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A  simple  easily  scalable  one-pot  route  to new  phosphonic  acid  polysilsesquioxanes,  PAPSQ,
[(O3/2SiCH2R)x(O3/2SiCHR(CH2)2SiO3/2)y]n where  R =  CH2PO3H2, is  described  in this  paper.  Nuclear  mag-
netic  resonance  (NMR),  electron  microscopy  (SEM),  thermogravimetric  analysis,  nitrogen  sorption
porosimetry,  phosphorus  and available  acid analysis  were  used  to  characterise  the  new  PAPSQ  mate-
rials.  The  materials  were  shown  to be  very  efficient  and  recyclable  mild  solid  acid  catalysts  for  organic
eywords:
olysilsesquioxane
olid acid catalyst
hosphonic acid
ransesterification
-Hydroxymethylfurfural

transformations  including  those  relevant  to biomass  conversion  such  as  esterification,  transesterification
and  dehydration  of  fructose  to  the  important  intermediate  5-hydroxymethylfurfural.

© 2013 Elsevier B.V. All rights reserved.
. Introduction

Molecular cages, resins, glasses and ordered mesoporous
olids derived from precursor organotrialkoxysilanes such as
Si(OMe)3 or the bridged type precursors (MeO)3SiRSi(OMe)3
re polysilsesquioxanes, PSQ, and are represented as [RSiO3/2]n

r [O3/2SiRSiO3/2]n in the fully condensed forms. The organic
roups R are important in determining the properties and applica-
ions PSQ display. Polysilsesquioxane, PSQ, materials, [RSiO3/2]n or
O3/2SiRSiO3/2]n where R is a functional organic group are of great
urrent interest with potential application areas in energy mate-
ials, drug delivery systems and as separation media [1–6]. The
rganic–inorganic hybrid composition provides excellent thermal
tability and built-in chemical functionality makes these materials
deal candidates for heterogeneous catalysis applications. New PSQ

aterials and their catalytic applications are frequently reported
7–13] but the translation of this research to industrial application
s apparently limited by the complexity of synthesis and cost [7,8].
SQs with phosphonic acid functional groups are a relatively lit-
le explored class. Compared to stronger Brønsted acid functions
uch as sulfonic acid, phosphonic acid is relatively mild and conse-
uently may  be less prone to promotion of side reactions. We  report

ere on new phosphonic acid functionalised PSQs which are readily
ynthesised on a large scale, along with studies that demonstrate
heir use as solid Brønsted acid heterogeneous catalysts.

∗ Corresponding author.
E-mail address: a.c.sullivan@qmul.ac.uk (A. Sullivan).

1 Joint first authors.

381-1169/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.molcata.2013.03.021
2. Experimental

Solvents and reagents used were purchased from Aldrich. Pro-
ton, carbon and phosphorus NMR  spectra of PAPSQ materials
dispersed in NaOD/D2O were recorded on Bruker AMX  400 or
600 MHz  instruments. Solid state spectra were obtained using a
Bruker AMX  600 MHz  instrument: 29Si HPDec MAS, frequency
119.2 MHz, spinning speed 12 kHz; 1 min  recycle delay, with 2 �s
∼45◦ pulse; 31P CP MAS; frequency 242.9 MHz, spinning speed
12 kHz, 1 ms  contact time, 1.5 s delay, 90◦ pulse for 2.0 �s. SEM
was recorded on a JEOL 6300F scanning electron microscope and
TGA on a TA Q500 ramped at 10 ◦C/min under nitrogen. Nitro-
gen adsorption–desorption was  recorded on a Qantachrome Nova
porosimeter. Phosphorus elemental analysis was obtained from
Medac Ltd.

