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Reactions were performed from aryl azides on the one hand, and activated alkenes coming from -
dicarbonyl compounds or malonodinitrile on the other hand, either with recourse to conventional heating 
or to microwave activation, to afford 1-aryl-1H-1,2,3-triazoles. The mechanism and the regioselectivity of 
the reactions involving -dicarbonyl compounds have been theoretically studied using DFT methods at 10 

the B3LYP/6-31G* level: they are domino processes comprising a tautomeric equilibrium of the -
dicarbonyl compounds with their enol forms, a 1,3-dipolar cycloaddition of the enol forms with the aryl 
azides (high activation energy), and a dehydration process (lower activation energy). The effect of non-
conventional activation ways on the degradation of 1,2,3-triazolines was next studied experimentally. 
Finally, some of the 1,2,3-triazoles such synthesized were evaluated for their bactericidal and cytotoxic 15 

activities. 

Introduction 

Cycloaddition reactions are one of the most important synthetic 
processes, with both synthetic and mechanistic interest in organic 
chemistry. Among them, 1,3-dipolar cycloadditions (13DCs), 20 

whose general concept was introduced by Huisgen and co-
workers in 1960s,1 are versatile tools for building five-membered 
heterocycles.2  
 1,2,3-Triazole occupies a special place in heterocyclic 
chemistry because it is the core structure of many agents of 25 

various interests (use as pharmaceuticals, agrochemicals, dyes, 
corrosion inhibitors, sensors, photostabilizers…), and 13DC 
between azides and alkynes or enolizable compounds are 
important ways to generate this heterocycle.3 

30 

 We focused on the synthesis of 1-aryl-5-methyl-1H-1,2,3-
triazoles bearing a ketone or an ester function at the 4 position, 
these compounds being both appreciated for their biological4 and 
photophysical5 properties, and we decided to attempt their 
syntheses with recourse to less conventional activating systems 35 

than oil bath heating such as microwaves and ultrasounds. The 
study was then extended to reactions with other dipolarophiles, 
and the mechanism of these reactions was investigated using DFT 
calculations. Finally, some of the triazoles such synthesized were 
evaluated for their bactericidal and cytotoxic activities. 40 

Results and discussion 

Synthetic aspects 

We first considered 13DC reactions between different aromatic 
azides on the one hand, and acetylacetone or methyl acetoacetate 
on the other hand. Since the first 1,2,3-triazole formations by 45 

reaction between aryl azides and methylene-activated compounds 
in the early 1900s,6 chemists have extended the scope of the 
reaction.5,7 The latter proceeds in good yields at room 
temperature but requires long reaction times, and higher 
temperatures lead to reduced conversions.7k In addition, the 50 

efficiency of the reaction is lowered when electron-donating 
groups are present on the aryl azide.5 
 When 4-nitro-, 4-chloro-, 4-bromo-, and 3-nitrophenyl azides 
(1a-d) were treated with acetylacetone (2a, 2 equiv) in the 
presence of triethylamine (2 equiv), and using DMF as solvent, 55 

the 1,2,3-triazoles 3a-d were isolated in high yields (Table 1, 
entries 1-4). As expected, a lower yield was noted when the nitro 
group was present at the 3 position instead of the 4 position. 
Similar results were recorded using methyl acetoacetate (2b) 

Table 1 Cycloaddition reaction of aryl azides 1a-d with acetylacetone 
(2a) and methyl acetoacetate (2b) performed at room temperature 

R'Me

N3

OO N
N

N

Me

R'

O

+

R

Et3N, DMF

1

rt, 24 h

R
3

2

 

entry R (1) R’ (2) product (3) yield 
1 4-NO2 (1a) Me (2a) 3a 98% 
2 4-Cl (1b) Me (2a) 3b 85% 
3 4-Br (1c) Me (2a) 3c 90% 
4 3-NO2 (1d) Me (2a) 3d 65% 
5 4-NO2 (1a) OMe (2b) 3e 80% 
6 4-Cl (1b) OMe (2b) 3f 92% 
7 4-Br (1c) OMe (2b) 3g 78% 
8 3-NO2 (1d) OMe (2b) 3h 71% 
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instead of acetylacetone to afford the derivatives 3e-h 
satisfactorily (Table 1, entries 5-8). 
 A rising number of articles have advocated the use of 
microwave technology in organic synthesis. Harsh conditions 
such as high temperatures and long reaction times often required 5 

for cycloaddition reactions were generally improved using this 
technique.8 In order to reduce the reaction times, we thus decided 
to examine the effect of microwave irradiation on the reactions. 
Solvents being optional using this technology, the aryl azides 
were simply microwave-heated in the presence of 2 equiv of 10 

acetylacetone or methyl acetoacetate, and 2 equiv of 
triethylamine at 160 W. The precipitate formed after 5 min was 
then collected and washed with water. Whereas good results were 
obtained under these conditions from nitrophenyl azides 1a and 
1d (Table 2, entries 1, 4, 5 and 8), moderate to low yields were 15 

observed using halogen-substituted phenyl azides 1b and 1c 
(Table 2, entries 2, 3, 6 and 7), and extended reaction times (15 
min) and higher microwave powers did not allow to improve 
them. 
 The reactions under both types of conditions are regioselective. 20 

The nature of the regioisomer formed was established by NMR 
techniques: HMBC for the assignments of the methyl signals, and 
NOESY to confirm an interaction between the methyl group at 
the 5 position of the 1H-1,2,3-triazole ring and the phenyl ring. In 

addition, the structures of the cycloadducts 3b, 3c, and 3f were 25 

identified unequivocally by X-ray diffraction analysis. 
 -Benzoylacetophenone (4a) and malonodinitrile (4b) 
similarly reacted with 4-nitrophenyl azide (1a) to afford the 
compounds 5a and 5b, respectively (Table 3). The former was 
identified by X-ray diffraction analysis. It was isolated in 40 and 30 

85% yield, respectively at room temperature and under 
microwave irradiation, under the conditions employed before 
(entries 1 and 2). Using a catalytic amount of copper(I) chloride9 
allowed to perform the reaction at room temperature in water in a 
satisfying 57% yield (entry 3). The same three sets of conditions 35 

were similarly employed to furnish the derivative 7 in 61, 59 and 
70% yield, respectively (entries 4-6). 
 In the previous reactions, the 1,2,3-triazolines 6 were not 
observed due to elimination of water after the cycloaddition step 
according to the mechanism depicted in Scheme 1. More 40 

generally, the isolation of 4,5-dihydro-1H-1,2,3-triazoles, which 
are compounds of biological interest,10 is not obvious,11 either 
due to subsequent elimination, or to cleavage with for example 
conversion to aziridines or diazo compounds.7h,12 

 In order to study the effect of non-conventional activation 45 

ways on the degradation of 1,2,3-triazolines, we chose N-(2-
hydroxyphenyl)acrylamide (7a), its 2-allyl derivative 7b and N-
vinylpyrrolidinone (7c), and examined their behavior toward 4-
nitrophenyl azide (1a) (Table 4). At the reflux temperature of an 
apolar solvent such as toluene, the triazoline 8 was obtained from 50 

N-(2-hydroxyphenyl)acrylamide (7a) in a low 10% yield after 24 
h reaction time (entry 1). Turning to acetone as solvent allowed 
the yield to reach 23% (entry 2). The reaction was also attempted 
without solvent, with recourse to microwave irradiation, but 
without success, the starting materials being recovered (entry 3). 55 

We thus decided to turn to ultrasound activation.13 Sonicating the 
acetone reaction mixture for 24 h resulted in an improved but still 
moderate 34% yield (entry 4), due to the formation of other 
derivatives. By replacing the sonication by an activation based on 
the catalytic use of a montmorillonite clay containing copper(II), 60 

