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Magnetic nanoparticle y-Fe,Os-immobilized
1,5,7-triazabicyclo[4.4.0]dec-5-ene as a highly
recyclable and efficient nanocatalyst for the
synthesis of o'-oxindole-a-

hydroxyphosphonates

Xiao Juan Yang*

Magnetic nanoparticle y-Fe,0z-immobilized 1,5,7-triazabicyclo[4.4.0]dec-5-ene as a novel magnetic nanocatalyst was synthe-
sized and characterized. The nanoparticle reagent catalyzed efficiently the synthesis of a'-oxindole-a-hydroxyphosphonates
from isatins and dimethyl phosphate under solvent-free conditions at 60°C. More importantly, the catalyst could be
easily recovered by an external magnet and reused six times without significant loss of activity. Copyright © 2014

John Wiley & Sons, Ltd.
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Introduction

Oxindole motifs bearing a C3 quaternary structure are considered
important and useful synthetic building blocks, and are present
in a variety of natural products'™ and biologically active mole-
cules.” On the other hand, a-hydroxyphosphonates are an im-
portant class of bioactive molecules and display a wide range
of biological activities such as antimicrobial,”®! antioxidant™ and
anti-HIV activities.”! They are also used as versatile intermediates
in the synthesis of other phosphorus compounds.” Thus it is
suspected that quaternary o'-oxindole-o-hydroxyphosphonates,
in which the PO(OR), and oxindolylmoieties are located at a
tetra-substituted carbon atom, potentially have some unique bio-
activities. The increased importance of unnatural hydroxyl acids
in the modification of natural and unnatural products to improve
bioactivity and stability makes the synthesis of hydroxyl
phosphonates a significant subject.

The most frequently used methods for the synthesis of -
oxindole-a-hydroxyphosphonates involve the reaction of isatins
with dialkyl phosphites in the presence of Amberlyst-15,""
PEG-400®" and p-cyclodextrin.®’ In view of the importance of
the o-oxindole-a-hydroxyphosphonates, there still remains the
necessity to develop a new methodology.

In recent years, nanoparticles as heterogeneous catalysts have
attracted a great deal of attention because of their interesting
structures and high catalytic activities."” Furthermore, nanome-
ter-sized particles are easily dispersible in solution by forming
stable suspensions.""! In spite of these advantages, the tedious
recovery procedure via expensive ultracentrifugation and the in-
evitable loss of solid catalysts in the separation process have lim-
ited their application. To further address the issues of recyclability
and reusability, magnetic nanoparticles (MNPs) have emerged as
excellent supports amenable to simple magnetic separation.!?

Moreover, MNPs can be functionalized easily through appropri-
ate surface modifications, which are able to load various
functionalities.!"®

Driven by the unique properties of magnetic nanoparticles,
herein we report a novel MNP y-Fe,Os-immobilized 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (MNP-TBD) and its application as a
highly efficient and magnetically recoverable catalyst for the syn-
thesis of o'-oxindole- a-hydroxyphosphonates (Scheme 1).

Experimental
Materials and Instrumentation

X-ray powder diffraction (XRD) patterns were recorded using a
Cu-K, radiation source on a Bruker D8 Avance powder diffractom-
eter. Scanning electron microscopy (SEM) studies were
conducted on an Inspect F50 scanning electron microscope.
Transmission electron microscopy (TEM) studies were performed
using a FEI Tecnai G2 20 transmission electron microscope with
an accelerating voltage of 150kV. Elemental compositions were
determined with a Hitachi S-4800 scanning electron microscope
equipped with an EDAX energy-dispersive spectrometer (SEM-
EDS). Magnetic measurements of particles were made using a vi-
brating sample magnetometer (MPMS-XL-7). N, adsorption-de-
sorption isotherm was measured using a NOVOE 4000/TriStar Il
3020 at liquid nitrogen temperature (77 K). The specific surface
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N added dropwise to the stirring mixture at room
— O )I\/j temperature to change the reaction pH to 11.
OjS|/\/\N N The resulting black dispersion was continuously
—0 I\) stired for 1h at room temperature and then
MNP-TBD heated to reflux for 1 h to yield a brown dispersion.
The MNPs were then purified by a repeated centri-
fugation, decantation and redispersion cycle three
0 HO T times. The as-synthesized sample was heated at
N o) MNP-TBD P(OR3)2  2°Cmin~' up to 200°C and then kept in the
Rig + P. Solvent-free, 60 °C o = o furnace for 3h to give a reddish-brown powder.
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’ > Preparation of MNP-TBD

Scheme 1. MNP-TBD catalyzed the synthesis of a'-oxindole-o-hydroxyphosphonates.
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Scheme 2. Preparation of MNP-TBD.

area was calculated using the BET (Brunauer, Emmett and Teller)
equation. TGA was carried out under nitrogen using a DT-40
thermoanalyzer. IR spectra were determined on an FTS-40 infra-
red spectrometer. All solvents used were strictly dried according
to standard operations and stored over 4 A molecular sieves. All
other chemicals (AR grade) were obtained from commercial re-
sources and used without further purification.

