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Abstract

The interaction of 2-methoxypropene, a vinyl ether, with heterogeneous acid catalysts containing sulfonic acid groups covalently bound
to SiO, (Deloxan ASP, Degussa) and sulfuric acid adsorbed on-fi@dified amorphous Sig(Degussa), respectively, was investigated
by in situ attenuated total reflection infrared spectroscopy. Rapid hydrolysis is observed, which does not, however, require the acid sites.
The resulting acetone is adsorbed predominantly on SiOH groups. Promoted by the acid sites a further transformation is observed on the
catalysts. Based on the time behavior of the ATR signals of acetone and the product the further reaction likely involves the condensation
of 2-methoxypropene and acetone. During the buildup of the reaction product hydronium ions disappear from the catalyst surface. Upon
desorption of the reaction product the hydronium ions become prominent again on the catalyst containing adsorbed sulfuric acid. This
behavior is less pronounced on the catalyst, which contains sulfonic acid groups. The two investigated catalysts contain vastly different
relative concentrations of Brgnsted and Lewis acid sites, which can explain the difference in the relative concentration of intermediate and
product at the interface in the observed consecutive reaction.
0 2003 Elsevier Inc. All rights reserved.

1. Introduction for technical applications and thus represents an interesting
challenge.
. L . The main goal of the present work was to shed some light
In fine chemical industry condensatlor!s bgtween unsat- o an important step in these condensation reactions, namely
urated alCQhOIS, and unsaturated e'thers y'EId”?g unsa'\turateqhe interactions of the vinyl ether reactant occurring at the
ketones with higher molecular weight are mainly of inter-  gqiq_jiquid interface of the solid acid catalyst. Vinyl ether
est because they provide an efficient route for the prOdUCt'Oncompounds are, for example, used in the Saucy-Marbet-type
of long-chain compounds [1-6]. These condensation reac-condensation reactions. In the first, acid-catalyzed step the
tions are used in flavor, fragrance, vitamin, and other fine yiny| ether reacts with an unsaturated alcohol. A subsequent
chemical synthesis and can be categorized as Saucy-Marbehermal step leads to an unsaturated ketone [4]. Vinyl ethers
reactions [7]. can furthermore easily be hydrolyzed in the presence of
These liquid-phase condensation reactions are mostlyacids. This reaction has been studied thoroughly in the ho-
carried out with homogeneous acid catalysts. The latter se-mogeneous phase. From these studies it emerged that the
lectively catalyze the reaction but suffer from problems con- rate-limiting step is proton transfer [8]. Protonation takes
nected with separation from the product mixture. Since theseplace at the3-carbon of the vinyl ether and not at the oxy-
condensation reactions are one out of a series of steps for thegen, giving rise to a stable carbocation [9].
synthesis of complex molecules in industry, they have to be  We have used attenuated total reflection (ATR) infrared
selective and environmentally clean. The use of a solid acid spectroscopy [10] in previous studies to explore solid—liquid
catalyst instead of a homogeneous one would be beneficialinterfaces consisting of thin metal films [11,12], supported
metals [13,14], and oxide catalysts [15]. Here the technique
is applied to investigate the complex transformation of a sim-
* Corresponding author. ple vinyl ether, 2-methoxypropene, with solid acid catalysts
E-mail addressbaiker@tech.chem.ethz.ch (A. Baiker). based on silica modified with sulfonic and sulfuric acid.
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2. Experimental

2.1. Chemicals and catalysts

2-Methoxypropene (MP, Teranol AG), 2,2-dimethoxy-
propane (DMP, Teranol AG), mesityloxide (MSO, Fluka,
> 90%), acetone (Merck> 99.8%), diacetone-alcohol
(DAA, Fluka,~ 99%), pyridine (Fluka;> 99.8%), pentade-
cane (Fluka;> 98%), 1-propane sulfonic acid (PSA, Fluka,
> 99%),n-hexane (Merck, for spectroscopy), and 1-butanol
(Acros Organicsy 99.5%) were used as received.

