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ABSTRACT: The selective synthesis of 5,6-dihydropyrimidin-4(3H)-one scaffold (precursor of 

dihydrouracil) was a quite difficult synthetic challenge which has not been achieved so far. For 

the first time, in this paper, green, selective and high-yields approach to forty novel 5,6-

dihydropyrimidin-4(3H)-ones (DHPMs) by one-pot reaction of aldehydes, Meldrum's acid and 

isothioureas under solvent-free conditions in the presence of water as an additive is presented. In 

the majority of cases, introduced methodology gave an unprecedented tautomer-selective fashion 

towards targeted compounds with excellent tautomeric purity (>99.9%), which reached 100% in 

few cases. The molecular structure of the five compounds has been determined by X-ray 

crystallography. In each one of them very short length for the corresponding N2–C1 bond was 

noticed, making them especially structurally interesting. This experimental fact can imply a 

highly localized electron π density in this part of each heterocyclic ring. The obtained 

experimental results which figure out from NMR and ESI-MS study indicate that this Biginelli-

type reaction smoothly proceeds in a one-pot mode, pointing out to the three-step tandem process 
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going via Knoevenagel, aza-Michael and retro-Diels-Alder reactions. The presented strategy also 

was followed by advantages: reduction amount of waste, excellent values of green chemistry 

metrics (cEF, EcoScale and GCIS) and it is a first eco-friendly strategy towards to DHPMs 

scaffold. 

Keywords: Biginelli-Atwal reaction; solvent-free; dihydrouracil; diazoles; tautomer-selective; 

short C=N bond; green metrics 

Introduction 

Since the conventional chemical manufacturing processes for preparing of different 

pharmaceutical and other relevant molecules produces large amounts of waste and toxic by-

products1 it is essential to develop methods which satisfy green principle.2,3 All chemical 

transformations should be promoted in eco-friendly medium with advantages such as the easy 

work-up, nontoxicity, nonflammability and high heat capacity.4 To realize these requirements, 

synthesis of some important compounds is performed in water,5 ionic liquids,6 lemon juice,7 bio-

based chemicals8 and supercritical fluids9 as an environmentally friendly and sustainable 

medium. The last few years especially appealing are reactions under solvent-free conditions, 

driven by grindstone10-13 or “in the presence of water” methodology.14-16 Generally, the reactions 

carried out under mentioned conditions displayed shorter reaction times, higher yields and 

selectivity, reduction of reaction waste when compared with the same processes carried out in 

some organic solvents. An additional bonus of solvent-free chemistry consists in the fact that it 

avoids the serious environmental concerns associated with the traditional methods, as well as in 

possibility to perform the multigram scale synthesis of important bioactive compounds.17 

Dihydropyrimidinones (DHPMs) are an important class of heterocyclic compounds in medicinal 

chemistry, due to their diverse pharmacological activities, which occupied the attention of many 

scientists.18-21 They exhibit different biopotentials, such as antimitotic,22 antiproliferative,23 and 

cytotoxic activities.24 For some DHPMs, it has been found to be antivirals and antibacterial, 

adrenergic receptor antagonists, calcium channel modulators and mitotic kinesin inhibitors.25 

Some DHPMs such as risperidone and paliperidone (9-hydroxy-risperidone) are applied for the 

treatment of schizophrenia.26,27 The pyrimidine-based compounds, containing the conjugated π-

system display fluorescent properties and are successfully used as electronic and photonic 

materials.28-30 Most of DHPMs, earlier described in the literature, were prepared via very 
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important Biginelli multicomponent reaction under acid-catalyzed conditions.31-34 However, 

Atwal proposed a different approach to obtained DHPMs in 1987, which allowed using of 

isouronium salts and enones under basic conditions.35,36 

Traditional methods leading to DHPM scaffold via Atwal’s modification of Biginelli reaction 

have been carried out in hazardous, toxic organic solvents and reagents such as acetonitrile,37 

ethanol/Et3N,38 dimethylacetamide,39 trifluoroacetic acid39 and N-methyl-2-pyrrolidone.40 

Previously, all these methods have led to undesirable drawbacks such as complicated two steps 

procedures, difficult isolation, the application of special apparatus (e.g., microwave irradiation), 

limited-scope procedure, etc.  

 

Scheme 1. Different strategies towards dihydropyrimidine scaffolds. 

 

The crucial DHPMs scaffold is 5,6-dihydropyrimidin-4(3H)-one which presents backbones or 

toolkit to access dihydrouracil, that is well-known as an intermediate in the catabolism of 

uracil,41 one of the fundamental building block of life. In earlier published method few examples 

of the 5,6-dihydropyrimidin-4-ones were observed as a mixture of prototropic tautomers with 
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very unfavorable purity (Scheme 1, a).37 In one variation of Biginelli-Atwal reaction poor 

selectivity has been achieved (Scheme 1, b).42 Both protocols carried out with solvents indicate 

that high tautomer purity (≥99%), in Atwal’s modification of Biginelli reaction, was quite 

problematic synthetic challenge and it has not been achieved so far. Bearing in mind mentioned 

facts, our combined experiences and interest in green43,44 and multicomponent synthesis45-47 

prompted us to explore, develop novel and at the same time greenness synthetic strategy for the 

synthesis of 6-aryl-5,6-dihydropyrimidin-4(3H)-ones on a highly tautomer-selective manner.  

To our delight, we wish to report the highly tautomeric pure synthesis of forty novel 6-aryl-5,6-

dihydropyrimidin-4(3H)-ones (4a-t and 4’a-t) “in the presence of water” under soft basic 

solvent-free conditions (Scheme 1, c). 

Results and Discussion 

A simple, green, efficient, and convenient solvent-free method for the soft base catalyzed 

synthesis of forty novel 6-aryl-5,6-dihydropyrimidin-4(3H)-ones (4a-t and 4’a-t) from different 

aldehydes (1), Meldrum’s acid (2) and S-allyl- (3) or S-methallyl isothiourea (3’) in the presence 

of water as additive in mortar with pestle is depicted on Scheme 1.  

