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Oils and fats of vegetable and animal origin remain an important
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renewable feedstock for the chemical industry. Their industrial use has

increased during the last 10 years from 31 to 51 million tonnes annu-
ally. Remarkable achievements made in the field of oleochemistry in
this timeframe are summarized herein, including the reduction of fatty

1. Introduction 3

2. Production and Consumption of
Oils and Fats 4

esters to ethers, the selective oxidation and oxidative cleavage of C—C

double bonds, the synthesis of alkyl-branched fatty compounds, the
isomerizing hydroformylation and alkoxycarboxylation, and olefin
metathesis. The use of oleochemicals for the synthesis of a great variety

3. Low-Molecular-Weight
Products: Syntheses, New
Reactions, and Platform
Chemicals 6

of polymeric materials has increased tremendously, too. In addition to

lipases and phospholipases, other enzymes have found their way into
biocatalytic oleochemistry. Important achievements have also gener-
ated new oil qualities in existing crop plants or by using micro-

organisms optimized by metabolic engineering.

1. Introduction

Oils and fats of vegetable and animal origin are histor-
ically and currently the most important renewable feedstock
of the chemical industry. In Germany, the chemical industry
used about 2.6 million tonnes (Mt) of renewable feedstock in
2018. Thereof, about 1.17 Mt (46 %) consisted of oils and fats
used for the production of surfactants and cosmetics (56 %),
paints and coatings (7.2%), lubricants (4%), polymers
(15%), adhesives, and others (17.8%).!"

Classic oleochemistry preferentially deals with the
chemistry of the carboxy group of fatty acids. Some reactions
across the C-C double bond, such as hydrogenation, epox-
idation, and ozonolysis are performed industrially as well.””
During the last decades, modern organic chemistry, including
enzymatic and biotechnological methods, was introduced to
fatty acid chemistry.®¥ In the first decade of this century,
important advances were made in the application of homo-
geneously and enzymatically catalyzed reactions applied to
fatty compounds as well as microbial transformations. Fat-

4. Polymers 10

5. Enzymatic and Microbial
Transformations 13

6. Improvement in the Production
of Natural Oils and Fats in
Plants 15

7. Conclusion and Outlook 17

based monomers were more frequently used for polymer
synthesis.!! Classic plant breeding as well as metabolic
engineering was applied to improve natural oils and fats
significantly, insofar as they show a more uniform and often
unusual fatty acid spectrum, adjusted for various applications.
Moreover, microbial oils provide interesting substrates such
as 3a, 15a, and 16a for chemical and biological syntheses. A
broad spectrum of long-chain fatty acids, esters, and alcohols
is available for oleochemical applications (Scheme 1).

We herein report the advances made in the chemistry and
biotechnology of fatty compounds as well as improvements in
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the production of natural oils and fats in plants and microbials
within the last ten years.

2. Production and Consumption of Oils and Fats

The annual global production of the major vegetable oils
(palm and palm kernel, coconut, soybean, rapeseed, cotton,
peanut, sunflower, and olive oil) increased by 47.8% to
208.1 Mt in 2019,°! compared to 140.8 Mt in 2009.° In
addition, about 27.4 Mt of animal fats (tallow, lard, butter,
and fish oil) were produced, a moderate increase of 16 %
compared to 2009.

The annual global production of oils and fats suitable as
oleochemical feedstock is shown in Figure 1 for 2009 and
2019. Palm oil showed the most significant growth of 68 %,
followed by soybean oil of 57 %, sunflower oil of 56.5 %, and
palm kernel oil of 56%, whereas rapeseed oil and tallow
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showed a moderate increase of 15% and 19 %, respectively.
Castor and linseed oil, providing fatty acids 7a and Sa,
respectively, are almost exclusively used by oleochemistry.
The production of these oils increased by 23% and 30 %,
respectively.

In 2020, this steadily increasing trend in the global oils and
fats production surprisingly reversed. The production
decreased by 22 Mt (—0.9%) and consumption decreased
by 1.7 Mt (—0.7%).! Especially the production of palm oil
displayed a downtrend by 2.3 Mt (—3.0%), because of
previous dryness, reduced fertilizer application provoked by
the low palm oil prices in 2019, and a growing share of the oil
palms being older than 20 years with declining yield potential.
Thus, the yield of palm oil fell in Indonesia from 3.43 tha™' in
2019 to 3.35tha™! in 2020. However, also effects of the
COVID-19 pandemic are curbing the production, and espe-
cially the consumption, because of the worldwide lockdowns
in 2020. Palm oil consumption declined by 2 Mt in 2019/20,

Michael A. R. Meier studied chemistry in
Regensburg (Germany) and received his
Ph.D. from the Eindhoven University of
Technology (The Netherlands) in 2006. After
further stays in Emden and Potsdam, he
was appointed as full professor at the Karls-
ruhe institute of Technology (KIT) in 2010.
He has received several awards and is
associate editor of ACS Sustainable Chemis-
try & Engineering. His research interests
include the sustainable use and derivatiza-
tion of renewable resources for polymer
chemistry as well as the design of novel
highly defined macromolecular architectures.
Jiirgen O. Metzger studied chemistry and
received his Ph.D. under the supervision of
H. Sinn in 1970 at the University of Ham-
burg (Germany). In 1991, he was appointed
Professor of Organic Chemistry at the Uni-
versity of Oldenburg, and he retired in 2006.
He is chairman of abiosus e.V., a non-profit
association for the advancement of research
on renewable raw materials. His research
areas include sustainability in chemistry, and
fats and oils as renewable raw materials.

Angew. Chem. Int. Ed. 2021, 6o, 2—24


http://www.angewandte.org

1 /\/\/\/\/\/\/\/\/X
2 \/\/\/\/;9/\/\/\/)(
9
3 A N e P U e PP
4 /\/\/#{/\/\/\/X
5 _5 12 9 X
6 WMX
OH
9
7 VV\/'\/W/\/X
8 NN N e e S
6
9 \/\/\/\/sz\/\/\/><

9

10 \/\/\/\/A\/\/\/\/X
9

1" \/\/\/\/A/\/\/\/X

12 10 _8
9
13 A N e e e N
1311
9
14 e U e e s U NP
13 11
15 7 T 1 f X
_ _ _ __ __ _ X
16 19 16 13 10 7 4
17 AT 2
10

X ‘ COOH | COOMe | COOE | CH,0H

PR

Scheme 1. Fatty compounds as substrates for synthesis: stearic acid
(1a), oleic acid (2a), palmitoleic acid (3a), linoleic acid (4a), a-
linolenic acid (5a), erucic acid (6a), ricinoleic acid (7a), petroselinic
acid (8a), gondoic acid (9a), sterculic acid (10a), dihydrosterculic acid
(11a), calendic acid (12a), a-eleostearic acid (13 a), punicic acid
(14a), eicosapentaenoic acid (15a), docosahexaenoic acid (16a), 10-
undecenoic acid (17a) and the respective methyl esters (1b-17b),
ethyl esters (1c-17c), and alcohols (1d-17d).

mainly in the food and biodiesel sector; this is the first decline
in palm oil statistics ever recorded.”!

Important to note, in order to increase the palm oil output
in Indonesia and in Malaysia, it will be increasingly necessary
to replant oil palms having an improved tha ! yield and not to
depend on area expansion. This requirement is also triggered
by sustainability concerns, as demand in developed countries
favors deforestation-free oils and seeks sustainability certif-
ications for vegetable oil used as biodiesel feedstock. Several
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Figure 1. Global production of oils and fats that are important as
feedstock for the oleochemical industry in 2009 and 2019.F!

certification schemes operate and are widely used in Malaysia
and Indonesia.”

Industrial Use: In 2009/10, of the globally consumed plant
oils totaling 138.5 Mt, about 108 Mt (78 % ) were used as food
and 31 Mt (22 %) were used industrially for the production of
biodiesel, oleochemicals, animal feed, and other applica-
tions.® In 2019, the food use increased to 150 Mt (74.5%),
industrial use increased to 51 Mt (25.5% ). The industrial
use of the globally consumed palm oil has more than doubled
from 10.1 Mt (24%) in 2009 to 22.8 Mt (31%) in 2019,
a tremendous increase of 12.7 Mt, almost exclusively in South
East Asia (Figure 2).

