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Abstract: Therma decarboxylative cyclization of several carboxy-
lic diacids supported on graphite gave the corresponding five- and
six-membered cycloakanones in high yields. The process took ad-
vantage of theretention of diacid on graphite, even for high temper-
ature experiments (450°C), which avoid its vaporization.
Moreover, the addition of catalyst is useless, theiron-containing in-
clusions present on graphite play this function. The reactions were
also realized under microwave irradiation.
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Thermal bimolecular decomposition of carboxylates
yields symmetrical ketones.? Thisreaction can be carried
out using a carboxylic acid in the presence of several cat-
alysts,?2 such as thorium?® or manganous* oxides. Various
mechanisms, which seem to depend on the acid, on the
metal and on the experimental conditions, have been pro-
posed.?*® The catalytic way allows alowering of the reac-
tion temperature, but, whatever the catalyst, a high
temperature is needed (250-350 °C). Nevertheless, this
ketodecarboxylation is an important route, especially for
preparing cyclic ketones from carboxylic diacids.® For
cyclopentanone, a typical procedure using barium hy-
droxide has been described,” but various catalysts exist,
such as metal oxides,?? carbonates,® and potassium fluo-
ride.® This ketone is an important industrial compound
used in fragrances, as an intermediate in organic synthe-
sis, and also as asolvent.® Several recent patents deal with
its industrial preparation, indicating that the subject is of
current interest.2% Among them, the Rhodia process pre-
sents the novelty of performing the decarboxylation-de-
hydration of carboxylic diacids in liquid phase at about
250 °C.19The catalyst isametal (Al, Ga, In, Sn, S, Bi.),
ametallic oxide, or a salt (phosphate, carbonate, borate).
High-boiling organic compounds such as hydrocarbons or
aromatic ethers are used as solvents.

One of the most important objectives now isto adapt clas-
sical processes so that pollution effects are kept to amin-
imum, with both a reduction in energy and consumption
of raw materials. In this respect, dry-media reactions are
promising, and anew approach has been undertaken using
graphite-supported chemistry. The exceptional ability of
graphite to adsorb organic molecules is well known.*?
Consequently, the vaporization (boiling or sublimation)
of adsorbed moleculesisdelayed, and reactions involving
low boiling (or subliming) reagents can be performed at

relatively high temperature in an open reactor. Diels-
Alder and ene reactions,**9 Friedel-Crafts acyl-
ations,***¢ decarboxylations,*3**" decomplexations* and
rearrangements'3*P15  ere effected using such condi-
tions. Moreover, a catalytic activity of graphite was
found,*3*ch1617 and our investigations concerning the
Friedel-Crafts acylation have shown the catal ytic effect of
the graphite impurities (mainly Fe;0,).13¢17

The main problem with the catalytic decarboxylative cy-
clization of diacids results from the necessity of having a
high reaction rate and a reaction temperature low enough
(two contradictory factors) in order to avoid or to limit the
vaporization of the diacid. For adipic acid the limiting re-
action temperature is about 290-295 °C; higher tempera-
tures lead to rapid vaporization of adipic acid from the
mixture together with the cyclopentanone produced.®
Graphite could be used to retain the diacid allowing high-
er reaction temperatures and, as it has been shown that
Fe,O, isdso acatalyst for the decarboxylation of acids,®
no added catalyst would be necessary.

We applied this graphite-supported synthetic method for
the conversion of various carboxylic diacids (1-4) into the
corresponding ketones (5-8) (Scheme 1). For the decar-
boxylation of adipic acid (1) into cyclopentanone (5), re-
actions were conducted at atmospheric pressure at 450 °C
for 30 min. Two commercia graphites of similar granular
size were used: graphite A and graphite B.*® As expected,
in both reactions, even at 450 °C, no vaporization of adi-
pic acid was observed. While graphite A was avery effi-
cient support for the reaction (90% yield in 5 after 30 min
at 450 °C), graphite B gave a low yield under the same
conditions (Table 1, entries 1 and 2). The main difference
between the two graphites consistsin their purity: graphite
A is a medium grade graphite (about 99.1%) whereas
graphite B is a higher purity one (about 99.9%). In these
two graphites, impurities contain mainly iron (0.41%
(mass) for A and 0.007% for B), and Fe;O, crystallitesin
the graphite A have been identified by X-ray diffractome-
try.Y” From these results, the catal ytic effect of the magne-
tite is obvious. Moreover, the graphite can be reused:
three successive reactions on the same sample of graphite
A were obtained without significant lossin yield. Two ex-
aminations of agraphite A sample before and after areac-
tion showed the same X-ray diffraction pattern, attesting
to the presence of Fe;O,. However, these crystallites ap-
peared to be smaller after reaction.
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Scheme 1

The method can be applied to the synthesis of other cyclic
ketones. At atmospheric pressure, under the same condi-
tions used for adipic acid, 3-methylhexanedioic acid (2)
gave the corresponding ketone 6 in a lower yield (60%)
(Table 1, entry 3). When we investigated the same reac-
tion under a slightly reduced pressure, vaporization of 6
was enhanced and the yield reached 80% (entry 4). This
modified method was al so suitablefor the synthesis of cy-
clohexanone (7) (entry 5). However, for cycloheptanone
(8), theyield remained low (entry 6).

