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1. Introduction

Xylochemicals are synthetically valuable organic building
blocks derived from renewable lignocellulose or other fractions
of woody biomass and therefore theoretically CO,-neutral.?
Apart from an often useful degree of oxygenation, some xylo-
chemicals also retain stereochemical information, which can
be exploited for subsequent synthetic purposes.® In contrast,
petroleum-based chemicals have lost the majority of the for-
merly contained heteroatoms during the process of kerogen-
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able feedstocks like plant-biomass, lignocellulose as well as waste-streams. The advantages over pet-
roleum-based chemicals are presented with the aid of specific examples ranging from the total synthesis
of natural products, relevant industrial applications to the exploitation of CO, as a C; feedstock. This
review contributes to the trend of a “greener” and a more sustainable chemistry.

esis’ so that desired functionalities need to be reinstalled in
often resource-intensive sequences.>®

Lignocellulose is the most abundantly available type of
biomass on planet earth. More precisely, agricultural waste
products such as corn stover or rice husks, wood-waste
streams e.g. wood processing residues like stalks and wood
chips or municipal plant waste as well as switchgrass as
ground cover for soil conversion, constitute promising renew-
able feedstocks for biofuels and platform chemicals.*”® Food
supply chain waste streams (e.g. apple pomace,’ brewer’s spent
grain'® or waste frying oil'') are also abundant, readily avail-
able, and still contain valuable and functionalized compounds
like antioxidants, carbohydrates or phenolics, which can be
exploited for the production of chemicals.'> ™
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In the context of renewable feedstocks, a major benefit for
the chemical industry was the switch from first to second gene-
ration biofuels. First generation fuels rely mainly on alcohols
(bioethanol) and oils (biodiesel) which are available through
well understood technologies for processing food crops, while
for the second generation biofuels, non-edible feedstocks such
as lignocellulose biomass or algae crops are utilised.®'® The
limited or absent interference with the food and feed industry
solved the so-called food versus fuel debate and the ethical pro-
blems associated with it.'”*°

There are several approaches to produce platform chemicals
or synthesis gas from biomass which have already been well-
presented in the current literature (including both biorefinery
concepts as well as chemical processes)."**°* For these pro-
cedures, the pre-treatment of biomass proved crucial to
achieve an efficient conversion or processing due to the
complex structure of lignocellulose. A suitable pre-processing
is highly dependent on the source of feedstock and can be per-
formed biologically, chemically, thermally or mechanically
(detailed information can be found in the cited
literature).'?>*?°

Prominent examples of xylochemical platform chemicals
are vanillin (1),>°”® the sugar alcohols sorbitol (2), xylitol (3)
and mannitol (4)*° or furfural (5).>° These compounds can be
upgraded to more advanced platform chemicals like levulinic
acid (6),>'** succinic acid (7),***> furan-2,5-dicarboxylic acid
(8),>**7 itaconic acid (9),® 5-(chloromethyl)furfural (10,
CMF),*®  5-(hydroxymethyl)furfural (11, HMF)****  or
y-valerolactone (12) (Fig. 1).** For further examples of biomass
conversion into value-added products, the reader is referred to
the existing literature.***°

The mentioned waste streams and raw materials result in
platform chemicals, all carbon atoms of which are wood-based
and hence renewable on a short timescale." With these xylo-
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Fig. 1 Examples of xylochemical platform chemicals.

chemical platform chemicals (or xylochemicals), the synthesis
of functional materials as well as natural products®® can be the
basis of processes with an improved carbon footprint and
ideally with little or even no input of fossil carbon. While the
complete re-engineering of process cascades for the sake of
environmental production and to avoid the increasing costs of
fossil fuels is one option, xylochemical routes to valuable inter-
mediates already integrated in today’s value chains might be a
more convenient first step towards a sustainable chemical
economy.>

In the present review, selected examples of the synthesis of
natural products as well as of functional materials are pre-
sented to illustrate the application of the above-mentioned
options for eco-friendly synthesis.

2. Examples of xylochemistry

2.1. Total synthesis of natural products

2.1.1. (-)-Thebaine. Opatz, Waldvogel and Schifer et al
have developed an enantioselective total synthesis of (-)-the-
baine ((-)-13) via a regioselective intramolecular anodic coup-
ling of a laudanosine derivative 14 in an undivided constant-
current setup (Scheme 1).>>”? The desired 4a-2'-coupling was
achieved with a 3',4',5"-trioxygenated laudanosine derivative 14
possessing an unsymmetrical substitution pattern which was
synthesised from the three xylochemicals methanol, homover-
atrylamine (15), and methyl gallate (16).>*7>°

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Total synthesis of (-)-thebaine ((—-)-13) from xylochemicals
(DPEN = diphenylethylene diamine, TBAF = tetrabutylammonium
fluoride).

