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a b s t r a c t

Acceptorless dehydrogenative coupling of pyridinemethanol with ketones is one of the most reliable

methodologies to access functionalized 1,8-naphthyridine derivatives. However, it is challenging to de-

velop environmentally friendly catalytic systems, especially in constructing efficient and recyclable cata-

lysts under water or solvent-free conditions. Here, we designed two novel coordination polymers Cd–CPs

and Fe–CPs to investigate their catalytic performance in water. Gratifyingly, it was observed that Cd-CPs

as a multifunctional catalyst was successfully applied to establish a universal pathway for direct fabrica-

tion of 1,8-naphthyridine derivatives under water conditions, while it was effective for the synthesis of

1,3,5-triazines through acceptorless dehydrogenative coupling strategies. The features of broad substrate,

high atom efficiency, and good catalyst reusability highlight the feasibility of this transformation. In ad-

ditional, we demonstrated the spindle-like structures Fe-P, derived from the Fe–CPs via phosphorylation,

which can be used as an efficient electrocatalyst for oxygen evolution reaction with good stability. This

work provides two highly efficient non-noble metal catalysts for functionalized 1,8-naphthyridine deriva-

tives production and oxygen evolution reaction, and opens a new avenue to further fabricate diverse

metal catalysts with high catalytic performance in water.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As the ubiquitous building blocks in organic synthesis, naph-

thyridines are one of the most important nitrogen heterocycles

[1,2]. Among them, 1,8-naphthyridine and their derivatives are not

only universal in natural products but also endowed with antibac-

terial, anticancer, HIV inhibitor, and depression-relieving activities,

etc. (Scheme 1) [3–5]. In addition, the two nitrogen atoms of 1,8-

naphthyridine each have a lone pair of electrons, which makes 1,8-

naphthyridine and its derivatives widely used as ligands, as molec-

ular sensors and recognitions, and in optoelectronic devices such

as blue organic light-emitting diodes [6,7].

The broad utility of 1,8-naphthyridine derivatives has led

to a number of routes being developed for their fabrica-

tion, with a focus now being placed on more sustainable,

greener, and cleaner methods (Scheme 2) [8]. The Friedlander
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reaction is a classical method to access quinolines and 1,8-

naphthyridine through the condensation of 2-aminobenzaldehydes

or 2-aminonicotinaldehydes with another carbonyl compound in

the presence of base or Lewis acid [9]. In the following decades,

many researchers improved the Friedlander reaction by using vari-

ous metal catalysts, such as Ir, Ru, Cu, and Mn, and organic solvents

[10–13]. In addition, a novel metal-catalyzed Friedlander reaction

of 2-aminonicotinaldehydes with terminal alkynes leading to 3-

substituted 1,8-naphthyridine was reported in recent years, which

has different regioselectivity compared to traditional Friedlander

reaction [14]. However, most of the above synthetic approaches

often use highly genotoxic, unstable, and easily self-condensed

2-aminonicotinaldehydes as precursor and suffer harsh reaction

conditions [15,16]. Later, an improved copper-catalyzed protocol

for the synthesis of 1,8-naphthyridine via oxidative cyclization of

oxime acetates with 2-amino-3-pyridinemethanol was further de-

veloped [17].

Along this line, innovative catalytic methodologies have

emerged, commonly referred to as the borrowing hydrogen (BH)

https://doi.org/10.1016/j.cclet.2025.111165
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Scheme 1. Representative 1,8-naphthyridine derivatives.

Scheme 2. General approaches for the synthesis of 1,8-naphthyridine derivatives.

and acceptorless dehydrogenative coupling (ADC) pathway [18–23],

where alcohols are dehydrogenated to form more active intermedi-

ates, followed by condensation and reduction processes [24–29]. In

comparison to traditional Friedlander reaction pathways, conden-

sation of 2-amino-3-pyridinemethanol with carbonyl compounds is

more competitive due to the use of the more widely available and

less toxic alcohol as the starting material, while hydrogen, as the

only by-product, has atom efficiency [30–33].

Several catalytic dehydrogenative coupling syntheses of 1,8-

naphthyridine from 2-amino-3-pyridinemethanol and ketones have

been reported. In 2019, Chaudhari and Nagaoka [34] described an

efficient pathway for the synthesis of 1,8-naphthyridine from 2-

amino-3-pyridinemethanol and acetophenone by Pr2O3 supported

Ru nanolayers catalysts. In 2022, Li group [35] developed the de-

hydrogenative coupling of 2-amino-3-pyridinemethanol with ace-

tophenone to 1,8-naphthyridine catalyzed by iridium(III) terpyri-

dine complex. Bera and co-workers [36] found the use of visible-

light-driven photocatalysts for the synthesis of quinolines and 1,8-

naphthyridine from 2-amino-3-pyridinemethanol as starting ma-

terials. Despite significant advances, these approaches still suffer

more or less of limitations, such as narrow substrate scope, the

use of noble metals, and harsh reaction conditions. Therefore, the

development of environmentally friendly catalytic systems remains

a challenging task, particularly highly efficient and recyclable cata-

lysts using water as the solvent [37,38].

The construction of coordination polymers (CPs) is currently

of tremendous interest not only owing to their great structural

diversities but also due to potential functions such as gas stor-

age and separation, chemical sensing, magnetic and luminescent

materials [39–41]. Noteworthy, one of the especially critical ap-

plications for CPs is that related to their heterogeneous catalysis

[42–44]. Along this line, some functional CPs have been developed

as highly efficient heterogeneous catalysts capable of catalyzing a

variety of organic reactions. Interestingly, the greatest advantage of

CPs over some of the more traditional catalyst materials is their

chemical customizability and versatility [45–47]. Compared to non-

toxic metal, Cd(II) with a d10 electronic configuration are high ac-

tive in catalytic kinetics. Moreover, incorporating Cd(II) formation

of typical electron donor (ED) and electron acceptor (EA) interac-

tions between electron-deficient organic ligand and electron-rich

aromatic carboxylates within the CPs [48,49]. Based on the above

reasons, Cd(II)-coordination polymers have been widely designed,

which is beneficial for fabricating many highly active polymers in

the field of catalysis.

