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Ether derivatives have myriad applications in several areas of
chemical industry and academia. Hence, the development of
more effective and sustainable protocols for their production is
highly desired. Among the different methodologies reported for
ether synthesis, catalytic reductive alcohol etherifications with
carbonyl-based moieties (aldehydes/ketones and carboxylic
acid derivatives) have emerged in the last years as a potential
tool. These processes constitute appealing routes for the
selective production of both symmetrical and asymmetrical
ethers (including O-heterocycles) with an increased molecular
complexity. Likewise, ester-to-ether catalytic reductions and

1. Introduction

Ethers are pivotal compounds for the chemical industry as they
present a wide range of applications in bulk and fine chemistry
(Figure 1)."" For example, ether functionality is found in many
bioactive compounds, fragrances, flavorings, natural products,
solvents, or polymers, a large variety of applications that
highlight the great relevance of this functional group.” In
addition, ether function is key in supramolecular chemistry
being present in the structure of crown-ethers or cryptands.'?
Moreover, ethers are commonly used as protecting groups in
organic chemistry, given their chemical inertness." Interest-
ingly, in the last years, biomass-derived ethers have aroused a
large interest due to their applications as surfactants, fuel
additives, or lubricants, among others."®9" The variety of
applications of ethers, together with the possibility of obtaining
this class of compounds from biomass platform chemicals, has
encouraged scientists working in organic chemistry and
catalysis to make efforts towards the development and
improvement of sustainable protocols for their synthesis
(Scheme 1).

Since its discovery in the 1850s, the Williamson reaction is
considered as the most common organic methodology for
ether synthesis (Scheme 1A).”) In a typical Williamson ether-
ification, an S\2 reaction between an alkoxide anion and a
highly electrophilic reagent takes place. However, the require-
ment of a large excess of strong bases and the use of toxic
alkylhalides seriously limit its application, as a lot of waste is
intrinsically generated.” In addition, hindered ethers are not
accessible through this protocol, since elimination takes place
when secondary or tertiary alkyl halides are employed.
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hydrogenative alcohol etherifications with CO, to dialkoxy-
methanes and other acetals, albeit in less extent, have under-
gone important advances, too. In this Review, an update of the
recent progresses in the area of catalytic reductive alcohol
etherifications using carbonyl-based compounds and CO, have
been described with a special focus on organic synthetic
applications and catalyst design. Complementarily, recent
progress made in catalytic acetal/ketal-to-ether or ester-to-ether
reductions and other related transformations have been also
summarized.

As a greener alternative to the Williamson reaction, related
alcohol alkylations with dialkylcarbonates via B, 2 mechanism
have been also noticed but result in not economically viable
processes.”

Another classical method for ether synthesis, although less
commonly employed, is the Mitsunobu reaction (Scheme 1B).""
In this methodology a primary or secondary alcohol reacts with
a nucleophile (a phenol or an alcohol with a strong electron-
withdrawing group attached to the carbon) mediated by
stoichiometric amounts of a redox combination of a trialkyl or
triaryl phosphine and a dialkyl azodicarboxylate.” Despite being
a synthetically valuable protocol, typically proceeding through
inversion of stereochemistry, it is far from being desirable from
the sustainability viewpoint.

More recently, catalytic cross-coupling protocols involving
phenols have been developed.” Copper-mediated Ullman-
type® and Chan-Lam couplings,®” as well as palladium-
catalyzed Buchwald-Hartwig arylations,® have become useful
reactions for accessing usually aryl ethers. Although being
efficient methods, they present important limitations such as
their narrow applicability or the requirement of toxic reagents,
base excess, and/or sophisticated ligands working under
specific conditions (Scheme 1C).

A practical methodology widely employed for obtaining
mainly linear symmetrical ethers is the acid-mediated bimolec-
ular dehydration of alcohols, also known as the direct ether-
ification of alcohols (Scheme 1D).'*%"®! |inear ethers can be
obtained from primary alcohols with strong acids (i.e., H,SO,) at
high temperatures. In fact, Et,O is nowadays produced in
industry by ethanol dehydration.” Gratifyingly, in the last
years, improved catalytic procedures with homogeneous and
heterogeneous Lewis and/or Brgnsted acid catalysts have been
successfully developed."®?" The main drawback of this
methodology is again its reduced applicability, as it is almost
limited to primary alcohols to avoid alcohol dehydration to
olefin and subsequent alcohol-to-olefin hydroaddition, olefin
hydration, and/or oligomerization."¥ Although some efforts
have been made to design acid catalysts able to control
selectivity towards asymmetrical ethers through this
protocol,”*® in general it is still only practical for obtaining
symmetrical ethers.'®9

Complementarily, the addition of an alcohol to an olefin or
alkyne, so-called hydroalcoxylation or hydroetherification reac-
tion, is a useful methodology mainly employed for the synthesis

© 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Figure 1. Some examples of ethers with relevant applications. ETBE =ethyl
tert-butyl ether. THF = tetrahydrofuran.

of branched asymmetrical ethers (Scheme 1E)."” This reaction,

commonly applied also intramolecularly for the synthesis of O-
heterocycles, is an atom-economical approach for ether

synthesis."” Traditionally, these reactions proceed under strong
acidic conditions, which implies an inherent generation of large
amounts of waste and corrosion problems of the reactors.”” To
circumvent these problems, homogeneous and heterogeneous
Lewis and/or Brgnsted acid catalysts have played an important
role for improving ether production by hydroalcoxylation
reactions."”
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It is important to note that the hydroalcoxylation protocol
presents two main challenges: avoiding the formation of side
products (alkene isomerization or dimerization/oligomerization
and alcohol dehydration) and controlling the selectivity
(Markovnikov vs. anti-Markovnikov)."9?*'” Taking into account
the side product formation and Markovnikov preference, hydro-
alcoxylation is a practical protocol for the production of
asymmetrical ether derivatives, coming from the addition of
primary alcohols onto highly substituted olefins."%' In fact,
branched ethers such as t-butyl methyl ether or ethyl t-butyl
ether are commonly produced through this etherification
procedure.'9'%

In addition, it is also interesting to highlight the ring
opening of epoxides with alcohols as a practical protocol for
accessing B-hydroxy ethers or polyethers, with high relevance
in polymer industry."

