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3DPAFIPN as a halogenated 
dicyanobenzene‑based 
photosensitizer catalyzed 
gram‑scale photosynthesis 
of pyrano[2,3‑d]pyrimidine 
scaffolds
Farzaneh Mohamadpour 

Utilizing the Knoevenagel–Michael tandem cyclocondensation reaction of barbituric acid/1,3‑
dimethylbarbituric acid, malononitrile, and aryl aldehydes, a sustainable methodology for the 
photosynthesis of pyrano[2,3‑d]pyrimidine scaffolds has been devised. The present study expounds 
on the development of a green radical synthetic approach toward this class of compounds. In this 
study, a novel halogenated dicyanobenzene‑based photosensitizer was utilized in an aqueous 
solution, exposed to air at room temperature, and activated by a blue LED as a renewable energy 
source for the purpose of generating energy. The primary aim of this endeavor is to employ a recently 
developed, easily obtainable, and affordably priced halogenated cyanoarene‑based donor–acceptor 
(D–A). The 3DPAFIPN [2,4,6‑tris(diphenylamino)‑5‑fluoroisophthalonitrile]} photocatalyst, as a 
thermally activated delayed fluorescence (TADF), is capable of inducing single electron transfer 
(SET) upon irradiation with visible light, thereby offering a facile and efficient approach with a high 
degree of effectiveness, energy efficiency, and eco‑friendliness. The aforementioned phenomenon 
facilitates the exploration of the temporal changes that have occurred in the interactions between the 
surroundings and chemical constituents. The present study aimed to investigate the turnover number 
(TON) and turnover frequency (TOF) for pyrano[2,3‑d]pyrimidine scaffolds. Additionally, it has been 
demonstrated that gram‑scale cyclization is a viable method for utilization in industrial applications.

In contemporary literature, photoredox catalysis has been leveraged as an origin of pioneering methodologies 
within the domain of organic  chemistry1–4. The field of photoredox catalysis, which involves the integration of 
metal-promoted reactions with photoredox cycles, has garnered considerable attention from both academia and 
 industry5. The strategic topic of research involves the utilization of inexpensive, readily synthesized, and efficient 
organic dyes to facilitate the development of novel, effective, and selective metal-promoted  reactions6. Within 
this domain, the organic dyes must strive to supplant the extensively utilized inorganic complexes reliant upon 
Ir(III) and Ru(II). These complexes are notable for their protracted excited state durations, which may incline 
toward dynamic quenching when juxtaposed with organic molecules. Typically, organic dyes exhibit shorter 
excited state lifetimes, a significant impediment in the formulation of effective photoredox mechanisms. The 
scientific community has exhibited a significant interest in a distinct group of organic chromophores owing to 
their notable characteristics and  effectiveness7. The molecules under consideration exhibit a unique characteristic 
known as thermally activated delayed fluorescence (TADF), which is observed in molecules that have a negligible 
energy gap (typically less than 0.2 eV) between their lowest two excited states, i.e.,  S1 and  T1. At ambient condi-
tions, the phenomenon of reverse intersystem crossing (RISC) from the triplet excited state  (T1) to the singlet 
excited state  (S1) occurs in the molecules under consideration, facilitated by a thermally activated pathway. This 
results in the production of a delayed fluorescence phenomenon, which is commonly observed in such systems. 
The task at hand concerns the coupling of the notable efficiency of reduced instruction set computing (RISC) 
with the commendable quantum yield of fluorescence. The year 2012 saw a significant contribution to the field 
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of organic light-emitting diodes (OLEDs) through the publication of a seminal paper by  Adachi8. This paper 
reports on the successful development of dicyanobenzene molecules with desirable photophysical properties, and 
their demonstrated applications in OLEDs. Subsequent to these initial findings, analogous TADF chromophores 
have been implemented across diverse domains, such as  photocatalysis7,9. Owing to the facile manipulability of 
their redox potentials and the protracted singlet excited states arising from TADF, isophthalonitriles represent 
a promising class of chromophores for deployment as organic photocatalysts, facilitating numerous chemical 
 transformations10. The compound 2,4,6-tris(diphenylamino)-5-fluoroisophthalonitrile (3DPAFIPN) has been 
increasingly utilized in various synthetic procedures that are activated by visible light. Examples of such protocols 
include intramolecular  cyclizations11,12 as well as the formation of C–C13,14, N–C15, and P–C16  bonds5.

Owing to its copious energy reserves, economical expense, and the potential to access sustainable energy 
sources, visible light irradiation is deemed to be a reliable method for synthesizing organic  compounds17–19.

It is expected that pyranopyrimidines will demonstrate compelling pharmacological and biochemical 
characteristics such as an inhibitor of the  antiallergic20,  antihypertensive21,  cardiotonic22,  bronchiodilator23, 
 antibronchitic24, and antitumor  activities25.

