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The transition to a circular economy requires that we adapt currently used chemical processes to the
structurally diverse and often highly oxygenated precursors that are accessible from biomass. In this review, we
highlight different examples of carbon-carbon bond formation using aromatics derived from bio-based
sources, reported during 2015-2024. Examples of sustainable biomass building blocks include heterocycles such
as furfural and hydroxymethylfurfural, obtained from carbohydrates, as well as lignin-based aromatics such as
vanillin and eugenol. These have subsequently been applied in a variety of different types of carbon-carbon
bond formation, including more classical methods such as aldol condensation and Morita—Baylis—Hillman reac-
tions, but also employing transition metal catalysis, electrochemistry or photochemistry to create new
C-C bonds.

Received 23rd October 2024,
Accepted 21st November 2024

DOI: 10.1039/d4cc05664g

rsc.li/chemcomm

lignocellulosic biomass, to access the building blocks that are
necessary for fuel, materials and pharmaceuticals.”” A chal-

1. Introduction

Precursors for organic synthesis and its applications are cur-
rently to a large extent derived from petroleum. In the
ongoing shift to a more sustainable circular economy, we
need to continue investigating renewable sources, such as
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lenge in this endeavour is that bio-based precursors generally
contain more oxygen atoms than molecules derived from
petroleum, making it difficult to directly replace chemicals
currently used in industry.> Some adaptions to the processes
we use for transforming these sustainable building blocks into
other chemical structures are thus required. This can be
addressed via deoxygenation, i.e. chemical removal of oxygen-
containing functional groups, to make the chemical structures
more similar to those derived from petroleum and currently
used in industry, and this is a highly active research area.*
Another strategy is instead to exploit the functional groups
already present in molecules derived from biomass, such as
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Fig.1 Examples of aromatic molecules available from biomass.

alcohols and aldehydes found in carbohydrates and lignin
fragments, for further chemical transformations. The higher
oxygen content in biomass-derived aromatics also renders
them well suited for certain transformations that require
electron-rich structures, such as oxidative coupling and reac-
tions that exploit the arenes as nucleophiles. In this highlight,
we will look more closely at aromatic building blocks derived
from biomass sources and how they can be applied in carbon-
carbon bond formation reactions.

Lignin is a rich source of small aromatic molecules, acces-
sible via depolymerization reactions involving C-O or C-C
cleavage,”® and affording for instance vanillin, guaiacol, syr-
ingol, as well as sinapyl and coniferyl alcohols, but also simpler
structures like benzaldehyde (Fig. 1).” Carboxylic acids such as
ferulic acid and p-coumaric acids can also be obtained.’ Arenes
with other ring sizes, such as the brightly coloured chamazu-
lene and guaiazulene, are accessible from plant material such
as chamomile and yarrow." In addition, carbohydrates such as
fructose and xylose can be chemically transformed into 5-membered
furan derivatives, mainly furfural and hydroxymethylfurfural."*
Chitin, a biopolymer found in the exoskeleton of insects, is also a
source of furans.” Food waste provides aromatic amino acids, such
as phenylalanine, tyrosine, and tryptophan,'? while terpenes can be
chemically modified to access aromatics such as p-cymene from
limonene or o-pinene.’
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Scheme 1 Furanic Diels—Alder reactions for the production of (a) meta-
xylylenediamine and (b) phthalide.

This highlight does not strive to provide an exhaustive
review of the use of bio-based aromatics in carbon-carbon
bond forming reactions, but rather to show examples of pre-
cursors that have been employed and chemical transformations
that can be applied in this context. Reactions include not only
classical C-C bond forming reactions, such as aldol condensa-
tions and Diels-Alder cycloadditions, but also methods cata-
lyzed or mediated by transition metal complexes, or that use
electrochemical or photochemical transformations.

2. Diels—Alder reactions

A major route to aromatics from biomass is by the acid-
catalysed dehydration of carbohydrates,'” which allows access
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to furan-containing products such as furfural (FF) and hydro-
xymethylfurfural (HMF). Production of FF from feedstocks such
as shelled corncobs is an established industrial process oper-
ated at a scale of ~450 kT per annum.'?® Furans are able to
serve as dienes in Diels-Alder reactions, forming two C-C
bonds in a single step. The resultant oxabicyclo[2.2.1] adducts
can then be converted into various final products, including
benzenoid aromatics by dehydration.” A potential issue with
such furan Diels-Alder reactions is that multiple regio- and
stereoisomeric products may be formed (as is the case for any
cycloaddition between non-symmetrical substrates). However,
Diels-Alder reactions of furan are also often reversible (unlike
those of most other dienes), due to the regeneration of aroma-
ticity by the retro-cycloaddition process. This provides oppor-
tunities to exploit differences in the reactivity of the various
product isomers, in order to influence selectivity. Thus,
Wischert, Jérome and co-workers have developed a regioselec-
tive synthesis of the commodity chemical meta-xylylenediamine
by the Diels-Alder reaction of acetal-protected FF and acryloni-
trile (Scheme 1a).’* The reaction forms both the meta (1a) and
(undesired) ortho (1b) regioisomers of the cycloaddition pro-
duct in roughly equal proportions (and each of these is a
mixture of the respective exo and endo stereoisomers). However,
when the product mixture is exposed to base (basic resin
Amberlyst-26 or alkoxide bases) in DMSO, ring-opening and
dehydration to form 2a and 2b occurs significantly faster for the
meta isomers than the ortho. This difference is ascribed to
greater acidity of the nitrile o-proton in the meta isomers.
Quenching the reaction at 50% conversion gave the desired
meta-substituted benzonitrile 2a as a mixture with the
unreacted ortho-cycloadducts. These ortho-cycloadducts could
be recycled by increasing the temperature to effect the retro-
Diels-Alder reaction. The desired meta product underwent
acetal hydrolysis (with acidic resin Amberlyst-15) to give alde-
hyde 3, followed by imine formation and reduction over
RANEY™ cobalt to give the final product meta-xylylenediamine.
Bruijnincx and co-workers have reported the synthesis of
another commodity chemical, phthalide, via the Diels-Alder
reaction of furfuryl alcohol (4, produced by reduction of bio-
derived FF) and an acrylate ester (5, Scheme 1b)."> Here again,
the cycloaddition exhibits little selectivity, and all four possible
regio- and stereoisomers of the cycloaddition product 6 are
formed in equilibrium with the starting materials. The hydroxy-
methyl sidechain in the cycloadducts can potentially act as
a tethered nucleophile, but in only one of the four isomers
(the exo/ortho isomer 6b) can it adopt the required conformation
for attack on the ester carbonyl. Therefore, only this isomer
undergoes addition to the carbonyl to give the tricyclic lactone
product 7. Crucially, this step is irreversible and moreover, the
lactone is seemingly not able to undergo a retro-Diels-Alder
reaction itself under the reaction conditions. Accordingly, dynamic
kinetic trapping ensures that all cycloadduct isomers equilibrate to
the exo/ortho isomer 6b and are ultimately converted to the tricyclic
lactone 7. Subsequent treatment of this with acetic anhydride in
the presence of a Brgnsted acid catalyst effects the dehydration/
aromatization to give phthalide in 84% overall yield.