More specific protocols for ether synthesis such as the
catalytic  transfer  vinylation,"? alcohol addition to
tosylhydrazones,"® or alcohol phosphorylation™ have been
also reported. Moreover, emerging methodologies in modern
synthetic organic chemistry are also being applied to ether
production. Thus, protocols based on catalytic C—H activation
or electrosynthesis® have been recently developed. In addition,
an elegant dialkyl ether construction through a Ni-catalyzed
cross-coupling,”"” Cu-catalyzed hindered ether synthesis medi-
ated by radicals,"® and the organophotoredox-catalyzed decar-
boxylative methodology"® are worth mentioning.

Seeking alternative protocols for ether synthesis that meet
the requirements of sustainability and wide range of applic-
ability is a main goal of current organic synthesis and
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Scheme 1. Top: (A-E) general methods for obtaining ethers from alcohols.
Bottom: some related catalytic transformations also included in this Review,
such as (a) ester-to-ether reductions and (b) hydrogenative alcohol ether-
ifications with CO, or formic acid to dialcoxymethane ethers (cyclic acetals
can be obtained from diols). Bn =benzyl. DEAD = diethyl azodicarboxylate.
DIAD =diisopropyl azodicarboxylate.

catalysis.”” In this context, chemists are more and more

focusing their attention in reductive protocols that allow the
use of accessible reagents such as carbonyl-based
compounds."®9"*<?" Analogously to the development of amine
N-alkylation reductive protocols, like reductive amination,”?
typically employing aldehydes or ketones, or the more
challenging reductive N-alkylation with carboxylic/carbonic acid
derivatives,” reductive etherification of alcohols has more
recently emerged as an attractive strategy. In reductive
etherification,"*¥ in principle an alcohol acts as a nucleophile
reacting with an oxidized alkyl source (aldehydes/ketones,
carboxylic acids/esters, imides, and even triglycerides) in the
presence of a suitable reducing agent to afford an ether
product (Scheme 1F).'®¢2 At this point is important to
mention that there is no evidence of an intermolecular
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reductive etherification involving phenols, probably due to the
low nucleophilic character of the oxygen atom in this case.”*”

Traditionally, non-catalytic routes employing (over)
stoichiometric amounts of metal hydrides and/or an excess of
Lewis/Bregnsted acids that generate large amounts of waste
have proved to be effective for the reductive alcohol
etherification.”®* Obviously, important efforts have been
dedicated to the development of catalytic protocols that allow
more sustainable transformations."®9"*?" |n this direction,
several contributions have been reported from the homoge-
neous or heterogeneous catalysis areas employing different
reducing agents (mainly hydrosilane-based compounds or
molecular hydrogen). These processes constitute convenient
strategies to perform alcohol etherifications using readily
available carbonyl-based compounds as alkyl sources."®9"*<2" |n
addition, reductive etherifications involving the use of alcohol
surrogates (i.e., silyl-protected derivatives) or the reductive
homocoupling of carbonyl-based compounds have been also
developed.®**" Interestingly, all these procedures constitute an
appealing tool for the selective production of not only sym-
metrical, but also asymmetrical ethers with high molecular
complexity.'##"*¢?" |n this sense, the huge variety of ether
structures that can be synthesized with these reductive
processes directly benefits from the wide range of aldehydes,
ketones, and carboxylic acid derivatives available.

Intimately related with the reductive etherification of
alcohols employing carboxylic acid derivatives, ethers can also
be obtained by the direct reduction of esters (Scheme 1a).*
This is a highly attractive method considering the availability of
esters from renewable sources”” The ester-to-ether trans-
formation was proved first using well-stablished non-catalytic
procedures in the presence of (over)stoichiometric amounts of
metal hydrides or thiocarbonylating reagents.”®*® Owing to the
great interest of this transformation and the large advances
that catalytic reduction homogeneous and heterogeneous areas
have achieved in the last years, several catalyzed protocols have
been already reported. Nevertheless, catalytic strategies for
ester-to-ether reduction are still rather undeveloped, due to the
major tendency of esters to afford alcohols under reductive
conditions, instead of the corresponding ethers”*?? In the
section 3 of this Review, recent advances reported from both
catalysis areas dealing with ester-to-ether transformation are
carefully addressed, given the close relationship of this reaction
with reductive alcohol etherifications using carboxylic acid
derivatives.

Similarly, protocols employing CO, or formic acid as C, alkyl
source in the presence of alcohols and hydrogen have been
also reported for accessing mainly dialkoxymethane ethers, but
also other related acetal derivatives (Scheme 1b).2” Those
compounds constitute a relevant class of ether-type derivatives
with several applications.®**" This represents a new manner of
CO, valorization through its conversion into formaldehyde
oxidation level derivatives in the presence of benign molecular
hydrogen.®°*? |t is important to highlight that the use of carbon
dioxide as C, alkylating agent entails great benefits as it is a
non-toxic, cheap, and widely abundant chemical source.**
Furthermore, the activation of this extremely stable molecule

© 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH
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from the thermodynamic and kinetic viewpoints is considered
nowadays a great challenge of modern chemistry.>”

This Review offers an updated account of the advances
made in the area of catalytic reductive alcohol etherification
employing carbonyl compounds, carboxylic acid derivatives,
and CO, as alkylating sources. Likewise, other associated
processes entailing reductive etherification of alcohol surro-
gates or a self-etherification of the carbonyl-based source are
also adequately discussed. Whereas more traditional non-
catalytic methods are not included herein, both catalytic
homogeneous as well as heterogeneous examples are summar-
ized with a special emphasis in catalyst developments and
organic synthetic applications. Reductive protocols employing
as hydride source silicon-compounds bearing a Si—H bond
(hydrosilanes, hydrosiloxanes, and alcoxyhydrosilanes) or H, are
exclusively showcased here.

Other related etherification examples using hydroboranes!
or alcohols (via Meerwein-Ponndorf-Verley)®® as reducing
agents are not discussed in this work. Complementarily, related
catalytic transformations such as the acetal/ketal-to-ether®” and
ester-to-ether®** reductions are also addressed.

35]

2. Reductive Etherification of Alcohols or
Surrogates with Aldehydes/Ketones

Reductive alcohol etherification with carbonyl compounds as
alkyl sources and employing external reductors (Si—H reagents

or H,) is a practical reaction for the straightforward synthesis of
ethers.'*9"*<21 Aldehydes and ketones have high accessibility,
low price, easy handling, and widespread structural diversity,
making this protocol a valuable synthetic alternative for the
direct obtaining of a huge variety of complex symmetrical/
asymmetrical ethers, including O-heterocycles."™ Hence, a
large interest has developed in the last years in both
heterogeneous and homogeneous catalysis areas for designing
suitable catalysts systems and optimizing reaction conditions
for this transformation.

