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Introduction

Multifunctional catalysts for one-pot multistep reactions have
attracted much attention recently owing to their high effi-
ciency."** Bifunctional catalysts with different catalytic centers
on separate or the same supports are the dominant targets in
this field.**** For example, Shylesh et al. used organic amines
and sulfonic acid bifunctionalized porous organosilicas in one-
pot deacetalization-nitroaldol cascade reactions.'® Shiju et al.
prepared an efficient and robust bifunctional acid-base solid
catalyst and evaluated the catalytic activities in deprotection—
Henry domino reactions and deprotection-aldol reactions."”
Huang et al. prepared a bifunctional mesoporous silica nano-
particle with sulfonic acid moiety on its internal surface and
organic amine moiety on its external surface and applied it in
deacetalization-Henry cascade reactions.*® To sum up, the re-
ported bifunctional supported catalysts were constructed by
mainly two strategies: parallel immobilization of different
catalytic moieties on the surface of the same support (Fig. 1(a))
or separate immobilization of different catalytic moieties on the
internal and external surface respectively (Fig. 1(b)). The two
design ideas are smart and attractive. However, for domino
reactions, the mass transfer of intermediate products between
two catalytic centers still needs time and energy. So, how can we
make the transfer procedure more efficient? With this question
in mind, we put forward a new strategy by sequentially con-
necting different catalytic moieties on the same organic chain
and immobilizing it on the surface of one support (Fig. 1(c)).
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recyclable base-metal bifunctional catalysts for Knoevenagel condensation and 1,3-dipolar cycloaddition
domino reactions to prepare 5-substituted 1H-tetrazoles with excellent yields.

Magnetic nanoparticles (MNPs) are attractive catalyst
supports because they have advantages of excellent dispersion,
easy separation and high compatibility with numerous kinds of
catalysts.>**> Among them, silica coated MNPs attract
increasing interests because they have a considerable amount
of derivable hydroxyl groups and can be easily functionalized by
catalyst-containing organosilicate esters.****-*® Our previous
work speculated that the reactants would be adsorbed on the
surface of the nano-support, so the local concentration of
reactants around the catalytic sites would increase and then
effectively elevate the reaction rate.*®

The new relay catalysis using easily recyclable bifunctional
nano-catalysts is illustrated in Fig. 2.

5-Substituted 1H-tetrazoles have extensive applications in
chemistry.””** The conventional synthesis of these compounds
is[2 + 3] cycloaddition of nitriles with azide salts.®**” A variety of
catalysts for this transformation have been reported.®**"
However, the reported methods have one or more drawbacks
such as use of highly toxic reagents, high cost, elevated reaction
temperature, long reaction time or unsatisfactory recovery of
catalyst. Therefore, the demand of efficient, economical and
greener method for the preparation of 5-substituted 1H-tetra-
zoles is still demanded.

Previous strategies:
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Fig. 1 Strategies of nanoparticle-supported bifunctional catalysts.
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Fig. 2 Ideal relay catalysis for domino reactions.

Herein, we reported a new relay catalysis system involving
the establishment of a secondary amine/Cu(u) bifunctional
magnetic nanoparticle (NH-Cu(u)@MNP) characteristic of
sequentially connecting secondary amine and copper(u)
complex on the same organic chain, and application of it as
efficient, intramolecular relay and magnetically recyclable
bifunctional nano-catalyst in the one-pot synthesis of 5-
substituted 1H-tetrazoles through Knoevenagel condensation
and 1,3-dipolar cycloaddition domino reactions.

Results and discussion

The procedure for the preparation of the nano-Fe;O, supported
secondary amine/Cu(u) bifunctional catalyst (NH-Cu(u)@MNP)
is shown in Scheme 1. The support Fe;0,@SiO, were prepared
according to our previous work.”* Then [3-(2-aminoethyl)ami-
nopropyl]triethoxysilane was introduced onto Fe;0,@SiO,
through a condensation reaction. After that, the secondary
amine functionalized precursor NH-L@MNP (2) was prepared
by a condensation reaction of compound 1 with pyridine-2-
carbaldehyde. Meanwhile, the loading amount of the organic
motif was determined to be 0.20 mmol g~ by elemental anal-
ysis, which was also in accordance with thermogravimetric (TG)
test. Ultimately, 2 was coordinated with Cu(OAc), in acetone at
room temperature for 24 h to give the target catalyst 3.

