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Cu(I) immobilized on aminated epichlorohydrin activated silica
(CAES): as a new, green and efficient nanocatalyst for preparation of
S-substituted-1H-tetrazoles

Nasrin Razavi, Batool Akhlaghinia*

Abstract

Cu(Il) immobilized on aminated epichlorohydrin activated silica (CAES) is a novel
and efficient heterogeneous nanocatalyst in the [3+2] cycloaddition reactions of
various organic nitriles with sodium azide. The protocol can provide a series of 5-
substituted-1H-tetrazoles under mild conditions in DMSO. Efficient transformation,
mild reaction conditions, easy product isolation and the potential reusability of the
catalyst are attractive features. The catalyst (CAES) was characterized by FT-IR,

TGA, TEM, BET, SEM-EDS, CHN and ICP techniques.
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cycloaddition reaction.

Introduction

Recently, catalytic synthesis of tetrazoles which represent an important class of
heterocycles, has acquired immense attention, due to their wide ranging applications.
Tetrazoles are used in materials as specialty explosives and information recording
systems, in pharmaceuticals as lipophilic spacers and carboxylic acid surrogates, in
coordination chemistry as ligands and also used as precursors in a variety of nitrogen
containing heterocycles.' The proton acid-catalyzed cycloaddition between hydrazoic

acid and nitriles has long been one of the main routes to 5-Substituted-1H-
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tetrazoles. This method suffers from explosion of a large amounts of harmful
hydrazoic acid.? As, it is necessary to overcome the above mentioned drawback and to
improve the synthetic methods of obtaining 5-substituted-1H-tetrazoles, a number of
new catalysts have also been investigated till date. Most of them which are based on
[3+2] cycloaddition reaction between azide ion and organic nitriles are imidazole-
based zwitterionic-type molten salts,’ [3-cyclodextrin,4 copper triflates,’ CdCL,,°
Fe(OAc)2,7 Zn(II) salts,g'10 AgNO3,11 E1:3N'HC1,12 Lewis acids such as B(C6F5)3,13
AlCL3,"* BF3-OEt, " FeCls,' TBAF,' InCls,"® I,"” (CH3),Sn0,*° and Bronsted acid
catalyst.”' Also, the reactions were carried out by using some heterogeneous catalysts
such as chitosan derived magnetic ionic liquid,22 tungstates,23 NaHSO4.SiOz,19 FeCl;-
Si02,'® COY zeolites,” mesoporous ZnS nanospheres,” Zn/Al hydrotalcite,*
nanocrystalline ZnO,” Zn0/Co304,%® Zn-Cu alloy,” Zn hydroxyapatite,’® Pd(PPh3)s,”'
Cu,0,** AgNPs,*> WAIPO-5 microspheres,”® Fe;0,@SiO,/Salen of Cu(Il)* and
CuFe,O4 nano particles.36

Unfortunately, with very few exceptions, earlier synthetic methods suffered from
various disadvantages including the use of expensive and toxic metals, expensive
reagents, strong Lewis acids, long reaction times (several hours to days) in
combination with high reaction temperatures, low yield, harsh reaction conditions,
tedious work-ups and difficulty in the separation and the recovery of the catalyst. In
addition to this in some cases, formation of highly volatile and toxic hydrazoic acid as
by product warrant the safety of the method.’” As, the increasing demands of
environmental legislation promotes the chemical industries to minimize waste
production in chemical manufacture,” a growing interest has been witnessed in the

use of heterogeneous catalyst, in different areas of organic synthesis. Organic—
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inorganic hybrid catalysts, such as organosilane® having a covalently anchored
organic spacer as a class of tethered heterogeneous catalysts have been widely applied
due to their environmental compatibility combined with good yield , selectivity and
easy separation.40

In the present study, we would like to report a new silica-supported catalyst based on
Cu(Il) immobilized on aminated epichlorohydrin. Designing and the application of
this heterogeneous, more convenient and reusable catalyst in the [3+2] cycloaddition
reactions of various organic nitriles with sodium azide were investigated. At first, the
silica surface was activated by refluxing hydrochloric acid solution (37%) to increase
the terminal silanol-OH groups (I).*' Then the support was heated at reflux with an
aqueous solution of NaOH ( 0.04 M) to change the terminal silanol-OH groups into
negatively charged silanol-O~ groups to produce the desired activated silica (IT).The
activated silica was suspended to pure epichrorohydrin at 60 °C with vigorous stirring
and then the resulting epoxy activated silica (IIT) reacted with ammonia solution. The
aminated epichlorohydrin activated silica (IV) was used as the support and ligand for
entrapment of Cu(Il) by the reaction of (IV) with a solution of Cu(OAc),.H,O.The
resulting complex contains Cu(II) immobilized on aminated epichlorohydrin activated

silica (CAES) (V) (Scheme 1).
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Scheme 1 Preparation of Cu(Il) immobilized on aminated epichlorohydrin activated

silica (CAES).

