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Abstract Silica-bonded 2-hydroxyethylammonium ace-
tate was synthesized easily by the reaction of 3-chloro-
propylsilica with ethanolamine followed by ion exchange
with acetate. It was used as a heterogeneous, re-usable,
efficient and easy to handle catalyst for the one-pot syn-
thesis of a variety of 2-Amino-4H-chromen-4-yl phos-
phonates and B-phosphonomalonates at room temperature
under solvent-free conditions.
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1 Introduction

Ionic liquids (ILs) have emerged as promising homoge-
neous catalysts [1-4] because of their unique physico-
chemical properties including negligible vapor pressure,
wide liquid range, high ionic conductivity and excellent
solubility [5]. Although the ability of ILs has been dem-
onstrated successfully in many reactions, their widespread
use is still hampered by the following practical drawbacks:
(i) product isolation; (ii) catalyst recovery which leads to
economical and environmental problems; (iii) difficult in
handling and (iv) the use of relatively large amounts of ILs
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which is costly and may cause toxicological concerns [6].
To overcome these drawbacks, the advantages of ILs with
those of heterogeneous support materials have been com-
bined by recent attempts on the supporting ILs on solid
materials. It was also claimed that immobilization of ILs
can enhance the reactivity and selectivity of ILs when they
are involved in catalytic reactions [7]. In this view, a
variety of methods has been introduced for covalent
immobilization of ILs onto the surface of support matrices
such as inorganic silica gel [8].

Among the different types of chromen systems,
2-amino-4H-chromenes are of particular utility for the
generation of small molecule ligands with highly pro-
nounced spasmolytic diuretic anticoagulant and antiana-
phylactic activities [9-12]. For example, the tumor
antagonist HA 14-1 (Fig. 1) is a new class of 2-amino-4H-
chromene derivatives that exhibit a binding activity for the
surface pocket of the cancer-implicated Bcl-2 protein and
induce apoptosis or programmed cell death in follicular
lymphoma B cells and leukemia HL-60 cells [13, 14].

One-pot reaction of salicylaldehydes, malononitrile and a
nucleophile is known as an easy approach for the synthesis of
various types of 4-substituted 2-amino-4H-chromenes in
order to synthesis analogues of HA 14-1 [15, 16]. In this
method, Knoevenagel condensation of salicylaldehyde with
malononitrile and subsequent cyclization reaction are occur-
red to produce an intermediate, which undergoes nucleophilic
attack to form 4-substituted 2-amino-4H-chromenes. It is
worth mentioning that amongst various 2-amino-4H-chro-
mene derivatives, recently, the synthesis of 2-amino-4H-
chromen-4-yl phosphonates has attracted much attention by
organic chemists [17-23]. These compounds are found in
many natural products and are widely used as cosmetics,
pigments and fungicides. They also showed significant bio-
logical activities such as antibacterial and antioxidant
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activities [17]. In the methods that have been reported for the
synthesis of these compounds InCl; [18], B-cyclodextrin [19],
K5POy4 [20], Et,NH [21], I, [17], PEG-400 [22] and ethylen-
diamine diacetate [23] were used as catalyst for the conden-
sation of salicylaldehyde, malononitrile and phosphite esters.
Most of these catalysts are homogeneous catalysts and their
use mainly suffers from separation, reusability and less cost
effective process. Moreover, the existing methods suffer from
requiring a relatively long reaction time or use of a large
amount of the catalyst.

In our continuous work on the development of efficient
and environmentally benign procedures using heteroge-
neous catalysts [24-31], herein, we report the synthesis of
silica-bonded 2-hydoxyethylammonium acetate (2-HEAA)
(Fig. 2). To explore the catalytic activity of silica-bonded
2-HEAA and in continuation of our studies on the synthesis
of phosphonate derivatives [24-35], we have then investi-
gated the application of this new catalyst for the one-pot
synthesis of 2-amino-4H-chromen-4-yl phosphonates.

