An efficient synthesis of novel triazoles incorporating barbituric motifs via [3+2] cycloaddition reaction: Expermimental and theoretical study
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Abstract: In this work, synthesis of novel triazole derivatives with barbituric motifs in good yields was described. The alkyne was prepared through Knoevenagel reaction of barbituric derivatives with ortho and para O-propargylated hydroxyl-benzaldehyde. Mechanism and regioselectivity of this [3+2] cycloaddition (CA) reaction were investigated using density functional theory (DFT) at the B3LYP/6-31+G(d) level of theory. The computational studies revealed that a di-copper catalyzed stepwise mechanism, involving six-membered ring intermediate, is the most preferred pathway. The regioselectivity has been explained in terms of frontier molecular orbital (FMO) interactions, local and global electrophilicity and nucleophilicity indices. Accordingly, the favoured interactions for di-copper acetylide are in good agreement with the observed regioselectivity, while completely opposite results are obtained for possible uncatalysed reaction.
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INTRODUCTION
1,2,3–Triazole has been known as an important five-membered heterocycle which is the building blocks of many biologically important compounds. These heterocyclic scaffolds are found in drugs, natural products and agrochemicals.1 They are also utilized in many biological applications, including treatment of tumors2,3, HIV4, allergy5, fungal infection6,7 and microbial diseases8–12. The first 1,4-disubsituted triazole was prepared through [3+2] cycloaddition (CA) of terminal or internal alkynes and azides by Huisgen13, which is well-known as an important class of the click reaction. The applications of click reactions are wide in scope. The click reactions give excellent yields and generate inoffensive by-products that can be removed by convenient methods. The required process characteristics include simple reaction conditions, readily available reactants, solvent free reactions or using a solvent that is benign or easily removed, and simple product isolation.14 
The enormous attention recently gained by this reaction began with the pivotal discovery by the groups of Meldal15 and Sharpless,16 in which copper(I) catalysis was found to dramatically accelerate the reaction under mild conditions. On the other hand, 1,4-triazoles are generated through these Cu(I) catalyzed azide-alkyne CA (CuAAC) reactions with a high regioselectivity (Scheme 1).17–22 The required copper(I) species in the CuAAC reaction are either added directly as cuprous salts, usually with stabilizing ligands15,23–25 or more often generated from copper(II) salts with reducing agents. 26 Barbituric acid derivatives are also used for the treatment of epilepsy and seizures.27,28 Substituted barbituric27,29,30 or thiobarbituric31,32 acids with heterocyclic/aryl increases the antiepileptic activity. The interest in using barbituric acid derivatives is mainly the lack of E/Z isomer formation in Knoevenagel condensation.33



SCHEME 1. Regioselective synthesis of triazoles
Based on the pharmacological properties associated with barbituric acid derivatives and triazole heterocycles, we became interested in combining these heterocyclic moieties through a CuAAC reaction, catalyzed by copper(I) species34,35 which generated in situ from copper(II) and ascorbate,36,37,38. The barbituric derivatives were generated via the Knoevenagel condensation of propargylated hydroxyl-benzaldehyde and barbituric acid (Scheme 1). In addition, we were carried out a theoretical study on the mechanism of this click reaction, by means of the density functional theory (DFT).

EXPERIMENTAL
General information and apparatus: 
Melting points were measured on an Electrothermal 9100 apparatus. NMR spectra were recorded with a Bruker DRX-400 AVANCE instrument (400.1 MHz for 1H, 100.6 MHz for 13C) with DMSO as solvent. IR spectra were recorded on an FT-IR Bruker vector 22 spectrometer. Mass spectra were recorded on a Finnigan-Matt 8430 mass spectrometer operating at an ionization potential of 70 eV. Elemental analyses were carried with a Perkin-Elmer 2400II CHNS/O Elemental Analyzer