Results and Discussion

After preparation and characterization of CAES and in continuation of our recent
studies on the application of CuSO4.5H,0,*” * in organic reactions, the catalytic
activity of CAES as a new nanocatalyst was evaluated in [3+2] cycloaddition

reactions of various organic nitriles with sodium azide to produce a library of 5-

substituted-1H-tetrazoles (Scheme 2).
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Scheme 2 Synthesis of different structurally 5-substituted-1H-tetrazoles in the

presence of CAES in DMSO.
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To obtain the best conditions for the synthesis of titled compounds, the reaction of
benzonitrile and sodium azide was selected as a model reaction and was studied in the
presence of CAES by applying different molar ratios of reactants as well as solvents
at different temperatures. The obtained results are summarized in Table 1.

At first we used DMSO as solvent for the reaction between 1:1 molar ratio of
benzonitrile:sodium azide at 130 °C in the absence of any catalyst. After 24 h, 5-
phenyl-1H-tetrazole was afforded in 35% isolated yield (Table 1, entry 1). The same
result was obtained when the reaction was performed in the presence of aminated
epichlorohydrin activated silica (IV) (Table 1, entry 2).This means that IV has not
any catalytic activity in [3+2] cycloaddition. Applying Cu(Il) immobilized on
aminated epichlorohydrin activated silica (CAES) (0.0400g, 1 mol% contains 0.0006
g, 0.01lmmol of Cu) as catalyst in cycloaddition reaction produced the desired product
in high yield after 1h (Table 1, entry 3). The presence of CAES has great influence on
reaction time as well as yield (Table 1, entry 3). To investigate the effect of
temperature on the reaction rate, [3+2] cycloaddition was performed at different
temperatures (Table 1, entries 4-6). Lower temperatures reduced the rate of reaction
considerably while higher temperature (140 °C) as well as higher catalyst loading
(0.0800 g, 2 mol% contains 0.0012 g, 0.02 mmol of Cu, entry 7) has not any influence
on the reaction rate. In an effort to develop better reaction conditions, solvent free
condition and different solvents were screened for the preparation of 5-phenyl-1H-
tetrazole in the presence of 0.0400 g, 1 mol% of CAES at 130 °C (Table 1, entries 8-
12). As can be seen, the catalytic activity of CAES was decreased efficiently in
solvent free condition as well as DMF, CH3;CN, H,O and 1,4-dioxane. Further
increase in reaction time has no significant effect on yields. The solvent is known to

significantly affect the reaction rate. The use of aqueous solvent was ineffective (entry
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11), however, DMSO was found to be successful, although the superior effect of
DMSO remains uncertain in comparison with the other polar solvents. To improve the
yield of reaction, the effect of different molar ratios of reactants was examined (Table
1, entry 13). According to this study, the increase in amount of NaN; from 1 to 1.5
mmol was found to have no effect on the yield. In order to ascertain the major role of
CAES as a catalyst in the [3+2] cycloaddition, the model reaction was studied in the
presence of the same amount of Cu (0.01mmol, 0.0006 g) using 0.0018 g, 0.9 mol%
of Cu(OAc),.H,0. After appropriate reaction time (1h), the reaction was proceeded
with only 50% isolated yield and no additional conversion was obtained even after
longer reaction time. Therefore, we may conclude that the catalytic activity of Cu(Il)
in cycloaddition reaction was improved by immobilization on aminated

epichlorohydrin activated silica matrix (IV) (Table 1, entry 14).

Table 1 Synthesis of 5-phenyl-1H-tetrazole in the presence of different mol% of

CAES in various solvents, different molar ratios of benzonitrile:NaNs and different

temperatures.
Entry Molar Catalyst (g) Solvent Temperature Time (h) Isolated
ratio(Nitrile: (°O) Yield (%)
NaN3)
1 1:1 - DMSO 130 24 35
2° 1:1 0.04 DMSO 130 24 35
3 1:1 0.04 (1 mol%) DMSO 130 1 95
4 1:1 0.04 (1 mol%) DMSO 120 1 70
5 1:1 0.04 (1 mol%) DMSO 80 4 50
6 1:1 0.04 (1 mol%) DMSO 140 1 95
7 1:1 0.08 (2 mol%) DMSO 140 1 95
8 1:1 0.04 (1 mol%) - 130 1 20
9 1:1 0.04 (1 mol%) DMF 130 1 60
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20
10 1:1 0.04 (1 mol%) CH;CN 130 1
11 1:1 0.04 (1 mol%) H,O 130 1 trace
12 1:1 0.04 (1 mol%) 1,4- 130 1 5

dioxane

13 1:1.5 0.04 (1 mol%) DMSO 130 1 95
14° 1:1 0.0018 (0.9 DMSO 130 1 50

mol%)

*The reaction was performed in the presence of IV.

® The reaction was performed in the presence of Cu(OAC),.H,O.

A variety of structurally divergent nitriles possessing a wide range of functional
groups (Scheme 2) selected to explore the generality and scope of [3+2] cycloaddition
reaction catalysed by CAES. The obtained results are summarized in Table 2. The
optimized reaction conditions (1:1 molar ratio of nitrile:sodium azide, 0.0400 g, 1
mol% of catalyst, in DMSO at 130 °C) were used for all organic nitriles and the
corresponding 5-substituted-1H-tetrazoles were prepared within 1-7 h with good to
excellent yields. Aromatic nitriles containing both electron withdrawing and electron
donating groups underwent the conversion smoothly. The aromatic nitriles having
electron donating substituents require longer reaction time (compare entries 1-6 with
entries 7-10) as donating substituent on aromatic ring decreases the electrophilic
character of nitrile. Cycloaddition reactions of aliphathic nitriles proceeded more
slowly than cycloaddition reactions of aromatic nitriles because of deactivation of
nitriles by electron donating alkyl groups, in other words, aromatic rings can facilitate
the attack of azide anion to the cyano groups and stabilize the corresponding
intermediates (Table 2, entries 15-17). It is noteworthy that aryl dicyano derivatives
such as terephthalonitrile also reacted smoothly with sodium azide and gave only
mono adduct even by using 1:2 molar ratio of terephthalonitrile:sodium azide and 1

mol% of catalyst (Table 2, entry 4).



