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Abstract: This article illustrates the modification of oxide
surfaces with organic amine functional groups to create
acid-base bifunctional catalysts, summarizing our previous
reports and also presenting new data. Immobilization of
organic amines as bases on inorganic solid-acid surfaces
afforded highly active acid-base bifunctional catalysts,
which enabled various organic transformations including
C—C coupling reactions, though these reactions did not

proceed with either the homogeneous amine precursors
or the acidic supports alone. Spectroscopic characteriza-
tion, such as by solid-state MAS NMR and FTIR, re-
vealed not only the interactions between acidic and basic
sites but also bifunctional catalytic reaction mechanisms.

Keywords: aldol reaction - bifunctional catalysis « C-C
coupling - nucleophilic addition - supported catalysts
/

1. Introduction

There are two types of catalytic nucleophilic addition reac-
tions. The first one is the activation of nucleophile precur-
sors by basic catalysts to abstract their acidic parts, such as
acyl groups and a-hydrogen atoms, and the other is the low-
ering of the LUMO levels of electrophiles by interaction
with Brgnsted or Lewis acidic catalysts. These facts led us to
expect that an ideal pathway for the nucleophilic reaction is
through dual activation of both electrophiles and nucleo-
philes by acidic and basic functions of catalysts, respective-
ly.'! Homogeneous acid-base bifunctional reaction systems
have been demonstrated, but rapid neutralization occurs be-
tween strong acids and bases in the same reactor, affording
inactive salts. In addition, such homogeneous reagents en-
counter difficulties in recovery and recycling.

To overcome these problems, several acid-base bifunc-
tional catalytic surfaces have been developed to activate
both nucleophiles and electrophiles on the same solid surfa-
ces (Figure 1). In 2005, Lin and co-workers reported urea—
amine bifunctionalized silica surfaces for C—C couplings,
such as aldol reaction of acetone, nitroaldol reaction (Henry
reaction), and cyanosilylation.”! Bifunctional urea-/amine-
immobilized mesoporous silica nanospheres (AEP/UDP-
MSN; AEP=3-[2-(2-aminoethylamino)ethylamino]propyl,
UDP =ureldopropyl) showed the highest catalytic activity
among amine- or urea-immobilized MSNs (AEP-MSN or
UDP-MSN; Scheme 1). In addition, these reactions were
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Figure 1. Cooperative catalysis for nuclephilic addition reactions on an
acid-base bifunctional surface.

not enhanced by a physical mixture of AEP-MSN and
UDP-MSN. Davis and co-workers synthesized SBA-15
(SBA-15-A/B) incorporated with sulfonic acid and primary
amine, and used this system as a catalyst for aldol reaction
of acetone with 4-nitrobenzaldehyde.®! The performance of
SBA-15-A/B was 1.5 times higher than that of the physical
mixture of SBA-15-A and SBA-15-B. Interesting results
were observed in catalyst quenching experiments, where the
catalytic activity of SBA-15-A/B dramatically decreased by
addition of p-toluenesulfonic acid or n-propylamine as a ho-
mogeneous reagent (Scheme 2). These results illustrate the
performances of coexisting acidic and basic sites on the
SBA-15-A/B surface. The same authors also reported that
SBA-15 incorporated with carboxylic acid and amine (SBA-
15-CA/B) showed much better results (>99% conversion)
than that of SBA-15-A/B even though SBA-15-CA was com-
pletely inactive for the aldol reaction.*"

Immobilization of both organic acids and bases on oxide
surfaces often requires complicated synthetic procedures.
The utilization of an “active support” as one part of the
active species for the creation of bifunctional catalysts ena-
bles simple methods for catalyst preparation and evaluation.
Katz and co-workers focused on the weak acidity of surface
OH groups on silica, and found that the condensation reac-
tions were promoted by both immobilized primary amine
groups and surface silanols (Scheme 3).! They also synthe-
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Scheme 1. TONSs for the MSN-catalyzed aldol reaction.
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catalytic reaction. Formations
of cyclic carbonates from epox-
ides with carbon dioxide are
also  well-known  reactions,
which proceed in acid-base bi-
functional catalyst systems."
Sakakura and co-workers demonstrated synergistic hybrid
catalysis of silica-supported phosphonium salts for the chem-
ical fixation of CO, with epoxides.l’ Remarkably, the initial
rates of silica-supported phosphonium iodide [SiO,-C;H¢-P-
(nBu);I] were up to a hundred times higher than those of
the polystyrene (PS) supported and unsupported phosphoni-
um iodides (Scheme 4), which suggests a silanol-assisted re-
action mechanism for the formation of cyclic carbonates.