2.1. Preparation PAPSQa and PAPSQb
[(O3/2SiCH2R)1.5(O3/2SiCHR(CH2)2SiO3/2)]n R = CH2PO(OH)2

To dimethyl phosphite (37.2 g, 31 mL,  0.338 mol) was  added
vinyltrimethoxysilane (33 mL,  0.215 mol) and the mixture heated
with stirring at 110 ◦C for 2 h. Di-tert-butyl peroxide (1 drop)
was added every 15 min  for 2 h after which no vinyl resonances
could be detected by 1H NMR. The excess dimethyl phosphite was

removed under reduced pressure and the residual colourless liq-
uid containing, 1, dimethylphosphonatoethyltrimethoxysilane and
2, 2,4-bis(trimethoxysilyl)-1-dimethylphosphonato butane in ratio
1.5:1 (31P NMR  (CDCl3) 1 35.68(s) 2 35.48(s)) was  treated further.

dx.doi.org/10.1016/j.molcata.2013.03.021
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:a.c.sullivan@qmul.ac.uk
dx.doi.org/10.1016/j.molcata.2013.03.021
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.1.1. PAPSQa
HCl (160 mL  of 5 M)  was added to 20 g of the colourless liq-

id (from Section 2.1) and then stirred under reflux for 5 h. On
ooling to room temperature the white solid was filtered and
ashed extensively with distilled water and methanol. The solid
as dried under reduced pressure at 120 ◦C for 4 h to afford a white
owder PAPSQa (10.9 g, 89.7%). Surface area: 65 m2 g−1, 29Si MAS
Si: −63 (br s) deconvoluted peaks at −53, −58, −63. 31P CPMAS
MR  ıP 33 (PO(OH)2, 90%) 24 (Si OH–O P(OH)2, 10%). Found P
.96 mmol  g−1.

.1.1.1. Accessible acid measurement. In a typical measurement to
etermine the phosphonic acid first proton exchange capacity, a
ample of PAPSQa 0.2040 g was shaken in 50 mL  of 0.5 M sodium
ormate solution for 60 h. The formic acid produced was titrated
ith 20 mM NaOH. Accessible acid in PAPSQa: 3.3 mmol g−1.

.1.1.2. NMR  PAPSQa dispersed in (NaOD/D2O). PAPSQa was dis-
ersed in NaOD/D2O wherein the phosphonate is fully ionised
hile Si-C bonds remain intact. This is a convenient way to confirm
resence of components (1) and (2) (see below)
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ıP (PAPSQa) 26.8 (s, P (1)), 25.6 (s, P (2)) intensity ratio 1.5:1.
H (1) 0.65 (Ha, m,  2H), 1.36 (Hb, m,  2H); ıC (1) 7.6 (C1), 22.6 (d,
2) (Assignments confirmed by HSQC [14]), ıH (2) 0.53 (m,  Hb,

(b,a),15.27 Hz, J(b,e), 3.43 Hz, J(b,g), 8.73 Hz), 0.73 (m,  Ha, J(a,b),
5.27 Hz, J(a,e), 10.45 Hz, J(a,g), 4.2 Hz), 0.99 (m,  Hc, J(c,d), 5.22 Hz,
(c,e), 9.76 Hz, J(c,f), 9.32 Hz, J(c,g), 4.27 Hz, J(c,P), 14.10 Hz), 1.27 (m,
d, J(d,f), 14.90 Hz, J(d,P), 17.62 Hz), 1.55 (m,  He, J(e,g), 13.48 Hz),
.63(m, Hf, J(f,P), 16.2 Hz), 1.89 (m,  Hg, J(e,g), 13.48 Hz), ıC (2) 11.6
C1), 21.1 (C2), 26.6 (C3), 31.0 (d, C4) (Assignments confirmed by
SQC [14]).

Note: the NUMERIT [15] simulated and experimentally
bserved 1H NMR  spectrum features of the complex seven pro-
on spin system in component (2) are shown in Supplementary
nformation Fig. A.

Supplementary data associated with this article can be
ound, in the online version, at http://dx.doi.org/10.1016/j.molcata.
013.03.021.