Following our goal to develop green and selective methodology towards DHPMs with the 

significant reduction of waste we started with a screening of reaction conditions where the 

reaction of benzaldehyde 1a with 2 and 3, was selected as a model reaction to produce 4a (Table 

1).  

We first explore the applicability of various bases followed with a thermal setup to find the high-

yielding methodology which driven by grindstone solvent-free methodology. In the light of this, 

some weak bases such as NaHCO3, Na2CO3, CH3COONa and [Bmim][HCO3] were used. 

Unfortunately, after homogenization 1 and 1.5 eq. of NaHCO3, Na2CO3, CH3COONa with 

above-mentioned substrates under solvent-free conditions at room temperature appropriate 

Knoevenagel’s adduct as sole product in moderate yields was obtained. Same happened when we 

added 5 eq. of each base at 50 oC, none of these reactions led to the targeted products even after a 

long time of grinding. Nevertheless, the catalytic amount (20 mol%) of soft base ionic liquid (IL) 

[Bmim][HCO3] at 50 oC produced targeted products but in low yields (Table 1, entry 1) after 

complicated workup. Then, under thermal screening and with addition of 100 mol% of IL yields 
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were slightly better at 70 oC and 100 oC but still unsatisfactory (entry 2 and 3, up to 42%). This 

manner was followed with moderate tautomeric purity (by NMR 3H : 1H= 79:21). As a last 

resort, we performed reactions “in the presence of water”, so the next experiments were 

conducted with 0.5 mL of water as an additive and 1 eq. NaHCO3, Na2CO3 and [Bmim][HCO3]. 

For all of them, we achieved moderate yields of targeted compound (up to 52%). Although these 

bases provided appropriate product, by using of 20 mol% of CH3COONa in the presence 0.5 mL 

of water through 3h significantly better yields (entry 4, 91% of 4a) were achieved that combined 

with exclusively tautomer-purity 3H : 1H = 99.9% : 0.1% for 4a (Figure S81).  

 

Table 1. Conditions screening  

 

 

 

 

 

 

 

 

 

 

 

 

Entry Conditions[a] Isolated 
yield of 
4a (%) 

3H:1H
[d] 

(%) 

1 [Bmim][HCO3] 20 
mol%, 50 oC 

24 n.d. 

2 [Bmim][HCO3] 1 eq., 
70 oC 

27 n.d. 

3 [Bmim][HCO3], 1 eq., 
100 oC 

42 79 : 21 

4[b] CH3COONa  
H2O (0.5 mL) 

91 99.9 : 0.1 

5 CH3COONa   
H2O (0.75 mL) 

88 99.1 : 0.9 

6 CH3COONa   
H2O (1.0 mL) 

85 99.4 : 0.6 

7 CH3COONa   
H2O (10 mL)[c] 

- - 

8 CH3COONa  
 20% aq. CH3COOH 

- - 

9 CH3COONa   
0.5 mL CH3COOH, 
iPrOH or tBuOH 

- - 

10 CH3COONa, 
CH3CN+H2O (18 + 0.5 

71 81 : 19 
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mL) 

[a] Conditions in entries 7-9 are produces only Knoevenagel product, [b] Entries 4-
10 carried out at 50 oC with 20 mol% of CH3COONa, [c] water as solvent, and [d] 
ratio was determinate by using HPLC and NMR (entry 3 and 10). 

 

Additionally, we investigated the effect of different quantity of water and type of proton source 

(alcohols and acid) under same conditions. Obtained results suggested that loading volume of 

water, which ranged from 0.5 mL to 1 mL (entry 4-6), did not have a significant effect on yields 

and purity of 4a. We have also tested the effect of water as the solvent (entry 7) and under this 

condition appropriate Knoevenagel’s adducts fall out of solution in nearly quantitative yields. By 

using acetic acid and its aqueous solutions as well as iPrOH and tBuOH as a proton source, sole 

Knoevenagel’s product appeared (entry 8 and 9), without the presence of the traces of 4a. 

Additionally, by varying the molar ratio of 3 and 1a, from 1.5:1 to 2:1 we have not achieved any 

effect on yields. When optimal reaction conditions were applied in the solvent mixture 

(acetonitrile + water = 18mL+ 0.5mL) 4a was isolated in moderate yield (71%) which followed 

with poor selectivity 3H : 1H = 81% : 19% (entry 11). Similar conditions when using acetonitrile 

result in an unfavorable mixture of products. Obtained results demonstrated the importance of 

the presence of water as an additive and at the same time pointed out to the advantage of solvent-

free methodology. Results which are obtained from optimization screening clearly indicates that 

the optimal reaction condition was of 20 mol% CH3COONa in the presence 0.5 mL of water at 

50 oC with molar ratio 1:1. In addition, to check the reproducibility, the method was performed 

three times without any appreciable loss in terms of selectivity and yield of 4a.  
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Figure 1. Structures, isolated yields (%) of 4a-t and 4’a-t and them purity which presented as 

ratio 3H : 1H in % (in brackets). Purity was determinate by using HPLC technique (see SI).  

With optimized reaction conditions in hand, we evaluated the substrate scope regarding 

aldehydes and biazanucleophyles (Scheme 1 and Figure 1). Initially, a wide range of different 

aldehydes 1b-t, 2 and biazanucleophyles 3 or 3’ were subjected to optimized conditions and after 

simple workup, the newly-synthesized products were isolated.  

