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Abstract

Allylation using allylic alcohols is environmentally friendly because water is the only
byproduct. Allylic alcohols are one of the most unreactive allylating agents for homogeneous
Pd-catalyzed allylation; however, they can undergo electrophilic activation by acidic active

species. Heterogeneous catalysts are known for their unique catalytic performance due to the
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concerted effect of the immobilized metal center and support material surface. Our group has
developed a mesoporous-silica-supported Pd complex catalyst that promotes the Tsuji—Trost
allylation of dicarbonyl compounds with allylic alcohols through the concerted effect of Pd and
surficial silanol groups. In this work, to enhance the catalytic activity of the supported Pd
complex for allylation with allylic alcohols, the acidity of the support was increased by doping
the silicate backbone with aluminum. Several spectroscopic techniques, such as Pd K-edge X-
ray absorption fine structure (XAFS), solid-state NMR, and pyridine adsorption FT-IR
measurements, were applied to confirm the structure of the catalyst. The Pd complex catalyst
immobilized on the Al-doped support showed enhanced catalytic activity in allylation owing to
the activation of the allylic alcohol by both the Al Lewis acid sites and silanol groups. The site-
selective immobilization of the Pd complex through a silane-coupling reaction on Bronsted acid
site (Si-O(H")-Al) enhances the concerted effect between the Pd complex and Lewis acidic Al

site on MS surface.
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1. Introduction

Since its discovery last century, Tsuji—Trost-type allylation has become a popular
efficient synthetic method of constructing C—C bonds in the field of modern organic
chemistry (Scheme 1(a)).[1] Among allylation approaches, the use of allylic alcohols as
allylating reagents is welcome in the current research community because it can meet the
demands of green chemistry, including water as the sole byproduct (Scheme 1(b)).
Conventional homogeneous Pd catalysts, which have been studied worldwide for
decades, are usually adopted in this reaction.[2] However, heterogeneous catalysts have
attracted attention owing to their advantages in terms of reusability and separability
especially in the field of chemical synthesis and waste water treatment. Both are
sensitive to the residual amount of catalysts in the worked-up products. Moreover,
immobilized metal complex catalysts exhibit a concerted effect from the support
material, usually a polymer or silica, and the active metal center. Among them, polymer
supporting materials were widely researched for their convenience of functionalization.
Uozumi and co-workers made great efforts on cross-linking polymers of polystyrene-
polyethylene glycol. Pd catalysts immobilized on such polymers gave high catalytic

activities for allylation reaction.[3]

Nevertheless, polymers are also criticized by their hardness of degradation and
consuming of petroleum feedstock. On the other hand, silica supports are known as their
acidic surface and porous structure. More importantly, the abundant raw resources in
lithosphere can easily exploited from crust of the earth. Silanol groups (Si-OH) on the
surface of silica are versatile for immobilization, activation and structure modify.

Mesoporous silica has a well-known benefit in large surface area, which increases the
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reactivity by collision chances of reactants and surficial active sites. Organocatalysts
such as amines immobilized on silica surface showed cooperative catalysis with surficial
silanol groups by hydrogen bonding.[4] Our group has developed a mesoporous-silica-
supported Pd complex catalyst that can catalyze the allylation of various nucleophiles
with allylating agents and has a turnover number of up to 106000.[5] We demonstrated
that active sites, for example, the Pd active center, silanol groups, and/or other functional
organic groups, are accumulated in a tight mesopore space (Figure 1).[5f,g,h] In this
way, allylic alcohols, which are thought to be unactivated and far less reactive than the
normally used allylic halides, are activated by hydrogen bonding with silanol groups on
the mesoporous silica surface. This concept of hydrogen-bonding activation of allylic
alcohols has also been reported for homogeneous and heterogeneous systems.[6] The
catalytic performance of the homogeneous Pd complex increased more than 8 times after

the immobilization on mesoporous silica with surface silanol group.[5g]

(A)

Pd catalyst
Nu—H + /\/X _— /\/NU + HX

base
X=-halides, -OAc, -O(CO)OMe

(B)
Pd catalyst
Nu—H + /\/OH —_ /\/Nu + HOH

base

Scheme 1. Tsuji—Trost reaction using (A) conventional allylating agents and (B) allylic alcohols.
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PPh

PhoP—Pd - - Q)
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mesoporous-silica-supported functional groups

Figure 1. Dual activation of allylic alcohol by immobilized Pd complex and surface silanols.

