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A facile one-pot preparation of polystyrene-supported (dichloroiodo)benzene (loading of -ICl, up to
1.35 mmol/g) from polystyrene, iodine, and bleach has been developed. This recyclable reagent is useful
for efficient chlorination of organic substrates and selective oxidation of various alcohols to the corre-
sponding carbonyl compounds in high yields under mild conditions. The final products are conveniently
separated from the polymeric byproduct by simple filtration and isolated in good purity after evaporation

© 2011 Elsevier Ltd. All rights reserved.

In recent years, hypervalent organoiodine compounds have
emerged as reagents of choice for a variety of synthetically useful
oxidative transformations.! (Dichloroiodo)arenes belong to the old-
est and best investigated class of hypervalent iodine reagents, par-
ticularly useful for chlorination or oxidation of diverse organic and
organometallic substrates, including industrial applications.?* For
example, the chlorination of 4-aminoacetophenone with PhICI, to
give 4-amino-3-chloroacetophenone, which is a common interme-
diate to many of the COX-II (cyclooxygenase-2) selective inhibitors,
has been successfully scaled up in a pilot plant.®> Despite the syn-
thetic importance of (dichloroiodo)benzene, its broader application
has been restricted due to the low atom economy, because stoichi-
ometric amount of iodobenzene as a waste product is produced.
This represents a major drawback from the green chemistry view-
point.* A possible solution would be the application of recyclable
reagents, whose byproducts can be efficiently separated from reac-
tion mixtures and reused. Accordingly, several approaches to recy-
clable monomeric analogues of (dichloroiodo)benzene, such as,
4,4'-bis(dichloroiodo)biphenyl, 3-(dichloroiodo)benzoic acid, and
several fluorous and nonfluorous aryl and alkyl iodine(III) dichlo-
rides have been developed.®> However, from practical viewpoint
these recyclable reagents are not very attractive because of their
generally high cost, incomplete recovery of the aryliodide
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(85-91%) after each reaction cycle, and complicated work-up
involving fluorous techniques or acid-base biphasic protocols.

Compared to the corresponding monomeric analogues, an
attractive feature of polymer-supported hypervalent iodine
reagents is that their recyclable byproducts can be easily sepa-
rated from the reaction mixture without the complicated work-
up just using a simple filtration to yield a solution of the pure
product. The advantages of polymer-supported hypervalent
iodine reagents are now widely recognized by organic chemists,
and increasing exploitation of these systems is occurring both in
academic and industrial laboratories.” Polymer-supported
versions of various hypervalent iodine reagents have been devel-
oped and practically used, including polystyrene-supported
analogues of (diacetoxyiodo)benzene,’® [bis(trifluoroacet-
oxy)iodo]benzene,’® halogen-ate(I) complexes,’® [hydroxy(tosyl-
oxy)iodo]benzene,”t iodosylbenzene sulfate,’® 2-iodoxybenzoic
acid (IBX),’" and several non-cyclic IBX derivatives.”""! Surpris-
ingly, but despite the synthetic importance of (dichloroiodo)ben-
zene, the polymer-supported version of this reagent has not
received much attention. A brief description of the preparation
of polymer-supported (dichloroiodo)benzene by chlorination of
iodinated polystyrene using chlorine gas was reported in
1984.8 This method, however, involves the initial preparation
of iodinated polystyrene under harsh conditions (160 h, 110 °C),
requires the use of hazardous chlorine gas, and affords
polystyrene-supported (dichloroiodo)benzene with a relatively
low loading of active chlorine.
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We wish to report a new, convenient one-pot procedure for the
preparation of polystyrene-supported (dichloroiodo)benzene (PS-
DCIB, 2) from polystyrene (PS, 1), iodine, and bleach (5% aqueous
NaOCl) as the chlorinating agent.® In this procedure, PS 1 is first
oxidatively iodinated using I,/I,05 reagent system in the presence
of sulfuric acid in nitrobenzene-carbon tetrachloride mixture
under reflux conditions. Next, to the cooled reaction mixture con-
taining a solution of polystyrene-supported iodobenzene (PS-IB),
solutions of commercial bleach and then concentrated hydrochlo-
ric acid are added drop wise resulting in the precipitation of
PS-DCIB 2 (Scheme 1).

