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The research on heterogeneously catalytic synthesis of tetrazoles has been attracting great attention. In

this paper, a tungsten atoms-containing AIPO-5 microporous molecular sieve (termed as WAIPO-5) was

designed and synthesized by incorporation of tungsten atoms into AIPO-5 skeleton with triethylamine as

structure template from pseudoboehmite, H;PO, and tungstophosphoric acid. The incorporation of

tungsten atoms into AIPO-5 skeleton has been demonstrated by systematic characterizations. WAIPO-5

can be used as efficient heterogeneous catalyst for the synthesis of 5-substituted 1H-tetrazoles by [3+2]

cycloaddition from nitriles and sodium azide. As a novel heterogeneous catalyst, WAIPO-5 exhibits high

catalytic activity, superior cycling stability and excellent substrate applicability. The significant

advantages of WAIPO-5, such as simple procedure, mild reaction conditions and as an alternative to those

corrosive, hazardous and polluting homogeneous catalysts, warrant its potential application in industrial

processes.

1 Introduction

The research on catalytic synthesis of tetrazoles has been
attracting great attention, due to their wide application, such as
lipophilic spacers metabolically stable surrogates for carboxylic
groups and cis-amide bond in pharmaceuticals, as antifoggants
materials in photographic, in information recording systems,
propellants and special explosives, in biomedical and agriculture,
and as important synthons in synthetic organic chemistry, as
ligands in coordination chemistry.'” In the early stage of
conventional synthesis of tetrazoles via homogeneous catalytic
[3+2] cycloaddition reactions, some drawbacks including
requirements for metal-organic azide complexes, highly
moisture-sensitive reaction conditions, and use of hydrozic acid,
amine salts and strong Lewis acid as catalysts, which are volatile,
explosive, extremely toxic and water-sensitive."™ Afterwards,
some homogeneous catalytic process have been reported with
AICl;, Zn salts, TBAF, BF;OEt,, Yb(OTf);, In(OTf); and
Fe(OAc), as catalysts.”'” The drawback of homogeneous
catalytic processes such as difficulty in separation and recovery
of catalyst limited their application. The novel heterogeneous
catalysts are desirable as alternative for the homogeneous
counterparts. Recently, some heterogeneous catalysts have been
reported for the synthesis of tetrazoles via [3+2] cycloaddition
using ZnO nanocrystals, Zn/Al hydrotalcite, Zn hydroxyapatite,
Cu,0, Cu/Zn alloy, Sb,03, FeCls/SiO,, CuFe,0,4, BaWO,, ZnS,
natural natrolite and CoY zeolite."*! However, a large amount

of sodium azide, high temperature and long reaction time still are
necessary in the above-mentioned catalytic systems.

AIPO-5 ©AloP @0

Scheme 1 Synthesis of 5-substituted 1H-tetrazoles from nitriles and
sodium azide catalyzed by AIPO-5-based heterogeneous catalysts.

Aluminaphosphate molecular sieves (AIPO) with AFI topology
have been widely applied into industrial catalysis.**>* The AIPO
molecular sieves with different structures and pore sizes provide
suitable frameworks to construct high performance heterogeneous
catalysts for many organic reactions. Metal atom substituted
AIPO (MeAIPO) molecular sieves reported first in 1986 were
considered as typical example for construction of heterogeneous
catalysts in AIPO molecular sieves frameworks.*> The MeAIPO
molecular sieves are constituted by [AlO4] and [PO,']
tetrahedral. The Me isomorphous substitution of [AlO4] or
[PO,'] for another, the different catalytic sites with acidic
properties and redox behaviors in molecular sieves can be
fabricated to form heterogeneous catalysts.**** A1PO-5 and
MeAIPO-5 are important members of aluminophosphate sieves,
which can be employed as catalysts or frameworks and exhibit
superior catalytic performances in several organic reactions.
Tungstate salts are effective catalysts for the synthesis of
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tetrazoles by [3+2] cycloaddition for nitriles and sodium azide.”’
It could be expected that the incorporation of tungsten atoms into
the framework of AIPO-5 will form some effective catalytic sites
and provide high performance heterogeneous catalysts for the
synthesis of tetrazoles.

In this paper, a tungsten atoms-containing AIPO-5 molecular
sieve (termed as WAIPO-5) microspheres were synthesized by
incorporation of tungsten atoms into AIPO-5 skeleton. The
WAIPO-5 microsphere also has been employed as catalyst for the
synthesis of 5-substituted 1H-tetrazoles via [3+2] cycloaddition
from nitriles and sodium azide (Scheme 1). As expected, high
catalytic activity, superior cycling stability and excellent substrate
applicability were obtained with WAIPO-5 microspheres as novel
heterogeneous catalyst.

