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Abstract: A new nucleophilic catalytic system comprised of dialkylaminopyridine-functionalized mesoporous
silica nanosphere (DMAP-MSN) has been synthesized and characterized. We have demonstrated that
this material is an efficient heterogeneous catalyst for Baylis-Hillman, acylation, and silylation reactions
with good reactivity, product selectivity, and recyclability. We envision that this DMAP-functionalized
mesoporous silica material can also serve as an effective heterogeneous catalyst for many other catalytic
nucleophilic reactions.

1. Introduction catalytic reactivity has been attributed to the difficulty of
controlling the degree of functionalization and the complication
due to the mass transport of reactants and products in-and-out
of the catalytic sites within the solid matrices. For example,
the catalytic reactivity of DMAP-functionalized polymers has
been shown to be solvent dependent due to the swelling and
contraction of the polymer matrices in different solvent environ-

entst®

The MCM- and SBA-type silicas, with their regular structural

. . I characteristics, high surface areas and tunable pore diameters,
the literature. However, the catalytic reactivities of most of these _ . o
represent a promising support for DMAP immobilization.

systems have been shown to be lower than that of the DMAP
Y However, to the best of our knowledge, successful functional-

molecule in homogeneous solution reactions. The decrease in
ization of DMAP on mesoporous silica surfaces has not yet been

reported. This can be attributed to the undesired protonation of

Due to its high nucleophilicity, 4-(dimethylamino)pyridine
(DMAP) has been widely utilized as an efficient catalyst for
many important reactionis® such as acylation, silylation,
tritylation, ester rearrangement, polymerization, Darkin-West
reaction, and Baylis-Hillman reaction. Several approaches for
immobilization of this remarkable homogeneous catalyst on
various organic and inorganic solid supports, such as pol§jmérs
and sot-gel silica-based material$,'® have been reported in

T Department of Chemistry.

¥ Ames Laboratory. the pyridyl group of various trialkoxysilyl-derivatized dialkyl-
@ 6Hf§f'e' G.; Steglich, W.; Vorbrueggen, Mngew. Chemi197§ 90, 602~ amino pyridines by the surface silanol group during the
(2) Heinrich, M. R.; Klisa, H. S.; Mayr, H.; Steglich, W.: Zipse, Angew. conventional postsynthesis grafting reaction.
Chem., Int. Ed. Engl2003 42, 4826-4828. i — )
(3) Scriven, E. F. V.Chem. Soc. Re 1983 12, 129-161. R_ecently, we have de_veloped a co-condensation-based syn
(4) gfévee—)gﬁic'; Arseniyadis, SAngew. Chem., Int. Ed. Eng2004 43, thetic method that provides control of the degree of organic
. . o . o o .
(5) Murugan, R.; Scriven, E. F. \Aldrichim. Acta2003 36, 21—27. functionalization and par.tlcle morpholo@?. By unhzmg thls
(6) gég&gdzg'; Gamson, E. P; Klotz, I. MJ. Am. Chem. Sod.979 101, method, we report herein the synthesis, characterization, and
(7) Delaney, E. J.; Wood, L. E.; Klotz, I. MI. Am. Chem. S0d982 104, catalytic reactivity study of a 4-(dialkylamino)pyridine-func-
799-807. ) tionalized mesoporous silica nanosphere (DMAP-MSN) mate-
(8) Shinkai, S.; Tsuji, H.; Hara, Y.; Manabe, Bull. Chem. Soc. Jpri98], ial. O theti h all to ci tth de-
54, 631632 rial. Our synthetic approach allows us to circumvent the unde

©) Igg?zoié ’\gé;ﬂéidza’ Y.; Kakiuchi, HMakromol. Chem., Rapid Commun.  sjred protonation of DMAP and produce a heterogeneous

(10) Menger, F. M.; McCann, D. J. Org. Chem1985 50, 3928-3930. catalyst for Baylis-Hillman, acylation, and silylation reactions

(11) Deratani, A.; Darling, G. D.; Frechet, J. M. Rolymer1987 28, 825 with superb reactivity, product selectivity, and recyclability.

