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Seven different aminomethyl polystyrene resins supported dendritic Sn complexes were prepared by solid phase synthesis methodology. All
the synthesized complexes show promising catalytic activities for the Baeyer-Villiger oxidation of ketones with hydrogen peroxide and
affording the corresponding lactones or esters. The influence of different pore structures and the degree of crosslinking of the aminomethyl

polystyrene resins on catalytic properties of the supported dendritic Sn complexes were well discussed.
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1 Introduction

Dendrimers were first synthesized by Tomalia and Newkone
et al. (1, 2). With about two decades’ development, dendri-
mers chemistry became one of the most fascinating and
rapidly expanding areas of modern chemistry. Dendrimers
are highly branched macromolecules and they are generally
described to have a structure of spherical shape with a high
degree of symmetry. Many of dendrimer supported metal
complexes have been observed resulting from peripheral
structure of dendrimers (3–8). However, solution-phase syn-
thesis of dendrimers is often requiring long reaction times and
tedious purifications. This disadvantage limited the prep-
aration and the applications of the dendrimer-metal com-
plexes. Several groups have reported the polymer supported
dendrimers which were prepared by solid-phase synthesis
methodology (9–15). However, all of these reported
methods suffered from not only the complicated procedures
for the preparation of the metal-containing dendrimers, but
also the difficulty in the separation of the reaction mixtures.
Solid-phase methodology, on the other hand, enables reac-
tions to be driven to completion with the advantages of

simple purification in that only filtration and washing are
required to remove large excesses of reagents.

Immobilization of homogeneous catalysts onto polymer
supports, through covalent attachment, has received wide
attention because these materials offer advantage features of
heterogeneous catalysis to homogeneous systems. The
polymer-supported catalysts enhance their thermal stability,
promising product selectivity, recyclability, as well as easy
separation from reaction products leading to the operationally
flexible. Such behavior prompted us to know the effect of
structures of polymer supporters on catalytic properties of
polymer supported complexes.

The Baeyer–Villiger oxidation is now frequently used for
the synthesis of various lactones or esters. The reaction can
also be applied in the synthesis of a wide variety of other
chemicals, ranging from simple monomers used in the polye-
ster industry to the more complex molecules that applied for
the synthesis of pharmaceuticals (16). However, the tra-
ditional Baeyer-Villiger reactions have been commonly
carried out by using peroxides or peracids as oxidants
which potentially produce large amounts of harmful wastes.
Much recent effort has been devoted to find chemically
green oxidants along with the recyclable catalysts (17–23).

The palygorskite supported Sn(II) catalyst, which has
shown promising catalytic activities for the Baeyer-Villiger
oxidation of ketones with hydrogen peroxide, was first
reported by our groups (24). Following this study, we use
chloromethyl polystyrene and cellulose supported dendritic
Sn complexes as another potential catalyst for the reaction
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(25, 26). So we chose Baeyer–Villiger oxidation as the essen-
tial reaction to study the influence of different pore structures
and the degree of crosslinking of the aminomethyl poly-
styrene resins on catalytic properties of the supported dendri-
tic Sn complexes.

In this paper, we chose seven kinds of aminomethyl poly-
styrene resins with different pore structure or degree of cross-
linking as the dendrimers supporters. We prepared seven
groups of aminomethyl polystyrene resins supported dendritic
Sn complexes named P-PAMAM-HBA (1.0�3.0G)-Sn(II)
(where P ¼ aminomethyl polystyrene resins, PAMAM ¼
polyamidoamine, and G ¼ generation). The ligands and the
complexes were characterized by IR and ICP. Our aim is to
find a way to select and use polymer supports, more reason-
ably, the influences of morphological structure of the suppor-
ters on the catalytic properties of the polymer-supported
metal complexes were discussed. To the best of our knowl-
edge, there is no literature reported on the research dealing
with this subject.

2 Experimental

2.1 Reagents

Methyl acrylate (MA), AR, ethylenediamine (EDA), AR,
were all obtained from a commercial source and purified
before use. SnCl2 . 2H2O, 4-hydroxybenzaldehyde (HBA)
and other reagents were also obtained commercially and
used without further purification. The characterization of
three different aminomethyl polystyrene resins was shown
in Table 1.