Numerous catalysts exhibit the capability to generate artificial pyrano[2,3-d]pyrimidine frameworks, such 
as DABCO-based ionic  liquids26, L-proline27, iron ore  pellet28, nano-sawdust-OSO3H29, Al-HMS-2030, TSA/
B(OH)3

31, Mn/ZrO2
32, cellulose-based  nanocomposite33,  DBA34,  TBAB35,  Fe3O4@SiO2@(CH2)3-Urea-SO3H/

HCl36,  Et3N-Ultrasonic37,  ZnFe2O4  nanoparticles38,  microwave39, nickel  nanoparticles40,  CaHPO4
41, Zn[(L)pro-

line]2
42,  theophylline43, β-CD44, and CuO/ZnO  nanocatalyst45. Various factors, such as protracted reaction times, 

the employment of costly reagents, intricate reactions, and diminished yields, exert significant impacts on waste 
handling and disposal practices. Moreover, the task of isolating homogeneous catalysts from reaction mixtures 
can present a formidable challenge. Today, the application of visible-light and photoreactions has attracted the 
attention of  researchers46–57. The present study describes the utilization of photocatalysts in the production of 
heterocyclic compounds, emphasizing the implementation of environmentally sustainable practices. Based on 
the investigation, halogenated organic dye photo-redox catalysts are also readily attainable and economically 
feasible. The aforementioned technique results in the utilization of a robust donor–acceptor (D–A) cyanoarene 
as a potent organo-photocatalyst.

The primary research focus was on 2,4,6-tris(diphenylamino)-5-fluoroisophthalonitrile (3DPAFIPN), owing 
to its exceptional photophysical and photochemical properties. The advent of dicyanobenzene-based photosen-
sitizers as a thermally activated delayed fluorescence (TADF) and possessing remarkable photoelectric behavior, 
has expanded the range of available photocatalysts for organic chemists.

The current study has identified a novel halogenated cyanoarene-based photosensitizer, namely 3DPAFIPN, 
as a donor–acceptor (D–A) photocatalyst which operates via a consecutive visible-light-induced electron transfer 
process. The protocol herein utilizes the domino Knoevenagel–Michael three cyclocondensation reaction involv-
ing barbituric acid/1,3-dimethylbarbituric, malononitrile, and aryl aldehydes. Furthermore, this reaction can 
exploit blue LED as an eco-friendly and renewable energy source in an aqueous medium. Despite the smooth 
and timely completion of all tasks and adherence to the approved financial plan.

Experimental
General. The melting points of the various compounds were determined using a 9100 electrothermal appa-
ratus. The Bruker DRX-400 and DRX-300 Avance instruments were employed for the acquisition of 1HNMR 
spectra utilizing DMSO-d6. The aforementioned substances were graciously provided in substantial quantities 
by Fluka, Merck, and Acros, and were instantaneously employed.

This study presents a methodology for the green production of pyrano[2,3‑d]pyrimidines 
(4a‑f). At ambient temperature, a solution comprising 3 mL of water and 0.2 mol% of 3DPAFIPN was pre-
pared. The mixture was subsequently combined with barbituric acid/1,3-dimethylbarbituric acid (3, 1.0 mmol), 
malononitrile (2, 1.0 mmol), and aryl aldehydes (1, 1.0 mmol). The responses were documented by means of 
thin-layer chromatography (TLC). Subsequent to the chemical reaction, the unrefined solid was subjected to 
screening, and subsequent washing with water, followed by crystallization from ethanol, thereby obviating the 
requirement for supplementary purification techniques. The present inquiry pertains to the feasibility of produc-
ing the aforementioned compounds on the gram-scale through the avenue of pharmaceutical process research 
and development (R&D). In a single experiment, a combination of 3-nitrobenzaldehyde, malononitrile, and 
barbituric acid at a molar amount of 50 mmol was utilized. Following a reaction period of 3 min, the resultant 
product was retrieved through the implementation of a conventional filtration method. Based on the 1HNMR 
spectroscopy data, the chemical compound in question exhibits a high degree of spectroscopic purity. The Sup-
porting Information file provides a spectroscopy file.

Results and discussion
The present study investigated the reaction of benzaldehyde, malononitrile, and barbituric acid within a 3 mL 
aqueous medium. Through the process of incubation of 3 mL of water without the involvement of a photocatalyst 
for a period of 15 min, a quantity of 4b amounting to 21% was produced at room temperature. A detailed account 
of this observation is presented in Table 1, entry 2. The incorporation of several supplementary photocatalysts 
facilitated the reaction rate. The data illustrated in Fig. 1 exhibits the constituting substances to be 3DPAFIPN, 
diphenylamine, DCA, 3DPA2FBN, DCN, and DCB. The present methodology allows for the production of 4b 
with varying yields. The aforementioned results facilitated a higher level of operational efficiency for 3DPAFIPN. 
As per the data provided in Table 1, entry 1, a reaction comprising 0.2 mol% of 3DPAFIPN resulted in a 97% 
yield. Table 2 displays discernibly inferior outcomes for MeOH, DCM, EtOAc,  CH3CN, DMSO, THF, EtOH, 
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toluene, and solvent-free conditions exhibited a notable enhancement in the productivity and expeditiously 
facilitated the procedure. In the context of  H2O, the reaction was observed to exhibit a notably high rate and 
consequential yield. Based on the statistical data presented in Table 2, specifically entry 1, a yield of 97% was 
achieved. Various light sources have been employed in studies aimed at investigating the impact of blue light on 
crop yield, as documented in Table 2. During the assessment that was carried out without the implementation of 

Table 1.  A photocatalyst optimization table is provided herein for the production of 4ba. a Reaction conditions: 
several photocatalysts were combined with a quantity of one millimole each of barbituric acid, benzaldehyde, 
and malononitrile at room temperature.
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Entry Photocatalyst Solvent (3 mL) Time (min) Isolated yields (%)