The following catalysts were used: Si@el 60 (Fluka,
puriss. for column chromatography), Deloxan ASP 1/9 (De-
gussa, copolycondensate of propyl(3-sulfonic acid)siloxane,
and SiQ; alkyl sulfonic acid polysiloxane; particle-size:
0.1-0.4 mm; stable at temperature230°C) and sulfated
and TiG-modified amorphous SiD(Degussa, consists of
< 15% sulfuric acid, 80-95% Siland < 10% TiOy).

2.2. Attenuated total reflection infrared spectroscopy

SiO, gel (Fluka), sulfated and Ti@modified amorphous
SiO;, and Deloxan ASP /9 (Degussa) thin films were

prepared from a suspension of the corresponding material

(500 mg) in water (for chromatography, Merck, 10 ml). The
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Scheme 1. Structure of the surface 3-propane sulfonic acid groups of
Deloxan as well as of 2-methoxypropene (MP), 2,2-dimethoxypropane
(DMP), and mesityloxide (MSO).

3. Results

3.1. Characterization of the sulfonic acid groups of
Deloxan

The surface of Deloxan ASP 1/9, which contains 3-pro-
pane sulfonic acid groups (Scheme 1), showed signals at
3737, 2979, 2952, 2898, 1725, 1636, 1459, 1415, and
1355 cnt! (DRIFT). Signals associated with the Si@ha-
trix were found at 1094, 948, and 802 tih

1-Propane sulfonic acid in hexane solvent showed ab-
sorptions at 3649, 3438, 2967 (2975 chfor neat PSA),
2939 (2941), 2880 (2885), 1461, 1370, 1340, 1296, 1170,
1095, 1071, and 1012 crh. The signals at around 2900 cfh
can be assigned in both cases to the C-H stretchings of
the methylene and methyl groups of PSA. The signal at
3737 cnt! found in Deloxan reveals the presence of free
silanol groups. The signal at ca. 1460 chis likely due to
the deformation mode of GiHyroups.

Sulfonic acid groups were assigned by following the be-

suspension was deposited on a Ge internal reflection elemenhavior of the typical signals of PSA upon addition of a base.

(IRE) and the solvent evaporated in air. After deposition
the films were rinsed withi-hexane to remove loose de-
posits and the coated IRE was mounted within the walls of a

Titration of PSA with pyridine in hexane solvent indicated
that signals at 1370 and 1170 chmust be assigned to the
characteristic stretching vibrations o£® groups. Consis-

home-made stainless-steel infrared cell described elsewhereently, these signals were attenuated at increasing pyridine

[11,13].
In situ ATR-IR measurements were performed by flowing

concentrations and completely disappeared at equivalence,
whereas new bands grew in at 1233 and 1140 tnSul-

an-hexane solution of the substrate at the desired concentrafonic acids absorb at 1350-1342 th(vas) and 1165—

tion saturated with argon over the thin film after stabilization
of the IR signal & 1 h) by flowing Ar-saturated solvent. The

1150 cnt?! (vs), whereas sulfonates absorb at 1372-1335
and 1195-1168 crt [16]. Hence, the signal of Deloxan at

adsorption step was followed by a desorption step consisting1355 cnT* is likely due to S@™ groups.

in the flow of neat solvent saturated with argon. Solutions

were pumped through the cell by means of a peristaltic pump

at ca. 0.6 mimin flow rate. All measurements were carried
out at 25°C on a Bruker IFS 66 spectrometer equipped with
a liquid nitrogen cooled HgCdTe detector by accumulating
200 scans at 4 cri resolution. Spectra are reported as ab-
sorbanced = —log(1/1p), wherel andly is the intensity of
sample and reference, respectively.

Diffuse reflection infrared spectra (DRIFT) were mea-
sured using a Prying Mantis DRIFT accessory together with
an environmental chamber (HVC-DRP-2, Harrick). Mea-
surements were performed at ambient conditions.

The broad signal around 1725 thobserved in the
DRIFT spectrum in air can be assigned to the deforma-
tion vibration of hydronium ions. In a dehydration study of
Nafion membranes (perfluorinated polymeric sulfonic acid,
trademark of E.l. du Pont de Nemours Co.) a broad signal
has been observed at around 1720 ¢rand assigned to a
deformation vibration of hydronium ions [17].