Table 2 Synthesis of different structurally 5-substituted-1H-tetrazoles in the presence

of CAES in DMSO.
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Entry Substrate Product Time(h) Isolated
Yield(%)
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All synthesized compounds have been characterized by its melting points and FT-IR
spectroscopy. The selected compounds were further identified by "H NMR, *C NMR
spectroscopy and mass spectroscopy which compared with literature data. The
disappearance of one strong and sharp absorption band (CN stretching band) and the
appearance of an NH stretching band in the FT-IR spectra were evidence for the
formation of 5-substituted-1H-tetrazoles. Also, the FT-IR spectra of all products show
absorption bands at 1293-1233 cm™ due to N-N=N-, 1041-1106 cm™ and 1189-1110
cm™ due to tetrazole ring. In '"HNMR and ">C NMR spectra, a signal at 16.9 and 161-
155 ppm are assigned to the NH and quaternary carbon NH-C=N respectively.

The catalytic activity of CAES in [34+2] cycloaddition reactions of various organic
nitriles with sodium azide is established by the fact that a long reaction time and
comparatively lower yield of product was observed (Table 1, entry 1) when similar
reaction was carried out in the absence of CAES. The catalytic activity of CAES
could be attributed to the Lewis acidity of the Cu(Il) complex. By analogy with
previous reports,43 a plausible mechanism for the reaction methodology under current

development is shown in Scheme 3. Initially, interaction of nitrogen atom of nitrile
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compound with Cu(Il) forms I which accelerates the cyclization step. The [3+2]
cycloaddition between the C=N bond of nitrile compound and azide ion takes place
readily to form the intermediate II. Acidic work-up, affords III and IV. The
equilibrium leads to formation of the more stable tautomer IV (5-substituted-1H-
tetrazole). Nevertheless, at this time there is no experimental evidence for the [3+2]
cycloaddition reaction proceeds in this manner, and further studies to elucidate the
details of the mechanism are ongoing.

R-C=N

Scheme 3 Proposed mechanism for the synthesis of 5-substituted-1H-tetrazoles in the

presence of CAES.

A further advantage of this solid catalytic system is its reusability. Catalyst re-
usability was assessed in the cycloaddition reaction of benzonitrile and sodium azide.
To this end, the reaction was stopped after completion and the catalyst retrieved from
the reaction mixture by centrifugation. For each successive use, the catalyst was
washed with ethanol and acetone several times to remove the products, followed dried

at 100 °C. Table 3 shows the results obtained after five re-use cycles. These results by

10
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themselves suggest that the catalyst efficiency was remained after five using. The
copper content of freshly prepared CAES which was obtained by inductively coupled
plasma (ICP) was 1.6092 wt%, 0.0158 g, 0.25 mmol of Cu per 1.000 g of CAES,
whilst inductively coupled plasma (ICP) shows that the 5™ reused CAES contains
1.2452 wt%, 0.0120 g, 0.19 mmol of Cu per 1.000g of 5™ reused CAES. It means
that, in spite of some leaching of Cu(Il) during recovery process of the catalyst, no
significant loss of activity of the catalyst was observed and the catalytic activity
maintained effectively after five reusing of CAES. In other words, the above results

lead us to conclude that the amount of leached metals from the catalyst is very low.

Table 3 [3+2] cycloaddition reactions of benzonitrile with sodium azide in the

presence of 0.0100 g of reused CAES.

Entry  Run Time (h) Isolated
Yield(%)

1 1 1 95

2 2 1 95

3 3 1 90

4 4 1 90

5 5 1 87

To show the advantage of CAES over some of the reported catalysts in the literature,
the catalytic role of CAES in [3+2] cycloaddition reaction of benzonitrile with sodium
azide was compared with various reported catalyst (Table 4). In comparison, some of
these methods, in addition using environmentally hazardous catalysts and tedious

purification of products, require long reaction times to achieve reasonable yields.