2.2 Synthesis of the Metal Complexes

2.2.1 Grafting the Dendrimer to the Surface of

Aminomethyl Polystyrene Resin

The metal complexes were prepared according to the litera-
ture (7, 25, 26). First, each of the three different structured

aminomethyl polystyrene resins (0.5 g) was allowed to
swell in THF (20 mL) for 48 h, respectively.
The second step, Michael addition of MA to amino groups

on the surface of the resin: The swollen resin with peripheral
amino groups, used as an initiator site, was added to the
solution of MA (0.83 mL) in methanol (20 mL). The mixture
was stirred at 508C for 24 h, then filtered and the product was
washed thoroughly with methanol.
Last, amidation of resulting terminal ester groups on the

surface of the resin: after Michael addition, the resin was
added to the solution of EDA (1.00 mL) in methanol
(20 mL). The reaction mixture was heated to 508C while
stirring for 24 h, then filtered, and the product was washed
with methanol five times. The supported dendrimer with
the generation number of 1.0 (P-PAMAM (1.0G)) was
obtained.
Repeating the above two reactions, the polymer-supported

dendrimers from second generation to third generation were
prepared.

2.2.2 Synthesis of the P-PAMAM-HBA (1.0�3.0G)

The supported 1.0G resin (0.25 g) was added to the solution of
HBA (0.5 g) in methanol (20 mL). The mixture was stirred at
508C for 48 h, then filtered, and the product was repeatedly
washed with methanol until the filtrate became colorless.
The supported first generation ligand (P-PAMAM-HBA
(1.0G)) was obtained. Other ligands with different generation
numbers were prepared with similar procedures.

2.2.3 Synthesis of the complexes P-PAMAM-HBA

(1.0�3.0G)-Sn(II)

The 1.0G ligand (0.25 g) was added to the solution of
SnCl2 . 2H2O (2.0 g) in THF (20 mL). The mixture was
stirred at 508C for 48 h, then filtered and the product was
repeatedly washed with THF and 1M HCl until the filtrate
became colorless. The 1.0G supported dendritic tin complex
(P-PAMAM-HBA (1.0G)-Sn(II)) was obtained. Other com-
plexes with different generation numbers were prepared
with similar procedures.

3 Results and Discussion

3.1 Characterizations of Synthesized Products

3.1.1 The IR Data of the Supported Dendritic Ligands

and Resulting Complexes

The IR spectra of the aminomethyl polystyrene, polymer-
supported dendrimer, supported dendritic ligands and the
resulting complexes were recorded with FT-IR using KBr
pellet on a Nicolet AVATAR360 FT-IR spectrophotometer.
The FT-IR data of macroporous aminomethyl polystyrene
(15% DVB), the resulting supported dendrimers, the ligands,
as well as the complex (G ¼ 3.0) are shown in Figure 1.
As show in Figure 1, the IR spectra of aminomethyl poly-

styrene supported dendrimer, ligands and complexes show

Table 1. The characterization of seven different aminomethyl
polystyrene resins

Entry
Loading
(mmol/g)

Particle size
(mesh)

Degree of

crosslinking
(DVB) Pore structure

1 1.40 100 � 200 1% Microporousb

2 1.15 100 � 200 4% Microporousb

3 1.13 100 � 200 6% Microporousb

4 1.50 100 � 200 1% Macroporousa

5 1.12 100 � 200 4% Macroporousa

6 1.13 100 � 200 6% Macroporousa

7 1.74 100 � 200 15% Macroporousa

aThe average diameter of this pore is 10 nm.
bRelative area is 500 g/m2.
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new absorptions peaks, which are characteristic of polyami-
doamine and the tin complexes grafted on aminomethyl poly-
styrene resin. The absorption peak at 3423 cm21 is
characteristic of a secondary amino group. At the same
time, several medium intensity bands appear at 2800–
2985 cm21 due to the presence of CH2 groups of polystyrene.
The absorptions at 1737 cm21, which is characteristic of
C55O, increased with an increasing of generation numbers.
The absorptions at 1171 cm21, suggest the presence of
Ph-O. All the absorption signals of the functional groups
appear in the spectroscopy. It confirmed that the dendritic
structures have been formed; and all the ligands and com-
plexes we expected have also been well prepared.

