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Abstract

New covalently linked sulfonic acid modified silicas have been formed and characterised and their catalytic Bronsted activity evaluated.
Thus phenylmercaptoethyltrimethoxysilane, (MeO);SiCH,CH,SC¢Hs and benzylmercaptoethyltrimethoxysilane, (MeO);SiCH,CH,SCH,C¢Hs,
were used to prepare the corresponding T-functional silica derivatives silica ~ CH,CH,SCgH,4-4-SOsH and silica ~ CH,CH,SCH,C¢H4-4-SO;H
by grafting on commercial silica, followed by sulfonation of the aryl group. Solid-state NMR, DTA and surface area characteristics of the
materials are reported. The mercaptophenylsulfonic acid materials are thermally robust highly efficient solid catalysts for a range of transformations
including, esterification, etherification and carbonyl group protection. An apparent pore size effect on rate of conversion was observed. The

mercaptobenzylsulfonic acid materials were comparatively unstable.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Sulfonic acid; Silica; Solid acid; Catalyst; Ethylmercaptophenylsulfonic acid; Esterification; Etherification; Carbonyl group protection; Condensation

1. Introduction

There is considerable interest in covalently linked sulfonic
acid modified silicas owing in part to their application in
solid acid catalysis of liquid phase reactions. Silica supports
offer benefits of mechanical, thermal and chemical stabil-
ity in addition to facilitating substrate transport (wide pore
silicas) and offering broad solvent compatibility. A driv-
ing force for much of the work in this area is focused on
the need for thermally robust solid acid catalysts for liquid
phase organic transformations on relatively large molecules.
Immobilised sulfonic acid functionality may be introduced
starting from mercaptoalkyltrialkoxysilane compounds with
subsequent oxidation of the immobilised mercapto group. An
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alternative option is to start from arylalkyltrialkoxysilanes
introducing the sulfonic group by sulfonation of the immo-
bilised aryl group [1,2]. The latter route gives materials with
higher acid strength and higher conversions to sulfonic acid
in the post-modification step [2]. In pursuit of catalysts with
greater acid strength, silica perfluoroalkylsulfonic acids have
also been reported [3,4]. Numerous catalytic studies utilising
these materials have been reported some of which deal with
important esterification chemistry relevant to bio-diesel or emul-
sifier synthesis [5]. Other studies have variously focussed on
carbon—carbon bond forming chemistries such as condensa-
tions [6] or protecting group chemistries [7]. We report here
on new silica immobilised ethylmercaptophenyl and benzyl sul-
fonic acids of the type silica~ CH;CHSCgH4-4-SO3H and
silica ~ CH,CH,SCH;CgH4-4-SO3H and initial results on their
performance as solid acid catalysts in reactions covering ester-
ification, condensation, and carbonyl group protection. The
position of the sulfur atom in the linker chain has a marked
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Fig. 1. (a) Fitted ?Si MAS NMR 5b, (b) Fitted 2°Si MAS NMR 6, (c) '3C CPMAS NMR 5a, (d) '3C CPMAS NMR 4, (e) '3C CPMAS NMR 6.

Table 1
Key parameters of 5a, 5b and 6
Material Surface area (mZ/g) 2SO3H loading (mmol g") (%) Sulfonation of aryl precursors
Sa 165 0.7 69 (3a)
5b 358 0.7 99 (3b)
6 206 0.5 56 (4)

? Values from titration with base.
b Values obtained by comparison of [H*] mmol/g and [S] mmol/g.
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Fig. 2. DTA (in ambient air) profiles (a) 5a, (b) 5b and (c) 4 and (d) 6.

effect on the stability of the function and our results show that
the ethylmercaptophenylsulfonic acid system is an excellent
Bronsted acid catalyst.

2. Results and discussion
2.1. Materials synthesis

The new sulfonic acid modified silicas are derived
from the compounds (MeO)3;SiCH,CH;SCgHs 1 and
(MeO)3SiCH,CH,>SCH;CgHy4 2 which are readily obtained
by addition of the mercaptobenzene or mercaptobenzyl com-
pounds to vinyl trimethoxy silane as previously described
[8,9]. The ethylmercaptophenyl- or ethylmercaptobenzyl silica
materials, silica~ CH,CH;SCgHs/CH,CgHjs are formed from
the trimethoxysilyl compounds using sol-gel or grafting
methods. The work herein is focused on materials derived from
the latter route. Thus materials 3a and 3b were produced from
1 and commercial silicas with mesopore diameters of 60 and
150 A respectively while material 4 was produced from 2 and
the wider 150 A pore silica. Sulfonation was achieved using
sulfuric acid to give materials 5a, Sb and 6 (see Scheme 1).