In the past, our group developed several novel metal cata-

lysts based on nitrogen-containing heterocycles skeleton ligands,

which could realize numerous universal acceptorless dehydrogena-

tion and borrowing hydrogen reactions [50–52]. However, these

noble catalysts are either expensive or show no reactivity in wa-

ter, which limited the practical industrial applications and would

be a great waste for modern organic synthesis [53–55]. Moti-

vated by the prospects mentioned above, we engineered a new

O-donor 1H-indazole-5-carboxylic acid (H2CZA) ligand and a N-

donor 1,10-phenanthroline to afford a rare #-like” architecture

CPs, [Cd2(CZA)2(phen)2]n (denoted as Cd–CPs). Thanks to the pos-

sible π-π stacking interaction between 1,10-phenanthroline and

pyridine ring from H2CZA, the stability of the catalyst structure

is enhanced [56]. Meanwhile, Due to the Lewis acidity provided

by Cd(II) ions and Lewis basicity supported by the coordinated

CZA-anions, Cd-CPs exhibits good catalytic activity for the synthe-

sis of 1,8-naphthyridine derivatives by the reaction of 2-amino-3-

pyridinemethanol with ketones in water through acceptorless de-

hydrogenative coupling. Meanwhile, we found that Cd–CPs can also

achieve efficient synthesis of 1,3,5-triazine derivatives in a solvent-

free condition. In additional, we engineered innovative coordina-

tion polymers [Fe(CZA)2]n (denoted as Fe–CPs). The spindle-like

structures of Fe-P is derived from Fe–CPs through phosphorylation,

which showed a good OER performance and outstanding working

stability.

Herein, H2CZA was synthesized via a two-step procedure ac-

cording to previous literature with slight modification [57]. Then,

we elaborately designed a novel coordination polymers Cd-CPs,

which was constructed by a one-pot solvothermal route between

H2CZA, Cd(OAc)2·2H2O, and 1,10-phenanthroline. For coordination
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Scheme 3. Synthesis of the Cd-CPs, Fe-CPs, and Fe-P.

polymers such as Fe-CPs, FeCl3 and H2CZA were mixed into

MeCN/H2O in a Teflon-lined stainless-steel autoclave at 120 °C for

72h. To synthesize Fe-P, a facile phosphorylation route was em-

ployed (Scheme 3). More detailed experimental steps were de-

scribed in Supporting information.

Single-crystal X-ray diffraction analysis (SC-XRD) demonstrates

that Cd-CPs crystallizes in the P21/c space group with cell param-

eters of a=14.5128(5) Å, b=16.3515(7) Å, and c=18.2577(7) Å at

298K (Fig. S1 in Supporting information). The asymmetric unit of

complex is composed of two Cd(II) ions, two H2CZA linkers, and

two 1,10-phenanthroline ligands. Each of the Cd(II) centers has a

six-coordinated octahedral geometry in which four coordination

sites are occupied by oxygen atoms from two different H2CZA lig-

ands and another two nitrogen atoms from a 1,10-phenanthroline

molecule. Two carboxylate groups from two H2CZA ligands link

two Cd2+ centers to form a [Cd2(COO)2] unit (CCDC: 2293907).

Meanwhile, as bridging ligands, H2CZA ligands link adjacent Cd(II)

cations via carboxylate oxygen and pyridine nitrogen atoms to pro-

duce a highly ordered 1D chain structure (Fig. 1a). Fig. 1b is a

close-up view of the 1D chain structure of Cd-CPs along the c axis.

Interestingly, this 1-D architecture exhibits a novel “#-like” archi-

tecture, which is very rarely observed in coordination polymer.

Besides the SC-XRD technique, the crystalline nature of as-

synthesized polymers was demonstrated by powder X-ray diffrac-

tion (PXRD). The PXRD pattern of Cd-CPs exhibits good agreement

between all major peak positions of the experimental PXRD and

those of the simulated pattern from the SC-XRD date, affirming

that Cd-CPs has a highly pure phase (Fig. 2a). Moreover, with phos-

phorylation, the corresponding Fe-P was obtained. Phosphorylation

refers to a gas-phase reaction approach, as the annealing temper-

ature is elevated, the decomposition of NaH2PO2·H2O is accompa-

nied by release of phosphine (PH3) and H2O vapor, which subse-

quently react with Fe-CPs to form Fe phosphate [58–60]. From the

Fig. 1. (a) 1-D chain-like architecture of Cd-CPs along the a-axis. (b) 1-D chain-like

architecture of Cd-CPs along the c-axis (C: gray, N: blue, O: red, Cd: cyan, and all H

atoms are omitted for clarity).

Fig. 2. (a) PXRD pattern of the Cd-CPs. (b) PXRD pattern of the Fe-CPs and Fe-P.

PXRD pattern of the Fe-P, the peaks attributed to the Fe-CPs pre-

cursor are not detected, indicating that the complete phosphory-

lation of the Fe-CPs. Furthermore, the diffraction peaks at 19.2°,
24.7°, 35.7°, 37.8° and 43.7° can be indexed to the FeP4 (PDF #34–

0996) [61]. Meanwhile, a series of diffraction peaks at 30.6°, 35.1°,
41.1°, and 47.8° were found, corresponding to the Fe2P (PDF #27–

1171) [62]. The above results indicate that the Fe-CPs is trans-

formed into a FeP4 and Fe2P heterostructure during the phospho-

rylation treatment (Fig. 2b).

