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The Baylis–Hillman reaction of various aryl aldehydes with methyl vinyl ketone and acrylonitrile in the thermomorphic binary
DMF/cyclohexane, 1/1, v/v) has been investigated. The phase selectively soluble alkyl-modified dendritic DMAP catalyst could be
ycled via phase separation which was induced by cooling the temperature from 60◦C to room temperature. The corresponding Baylis–Hillm
dducts were obtained in good yields and the recycled and reactivated dendritic catalyst almost gave the same results.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The problems associated with the recovery of catalysts
fter product formation pose a serious drawback for large-
cale applications of homogeneous catalysis and are the main
eason why heterogeneous catalysis has a share of more than
0% in industrial processes.

Consequently, numerous approaches that deal with the
roblem of catalyst recovery, such as thermal or chemi-
al recovery, immobilization of catalysts on solid, liquid
r aqueous supports, membrane processes or multiphase
ystems (phase-transfer catalysis, thermoregulated phase-
ransfer catalysis, liquid–liquid biphasic catalysis) have been
tudied[1–4].

Among the reactions in which CC bonds are formed, the
aylis–Hillman coupling of aldehydes with�,�-unsaturated
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carbonylic compounds is currently attracting much inte
due to the atom economy, the mild conditions and the
erality of functional groups[5,6]. Furthermore, compared
the Heck, Suzuki and other palladium catalyzed CC bond
forming reaction[7], the Baylis–Hillman reaction can be p
moted by using organic bases in the complete absence
metal[8,9].

However, almost all the Baylis–Hillman reactions
ported so far use homogeneous catalyst, and it makes pr
isolation very difficult and impedes the reusing of the c
lyst. In addition, this reaction could be accomplished
perfect atom-economic way if a recyclable Lewis base
employed as the promoter. Recently, Corma et al.[10] de-
veloped a heterogeneous catalyst system by using an
uble Merrifield type resin-supported 4-(N-benzyl-N-methyl
amino)pyridine as reusable catalyst for the Baylis–Hillm
coupling of aromatic aldehydes and�,�-unsaturated ke
tones. Shi and coworker[11] reported the use of solub
polymer-supported Lewis bases such as PEG4600-(P2)2
and linear poly(DMAP) in the Baylis–Hillman reactions
N-tosylimines with�,�-unsaturated ketones.
381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Scheme 1. Illustration of the switched biphasic catalysis.

Herein, we report a novel thermomorphic catalytic sys-
tem[12] for the Baylis–Hillman reaction of�,�-unsaturated
ketones and aromatic aldehydes. Our strategy employed the
dendritic Lewis base as the catalyst together with a binary
solvent system (DMF–cyclohexane, 1:1, v/v) which could
become homogeneous when heated up to 60◦C and then
could be readily separated by cooling the system to room
temperature (Scheme 1). Our thermomorphic catalytic sys-
tem thus provided the following key advantages: (a) unlike
the heterogeneous system reported by Corma et al.[10], this
thermomorphic biphasic system provided complete miscibil-
ity of the two phase under the reaction temperature; (b) the
structure of dendrimer catalyst is well-defined and could be
analyzed by using common spectral techniques, such as NMR
and mass spectroscopy; (c) as compared to soluble polymer
supported catalytic Baylis–Hillman reaction reported by Shi
and coworker[11], this strategy avoided the use of large
amounts of diethyl ether for catalyst precipitation. There-
fore, this system has the potential to combine the advantages
of homogenous and heterogeneous catalysis.

2. Results and discussion

To test the efficacy of our new thermomorphic sys-
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Scheme 3. Effect of solvent composition on the miscible temperature. Each
biphasic solvent mixture was gradually heated (1◦C/min) with stirring to
form a homogeneous solution at the temperature plotted above.

that the miscibility of the mixture containing all two of these
solvents depended on the proportions of solvents used and
the temperature of the system. As shown inScheme 3, the
miscible temperature decreased with increase ratio of DMF.
For example, when the ratio of DMF and CH is 1:1(v/v), the
binary system become monophasic at 60◦C. Under the same
temperature, the dendritic DMAP was found to be well solu-
ble in this solvent mixture. Importantly, after this system was
cooled to room temperature, 97.5% of the dendritic catalyst
could be extracted to the non-polar CH phase. We thus chose
the solvent mixture of DMF and CH (1:1, v/v) as the solvent
system for this study.

