Communications

. DOI: 10.1002/anie.200802515
Heterogeneous Catalysis /

Cooperative Catalysis of Primary and Tertiary Amines
Immobilized on Oxide Surfaces for One-Pot C—C Bond
Forming Reactions**

Ken Motokura, Mizuki Tada, and Yasuhiro Iwasawa*

Dedicated to the Catalysis Society of Japan
on the occasion of the 50th anni-

versary
Tertiary Amine
(N—/ §NH2 Primary Amine
é. Si
: /S\l\ W 2
/o\ ‘
ci
Trifunctional Surface
Angewandte
Chemie

SUUL WWILEY R
9230 =.’,=- 7 InterScience* © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2008, 47, 9230-9235



The development of multicatalytic functions enables highly
efficient organic syntheses in both homogeneous and hetero-
geneous catalyst systems.! Recently, supported catalysts with
chemically designed surfaces have received much attention,
not only as recoverable reagents, but also as multifunctional
surface materials.>>! These multifunctional catalysts can
enable one-pot reaction sequences? and cooperatively pro-
mote single-reaction steps.’l There are several reports of
heterogeneous catalysts having multifunctional sites on their
surfaces, which promote organic synthesis.[** Nevertheless,
clear examples of cooperative multifunctional catalysis at
surfaces for carbon—carbon bond-forming reactions are still
required, to understand the synthetic strategy of efficient
multifunctional catalysis at surfaces from fundamental and
industrial points of view.

Tertiary amines act as Lewis and Brgnsted bases for the
activation of nucleophiles. Conversely, supported primary
amines efficiently catalyze condensation reactions of carbonyl
compounds, such as nitro-aldol reactions,® in which the
primary amines are thought to activate the carbonyl com-
pounds through formation of imine intermediates.*>® These
facts suggest that the immobilization of both tertiary and
primary amines onto the same solid surface can create an
efficient heterogeneous catalyst for organic C—-C bond-
forming reactions by activation of both nucleophiles and
electrophiles. In an organized ensemble of the immobilized
system, surface acid sites may also contribute to promotion of
the surface reactions. Herein, we report the first example of a
heterogeneous combined tertiary and primary amine catalyst,
immobilized on silica—alumina (SA), with tremendous effi-
ciency for the one-pot synthesis of 1,3-dinitroalkanes.

We examined the reaction between benzaldehyde (1) and
nitromethane (2) in the presence of various heterogeneous
and homogeneous amines, as shown in Table 1. In almost all
cases, 2-nitrostyrene (3) was obtained as a main product. The
double-amine catalysts (SA-NH,-NEt,-A-D, see Experi-
mental Section) showed high initial conversion rates of 1
compared with other amine catalysts (Table 1, entries 1 and
2). A homogeneous solution containing a mixture of the
primary and tertiary amines (n-hexylamine and triethyl-
amine), in equivalent amounts to NH, and NEt, in SA-NH,—
NEt,-B, was much less active than SA-supported heteroge-
neous catalyst (Table 1, entry 11). The low activity was
slightly improved by the addition of SA into the solution
(Table 1, entry 9). The reactions using SA-NH, and SA-NEt,
with similar amine loadings to those in the SA-NH,-NEt,-B
proceeded at very low conversion rates (Table 1, entries 7 and
8). In the case of a physical mixture of SA-NH, and SA-NEt,,
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Table 1: Reaction of benzaldehyde (1) and nitromethane (2) on various
supported and unsupported amines.”!

~0 catalyst x-NO,
@A + CH,NO, ————
1 2 3
Entry Catalyst Conversion Rate of 1
[mmolh~e!
16 SA-NH,~NEt,-A (85/15 NH,/NEL,) 1.87
2 SA-NH,—NEt,-B (60/40 NH,/NEt,) 1.45
30 SA-NH,—NEt,-C (30/70 NH,/NEt,) 0.62
44 SA-NH,~NEt,-D (10/90 NH,/NEL,) 0.43
5 SA-NH,~NEt,-B-cap 0.40
6 SA-NH,+ SA-NEt, 0.13
7 SA-NH, 0.03
8 SA-NEt, 0.08
9l SA+ n-hexylamine + triethylamine 0.31
101 HCI + n-hexylamine + triethylamine 0.38
1 n-hexylamine + triethylamine 0.26
12 n-hexylamine 0.08
13 triethylamine 0.09
141 SA <0.01
15l MgO 0.66
168 CaO 0.45

