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A comprehensive density functional theory investigation was conducted to elucidate the regio- and
stereoselectivity of the 1,3-dipolar cycloaddition reaction (13-DCR) between a diazo compound (1,3-
dipole D-1) and an electron-deficient nitroethylene derivative (dipolarophile Dph-2), which serves as the
key initiating step in a recently reported domino synthesis of pyrazole derivatives. Experimentally per-
formed in dichloromethane at 80 °C, the reaction exhibits exclusive formation of the ortho regioisomer.
Calculated activation free energies and rate constants quantitatively reproduce the experimentally
observed complete ortho regioselectivity and high endo stereoselectivity. Activation strain model (ASM)
analysis reveals that the regioselectivity is primarily governed by stabilizing interaction energies.
Subsequent energy decomposition analysis using the recently developed sobEDA method identifies
orbital interactions, particularly HOMOp_; to LUMOpgh.» charge transfer, as the main contributors. The
Extended Transition State-Natural Orbitals for Chemical Valence (ETS-NOCV) analysis confirms this domi-
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nant orbital interaction, rationalizing the ortho selectivity. The stereoselectivity favoring the endo pathway
is attributed to lower total strain energy, mainly originating from the flexibility of the D-1 fragment. This
combined computational study offers a detailed mechanistic understanding of the 13-DCR regio- and
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1. Introduction

Heterocyclic compounds serve as essential building blocks
and are widely found in numerous pharmaceuticals." Among
them, nitrogen-containing heterocycles hold exceptional
industrial and commercial value, playing key roles in pharma-
ceuticals, agrochemicals, and natural products.” Within this
group, pyrazoles—five-membered aromatic rings featuring two
adjacent nitrogen atoms—stand out for their diverse biological
activities, including anticonvulsant,® antibacterial,® anti-
depressant,” and analgesic properties.® Notably, several top-
selling drugs such as celecoxib and sildenafil contain pyrazole
moieties.> Given these valuable functions, the search for
efficient methods to synthesize pyrazole derivatives has gained
increasing attention.

“Department of Chemistry and Biochemistry, Shahrood Branch, Islamic Azad
University, Shahrood, Iran. E-mail: s_emamian@iau-shahrood.ac.ir,
saeedreza_em@yahoo.com

bPhyst'cs Department, Shahrood Branch, Islamic Azad University, Shahrood, Iran
‘Department of Chemistry, Universitat de les Illes Balears, 07122 Palma de Mallorca,
Baleares, Spain. E-mail: toni.frontera@uib.es

This journal is © The Royal Society of Chemistry 2025

stereoselectivity, providing results in excellent agreement with experimental outcomes.

Two main synthetic strategies are commonly employed to
construct pyrazole scaffolds: cyclocondensation of hydrazines
with 1,3-dicarbonyl compounds or their derivatives and the
1,3-dipolar cycloaddition reaction (13-DCR) of diazo com-
pounds with alkenes or alkynes.””® Among these, 13-DCRs are
highly valued in organic synthesis due to their excellent atom
economy, high yields, and remarkable regio- and stereo-
selectivity.® Notably, the 13-DCR of diazo compounds as an
established class of propargylic-type 1,3-dipoles toward
alkenes, first reported by Buchner in 1889, offers an efficient
route to pyrazole synthesis since no o-bond cleavage occurs
during the process.”

Nitroalkenes, characterized by their strong electrophilic
nature due to the highly electron-withdrawing nitro group, are
well-suited for various organic transformations, including
13-DCRs.™* In this context, Kumar and co-workers'? have
recently reported the synthesis of a pyrazole derivative (E)
through a domino sequence initiated by a 13-DCR between
diazoacetate (A) and n-deficient nitroalkene (B), yielding the
[3 + 2] cycloadduct (C). This intermediate then undergoes a
1,3-hydrogen shift to form intermediate (D), followed by a con-
comitant removal of HOCl and NaNO,, producing the final
pyrazole derivative (E) in a good yield of 82% > (Scheme 1).
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Scheme 1 The domino reaction experimentally investigated by Kumar et al.'? to synthesize pyrazole derivative E.

Importantly, Kumar and co-workers'> highlighted that E is
obtained exclusively as the isomer bearing the Ph substituent
ortho to the CO,Et group, with no experimental evidence for
the formation or isolation of the meta isomer."”” Based on
these experimental findings, it can be concluded that the
13-DCR step in this domino sequence proceeds with complete
regioselectivity (regiospecificity), placing the Ph and CO,Et
substituents ortho to each other in intermediate C, which sub-
sequently leads to intermediate D and the final product E (see
Scheme 1).

However, the sp>-hybridized nature of all carbons in the
five-membered ring of compound E does not readily disclose
the origin of the exo/endo stereoselectivity in the preceding
13-DCR step. This raises two fundamental questions regarding
the 13-DCR between A and B in Scheme 1: (i) why does this
reaction exhibit complete regioselectivity? (ii) Does it display
any specific stereoselectivity, and if so, what factors govern this
preference? To answer these questions, we carried out a
detailed density functional theory (DFT) investigation on the
13-DCR between diazoacetate A (hereafter referred to as 1,3-
dipole D-1) and nitroalkene B (hereafter referred to as dieno-
phile Dph-2), which constitutes the key initiating step of the
domino process shown in Scheme 1.

2. Computational details

All geometry optimizations followed by frequency calculations
were performed in dichloromethane (DCM) at 80 °C (353.15 K)
to fully replicate the experimental conditions,'? using the M06-
2X-D3/6-31G(d) level of theory as implemented in the Gaussian
16 software package.'® This computational level employs the
MO06-2X meta-generalized gradient approximation (meta-GGA)
exchange-correlation functional,"* combined with Grimme’s
DFT-D3 dispersion correction'® (using zero-damping, denoted
as D3) and the standard 6-31G(d) basis set."®

Solvent effects were modeled implicitly via the polarizable
continuum model (PCM) based on the Tomasi solvation
approach’” within the self-consistent reaction field (SCRF)

10690 | Org. Biomol. Chem., 2025, 23,10689-10700

framework."® Frequency calculations provide not only thermo-
chemical data at the desired temperature and pressure but also
confirm the nature of each stationary point on the potential
energy surface (PES). Specifically, reactants and products were
identified by the absence of imaginary frequencies, while tran-
sition states (TSs), located as first-order saddle points, displayed
exactly one imaginary frequency. Additionally, intrinsic reaction
coordinate (IRC) calculations®® were performed for each TS
using the second-order Gonzalez-Schlegel integration
method, tracing both forward and backward paths to confirm
that each TS correctly connects two relevant minima and also to
check for the existence of any stable intermediates on the PES.