3.2. Pyridine adsorption on Sgxand Deloxan
Pyridine is an excellent probe for investigating the acidity

of solid materials since its adsorption on Lewis and Brgn-
sted acid sites affords distinctly different sets of signals in
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Table 1
Observed IR bands and assignment of ring vibrations for neat pyridine and
pyridine adsorbed on Si) Deloxan, and sulfated Timodified amor-
phous SiQ
Neat SiQ Deloxan Sulfated Assignment [27]
S TiOy-modified Mode
3 Sio,
2 ] _ 1639 1638 8 v(CCN)BPy
< 0.008 1597 1597 1596 1596 v(CCN) HPy
0.006 - 1580 1578 1578 1578 a8 v(CCN) HPy
0.004 1547 1544 18 v(CCN)+ 5(CCN) BPy
0.002 ads. 1489 1488 18 v(CCN)+ 8(CCN) BPy
0.000 - ~ 1481 19 v(CCN)+§(CCN)
0.002 T T T T T T 1439 1445 1444 1445 19 v(CCN)+ 5(CCN) HPy
1700 1600 1500 1400
4 BPy and HPy denote pyridine adsorbed on Brgnsted and Lewis sites, re-
Wavenumber (cm™) spectively.

Fig. 1. ATR spectra of pyridine adsorption on (a) S&hd (b) Deloxan from
a 1072 M solution in hexane as function of time. Adsorption and desorption 0.011 4
steps are shown for both materials. During the desorption step neat solvent

0.010
was flown over the sample. )

the two cases. Fig. 1 shows the ATR spectra of pyridine con- _ 0.0087
tacted with (a) Si@and (b) Deloxan from a & M solution
in hexane. The Si@surface displays the typical signals due
to pyridine hydrogen-bonded to silanol groups, which is de-
noted HPy (Table 1). These signals are found at 1595, 1578, %997
and 1445 cm? and are almost completely attenuated due to  0.004 -
desorption when flowing neat hexane solvent. 0.003 -Ieoemmmss=ty
In contrast to Si@, Deloxan exhibits three additional
bands at 1638, 1550, and 1490 thhwhich are assigned
to pyridinium ions bound to Brgnsted acid sites (BPy) [18].
These sites are associated with the sulfonic acid groups Wavenumber (cm”)
present on the Deloxan surface. The very ,b_road negatlveFig. 2. ATR spectra as a function of time recorded while flowing MP at
band around 1725 cmt and the broad positive band at  19-3 1 in hexane over Si@. Asterisks indicate uncompensated contribu-
1620 cnt! arising upon pyridine adsorption indicate the tion from the solvent.
transformation of hydronium ions to water. Hence pyridine
is protonated by the hydronium ion. On desorption, the sig- reported fors1ss50 and e1445 respectively [19]. Using these
nals due to HPy are almost completely attenuated, whereassalues a relative concentratiafs/C, of 1.3 can be esti-
those corresponding to BPy are only slightly affected show- mated from the spectra. It should, however, be noted that
ing that pyridine strongly binds to the Brgnsted sites of the for sulfated silica—zirconia mixed oxides the absorption co-
Deloxan surface. Table 1 summarizes the assignment of theefficient e1550 of the pyridinium ion was found to decrease
observed signals for pyridine on Si@nd Deloxan. significantly at high sulfate density [19].
The relative concentration of Brgnsted and Lewis acid
sites, on which pyridine is adsorbed, can be estimated from3.3. Interaction of 2-methoxypropene with Sighd
the infrared spectra at saturation. The information neededDeloxan
is the absorption coefficient for the corresponding vibra-
tional modes at 1445 (19b mode of pyridine) and at about  The ATR spectra of MP (16® M) on SiO;, are depicted in
1550 cnt? (19b mode of pyridinium ion). The relative con-  Fig. 2. A sharp signal develops at 1692 chwith a shoul-
centration of Brgnsted and Lewis sit€g/CL is der at ca. 1700 crit. A number of signals are also found at
1424, 1387, 1371 (s), 1242 (s), and 1211 ¢mThe nega-
tive band at around 1620 cthis due to the displacement of

