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Abstract: Novel bifunctional hybrid-type catalysts
bearing 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO) and iodobenzene moieties (1a and 1b)
were developed and used for the environmentally
benign oxidation of primary alcohols to carboxylic
acids. Reaction of primary alcohols 2 with a catalyt-
ic amount of 1 in the presence of peracetic acid as a
co-oxidant under mild conditions gave the corre-
sponding carboxylic acids 3 in excellent yields.
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The oxidation of primary alcohols to the correspond-
ing carboxylic acids is one of the most important
transformations in synthetic organic chemistry.[1,2] En-
vironmentally benign procedures are strongly re-
quired especially for the production of pharmaceuti-
cals, flavours and fragrances, and agrochemicals.
2,2,6,6-Tetramethylpiperidine 1-oxyl (TEMPO), a
stable nitroxyl radical, and its derivatives in combina-
tion with a co-oxidant have received much attention;
furthermore, they have been used as environmentally
sensitive chemical reagents[3] to achieve this essential
transformation. Some successful methods have been
developed for the direct conversion to carboxylic
acids using TEMPO with some co-oxidants such as
NaOCl,[4] NaOCl/NaClO2,

[5] trichloroisocyanuric
acid,[6] phenyliodine ACHTUNGTRENNUNG(III) diacetate (PIDA),[7] and
Py·HBr3.

[8] A combination of TEMPO and a hyperva-
lent iodine compound[9,10] has been widely used for
the total syntheses of complex natural products be-
cause of the mild reaction conditions required and the
reaction�s chemoselectivity. However, hypervalent
iodine reagents are expensive; moreover, stoichiomet-
ric amounts of iodine reagents are necessary during
oxidation to produce equimolar amounts of organic
iodine waste. In addition, some of the reagents are
potentially explosive. To overcome these disadvan-

ACHTUNGTRENNUNGtages, catalytic hypervalent iodine oxidations using
catalytic amounts of an iodobenzene derivative and a
co-oxidant have recently been developed and report-
ed by several researchers,[11] including our group.[12] In
2006 Li and co-workers reported an oxidation of the
primary alcohols to the aldehydes using catalytic
amounts of both TEMPO and PIDA without a sol-
vent.[13] However, reaction mixture had to be heated
to 80 8C or a higher temperature. These results en-
couraged us to develop an efficient double-redox
cycle system using both TEMPO and iodobenzene as
catalysts under mild conditions, and to apply this
system to a hybrid catalysis (Scheme 1). Hybridization
of these two moieties should render the oxidation
step of the TEMPO moiety by hypervalent iodine
more efficient because the reaction would change to
an intramolecular mode. Furthermore, it should make
the recovery and reuse of the catalyst easier, because
only one molecule of catalyst would be used. As a
part of our studies for the development of practical
and environmentally benign oxidation reactions,[12,14]

we report herein a direct oxidation of primary alco-

Scheme 1. Double catalyst system and hybridization of
TEMPO and iodobenzene.
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hols to carboxylic acids using a novel bifunctionalized
TEMPO–iodobenzene hybrid catalyst 1 and peracetic
acid (PAA) as a co-oxidant.

We chose PAA as a co-oxidant of the double redox
cycle system: PAA oxidizes iodoarenes to a hyperva-
lent species,[15] although the combination of PAA and
TEMPO was not found to give satisfactory results for
the oxidation of alcohols.[5a] Also, PAA is known to
be a safe and environmentally friendly oxidant that
releases non-toxic acetic acid as the co-product and is
commercially available in acetic acid solutions. We
first investigated the double catalytic reaction of 4-ni-
trobenzyl alcohol (2a) as a substrate with a catalytic
amount of TEMPO and several iodoarenes in a 9%
acetic acid solution of PAA at 30 8C (Scheme 2). The
results are summarized in Table 1. When 2a was react-
ed with 0.1 equiv. of TEMPO and 0.1 equiv. of iodo-
benzene in the presence of 5 equiv. of PAA, the oxi-
dation proceeded slowly to give 4-nitrobenzoic acid
(3a) and the aldehyde 4a in 57% and 9% yields, re-