0O Oleochemicals, animal feed and others

W Biodiesel
52
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Figure 2. Global industrial consumption of plant oils for biodiesel,”!
oleochemicals, animal feed, and other applications in 2019,

The industrial use of palm oil and palm kernel oil is
steadily moving to Southeast Asia, mainly to Indonesia and
Malaysia, close to the raw material sources.! Thus, in 2009,
3.1 Mt of palm oil was used industrially in this region, about
30% of the global industrial palm oil consumption of
10.1 Mt.®1 In 2019, the industrial consumption of palm oil
had almost quadrupled to 12.1 Mt, representing 53 % of the
global industrial palm oil consumption.®! In the same time
period, the palm kernel oil consumption quadrupled from
0.6 Mt to approximately 2.5 Mt in Indonesia. In Malaysia,
palm kernel oil consumption increased moderately from
1.4 Mt to 1.55 Mt in 2019. Thus, the two countries, as the main
producers of palm and palm kernel oil, also accounted for
more than 60% of the global palm kernel oil use, primarily
within their oleochemical industries.>*®! The production of
biodiesel increased from ca. 16 Mt in 2009 to 46 Mt in 2019.
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The main feedstock was palm oil, followed by soybean and
rapeseed oil (Figure 2).! Remarkably, in 2009 Indonesia
produced 0.4Mt (2.5%) and in 2019 7.5Mt (16%) of
biodiesel. Used cooking oil is a growing feedstock and
contributed about 11% to the global production in 2019,
even 18.6 % in the EU (Figure 2).

3. Low-Molecular-Weight Products: Syntheses, New
Reactions, and Platform Chemicals

The study of reactions of fatty compounds to provide
interesting low molecular weight products by using modern
synthetic, especially catalytic methods has developed tremen-
dously during the last ten years. Especially fatty esters 2b and
17b were used as model compounds to study the scope of new
catalysts for reactions across the internal and terminal C-C
double bond, respectively. Synthetic transformations for the
valorization of fatty derivatives were recently reviewed,” as
well as catalytic approaches to monomers based on renew-
ables and especially fats and oils,'” and functional self-
assembled lipidic systems derived from renewable resour-

ces.M!

3.1. Reduction of the Carboxy Group

The use of oils and fats as fuel and the necessity of
improving the fuel properties has stimulated numerous
studies on their catalytic deoxygenation to alkanes and
alkenes.”?! Electroorganic synthesis has been applied for
biofuel synthesis from fatty acids and triglycerides,™ and the
synthetic potential of Kolbe and non-Kolbe electrolysis of
fatty acids has been broadly discussed.!*/

3.1.1. Reduction to Alcohols

The hydrogenation of fatty esters to alcohols is efficiently
promoted by pincer-type catalysts of inter alia Ru,™ OQs!]
and, more recently, first-row transition metals!'” such as Col'®!
or Mn.["l Most importantly, the acceptorless dehydrogenating
coupling of alcohols to esters can be catalyzed as well,*” as
shown by the one-pot, two-step synthesis of wax ester 18 by
consecutive hydrogenation—dehydrogenation reactions of 2b
using the readily available precatalyst C (Scheme 2).2"%

H, (20 bar), C H, o)
2b 2d + MeOH ————— 12 J_
110°C, 2 h o %
08 % 130°C, 2h R”07R
18 (90 %)
BH;
0
i = — .
HN, ‘ JPiPr R WCH?
( an
P/ ‘ \CO
iPry H

Scheme 2. Synthesis of oleyl oleate 18 by consecutive hydrogenation—
dehydrogenation reaction of 2b."
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3.1.2. Reduction to Ethers and to Amines

The reduction of fatty esters allows an easy access to fatty
ethers avoiding the competitive reduction to alcohols.
InBr1;,*! GaBr,,* Fe(CO)s,®) and potassium tetrakis[(3,5-
trifluoromethyl)phenyl]borate® have been used as catalysts
with preferentially tetramethyldisiloxane (TMDS) as the
reductant to perform this reaction. The reduction of 2b, for
example, using GaBr;/TMDS without any solvent showed
complete conversion of 2b and 89% yield of ether 19
(Scheme 3).24

2b + TMDS

GaBry

2b/TMDS/GaBrs = 1:1.1:0.01
( S/GaBr, 0.01) BT 1

R VT e R

I\(Ie
Sli—O n
Me

Remarkably, triglycerides were reduced to glyceryl tri-
alkylethers?”! and long-chain polyesters to the respective
polyethers.”® Hydrogenation of fatty acids or esters in the
presence of an alcohol and catalyzed by Ru/triphos and
a Lewis acid, such as Al(OTf),,”” or a Brgnsted acid, such as
trifluoromethanesulfonimide, gave the respective fatty ether
in a yield of up to 83% (Scheme 4).%

19 (89 %)

Scheme 3. Catalytic reduction of 2b to give ether 19.7

3 mol% [(cod)Ru(met),]

1a + HO/\/\ 3 mol% Triphos %0/\/\
10 equiv 10 mol% HNTf, 16
16 h, 180°C, 70 bar H, 20 (83 %)
Triphos: E’h
PhoP” "> ppn,

Scheme 4. Catalytic reductive etherification of 1a.

Because all C-C double bonds are hydrogenated, rape-
seed oil, which consists of various unsaturated C18 fatty acids,
can be directly converted with, for example, butanol to ether
20. The catalyst Ru/triphos/HNTTY, also enabled the selective
N-monoalkylation of a variety of primary and secondary
amines with triglycerides such as sunflower oil
(Scheme 5).P"1-O-monoalkyl ethers of glycerol were
obtained with high selectivity by catalytic reductive alkylation

o [Ru(acac)s] (2 mol%)
RO o)J\R Triphos (3 mol%)
N T \(\ HNTF, (5 mol%) H H
©/ * 0 o prr N~ Crtas + ph-N~C1sHan
By H, (60 bar)
) 130°C, 18 h, THF o5 05
21 22
R = Cy7H31 (59 %), C17Ha3 (30 %), 95 %

Ci7Hzs (6 %), C1sHz1 (5 %)

Scheme 5. Ru-catalyzed N-alkylation of aniline with sunflower oil "
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Pd/C (1 mol%)
Amberlyst 35 (10 wt%) OH

R/\/O\/I\/OH

R= C16H33 23

Ho/ﬁ/\OH

OH 50 bar Hy, 120°C

1a +

Scheme 6. Reductive alkylation of 1a with glycerol (molar ratio
1:40) .2

of fatty acids with glycerol using Pd/C as the catalyst and an
acid ion-exchange resin as the cocatalyst. (Scheme 6).52%

3.2. Reactions Across the C-C Double Bond of Unsaturated Fatty
Compounds
3.2.1. Oxidations

Ester 2b was oxidized to methyl 9(10)-ketostearate 25 in
85% yield by a co-catalyst-free Wacker oxidation employing
oxygen as the re-oxidant and utilizing PdCl, in dimethylace-
tamide (DMAC) (Scheme 7). Furthermore, when benzo-
quinone/Fe (phthalocyanine) was used as a cocatalyst for the
reoxidation of Pd, the reaction could be performed at room
temperature and 1 bar O, to give 25 in 79 % yield.” Ketone
25 was also obtained by rearrangement of epoxide 24
catalyzed by acidic resins (Scheme 7).l Methyl 12-ketostea-
rate was obtained by Pd-catalyzed isomerization of the
homoallylic alcohol 7b.”! Remarkably, an aldehyde-selective
Wacker-type oxidation allowed the oxidation of 17b to
methyl 11-oxoundecanoate with 79 % selectivity.""!

o)
2b ez | eSS COOMe
24
|
(e}
PdCl

2b B RN /\/\/\/\/U\/\/\/\/COOMe

DMAC/H,0O

10 bar O, 25 + regioisomer

70°C, 24 h

Scheme 7. Two-step synthesis of 25 via epoxide 24 by acid-catalyzed
Meinwald rearrangement®¥ and a direct approach to 25 by Wacker
oxidation of 2b.B*

3.2.1.1. Epoxidation and Follow-Up Products

The epoxidation of unsaturated fatty compounds has
recently been reviewed with an emphasis on catalytic® and
chemoenzymatic epoxidation.*”! Follow-up products of fatty
epoxides, especially cyclic carbonates, are of steadily increas-
ing importance, for example, as plasticizers*!! and as mono-
mers for non-isocyanate polyurethanes (NIPUs). The cata-
lytic transformation of epoxides to carbonates was recently
reviewed.””! Werner et al. developed a high-yielding trans-
formation of fatty epoxides to the respective cyclic carbonates
under mild reaction conditions using metal catalysts such as
Cal,/dicyclohexyl 18-crown-6 (27)1! as well as organocata-
lysts such as phenolic phosphonium salts.* Mono-, di-, and

Angew. Chem. Int. Ed. 2021, 6o, 2—24
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triepoxides as well as epoxidized triglycerides could be
transformed with high conversion and yield, however, with
low diastereoselectivity. For instance, the cis-configured
epoxide 24 yielded a mixture of cis- and trans-carbonate 26
(Scheme 8).%! Kleij et al. reported a protocol using a binary
Al complex/bis(triphenylphosphine)iminium chloride cata-
lyst and obtained cis-26 with high diastereoselectivity
(97:3).1%

