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linates via a cooperative
vinylogous anomeric-based oxidation using UiO-
66(Zr)-N(CH2PO3H2)2 as a catalyst†

Saeed Babaee,a Hassan Sepehrmansourie,a Mahmoud Zarei, *b

Mohammad Ali Zolfigol *a and Mojtaba Hosseinifard c

The anomeric effect highlights the significant influence of the functional group and reaction conditions on

oxidation–reduction. This article successfully investigates the anomeric effect in the synthesis of picolinate

and picolinic acid derivatives through a multi-component reaction involving 2-oxopropanoic acid or ethyl

2-oxopropanoate, ammonium acetate, malononitrile, and various aldehydes. To facilitate this process, we

employed UiO-66(Zr)-N(CH2PO3H2)2 as a novel nanoporous heterogeneous catalyst. The inclusion of

phosphorous acid tags on the UiO-66(Zr)-N(CH2PO3H2)2 offers the potential for synthesizing picolinates

at ambient temperature.
1. Introduction

In recent years, crystal engineering, specically metal–organic
frameworks (MOFs), has gained signicant attention across
various scientic disciplines. MOFs exhibit diverse applications
such as catalysts, photocatalysts, gas separators, oxidizers,
adsorbents, and drug delivery systems.1–5 These frameworks,
characterized by high thermal stability and large surface area,
have found extensive use as catalysts in coupling, cross-
coupling, nitration, multi-component, oxidation-reduction,
and Diels–Alder reactions.6–11 Crystalline porous frameworks
consist of an inorganic sector comprising metal cations as
nuclei and an organic sector serving as ligand connectors.12,13

These frameworks possess highly active surfaces and offer
a wide range of functional groups, enabling the design of highly
efficient catalysts. Notably, their remarkable thermal and
chemical stability makes them suitable for various
conditions.14–16 In industries like pharmaceuticals and health-
care, the use of oral and non-toxic materials as catalysts has
garnered attention. Among these, phosphoric acid and its
derivatives are widely employed in the synthesis of pharma-
ceutical structures.17,18 The development of heterogeneous
catalysts incorporating phosphoric acid groups has attracted
considerable interest due to their recyclability and reusability.
y of Chemistry, Bu-Ali Sina University,

8380709; Tel: +988138282807. E-mail:

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

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

tion (ESI) available. See DOI:

the Royal Society of Chemistry
Our research group has introduced novel catalysts featuring
phosphoric acid tags, including glycoluril,19 melamine,20 carbon
quantum dots (CQDs),21 metal–organic frameworks,22–25 and
mesoporous SBA-15.26 Heterocyclic scaffolds are widely found in
a wide range of biological and medicinal active molecules such
as anticonvulsant, anticancer, antimicrobial, anti-tumor, anti-
malarial, antibacterial, antifungal, antitumor and anti-HIV.
Pyridine structure such as picolinate and picolinic acid deriva-
tives are used in the pharmaceutical industry due to their bio-
logical properties.27–29 Also, these compounds are used in the
formation of complexes with various metals to determine the
concentration and in the treatment of diseases as a drug
(Fig. 1).30–36

Anomeric effect is one of the famous stereoelectronic inter-
actions which has been applied to describe some organic
reaction mechanisms.37–39 The term of anomeric based oxida-
tion (ABO) has been introduced for the formation of nal
products from susceptible intermediates via sharing lone pair
electrons of nitrogen atom into the anti-bonding orbitals of C–H
bond (nN / s*C–H). This concept has been used as a new
strategy for the oxidation of compounds without using any
oxidative agent. Stereoelectronic effects have also a major role
in the oxidation-reduction of susceptible biological compounds
such as NADH/NAD+ and NADPH/NADP+ (Fig. 2).40–43
Fig. 1 Structure of picolinic acid complex.
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Fig. 2 The molecular structures of NADPH/NADP+.

Fig. 3 Synthesis of picolinate and picolinic acid derivatives using UiO-
66-N(Zr)-N(CH2PO3H2)2 as a novel heterogeneous catalyst.