1 3DPAFIPN (0.2 mol%) H2O 3 97

2 – H2O 15 21

3 Diphenylamine (0.2 mol%) H2O 3 34

4 DCA (0.2 mol%) H2O 3 29

5 3DPA2FBN (0.2 mol%) H2O 3 83

6 DCN (0.2 mol%) H2O 3 25

7 DCB (0.2 mol%) H2O 3 23

8 3DPAFIPN (0.1 mol%) H2O 3 82

9 3DPAFIPN (0.3 mol%) H2O 3 97

Figure 1.  In this study, the catalyst’s adequacy was surveyed.
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an illuminating apparatus, the presence of 4b was detected in the diminutive quantity. The present investigation 
demonstrates that the co-presence of 3DPAFIPN and visible light is an imperative prerequisite for the successful 
synthesis of product 4b. In order to determine the optimum configurations, levels of blue light-emitting diode 
(LED) intensities at 3 W, 5 W, and 7 W were employed. Based on the findings of the study, it was determined 
that the implementation of blue light-emitting diodes (LEDs) with a power output of 5 watts yielded the most 
favorable results. Experiments were performed on several substrates under idealized conditions, depicted in 
Table 3 and Fig. 2. The addition of a benzaldehyde substituent did not have a significant impact on the resultant 
reaction outcome. In the present reaction, the substitution of halide functionality was deemed permissible. The 
current state of the reaction permits both reactions that involve functional groups capable of electron donation 
and those that involve functional groups that exhibit electron withdrawal. The potential yield of ortho-, meta-, 
and para-substituted aromatic aldehydes is remarkably elevated in nature. The reactivity observed in both bar-
bituric acid and 1,3-dimethylbarbituric acid was found to be identical. Table 4 presents definitive value measures 
of the turnover frequency (TOF) and turnover number (TON). The two distinct types of yield, namely, Yield/
Amount of catalyst (mol), Yield/Time/Amount of catalyst (mol), are often expressed in the form of TON and 
TOF, respectively, in academic writing. Increased values of turnover number (TON) and turnover frequency 
(TOF) have the capacity to enhance catalyst performance, as they reduce the amount of catalyst required to 
promote desirable yields. Regarding 4b, a TOF of 161.6 is considered high while a TON of 485 is regarded as 
high as well. The objective of the investigation was to optimize productivity and minimize reaction durations 
while mitigating catalyst usage to the lowest extent feasible.

Control experiments. Figure  3 illustrates the findings of the control experiments executed in order to 
elucidate the mechanism underlying the tripartite visible light-induced reaction. The initial step in the Kno-
evenagel–Michael cyclocondensation reaction involves the formation of arylidenemalononitrile (I), while the 
subsequent step entails its combination with (II). Under conventional conditions, the condensation of benzalde-
hyde (1) and malononitrile (2) was carried out with reduced water content, utilizing 3DPAFIPN in  H2O under 
blue LED illumination. This resulted in the formation of arylidenemalononitrile (I). Subsequent to conducting 
experiments, it has been established that the interaction between arylidenemalononitrile (I) and barbituric acid 
radical (II) afforded the intended product, 4b, at an impressive yield of 97%, following standard procedure. 
Product 4b was found to exhibit detectable levels of production even amidst the absence of light during the reac-
tion. As per the outcomes derived from this experiment, Fig. 4 presents a coherent and rational chemical course.

Table 2.  The optimization table of solvent and visible light conditions for the synthesis of 4ba. a Reaction 
conditions: barbituric acid, benzaldehyde, and malononitrile were incorporated with 3DPAFIPN in 
stoichiometric amounts of 1 mmol each and a photocatalyst quantity of 0.2 mol%.
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Entry Light source Solvent (3 mL) Time (min) Isolated yields (%)

1 Blue light (5 W) H2O 3 97

2 – H2O 10 Trace

3 Blue light (3 W) H2O 3 92

4 Blue light (7 W) H2O 3 97

5 Blue light (5 W) – 8 47

6 Blue light (5 W) MeOH 3 61

7 Blue light (5 W) DCM 20 18

8 Blue light (5 W) EtOAc 3 65

9 Blue light (5 W) CH3CN 3 72

10 Blue light (5 W) DMSO 20 28

11 Blue light (5 W) THF 15 19

12 Blue light (5 W) EtOH 3 73

13 Blue light (5 W) toluene 15 27

14 White light (5 W) H2O 3 88

15 Green light (5 W) H2O 3 91
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The suggested mechanism. Figure  4 presents a comprehensive depiction of the suggested methodol-
ogy. Through the implementation of single electron transfer (SET) mechanisms, the cyanoarene organic dye 
3DPAFIPN has been utilized to develop photocatalytic tools that harness visible light energy as a sustainable 
resource. The use of visible light hastens the process. The malononitrile radical is generated through a strategy 
stemming from the single electron transfer (SET) mechanism, which augments  3DPAFIPN* and is activated by 
visible light. The radical adduct (C) and the radical anion of 3DPAFIPN undergo electron transfer (ET), leading 
to the formation of intermediates (D) as well as the ground state 3DPAFIPN. The intermediate (F) is formed via 
the hydrogen atom abstraction of intermediate (E) by the radical of malononitrile. The intermediates denoted as 
(F) and (D) undergo a Michael acceptor reaction, leading to the formation of (G). Subsequently, (4) is generated 
through intramolecular cyclization and tautomerization processes.

