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Abstract
Pyrazolines are an important class of heterocyclic compounds known for their biological activities, making them attractive 
objects for medicinal chemistry. This study investigated the regioselective [3+2]-cycloaddition of diazomethane with para-
substituted styrenes featuring electron-withdrawing (EWG) and electron-donating (EDG) groups. Experimental results have 
demonstrated that the electronic properties of substituents significantly affect the reaction efficiency and regioselectivity, as well 
as the product stability. At the same time, EWG provided lower activation barriers and higher reaction yields. Calculations 
performed by the density functional theory (DFT) method confirmed the experimental data allowing us to understand in 
detail the reaction mechanism, activation energy values, and thermodynamic parameters. This integrated experimental and 
theoretical approach improves understanding of the effects of substituents, contributing to the rational design of substituted 
pyrazolines.
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Теоретичне та експериментальне дослідження реакції [3+2]-циклоприєднання діазометану 
до стиренів
Анотація
Піразоліни є важливим класом гетероциклічних сполук та відомі своєю біологічною активністю, що робить їх привабли-
вими об’єктами для медичної хімії. У цій роботі досліджено регіоселективне [3+2]-циклоприєднання діазометану до 
пара-заміщених стиренів, які містять електроноакцепторні (EWG) та електронодонорні (EDG) групи. Експериментальні 
результати продемонстрували, що електронні властивості замісників помітно впливають на ефективність і регіоселек-
тивність реакції, а також стабільність продукту. Із цим EWG забезпечували нижчі бар’єри активації та вищі вихо-
ди реакції. Розрахунки, виконані методом теорії функціоналу густини (DFT), підтвердили експериментальні дані, 
давши змогу детально зрозуміти механізм реакції, значення енергії активації і термодинамічні параметри взаємодії. 
Інтегрований експериментально-теоретичний підхід покращує розуміння впливу замісників, сприяючи раціонально-
му дизайну заміщених піразолінів.
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■ Introduction

Pyrazolines, five-membered nitrogen-containing  
heterocycles, are widely recognized for their sig- 
nificant biological activities, including antimicro- 
bial, anti-inflammatory, analgesic, antidepressant,  
and anticancer properties, making them valuable  
scaffolds in medicinal chemistry [1].

The regioselective [3+2] cycloaddition between  
diazomethane (CH2N2) and styrene derivatives 
is an important synthetic method for preparing 
substituted pyrazolines [2]. Despite its established 
importance, practical applications have histori-
cally been limited due to safety and operational 
challenges associated with diazomethane han-
dling [3, 4]. However, recent advancements, 
particularly through flow chemistry techniques, 
have improved the safety and reproducibility of 
these reactions [5].

Previous studies have shown that substitu-
ents in styrene significantly affect the reaction ef-
ficiency, regioselectivity, and stability of the pro- 
ducts. Electron-withdrawing groups generally en- 
hance reactivity, while electron-donating groups 
reduce it [6]. However, isolation and thorough 
characterization of intermediate Δ1-pyrazolines 
remain scarce despite their synthetic potential as 
precursors for various valuable derivatives [7].

In this study, using flow chemistry for safer 
handling of diazomethane, we investigated the re-
gioselective cycloaddition of diazomethane with  
para-substituted styrenes featuring different elec- 
tronic properties. By integrating experimental  
results and calculations based on density func-
tional theory (DFT), we aim to gain an under- 
standing of the effect of substituents and increase  
the practical synthetic utility of pyrazoline de-
rivatives for medicinal chemistry applications.