[a] Reaction conditions unless otherwise stated: 1 (5 mmol), 2 (2 mL),
catalyst (-NH,: 0.015 mmol, NEt,: 0.012 mmol), 100°C. [b] Determined
by GC and 'H NMR spectroscopy. [c] 0.027 mmol of total amines was
used. [d] Catalyst was treated with hexamethyldisilazane. [e] Solid
catalyst (0.034 g). [f] Triethylamine hydrochloride (0.012 mmol) was
used. [g] The main product on MgO and CaO was nitroalcohol.

the reaction was not enhanced by the coexistence of both
amines (Table 1, entry 6). We also examined the perform-
ances of SA-NH,-NEt, with various ratios of the primary and
tertiary amines (Table 1, entries 1-4). The initial reaction rate
increased with increasing primary amine content, which
suggests that 1 is activated mainly by the primary amine
immobilized at the SA surface.” Notably, the performances
of the double-amine immobilized catalysts were much higher
than those for typical solid bases, such as MgO and CaO
(Table 1, entries 15 and 16).

It is noteworthy that 1,3-dinitro-2-phenylpropane (5)
formed at 7% selectivity (after 2 h) along with the main
product 3 and a small amount of nitroalcohol (4) on the
catalyst SA-NH,-NEt,-B (Table 1, entry 2), whereas, with
SA-NH,, 3 formed with >99% selectivity, although the
conversion rate was low (2-6 h; Table 1, entry 7). The 1,3-
dinitroalkane synthesis may proceed through nitro-aldol
reaction, followed by 1,4-addition of 2 to 3.8 Recently,
many synthetic methods have been reported, which utilize
1,3-dinitroalkanes as a key building block toward a variety of
functional organic compounds, including biologically active
substances.”’ Because of the synthetic usefulness of 1,3-
dinitroalkanes, a further investigation for optimal reaction
conditions was conducted to develop the SA-NH,-NEt,
catalytic system for 1,3-dinitroalkane synthesis. Remarkably,
the synthesis of § with 93 % selectivity and 100 % conversion
of 1 was achieved after 8 h in the presence of SA-NH,-NEt,-
B (Table 2, entry 2). A sample of SA-NEt, possessing a full
loading of NEt, (SA-NEt,-f, NEt, 0.90 mmolg™") showed an
improved catalytic activity (Table 2, entry 7) compared with a
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Table 2: Performances of the amine-immobilized catalysts for 1,3-dinitroalkane (5 syntheS|s 2 entries 7, 8, and 10). It should be

noted that 4-carboxybenzaldehyde

©/\O NG catalyst ©/\/NOZ ©A also reacted with 2 in the presence

32 of the SA-NH,-NEt,-B catalyst,

1 P affording a 65 % yield of the cor-

responding 1,3-dinitroalkane prod-

Entry Catalyst Yield of 3 Yield of 4 Yield of 5 uct (Scheme 1) This reaction

[%]"” [9%]"” [%]" scarcely proceeded with sodium

1t SA-NH,~NEt,-A (85/15 NH,/NEt,) 6 4 90 methoxide as a base, as a result of

2 SA-NH,-NEt,-B (60/40 NH,/NEt,) 3 4 93 neutralization by the carboxylic

31 SA-NH-NEt;-C (30/70 NH,/NEt,) 2 13 77 acid group. To our knowledge,

44 SA-NHz-NEt;D (10/90 NH,/NEt;) ! 18 64 this is the first report of a catalytic
5 SA-NH,-f 60 <1 39 o . ;

p SANH, 7 <1 29 addition reactlon. of a nltroalk.an.e

7 SA-NEt,-f 2 30 30 to an aldehyde with a strong acidic

8 SA-NEt, 68 7 8 group.

[a] Reaction conditions unless otherwise stated: 1 (1 mmol), 2

total amine groups was used.

