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ABSTRACT:

Solid bifunctional acidbase catalysts were preparedvio tvays on an amorphous silica support: 1) by grafting
mercaptopropyl units (followed by oxidationpgoopylsulfonic acidland aminopropy! groups to the silica surface
(NH,-SiO-SG;H), and 2) by grafting only aminopropyl groups and then payrtiedutralisng with phosphotungstic
acid, relying on the HPW,,0,¢ ion for surface acidity (NHSIO-NH3 H.PW,;,040], denoted ablH,-SiO-PTA).
Surface acidy and basicity were characterised by adsorption calorimetry, G€khgs a probe for surface basicity
and NH; for surface acidity. Catalytic activities were compared in agt@agecascade: macid-catalysed
deacetalisatiofollowed directly by ebasecatalysed Henry reaction. OveraheNH,-SiO,-SO;H catalysts showed
higher concentrations and strengths of both acid and base sidsigaer activitieshanNH,-SiO,-PTA. Both
catalysts showed evidence of cooperative-aaisiecatalysis. Importantijthe bifunctional catalysts exhibited

catalytic advantage over phydicaixtures of singly functionalised catalysts.



1. INTRODUCTION

Many liquid phase processes in fine chemicals synthesis regidrerebase catalysts. Conventionally,
homogeneous acids and bases dissolved in the reaction mixturesdarénusest cass, replaing these with solid
acids and bases brings substantial environmental begefiducing waste and simplifying prodsetparatior:

Almost inevitably, however, solid acids and bases are I¢is® dlcan their homogeneous counterparts. Despite this,
one case where they might be able to offer particular advaistadeere both acid and base catalysis isiireq|,

either in sequential steps or through a cooperatialytic mechanism. For reactions of this typsingle, bi

functional acidbase solid catalyst can replace two liquid catalysts, and on@resiep can replace two,

simplifying the processral reducing waste. Preparing materials of this tgmhfficult, not least because of mutual
neutralisation, and the challenge remains to develop sefichbtional acidbase catalysts with stabilities and

activities of practical use.

Some metal oxideare amphoteric and exhibit-hinctional catalytic properties. The acidic and basic properties
of zirconia can be tuned througbping and throughontrolling thecrystalline phase of the oxideéAn alternative
approach is chemical graft of acid and base groups to an inert support. Early examples used psipperts’ ®
More recently rigid supports have been used, notably by D4y Shanksand by Gianotti and DiaZ. Tethered
aminoalkyl and aminoaryl groups have most commonly been used as ibe sbipasiity. Acidity has been added
in various ways. Sulfonic acid groups have been used, as welltasxglic and phosphoric acid groups (there is an
argument that weaker acids are more likely to remain protorratad presence of aminé Sometimes the wegk
acidic silanol groups on the support have been adefjiratur own earlier work, we tethered aminopropyl groups
to SBA-15 silica and acidity was added by reacting phosphotungstigtagiV; ,0,40) with a fraction of the amine
groups on the surface, leaving®W;,049 as the source of acidity, and unreacted amine groups to provide
basicity’® The work reported in this paper extends this to compafienbtional acid/base catalysts prepared by this
route (labelled NBSiO-NH5 TH.PW;5045] or NH,-SiO,-PTA) with bi-functional catalysts prepared by supporting
aminopropyl and propylsfdnic acid groups on the same support, tethered via alkargsi (labelled NHSIO,-

SO;H; see Scheme 1).



Scheme 1. NH,-SiO-SOsH and NHB-SiO-NH3 [HPW;,045] bi-functional catalysts.
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A difficulty associated with preparation of the ampnapyl/propylsulfonic acid bfunctional catalysts (NH
Si0,-SO;H) is that theacid group is grafted to the silica usingr(@rcaptopropyl)trimethoxysilane (MPTMS) and
an oxidation step is required to convert the thiSH) to sulfonic acid-SO;H). The two man routes reportedre
based on hydrogen peroxidelfuric acid, and onitric acid (as both oxidant and acidifiéf)*? The method used
must be chosen to effectively oxidise tfiblt with minimal reaction with the base groupsitriblacid has been
shown to be the more effective reagent under these condfitsmmstric acid is used as the oxidant in the work

reported here.