In spite of these developments of acid—base bifunctional
heterogeneous catalysts, there are still several problems,
such as low catalytic activity and applicability, especially in
the case of C—C bond-forming reactions. In almost all cases,
the reactive 4-nitrobenzaldehyde was used as an electrophile
to obtain satisfactory yields of nucleophilic addition prod-
ucts. As an alternative approach for the design of acid—base
bifunctional catalyst surfaces, we recently reported a new
strategy incorporating the following aspects:” 1) immobili-
zation of tertiary amines to make catalytic reactions more
widely applicable,®! 2) utilization of strong solid acids as
supports for increase of catalytic performances,® and
3) silane-coupling reactions between the amine reagents and
the acidic solid supports to simplify the catalyst preparation.
In this Focus Review, we summarize our recent typical ex-
amples of acid-base bifunctional heterogeneous catalysis,
which enable various organic transformations.

2. Cooperative Catalysis between Amines and Acid
Supports

2.1. Cyanation of Carbonyl Compounds with a Stable
Cyanide Source

Cyanohydrins are important building blocks in organic syn-
thetic chemistry,”” and they have been synthesized by cyana-
tion reaction of carbonyl compounds with HCN or trimethy-
silyl cyanide."” However, HCN and trimethylsilyl cyanide
are toxic, instable, and expensive, and hence the use of alter-
native cyanation reagents is desirable. Recently, one-pot cat-
alytic cyanation/O-protection with cyanoformic esters has
been investigated as a novel synthetic pathway.'!! However,
heterogeneous catalysts for the cyanation, which are advan-
tageous in practical processes, have not been reported. We
prepared bifunctional heterogeneous catalysts and examined
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o} Cyano-ethoxycarbonylation
of benzaldehyde with ethyl cya-
noformate was examined with

heterogeneous and homogene-

Catalyst Conversion [%] ous amine catalysts, as shown in
SBA-15-A/B 62 Table 1. Among the amine-im-
SBA-15-A 16 mobilized catalysts, the SA-sup-
SBA-15-B 33 ported tertiary amine catalyst
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p-toluenesulfonic acid + propylamine 0
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Scheme 2. Conversions for the SBA-catalyzed aldol reactions.
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Scheme 3. Cooperative catalysis of primary amines and silanols for nitro-
aldol reactions.

@]
talyst
O + co e -~
<] 2 )O:/(O
Catalyst Yield [%] Rate [min™"]
Si0,-C5Hg-P(nBU)| 100 26
Si0,-C3Hg-P(11BU)5Br 53 4.1
PS-(4-CgH4)CH,-P(nBu)sBr 9 0.22
P(nBu),l 5 0.09

Scheme 4. Propylene carbonate synthesis with phosphonium salt cata-
lysts.

the cyanation/O-protection with a cyanoformic ester as a cy-
anation reagent.

The preparation steps are briefly summarized below. The
silica/alumina-supported 3-(diethylamino)propyl functional
groups (SA-NEt,) were immobilized by treatment of amor-
phous silica/alumina (SA: SiO,, 66.5%; ALO; 251%,
380 m?g~!) with a toluene solution of 3-(diethylamino)-pro-
pyltrimethoxysilane (DAPS) under reflux for 24 h. Then the
solid was filtered, washed with dichloromethane, and subse-
quently dried under vacuum. The amount of the amine
groups was 1.4 molecules per nm” The presence of the
intact 3-(diethylamino)propyl groups was indicated by the
solid-state ®C MAS NMR spectra. Solid-state *’Si MAS
NMR spectroscopy revealed that the immobilized Si atoms
exhibited chemical shifts reflecting the formation of Si—O
bonds with the SA surface.
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amines were much less active
(Table 1, entries 2 and 3). These

Table 1. Cyano-ethoxycarbonylation with use of various catalysts.