The structures of obtained products 4a-t and 4’a-t are depicted in Figure 1. Generally, good-to-

excellent yields were achieved, however, the best yield (95%) was achieved in the synthesis of 

4k from 1k, 2 and 3. Also, it was found that electron-donating as well as an electron-

withdrawing group at aromatic rings of aldehydes did not have a significant impact on the yield 

of targeted products. For example, p-nitrobenzaldehyde 1i (strong electron-withdrawing group) 

and p-methoxybenzaldehyde 1j (electron-donating group) gave excellent yields for 4i, 4’i, 4j and 

4’j: 90%, 86%, 93% and 87%, respectively. However, the exception was the aldehyde 1c which 

contains bulky anthracenyl group that led to lower yields of 4c (73%) and 4’c (68%), pointing 

that the presence of high steric hindrance lowered the reaction efficiency.    
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The forty newly-synthesized compounds (4a-t and 4’a-t) were characterized by IR, NMR, MS 

and X-ray crystallography. The NMR (1H and 13C) spectra are given in Supporting Information 

(SI) (Figures S1-S80). The 1H NMR data for all products shown slightly broadened singlet 

located in range 8.5-9.5 ppm related to imino N-H proton pointing that all products exist in 3H-

form. In the crystalline state 4 and 4’ exists in the 3H-form according to X-ray crystallographic 

analysis (Figure 3). In addition, to determine purity (%) we separated and measured ratio 3H : 

1H by using of LC-MS/MS (see SI). Obtained results indicate that our green methodology gave 

tautomer-enriched manner for access to the 5,6-dihydropyrimidin-4(3H)-ones with a measured 

ratio of 3H : 1H up to 99.9% : 0.1% (Figures 1 and S81-S120). Especially, in few cases (4g, 4h, 

4’h and 4’m) absence of 1H-form was achieved. The tautomeric ratios remained unaffected 

standing in the solution and when the concentrations varied showing that N-H proton (3H-form) 

unlikely to tautomerize into 1H-form in solution. As support, unusually short C=N bond distance 

as explained in section with crystal structure description of five compounds points on an absence 

of electron π delocalization along N=C-NH fragment. As well-known, π-electron delocalization 

plays a crucial role in tautomeric systems and its presence or absence strongly influence on final 

tautomeric distribution.48,49   

To elucidate the function of water as proton source in the synthesis we performed some control 

experiments. Consequently, we investigated the isotope labelling using deuterium oxide (instead 

of H2O) in the hope that will give us valuable information how water contributed reaction. Under 

optimized conditions, we isolated 4a-d3 as sole deuterated product and without unlabeled product 

4a (Figure 2). Compounds 2 and 3 did not show labelled properties in the control experiments 

under same conditions. 
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Figure 2. Overlap of 1H NMR spectra of 4a (top) and 4a-d3 (bottom) 

 

As can be seen from the overlap of 1H (Figure 2) and 13C NMR (Figure S128) spectra of 4a and 

4a-d3 absence of an appropriate signal of α-methylene protons and appropriate carbons from 

CH2CO fragment approve that α-carbon is fully deuterated. Then, the signal of a benzylic proton 

is simplified from doublet of doublet in 4a into broadened singlet which appeared in 4a-d3 

(yellow shadow, Figure 2) pointing to the absence of through space CD2-CHBz proton coupling 

(Figure S130), which we have already detected in NOESY spectra of 4a (Figure S129). On the 

first look, although the reaction was driven under the solvent-free condition we have assumed 
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that H/D exchange happened between in situ formed 4a and D2O, on the solid-additive (water) 

surface to produce 4a-d3. Hence, we explore control reaction to investigated isotopic labelling 

properties of protons in 4a skeleton under optimized conditions. Interestingly, however, protons 

in 4a did not show exchangeable properties under solvent-free conditions approving that direct 

conversion of pre-formed 4a into 4a-d3 in the presence of D2O was not possible (Figure 2). 

Additionally, in basic CD3CN/D2O solution, NH proton in 4a showed isotopic labelling 

properties, however, α-methylene protons were not labelled (Figure S132).  Considering, we 

proposed that the deuteration is most likely take place during formation some stable 

intermediates which are formed on the reaction path. To address this issue, we were monitored 

reaction mixture (1a + 2 + 3) by using of ESI-MS technique in positive and negative mode 

(Figure S131).   

Based on NMR and ESI-MS experimental observation we suggested followed mechanistic 

proposal (Scheme 2). On the starting point substrates (1a and 2) are furnished benzylidene 

adduct I (m/z 233 [M + H]+) over Knoevenagel reaction. Then it reacted with 3 via the aza-

Michael step as a Michael acceptor releasing the hydrogen-bridged cyclic zwitter ion II (m/z 349 

[M]+). Intermediate II gave anionic intermediate III (m/z 349 [M + H]+) which in the presence of 

water produces intermediate IV (m/z 349 [M]+). Then, this one undergoes retro-Diels-Alder step 

(cycloreversion) to generate carboxyketene VI (m/z 291 [M + H]+). Finally, carboxyketene have 

two possible destinies. The first one, it could be directly intramolecular trapped by nucleophilic 

NH2 group furnishing β-keto acid VII (m/z 290 [M]+), which suffers by intermolecular 

rearrangement, underwent elimination of CO2 to afford 4a (m/z 247 [M + H]+). The second one, 

4a can occur via ketene VIa (m/z 246 [M + H]+) which made over decarboxylation of 

carboxyketene VI. Carboxyketene has been detected as likely intermediate in the reaction of 

Meldrum’s acids with nucleophilic reagents in multicomponent/domino process.50    
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Scheme 2. The proposed mechanism of the reaction. 

 

Molecular and crystal structures of 4f, 4’c, 4’d, 4’g and 4’s 

 

The molecular structure of the compounds 4f, 4’c, 4’d, 4’g and 4’s (Figure 3) is determined by 

single-crystal X-ray diffraction analysis (Table S1). All five molecules are characterized by a 

similar structural fragment which consists of the DHMP ring bearing the phenyl substituent at 

chiral C4 and the methylallylthio or allylthio group at atom C1 (Figure 3). The overlay of these 

fragments (Figures 4 and S122) reveals a very similar half-chair conformation of the central six-

membered ring, where the C4 atom significantly deviates [0.510(3) to 0.623(3) Å] from the 

least-squares plane of the other five atoms [rms deviations of fitted atoms N2/C1/N1/C2/C3 

range from 0.053 to 0.078 Å]. 
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Figure 3. Molecular structure of the compounds 4f, 4’c, 4’d, 4’g and 4’s (CCDC 1829873-

1829877) with 40% probability displacement ellipsoids and the atom-labelling scheme. 