Polymer 2 was isolated from the reaction mixture as a yellow
solid by filtration and purified by washing with water and then
diethyl ether. Based on the previous reports on oxidative iodin-
ation of polystyrene using I,/I,05 reagent system,”>¢ we assume
that this is a regioselective reaction leading exclusively to the
para-substituted dichloroiodo derivative 2. The loading of the -
ICl, groups in PS-DCIB 2 was 1.35 mmol/g as determined by
titration of the iodine liberated from a solution of KI, which is sub-
stantially higher compared to the previously reported loading of
1.1 mmol/g.® Nearly 40% of the phenyl rings in resin 2 are loaded
with -ICl, according to the titration results. Resin 2 was also
characterized by IR spectroscopy. PS-DCIB is sensitive to heat and
sunlight and noticeably decomposes after one week at room
temperature. It should be used as freshly prepared or stored away
from direct sunlight in a refrigerator.

PS-DCIB 2 is a convenient chlorinating reagent with a reactivity
pattern similar to (dichloroiodo)benzene. Several representative
chlorination of organic substrates are shown in Scheme 2.

In particular, alkenes, such as cyclopentene 3 and cyclohexene
5, react with PS-DCIB in dichloromethane at room temperature
to afford the respective trans-1,2-dichlorocycloalkanes 4 and 6.
Similarly to the previously reported reactions of cycloalkenes with
ArlCl,,°" the chlorination affords the products of anti-addition, as
confirmed by comparison of '"H NMR spectra of products 4 and 6
with data available in the literature. 1,3-Diphenylpropane-1,3-
dione 7 reacts with PS-DCIB under similar conditions in the pres-
ence of pyridine to afford 2-chloro-1,3-diphenylpropane-1,3-dione
8. PS-DCIB can also chlorinate activated aromatic substrates, such
as 4-iodoanisole 9 and 4-aminoacetophenone 11 giving the corre-
sponding monochlorinated products 10 and 12 (Scheme 2). 4-Ami-
no-3-chloroacetophenone hydrogen chloride salt 12 was
previously prepared in 87% yield of 94% purity in a pilot plant by
chlorination of 4-aminoacetophenone 11 with PhICl,.> Our proto-
col, however, has the advantage of convenient separation of prod-
uct 12 from the byproduct, polystyrene-supported iodobenzene
(PS-IB), by simple filtration followed by regeneration of PS-DCIB
from PS-IB by treatment with aqueous NaOCIl/HCIl. Pure product
12 was obtained from the organic solution after treatment with
HCl/dioxane as a hydrogen chloride salt whose melting point, 'H
NMR and '3C NMR spectra (see Supplementary data) were in
agreement with the previously reported data® and demonstrated
high purity of the sample.

It was recently reported that (dichloroiodo)benzene can serve
as an efficient stoichiometric oxidant for the oxidation of alcohols
in the presence of catalytic amounts of TEMPO (2,2,6,6-tetrameth-

1. 15, 1,05, HySO,, PANO,, CCl,,

reflux, 24 h
2. NaOCl (5%), HCI, H,O, rt, 12 h

1,PS 2, PS-DCIB
loading 1.35 mmol/g

Scheme 1. One-pot synthesis of polystyrene-supported (dichloroiodo)benzene (PS-
DCIB, 2).
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Scheme 2. Representative chlorinations of organic substrates using PS-DCIB 2.

ylpiperidine-1-oxyl).? Taking into account the synthetic impor-
tance of oxidation of alcohols, we have investigated the use of
PS-DCIB in this reaction. First, we have searched for optimized
reaction conditions using benzyl alcohol as a model substrate
and PS-DCIB in the presence of TEMPO in different solvents. Results
of this study are summarized in Table 1.

As it can be seen from Table 1, dichloromethane, chloroform,
and aqueous acetonitrile are the best solvents for these oxidations.
However, the polymeric byproduct of the reaction, PS-IB, is par-
tially soluble in dichloromethane or chloroform, which compli-
cates recycling of the reagent and isolation of the products.
Furthermore, these two solvents are not environmentally benign.
Among the solvents examined, aqueous acetonitrile was superior
to other solvents in terms of the reaction time, conversion, yield,
and work-up.