11
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Table 4 Comparison of various catalysts in the synthesis of 5-phenyl-1H-tetrazole

Entry Catalyst Solvent  Temperature  Time Yield(%) Reference
O (h)
1 chitosan derived
magnetic ionic liquid - 70 7 87 22
2 imidazole-based
zwitterionic-type - 120 12 84 3
molten salts
3 mesoporous ZnS DMF 120 36 96 25
4 silica DMF reflux 5 88 2lc

sulfuric acid

5 AgNPs DMF 120 8 92 33
6 Fe;0,@Si0,/ DMF 120 7 90 35
Salen Cu(II)
7 B(C4Fs); DMF 120 8 94 13
8 AgNO3 DMF 120 5 83 11
9 CAES DMSO 130 1 95 -
Experimental

The purity determinations of the products were accomplished by TLC on silica gel
polygram STL G/UV 254 plates. The melting points of products were determined
with an Electrothermal Type 9100 melting point apparatus. The FT-IR spectra were
recorded on an Avatar 370 FT-IR Therma Nicolet spectrometer. The NMR spectra
were provided on Brucker Avance 100 and 400 MHz instruments in acetone-dg,
DMSO-ds and CD3;CN. Elemental analyses were performed using aThermo Finnegan
Flash EA 1112 Series instrument. Mass spectra were recorded with Agilent
Technologies (HP) 5973 Network Mass Selective Detector and Shimadzu GC-MS-
QP5050 instruments at 70 eV. Thermogravimetric analysis (TGA) was performed on

a Shimadzu Thermogavimetric Analyzer (TG-50) under air atmosphere. BET surface

12
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area and pore size distribution were measured on a Belsorp mini II system at =196 'C
using N, as adsorbate. Transmission electron microscopy (TEM) examination was
performed with a TEM microscope Leo 912 AB120 kV Zeiss Germany. Inductively
coupled plasma (ICP) was carried out on a Varian, VISTA-PRO, CCD, Australia.
Elemental compositions were determined with a Leo 1450 VP scanning electron
microscope equipped with an SC7620 energy dispersive spectrometer (SEM-EDS)
presenting a 133 eV resolution at 20 kV. All of the products were known compounds
and characterized by the FT-IR spectroscopy and comparison of their melting points
with known compounds. The structure of selected products was further confirmed by

"HNMR, CNMR spectroscopy, and mass spectrometry.

Preparation of activated silica (II)

Silica (5.00 g, Merck grade 60) was heated at reflux with hydrochloric acid solution
(37%, 30 mL). After 8 h the white suspension was filtered and the precipitate was
thoroughly washed with deionized water until the pH of the eluent reached 6. The
dried activated silica (I) was then treated with refluxing aqueous solution of NaOH
(0.04 M, 30 mL) for 8 h. Then the suspension was filtered and washed with deionized
water until a constant pH= 8 to afford a white solid powder (activated silica II) that
was dried at 110 °C in an oven overnight under vacuum.

Preparation of epoxy activated silica (I1I)

Activated silica (IT) (2 g) was suspended to pure epichrorohydrin (10 mL) at 60 °C
with vigorous stirring. After 24 h the resulting suspension was cooled to room
temperature and centrifuged. The white precipitate was washed with methanol (4x15)
until removing additional amount of epichlorohydrin. The epoxy activated silica (III)

was then dried at 100 °C under vacuum for 8 h.

13
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Preparation of aminated epichlorohydrin activated silica (IV)

The epoxy activated silica (III) (2 g) was suspended in ammonia solution (25%, 20
mL) at 50 °C with stirring. After 72 h, the resulting suspension was cooled to room
temperature and centrifuged. The resulting white powder was washed in turn with
methanol (3x5) and water (4x15) until neutralizing the filtrate. The aminated
epichlorohydrin activated silica (IV) was dried under vacuum at 100 ° C for 10 h.
Preparation of Cu(Il) immobilized on aminated epichlorohydrin silica (CAES)
To a solution of Cu(OAc),.H,O (0.6 mmol, 0.11 g) in absolute EtOH (5 mL),
aminated epichlorohydrin activated silica (IV) (1 g) was added at room temperature.
The reaction mixture was stirred under Ar atmosphere for 4 h. The resulting
suspension was centrifuged and the blue precipitate was washed in turn with acetone
(4%5), ethanol (4x5) and then dried under vacuum at ambient temperature for 16 h.
Preparation of CAES

As can be seen in Scheme 1, the catalyst was prepared in three steps. Initially, the
surface of silica was activated by refluxing HCI1 (37%). Hydrochloric acid increased
the terminal Si-OH (I, Scheme 1).** The resulting precipitate was then treated with
boiling NaOH solution which converted the Si-OH to negatively charged Si-O” groups
to produce the desired activated silica (I, Scheme 1).** The epoxy activated silica
(ITI, Scheme 1) was obtained upon treatment of II with epichlorohydrin at 60 °C
which under treatment with ammonia produced aminated epichlorohydrin activated
silica (IV).The aminated epichlorohydrin activated silica was used as the support and
ligand for entrapment of Cu(Il) by the reaction of IV with a solution of
Cu(OAc),.H,O. The resulting complex contains Cu(Il) immobilized on aminated

epichlorohydrin activated silica matrix (CAES).

14
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Characterization of CAES

The catalyst was characterized by a battery of techniques including techniques: FT-IR
spectroscopy, thermogravimetric analysis (TGA), transmission electron microscopy
(TEM), scanning electron microscopy (SEM-EDS), BET analysis, Elemental analysis
(CHN) and inductively coupled plasma (ICP).