The electrochemical approach is a sustainable alternative to
the conventional approach of using partly toxic or harmful
stoichiometric oxidants such as VOCI;,>” thallium tris(tri-
fluoroacetate),”® manganese dioxide®® or  potassium
ferricyanide®®®' for the aryl-aryl coupling of reticuline-type
scaffolds. Every carbon and oxygen atom in (-)-thebaine
((-)-13) can be derived from woody biomass in the present syn-
thesis. Furthermore, tetrahydroisoquinoline 18 was prepared
in three steps from 15 according to known procedures without
chromatographic purification.®”"®* The iodomethane required
for the O-methylation of methyl gallate (16) can be obtained by
reacting methanol (“wood spirit”) with hydrogen iodide.®® For
the conversion of homoveratrylamine (15) into 6,7-dimethoxy-

This journal is © The Royal Society of Chemistry 2020
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3,4-dihydroisoquinoline (not shown), formic acid is required
which is accessible via a biorefinery process.** Formaldehyde,
which is employed in the reductive alkylation reaction leading
to 19, can e.g. be obtained by the rapid pyrolysis of milled
wood lignin.®® Unfavourable aspects in the light of “green”
chemistry are the switching and the general use of protecting
groups as well as the use of several undesired solvents and
reagents. Moreover, the majority of the chemicals employed in
the synthesis are conventional and hence petrochemistry-
based. In a very similar sequence, the same group managed to
synthesise (-)-oxycodone (not shown)®” while its “non-natural”
enantiomer (+)-oxycodone (not shown) was prepared by the
Hudlicky lab in an enzyme-catalysed approach, in which all
carbon atoms are derivable from renewable resources and
employing several “green” solvents. Yet, petrochemistry-
derived protecting groups as well as toxic reagents were used
in the latter synthesis, t00.%®

2.1.2. [Ilicifoline B. In 2015, Opatz et al. published the first
total synthesis of ilicifoline B (23), a dimeric berberine-type
alkaloid first isolated from Berberis ilicifolia (Scheme 2).%*%°

RS

MeOH + SO,

) NaOH, reflux, Me,SOy4,
overnlght 94%

2) Hy, 10% Pd/C, EtOH,
r.t., 3 h, quant.
3a) DPPA, Et3N, PhMe,
80°C,6h
3b) NaBHy,, -BuOH, H,0,
MeOH, 7 min, 50%

1) PClg, CH,Cly, rit.,

30 min, quant.
NH 2) KCN, HOAc, MeOH’M o
rt, 1h, 92%

ferulic acid (24)

18
CN
O o
\
(CHZO HBr,
DIPEA, dioxane, AcOH, r.t., 20 h,
air, reflux, 1 d, 61%) reflux 1h, 70%
ome BrBr veratrole (25)
OMe MeQ  OMe

Ka[Fe(CN)g], KOH,
= MeOH, H,0, PhMe,

o, [
\®| 01045°C, 1d, 74%
O e

MeO

MeO

pseudopalmatine (28)

PIFA, BF3*OEt,,
CH,Cl,, -78 °C, 1 h, 58%
e

o) ilicifoline B (23)

Scheme 2 Total synthesis of ilicifoline B (23) (DPPA = diphenyl phos-
phoryl azide, PIFA = [bis(trifluoroacetoxy)iodo]benzene).
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All of the carbon atoms in the product were derived from sustain-
able sources. The oxygenation pattern of the starting aromatic resi-
dues was preserved throughout the sequence.'” The starting
materials, ferulic acid (24) and veratrole (25), are available from
wood or other types of biomass.”””" The employed reagents,
dimethyl sulfate for the O-methylation of the phenolic hydroxy
group of 16, and formaldehyde for the double bromomethylation
of veratrole (25), can be directly obtained from methanol.**”>"
The authors used the solvents MeOH, H,O, EtOH and toluene,
which are classified as benign according to the principles of
“green” chemistry.”* Moreover, toluene is available through hydro-
deoxygenation of lignin” while ethanol can be prepared by fer-
mentation from sugars available by catalytic hydrolysis of cellulose
and hemicelluloses.® Yet, the use of undesired solvents such as di-
chloromethane should generally be avoided. Also, a switch to a
non-toxic cyanide source (e.g. potassium ferricyanide)”®””
have been welcome.

2.1.3. Aminophenoxazinones. Veratraldehyde (30) was also
utilised by Opatz et al. as a building block in their xylochem-
ical synthesis of 2-aminophenoxazinone-type natural pro-
ducts.”® Aldehyde 30 can either be isolated directly from
woody biomass”®*® or be obtained by O-methylation of vanillin
(1) with dimethyl sulfate®" (xylochemical, vide supra).”® The
conventional oxidative synthesis of these interesting com-
pounds from o-aminophenols requires the stoichiometric use
of strong oxidants which generally lead to decreased yields due
to the lack of selectivity. The authors therefore opted for a
“greener” method with higher selectivity for the oxidation of
the 2-aminophenol starting materials 31-36 to avoid the for-
mation of undesired products. This should allow a selective
cross coupling when two different o-aminophenols were
deployed. A combination of the mild, eco-friendly oxidant
H,0, with the electron rich 4,5-dimethoxy-2-aminophenol (31)
was found to provide optimum results. The latter could be syn-
thesised from 30 > and was reacted with various less electron
rich o-aminophenols 31-36 which are also derivable from
renewable sources to produce the respective natural products
or intermediates 37-39 (Table 1). The only “waste” products of
this method are methanol and water.

