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alytic method for preparation of
new tetrahydropyrido[2,3-d]pyrimidines via
a cooperative vinylogous anomeric based
oxidation†

Hassan Sepehrmansourie,a Sima Kalhor,a Mahmoud Zarei, *b

Mohammad Ali Zolfigol *a and Mojtaba Hosseinifardc

In this study, a novel functionalized metal–organic frameworks MIL-125(Ti)-N(CH2PO3H2)2 was designed

and synthesized via post-modification methodology. Then, MIL-125(Ti)-N(CH2PO3H2)2 as a mesoporous

catalyst was applied for the synthesis of a wide range of novel tetrahydropyrido[2,3-d]pyrimidines as

bioactive candidate compounds by one-pot condensation reaction of 3-(1-methyl-1H-pyrrol-2-yl)-3-

oxopropanenitrile, 6-amino-1,3-dimethylpyrimidine-2,4(1H,3H)-dione and aromatic aldehydes at 100 °C

under solvent-free condition. Interestingly, the preparation of tetrahydropyrido[2,3-d]pyrimidine was

achieved via vinylogous anomeric based oxidation mechanism with a high yield and short reaction time.
1 Introduction

Nowadays, metal–organic frameworks (MOFs) have been known
as a unique type of porous solid materials, because they have
been utilized in different elds such as drug delivery, catalyst,
photocatalyst, battery, super capacitor, sensor, gas storage,
separation and adsorption of molecules.1–3 These materials
consist of multifunctional organic materials bound to metal or
metal clusters through coordinated components such as
carboxylates to form crystalline materials with high surface area
and high thermal stability.4–8 Among them, the post-
modication of metal–organic frameworks can be carried out
with metal, acid and basic groups for preparation of biological
molecules, which make motivational enzymes attractive for
catalytic processes.9–11 Thus, post-modication improves the
performance of the structure of metal–organic frameworks
(MOFs) by applying changes in surface, pore size, thermal and
chemical stability.12–14 The structure of titanium (Ti) based
metal–organic frameworks is shown in Fig. 1.15 The research
team developed post-modication of metal–organic frame-
works based on Cr, Al and Zr,16–20 glycoluril,21 mesoporous
materials (SBA-15),22 melamine,23 and carbon quantum dots
y of Chemistry, Bu-Ali Sina University,

oud8103@yahoo.com; zol@basu.ac.ir;

; Tel: +988138282807

ce, University of Qom, Qom, 37185-359,

gy Research Center, P.O. Box 31787-316,

tion (ESI) available. See DOI:

4292
(CQDs)24 with phosphorus acid tags as a porous catalyst for the
preparation of biological compounds.

Heterocyclic compounds containing N and/or O heteroatoms
show biological properties.25,26 Therefore, the attention of many
scientists has been attracted to the synthesis of these
compounds. Amongst them, pyrido[2,3-d]pyrimidines are
a well-known group of these compounds that show great
importance of biological properties like adenosine kinase
inhibitors, anti-tumor, antifungal, antibacterial, anti-
proliferative CDK2 inhibitor, antipyretic, anticonvulsant
agents, and analgesic while being used in CNS depressant
activity (Fig. 2).27–31 The “anomeric effect” (AE) explains stereo-
electronic interactions in the synthesis of molecules contain-
ing at least one heteroatom.32 The term cooperative anomeric
effect has been introduced for electron sharing from two and/or
more heteroatoms lone pairs to one acceptor antibonding
orbital another atom. When anomeric effect developed via
double bonds has been named “vinylogous anomeric effect”.
Fig. 1 Structure of titanium-based metal–organic frameworks MIL-
125(Ti)-NH2.
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Fig. 2 Structure of pyrido[2,3-d]pyrimidines as a pharmacological
candidate.

Scheme 1 Synthesis of novel tetrahydropyrido[2,3-d]pyrimidines
using MIL-125(Ti)-N(CH2PO3H2)2 as a porous catalyst.
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The “geminal anomeric effect” is compared with vinylogous
anomeric effect (Fig. 3). In fact, the cooperative vinylogous
anomeric effect is introduced for electron sharing via double
bonds. Conversely, the geminal anomeric effect is introduced
for electron donating and accepting from vicinal atoms.33

Recently, we have introduced a new concept entitled “coopera-
tive vinylogous anomeric based oxidation” for the synthesis of
heterocycle compounds via a susceptible intermediate in the
course of reaction.34 In addition, this key phenomenon is
observed in the oxidation/reduction mechanism and hydride
transfer from NADPH/NADP+ and/or NADH/NAD+ systems.35–37

Herein, based on the approach of post-modication, we have
designed and synthesized novel MIL-125(Ti)-N(CH2PO3H2)2 as
an efficient functionalized catalyst. This catalyst was tested for
the preparation of novel tetrahydropyrido[2,3-d]pyrimidines by
one-pot condensation reaction of aldehydes, 6-amino-1,3-
dimethylpyrimidine-2,4(1H,3H)-dione and 3-(1-methyl-1H-
pyrrol-2-yl)-3-oxopropanenitrile via a cooperative vinylogous
anomeric based oxidation mechanism (Scheme 1).
2 Experimental
2.1 Materials and methods

All materials and solvents such as 2-amino terephthalic acid
(NH2-H2BDC) (Merck, 95%), DMF (Merck, 99%), titanium tet-
raisopropanolate (TTIP) (Aldrich, 99.8%), methanol (Merck,
96%), ethanol (Merck, 99%), paraformaldehyde, phosphorous
acid, p-toluene sulfonic acid (p-TSA), 6-amino-1,3-
Fig. 3 Comparison of geminal and vinylogues anomeric effect.

