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Abstract

The activity of the titanium mesoporous molecular sieve Ti-MCM-41 and amorphous Ti-silicate materials for carbon—carbon bond for-
mation in the Mukaiyama aldol-type reaction between benzaldehyde and methyl trimethylsilyl dimethylketene acetal was studied and the
reaction network established. Only tetrahedrdl Tis catalytically active, where Y| and highly dispersed Tiare not active or only
slightly active for the Mukaiyama reaction and have no effect on selectivity. Whereas in Ti-zeolites only a some of the active sites are acces:
sible to reactants, all of them are accessible in Ti-MCM-41. The structured Ti-MCM-41 offers a clear catalytic advantage over amorphous
Ti-silicalites. Water has a negative effect on catalytic activity and selectivity, and catalyst preactivation and hydrophobicity play artimportan
role in the final catalytic behavior. The influence of different solvents on conversion was explored.
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1. Introduction within stoichiometric or catalytic amounts for the prepara-
tion of crossed aldols by the reaction of silyl enol ethers
Developing active and selective solid catalysts for the o gjy| ketene acetals with aldehydes and ketones, known
formation of new carbon—carbon bonds is a matter of con- 45 the Mukaiyama aldol condensations or Mukaiyama-type
siderable interest. Brgnsted solid acids are used commer—,qq) condensatiofil5-19] Some heterogeneous catalysts,
such as clays, acid polymers, amorphous silica—alumina, and
metal zeolites (ZSM-5 and Beta), have been reported to be
active for this reactiorj20-25] Especially relevant for us
was the work of Kumar et aJ26—28] who found that TS-1
and Ti-Beta were oxophilic Lewis catalysts able to carry
out the Mukaiyama reaction in the absence ofOH The
similarity in the activities of TS-1 and Ti-Beta led the au-
thors to speculate that the reaction was mainly occurring
on the external surface of the zeolite, and, consequently, it
may very well be that only a fraction of the potential ac-
tive sites was accessible to reactants. If this is the case, it
eems to us that MCM-41 mesoporous materials could be
etter catalysts than metal zeolites for the Mukaiyama reac-
tions, provided the metal Lewis acid site in the mesoporous
" Corresponding author. Fax: +34 96 3877809. metal silicate is tetrahedrally coordinated and isolated on the
E-mail addressacorma@itq.upv.e@h. Corma). walls. Thus, in the present work we show that well-prepared

cially to catalyze reactions such as alkylation, dimeriza-
tion, acylations, etd1-4]. Meanwhile, solid bases such as
alkaline-substituted zeolites, alkaline-earth oxifte8], hy-
drotalcites[7-11], and ALPONSs[12,13] have been used
successfully for nucleophillic reactions involving carbanion-
type species for the formation of new carbon—carbon bonds
through aryl-ring side-chain alkylation, Knoevenagel and
aldol condensations, and Michael additions, among oth-
ers. Finally, Lewis acids are also largely used as catalysts
for alkylation, polymerization, Friedel-Crafts, and acyla-
tion, but also for aldol-type condensations and related re-
actions[14]. For instance, Lewis acids derived from Ti,
Sn, Zn, Al, and rare earths, among others, have been use%
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Ti-MCM-41 catalysts[29] are more active than the corre-
sponding ZSM-5 and Beta zeolites for the Mukaiyama re-
action between benzaldehydd @nd methyl trimethylsilyl
dimethylketene acetaP), while giving very high selectiv-
ity for the desired condensation produdg(3b). We show
the effect of catalyst activation and its hydrophobicity on ac-
tivity. The reaction has been studied with various solvents
and under solvent-free conditions. Finally, the influence of
water and the hydrophobicity of the catalyst on activity and
selectivity is also presented.

