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Aerobic Alcohol Oxidation. An efficient four-component
system consisting of acetamido-TEMPO/Cu(QWDMDP/

Selective alcohol oxidation is a fundamental transformation
for the production of a variety of important intermediates and
fine chemicals. Although numerous inorganic oxidants (i.e.,
CrOs, KMnOg4, MNO,, SeQ, etc.) in a stoichiometric amount
have been traditionally used to accomplish this transformdtion,
there are considerable drawbacks such as their high cost and
the production of environmental hazardous/toxic byproducts.
Clearly, the most promising protocol to address these issues is
the development of catalytic aerobic alcohol oxidation meth-
odologies. The use of molecular oxygen as the primary oxidant
has remarkable advantages, including abundance, low cost,
improved safety, and benign byproducts,(Hand/or HOy).
Accordingly, many transitional metals (mainly copgepal-
ladium}© and rutheniurt’) alone or in combination with the
nitroxy radical 2,2,6,6-tetramethyl-piperidyl-1-oxy (TEMP&3
have been intensively studied for the aerobic catalytic oxidation
of alcohols. Of particular interest are the catalytic systems
consisting of an inexpensive transition-metal compound and
TEMPO for mild and selective aerobic alcohol oxidations.

DABCO in DMSO has been developed for room-temperature However, TEMPO is a rather expensive chemical agent and
aerobic alcohol oxidation. Under the optimal conditions, efficient recycling of TEMPO is highly desirable, especially
various alcohols could be converted into their corresponding When the reactions are run on a large scale. Several groups have
aldehydes or ketones in good to excellent yields. The newly
developed catalytic system could also be recycled and reused (7) Hudlick, M. Oxidations in Organic ChemistryAmerican Chemical

for three runs without any significant loss of catalytic activity.

The design of efficient catalytic systems that provide facile

recovery of catalysts and isolation of a catalyst-free product are

highly attractive due to practical economic and environmental
manufacturing consideratioAslo address this challenge, dif-

Society: Washington, DC, 1990.

(8) March, J Advanced Organic Chemistry: Reactions, Mechanisms,
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ferent strategies are being developed including the use of ionic Wieghardt, K.J. Am. Chem. S04999 121, 9599. (e) Marko, I. E.; Gautier,

liquids? fluorous biphasic systentssoluble polymer-based
ligands? and aqueous biphasic systefridowever, the use of
the polar aprotic solvent dimethyl sulfoxide (DMSO) to recycle

and reuse homogeneous transitional metal catalysts is les
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its immiscibility with many nonpolar organic solvents, it was
anticipated that these properties would facilitate catalyst
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as the reaction media should provide opportunities for facilitating
the recovery and recycling of catalysts.
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SCHEME 1 TABLE 1. Optimization of Aerobic Oxidation of 4-Methoxybenzyl
Alcohol2:?
R! 4 mol%Cu(ClO4),, 4 mol% TMDP R! 66 entry ligand  additive (mol %)  conversion (%) yield (%)
OH > 0
R2 6 mol% acetamido-TEMPO, O, 2 N N 1 D_MAP none 56 41
10 mol% DABCO, DMSO, r.t. 2 Bipy none 53 45
TMDP 3 Phen none 45 30
4 TMDP none 76 66
addressed this problem by involving silica-suppottgaplymer- 5 TMDP KOH (10) 21
supported? fluorous-tagged® or cation-taggeH variants of 6 TMDP KoCO;(10) 85 70
TEMPO. Recently, we reported the three-component system . TMDP pyridine (10) %0 84
)- Y p por Y 8 TMDP E&N (10) 96 90
acetamido-TEMPO/Cu(CI,/DMAP (DMAP, 4-(dimethy- 9 TMDP DABCO (10) 100 96
lamino)-pyridine) for room-temperature aerobic alcohol oxida- 1C° TMDP DABCO (10) 100 92
tion in the ionic liquid [ompy]PE!® where a wide range of Eef TTMSIE g/tf\'\égg) 10 1%% %ﬂ
primary alcohols can be highly selectively converted into 3;,9 TMDP DABGO Elog 0
aldehydes and the catalysts, including acetamido-TEMPO, can q4eh DABCO (10) 0

