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Abstract A series of ferrocene-containing dihydropyrimidines (DHPs) were pre-

pared by the one-pot Biginelli reaction of formylferrocene, 1,3-dicarbonyl com-

ponent and urea/thiourea. The reaction was catalyzed by a commercial Keggin

heteropolyacid (H4SiMo12O40) as a safe, clean and recyclable catalyst. Three dif-

ferent synthetic protocols were examined in order to improve the yields of the

reaction and to elucidate its mechanism. Intermediates of the competitive Kno-

evenagel reaction were also isolated. The methodology is operationally simple and

provides access to highly substituted dihydropyrimidines containing ferrocene in

very good yields. The catalyst can be used and recycled without appreciable loss of

the catalytic activity.

Keywords Ferrocene � Dihydropyrimidinones � Biginelli reaction � Recyclable
Keggin heteropolyacid � One-pot reaction

Introduction

In recent years, there has been increasing interest in the design of suitable protocols

leading to both typical and new compounds. Green procedures seek to reduce

contamination through the use of some strategies that include obtaining products
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through multicomponent reactions (MCRs), using recyclable catalysts, and reducing

the use of solvents and auxiliary substances, among others [1].

One of the most important MCRs is the Biginelli reaction that involves the

cyclocondensation reaction between a 1,3-dicarbonyl compound, a substituted

aldehyde, and urea in the presence of a catalyst to obtain dihydropyrimidinones

(DHPMs). DHPMs contain a heterocyclic system of remarkable pharmacological

efficiency due to a range of biological effects, including antiviral, antitumor,

antibacterial, antihypertensive and anti-inflammatory activities [2–4]. Monastrol is a

DHPM considered as a new lead for the development of anticancer drugs [5]. In

addition, during the last two decades, many methodologies involving the synthesis

of DHPMs have been reported in a recent review article [6]. One of us has studied

the Biginelli reaction, in sustainable conditions, using heteropolyacids as catalysts

[7, 8].

On the other hand, ferrocene derivatives have attracted the attention of the

scientific community on account of their interesting chemistry. Ornelas [9] has

written an exhaustive and interesting review showing different ferrocene deriva-

tives, as well as describing their most relevant applications. Due to the electronic

properties and easy functionalization of ferrocene, the ferrocene-containing

compounds have found several applications in materials science including as

catalysts [10–15], sensors [16–18], and electroactive materials [11, 19, 20]. Their

use in medicinal chemistry is also an active research area. Studies describing their

activity as antifungal and antibacterial [21, 22], antitumoral [23–25], and against

malaria [26, 27] and human immunodeficiency virus (HIV) [28] have been reported.

Heteropolyacids with different transition metals such as Ag1H2PW [29],

Fe3O4@SiO2-HPW [30], and MCM-41-supported phosphotungstic acid [31],

among others, have been used as environmental friendly catalysts. Furthermore,

several Lewis acid catalysts, including FeCl3/HCl, BF3�OEt2, LaCl3�7H2O, Ytter-

bium triflate, InX3 [32], H3BO3/AcOH [33, 34], and FeCl3/TMSCl/CH3CN [35],

have been employed to improve the synthesis of ferrocenyl-substituted DHPs using

the Biginelli reaction.

In this paper, we report a simple and convenient one-pot synthesis of ferrocenyl-

pyrimidones using a commercial and recyclable heteropolyacid (H4SiMo12O40) with

Keggin structure (Scheme 1).

Experimental

General and instrumentation

Chemicals were purchased from Aldrich, Fluka and Merck, and were freshly used

after purification by standard procedures (distillation and recrystallization). The

used catalyst, molibdosilicic acid hydrate ([99.9 %; Aldrich) was fully character-

ized by one of us in previous works [36–38].

All the reactions were monitored by TLC on precoated silica gel plates

(254 mm). Flash column chromatography was performed with silicagel (230–400

mesh). All the yields were calculated from crystallized products. All the products
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were identified by comparison of physical data (mp, TLC and NMR) with those

reported. Melting points (uncorrected) of the compounds were determined in sealed

capillary tubes (Büchi apparatus). The 1H-NMR and 13C-NMR spectra were

performed on a Bruker Avance DPX-400 spectrometer using standard Bruker

software. The chemical shifts were expressed in d units with Me4Si (TMS) as the

internal standard.