(12) Egeggtggi,%%l)?;gng, G. D.; Horak, D.; Frechet, J. MMacromolecules 2. Experimental Section

13) ;31‘6%”5'0“2' F.; Jacquier, R.; Verducci Tétrahedron1988 44, 7095~ All reagents were purchased from commercial sources and used as

(14) Bergbreiter, D. E.; Li, COrg. Lett.2003 5, 2445-2447. received without further purification. Benzene was dried by calcium

(15) Bergbreiter, D. E.; Osburn, P. L.; Li, Qrg. Lett.2002 4, 737—740.

(16) Corma, A.; Garcia, H.; Leyva, AChem. Commur2003 2806-2807. (19) Benaglia, M.; Puglisi, A.; Cozzi, Chem. Re. 2003 103 3401-3429.

(17) Rublnsztajn S.; Zeldln M.; Fife, W. KMacromolecule499Q 23, 4026— (20) Huh, S.; Wiench, J. W.; Trewyn, B. G.; Song, S.; Pruski, M.; Lin, V. S. Y.
Chem. Commur2003 2364-2365.

(18) Rublnsztajn S.; Zeldin, M.; Fife, W. Kacromolecule4991, 24, 2682 (21) Huh, S.; Wiench, J. W.; Yoo, J.-C.; Pruski, M.; Lin, V. S.Ghem. Mater.

2003 15, 4247-4256.
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hydride and used after distillation. Dichloromethane was dried by
aluminum oxide column. All catalytic reactions were performed in a
screw-capped vial.

Preparation of 4-[N-[3-(Triethoxysilyl)propyl]- N-methyl-amino]-
pyridine (DMAP-TES). A solution of 4-(N-methylamino)pyridine (5.0
g, 46.2 mmol) in 70 mL of dry tetrahydrofuran (THF) was added
dropwise to a suspension of sodium hydride (1.77 g, 73.9 mmol) in 30
mL of dry THF under N atmosphere at 0C ice bath. The solution
was stirred for additiola2 h at room temperature. A solution of
chloropropyltriethoxysilane (11.1 mL, 46.2 mmol) in 10 mL of dry
THF was introduced to the mixture afC ice bath via injection. After
injection, the solution was stirred further for 15 h at°@ The solution

screw-capped vial at 50C for 24 h. After the reaction, the crude
reaction mixture was filtered and washed by copious amount of acetone.
The filtrate was concentrated under vacuum. The corresponding
products were isolated by column chromatography with ethyl acetate/
hexane as eluent.

General Procedure for DMAP-MSN-Catalyzed Acylation Reac-
tions. The mixture of DMAP-MSN (50 mg, 7.5 mol%), an alcohol of
choice (1 mmol), triethylamine (1.5 mmol), and dry benzene (2 mL)
were charged to a screw-capped vial and heated ttC6@r 20 min.
Acetic anhydride (2 mmol) was added to the solution mixture via
injection. After 2.5 to 24 h, the crude reaction mixture was filtered on
a glass frit, and the catalyst was thoroughly washed with copious amount

was filtered, evaporated in vacuo, and chromatographed on silica gelof chloroform. The resulting filtrate was evaporated under vacuum.

with eluent (MeOH/CHG) = 1/9 with 5% NEg), to give pure DMAP-
TES as a liquid (8.85 g, yieles 61.3%). ThetH and*3C NMR spectra
of the product were found identical with reported d&t&.

Synthesis of Dialkylaminopyridine-Functionalized Mesoporous
Silica Nanosphere Catalyst (DMAP-MSN).The mixture of cetyltri-
methylammonium bromide surfactant (gB8H,)1sN(CHs)3Br, referred
to as CTAB) (2.0 g, 5.49 mmol), 2.0 M of NaOH (aq) (7.0 mL, 14.0
mmol) and HO (480 g, 26.67 mol) was heated to 80 for 30 min.