With this method, the natural products peristrophine (37),
questiomycin A (38), maroxazinone (39) as well as 2-amino-6-
hydroxy-3H-phenoxazin-3-one (40) could be synthesised in gener-
ally high overall yields. The hydroxy derivative 41 served as an inter-
mediate for the synthesis of chandrananimycin A (43), which was
obtained by acetylation and subsequent ester cleavage
(Scheme 3A). Exfoliazone (44), viridobrunnine A (45) and venezue-
line E (46) were synthesised from 42 by N-acetylation, deprotection
and esterification (Scheme 3B). Since aminophenoxazinones are
known for their biological activities and particularly for their cyto-
toxicity, the synthesised natural products were subjected to an
MTT viability assay with HeLa cells in which they showed promis-
ingly low IC5, values from 8.87 to 23.65 uM.

would

2.2. Dyes

The production of dyestuffs was one of the key driving forces for
industrial scale synthetic organic chemistry and began with

4414 | Green Chem., 2020, 22, 4411-4425
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Table 1 Results and conditions of the key oxidative coupling in the syn-
thesis of 2-aminophenoxazinone natural products by Opatz et al.

Ha 1,0,
MeOH RA
synnge
OMe PUMP:
N, rt
31—36 31 37-42
#  Starting material R' > R’ R* Product, %
1 31 H OMe OMe H 37,98
2 32 H H H H 38, 100
3 33 H H CO,Me H 39, 66
4 34 OH H H H 40, 14
5 35 H H H OH 41,76
6 36 H H CH,OTHP H 42,91
A

1) Ac,O, DMAP, NEt;,
MeCN, r.t., 48 h jiI
M
2) NaOH, H,0, MeOH NHAc

r.t., 40 min,

21% over 2 steps chandrananlmycm A (43)

1) Ac,0, DMAP, NEt, o o
DCM, rt, 6 d, 81%
42 >
2) PTSA, MeOH, DCM, o, ¢ N NHAG

rt., 18 h, 99%

o o
L
RCO,H,C N NHAG

viridobrunnine A (45): R = Me
venezueline E (46): R = n-Pr

(RCO),0, DMAP,
NEt;, PhMe/DCM, r.t.
4d, 64% for R = Me
16 h, 79% for R = n-Pr

Scheme 3 Synthesis of chandrananimycin A (43) from 41 (A) as well as
exfoliazone (44), viridobrunnine A (45) and venezueline E (46) from 42
(B).

The structure elucidation and
84-86

Perkin’s synthesis of mauveine.*
first total synthesis of indigo by von Baeyer
of the 19" century is another highly important milestone. On the
other hand, the advent of synthetic dyestuffs boosted the use of
fossil carbon sources like coal tar and later petroleum by the
chemical industry. With increasing production volumes, petro-
chemical starting materials became indispensable for the manu-
facturing of most chemical products.®””*®

The increasing depletion of these resources challenges
today’s scientists to develop new routes to known dyestuffs
based on renewable starting materials and to search for novel
dyes that can be produced in a more sustainable fashion as
potential substitutes for the materials currently in use. In
search for a xylochemical approach, the Opatz lab investigated
the synthesis of the indigo derivatives 5,5',6,6'-tetramethoxyin-
digo (47) and 5,5',6,6"-tetrahydroxyindigo (48).%°

in the second half

This journal is © The Royal Society of Chemistry 2020
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MeO ) 2, Ha
30 Ba(OH),+8H,0, MeO
rt., 3h, 91% ) air, rt,
a) Na,S,04, NaOH, H,0, r.t., 15 mln 15 min., 81%
MeO OMe
AcOH, HBr,
120 °C, 3d, 32% OMe

Scheme 4 Synthesis of indigo-type dyes by Opatz et al.

In a three step sequence, 47 was synthesised starting from
veratraldehyde (30)”° and nitromethane (available from metha-
nol)*® in 69% yield without the use of an organic solvent at
ambient temperature (Scheme 4). This short and eco-friendly
approach furthermore bears the advantage that the reductive
cyclization in the last step of the synthesis of 47 directly yields
a solution of the (reduced) leuko-form suitable for vat dyeing
of any natural fabric without prior isolation of the dyestuff
itself. Furthermore, all carbon atoms incorporated in the
product were obtained from renewable starting materials.

