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Abstract

Poly (vinylpyrrolidone)-grafted silica as an organic-inorganic hybrid material was
used as an effective heterogeneous polymeric cosolvent catalyst in organic reactions.
This modified silica catalyzed nucleophilic displacement of alkyl halides for easy
preparation of alkyl thiocyanates, alkyl cyanides, alkyl azides and alkyl aryl ethers.
Furthermore, the catalyst was applied for the conversion of epoxides to thiranes,
thiocyanohydrins and azidohydrins. These reactions were performed in acetonitrile and
aqueous media to produce the corresponding products in high yields and short reaction
times. The catalyst can be recovered and reused several times.

Keywords: Polymeric cosolvent; Poly (vinylpyrrolidone); Nucleophilic substitution reactions; Ring

opeing of epoxides.

Introduction

The toxic and volatile nature of many organic
solvents, particularly chlorinated hydrocarbons that are
widely used in organic synthesis have posed a serious
threat to the environment. Consequently methods that
successfully minimize the use of organic solvents are
the focus of much attention. One of the recently
developed methods is to use water as solvent for organic
reactions [1, 2]. Unfortunately, its use is limited by the
low solubility of organic compounds in aqueous media.
One of the most important strategies to overcome this
limitation in using water, in order to expand the scope
of water-based organic synthesis, has been the
utilization of phase transfer catalysts (PTC) such as
organic cosolvents especially in biological media [3-5].

It is well known that low molecular weight organic

cosolvents have been used as effective polar PTC for
promoting organic reactions [6-8]. Much research has
also been done on the preparation of heterogencous
polymeric cosolvent catalysts to be used in organic
reactions [9-11]. By virtue of their insolubility, such
materials would be particularly attractive since they can
be recovered by filtration and used again.

Nucleophilic substitution reactions of different
nucleophiles on alkyl halides in the presence of phase
transfer catalysts are important and well-studied
reactions in organic synthesis. Many papers on PTC and
polymeric cosolvent assisted nucleophilic substitution
reactions have been reported [12-15].

Epoxides are one of the most versatile intermediates
in organic synthesis and a large variety of reagents are
known for the ring opening of these compounds [16,
17]. Their electrophilic reactions with different
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nucleophilic anions have been an interesting subject in
organic synthesis. Ring opening of 1, 2-epoxides are
often carried out under either alkaline or acidic
conditions and several different methods have been
devised for ring opening of epoxides in the presence of
different nucleophilic anions [18, 19]. These reactions
may require high temperatures and/ or long reaction
times, and side reactions such as isomerizations,
epimerization and rearrangements may occur in these
systems. Ring opening of epoxides in the presence of
different homogenous and heterogeneous PTCs such as
organic cosolvents have also been reported [20-23].

Furthermore, conversion of epoxides to thiranes is
another important organic transformation in organic
synthesis. For this purpose several sulfurated agents in
the presence of different Lewis acids have usually been
used [24]. Preparation of thiranes using cosolvents and
polymeric cosolvents has also been reported as a new
strategy especially in aqueous media [25].

In continuation of our previous studies on the
introduction of polymeric phase transfer catalyst based
on modified polyacrylamide resin as a new polymeric
quaternary ammonium salt, poly (vinylamine) (PVA)
and poly (allylamine) (PAA) [26-28], herein, we report
poly (vinylpyrrolidone)-grafted silica as a polymeric
cosolvent catalyst. Using polymer grafted silica as a
heterogeneous phase transfer catalyst instead of
polymeric PTCs have some advantageous. They are
environmentally friendly, have excellent stability
(mechanical, chemical and thermal), good accessibility
and good dispersion of catalytic sites. The efficiency of
this heterogeneous cosolvent catalyst investigated in
different organic reactions such as nucleophilic
substitution reactions of alkyl halides with different
nucleophiles, ring opening of epoxides and their
conversions to thiranes in organic and aqueous media.