To this clear solution, tetraethoxysilane (9.34 g, 44.8 mmol), DMAP-
TES (1.80 mL, 5.74 mmol) was added sequentially and rapidly via
injection. White solids were observed within 85 s upon mixing of the
initial opaque emulsion. The reaction was stirred vigorously at@0
for 2 h followed by a hot filtration of the solution to yield the crude
DMAP-MSN product (white solid). The as-made material was washed

The corresponding acetates were obtained by column chromatography
with ethyl acetate/hexane as eluent.

General Procedure for DMAP-MSN-Catalyzed Silylation Reac-
tions. An alcohol of choice (0.5 mmoljert-butyldimethylsilyl chloride
(0.55 mmol), DMAP-MSN (20 mg, 6 mol %), and triethylamine (0.55
mmol) were added to a dichloromethane solution (2 mL) in a screw-
capped vial. The solution mixture was stirred at room temperature for
24 h. After the reaction, the reaction mixture was filtered and washed
by copious amount of chloroform. The filtrate was concentrated under
vacuum. The corresponding silyl ether products were isolated by column
chromatography with ethyl acetate/hexane as eluent.

3. Results and Discussion

Synthesis and Characterization of DMAP-MSN Catalyst.
We first synthesized an organosilane,NHB-(triethoxysilyl)-

with copious amount of water and methanol and then dried under X A 8
vacuum. An acid extraction was performed with a methanolic solution Propyll-N-methyl-amino]pyridine (DMAP-TES), via a procedure
(100 mL) of concentrated hydrochloric acid (0.6 mL) and the as-made described in the Experimental Section (Scheme 1). To prepare
DMAP-MSN material (1.0 g) at 60C for 3 h. The resulting surfactant-  the DMAP-functionalized mesoporous silica hanosphere (DMAP-
removed DMAP-MSN was filtered, washed with water and methanol, MSN) material, DMAP-TES and tetraethoxysilane (TEOS) were
and dried under vacuum. The neutralization was conducted in saturatedntroduced to a sodium hydroxide aqueous solution with low

sodium carbonate methanol solution (100 mL) of extracted DMAP-
MSN (1.0 g) at room temperature for 3 h. The neutralized DMAP-
MSN material was isolated by filtration, washed by water and methanol,
and dried under vacuum.

NMR Spectroscopy.The *H and*3C NMR spectra of products in

solution were acquired on a Varian VRX 300 spectrometer. Solid-state

13C and?°Si NMR on DMAP-MSN utilized a Chemagnetics Infinity

concentration of cetyltrimethylammonium bromide (CTAB)
under a reaction condition that we have reported previcigly.
After an acid extraction of the CTAB surfactant from the as-
made material, the DMAP-MSN material was neutralized by
submerging in a saturated sodium carbonate methanolic solution
at room temperature for 3 h. The resulting solid was isolated

400 MHz spectrometer equipped with 5 mm (Chemagnetics) and 1.8 bY filtration, washed by water and methanol, and dried under

mm (A. Samosoff) double tuned probes capable of MAS at 10 and
40 kHz, respectively. The fast MAS probe was used to carry out the
two-dimensional (2D) heteronucledri—°C correlation (HETCOR)
experiment, where a spinning rate of 40 kHz provided sufficient
homonucleatH—!H decoupling during proton evolution without any
additional RF irradiation in théH channel, as previously describ&d.

In addition, a singler pulse at thé3C spin frequency was introduced
in the middle of the'H evolution period to refocus th& 4 coupling.
One of the additional advantages of using the fast MAS is that low
power decoupling could be efficiently used during the acquisition of
13C signal?®24 Other experimental details are given in section 3 and in
the figure captions, wherer is the MAS rate and’ denotes the
magnitude of radio frequency field applied to X nuclei £X*H and
13C). ThelH, 13C, and?°Si chemical shifts are referenced to TMS at
0 ppm.