According to Figure 4 the five molecules mainly differ in two respects, i.e. the different 

inclination of the aromatic fragment relative to the heterocyclic ring and the dissimilar 

orientation of their S-substituents (see Figure S123 and torsion angles in Table S2). A 

comparison of structural parameters (Table S3) indicates similar bond lengths and angles for the 

five molecules. It is especially interesting to notice that the all five molecules display very short 

length for the corresponding N2–C1 bond (average value of 1.26 Å); this can imply a highly 

localized electron π density in this part of each heterocyclic ring. 

 

Figure 4. The overlay of five molecules (see Figure 3) based on a least-squares fit of atoms 

from the heterocyclic rings. 
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A CSD (Cambridge Structural Database) search51 for heterocyclic structures comprising the 

similar N atom bonded to two carbon atoms shows that only 1% of the archived crystal structures 

(Figure S124a) contains the N–C bonds with the lengths similar to N2–C1 bond of the present 

compounds. Results of the CSD search also show that the difference between the bond lengths of 

two N-C bonds formed by the same N atom rarely reaches 0.21 Å as is the case with the N2–C1 

and N2–C4 bonds in the present structures (see Figure S124b). Single-crystal X-ray diffraction 

experimental information and detailed description of the 4f, 4’c, 4’d, 4’g and 4’s crystal 

structures can be found in SI. 

Green validation of applied method 

To validate presented methodology on an example of synthesis 4a we are used complete E-factor 

(cEF),54,55 EcoScale1 as well-known green analytic tools. Compared with established literature 

procedures (see SI) presented method is followed with significantly lower cEF = 25.9 and higher 

value of EcoScale = 91.5. Consequently, a lower cEF and at the same time higher EcoScale 

means fewer amounts of waste and points out that applied chemical process has the positive 

environmental impact. In addition, we compared results which obtained under solvent-free 

(Table 1, entry 4) and in solvent conditions (entry 10) by using green chemistry innovation 

scorecard-GCIS.55,56 GCIS presents one graphical output, which clearly and effectively illustrates 

the impact of the innovative procedure on waste reduction during the synthesis. As can be seen 

from data which are outlined in Figure 5, method in the solvent and solvent-free produce 1.03 

more and 2.05 times less waste, respectively, compared to the industry average. 

“Excellent” relative process greenness (RGB) properties in both protocols was achieved. 

However, solvent-free strategy upgraded RPG value approximately 2.5 times by 128% (in the 

solvent) to 326% (solvent-free) and at the same time reducing the amount of waste by 40.4 kg 

per kg product. Hence, the solvent-free method is followed by significantly higher process 

improvements (innovation impact quadrant, Figure 5), compared to the method which carried 

out in the solvent. Finally, obtained results from GCIS indicates that solvent-free method gave 

significantly better efficiency towards to DHMP scaffold which is followed by significantly 

better RGB value, innovation impact as well as reduction of the quantity of reaction waste 

(Figure 5). 
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Figure 5. Green chemistry innovation scorecard for solvent (top) and solvent-free driven 

protocol (bottom). 
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Conclusion 

In summary, an elegant and high-yielding solvent-free methodology driven by solvent-free route 

and “in the presence of water” for the environmentally friendly synthesis of forty novel 5,6-

dihydropyrimidin-4(3H)-ones under soft basic conditions with high tolerance to various 

substrates has been developed. In the majority of cases, the high-to-excellent yields of 

appropriate products (up to 95%) and at the same time high selectivity for each of them (3H : 1H 

= >99.9% : 0.1%) was achieved. The molecular structures of the compounds 4f, 4’c, 4’d, 4’g and 

4’s has been determined by single-crystal X-ray diffraction analysis. In each one of them, very 

short length for the corresponding N2–C1 bond (average value of 1.26 Å) was noticed. 

According to CSD analysis, only 1% of the N-heterocyclic structures contains the N–C bond 

with the lengths comparable to N2–C1 bond. This feature makes the present compounds 

especially interesting from the structural point of view.  

Additionally, reduction of waste (confirmed by using green chemistry innovation scorecard) and 

excellent values of green chemistry metrics (cEF and EcoScale) in the synthesis of 6-aryl-5,6-

dihydropyrimidin-4(3H)-one motifs, has been realized. The use of green compatible approach 

which followed with simple work-up, extended substrate scope regarding aldehyde (twenty) and 

biazanucleophyles (two), requires no chromatographic purification, reduction of waste and at the 

same time possibility for functionalization of synthesized heterocycles makes presented strategy 

very suitable for one-pot conversion of similar substrates into corresponding products. Allylic-

decorated 6-aryl-5,6-dihydropyrimidin-4(3H)-ones will be an excellent toolkit for the lead-

oriented synthesis of targeting medicinally relevant motifs, which is developing in our 

laboratory. 

Experimental  

General information 

All substrates (allyl chloride 99.5 %, methallyl chloride 97 %, thiourea 99%, 2,2-dimethyl-1,3-

dioxane-4,6-dione 98% and aldehydes) were purchased from Sigma. The vanillic aldehydes (1l, 

1m, 1o, 1q-t) were synthesized according to the previously described methodology.52,53 HPLC-

grade acetonitrile, methanol and water were purchased from Sigma-Aldrich (St. Louis, MO, 

USA). Formic acid (p.a.) was obtained from Merck (Darmstadt, Germany). The melting points 
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(mp) were determined on a Mel-Temp apparatus and are uncorrected. The IR spectra were 

recorded by a Perkin–Elmer Spectrum One FT-IR spectrometer on a KBr pellet. The NMR 

spectra of compounds 4 and 4’ (Figures S1-S80) were performed in DMSO-d6, CDCl3 or 

mixture DMSO-d6 : CDCl3 with TMS as the internal standard on a Varian Gemini 200 MHz 

