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Ketonization of Carboxylic Acids by Decarboxylation: Mechanism and Scope

Michael Renz*!2!

Keywords: Carboxylic acids / Catalysis / Decarboxylation / Ketones

In the ketonic decarboxylation process, a ketone is formed
from two moles of carboxylic acid; water and carbon dioxide
are produced as side-products. At present, the mechanism of
this reaction remains under debate; it has been proposed as
a radical mechanism, a mechanism involving a B-keto acid
as intermediate, or a concerted mechanism. This paper dem-
onstrates that the latter mechanism is the most likely one and
that weak bases may play the role of promoters. Different

processes are reviewed for the syntheses of the following
ketones: symmetrical ketones, such as acetone or 3-penta-
none, cyclic ketones, such as cyclopentanone (parent com-
pound and substituted derivatives), fatty ketones, and some
unsymmetrical ketones.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

The ketonization of carboxylic acids by decarboxylation,
also called ketonic decarboxylation, is useful synthetically
for the production of symmetrical ketones such as acetone,
3-pentanone, cyclopentanone, and fatty ketones. When
starting with two different carboxylic acids, the process
leads to a mixture of three products, namely the two corre-
sponding symmetrical ketones together with the “mixed”
ketone. In the ketonic decarboxylation, two carboxylic acid
functionalities are converted into a carbonyl group, carbon
dioxide, and water [Equation (1)]. From the modern, eco-
logical point of view, this process is a very clean one be-
cause non-polluting by-products are formed and no solvent
or other elaborate reagent is necessary.
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As a result, this reaction is an interesting one for poten-
tial industrial applications, even though it is one of the old-
est reactions known in organic chemistry. The dry distil-
lation of calcium acetate to yield acetone was reported as
early as 185811 [Equation (2)]; until World War I, this reac-
tion was employed for the commercial manufacture of ace-
tone.?!
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In an improved procedure, which involves dry distillation
passing superheated steam at a temperature of about 300-
400 °C, acetone can be obtained in 95% yield.[¥! Very early
on, the ketonic decarboxylation was performed using car-
boxylic acids and less-than-stoichiometric amounts of base
to form a mixture of the free carboxylic acid and its metal
salt. For instance, adipic acid was reacted with 4 mol-% of
barium hydroxide, 4 mol-% of uranium nitrate, or 4 mol-%
of iron sulfate at 290-295 °C to give cyclopentanone almost
quantitatively.[*! These changes were not introduced by the
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forces of ecological considerations or requirements but
rather by the fact that better yields were achieved this way.
It has been demonstrated elegantly that in the synthesis of
cyclopentanone from adipic acid in the presence of barium
hydroxide, 75% of the ketone can be obtained when using
only 8.5 mol-% of the base [Equation (3)], whereas the yield
dropped to 25% when 42 mol-% of barium hydroxide was
used.’) Furthermore, and fulfilling even the requirements
of the modern processes of recycling and waste reduction,
a semi-continuous procedure was developed in 1928 after it
was realized that the baryta residue of the dry distillation
could be re-used, rather than adding fresh base, together
with fresh charges of adipic acid.)]
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At around the same time, real catalytic processes were
reported in the gas phase using heterogeneous catalysts,
e.g., passing adipic acid vapours over manganese(i) oxide
at 350 °C gave an 80% yield of cyclopentanone.l®) Further-
more, in a sufficiently slow distillation, cyclopentanone also
can be produced from adipic acid without the need for any
additive, merely by placing it in a laboratory glass (60%
yield)[:8 or quartz (95% yield)®! flask.

The many different early versions of the reaction — i.e.,
the great diversity of promoting materials employed in var-
ying amounts and reactions performed in the presence of
water or under strictly anhydrous conditions — confused
chemists, especially when they began to determine the
mechanism.[®°T At the time, they were unable to distinguish
between ketonic decarboxylation, ketonic decarboxylation
under forced reaction conditions involving side reactions,
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and oxidative decarboxylation. In the following sections,
the experimental results are provided from a retrospective
point of view in an effort to minimise confusion. An excel-
lent and detailed historical overview can be obtained from
the literature.[!

The Mechanism and Corresponding Experimental Support

The first problems to be resolved before beginning the
elucidation of the mechanism are (a) the choice of reaction
conditions that must be considered, (b) which conditions
provoke predominantly side reactions, and (c) which prod-
ucts belong to which reaction. In particular, the benefits,
the advantages, and the drawbacks of each of the two alter-
native methods of the ketonic decarboxylation —i.e., reac-
tions using carboxylic acid salts and those using less-than-
stoichiometric amounts of base — should be determined. In
this regard, a careful literature study suggests, surprisingly,
that an unambiguous advantage exists for the catalytic
method.