3.1.2 ICP Analysis of the P-PAMAM-HBA (1.0�3.0G)-

Sn(II) Complexes

ICP data of the P-PAMAM-HBA (1.0�3.0G)-Sn(II) com-
plexes were analyzed on an American ICPV-5600 analytic
instrument. All the analyses were carried out on standard

conditions. The tin contents of the resulting complexes
were shown in Table 2.

From the ideal structures of the ligands, we know that Sn
(II) ions not only can coordinate with the peripheral Schiff-
base groups, but also can coordinate with the inner nitrogen
atoms. The theoretical metal content of the complexes
should increase with the increase of the generation
numbers. In fact, because of the steroic hindrance of higher
generation dendrimer, the metal content of the polymer sup-
ported dendrimer complexes decreased with the increase of
the generation numbers (38, 39). However, in Table 2, we
can see that the Sn content of the macroporous aminomethyl
polystyrene resin supported dendrimer complexes increased
with the increase of the generation numbers. This may be
due to the pore structure of the polymer supporters.

3.2 Catalytic Property Studies

A series of the Baeyer-Villiger oxidation reaction of
2-adamantanone were carried out to detect the different cata-
lytic activity of the synthesized complexes. The results
showed that different aminomethyl polystyrene resin sup-
ported P-PAMAM-HBA (1.0�3.0G)-Sn(II) have different
catalytic activities, respectively. Several cyclic and acyclic
ketones were oxidized to the corresponding lactones or
esters (Scheme 1).

All the factors, including solvents, amount of catalysts
used, reaction temperature, reaction time, as well as the

Fig. 1. IR data of the resulting compounds (a) macroporous ami-
nomethyl polystyrene (15% DVB); (b) P-PAMAM (3.0G); (c)

P-PAMAM-HBA (3.0G); (d) P-PAMAM-HBA (3.0G)-Sn(II).

Table 2. The ICP data of the complexes Aminomethyl resin (a:
1% DVB, b: 4% DVB, c: 6% DVB) supported P-PAMAM-HBA-
Sn(II) (1.0G�3.0G) Macroporous aminomethyl resin (d: 1% DVB,

e: 4% DVB, f: 6%DVB, g: 15%DVB) supported P-PAMAM-HBA-
Sn(II) (1.0G�3.0G)

Catalyst

ICP data (%)

a b c d e f g

P-PAMAM-HBA
(1.0G)-Sn(II)

21.64 10.19 11.96 7.10 11.43 14.48 7.89

P-PAMAM-HBA
(2.0G)-Sn(II)

14.66 7.64 10.56 10.21 11.94 19.41 12.34

P-PAMAM-HBA

(3.0G)-Sn(II)

13.68 5.26 5.94 17.21 11.81 14.61 12.90

Sch. 1. Baeyer-Villiger oxidation of ketones.

Fig. 2. The influence of different generation on the oxidation of
2-adamantanone Reaction conditions: 2-adamantanone 0.1 mmol,

Sn: 3.5 � 1023 mmol, 30% H2O2 (2.0 eq), methanol 3 mL, 24 h
at 508C. Aminomethyl resin (a: 1% DVB, b: 4% DVB, c: 6%
DVB) supported P-PAMAM-HBA-Sn(II) (1.0G�3.0G). Macropor-

ous aminomethyl resin (d: 1% DVB, e: 4% DVB, f: 6% DVB, g:
15% DVB) supported P-PAMAM-HBA-Sn(II) (1.0G�3.0G).
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recycling properties of catalysts, were investigated in the
following.

3.2.1 The Catalytic Properties of Different Resins Supported

Dendrimer Complexes P-PAMAM-HBA (1.0�3.0G)-Sn(II)

Oxidation of ketones was carried out in a 10 mL flask. A
typical procedure for the Baeyer-Villiger oxidation of
ketones is as follows: ketones (0.1 mmol) and 30% H2O2

(2.0 eq to the ketones) were dissolved in methanol or
1,4-dioxane (3.0 mL), a sample of the catalyst was added,
the mixture was heated to 508C or 908C and stirred for
24 h. The percentage of conversion and product selectivity
of oxidation were determined on a GC (instrument: Shimadzu
GC-16A spectrophotometer) and a GC-MS spectropho-
tometer (instrument: QP-1000A GC-MS system). The results
of oxidation of 2-adamantanone were shown in Figure 2.