In order to investigate the micromorphological structure of the

as-prepared materials, scanning electron microscope (SEM) and

transmission electron microscope (TEM) characterization were re-

ferred to for the finished analysis. As depicted by the SEM im-

ages of the Cd-CPs in Figs. 3a and b. The Cd-CPs have a diame-

Fig. 3. (a, b) SEM images of the Cd-CPs. (c, d) SEM images of the Fe-CPs. (e, f) SEM

images of the Fe-P. (g, h) TEM images of the Cd-CPs. (i, j) TEM images of the Fe-CPs.

(k, l) TEM images of the Fe-P. (m) HAADF-STEM image and EDS elemental mappings

of Cd-CPs. (n) HAADF-STEM image and EDS elemental mappings of Fe-P. (o) HRTEM

images of Fe-P.
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ter of 77nm and nearly spheroidal shape. Besides, Fe-CPs consists

of uniform spindle-like particles (length=∼0.9 μm) as presented

in Figs. 3c and d. After phosphorylation, the SEM images of Fe-

P clearly reveal that the overall morphology of original spindle-

like structures remains unchanged, with slight shrinkage in parti-

cle size owing to the combustion of the organic linkers during this

transformation (Figs. 3e and f) [63]. Meanwhile, we can see that

the Fe-P is composed by nanoparticles and there are many voids

among the nanoparticles. which is expected to greatly facilitate the

diffusion of electrolyte and improve mass transport during the OER

[64–68]. Both Fe3+ and Cd2+ have the similar six-coordination be-

havior, and the morphology of the two polymers is different from

that of SEM, possibly due to the following reasons: (1) the nature

of metal ions. The coordination atoms of Cd2+ with a d10 electronic

configuration, while Fe3+ electronic configuration is d5 state. The

electronic configuration of a metal ion affects the spatial arrange-

ment of the organic ligand linkers and thus determines the pore

size and shape of the porous structure. (2) The differences of or-

ganic ligands. The coordination polymer Cd-CPs used two ligands,

H2CZA and 1,10-phenanthroline, while the Fe-CPs were synthesized

using only one H2CZA ligand. Organic ligands are the bridging lig-

ands of metal ion centers and act as the “skeleton” in CPs. 1,10-

Phenanthroline, a molecule with a strong electron-donating abil-

ity was doped into Cd-CPs as co-ligands. By changing the bridg-

ing, the host structure becomes more stable, and the morphology

of the CPs is also changed. (3) The difference of solvent and pH

in the preparation process. For the preparation of Cd-CPs, we ad-

justed the pH of the reaction solution to an alkaline state of pH

10–11 with Et3N, while using water as the solvent. However, in the

preparation of Fe-CPs, MeCN/H2O was used as the mixed solvent,

and Et3N was not used to adjust the pH of the solution [69,70].

Subsequently, the internal structures of Cd-CPs, Fe-CPs and Fe-P

were analysed by TEM. As shown in Figs. 3g–l. The TEM images of

all samples formed (Cd-CPs, Fe-CPs and Fe-P) are consistent with

the above SEM result. In addition, from the TEM images of Fe-P

(Figs. 3k and l), the fabrication Fe-P become porous with rough

surface, which are different from the original Fe-CPs precursor

with a smooth surface. The HRTEM image of Fe-P (Fig. 3o) displays

distinct lattice fringes with spacing of 0.298nm and 0.250nm,

consistent with the (110) crystal planes of Fe2P phase and (131)

planes of the FeP4 phase, respectively, further testifying the poly-

crystalline nature of the material. It is expected that such spindle-

like structure with highly porous structure will facilitate exposure

of catalytic sites and generate internal electric fields to acceler-

ate electron transfer, thereby promoting the catalytic activity to

a higher condition [71–76]. Further, the energy-dispersive spec-

troscopy (EDS) mapping of Cd-CPs exhibits uniform spatial dis-

tribution of Cd, N, and O elements in the whole Cd-CPs sample

(Fig. 3m). Similarly, as depicted in Fig. 3n. The EDS mapping of Fe-P

is fully proven that fabrication Fe-P is composed of C, N, and P ele-

ments, and that P atom is successfully introduced into the material

during the phosphorylation process. The amount of P in the Fe-P

was further confirmed by ICP-AES, which indicates the amount of

P doping was 24.6 wt%.

