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Abstract: The catalytic dehydrogenation of alcohols
to carbonyl products is a green sustainable oxidation
with no production of waste except for hydrogen,
which can be an energy source. Additionally, a reusa-
ble heterogeneous catalyst is valuable from the view-
point of process chemistry and water is a green sol-
vent. We have accomplished the palladium on
carbon (Pd/C)-catalyzed dehydrogenation of primary
alcohols to carboxylic acids in water under a mildly
reduced pressure (800 hPa). The reduced pressure
can be easily controlled by the vacuum controller of

the rotary evaporator to remove the excess of gener-
ated hydrogen, which causes the reduction (reverse
reaction) of aldehydes to alcohols (starting materi-
als) and other undesirable side reactions. The present
method is applicable to the reaction of various ali-
phatic and benzylic alcohols to the corresponding
carboxylic acids, and the Pd/C could be reused at
least 5 times.

Keywords: carboxylic acids; dehydrogenation; pri-
mary alcohols; reduced pressure; water

Introduction

The oxidation of alcohols to carbonyl products is im-
portant in organic chemistry.'! Especially, the transi-
tion metal-catalyzed dehydrogenation of hydroxy
groups is an attractive method to provide the corre-
sponding carbonyl products with less waste except for
hydrogen gas,”*® and various homogeneous? and het-
erogeneous catalysts!* have been used for the dehy-
drogenation of secondary and primary alcohols to the
corresponding ketones and aldehydes. The direct
transformation of a primary alcohol to the carboxylic
acid via the double dehydrogenation process requires
additional water to form the corresponding hydrate as
an intermediate (A, Scheme 1) from the aldehyde
generated by the first dehydrogenation of a primary
alcohol. The pioneer reaction was developed by Mil-
stein et al. using the homogeneous Ru catalyst in
water,’! and we also recently reported the heteroge-
neous and reusable Rh/C-catalyzed method in water
as a non-flammable, clean, cheap and environmentally
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benign solvent (Scheme 1).[) While the secondary al-
cohols were efficiently transformed into ketones
under the stated reaction conditions (Rh/C-base-
H,0; Figure 1, style I), the reaction of primary alco-
hols (1) produced lower yields of carboxylic acids (2)
accompanying by the decarbonylation'” of the inter-
mediate aldehydes (3) to the corresponding alkanes

10% Rh/C, NaOH

OH H,O R + R-H
Ar, 100 °C, 24 h 2 4
then acidic quench (low yields)

1
H20 % H
OH 2
‘J_, o-CHO AN o |— co

-

H, 3 A

Scheme 1. Previous results: Rh/C-catalyzed double dehydro-
genation of the primary alcohol (1) into the carboxylic acid
(2) in a test tube under atmospheric pressure of argon (Style

0.

_COH

R/\
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Style | ' Style I &=

under reduced pressure
by vacuum controller

Figure 1. Reaction styles in a test tube under argon (Style I)
and a flask connected to a reflux condenser and vacuum
controller (Style II).

(4) as a side reaction. The undesirable side reaction
can be promoted by Rh/C in the presence of excess
hydrogen. Additionally, hydrogen stored in the reac-
tion vessel could facilitate the hydrogenation (reverse
reaction) of the intermediate aldehyde to the corre-
sponding alcohol (starting material), which delays the
consumption of the aldehyde to the carboxylic acid
and promotes the undesired decarbonylation of the
aldehyde. Therefore, we next investigated the contin-
uous removal of hydrogen generated by the dehydro-
genation of the alcohol (1) and hydrate (A) under re-
duced pressure by the vacuum controller of a rotary
evaporator (Figure 1, Style II).

