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1. Introduction

In the past years there has been a growing demand
for solid catalysts efficient in the partial oxidation of
alcohols for the production of fine and specialty
chemicals. The use of stoichiometric inorganic re-
agents, though decreasing, is still widespread. The
present stringent ecological standards increase the
pressure to develop new, environmentally benign
methods. In many instances, homogeneous catalysis
provides powerful solutions, but on an industrial
scale the problems related to corrosion and plating
out on the reactor wall, handling, recovery, and reuse
of the catalyst represent limitations of these pro-
cesses.
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Application of solid catalysts for the gas- or vapor-
phase oxidation of simple, small-chain alcohols to the
corresponding carbonyl compounds is well estab-
lished.”3 An important requirement is the reason-
able volatility and thermal stability of reactant and
product—a strong limitation in the synthesis of
complex molecules.

Solid catalysts active in the liquid phase under
mild conditions have a much broader application
range.*® A major challenge in liquid-phase oxidation
with solid catalysts is to prevent leaching of the
active species.® The reactants and particularly the
carboxylic acid-type (by)products are frequently ex-
cellent chelating agents and accelerate dissolution
and deactivation of the catalysts.

The aim of this review is to provide an overview
on the various types of materials that have been
applied for the heterogeneous catalytic oxidation of
alcohols in the liquid phase and extract some general
conclusions, where possible. Our intent was not to
be all-inclusive; rather we focused on the develop-
ment in the past 10—15 years. Only those methods
will be considered which apply the technically at-
tractive and environment friendly oxidant, molecular
oxygen. The numerous catalytic systems using mo-
lecular oxygen in combination with additives, such
as reducing agents or radical scavengers, are not
discussed here due to the environmental impact of
the additive or the coproduct formed.

There are different opinions in heterogeneous
catalysis whether comparison of the performance of
greatly different catalytic materials is fair under
identical conditions or under the best conditions
identified for each catalyst separately. The former
approach is commonly used due to its simplicity.
Choosing a different set of conditions, however, can
easily reverse the activity or selectivity order, as
illustrated schematically in Figure 1. Obviously, a

activity or selectivity

A reaction parameter é
Figure 1. Comparison of catalysts: at conditions A and
B the catalysts | and 111 are the best, respectively, though
they are inferior to catalyst 11 when their performance is
compared under the best conditions for each catalyst.

randomly chosen set of reaction conditions cannot
provide a suitable basis for catalyst comparison. Here
the catalysts are compared on the basis of their best
reported performance. We assumed that publications
report a good set of parameters and took the best
results for comparison that, we hope, are close to the
optimum.

The review is divided into three major sections. The
first two include oxidations over intrinsically hetero-
geneous (solid) and heterogenized metal complex
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catalysts. The third part compares the best catalysts
using some representative and frequently reported
test reactions. We hope that this collection will be a
valuable reference source to chemists searching for
effective solid catalysts and “green” oxidation meth-
ods.

2. Intrinsically Solid Catalysts

2.1. Supported Platinum-Group Metals

Oxidation of alcohols and polyols over supported
noble metal catalysts has been thoroughly investi-
gated in the past years. Details of the early work, in
particular the oxidation of carbohydrates and their
derivatives (sugar alcohols, aldonic acids, etc.), will
not be discussed here. There are numerous books and
reviews available on the topic, including the general
rules of chemo-, regio-, and stereoselective oxidation
of these complex molecules.”~1®

2.1.1. Catalysts and Reaction Conditions

Pt-group metals can activate alcohols and molec-
ular oxygen under close to ambient conditions and
produce the corresponding carbonyl compounds or
carboxylic acids in high yields. Today, various bi- and
multimetallic catalysts are applied that are more
active, more selective, and less prone to deactivation
than monometallic catalysts.1*~20

The most commonly used catalysts consist of Pt or
Pd as active components and Bi or Pb as promoters,
on carbon and alumina supports. Ru and Rh are
usually applied without promoters.?:~2° Besides Bi
and Pb, a variety of promoter metals have been
suggested, including Cd,3%3! Co,3%31 Cu,3? Se,% Ce,3334
Te,®® Sn,%637 Au,%6:38 and Ru.%%2° The non-noble metal
promoters are inactive under reaction conditions, and
their deposition onto the active sites should result
in lower oxidation rates. Still, promotion of Pt or Pd
may lead to a considerable rate enhancement (Scheme
1)4-42 and to a remarkable shift in the product
distribution (Scheme 2).32.87:43

Scheme 1. An Example on the Application of
Promoted Pt-Group Metal Catalysts;*!
(Selectivities are 100%)

OH o}
“ H,0O + detergent “
T U e T U

C/S: 1 wt%

5% PtALO; Y= 1.5%
0.8% Bi- 5% PYALO; Y = 99%

The bimetallic catalysts can be prepared by simul-
taneous deposition and reduction of the metal pre-
cursors onto a suitable support.334445 The most
commonly used method is, however, the deposition
and reduction of promoter onto a supported Pt or Pd
catalyst. A variation of this method is the in situ
modification; i.e., the promoter metal salt is simply
added to the slurry containing the supported Pt-
group metal catalyst, and the metal ion is reduced
to metal by the alcohol reactant in the early stage of
the reaction.324647 During promoter deposition, metal
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Scheme 2. The Best Yields of Hydroxyacetone or
Pyruvic Acid Achieved by Promotion of a 5%
Pt/Graphite Catalyst in the Oxidation of
Propylene Glycol (333 K, water, pH 8)%

OH 0O, OH

A0 — /kCOOH
! forr N

OH 0, 10 (0] o) o}
2 2
Pt/C: 37% 44%
Sn-Pt/C: 86% 83%
Pb-Pt/C: 32% 88%

adatoms (submonolayer deposition) and small par-
ticles (multilayer deposition) are formed on the
surface of the Pt or Pd particles. In addition, particles
containing only the promoter metal (M° or M™*) may
develop on the support, as illustrated in Figure 2. The

multilayer
deposition

Figure 2. Schematic representation of the structure of a
bimetallic catalyst prepared by deposition/reduction of the
promoter metal (gray and black) onto a supported Pt-group
metal (white) catalyst.

promoter influences the performance of the neighbor-
ing Pt-group metal sites only; thus, the promoter-
containing particles on the support are only spec-
tator species. As the non-noble metal promoter alone
on the support is unstable in the presence of oxy-
gen and dissolves easily with a suitable anion or
chelating agent, this contribution should be mini-
mized.*® In contrast, metal adatoms on the surface
of Pt-group metals are far more resistant against
oxidation and dissolution than the corresponding
bulk metals.*°~52

In some cases, good results were achieved with
organic compounds as modifiers. These N- and P-
containing compounds are simply added to the reac-
tion mixture; they adsorb strongly on the metal
surface and improve the rate or selectivity. In the
oxidation of L-sorbose to 2-keto-L-gulonic acid, the
selectivity of Pt could be doubled by addition of trace
amounts of amines®5* or phosphines®>%6 (Scheme 3).

The oxidations are commonly carried out at 330—
370 K and ambient pressure or slightly above with
air or oxygen. Besides the usual application of a
stirred batch (slurry) reactor, there are successful
examples of continuous operation.5”-61

An advantage of the method is that the catalysts
are active and selective in water, though organic
solvents,527%4 ionic liquids,® and dense (“supercriti-
cal’) CO, have also been used.1%6-70 A water—
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Scheme 3. Oxidation of L-Sorbose to
2-Keto-L-gulonic Acid over Pt Modified by Strongly
Adsorbing N- and P-Containing Compounds (323
K, H;0, pH 7.3, O,, 1 bar, Selectivity Determined at
50% Conversion)

CH,0OH COOH
HO——H 5% PY/C + modifier HO——H
H——OH H——OH
HO——H HO——H
CH,OH CHZOH
‘ Modifier Selectivity
none 40%

75%

O-

N
rvN 81%

N
LN

Y

detergent system may be the choice for water-
insoluble reactants when flammable organic solvents
are to be avoided.***371 Nonaqueous solvents and
relatively high temperature for the rapid removal of
the coproduct water are required for the synthesis
of aldehydes; these conditions disfavor the hydration
of aldehyde to geminal diol and the subsequent rapid
dehydrogenation to acid 2~7® (Scheme 4).

Scheme 4. Effect of Water on the Reactivity of the
Aldehyde Intermediate on Pt-Group Metal
Catalysts

-Hy 1,0,
N —_— X —> R-COOH
R™ "OH R™ 70 slow
H,0
fast "OH or H*
OH -Hy
R~
OH fast

When the target product is a carboxylic acid,
precise control of the alkaline pH during reaction is
critical to achieve good selectivity, enhance the reac-
tion by facilitating aldehyde hydration and product
desorption from the active sites, and avoid metal
leaching favored at high pH.8%76-7° The inorganic
base can be replaced by a strongly adsorbing N-base
when the reactant or product is unstable in basic
medium (Figure 3). This localized basification at the
metal surface increases the rate of alcohol dehydro-
genation without significantly influencing the pH of
the solution.5®

The C/S mass ratio varies in a broad range; it may
be as low as 0.01 for a catalyst containing 1-5 wt %
Pt-group metal,*! but in extreme cases the mass ratio
can exceed 1.8° Similarly, it is difficult to give a
characteristic range of reaction rate. The TOF can
approach 10 000 h™1, but there are examples showing
also values below 1 h1.8.82 Besides the role of
reactant structure, a probable reason for the big
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Figure 3. Rate of oxidation of L-sorbose to 2-keto-L-gulonic
acid over 5% Pt/Al,0; modified by strongly adsorbing
amines and ammonium hydroxides (323 K, 1 bar, O,,
water, modifier/sorbose, 590 ppm). Modifiers: (1) pyridine,
(2) diazabicyclooctane, (3) tributylamine, (4) triethylamine,
(5) quinuclidine, (6) tetrabutylammonium hydroxide, and
(7) tetramethylammonium hydroxide.

variation is the inappropriate choice of catalyst
composition. For example, a 1 wt % Pt/C catalyst was
completely inactive in the oxidation of phenoxyetha-
nol, but addition of lead and cadmium nitrate pro-
moters to the aqueous solution allowed the fast and
almost quantitative transformation to phenoxyacetic
acid (TOF = 840 h~1).4683

2.1.2. Catalyst Deactivation

A commonly observed deactivation is the “over-
oxidation” of the active sites.?147.7384-92 |t was early
discovered that the rate of alcohol oxidation is much
higher on a reduced metal surface than on the
oxidized surface.’?99% An important consequence of
this difference is that the catalyst has to be pre-
reduced before alcohol oxidation by hydrogen or by
the reactant itself in an inert atmosphere.®® Further-
more, the reactor should be operated in the oxygen-
transport-limited region; i.e., the rate of oxygen
supply should be lower than the actual rate of alcohol
dehydrogenation. In the Kinetic region, the active
sites are successively oxidized and their activity
drops. In a batch reactor, the rate of alcohol dehy-
drogenation decreases with reaction time due to a
decrease of alcohol concentration; thus, the rate of
oxygen supply has to be adjusted by, e.g., decreasing
the oxygen concentration or increasing the temper-
ature toward the end of the reaction. More details
on the engineering aspects of alcohol oxidation can
be found elsewhere,19:59.90.95-101

