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Abstract: Herein we report a new, one-step proce-
dure for the metal-free ketonization of unsaturated
fatty acid methyl esters and triacylglycerol mixtures
with nitrous oxide (N,O). The conversion of various
substrates can be tuned by parameters such as tem-
perature, reaction time and N,O partial pressure.
This ketonization chemistry offers various advan-
tages over the classic Wacker catalytic process and
a state-of-the-art two-step procedure via intermedi-
ate epoxides.

Keywords: fatty acids; nitrous oxide; oxidation; sus-
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Exploring the potential of renewable oils and fats of
vegetable and animal origin is an important issue in
modern chemistry since a shift from petrochemical
feedstocks to renewable resources can contribute to a
sustainable development. To extend the large-scale
potential of renewables, efficient and green function-
alization strategies must be elaborated. In the past,
oleochemistry mainly focussed on the carboxy func-
tionality of fatty acids, but nowadays, procedures are
being developed for the functionalization of the fatty
alkyl chain in these compounds. An overview of many
state-of-the-art techniques and strategies has been
published.!! Of particular interest is the synthesis of
keto fatty compounds, applied as plasticizers, surfac-
tants, detergent formulations and ingredients of multi-
purpose greases.”™ Poly-ketone products also have
an interesting potential as environmentally friendly
lubricants, adhesives and additives in, e.g., PVC proc-
essing.'””l Although several keto fatty acids can be
found in nature, only licanic acid (4-keto-Z,E,E-
9,11,13-octadecatrienoic acid) can be obtained in sig-
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nificant amounts from natural sources. Many micro-
organisms are known for their selective oxidation of
fatty acids, albeit often at a relatively low rate.”!

A well known procedure for the air oxidation of
olefins to ketones is the PdCl,/CuCl-catalyzed Wacker
chemistry.'” Unfortunately, this homogeneous cata-
lytic reaction is carried out in a solvent, faces catalyst
recycling problems and has various environmental
drawbacks such as the formation of chlorinated by-
products. The Wacker oxidation of methyl oleate
(methyl cis-9-octadecenoate), a mono-unsaturated
model substrate, has been studied in DMF (10 mol %
PdCl, + 50 mol% CuCl). At 80°C, a ketone yield of
70%, encompassing both 9-oxo- and 10-oxostearate
methyl esters, can be achieved, corresponding to a
volume-time yield of 7 gL "'h~1.'Y) Under ultrasound,
the Wacker oxidation of the same substrate in aque-
ous THF (17 mol % PdCl, and 150 mol % p-benzoqui-
none) results in a 65% keto yield at room tempera-
ture.'” The Wacker oxidation of 1,5-dienes (50 mol %
PdCl, + 100 mol% CuCl), viz., substituted 1,5-hexa-
dienes, was found to yield mainly 5-hexenal deriva-
tives in yields ranging from 19 to 99 %, depending on
the substituents.”) Using a Pd(II)/molybdovanado-
phosphate system, Ishii et al. succeeded in the ketoni-
zation of various terminal (di)enes in an ethanol/
water mixture.'¥! To the best of our knowledge, no re-
ports exist on the direct ketonization of internal, non-
conjugated dienes via Wacker-type catalysis.

The oxyfunctionalization of fatty acids is also possi-
ble via a two-step process in which the unsaturated
bond is first epoxidized and the epoxide subsequently
isomerized.® Fatty epoxides are produced in more
than 350,000 tons/year and are mainly used as stabiliz-
ing plasticizers in PVC processing.!"”) While peracids
are commonly used as the stoichiometric oxidant for
the first step, recent reports focus on the development
of a (bio)catalytic process with commercial H,O, or

Adv. Synth. Catal. 2007, 349, 1604 -1608



Ketonization of Fatty Acid Methyl Esters and Triacylglycerols with Nitrous Oxide

COMMUNICATIONS

alkyl hydroperoxides.'*?!! Three important isomeriza-
tion strategies are reported, viz., reaction in alka-
line® or acidic conditions,”! and nucleophilic cataly-
sis.”” The inability of the aforementioned isomeriza-
tion methods to selectively produce poly-ketones
from poly-epoxides should be stressed. Ketalization
of ketones with neighbouring epoxides may give rise
to the formation of intra- and intermolecular cyclic
ethers.”