spectively, along with 29% of starting alcohol 2a after
24 h (entry 1). Next, the substituent effects on the
benzene ring of iodobenzene were examined (en-
tries 2–5). Electron-withdrawing groups such as car-
boxy and acyloxy groups decreased the catalytic activ-
ity (entries 2 and 3), whereas electron-donating
groups slightly increased the catalytic activity (en-
tries 4 and 5). p-Iodotoluene gave the best result
among all of them (entry 5). Using a fluoro alcohol
such as 2,2,2-trifluoroethanol as a co-solvent resulted
in a lower reactivity of the catalyst in contrast to
Kita�s report[15] (entry 6). When a similar reaction
with 10 equiv. of PAA was performed, the reaction
was completed within 24 h to afford 3a in quantitative
yield (entry 7). Using 0.5 equiv. of p-iodotoluene
shortened the reaction time to 5 h (entry 8). Reac-
tions without TEMPO (entry 9) and without iodoar-
ene (entry 10) gave only trace amounts of the oxi-
dized products. These results indicate that the two
catalysts work together in this catalytic oxidation.
When the aldehyde 4a was reacted with only PAA,
the carboxylic acid 3a was obtained. This observation
showed that PAA works as the main oxidant for the
conversion of aldehyde into carboxylic acid.

After the double redox cycle system using catalytic
amounts of TEMPO and iodoarene had been ach-
ieved, we next attempted to design and synthesize a
novel bifunctionalized hybrid-type catalyst 1 that in-
corporates both TEMPO and p-substituted iodoben-
zene moieties (Scheme 3). Phthalic acid was chosen as
a linking unit to reduce the distance between the two
catalyst sites, which are required to react with each
other. Reaction of 4-hydroxy-TEMPO with phthalic
anhydride in the presence of 4-N,N-dimethylamino-
pyridine (DMAP) gave mono ester 5 which was cou-
pled with 4-iodobenzyl alcohol by using N,N-dicyclo-
hexylcarbodiimide (DCC) to afford the diester 1a in
76% yield in two steps. Esterification of 5 with 4-io-
dophenol gave 1b in 70% yield in two steps. When 2a
was reacted with 0.1 equiv. of 1a in the presence of

Scheme 2.

Table 1. Oxidation of 2a using double catalyst system.[a]

[a] Reactions were carried out with 0.1 equiv of TEMPO at
30 8C.

[b] Isolated yields.
[c] Recovery of unreacted starting alcohol 2 a.
[d] The reaction was carried out without TEMPO.
[e] No attempt to recover 2 a was made. Scheme 3. Synthesis of hybrid catalysts 1a and 1b.
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10 equiv. of PAA at 30 8C for 24 h, almost the same
result was observed as that using TEMPO and p-iodo-
toluene giving carboxylic acid 3a in 99% yield. In this
reaction, 1a was recovered in 70% yield (Table 2,
entry 1). By contrast, a similar reaction of 2a with
0.1 equiv. of 1b, that has the less reactive p-benz-ACHTUNGTRENNUNGoyloxy group on the iodobenzene moiety (see,
Table 1, entry 3),[16] showed an enhancement of the
catalytic activity to afford 3a in 94% yield along with
4% of aldehyde 4a after 24 h and 77% recovery of 1b
(Table 2, entry 2).

Various primary alcohols (2b–l) were oxidized with
a catalytic amount of the unique catalyst 1 and PAA
(Scheme 4). The results are summarized in Table 2.
When benzyl alcohol 2b and 4-methylbenzyl alcohol
2c were reacted with 1a and PAA, both 2b and 2c
were consumed within 10 h, but the second oxidation
step from the aldehyde to the carboxylic acid required
a longer reaction time. The carboxylic acid 3b was ob-
tained in 59% yield along with 4b in 28% yield after
24 h (entry 3), while the carboxylic acid 3c was ob-
tained in 37% yield along with 4c in 55% yield after
24 h (entry 4). The oxidation of other benzylic alco-
hols gave the carboxylic acids as the major products

in good yields (entries 5–12). In all cases, the first oxi-
dation step was more rapid than the second step. Ali-
phatic primary alcohols were readily oxidized to give
the corresponding carboxylic acids in good yields (en-
tries 13–17). The catalyst 1b showed slightly lower re-
activity than that of 1a (entries 6, 14, and 17). Secon-
dary alcohols (6a–c) were also reacted with 1a under
the same conditions to afford the corresponding ke-
tones (Table 3). Benzylic secondary alcohols reacted
smoothly (entries 1 and 2); by contrast, an aliphatic
secondary alcohol reacted slowly even with 0.3 equiv.
of 1a (entry 3). The catalyst was recovered in 60–80%
yield in all cases.