To refine electronic energies, single-point (SP) calculations
were carried out using the double-hybrid rev-DSD-PBEP86
functional®® with Grimme’s D4 dispersion correction®* and
the ma-TZVPP basis set over the MO06-2X-D3/6-31G(d)-opti-
mized geometries, employing the ORCA 6.0.1 program
package.?”** The ma-TZVPP basis set is a “minimally augmen-
ted” version of def2-TZVPP*® with additional s and p diffuse
functions on non-hydrogen atoms. It is also worth noting that
ORCA employs the conductor-like polarizable continuum
model (CPCM)"” to account for implicit solvent effects ensur-
ing numerical stability and consistency across the dataset for
the chosen DFT levels. Subsequently, Gibbs free energies were
computed using Tian Lu’s “Shermo” code,>® incorporating the
refined electronic energies. This code applies Grimme’s quasi-
rigid-rotor harmonic oscillator (RRHO) model to properly
account for entropy contributions from low-frequency
vibrations (below 150 cm™"), yielding more accurate Gibbs free
energy estimates. Furthermore, Shermo automatically adjusts
Gibbs free energies with a correction factor of 2.36 kcal mol ™
at 353.15 K to convert gas-phase standard-state values (1 atm)
to solution-phase standard-state values (1 M) at the specified
temperature.”’

The stability of the M06-2X-D3/6-31G(d) closed-shell wave-
functions for the 1,3-dipole D-1 and TSs involved in the
studied 13-DCR pathways was verified using the “stable”
keyword. Unless explicitly stated otherwise, no wavefunction
instabilities were detected.

This journal is © The Royal Society of Chemistry 2025
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The temperature-dependent rate constant (kr) for each reac-
tion channel in the 13-DCR between D-1 and Dph-2 was calcu-
lated using the following expression®®

KT AG°E
kr = 7}1(00),”71 exp ( RT) (1)

where Kg, T, h, C°, m, and R refer to Boltzmann’s constant,
absolute temperature, Planck’s constant, standard molar con-
centration (1 mol L"), the molecularity of the reaction, and
the universal gas constant, respectively. Here, AG°* represents
the standard Gibbs free energy of activation for the reaction
under study.

To investigate the origins of regio- and stereoselectivity in
the studied 13-DCR, the activation/strain model (ASM) ana-
lysis, originally developed by Bickelhaupt and co-workers,**°
was performed at the M06-2X-D3/6-31G(d) level along the IRC
profiles of the TSs involved in the competing reaction path-
ways. This analysis was conducted using a custom Microsoft
Excel 2016 spreadsheet developed in-house. In addition,
A. M. Shariati (one of the co-authors) developed a highly
efficient, flexible, and user-friendly code that significantly
accelerates and automates the geometry preparation process
along the IRC paths—a typically time-consuming step in ASM
analyses.

Energy decomposition analysis (EDA) was performed along
the entire IRC profiles of the TSs involved in the competing
reaction pathways using the “sobEDA” method, a dispersion-
corrected DFT-based approach recently introduced by Tian
Lu.*" All these calculations were carried out in a fully auto-
mated manner using custom in-house scripts. It should be
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noted that the sobEDA method employs Gaussian software for
performing the underlying quantum chemical computations.

The Extended Transition State-Natural Orbitals for Chemical
Valence (ETS-NOCV)** analysis was conducted using the
Amsterdam Density Functional (ADF) program package, version
2020.102,%*7% at the BLYP-D3(BJ)/TZ2P level of theory. This com-
putational setup has been recommended for ETS-NOCV studies
on 13-DCR systems.*® Deformation density plots (Ap) were visu-
alized via the ADF graphical user interface (GUI).*>*

3. Results and discussion

3.1. PES exploration of 13-DCR between D-1 and Dph-2 in the
presence of DCM at 353.15 K

Due to the non-symmetric structures of both reactants, the
13-DCR between D-1 and Dph-2 can proceed via two regioiso-
meric pathways—meta and ortho—each of which allows for
two possible stereochemical approaches, exo and endo. These
four distinct reaction pathways are denoted as meta-exo (mx),
meta-endo (mn), ortho-exo (0x), and ortho-endo (on). Along the
meta (ortho) pathway, the C1 atom of D-1 interacts with the C5
(C4) atom of Dph-2, placing the CO,Et and Ph substituents at
the meta (ortho) position within the resulting [3 + 2] formal
cycloadduct (CA). In contrast, an endo approach places these
substituents on the same side of the corresponding TS,
leading to a cis configuration in CA, whereas an exo approach
positions them on opposite sides, resulting in a ¢trans configur-
ation. These four reaction channels along with the atom num-
bering are illustrated in Scheme 2. The calculated activation

NO; Ph
A 10.65 13.81 O’N’%.,/,
TS-0X TS-mXx ke
Va D- /
\‘\\\ EtO)C \\\“'\
aw N W N
EtO,C \ @ o EtO,C
CA-0Xx 1C=—=N=—72=N CA-mx
/ 2 3
-28.28 H -29.73
NO,
NO, 4 5 bn
Ph/// OzN ::
PH N—
// ‘—TS Dph-2 —‘-TS // N
-on -mn
\\\‘\‘\.\N 8.65 0.00 13.75 ‘\\‘\\\ \N
EtO,C . EtO,C
CA-on CA-mn
-27.36 -30.47

Scheme 2 Four competitive pathways involved in the 13-DCR between D-1 and Dph-2. Atom numbering is given as well (see the text for details).
Numerical values indicate M06-2X-D3/6-31G(d) computed relative total electronic energy (kcal mol™) in the presence of DCM.