The catalyst structure was defined by FT-IR spectroscopy. Infrared data are useful
only to confirm the existence of the bonded species. Figure 1 illustrates the FT-IR
spectra of activated silica with HCI (I), activated silica with NaOH (II), epoxy
activated silica (III), aminated epichlorohydrin activated silica (IV) and Cu(Il)
immobilized on aminated epichlorohydrin activated silica (CAES). The principal
bands for activated silica with HCI were observed at 1064, 808 and 469 cm™ which
are presumably due to asymmetric, symmetric and bending vibrations of Si-O-Si
respectively. Also, strong and broad absorption band around 3475 cm™ confirmed the
presence of the hydrogen bonded Si-OH groups and adsorbed water which was
disappeared in the FT-IR spectrum of activated silica with NaOH (II).

Due to the low concentration of the organic part of modifier on the surface of silica (
see FT-IR spectrum of III), the intensity of the new bands attesting the presence of
organic groups is weak.”” The epoxy rings which are attached to the silicon
framework are identified by the methylene C-H stretching bands*® at roughly 3050
cm” and C-O-C vibrational stretching at 1260-1240 cm™.The latter vibration
frequency was covered by the broad characteristic band of asymmetric vibration of Si-
0O-Si. Consequently, the asymmetric vibration band of Si-O-Si was appeared as a
more broadened absorption band. The results showed that the silica surface has been

immobilized by covalent bonded organic epoxy rings. Ring opening of epoxy ring

15
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with ammonia was confirmed by appearance of a broad absorption band around 3670-
2900 cm™ attributed to -OH and —NH, stretching frequencies and furthermore, other
absorption bands at 1644, 1245 and 1100 cm™ due to -NH bending vibration, C-N and
C-0O stretching vibrations respectively. The two latter absorption bands were covered
by asymmetric vibration band of Si-O-Si.

Figure 2 shows the expanded FT-IR spectrum of Cu(Ill) immobilized on aminated
epichlorohydrin activated silica (CAES). Absorption bands at 428, and 450 cm™
corroborate the coordination of Cu(Il) on aminated epichlorohydrin activated silica
which is attributed to Cu-N and Cu-O vibrations respectively. The latter absorption
band was covered by bending vibration frequency of Si-O-Si. Upon coordination of
Cu(Il), the intensities of -NH, stretching frequencies (3624 and 3251 cm™) were
decreased drastically. The -NH bending absorption band was also shifted to lower

frequency upon coordination with Cu(II).

a
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W‘ b
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8 50 MM
=l
g d
2 Meea—"
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E 0 s
=50
-].OO T T T T T T 1
3400 2900 2400 1900 1400 900 400

wavenumbers (cm!)

Figure 1 FT-IR spectrum of (a) activated silica with HCI (I); (b) activated silica with
NaOH solution (II); (c) epoxy activated silica (III); (d) aminated epichlorohydrin
activated silica (IV); (e) Cu(Il) immobilized on aminated epichlorohydrin activated

silica (CAES).
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Figure 2 FT-IR spectrum (expanded) of Cu(Il) immobilized on aminated

epichlorohydrin activated silica (CAES).

The TGA of aminated epichlorohydrin activated silica (IV) (Figure 3) shows two
main weight losses. The first one (2%, 27-300 °C) is accounted for physically and
hydrogen bonded water in the structure of IV. The second one which is occurred at
300-560 °C (11%) is related to the decomposition of organic segment anchored to the
silica surface. This part of the thermogram reveals the amounts of aminated
epichlorohydrin on silica which is estimated to be 11% (w/w). So, the elevated
temperature for pendent organic group removal, indicates the high thermal stability of
IV. Thus, the high thermal stability of IV confirms the covalent bonding of the
aminated epichlorohydrin groups on the surface of silica.

In addition to structural confirmation and thermogravimetric analysis, quantitative
determination of covalently bonded epoxy ring and aminated epoxy ring onto the
surface of silica (III, IV) was performed by eclemental analysis. The elemental
analysis of III showed the carbon content to be 4.316%. Also, the results of elemental

analysis of IV which are in good agreement with those of the results of

17



RSC Advances

thermogravimetric analysis, showed that carbon and nitrogen contents of IV were
found to be 4.316% and 0.35% respectively which revealed that 1.15 mmol of
aminated epichlorohydrin was incorporated into the 1.000 g of I'V.

The copper content of CAES was obtained by inductively coupled plasma (ICP) to be

16092 ppm, 0.0158 g, 0.25 mmol of Cu per 1.000 g of CAES.

100

Nl
a
1

Percentage of weight loss %

©
=
1

85 y T y T u T T T T T T T
100 200 300 400 500 600
Temperature(°C)

Figure 3 TGA Thermogram of aminated epichlorohydrin activated silica (IV).

The TEM micrographs and size distributions (40 and 32 nm) of nanocatalyst Cu(II)
immobilized on aminated epichlorohydrin activated silica (CAES) is shown in Figure
4. TEM images indicated that the most of the prepared nanoparticles are spherical

shaped and have sized 10-20 nm.

18
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Figure 4 TEM micrographs of Cu(Il) immobilized on aminated epichlorohydrin

activated silica (CAES).

Scanning electron microscopy (SEM) revealed that the nanocatalyst presented the
uniform particles with spherical morphology (Figure 5) which are in good agreement
with the results of TEM. Also, it could be seen that the nanocatalyst has not been
destroyed during the modifications. The energy dispersive spectrum (EDS) indicated
the presence of C, O, Si and Cu elements (Figure 6).This analysis confirms that Cu(II)

is supported on aminated epichlorohydrin activated silica (IV).