Bentonite-Cu2+,14 and by using toluene as solvent, the side 
reactions were partly discarded, and the yield was improved to 
68% (entry 5). 
 N-(2-Allyloxyphenyl)acrylamide (7b) regioselectively reacted 
at the conjugated double bond with 4-nitrophenyl azide (1a). The 65 

reaction performed at the reflux temperature of acetone worked in 
a moderate 20% yield (entry 6), as observed with N-(2-
hydroxyphenyl)acrylamide (7a) (entry 2). A similar yield being 
obtained using a catalytic amount of Bentonite-Na+ in toluene at 

Table 2 Cycloaddition reaction of aryl azides 1a-d with acetylacetone 
(2a) and methyl acetoacetate (2b) performed under microwave irradiation 

R'Me

N3

OO N
N

N

Me

R'

O

+

R

1

MW

160 W, 5 min

R
3

2

Et3N

 

entry R (1) R’ (2) product (3) yield 
1 4-NO2 (1a) Me (2a) 3a 72% 
2 4-Cl (1b) Me (2a) 3b 37% 
3 4-Br (1c) Me (2a) 3c 46% 
4 3-NO2 (1d) Me (2a) 3d 70% 
5 4-NO2 (1a) OMe (2b) 3e 93% 
6 4-Cl (1b) OMe (2b) 3f 16% 
7 4-Br (1c) OMe (2b) 3g 20% 
8 3-NO2 (1d) OMe (2b) 3h 75% 

 

 

Table 3 Cycloaddition reaction of 4-nitrophenyl azide (1a) with -
benzoylacetophenone (4a) and malonodinitrile (4b) performed at room 
temperature (with or without CuCl) or under microwave irradiation 

RR

N3

N
N

N

R'

R

+

1a

5

4NO2

NO2

 

entry R (4) product (5) R’ yield 
1a C(O)Ph (4a) 5a Ph  40% 
2b C(O)Ph (4a) 5a Ph 85% 
3c C(O)Ph (4a) 5a Ph 57% 
4a CN (4b) 5b NH2 61% 
5b CN (4b) 5b NH2 59% 
6c CN (4b) 5b NH2 87%d 

 

a Et3N, DMF, rt, 24 h. b Et3N, MW, 160 W, 10 min. c CuCl (0.1 
equiv), Et3N, H2O, rt, 24 h. d 70% yield after 2 h. 

 

R'Me

N3

OOH

N
N

N

Me

R'

O

+

R
1

R

3

2'

R'Me

OO

2

N
N

N

Me

R'
O

6

H

HO
- H2O

R

 
Scheme 1 Mechanism for the 1H-1,2,3-triazole formation.5 
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room temperature under ultrasound activation (entry 7), we 
turned to the use of Bentonite-Cu2+: under the same reaction 
conditions, the triazoline 9 was isolated in 33% yield (entry 8). 
 Kadaba has shown that N-vinylamides can be used as 
dipolarophiles in reactions with aryl azides, and that the 5 

subsequent elimination of carboxamide largely depends on the 
reaction conditions.15 Compared with N-(2-
hydroxyphenyl)acrylamide, N-vinylpyrrolidinone (7c) (dominant 
HOMOolefin-LUMOazide interactions)15 proved to react more 
efficiently with 4-nitrophenyl azide (1a). When acetone was used 10 

as solvent, the cycloadduct 10 was provided in 63% yield after 24 
h reflux (entry 9). In contrast, recourse to microwave irradiation 
without solvent resulted in the elimination of 2-pyrrolidinone, 
giving 1-(4-nitrophenyl)-1H-1,2,3-triazole (11) in 58% yield 
(entry 10). These results are different from those reported by 15 

Kadaba, where elimination takes place at the reflux temperature 
of ethanol, and formation of triazolines occurs in the absence of 
solvent at room temperature.15 

Calculations 

1) DFT study of the mechanism of the domino reactions of -20 

dicarbonyl compounds 2 with 4-nitrophenyl azide (1a). 
The thermal reactions between the -dicarbonyl compounds 2 
and 4-nitrophenyl azide 1a are domino processes that comprise 
three consecutive reactions: i) a tautomeric equilibrium between 
the -dicarbonyl compounds 2 and their enolic forms 2', ii) a 25 

13DC reaction between the corresponding enols 2' and 4-
nitrophenyl azide (1a) to give the 4,5-dihydro-1,2,3-triazoles 6, 
and iii) an acid-base catalyzed dehydration process to yield the 
final 1,2,3-triazoles 3 (see Scheme 2). In order to obtain 
mechanistic details, as well as to explain the complete 30 

regioselectivity experimentally observed in the formation of the 
1,2,3-triazoles 3, the two regioisomeric channels involved in the 
13DC reactions were studied using DFT calculations at the 
B3LYP/6-31G* level. 
 The first reaction of this domino process is a tautomeric 35 

equilibrium between the keto and the enol forms of the -
dicarbonyl compounds 2. The enols 2' can adopt an E or Z 
configuration at the C4-C5 double bond. The Z isomers are 6.2 
kcal/mol (2'a-Z) and 4.5 kcal/mol (2'b-Z) more stable than the 

corresponding E isomers, due to the formation of an 40 

intramolecular hydrogen bond in the Z isomers (see Table 5). The 
formation of the 2'a-Z and 2'b-Z enols is exothermic by –5.2 and 
–0.2 kcal/mol, respectively. (As some species involved in these 
domino reactions have ionic character, the discussion is 
performed using the energies in acetonitrile). 45 

 Due to the asymmetry of the enols 2' and 4-nitrophenyl azide 
(1a), the subsequent 13DC reactions can take place through two 
regioisomeric channels associated with the approach of the N1 
nitrogen of 4-nitrophenyl azide (1a) to the C5 or the C4 carbon 
atoms of the enols 2', named 1 and 2, respectively. In order to 50 

analyze the role of the electron-withdrawing (EW) substitution in 
the aryl azides, the 13DC reaction of phenyl azide (1e) with the 
enol 2'a was also studied. In addition, the two regioisomeric 
channels associated with these 13DC reactions were studied in 
order to explain the total regioselectivity experimentally observed 55 

(see Scheme 2). 
 The activation energies for the 13DC reactions of the enols 2' 
with the aryl azides 1 through the more favorable regioisomeric 
channels 1 via TS11 present very high values, between 22.2 to 
24.7 kcal/mol (see Table 5). The 13DC reaction of the enol 2'a-Z 60 

with phenyl azide (1e) has the largest activation energy, 24.7 
kcal/mol (TS11ea) (the anachronism "e" is used to distingue the 
species involved in the reactions of phenyl azide (1e)). A similar 
activation energy of 25.1 kcal/mol was obtained by single point 
energy calculations at the MP3/6-31G* level. The inclusion of an 65 

EW nitro group on the aryl substituent decreases slightly this 
unfavorable energy, 22.2 kcal/mol (TS11a). The similar 

Table 4 Cycloaddition reaction of 4-nitrophenyl azide (1a) with N-(2-hydroxyphenyl)acrylamide (7a), N-(2-allyloxyphenyl)acrylamide (7b) and N-
vinylpyrrolidinone (7c) (1 equiv) 
 

entry dipolarophile conditions product yield 
1 
2 
3 
4 
5 

7a 
HO

N
H

O

 

toluene, reflux, 24 h 
acetone, reflux, 24 h 
MW, 600 W, 10 min 
acetone, US, 24 h 
bentonite-Cu2+ (cat.), toluene, reflux, 24 h 

8 
N

N N

O

N
H

O2N
HO

 

10% 
23% 
0% 
34% 
68% 

6 
7 
8 

7b 
O

N
H

O

 

acetone, reflux, 24 h 
bentonite-Na+ (cat.), toluene, US, 7 h 
bentonite-Cu2+ (cat.), toluene, US, 7 h 

9 
N

N N

O

N
H

O2N
O

 

20% 
22% 
33% 

9 
10 7c 

N

O

 

acetone, reflux, 24 h 
MW, 350 W, 10 min 

10 
N

N N

O2N
N

O

 

63% 
0%a 

a 1-(4-Nitrophenyl)-1H-1,2,3-triazole (11) was isolated in 58% yield.  