This journal is © The Royal Society of Chemistry 2025
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and reaction electronic energies (AE* and AE,y,, respectively)
for each pathway in DCM are also provided in Scheme 2.

As shown in Scheme 2, the activation barrier (AE*) for TS-
mx and TS-mn is 13.81 and 13.75 kecal mol™", respectively, rela-
tive to the separated reactants D-1 and Dph-2. The negligible
difference of 0.06 kcal mol ™' between these two values
suggests no significant stereoselectivity along the meta regioi-
someric pathway. In contrast, the activation barrier for TS-ox
and TS-on is 10.35 and 8.68 kcal mol™', respectively. The
energy difference of 2.00 kcal mol™" between these two values,
although within the typical error range of DFT methods,
clearly indicates a strong preference for endo stereoselectivity
along the ortho regioisomeric pathway. Nevertheless, as far as
total electronic energy is concerned, the formation of all [3 + 2]
cycloadducts—CA-mx, CA-mn, CA-ox, and CA-on—proceeds
through irreversible and exergonic pathways, with substantial
energy releases ranging from 27.4 to 30.5 kcal mol™'. These
results suggest that the cycloadducts formed via the meta
regioisomeric pathway are slightly more stable than those
obtained through the ortho pathway.

It is well established that bimolecular reactions are typically
associated with a substantial decrease in both activation and
reaction entropy, resulting in strongly negative values for AS*
and ASyx,. Consequently, the TAS term acts as a highly unfa-
vorable factor for both the formation of the TS and the corres-
ponding CA, particularly at elevated temperatures. Therefore,
to achieve a reliable and meaningful portrait of the PES of
such reaction energetics, it is essential to compute relative
Gibbs free energies, which account for both energetic and
entropic contributions. To this end, the activation (AG*) and
reaction (AGy) Gibbs free energies, along with the corres-
ponding rate constants for both the forward (k{T)) and reverse
(kp(T)) directions, were computed for the four reaction chan-
nels (Scheme 2) of the 13-DCR between D-1 and Dph-2. These
calculations were performed at the rev-DSD-PBEP86-D4-CPCM
(DCM)/ma-def2-TZVPP//M06-2X-D3-PCM(DCM)/6-31G(d) com-
putational level and the results are summarized in Table 1.

The AG* values reported in Table 1 clearly show that among
the four competing TSs located on the PES of the studied
13-DCR, TS-on exhibits the lowest forward activation Gibbs

Table 1 Activation Gibbs free energies for the forward (AG?) and back-
ward (AG%,) reactions, reaction Gibbs free energies (AG,y,), in kcal mol™,
forward second-order rate constants, k(T) in mol™ L s™%, and backward
first-order rate constants, ku(T) in s, calculated at the rev-
DSD-PBEP86-D4-CPCM(DCM)/ma-def2-TZVPP//M06-2X-D3-PCM(DCM)/
6-31G(d) level for the four reaction pathways of the 13-DCR between

D-1 and Dph-2 in DCM at 353.15 K

Pathway® AGE?  AGE?  AGna®  K(T) k(T)

meta-exo (mx) 33.53 3521 -1.68 1.31x107° 1.19x107°
meta-endo (mn)  32.08 34.76 —2.68 1.03x1077 2.27x107°
ortho-exo (0x) 28.99 28.76 0.23 8.44x107° 1.17x107°
ortho-endo (on)  28.03 29.19 -1.16  3.31x107° 6.35x107°

“See Scheme 2 for details.  Computed relative to the separate fully
optimized D-1 and Dph-2.
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free energy AG;t of 28.03 kecal mol™", corresponding to the
highest second-order rate constant, k{7T) = 3.31 x 10> mol ' L
s~'. Thus, the ortho-endo (on) pathway is identified as the kine-
tically most favorable channel. This pathway leads to the exer-
gonic formation of the formal [3 + 2] cycloadduct CA-on,
which slightly lowers the reaction PES by 1.16 kcal mol ™. The
next favorable pathway is the ortho-exo (ox) channel, with TS-ox
located 28.99 kcal mol™" above the reactants—only 0.96 kcal
mol™" higher than TS-on. The corresponding k{T) value for
this pathway is 8.44 x 107® mol™ L s™'. The remaining two
channels, meta-endo (mn) and meta-exo (mx), are significantly
less favorable, with k{T) values of 1.03 x 107 and 1.31 x 10~®
mol ™" L s7%, respectively. The last column of Table 1 lists the
first-order backward rate constants, k,(T), for the studied path-
ways. As is shown, there are no significant differences between
the forward and backward rate constants across the channels.
Consistent with this, the AG,y, values reported in Table 1 indi-
cate that (in contrast to the prediction obtained according to
the values of relative electronic energies given in Scheme 2)
the cycloadducts are not substantially more stable than the
separate reactants, suggesting that the studied 13-DCR oper-
ates under kinetic control.

The Gibbs free energy profiles for the four reaction path-
ways, depicted in Fig. 1, provide a clear and intuitive compari-
son of the reaction energetics in DCM at 353.15 K.

3.2. Kinetic evaluation of regio- and stereoselectivity in the
13-DCR of D-1 with Dph-2 in DCM at 353.15 K

In order to quantitatively assess the regio- and stereoselectivity
of the studied 13-DCR, we analyzed the computed rate con-

AG (kcal mol™)

40.00 + Ortho pathway Meta pathway

35.00 4
30004 0 ox K0T
s0d T f v
20.00 1
15.00
10.00 -

5.00 o
CA-ox

CA-on

0.00 4 .
D-1+Dph-2

-5.00 49
-10.00 o

-15.00 4

-20.00

Fig.1 The rev-DSD-PBEP86-D4-CPCM(DCM)/ma-def2-TZVPP//M06-
2X-D3-PCM(DCM)/6-31G(d) relative Gibbs free energy profile associated
with the four competitive reaction pathways converting separate D-1
and Dph-2 into related CAs along a 13-DCR in the presence of DCM at
353.15 K (see the text for details). A considerable difference of 4.05 kcal
mol~ in the relative Gibbs free energies between the two most favorable
TSs of the competing regioisomeric pathways indicates an entirely
regiospecific 13-DCR of D-1 toward Dph-2.