The cyclisation of adipic acid promoted by barium hy-
droxide is presented here as the first example. As mentioned
above, cyclopentanone can be obtained when using barium
hydroxide in catalytic amounts: with 4.4 mol-% Ba(OH), at
a temperature of 285-295 °C in 75-80% yield!'”! or in the
semi-continuous procedure using 0.4 mol-% Ba(OH), at a
temperature of ca. 300 °C in 87% yield™ (Scheme 1, condi-
tions a and b). In contrast, when the reaction is performed
using stoichiometric amounts of barium hydroxide, i.e.,
with the barium salt of diadipate, and when the salt has
been rigorously dried, the ketonisation begins at a signifi-
cantly higher temperature (430 °C) and, additionally, con-
siderable amounts of cyclopentene are obtained as a by-
product (conditions d).[%

The presence of water must be avoided in these mecha-
nistic control reactions because its interference increases the
possibility that barium adipate will form barium oxide and
free adipic acid. Consequently, the reaction can begin to
produce increasingly more water, which, for its part, facili-
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Scheme 1. Results of the ketonic decarboxylation of adipic acid conducted in the presence of different amounts of barium hydroxide and

water
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Scheme 2. Ketonic decarboxylation of decanoic acid, as its calcium salt or passed over ZrO,

tates a smooth reaction. Thus, the reaction can be consid-
ered to be the ketonic decarboxylation of adipic acid when
less-than-stoichiometric amounts of base are used in the
presence of an inorganic salt, namely barium oxide or bar-
ium carbonate, that is mainly non-interfering. Indeed, when
barium diadipate is not rigorously purified from traces of
adipic acid or is not dried excessively, the reaction proceeds
at 430°C to result in cyclopentanone in 84% yield
(Scheme 1, conditions ¢).[8! Furthermore, in the presence of
an excess of barium oxide to bind the water that is formed
during the reaction, no cyclopentanone product is ob-
served, but cyclopentene (41%) and coke are formed (condi-
tions e).[®

The kinetic decarboxylation of adipic acid to cyclopenta-
none, however, might be an exceptional case because it in-
volves a cyclisation that might be favourable or inopportune
for a particular (side) reaction. Therefore, the transforma-
tion of decanoic acid to 10-nonadecanone is cited as a fur-
ther example of intermolecular ketone formation and very
similar conclusions are drawn. When decanoic acid is
passed over zirconium oxide at 400 °C and at a space veloc-
ity of 1.3h7!, the ketone is obtained in 77% yield
(Scheme 2).1'! Increasing the temperature to 420 °C and the
space velocity to 2.0 h'! improves the yield to 91%.['1
Again, in contrast, the pyrolysis of calcium decanoate at
500 °C results in a complex product mixture including 10-
nonadecanone in a corresponding yield of 28% (Scheme 2).

The remaining material consisted of the series of nonyl-
ketones from 2-undecanone to 9-octadecanone and consider-
able amounts of alkanes and alkenes.!'”! The experimental
data from a detailed study of the by-products have been
interpreted by the authors in terms of a free radical mecha-
nism, which became quite popular for understanding the
ketonic decarboxylation.!'3] However, a more-recent study
on the pyrolysis of model compounds over spent oil shale at
500 °C established that 10-nonadecanone was the primary
product from decanoic acid. When the acid was passed at
high space velocities (residence time = 155s), 10-nonad-
ecanone was the most abundant product, followed by 2-
undecanone (and trace amounts of all other members of
the series) and nonane as the most abundant hydrocarbon
product.' At a low space velocity (residence time =
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5 min), the composition of the product mixture changed to
give 2-undecanone as the most abundant ketone (in the cor-
responding series) in a mixture together with C4;—Con-al-
kanes and alkenes and aromatic hydrocarbons. It has been
concluded that, at low residence times, decanoic acid
formed the symmetrical ketone, 10-nonadecanone. At high
residence times, cracking of the alkyl chain occurred to
yield predominately 2-undecanone by a favoured -homoly-
sis (resonance stabilization).

It is evident from all these experimental data that the
ketonic decarboxylation proceeds when using catalytic
amounts of base. In the presence of stoichiometric amounts
of base, the reaction is prevented, or at least slowed down,
and the temperature must be raised to achieve any transfor-
mation. Under these conditions (>450 °C), cracking reac-
tions compete efficiently to produce a typical series of unde-
sired by-products. Water can run the blockade, forming (in
an equilibrium) free carboxylic acid and free base, especially
when metal oxides are formed readily. This observation may
explain the early makeshift attempts to employ superheated
steam with carboxylates and a selection of counterions,
often alkaline earth metal ions.

An interpretation of these conclusions in mechanistic
terms was introduced by Rand et al. in 1961, who suggested
that one carboxylate functionality reacts with a carboxylic
acid functionality.l'>] For the transformation of adipic acid
into cyclopentanone in the presence of different amounts of
potassium fluoride as base, similar observations as those
reported above were again made when the reaction was per-
formed using different amounts of barium hydroxide. The
low conversion at stoichiometric amounts of base con-
trasted the good yield (81%) obtained when using only
5mol-% of potassium fluoride, although in this case the
reaction rate was slower. From these experimental results,
Rand et al. proposed a mechanism that begins with the for-
mation of the monocarboxylate of adipic acid (Scheme 3).
The elevated temperature serves to decarboxylate the depro-
tonated acid functionality to form a carbanion that is pref-
erentially cyclised by a nucleophilic attack onto the remain-
ing carboxyl group. The resulting anion eliminates a hy-
droxide anion to give cyclopentanone. The liberated base
can then begin a new reaction cycle.
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Scheme 3. Mechanism proposed by Rand et al.l'] for the ketonic
decarboxylation of adipic acid to give cyclopentanone; this process
involves deprotonation, decarboxylation, and nucleophilic attack
on the non-dissociated carboxylic acid group

The key feature of this mechanism is that it provided, for
the first time, an explanation for why a stoichiometric
amount of base reduces the yield of ketone. With an equi-
molar amount of base the dicarboxylate is formed and, af-
ter the decarboxylation of one of them, the resulting carb-
anion would have to attack the second carboxyl group in
its deprotonated form, which is strongly disfavoured.