An amorphous silica gel has been used as the catalyst supfgiwet,than the ordered SB¥S silica used in our
previous work. Silica gel does not exhibit thalfility and low bulk density of SBA5**®while the surface
properties and stability are similar, and it can be functioslis the same way. The silica gel used here has been
chosen to have an average pore diameter similar to that 6flSBAThe tandem deacetalisatidenry reaction
shown inScheme2 hasbeen used. The first step is the acédalysed deacetalisation of benzaldehyde dimethyl
acetal in the presence of water to give benzaldehyde. The benzaldeydeacts with nitromethane under base

catalysis to give nitrostyrene.

Scheme 2. Tandem deacetalisatidiienryreaction.
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2. EXPERIMENTAL
2.1 Materials

Silica gel (particle size 463 pm; average pore size 6 nif8mercaptopropyl)trimethoxysilane (MPTMS) (3
aminopropyl)trimethoxysilane (APTMS), nitromethane, beretayde dimethyl acetal, acetonexylene,
dichloromethanéDCM), ethanolEtOH), and phosphotungstic acid were purchased from Aldrich. Basiznade
was purchased from Acros and nitric acid from Fischer. Umletsd otherwise, all chemicals were at least 99 %
pure and used as received. Deionized water was used in allnegptsi The silica gel was activated before use by
refluxing 30 g in 150 ml HCldution (37 %) for 4 h at 100 °C, to remove any adsorbed noetaland maximise
the surface silanol concentration. It was washed thoroughtyhettwater to remove all acid residues, and dried in

still air at 120 °C for 12 I

2.2. Catalyst Synthesis

2.2.1. Supported Aminopropyl Catalysts (SiO,-NH,)
Activated silica gel (3.0 g) was suspended in 50 ml dry tolueme 3 ml APTMS addedlsing a slightly

modified published procedutthe mixture was refluxed under dry nitrogen f@h at 80 °C. The liquid was

filtered, and the cake washed with 300@M and 200 mEtOH, and then dried at 120 °C inllshir for 12 h.

2.2.2. Supported Propylsulfonic Acid Catalysts (SiO,-SOzH)
Activated silica gel (3.0 g) was treated as abavenith 3 ml MPTMS?® to form SiQ-SH. To convert thiol

groups to sulford acid groups, 0.5 g of SjBH was suspended in 20 ofl 70% nitric acid solution (oxidant) at
room temperature for 4. The modified silica gel was filtered and washechwitater until tie pH d the washings

was over 6, and allowed to dry overnight.

2.2.3. Supported Aminopropyl/Propylsulfonic Acid Bi-functional Catalysts (NH,-SiO,-SO3H)
Activated silica gel (1.0 g) was suspended in 50 ml tolueB8 &C followed by the addition of 1 ml offYMS

and 1 ml of MPTMS. The mixture was refluxed under nitrogeri2dan at 80 °C. The modified silica gel was
filtered, washed with 300 ml dichloromethane an@ &0 ethanol and left to dry at room temperaturgjiéld NH,-
SiO,-SH. This material (0.5 gyas then suspended in 20 ml of 70% nitric acid at room tempefatutén to
convert thiol to sulfonic acid groups. The modifiglica gel was rinsed with excess@(4 x 500 ml) until the

slurry reached a neutral pH. The solid was colktiefiltration and allowed to dry overnight.



2.2.4. Supported Aminopropyl/Phosphotungstic Acid Bi-functional Catalysts (NH>-SIO»-PTA)
SiO,-NH, (1.0 g), prepared as described above, was stirred with a methsolation of 0.05 mmol

phosphotungstic acid per mmolarhine (amine content determined by nitrogen analysis) for PReéhsolid was
washed with warm water (60 °C) and dried to yield,Mgi0,-PTA(0.05). Similar materials were prepared with 0.1,
0.5 and 0.9 mmol of phosphotungsgicid per mmol of amine angerelabelled: NB-SiO-PTA(0.1), NH-SiO,-

PTA(0.5) and NH-SiO,-PTA(0.9).

