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Abstract

A novel Ag(I) coordination polymer, [Ag2(bipy)(btca)]n, (SCP 1) was synthesized using
4,4′-bipyridyl (bipy) and 1,2,4,5-benzene-tetracarboxylic acid (H4BTC). Characterization by
FT-IR, 1H/13C NMR, and single-crystal X-ray diffraction confirmed its 3D network structure.
The structure of SCP 1 consists of two chains arranged in . . .ABAB. . . fashion. Chain A
is one-dimensional, containing [Ag(4,4′-bipy)]n chain, while chain B is free, containing
uncoordinated 1,2,4,5-benzene tetracarboxylate and water molecules. The stacking and
argentophilic interactions extend the chain A of [Ag(4,4′-bipy)]n into a two-dimensional
layer. In contrast, chain B of uncoordinated 1,2,4,5-benzene tetracarboxylate and water
molecules form a 1-D chain through extensive hydrogen bonds between water molecules
and BTC ions and between water molecules themselves. Chains A and B are connected
through extensive hydrogen bonds, generating a three-dimensional network structure. This
Silver I supramolecular coordination polymer (SCP 1) demonstrated high catalytic activity
as a recyclable heterogeneous catalyst for the synthesis of 5-substituted 1H-tetrazoles via
[3+2] cycloaddition of NaN3 and terminal nitriles under solvent-free conditions in a Q-tube
pressure reactor (yields: 94–99%). A mechanistic proposal involving cooperative Lewis
acidic Ag(I) sites and Brønsted acidic -COOH groups facilitates the cycloaddition and
protonation steps. SCP 1 catalyst exhibits reusability up to 4 cycles without significant
loss of activity. The structural stability of the SCP 1 catalyst was assessed based on
PXRD and FTIR analyses of the catalyst after usage, confirming its integrity during the
recycling process.

Keywords: Q-tube; silver (I) supramolecular coordination polymer; 5-substituted tetrazole;
green chemistry; sustainability

1. Introduction
Tetrazole is a ring-shaped, five-membered heterocyclic compound with one carbon

atom and four nitrogen atoms. Tetrazoles have varied applications, serving as plant growth
regulators in agriculture and as sweeteners in the food sector [1]. Tetrazole derivatives
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are utilized in explosives, missile propellants, and gas generators for automotive airbags
owing to their substantial energy release and non-toxic byproducts [2].

It plays an important role in medicinal chemistry due to its unique chemical prop-
erties [3]. Incorporating tetrazoles into various compounds results in different pharma-
cological effects, including anti-inflammatory [4], analgesic [5], anticonvulsant [6], anti-
hypertensive [7], and antibacterial [8] properties, making it a vital building block in drug
development. Due to their similarity to carboxylic acids, which demonstrates bioisoster-
ism, tetrazoles exhibit superior pharmacokinetic properties. Notably, this modification
can enhance drug stability, improve solubility, and increase the rate of breakdown in the
body—key factors in the development of medications [9,10]. Figure 1 illustrates that
many existing medications on the global market contain the tetrazole moiety. For instance,
drugs aimed at lowering blood pressure include tetrazole-based antihypertensives such as
valsartan and losartan [11,12].

Figure 1. Tetrazole-based antihypertensive drugs.

The news surprised us that many batches of the Valestran medicine had to be recalled
due to contamination with N-nitroso dimethylamine (NDMA), which the FDA classifies as
a carcinogenic chemical. This ingredient is not used in its production, making the finding
surprising [13]. As a result, testing revealed that the primary source of contamination was
the main industrial process used during production (Scheme 1) [14]. NDMA formation
occurs because of the procedure used to eliminate or quench the excess azide in the
synthetic process that converts the cyano group into the tetrazole moiety. The main concern
is that, although NDMA has been detected at low concentrations, these drugs are used to
treat chronic diseases and can accumulate in the patient’s body, leading to serious health
risks. This situation has raised a red flag, prompting long-lasting reforms in medication
manufacturing laws worldwide by exposing key shortcomings in pharmaceutical quality
control and supply chain oversight [15,16].

The following table (Table 1) shows the different methods and catalytic systems used
to synthesize tetrazoles from organic nitriles.

The above-reported literature (Table 1) showed significant differences in activity,
selectivity, recyclability, and environmental friendliness for the synthesis of tetrazoles
from organic nitriles. While microwave-assisted and heterogeneous catalyst systems often
reduce reaction times and allow for easier product separation and higher yields, some
suffer from high costs, limited substrate scope, or difficulties in catalyst recovery and reuse.
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Scheme 1. Origin of NDMA in the synthetic process of nitrile to tetrazole.

Table 1. Diverse approaches for the synthesis of tetrazoles.

Catalyst Reagent Condition Reference

Homogeneous

I2, DMF Reflux, 6–18 h [17]

Et3N.HCl, PhNO2 MW, 100 ◦C [18]

AlCl3, ZnCl2 200 ◦C, 3–10 min [19]

TMSCl, NMP MW, 220 ◦C, 15–25 min [20]

Et3N.HCl, DMF MW, 130 ◦C, 2 h [21]

BiCl3 1 h at 120–160 ◦C [22]

Heterogeneous

Fe3O4@SiO2-LY-C-
D-Pd PEG-400, 100 ◦C, 0.5–2 h [23]

AMWCNTs-O-
Cu(II) DMF, 70 ◦C [24]

Ag-TiO2 and
Ag-SiO2

nanostructures
DMF, 120 ◦C [25]

On the other hand, green chemistry focuses on developing safer and more environmen-
tally friendly chemical products and processes [26]. Crucial elements of green chemistry’s
homogeneous catalysis exhibit efficiency and reduced energy requirement. Because they
are effective, versatile, and long-lasting, catalysts made of silver metal complexes are crucial
for enhancing chemical processes. New catalyst applications and the introduction of a
practical solution for the valcertan-NDMA crisis are being uncovered through their ongoing
study. Furthermore, one application of green chemistry is the use of Q-tube pressure reac-
tors in organic synthesis (Figure 2), enhancing efficiency, accelerating the rate of reaction,
decreasing waste, and increasing safety [27–29].
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Figure 2. Q-Tube System.

Therefore, when catalysts are used in conjunction with a Q-tube, a synergistic effect is
anticipated. In particular, a Q-tube reactor’s reaction rate is sensitive to internal pressure.
The activation energy needed to initiate the reaction decreases at higher pressures due to
more frequent collisions between the reactant molecules [30], resulting in a highly efficient
and environmentally friendly process. Considering all of the above and continuing to
implement green procedures for various organic reactions [31–35], we introduce a novel
silver supramolecular coordination polymer-based catalyst that overcomes the challenges
of eliminating excess azides in the transformation of the nitrile group into tetrazole using
Q-Tube technology as an energy-efficient reaction technique.