The results of oxidations of several alcohols 13 of different types
using PS-DCIB under optimized conditions are summarized in
Table 2. The reactions were performed in aqueous acetonitrile in
the presence of catalytic amount of TEMPO (0.1 equiv) at 50 °C
using excess of PS-DCIB 2 (1.5 equiv). Conversions were measured
by GC-MS with a prior column calibration using authentic samples
of reactants and products. The corresponding aldehydes and ke-
tones 14 formed from the oxidation of each alcohol 13 were further
converted into the 2,4-dinitrophenylhydrazone derivatives and
identified by comparison of their '"H NMR or melting points with
the literature data.

As expected, the reactivity of PS-DCIB in TEMPO-catalyzed
oxidation of alcohols is similar to the monomeric PhICl,, and the

Table 1
Effect of solvent on TEMPO-catalyzed oxidation of benzyl alcohol to benzaldehyde?®
Entry Solvent Time (h) Conversion® (%) Yield® (%)
1 CH,Cl, 2 >99 92
2 CHCl; 2 >99 90
3 hexane 12 >99 89
4 MeCN-H0 (1:1) 3 >99 92
5 H,0 12 90 63
6 MeOH 12 70 30

2 Reactions of PhCH,OH (0.2 mmol) were performed at 50 °C in the presence of
TEMPO (0.1 equiv), pyridine (3 equiv) and PS-DCIB (1.5 equiv) in 2 mL of solvent.

b Conversions were determined by GC analysis.

¢ Isolated yields of benzaldehyde as the 2,4-dinitrophenylhydrazone derivative.
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Table 2
TEMPO-catalyzed oxidation of alcohols using PS-DCIB 2?
OH 2, Py, TEMPO (0.1 equiv) O
R A R2 MeCN-H,0O(1:1, v/v), 50 OC‘ R? JJ\FI2
13a-k 14a-k

(isolated as 2,4-dinitrophenylhydrazones)

Entry  Alcohol 13 Product”  Time (h)  Yield®® (%)
N
1 Ph OH 14a 3 92
13a
P
2 Ph OH 14a 3 91, 90, 90°¢
13a
O,N
3 \©\/OH 14b 2 90
13b
MeO
4 \©\/OH 14c 2.5 88
13c
@\\
5 S 14d 12 20°
OH
13d
AN
6 Ph OH 14e 12 85
13e
/\/\/\/\OH
7 13f 14f 12 82
OH
8 O/ 14g 2 92
139
OH
9 14h 3 85
13h
OH
10 Ph)\ 14i 3 90
13i
Ph/\(
11 OH 14j 35 83
13j
OH
12 @6 14k 3 83
13k

@ All reactions of alcohols 13 (0.2 mmol) were performed at 50 °C in the presence
of TEMPO (0.1 equiv), pyridine (3 equiv) and PS-DCIB (1.5 equiv) in MeCN-H,0
(1:1, v/v) (2 mL).

b All carbonyl compounds were identified as 2,4-dinitrophenylhydrazone deriv-
atives by comparison of their '"H NMR spectra and melting points with literature
data.

¢ Conversions for all reactions were above 99% unless noted otherwise.

4 Isolated yields of the 2,4-dinitrophenylhydrazone derivatives.

¢ Yields after first, second and third regeneration of PS-DCIB 2.

f Reaction mixture contains 60% of unreacted alcohol according to GC data.

polymer-supported reagent 2 can be used for efficient oxidation of
various alcohols to the corresponding carbonyl compounds under
mild conditions. Benzylic alcohols are oxidized to the correspond-
ing aldehydes with 100% conversion after 2-3 h (Table 2, entries
1-4), while 2-thiophenemethanol shows much lower reactivity
(entry 5). Primary aliphatic alcohols, 1-octanol and 3-phenyl-1-
propanol are smoothly oxidized to the corresponding aldehydes
in excellent yields (entries 6 and 7), and secondary alcohols (en-
tries 8-12) are oxidized to the respective ketones in good yields.
The byproduct, polystyrene-supported iodobenzene (PS-IB), is

separated from the reaction mixtures by simple filtration and
converted back to PS-DCIB by treatment with aqueous NaOCI/HCI
in about 90% overall yield. The recycled PS-DCIB does not show
any significant loss of activity in oxidation of benzyl alcohol to
benzaldehyde after three regeneration cycles (Table 2, entry 2).