Table 3.  The production of pyrano[2,3-d]pyrimidine scaffolds is achieved through the implementation of the 
halogenated dicyanobenzene-based photosensitizer; 3DPAFIPN.
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Table 5 presents a comparative analysis of the efficacy of various catalysts in facilitating the formation of 
pyrano[2,3-d]pyrimidine frameworks. The approach in question employs minute quantities of photocatalysts and 
precipitates prompt chemical transformations whilst abstaining from the production of residual substances. This 
modality can be utilized in circumstances that involve observable wavelengths of light. Atom-economical proto-
cols exhibit pronounced potency and exert substantial influence on the industrial domain at multigram levels.

Conclusion
The Knoevenagel–Michael cyclocondensation reaction, a radical-induced process, has been utilized to green 
photosynthesize pyrano[2,3-d]pyrimidine scaffolds from a combination of aryl aldehydes, malononitrile, and 
either barbituric acid or 1,3-dimethylbarbituric acid. The present study utilized the novel halogenated dicy-
anobenzene-based photosensitizer; 3DPAFIPN as a donor–acceptor (D–A) photocatalyst which operates via a 
consecutive visible-light-induced electron transfer process. Under room temperature and in an air environment, 
the utilization of blue light emitting diode (LED) technology has been demonstrated to yield a sustainable energy 
generation mechanism within an aqueous medium. The presented method offers various advantages to the field of 
chemical synthesis. These benefits encompass a swift response time, nullification of perilous solvents, augmented 
product yields, streamlined reaction mechanism, durable conditions, and employment of a sustainable energy 
resource. The utilization of chromatography was not deemed necessary for the separation protocol. Through 
the preservation of the end result, it is plausible to accelerate a multigram-scale reaction of exemplar substrates. 
Thus, the approach can be implemented within a context that upholds long-term ecological and financial viability.

3DPAFIPN (0.2 mol%)
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Figure 2.  A methodology for the radical synthesis of pyrano[2,3-d]pyrimidine scaffolds is herein presented.

Table 4.  The objective is to ascertain the values of turnover number (TON) and turnover frequency (TOF).

Entry Product TON TOF

1 4a 460 153.3

2 4b 485 161.6

3 4c 445 89

4 4d 480 160

5 4e 460 153.3

6 4f 425 70.8
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Figure 3.  The investigation of the mechanisms underlying the reactions that feature barbituric acid (3, 
1.0 mmol), malononitrile (2, 1.0 mmol), and benzaldehyde (1, 1.0 mmol) is facilitated by the performance of 
relevant control tests.
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Figure 4.  A comprehensive elucidation of the synthetic procedure for the generation of pyrano[2,3-d]
pyrimidine frameworks is proffered herein.
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All data generated or analyzed during this study are included in this published article [and its supplementary 
information files].

Received: 10 June 2023; Accepted: 9 August 2023

References
 1. Mohamadpour, F. The development of Friedländer heteroannulation through a single electron transfer and energy transfer pathway 

using methylene blue  (MB+). Sci. Rep. 12, 7253. https:// doi. org/ 10. 1038/ s41598- 022- 11349-8 (2022).
 2. Mohamadpour, F. A new role for photoexcited  Na2 eosin Y as direct hydrogen atom transfer (HAT) photocatalyst in photochemi-

cal synthesis of dihydropyrano[2,3-c]pyrazole scaffolds promoted by visible light irradiation under air atmosphere. J. Photochem. 
Photobiol. A: Chem. 418, 113428. https:// doi. org/ 10. 1016/j. jphot ochem. 2021. 113428 (2021).

 3. Mohamadpour, F. Visible-light-induced radical condensation cyclization to synthesize 3,4-dihydropyrimidin-2-(1H)-ones/thiones 
using photoexcited  Na2 eosin Y as a direct hydrogen atom transfer (HAT) catalyst. ACS Omega 7, 8429–8436. https:// doi. org/ 10. 
1021/ acsom ega. 1c058 08 (2022).

 4. Mohamadpour, F. New role for photoexcited organic dye,  Na2 eosin Y via the direct hydrogen atom transfer (HAT) process in 
photochemical visible-light-induced synthesis of spiroacenaphthylenes and 1H-pyrazolo[1,2-b]phthalazine-5,10-diones under 
air atmosphere. Dyes Pigments 194, 109628. https:// doi. org/ 10. 1016/j. dyepig. 2021. 109628 (2021).

 5. Pinosa, E. et al. Light-induced access to carbazole-1,3-dicarbonitrile: A thermally activated delayed fluorescent (TADF) photo-
catalyst for cobalt-mediated allylations. J. Org. Chem. https:// doi. org/ 10. 1021/ acs. joc. 2c018 25 (2022).

 6. Gualandi, A. et al. Metallaphotoredox catalysis with organic dyes. Org. Biomol. Chem. 19, 3527–3550. https:// doi. org/ 10. 1039/ 
D1OB0 0196E (2021).

 7. Bryden, M. A. & Zysman-Colman, E. Organic thermally activated delayed fluorescence (TADF) compounds sed in photocatalysis. 
Chem. Soc. Rev. 50, 7587–7680. https:// doi. org/ 10. 1039/ D1CS0 0198A (2021).

 8. Uoyama, H., Goushi, K., Shizu, K., Nomura, H. & Adachi, C. Highly efficient organic light-emitting diodes from delayed fluores-
cence. Nature 492, 234–238. https:// doi. org/ 10. 1038/ natur e11687 (2012).

 9. Yang, Z. et al. Recent advances in organic thermally activated delayed fluorescence materials. Chem. Soc. Rev. 46, 915–1016. https:// 
doi. org/ 10. 1039/ C6CS0 0368K (2017).