2. Results and Discussion
2.1. Crystal Structure of the {[Ag4(4,4′-Bpy)2.].(BTC).3H2O}, SCP 1

The reaction of 4,4′-bipyridine (4,4′-bpy), 1,2,4,5-benzene tetracarboxylate (BTC),
and silver nitrate at room temperature in water/acetonitrile/ammonia solvent affords
the brown needle crystals of supramolecular coordination polymer (SCP) {[Ag4(4,4′-
bpy)2.].(BTC).3H2O}, (1). SCP 1 is orthorhombic and crystallizes in the space group Cmce.
Significant crystal data for SCP 1 are listed in Table 2, while Table 3 shows bond lengths (Å)
and bond angles (deg.).

Table 2. Crystal data and structure refinement for SCP 1.

Empirical Formula C30H24Ag4N4O11

Formula weight 1047.97
Temperature/K 293 (2)
Crystal system orthorhombic
Space group Cmce
a/Å 14.269 (2)
b/Å 22.673 (5)
c/Å 17.088 (3)
α/◦ 90
β/◦ 90
γ/◦ 90
Volume/Å3 5528.3 (17)
Z 8
ρcalcg/cm3 1.829
µ/mm−1 1.480
F(000) 3048.0
Crystal size/mm3 0.223 × 0.18 × 0.1
Radiation MoKα (λ = 0.7107)
2Θ range for data collection/◦ 5.84 to 54.988
Index ranges −18≤ h≤ 18, −29≤ k≤ 29, −12≤ l≤ 22
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Table 2. Cont.

Empirical Formula C30H24Ag4N4O11

Reflections collected 22,145
Independent reflections 3304 [Rint = 0.0648, Rsigma = 0.0403]
Data/restraints/parameters 3304/40/248
Goodness-of-fit on F2 1.017
Final R indexes [I ≥ 2σ (I)] R1 = 0.0380, wR2 = 0.0855
Final R indexes [all data] R1 = 0.0813, wR2 = 0.1040
Largest diff. peak/hole/e Å−3 0.69/−0.43

Table 3. Bond lengths (Å) and bond angles (deg) of the SCP 1.

Bond Å d Bond Deg, ◦

Ag1–N1 2.123(4) N1–Ag1–N2 i 180.0
Ag1–N2 i 2.132(3) N3–Ag2–N4 ii 174.24 (12)
Ag2–N3 2.122(4) Ag1–N2–C9 119.24 (3)
Ag2–N4 ii 2.140(4) Ag2–N3–C14 122.31 (10)
O2–C1 1.256(3) Ag2–N3–C10 119.86 (3)
C1–O1 1.245(4) Ag1–N1–C4 120.50 (3)
Ag1–Ag1 i 3.635 Ag2–N4–C19 117.41 (7)

Ag2–N4–C18 127.37 (7)
i = +X, 1/2 + Y,1/2 – Z; ii = +X, −1/2 + Y, 1/2 – Z.

The molecular structure of SCP 1 consists of four silver atoms, two 4,4′-bpy bridging
ligands, one free 1,2,4,5-benzene tetracarboxylate molecule, and three waters of crystalliza-
tion, Figure 3.

Figure 3. ORTEP plot showing the molecular structure of the SCP 1 with atom labeling scheme.

The silver atoms assume a slightly distorted linear geometry, where each silver atom
is coordinated to two nitrogen atoms of two different 4,4′-bpy ligands, N1-Ag1-N2 =180.0◦

and N3-Ag2-N4 =174.24◦ (12). The silver atom is strongly bonded to nitrogen of two
4,4′-bpy bridging ligands; Ag1-N1, Ag1-N2 and Ag2-N3, Ag2-N4 are equal to 2.123(4)
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Å, 2.123(4) Å 2.122 (4) and 2.140(4) Å, respectively, which are typical values for Ag-N
coordination distances reported previously, [36–38]. The structure of SCP 1 consists of
two chains arranged in . . .ABAB. . . fashion. Chain A is one-dimensional, containing
[Ag(4,4′-bipy)]n chain, while chain B is free, containing uncoordinated 1,2,4,5-benzene
tetracarboxylate and water molecules. This chain of free BTC ions is nearly perpendicular
to the 1-D chain of [Ag(4,4′-bipy)]n, as the free chain of BTC is out of the plane defined
by the other [Ag(4,4′-bipy)]n 1-D chain by an angle equals to 81.4◦, Figure 4. The detailed
analysis of the structure of chain A of [Ag(4,4′-bipy)]n is stabilized by a strong face-to-face
stacking interaction between the pyridyl ring of 4,4′-bpy defined by a centroid-centroid
distance equal to 3.63 Å; (C8-C13 = 3.303 Å, C9-C14 = 3.315 Å, N2-N3 = 3.635 Å) [39].

 

Figure 4. . . .ABAB. . . plot showing hydrogen bonds between free BTC, water molecules chain with
[Ag(4,4′-bipy)] chain in SCP 1.

Furthermore, given that the closest Ag-Ag separation distance is 3.635 Å, it can be
concluded that there is some argentophilic interaction stabilizing the [Ag(4,4′-bipy)]n,
Figure 5.

The π-π stacking and argentophilic interactions extend the [Ag(4,4′-bipy)]n chain
into a two-dimensional layer through Ag. . .Ag and pyridyl. . .. pyridyl ring interactions.
Therefore, these interactions define the overall packing arrangement. The chain B of
uncoordinated 1,2,4,5-benzene tetracarboxylate (BTC) and water molecule ions forms a
1-D chain through extensive hydrogen bonds between water molecules and BTC ions
and between water molecules themselves, O2-H4B = 1.995 Å, O5-H5B = 2. 358 Å, and
O1-H5C = 1.978 Å, Figure 6.
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Figure 5. The packing diagram in the unit cell shows π-π stacking, argentophilic interactions, and
hydrogen bonds between free BTC, water molecules, chain with [Ag(4,4′-bipy)] chain in SCP 1.

 

Figure 6. The 3D network structure of SCP 1 through hydrogen bonds.

The chains A and B are connected through extensive hydrogen bonds, generating
a three-dimensional network structure Figures 4–6. The hydrogen bonds were estab-
lished between the oxygen of BTC and water molecules with the hydrogen atoms of
4,4′-bpy in [Ag(4,4′-bipy)]n layer [O1-H9 = 2.42Å, O1-H9A = 2.55Å, O2-H8 = 2.762Å, and
O5-H4 = 2.47 Å]. Thus, BTC ions and water molecules might be regarded as the linkers of
adjacent [Ag(4,4′-bipy)]n layers and consolidate the structural framework through hydro-
gen bonding interactions. Thus, the extended structure of SCP 1 is a 3-D network via a
combination of coordination bonds, hydrogen bonds, π-π stacking, and argentophilic inter-
actions, creating channels that accommodate chain B of free BTC ions and water molecules,
Figures 4–6.

