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The oxidation of alcohols into aldehydes and ketones is of
paramount importance in synthetic organic chemistryhe
plethora of reagents that have been developed to accomplis
this reaction is testimony to its importanteJnfortunately, one
or more equivalents of these, often hazardous or toxic, oxidizing
agents are usually required. From an economical and environ-
mental viewpoint, catalytic oxidation processes are thus ex-
tremely valuable and those employing molecular oxygen or air
are particularly attractivé. However, few efficient, catalytic,
aerobic oxidations are known that proceed under mild conditions
and are amenable to the preparation of fine chemicals.

We have recently reported a copper-catalyzed oxidation
system which employs molecular oxygen or air as the ultimate,
stoichiometric oxidant. Using this method, alcohols are
smoothly converted into carbonyl compounds in good yields
and water is released as the only byproduct. During optimiza-
tion of this procedure, we decided to investigate the ability of
other metallic species to catalyze the aerobic oxidation of
alcohols into ketones and aldehydes. Our preliminary studies
focused on the use of various ruthenium salts (Figure 1).

The propensity of ruthenium complexes to transform alcohols
into carbonyl derivatives has been well documer§tédl. In
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many cases, the stoichiometric oxidant used in these processes
is either an amin&l-oxide, an iodosobenzene derivative, a per-
oxide, or a combination of oxygen and an aldehyde. In this
latter case, 1 equiv of a carboxylic acid is also produdeeew
ruthenium-catalyzed oxidations of alcohols into carbonyl deriva-
tives are known that employ molecular oxygen as the ultimate
oxidant.

In 1978, Tang and co-workers reported that hydrated RuCl
catalyzed the aerobic oxidation of secondary alcohols into
ketones, albeit in modest yield3. Subsequently, Matsumoto

thas revealed that RueH;0 is an effective catalyst for the

transformation of allylic alcohols into enals and enoteddore
efficient catalysis can be achieved by the use of trinuclear
ruthenium complexes. These organometallics have been shown
by Drago to oxidize a variety of simple alcohols into aldehydes
and ketones under a 40 psi 0.8 Finally, the elegant work

of Backvall, which uses a combination of cobalt and ruthenium
catalysts for the oxidation of some allylic and benzylic alcohols,
is also a notable contribution to this area of reseatch.

The eagerness of Cu(l) salts to react with &d generate
bis-copper peroxidé% coupled with the ability of Ru(VII)
complexes to smoothly oxidize a range of alcohols prompted
us to investigate this bimetallic combination. For our initial
experiments, we selectgechlorobenzyl alcohoB as the test
substrate and reacted it in toluene, under a stream of oxygen,
with catalytic quantities of ruthenium salts, in the presence of
copper(l) ions and base. The results of these studies are
collected in Table 1.

When commercially available tetrapropylammonium perru-
thenate (TPAP; 5 mol %) was added to a suspension of CuCl
Phen (5 mol %), KCOs (200 mol %), and 1,2-bis(ethoxycar-
bonyl)hydrazine (DEADH 25 mol %) in toluene, and the
oxidation was performed as described previodshn 80%
conversion of3 into 4 was realized within 2.5 h (entry 1). This
success prompted us to investigate the need for all of the com-
ponents of this mixture for the oxidation process. Omission of
DEADH; led to an improvement in catalyst activity and com-
plete conversion of the alcohol took place within the same reac-
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Table 1. Aerobic, Ruthenium-Catalyzed Oxidation of Table 2. Ruthenium-Catalyzed Aerobic Oxidation of Alcohols
p-Chlorobenzyl Alcohol

[Ru] 5 mol %

CIOCHZ-OH — Cl CHO
Additives, Oy

3 Toluene / 70-80°C 4 1 CIOCHZOH CIOCHO 81% ®

Entry Substrates Products Yields @

Entry [ Ru ] Additives Conversion® Time
® o 2 PR "0H Ph/\/CHo 70% ®
1 PrN  RuO, CuCl.Phen (5 mol %) 80% 25h
DBADH, (25 mol %) on o
K2COjy (200 mol %) 3 )\ Py oo ®
2 Pr4N® Ruo O CuCl.Phen (5 mol %) 100% 25h Cotg™ "CHy Cothis™ "CHy
K2COj ( 200 mol %)
4 CgH1gCH,0H CgH1gCHO 73% ©

® o
3 PN RuO, K,CO3 (200 mol %) 100% 1h

5 )\/\)\AOH J\/\/K/CHO 80% (@

4 Pr4N® lrzuo,e 4R Ms 100% 30 min
6 )\/\)\k /K/\)\ 74% ©
aThe conversion was measured by 1H NMR spectroscopy and by OH cHo
capillary GC analysis. o o
. . . ) 7 Ph/u\rPh o )S(Ph 89% ®
tion time (entry 2). Removing the Cu®hen complex sig- OH !
nificantly enhanced the rate of oxidation 8finto 4 without ° o
affecting the conversion to aldehyddentry 3). Thus, in con- 8 . J\(Bu Bu 56% O
trast to our earlier assumptionide suprg, the presence of the ! OH Bu I
copper complexas a retarding effeain the oxidation process.
Finally, we achieed a quantitatie transformation o8 into 4, 9 4 s\ OH [ S\ cHo 64% ®
in less than half an hour, using TPAP in the presence of O
and 4A MS(entry 4)17 This remarkably simple procedure was 10 - QOH By _<:>§o 58% @

then applied to a range of representative alcohols (Table 2).