.1.2. PAPSQb
To 6.0 g of the mixture of 1 and 2 mole ratio 1.5:1 (from

ection 2.1) was  added aqueous hydrochloric acid (1 M,  15 mL)

nd methanol (180 mL). The resultant solution was  placed in a
olypropylene plastic bottle and warmed to 90 ◦C for 16 h. The
ormed glass was ground to a powder. To this powder, hydrochloric
cid (5 M,  50 mL)  was added slowly and the resultant mixture was
 A: Chemical 374– 375 (2013) 59– 65

stirred under reflux for 12 h. On cooling to room temperature the
solid was  filtered and then washed extensively with distilled water,
methanol and diethyl ether. The solid was  then dried at 120 ◦C for
4 h to yield a white powder PAPSQb (2.9 g, 79%).

Surface area: 80 m2 g−1, 31P NMR  (NaOD/D2O) ıP: 25.2, 26.3 ratio
1:1.5; 31P CPMAS NMR  ıP 32.2 (br s), 29Si MAS  ıSi: −63 (br s) decon-
voluted peaks at −58, −64, found P 5.1 mmol g−1 Accessible acid by
titration 3.3 mmol  g−1.

2.2. Catalysis

Quantity of catalyst used (mol%) was based on the available acid
determined by titration. Percentage conversions were determined
by 1H NMR  spectroscopy or isolated products. Turnover numbers
are based on three cycles in each case. Blank reactions were per-
formed in the absence of catalyst. The catalyst was recycled either
after filtration and washing or after removal of the product solution
and addition of fresh reagent and solvent. Leaching was assessed by
interrupting the reaction (ketalisation, esterification and transes-
terification) at partial conversion (1 h), separating the liquid phase
from the catalyst using a 0.2 �m filter and measuring conver-
sion again at the specified reaction time. No evidence of leaching
was detected. The ketalisation, esterification and transesterifica-
tion experiments were also run using the equivalent quantity of
phosphoric acid as catalyst.

2.2.1. Protection of ketones (ketalisation)
A mixture of acetophenone (4.8 g, 40.0 mmol, 4.7 mL), ethane-

1,2-diol (6.7 g, 107.6 mmol, 6.0 mL)  catalyst (30 mg,  0.25 mol%) in
toluene (30 mL)  was  refluxed 10 h using a Dean-Stark apparatus.
The reaction was followed by TLC. The reaction mixture was cooled
to room temperature, the catalyst filtered off and washed with
ether (20 mL). The ketal product 2-methyl-2-phenyl-1,3-dioxolane
was obtained as a white solid from the filtrate after washing with
water (3 × 20 mL)  and drying over magnesium sulfate.

1H NMR  (CDCl3): ıH: 1.67 (s, 3H), 3.78 (t, 2H), 4.02 (t, 2H),
7.25–7.56 (m,  5Harom).

2.2.2. Esterification of oleic acid
Oleic acid (1 g, 3.54 mmol), catalyst (20 mg,  1.9 mol%) and

ethanol (6 mL)  were combined and the reaction mixture was
refluxed for 8 h then heated to 90 ◦C for 2 h using an air condenser.
The evaporated solvent was  replaced with dry ethanol and the
mixture heated a further 2 h using an air condenser. Ether (30 mL)
was added to the cooled mixture and the catalyst was  filtered off,
washed with diethyl ether and retained for recycling. The organic
solvents were removed from the filtrate. Conversion to the ethyl
oleate was determined by integration of the total alkene proton
signal at ıH 5.33 (m,  2H) against the ester methylene signal at ıH
4.11 (q, 2H, OCH2CH3).

2.2.3. Transesterification of ethyl oleate
Ethyl oleate (1.55 g, 5 mmol), catalyst (50 mg,  3.3 mol%) and pen-

tanol (10 mL)  were refluxed for 12 h. The reaction was  followed
by TLC. On cooling, ether (30 mL) was added and the catalyst was
filtered off. The organic solvents were removed. Conversion was
determined by integration of the alkene proton signals at ıH 5.35
and the ester methylene signal at ıH 4.13 (t, 2H, OCH2(CH2)3CH3).