General Procedure for DMAP-MSN-Catalyzed Baylis-Hillman
Reactions.An enone of choice (0.5 mmol), aldehyde of choice (0.25
mmol), and DMAP-MSN (50 mg, 30 mol%) were added to a mixture
solution of tetrahydrofuran and water (2 mL, volume rati/1) in a

(22) Samoson, A. liEncyclopedia of Nuclear Magnetic Resonan@eant, D.
M., Harris, R. K., Ed.; John Wiley & Sons: Chichester, 2002; Vol. 9, pp
59-64.

(23) Trebosc, J.; Wiench, J. W.; Huh, S.; Lin, V. S. Y.; Pruski,JMAm. Chem.
Soc.2005 127, 3057-3068.

(24) Ernst, M.; Samoson, A.; Meier, B. i&hem. Phys. LetR001, 348 293—
302.
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vacuum.

The XRD measurement of DMAP-MSN showed a large (100)
peak and a weak broad peak representing a higher-order
diffraction (Figure 1a). The observet]y value was 32.2 A.
The observed low-intensity broad peald)at ~4.5° could be
attributed to the overlapping (110) and (200) diffraction peaks,
typical of a disordered pore structure as we investigated and
reported previously! The TEM micrograph of the material also
confirmed its disordered pore structure (Figure 1b). The DMAP-
MSN material exhibited a spherical particle shape with an
average particle diameter of 400 nm as depicted in the SEM
micrograph (Figure 1c). The $urface sorption analysis of this
mono-functionalized MSN exhibited a typical type IV isotherm
without any significant hysteresis. The measured BET surface
area of DMAP-MSN is 835 ##ig and the BJH average pore
diameter is around 20 A.

Solid-State NMR Studies of DMAP-MSN Catalyst. The
structure of the organic functionality was detailed by comparing
the 13C liquid spectrum of DMAP-TES (Figure 2a) with the
13C MAS spectrum of DMAP-MSN (Figure 2b) acquired using
ramped-amplitude cross polarization (EP3nd with thelH—

(25) Metz, G.; Wu, X.; Smith, S. Ql. Magn. Reson. Seriesi®94 110, 219—
227.
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13C HETCOR spectrum of the same sample (Figure 3). The observed by?°Si MAS NMR under direct polarization (DP),

assignments of3C resonances in solution DMAP-TES were

(Figure 2c).T" andQ" denote silicon sites£SiO).Si(OH)s—n—mRm

based on the observed chemical shifts (see Table 1). The shiftavith m= 1 andm = 0, respectively. To improve the sensitivity,

obtained in solid-state NMR spectra of DMAP-MSN, which

the 2°Si DPMAS spectrum was acquired using the Carr

are also listed in Table 1, match well with the solution data, Purcell-Meiboom-Gill (CPMG) train of echoes during the
and thus confirm the presence of a DMAP ligand on the silica acquisition period? By co-adding 10 echoes to construct the
surface. The additional peak observed at around 48 ppm inenhanced spectrum, a sensitivity gain of approximately 3 was
Figure 2b most likely represents the methanol molecules achieved without any distortions due to transverse relaxation.
adsorbed on the surface during the synthesis. The changes inWe first note that the presence of resonances represeming
peak intensities between solution and solid-state spectra reflectandT? sites at around-60 and—66 ppm confirms that covalent

the differences in CP dynamics for individual carbon sites.
The concentration of functional groups in DMAP-MSN was
measured from the relative intensitiesiéfandQ" silicon groups

Intensity (a.u)—>

2

=S S A

34
2 6(Degrees) ——

(c)

Figure 1. (a) XRD spectrum of DMAP-MSN. (b) TEM micrograph of
DMAP-MSN, Scale bar= 50 nm, (c) SEM micrograph of DMAP-MSN,
Scale bar= 2.0um, (d) TEM micrograph of DMAP-MSN after 10 runs of
acylations, Scale bar 50 nm.

bonds exist between DMAP and the surface in this sample. By
deconvolution and integration of tA&Si spectrum, the following
molecular formula was obtained for DMAP-MSN: (S)@o
(H20)8(CgH14N2)13. From this formula, the amount of organic
groups can be estimated at 12Q.1) per nm (1.6 & 0.15
mmolg~1) and the number of silanol groups at 260,2) per
nne.