X
| O OEt
catalyst
@0 + j\ d CN
NC” "OEt
Entry Catalyst Yield [%]®
1 SA-NE(, 95
2 Si0,-NEt, 17
3 ALO;-NEt, 16
4 triethylamine 1
5 DAPS 1
6Ll SA trace
7t triethylamine + SA 70
8lel MgO trace

[a] Catalyst (0.034 mmol of amine), benzaldehyde (0.5 mmol), ethyl cya-
noformate (1.0 mmol), toluene (5mL), RT, 1 h. [b] Determined by GC;
based on benzaldehyde. [c] Catalyst (0.038 g).

results suggest that the stronger surface acid sites of SA play
a pivotal role in the promotion of the cyano-ethoxycarbony-
lation. Interestingly, the reaction scarcely proceeded by
either homogeneous amine (Table 1, entries 4 and 5) or SA
support (entry 6). A mixture of triethylamine and SA
showed some catalytic activity, but the product yield was
lower than that obtained with SA-NEt, under the same re-
action conditions (Table 1, entry 7). A poor result was ob-
tained with MgO as a typical heterogeneous base (Table 1,
entry 8). These results suggest that both acidic and basic
functions on the surface are highly efficient for the promo-
tion of the cyano-ethoxycarbonylation.

The wide applicability of the SA-NEt, catalyst for various
aldehydes is summarized in Scheme 5. para-Substituted ben-
zaldehydes acted as reactive electrophiles, giving the corre-
sponding O-protected cyanohydrin derivatives in excellent
yields. A sulfur heteroatom did not affect the reaction rate;
the cyanation reaction of 2-thiophenecarboxyaldehyde took
place readily. It is to be noted that many types of aliphatic
aldehydes, such as acyclic, branched, and cyclic aldehydes,
reacted with ethyl cyanoformate, affording excellent yields
of the corresponding products. Cyanoformic ester also react-
ed with cyclohexanone, affording an 88 % yield of the corre-
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Scheme 5. Catalytic performance of SA-NEt, for various aldehydes. Products are shown with yield and reac-

tion time.

sponding product after a prolonged reaction time. To the
best of our knowledge, this study is the first report of a one-
pot cyanation/O-protection of carbonyl compounds with cy-
anoformic ester using a heterogeneous catalyst.

2.2. Michael Reaction of Nitrile and Thiol Compounds

The amine-immobilized solid acid catalyst was applicable
for the Michael reaction of ethyl 2-cyanopropionate with
ethyl acrylate (Table 2). The SA-NEt, catalyst showed the
highest catalytic performance for the Michael reaction to
afford 2-cyano-2-methyl glutaric acid diethyl ester in 94 %
yield (Table 2, entry 1). The SA-supported primary amine
(SA-NH,) did not show any catalytic activity. Neither trie-
thylamine nor SA promoted the desired addition reaction
(Table 2, entries 4 and 5). Remarkably, the reaction scarcely
proceeded with the mixture of triethylamine and SA
(Table 2, entry 6). The SA-NEt,-catalyzed reaction of ethyl
phenylcyanoacetate with methyl acrylate also successfully
proceeded to give 2-cyano-2-phenyl glutaric acid 1-ethyl-5-
methyl ester, which is a highly useful intermediate for gluta-
rimide synthesis.'” The SA-NEt, catalyst was reusable at
least four times with retention of its high catalytic activity
and selectivity for the Michael reaction (Scheme 6). The
carbon-sulfur bond-forming reaction was also examined by
the SA-NEt, catalyst (Scheme 7). The reaction of 1-hexade-

Table 2. Michael reaction with use of various catalysts."
o]

J\ catalyst
+ _ = OEt
NG COEt | 7 COLEt ne<co,et
Entry Catalyst Yield [%]®!
1 SA-NEt, 94
2 Si0,-NEt, 9
3 SA-NH, trace
4 triethylamine 3
6!l SA 1
7kl triethylamine +SA 5

[a] Catalyst (0.09 mmol of amine), nitrile (1.0 mmol), ethyl acrylate
(3 mmol), toluene (1mL), 90°C, 24 h. [b] Determined by GC and
"H NMR spectroscopy; based on nitrile. [c] SA (0.05 g).
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0 0 canethiol with 2-cyclohexen-1-
OJ\OEt O)LOEt one proceeded effectively with
- CN S oN SA-NEt,, while homogeneous
\ triethylamine and untreated
silica/alumina were much less
91% (2 h) 98% (1 h) active.
o 2.3. Acid-Base Bifunctional
o ’U\OEt o J\OEt Reaction Mechanism
CN CN In the case of triethylamine ad-
sorbed on an SA surface, N-H
92% (1 h) 88% (48 h) stretching vibrations of the pro-

tonated amine were observed at
2804, 2746, 2689, and 2497 cm™!