Synthesis:
Propargylation of hydroxybenzaldehyde derivatives 2a – b: 
Propargyl bromide (6mmol) was added to a stirred solution of hydroxyl benaldehydes 1a or 1b (5 mmol) and potassium carbonate (5mmol) in DMF (15ml). After stirring for 4–24 h, water was added and the precipitated solid was ﬁltered and washed with water. 
General procedure for Knoevenagel condensation:
Preparation of (4a-d): To a stirred solution of barbituric acid (1.2 mmol) in aqueous HCl (25 ml, 10%) were added propargylated aldehydes 2a–b (1 mmol) at room temperature. After stirring for 2–10 h, the precipitated material was filtered and washed with water and ethanol. 39
Preparation of (4e-f): Propargylated aldehydes 2a–b (1 mmol) were added to a stirred solution of N,N-dimethylbarbituric acid (3c) (1.2 mmol) in water (20 ml) containing (NH4)2HPO4 (20 mol%) at room temperature. After stirring for 4–12 h, the yellow precipitated was ﬁltered and washed with water and ethanol. 
Preparation of alkyl azide 6a-c:
Sodium azide (1.2 mmol) was added to a solution of benzyl bromide derivatives 5a-c (1 mmol) in DMF. The mixture was heated at 100° C and, after completion (3h), was quenched with an aqueous solution of NH4Cl (15 mL) and extracted with ethyl acetate (3 -20 mL). The organic extracts were washed with brine (3 -20 mL) and dried over MgSO4. After evaporation of the solvent at reduced pressure, pure azides were isolate. 40 
General procedure for click cycloaddition reaction:
Alkynes 4a-f (1.2 mmol) and benzyl azide 6a-c (1 mmol) were added to a solution of CuSO4 (0.2 equiv) DMSO (10 mL) in a capped ﬂask at room temperature. The reaction mixture was stirred at 80°C and, after completion (12h), the reaction was quenched with a saturated aqueous solution of NH4Cl (30 mL) and extracted with ethyl acetate (3- 40 mL). The organic extracts were washed with brine (3 -30 mL), dried over Na2SO4 and concentrated under vacuum. 
RESULTS AND DISCUSSION
Initially, compounds 2a-b were prepared from hydroxyl-benzaldehyde 1a-b and propargyl bromide in the presence of K2CO3(Scheme 2a).41 Then, the alkyne 4a was synthesized through the Knoevenagel condensation of barbituric derivative 3a and propargylated hydroxyl-benzaldehyde 2a under reflux condition in good yield (Scheme 2b).42,43 (Table 1). The general procedure for the preparation of organic azides is shown in Scheme 2c. 40






SCHEME 2. Preparation of dipole 6a-d and dipolarophiles 4a-f

TABLE 1. Knoevenagel condensation
	Entry
	OCH2CCH
	X
	R
	Reaction Time
	Yield%

	4a
	Ortho
	O
	H
	10
	85

	4b
	Para
	O
	H
	7
	90

	4c
	Ortho
	S
	H
	6
	80

	4d
	Para
	S
	H
	2
	87

	4e
	Ortho
	O
	Me
	12
	84

	4f
	Para
	O
	Me
	4
	79



Then the cycloadduct 7 was prepared from (3+2) CA reaction of benzyl azide 6a as a dipole and alkyne 4a as a dipolarophile in the presence of copper(I) species, generated in situ from copper(II)/ascorbate in DMSO15. The synthetic route is outlined in Scheme 3. The progress of reaction was monitored by Thin Layer Chromatography (TLC) and the pure cycloadduct was purified by column chromatography. This protocol was applied to a series of various derivatives of alkyne 4a-f and benzyl azide 6a-d under similar conditions (table 2).