Table 1. Optimization under reduced pressure (Style II).
10% Rh/C (20 mol%)

Results and Discussion

The dehydrogenation of 6-phenyl-1-hexanol (1a) as
a primary alcohol was initially investigated in the
presence of 10% Rh/C (20mol%) and NaOH
(2.2 equiv.) in H,O at 100°C under a mildly reduced
pressure (Table 1). The reaction, carried out in a flask
connected to a reflux condenser or test tube under
ambient pressure (1013 hPa), gave the corresponding
carboxylic acid (2a) in 38% yield within 6 h or 50%
yield after 24 h accompanied by the undesirable 1-
phenylpentane (4a)®! resulting from the decarbonyla-
tion of 6-phenyl-1-hexanal (3a), respectively (entries 1
and 2). The use of Pd/C in a test tube (style I) also
provided a similar result in comparison with that of
Rh/C (entries 3 vs. 2). Hydrogen generated during the
reaction progress could be removed under reduced
pressure at 900 and 800 hPa and 2a was obtained in
good vyields (entries 4 and 5).” Further reduction of
the pressure to 700 and 300 hPa decreased the reac-
tion efficiency of the dehydrogenation and 1a was not
completely consumed (entries 6 and 7). The generated
hydrogen also probably plays a role in activating the
catalyst metal, '] thus significant removal of hydro-
gen from the reaction system delays the Rh/C-cata-
lyzed dehydrogenation step. The dehydrogenation
also smoothly proceeded at 80°C under 800 hPa to
provide 2a in 81% yield (entry 9). Meanwhile, the de-
hydrogenations at 60°C, room temperature and
120°C resulted in dramatically decreased reaction ef-
ficiency (entries 10-12).

1a (0.25 mmol) than ;circ?ic)quench 2a 3a 4a
Entry Pressure [hPa] Temperature [°C] Time [h] Yield [%]®
1a 2a 3a 4al

1 1013 100 6 20 38 4 7
2lel - 100 24 0 50 0 10
3led] - 100 24 0 51 0 2
4 900 100 6 0 80 0 11
5 800 100 6 0 76 0 13
6 700 100 6 43 33 0 12
7 300 100 6 41 10 0 0
8 900 80 6 24 58 0 6
9 800 80 6 0 81 0 0
10 800 60 6 69 11 0 1
11 800 r.t. 6 87 0 0 0
12 800 120 6 42 16 0 13

[l Yields were determined by "H NMR using 1,4-dioxane as the internal standard.
[’} Alkane 4a was comparatively easily vaporized under reduced pressure. Therefore, the yield of 4a may be incorrect due to

its loss during the reaction process.
[l The reaction was carried out in a test tube (Style I).
@' 10% Pd/C was used instead of 10% Rh/C.
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Table 2. Efficiency of catalysts and bases.

catalyst (X mol%)

base (2.2 equiv.) Ph_ _CO-H Ph, , CHO Ph

PPt o H,0 (1 mL) BT T + M
1a (0.25 mmol) 800 hPa, 80 °C, 6 h 2a 3a 4a

then acidic quench

Entry Catalyst X Base Yield [% ]!
1a 2a 3a 43!

1 10% Rh/C 20 NaOH 0 81 0 0
2 10% Pd/C 20 NaOH 0 86 0 5
3 10% Pt/C 20 NaOH 0 74 0 0
4 10% Ru/C 20 NaOH 48 46 0 5
5 10% Rh/C 5 NaOH 42 52 0 4
6 10% Pd/C 5 NaOH 4 88 0 4
7 10% Pd/C 5 KOH 14 75 1 1
8 10% Pd/C 5 LiOH 32 50 3 0
9 10% Pd/C 5 Na,CO; 48 40 4 4
10 10% Pd/C 5 NaHCO; 72 19 7 0
11 10% Pd/C 5 - 94 2 4 0
121 10% Pd/C 5 NaOH 10 76 0 1
13 10% Pd/C 1 NaOH 25 50 0 1
1414 10% Pd/C 5 NaOH - 95!l - -

4] Yields were determined by "H NMR using 1,4-dioxane as the internal standard.
] Alkane 4a was comparatively easily vaporized under reduced pressure. Therefore, the yield of 4a may be incorrect due to

its loss during the reaction process.
1 1.1 equiv. of NaOH was used.
' For 9 h.
¢l Isolated yield.