2. Experimental
2.1. Materials

Samples of Ti-zeolites and Ti-MCM-41 were prepared
in the following way. TS-1 zeolite was synthesized by a

method based on the wetness impregnation of an amorphous

SiO,-TiO, solid with a solution of tetrapropylammonium
hydroxide[30], Ti-Beta zeolite was obtained in fluoride me-
dia with a previously reported proced|gd], and Ti-MCM-
41 catalysts were prepared from a gel with the following
molar compositiorj29]: SiOy:x Ti(OEt)4:0.12 CTABI:0.26
TMAOH:24.3 H,0, wherex is varied between 0 and 0.08.
CTABr and TMAOH correspond to cetyltrimethylammo-
nium bromide (from Aldrich) and tetramethylammonium
hydroxide (from Aldrich), respectively. The silica source
was Aerosil-200, from Degussa, and Ti(OEas supplied
by Alpha Products.

2.2. Surface silylation

Typically surface silylation was performed as follows
[32]. One gram of calcined Ti-MCM-41 was autogassed at
300°C for 2 h. Then 10 g of solution containing 1.34 g of
hexamethyldisilazane (obtained from ABCR GmbH & Co)
in toluene was added under nitrogen on the dehydrated Ti-
MCM-41. The resulting mixture was refluxed under an inert
atmosphere at 12 for 2 h. Then the silylated sample was
filtrated and washed with 250 ml of toluene.

2.3. Tigrafting MCM-41 sample

Ti/MCM-41 grafted samples were obtained with a previ-
ously described proceduf83], with the use of titanocene
dichloride as a source of titanium and triethylamine to acti-
vate the surface silanols of the MCM-41 sample.

2.4. Characterization of materials

2.4.1. IR spectroscopy

Experiments were carried out in a Nicolet FT-IR 710
spectrometer, and the samples were heated at@QGihd
10~ Torr.

343

2.4.2. UV-vis spectroscopy
All of the analysis was carried out in a Varian Cary 5 with
barium sulfate as an internal standard.

2.4.3. Raman spectroscopy

Raman spectra were collected with a Renishaw inVia
Raman spectrometer equipped with a Leica DMLM micro-
scope and a 514-nm Arion laser as an excitation source.
A x50 objective of 0.37-mm optical length was used to fo-
cus the depolarized laser beam on a spot of about 2 um in
diameter, with a laser power at the sample of 2.0 mW. The
Raman scattering was collected with a CCD array detector,
in the 50—2000 cm! spectral region with a resolution of
2 cm 1. Each reported spectrum is the average of 20 scans
with an exposure time of 10 s each.

2.5. Catalytic reaction

The Mukaiyama reaction between benzaldehyijeafid
methyl trimethylsilyl dimethylketene aceta?)(was carried

out in a two-necked glass batch reactor under ady
mosphere. Before the reaction, the calcined catalyst was
activated in vacuum overnight at 250. Benzaldehyde
(106 mg; 1 mmol) was placed in another flask, together
with 280 mg of methyl trimethylsilyl dimethylketene ac-
etal (1.5 mmol) and 170 mg ef-dodecane (1 mmol) as an
internal standard, and 2 ml of anhydrous dichloromethane.
The reaction mixture was stirred for a few minutes at am-
bient temperature (20-2%&), and an aliquot was analyzed
and considered the time zero value. The reaction solution
was added to the preactivated catalyst, and the mixture was
stirred magnetically for 24 h at the reflux temperature of
the solvent (40C). Six aliquots of 25 pl were withdrawn

at different reaction times and subsequently analyzed by gas
chromatography with a 5% phenylsilicone column (ZB-5)
25 min length.