In this part of the Review, inter- and intramolecular catalytic
protocols reported up to date for the reductive etherification of
alcohols or surrogates (i.e., silyl-protected alcohols) with
carbonyl compounds are described in detail. Related trans-
formations, such as reductive self-etherification of carbonyl
compounds and acetal/ketal-to-ether reductions, are also
commented here. The general mechanism commonly proposed
for this transformation is illustrated in Scheme 2.1'92%38 First,
the acid-catalyzed formation of a hemiacetal or acetal inter-
mediate is proposed, with both species in equilibrium through
an oxocarbenium ion or a related intermediate.*®**? For (hemi)
acetals containing at least one a-H, loss of water or R'OH
generates the corresponding enol ether intermediate, in
equilibrium with an oxocarbenium ion, which is easily reduced
to the desired ether (path a). In the case of carbonyl
compounds with no o-H, (hemi)acetal intermediates might
undergo a direct hydrogenolysis to the corresponding ether
derivative (path b).'9*®-4%9 |t has also been suggested that
direct hydrogenolysis, and/or related pathways, can entail the

Catalyst
Direct Hydrogenolisis

[X-H] = [Si-H] or [H,] [X-H]
Si = Silyl group - SiOH or - HOH @ R o
R', R" = H, alkyl, aryl ﬁ’\ __________ aays _____ ™
o2- LRR [X-H] §
Catalyst R oxocarbenium :
P EERE LR b LR LR y ,(‘ﬁ:;, - Hydrogenation :
: 2 : H* R'Q OH| =’ :
© R-OH + A : H* :
: RZOR® RZR? . *
1 ! a H
iR'=alkyl, Bn  R?=alkyl, aryl hemiacetal ©  ifR?=CHRR" v
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______________________________________ J ) ) i 1
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Scheme 2. Catalytic reductive etherification of alcohols with aldehydes/ketones in the presence of an external reductor (i.e., Si—H reagent or H,). Hemiacetal,
acetal, enol ether, and oxocarbenium ion derivatives are considered as the main potential intermediates (enol ether derivative can be only formed if the
carbonyl source has at least one a-hydrogen). Is important to note that depending on the reducing agent employed some of the depicted steps could be

slightly different.
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formation of an oxocarbenium ion intermediate by protonation
of the (hemi)acetal and subsequent water/R'OH release,
followed by its catalytic reduction to give the desired ether
(path bl).[ZSa,SSa,c,g,SQ]

In addition, formation of symmetrical ethers as side
products can be explained by the reduction of the carbonyl
compound to the corresponding alcohol, and subsequent
reductive etherification with its carbonyl analogue."%***? More-
over, ether formation could also proceed by an acid-catalyzed
bimolecular dehydration of two different alcohols.'"*" This
process could afford either the desired ether or other sym-
metrical ethers. In order to favor the reductive etherification
pathway, reaction conditions are fine-tuned to drive the (hemi)
acetal formation through the use of an excess of the alcohol or
the carbonyl compound in acidic media.

2.1. Using Si—H compounds as reducing agent

Hydrosilanes and related Si—H reagents are considered one of
the most selective, easy-to-handle, and least toxic class of
reductors in organic chemistry.*” These compounds are charac-
terized by polar Si-H moieties, being highly chemoselective
and mild hydride sources for carbonyl group reduction, even in
the presence of aromatics and other common reducible
functionalities.”'***' Obviously, these reagents also present the
disadvantage of generating equimolecular amounts of waste
products, which makes them not the preferred choice in
industrial applications for sustainability reasons. Moreover, most
of the catalysts employing these reducing agents are homoge-
neous systems, more difficult to reuse; another drawback to
achieve more sustainable processes. However, due to the easy
applicability of these reagents, they have been broadly
employed in catalytic reductive etherification of alcohols or
surrogates (i.e., silyl-activated alcohols) with carbonyl com-
pounds, or related reductive transformations for C—O bond
building, albeit mainly in the context of small-scale laboratory
reactions. With these strategies, direct formation of a wide-
spread collection of ether-type derivatives can be accomplished
with high levels of efficiency.

In 1972, Doyle et al. first showed a reduction of aldehydes/
ketones with a hydrosilane (i.e., Et;SiH) in alcoholic acidic media
directly affording asymmetrical ethers”® However, a molar
excess of a strong Brensted acid, such as sulfuric or trifluoro-
acetic acid, was required. After this contribution, several
catalysts able to perform silane-mediated reductive etherifica-
tions between non-protected alcohols and aldehydes/ketones
have been reported.

In this respect, Scheme 3 illustrates the described protocols
to date for the intermolecular alcohol reductive etherification
catalyzed by Lewis/Brgnsted acids or transition metals. In 2002,
Wada etal. developed the first catalytic method for sym-
metrical/asymmetrical ether production from alcohols and
carbonyl reagents in the presence of Et;SiH as reductor
(Scheme 3, see also Scheme 6D).* In this work, BiCl; was used
as catalyst for efficiently performing reductive etherification of
alkyl and benzyl alcohols with aromatic or aliphatic carbonyl
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H

Scheme 3. Top: Lewis/Brgnsted acid- or transition metal-catalyzed alcohol
reductive etherifications using aldehydes/ketones and hydrosilanes. Bottom:
mechanism proposed by Roth and co-workers"* for the HOTf-catalyzed
etherification of alcohols with carbonyl compounds. DCM =dichlorome-
thane. OTf=trifluoromethanesulfonate. DCE = 1,2-dichloroethane.
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Thiourea catalyst promotes formation
and increases electrophilicity of

oxocarbenium ion via anion-binding

Scheme 4. Synthesis of unsymmetrical ethers by reductive etherification
with anion-binding catalysis. MS =molecular sieves. [a] Run with a thiourea
having Br atoms instead of CN groups.

substrates at room temperature. As expected, phenol or
carboxylic acid groups were not affected under this reaction
conditions.""