Materials and Methods

General information

Substrates were purchased from Fluka and Merck
Companies. Aminopropyl silica gel with an average
particle size of 0.015-0.035 mm (>400 mesh ASTA)
supplied by Fluka. All products were characterized by
comparison of their FT-IR and NMR spectra and
physical data with those reported in the literature. All
yields refer to the isolated products. Progress of
reactions was followed by TLC on silica-gel Polygram
SIL/UV 254 plates or by GLC on Shimadzu GC 14-A
instrument with hydrogen flame ionization detector. FT-
IR spectra were run on a Shimadzu FT-IR-8300
spectrophotometer. 'H and ""C-NMR spectra were
recorded on a Bruker Avance DPX instrument (250
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MHz) in CDCl;. TGA thermograms were recorded on
an instrument of Perkin Elmer with N, carrier gas and
the rate of temperature change of 20 °C/min was used.
Preparation of the polymeric cosolvent catalyst
Catalyst was prepared according to our previous
report [29]. Acrylamidopropylsilica was prepared by the
reaction between aminopropylsilica (AMPS) and
acryloyl chloride according to a previous procedure
[30]. Then to a suspension of acrylamidopropylsilica
(20 g) in fresh 1-vinyl-2-pyrrolidone (4 mL),
recrystalized benzoyl peroxide (0.05 g) was added in a
10 mL sealed tube and heated at 90 °C in an oven for 15
h. The product was soxhlet-extracted with CHCI; to
remove homopolymer and then washed and dried. The
amount of poly (vinylpyrrolidone) grafted silica was
determined using TGA by measuring the weight loss
upon heating the modified silica particles in a nitrogen
atmosphere. It was approximately 1.9 mmol PVP/g.

Preparation of alkyl thiocyanates, alkyl cyanides, alkyl
azides and alkyl aryl ethers

To a mixture of alkyl halide (1.0 mmol) and NaM
(5.0 mmol) (M=SCN, CN, N3) in H,O (10 mL) was
added poly (vinylpyrrolidone)-grafted silica (0.1 mmol,
0.05 g) as a polymeric cosolvent catalyst. The
suspension was stirred under reflux condition for the
lengths of time. [For the preparation of alkyl aryl ethers,
polymeric catalyst (0.1 mmol, 0.05 g) was added to a
mixture of alkyl halides (1.0 mmol) and phenol (5.0
mmol) in aqueous NaOH solution (5%, 10 mL)]. On
completion of the reaction determined by TLC, using n-
hexane/ethyl acetate (7:3) as eluent and/or GC, the
polymeric catalyst was removed by filtration. The
product was obtained upon extraction with CH,Cl,. The
organic phase was dried with anhydrous Na,SO, and the
pure product was obtained upon evaporation of the
solvent. Characterization of products was performed by
comparison of their FT-IR, lH-NMR, 13C-NMR, and
physical data with those of the authentic samples.

Preparation of thiocyanohydrins and azidohydrins
from epoxides

To a mixture of epoxides (1.0 mmol) and NaM
(M=SCN (3.0 mmol) and N3 (5.0 mmol)) in CH;CN (20
mL) was added poly (vinylpyrrolidone)-grafted silica
(0.06 mmol, 0.03 g) as a polymeric cosolvent catalyst.
The suspension was stirred under reflux condition for
the lengths of time. After completion of the reaction
determined by TLC, using n-hexane/ethyl acetate (7:3)
as eluent and/or GC, polymeric catalyst and excess of
salt were removed by filtration. The organic solvent was
dried with anhydrous Na,SO,. The corresponding pure
products were obtained upon evaporation of the solvent.
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Characterization of products was performed as
mentioned above.

Preparation of thiranes from epoxides

To a mixture of epoxides (1.0 mmol), NaSCN (3.0
mmol, 0.23 g) and NaOH (1.5 mmol, 0.06 g) in H,O (10
mL), was added poly (vinylpyrrolidone)-grafted silica
(0.03 mmol, 0.016 g) as a polymeric cosolvent catalyst.
The suspension was stirred at room temperature for the
length of time. After completion of the reaction, the
procedure outlined in section 2.3 was followed.

Reuse of the catalyst

After completion of the following reactions, the
catalyst was isolated by filtration. Then, the spent
polymeric catalyst from different experiments was
washed with water, methanol and ether and dried
overnight in vacuum oven. The resulting solid catalyst
was charged into another batch for repeating cycles.

Results and Discussion

Solvents and cosolvents are one of the widely used
PTCs for accelerating phase-separated reactions.
Whereas, these catalysts are generally not recovered and
lead to tedious work-up procedure, the concept of
heterogeneous catalysis has been introduced to
overcome these problems. In this regard the design of
synthetic polymeric supports which are compatible with
both aqueous and organic phases such as
polyacrylamide and polyvinylpyrrolidone is significant
research area.