The activity of this type of catalyst can be further enhanced through acidic activation
of the support material. When aluminum is introduced into the mesoporous silica
structural framework,[7] the tetrahedrally combined Al atoms are thought to contribute
to the formation of both Lewis and Brensted acid sites.[8] Cooperative catalysis between
metal-doped mesoporous silica and surface amine group was reported by Jones and co-
workers.[9] Herein, we fabricated a series of Pd bis(diphenylphosphine) complex
catalysts supported on aluminum-doped mesoporous silica (MS-Al) and characterized
their structural and surface properties using various spectroscopic methods. We focused
on the influence of surface acidity which enhance the concerted activation effect on the

Tsuji—Trost reaction with allylic alcohols (Scheme 2).
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Scheme 2. The Tsuji-Trost reaction catalyzed by MS-Al/PP-Pd

Results and Discussion
2.1. Preparation and characterization of catalysts.

A series of aluminum-doped MCM-41 mesoporous silica (MS-Al) samples were
synthesized through a well-known procedure using primary amines as the
surfactants.[ 10] These structure-directing agents contain n-octylamine (C8), n-
decylamine (C10), n-dodecylamine (C12), and n-octadecanamine (C18). The doping
amount of aluminum in the precursor mixture is expressed as the Si:Al ratio X:1 (15:1,
30:1, and 75:1 in this work), and the corresponding samples are denoted as MS(Cn)-Al-
X. The doping ratio can be controlled by adjusting the amount of AI(OEt); introduced
during the synthesis of MS-Al. As determined from the N, adsorption—desorption
isotherms, MS(C8)-Al, MS(C10)-Al, MS(C12)-Al, and MS(C18)-Al had pore sizes of
1.3, 1.7, 2.1, and 2.6 nm, respectively, which are similar to those of undoped MS

prepared using the same structure-directing primary amines.[5f-g,10]

Page 6 of 31



Page 7 of 31

(A) Ph;
<' Pd’u‘Pd—\) + N/_PPhz N/_P\Pd/\/
b : : —_— _
CoTerm (EtO)sSi \_pph,  CHiCh22mL (EORSI7" NN,
ft, 30 min P
0.135 mmol 0.270 mmol PP-Pd
g
(PSS
(E0) S/\/\N/\E‘hz N._-PPhz
10)5Si —
H on P
OH oH OH O Ph, Cl O/Si_OEt
—Sj ~Si—
/SI\O_/AI\_O\S-/O\AIIOO/ N 0.27 mmol _ (@] OH OH o)
ol — _— .
—0 07" Toluene 10 mL —Si. 0-SIT
- /ST No-AI-0 oL s SN
Mesoporous Silica 50°C,2h / N\, _Si_ _SAI—0
(MS(Cn)-Al-X) ~0 O 0O
(0.50 g) MS(Cn)-Al-X/PP-Pd
(B) Ph ¢ € Pha ¢
P< P<
(RIS (PASSS
N._-PPh; N._PPh;
_Si-OFt _Si-OEt ~ Fewer S-OH
\
o OH OH O O OH
_Si— B —Si—
/S \O’Si_ox PloN ./o /N /SI\O"Si_O\ N .’O / h
\.-Si_>si—0 /N, -Si___Si—0
/O O N /O O \O/

MS(C12)/PP-Pd

Catalysis Science & Technology

MS(C12)-cal/PP-Pd

Scheme 3. (A) Synthesis of MS-Al-supported Pd complex catalyst, MS(Cn)-Al-X/PP-Pd.
Structures of Al-free catalysts (B) MS(C12)/PP-Pd and (C) MS(C12)-cal/PP-Pd.