Five years later, a similar FeCl;-catalyzed reductive ether-
ification protocol was developed by Oriyama and co-workers
(Scheme 3)."*) More than 30 ether derivatives were obtained,
and improved results were achieved in comparison with the
methodology of Wada et al. for aliphatic aldehydes or ketones.
Later on, Roth and co-workers described a triflic acid-catalyzed
version for the same transformation.*® By using 1 mol% of
HOTf and 1.1 equiv. of Et;SiH, a wide range of asymmetrical
ethers were accessed in up to 88% isolated yield (Scheme 3,
see also Scheme 6H). Notably, even a hindered tertiary alkyl
alcohol, such as tert-butanol, was successfully etherified for the
first time. In terms of mechanism, the authors propose that,
initially, triethylsilane trifluoromethanesulfonate (TES—OTf)
generated from triflic acid, carbonyl substrate and Si—H
reductor as the real active species able to activate the carbonyl
group towards nucleophilic attack by the alcohol (Scheme 3,
bottom). Subsequently, proton transfer and reduction with
Et,SiH affords the ether and silanol by-product, regenerating
the TES—OTf catalyst."
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Scheme 5. O-heterocycle synthesis. (A) Re,0,-catalyzed allylic alcohol trans-
position/intramolecular reductive etherification sequence. Diastereoselectiv-
ity ratio (cis/trans) in parentheses, calculated by 'H NMR spectroscopy
relative to the hydrogens placed in 2,5- or 2,6-positions. [a] Using a substrate
with a pre-existing stereocenter as enantiopure compound. (B) Intra-
molecular reductive etherification of keto phenols in the presence of InCls.
[b] In this case, cis/trans configuration refers to the hydrogens placed in 2,3-
position. Isolated yields are given.
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i catalyst S mT Albrecht and co-workers reported in 2017 an Ir complex-

5‘ 52 T \‘.R2+\0+R2_7W catalyzed reductive etherification of methanol and 4-fluoroace-
g HEZH tophenone to synthesize 1-fluoro-4-(1-methoxyethyl)benzene in

Aldehydefketone Catalyst [StH] (equiv the presence of diphenylsilane (Scheme 3, see also
1 3 examples 47) . .
A 22=:|kyl,aryl [Tgﬁﬁﬁ‘] EtSiH (1) Mukaiyama Scheme 60).*" Finally, Yb(OTf); was reported by Rosati et al. in
T (1ess)e 2019 as an efficient and general Lewis acid catalyst for
5 R=alkyl,ary [TMS-0Tf] (MesSiH,0 (1) 7 examples performing alcohol reductive etherifications with aldehydes/
R?= (28] Palomo (1986)("" ketones.”® |n the presence of Et,SiH, a wide range of ethers
& R=alkyl an =l s (12 B e were p.rodl.Jced.from aIkyI/prope?rgyI .or benzyl alcohols and
R2 = H, alkyl (1-3 mol%) i : Komatsu (1997)'5"! aromatic/aliphatic aldehydes or aliphatic ketones (Scheme 3).
p Y/ p
““““ Je e In addition, in 2017 Seidel and co-workers reported a metal-
R' = alkyl, | BiCl, " 6 I i . . . . .
2 Rz=:v Z,k;,'y (1[1 ,'mffh) EtsSiH (1.3) Wa::?;)‘:,;;«] free protocol”® in which a readily accessible thiourea organo-
----------------------------------------------------------------------------------------- catalyst, in cooperation with HCl, promoted reductive ether-
o Rizam [M:S["c"(gi”();g Al ELSH (1) 8 examples ification via anion-binding catalysis™®® (Scheme 4). It is sug-
R? = H, alkyl (2-4 mol%) Laali (2009)7 gested that the presence of the thiourea enhances the Brgnsted
""""""""""""""""""""""""""""""""""""""""""""""""""" acid-promoted generation of the oxocarbenium ion and/or its
R' = alkyl, aryl [I2] 16 examples il . . i
' ReoH alkyl (2.5 mol%) PMHS (3) Yadav (2010879 equilibrium concentration, as well as its electrophilic character,
----------------------------------------------------------------------------------------- as a consequence of thiourea interaction with the correspond-
R" = alkyl [InBry] PhSiH; (1.3) 6 examples ing counter anion.®™ Regarding substrate scope, either benzylic
8 R2 = alkyl (5 mol%) or Et3SiH (4) Sakai (2011)/74a 6 /m0 /20 . . . . .
__________________________________________________________________________________________ or 1°/2°/3° aliphatic alcohols undergo efficient reductive
4 R'=alkyl,any [HOTA] EaS L) 13 examples coupling with aromatic/aliphatic aldehydes or ketones using
R?= H, alkyl (1 mol%) Roth (201119 1,1,3,3-tetramethyldisiloxane (TMDS) or MePhSiH,. Notably, the
T T 10 examples protocol was fully compatible with the presence of different
;. Rl=alkyl,aryl [Cu(OTf);] (Me,SiH),0 (0.63) Chen & Lemar R . R R X | .
R2 = H, alkyl (1-5 mol%) 25T T e{"zm)‘[’g]"”’e functionalities including ether, halides, nitro, nitrile, ester,
"""""""""""""""""""""""""""""""""""""""""""""""""""" alkenyl, or alkynyl, among others. Moreover, satisfactory ether
R' = alkyl, aryl Zn(OTf] Et3SiH (4) or 10 | . . . il . . .
J R2=a yl, ary [(5n:n 3 0/)§] (MeGZSiH)ZO(Z) Saka,?’(‘:(;’;)e[fm yields were obtained from reductlvg etherifications involving
------------------------------------------------------------------------------------------ more challenging aromatic ketones.?
x Ri=alkyl aryl [In(OTf)s] Et;SiH (4) 15 examples Interestingly, intramolecular reductive etherification proto-
R?=H (10 mol%) Mineno (2014)7 . L )
.......................................................................................... cols give place to O-heterocycle derivatives, which are the core
Ri=alkyl aryl  [FesOlAcO or _ 19 examples of many natural products and compounds with relevant
L . [FeCly] (2 mol%) Et;SiH (1.05) : p . . e gl .
R?=H, alkyl [TMS-CI] (8 mol%) Leino (2015) biological activities.*” Early non-catalytic examples for the
------------------------------------------------------------------------------------------ synthesis of O-heterocycles via reductive intramolecular con-
Pphzs(?,,,,a@orf densation between alcohols and carbonyl moieties were
R' = alkyl, aryl EL.SiH (3 15 examples developed by Nicolau et al.”**? and Colobert, Solladié, Carrefio
W Reoy OO sSH @) Hudnall (2016)77)
and co-workers.”** Most of these methods were used in the
00 . .
________________________________ (3m°'/) context of natural product synthesis and consisted of the
§ R'=alkyl,any Mo/C] MeFHEH (2] LﬁﬁX:ﬂﬂEﬁ-‘:s combination of triethylsilane and stoichiometric amounts of
R? = H, alkyl (0.1 mol%) (2017)781 trimethylsilyl trifluoromethanesulfonate (TMS—OTf).
""""""""""""""""""""" T(om In a catalytic context, Roth and co-workers described in
2
\é/ 2011 an example of reductive cyclization for 2-meth-
5 Rizam I!"OH2 PhySHL 2) 6 examples yltetrahydrofuran formation."® The same year, Chandrasekhar
= \ . .. . . . .
RI=H, ‘I’"‘V' MO NS Albrecht (2017} et al. applied a similar strategy for obtaining a cis-2,6-disubsti-
ary NG i '
N U tuted tetrahydropyran, using BF;-Et,O as catalyst, via one-pot
_________________________________ ( °1m°'/") deketalization/intramolecular cyclization sequence, as key step
P . 50
5 Rl=alkyl anyl [UOA(OTH2] T 19 examples for synthesizing (—)-centrolobine.®”
R?=H (1 mol%) Cantat (2019)"% Later, two general protocols for O-heterocycle synthesis
@ through intramolecular reductive etherification have been
o X° described (Scheme 5). In 2014, the group of Floreancig
developed an elegant Re,O;-catalyzed method for the straight-
_ 3 examples . . . .
Q 2;;:"‘::”' or Gems—% EtsSiH (1) Fritz-Langhals forward synthesis of a wide range of cyclic ethers in the
‘ TMS/cé / (2020)% presence of Et;SiH as reductor (Scheme 5A).5°" In this work, an
m ;!V'g] allylic alcohol transposition coupled with a direct reductive
: Si, Ge] . .
(0.050-0.01 mol%) condensation, affords tetrahydrofurans and tetrahydropyrans in
up to 96% isolated yield. The authors propose as key steps of
Scheme 6. Reductive homocoupling of carbonyl compounds to symmetrical the mechanism the ionization of the hemiacetal intermediate to

