT) [52] will go
from diazomethane toward benzaldehyde [11, 21, 53].

The electrophilicity and nucleophilicity indices of benza-
ldehyde 1 are evaluated w=1.79 eV and N=2.18 eV. Thus,
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Fig.1 B3LYP-D3/6-31G(d) optimized geometries with the outermost molecular orbitals (HOMO and LUMO) of the reactants and products. We

give also the energies (in V) of these MOs. E,,,
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Table 1 Main bonds, newly formed ¢ bonds and newly deformed o bonds (in ;A) and angles (in °) of the optimized geometries of all compounds

as calculated at B3LYP-D3/6-31G(d) level of theory

N18-N19 CI5-NI18 C12-013 CI5-NI8-N19 d(O13-N19) d(C12-C15)

2 TS-1  P-1 2 TS-1  P-1 1 TS-1  P-1 2 TS-1  P-1 TS-1 P-1 TS-1 P-1

.15 114 123 129 1.38 148 122 1.28 145 180 1398 111.8 220 142 194 1.55
d(H14-C15)

TS-3 P-3 TS-3 P-3 TS-3 P-3 TS-3 P-3  TS-3 P-3

1.13 1.11 191 453 130  1.22 2.25 3.03 1.77 1.10

d(C1-C15)

TS-4 P-4 TS-4 P-4 TS-4 P-4 TS-4 P-4 TS-4 P-4

1.13 1.10 192 3.67 1.31 1.21 2.24 331 214 1.52
d(013-C15) d(C12-N19)

TS-2 P2 TS-2 P2 TS-2 P2 TS-2 P2 TS-2 P2 TS-2 P-2

1.18 1.24 1.34 148 1.28 1.42 1374 1103 197 1.41 211 1.50

See Fig. 1 for the numbering of the atoms

Table2 B3LYP/6-31G(d) electronic chemical potential (i, in eV),
chemical hardness (7, in eV), electrophilicity (w, in eV) and nucleo-
philicity (N, in eV)

Compound n u 0] N
1 5.23 —4.33 1.79 2.18
4.73 —3.64 1.41 3.11

this compound can be classified as a strong electrophile and
a moderate nucleophile [54]. The diazomethane has an elec-
trophilicity @ of 1.41 eV and a nucleophilicity N of 3.11 eV,
being classified on the borderline of moderate electrophiles
[55] and as a strong nucleophile [56]. Obviously, benzalde-
hyde 1 will participate in this reaction as electrophile and
the diazomethane 2 will participate as nucleophile [57, 58].
Accordingly, the electronic flux will be from diazomethane
to benzaldehyde in agreement with the results associated
with the electronic chemical potential u. Also, the values of
n confirm the nucleophilic character of diazomethane and
electrophilic character of benzaldehyde. Accordingly, the
studied reaction has a normal electronic demand (NED).
For further analysis, we have calculated the Parr indices
for the centers in interactions associated with the two reac-
tants (Fig. 2). For benzaldehyde, the electrophilic Parr func-
tion shows that the C12 carbon, P:=O.24, is slightly more
electrophilically activated than the O13 oxygen, PZ=0.23,
these results indicate that the C,, carbon is the most elec-
trophilic center of benzaldehyde 1. On the other hand, the
nucleophilic Parr functions of diazomethane 2 indicate
that the carbon C15 is the most nucleophilic center of this
molecule P;: 0.72. Therefore, the most favorable electro-
phile—nucleophile interaction along the nucleophilic attack
of the diazomethane 2 on the benzaldehyde 1 will take place
between the most nucleophilic center of diazomethane 2 (i.e.

2+

Fig.2 3D representations of the ASD of the radical anion of benzal-
dehyde 1 (1"7) and the radical cation of diazomethane 2 (2'*) as well
as the electrophilic P Parr functions of 1 and nucleophilic P; Parr
functions of 2

the carbon C15) and the most electrophilic center of benza-
Idehyde 1 (i.e. the C12 carbon), leading to P-3 product in
agreement with the experimentally observed selectivity [59,
60]. In sum, the regioselectivity of the 1,3-dipolar cycload-
dition reaction between benzaldehyde and diazomethane
is described correctly using the CDFT reactivity indices
and Parr functions in line with the experimental findings
[22, 24]. Similar results were obtained by Benchouk and
Mekelleche using B3LYP/6-31G(d) level for the 1,3-dipolar
cycloaddition reaction of diazomethane with methyl acrylate
[21].