This journal is © The Royal Society of Chemistry 2024
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3. Pictet—Spengler cyclization

While much of the research on replacing petroleum-derived
precursors with biomass-based building blocks has focused on
fuel and new materials, an equally important but less explored
area is the production of pharmaceuticals. In this context,
Hirsch and Barta have investigated whether a lignin-derived
platform molecule can be employed in the synthesis of active
pharmaceutical ingredients (APIs).'® The precursor used here is
C2-G-EG-acetal (8, Scheme 2), which can be obtained in high
yield from softwood lignin by acidic hydrolysis, followed by
trapping of the intermediate aldehyde as an acetal.'” Concomi-
tant deprotection and reductive hydrogenation of 8 to homo-
vanillyl alcohol 9 was effected in excellent yield under
ruthenium catalysis, using water as the solvent. Continuing
with ruthenium catalysis, but now using Shvo’s catalyst in a
hydrogen borrowing reaction (see also Section 5.4),'®'° the
alcohol was coupled with anilines to form amines 10, as shown
in Scheme 2. The carbon-carbon bond formation takes place in
the final step, which involves a Pictet-Spengler reaction
between 10 and various aldehydes (formaldehyde or benzalde-
hydes), producing 15 different tetrahydroisoquinolines 11 in
35-99% yield. An important feature of this reaction is the use of
deep eutectic solvents based on natural products (choline and
oxalic acid), whose acidity could be fine-tuned to optimize the
yields. Of particular interest here was product 11a, which
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Scheme 2 Synthesis of tetrahydroisoquinolines from a lignin platform
chemical via hydrogen borrowing and Pictet—Spengler reactions.

Chem. Commun., 2024, 60, 14885-14895 | 14887


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cc05664g

Open Access Article. Published on 27 November 2024. Downloaded on 1/21/2026 6:38:01 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Highlight

displayed excellent antibacterial activity against Streptococcus
pneumoniae, as well as interesting cytotoxic behaviour. A similar
strategy was also used to prepare the natural product tetrahy-
dropapaveroline, albeit using a different amination procedure.

Two of the intermediate amines 10 were also applied in 1,4
addition to trans-p-nitrostyrenes (Scheme 3), involving modifi-
cations of a reported protocol,* in order to tailor the reaction
conditions to lignin-based substrates. The aromatic ring of the
aniline acts as the nucleophile in a 1,4-addition to the nitros-
tyrene, forming the carbon-carbon bond. Indoles 12 are then
produced in moderate to good yields in a final cyclization-
aromatization step.

4. Reactions involving enolates,
including organocatalytic methods

Reactions employing enolates as nucleophiles, such as aldol
and Claisen condensations, are classical methods for C-C bond
formation. Pioneering work on aldol reactions involving FF and
HMF as precursors has been reported by Dumesic and
Huber.>'>* Several of the more recent examples involving
enolates focus on finding biomass-derived alternatives for fuel
for transportation. Jet fuel needs a higher proportion of
branched hydrocarbons compared to fuel for cars, in order to
function at lower temperatures. Wang and co-workers have
developed an elegant two-step method, where furfural (FF)
undergoes a Robinson annulation, followed by hydrodeoxy-
genation, to provide cyclic branched C;;-C;5 hydrocarbons
(Scheme 4).>° Reaction of FF with 2,4-pentadione, which can
be sourced from lignocellulose, in the presence of a Lewis acid
(CoCl,-6H,0), triggers a reaction sequence that initiates with an
aldol condensation between the two reactants, forming adduct
13, which is followed by a Michael addition of a second
equivalent of the diketone to form intermediate 14. A cyclative
intramolecular aldol reaction then ensues, forming a mixture of
aldol addition (15) and condensation products (tautomers 16a
and 16b), in up to 90% yield of C,5 oxygenates for the one-pot
reaction. It is this step that provides the crucial cycloalkane
skeleton, needed to increase the density and to decrease the
freezing point of the fuel. The product mixture is then con-
verted to pure hydrocarbons in a second reaction step, where
hydrodeoxygenation takes place, effected by hydrogen gas
(4 MPa) in the presence of a solid metal catalyst (Pd/NbOPO,).
This provides a mixture of C;,-C;5 hydrocarbons in up to 76%
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yield, with the C;; and C;3 hydrocarbons resulting from hydro-
cracking of the ethyl side chains. C,, hydrocarbons, could also
be accessed by using a longer reaction time (36 h) and a higher
temperature (140 °C) for the Robinson annulation step. The
additional carbon atoms here arise from the reaction of aldol
products 15 and 16 with a third equivalent of 2,4-pentadione in
a further aldol reaction. The hydrocarbons formed via hydro-
deoxygenation of these C,, aldol products could find potential
applications as lubricants.