SCHEME 3. Synthesis of the compounds 7 and 8


TABLE 2. Copper-catalyzed [3+2] CA reaction of alkynes and azides
	Entry
	X
	Y
	R
	Yield%
	Structure

	7a
	O
	H
	H
	75
	


	7b
	O
	4-Br
	H
	67

	7c
	O
	H
	Me
	63

	7d
	O
	3-F
	Me
	53

	7e
	S
	H
	H
	72

	7f
	S
	3-F
	H
	51

	7g
	S
	4-Br
	H
	56

	8a
	O
	H
	H
	75
	

	8b
	O
	2-Cl
	H
	71

	8c
	O
	3-F
	H
	62

	8d
	O
	4-Br
	H
	81

	8e
	O
	2-Cl
	Me
	75

	8f
	S
	H
	H
	68

	8g
	S
	4-Br
	H
	63
	



A facile and rapid access to a wide range of novel 1,2,3-triazoles containing a wide range of functional groups has been developedin good yield. The structure of the cycloadduct 7 was determined by various spectroscopic techniques. So, the IR spectrum of 7 demonstrated absorption at 3438 cm-1, indicating the presence of a NH group, 1677 cm-1 and 1159 cm-1 which correspond to the CO and ether group, respectively. The 1H NMR spectrum of 7a exhibited a singlet peak of -CH2 group at 5.27 for Ha and a singlet at 5.61 ppm for two Hc protons of OCH2 group. A singlet peak at δ =8.07 for Hb of triazole heterocyclic compound and a singlet peak at 8.32 ppm of CH is referred to Hd of methine group, respectively (Scheme 3). Two signals at 10.99 and 10.75 were assigned for NH groups of barbituric acid. The 13C NMR of cycloadduct 7 showed a peak at δ =53.34 ppm owing to the CH2 group and a peak at δ =61.92 ppm for the CH2 attached to the oxygen group. This suggests that the triazole 7a is formed. It is well known that in the presence of copper catalyst the preferred regioisomeric products are 1,4-triazoles. 15–22 So, it can be proposed that 7a is produced in the CuAAC cycloaddition reaction studied here. This can be verified with computational study on the NMR spectra of two possible regioisomers and compared the results with experimental data. The formation of the product was also confirmed by mass spectrometry. The mass spectrum of 7 showed a molecular ion peak at 402.1 (M+)

COMPUTATIONAL:
[bookmark: _GoBack]Computational details:
In this study, the geometry optimization of all ground states and transition states (TSs) were carried out using B3LYP 44 functional with 6-31+G(d) basis set as implemented in the Gaussian09 program package.45 Solvent effects are considered by means of CPCM calculations in DMSO.46–49 All the geometry optimizations were performed without any symmetry constraint. The stationary geometries has been characterized as minima (zero imaginary frequency) or transition states (one imaginary frequency) by analytical frequency calculations at the same theory level as the geometry optimizations. In selected reaction pathways, an IRC calculation was carried out to fully characterize the located transition state structures.50,51 The 1H chemical shifts were also studied by means of the GIAO method using the tetramethylsilane (TMS) as 1H reference at the 6-311+G(d) level.52 The reported energies are include zero-point vibrational corrections, thermal and entropy corrections at 298 K and solvation energies. 

1H NMR spectral analysis:
Two possible regioisomers of these reactions have similar splitting pattern. Thus, 1H-NMR of the possible triazoles 7a and 7a' were calculated and compared with our experimental results. As shown in Table 6, the calculated values of Ha, Hc and Hd of the 7a are closer to the experimental values. Accordingly, the cycloadduct of this reaction could be 1,4-triazole 7a.
















TABLE 6: Comparison of the experimental and theoretical 1H-NMR chemical shifts data (δ / ppm) of Ha, Hb, Hc and He of cycloadducts
	Atom number
	7a
	7a'
	Experimental

	He
	5.10
	5.6
	5.22

	Hb
	7.51
	7.31
	8.06

	Hc
	5.40
	4.90
	5.71

	Hd
	8.5
	9.15
	8.32




Uncatalyzed concerted cycloaddition:
The uncatalyzed 1,3-dipolar cycloaddition of organic azides with alkynes was also studied by means of DFT calculations. Due to asymmetry of reagents, two regioisomeric adducts can be formed in the [3+2] CA reaction (Fig. 1). The study found high energy barriers for both the 1,4- and 1,5-approaches. We have also calculated the energy barriers for the coupling of 6a and 4 in order to properly compare its energetics with the catalytic pathways described through this paper. Our calculations gave, as expected, analogous energy barriers for the 1,4- and 1,5-regiochemistries (Fig. 1), resulting in 43.83 and 45.65 kcal/mol, respectively. This energy difference explains the lack of regioselectivity when the cycloaddition is carried out in the absence of any catalyst as well as the slowness of the transformation. The formation of triazoles 7a and 8 are exergonic more than 30 kcal/mol. The optimized geometries of the transition states are shown in Fig. 1.