ethers. X=B(Ar),, B(SICl;),, AIOC(CF)s],. Y =BI(Ar'),, B(SICLy).. afford the corresponding cyclic oxocarbenium ion and its

reduction. As consequence of an increased access to the
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formation of the oxocarbenium ion, five-membered rings were
produced faster than six-membered ones, and 2° allylic alcohols
reacted faster than 1°5° In addition, ketones exhibited
improved reactivity compared with aldehydes. Interestingly,
when ketones are involved, a new stereocenter is formed in the
process, thus offering possibilities of stereocontrol. While a total
cis diastereoselectivity was observed for tetrahydropyran for-
mation (relative to 2,6-positions), tetrahydrofurans were ob-
tained with poorer diastereoselectivity (referred to 2,5-posi-
tions).

Furthermore, reductive cyclization on substrates bearing
pre-existing chiral centers was studied, giving place to tetrahy-
dropyrans with excellent 2,6-cis stereochemical selectivities. It is
interesting to note that the chemical nature of the Si-based
hydride employed directly influences on the stereocontrol
degree. In fact, when less reactive Ph;SiH is used, an improved
diastereoselectivity was obtained for the same starting
material. >

Five years later, Wang and co-workers designed another
strategy for the production of O-heterocycles through the
intramolecular reductive etherification of keto phenol com-
pounds using InCl; as catalyst and EtSiH as reductor
(Scheme 5B).”" More specifically, a wide range of substituted 2-
aryl chromans were obtained from 2-hydroxychalcones, as well
as 6H-benzo[clchromenes from the corresponding keto phenol
derivatives in moderate to excellent isolated yields (42-93%). In
the case of substrates having a prochiral carbon stereocenter,
reductive cyclization showed a total diastereoselectivity relative
to 2,3-positiions. Up to date, this contribution represents the
only known method for a reductive etherification using phenols
as substrates.® In terms of mechanism (see Scheme 5B,
bottom), an initial transmetalation is proposed between Et;SiH
and InCl; to form HinL, hydride. The hydride undergoes Michael
addition to a 2-hydroxychalcone to generate an indium enolate
(1), which through isomerization and hydride 1,2-addition leads
to lll. Finally, an intramolecular cyclization affords the chroman
product and final transmetalation regenerates HinL, species.?”

Complementarily to the reductive etherification protocols
between alcohols and carbonyl compounds, silyl-activated
analogues such as alkoxy(hydro)silanes or alkylsilyl ethers have
been employed as alcohol surrogates in these reactions. These
methods are less attractive alternatives from the sustainability
viewpoint due to the required previous synthesis of the silyl-
activated derivative.*”” However, owing to the broad presence
of alkylsilyl-based protecting groups in organic chemistry and
natural product synthesis, the reductive etherification methods
of silyl-protected alcohols have a high synthetic value for
accessing alkyl ethers.?’™'*? Remarkably, trimethylsilyl-pro-
tected alcohols are commonly employed in selective protecting
group manipulations for the synthesis of glycoconjugates,
where triethylsilane-mediated catalytic reductive etherifications
constitute a key step.?’™*? These specific works mostly focused
on carbohydrate chemistry are not discussed here.?'**23

In Table 1 are summarized the catalytic protocols described
in the literature for the reductive etherification of Si-activated
alcohols with carbonyl compounds. By applying these method-
ologies, both symmetric and asymmetric ether derivatives can
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be accessed. Usually, Lewis/Brensted acids or organometallic
complexes have been employed as catalysts.

Original work in this field was disclosed by Mukaiyama and
co-workers in 1985 (entry 1).5% In this publication, trityl
perchlorate (Ph;CCIO,) as catalyst, in combination with Et;SiH as
reducing agent, promoted the reductive coupling of different
alkoxytrimethylsilanes with aldehydes/ketones. Thereafter, oth-
er Lewis acids such as TMS—|, TMS—QOTf, and BiBr; were reported
from 1987 to 2002 by Olah, Prakash and co-workers,®
Nishizawa and co-workers,*® Komatsu et al.*” and Hosomi and
co-workers®® (entries 2-6) as efficient catalysts for the same
transformation. Notably, the example from Hosomi and co-
workers was the first where the alkoxy(hydro)silane is employed
as both alcohol surrogate and reducing agent, being hence a
more atom-efficient protocol (entry 6).°

In 2002, joined contributions from Bajwa, Jiang and co-
workers®*®? reported two protocols for ether preparation from
alkoxysilanes or alkoxyhydrosilanes and carbonyl compounds
(entries 7 and 8). In these cases, BiBr; alone®™ or in combination
with CI(i-Pr),SiH®” is used as catalyst system for the reductive
etherification of silyl-activated alcohols. Herein, authors propose
Et;SiBr or Cl(i-Pr),SiBr; species, formed respectively from BiBr;/
Et;SiH® or BiBry/Cl(i-Pr),SiH®” combinations, as the active
catalytic species.