3. Resultsand discussion
3.1. Thermally catalyzed reaction

When silyl ketene acetal) is reacted with benzalde-
hyde @) at the reflux temperature of GEl (40°C) in a
1.5:1 mol ratio in the absence of any catalyst, some ther-
mal conversion occurs, and a 6% yield of the corresponding
B-hydroxy ester a, 3b) is formed after 24 hTable J),
indicating that the homogeneous reaction is slow at this tem-
perature. When the reaction occurs in the presence of well-
crystallized pure silica MCM-41 with a BET surface area of
858 nfg~1 (Table 2, under the same reaction conditions,
the yield of the condensation product increases to 2084 (
ble 1). The result suggests that the silanol groups, in spite of
their low acidity, are able to catalyze the reaction, and/or the
large adsorption capacity of the MCM-41 sample (concen-
tration effect) produces an increase in the reaction rate of the
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Table 1 Table 3
Silanol reactivity for the Mukaiyama-aldol type reactfon Physical properties of some micropore catalysts
Catalyst ~ Conversion Selectivity (mol%) Yield of 8a, 3b) Catalyst SiTi TiO» (Wt%) BET area (Mg~ 1)
of (1) (Mol%) ~ (33,3b)  Others (MOI%) Aerosil 200 0 0 200
None 8 75 25 6 Silica gel (Ge0050) 0 0 500
Aerosil 9 89 11 8 Ti-SAM (ENI) 36 32 798
Silicagel 13 92 8 12 TS 50 26 -
(GE0050) Ti-Beta? 56 23 455
MCM-41 20 95 5 19 a zeolites synthesized in the ITQ following the procedure described in

a Reaction conditions: 1 mmol PhCHO, 1.5 mmol silyl ketene acetal, 2ml the experimental part.
CHCly, 0.025 g catalyst activated (28C, vacuum, overnight), 24 h, at

reflux temperature of the solvent. E /3745 R
©
Table 2 €
Physical properties of some mesoporous molecular steves ;
Catalyst TiQ BET area Total pore vol- Pore size ®
(wt%) (m?g~1) ume (ccgl) (A c
MCM-41 0 858 1.08 39.6 e MCM-41
Ti-MCM-41 (0.4) 04 872 1.01 39.0 »

: > GE0050
Ti-MCM-41 (0.7) Q7 920 0.99 39.6 < '
Ti-MCM-41 (1.0) 10 950 1.02 39.2 Aerosil 200
Ti-MCM-41 (2.3) 23 900 0.96 39.2 T J T T
Ti-MCM-41(27) 27 1065 1.01 39.5 3500 3600 3700 3800 3900 4000
Ti-MCM-41 (4.4) 44 915 0.98 39.0 Wavenumber (cm™")

Ti-MCM-41 (5.0) 50 956 0.97 39.2

Ti-MCM-41 (8.7) 87 926 0.98 39.3 Fig. 1. IR spectra of different pure siliceous molecular sieves.
Ti-MCM-41 (11.6) 116 833 1.02 39.0

2TiIMCM-41P 28 912 1.03 40.2 10-

5Ti/MCM-41P 51 1020 1.06 39.5

@ All materials synthesized in ITQ. 08

b Titanium incorporated to the mesoporous molecular sieve via grafting '
following the procedure described in the synthesis of the materials.

©
Q 081
bimolecular Mukaiyama condensation reaction. We have an- ‘g
alyzed these hypotheses by carrying out the reaction in the £ 04+
presence of Aerosil-200 (Degussa; BET200 n? g~ 1; Ta- s v A
ble 3 with external and accessible sylanol groups, and with &>
amorphous silica GE0050 (Scharlau) with a relatively large [ 024
BET surface area (500 9g~1). The results obtainedré-
ble 1) show a lower activity for the aerosil or the amorphous 004 {
silica than for the MCM-41 material, despl_tg the. fact that 00 om0 a0 s a0
the number of silanols in the amorphous silicas is not that A (nm)

different from that of MCM-41 Fig. 1). This suggests that

the higher activity of MCM-41 should be better related to Fig. 2. UV-vis spectra of titanium containing catalysts: (1) TS-1, (2) Ti-
the concentration effect achieved with the very high surface Beta, (3) Ti-MCM-41 (2.7), (4) Ti-SAM (ENI).

area ordered silica. Our observation agrees with the fact that

pure silica MCM-41 is active in catalyzing the condensation Lewis acids can catalyze the Mukaiyama-aldol reaction of

of silyl ketene acetals with aldehydgs3]. silyl ketene acetals with carbonyl compourja8,35]
The products obtained during the reaction of silyl ketene
3.2. Lewis acid catalysis: reaction network acetal R) with benzaldehyd€l] in the presence of Ti-MCM-