The synthesis of MS-Al/bis(diphenylphospine)Pd (PP-Pd) is illustrated in Scheme

3(A). The prepared PP-Pd precursor was treated with MS, which was first dried in vacuo

for 3 h at 120 °C to remove the adsorbed surficial moisture, in toluene at 50 °C. Silane

coupling afforded the corresponding supported catalysts, MS(Cn)-Al-X/PP-Pd.

Formation of EtOH was detected in the liquid part after the immobilization. The amount

of Pd was determined by inductively coupled plasma atomic emission spectroscopy

(ICP-AES). The amount of Pd immobilized on catalysts were 3.6-4.1wt%. Detailed

7
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elemental analysis results are summarized in Table S1(Supporting Information). For
comparison, Pd catalysts supported on non-Al-doped MS with a pore size of 2.3 nm were
also prepared (Schemes 3(B) and 3(C)). One of the support materials (MS(C12)cal) was

calcined at 700 °C for 3 h and thus had fewer Si-OH groups on the surface.[11]

Figure 2 shows the energy dispersive X-ray spectrometry (EDS) mapping image of
scanning electron microscope (SEM) of MS(C12)-Al-15/PP-Pd. The Si and Al mapping
indicates the homogeneous doping distribution of Al atoms in the Si backbone. Pd and P
mapping results also suggest that Pd species and phosphine ligand also highly dispersed
on the support MS-Al surface. SEM-EDS images for other prepared samples for
MS(C12)-Al-15, MS(C12)/PP-Pd and MS(C12)-cal/PP-Pd are shown in Supporting

Information, Figure S1-S3, respectively.

Fourier transform infrared (FT-IR), solid-state nuclear magnetic resonance (NMR),
and Pd K-edge X-ray absorption fine structure (XAFS) measurements were used to
characterize chemical structure of the prepared supported catalysts. The FT-IR spectra of
MS(C12)-Al-15 and MS(C12)-Al-15/PP-Pd are shown in Figure 3(A). The signals near
2900 and 1400 cm! were assigned to v(C-H) and 6(C-H), respectively. The signal at
1437 cm™! belonged to P-C bonds deformation band in P-CH,-R group, while their
stretching bands were located at 740 and 692 cm!. Signal of phenyl group of PP-Pd
located near 1000 cm™! was overlapped with Si-O-Si band.[12] The consumption of
surface Si-OH by immobilization was confirmed by the 2°Si solid-state dipolar
decoupling (DD) and cross-polarization (CP) magic-angle spinning (MAS) NMR spectra
(Figure 3(B)). A strong signal at -100 ppm in CP/MAS NMR spectrum proved the

existing of Si atom with hydrogen, indicating Q3 [Si(OH),(OSi);] sites. The decreased
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intensity of the signals at -91 and -100 ppm, which were assigned to Q? [Si(OH),(OSi),]
(7.9%>5.8%) and Q? [Si(OH);(OSi);] (34.8%—2>29.8%) sites, respectively, illustrated
the immobilization of PP-Pd. In addition, T sites with a signal at approximately -45 ppm
were assigned to the silicon atom of the immobilized silane coupling reagent. This can

also be observed clearly with higher intensity in CP/MAS NMR spectrum Figure 3(B).

(B)

Figure 2. SEM-EDS mapping of MS(C12)-Al-15/PP-Pd for elements (A) Si, (B) P, (C) Al and

(D) Pd.
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A) FT-IR B) 2°Si solid state NMR

Transmission

3400 2400 1400 400 -25 -50 75 100  -125 -150 -175
Wavenumber/cm™ Chemical Shift / ppm

Figure 3. (A) FT-IR spectra of (a) MS(C12)-Al-15 and (b) MS(C12)-Al-15/PP-Pd (MS:
mesoporous silica; MS-Al: Al-doped MS; PP-Pd: bis(diphenylphospine)Pd). (B) >Si solid-state
MAS NMR of (a) MS(C12)-Al-15 (DD/MAS), (b) MS(C12)-Al-15/PP-Pd (DD/MAS), and (c)
MS(C12)-Al-15/PP-Pd (CP/MAS). Separated signals from left to right are assigned to Q?
(orange), Q3 (red), and Q* (blue) sites.