A possible reaction mechanism is shown in
Scheme 5. The oxoammonium cation A formed from
1 is most likely the active oxidant in this reaction.[17]

Primary alcohol 2 is oxidized with A to produce B
and aldehyde 4, which would then be converted into
the carboxylic acid 3 by a Baeyer–Villiger-type reac-
tion with PAA. The iodoarene moiety of B is reacted
with PAA to form the hypervalent iodine species C,
which should intramolecularly oxidize the hydroxyla-
mine moiety to A for reuse in the next oxidation. In
the case of a benzylic alcohol bearing an electron-do-
nating group, the Baeyer–Villiger-type reaction of the
resulting aldehyde may be relatively slow leading to a
longer reaction time.

In conclusion, we have designed and synthesized bi-
functional hybrid-type catalysts bearing two catalyst
sites, TEMPO and iodobenzene moieties (1a and 1b).
These catalysts proved to be efficient for the environ-
mentally benign oxidation of primary alcohols to car-
boxylic acids. Reaction of primary alcohols with a cat-
alytic amount of 1 in the presence of peracetic acid as
a co-oxidant under mild conditions gave the corre-

Table 2. Catalytic oxidation of primary alcohols to carboxyl-
ic acids with 1.[a]

[a] Reactions were carried out with 0.1 equiv. of catalyst in
the presence of 10 equiv. of PAA (9% acetic acid solu-
tion) at 30 8C.

[b] Figures in parentheses are the yields of aldehydes 4.
[c] 15 equiv. of PAA were used.
[d] 0.3 equiv. of catalyst was used.
[e] After esterification with CH2N2.

Scheme 4.

Table 3. Catalytic oxidation of secondary alcohols to ketones
with 1a.[a]

[a] Reactions were carried out with 0.1 equiv. of 1a in the
presence of 10 equiv. of PAA (9% acetic acid solution)
at 30 8C.

[b] 0.3 equiv. of catalyst was used.
[c] Figure in parenthesis is the yield of recovered 6c.
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sponding carboxylic acids in excellent yields with re-
covery of catalyst 1.

Experimental Section

Preparation of Compound 1a

To a solution of 4-hydroxy-TEMPO (517 mg, 3 mmol) in
pyridine (10 mL), phthalic anhydride (2.132 g, 15 mmol) and
DMAP (183 mg, 1.5 mmol) were added at room tempera-
ture. The mixture was stirred for 1 h and the reaction mix-
ture was then concentrated. The residue was passed through
a short pad of silica gel to give the crude mono ester 5,
which was used without further purification. The crude
mono ester 5 was added to a solution of 4-iodobenzyl alco-
hol (772 mg, 3.3 mmol), DMAP (73 mg, 0.6 mmol), cam-
phorsulfonic acid (CSA, 70 mg, 0.3 mmol), and DCC
(1.237 g, 6 mmol) in benzene (70 mL). The mixture was
stirred for 30 min and the reaction mixture was then concen-
trated. The residue was purified using silica gel column
chromatography to give pure 1a as orange crystals; yield:
1.216 g (76%); mp 127–129 8C (20% EtOAc in hexane); IR
(KBr): n=1718, 1591, 1487, 1448, 1383, 1365, 1314, 1291,
1279 cm�1; anal. calcd. for C24H27INO5: C 53.74, N 2.61, H,
5.07; found: C 53.40, N 2.98, H 5.06; HR-MS (EI): m/z=
536.09520, calcd. for C24H27INO5: 536.09342.

Preparation of Compound 1b

The crude mono ester 5 (160 mg, 0.5 mmol) was added to a
solution of 4-iodophenol (140 mg, 0.64 mmol), DMAP
(12 mg, 0.1 mmol), CSA (12 mg, 0.05 mmol), and DCC
(206 mg, 1 mmol) in benzene (20 mL). The mixture was
stirred for 30 min and the reaction mixture was then concen-

trated. The residue was purified using silica gel column
chromatography to give pure 1b as orange crystals; yield:
182 mg (70%); mp 142–144 8C (20% EtOAc in hexane); IR
(KBr): n=1746, 1738, 1597, 1581, 1480, 1393, 1378, 1281,
1273, 1261, 1197 cm�1; anal. calcd. for C23H25INO5: C 52.88,
N 2.68, H 4.82; found: C 52.75, N 3.16, H 4.68; HR-MS
(EI): m/z =522.0742, calcd. for C23H25INO5: 522.0778.