41 were methyl 2,2-dimethyl-3-phenyl-3-(trimethylsilylo-
The activity of the pure silica MCM-41 strongly in-  xy)propanoic acid methyl este3d, 3b), 2-methyl-propanoic
creased when a Lewis acid such as Ti was incorporated at theacid methyl ester4), 2-methyl-propanoic acid trimethylsi-
walls during the synthesis. Indeed, the UV-visible spectrum lyl ester (7), trimethylhydroxysilaneX), and hexamethyldi-
of the Ti-MCM-41 catalyst shows a charge transfer band at siloxane 6). When the yields of the different products were
~210 nm Fig. 2), which is indicative of the presence of plotted versus total conversioRi¢. 3), it was possible to see
tetrahedrally coordinated Ti. This 'fican act as a Lewis that in addition to the very main aldol condensation prod-
acid, and it is known that homogeneous and heterogeneousict, minor amounts of 2-methyl-propanoic acid methyl ester
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Scheme 1. Reaction network for Mukaiyama's reaction between benzaldehyde and methyl trimethylsilyl dimethylketene acetal on Ti-molecular sieves
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Fig. 3. Yield of products vs conversion of benzaldehyde for the Mukaiyama
aldol-type reaction. Reaction conditions: 1 mmol PhCHO, 1.5 mmol silyl
ketene acetal, 2 ml C}€Cly, 0.025 g activated catalyst (at 250, in vac-
uum, overnight) at reflux temperature of the solvent during 24h.leth-
yl-2,2-dimethyl-3-phenyl-3-(trimethylsilyloxy)propanoic acid methyl es-
ter 3a, 3b), (M) hexamethyldisiloxane6f, (A) 2-methyl-propanoic acid
trimethylsilyl ester {), (®) 2-methyl-propanoic acid methyl este)(

(4) and trimethylhydroxysilanesj were also formed as pri-
mary products, from the hydrolysis of the silyl ketene acetal
by H,O present with the reactants or by®l remaining ad-

tetrahedral titanium
968 cm”™

Ti-MCM-41 (2,3)

Raman Intensity

Ti-beta

1200 1100 1000 900 800 700 600

Raman Schift (cm'1)

Fig. 4. Raman spectra of titanium containing catalysts.

ples (TS-1 and Ti-Beta) were prepared. UV-visible spec-
troscopy Fig. 2 shows a well-defined adsorption band at
~210 nm, which can be associated with tetrahedrally coor-
dinated framework titaniuni36]. It should be pointed out
that extraframework Ti@was not detected by Raman spec-
troscopy in Ti-MCM-41 or in the two Ti-zeolited=(g. 4).

sorbed on the solid, despite the fact that the sample was pre\When the activity of Ti-MCM-41 was compared with that of

activated in vacuum (1@ Torr) at 250°C. In addition to the
hydrolysis products, 2-methyl-propanoic acid trimethylsilyl
ester {), and trimethylmethoxysilane3) were observed as
secondary products, and hexamethyldisilox@)evas a pri-
mary plus secondary product, and their formation can occur
through the reaction network presentedsicheme 1

Nevertheless, it should be noted that in all experiments
carried out with Ti-MCM-41, selectivity for thg-hydro-
xyester (aldol) was always above 95%.

3.3. Accessibility of Ti-sites in MCM-41
It was said before that mesoporous Ti-molecular sieves

could offer diffusional advantages with respect to Ti-zeolites.
In order to check this, two highly crystalline Ti-zeolite sam-

TS-1 and Ti-BetaTable 4andFig. 5), the former was much
more active, as judged from the turnover frequency (TOF),
which we calculated by dividing the initial rate by the moles
of Ti in the catalyst, which made it 4 times larger.