Cal, (5 mol%) o]
27 (5 mol%)
o 0
PhsP 19
24 o (6 mol) \/\/\/\)_K/\/\/\/COOMe
45°C, 24 h
p(COy) = 5 bar 26 (>99 %; [cis]:[trans]=84:16)

I
o

Scheme 8. Reaction of epoxide 24 with CO, to give the cyclic carbon-
ate 26.1

3.2.1.2. Oxidative Cleavage of C—C Double Bonds

The ozonolysis of 2a to give azelaic and pelargonic acid is
an established industrial process.”!’ A multitude of methods
have been reported to replace ozone with a safer oxidant.
However, a practical alternative was only found about
10 years ago,“”! correlated with the development of catalytic
methods for the oxidative cleavage with H,O,, which has the
potential for industrial application.”’’*! Behr et al. reported
on the oxidative cleavage of 2b with H,0, (35%, 8 equiv.)
catalyzed by ruthenium/dipicolinic acid (Scheme 9).” A two-
step process was industrialized by Matrica."! 2b is oxidized
with H,0O,, catalyzed by tungstic acid, to give vic-diol 30,
which is cleaved with oxygen, catalyzed by cobalt acetate.’

1 mol% Ru(acac);

dipicolinic acid HOOC COOMe
2b 28 (86 %)
H202 /\/\/\/\COOH
T 29 (81 %)
OH
OH 30

Scheme 9. Oxidative cleavage of 2b (tBuOH:H,0=3:1, 80°C, 20 h)
via tandem epoxidation, hydrolysis of 24, and oxidative cleavage of the
vic-diol 30.5°

3.2.2. Selective Hydrogenation

The selective hydrogenation of the complex mixture of
natural polyunsaturated acids, such as 4a, Sa or the more
complex 14a and 15a, to monounsaturated fatty acids is
a continuing challenge.™ Good results were obtained with Pd
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nanoparticles in polar organic solvents such as 1,2-propyle-
necarbonatel® or PEG-4000 as complexing solvent.’>l A
series of non-food oil derived methyl esters were selectively
hydrogenated over Cu/SiO,.®! All these selective hydro-
genations occur with stereoisomerization of the cis-config-
ured double bonds. Sels et al. discussed the design of novel
hydrogenation catalysts to enable the production of trans-free
hydrogenated products for the food sector.”)

3.2.3. Alkyl-Branched Fatty Compounds and Cycloadditions

The synthesis as well as properties and industrial appli-
cations of alkyl-branched fatty compounds have been
reviewed.® GooBen et al. used a Rh/Pd catalyst to propeny-
late 4 ¢ giving product 31 as a mixture of isomers (Scheme 10).

RhCl5 - 3 H,0 P
Pd(MeCN),Cl, o)

4c + X

A

CgHsCl, 100°C, 16 h OFEt

31 (m+n=12),81 %

Scheme 10. Catalytic codimerization of 4c with propene.F”

Pd catalyzes the conjugation of the two double bonds, which
are propenylated with Rh catalysis.®” The protocol for the
synthesis of well-defined alkyl-branched oleochemicals was
considerably improved by using haloalkanes instead of
chlorocarbonates to give the hydroalkylation products in
excellent to good yields (Scheme 11).°Y) Importantly, the
reaction protocol was scalable (>500g 2b) and was also
applied to substrates with two or more double bonds as well as
to triglycerides.

N\N\I/\/V\/?J\
1. Et3Al,Cl3, iPrBr o~

2. HyO/HCI °

2 - . + o) 32

89 % 10
/\/\/\/I\/\/\/\)‘\O/

2b : EtAlCly: iPrBr=1:1:1.1 + 2 EtAICI(Br) + CoHy4

Scheme 11. Et;Al,Cl;-mediated hydroisopropylation of 2b.1*%

The skeletal isomerization of unsaturated fatty acids such
as 2a was performed in the presence of H'-ferrierite zeolite
catalysts to give, after hydrogenation, methyl-branched iso-
fatty acids with a remarkable selectivity of up to about
80 %621 in contrast to the present industrial process.”

Addition products of unsaturated fatty derivatives and
maleic anhydride as well as various follow-up products are of
interest because of their versatile properties in numerous
applications.[ Interestingly, the Rh-catalyzed reaction of 4a
and maleic anhydride gave the cycloaddition products 33a
and 33b in a 1:1 ratio (Scheme 12),* which are identical to
the Diels-Alder addition products of 12a and 13a.1¥

Compound 10b, derived from the seed oil of Sterculia
foetida L, was rearranged to the conjugated diene 34 with
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Rh(OAC),, N,
O_o 140°C,3.5h

w O

86 %

[64]

Scheme 12. Rh-catalyzed cycloaddition of 4a and maleic anhydride.

a methylene branch as a mixture of two regioisomers with
a selectivity of 99 % under Pd catalysis (Scheme 13).1°"]

Pd-TPPTS, 90°C, 6 h
100 ———>2 7 2~ + o 34

CrHie
Scheme 13. Pd-catalyzed rearrangement of 10b .1

3.2.4. Hydroformylation™ and Hydroaminomethylation®!

The isomerizing hydroformylation™® of 2b was consid-
erably improved using a palladium isomerization and a rho-
dium hydroformylation catalyst simultaneously, affording the
a,m-aldehyde ester.[”) The corresponding alcohol 35 was
directly obtained using a Rh/Ru/Ru ternary tandem catalytic
system with Shvo’s hydrogenation catalyst (Scheme 14).""!

o}

SSOSI
OH

35 (53 %, Ilb 4,4)

10 bar, 120°C, 36 h

2b+COHy ——m—————
1 mol% Rh(CO)acac/

2 mol% A4N3
0.5 mol% Ru Shvo Cat.
1.5 mol% Ru3(CO)42

tBu
tBu 60 Bu

(RO),P P(OR),

tBu
R=1-Naphthyl
A4N3

Scheme 14. Isomerizing tandem hydroformylation of 2b and in situ
hydrogenation.”

The important task of recycling the homogeneous hydro-
formylation rhodium catalyst has been addressed by organic
solvent nanofiltration,’"! selective product crystallization,
and especially by thermomorphic solvent systems,””! for
example, a combination of water/1-butanol for the hydro-
formylation of 17b" and 2b."”! Most interesting are new
developments in the reactor setup for gas-liquid-liquid
multiphase catalysis, for example, using a jet-loop reactor to
improve the aqueous biphasic hydroformylation of 17b and
2.

Bis-hydroaminoalkylation of 17b and 17d with piperazine
yielded long-chain linear diester 36b and diol 36d, respec-
tively, interesting substrates for polyesters (Scheme 15). Key
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‘/\NH CO/H, (1:1,35, 40 bar), 120°C,16 h

2 17bord +
HNJ 0.1 mol% Rh, 0.3 mol% Biphephos
N X
X N \) 36bord

(70 %, lib 3)

Scheme 15. Bis-hydroaminomethylation of 17b and 17d./""

to success was the selective crystallization of the product from
the reaction mixture in > 98 % purity.["”

3.2.5. Alkoxycarbonylation and Hydroxycarbonylation

The mechanism of the isomerizing alkoxycarbonylation of
unsaturated fatty compounds was studied in detail, including
computational studies.”**! Mecking et al. fully analyzed the
products of the methoxycarbonylation of 2b with the well-
defined precatalyst [(dtbpx)Pd(OTf),],*Y and found the
formation of the linear a,w-diester with a selectivity of
90.6%, besides all possible branched diesters in minor
amounts.®? The diester was obtained in high purity by
simple recrystallization from methanol. Most importantly,
the robust catalytic system is capable of transforming not only
pure 2b, but also technical grade plant oils®® % and microbial
oils.’™ The catalyst can also be used for selective terminal
carbonylation of the internal double bond of 2a with water as
a nucleophile to open a direct access to a,w-dicarboxylic acids
such as 37 (Scheme 16).5°l The recycling and reuse of the
catalyst has been studied as well."-]

[(dtbpx)Pd(OTH),] )
+ (dtbpxHo)(OTf), 37 (88 %)

2a HOOC. -~ _~_COOH

H,0, 18 h,
20 bar CO, 125°C

PtBu,
PtBu,

Scheme 16. Isomerizing hydroxycarbonylation of 2a.t

dtbpx

3.2.6. Olefin Metathesis

The metathesis reaction of unsaturated fatty compounds
has been studied intensively over the past ten years and has
been thoroughly reviewed.[®*? Studies have focused on the
important topics self-metathesis and ethenolysis,”>* cross-
metathesis with functionalized alkenes, and isomerizing
metathesis.”

