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Abstract

Keggin type polyoxometalates Ki[a-SiW12040] was synthesized and transformed to Ha[a-SiW12040].
Both catalysts have been used for pinacol rearrangement in toluene at 373 °K. The results showed that
reaction of pinacol rearrangement did not proceed using Kai[a-SiW12040] as catalyst. The extent reac-
tion time until 20 h also did not produce pinacolone as main product. By using Ha4[a-SiW12040] as cata-
lyst at 1 h reaction time gave conversion 100% with formation of pinacolone 72%. The reaction produce
27% of 2,3-dimethyl-1,3-butadiene as byproduct and 99% carbon balance for the reaction. This phe-
nomenon indicated the Bronsted acid is a key role for catalytic reaction of pinacol rearrangement to
pinacolone. © 2014 BCREC UNDIP. All rights reserved
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1. Introduction for pinacol to pinacolone rearrangement. Mo-
lecular sieve of aluminophosphate with differ-
ent crystalline structures were successfully
catalyzed pinacol rearrangement with two
main products [4]. Aluminosilicate material
such as zeolite is also catalyzed pinacol to pina-
colone rearrangement [5]. Both molecular sieve
and aluminosilicate materials are Lewis acid
catalyzed pinacol rearrangement. Solid acid
catalyst with metal-oxygen cluster that we
called “polyoxometalate compounds” is investi-
gated as acid catalyzed pinacol rearrangement
[6]. These catalysts have already been intro-
duced into large scales industrial processes in-
cluding oxidation, hydration, and polymeriza-
tion [7].

The advantages of these catalysts are vari-
ous structures, several oxidation states, and al-
* Corresponding Author. most metals in periodic table can be exchanged
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The pinacol rearrangement is a simple well-
known reaction under acid condition to give
pinacolone as main product [1]. The mecha-
nisms of pinacol to pinacolone are elimination
of water and skeletal rearrangement of 1,2-
diols in acid medium [2]. The reaction is usu-
ally carried out in the presence of strong inor-
ganic liquid acid such as hydrochloric acid, sul-
phuric acid, and nitric acid [3]. The main prob-
lems using these catalysts are handling re-
agents and corrosive. Recently, the develop-
ment of solid acid catalyst is sharply increased
in order to obtain stable catalyst, non-corrosive,
easy to handle, eco friendly, and reusability.
Several solid acid catalysts have been tasted
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to modify polyoxometalate structures. Poly-
oxometalate catalyzed pinacol rearrangement
was carried out in both homogeneous and het-
erogeneous system, thus the typical acidity of
catalyst is depending on medium reaction. Re-
cently, Uchida et al. [8] reported ionic crystals
based on polyoxometalate could catalyze pina-
col rearrangement to pinacolone due to p-p
stacking interaction in the crystal structure
and act as an acid species. In the previous re-
ports, study of acid catalyzed pinacol to pina-
colone rearrangement is focuses only for acid
can catalyzed the rearrangement without
deeply search the kind of acid. Thus in this re-
search we emphasized the topic of pinacol to
pinacolone rearrangement deeply by evaluate
the kind of acid. The aim of the present work
was to study acid type in pinacol rearrange-
ment using polyoxometalate catalysts. Poly-
oxometalates Ku[a-SiW1204] and Hala-
SiW12040] as shown in Figure 1 are used in
wide range area as catalyst but the reaction
medium 1s play important rule to obtain high
yield of product. In this research, toluene as
medium to pinacol rearrangement using poly-
oxometalate catalyst was used.

2. Materials and Methods

All starting materials were used directly af-
ter purchased without further purification i.e.
sodium tungsten, sodium metasilicate, hydro-
chloric acid, pinacol were from Kanto. Diethyl
ether and naphthalene were from Merck. The
polyoxometalate Ki[a-SiW1204] and Hyla-
SiW12040] were synthesized according to Téze
and Herve [9]. The KBr pellet was used for
sample preparation and FTIR Shimadzu
8201PC was used to characterize the sample at
wavenumber 400-4000 cm-l. TH NMR dJeol 400
MHz was used to investigate the existence of
proton in polyoxometalate and sample was dis-
solved in D20 as solvent. Monitoring reaction
was performed using gas chromatography (GC)

(b)

Figure 1. Polyoxometalates (a).Ks[a-SiW12040]
and (b).H4[a-SiW12040] [9]

Perkin Elmer with FID detector and TC-Wax
column. GC-MS was carried out using GC-MS
Shimadzu 2010QP.