The NMR spectra also show that the pyridine and amine
nitrogen atoms in DMAP-MSN are not protonated. In Table 1,
we compare the chemical shifts of carbons of 4-(dimethylami-
no)pyridine in CDC} solution with the corresponding shifts
observed in monoprotonated species (in the presence of trifluoro-
acetic acid) and diprotonated species (in the presence of tri-
fluoromethanesulfonic acidyf. After a prolonged exposure (3
weeks) of the DMAP-MSN sample to ambient humidity, an
upfield shift of about 10 ppm was observed for C8 and C10
resonances in the 1D and ZBC spectra (not shown), which
demonstrates that the pyridine nitrogen is susceptible to pro-
tonation under such conditions.

DMAP-MSN Catalyzed Baylis—Hillman Reaction. Bay-
lis—Hillman reaction is one of the most useful synthetic ways
for forming carbon-carbon bonds between aldehydes eyt

(26) Dega-Szafran, Z.; Kania, A.; Nowak-Wydra, B.; SzafranJMMol. Struct.
1994 322 223-232.
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Figure 2. (@) 3C NMR spectrum of DMAP-TES in CDGlsolution. (b)13C CPMAS spectrum of DMAP-MSN resulting from 12 000 scans acquired with
adelay 1 s in a 5 mmprobe ¢r = 10 kHz). During each CP period of 1.5 mﬁF was ramped between 16 and 40 kHz (in 11 steps), w@e:vas set

to 36 kHz. ThengfieIds of 83 kHz and 65 kHz were applied to protons during initial excitation and high power decoupling, respectivi&i. p[BMAS

spectrum of DMAP-MSN obtained with the same probe using CPMG acquisition (10 echoes). A total of 600 scans were collected with a delay of 300 s to
allow the complete relaxation @PSi nuclei.

stoichoimetric or overstoichoimetric amounts of catalysts and
is usually performed in homogeneous solutions. Among various
ketone substrates, cycloalkenones are known for their low
reactivities for undergoing the Baytdillman reaction cata-
lyzed by nucleophilic molecules, such as DABCO (1,4-
diazabicyclo [2,2,2]-octanéy.Furthermore, in the homogeneous
reaction of aryl aldehydes with methyl vinyl ketone (MVK)
catalyzed by DABCO, the formation of undesired products, such
as diadduct (compound in Scheme 1) and Michael adduct
(compound3), have been reported in the literatdfe.

DMAP, on the other hand, is able to efficiently catalyze the
Baylis—Hillman reaction of cycloalkenones in homogeneous
solutions®! To construct a recyclable DMAP catalyst, Corma
w0 0 s 0 ppm and co-worker® have recently reported on the synthesis of a
Figure 3. 'H—13C HETCOR spectrum of DMAP-MSN measured under DMAP-functionalized, Merrifield-type polystyrene resin that
MAS at 40 kHz. During the CP period of 1.5 ms, thé. field was ramped could serve as an active catalyst for the Bayktllman
between 100 and 140 kHz (in 15 steps) afidwas set to 80 kHz. TPPM  reaction. However, this polymer-based DMAP catalyst showed
decoupling withvie = 10 kHz was used during the detection 5C a lower reactivity in protic solvents in comparison with those

signals, which were accumulated using a delfy s between scans. The -
hypercomplex method was employed to discriminate the sine and cosine®f DMAP-catalyzed homogeneous reactiéhd’ The low

parts in the'H dimension. The experiment was completed in approximately reactivity was attributed to the contraction of polymer matrix