3.2.6.1. Self-Metathesis and Ethenolysis

Self-metathesis of 2b gives the long-chain diester 38 and
alkene 39 in only moderate yield in equilibrium, since olefin
metathesis is a reversible reaction (Scheme 17a). However,
self-metathesis of polyunsaturated fatty compounds, such as
Sb, allows full conversion to diester 38 and others, since
volatile metathesis products, such as cyclohexa-1,4-diene or
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a) /O\H/\/\/\/\/_\’\«/\/\/\)J\O/

b —— +

[Ru]cat

+CHy=CH, o~

i Sl Y 40

+38 + 39 + (E)-2b
[Ru]cat

P T v e
41

Scheme 17. a) Self-metathesis and b) ethenolysis of 2b.

hex-3-ene, can be easily removed in order to shift the
equilibrium.”"!

Self-metathesis has to be suppressed as far as possible in
an ethenolysis reaction (Scheme 17b). N-heterocyclic car-
bene (NHC) ruthenium catalysts, such as C1 (Scheme 18),
provide selectivities as high as 95 % for the kinetic ethenolysis
products 40 and 41, unfortunately with a relatively low TON
of up to 5000 (Scheme 17b).1!

“Ru
T %||:Ru_ .Me
(l) | N Ph
ipr? ’Pr’o Pr
c1 C2 (R'=Me, R?=Me; R®= iPr) c5

C3 (R'=Ph; R%=Me; R%=Pr)

C4 R'=Ph; R2 R3=Et

MesN NMes
CI MesN NMes
S'R|“— N,
"Tol
2
cé Cc8

Scheme 18. Ruthenium-based metathesis precatalysts used for the
transformation of fatty acid derivatives.

It is well known that methylene-Ru intermediates, formed
in the catalytic cycle of ethenolysis, are less stable than
alkylidene intermediates, thus reducing the TON in compar-
ison to that for alkenolysis with 1-alkenes and internal
alkenes.’”™! Hence, butenolysis of 2b is performed industri-
ally.”™ To obtain an economically viable process, it was stated
that a TON >50000 is required for the ethenolysis of 2b,
based on the cost of the homogeneous catalyst.”**! The most
promising results have been obtained with Ru catalysts such
as C2 and C3 bearing cyclic (amino)alkylcarbene (CAAC)
ligands (Scheme 18).'"" TONs of 180000 using 99.95 % pure
ethene have been achieved at a catalyst loading of 3 ppm.
These impressive results were obtained only when a glovebox
was used.'” The easily synthesized bis(CAAC)Ru catalyst
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C5 shows similar efficiencies,'* and a dimeric indenylidene
CAAC Ru complex C6 as well, though being more robust to
standard-grade (99.9%) ethene.'”!! Grela et al. focused on
practicability issues, such as reaction in air, ethene with 99.9 %
purity, and undistilled 2b with 90-95 % purity."’l The CAAC-
bearing catalyst C4 was most efficient. The selectivity was
95% and the TON goes up to 28000.11%

3.2.6.2. Cross-Metathesis with Functionalized Alkenes

Cross-metathesis of unsaturated fatty compounds with
functionalized alkenes, such as methyl acrylate,'”” dimethyl
maleate,'® maleic acid,"® allyl acetate and cis-1,4-diace-
toxy-2-butene, "% acrylonitrile,'** or acrolein!"! gives
straightforward access to interesting bifunctional unsaturated
compounds with typically high (E)-stereoselectivity.

In contrast, the cross-metathesis of 2a or 2d with (Z)-2-
butene-1,4-diol 42, using catalyst C7, yielded (Z)-allyl alco-
hols 43 and 44 with high stereoselectivity ([Z]:[E]=94:6) in
60-65% yield (Scheme 19).116

5 mol% C7

_—

2a + Ho— “\—OH
42 THF, 22°C, 6 h

COOH —
f\/\/\/\/ . C7H15AOH
43 44

Scheme 19. (Z)-Stereoselective cross-metathesis of 2a and diol 42.1"¢

HO

3.2.6.3. Isomerizing Metathesis

The cooperative action of the Pd isomerization catalyst IC
and the metathesis catalyst C8 (Scheme 18) enabled the
transformation of unsaturated fatty compounds such as 2a or
2b into complex product blends having defined, tuneable
properties, as shown by GooBen etal. (Scheme 20).'""]
Alkenes and unsaturated mono- and diacids were obtained
in adjustable distributions. The method was also applied to
improve rape seed oil biodiesel with ethene (< 1 bar), in order
to obtain boiling properties similar to conventional diesel
fuel.""® Biodiesel was also modified via self- and cross-
metathesis with 1-hexene, resulting in similarly improved
boiling curves.”)

0.6 mol% IC
0.5 mol% C8

neat, 70°C, 20 h

HWH
m n
HMCOOH
o p
HOOC WCOOH
Br
/ \ q r

IC  'BusP-Pd—Pd-PBuj
\_/
Br

Scheme 20. |somerizing self-metathesis of 2a.!
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4. Polymers

100 years after Staudinger’s first publication on polymer-
ization, sustainability has become one of the most important
topics for polymer scientists,'?! and of course for our society.
Fatty acid derivatives have long been used for applications in
polymer science;* 2122 detailed summaries with different
foci are available.'*131%1 It is important to note that we had
to be very selective in covering this flourishing and very large
field of research in this brief overview, and thus, composites
and blends, cross-linked systems (i.e. thermosets), copoly-
merization with other (renewable) monomers, obviously
unsustainable procedures, as well as other directions could
not be included or discussed in detail.

4.1. Step-Growth Polymerization

The use of fatty acid based monomers for step-growth
polymerization has significantly increased within the last 10
years and relates in large part to the efficient transformation
of 2a, S5a, and 17a as well as their derivatives to prepare AA-
as well as AB-type monomers (see also Section3 for
important synthesis routes).

4.1.1. Linear Polymers from Step-Growth Reactions

Typical AB- and AA-type monomers obtained from fatty
acid derivatives that lead to linear, unbranched polyesters and
polyamides are depicted in Scheme 21 and are predominantly
derived via oxidative cleavage (Section 3.2.1), olefin meta-
thesis (Section 3.2.6), isomerizing hydroformylation (Sec-
tion 3.2.4), and thiol-ene addition.['

An important advance is the development of long-chain
polyesters from such starting materials that can mimic
important properties of polyethylene, while offering degrad-
ability.'?>13") Remarkably, polyesters 19,19 and 23,23 were
prepared on 100 g scale; the necessary dimethyl-1,19-non-
adecanedioate monomer was directly prepared from techni-
cal-grade high oleic sunflower oil. Such polyesters offer
suitable mechanical properties (elongation at break > 600 %;
Young’s modulus of 400 MPa) for non-wovens or extruded
transparent films."*!! Similar long-chain polyesters can be
obtained via different routes, for instance from biotechno-
logically derived monomers!"***¥ or ring-opening polymeri-
zation of macrolactones."*

Two highly remarkable monomers, the very long-chain
diesters 45 and 46, were prepared by Mecking et al. from 38
(Scheme 17) by isomerizing the central double bond selec-
tively to the statistically disfavored a,f-position in a catalytic
dynamic isomerizing crystallization approach. Subsequently,
“chain doubling” was achieved by an additional cross-meta-
thesis step to obtain ultra-long-chain a,w-difunctional build-
ing blocks of up to 48 carbons in length.**! Polyester 48,48,
derived from 46, showed an unprecedentedly high melting
point of 120°C.