Table 1 Graphite-Supported Thermal Ketodecarboxylation of Di-
acids 1-43°

Entry Diacid Graphite® Pressure  Ketone Yield (%)
(mm Hg)
1 1 A 760 5,90 (85)°
2 1 B 760 5,22
3 2 A 760 6, 60
4 2 A 300 6, 80 (74)°
5 3 A 300 7, 80 (72)°
6 4 A 300 8,17

aTemperature 450 °C during 30 min, except for entries 5 and 6, 60
min; PDiacid : 15 mmol; mass of graphite : 5g; this mass corresponds
to an optimized ratio diacid/graphite, an increase of thisratio gave lo-
wer yieldsin ketone; °Graphite A : Aldrich, ref. 28,2863; graphite B :
Fluka, ref. 50 870; 9From GC analysis; ®lsolated yield from 4 experi-
ments.

Some microwave-promoted decarboxylations have been
reported in the literature,® and even the decarboxylation
of Mg, Ca, and Basaltsof alkanoic acids was examined.??
For Friedel-Crafts acylations,'” we have aready shown
that advantage could be taken both of the use of micro-
wave radiation and of the properties of graphite and mag-
netite that are also among the solids most efficiently
heated by microwaves.?* The cyclization of 1 wasrealized
also under such conditions,*® using the MW apparatus re-
cently described, and equipped with an IR-pyrometer for
the measurement of temperature.?? In order to limit the
temperature of the reaction mixture to about 450 °C, ase-

guential mode of MW irradiation was used (Table 2). Un-
der these optimized conditions a 90% yield of 5 was
obtained using graphite A, while it was only 33% with
graphite B (Table 2, entries 1 and 2). The catalytic effect
of the impurities of the support is again evident.

Table 2 Graphite-Supported Ketodecarboxylation of Adipic Acid
(1) Under Microwave Heating®?

Entry Graphite (A,B) and MW Conditions’  Yield (%)
Added Catalyst

1 A ; none 90W;2minx2 90
+75W;2minx2

2 B ; none 0 W;2minx2 33
+75W;2minx 2

3 A ; none 90W ;2minx 2 60

4 B ; none 90 W ; 2 min x 2 19

5 B ; Fe,O, (28 mg) 90 W ;2minx?2 51

6 B ; Fe,0, (29 mg) 90 W ;2minx2 51

7 B ; FeO (26 mg) 90 W ;2minx2 35

8 B; ALO, (18 mg) 90 W ;2minx2 15

9 B ; Bi,O, (84 mg) 90 W ;2minx 2 16

10 B;KF (21 mg) 90 W ;2 minx 2 14

11 FeO,(347g) 90W;2minx2 10

without graphite

aMicrowave irradiation using the 2.45 GHz monomode MW oven
(Synthewave 402 from Prolabo) previously described,? equipped
with an IR-pyrometer and driven by a computer; "Mass of 1: 2.19 g
(15 mmol); mass of graphite : 5 g; *Seetable 1; 9Sequential MW irra-
diation controlled to amaximum temperature of 450 °C; applied inci-
dent power (W) and irradiation time (t); period between two
irradiations : 2 min; ¢Yield into ketone 5 from GC analysisusing 6 as
internal standard.

Activities of various catalysts were then compared. The
reaction was at first observed under conditions giving
moderate yields with graphite A (Table 2, entry 3). Asin
the previous exampl e, the use of graphite B alone resulted
inalower yield (entry 4). Doping this one with a quantity
of ametal compound corresponding to the molar quantity
of iron present in graphite A, was explored. With iron ox-
ides the yield increased (entries 5-7) but remained lower
than with graphite A alone. This can be due to the partic-
ular size, properties and distribution of the oxide particles
incorporated in the graphite during the graphitization pro-
cess, inevitably different from those of the added oxides.
Aluminum oxide, bismuth oxide and potassium fluoride
were inactive under such conditions (entries 8-10). A last
but significant experiment (entry 11) shows that even
when the most efficient catalyst, Fe;O,, was used in the
absence of the graphite, the yield in 5 decreased dramati-
cally. Adipic acid, not retained under these conditions,
was vaporized and condensed on the walls of the reactor
and on the cold finger.
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The mechanism of thermal decarboxylation of diacidsin
the presence of metalic oxides has been aready dis-
cussed.?® Concerning the reactions described here, since
iron(I1) and iron(111) oxides are catalysts (Table 2, entries
6 and 7), the Fe;O, catalysis could involve these two oxid-
ation states of iron. After the transient formation of
iron(I1) and iron(l11) carboxylates from the diacid and
Fe,O,, the decarboxylative thermolysis of these two salts
could give the cyclic ketone with regeneration of the cat-
ayst.

In conclusion, the graphite-supported thermal decomposi-
tion of carboxylic diacids produces five- and six-mem-
bered cycloalkanones very efficiently. Under such "dry*,
solvent-free conditions, and even at high temperature the
diacid is confined on the support and the ketone is ob-
tained on distillation as the only organic compound. A
medium grade commercial powdered graphite appeared
the most suitable, as among its impurities the magnetite
(Fe;0,) isavery efficient catalyst for the reaction.

In order to save energy, the method can also take advan-
tage of MW heating. Thus, the diacid was brought to ele-
vated temperature through the medium of graphite
support which heats strongly and quickly under MW irra-
diation, while avoiding the vaporization of the diacid.
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