2 Experimental section
2.1 Catalyst synthesis

WAIPO-5 microspheres were synthesized under hydrothermal
conditions from orthophosphoric acid (H;PO4, 85%, Merck),
pseudo-boehmite,  tricthylamine  (TEA,  Merck) and
tungstophosphoric acid (HPW). The molar composition of
synthesis reaction gel was equal to 0.05 WO; : AL,O; : P,Os: 1.5
TEA : 50 H,O. WAIPO-5 microspheres were prepared as follows:
pseudo-boehmite (5.20 g) was added to distilled water (20.00 g)
and stirred for 1 h. Then orthophosphoric acid (8.07 g) was added
to the mixture drop by drop under stirring. Then the mixture was
stirring for 2 h. Subsequently, an aqueous solution of HPW (7.10
g) was added to the gel drop by drop. After stirring for another
hour, a uniform gel was obtained. Finally, TEA (5.37 g) was
added into the mix gel drop by drop and stirred for more 2 h. The
final gel was transferred into a Teflon-lined stainless steel
autoclave and heated at 180 °C for 36 h. Then the solid product
was separated, washed with water, and dried at 120 °C for 12 h.
After calcinated at 550 °C for 6 h, WAIPO-5 microspheres were
obtained as white powder. AIPO-5 microspheres were
synthesized with a similar process as above in the absence of
HPW.

2.2 Catalyst characterization

The solid samples were characterized by powder X-ray
diffraction (XRD) made in a Dutch P analytical Company to
confirm the AFI structure, and using Cu Ka radiation. The scan
range of 20 was between 5 and 80 ° in a scan speed of 1.2 °min .
The W, Al and P elements were measured by chemical analysis
through Inductively Coupled Plasma-Atomic Emission
Spectrometry (ICP-AES, Thermo Scientific iCAP6000, Thermo
Fisher, USA), by dissolving catalyst (0.1 g) in NaOH (15%, 20
mL). The mixture was sealed in a Teflon-lined stainless steel
autoclave (50 ml) and heated at 180 °C for 10 h. Keeping the final
solution weak acid using HCl (12wt%). Standard curve method
was adopted to determine the content of W, Al and P elements.
N,-sorption isotherms were obtained on NOVA 1000e surface
area and pore size analyzer (Quantanchrome, USA) at 77 K. The
specific surface area was estimated using multi-point Brunauer-
Emmett-Teller (BET) method and the porewidth was determined
using the desorption branches of N,-sorption isotherms. Fourier
transform infrared (FT-IR) spectra of WAIPO-5 were recorded in
the range of 4004000 cm ' with a Thermo Nicolet 380 FT-IR

spectrometer of solid mixed with KBr. Diffuse reflectance
ultraviolet and visible (DRUV-VIS) spectra were recorded in the
range of 200-500 nm with a Cary 5000 against BaSO, as
reference. The morphology and size of catalyst particle were
observed by scanning electron microscope (SEM, JEOL, JSM-
6700F operating at 20 kV).

2.3 Catalysis procedures

All nitriles were purchased from Aladdin. Catalyst (0.1 g) was
added to a mixture of benzonitrile (0.257 g, 2.5 mmol) and
sodium azide (0.350 g, 5.3 mmol) in N, N-dimethyl formamide
(DMF, 5 mL) and the resulting composition was stirred
constantly for 24 h at 120 °C. After completion of reaction, the
catalyst was separated by centrifugation, washed with water (2x4
mL), and the centrifugate was treated with HC1 (6 M, 20 mL) by
stirring vigorously. The aqueous solution finally obtained was
extracted with ethyl acetate (2x20 mL); the combined organic
phase was washed with water (2x20 mL) and concentrated to
precipitate the crude solid crystalline 5-phenyltetrazole. To obtain
pure S-phenyltetrazole, column chromatography was performed
using silica gel (100-200 mesh), '"H NMR (300 MHz, (D;C),SO):
8 =8.03 (m, 2H), 7.59 (m, 3H). MS calculated for C;H,N, (MH")
147.0, found 147.0.