Table 3. The influence of different solvent on the oxidation of 2-adamantanone by aminomethyl resin supported P-PAMAM-HBA
(3.0G)-Sn(II) complexes. Reaction conditions: 2-adamantanone: 0.1 mmol, Sn: 3.5 � 1023 mmol, 30%H2O2 (2.0 eq), solvent 3 mL, 24 h

Entry Solvent Catalyst Temperature (8C) Conv. (%) TON Sele. (%)

1 1,4-Dioxane a 90 81 23 100
b 90 54 16 100

c 90 89 26 100
d 90 83 24 100
e 90 69 20 100

f 90 68 20 100
g 90 98 28 100

2 Nitrobenzene a 90 54 16 100
b 90 31 9 100

c 90 76 22 100
d 90 87 25 100
e 90 36 10 100
f 90 86 25 100

g 90 98 28 100

3 Acetonitrile a 70 53 15 100
b 70 30 9 100
c 70 24 7 100

d 70 56 16 100
e 70 34 10 100
f 70 39 11 100

g 70 32 9 100

4 Ethyl acetate a 60 72 21 100
b 60 70 20 100
c 60 73 21 100

d 60 85 25 100
e 60 65 19 100
f 60 78 23 100
g 60 88 25 100

5 Ethanol a 60 57 16 100

b 60 74 21 100
c 60 75 22 100
d 60 60 17 100

e 60 90 26 100
f 60 85 25 100
g 60 34 10 100

6 Methanol a 50 97 28 100

b 50 98 28 100
c 50 97 28 100
d 50 92 27 100

e 50 95 27 100
f 50 96 28 100
g 50 95 27 100

Aminomethyl resin (a: 1% DVB, b: 4% DVB, c: 6% DVB) supported P-PAMAM-HBA-Sn(II) (1.0G�3.0G).

Macroporous aminomethyl resin (d: 1% DVB, e: 4% DVB, f: 6% DVB, g: 15% DVB) supported P-PAMAM-HBA-Sn(II) (1.0G�3.0G).
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As shown in Figure 2, all the complexes perform promising
catalytic activities in the Baeyer-Villiger oxidation of 2-adaman-
tanone under normal conditions. We find that the catalytic
activity was decreased with the increase of the generation
numbers for themacroporous aminomethyl resin supported com-
plexes, but the aminomethyl resin supported complexes have
contrary results. In order to conveniently investigate the other
differences of seven groups catalysts, the 3.0G complexes were
taken as themodel catalysts for the investigation of other factors.

Blank experiments performed at the same reaction con-
ditions using 30% H2O2 as oxidant catalyzed by the

dendrimer ligands showed no catalytic activities for the oxi-
dation. But SnCl2 . 2H2O have high catalytic activity with
the presence of 30% H2O2 for the Baeyer-Villiger oxidation
of 2-adamantanone.

3.2.2. The Solvent

According to our experimental results, the solvent has a great
influence on the oxidation. In this way, the reactions were
carried out at 508C, 608C, 708C, and 908C. Several organic
solvents were examined for the oxidation of 2-adamantanone

Fig. 3. The relationship between TON and the reaction temp-

erature. Reaction conditions: 2-adamantanone: 0.1 mmol, Sn:
3.5 � 1023 mmol, 30%H2O2 (2.0 eq), methanol 3 mL, 24 h. Amino-
methyl resin (a: 1% DVB, b: 4% DVB, c: 6% DVB) supported
P-PAMAM-HBA-Sn (II) (1.0G�3.0G). Macroporous aminomethyl

resin (d: 1% DVB, e: 4% DVB, f: 6% DVB, g: 15%DVB) supported
P-PAMAM-HBA-Sn(II) (1.0G�3.0G).

Fig. 5. The relationship between TON and the reaction time.