In order to determine the activity of this dendritic catalyst
in the biphasic thermomorphic system, we chose the coupling
of 4-nitrobenzaldehyde with methyl vinyl ketone (MVK) as
the model reaction, which is a paradigmatic example of the
Baylis–Hillman reaction[10,14]. In all cases only the normal
Baylis–Hillman product was found[14a,15].

Firstly, we studied the reaction in the binary system
(DMF/CH, 1:1, v/v) to find out the best reaction conditions
and the results were summarized inTable 1. As seen from the

Table 1
Baylis–Hillman Reactions of 4-nitrobenzaldehyde (1.0 equiv.) with MVK
in the presence of dendritic DMAPa

E

1
2
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4
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8
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v) at
6

em for Baylis–Hillman reaction and for the separation
he catalyst, we chose a dendritic derivative of 4-(N,N-
imethylamino)pyridine (DMAP) (Scheme 2) as catalyst fo

his study, which was conveniently prepared according to
eported procedure[13].

With the dendritic DMAP on hand, we then explo
he solvent compositions in order to meet the requ
ents of the thermomorphic biphasic system and the
lyst recycling. Since the DMF has been found to
est for most Baylis–Hillman reactions, the binary sys
MF–cyclohexane (CH) was firstly studied. It was fou

cheme 2. Structure ofN,N-di(3′,4′,5′-tri(n-decan-1-yloxy) benzyl)-4
minopyridine (dendritic DMAP).
ntry Aldehyde:MVK:dendritic
DMAP (molar ratio)

Time (h) Isolated
yield (%)

1:1:1 24 33.6
1:1.5:1 24 40.4
1:2:1 24 49.1
1:3:1 24 64.7
1:4:1 24 63.9
1:3:0.2 24 30.7
1:3:1 36 81.2
1:3:1 48 92.3
1:3:1 60 92.0

a Reactions were carried out in 4 ml binary solvent (DMF:CH, 1:1, v/
0◦C.
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Table 2
Recyclability of the dendritic catalyst without and with reactivationa

Entry Isolated yield (%)

First run Second run Third run Fourth run Fifth run

1b 78.5 55.4 47.6 – –
2c 92.1 91.0 92.6 92.1 91.2

a Reactions were carried out on a 1.0 mmol scale, in 4 ml bi-
nary solvent (DMF:CH, 1:1, v/v) using a ratio of 1:3:1 (4-
nitrobenzaldehyde/MVK/dendritic DMAP at 60◦C).

b The catalyst was directly used in the nest run without reactivation.
c The catalyst was reactivated before the next run.

table, the highest yield was achieved when the molar ratio of
aldehyde:MVK:dendritic DMAP being 1:3:1, and reacting
time 48 h was used as the conditions (Table 1, entry 8).

The recyclability of the dendritic catalyst was then eval-
uated under the optimized conditions. It was found that the
catalyst could be easily recovered via phase separation by
cooling the reaction mixtures to room temperature at the end
of the reaction. After having performed one reaction under
the conditions indicated inTable 1, entry 8, the catalyst was
recovered from the CH layer by cooling back to 25◦C and
directly reused for a consecutive run under the same condi-
tions (Table 2, entry 1). In the four runs reaction, the catalyst
showed decrease in activity with reaction yields from 92.3%
to 47.6% (Table 1, entry 8;Table 2, entry 1). The deactivation
of the catalyst was probably due to the covalent attachment
of MVK or any �,�-unsaturated ketone to the pyridine ni-
trogen of the catalyst (Scheme 4) [10,16]. In order to regain
the initial activity, the deactivated catalyst was treated with

Table 4
The Baylis–Hillman reactions of aryl aldehydes with acrylonitrile in the
presence of dendritic DMAPa

Entry Ar Time
(days)

Product Yieldb (%) Yieldb,c (%)

1 4-O2NC6H4 2 1b 94.6 95.0
2 2-O2NC6H4 2 2b 93.0 93.7
3 4-CNC6H4 2 3b 90.0 91.2
4 4-BrC6H4 2 4b 90.0 88.9
5 4-ClC6H4 2 5b 87.1 88.9
6 C6H5 3 6b 66.8 67.8
7 4-CH3OC6H4 5 7b 50.2 51.6
8 2-CH3OC6H4 5 8b 48.2 49.5

a Reactions were conducted on 1.0 mmol scale using 1:3:1 molar ratio
of aldehydes:MVK:dendritic DMAP, in 4 ml binary solvent (DMF:CH, 1:1,
v/v).

b Isolated yield.
c The recycled and reactivated dendritic DMAP was used.