FIG. 1. The uncatalyzed CA pathways. Energies are in (kcal/mol). Distances in angstroms (Å).

Di-copper catalyzed stepwise cycloaddition:
The analysis of alkyne /Cu reaction pathways between alkyne 4a and azide 6a shows that the CA reaction occurs through a stepwise mechanism (Scheme 4). Consequently, the reactants, transition states, and intermediates are located and characterized. The optimized geometries of the transition states and intermediates are presented in Figure 1.


SCHEME 4. Probable reaction mechanism of deprotonation of alkyne

In the reaction conditions, alkyne 4a is acidiﬁed considerably through coordinating with one CuL and formation of complex C, that calculations show this coordination is endergonic by 5.1 kcal/mol. The deprotonation of complex C to aﬀord di-copper acetylide 4a’’, using triethylamine as a base is exergonic by 5.5 kcal/mol (Scheme 4). In other words, the deprotonation process of alkyne in the presence of two copper ions is 0.4 kcal/mol more favorable than in the presence of one copper ion. This complexation likely increases alkyne activity toward CA reaction.

SCHEME 5. The di-copper stepwise CA pathway.

An in-depth analysis of all the mechanistic proposals for the Cu-catalyzed cycloadditions of azides and alkynes in aqueous media through DFT calculations showed that the di-copper catalyzed stepwise CA mechanism was suggested as the preferred pathway.53,54 The stepwise di-copper reaction is initiated with coordination of atom N15 of azide 6a and atom Cu of acetylide 4a’’ to provide intermediate F. Our calculations show that rate-determining step of this reaction is formation of intermediate F, although it has lower barrier than uncatalyzed manner (23.94 vs 43.83 kcal/mol). In the following, the formation of carbon−nitrogen bond between azide and alkyne will be occurred, leading to the six-membered ring G. Then, the five-membered ring H is formed through ring contraction of G.
The activation energy associated with the nucleophilic attack of azide 6a on the di-copper acetylide 4a’’ via Ts-E is 23.94 kcal/mol; formation of corresponding intermediate F is endergonic, 21.26 kcal/mol. The energy barrier for ring formation from F is 14.07 kcal/mol via Ts F-G and this step has been found to be endergonic by 7.73 kcal/mol. The activation barrier of the formation of cycloadduct H through transition state Ts G-H is 10.43 kcal/mol and this step is exergonic by 55.03 kcal/mol (Figure 2). Then, the decoordination of two CuL+ at H is leading to the triazole 7a which is exergonic by 4.32 kcal/mol, and the overall process is exergonic by 30.36 kcal/mol.
[image: ]
FIG. 2. The di-copper stepwise CA pathway. The relative energies are in (kcal/mol).

Analysis of global and local properties:
Analysis of global and local properties:
[bookmark: OLE_LINK26][bookmark: OLE_LINK27]The frontier molecular orbital (FMO) 55–58 analysis was performed at HF/6-311++G(d,p)//B3LYP/6-31G(d) level to explain the regioselectivity and reactivity in [3+2] CA of benzyl azide 6a and alkynes 4a and 4a’’. According to the FMO theory, the interactions between orbitals is favored when they are closer in term of their energies.59,60 To better visualize the FMO approach, two possible interactions HOMOdipolarophile -LUMOdipole and HOMOdipole - LUMOdipolarophile for uncatalyzed and catalyzed reactions are shown in Figure 3. In the absence of copper catalyst, the HOMOazide–LUMOalkyne interaction controls the CA reaction. However, in the presence of two copper ions, the HOMO–LUMO energy gaps of the alkyne 4a’’ as a dipolarophile and azide 6a as a dipole are slightly closed, therefore both HOMO-LUMO interactions are important (type II in sustman classification.).61–64 In comparison with alkyne 4a, the HOMO and LUMO energy gaps of alkyne 4a’’ are decreased. (Figure 3). This can be explained by the involvement of copper as a soft metal.