© 2022 The Author(s). Published by the Royal Society of Chemistry
dimethylpyrimidine-2,4(1H,3H)-dione1-methyl-1H-pyrrole
(Merck, 96%), 2-cyanoacetic acid were purchased and used
without further purication.
2.2 Instrumental techniques

The (FT-IR) technique model device, (PerkinElmer Spectrum
Version 10.02.00) was used to identify the functional groups.
The morphology and microstructure of the different stages of
synthesized catalyst were characterized using a SEM technique
(TESCAN MIRA-II (Czechia)). EDS was carried out by the model
(TESCAN MIRA-II (Czechia)). The thermal stability of the
prepared porous catalyst was determined by a thermogravi-
metric analyzer/derivative thermogravimetry (TGA/DTG, TGA2,
Mettler Toledo) at a heating rate of 10 °C min−1 under N2

atmosphere. BET technique with model device (BELSORP-mini-
II) was used to determine the surface area and pore size of
different stages of the synthesized catalyst and XRD patterns of
the different stages synthesized catalyst were detected by X-ray
diffractometer (PHILIPS PW1730 (Netherlands)).
2.3 General procedure for the preparation of MIL-125(Ti)-
N(CH2PO3H2)2

Firstly, MIL-125(Ti)-NH2 was synthesized according to the
literature survey.38 In the following, a mixture of MIL-125(Ti)-
NH2, (0.5 g), paraformaldehyde (3 mmol, 0.09 g), phosphorous
acid (2 mmol, 0.164 g) and p-TSA (0.02 g) was reuxed in EtOH
(50 mL) as a solvent for 12 h. Aer this time, the obtained solid
was ltered by centrifugation (1000 rpm, 10 min), and washed
with EtOH (2 × 10 mL) at room temperature. The precipitate
was dried under vacuum oven at 80 °C for 12 h to give MIL-
125(Ti)-N(CH2PO3H2)2 (Scheme 2).
2.4 General procedure for the synthesis of novel
tetrahydropyrido[2,3-d]pyrimidines using MIL-125(Ti)-
N(CH2PO3H2)2 as a porous catalyst

Initially, 3-(1-methyl-1H-pyrrol-2-yl)-3-oxopropanenitrile was
prepared according to the literature survey (Scheme 3).39 Then, in
a 25 mL round-bottomed ask a mixture of aryl aldehydes (1
mmol), 6-amino-1,3-dimethylpyrimidine-2,4(1H,3H)-dione
(1mmol, 0.155 g), 3-(1-methyl-1H-pyrrol-2-yl)-3-oxopropanenitrile
(1 mmol, 0.148 g) and MIL-125(Ti)-N(CH2PO3H2)2 (10 mg) as
RSC Adv., 2022, 12, 34282–34292 | 34283
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Scheme 2 Synthesis of MIL-125(Ti)-NH2 and MIL-125(Ti)-N(CH2PO3H2)2.
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a porous catalyst was stirred at 100 °C under solvent-free condi-
tion. Aer the completion of the reactions which were monitored
by the TLC technique (n-hexane : ethyl acetate; 7 : 3). Then, the
described catalyst was separated from the reaction mixture by
centrifugation (1000 rpm) aer adding hot EtOH (20 mL) as
a solvent. Finally, aer the evaporation of the solvent at room
temperature, the pure product was obtained by washing with hot
ethanol and water (Scheme 3).
2.5 Spectral data

2.5.1 5-(4-Chlorophenyl)-1,3-dimethyl-7-(1-methyl-1H-
pyrrol-2-yl)-2,4-dioxo-1,2,3,4 tetrahydropyrido[2,3-d]pyrimidine-
6-carbonitrile (A1). Yellow solid; mp: 248–250 °C; FT-IR
(KBr, cm−1): 3113, 2998, 2949, 2219, 1709, 1663. 1H NMR (400
MHz, DMSO-d6) dppm 7.56 (d, J = 8.5 Hz, 2H), 7.37 (d, J = 8.5 Hz,
2H), 7.25 (t, J = 1.6 Hz, 1H), 7.20 (dd, J = 4.1, 1.6 Hz, 1H), 6.26
(dd, J = 4.1, 2.5 Hz, 1H), 4.01 (s, 3H), 3.65 (s, 3H), 3.16 (s, 3H).

2.5.2 1,3-Dimethyl-7-(1-methyl-1H-pyrrol-2-yl)-2,4-dioxo-5-
(p-tolyl)-1,2,3,4-tetrahydropyrido[2,3-d]pyrimidine-6-
carbonitrile (A2). Yellow solid; mp: 228–230 °C; FT-IR
(KBr, cm−1): 3123, 2960, 2873, 2220, 1717, 1674. 1H NMR (400
MHz, DMSO-d6) dppm 7.39 (d, J = 7.9 Hz, 2H), 7.34 (t, J = 1.6 Hz,
1H), 7.32 (s, 1H), 7.31–7.28 (m, 2H), 6.36 (dd, J = 4.0, 2.6 Hz,
1H), 4.11 (s, 3H), 3.75 (s, 3H), 3.26 (s, 3H), 2.52 (s, 3H). 13C NMR
Scheme 3 Preparation of 3-(1-methyl-1H-pyrrol-2-yl)-3-
oxopropanenitrile.

34284 | RSC Adv., 2022, 12, 34282–34292
(101 MHz, DMSO-d6) dppm 158.8, 158.54, 154.4, 151.8, 150.6,
137.7, 133.7, 130.7, 128.4, 127.4, 127.2, 117.2, 117.0, 108.2,
104.9, 101.6, 37.30, 30.32, 28.11, 20.95.