This journal is © The Royal Society of Chemistry 2025
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stants for the four competing pathways presented in Scheme 2.
This kinetic evaluation allows for a direct and reliable esti-
mation of the preferred reaction channels under the employed
conditions.

According to fundamental kinetic principles, the ortho-to-
meta regioselectivity can be quantitatively estimated using the
following expression:®’

ortho . . [CA — 0x] + [CA — on]
regioselectivity =
eta [CA — mx] 4 [CA — mn]

(2)

where the numerator and denominator represent the com-
bined molar concentrations of the ortho and meta cyclo-
adducts, respectively. Since the concentration of each cyclo-
adduct is directly proportional to the rate constant of the reac-
tion channel through which it is formed, this equation can be
rewritten as:

th b 4k
Ortho o gioselectivity = L@ T Fon)
meta k.

A 3
myx) T Kf(mn) ®)

By substituting the computed rate constants from Table 1
into this equation, we obtain:

ortho . .. 357.8
. regioselectivity = — = 99.7%.

This result indicates that over 99% of the products corres-
pond to the ortho regioisomer, demonstrating a practically
exclusive ortho regioselectivity (i.e., ortho regiospecificity). This
finding is in excellent agreement with the experimental obser-
vation that only the ortho-substituted pyrazole derivative E was
isolated, with no evidence for the formation of the meta
isomer (Scheme 1).'? Similarly, the endo-to-exo stereoselectivity
within the ortho regiospecific pathway can be estimated as:*”

endo
exo

.. k 3.92
Stereoselectivity = Sl _ - = 79.6%.

o (0x)

This corresponds to approximately 79.6% endo selectivity,
indicating a strong preference for the endo approach along the
kinetically dominant ortho pathway under the studied con-
ditions (DCM, 353.15 K).

To complement this kinetic selectivity analysis based on
computed rate constants, we further performed a time-depen-
dent kinetic simulation using the Concvar software, aiming to
visualize the dynamic evolution of the competing pathways
over time. The Concvar program developed by Tian Lu®® allows
for the simultaneous solution of differential rate equations for
a network of elementary reactions, providing time-dependent
concentration profiles, C = f(t), for all species involved in a
given reaction system. In this study, we employed Concvar by
inputting the forward and reverse rate constants k{7) and
kp(T) listed in Table 1 to simulate the time evolution of D-1,
Dph-2, and the four CAs generated in the studied 13-DCR (see
Scheme 2). Fig. 2 presents the resulting concentration-time
profiles for the reaction in DCM at 353.15 K, assuming initial
concentrations of 0.2 mol L™ for D-1 and 0.1 mol L™" for Dph-2
over a total simulation time of 10 hours (36 000 s).

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Time-dependent concentration profiles, C = f(t), illustrating the
evolution of all CAs formed during the 13-DCR of D-1 with Dph-2 in
DCM at 353.15 K.

A closer inspection of Fig. 2 reveals that, even after a pro-
longed reaction time of 10 hours, the only detectable species
in the reaction mixture is CA-on, present at a relatively low con-
centration of approximately 0.019 mol L™". This low concen-
tration directly results from the small rate constant associated
with its formation (see k¢{T) values in Table 1). Moreover, the
concentrations of the meta-derived CAs (CA-mx and CA-mn)
remain entirely negligible across the whole simulation.

Notably, this simulation clearly confirms that the ortho-
endo (on) pathway overwhelmingly dominates the reaction
course, fully consistent with both the kinetic rate analysis and
the experimental observations."?

3.3. Exploration of the origin of ortho regiospecificity and
high endo stereoselectivity in the 13-DCR investigated

Following the detailed energetic analysis, the origin of the
complete ortho regioselectivity (ortho regiospecificity) and high
endo stereoselectivity was investigated through activation/
strain model (ASM) analysis.

To this end, comparing the ASM profiles of the most favor-
able TSs in each competing pathway provides key insights.
Specifically, comparing the ASM profiles of TS-mn and TS-on
clarifies the origin of the observed ortho regiospecificity, while
comparing that of TS-on and TS-ox (within the ortho pathway)
elucidates the underlying cause of the endo stereoselectivity
preference in the studied 13-DCR.

ASM is a fragment-based theoretical model that systemati-
cally traces the PES from equilibrium structures toward TSs
and even beyond, offering a clear and detailed understanding
of chemical reactivity.>® In this model, the reaction energy
profile, AE(¢), along the reaction coordinate ¢, is dissected into
two key components: the total strain energy, AESY(€), and the
interaction energy, AE™ (&), as shown below:

AE(¢) = AEG(8) + AE™(8). (4)

Org. Biomol. Chem., 2025, 23,10689-10700 | 10693
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The total strain energy itself arises from the structural
deformation of individual reactants as they progress toward
the TS. For a bimolecular 13-DCR, it is expressed as:

ABG (&) = AER'(E) + ABpp (€) (5)

where the subscripts D and Dph refer to the 1,3-dipole and the
dipolarophile, respectively.

Solvent effects can also be incorporated into the ASM
framework by including the solvation contribution as follows:

AEsolution(g) _ AE:}; (6) + AEint(i) + AAESDIVatiOH(g) (6)

where AES™MION(£) represents the total reaction energy in
solution, AAESM°N(g) accounts for the change in solvation
energy along the reaction coordinate, and AES™(¢) = AES(¢)
+ AE™(£) describes the intrinsic energy profile of the solute in
the absence of solvent effects.