2.2.4. HMF synthesis
Fructose (206 mg,  1.14 mmol) was dissolved in deionized water

(1.8 g) and PAPSQa (209 mg)  was added to this solution. An organic

phase (2 g) containing MIBK and 2-butanol in 7:3 ratio was added to
the reaction vessel to obtain a biphasic mixture. The reaction mix-
ture was  heated to 130 ◦C, while stirring at 600–700 rpm for 12 h.
The reaction mixture was then cooled to 90 ◦C without stirring,

http://dx.doi.org/10.1016/j.molcata.2013.03.021
http://dx.doi.org/10.1016/j.molcata.2013.03.021
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cheme 1. Conditions: (i) direct hydrolysis with 5 M HCl gives PAPSQa x/y = 1.5; or
ii) sol-gel process 1 and 2 (MeOH, aqueous HCl) and hydrolysis of xerogel with 5 M
Cl gives PAPSQb x/y = 1.5.

he organic phase (top layer) removed, another batch of fructose
200 mg)  and organic phase added and the process repeated. In this

anner three catalytic cycles were assessed. In each case pure HMF
by NMR) was obtained from the removed organic phase. The iso-
ated yields of HMF  from the organic layers based on d-fructose
aken in each cycle were 51, 57 and 57%.

Repeating this process with PAPSQb (203 mg)  and fructose
204 mg)  in three catalytic cycles afforded HMF  product yields of
9, 72 and 73%.

.2.5. Comparative catalytic activity for ketalisation,
sterification and transesterification

The reactions as described above in Section 2.2.1, Section 2.2.2,
nd Section 2.2.3 and identical ones employing phosphoric acid
s catalyst at the same mol% phosphorus were sampled at regular
ntervals up to 5 h and the % conversion evaluated.

.2.6. Comparative catalytic activity for ketalisation
A mixture of acetophenone (4.8 g, 40.0 mmol, 4.7 mL), ethane-

,2-diol (6.7 g, 107.6 mmol, 6.0 mL)  and catalysts PAPSQa, PAPSQb
r phosphoric acid, adjusted to give 0.2 mol% acid, was refluxed as
n Section 2.2.1 and samples taken for analysis at regular intervals.

. Results and discussion

.1. Synthesis

The objective of this work was to explore simple routes for the
ynthesis of new phosphonic acid functionalised polysilsesquiox-
nes, PAPSQ and to investigate the solid acid catalytic activity
f these materials. We  have previously reported on the micro-
orous PAPSQ material [3/2OSiCH2CH(PO(OH)2)CH2CH2SiO3/2]n

hich has an in-framework phosphonic acid group [16]. The
recursor for this material required the tedious synthesis of 1,4-
is(triethoxysilyl)but-2-ene and subsequent radical addition of
PO(OEt)2 to the ene fragment making this a relatively long and
ostly method. Others have reported [17] on the 2-component
APSQ system [(O3/2SiCH2CH2(PO(OH)2))x(O3/2Si(CH2)2SiO3/2)y]n

btained by co-hydrolysis and condensation of the precursors
(EtO)3SiCH2CH2PO(OEt)2] and [(MeO)3Si(CH2)2Si(OMe)3].