3.2 Mechanistic study
The mechanism of the 1,3-dipolar cycloaddition reaction
between diazomethane and benzaldehyde was examined in

order to reveal the more favorable product by the kinetic and
thermodynamic factors. It involves four x electrons from the
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1,3-dipole and two electrons from the dipolarophile. Fig- and — 61.12 kcal/mol, respectively. In sum, the formation
ure 3 displays the energy profile, corresponding to the four  of the cycloadduct P-3 is favored thermodynamically over
modes of cyclization between the two reactants as shownin  that of P-4 by ~ 10 kcal/mol, in agreement with the experi-
Scheme 1. These profiles were computed at the B3LYP/6- mental results [22, 24, 63]. Similar results were obtained
31G(d) level with and without considering the D3 correc- by Branchadell et al. [18] using B3LYP/6-31G(d) level for
tion. Those computed in ether, methanol or an ether-metha-  the 1,3-dipolar cycloaddition reactions of diazomethane
nol mixture solvent are also given. All reactants, transition  with ethylene and with formaldehyde. For explanation,
states and products were optimized at the corresponding  we present in Fig. 1 the HOMO and LUMO outermost
level of theory. The total energies and the relative energies =~ MOs for the reactants and the products and their ener-
of these stationary points are listed in Table S1. This table  gies. This figure shows that the HOMO of 1 is located at
and Fig. 3 show that the consideration of the D3 correction = —6.94 eV and its LUMO is at —1.71 eV and the HOMO
is needed for better description of non-covalent interactions of 2 is at —6.01 eV and its LUMO is at — 1.28 eV. The
occurring within the transition states [61, 62]. Indeed, we = HOMO-LUMO energy gap of 1 is larger than that of 2.
observe a significant overestimation of the activation ener-  Therefore, the best coupling is between the HOMO of 1
gies at the TSs and an underestimation of the products ener-  and the LUMO of 2. Figure 1 shows also that the energy
gies in absence of Grimme’s correction. For example, the  gaps for products are larger than those of the reactants,
activation energy associated with TS-1 using DFT/B3LYP  which indicates the stability of these products [61, 64, 65].
and DFT/B3LYP-D3 is 17.67 and 13.63 kcal/mol, respec- In laboratory, the reaction of diazomethane with ben-
tively. The E, energies are quite different, where B3BLYP-D3  zaldehyde has been done in different solvents (mixture of
values are lower by about 4 kcal/mol than those derived  ether and methanol, pure ether and pure methanol) [24,
without considering dispersion correction (i.e., B3ALYP  25]. In order to highlight the effect of solvents, we rein-
functional only). In the following, we will refer to the data  vestigated the energy profile of the reaction between 1
obtained using B3LYP-D3 except if it is stated specifically. and 2 in these solvents (Fig. 3 and Table S1). Computa-
The formation reactions of P-1 and P-2 are exothermic  tions show that these solvents stabilize all transition states
by —7.22 kcal/mol and — 18.19 kcal/mol, respectively. P-2  except TS-2, but destabilize the products. Thereby, the
is thus more stable thermodynamically than P-1, whereas  inclusion of solvent effects slightly decreases the activa-
the activation energy associated with the 1+2 —P-1trans-  tion energies and increases the exothermic character of this
formation is lower. The first step of the reaction between 1 1,3-dipolar cycloaddition reaction but does not change the
and 2 should be under kinetic factors control. Afterward,  selectivity obtained in gas phase. The formation of the P-3
Fig. 3 shows that the P-1 —P-3 and P-1 — P-4 reactions  is more favored when the reaction takes place in a mixture
evolve via TS-3 and TS-4 transition states, respectively.  of ether and methanol. Compared to gas phase, the solvent
TS-3 is associated with a lower activation energy than  effect decreases the activation energies by about ~2 kcal/
TS-4, (Table S1) favoring the production of P-3. The for-

mol for TS-3; while the formation energy of P-3 increases
mation of P-3 and P-4 is exothermic by —70.97 kcal/mol by 1-2 kcal/mol [64, 66].