2 M NaOH at 60◦C for 2 h and subsequent was applied to the
reaction under otherwise the same conditions, giving equiv-
alent yield (Table 2, entry 2).Scheme 4shows a reasonable
proposal to rationalize the reactivation of the catalyst upon
base treatment.

To demonstrate the applicability of dendritic DMAP as a
homogeneous catalyst for the Baylis–Hillman reaction, var-
ious other aldehydes were tested as reactants reacting with
MVK and the results are shown inTable 3. It was found
that the aryl aldehydes having strongly electron-withdrawing
groups on the benzene rings such as nitrobenzaldehydes and
nitrilbenzaldehydes reacting with MVK gave the correspond-
ing Baylis–Hillman adducts with high yields (entries 1–3).
On the contrary, other aryl aldehydes, in particular with
electron-donating substituents provided low to good reaction
yields (entries 6–8). We also examined the Baylis–Hillman
reaction of aryl aldehydes with acrylonitrile in the binary

T
T nce of dendritic DMAPa

E Product Yield (%)b Yield (%)b,c

1
2
3
4
5
6
7
8

tio of a v/v).
Scheme 4. The deactivation and reactivation of dendritic DMAP.

able 3
he Baylis–Hillman reactions of aryl aldehydes with MVK in the prese

ntry Ar Time/days

4-O2NC6H4 2
2-O2NC6H4 2
4-CNC6H4 2
4-BrC6H4 2
4-ClC6H4 2
C6H5 3
4-CH3OC6H4 5
2-CH3OC6H4 5

a Reactions were conducted on 1.0 mmol scale using 1:3:1 molar ra
b Isolated yield.
c The recycled and reactivated dendritic DMAP was used.
1a 92.3 92.1
2a 92.0 92.4
3a 89.7 90.1
4a 87.7 89.3
5a 85.4 81.2
6a 47.8 53.4
7a 35.3 38.1
8a 27.7 27.6

ldehydes:MVK:dendritic DMAP, in 4 ml binary solvent (DMF:CH, 1:1,
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thermomorphic system. Very similar results were obtained
(Table 4). It was noted that the recycled and reactivated den-
dritic DMAP almost gave the same reaction yields.

3. Conclusions

In summary, we have described a new thermomorphic
catalytic system by using dendritic derivative of 4-(N,N-
dimethylamino) pyridine as catalyst for the Baylis–Hillman
reactions of aryl aldehydes with MVK and acrylonitrile.
The recyclability and applicability of this catalytic system
has been well demonstrated in the binary solvent system
(DMF–cyclohexane, 1:1, v/v).

4. Experimental

4.1. General remarks

All glassware was oven dried and cooled in a desicca-
tor (silica gel desiccant) prior to use. Aryl aldehydes and
acrylonitrile were distilled and stored under a nitrogen atmo-
sphere before used. Other commercially supplied reagents
were used as supplied without further purification. Organic
s ary.
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( 1H,

s, olefinic), 6.24 (1H, s, olefinic), 7.49 (2H, d,J= 8.4 Hz, Ar),
7.62 (2H, d,J= 8.0 Hz, Ar).

Compound7a1H NMR (CDCl3, 400 MHZ, TMS):δ 2.00
(1H, br., s, OH), 2.13 (3H, s, Me), 3.87 (3H, s, OCH3), 5.80
(1H, s, CH), 5.83 (1H, s, olefinic), 6.02 (1H, s, olefinic), 6.87
(2H, d,J= 8.3 Hz, Ar), 7.27 (2H, d,J= 8.4 Hz, Ar).

Compound8a1H NMR (CDCl3, 400 MHZ, TMS):δ 2.36
(3H, s, Me), 3.35 (1H, br., s, OH), 3.82 (3H, s, MeO), 5.86
(1H, s, olefinic), 5.93 (1H, s, olefinic), 6.15 (1H, s, CH), 6.87
(1H, d,J= 8.4 Hz, Ar), 6.96 (1H, dd,J= 7.6, 7.6 Hz, Ar), 7.26
(1H, dd,J= 7.2, 7.2 Hz, Ar), 7.35 (1H, d,J= 7.6 Hz, Ar).