As can be seen from Tab'? 2,_ben_zy|ic, allylic, and se_condary aAll yields are for pure, isolated productsThe conversion is
alcohols undergo Smooth oxidation into the corresponding alde- guantitative.° The reaction was performed without molecular sieves,
hydes and ketones (entries-3, 5-6, and 10). Whereas gera- in refluxing toluene, and proceeded with a 94% conversidine
niol affords geranial without isomerization of the conjugated reaction was performed in 1,2-dichloroethane, at reflux, without
C—C double bond, nerol gives neral with minor erosion of the molecular sieves. The conversion was quantitative, and no double bond
geometric integrity of the alkene (entries 5 and 6). It is note- isomerization occurred.The reaction was carried out in 1,2-dichlo-
worthy that these reactions proceed faster and with improved roethane, at reflux, and proceeded in 88% conversion. Some geranial

. . : X was also detectec5%). f Pentanoic acid could also be isolated in
yields in 1,2-dichloroethane as compared to those in tolééne. low yield (<10%).9 A 73% conversion was realized under the standard

Remarkably, the catalyst is compatible with a range of hetero- conditions. The recovered starting material amounted to 20%.
atoms, including sulfur heterocycles (entry'®)The oxidation

of a-ketols produces 1,2-diketones with no overoxidation in the gigehydes and keton@s. To the best of our knowledge, this

case of benzoin (entry 7). Some cleavage could be observed,sye| procedure superseeds any previously reported aerobic,
for the dibutyl derivative (entry 8). Primary aliphatic alcohols  catalytic oxidations of alcohols by virtue of its simplicity,
are smoothly converted into the corresponding aldehydes in goodgficiency, and versatility. Although much work still remains,

yields (entry 4). H(?g\/vever, the reaction has to be performed in 4 and'ecologically benign aerobic oxidations of alcohols now
the absence of 4 A MS. The reason for this behavior is not - 35564y to be within reach.

clear at present.

It is noteworthy that smaller amounts of TPAP could be used  Acknowledgment. This paper is dedicated with deep respect to
in this process, though the reaction becomes more Slugg|sh FO,PI’Ofesso_rS S. V. Ley and W P. Griffith. Financial support of thlS work
example, whereas the oxidation®fo aldehydet is complete was prOVIde by Zeneca Limited, through _the Zeneca Strategic Research
within 30 min under standard conditions (5 mol % TPAP), about 2:1u9n9d4_lfg';\g;§ grateful to Zeneca for receiving the Zeneca Fellowship
18 h are required to afford the same yielddaf only 1 mol % '

TPAP is employed® Quite remarkably, the catalyst remains JA973227B

active even after this extended period of time. — - — -
. (20) While this process proved rather insensitive to changes in concentra-
In summary, we have discovered that TPAP can be used astion, a small increase in temperature resulted in a dramatic improvement in
an effective catalyst for the aerobic oxidation of alcohols to the reaction rate and the conversio8snto 4, 20 °C, 55% conversion, 2.5
h; 50°C, >98% conversion, 2.5 h).

(17) Other ruthenium salts, e.g., R4CRUChL(PPh),, KRuOs, and (21) Typical experimental procedure, preparation pthlorobenz-
BusNTRuQ,~, were also tested and proved to be less efficient than TPAP. aldehyde: A suspension of TPAP (48 mg, 6.125 mmol, 0.05 equiv) and
(18) The nature of the solvent appears to be critical to the success of powdered, activate4 A MS (200 mg) in toluene (12 mL) was stirred for

these aerobic oxidations. While GEl, or CHsCN are commonly used for 2—3 min. p-Chlorobenzyl alcohol (0.27 g, 2.5 mmol) was added, and a

the TPAP/NMO protocol, rapid catalyst deactivation occurs under our gentle current of oxygen was passed through the dark susperisian

aerobic procedure if C¥CI, or CHsCN is employed as the solvent. Toluene  glass-inlet tube. The reaction mixture was heated at®D°C. After 30

and fluorobenzene proved to be the solvents of choice, though 1,2- min, TLC (SiQy; EtOAc/petrol= 1:4; R(3) = 0.48,R¢(4) = 0.80) indicated

dichloroethane could be superior at times. the complete disappearance of the starting material and the mixture was
(29) In addition to entry 9, pyridine-3-methanol is smoothly converted cooled to room temperature. The suspension was filtered through a pad of

into pyridine-3-carboxaldehyde. Attempted ruthenium-catalyzed oxidations Celite, and the pad was further washed with CH/hexane (1:1). The

of triphenylphosphineN-methylmorpholine, and thioanisole to the corre- combined filtrates were carefully evaporated under reduced pressure, and

sponding oxides resulted in quantitative recovery of the starting materials. the product was further purified by column chromatography on silica gel,

This observation suggests that the aerobic oxidation proceeds probably byusing CHCl./hexane (1:1) as eluent, to give the title compound (0.23 g,

a dehydrogenation mechanism rather than an oxygen transfer process. Th&1% yield).IH NMR (CDCls, 300 MHz): oy 9.98 (1H, s), 7.82 (2H, d]

reaction also tolerates a range of protecting groups, such as benzyl and= 8.4 Hz), 7.50 (2H, dJ = 8.4 Hz).13C NMR (CDCk, 75.5 MHz): dc

silyl ethers. 191.3, 141.5, 135.4, 131.5, 130.0.