2.5.3 5-(4-Methoxyphenyl)-1,3-dimethyl-7-(1-methyl-1H-
pyrrol-2-yl)-2,4-dioxo-1,2,3,4-tetrahydropyrido[2,3-d]
pyrimidine-6-carbonitrile (A3). Yellow solid; mp: 230–233 °C;
FT-IR (KBr, cm−1): 3369, 3142, 2981, 2219, 1709, 1662. 1H NMR
(400 MHz, DMSO-d6) dppm 7.27 (d, J = 8.7 Hz, 2H), 7.24 (t, J =
1.6 Hz, 1H), 7.19 (dd, J = 4.0, 1.6 Hz, 1H), 7.03 (d, J = 8.7 Hz,
2H), 6.25 (dd, J = 4.0, 2.6 Hz, 1H), 4.01 (s, 3H), 3.85 (s, 3H), 3.65
(s, 3H), 3.17 (s, 3H). 13C NMR (101 MHz, DMSO-d6) dppm 159.4,
158.6, 158.6, 154.4, 151.9, 150.6, 130.7, 129.2, 128.5, 127.2,
117.2, 117.2, 113.2, 108.2, 104.9, 101.8, 55.0, 37.3, 30.3, 28.1.

2.5.4 1,3-Dimethyl-7-(1-methyl-1H-pyrrol-2-yl)-2,4-dioxo-5-
phenyl-1,2,3,4-tetrahydropyrido[2,3-d]pyrimidine-6-carbonitrile
(A4). Yellow solid; mp: 228–230 °C; FT-IR (KBr, cm−1): 3116,
2951, 2213, 1714, 1670. 1H NMR (400MHz, DMSO-d6) dppm 7.50–
7.46 (m, 3H), 7.32 (dd, J = 6.6, 2.9 Hz, 2H), 7.24 (t, J = 1.6 Hz,
1H), 7.19 (dd, J = 4.1, 1.6 Hz, 1H), 6.26 (dd, J = 4.0, 2.6 Hz, 1H),
4.02 (s, 3H), 3.66 (s, 3H), 3.16 (s, 3H). 13C NMR (101 MHz,
DMSO-d6) dppm 158.6, 158.5, 154.4, 151.8, 150.7, 136.7, 130.8,
128.4, 127.8, 127.4, 127.2, 117.2, 116.9, 108.3, 104.8, 101.5, 37.3,
30.3, 28.1.

2.5.5 1,3-Dimethyl-7-(1-methyl-1H-pyrrol-2-yl)-2,4-dioxo-5-
(m-tolyl)-1,2,3,4-tetrahydropyrido[2,3-d]pyrimidine-6-
carbonitrile (A5). Yellow solid; mp: 180–182 °C; FT-IR
(KBr, cm−1): 3118, 2920, 2219, 1714, 1668. 1H NMR (400 MHz,
DMSO-d6) dppm 7.37 (t, J = 7.6 Hz, 1H), 7.28 (d, J = 7.7 Hz, 1H),
7.24 (t, J = 1.9 Hz, 1H), 7.19 (dd, J = 4.1, 1.7 Hz, 1H), 7.13–7.08
(m, 2H), 6.25 (dd, J = 4.1, 2.5 Hz, 1H), 4.01 (s, 3H), 3.65 (s, 3H),
3.16 (s, 3H), 2.37 (s, 3H). 13C NMR (101 MHz, DMSO-d6) dppm
158.8, 158.4, 154.3, 151.8, 150.7, 136.8, 136.7, 130.7, 129.0,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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127.8, 127.6, 127.2, 124.5, 117.2, 116.9, 108.3, 104.8, 101.5, 37.3,
30.3, 28.1, 21.0.

2.5.6 5-(4-Fluorophenyl)-1,3-dimethyl-7-(1-methyl-1H-pyr-
rol-2-yl)-2,4-dioxo-1,2,3,4-tetrahydropyrido[2,3-d]pyrimidine-6-
carbonitrile (A6). Yellow solid; mp: 289–290 °C; FT-IR
(KBr, cm−1): 3119, 2955, 2213, 1716, 1662. 1H NMR (400 MHz,
DMSO-d6) dppm 7.41–7.37 (m, 2H), 7.35–7.30 (m, 2H), 7.25 (t, J =
1.7 Hz, 1H), 7.20 (dd, J = 4.1, 1.7 Hz, 1H), 6.26 (dd, J = 4.1,
2.5 Hz, 1H), 4.01 (s, 3H), 3.66 (s, 3H), 3.17 (s, 3H). 13C NMR (101
MHz, DMSO-d6) dppm 163.4, 161.0, 158.6, 157.7, 154.3, 151.8,
150.6, 133.0, 130.9, 129.9, 127.2, 117.3, 117.0, 115.0, 114.8,
108.3, 105.0, 101.6, 37.3, 30.3, 28.1.

2.5.7 5-(4-Hydroxyphenyl)-1,3-dimethyl-7-(1-methyl-1H-
pyrrol-2-yl)-2,4-dioxo-1,2,3,4-tetrahydropyrido[2,3-d]
pyrimidine-6-carbonitrile (A7). Yellow solid; mp: >300 °C; FT-IR
(KBr, cm−1): 3306, 3080, 2942, 2223, 1727, 1653. 1H NMR (400
MHz, DMSO-d6) dppm 9.72 (s, 1H), 7.23 (t, J = 1.6 Hz, 1H), 7.18
(dd, J = 4.1, 1.7 Hz, 1H), 7.14 (d, J = 8.6 Hz, 2H), 6.84 (d, J =
8.6 Hz, 2H), 6.25 (dd, J = 4.0, 2.6 Hz, 1H), 4.00 (s, 3H), 3.64 (s,
3H), 3.17 (s, 3H). 13C NMR (101 MHz, DMSO-d6) dppm 159.1,
158.5, 157.8, 154.4, 151.9, 150.7, 130.6, 129.2, 127.3, 126.8,
117.3, 117.2, 114.6, 108.2, 104.9, 101.9, 37.2, 30.3, 28.