Preparation of Large-Scale Magnetic y-Fe,O; Nanoparticles

FeCl,.4H,0 (9.25mmol) and FeCl;.6H,0 (15.8 mmol) were
dissolved in deionized water (150 ml) under Ar atmosphere at
room temperature. An NH4,OH solution (25%, 50 ml) was then

MNPs-TBD

T T T T T T T T T T T 1
2500 2000 1500 1000 500

Wavenumbers(cm'1)

T T
4000 3500 3000

Figure 1. FT-IR spectra of y-Fe,03 and MNP-TBD.
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A mixture of y-Fe,O3 (5.0g) and (3-chloropropyl)
triethoxysilane (5.0 ml, 42.5 mmol) in 50 ml toluene
was stirred at room temperature for 15min and
then refluxed for 24 h. After cooling to room tem-
perature, the products were sedimented on a
magnet and washed successively with dry toluene
(50 ml) and dried under reduced pressure at 100 °C
for 8 h. An amount of this material containing chlo-
rine groups (5 g) is was then dispersed in 50 ml dry
toluene by sonication for 1h, and a solution of
0.5g 1,5,7-triazabicyclo [4.4.0]dec-5-ene in 20 ml
toluene was added. The reaction mixture was
refluxed under nitrogen gas for 1day. After this
time, solids were collected using a permanent
magnet, followed by washing with toluene
(3x20ml) and dichloromethane (3x20ml) and
drying at room temperature for 24 h.

General Procedure for the Preparation of
a’-Oxindole-a-Hydroxyphosphonates

A mixture of substituted isatin (1 mmol), dialkylphosphite
(Tmmol) and MNP-TBD (40mg) was heated at 60°C for the
appropriate time (Table 2). The progress of the reaction was
monitored by TLC. After completion of the reaction, the mixture
was dissolved in dichloromethane and the catalyst was separated
by an external magnet. The filtrate was evaporated and dried over
anhydrous Na,SO,. The resulting product was further purified by
column chromatography using ethyl acetate and hexane (5:5, v/v)
as eluent to afford pure a'-oxindole-a-hydroxyphosphonates.
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Figure 2. EDS of MNP-TBD.
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1004 = All products were characterized by comparison of their spec-

e tral and physical data with those previously reported.” =’

80— s

3 Dimethyl 5,7-dichloro-3-hydroxy-2-oxoindolin-3-yl-3-phosphonate (3f)
> 60- Semisolid. IR (KBr, cm™"): 3353 (NH), 3229 (OH), 1258 (P—O). 'H
2 - . NMR (400 MHz, CDCls) 6 842 (s, TH, NH), 7.36-7.31 (m, 2H, CH
2 S < of indoline), 3.73 (d, J=10.0Hz, 3H, P—OCH,), 3. 64 (d, J=
= 40 = 10.0 Hz, 3H, P—OCHs), 3.50 (s, TH, OH). "> C NMR (100 MHz, CDCl5)
0 166.2 (C1), 134.3 (C8), 133.6 (C7), 1304 (C5), 128.8 (C3), 113.2
20+ (C6), 111.6 (C4), 71.1 (C2), 58.5 (P—OCH;). >' P NMR (161.3 MHz,

CDCl3) 6 23.0. Anal. Calcd for CyoH;0CaNOsP: C, 36.83; H, 3.09; N,
4.30. Found: C, 36.76; H, 3.13; N, 4.22.
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Figure 3. XRD of MNP-TBD. AR S RS e £ TN
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Figure 4. TG analysis of MNP-TBD.
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Figure 5. SEM of MNP-TBD. Figure 6. TEM of MNP-TBD.
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Results and Discussion

MNP-TBD was prepared by covalent attachment of TBD on to the
surface of y-Fe,O3 In the initial step (3-chloropropyl)
triethoxysilane was treated with y-Fe,O3, where binding between
the groups occurs through covalent bonds, giving 3-chloropropyl
v-Fe,0s. After this, nucleophilic addition of chlorine with TBD
gave MNP-TBD (Scheme 2). The MNP-TBD was characterized by
FT-IR spectroscopy, energy-dispersive spectroscopy (EDS), SEM,
TEM, XRD, vibrating sample magnetometer (VSM), TGA and ele-
mental analysis. The specific surface area of the powders was de-
termined by use of the BET method. Unfortunately, owing to the
magnetic properties of MNP-TBD, it is actually impossible to fur-
ther characterize this material using solid-state NMR
spectroscopy.