FIG. 3. HOMO and LUMO energies of dipolarophiles 4a and 4a’’ and azide 6a calculated at the HF/6-311++G(d,p)//B3LYP/6-31G(d) level.

As shown in Table 4, for the dipole 6a the HOMO coefficient of N15 is 0.40 and that of N17 is 0.03 and the LUMO coefficients of dipolarophile 4a on the reactive sites C28 and C29 are 0.07 and 0.20, respectively. According to Houk’s rule,65 the most favored large-large interaction would be occurred between C29 of the alkyne 4a and N15 of the azide 6a, which is in agreement with the experimental observation.66 For di-copper acetylide 4a‘‘, the analysis of HOMOazide 6a–LUMOalkyne 4a‘‘ interaction shows that the coefficient of C29 is higher than C28 (Table 4). Therefore, the most favored interaction will take place between C29 and N15, in accordance with the experimentally favored product. Also, for the HOMO alkyne 4a–LUMO azide 6a interaction, the LUMO coefficient of N17 and the HOMO coefficient of C28 at di-copper acetylide 4a‘‘ and azide 6a are higher than N15 and C29, respectively and the interaction between C28 and N17 is in harmonic with the proposed regioselectivity.

	TABLE 3: The calculated electronic chemical potential μ, chemical hardness η, global electrophilicity ω, global nucleophilicity N and global softness indices S, for azide 6a, alkynes 4 and 4a.


	Structure
	µ(a.u)
	η(a.u)
	ω(e.V)
	N(e.V)
	s(a.u)

	Alkyne 4a
	−0.175
	0.37
	1.12
	1.36
	1.35

	Alkyne 4a’’
	−0.140
	0.32
	0.83
	2.99
	1.56

	Azide 6a
	−0.145
	0.39
	0.73
	1.90
	1.28



[bookmark: OLE_LINK15][bookmark: OLE_LINK16][bookmark: OLE_LINK17][bookmark: OLE_LINK18][bookmark: OLE_LINK19][bookmark: OLE_LINK29][bookmark: OLE_LINK30][bookmark: OLE_LINK31]The regioselectivity of CA reaction can be analyzed using the local and global indices defined in the context of DFT. The static global properties, namely electronic chemical potential (μ), chemical hardness (η), global electrophilicity (ω) and global nucleophilicity (N) indices of alkyne 4a, di-copper acetylide 4a’’ and azide 6a are reported in Table 3. The global electrophilicity index, is the ratio ω=μ2/(2η), which measures the total ability to attract electrons from the environment. Electronic chemical potential (µ), is the mean value of HOMO (εH) and LUMO energies (εL) as µ~(εH+‏εL)/2 and is relative measure of the molecular capacity to donate electron density. Chemical hardness (η), is the difference between the HOMO (εH) and LUMO (εL) energies as η=(εL-εH), the global softness computed as: S= 1/2η and the relative global nucleophilicity index N,based on the HOMO energies defined as N=(εH(Nu)-εH(TCE)) where TCE is tetracyanoethylene. 67,68,69,70 According to Table 3, the electronic chemical potential and nucleophilicity of azide 6a is greater than alkyne 4a, thus the electron flux can take place from azide 6a to alkyne 4a in accordance with FMO analysis. As expected, di-copper acetylide 4a’’ has an electronic chemical potential higher than azide 6a, which means that the electronic ﬂow is from the dipolarophile 4a’’ to dipole 6a. Di-copper acetylide 4a’’ can also behave as a medium nucleophile in polar processes (N = 2.99 eV) and it has greater nucleophilicity value than 4a and 6a. 
	TABLE 4: The calculated local properties of for azide 6a, alkyne 4 and 4a.


