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ABSTRACT: The use of polymeric oxidizing agents
simplifies routine oxidation of reactions because it elimi-
nates the traditional purification. In this article, the use
of the cross-linked poly (4-vinylpyridine)-supported po-
tassium ferrate as an effective mild polymeric oxidizing
agent is described. This reagent is capable of oxidizing
organic compounds and can be used as a versatile
reagent in organic synthesis. Primary and secondary
benzylic and allylic alcohols are converted selectively to

their carbonyl compounds, and hydroquinone to the 1,
4-benzoquinone. This polymeric reagent seems to be
nontoxic and nonpollutant. Based on our observation
during the study, the polymeric reagent is stable and
can be stored for months without losing its activity.
VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci 119: 3462–3466,
2011
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INTRODUCTION

The selective oxidation of primary and secondary
alcohols to their corresponding aldehydes and
ketones, respectively, plays a pivotal role in the syn-
thetic organic chemistry,1 consequently various ho-
mogeneous oxidizing reagents have been developed
to effect these transformations. However, a major
drawback of such oxidants is their lack of selectivity,
over-oxidation of aldehydes to carboxylic acids, deg-
radation of unsaturated substrates and their toxic-
ity.1,2 Due to the poor selectivity and recoverability
of these oxidants, attempts were made to anchor the
homogeneous oxidant onto a support material,
which combine the advantages of both homogeneous
and heterogeneous catalysts. The study of polymer-
supported reagents and the catalysts is motivated by
the major advantage of the physical separation of
the supported reagent from the substrates and prod-
ucts, thereby allowing the recycling of expensive cat-
alysts (e.g., noble metals) or of the toxic products
and is of prime economic and environment impor-
tance,3,4 supported reagents may also be used more
conveniently in excess to drive reactions to comple-
tion, without incurring a penalty in the work-up
procedures.

The development of the polymer supported oxi-
dants has preceded parallel to the development of

the polymeric reagents over the past decades. These
reagents can be usually prepared from commercial
anion exchange resins or from polymers such as
cross-linked poly (vinylpyridine) as support. Among
these, the polymer supported chromates,5,6 chloro-
chromate,7 dichromate,8,9 metal dichromates,10,11

polymer supported perruthenate,12 poly (4-vinylpyr-
idine)-supported sodium ruthenate,13 and poly (4-
vinylpyridine) supported potassium bromate,14 have
special places, and have been used for oxidation of a
variety of organic compounds.
Manganate, chromate, and ferrate anions are

structurally similar species and can be used as an
oxidizing agent. Ferrate ion has been identified as an
effective mild oxidant and this unusual species
shows great promise as a potential alternative to
more toxic, less selective oxidizing agents. Although
there are some inorganic and organic reactions
which used metal ferrate as an oxidizing reagent,15–
22 but to the best of our knowledge, there is no
report on the polymer-supported potassium ferrate
for the oxidation of organic compounds. Kim et al.23

reported the selective oxidation of activated alcohols
using a solid mixture of potassium ferrate, alumina,
and copper sulfate pentahydrate.
Recently, Laszlo and Delaude24 have reported the

ferrate-mediated oxidation of alcohols using a nona-
queous solvent with a montmorilonite clay catalyst.
In continuing of our studies on the development

of application of cross-linked poly (4-vinylpyridine)
in organic synthesis,14,25–33 herein we report synthe-
sis and application of cross-linked poly (4-vinylpyri-
dine) supported potassium ferrate, [P4-VP] FeO4,
as a green, clean, and stable polymer supported
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potassium ferrate for conversion of primary and sec-
ondary benzylic or allylic alcohols to their aldehydes
and ketones under aprotic, and heterogeneous con-
ditions. By using this polymeric oxidizing reagent,
many problems associated with metal ferrate oxidiz-
ing agent, such as the necessity of having a strong
basic solution, and instability of metal ferrate34 has
been overcome.

EXPERIMENTAL

Chemical

All chemical substrates were either prepared in our
laboratory or were purchased from Fluka, chemical
Co. (Buchs, Switzerland), Aldrich chemical Co. (Mil-
waukee, Wl) and Merck chemical Co. (Germany).
Poly (4-vinylpyridine) cross-linked with 2% DVB
was commercially product (Fluka). Potassium ferrate

was prepared with high purity (99%) by the oxida-
tion of ferric nitrate with hypochlorite according to
the procedure described by Thompson and Scher-
eyer.35 Poly (N-methyl-4-vinylpyridinium) iodide
was prepared according to our procedure.26,27 Pro-
gress of the reaction was followed by TLC using
silica gel Poly Gram SIL G/UV 254 plates. All prod-
ucts were characterized by comparison of their FT-
IR, 1H-NMR and 13C-NMR spectra, TLC, and physi-
cal data with pure compounds. All yields refer to
the isolated products. FT-IR, 1H-NMR and 13C-NMR
spectra were run on a Bruker, Equinox (model 55)
and Bruker AC 500, Aveance DPX spectrophotome-
ter, respectively (using tetramethylsilane as internal
reference).