3 Results and discussion

AIPO-5 molecular sieves have been synthesized by hydrothermal
method from orthophosphoric acid (H;PO,) as P source and
pseudo-boehmite as Al source, and with triethylamine (TEA) as
template. Pseudo-boehmite were added to distilled water and
stirred. H;PO4 was added to the mixture drop by drop under
stirring. In the case of WAIPO-5, tungstophosphoric acid (HPW)
was used as tungsten source. Subsequently, an aqueous solution
of HPW was added to the gel drop by drop. After stirring, a
uniform gel was obtained. Finally, TEA was added into the gel
mixture drop by drop and stirred. The resulting mixture was
transferred into a Teflon-lined stainless steel autoclave and
treated for a designed time under hydrothermal conditions. AIPO-
5 and WAIPO-5 microspheres were obtained after separated,
dried and calcinated.

Powder X-ray diffraction (XRD) patterns were employed to
characterize the AFI phase structure of AIPO-5 and WAIPO-5
microspheres (Fig. la, b). The characteristic peaks evidence
directly the AFI structure of both samples.*® The XRD pattern of
WAIPO-5 is very similar to that of AIPO-5 in the range of large
angle without extra peaks (Fig. la). After being doped with
tungsten atoms, the AFI structure of WAIPO-5 can be
maintained. The peaks of WAIPO-5 at 20 = 21.2, 22.5, 26.0, and
29.1° shifts to lower diffraction angle compared to those of
AIPO-5, which should be evidence for that tungsten atoms has
entered into the AIPO-5 skeleton (Fig. 1b). The incorporation of
tungsten atoms into AIPO-5 skeleton does not distort the ordered
its AFI structure. The unit cell parameters were calculated for
both samples (Table S1, seen in ESIt). The variation in XRD
patterns could be evidence for that the metal atoms were
isomorphously incorporated into the skeleton. Due to the
different atom diameters of W from that of P and Al, the
increasing cell volume should be expected with the successful
incorporation of tungsten atoms into skeleton. An obvious
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increasing cell volume can be observed for WAIPO-5 compared
to that of AIPO-5, which provides another evidence for the
incorporation of tungsten atoms into the AIPO-5 skeleton (Table
S1).
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Fig. 1 (a) XRD patterns, (b) the magnified version in low angle, (c) FT-
IR, and (d) DR UV-Vis spectra of AIPO-5 and WAIPO-5.

The Fourier transformed infrared (FT-IR) spectra of AIPO-5 and
WAIPO-5 are consistent to that of typical microporous AIPO-5
molecular sieves (Fig. lc).40 The main absorbance peaks of
microporous WAIPO-5 shifts slightly to the lower wavenumber
compared to that of AIPO-5 (Table S1). When tungsten atoms are
isomorphously in corporate into the AIPO-5 skeleton, the longer
bond length of W-O than that of P-O and Al-O drives the
vibration of WAIPO-5 to shift slightly to the lower wavenumber,
which can be taken as evidence of the presence of tetrahedral
framework tungsten atoms. Diffuse reflectance ultraviolet and
visible (DR UV-Vis) spectrum is very sensitive probe for the
presence of extra-framework transition metal oxides in various
mesostructures. The DR UV-Vis spectrum of WAIPO-5 provides
three types of absorption bands at 238, 265 and 400 nm (Fig. 1d).
The first band centred at 238 nm should be attributed to the
charge transfer from O to Al and to the presence of template
occluded in the channels of the skeleton.*' The extra band at 265
nm of WAIPO-5 compared to AIPO-5 should be attributed to
isolated [WO,] tetrahedral species.*’ The clear shifting toward
higher wavelength for WAIPO-5 indicates the presence of
oligomeric species. The broad band at around 400 nm maybe
reflects that the tungsten oxide species are highly dispersed
without WO; formed in WAIPO-5. The DR UV-Vis spectra
provide further evidences for the incorporation of tungsten atoms
into AIPO-5 skeleton.*** The Inductively Coupled Plasma-
Atomic Emission Spectrometry (ICP-AES) also demonstrates the
incorporation of tungsten atoms into AIPO-5 skeleton (Table S3).

The surface areas and porosity of AIPO-5 and WAIPO-5 were
measured by N,-sorption isotherms at 77 K (Fig. 2). AIPO-5 and
WAIPO-5 possess high Brunauer-Emmett-Teller (BET) surface
areas of 229.5 and 245.4 n’ g !, respectively (Fig. 2a, b). The
most probable pore widths of AIPO-5 and WAIPO-5 are 1.9 and
1.8 nm, respectively, which are in the range of micropores (Fig.
2¢, d). The improved ratio of 4.7 nm pore width in WAIPO-5
demonstrates a hierarchical porous structure. The pore volumes

also are similar to each other (Table S4). These structure features
including BET surface area, pore width distribution and pore
volumes show that the main structure property was maintained by
WAIPO-5.
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Fig. 2 (a, b) Ny-sorption isotherms
distributions of AIPO-5 and WAIPO-5.