The Pd K-edge X-ray absorption near edge structure (XANES) spectra (Figure 4(A))
showed that the shapes of the immobilized catalysts are similar to that of PACl,(PPh;),,
but much different from those of PdO and Pd(0) foil, indicating the monomeric complex
structure of the Pd species after immobilization. Moreover, the Fourier transform of the
extended X-ray absorption fine structure (FT-EXAFS) spectra of the supported Pd
complexes, MS(C12)-Al-15/PP-Pd and MS(C12)/PP-Pd, showed a clear peak at 1.8 A
assigned to the Pd—P/CI bonds (Figure 4(B)). The results of the curve-fitting analysis of
the EXAFS spectra, summarized in Table 1, suggested that the PP-Pd precursor complex

structure is maintained after immobilization on the MS support.

10
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(A) (B)
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Figure 4. (A) Pd K-edge XANES spectra and (B) Fourier transform of &3-weighted Pd K-edge
EXAFS spectra of (a) MS(C12)-Al-15/PP-Pd, (b) MS(C12)/PP-Pd, (c¢) MS(C12)-cal/PP-Pd, (d)
PdCl,(PPh;),, (e) PACL,, (f) PdO, and (g) Pd foil (Ak = 3-14 A1)
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Table 1. Curve-fitting analysis of the EXAFS spectra of fresh supported Pd catalysts with Pd-
P/CI shell.

Sample Shell NPb R (A DW factor? AE, Rf

@ @) (%)

MS(C12)-Al-15/PP-Pd  Pd-P/Cl 3.0 2.28 0.08 -6.76 2.68
(fixed) +0.01 +0.01 +2.32

MS(C12)/PP-Pd Pd-P/Cl 3.0 2.27 0.09 -5.61 4.00
(fixed) +0.01 +0.01 +2.33

MS(C12)-cal/PP-Pd Pd-P/Cl 3.0 2.27 0.08 -6.87 1.82
(fixed) =0.01 +0.01 +2.32

PdCl,(PPh;), & Pd-P 2 (Pd-P) 2.34

Pd-Cl 2 (Pd-Cl) 230

« Fourier transform and Fourier-filtering regions were limited, with Ak = 3.0-12 A and Ar =
1.0-2.2 A, respectively. » Coordination number. The coordination number of catalysts was fixed
to 3 according to the former report,[Se] which contained 2 phosphine and 1 chloride
coordination. ¢ Bond distance between the absorber and backscattering atoms. ¢ Debye (DW)
factor relative to reference. ¢ Inner potential correction to account for the difference between the
inner potentials of the sample and reference./ Goodness of curve fit. € Reported average values

of crystallographic data.[14]

The XANES, FT-EXAFS, and curve-fitting data for supported catalysts with
different Al amounts and support pore sizes are shown in the Supporting Information
(Figure S4 and Table S2). Conclusively, these characterization results prove that the

amount of Al dopant or MS pore size has no effect on the immobilization mode.

The effect of Pd complex immobilization on the acid sites of the MS-Al surface was

investigated by 2?A1 MAS NMR and pyridine adsorption FT-IR spectroscopy. The 27Al
12

Page 12 of 31
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single-pulse solid-state MAS NMR spectra of MS(C12)-Al-75 and MS(C12)-Al-75/PP-

Pd (Figures 5(A) and (B)) exhibited two intense signals at approximately 57 and 11 ppm,

which were assigned to tetracoordinate (tetrahedral) Al1(IV) and hexacoordinate

(octahedral) Al(VI) atoms, respectively.[13] This result indicates that tetrahedral Al(IV)

maintains its structure during silane coupling immobilization.