NH, j-oH a -0,
(E‘O)ssi/\/\n/\/ 2 &+ it Si/\/\N/\/NHz
. ) o1 H
sio, Si0, OEt
1
NH@MNP
Jb
OAc
ACO‘CG‘N/ NP
- ° —0, N |
O\Si/\/\N/\/N\ S R :§i/v\N/\/ NS
—o' H —0
sio, C OEt $i0, OEt
3 2
NH-Cu(ll)@MNP NH-L@MNP

Scheme 1 Synthesis of MNP-supported bifunctional catalyst NH—
Cu(l)@MNP (3). Reaction conditions: (a) toluene, N, reflux, 24 h; (b)
pyridine-2-carbaldehyde, EtOH, N,, reflux, 4 h; (c) Cu(OAc),-H,0,
acetone, N, RT, 24 h.
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The Fourier transform infrared (FT-IR) spectra of Fe;0,@-
SiO, and catalyst 3 are demonstrated in Fig. 3. The spectrum of
Fe;0,@8i0, shows a moderate peak at 586 cm ™' (Fe-O vibra-
tion), a strong peak at 1087 cm™ ' (Si-O-Si stretching vibration),
a broad weak peak around 3263 cm™" (O-H stretching vibra-
tion) and a weak peak at 1602 cm ™' (adsorbed water). All of
these characteristic signals are observed in the spectrum of 3.
Moreover, 3 shows typical bands at 1597 cm ™" (C=N vibration)
and 1446 cm ' (C=C vibration of aryl ring). These results
indicate that organic moiety was successfully immobilized onto
Fe,0,@Si0,.

Fig. 4 shows the X-ray diffraction (XRD) patterns of Fe;-
0,@Si0, and 3. Both samples have the diffraction peaks on the
standard Fe;O, sample (Fig. 4(a), JCPDS file no. 19-0629). The
broad peak of 26 = 20-30° belongs to silica layer. The pattern of
3 (Fig. 4(b)) is similar to that of Fe;0,@Si0,. But the intensity
becomes weak in Fig. 4(b), indicating that the structure of
Fe;0,@Si0, remains unchanged after being functionalized.
The average crystal size of the Fe;O, cores is about 11.4 nm
according to the Scherrer formula.

The transmission electron microscope (TEM) images of
Fe;0,@8Si0, and 3 were recorded (Fig. 5). As shown in Fig. 5(a),
the Fe;0, cores are obviously surrounded by grey silica shells.
The average size of the Fe;O, cores and the support Fe;0,@SiO,
are about 8-12 nm and 20 nm, respectively. As shown in
Fig. 5(b), the size of 3 is about 20-30 nm. And after being reused
six times, the morphology of recovered 3 does not show an
obvious change (Fig. 5(c)).

The surface composition of 3 was analyzed with X-ray
photoelectron spectroscopy (XPS). As shown in Fig. 6(a), the
peaks with binding energy at 24.9, 102.2, 154.8, 284.9, 399.1,
531.7, 933.1 and 953.3 eV were assigned to O 2s, Si 2p, Si 2s, C
1s, N 1s, O 1s, Cu 2p3,, and Cu 2p,,,, which affirmed that the
catalyst was made up of C, O, Si, N and Cu. However, the peaks
with binding energy at 711 and 723 eV were distributed to Fe
2ps/, and Fe 2p,,,, which indicated that there is a little Fe;0,
present on the surface of catalyst 3. The intense and broad
peaks at 932.8 eV (Cu 2p3),) and 952.5 eV (Cu 2p;,,) along with
the presence of the characteristic shakeup satellite peaks
suggest that the copper on the surface has an oxidation state of
+2 (Fig. 6(b)).*>** Furthermore, in the N 1s spectrum of 3, -N=
(398.7 eV) and -NH- (399.5 €V) were observed (Fig. 6(c)).** In
a word, it is clear that the secondary amine and Cu(u) were
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Fig. 3 FT-IR spectra of (a) Fe30,4@SiO, and (b) NH-Cu(i)@MNP.
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Fig. 4 XRD patterns of (a) Fes0,@SiO, and (b) NH-Cu(n)@MNP

catalyst 3.

successfully anchored on the surface of the Fe;0,@SiO,
support.

