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The selective oxidation of alcohols to their corresponding Table 1. Benzaldehydes as Hydrogen Acceptors for the Catalytic
carbonyls is one of the most widely employed transformations in OPPenauer Oxidation of a-Butylbenzyl Alcohol

organic synthesisAlthough numerous such protocols are available, j’i j\ 10 mol% AlMe3 j\

many employ stoichiometric heavy metal compléassuffer from P Ny T RS H toluene, rt pre gy (D
selectivity issues when ¥, or NaOCI are used as oxidarits. 2-3 equiv

Organic oxidants, such as Swern and Degartin reagents, are time GC yield
more selective but can be either difficult to harfdde hazardous. entry R equiv 0 %)
While selective catalytic oxidation methodolodidsave recently 1 Ph @) 2 2 25
become available, they draw on expensive metal complexes and/ 2 2,6-Cb—Ph B) 2 4 >99
or elevated temperatures, issues that can be circumvented with the 3 2,4-(NQ)2—Ph (C) 2 4 >99
Oppenauer (O) oxidation. Along with the benefits of being highly g g:mgj:gﬂ 8 % <g.5 >gg

chemoselective, the O oxidation employs easily handled organic-
based oxidants and aluminum, an inexpensive and innocuous metal
as key reactants Although discovered in the mid-1936synly

recently have Al-based O oxidation catalysts been reported, albeit

entries 1-9). That a readily available commercial solution of AljMe
in toluene can be employed effectively as the catalyst precursor in
a large-scale benchtop reaction (Table 2, entry 2) makes our protocol

with specialized ligated aluminum complexes and a fairly limited i h h h h
substrate sétHerein, we describe an Oppenauer oxidation protocol Very appeaiing ot € average researcher, who may nothave access
' to either a Schlenk line or a drybox. Remarkably, our protocol even

_that_utlllzes s_lmple organoa_llumlnum corr_lple_xes as prepatalysts thatallows for the use of solid Al(®r) as a precatalyst, albeit with
is highly active and selective for the oxidation of a diverse array

f alcohol substrat in th £ nitril t d much slower kinetics (Table 2, entry 3; also see Supporting
0 "i‘°° o subs “’3? es, even in the prest_ance ornitriies, esters, aml_ esI’nformation). Even in the presence of excess esters, amides, nitriles,
halides, and tertiary alcohols. Most importantly, our protocol is

i dabl | | idati : q h and tertiary alcohols, the oxidation df proceeds in excellent
Easn;;] extephe} e’l to ?][99',““ oxidations performed on the ¢, ergjon (see Supporting Information).
enchtop with facile puri ication. L ) Our oxidation protocol was also applicable for the quantitative
Our recent succe¥sin the application of organoaluminum

: oxidation of hetero-functionalized alcohols. Both furyl and thiophen-
compounds as precatalysts for the Meerwedehmide-Ponndorf- vy o htituents were tolerated (Table 2, entries-18), as was
Verley (MSPV) reduction of ketones suggested that under the right

Y 7 o i - pyridyl, although oxidation ofx-(2-pyridyl)ethanol, 11, was not
conditions a similarly efficient Al-based catalytic O oxidation could possible (Table 2, entries +35), potentially due to chelative

be developed. As the MSPV reduction and O oxidation are mirror jnpinition of the catalyst. Importantly, the mechanistic path#a§
processes selecting a highly reactive aldehyde as the oxidant for 4t the O oxidation does not allow f@& or N-oxidation to occur,
the O oxidation of alcohol should shift the equilibrium toward the demonstrating its inherent chemoselectivity. Additionally, our

desirable oxidation products. On the basis of relative reduction gystem was applicable for the selective oxidation of the alcohol

potentialsi* a series of benzaldehyde derivativés—D) were moiety in a.5-unsaturated alcohols (Table 2, entries 16 and 17),
screened as the hydrogen acceptor in the O oxidation-ti- comprising a chemoselective advantage over transition metal
tylbenzyl alcohol, a difficult-to-oxidize substraté,using only catalysts that operate through metal hydride intermedites.
AlMe; as a precatalyst. Although benzaldehydeA) gave alow  Quantitative oxidation of a variety of°2aliphatic alcohols was