Various platinum metals on carbon (e.g., Pd/C, Rh/
C, Ru/C and Pt/C) were found to also possess a cata-
lyst activity for the dehydrogenation of alcohols.!"l
The double dehydrogenation of a primary alcohol at
80°C wunder 800hPa in the presence of NaOH
(2.2 equiv.) was efficiently catalyzed by 20 mol% of
10% Rh/C, Pd/C and Pt/C, except for Ru/C (Table 2,
entries 1-4), and the lower catalyst loading of 10%
Pd/C (5 mol%) still maintained a high catalyst activity
(entry 6), while the use of 5mol% of Rh/C signifi-
cantly delayed the dehydrogenation (entry5). KOH,
LiOH, Na,CO; and NaHCO;, instead of NaOH, were
insufficient as a base (entries 7-10) and the reaction
without a base hardly proceeded (entry 11). The re-
duction of NaOH used to 1.1 equiv. or the further de-
crease of Pd/C to 1 mol% resulted in lower yields of
2a. Therefore, the combination of 10% Pd/C
(5 mol% )-NaOH (2.2 equiv.) under 800 hPa at 80°C
was optimum!”? and prolonging the reaction time to
9 h provided 2a in 95% isolated yield (entry 14).

The present reaction under reduced pressure was
applied to various aliphatic and benzylic alcohols
(Table 3). Decanol (1b) as a simple aliphatic alcohol
and various benzyl alcohols (1c-1j) bearing electron-
donating and electron-withdrawing groups on the aro-
matic nuclei underwent the double dehydrogenation
to the corresponding aliphatic carboxylic acid and
benzoic acid derivatives in good to excellent yields
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(entries 1-9). During the dehydrogenation process,
the generated hydrogen may cause the Pd/C-catalyzed
hydrogenation of the coexisting reducible functionali-
ties within the same molecule. While aromatic fluo-
ride and nitro groups were totally tolerated under the
present reaction conditions (entries 7 and 9), an aro-
matic chloride was reductively dechlorinated to give
benzoic acid (2¢; entry 8). The yields were dramatical-
ly improved in comparison to our previous Rh/C-cata-
lyzed reactions in a test tube (Style I; e.g., 2b: 53%,
2¢: 54%, 2d: 44%, 2e: 38%, 2g: 23% and 2h: 33%).1""!
10-Acetoxy-1-decanol (1k) underwent the NaOH-
mediated hydrolysis, and the diol was dehydrogenated
to give the corresponding dicarboxylic acids (2k). Fur-
thermore, the reaction of aldehydes (3b and 3c¢) was
also applicable to provide the corresponding carbox-
ylic acids (2b and 2¢) in quantitative yields, respec-
tively (entries 11 and 12).

The reuse of the heterogeneous catalysts is impor-
tant from the viewpoint of green sustainable chemis-
try. The Pd/C could be reused at least 5 times after
simple filtration, washing with H,O and MeOH, then
drying [Eq. (1)]. Under the present dehydrogenation
in basic media, the carboxylic acids as products were
isolated after acidic quench with aqueous 1N H,SO,.
The acidic quench before the filtration of Pd/C causes
a slight leaching of Pd (2%) from the carbon support
as based on an ICP-OES analysis. Meanwhile, the
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Table 3. Scope of the substrates.
10% Pd/C (5 mol%)

RoH o gCHO NaOH (2.2 equiv.) < COzH
1 (0.25 mmol) ] H,0 (1 mL)
3(0.25mmol) - g00 hpa, 80 °C 2
then acidic quench
Entry Substrate Product Yield (Time)
CO5H
168l % OH 2 84% (12 h)
1b 2b
OH CO,H
2lal @ ©/ quant. (6 h)
1c 2c
3[3] n-C4Hg n-C4Hg 88% (6 h)
1d 2d
4lal /©/ quant. (6 h)
MeO MeO
1e 2e
MeO MeO
CO,H
5 ©A OH ©/ 2 quant. (6 h)
1f 2f
MeO MeO
CO,H
glal /@ﬁOH ©/ 2 66% (6 h)
MeO MeO
19 29
CO,H
OH
7tal g O 86% (6 h)
F F
1h 2h
OH CO,H
8 g ©/ 55% (6 h)
Cl
1i 2c
OH CO.H
9 77% (6 h)
OzN OZN