N
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Scheme 2 Regioisomeric channels 1 and 2 associated with the thermal 
reactions of the -dicarbonyl compounds 2 with the aryl azides 1. 
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activation energy obtained for the 13DC reaction between the 
enol 2'b-Z and 4-nitrophenyl azide (1a), 22.2 kcal/mol (TS11b), 
accounts for a similar reactivity for the enols 2'b-Z and 2'a-Z. 
 The activation energy for the 13DC reaction of the enol 2'a-Z 
with phenyl azide (1e) via TS11ea is ca. 10 kcal/mol higher than 5 

that for the 13DC reaction of phenyl azide (1e) with methyl vinyl 
ether, as a model of electron-rich olefins,16 and higher than that 
obtained for the 13DC reaction of hydrazoic acid, N3H, with 
ethylene, 19.5 kcal/mol,17 and with vinyl alcohol, 20.2 kcal/mol.18 
 The activation energies associated with the more unfavorable 10 

regioisomeric channels 2 via TS12 are between 7.0 and 10.5 
kcal/mol higher in energy that those associated with the channels 
1 (see Table 5). These high energy differences, which are higher 
than that found by Nguyen for the regioisomeric TSs associated 
with the 13DC reactions between hydrazoic acid and vinyl 15 

alcohol, E 5.1 kcal/mol,18 are in complete agreement with the 
total regioselectivity experimentally observed. 
 From the enols 2' and the aryl azides 1, the formation of the 
cycloadducts (CA) 61 and 62 is slightly exothermic (see Table 5). 
 The last reaction of these domino processes is the acid-base 20 

catalyzed dehydration of the CA 61. These dehydration reactions 
proceed in three steps: i) a protonation at the keto or ester 
carbonyl oxygen atom of 61, which correspond to the most basic 
centers, ii) an E1 elimination of water at the hydroxy group of the 
protonated 61, and iii) a hydrogen elimination at the vicinal C5 25 

carbon atom to rebuild the C4–C5 double bond of the enol, thus 
yielding the final 1,2,3-triazoles 31 (see Scheme 3). We selected 
trimethylammonium cation as model of the acid catalyst. 
 The elimination process was studied for the thermal reactions 
of the -dicarbonyl compounds 2a,b with 4-nitrophenyl azide 30 

(1a). Because similar results were obtained for both -dicarbonyl 

compounds, only the results obtained for 1a will be discussed for 
simplicity. Anyway, the conclusions obtained for this catalyzed 
dehydration process could be applied to the rest of the reactions. 
Protonation of 61a by trimethylammonium cation takes place at 35 

the carbonyl O8 oxygen atom, preserving the hydrogen bond 
between both oxygen atoms at the intermediate IN11a (see 
Scheme 3). Once protonated, IN11a loses a water molecule 
through an E1 mechanism via TS21a with a very low activation 
energy of 5.4 kcal/mol. After passing TS21a, the subsequent 40 

proton elimination to yield the final adduct 31a is downhill, being 
unfeasible to obtain the carbocation intermediate IN21a as a 
stationary point. This elimination reaction is very exothermic, 
–18.0 kcal/mol. This fact together with the favorable entropy 
associated with the loss of a water molecule, makes irreversible 45 

the domino reaction. 
 Similar energy results were obtained for the water elimination 
in the regioisomeric CA 62a (see Table 5). Because the activation 
energies involved at the elimination reaction are lower than those 
involved in the 13DC reaction, it makes possible to discard a 50 

thermodynamic equilibration between the regioisomeric CAs 61a 
and 62a. Consequently, the formation of the final product 31a is 
kinetically controlled in the 13DC reaction. Finally, similar 
results were obtained for the elimination reaction at the 
regioisomeric CAs 61b and 62b associated with the reaction of 55 

methyl acetoacetate (2b) (see Table 5). 
 The geometries of the TSs involved in the 13DC reaction 
between the enol 2'a-Z and 4-nitrophenyl azide (1a) are given in 
Figure 1, while the geometrical and electronic parameters of the 
TSs involved in the 13DC reactions are given in Table 6. The 60 

lengths of the forming bonds at the TSs are 1.974 Å (N1-C5) and 
2.251 Å (N3-C4) at TS11a, and 1.906 (N1-C4) and 2.150 (N3-
C5) Å at TS12a. At these TSs the N-C bond formation at the 
unsubstituted N1 nitrogen atom of the aryl azide is slightly more 
advanced than that at the substituted N3 nitrogen atom.18 Similar 65 

bond formation is observed at the other 13DC reactions (see 
Table 6). The asynchronicity on the bond-formation in the 
cycloaddition reactions can be measured by the difference of the 
lengths of the  forming bonds, l. The corresponding values are 
given in Table 6. These values are in the range of 0.1 to 0.3, 70 

indicating that the TSs correspond to concerted but asynchronous 
bond formation processes. For the 13DC reaction involving 
phenyl azide (1e), the TS12ea associated with the more 
unfavorable regioisomeric channel 2 is more asynchronous than 
the TS11ea associated with the channel 1, while for the reactions 75 

involving 4-nitrophenyl azide (1a), TS11a associated with the 
more favorable regioisomeric channels 1 are more asynchronous. 

Table 5 B3LYP/6-31G* relative energies (E, in kcal/mol, relative i to 2, 
ii to 1+2’, and iii to IN11 or IN12) in gas phase and in solution, of the 
stationary points involved in the thermal domino reactions of the -
dicarbonyl compounds 2 with the aryl azides 1 
 

 E Esolv 
i) enolization reaction 
2'a-Z -10.0 -5.2 
2'a-E 1.7 1.0 
2'b-Z -1.9 -0.2 
2'b-E 7.8 4.3 
ii) 13DC reaction 
TS11ea 23.6 24.7 
TS12ea 31.9 31.7 
61ea -3.3 -3.0 
62ea -0.4 -4.3 
TS11a 20.9 22.2 
TS12a 32.4 32.7 
61a -4.6 -4.1 
62a -1.7 -5.4 
TS11b 21.2 22.2 
TS12b 30.0 30.8 
61b -5.7 -5.5 
62b -5.1 -7.0 
iii) elimination reaction 
TS21a 4.1 5.4 
TS22a 4.8 3.7 
31a -11.1 -18.0 
32a -3.8 -11.6 
TS21b 3.3 5.5 
TS22b 2.8 4.4 
31b -9.7 -17.9 
32b -6.9 -14.3 
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Scheme 3 Regioisomeric channels 1 and 2 associated with the elimination 
reactions of the CA 6. 
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 The extension on bond-formation at the TSs is provided by 
the bond order (BO).19 The BO values at the TSs associated with 
the 13DC reactions are given in Table 6. At the TSs associated 
with the more favorable regioisomeric channels 1, the BO values 
of the N1-C5 forming bonds are in the range of 0.45 – 0.48, while 5 

those for the N3-C4 forming bonds are in the range of 0.25 – 
0.29. The bond formation at the unsubstituted N1 is more 
advanced than at the substituted N3 atom. At the most favorable 
regioisomeric channels 1, the TSs involving 4-nitrophenyl azide 
(1a) are more advanced and more asynchronous. At the TSs 10 

associated with the more unfavorable regioisomeric channels 2, 
the BO values of the N1-C4 forming bonds are in the range of 
0.45 – 0.49, while those for the N3-C5 forming bonds are in the 
range of 0.33 – 0.34. These TSs are slightly more advanced and 
more synchronous than the regioisomeric TSs 1. 15 