Apart from polyesters, polyurethanes, polyamides, and
polyacetals have been prepared from the monomers de-
scribed in Scheme 21, of course after appropriate chemical
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Fatty acid derived AA type step-growth monomers

HOOC” ™>""~J>COOH

x=1,23,4,5710,11,12, 15,18

—

Reviews

HO\/\/\/\M\/OH
X

x =1, 5 (OX of 2a and 6a, respectively)

HzN\/\/\/\{\/r\/NHz
X

x = 2 (alkaline fusion of 7a)

x =11, 15 (IHM of 2a and 6a, respectively)

x =3, 4,7 (CM of 2a, 17a and 6a, respectively)

x =10, 12, 18 (SM of 2a, 17a and 6a, respectively)

Very long chain fatty acid derived AA type step-growth monomers

0]

HO\”/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\)}\OH 45

0 O

Hok/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\[(OH

Fatty acid derived AB type step-growth monomers

(Scheme 14)

OH

46 O

HN">">"{ A >COooH

x=1,3,4,57,8

x= 1,5 (OX of 2a or 6a, respectively)

f\/\/\/\/COOH

HO 43 (CM) (Scheme 18)

HO N i

o 47 (TE) ©

x= 3 (CM of 2a or ricinoleic acid pyrolysis, hydrobromination, amination)

x =4 (CM of 17a or HF of 10-undecenenitrile)

x =3, 4,5, 7 (CM with different olefins of 2a or 6a or 17a, or derivatives thererof)
x = 8 (from the biotechnologically available methyl 16-hydroxypalmitate)

S\/\NHZ

48 (TE)

Scheme 21. Unbranched AB- and AA-type monomers derived from fatty acid derivatives. Saturated methyl esters are depicted for clarity, but
carboxylic acids and/or unsaturated derivatives are described and used as well. The respective synthesis route are given: SM: self-metathesis;
CM: cross-metathesis; (I)HF: (isomerizing) hydroformylation; TE: thiol-ene; OX: oxidative cleavage.

modification. A novel development in this context is the
synthesis of polyethers via either catalytic reduction of the
corresponding polyesters (Scheme 22a),” or the catalytic
reduction of the respective ester monomers and subsequent
acyclic diene metathesis (ADMET) or thiol-ene polymeri-
zation.["® This route offers access to so far unknown long-
chain polyethers. Compared to the respective polyesters, the
polyethers showed lower meting points, whereby the differ-
ence in melting point decreased with increased spacing of the
functional groups.”’ A detailed review on the manifold

1 mol% GaBry

1.1 _ 1deqTMDS TMDS i
(o]
{ Wﬂ\ W { \/\M;\O/W
m
x=1,3,7,9, 15 (unsat.), 15/18 (mix)
b) Et0” “OEt l
n HO S — ¥, P
OH [ONe)
N;\ p-toluene sulfonic acid (cat.) X n

x =16, 16,20

Scheme 22. a) Polyethers obtained via catalytic reduction of polyes-
ters;?¥! b) polyacetals obtained via so-called acetal metathesis polymer-

ization (the example shown is from ref. [140])."* "
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possibilities and advances offered by such different types of
fatty acid derived polymer classes, from synthesis to proper-
ties and possible applications, is available.!'*’] Fatty acid based
polyamides and polyurethanes were thoroughly reviewed
recently, also addressing sustainability aspects.!'*s! Polyacetals
should be specifically mentioned and can be obtained from
medium- and long-chain fatty acid derived diols in an acid-
catalyzed process with 1) an excess of diethoxymethane to
yield the diacetals, which are polymerized after isolation and
purification,"* or 2) via direct polymerization of diols with
an excess of diethoxymethane (Scheme 22b).l4 This route
has been termed acetal metathesis polymerization
(AMP)."** Studying the properties of the novel polyacetals
revealed that the solid polymers display higher stability
against hydrolytic degradation compared to their shorter-
chain counterparts.!'*"

Very recently, an important step towards practical appli-
cation was demonstrated for long-chain polyethylenes such as
polyester 18,18 as well as the polycarbonate 18 via closed loop
chemical recycling.['!

Last but not least, it is worth mentioning a few more
selected examples of similar long-chain and linear polyes-
ters,*?! polyamides,!'* polyethers,** polycarbonates,'* or
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(non-isocyanate) polyurethanes'*! that can also be obtained
via ADMET, thiol-ene, or other polymerization techniques.

4.1.2. Branched Polymers from Step-Growth Reactions
4.1.2.1. Branched Monomers

Fatty acids offer the possibility to design branched
monomers or hyperbranched polymers with interesting and
unique properties. One such branched monomer precursor,
which can be obtained via several catalytic and non-catalytic
routes (see Section 3.2.1 for selected examples) is keto fatty
acid ester 25 (Scheme 7), which is suitable for the synthesis of
branched polyamides (after reductive amination of 25) with
interesting properties, such as an increased hydrophobicity
and improved elongation at break when copolymerized with
Nylon 6.6.*4 Similar monomers can also be obtained via
thiol-ene addition.® Following the oxidation and amination
route, methyl 10-aminoundecanoate and methyl 10-hydrox-
yundecanoate can be obtained from 17b, resulting in
a methyl-branched polyamide or polyester, respectively.*]
In both cases, steric hindrance resulted in more difficult
polymerization and poorer thermal properties. A very differ-
ent route to polyesters with various degrees of branching was
described using ADMET polymerization of linear and
branched a,m-diene monomers (Scheme 23).11 After hydro-

1) ADMET, Grubbs-|
2) Hydrogenation

: o

o PPN NN
NN oo
P

o o
,Momowwvwo\qjiow.
o n o m

Scheme 23. Branched polyesters, derived from castor and vernonia oil,
mimicking the structure and properties of olefin-based elastomers.']

genation, thermo-mechanical properties in accordance to
some types of polyethylene were observed, offering a sustain-
able alternative to olefin-based elastomers, especially for
specific applications requiring degradability. Atypical mono-
mers were obtained by forming ester enolates from saturated
fatty acid methyl esters, which reacted with dimethyl carbon-
ate to form malonates with different chain lengths (C¢—C)
and bearing saturated alkyl branches at C2 of the malo-
nate.!'*¥ Polyesters as well as polyamides were derived from
these malonate monomers, and the thermal properties could
be tuned owing to the direct correlation to the alkyl chain
length. The route via malonates was also adopted for the
synthesis of fatty acid monomers bearing six-membered cyclic
carbonates, which were used for the synthesis of non-
isocyanate polyurethanes."*”) Moreover, branched polyacetals
were prepared via the abovementioned acetal metathesis
route (see Scheme 22), in this case derived from heptanal and
1720

A special case of highly branched fatty acid derived
monomers are the so-called dimer fatty acids (Scheme 24),
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Scheme 24. Industrially available (left) and new, more defined dimer
fatty acid derivatives (right); please note that 49 and 50 are each
mixtures of three regioisomers.

classically obtained and industrially available since the 1950s
via the intermolecular coupling of unsaturated fatty acids and
their esters.™>!! This process mainly proceeds via isomeriza-
tion followed by a Diels—Alder reaction. The industrially
obtained dimer acids are a mixture of several compounds
(monomer, dimer, trimer, cyclic, aromatic structures), requir-
ing extensive purification before polymerization. Such dimer
acids generally provide high flexibility, pronounced hydro-
phobicity, and hydrolysis stability, for instance to polyur-
ethanes.™ Their use in polyamides, for example, as hot-melt
adhesives or as reactive components, typically leads to lower
crystallinity as well as lower melting temperatures.>! Also
applications in polyurethane foams, ™ coatings,'™ and
controlled release materials!"™ have been described. Over
the years, as summarized in ref. [157], attempts have been
made to improve their synthesis. More recently, hydrobromi-
nation of oleic acid, followed by nucleophilic substitution with
dithiols, resulted in new dimer structures.'*® Interestingly, 2b
can be dimerized directly with ethane-1,2-dithiol in a simple
UV-induced one-pot procedure to obtain the defined dimer
acid 49 (Scheme 24) in one reaction step, which significantly
reduces water uptake when used for polyamide synthesis.'””)

A large variety of structurally defined dimer acids, some
fully renewable (i.e. 50, Scheme 24), were prepared via
catalytic Wacker-type oxidation of 2b, 6b, or 17b, leading to
the respective keto fatty acid derivatives, which were
subsequently dimerized via reductive amination.'™ When
these compounds were copolymerized with 1,10-diaminode-
cane, high-molecular-weight polyamides with low glass tran-
sition and melting temperatures were obtained.

4.1.2.2. Hyperbranched Polymers

Hyperbranched polymers derived from fatty acids are far
less frequently described, yet offer interesting structures and
properties. For instance, 7b was transformed to an AB,
monomer by thiol-ene addition of 2-mercaptoethanol in
a solvent-free reaction.'™ The resulting hyperbranched
polyesters showed lower complex viscosities than their
linear analogues and low glass transition temperatures.
Similarly, 17b was used as a starting material to obtain an
AB, monomer by reaction with thioglycerol,'**!¢!l resulting
in hyperbranched polyesters with a high degree of branching
and low inherent viscosity.""! AB, and AB; monomers for
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hyperbranched polyesters were also prepared via epoxidation
and ring opening of 2b, 6b, 7b, and 17b.1? Interestingly, the
degree of branching depended on the type of monomer as
well as on the conversion and the applied catalyst. A different
approach uses trifunctional (A; or B;) fatty acid derived
monomers in combination with the respective B, or A,
monomers in a Diels—Alder reaction between furans (A)
and maleimides (B).'*) A,B and AB, systems were also
described. Most interestingly, the Diels—Alder approach
allowed for the thermoreversibility of the polymerization
reaction. Highly branched polyesters could also be obtained
by the so-called acyclic triene metathesis of high oleic
sunflower oil'®! or the highly unsaturated Plukenetia con-
ophora 0il."*! The oils could be polymerized directly under
bulk conditions without any pretreatment.