The group of Mascal presented a sustainable synthesis of
butenolide colorants based on bio-derived starting materials.”*
For this approach, they utilised the carbohydrate-derived, ver-
satile renewable platform molecule 5-(chloromethyl)furfural
(10, CMF) as well as the related angelica lactone (50, AL) which
can also be prepared from CMF (10).*® Condensation of
lactone 49 with aldehyde 10 or with 2,5-diformylfuran (51,
DFF) or vanillin (1) in 1,4-dioxane with Mn,0; as a catalyst
gave the butenolide dyes 52-54 in high yields of 87%, 82% and
85%, respectively (Table 2, entries 1a, 4 and 5). While DFF (51)
is also accessible from carbohydrates,®” vanillin (1) is a prime
example of a lignin-derivable starting material and numerous
methods for its preparation through lignin depolymerisation
have been developed.”®®*®> Although 1,4-dioxane is a less
favourable solvent in terms of sustainability,’® the superiority
of these conditions in terms of chemical yield might justify its
use. Other solvents caused side reactions which decreased the
yields significantly or led to different products. The yield of 52
dropped to 22% in water with BaCO; due to predominant
hydrolysis of AL 50 (Table 2, entry 1b), whereas the reaction of
50 with 51 in water without any additive produced the mono-
condensation product 55 in only 28% yield (Table 2, entry 3).
Switching the solvent to ethanol gave the respective ethyl ether
56 through chloride displacement in 85% yield (Table 2,
entry 2).

Both approaches to sustainable colorants not only relied
exclusively on starting materials from renewable resources but
also were devoid of extensive purification operations which are
usually cost- as well as material-intensive and increase the

This journal is © The Royal Society of Chemistry 2020
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Table 2 Synthesised butenolide dyes 52-56 and conditions by Mascal
etal.

0.

Me \ (o]
0. -
R1'CHO+ Me\go conditions q
R2
1,10, 51 50 52-56
# R Conditions R?
1 CH,e© % (a) 1,4-Dioxane, H,0, Mn,03, HOH,C-_° 5
\U reflux, 2 h \@/
10 (b) H,0, BaCO3, reflux, no 49 52, a) 87%,
b) 22%
2 cHe O\ % EtOH, Mn,0s, reflux, 1.5 h EOH,C— O~ %
wr wr
10
56, 85%
3 oHc O\ % H0,80°C,1h oHC— O~ %
wr r
51 55, 28%

4 oHo O\ % NG
U avy
51 53, 82%
1,4-Dioxane, Mn,Oj3, reflux, 14 h

5 Meoj@j{ - : , ) , Meoj@){/
HO HO

1 54, 85%

1,4-Dioxane, Mn,0;, reflux, 2 h

environmental burden of a given process.”” All intermediates
and products could instead be separated by simple extraction
or filtration.

2.3. Polymers

While the valorisation of lignin for applications in polymer
chemistry (composites, carbon nanofibers or dispersing
agents) is a highly active research field,”® ! several pure bulk

chemicals obtained from lignocellulose have also been suc-

cessfully applied for future polymer production
(vide infra).>”'*
2.3.1. Polyamides. A rather unusual but also one of the

longest known xylochemicals, 4-propylcyclohexanol (57),'%

was used by Opatz et al. for the synthesis of polyamides as
xylochemical counterparts of nylon-6 and nylon-6,6 (its
monomer lactic acid (64) can be obtained via fermentation of
pure carbohydrates, corn or sugar beets).*'** Polyamides cur-
rently belong to the most popular chemical consumer pro-
ducts but are also tightly linked to classical petrochemistry.
Therefore, there is an urgent need for eco-friendly
alternatives.'® % The xylochemical approach regarding the
starting materials of Opatz et al. was complemented using sus-
tainable methods and solvents throughout the syntheses
(Scheme 5).

The key intermediate for the synthesis of the monomers for
both types of polyamides was 4-propylcyclohexanone (58),
which was synthesised by Pd-catalysed aerial oxidation of 57 in
87% yield. From there on, the respective e-lactam 59 was syn-
thesised through oxime formation and Beckmann rearrange-
ment with neat polyphosphoric acid in 84% over two steps.

Green Chem., 2020, 22, 4411-4425 | 4415
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1a) SOCl,, 75°C, 1 h

Pd(OAc),, NEt,, RuClyexH0, 1b) NHz, Ho0,
OH o, Ms3A © 11,0, Oxone® COMH  gecrt,75%  HoN
2, MS3A, 20, - HOzC/Yv - WNHZ
THF, PhMe, rt. 15 h, 70% 2) BHz*THF, THF,
n-Pr n-Pr o n-Pr ) BHj; n-Pr
¢ rt, 48 h, 87% " - 10-70 °C, 6 h, 74% &
5 58 1) NH,OH+HCI, Na,COs3,

| MeOH, H,0, r.t.,, 2.5 h, 96%

2) PPA, 55°C, 18 h, 87%

o]
H K BzCl, 150 °C, 7 h, 52% H
Bz NH,
n-Pr n-Pr n-Pr
n n

62, M, = 4200, My = 8600,
D=2.05T,=15°C

a) SOClp, 75°C, 1h b) NEt;, DMAc, r.t. 24 h, 62%

IZ

63, M, = 3400, Myy = 6200, O = 1.87, Ty =28 °C

Scheme 5 Synthesis of polyamides 62 and 63 from xylochemical 57 by Opatz et al.