Furthermore, the two negative charges would repel each
other and would complicate the approach. Consequently,
the transformation does not occur at the same reaction tem-
perature. This proposed mechanism, however, has an incon-
sistency: the carbanion formed by decarboxylation should
be protonated immediately by the carboxylic acid to form
pentanoic acid, but this product has never been reported.

An improved version of this proposed mechanism should
modify it slightly such that the decarboxylation and nucleo-
philic attack occur in a concerted fashion, as depicted in
Scheme 4. The exact geometry of the transition state might
differ from the one depicted — it must be refined by theoret-
ical calculations — as might the extent of negative partial
charge at the migrating carbon atom. A concerted reaction
mechanism has also been proposed earlier from a study of
the fractionation of carbon isotopes in the pyrolysis of bar-
ium adipate:[') the same isotopic compositions were found
in the liberated carbon dioxide, in the cyclopentanone pro-
duct, and in the starting adipic acid; no enrichment was
observed. Consequently, the same number of carbon-car-
bon and carbon-oxygen bonds must be broken and formed
in the rate-determining step. It is straightforward to con-
sider that the deprotonation of the acid is very fast and that
the second step is the rate-determining one.

The mechanism proposed in Scheme 4 explains many
particularities of the ketonic decarboxylation and is in ac-
cordance with a number of experimental observations, e.g.,
the formation of ketones from carboxylic acids that lack an
a-hydrogen atom, such as the cyclisation of 2,2,5,5-tetra-
methyladipic acid to 2,2,5,5-tetramethylcyclopentanone,
which has been achieved using either 15 mol-% of barium
oxide or 45 mol-% of potassium fluoride in 72 or 52% yield,
respectively [Equation (4)].'3 This cyclisation cannot be ex-
plained by the mechanism involving a B-keto acid interme-
diate.'”]

982 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Scheme 4. Modified mechanism involving decarboxylation and nu-
cleophilic attack on the non-dissociated carboxylic acid group in a
concerted fashion; the adipic acid substrate is deprotonated by a
base to give the monoadipate; this carboxylate eliminates carbon
dioxide at elevated temperatures and the resulting carbanion simul-
taneously attacks the second carboxylic acid group to form a de-
protonated ketone hydrate; the latter species decomposes into the
product ketone and a hydroxide anion, which, for its part, generates
a new monoadipate, either by direct deprotonation of adipic acid
or via regeneration of the catalytic base

0]
O

Reaction conditions:
15 mol% BaO, 5 h, 320 — 330 °C, yield 72%; or
45 mol% KF, 8 h, 320 — 340 °C, yield 52%

In reactions of compounds containing two different car-
boxylic acids, the question of which of the carboxylic acid
functionalities is transformed into carbon dioxide and
which provides the carbonyl functionality in the resulting
ketone has been addressed through isotope labelling experi-
ments [Equation (5)]. With two aliphatic carboxylic acids,
carbon dioxide is formed preferentially from the carboxylic
acid whose alkyl group (formed by a hypothetical decarbox-
ylation) better stabilizes a (partial) negative charge.
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This concept is in accordance with the mechanism de-
picted in Scheme 4 where a carbon atom migrates while
bearing a negative partial charge. Examples include the
transformation of '*C-labelled homocamphoric acid into
camphor,'® the ketonic decarboxylation of the thorium
salts of '“C-labelled isobutyric acid and acetic acid,['] the
transformation of the calcium salts of valeric acid and *C-
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labelled acetic acid,?>2" and the ketonisation!'”! of the tho-
rium salts of '*C-labelled phenylacetic acid with the corre-
sponding salt of acetic acid. The only exceptions to this rule
are the benzoic acid derivatives, which are more resistant to
the decarboxylation than the stabilities of their correspond-
ing anions predict.['”]

The reaction of a carboxylic acid (salt) with formic acid
(salts) would also fit the definition described at the onset
for ketonic decarboxylation, although the product in this
case is an aldehyde, instead of the ketone, together with
carbon dioxide and water [Equation (6)]. However, formic
acid is a strong reducing agent®? that is employed as a
hydride/hydrogen source or precursor, e.g., in the Wallach
reaction and in the reduction of nitro compounds to
amines,”® and can decompose by dehydrogenation in the
gas phase.”*! Therefore, from a mechanistic point of view,
it should be considered as an exceptional case and, there-
fore, it is not included here.

O O @)

L L < )LH +CO, + X0 6)
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e

In conclusion, the ketonic decarboxylation can be de-
scribed as the attack of a carbanion, formed by decarboxyl-
ation from a carboxylate, onto a carboxylic group. The de-
carboxylation and the nucleophilic attack should occur in a
concerted fashion. Evidence for the formation of a negative
partial charge may be obtained from cross-ketonic decar-
boxylations using two different carboxylic acids — one of
them featuring a labelled carboxylic carbon atom. The de-
carboxylation predominates in the substrate whose alkyl
group best stabilizes a (partial) negative charge. A radical
mechanism can be ruled out by comparison with the oxidat-
ive decarboxylation.!>”! The mechanism of this related reac-
tion is generally accepted to be of a free radical type, but
the product distribution is completely different. Results that
have been cited previously in favour of a radical mechanism
in the ketonic decarboxylation may be classified as “ob-
tained under forced reaction conditions,” i.e., the by-prod-
ucts were formed by classical cracking reactions that can be
avoided by utilising milder conditions. As a consequence of
the proposed mechanism and when designing new experi-
ments, it should be noted that the decomposition of metal
salts and, equivalently, the use of stoichiometric amounts
of base are unfavourable procedures. A catalytic amount of
any material that can be protonated by carboxylic acids
may be employed as a homogeneous or heterogeneous pro-
moter.”®! Generally, the ketonic decarboxylation is per-
formed without the use of a solvent; only in a few cases
have high-boiling hydrocarbons been used.