0.006

Absorbance

0.002

T T T ¥ T v T
1800 1600 1400 1200

Cs  A1s550€1445

CL Ai4s561550 water. On desorption these signals are attenuated. No char-
Here A1s50and A1445 are the integrated absorbances of the acteristic signals of MP can be detected.
19b modes at 1550 and 1445 thy associated with Bran- Fig. 3 shows ATR spectra recorded while flowing MP

sted and Lewis sites, andsso ande144s are the molar ab- ~ (10~3 M) over Deloxan. No signals originating from dis-
sorption coefficients for the corresponding bands at 1550 andsolved MP can be detected. A band at ca. 1700cgrows
1445 cntl. Values of 1.24 and 1.56 cm pmdl have been in fast accompanied by bands at 1422, 1372, and 1246 cm
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Fig. 3. ATR spectra as a function of time recorded while flowing MP at Fig. 5. ATR spectra of acetone adsorption on (a),S#@d (b) Deloxan from

10-3 M in hexane over Deloxan. a 10-3 M solution in hexane as function of time. The whole spectral range
up to 4000 cmr? is shown, revealing the negative band due to hydrogen

i bonding to Si-O—H groups. The negative bands slightly below 3000tcm
0.005+ 0 DE E‘D O 1700 are due to the solvent.
! O 1524
0.004 - o N A 1750 is thi
1 m| ; o and an alcohol. In the case of MP hydrolysis this results
0.003 i - in acetone and methanol. Fig. 5 shows the ATR spectra
g 1T 9 = VP | nhex O g recorded when contacting a 1DM solution of acetone on
% 0.0021 ° g ; (@) Si® and (b) Deloxan. On Si§) signals are observed
2 50014 o (D(I:Jp 000 O at 1693, 1423, 1369, and 1242 thin the spectral region
< ] © above 1200 cmt. The signal at about 1693 crh, repre-
0.000 g ! °oo0 0°%o senting the stretching vibration of the carbonyl group of
1 A AAA acetone, is composed of two overlapping bands. Since dis-
-0.001 1 MENLA AP A solved acetone absorbs at 1722¢nn n-hexane the signal
0 20 40 60 80 100 120 140 160 180 at 1693 cn’rl'is assigned to acetone hydrogen—bondgd to the
Time / min surfaces. This is further corroborated by the negative band
above 3600 cm! due to hydrogen-bonded Si—-O—H groups.
Fig. 4. Time dependence of the signals at 1700, 1524, and 1758 ¢on It has been reported that acetone shows two signals for the
the experiment depicted in Fig. 3. C=O0 stretching vibration on Si©[21]. The existence of

the two signals has been attributed to the presence of two

Other strong signals grow in with time at 1589, 1524, 1447, types of silanol groups, i.e., isolated and grouped. On De-
1351, and 1304 cmt, whereas that at 1700 cthdecreases  loxan, similar frequencies are found for the characteristic
and then levels off. The time behavior of the signals at signals of acetone. A slight difference is observed for the
1700 cnt! and of, for example, that at 1524 cihresem- shape of the €0 signal: on Deloxan the high- and low-
bles the typical time behavior for a consecutive reaction. In frequency components of the carbonyl stretching band have
Fig. 4 the absorbance signals at 1700, 1524, and 1758 cm similar intensity, whereas on SiQhe low-frequency com-
are shown as a function of time. The time behavior indicates ponent is stronger. For acetone adsorbed on zeolites it was
that the species associated with the signal at 1700'cm shown that the carbonyl vibration shifts depending on the ad-
is transformed to the species associated with the signal atsorption site. A frequency of 1700-1705 this expected
1524 cnt! or that the latter species displaces the former for acetone bound to SiOH groups, of 1690—1702 &rfor
from the surface. A very broad negative signal centered at acetone on Lewis sites and of 1655—-1682 érfor acetone
around 1700 cm! starts to show up when the signals at on Brgnsted sites [22]. The weak band at around 1650'cm
1589, 1524, 1447, 1351, and 1304 chgrow. The time be- observed for acetone on Deloxan may be attributed to a small
havior of this band is also given in Fig. 4 (absorbance at fraction of acetone bound to Brgnsted sites. The band is
1750 cntl). This signal is likely associated with hydronium  partly overlapped by the negative signal due to desorption
ions. of water.