80 h, using 10 mg of natural abundance sample. in protic solvents® Furthermore, a stoichoimetric amount of
Table 1. 13C Chemical Shifts Observed in DMAP-MSN and in the the polymer-based DMAP catalyst was needed to obtain decent
Reference Compounds (DMAP-TES and 4NMe;-Py) yields within reasonable reaction times. In some cases, the
sample solvent CL C2 C3 C5 C6 CICLL C8CI0 undesired diadduct and Michael adduct were also observed.
DMAP-TES CDC} 7.8 20.1 54.0 37.5 153.5 106.6 149.8 In C(-)ntrast, our DMAP-MSN material SI'-IO-\Ned an eX(.:e”ent
DMAP-MSN Solid-state 8.8 19.3 53.0 35.8 153.8 106.1 147.8 catalytic performance (Table 2) for the Baytislillman reaction
4NMe,—Py*  CDCly 38.4 153.6 106.0 149.1  of gry| aldehydes and variousS-unsaturated ketones. Only a
CFCOOH 40.1 153.6 105.6 139.9
in CDCls
CR:SOH 47.3 157.8 120.6 145.6 (27) Basavalah D.; Rao, A. J.; Satyanarayana&flem. Re. 2003 103 811—
in CDsNO, (28) Basavalah D.; Rao, P. D.; Hyma, R. Fetrahedron1996 52, 8001
8062.
aData taken from ref 26. (29) Rezgui, F.; El Gaied, M. MTetrahedron Lett1998 39, 5965-5966.
(30) shi, M.; Li, C.-Q.; Jiang, J.-KChem. Commur2001, 833-834.

unsaturated ketones or esters. This reaction can be catalyzeé
by organic bases, such as amines, pyridines, and phosphines?
without any assistance of mefdl?® It typically requires (33

659-660.
2) Aggarwal, V. K.; Dean, D. K.; Mereu, A.; Williams, R. Org. Chem.
2002 67 510—514

)
)
1) Lee K.Y, Gong, J. H.; Kim, J. NBull. Korean Chem. SoQ002 23,
)
) Y ; Liu, B.; Hu, L.J. Org. Chem2001, 66, 5413-5418.
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Table 2. DMAP-MSN Catalyzed Baylis—Hillman Reaction?

OH
EWG
o EWG Catalyst OH . EWG ~"0
J\ + I/ - R EWG + + EWG
R™H | R=Anyl EWG R
EWG = COR'
.

* Side products 2 and 3 are not observed in all reactions.

3*

Entry  Aldehyde Ketone Catalyst Product Yield [%]™
0 o OH o
1 O/KH @ DMAP-MSN 86
O2N ON
o} 0 OH O
2 dH @ DMAP-MSN 49
O2N O,N
(e} 0 OH O
3 Q/KH ﬁk DMAP-MSN M 99
O,N | OuN
NO, O o NO, OH O
4 H DMAP-MSN 49
I
0 o OH O
5 0 H DMAP-MSN o 25
\ | \ |
0 o OH O
6! /©)LH DMAP-MSN M 50
Cl | Cl
0 o OH O
7 H DMAP-MSN 25
I
0 OH O
8 H ﬁ& DMA-SiO, M 20
OoN | O2N
OH 0
9 Q/ﬁ.., & MCM-41 NR®

@
P
P
P

* Side product2 and3 are not observed in all reactiorisReaction condition: aldehyde (0.25 mmai)5-unsaturated ketone (0.5 mmol), and catalyst
(50 mg, 30 mol %) in THF/KHO = 3:1 (2 mL) at 50°C for 24 h.? Isolated yield.° Aldehyde/ketone= 1:4 at 50°C for 3 d.d 3-(dimethylamino)propyl-
functionalized silica gel® No reaction.

catalytic amount (30 mol%) of DMAP-MSN was needed for and Michael addition side products, the formation of insoluble
the complete conversion of cyclic and aliphatic enones to the brown precipitates was also observed, which could be attributed
corresponding BaylisHillman products (entry £3 in Table to products of the oligomerization of MVK and compouhd

2). In the case of methyl vinyl ketone (MVK), the desired catalyzed by DMAP at the elevated temperature. Using a
product was obtained in quantitative yield (entry 3 in Table 2) physical mixture of DMAP and fumed silica gel as catalysts
within 24 h. No undesired diadduct and Michael adduct were yielded a mixture of product as well. Based on these results,
detected even at relatively high reaction temperature®(50 the high yield and good product selectivity of DMAP-MSN
Conversely, the same reaction catalyzed by DMAP in homo- catalyzed reactions could not be due to the silanol groups on
geneous solution gave rise to a mixture of products under the the silica surface. Given the fact that the DMAP catalytic groups
same reaction condition (Scheme 2a). In addition to the diadductare mainly located in the mesopores of MSN, we suspect that