Polyvinylpyrrolidone grafted onto silica particles for
surface modification has been previously presented

[31]. In this study, we report a catalytic system based of
poly (vinylpyrrolidone)-grafted silica as an efficient
polymeric cosolvent catalyst. Efficiency of the catalyst
was investigated in different organic transformations in
aqueous and organic media.

The polymeric cosolvent catalyst was designed by
the sequence of reactions given in Scheme 1.

Acrylamidopropylsilica was prepared by reaction
between aminopropylsilica (AMPS) and acryloyl
chloride according to previous procedure [30]. The FT-
IR spectrum of AMPS showed a broad band at 1050-
1200 cm™ due to SiO and at 3250 cm™ corresponding to
NH, (Figure 1A). In FT-IR spectrum of
acrylamidopropylsilica, absorption frequencies of amide
group appeared at 1558, and 1662 cm™ and double bond
at 1627 cm’ (Figure 1 B). The appearance of these
bands suggests that the reaction between amine groups
on the surface of the AMPS and acryloyl chloride have
occurred  successfully. The free-radical graft
polymerization of vinylpyrrolidone onto silica particles
was performed using benzoyl peroxide as initiator
(Scheme 1). FT-IR spectrum of  poly
(vinylpyrrolidone)-grafted silica shows the
characteristic band of N-C=0 at 1670 cm™ (Figure 1 C).
The amount of grafted poly (vinylpyrrolidone) onto
silica was determined by thermogravimetric analysis
(TGA) to be 1.9 mmol/g (5.8% water and 20.1% PVP).

The synthetic utility of this modified silica was
studied by conversion of alkyl halides to their
corresponding thiocyanates, cyanides, azides and alkyl
aryl ethers (Scheme 2).

Short reaction times with good to excellent yields

(@]
O 0 o) O
AN THF (dry), 0 “C
0osi” "NH, ﬁu (dn) g~ e
o) NEt;, 8 h o
O
P
N . O
o} ] . Benzoyl peroxide O_
O>S|/\/\NHM . O;Si/\/\NH n
o Sealed tube , Vacuum , 90 °C, 15h [ © CHLN__0
I=initiator fragment (_/V/

then Soxhlet (CHCl3) , 24 h

Si-PVP

Scheme 1. Preparation of poly (vinylpyrrolidone)-grafted silica

Si-PVP

RX + NaY

X=Clor Br
Y= SCN, N3, CN, OPh

RY + NaX

H,0 (reflux)

Scheme 2. Nucleophilic substitution reactions of alkyl halides in the presence of poly (vinylpyrrolidone)-grafted silica
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Figure 1. FT-IR spectra of (A) aminopropylsilica (B) acrylamidopropylsilica (C) poly (vinylpyrolidone)-grafted silica

express the effectiveness of the catalyst in accelerating
the reactions. The effects of the solvent and molar ratio

of the catalyst to substrate on the substitution of alkyl
halides were investigated. The reaction was carried out

Table 1. Substitution of alkyl halides with nucleophiles in the presence of poly (vinylpyrrolidone)-grafted silica in H,O

No

10
11

12

Substrates (RX)

Br

"
©/\c:|

Br

O/Br
E}

Time Yields (%) "
SCN- CN- Ny PhO" SCN- CN” Ny PhO
8 min 40 min 30 min 5 min 95 93 90 93
15 min 90 min 45min 10 min 90 90 90 90
8 min 40 min 30 min 5 min 95 95 95 90
15 min 2h 45min 10 min 90 90 97 85
20 min 70 min 50 min 20 min 93 80 95 90
l1h 1h 60 min 5h 95 (85,15)° 90 95 -
17h - - 2h 75 - - 92
16 h - - 2h 70 - - 85
15h - - 1h 70 - - 90
10h - - 1.5h 65 - - 80
12h - - 2h 75 - - 100 ¢
12h - - 35h 80 - - 70 (80,20) ©

* All of the reactions were carried out under reflux condition. Molar ratio of poly (vinylpyrrolidone)-grafted silica to alkyl halide was 0.1:1;
® All products are obtained after 100% conversion of substrates and yields refer to the isolated products; © Structures and regiochemical ratios
determined for the products by *C-NMR. ¢ 100% conversion to cyclohexene (elimination product) by GC; ¢ 70% conversion include

substitution product (80%) and elimination product (20%) by GC.
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Figure 2. Thermogravimetric analysis (TGA) of poly (vinylpyrrolidone)-grafted silica

in different solvents such as EtOAc, THF, n-hexane,
CH,Cl,, CHCl;, H,O, and CH3;CN. Acetonitile and
water proved to be the best due to the polar nature of the
catalyst and its compatibility with both organic and
aqueous phases. Thus, we choose water as a green and
cheap media. Molar ratio of the polymeric catalyst to
alkyl halide was optimized for each nucleophile in water
and was found to be 0.1:1.