New phosphonic acid polysilsesquioxanes, PAPSQ,
(O3/2SiCH2R)x(O3/2SiCHR(CH2)2SiO3/2)y]n where R = CH2PO3H2,

ere synthesised starting from the mono and bis-

rialkoxysilylalkylphosphonate esters (Scheme 1). The known
hosphonate ester compounds, 1, dimethylphosphona-
oethyl trimethoxysilane [18] and 2, 2,4-bis(trimethoxysilyl)
 A: Chemical 374– 375 (2013) 59– 65 61

-1-dimethylphosphonatobutane [19], were formed in this work
as a two-component mixture in a simple radical addition reac-
tion between dimethylphosphite and vinyltrimethoxysilane in
the presence of di-tert-butylperoxide. Both compounds were
produced even when excess dimethylphosphite was  employed.
For dimethylphosphite:vinyltrimethoxysilane 1.6:1, compounds
1 and 2 were formed in 1.5:1 ratio as evidenced by the relative
integration of 31P NMR  resonances at ı 35.68 for 1 and ı 35.48
for 2. The percentage of 2 in the mixture may  be increased by
increasing the proportion of vinyltrimethoxysilane in the reac-
tion. For example, at dimethylphosphite:vinyltrimethoxysilane
ratio of 0.5 the ratio of 1–2 formed was  0.9:1. This simple
reaction allowed for easy one-pot formation of precur-
sors to bridged polysilsesquioxane materials PAPSQ with
very high phosphonic acid loading. In contrast the multi-
step routes to [3/2OSiCH2CH(PO(OH)2)CH2CH2SiO3/2]n and
[(O3/2SiCH2CH2(PO(OH)2))x(O3/2Si(CH2)2SiO3/2)y]n mean that
these are significantly more demanding to synthesise.

The phosphonate ester mixture was converted to two-
component amorphous phosphonic acid polysilsesquioxane mate-
rials, PAPSQ. This was achieved either by a one-pot hydrolytic
co-polycondensation of the mixture of 1 and 2, using 5 M HCl
to give directly the phosphonic acid polysilsesquioxane desig-
nated PAPSQa or by sol-gel processing to an isolated intermediate
ethylphosphonate ester xerogel followed by hydrolysis of the
crushed xerogel with 5 M HCl to give the material PAPSQb (see
Scheme 1). The materials obtained were washed extensively with
distilled water, methanol and diethyl ether. Of the two  routes,
the one pot direct hydrolysis route had the advantage of avoiding
any need to form, isolate and grind an intermediate ethylphos-
phonate ester xerogel [(O3/2SiCH2R)x(O3/2SiCHR(CH2)2SiO3/2)y]n

where R = CH2PO(OEt)2. It avoided the need for large quantities of
methanol and facilitated the synthesis of much larger batches of
material in ∼10 h compared to ∼30 h. In addition the direct hydrol-
ysis route also afforded a 10% higher overall yield of product.

3.2. NMR features

Materials PAPSQa and PAPSQb had similar NMR  spectroscopic
features. The ratio x/y of phosphorus components in the PAPSQs
shown in Scheme 1 was determined from the 31P NMR  of materials
dispersed in NaOD/D2O solution (Fig. 1). The 31P CPMAS NMR of the
solid PAPSQ appeared as broad peaks around ı 33 ppm (Fig. 1). A
small peak was also present at ı 24 ppm indicative of some Si OH–
O P(OH)2 interaction [20,21].

When the materials were dispersed in NaOD/D2O the 31P reso-
nances of the two  fully ionized phosphonic acid components were
clearly distinguished and shifted to higher field compared to the
phosphonic acid (Fig. 1(b) and (f)). Under these conditions the bulk
material Si O Si framework was sufficiently hydrolysed to facil-
itate dissolution while Si C bonds remained intact and this was
a convenient way  to observe the different phosphorus containing
components. Solid state 29Si NMR  on PAPSQa and PAPSQb gave
broad resonances centred at ı −63 ppm, Fig. 1(c) and (g) which after
deconvolution, Fig. 1(d) and (h) were found to have the silicon envi-
ronments in (PAPSQa)PAPSQb T1(12.7%)0%,T2(27.8%)49.8%, and
T3(59.5%)50.2%, with overall condensation (82%)83% respectively.
Tn denotes the number of Si O Si bonds at the trifunctional silicon.