2.5.8 5-(2-Methoxyphenyl)-1,3-dimethyl-7-(1-methyl-1H-
pyrrol-2-yl)-2,4-dioxo-1,2,3,4-tetrahydropyrido[2,3-d]
pyrimidine-6-carbonitrile (A8). Yellow solid; mp: 205–208 °C;
FT-IR (KBr, cm−1): 3447, 2219, 1718, 1665. 1H NMR (400 MHz,
DMSO-d6) dppm 7.24–7.14 (t, J = 7.1 Hz, 1H), 7.18 (m, 4H), 7.10–
7.03 (m, 1H), 6.25 (s, 1H), 4.02 (s, 3H), 3.73 (s, 3H), 3.65 (s, 3H),
3.17 (s, 3H). 13C NMR (101 MHz, DMSO-d6) dppm 158.3, 156.3,
155.5, 154.4, 151.8, 150.6, 130.8, 130.2, 128.5, 127.2, 125.5,
120.3, 117.1, 116.9, 111.1, 108.3, 105.3, 101.7, 55.5, 37.4, 30.3,
28.0.

2.5.9 5-(4-Bromophenyl)-1,3-dimethyl-7-(1-methyl-1H-pyr-
rol-2-yl)-2,4-dioxo-1,2,3,4-tetrahydropyrido[2,3-d]pyrimidine-6-
carbonitrile (A9). Yellow solid; mp: 266–268 °C; FT-IR
(KBr, cm−1): 3116, 2952, 2221, 1715, 1669. 1H NMR (400 MHz,
DMSO-d6) dppm 7.70 (d, J = 8.4 Hz, 2H), 7.30 (d, J = 8.5 Hz, 2H),
7.25 (t, J= 1.7 Hz, 1H), 7.20 (dd, J= 4.1, 1.7 Hz, 1H), 6.26 (dd, J=
4.1, 2.5 Hz, 1H), 4.01 (s, 3H), 3.65 (s, 3H), 3.16 (s, 3H). 13C NMR
(101 MHz, DMSO-d6) dppm 158.6, 157.3, 154.4, 151.8, 150.6,
136.0, 130.9, 130.9, 129.7, 127.2, 122.0, 117.3, 116.9, 108.4,
104.7, 101.2, 37.3, 30.3, 28.1.

2.5.10 1,3-Dimethyl-7-(1-methyl-1H-pyrrol-2-yl)-5-(4-nitro-
phenyl)-2,4-dioxo-1,2,3,4-tetrahydropyrido[2,3-d]pyrimidine-6-
carbonitrile (A10). Yellow solid; mp: 233–235 °C; FT-IR
(KBr, cm−1): 3427, 2948, 2219, 1712, 1664. 1H NMR (400 MHz,
DMSO-d6) dppm 8.37 (d, J = 8.8 Hz, 2H), 7.66 (d, J = 8.8 Hz, 2H),
7.27 (t, J= 1.6 Hz, 1H), 7.22 (dd, J= 4.1, 1.6 Hz, 1H), 6.27 (dd, J=
4.1, 2.5 Hz, 1H), 4.03 (s, 3H), 3.67 (s, 3H), 3.16 (s, 3H). 13C NMR
(101 MHz, DMSO-d6) dppm 158.7, 156.3, 154.4, 151.8, 150.6,
147.4, 143.9, 131.2, 129.1, 127.1, 123.2, 117.5, 116.7, 108.5,
104.6, 100.6, 37.4, 30.3, 28.1.

2.5.11 5-(2,4-Dichlorophenyl)-1,3-dimethyl-7-(1-methyl-1H-
pyrrol-2-yl)-2,4-dioxo-1,2,3,4-tetrahydropyrido[2,3-d]
pyrimidine-6-carbonitrile (A11). Yellow solid; mp: 210–213 °C;
FT-IR (KBr, cm−1): 3109, 2942, 2219, 1722, 1659. 1H NMR (400
MHz, DMSO-d6) dppm 7.83 (d, J = 2.0 Hz, 1H), 7.60 (dd, J = 8.3,
© 2022 The Author(s). Published by the Royal Society of Chemistry
2.0 Hz, 1H), 7.40 (d, J = 8.3 Hz, 1H), 7.28 (t, J = 1.7 Hz, 1H), 7.24
(dd, J = 4.1, 1.7 Hz, 1H), 6.28 (dd, J = 4.1, 2.5 Hz, 1H), 4.04 (s,
3H), 3.66 (s, 3H), 3.18 (s, 3H). 13C NMR (101 MHz, DMSO-d6)
dppm 158.4, 154.5, 154.5, 151.9, 150.5, 134.9, 134.1, 131.7, 131.4,
130.4, 128.6, 127.5, 127.0, 117.5, 116.4, 108.6, 104.8, 100.6, 37.5,
30.3, 28.1.

2.5.12 5-(3-Hydroxyphenyl)-1,3-dimethyl-7-(1-methyl-1H-
pyrrol-2-yl)-2,4-dioxo-1,2,3,4-tetrahydropyrido[2,3-d]
pyrimidine-6-carbonitrile (A12). Yellow solid; mp: 156–158 °C;
FT-IR (KBr, cm−1): 3116, 2945, 2216, 1714, 1667. 1H NMR (400
MHz, DMSO-d6) dppm 9.58 (s, 1H), 7.26 (dd, J= 13.4, 5.2 Hz, 2H),
7.18 (dd, J = 4.1, 1.6 Hz, 1H), 6.85 (dd, J = 8.1, 1.7 Hz, 1H), 6.71–
6.66 (m, 2H), 6.25 (dd, J = 4.0, 2.5 Hz, 1H), 4.01 (s, 3H), 3.65 (s,
3H), 3.17 (s, 3H). 13C NMR (101 MHz, DMSO-d6) dppm 158.6,
158.3, 156.8, 154.3, 151.8, 150.7, 137.9, 130.7, 129.1, 127.2,
117.9, 117.2, 116.9, 115.3, 114.2, 108.3, 104.8, 101.4, 37.3, 30.3,
28.1.