To be able to warrant the successful functionalization y-Fe,Os,
we employed IR to give detailed investigations of the obtained
MNP-TBD (Fig. 1). Compared with the unfunctionalized y-Fe,Os,
the significant features observed for MNP-TBD were the appear-
ances of the peaks 2918 and 2846 cm ™' (C—H stretching vibra-
tion), 1126 and 1001cm™' (Si—O stretching vibrations), 1628
and 1320cm—" (C—N and C—N vibrations of the TBD ring, re-
spectively). This analysis, in combination with microanalysis data
(Fig. 2), indicated the successful anchoring of the TBD groups on
the surface of y-Fe,0s.

XRD measurements of MNP-TBD exhibit diffraction peaks at
around 30.62, 35.92, 43.48, 54.00, 57.62 and 63.36, corresponding
to the (220), (311), (400), (422), (511) and (440) faces. The ob-
served diffraction peaks agree well with the tetragonal structure
of maghemite (Fig. 3). It was clear that no other phases except
maghemite were detectable. The average crystallite size was cal-
culated to be 14.2 nm using the Scherrer equation.

The stability of the MNP-TBD was determined by TGA (Fig. 4).
The TG curve indicates initial weight loss of 5.3% up to 78°C
due to surface y-Fe,03 and the adsorbed water in y-Fe,03. Com-
plete loss of all the covalently attached organic structure was
seen in the temperature range of 250-760°C. Therefore, the
MNP-TBD is stable around or below 220 °C. The shouldering ob-
served from 289 °C onwards may be due to the decomposition
of alkyl-TBD groups. The amount of organic moiety was found
to be about 24.6% against total solid catalyst.

The shape and surface morphology of the samples were exam-
ined on a scanning electron microscope (Inspect F50). TEM im-
ages were obtained from a FEI Tecnai G2 20 transmission
electron microscope with an accelerating voltage of 150kV. The
samples for TEM observation were dispersed in anhydrous etha-
nol under ultrasonication, and a drop of solution was deposited
on a carbon-coated copper grid before evaporating naturally.
As shown in Fig. 5, the low-magnification SEM images show small
nano-sized grains having spherical and quasi-spherical morphol-
ogy with a narrow size distribution, which indicates the nano-
crystalline nature of y-Fe,O3 nanoparticles. The presence of some
larger particles is attributed to aggregating or overlapping
smaller particles. The sizes of MNP-TBD were further analyzed
by TEM and the results (Fig. 6) showed the nanoparticles to have
a nano dimension ranging from 10 to 20 nm. In TEM images, the
shapes are relatively rather rectangular, which is attributed to the
presence of TBD covalently attached to the y-Fe,03 surfaces.

The magnetic properties of the MNP-TBD were investigated at
room temperature (Fig. 7). The figure shows the room-tempera-
ture magnetization curve of MNP-TBD. The magnetization of
samples exhibited typical superparamagnetic behavior, showing

no observed hysteresis. The saturation magnetization value was
4891emug . The value was slightly smaller than that of y-
Fe,0; (61.2emug '), which is probably due to the increasing
amount of non-magnetic material (organic ligands) on the parti-
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Figure 7. Magnetic curves of MNP-TBD.
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Figure 8. (a) N, adsorption-desorption isotherm of y-Fe,Os. (b) N, ad-
sorption-desorption isotherm of MNP-TBD.
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cle surface, making a larger percentage of the particle mass non-
magnetic. However, this value is sufficiently high for magnetic
separation. The strong magnetization of the nanoparticle was
also revealed by simple attraction with an external magnet.