It is important to emphasize that, when including solvation
effects via eqn (6), single-point energy calculations must be
performed in the gas phase using solution-phase optimized
geometries—meaning the geometries are optimized with sol-
vation included (e.g., PCM), but the subsequent single-point
energies are computed without the “SCRF” keyword, if
Gaussian is employed as the quantum calculating software.
This approach properly captures the differential solvation
effects (AAE*°29°M) along the reaction coordinate. In addition,
Truhlar and co-workers® reported that solvation energies cal-
culated using the M05-2X functional combined with the SMD
solvation model show excellent agreement with experimental
data. Therefore, in the present investigation, the M05-2X-SMD
(DCM)/6-31G(d)//M06-2X-D3-PCM(DCM)/6-31G(d)
tational protocol was employed to evaluate values of A
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The ASM analysis was performed along the IRC profiles of
the two competing TS-on and TS-mn, corresponding to the
ortho-endo and meta-endo pathways, respectively, which
connect the separate reactants D-1 and Dph-2 to the [3 + 2]
cycloadducts CA-on and CA-mn (Scheme 2). This analysis aims
to clarify why the ortho-endo pathway is entirely favored over
the meta-endo one, as indicated by the energetic results
(Table 1). Fig. 3 illustrates the activation/strain plots along the
whole IRC profile of TS-on and TS-mn. In this 13-DCR, the
reaction coordinate £ was defined as the average of the two
forming single bond distances, namely the C1-C4 and N3-C5
bonds, along the meta-endo (mn) and ortho-endo (on) pathways
(see Scheme 2 for atom numbering):

&= % (dci-ca + dnz—cs)- (7)

It is worth noting that the nature of the interacting atoms
differs between these two forming bonds (C-C and C-N), and
the bond formation rates are not identical. Thus, monitoring
the change of only one bond distance would not provide a
complete and accurate mechanistic picture for such reactions.
This justifies the use of the average of both distances, as
expressed in eqn (7). It is also worth noting that Fig. 3 is
plotted using magnified X- and Y-axis scales to enhance the
visual separation between the curves corresponding to the
ortho-endo and meta-endo pathways considered. As clearly
shown in Fig. 3, the AES%(£) curve of the energetically favored
ortho-endo pathway lies above that of the meta-endo pathway
throughout the entire reaction coordinate, indicating that the
ortho-endo pathway suffers from a greater destabilizing strain
energy. Meanwhile, the AE®M°"(g) curves are completely
superimposed, indicating that both pathways experience vir-
tually identical solvation effects throughout the reaction

AE5:(8)

10.00 4

0.00 4
-10.00 o
-20.00 o
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A

Fig. 3 The magnified M06-2X-D3/6-31G(d) activation/strain plot along the whole IRC profile of TS-on (solid curves) and TS-mn (dashed curves)
involved in the ortho-endo (on) and meta-endo (mn) channels of 13-DCR, respectively, between D-1 and Dph-2 in the presence of DCM. The blue
circles characterize the positions of TS-on and TS-mn, while the black vertical line at & = 2.18 A distinguishes the position of “consistent geometry

point (CGP)" along the X-axis (see the text for details).
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course. This results in AAESV9°"(&) = 0, confirming that sol-
vation has no contribution in determining the regioselectivity.
In contrast, the AE™ (&) curve of the ortho-endo pathway con-
sistently lies below that of the meta-endo pathway, with a larger
separation than that observed between the strain energy
curves. This indicates that the ortho-endo pathway benefits
from substantially stronger stabilizing interaction energy,
which not only fully compensates its slightly higher strain
energy but also ultimately drives its energetic preference over
the meta-endo pathway.

Given that the interaction energy governs the complete
ortho regioselectivity over the meta pathway in the studied
13-DCR, a further energy decomposition analysis (EDA) was
performed to break down the interaction energy into its funda-
mental components, aiming to identify which specific factor(s)
primarily drives this regioselectivity. Very recently, Tian Lu
introduced a new energy decomposition analysis (EDA)
method, known as sobEDA, along with its variant sobEDAw,
which is specifically designed to dissect weak interaction ener-
gies.?! The key advantages of sobEDA and sobEDAw include
their ease of implementation, low computational cost, broad
applicability, and high accuracy, with errors comparable to
those of high-level CCSD(T)/CBS and DFT-SAPT reference
data.’® According to the sobEDAw, the interaction energy
AE™(¢) is decomposed into four distinct components as
expressed in eqn (8):*

AEint(f) = AEes(€) + AEon (€) + AEdisp(f) + AExrep(g) (8)

where AE.5(¢) represents classical electrostatic interaction
between monomers. AE,,(£) accounts for orbital interactions,
including both polarization (the response of each monomer to
the electric field of the other) and charge transfer between the
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450.00
420.00
390.00
360.00
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monomers. AEgisp(£) denotes the dispersion contribution,
arising from the Coulomb correlation between electrons in
one monomer with those in another one. Finally, AE.p(£) cap-
tures the exchange-repulsion effects, which stem from the
overlap of monomer wavefunctions and the antisymmetric
requirements of the fermionic nature of electrons in the
dimer.>" Tian Lu has also demonstrated that when the sobEDA
or sobEDAw method is applied at the B3LYP-D3(BJ)/6-311+G
(2d,p) level of theory, the results closely match those obtained
from high-level CCSD(T)/CBS and DFT-SAPT methods.*'
Accordingly, we employed sobEDA at the B3LYP-D3(BJ)/6-
311+G(2d,p) computational level for this study. As previously
mentioned, all sobEDA analyses were performed fully auto-
matically over the entire IRC profiles of TS-on and TS-mn
using our in-house developed scripts, and the resulting
decomposed energy profiles are illustrated in Fig. 4. As clearly
shown in Fig. 4, the destabilizing exchange-repulsion inter-
action, AE.p(£), along the ortho-endo (on) pathway is larger
than that along the meta-endo (mn) pathway. This observation
is consistent with the higher total strain energy, AE;y(£),
associated with the ortho-endo pathway, as previously dis-
cussed in Fig. 3.