Formation of strongly adsorbed byproducts during
alcohol oxidation on Pt-group metals has been fre-
quently reported.*3:808589.102.103 Typjcal side reactions
are the aldol condensation and oligomerization of the
carbonyl compound product'®-1%° and the decomposi-
tion of alcohols mainly via the carbonyl compound
formed in situ, affording adsorbed CO and carbon-
aceous species (CxH,) (Scheme 5).97110-125 Even de-
hydrogenation of the simplest secondary alcohol,
2-propanol, may poison a Pt-group metal already at
room temperature (Scheme 6).126-130

In contrast to blocking of the active sites by oxygen
or byproducts, sintering of metal particles and metal
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Scheme 5. Simplified General Route for the
Transformation (Decomposition) of a Primary
Alcohol on the Pt-Group Metal Surface!l®

R-CH20Hgg T» R-CH204q -T» R-HC=04y —

Hag Hag
? R-C=0,y — Rag *+ COqy
Had

Scheme 6. Simplified Route for the
Transformation (Decomposition) of 2-Propanol on
a Pd(111) Surfacel?®

Pd(111)

S > 2CH3,ad + COad

(CH3)2C=04q

AN Oad
CH3COO044 + CHS,ad

Pd(111)

dissolution (leaching) results in irreversible deactiva-
tion.1942131.132 Sintering (increase of average metal
particle size) at close to ambient temperature is
attributed to an atomic migration process, the trans-
port of surface metal atoms “extracted” by chelating
molecules (Ostwald ripening).1®® Metal dissolution as
M"* species is facilitated by acidic or strongly alkaline
pH,134135 high catalyst potential (high oxygen cover-
age), and the presence of complexing agents.30.76:136.137
In a milder case, the dissolved species redeposit onto
larger, thermodynamically more stable metal par-
ticles, resulting in particle size enlargement and a
loss of active surface area.*8102138-140 Metal dissolu-
tion can be minimized by applying a low oxygen
concentration at the end of the reaction when the
alcohol (“reducing agent”) concentration is low.14!
Still, leaching remains a limitation in the synthesis
of (poly)hydroxy acids, a traditional application of Pt-
group metal catalysts.

2.1.3. Reaction Mechanism

The mechanistic proposals may be divided into
three groups. According to the classical dehydroge-
nation mechanism (model A),11.1321.73.142143 the ad-
sorbed alcohol dehydrogenates in two elementary
steps (Scheme 7). The O—H bond of alcohol breaks

Scheme 7. “Classical” Dehydrogenation
Mechanism of Alcohol Oxidation over Pt-Group
Metal Catalysts (Model A)

Oaqg H2044

(20Haq) / / (2H204)

Hag Hag

RCH,OHq # RCH,0,q é RCHO,q

upon adsorption on the surface sites, affording an
adsorbed alkoxide and hydrogen.'*4 In the adsorbed
alkoxide, the f-C—H bond is weaker than other C—H
bonds due to the electron-withdrawing effect of
the oxygen atom, leading to the preferential break-
ing of the 5-C—H bond in the rate-determining
step.'*® Dehydrogenation is generally catalyzed by
bases.143.146.147 Adsorbed oxygen (or surface OH spe-
cies in alkaline medium)!® is necessary to oxidize the
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coproduct hydrogen and thus shift the equilibrium
toward the carbonyl compound and accelerate the
reaction by liberating free surface metallic sites. The
inferior role of oxygen in this mechanism is supported
by the observations that oxygen can be replaced by
a hydrogen acceptor (e.g., an olefin)4°~15% and that
the metal catalyst is in a reduced state during
oxidation, as demonstrated by electrochemical and
EXAFS measurements.9:9154-158 A further support
for this model is that alcohol oxidation may be
accompanied by hydrogenation and hydrogenolysis-
type side reactions, displaying a significant H-cover-
age of the active sites (Scheme 8).1%5

Scheme 8. Reaction Network for the
Transformation of trans-Cinnamyl Alcohol over
5% Pd/Al,O3 (Air, 1 bar, 338 K)

0.2%
et
-H,0 T Hy
A

0.5-0.8%

/

I,
Oha
Wo

0.4-0.8%
H
j-co /

Another class of mechanistic models assumes that
the rate-determining step involves direct interaction
of the adsorbed oxidizing species with the adsorbed
reactant or its partially dehydrogenated intermediate
(model B).16:1957.15 This interpretation is supported
by numerous kinetic studies revealing a Langmuir—
Hinshelwood-type behavior 8792103160161 and elec-
trochemical36:41.43.71,92,95102,162 and X-ray absorption
spectroscopic’® studies that indicate a partial oxygen
coverage on the metal surface during some reactions.

On the basis of recent data, we favor a third ap-
proach (model C) adopting the classical dehydroge-
nation mechanism for the alcohol — carbonyl trans-
formation and presuming that the key role of oxygen
is to suppress catalyst deactivation due to strong
adsorption of byproducts.'?® According to this model,
the oxidative cleaning of the surface sites, or even
prevention of the decomposition pathway,'?® is the
primary role of oxygen and not the oxidation of the
coproduct hydrogen. Partial regeneration of the cata-
lysts by oxidative removal of strongly adsorbed poi-
soning species can lead to a dramatic rate accelera-
tion compared to anaerobic dehydrogenation (Figure
4),15 and thus to the (false) conclusion that oxygen

0.1-2.8%
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Figure 4. Catalyst deactivation during conversion of
cinnamyl alcohol over a 5% Pd/Al,O3 catalyst in toluene
at 338 K. The initial TOF of 450 h—1 in Ar decreased rapidly
to 10 h! due to decarbonylation-type side reactions (see
Scheme 8). Introduction of air enhanced the TOF to 2850
h~1. Formation of CO and its oxidative removal by air were
confirmed by in situ ATR-IR spectroscopy.

is directly involved in the rate-determining step of
the reaction. According to this model, some reactions
run only on a partially oxygen-covered metal surface
because chemisorbed oxygen is necessary to eliminate
(oxidize) some surface impurities and liberate active
sites for alcohol dehydrogenation.?6:163.164

Another field of contradictory opinions is the role
of metal promoters. Some feasible explanations for
the rate and selectivity enhancement are collected
below.

(i) Geometric blocking of a fraction of active sites
may be responsible for the improved catalyst perfor-
mance.36:43.131.134165 Thjs so-called “ensemble” effect
is traced back to the bigger active site ensembles
necessary for the formation of poisoning intermedi-
ates (by, e.g., C—C bond cleavage), compared to the
site requirement of the alcohol dehydrogenation
reaction. This interpretation is in line with model C
of alcohol oxidation and supported by numerous
electrocatalytic studies.'66-168

(ii) The high regioselectivity in the oxidation of
polyfunctional alcohols in the 2-position has been
attributed to complex formation between the reac-
tant, a surface Pt or Pd atom, and a neighboring
positively charged Bi or Pb promoter (Figure
5a).11.3860.79.85135,169 A similar proposal is the complex

HC

i

O, COOH

Figure 5. Models assuming complex formation with the
substrate as the role of metal promoters in selective
oxidations.

formation between a 1,2-diol and a Sn'v species on
the Pt surface, resulting in the preferential oxidation
of the secondary OH group (Figure 5b).3” Although
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the special role of neighboring Pt-group metal—
promoter surface sites in the adsorption and dehy-
drogenation of the reactant is plausible, the (par-
tially) oxidized state of the promoter contrasts to
electrocatalytic, LEED, XPS, and EXAFS stud-
ieS.52’158'l70

(iii) The rate acceleration and the shift in product
distribution may be attributed to bifunctional cataly-
sis, assuming that oxygen or OH radicals adsorbed
on the promoter atom are involved in the alcohol
oxidation reaction 36111171 This assumption conforms
with model B of alcohol oxidation. It may be general-
ized assuming that the promoter facilitates the
oxidative removal of surface impurities, thus sup-
porting model C of alcohol oxidation. Another prob-
able explanation for bifunctional catalysis is that the
promoter metal adatoms change the adsorption prop-
erties of hydrogen and OH radicals (oxidizing species)
due to electronic modification of the surface Pt or Pd
atoms.52170

(iv) An ordered alloy (intermetallic compound)
formed between the Pt-group metal and Bi, Pb, or
Te promoters may be the real active site,3>80.132.172.173
or the bimetallic site may influence the selectivity,'”
though the observations are contradictory.

(v) It has been shown that the promoting effect of
Bi is not due to leaching as Bi®" species.1”31757178 The
presence of a large amount of Bi®* complexes in
solution can even inhibit the oxidation reaction,
probably due to extensive reduction of Bi®" to (inac-
tive) Bi® onto the Pt surface by the reactant alcohol.

2.1.4. Application Range of Pt-Group Metal Catalysts

The application range of supported Pt-group met-
als, with and without promoters, is very broad. Up
to 100% yields have been achieved in the oxidation
of various primary alcohols to the corresponding
carboxylic acids and of secondary alcohols to ke-
tones. The potential of these catalysts is reflected by
the selective oxidation of only one OH function in
complex molecules such as aldonic acids (Scheme
0)38,84,85,136,169.179 gand steroidal alcohols.62180

Scheme 9. Selective Aqueous-Phase Oxidation of
Sodium Gluconate at 6- or 2-Positions (H,0O, O,,
333—-338 K)38:169

coo coo" coo’
H——OH H——OH o
HO——H Pt/C HO H Bi-Pt/C HO H
H=—OH  py=7 H——OH pH<6 H——OH
H——OH H——OH H——OH
(ele]e) CH,0H CH20H

The selective oxidation of an alcoholic OH group
has been attained in the presence of the following
other functions: alkoxy and aryloxy groups,83181.182
phenolic hydroxyl,183-18 C=C bond (allylic and iso-
lated),%318 aromatic aldehyde,'*®* amino group,'®
quaternary ammonium group,87:188 gcetamino func-
tion,® nitro group,?° nitrile group,® aromatic CI,3246.189
trifluoromethyl group,®* N- and S-containing het-
eroaromatic ring,?° and cyclopropyl group.?® Gener-
ally, keto-carbonyl and carboxylic groups are resis-
tant to further oxidation.
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An important limitation of these catalysts is the
oxidation of aliphatic alcohols to aldehydes.’® Hydra-
tion of aliphatic aldehydes and dehydrogenation of
the geminal diol are fast on the Pt-group metal
surface, even in nonaqueous solvents (Scheme 4).
Rapid removal of the coproduct water by azeotropic
distillation improves the yield only moderately.*®° In
contrast, hydration of aromatic and o,f-unsaturated
aldehydes is minor,19%192 and their further oxidation
by oxygen insertion requires significantly higher
catalyst potential than the dehydrogenation step.*®
This is the explanation for the good yields in the
synthesis of aromatic, heteroaromatic, and o,3-
unsaturated aldehydes, even in agueous media.