Compound2b 1H NMR (CDCl3, 400 MHZ, TMS):δ 3.45
(1H, br., s, OH), 6.02 (1H, s, CH), 6.12 (1H, s, olefinic), 6.14
(1H, s, olefinic), 7.55 (1H, t,J= 15.6 Hz, Ar), 7.74 (1H, t,
J= 15.2 Hz, Ar), 7.87 (1H, d,J= 7.6 Hz, Ar), 8.04 (1H, d,
J= 8.0 Hz, Ar).

Compound3b 1H NMR (CDCl3, 400 MHZ, TMS):δ 2.00
(1H, br., s, OH), 5.40 (1H, s, CH), 6.09 (1H, d,J= 0.8 Hz,
olefinic), 6.17 (1H, d,J= 1.2 Hz, olefinic), 7.55 (2H, d,
J= 8.0 Hz, Ar), 7.70 (2H, d,J= 8.4 Hz, Ar).

Compound4b 1H NMR (CDCl3, 400 MHZ, TMS):δ 2.18
(1H, br., s, OH), 5.27 (1H, s, CH), 6.04 (1H, d,J= 0.76 Hz,
olefinic), 6.11 (1H, d,J= 1.2 Hz, olefinic), 7.27 (2H, d,
J= 8.4 Hz, Ar), 7.54 (2H, d,J= 4.0 Hz, Ar).

Compound5b 1H NMR (CDCl3, 400 MHZ, TMS):δ 2.38
( .09
( ,
J

( .03
( ,
6

( (H,
s
7

R

02)

. 35

and

2),

2003)

on 52

94)
olvents were dried by standard methods when necess
1H NMR spectra were recorded on a BRUKER 400 sp

rometer for solution in CDCl3 with tetramethylsilane (TMS
s internal standard. Chemical shifts are reported down

n parts per million (ppm) andJ-values are in Hz.

.2. General procedure for the Baylis–Hillman reaction
f aryl aldehydes with MVK and acrylonitrile

To a 10 ml bottom flask charged with1 (1.0 mmol) and
endritic DMAP (1.21 g, 1.0 mmol) in 4 ml binary solve
DMF:CH, 1:1, v/v) was added methyl vinyl ketone (MV
249�l, 3.0 mmol) or acrylonitrile (197�l, 3.0 mmol) unde
itrogen atmosphere and the reaction mixture was stirred
t 60◦C. At the end of the reaction, after the reaction mix
as cooled back to 25◦C, the reaction mixture turned to
iphasic. The catalyst was recovered from the CH layer
as directly used in the next run (Table 2, entry 1) or reuse
fter reactivated for a consecutive run under the same
itions (Table 2, entry2;Tables 3 and 4). The product wa
emained in the DMF layer, the solvent was removed u
educed pressure and the residue was further purified by
hromatography and characterized by1H NMR.

.3. Characterization of the Baylis–Hillman reaction
dducts

Compounds1a, 2a, 4a, 5a, 6a, 1b and6b have been suc
essfully characterized in the literature[15,17].

Compound3a1H NMR (CDCl3, 400 MHZ, TMS):δ 2.35
3H, s, Me), 3.00 (1H, br., s, OH) 5.63 (1H, s, CH), 6.01 (
1H, br., s, OH), 5.27 (1H, s, CH), 6.03 (1H, s, olefinic), 6
1H, s, olefinic), 7.32 (2H, d,J= 8.53 Hz, Ar), 7.37 (2H, d
= 8.53 Hz, Ar).

Compound7b 1H NMR (CDCl3, 400 MHZ, TMS):δ 2.18
1H, br., s, OH), 3.82 (3H, s, MeO), 5.26 (1H, s, CH), 6
1H, d,J= 1.0 Hz, olefinic), 6.11 (1H, d,J= 1.4 Hz, olefinic)
.93 (2H, d,J= 8.0 Hz, Ar), 7.31 (2H, d,J= 7.8 Hz, Ar).

Compound8b 1H NMR (CDCl3, 400 MHZ, TMS):δ 2.22
1H, br., s, OH), 3.86 (3H, s, MeO), 5.50 (H, s, CH), 6.00
, olefinic), 6.01 (H, s, olefinic), 6.92 (1H, d,J= 8.4 Hz, Ar),
.00 (1H, dd,J= 8.0, 8.0 Hz, Ar), 7.33 (2H, m, Ar).
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