SA-NEt, of a similar amine NEt, loading to that in SA-NH,—
NEt,-B (Table 2, entry 8); however, the yield of 5 was only
30%. The SA-NH, and SA-NH,-f were also less active and
unselective (Table 2, entries 5 and 6) for the synthesis of 5.

The generality of the SA-NH,-NEt,-B-catalyzed 1,3-
dinitroalkane synthesis was examined with the use of various
aldehyde substrates (Table 3). Electron-donating groups in
the para-position of benzaldehyde enhanced the reactivity of
the aldehyde with 2, and the corresponding 1,3-dinitroalkanes
formed in excellent yields (Table 3, entries 2-4, 91-93%).
Conversely, low product selectivities were detected for
benzaldehydes with electron-withdrawing groups (Table 3,
entries 5 and 6). This reaction also proceeded successfully
with piperonal, 3,4-dimethoxybenzaldeyde, and the hetero-
aromatic aldehyde 2-thiophenecarboxyaldehyde (Table 3,

Table 3: 1,3-dinitroalkane synthesis from various aldehydes.?!

SA-NH,-NEt,-B NO,
R0 + 2CHNO, z J/\/
100 °C R NO,
Entry Aldehyde t [h] Conversion [%]" Yield [%6]"!
e
X
1 X=H 8 >99 93
2 X=Me 5 99 93
3 X =0OMe 5 99 91
4 X=OH 5 >99 91
5 X=Cl 8 98 83 (8)¢
6 X=NO, 8 95 48 (36)
O X
7 4 © 5 97 89
O

MeO o
8 ﬁ 5 99 88
MeO
X
9 (I Jo 5 99 89
S X
10 7 e 8 9 80

[a] Reaction conditions: aldehyde (1 mmol), 2 (2 mL), SA-NH,—NEt,-B
(0.1 g, NH,: 0.044 mmol, NEt,: 0.036 mmol), 100°C. [b] Determined by
'H NMR spectroscopy, based on aldehyde. [c] Yield of nitroalcohol.
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(2 mL), catalyst (-NH,: 0.044 mmol,
-NEt,: 0.036 mmol), 100°C, 8 h. [b] Determined by '"H NMR spectroscopy, based on 1. [c] 0.08 mmol of
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Usually, the direct synthesis of
5 from 1 and 2 requires high

reaction temperatures around
catalyst NO,
/@/\O (16 mol%) /©/£,NO2
+ CHNOy ——
HOOC CH3NO;, HOOC
20h, 100 °C

SA-NH,-NEt,-B : 65%
NaOMe : 0%

Scheme 1. Reaction of 2 with 4-carboxybenzaldehyde.

100-120°C.® 1t is noteworthy that the SA-NH,-NEt,-A
catalyst efficiently promoted the reaction of 2 with 1 at 50°C,
giving an 82 % yield of 5 (Scheme 2), whereas, in the MgO-
promoted reaction at 50°C, the yield of 5 was just 5%. The
supported double-amine catalyst provides an economical
reaction process to synthesize nitro compounds with ther-

mally unstable groups.
NO,
©)/\/N02

SA-NH,-NEt,-A : 82%
MgO : 5%

catalyst (0.1 g)

CH;NO,
50°C, 20 h

N,
©AO + 2 CHyNO,

Scheme 2. Comparison of 1,3-dinitroalkane synthesis catalyzed by SA—
NH,—NEt,-A or MgO under mild reaction conditions.

The initial rate of SA-NH,-NEt,-catalyzed reaction of 1
and 2 is also much higher than those for SA-NH,, SA-NEt,,
and the mixture of SA-NH, and SA-NEt, (Table 1). These
results suggest a cooperative catalysis of the neighboring
primary and tertiary amine groups on the SA surface. After
treatment of the SA-NH,—NEt,-B with 1, new signals in solid-
state C magic-angle spinning (MAS) NMR spectrum
appeared at =159 ppm (Figure 1a, b’: N=CH), 6 =135-
120 ppm (Figure 1a, a”: phenyl), and 6 =63 ppm (Figure 1a,
¢ N-CH,), indicating the formation of a benzyl imine
intermediate by dehydration.™!“!] To examine the interac-
tion between the immobilized amines and the substrates in
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Figure 1. a) Solid-state *C CP/MAS NMR spectrum (6 kHz) for SA-NH,—
NEt,-B treated with benzaldehyde, and atom-labeling scheme. b) Depend-
ence of the normalized intensity of variable-contact-time '*C CP/MAS NMR
(+), and
B) SA-NH,—NEt,-B treated with benzaldehyde in nitromethane solution (0).
The arrows indicate the change from before (A) to after (B) the treatment of

spectra at 0~ 9.5 ppm on contact time: A) fresh SA-NH,—NEt,-B
SA-NH,—NEt, with substrates.