Not only the oxidation of aliphatic alcohols to
aldehydes but generally also the synthesis of acti-
vated carbonyl compounds is a demanding task due
to the poor stability (rapid decarbonylation) of the
product. Representative examples for these difficul-
ties and some good solutions are the oxidation of
lactic acid to pyruvic acid (Scheme 10),8%172 | -sorbose

Scheme 10. Effect of Promoter in the Oxidation of
Lactic Acid to Pyruvic Acid (H,O, pH 8, 363 K)80

COOH 2 \n/COOH
\( catalyst o

OH
Pd/C: 0%
Pb - Pd/C: 60%

to 2-keto-L-gulonic acid (Scheme 3),56:76:140.193-196 pan-
toyl lactone to ketopantoyl lactone,”>'% and a,o,0-
trifluoromethyl alcohols to ketones.5*7>

To sum up, supported Pt-group metal catalysts
possess a very broad application range. The tech-
nical importance of the method, including the ad-
vantage of oxidations in aqueous media, is reflected
by the large number of patents. The composition of
proven catalysts and the range of practically useful
conditions are much extended. A negative aspect of
this variety is the demanding optimization pro-
cess!®199—a promising area for combinatorial chem-
iStry.27'2OO

2.2. Supported Gold and Silver

In recent years, the unexpectedly high activity of
Au as a low-temperature CO oxidation catalyst?91204
has initiated intensive research in the use of Au
nanoparticles for the liquid-phase oxidation of alco-
hols. Generally, the adsorption and catalytic proper-
ties of Au strongly depend on the particle size, which
can be controlled by the preparation method and the
catalyst support.2%5-213 A crucial and not fully un-
derstood question is why small Au nanoparticles
exhibit behavior radically different than that of bulk
Au_214—222

The application range of supported gold in alcohol
oxidation is not (yet) broad, and under mild condi-
tions (320—350 K and 1—3 bar oxygen) this oxidation
requires a strongly alkaline aqueous medium.??3224
The aqueous alkaline medium may represent a
strong limitation of the method, as various side
reactions can diminish the selectivity (keto—enol
equilibration, Cannizzaro reaction, oxidative decar-
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bonylation).?%5224 Another drawback is the formation
of carboxylates instead of carboxylic acids, though Pt-
group metals have the same limitation in the oxida-
tion of primary aliphatic alcohols. In acidic media,
gold oxidizes aldehydes to carboxylic acids but is
inactive in the transformation of alcohols, and metal
leaching may also be significant.??®> An interesting
solution is the combination of Au with a Pt-group
metal. A 1% Au—0.1% Pd/Al,O3 bimetallic catalyst
was used for the transformation of 6-hydroxyhexa-
noic acid to adipic acid.??® Both the reaction rate and
the yield (97%) were high in water, even in the
absence of a base, though only at elevated tempera-
ture (433 K).

Gold is highly active and selective in the transfor-
mation of various diols?05:206:208.218,224,227-230 gnd glyc-
erol??3231 to monocarboxylates (Figure 6). Transfor-

OH
on coo

HO._COO™ _A_coo

X: 95% X: 80% X: 100%

S: 98% $: 100% S 83%
0" >coo” NH, OH
L_oH _K_coo HO A g oo
X: 96% X: 100% X: 91%

S: 99% S: >99% S: 92%

Figure 6. Examples on the synthesis of monocarboxylates
from alcohols in aqueous alkaline medium on supported
Au nanoparticles,205.223,228

mation of amino alcohols to amino acids is also
selective, but good yields have been reported only for
alanine.??®

The unusually high substrate specificity of sup-
ported gold is illustrated by the following comparison.
Oxidation of ethylene glycol to glycolic acid was fast
(TOF = 1290 h™'), and completion of the reaction
required a C/S mass ratio of only 0.03.2%° In contrast,
in the transformation of 2-hydroxybenzyl alcohol to
salicylaldehyde, the TOF was only around 5 h™?, at
an extraordinary C/S mass ratio of over 7.232:233

Despite having some similarities to supported
Pt-group metals, Au is a distinctly different cata-
lyst. In contrast to Pt-group metals, Au cannot
catalyze alcohol dehydrogenation in the absence of a
strong base. Further oxidation of aldehydes to car-
boxylic acids is an oxygen insertion reaction, and
this step runs smoothly on Au, even in organic
media.?** In comparative studies of agueous-phase
aerobic oxidation of alcohols with supported Pt, Pd,
and Au, the latter was the most selective and the
least prone to metal leaching, to over-oxidation by
oxygen, and to self-poisoning by strongly adsorbed
byproducts.?95:227.231.235 The higher selectivity and
absence of catalyst deactivation are probably due to
weaker adsorption of oxygen, hydrogen, reactant, and
products on Au.119.123236

A detailed mechanism of alcohol oxidation on Au
nanoparticles has not been reported yet. On the basis
of the poor activity of Au in the absence of a base, it
was suggested that the rate-limiting step would be
H* abstraction from a primary OH group of glyc-
erol.??3231 A similar mechanism was proposed many
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years ago for alcohol oxidation on Pt/C, involving a
second step, the transfer of a hydride ion to the Pt
surface (Scheme 11).8:87.237

Scheme 11. Alcohol Oxidation on Pt (and Au)
Involving Deprotonation of the Alcoholic OH
Function by Adsorbed Hydroxyl lons

"OHag  H20 H 4q

RCH,OHq N RCH,0 o /). RCHO,q
Pt

Pt

We consider it more feasible that the rate-deter-
mining step is the cleavage of the C—H bond at the
o-carbon atom. A similar mechanism is now generally
accepted for Au electrodes (Scheme 12).2%8 Despite the

Scheme 12. Rate-Determining Step in the
Oxidation of Ethane-1,2-diol on Au Electrode in
Aqueous Alkaline Solution

QH OH_ad QH ,H -
H2C_9H2 Hzc—g* ad + Hzo +e
OH Au electrode OH

structural differences between Au nanoparticles and
an extended Au electrode surface, there are also
similarities, such as the critical role of aqueous
alkaline medium and the absence of deactivation due
to decomposition products (CO and CyH, frag-
ments),239.240

An important question is the nature of active sites
on Au nanoparticles. Electrooxidation of ethanol on
Au nanoparticles supported on glassy carbon re-
quired the partial coverage of Au surface by oxides.?4!
Another analogy might be the model proposed for CO
oxidation.?19242243 According to this suggestion, the
active site consists of an ensemble of metallic Au
atoms and a cationic Au* species with a neighboring
OH group (Figure 7).

Support

Figure 7. Model of the active site in the oxidation of CO
by supported Au nanoparticles.?1®

Silver-based catalysts are well established in the
gas-phase oxidation of alcohols and diols!3244-247 but
rarely used in the liquid phase. Recently, the quan-
titative transformation of benzyl alcohol to benzal-
dehyde in oxygen was achieved over a 0.6% Ag/
pumice catalyst under mild conditions (348 K, 1
bar).?*® The material showed reasonably good activ-
ity, though the reaction over a similarly prepared
0.27% Pd/pumice catalyst was always faster. The
synergic effect observed with Pd—Ag/pumice bimetal-
lic catalysts and with mechanical mixtures of the
monometallic catalysts was attributed to cooperation
between the Pd® and AgP active sites; contribution of
the alloy phase detected by EXAFS was excluded.

The inferior performance of carbon-supported Ag,
compared to that of various supported Pt-group metal
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catalysts, has been concluded also in the oxidation
of geraniol to citral.?®

2.3. Oxides and Mixed Oxides

2.3.1. Ru-Containing Oxides

Hydrated ruthenium dioxide (RuO,-xH,0) is a
stoichiometric oxidant that can be applied also as a
reusable catalyst.?4°725% The amount of water (x) is
usually in the range 1—1.3 equiv and decreases
rapidly with increasing temperature of heat treat-
ment.2%® The material has a two-dimensional struc-
ture of independent chains, in which RuOg octahedra
are connected by pairs of O-bridges. Hydrous ruthe-
nium dioxide is a mixed electron—proton conductor,
and the coordinatively unsaturated surface atoms can
activate molecular oxygen.?*6257 The oxidation activ-
ity of ruthenium dioxide has been attributed to the
interaction of strongly bound reactant and weakly
bound oxygen species.?®® The completely dehydrated
oxide is inactive in alcohol oxidation, and variation
in the degree of hydration, which can be controlled
by the synthesis procedure, strongly influences the
structure and the catalytic activity.?5°26 The hydrous
oxide RuO2:xH,0 easily transforms into a mixture
of Ru and RuO; upon thermal treatment at elevated
temperature.?®

Hydrated ruthenium dioxide afforded over 98%
yield to cinnamaldehyde in the slow oxidation of
cinnamyl alcohol.?* A drawback of the process is that
2,6-di-tert-butyl-p-cresol additive was necessary to
prevent further oxidation to cinnamic acid. Reactivity
of primary and secondary allylic alcohols, a-keto
alcohols, a-hydroxy-lactones, and saturated alcohols
decreased in this order. Oxidation of pantoyl lactone
to ketopantoyl lactone at elevated temperature was
guantitative, and the performance of RuO,-xH,0 was
similar to that of 5% Ru/C (Scheme 13).1%7 Obviously,

Scheme 13. Oxidation of Pantoyl Lactone in
1,2-Dichlorobenzene with RuO,-xH,0 (at 453 K)
and 5% Ru/C (at 446 K)

catalyst
0”0 y o” O
RuO,-xH,O  100% (TOF:9.4 h™")
5% Ru/C 93% (TOF: 9.6 h™")

continuous formation of the coproduct water is suf-
ficient to maintain the hydrated state and the oxida-
tion activity of ruthenium dioxide, even at around
450 K.

A novel approach is the synthesis of ruthenium
oxide nanoclusters in the supercages of faujasite
zeolite (10% RuO,/FAU).?62 On average, the ruthe-
nium oxide clusters homogeneously distributed in the
rigid zeolite framework contained only five Ru atoms,
and their size was about 1.3 nm. Strong interactions
between RuO, chains and framework Si —O functions
stabilized the oxide nanoparticles during the hydro-
thermal synthesis (Figure 8). The recyclable catalyst
was active (TOF = 0.5—8.5 h™1) and highly selective
(>99%) in the oxidative synthesis of benzaldehyde,
cyclohexanone, 2-cyclohexen-1-one, crotonaldehyde,
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Figure 8. Structure of RuO; in the supercages of faujasite
zeolite.26?