2.3. Catalyst Characterization

Nitrogen adsorptiomnddesorption isotherms were measured at 77 K on a Micromekiigd>-2020 after
evacuation at 423 K for 5 h. The surface asabthe average pore sizes were calculated from the adsorption
isotherm using the BET method and the desorption isotherm usiBglitheethod respectively. Levels of
functionalisation were initially assessed througtogen, sulfur and carbon elemental analysis (MEDIAd). To
obtain information on the local environment and the degree of nsatien of the network'P and™*C cross
polarization (CP) magic angle spinning (MAS) NMR spectra welleated using a Varian VNMRS 400

spectrometer.

Catalyst basicity and acidity were quantified by,%@d NH adsorption calorimetryespectively. These
experiments were performed using a system based on dhitough Setaram 111 differential scanning calorimeter
(DSC) and an automated gas flow and switchingesyswith a mass spectrometer (MS) detector for the eown
stream gas flow, described elsewh€ré’In a typical adsorption experiment, the catalyst (30 mg) wasated at
120 °C under dry nitrogen flow at 10 ml rifirFollowing activatio, and maintaining the sample at 120 °C, pulses
of the probe gas (1% ammonia in nitrogen or 1% sulfur dioxide in nitfjageatmospheric pressure were injected at
regular intervals into the carrier gas stream from asgaspling valve. The concentratiohtbe probe gas
downstream of the sample was monitored continuously. The amitinat jorobe gas irreversibly adsorbed from
each pulse was determined by comparing the MS signal during eaetwithis signal recorded during a control
experiment. The net heat released for each pulse was calculateith&®SC thermal curves. From this, the molar

enthalpies of adsorption of sulfur dioxide or ammonia (AH®,q) Were obtained for the amount adsorbed from each



successive pulse. The AH®ysvalues are plotted against the amountrefversiblyadsorbed probe gas per gram of
the catalyst, to giva profile that can be interpreted in terms of the abundarteteength distribution of active

sites

24.  Catalytic Activity

Catalysts were astated before use at 120 °C for 2 h. Benzaldehyde dimethylacetain().1.0 mmol) and
nitromethane (10 miL84.6 mmol) were added to a glass reactor. The mixture weslhe@®0 °C under nitrogen
and catalyst (0.05 g) and water (0.06 1B mmo) added The stirrer speed was set to ensure that the reaction was
not under diffusion control. Control experiments confirmed thatehetion did not proceed in the absence of
catalyst. The reaction mixture was sampled regularly and abbysgas chromatogrhy (FID, 25 m BPI column).
The gas chromatograph was calibrated for quantitative measureibenizaldehyde dimethylacetal, benzaldehyde
and nitrostyrene. In all cases, selectivity togheduct benzaldehyde from the first reaction, tnthe product

nitrostyrene from the second reaction, was 1008%e SpportingInformation for details of product identification.

3. RESULTSAND DISCUSSION

Table 1 shows the elemental analysis data for the supportad@opyl and aminopropyl/sulfonic acidtalysts,
as molar concentratiorfsonverted from reported weight percentagéd)e carbon data is useful in confirming that
the functional groups are covalently bonded to the silicacirfdhe carbon to nitrogen (and/or sulfur) molar ratios
of approxmately three indicate that both the aminopropstsl and the mercaptopropylsilane bind to the silica
surface through three oxygen bridges (as shown in Schemedlha there are no unreacted methoxy groups

present.

Table 1. Elemental analytical dafar supported aminopropyl and propylsulfonic acid catalysts.

C N S
Catalyst /mmlol /m mlol /m mlol C
g g g I(N+S)
SiO-SOH 2.20 0.00 0.63 3.49
SiO,-NH, 3.40 1.10 0.00 3.09
NH,-SiO,-SH 3.50 0.89 0.27 3.02

NH,-Si0,-SO;H 3.40 0.86 0.26 3.04




The nitrogen and the sulfur contents can be taken as measuregxtetiiteof functionalisation. The nitrogen
levels are slightly lower in NHSIO,-SH than Si@NH,, as might be expected. Nitrogen levels fall through the
thiol oxidation step. It is pa#ble that there is some leaching to the nitrid §ttie oxidant) in this process. Sulfur
concentrations are all lower than nitrogen. Thiol groups on MPWduld be expected to interact more weakly

with the mildly acidic hydroxyl groups on the sdisuface than the amine groups on APTRAS.