also be recycled and reused without significant loss of catalytic Reaction conditions: 2 mmol of 4-methoxybenzyl alcohol, 6 mol % of
.. . . . . : - y (1}
activity. As acetam|do-TE_l\/I_PO is insoluble in-pentane, acetamido-TEMPO, 4 mol % of Cu(Cl-6H,0, 4 mol % of ligand (8 mol
hexanes, or ether, we envision that the use of DMSO as they, of DMAP), 1 atm @, 0.3 mL of DMSO, room temperature for 4 h.
reaction media for aerobic alcohol oxidation can achieve the ° Selectivity is over 9% determined B NMR of the crude product mix-
product-catalysts separation by simple extraction of the product LUF?I- ¢ ?}Onr:/erSIOtn byH r’:IyMS of :_he crude pfOfduczt ITWUtF@-l(Séillate?_ )yleld
(aldehydes or ketones) withpentane, which is immiscible with ~ 2¥ "ash chromatography.Reaction was run for 2 Lvater (9.2 mi-) was
. . - . addedd No acetamido-TEMPO was addédNo TMDP was added.
DMSO, leaving the catalysts immobilized in the DMSO phase.
Herein, we report four—compone.nt system aceta}mldo-TEMPO/ TABLE 2. Recycling of the Catalytic System for Aerobic
Cu(CIO,)/TMDP/DABCO for mild and selective aerobic  oyidation of Benzylic and Allylic Alcoholsa?
alcohol oxidation in DMSO (Scheme 1). Furthermore, the
catalytic system can be recycled and reused for selective
oxidation of various benzylic and allylic alcohols into aldehydes.
Our previous study demonstrated that Cu(ClR is a good

4 mol% Cu(ClO,),, 4 mol% TMDP

RCHO
RCH,OH 6 mol% acetamido-TEMPO, O,

10 mol% DABCO, DMSO, r.t.

copper catalyst precursor and that a pyridine-type ligand is cycle no. (time, h)
needed to perform room-temperature aerobic alcohol oxidation. conversioflyield? (%)
The optimization of this catalytic system was accomplished em-  entry R
ploying 4-methoxybenzyl alcohol as the substrate, and the results ™ 4-MeOPh 12 2(2) 3(3)
are summarized in Table 1. At first, DMAP, 2-Ripyridine 100/90 94/89 88/82
2 Ph 1(2) 2(2 3(3)
(12) For reviews of TEMPO-catalyzed alcohol oxidation, see: (a) 3 3-clPh 110?2/;35 33(/%2 2%8)9

Inokuchi, T.; Matsumoto, S.; Torii, . Synth. Org. Chem. Jp#993 51,

910. (b) de Nooy, A. E. J.; Besemer, A. C.; van Bekkum,3ynthesis 99/93 95/85 92/90
1996 1153. (c) Adam, W.; Saha-Moller, C. R.; Ganeshpure, PChem. 4 4-MePh 12 2(2) 3(3)
Rev. 2001, 101, 3499. (d) Sheldon, R. A.; Arends, I. W. C. E.; ten Brink, 100/92 96/91 89/83
G.-J.; Dijksman, AAcc. Chem. Re<002 35, 774. 5 transPhCH=CH 1(2) 2(2) 3(3)
(13) For transition-metal-assisted TEMPO-catalyzed aerobic alcohol oxi- 99/93 93/84 90/87
dations, see: (a) Semmelhack, F. M.; Schmidt, C. R.; GpReA.; Chou, 6¢ Ph 1(4) 2(4) 3(6)
C. S.J. Am. Chem. Sod.984 106, 3374. (b) Betzemeier, B.; Cavazzini, 98/88 90/85 81/78

M.; Quici, S.; Knochel, PTetrahedron Lett200Q 41, 4343. (c) Cecchetto,
A.; Fontana, F.; Minisci, F.; Recupero, Fetrahedron Lett2001, 42, 6651.
(d) Dijksman, A.; Marino-Gonzalez, A.; Mairata i Payeras, A.; Arends, |.