(A)  [Ms(c12)-a175 (C) | (®)
AI(VI) p T/ \\
' H @
Al(IV) 7 H
—si Z O-Si—
'No-A-0.__o_ /N
/ p—
_d \O’SI‘O’AI 0]

b

12010080 60 40 20 0 -20-40-60
Chemical shift (ppm)

Absorbance

(B) MS(C12)-Al-75/PP-Pd
Al(IV)

12010080 60 40 20 0 -20-40-60 1600 1550 1500 1450 1400
Chemical shift (ppm) Wavenumber / cm-!

Figure 5. 2?A1 NMR spectra of (A) MS(C12)-Al-75 and (B) MS(C12)-Al-75/PP-Pd. (C) FT-IR
spectra after pyridine adsorption on (a) MS(C12), (b) MS(C12)-Al-15, (¢) MS(C12)-Al-15/PP-
Pd, (d) MS(C12)-Al-75, (e) MS(C12)-Al-75/PP-Pd, and (f) MS(C12)/PP-Pd. L and B represent
Lewis and Brensted acid sites, respectively. (D) Schematic illustration of Pd complex

immobilization on MS-Al surface.

The surface acidity of MS-Al/PP-Pd was evaluated by pyridine adsorption FT-IR
spectroscopy (Figure 5(C)). After the evacuation of excess pyridine, no clear signals
were observed with pure silica, MS(C12), (a in Figure 5(C)), whereas several signals

13
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appeared in the case of MS(C12)-Al-15 (b in Figure 5(C)). This indicates that the strong
acid sites are due to the incorporated Al species. The signals at 1450 and 1550 cm™! were
assigned to pyridine adsorbed on the Lewis and Brensted acid sites, respectively,[15]
suggesting the presence of both Al"Y Lewis acid site[16] and Si-O(H")-Al'"Y species on
the MS-Al surface. After the immobilization of PP-Pd on MS-AI-15, the peak at 1550
cm! disappeared and a new signal at 1440 cm'!, assigned to pyridine adsorbed on the Pd
site, was detected (¢ in Figure 5(C)). The signal at 1450 cm'!, assigned to the Al Lewis
acid site, was still observed after PP-Pd immobilization (¢ in Figure 5(C)). A similar
signal change was observed for MS(C12)-Al-75 and MS(C12)-Al-75/PP-Pd (d and e,
respectively, in Figure 5(C)). These results clearly reveal the (i) preservation of Al Lewis
acid sites and (ii) consumption of Brensted acid sites after the immobilization of PP-Pd
on MS-Al. While there were observable Brensted acid sites before immobilization, they
were hardly retained by the immobilized Pd catalysts. This indicates that Brensted acid
sites inevitably disappear during the silane coupling reaction owing to their higher
reactivity compared with common silanol groups. The MS-A1/PP-Pd catalysts in this
work possessed Lewis acidity but limited Brensted acidity. The proposed PP-Pd
immobilization process is illustrated in Figure 5(D). The PP-Pd was immobilized
selectively on the strong Brensted acid sites connected with Al'V and the remaining A1'Y
exhibited Lewis acidity, resulting the Pd complex and Lewis acidic AlI'Y should be
located in close proximity. The active site pairing may be effective for a concerted

catalysis.