NMR spectrometer (1H at 200 and 13C at 50 MHz). 1H NMR data are presented in followed 

order: chemical shifts (ppm), multiplicity (s = singlet, d = doublet, dd = doublet od doublet, t = 

triplet, q = quartet, qd = quartet of doublet, m = multiplet, and br. s. = broad singlet), number of 

protons, coupling constants J (Hz) and type of carbon group where is appropriate proton 

attached. LC-MS/MS system consisted of Shimadzu (Kyoto, Japan) components: two LC-30AD 

UPLC pumps connected in binary gradient mode, DGU-20A degassing unit, SIL-30AC 

autosampler, CTO-20AC column oven, CBM-20A system controller and LCMS 8040 triple-

quadrupole mass spectrometer. Waters Symmetry® C18 reversed-phase column (150 x 4.6 mm, 

5 µm) was employed for the separation of isomers 3H and 1H. Mass spectrometer operated in Q3 

scan mode (unit resolution), selected m/z range was 100-1000, scan speed was 909 u/sec. 

Ionization was performed in ESI+ mode, interface voltage was set to +4.5 kV after several trials 

to accomplish the best yield for the molecular ion and avoid in-source fragmentation. 

Temperatures of the interface, desolvation line and heat block were set to 350 °C, 250 °C and 

400 °C respectively. Drying gas (N2) flow was 15 l/min and nebulizing gas flow was 3 l/min. 

Electrical parameters (pre-filter and quadrupole voltages) were optimized using PPG for the 

positive and raffinose for negative ionization according to the in-built auto-tune procedure of the 

instrument. Princip of analysis, chromatograms and MS spectra of 4a-t and 4’a-t are given in SI 

(Figures S81-S120).   

Experimental procedure for preparation of diazoles 3 and 3’ 

Twice redistilled allyl or β-Methallylchloride (100 mmol) was added to a solution of thiourea 

(9.12 g, 120 mmol) in water (50 mL), and the mixture was stirred at 80 oC for 6 h. The solution 

was cooled at room temperature, acetone (50 mL) was added and put in the refrigerator during 

the night. White shine crystals of obtained products S-allyl or S-methallylisothiouronium 

hydrochloride were precipitated, filtrated, washed with acetone and vacuum dried. Then, 

isothiouronium hydrochloride salts were ground in a mortar with NaHCO3, dissolved in ethanol, 

filtered and after the removed solvent was obtained 3 and 3’. 
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General experimental procedures for synthesis of 6-aryl-5,6-dihydropyrimidin-4(3H)-ones 4 

and 4’ 

In a mortar with pestle crystalline S-allyl or S-methallylisothiourea (5 mmol) with 5 mmol of 

appropriate aldehyde (1a-t) was ground 10 minutes. Then, Meldrum’s acid (0.720 g, 5 mmol) 

and sodium acetate (0.082 g, 20 mol%) were added and homogenized in mortar with pestle. 

After 30 minutes water (0.5 mL) was added and then homogenized periodically (20 min.) 

through 3h at 50 oC. Upon completion of the reaction (followed with TLC) in the resultant paste 

15 mL 70% methanol-water solution was added, obtained products (4 or 4’) fall out of the 

solution in pure form, isolated via filtration, washed with hot water and air-dried. All 

experimental data (mp, IR, NMR, LC/MS and X-ray crystallography data) are given in SI.  

Acknowledgements  

The authors are grateful to the Ministry of Education, Science and Technological Development 

of the Republic of Serbia for financial support (Grant 172011 and 172034). 

Supporting Information 

The NMR, MS spectra and chromatograms, as well as the X-ray crystallography and green 

metrics data are provided in Supporting Information. 

References 

 

1.       Van Aken, K.; Strekowski, L.; Patiny, L., EcoScale, a semi-quantitative tool to select an 

organic preparation based on economical and ecological parameters. Beilst. J. Org. Chem. 2006, 

2, 3, DOI 10.1186/1860-5397-2-3. 

2. Anastas, P. T.; Warner, J. C., Green Chemistry: Theory and Practice, Oxford University 

Press, 1998. 

3. Anastas, P. T.; Kirchhoff, M. M., Origins, current status, and future challenges of green 

chemistry. Acc. Chem. Res. 2002, 35, 686-694, DOI 10.1021/ar010065m. 

4. Alfonsi, K.; Colberg, J.; Dunn, P. J.; Fevig, T. ; Jennings, S.; Johnson, T. A.; Kleine, H. 

P.; Knight, C.; Nagy, M. A.; Perryand D. A.; Stefaniak, M., Green chemistry tools to influence a 

medicinal chemistry and research chemistry based organization. Green Chem. 2008, 10, 31-36, 

DOI 10.1039/B711717E. 

Page 17 of 24

ACS Paragon Plus Environment

ACS Sustainable Chemistry & Engineering

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



5. Narayan, S.; Muldoon, J.; Finn, M. G.; Fokin, V. V.; Kolb, H. C.; Sharpless, K. B., “On 

Water”: Unique reactivity of organic compounds in aqueous suspension. Angew. Chem. Int. Ed. 

2005, 44, 3275-3279, DOI 10.1002/ange.200462883. 

6. Plechkova, N. V.; Seddon, K. R., Applications of ionic liquids in the chemical industry. 

Chem. Soc. Rev. 2008, 37, 123-150, DOI 10.1039/B006677J. 

7. Dabholkar, V. V.’Mohammed M. A.; Shinde, N. B.; Yadav, O. G., Green synthesis of 

Biginelli products of Meldrum acid. Der Pharma Chemica 2014, 6, 101-104. 

8. Gu, Y.; Jérôme, F., Bio-based solvents: an emerging generation of fluids for the design of 

eco-efficient processes in catalysis and organic chemistry. Chem. Soc. Rev. 2013, 42, 9550-9570, 

DOI 10.1039/C3CS60241A. 