2 Experimental
2.1 General

Silica gel (surface area: 550 m*/g, average pore size: 60 A)
and other chemicals were purchased from Merck Chemical

Fig. 1 HA 14-1 EtO,C.__CN
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Fig. 2 Silica-bonded 2-HEAA

Company. 3-Chloropropylsilica 1 was prepared according
to a previously reported procedure [36]. Melting points
were determined by Buchi 510 apparatus and are uncor-
rected. FT-IR spectra were recorded on a JASCO FT-IR
460 plus spectrophotometer. NMR spectra were recorded
on a Bruker Avance DPX-250 and 400. Mass spectra were
recorded on a Shimadzu GCMS-QP5050A. The purity of
the products and the progress of the reactions were
accomplished by TLC on silica gel polygram SILG/UV;s4
plates. Thermo gravimetric analysis (TGA) was performed
using a Shimadzu thermo gravimetric analyzer (TG-50).
Elemental analysis was carried out on a Vario EL III
CHNS elemental analyzer. The BET surface area mea-
surements were performed on a BEL-MAX (Japan)
instrument at liquid nitrogen temperature.

2.2 Synthesis of Silica-Bonded
2-Hydroxyethylammonium Chloride 2

Chloropropyl silica (5.0 g, 1.89 mmol/g based on ele-
mental analysis and TGA) was placed in a flask containing
anhydrous toluene (50.0 mL) and ethanolamine (0.6 g).
The mixture was refluxed with stirring for 24 h. The cooled
modified silica was washed in turn with toluene, ethanol
and methanol and dried at 60 °C for 10 h. The silica-
bonded 2-hydroxyethylammonium chloride 2 was obtained
as white powder (5.5 g, 1.67 mmol/g based on elemental
analysis and TGA).

2.3 Synthesis of Silica-Bonded 2-HEAA 3

NaOAc (10.0 mmol) was added to a mixture of 2 (5.0 g) in
water (50 mL) and vigorously stirred at room temperature
for 24 h. Then the mixture was filtrated and washed with
water until impurities of sodium chloride were removed.
Absence of chloride ions was tested by AgNOs5 solution.
The catalyst was dried under reduced pressure to give the
silica-bonded 2-HEAA 3 (5.0 g, 1.52 mmol/g based on
TGA and 1.57 mmol/g based on elemental analysis).

OH
OH  (©Me)si” N >al O . HNT
OH O—=Si Cl
OH Toluene, reflux, 24 h O Toluene, reflux, 24 h
1
C) ©
OAc
Cl NaOAc @
sl ® i g
O;Sl/\/\/N\/\/ Water, rt, 24h 8/ Si ,N\
o H H H H
2 3

Scheme 1 Synthesis of silica-bonded 2-HEAA 3
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Fig. 3 Thermogravimetric analysis (TGA) of silica-bonded 2-HEAA
3
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4000 3600 3200 2800 2400 2000 1600 1200 800 400
wave number (Cm)

Fig. 4 FT-IR spectra of silica gel, silica-bonded 2-HEAA 3 and
recovered silica-bonded 2-HEAA 3

2.4 Synthesis of 2-Amino-4H-chromen-4-yl
Phosphonates

Silica-bonded 2-HEAA 3 (0.08 g) was added to a stirred
mixture of salicylaldehyde (I mmol), malononitrile or eth-
ylcyano acetate (1 mmol) and trialkyl phosphite (1 mmol).
The reaction mixture was stirred for the appropriate time at
room temperature (Table 2). EtOH (10 mL) was added to the
reaction mixture. The catalyst was filtered and washed three
times with warm EtOH (5 mL). Pure product was obtained by
column chromatography eluted with n-hexane:EtOAc (1:3)
after evaporation of the filtrate. The catalyst was dried in
vacuo at 50 °C for 24 h and reused for the same reaction.