The monomers for the dipropyl analogue of nylon-6,6 poly-
amide, diacid 60 and diamine 61, were synthesised by catalytic
oxidative C-C-bond cleavage of 58, subsequent conversion to
the diamide followed by reduction of the latter to yield 61. For
the implementation of this step on a laboratory scale, the
unfavourable borane-THF complex was used as the stoichio-
metric reducing agent. As an ecologically more acceptable
alternative the Ru/triphos hydrogenation reaction developed
by Beller et al. could be employed."*°

Polymerisation of the respective monomers by means of an
anionic ring opening polymerisation for 59 and polycondensa-
tion in the case of 60/61 led to xylochemical, propyl-functiona-
lised versions of nylon-6 and nylon-6,6 with reasonable disper-
sity in moderate yields of 52% and 62%, respectively. Both
resulting polymers show unusually low glass transition temp-
eratures (T,) of 15 °C in case of polylactam 62 and 28 °C for
A,B,-type polyamide 63.

2.3.2. Polylactic acid. Polylactic acid (PLA) is currently the
most available from renewable

) can be obtained
104

promising  polymer
L2 1tg monomer lactic acid (64
via fermentation of carbohydrates, corn or sugar beets.

Biodegradation is not an inherent property of polymers,
just because their monomers can be obtained from biomass.
PLA however shows excellent biodegradability and decomposes
only to H,0, CO, and humus."**'"* PLA finds application in
biomedical-devices, coatings, 3D printing, fibres and
pacl<agings.113‘“5’116

Lactide (65), the dimeric self-condensation product of lactic
acid (64), can also be used as a building block for polymeris-
ations. Its ring-opening polymerisation (ROP) is one of the
most promising synthetic methods (Scheme 6).'*”*'8

Dependent on the relative configuration of the starting
material (i.e. whether the meso lactide or the racemic mixture
of (R,R)- and (S,S)-lactide is used), a variety of PLA structures
(atactic, isotactic, heterotactic and syndiotactic) can be
obtained, (A and B), which differ in their materials
properties."**"*! Companies (e.g. NatureWorks LLC) are
already producing biobased polylactide polymers on an indus-
trial scale (nameplate capacity of 150000 t per year)* and
have performed life cycle assessments as well as ecoprofile

resources.
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Scheme 6 Polymerisation of meso-65 (A) and rac-65 (B) to different
PLA structures 66—70.

investigations.'**'** Furthermore, industry is currently asses-

sing new technologies to use microorganisms to convert CO,
and methane into lactic acid."*>"*°

2.3.3. CO, as C,-feedstock. CO, is a cheap, nontoxic, and
extremely abundant C, feedstock."””"'?® Since it acts as green-
house gas and is believed to be a major contributor to the recent
change of the global climate, the utilisation of CO, for synthetic
purposes is highly desirable. The fixation and valorisation of
CO, has triggered many research initiatives and has resulted in
numerous examples in the literature (Scheme 7A-C)."***3! Yet,
the overall CO,-balance including the consumed energy ulti-
mately needs to be taken into account.

The copolymerisation of CO, and an epoxide (e.g. propylene
oxide (71)) with organometallic catalysts (e.g. Et,Zn) at
ambient temperature was discovered in the 1960s by Inoue
et al.'*® This opened up an alternative route to the phosgene
process for the production of polycarbonates, which suffers
from environmental and safety problems due to the involve-
ment of the highly toxic and corrosive COCl,."**

This journal is © The Royal Society of Chemistry 2020
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Scheme 7 Copolymerisation of CO, with propylene oxide (71, A) or
(R)-limonene oxide ((R)-73) (B and C). ([(BDI)ZnOAc] (74) = f-diiminate
zinc acetate complex, turnover frequency (TOF) = mol 73 (mol Zn)™*
h™Y), PPNCI = (bis-triphenylphosphine iminium chloride).

In 2004, Coates et al. developed the alternating copolymeri-
sation of CO, with (R)-limonene oxide ((R)-73, mixture of cis-
and trans-diastereomer) to give a highly regio- and stereoregu-
lar, biodegradable polycarbonate."** Epoxide 73 is derived
from limonene, the most common terpene (produced by >300
plant species) and major component of oils from citrus
peels.'*> 3 The Kleij lab is also very active in the field of CO,/
terpene epoxide copolymerization.'*”*3°

2.3.4. Cyclic lactones. Renewable, cyclic alternatives to
methyl methacrylate (79, MMA, Scheme 8A) are vinylidene lac-
tones like a-methylene-y-butyrolactone (80, MBL, Scheme 8B)
or its methyl derivate y-methyl-a-methylene-y-butyrolactone
(81, MMBL, Scheme 8B)."*"'*® The former monomer is also
known as tulipalin A due to its natural occurrence in
tulips,"*"'** while the latter monomer can be obtained from
biomass derived levulinic acid (6) and formaldehyde.'*°