J. AM. CHEM. SOC. = VOL. 127, NO. 38, 2005 13309
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DMAP
DMAP
Hk Oligomers
0°C 24h
DMAP-MSN
Hk No reaction
50°C 24h

the observed product selectivity could be attributed to the DMAP-MSN Catalyzed Acylation Reaction.Catalytic acy-
difference in the rate of diffusion to the “active sites” located lations of various alcohols by DMAP-MSN were investigated,
inside the pores between the aldehyde reactant and compounand the results are outlined in Table 3. As shown in entry 1
1, which would serve as the reactant for the undesired side and 2, the acylations of secondary alcohols proceeded rapidly
reactions. To investigate this supposed “matrix effect”, we and completed within 2.5 h under our reaction condition. In
carried out two DMAP- and DMAP-MSN-catalyzed Baylis the absence of DMAP-MSN catalyst, however, only a small
Hillman reactions by using compourdd1.0 equiv) as reactant  amount of product (33%) was obtained under the same reaction
to interact with MVK (2.0 equiv) in the aforementioned THF/  condition. As a control, pure inorganic MCM-41 silica, prepared
H,O solution at 5C°C for 24 h. Indeed, the reaction catalyzed by a similar procedure, was also used as a catalyst for the
by homogeneous DMAP catalyst gave rise to a mixture of acylations. As shown in Table 3 (entry 3, 4), pure MCM-41
products. On the contrary, no reaction was observed in the casesilica does not catalyze acylation. These results clearly indicated
of DMAP-MSN. The results support the hypothesis that the that DMAP-MSN could efficiently catalyze acylation reactions
MSN matrix could regulate the reaction selectivity by prefer- of various secondary alcohols. Contrary to the reactions with
entially allowing certain reactants to access the catalytic sites. secondary alcohols, lower yields and longer reaction times were
The intrinsic steric and electronic properties of the aldehyde found in the cases of various tertiary alcohols (entry 5, 6 in
reactants also strongly affect the product yields of the Baylis- Table 3). Such a pronounced difference could be attributed to
Hillman reaction catalyzed by our DMAP-MSN. In the case of the steric hindrance of carbinol as observed in homogeneous
sterically hindered aryl aldehydes, e.g-nitrobenzaldehyde, a  reactions®
lower product yield of 49% was observed (entry 4 in Table 2).  Recyclability and Stability Studies of DMAP-MSN Cata-
Compared to the case pfnitrobenzaldehyde, the reactions of lyst. To investigate the recyclability of DMAP-MSN catalyst,
the less activated or nonactivated aldehydes, suchp-as 1-(1-naphthyl)ethanol was chosen as a substrate because the
chlorobenzaldehyde and benzaldehyde, respectively, requiredchemical shift of thex-proton of this molecule could be clearly
more methyl vinyl ketones and extended reaction time to obtain resolved from other peaks in thel NMR spectrum. After the
the desired products (entry 6, 7 in Table 2). In contrast to the reaction reached completion, the catalyst was reused in 10
reactivities of other reported, surface-supported DMAP catalysts, consecutive cycles, which included recovery by decanting the
the DMAP-MSN-catalyzed Baylis-Hillman reaction of a non- aliquots after centrifuge and drying in air followed by the
activated aryl aldehyde (benzaldehyde) with MVK gave rise to reaction. No change in reaction yield was observed. The TEM
a high yield of the desired product with less catalyst loading micrograph of the recovered DMAP-MSN catalyst (Figure 1d)
(0.3 equiv vs 1.0 equiv) and shorter reaction time (4 days vs showed the same clear structure as the freshly synthesized
10 days)t® Therefore, our heterogeneous DMAP-MSN catalyst material. The result indicated that the mesopores of DMAP-
exhibits higher reactivity than polymer-based DMAP catalyst MSN were not destroyed by chemical or thermal decompositions
(entry 7 in Table 2). Among the examined substrates, the during the repeated use as a catalyst. To further evaluate the
reactivity ofo.,S-unsaturated ketones follows the order: methyl stability of DMAP-MSN, cyclohexanol (100.2 mmol) was
vinyl ketone > cyclopentenone> cyclohexenone. To further  introduced to a 200 mL benzene solution with acetic anhydride
compare the catalytic performance of DMAP-MSN with other (200.4 mmol) and DMAP-MSN (20 mg). The reaction was
silica-immobilized tertiary amines, we have examined a Baylis  stirred vigorously at 60C for 24 days. The resulting cyclohexyl
Hillman reaction catalyzed by 3-(dimethylamino)propyl-func- acetate product was obtained in 100% yield based orfkhe
tionalized silica gel (DMA-SiQ). A 20% yield (entry 8 in Table NMR spectrum, which gave rise to a turnover number (TON)
2) was observed, which indicated that the reactivity of DMAP- of 3340 for 24 days. This result suggested that the catalytic
MSN (99% vyield, entry 3 in Table 2) was indeed superior. reactivity of DMAP-MSN could be maintained for an extended
Unlike DMAP-MSN, pure MCM-41 silica showed no reactivity  period of time.