The morphology of AIPO-5 and W-AIPO-5 were characterized
by SEM images (Fig. 3). AIPO-5 possesses sphere-like shape
with a diameter of around 30 um (Fig. 3a). This structure feature
has been maintained in W-AIPO-5 (Fig. 3b). The sphere-like
shape and micrometer scale warrant that AIPO-5 and W-AIPO-5
microspheres may be used as heterogeneous catalysts.

NONL LE 190KV

Fig. 3 The SEM images of (a) AIPO-5, and (b) W-AIPO-5 catalysts.

The synthesis of 5-substituted 1H-tetrazoles from nitriles and
sodium azide by [3+2] cycloaddition was employed as probe
reaction to evaluate the catalysts. The catalytic performances of
AIPO-5-based molecular sieves as heterogeneous catalysts for
synthesis of 5-phenyl tetrazoles was investigated, for comparison,
the same reaction catalyzed by other homogeneous catalysts were
also studied (Table 1). The blank reaction gave no yield of 5-
phenyl tetrazole. NazPO4 12H,0 provided a trace amount of 5-
phenyl tetrazole, which showed PO,*” is not an active component
for this catalytic reaction. Moderate yield can be obtained with
AI(NO;);3-9H,0 as catalyst, which showed that AP is an efficient
catalytic active component (Table 1, entry 2). However, the
homogeneous intrinsic nature of AP*" jons is not desirable for
catalysis application. As the starting point of heterogeneous
catalysts, the amorphous AIPO, also provides a moderate yield of
5-phenyl tetrazole, which confirms the feasibility of Al species as
the active components of heterogeneous catalysts (Table 1, entry
7). The y-Al,O5 gave only a low catalytic activity (Table 1, entry
3).

This journal is © The Royal Society of Chemistry 2014
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Table 1. The synthesis of 5-phenyltetrazole with various catalysts.*

H

(1) Catalyst, DMF N N
C=N + NaN; —— Il
(2)HCL \N —~N

entry catalyst yield (%) TOF° (10" h™)
1 no 0 ~
2 AI(NO:3)3 76 29
3 y-ALO; 34 0.35
4 Na;PO, 4 0.15
5 Na, WO, 60 2.08
6 H,WO, 67 1.74
7 AIPO, 67 0.88
8 AIPO-5 87 1.15
9 WAIPO-5 92,91¢ ~
10 SiAIPO-5 19 ~
11 TiCrAIPO-5 82 ~
12 TiFeAlIPO-5 89 ~

* Reaction conditions: benzonitrile (2.5 mmol), NaN; (5.3 mmol), and
catalyst (0.1 g) in DMF (5 mL) at 120 °C for 24 h. °® Yields of isolated
products. © Turnover frequency. ¢ Recycling of WAIPO-5.

Due to the microporous structure and higher surface area, AIPO-5
molecular sieve was employed as heterogeneous catalyst. As
expected, a good yield of 5-phenyl tetrazole was obtained (Table
1, entry 8). For further improvement in catalytic activity of AIPO-
5 molecular sieves, some other atoms were introduced into the
AIPO-5 skeleton to form the incorporation structures. The
SiAIPO-5 gave lower yield than AIPO-5, which may be due to
the negative effect of silicon atoms on catalytic activity. Because
of the catalytic activity of tungsten species, the tungsten atoms
also were introduced into AIPO-5 catalyst system (Table 1, entry
5, 6). WAIPO-5 formed by the incorporation of tungsten atoms
exhibited the highest catalytic activity with a yield of 5-phenyl
tetrazole up to 92% (Table 1, entry 9). The two atoms
incorporation into AIPO-5 skeleton with Ti-Cr and Ti-Fe also
gave good yields (Table 1, entry 11, 12). The good to excellent
yields of 5-phenyltetrazole obtained with metal atoms-doped
AIPO-5 molecular sieves as catalysts provided sufficient
evidence of the feasibility of constructing efficient heterogeneous
catalysts for synthesis of tetrazoles from nitriles and sodium azide
by [3+2] cycloaddition. It is noteworthy that the recycling of
WAIPO-5 still gave an excellent yield of 5-phenyltetrazole (91%)
(Table 1, entry 9). The main structure features has been
maintained in XRD pattern and FTIR spectrum perfectly (Fig.
S1). WAIPO-5 is an efficient heterogeneous catalyst with
excellent catalytic performances.