Therefore, the origin of the energetic preference for the
ortho-endo pathway over the meta-endo one must lie in one or
more of the stabilizing energy components, namely the electro-
static, AE5(€), orbital, AE,(£), or dispersion, AEg;sp(£), terms.
To further investigate this point, we focused exclusively on the
stabilizing interaction components presented in Fig. 4 to
obtain a clearer view of their relative differences. For this
purpose, we re-plotted the stabilizing terms in Fig. 5 by adjust-
ing the scales of both the X- and Y-axes to narrower ranges,
thereby enhancing the visual separation between the curves.
As shown in Fig. 5, all stabilizing components of the inter-

NEme AE(’I\V({)
==~ AE i ($)

TS AE 45(8)

270 260 250 240 230

2.20

1..60
0

210 200 19 180 170

Fig. 4 B3LYP-D3(BJ)/6-311+G(2d,p) sobEDA analysis along the M06-2X-D3/6-31G(d) whole IRC profile of TS-on (solid curves) and TS-mn (dashed
curves) involved in the ortho-endo (on) and meta-endo (mn) channels of 13-DCR, respectively, between D-1 and Dph-2 in the presence of DCM.
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Fig. 5 Magnified B3LYP-D3(BJ)/6-311+G(2d,p) sobEDA analysis along the M06-2X-D3/6-31G(d) whole IRC profile of TS-on (solid curves) and TS-
mn (dashed curves) involved in the ortho-endo (on) and meta-endo (mn) channels of 13-DCR, respectively, between D-1 and Dph-2 in the presence
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of DCM.

action energy along the ortho-endo (on) pathway lie below
those of the meta-endo (mn) pathway throughout the entire
reaction coordinate. Notably, the largest separation between
the two pathways is observed for the orbital interaction com-
ponent, AE,(&), clearly identifying this term as the dominant
factor responsible for the energetic preference of the ortho-
endo pathway over the meta-endo pathway.

It is also worth noting that electrostatic interactions,
AE.5(¢), contribute as the second most significant stabilizing
factor, although to a lesser extent.

To deepen these qualitative conclusions, the sobEDA-
derived numerical values of the interaction energy and its sta-
bilizing components—used to construct the curves in Fig. 4—
are compiled in Table 2 for the CGP along both the ortho-endo
(on) and meta-endo (mn) pathways. It should be pointed out
that the CGP along a given reaction path ensures us that the
computed energy components reproduce the same relative
trends observed at the TSs. This criterion is particularly critical
when the TSs of competing pathways occur at different posi-
tions along the reaction coordinate, thereby avoiding bias in
the comparison. For the 13-DCR studied, an appropriate CGP
(indicated by the black vertical line in Fig. 3) may be con-
sidered at & = 2.180 A.

As presented in the second column of Table 2, the ortho-
endo (on) pathway exhibits a more stabilizing interaction
energy (—17.33 kcal mol™") than that of the meta-endo (mn)
pathway (—14.92 kcal mol™"), with a difference of 2.41 kcal
mol~". The relative contributions (AAE,) were evaluated by
taking the ortho-endo pathway as the reference, such that AAE,
= AE,(on) — AE,(mn), where AE, represents any of the electro-
static (AE.y), orbital (AE,.), or dispersion (AEgs) terms.
Accordingly, a negative AAE, signifies that the corresponding
energy component is more stabilizing in the ortho-endo
pathway than in the meta-endo pathway. Among the AAE,
values listed in the last three columns of Table 2, the largest
difference arises from orbital interactions (AAE,, = —3.80 kcal
mol™"), followed by electrostatic interactions (AAEe;
—2.44 kcal mol™), while the smallest difference is associated
with dispersion interactions (AAEg;s = —1.67 keal mol ™). This
quantitative analysis for both pathways, performed at the CGP,
is in full agreement with, and reinforces, the qualitative
interpretations discussed earlier.

Given that orbital interactions are the primary factor under-
lying the superiority of the ortho-endo (on) pathway over the
meta-endo (mn) pathway, it is natural to ask which specific
orbital interaction plays the dominant role. This question can

Table 2 B3LYP-D3(BJ)/6-311+G(2d,p) values of interaction energy, AE™ its stabilizing (constructive) components, AEqs, AEop, and AEg;, in kcal
mol™?, together with the difference of these components, AAE,,? calculated based on the sobEDA methodology at the CGP along the competitive
ortho-endo (on) and meta-endo (mn) pathways involved in the 13-DCR studied

Pathwayb AEint AEels AEorb AEdisp AAEels AAEorb AAEdisp
ortho-endo (on) -17.33 —56.98 —61.10 —27.95 0.00 0.00 0.00
meta-endo (mn) —14.92 —54.54 —57.30 —26.28 —2.44 -3.80 -1.67

% AAE, = AE,(on) — AE,(mn) where AE, could be any of AE.j5, AE,p, or AEg;s contributors. b See Scheme 2 for details.
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be thoroughly addressed using the Extended Transition State-
Natural Orbitals for Chemical Valence (ETS-NOCV) analysis.
ETS-NOCYV offers a powerful and intuitive approach for dissect-
ing the nature of orbital interactions by visually decomposing
the deformation density associated with inter-fragment inter-
actions, thus providing deep insight into the bonding mecha-
nism.**> Despite the growing popularity of ETS-NOCV in com-
putational studies, our literature survey indicates that most
published works employing this method only present its
results, without offering a clear, detailed, and accessible expla-
nation of its fundamental concepts and theoretical back-
ground. Therefore, while interested readers are referred to ref.
32 and 40-42 to reach a clear insight into the concepts and for-
mulation of the ETS-NOCV method, we have taken the oppor-
tunity here to provide a concise yet thorough and easy-to-
follow description of the basic principles and theoretical foun-
dations of this powerful technique for the benefit of readers
seeking a deeper understanding.

Based on the ETS-NOCV approach, orbital interactions
between fragments bring about a change in the density matrix.
Eigenvectors of the variation of the density matrix are called
NOCVs. Each NOCV has a corresponding eigenvalue, and there
is another NOCV with an eigenvalue of opposite sign.
According to the absolute values of the eigenvalues, the
NOCVs can be paired. Usually only a few NOCV pairs have
noticeable eigenvalues and therefore are worth investigating.
Each NOCV pair has its corresponding contribution to the
density change caused by orbital interactions, which can be
plotted to visually examine the nature of the inter-fragment
interactions represented by the NOCV pairs. Moreover, each
NOCV pair has a specific contribution to orbital interaction
energy between fragments, and the contribution value directly
reflects the strength of the interaction represented by the
NOCYV pair. Within the ETS-NOCV approach, the natural orbi-
tals for chemical valence (NOCV) diagonalize the deformation
density matrix. The change in the electron density, caused by
the density re-organization as a result of inter-fragment inter-
actions, is given as:

M/2 M/2

Ap(r) =Y w1 +yi(N] = Y Apy(r) (9)
k=1 k=1

where v; and M stand for NOCV eigenvalues and the number
of occupied orbitals or basis functions, respectively. Hence,
with the formation of the AB complex, a fraction v of electrons
is transferred from the y_; to the y; orbital. It should however
be noted that such an electron density transformation results
in a depletion of electron density in some regions of the mole-
cular complex AB for which Ap < 0 (characterized with a red-
colored isosurface) and an accumulation of electron density in
some other regions for which Ap > 0 (distinguished with a
blue-colored isosurface). Only some NOCV pairs have v, signifi-
cantly different from zero, and this subgroup is generally
enough to describe the A---B interaction. For each value of £,
an energy contribution associated with the k-th NOCV pair,
AE,;, is given. (AE,;); is always negative and, hence, specifies

This journal is © The Royal Society of Chemistry 2025
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how much stabilization is gained during the combination of
NOCVs w_; and yy. (AE;); is calculated as the sum of the
eigenvalue weighted energies of NOCVs y_; and y; that is:

(AEq), = (2 x vi) + [W x (~u)] (10)
in which Z and W denote the energy of NOCVs k and -k,
respectively. Evidently, a sum of all (AE,;); values should
recover the value of the total orbital energy in eqn (8); ie.,
AEq =) (AE,i);. Thus, ETS-NOCV not only enables a quanti-
tative pdrtitioning of the orbital interaction energy but also
provides direct visual insight into the nature of bonding inter-
actions in molecular complexes.

Utilizing ADF software, the ETS-NOCV analysis at the
BLYP-D3(BJ)/TZ2P computational level was carried out on the
molecular complexes located at & = 2.180 A along the IRC pro-
files of TS-on and TS-mn, and the key results from this analysis
are illustrated in Fig. 6. The ETS-NOCV analysis reveals that
the total energy associated with all orbital interactions—
arising from both charge transfer and polarization—between
D-1 and Dph-2 amounts to —50.83 kcal mol* and —47.52 keal
mol ™" at the CGP along the ortho-endo and meta-endo path-
ways, respectively. Among the identified NOCV pairs, only the
first NOCV pair exhibits a significantly larger stabilizing contri-
bution compared to the others and thus merits detailed con-
sideration for both reaction pathways. As shown in Fig. 6,
NOCYV pair 1 alone accounts for 69.07% [—35.11/—50.83 x 100]
of the total orbital stabilization along the ortho-endo pathway
and 60.06% [—28.54/—47.52 X 100] along the meta-endo
pathway. Therefore, the contributions from the remaining
NOCV pairs can safely be neglected in the present analysis. A
closer examination of the deformation density isosurfaces
associated with NOCV pair 1 reveals that this dominant inter-
action arises from the overlap of the frontier molecular orbitals
of the two fragments.

Specifically, along both regioisomeric pathways, NOCV pair
1 corresponds to the interaction between the HOMO of D-1
and the LUMO of Dph-2. This is evident from the presence of
a nodal plane between the carbon and nitrogen terminal
atoms in the D-1 fragment (depicted as the lower fragment in
Fig. 6), which clearly indicates its HOMO character.
Conversely, the Dph-2 fragment exhibits a nodal plane
between the two carbon atoms of the C=C double bond,
characteristic of a LUMO-type orbital. The deformation density
isosurfaces associated with NOCV pair 1 provide clear visual
evidence of the direction of electron density flow. Specifically,
the red-colored isosurfaces localized on the D-1 fragment
(corresponding to the regions of electron density depletion, Ap
< 0) and the blue-colored isosurfaces on the Dph-2 fragment
(corresponding to the regions of electron density accumu-
lation, Ap > 0) unambiguously indicate a net electron density
transfer from the HOMO of D-1 toward the LUMO of Dph-2.
The extent of this charge transfer is quantified by the Ag
value, amounting to 0.693e and 0.638e at the CGP along the
ortho-endo and meta-endo pathways, respectively (see Fig. 6).
The significant magnitude of these values reflects the strong
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NOCV Pair 1

AProcy pair1 = 0.693[— Y3, (1) + P34, (1)]
(AE,;); = —35.11 kcalmol™*
Aq = 0.693e

NOCV Pair 1

APNocy pair1 = 0.638[— 3, (1) + P34, ()]
(AE,;), = —28.54 kcalmol™*

Aq = 0.638e

Fig. 6 BLYP-D3(BJ)/TZ2P//M06-2X-D3/6-31G(d) dominant NOCV-based deformation density contributions determined for the 13-DCR between
D-1 and Dph-2 at the CGP along the ortho-endo (left) and meta-endo (right) channels. An electron density isovalue of 0.05 e au™ was used through
3-D representation of the NOCV pairs (see the text for more details). y,, and y-»g7 participating in the Ap of NOCV pair 1 correspond to the wavefunc-
tion of NOCV orbitals 22 (HOMO of D-1, y_,) and 287 (LUMO of Dph-2, ) mainly localized over D-1 and Dph-2 fragments, respectively.

electron-withdrawing character of the NO, substituent on the
Dph-2 fragment, which effectively facilitates this electron
transfer process. Taken together, these findings from
ETS-NOCYV analysis assert that the more pronounced HOMOp, 4
— LUMODy,,., electron density transfer along the ortho-endo
pathway, relative to the meta-endo pathway, is the primary
factor underlying the stronger orbital stabilization and, conse-
quently, the energetic preference for the ortho-endo reaction
channel.