One vyear later, Evans et al. and Hinkle et al. described the
first catalytic intramolecular version of this transformation
(entry 9).5°7 |n their work, a stereoselective synthesis of several
cis-2,6-disubstituted tetrahydropyrans was efficiently accom-
plished via BiBrs-initiated reductive etherification of d-trialkylsi-
lyloxy substituted ketones.* " Interestingly, the synthetic
applicability of this methodology was showcased by performing
the total synthesis of the antibiotic (—)-centrolobine, involving a
reductive cyclization of a d-trialkylsilyloxy aryl ketone derivative
as key step.®* In addition, authors also provided convincing
evidence to assume that Brgnsted acid HBr, in-situ generated
from hydrosilane reduction of BiBr;, constitutes the real catalyst
in the etherification process.”® These observations are clearly
in disagreement with the ones previously supposed by Bajwa
etal. in 2002.*¥

From 2003 to 2008 different Lewis acid systems such as
Cu(OTf),, B(C¢Fs)s, FeCls, and InCl; were employed by Hung and
co-workers,®”  Chandrasekhar etal,”® Oriyama and co-
workers,®™ and Xu, Lai etal™ as efficient catalysts for ether-
ification reactions of silyl-activated alcohols (entries 10-14). In
these contributions, mainly Et;SiH (entries 10, 12, and 13)©"
but also the hydrosiloxane PMHS (entry 11)*? were employed
as reducing agents, and trimethylsilyl (TMS)*'¥ or tert-
butyldimethylsilyl (TBS)®*' were used as alcohol surrogates.
Triethoxysilane could be employed as both silyl activated
alcohol and reducing agent (entry 14).%%

Later on, Argouarch etal. reported in 2012 a dicarbonyl
pentamethylcyclopentadienyl iron complex as active photo-
catalyst for obtaining unsymmetrical ethers through reductive
etherification of dialkoxymethylsilanes (used either as reductor
and silylated alcohol) and aldehydes (entry 15).%* Following the
trend of iron-based catalysts, the group of Leino developed in
2015 a general protocol for reductive coupling of TMS—alcohol
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Table 1. Catalytic reductive etherification of silyl-protected alcohols (also known as alkoxysilanes or alkylsilyl ethers) with aldehydes or ketones as alkyl
source.
R o R! H/R? catalyst HIR3
RIO-SI R+ A o YY _ s R© o ]
R R? “HIR o o [Si-H] H R2 R O7 HR
2 SIRR'R Conditions
R' = alkyl, Bn R? = aryl, alkyl R' = alkyl, Bn
RR,R"=H,alkyl  R®=alkyl R? = alkyl, aryl
R, R', R" = alkyl
Entry® Alkoxysilane Alkyl Catalyst Si-H Reaction Scope Ref.
source (mol %) (equiv.) Conditions
Me
R'0-Si-Me )
1 Me Rzl RS Ph,CCIO, (5) Et,SiH (1) DCM, 0°C, 10 min 9 ex. [54]
R'=1°, 2°-alkyl, Bn
Me
R'-0-Si-Me o
2® Me Rzu\Hle TMS— (5) Me;SiH (1.1) DCM, 0°C, 10 min 12ex.  [55a]
R' =1°, 2°-alkyl
Me
R'0-Si-Me o -78°
30 Me A TMS— (5) Me;SiH (1.25) DCM, —78°C to RT, 12ex.  [55b]
1 R "H 5-6 h
R' = 3°-alkyl
Me
R0-Si-Me o
4 Me Rzu\Hle TMS—OTf (10) Et;SiH (1.2) DCM, =780 0°C, 12 h 2ex.  [56]
R'=1°, 2°, 3°-alkyl, Bn
Me
R'0-Si-Me 9
5 Me Rzl\Hle BiBr; (1-3) Et,SiH (1) MeCN, RT, 5 min-20 h 10ex. [57]
R' = 1°-alkyl, Bn
Me
R'0-Si-Me 9
6 H RZA\HIR3 TMS— (5-20) (OR")SiH(Me), (1.1-1.2) DCM, 0°C to RT, 2-36 h 20 ex. [58]
R'=1°, 2°-alkyl, Bn
R
R'0-Si-R' o
R" . . .
7 R" = 10, 20.alkyl RZA\HIR3 BiBr; (6.7) Et;SiH (1.5) MeCN, RT, 10-30 min 7 ex. [59]
R, R, R" = alkyl, Ph
J-Pr
R'O-Si—i-Pr o] BiBr, (7.7)
[d] . 3 /. NG :
8 1 H Rzu\Hle +CI-PY,SH (10) (OR")SiH(i-Pr), (0.8) MeCN, RT, 10 min 9 ex. [60]
R' = 1°, 2°-alkyl
R1\|/\/\H,H/R2
0 (o}
~Si<gu
9 R é', R BiBr; (5-20) Et,SiH (1.2-2) MeCN, RT 13ex.  [39d-]
R' = 1°-alkyl, Bn
R, R, R" = alkyl
C7Hss Me o]
\—0-si-Me _ ; DCM, RT to reflux,
10 X RZA\HIR3 Cu(OTH), (0.5-10) Et,SiH (1.1) 5oah 1ex. [61]
Me
R'-0-Si-Me o
11 Me RZH\HIR3 B(CeFs); (1) PMHS (2) DCM, RT, 5 h 17 ex.  [62]
R' = 1°, 2°-alkyl, Bn
Me o
R'0-Si-Me ) MeNO,, —20°C to RT,
12 1 Me b e FeCh () Et,SiH (1.2) 10 min-ah 2ex.  [63a]
R'=1°,2° 3°-alkyl, Bn
R
Rio-siR i MeNO, or MeCN, —20°C
R" . B eNO, or MeCN, —20°
13 R = 1. 20, 3ol b g FeCh(9) EtSiH (1.2-2.4) o RT, 10 min—4 h 24ex.  [63b]
R, R, R" = alkyl, Ph
ot 2
14 Et-0-Si-OFt RZCH InCl; (10) (EO);SiH (1.5) e 15 equiv DA s o e
H R? = aryl !
OR
R'0-Si-Me o \ 2) (MeO),MeSiH
15 H eIz VIeSIR oF DCM, hv, 4 h l4ex.  [65
R'= e, Et R Fo—()-oMe (B0, MesiH (1) K [65]
R=R! oc" |
oc
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Table 1. continued
R 0 R! HIR? catalyst S E Q
R.0-Si-R"  + A or M _ RS or 12N 1y R2
B R* "HIR (o] o i 2 R'-"0"-"HIR
R “SiRR'R" [Si-H] H R A A
1 2 Conditions
R' = alkyl, Bn R“ = aryl, alkyl R'= alkyl, Bn
R, R, R"=H, alkyl R® = alkyl RZ = alkyl, aryl
R, R', R" = alkyl
Entry®  Alkoxysilane Alkyl Catalyst Si—H Reaction Scope  Ref.
source (mol %) (equiv.) Conditions
Me o
R'0-Si-Me
16 Me A FeOROkorfFec @+ gy gy g o5 AcOEt, RT, 0.5-1 h 18ex.  [66]
1 RZ “HIR TMS—CI (4)
R" =1°, 2°-alkyl, Bn
Me
R'0-Si-Me i
17 " Me R? "H TMS—OTf (10-20) PMHS (0.25-0.5) DCM, —70 to —30°C 16 ex. [67]
R' = 2°-alkyl, glycosyl 2 _
R% = aryl
homoglycosyl
©)
:NIe (o} Ge ) [B(AI‘F)4]®
18 Et—0-Si-Me A - Et,SiH (1) CD,Cl,, RT 1ex. [68]
Me CsH11” °H
(0.02)
[a] In entries 1, 2, 11, 16, and 18, Si-alcohol and carbonyl substrate are added equally. In entries 3, 8, 12, 14, and 17 the limiting reagent is the alkoxysilane
while for entries 5-7, 10, 13, and 15 the limiting reagent is the carbonyl source. In entry 4, for aldehydes alkoxysilane is the limiting reagent while for
ketones it is the carbonyl compound. In all cases, the amount of Si—H reductor is referred to the limiting reagent. [b] TMS—I catalyst is generated in situ
from powered iodine and hexamethyldisilane. [c] Alkoxysilane also acts as the reducing agent. TMS =trimethylsilyl. PMHS = polymethylhydrosiloxane.
TBAF = tetra-n-butylammonium fluoride. Ar" = CFs.