On the other hand, there is an increasing interest in
the use of N,O as a ketonization agent for several
simple olefins.”*¥ This reaction is proposed to pro-
ceed via a 4,5-dihydro[1,2,3]oxadiazole intermediate,
formed in a rate-determining 1,3-dipolar cycloaddi-
tion of N,O to the unsaturated C=C bond. Thermal
decomposition of the oxadiazole intermediate yields
the desired carbonyl product.”!

The aim of this work is to explore the opportunities
of N,O chemistry in the one-step ketonization of un-
saturated renewables, in particular fatty esters and tri-
acylglycerols (triglycerides). The ability to work in the
absence of solvent and metals clearly offers economic
and environmental advantages.

The ketonization of methyl oleate (methyl cis-9-oc-
tadecenoate) was investigated at 220°C, using an STP
N,O partial pressure of 4.0MPa. GC and GC-MS
analyses of the reaction mixture reveal the formation
of only 9- and 10-keto fatty products (m/z=312) in
very high selectivity (99 %), even at complete conver-
sion (Figure 1). The volume-time yield of 85 gL "'h™!
is one order of magnitude higher than that obtained
with conventional Wacker chemistry."!"! ®C NMR on
the non-purified sample reveals a 212 ppm signal
which must be assigned to a keto carbon, R—C(=0)—
R’, rather than an aldehyde, since it is not observed in
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Figure 1. Conversion of methyl oleate at 220°C and an STP
N,O partial pressure of 4.0MPa; the inset shows the FT-IR
spectra recorded at increasing reaction time.
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the 135° DEPT “C NMR spectrum (see Supporting
Information). The protons in a-positions to the
ketone group, —CH,—C(=0)—CH,—, occur as a multip-
let in the 'HNMR spectrum with a resonance at
2.43 ppm. NMR analyses show no evidence for any
other products. The ketonization of methyl oleate was
also monitored by FT-IR. At 1707 cm™', a signal
ascribed to the ketone C=O appears next to the ester
carbonyl stretch (1740 cm™") (Figure 1). In parallel, a
decrease of the sp* C—H stretch (3005 cm™) was ob-
served. The ketone product shows a well-defined
melting point at 47°C in a differential scanning calo-
rimetry (DSC) experiment (see Supporting Informa-
tion), in accordance with the melting-point range pub-
lished in the literature.” In addition to the absence of
solvent and catalyst, this new chemistry allows tuning
of the alkene conversion with parameters such as
N,O partial pressure and reaction time.

The excellent yields obtained with methyl oleate
prompted us to investigate the ketonization of unsatu-
rated triacylglycerols. The ketonization of high oleic
sunflower oil (>90% glycerol trioleate), with N,O
(STP partial pressure of 4.0MPa) was performed at
240°C (Figure 2). Identification and quantification of
the reaction products in the unpurified reaction mix-
ture was carried out by “C and 'H NMR (see Sup-
porting Information). Complete conversion, with a
ketone selectivity of over 95%, can be achieved
within 24 h.

Olive oil, another high oleic fatty substrate (74 %
glycerol trioleate), was also investigated. Using
5.0MPa N,O partial pressure, 'H NMR shows a con-
version at 240°C of 30 and 80% after 3 and 9 h reac-
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Figure 2. Conversion in time of the double bonds in sun-
flower oil at 240°C with N,O (STP partial pressure of
4,0MPa), as monitored by 'HNMR. The inset shows the
'"H NMR spectrum of the reaction mixture after 20 h: nearly
all -CH=CH— protons disappear (5.3 ppm), whereas new
—C(=0)—CH,— protons appear (2.4 ppm).
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tion time, respectively. As a proof of concept, the re-
action mixture after 9 h was subjected to a stoichio-
metric NaBH, reduction in THF in the presence of
Amberlyst-15. Whereas the 2.4 ppm peak of the pro-
tons in a-positions to the ketone disappeared, a
3.6 ppm peak arose, corresponding to protons in o-po-
sitions of an alcohol group [i.e., —CH,(OH)—; see
Supporting Information]. This simple stoichiometric
reduction illustrates the potential of ketonization by
N,O for new avenues to the synthesis of (poly-)alco-
hols. Currently, such alcohol functionalities are intro-
duced via epoxidation (Scheme 1).