2.5 Synthesis of B-Phosphonomalonates

Silica-bonded 2-HEAA 3 (66 mg) was added to a stirred
mixture of aldehyde (1 mmol), malononitrile (1 mmol) and
trialkyl phosphite (1 mmol). The reaction mixture was
stirred for the appropriate time at room temperature
(Table 4). EtOH (10 mL) was added to the reaction
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Fig. 5 Nitrogen adsorption—desorption isotherms and the pore size

distribution (inset) of silica-bonded 2-HEAA 3

Table 1 Synthesis of 2-amino-4H-chromen-4-yl phosphonates under
different conditions

Entry Catalyst Molar ratio Solvent Time Yield
(mol%) (min) (%)*
1 3 2 - 15 25
2 3 - 10 35
3 3 8 - 10 40
4 3 12 - 10 85
5 3 12 EtOH 15 65
6 3 12 CH;CN 2h 75
7 3 12 n-Hexane 6h 15
8 3 12 Toluene 6 h 21
9 3 12 H,O 12 h 45
10 Si0, 0.08 g - 12h 34
11 2-HEAA 12 - 5h 51
12 2 12 - 10 83
13 - - - 12 h 20
 Isolated yield. Reaction conditions: salicylaldehyde (1 mmol) +
malononitrile (1 mmol) + triethyl phosphite (1 mmol), room

temperature

mixture. The catalyst was filtered and washed three times
with warm EtOH (5 mL). Pure product was obtained by
column chromatography eluted with n-hexane:EtOAc (1:2)
after evaporation of the filtrate.

3 Results and Discussion

3.1 Preparation and Characterization of Silica-Bonded
2-HEAA 3

Silica-bonded 2-HEAA 3 was synthesized by the route
outlined in Scheme 1. 3-Chloropropylsilica 1 was prepared
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Table 2 Synthesis of 2-amino-4H-chromen-4-yl phosphonates in the presence of silica-bonded 2-HEAA 3 under solvent-free conditions at room

temperature
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Table 2 continued
CN ) .
T Yield
Entry  Salicylaldehyde < P(OR’), Product 1r'ne Olea
% (min) (%)
Ox P(OEt)
CHO CN
7 P(OEt); 20 87
OH CN
OMe
Ox P(OEt),
CO,Et
CHO  co,Et
8 < P(OEt); 40 71
OH N
OMe
O\\P(om)2
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CHO |
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OH CN ai 2
OEt
OEt
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ol CN
OEt
o)
OH < P(OEY),
CHO N Me CN
11 P(OEt); | 20 83
CN
Me 4k 0~ "NH,
OH O3 p(oEy,
CHO  CO.Bt COEt
12 P(OEt); 30 85
CN

* Yields refer to those of pure isolated products characterized by their spectral data (see supplementary information). Reaction conditions:
salicylaldehyde (1 mmol) 4 ethylcyano acetate or malononitrile (1 mmol) + trialkyl phosphite (1 mmol) + silica-bonded 2-HEAA 3

(12 mol %)

according to the previously reported procedure [36] and
reacted with ethanolamine in toluene under reflux condi-
tions to afford 2. Silica-bonded 2-HEAA 3 was obtained by
ion exchange of chloride in 2 with acetate ions.

The thermal behavior of silica-bonded 2-HEAA 3 is
shown in Fig. 3. A significant decrease in the weight per-
centage of the silica-bonded 2-HEAA 3 at about 150 °C

@ Springer

(Fig. 3) is related to desorption of water molecules from
the catalyst surface. In addition, the analysis showed 2
other decreasing peaks. First peak appears in the temper-
ature range from 170 to 305 °C due to the decomposition
of 2-HEAA. This is followed by a second peak at
305-408 °C, corresponding to the loss of the organic
spacer group. According to the TGA, the amount of
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2-HEAA functionalized on silica is evaluated to be
1.52 mmol/g. These results are in agreement with those of
elemental analysis (1.57 mmol/g, n = 2.198 % and C =
12.516 %).