1-heptanal, and 2-heptanone. In comparative experi-
ments, in the oxidation of benzyl alcohol, 10% RuO,/
FAU afforded 6-fold higher yield to benzaldehyde
than bulk RuO,-xH,0O. This rate enhancement is
particularly impressive when considering the prob-
able diffusion limitation inside the zeolite particles.
It was demonstrated that the narrow channels of
faujasite zeolite around the ruthenium oxide clusters
strongly influenced the reactivity of bulky substrates
(shape selectivity). In the competing oxidation of
benzyl alcohol and 9-hydroxyfluorene, only benzyl
alcohol was oxidized, though bulk RuO;-xH,O af-
forded the facile oxidation of both substrates. These
experiments provide additional evidence for the loca-
tion of ruthenium oxide particles inside the zeolite
supercages.

Synthesis of mixed oxides by co-precipitation is
another approach to tune the catalytic properties of
ruthenium oxide. A remarkable synergism was ob-
served in the oxidation of cinnamyl alcohol by addi-
tion of Co (Co/Ru atomic ratio 1.5; TOF up to 38
h=1).254 Primary aliphatic alcohols were less reactive
(TOF = 1.3-5 h™1), and further oxidation of alde-
hydes to carboxylic acids could be suppressed only
by addition of a radical scavenger. Cobalt oxide alone
was inactive under the same conditions, and the syn-
ergic effect of Co was attributed to activation of oxy-
gen in reoxidation of the ruthenium hydride species
formed after dehydrogenation of the substrate.

A similar multicomponent catalyst is Rug3Co,Ce
oxide.?®3 The black powder synthesized by co-precip-
itation was active (TOF = up to 13 h™!) and highly
selective in the oxidation of aromatic and allylic
alcohols. Over 99% yields were obtained in various
reactions, even in the synthesis of bulky aliphatic and
aromatic aldehydes and ketones (e.g., 2-adaman-
tanone, diphenyl ketone, 1l-pyrenecarboxaldehyde;
TOF = 5-11 h™'). An interesting feature of this
three-metal oxide is the oxidation of primary ali-
phatic alcohols to carboxylic acids, and a,w-primary
diols to lactones, in good yields (Y = 64—97%; TOF
= 0.7-2.5 h™%). Addition of a radical scavenger
prevented aldehyde oxidation, and aliphatic alde-
hydes could be prepared in quantitative yields.
Oxidation of 1,4-pentanediol (which contains primary
and secondary OH functions) afforded methyl y-bu-
tyrolactone in 87% yield.

Other effective Ru-based mixed oxides developed
for alcohol oxidation include RugzsMnFe; 65042%* and
Ruo.4sMnFe; 4Cug 1504.2%° The catalysts were designed
using ferrite spinel (Fe;MnO,) as a model, in which
Fe is partially substituted by Ru and Cu. The mul-
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ticomponent catalysts were prepared by co-precipita-
tion from aqueous solutions. Compositional varia-
tions proved that Ru is by far the most active com-
ponent. The yields with RugssMnFe; 6504 were excel-
lent in the oxidation of benzylic, heteroaromatic,
allylic, and bulky cycloaliphatic alcohols to aldehydes
and ketones.?%* In all reactions, including the oxida-
tion of simple aliphatic alcohols such as 1-octanol,
the selectivities were at least 99%. The catalyst was
reusable without significant loss in activity or selec-
tivity. The TOFs were moderate (0.2—4.1 h™1), and a
C/S mass ratio over 1 was used, though the unusually
mild reaction conditions (room temperature, air) are
probably far from the optimum.

Successful application of conducting lead—ruthe-
nium and bismuth—ruthenium pyrochlore oxides in
electrocatalytic reactions?%:267 initiated their syn-
thetic application in alcohol oxidation.?%® The cata-
lysts have an expanded lattice pyrochlore structure
with the general composition A, «Ru,-xOg5-7, Where
A =BiorPbandO0 < x < 1. Generally, an increasing
substitution (x) enhances the catalytic activity.?5°
Oxidative stability of Ru—pyrochlore oxides depends
on the amount of oxygen vacancies: a large number
of oxygen defects decreases the stability.?”° The black
macroporous materials function only in strongly
alkaline aqueous media.?6%:27

Ruthenium pyrochlore oxides were active under
mild conditions in the oxidative cleavage of 1,2-cy-
clohexanediol.?68269 Selectivity to adipic acid (70—
99%) increased at higher C/S ratios, which was best
achieved in a continuous-flow trickle-bed reactor. A
limitation of the method is that the catalysts are
active in several other oxidation reactions, including
the oxidation of ketones, primary alcohols, and ole-
fins. Hence, it is understandable that Ru—pyrochlore
oxides were not selective in the oxidative cleavage of
carbohydrates and polysaccharides.?”>273

The probable mechanism of diol cleavage over a
Pb—Ru pyrochlore oxide involves a chelated diol
intermediate coordinated to a Pb'V site at the catalyst
surface (Scheme 14).27* Reoxidation of the Pb'" site
is mediated by the neighboring Ru=O0 lattice site.

Scheme 14. Oxidative Cleavage of a Vicinal Diol by
Ruthenium Pyrochlore Oxide
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2.3.2. Other Oxides

Most of the oxides commonly used in gas-phase
oxidations are barely active catalysts with molecular
oxygen under mild conditions, and reports on their
successful applications in the liquid phase are scarce.
An example is V,0s supported on TiO,, a well-known
catalyst for gas-phase aerobic oxidation of various
substrates.?’>~2’7 The moderately active material
afforded good yield in the oxidation of 5-(hydroxy-
methyl)furfural to 2,5-furandicarboxaldehyde (Scheme
15).28 The preferred catalyst contained multilayer
V205 on the support, a structure close to that of bulk
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Scheme 15. Oxidation of 5-Hydroxymethylfurfural
with Air over 15% V,05/Ti0,,278 5% Ru/C, and 5%
Pt/Al,0322 Catalysts

V,05/TiOy
NV
toluene, 363K 0

Y: 85%
S: 93%
TOF: 0.6 h

o@COOH

Y: 75%
TOF: 2 h!

Ru/C
HO\/U\?O
H,0, 333K

PYAI,O3

H,0, 333K HOOCD\COOH

0
Y: 100%
TOF: 5h"

V,0s. For comparison, supported Pt-group metal
catalysts produced the formyl—carboxyl or dicarboxyl
derivatives in good yields.??143

A broad range of oxides and mixed oxides were
tested in the synthesis of ethyl pyruvate from ethyl
lactate.?’”® Many of them were surprisingly active
already at 403 K and converted ethyl lactate at a C/S
mass ratio of only 0.0002. No byproducts formed on
SnO; and ZrO, at low conversions, but the selectivity
dropped rapidly with increasing conversion, and even
the best catalyst, SnO,—MoO3, gave only 50% yield.

MnO; is commonly used as an oxidizing agent in a
large excess, but ultrasonication of the activated
oxide (MnO,-xH,0) provided a catalytically active
material.?®® Diphenylmethanol was transformed to
benzophenone with only 0.1 molar equivalent of
active manganese dioxide at 363 K in oxygen, but
oxidation of cinnamyl alcohol was sluggish, and no
reaction occurred with 2-octanol. It was assumed that
the surface OH groups were the active sites on the
hydrated catalyst.

Hydrous PdO was moderately active and selective
in the oxidation of benzyl and cinnamyl alcohols to
aldehydes.?®! Synthesis of binary oxides by addition
of Co®f, Fe3t, or Mn3" afforded far more efficient
hydrated binary oxides (TOF = 19—-25 h™1). None of
the added components were active alone, in the
absence of PdO. A disadvantage of these co-precipi-
tated mixed oxides is the slow oxidation of aldehyde
to carboxylic acid, a side reaction that could not be
eliminated even by the addition of a radical scaven-
ger, 2,6-di-tert-butyl-p-cresol. Other important side
reactions, the formation of benzene by decarbonyla-
tion of benzaldehyde and that of 3-phenyl-1-propanol
by transfer hydrogenation of cinnamyl alcohol, indi-
cated that the substrate alcohol presumably reduced
PdO to metallic Pd in the binary oxides and the
actual catalysts were oxide-supported Pd°.28!

2.4. Molecular Sieves

Various substituted zeolites, also termed “redox
molecular sieves”, have been tested in alcohol oxida-
tion in the liquid phase, but most of them require a
peroxide as oxidant.>282-288 An exception is a Cr-
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substituted aluminophosphate, CrAIPO-5,%8%2% which
catalyzed alcohol oxidation with oxygen in the pres-
ence of at least 0.1 equiv of TBHP (tert-butyl hydro-
peroxide). However, a thorough investigation re-
vealed that the real active species was Cr, leached
in trace amounts in the presence of oxidant.®

Recently, a synthetic cryptomelane-like manganese
oxide octahedral molecular sieve, K-OMS-2, was
proposed as a selective catalyst that can utilize
molecular oxygen.?* This material, with a composi-
tion of KMngO16-nH,0, contains one-dimensional
tunnels with MnOg octahedral building blocks and
K* as tunnel cation. Relatively simple synthesis
methods afford up to 250 m? g~* BET surface area,
though the pore size is in the range 0.45-0.7
nm291.2%2—a strong limitation in the transformation
of bulky substrates. Oxidation could be accelerated
by partial replacement of K* by H* ions to form
Brgnsted acidic H-K-OMS-2. The activity of H-K-
OMS-2 was, however, still low in the oxidation of
various simple aliphatic, cycloaliphatic, aromatic, and
allylic alcohols (TOF = 0.035—0.5 h™1).292-294 Besides
the probable mass transport limitation in the narrow
pores, the low activity might be due to catalyst
poisoning by water, the only coproduct of the reac-
tions. The major advantage of the recyclable catalyst
is the excellent selectivity: always 100% to the
corresponding aldehydes and ketones.

The large kinetic isotope effect observed in the
oxidation of benzyl alcohol implies that removal of
hydrogen from the o-C-atom is the rate-controlling
step.??% As concerns the overall process, the reaction
obeys the Mars—van Krevelen mechanism?%5:2%—one
of the few examples of this mechanism in liquid-
phase oxidation reactions. Removal of two protons
from the organic substrate is accompanied by a two-
electron reduction of the Mn**-type Lewis acidic sites
(Scheme 16). The Mn?* sites are reoxidized by mo-

Scheme 16. Mechanism of Benzyl Alcohol
Oxidation on Manganese Oxide Octahedral
Molecular Sieve, K-OMS-2

Mn4+ (Mn2++ H+) H*

PhCH,OH /. prcHoH —L>f —= PhCHO
as

slow

lecular oxygen, and facile decomposition of the in-
termediate H,O, on the molecular sieve produces
water, the final coproduct.?®?