Synopsis and Scope of the Ketonic Decarboxylation

The first preparative ketonic decarboxylation was per-
formed in the mid-nineteenth century to provide acetone
from calcium acetate. At present, acetone is the most im-
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portant commercial ketone, but ketonic decarboxylation is
not utilised for its production. Instead, acetone is mainly
co-produced in the Hock phenol process; other straightfor-
ward syntheses, such as the direct oxidation of propene or
the dehydrogenation of 2-propanol, are available. Neverthe-
less, in recent years acetic acid has been used as a probe
molecule for activity tests of catalysts for the ketonic decar-
boxylation (Table 1),?”] whereas the decomposition of me-
tal salts has become irrelevant. The preferred reaction pro-
tocol is to place a solid catalyst in a continuous reactor and
to pass acetic acid vapours over it in a temperature range
from 325 to 375 °C. It is clear that zeolite catalysts, which
are the most important and most common catalysts used in
the chemical industry, are not the most suitable ones for
mediating ketonic decarboxylation (Table 1, entry 1). Car-
boxylic acids placed under severe reaction conditions are
readily converted into aromatic hydrocarbons because the
primary reaction product, acetone, undergoes a number of
condensation and isomerisation reactions.”8! As a conse-
quence, the selectivity towards acetone is very low. More
appropriate catalysts are basic metal oxides, which provide
acetone almost quantitatively (Table 1, entries 3 to 8). CeO,
and MnO, on alumina are the most efficient catalysts be-
cause almost complete conversion can be achieved at a rela-
tively low temperature (325 °C) and at a quite high weight
hourly space velocity (WHSYV; Table 1, entries 3 and 4).
Other interesting catalytic materials are zirconium oxide
(entry 7), optionally modified with sodium oxide (entry 6),
or hydrotalcites, which are layered mixed hydroxides of alu-
minium and magnesium (entry 5).

Table 1. Transformation of acetic acid into acetone through ketonic
decarboxylation

Entry T WHSVE  Catalyst Conv. Yield Select. Ref.
[°Cl [0 (7] (7] (7]

1 320 0.1 H-ZSM-5 47 22 28]

2 325 0.34 K50 (10 wt.-%, 29 38bl 129
wet) on CoMoO,

3 25 21 CeO, (20 Wt.-%) 93 130]
on ALO;

4 25 21 MnO, (20 wt.-%) 96 130]
on ALO;

5 350 0.57 hydrotalcite 86 high  BU
MgAl = 4

6 350 0.37 NayO (1.3 wt.%) 95 32
on ZrO,

7 375 0.37 ZrO, 99 (2]

8 375 2.1 manganese nodules!) 95 1331

9 450 0.57 ZnO/ALO; (3:1)4 89 high B4

[a] Weight hourly space velocity. [b] CO, (62%) was detected. [c] Natural mixed
oxides involving Mn, Fe, Cu, Ni, Co, Na, K, Ca, Si, and Al. [d] Layered double
hydroxides.

The next higher symmetrical homologue of acetone, 3-
pentanone, is also of commercial interest. It is used as a
solvent for paints and in fragrances and it is a common
starting material for organic syntheses. In contrast to ace-
tone, 3-pentanone is produced preferentially by ketonic de-
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carboxylation of the corresponding carboxylic acid: propi-
onic acid.’*! This situation is evidenced by the number of
patents disclosed on this subject. Suitable catalysts for this
process are CeO, and MnO, on alumina, which provide
excellent performance with very high conversions and selec-
tivities (Table 2, entries 1, 2, 4, and 11). All oxides of the
alkali metals on an anatase support represent active materi-
als, although at a quarter of the WHSYV of entries 1 and 2,
and provide the desired 3-pentanone almost quantitatively
(Table 2, entries 6-10).

Table 2. Transformation of propionic acid into 3-pentanone
through ketonic decarboxylation

Entry T WHSVE  Catalyst Water®  Yield Ref.
°Cl [h'] [wt.-%] - [%]

1 325 21 CeO, (20 wt.-%) on 93 Dol
ALO,

2 325 2.1 MnO, (20 wt.-%) on 95 130]
ALO,

3 330 M 710, 95 136]

4 350 2.1 CeO, (20 wt.-%) on 92 571
ALO,

5 350 0.6 ZrO, 98 [38]

6 360 0.48 Li,O (2 wt-%) on TiO, 10 95 19

7 360  0.59 Na,O (2 wt.-%) on TiO, 12 99 139]

8 360 0.50 Ks0 (2 wt.-%) on TiO, 12 99 B9

9 360  0.59 Rb,0O (2 wt.-%) on TiO, 12 98 139]

10 360 048 Cs,0 (2 wt.%) on TiO, 10 97 B9

11 375 2.1 MnO, (20 wt.-%) on 90 1371
ALO,

12 425 2.1 manganese nodules 90 133]

[a] Weight hourly space velocity. [b] Water added to feed. [c] Propionic acid
added continuously to high-boiling paraffins.