2.5.13 5-(2-Chlorophenyl)-1,3-dimethyl-7-(1-methyl-1H-pyr-
rol-2-yl)-2,4-dioxo-1,2,3,4-tetrahydropyrido[2,3-d]pyrimidine-6-
carbonitrile (A13). Yellow solid; mp: >300 °C; FT-IR (KBr, cm−1):
3113, 2949, 2998, 2219, 1709, 1663. 1H NMR (400 MHz, DMSO-
d6) dppm 7.63–7.60 (m, 1H), 7.54–7.45 (m, 2H), 7.34 (dd, J = 7.4,
1.8 Hz, 1H), 7.28 (t, J= 1.6 Hz, 1H), 7.22 (dd, J= 4.1, 1.6 Hz, 1H),
6.28 (dd, J = 4.1, 2.5 Hz, 1H), 4.04 (s, 3H), 3.67 (s, 3H), 3.17 (s,
3H). 13C NMR (101 MHz, DMSO-d6) dppm 158.3, 155.6, 154.5,
151.9, 150.5, 135.8, 131.2, 130.4, 130.2, 129.0, 128.9, 127.2,
127.0, 117.4, 116.4, 108.54, 37.5, 30.3, 28.1.

2.5.14 5-(4-Isopropylphenyl)-1,3-dimethyl-7-(1-methyl-1H-
pyrrol-2-yl)-2,4-dioxo-1,2,3,4-tetrahydropyrido[2,3-d]
pyrimidine-6-carbonitrile (A14). Yellow solid; mp: 190–192 °C;
FT-IR (KBr, cm−1): 3110, 2955, 2853, 2219, 1712, 1663. 1H NMR
(400 MHz, DMSO-d6) dppm 7.35 (d, J = 8.1 Hz, 2H), 7.27–7.23 (m,
J = 8.0 Hz, 3H), 7.18 (dd, J = 4.1, 1.6 Hz, 1H), 6.25 (dd, J = 4.0,
2.6 Hz, 1H), 4.01 (s, 3H), 3.65 (s, 3H), 3.16 (s, 3H), 2.99 (hep, J =
6.9 Hz, 1H), 1.29 (d, J = 6.9 Hz, 6H). 13C NMR (101 MHz, DMSO-
d6) dppm 158.8, 158.5, 154.4, 151.9, 150.7, 148.4, 134.0, 130.7,
127.5, 127.2, 125.7, 117.2, 117.0, 108.3, 104.9, 101.6, 37.2, 33.1,
30.3, 28.1, 23.7.

2.5.15 5-(3-Ethoxy-4-hydroxyphenyl)-1,3-dimethyl-7-(1-
methyl-1H-pyrrol-2-yl)-2,4-dioxo-1,2,3,4-tetrahydropyrido[2,3-d]
pyrimidine-6-carbonitrile (A15). Yellow solid; mp: 246–248 °C;
FT-IR (KBr, cm−1): 3106, 3060, 2942, 2218, 1715, 1670. 1H NMR
(400 MHz, DMSO-d6) dppm 9.21 (s, 1H), 7.23 (t, J = 1.9 Hz, 1H),
7.18 (dd, J= 4.0, 1.6 Hz, 1H), 6.93–6.85 (m, 2H), 6.74 (dd, J= 8.1,
1.9 Hz, 1H), 6.25 (dd, J= 4.0, 2.6 Hz, 1H), 4.04–3.98 (m, 5H), 3.64
(s, 3H), 3.17 (s, 3H), 1.33 (t, J = 6.9 Hz, 3H). 13C NMR (101 MHz,
DMSO-d6) dppm 158.9, 158.5, 154.3, 151.8, 150.7, 147.3, 145.9,
130.6, 127.3, 127.2, 120.7, 117.3, 117.2, 115.0, 113.7, 108.2,
105.0, 101.9, 63.8, 37.2, 30.3, 28.1, 14.5.

2.5.16 1,3-Dimethyl-7-(1-methyl-1H-pyrrol-2-yl)-5-(naph-
thalen-1-yl)-2,4-dioxo-1,2,3,4-tetrahydropyrido[2,3-d]
pyrimidine-6-carbonitrile (A16). Yellow solid; mp: 212–214 °C;
FT-IR (KBr, cm−1): 3113, 2945, 2219, 1709, 1663. 1H NMR (400
MHz, DMSO-d6) dppm 8.04 (d, J = 8.3 Hz, 2H), 7.65–7.60 (m, 1H),
7.57–7.53 (m, 1H), 7.43 (d, J = 3.8 Hz, 2H), 7.39 (dd, J = 7.0,
0.7 Hz, 1H), 7.26 (t, J= 1.6 Hz, 1H), 7.18 (dd, J= 4.1, 1.6 Hz, 1H),
6.25 (dd, J = 4.1, 2.5 Hz, 1H), 4.07 (s, 3H), 3.71 (s, 3H), 3.07 (s,
RSC Adv., 2022, 12, 34282–34292 | 34285
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3H). 13C NMR (101 MHz, DMSO-d6) dppm 158.4, 150.7, 136.8,
134.2, 130.7, 128.6, 127.7, 127.2, 126.2, 118.6, 117.2, 108.9,
108.3, 104.9, 37.2, 30.3, 28.1.