2.5. Hydrotalcites

Hydrotalcites (“HT”), that is, Mg- and Al-hydroxy-
carbonates with the formula MgeAl>(OH)16CO3°4H,0,
are relatively new materials in catalysis.?®”~3! These
anionic clays consist of cationic Brucite layers with
anionic compounds in the interlayer. Two- and three-
valent cations can be introduced into the Brucite
layer, and the anions can also be varied. The general
formula of hydrotalcite-like compounds (also termed
“layered double hydroxides”, LDH) is [M'"M"A-HT
= M'"{_,M",(OH),]A" yn*mH,0, where A is an anion.

A recyclable catalyst, Ru-Mg-Al-HT {RupsMge-
Al;(OH);6CO3}, showed moderate activity (TOF =
0.3—1.9 h™1) in the oxidation of activated alcohols
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with molecular oxygen.3%?2 The C/S mass ratio was
rather high, around 1, but the selectivity to carbonyl
compounds was usually high, and quantitative trans-
formation of some aromatic alcohols was achieved.
Further oxidation of aromatic aldehydes to carboxylic
acids was not detected. Primary alcohols were trans-
formed faster than secondary alcohols. The catalyst
having 7.3 wt % Ru in the Brucite layer was superior
to materials in which other transition metals (Ni, Fe,
Mn, V, or Cr cations) were introduced as active
species. Variation of the anion in the interlayer of
Ru—Mg—AI—HT showed that the catalyst with car-
bonate ions was the most active. It has been assumed
that the active sites are hydroxyl groups associated
to Ru cations (Scheme 17).390392 |n the first step, a

Scheme 17. Mechanism of Alcohol Oxidation over
Ru-Co-Al-HT3%
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basic OH group catalyzes the formation of Ru-alkox-
ide, and the subsequent S-elimination gives the car-
bonyl compound. The redox cycle is completed by re-
oxidation of the reduced Ru species with molecular
oxygen.

Further substitution of Mg ions with Co or Mn ions
in Ru-Mg-AI-HT led to a prominent synergic effect.3%
The most active and selective catalyst was Ru-Co-
Al-HT, which oxidized a variety of aromatic and
aliphatic alcohols to aldehydes and ketones in good
to excellent yields (TOF = 0.8—14 h™1). Ru-Co-Al-HT
was active also in the oxygenation of aromatic com-
pounds at benzylic positions.3%° For example, fluorene
and xanthene were transformed at 343 K to the
corresponding ketones in 93—98% yield. The synergic
effect between Ru and Co ions was attributed to the
formation of higher oxidation state Ru ions.300:303
Interaction between Ru and Co was evidenced by
XPS by a shift in the electronic state of Ru.

A similar catalyst, Ru-Cu-Al-HT, showed low activ-
ity (TOF < 1 h71) with molecular oxygen in the
absence of a co-oxidant, such as PhlO or tetrabutyl-
ammonium periodate.3** On the basis of XPS analy-
sis, an interaction was assumed between the two
redox couples Cu®%Cu?* and Ru**/Ru®* during alcohol
oxidation.

There are several hydrotalcite-like materials which
were developed for the aerobic oxidation of alcohols
and do not contain Ru as the active species. For
example, the recyclable catalyst Ni-Al-HT3% afforded
good yields in the transformation of aromatic and
allylic alcohols to the corresponding carbonyl com-
pounds, but the reactions were slow, even at a C/S
mass ratio above 2. Secondary benzylic alcohols were
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more reactive than primary alcohols, and substituted
benzylic alcohols reacted faster than benzyl alcohol,
independent of the electron-withdrawing or elec-
tron-releasing character of the function. The catalyst
was poorly active in the oxidation of primary and
secondary aliphatic alcohols. The catalytically active
species is probably Ni in association with aluminum
oxide.3%

Numerous hydrotalcite-like materials containing
Co, Cu, Cr, Fe, Mn, Ni, and Zn were tested in the
solvent-free oxidation of benzyl alcohol.3% At the high
reaction temperature of 483 K, benzaldehyde forma-
tion was only about 5 times faster with the most
active catalyst, Cu-Cr-HT, than the uncatalyzed
oxidation reaction.

2.6. Phosphates

Hydroxyapatites3°7308 gain increasing interest in
catalysis due to their unique properties.309-311 Hy-
droxyapatites can be synthesized by various methods,
including simple co-precipitation,3%8312-315 gnd a great
variety of new materials can be developed by surface
modification36-318 or by using the ion-exchange abil-
ity of apatites.319-321 A Ru-containing hydroxyapatite
(RUHAp), prepared by partial replacement of Ca?*
ions with Ru®*, gave high yields in the synthesis of
aromatic, hetereoaromatic, a,-unsaturated, and ali-
phatic carbonyl compounds.?? The stable and recy-
clable catalyst was moderately active; the C/S mass
ratio was around 1, despite the high Ru content (17
wt %). Interestingly, at 333 K, RuHAp oxidized
1-octanol to octanal in 94% yield without further
oxidation to carboxylic acid, and at 353 K, octanoic
acid formed in 82% yield. Primary aliphatic alcohols
were preferentially oxidized in the presence of sec-
ondary alcohols. This chemoselectivity resembles the
properties of RUCIy(PPh3)3%%® and contrasts those of
“bulk” Ru catalysts (RuO,, Ru/Al,O3), indicating the
presence of isolated Ru cations as active species in
RUHAp.322 The active sites are probably monomeric
Ru cations surrounded by O and Cl,%?2 though no CI
has been found recently in a similar catalyst.3* Ru
is strongly coordinated to the apatite framework, and
this interaction prevents leaching of the active spe-
cies. The structure shown in Figure 9 explains why

0.232 nm al
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Figure 9. Isolated Ru®* species with the nearest oxygens
on the surface of hydroxyapatite, as identified by XANES,
XPS, and EDX analysis.

| 0.197 nm
O//?U /—\
/

the authors classified the material as a supported Ru
complex.®?? According to their model, the oxidation
is initiated by a ligand exchange between the alcohol
and the chlorine species at the Ru site. The carbonyl
compound product is formed by 5-hydride elimination
from the Ru—alcoholate. Interestingly, the applica-
tion range of RUHAp is quite broad: it is active and
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selective in the aerobic oxidation of primary amines
to nitriles®?® and organosilanes to silanols,®?® and in
the racemization of chiral alcohols.3?

A similar catalyst, Pd—hydroxyapatite, was pre-
pared by interacting stoichiometric hydroxyapatite
Cayo(PO4)s(OH), with a solution of PdCIl,(PhCN),.3?7
The catalyst containing only 0.3 wt % Pd was far
more active than the Ru analogue (TOFs up to 500
h~1) and afforded good yields to various aldehydes
and ketones. The unused catalyst contained mono-
meric PdCI; species grafted by chemisorption onto the
apatite surface (Figure 10). Analysis of the structure

Cl Cl

\,Pd:\ ,ca4nm
('P)' E,OI ROH, O,
apatite apatite

Figure 10. Structure of as-synthesized Pd-exchanged
hydroxyapatite (left) and its restructuring to a supported
metal catalyst (right) under alcohol oxidation conditions.

of the recovered sample revealed, however, that
during reaction Pd?*" was reduced to Pd® by the
reactant alcohol and the actual catalytic species were
apatite-supported Pd nanoparticles with an average
diameter of 4 nm. Accordingly, this catalyst belongs
to the class of supported Pt-group metals discussed
in section 2.1.

Pd2* was resistant against reduction when a non-
stoichiometric, Ca-deficient hydroxyapatite, Cao-
(HPO,)(PO.)s(OH), was applied for ion-exchange
using the same method as described above. Interest-
ingly, this catalyst was active in Heck and Suzuki
reactions but not in alcohol oxidation with molecular
oxygen.3?7

Recently, Cu,(OH)PO,4 and Cu,0O(PO,), have been
proposed for the aqueous-phase aerobic oxidation of
benzyl alcohol and cyclohexanol.®?® The reaction rates
were low, and the highest yield of the corresponding
carbonyl compounds was only 12%.

3. Heterogenized Metal Complexes

For immobilization of soluble catalysts active
with molecular oxygen, various conventional tech-
niques®?°~33 have been applied, including incorpo-
ration of metal ions into lattices, adsorption on a
high surface area support, ion exchange, covalent
bonding via tethers, and entrapment into a porous
support. As concerns the stability of these hybrid
catalysts, simple adsorption on a support can rarely
prevent leaching of the active species, and the oxida-
tive stability of polymeric supports is frequently
insufficient.

In some cases, new materials are designed and
described as supported metal complexes, but the
published data reveal that, during preparation, the
metal ions were reduced to metal (M°). For example,
a polytitazane—platinum complex on magnesium
oxide support was suggested as a supported complex
catalyst for alcohol oxidation.334~337 The black color
of the final material and particularly the XPS data
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indicate, however, that the catalyst likely contained
small Pt particles dispersed in the organic—inorganic
matrix. Accordingly, these materials belong to sup-
ported Pt-group metals (section 2.1) and will not be
discussed here.

3.1. Ru-Based Catalysts

A simple method, adsorption on activated carbon,
was applied for the heterogenization of Ru(PPh3)s-
Cl,.3%8 The support enhanced the reactivity of the
complex in the oxidative cleavage of vicinal diols to
aldehydes, and fair to good yields at moderate rates
(TOF = 1.5-3 h™') were achieved in hydrophobic
solvents. The highest selectivity to aldehydes was
measured in the oxidation of terminal diols, though
the transformation of internal vicinal diols to al-
dehydes and cyclic diols to a,w-dialdehydes was
also efficient. A disadvantage of the method is the
high C/S mass ratio (up to 4), and it is not known
whether the catalyst is truly heterogeneous and
recyclable. Formation of a dialkoxyruthenium com-
plex leading to a six-membered transition state was
proposed for the reaction mechanism, as illustrated
in Scheme 18.

Scheme 18. Cleavage of 1,2-Diols by Ru(PPh3);CI,/C
via a Six-Membered-Ring Transition State338
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A general deficiency of the adsorption technique is
that the metal in its highest oxidation state has
the lowest affinity to the support, resulting in con-
siderable leaching of the active species during oxida-
tion.332 This limitation is illustrated by the oxida-
tion of alcohols with another carbon-supported Ru
complex, [RuCly(p-cymene)],.%%° The catalytic prop-
erties of the immobilized complex remained sim-
ilar to those of the homogeneous complex.340341 Ben-
zylic and allylic alcohols were oxidized in the pres-
ence of 5 mol % base, Cs,CO3. Reasonable rates (TOF
= 1.6—14 h!) and good yields of the carbonyl
derivatives were achieved, but the C/S mass ratio was
well above 1, and more than 30% of the complex
leached out of the support during a 9-fold catalyst
recycling test.