Nitrogenadsorptiordesorption isotherms are all of type (Supporting Information)indicating mesoporous
structure$? Table 2 shows surface area, pore volame pore size data for the catalysts studied. With the
introduction of organic functional groups the specific acefareas and pore volumes progressively decrease in
similar ways for both N&#SiO,-SO;H and NH-SiO-PTA catalysts. This implies successful graftindusfctional
groups in the pores of the silica support and, in the case 88MB-PTA catalysts, reaction of amine groups with

phosphotungstic acid in the pores as well as on exterrfatesar

Table 2. Textural parameters for supportedasupported base and supportedupictional catalysts

Surface Pore Aveé)rrzzge
Catalyst area volume di P

Im2 g—l Jen? g‘l lameter
/nm
SiO, 452 0.75 5.1
SiO-SO:H 418 0.57 4.4
SiO»-NH, 351 0.52 4.3
NH,-SiO,-SO;H 353 0.50 45
NH,-SiO,-PTA(0.05) 326 0.54 4.8
NH,-SiO-PTA(0.1) 302 0.50 4.8
NH,-SiO,-PTA(0.5) 282 0.40 4.6
NH,-SiO,-PTA(0.9) 218 0.35 4.6

The extent of surface functionalisation can be estimatestlb@sthe known arean a silica surfac&a. 0.5 nrf)
covered by one silane bound to silica by three oxygen bridgés=or SiQ-NH,, an amine concentration of 1.10
mmol g (from elemental analysis) corresponds to a functionalisédcguof 331 rhg?, which is about 75 % of the

surface of the unreacted silica, suggestirig level of functionalisation with aminopropylayps. A similar



calculation for Si@-SO;H functionalised at 0.63 mmol*giccounts for 190 frg?, equivalent tabout 45%

functionaliation with propylsulfonic acid groups.

The'*C NMR specta of the atalysts providéurther evidence for the nature of the functional groups. The
spectrum of SiIgNH,is shown in Figure 1a. Thr@eaks afll, 22 and 43 ppm are assigned to the three carbon
atoms on the aminopropyl groép. The absence of a signal at 51 ppm confirms that there areenméthoxy
groups?® The spectrum for NHSIO,-SH in Figure 1b showanadditional pealfor the mercaptopropyl carboas
27ppm?’ The expected peaks at 11 and 18 ppm are most probably preseiddeut by theminopropyl peaks

There is no peak at 51 ppm, again showing that there are ractet@nethoxy groups.

@ 1
7,2
b) NH,-Si0,-SH
|
20 200 180 160 140 120 100 80 60 40 20 0
2
5 u
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¢) NH;Si0,SOH o
:
220 200 180 160 140 120 100 80 60 40 20 0

Figure 1. ®C CP MAS NMR spectra of silica catalysts bearing anamiopy! groups, b) aminopropyl and

mercaptopropyl groups and ¢) aminopropyl and propylsulfonic gadips.

For the bifunctional NH-SiO,-SO;H catalyst (Figure 1c), signals associated with agriopyl groups are still
present at 11, 22 and 43 ppm. The new peak at 54 ppm is tla@itoarbon atom on the propylsulfonic acid, with
peaks at 19 ppm and 11 ppm expected for the B- and y-carbons’ The absence of the GISH peak at 27 ppm is
evidence for effective convapnof thiol to sulfonic acié’, and the unchanged sequenteeaks for the

aminopropyl group at 11, 22 and 43 ppm suggests that the amipehgs been retained intact.



The spectra for NHSIO,-PTA (0.9) similarly support the proposed structure of thifubctional catalyst. The
3C NMR spectrum (nashown) exhibitshe characteristic signals for the aminopropyl group at25n2l 43 ppm.
The3'P spectrum of NKSIO-PTA (0.9) (Supportingriformation) shows a set of signals (three resolved but
possibly more) atl1.7 to-13.7 ppm. This compares with the expected peak position for mdkpported
phosphotungstic acid (Keggin structure}-dt5.3 ppnt> #In fact a small peak can be se¢ihés position. The
signals at11.7 to-13.7 ppm are characteristic of immobilised phosphotungsticaitidshifts from-15.3 ppm
caused by interaction thi the silica support and by possible water loss from the Kégugistructure as it is loaded
on the surfac& The detection of several peaksthis range suggests multiple environments for phophorus.isThis