Reaction conditions: 2-adamantanone: 0.1 mmol, Sn: 3.5 � 1023

mmol, 30% H2O2 (2.0 eq), methanol 3 mL, at 508C. Aminomethyl
resin (a: 1% DVB, b: 4% DVB, c: 6% DVB) supported

P-PAMAM-HBA-Sn(II) (1.0G�3.0G). Macroporous aminomethyl
resin (d: 1% DVB, e: 4% DVB, f: 6% DVB, g: 15% DVB) supported
P-PAMAM-HBA-Sn(II) (1.0G�3.0G).

Fig. 4. The effect of the amount of catalyst used on the TON.
Reaction conditions: 2-adamantanone: 0.1 mmol, 30%H2O2 (2.0

eq), methanol 3 mL, 24 h at 508C. Aminomethyl resin (a: 1%
DVB, b: 4% DVB, c: 6% DVB) supported P-PAMAM-HBA-
Sn(II) (1.0G�3.0G). Macroporous aminomethyl resin (d: 1%

DVB, e: 4% DVB, f: 6% DVB, g: 15% DVB) supported
P-PAMAM-HBA-Sn(II) (1.0G�3.0G).

Fig. 6. The effect of recycling times on the TON. Reaction con-
ditions: 2-adamantanone 0.1 mmol, Sn: 3.5 � 1023 mmol, 30%

H2O2 (2.0 eq), methanol 3 mL, 24 h at 508C. Aminomethyl resin
(a: 1% DVB, b: 4% DVB, c: 6% DVB) supported P-PAMAM-
HBA-Sn(II) (1.0G�3.0G). Macroporous aminomethyl resin (d:

1% DVB, e: 4% DVB, f: 6% DVB, g: 15% DVB) supported
P-PAMAM-HBA-Sn(II) (1.0G�3.0G).
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Table 4. Baeyer-Villiger oxidation of ketones catalyzed by P-PAMAM-HBA (3.0G)-Sn(II) complexes

Substrate Cat. Conv. (%) Sele. (%) TON Product

a 97 100 28
b 97 100 28
c 97 100 28

d 92 100 27
e 96 100 28
f 95 100 27
g 95 100 27

a 23 100 7

b 25 100 7
c 21 100 6
d 20 100 6

e 18 100 5
f 32 100 9
g 27 100 8

a 43 100 12

b 67 100 19
c 69 100 20
d 26 100 7

e 23 100 7
f 27 100 8
g 36 100 10

a 43 57 16
b 24 78 7

c 25 80 7
d 41 100 12
e 34 100 10

f 35 100 10
g 41 100 12

a 56 100 16
b 59 100 17

c 71 100 21
d 45 100 13
e 40 100 12

f 59 100 17
g 29 100 8

a 66 42 19
b 85 100 25
c 89 100 26

d 89 65 26
e 64 80 19
f 57 65 16

g 29 100 8

a 60 39 17
b 72 83 21
c 83 81 24

d 73 53 21
e 92 92 27
f 97 100 28

g 68 42 20

Reaction conditions: ketones: 0.1 mmol, Sn: 3.5 � 1023 mmol, 30% H2O2 (2.0 eq to ketones), 1,4-dioxane 3 mL, 24 h at 908C.
Aminomethyl resin (a: 1% DVB, b: 4% DVB, c: 6% DVB) supported P-PAMAM-HBA-Sn(II) (1.0G�3.0G).

Macroporous aminomethyl resin (d: 1% DVB, e: 4% DVB, f: 6% DVB, g: 15% DVB) supported P-PAMAM-HBA-Sn(II) (1.0G�3.0G).
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using supported dendrimer complexes as catalyst. The results
of TON, presented conversion and product selectivity data
were concluded in Table 3.

It can be seen from Table 3 that the product selectivity
remains 100% in all the examined solvents, but the product
conversion is over 90% only in methanol, therefore, methanol
was chosen as the organic medium to fulfill the oxidation in
the following experiments.

3.2.3 Temperature

Effect of temperature on the catalytic performance has been
studied at four different stages, that are 208C, 308C, 408C
and 508C, the percentage conversion and product selectivity
under different temperature are presented in Figure 3.

It is clear from Figure 3 that the conversion of
2-adamantanone were gradually increased while the
reaction temperature ranged from 208C to 508C. There are
slight differences between seven different pore structures
and degree of crosslinking aminomethyl polystyrene resins
supported dendritic Sn complexes.