Polyoxometalates3#>734¢ are proven catalysts of
oxidation and dehydrogenation reactions. They are
sufficiently stable, possess high oxidation potential,
and are reoxidized by molecular oxygen. An effective
heterogeneous oxidation catalyst, Ru-substituted
silicotungstate, [(N-C4Ho)sN]4sH[SiW1;RuU(H20)030]*
2H,0, was synthesized by the reaction of RuCl; with
the polyoxometalate in an organic solvent.>*” The
catalyst was insoluble in various weakly polar or-
ganic solvents and could be recycled without any
significant loss in activity. A strong synergic effect
was observed between the Rus* active site and the

Mallat and Baiker

polyoxometalate [SiW;,030]8", allowing fast reaction
(TOF = 15—-23 h™1) even at low C/S ratios of only a
few weight percent. Various aliphatic, cycloaliphatic,
and aromatic ketones were prepared in 67—99%
yield. Oxidation of primary aliphatic and aromatic
alcohols was slower and gave a mixture of aldehyde
and carboxylic acid. Oxidation of allylic alcohols
barely proceeded. In contrast, the catalyst was ac-
tive in the oxidation of some alkanes, such as ada-
mantane.

Attaching ligands to an insoluble polymer support
is a popular strategy to heterogenize soluble com-
plexes, but it has never worked very well. A recent
example is the immobilization of a Ru(ll1)—Schiff
base complex on the surface of a chloromethylated
styrene—divinylbenzene cross-linked copolymer via
sequential attachment of ethylenediamine, salicyla-
Idehyde, and RuCl; (Figure 11).348349 No byproduct

O\/N Cl)\]
H0”"

Figure 11. Polymer-anchored Ru(l1)—Schiff base com-
plex.34°

was detected in the oxidation of benzyl alcohol to
benzaldehyde, but about 35% of Ru was lost during
the leaching test within less than 6 h.
Perruthenate anchored to an Amberlist anion-
exchange resin via quaternary ammonium groups
was originally developed as a clean oxidant.3®° Later
it was shown that it can also be used as a catalyst
with oxygen for the transformation of primary alco-
hols to pure aldehydes (Scheme 19).35* Nonactivated

Scheme 19. Oxidation of Alcohols by a
Perruthenate Supported on a Polymer (Amberlist
Anion-Exchange Resin)31

O/\NMe3+RuO4'
P e

R”NOH RS0
0y, tol
2, toluene Y: 56 -95%
348-358K,05-8h  1oF 1.0 p

R = aryl, alkyl, alkenyl, dimethylaminc-alkyl

and secondary alcohols reacted more slowly. Further
oxidation of aldehydes to carboxylic acids was not
detected, even in the oxidation of aliphatic alcohols.
Oxidation of tertiary amino alcohols and epoxy-
alcohols to aldehydes gave 90—95% vyields. In the
fastest reaction, in the oxidation of benzyl alcohol, a
TOF of 20 h™* was achieved, though at a C/S mass
ratio of over 9—a value characteristic of stoichiomet-
ric oxidants rather than catalysts. A further limita-
tion to practical application is the difficulty of catalyst
recycling, likely due to oxidative degradation of the
polymeric support.35?

In a sophisticated approach, perruthenate was
immobilized as a tethered complex on a more stable
inorganic material, mesoporous silicalite MCM-41
(Figure 12).3%2 The catalyst was recyclable without
any detectable metal leaching or decline in the
catalytic performance. Various aromatic and allylic
alcohols were oxidized quantitatively to aldehydes at
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X = H3N*RuO,~, MesN RuO,,
or EtzN*RuO4”

Figure 12. Perruthenate immobilized on a mesoporous
silicalite MCM-41.

353 K, at a C/S mass ratio of only 0.1. The presence
of C=C bonds and Cl, MeO, BnO, NO,, CF;3, or F
functions in the aromatic ring did not disturb the
reactions. Secondary aliphatic alcohols and alkenols,
such as cyclohexanol and cyclohexenol, did not react.
Though the application range is not broad, this is the
most active heterogenized homogeneous catalyst for
the oxidation of alcohols with molecular oxygen,
affording TOF values up to 170 h™1. Even distribution
of the active species on the support surface and the
absence of mass transport limitation in the meso-
porous structure of MCM-4128¢ seem to be critical to
the good performance.

A versatile route to prepare solid catalysts is
entrapment of a soluble transition-metal complex into
organically modified sol—gel silica (‘ORMOSIL").353354
The key structural properties of doped sol—gel ma-
terials, e.g., hydrophilic—hydrophobic character and
pore size distribution, can be tailored according to
the requirement of the reaction. A general limitation
of the method is that wide pores cannot prevent
leaching of the active species, while too narrow pores
hamper the diffusion of bulky substrates to the ac-
tive sites. Recently, tetra-n-propylammonium per-
ruthenate (TPAP) was embedded into methyl-modi-
fied hydrophobic silica, using methyltrimethoxysi-
lane as a sol—gel precursor.®%® The leach-proof cata-
lyst possessed high surface area and a narrow
pore size distribution of around 1.2 nm. Transforma-
tion of alcohols to carbonyl compounds was fast
only in the case of benzyl alcohol (TOFs in the range
1-13 h™1).

3.2. Pd-Based Catalysts

There is an increasing interest in the synthesis and
catalytic application of (heterogenized) ligand-stabi-
lized giant clusters that may be considered as models
of supported metal catalysts, or as a link between
homogeneous and heterogeneous catalysis.3%6~361 The
giant Pd clusters dissolve in common solvents and
act as homogeneous catalysts,?¢? though they can be
immobilized on a support to produce a heterogeneous,
easily recyclable catalyst.

In the first application to heterogeneously cata-
lyzed oxidation of alcohols with molecular oxygen, a
five-shell Pd cluster, Pdssipheng(OAC)1s0 (phen =
1,10-phenantroline), was immobilized on TiO, while
preserving the original structure and size (ca. 3
nm) of the precursor.363364 The cluster contained
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Pd® atoms in the inner part and cationic species (Pd*
and Pd?") on the surface, stabilized by phen ligands
and OAc anions. The catalyst was reusable, with
some loss in yield and selectivity. Various primary
allylic alcohols were oxidized in AcOH to a,(-un-
saturated aldehydes in up to 99% vyield, at good rates
(TOF = 0.3—15 h™1). The reactions were slower in
benzene, but esterification of geraniol could be elimi-
nated.

The reaction mechanism is assumed to be dehy-
drogenation of the allylic alcohol coordinated to a
cationic Pd species, followed by oxidation of the
surface hydride with oxygen to form water. The
supported cluster showed low activity for the oxida-
tion of secondary allylic and benzylic alcohols, which
was attributed to steric crowdedness around the Pd
cations. Isomerization and hydrogenation of the
substrate on reduced surface sites were also observed.
A hydrogen treatment in acetonitrile removed the
phen ligands from the surface of Pdsgiphengo(OAC) 180/
TiO, and decreased the reactivity of the catalyst
by a factor of 5.364 Clearly, the phen ligands play
an important yet unknown role in the oxidation
process.

Treatment of Pdsphen,(CO),(OAc), with Cu(NO3),
in the presence of oxygen gave a monodispersed
eight-shell nanocluster with the approximate com-
position of Pdps0(NO3)360(0OAC)360080 and an aver-
age size of 3.8 nm.3% The material, immobilized on
TiO,, afforded high yields in the oxidation of pri-
mary aromatic allylic alcohols (TOF up to 20 h™?)
and benzylic alcohols (TOF = 3 h™1) to the corre-
sponding aldehydes. Electron-withdrawing groups
retarded the reaction, and oxidation of saturated
alcohols (1- and 2-octanol) barely occurred. A com-
parison of szoeo(NO3)360(OAC)360030 and Pd561pheneo—
(OAC)150 Nnanoclusters revealed significant differences
in their reactivity toward allylic and benzylic alco-
hols.36

A palladium—pyridine complex, {Pd(OAc)2(py)2},
was immobilized on the external surface of hydro-
talcite by a simple adsorption step.%¢6-36° The hydro-
talcite-supported Pd(Il) catalyst was active in a broad
range of alcohol oxidation reactions (TOF up to 10
h~1) and gave good yields to aldehydes and ketones.
The catalyst was, however, rather unstable, and Pd?"
was easily reduced to Pd° particles when the alcohol
concentration (reducing agent) or the reaction tem-
perature exceeded a certain limit.3®® Besides, the
oxidation was sluggish and incomplete without ad-
dition of at least 4 equiv of pyridine to Pd(II).
Apparently, this heterogenization method was not
fully successful.

3.3. V- and Mo-Containing Catalysts
(Heteropolyoxometalates)

The importance of polyoxometalates and heteropoly-
acids in catalytic oxidation reactions®*?-36 has been
briefly discussed in a previous section in connection
with Ru-based catalysts. The presence of Ru is not a
requirement for oxidation activity. A heterogenized,
stable, and reusable catalyst was prepared by im-
pregnation of a mixed-addenda heteropolyanion salt
onto activated carbon (10 wt % NasPMo0,V;040/C).346
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Table 1. Oxidation of Aliphatic Alcohols to Aldehydes
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)
AN 0 e NN Y
Oz
seylaiees,
substrate catalyst T, K solvent TOF, h™! Y, % S, % ref
1-octanol 5%Pt—1%Bi/Al,03 333 PhCHj; 142 76 85 189
1-octanol Rug 3sMnFe; sCug 150x 295 PhCH; 0.2 51 100 264
1-octanol Ru®T—hydroxyapatite 333 PhCH; 0.4 94 99 322
1-octanol PrsN*RuQ,4 /ormosil(SiOy) 348 PhCH; 1 70 100 355
1-octanol RuO, /polymer 358 PhCH; 1.1 91 100 351
1-dodecanol Pt 333 C7H1s6 13 77 - 146
1-dodecanol RuCo, .50« 383 PhCH; 1.3 50 93 254
Table 2. Oxidation of Benzyl Alcohol to Benzaldehyde
©/\OH 0, @AO

catalyst T, K solvent TOF, h™? Y, % S, % ref

0.5% Pd/Al,O3 353 scCO, 1585 87 95 371

0.3% Pd/hydroxyapatite 363 PhCF; 500 99 - 327

1.4% Ru/Al,O4 356 PhCF; 40 >98 >99 29

RuO,-xH,0 353 PhCHj; 14 16 100 262

10% RuO,/FAU zeolite 353 PhCHj; 8.5 >99 >99 262

RUQA35MnF61,5CUo,150x 295 PhCH3 3.4 95 100 264

Rug 3C0,CeOx 333 PhCF; 10 >99 >99 263

H-K-OMS-2 383 PhCHj; 0.5 97 100 292

Ru-Mg-Al-hydrotalcite 333 PhCHj; 11 95 97 302

Ru-Co-Al-hydrotalcite 333 PhCHj; 9.3 96 96 303

Ru3t—hydroxyapatite 353 PhCH; 2 >99 >99 322

[RUCl,(p-cymene)],/C 383 PhCH; 4.7 92 - 339

RuO,4/polymer 348 PhCH; 20 >95 100 351

NR3;"RuO,/MCM-41 353 PhCH; 170 100 100 352

PrsN*RuO4~/ormosil(SiO,) 348 PhCH; 13 100 100 355

Pd2060(NO3)360(OAC)360080/ TiO2 333 AcOH 3 92 97 365

Na5PM010V2040/C 373 PhCH3 4.5 97 100 346

Some aromatic primary and secondary alcohols were
selectively oxidized to carbonyl compounds in 93—
98% vyield in toluene without further oxidation to
acids (Scheme 20). It was assumed that reoxidation

Scheme 20. Generalized Scheme for Alcohol
Oxidation with Carbon-Supported
Na5PM010V2040346

OH 2H+ +2e”

Jaid

PMo+1qVV20,40% H2PM01 oVV2040%

1/202
X =H, Me, Br, NO,, MeO

H,O
R =Hor Me

of the catalyst and not the dehydrogenation step was
rate-limiting. Aromatic alcohols with electron-donat-
ing or -withdrawing substituents reacted at similar
rates (TOF = 4.5 h™1), except hydroxybenzyl alco-
hols (no yield). Oxidation of aliphatic secondary
alcohols was slow and incomplete, and primary
alcohols were inert. Only 1 mol % of the immobi-
lized catalyst relative to the substrate was used. This
ratio, however, corresponds to a C/S mass ratio over

1 due to the low molar concentration of the active
species in the catalyst. The catalysts were active also
in the dehydrogenation of benzylic amines to alde-
hydes and ketones in two steps via the Schiff base
intermediate.