not unusual when the normal symmetry of ik structure is disrupted: >

Surface basicityvas studied by calorimetric adsorption of §QAdsorption data are shovimFigure 2aas-
AH’445(SO,) versus amount of S@dsorbed for representative catalysts. These data can be bntegiyeted as
basic site strength distribution profiles. Thetisle strengths of base sites are reflected ivahees of-AH® s
(SO,). Itis generally assumed that significant bagicorresponds to values greater than 80 kJ'rfolThe
concentration of basic sites is related to the amount gftf@Dadsorbs with enalpyabove this value However, i
is not possible to determine more than relative values faraheentration of kasicsites from this data because the
RNH,:SO, stoichiometry for tethered amine groupteracting with SQis not knownalthough it is very likely
greater than on&.Stoichiometries of betweeB:1 and 4:1 have been reportadothersfor SO, complex formation

with aminefunctionalised #ica.®2

Figure 2a shows that the basicities of the twéuhttional catalysts, NHSIO,-SO;H and NH-SiO-PTA(0.5)
are between thos# SiO-NH, and SiQ-SO;H. Significant basicity is retained in bdtifunctional materialsvith

NH,-SiO,-PTA(0.5) showingslightly fewer and weaker base sithkanNH,-SiO,-SO;H, in line with other report¥

33
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a) SO, adsorption b) NH; adsorption
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Figure2. a) AH°,{SO,) vs. amount adsorbed at 120&a b) AH®,q{NHs) vs. amount adsorbed at 120 °C,

for supported catalysts.

Equivalent NH calorimetric adsorption data for the supported sulfonic acalysds are shown in Figure 2b. In
the same way as above, adsorption on significantly acididsitelsen as that with enthalpy greater than 80 kJ mol
! With NHs it is generally assumed that adsorption on acebsit stoichiometric (1:1) so acid site concerureti
can in principle be determined from the amount of; ittt adsorbs with enthalpy greater than 80 kJ'm@in this
basis SiG-SO;H exhibits about 0.55 mmol'gacid sites and this compares with a sulfur conteft@g mmol &

For the bifunctional catalysts, the acid site concentrations are mudrlolw the case of NFSiO,-SO;H there are
ca. 0.1 mmol gdetectable acid sitebased on Figure 2bpmparedo 0.26 mmol ¢ sulfur, suggesting a degree of
acid site loss, presumably by neutralisation. dtidity of NH-SiO-PTA(0.5) reflects the phosphotungstic acid
content and is significantly higher, in terms of both concentratnd strength of acid g, than for N&#SiO,-

SO;H. However, in this case, the concentration of phosphotungiti@eded to the SiENH, was 0.55 mmol ¢
(0.5 x amine concentration based on elemental anasighigher concentration of acid sites frame H,PW;,0,4¢
ionson the neutralised amine sitisn the 0.8).4 mmol ¢ detected by ammonia adsorptivam Figure 2tmight
have been expected. Despite the relatively low acid site concemfi@iind in NHB-SiO-PTA(0.5), it is worth
noting that the molar erdlpies ofNH; adsorption are relatively high and similar to thossasured typically for

this heteropolyacid supported on silica in the absence of attfacs functional group¥.
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The catalytic activity of N SiO-SO;H in the tandem deacetalisatibtenry reaction is shown as the conversion
of benzaldehyddimethyl acetal (1) to benzaldehyde (2) andmnitrostyrene (3) in Figure. 3The first conversion
from 1 to 2 is acietatalysedand conversion to 3 is basatalysed. The basic sites appear to convert the

benzaldehyde intermediat®) almost immedialy.

Composition %

0 50 100 150 200 250 300 350 400

Time /min

Figure 3. Composition of the reaction mixture vs. time for the readbietveen benzaldehyde dimethyl acetal (1)
andwaterto form benzaldehyde (2) atite subsequent reaction with nitromethane to form nitrostyrene (3),

catalygd by NH-Si0,-SO;H at 90°C.