Jet fuel-range polycycloalkanes can also be prepared from
vanillin using an aldol condensation strategy, as described by
Li, Wang and Li, in this case starting from two cyclic
precursors.”® Vanillin is one of few aromatic building blocks
that is produced on an industrial scale from lignin today, where
the processes used can compete with petroleum-based
routes.””” The other carbonyl compound used in the aldol
reaction was cyclohexanone, which can be accessed via hydro-
genation of lignin-derived phenols such as anisole.>® The aldol
condensation was performed at 150 °C under solvent-free
conditions, in the presence of a solid titanium-based catalyst,
affording mainly the single aldol condensation product 17,
accompanied by smaller amounts of the double aldol product
18 (Scheme 5). Several titanium catalysts were compared, but
sulfated titania nanofiber (STNF) afforded both the highest
conversion of vanillin as well as the highest yield of 17, showing
similar activity to commercial acidic catalysts such as
Amberlyst-15 resin. The higher acidity of STNF compared to
the other Ti-based catalysts investigated was proposed to
explain the better performance. Hydrodeoxygenation of 17
using Pd/C, in the presence of a H-Y zeolite, was also carried
out to demonstrate the potential for converting the aldol
products into non-oxygenated hydrocarbons.

Continuous flow synthesis can offer advantages over batch
reactions in terms of safety, efficiency, improved energy trans-
fer and facile scale-up, and has more recently also been adapted
to accommodate multistep reactions.”* Zhu and colleagues
investigated if continuous microflow synthesis could be a
versatile method for preparing bio-based fuel precursors from
FF and various ketones (Scheme 6).>° A soluble catalyst is
needed in this case and several amines and amino acids,
i.e. 1,4-diazabicyclo[2.2.2]octane (DABCO), iPrNEt,, r-proline
and r-tryptophan, were screened in the reaction of FF with
3-pentanone (batch mode), but failed to catalyze the reaction.
Bicyclic amidines and guanidines, such as 1,8-diazabicyclo
[5.4.0]undec-7-ene (DBU) and 1,5,7-triazabicyclo[4.4.0]dec-5-
ene (TBD) were found to be more successful, however, and
TBD was selected for further studies. The ratio of single/double
aldol condensation product could be controlled simply by
changing the ratio of FF to ketone, selectively affording either
19 or 20 in good yields. To avoid precipitation during the flow
process, which might cause blocking and malfunction of
the flow system, a solvent that can dissolve all reaction compo-
nents (substrates, reagents, intermediates and products) is
needed and solvent screening showed that a 1:1 mixture of
methanol and water fulfilled this role. Side reactions could be
suppressed and the reaction time shortened to 5-20 minutes

This journal is © The Royal Society of Chemistry 2024
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using flow synthesis, in comparison to several hours for batch
mode. The catalyst is proposed to have a synergistic effect, not
only acting as a base in the ketone deprotonation to form the
enolate, but also participating by hydrogen bonding to the FF

This journal is © The Royal Society of Chemistry 2024

oxygen via the H-N7 functionality. To verify this hypothesis,
a similar bicyclic guanidine, 7-methyl-1,5,7-triazabicyclo[4.4.0]
dec-5-ene (MTBD), where the N7 hydrogen has been replaced by
a methyl group, was also tested, but was found to be a less
active catalyst than TBD, with a substantially lower reaction
rate, thus supporting this theory.

Apart from the more classic aldol methodology, the Morita—-
Baylis-Hillman reaction provides a different means of enolate
addition to a carbonyl group.®" The enolate is in this case
formed via the conjugate addition of a nucleophilic organoca-
talyst to an activated alkene, where the latter is generally in the
form of an «o,B-unsaturated aldehyde, ketone or ester. As men-
tioned, hydroxymethylfurfural (HMF) is a biomass platform
chemical, which despite its aromatic structure, has a carbohy-
drate origin.**> While most carbon-carbon bond formations
involving HMF employ commercially produced material, Repo
and colleagues have taken this one step further in developing
one-pot transformations where HMF is formed in situ and used
directly in a second reaction step.** On industrial scale, HMF is
generally prepared from fructose,*® but Repo found that the
more complex carbohydrate inulin could also be used as a
precursor in this context. Under acidic conditions, in the
presence of KBr, inulin was transformed to HMF in only a
few minutes using microwave heating with 1,4-dioxane as the
solvent (Scheme 7). The role of KBr is to facilitate the initial
dehydration process via the formation of an intermediate
2-bromofructofuranose, which is subsequently converted to
HMTF via the elimination of two equivalents of water. Additional
reagents were then added directly to the microwave vial to
perform the second step, involving either an aldol reaction with
methyl isobutyl ketone, affording 21 in 65% yield, or a Morita-
Baylis-Hillman transformation with methyl acrylate, affording
60% of adduct 22. Both yields are calculated for the two-step
sequence and conventional oil-bath heating was used for the
aldol reaction step. Several other one-pot transformations were
also demonstrated (oxidation, reduction, Cannizzaro reaction),
but these do not involve carbon-carbon bond formation. This
direct and practical methodology provides an important con-
tribution to the toolbox of transformations involving biomass
platform chemicals.

Chem. Commun., 2024, 60, 14885-14895 | 14889


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cc05664g

Open Access Article. Published on 27 November 2024. Downloaded on 1/21/2026 6:38:01 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Highlight
PUR
NaOH
iPrOH, MeCN OH @
55°C,3h 0. X
HO. aldol condensation \
(o]
0 21 (65% over 2 steps)
OH OH via
0 H,S0, (aq) OH o
KB
o = °
i Y 1,4-dioxane \ H
fnuiin MW 150 °C
4 min
o HMF
OH OH o
"o
O \)k
"o © oMe  on oH ©O
oo ol DABCO, iPrOH
, 16 h o
—_— OMe
OH OH Morita-Baylis-Hillman \

22 (60% over 2 steps)

Scheme 7 One-pot transformations of inulin to aldol/Morita—Baylis—
Hillman products via hydroxymethylfurfural (HMF).

5. Reactions catalyzed or mediated by
transition metals

In addition to using renewable feedstocks, employing catalytic
methods when possible, rather than utilizing stoichiometric
reagents to effect a chemical transformation, is one of the
12 Principles of Green Chemistry outlined by Anastas and
Warner in 1998.** The use of organocatalysis for Morita-
Baylis-Hillman reactions has already been mentioned, but
transition metal catalysis provides another opportunity for
conducting efficient transformations without excessive waste
from spent reagents. Two examples of stoichiometric reactions
will also be included here, but using earth-abundant iron as the
metallic component.