derivatives with aldehydes/ketones employing iron(lll) oxoace-
tate or chloride, in combination with TMS—ClI, as catalyst system
(entry 16).

Finally, two examples of this reductive transformation were
presented last year. On the one hand, Mong and co-workers
designed a general procedure for the reductive etherification of
different trimethylsilyl-protected glycosides or polyols with
benzaldehyde or 2-naphthylaldehyde using PMHS as hydride
source and TMS—OTf as catalyst (entry 17).%! By applying this
methodology sequentially, several TMS-protected substrates
prepared by alcohol silylation without isolation®™ can be
converted to the corresponding benzyl and naphthylmethyl
ethers avoiding common transilylation side reactions.”” On the
other hand, Fritz-Langhals et al. synthesized a novel cationic
germanium complex [Cp*GelB(Ar"), able to catalyze the reduc-
tive coupling between ethoxytrimethylsilyl and hexanal in the
presence of triethylsilane as reductor (entry 18).1°®

Apart from inter- and intramolecular reductive etherifica-
tions between alcohols or surrogates and carbonyl compounds,
reductive self-coupling of aldehydes/ketones into symmetrical
ethers has been also explored (Scheme 6). In fact, this reaction
has been performed with some of the previously described
catalysts for the related reductive transformations (see
Schemes 3 and 5 and Table 1). Doyle et al. reported in 1974 an
original non-catalytic example affording symmetrical ethers
through carbonyl compounds reduction with Et;SiH in trifluoro-
acetic acid media.*” In 1976, subsequent attempts employing
33-50 mol% of BF;-Et,0 as Lewis acid were also described by
the same group.”” After such early contributions, a significant
number of mostly homogeneous catalysts have been reported
for this reaction (Scheme 6). Since the work of Mukaiyama and
co-workers in 1985 using trityl perchlorate as catalyst in
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combination with Et;SiH to form symmetrical ethers from
aldehydes (Scheme 6A),>* different Lewis/Bransted acid catalyst
systems were proven to be effective in this etherification
process (Scheme 6B-L). Thereby, TMS—OTf,**® BiBr,, BiCl;, M-
(OTf); (with M=Sc, Bi, Ga, or Al), I,, InBr;, HOTf, Cu(OTf),,
Cu(QTf),, Zn(OTf),, In(OTf);, and Fe;0(AcO), or FeCl; in combina-
tion with TMS—CI were independently reported from 1986 to
2015 by the groups of Palomo,”” Komatsu,®” Wada,"* Laali,"*
Yadav,”® Sakai,” Roth,”*® Chen and Lemaire,”> Mineno,”® and
Leino® as active catalysts for this reaction. In most of the cases,
both aldehydes and ketones worked well under the reaction
conditions affording symmetrical ethers in good to excellent
yields. Because of the high chemoselectivity offered by Si—H
reductors, aromatic moieties were successfully tolerated.

Interestingly, in 2016 Hudnall and co-workers presented the
synthesis of a novel stibonium triflate salt and its successful
application as a Lewis acid catalyst for the reductive coupling of
a broad range of aromatic/aliphatic aldehydes with Et;SiH as
reductor (Scheme 6M).”” Spectroscopic and computational
studies revealed that the interaction between a highly Lewis
acidic antimony(V) center and the Lewis basic oxygen from the
aldehyde is key to polarize the C=0 bond.

A year later, Lohr, Marks and co-workers described the only
heterogeneously catalyzed example for this reaction
(Scheme 6N).”® In this contribution, a carbon-supported dioxo-
molybdenum (Mo/C) material in combination with Me,PhSiH as
the reducing agent was able to perform reductive coupling of
several aldehydes/ketones, including aromatic examples, into
symmetrical ethers.