The silicon–carbon–phosphorus skeletons of the two phospho-
rus components in PAPSQa were observed in the 1H and 13C
NMR  spectra of a sample dispersed in NaOD/D2O (see experimen-

tal). Spectral assignments of the different proton environments in
dispersed PAPSQa were made after simulation using HSQC (Hetero
Single Quantum Coherence) [14] and NUMERIT [15] experiments
(see supplementary information Fig. A).
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.3. Texture

The as synthesised PAPSQa and PAPSQb were ground to fine
owders. The ground powders were non porous and had sur-

ace areas and pore volumes of 65 m2/g, 0.09 cm3/g (PAPSQa) and
00 m2/g, 0 cm3/g PAPSQb. A fused nanoparticle surface texture
as seen for both materials as shown in Fig. 2 where PAPSQb dis-
lays a finer texture.
PSQb 29Si MAS  NMR  (c) PAPSQa (g) PAPSQb and Deconvoluted 29Si MAS  NMR  (d)

3.4. Thermal properties

The TGA profiles of as-formed PAPSQa and PAPSQb materials
pre-dried at 120 ◦C were recorded under nitrogen and are shown

in Fig. 3. Weight loss from PAPSQa(PAPSQb) of 1.3%(5%) due to
retained solvent or water was  observed below 150 ◦C. Further grad-
ual weight loss ∼8%(5%) was  observed between 150 and 475 ◦C.
This may  reflect further condensation of silanol. The weight loss
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Fig. 2. SEM of (a) PAPSQa (b) PAPSQb.
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files for the solid acids may  in part be due to minor differences in
mechanical mixing during the process (powder PAPSQb was  con-
siderably finer than powder PAPSQa which affected its distribution

Table 1
PAPSQ solid acid catalytic data.

Entry Catalyst (%) Conversion or yielde for
cycles 1,2,3 (TON)f

1a PAPSQa 97,97,97 (1175)
2a PAPSQb 98,97,97 (1175)
3a Phosphoric acid 90
4b PAPSQa 97,95,97 (154)
5b PAPSQb 96,99,99 (154)
6b Phosphoric acid 50
7c PAPSQa 92,93,93 (84)
8c PAPSQb 92,92,92 (84)
9c Phosphoric acid 93
7d PAPSQa 51, 57, 57 (2.7)
8d PAPSQb 59, 72, 73 (3.5)

a Ketalisation of acetophenone. Conditions: 40 mmol acetophenone and ethane-
1,2-diol (6 mL)  in toluene (30 mL)  and 30 mg  phosphonic acid 0.25 mol% based on
titrated acid (or 0.25 mol% phosphoric acid). Blank reactions (no catalyst) gave zero
Fig. 3. TGA of (a

2%(10%) above 475 ◦C could represent condensation due to P O P
ond formation and/or elimination of small hydrocarbon frag-
ents. Overall weight loss at 600 ◦C was less than 23% in both

ases.

.5. Catalytic studies

To assess stability and activity the PAPSQ materials were initially
ssessed as catalysts in organic transformations including protec-
ion of ketones and esterification/transesterification of acids and
sters respectively. This was followed by a more complex transfor-
ation involving dehydration of fructose where there are several

otential products. All results are summarised in the Table 1.
The % conversions (92–98%) for ketalisation of actetophenone

Scheme 2) measured after 10–12 h from catalysts PAPSQa and
APSQb were high.

Both catalysts were easily separated from reaction media by
ltration and were recycled further without loss of activity. To
chieve a comparison between the catalysts PAPSQa, PAPSQb and

 homogeneous analogue, the initial progress of reaction was  fol-
owed for the ketalisation of acetophenone using the solid acids

nd phosphoric acid under identical conditions and with 0.2 mol%
f the acid in each case. The results (Fig. 4) showed steady rates of
onversion in all three cases with 94% conversion for PAPSQa after
.5 h, while phosphoric acid had 85% and PAPSQb 73% conversion in

O
HO

OH
+

O

Ocatalyst

Scheme 2. Ketalisation of acetophenone.
Qa (b) PAPSQb.