Next, the ketonization of methyl linoleate (methyl
cis,cis-9,12-octadecadienoate) with N,O (STP partial
pressure of 5.0MPa) was studied at 240°C. This com-
pound is a model for fatty methyl esters with two un-
saturated bonds. The reaction was followed by GC-
MS, revealing both partially (m/z=310) and fully
ketonized (m/z =326) products. Figure 3 clearly shows
the consecutive formation of mono- and diketones.
For instance, after 3 h, when 36 % of the linoleate has
reacted, the monoketones/diketones ratio equals 5.7,
while after 12 h, when 98 % of the linoleate has react-
ed, this ratio is 0.4 (Figure 3). Within the monoketone
fraction, 60% of 1,4-enones are formed. It is worth-
while to mention that also traces of conjugated 1,2-
enones could be detected with GC-MS, probably orig-
inating from thermal isomerization reactions. After
15 h, predominantly diketones could be observed with
"H NMR. The reaction mixture was separated over a
silica column, and the separated fractions were ana-
lyzed and quantified (see Experimental Section).
Whereas in theory several diketone regioisomers can
be formed upon ketonization of the intermediate
enones, only two diketone fractions could be separat-
ed. The colorless solids were fully analyzed with
NMR. The first diketone fraction eluting from the
chromatographic column contained 9,12- and 10,13-
diketostearic methyl esters as 1,4-diketones. The
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Figure 3. The ketonization in time of methyl linoleate at
240°C with N,O (STP partial pressure of 5.0 MPa); monoke-
tone (0) and diketone (@) formation.

second diketone fraction contained only 1,5-diketone.
No 1,3-diketones could be observed, either after
column separation, or in the crude reaction mixture.
At complete conversion, the ratio of the 1,4- to 1,5-di-
ketones is equal to 1.3, which can be rationalized
from their origins: the 1,5-diketone originates exclu-
sively from the ketonization of 4-en-1-ones, while 1,4-
diketones can originate from both 4-en-1-ones and 3-
en-1-ones. The 1,4- and 1,5-dione fractions were char-
acterized with DSC melting points of 36 and 60°C, re-
spectively (see Supporting Information).

The ketonization of a commercial “biodiesel”
sample, consisting of 60% methyl oleate, 30% of
methyl linoleate and 10% of saturated methyl stea-
rate (10% ), was monitored at 220°C and 4.0MPa of
N,O (STP). The disappearance of the 'HNMR
double bond H-signal at 5.35 ppm is a measure of the
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Scheme 1. Strategies for the synthesis of fatty alcohols from unsaturated fatty compounds via (a) the reduction of epoxides,

or (b) the reduction of ketones.
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double bond conversion (Figure 4). DSC shows a
smooth increase in melting point as the conversion in-
creases, in accord with the increasing intramolecular
forces resulting from ketonization. After 6 h, 60% of
the double bond of the liquid starting material is con-
verted into ketone groups, resulting in an oxidized
fatty product with a melting point of 24°C. The melt-
ing point increases to 29°C after 12 h, showing 90 %
double bond conversion. C—C bond breaking was
found to be a very minor reaction path.
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Figure 4. Double bond conversion (@) of biodiesel (60%
methyl oleate, 30 % methyl linoleate and 10 % methyl stea-
rate) at 220°C and 4.0MPa N,O (STP), as monitored by
'"HNMR and DSC melting point (x) of the reaction mix-
ture. (see Supporting Information for DSC method)

Safflower oil with 70% glycerol trilinoleate was
also ketonized with N,O (STP partial pressure of
4.0MPa). The temperature dependency of this reac-
tion is illustrated by Figure 5. From an Arrhenius plot
of the data, an apparent activation energy of
113 kJmol™! is obtained, in line with the activation
barrier observed for other but similar substrates.”) At
260°C, a volume-time yield of 90 gL"'h™" can be
achieved. At 240°C, a conversion of 84% can be
achieved in 15 h time, corresponding with a diketone
yield of 62%. The ratio between the 1,4- and the 1,5-
diketones as derived from '"H NMR is equal to 1.33,
in line with the results obtained with methyl linoleate.