Preparation of [P4-VP] FeO4

To an alkali solution (PH: 9–10) of potassium fer-
rate (0.8 g in 10 mL of distilled water), 1 g of poly
(N-methyl-4-vinylpyridinium) iodide was added
and slowly stirred for 24 h. Poly (4-vinylpyridine)
supported potassium ferrate, [P4-Met] FeO4, was fil-
tered off and washed rapidly with distilled water
until the filtrate gave a negative test for ferrate ion
then it was dried under vacuum in the presence of
P2O5 at 40�C. The capacity of the polymer was
determined by potentiometric titration of filtrates
with a 0.1N solution of silver nitrate. The activity
of polymer was found to be 2.5 mmol per g of the
polymer.

General procedure for oxidation of primary or
secondary alcohols using [P4-VP] FeO4

To a mixture of primary or secondary alcohol (1
mmol) and n-hexane (10 mL) in a round-bottomed
flask (50 mL), 1 g of poly (4-vinylpyridine) sup-
ported potassium ferrate was added, and the mix-
ture was stirred under reflux conditions for the time
specified in Table I. The progress of the reaction was
monitored by TLC (n-hexane : ethyl acetate) (20 : 1).
On completion of reaction, the mixture was filtered,
and the solvent was evaporated to obtain pure alde-
hydes or ketones in high yields (80–95%) (Table I).
The spend polymer was regenerated by treatment
with a potassium ferrate solution.

Preparation of 4-nitrobenzaldehyde from
4-nitrobenzylalcohol: A typical procedure

To a mixture of 4-nitrobenzylalcohol (153 mg, 1
mmol) and n-hexane (10 mL) in a round-bottomed
flask (50 mL), 1 g of poly (4-vinylpyridine) sup-
ported potassium ferrate was added, and the mix-
ture was stirred under reflux conditions for 3 h. The
progress of the reaction was monitored by TLC (n-

TABLE I
Oxidation of Alcohols Using [P4-VP] FeO4 in n-Hexane

Under Reflux Conditions

Entry Substrate Producta
Time
(h)

Yieldb

(%)

1 6 90 (61)

2 6 89 (62)c

3 3 95 (61)

4 6 92 (61)

5 12 85 (60.0)

6 14 80 (61)

7 12 85 (61)

8 10 90 (61)

9 12 88 (62)

10 6 87 (61)

11 7 82 (61)

12 5 95 (61)

13 8 87 (61)

14 16 82 (62)

15 2d 90 (60.0)

16 No reaction 48 0.0

17 No reaction 48 0.0

18 No reaction 48 0.0

a The structure of all products was confirmed by com-
parison of their melting point, boiling point, and FT-IR,
1H-NMR and 13C-NMR spectra with those of pure
compounds.

b Average isolated yields of three times.
c In this case, we used polymeric reagent that was

stored in our laboratory for three months.
d In this case, the reaction was performed at room

temperature.
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hexane : ethyl acetate) (20 : 1). On completion of
reaction, the mixture was filtered, and the solvent
was evaporated to obtain pure 4-nitro-benzaldehyde
(143 mg, 95% yield). The melting point, FT-IR, 1H-
NMR and 13C-NMR spectra data of product are
given below and for specification of the peaks at cor-
responding atoms and numbered.

Mp ¼ 102–104�C (lit,36 mp: 106�C); FT-IR (KBr) m
(cm�1): 1706 (C¼¼O), 1345 and 1538 cm�1 (NO2).

1H-
NMR (500 MHz, CDCl3) d (ppm): 8.105 (d, 2H, H2,
and H6, J ¼ 8.5 Hz), 8.414 (d, 2H, H3, and H5, J ¼
8.5 Hz), 10.186 (S, 1H, H7). 13C-NMR (125 MHz,
CDCl3) d (ppm): 124 (C3 and C5), 130 (C2 and C6),
140 (C1), 151(C4), 190 (C6). The FT-IR, 1H-NMR and
13C-NMR spectra of product (p-nitrobenzaldehyde)
are given in Figure 1.

RESULTS AND DISCUSSION

In this study, the solution of potassium ferrate as the
precursor for the preparation of the polymer sup-
ported potassium ferrate is directly used. In general,
there are three methods for the synthesis of potas-
sium ferrate: (1) the electrochemical method, by
which anodic oxidation uses iron or alloy as the an-
ode and NaOH/KOH as the electrolyte; (2) the dry
method, by which various of iron oxide-containing
minerals are heated or melted under strong alkaline
conditions and with oxygen flow; (3) the wet
method, by which a Fe(III) salt is oxidized under
strong alkaline conditions and either hypochlorite or
chlorine is used as an oxidant. The third approach is
widely considered to be the most practical. In this
study, potassium ferrate was prepared according to
Thompson and Schereyer method,35 (a wet method).
In this case, potassium ferrate is prepared according
to Scheme 1.
Poly(4-vinylpyridine) supported potassium fer-

rate, [P4-VP] FeO4, is easily prepared by treatment
of cross-linked poly(N-methyl-4-vinylpyridinium)
iodide, (II), with an alkali solution of potassium fer-
rate in water, at room temperature [eq. (2) in Scheme
2]. [P4-VP] FeO4 is used as a clean, simple, and
selective oxidizing reagent for primary or secondary
benzylic alcohols in n-hexane at reflux conditions. In
these reactions, primary benzylic alcohols are con-
verted to aldehydes, and secondary benzylic alco-
hols are converted to their ketones in good to high
yields and benzoic acid byproduct was not observed