5.1 Copper

A copper(1)-catalyzed four-component reaction was used by Xu
to couple two different classes of renewable building blocks, i.e.
carbon dioxide and bio-based aldehydes such as furfural or
HMF with terminal aromatic alkynes and primary aliphatic
amines, affording 1,3-oxazolidin-2-ones as the products.*® Oxa-
zolidinones are useful intermediates in organic synthesis, in
particular as chiral auxiliaries,*® but are also important phar-
maceutical components, for example in broad-spectrum anti-
biotics such as linezolid.>” Two different reaction pathways
were proposed for the four-component reaction (Scheme 8).
Path I involves the amine-assisted formation of a copper
acetylide which subsequently performs a nucleophilic attack
on the imine formed from the amine and the aldehyde, forming
intermediate 23. This is also the product isolated if the reaction
is carried out in the absence of CO,. Amine carboxylation,
followed by Cu(1)-promoted cyclization, then affords the target
oxazolidinone 24 or 25. Path II provides an alternative scenario,
where the amine first reacts with CO, to form a carbamic acid
ammonium salt which subsequently reacts with the aldehyde,
producing intermediate 26. Displacement of the hydroxyl group
by the copper acetylide, followed by cyclization, then completes
the reaction. Control experiments showed that both reaction
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Scheme 8 A Cu()-catalyzed four-component reaction employing rene-
wable furfural (FF) and hydroxymethylfurfural (HMF).

pathways were feasible and could potentially occur in parallel
in a competitive fashion depending on the conditions used.
Optimization of the reaction conditions showed that when
using Cul as the catalyst, in conjunction with a sustainable
protic solvent such as ethanol, heating at 75 °C for 12 hours,
products 24 and 25 were produced in 76% and 84% yield,
respectively. The use of heteroaromatics on the alkyne gave low
product yields, while variation of the amine component was in
general well tolerated. Given that bio-based amines are avail-
able via catalytic amination of renewable alcohols,***° and that
lignin-derived aldehydes can be converted into terminal
alkynes,"° there is the potential for extending this methodology
so that also these two components derive from biomass.

5.2 Iron

Guaiazulene 27 is a bioderived sesquiterpene aromatic compound
used as a cosmetic additive and its derivative sodium guaiazulene-
3-sulfonate is a licensed anti-inflammatory agent.** It is produced
industrially by the dehydrogenation/dehydration of essential oils
from species in genera including Eucalyptus and Matricaria
(chamomile).**™** Azulenes readily undergo SgAr reactions at their
1- and 3-positions and the present authors have shown that
cationic n’iron carbonyl cyclohexadienyl complexes 28 readily
react at the guaiazulene 3-position resulting in C-C bond formation
in products such as 29-31 in high yield using mild reaction
conditions (Scheme 9).* The formed iron carbonyl complexes
could be demetallated under UV radiation, liberating the free
dienes. For the methoxy substituted product 31, demetallation
was followed by enol ether cleavage to give the corresponding
enone 32. Treatment of this enone with base led to deprotonation
of the guaiazulene C4 methyl group, followed by Michael addition;
this second C-C bond formation gave tetracyclic product 33.
Bioderived phenols have also been employed as ambident
nucleophiles capable of forming either C-C or C-O bonds to
cationic m’-iron carbonyl cyclohexadienyl complexes, depend-
ing on the reaction conditions. For example, we have shown
that naturally occurring sesamol (34) reacts with iron complex
35 (obtained from bio-derivable furan via a cycloaddition)*® to
form C-linked adduct 36 in water or ethanol (Scheme 10).*”

This journal is © The Royal Society of Chemistry 2024
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Scheme 9 Derivatization of guaiazulene using cationic iron carbonyl
dienyl complexes.

However, the same two reactants give isomeric O-linked pro-
duct 37 when the reaction is performed in the presence of base
and in an aprotic solvent such as EtOAc. Complex 36 can be
demetallated with trimethylamine-N-oxide (TMANO) with con-
comitant dehydrogenation to biaryl 38. Alternatively, hydroxyl
protection followed by demetallation with hydrogen peroxide
disengages the n* ligand without aromatisation to give diene
39.

5.3 Molybdenum

As mentioned in the introduction, deoxygenation or defunctio-
nalization of lignin-derived building blocks is one strategy to
access building blocks that more resemble the hydrocarbons
we currently obtain from fossil sources. However, such deox-
ygenation processes can also be exploited to simultaneously

o]
S
0, PFg
5 >y nes,
HO o &) n45h
4

) (OC)sF€ 35 ~ 36
1.5 equiv 3 (OC)3Fe/
TMANO
Et;N | EtOAC acetone
1. TBDMSCI, EtzN
o 2. H,0,/NaOH

EASRGS D

/o J

(OC)5F€ 37
TBDMSO 38

O >
U .

Scheme 10 Derivatization of bio-based phenols with C-C or C-O
selectivity using iron carbonyl dienyl complexes.
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accomplish a coupling reaction. One such example was
described by Lu and co-workers, who used a molybdenum
catalyst (Mo-8-HQ) to convert various benzylic alcohols (40)
obtained from lignin into deoxygenated bibenzyl products 41
(Scheme 11).*®* The motivation for choosing this particular
catalyst is that nitrogen donor ligands can enhance the electron
density on molybdenum, which may be beneficial for the
deoxygenation process.” A catalyst screening also showed that
Mo-8-HQ afforded a high conversion and good selectivity for
the coupled bibenzyl product 41, compared to oxidation or
reduction of the benzylic alcohol, which lead to the two main
side products. The exact position of the -OMe groups was
shown to affect the product distribution between the bibenzyl
products 41, formed via deoxygenation with concomitant cou-
pling, and the tolyl derivatives 42, formed via deoxygenation
without coupling. Vanillyl alcohol (40e) was also evaluated,
showing a preference for the bibenzyl product. The reaction
was proposed to proceed via benzyl radical intermediates.
Bibenzyls are important components in thermosetting plastics
and can potentially act as replacements for the reprotoxic
monomer bisphenol A.>°