The presence of the functional groups was confirmed by solid
state 22Si NMR (both T and Q Si environments seen) and '>C
NMR (resonances due the alkyl and aryl carbon environments
seen). Examples of solid-state spectra are shown in Fig. 1. Data
are summarised in Table 1. For the materials used in the study
reported here, comparison between the loading of sulfonated
functionality, determined by titration and total sulfur indicated
that the % of T sites sulfonated in each case was 69% 5a, 99%
5b and 56% 6. Subsequent optimisation of the sulfonation pro-
cess (see experimental) routinely affords >95% conversion. The
measured surface area of the wider pore grafted material Sb
from 150 A silica was significantly higher than that of material
5a from 60 A silica.

For 5a and 5b the '3C CPMAS spectra showed strong broad
single peaks due to the phenyl carbons and broad peaks due to
the linking ethyl carbons Fig. 1(c). The aryl, benzylic and ethyl
linker carbons appear as sharp singlets in 4 but the resonances
due to the benzylic and ethyl carbons merge into a broad multi-
plet in 6 suggesting multiple benzylic environments are present
following sulfonation (Fig. 1(d and e)).

The DTAs of the three materials stored in air prior to anal-
ysis, were recorded in an atmosphere of ambient air and show
endothermic loss of water at 100 °C (Fig. 2). Further endother-
mic processes begin at 350 °C for Sa and 280 °C for Sb. These
events are likely to include endothermic oxidative decompo-
sition of the immobilised sulfonic acids. It is interesting that
the decomposition starts at a lower temperature for the wider
pore material. For material 6 in contrast, there is exothermic
oxidative decomposition which begins at 280 °C. The difference
in the enthalpy change between 5b and 6 reflects the relative
thermal/oxidative stabilities of the mercaptobenzylic and mer-
captophenyl bonds in these arene sulfonic acid materials and the
latter is obviously more stable. The stability difference was also
observed in the catalytic studies undertaken.

2.2. Catalytic studies

The materials Sa, Sb and 6 were evaluated as catalysts in
reactions typically catalysed by protic acids. In the first set
of experiments esterification of fatty acids was investigated.
The studies provided useful comparative data on pore diame-
ter effect, specifically between 60 A, 5a and 150 10\, Sb as well
as effect of linker to the sulfonic group, specifically Sb versus 6.
The results are summarised in Table 2. The reactions typically
employed 5 mmol of fatty acid and 0.1 g of catalyst (equivalent
to 1.4 mol % acid 5a, Sb, and 1 mol % acid 6). Esterification of
oleic acid with methanol, ethanol and butanol proceeded cleanly
to completion for all three catalysts in 6—8 h for Sa and Sb while 6
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Table 2
Catalytic esterification and transesterification

CH3(CH,);CH=CH(CH;)},CO,H +ROH  CH3(CH,);yCO>H + ROH  CH5(CH,),CO,Et + ROH

|

CH](CHz)chZCH(CHz)j{COzR + H20
Esterification of Oleic acid

CH3(CH3)1pCO2H +H,0 CH3(CH;)4CO5R + EtOH
Esterification of Lauric acid Trans esterification of
ethylcaproate

Entry Catalyst Temperature (°C) Time (h) —1(%) —2 (%) —3 (%)

A-Oleic acid and methanol Sa® 64(8) 99 99 99
5h 64(8) 99 99 99
6° 64(6) 96
Blank 64(7) 4%

B-Oleic acid and ethanol Sa 80(8) 99 99 994
5b 80(8) 99 99
6 80(8) 80 41
Blank 64(8) 4

B-Oleic acid and butanol Sa 118(9) 98 - -
5b 118(8) 99 99
Blank

C-Lauric acid and methano Sa 65(6) 99 - -
5b 64(6) 99
Blank

D-Lauric acid and ethanol Sa 80(7) 99 99 99
5b 80(7) 99 99
Blank

E-Lauric acid and butanol Sa 118(9) 98 - -
5b 118(7) 99
Blank

F-Ethyl caproate and butanol Sa 118(10) 97 - -
5b 118(10) 98
Blank

G-Ethyl caproate and pentanol Sa 118(10) 98 97 -
5b 118(9) 99
Blank

2 Leaching test: 1 h contact with catalyst then hot filtration; conversion at 1 h 14 % and at plus 5 h in filterate 15%.
b Leaching test: 1 h 47%, plus 5h 47%.

