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The discovery of novel synthetic methodologies to facilitate the 
preparation of complex organic compounds is a pivotal focal 
point of research activity in the field of modern organic chemistry. 
One approach to address this challenge involves the development 
of multicomponent reactions (MCR). Such a strategy offers signi­
ficant advantages over conventional linear-type synthesis due 
to its flexible, convergent and atom efficient nature.1,2 In recent 
years, the synthesis of combinatorial small-molecule heterocyclic 
libraries has emerged as a valuable tool in the search for novel 
lead structures.3 Thus, the success of combinatorial chemistry in 
drug discovery is considerably dependent on further advances in 
heterocyclic MCR methodology and, according to current syn­
thetic requirements, ecologically pure multicomponent procedures 
are particularly welcome.

Pyrano[2,3-d]pyrimidines have received considerable attention 
over the past years due to their wide range of the diverse pharmaco­
logical action such as antitumor,4,5 cardiotonic,6 hepatoprotective,7 
antihypertensive7 and antibronchitic8 activity.

The general procedures for the preparation of pyrano[2,3-d]­
pyrimidines usually include the reaction of benzylidenemalono­
nitriles with barbituric acids in the presence of base catalysts,9,10 
or in ionic liquids,11 or under microwave irradiation.12 The more 
complex example of their synthesis from aldehydes, malononitrile 
and N,N'-dialkyl barbiturates is also known. Thus, reaction of 
benzaldehyde and malononitrile in distilled water at 80 °C for 
3 h resulted in benzylidenemalononitrile. Further, N,N'-dimethyl­
barbiturate was added into the same reaction vessel and continuing 
heating at 80 °C for additional 8.5 h afforded corresponding pyrano­
[2,3-d]pyrimidine.13 As to our knowledge the only one multi­
component procedure with using special equipment and micro­
wave irradiation for the synthesis of two substituted pyrano­
[2,3‑d]pyrimidines from aldehydes, malononitrile and N-alkyl 
barbiturates is described.14 Thus, the all known procedures for 
the synthesis of pyrano[2,3-d]pyrimidine system are worth of 
note, although MCR methodology was not still widely developed 
in its construction.

Here, we report our results on electrocatalytic multicompo­
nent transformation of aldehydes, N,N'-dialkylbarbiturates and 
malononitrile into substituted pyrano[2,3-d]pyrimidines in an 
undivided cell in alcohols in the presence of sodium bromide as 
electrolyte (Scheme 1, Table 1). The present study is a con­
tinuation of our recent investigations on electrolytic chain trans­
formations of aldehydes and CH-acids.15–18

First, to evaluate the synthetic potential of the procedure pro­
posed and to optimize the electrolysis conditions, the assembling 
of 4-chlorobenzaldehyde 1d, N,N'-dimethylbarbituric acid 2a 
and malononitrile into 7-amino-5-(4-chlorophenyl)-1,3-dimethyl-
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Electrocatalytic transformation of aldehyde Table  1  1d, N,N'-dimethyl­
barbituric acid 2a and malononitrile into pyrano[2,3-d]pyrimidine 3d.a

			   Current 		  Electricity	 Yield 
Alcohol	 T/°C	 I/mA	 density/	 t/min	 passed/	 of 3d 
			   mA cm–2		  F mol–1	 (%)b

EtOH	 20	 25	   5	 32	 0.1	 38
EtOH	 78	 25	   5	 32	 0.1	 81
EtOH	 78	 25	   5	 48	 0.15	 78
EtOH	 78	 15	   3	 54	 0.1	 75
EtOH	 78	 50	 10	 16	 0.1	 73
EtOH	 78	 50	 10	 24	 0.15	 70
MeOH	 60	 25	   5	 32	 0.1	 55
PrOH	 97	 25	   5	 32	 0.1	 73

a 5 mmol of 1d, 5 mmol of 2a, 5 mmol of malononitrile, 0.5 mmol of NaBr, 
20 ml of alcohol, iron cathode (5 cm2), graphite anode (5 cm2). b Yield of 
isolated product.
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1,3,4,5-tetrahydro-2,4-dioxo-2H-pyrano[2,3-d]pyrimidine-6-carbo­
nitrile 3d was carefully studied (Table 1).

The current density 5 mA cm–2 (I = 25 mA, electrodes surface 
5 cm2) was found to be the optimum and provided the highest 
yield (81%) of the product 3d in ethanol at 78 °C. Raising of 
current density up to 10 mA cm–2 (I = 50 mA) results in a slight 
decrease of the yield, what may be caused by acceleration of 
undesired direct electrochemical processes leading to oligomeri­
zation of the reactants. The low yield and insufficient conver­
sion of starting compounds were observed when electrolysis was 
carried out at 20 °C.