The same strategy, grafting an ammonium molyb-
dovanadophosphate onto carbon, provided an effec-
tive and truly heterogeneous catalyst, (NH4)sHsPVs-
Mo04040/C.2° The catalyst gave 46—92% yields in the
oxidation of allylic and benzylic alcohols to carbonyl
compounds under conditions similar to those de-
scribed above.3#¢ Interestingly, in a control reaction
the unsupported heteropolyoxometalate was inac-
tive (Scheme 21). Limitations to the application of

Scheme 21. Effect of Carbon Support on the
Oxidation ACtIVity of (N H4)5H6PV8MO4O40370

©AOH ©Ao
373K, 15h

catalyst: (NH4)5HgPVgMo4049 0%
(NH4)5H6PV8MO4040/C 92%

O,, toluene, catalyst

this catalyst as a selective alcohol oxidation cata-
lyst are the necessary high C/S mass ratio (up to 3)
and the good activity of the material in the oxida-
tion of amines, alkyl-substituted phenols, and al-
kanes.3"°
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Table 3. Oxidation of 2-Hydroxybenzyl Alcohol to

Salicylaldehyde
OH OH

H,0, "OH
TOF,
catalyst T, K h-t Y, % ref
2% Pt—3.6% Bi/C 318 8500 97 372
1% Pt/C + Pb(OAc), 303 9440 90 81

Table 4. Oxidation of 2-(Hydroxymethyl)pyridine

| X 0, X
NZ OH toluene NG -0
TOF,
catalyst T.K h?t1 Y, % S % ref
Rug.3sMnFe; 5Cug.150x 295 0.4 84 99 264
Ru-Mg-Al-hydrotalcite 333 0.3 50 76 302
Ru-Co-Al-hydrotalcite 333 1.3 91 92 303

Ru®*—hydroxyapatite 353 0.6 >99 >99 322

Table 5. Oxidation of 2-(Hydroxymethyl)thiophene

[doon 2 [d0

S S
TOF,
catalyst T,K solvent h™* Y, % S, % ref
1.4% Ru/Al;03 356 PhCF; 27 >98 >99 29
0.3% Pd/hydroxyapatite 363 PhCF; 6.9 99 — 327
Rug.3C0,Ce0Oy 333 PhCF; 13 >99 >99 263
Rug.3sMnFe; 5Cug 1504 295 PhCHs; 3.1 97 99 264
H-K-OMS-2 383 PhCH; 0.5 100 100 292

Ru-Co-Al-hydrotalcite 333 PhCH; 14 91 91 303
Rudt—hydroxyapatite = 353 PhCH; 3 94 94 322

4. Oxidation of Alcohols on Various Catalysts: A
Comparison

It is sometimes difficult to judge the catalytic per-
formance of a new material. One way is to compare
the various catalytic materials to the state-of-the-art
catalysts in some frequently used test reactions. The
comparison based on the data in Tables 1—-16 should

Table 6. Oxidation of Cinnamyl Alcohol to Cinnamaldehyde

e
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be considered only as semiquantitative, since in many
cases the reaction conditions applied are obviously
far from the optimum.

4.1. Primary Alcohols to Aldehydes

Selective oxidation of aliphatic alcohols to alde-
hydes with molecular oxygen is presumably the most
demanding transformation. The majority of known
catalysts are poorly active or possesses low selectivity
in these reactions, and detailed results are rarely
reported. In the oxidation of 1-octanol and 1-dode-
canol (Table 1), Pt and particularly a Pt/Al,Os
promoted by Bi are by far the most active materials,
though they are not very selective. Even the moder-
ate yield of 76—77% to an aliphatic aldehyde is not
typical for Pt-group metals, since these catalysts are
highly active in the dehydrogenation of the hydrated
aldehyde and usually produce the carboxylic acid in
high yield (Scheme 4).88 When high selectivity to
aldehyde is critical, various Ru-containing catalysts
offer a better choice.

Primary aromatic (benzylic) alcohols can be readily
transformed to aldehydes that are relatively resistant
to further oxidation, at least under mild conditions.
For example, oxidation of benzyl alcohol, the most
commonly reported test reaction, is characterized by
excellent selectivities and yields on almost all cata-
lysts (Table 2). Outstanding catalysts are Pd/Al,Os,
Pd/hydroxyapatite, and perruthenate supported on
mesoporous silicate MCM-41. Perruthenate is par-
ticularly attractive when further oxidation to benzoic
acid has to be avoided, though synthesis of the
catalyst via tethering is demanding.

Transformation of 2-hydroxybenzyl alcohol to sali-
cylaldehyde is of practical importance, and this
reaction is the fastest among all alcohol oxidation
reactions over solid catalysts (Table 3). The catalysts
and reaction conditions are discussed mainly in the
patent literature. The best TOFs are close to 10 000
h~1 over Pt/C promoted by Bi or Pb; the promotion is
carried out by simple addition of the promoter metal
salt to the reaction mixture. Supported gold nano-

catalyst T, K solvent TOF, h—t Y, % S, % ref
5% Pt—0.8% Bi/Al,O3 313 H,O + detergent 144 94 >08 43
0.3% Pd/hydroxyapatite 363 PhCF; 72 87 - 327
1.4% Ru/Al;03 356 PhCF; 27 98 98 29
Rh 343 2-PrOH 10 80 96 23
RuO,-xH,0 383 PhCH; 5 79 79 254
RuCo; 50y 383 PhCH; 38 90 94 254
Rug.3ssMnFe; 5Cug 1504 295 PhCHs 3.9 95 100 264
Rug.3C0,Ce0x 333 PhCF; 10 >99 >99 263
H-K-OMS-2 383 PhCH; 0.5 95 100 292
Ru-Mg-Al-hydrotalcite 333 PhCH; 1.1 95 97 302
Ru-Co-Al-hydrotalcite 333 PhCH; 14 94 94 303
Ru®t—hydroxyapatite 353 PhCH; 5.9 99 99 322
[RuUCly(p-cymene)]./C 383 PhCH; 2 80 — 339
RuO, /polymer 348 PhCH; 10 >95 100 351
PrsN*RuQ, /ormosil(SiOy) 348 PhCH; 1.8 90 100 355
Pdseiphengg(OAC) 180/ TiO2 333 AcOH 15 99 99 363
szoeo(N03)360(OAC)350080/Ti02 333 AcOH 19 91 98 365
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Table 7. Oxidation of Geraniol to Citral

02

T, TOF, Y, S,
catalyst K solvent h™ % % ref
5% Pt—1% Bi/Al,O3 333 PhCH; 13 >99 >99 189
1.4% Ru/Al,O3 356 PhCF; 6 86 97 29
Rh 343 2-PrOH 10 71 85 23
H-K-OMS-2 383 PhCH; 0.5 95 100 292

Ru-Mg-Al-hydrotalcite 333 PhCH; 0.5 100 100 302
Ru-Co-Al-hydrotalcite 333 PhCH; 0.8 71 80 303
Ru®*—hydroxyapatite 353 PhCH; 2 85 94 322
Pdss1phengo(OAC)180/TiO, 333 PhH 04 70 100 363

particles also perform well, though the average TOF
could not be calculated.?33

More demanding test reactions are the partial
oxidation of the heteroaromatic alcohols 2-(hydroxy-
methyl)pyridine (Table 4) and 2-(hydroxymethyl)-
thiophene (Table 5). The yields are high, but the
activity of the catalysts is usually low. Most catalysts
contain ionic or metallic Ru as the active species. The
good performance of Ru/Al,O3; and Pd/hydroxyapatite
in the synthesis of 2-formylthiophene is surprising
in the light of the well-known poisoning effect of
sulfur compounds on Pt-group metals.3”3-37> A com-
parison of the data in Tables 2—5 shows that rela-
tively small structural changes can lead to dramati-
cally different catalyst performance. Hence, assess-
ment of the catalysts on the basis of these simple test
reactions may be misleading.

Synthesis of o,8-unsaturated aldehydes from the
corresponding alcohols is a facile reaction with most
solid catalysts, similar to the oxidation of primary
benzylic alcohols. Many catalysts give high yields at
a reasonable rate in the oxidation of, for example,
cinnamyl alcohol (Table 6) and geraniol (Table 7). In
both reactions, the most active catalysts are sup-
ported Pt-group metals. Among the nonmetallic cat-
alysts, Ru—Co mixed oxide is a good choice, though
some other Ru-based catalysts give higher selectivity
to the o,f-unsaturated aldehyde. Oxidation of ge-
raniol to trans-citral (and of nerol to cis-citral) is
usually highly stereoselective (E/Z or Z/E > 95/5,
respectively),?3263264 though the values are not always
mentioned.

4.2. Primary Alcohols to Acids

There are very few test reactions commonly used
to compare different types of catalysts in the alcohol
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— carboxylic acid transformation. Additionally, fur-
ther oxidation of aldehydes to acids is frequently
considered as an undesired side reaction, and the
catalysts and conditions are optimized in order to
avoid this transformation. Table 8 compares some
catalysts in the oxidation of 1-octanol and 2-phen-
oxyethanol. The Ru-based mixed oxide is not very
active but affords the free carboxylic acid in high
yield without byproduct formation in the nonaque-
ous medium. Pt-group metals are active and selec-
tive, though only in aqueous alkaline media; in the
absence of base, oxidation of the aldehyde intermedi-
ate is slow and the active sites are partially blocked
by the strongly adsorbing carboxylic acid.