Fig. 4 Synthesis of UiO-66(Zr)-N(CH2PO3H2)2 as a novel heteroge-
neous catalyst.
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In the continuation of our previous investigation on the
applications of catalysts with phosphorous acid tags, herein we
decided to design and synthesize UiO-66-N(Zr)-N(CH2PO3H2)2
as a novel heterogeneous catalyst. Then it was tested for the one-
pot synthesis of picolinate and picolinic acid derivatives by
condensation reaction of 2-oxopropanoic acid or ethyl 2-oxo-
propanoate, ammonium acetate, malononitrile and various
aldehydes via a cooperative anomeric based oxidation mecha-
nism at ambient temperature in ethanol as a solvent (Fig. 3).

2. Experimental
2.1 Materials and methods

All materials and solvents such as 2-amino terephthalic acid
(NH2–H2BDC), DMF, ZrCl4, methanol, acetone, ethanol, para-
formaldehyde, phosphorous acid, p-toluene sulfonic acid (p-
TSA), 2-oxopropanoic acid, ethyl 2-oxopropanoate, acetic acid,
ammonium acetate, malononitrile and aldehyde derivatives
were purchased from Merck or Sigma-Aldrich and used without
further purication.

2.2 General procedure for the preparation of UiO-66(Zr)-
N(CH2PO3H2)2

Firstly, UiO-66(Zr)-NH2 was synthesized according to the previ-
ously reported procedure.44 Then, by the method of function-
alization with phosphorus acid, a mixture of UiO-66(Zr)-NH2

(0.5 g), formaldehyde (0.06 g, 2 mmol), phosphorus acid
(0.164 g, 2 mmol), p-TSA (10 mol%, 0.017 g) and ethanol (10 mL)
in a 25 mL round-bottomed ask were reuxed for 12 hours.
Finally, it was washed with ethanol (2 × 5 mL) and dried under
vacuum oven at 80 °C to give UiO-66(Zr)-N(CH2PO3H2)2 (Fig. 4).

2.3 General procedure for the synthesis of picolinate and
picolinic acid derivatives using UiO-66(Zr)-N-(CH2PO3H2)2

In a 25 mL round-bottomed ask, a mixture of 2-oxopropanoic
acid or ethyl 2-oxopropanoate, (1 mmol), aromatic aldehydes (1
mmol), ammonium acetate (1.5 mmol, 0.115 g), malononitrile
(1.1 mmol, 0.079 g) and UiO-66(Zr)N(CH2PO3H2)2 (5 mg) in
22504 | RSC Adv., 2023, 13, 22503–22511
ethanol (5 mL) as a solvent were stirred at ambient temperature.
The progress of the reaction was monitored using TLC (n-
hexane/ethyl acetate: 2/1). Aer the completion reaction, the
solvent (EtOH) was removed from reactionmixture. Acetone was
added to the reaction mixture and the described catalyst was
separated using centrifuged (2 × 1000 rpm). Then, solvent was
evaporated and the pure product was recrystallized in ethanol
(Fig. 3).
2.4 Spectral data for the picolinate and picolinic acid
derivatives

Ethyl 6-amino-5-cyano-4-(3-nitrophenyl)picolinate (A1).
Yellow solid; Mp: 198–200 °C; IR (KBr): n (cm−1) = 3473, 3376,
3245, 1732, 1638. 1H NMR (500 MHz, DMSO-d6) d (ppm) 8.43 (s,
1H), 8.39 (d, J = 8.0 Hz, 1H), 8.08 (d, J = 7.4 Hz, 1H), 7.86 (t, J =
7.8 Hz, 1H), 7.29 (s, 1H), 7.05 (s, 2H), 4.39 (q, J = 7.2 Hz, 2H),
1.34 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) d (ppm)
163.2, 154.0, 147.8, 147.6, 138.3, 137.0, 135.1, 130.4, 124.3,
123.4, 118.2, 115.0, 114.4, 98.8, 94.8, 62.4, 13.8.

Ethyl 6-amino-5-cyano-4-phenylpicolinate (A2). White solid;
Mp: 205–206 °C; IR (KBr): n (cm−1) = 3426, 3362, 3225, 2925,
2195, 1726, 1670. 1H NMR (500 MHz, DMSO-d6) d (ppm) 7.63–
7.53 (m, 5H), 7.21 (s, 1H), 6.91 (s, 2H), 4.38 (q, J = 7.3 Hz, 2H),
1.34 (t, J = 7.2 Hz, 3H). 13C NMR (125 MHz, DMSO-d6) d (ppm)
163.3, 154.1, 150.0, 136.9, 136.7, 129.7, 128.8, 128.4, 118.2,
115.3, 114.6, 98.6, 62.3, 13.8.