Among alcohols tested, EtOH is preferable in view of easy isola­
tion of reaction products by simple filtration after electrolysis.

Under the optimal conditions thus found (current density 
5 mA cm–2, 0.1 F mol–1 passed, EtOH as a solvent, 78 °C), the 
electrolysis of aldehydes 1a–h, barbituric acids 2a,b and malono­
nitrile in ethanol at 78 °C in an undivided cell gives rise to cor­
responding pyrano[2,3-d]pyrimidines 3a–j in 71–81% substance 
yields and 710–810% current yields in ~30 min reaction period 
(Scheme 1).†

Taking into consideration the above results and the data on 
the mechanisms of electrocatalytic chain cyclizations of tetra­
cyanocyclopropanes19 and mechanism of the electrocatalytic chain 
transformation of aldehydes and C–H acids,15–18,20 the following 
mechanism for the electrocatalytic chain transformation of alde­
hydes 1, barbituric acids 2 and malononitrile into pyrano[2,3-d]­
pyrimidines 3 is proposed (Scheme 2). As the initiation step of 
the catalytic cycle, deprotonation of an alcohol at the cathode 
leads to formation of alkoxide anion. Its subsequent reaction 
in  solution with barbituric acid 2 gives rise to barbituric acid 
anion. Then Knoevenagel condensation of aldehyde 1 with bar­
bituric acid anion takes place in the solution with the elimination 
of hydroxide anion and formation of the corresponding 5-benzyl­
idenepyrimidine-2,4,6(1H,3H,5H)-trione 4.21 The subsequent 
hydroxide-promoted Michael addition of malononitrile to elec­
tron-deficient Knoevenagel adduct 4 followed by intramolecular 
cyclization results in corresponding pyrano[2,3-d]pyrimidine 3 
with regeneration of alkoxide anion at the last step, which con­
tinues the catalytic chain process by the interaction with the next 
molecule of barbituric acid. Thus, the generation of even single 
alkoxide anion at the cathode is theoretically sufficient for total 
conversion of equimolar quantities of aldehyde, barbituric acid 
and malononitrile into corresponding pyrano[2,3-d]pyrimidine 
system.

In conclusion, the simple electrocatalytic system can produce, 
under neutral and mild conditions, a fast (~30 min) and selective 
multicomponent transformation of aldehydes, barbituric acids and 
malononitrile into 7-amino-1,3-dialkyl-5-aryl-2,4-dioxo-1,3,4,5-
tetrahydro-2H-pyrano[2,3-d]pyrimidine-6-carbonitriles in 70–80% 
substance yields and 700–800% current yields. This novel electro­
catalytic chain process opens an efficient and convenient way to 

cyanofunctionalized pyrano[2,3-d]pyrimidines – the promising 
compounds for the different biomedical applications. The proce­
dure requires simple equipment and an undivided cell; it is easily 
carried out and is valuable from the viewpoint of environmentally 
benign diversity-oriented large-scale processes. This efficient 
electrocatalytic protocol represents novel synthetic concept for 
multicomponent reactions strategy and allows one to combine 
the synthetic virtues of conventional MCR with ecological benefits 
and convenience of facile electrocatalytic procedure proposed; 
therefore, makes the MCR strategy a step closer to a notion of 
‘ideal synthesis’.22
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Russian Federation (project no. 4945.2010.3).
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†	 General procedure. A solution of benzaldehyde 1 (5 mmol), N,N'-di­
alkylbarbituric acid 2 (5 mmol), malononitrile (0.33 g, 5 mmol) and sodium 
bromide (0.05 g, 0.5 mmol) in ethanol (20 ml) was electrolyzed in an 
undivided cell equipped with a magnetic stirrer, reflux condenser, a graphite 
anode and an iron cathode at 78 °C under a constant current density of 
5 mA cm–2 (I = 25 mA, electrodes square 5 cm2) until the catalytic quantity 
of 0.1 F mol–1 of electricity was passed. After the electrolysis was finished, 
the solution was filtered to isolate the solid product 3, which was then 
twice rinsed with an ice-cold ethanol/water solution (9:1, 5 ml), and dried 
under reduced pressure. For 3i,j, after the electrolysis was finished, the 
solution was evaporated to dryness, the residue was then rinsed with an 
ice-cold ethanol/water solution (9:1, 3 ml) and filtered to isolate the solid 
product 3, which was washed with ice-cold ethanol/water solution (9:1, 
3 ml), diethyl ether (5 ml) and dried under reduced pressure.
	 For characteristics of 3a–j, see Online Supplementary Materials. 
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