9. Poliakoff, M.; Licence, P., Supercritical fluids: green solvents for green chemistry? 

Philos. Trans. A Math. Phys. Eng. Sci. 2015, A373, 20150018, DOI 10.1098/rsta.2015.0018. 

10. Mauricio dos Santos Filho, J.; Pinheiro, S. M., Stereoselective, solvent free, highly 

efficient synthesis of aldo- and keto-N-acylhydrazones applying grindstone chemistry. Green 

Chem. 2017, 19, 2212-2224, DOI 10.1039/C7GC00730B. 

11. Khaskel, A.; Gogoi, P.; Barman, P.; Bandyopadhyay, B., Grindstone chemistry: A highly 

efficient and green method for synthesis of 3,4-dihydropyrimidin-2-(1H)-ones by L-tyrosine as 

an organocatalyst: A combined experimental and DFT study. RSC Advances 2014, 4, 35559-

35567, DOI 10.1039/C4RA05244G. 

12. Bose, A. K.; Pednekar, S.; Ganguly, S. N.; Chakraborty, G.; Manhas, M. S., A simplified 

green chemistry approach to the Biginelli reaction using ‘Grindstone Chemistry’ Tetrahedron 

Lett. 2004, 45, 8351-8353, DOI 10.1016/j.tetlet.2004.09.064. 

13. Leonardi, M.; Villacampa, M.; Carlos Menéndez, J., Multicomponent mechanochemical 

synthesis. Chem. Sci. 2018, 9, 2042-2064, DOI 10.1039/C7SC05370C. 

14. Hayashi, Y., In water or in the presence of water? Angew. Chem. Int. Ed. 2006, 45, 8103-

8104, DOI 10.1002/anie.200603378. 

15. Hayashi, Y.; Sumiya, T.; Takahashi, J.; Gotoh, H.; Urushima, T.; Shoji, M., Highly 

diastereoff and enantioselective direct aldol reactions in water. Angew. Chem. 2006, 118, 972; 

Angew. Chem. Int. Ed. 2006, 45, 958-961, DOI 10.2174/138955712799829267. 

16. Elinson, M. N.; Nasybullin, R. F.; Ryzhkov, F. V.; Egorov, M. P., Solvent-free and ‘on-

water’ multicomponent assembling of salicylaldehydes, malononitrile and 3-methyl-2-pyrazolin-

5-one: A fast and efficient route to the 2-amino-4-(1H-pyrazol-4-yl)-4H-chromene scaffold. 

Comptes Rendus Chimie 2014, 17, 437-442, DOI 10.1016/j.crci.2013.08.002. 

Page 18 of 24

ACS Paragon Plus Environment

ACS Sustainable Chemistry & Engineering

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



17. Knochel, P.; Molander, G. A. Comprehensive Organic Synthesis: Edition 2, Elsevier Ltd. 

Amsterdam, Netherlands, 2014. 

18. Wan, J.-P.; Pan, Y., Recent advance in the pharmacology of dihydropyrimidinone. Mini 

Rev. Med. Chem. 2012, 12, 337-349, DOI 10.2174/138955712799829267. 

19. Lewis, R. W.; Mabry, J.; Polisar, J. G.; Eagen, K. P.; Ganem, B.; Hess, G. P., 

Dihydropyrimidinone positive modulation of δ-subunit-containing γ-aminobutyric acid type A 

receptors, including an epilepsy-linked mutant variant. Biochemistry, 2010, 49, 4841-4851, DOI 

10.1021/bi100119t. 

20. Jeong, L. S.; Buenger, G.; McCormack, J. J.; Cooney, D. A.; Zhang, H.; Marquez, V. E., 

Carbocyclic analogues of the potent cytidine deaminase inhibitor 1-(β-D-ribofuranosyl)-1,2-

dihydropyrimidin-2-one (Zebularine). J. Med. Chem. 1998, 41, 2572-2578, DOI 

10.1021/jm980111x. 

21. Mayer, T. U.; Kapoor, T. M.; Haggarty, S. J.; King, R. W.; Schreiber, S. L.; Mitchison, 

T. J., Small molecule inhibitor of mitotic spindle bipolarity identified in a phenotype-based 

screen. Science, 1999, 286, 971-974, DOI 10.1126/science.286.5441.971. 

22. Kaan, H. Y. K.; Ulaganathan, V.; Rath, O.; Prokopcová, H.; Dallinger, D.; Kappe, C. O.; 

Ozielski, F., Structural basis for inhibition of Eg5 by dihydropyrimidines: stereoselectivity of 

antimitotic inhibitors enastron, dimethylenastron and fluorastrol. J. Med. Chem. 2010, 53, 5676-

5683, DOI 10.1021/jm100421n. 

23. Russowsky, D.; Canto, R. F. S.; Sanches, S. A. A.; D’Oca M. G. M.; de Fátima, A.; Pilli, 

R. A.; Kohn, L. K.; Antônio, M. A.; de Carvalho, J. E., Synthesis and differential 

antiproliferative activity of Biginelli compounds against cancer cell lines: monastrol, oxo-

monastrol and oxygenated analogues. Bioorg. Chem. 2006, 34, 173-182, DOI 

10.1016/j.bioorg.2006.04.003. 

24. Canto, R. F. S.; Bernardi, A.; Battastini, A. M. O.; Russowsky, D.; Eifler-Lima, V. L., 

Synthesis of dihydropyrimidin-2-one/thione library and cytotoxic activity against the human 

U138-MG and rat C6 glioma cell lines. J. Braz. Chem. Soc. 2011, 22, 1379-1388, DOI 

10.1590/S0103-50532011000700025. 

25. Kappe, C. O., Biologically active dihydropyrimidones of the Biginelli-type: a literature 

survey. Eur. J. Med. Chem. 2006, 35, 1043-1052, DOI 10.1016/S0223-5234(00)01189-2. 