2.5.17 5,5′-(1,4-Phenylene)bis(1,3-dimethyl-7-(1-methyl-1H-
pyrrol-2-yl)-2,4-dioxo-1,2,3,4-tetrahydropyrido[2,3-d]
pyrimidine-6-carbonitrile) (A17). Yellow solid; mp: >300 °C; FT-
IR (KBr, cm−1): 2951, 2928, 2216, 1716, 1667. 1H NMR (400MHz,
DMSO-d6) dppm 7.46 (s, 4H), 7.26–7.23 (m, J = 3.7 Hz, 4H), 6.28–
6.25 (m, 2H), 4.03 (s, 6H), 3.68 (s, 6H), 3.23 (s, 3H), 3.18 (s, 3H).
13C NMR (101 MHz, DMSO-d6) dppm 155.1, 154.9, 153.1, 152.2,
151.4, 150.9, 143.5, 131.8, 131.7, 131.3, 131.0, 128.2, 127.2,
117.9, 117.6, 116.9, 115.9, 108.7, 108.4, 107.8, 106.5, 104.3, 99.7,
98.6, 37.8, 37.4, 30.4, 29.7, 28.1.

3 Results and discussion

Development of “anomeric based oxidation” concept, from
synthesis of heterocycle compounds via a susceptible interme-
diate in the course of reaction is our main research demand
because this key phenomenon is observed in the oxidation/
reduction mechanism and hydride transfer from NADPH/
NADP+ and/or NADH/NAD+ biological systems.35–37 With this
aim, the described porous metal–organic framework containing
phosphorous acid groups MIL-125(Ti)-N(CH2PO3H2)2 as
a porous catalyst was synthesized and applied for the prepara-
tion of tetrahydropyrido[2,3-d]pyrimidines via a cooperative
vinylogous anomeric based oxidation mechanism. To shed light
on more details, the structure of MIL-125(Ti)-N(CH2PO3H2)2 as
a porous material catalyst was thoroughly approved by various
analyses; FT-IR, X-ray diffraction analysis (XRD), energy-
dispersive X-ray spectroscopy (EDX), scanning electron micro-
scope (SEM), N2 absorption and desorption, thermal gravi-
metric (TGA) and derivative thermogravimetry (DTG).

FT-IR analysis of MIL-125(Ti)-NH2 and MIL-125(Ti)-
N(CH2PO3H2)2 were compered in Fig. 4. The bands at 3384 and
3462 cm−1 indicates the symmetric and asymmetric vibrations
of the NH2 groups in MIL-125(Ti)-NH2. The broad peak at 2800–
3600 cm−1 is related to the OH of PO3H2 functional groups in
Fig. 4 FT-IR spectra of MIL-125(Ti)-NH2 and MIL-125(Ti)-
N(CH2PO3H2)2 as a porous catalyst.

34286 | RSC Adv., 2022, 12, 34282–34292
MIL-125(Ti)-N(CH2PO3H2)2. The absorption bands at 1659 cm−1

in MIL-125(Ti)-NH2 are assigned to C]O bond stretching of
carboxylic acid group. Also, the absorption bands at 1031 and
1086 cm−1 are assigned to P–O bond stretching. Furthermore,
the absorption band at 775 cm−1 is related to Ti metal. The
changes between the FT-IR spectrums of MIL-125(Ti)-NH2 and
MIL-125(Ti)-N(CH2PO3H2)2 veried the successful post-
modication.

The XRD patterns of MIL-125(Ti)-NH2 and MIL-125(Ti)-
N(CH2PO3H2)2 were described in Fig. 5. As shown in Fig. 5, the
pattern of peak of MIL-125(Ti)-NH2 is similar to the literature
references.40–42 Also, the XRD results of post-modication with
phosphorous acid groups is almost unchanged with MIL-
125(Ti)-NH2. According to the XRD prole, the morphology and
structure of the catalyst remained constant at different stages of
synthesis.

The crystal scaffolds of MIL-125(Ti)-NH2 and MIL-125(Ti)-
N(CH2PO3H2)2 were checked out by energy dispersive X-ray
analysis (EDX) (Fig. 6). According to the EDX analysis
approved the existence elements structure of C, N, and Ti in
MIL-125(Ti)-NH2 and P, O, N, and Ti in MIL-125(Ti)-
N(CH2PO3H2)2 respectively.
Fig. 5 XRD patterns of MIL-125(Ti)-NH2 and MIL-125(Ti)-
N(CH2PO3H2)2 as a porous catalyst.

Fig. 6 EDX analysis of MIL-125(Ti)-NH2 and MIL-125(Ti)-
N(CH2PO3H2)2 as a porous catalyst.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 TG and DTG analysis of MIL-125(Ti)-N(CH2PO3H2)2 as a porous
catalyst.

Fig. 7 SEM images of MIL-125(Ti)-NH2 (a–c) and MIL-125(Ti)-
N(CH2PO3H2)2 (d–f) as a porous catalyst.

Table 1 Effect of different amounts of catalysts, temperature and
solvent (5 mL) in the synthesis of novel tetrahydropyrido[2,3-d]
pyrimidines

Entry Solvent Catalyst (mg) Temp. (°C) Time (min) Yield (%)

1 — 10 110 40 83
2 — 10 100 35 90
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In another study, the morphology of MIL-125(Ti)-NH2 and its
post-modication were investigated by scanning electron
microscope (SEM) (Fig. 7). As shown in Fig. 7a–c, the uniform
tablet-like form and smooth surface shape of MIL-125(Ti)-NH2

exhibit, which is similar to the literature reference.40 Also, the
morphology of MIL-125(Ti)-NH2 aer post-modication with
phosphorus acid tags is unchanged and stable (Fig. 7d–f). As
shown, the obtained XRD pattern conrmed the resulting
image from SEM analysis.