	Structure
	Site
	HOMO coefficient
	LUMO coefficient
	
	
	
	
	

	Alkyne 4a
	C28
C29
	0.02
0.10
	0.07
0.20
	0.11
0.05
	0.11
0.03
	0.14
0.06
	0.15
0.04
	0.004
0.001

	Alkyne 4a’’
	C28
C29
	0.12
0.11
	0.52
0.93
	0.16
0.31
	0.36
0.47
	0.25
0.49
	0.57
0.74
	0.011
0.015

	Azide 6a
	N15
N17
	0.40
0.03
	0.35
0.78
	0.91
0.34
	0.71
0.62
	1.16
0.44
	0.91
0.80
	0.019
0.016



The Fukui functions guess favorable interactions between two molecules of the donor and the acceptor. The local electrophilicity indices ωk, was extracted from ωk=ωƒk+. The value of ƒ+ and ƒ- are the electrophilic and nucleophilic Fukui functions, respectively, obtained through the analysis of the Mulliken charges analysis of the radical cation and the radical anion.71–76 The Fukui functions of ƒ± at the atomic center k for electrophilic ( ) and nucleophilic ( attacks can be obtained from single point calculations at the optimized structures of the ground state of the donor and the acceptor (dipole-dipolarophile). As shown in Table 4, the largest nucleophilic and electrophilic activation of azide 6a are at the N15 ((fk- =0.91) and (fk+ =0.71)). In the absence of copper, alkyne 4a has the largest electrophilic activation at the C28 atom. So, the C28 of alkyne 4a will be the preferred position for a nucleophilic attack of the N15 of azide 6a, which is completely opposite with the observed regioselectivity of click reaction. The di-copper acetylide 4a’’, at the C29 has the larger electrophilic and nucleophilic activation than C28, (fk- =0.31 vs 0.16) and (fk+ =0.47 vs 0.36), respectively. Therefore, the C29 of di-copper acetylide 4a’’ will be the preferred position for a nucleophilic attacks to the N15 of azide. All of these interactions of di-copper acetylide are in good agreement with the observed regioselectivities. 

	TABLE 5: The calculated hard and soft acids and bases (HSAB)


	Structure
	(- )2
	
	

	

Alkyne 4a- Azide 6a
	(- )2
(- )2
(- )2
(- )2
	1.02
0.16
0.08
1.25
	
1.18
1.34

	

Alkyne 4a’’-Azide 6a
	(- )2
(- )2
(- )2
(- )2
	0.35
0.09
0.02
0.18
	
0.44
0.19

	

Azide 6a- Alkyne 4a’’
	(- )2
(- )2
(- )2
(- )2
	0.43
0.10
0.18
0.30
	
0.53
0.48



The hard and soft acids and bases (HSAB) principle and local softness can be used in predicting the regioselectivity of CA reactions.77–79 The local softness's sk are calculated through Sk± =S.fk±.80 The softness matching index is calculated by  = (- )2 + (- )2 where the lower value of showed the favored pathway. For CA of azide 6a and alkyne 4a, the  value for the generation of 1,5-triazole C is smaller than that for 7a (1.18 vs. 1.34 which is in disagreement with the regioselectivity of the click reaction in the presence of copper complex.81 In the presence of two coppers, the  value for both directions of the generation 7a is smaller than that for another one. This suggests a preference for the generation of 7a which is in agreement with the regioselectivity experimentally observed.16 The mentioned values are given in Table 4.
CONCLUSION
In summary, we have developed a general method for the synthesis of novel triazoles with barbituric motifs via the [3+2] CA reaction in DMSO. The investigation proceeds using alkynes as dipolarophile and azides as dipoles in the presence of copper (I). Finally, mechanism and the regiochemistry of the reaction have been studied in terms of global and local reactivity indices, FMO analysis and characterization of relevant transition states at the B3LYP/6-31+G(d) level of theory. Analyses of global and local properties are in agreement with the regioselectivity of the experimental results.
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