The above results support the hypothesis that probably
not all of the Ti sites in the zeolites but only those close to
the external surface are able to reg@8,28], whereas in the
case of Ti-MCM-41 the larger pore diameter allows a better
diffusivity of the reactants, which can reach the Ti sites lo-
cated at the pore walls. Nevertheless, the above observations
do not guarantee that all of the Ti sites in Ti-MCM-41 are ac-
cessible through the pores, since som¥ Tould be buried
within the walls, making it inaccessible to reactants. Thus,
in order to clarify this point, we prepared a sample of Ti on
MCM-41 (2Ti/MCM-41) by anchoring Ti to the walls of a



346 R. Garro et al. / Journal of Catalysis 233 (2005) 342—-350

Table 4
Activity of different titanium silicates for the Mukaiyama-aldol type reaction of benzaldehyde and methyl trimethylsilyl dimethylketerfe acetal
Catalyst TiQ Conversion Selectivity to the products (mol%) Yiel®g, 3b) TON TOF
(Wt%) of (1) (mol%) (3a, 3b) Others (mol%) at5h (b
TS-1° 2.6 6 83 17 5 4 1
Ti-Betd? 23 37 100 0 37 37 7
Ti-MCM-41 (2.3) 2.3 77 100 0 77 48 10
2TiIMCM-41¢ 2.8 72 99 1 71 61 12
5Ti/MCM-41¢ 5.1 99 99 1 98 29 6
Ti-SAM (ENI)b 3.2 64 98 2 63 17 3

@ Reaction conditions: 1 mmol PhCHO, 1.5 mmol silyl ketene acetal, 2 i@} 0.025 g of activated catalyst (at 235G, in vacuum, overnight) at reflux
temperature of the solvent during 24 h.

b With 2 h of activation.

¢ with Ti/MCM-41 grafted.

o S5TiMCM-41 104
A,IOO ] +T?—MCM—41(2,3)SiIiIada ’
— 1| A Ti-MCM-41(23)
§ 90 - ° E',I:‘lfMCM—M T 08
80 - e Ti-Beta N
\o | | —A—Si-MCM-41 S
s e
- 7 o 4
2 50 - Z §4-
> 40 - x
© 30 b 0,21
S
T 20 1
e 10 0,04
e S 200 250 300 350 400
0 2 4 6 8 10 12 14 16 18 20 22 24 A (nm)
Reaction time (h) @
Fig. 5. Yield of the condensation product vs reaction time for Mukaiyama 1,0
reaction of PhCHO and silyl ketene acetal over titanium mesoporous mole-
cular sieves. Reaction conditions: 1 mmol PhCHO, 1.5 mmol silyl ketene 9 0,81
acetal, 2 ml of CHClI,, 0.025 g of activated catalyst (at 250, in vacuum, = )
overnight) at reflux temperature of the solvent {4) during 24 h. e 0,61
(o]
Z 04+
pure silica sample of MCM-4[33]. Note that spectroscopic x
characterization shows that in this sample the Ti atoms are “ 0.21
also tetrahedrally coordinateBi¢. &8). The aldol condensa- 00
tion activity of 2Ti/MCM-41, per atom of Ti, per hour (i.e., ’
TOF), is very close to that of the Ti-MCM-41 (2.3) (s&a- 200 250 300 350 400
ble 4andFig. 5), indicating that most, if not all, of Ti sites A (nm)
in Ti-MCM-41 are accessible through the pores. (b)

Another important point about mesoporous molecular _ _ _ T

. . . . . Fig. 6. UV-vis spectra for Ti-MCM-41 samples with different amount
sieve catalysts is the pqtentlal CatalytIC. benefit of the Very of TiO,. (a) Titanium incorporated to the mesoporous molecular sieve
regular pores present in these materials, compared Withyia synthesis: (1) MCM-41, (2) Ti-MCM-41 (2.3), (3) Ti-MCM-41 (5.0),
fully amorphous mesoporous materials. In the case of the (4) Ti-MCM-41 (11.6); (b) titanium incorporated via grafting: (1) 2Ti/
Mukaiyama condensation with solid titanium catalysts, we MCM-41, (2) 5T/MCM-41.
have also carried out the reaction with an amorphous meso-
porous Ti-catalyst (SAM]37]. Characterization of Ti sites  phous material that can limit the accessibility of the reactants
in this sampleig. 2) shows that they are tetrahedrally coor- to some Ti sites.
dinated. Activity resultsTable 4 indicate that Ti-MCM-41
is more active than the amorphous material, showing the 3.4. Influence of Ti site concentration (Ti-MCM-41) on
benefit of the regular pore dimensions in MCM-41. The rea- reactivity
son for this can be related with a better structure of the Ti in
Ti-MCM-41 due to the presence of the surfactant, or to the  We have attempted to maximize the number of Ti Lewis
presence of bottlenecks at the pores in the case of the amoractive sites by introducing further amounts of Ti during the
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Fig. 7. Initial rate ¢g) vs wt% of TiO, for Mukaiyama reaction of PhCHO