 The natural population analysis (NPA) allows us to evaluate 
the charge transfer (CT) at the TSs. The natural charges at the 
TSs were shared between the aryl azides 1 and the enols 2'. The 
CT, which takes place from the enols 2' to the azides 1, is given 
in Table 6. The CT at the TSs associated with the more favorable 20 

regioisomeric channels 1, between 0.17e and 0.26e, is larger than 
that at the TSs associated with the regioisomeric channels 2, 
between 0.08e and 0.15e. The more polar TSs are those 
associated with the 13DC reactions between the electron-rich 
enols 2'a-Z and 2'b-Z with electron-deficient (ED) 4-nitrophenyl 25 

azide (1a). 
 Finally, the geometries of the TSs involved in the elimination 
reaction of the CAs 61a and 62a are given in Figure 1. The 
lengths of the breaking and forming bonds at the TSs involved in 
the water elimination step are given in Table 7. At TS21a, the 30 

length of the C4–O6 breaking bond is 1.627 Å, while the lengths 
of the O8–H7 breaking and H7–O6 forming bonds are 1.305 and 
1.129 Å, respectively. The length of the N10–H9 hydrogen bond 
is 1.997 Å. At TS22a, the length of the C4–O6 breaking bond is 
1.740 Å, while the lengths of the O8–H7 breaking and H7–O6 35 

forming bonds are 1.599 and 1.016 Å, respectively. The length of 
the N10-H9 hydrogen bond is 2.196Å. At TS22a the water 
elimination process is more advanced than at TS21a. 
 Similar geometrical parameters were obtained for the water 
elimination step of the domino reaction between the enol 2'b and 40 

the aryl azide 1a (see Table 7). 

2) Analysis based on the global and local reactivity indexes at 
the ground state of the reagents. 

Recent studies carried out on cycloaddition reactions20 have 
shown that the analysis of the reactivity indices defined within 45 

the conceptual DFT21 is a powerful tool to study the reactivity in 
polar cycloadditions. In Table 8, the static global properties 
(electronic chemical potential, , chemical hardness, , global 
electrophilicity, , and global nucleophilicity, N) of the enols 2' 
and the aryl azides 1 are presented. The global properties of 4-50 

chlorophenyl azide (1b), 4-bromophenyl azide (1c) and hydrazoic 
acid, N3H are also included for comparative purposes. 
 The electronic chemical potential of 4-nitrophenyl azide (1a), 
 = –0.1771 au, is lower than those for the enolates,  = –0.1396 
(2'a) and –0.1306 (2'b) au, indicating thereby that along a polar 55 

13DC reaction the net CT will take place from these enolates 

 
Fig. 1 Transition states involved in the regioisomeric channels 1 and 2 
associated with the 13DC reaction and water elimination steps of the 
thermal domino reaction between the -dicarbonyl compound 2a with 4-
nitrophenyl azide (1a). 

Table 6 Lengths of the C-N forming bonds (in angstroms), asynchronicity (l), charge transfer (CT, in e), and bond orders (BO) of the C-N forming 
bonds involved in the 13DC reactions between the enols 2' and the aryl azides 1 

 

 N1-C5(4) N3-C4(5) l CT BO N1-C5(4) BO N3-C4(5) 
TS11ea 2.010 2.190 0.18 0.17 0.45 0.29 
TS12ea 1.905 2.172 0.27 0.08 0.49 0.33 
TS11a 1.974 2.251 0.28 0.26 0.48 0.25 
TS12a 1.906 2.150 0.24 0.13 0.48 0.34 
TS11b 1.977 2.264 0.29 0.25 0.48 0.25 
TS12b 1.951 2.139 0.19 0.15 0.45 0.34 

 
 

Table 7 Lengths of the breaking and forming bonds (in angstroms) in the 
TSs involved in the water elimination step 
 

 C4-O6 O8-H7 H7-O6 H9-N10 
TS21a 1.627 1.305 1.129 1.997 
TS22a 1.740 1.599 1.016 2.196 
TS21b 1.619 1.280 1.145 1.941 
TS22b 1.941 1.578 1.022 2.078 

 
 

Table 8 Electronic chemical potential, (, in au), chemical hardness, (, 
in au), global electrophilicity, (, in eV), and global nucleophilicity, (N, 
in eV), of the enols 2' and the aryl azides 1 
 

  (au)  (au)  (eV) N (eV) 
1a -0.1771 0.1605 2.66 2.12 
1b -0.1393 0.1856 1.42 2.81 
1c -0.1385 0.1839 1.42 2.85 
N3H -0.1557 0.2404 1.37 1.62 
2'a-Z -0.1396 0.1968 1.35 2.65 
1e -0.1331 0.1897 1.27 2.92 
2'b-Z -0.1306 0.2082 1.11 2.74 
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towards ED 4-nitrophenyl azide (1a), in clear agreement with the 
CT analysis performed at the TSs. 
 The electrophilicity and nucleophilicity indices of hydrazoic 
acid, N3H, have low values,  = 1.37 and N = 1.62 eV. This 
means that the simplest azide does not participate in polar 5 

processes. Phenyl azide (1e) shows a slight electrophilic 
deactivation,  = 1.27 eV, and a slight nucleophilic activation, N 
= 2.92 eV (see Table 8). The inclusion of an halogen atom in the 
4 position of benzene produces a slight electrophilic activation,  
= 1.42 eV for 1b and 1c. A more clear electrophilic activation is 10 

found at ED 4-nitrophenyl azide (1a), which has an  = 2.66 eV. 
On the other hand, the electrophilicity and nucleophilicity indices 
of the enols are  = 1.35 and N = 2.65 eV for 2'a-Z, and  = 1.11 
and N = 2.74 eV for 2'b-Z. Therefore, they will act as moderate 
nucleophiles. 15 

 Analysis of the global reactivity indices indicates that these 
reactions will take place through cycloadditions with low polar 
character. Only the 13DC reactions involving the EW 4-
nitrophenyl group will present a large polar character. 
 Finally, the analysis of the local electrophilicity k at the 20 

electrophilic azides and the local nucleophilicity Nk at the 
nucleophilic enols allows for a rationalization of the 
regioselectivity of cycloadditions.22 The values of the 
corresponding local indices are given in Table 9. The enols 2'a,b 
present the largest nucleophilic activation at the C5 carbon atom, 25 

which corresponds with the  carbon atom of the enols. On the 
other hand, 4-nitrophenyl azide (1a) presents the largest 
electrophilic activation at the terminal N1 nitrogen atom.23 Note 
that the N2 Nitrogen also presents an electrophilic activation. 
Consequently, the more favorable regioisomeric channel will 30 

correspond with the earlier formation of the N1-C5 bonds than 
the N3-C4 one, in clear agreement with the energy results and 
with the asynchronicity found at the TSs. 