200nm Signal A = SE1 Date :31 Dec 2014 200nm si IA=SE1 Date :31 Dec 2014
EHT=2000kV  WD= 8mm PhotoNo.=7112  Time :14:09:36 iy St
EHT =20.00kV WD= 8mm Photo No.=7116 Time :14:16:51

Figure 5 SEM micrographs of Cu(II) immobilized on aminated epichlorohydrin

activated silica (CAES).
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Figure 6 The EDS spectrum of Cu(Il) immobilized on aminated epichlorohydrin

activated silica (CAES).

Table 5 gives the specific surface area and the mean pore diameter data of the
activated silica with HCl (I), aminated epichlorohydrin activated silica (IV) and
Cu(Il) immobilized on aminated epichlorohydrin activated silica (CAES). From the
nitrogen adsorption-desorption isotherms and BET analysis (see supporting
information) the specific surface area of I, IV and CAES were calculated as 362, 346
and 329 m’g’ respectively. Then, we can conclude that all modified samples
exhibited similar isotherm shape which suggested no obvious change of structure after
modification. As can be seen from the data obtained from Table 5, functionalization
of activated silica by aminated epichlorohydrin and immobilization of Cu(Il) on

aminated epichlorohydrin activated silica decreased the specific surface area.
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Table 5 BET surface area and the mean pore diameter of the activated silica with HCI1
(I); aminated epichlorohydrin activated silica (IV) and Cu(Il) immobilized on
aminated epichlorohydrin activated silica (CAES).

Sample SBET (ng'l) Mean pore diameter ICP (wt%)
(nm)
| 362 7.139
v 346 8.403
CAES 329 8.57 1.6092

Typical procedure for the preparation of S-phenyl-1H-tetrazole

Sodium azide (0.0650 g, 1mmol) and CAES (0.0400 g, 1 mol%), were added to a
solution of benzonitrile (0.1031 g, 1 mmol) in DMSO (2 mL) with stirring at room
temperature. The reaction temperature was raised up to 130 °C for 1 h. The progress
of the reaction was monitored by TLC. After completion of reaction, the reaction
mixture was cooled and centrifuged. The filterate was treated with HC1 (4 N, 10 mL)
and then EtOAc (10 mL). The resultant organic layer was separated, washed with
distilled water (2x10), dried over anhydrous sodium sulfate, and concentrated to give
the crude solid 5-phenyl-1H-tetrazole. The crude product was recrystallized from »-
hexane/ethylacetate (1:1) obtaining 0.1386 g of colourless crystals (95% yield).
5-Phenyl-1H-tetrazole (Table 2, Entry 1). white solid; mp 214-216 °C ( Lit. *’ 214-
216 °C); FT-IR (KBr): vma/cm™ 3125, 3043, 2982, 2913, 2835, 2765, 2692, 2606,
2557, 2488, 1613, 1563, 1485, 1465, 1409, 1163, 1056, 726, 703, 687; "H NMR (400
MHz, DMSO-ds, ppm) & 7.61 (s, 3 H, Ph), 8.05 (s, 2 H, Ph); °C NMR (100 MHz,
DMSO-ds, ppm) & 124.6, 127.4, 129.9, 131.7, 155.7.
5-(4-Boromophenyl)-1H-tetrazole (Table 2, Entry 2). white solid, mp 264-265 °C
(Lit.*® 265 °C); FT-IR (KBr): vma/cm™ 3089, 3063, 2996, 2900, 2844, 2761, 2729,

2633, 1652, 1604, 1560, 1482, 1431, 1405, 1157, 1076, 1054, 1018, 829, 744, 502; 'H
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NMR (100 MHz, DMSO-ds, ppm) & 8.00 (q, 4 H, Ph); MS, m/z (%): 226 [M'+2], 224