Ethyl 6′-amino-5′-cyano-[3,4′-bipyridine]-2′-carboxylate (A3).
Yellow solid; Mp: 242–243 °C; IR (KBr): n (cm−1) = 3362, 3328,
3154, 2929, 230, 1734, 1671. 1H NMR (500 MHz, DMSO-d6)
d (ppm) 8.79 (s, 1H), 8.74 (d, J = 3.9 Hz, 1H), 8.06 (d, J = 7.2 Hz,
1H),7.62–7.56 (m, 1H), 7.27 (s, 1H), 7.02 (s, 2H), 4.38 (q, J =
7.2 Hz, 2H), 1.34 (t, J = 7.1 Hz, 3H). 13C NMR (125 MHz, DMSO-
d6) d (ppm) 163.3, 154.0, 150.5, 148.6, 146.8, 137.1, 136.2, 132.9,
123.6, 118.2, 115.1, 114.4, 98.9, 94.6, 62.3, 13.8.

Ethyl 6-amino-4-(4-chlorophenyl)-5-cyanopicolinate (A4).
White solid; Mp: 230–233 °C; IR (KBr): n (cm−1) = 3465, 3377,
3230, 2924, 2119, 1733, 1635. 1H NMR (500 MHz, DMSO-d6)
d (ppm) 7.63 (s, 4H), 7.20 (s, 1H), 6.98 (s, 2H), 4.38 (q, J= 7.0 Hz,
2H), 1.34 (t, J = 7.1 Hz, 3H). 13C NMR (125 MHz, DMSO-d6)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The comparison of FT-IR of UiO-66(Zr)-NH2 and UiO-66(Zr)-
N(CH2PO3H2)2 as a novel heterogeneous catalyst.
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d (ppm) 163.3, 154.0, 148.7, 136.9, 135.7, 134.7, 130.4, 128.8,
118.1, 115.2, 114.5, 98.6, 62.3, 13.8.

Ethyl 6-amino-5-cyano-4-(3,4-dimethoxyphenyl)picolinate
(A5). White solid; Mp: 250–252 °C; IR (KBr): n (cm−1) = 3389,
3365, 2986, 2217, 1733, 1721. 1H NMR (500 MHz, DMSO-d6)
d (ppm) 7.23 (s, 1H), 7.22 (s, 1H), 7.17 (d, J= 8.3 Hz, 1H), 7.13 (d,
J= 8.1 Hz, 1H), 6.85 (s, 2H), 4.38 (q, J = 6.8 Hz, 2H), 3.84 (s, 3H),
3.83 (s, 3H), 1.35 (t, J = 6.9 Hz, 3H). 13C NMR (125 MHz, DMSO-
d6) d (ppm) 163.5, 154.1, 149.9, 129.1, 121.3, 118.2, 114.7, 112.2,
111.8, 62.2, 55.7, 55.7, 13.8.

Ethyl 6-amino-5-cyano-4-(4-nitrophenyl) picolinate (A6).
Yellow solid; Mp: 205–208 °C; IR (KBr): n (cm−1) = 3446, 3351,
3248, 3081, 2980, 2213, 1728, 1644, 1530, 1350. 1H NMR (500
MHz, DMSO-d6) d (ppm) 8.39 (d, J = 7.6 Hz, 2H), 7.89 (d, J =
7.5 Hz, 2H), 7.25 (s, 1H), 7.06 (s, 2H), 4.38 (d, J = 6.4 Hz, 2H),
1.34 (t, J = 5.9 Hz, 3H). 13C NMR (125 MHz, DMSO-d6) d (ppm)
163.2, 154.0, 148.1, 147.8, 143.1, 137.0, 130.1, 130.0, 129.9,
123.8, 123.7, 123.7, 118.0, 114.9, 114.3, 98.6, 95.0, 62.4, 13.8.