■ Results and discussion

Styrenes containing substituents of different  
electronic nature in position 4 of the benzene ring  
were introduced into the reaction with diazo- 
methane (Figure 1). By doing so, we found that 
1-fluoro-4-vinylbenzene (1a), methyl 4-vinylben- 
zoate (1b), and 4-vinylbenzonitrile (1c) reacted 
regioselectively with diazomethane, forming the  
corresponding Δ1-pyrazolines (Figure 1). Analysing  
crude reaction mixtures by 1H NMR method evi-
denced that the reaction of 1b,c with an excess 
of diazomethane (3 equiv.) led to 60 % conversion  
of products 2b,c, while the conversion of 1a to 2a  
was only 30 %. After purification by chromatography  

on silica gel, pure products 2a – c were isolated 
with the yields of 24 – 47 %. It is worth noting that  
the use of a larger amount of diazomethane or 
increased reaction time (more than 2 days) did 
not improve the conversion to pyrazoline 2a – c.

The interaction of 1d with diazomethane oc-
curred almost quantitatively, as evidenced by the  
absence of the olefin proton signals in the 1H NMR  
spectrum of the crude reaction mixture and the 
TLC data of the reaction mixture. However, it was 
not possible to isolate the product of the [3+2]- 
cycloaddition 2d due to the polymerization of the  
reaction mixture content upon the evaporation 
of the solvent at temperatures below 0°C.

The interaction of alkenes 1e – f with diazo- 
methane under the standard conditions did not 
lead to the formation of pyrazolines, and the 
starting alkenes were isolated unchanged from 
the reaction mixture (Figure 1). For 1f, we ob-
served the formation of a small amount (5 – 7 % 
according to 1H NMR data) of the cyclopropana- 
tion product – 1-cyclopropyl-4-methylbenzene (4f).  
Diazomethane ntroduced into the reaction most- 
ly formed a polymer. Additionally, using 4-vinyl- 
pyridine (1g) as a substrate in the reaction with 
diazomethane resulted in only the polymeriza-
tion of 1g.

The treatment of ethereal solutions of pyra-
zolines 2a,b with HCl in a dry diethyl ether 
led to the isomerization into the corresponding  
Δ2-pyrazolines 3a,b (Figure 1).

A cursory analysis of the experimental data 
suggests that the introduction of an acceptor sub- 
stituent into the aromatic fragment increases the  
activity of styrene in the reaction, while a donor 
substituent causes the opposite effect. Therefore,  
it became necessary to investigate this reaction 
by quantum-chemical calculations in the DFT ap- 
proximation. As the study objects, we chose parent 
styrene undergoing a [3+2]-cycloaddition reaction  
with CH2N2, as well as p-F, p-CO2Me-substitu- 
ted derivatives, and, additionally, we employed  
three styrenes that did not react with diazome- 
thane.

The reaction of styrenes 1 with diazometha- 
ne proceeded as a typical [3+2]-cycloaddition 
(Figure 2, A). In the structure of the transition 
state TS-1h (Figure 2, B), the interatomic dis- 
tances С···С and С···N preceding the formation of 
the corresponding bonds in the cyclic product 2h  
were 2.144 and 2.342 Å, respectively, therefore 
the process was quite synchronous. As shown by  
quantum chemical calculations, the values of the  
Gibbs free energies of activation of the cyclization  
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process (Table 1, DG≠) significantly exceeded the  
corresponding values of the thermally corrected 
energy and enthalpy values (DE≠ and DH≠); it was  
the result of the entropic component effect in the 
addition reaction. All the values were slightly 
dependent on the nature of the substitution in 
the benzene ring. However, in the case of sty-
renes with electron-withdrawing substituents in  
the aromatic moiety (1b and 1g), the activation  
barrier values were somewhat lower than in the  
remaining compounds. However, there was no  
clear correlation between the results of calcula- 
tions and the experiment. The cycloaddition pro- 
ducts 2a,b,f – h were significantly more favora-
ble than the sum of the energies of the starting 
compounds 1a,b,f – h and diazomethane, i.e., in 
all cases considered, the reaction was exother-
mic and exergonic. Therefore, the possibility of 
occurring a reverse reaction could be excluded.