4.2. Chain-Growth Polymerization

To obtain fully renewable monomers for chain-growth
polymerization from fatty acid derivatives is more difficult
than the approaches discussed in Section 4.1, and have thus
been reported less frequently.

As described in Section 3.2.6, 1,4-cyclohexadiene 51 can
be obtained efficiently by self-metathesis of highly unsatu-
rated plant oils or fatty acid methyl esters.””*! Compound 51
was shown to be a suitable renewable platform molecule
(Scheme 25) for the synthesis of poly(cyclohexadiene) via in

highly unsaturated source,
containing derivatives of 5

RUHCI(CO)(PPhy),

olefin metathesis Ni(acac),/MAO

")

O
ey,
[k Sl

Scheme 25. 1,4-Cyclohexadiene 51 as a renewable platform chemical
for the synthesis of various polymers.

Oxidation, Hydrogenation,
Baeyer-Villiger, Polymerization

Oxidation, Hydrogenation,
Beckmann, Polymerization

situ isomerization and polymerization'® as well as for the
synthesis of polyamide 6" and poly(caprolactone).'*®! The
latter two commercially important polymers could also be
functionalized to tune their properties. 1,4-Cyclohexadiene
oxide was furthermore used as a comonomer for the synthesis
of unsaturated polyesters as well as polycarbonates.'*”) Ring-
opening polymerization (ROP) was also used for the solvent-
free copolymerization of methyl 9,10-epoxystearate with
different cyclic anhydrides using a (salen)Cr'™Cl catalyst
and n-Bu,NCl as co-catalyst to yield polyesters with low glass
transition temperatures.'’”! Another interesting class of fatty
acid based monomers for cationic ROP are 2-oxazolines,
leading to materials suitable for the preparation of amphi-
philic structures as well as for low-surface-energy and low-
adhesive coatings.!'”"

Furthermore, a variety of monomers for radical polymer-
izations are described, leading to either cross-linked or
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copolymer systems that are outside the scope of this focused
summary. A few interesting new monomers and the corre-
sponding fatty acid based homopolymers are worth mention-
ing. Most typically, polymerizable moieties such as acrylates
or methacrylates are attached to fatty alcohols or 7b,!’
leading to partially renewable monomers via often unbenign
synthesis routes.'” These monomers will not be discussed
herein, as they were very recently reviewed.['”

Compounds 2a and 4a were transvinylated with vinyl
acetate using 1 mol% [Ir(cod)Cl], to yield fatty acid vinyl
esters.'™ Subsequent free radical polymerization led to
materials possibly useful as paints or varnishes via the
oxidative drying of the unsaturation remaining in the side
chains of the polymers. Interestingly, the even less activated
olefinic double bond of 17b could be directly copolymerized
with vinyl acetate (up to 50 % ) using a preformed alkylcobalt-
(IIT) acetylacetonate (R-Co(acac),) complex, where the alkyl
group acts as a radical initiator and the Co(acac), as the
controlling agent.'””! Molecular weights above 10 kDa could
be achieved while maintaining relatively low dispersities.
Furthermore, a sustainable purification via supercritical CO,
extraction was introduced, allowing the recovery of unreacted
17b. Finally worth mentioning is a one-pot catalytic copoly-
merization of 2b or plant oils with ethylene using an
isomerization catalyst and a Brookhart polymerization cata-
lyst at the same time.['"!

5. Enzymatic and Microbial Transformations

The use of isolated (immobilized) enzymes for the
modification of fats, oils, and related lipids for oleochemistry
is well documented in the literature.”'”" Biocatalysis using
enzymes offers important advantages such as chemo-, regio-,
and stereoselectivity under mild reaction conditions. Enzymes
address some aspects of green chemistry, since they are
biodegradable, use mostly water as a solvent, and most
importantly, they can catalyze a broad variety of reactions.
Very recently, two reviews have been published on the
industrial applications of biocatalysts."”!

Since the publication of our last review,* in addition to
lipases, phospholipases (PLA) as well as a few other enzymes,
such as P450-monooxygenases, have found their way into
oleochemistry. Lipases have been widely applied for many
decades to prepare structured triglycerides, margarine, and
biodiesel. Phospholipases, on the other hand, are the biocat-
alysts of choice for degumming. Here, especially the use of
PLC was established!'””! as an alternative to PLA, or PLA,.
Examples of other enzymes are given in the subsequent
sections. For microbial biotransformations, substantial prog-
ress in molecular biology and metabolic engineering allows
the design of entirely new pathways in microorganisms. This
has opened new opportunities for lipid modification and
enables the transformation of simple—often renewable—
precursor molecules into valuable lipid-related products.!'”"!
Modern methods for enzyme discovery as well as advanced
protein engineering tools have helped expand the biocatalytic
toolbox and adjust enzymes for large-scale processing.*"!
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Furthermore, cascade reactions!"®!) open up new opportunities
for the use of enzymes in oleochemistry.

5.1. Novel Enzymes/New Chemistry

Typically, lipases are used for the synthesis of esters (e.g.
biodiesel production), as the presence of water will result in
hydrolysis. Although it has been known for more than
a decade that some lipases (or lipase-like enzymes) also
have acyltransferase activity, only recently has substantial
progress been reported. This includes lipase CAL-A and an
enzyme from Candida parapsilosis (CpLIP2). Both enable the
synthesis of esters, such as fatty acid ethyl esters (FAEE), in
the presence of a bulk aqueous phase. Through the use of
rational protein design, the acyltransferase activity of lipase
CAL-A could be substantially improved by a single point
mutation (D122L) and up to 95% FAEE could be produced
from palm kernel oil in the presence of 5-10% water in
EtOH." The group led by Subileau and Dubreucq improved
CpLIP2 and identified a broad range of further enzymes.['*"!
Very recently, the structural and molecular reasons for this
phenomenon were elucidated.!'® High acyltransferase activ-
ity correlates well with the hydrophobicity of the substrate-
binding pocket and a scoring system was proven to accurately
predict the promiscuous acyltransferase activity from protein
sequences in databases, where more than a thousand novel
candidates were identified; several of them have been
experimentally verified.['815%

Lipases have been successfully subjected to protein
engineering in numerous reports.®@ More recently, the
fatty acid selectivity of lipase CAL-A was improved to
enable the enrichment of erucic acid 6a.* 6a is also present
in Crambe abyssinica seed oil (=59 %) and its concentration
needs to be elevated for oleochemical applications. A detailed
protein engineering study led to the identification of a double
mutant (V238L/V290L) with which the level of 6a could be
increased to 74 % .['%" Similarly, the selectivity for gondoic
acid 9a present in Camelina sativa oil was enhanced using
CAL-A variants to enable its enrichment.#<!

A very interesting enzyme class are the flavin-dependent
hydratases, which add water to double bonds and thus form
hydroxyl groups."! Mostly oleate hydratases have been
studied, which convert oleic acid in a regio- and stereoselec-
tive manner to the corresponding (R)-10-hydroxystearic acid
(up to 100 gL.7")." OAs have also been included in cascade
reactions to functionalize fatty acid derivatives, for instance to
obtain long-chain aliphatic amines (see below)."® In 2013,
the first crystal structure of a linoleic acid hydratase was
reported by the Feussner group,'” followed by that of an
oleate hydratase from Elizabethkingia meningoseptica.'>!)
Besides insights into the mechanism, this provided the basis
for protein engineering to expand the substrate scope of OA,
which can now catalyze the asymmetric hydration of terminal
and internal alkenes (notably lacking a carboxylic group) also
on preparative scale (up to 93% conversion, >99 % ee,
>95% regioselectivity).['”!

Carboxylic acid reductases (CARs) are useful biocatalysts
for the conversion of carboxylic acids into aldehydes under
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mild reaction conditions without overreduction to the corre-
sponding alcohol. Aldehydes are especially important for the
flavor and fragrance industry, as well as for various other
applications in chemistry as summarized in recent reviews,
which also discuss the current status on the discovery,
structures, and applications of CARs.'*! For their catalytic
activity, CARs require coexpression of a suitable phospho-
pantetheinyl transferase (PPTase) and the cofactors NADPH
and ATP in stoichiometric amounts. Thanks to the recent the
elucidation of the first structures of the CARs from Nocardia
iowensis and Segniliparus rugosus™® and to the recent
development of a high-throughput assay, improved variants
have already been generated by protein engineering."*”
Practically, often whole-cell systems are used and the cofactor
ATP can be readily recycled. On the other hand, the formed
aldehydes are usually toxic to the host, e.g. E. coli. Thus,
Turner and co-workers used isolated enzymes in a cascade
reaction (Scheme 26).1°%)

R
OH o] o) Ro 2
R, CAR R, ATA ~Y)), _IRED E\ )n
Oéy\wﬁu\m NADPH 07 > ‘\M#Lm Ala E PNV
ATP N N

Scheme 26. A combination of a carboxylic acid reductase (CAR),

a transaminase (ATA), and an imine reductase (IRED) makes it
possible to convert (short-chain) fatty acids and their analogues into
useful heterocycles (n=0, 1).%!