To further investigate chemical states and elemental composi-

tions of Cd-CPs, Fe-CPs and Fe-P, X-ray photoelectron spectroscopy

(XPS) data were collected, as shown in Figs. S2 and S3 (Supporting

information), respectively. The C 1s spectrum of the Cd-CPs was

deconvoluted into four peaks at 284.8, 286.3, 287.3, and 288.8 eV

(Fig. S2a), corresponding to C–C/C=C, C–N, C=N, and C=O in the

organic ligands [77]. Additionally, to further investigate “N” chem-

ical states of Cd-CPs, the XPS of corresponding monomer struc-

ture (N-donors 1,10-phenanthroline and O-donor 1H-indazole-5-

carboxylic acid (H2CZA) ligand) data were collected (Fig. S2b), The

N 1s spectra of 1,10-phenanthroline consist of a peak with bind-

ing energy (BE) ≈ 398.2 eV, which usually attributed to pyridine-N

[78]. For H2CZA, its N 1s XPS spectrum can be fitted by two dif-

ferent nitrogen species, pyrazole C–N, 398.7 eV, and pyrazole C=N,

400.4 eV. As a contrast, the high-resolution N 1s spectrum of Cd-

CPs can be deconvoluted into pyrazole C–N and coordinated pyra-

zole nitrogen (Cd-N, 400.1 eV) species [79]. The O 1s spectrum of

Cd-CPs was shown in Fig. S2c, where the peaks near 530.9, 531.7

and 533.3 eV were correlated with O–Cd, O–H and C=O, respec-

tively [80]. These results demonstrate that Cd-CPs is coordinated

by cadmium ions and organic ligands, in which the Cd atom co-

ordinates with N and O atoms. The doublet observed in high-

resolution spectrum for the Cd 3d was ascribed to the binding

states of Cd 3d5/2 and Cd 3d3/2, respectively. The characteristic

peaks at around 411.9 and 405.2 eV are indexed to Cd(II) [81], sug-

gesting the existence of Cd(II) in Cd-CPs (Fig. S2d).

Meanwhile, The C 1s spectrum of Fe-CPs and Fe-P could be di-

vided into four peaks corresponding to C–C/C=C, C–N, C=N, and

C=O. The presence of C–N and C=N verified that N was doped into

the polymer (Fig. S3a). The O 1s spectrum could be decomposed

into three characteristic peaks: Fe-O (529.5 eV), O–H (531.3 eV) and

C=O (533.1). After phosphorylation, the contents of O-Fe decreased

(Fig. S3b). The characteristic peaks at both Fe 2p3/2 and Fe 2p1/2

can be decomposed into six peaks, which are located near 710.1,

712.4, 717.9, 723.4, 726.1 and 732.1 eV, respectively. The peaks con-

certed at 710.1 and 723.4 eV are consistent with the binding en-

ergy of Fe(III). By contrast, the peaks at 712.4 and 726.1 eV cor-

respond to the binding energy of Fe(II), and the peak near 717.9

and 732.1 eV are attributed to satellite peaks of Fe 2p3/2 and Fe

2p1/2 (Fig. S3c), which is caused by slight oxidation of the sam-

ple surface [82]. Compared with Fe-CPs, the Fe 2p spectrum has

a shift toward higher binding energy in Fe-P, indicating that there

is a strong interfacial interaction between Fe and P [83,84]. Addi-

tionally, the peak at near 707.1 eV is assigned to Fe-P. The high-

resolution P 2p spectrum of Fe-P (Fig. S3d) consists of two major

peaks at 133.2, and 129.3 eV belonging to P-O, and Fe-P, respec-

tively, demonstrating the interaction of P atoms with the matrix

and Fe phosphorylation [85,86].

The chemical structure of Cd-CPs was ascertained using solid-

state 13C NMR spectroscopy and FT-IR. In the solid-state 13C NMR,

the presence of two obvious peaks at δ 180ppm was attributed to

the carbon atom of carbonyl group. The peaks around δ 150ppm

correspond to the carbon atom near nitrogen atom in the pyrazole

and pyridine unit. Moreover, some peaks in the range of δ 110–

140ppm could be assigned to the aromatic carbons from phenyl

rings (Fig. S4 in Supporting information). Again, structural details

of Cd-CPs were further confirmed by FT-IR (Fig. S8 in Support-

ing information), the characteristic absorption band at 3400∼3500

cm−1 is attributed to O–H skeleton stretching vibrations of the -

OH groups. In additional, the strong absorption bands of Cd-CPs in

the ∼1700 cm−1 were attributed to the stretching vibration of C=O

groups. Besides, we can observe characteristic peaks at ∼1400–

1500 cm−1 which are attributed to the fundamental vibrations of

phenyl rings.

In the initial experiment, we focused on developing a more

efficient catalytic system for the dehydrogenation coupling of 2-

amino-3-pyridinemethanol (2a) and acetophenone (3a) as a model

system (Table 1). The control experiments showed that no reaction

occurred in the presence of Cd-CPs and Na2CO3 alone (Table 1, en-

tries 1 and 2). Different bases were then further screened using

Cd-CPs as the catalyst in water (Table 1, entries 3–8). As evidenced

from the results, the use of Na2CO3 (1.0 equiv.) led to the opti-

mal yield of 1,8-naphthyridine (4aa) in 76%, while other inorganic

bases could only afford 1,8-naphthyridine (4aa) in the yield rang-

ing between 49% and 61%. Therefore, in order to further improve

the reaction yield, some phase transfer catalysts (TBAB, TBAI and

TEAB) were added to this reaction system (Table 1, entries 9–11).

To our delight, the yield can be improved significantly when the

4
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Table 1

Optimization of reaction conditions.a

Entry Catalyst Additive Temp ( °C) Time (h) Yield ( %)b

1 ̶ Na2CO3 Reflux 12 NR

2 Cd-CPs – Reflux 12 NR

3 Cd-CPs Et3N Reflux 12 Trace

4 Cd-CPs DBU Reflux 12 Trace

5 Cd-CPs NaOMe Reflux 12 61

6 Cd-CPs NaHCO3 Reflux 12 58

7 Cd-CPs Na2CO3 Reflux 12 76

8 Cd-CPs K2CO3 Reflux 12 49

9c Cd-CPs Na2CO3 Reflux 12 91

10d Cd-CPs Na2CO3 Reflux 12 85

11e Cd-CPs Na2CO3 Reflux 12 81

12c , f Cd-CPs Na2CO3 Reflux 12 83

13c , g Cd-CPs Na2CO3 Reflux 12 42

14c Fe-CPs Na2CO3 Reflux 12 76

15c Fe-P Na2CO3 Reflux 12 NR

16 c Cd-CPs Na2CO3 80 12 69

17 c Cd-CPs Na2CO3 120 12 88

18 c Cd-CPs Na2CO3 Reflux 8 76

19 c Cd-CPs Na2CO3 Reflux 14 90

a Reagents and conditions: 2a (0.5mmol), 3a (0.75mmol), additive (1.0 equiv.),

catalyst (2 mol% Cd or Fe), H2O (2mL).
b Yields of isolated product.
c TBAB (0.5 equiv.).
d TBAI (0.5 equiv.).
e TEAB (0.5 equiv.).
f Oxygen atmosphere.
g Nitrogen atmosphere.