 10. Speckmeier, E., Fischer, T. G. & Zeitler, K. A toolbox approach to construct broadly applicable metal-free catalysts for photoredox 
chemistry: Deliberate tuning of redox potentials and importance of halogens in donor–acceptor cyanoarenes. J. Am. Chem. Soc. 
140, 1535–15365. https:// doi. org/ 10. 1021/ jacs. 8b089 33 (2018).

 11. Wu, Q. A. et al. Donor–acceptor fluorophores as efficient energy transfer photocatalysts for [2 + 2] photodimerization. Org. Biomol. 
Chem. 18, 3707–3716. https:// doi. org/ 10. 1039/ C9OB0 2735A (2020).

 12. Flynn, A. R., McDaniel, K. A., Hughes, M. E., Vogt, D. B. & Jui, N. T. Hydroarylation of arenes via reductive radical-polar crossover. 
J. Am. Chem. Soc. 142, 9163–9168. https:// doi. org/ 10. 1021/ jacs. 0c039 26 (2020).

 13. Donabauer, K., Murugesan, K., Rozman, U., Crespi, S. & Konig, B. Photocatalytic reductive radical-polar crossover for a base-free 
corey-seebach reaction. Chem. Eur. J. 26, 12945–12950. https:// doi. org/ 10. 1002/ chem. 20200 3000 (2020).

 14. Cardinale, L., Konev, M. O. & Jacobi von Wangelin, A. Photoredox-catalyzed addition of carbamoyl radicals to olefins: A 1,4-dihy-
dropyridine approach. Chem. Eur. J. 26, 8239–8243. https:// doi. org/ 10. 1002/ chem. 20200 2410 (2020).

 15. Zhou, C. et al. Metal-free, redox-neutral, site-selective access to heteroarylamine via direct radical-radical cross-coupling powered 
by visible light photocatalysis. J. Am. Chem. Soc. 142, 16805–16813. https:// doi. org/ 10. 1021/ jacs. 0c076 00 (2020).

 16. Rothfelder, V. et al. Photocatalytic arylation of P4 and PH3: Reaction development through mechanistic insight. Angew. Chem. 
60, 24650–24658. https:// doi. org/ 10. 1002/ ange. 20211 0619 (2021).

 17. Mohamadpour, F. Catalyst-free and solvent-free visible light assisted synthesis of tetrahydrobenzo[b]pyran scaffolds at room 
temperature. Polycyclic Aromat. Compd. 42, 7607–7615. https:// doi. org/ 10. 1080/ 10406 638. 2021. 20062 44 (2022).

 18. Mohamadpour, F. Catalyst-free, visible light irradiation promoted synthesis of spiroacenaphthylenes and 1H-pyrazolo[1,2-b]
phthalazine-5,10-diones in aqueous ethyl lactate. J. Photochem. Photobiol. A Chem. 407, 113041. https:// doi. org/ 10. 1016/j. jphot 
ochem. 2020. 113041 (2021).

 19. Mohamadpour, F. Catalyst-free and solvent-free visible light irradiation-assisted Knoevenagel–Michael cyclocondensation of aryl 
aldehydes, malononitrile, and resorcinol at room temperature. Monatsh. Chemie-Chemical Monthly 152, 507–512. https:// doi. org/ 
10. 1007/ s00706- 021- 02763-1 (2021).

 20.  Kitamura, N., Onishi, A. Eur. Pat, 163599, 1984 Chem. Abstr, 104, 186439 (1984).
 21.  Furuya, S. & Ohtaki, T. Eur. Pat. Appl., EP 608565, 1994 Chem. Abstr, 121, 205395w (1994).
 22. Heber, D., Heers, C. & Ravens, U. Positive inotropic activity of 5-amino-6-cyano-1,3-dimethyl-1,2,3,4-tetrahydropyrido[2,3-d]

pyrimidine-2,4-dione in cardiac muscle from guinea-pig and man. Part 6: Compounds with positive inotropic activity. Pharmazie 
48, 537–541 (1993).

Table 5.  This study aims to investigate the catalytic activity of different catalysts utilized for the synthesis of 
4ba. a The three-component synthesis employs benzaldehyde, malononitrile, and barbituric acid.