1j 2

10t AcO” s “OH HO2C4COH 90% (12 h)
1k 2k
" O o OaH 99% (6 h)
3b 2b
CHO CO,H
12 ©/ ©/ quant. (6 h)
3c 2c

[] The Rh/C-catalyzed dehydrogenation of 1b-le and 1g,
1h in a test tube (Style I; at 100°C for 24 h) gave low
yields (2b: 53%, 2¢: 54%, 2d: 44%, 2e: 38%, 2g: 23%
and 2h: 33%), respectively.

] 4 equiv. of NaOH were used.

acidic quench of the resulting filtrate after filtration
could eliminate the problem and the Pd/C could be
reused without leaching [Eq. (2)].

During the dehydrogenation of primary alcohols
under reduced pressure, oxygen (O,) as a component
of the air could be an oxidant for the alcohols. The
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FULL PAPERS
NaOH (2.2 equiv.)

©/\OH ©/COQH 1
H,O (1)
1c 800 hPa, 80 °C, 24 h 2c

then acidic quench of the reaction mixture
and subsequent filtration

15t >99%, 2Md: >99%, 3™ 99%, 4t": 95%, 5: >99%

CO.H
gOH same as above conditions ©/ ? (2)

1c 2c
then filtration
and subsequent acidic quench of the filtrate
1st: >97%, 2nd: >99%

transition metal-catalyzed oxidation of alcohols using
O, is also a green process to obtain carbonyl products
accompanied with H,O as the only byproduct.l*¢
The reaction of 1-decanol (1b) without Pd/C never
proceeded [Eq. (3)] and the reaction efficiency of Pd/
C under argon was even better in comparison to that
under O, conditions in a test tube (Style I) [Eq. (4)].
Therefore, the first conversion step of the alcohol to
the aldehyde is considered to mainly proceed by the
Pd/C-catalyzed dehydrogenation. Furthermore, 1-dec-
anal (3b) was completely transformed to decanoic
acid (2b) in H,O without Pd/C and NaOH under
800 hPa at 80°C,'”) while the addition of NaOH
rather delayed the transformation of 3b to 2b [Eq.
(5)]. Meanwhile, the reaction in the presence of Pd/C
efficiently proceeded in aqueous basic media as
shown in Table 3, entry 11. Since the di-'*O-labeled
product was efficiently obtained by using H,"O in-
stead of H,'°O, the present transformation of 3b to 2b
mainly proceeded by the dehydrogenation of the in-
termediate hydrate (A’) derived from 3b [Eq. (6)].
While the formation of the hydrate (A’) is an equilib-
rium reaction, the reaction demonstrates a tendency
to converge on the '®O-labeled intermediate (A’) due
to the isotopic effect. Under the O, oxidation of the
aldehyde, the non-labeled 3b can be transformed to
80-labeled 3b’ via the hydrate (A’), and 3b’ is theo-
retically converted to the mono-'"O-labeled 2b ac-
cording to a previous paper.'” Nevertheless, the
di-'*O-labeled 2b was actually obtained as the main
product under the Pd/C-NaOH-H,"™0O conditions
[Eq. (6)]. The '®O-labeling reaction using 2b as a sub-
strate under the same reaction conditions never pro-
ceeded [Eq. (7)]. Therefore, in the present reaction,
the two continuous transformations of alcohol to alde-
hyde and aldehyde to carboxylic acid mainly pro-
gressed based on the Pd/C-catalyzed dehydrogena-
tion.!"*!