■ Conclusions

This work presents an experimental and theo- 
retical analysis of the regioselective [3+2]-cyclo- 
addition of diazomethane with para-substituted 
styrenes. The application of the flow chemical ap- 
proach made it possible to ensure safe handling of 
hazardous diazomethane and its controlled use,  
offering reproducible access to substituted pyra-
zolines. Experimental results have clearly de- 
monstrated how substituent electronic effects sig- 
nificantly affect the reaction efficiency and regio- 
selectivity, as well as the product stability, with  
electron-withdrawing groups facilitating cycload-
dition. Calculations performed by the density func-
tional theory (DFT) method confirmed these obser-
vations, providing valuable mechanistic insights 
and clarifying the energetic and structural aspects 
of reaction intermediates and transition states.  
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This integrated experimental and theoretical stu- 
dy improves understanding of the effects of sub- 
stituents in diazomethane-based cycloadditions, 
contributing to the rational design and synthe-
sis of structurally diverse pyrazolines for further  
applications in medicinal chemistry and organic 
synthesis.

■ Experimental part

All starting compounds and solvents were ob- 
tained from Enamine Ltd. and used without ad-
ditional purification. Diazomethane was gene- 
rated in-flow as it was reported previously [5]. 
The composition of hydrochloride salts was de-
termined by the acid-base titration method. 
NMR experiments were performed on a Bruker 

Avance III (at 302 MHz for 1H NMR, 188 MHz 
for 19F NMR, and 76 MHz for 13C NMR) in the 
DMSO-d6 or D2O solution. NMR chemical shifts 
are reported in ppm units with the use of the  
δ scale and referenced using the residual solvent 
peaks. Mass spectra were taken on an Agilent  
LC/MSD SL 1100 instrument (atmospheric pres- 
sure electrospray ionization (ES-API)). Elemen-
tal analyses were performed at the Analytical La- 
boratory of the Institute of Organic Chemistry 
of the National Academy of Sciences of Ukraine.

Details of calculations
All calculations were carried out using the 

ORCA (version 5.03) [10, 11] program package. 
First, the geometry optimization was performed 
using the BP86/TZVP level of approximation 
[12, 13] in combination with the Resolution of 
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Figure 2. The model reaction used for quantum chemical studies (A); Jmol [8, 9] graphical representation of the transition state 
structure of TS-1h optimized in the M06-2X/def2-TZVP level of approximation (B)
 

Table 1. Calculated values of thermally corrected energies, enthalpies and Gibbs free energies of activation (ΔE≠, ΔH≠ та ΔG≠, respectively, 
kcal mol–1), corresponding to the transition state structures TS-1a,b,f – h, and energies, enthalpies and Gibbs free energies of forming 
2a,b,f – h (ΔE, ΔH and ΔG, respectively, kcal mol–1) calculated in the CPCM(CH2Cl2)//M06-2X/def2-TZVP approximation

Structure ΔE≠ ΔH≠ ΔG≠ ΔE ΔH ΔG
TS-1h 14.2 13.6 26.6 -32.9 -33.5 -19.6
TS-1f 14.7 14.1 27.1 -33.3 -33.9 -20.5
TS-1a 14.4 13.8 26.8 -33.1 -33.6 -19.8
TS-1b 12.5 11.9 24.6 -33.1 -33.7 -19.8
TS-1g 12.0 11.5 24.8 -32.9 -33.5 -19.3
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the Identity (RI) [14 – 17] routine. Then the struc-
tures were re-optimized using the same program 
at the M06-2X/def2-TZVP level of theory [18].  
The TZVP and def2-TZVP basis sets were the TZV  
triple-zeta basis sets [19] extended by adding po- 
larization functions, as implemented in the ORCA  
program. The RI – “chain of spheres” approxi-
mation (RIJCOSX) [20] was utilized in the case 
of the M06-2X functional to increase the calcu-
lation speed and efficiency. The solvent effects 
were taken into account, calculating the single-
point energy values using the empirical CPCM 
procedure developed by Cammi and Tomasi [21].  
In order to find the best approximation to tran-
sition state structures, the relaxed scanning of  
potential energy surfaces was performed at the 
RI-BP86/SV(P) level of approximation using the  
ORCA program package. The SV(P) basis sets were 
Ahlrichs split-valence basis sets [22] with one set  
of polarization d-functions for non-hydrogen atoms.  
Vibration frequencies and corrections for calcu-
lation of relative energies (ΔE) and relative free 
Gibbs energies (ΔG) were derived analytically at 
the BP86/TZVP level of theory and numerically for 
the M06-2X/def2-TZVP approach. For the struc- 
tures corresponding to local energy minima, no 
imaginary frequencies were detected by the vi-
bration analysis. The Jmol [8, 9] program was 
used for the graphical presentation of TS-1h.