¢ Leaching test: 1 h 50%, plus 5h 62%.

d Recycled 11 times without loss.

took noticeably longer to reach completion in each case. A sim-
ilar trend was seen with esterification of lauric acid and trans

esterification of ethylcaproate. The phenylsulfonic acid cata- 90 - Esterification Profiles

lysts showed similar activity while the benzyl sulfonic catalyst i

appeared less active than both. The catalyst Sa was recycled for 4
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decomposition of 6. Indeed 6 was less active in the formation

of methyl oleate when the catalyst was pre-treated by stirring in Fig. 3. Reaction profiles for the esterification of oleic acid with ethanol using
refluxing MeOH for several hours, filtering and drying before use 5a (diamond) and 5b (sphere).
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Table 3
Catalytic carbonyl protection and etherification
Entry Catalyst °C (hours) (%)
H-Ketalisation of actophenone ©_< HO "OH %ﬁ @—\\O 5a 110(7) 992
+
I-Etherification AN 4 > H,0 5a/5b 120(7) 99b
HO o)
(0] /O
HO OH ——— 0
J-Dehydration of D-Xylose \ / 5b 140(24) 99
HO OH
L-Aldol condensation @ \p O | 5a 110(24) 51
|
o) o) o
5b 110(24) 95

4 The catalyst was recycled three times without loss.
Y The diol was replenished five times.

(conversion was 9% after 1 h compared to 50% for the untreated
material). The presence of aryl proton signals in the proton NMR
of the evaporated MeOH washings confirmed that decomposi-
tion of the immobilised functional group had occurred. When
pre-treated and assessed in a similar fashion neither 5a nor Sb
showed evidence of decomposition.

The esterification of oleic acid with ethanol using Sa and Sb
was examined more closely. A kinetic effect was observed in
the early stages of the process was observed (Fig. 3). The wider
pore material Sb converted at roughly three times the rate of Sa
during the first hour. The catalysts had the same acid loading but
5a had additional non-sulfonated aryl T-functions ~0.3 mmol/g.
The rate of conversion in 5b slowed after the first hour leading
to similar conversions for both Sa and 5b by the fourth hour.

This suggests that transport to the active site is more efficient
for the wider pore material in the early stages of the reaction
but this apparent pore size benefit disappears in the latter stages
presumably as the pore environment becomes saturated with
product. Materials Sa and Sb proved to be active catalysts for
carbonyl group protection and cyclic ether formation (Table 3).
For transformations with more significant steric demand such as
aldol condensation, the wider pore material Sb appeared to be
more efficient.

3. Conclusions

The new silica immobilised ethylmercaptophenyl sulfonic
acid materials described in this paper displayed excellent and
recyclable solid acid catalytic activity without leaching. The
analogous ethylmercaptobenzyl sulfonic acid system is appar-
ently not stable under the aerobic conditions employed in these

studies. The benzylic carbon may be vulnerable to nucleophilic
attack. We are currently exploring the applications of these mate-
rials for esterification and transesterification of glycerol and
triglycerides in both pure and waste oils.

4. Experimental section

All reagents used were purchased from Aldrich, Avocado
or Lancaster and were used without further purification, unless
otherwise stated. Instruments: solution state 'H NMR and '3C
NMR were recorded on a JEOL JNM-EX270 spectrometer
(solvent CDCl3 unless otherwise specified, lock and standard
obtained automatically from the solvent used at 68 MHz);
solid state NMR, Bruker AMX 400 MHz (*Si SPE MAS,
frequency 119.2MHz, spinning speed 12kHz; 1min recy-
cle delay, with 2 s ~45° pulse; '3C CP MAS; frequency
150.9 MHz, spinning speed 10 kHz, 1 ms contact time, 5 s delay,
90°pulse for 3.5 ws). Mass spectra were recorded on a Micro-
mass Quattroll mass spectrometer. Surface areas were measured
using a Micromeritics Flowsorb II 2300 single point surface
area analyzer silica~ CH;CH,SC¢H4SOsH 5a and 5b and
silica~ CH,CH>SCH,CgH4SO3H 6. A mixture of phenylmer-
captoethyltrimethoxysilane, (MeO)3SiCH;CH;SCgHs or ben-
zylmercaptoethyltrimethoxysilane (28 mmol) and silica (15 g)
in toluene (30 mL) was refluxed 6 h. The cooled mixture was fil-
tered and the solid washed with toluene (30 mL) and methanol
(3mL x 30mL) whence the solid was completely odourless. It
was then stirred in sulphuric acid (fuming) (5g in 20mL) at
45°C for 1.5h. The cooled mixture is filtered and the solid
washed with water (2 mL x 20 mL) and methanol (20 mL) and
finally oven dried at 80 °C for 24 h.
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13C CPMASNMR 10.1 (s, SiCH»), 26 (s, SCHy) 126
(C6H4SO3H and C5H5).