2.2. Catalytic Tsuji-Trost-type allylation.

14
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The effect of aluminum doping on the concerted activation of allylic alcohol was
examined in a reaction with ethyl 2-oxocyclopentanecarboxylate as the nucleophile. The
reaction constants for different MS support materials are summarized in Figure 6. First-
order plots are shown in Supporting Information Figure S7 and S8. MS(C12)-Al-15/PP-
Pd-catalyzed allylation showed higher reactivity, in terms of rate constant (k= 4.61 x 10
4571, than MS(C12)/PP-Pd (3.79 x 10* s'') and MS(C12)cal/PP-Pd (3.18 x 104 s!). This
indicates that the reactivity is affected by the surface acidity due to the Al site and silanol
groups. With stronger surface acidity, the activation of allylic alcohol is more efficient,
making it easier for the hydroxyl group of the allylic alcohol to leave. The pyridine
adsorption experiments of the catalysts (Figure 5) suggested that this effect may be
incited by both Si—OH and the Lewis acid site, which is the vacant orbital of AI'V. The
lone pair of electrons on the hydroxyl oxygen of the allylic alcohol interacts with the
unoccupied orbital of Al, causing the departure of the hydroxyl group and formation of a
cationic carbon center that is attacked by the nucleophile. To examine the effect of the
doping amount of Al in MS, MS(C12)-Al-30/PP-Pd and MS(C12)-Al-75/PP-Pd were
used for the catalytic allylation of the ketoester with allylic alcohol, giving £&=4.68 x 10+
st and 4.28 x 10 57!, respectively. These results indicate that a Si:Al doping ratio of

30:1 is sufficient to enhance supported Pd catalysis.

0
0 O MS support/PP-Pd 0
+ OH ———
AN 70 °C, K,COs OFt
OEt
™

15
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Lewis acidity Catalyst

Negligible MS(C12)cal/PP-Pd J 218

Negligible MS(C12)/PP-Pd l 3.79

Medium MS(C12)-Al-75/PP-Pd J 428
Strong MS(C12)-Al-30/PP-Pd J 468
Strong MS(C12)-Al-15/PP-Pd J 461

0 1 2 3 4 5
k (x104) (s)

Figure 6. Allylation of ethyl 2-oxocyclopentanecarboxylate using allylic alcohol and 1-
substituted allylic alcohols using MS supported PP-Pd catalysts. Reaction conditions:
ethyl 2-oxocyclopentanecarboxylate (1.00 mmol), allylic alcohol (2.50 mmol),
mesoporous silica (MS)-supported Pd catalyst (4 pmol), K,CO; (0.50 mmol), neat, 70
°C. Lewis acidity was determined by pyridine-adsorbed FT-IR (1446 cm™).

To further study the effect of surface acidity, we used substituted allylic alcohols and
catalysts with different surface acidities, namely MS(C12)-Al-15/PP-Pd, MS(C12)/PP-
Pd, and MS(C12)cal/PP-Pd. The time course of the reaction and rate constant are
summarized in Figures 7 and 8, respectively. First-order plots are shown in Supporting
Information Figure S7-S10. There was a clear trend in the reactivities of the allylic
alcohols with increasing surface acidity of the support material; specifically, the order of
catalytic activity was MS(C12)-Al-15/PP-Pd > MS(C12)/PP-Pd > MS(C12)cal/PP-Pd. In
addition, the reaction rate differences between the three catalysts became larger with an
increase in the steric hindrance of the substituent (R). The reaction rate of allylic alcohol
with ethyl group with Al-doped catalyst was 1.73 times higher than that of the catalyst
without Al (Figure 8(B)). The main reasons are that (i) the surface acid site effectively

activates allylic alcohols even with a sterically bulky group at the a-position, and (ii) the

16
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electron-donating effect of the substituent (R) stabilizes the cationic carbon center
formed with the assistance of surface acidity (Scheme 4). In this proposed mechanism,
PP-Pd was firstly reduced by base, K,COj in this work, to form a Pd(0) active center.
Then, the allylic alcohols were activated by surface acid sites and attacked by the Pd(0)
center, affording a m-allyl Pd intermediate in the catalytic circle.[Sd] Unfortunately, even
with the MS-Al/PP-Pd catalyst, the reaction of 2-methyl-3-buten-2-ol and (£)-1,3-
diphenyl-2-propen-1-ol proceeded with difficulty because of the large steric hindrance
during activation. For y-substituted allylic alcohols, crotyl alcohol gave 57% yield with
2-phenylpropionaldehyde under the catalysis of MS(C12)-Al-15/PP-Pd for 3 hours at 50
°C, while the 1-butene-3-ol gave only 11% yield under the same condition because of the

steric hindrance at a-carbon.