Ethyl 6-amino-5-cyano-[4,4′-bipyridine]-2-carboxylate (A7).
Yellow solid; Mp: 225–227 °C; IR (KBr): n (cm−1) = 3336, 3229,
2923, 2220, 1725, 1651. 1H NMR (500 MHz, DMSO-d6) d (ppm)
8.39 (d, J= 6.7 Hz, 2H), 7.89 (d, J= 6.6 Hz, 2H), 7.25 (s, 1H), 7.06
(s, 2H), 4.43–4.33 (m, 2H), 1.34 (s, 3H). 13C NMR (125 MHz,
DMSO-d6) d (ppm) 163.2, 154.0, 148.1, 147.8, 143.1, 137.0, 130.1,
123.8, 118.1, 118.0, 114.9, 114.3, 98.6, 95.0, 62.4, 53.2, 13.8.

Ethyl 6-amino-5-cyano-4-(p-tolyl)picolinate (A8).White solid;
Mp: 209–210 °C; IR (KBr): n (cm−1) = 3403, 3318, 3207, 3067,
2224, 1726, 1659. 1H NMR (500 MHz, DMSO-d6) d (ppm) 7.50 (d,
J= 7.1 Hz, 2H), 7.37 (d, J= 7.1 Hz, 2H), 7.19 (s, 1H), 6.90 (s, 2H),
4.37 (q, J = 6.5, 6.0 Hz, 2H), 2.40 (s, 3H), 1.34 (t, J = 6.6 Hz, 3H).
13C NMR (125 MHz, DMSO-d6) d (ppm) 163.4, 154.1, 150.0,
139.5, 136.7, 134.0, 129.4, 128.3, 118.2, 115.4, 114.6, 62.2, 20.8,
13.8.

Ethyl 6-amino-5-cyano-4-(4-cyanophenyl)picolinate (A9).
White solid; Mp: 229–231 °C; IR (KBr): n (cm−1) = 3459, 3330,
3235, 2924, 2229, 2213, 1739, 1634. 1H NMR (500 MHz, DMSO-
d6) d (ppm) 8.04 (d, J = 7.8 Hz, 2H), 7.81 (d, J = 7.8 Hz, 2H), 7.22
(s, 1H), 7.05 (s, 2H), 4.38 (q, J = 6.6 Hz, 2H), 1.33 (t, J = 6.9 Hz,
3H). 13C NMR (125 MHz, DMSO-d6) d (ppm) 163.2, 154.0, 148.2,
141.4, 137.0, 132.7, 129.6, 118.0, 115.0, 114.4, 112.3, 94.8, 62.4,
13.8.

Ethyl 6-amino-5-cyano-4-(thiophen-2-yl)picolinate (A10).
Yellow solid; Mp: >300 °C; IR (KBr): n (cm−1)= 3503, 3444, 3107,
2987, 2230, 1682. 1H NMR (500 MHz, DMSO-d6) d (ppm) 7.90 (d,
J= 4.0 Hz, 1H), 7.76 (s, 1H), 7.32 (s, 1H), 7.30 (s, 1H), 6.93 (d, J=
13.9 Hz, 2H), 4.39 (d, J = 6.9 Hz, 2H), 1.35 (t, J = 6.8 Hz, 3H). 13C
NMR (125 MHz, DMSO-d6) d (ppm) 163.1, 154.5, 141.6, 137.5,
136.9, 130.3, 129.6, 128.6, 117.5, 115.6, 114.5, 62.3, 13.8.

6-Amino-4-(4-chlorophenyl)-5-cyanopicolinic acid (B1).
Yellow solid; Mp: >300 °C; IR (KBr): n (cm−1)= 3460, 3363, 3247,
2219, 1716, 1645. 1H NMR (400 MHz, DMSO-d6) d (ppm) 7.62 (s,
4H), 7.17 (s, 1H), 6.84 (s, 2H). 13C NMR (101 MHz, DMSO-d6)
d (ppm) 164.9, 154.0, 148.2, 135.9, 134.5, 130.5, 130.3, 130.2,
128.8, 128.7, 118.2, 115.5, 115.0, 97.4, 94.4.