SA-NEt, (4.5mol%) NG

+ Z>COo,Me ol
2

NC” CO,Et

toluene, 60 °C, 3 h
CO,Me

1st 99%, 2nd 99%, 3rd 99%, 4th 94%

Scheme 6. Reusable catalysis of the SA-NEt, for the Michael reaction.

o] (¢]
catalyst (18 mol%)
+  n-CygH3z3SH -

toluene S/(‘)\

RT, 24 h 15
Catalyst Yield [%]
SA-NEt, 90
triethylamine 4
SA 1

Scheme 7. Michael reaction of 1-hexadecanethiol with 2-cyclohexen-1-
one.

by FTIR analysis,™® while these peaks were not observed
definitively for the immobilized catalyst SA-NEt,. We also
measured solid-state '>*C NMR spectra to examine the sur-
face acid-base interaction between acid sites of SA and im-
mobilized tertiary amine groups. The signals of the terminal
carbon atom for a mixture of SA and free triethylamine ap-
peared more upfield (6="7.5 ppm) than that for the SA-
NEt, catalyst (0=9.4 ppm). These results suggest a weak
acid-base interaction of immobilized SA-NEt,, which is in
agreement with the higher catalytic activity for the SA-NEt,
catalyst than that of the physical mixture (Tables 1 and 2).
After the treatment of SA-NEt, with ethyl cyanoformate,
the ¥(CN) peak appeared at 2221 cm™!, which is lower than
that for the free ethyl cyanoformate (2247 cm™"). The shifted
v(CN) band disappeared by the treatment with benzalde-
hyde, accompanied with the cyanation product, and this
peak shift did not occur with the SA surface treated with
ethyl cyanoformate. These results indicate that the nucleo-
philic CN species forms by interaction with the surface terti-
ary amine group. In addition, the SA-NEt, catalyst showed

Chem. Asian J. 2008, 3, 1230-1236



Acid-Base Bifunctional Catalytic Surfaces

higher activity in nonpolar solvents, such as n-heptane and
toluene, while the polar solvent DMF gave better results
than toluene with MgO as a typical basic catalyst. From
these contrasting results, it is reasonable to conclude that
the Brgnsted acid site on the SA surface, which can be deac-
tivated by electron-donating solvents, plays a crucial role in
the catalysis with SA-NE(,." As a consequence, we have
proposed a reaction mechanism for the SA-NEt,-catalyzed
reactions involving the dual activation of donor and accept-
or substrates at the amine base site and the neighboring
Brgnsted acid site on the SA surface, respectively
(Scheme 8).

cio 01’(;? ‘CN\
MeO~g; Nz\ . RCHTO Me 4,), F%\R
7 Si;‘AI Oﬁ} 7 SiE\AI

g S

ol P
I? Sigﬁ\l

Scheme 8. Proposed mechanism for cyano-ethoxycarbonylation on SA-
NEt,.

3. Cooperative Catalysis between Primary and
Tertiary Amines

It is known that tertiary amines act as Lewis and Brgnsted
bases for activation of nucleophiles. On the other hand, sup-
ported primary amines efficiently catalyze condensation re-
actions of carbonyl compounds like nitroaldol reactions,
where the primary amines are supposed to activate the car-
bonyl compounds by formation of imine intermediates.*!
These facts allow one to envisage that the immobilization of
both tertiary and primary amines onto the same solid sur-
face can create an efficient heterogeneous catalyst for or-
ganic C—C bond-forming reactions through activation of
both nucleophiles and carbonyl bonds of electrophiles. Thus,
we employed a silica/alumina catalyst immobilizing both ter-
tiary and primary amines (SA-NH,-NEt,) for a one-pot syn-
thesis of 1,3-dinitroalkanes.