Also tested was a physical mixture of $iH, and SiQ-SO;H (50% w/w of each to give the same overall
weight of catalysts: 0.05 gnd the data is shown in Figure 4Based on calorimetric adsorption (S0d NH)
data, this mixtureontairs strongerand higher concentrations of both acid and base sites thanftivetibnal
NH>-SiO,-SO;H catalyst. It is therefore not surprising that thixture shows much higher activity than the bi
functional catalysts in the firsicid-catalyse, reaction. But activity in the second, basgalysed, step is
comparatively low for the pfsical mixture Comparing first order rate constafis the basecatalysed reactigran
approximatevaluefor the bifunctional catalysfFigure 3, assumingsteady state in benzaldehyde>&014 min*
(the first, acidcatalysedreaction is rate determiningp value for the reaction catalysed by ite/sicalmixture
(Figure 4 is approximatelyd.009 mirt', calculated over the reaction period starting fré@mrinutes. When these
values are normalised for the concentrations of base activesithe catalysts, the basatalytic activity of the bi

functionalNH,-SiO,-SO;H catalyst is at least twice that NH,-SiO,. In other words, in this second sj¢ipe bi

12



functional catalysbffers an advantagelt may be that amine groups adjacent to sulfonic gmdpscan participate
in an acidbase cooperative procesapidly converting newly formed benzaldehyde to nitrostyrdiseussed

further below.

100
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Time /min
Figure 4. Composition of the reaction mixture vs. time for the readbieveen benzaldehyde dimethyl acetal (1)
andwaterto form benzaldehyde (2) atite subsequent reaction with nitromethane to form nitrostyrene (3),

catalygd bythe physical mixtureof SiO,-NH, and SiQ-SO;H at 90°C.

The group of NHSiO,-PTA catalysts with phosphotungstic acid: amine stoichiomettios of 0.9, 0.5, 0.1 and
0.05 were testkin the same twstep reaction and data appears in Figuieobthe catalysts withominal 0.9 and
0.5 phosphotungstic acid contents, the first step is fasterah&tH-SiO,-SO;H, which is consistent with the
relative acidities as measured by adsorption calorimetry. Howtieerate of the second step, relying on residual

amine groups, is very sensitive to the amount of acid used adower shan for NH-SiO-SO;H.

An additional observation here is that, for theabats with the two lower acid contents, N&iO,-PTA(0.1) and
NH,-SiO,-PTA(0.05), the acidtatalysed conversion benzaldehyde dimethyl acetal stops after 61% and 20%
conversion respectively. (The benzaldehyde that is producadysgizickly converted to nitrostyrene, as would be
expected.)The acidsites in these catalysts are prone to poisoning, and the anfgoimbgphotungstic acid used in
the synthesis of these materials seems to control thegioittich reaction ceased?reliminary tests in which the
catalysts were washed with acetone after reaction showed th@tyyagtis recovered. Further tests iniefh

nitrostyrene was added to the reaction mixturesrbbénd resulted in complete loss in activity, sstjgg that

13



nitrostyrene is responsible for the poisonimgjtrostyrene evidently adsorbs on the catalyst surface, pragehg

H,PW,,0,40 ions acting as acid catalysts for the deacetalisation reaction of betmgddddimethyl acetal.
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Figure 5. Composition of the reaction mixture vs. time for the readieveen benzaldehyde dimethyl acetal (1)
andwaterto form benzaldehyde (2) atite subsequent reaction with nitromethane to form nitrostyrene (3),

catalysed by NH-SiO,-PTA with acid/amine ratios of 0.9, 0.5, 0.1 and (a90°C .

As stated above, gignificant observatiofrom Figures &b is that theNH,-SiO,-SO;H bi-functional catalyst
showsrelatively highbasecatalytic activity in the Henry reaction between benzaldehydaigminethanghigher
even tharthe monefunctional SiO,-NH, catalyst. This suggests that the mode of operation of4$#D.-SO;H
incorporats a degree of cooperative catalysis, such that theaciudell ashe basecatalytic centres are involved

in the reaction The mechanism for this reaction involves the base catalystigetlamine) abstracting a proton

14



from nitromethane to form CNO, , which then takes part in nucleophilic attack on the benzaldelayderty!
carbon. It seemguite possible that th@le of thesulfonicacid site is to hydrogen bond to the carbonyl oxygen,
activating the carbonyl carbonother possibility is thatte sulfonic acid activates the carbonyl group as before,
but then a surface amine attacks the carbonyl carbon formimgiminm ion which in turn is attacked by the
CH,NO, ion. Based on the lower base catalytic activityNbt,-SiO,-PTA(0.5), which is drectly comparable to
NH>-SiO,-SO;H in terms of acid and base site concentrations, such a cowparetchanism appeanst to be

possible where the acid site is agPMV;;,040 ion.