and silyl ketene acetal over titanium mesoporous molecular sieves. Reaction
conditions: 1 mmol PhCHO, 1.5 mmol silyl ketene acetal, 2 ml 0bCH,

0.025 g of activated catalyst (at 28G, in vacuum, overnight) at reflux
temperature of the solvent during 24 @)(Ti-MCM-41 samples with dif-
ferent wt% of titanium (as Tig); (M) Si-MCM-41 with impregnated tita-
nium.

Raman Intensity

synthesis of the titanosilicate mesoporous molecular sieve. If 700 600 500 400 300 200 100

all of the Ti atoms were in the form of isolated and tetrahe- Raman Schift (cm™)

drally coordinated sites, then the activity should be directly ®)

proportional to the Ti content. Thus, if we plot initial reac-  Fig. 8. Raman spectra of titanium containing mesoporous molecular sieves.
tion rate versus Ti content in Ti-MCM-41 samples, we can (a) Region of the spectra where appears characteristic tetrahedral band for
see Fig. 7) that when the Ti concentration increases above fitania: (1) MCM-41, (2) Ti-MCM-41 (2.3), (3) T-MCM-41 (5.0), (4) Ti-
1-2% not all Ti atoms are in the form of active sites for the (“g)cmlcﬁﬂf)( 2%, ?;”$§ Jé;?gfg%)?gﬂ?ﬁ\%JEZTE&).MCM"”'
Mukaiyama condensation. A detailed characterization of the

different catalysts by UV-visible and Raman spectroscopy

(Figs. 6 and Bshows that for Ti-MCM-41 samples with Ti  Taple 5

contents larger thary1-2 wt%, in addition to the-210-nm Influence of the titanium incorporation into MCM-41 on the activity and
UV band associated with 'fi, absorption bands at270 and selectivity for the Mukaiyama reactién

~320 nm appear, indicating the presence of Ti—O-Ti pairs TiO, (wt%) Conversion of ) (mol%) Selectivity (mol%)
and even TiQ. When the Ti content increases further, the 23 26 100

relative intensity of the higher frequency bands increases. 5.0 63 100

Raman spectroscopy confirms the presence of extraframe-116 70 100

work TiO, (bands at 450 and 610 crh assigned to rutle 23 65 100

: 5.0P 81 100
clusters and four bands at 144, 397, 518, 641 tassigned 116 82 100

E:OO;gittasgu?argﬁﬂleésﬁ’;?ag ttrl’]]ztsggtfl’llee&:jglllth ::i?r?jrinZted & Reaction conditions: 2 mmol PhCHO, 3 mmol silyl ketene acetal, 2 ml
Ti and :I'ioz even if highly dispersed (in sevgral samples _2C12: 0:035 g of TEMCM-41 activated (250C, vacuum, 2 ), 7 h of

: ! reaction at reflux temperature of the solvent.
TiO2 was not detected by XRD, but only by Raman and UV b geaction made with 0.075 g of catalyst.
spectroscopies), are not catalytically active, or at least they
are much less active than isolated"Tfor the Mukaiyama
condensation between benzaldehyde and silyl ketene acetals. In conclusion, higher conversions with very high selec-
Results froniTable 5show, however, that the presence of ex- tivity for the Mukaiyama reaction can be obtained with
traframework titanium does not affect the selectivity of the Ti-MCM-41 catalysts containing large amounts (11.6 wt%
catalyst. To further confirm this, 2 wt% Ti (in the form of TiOy) of Ti. In this case only a part of the Ti, that is, iso-
TiO,) was impregnated on pure silica MCM-41 and, after lated framework TV, is active, whereas the extraframework
calcination at 500C, was tested under the same reaction TiO> has little if any effect on reactivity. With this Ti-MCM-
conditions as described above. The activity result is given 41 sample, the activity per weight of titanosilicate is 4 times
in Fig. 7, confirming that extraframework Ti{has very low higher than for the most active Ti-Beta catalyst at the reflux
activity. temperature of ChLCl, (40°C).
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Table 6