Higher symmetrical ketone homologues are produced on
a smaller scale and are mainly employed as intermediates.
Table 3 summarises the formation of 4-heptanone, 2,4-di-
methyl-3-pentanone, and 5-nonanone from n-butyric, iso-
butyric, and n-pentanoic acids, respectively. The corre-
sponding ketones can be obtained in excellent yield, but the
reaction conditions and catalysts must be selected carefully
and optimised because side reactions, such as cracking of
the alkane chains, may occur.

Table 3. Formation of 4-heptanone, 2,4-dimethyl-3-pentanone, and
5-nonanone through ketonic decarboxylation of the corresponding
carboxylic acids

Entry Carboxylic T WHSVI Catalyst  Yield  Ref.
acid [°C] [h'] %]
1 n-butyric 450 0.46 ALO, 78 140]
2 isobutyric 350 0.6 7r0, 98 138]
3 n-pentanoic 400 2.1 MnO, >g88 b7
(20wt.-%)
on Al,O3
4 n-pentanoic 400 2.1 CeO, >75 B
(20wt.-%)
on Al,O4
5 n-pentanoic 450 0.46 Al O4 89 [40]

[a] Weight hourly space velocity.

In several cases, ketonic decarboxylation provides a valu-
able entry point for preparing unsymmetrical ketones, but,
in the cross decarboxylations of two different carboxylic ac-
ids, the symmetrical ketones are always produced as well.
Consequently, the selectivity towards the desired ketone is
quite low in the product mixture of the three products be-
cause of statistical reasons. Thus, reaction of acetic acid and
butanoic acid (Table 4, entry 1) provides 2-pentanone in
only 43% vyield together with acetone (30%) and 4-hep-
tanone (33%). This disadvantage can be diminished by em-
ploying one of the carboxylic acids in excess— either a very
cheap one or one that results in a valuable, symmetrical
ketone as the co-product. In this manner, several methyl
ketones are produced by ketonic decarboxylation em-
ploying an excess of acetic acid, which is quite cheap and
provides acetone as a by-product that can be commercial-
ised. Thus, reaction of acetic acid and isobutyric acid has
resulted in yields of 66 and 72% of methyl isopropyl ketone,
based on isobutyric acid (Table 4, entries 2 and 3). Pinaco-
lone was obtained in 81% yield, or in 58% yield at a conver-
sion of 60%, which corresponds to a selectivity of 97%
(Table 4, entries 4 and 5). A very interesting product ob-
tained by cross-ketonic decarboxylation is 1-phenylacetone,
which is a useful intermediate for the pharmaceutical indus-
try that cannot be formed directly through a simple Frie-
del-Crafts acylation or alkylation (entry 7). Although this

Table 4. Transformation of carboxylic acids into asymmetric ketones through ketonic decarboxylation

Entry Acid Mass ratio® T WHSVI Catalyst Product Yield  Ref.
substrates [°C] [h1 [%o]

1 acetic, butanoic 37:52:11 430 0.35 ZrO, (10 wt.-%) on TiO, 2-pentanone 43 (41

2 acetic, isobutyric 40:40:20 380 0.47 Na,O (1.3 wt.-%) on TiO, methyl isopropyl ketone 72 (39

3 acetic, isobutyric 44:44:11 430 0.37 Zr0O, (10 wt.-%) on TiO, or ThO,  methyl isopropyl ketone 66 @1
(10 wt.-%) on TiO,

4 acetic, pivalic 62:18:20 450 0.84 Na,O (1.3 wt.-%) on TiO, pinacolone 81 139

5 acetic, pivalic 40:48:12 435 0.97 Nd,05 (32.5 wt.-%) on Al,O5¢ pinacolone 581d] [42]

6 acetic, lauric 69:31:0 430 0.36 Zr0, (10 wt.-%) on TiO, 2-tridecanone 60 @1

7 acetic, phenylacetic 66:30:4 430 0.36 Zr0, (10 wt.-%) on TiO, 1-phenylacetone 61 (41

8 propionic, benzoic 65:18:17 400 0.88 Na,O (2.5 wt.-%) on TiO, propiophenone 99 139

9 propionic, benzoic 53:32:15 470-510  0.4-1.0 CaO (3.87 wt.-%) on Al,O; propiophenone 98 [43]

10 propionic, benzoic 72:24:3 430 0.36 ZrO, (10 wt.-%) on TiO, or ThO,  propiophenone 90 (@1
(10 wt.-%) on TiO,

11 propionic, benzoic 380 batch Cr oxide (ca. 5 wt.-%) on ZrO, propiophenone 77 [44]

[a] Weight hourly space velocity. [b] The first two components are the two carboxylic acids and the third is water; normalized to 100. [c] Other rare earth
metal oxides have been tested and give similar results. [d] At 60% conversion of pivalic acid. [e] At 79% conversion of benzoic acid.
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possibility is available for 1-phenyl-1-propanone, which is
also an intermediate used for preparing pharmaceuticals,
ketonic decarboxylation is a real alternative that avoids the
use of the acid chloride together with an equivalent amount
of aluminium trichloride.[*¥ The conditions for ketonic de-
carboxylation have been optimised and propiophenone can
be obtained quantitatively with respect to the benzoic acid
(Table 4, entries 8-11). Again, the catalysts employed in
most of these cases were basic metal oxides on an anatase
or an alumina support.