FT-IR spectra of silica gel, silica-bonded 2-HEAA 3 and
recovered silica-bonded 2-HEA A 3 are shown in Fig. 4. Inthe
FT-IR spectra of silica-bonded 2-HEAA 3, characteristic
adsorption bands due to the stretching vibration of C = O and
C—H groups are observed at 1,683 and 2,972 cm™ ", respec-
tively. A broad peak placed in the range of 1,000-1,200 cm ™"
isrelated to the stretching vibration of Si—O bond. This peak is
also observed in the FT-IR spectra of silica gel. The strong and
broad band at around 3,400 cm ™' corresponds to the hydrogen
bonded Si—OH groups and adsorbed water. Another broad

0
0\'51/\/\6 A AOH
7
0
’
’
/
0
Il
i G

H H
R'O. _OR
_P
o
CN
R—] |
0~ "NH, N |\
P(OR)); _

band at 1,635 cm™~'is also due to the OH vibration of adsorbed
water.

It is worth to note that high similarity between FT-IR
spectra of the silica-bonded 2-HEAA 3 and the recovered
catalyst (3) is observed. This observation showed that the
structure of the catalyst did not change during the reaction
and also in the work-up process.

The N, adsorption—desorption isotherm and pore size
distribution of the silica-bonded 2-HEAA 3 are illustrated
in Fig. 5. Silica-bonded 2-HEAA 3 showed a lower BET
surface area and average pore size (263.12 m*/g and 3 nm,
respectively) compared with bare silica gel (550 m*/g and
6 nm, respectively). These results confirmed the immobi-
lization of 2-HEAA on the surface of silica gel. The narrow

Table 3 Synthesis of 2-imino-2H-chromene-3-carbonitrile under
different conditions

Entry Catalyst Molar ratio Time Yield
(mol%) (%)*
- - 12 h 82

2 Silica gel 0.08 g 3h 84

3 Chloropropyl 12 12 h 63
silica

4 Silica-bonded IL 2 12 Immediately 97

5 Silica-bonded 12 Immediately 98
2-HEAA 3

# Isolated yield

Scheme 2 Proposed mechanism for the synthesis of 2-amino-4Hchromen-4-yl phosphonates in the presence of silica-bonded 2-HEAA 3
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pore size distribution showed that the immobilization of
2-HEAA occurred uniformly on the surface of silica gel.

3.2 Catalytic Activity of Silica-Bonded 2-HEAA 3

As part of our continued interest on the development of new
eco-friendly methods for the synthesis of organic com-
pounds, we have recently synthesized B-phosphonomalo-
nates, 4-substituted 2-amino-4H-chromenes, bis(pyrazolyl)
methanes, vinylphosphonates and 2-amino-3,5-dicarboni-
trile-6-thio-pyridines in the presence of task-specific ionic
liquids [34, 35, 37, 38]. Due to the advantages of using
heterogeneous catalysts and also importance of biological
activities of 2-amino-4H-chromen-4-yl phosphonates, in
this paper, we have studied the application of silica-bonded
2-HEAA 3 for the synthesis of these compounds.

At first, to optimize the reaction conditions, the coupling
reaction of salicylaldehyde, malononitrile and triethyl
phosphite was chosen as a model reaction. This reaction
with different catalytic amounts of silica-bonded 2-HEAA
3 was investigated under solvent-free conditions at room
temperature (Table 1, entries 1-4). The best yield of the
desired product was obtained in the presence of 12 mol%
of the catalyst. The reactions proceeded with lower yields
in solvents such as EtOH, CH;CN, n-hexane, toluene and
H,O (Table 1, entries 5-9). The desired product was
obtained in low yields in the presence of SiO, or 2-HEAA
(Table 1, entries 10 and 11). These observations indicated
that the catalytic efficiency of 2-HEAA was increased by
bonding onto silica gel. The reaction proceeded in 83 %
yield in the presence of silica-bonded 2-hydroxyethylam-
monium chloride 2. Comparison of these results with those
obtained in the presence of silica-bonded 2-HEAA 3
showed that the anion did not have any influence on the
progress of the reaction (Table 1, entry 12). We have also
found that without the addition of the catalyst, this reaction
led to the formation of the desired product 4a in low yield
(20 %) after 12 h (Table 1, entry 13).