Besides, the elemental mapping images (see ESIf) also
confirmed the existence of Fe, Si, N and Cu, and these elements
species were equably distributed on the NH-Cu(u)@MNP.
Furthermore, the distribution density of nitrogen and copper
was less than that of iron and silicon. This was in accordance
with the load ratio of copper and nitrogen on Fe;O,@SiO,
support.

The thermostability of 3 was investigated by thermogravi-
metric analysis (Fig. 7). The TG curve indicates an initial weight
loss of 1.3% up to 100 °C, which is ascribed to the adsorbed
water. A main weight loss of 6.6% is observed from 350 to
620 °C, which is attributed to the decomposition of organic
structure. The peak in the derivative thermogravimetric (DTG)
curve shows that the fastest loss of the organic moiety occurred
at 480 °C. Therefore, the thermostability of catalyst 3 is
excellent.

The magnetic property was evaluated by vibrating sample
magnetometer (VSM) test at room temperature (Fig. 8). The

Fig. 5 TEM images of (a) Fes0,@SiO,, (b) NH-Cu()@MNP and (c)
catalyst after being reused six times.
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Fig. 6 The XPS spectra of the NH-Cu(i)@MNP catalyst 3. (a) Survey
scan; (b) Cu 2p and (c) N 1s.

magnetization of samples could be completely saturated at high
fields of up to 1.5 T. And the maximum magnetic saturation
intensity of 3 is 37.6 emu g~ * (Fig. 8(b)). The VSM magnetization
curve of the sample goes through the zero point, so the catalyst
has no magnetic hysteresis phenomenon, which indicates that
the as-prepared catalyst is superparamagnetic.

The catalyst can be easily separated from the reaction system
using an external magnet (Fig. 9).

The bifunctional catalytic performance of 3 was firstly
investigated in a one-pot synthesis of (E)-3-phenyl-2-(1H-
tetrazole-5-yl) acrylonitrile (6a) using benzaldehyde, malononi-
trile and sodium azide as the reactants. The domino reaction
sequence was composed of two steps: Knoevenagel condensa-
tion and 1,3-dipolar cycloaddition. To clarify the bifunctional
catalytic activity of 3, the catalytic activities of a series of control
samples were evaluated and the results are summarized in
Table 1. For comparison, Cu(u)@MNP (7), NH||Cu(u)@MNP (8,
parallel immobilization of NH and Cu(u) on the same support
like Fig. 1(b)) and N-Cu(u) (9) were also prepared (see ESIT).

The model Knoevenagel condensation of benzaldehyde (4a)
and malononitrile at 80 °C was conducted using NH-L@MNP (2)

Weight %
Derivative Weight (mg/°C)

T T T T
100 200 300 400 500 600 700

Temperature ( °C)

Fig. 7 Thermogravimetric (TG) and derivative thermogravimetric
(DTG) curves for NH-Cu()@MNP.
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Fig. 8 VSM magnetization curve of (a) Fe30,@SiO, and (b) NH-Cu(n)
@MNP.