Entry Catalyst Conditions Time/yield (%) References

1 [DABCO](SO3H)2(Cl)2 H2O, Reflux 10 min/86 26

2 [DABCO](SO3H)2(HSO2)2 H2O, 90 °C 7 min/90 26

3 iron ore pellet EtOH/H2O, Reflux 8 min/73 28

4 nano-sawdust-OSO3H EtOH, Reflux 15 min/94 29

5 Al-HMS-20 EtOH, rt 12 h/92 30

6 TSA EtOH/H2O, Reflux 90 min/88 31

7 B(OH)3 THF/H2O, Reflux 125 min/81 31

8 cellulose-based nanocomposite THF/H2O, Reflux 35 min/90 33

9 DBA EtOH/H2O, Reflux 58 min/94 34

10 3DPAFIPN Blue LED,  H2O, rt 3 min/97 This work

https://doi.org/10.1038/s41598-022-11349-8
https://doi.org/10.1016/j.jphotochem.2021.113428
https://doi.org/10.1021/acsomega.1c05808
https://doi.org/10.1021/acsomega.1c05808
https://doi.org/10.1016/j.dyepig.2021.109628
https://doi.org/10.1021/acs.joc.2c01825
https://doi.org/10.1039/D1OB00196E
https://doi.org/10.1039/D1OB00196E
https://doi.org/10.1039/D1CS00198A
https://doi.org/10.1038/nature11687
https://doi.org/10.1039/C6CS00368K
https://doi.org/10.1039/C6CS00368K
https://doi.org/10.1021/jacs.8b08933
https://doi.org/10.1039/C9OB02735A
https://doi.org/10.1021/jacs.0c03926
https://doi.org/10.1002/chem.202003000
https://doi.org/10.1002/chem.202002410
https://doi.org/10.1021/jacs.0c07600
https://doi.org/10.1002/ange.202110619
https://doi.org/10.1080/10406638.2021.2006244
https://doi.org/10.1016/j.jphotochem.2020.113041
https://doi.org/10.1016/j.jphotochem.2020.113041
https://doi.org/10.1007/s00706-021-02763-1
https://doi.org/10.1007/s00706-021-02763-1


10

Vol:.(1234567890)

Scientific Reports |        (2023) 13:13142  | https://doi.org/10.1038/s41598-023-40360-w

www.nature.com/scientificreports/

 23.  Coates, W. J. Eur. Pat., 351058 Chem. Abstr, 113, 40711 (1990).
 24.  Sakuma, Y., Hasegawa, M., Kataoka, K., Hoshina, K., Yamazaki, N., Kadota, T., Yamaguchi, H. WO 91/05785 PCT Int. Appl., 1989 

Chem. Abstr, 115, 71646  (1991).
 25. Broom, A. D., Shim, J. L. & Anderson, G. L. Pyrido[2,3-d]pyrimidines. IV. Synthetic studies leading to various oxopyrido[2,3-d]

pyrimidines. J. Org. Chem. 41, 1095–1099. https:// doi. org/ 10. 1021/ jo008 69a003 (1976).
 26. Seyyedi, N., Shirini, F., Safarpoor, M. & Langarudi, N. DABCO-based ionic liquids: Green and recyclable catalysts for the synthesis 

of barbituric and thiobarbituric acid derivatives in aqueous media. RSC Adv. 6, 44630–44640. https:// doi. org/ 10. 1039/ C6RA0 
5878G (2016).

 27. Bararjanian, M., Balalaei, S., Movassagh, B. & Amani, A. M. One-pot synthesis of pyrano [2,3-d] pyrimidinone derivatives catalyzed 
by L-proline in aqueous media. J. Iran. Chem. Soc. 6, 436–442. https:// doi. org/ 10. 1007/ BF032 45854 (2009).

 28. Sheihhosseini, E., Sattaei Mokhatari, T., Faryabi, M., Rafiepour, A. & Soltaninejad, S. Iron ore pellet, a natural and reusable catalyst 
for synthesis of pyrano [2,3-d] pyrimidine and dihydropyrano[c]chromene derivatives in aqueous media. Iran. J. Chem. Chem. 
Eng. 35, 43–50 (2016).

 29. Sadeghi, B., Bouslik, M. & Shishehbore, M. R. Nano-sawdust-OSO3H as a new, cheap and effective nanocatalyst for one-pot syn-
thesis of pyrano [2,3-d] pyrimidines. J. Iran. Chem. Soc. 12, 1801–1808. https:// doi. org/ 10. 1007/ s13738- 015- 0655-3 (2015).

 30. Sabour, B., Hassan Peyrovi, M. & Hajimohammadi, M. Al-HMS-20 catalyzed synthesis of pyrano [2,3-d] pyrimidines and pyrido 
[2,3-d] pyrimidines via three-component reaction. Res. Chem. Intermed. 41, 1343–1350. https:// doi. org/ 10. 1007/ s11164- 013- 1277-y 
(2015).

 31. Khazaei, A., Alavi Nik, H. A. & Moosavi-Zare, A. R. Water mediated Domino Knoevenagel–Michael-cyclocondensation reac-
tion of malononitrile, various aldehydes and barbituric acid derivatives using boric acid aqueous solution system compared with 
nano-titania sulfuric acid. J. Chin. Chem. Soc. 62, 675–679. https:// doi. org/ 10. 1002/ jccs. 20150 0115 (2015).

 32. Maddila, S. N., Maddila, S., van Zyl, W. E. & Jonnalagadda, S. B. Mn doped  ZrO2 as a green, efficient and reusable heterogeneous 
catalyst for the multicomponent synthesis of pyrano [2,3-d]-pyrimidine derivatives. RSC Adv. 5, 37360–37366. https:// doi. org/ 10. 
1039/ C5RA0 6373F (2015).

 33. Maleki, A., Jafari, A. A. & Yousefi, S. Green cellulose-based nanocomposite catalyst: design and facile performance in aqueous 
synthesis of pyranopyrimidines and pyrazolopyranopyrimidines. Carbohydr. Polym. 175, 409–416. https:// doi. org/ 10. 1016/j. carbp 
ol. 2017. 08. 019 (2017).

 34. Bhat, A. R., Shalla, A. H. & Dongre, R. S. Dibutylamine (DBA): A highly efficient catalyst for the synthesis of pyrano [2,3-d] 
pyrimidine derivatives in aqueous media. J. Taibah Univ. Sci. 10, 9–18. https:// doi. org/ 10. 1016/j. jtusci. 2015. 03. 004 (2016).