the nitro-aldol reaction, variable-contact-time '*C cross-
polarization (CP)/MAS NMR spectra of SA-NH,-NEt,-B
were measured, before and after the interaction with both
nitromethane and benzaldehyde (see Supporting Informa-
tion, Figure 2S). Variable-contact-time “C CP/MAS NMR
spectroscopy is a technique used to determine the molecular
motion of solid materials.'” As CP is a measure of the
efficiency of magnetization transfer by the dipolar coupling
from 'H to C, it is most efficient for static 'H-"C dipolar
interactions. As a result, the less-mobile carbon groups
exhibit a faster CP rate, and the NMR signal intensity
becomes stronger with relatively short CP contact times. This
signal intensity becomes weak with prolonged contact time, as
a result of attenuation of the transferred magnetization.
Conversely, the signal intensity of a molecule with high
mobility is strong with relatively long contact times.) The
BC NMR signal of SA-NH,-NEt,-B at § ~9.5 ppm is due
mainly to the terminal carbon atoms of the immobilized
tertiary amine group (h), whose molecular motion is strongly
affected by interactions of the substrate with the tertiary
amine. Comparison of the normalized intensities of NMR
signals around 6 =9.5 ppm with contact times revealed that
signals for the catalyst SA-NH,-NEt,-B when interacting
with substrates showed relatively higher intensity with the
shorter contact times (<0.5ms) and lower intensity with
longer contact times (> 2.0 ms) than those for the parent SA—
NH,-NEt,-B (Figure 1b). These results indicate that the

Angew. Chem. Int. Ed. 2008, 47, 9230-9235
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molecular motion of the tertiary amines in SA-NH,—
NEt,-B is restricted by interaction with the substrates,!'?
probably by formation of a reaction intermediate (pri-
mary amine-aldehyde(imine intermediate), nitrome-
thane-tertiary amine) (Scheme 3b).
The cooperative catalysis of primary and tertiary
amines was enhanced by acid addition (Table 1, entries 9
and 10 cf. entry 11). In addition, the activity of SA-NH,—
Cl) NEt,-B was significantly decreased by the capping of
surface OH groups with hexamethyldisilazane (Table 1,
entry 5).1°1 These results suggest that the surface acid site
on SA enhances the SA-NH,-NEt,-catalyzed nitro-aldol
reaction. The supported catalyst showed higher perform-
ances than those for the homogeneous amine-acid
mixture (Table 1, entry 2 cf. entries 9 and 10) because
undesired acid-base neutralization is suppressed at the
immobilized surfaces.!**?!

Si—OH groups on a primary-amine-immobilized SiO,
surface promote two steps in the nitro-aldol reaction:
a) imine formation from the primary amine and the
aldehyde, and b) the addition of the nitroalkane to the
resultant imine.*! We also prepared a SiO,-supported
double amine catalyst, which gave similar results to SA—
NH,-NEt,, suggesting that, not only strong acid sites (Si-
O(H")-Al), but also weak acid sites (Si-OH) contribute
to the nitro-aldol reaction.*! However, amine immobi-
lization occurred at higher rate and to a higher degree on
SA than on SiO, (nitrogen content; SA-NH,-NEt,-B:
1.10 wt %, SiO,-NH,-NEt,: 0.52 wt%). As a result, the
activity of the SiO,-supported catalyst based on weight
was half that for the SA-NH,—-NEt,.