The characteristic band at about 1700 ¢nin Figs. 2 Comparison of Figs. 2 and 3 with Fig. 5 confirms that ace-
and 3 shows the presence of a carbonyl compound. A possi-tone is formed upon contacting MP with Si@nd Deloxan.
ble candidate is acetone. Enol ethers such as MP are readilyin Table 2 vibrational frequencies observed when contacting
hydrolyzed by acids [20], resulting in a carbonyl compound SiO, and Deloxan, respectively, with MP and acetone are
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Fig. 6. ATR spectra of MP adsorption on pyridine precovered Deloxan from Fig. 7. ATR spectra as a function of time recorded while flowing acm
a 1073 M solution in hexane as function of time. Pyridine adsorption was solution of MP in hexane over sulfated and Jiodified SiG.
performed from a 102 M solution and after desorbing weakly bound pyri-

dine by flowing neat solvent. o L .
bonded pyridine and pyridinium ions were observed. Then

hydrogen-bonded species were totally removed with the fol-
lowing solvent flow. At this point MP was admitted to the
surface. Fig. 6 shows that the signals associated with acetone
appear under these conditions, similarly to MP adsorption on
SiO,. The reactions following acetone formation are, how-

compared. Moreover, if acetone is admitted to the Siltn,
on which MP has been previously reacted, similar signals
are observed.

On Deloxan acetone formation is possibly acid-catalyzed,
whereas the silanol groups may be responsible for the ob-
served reaction on SEJWaPcer adZorbed orr)1 the surfaceis af- Vel suppresged when the acipl sites are blocked. This shows
fected by the reaction on both materials. The negative bandst_hat the acid sites are responsible fqr the further transforma-
observed at around 1650 ctin Fig. 3 and at 1624 cmt tions observed after acetone formation.
in Fig. 2 show consumption or displacement of water. ) . ,

The nature of the further reaction of acetone on Deloxan, 3-4- Adsorption of 2,2-dimethoxypropane on 5idd
evident by the weakening of the signal at ca. 1700-tm  Deloxan

and the simultaneous increase of the signals at 1589, 1524, ) ]

tone are present on the surface, a reaction involving thesemethanol. The latter can further react with MP to DMP. In
species is likely. Condensation of acetone [23] can be ruled order to check whether DMP may be produced when con-
out, since admission of acetone alone does not lead to theacting Deloxan with MP, DMP was adsorbed on Sinhd
bands noted above. Knézinger and co-workers [24] observedDeloxan. The behavior of DMP on the two materials is sim-
signals at 1585, 1523, and 1453 thwhen adsorbing ace- ilar to that described above for MP. In both cases the signal
tone onto a YMgO catalyst at 200C. These signals grewin ~ assigned to acetone is observed at around 170G emd on
at detriment of the signal due to adsorbed acetone (found atPeloxan it disappears again afterward, whereas the signals
1711 cntl). The authors claimed that this behavior is due to at 1589, 1524, 1447, 1351, and 1304 ¢nappear. Acetals
the dimerization of acetone to diacetone-alcohol (DAA) and €asily hydrolyze to the corresponding ketone [25]. However,
the following dehydration to mesityloxide (MSO). In order acetals can also be converted to enol ethers [26]; i.e., DMP
to check whether the signals observed in Fig. 3 (1589, 1524,could react back to MP. It is important to note that no ad-
1447, 1351, and 1304 cmh) are associated with MSO and sorbed DMP has been detected when contacting MP with
DAA, respective|y, the two Compounds were also adsorbed Deloxan. Similarly no adsorbed DMP was observed when
on Deloxan. Only hydrogen-bonded species could be ob-admitting dissolved DMP.
served in the ATR spectra and no signal corresponding to
the ones observed when admitting MP could be found. 3.5. Interaction of 2-methoxypropane with sulfated and