PMMA (82)'** is widely used as a substitute for glass'** as
well as for biomedical-,"*® or nanotechnology"*’
applications. PMBL (83) can be used for high temperature

sensor-,"*°

This journal is © The Royal Society of Chemistry 2020
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Scheme 8 Polymerisation of MMA 79 (A) vs. MBL 80 and MMBL 81 (B).

applications, due to its high thermal stability and the very
high glass transition temperature.'*® PMMBL (84) possess a
higher glass transition temperature than PMMA (82) and exhi-
bits excellent resistance to common organic solvents."**>°

Another emerging platform chemical available from renew-
able resources is succinic acid (7). It can be produced by
micro-organisms via an anaerobic conversion under consump-
tion of CO,."”" Untreated whey, wood hydrolysate or corn steep
liquor can be used as the raw material for this process.'>>'?
Succinic acid (7) can either be transformed into commodity or
fine chemicals,*>*>'** or serve as a building block for the syn-
thesis of poly(esteramides), polyamides or polyesters.'>13%13¢

Its derivatives are also used in compositions for lubricants
or as fuel additives."””**°

2.4. Oils and fatty acids

Another compound class suitable for the preparation of bio-
degradable polymers with industrial applications are fatty
acids and plant oils, which can also be regarded as
xylochemicals."®*'®* Vegetable oils from soy, rapeseed, cotton,
peanut, sunflower, ricinus, olive, and coconut as well as tall
oil, a side stream from wood pulping, are important sources
for renewable raw materials. They are widely used for the pro-
duction of surfactants, paint formulations, flooring materials,
cosmetic products, and lubricants."?"'®*7'%> The mostly found
fatty acids in the nature (stearic acid (85), palmitic acid (86),
oleic acid (87), linoleic acid (88), linolenic acid (89) and ricino-
leic acid (90)) are present as triglycerides in vegetable
Oils.163,165

Unsaturated fatty acids and vegetable oils can undergo
various oxidation reactions like epoxidation-, bishydroxylation-
or carbon-carbon-bond cleavage reactions.'®®'®” For the for-
mation of C-C-bonds, pericyclic-,'®® ionic-'% 17017
reactions can be employed. Olefin metathesis reactions in
lipids were first observed by a homogeneous WCls/Me,Sn cata-
lyst,"”> but can more conveniently be performed with well-
known ruthenium catalysts.'’>'”* This type of reaction was
improved by Goofien et al. by developing a bifunctional cata-
lyst system consisting of a dimeric palladium(i) complex for a
double-bond migration and a ruthenium complex for the
olefin metathesis. With this system, fatty acids and esters can
be transformed into olefin mixtures with controllable chain

and radica
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length distributions adjustable in their mean and span.'””
These kinds of blends were tested as additives for biodiesel’”®
or as building blocks in polymerisation reactions'’”'”® and
represent interesting recent examples of the integration of
oleochemicals into the chemical value chain. The group of
Biermann reported a protocol for the transesterification of
calendula oil and tung oil with alcohols such as methanol,
ethanol or isopropanol. The respective esters were then tested
in coating formulations as reactive diluents for alkyd resins."””
Conventional diluents are volatile organic compounds (VOCs)
which are added to lacquers or resins to reduce their viscosity
and evaporate during the drying process. In contrast, reactive
diluents participate in the cross-linking process and remain in
the resin while influencing the viscosity as well as the physical
properties after curing."®® The substitution of volatile organic
solvents by reactive diluents is also reducing the emission of
volatile substances into the atmosphere.'®! Mixed canola oil
esters using methanol, ethanol or a mixture of both were syn-
thesized by Dalai et al. for the use as lubricity additives for
diesel fuels in order to compensate for the reduced sulphur
content required by the authorities."®>

2.5. Surfactants

2.5.1. Cashew nut shell liquid. Cashew nut shell liquid
(CNSL) is a sustainable, nonedible feedstock, which is recently
gaining attention and application in various areas. The annual
production of cashew nuts in 2017 added up to 3.97 million
metric tons and they can therefore be seen as a major agricul-
tural product.'®® Whereas the nut itself is the desired product
for consumption, the shells usually end up as compostable
waste or are incinerated for energy production. On the other
hand, the cold ethanol extract of this waste product delivers
the cashew nut shell liquid itself which stands out for its high
content of up to 95% of pentadecyl(ene) substituted phenolics,
namely anacardic acid (91), which makes up to 70%, cardanol
(92) and cardol (93, Scheme 9A).'**'®” These unique com-
pounds found use in natural product synthesis,"®® fuel
research,'® polymer chemistry,'*™°> and the synthesis of fine
chemicals.'®***> Furthermore, the pentadecyl moiety is inter-
esting for the design of functional materials where lipophili-
city is desired.