3.2.4 The Influence of Ratio of Catalyst to Substrate

In order to optimize the reaction condition, different ratios of
catalyst to substrate were used to investigate the correspond-
ing variation of the oxidation result. The oxidation results
were changed with the ratio. The results are shown in
Figure 4.

It can be concluded from Figure 4 that the TON data of the
oxidation was decreased when the amount of catalyst used
was increased from 0.5 mg to 5.0 mg. However, when the
amount of catalyst used was 3.0 mg, the reaction was
finished over 85%. The results indicate that the effect of the
amount of catalyst used on the TON data of seven groups
of catalysts is reversible.

3.2.5 Reaction Time

The effect of reaction time on the conversion of 2-adamanta-
none was also detailed in this system by a time controller. We
removed 0.001 mL of reaction mixture at an identical interval
from the reaction flask, and the reaction mixture was then
immediately analyzed with GC. The results were shown in
Figure 5.

Figure 5 shows that the TON data of 2-adamantanone
increased with increasing the reaction time. During 0�4 h,
the TON data of 2-adamantanone quickly increased. Under
identical conditions, the reaction was finished completely at
24 h. At the same time, we can conclude from the data that
pore structure or degree of crosslinking also has a slight
effect on the catalytic properties of the complexes.

3.2.6 Recycling of the Catalyst

The recycling experiments were performed by separating the
catalysts from the reaction mixture after the completion of
each oxidation. The polymer-supported complexes separated
by filtration were washed with methanol and subjected to

another cycle with a fresh reaction mixture under the same
reaction condition. The results were shown in Figure 6.

Figure 6 indicates that the macroporous aminomethyl resin
with 15% DVB supported P-PAMAM-HBA(3.0G)-Sn(II) can
be recycled at least 3 times without the obvious catalytic
activity decrease, whereas, the other six catalysts could not
be recycled because of remarkable decreasing of the conver-
sions. We can conclude from this data that lower a degree of
crosslinking gave poor recycled properties. On the other hand,
the larger porous and higher degree of crosslinking results
in more recycling times. The pore structures and degree of
crosslinking have a tremendous influence on the catalytic of
supported P-PAMAM-HBA (3.0G)-Sn(II) complexes. The
result may be related to the position of the catalytic active
center and the diffusibility of the solvents and the reactant
through the supports.

3.2.7 The Baeyer-Villiger Oxidation of Other Ketones

Several selected cyclic and acyclic ketones, including
2-adamantanone, cyclopenanone, cyclooctanone, 2-methyl-
cyclohexanone, 4-methylcyclohexanone, 4-methyl-2-penta-
none and 3-methyl-2-pentanone were also oxidized in this
oxidation system to give the corresponding lactones or
esters. The results obtained in this study are summarized
in Table 4.

The results in Table 4 showed that all three supported
Sn-containing complexes show promising catalytic activity
for the Baeyer-Villiger oxidation of these selected ketones.
Under the same mild conditions, the complexes show
higher catalytic activity for the oxidation of 4-methyl cyclo-
hexanone, 4-methyl-2-pentanone, as well as 3-methyl-2-pen-
tanone. However, among the seven Sn-containing complexes
presented, the macroporous aminomethylated resin sup-
ported P-PAMAM-HBA (3.0)-Sn(II) catalyst gives better
results in the oxidation. The results suggest that all of the
synthesized complexes can be used as catalysts for the cat-
alytic Baeyer-Villiger oxidation of ketones under mild
reaction conditions.

4 Conclusions

In summary, the seven groups of aminomethyl resin sup-
ported dendrimer ligands and their dendritic complexes
P-PAMAM-HBA (1.0�3.0G)-Sn(II) were synthesized by
solid phase methodologies. The complexes show promising
catalytic activities for Baeyer-Villiger oxidation of ketones
using environmentally friendly 30% hydrogen peroxide as
oxidant. The macroporous aminomethyl resin with 15%
DVB degree of crosslinking supported dendritic complexes
shows better catalytic properties among the seven complexes.
The result may be related to the position of the catalytic active
center, diffusibility of the solvents, and the reactant through
the supports. The catalysts with a higher crosslinker support
possess better recycling properties.
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