2.1. Synthesis and Characterization of K4
[a-SiW12040]

Sodium metasilicate (11 g, 50 mmol) was
dissolved into 100 ml of water (solution A). So-
dium tungstate (182 g, 0.55 mol) was dissolved
into 300 ml of boiling water (solution B). A so-
lution of 4 M HCI (165 ml) was added drop by
drop over 5 min with vigorous stirring in order
to dissolve the local precipitate of tungstic acid.
Then solution A was added quickly to solution
B followed by adding 50 ml of 4 M HCI. The pH
is around 5 to 6. The solution was kept at 373
K for 1 hour. A solution of 1 M sodium tung-
state (50 ml, 50 mmol) and immediately there-
after, 80 ml of 4 M HCI were added. The solu-
tion was filtered after cooling to room tempera-
ture. The potassium salt was obtained by ad-
justing pH to around 2 with aqueous 1 M KOH,
and then solid KCI (50 g) was added. White
precipitate of Ki[a-SiWi2040] was obtained.
K4[a-SiW12040] was characterized using FT-IR
spectrophotometer.

2.2. Transformation and Characterization
of K4[a-SiW12040]to Hs[a-SiW12040][10].

Transformation of Ki[a-SiW12040] to Hala-
SiW12040] was carried out by ion exchange con-
cept. Solid material of Kai[a-SiWi12040] (50 g)
was dissolved in 100 ml water. Hydrochloric
acid was added slowly in the solution of Ka[a-
SiW12040] until volume of hydrochloric acid 50
ml. The mixture was dropped into separation
funnel and 50 ml of diethyl ether was added.
The mixture was extracted and the polyoxome-
talate layer was collected and evaporated.
White crystal of Ha[a-SiWi12040] was obtained
after evaporation which was purified using wa-
ter in several times. Polyoxometalate Ha[a-
SiWi2040] was characterized using FT-IR spec-
trophotometer and 'H NMR in D20 as solvent.

2.3. Rearrangement of Pinacol to Pina-
colone

Rearrangement pinacol to pinacolone was
carried out in reaction tube equipped with seal
and magnetic stirring. Detail procedure as fol-
lows: Into a reaction tube were successively
placed pinacol (46.5 mg, 0.394 mmol), naphtha-
lene (0.023 g, 0.18 mmol) as internal standard,
polyoxometalate as catalyst (0.0183 mmol), and
toluene (3 ml). Then nitrogen gas was intro-
duced into the system. The products and yields
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were determined by GC analysis in combina-
tion with mass spectroscopy.

3. Results and Discussion
3.1. Characterization of Catalyst

Polyoxometalates Ki[a-SiW12040] 1s white
solid material and water soluble. These potas-
sium polyoxometalate can be easily trans-
formed to Ha[a-SiW12040] by simple extraction
to form also white solid acid [11]. Polyoxometa-
late Hs4[a-SiW12040] is soluble in water and or-
ganic solvent such as methanol and ethanol.
Polyoxometalate Kai[a-SiWi1204] and Hyla-
SiW12040] unable be distinguished by physical
observation, thus spectroscopy such as FTIR
and 'H NMR spectroscopies are used to charac-
terizes of polyoxometalate Ki[a-SiW12040] and
H4[a-SiW12040]. The FTIR spectrum of Kila-
SiW12040] and Ha[a-SiW12040] is shown in Fig-
ure 2.

Characteristics vibration of polyoxometa-
lates K4[a-SiW12040] and H4[a-SiW12040] are
appeared at wavelength 980 cm-! for W=0, 926
cm-lfor Si-O, 881 cm'lfor W-Oc-W, and 786
cm-lfor W-Oe-W. Both polyoxometalates Ki[a-
SiW12040] and Ha[a-SiW12040] have similar ab-
sorption bands in FTIR spectrum [12]. Al-
though we unable to distinguish the character-
istic bands in polyoxometalates Ka[a-SiW12040]
and H4[a-SiW12040] but from their specific vi-
bration in Figure 2 we can conclude the avail-
ability of [a-SiW12040]4 species in the white
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Figure 2. FTIR spectrum of (a).Ks[a-SiW12040]
and (b).Ha[a-SiW120.40].

6.38
|
[

|

I
~rTrT ’Y""Tﬁ""'Y""Tf'"*V T TTTT 'TTW'Tfl"T'T’T7'”j'7ﬁ T T

| |
e " e " e N (] "

Figure 3. 'TH NMR spectrum of Hs[a-SiW12040]

solid material of polyoxometalates. In order to
know the potassium salt or acid properties in
polyoxometalates Ki[a-SiW1204] and  Hyla-
SiW12040], the measurement using 1H NMR is
vital. Spectrum 'H NMR of polyoxometalates
Ha4[a-SiW12040] is shown in Figure 3.