2.2. Infrared Spectra

The IR spectrum of SCP 1 exhibits the bands characteristic of the carboxylate groups
of H4BTC and the bipodal ligand of 4,4′-bipy, Table 3. The SCP 1 shows strong bands of
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the carboxylate groups at 1568 cm−1 and 1395 cm−1 for the antisymmetric and symmetric
stretching vibrations, respectively. In the IR spectrum of SCP 1, the band due to the
stretching vibrational frequency of the water molecules appears at 3395 cm−1. Also, the IR
spectrum of SCP 1 shows the characteristic band of bending vibrations of the carboxylate
group at 621cm−1. Moreover, the IR spectrum of SCP 1 does not show the carbonyl
stretching vibration band, confirming the involvement of the carboxylate group in strong
intermolecular hydrogen bonds [40]. Noteworthy, we obtained SSNMR to explain this
issue, in which 1H SSNMR (cf. Supplementary Materials) revealed that the aromatic proton
resonance (~7 ppm) to protons on the bipyridyl and aromatic rings in our structure. The
highly shielded −30 ppm signal likely corresponds to protons involved near the silver
centers, perhaps from metal-coordinated ligands or hydride-like environments influenced
by argentophilic interactions and unusual electronic shielding caused by the metal cluster
environment. The signal around 39 ppm in our solid-state 1H NMR spectrum is unusual
for typical proton chemical shifts but can potentially be assigned in the context of a silver
coordination complex, as the 39 ppm proton peak likely represents protons involved in
strong hydrogen bonding within the lattice, experiencing pronounced deshielding caused
by local electronic effects. Also, 13C SSNMR (cf. Supplementary Materials) revealed that
the deshielding or downfield 13C SSNMR chemical shift of carbonyl carbon of carboxylic
acid at 260 ppm upon H-bonding, and this is in line with the reported literature [41], as
this is a widely observed phenomenon, and this downfield shift is commonly used as a
spectroscopic ruler for H-bonding.

In the IR spectrum of SCP 1 the band at 3037 cm−1 corresponds to νCH(arom.). The
bands at 1478, 741, and 663 cm−1 were assigned to δCH and γCH of the ligands (4,4′-bipy
and H4BTC), respectively, Table 3. These bands show shifts to lower wavenumbers than the
vibrational frequencies of the free ligand (4,4′-bipy) due to the formation of hydrogen bonds
between the oxygen atoms of BTC ions and the hydrogen atoms in the other acceptor sites of
the [Ag(4,4′-bipy)] chain, Table 4. In contrast, the bands at 1568 and 1458 cm−1 correspond
to νC=N and νC=C of 4,4′-bipy and H4BTC ligands, respectively, in SCP 1. Furthermore, the
IR spectrum of SCP 1 shows, also shows strong bands due to skeletal and C-C vibrations of
the ligands at 1218, 1134, 1076, and 1000 cm−1.

Table 4. The wavenumbers (cm−1) of different vibrational modes of 4,4′-bipy ligand and SCP 1.

Compound ν(H2O)
ν(CH)

(Arom.)

ν(C=N) and
ν(C=C)

(Aromatic)

νasy.(COO
−

)
νsym.(COO

−
)

δ(COO
−

)

Skeletal and
C-C Vibrs. of L

δCH
of L

γCH
of L

4,4′-bipy - 3075 w 1604 s
1590 s
1406 s
674 m

1236 w–1155 m
1097 w–1039 m 1484 w 783 m

674 w

SCP 1 3395 br 3037 w 1568 s
1458 m

1568 s
1395 s
621 m

1218 w–1134 m
1076 w–1000 m 1478 w 741 m

663 w

2.3. Electronic Absorption and Emission Spectra

The electronic absorption spectra of free ligands (4,4′-bipy, H4BTC) and SCP 1 were
measured in DMF with concentration 1× 10−5 M at room temperature, Table 5 and Figure 7.
The electronic absorption spectrum of 4,4′-bipy shows three absorption peaks at 219, 268,
and 315 nm corresponding to 1La ← 1A, 1Lb ← 1A, and n-π* transitions, respectively [42].
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Table 5. The electronic absorption and emission spectra of the 4,4′-bpy, BTC ligands and SCP 1.

λabs (nm) λem (nm)

BTC 4,4′-bpy 1 Assignment 4,4′-bpy 1 Assignment

- 219 210 1La ← 1A 378 b 435–457 b Close lying π-π* transition

260 268 240
310–335 b

1Lb ← 1A
MLCT

486 Intra-ligand emission π-π*

- 315 n-π* 532 MLCT or (MC) transitions
b = broad.

200 250 300 350 400 450 500
0

1

2

3

4

5

6

A
bs

or
ba

nc
e

Wavelength (nm)

 Bipy
 BTC
 SCP 1

Figure 7. UV absorption spectra of 4,4′-bipy, BTC ligands and SCP 1.

The n-π* transition in the free ligand disappears on HCl addition. Also, the bands
due to n-π* transitions disappear in the spectrum of SCP 1 due to the participation of the
bipodal ligand (4,4′-bipy) in the coordination sphere of silver(I) ions [42], Figure 7, Table 5.
At the same time, the electronic absorption spectrum of H4BTC exhibits only one absorption
peak at 260 nm, which is assigned to 1Lb ← 1A transition. Furthermore, the electronic
absorption spectrum of SCP 1 in DMF exhibits two absorption bands at 210 and 240 nm
assigned to 1La← 1A and 1Lb← 1A, respectively, [42], Figure 7 and Table 5. The absorption
spectrum of the SCP 1 exhibits additional broadband at 310–355 nm corresponding to
metal-to-ligand charge transfer (MLCT), where the charge is transferred from the silver(I)
center to the unoccupied π*-orbital of the ligand [43], Figure 7 and Table 5.

The emission spectra of 4,4′-bipy ligand and SCP 1 were measured in DMF with an
excitation wavelength of 290 nm at room temperature, Figure 8. The emission spectrum
of 4,4′-bipy displays a well-developed broad peak at 378 nm, which corresponds to the
lowest (π, π*) and close lying (n, π*) states [42]. On the other hand, the emission spectrum
of free H4BTC does not show any emission bands under the used experimental conditions.
At the same time, the emission spectrum of SCP 1 exhibits a broad peak at 435–457 nm
due to close lying π-π* transition [44]. On the other hand, the emission spectrum of the
SCP 1 displays structural peaks of the bipodal ligand (4,4′-bipy) as well as additional
bands at 486 and 532 nm which may be assigned to intra-ligand emission π-π* transition
and MLCT [43–45] or metal-centered transitions (MC) of the type 4d10 −→ 4d9 5s1 and
4d10 −→ 4d9 5p1 on the silver(I) center, respectively [43,45], The emission spectrum of the
SCP 1 exhibits a high fluorescence intensity with a red shift compared to the 4,4′-bipy ligand
by about 65 nm, moving from the UV to the visible region. Therefore, the luminescence
behavior of 4,4′-bipy and SCP 1 demonstrates a high degree of sensitivity to silver, making
it a desirable candidate for a luminescent sensor.
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Figure 8. Emission spectra of 4,4′-bipyridine and SCP 1.