Cyclopentanone, as mentioned earlier, is also a commer-
cially important compound that can be produced by ke-
tonic decarboxylation. Two decisive factors result in this
synthetic strategy, rather than cyclopentene oxidation, be-
coming the industrially preferred process. First, the sub-
strate is a dicarboxylic acid, adipic acid, that has a much
higher boiling point (ca. 330 °C) than does cyclopentanone
(131 °C). Consequently, the product can be distilled easily
from the reaction mixture. Secondly, the substrate, adipic
acid, is a bulk product and, therefore, it is cheap and readily
available.

The favourable boiling points allow the use of a different
production process, rather than the common continuous re-
actor employed in the majority of ketonic decarboxylations
of other substrates. It was realized very early on that cyclo-
pentanone can be obtained by slow distillation of adipic
acid or after thermal decomposition of its barium or cal-
cium salts (Table 5, entries 1-3).7-8 Later, as discussed
above in the section on the mechanism, the reaction was
conducted in the presence of catalytic amounts of base. It
was demonstrated that the strength of the base has no cru-
cial influence on the reaction rate, but the amount does.
Thus, no difference is observed when performing the reac-
tion using either sodium hydroxide or sodium carbonate as
base.[*3] Consequently, promoters for the ketonic decarbox-
ylation of adipic acid include many kinds of bases, such as
the strong potassium fluoride (Table 5, entry 9), hydroxides
of alkali and alkali earth metals (entries 4-6 and 10), so-
dium phosphate (entry 11), and very weak carbonates (en-
try 12). Generally, cyclopentanone is obtained in 80-90%
yield.

Similar yields are achieved when the reaction is per-
formed in the modern form of the ketonic decarboxylation,
i.e., placing a solid catalyst in a continuous reactor. For
instance, yields of 87 and 88% were observed when using
barium oxide or phosphate-impregnated silica catalysts
(Table 6, entries 1 and 2). Interestingly, in the continuous
reactor, the diethyl ester is the preferred substrate derivative
over the free acid. This phenomenon may be due to its
lower boiling point (245 °C vs. ca. 330 °C) and, therefore,
easier evaporation. As a consequence, the reaction tempera-
ture could be lowered to 270 °C and cyclopentanone was
obtained in 77% yield when using a potassium-oxide-on-
anatase catalyst (Table 6, entry 3). However, the common
catalysts applicable for monocarboxylic acids were not suc-
cessful in all cases when using the ester substrates. In par-
ticular, ThO, and MnQO, on alumina resulted in low selec-
tivities (42 and 62%, respectively; Table 6, entries 5 and 9).
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Table 5. Formation of cyclopentanone through ketonic decarboxyl-
ation and distillation from a batch reactor

Entry Substrate T Catalyst Yield  Select. Ref.
derivative [°C] [%] [%0]

1 adipic acid - 60 g

2 adipic acid 290-300 — 88-98 (8]

3 barium 430 - 84 8]

adipate

4 adipic acid Ba(OH), 87 il
(1.7 Wt.-%)

5 adipic acid 285-295 Ba(OH), 80 (o]
(5 wt.-%)

6 adipic acid 290295 Ba(OH), >95 14
(4 mol-%)

7 adipic acid 270-280 U(NOs), 85 “l
(4 mol-%)

8 adipic acid 270-280 FeSO, 90 “l
(4 mol-%)

9 adipic acid 250280 KF 81 (3]
(5 mol-%)

10 adipic acid 350 NaOH 84 1431
(10 mol-%)[@

11 adipic acid 250[°1 Na;PO, 71 90 6]
(2 mol-%)

12 adipic acid 250[°1 Cs,CO4 90 92 1471
(2.6 mol-%)

13 adipicacid 25081 Na,B,O, 95 92 147)
(1.4 mol-%)

14 adipic acid 450 iron-containing 90 48]
graphite

[a] Similar yields were obtained when using the same amounts of other alkali
and alkali earth metals. [b] Distillation from the reaction mixture using di-
phenyl ether as solvent.

This cyclisation allows several alkyl substitutions in the
substrate; the corresponding cyclopentanone is always ob-
tained in yields of ca. 80% (Table 7). For instance, an 87%
yield of 3-methylcyclopentanone was obtained from 3-
methyladipic acid when using 5 mol-% of Na,COj; as the
promoter (Table 7, entry 4). When starting with an enantio-
merically pure compound, the enantiomeric excess is main-
tained in the product; thus, (R)-3-methyladipic acid is con-
verted into (R)-3-methylcyclopentanone (entry 5). Adipic
acid derivatives involving tert-butyl groups, as well as two
or four methyl groups, are suitable substrates for the ketonic
decarboxylation to the corresponding cyclopentanone de-
rivatives (entries 6-10).

In contrast to the skeletal changes induced by alkyl sub-
stitution, elongation of the carbon chain of the dicarboxylic
acid provides less-favourable results. Cyclohexanone may
still be obtained in good yield (Table 8, entries 1-3), but its
formation by ketonic decarboxylation is rarely performed
for two reasons. Firstly, the substrate, heptanedioic acid, is
not readily available; secondly, the product, cyclohexanone,
can obtained by a straightforward procedure from benzene
through hydrogenation/oxidation processes.