6-Amino-5-cyano-4-(3,4-dimethoxyphenyl)picolinic acid (B2).
Yellow solid; Mp: >300 °C; 1H NMR (400 MHz, DMSO-d6)
d (ppm) 7.38 (s, 1H), 7.14 (s, 1H), 7.10 (d, J = 1.7 Hz, 2H), 7.07 (s,
© 2023 The Author(s). Published by the Royal Society of Chemistry
1H), 6.26 (s, 2H), 3.83 (s, 3H), 3.82 (s, 3H). 13C NMR (101 MHz,
DMSO-d6) d (ppm) 165.7, 153.7, 149.5, 148.4, 148.2, 130.2, 121.0,
117.9, 116.7, 116.7, 111.9, 111.6, 94.1, 55.5, 55.5.

6-Amino-5-cyano-4-(4-methoxyphenyl)picolinic acid (B3).
Yellow solid; Mp: >300 °C; IR (KBr): n (cm−1)= 3474, 3359, 3222,
2213, 1720. 1H NMR (400 MHz, DMSO-d6) d (ppm) 7.51 (d, J =
8.8 Hz, 2H), 7.41 (s, 1H), 7.08 (d, J = 8.8 Hz, 2H), 7.05 (s, 1H),
6.28 (s, 2H), 3.83 (s, 3H). 13C NMR (101 MHz, DMSO-d6) d (ppm)
165.8, 159.9, 153.7, 149.8, 148.0, 130.1, 129.7, 118.0, 116.6,
116.6, 114.1, 94.1, 93.8, 55.2.

6-Amino-5-cyano-4-phenylpicolinic acid (B4). Yellow solid;
Mp: >300 °C; IR (KBr): n (cm−1) = 3446, 3365, 2926, 2211, 1630,
1575. 1H NMR (400 MHz, DMSO-d6) d (ppm) 7.52 (d, J = 7.5 Hz,
5H), 7.35 (s, 2H), 7.12 (s, 1H), 6.39 (s, 2H). 13C NMR (101 MHz,
DMSO-d6) d (ppm) 166.3, 153.7, 148.4, 137.9, 129.1, 128.6, 128.3,
127.6, 118.3, 116.4, 116.3, 94.7, 94.4.

6-Amino-5-cyano-[4,4′-bipyridine]-2-carboxylic acid (B5).
Yellow solid; Mp: >300 °C; IR (KBr): n (cm−1)= 3360, 2217, 1647,
1389. 1H NMR (400 MHz, DMSO-d6) d (ppm) 8.75–8.70 (m, 2H),
7.60–7.54 (m, 2H), 7.39 (s, 1H), 7.08 (s, 1H), 6.47 (s, 2H). 13C
NMR (101 MHz, DMSO-d6) d (ppm) 165.3, 153.6, 150.5, 150.0,
145.5, 145.4, 123.0, 117.7, 116.3, 115.9, 95.8, 93.5.

6-Amino-5-cyano-4-(4-hydroxyphenyl)picolinic acid (B6).
Yellow solid; Mp: >300 °C; IR (KBr): n (cm−1) = 3609, 34.8, 3347,
3213, 2213, 1639. 1H NMR (400 MHz, DMSO-d6) d (ppm) 7.69–
7.33 (m, 5H), 7.13 (s, 2H), 6.81 (s, 2H). 13C NMR (101 MHz,
DMSO) d (ppm) 167.3, 167.2, 161.8, 158.4, 116.4, 115.3, 79.1,
70.4.
3. Results and discussion

Based on our previous experiences and our knowledge related of
the catalytic applications on the development of the cooperative
vinylogous anomeric-based oxidation concept,37–39 we wish to
report a novel heterogeneous catalyst [UiO-66(Zr)-
N(CH2PO3H2)2] containing phosphorous acid groups as a non-
toxic, high efficiency and stable catalyst. The above said
RSC Adv., 2023, 13, 22503–22511 | 22505
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Fig. 6 XRD pattern of phosphorus acid, UiO-66(Zr)-NH2 and UiO-
66(Zr)-N(CH2PO3H2)2 as a novel heterogeneous catalyst.