yield (Table 1, entry 1), changing oxidant to the more active 2,6- possible (Table 2, entries +&0), including the facile oxidation
dichloro- B) (Table 1, entry 2) and 2,4-dinitrobenzaldehyd€$ ( of both borneol and isoborneol to camphor (Table 2, entries 21
(Table 1, entry 3) afforded quantitative oxidationeefbutylbenzy! and 22, respectively). The appeal of our system is further
alcohol in short reaction time. The use of 3-nitrobenzaldehi®e ( demonstrated in the smooth oxidation of the alcohol moiety in
(Table 1, entry 4) as the oxidant was most appealing, as it is both (1R 25)-(—)-(N-tbutoxycarbonyl)ephedrine with no racemization of
inexpensive and readily available An added bonus is the easy the a-chiral amino center (see Supporting Information).
removal of exces® and the reduced nitrobenzyl alcohol from Preliminary kinetic data show that 2lcohols are oxidized at a
reaction products for various substrates by simple filtration over dramatically faster rate (at least 3600 times) than corresponding
an alumina plug with hexanes eluent, even on a 10 g scale (seel® alcohols (see Supporting Information). Nevertheless, the oxida-
Supporting Information). Gratifyingly, in the presence of 3 equiv tion of primary alcohols to aldehydes can still be accomplished
of 3-nitrobenzaldehydey-tbutylbenzyl alcohol was quantitatively  easily using our O oxidation protocol. While both benzylic (Table
oxidized to'butyl phenyl ketone in less than 0.5 h (Table 1, entry 3, entries +3) and allylic (Table 3, entry 4)°lalcohols were
5). readily converted to their corresponding aldehydes in short reaction
The O oxidation of various 2alcohols was carried out using  times using 3-nitrobenzaldehyde, this oxidant was not an appropriate
the established conditions of Table 1, entry 5. Excellent yields were hydrogen acceptor for the oxidation of AHliphatic alcohols.
obtained in the oxidation of various Benzylic alcohols (Table 2, However, switching the oxidant to the more active 2,4-dinitroben-
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Table 2. Scope of the Oppenauer Oxidation of 2° Alcohols
o]

j’\“ ON H 10 mol% AlMe; )
R R T toluene, rt R R2 @
D
3 equiv
. GC yield
entry alcohol time (h) lisolated yield]a
Alkyl
1 1 Me <<0.5 >99%
2 OH 1 Me 0.5 >99% [93%) {92%)"
3 "Alkyl 1 Me 2.0° 73%
4 2 ‘Pr 0.5 >99%
5 3 ‘Bu 0.5 >99% [85%]
6 4 CH,Br 0.5 >99%
7 5 Ph 0.5 >99% [88%]
OH
7 X )\ 6 l-napthyl 0.5 >99% [89%)]
9 | J "™ 7 2napthyl 0.5 >99%
10 o 8  2-furyl 0.5 >99
11 7k g\""e 9 2-thiophenyl 0.5 98%
12 X 10 3-thiophenyl 0.5 >99% [84%]
13 OH 11 2-pyridyl 0.5-18 0
14 (\)\Me 12 3-pyridyl 1 >99% [75%]"
15 7 13 4pyrdyl 1 >99%
OH
16 N 14 0.5 >99%
OH
17 N FZ 15 0.5 97% [78%]"
1 12
oH Alkyl' Alkyl
18 ; , 16 hexyl Me 05 >99
19 AT AT 17 By Me 05 >99
20 18 Cy Me 05 >99
21 19  borneol 0.5 >99% [94%]
22 20 isoborneol 0.5

>99% [90%]
OH

a|solated yield based on a 6-mmol oxidation performed on the benchtop
using simple syringe techniques i 2 M solution of AlMes in toluene.
blsolated yield of a 10-g scale reacticrOn the benchtop, in ACS-grade
toluene, with 10 mol % of solid Al(®r) as the catalytic precursdtMinor
loss of yield during purification (see Supporting Information).

zaldehyde readily allowed for the oxidation of this class of alcohols
(Table 3, entries 57).

Excitingly, this is the first example of a simple Al-catalyzed O
oxidation that is applicable for primary aliphatic alcohols, an
unreactive substrate class for Maruoka\§@)-ligated aluminum
catalyst?17 The versatility of our system is apparent through the
facile and selective oxidation d¢f-citronellol (27, Table 3, entry
7), a sensitive primary alcohol that is known to suffer selectivity
issues under other oxidation methatls.

In conclusion, we have demonstrated a highly active Oppenauer
oxidation system comprising catalytic amounts of simple A{Me
precursor and the inexpensive and readily available 3-nitrobenzal-
dehyde oxidant. This system is active for the selective oxidation
of a variety of benzylic, allylic, and aliphatic secondary as well as
primary alcohols. Direct comparison of this system with other
oxidation manifolds shows superior reactivity, selectivity, and cost
advantages (see Supporting Information) relative to other commonly

utilized oxidation processes.
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Table 3. Scope the Oppenauer Oxidation of 1° Alcohols

JOH f 10 mol% AlMe. JO]\
o 3
R RZJ\H toluene, rt R' SH @
CorD
1.2-3 equiv
entr alcohol time oxidant GC yield
y (h) (equiv) [isolated yield]’
OH R
1 21 H 05 D@3 >99% [82%)]
2 R 22 OMe 05 D@3 >99% [90%]
3 23 0.5 D@3 >99%
4 /&/\OH 24 0.5 D@3 >99%
OH
5 >‘A 25 1 C(1.2)  94%[70%]
OH
6 W 26 1 C(.2) >99%
N OH
7 27 1 C(.2) 88%

a|solated yield based on a 6-mmol oxidation performed using standard
Schlenk-line techniques wita 2 Msolution of AlMe; in toluene.P Minor
loss of yield during purification (see Supporting Information).