Catalytic test

Procedure A

A solution of 1 mmol of ethylacetoacetate, 1 mmol of formylferrocene, 1.5 mmol

of urea and 1 % of the commercial heteropolyacid (H4SiMo12O40) was added to

5 ml of the selected solvent and then heated with stirring in an argon atmosphere

under reflux of the solvent (or 100 �C for acetic acid) for the required time (see

Table 1). The reaction mixture was cooled to room temperature and then poured

into ice water (50 ml). The precipitated solid was filtered, washed with the cold

Fe+2

CHO

+
R1

O O

R2

H2N

X

NH2

1% H4SiMo12O40

Solvent

N
H

NH

X

Fe+2

O

R2

R1

Compounds R1 R2 X
1 OEt Me O
2 OMe Me O
3 OEt Me S
4 OMe Me S
5 Me Me O
6 Me Me S
7 OEt Ph O

Scheme 1 Synthesis of ferrocenyl-substituted heterocycles

Table 1 Effect of solvent and temperature on compound 1

Entry Procedure Solvent Time (h) Temperature (�C) Yieldsa (%)

1 A MeOH 8 56 –

2 B MeOH 1 ? 7 56 –

3 A EtOH 8 78 5

4 B EtOH 1 ? 7 78 10

5 A AcCN 9 80 10

6 B AcCN 1 ? 8 80 20

7 A AcOH 1 100 50

8 B AcOH 1 ? 1.5 100 65

9b B AcOH 1 ? 1.5 100 54

Reaction condition: formylferrocene, 1 mmol; ethylacetoacetate, 1 mmol; urea, 1.5 mmol, solvent, 5 ml;

catalyst: H4SiMo12O40, 1 mmol%; stirring
a Calculated after isolation
b Catalyst: H3PMo12O40, 1 mmol%; stirring
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solvent used in the reaction, dried in vacuum and subjected to flash column

chromatography on silica using DCM-EtOH (79:1) as solvent to obtain products

with different retention times that were recrystallized in EtOH.

Procedure B

A solution of 1 mmol of formylferrocene, 1.5 mmol of urea and 1 % of the

commercial heteropolyacid (H4SiMo12O40) was added to 5 ml of the selected

solvent and then heated with stirring in an argon atmosphere under reflux of the

solvent (or 100 �C for acetic acid) for 1 h. The reactor was removed from the

heating bath and allowed to cool to room temperature, then 1 mmol of

ethylacetoacetate was added and the reaction was continued with heating as in

procedure A.

Procedure C (recovery of the catalyst)

The reaction was conducted as in procedure B. After consumption of the reactants

(TLC), the solvent was evaporated and the residue was extracted with CH2Cl2
(2 9 3 ml). The catalyst was filtered and the filtered solution was concentrated in

vacuum. The residue was subjected to flash column chromatography and

recrystallized as in procedure A.

Catalyst reuse

Stability tests of the bulk PA catalysts were carried out by running four consecutive

experiments using procedure C under the same reaction conditions. After each test,

the separated catalyst was washed with CH2Cl2 (2 9 2 ml), dried under vacuum,

and then reused.

Physical properties of compound 1

Yellow pale powder; m.p. 228–229 (decomp.). 1H NMR (d6-DMSO): 9.13 (1H, s,

1-NH), 7.50 (1H, s, 3-NH), 4.96 (1H, d, J = 4 Hz, 4-CH), 4.14–3.93 (m, C5H4),

4.19 (5H, s, C5H5), 4.11 (2H, q, J = 7 Hz, CH2), 2.15 (3H, s, 6-CH3), 1.23 (3H, t,

J = 7 Hz, CH3);
13C NMR (d6-DMSO): 166.7 (OCO), 153.8 (NCON), 148.4 (6-C),

101.6 (5-C), 94.5 (10-C), 68.0 and 67.7 (30 and 40-C), 66.8 and 65.8 (20 and 50-C),
60.3 (CH2O), 49.6 (4-C), 18.4 (4-CH3), 15.2 (CH3).