CARs have also been used for the reduction of dicarbox-
ylic acids, yielding diols such as 14-butanediol or 1,6-
hexanediol.® Carboxylic acids can also directly be con-
verted into the corresponding carboxylic amides in the
presence of ATP and an amine nucleophile, but NADPH
must be excluded and thus only the adenylation domain of the
CAR is used in this case.'”™ The recycling of the expensive
ATP from the formed AMP can be achieved in vitro with
a polyphosphate kinase using cheap pyrophosphate (PPi).'")
This concept was first shown for SAM-dependent methyl-
transferases, now allowing larger scale applications of
CARs.?™

Very interesting precursors for oleochemistry are, at least
in principle, accessible by decarboxylases, which can form
terminal alkenes (with release of CO,, Scheme 27) directly
from fatty acids.”™ Three enzymatic systems have been
studied in more detail: the fatty acid decarboxylase OleT, the
medium-chain fatty acid decarboxylase UndA, and the
decarboxylase UndB. As the heme-dependent OleT requires
electrons for in vitro applications, different strategies have

OleT

H,0, + 2 H 2 H,0

WOH

Scheme 27. OleT-catalyzed decarboxylation of carboxylic acids yields
terminal alkenes (n=0-4).2"
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been developed using the addition or in situ formation of
H,0,, coupling with the CamA/CamB system to use NAD-
(P)H or protein fusions, for instance with a catalase.*”!
Obstacles to overcome remain the typically low yields due
to the instability of these enzymes. For OleT, total turnover
numbers of > 2000 and product titers of up to 0.93 gL."! have
been reported.’™ The Kourist group has furthermore dem-
onstrated a light-driven conversion of w-functionalized fatty
acids using OleT in combination with a Ru-based metathesis
catalyst in a sequential chemoenzymatic cascade in a buffer/
isooctane system.*"

5.2. Cascade Reactions (Enzymatic and Microbial Systems)

Combining several enzymes that catalyze different reac-
tions in cascades enables a more efficient access to complex
products. In 2013, a cascade comprising an oleate hydratase,
an alcohol dehydrogenase, a Baeyer—Villiger monoxygenase
and finally an esterase was reported to yield w-hydroxy
carboxylic acid or a,m-dicarboxylic acids directly from 2a.[**!
This biocatalytic route is an alternative to the oleochemical
processes, where either pyrolysis or ozonolysis are tradition-
ally applied. Such a cascade was extended to make 11-
aminoundecanoic acid from 7a, leading to 77 % product from
300 mm 7a.%%! The synthesis of w-aminododecanoic acid from
lauric acid on a pilot scale was also reported using a whole-cell
system for enzymatic oxidation and transamination.*”!

Nowadays, complex products are produced in suitable
microbial hosts that have been designed by metabolic
engineering, for example, by introducing artificial or improv-
ing existing pathways. Thus, biofuels, fatty acid derivatives,
and surfactants such as sophorolipids can be made directly in
microorganisms. As an example, an engineered pathway to
produce the polyunsaturated fatty acid EPA (15a)—com-
monly obtained from fish oil—in the oleagineous yeast
Yarrowia lipolytica was reported.”™ 15a was formed in up
to 15% yeast cell dry weight, whereby >56 % of the total
fatty acids was 15a. To achieve this titer, nine chimeric genes
were newly introduced into the yeast; a Al7-desaturase was
shown to be the most important, besides a mutation in the
peroxisome.

More recently, a Rhodococcus opacus strain was engi-
neered to produce free fatty acids (FFA) or FAEE and long-
chain hydrocarbons.?™ First, the formation of triglycerides
from glucose was improved (82.9 gL™"). Next, an engineered
strain with acyl-coenzyme A synthetase genes deleted and
overexpressing three lipases produced 50.2 gL ™' of FFAs.
Another engineered strain, in which also heterologous
aldehyde/alcohol dehydrogenase and wax ester synthase
were overexpressed, made 50.2 gL.=! FAEEs. Finally, a third
construct enabled the formation of 5.2 gL.! of hydrocarbons.
All these values are substantially higher than those of
previously reported E. coli-based systems.*'"! Thus, metabolic
engineering strategies can contribute to oleaginous biorefi-
nery platforms for the sustainable production of chemicals
and fuels.

Selective oxidation of non-activated C—H bonds is a very
challenging reaction in organic synthesis, but it can be
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achieved efficiently using biocatalysis. The oxidation of
long-chain alkanes or fatty acids to a,w-diacids by Candida
tropicalis, a natural degrader of these compounds, was initially
already reported in the 1990ies.™**'!l More recently, the
competing f(-oxidation pathway in the strain C. tropicalis
HS5343 was targeted and after deletion of four genes, high
yields of tetradecanedioic acid (54, 210 gL™') from methyl
myristate 52 were achieved (Scheme 28).!!

P450s
Oxidases
—, ~{)CO,H P450s CO,H ADHS  10,c/ L COLH
HSOZMG Hﬁ 2 HO/\(\/)12 2 — 2 (\%12 2
52 53 54

Scheme 28. Conversion of methyl myristate 52 to the corresponding
w-hydroxyacid 53 or a,w-diacid 54 by Candida tropicalis using P450s,
oxidases, and alcohol dehydrogenases (ADHs).”"!

In another study, 16 genes involved in the oxidation of the
w-hydroxy acids were deleted in the C. tropicalis DP428
strain. This led to the formation of 174 gL™! of 14-hydrox-
ytetradecanoic acid 53 by biotransformation of 52 (200 gL.™")
within 148 h.2'"! C. tropicalis is currently implemented on
a commercial scale (40,000 tonnes per year).?'? These
examples illustrate the high efficiency of P450s for the
conversion of the native substrates in the native host.

6. Improvement in the Production of Natural Oils
and Fats in Plants

Microbial and plant oils are valuable and diverse feed-
stocks for industry.”"l To allow for an efficient and increas-
ingly sustainable supply of fatty acids and thus to promote the
above discussed possible applications, improvements in the
production of fats and oils are of high importance. While oil
production with crop plants on a large scale is very well
established, the use of microbial and algal fermentation is still
restricted to high-value products in specialized organisms like
Yarrowia, Mortierella, Chlorella, and Schizochytrium.*'¥
Until now, more than 450 different fatty acids of plant
origin have been described (Scheme 1). During the last
decade, two databases have been published summarizing
data on the different fatty acids that can be found in plants
and algae.[*>219]

The biosynthesis of oils and storage lipids in plants has
been established over the last decades and this knowledge
now serves as a basis for developing tailor-made oils with the
help of modern biotechnology.*'>?"2"l The production may
be optimized and/or manipulated in three steps (Figure 3):
1) Oil biosynthesis, starting with fatty acid biosynthesis, which
yields the backbone and chain lengths of up to 18 carbons.
2) Next, functional groups may be introduced, such as double
bonds, hydroxyl groups as in 7a, or cyclopropane rings as in
104, or the backbone can be further elongated up to Csq. 222
3) Finally, these fatty acids need to be transferred into
triacylglycerols (TAG) or wax esters (WE) by specific
acyltransferases.*!
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3: Acyltrans-
ferases
—_—

1: Fatty acid
biosynthesis

Fatty acid pool
(linked to CoA or
phospholipids)

Storage lipids
(TAG and WE)

2: Fatty acid
modification

Figure 3. Oil synthesis in a living cell may depend on three steps.