Fig. 8 Energy-dispersive X-ray spectroscopy (EDX) and elemental
mapping of C (red), Zr (blue), N (yellow), O (green) and P (orange) atoms
for UiO-66(Zr)-N(CH2PO3H2)2 as a novel heterogeneous catalyst.
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catalyst was fully characterized by methods such as Fourier
transform infrared spectroscopy (FT-IR), elemental mapping
analysis (EDX), the scanning electron microscope (SEM) and X-
ray spectroscopy (XRD). Also, UiO-66(Zr)-N(CH2PO3H2)2 was
applied for the synthesis of new picolinate and picolinic acid
derivatives under mild reaction.

The FT-IR spectra of UiO-66(Zr)-NH2 and UiO-66(Zr)-
N(CH2PO3H2)2 were compared in Fig. 5. The broad peak 2800–
3500 cm−1 is related to OH of PO3H2 groups. Then, the
absorption bands at 1014 and 1065 cm−1 are related to P–O
bond stretching and the band at 1104 cm−1 is related to P]O.45

Furthermore, peaks of Zr–O–Zr and Zr–O appeared at 766 and
655 cm−1, respectively. The FT-IR spectrum difference between
UiO-66(Zr)-NH2 and UiO-66(Zr)-N(CH2PO3H2)2 veried the
structure of the catalyst.

The XRD analysis of phosphorus acid, UiO-66(Zr)-NH2 and
UiO-66(Zr)-N(CH2PO3H2)2 were shown in the range of 2q = 5–80
(Fig. 6). The comparison results of the XRD spectrum of UiO-
66(Zr)-N(CH2PO3H2)2 and UiO-66(Zr)-NH2 show that it has the
same pattern and morphology. Also, by comparing the XRD
spectrum of UiO-66(Zr)-N(CH2PO3H2)2 and phosphorus acid,
the presence of phosphorus acid peaks is observed in the
Fig. 7 SEM images of UiO-66(Zr)-NH2 and UiO-66(Zr)-
N(CH2PO3H2)2.

Fig. 9 XPS spectra of the UiO-66(Zr)-N(CH2PO3H2)2: (a) full scan, (b)
C 1s, (c) P 2p, (d) N 1s, (e) O 1s and (f) Zr 3d.
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Table 1 Effect of different amounts of catalysts, temperature and
solvent (5 mL) in the synthesis of picolinate and picolinic acid
derivatives

Entry
Catalyst
(mg) Solvent

Temperature
(°C) Time (min) Yield (%)

1 5 DMF 100 60 80
2 5 H2O Reux 120 25
3 5 n-Hexane Reux 120 —
4 5 CH3CN Reux 120 60
5 5 CHCl3 Reux 180 50
6 5 CH2Cl2 Reux 150 —
7 5 EtOAc Reux 180 —
8 5 MeOH Reux 180 45
9 5 EtOH Reux 100 60
10 5 EtOH 50 80 72
11 5 EtOH 25 60 88
12 2.5 EtOH 25 80 70
13 10 EtOH 25 60 88
14 — EtOH 25 60 Trace
15 5 — 25 180 —
16 5 — 100 100 25
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structure of UiO-66(Zr)-N(CH2PO3H2)2. The XRD of UiO-66(Zr)-
N(CH2PO3H2)2 showed that it still retained a crystalline struc-
ture aer the functionalized process. In another study, the
morphology of UiO-66(Zr)-NH2 and UiO-66(Zr)-N(CH2PO3H2)2
can be seen by scanning electron microscope (SEM) (Fig. 7).
Comparing the SEM images of UiO-66(Zr)-N(CH2PO3H2)2 and
UiO-66(Zr)-NH2 shows that the morphology has not changed
Table 2 Evaluation of various catalyst for the synthesis of picolinate and p
in ethanol under room temperature conditions

Entry Catalyst Amoun

1 [Py-SO3H]Cl (ref. 49) 10 mol
2 Fe3O4 10 mg
3 Al(HSO4)3 10 mol
4 H3[P(W3O10)4]$XH2O 10 mol
5 p-TSA 10 mol
6 SSA (ref. 50 and 51) 10 mg
7 GTBSA (ref. 52) 10 mol
8 [PVI-SO3H]Cl (ref. 53) 10 mol
9 UiO-66-NH2 5 mg
10 H3PO4 10 mol
11 UiO-66-N(CH2PO3H2)2 5 mg
12 H3PO3 5 mol%

© 2023 The Author(s). Published by the Royal Society of Chemistry
aer functionalization. According to SEM images, the particles
of UiO-66(Zr)-N(CH2PO3H2)2 were uniform size with good
dispersion performance and no agglomeration.