2 Reaction conditions: 2 mol of alcohol, 6 mol % of acetamido-TEMPO,
4 mol % of Cu(ClQ),*6H,0, 4 mol % of TMDP, 10 mol % of DABCO,

W. C. E.; Sheldon, R. AJ. Am. Chem. So®001, 123 6826. (€) Ben- 1 atm @, 0.3 mL of DMSO, room temperature for a specific time.
Daniel, R.; Alsters, P.; Neumann, R. Org. Chem2001, 66, 8650. (f) b Selectivity is over 99% determined By NMR of the crude product
Kim, S. S.; Nehru, KSynlett2002 4, 616. (g) Gamez, P.; Arends, |. W. mixture. ¢ Conversion byH NMR of the crude product mixturé.lsolated
C. E.; Reedijk, J.; Sheldon, R. £&hem. Commur2003 2414. (h) Kim, S. yield by flash chromatography.20 mol % of EtN was used to replace

S.; Jung, H. CSynthesi2003 14, 2135. (i) Minisci, F.; Recupero, F.; DABCO.
Pedulli, G. F.; Lucarini, MJ. Mol. Catal. A2003 204—205, 63. (j) Minisci,
F.; Recupero, F.; Cecchetto, A.; Gambarotti, C.; Punta, C.; Faletti, R.;

E_agaRneg,h R; E’eE}JIIi, GX(F:Eur. J-C Org. Cf&eonagososflé(%l@;- \sk)l Wang, g (Bipy), 1,10-phenanthroline (Phen), and'4gdmethylenedipy-

iu, R.; Chen, J. Liang, em. Commu elusamy, S.; " TN ; ;

Srinivasan, A.; Punniyamurthy, Tetrahedron Lett2006 47, 923. rld;nle (TMERhwelre tegted as thﬁ py”dtmeb typf? “gt.andts fo;fthlg’
(14) (a) Bolm, C.; Fey, TChem. Commuri.999 1795. (b) Brunel, D.; catalysis. the figands were shown 10 be efrective to atior

Lentz, P.; Sutra, P.; Deroide, B.; Fajula, F.; Nagy, J.SBud. Surf. Sci. good conversions, with TMDP providing an optimal 76% con-

Catal. 1999 123 czargt;ilgggvlezrgoigsM' J.; Peters, J. A van Bekkum, H. - yersion and 66% isolated yield (Table 1, entries4). Next,
(15) (a).Dijk'sman, A.: Arends, |'. W. C. E.; Sheldon, R. Shem. selected additives KOH, &O;, pyrldlne, EtN, and DABCO

Commun200Q 271. (b) Pozzi, G.; Cavazzini, M.; Quici, S.; Benaglia, M.;  (1,4-diazabicyclo[2.2.2]octane) were screened to improve this
Qegﬁnnavg-om- rlé%t(t)-éol%‘g g, ‘(1(;1)13(0) Glll,hei/lpyypl\/l-;I!-kaAMi_;||3|aUEhef?‘|t, transformation with TMDP as the ligand. Although KOH was
. em. Commu . enaglia, M.; Puglisl, A.; Folczknecnt, : H e
O.; Quici, S.; Pozzi, GTetrahedron2005 61, 12058. found to decrease the reaction significantly, the others afforded
(16) (a) Pozzi, G.; Cavazzini, M.; Holczknecht, O.; Quici, S.; Shepperson, better conversions and isolated yields (Table 1, entrie8)5

I. Tetrahedron Lett2004 45, 4249. (b) Holczknecht, O.; Cavazzini, M.; DABCO proved to be the best, and the use of 10 mol % of

Q“(iii%)s(;)svr\‘/ﬁpgffséo_”iv:; ’T_O_ZZDi'in‘Sdll’\-/l?%”_t%acoatﬁ'_z)?ggn‘l?’;égg;- 4 DABCO provided 100% conversion and 96% isolated yield.
607. (b) Qian, W.; Jin, E.;’Béb,W.;’Zhéng',' Yetrahedror2006 62, 556. Furthermore, reducing the reaction time fromot2 h with
(18) Jiang, J.; Ragauskas, A.Qrg. Lett.2005 7, 3689. DABCO as the additive also afforded the complete conversion
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TABLE 3. Aerobic Oxidation of Alcohols in DMSO2b

entry alcohols product time (h) conversion® (%) yieldd (%)

1 @'CHzOH @-CHO 2 100 98

2 C§*CH20H d’CHO 2 98 90

3 Q—CHZOH @—CHO 2 99 93
4 MeO-@-CHon MeO-@-CHo 2 100 92

5 _O_CHon _O_CHO 2 100 92

6 ph/\/\OH ph&/CHO 2 99 93
7 AAN0OH AAXCHO 2 100 85
0 o ~OH oy~ CHO 24 19 1
24¢ 71 40