Regarding final product yield, the Al-doped catalyst showed higher
performance than simple MS-supported catalyst without Al. The Al-doped
catalyst showed higher performance in the reaction of substituted allylic alcohols,
especially. For example, in Figure 7, yield at 180 min for the reaction of 3-buten-
2-ol (R=Me) was 72% (MS-Al/PP-Pd) and 62% (MS/PP-Pd). The yield with MS-
Al/PP-Pd increased to 89% for 17 h. In the case of 1-penten-3-ol (R=Et), the final
yield after prolonged reaction time for 17 h was 80% (MS-Al/PP-Pd) and 74%
(MS/PP-Pd). These results clearly indicates that the final results using newly
developed, Al-doped catalysts is superior to previously reported MS/PP-Pd

(without Al) catalyst.

Allyl chloride, which is conventionally thought to be a reactive leaving group in

homogeneous systems, gave poor yields with 2-phenylpropionaldehyde as a nucleophile

17
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(25% yield with MS(C12)-Al-15/PP-Pd), while the allylic alcohol showed good
reactivity in the supported Pd system (92% yield). This result also demonstrates the
enhancement of reactivity by acid sites and/or silanol groups on the support surface,

which activate the allylic alcohol and facilitates the departure of the hydroxyl group.[6]

18
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Figure 7. Time course of allylation of ethyl 2-oxocyclopentanecarboxylate using allylic alcohol

and 1-substituted allylic alcohols. (A) R = H: nucleophile (1.00 mmol), allylic alcohol (2.50

mmol), mesoporous silica (MS)-supported Pd catalyst (4 umol), K,CO3 (0.50 mmol), neat, 70 °C.

(B) R = Me: nucleophile (1.00 mmol), 3-butene-2-ol (2.50 mmol), MS-supported Pd catalyst (8

umol), K,CO; (0.50 mmol), neat, 70 °C. Isomer ratio of product was almost same during the

catalytic reactions in each catalytic reaction (frans :

cis : branch = 62 :

17 : 21). (C) R = Et:

nucleophile (1.00 mmol), 1-penten-3-ol (2.50 mmol), MS-supported Pd catalyst (12 pmol),

K,CO; (0.54 mmol), neat, 70 °C. Only trans product formed in each catalytic reaction.
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(A) (B) EMS(C12)-Al-15/PP-Pd  mMS(C12)/PP-Pd
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Figure 8. (A) Lewis acidity of catalysts determined by pyridine-adsorbed FT-IR (Figure 5) and
rate constants of allylation with different substituted allylic alcohols and (B) their normalized
values (MS: mesoporous silica; MS-Al: Al-doped MS; PP-Pd: bis(diphenylphospine) Pd).

Reaction conditions are shown in Figure 7.
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Scheme 4. Proposed activation mechanism of allylic alcohol during allylation.

Another factor is the pore size of the support material. MS(C12)-Al-15/PP-Pd

afforded the highest yield (75%) in the catalytic allylation of 2-phenylpropionaldehyde
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with allylic alcohol, while similar product yields were obtained when using MS(C10)-
Al-15/PP-Pd (71%) and MS(C18)-Al-15/PP-Pd (71%) (Figure 9). The product yield
slightly decreased with MS(C8)-Al-15/PP-Pd (62%). In MS-Al, the allylic alcohol is
initially activated by Al Lewis acid sites on the surface and then attacked by the Pd
center (Scheme 4). Because of the site-selective immobilization of PP-Pd on MS-Al, an
almost same local environment of Pd complex-Lewis acidic Al should be constructed in
all MS-Al materials. Therefore, the catalytic activity was not changed significantly when
using MS(C10) to MS(C18). On the other hand, a very small pore size allows less

reactant to enter the pore, leading to lower reactivity.[5f]