The next homologue, cycloheptanone, may be synthe-
sized by ketonic decarboxylation, but methods that work
well for other substrates provide only moderate yields in
this case. For instance, when reacting dimethyl octanedioate
in the presence of alumina, cycloheptanone is obtained in
a regular yield of 29% (Table 8, entry 6) as opposed to 69%
in the case of cyclopentanone (Table 6, entry 8). At the
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Table 6. Formation of cyclopentanone through ketonic decarboxylation by passing the substrate over the solid catalyst bed placed in a

continuous reactor

Entry Substrate T WHSVE  Catalyst Conv. Yield Select. Ref.
derivative [°C] [h] [%o] [%o] [%o]

1 adipic acid!® 345 0.27 BaO (5 wt.-%) on Al,O4 88 [49]

2 adipic acid 400  0.56 SiO, (90 wt.-%) + 87 [49]

NaH,PO, (10 wt.-%)

3 diethyl adipate 270 0.15 K>0 (2 wt.-%) on TiO, 77 94 1301

4 diethyl adipate 300 0.1 La,O; (3% La) on ZrO, 82 84 150]

5 diethyl adipate 325 2.0 ThO, (20 wt.-%) on AlLOs 43 18 42 [51]

6 monomethyl adipate 350 0.4 bauxite Fe-Al-Si-Ti 85 (321

7 dimethyl adipate! 350 0.92 iron silicalite (pentasil) 81 80 99 (531

8 dimethyl adipatel 350 0.5 gamma-alumina 77 69 89 (541

9 diethyl adipate 375 2.0 MnO,; (20 wt.-%) on Al,O3 53 33 62 51

10 mixture monomethyl and 380 MM zeolite + 15 wt.-% Fe,04 60 59 98 153
dimethyl adipate

11 mixture monomethyl and 400 M clinoptilolite + 15 wt.-% MnO, + 55 53 96 [56]
dimethyl adipate 1.7% Cu

[a] Weight hourly space velocity. [b] Together with 75 wt.-% of water. [c] Alternatively, together with 82 wt.-% of water. [d] Together with
100 wt.-% of water. [e] Together with 22 wt.-% of water. [f] WHSV not reported.

Table 7. Ketonic decarboxylation with distillation of the substi-
tuted cyclopentanones obtained from the corresponding adipic acid
derivatives

Entry Substituents T Catalyst Yield Ref.
[°Cl [7]

1 3-methyl 450 iron-containing 80 [48]
graphite

2 3-methyl 290-305 - 77 4

3 3-methyl 270-280  Zn dust (1%) 81 4

4 3-methyl 350 Na,CO; 87 [43]
(5 mol-%)

5 (R)-3-methyl 350 Na,CO; 72 [43]
(5 mol-%)

6 3-tert-butyl 350 Na,CO; 83 [43]
(5 mol-%)

7 2,2-dimethyl 2560 NayPO, 77 16
(23 mol-%)

8 2,2-dimethyl 25 Na,B,0, 80 147
(19 mol-%)

9 2,2,5,5-tetramethyl 320-340  KF anhydrous 52 [1s]
(45 mol-%)

10 2,2,5.5-tetramethyl 320-330 BaO 72 [15]
(15 mol-%)

[a] Distilled from the reaction mixture using diphenyl ether as solvent.

same time, the selectivity decreases from 89%, observed for
the formation of cyclopentanone (Table 6, entry 8), to 50%
when dimethyl octanedioate is converted into cyclohep-
tanone (Table 8, entry 6).

Cyclic ketones having a nine-membered ring of carbon
atoms or more are obtained in less than 5% yield — often
only in traces (0.1-0.2%).°7) There seems to be a clear
trend: in the cases of cyclopentanone and cyclohexanone,
ring formation is favoured. Cycloheptanone may be ob-
tained by ketonic decarboxylation, but the ring closure to
larger rings seems to be disfavoured. When elongating the
carbon atom chain of the diacid, the reaction partner, the
second carboxylic acid group, is positioned further away
and the number of degrees of freedom increases. Conse-
quently, the intermolecular version of the ketonic decarbox-
ylation may compete efficiently.

986 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Symmetrical linear long-chain ketones, the so-called fatty
ketones, are obtained by ketonic decarboxylation of fatty
acids. It has been demonstrated that this chemical reaction
occurred in unglazed archaeological pottery thousands of
years ago.l*”! Isotopic and structural analyses of the fatty
acids, which always co-occur with the ketones, suggest that
a precursor—product relationship exists. Fatty ketones have
many applications, e.g., as fabric softeners, corrosion inhibi-
tors, and flotation aids.[® They are the main components
of water-in-oil emulsifiers for skin creams and lotions. After
quaternisation or sulfonisation they may be transformed
into surfactants.["]

Table 9 lists several preparations for fatty ketones. Again,
the same procedures as described above were applied for
these ketonic decarboxylations, i.e., thermal decomposition
of metal salts (older procedures are not included here), dis-
tillation of the free acid in the presence of catalytic amounts
of an inorganic promoter, and the passage of vapours of
the free acid or the methyl ester over a solid catalyst. An
optimised distillation procedure is the one for the pro-
duction of stearone using magnesium oxide as promoter
(Table 9, entry 8).°] Stearic acid (3.8 mol) was treated for
2 h with magnesium oxide (2 mol) and then the resulting
ketone was distilled under reduced pressure. Stearic acid
(3.2 mol) was added to the residue and then the distillation
was continued. The yield (70%) was maintained over 10
consecutive cycles. As an additional advantage, the fatty
ketones obtained in this manner are almost colourless and
can be employed directly in consumer goods without
bleaching.