The sulfonic groups of Deloxan promote the further trans- TiO2-modified SiQ
formation of acetone and MP. This becomes clear when the
sulfonic groups are blocked and MP is subsequently con- The reaction of MP was also tested on another sulfated
tacted with the modified material. An ideal way of block- catalyst: sulfated and Tig@modified amorphous S
ing acid sites of a catalyst is pyridine adsorption. Hence,  Fig. 7 shows the ATR spectra recorded while contacting
pyridine was first adsorbed on Deloxan from a3 so- this material with MP. Fig. 8 shows the corresponding time
lution in hexane. Signals characteristic of both hydrogen- behavior of the absorbance at 1700, 1524, and 1750'cm
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Table 2
Observed bands and proposed assignment for acetone and 2-methoxypropeng amdIi®loxan
Acetone 2-Methoxypropene
Dissolved SiOy Deloxan Dissolved SiOy Deloxan Assignment
1722+ sh4 1691+ sh1 1693+ sh1 1692+ sh4 1699+ sh| »(C=0)
1660 y(C=C)°
1598 Overtones(CHy)P
1589 v(C=0)°
1524 v(C=C)°
1451 5ps(CCHg)P
1447 v(C-CO¥f
1420 1423 1422 1424 1422 8(CH)
1364 1369 1371 1371 1372 5(CH)
1370 85(CCHg)®
1351 OCH
1304 OCH
1285 v(C-OP
1222 1242 1240 1242 1240 v(C-C)

4 and| refer to high- and low-energy shoulder, respectively.
@ In n-hexane.
b For the assignment of MP vibration refer to [28].
€ For these assignments refer to [24].
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Fig. 8. Time dependence of the signals at 1700, 1524, and 1758 éon

. - - Fig. 9. ATR spectra of MP adsorption on pyridine pre-covered sulfated and
the experiment depicted in Fig. 7.

TiO»-modified SiG from a 10-3 M solution in hexane as function of time.
Pyridine adsorption was performed from afoM solution and after des-

As observed in the case of Deloxan, acetone is formed in theorbing weakly bound pyridine by flowing neat solvent.
early stages of MP adsorption. Further contact leads to the
same bands in the 1400-1600chspectral range that have

been described for MP on Deloxan. The time behavior of the

signals at 1700 and 1524 cthagain show the behavior of a silanol groups, as expected. From the relative intensities of
consecutive reaction. the bands of adsorbed pyridine and pyridinium ion at 1445

The acid sites of Deloxan are responsible for reactions @nd 1550 cm* a relative concentratiodis/CL of 8.6 can
following hydrolysis of MP to acetone. This has been ver- be estimated. The amount of Brgnsted relative to Lewis sites
ified through blocking of these sites by pyridine adsorp- is much higher on the sulfated and Binodified SiQ than
tion. The same strategy was applied to sulfated anc-TiO 0n Deloxan. When flowing hexane the HPy species desorb
modified SiQ. Fig. 9 depicts the ATR spectra of pyridine from the sulfated and Ti@modified SiQ, although very
adsorbed on the sulfated and Bi@odified silica from a slowly compared to desorption from Deloxan. Acetone is the
10-3 M solution in hexane. Signals at 1596, 1578, and only product detected when MP is admitted to the thin film,
1445 cnt! and at 1638, 1544, and 1488 thindicate for- as the doublet at 1702—-1692 tfsuggests. This confirms
mation of HPy and BPy species, respectively. A negative that also on sulfated and Tinodified SiQ, Brgnsted acid
signal at 3701 cm! suggests that pyridine partly adsorbs on groups are responsible for the reaction of MP.
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—>  more probable uct from the very beginning of MP admittance. In contrast
~~ > lessprobable the signals (e.g., at 1524 cth) of the newly formed product
grow in retarded with respect to MP admittance and acetone
e ><OMe formation, as is clearly seen both on Deloxan and on sulfated
RO oy M -7 OMe and TiOx-modified SiQ (Figs. 4 and 8). In fact the time de-
2xCHOH AT H pendence of the signals strongly indicates that acetone is
7 . also involved in this transformation. Based on these con-
/ H A E siderations the most likely transformation in this respect is
Mso Y / therefore an acid-catalyzed condensation of acetone and MP,
OH o B /-7T Tl which would yield MSO (step B in Scheme 2). On the other
[)\/K-——‘)\/“\} <77 A i hand admittance of MSO (and DAA) to Deloxan did not
% ’ yield the signals at 1589, 1524, 1447, 1351, and 1304'¢m
~ 2w which shows that the species giving rise to the signals at
Sreo--7" 1589 and 1524 cmt does not correspond to molecular MSO
HO (nor DAA). However, it could be attributed to the enol form
_ of MSO (or DAA). The newly formed species is only slowly
Scheme 2. Observed products and reaction pathways of 2-meth0xypropenedes‘:ering from the interface when flowing neat solvent.