3) Conclusions. 
The thermal reactions between acetylacetone (2a) and methyl 35 

acetoacetate (2b) with ED 4-nitrophenyl azide (1a) have been 
theoretically studied using DFT methods at the B3LYP/6-31G* 

level. They are domino processes that comprise three consecutive 
reactions: i) a tautomeric equilibrium of the -dicarbonyl 
compounds 2 with their enol forms 2', ii) a 13DC reaction of the 40 

enol forms 2' with 4-nitrophenyl azide (1a) to yield the 4,5-
dihydro-1,2,3-triazoles 6, and iii) an acid-base catalyzed 
dehydration process in 6 to yield the final 1,2,3-triazoles 3. For 
13DC reactions, the two regioisomeric channels have been 
studied. 45 

 The 13DC reactions present high activation energies, which 
are only slightly reduced by the use of ED 4-nitrophenyl azide 
(1a). The higher activation energies associated with the 
regioisomeric channels 2 prevent the formation of the 
corresponding cycloadducts, these 13DC reactions being 50 

completely regioselective. 
 The lower activation energies of the water elimination step, 
respect to the 13DC reaction, together with the irreversible 
character of this dehydration process make possible to displace 
the reaction toward the formation of the final 1,2,3-triazoles 3. 55 

Pharmacology 

Applying the agar plate diffusion technique,24 the newly 
synthesized compounds 3a-h and 5a were screened in vitro for 
their bactericidal activity against Gram positive bacteria 
(Staphylococcus aureus) and Gram negative bacteria 60 

(Escherichia Coli and Pseudomonas aeroginosa), and for their 
fungicidal activity towards Fusarium oxysporium, Aspergillus 
niger and Candida albicans (Table 10). The compounds 3a-c and 
3e-g showed moderate bactericidal activities against 
Staphylococcus Aureus and Escherichia Coli compared to that of 65 

ciprofloxacin as a reference drug, and the compounds 3d, 3h and 
5a showed significant activities against Staphylococcus Aureus. 
All the compounds tested showed moderate fungicidal activities 
towards Fusarium oxysporium and Aspergillus niger compared to 
that of nystin as a reference, except the compounds 3b-d that 70 

showed significant activities against Fusarium oxysporium. All 
the compounds tested showed no activity against Candida 
albicans. 
 The same compounds were also tested against a human liver 
carcinoma cell line (HEPG2) (Table 11). Moderate cytotoxic 75 

activities were observed, except for the compounds 3d and 5a 
(entries 4 and 9), which were found to have significant activities, 
compared to a reference drug (doxorubicin). 
 

Table 9 Local electrophilicity (k, in eV) and nucleophilicity (Nk, in eV) 
indices of the enols 2' and the aryl azides 1 
 

 N1 N2 N3  NC4 NC5 
1e 0.62 0.44 0.13 2'a 0.32 1.32 
1a 1.30 0.92 0.27 2'b 0.37 1.39 

 
 

Table 10 Bactericidal and fungicidal activitya of the compounds 3a-h, 5a, and ciprofloxacin and nystin 

 

entry compound Staphylococcus aureus Escherichia coli 
Pseudomonas 
aeroginosa 

Fusarium 
oxysporium 

Aspergillus 
niger 

Candida 
albicans 

1 3a 22 (++) 18 (++) - 19 (++) 19 (++) - 
2 3b 19 (++) 16 (++) - 32 (+++) 19 (++) - 
3 3c 22 (++) 17 (++) - 25 (+++) 20 (++) - 
4 3d 31 (+++) - - 26 (+++) 18 (++) - 
5 3e 16 (++) 15 (++) - 22 (++) 17 (++) - 
6 3f 22 (++) 17 (++) - 21 (++) 17 (++) - 
7 3g 21 (++) 20 (++) - 21 (++) 17 (++) - 
8 3h 31 (+++) 15 (++) 16 (++) 18 (++) 18 (++) - 
9 5a 28 (+++) - 15 (++) 20 (++) 18 (++) - 
10 ciprofloxacin ++++ ++++ ++++ - - - 
11 nystin - - - ++++ ++++ ++++ 
a The diameters of zones of inhibition are given in mm. Stock solution: 5 g in 1 mL of DMF. 0.1 mL of stock solution in each hole of 
each paper disk. +: < 15 mm; ++: 15-24 mm; +++: 25-34 mm; ++++: 35-44 mm, etc. 
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Conclusions 

Reactions performed between aryl azides on the one hand, and 
activated alkenes coming from -dicarbonyl compounds or 
malonodinitrile on the other hand showed that microwave 
activation allowed the reaction times to be considerably reduced 5 

in the case of nitrophenyl azides. With the help of DFT methods 
at the B3LYP/6-31G* level, the mechanism of the reactions 
involving -dicarbonyl compounds was studied, and their 
regioselectivity explained. They are domino processes that 
comprise a tautomeric equilibrium of the -dicarbonyl compound 10 

with its enol form, a 13DC with the aryl azide, and a dehydration 
process. The lower activation energy of the last step compared 
with the previous one helps to explain why 1,2,3-triazolines were 
not obtained, but the corresponding 1,2,3-triazoles. The effect of 
non-conventional activation ways on the degradation of other 15 

1,2,3-triazolines was next studied experimentally. Finally, some 
among the 1,2,3-triazoles evaluated exhibited interesting 
bactericidal and cytotoxic activities. 

Experimental 

Syntheses: general methods 20 

Liquid chromatography separations were achieved on silica gel 
Merck-Geduran Si 60 (40-63 m). Petrol refers to petroleum 
ether (bp 40-60 °C). Melting points were measured on a Kofler 
apparatus. Infrared spectra were recorded on a JASCO FT/IR-
4200 apparatus, and main wavenumbers are given in cm-1. 25 

Nuclear Magnetic Resonance spectra were acquired using a 
Bruker AC-300 spectrometer (300 MHz and 75 MHz for 1H and 
13C respectively). 1H chemical shifts () are given in ppm relative 
to the solvent residual peak, and 13C chemical shifts relative to 
the central peak of the solvent signal. Assignments of protons and 30 

carbons could be made on the basis of bidimensional techniques 
(NOESY, HMBC and HMQC experiments) using a Avance 500 
spectrometer (500 MHz and 125 MHz for 1H and 13C 
respectively). High resolution mass spectra measurements were 
recorded at the Centre Régional de Mesures Physiques de l'Ouest 35 

(CRMPO) in Rennes. Microwave reactions were performed in a 
Whirpool M571 domestic oven using open glass containers. 
 Bentonite-Cu2+14 was obtained as follows. Deposit bentonite 
(60 g) was dried (80 °C, 18 h), crushed and sieved (200 μm) 
before treatment in order to remove carbonates (calcite and 40 

dolomite) at pH 2-3 (addition of 0.1 N HCl to a suspension in 
water) for 12 h, and adjustment at pH 7. The clay was then 

scattered in aqueous 1 M NaCl; three stirring of the suspension 
for 12 h, centrifugation (4500 t.min-1) and washing sequences 
were then performed. After two drying (80 °C and 105 °C)-45 

crushing steps, resulting bentonite-Na+ was suspended in water 
(50 g.l-1); the suspension was stirred and treated over 12 h by an 
aqueous 1 N CuCl2 solution (0.5 L). This was repeated three 
times after decantation and removal of the supernatant liquid. 
Bentonite-Cu2+ was washed using water, centrifuged (5000 50 

t.min-1), and dried at 60 °C. After crushing and sieving (60 μm), it 
was dried again at 105 °C for 12 h. 
 Aryl azides were prepared according to the method of Nolting 
and Michel.25 N-(2-Hydroxyphenyl)acrylamide (7a) was prepared 
as described previously.26 N-(2-Allyloxyphenyl)acrylamide (7b) 55 

was prepared using a described procedure,27 and recrystallized 
from 1:1 EtOH/H2O: yield: 79%; yellow powder, mp 37 °C; IR 
(KBr): 1542, 1668, 3018, 3223; 1H NMR (300 MHz, CDCl3) 4.78 
(d, 2H, J = 5.7 Hz), 5.47 (dd, 1H, J = 1.3 and 17 Hz), 5.56 (dd, 
1H, J = 1.3 and 10 Hz), 5.91 (d, 1H, J = 10 Hz), 6.27 (ddd, 1H, J 60 