addition of phase transfer catalysts, with TBAB performing best in

91% yield. Furthermore, the yield of desired product (4aa) has de-

creased under nitrogen and oxygen atmospheres (Table 1, entries

12 and 13). Only 76% yield of 1,8-naphthyridine (4aa) was obtained

using Fe-CPs as catalyst under the same condition (Table 1, en-

try 14). When Fe-P were used as catalysts for this transformation,

no desired product was detected, indicating that the coordination

polymer structure has undergone changes after phosphorylation

(Table 1, entry 15). Next, decreasing the reaction temperature from

100 °C to 80 °C leads to a lower yield (69%) of the desired product

(Table 1, entries 16 and 17). Moreover, extending or shortening the

reaction time (8 or 12h), the yield of 4aa was decreased slightly,

suggesting a saturation point in the reaction kinetics. (Table 1, en-

tries 18 and 19).

Having established the reaction conditions, various aryl ketones

(3) were subjected to react with 2-amino-3-pyridinemethanol (2a)

in order to investigate the reaction scope and the results are sum-

marized in Scheme 4. To our delight, regardless of the identity of

electron-donating groups or electron-withdrawing groups attached

to the phenyl ring, the acetophenone could couple with 2-amino-

3-pyridinemethanol (2a) efficiently and produce desired com-

pounds with good to excellent yields in the presence of Cd-CPs and

Na2CO3. Meanwhile, it was found that with electron-withdrawing

substituent acetophenone afforded the desired products in higher

yields than those with electron-donating substituents. Gratifyingly,

the effect of the steric hindrance on this transformation was in-

significant. Compared to para-substituted substrates, the desired

product obtained by ortho-substituted substrates only decreased

slightly (Scheme 4, 4ag, 4am and 4as). Interestingly, an excellent

yield could still be maintained by enhancing the electronic effect

(Scheme 4, 4av, 4aw). For example, 2′,5′-dichloroacetophenone and

2′,4′-difluoroacetophenone were transformed into desired products

in 88% and 87% isolated yield, respectively.

Encouraged by the excellent results achieved by aryl ke-

tones, the scope of various ketone derivatives was further in-

vestigated (Scheme 5). In general, various aliphatic ketones were

smoothly transformed into the desired 1,8-naphthyridines deriva-

tives (4ba−4bc) in good to excellent yield. Additionally, nonmethyl

cyclo-ketones (cyclopentanone, cyclohexanone, cycloheptanone, cy-

clooctanone, α-tetralone, and 1-methyl-4-piperidone) were also

well-compatible with this transformation, furnished the desired

products (4bd-4bi) in excellent yields (4bd: 89%; 4be: 94%; 4bf:

90%; 4bg: 87%; 4bh: 85%; 4bi: 86%).

It is worth mentioning that the product 6,7,8,9,10,11-

hexahydrocycloocta[b][1,8]naphthyridine (4bg) is a crucial skeleton

in drugs, possessing inhibitor activity [87]. Interestingly, the reac-

Scheme 4. Dehydrogenation coupling of 2-amino-3-pyridinemethanol (2a) with various aryl ketones (3). Reagents and conditions: 2a (0.5mmol), 3 (0.75mmol), Na2CO3 (1.0

equiv.), Cd-CPs (2 mol% Cd), H2O (2mL), reflux, 12h. Yields of isolated product.
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Scheme 5. Dehydrogenation coupling of 2-amino-3-pyridinemethanol (2a) with

various ketones (5). Reagents and conditions: 2a (0.5mmol), 5 (0.75mmol), Na2CO3

(1.0 equiv.), Cd-CPs (2 mol% Cd), H2O (2mL), reflux, 12h. Yields of isolated product.

tion of 2-amino-3-pyridinemethanol (2a) with phenylacetaldehyde

(5j) afforded the corresponding product 4bj in 88% isolated yields.

Nonmethyl ketones (propiophenone, 5k) was also found to be suit-

able coupling partners, furnishing the desired 1,8-naphthyridines

derivative (4bk) in moderate yield. Moreover, when the substrate

contains easily reducible functional group (such as alkene), it also

exhibited good reaction efficiency and afforded the corresponding

product (4bl, 90%). To further test the substrate scope, hetero-

cyclic ketones were also employed. To our delight, the reaction

of cyclopropyl methyl ketone (5m), 3-acetylthiophene (5n) and

2-propionylthiophene (5o) afforded the corresponding product in

moderate and good yield.