The general procedure for the synthesis 
of pyrazolines 2a – c

0.01 mol of 4-substituted styrene was dissol- 
ved in 20 mL of a dry methylene chloride. A so-
lution of diazomethane (0.03 mol, 3 equiv.) gene- 
rated by a flow reactor at a rate of 0.40 mol h–1  
was added dropwise to the styrene solution 
cooled to -30 °C over 4.5 min. The reaction mix-
ture was left to stir in an ice bath for 4 h and 
allowed to stir for two days at ambient tempera-
ture in the darkness. The reaction mixture was 
evaporated under reduced pressure, redissolved 
in 50 mL of MTBE and filtered through cotton 
wool to remove the polymer formed by decompo-
sition of diazomethane. The filtrate was evapo-
rated, and chromatography on silica gel (hexane- 
MTBE, 70:30) gave the pyrazolines 2a – c.

The general procedure for the synthesis 
of pyrazolines 3a,b

0.01 mol of 4-substituted styrene was dissol- 
ved in 20 mL of a dry methylene chloride. A so-
lution of diazomethane (0.03 mol, 3 equiv.) gene- 
rated by a flow reactor at a rate of 0.40 mol h–1  
was added dropwise to the styrene solution cooled  

to -30 °C over 4.5 min. The reaction mixture was 
left to stir in an ice bath for 4 h and allowed to 
stir for two days at ambient temperature in the 
darkness. The reaction mixture was evaporated 
under reduced pressure, redissolved in 50 mL of 
a dry diethyl ether and filtered through a layer 
of cotton wool. The filtrate was cooled to -20 °C, 
and 5 mL of a saturated solution of HCl in diethyl 
ether was added dropwise. The reaction mixture  
was stirred vigorously for 10 min, and the pre-
cipitate formed was filtered off. The precipitate 
was collected and further dried in an oil pump 
vacuum, giving pyrazolines 3a,b.

3-(4-Fluorophenyl)-4,5-dihydro-3H-pyrazole (2a)
A yellow oil. Yield – 390 mg (24 %). Anal. 

Calcd for C9H9FN2,  %: C 65.84, H 5.53, N 17.06. 
Found,  %: C 65.99, H 5.41, N 17.11. 1H NMR 
(302 MHz, DMSO-d6), δ, ppm: 1.23 – 1.44 (1H, m),  
2.00 – 2.26 (1H, m), 4.16 – 4.38 (1H, m), 4.72 – 4.88 
(1H, m), 5.29 – 5.46 (1H, m), 7.12 – 7.25 (2H, m), 
7.25 – 7.35 (2H, m). 13C NMR (76 MHz, DMSO-d6),  
δ, ppm: 25.63, 76.66, 89.55, 115.48 (d, J = 21.3 Hz),  
129.41 (d, J = 8.2 Hz), 135.88, 161.62 (d, J =  
243.5 Hz). 19F NMR (188 MHz, DMSO-d6), δ, ppm:  
-114.96. MS (ES-API), m/z: 165 [M+H]+.