In summary, we have developed a facile one-pot procedure for
the preparation of a recyclable polymer-supported hypervalent
iodine reagent, PS-DCIB, from polystyrene, iodine, and bleach
under mild condition. The synthesis of PS-DCIB employs commer-
cially available chemicals and affords PS-DCIB with high loading le-
vel of active chlorine (loading of -ICl, up to 1.35 mmol/g). PS-DCIB
selectively oxidizes primary and secondary alcohols to the respec-
tive carbonyl compounds in the presence of catalytic amount of
TEMPO in aqueous acetonitrile, and selectively chlorinates various
organic substrates, including o-chlorination of carbonyl com-
pounds, electrophilic chlorination of electron-rich arenes, and the
chlorination of alkenes under mild conditions with easy work-up.
The reduced form of PS-DCIB, PS-IB can be separated from the
reaction mixtures by simple filtration and converted back to
PS-DCIB by treatment with bleach and aqueous HCI in about 90%
overall yield.

Acknowledgments

Jiang-Min Chen thanks the financial Foundation of Jiaxing
University for supporting his visit to the University of Minnesota
Duluth. This work was supported by a research grant from the
National Science Foundation (CHE-1009038).

Supplementary data

Supplementary data (experimental procedures and 'H and '3C
NMR spectra for all compounds) associated with this article can
be found, in the online version, at doi:10.1016/j.tetlet.2011.02.065.

References and notes

1. For books and selected reviews on hypervalent iodine chemistry, see: (a)
Varvoglis, A. Hypervalent lodine in Organic Synthesis; Academic Press: London,
1997; (b)Hypervalent lodine Chemistry; Wirth, T., Ed.; Springer: Berlin, 2003; (c)
Koser, G. F. Aldrichim. Acta 2001, 34, 89-102; (d) Koser, G. F. Adv. Heterocycl.
Chem. 2004, 86, 225-292; (e) Moriarty, R. M. J. Org. Chem. 2005, 70, 2893-2903;
(f) Zhdankin, V. V.; Stang, P. J. Chem. Rev. 2008, 108, 5299-5358; (g) Ladziata, U.;
Zhdankin, V. V. ARKIVOC 2006(ix), 26-58; (h) Ciufolini, M. A.; Braun, N. A;
Canesi, S.; Ousmer, M.; Chang, J.; Chai, D. Synthesis 2007(ix), 3759-3772; (i)
Zhdankin, V. V. Science of Synthesis, 2007, 31a, pp 161-234, Chapter 31.4.1.; (j)
Ochiai, M.; Miyamoto, K. Eur. J. Org. Chem. 2008, 4229-4239; (k) Dohi, T.; Kita, Y.
Chem. Commun. 2009, 2073-2085; (1) Ladziata, U.; Zhdankin, V. V. Synlett 2007,
527-537; (m) Quideau, S.; Pouysegu, L.; Deffieux, D. Synlett 2008, 467-495; (n)
Yusubov, M. S.; Zhdankin, V. V. Mendeleev Commun. 2010, 20, 185-191; (o)
Zhdankin, V. V. ARKIVOC 2009(i), 1-62; (p) Uyanik, M.; Ishihara, K. Chem.
Commun. 2009, 2086-2099; (q) Ngatimin, M.; Lupton, D. W. Aust. J. Chem. 2010,
63, 653-658; (r) Yusubov, M. S.; Nemykin, V. N.; Zhdankin, V. V. Tetrahedron
2010, 66, 5745-5752; (s) Satam, V.; Harad, A.; Rajule, R.; Pati, H. Tetrahedron
2010, 66, 7659-7706; (t) Uyanik, M.; Ishihara, K. Aldrichim. Acta 2010, 43, 83-91;
(u) Merritt, E. A.; Olofsson, B. Synthesis 2011, 517-538; (v) Brand, J. P.; Gonzalez,
D. F.; Nicolai, S.; Waser, J. Chem. Commun. 2011, 47, 102-115.