Results and discussion

Optimum reaction conditions were examined employing formylferrocene, ethy-

lacetoacetate and urea as the test reaction and using the procedures A and B

described above. In procedure A, all components were added together with the

catalyst at the beginning of the reaction. In procedure B, ethylacetoacetate was

added after heating the other components and catalyst for 1 h.

J. L. Jios et al.

123



The optimal reaction condition for 1 was obtained using procedure B and acetic

acid as solvent. In this condition, a yield of 65 % of ferrocene derivative 1 was

obtained (Table 1, entry 8). When H3PMo12O40 was used, the yield fell to 54 %

(Table 1, entry 9). A general trend observed with Brønsted acid catalyzed reactions

is that the yields decrease with the decreasing of the acid strength in the following

order: H3PW12O40[H3PMo12O40 = H4SiW12O40[H4SiMo12O40. Furthermore,

H3PW12O40 is cheaper than H4SiMo12O40. However, when we used the former

catalyst under the same conditions as H4SiMo12O40 (Table 1, entry 9), several

unidentified byproducts were detected by TLC (in the present work) causing a lower

yield. Although yield loss is not significant, the byproducts generated by the use of

the most acidic catalyst of the series, made the separation and purification of the

final product more difficult and expensive. For this last reason, we selected

H4SiMo12O40 as the catalyst to obtain ferrocenyl-substituted DHPs.

Table 2 shows the yields of 1 as a function of reaction time employing procedure

B. The yield of 1 rises to 73 % with the additional reaction time of 2 h (Table 2,

entry 4). A further increment does not show yield improvements (72 %; Table 2,

entry 5).

Table 3 shows the effect of the amount of catalyst on the yield of ferrocene

derivative 1 (blank experiment: entry 1). When we performed the reaction without

the catalyst, a yield of only 31 % was obtained. It can also be seen that the yields

increased from 57 to 73 % when the amount of catalyst increased from 0.5 to 1 %

(Table 3, entries 2 and 3), and no relevant changes of the reaction yield were

observed with a further increase in the amount of catalyst (2 %) (72 %; Table 3,

entry 4). Thus, 1 % of catalyst is a suitable amount for performing this reaction.

The reuse of the catalyst was investigated in the consecutive reaction of

formylferrocene, ethylacetoacetate and urea. For this study, we used procedure C.

This method is the same as B but the isolation procedure is changed in order to

recover the catalyst. After completion of the reaction, the solvent was evaporated

and the residue was extracted with CH2Cl2 (2 9 3 ml). The catalyst was filtered,

dried in vacuum, and reused in the next experiment. The results shown as yields of

ferrocene derivative 1 are summarized in Table 4. The catalyst was reused three

runs under the same conditions without appreciable loss of its catalytic activity.

Using the optimized condition, a dissolution of formylferrocene (1 mmol),

dicarbonyl component (1 mmol), urea or thiourea (1.5 mmol), acetic acid (5 ml)

and H4SiMo12O40 (50 mg, 1 %) was heated at 100 �C with stirring during 1 ? 2 h

(Scheme 1) to obtain seven substituted ferrocene derivatives (Table 5). The NMR

data of the 4-ferrocenyl-3,4-dihydropyrimidiones 1, 2 [32] and 5 [33] and -thiones 3,

Table 2 Effect of time on

compound 1 (%)

a Isolated yields

Entry Time (h) Yielda (%)

1 1 ? 0.5 15

2 1 ? 1 32

3 1 ? 1.5 65

4 1 ? 2 73

5 1 ? 4 71
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4, 6 and 7 [34] match very well with the values reported in the literature. Melting

points were used as test control (see Table 5). In all the experiments, the desired

compounds were obtained as unique products.