E, (Kcal/mol)

30 B3LYP B3LYP-D3 B3LYP-D3(ether-methanol) B3LYP-D3(ether) B3LYP-D3(methanol)
TS-4
T8-2 TS-3/— TS-4 TS-4 -
200 1or/2 A 182~ TS3A TS24 TS34 132~ A
A IS4, i TS-1/) JY TSI/,
L A A P ya S 7 !
NI N 142/ S T A I A
10 VPl | 3 e ST e ST
20 P2 ; “p2 ' “p.2 ! ) :
30 ‘ b %
-40 ‘\;“‘ "\“, ‘,“‘\“ '\:\‘ \'\\
-50 i ,
P4 i it iy .
-60 -" P-4 P-4 \—P-4 P-4
70 oP3 Lp3 Lps “p3

:‘—P—J
Fig.3 Energy profiles for the 1,3-dipolar cycloaddition reaction
between benzaldehyde 1 and diazomethane 2 at the B3LYP/6-31G(d)

solvents. The energies are given relative to reactants (1+2) (in kcal/
and B3LYP-D3/6-31G(d) level of theory in gas phase and in diverse

mol). The corresponding values are listed in Table S1 of the Supple-
mentary Material
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3.3 Geometry and vibrational analyses
of the transition states

Some selected bond lengths of the all optimized stationary
points are given in Table 1. The analysis of the geometric
data shows that the N-N and C-N distances of diazometh-
ane as well as the C-O distance of benzaldehyde undergo
only small variations from reactants to TSs. For example,
the N-N distance is equal to 1.15 Ain diazomethane, 1.14;
1.18 A at the transition structures (TS-1; TS-2) and ~1.23 A
in the cycloadducts (P-1; P-2). Similarly, the C-O distance
isequal to 1.22 Ain benzaldehyde, 1.28 A in the transitions
structures TS-1 and TS-2 and 1.45; 1.42 A in the P-1 and
P-2 products. Therefore, we can conclude that we have ear-
lier transition states in these cycloaddition reactions because
the TSs look like the reactants rather than the products [67].

The intermolecular geometrical parameters of the newly
formed o bonds (i.e. O13-N19 and C12-C15 bonds in the
transition state TS-1, O13—-C15 and C12-N19 bonds in the
transition state TS-2) differ in TS-1 and in TS-2 (Fig. 4).
These distances have also different values in the products.
For example, in TS-1, the d(O13-N19) distance is computed
2.20 A. It reduces by 0.78 to Ain P-1 product. In the other
side, the d(C12—-C15) distance shrinks from 1.94 Ain TS-1
to 1.55 A in P-1. Consequently, the C12—-C15 bond is more
advanced than the O13-N19 bond. Generally, we can con-
clude that the formation of the new bonds is asynchronous

Fig.4 B3LYP-D3/6-31G(d)
optimized geometries of TS-1,
TS-2, TS-3 and TS-4 transition
structures. The distances in the
forming bond process are given
in A

TS-1

[68, 69]. Furthermore, this is confirmed by the analysis of
the B3LYP-D3/6-31G(d) imaginary frequencies of the tran-
sition states in gas phase and in solvents (Table S2) and of
the corresponding nuclear motions. This analysis reveals that
the TS-1-related processes are associated with the heavy
atoms’ motions and are also related to the earlier transi-
tion states [66, 70], contrariwise for TS-2. Similar findings
were obtained by Branchadell et al. [18] for the 1,3-dipolar
cycloaddition reactions of diazomethane with ethylene and
formaldehyde.