In order to obtain the optimum reaction conditions and more
systematic understanding in the catalytic reaction, the effects of
solvents, temperature, period and molar ratio of reagents on the
catalytic performances of WAIPO-5 were optimized (Table S5).

Under these optimum conditions, some nitriles with various
substitute groups on benzene cycle were used as substrates to
investigate the effects of substitute groups on reaction activity of
nitrile substrates (Table 2). The 4-methylbenzonitril gave good
yield of the corresponding tetrazole as well as 2-
methylbenzonitril, which showed that methyl groups as electron
donor had no significant influence on the reactivity of nitrile
(Table 2, entry 1, 2). The 3-methylbenzonitril also gave a higher
yield of the corresponding tetrazole, due to the significant effect
of the substitute positions on the reactivity of nitrile substrates
(Table 2, entry 3). The 4-methoxylbenzonitrile as substrate gave
an excellent yield of the corresponding tetrazole up to 91%
(Table 2, entry 4). The electron withdraw groups substituted
nitriles such as 4-chlorobenzonitrile, 4-bromobenzonitrile and 4-
nitrobenzonitrile also provided good to excellent yields of the
corresponding  tetrazoles (Table 2, entry 5-7), which
demonstrated that the electron withdraw groups are able to
maintain the good reactivity of nitriles. The highest yield of
tetrazole was obtained with 4-cyanopyridine as substrate due to
the strong electron withdraw effect of pyridine groups, which
evidenced the positive effect of the electron withdraw groups on
reactivity (Table 2, entry 8).*™* It is noteworthy that the
aliphatic nitrile, 4-nitro benzyl cyanide also gave a good yield of
the corresponding tetrazole (Table 2, entry 9). These results
demonstrated the superior properties of WAIPO-5 as novel
heterogeneous catalysts for the synthesis of tetrazoles by [3+2]
cycloaddition from nitriles and sodium azide.

Table 2. The synthesis of 5-substituted 1H-tetrazoles with WAIPO-5.?

H

(1) WAIPO-5, DMF N—y
R—C=N+NaN; ——— R—<\ |
(2) HCI N'”N

Page 4 of 7

entry substrate product yield® (%)
1 ey 74
MeO—CEN Me—©—<\N/M‘
2 QCE" Q%\” 75
Me Me
H
o N
3 =N Q%\NJ 87
Me Me
H
N
4 Meo@ca Meo©—<\w 91
R
5 C‘AQCEN c14©—<\ I 94
H
N
6 Br—< >7CEN Br—< >—<\M/\’\V 86
H
N
7 Om@c:N OZN% >—<\N/u‘ 88
R-
8 N/ \ C=N N/ A\ N \\ 95
- e N
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* Reaction conditions: benzonitrile (2.5 mmol), NaN; (5.3 mmol), and
WAIPO-5 (0.1 g) in DMF (5 mL) at 120 °C for 24 h. * Yields of isolated
products.

4 Conclusions

In conclusion, a tungsten atoms-containing AIPO-5 microporous
molecular sieve, WAIPO-5 microspheres were synthesized with
TEA as the structure template from pseudoboehmite, H;PO,4 and
HPW. The incorporation of tungsten atoms into AIPO-5 skeleton
has been demonstrated by the systematic characterizations.
Furthermore, WAIPO-5 microspheres can be used as efficient
heterogeneous catalyst for the synthesis of 5-substituted 1H-
tetrazoles by [3+2] cycloaddition from nitriles and sodium azide.
As a novel heterogeneous catalyst, WAIPO-5 microspheres
exhibit high catalytic activity, superior cycling stability and
excellent substrate applicability. The significant advantages of
WAIPO-5 microspheres, such as simple procedure, mild reaction
conditions and as an alternative to those corrosive, hazardous and
polluting homogeneous catalysts, warrant its potential application
in industrial processes. The further improvement in catalytic
performances of WAIPO-5 microspheres and continuous-flow
reaction process will be pursued in this laboratory.
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W-containing AIPO-5 microspheres were effective catalyst for synthesis of 5-substituted 1H-tetrazoles by [3+2]
cycloaddition.
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