and NH-Cu(n)@MNP (3) as catalysts. Both of them showed
excellent activity while the latter was a little beat better (Table 1,
entries 1-3). As for the control experiment without any catalyst,
much longer time was required to get comparative yield (Table
1, entry 4). Meanwhile, the model 1,3-dipolar cycloaddition of
5a and sodium azide catalyzed by 3 gave excellent yield (Table 1,
entry 5). However, the control experiment using Cu(i)@MNP (7)
as catalyst, longer reaction time was needed and lower yield was
obtained (Table 1, entry 6). The domino reaction without any
catalyst was conducted, both intermediate and final product
were isolated but with low yields (Table 1, entry 7). Meanwhile,
the support Fe;0,@SiO, and 2 had almost negligible effect on
the yield of 6a (Table 1, entries 8 and 9). But the product ratio
(6a : 5a) of the reaction changed. In the case of 7, the desired
product was obtained with a much higher yield of 69% (Table 1,
entry 10). To our delight, the sequentially bifunctionalized
catalyst 3 could efficiently catalyze the domino reaction and
gave an excellent yield of 92% (Table 1, entry 11). In compar-
ison, when a mixture of the two monofunctionalized catalysts 2
and 7 were used, only 72% of 6a were obtained (Table 1, entry
12). Meanwhile, the parallelly bifunctionalized catalyst
NH||Cu(un)@MNP (8) afforded obviously lower yield (80%, Table
1, entry 13), which was in accordance with our hypothesis. That
is, the sequentially bifunctionalized catalyst 3 exhibited superb
catalytic activity and selectivity than parallelly bifunctionalized
analogue, the reason must be that the relay catalytic process is
in favor of the mass transfer of intermediate product. To explore
the effect of support, the catalytic performance of a homoge-
neous catalyst N-Cu(u) (9) was tested, a significantly lower yield
of 63% was obtained (Table 1, entry 15). The result showed that
9 displayed decreased catalytic efficiency. Moreover, we found

Fig. 9 A reaction mixture in the absence (a) or presence (b) of
a magnetic field.
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that the physical mixture of Cu(OAc), and diethylamine
exhibited lower catalytic activity too (Table 1, entry 14).

The domino reaction of benzaldehyde, malononitrile,
sodium azide was investigated to find the optimal conditions
(Table 2). The reaction without any catalyst afforded the product
with low yield (Table 2, entry 1). Along with the increasing load
of catalyst, the yield ascended accordingly (Table 2, entries 2
and 3). The best result was obtained by applying 20 mg of 3 as
catalyst and conducting the reaction at 80 °C (Table 2, entry 4).
More catalyst demonstrated no significant effect on the yield
(Table 2, entries 6 and 7). Prolonging the reaction time to 10 h
resulted in almost unchanged yield (Table 2, entry 5). Lower
reaction temperature was unfavourable to the reaction (Table 2,
entries 4, 8 and 9).

Thereafter, the above optimized reaction conditions were
explored for the synthesis of a number of 5-substituted 1H-tet-
razoles. As shown in Table 3, a variety of aldehydes reacted
smoothly with malononitrile and sodium azide to afford the

Table 1 The catalytic activity of various catalysts®

o N XN
+ NC__CN + NaNg — N oN

4a 5a

cat.
Ac

N7 Ac0~.:l£~
oD =
@ —o’s“ N O\S‘/\/\N/\/N\ S
sio, OFt oo, Joet "
2 (NH-L@WMNP) : 3 (NH-Cu(ll)@MNP)
AcO~CleAc
-7
7O:Si\/\/"1v© A°°‘°£3ANC g
S0, OOkt N o7 @ s Av@
S~ NS SN
7 (Cu(IN@MNP) MeG O~ 81, O OEt
8 (NH||Cu(I)@MNP)
Ac0~56(3ic
e
NN NN
| 9 (N-Cu(ll))
Entry  Catalyst T (°C) t (h) 5a” (%) 6a” (%)
1€ 2 80 2.0 90 —
2¢ 3 80 1.0 91 —
3¢ 3 40 3.5 91 —
4° None 40 12.0 90 —
54 3 80 40 — 93
6 7 80 50 @ — 90
7 None 80 5.0 41 38
8 Fe;0,@Si0, 80 50 35 43
9 2 80 5.0 26 50
10 7 80 5.0 17 69
11 3 80 5.0 5 92
12 2+7 80 5.0 15 72
13 8 80 5.0 13 80
14° Cu(OAc), + Et,NH 80 5.0 0 64
15 9 80 5.0 0 63