1,3,5-Triazines and its derivatives represent a privileged skele-

ton in both biologically active pharmaceuticals and natural

molecules owing to their multifarious pharmacological properties

[88]. Previous reports for the synthesis of 1,3,5-triazine derivatives

typically required harsh conditions, such as organic solvents, chem-

ical oxidants, and highly genotoxic alkyl halide as starting mate-

rials [89]. Therefore, the development of new catalytic method-

ologies using sustainable, readily available, and eco-friendly al-

cohols as reagents under solvent-free conditions has drawn con-

siderable attention [90–92]. Considering such outstanding activi-

ties of Cd-CPs, we next explored Cd-CPs to the reaction between

benzamidine hydrochloride (6a) and benzyl alcohols (7) under

solvent-free conditions, as shown in Scheme 6. Reactions pro-

ceeded smoothly under optimized conditions with various substi-

tuted benzyl alcohols bearing both electron-donating and electron-

withdrawing groups, delivering the corresponding 1,3,5-triazine

derivatives in moderate to good yields (8a-8q). Besides, steric hin-

drance has a slight effect on this transformation. For example,

when methyl substituted benzyl alcohols were chosen, para- and

meta-substituted substrates gave higher yields than those with

ortho-substituted substrates (8b, 8j, and 8q). To our delight, the

heteroaryl substituted alcohols also yielded the desired 8s and 8t

with 81%, and 87% isolated yields, respectively.

The electrocatalytic activities of the as-prepared catalysts for

the OER were subsequently tested in a three-electrode measure-

ment apparatus with 1.0mol/L KOH as the electrolyte. Linear

sweep voltammograms (LSVs) for all the samples were measured

as shown in Fig. 4a. The results demonstrated that Fe-CPs exhib-

ited a better OER catalytic activity than Cd-CPs, the overpotential

of Fe-CPs and Cd-CPs was 365 and 408mV at a current density of

10mA/cm2, respectively, which indicated significant effect of the

morphological structure on electrocatalytic OER performances of

the catalyst. Then, we chose the Fe-CPs and Cd-CPs to calcine and

investigated the electrocatalytic OER activity at 400 °C, namely, Fe-

400 and Cd-400. As displayed in Fig. 4a, in comparison with elec-

trocatalysts Fe-CPs and Cd-CPs, the calcined materials Fe-400 and

Scheme 6. Substrate scope for various 1,3,5-triazines. Reagents and conditions: 6a (0.5mmol), 7 (1.0mmol), Na2CO3 (0.75 equiv.), Cd-CPs (2 mol% Cd), 80 °C, 10h. Yields of

isolated product.
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Fig. 4. The OER catalytic performance of Fe-P, Fe-400, Fe-CPs, Cd-P, Cd-400, Cd-

CPs and IrO2 in 1.0mol/L KOH. (a) LSV curves. (b) Tafel plots fitted from the corre-

sponding LSV curves. (c) Comparison of the overpotential (η) and the Tafel slopes

at 10mA/cm2 of Fe-P (I), Fe-400 (II), Fe-CPs (III), Cd-P (IV), Cd-400 (V), Cd-CPs (VI),

and IrO2 (VII) respectively. (d) Cdl values of different samples. (e) The Nyquist di-

agram for Fe-P, Fe-400, and Fe-CPs respectively. (f) LSV curve of Fe-P after 1000

cycles.

Cd-400 can greatly increase the catalytic OER performance by re-

ducing the overpotential of 365 and 408mV to 320 and 345mV

at the same conditions. Furthermore, in situ P-doped samples were

obtained by the pyrolysis of NaH2PO2·H2O to improve its electro-

catalytic OER performance. To our delight, the overpotential could

be further reduced to 279mV by phosphorylation, which was also

significantly better than that of commercial IrO2 (310mV). Mean-

while, it was about 86mV less than that of the Fe-CPs catalyst, re-

vealing more efficient intrinsic activity boosting. The dopants of P

can regulate the electron environment of catalyst. P-doped carbon

could lead to a negative charge density in the C atoms because

of the lower electronegativity of P (2.19) compared to C (2.55),

which may also regulate the adsorption/desorption and transmis-

sion process of the OER-relevant intermediates and products [93–

95]. Notably, we found the LSV curve is relatively smooth when

the current density reaches over 100mA/cm². Therefore, we con-

sulted relevant literature and analyzed experimental results to ex-

plain this phenomenon, as follows: (1) The electrolyte is stirred

during the reaction. (2) The superaerophobicity of the spindle-like

Fe-P. To confirm the effect of superaerophobicity on the extraction

of bubbles, a control experiment was conducted. When the GCE

(with spindle-like Fe-P) were immersed in H2O2 solution, oxygen

bubbles quickly evolved from the surface. The tiny oxygen bub-

bles were released from the electrode surface, which left the sur-

face of sample quickly before they grew larger. In summary, due to

the spindle-like structure, the contact between the electrolyte and

the electrode is enhanced on the electrode surface, while the su-

peraerophobic surface facilitates bubble extraction and reduces the

electrode dead zone caused by bubble coverage [96,97].

In addition, the excellent electrocatalytic activities of the above-

mentioned catalysts for OER could be further confirmed by its

small Tafel slope, and several results were plotted and analysed

in Fig. 4b. The Tafel slope of the spindle-like Fe-P (64.9mV/dec)

is the smallest in comparison with Fe-CPs (98.0mV/dec), Fe-400

(84.8mV/dec), Cd-CPs (147.1mV/dec), Cd-400 (115.2mV/dec), and

Cd-P (91.2mV/dec). In general, the low Tafel slope value for Fe-P

suggested the boosted intrinsic kinetics and optimal electrocatalyst

for OER. Moreover, the electrochemically active surface area (ECSA)

is a crucial parameter for an electrocatalyst, indicating the ability

of the electrocatalyst to provide the active sites for electrochem-

ical reaction. Here, the ECSA was calculated based on the elec-

trochemical double-layer capacitance (Cdl), which can be obtained

by the CVs scan curves at different scan rates in a non-faradaic

potential region. Fig. S10 (Supporting information) shows the CVs

scan curves of Fe-CPs, Fe-400, and Fe-P at different scan rates (10–

100mV/s). As displayed in Fig. 4d, the Cdl values of Fe-CPs, Fe-400,

and Fe-P were 0.64, 0.67, and 3.0 mF/cm2, respectively. The Cdl of

Fe-P is nearly 4.48 times higher than that of Fe-400 and is about

4.74 times higher than that pristine Fe-CPs, and the significantly

increased ECSA of Fe-P is attributed to the introduction of P and

the rough surface morphology, which lead to more exposed ac-

tive sites toward OER. The charge transfer resistance (Rct) can be

obtained from the electrochemical impedance spectroscopy (EIS)