(MP). The ATR spectra recorded while admitting MP reveal
. . the behavior of another species at the interface: The neg-
4. Discussion ative broad band at around 1700 and 1240 tman be
assigned to hydronium ions removed from the interface
4.1. Identified surface species and reactions [16,17]. When admitting MP to Deloxan or sulfated and

TiO2-modified SiQ, acetone appears before the hydronium

Scheme 2 summarizes the reactions found by ATR spec-jons disappear from the interface, as is seen in Figs. 4 and 8.
troscopy. Acetone formation (step A in Scheme 2) is ob- In the case of sulfated and Ti@nodified SiQ, the disap-
served when contacting Deloxan and &Si®espectively,  pearance of hydronium ions sets in at the same time as the
with MP (Figs. 1 and 2). Acetone can be formed by hydroly- newly formed species appears. This furthermore indicates
sis of MP, which is corroborated by the negative water bands. that acetone formation is not associated with the acid sites
The fact that acetone formation is observed onSi®well whereas the second transformation is. One possible explana-
as on Deloxan shows that Brgnsted acid groups are not a pretion for the observed behavior is that the acid sites do not
requisite for hydrolysis, although hydrolysis of vinyl ethers only catalyze the second transformation but also serve as ad-
in the homogeneous phase is found to be acid catalyzed in-sorption sites for the product. Interestingly, when desorbing
volving a proton transfer as the rate-determining step [9].  the reaction product of the second transformation, the hy-

The hydrolysis is fast, since adsorbed MP could be found dronium ion concentration at the interface is largely restored
neither on Si@ nor on Deloxan. Also the signal of the ace- on sulfated and Ti@ modified SiQ, whereas it is only to a
tone detected at the interface increases fast after admittingminor extent on Deloxan, as can be seen from Figs. 3, 4, 7,
MP, as is seen in Fig. 4. The formed acetone adsorbs onand 8.
SiOH groups. On Deloxan part of the acetone may further- ~ Methanol can react with MP to form DMP (step D in
more interact with the Bregnsted acid groups as the weak Scheme 2). We do not have direct evidence for the forma-
band at about 1650 cm indicates (Fig. 3). On Deloxan tion of DMP from the spectra. If DMP is formed, it is either
a further transformation is observed leading to a speciesfast hydrolyzed to acetone (step E in Scheme 2) or reacts
with characteristic bands at 1589, 1524, 1447, 1351, andback to MP and methanol (reverse step D in Scheme 2) or
1304 cntl. Pyridine adsorption clearly shows that this fur- both. This becomes clear from the experiments where DMP
ther transformation requires Brgnsted acid sites. was admitted to Si@or Deloxan. In these experiments ace-