The textural properties of MIL-125(Ti)-NH2 and MIL-125(Ti)-
N(CH2PO3H2)2 were studied by N2 adsorption–desorption
isotherms (Fig. 8a). The absence of the hysteresis loop indicates
the absence of mesoporous in the samples. The calculated
surface areas based on the BET equation are 1328 and 554 m2

g−1 for MIL-125(Ti)-NH2 and MIL-125(Ti)-N(CH2PO3H2)2
respectively. Furthermore, the total pore volumes for these
samples are 0.5663 cm3 g−1 and 0.3856 cm3 g−1, respectively.
The pore size distribution of both MIL-125(Ti)-NH2 and MIL-
125(Ti)-N(CH2PO3H2)2 based on the BJH method are shown in
(Fig. 8b). As shown in this gure the pore size of both samples
are less than 2 nm revealing the presence of micropores in the
samples.

In another investigation, thermal gravimetric (TG) and
derivative thermogravimetry (DTG) were applied for thermal
and behavioral stability of MIL-125(Ti)-N(CH2PO3H2)2 (Fig. 9).
Fig. 8 N2 absorption–desorption isotherm and pore size distribution
based on BJH method for MIL-125(Ti)-NH2 (:) and MIL-125(Ti)-
N(CH2PO3H2)2 (-) as a porous catalyst.

© 2022 The Author(s). Published by the Royal Society of Chemistry
According to Fig. 9, the weight loss around 25–100 °C is related
to the evaporation and removal solvents (organic and H2O) in
the synthesis of the catalyst. Also, the weight loss around 450 °C
is suggested to the decomposition and breaking of organic
section (bond of N–C–PO3H2) of metal–organic frameworks
(MOFs). Therefore, obtained data show thermal stability excel-
lent of MIL-125(Ti)-N(CH2PO3H2)2, which can be used as
a porous catalyst for organic reaction.
3 — 10 90 50 82
4 — 10 50 100 30
5 — 10 25 120 —
6 — 20 100 35 85
7 — 15 100 40 70
8 — 5 100 100 55
9 — — 100 180 —
10 H2O 10 Reux 180 —
11 EtOH 10 Reux 100 70
12 CH2Cl2 10 Reux 180 —
13 CHCl3 10 Reux 100 —
14 EtOAc 10 Reux 120 10
15 DMF 10 100 150 72
16 MeOH 10 Reux 120 45
17 CH3CN 10 Reux 120 55

RSC Adv., 2022, 12, 34282–34292 | 34287
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Table 2 Synthesis of tetrahydropyrido[2,3-d]pyrimidine derivatives using MIL-125(Ti)-N(CH2PO3H2)2 as a porous catalysta

a Reaction conditions: a mixture of aryl aldehydes (1 mmol), 6-amino-1,3-climethylpyrimidine-2,4(1H,3H)-dione (1 mmol, 0.155 g), 3-(1-methyl-1H-
pyrrol-2-y1)-3-oxopropanenitrile (1 mmol, 0.148 g) and MIL-125(Ti)-N(CH2PO3H2)2 (10 mg) under solvent-free condition at 100 °C.

34288 | RSC Adv., 2022, 12, 34282–34292 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Aer the design, preparation, and characterization of MIL-
125(Ti)-N(CH2PO3H2)2 as an acidic catalyst, the catalytic
behavior of novel porous metal–organic framework was exam-
ined in the synthesis of tetrahydropyrido[2,3-d]pyrimidine
derivatives via a cooperative vinylogous anomeric based oxida-
tion. The above-mentioned catalyst was achieved one pat reac-
tion of 4-choloro benzaldehyde (1 mmol, 0.140 g), 6-amino-1,3-
dimethylpyrimidine-2,4(1H,3H)-dione (1 mmol, 0.155 g) and 3-
(1-methyl-1H-pyrrol-2-yl)-3-oxopropanenitrile (1 mmol, 0.148 g)
as a model reaction. The optimized reaction data is listed in
Table 1. In this table, the model reaction was studied by using
several solvents such as H2O, EtOH, CH2Cl2, CHCl3, EtOAc,
Scheme 4 Plausible mechanism in the synthesis of tetrahydropyrido[2,3

© 2022 The Author(s). Published by the Royal Society of Chemistry
DMF, MeOH and CH3CN (10 mL) in the presence of 10 mg of
MIL-125(Ti)-N(CH2PO3H2)2 under reux condition (Table 1,
entries 10–17). Also, the model reaction was studied by using
different amounts of catalysts (Table 1, entry 6–9) and temper-
atures (Table 1, entry 1–5). Considering the data reaction ob-
tained (yield and time), the best results for the preparation of
tetrahydropyrido[2,3-d]pyrimidines were achieved under
solvent-free conditions at 100 °C and in the presence of MIL-
125(Ti)-N(CH2PO3H2)2 (10 mg) as a porous catalyst (Table 1,
entry 2).

Aer optimizing the reaction conditions for the preparation
of novel tetrahydropyrido[2,3-d]pyrimidines, the performance
-d]pyrimidine derivatives.