[M'], 198 [(M™+2)-N2], 196 (100) [M"-N,], 185 [(M'+2)-N3], 183 [M"-N3].
5-(4-Chlorophenyl)-1H-tetrazole (Table 2, Entry 3). white solid, mp 261-262 °C
(Lit. ¥ 261-263 °C); FT-IR (KBr): vmax/cm™ 3092, 3060, 3007, 2978, 2907, 2851, 2725,
2622, 2537, 2471, 1609, 1564, 1486, 1435, 1160, 1096, 1053, 1020, 990, 833, 745, 508;
'H NMR (400 MHz, DMSO-ds, ppm) & 7.68 (d, J= 8.4 Hz, 2H, Ph), 8.05 (d, J= 8.8 Hz,
2H, Ph); °C NMR (100 MHz, DMSO-ds, ppm) & 123.5, 129.2, 130.0, 136.4, 155.3.
4-(1H-tetrazol-5-yl)benzonitrile (Table 2, Entry 4). white solid, mp 190-191 °C
(Lit.”* 192 °C). FT-IR (KBr): vpa/ecm™ 3150, 3092, 3013, 2928, 2861, 2758, 2610,
2231, 1585, 1560, 1494, 1433, 1279, 1153, 1014, 976, 944, 850, 749, 554; 'H NMR
(100 MHz, CD;CN, ppm) & 7.90 (d, J= 7.5 Hz, 2H, Ph), 8.20 (d, J= 7.5 Hz, 2H, Ph);
*C NMR (400 MHz, DMSO-ds, ppm) & 113.8, 118.6, 128.0, 129.1, 133.7, 155.6; MS,
m/z (%): 171 [M'], 142 (100) [M"-N,], 114 (M"-2N,).
5-(4-Nitrophenyl)-1H-tetrazole (Table 2, Entry 5). Yellow solid, mp 218-219 °C
(Lit.** 219-220 °C). FT-IR (KBr): vma/em™ 3448, 3334, 3235, 3109, 3080, 2974, 2900,
2819, 2659, 1562, 1532, 1488, 1357, 1340, 1315, 1143, 1106, 995, 867, 853, 730, 710.
'H NMR (400 MHz, DMSO-d;s, ppm) & 8.31 (d, J= 8.4 Hz, 2H, Ph), 8.46 (d, J= 8.8 Hz,
2H, Ph); >C NMR (100 MHz, DMSO-ds, ppm) & 125.1, 128.6, 131.0, 149.2, 155.9.
4-Nitro-2-(1H-tetrazol-5-yl)benzenamine (Table 2, Entry 6). white solid, mp 268-
270 °C (Lit.’' 270-271 °C). FT-IR (KBr): vma/cm™ 3411, 3321, 3199, 3084, 2937,
1645, 1616, 1572, 1477, 1325, 1278, 1141, 1041, 910, 831, 751, 722; '"H NMR (400
MHz, DMSO-dj, ppm) & 7.00 (d, J= 9.2 Hz, 1H, Ph), 7.94 (1H,br s, NH), 8.10 (dd, J=
9.2, J= 2,4 Hz, 1H, Ph), 8.81 (d, J= 2.4 Hz, 1H, Ph); >C NMR (100 MHz, DMSO-dj,

ppm) & 104.4, 116.3, 126.1, 127.6, 136.3, 153.0, 154.4.
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5-(4-Ethoxyphenyl)-1H-tetrazole (Table 2, Entry 7). white solid, mp 234-235 °C
(Lit.** 234-235 °C). FT-IR (KBr): vme/cm™ 3145, 3101, 3060, 2986, 2921, 2868,
2737, 2647, 1613, 1505, 1470, 1394, 1293, 1262, 1189, 1056, 1041, 923, 827, 751,
653, 522; "H NMR (100 MHz, acetoe-ds, ppm) & 1.40 (t, J= 5 Hz, 3H, -OEt), 4.20 (q,
2H, -OEt), 7.15 (d, J=9.5 Hz, 2H, Ph), 8.07 (d, /= 9.5 Hz, 2H, Ph).
5-(3,5-Dimethoxyphenyl)-1H-tetrazole (Table 2, Entry 8). white solid, mp 204-205
°C (Lit. ** 204-206 °C). FT-IR (KBr): Vimax/cm™ 3129, 3064, 3011, 2975, 2941, 2843,
2757, 2712, 2634, 1605, 1562, 1480, 1430, 1287, 1208, 1162, 1167, 1054, 827, 747,
'"H NMR (400 MHz, DMSO-ds, ppm) & 3.84 (s, 6H, -OMe), 6.73 (t, J= 2 Hz, 1H, Ph),
7.21 (d, J= 2 Hz, 2H, Ph), 16.91(1H, br s, NH); °C NMR (100 MHz, DMSO-d;,
ppm) & 56.0, 103.4, 105.3, 125.7, 156.3, 161.5; MS, m/z (%): 207 [M+H], 149 (100)
[M"™-2N,].

5-m-Tolyl-1H-tetrazole (Table 2, Entry 9). white solid, mp 149.5-150 °C (Lit.*151-
152 °C). FT-IR (KBr): vma/em™ 3120, 3061, 2979, 2917, 2871, 2746, 2611, 2490,
1728, 1605, 1565, 1486, 1463, 1150, 1060, 1038, 802, 741, 705, 687; '"H NMR (100
MHz, CD;CN, ppm) & 2.43 (s, 3H, CH3), 7.40-7.90 (m, 4H, Ph).
4-(1H-tetrazol-5-yl)phenol (Table 2, Entry 10). white solid, mp 233-234 °C ( Lit. 32
234-235 °C). FT-IR (KBr): Vima/em™ 3252, 3101, 3066, 3019, 3000-2200, 1615, 1599,
1511, 1466, 1413, 1282, 832, 752, 514; '"H NMR (400 MHz, ds DMSO-ds, ppm) &
6.97 (d, J= 8.4 Hz, 2H, Ph), 7.87 (d, J= 8.8 Hz, 2H, Ph), 10.20 (2H, br s, OH); °C
NMR (100 MHz, DMSO-ds, ppm) & 115.0, 116.6, 129.2, 155.2, 160.5.
5-(Phenanthren-9-yl)-1H-tetrazole (Table 2, Entry 11). white solid, mp 241-242 °C
(Lit.” 243-244 °C). FT-IR (KBr): vma/cm™ 3105, 3076, 3016, 2978, 2878, 2830,
2724, 2686, 2622, 2590, 2520, 2478, 1612, 1565, 1450, 1399, 1246, 1112, 1053,