The corresponding alkyl thiocyanates were obtained
in good to excellent yields in water without the
formation of any alkyl isothiocynates except in the case
of PhyCCl (Table 1, entry 6). The characteristic *C-
NMR and FT-IR absorption bands for thiocyanates and
isothiocyanates appeared at about 111 ppm, 2160 cm™
(sharp), and 132 ppm, 1950-2100 cm’ (broad)
respectively.

Conversion of alkyl halides to alkyl cyanides and
alkyl azides were obtained in good to excellent yield in
water respectively using polymeric cosolvent catalyst.
Benzylic alkyl halides were reacted readily with cyanide
and azide ions, but conversion of aliphatic substrates to
their corresponding products was very slowly and are
not complete in acceptable times (Table 1, entry 7-12).
This is probably due to the lower nucleophilicity of

cyanide and azide ion compared to thiocyanide.

The reaction of different alkyl halides with sodium
phenoxide which is produced in situ during the reaction
of phenol with aqueous solution of sodium hydroxide
was performed effectively in high yields and in a short
reaction time in aqueous media (Table 1). O-Alkylation
has been predominated entirely in these reactions and no
C-alkylation product was observed. Primary alkyl
halides give their corresponding ethers successfully, but
secondary alkyl halides give also elimination product.
Cyclohexyl bromide gives elimination product entirely
(Table 1, entry 11) and cyclopentyl bromide gives a
mixture of substitution and elimination products (Table
1, entry 12). Tertiary alkyl halide failed to react due to
the steric hindrance (Table 1, entry 6).

In order to get an insight into the role of poly
(vinylpyrrolidone)-grafted silica as a polymeric
cosolvent catalyst in this type of transformation, a series
of reactions were performed on p-nitrobenzyl chloride
with NaNj3 in the presence of catalysts A-E [silica gel
(A), aminopropyl silica gel (B), acrylamidopropylsilica
gel (C), poly (vinylpyrrolidone) (D), and poly
(vinylpyrrolidone)-grafted silica (E)] (Table 2).
Obviously, in the absence of any catalyst reaction

Table 2. Comparison the efficiency of different catalysts on the reaction of p-nitrobenzyl
chloride with NaN; in H,O using different kinds of catalysts

Entry Catalyst * Time Conversion (%) "
1 - 48 h 40
2 A 10h 100
3 B 10h 100
4 C 9h 100
5 D 8h 100
6 E 50 min 100

* The types of catalysts were: silica gel (A), aminopropyl silica gel (B), acrylamidopropylsilica gel (C), poly
(vinylpyrrolidone) (D), and poly (vinylpyrrolidone)-grafted silica (E);
® Conversion based on the p-nitrobenzyl chloride.
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Scheme 3. Ring opening of epoxides in the presence of poly (vinylpyrrolidone)-grafted silica
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Scheme 4. Conversion of epoxides to thiranes in the presence of poly (vinylpyrrolidone)-grafted silica

occurred with very low speed (Table 2, entry 1).
However, the reaction proceeded in the presence of all
of these five catalysts; the rate of reaction was highest in
the case of poly (vinylpyrrolidone)-grafted silica (E)
(Table 2, entry 6). It may be due to the availability and
accessibility of the poly (vinylpyrrolidone) moiety
because of grafting on the surface of silica. All of these
experimental facts lead us to believe that poly
(vinylpyrrolidone)-grafted silica (E) is a good catalyst
for nucleophilic substitution reactions. It seems that
with this catalyst the reaction proceeds smoothly in the
vicinity of the catalyst.