to test the catalytic kinetics. As shown in Nyquist plots (Fig. 4e),

the Rct of Fe-400 was 3.3 �, which was the smaller than that of

Fe-400 (4.6 �), and Fe-CPs (11.7 �). Consequently, Fe-P electrode

offers faster charge transfer between the electrolyte interface and

electrode during the OER process. Finally, the catalytic stability of

Fe-P was evaluated by comparing the OER polarization curve of the

Fe-P before and after the 1000 cycles. As presented in Fig. 4f, the

polarization curve of Fe-P after cycling overlapped well, indicating

the excellent stability and practical application prospect of Fe-P. In

addition, Table S2 (Supporting information) show a comparison of

the overpotential and Tafel slope values of various Fe-based transi-

tion metal phosphide electrocatalysts. The results indicate that OER

performance of Fe-P is found to be comparable to those of previ-

ously reported transition metal phosphide, surpassing the majority

of mono-/bimetallic catalysts reported in recent studies.

In order to gain a preliminary understanding of the reac-

tion mechanism, a set of initial verifying experiments were per-

formed in Scheme 7. Firstly, the reaction was not affected in the

presence of free radical scavenger such as 2,6-di–tert–butyl–4-

methylphenol (BHT), 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO),

affording the product 4aa in 90% and 88% isolated yields, respec-

tively (Scheme 7a). Therefore, this transformation does not follow

a single-electron transfer or free radical pathway.

To better understand the effect of different substituents on the

reactivity for this transformation, the control experiment was sub-

sequently performed. When 2a reacted with acetophenone con-

taining electron-donating group (4–tert-butylacetophenone, 3e) or

electron-withdrawing group (4-trifluoromethyl acetophenone, 3j)

for 2 h under optimized catalytic conditions, the experimental re-

sults indicated that the molar ratio of two desired products (4ae

vs. 4aj) was observed to be 1:2.4, suggesting that the reaction was

more favorable for acetophenone containing electron-withdrawing

group (Scheme 7b). This phenomenon may be attributed to the

enhanced electrophilicity due to the electron-withdrawing sub-

stituent on the phenyl ring of the acetophenones.

Furthermore, it was accepted that the capture of key interme-

diate was an efficient approach to explain the reaction process.

Firstly, 2-amino-3-pyridinecarboxaldehyde (2a’) was formed in 67%

isolated yield when 2a went through this reaction in the absence

of 3a under standard conditions. Meanwhile, control experiments

indicated that both the catalyst and the base were necessary for

this transformation, since a significant decrease in the formation

of 2a’ (26%, 48% yields respectively) was observed in the absence

of Cd-CPs or base (Scheme 7c, (i)). These experimental observa-

tions suggest that the dehydrogenation step catalyzed by Cd-CPs

7
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Scheme 7. Preliminary mechanistic studies.

was assisted by Na2CO3, whose Cd sites acted as an active site

of dehydrogenation steps of this transformation. Subsequently, the

second step of this transformation involves Friedlander condensa-

tion reaction of 2a’ with 3a under standard condition to form 4aa

in 95% (Scheme 7c, (ii)). Moreover, without Cd-CPs, 75% of desired

product 4aa was observed and only 21% of 4aa was obtained in

the absence of Na2CO3, demonstrating the crucial role of the base

in the Friedlander condensation and cyclization steps (Scheme 7c,

(iii)).

To better show the catalytic performence of Cd-CPs, the reac-

tion of 2a and 3a was conducted compared with different metal

salt catalysts. As expected, only a trace amount of desired product

4aa was detected when the model reaction was conducted with-

out any catalyst (Scheme 8A). Besides, With the use of a commer-

cially available simple cadmium salts (Cd(OAc)2·2H2O) to replace

Scheme 8. The catalyst control experiments.

Scheme 9. Plausible mechanism for the synthesis of 1,8-naphthyridine.

Cd-CPs as the catalyst, 4aa was isolated in 31% yield (Scheme 8B).

Additionally, control experiments were conducted in the presence

of only organic linker (H2CZA and 1,10-phenanthroline), and the

product 4aa was obtained with low yield. (Schemes 8C and D).

Interestingly, it was observed that the mixture of Cd(OAc)2·2H2O

and organic linker, affording desired product 4aa in moderate yield

(58%) (Scheme 8E). These experiments suggested that the polymer

Cd-CPs catalyst has played a significant role during this transfor-

mation.

Building upon our above-mentioned experiment results and ex-

isting literature [34–36], we proposed a plausible reaction mecha-

nism depicted in Scheme 9. The initial step involved the formation

of an alkoxy cadmium intermediate (A) by the reaction of Cd-CPs

with 2a and Na2CO3. Accompanied by the β-hydride elimination

of alkoxide intermediate complex A, [Cd]-H species and 2-amino-

3-pyridinecarboxaldehyde (2a’) were generated. Furthermore, base-

promoted condensation between resulting carbonyl compound 2a’

and acetophenone 3a occurred to give ketimine-aldehydes (B),

which underwent intramolecular condensation to afford 4aa as de-

sired products. Alternatively, 4aa may also be produced via the in-

tramolecular cyclodehydration of α,β-unsaturated ketones, which

are formed by the 2a’ couples with 3a in the presence of base and

catalyst. Meanwhile, [Cd-H] released hydrogen gas and was regen-

erated to complete the catalytic cycle.