It is noteworthy that the present dehydrogenation
could be accomplished using a normal evaporator
equipment [Eq. (8), a photograph is also shown in the
Supporting Information]. Namely, benzyl alcohol (1¢;
5 mmol), 10% Pd/C (5 mol% ), NaOH (2.2 equiv.) and
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with or without NaOH (2.2 equiv.)

H,O (1 mL)
800 hPa, 80 °C, 12 h

10% Pd/C (5 mol%)

% “OH

1b (0.25 mmol)

no reaction (3)

YO NeOH(@2equiv)  NpCOM ~pCHO )
1b (0.25 mmol)  H20 (1 mL) 2b 3b
80 °C, 6 h (Style I)
in Ar balloon: 1b/2b/3b = 23/60/6 (%)
in O, balloon: 1b/2b = 51/33 (%)
CHO additive CO,H
s H,0 (1 mL) Rz ®)

3b (0.25 mmol
(025 mmol) o) hpa, 80 °C. 6 h 2b

additive: none ; 3b/2b = 1/98 (%)
NaOH (2.2 equiv.); 3b/2b = 1/68 (%)
10% Pd/C (5 mol%) 18
NaOH (2.2 equiv.) NS AL ©)
97%

H,'80 (0.3 mL)
3b 0 1 mmol) o hPa, 80 °C, 6 h di (and mono) - -180 labeled 2b

mono-180 labeled 2b
16or180H 4_\(\/yCH180 l‘\ 0, H,

CHO

18OH

10% Pd/C (5 mol%)

CO,H  NaOH (2.2 equiv.) C180,H
% H,'%0 (0.3 mL) ™ (7)
2b (0.1 mmol) not labeled

800 hPa, 80 °C,6 h

H,O (20mL) in a 100-mL egg plane flask without
a stirring bar attached with an evaporator equipment
was rotated under 800 hPa at 80°C (external oil bath)
for 6 h. Consequently, the desired benzoic acid (2¢)
was obtained in 80% yield.

©»0H

1c (5 mmol)

10% Pd/C (5 mol%)
NaOH (2.2 equiv.)
H,0O (20 mL)
800 hPa, 80 °C, 6 h
using evaporator equipment

©/002H ®

2c; 80%

Conclusions

The clean dehydrogenation of primary alcohols to car-
boxylic acids has been accomplished using the hetero-
geneous, reusable and easily available Pd/C in water
under 800 hPa at 80°C. The present method could be
achieved by the gentle removal of the hydrogen gen-
erated during the double dehydrogenation steps. This
is the first efficient oxidation of primary alcohols to
carboxylic acids using a heterogeneous catalyst under
a gentle reduced pressure and could be verified as
a valuable methodology in organic synthesis.
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Experimental Section

General Procedure

The primary alcohol (0.25mmol), 10% Pd/C (13.4 mg,
1.25 ymol), NaOH (22.2 mg, 0.55 mmol) and H,O (1 mL)
were mixed in a flask, in which pressure was reduced to
800 hPa using the vacuum controller of an evaporator (see
the photo given in the Supporting Information). After stir-
ring the reaction mixture at 80°C for the appropriate time,
the reaction mixture was quenched with 1N aqueous H,SO,
and passed through a membrane filter (Millipore, Millex-
LH, 0.20 pm) to remove the Pd/C. The filtrate was extracted
with diethyl ether (10 mL) and H,O (10 mL), then the aque-
ous layer was further extracted with diethyl ether (10 mL x
4). The combined organic layers were dried over anhydrous
MgSO,, filtered and concentrated under vacuum. The resi-
due was purified by silica-gel column chromatography using
n-hexane/EtOAc as the eluent, if necessary.

Acknowledgements

We thank the N.E. Chemcat Corporation for the kind gift of
catalysts.