the same time period. The apparent differences in conversion pro-
conversion.
b Esterification of oleic acid. Conditions: 3.5 mmol oleic acid, 20 mg catalyst

corresponding to phosphonic acid, 1.9 mol% based on titrated acid (or 1.9 mol%
phosphoric acid); ethanol (6 mL), at 90 ◦C for 12 h.

c Transesterification ethyloleate conditions: 5 mmol ethyl oleate, 50 mg catalyst
corresponding to phosphonic acid 3.3 mol% based on titrated acid and pentanol
(10 mL); refluxed 12 h.

d 10 wt%  aqueous fructose in 1:1 w/w aqueous/organic phases (organic phase 7:3
MIBK:2-butanol) and 1:1 w/w fructose and PAPSQa.

e Conversion determined by NMR  for entries 1–6 and yield of HMF  isolated from
organic phase only and confirmed by NMR  for entry 7 and 8.

f TON = mole product mol−1 available acid after the 3 cycles.
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CH3(CH2)7CH=CH(CH2)7CO2H + EtOH CH3(CH2)7CH=CH(CH2)7CO2Et + H2O
catalyst

CH3(CH2)7CH=CH(CH2)7CO2Et + C5H11OH CH3(CH2)7CH=CH(CH2)7CO2C5H11 + EtOH
catalyst

Scheme 3. Esterification of oleic acid and transesterification of ethyloleate.
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Scheme 4. Dehydr

n this two phase toluene–ethanediol mixture). The PAPSQa pro-
le indicates a slightly faster rate of conversion compared to the
omogeneous phosphoric acid catalyst in this reaction.

Both catalysts PAPSQa and PAPSQb gave high conversions for
sterification of oleic acid and trans-esterification of ethyl to pentyl
leate (Scheme 3).

These experiments showed that the solid catalysts could be
ecycled and continued to be active after several runs when
eld at temperatures in the range 90 ◦C (ketalisation) to 140 ◦C
transesterification). Turnover numbers (TON) which reflect the

ol% of available acid used (see Table 1) were calculated for
he specific conditions employed in each case but it should be
oted that experiments to optimise these were only carried out

or the ketalisation transformation where the conversion contin-
ed to be high as the mol% catalyst was reduced to 0.25 mol%
esulting in TON of 1175 mol  ketal mol−1 available acid after three
ycles without loss of activity. With an equivalent quantity of
hosphoric acid as catalyst and the timescales employed, the
onversions were found to be much lower for the esterification
nd comparable for transesterification reactions. This was consid-
red reasonable since the transesterification reaction was carried
ut at higher temperatures and water was not a by-product.
ompared to organic transformations catalysed by sulfonic acid
upported on silica or polysilsesquioxane [8,22–27], reports on
atalysis using corresponding phosphonic acid systems are scant.
ulfonic acid has the advantage of significantly greater acid strength

ith pKa = −1 compared to di-protic phosphonic acid with pKa

alues typically ∼2.3–2.9 and 7.7–9 for the first and second ion-
zations [28]. A milder acid catalyst might however sometimes be

ig. 4. Reaction profiles for ketalisation of acetophenone with PAPSQa (�), PAPSQb
�)  and phosphoric acid (�) Conditions: 40 mmol acetophenone and ethane-1,2-diol
6  mL)  in toluene (30 mL); catalyst at 0.2 mol% P in each case.
xymethylfurfural (HMF)

f fructose to HMF.

preferable particularly where a number of products can be formed
and selectivity for a particular product is required. In this con-
text there is great interest in the conversion of fructose to
5-hydroxymethylfurfural, HMF, where rehydration and conden-
sation by-products are a complicating factor in the synthesis
(Scheme 4).