2.4. Catalytic Activity Study

The catalytic conversion of the nitrile group into tetrazole using a stoichiometric
quantity of sodium azide has been optimized by an array of tests, as shown in Scheme 2. The
reaction between the benzonitrile compound (1a) and sodium azide (2) was observed using
different salts or complexes of silver(I). This reaction was used as a model to determine the
most effective silver catalyst that could catalyze the reaction under both classical conditions
and the Q-tube high-pressure system (Scheme 2). To facilitate this model reaction, the
following silver catalysts are checked: silver nitrate, silver nitrate/bipy, and SCP {[Ag4(4,4′-
bpy)2.(BTC).3H2O}, (SCP 1), as shown in Table 5.

 
Scheme 2. Synthesis of 5-phenyl-1H-tetrazole derivative 3a using silver catalysts.

The outcomes of the catalyzed reaction yield a singular isolable product in each
instance, as analyzed by TLC. The compound is designated as 5-phenyl-1H-tetrazole
derivative 3a based on the acquired spectrum data (Scheme 2). The incorporation of an
inorganic salt markedly enhanced the transformation efficiency in certain instances, as seen
in Table 6. We examined sodium fluoride (NaF) and potassium tetrafluoroborate (KBF4).
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Table 6. Effect of different silver catalysts for the synthesis of 5-phenyl-1H-tetrazole derivative 3a.

Entry Catalyst Additives
Classical Condition

(Reflux)
Q-Tube

High-Pressure Reactor

Time Yield Time Yield

1 No catalyst - 24 h 10% 4 h 17%
2 bipy - 24 h 10% 4 h 17%
3 AgNO3 - 6 h 39% 90 min 67%
4 AgNO3/bipy - 3 h 61% 60 min 78%
5 AgNO3/bipy NaF 2 h 70% 60 min 84%
6 AgNO3/bipy KBF4 2 h 70% 60 min 84%
7 SCP1 - 1 h 80% 15 min 93%
8 SCP1 NaF 1 h 85% 15 min 99%
9 SCP1 KBF4 1 h 85% 15 min 99%

Table 6 indicates that the reaction illustrated in Scheme 2 can proceed without a catalyst
(Entry 1), but it takes a very long time and yields an unacceptable result. In comparison
to the classical conditions (reflux), the Q-tube high-pressure system for all the scanned
catalysts outperformed the classical conditions [Entries 1–11]. The effect of ligand bipy
was studied (entry 2), and it does not show any extra effect; it exhibits no catalytic effect.
Silver nitrate gives relatively good results (entry 3). We are unable to implement it due
to high cost and limited reaction scope, in addition to raising environmental issues due
to its potential toxicity and accumulation in ecosystems. The good results obtained by
the in situ complex formed between Bipy and silver nitrate (entry 4) push us to find the
best results by utilizing inorganic fluoride salts (entries 5, 6). It was noticed that when
we used NaF and KBF4, the same results were obtained (entries 5, 6). Considering that
tetrafluoroborate might undergo hydrolysis to give fluoride in situ, fluoride was thus
chosen as the standard anion to conduct further investigations. Sodium fluoride was
therefore selected as the salt for optimizing the conditions. The very good results obtained
(entries 5, 6) suggest that the presence of a non-coordinating counter anion gives stability
for the complex formed in situ [46]. The excellent results obtained by utilizing SCP 1 in
the presence of NaF (entry 8) under the Q-tube high-pressure system were considered the
optimal catalyst, which achieved a quantitative yield in a very short reaction time, 15 min.
Additionally, the other salt, potassium tetrafluoroborate, described in Entry 9, performed
admirably same results when used as an additive, but we chose NaF to be the optimal
choice due to its higher solubility, lower cost, and broader availability. Noteworthy, the
principal and most vital function of NaF is to inhibit the development of insoluble, inactive
silver azide (AgN3) from any silver species leached from SCP 1 by generating soluble
silver-fluoride complexes. This guarantees that an adequate concentration of catalytically
active Ag(I) species is maintained during the reaction [47–49]. Modulating Lewis acidity
and generating basicity are secondary synergistic effects that enhance overall catalytic
efficiency. The donation of F− may marginally diminish the Lewis acidity of Ag+, yet it can
optimize it for activating the nitrile group (Ar-CN) to facilitate nucleophilic attack by N3

−.
This activation reduces the energy barrier for the cycloaddition phase [47,50]. Furthermore,
F− is a comparatively potent base (conjugate base of HF, pKa approximately 3.17). It can
deprotonate acidic sites within the framework, such as residual carboxylic acid groups from
the 1,2,4,5-tetracarboxylic benzene ligand that remain uncoordinated, or water molecules
coordinated to Ag+. This creates a moderately basic environment (HF or OH−), which
might enhance the nucleophilicity of the azide anion (N3

−) and ease the last proton transfer
step in the tetrazole production mechanism [51,52].

Afterwards, various concentrations of SCP 1 catalyst were evaluated in a Q-Tube
high-pressure reactor to optimize the catalyst’s mole percent and solvent (Table 7).
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Table 7. Optimization of the Catalyst amount and the solvent used for the synthesis of 5-phenyl-1H-
tetrazole derivative 3a under the Q-tube high-pressure system.

Entry Catalyst (mol %) * Solvent Time (min) Yield

1 0.5 Acetonitrile (AcN.) 30 91%
2 1 AcN. 15 99%
3 1.5 AcN. 15 99%
4 1 AcN./water (1:1) 15 99%
5 1 water 45 84%
6 1 EtOH 30 90%
7 1 Cyclopentylmethyl ether 60 23%

* All of the experiments were performed in the presence of 1 mol % NaF.

It is evident from Table 7 results that 1 mol% of SCP 1 was the ideal concentration
(Entry 2), and that acetonitrile/water (1:1) solvent performed best when compared to
ethanol, water, and cyclopentylmethylether. Even though AcN. Given the same outcomes
for AcN/water, but due to cost and environmental impact, the acetonitrile-water mixture
may be beneficial for both obtaining the best results and having the catalyst available
for reuse.

The scope and generality of our optimized protocol have been extended to include
other derivatives, as presented in Scheme 3.

1a-c 2

1 mol% SCP1

Acetonitrile/H2O (1:1)

3a-c

Ar
CN

+ NaN3

1mol%NaF

Ar

NH
NN

N

NH
NN

N

3a 3b 3c

NH
NN

N

COCH3

NH
NN

N

N

15 min., 99% 15 min., 98% 15min., 94%

Scheme 3. Scope and generality of our green protocol for the synthesis of 5-substituted tetrazole
derivatives 3a–c.