In energy-dispersive X-ray spectroscopy (EDX) and elemental
mapping analysis zirconium, nitrogen, oxygen, carbon and
phosphor atoms were conrmed in the structure of UiO-66(Zr)-
N(CH2PO3H2)2 (Fig. 8). Furthermore, the well-dispersed distri-
bution of elements in the UiO-66(Zr)-N(CH2PO3H2)2 was deter-
mined and veried by elemental mapping (Fig. 8).

The elements and their chemical environments of the
prepared samples were characterized by X-ray photoelectron
spectroscopy (XPS) and the results are depicted in Fig. 9. The
survey scan of UiO-66(Zr)-N(CH2PO3H2)2 revealed the co-
existence of phosphor, carbon, nitrogen, oxygen, and zirco-
nium (Fig. 9a), which conrms loading of phosphorous func-
tional group on the surface of UiO-66(Zr)-NH2. High-resolution
XPS of C 1s demonstrated four peaks located at 283.6, 284.6,
285.4, and 288.5 eV, which respectively correspond to the C–C/
C–H, C–N, C]C and C]O species (Fig. 9b). Moreover, P 2p
peaks cantered at binding energies of 133.4 and 135.5 eV
revealing P 2p3/2 and P 2p1/2, respectively (Fig. 9c), the shi of
binding energies for P to higher energies reveals bonding of
phosphorus to oxygen and clearly shows the presence of bonded
phosphorus acid. High-resolution XPS of N 1s demonstrated
one peak located at 399.6 eV which correspond to the N–C–P
specie (Fig. 9d). Moreover, O 1s contains peaks binding energies
at 531.6 and 532.3 eV revealing Zr–O and C]O, respectively
(Fig. 9e). Since the peak cantered at 531.6 eV is very intense and
broad it belongs to Zr–O, P–O and P]O. As shown in Fig. 9f, the
Zr 3d XPS spectrum contains two peaks at 182.9 and 185.3 eV,
belonging to Zr 3d5/2 and Zr 3d3/2, respectively.46–48

Aer the structure and morphology of UiO-66(Zr)
N(CH2PO3H2)2 were determined, it was used as a heterogeneous
catalyst for the synthesis of picolinate and picolinic acid
icolinic acid derivatives in comparison with UiO-66(Zr)-N(CH2PO3H2)2

t of catalyst Time (min) Yield (%)

% 120 40
120 —

% 90 45
% 80 50
% 60 60

80 35
% 70 58
% 65 70

120 24
% 80 70

60 88
85 70
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derivatives. In order to synthesize picolinate and picolinic acid
derivatives, the reaction of between ethyl 2-oxopropanoate
(1 mmol, 0.116 g), ammonium acetate (1.5 mmol, 0.115 g),
malononitrile (1.2 mmol, 0.079 g) and 4-chlorobenzaldehyde
(1 mmol, 0.140 g) was selected as a model reaction for optimi-
zation of amount of catalyst, solvent and temperature. The
reaction was investigated in several solvents (5 mL) such as
DMF, H2O, n-hexane, CH3CN, EtOH, CHCl3, CH2Cl2, EtOAc,
MeOH (Table 1, entries 1–10) and without solvent (Table 1,
entries 15–16) in the presence of 5 mg UiO-66(Zr)-
N(CH2PO3H2)2. Themodel reaction was also studied in different
amount of catalyst and temperature (Table 1, entries 9–14). The
best choice for the synthesis of picolinate and picolinic acid
derivatives was achieved in the presence of 5 mg UiO-66(Zr)-
Table 3 Synthesis of picolinate and picolinic acid derivatives using UiO-

22508 | RSC Adv., 2023, 13, 22503–22511
N(CH2PO3H2)2 in EtOH as solvent at ambient temperature
(Table 1, entry 11).