2. For representative recent examples of chlorinations and oxidations using
(dichloroiodo)benzene, see: (a) Drose, P.; Crozier, A. R.; Lashkari, S;
Gottfriedsen, ].; Blaurock, S.; Hrib, C. G.; Maichle-Moessmer, C.; Schaedle, C.;
Anwander, R.; Edelmann, F. T. J. Am. Chem. Soc. 2010, 132, 14046-14047; (b)
Meyer, D.; Ahrens, S.; Strassner, T. Organometallics 2010, 29, 3392-3396; (c)
Kalyani, D.; Satterfield, A. D.; Sanford, M. S. J. Am. Chem. Soc. 2010, 132, 8419-
8427; (d) Li, X.-Q.; Wang, W.-K.; Zhang, C. Adv. Synth. Catal. 2009, 351, 2342-
2350; (e) Weigand, ]. J.; Burford, N.; Davidson, R. J.; Cameron, T. S.; Seelheim, P. J.
Am. Chem. Soc. 2009, 131, 17943-17953; (f) Yu, ].; Zhang, C. Synthesis 2009,
2324-2328; (g) Powers, D. C.; Ritter, T. Nat. Chem. 2009, 1, 302-309; (h)
Whitfield, S. R.; Sanford, M. S. Organometallics 2008, 27, 1683-1689; (i) Kalyani,
D.; Sanford, M. S. J. Am. Chem. Soc. 2008, 130, 2150-2151; (j) Zhao, X.-F.; Zhang,
C. Synthesis 2007, 551-557; (k) Salamant, W.; Hulme, C. Tetrahedron Lett. 2006,
47,605-609; (1) Jin, L.-M.; Yin, J.-J.; Chen, L.; Guo, C.-C.; Chen, Q.-Y. Synlett 2005,
2893-2898; (m) Yusubov, M. S.; Drygunova, L. A.; Tkachev, A. V.; Zhdankin, V. V.
Arkivoc 2005, 179-188; (n) Wu, Z. Synlett 2008, 782-783.

3. Zanka, A.; Takeuchi, H.; Kubota, A. Org. Process Res. Dev. 1998, 2, 270-273.


http://dx.doi.org/10.1016/j.tetlet.2011.02.065

N

J.-M. Chen et al./Tetrahedron Letters 52 (2011) 1952-1955

. Anastas, P. T.; Warner, ]. C. Green Chemistry: Theory and Practice; Oxford

University Press: New York, 1998.

. (@) Yusubov, M. S.; Drygunova, L. A.; Zhdankin, V. V. Synthesis 2004, 2289-2292;

(b) Podgorsek, A.; Jurisch, M.; Stavber, S.; Zupan, M.; Iskra, ].; Gladysz, J. A. J. Org.
Chem. 2009, 74, 3133-3140.

. Togo, H.; Sakuratani, K. Synlett 2002, 1966-1975.
. (a) Ley, S. V.; Thomas, A. W.; Finch, H. J. Chem. Soc., Perkin Trans. 1 1999, 669-

672; (b) Togo, H.; Nogami, G.; Yokoyama, M. Synlett 1998, 534-536; (c) Togo, H.;
Abe, S.; Nogami, G.; Yokoyama, M. Bull. Chem. Soc. Jpn. 1999, 72, 2351-2356; (d)
Tohma, H.; Morioka, H.; Takizawa, S.; Arisawa, M.; Kita, Y. Tetrahedron 2001, 57,
345-352; (e) Sourkouni-Argirusi, G.; Kirschning, A. Org. Lett. 2000, 2, 3781-
3784; (f) Abe, S.; Sakuratani, K.; Togo, H. J. Org. Chem. 2001, 66, 6174-6177; (g)

i

1955

Chen, J. M.; Zeng, X. M.; Zhdankin, V. V. Synlett 2010, 2771-2774; (h) Sorg, G.;
Mengei, A.; Jung, G.; Rademann, J. Angew. Chem., Int. Ed. 2001, 40, 4395-4397; (i)
Kim, D.-K.; Chung, W.-].; Lee, Y.-S. Synlett 2005, 279-282; (j) Lecarpentier, P.;
Crosignani, S.; Linclau, B. Mol. Divers. 2005, 9, 341-351; (k) Ladziata, U.;
Willging, J.; Zhdankin, V. V. Org. Lett. 2006, 8, 167-170; (I) Karimov, R. R;;
Kazhkenov, Z.-G. M.; Modjewski, M. ].; Peterson, E. M.; Zhdankin, V. V. J. Org.
Chem. 2007, 72, 8149-8151.

Sket, B.; Zupan, M.; Zupet, P. Tetrahedron 1984, 40, 1603-1606.

For application of aqueous NaOCI/HCl for the preparation of ArICl, and for use of
PhICI, for the oxidation of alcohols into carbonyl compounds, see: Zhao, X.-F.;
Zhang, C. Synthesis 2007, 551-557.



	Facile preparation and reactivity of polystyrene-supported  (dichloroiodo)benzene: a convenient recyclable reagent for chlorination and oxidation
	Acknowledgments
	Supplementary data
	References and notes