Effect of the catalyst activation for the Mukaiyama reaclion

Ti-MCM-41 CHCl» Time Conversion Selectivity (mol%) Hydrolysis product yield (mol%)
activation (ml) (h) of (1) (mol%) (3a, 3b) Others 6) (@) )
Yes 1 14 83 99 1 3 8 4
No 1 23 67 100 0 3 22 3
Yes Q25 4 84 99 1 3 7 1
No 0.25 4 78 99 1 0 1 1
Yes Q5 5 57 99 1 2 13 2
No 0.5 5 49 100 0 2 18 3

& Reaction conditions: 0.02 g of Ti-MCM-41 (2.3 wt% T3®) 1 mmol of PhCHO, 1.5 mmol of silyl ketene acetal, toluene as solvent, reaction made in flask
microreactors (2 ml) hermetically closed at TD. Activation of the Ti-MCM-41 samples at 25C, in vacuum (1(’1l mmHg) overnight.

Table 7

Effect of the use of 4A molecular sieves in the Mukaiyama reation

Ti-MCM-41 Molecular Time Conversion Selectivity (mol%) Hydrolysis product yield (mol%)
(g) sieves 4A (h) of (1) (mol%) (3a’ 3b) Others 6) (4) (7)
0.035 Yes 25 69 100 0 4 7 1
0.040 No 215 50 100 0 5 9 1
0.100 Yes 22 96 98 2 0 0 0
0.100 No 23 60 100 0 7 11 0

@ Reaction conditions: Ti-MCM-41 (2.3 wt% Tif) activated (at 250C, in vacuum, 2 h), 2 mmol of PhCHO, 3 mmol of silyl ketene acetal, 2 ml of
anhydrous CHCI, at reflux temperature of the solvent.

Table 8

Effect of the silylation of Ti-MCM-41 (2.3 wt% Ti@) on the catalytic activity of the Mukaiyama reaction

C Si(Me)s/ Conversion Selectivity (mol%) Hydrolysis product yield (mol%)

(wt%) Si0, of (1) (mol%) (3a, 3b) Others B) 4 )
0 0 77 100 0 0 0 0
7.89 016 90 100 0 1 0 0

& Reaction conditions: 0.025 g of Ti-MCM-41 (2.3 wt% TiPactivated (at 250C, in vacuum, 2 h), 1 mmol of PACHO, 1.5 mmol of silyl ketene acetal,
2 ml of CHyCly, at reflux temperature of the solvent during 24 h.

3.5. Effect of catalyst activation and postsynthesis 1004
treatment

o5 7,89 wt% of C

We have seen before that the most important competing
reaction was the hydrolysis of the silyl ketene acetals, due to
residual amounts of water remaining adsorbed on the cata-
lyst, and/or present in the benzaldehyde, silyl ketene acetal,
and solvent. It has also been claimg@®—28,40]that wa-
ter poisons Ti Lewis acid sites, decreasing the activity of
Ti-zeolites. We have confirmed this in the case of Ti-MCM-
41, by performing the experiments with a sample exposed to 75
the open atmosphere, without heating under vacuum before — 17—
use, and with a catalyst sample previously activated in situ 0 100 200 300 400 500 600 700 800 900
at 250°C under a vacuum of 10 Torr for 2 h. The results Temperature (°C)
from Table GS_h_OW that water remOYal by catalyst activa- Fig. 9. Thermogavimetric analysis (TG) of titanium containing mesoporous
tion has a positive effect on conversion. Further removal of moecular sieves with different silylation degree.
the water present in reactants and solvent by means of a 4A
molecular sieve further increases the activity of the catalyst
(Table 3. given in the Experimental sectid82,41] TG results from