In this contribution, the one-pot production of fatty
ketones from unsaturated fatty acid methyl esters and
triacylglycerides by nitrous oxide is investigated. Vari-
ous substrates are found to be smoothly ketonized in
high volume-time yields, in the absence of a solvent
or a metal catalyst. Clear advantages over the conven-
tional Wacker catalytic process and the two-step pro-
cedure via intermediate epoxides exist. Whereas the
latter procedures fail to convert dienes to diketones,
the new N,O-based chemistry affords high yields of
these compounds. Hydrogenation of these (di)ketone
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Figure 5. Conversion in time of safflower oil at 220 (m), 240
(@), and 260°C (a) with N,O (STP partial pressure of
4.0MPa).

products could present a simple new route to fatty-
based (poly)alcohols.

Experimental Section

Materials

Methyl oleate (MP Biomedicals), methyl linoleate (Fluka)
and olive oil (Extra Vierge from supermarket) were pur-
chased from commercial sources, whereas high oleic sun-
flower oil, commercial biodiesel and safflower oil were a
kind gift of Oleon N.V. The fatty acid distributions of the
starting oils were obtained from GC analysis after methanol-
ysis and are documented in the Supporting Information.

General Procedure

All ketonization reactions were carried out in 50 mL high
pressure reactors (Autoclave France), connected to an ex-
pansion vessel and magnetically stirred at 500 rpm. Reactors
were loaded with 20 mL of fatty substrate. After carefully
flushing the reactor with N,O (N25 grade) to avoid O, initi-
ated autoxidation chemistry to occur, the reaction is pressur-
ized at given N,O pressure, and gently heated (15°Cmin )
to reaction temperature.

As neither solvents nor metals are used in the N,O reac-
tion, the work-up procedure simply comprises reactor cool-
ing and depressurizing. For analytic purposes, the fatty prod-
uct mixture is dissolved in acetone, and analyzed with GC-
FID and GC-MS (50 m CP-Sil5-CB, Chrompack column or
a BPX 70 (SGE) column) in case of methyl fatty acids.
'HNMR, *CNMR and DEPT 135° spectra of unpurified
methyl fatty acids and triacylglyceride product mixtures
were recorded in CDCIl; and the chemical shifts reported in
ppm downfield of internal tetramethylsilane reference.
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Product Purification

Purification of the diketone isomers in the ketonization of
methyl linoleate was typically carried out as follows: an ali-
quot of the reaction mixture was dissolved in ethyl acetate,
and subjected to a chromatographic separation using a
30 cm silica column (silica gel 60, Fluka), initially eluted
with 80:20 hexane-ethyl acetate mixture, gradually increas-
ing the polarity using more concentrated ethyl acetate solu-
tions, and finally using methanol to elute all the polar prod-
ucts. In this way, 26 % of the two 1,4-diketone isomers and
18 % of the 1,5-diketone were, for instance, isolated for re-
action of methyl linoleate with N,O (5.0 MPa) at 240°C for
15 h. In comparison, total diketone yields based on '"H NMR
and GC were 46 % and 42 %, respectively.

'"H NMR of the 1,4-diketone fraction in the ketonization
of methyl linoleate: 0=3.65 (s, 3H), 2.66 (s, 4H), 2.43 (t,
4H), 2.28 (t, 2H), 1.56 (m, 6), 1.27 (br m, 12H), 0.87 (t,
3H); '"H NMR of the 1,5-diketone fraction: 6 =3.66 (s, 3H),
2.42 (br m, 10H), 1.83 (q, 2H), 1.56 (br m, 6H), 1.3 (br s
10H), 0.89 (t, 3H).
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