5.4 Ruthenium

Hydrogen borrowing involves the atom economic transition
metal-catalyzed coupling of an alcohol with a nucleophile
(Scheme 12),"®'%°! and has been extensively applied in the
derivatizaton of bio-based alcohols,”®*™** such as ethanol®® and
glycerol.>*° While most reports concern the amination of
aliphatic alcohols, carbon-carbon bond formation via alkyla-
tion of enolate nucleophiles with alcohols is also possible and
this approach has been applied in a few cases using furfuryl
alcohol. Alkylation of 1-phenylethanol with furfuryl alcohol has
been reported by both Yu®® and Rit®" with good results
(Scheme 12). Yu employed pincer-type Ru(ui) catalyst 43 with
NNN coordination, forming the target product 44 in 76%
yield under solventless conditions. Rit instead applied Ru(u)-
NHC complex 45, prepared from commercially available
[Ru(p-cymene)Cl,],, affording 44 in a slightly lower yield
(64%), using toluene as the solvent and a low catalyst loading
(0.01 mol%). In both cases, potassium hydroxide was used as
the base to generate the enolate nucleophile. Other aromatic

R3
OH

R! Mo-8-HQ (10 mol%)

hydroquinone, PPhy
dioxane
R? 220°C, 8h
R3
40a-e

R!
R2? O

3
R 4a-e

L P

Mo-8-HQ

Yield (%
R! R? R® 41
a H OMe H 59
b OMe OMe H 49
¢ OMe OMe OMe 27
d OMe H OMe 16
e H OH OMe 53

Scheme 11 Molybdenum-catalyzed reductive coupling of bio-based
benzylic alcohols.

Chem. Commun., 2024, 60, 14885-14895 | 14891


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cc05664g

Open Access Article. Published on 27 November 2024. Downloaded on 1/21/2026 6:38:01 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Highlight

Ru-catalyst (0.01 or 1 mol%)
KOH (20 mol%)
toluene or
___noaddedsolvent added solvent
110-120 C
6-12h

T

[Ru] [RuH]

via ~ -
o

OH
\

o

44 (64-76%)

0

- -

(o]
O
KOH : =
aldol condensation \ /
Ru-catalysts
Rel \
C| '

43 (1 mol%)

45 (0.01 mol%)

Scheme 12 Ketone alkylation via ruthenium-catalyzed hydrogen bor-
rowing using furfuryl alcohol as the alkylating agent.

bioalcohols such as vanillyl alcohol have been aminated under
transition metal catalysis,®* but there are as yet no reports of
C-alkylation via hydrogen borrowing using this particular
substrate.

6. Electrochemistry

Organic electrochemistry has seen a renaissance recently, with
many new electrocatalytic reactions under development, giving
access to functional group transformations that may be difficult
to achieve using conventional organic synthetic methods.** >
One such example is the oxidative coupling of phenols via a
carbon-carbon bond, affording the corresponding dimerized
products with high selectivity. Such coupling reactions were
reported already in 2006, by Waldvogel and colleagues,®® and
have since then been extended also to other functionalized
aromatics,®” such as anilines®® and arylated pyridines.®® Three
examples of electrocatalytic phenolic dimerization using renew-
able precursors will be mentioned here. Eugenol is found in
clove oil, but can also be obtained via lignin depolymerization,
and has been investigated as potential monomer for prepar-
ing bio-based polymers.”® In this context, Waldvogel and
co-workers explored whether dimerized eugenol could be used
as a replacement for reprotoxic bisphenol A in epoxy resins.”*
Using reticulated vitreous carbon (RVC) anodes and glassy
carbon (GC) cathodes, eugenol could be dimerized in up to
80% yield to form the biphenyl derivative 46, using an inexpen-
sive ammonium salt as a supporting electrolyte (Scheme 13). 46
was subsequently allylated or methylated to produce derivatives
47. Epoxidation of the double bonds completed the sequence,
affording two different monomers 48 for use in polymer
synthesis. Both derivatives were subsequently incorporated into
durable epoxy resins, which displayed flame-retarding
properties.

It is worth mentioning that similar oxidative couplings of
phenols can also be performed using an oxidizing reagent
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Scheme 13 Electrochemical synthesis of biseugenol epoxide monomers
for polymer applications.

rather than by electrochemical means, as exemplified by the
conversion of vanillin to divanillin (49) in the synthesis of a
building block for epoxy resins (Scheme 14).”>

The electrochemical dimerization of isoeugenol has also
been investigated by Waldvogel and Einaga, but the product
in this case is a-diisoeugenol (50, Scheme 15).”® The reaction is
selective for stereoisomer 50, which is explained by the con-
finement of the two reacting molecules in a solvate cage,
inducing a specific orientation that gives rise to the product
stereoisomer shown. The difference in the coupling behaviour
of eugenol compared to isoeugenol is due to the fact that the
double bond of isoeugenol is conjugated with the aromatic
ring. This allows the side chain to participate in the resonance
stabilization of the initially formed oxygen radical and subse-
quently also in the carbon-carbon coupling reaction.

The last example of electrocatalytic phenolic dimerization
concerns the coupling of sesamol (34) to form dimer 51,
reported by Weidinger and colleagues (Scheme 16).”* The aim
in this case was to provide more insight into the mechanistic
aspects of electrooxidative coupling reactions. A suitable tool
for this was found to be in operando Raman spectroscopy,

MeQ

HO

vanillin

Na,S,0g
FeSO, H,0
80 °C, 30 min

Scheme 14
oxidant.

Oxidative coupling of vanillin to divanillin 49 using an

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cc05664g

Open Access Article. Published on 27 November 2024. Downloaded on 1/21/2026 6:38:01 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ChemComm

ﬁ;

MeO

HO electrochemical coupling
BDD electrodes 0.2 F
MerQ\A HFIP, MTBS, 50 °C
isoeugenol
OH

BDD = boron-doped diamond

HFIP = hexafluoroisopropanol

MTBS = methyl tributylammonium methyl sulfate

‘o o]
MeO MeO

Scheme 15 Stereoselective electrochemical coupling of isoeugenol.
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which allows the observation of steady-state equilibria of reac-
tion intermediates. Raman spectra were acquired at different
stages of the reaction, showing new bands that could not be
assigned to sesamol or the dimerized product. To probe the
identity of these unknown bands, simulated Raman spectra for
potential intermediates were compared to the actual recorded
spectra, showing that radical dimer adduct 52 could be a
possible intermediate in the reaction. The reaction behaviour
in different solvents was also studied, showing that dimeriza-
tion in methanol, as compared to hexafluoroisopropanol
(HFIP), most likely proceeds via different reaction mechanisms,
since MeOH can act as a redox mediator, which is not the case
for HFIP with a higher redox potential.