100

920
759
80 71% i 71%

70 62%
60
50
40
30
20
10

0

Yield (%)

cs C10 C12 c18

Pore size 1.3 1.7 2.1 2.6
(nm)

Figure 9. Effect of the pore size of Al-doped mesoporous silica [MS(C8)-Al~MS(C18)-Al] on
the yield of allylation with allylic alcohol. Reaction conditions: 2-phenylpropionaldehyde (1.00
mmol), allylic alcohol (2.50 mmol), MS(Cn)-Al-15/PP-Pd (8 umol), K,COs; (0.50 mmol), neat, 3
h, 70 °C.
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Table 2. Scope of nucleophiles for allylation reaction catalyzed by MS(C12)-Al-15/PP-Pd.¢

MS(C12)-Al-15/PP-Pd

OH . Nu
NuH -+ 2N 70°C, 24 h Z
1.00 mmol 2.50 mmol K>COg, neat
Entry” Nu-H Yield(mono/di) [%]

82 [85°,68]

Q 9
©)\CHO 9
(o] (o]
é)‘\ 49
0 (0]
4 )H/ko Et 57
(o] (0]
5 WOEt 62 (32/30)
I
(0]
&(o
(0]
7@0

70 (12/58)

70

79 (2/77)

@Reaction conditions: MS(C12)-Al-15/PP-Pd (8.0 umol), nucleophile (1.00 mmol), allylic
alcohol (2.50 mmol), K,CO3 (0.50 mmol), neat, 24 h, 70 °C; * MS(C12)-Al-15/PP-Pd (8.0
umol), nucleophile (1.00 mmol), allylic alcohol (2.50 mmol), K,CO; (0.50 mmol), neat, 24 h,

50 °C. <2nd yge, 431 yge.
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The scope of the nucleophile substrates is shown in Table 2. The reactions were
performed using 1.0 mmol of nucleophile and 8 mol% (8.0 umol) of Pd in the MS(C12)-
Al-15/PP-Pd catalyst under solvent-free conditions. Acyclic, cyclic, and aromatic
ketoesters and diketones reacted with allylic alcohol to give the corresponding allylation
products in up to 82% yield. The catalyst was reused three times, and the reactivity was
maintained at 85% and 68% yield for the 2" and 3 uses, respectively. Leaching of the
MS(C12)-Al-15/PP-Pd catalyst was investigated by hot filtration experiment. The
catalyst was separated after 5 min of reaction, and the fraction without the catalyst did
not undergo further reaction (Figure S11, Supporting Information). This indicates that
leaching did not occur during the catalytic reaction. As a support, the ICP test of Pd

content in the liquid from reaction mixture gave the result below the detection limit.

Summary

In this study, a series of Pd complex catalysts supported on aluminum-doped
mesoporous silica (MS-Al/PP-Pd) were synthesized and characterized. The catalytic
activation of the immobilized catalysts toward the Tsuji—Trost-type allylation of 2-
phenylpropionaldehyde achieved a yield of up to 92% with allylic alcohol, the most
efficient and green leaving group under neat conditions. The reaction was catalyzed by
the concerted effect of the Lewis acid and activation of allylic alcohol via hydrogen
bonding with silanol groups on the support material. Increasing the surface acidity of the
MS support increased the reactivity. Compared with normal allylic alcohol, substituted
allylic alcohols can be activated by surface acid sites to a greater extent. FT-IR analysis
of pyridine adsorbed catalysts revealed the immobilization of Pd complex on the

Bronsted acid site, resulting the presence of Pd complex close to the surface Lewis acidic

23



Catalysis Science & Technology Page 24 of 31

Al site. This Pd complex-Lewis acid combination should promote the concerted
activation of allylic alcohols. This is the first report concerted catalysis on surface and
which contribute to not only highly efficient organic synthesis but also precise design of

multifunctional solid surface.
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