Our environmentally friendly methodology, which uses the Q-Tube system with SCP 1
catalyst, shortened the reaction time for all compounds evaluated to just 15 min, as shown in
Scheme 3. Another noteworthy finding is the high yield (94–99%) of 5-substituted tetrazole
derivatives. Due to its three-dimensional, highly ordered structure, silver supramolecular
coordination polymer SCP 1 is superior to other forms (AgNO3 and AgNO3/Bipy.). As
a result, there are more active sites for catalytic reactions than there would be with silver
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nitrate due to its large specific surface area [53]. Catalytic efficiency and reproducibility
can be limited by less predictable structures, nuclearity that varies, or aggregation (in
situ formed complex of AgNO3/Bipy), unlike SCP 1, which is synthesized with a well-
defined and extended network structure that guarantees a uniform distribution of catalytic
sites and stability throughout the material [54,55]. Using a Q-Tube pressure reactor in
conjunction with SCP 1 in this reaction has a synergistic effect for a number of reasons. One
of these is that the Q-Tube reactor can achieve elevated pressure and temperature, which,
as predicted by the Arrhenius equation (Equation (1)), greatly accelerates reaction rates and
improves yields.

K = Ae−Ea/RT (1)

where R (8.3145 J/Kmol) is the gas constant, Ea is the activation energy, and K is the
rate constant. On the other hand, T is the definition of temperature. The frequency of
reactions is taken into consideration when calculating a frequency factor of A, with units of
L.mol−1s−1 [56,57].

The Q-tube method enhances the solubility of reactants, which is particularly beneficial
in our situation (we are using a mixed solvent, one of which is water). Additionally, it
has been previously reported that a higher temperature is required to convert nitrile to
tetrazole [52]. The solubility of reactants in the reaction fluid can be enhanced by increasing
the pressure. The catalyst and reactants may have better interactions as a result of this. For
reactions involving heterogeneous catalysts, the optimal configuration of a Q-tube reactor
is crucial because it can optimize mass transfer rates among phases (e.g., solid, liquid,
and gas) [58].

Analytical and spectroscopic investigations employing IR, 1H, and 13C NMR tech-
niques validated the structures of the synthesized compounds 3a–c. In particular, the
infrared spectrum of compound 3a showed three peaks at 3310, 1603, and 1511 cm−1,
corresponding to the NH, C=N, and N=N functional groups, respectively. The structure
of compound 3a was confirmed when the band at 2224 cm−1, due to the nitrile group of
1a, disappeared. A unique D2O exchangeable singlet at δH 16.02 ppm linked to the NH
was found in the 1H NMR spectra investigation, and five aromatic protons in the aromatic
region, originating from the phenyl ring, were also identified. Referring to the Experimental
part, the protons were resonated within their appropriate regions.

The utilization of SCP 1 as a catalyst in the Q-Tube pressure reactor altered the reac-
tion’s behavior, necessitating the development of a mechanism, as illustrated in Scheme 4.
The atypical structure of SCP 1 contains specific carboxylic acid groups (-COOH) that
remain protonated within the pores. This imparts local Brønsted acidity to the material,
which is crucial for the observed catalytic activity. The suggested mechanism involves
azide activation and the coordination stage. An azide ion (N3

−) approaches an available
Ag(I) site in the SCP 1, subsequently forming a σ-complex as Ag(I) coordinates with the ter-
minal nitrogen of N3

− (Ag-N=N+=N− or Ag-N−=N+=N) (Complex A). This coordination
enhances the polarity of the azide, rendering the central nitrogen more electrophilic and
the terminal nitrogen more nucleophilic. The subsequent step involves nitrile coordination,
wherein the nitrogen of the nitrile coordinates to the identical Ag(I) center. This forms a
bidentate complex whereby Ag(I) is coordinated to both N3

− and R-CN (Complex B). This
positions the reactants in proximity and activates the nitrile group by diminishing electron
density via σ-coordination, so rendering the carbon more electrophilic. Subsequently, the
activated terminal nitrogen of the azide, exhibiting high nucleophilicity, assaults the ac-
tivated carbon of the nitrile, characterized by significant electrophilicity. This initiates a
concerted or stepwise [3+2] cycloaddition within the Ag(I) coordination sphere (Complex
C). A proximate protonated carboxylic acid group (-COOH) from the H4BTC linker in
the SCP 1 releases protons (deprotonation). The -COOH group donates a proton to the
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tetrazolato nitrogen (either N1 or N2, contingent upon the initial adduct isomer), resulting
in the neutral 5-substituted 1H-tetrazole (product) that remains loosely associated with the
site. Ultimately, the product release indicates that the neutral R-tetrazole product exhibits
inferior adhesion to the Ag(I) site compared to the anionic intermediates. Additionally, A
water molecule, or potentially the solvent or reaction medium, in the system reprotonates
the deprotonated carboxylate (-COO−) on the H4BTC linker, reinstating the crucial -COOH
group (Reprotonation).

Scheme 4. Plausible mechanism for the synthesis of 5-substituted tetrazole derivatives 3a–c catalyzed
by SCP 1.

2.5. Recyclability of SCP 1 Catalyst

The reaction was conducted under the previously specified optimized conditions.
After each cycle, the catalyst was isolated using filtration, rinsed thrice with warm water,
and subsequently dried for one hour at 80 ◦C before reuse. We believe the primary
differentiating characteristic of this catalyst is its sustainability, in addition to its catalytic
efficiency and environmental safety. This is demonstrated by its capacity for reuse up to
four times while preserving consistent catalytic performance, as illustrated in Figure 9. This
indicates that the architecture of the SCP 1 catalyst is maintained by encapsulating leached
Ag+ within soluble [AgFn](n−1)− complexes. Sodium fluoride (NaF) may facilitate the
redeposition of silver onto the framework or inhibit significant dissolution, hence assisting
in the preservation of the catalyst’s heterogeneity [59].
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Figure 9. Recyclability of SCP 1 catalyst in the Synthesis of 5-substituted tetrazole derivatives 3a.

To elucidate the observed decrease in catalytic activity after the fourth cycle, a compar-
ative FT-IR analysis was performed for the catalyst samples before use (a), after the first
use (b), and following the fifth use (c), as shown in Figure 10. The FT-IR spectra revealed
no discernible differences among the three samples, indicating that the catalyst retains its
functional groups throughout repeated catalytic cycles.

Figure 10. FT-IR of catalyst sample (a) before reaction, (b) after first use, (c) after fifth use.
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In addition, to investigate the reason for the decline in catalytic activity after the fourth
cycle, we obtained the PXRD pattern of the catalyst after the fifth use (Figure 11).

Figure 11. PXRD of the catalyst sample after the fifth use.

The XRD data suggest a well-defined crystalline phase, indicated by sharp and distinct
diffraction peaks. This confirms that high crystallinity corresponds closely to the proposed
molecular arrangement of the catalyst obtained by single crystal X-ray.