Typical Experimental Procedure for the Oxidation of
Primary Alcohols

In a typical experimental procedure for the oxidation of pri-
mary alcohols, to a solution of primary alcohol (0.5 mmol)
in a 9% acetic acid solution of PAA (4.232 g, 5 mmol), the
hybrid catalyst (0.05 mmol) was added at 30 8C and the re-
sulting mixture was stirred at the same temperature. The
mixture was diluted with ethyl acetate and extracted with
50% K2CO3 solution. The organic layer was then washed
with an aqueous saturated Na2S2O3 solution, dried, and con-
centrated to give the recovered catalyst which was purified
by recrystallization from ethyl acetate-hexane. The alkaline
solution was acidified by a 10% HCl solution and extracted
with ethyl acetate. The organic layer was dried and concen-
trated to give the pure carboxylic acid. In all cases, except
for the oxidation of 1-tetradecanol, the products were isolat-
ed directly in >98% purity as determined by 1H and
13C NMR without the need for further purification. The car-
boxylic acid products were compared spectroscopically with
their commercially available counterparts.

Acknowledgements

The authors wish to thank Professor Yasuyuki Kita (Emeri-
tus, Osaka University, Ritsumeikan University, Japan) for
helpful discussions. The present work was partially supported
by a Grant-in-Aid for Scientific Research from the Ministry
of Education, Culture, Sports, Science, and Technology,
Japan.

References

[1] a) M. F. Schlecht, in: Comprehensive Organic Synthesis,
Vol. 7, (Eds.: B. M. Trost, I. Fleming, S. V. Ley), Perga-
mon, Oxford, 1991, pp 251 – 327; b) Modern Oxidation
Methods, (Ed.: J.-E. B�ckvall), Wiley-VCH, Weinheim,
Germany, 2004 ; c) G. Tojo, M. Fern�ndez, Oxidation of
Primary Alcohols to Carboxylic Acids, in: A Guide to
Current Common Practice, Springer, New York, 2006.

[2] a) R. W. Dugger, J. A. Ragan, D. H. Brown Ripin, Org.
Process Res. Dev. 2005, 9, 253 – 258; b) J. S. Carey, D.
Laffan, C. Thomson, M. T. Williams, Org. Biomol.
Chem. 2006, 4, 2337 – 2347; c) S. Caron, R. W. Dugger,
S. G. Ruggeri, J. A. Ragan, D. H. Brown Ripin, Chem.
Rev. 2006, 106, 2943 – 2989.

[3] a) J. M. Bobbitt, M. C. L. Flores, Heterocycles 1988, 27,
509 – 533; b) T. Inokuchi, S. Matsumoto, S. Torii, J.
Synth. Org. Chem. Jpn. 1993, 51, 910 – 920; c) A. E. J.
de Nooy, A. C. Besemer, H. van Bekkum, Synthesis
1996, 1153 – 1174; d) W. Adam, C. R. Saha-Mçller, P. A.

Scheme 5. Possible catalytic cycle.

858 asc.wiley-vch.de � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Synth. Catal. 2011, 353, 855 – 859

COMMUNICATIONS Takayuki Yakura and Ayaka Ozono

http://asc.wiley-vch.de


Ganeshpure, Chem. Rev. 2001, 101, 3499 – 3548; e) P. L.
Bragd, H. van Bekkum, A. C. Besemer, Top. Catal.
2004, 27, 49 – 66; f) T. Vogler, A. Studer, Synthesis 2008,
1979 – 1993; g) R. Ciriminna, M. Pagliaro, Org. Process
Res. Dev. 2010, 14, 245 – 251.

[4] a) P. L. Anelli, C. Biffi, F. Montanari, S. Quici, J. Org.
Chem. 1987, 52, 2559 – 2562; b) T. Miyazawa, T. Endo,
S. Shiihashi, M. Okawara, J. Org. Chem. 1985, 50,
1332 – 1334.

[5] a) M. Zhao, J. Li, E. Mano, Z. Song, D. M. Tschaen,
E. J. J. Grabowski, P. J. Reider, J. Org. Chem. 1999, 64,
2564 – 2566; b) M. M. Zhao, J. Li, E. Mano, Z. J. Song,
D. M. Tschaen, Org. Synth. 2004, 81, 195 – 203; c) A.
Zanka, Chem. Pharm. Bull. 2003, 51, 888 – 889; d) M.
Shibuya, T. Sato, M. Tomizawa, Y. Iwabuchi, Chem.
Commun. 2009, 1739 – 1741.