To demonstrate the potential practical industrial applicability of

this pathway in organic synthesis, gram-scale reactions and prod-

uct derivatizations were performed (Scheme 10a). The gram-scale

reaction between 2a and 3j under the standard reaction condi-

tions afforded the desired product 4aj (19.8 g) in 89% yield. Subse-

quently, a biologically active inhibitor 4bg was prepared on a gram

scale with 83% yield, indicating the practicability of this catalyst

for large-scale synthesis. Additionally, 6a could be coupled with

3-pyridinemethanol (7s), yielding product 8s in 77% yield under

solvent-free conditions.

To further confirm the synthetic versatility of this protocol, rep-

resentative products derivatizations were carried out (Scheme 10b).

We applied it to the functionalization of the bioactive steroid pro-

gesterone, which possesses carbonyl groups and has a wide range

of applications in hormone replacement therapy [98]. Surprisingly,

2a can be smoothly converted to a valuable functional proges-

terone derivatives 4ay in 76% yield through acceptorless dehydro-

genative coupling.
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Scheme 10. Large scale synthesis and functionalization of progesterone using 2a.

In order to clarify the good performance of Fe-CPs in OER re-

action and to identify the active intermediates produced by co-

ordinating polymer Fe-CPs during the OER process, we attempted

to analyze the true active species in the OER by increasing the

amount of water in the initial reaction system to obtain a sin-

gle crystal structure. Ultimately, we successfully obtained a new

structural compound generated through the reaction of Fe-CPs and

excess water (Fig. S11 in Supporting information). The structure

of the cultivated single crystal (denoted as Fe–CPs-mono) is a 0

D mononuclear motif, in which the complex contains one coordi-

nated Fe3+ and two H2CZA ligand (CCDC: 2267044). Meanwhile, it

was indicated that Fe atom is coordinated with two nitrogen atoms

from two H2CZA ligand, and four oxygen atoms from two water

molecules and two oxygen atoms from the ligand. Based on the

above exploration and literature reports, it is considered that the

0-dimensional structure Fe–CPs-mono may be the active interme-

diates of Fe-CPs during the OER process [99].

The reusability of Cd-CPs for acceptorless dehydrogenation cou-

pling of 2-amino-3-pyridinemethanol with ketones under water

conditions was evaluated by determining the activity after differ-

ent cycles. Typically, after each cycle, the catalyst was subjected

to centrifugation and washed three times with methanol and an-

hydrous ethanol before being dried 8h under vacuum at 80 °C for

subsequent cycle testing. As shown in Fig. 5, the activity of Cd-

Fig. 5. Recycling results of Cd-CPs.

CPs was maintained at 80% after five rounds, exhibiting excellent

reusability for this transformation. This can be attributed to the

inherent stability of the nearly spheroidal shape Cd-CPs structure,

which boosts the overall catalyst stability.

In addition, to verify the structural change of the Cd-CPs, be-

fore and after this transformation, the recovered catalyst was char-

acterized (Figs. S5–S7 in Supporting information). The SEM and

TEM morphology of the recovered Cd-CPs resembles a nearly

spheroidal shape morphology similar to the pristine catalyst. More-

over, abreaction-corrected HAADF-STEM mapping images of recov-

ered Cd-CPs showed that Cd, C, N, and O elements were uniformly

dispersed on catalyst surface after five cycles, providing evidence

for the catalyst without any significant change in the chemical

structure during the reaction. Subsequently, the Cd contents in the

Cd-CPs after five rounds were analysed by ICP-AES. The results in-

dicated that the Cd contents of the fresh and recovered catalyst

were 3.02 wt% and 2.94 wt%, confirming the good stability of cat-

alyst and that the decrease in catalystic activity is due to the loss

of Cd during the reaction.

Subsequently, the structural changes of the catalyst after the

reaction via FT-IR, solid 13C NMR, and XPS. Compared with the

fresh catalyst, the spent catalyst peak was decreasing with the in-

crease of recycle time, which indicated the fact that the catalyst

efficiency gradually decreased when the recycled catalyst was used

(Figs. S4 and S8 in Supporting information). Moreover, the catalyst

Cd-CPs recovered from the cycle was analyzed by XPS. As shown

in Fig. S9 high-resolution C 1s, N 1s, Cd 3d, and O 1s XPS of Cd-

CPs, exhibiting the same binding energy as before. These results

suggest that the good stability and the potential applicability of

Cd-CPs.

In summary, by developing two novel coordination polymers

cadmium and iron catalyst, we successfully applied cadmium cata-

lyst to establish an efficient acceptorless dehydrogenation coupling

of 2-amino-3-pyridinemethanol with ketones in water, which en-

ables direct construction of 1,8-naphthyridine and their derivatives

together with the merits of broad substrate, functionality tolerance

and easy applicability for the large-scale synthesis and fabrication

of bioactive molecules. Moreover, the developed catalytic trans-

formation features high atom-efficiency, water as the solvent and

reusable catalyst, which offers a practical and sustainable pathway

for the synthesis of 1,8-naphthyridine derivatives with structural

diversity. In addition, we have demonstrated an iron phosphide Fe-

P with spindle-like structures derived from the phosphorylation of

coordinating polymer Fe-CPs that can serve as an effective can-

didate catalyst for oxygen evolution reaction. Specifically, Fe-P re-

quired a low overpotential, as low as 279mV, to offer the current

density of 10mA/cm2, and small Tafel slope of 64.9mV/dec with

good stability.
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