“ Reaction conditions: benzaldehyde (1.0 mmol), malononitrile (1.1
mmol), sodium azide (1.2 mmol), catalyst (1 mol%, 20 mg), EtOH (10
mL), 80 °C. ? Isolated yield. ¢ Only for the Knoevenagel condensation
of benzaldehyde and malononitrile, Z.e. in the absence of sodium
azide. ¢ Only for the 1,3-dipolar cycloaddition of 5a and sodium azide.
¢ Cu(OAc), (20 mol%), diethylamine (20 mol%).’ N-Cu(u) (1 mol%).
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Table 2 Optimization of reaction conditions®

HN’

N \
©AO+ NC._CN + NaN; —

4a

Entry 3 (mg) T (°C) t (h) Yield” (%)
1 0 80 5 39
2 5 80 5 66
3 15 80 5 90
4 20 80 5 92
5 20 80 10 91
6 50 80 5 91
7 100 80 5 89
8 20 50 5 75
9 20 20 5 13

“ Reaction conditions: benzaldehyde (1.0 mmol), malononitrile (1.1
mmol), sodium azide (1.2 mmol), NH-Cu(m)@MNP, EtOH (10 mL),
5 h. ? 6a (%), isolated yield.

corresponding tetrazoles with excellent yields. meta-Methyl-
benzaldehyde (4c) resulted in a little higher yield than ortho-
methylbenzaldehyde (4b) and para-methylbenzaldehyde (4d).
The aldehydes containing electron-withdrawing groups like
bromo, chloro, iodo, fluoro and cyano in para positions (4e-i)
produced more satisfactory yields than those containing
electron-donating groups like ethyl, isopropyl, methoxy and tert-
butyl in para positions (4j-m). Heterocyclic aldehydes like

View Article Online

Paper

thiophene-2-carbaldehydes (4n and 40) also exhibited high
reactivity and afforded the desired products with excellent
yields. It is very strange that pyridine-2-carbaldehyde (4p) gave
no desired product. When pyridine (1 equiv.) was added to the
mixture of benzaldehyde, malonitrile, sodium azide and cata-
lyst 3, the yield of tetrazole was only 36%. Based on this result,
we supposed that the coordination of pyridine moiety and
copper prevented the formation of the target product. From the
above results, it is obvious that 3 is an efficient catalyst for the
preparation of large spectrum of substituted tetrazoles with very
high yields in ethanol.

A plausible mechanism is shown in Scheme 2. Initially, the
substrates were absorbed on the surface of the catalyst by
hydrogen bonds. Then active a-H of malonitrile is abstracted by
the secondary amine moiety (A) and the carbanion formed
attacks the carbonyl, activated by acidic proton in ammonium,
of benzaldehyde (B). After that, a synergistic dehydration occurs
(C) to produce the intermediate product 2-benzylidenemalo-
nonitrile (5a). Subsequently, the coordination of the cyano
group in 2-benzylidenemalononitrile with Cu(u) accompanying
with anions exchange (replacement of acetate anion with azide)
occurs (D), then a 1,3-dipolar cycloaddition between the C=N
group and azide anion takes place readily to form the tetrazole
ring (E). Another anions exchange occurs to afford the catalyst
and sodium tetrazolate, gives target product by acidic workup.

One of the most significant features of a catalyst is its recy-
clability. Thus, the recyclability of 3 were tested in the model
reaction under the optimized reaction conditions. The catalyst
was separated from the reaction mixture by an external magnet

Table 3 The NH-Cu()@MNP catalyzed one-pot synthesis of 5-substituted 1H-tetrazoles*?

o]
Ar)I\H + NC._CN + NaN,
4

N-N
| N
3,Eton NG N
T . | H
80 °C Ar H
6

””/N W

50h 92% 50“ 52%

HN’N

5.0h, 81% 5.0 h, 88%
6e 6f
MN L
5.0 h, 95% 7.0h, 75%
6i 6j
HN-N, HN-N,
< N N
NN XN
CN \_s
6.0 h, 70% 4.5h,91%
6m 6n