A cooperative mechanism of this type requires the acid ancshiasaobe adjacentOne important feature of the
bi-functional catalysts which is difficult to studyttse extent to which the acid and the base groupmter
dispersed on the surface, rather than existing in groupesfdithe same type. One test whigs carried out to
investigate this was based on the premise, mentioned aboveQthegdiiiresseveralimine groups in close
proximity in order to chemisorb on tisarface. If this is the casas it is thought to b&,and certainly is for the
somewhat similar adsorptiaf CO, on surface amine§**then SQ should differentiate between welispersed
and bunched amine groupd.o test this, atalysts Si@-NH, andNH,-SiO,-SO;H werefirst saturated with Sgin a
calorimetricadorptionexperiment and then their catalytic activitieghe Henry reaction between benzaldehyde
and nitromethaneiere measured. The satura&@,-NH, showed no activityshowing that S@is indeed able to
passivée amine groups. In contragite saturatetilH,-SiO-SO;H showed sigriicant activity. This suggesthat
some amine groups dH,-SiO,-SO;H are immune to reaction with $OThis may be because those amine groups
are well dispersed (amongst surfaceanilf acid groups) on the catalyst surfacel are unable to act jointly to
chelate S@molecules If so, then this could explain why this cataligsable to participate in acid/base cooperative

catalysis.

Another experimentarried out as part of thistudy is relevant. The catalystNH,-SiO,-SO;H was prepareth a
different way. he silica was first functionalised with propylamigmups using APTMS When this step was
complete it wadunctionalised with mercaptopropyl groups using MPTM&ich was then oxidised with nitric acid
to sulfonic acigl. This catalyst, prepared by thiequential functionalisation routshowed a lower turnover

frequency foibase catalytigroups inthebenzaldehyde conversion thidi,-SiO,-SO;H prepared as described
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above (in which functionalisation was simultaneoits3eems highly likely that the simultaneous eowbuld lead
to a better dispersion of acid and base graupthe support surfadban the sequential royteerhaps suggesting

that effective dispersioleads to enhanced base catalytic activity

It is not clear why the two functionalising moleyl&PTMS and MPTMS, might tend to react in a dispdr
rather than a groupednanner on the silica surface. pssibility is that acidase interactions between the thiol
and the amine groups might promote mixing, but difcult not to think that such interactiomsould lead to

neutralisation, reducingather than enhancingatalytic activity.

4, CONCLUSIONS

This work demonstrates thiais possble to functionalise a silica support with batbid and basprecursor
functional groups at reasonable levekhetwo types of bifunctional catalysts studied here, NSiO,-
NH3 H.PW;,040] and NH-SiO-SO;H (Scheme 1)show good activity for theandem deacetalizatienitroaldol
reaction Thisshows that boththe aminegroups and the acid polyanidssfonic acid groupsetain their activity
afterfunctionalisation.In general, however, the activity of theH,-SiO,-SO;H catalyst is higher than that of the
NH,-SiO,-NH;5 H,PW,.0.0] catalysts, and the latter are prone to poisoningnithe acid contents are relatively
low. Itis notable that the catalyiH,-SiO,-SO;H, despite being prepared under conditions where internal
neutraisationmight seenlikely, exhibits higherbasecatalytic activity than a physical mixtuod singly
functionalised catalystJ hisindicatesa degree of cooperative catalysis, such that the acid as wed bade
catalytic centres are involved in the reactiéwsorption calorimetric experiments with gi@dicate that acid and

base groups are intdispersed on the surface, which is a@guisite for the cooperative mechanism.

SUPPORTING INFORMATION

The following is given: gschromatogram$or reactants athproducts in théandem deacetalizatieidenry
reaction the mass spectruof the product (nitrostyrene)jtrogen adsorptiomesorption isotherms at 77 K for
catalysts;*P MAS-NMR spectra of silica catyst bearing amine/phosphotungstic acid grdinis material is

available free of charge via the Interneb#p://pubs.acs.otg
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