= 5.7, 10 and 17 Hz), 6.44 (dd, 2H, J = 10 and 17 Hz), 6.55 (d, 
1H, J = 17 Hz), 7.00-7.25 (m, 4H), 8.03 (s, 1H); 13C NMR (75 
MHz, CDCl3) 69.6 (OCH2), 113.7 (CH2), 115.5 (CH2), 120.0 
(CH), 121.5 (CH), 122.4 (CH), 127.7 (CH), 130.1 (CH), 132.0 
(CH), 135.6 (C), 153.5 (C), 168.0 (C=O). 65 

General procedure 1. To the required methylene-activated 
compound (10 mmol) and Et3N (10 mmol) in DMF (2 mL) was 
added the required azide (5 mmol), and the mixture was stirred at 
room temperature for 24 h. The precipitate was filtrated, washed 
with H2O, dried, and recrystallized from iPrOH. 70 

General procedure 2. To the required methylene-activated 
compound (10 mmol) and Et3N (10 mmol) was added the 
required azide (5 mmol), and the mixture was microwave-heated 
at 160 W for 5 min. The precipitate was washed with H2O and 
dried. 75 

General procedure 3. To the required methylene-activated 
compound (10 mmol) and Et3N (10 mmol) in DMF (2 mL) was 
added the required azide (5 mmol) and CuCl (1 mmol), and the 
mixture was stirred at room temperature for 17 h. The precipitate 
was filtrated, washed with H2O, dried, and recrystallized from 80 

iPrOH. 

5-Methyl-1-(4-nitrophenyl)-1H-1,2,3-triazole-4-ethanone (3a). 
Yield: 98% (general procedure 1), 72% (general procedure 2). 
Yellow needles, mp 146 °C (lit.28 132-133 °C). IR (KBr): 1520, 
1680, 3102. 1H NMR (300 MHz, CDCl3): 2.71 (s, 3H), 2.78 (s, 85 

3H), 7.76 (d, 2H, J = 8.8 Hz), 8.50 (d, 2H, J = 8.8 Hz). 13C NMR 
(75 MHz, CDCl3): 10.8 (CH3), 28.4 (CH3), 125.7 (2 CH), 126.2 
(2 CH), 137.8 (C), 140.6 (C), 144.5 (C), 148.6 (C), 194.5 (C=O). 
HRMS (ESI): calcd for C11H10N4NaO3 [(M+Na)+•] 269.0651, 
found 269.0653. 90 

5-Methyl-1-(4-chlorophenyl)-1H-1,2,3-triazole-4-ethanone 
(3b). Yield: 85% (general procedure 1), 37% (general procedure 
2). Pale yellow powder, mp 112 °C (lit.29 108-110 °C. IR (KBr): 
836, 1550, 1687, 3104. 1H NMR (300 MHz, CDCl3): 2.60 (s, 
3H), 2.76 (s, 3H), 7.41 (d, 2H, J = 8.7 Hz), 7.57 (d, 2H, J = 8.7 95 

Hz). 13C NMR (75 MHz, CDCl3): 10.1 (CH3), 27.9 (CH3), 126.5 
(2 CH), 130.0 (2 CH), 133.8 (C), 136.3 (C), 137.4 (C), 143.8 (C), 

Table 11 In vitro cytotoxic activity (IC50)a of the compounds 3a-h, 5a, 
and doxorubicin against a liver carcinoma cell line (HEPG2) 
 

entry compound HEPG2 (g.mL-1) 
1 3a 3.34 
2 3b 2.88 
3 3c 2.92 
4 3d 0.53 
5 3e 2.46 
6 3f 3.11 
7 3g 2.24 
8 3h 3.74 
9 5a 0.81 
10 doxorubicin 0.60 

a IC50 is defined as the concentration which results in a 
50% decrease in cell number as compared with that of the 
control structures in the absence of an inhibitor. 
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194.3 (C=O). HRMS (ESI): calcd for C11H10
35ClN3NaO 

[(M+Na)+•] 258.0410, found 258.0413. 

5-Methyl-1-(4-bromophenyl)-1H-1,2,3-triazole-4-ethanone 
(3c). Yield: 90% (general procedure 1), 46% (general procedure 
2). White powder, mp 116 °C (lit.29 108-110 °C. IR (KBr): 645, 5 

1549, 1688, 3092. 1H NMR (300 MHz, CDCl3): 2.63 (s, 3H), 
2.78 (s, 3H), 7.38 (d, 2H, J = 8.6 Hz), 7.75 (d, 2H, J = 8.6 Hz). 
13C NMR (75 MHz, CDCl3): 10.6 (CH3), 28.3 (CH3), 124.7 (C), 
127.1 (2 CH), 133.4 (2 CH), 134.7 (C), 137.8 (C), 144.2 (C), 
194.7 (C=O). HRMS (ESI): calcd for C11H10

79BrN3NaO 10 

[(M+Na)+•] 301.9905, found 301.9905. 

5-Methyl-1-(3-nitrophenyl)-1H-1,2,3-triazole-4-ethanone (3d). 
Yield: 65% (general procedure 1), 70% (general procedure 2). 
Yellow powder, mp 118 °C. IR (KBr): 1561, 1721, 3096. 1H 
NMR (300 MHz, CDCl3): 2.71 (s, 3H), 2.80 (s, 3H), 7.89 (m, 15 

2H), 7.75 (m, 2H). 13C NMR (75 MHz, CDCl3): 10.6 (CH3), 28.4 
(CH3), 102.6 (C), 120.7 (CH), 125.1 (CH), 131.3 (CH), 131.3 
(CH), 136.7 (C), 137.9 (C), 149.2 (C), 194.6 (C=O). HRMS 
(ESI): calcd for C11H10N4NaO3 [(M+Na)+•] 269.0651, found 
269.0656. 20 

Methyl 5-methyl-1-(4-nitrophenyl)-1H-1,2,3-triazole-4-
carboxylate (3e). Yield: 80% (general procedure 1), 93% 
(general procedure 2). Yellow powder, mp 170 °C (lit.30 154 °C). 
IR (KBr): 1116, 1530, 1738, 3119. 1H NMR (300 MHz, CDCl3): 
2.73 (s, 3H), 4.04 (s, 3H), 7.78 (d, 2H, J = 9.1 Hz), 8.51 (d, 2H, J 25 

= 9.1 Hz). 13C NMR (75 MHz, CDCl3): 10.2 (CH3), 52.3 (CH3), 
125.2 (2 CH), 125.9 (2 CH), 137.2 (C), 139.0 (C), 140.2 (C), 
148.3 (C), 161.8 (C=O). HRMS (ESI): calcd for C11H10N4NaO4 
[(M+Na)+•] 285.0600, found 285.0604. 

Methyl 5-methyl-1-(4-chlorophenyl)-1H-1,2,3-triazole-4-30 

carboxylate (3f). Yield: 92% (general procedure 1), 16% 
(general procedure 2). White powder, mp 188 °C. IR (KBr): 817, 
1095, 1561, 1725, 3104. 1H NMR (300 MHz, CDCl3): 2.61 (s, 
3H), 3.99 (s, 3H), 7.42 (d, 2H, J = 8.8 Hz), 7.57 (d, 2H, J = 8.8 
Hz). 13C NMR (75 MHz, CDCl3): 10.0 (CH3), 52.1 (CH3), 126.6 35 

(2 CH), 130.0 (2 CH), 133.9 (C), 136.3 (C), 136.7 (C), 139.0 (C), 
162.0 (C=O). HRMS (ESI): calcd for C11H10

35ClN3NaO2 
[(M+Na)+•] 274.0359, found 274.0363. 