Figure 1 FT-IR (a), 1H-NMR (b), expanded 1H-NMR (c),
and 13C-NMR (d) spectra of p-nitrobenzaldehyde.

Scheme 1 Preparation of potassium ferrate.
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[eqs. (3) and (4) in Scheme 2]. [P4-VP]FeO4 does not
irritate mucous membrane and skin. Also [P4-
VP]FeO4 is a cross-linked polymer therefore, it is
nonvolatile and seems to be a nontoxic and nonpol-
lutant polymeric reagent.

The structure of all of the products was confirmed
by comparing their boiling point, melting point, FT-
IR, 1H-NMR and 13C-NMR spectra with pure com-
pounds. The advantages of the method are: (1) the
reaction can be performed in nonaqueous medium;
(2) an excess of the reagent can be used; (3) separa-
tion of the product is very easy, and can be obtained
by simple filtration and evaporation of the solvent;
(4) no waste or by-products are formed; and (5) The
method can be used for selective oxidation of ben-
zylic alcohols. Also, based on our observation during
the study, the polymeric reagent is stable and can be
stored for months without losing its activity (entry 2
in Table I).

Optimization of the reaction conditions showed
that for most of the reactions, n-hexane at reflux con-
ditions give the best results and the best molar ratio
of the oxidant to substrate is 2.5. All the reactions
were performed under reflux conditions except, hy-
droquinone that oxidized at room temperature
(entry 15 in Table I). The scope and generality of

this process is illustrated with several example of
primary and secondary saturated, benzylic alcohols,
and the representative results are summarized in Ta-
ble I. This polymeric reagent is effective mild and
selective oxidizing reagent and can only oxidize the
primary and secondary benzylic alcohols, to corre-
sponding carbonyl compounds and, primary or sec-
ondary saturated alcohols remained intact in the
reaction mixture after 48 h, as an example, the
results of oxidation of 2-phenyl ethanol, 3-phenyl
propanol, and cyclohexanol that were not oxidized
are shown in Table I (entries 16–18). The oxidizing
reagent is able to oxidize primary benzylic alcohols
to corresponding aldehydes and secondary benzylic
alcohols to corresponding ketones. As seen in Table
I, the presence of an electron acceptor group on the
ring of benzyl alcohols decreases the reaction time,
and the presence of electron realizing group or sub-
stituted group on orto position of the ring increases
the reaction time (Table I). From these results it can
be concluded that, in the following proposed mecha-
nism, the formation of carbon radical intermediate is
slow, but the further oxidation that gives a carboca-
tion intermediate is fast (Scheme 3).
The most comprehensive study on the mechanism

of potassium ferrate mediated oxidation of alcohols
was carried out by Lee and Gai,34 consistent with
this work is the mechanism presented below which
involve CAH insertion of a Fe¼¼O bond to generate
a FeAC bond. Homolysis of this bond leads to a car-
bon radical which, on further oxidation gives the
resulting carbonyl containing product via a cationic
species (Scheme 3).
To demonstrate the selectivity of this method, a

competitive reaction was performed between benzyl
alcohol and 2-phenyl ethanol. It was observed that
benzaldehyde is only product in 90% yield, and 2-
phenyl ethanol remained intact in the reaction mix-
ture after 6 h (Scheme 4).
Based on the above mechanism, when the carbon

radical formation step is the rate determining step, it

Scheme 2 Preparation of polymer-supported potassium
ferrate and oxidation of alcohols.

Scheme 3 Mechanism of ferrate ion mediated oxidation of alcohols.

Scheme 4 Competitive reaction of benzyl alcohol and 2-phenyl ethanol.

OXIDATION OF ALCOHOLS BY POLYMER-SUPPORTED POTASSIUM FERRATE 3465

Journal of Applied Polymer Science DOI 10.1002/app



can be oncluded that the formation of the stable ben-
zyl radical is faster than primary radical. Thus, benz-
aldehyde is the only product and 2-phenyl ethanol
remains intact.

To demonstrate the stability of polymeric reagent
we used the [P4-VP] FeO4 that stored in our labora-
tory for 3 months, for oxidation of benzyl alcohol, and
the results are given in Table I (entry 2). As it can be
seen, the results are the same as freshly prepared [P4-
VP] FeO4.
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