26. Gahr, M.; Kölle, M. A.; Schönfeldt-Lecuona, C.; Lepping, P.; Freudenmann, R. W., 

Paliperidone extended-release: does it have a place in antipsychotic therapy? Drug Des. Devel. 

Ther. 2011, 5, 125-146, DOI 10.2147/DDDT.S17266. 

27. Riva, R.; Banfi, L.; Castaldi, G.; Ghislieri, D.; Malpezzi, L.; Musumeci, F.; Tufaro, R.; 

Rasparini, M., Selective chemical oxidation of risperidone: A straightforward and costffeffective 

Page 19 of 24

ACS Paragon Plus Environment

ACS Sustainable Chemistry & Engineering

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



synthesis of paliperidone. Eur. J. Org. Chem. 2011, 12, 2319-2325, DOI 

10.1002/ejoc.201001618. 

28. Chen, C.; Wilcoxen, K. M.; Huang, C. Q.;  Xie, Y. F.; McCarthy, J. R.; Webb, T. R.; 

Zhu, Y. F.; Saunders, J.; Liu, X. J.; Chen, X. T. K.; Bozigian, H.; Grigoriadis, D. E., Design of 

2,5-dimethyl-3-(6-dimethyl-4methylpyridin-3-yl)-7-dipropylaminopyrazolo[1,5-a]pyrimidine 

(NBI 30775/R121919) and structure-activity relationships of a series of potent and orally active 

corticotropin-releasing factor receptor antagonists. J. Med. Chem. 2004, 47, 4787-4798, DOI 

10.1021/jm040058e. 

29. Itami, K.; Yamazaki, D.; Yoshida, J., Pyrimidine-core extended π-systems: general 

synthesis and interesting fluorescent properties. J. Am. Chem. Soc. 2004, 126, 15396-15397, DOI 

10.1021/ja044923w. 

30. Kang, F. A.; Kodah, J.; Guan, O. L. X.; Murray, W. V., Efficient conversion of Biginelli 

3,4-dihydropyrimidin-2(1H)-one to pyrimidines via PyBroP-mediated coupling. J. Org. Chem. 

2005, 70, 1957-1960, DOI 10.1021/jo040281j. 

31. Biginelli, P., Aldureides of ethylic acetoacetate and ethylic oxaloacetate. Gazz. Chim. 

Ital. 1893, 23i, 360-416. 

32. Biginelli, P., Ethyl acetoacetate aldehydeuramide. Ber. Dtsch. Chem. Ges. 1891, 24, 

1317-1319, DOI 10.1002/cber.189102401228. 

33. Biginelli, P., Ethylacetoacetatealdehydeuramides. Ber. Dtsch. Chem. Ges. 1891, 24, 

2962-2967, DOI 10.1002/cber.189102402126. 

34. Kappe, C. O., Recent advances in the Biginelli dihydropyrimidine synthesis. New tricks 

from an old dog. Acc. Chem. Res. 2000, 33, 879-888, DOI 10.1021/ar000048h. 

35. Atwal, K. S.; O’Reilly, B. C.; Gougoutas, J. Z.; Malley, M. F., Synthesis of substituted 

1,2,3,4-tetrahydro-6-methyl-2-thioxo-5-pyrimidinecarboxylic acid esters. Heterocycles 1987, 26, 

1189-1192, DOI 10.3987/R-1987-05-1189. 

36. O’Reilly, B. C.; Atwal, K. S., Synthesis of substituted 1,2,3,4-tetrahydro-6-methyl-2-oxo-

5-pyrimidinecarboxylic acid esters: The Biginelli condensation revisited. Heterocycles 1987, 26, 

1185-1188, DOI 10.3987/R-1987-05-1185 

37. Pair, E.; Levacher, V.; Brière, J-F., Modified multicomponent Biginelli–Atwal reaction 

towards a straightforward construction of 5,6-dihydropyrimidin-4-ones. RSC Advances 2015, 5, 

46267-46271, DOI 10.1039/C5RA08792A. 

38. Ghandi, M.; Vazifeh, M. J., Expedient one-pot three-component catalyst-free access to 

5,6-dihydropyrimidin-4(3H)-one derivatives. J. Iran. Chem. Soc. 2015, 12, 1131-1137, DOI 

10.1007/s13738-014-0574-8. 

Page 20 of 24

ACS Paragon Plus Environment

ACS Sustainable Chemistry & Engineering

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



39. Hamper, B. C.; Gan, K. Z.; Owen, T. J., Solid phase synthesis of dihydropyrimidinones 

and pyrimidinone carboxylic acids from malonic acid resin. Tetrahedron Lett. 1999, 40, 4973-

4976, DOI 10.1016/S0040-4039(99)00961-2. 

40. Kappe, C. O., Highly versatile solid phase synthesis of biofunctional 4-aryl-3,4-

dihydropyrimidines using resin-bound isothiourea building blocks and multidirectional resin 

cleavage. Bioorg. Med. Chem. Lett. 2000, 10, 49-51, DOI 10.1016/S0960-894X(99)00572-7. 

41. Inada, M.; Hirao, Y.; Koga, T.; Itose, M.; Kunizaki, J.-i.; Shimizu, T.; Sato, H., 

Relationships among plasma [2-13C]uracil concentrations, breath 13CO2 expiration, and 

dihydropyrimidine dehydrogenase (DPD) activity in the liver in normal and DPD-deficient dogs. 

Drug Metabolism and Disposition, 2005, 33, 381-387, DOI 10.1124/dmd.104.001032. 

42. Nishimura, Y.; Okamoto, Y.; Ikunaka, M.; Ohyama, Y., Synthetic studies on novel 1,4-

dihydro-2-methylthio-4,4,6-trisubstituted pyrimidine-5-carboxylic acid esters and their 

tautomers. Chem. Pharm. Bull. 2011, 59, 1458-1466, DOI 10.1248/cpb.59.1458. 