RSC Adv., 2022, 12, 34282–34292 | 34289
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Fig. 10 Reusability of MIL-53(Al)-N(CH2PO3H2)2 for the synthesis of
novel tetrahydropyrido[2,3-d]pyrimidines.
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and application of MIL-125(Ti)-N(CH2PO3H2)2 as a porous
metal–organic framework catalyst was further evaluated. The
obtained results are summarized in Table 2. According to this
table, the synthesis of tetrahydropyrido[2,3-d]pyrimidines were
carried out under optimal conditions by using various aromatic
aldehydes, including electron-bearing groups, electron-
accepting groups, and halogen groups. The obtained results
show that the yield of the products is high and the time of
conducting the experiments is short. These results show the
suitable catalytic performance of MIL-125(Ti)-N(CH2PO3H2)2,
which can be extended to synthesis other organic compounds.

In the suggestedmechanism, the aldehyde is activated by the
catalyst and reacts with 3-(1-methyl-1H-pyrrol-2-yl)-3-
oxopropanenitrile, which has been converted to its tautomeric
form by the catalyst, and intermediate (I) is created. Interme-
diate (I) as a Michael acceptor is activated by the catalyst and is
attacked by the uracil nucleophile. The intermediate (II)
produced in this step is converted to intermediate (III) by
proton transfer and tautomerization. Intermediate (III) is con-
verted into intermediate (IV) by performing an intramolecular
cyclization reaction and losing another H2O molecule. In the
next step, intermediate (III) is converted into intermediate (IV)
by performing an intramolecular cyclization reaction and losing
another H2O molecule. In the next step, intermediate (IV) via “a
cooperative geminal-vinylogous anomeric affect” through
simultaneously electron sharing from phenyl group and lone
pair electrons of N atoms through C]C bonds into the anti-
bonding of C–H bond causes the releasing of hydride which has
been named “cooperative geminal-vinylogous anomeric based
oxidation” mechanism in the presence and absence of oxygen
pathways A and B in Scheme 4 (in the main manuscript text)
respectively. During this mechanism, hydrogen molecule (–H2)
or hydrogen peroxide molecule (–H2O2) whose oxygen is
supplied from the air is released. The above-mentioned concept
has been reviewed comprehensively.34,43 To investigate the
activation of aldehyde by catalyst, p-chloro benzaldehyde was
Table 3 Evaluation of various catalyst for the synthesis of novel t
N(CH2PO3H2)2

Entry Catalysta

1 p-TSA
2 NaOH
3 Et3N
4 GTMPA21

5 MIL-53(Al)-N(CH2PO3H2)2 (ref. 18 and 19)
6 CQDs-N(CH2PO3H2)2 (ref. 24)
7 APVPB44

8 GTBSA45

9 Fe3O4@Co(BDC)-NH2 (ref. 46)
10 [PVI-SO3H]FeCl4 (ref. 47)
11 SSA48,49

12 MIL-125(Ti)-NH2

13 PO3H3

14 MIL-125(Ti)-N(CH2PO3H2)2
this work

a The reaction of 4-choloro benzaldehyde (1 mmol, 0.140 g), 6-amino-1,3-d
1H-pyrrol-2-yl)-3-oxopropanenitrile (1 mmol, 0.148 g) at 100 °C under solv

34290 | RSC Adv., 2022, 12, 34282–34292
activated with MIL-125(Ti) and MIL-125(Ti)-N(CH2PO3H2)2 at
room temperature. Then the FT-IR spectra of the reaction
mixtures were studied. The absorption band of C]O of the p-
chloro benzaldehyde at 1692 cm−1 was changed to 1694 and
1702 cm−1 in the presence of MIL-125(Ti) and MIL-125(Ti)-
N(CH2PO3H2)2 respectively (Fig. S1, see in ESI†).

To evaluate reactivity of catalyst, the reaction of 4-choloro
benzaldehyde (1 mmol, 0.140 g), 6-amino-1,3-dimethylpyr-
imidine-2,4(1H,3H)-dione (1 mmol, 0.155 g) and 3-(1-methyl-1H-
pyrrol-2-yl)-3-oxopropanenitrile (1 mmol, 0.148 g) as a model
reaction was evaluated by MIL-125(Ti)-N(CH2PO3H2)2 and other
catalyst such as organic, inorganic and solid acids (Table 3). As
shown in Table 3, the MIL-125(Ti)-N(CH2PO3H2)2 is the best
etrahydropyrido[2,3-d]pyrimidines in comparison with MIL-125(Ti)-

Amount of catalyst Time (min) Yield (%)

10 mol% 100 20
10 mol% 120 30
10 mol% 120 25
10 mol% 100 43
10 mg 60 75
10 mg 80 60
10 mg 120 35
10 mol% 180 65
10 mg 110 53
10 mg 100 40
10 mg 80 35
10 mg 120 52
10 mol% 90 40
10 mg 35 90

imethylpyrimidine-2,4(1H,3H)-dione (1 mmol, 0.155 g) and 3-(1-methyl-
ent-free condition.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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performance for the synthesis of tetrahydropyrido[2,3-d]pyrim-
idines. Also, the recyclability of MIL-125(Ti)-N(CH2PO3H2)2 was
checked out in the model reaction. The results show that the
MIL-125(Ti)-N(CH2PO3H2)2 has the potential to be recycled and
reused up to 4 times without signicant decreasing its catalytic
activity (Fig. 10).

4 Conclusions

In this paper, we reported new metal–organic frameworks
(MOFs) containing phosphorous acid tags namely MIL-125(Ti)-
N(CH2PO3H2)2 as a porous catalyst. This mesoporous catalyst
was characterized by several techniques such as FT-IR, EDX,
XRD, SEM, N2 adsorption–desorption isotherms, BJH/BJH and
TG/DTG analysis. Then, its catalytic application in the synthesis
of new series of tetrahydropyrido[2,3-d]pyrimidines via a coop-
erative vinylogous anomeric-based oxidation mechanism. Easy
separation of catalyst from mixture reaction, clean prole of
reaction and widespread new synthesis of biologically active
with good to excellent yields are most important of described
work.
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