The N, adsorption—-desorption isotherm provided a valuable
tool for studying textural and structure properties. The specific
surface area of the powders was determined by use of the BET
method. BET results showed that the average surface area of y-
Fe,05 was 73.79m?g ™" and that of MNP-TBD was 29.87 m>g ™"

Table 1. Optimization of reaction conditions for synthesis of di-
methyl 3-hydroxy-2- oxoindolin-3-ylphosphonate®

Entry  Solvent T (°C) Cat. Time (h) Yield (%)°
1 H,O 60 MNP-TBD, 40 mg 24 Trace

2 EtOH 60 MNP-TBD, 40 mg 24 Trace

3 DMF 60  MNP-TBD, 40 mg 10 68

4 CH5CN 60  MNP-TBD, 40 mg 24 18

5 CHCl5 60 MNP-TBD, 40 mg 24 Trace

6 Solvent-free  rt.  MNP-TBD, 40 mg 10 52

7 Solvent-free 60  MNP-TBD, 40 mg 6 920

8 Solvent-free 80 MNP-TBD, 40 mg 6 89

9 Solvent-free 60 MNP-TBD, 0 mg 24 27

10 Solvent-free 60 MNP-TBD, 30 mg 6 73

11 Solvent-free 60 MNP-TBD, 50 mg 6 90

12 Solvent-free 60  y-Fe,O3 40mg 24 2

13 Solventfree 60  TBD,40mg 6 79
#Reaction conditions: isatin (1 mmol), dimethyl phosphate (1 mmol).
Plsolated yield.

(Fig. 8). It was noted that y-Fe,03 had a much higher surface area
than MNP-TBD. This seems logical due to the successful anchor-
ing TBD on the surface ofy-Fe,03, decreasing the surface area.

To begin with, the investigation of the reaction conditions for
the model hydrophosphonylation reaction between dimethyl
phosphate (1 mmol) and isatin (1 mmol) in terms of the catalyst
amount, reaction time and product yield demonstrated that
40 mgmmol ™' of the catalyst under solvent-free conditions at
60°C was optimal for the desired reaction (Table 1, entry 7). It
was found that only 2% of the target compound 3a was obtained
in the presence of nano y-Fe,0s. When this reaction was carried
out with TBD, the yield of the expected product was 79%.

With a set of optimized reaction conditions at hand, we ex-
plored the scope of the reaction by using various different
substituted istins and dialkyl phosphite. The results are summa-
rized in Table 2. It was found that all the reactions proceeded
smoothly and afforded the desired adducts under the optimized
reaction conditions. A wide range of istin derivatives bearing
electron-withdrawing and electron-donating groups could be
employed in the reaction with dialkyl phosphate and were nicely
converted into corresponding products (3a-3n) in moderate to
good yields ranging from 79% to 93%.

The recovery and reuse of a catalyst is highly preferable for a
greener process Thus the recyclability of MNP-TBD was investi-
gated using dimethyl phosphate and isatin as model substrates.
The catalyst was easily separated by attaching an external magnet
after the reaction, then washed with ethyl acetate, dried under
vacuum and reused in a subsequent reaction (Fig. 9). an almost
quantitative amount of catalyst (up to 98%) could be recovered
from each run. In a test of six cycles, the catalyst could be reused
without any significant loss of catalytic activity (Fig. 10).

Table 2. Preparation of o'-oxindole-o-hydroxyphosphonates®
(0] MNPs-TBD 5 4 ;g E’(ORs)z
R N o+ i Solvent-free, 60 °C R X o
1 PLEEN _ 17
= N R3O0 H OR3 6I /8 N‘
Rz 7 R2
1 2 3
Entry R' R’ R’ Time (h) Product Yield (%)° Ref.
1 H H Me 6 3a 920 9
2 5-Me H Me 5 3b 91 9
3 5-Br H Me 7 3c 88 8
4 5-F H Me 7 3d 85 8
5 5-NO, H Me 7 3e 84 7
6 5,7-(Cl), H Me 8 3f 80 7
7 H H Et 5 3g 92 9
8 5-Me H Et 6 3h 91 9
9 5-MeO H Et 6 3i 93 7
10 5-Br H Et 7 3j 83 9
11 5-NO, H Et 7 3k 86 9
12 5,7-(Cl), H Et 8 31 82 7
13 H Ph Et 6 3m 85 9
14 H PhCH, Et 7 3n 79 9
“Reaction conditions: isatins (1 mmol), dialkyl phosphate (1 mmol); MNP-TBD (40 mg); 60 °C; neat.
Plsolated yield.
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Figure 9. Reaction mixture containing MNP-TBD (left) and MNP-TBD collected using an external magnet after the reaction (right).
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Figure 10. Recycling experiments for the synthesis of dimethyl 3-hy-
droxy-2-oxoindolin-3-yl phosphonate.

Conclusion

We have demonstrated an efficient and mild method for the syn-
thesis of a'-oxindole- a-hydroxyphosphonates using MNP-TBD as
catalyst. This method offers several advantages, including high
yield, short reaction time, simple work-up procedure, ease of sep-
aration and recyclability of the magnetic catalyst, as well as the
ability to tolerate a wide variety of substitutions in the reagents.
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