Based on this idea and the surface-activity of sodium ana-
cardate already discovered in 1958,'°® various surface-active
compounds have been derived from cardanol (92). Five
decades later, the groups of Bullén and Roengsumran syn-
thesised anionic surfactants in the form of sodium 2-O-carda-
nyl acetate (94)'”” and sodium cardanol sulfonate (95),'"®
respectively (Scheme 9B). The Goofden group prepared a variety
of 3-pentadecylcyclohexyl-substituted surfactants in the form
of betaines, N-oxides and quaternary ammonium salts from
technical CNSL in a straightforward, eco-friendly fashion
(Scheme 10).**°

The respective cardanol-derived tertiary amine intermedi-
ates (99-100) were produced in a one-pot phenol hydrogen-
ation to the corresponding cyclohexanone and a subsequent
reductive amination sequence in aqueous solution. Moderate
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Scheme 9 Constituents of CNSL (A) and syntheses of anionic surfac-
tants 89 and 90 (B).
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Scheme 10 Synthesis of cyclohexyl based surfactants from cardanol
(87) by GooRen et al.

to high yields with an exceptionally low E-factor of 1.99 (4.84
with water included) in the case of 99 were achieved. The
E-factor is specified as the mass ratio of the total waste pro-
duced and the product formed.****°" The N-oxides 101 and
102 were synthesised in an equally green fashion by reacting
99 and 100 with aqueous hydrogen peroxide at ambient temp-
erature in yields of 94% and 93%, respectively. Furthermore,
101 could also be synthesised in a two-step, one-pot sequence
starting from 92 with a yield of 71%. Betaine 103 and quatern-
ary ammonium salt 104 were produced by standard procedures
from 99 with moderate yields of 67% and 62%, respectively.
2.5.2. Carbohydrates. The group of Palkovits>**> opted for
the synthesis of anionic surfactants from the (hemi)cellulose-
derivable dialcohols cyclopentanediol (105, CPD),>** 2,5-bis

This journal is © The Royal Society of Chemistry 2020
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(hydroxymethyl)furan (106, BHMF), 2,5-bis(hydroxymethyl)-
tetrahydrofuran (107, BHMTHF)*** as well as fatty acid-based
1-dodecanol (108)*°® and tetradec-1-ene (109).>°°% The key
step of this approach was the acid-catalysed etherification of
the diols with the respective fatty alcohol and olefin.
Subsequently, the second hydroxy group was converted into a
sulfate monoester by reaction with pyridine-SO; (Scheme 11).
Although the yields of the etherification step were low and
high temperatures were necessary throughout the sequence,
these novel surfactants were constructed entirely from starting
materials derived from sustainable carbon sources. This step
was conducted under catalytic conditions using either 5 mol%
of sulfuric acid or 5 wt% of the cation exchanger Amberlyst®
15 or the zeolite beta H-BEA 150. Furthermore, the reactions
could be performed in a favourable solvent or even in a
solvent-free fashion.

The presented etherification approach is very eco-friendly
as water is the only by-product.

Comparison of the surface-activity properties of the carda-
nol- and carbohydrate-derived surfactants with sodium dode-
cylbenzenesulfonate (SDBS, 114), one of the most widely used
and potent surfactants proves the exceptional potential of
these biomass-based compounds (Table 3). Their values for

1) 108, H,SO,,

HO OH  120°C,24h, 18% NaO3SO\Q/OC12H25
\< 7/ B — e
2a) Py*SO;, MeCN,
70°C,6h

105 110
2b) Na,CO,, EtOH,

50 °C, 2 h, 99%

1) 108, Amberlyst 15,

HO . OH " 0ec 20, 10%  Na0sSQ . OC;5Hss
\ /) 2a) Py*SO,, MeCN, \ /)
70°C,6h
106 2b) NaOH, EtOH, 11
50 °C, 2 h, 83%
1) 108, H-BEA 150,
HO o OH " o0ec. 24 179 Na0sSQ o OC;sHss
\\Q// 2a) Py+SO5, MeCN, \\<__7//
70°C, 6 h
107 2b) NaOH, EtOH, 112
50 °C, 2 h, 99%
Me
1) 109, H-BEA 150,
140°C, 67 h, 32% N o T ot
2a) Py»SOs, MeCN, -
70°C,6h
2b) NaOH, EtOH, 13

50 °C, 2 h, 99%
Me
HO 0
108 109

Scheme 11 Synthesis of cellulose based surfactants by Palkovits et al.
(Amberlyst® 15 and zeolite H-BEA 150 are commercially available
catalysts).
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Table 3 Surface-activity properties of cardanol derived surfactants and
SDBS (109)

Surface tension at CMC

Compound CMC (umol L) (mNm™)
94 830 29.2

95 372 000 32.3

101 28 ca. 35

103 10 ca. 31
104 5 ca. 41
110 349 3.5

112 124 4.0

113 255 4.2

SDBS (114)*"* 2000 ca. 31

the critical micellar concentration (CMC) as well as for the
surface tension at the CMC are highly similar.