CHO
? % OH % 24¢ 58 33
10 \ —CH,0H \ A-CHO 2 98 71

N N

\ \ 2 99 92

1 ! & ~CH,OH QCHO

24 35 27
. OH o

24¢ 98 90
3 @_OH ©=o 24° 87 74
W O O W

OH 24¢ - -

15 Ph/\( Ph/\(
MeO—_)-CH:OH  MeO—_)-CHO s 97 75

16
s O~ 7 -
OH )
P "0H ph”-CHO s 98 85
17 .
Ph"~"OH ph~~CHO 4 -
18 OH 24¢

OH

PR Ph/\ro - -

a Alcohol (2 mmol), 6 mol % of acetamido-TEMPO, 4 mol % of Cu(G)®6H,0, 4 mol % of TMDP, 10 mol % of DABCO, and 0.3 mL of DMSO were
stirred at room temperature under 1 atm oxygen for the specific fiiGelectivity is over 99% for aerobic oxidation of primary alcohél€onversion by
1H NMR. dIsolated yield by flash chromatograptiThe reaction was carried out at 4Q.

(Table 1, entry 10). On the other hand, 20 mol % ofNEtan However, a system without TMDP or acetamido-TEMPO failed
provide 99% conversion aftd h (Table 1, entry 11). Itis inter-  to oxidize the alcohol (Table 1, entries 13 and 14). Moreover,
esting to note that many catalytic aerobic alcohol oxidation no overoxidized product (4-methoxybenzoic acid) was detected
systems have a very low tolerance toward water despite the factoy 'TH NMR analysis of the crude reaction mixtures in all the
that water forms as the stoichiometric byproduct of aerobic cases?

alcohol oxidation. Thus, water was purportedly added to the Having optimized the reaction conditions, we next examined
reaction system to examine its effect on this transformation, the recyclability of the catalytic system for aerobic oxidation
and a quantitative conversion was obtained (Table 1, entry 12).of various benzylic and allylic alcohols in DMSO (Table 2).
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Because of the good solubility of acetamido-TEMPO, TMDP, good selectivity of the catalytic system toward primary alcohol,
DABCO, and Cu(ClQ), (coordinated with TMDP) in DMSO, with 98% conversion of 4-methoxybenzyl and only 7% conver-
the recovery and reuse of the catalytic system was accomplishedsion of 1-phenylethanol. At the same time, a mixturérahs-
after full extraction of the aldehydes with-pentane? It is cinnamy! alcohol and 3-phenyl-1-propanol was also tested,
important to stress that this system was shown to be readily showing excellent selectivity toward oxidation of allylic alcohol
recyclable for two additional runs with only a slight drop in  (98% conversion ofranscinnamyl alcohol and 4% conversion
activity. Furthermore, the electronic property of the substituents of 3-phenyl-1-propanol). Similarly, the competing reaction
on the benzene rings does not affect the reaction times (Tablebetween 1-phenylethanol and 1-phenyl-2-propanol led to 95%
2, entries +4). For the comparison, the use of;Htas the conversion of 1-phenylethanol, leaving 1-phenyl-2-propanol
additive was also tested for the recycling and reuse of the intact. These experiments demonstrate the excellent selectivity
catalytic system. Besides longer reaction times, 20 mol % of of the present catalytic system providing considerable advan-
EtsN needed to be added to the catalytic system every run aftertages in synthetic organic chemistry, considering that different
full extraction of benzaldehyde (Table 2, entry 6). alcohol functions in the same molecule could be selectively
Subsequently, the catalytic syst®nhwas then applied to  oxidized.
various benzylic, allylic, and aliphatic alcohols as summarized  In conclusion, we have developed an efficient four-component
in Table 3. It is clear that all primary alcohols have been system consisting of acetamido-TEMPO/Cu(QrMDP/
selectively oxidized to aldehydes. In addition, the conversion DABCO for aerobic alcohol oxidation. At room temperature,
of benzylic and allylic alcohols to aldehydes is faster and more the catalytic system shows excellent selectivity toward oxidation
efficient with over 98% conversion$1i2 h (Table 3, entries  of benzylic or allylic alcohols and is notably not deactivated
1-7), which are excellent results for a copper-catalyzed room- by heteroatom-containing (S,N) compounds. Moreover, the use
temperature aerobic alcohol oxidation (TOF of 12.5%h of DMSO as the reaction media allows the catalysts to be
Aliphatic primary alcohols are less reactive, and thus longer recycled and reused for three runs with no significant loss of
reaction times and elevated temperature were needed to reaclkatalytic activity.
good conversions (Table 1, entries 8 and 9). Although these
latter reactions were incomplete, there were no overoxidized Experimental Section
byproducts (i.e., acids) detected By NMR analysis of the