 35. Mobinikhaledi, A. & Bodaghi Fard, M. A. Tetrabutylammonium bromide in water as a green media for the synthesis of Pyrano[2,3-
d]pyrimidinone and tetrahydrobenzo[b]pyran derivatives. Acta Chim. Sloven. 57, 931–935 (2010).

 36. Zolfigol, M. A., Ayazi-Nasrabadi, R. & Baghery, S. The first urea-based ionic liquid-stabilized magnetic nanoparticles: An efficient 
catalyst for the synthesis of bis(indolyl)methanes and pyrano[2,3-d]pyrimidinone derivatives. Appl. Organomet. Chem. 30, 273–281. 
https:// doi. org/ 10. 1002/ aoc. 3428 (2016).

 37. Azarifar, D., Nejat-Yami, R., Sameri, F. & Akrami, Z. Ultrasonic-promoted one-pot synthesis of 4H-chromenes, pyrano[2,3-d]
pyrimidines, and 4H-pyrano[2,3-c]pyrazoles. Lett. Org. Chem. 9, 435–439. https:// doi. org/ 10. 2174/ 15701 78128 01322 435 (2012).

 38. Khazaei, A., Ranjbaran, A., Abbasi, F., Khazaei, M. & Moosavi-Zare, A. R. Synthesis, characterization and application of  ZnFe2O4 
nanoparticles as a heterogeneous ditopic catalyst for the synthesis of pyrano[2,3-d] pyrimidines. RSC Adv. 5, 13643–13647. https:// 
doi. org/ 10. 1039/ c4ra1 6664g (2015).

 39. Devi, I., Kumar, B. S. D. & Bhuyan, P. J. A novel three-component one-pot synthesis of pyrano [2,3-d] pyrimidines and pyrido 
[2,3-d] pyrimidines using microwave heating in the solid state. Tetrahedron Lett. 44, 8307–8310. https:// doi. org/ 10. 1016/j. tetlet. 
2003. 09. 063 (2003).

 40. Khurana, J. M. & Vij, K. Nickel nanoparticles as semiheterogeneous catalyst for one-pot, three-component synthesis of 2-amino-
4H-pyrans and pyran annulated heterocyclic moieties. Synth. Commun. 43, 2294–2304. https:// doi. org/ 10. 1080/ 00397 911. 2012. 
700474 (2013).

 41. Bodaghifard, M. A., Solimannejad, M., Asadbegi, S. & Dolatabadifarahani, S. Mild and green synthesis of tetrahydrobenzo-
pyran, pyranopyrimidinone and polyhydroquinoline derivatives and DFT study on product structures. Res. Chem. Intermed. 42, 
1165–1179. https:// doi. org/ 10. 1007/ s11164- 015- 2079-1 (2016).

 42. Heravi, M. M., Ghods, A., Bakhtiari, K. & Derikvand, F. Zn[(L)proline]2: An efficient catalyst for the synthesis of biologically active 
pyrano[2,3-d]pyrimidine derivatives. Synth. Commun. 40, 1927–1931. https:// doi. org/ 10. 1080/ 00397 91090 31743 90 (2010).

 43. Mohamadpour, F. Synthesis of pyran-annulated heterocyclic systems catalyzed by theophylline as a green and bio-based catalyst. 
Polycyclic Aromat. Compd. 41, 160–172. https:// doi. org/ 10. 1080/ 10406 638. 2019. 15752 46 (2021).

 44. Mohamadpour, F. Supramolecular β-cyclodextrin as a biodegradable and reusable catalyst promoted environmentally friendly 
synthesis of pyrano[2,3-d]pyrimidine scaffolds via tandem Knoevenagel–Michael–cyclocondensation reaction in aqueous media. 
Polycyclic Aromat. Compd. 42, 2805–2814. https:// doi. org/ 10. 1080/ 10406 638. 2020. 18522 74 (2022).

 45. Albadi, J., Mansournezhad, A. & Sadeghi, T. Eco-friendly synthesis of pyrano [2,3-d] pyrimidinone derivatives catalyzed by a novel 
nanocatalyst of ZnO-supported copper oxide in water. Res. Chem. Intermed. 41, 8317–8326. https:// doi. org/ 10. 1007/ s11164- 014- 
1894-0 (2015).

 46. Ma, C. H., Zhao, L., He, X., Jiang, Y. Q. & Yu, B. Visible-light-induced direct 3-ethoxycarbonylmethylation of 2-aryl-2H-indazoles 
in water. Org. Chem. Front. 9, 1445–1450. https:// doi. org/ 10. 1039/ D1QO0 1870A (2022).

 47. Pan, J., Li, H., Sun, K., Tang, S. & Yu, B. Visible-light-induced decarboxylation of dioxazolones to phosphinimidic amides and 
ureas. Molecules 27, 3648. https:// doi. org/ 10. 3390/ molec ules2 71236 48 (2022).

 48. Xu, H. et al. An electron donor–acceptor photoactivation strategy for the synthesis of S-aryl dithiocarbamates using thianthrenium 
salts under mild aqueous micellar conditions. Chin. Chem. Lett. https:// doi. org/ 10. 1016/j. cclet. 2023. 108403 (2023).

 49. Wu, S. J. et al. Potassium doping carbon nitride: Dramatically enhanced photocatalytic properties for hydroxyalkylation of qui-
noxalin-2 (1H)-ones with alcohol under air atmosphere. J. Catal. 415, 87–94. https:// doi. org/ 10. 1016/j. jcat. 2022. 10. 001 (2022).