“ Reaction conditions: aldehyde (1.0 mmol), malononitrile (1.1 mmol), sodium azide (1.2 mmol), catalyst 3 (20 mg), EtOH (10 mL), 80 °C. °

yield.
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6.0 h 90% 6.0 h, 87%
6d
HN-N,
X /N
5.0h, 87% 5.0h, 84%
6g 6h
HN-N, HN-N
N ‘N
\N, G
CN
o
7.0h,77% 5.0 h, 74%
6k 6l
NC N-y HN-N
4 N
S, / I\ X,
O e
H _N CN
4.5h,95% 5h, 0%
60 6p

Isolated
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Fig. 10 Recycling experiment of the NH-Cu()@MNP.

and then washed with ethanol. Then the recovered catalyst was
used in the next run. For all the six cycles, the catalyst could be
reused without significant loss of catalytic activity (Fig. 10).

Conclusions

In summary, we have successfully established a relay catalysis
strategy for one-pot domino reactions. A silica-coated nano-
Fe;0,-supported bifunctional amine/Cu(un) catalyst was
prepared and used in the synthesis of 5-substituted 1H-tetra-
zoles via a domino Knoevenagel condensation/1,3-dipolar
cycloaddition pathway. Furthermore, the catalyst could be
easily recovered from the reaction system by an external
magnetic field and reused several times without loss of catalytic
activity.

Experimental section
Materials

Toluene was dehydrated according to standard operation and
stored on 4 A molecular sieves. Other solvents and all of the
reagents were commercially available and were used without

This journal is © The Royal Society of Chemistry 2019
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further purification. The core-shell Fe;0,@SiO, nanoparticles
were prepared according to our previous work.*®

Synthesis of NH@MNP (1)

Fe;0,@Si0, (1.0 g) was dispersed in anhydrous toluene (50 mL)
by sonication for 1 h. [3-(2-Aminoethyl)aminopropyl]triethox-
ysilane (0.529 g, 2.0 mmol) was then added, and the reaction
mixture was refluxed for 24 h under nitrogen atmosphere. After
being cooled to room temperature, 1 was recycled by a perma-
nent magnet, washed with dry toluene and acetone to remove
unreacted species and then dried under vacuum overnight.

Synthesis of NH-L@MNP (2)

1 (1.0 g) was dispersed in anhydrous ethanol (40 mL) by soni-
cation for 30 min. Pyridine-2-carbaldehyde (0.214 g, 2.0 mmol)
was then added, and the resulting mixture was stirred under
reflux for 4 h under nitrogen atmosphere. Product 2 was recy-
cled by a permanent magnet, washed with extra dry ethanol and
then dried under vacuum overnight.

Synthesis of NH-Cu(u)@MNP (3)

Copper sulfate monohydrate (0.399 g, 2.0 mmol) were dissolved
in acetone (40 mL) and the solution was stirred at room
temperature for 20 min, then 2 (1.0 g) was added. The final
mixture was stirred at room temperature for 24 h under
nitrogen atmosphere. The catalyst 3 was collected by a perma-
nent magnet, washed several times with acetone and dried
under vacuum overnight. The loading content of Cu was 1.3%
as determined by inductively coupled plasma atomic emission
spectroscopy (ICP-AES).

General procedure for the synthesis of tetrazoles 6

A mixture of aldehyde (1 mmol), malononitrile (1.1 mmol),
sodium azide (1.2 mmol) and 3 (20 mg, 1.0 mol%) in EtOH (10
mL) was stirred at 80 °C for set time. After completion of the
reaction, as indicated by TLC, the reaction mixture was cooled
to ambient temperature. The catalyst 3 was recovered by the
same procedure mentioned above and used for the next run. To
the reaction mixture was added 2 N HCI (30 mL) under vigorous
stirring to precipitate the product. Then the mother liquor was
extracted by ethyl acetate (3 x 50 mL). The combined organic
layers were dried over anhydrous Na,SO, and evaporated under
reduced pressure to obtain the crude product, the pure products
were achieved by column chromatography on silica gel.
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