Morphological analysis by scanning electron microscopy (SEM) was conducted on
the catalyst prior to reaction and after its fifth cycle of use (Figure 12). Comparative
examination of the SEM images reveals that, before reaction (Figure 12a), the catalyst
particles are relatively discrete, displaying distinct boundaries and well-defined individual
shapes. In contrast, following the fifth use (Figure 12b), the catalyst exhibits a more
agglomerated surface morphology, with particles appearing fused or clustered into larger,
less distinct aggregates. This pronounced increase in aggregation and the diminished clarity
of particle boundaries in the post-reaction SEM image indicate significant agglomeration,
likely resulting from sintering or particle fusion during the reaction process. It is proposed
that the observed decline in efficiency beyond the fourth cycle is attributable not only to
agglomeration, but also to progressive catalyst attrition caused by material loss during
repeated filtration and workup steps.

  
(a) (b) 

Figure 12. SEM of catalyst (a) before use (b) after fifth use.



Catalysts 2025, 15, 969 17 of 22

3. Experimental
3.1. Chemicals and Reagents

All reagents, chemicals, and organic solvents were bought from commercial sources
and utilized as received unless otherwise noted. All additional chemicals were acquired
without further purification from Merck (Darmstadt, Germany), Sigma-Aldrich (St. Louis,
MO, USA), or Acros Organics (part of Thermo Fisher Scientific, Waltham, MA, USA)

3.2. Instrumentation

Thin-layer chromatography was performed on Merck 60 GF254 silica gel plates pre-
coated with a fluorescent indicator, with detection conducted via UV irradiation at 254
and 360 nm. The melting points were ascertained via the Stuart melting point apparatus
without modifications. IR spectra were obtained using the Nicolet iS10 FT-IR spectrometer
utilizing a Smart iTR, an ultrahigh-performance, adaptable attenuated total reflectance
sampling accessory from Thermo Fisher Scientific (Madison, WI, USA). A Bruker Avance
III 400 spectrometer (9.4 T, 400.13 MHz for 1H, 100.62 MHz for 13C) (Bruker, Billerica, MA,
USA) equipped with a 5 mm BBFO probe was utilized to acquire NMR spectra at 298 K.
Chemical changes (δ in ppm) are referenced against internal standards. Solid-State Nuclear
Magnetic Resonance (NMR) Spectroscopy.

One-dimensional 1H MAS and 13C CP/MAS solid-state NMR spectra were recorded
on Bruker AVANCE III spectrometers operating at 400 or 600 MHz resonance frequencies for
1H. Experiments at 400 MHz employed a conventional double-resonance 4 mm CP/MAS
probe, while experiments at 600 MHz utilized a 2.5 mm double-resonance probe. Dry
nitrogen gas was utilized for sample spinning to prevent degradation of the samples.

The scanning electron microscope (SEM) of the catalyst morphology was examined
using SEM in a Nova Nano SEM 240 unit. Elemental studies were conducted using a
EuroVector C, H, N, and S analyser (EA3000 series). A Shimadzu (UV-310l PC) (Shimadzu,
Kyoto, Japan) spectrometer was employed to obtain electronic absorption spectra. The
Cary Eclipse Fluorescence Spectrophotometer (λex = 290 nm) was employed to assess
fluorescence spectra. Q-Tube-assisted reactions were performed in a Q-Tube-safe pressure
reactor from Q Labtech (Washington, DC, USA) equipped with a cap/sleeve, pressure
adapter (120 psi), needle, borosilicate glass tube, Teflon septum, and catch bottle.

3.3. Synthesis of SCP {[Ag4(4,4′-Bpy)2.].(BTC).3H2O}, (1)

A solution of AgNO3 (0.08 g, 0.5 mmol) in 20 mL H2O was added to a mixture solution
of 4,4′-bipy (0.04 g, 0.25 mmol) in 20 mL acetonitrile and 1,2,4,5-benzentetracarboxylic acid
(H4BTC) (0.054 g, 0. 25 mmol) in 30 mL of 30% sodium hydroxide solution and stirred
for 15 min. Brown precipitate was resulted, then concentrated ammonia solution was
added dropwise with stirring to dissolve the precipitate and the solution became clear.
Brown needle crystals 1 suitable for X-ray analysis were obtained in slow vaporization
after standing at room temperature for two weeks. The crystals were filtered, washed with
H2O/CH3CN, and dried in air (the yield was 70% concerning AgNO3). Anal. Calcd for
C30H24Ag4N4O11: C, 34.38; H, 2.31; N, 5.35. Found: C, 34.89; H, 2.72; N,5.15. IR (KBr,
cm−1): 3394 (br), 3047 (w), 1668 (s), 1568 (s), 1478 (w), 1395 (s), 1218(w), 1134 (m), 1076 (w),
1000 (m), 741(m), 702 (m), 663(w) and 621 (m).

3.4. Crystallographic Studies

Crystals were obtained by slow evaporation of the complex solution in water and
acetonitrile. The collection of single-crystal X-ray diffraction data for the complex was
carried out on a Bruker D8 Venture single-crystal X-ray diffractometer at 293 K, using Mo
Kα (λ = 0.71073) radiation. The crystal structure was solved using the SHELXT [60] structure
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solution program and refined with SHELXL [60], implemented in the Olex2 [61] program
package. The crystal structure refinement details for C30H24Ag4N4O11 are listed in Table 1.
Full crystallographic data can be found under the deposition number (CCDC 2478399):
These data can be obtained free of charge via https://www.ccdc.cam.ac.uk/structures/
(accessed on 1 August 2025) or by emailing data_request@ccdc.cam.ac.uk, or by contacting
The Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax: +44-1223-336033.

PXRD was collected on a Bruker D8 Advance powder XRD diffractometer equipped
with Cu (Kalpha) radiation. The measurement was performed in the 2theta range from 5 to
60 degrees with a 0.01-degree step size.

3.5. General Procedure for the Synthesis of 5-Substituted-1H-Tetrazoles via the [3+2]
Cycloaddition Reaction

CAUTION! Organic azides are potentially explosive and should be handled with care.
Even if no incident occurred on this scale, the cycloaddition can be highly exothermic and
should not be attempted on a larger scale without being aware of explosion risks.

Method A
SCP 1 (1.0 mol %), sodium fluoride (1.0 mol%) in a mixture of acetonitrile/water (1:1)

(20 mL) was added to nitrile (1.0 mmol), and sodium azide (1.0 mmol) in a 50 mL round-
bottom flask. After reflux at 100 ◦C for the appropriate time, the progress of the reaction
was monitored by TLC. After completion, the reaction was cooled to room temperature,
and the reaction mixture was filtered to separate the catalyst. Then the filtrate was treated
with cold water and then extracted with ethyl acetate (3 × 10 mL). The resultant organic
layer was separated, washed with water, and dried over anhydrous sodium sulfate. The
solvent of the extract was removed under reduced pressure with a rotary evaporator to
obtain the product. The crude products were recrystallized from the appropriate solvent.
The isolated products were authenticated with FT-IR and 1H and 13C NMR spectra.