7. Photocatalytic reactions

Light-induced transformations of bioderived arenes have been
most extensively studied for bond cleavage reactions, e.g. in the
depolymerisation of lignin.”>”® In contrast, C-C bond forming
processes are comparatively underdeveloped, with most studies
reporting methods for arene functionalisation which are applic-
able to a range of arenes (some of which may be bioderived) as
opposed to studies focused on bioderived arenes specifically.
Nevertheless, the ability of FF and other furanics to act as
radical acceptors has allowed them to be derivatised in photo-
chemical processes that use a variety of radical precursors.
Thus, Li et al. were able to functionalise FF at the 5-position in a
photoredox process using a difluoro-a-acyl radical to give 53

o) electrochemical coupling < O
@: > graphite/Ni electrodes, 2 F
HO

o HFIP, Bu;NPF, 50 °C

O >

34 51 (81%)

HFIP = hexafluoroisopropanol

52

Scheme 16 Electrochemical dimerization of sesamol,

potential intermediate in the reaction.

showing a
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Scheme 17 Functionalisation of FF using radical-mediated photochemi-
cal processes.

(Scheme 17).”” Alternatively, alkyl substituents may be intro-
duced at the same position using the Pd-catalysed photoche-
mical process reported by Chernyshev et al, which gives
products of type 54.”% The possibility of introducing aryl sub-
stituents is exemplified by the synthesis of p-nitrophenyl FF
derivative 55, either using the corresponding aniline for the
formation of a diazo anhydride intermediate from which the
aryl radical is formed (conditions A),”® or using the corres-
ponding diazonium salt in a manganese-catalysed photoredox
process (conditions B).®° FF derivative 55 may be elaborated in
one step to the muscle relaxant drug dantrolene.

2-Methylfuran (produced by reduction of FF) may be ben-
zoylated in a process reported by Studer et al. using benzoyl
fluoride, in which the regioisomer of product formed is depen-
dent on the reaction conditions (Scheme 18).%! Use of alumi-
nium trichloride gave 5-benzoyl product 56, in keeping with the
expected SgAr reactivity of furan. On the other hand, a photo-
chemical process that employs 3CzCIIPN as photocatalyst, in
conjunction with N-heterocyclic carbene precursor 57, gave
predominantly the 4-benzoyl isomer 58. Formation of 58 is
proposed to occur by formation of a furan radical cation and an
NHC-bound ketyl radical and their union.

8. Conclusions & outlook

The transition from using petroleum-based to bio-based precursors
requires additional research to develop alternative synthetic routes
to new and existing materials, fuels and pharmaceuticals. Never-
theless, moving towards more sustainable starting materials offers

N—Mes
\/
Me 0 57 (NHC)
Conditions
AorB Q
Ph
I\ Pho | / -\
Me o} Me o
[¢]
56 58

A: BzF, AICI3 CH,Cl, 50 °C,3h — 56 /58 55% /0%
B: BzF, 57, 3CzCIIPN, Cs,CO; MeCN, purple LEDs — 56 / 58 18% / 55%

Scheme 18 Regioselective benzoylation of 2-methylfuran via Lewis-acid
catalyzed and photochemical processes.
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several advantages in this context. Firstly, functional groups
that can be exploited for chemical transformations are already
present in the molecules and do not have to be introduced in
an extra step. In addition, lignin-based aromatics are adorned
with alkyl groups and oxygenated substituents (hydroxy, meth-
oxy), making them more electron-rich, and thus well suited for
oxidative coupling reactions, as well as nucleophilic substitu-
tions. We envisage many new exciting additions to the toolbox
of C-C bond forming reactions using bio-based aromatics in
the future.

Author contributions

A. P. and P. D. Writing - original draft, review & editing; S. E. L.
and N. K. Conceptualization, writing - original draft, review &
editing.

Data availability

No primary research results, software or code have been
included and no new data were generated or analysed as part
of this review.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

S. E. L. thanks EPSRC (grant EP/W036193/1) and BBSRC (grant
BB/X003426/1) for funding. N. K. thanks the Swedish Research
Council (2023-04342), as well as the Carl Tryggers Foundation
(grant CTS 16:235), the Folke and Marianne Edler Foundation
(grant 9040119) and the Magnus Bergvall Foundation (grant
2023-717) for funding. We thank Dr Chiara Faverio for careful
reading of the manuscript.

References

1 Z. H. Sun and K. Barta, Chem. Commun., 2018, 54, 7725-7745.

2 H. Li, A. Riisager, S. Saravanamurugan, A. Pandey, R. S. Sangwan,
S. Yang and R. Luque, ACS Catal., 2018, 8, 148-187.

3 J. G. Tillou, C. ]J. Ezeorah, J. J. Kuchta, III, S. Mudiyanselage,
J. D. Sitter and A. K. Vannucci, RSC Sustainability, 2023, 1,
1608-1633.

4 G. De Smet, X. F. Bai and B. U. W. Maes, Chem. Soc. Rev., 2024, 53,
5489-5551.

5 P.J. Deuss and K. Barta, Coord. Chem. Rev., 2016, 306, 510-532.

6 Z. H. Sun, B. Fridrich, A. de Santi, S. Elangovan and K. Barta,
Chem. Rev., 2018, 118, 614-678.

7 E. Subbotina, T. Rukkijakan, M. D. Marquez-Medina, X. W. Yu,

M. Johnsson and J. S. M. Samec, Nat. Chem., 2021, 13, 1118-1125.

C. T. Palumbo, E. T. Ouellette, J. Zhu, Y. Roman-Leshkov, S. S. Stahl

and G. T. Beckham, Nat. Rev. Chem., 2024, 8, 799-816.

9 S. S. Zheng, Z. L. Zhang, S. B. He, H. Z. Yang, H. Atia, A. M.
Abdel-Mageed, S. Wohlrab, E. Barath, S. Tin, H. J. Heeres,
P. J. Deuss and ]J. G. de Vries, Chem. Rev., 2024, 124, 10701-10876.