Because of the minor changes in material characteristics
of the product when varying the number of carbon atoms
of the linear chain, the fatty ketones can be applied as mix-
tures of ketones that have different chain lengths. For the
production of these mixtures, natural fatty acid sources can
be used without separation of their single components. For
example, rape oil can be transformed into the methyl esters
of its corresponding fatty acids by transesterification and
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Table 8. Transformation of heptanedioic acid and octanedioic acid derivatives into cyclohexanone and cycloheptanone, respectively,

through ketonic decarboxylation

Entry Substrate T WHSVE  Catalyst Product Conv. Yield Select. Ref.
[°Cl [h] [] [%0] [%0]
1 dimethyl heptanedioate/water 345 0.28 AlLO; cyclohexanone 88 85 96 (541
(57:43 wt.-%)
2 dimethyl heptanedioate/methanol/ 400 1.0 Li,O (13.5 wt.-%)  cyclohexanone 70 70 100 (541
water (79, 13, 8 wt.-%) on MgO
3 heptanedioic acid 450  dist. iron-containing cyclohexanone 80 (48]
graphite
4 dimethyl octanedioate/methanol/ 440 o ZnO (12 wt.-%) cycloheptanone 65 49 76 (581
water y?oas [ql?>on
ALO,
5 dimethyl octanedioate/methanol/ 350 1.0 Cs,0 (18 wt.-%)  cycloheptanone 46 27 59 (541
water (71:23:6 wt.-%) on SiO,
6 dimethyl octanedioate/water 345 0.28 Al,O4 cycloheptanone 58 29 50 [34]
(57:43 wt.-%)
7 octanedioic acid 450  dist. iron-containing cycloheptanone 17 (48]
graphite
[a] Weight hourly space velocity. [b] WHSV not reported.
Table 9. Transformation of fatty acids into fatty ketones through ketonic decarboxylation
Entry Substrate T Reaction Catalyst Yield  Ref.
[°C]  conditions [%0]
1 octanoic acid 420 [l MgO 76lb] o1
2 octanoic acid 398  WHSV =1.2h"! Al-Zr-oxide 88 (
3 nonanoic acid 398  WHSV = 1.66h! ZrO, 70 (i
4 decanoic acid 420  WHSV =2.0h" ZrO, 91 (i
5 methyl dodecanoate 400  WHSV =1.0h"! Sn-Ce-Rh-O 621 1621
6 dodecanoic acid 380  distillation bauxite Fe-Al-Si-Ti 89 [52,63]
7 dodecanoic acid 330 [ MnO> on pumice 95 (641
8 octadecanoic acid 340  semicont. distillation MgO 70 (631
9 octadecanoic acid 360 [ MnO> on pumice 95 (641
10 octadecanoic acid/hexadecanoic acid (90:10) 380  distillation bauxite Fe-Al-Si-Ti 820l (52,631
11 methyl esters from rape oil 385  WHSV =1.5h"! Sn-Ce-Rh-O 60ld-el (66l
12 methyl esters from rape oil 390  WHSV =1.0h" Fe-Si-Cr-K-O 634 167]

[a] Continuous reactor; weight hourly space velocity (WHSV) not reported. [b] At a conversion of 82%. [c] Hydrocarbonswere detected
at 22%. [d] Mixture of ketones. [e] Hydrocarbons were detected at 13%. [f] Hydrocarbons were detected at 12%.

then treated at 385-390 °C in a continuous reaction using
metal oxide catalysts (Table 9, entries 11 and 12). More
than 60% of the crude product consists of fatty ketones.

A crucial point for the conversion of fatty acids into fatty
ketones is the reaction temperature and the contact or reac-
tion time. Long alkyl chains are very prone to cracking re-
actions. Methyl ketones, alkanes, and alkenes are the pri-
mary products that may be degraded further. The elevated
temperatures probably cause these side reactions as a result
of the high boiling points of the acids and the product
ketones (see also the section describing the mechanism).

Future Perspectives

Ketonic decarboxylation is a very old reaction, but not
an old-fashioned one. A synthetic reaction that requires
only base catalysis for carbon-carbon bond formation
meets the modern demands of green chemistry perfectly.
The by-products — carbon dioxide and water — are low-
polluting compounds. The e-factors, the exploitation of the

Eur. J. Org. Chem. 2005, 979-988 WWW.eurjoc.org

employed mass, range from 58% for the transformation of
small molecules (e.g., propionic acid into 3-pentanone) to
an excellent 89% for the conversion of stearic acid into stea-
rone.

The field of applications of the ketonic decarboxylation
will be similar in the future. Small symmetrical ketones may
be produced by this reaction, including cyclic ones. In par-
ticular cases it may be an interesting solution for the synthe-
sis of unsymmetrical ketones. Growth should be expected
for the application of this reaction to fatty ketone pro-
duction because this process is an elegant means for trans-
forming fatty waste residues into commercially valuable
products.

The relatively high reaction temperature required for this
reaction is often the most serious problem when considering
industrial applications. The design of bifunctional catalysts
that involving basic sites together with other sites that are
able to activate the second reaction partner may lower the
temperature. Furthermore, ketonic decarboxylation remains
a challenge for theoretical chemists to determine and con-
firm the reaction mechanism.
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