Promoted Pt-group metals are the most commonly
used catalysts for the oxidative synthesis of carboxy-
lic acids (as salts), including the oxidation of a broad
range of functionalized alcohols3246.6383376 gand poly-
hydroxy compounds.*'~15 A recent industrially im-
portant example is the oxidation of a choline salt or
hydroxide over 5 wt % Pd/C to give 90% vyield to
betaine:187,188,377

[Me,N*CH,CH,OH]JOH™ + O, —
Me,N"CH,COO0™ + 2H,0 (1)

The selectivity of supported Au is also excellent in
the oxidation of amino alcohols to amino acids.??®

4.3. Secondary Alcohols

Oxidation of secondary alcohols to ketones is highly
selective, and quantitative transformation without
any byproduct formation under mild conditions is not
unusual. Representative test reactions for aliphatic
and cycloaliphatic alcohols are the oxidations of
2-octanol (Table 9), cyclohexanol (Table 10), cyclo-
pentanol (Table 11), and 2-adamantanol (Table 12).
Ru/Al,O3 seems to be the most active catalyst (Table
9, TOF = 300 h™1), though the outstanding activity
might be due to the elevated reaction temperature
and solvent-free conditions. Other Ru-containing
catalysts (e.g., Ru—silicotungstate) and supported Pt
and Pd also perform well.

The oxidation of secondary aromatic alcohols is
illustrated by the transformations of 1-phenylethanol
(Table 13) and diphenylmethanol (Table 14). The
activity of supported Pt-group metals is remarkably
higher than those of other catalysts; the yields are
excellent with all catalysts.?941.327

Table 8. Oxidation of Aliphatic Alcohols to Carboxylic Acids

/\/\/\/\OH

AN~ ~_-COOH

©/O\/\OH 0, ©/O\/COOH

substrate catalyst T, K solvent? TOF, h Y, % S, % ref
1-octanol 5% Pt—1% Bi/Al,O3 333 H.O 29 93 97 189
1-octanol Pd/resin 373 HO 0.1 90 - 82
1-octanol Rug3C0,CeOx 333 PhCF; 25 97 97 263
2-phenoxyethanol 1% Pt/C + Cd(OACc), + Pb(OAC), 343 H.0 840 98 - 46
2-phenoxyethanol 10% Pd/C + Bi(NOg)s 343 H,0 82 100 100 46

a Water is used together with some base, and the product is the carboxylic acid salt.
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Table 9. Oxidation of 2-Octanol

OH O
T, TOF, Y, S,
catalyst K solvent h™?* % % ref
1.4% Ru/Al,O4 423 none 300 95 — 29
1.4% Ru/Al,O3 356 PhCF3 18 91 >99 29
5% Pt—1% Bi/Al,O3 328 H,0 + 78 78 100 a
detergent
0.3% Pd/hydroxyapatite 363 PhCF; 6.3 91 — 327
RUO,35MnF81,5CUO.150x 295 PhCH3 1 84 100 264
Ruo 3C0,CeOx 333 PhCF; 6.5 98 100 263
Ru-Co-Al-hydrotalcite 333 PhCHj; 4.6 97 97 303
Rudt—hydroxyapatite =~ 353 PhCH;3 1 96 100 322

Ru—silicotungstate 383 BUOAc 13 79 88 347

a Cs. Keresszegi, T. Mallat, and A. Baiker, unpublished data
(CIS, 10 wt %; 1 bar O; 3 h; detergent, sodium dodecylbenzene
sulfonate).

Table 10. Oxidation of Cyclohexanol

o

T, TOF, Y, S,
1

catalyst K solvent h™t % % ref
10% Pt/MgO 373 H,O(pPHY9) 7 70 100 378
10% RuO,/FAU zeolite 353 PhCHj; 1.4 43 >99 262
Rug3sMnFe; sCug1s0x 295 PhCH3 0.3 71 100 264
Ruo 3C0,CeOx 333 PhCF; 1 81 98 263
Ru—silicotungstate 373 'BuOAc 23 54 81 347
Table 11. Oxidation of Cyclopentanol

Do % Do
T, TOF, Y, S,

catalyst K solvent h=t % % ref
10% Pt/MgO 373 H,O(pH9) 9.1 100 100 378
1.4% Ru/AlLO3 356 PhCF; 45 >91 >99 29
0.3% Pd/hydroxyapatite 363 PhCF3 58 84 — 327
H-K-OMS-2 383 PhCH3; 0.07 67 100 292

Table 12. Oxidation of 2-Adamantanol

OH (0]
e T

T, TOF, Y, S,
catalyst K solvent h™* % % ref
Rug 3C0,CeOy 333 PhCF; 5 >99 >99 263
RugssMnFe; sCug1sOx 295 PhCH; 05 94 100 264
Ru**—hydroxyapatite 353 PhCH; 1.5 95 95 322
Ru—silicotungstate 373 'BuOAc 20 98 99 347

Table 13. Oxidation of 1-Phenylethanol to Acetophenone
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4.4. Diols and Triols

Partial oxidation of various diols and glycerol to
hydroxyacids and lactones, ketoacids, and hydroxy-
ketones is a field of industrial interest. The reaction
medium is water, and the precise control of pH or
the amount of base is critical to achieve high selec-
tivities. The performance of these catalysts is com-
pared below in the oxidation of ethylene glycol and
glycerol to monocarboxylates.

Ethylene glycol can be transformed quantitatively
to glycolic acid by Pt/C when only 1 equiv of base is
added and the actual oxygen concentration at the
metal surface is kept low by working at reflux
temperature in air (Table 15).26 Supported Au seems
to be a better choice: it combines an excellent rate
with high selectivity.205:208227-230 The superior selec-
tivity of gold has been shown also in the oxidation of
propane-1,2-diol to lactate.??®

Supported Au nanoparticles are the catalyst of
choice also for the oxidation of glycerol to glyceric acid
(Table 16).222231 The activity of Pt/C is similar, but
the selectivity is lower.

5. Conclusions

In this review, we have explored the heterogeneous
catalytic methods available for the selective oxidation
of alcoholic OH groups to carbonyl or carboxyl func-
tional groups, using molecular oxygen as the only oxi-
dant. A great number of new catalysts have been sug-
gested in recent years for the “clean” oxidation of alco-
hols with molecular oxygen. Many of them are based
on Ru and, to a smaller extent, on Pd species in
various forms.

There are several catalysts that provide high yields
in each class of the relatively simple test reactions
discussed here. The selection of an appropriate cata-
lyst may be based on other factors, such as the easy
synthesis of the catalyst and its stability, sufficiently
low C/S mass ratio, and high reaction rate (TOF). A
closer inspection of the published data reveals that
some catalysts possess surprisingly low activity, and
for most reaction types they do not offer a real altern-
ative to the conventional supported Pt-group metals—
materials whose activity was discovered in the 19th
century. The large number of patents reflects a
considerable industrial interest in the application of
supported (and promoted) Pt-group metal catalysts,

©/OKH ©)?\

catalyst T, K solvent TOF, h1 Y, % S, % ref
1.4% Ru/AlL,O4 356 PhCF; 40 >08 >99 29
1.4% Ru/Al,O4 423 none 340 98 - 29
5% Pt—0.8% Bi/Al,O; 333 H,O + detergent 340 97 >99 41
0.3% Pd/hydroxyapatite 363 PhCF; 490 98 - 327
Ruo_35MnFel_5Cuo_150x 295 PhCH3 35 98 100 264
H-K-OMS-2 383 PhCHj; 0.5 99 100 292
Ru-Mg-Al-hydrotalcite 333 PhCH; 0.5 100 100 302
Ru-Co-Al-hydrotalcite 333 PhCH; 6.2 100 100 303
Ru®*—hydroxyapatite 353 PhCH; 3 98 98 322
Prs,N*tRuO,/ormosil(SiOy) 348 PhCH; 3 90 100 355
NasPMo010V2040/C 373 PhCH; 4.5 94 100 346
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Table 14. Oxidation of Diphenylmethanol to
Benzophenone

OH o}

SASENGA®

T, TOF, Y, S,

catalyst K solvent ht % % ref

5% Pt—0.8% Bi/Al,O; 348 H,O + 700 99 100 41
detergent

Pd/resin 373 H.0 09 8 - 82
RUo_gsMnFel_scLlo_lsOx 295 PhCHg 4 86 100 264
Rug 3C0,CeOy 333 PhCF; 11 >99 >99 263
H-K-OMS-2 383 PhCHjs 0.5 100 100 292
Ru-Mg-Al-hydrotalcite 333 PhCHj 1.2 100 100 302
Ru-Co-Al-hydrotalcite 333 PhCH; 9.3 96 96 303
Rudt—hydroxyapatite 353 PhCHj; 3 =99 >99 322

Ru—silicotungstate 383 t-BuOAc 15 91 99 347

Table 15. Oxidation of Ethylene Glycol to Glycolate

HO  OH Oz HO
— H,0O, "OH coo
TOF,

catalyst T,K  po, bar h=t Y, % S, % ref
9% Pt/C 373 0.2 7 100 100 146
5% Pt/C 323 2 475 67 71 205
5% Pd/C 323 2 500 73 77 205
1% Au/C 343 2 1000 93 98 205

Table 16. Oxidation of Glycerol to Monocarboxylate
at 333 K

OH 0, OH

Ho.__oH Ho A

H,0, "OH (olole}

catalyst TOF, h™?! Y, % S, % ref
1% Au/graphite 65 84 92 223
1% Au/C 100 56 100 223
5% Pt/C 105 47 74 223

dominantly in agueous media. There are encouraging
examples on the industrial acceptance of this green
technology, though several other projects have been
aborted due to unsatisfactory results. Obviously,
replacement of stoichiometric and homogeneous cata-
lytic oxidation methods by heterogeneous catalytic
oxidations with molecular oxygen has already begun
in the industry, though acceleration of this process
necessitates more efficient solid catalysts.

Considering the topic from the point of view of
substrate structure, the fast and selective oxidation
of aliphatic and cycloaliphatic alcohols is certainly
an unsolved problem. The difficulties are multiplied
when more complex structures, such as polyfunction-
alized and thermolabile alcohols, have to be oxidized.
This area may be the most promising and rewarding
field for future development.

6. Abbreviations

A% MY metal (M) supported on Y, metal content (A)
in wt %
A% M;—B% bimetallic catalyst supported on a solid (X);
M,/X metal content (A, B) in wt %
A% MO,/Y  supported oxide; oxide content (A) in wt %

AB,C,..On  mixed oxide containing elements A, B, C

Mallat and Baiker

C/s catalyst/substrate mass ratio

HAp hydroxyapatite

HT hydrotalcite

Mnt—X solid material (X) containing M"* ions in the
matrix

OMS octahedral molecular sieve

S selectivity, in mol %

TOF turnover frequency; molar ratio of converted

substrate to the active component of the
catalyst, per unit time (h?); it refers to
the average rate at high conversion

X conversion, in mol %

Y yield, in mol %
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