We examined the reaction between benzaldehyde and ni-
tromethane with use of various heterogeneous and homoge-
neous amines as shown in Table 3. The double-amine cata-
lysts SA-NH,-NEt, showed high initial conversion rates of
benzaldeyde compared with other amine catalysts (Table 3,
entry 1). The reactions using SA-NH, and SA-NEt, with
similar amine loadings to those in the SA-NH,-NEt, catalyst
scarcely proceeded (Table 3, entries 3 and 4). In the case of

Chem. Asian J. 2008, 3, 1230-1236
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Table 3. Reaction between nitromethane and benzaldehyde.*!

O catalyst x-NO,
CH,NO, + ©/\ o)

Entry Catalyst

Conversion rate [mmolh~']""

1 SA-NH,-NEt, 1.45
2 SA-NH,+ SA-NEt, 0.13
3 SA-NH, 0.03
4 SA-NEt, 0.08
5 n-hexylamine + triethylamine 0.26
6 SA <0.01

[a] Reaction conditions: benzaldehyde (5 mmol), nitromethane (2 mL),
catalyst (NH,: 0.015 mmol, NEt,: 0.012 mmol), 100°C. [b] Determined by
GC and 'H NMR spectroscopy. [c] SA (0.034 g).

a physical mixture of SA-NH, and SA-NEt,, the reaction
was not enhanced by the coexistence of both amines
(Table 3, entry 2). A mixture of the primary and tertiary
amines of equivalent amounts to the NH, and NEt, groups
in SA-NH,-NEt, in a homogeneous solution was much less
active than the SA-NH,-NEt, catalyst (Table 3, entry 5).

It is noteworthy that 1,3-dinitro-2-phenylpropane formed
at 7% selectivity (after 2 h) along with the main product of
B-nitrostyrene on the SA-NH,-NEt, catalyst (Table 3,
entry 1), while the selective formation of (3-nitrostyrene with
greater than 99% selectivity was observed with SA-NH,
though the conversion was small (2-6 h; Table 3, entry 3).
The 1,3-dinitroalkane synthesis may proceed through a ni-
troaldol reaction, followed by 1,4-addition of nitromethane
to B-nitrostyrene."! Because of the wide applicability of the
1,3-dinitroalkanes,"” a further investigation for optimal re-
action conditions was conducted for the 1,3-dinitroalkane
synthesis. Remarkably, a 93% selectivity to 1,3-dinitro-2-
phenylpropane at 100% conversion of benzaldehyde was
achieved after 8 h in the presence of the SA-NH,-NEt, cata-
lyst (Scheme 9). A proposed reaction mechanism for the

SA-NH,-NEt, NO,
. . 0
oo o (NHy: 4.4, NEt,: 3.6 mol%) NO,
HCIN CH,NO,
100°C, 8 h
93%

Scheme 9. 1,3-Dinitroalkane synthesis by catalysis with SA-NH,-NEt,.

1,3-dinitroalkane synthesis on SA-NH,-NEt, is as follows:
1) Aldehyde is activated by an NH, group to form an imine
intermediate,'! while an acidic a-proton of nitromethane is
abstracted by a tertiary amine group, accompanied by the
nucleophilic attack of the deprotonated nitromethane to the
imine, resulting in the product B-nitrostyrene. 2) Another ni-
tromethane molecule is then activated by the tertiary amine
group and the Michael reaction with the nitrostyrene occurs
to give the desired 1,3-dinitroalkane product.

www.chemasianj.org 1235
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4. Summary

This Focus Review presents several approaches to the
design and development of acid-base bifunctional surfaces
for efficient nucleophilic addition reactions via dual-activa-
tion pathways. Particularly, silica/alumina-supported amines
were found to be reusable heterogeneous catalysts for
cyano-ethoxycarbonylation reactions, Michael reactions, ni-
troaldol reactions, and dinitroalkane synthesis. In these sys-
tems novel cooperative catalysis between tertiary amines or
primary amines and surface acidic sites is induced on oxide
surfaces. The design of more precisely controlled surface
structures with bifunctionalities will allow further extensions
to a variety of catalytic reactions and organic syntheses.
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