29Si MASNMR 71 (brs, T-sites), —109, —118 (br m, Q-sites).
Found % S: 5.64% 5a, 4.48% 5b.

Degree of sulfonation: 69% Sa, 99% 5b.

The ethylmercaptobenzylsulfonic acid material was pre-
pared in the same way starting froml-benzylmercapto-2-
(trimethoxysilyl)ethane.

e 3C CPMASNMR 9.5 (s, SiCH>), 36 (br m, CH,S/SCH,Ph)
126 (C¢H4SO3H and CgHs).

e 29SiMASNMR 70 (brs, T-sites), —109, —118 (br m, Q-sites).

e Found % S: 4.39% 6. Degree of sulfonation 56%.

Materials used in this work were prepared and had the anal-
yses described above.

Subsequent optimisation of the sulfonation process whereby
silicaethylmercaptobenzene (3a or 3b) 20 g is stirred at room
temperature for 12 h in a mixture of 98% sulphuric acid (50 mL)
and 20% oleum (2.5mL) and worked-up as described above,
routinely gives >95% sulfonation.

4.1. Esterification of oleic and lauric acid

Oleic acid (1.41 g, 5Smmol, 1.58 mL) or lauric acid (1.01 g,
5 mmol) and alcohol (10mL) and catalyst, (0.1 g) were stirred
and heated under reflux at the temperatures and for the times
shown in Table 1. The reaction was monitored by TLC (90%
petrol, 10% ethyl acetate). The mixture was cooled to room
temperature and the catalyst filtered off. The volatiles were evap-
orated from the filtrate using a rotary evaporator to afford the
product. Conversion was determined by integration of the alkene
and ester OCH; proton environments for oleic acid esterifica-
tion and either the terminal CH3 or CH; 3 to carbonyl and ester
OCHj; protons for lauric acid esterification.

4.2. Esterification of ethylcaproate

Ethyl caproate (0.72 g, 5mmol, 0.82 mL), butanol (10 mL)
and catalyst (0.1 g) were stirred and heated under reflux for times
and temperatures given in Table 1. The reaction was monitored
by TLC (90% petrol, 10% ethyl acetate). The mixture was cooled
to room temperature and the solvent removed from the filtered
product using a rotary evaporator to give a colourless oil. Con-
version was determined by integration of the terminal CH3 or
the CHj; B to carbonyl and ester OCH, protons.

4.3. Ketalisation reaction of acetophenone with ethylene
glycol (Isolation of 2-methyl-2-phenyl-[ 1,3 ]dioxolane)

A mixture containing acetophenone (2.4g, 20mmol,
2.33mL), ethylene glycol (5g, 8 mmol, 4.49mL), catalyst
(0.2 g) and toluene (25 mL) was refluxed using a Dean-Stark
apparatus for 7 h. The catalyst was filtered off and washed with
toluene. The combined filtrate and washings were then washed

with water and dried over MgSO,. The solvent was removed by
rotary evaporation. The product was pure ketal by NMR.

4.4. Etherificatin of 1,4-Butanediol

1,4-butanediol (10.2 g, 112 mmol, 10 mL) and catalyst (0.1 g)
was heated at 130 °C under reflux and the THF collected via a
pressure equalized dropping funnel. The diol was replenished
five times. Conversion was determined by the amount of THF
produced. Catalyst activity was maintained during these five
sequential runs.

4.5. Aldol condensation reaction between benzaldehyde
and acetophenone (Isolation of 1,3-Diphenyl-propenone)

A mixture of benzaldehyde (2.12 g, 20 mmol, 2.03 mL), ace-
tophenone (2.40g, 20mmol, 2.33mL), catalyst, (0.2g) and
toluene (25 mL) was refluxed using a Dean-Stark apparatus for
24 h. The catalyst was filtered and washed with toluene and the
combined washings and filtrate washed with water and dried over
MgSO;4. The solvent was removed by rotary evaporation. Con-
version was determined by integration of proton NMR signals
due to acetophenone and alkene protons.

4.6. Dehydration of D-Xylose

D-Xylose (0.2 mmol) and 5b (23 mg) in DMSO (1 mL) was
heated at reflux for 24 h. Conversion to furfural was determined
on the basis of appearance of resonance due to the aldehyde and
absence of resonances due to the starting D-xylose.
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