10 P. Bakun, B. Czarczynska-Goslinska, T. Goslinski and S. Lijewski,
Med. Chem. Res., 2021, 30, 834-846.

11 L. T. Mika, E. Cséfalvay and A. Németh, Chem. Rev., 2018, 118,
505-613.

o

14894 | Chem. Commun., 2024, 60, 14885-14895

View Article Online

ChemComm

12 X. N. Xiong, I. K. M. Yu, D. C. W. Tsang, N. S. Bolan, Y. S. Ok,
A. D. Igalavithana, M. B. Kirkham, K. H. Kim and K. Vikrant,
Chem. Eng. ., 2019, 375, 121983.

13 J. G. de Vries, Curr. Opin. Green Sustainable Chem., 2023, 39,
100715.

14 1. Scodeller, S. Mansouri, D. Morvan, E. Muller, K. D. Vigier,
R. Wischert and F. JérOme, Angew. Chem., Int. Ed., 2018, 57,
10510-10514.

15 C. S. Lancefield, B. Folker, R. C. Cioc, K. Stanciakova, R. E. Bulo,
M. Lutz, M. Crockatt and P. C. A. Bruijnincx, Angew. Chem., Int. Ed.,
2020, 59, 23480-23484.

16 A. M. Afanasenko, X. Y. Wu, A. De Santi, W. A. M. Elgaher,
A. M. Kany, R. Shafiei, M. S. Schulze, T. F. Schulz, J. Haupenthal,
A. K. H. Hirsch and K. Barta, Angew. Chem., Int. Ed., 2024,
63, €202308131.

17 P. ]J. Deuss, M. Scott, F. Tran, N. J. Westwood, J. G. de Vries and
K. Barta, J. Am. Chem. Soc., 2015, 137, 7456-7467.

18 R. Grigg, T. R. B. Mitchell, S. Sutthivaiyakit and N. Tongpenyali,
J. Chem. Soc., Chem. Commun., 1981, 611-612.

19 Y. Watanabe, Y. Tsuji and Y. Ohsugi, Tetrahedron Lett., 1981, 22,
2667-2670.

20 R. Gattu, S. Bhattacharjee, K. Mahato and A. Khan, Org. Biomol.
Chem., 2018, 16, 3760-3770.

21 C.]. Barrett, J. N. Chheda, G. W. Huber and J. A. Dumesic, Appl.
Catal., B, 2006, 66, 111-118.

22 R. M. West, Z. Y. Liu, M. Peter, C. A. Girtner and J. A. Dumesic,
J. Mol. Catal. A: Chem., 2008, 296, 18-27.

23 R. Xing, A. V. Subrahmanyam, H. Olcay, W. Qi, G. P. van Walsum,
H. Pendse and G. W. Huber, Green Chem., 2010, 12, 1933-1946.

24 A. V. Subrahmanyam, S. Thayumanavan and G. W. Huber, Chem-
SusChem, 2010, 3, 1158-1161.

25 Y. X. Jing, Q. N. Xia, J. J. Xie, X. H. Liu, Y. Guo, J. J. Zou and
Y. Q. Wang, ACS Catal., 2018, 8, 3280-3285.

26 H.F. Gao, F. G. Han, G. Y. Li, A. Q. Wang, Y. Cong, Z. Z. Li, W. Wang
and N. Li, Sustainable Energy Fuels, 2022, 6, 1616-1624.

27 M. Fache, B. Boutevin and S. Caillol, ACS Sustainable Chem. Eng.,
2016, 4, 35-46.

28 Q. L. Meng, M. Q. Hou, H. Z. Liu, ]J. L. Song and B. X. Han, Nat.
Commun., 2017, 8, 14190.

29 ]J. Jiao, W. Z. Nie, T. Yu, F. Yang, Q. Zhang, F. Aihemaiti, T. J. Yang,
X. Y. Liu, J. C. Wang and P. F. Li, Chem. - Eur. J., 2021, 27,
4817-4838.

30 T. Shen, J. J. Tang, C. L. Tang, J. L. Wu, L. F. Wang, C. J. Zhu and
H. J. Ying, Org. Process Res. Dev., 2017, 21, 890-896.

31 M. Maneesha, S. H. Haritha, T. Aneeja and G. Anilkumar, RSC Adv.,
2024, 14, 14949-14963.

32 C. Xu, E. Paone, D. Rodriguez-Padron, R. Luque and F. Mauriello,
Chem. Soc. Rev., 2020, 49, 4273-4306.

33 P. Wrigstedt, J. Keskivili, J. E. Perea-Buceta and T. Repo, Chem-
CatChem, 2017, 9, 4244-4255.

34 P.T. Anastas and ]J. C. Warner, Green Chemistry: Theory and Practice,
Oxford University Press, New York, 1998.

35 Q.M. Wu, J. Z. Chen, X. H. Guo and Y. S. Xu, Eur. J. Org. Chem., 2018,
3105-3113.

36 L. Y. Chen and P. Q. Huang, Eur. J. Org. Chem., 2024, €202301131.

37 P. X. Liu, Y. H. Jiang, L. Jiao, Y. F. Luo, X. D. Wang and T. Yang,
J. Med. Chem., 2023, 66, 13860-13873.

38 N. K. Gupta, P. Reif, P. Palenicek and M. Rose, ACS Catal., 2022, 12,
10400-10440.

39 M. Pelckmans, T. Renders, S. Van de Vyver and B. F. Sels, Green
Chem., 2017, 19, 5303-5331.

40 K. Annapurna and A. V. Narsaiah, Tetrahedron, 2024, 155, 133909.

41 T. Yanagisawa, K. Kosakai, T. Tomiyama, M. Yasunami and
K. Takase, Chem. Pharm. Bull., 1990, 38, 3355-3358 and references
herein.