6.1. Improving Existing Oil Qualities in Crop Plants

While classical breeding aims at improving the yield and
composition of existing plant oils, modern biotechnological
methods can transfer foreign genes to crop plants to improve
the yield and/or to generate new oil qualities even beyond
natural limits.?'! Over the last decade, the “push/pull
concept” has been developed to increase oil yield in crop
plants.”??! Here, fatty acid biosynthesis is increased by over-
expressing the transcription factor WRINKLED1 (WRI1),
which “pushes” additional substrate into the pathway. This is
combined by expressing the final enzyme ACYL-COA:D-
IACYLGLYCEROL ACYLTRANSFERASE 1 (DGAT1) of
the oil-forming pathway, which “pulls” fatty acids out of the
membranes into the storage lipid pool. So far, the over-
expression of WRI1 alone in soybean led to an increase of up
to 3% in the oil content under field conditions.’?! In corn,
a natural mutation leading to an amino acid exchange in
DGAT1 resulted in an increase in oil and 2a contents by up to
41% and 107%, respectively.” Besides increasing the
general flux into the oil, the assembly of the triacylglycerol
molecules can also often limit the yield. In the case of the high
production of erucic acid (6a) in rapeseed, a natural limit is
about 50% 6a, because in many commercial varieties
a specific acyl transferase is missing, which transfers 6a into
the sn2-position of the triglyceride. This limitation was
overcome by overexpressing the endogenous rapeseed
FATTY ACID ELONGASE 1 (FAEL1, “push” approach) in
combination with an ACYL-COA:LYSOPHOSPHATIDIC
ACID ACYLTRANSFERASE (LPAAT, “pull” approach)
gene from Limnanthes douglasii that had a high substrate
preference for 6a. Indeed, the obtained rapeseed oil from
these plants contained up to 72 % of 6a.”*! Another approach
to produce 6a is to establish alternative industrial oil crops
like Crambe abyssinica that already have higher endogenous
amounts of this fatty acid in their seed oil. This led to the
production of 77 % of 6.7
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6.2. Establishing New Oil Qualities in Crop Plants and Algae

Over the last decade, important achievements have been
made to generate new oil qualities in existing crop plants. The
prerequisites for the production of 7a in rapeseed are
currently analyzed by transferring all necessary genes, step
by step, into the model brassicaceae Arabidopsis thaliana
(thale cress). The expression of the FATTY ACID
HYDROXYLASE12 (FAH12) gene from castor bean alone
led to a drastic reduction of the oil content and accumulation
of 7a was limited to about 13% in A. thaliana.”®" However,
the additional expression of three acyltransferase genes,
which specifically incorporate 7a at each stereochemical
position of the TAG molecule, resulted in normal oil
accumulation, which now contained up to 44% of 7a.*®
The production of the cyclopropane fatty acid dihydros-
terculic acid 11a was recently established in the biofuel crop
Camelina sativa (false flax).’?*?! Here, expression of an
enzyme from E. coli resulted in an accumulation of about
10% of 11a in the seed oil of an high oleic acid line.”*? An
additional increase to more than 15% was achieved by
introducing a LPAAT gene from Sterculia foetida (skunk
tree). The formation of the conjugated fatty acids a-eleos-
tearic acid 13a and punicic acid 14a in soybean, tobacco, and
rapeseed by introducing the corresponding conjugases alone
is currently limited to about 15%.%%% In summary, the
picture emerges that the introduction of only one single
enzyme catalyzing the formation of a new fatty acid results in
the accumulation at levels between 10 and 15 % in crop plants.
In many cases, this is due to a limited transfer of the fatty acid
from the membrane lipid pool to the storage lipid
pool 7212361 Fyture work is therefore needed to identify
the necessary acyltransferases.”)

While the oil qualities discussed above are primarily used
as feedstock for the chemical industry, the production of very
long chain w3-fatty acids in crop plants is for feed and food
purposes. Here, between three and seven foreign genes have
to be transferred into crop plants.?'#238! Similar to the
production of 7a and 11 a discussed above, their yield depends
not only on their effective biosynthesis and transfer into the
storage lipid fraction (steps 2 and 3 in Figure 3), but also on
the oil composition of the crop plant that is used as the
production platform. While the minimal set of three genes
needed for the production of eicosapentaenoic acid 15a led to
the formation of about 1% in linseed, because this plant oil is
already rich in the w3-fatty acid 5a (about 50 %) as starting
material, the same construct led only to the formation of half
of the amount in rapeseed.>*! Consequently another crop
plant rich in Sa, C. sativa, is currently used as the platform for
the production of 15a and docosahexaenoic acid 16 a. In order
to further optimize this oil as a starting material, its DGAT1
gene, which confers the transfer of saturated and monounsa-
turated fatty acids into the seed oil, was downregulated
leading to an increase in a-linolenic acid to about 56 % .2 In
an independent approach, all three FAE1 genes that are
responsible for chain elongation longer than C18 were
mutagenized, resulting in a a-linolenic acid content of about
50% .7l Recently, C. sativa plants transformed with a seven-
gene construct were shown to produce about 10 % of each 15a
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and 16a in field trials.** This oil composition mirrors closely
the quality of fish oil. Through the use of another combination
of seven genes, also about 10 % of 16a was produced in field
trails in rapeseed.’* In the case of this trial, it should be
noted that similar approaches were used to optimize the
production of 15a and 16a in the marine diatom Phaeodac-
tylum tricornutum.?*)

To produce biofuels, lubricants, or other industrial feed-
stocks from plant oils, often only the fatty acids are used and
the remaining glycerol might be a leftover. In order to address
this problem, two different oil qualities are under develop-
ment. A specific DGAT enzyme introduces an acetate group
to the sn3-position of TAG molecules to yield so-called
acetyl-TAG species. This oil quality has the advantage that it
can be used directly as a fuel or lubricant. Introducing an
enzyme from Euonymus alatus (burning bush) into Camelina
yielded about 70% the corresponding acetyl-TAGs in the
seed oil in field trials.’*! Introducing the same enzyme into
Camelina lines producing high amounts of medium-chain
fatty acids (Cg-C,4) in their seed oil even improved the
properties of the 0il.?*”! The second strategy aims to replace
TAG molecules by wax ester (WE) molecules in the seed oil
of crop plants. Here, a fatty acid is directly esterified to a fatty
alcohol by a wax synthase. This acyltransferase and a fatty
acid reductase are introduced, the latter providing the enzyme
with fatty alcohols.”*2* So far, between 30 and 50 % of the
TAG in the seed oil was replaced by WE. The resulting oil
quality ranged from wax esters derived from 6a and 6c¢ in
Crambe abyssinica and 2a and 2d to even shorter chain
lengths in Camelina, depending on the corresponding fatty
acid pattern of the genetic background used.*%?

6.3. Oil Production in Vegetative Plant Tissues and Algae

Although the yield of oilseed crops has increased over the
last decades, it is still a challenge to meet the steadily growing
demand for plant oils as renewable resources or for high-
energy feed and food applications (compare also Sec-
tion 2).217:31.236.29.255] Qne strategy to solve this problem
may be the production of oil in all vegetative tissues instead of
seeds only. This can be achieved by driving the expression of
the whole oil biosynthesis machinery under the control of
senescence-specific promotors at the end of a plant’s annual
life cycle, when its biomass has reached its maximum
(Figure 3). The oilseed crop plant tobacco serves as a model
to develop strategies to reach this goal and the “push and
pull” concept was further extended to “push, pull, and
protect”.?*>4 The latter point addresses appropriate pack-
aging and unwanted degradation of the product in the cells of
the sink tissue. More than 15% of TAG accumulated in
tobacco leaves by the co-expression of three genes: WRII,
DGATI, and oleosin (“protect”).™ By additional silencing
of the TAG degrading lipase SDP1, accumulation could be
increased up to 33 % in tobacco and up to 8.4 % in sorghum
leaves.**?"1 Again similar approaches were used to optimize
oil production in the marine diatom Phaeodactylum tricornu-
tum, in the heterokont oleaginous microalga Nannochloropsis
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oceanica, and in the Mortierella

alpina, 25201

oleaginous fungus

7. Conclusion and Outlook

Oils and fats of vegetable and animal origin have been and
probably will remain the most important renewable feedstock
of the chemical industry. It can be expected that the observed
geographical shift of oleochemical production to South East
Asia will continue during the next decade. Selective catalytic
reactions across the double bond has made important
advances. The catalytic oxidative cleavage of the C-C
double bond as well as the butenolysis of 2b has been
industrialized. It may be assumed that more reactions will be
commercialized, for example ethenolysis and isomerizing
alkoxycarbonylation. C-H activation of the saturated alkyl
chain has not been tackled in this review and should be more
intensively addressed in the coming decade. Microbial oils
have been used increasingly as substrates for catalytic trans-
formations. More examples will be applied specifically to
these substrates that are becoming more readily available.
The new fatty acid derivatives discussed are important as
substrates for the synthesis, and, hopefully, production of
a great variety of polyesters, polyamides, and polyurethanes.
Equally importantly, enzyme or whole-cell catalysis for the
modification of fats and oils as well as the de novo synthesis of
various fatty acids from abundantly available renewable crop
plants will contribute to further advancing the field.
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This Review summarizes the use of oils
and fats as a renewable raw material by
covering novel examples, such as selec-
tive oxidation or cleavage of C—C double
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the use of these renewables for polymer
chemistry. Further topics include bioca-
talysis, the optimization of micro-
organisms by metabolic engineering, and
the generation of new oil qualities in
existing crop plants.
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