A reaction mechanism for the 1,3-dinitroalkane
synthesis on the SA-NH,-NEt, including the effect of the
acid support is illustrated in Scheme 3 (for full version, see
Supporting Information, Figure S1): a) the aldehyde is acti-
vated by a surface acid site and reacts with an amino group to
form an imine intermediate,” b)the a-proton of 2 is
abstracted by a tertiary amine group, accompanied by the

ol
NH2 Etz b) [ H'\
H/ j\‘ CH;NOZ (2) 17 B
EtO’S‘- ﬁ' MeOS 5' ,_l_ B j\
e i EiOE)S"O | Meo(')S'cl,

~AlSi) T

r»:o2 oH NO)4
2
H /\/Noz
“¢-NO,
H

R E:\N
NH 2
S

_Si i - Sis
EtodS!.O i Meoo (I)
Tt 1 I

“AI(SH)

Scheme 3. A proposed cooperative reaction mechanism. See text for
details.
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nucleophilic attack of the deprotonated 2 on the imine,
which is also assisted by surface acid site, resulting in the
product 3, before, ¢) another molecule of 2 is activated by
the tertiary amine group and the Michael reaction with 3
occurs to give the desired product 5. Nitrostyrene (3)
might also be activated by surface acid sites.!'®)

In a separate experiment, the Michael reaction of 2
with 3, affording 5, was examined with a range of amine
catalysts. SA-NH,-NEt,-B and SA-NEt,-f both showed
high activities, but SA-NH,-f was found to be much less
active(Scheme 4), providing further indication that the
Michael addition is promoted by tertiary amine groups. In
addition, SA-NEt,-f showed double the activity of

D)

homogeneous triethylamine (Scheme 4).

Full-coverage SA-NH,-f was active for the condensa-
tion reaction to afford 3, whereas the full-coverage SA-
NEt,-f gave nitroalcohol 4 by aldol reaction (Table 2).
This formation of 4 and the subsequent dehydration of 4

80

T T | T 1
60 40 20 0 -20
Chemical Shift / ppm

Figure 2. Solid-state *C CP/MAS NMR spectra (4 kHz) and atom-labeling
scheme: A) SA-NEt,-f, B) SA-NH,-f, C) SA-NH,—NEt,-B, and D) SA-NH,—

NEt,-A.

catalyst
(NHy: 2.2mol%, NO,
x-NO, NEt,: 1.8mol%) NO.
+ CH3NO, —>CH NG 2
NG,
100 °C
Catalyst Rate (mmol/h)
SA-NH,-NEt,-B 0.24
SA-NH,-f 0.02
SA-NEt,-f 0.18
Triethylamine 0.09

Scheme 4. The amine-catalyzed Michael reaction of 2 and 3.

to form 3 are considered as a minor reaction pathway (see
Supporting Information, Scheme S1(a) and (b)). Nucleo-
philic attack of 2 on benzaldehydes with electron-withdrawing
groups at the para-position might easily occur without the
formation of imine intermediates, resulting in lower selectiv-
ity to 1,3-dinitrocompounds in favor of nitroalcohol forma-
tion (Table 3).17

In summary, a silica—alumina-supported double-amine
catalyst (SA-NH,-NEt,) was found to be highly active for the
production of 1,3-dinitroalkanes, whereas the supported
single amines and the corresponding amines in solution
exhibited almost no significant activity in this reaction. The
SA-NH,-NEt, catalyst has two notable properties, owing to
the multifunctional catalyst surface: a) acceleration of a single
reaction by cooperative catalysis and b) promotion of one-pot
reaction sequences. The design of more precisely controlled
surface structures and further extensions to a variety of
organic syntheses are currently under investigation.

Experimental Section

Silica—alumina-supported double-amine catalysts (SA-NH,-NEt,-A—
D) were prepared by treatment of amorphous aluminosilicate (SA)
with a toluene solution involving given amounts (1.7 mmol of total
amine) of 3-aminopropyltriethoxysilane and 3-(diethylamino)propyl-
trimethoxysilane under reflux. The solid was removed by filtration,
washed with dichloromethane, and dried under reduced pressure,

www.angewandte.org
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affording the catalyst SA-NH,—-NEt,. The amine groups in SA-NEt,,
SA-NH,, and SA-NH,-NEt, were characterized by solid-state *C
CP/MAS NMR spectroscopy (Figure 2); the NMR signals derived
from primary and tertiary amines in SA-NH,-NEt, showed no
significant changes compared to those for SA-NH, and SA-NEt,.
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