: ; General Procedure for Catalytic Aerobic Alcohol Oxidation
crude product mixtures. Hence, the reduced conversion Was; S A mixture of alcohol (2 mmol), 44trimethylenedipy-

attributed to the instability of TEMPO under the reaction 4ine (TMDP, 15.8 mg, 0.08 mmol), Cu(Ci-6H,0 (29.7 mg,
conditions used? It has to be noted that the heteroatom- ¢ ng mmol), and 0.3 mL of DMSO was stirred at room temperature
containing (N,S) substrates, 2-pyridine methanol and 2-thiophenefor 5 min, and then acetamido-TEMPO (25.6 mg, 0.12 mmol) was
methanol, can be smoothly converted into their corresponding added to the mixture. After 5 min of stirring, DABCO (22.4 mg,
aldehydes in excellent conversions and yields (Table 3, entries0.2 mmol) was added, and the reaction mixture was vigorously
10 and 11). Surprisingly, the reactive secondary alcohols, suchstirred at room temperature undeg Q atm) for 2 h. With 1 mL

as 1-phenylethanol and 2-cyclohexen-1-ol, could be oxidized of_ water added to the reaction mixture,_the produqt was extracted
into the corresponding ketones in excellent conversions andWith n-pentane (3x 5 mL). The combined organic phase was
isolated yields (Table 3, entries 12 and 13). It has to be pointed Washed by 3 mL of water and dried by anhydrous MgSAjter

out that no aerobic oxidation of 1-phenylethanol in our previous concentration in vacuo, the residue was subjectedHaNMR

Cu(ClQy),—TEMPO-DMAP systend® or in Sheldon’s CuBr Z&ﬂ%;ﬁeﬁﬂgtﬂg; purified by flash chromatography to afford

(2,2-bipyridine}-TEMPO-'BUOK  system® was observed. General Procedure for Recycling of the Catalytic System for
Thus DABCO, in the present catalytic system, might have dual aerobic Oxidation of Benzylic and Allylic Alcohols. A mixture
roles: the base to promote the deprotonation of 1-phenylethanolof alcohol (2 mmol), 4,4trimethylenedipyridine (TMDP, 15.8 mg,
and a weak N-donor ligand to Cu(ll) salt, which could be 0.08 mmol), Cu(ClQ)26H,0 (29.7 mg, 0.08 mmol), and 0.3 mL
partially confirmed by very low conversion of 1-phenylethanol of DMSO was stirred at room temperature for 5 min, and then
oxidation (less than 5%) when 10 mol % of DABCO was acetamido-TEMPO (25.6 mg, 0.12 mmol) was added to the mixture.
replaced by 10 mol % of BN under the identical conditions ~ After 5 min of stirring, DABCO (22.4 mg, 0.2 mmol) was added.
(40 °C and 24 h). However, no oxidation was observed with The reaction mixture was vigorously stirred at room temperature
cyclohexanol or 1-phenyl-2-propanol (Table 3, entries 14 and under G (1 atm) fa' 2 h and then extracted witirpentane (5< 5

. mL). The combinech-pentane phase was concentrated in vacuo.
15). Furthermore, a mixture of 4-methoxybenzyl alcohol and ¢ egigue was subjected 1d NMR analysis and then purified

1-phenylethanol was reacted with molecular oxygen in the p fash chromatography to afford aldehyde. The next run was
present catalytic system for 3 h. The result demonstrates theperformed by adding fresh alcohol (2 mmol) to the catalytic system

under the same experimental conditions for the specific reaction

(19) It has to be noted that in the present catalytic system DMSO was time (see Table 2 in paper for the reaction time).
not oxidized into methyl sulfone, which was confirmedsyNMR analysis
of the reaction mixture.
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