In order to establish the generality of this methodology,
the synthesis of a variety of 2-amino-4H-chromen-4-yl
phosphonates in the presence of silica-bonded 2-HEAA 3
under the best reaction conditions (12 mol% of 3, solvent-
free conditions) was investigated. The results of these
studies are summarized in Table 2.

As shown in Table 2, salicylaldehyde underwent cou-
pling reaction with malononitrile and triethyl/trimethyl/tri-
iso-propyl phosphite in the presence of silica-bonded
2-HEAA 3 and produced the corresponding products in
good yields (Table 2, entries 1-3). The reaction of mal-
ononitrile or ethylcyano acetate and triethyl phosphite with
salicylaldehydes substituted with electron-releasing and
electron-withdrawing groups proceeded well to give the
desired products in 71-87 % yields (Table 2, entries 4-11).
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The catalyst was compatible with functional groups such as
Cl, Br, O-Me and O-Et. No competitive nucleophilic
methyl/ethyl ether cleavage was observed for the substrates
which possessed aryl-O-Me or aryl-O-Et groups (Table 2,
entries 7-10), despite the strong nucleophilicity of
phosphites.

The reusability of the catalyst was also examined for the
synthesis of 2-amino-4H-chromen-4-yl phosphonate 4a
from the reaction of salicylaldehyde, malononitrile and
triethyl phosphite. The catalyst was recovered easily by
adding warm EtOH to the reaction mixture followed by
filtration and drying. It was seen that the catalyst displayed
good reusability after five runs (Fig. 6).

A plausible mechanism for the formation of 2-amino-
4H-chromen-4-yl phosphonates in the presence of silica-
bonded 2-HEAA 3 is shown in Scheme 2. The process
represents a typical tandem reaction in which initial con-
densation of salicylaldehyde and malononitrile occurred to
form the Knoevenagel product. The spontaneous cycliza-
tion as a result of nucleophilic attack of the hydroxyl group
on the cyano group led to 2-imino-2H-chromene-3-carbo-
nitrile which underwent nucleophilic attack by trialkyl
phosphites to produce the desired product 4. In this
mechanism, we have postulated that the hydroxyl group
and ammonium moiety of silica-bonded 2-HEAA 3 may
have important influence on the progress of the reaction.

To show the role of silica-bonded 2-HEAA 3 in Knoe-
venagel condensation and subsequent cyclization reaction,
the reaction between salicylaldehyde and malononitrile in
the absence of any catalyst and in the presence of silica gel,
chloropropyl silica, silica-bonded 2-hydroxyethylammoni-
um chloride 2 and catalyst 3 at room temperature was
investigated (Table 3).

These results showed that the reaction could be cata-
lyzed by hydroxyl groups on the surface of silica gel to
produce 2-imino-2H-chromene-3-carbonitrile in 84 %
yield after 3 h (Table 3, entry 2). Alkylation of hydroxyl
groups on the surface of silica gel reduced the catalytic
activity of chloropropyl silica (Table 3, entry 3). Similar
reactions were occurred immediately in the presence of
silica-bonded 2-hydroxyethylammonium chloride 2 and
catalyst 3 (Table 3, entries 4 and 5). These results showed
the influence of ammonium salt on the progress of the
reaction. It was also found that the reaction outcome did
not depend on the anion in the catalyst. The reaction in the
absence of any catalyst proceeded slowly (12 h) to afford
the desired product in 82 % yield (Table 3, entry 1).