 50. Wang, R. N. et al. Recyclable  ZnIn2S4 microspheres for photocatalytic azolation of N-heterocycles. ACS Sustain. Chem. Eng. 10, 
14212–14219. https:// doi. org/ 10. 1021/ acssu schem eng. 2c039 78 (2022).

 51. Srivastava, V., Singh, P. K. & Singh, P. P. Photocatalysed eosin Y mediated C  (sp3)-H alkylation of amine substrates via direct HAT. 
Tetrahedron Lett. 60, 1333–1336. https:// doi. org/ 10. 1016/j. tetlet. 2019. 04. 016 (2019).

 52. Srivastava, V., Singh, P. K. & Singh, P. P. Eosin Y catalysed visible-light mediated aerobic oxidation of tertiary amines. Tetrahedron 
Lett. 60, 151041. https:// doi. org/ 10. 1016/j. tetlet. 2019. 151041 (2019).

 53. Srivastava, V., Singh, P. K., Srivastava, A. & Singh, P. P. Recent application of visible-light induced radicals in C-S bond formation. 
RSC Adv. 10, 20046–20056. https:// doi. org/ 10. 1039/ D0RA0 3086D (2020).

 54. Srivastava, V., Singh, P. K. & Singh, P. P. Visible light promoted synthesis of disubstituted 1,2,3-thiadiazoles. Rev. Roumaine Chimie 
65, 221. https:// doi. org/ 10. 33224/ rrch. 2020. 65.3. 01 (2020).

 55. Srivastava, A., Singh, P. K., Ali, A., Singh, P. P. & Srivastava, V. Recent applications of Rose Bengal catalysis in N-heterocycles: A 
short review. RSC Adv. 10, 39495–39508. https:// doi. org/ 10. 1039/ D0RA0 7400D (2020).

 56. Srivastava, V., Singh, P. K. & Singh, P. P. Recent advances of visible-light photocatalysis in the functionalization of organic com-
pounds. J. Photochem. Photobiol. C: Photochem. Rev. 50, 100488. https:// doi. org/ 10. 1016/j. jphot ochem rev. 2022. 100488 (2022).

https://doi.org/10.1021/jo00869a003
https://doi.org/10.1039/C6RA05878G
https://doi.org/10.1039/C6RA05878G
https://doi.org/10.1007/BF03245854
https://doi.org/10.1007/s13738-015-0655-3
https://doi.org/10.1007/s11164-013-1277-y
https://doi.org/10.1002/jccs.201500115
https://doi.org/10.1039/C5RA06373F
https://doi.org/10.1039/C5RA06373F
https://doi.org/10.1016/j.carbpol.2017.08.019
https://doi.org/10.1016/j.carbpol.2017.08.019
https://doi.org/10.1016/j.jtusci.2015.03.004
https://doi.org/10.1002/aoc.3428
https://doi.org/10.2174/157017812801322435
https://doi.org/10.1039/c4ra16664g
https://doi.org/10.1039/c4ra16664g
https://doi.org/10.1016/j.tetlet.2003.09.063
https://doi.org/10.1016/j.tetlet.2003.09.063
https://doi.org/10.1080/00397911.2012.700474
https://doi.org/10.1080/00397911.2012.700474
https://doi.org/10.1007/s11164-015-2079-1
https://doi.org/10.1080/00397910903174390
https://doi.org/10.1080/10406638.2019.1575246
https://doi.org/10.1080/10406638.2020.1852274
https://doi.org/10.1007/s11164-014-1894-0
https://doi.org/10.1007/s11164-014-1894-0
https://doi.org/10.1039/D1QO01870A
https://doi.org/10.3390/molecules27123648
https://doi.org/10.1016/j.cclet.2023.108403
https://doi.org/10.1016/j.jcat.2022.10.001
https://doi.org/10.1021/acssuschemeng.2c03978
https://doi.org/10.1016/j.tetlet.2019.04.016
https://doi.org/10.1016/j.tetlet.2019.151041
https://doi.org/10.1039/D0RA03086D
https://doi.org/10.33224/rrch.2020.65.3.01
https://doi.org/10.1039/D0RA07400D
https://doi.org/10.1016/j.jphotochemrev.2022.100488


11

Vol.:(0123456789)

Scientific Reports |        (2023) 13:13142  | https://doi.org/10.1038/s41598-023-40360-w

www.nature.com/scientificreports/

 57. Zeng, F. L. et al. Visible-light-induced cascade cyclization of 3-(2-(ethynyl) phenyl) quinazolinones to phosphorylated 
quinolino[2,1-b]quinazolinones. Org. Lett. 24, 7912–7917. https:// doi. org/ 10. 1021/ acs. orgle tt. 2c029 30 (2022).

Author contributions
F.M. wrote the main manuscript text and F.M. prepared Figs. 1, 2, 3 and 4. F.M. reviewed the manuscript.

Competing interests 
The author declares no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 40360-w.

Correspondence and requests for materials should be addressed to F.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1021/acs.orglett.2c02930
https://doi.org/10.1038/s41598-023-40360-w
https://doi.org/10.1038/s41598-023-40360-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	3DPAFIPN as a halogenated dicyanobenzene-based photosensitizer catalyzed gram-scale photosynthesis of pyrano[2,3-d]pyrimidine scaffolds
	Experimental
	General. 
	This study presents a methodology for the green production of pyrano[2,3-d]pyrimidines (4a-f). 

	Results and discussion
	Control experiments. 
	The suggested mechanism. 

	Conclusion
	References