Zhou et al. used glucose or lactose (obtained from cheese
whey, a by-product of the dairy industry) with canola oil to
produce enzyme-catalysed sophorose lipids (up to 160 g L™)
as biosurfactants.>*’

2.6. UV-absorbers

The phenolic hydroxy group of the CNSL constituents not only
allows synthetic modification but also serves as a hydrogen
bond donor. This permits the synthesis of photostable organic
UV-filters which rely on the excited state intramolecular proton
transfer (ESIPT) mechanism, for which O-H---H and O-H---N
hydrogen bonds play a crucial role.*'**'" Since those com-
pounds usually find application in lipophilic formulations like
sunscreens, finishes, coatings or polymers, the nonpolar pen-
tadecyl chain of the CNSL ingredients was assumed to be ben-
eficial for the solubility in these formulations. The groups of
de Koning and Opatz opted for the syntheses of cardanol (92)
as well as anacardic acid (91) derived UV-absorbers as poten-
tial protectants.>**>'

A variety of different compound classes exhibiting hydro-
gen-oxygen or hydrogen-nitrogen bonds like 2,2'-dihydroxy-
benzophenones 115-118, 3-hydroxyflavone 119, 1,8-dihydroxyx-
anthones 120, or s-triazines 121 were synthesised by simple
transformations (Scheme 12). Throughout these syntheses, the
saturated derivatives of the CNSL constituents were used in
order to obtain pure single compounds. Besides 91 and 92 as
biomass-derived starting materials, all other organic reagents
were selected to be accessible from renewable resources to
further improve the eco-friendliness in this approach.
Benzophenones 115-117 were synthesised from anacardic acid
(91), whereas the all other presented compounds were pro-
duced from the hydrogenation product of 92.

Comparison of the molar extinction coefficients (&) of these
compounds with the values of commercially available state-of-
the-art UV-protectants like oxybenzone (OB, &5, = 15150 L
mol™" em™), 2-ethylhexyl 4-methoxycinnamate (OMC, &35, =
39470 L mol™' em™") and avobenzone (g319 = 31670 L mol ™"
em™)*"® displays the potential of the CNSL-derived com-
pounds as UV-filters. In particular, flavone 119 and s-triazine
121 show remarkable properties regarding the UV absorption

Green Chem., 2020, 22, 4411-4425 | 4419
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Scheme 12 Examples of the synthesised UV-absorbing compounds by
Opatz et al. and their respective ¢ values (in L mol™ cm™).

spectra as well as the ¢ values which parallel those of commer-
cial products. Building on these promising results, the
implementation of a scalable synthesis could lead to a poten-
tial substitution of conventional UV-filters by these eco-
friendly alternatives.

3. Conclusions

In addition to the conversion of lignin in the production of
syngas®'® or biofuels,*’”*'® technical grade lignin has found
application as a replacement for chemically defined phenols
and polyols in the manufacturing of resins, polyurethane
foams, carbon fibres or additives in bitumen.?!°">*> However,
the valorisation of lignin needs to be cost-competitive and is
ideally integrated in high-value commercial applications.>>*>**
The catalysts employed in production and transformations of
xylochemicals need to be improved with the aim of operating
under mild conditions and possessing a long lifetime as well
as a high selectivity while being tolerant towards the inevitable
impurities contained. Furthermore, an efficient purification
process (e.g. membrane processes such as organic solvent
nanofiltration)**>** as well as by-product and waste manage-
ment are crucial to the sustainability of the whole process,
while conventional methods of purification (e.g. chromato-
graphy and distillation) are material and energy inefficient and
should be avoided.**”*®
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A main goal of this review was to showcase possible
benefits of the use of xylochemicals and how they can be
employed in total syntheses or the manufacturing of products
with an industrial application. To this end, a variety of plat-
form chemicals and the procedures to obtain them from
woody biomass were presented.

These technical possibilities are particularly important in
the light of increasing atmospheric CO, levels and the
depletion of formerly rich underground deposits of fossil
carbon sources. There is a growing need to switch from fossil
resources to renewable starting materials available from
biomass which do not compete with agricultural food pro-
duction. In some cases, the obtained materials and products
can even provide superior properties relative to petroleum-
based commodities, as in the case of biodegradable polymers
or promising absorption characteristics as in the case of UV-
absorbers. This scenario should provide a formidable chal-
lenge and motivation for today’s chemists to develop renew-
able alternatives which ideally require no further replacement
at any point. Future challenges lie instead in the exploitation
of new renewable feedstocks for accessing additional platform
chemicals and to broaden the product scope while maintain-
ing a favourable ecological profile. Also, further side- or waste-
streams should be reconsidered as possible raw materials in
the light of new technologies and of the true cost of the use of
fossil resources.
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