42 G. Li, Chin. Pat., CN109096038A, 2018.

43 Y. Zhou, Chin. Pat., CN105753623A, 2016.

44 F. Xu, Chin. Pat., CN108863707A, 2018.

45 P. Dunés, L. C. Murfin, O. J. Nilsson, N. Jame, S. E. Lewis and
N. Kann, J. Org. Chem., 2020, 85, 13453-13465.

46 F. A. Kucherov, L. V. Romashov, K. I. Galkin and V. P. Ananikov,
ACS Sustainable Chem. Eng., 2018, 6, 8064-8092.

47 P. Dunas, A. ]. Paterson, G. Kociok-Kohn, S. E. Lewis and N. Kann,
ACS Sustainable Chem. Eng., 2019, 7, 7155-7162.

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cc05664g

Open Access Article. Published on 27 November 2024. Downloaded on 1/21/2026 6:38:01 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ChemComm

48

49

50

51

52

53

54

55

56

57

58
59

60
61
62
63
64
65

66

H. F. Jiang, R. Lu, X. L. Luo, X. Q. Si, J. Xu and F. Lu, Chem. - Eur. J.,
2021, 27, 1292-1296.

H. F. Jiang, R. Lu, X. Q. Si, X. L. Luo, J. Xu and F. Lu, ChemCatChem,
2019, 11, 4291-4296.

F. Liguori, C. Moreno-Marrodan and P. Barbaro, Chem. Soc. Rev.,
2020, 49, 6329-6363.

A. Corma, ]J. Navas and M. ]. Sabater, Chem. Rev., 2018, 118,
1410-1459.

A. C. Marr, Catal. Sci. Technol., 2012, 2, 279-287.

S. Hameury, H. Bensalem and K. D. Vigier, Catalysts, 2022, 12, 1306.
S. Mullick, A. Ghosh and D. Banerjee, Chem. Commun., 2024, 60,
4002-4014.

M. Kobayashi, S. Itoh, K. Yoshimura, Y. Tsukamoto and Y. Obora,
J. Org. Chem., 2020, 85, 11952-11958.

T. D. Nixon, M. K. Whittlesey and ]J. M. ]J. Williams, Dalton Trans.,
2009, 753-762.

S. F. Liu, M. Rebros, G. Stephens and A. C. Marr, Chem. Commun.,
2009, 2308-2310.

M. Rueping and V. B. Phapale, Green Chem., 2012, 14, 55-57.

A. S. Stilsmeden, J. L. B. Vazquez, K. van Weerdenburg, R. Rae, P. O. Nortby
and N. Kann, ACS Sustainable Chem. Eng., 2016, 4, 5730-5736.

Q. F. Wang, K. K. Wu and Z. K. Yu, Organometallics, 2016, 35, 1251-1256.
P. M. Illam and A. Rit, Catal. Sci. Technol., 2022, 12, 67-74.

Y. Z. Liu, A. Afanasenko, S. Elangovan, Z. H. Sun and K. Barta,
ACS Sustainable Chem. Eng., 2019, 7, 11267-11274.

A. Wiebe, T. Gieshoff, S. Moéhle, E. Rodrigo, M. Zirbes and
. R. Waldvogel, Angew. Chem., Int. Ed., 2018, 57, 5594-5619.
Mohle, M. Zirbes, E. Rodrigo, T. Gieshoff, A. Wiebe and
. R. Waldvogel, Angew. Chem., Int. Ed., 2018, 57, 6018-6041.

. F. T. Novaes, J. J. Liu, Y. F. Shen, L. X. Lu, J. M. Meinhardt and
. Lin, Chem. Soc. Rev., 2021, 50, 7941-8002.

M. Malkowsky, U. Griesbach, H. Piitter and S. R. Waldvogel,
Eur. J. Org. Chem., 2006, 4569-4572.

—nErnn®n

This journal is © The Royal Society of Chemistry 2024

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

View Article Online

Highlight

S. R. Waldvogel, S. Lips, M. Selt, B. Riehl and C. ]J. Kampf,
Chem. Rev., 2018, 118, 6706-6765.

L. Schulz, M. Enders, B. Elsler, D. Schollmeyer, K. M. Dyballa,
R. Franke and S. R. Waldvogel, Angew. Chem., Int. Ed., 2017, 56,
4877-4881.

F. Saito, H. Aiso, T. Kochi and F. Kakiuchi, Organometallics, 2014, 33,
6704-6707.

S. Molina-Gutiérrez, A. Manseri, V. Ladmiral, R. Bongiovanni,
S. Caillol and P. Lacroix-Desmazes, Macromol. Chem. Phys., 2019,
220, 1900179.

G. H. M. de Kruijff, T. Goschler, N. Beiser, A. Stenglein, O. M. Tiirk
and S. R. Waldvogel, Green Chem., 2019, 21, 4815-4823.

Z. Fang, S. Nikafshar, E. L. Hegg and M. Nejad, ACS Sustainable
Chem. Eng., 2020, 8, 9095-9103.

T. Yamamoto, B. Riehl, K. Naba, K. Nakahara, A. Wiebe, T. Saitoh,
S. R. Waldvogel and Y. Einaga, Chem. Commun., 2018, 54, 2771-2773.
C. Krumbiegel, H. K. Ly and I. M. Weidinger, Chem. Commun., 2024,
60, 10346-10349.

X.J. Wu, N. C. Luo, S. J. Xie, H. K. Zhang, Q. H. Zhang, F. Wang and
Y. Wang, Chem. Soc. Rev., 2020, 49, 6198-6223.

H. Chen, K. Wan, F. J. Zheng, Z. Zhang, Y. Y. Zhang and D. H. Long,
Renewable Sustainable Energy Rev., 2021, 147, 111217.

J. D. Zhou, F. Wang, Z. H. Lin, C. Cheng, Q. W. Zhang and ]J. J. Li,
Org. Lett., 2020, 22, 68-72.

I. V. Lavrentev, K. E. Shepelenko, I. G. Gnatiuk, A. A. Aleksandrov,
Y. Zhang and V. M. Chernyshev, Mendeleev Commun., 2023, 33,
494-496.

D. Cantillo, C. Mateos, J. A. Rincon, O. de Frutos and C. O. Kappe,
Chem. - Eur. J., 2015, 21, 12894-12898.

Y. F. Liang, R. Steinbock, L. Yang and L. Ackermann, Angew. Chem.,
Int. Ed., 2018, 57, 10625-10629.

J. Reimler, X. Y. Yu, N. Spreckelmeyer, C. G. Daniliuc and A. Studer,
Angew. Chem., Int. Ed., 2023, 62, €202303222.

Chem. Commun., 2024, 60, 14885-14895 | 14895


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cc05664g