References

[1] a) R. A. Sheldon, J. K. Kochi, Metal-Catalyzed Oxida-
tions of Organic Compounds, Academic Press, New
York, 1981; b) S. V. Ley, A. Madin, in: Comprehensive
Organic Synthesis, Vol. 7 (Eds.: B. M. Trost, 1. Fleming,
S. V. Ley), Pergamon, Oxford, 1991, p 251; c) G. Tojo,
M. Fernandez, Oxidation of Primary Alcohols to Car-
boxylic Acids: A Guide to Current Common Practice,
Springer, New York, 2010.

[2] Review, see: C. Gunanathan, D. Milstein, Science 2013,
341, 6143.

[3] For recent selected papers of the acceptorless dehydro-
genation of alcohols, see: Ru catalyst; a)J. Zhang, M
Gandelman, L.J. W. Shimon, H. Rozenberg, D. Mil-
stein, Organometallics 2004, 23, 4026-4033; b) W.-H.
Kim, I. S. Park, J. Park, Org. Lett. 2006, 8, 2543-2545;
¢)J. V. Buijtenen, J. Meuldijk, J. A.J. M. Vekemans,
L. A. Hulshof, H. Kooijman, A. L. Spek, Organometal-
lics 2006, 25, 873-881; d)J. Zhang, M. Gandelman,
L. J. W. Shimon, D. Milstein, Dalton Trans. 2007, 107—
113; e) S. Muthaiah, S. H. Hong, Adv. Synth. Catal.
2012, 354, 3045-3053; f) X. Yang, ACS Catal. 2013, 3,
2684-2688. Ir catalyst; g) K. Fujita, N. Tanino, R. Ya-
maguchi, Org. Lett. 2007, 9, 109-111; h) S. Musa, 1. Sha-
poshnikov, S. Cohen, D. Gelman, Angew. Chem. 2011,
123, 3595-3599; Angew. Chem. Int. Ed. 2011, 50, 3533~
3537; i) R. Kawahara, K. Fujita, R. Yamaguchi, J. Am.
Chem. Soc. 2012, 134, 3643-3646; j) G. Zeng, S. Sakaki,
K. Fujita, H. Sano, R. Yamaguchi, ACS Catal. 2014, 4,
1010-1020. Co catalyst; k) G. Zhang, K. V. Vasudevan,
B. L. Scott, S. K. Hanson, J. Am. Chem. Soc. 2013, 135,
8668-8681.

asc.wiley-vch.de 5

These are not the final page numbers! 77


http://asc.wiley-vch.de

Advanced

Catalysis

Synthesis &

Yoshinari Sawama et al.

FULL PAPERS

(4]

[10]

6

Although various heterogeneous transition metal cata-
lysts are available to provide ketones and aldehydes,
the use of organic solvents, such as toluene and xylene,
was always required; Ag catalyst; a) T. Mitsudome, Y.
Mikami, H. Funai, T. Mizugaki, K. Jitsukawa, K.
Kaneda, Angew. Chem. 2008, 120, 144-147; Angew.
Chem. Int. Ed. 2008, 47, 138-141; b) K. Shimizu, K.
Sugino, K. Sawabe, K. Satsuma, Chem. Eur. J. 2009, 15,
2341-2351; Au catalyst; c) W. Fang, Q. Zhang, J. Chen,
W. Deng, Y. Wang, Chem. Commun. 2010, 46, 1547-
1549; Cu catalyst; d)T. Mitsudome, Y. Mikami, K.
Ebata, T. Mizugaki, K, Jitsukawa, K. Kaneda, Chem.
Commun. 2008, 4804-4806; e) D. Damodara, R. Ar-
undhathi, P. R. Likhar, Adv. Synth. Catal. 2014, 356,
189-198; Co catalyst; f) K. Shimazu, K. Kon, M. Seto,
K. Shimura, H. Yamazaki, J. N. Kondo, Green Chem.
2013, 15, 418-424; Pt catalyst; g) K. Kon, S. M. A. Ha-
kim Siddiki, K. Shimizu, J. Catal. 2013, 304, 63-71; Ni
catalyst; h) K. Shimizu, K. Kon, K. Shimura, S. S. M. A.
Hakim, J. Catal. 2013, 300, 242-250.