1038, 992, 934, 771, 737, 721, 424; "H NMR (100 MHz, DMSO-ds, ppm) & 7.79-7.82
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(m, 4H, Ph), 8.08-8.20 (m, 1H, Ph), 8.40-8.52 (m, 2H, Ph), 8.92-9.10 (m, 2H, Ph);
MS, m/z (%): 246 [M'], 218 (100) [M"-N,], 190 (M"-2N,).
5-(Thiophen-2-yl)-1H-tetrazole (Table 2, Entry 12). white solid, mp 205-207 °C
(Lit.>* 205-207 °C). FT-IR (KBr): vma/cm™ 3109, 3074, 2974, 2891, 2780, 2722,
2628, 2569, 2500, 2456, 1830, 1595, 1503, 1411, 1233, 1139, 1046, 962, 853, 740,
719; '"H NMR (100 MHz, CDsCN, ppm) & 7.20-7.30 (m, 1H, Tiophen), 7.67-7.80 (m,
2H, Tiophen); MS, m/z (%): 152 [M'], 124 (100) [M"-N,], 97 [M"-2N,].
4-(1H-tetrazol-5-yl)pyridine (Table 2, Entry 13). white solid, mp 255-258 °C (Lit.*’
255-258 °C). FT-IR (KBr): vma/cm™ 3485, 3264, 3099, 3035, 2966, 1624, 1529,
1435, 1388, 1123, 1096, 1042, 1022, 845, 730, 674, 593, 465.
2-(1H-tetrazol-5-yl)pyridine (Table 2, Entry 14). white solid, mp 211-213 °C (Lit.
4210-213 °C). FT-IR (KBr): vma/cm™ 3088, 3060, 2959, 2929, 2864, 2737, 2692,
2622, 2582, 1728, 1602, 1557, 1483, 1449, 1405, 1284, 1158, 1068, 1024, 955, 795,
743, 726, 703, 637, 496; '"H NMR (400 MHz, DMSO-ds, ppm) & 7.65 (s, 1H, Py),
8.10 (s, 1H, Py), 8.24 (d, J= 6.4 Hz, 1H, Py), 8.81 (s, 1H, Py); °C NMR (100 MHz,
DMSO-ds, ppm) 6 123.1, 126.7, 138.7, 144.0, 150.6, 155.3.

5-Benzyl-1H-tetrazole (Table 2, Entry 15). white solid, mp 117-119 °C ( Lit. > 118-
120 °C). FT-IR (KBr): Via/cm™ 3109, 3031, 2984, 2945, 2863, 2778, 2704, 2594,
1768, 1707, 1638, 1549, 1533, 1494, 1457, 1241, 1108, 1074, 772, 734, 695; 'H
NMR (100 MHz, CDsCN, ppm) 6 4.30 (s, 2H, -CH;-), 7.31 (s, 5H, Ph).
5-Isobutyl-1H-tetrazole (Table 2, Entry 16). white solid, mp 52-54 °C (Lit. *° 53.5-
54 °C). FT-IR (KBr): vpa/cm™ 3089, 3063, 2971, 2901, 2845, 2765, 2729, 2633,
1605, 1482, 1454, 1430, 1156, 1075, 1053, 1017, 990, 829, 772, 743, 502.
5-Isopentyl-1H-tetrazole (Table 2, Entry 17). white solid, mp 94 °C (Lit.”® 95-96

°C). FT-IR (KBr): viax/cm™ 2962, 2931, 2874, 2709, 2618, 2482, 1867, 1583, 1553,
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1469, 1404, 1110, 1048, 772; '"H NMR (100 MHz, CDCls, ppm) 6 1.00 (d, J= 5 Hz,
6H, 2 CH3), 1.40-2.05 (m, 3H, -CH-, -CH,-), 3.10 (t, J= 6 Hz, 2H, -CH,-).
Conclusion

In conclusion, a simple and effective method for the synthesis of 5-substituted-1H-
tetrazoles from nitriles and sodium azide has been developed using nanocatalyst
Cu(Il) immobilized on aminated epichlorohydrin activated silica (CAES). This nano
sized heterogeneous catalyst is easily prepared and stable to air which shows excellent
catalytic performance for various nitriles. Also, the nanocatalyst could be separated
easily from the reaction mixture which offers simple work-up and high yields.The
catalytic activity of the catalyst remains unaltered after five consecutive cycles. The

given methodology is efficient and environmentally benign.
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Figure 1 FT-IR spectrum of (a) activated silica with HCI (I); (b) activated silica with NaOH
solution (II); (c) epoxy activated silica (III); (d) aminated epichlorohydrin activated silica (IV);

(e) Cu (II) immobilized on aminated epichlorohydrin activated silica (CAES).
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Figure 2 FT-IR spectrum (expanded) of Cu (II) immobilized on aminated epichlorohydrin

activated silica (CAES).
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Figure 3 TGA Thermogram of aminated epichlorohydrin activated silica (IV).
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Figure 4 TEM micrograph of Cu(Il) immobilized on aminated epichlorohydrin activated silica

(CAES).
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Figure 5 SEM micrographs of Cu(II) immobilized on aminated epichlorohydrin activated silica

(CAES).
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Figure 6 The EDS spectrum of Cu(Il) immobilized on aminated epichlorohydrin activated silica

(CAES).