Acetone formation by hydrolysis of MP results in metha- tone is formed. On Deloxan the acetone vanishes again and
nol. Likely the further transformation observed in the ATR the same bands appear as are observed when admitting MP
experiments when admitting MP to Deloxan involves MP, on Deloxan. Hence, admission of MP and DMP leads to
acetone, or methanol. Acetone dimerization (step F in the same observations in the ATR experiment. The proposal
Scheme 2) can be excluded since admittance of acetonemade above based on the time behavior of the ATR signals
alone does not result in the signals observed when admit-that the second observed transformation is a condensation of
ting MP to Deloxan. The time behavior of acetone at the acetone and MP would indicate that DMP also reacts back to
interface and of the species associated with the signals atMP and methanol. It is worth noting that GC analysis of cat-
1589, 1524, 1447, 1351, and 1304 chstrongly indicates  alytic experiments in a continuous fixed-bed reactor under
that the transformation yielding the new species is not just a similar conditions as used in the ATR studies revealed the
dimerization of MP. If this were the case one would expect a formation of acetone, methanol, and DMP upon contacting
fast increase of the signals associated with the reaction prod-Deloxan with MP, thus supporting Scheme 2.
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The transformations observed with Deloxan are not re- lead to local overheating at the active site and thus further
stricted to this particular material, since they were also ob- promote side reactions.
served on sulfated and T¥nodified SiQ. Note that one
difference between the two materials is the nature of the
Brgnsted sites. On Deloxan the Brgnsted sites are sulfonic5. Conclusions
acid groups covalently attached to Si(®cheme 1) whereas
on sulfated and Tigrmodified SiG the Brgnsted sites are When the simple vinyl ether 2-methoxypropene is admit-
sulfuric acid groups adsorbed on Bi@nodified SiG. The ted to heterogeneous acid catalysts, complex transformations
two materials have a rather different relative concentration are observed at the catalytic solid—liquid interface by atten-
of Lewis and Brgnsted acid sites as pyridine adsorption uated total reflection infrared spectroscopy. MP hydrolyzes
shows. Also the very different kinetics of pyridine desorp- fast to acetone. The latter is observed at the interface im-
tion from Lewis sites (O—H groups) indicates different Lewis mediately after admitting MP. The reaction is so fast that
acid strengths on the two materials. Note that the observedMP itself is not observed. This hydrolysis does not require
reactions of MP, acetone formation, and the transforma- Brgnsted acid sites and occurs even on pure silica, although
tion resulting in the signals at 1589, 1524, 1447, 1351, and vinyl ether hydrolysis is well known to be acid catalyzed in
1304 cnt?, are observed on both materials, although the the homogeneous phase. However, further transformation re-
Brgnsted to Lewis acid site ratio and the nature of the Bran- quires Bragnsted sites. The time dependence of the signals of
sted site is different. However, the time behavior of the ace- the intermediate acetone and the ones of the product of this
tone signal and the signal associated with the newly formed transformation indicates that acetone reacts with MP. The
species (Figs. 4 and 8) is distinctly different on the two ma- product of this reaction, possibly the enol form of mesitylox-
terials. First of all the relative ratio between the maximum ide, adsorbs on the catalyst surface. The relative abundance
acetone signal at 1700 crh and the signal of the second of Bransted and Lewis sites determines the concentration
species at 1524 cnt is larger on Deloxan than on sulfated  of the intermediate acetone on the surface, since its for-
and TiQ-modified SiQ (compare Figs. 4 and 8). This is  mation is likely due to the Lewis sites whereas its further
consistent with the observation that on Deloxandhg C. transformation is due to Brgnsted sites on the catalyst. 2,2-
ratio (ratio of Brgnsted to Lewis sites) is smaller and ace- Dimethoxypropane shows the same behavior on the catalysts
tone adsorbs primarily on Lewis sites. Also on sulfated and as MP, acetone formation, and its further transformation, in-
TiO2-modified SiQ the second transformation is faster than dicating that DMP and MP are easily transformed one into
on Deloxan as can be seen from the faster decrease of thehe other on the acid catalysts. ATR infrared spectroscopy
acetone signal and the faster increase of the signals correturns out to be a viable tool for investigating the transforma-
sponding to the product of the second transformation. On tions at the solid—liquid interface of acid catalysts.
Deloxan the latter signals do not reach a stable value be-
fore 100 min, whereas on sulfated and Ffodified SiQ
the signal levels off after 15 min. On the other hand, the Acknowledgments
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