Method B
The same mixture scale was placed in a Q-Tube at 120 ◦C/under the autogenic pressure

(15 psi) for an appropriate time, as examined by TLC. The products were collected and
worked up according procedure in Method A.

3.6. Physical and Spectroscopic Data of the Synthesized Compounds

5-Phenyl-1H-tetrazole (3a) [62].
White crystal. mp = 214–215 ◦C. Yield: 99%. FT-IR (KBr): vmax/cm−1:3310 (NH), 1603

(C=N), 1511 (N=N). 1H NMR (400 MHz, DMSO) δ 7.62−7.64 (m, 3H), 8.04−8.06 (m, 2H),
16.02 (br s, 1H, NH, D2O exchangeable), 13C NMR (100 MHz, DMSO) δ 124.63, 127.43,
129.88, 131.76,155.68.

5-(4-Acetyl phenyl)-1H-tetrazole (3b) [63].
Faint yellow solid. mp = 175–177 ◦C. Yield: 98%. FT-IR (KBr): vmax/cm−1: 3314

(NH), 1709 (CO), 1588 (C=N), 1506 (N=N) 1H NMR (400 MHz, DMSO) δ 2.61 (s, 3H, CH3),
8.11−8.13 (d, 2H, J = 7.4 Hz, ArH), 8.29−8.31 (d, 2H, J = 7.4 Hz, ArH), 16.02 (br s, 1H,
NH, D2O exchangeable). 13C NMR (100 MHz, DMSO) δ 27.26, 127.74, 129.51, 138.79,
155.51, 198.01.

2-(1H-Tetrazol-5-yl) pyridine (3c) [62].
White solid. mp 211–213 ◦C. Yield: 94%. FT-IR (KBr): vmax/cm−1 3289 (NH), 1602

(C=N), 1499 (N=N); 1H NMR (400 MHz, DMSO) δ 7.64–7.66 (m, 1H, Py), 7.94–7.95 (m, 1H,
Py), 8.22 (d, J = 6.4 Hz, 1H, Py), 8.51 (d, J = 6.0 Hz, 1H, Py); 13C NMR (100 MHz, DMSO) δ
123.16, 126.73, 138.74,144.00, 150.61, 155.34.

https://www.ccdc.cam.ac.uk/structures/
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4. Conclusions
We successfully synthesized and characterized a novel 2D silver(I) coordination poly-

mer, [Ag2(bipy)(btca)]n (SCP 1), employing 4,4′-bipyridyl and 1,2,4,5-benzenetetracarboxylic
acid. SCP 1 functioned effectively as a reusable heterogeneous catalyst for the synthesis of
5-substituted 1H-tetrazoles, which hold significance in the medical field. This was accom-
plished via a Q-tube reactor in acetonitrile/water (1:1) solvent to combine terminal nitriles
and sodium azide in a [3+2] cycloaddition reaction. The yields were quite high (94–99%).
The significant novel concepts presented in this work are: 1. Stoichiometric Utilization of
Azide, in which the reaction employs an equivalent quantity of sodium azide to the nitrile
substrate. This eliminates the significant safety hazards and intricate purifying procedures
associated with handling large quantities of NaN3. 2. DMF-Free and Safe Process: We cir-
cumvent the primary issue associated with conventional tetrazole syntheses by eliminating
the use of DMF solvent. This inhibits the formation of N-nitrosodimethylamine (NDMA), a
potent carcinogen, during the workup process. This occurs due to the quenching of surplus
azide in DMF-based procedures. 3. The application of stoichiometric NaN3 and a DMF-free
methodology guarantees that the resultant 5-substituted 1H-tetrazole products are free
from detrimental NDMA contamination from the outset. 4. The importance of inorganic
salts that are used as additives, such as sodium fluoride, is discussed. This addresses
a critical safety and regulatory concern for pharmaceutical applications. SCP 1 exhibits
robust and effective catalysis due to the synergistic interaction between its Ag(I) sites and
Brønsted acidic -COOH groups, facilitating both cycloaddition and protonation processes,
as shown in our mechanistic analysis. It is recyclable a minimum of four times.

Noteworthy, the combined use of SCP 1 and Q-Tube reactor technology has suc-
cessfully addressed major challenges in sustainable heterocyclic synthesis. The Q-Tube
technology markedly reduced reaction time to 15 min. and enhanced the yield (up to 99%)
by superior regulation of pressure and temperature, aligning with energy-efficient green
chemistry principles.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/catal15100969/s1, 1H NMR (Solid State) of SCP1 Catalyst,
13C NMR (Solid state) of SCP1 Catalyst.
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39. Sokolov, A.N.; Friščić, T.; Blais, S.; Ripmeester, J.A.; MacGillivray, L.R. Persistent one-dimensional face-to-face π-stacks within
organic cocrystals. Cryst. Growth Des. 2006, 6, 2427–2428. [CrossRef]

40. Goher, M.A.S.; Youssef, A.A.; Mautner, F.A. Synthesis and structural characterization of two new anionic cobalt (III) azide
complexes of 2, 3-and 2, 5-pyridine dicarboxylic acids. Polyhedron 2006, 25, 1531. [CrossRef]

41. Jena, S.; Routray, C.; Dutta, J.; Biswal, H.S. Hydrogen Bonding Directed Reversal of 13C NMR Chemical Shielding. Angew. Chem.
2022, 134, e202207521. [CrossRef]

42. Jaffé, H.H.; Orchin, M. Theory and Applications of Ultraviolet Spectroscopy, 5th ed.; John Wiley and Sons Inc.: Hoboken, NJ,
USA, 1970.

43. Etaiw, S.E.H.; Abd El-Aziz, D.M.; Ibrahim, M.; Badr El-din, A.S. Synthesis and crystal structures of three novel coordination
polymers constructed from Ag (I) thiocyanate and nitrogen donor ligands. Polyhedron 2009, 28, 1001–1009. [CrossRef]

44. Wong, W.-Y.; Ho, C.-L. Heavy metal organometallic electrophosphors derived from multi-component chromophores. Coord.
Chem. Rev. 2009, 253, 1709–1758. [CrossRef]

45. Kharat, A.N.; Rahbari, Z.V. Antituberculosis, antifungal and photoluminescence studies on a Mn (II)–neocuproine complex. J.
Chem. Res. 2012, 36, 34–37. [CrossRef]

46. Witte, J.F.; Wasternack, J.; Wei, S.; Schalley, C.A.; Paulus, B. The Interplay of Weakly Coordinating Anions and the Mechanical
Bond: A Systematic Study of the Explicit Influence of Counterions on the Properties of (Pseudo)rotaxanes. Molecules 2023,
28, 3077. [CrossRef] [PubMed]

47. Zhang, W.; Zhang, L.; Zheng, M.; Zhou, P.; Li, Y.; Wei, Z. Silver(I)-Catalyzed Synthesis of 5-Substituted 1H-Tetrazoles in Water
Using Sodium Fluoride as an Additive. Chem. Commun. 2017, 53, 13035–13038.