As clarified in the light of the energetics exploration
(Table 1, Fig. 1, and section 3.2), the 13-DCR of 1,3-dipole D-1
toward dipolarophile Dph-2 in the presence of DCM at 80 °C
as the key step along the domino process experimentally fol-
lowed by Kumar and co-workers'” not only represents entirely
ortho regioselectivity (ortho regiospecificity) but also displays a
high degree of endo stereoselectivity. Therefore, the last
section of the present investigation is assigned to explore the
origin of such a high endo stereoselectivity. To this end, acti-
vation/strain analysis was performed over the whole IRC
profile of TS-on and TS-ox involved in the endo and exo stereo-
selective approach modes, respectively, in the energetically pre-
ferred ortho regioselective channel. Fig. 7 depicts the corres-
ponding plots. As shown in Fig. 7, although the interaction
energy curve associated with the ortho-exo pathway lies slightly
below that of the ortho-endo pathway—indicating a somewhat
more stabilizing interaction energy in the former—the total
strain energy curve of the ortho-exo pathway is significantly
more destabilizing compared to that of the ortho-endo
pathway. Notably, the separation between the strain energy
curves is more pronounced than that between the interaction
energy curves, clearly demonstrating that the higher strain
energy along the ortho-exo pathway outweighs its marginally
stronger interaction energy. Consequently, it becomes evident
that the high endo stereoselectivity observed along the fully
preferred ortho regioselective pathway in the 13-DCR under
study primarily originates from the lower strain energy associ-
ated with the endo approach, which outweighs the slightly

10698 | Org. Biomol. Chem., 2025, 23,10689-10700

AE (kcal mol™)
60.00

AEF(%)

40.00

20.00

______________ - — _ AE‘”’“"“”({)
—————
0.00
AAEsotvation gy

-20.00

-40.00

AE™ (F)

-60.00

230 2.28 2.26 2.24 2.22 2.20 2.18 2.16 2.14 2.12 2.10 2.08 2.06 2.04 2.02 2.00

HO)

Fig. 7 The magnified M06-2X-D3/6-31G(d) activation/strain plot along
the whole IRC profile of TS-on (solid curves) and TS-ox (dashed curves)
involved in the ortho-endo (on) and ortho-exo (ox) channels of 13-DCR,
respectively, between D-1 and Dph-2 in the presence of DCM. The blue
circles characterize the positions of TS-on and TS-ox.

stronger interaction energy of the exo pathway. Given that the
total strain energy comprises the individual strain energies of
the D-1 and Dph-2 fragments, further decomposition of this
term provides a clearer picture of which fragment predomi-
nantly contributes to the greater total strain energy observed
along the exo pathway compared to the endo pathway.
Accordingly, as shown in Fig. 8, the total strain energy,
AE;(€), was further decomposed into the strain energy of the
D-1 fragment, AES',(£), and that of the Dph-2 fragment,
AER, ,(8), along both the ortho-endo (on) and ortho-exo (ox)
pathways. Based on Fig. 8, it can be concluded that the strain
energy experienced by the D-1 fragment is evidently higher
than that of the Dph-2 fragment. Additionally, based on the
separation distance between the strain energy curves of D-1,
AEY" |, and the strain energy curves of Dph-2, AE]SDtlghfz, the D-1
fragment undergoes a greater destabilizing strain deformation.

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Magnified M06-2X-D3/6-31G(d) plots showing the decomposition of the total strain energy, AESY(£), into the strain energy contributions
from the D-1 fragment, AEE",(¢), and the Dph-2 fragment, AEF], ,(£), along both the ortho-endo (solid curves) and ortho-exo (dashed curves)

pathways.

Therefore, the greater total strain energy observed along the
ortho-exo pathway primarily arises from the higher strain
energy of the D-1 fragment.

It is also worth noting that this greater strain energy in the
D-1 fragment, relative to Dph-2, likely stems from its higher
structural flexibility and greater number of internal degrees of
freedom.

4. Conclusion

Very recently, Kumar and co-workers synthesized a series of
pyrazole derivatives via a domino process involving a
1,3-dipolar cycloaddition reaction (13-DCR), followed by a
1,3-hydrogen shift and subsequent HOCI/NaNO, extrusion,
carried out in dichloromethane (DCM) at 80 °C. Experimentally,
only the ortho regioisomeric pyrazole was isolated, despite the
potential formation of two regioisomers. A closer examination of
this domino process reveals that the initial 13-DCR between the
diazo compound (serving as the 1,3-dipole, D-1) and an electron-
deficient nitroethylene derivative (acting as the dipolarophile,
Dph-2) dictates the relative positioning of the CO,Et and Ph sub-
stituents on the resulting pyrazole skeleton.

To elucidate the underlying factors governing the ener-
getics, regioselectivity, and stereoselectivity of this key 13-DCR
step, we performed a comprehensive DFT study at the rev-
DSD-PBEP86-D4-CPCM(DCM)/ma-def2-TZVPP//M06-2X-D3-
PCM(DCM)/6-31G(d) level of theory, consistent with the experi-
mental conditions. The computed kinetics parameters clearly
predict an overwhelming ortho regioselectivity, with an ortho-
to-meta ratio of 357.8, perfectly aligning with the experimental
observation of exclusive ortho regioisomer formation.
Furthermore, within the favored ortho regioisomeric pathway,
the computed endo-to-exo stereoselectivity ratio of 3.92 indi-
cates a pronounced preference for the endo approach.

Activation strain model (ASM) analysis across the full reac-
tion pathways demonstrated that this complete ortho regio-

This journal is © The Royal Society of Chemistry 2025

selectivity (ortho regiospecificity) is primarily driven by more
favorable stabilizing interaction energies. Further decompo-
sition of the interaction energy using the sobEDA method con-
firmed that orbital interactions, AE,(¢), are the dominant
contributors to this regioselectivity.

To pinpoint the specific orbital interactions responsible, we
carried out ETS-NOCV analysis. This revealed that the HOMO
of D-1 interacting with the LUMO of Dph-2 constitutes the key
orbital interaction, with substantially stronger and more stabi-
lizing HOMO — LUMO charge transfer along the ortho
pathway compared to the meta pathway, thereby decisively
favoring ortho regioselectivity.

Lastly, to rationalize the high endo stereoselectivity observed
within the preferred ortho pathway, we applied ASM analysis to
the competing endo and exo approaches. This analysis clearly
showed that the endo pathway benefits from a somewhat lower
total strain energy requirement for fragment deformation com-
pared to the exo pathway, thus explaining the high endo selecti-
vity of this 13-DCR.

The mechanistic analyses suggest that these principles
could be extended to other electron-deficient alkene dipolaro-
philes and may inform future synthetic strategies for pyrazole
library construction.
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