Isolation of the supported catalyst was easily
performed by filteration. The resulting isolated catalyst
was used for the reaction of p-nitrobenzyl chloride with
NaNj in H,O. This catalyst was used successfully in ten
subsequent cycles without considarable loss in its
efficiency. The time for 100% conversion of p-
nitrobenzyl chloride to p-nitrobenzyl azide was reduced
from 50 min to 60 min only after seventh run (Figure 3).
The FT-IR spectrum of the used catalyst was found to
be the same as the original one and can be kept for
months.

Furthermore, the synthetic utility of this modified
silica was studied by conversion of epoxides to their
corresponding  thiocyanohydrins and azidohydrins
respectively (Scheme 3).

TIME FOR 100%
CONVERSION
w
o

1 2 3 45 6 7 8 910

RUN

Figure 3. Reusability of poly (vinylpyrrolidone)-grafted
silica in the reaction of p-nitrobenzyl chloride with NaNj3 in
H,O
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The effects of the solvent and molar ratio of the
catalyst on the ring opening of epoxides were
investigated. The reaction was carried out in different
solvents such as THF, CH,Cl,, CHCI;, EtOH, H,0, and
CH;CN under reflux condition for conversion of styrene
oxide to thiocyanohydrin and azidohydrin. Acetonitile
proved to be the best solvent. Molar ratio of the
polymeric catalyst to the substrate was optimized and
was found to be 0.06:1. By employing optimized
condition, the reaction of different epoxides to
thiocyanohydrins and azidohydrins was performed
effectively in high yields and in a short reaction time in
acetonitile (Table 3). Except for the reaction of styrene
oxide which give a small percentage of the other
regioisomer (Table 3, entry 1), the reaction of other
epoxides were characterized to be highly regioselective
and only one isomer was obtained.

Moreover, conversion of epoxides to thiranes was
performed with aqueous sodium thiocyanate in H,O
using NaOH at room temperature in the presence of this
polymeric cosolvent catalyst (Scheme 4).

Molar ratio of the polymeric catalyst to the substrate
was optimized for this reaction and was found to be
0.03:1. Under this condition, different oxiranes
converted to their corresponding thiranes readily. The
results are tabulated in Table 4.

Conclusion

In conclusion, a polymeric cosolvent catalyst based
on poly (vinylpyrrolidone)-grafted silica was designed
and applied in different organic transformations.
Utilizing this catalyst is cheap due to its recovery from
reaction mixture and its preparation is easy. Short
reaction times, high yields, easy purification of the
products, recyclability of the catalyst and use of water
as a green reaction media are other characteristic of the
process.
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Table 3. Conversion of epoxides to thiocyanohydrins and azidohydrins in the presence of poly (vinylpyrrolidone)-grafted silica
in CH;CN *

) HO X
?’ RO, Nex _SHPVP >—\ o >—
X= SCN, Nq CHZCN R X R  OH
No Substrates Products Time (min) Yield (%) "
HO X SCN” N3 SCN” Ny
>—\ or
R X R OHX=SCN,
N

1 X OH HO x 180 240 75+10 80+10

W/Ph S ( )« )

(0]
2 O HO X 480 570 90 90

Pho._/ pho._—/
3 o HO X 300 600 80 85
4 Q HO X 120 420 75 75

C'ﬁ /\/O\)_/

o) HO X
5 A oo 3T 240 330 90 90
o o

6 (o) HO X 150 360 85 85

So

7 O:O O,X 120 210 80 90

8 @O OX 150 270 &5 &5
) "“OH

* All of the reactions were carried out under reflux condition. Molar ratio of poly (vinylpyrrolidone)-grafted silica to epoxide
was 0.06:1; * All products are obtained after 100% conversion and yields refer to the isolated products.

Table 4. Conversion of epoxides to thiranes in the presence of poly (vinylpyrrolidone)-grafted silica using NaSCN/NaOH in H,O *

No Substrates Products Time (min) Yield (%) "
1 Tph 30 90
2 0 S 150 87

PO/~ Pho\/A
3 0 S 120 90
/\/O\/A /\/0\/A
4 ! S 240 90
Cl
7 C|\/u
[o] S
5 oo A oo 105 89
g T
6 0 S 120 86

7 O:O O:S 150 90
8 QO QS 180 90

* All of the reactions were carried out under room temperature. Molar ratio of poly (vinylpyrrolidone)-grafted
silica to alkyl halides was 0.03:1;
® All products are obtained after 100% conversion and yields refer to the isolated products.
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