Following this initial success in the development of a
one-pot protocol for the synthesis of 2-amino-4H-chromen-
4-yl phosphonates prompted us to investigate the potential
of this method for the synthesis of B-phosphonomalonates.
For this purpose, at first, the reaction of benzaldehyde,
malononitrile and triethyl phosphite was studied in the
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Table 4 Synthesis of B-phosphonomalonates in the presence of silica-bonded 2-HEAA 3 under solvent-free conditions at room temperature

R'O
N -
. silica-bonded 2-HEAA 3 &
R—CHO +< + P(OR), - ) <
CN R CN
5a-n
Ent Aldehyd P(OR’ Product Time  Yield
ntry chyde (OR’); roduct mim (%
(EtO)zP
! ©/ P(OEY); ; < 15 80
(McO)zP
2 ©/ P(OMo); C§—< 15 80
O-i- Pr)zP
3 ©/ P(O-iso-Pr); i : 20 75
(EtO)zP
CHO
MeO
(EtO)ZP
5 Oi P(OEt); é ( 25 79
EtO)zP CN
P(OEt);
6 CN 25 80
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(EtO)zP CN
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7 /©/ PO en 30 80
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Table 4 continued

Time Yield
Entry Aldehyde P(OR")3 Product . .
(min) (%)
0
CHO (EtO),P CN
8 /O/ P(OEt;) 20 79
Br CN
5h
Br
[
(EtO),P. CN
Cl CHO
9 P(OEt); 35 82
or ox
Cl
5i
0
(EtO),P CN
CHO
10 /©/ P(OEt); CN 95 91
Cl
Si
Cl
I
(EtO),P CN
11 @CHG P(OEt); 25 74
O — CN
(0]
N 5k
(EtO)II’I CN
2
12 N P(OE 15 91
t
| _ (OEb); _ N
N
N
|
|
(EtO),P. CN
13 CH;3(CH,),CHO P(OEt); >_< 35 85
CH5(CH,), CN
Sm
Il
(EtO),P CN
14 CH;(CH,)sCHO P(OEt); 45 76

CH;3(CH,)s  CN
Sn

* Yields refer to those of pure isolated products characterized by their spectral data (see supplementary information). Reaction conditions:
aldehyde (1 mmol) + malononitrile (1 mmol) + trialkyl phosphite (1 mmol) + silica-bonded 2-HEAA 3 (1 mol%)

presence of 12, 6, 3 and 1 mol% of catalyst 3 under sol-
vent-free conditions at room temperature. It was found that
a small amount of catalyst 3 (1 mol%) could promote the
reaction and produced the desired product in 80 % yield
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after 15 min. Having these results in hand, the synthesis of
different types of B-phosphonomalonates from the reaction
of various aldehydes, malononitrile and trialkyl phosphites
was performed in the presence of silica-bonded 2-HEAA 3
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(1 mol%). The results of these studies were depicted in
Table 4.

The results showed that the reactions of benzaldehyde
and malononitrile were equally proceeded with triethyl,
trimethyl and tri-iso-propyl phosphites and produced the
corresponding B-phosphonomalonates in 75-81 % yields
(Table 4, entries 1-3). Arylaldehydes with electron-
donating or electron-withdrawing groups on the benzene
ring underwent the reaction with malononitrile and triethyl
phosphite affording 5d—j in 79-91 % yields (Table 4,
entries 4-10). Interestingly, silica-bonded 2-HEAA 3 effi-
ciently promoted the synthesis of B-phosphonomalonates
using acid-sensitive aldehydes such as furfural and pyri-
dine-3-carbaldehyde without polymerization or decompo-
sition (Table 4, entries 11 and 12). This method is also
applicable for the synthesis of B-phosphonomalonates from
the reaction of malononitrile and triethyl phosphite with
aliphatic aldehydes (Table 4, entries 13 and 14).

4 Conclusions

In conclusion, we have demonstrated the synthesis of silica-
bonded 2-hydroxyethylammonium acetate easily by the
reaction of 3-chloropropylsilica with ethanolamine followed
by ion exchange with acetate. Silica-bonded 2-hydroxye-
thylammonium acetate was used as a new heterogeneous,
re-usable, efficient and easy to handle catalyst for one-pot
synthesis of a variety of 2-amino-4H-chromen-4-yl phos-
phonates and B-phosphonomalonates at room temperature
under solvent-free conditions. This silica-bonded 2-hy-
droxyethylammonium acetate offered practical convenience
in product separation and showed a higher catalytic perfor-
mance than that of non-supported 2-hydroxyethylammoni-
um acetate.
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