|2n)cataly2|ng the Bay“S_HIHman reaction (entry 3,9in Table (34) Hassner, A.; Krepski, L. R.; Alexanian, Yetrahedronl1978 34, 2069
. 2076.

Scheme 2
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Table 3. DMAP-MSN Catalyzed Acylation of Alcohols?

Acy0, NEt3
ROH ROAc
Catalyst
Entry  Alcohol Catalyst t[h] Product Yield [%]™
OH OAc
1 @ DMAP-MSN 2.5 @ 90
OH OAc
2 O O DMAP-MSN 2.5 93
OH OAc
3 MCM-41 2.5 32
OH OAc
4 Without catalyst 2.5 33
\\ OH \\ OAc
5 DMAP-MSN 6 54

13

6 :i L><°H DMAP-MSN 24

aReaction condition: alcohol (1 mmol), catalyst (50 mg, 7.5 mol %R\ mmol), and NEf(1.5 mmol) in dry benzene (2 mL) at 6C. ? Isolated
yield.

ap

Table 4. DMAP-MSN Catalyzed Silylation of Alcohols?

TBDMSCI, NEt3

ROH > ROTBDMS
Catalyst

Entry Catalyst Product Yield [%]™

Alcohol
1 DMAP-MSN ©\/\/
@\/\/OH OS>< %
VAR
© si 0
2 OMe DMAP-MSN 7N % OMe 52

OH O‘s><
3 O O DMAP-MSN | i 7N 35
MCM-41 ©\/\/ 64
©\NOH O/s i}<

aReaction condition: alcohol (0.5 mmol), catalyst (20 mg, 6 mol 84jutyldimethylsilyl chloride (0.55 mmol), and N&(0.55 mmol) in dry CHCI»
(2 mL) at room temperature for 24 hisolated yield.

DMAP-MSN Catalyzed Silylation Reaction.We also car- 4. Conclusion

ried out several silylation reactions of alcohols by using DMAP-  We have successfully synthesized and characterized DMAP
MSN as a catalyst (Table 4j.The reaction yield of these  immobilized mesoporous silica catalyst, which showed high
DMAP-MSN-catalyzed silylations appeared to be sensitive to recyclability and high turnover number for Baytsiillman,

the steric hindrance of the alcohols. In the case of sterically acylation, and silylation reaction. We expect that this DMAP-
hindered alcohols, lower yields (entry-B in Table 4) were  functionalized mesoporous silica material also can serve as an

observed in comparison with those of less sterically demanding efficient heterogeneous catalyst for many other catalytic nu-
alcohols. It is interesting to note that pure MCM-41 silica also cleophilic reactions.
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