E. Balaraman, E. Khaskin, G. Leitus, D. Milstein, Nat.
Chem. 2013, 5, 122-125.

Y. Sawama, K. Morita, T. Yamada, S. Nagata, Y. Yabe,
Y. Monguchi, H. Sajiki, Green Chem. 2014, 16, 3439-
3443.

Decarbonylation using an aldehyde or alcohol was re-
ported, see: a) M. Kreis, A. Palmelund, L. Bunch, R.
Madsen, Adv. Synth. Catal. 2006, 348, 2148-2154;
b) E. P. K. Olsen, R. Madsen, Chem. Eur. J. 2012, 18,
16023-16029; c) B. Rozmyslowicz, P. Miki-Arvela, A.
Tokarev, A.-R. Leino, K. Eridnen, D. Y. Murzin, Ind.
Eng. Chem. Res. 2012, 51, 8922-8927; d) B. Peng, C.
Zhao, S. Kasakov, S. Foraita, J. A. Lercher, Chem. Eur.
J. 2013, 19, 4732-4741.

Alkane 4a was comparatively easily vaporized under
reduced pressure. Therefore, some amount of 4a may
be lost during the reaction and work-up process. Other
by-products could not be identified, because nothing
derived from the substrate was observed even in the
cold vacuum trap of the evaporator.

Ar bubbling to remove the generated hydrogen in
a test tube could not improve the reaction efficiency,
because the hydrogen gas, which is required to activate
the palladium, may also be removed from the reaction
system. It is the same reason in the case of results for
the 700 and 300 hPa conditions (Table 1, entries 6 and
7). The reaction of 1a (0.25 mmol) in the presence of
Pd/C (5 mol%) and NaOH (2.2 equiv.) in H,O (1 mL)
at 80°C for 6 h in a test tube under Ar bubbling condi-
tions gave the desired carboxylic acid (2a) in 25%
yield, and 65% of 1a was recovered.

We have developed various reduction or deuteration
methods using the platinum metal on carbon-catalyzed
redox reaction of secondary alcohols, and the activation
of metals by hydrogen was found to be important, see:
a) H. Esaki, R. Ohtaki, T. Maegawa, Y. Monguchi, H.
Sajiki, J. Org. Chem. 2007, 72, 2143-2150; b) T. Maega-
wa, A. Akashi, K. Yaguchi, Y. Iwasaki, M. Shigetsura,
Y. Monguchi, H. Sajiki, Chem. Eur. J. 2009, 15, 6953—
6963; c¢)Y. Sawama, Y. Yabe, M. Shigetsura, T.

(11]

[12]

[13]

[14]

[15]

[17]

Yamada, S. Nagata, Y. Fujiwara, T. Maegawa, Y. Mon-
guchi, H. Sajiki, Adv. Synth. Catal. 2012, 354, 777-782;
d) Y. Sawama, Y. Monguchi, H. Sajiki, Synlett 2012, 23,
959-972; e) Y. Sawama, T. Yamada, Y. Yabe, K.
Morita, K. Shibata, M. Shigetsura, Y. Monguchi, H.
Sajiki, Adv. Synth. Catal. 2013, 355, 1529-1534; f) Y.
Yabe, Y. Sawama, Y. Monguchi, H. Sajiki, Catal. Sci.
Technol. 2014, 4, 260-271.

For reviews on hydrogen complexes with transition
metals, see: a) G.J. Kubas, Acc. Chem. Res. 1988, 21,
120-128; b) R. H. Crabtree, Acc. Chem. Res. 1990, 23,
95-101; c) D.M. Heinekey, W.J. Oldham Jr, Chem.
Rev. 1993, 93, 913-926; d) S. S. Stahl, J. A. Labinger,
J. E. Bercaw, Inorg. Chem. 1998, 37, 2422-2431; ¢) J. H.
Pacheco, A. Bravo, Rev. Mex. Fis. 2006, 52, 394-397.
All the heterogeneous catalysts shown in Table 2 can
be obtained from the N.E. Chemcat Corporation. Al-
though the 10% and 5% Pd/C purchased from Aldrich
were also effective for the transformation of 1a to 2a in
H,O in the presence of NaOH (2.2 equiv.) under
800 hPa at 80°C, the catalyst activities were slightly
lower and longer reaction times were required to com-
plete the reaction (10% Pd/C: 86% of 2a after 12 h,
5% Pd/C: 88% of 2a after 12 h).