48. Kirillov, A.M.; Kirillova, M.V.; Pombeiro, A.J.L. Multicopper Catalysts for the Efficient Conversion of Nitriles and Oximes into
Amides and Tetrazoles. Catal. Sci. Technol. 2014, 6, 1486–1494.

49. Mukherjee, N.; Ahammed, S.; Bhadra, S.; Ranu, B.C. Silver(I) Oxide Nanoparticles as a Highly Efficient Catalyst for the Synthesis
of 5-Substituted-1H-tetrazoles from Nitriles and Sodium Azide in Water under UV Irradiation. Green Chem. 2013, 15, 389–397.
[CrossRef]

50. Kirillov, A.M.; Kirillova, M.V.; Pombeiro, A.J.L. Homogeneous Multicopper Catalysts for the Oxidation of Benzylic Alcohols to
Aldehydes and Ketones. Adv. Synth. Catal. 2012, 354, 2635–2643.

51. Bodipati, N.; Komal, M.; Peddinti, R.K.; Nagaiah, K. Sodium Fluoride as an Efficient Catalyst for the Synthesis of 5-Substituted
1H-Tetrazoles via [3+2] Cycloaddition of Nitriles and Sodium Azide. Synth. Commun. 2010, 40, 3479–3485.

https://doi.org/10.3390/app132111864
https://doi.org/10.1016/j.poly.2024.116889
https://doi.org/10.3390/molecules28052355
https://doi.org/10.1021/acsomega.9b04212
https://doi.org/10.1007/s11164-015-2054-x
https://doi.org/10.1007/s12272-012-1204-6
https://doi.org/10.1016/j.molcata.2012.11.009
https://doi.org/10.1021/ic034568v
https://doi.org/10.1039/b006202m
https://doi.org/10.1021/ja953438l
https://doi.org/10.1021/cg0605133
https://doi.org/10.1016/j.poly.2005.10.014
https://doi.org/10.1002/ange.202207521
https://doi.org/10.1016/j.poly.2009.01.005
https://doi.org/10.1016/j.ccr.2009.01.013
https://doi.org/10.3184/174751912X13263085240144
https://doi.org/10.3390/molecules28073077
https://www.ncbi.nlm.nih.gov/pubmed/37049840
https://doi.org/10.1039/C2GC36521A


Catalysts 2025, 15, 969 22 of 22

52. Demko, Z.P.; Sharpless, K.B. Preparation of 5-Substituted 1H-Tetrazoles from Nitriles in Water. J. Org. Chem. 2001, 66, 7945–7950.
[CrossRef]

53. Yu, X.-Y.; Zhang, R.; Li, S.-L.; Yu, S.-H.; Gao, L.; Yan, W.-F.; Jin, J.; Luo, Y.-N. A new silver-organic coordination polymer: Synthesis,
crystal structure, fluorescence and antibacterial activity. Inorg. Chem. Commun. 2020, 116, 107897. [CrossRef]

54. Zhang, H.; Yu, K.; Gao, S.; Wang, C.; Wang, C.; Wang, H.; Zhou, B. Assembly of two-fold interpenetrated silver supramolecular
coordination polymer using Keggin phosphotungstate template. Inorg. Chem. Commun. 2014, 44, 91–95. [CrossRef]

55. Wang, Q.; Dong, S.-L.; Tao, D.-D.; Li, Z.; Jiang, Y.-B. Ag(I)-thiolate coordination polymers: Synthesis, structures and applications
as emerging sensory ensembles. Coord. Chem. Rev. 2021, 432, 213717. [CrossRef]

56. Wurche, F.; Klärner, F. High Pressure Chemistry: Synthetic, Mechanistic, and Supercritical Applications; John Wiley & Sons: Hoboken,
NJ, USA, 2007; pp. 41–96.

57. Ball, D.; Key, J. Introductory Chemistry, 1st ed.; BCcampus: Victoria, BC, Canada, 2014.
58. Grant, D.J.W.; Higuchi, T. Solubility Behavior of Organic Compounds; John Wiley & Sons: Hoboken, NJ, USA, 1990.
59. Dhaka, K.; Kumar, R.; Deep, A.; Kurade, M.B.; Ji, S.-W.; Jeon, B.-H. Metal–Organic Frameworks (MOFs) for the Removal of

Emerging Contaminants from Aquatic Environments. Coord. Chem. Rev. 2019, 380, 330–352. [CrossRef]
60. Sheldrick, G.M. Crystal structure refinement with SHELXL. Acta Crystallogr. Sect. C Struct. Chem. 2015, 71, 3–8. [CrossRef]

[PubMed]
61. Dolomanov, O.; Bourhis, L.; Gildea, R.; Howard, J.; Puschmann, H. OLEX2: A Complete Structure Solution, Refinement and

Analysis Program. J. Appl. Cryst. 2009, 42, 339–341. [CrossRef]
62. Ghodsinia, S.S.E.; Akhlaghinia, B. A rapid metal free synthesis of 5-substituted-1H-tetrazoles using cuttlebone as a natural high

effective and low cost heterogeneous catalyst. RSC Adv. 2015, 5, 49849. [CrossRef]
63. Babu, A.; Sinha, A. Catalytic Tetrazole Synthesis via [3+2] Cycloaddition of NaN3 to Organonitriles Promoted by Co(II)-complex:

Isolation and Characterization of a Co(II)-diazido Intermediate. ACS Omega 2024, 9, 21626–21636. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/jo010635w
https://doi.org/10.1016/j.inoche.2020.107897
https://doi.org/10.1016/j.inoche.2014.03.005
https://doi.org/10.1016/j.ccr.2020.213717
https://doi.org/10.1016/j.ccr.2018.10.003
https://doi.org/10.1107/S2053229614024218
https://www.ncbi.nlm.nih.gov/pubmed/25567568
https://doi.org/10.1107/S0021889808042726
https://doi.org/10.1039/C5RA08147E
https://doi.org/10.1021/acsomega.4c02567

	Introduction 
	Results and Discussion 
	Crystal Structure of the {[Ag4(4,4'-Bpy)2.].(BTC).3H2O}, SCP 1 
	Infrared Spectra 
	Electronic Absorption and Emission Spectra 
	Catalytic Activity Study 
	Recyclability of SCP 1 Catalyst 

	Experimental 
	Chemicals and Reagents 
	Instrumentation 
	Synthesis of SCP {[Ag4(4,4'-Bpy)2.].(BTC).3H2O}, (1) 
	Crystallographic Studies 
	General Procedure for the Synthesis of 5-Substituted-1H-Tetrazoles via the [3+2] Cycloaddition Reaction 
	Physical and Spectroscopic Data of the Synthesized Compounds 

	Conclusions 
	References