Scheme 2 displays a plausible reaction mechanism for the ferrocene derivative 1
synthesis. In a previous work [8], we found that the mechanism proposed by Kappe

[39] is the most appropriate when Bronsted acid was used. Kappe observed the

formation of bis-ureide with no other detectable intermediates and proposed the

N-acyliminium pathway (Scheme 2) for the Biginelli reaction. This mechanism has

been further supported by mass spectrometry and density functional theory

calculations [40]. The bis-ureide was also detected by us in the reaction between

benzaldehyde and N-methyl urea by 1H-NMR and 13C-NMR spectroscopy [8]. The

first step involves the nucleophilic attack of urea on the electron-deficient carbon of

the aldehyde function under acidic conditions (I-H1), giving the two tautomeric N-

acyliminium ion intermediates (IIa and IIb). The second step begins with the

nucleophilic addition of the enol form of 1,3-carbonyl compound (IIIb) over the
positive imine carbon atom of the resonance form (IIc), joining the three

components and giving the keto and imino carbocations (IVa and IVb). This

carbocation site suffers an intramolecular nucleophilic addition and produces the

cyclization of the structure (Va and Vb). Subsequent interchanges of protons and

loss of water and H? form product 1.
To obtain further evidence of this mechanism, we alternatively performed the

procedures A and B. Following procedure A, two secondary products with lower

retention times were isolated after flash chromatography. The compounds were

identified as the E/Z isomers of 3-ferrocenyl-2-methylcarbonyl-2-propenoic acid

ethyl ester (compounds 8 and 9) as a result of the Knoevenagel condensation of

formylferrocene with ethylacetoacetate (see Scheme 3). In this competitive

reaction, the ethylacetoacetate enol form IIIb adds to the electrophilic carbon

Table 3 Effect of the amount

of catalyst on compound 1 (%)

a Isolated yields

Entry Amount of catalyst (%) Yielda (%)

1 – 31

2 0.5 57

3 1 73

4 2 72

Table 4 Catalyst reuse in 1
yields (%)

a Isolated yields

Entry Catalytic cycle Yielda (%)

1 1 73

2 2 70

3 3 70

4 4 69
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atom of the protonated formylferrocene I-H1. This well-established mechanism

ends with the double-bond formation and consequent loss of water (Scheme 3).

In this condition, 50 % yield of ferrocene derivative 1 together with 15 and 25 %

Table 5 Synthesis of

ferrocenyl-pyrimidinones

Isolated yields

Entry Product Yields (%) mp (�C) mp (�C) [Ref.]

1 73 228–239 229–233 [29]

2 69 238–241 237–241 [29]

3 68 215–218 215–219 [37]

4 65 232–235 233–235 [37]

5 70 242–245 243–245 [36]

6 68 242–244 244–245 [37]

7 63 233–236 233–235 [37]
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yields of intermediates 8 (E-isomer) and 9 (Z-isomer), respectively, were

obtained.1

To minimize the formation of this product, we performed procedure B. In this

procedure, formylferrocene and urea are first put together to form the N-acylimini-

um ion intermediates (IIa and IIb) and, after 1 h of heating, the third component

(ethylacetoacetate) is added. In this condition, the reaction yield improved to 65 %

(Table 1, entry 8) and only traces of Knoevenagel intermediates were formed (yield

of both isomers below 5 %).

Conclusions

A novel, efficient and environmentally friendly one-pot multicomponent procedure

for the synthesis of 4-ferrocenyl-3,4-dihydropyrimidiones and thiones in acetic acid

at 100 �C was developed based on the use of commercial H4SiMo12O40 as

recyclable catalyst. Seven examples of 4-ferrocenyl-3,4-dihydropyrimidiones and

thiones 2-arylpyridines were obtained with very good yields (63–73 %). Although

these yields were similar to the other procedures previously reported, the present

methodology has the advantage of the separation and reuse of the catalyst. Also, its

activity remains constant after three cycles, representing a friendly alternative

environment. The E/Z isomers produced by the condensation between the diketo

and formyl components were isolated and identified as secondary products, showing

that Knoevenagel condensation was a competitive mechanism. Moreover, when the

reaction was performed in two steps and the diketo component added after the

formation of the iminium ion, the yield of the desired product improved. To the best

of our knowledge, this is the first report on the synthesis of ferrocenyl-appended

dihydropyrimidiones and thiones using heteropolyacids as catalyst.
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