Spectrum 'H NMR polyoxometalates Hala-
SiW12040] in D20 as a solvent indicated single
peak at 6.38 ppm which has contribution from
proton in polyoxometalate Ha[a-SiW12040].
These results showed that four proton in poly-
oxometalate Hs[a-SiW12040] are equivalent in
the structure of [a-SiW12040]# and act as Bron-
sted acid [13], while no 1H NMR spectrum was
observed for polyoxometalate Ki[a-SiWi12040]
due to no proton peak in the chemical shift
from 1-15 ppm as shown in Figure 4. Bronsted
acid can be distinguished clearly using both 'H
NMR spectrum in Figures 3 and 4.

3.2. Pinacol rearrangement to pinacolon
using polyoxometalate as catalyst

Polyoxometalates K4[a-SiW12040] and Hyla-
SiW12040] were used as catalysts in pinacol re-
arrangement to pinacolone in toluene as me-
dium. As described in the introduction, cataly-
sis using polyoxometalate is depending on the
reaction medium [14]. Medium can be selected
from inorganic to organic solvent with polarity
wide range area. The results of pinacol rear-
rangement using polyoxometalate Ky[a-
SiW12040] and Ha[a-SiW12040] is shown in Ta-
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Figure 4. TH NMR spectrum of K4[a-SiW12040]
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Figure 6. Mass spectrum of (a).pinacolone and
(b). 2,3-dimethyl-1,3-butadiene.
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Figure 5. Chromatogram of pinacol rearrangement using polyoxometalates catalyst (below: at ini-
tial reaction, above: at 1 h reaction time).

Table 1. Pinacol rearrangement using polyoxometalates catalyst.

Selectivity to 2,3-

Entry Catalyst ?iii?éﬁ;l Con(\;/(j)r :ion pisrfiigﬁi)\ﬁzy(;?)a dimethyl-(lo,/?; -butadiene
4)a
1 Ka[a-SiW12040] 1 0 0 0
2 Ka[a-SiW12040] 10 0 0 0
3 K4[a-SiW12040] 20 0 0 0
4 Ha[a-SiW12040] 1 100 72 27

Reaction condition: temperature 373 °K, toluene 3 ml, catalyst 0.0183 mmol, naphthalene 0.18 mmol,
pinacol 0.394 mmol. (a) Percentage was determined using GC in combination with GC-MS. GC condi-
tion: detector FID, TC-WAX capillary column with internal diameter 0.25 mm and length 30 m.

ble 1 with chromatogram in Figure 5. The re- o Conversion = L4o— A

sults shows polyoxometalate K4[a-SiW12040] did T %100 %

not have -catalytically active properties for

pinacol rearrangement. The extent reaction o Vield =

. . . . . o Yleld =
time until 20 h also did not give pinacolone as [ Amount of produst |

main product. By the same condition with poly- x 100 %4
oxometalate Kai[a-SiW1204] we change the [ Total amount of reactant and product ]
catalyst using polyoxometalate Ha[a-SiW12040].
The results showed that at 1 h conversion of
pinacol is reached 100%. Percentage of conver-
sion and selectivity were calculated base on
equation in scheme 1. Identification using GC
in Figure 5 indicated of pinacolone and butadi-
ene were found as products in the reaction sys-
tem. The main product with m/z 100 is pina-
colone and another is 2,3-dimethyl-1,3-

% Selectivity = [ % Yield ]
[ % Conversion ]

x 100 %

Scheme 1. Equation for calculation % conver-
sion and % selectivity for pinacol to pinacolone
rearrangement. Ay = initial amount of reactant;
A; =remaining amount of reactant
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Scheme 2. Pinacol rearrangement by polyoxometalates catalyst.
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Scheme 3. Pinacol to pinacolone rearrangement using Bronsted acid [2].

butadiene with m/z 82. Figure 6 shows the
fragmentation pattern of these two products.

Calculation of peak area of two products re-
sulted 72% yield for pinacolone and 27% for 2,3
-dimethyl-1,3-butadiene. It was found that car-
bon balance for these catalytic reactions is 99%,
which indicated the equilibrium mass of reac-
tant to product. All results showed that pinacol
rearrangement to pinacolone was carried out
using Bronsted acid catalyst from polyoxometa-
late Ha[a-SiW12040] and summarized in Scheme
2 with total reaction in Scheme 3.

4. Conclusions

The Polyoxometalate Ka[a-SiW12040] can be
transformed to Ha[a-SiW12040] by ion exchange
method. Polyoxometalate Ki[a-SiWi2040] did
not active for pinacol rearrangement. Poly-
oxometalate Hs[a-SiW12040] showed its cata-
lytic activity for pinacol rearrangement to pina-
colone with formation of 2,3-dimethyl-1,3-
butadiene as byproduct. The pinacolone was
72% yield and 27% byproduct. The reaction sys-
tem is stable due to stability of carbon balance
in the reaction until 99%.
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