Research Council of Canada (NSERC) PGS-D2 International
Predoctoral Fellow. B.S.Z. thanks Northwestern University for a
summer URGC research grant. We thank Dr. Daniel Appella (NIH)
and Dr. Steven Goodman (GlaxoSmithKlime) for helpful discus-

sions.
Supporting Information Available: Experimental procedures and

compound characterization data. This material is available free of charge
via the Internet at http:/pubs.acs.org.

References

(1) For examples, see: (a) Lee, T. V.@omprehensie Organic Synthesis
Trost, B. M., Fleming, I., Ley, S. V., Eds.; Pergamon Press: Oxford,
1991; Vol. 7, p 291. (b) Procter, G. Bomprehensie Organic Synthesis
Trost, B. M., Fleming, I., Ley, S. V., Eds.; Pergamon Press: Oxford,
1991; Vol. 7, p 305. (c) Larock, R. C. Ii€omprehensie Organic
Transformations2nd ed.; Wiley-VCH: New York, 1999; p 1234.

(2) (a) Highet, R. J.; Wildman, W. Cl. Am. Chem. Sod.955 77, 4399~
4401. (b) Corey, E. J.; Suggs, J. Wetrahedron Lett1975 16, 2647
2650. (c) Corey, E. J.; Schmidt, Getrahedron Lett1979 20, 399—
402. (d) Menger, F. M.; Lee, O.etrahedron Lett1981, 22, 1655-1656.

(3) Stevens, R. V.; Chapman, K. T.; Weller, H. N.Org. Chem198Q 45,
2030-2032.

(4) Omura, K.; Swern, DTetrahedron1978 34, 1651-1660.

(5) Dess, D. B.; Martin, J. C1. Am. Chem. S0d991, 113 7277-7287. The
Dess-Martin periodinane is known to explode violently under confined
heating Chem. Eng. Newsluly 16th, 1990; p 3).

(6) For a review, see: Sheldon, R. A.; Arends, |. W. C.Catal. Met.
Complexe2003 26, 123-155.

(7) For reviews, see: (a) Djerassi, Synthesisl951 6, 207-272. (b) de
Graauw, C. F.; Peters, J. A.; van Bekkum, H.; HuskenSydthesid 994
1007-1017. (c) Graves, C. R.; Campbell, E. J.; Nguyen, STatrahe-
dron: Asymmetry2005 16, 3460-3468.

(8) Oppenauer, R. VRecl. Tra.. Chim.1937, 56, 137—-144.

(9) (a) Ooi, T.; Otsuka, H.; Miura, T.; Ichikawa, H.; Maruoka, ®rg. Lett.
2002 4, 2669-2672. (b) Ooi, T.; Miura, T.; Itagaki, Y.; Ichikawa, H.;
Maruoka, K.Synthesi2002 279-291.

(10) Campbell, E. J.; Zhou, H.; Nguyen, S.Qrtg. Lett.2001, 3, 2391-2393.

(11) (a) Adkins, H.; Cox, F. WJ. Am. Chem. S0d 938 60, 1151-1159. (b)
Adkins, H.; Elofson, R. M.; Rossow, A. G.; Robinson, C.JCAm. Chem.
Soc.1949 71, 3622-3629.

(12) SooKim, S.; Rajagopal, Gynth. CommurR004 34, 2237-2243.

(13) Although AlMe; is used extensively throughout this study, the less
expensive AlE} can also be used effectively as a precatalyst without
adverse effects.

(14) When purchased in bulk, 3-nitrobenzaldehyde can be bought for $0.10/g
(U.S.) (Aldrich Chemical Co., 500 g scale).

(15) Cohen, R.; Graves, C. R.; Nguyen, S. T.; Martin, J. M. L.; Ratner, M. A.
J. Am. Chem. So004 126, 14796-14803.

(16) Backvall, J.-EJ. Organomet. Chen2002 652, 105-111.

(17) '‘Butyl aldehyde and not 3-nitrobenzaldehyde was used as the oxidant for
this O oxidation protocol.

JA063842S

J. AM. CHEM. SOC. = VOL. 128, NO. 39, 2006 12597