To evaluate the performance of UiO-66(Zr)-N(CH2PO3H2)2 as
a catalyst for the preparation picolinate and picolinic acid
derivatives, we have used various homogeneous and heteroge-
neous catalysts for the condensation reaction ethyl 2-oxopro-
panoate (1 mmol, 0.116 g), ammonium acetate (1.5 mmol, 0.115
g), malononitrile (1.2mmol, 0.079 g), in Table 2. As shown Table
2, UiO-66(Zr)-N(CH2PO3H2)2 is the best catalyst for the synthesis
of picolinate and picolinic acid derivatives.

Aer optimization of the reaction conditions and evaluation
of the performance of catalyst for the synthesis picolinic
derivatives, a wide range of aromatic aldehydes including
electron withdrawing, electron releasing and heterocyclic rings
66(Zr)-N(CH2PO3H2)2 as porous catalyst

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Recyclability of UiO-66(Zr)-N(CH2PO3H2)2 as novel hetero-
geneous catalyst for the synthesis of picolinate and picolinic acid
derivatives.
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were tested to obtain desired products (Table 3). As shown in
Table 3, the obtained results indicated that UiO-66(Zr)-
N(CH2PO3H2)2 is appropriate for the preparation of target
molecules in high to excellent yields (74–91%) with relatively
short reaction times (45–75 min).

Proposed mechanism for the synthesis of picolinate and
picolinic acid derivatives using UiO-66(Zr)-N(CH2PO3H2)2 has
been summarized in Fig. 10. First, aldehyde is activated by (–
OH) of PO3H2 group. Then, this substrate is reacted with
malononitrile to lose one molecule of water, to give interme-
diate (I). Simultaneously, ethyl pyruvate reacts with the NH3

released from ammonium acetate to give intermediate (II). In
the next step, intermediate (II) reacts with intermediate (I), as
a Michael acceptor, to give intermediate (III). Intermediate (III)
is converted to intermediate (VI) through tautomerization and
intramolecular cyclization. Then, the hydride or hydrogen
peroxide, respectively released from intermediate (VI) via
interaction of lone pair electrons of N atoms and C]C bonds.
Finally, the 1,4-dihydropyridines converts to their
Fig. 10 Proposed mechanism for the synthesis of picolinate and picolinic acid derivatives using UiO-66(Zr)-N(CH2PO3H2)2 as a novel
heterogeneous catalyst.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 22503–22511 | 22509
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Fig. 12 Comparison of FT-IR and XRD spectra of fresh and recovered
catalyst.
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corresponding picolinate and picolinic acid derivatives via
a cooperative vinylogous anomeric based oxidation and releases
a hydrogen (–H2) or hydrogen peroxide (–H2O2) molecules.22,54

The obtained results of the model reaction under argon,
nitrogen and oxygen atmospheres are similar which are veried
presented mechanism (Fig. 10).

The recyclability and reusing of UiO-66(Zr)-N(CH2PO3H2)2
was studied in the synthesis of picolinate and picolinic acid
derivatives by reaction of ethyl 2-oxopropanoate (1 mmol, 0.116
g), ammonium acetate (1.5 mmol, 0.115 g), malononitrile
(1.2 mmol, 0.079 g) and 4-chlorobenzaldehyde (1 mmol, 0.140 g)
as a model reaction under the above-mentioned optimized
reaction conditions. As indicated in Fig. 11, UiO-66(Zr)-
N(CH2PO3H2)2 can be reused up to six times without noticeable
changes in its catalytic activity.

The structure and morphology of the recovered catalyst aer
seven times of use were investigated using FT-IR and XRD
techniques. The results of FT-IR and XRD analyses show that
the structure and morphology have not changed aer using
(Fig. 12).
4. Conclusions

In summary, we have synthesized a new porous heterogeneous
catalyst, which is a new metal organic framework containing
phosphorous acid tags. Identication techniques was used for
the approving the desired catalyst structure. UiO-66(Zr)-
N(CH2PO3H2)2 was used as a heterogeneous catalyst for the one-
pot synthesis of new picolinate and picolinic acid derivatives
under ambient temperature in EtOH. Examining the reaction
mechanism shows that in the nal stage, the intermediate was
transformed into the nal product via a cooperative vinylogous
anomeric based oxidation mechanism.
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