Methyl 4-(4,5-dihydro-3H-pyrazol-3-yl)ben-
zoate (2b)

An easily fusible solid. Yield – 960 mg (47 %).  
Anal. Calcd for C11H12N2O2,  %: C 64.69, H 5.92, 
N 13.72. Found,  %: C 64.78, H 5.87, N 13.64.  
1H NMR (302 MHz, DMSO-d6), δ, ppm: 1.44 – 1.31  
(1H, m), 2.14 – 2.26 (1H, m), 3.86 (3H, s), 4.26 – 4.38  
(1H, m), 4.79 – 4.90 (1H, m), 5.49 (1H, t, J = 9.0 Hz),  
7.43 (2H, d, J = 8.1 Hz), 7.99 (2H, d, J = 8.1 Hz).  
13C NMR (76 MHz, DMSO-d6), δ, ppm: 25.48, 52.20, 
76.92, 89.91, 127.76, 128.82, 129.62, 144.94,  
166.04. MS (ES-API), m/z: 205 [M+H]+.

4-(4,5-Dihydro-3H-pyrazol-3-yl)benzonitrile (2c)
A yellow oil. Yield – 736 mg (43 %). Anal. 

Calcd for C10H9N3,  %: C 70.16, H 5.30, N 24.54. 
Found,  %: C 70.02, H 5.38, N 24.50. 1H NMR 
(302 MHz, DMSO-d6), δ, ppm: 1.20 – 1.54 (1H, m), 
2.03 – 2.36 (1H, m), 4.15 – 4.46 (1H, m), 4.65 – 5.03 
(1H, m), 5.48 (1H, t, J = 9.0 Hz), 7.48 (2H, d, 
J = 8.4 Hz), 7.85 (2H, d, J = 8.2 Hz). 13C NMR 
(76 MHz, DMSO-d6), δ, ppm: 25.38, 77.03, 89.77,  
110.47, 118.77, 128.44, 132.70, 145.03. MS (ES-API),  
m/z: 172 [M+H]+.

3-(4-Fluorophenyl)-4,5-dihydro-1H-pyrazole 
hydrochloride (3a)

A brown solid. Yield – 360 mg (18 %). Anal. 
Calcd for C9H10ClFN2,  %: C 53.88, H 5.02, N 13.96.  
Found,  %: C 53.81, H 5.10, N 14.04. 1H NMR 
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(302 MHz, DMSO-d6), δ, ppm: 3.46 – 3.68 (4H, m),  
7.34 – 7.46 (2H, m), 7.90 – 8.02 (2H, m), 12.20 – 12.88  
(1H, br. s). 13C NMR (76 MHz, DMSO-d6), δ, ppm: 
35.26, 42.42, 116.31 (d, JC–F = 22.1 Hz), 125.37, 
131.27 (d, JC–F = 9.2 Hz), 164.66 (d, JC–F = 251.3 Hz),  
173.26. 19F NMR (188 MHz, DMSO-d6) δ, ppm: 
-106.52. MS (ES-API), m/z: 165 [M+H]+.

Methyl 4-(4,5-dihydro-1H-pyrazol-3-yl)ben-
zoate hydrochloride (3b)

A yellow solid. Yield – 818 mg (34 %). Anal. 
Calcd for C11H13ClN2O2,  %: C 54.89, H 5.44, N 
11.64. Found,  %: C 55.05, H 5.37, N 11.56. 1H 
NMR (302 MHz, D2O), δ, ppm: 3.55 – 3.71 (2H, 
m), 3.84 (5H, s + m), 7.82 (2H, d, J = 8.2 Hz), 7.89 
(2H, d, J = 8.5 Hz). 13C NMR (76 MHz, D2O), δ, 

ppm: 36.43, 43.75, 53.49, 129.35, 130.40, 132.50, 
134.78, 168.50, 177.84. MS (ES-API), m/z: 205 
[M+H]+.
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