3.4 ELF topological analyses of bond changes
along the 1,3-dipolar cycloaddition reaction
of benzaldehyde with diazomethane

Topological analyses of the electron localization function
(ELF) of benzaldehyde and diazomethane were performed
in order to characterize the electronic structure of these
reactants involved in the 1,3-dipolar cycloaddition reaction.
The ELF valence basin populations together with the basin
attractor positions and the proposed Lewis-like structures of
the reactants are shown in Fig. 5. This ELF quantum chemi-
cal analysis provides a straightforward connection between
the chemical structure and the distribution of electron den-
sity within a compound.

The ELF topological analysis of benzaldehyde shows
the presence of two V(O) and V'(O) monosynaptic basins,

TS-4
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Fig.5 B3LYP/6-31G(d) ELF
valence basin populations
together with basin attractor
positions and proposed Lewis-
like structures of benzaldehyde
(1) and diazomethane (2)

integrating for 2.51e and for 2.69e (total 5.20e), and one
V(O, C) disynaptic basin with a population of 2.35e
(Fig. 5). The reactant 1 has also one V(C, C) disynap-
tic basin integrating a total electronic density of 2.25e.
Moreover, the ELF topological analysis of diazomethane
shows the presence of two V(C15) and V'(C15) monosyn-
aptic basins integrating a total population of 1.13e. These
ELF valence basin populations allow relating the integrat-
ing V(C15) and V’(C15) monosynaptic basins with a sp?
hybridized pseudoradical carbon. Diazomethane also has
V(N19) and V'(N19) monosynaptic basins integrating for
a total population of 3.89¢, one V(C15, N18) disynap-
tic basin integrating for 3.05e, and two V(N18, N19) and
V'(N18, N19) disynaptic basins integrating a total popula-
tion of 3.72e. These ELF valence basin populations allow
relating the V(N19) and V'(N19) monosynaptic basins
with the non-bonding electron density of N19, the V(C15,
N18) disynaptic basin with an underpopulated C15-N18
double bond and the two V(N18, N19) and V'(N18, N19)
disynaptic basins with a N18—N19 double bond as shown
in the proposed Lewis-like structure in Fig. 5. The ELF
picture of diazomethane is identical to that found for phe-
nyldiazomethane obtained by Domingo and coworkers [71,
72]. It is worth noting that similar results were obtained
by Salah et al. [66] using B3LYP/6-31 + g(d,p) level for
the 1,3-dipolar cycloaddition reaction between fluorinated
alkynes and azides, and by Mohammad-Salim et al. [73]
using B3LYP/6-31G(d) level for the [3 + 2] cycloaddition
reactions between a,p-unsaturated selenoaldehyde with
nitrone and with nitrile oxide.
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An ELF topological analysis of the structures along the
IRC involved in the bond changes of the studied reaction was
performed in order to characterize the occurring bonds for-
mation/breaking. These structures were selected by means
of bonding evolution theory (BET) [66, 69, 73-75]. The
respective bond distances and populations of the most rel-
evant ELF valence basins are listed in Tables S3—S6. The
representations of the ELF attractor locations of all transi-
tion states are shown in Figs. 6 and 7.

We have chosen ten significant differentiated points on
IRC path associated with P-1 product, which represent the
evolution of the formation of the new o bonds. They are
denoted S-1-S-10 (Tables S3-S6). The ELF analysis of
these points will be very helpful to locate the evolution of
the electronic density, especially between the atomic center
C12-C15 and O13-N19 in the two fragments, from reac-
tants, via the transition structures to final products, which
helped us to reveal the mechanism of the reaction. Table S3
shows the ELF topological analysis associated with the
formation of P-1 along the IRC. The first structure of the
IRC, S-1, displays a similar bonding pattern to those of the
separated reactants. At TS-1, the N18—N19 bond region has
been depopulated by 3.09¢ and the two V(C15) and V'(C15)
monosynaptic basins present in S-1 have merged into one
V(C15) monosynaptic basin integrating for 1.41e. As shown
in Figs. 6 and 7, the most relevant changes in TS-2 is the
presence of two new monosynaptic basins V(N19) and
V(N18) integrating for 2.51e and 1.92e, respectively. At S-7,
the first most relevant changes take place along the IRC. The
V(C15) monosynaptic basin present in TS-1 has disappeared
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Fig.6 Representations of the ELF attractors of TS-1, TS-2, TS-3 and TS-4 involved in the 1,3-dipolar cycloaddition reaction of benzaldehyde