43. Petronijević, J.; Bugarčić, Z.; Bogdanović, G. A.; Stefanović, S.; Janković, N., An 

enolate ion as a synthon in biocatalytic synthesis of 3,4-dihydro-2(1H)-quinoxalinones and 3,4-

dihydro-1,4-benzoxazin-2-ones: lemon juice as an alternative to hazardous solvents and 

catalysts. Green Chem. 2017, 19, 707-715, DOI 10.1039/C6GC02893D. 

44. Janković, N.; Muškinja, J.; Ratković, Z.; Bugarčić, Z.; Ranković, B.; Kosanić, M.; 

Stefanović, S., Solvent-free synthesis of novel vaillidene derivatives of Meldrum’s acid: 

biological evaluation, DNA and BSA binding study. RSC Advances, 2016, 6, 39452-39459, DOI 

10.1039/C6RA07711K. 

45. Janković, N.; Bugarčić, Z.; Marković, S., Double catalytic effect of (PhNH3)2CuCl4 in a 

novel, highly efficient synthesis of 2-oxo and thioxo-1,2,3,4-tetrahydropyrimidines. J. Serb. 

Chem. Soc. 2015, 80, 1-13, DOI 10.2298/JSC141028011J. 

46. Muškinja, J.; Janković, N.; Ratković, Z.; Bogdanović, G.; Bugarčić, Z., Vanillic 

aldehydes for the one-pot synthesis of novel 2-oxo-1,2,3,4-tetrahydropyrimidines. Mol. Divers. 

2016, 20, 591-604, DOI 10.1007/s11030-016-9658-y. 

47. Gavrilović, M.; Janković, N.; Joksović, Lj.; Petronijević, J; Joksimović, N.; Bugarčić Z., 

Water ultrasound-assisted oxidation of 2-oxo-1,2,3,4-tetrahydropyrimidines and benzylic acid 

salts. Environ. Chem. Lett. 2018, 1-6, DOI 10.1007/s10311-018-0766-z. 

48. Raczyńska, E. D.; Kosińska, W.; Ośmiałowski, B.; Gawinecki, R., Tautomeric-equilibria 

in relation to Pi-electron delocalization. Chem. Rev. 2005, 105, 3561-3612, DOI 

10.1021/cr030087h. 

49. Booker-Milburn, K. I.; Wood, P. M.; Dainty, R. F.; Urquhart, M. W.; White, A. J.; Lyon, 

H. J.; Charmant, J. P. H., Photochemistry of benzotriazole:  An unprecedented tautomer-selective 

Page 21 of 24

ACS Paragon Plus Environment

ACS Sustainable Chemistry & Engineering

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



intermolecular [2+2] photocycloaddition. Org. Lett. 2002, 4, 1487-1489, DOI 

10.1021/ol025693y. 

50. D’Oca, C. R. M.; Naciuk, F. F.; Silva, J. C.; Guedes, E. P.; Moro, C. C.; D’Oca, M. G. 

M.; Santos, L. S.; Natchigalle, F. M.; Russowsky, D., New multicomponent reaction for the 

direct synthesis of β-aryl-γ-nitroesters promoted by hydrotalcite-derived mixed oxides as 

heterogeneous catalyst. J. Braz. Chem. Soc. 2017, 28, 285-298, DOI 10.5935/0103-

5053.20160175. 

51. Allen, F. H., The Cambridge Structural Database: a quarter of a million crystal structures 

and rising. Acta Crystallogr. Sect. B 2002, 58, 380, DOI 10.1107/S0108768102003890. 

Cambridge Structural Database [CSD version 5.38, November 2016] was used to extract the 

heterocyclic structures comprising N atoms bonded to two carbon atoms.  Only organic crystal 

structures were considered, and the following restrictions were added to increase the 

crystallographic quality of extracted data: R-factor < 5.0%; three-dimensional coordinates for all 

atoms determined; no disorder or errors; polymeric structures excluded; no ions, no powder 

structures; average e.s.d. on C–C bonds < 0.005 Å. A CSD search revealed 19463 crystal 

structures, while only 181 structures contained the C–N bonds with the lengths shorter than 1.26 

Å. 

52. Spurg, A.; Waldvogel, S. R., Highffyielding cleavage of (Aryloxy)acetates. Eur. J. Org. 

Chem. 2008, 2, 337-342, DOI 10.1002/ejoc.200700769. 

53. He, H-Y.; Qiua, G.; Wilcox, A. L., Preparation of 2-alkoxy-5-methoxybenzaldehydes and 

2-ethoxy-5-alkoxybenzaldehydes. ARKIVOC, 2000, vi, 868-875. 

54.  Sheldon, R. A., Metrics of green chemistry and sustainability: past, present, and future. 

ACS Sustainable Chem. Eng. 2018, 6, 32-48, DOI 10.1021/acssuschemeng.7b03505. 

55. Roschangar, F.; Zhou, Y.; Constable, D. J. C.; Colberg, J.; Dickson, D. P.;  Dunn, P. J.; 

Eastgate, M. D.; Gallou, F.; Hayler, J. D.; Koenig, S. G.; Kopach, M. E.; Leahy, D. K.; 

Mergelsberg, I.; Scholz, U.; Smith, A. G.; Henry, M.; Mulder, J.; Brandenburg, J.; Dehli, J. R.; 

Fandrick, D. R.; Fandrick, K. R.; Gnad-Badouin, F.; Zerban, G.; Groll, K.; Anastas, P. T.; 

Sheldons, R. A.; Senanayake, C. H., Inspiring process innovation via an improved green 

manufacturing metric: iGAL. Green Chem. 2018, 20, 2206-2211, DOI 10.1039/C8GC00616D. 

56. For Green chemistry innovation scorecard calculator see: https://www.acs.org/green-

chemistry-innovation-scorecard. 

 

 

 

 

Page 22 of 24

ACS Paragon Plus Environment

ACS Sustainable Chemistry & Engineering

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

Page 23 of 24

ACS Paragon Plus Environment

ACS Sustainable Chemistry & Engineering

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Page 24 of 24

ACS Paragon Plus Environment

ACS Sustainable Chemistry & Engineering

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