[6] L. De Luca, G. Giacomelli, S. Masala, A. Porcheddu, J.
Org. Chem. 2003, 68, 4999 – 5001.

[7] J. B. Epp, T. S. Widlanski, J. Org. Chem. 1999, 64, 293 –
295.

[8] Z.-W. Mei, L.-J. Ma, H. Kawafuchi, T. Okihara, T. Ino-
kuchi, Bull. Chem. Soc. Jpn. 2009, 82, 1000 – 1002.

[9] a) P. J. Stang, V. V. Zhdankin, Chem. Rev. 1996, 96,
1123 – 1178; b) V. V. Zhdankin, P. J. Stang, Chem. Rev.
2002, 102, 2523 – 2584; c) Hypervalent Iodine Chemis-
try: Modern Developmentsin Organic Synthesis ; Topics
in Current Chemistry, Series 224, (Ed.: T. Wirth),
Springer, Berlin-Tokyo, 2003 ; d) T. Wirth, Angew.
Chem. 2005, 117, 3722 – 3731; Angew. Chem. Int. Ed.
2005, 44, 3656 – 3665; e) R. M. Moriarty, J. Org. Chem.
2005, 70, 2893 – 2903; f) R. M. Moriarty, O. Prakash, in:
Hypervalent Iodine in Organic Chemistry: Chemical
Transformations, Wiley-Interscience, 2008 ; g) V. V.
Zhdankin, P. J. Stang, Chem. Rev. 2008, 108, 5299 –
5358; h) V. V. Zhdankin, ARKIVOC 2009, i, 1 – 62.

[10] a) A. De Mico, R. Margarita, L. Parlanti, A. Vescovi,
G. Piancatelli, J. Org. Chem. 1997, 62, 6974 – 6977;
b) X.-Q. Li, C. Zhang, Synthesis 2009, 1163 – 1169; c) C.
Zhu, Y. Wei, L. Ji, Synth. Commun. 2010, 40, 2057 –
2066.

[11] a) T. Dohi, Y. Kita, Kagaku (Kyoto, Japan) 2006, 61,
68 – 69; b) R. D. Richardson, T. Wirth, Angew. Chem.
2006, 118, 4510 – 4512; Angew. Chem. Int. Ed. 2006, 45,
4402 – 4404; c) M. Ochiai, K. Miyamoto, Eur. J. Org.
Chem. 2008, 4229 – 4239; d) T. Dohi, Y. Kita, Chem.
Commun. 2009, 2073 – 2085; e) M. Uyanik, K. Ishihara,
Chem. Commun. 2009, 2086 – 2099.

[12] a) T. Yakura, T. Konishi, Synlett 2007, 765 – 768; b) T.
Yakura, Y. Yamauchi, Y. Tian, M. Omoto, Chem.
Pharm. Bull. 2008, 56, 1632 – 1634; c) T. Yakura, Y.
Tian, Y. Yamauchi, M. Omoto, T. Konishi, Chem.
Pharm. Bull. 2009, 57, 252 – 256; d) T. Yakura, M.
Omoto, Chem. Pharm. Bull. 2009, 57, 643 – 645; e) T.
Yakura, M. Omoto, Y. Yamauchi, Y. Tian, A. Ozono,
Tetrahedron 2010, 66, 5833 – 5840.

[13] C. I. Herrerias, T. Y. Zhang, C.-J. Li, Tetrahedron Lett.
2006, 47, 13 – 17.

[14] T. Yakura, A. Ozono, K. Morimoto, Chem. Pharm.
Bull. 2011, 59, 132 – 134.

[15] Y. Minamitsuji, D. Kato, H. Fujioka, T. Dohi, Y. Kita,
Aust. J. Chem. 2009, 62, 648 – 652.

[16] When 2a was treated with 0.1 equiv. of TEMPO and
0.1 equiv. of p-benzoyloxyiodobenzene in the presence
of 10 equiv. of PAA at 30 8C for 24 h, 48% of 3a and
8% of 4a were obtained along with 34% of unreacted
2a.

[17] M. F. Semmelhack, C. R. Schmid, D. A. Cort�s, Tetra-
hedron Lett. 1986, 27, 1119 – 1122.

Adv. Synth. Catal. 2011, 353, 855 – 859 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim asc.wiley-vch.de 859

Novel 2,2,6,6-Tetramethylpiperidine 1-Oxyl–Iodobenzene Hybrid Catalyst for Oxidation

http://asc.wiley-vch.de