Methyl 5-methyl-1-(4-bromophenyl)-1H-1,2,3-triazole-4-
carboxylate (3g). Yield: 78% (general procedure 1), 20% 40 

(general procedure 2). White powder, mp 200 °C. IR (KBr): 665, 
1115, 1561, 1725, 3097. 1H NMR (300 MHz, CDCl3): 2.60 (s, 
3H), 3.99 (s, 3H), 7.36 (d, 2H, J = 8.4 Hz), 7.72 (d, 2H, J = 8.4 
Hz). 13C NMR (75 MHz, CDCl3): 10.0 (CH3), 52.1 (CH3), 124.3 
(C), 126.8 (2 CH), 133.0 (2 CH), 134.4 (C), 136.7 (C), 138.9 (C), 45 

162.0 (C=O). HRMS (ESI): calcd for C11H10
79BrN3NaO2 

[(M+Na)+•] 317.9854, found 317.9856. 

Methyl 5-methyl-1-(3-nitrophenyl)-1H-1,2,3-triazole-4-
carboxylate (3h). Yield: 71% (general procedure 1), 75% 
(general procedure 2). Yellow powder, mp 140 °C. IR (KBr): 50 

1092, 1561, 1736, 3104. 1H NMR (300 MHz, CDCl3): 2.70 (s, 
3H), 4.01 (s, 3H), 7.90 (m, 2H), 8.44 (m, 2H). 13C NMR (75 
MHz, CDCl3): 10.5 (CH3), 52.6 (CH3), 120.7 (CH), 125.2 (CH), 
131.4 (CH), 131.4 (CH), 136.7 (C), 137.4 (C), 139.5 (C), 149.1 

(C), 162.2 (C=O). HRMS (ESI): calcd for C11H10N4NaO4 55 

[(M+Na)+•] 285.0600, found 285.0600. 

1-(4-Nitrophenyl)-5-phenyl-1H-1,2,3-triazole-4-
(phenylketone) (5a).7i Yield: 40% (general procedure 1), 85% 
(general procedure 2), 57% (general procedure 3). Beige powder, 
mp 172 °C. 1H NMR (300 MHz, (CD3)2CO): 7.45 (m, 5H), 7.55 60 

(m, 2H), 7.67 (tt, 1H, J = 7.4 and 1.4 Hz), 7.76 (d, 2H, J = 9.3 
Hz), 8.23 (dd, 1H, J = 8.4 and 1.2 Hz), 8.37 (d, 2H, J = 9.3 Hz). 
13C NMR (75 MHz, (CD3)2CO): 125.1 (2 CH), 126.4 (C), 127.1 
(2 CH), 128.7 (2 CH), 128.9 (2 CH), 130.4 (CH), 130.8 (2 CH), 
130.8 (2 CH), 133.5 (CH), 137.8 (C), 141.3 (C), 141.9 (C), 144.2 65 

(C), 148.5 (C), 186.4 (C=O). 

5-Amino-1-(4-nitrophenyl)-1H-1,2,3-triazole-4-carbonitrile 
(5b).31 Yield: 61% (general procedure 1), 59% (general procedure 
2), 70% after 2 h reaction time and 87% after 24 h reaction time 
(general procedure 3). Beige powder, mp 204 °C. 1H NMR (300 70 

MHz, (CD3)2CO): 6.82 (br s, 2H), 8.01 (d, 2H, J = 8.7 Hz), 8.50 
(d, 2H, J = 8.7 Hz). 13C NMR (75 MHz, (CD3)2CO): 101.9 (C), 
105.0 (C), 114.1 (C), 127.1 (2 CH), 127.4 (2 CH), 141.4 (C), 
149.9 (C). HRMS (EI): calcd for C9H8N6O2 [M +•] 232.0709, 
found 232.0709. 75 

N-(2-Hydroxyphenyl) 1-(4-nitrophenyl)-4,5-dihydro-1H-1,2,3-
triazole-4-carboxamide (8). To N-(2-hydroxyphenyl)acrylamide 
(7a, 3 mmol) in toluene (25 mL) was added 4-nitrophenyl azide 
(1a, 3 mmol) and bentonite-Cu2+ (0.1 g), and the mixture was 
heated under reflux for 24 h. The precipitate was filtrated, and 80 

extracted with acetone. After removal of the solvent, the product 
was recrystallized from EtOH. Yield: 68%. Yellow powder, mp 
196 °C. IR (KBr): 1095, 1596, 1671, 3079, 3198, 3388. 1H NMR 
(200 MHz, (CD3)2SO): 3.40 (d, 2H, J = 11 Hz), 5.83 (t, 1H, J = 
11 Hz), 6.88 (m, 3H), 7.49 (d, 2H, J = 8.6 Hz), 7.90 (s, 1H), 8.26 85 

(d, 2H, J = 8.6 Hz), 9.81 (s, 1H), 10.0 (s, 1H). 13C NMR (50 
MHz, (CD3)2SO): 43.8 (CH2), 81.4 (CH), 114.5, 115.4, 115.6, 
119.3, 122.2, 125.4, 125.9, 126.1, 135.9, 141.9, 145.5, 165.4 
(C=O). 

N-(2-Allyloxyphenyl) 1-(4-nitrophenyl)-4,5-dihydro-1H-1,2,3-90 

triazole-4-carboxamide (9). To N-(2-allyloxyphenyl)acrylamide 
(7b, 2 mmol) in toluene (15 mL) was added 4-nitrophenyl azide 
(1a, 2 mmol) and bentonite-Cu2+ (0.1 g), and the mixture was 
sonicated for 7 h. The precipitate was filtrated, and extracted with 
acetone. After removal of the solvent, the product was 95 

recrystallized from EtOH. Yield: 33%. Yellow powder, mp 220 
°C. IR (KBr): 1115, 1597, 1679, 3080, 3368. 1H NMR (200 MHz, 
(CDCl3): 3.35 (2 d, 2H, J = 18 and 19 Hz), 3.55 (d, 1H, J = 18 
Hz), 3.91 (d, 1H, J = 19 Hz), 4.65 (d, 2H, J = 5.6 Hz), 5.34 (dd, 
1H, J = 1.3 and 10 Hz), 5.48 (dd, 1H, J = 1.3 and 17 Hz), 6.09 100 

(ddd, 1H, J = 5.6, 10 and 17 Hz), 6.50 (s, 1H), 6.63 (d, 2H, J = 
8.8 Hz), 6.90-7.20 (m, 4H), 8.10 (dd, 2H, J = 8.8 Hz). 13C NMR 
(50 MHz, CDCl3): 46.9 (CH2), 69.2 (CH2), 69.3 (CH), 117.6 
(CH2), 119.2 (2 CH), 121.4 (CH), 121.5 (CH), 124.1 (2 CH), 
124.1 (CH), 124.9 (CH), 129.2 (CH), 147.1 (C), 147.5 (C), 149.0 105 

(C), 163.2 (C), 181.8 (C=O). HRMS (EI): calcd for C18H17N5O4 
[M +•] 367.1281, found 367.1281. 

1-(1-(4-Nitrophenyl)-4,5-dihydro-1H-1,2,3-triazolyl)-2-
pyrrolidinone (10). To N-vinylpyrrolidinone (7c, 5 mmol) in 
acetone (30 mL) was added 4-nitrophenyl azide (1a, 5 mmol), 110 



 

9 

and the mixture was heated under reflux for 24 h. The precipitate 
was filtrated, and the product was recrystallized from EtOH. 
Yield: 63%. Yellow powder, mp 184 °C. IR (KBr): 1047, 1599, 
1685, 3113. 1H NMR (200 MHz, CDCl3): 1.90 (m, 2H), 2.35 (m, 
2H), 2.62 (m, 1H), 2.96 (m, 1H), 4.44 (t, 2H, J = 2.1 Hz), 6.38 5 

(dd, 1H, J = 4.0 and 8.3 Hz), 7.45 (d, 2H, J = 9.2 Hz), 8.22 (d, 
2H, J = 9.2 Hz). 13C NMR (50 MHz, CDCl3): 17.8 (CH2), 30.7 
(CH2), 41.7 (CH2), 58.9 (CH2), 69.7 (CH), 108.5, 114.9, 126.4, 
143.4, 143.8, 155.4, 175.9 (C=O). 1-(4-Nitrophenyl)-1H-1,2,3-
triazole (11) was obtained instead in 58% yield using the 10 

following procedure: To N-vinylpyrrolidinone (5 mmol) was 
added 4-nitrophenyl azide (1a, 5 mmol), and the mixture was 
microwave-heated at 350 W for 10 min. The product collected 
with EtOH was washed and dried. Mp 204 °C (lit.32 205-207 °C). 