HMF  is an important intermediate for 2,5-disubstituted furans
such as the dicarboxylic acid derivative which has been suggested
as an alternative for terephthalic acid and hence a source of biomass
derived polymers. The industrial use of HMF  is limited by high
production costs [29,30]. Some efficient biphasic catalytic sys-
tems were recently reported. Dumesic et al. published in-depth
studies employing mineral acids including phosphoric acid, the
sulfonic acid polystyrene ion-exchange resin catalysts PK-216 and
Amberlyst 70 and various silica supported sulfonic acids in biphasic
media [31]. We  followed conditions reported by Dumesic for a
sulfonic acid resin catalyst, consisting of 10 wt% aqueous fructose
in 1:1 w/w aqueous/organic phases (organic phase 7:3 MIBK:2-
butanol) and 1:1 w/w fructose and catalyst. The reaction with
PAPSQa or PAPSQb as catalyst was run at several temperatures up
to 130 ◦C where the highest yield of HMF  was isolated. Three cycles
were incorporated in the present experiment wherein between
cycles the organic MIBK-2-butanol phase (upper layer) contain-
ing the product HMF  was separated and fresh fructose and organic
phase added to the residual hot aqueous phase containing the cata-
lyst. Our analysis was based on isolated HMF  from the organic phase
only and thus represents the minimum yield since the HMF  formed
is distributed between aqueous and organic layers. This analysis
allowed us to determine whether a constant flow of HMF  would
result with addition of fresh substrate and organic phase. Rehy-
dration or condensation reaction by-products if formed remain in
the aqueous layer. The HMF  isolated yields increased after the first
cycle for both PAPSQa and PAPSQb catalysts. Thus while leaving the
aqueous phase and catalyst unperturbed except for the addition of
fresh fructose, the catalysts remained active and the yield of HMF
increased during the three cycles of HMF  production. Both solid
acids resided completely in the aqueous phase of the two-phase
mixture and dispersed well in this phase in the stirred mixture.
The surface area of catalyst PAPSQb being roughly three times that
of PAPSQa may  account for the higher 5-HMF yield from PAPSQb.
For the identical biphasic system employing the sulfonic acid ion-
exchange resin catalyst PK-216, at 90 ◦C for 8–16 h, or phosphoric
acid at 90 ◦C -180 ◦C for 8 min  the HPLC determined yields of HMF
from the organic phase after a single cycle were 23 and 28% respec-
tively [30]. Catalyst stability due to leaching of functional groups

was identified as an issue for some silica supported sulphonic acid
catalysts when employed in a continuous flow reactor for HMF  pro-
duction [32] but hybrid sulfonic acid catalysts had greater stability
in this respect.
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[30] Y. Roman-Leshkov, J.N. Chheda, J.A. Dumesic, Science 312 (2006) 933–937.
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. Conclusion

New phosphonic acid polysilsesquioxane materials, PAPSQs,
ere readily formed from an easily prepared two-component pre-

ursor mixture. Direct hydrolysis of the precursor mixture afforded
 simple and fast route to the target material (PAPSQa) that avoids
solating the intermediate phosphonate ester modified material

hich is an inevitable step of the alternative sol-gel route (to PAP-
Qb). The mildly acidic glassy particulate materials PAPSQa and
APSQb displayed effective solid Brønsted acid catalytic activity.
etalisation proceeded at a faster rate for PAPSQa than with dis-
olved phosphoric acid or PAPSQb as catalyst. PAPSQs hold much
romise as catalysts for transformations that would benefit from

 mild acid catalyst such as those where more than one prod-
ct is routinely formed. In this context the solid acids were used
o demonstrate a constant flow of the important intermediate 5-
ydroxymethylfurfural, HMF, as the substrate fructose and organic
olvent were replenished in this important example of a biomass
onversion reaction.

Overall phosphonic acid polysilsesquioxane PAPSQa is a new
ow cost easy to synthesise organic-inorganic hybrid with good
hermal stability and viable catalytic applications can be envisaged
or this material. In future work different compositional variations
ncluding metal derivatives will be investigated.
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