Since water has a negative effect on catalyst activity, we Fig. 9indicate that silylation of the sample causes the total
decided to prepare hydrophobic Ti-MCM-41 samples with amount of adsorbed water and the water desorption tempera-
a postsynthesis silylation treatment. This was done with ture to decrease. Then, when the conversions of silylated and
a hexamethyldisilazane treatment, following the procedure nonsilylated samples are comparédlfle §, we can see that

90

85+

80

Mass loose (Wt%)

none silylated
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Scheme 2. A possible mechanism for Mukaiyama’s reaction between benzaldehyde and methyl trimethylsilyl dimethylketene acetal on Ti-m@scular sie

100 1
Table 9 90 1
Influence of the solvent in the Mukaiyama reacfion
~~ 80 1
Solvent Conversion Selectivity Hydrolysis product g 0]
of (1) (mol%) yield (mol%) o
< 60
(mol%) (3a,30) Others  6) @) =
QL 501
CHaCIL? 90 100 0 5 15 T w0l
CH3CN 85 100 0 8 24 é
Toluene 54 100 0 4 13 o %07
CHCl3 35 100 0 19 39 0 201
Dioxane 7 100 0 2 8 10
THF 4 100 0 3 32 o
@ Reaction conditions: 1 mmol PhCHO, 1.5 mmol silyl ketene acetal, 2 ml
of solvent, 0.02 g of Ti-MCM-41 (2.7 wt% Tig) activated (at 250C, in Reaction Time (h)
vacuum, overnight), at 50C during 22 h of reaction.
b At reflux temperature of the solvent (4C). Fig. 10. Yield of the product vs reaction time for Mukaiyama-type reaction

using different solvents. Reaction conditions: 1 mmol PhCHO, 1.5 mmol
silyl ketene acetal, 2 ml of solvent, 0.020 g of activated Ti-MCM-41(2.7) (at

silylation increases the activity of the catalyst by decreasing 250°C, in vacuum, overnight) at reflux temperature of the solvenf 20

the coordination of KO with Ti sites. during 22 h. M) with no solvent, () with anhydrous CHCly, (4) re-
peated experiment with dry Gi€lo, (+) with CH3CN, (A) with toluene,
3.6. Effect of the solvent (O) with dry CHCk (4A molecular sieves)x(-with dry CHCA, () with

not dry CHCB, (-) with dioxane, ) with THF.

Mukaiyama’s condensations are usually carried out in the
presence of solven{d8,41] and in the case of solid cata-
lysts different organic solvents have been ug&j28,34,42, vents with different polarities have been used; the results are
43]. In the case of Ti molecular sieves, a plausible mecha- given inTable 9
nism for the Mukaiyama reaction (s&eheme Rinvolves a Results fromFig. 10clearly show that when the reaction
polarized transition state, and therefore it is not unreasonableis carried out in THF and dioxane, the reaction proceeds
to think that the polarity of the solvent can have an effect on very slowly. This is probably due to a strong adsorption
the stabilization of the transition state. Then a series of sol- of the solvent through the oxygen atoms to the Ti sites of

Table 10

Solvent free Mukaiyama aldol-type reaction over Ti-MCM-41 (2.3 wt% )0

Solvent Temperature Ti-MCM-41 Time Conversion of {) Selectivity Hydrolysis product yield (mol%)
(°C) (@) (h) (mol%) (mol%) (6) (4 @

Yes 100 0.100 5 51 100 0 2 5

No 100 0.100 5 79 100 0 0 1

Yes 100 0.035 24 54 100 4 6 0

No 100 0.035 7 93 100 0 0 0

Yed 40 0.035 21 50 100 5 9 0

No 40 0.035 7 70 99 0 0 0

& Reaction conditions: Ti-MCM-41 (2.3 wt% Ti) activated (at 250C, in vacuum, 2 h), 2 mmol of PhCHO, 3 mmol of silyl ketene acetal, 2 ml of toluene.
b with 2 ml of CHyCl,.
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