Crystallography 15 

Single crystals suitable for X-ray diffraction were grown after 
slow evaporation (several days at room temperature) of solutions 
of 3b, 3c, 3f and 5a in AcOEt. The samples were studied with 
graphite monochromatized MoK radiation ( = 0.71073 Å). X-
ray diffraction data were collected at T = 100(2) K for 3c and 5a, 20 

and at T = 150(2) K for 3b and 3f, using APEXII Bruker-AXS 
diffractometer. The structure was solved by direct methods using 
the SIR97 program,33 and then refined with full-matrix least-
square methods based on F2 (SHELX-97)34 with the aid of the 
WINGX program.35 All non-hydrogen atoms were refined with 25 

anisotropic atomic displacement parameters. H atoms were 
finally included in their calculated positions. Molecular diagrams 
were generated by ORTEP-3 (version 1.08).36 

 Crystal data for 3b: C11H10ClN3O, M = 235.67, triclinic, P-1, 
a = 5.5353(2), b = 6.5391(3), c = 15.0596(7) Å, α = 85.657(1), β 30 

= 81.972(1),  = 89.189(2) °, V = 538.20(4) Å3, Z = 2, d = 1.45 
g.cm-3, μ = 0.335 mm-1. A final refinement on F2 with 2440 
unique intensities and 147 parameters converged at ωR(F2) = 
0.0817 (R(F) = 0.0302) for 2317 observed reflections with I > 
2σ(I). 35 

 Crystal data for 3c: C11H10BrN3O, M = 280.13, triclinic, P-1, 
a = 5.6105(2), b = 6.4884(3), c = 15.2886(7) Å, α = 86.338(2), β 
= 81.785(2),  = 89.249(2) °, V = 549.71(4) Å3, Z = 2, d = 1.69 
g.cm-3, μ = 3.72 mm-1. A final refinement on F2 with 2494 unique 
intensities and 147 parameters converged at ωR(F2) = 0.0446 40 

(R(F) = 0.0179) for 2396 observed reflections with I > 2σ(I). 

 Crystal data for 3f: 2(C11H10ClN3O2); M = 503.34, 
orthorhombic, Pbc21, a = 3.8164(1), b = 12.7220(3), c = 
46.6476(13) Å, V = 2264.85(10) Å3, Z = 4, d = 1.48 g.cm-3, μ = 
0.330 mm-1. A final refinement on F2 with 4171 unique intensities 45 

and 311 parameters converged at ωR(F2) = 0.0874 (R(F) = 
0.0403) for 3781 observed reflections with I > 2σ(I). 

 Crystal data for 5a: C21H14N4O3, M = 370.36, monoclinic, 
C2/c, a = 28.5149(9), b = 8.7547(3), c = 14.6996(5) Å, β = 
110.800(2) °, V = 3430.4(2) Å3, Z = 8, d = 1.43 g.cm-3, μ = 0.099 50 

mm-1. A final refinement on F2 with 3847 unique intensities and 
253 parameters converged at ωR(F2) = 0.0905 (R(F) = 0.037) for 
3284 observed reflections with I > 2σ(I). 

Computational methods 

All calculations were carried out with the Gaussian 03 suite of 55 

programs37. DFT calculations were carried out using the 
B3LYP38 exchange-correlation functionals, together with the 
standard 6-31G(d) basis set.39 The optimizations were carried out 
using the Berny analytical gradient optimization method.40 The 
stationary points were characterized by frequency calculations in 60 

order to verify that TSs have one and only one imaginary 
frequency. The intrinsic reaction coordinate (IRC)41 paths were 
traced in order to check the energy profiles connecting each TS to 
the two associated minima of the proposed mechanism using the 
second order González-Schlegel integration method.42 The 65 

stationary points were also optimized using the 6-311+G** basis 
set. The energy and geometry results are given in Supplementary 
Material. No significant changes in relative energies and 
geometries were found. The electronic structures of stationary 
points were analyzed by the natural bond orbital (NBO) 70 

method.43 
 Solvent effects have been considered at the same level of 
theory by single point energy calculations of the gas-phase 
structures using a self-consistent reaction field (SCRF)44 based on 
the polarizable continuum model (PCM) of the Tomasi's group.45 75 

As polar solvent we selected acetonitrile ( = 35.69), which has a 
dielectric constant similar to the experimental solvent, 
dimethylformamide ( = 36.7). 
 The global electrophilicity index,46 , has been given by the 
simple expression  = (2/2) (eV), in terms of the electronic 80 

chemical potential  and the chemical hardness . Both quantities 
may be calculated in terms of one of the electron HOMO and 
LUMO energies, H and L, as   (H + L)/2 and   (L – H), 
respectively.47 Recently, we have introduced an empirical 
(relative) nucleophilicity index,  based on the HOMO energies 85 

obtained within the Kohn-Sham scheme,48 defined as  = 
EHOMO(Nu) – EHOMO(TCE) (eV).49 This nucleophilicity scale takes 
tetracyanoethylene (TCE) as a reference. Local electrophilicity50 
and nucleophilicity51 indices, k and Nkwere evaluated using the 
following expressions: k kf    and 

k kN Nf   where kf
 and 90 

kf
are the Fukui functions for a nucleophilic and electrophilic 

attacks, respectively.52 

Pharmacology 

Applying the agar plate diffusion technique,24 the compounds 
were screened in vitro for their bactericidal activity against Gram 95 

positive bacteria (Staphylococcus aureus) and Gram negative 
bacteria (Escherichia Coli and Pseudomonas aeroginosa), and for 
their fungicidal activity against Fusarium oxysporium, 
Aspergillus niger and Candida albicans. In this method, a 
standard 5 mm diameter sterilized filter paper disc impregnated 100 

with the compound (0.3 mg/0.1 ml of DMF) was placed on an 
agar plate seeded with the test organism. The plates were 
incubated for 24 hours at 37 °C for bacteria and 28 °C for fungi. 
The zone of inhibition of bacterial and fungi growth around the 
disc was observed. 105 

 The compounds were tested against a liver carcinoma cell 
line (HEPG2). The method applied is similar to that reported by 
Skehan et al.53 using 20 Sulfo-Rhodamine-B stain (SRB). Cells 
were plated in 96-multiwell plate (104 cells/well) for 24 h before 
treatment with the test compound to allow attachment of cell to 110 

the wall of the plate. Different concentrations of the compound 
under test (0, 1.0, 2.5, 5.0, and 10 μg/ml) were added to the cell 
monolayer in triplicate wells individual dose, and monolayer cells 



 

10 

were incubated with the compounds for 48 h at 37 °C and in 
atmosphere of 5% CO2. After 48 h, cells were fixed, washed and 
stained with SRB stain, excess stain was washed with acetic acid 
and attached stain was recovered with Tris-EDTA buffer. Color 
intensity was measured in an ELISA reader, and the relation 5 

between surviving fraction and drug concentration is plotted to 
get the survival curve of each tumor cell line after the specified 
compound and the IC50 was calculated. 
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Cycloadditions between aryl azides and activated alkenes e.g. coming 

from -dicarbonyl compounds were performed; their mechanism and

regioselectivity were theoretically studied using DFT methods at the

B3LYP/6-31G* level.
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