(1) and diazomethane (2)

Fig.7 ELF domains for TS-1, TS-2, TS-3 and TS-4

and a new V(C12, C15) disynaptic basin appeared with an
initial population of 1.81e. At S-9, the second topological
changes along the IRC takes place and a new V(0O13, N19)
disynaptic basin is formed with a population of 0.81e. This
important topological change corresponds to the formation
of the second N19-013 single bond at a N-O distance of
1.44 A,

Table S4 displays the ELF topological analysis for the
formation of P-2 along the IRC. At TS-2, the most relevant
changes correspond to the creation of two new monosynaptic
basins, V(C12) and V(N18) integrating for 0.11e and 2.12e,
respectively. At S-6, the first most relevant topological
change along IRC appears and a new V(C15, O13) disynap-
tic basin is created with an initial population of 0.87e. This
significant change indicates that the formation of the first
C15-013 single bond begins at a C—O distance of 1.59 A.
Then, a second major topological change happens at S-7,
while the V(C12) and V'(N19) monosynaptic basins present
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at the previous structure of the IRC merge into a new V(C12,
N19) disynaptic basin integrating for 1.71e.

Tables S5 and S6 show the ELF topological analysis asso-
ciated with the breaking of C15-N18 and N19-013 single
bonds to form P-3 and P-4. For the formation of P-3, the
first most relevant topological change occurs at S-2 when
a V(N19, O13) disynaptic basin disappears and a V'(N19)
monosynaptic basin appears, while the N19-013 single
bond breaks. Afterward, the V(C15, N18) disynaptic basin
disappears signature of the breaking of the C15-N18 single
bond. Afterward, the V(C15, N18) disynaptic basin disap-
pears signature of the breaking of the C15-N18 single bond.
For the formation of P-4, as shown in Table S6, the first most
relevant topological change occurs at S-3 when a V(N19,
013) disynaptic basin disappeared, indicating that the
N19-013 single bond is breaking. The second most relevant
topological changes take place after disappearing V(C15,
N18), highlighting thus the breaking of the C15-N18 single
bond. The third change along the IRC occurs at S-7 and the
V(C1, C12) disynaptic basin integrating for 1.33e disap-
pears and V(C1, C15) disynaptic basin integrating for 1.68e
appears. These significant topological changes document the
C1-C12 single bond breaking and the C1-C15 single bond
formation.

4 Conclusions

The mechanism and regioselectivity of the 1,3-dipo-
lar cycloaddition reaction between benzaldehyde 1 and
diazomethane 2 have been studied using the density func-
tional theory at the B3LYP(+D3)/6-31G(d) levels. The
inclusion of the D3 correction has allowed a good estimation
of energy associated with each stationary point detected in
the energy profile.

The present results of CDFT and mechanistic study
allowed explaining the regioselectivity of reaction. For
instance, the analysis of the electrophilic P,j Parr func-
tions revealed that the C12 carbon atom is the most elec-
trophilic center of benzaldehyde. On the other hand, the
nucleophilic P, Parr functions of diazomethane indicate
that the C15 carbon is the most nucleophilic center of
this molecule, in good agreement with the regioselectiv-
ity found in 1,3-dipolar cycloaddition reactions. Moreo-
ver, the potential energy surface analysis shows that this
reaction follows an asynchronous concerted mechanism,
where the formation of the acetophenone cycloadduct P-3
is kinetically and thermodynamically more favored than
P-4, in line with the experimental findings. ELF topologi-
cal analyses of the reactants indicate that diazomethane
has an allenic pseudoradical electronic structure. The
populations of the most relevant ELF valence basins of
the selected structures along the IRC involved in the bond
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formation/breaking were also determined. They show two
stages concerted molecular mechanism for this type of
reactions. Finally, the ELF analysis herein allowed a best
electronic description of the evolution of the new formed
o bonds, in agreement with the experimentally observed
regioselectivity leading to acetophenone.
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