Rh/C exhibits a better catalyst activity in comparison
to Pd/C under the style I conditions using a test tube,
see ref.l’]

For reviews, see: a) C. Parmeggiani, F. Cardona, Green
Chem. 2012, 14, 547-564; b) S. E. Davis, M. S. Ide, R.J.
Davis, Green Chem. 2013, 15, 17-45.

For recent selected papers of Pd/C-catalyzed oxidation
using molecular oxygen, see: a) K. Mori, T. Hara, T.
Mizugaki, K. Ebitani, K. Kaneda, J. Am. Chem. Soc.
2004, 126, 10657-10666; b) L. Prati, A. Villa, C. Cam-
pione, P. Spontoni, Top. Catal. 2007, 44, 319-324;
¢) S. E. Davis, L. R. Houk, E. C. Tamargo, A. K. Datye,
R. J. Davis, Catal. Today 2011, 160, 55-60.

For selected papers on the transition metal-catalyzed
O, oxidation in aqueous media, see: a) T. Wang, H.
Shou, Y. Kou, H. Liu, Green Chem. 2009, 11, 562-568;
b) A. Frassoldati, C. Pinel, M. Besson, Catal. Today
2011, 773, 81-88; c¢) M. Sankar, E. Nowicka, R. Tiruva-
lam, Q. He, S. H. Taylor, C.J. Kiely, D. Bethell, D. W.
Knight, G.J. Hutchings, Chem. Eur. J. 2011, 17, 6524—
6532.

Water is an efficient solvent for the O, oxidation of al-
dehydes, see: a) N. Shapiro, A. Vigalok, Angew. Chem.
2008, 720, 2891-2894; Angew. Chem. Int. Ed. 2008, 47,
2849-2852; b) V. Chudasama, R.J. Fitzmaurice, J. M.
Ahern, S. Caddick, Chem. Commun. 2010, 46, 133-135;
¢) V. Chudasama, A.R. Akhbar, K. A. Bahou, R.J.
Fitzmaurice, S. Caddick, Org. Biomol. Chem. 2013, 11,
7301-7317.

The reaction of benzyl alcohol (1¢) in the presence of
10% Pd/C (5 mol% ) and NaOH (2.2 equiv.) under con-
tinuous N, flow evacuation at 800 hPa also proceeded
smoothly to give the benzoic acid (2¢) in 97% yield
after 6 h. This result clearly indicates that the present
oxidation proceeds via the dehydrogenation process.

asc.wiley-vch.de

KRR These are not the final page numbers!

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Adpv. Synth. Catal. 0000, 000, 0—0


http://asc.wiley-vch.de

FULL PAPERS

Palladium on Carbon-Catalyzed Aqueous Transformation of under reduced pressure ¢—
Primary Alcohols to Carboxylic Acids Based on by vacuum controller
Dehydrogenation under Mildly Reduced Pressure s
Adv. Synth. Catal. 2015, 357,17 cat. 10% Pd/C =
A~ NaOH . __CO,H ®
N . . R™ "OH . R
Yoshinari Sawama,* Kosuke Morita, Shota Asai, in H,O
Masami Kozawa, Shinsuke Tadokoro, Junichi Nakajima, 800 h?g, 80 °C
Yasunari Monguchi, Hironao Sajiki* then acidic quench
Adpv. Synth. Catal. 0000, 000, 0-0 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim asc.wiley-vch.de 7

These are not the final page numbers! 77


http://asc.wiley-vch.de