Between 2017-2020, three additional systems were pre-
sented as efficient catalysts for promoting carbonyl compounds
reductive homocoupling. First, Albrecht et al. studied a meso-
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there are two reported contributions in the literature of this
specific transformation. In 1988, Olah and co-workers showed
that catalytic amounts of TMS—OTf in combination with trimeth-
ylsilane, efficiently promote the production of O-based hetero-
cycles from the corresponding dicarbonyls (Scheme 7A).5%
While a total lack of stereoselectivity was observed for the
formation of a five-membered ring, cyclization of 2,6-hepta-
dione generated the desired cis-heterocycle quantitatively.
Similar results were reported in 2019 by Wang etal. by
employing InCl; as catalyst and triethylsilane as reducing agent
(Scheme 7B).”Y In this case, reductive cyclization of 1,2-
dibenzoylbenzene produced 1,3-dihydrobenzofuran with 89%
yield and 1:0.8 trans/cis molar ratio. Several 2,6-diaryl-substi-
tuted tetrahydrofurans were synthesized from o,f3-unsaturated
ketocarbonyls in moderate to good yields (63-85%) with rather
negligible stereoselectivity. By contrast, 1,5-dicarbonyl sub-
strates afforded the desired 2,6-diaryl-substituted tetrahydro-
pyrans with total cis stereoselectivity.?"

2.1.1. Acetal/ketal-to-ether reduction using Si—H reagents

It is known that acetals/ketals are key intermediates in the
reductive etherification between alcohols and aldehydes/
ketones (see Scheme 2). Hence, several examples performing
acetal/ketal-to-ether®” catalytic reduction have been reported
in the literature using homogeneous and heterogeneous
catalysis (Scheme 8). Originally, in 1979 Noyori and co-workers
developed a TMS—OTf-catalyzed method for the hydrogenolysis
of acetals/ketals in the presence of hydrosilanes.®™ Later on,
Olah et al. described that Nafion-H and triethylsilane efficiently
promote the reductive cleavage of acetals/ketals to the desired
ethers.®™ Remarkably, in this contribution a one-pot method-
ology for the reductive conversion of carbonyl compounds into
ethers using orthoformates as alcohol surrogates was also
developed.
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ionic carbene iridium complex bearing a triazolylidene-pyridyl A H

ligand, as catalyst for symmetrical ether production from -

aromatic aldehydes/ketones (Scheme 60, see also Scheme 3).*” ©\/:o o

Using diphenylsilane as hydride source and 0.1 mol% of the Ir- \ / 99% H

complex, different dibenzyl ethers could be accessed at room o [TMS-OTf]

temperature. In 2019, Cantat and co-workers published that a (1.6 mol%)

uranyl(V1) triflate [UO,(OTf),] catalyst in combination with Et;SiH /H\/T Me;SiH (4 equiv) \U/

as reductor was effective to form a wide range of symmetrical DCM,0°Ctort, 6h 85% (1:1)

ethers from aldehydes at 20°C (Scheme 6P)." This contribution 3 examples

clearly evidences that highly oxidized species, such as uranyl 0 o Olah (1988)13%] \tj/

(VI), are stable and fully compatible with the presence of /k/\/k

reducing agents. Indeed, during aldehyde group reduction the 99% (cis)

integrity of the U=0 bond is not compromised.

Finally, last year Fritz-Langhals etal. synthesized novel B Ph Ph 4
cationic Si'" and Ge" compounds and successfully applied them o @QO
as catalysts in oxidative coupling of silanes to siloxanes and o
simultaneous reductive self-etherification of aldehydes/ketones Ph ph H
to afford ethers (Scheme 6Q).® 89% (1:0.8)

Interestingly, reductive etherification using dicarbonylic o (5gnn(1:<l>7ﬂl%) R
compounds to afford O-heterocycles is also known. To date, A,*/\(A" Arﬁ/m

] Et;SiH (4-6 equiv) \\

jon

85-91% (cis)

Scheme 7. O-heterocycles from reductive condensation of dicarbonyl com-
pounds catalyzed by (A) TMS—OTf or (B) InCl;. Isolated yields are given. In
parentheses is shown the diastereoselectivity ratio (trans/cis), calculated by
'H NMR spectroscopy, relative to the hydrogens placed in 2,5- or 2,6-
positions.

Following these two seminal examples, in 2003 Ohta et al.
presented that the RhCI(PPh;); complex is able to catalyze the
reductive cleavage of C—O bond in acetals/ketals to produce
ethers (Scheme 8).%? Some years later, Pd/C in combination
with (R)-10-camphorsulfonic acid (CSA; 10-30 wt%) as additive
were employed by Chen, Lemaire and co-workers to promote
the reductive conversion of several acetals into ethers using
TMDS as reducing agent.® With this method, some glycerol
acetal derivatives were reacted, although the selectivity
between 1°- and 2°-alkyl ethers was rather low. The same year,
also Chen, Lemaire and co-workers presented another method-
ology employing catalytic amounts of Cu(OTf), or Bi(OTf); to
smoothly convert aromatic/aliphatic acetals into ethers at room
temperature.® Notably, this system showed high chemo-
selectivities performing the effective reduction of acetals with
hydroxy, nitro, nitrile, or ester groups unaltered (Scheme 8).
Finally, in 2012 Chen, Lemaire and co-workers applied the
previously reported conditions for the regioselective ring
cleavage of hexopyranosyl acetals.® Interestingly, depending
on the 4,6-O-(benzyl/alkyl)idine glycosyl acetal employed, the 4-
or 6-regioisomer was obtained as main ether product in each
case (Scheme 8).
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DCM, r.t., 4 h to overnight
13 examples!@

Chen & Lemaire
(2012)189]

Scheme 8. Acetal/ketal-to-ether catalytic reductions using silanes. CSA = (R)-
10-camphorsulfonic acid. [a] Glycosyl acetals are used. Depending on the
substrate, 4- or 6-ether regioisomer is detected as the main product.

2.2. Using molecular hydrogen as reducing agent

As it has been exposed, Si-based reducing agents present an
important synthetic applicability related with its high accessi-
bility, easy handling, low toxicity, and remarkable
chemoselectivity.?'>*>*1 However, these reagents present some
important disadvantages from a sustainable perspective, as
they require tedious work-ups and cause non-negligible waste
production. Therefore, the use of molecular hydrogen as benign
reductor constitutes a more practical and greener alternative
that offers potential applications for large-scale synthesis."*
Yet, no high levels of (chemo)selectivity are reached generally
compared to Si—H reductors. Moreover, it also should be
remarked that safety issues need to be always considered when
employing hydrogen as reducing agent. However, plenty of
either small-scale or industrial solutions exist nowadays for
handling this issue with safety guarantees.

Thus, H, has been studied as a clean reducing agent in
reductive couplings between alcohols and carbonyl com-
pounds, mainly catalyzed by heterogeneous systems, which is
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[TMS-OTA] (1-3.4 mol%) Rlo. e R'=Me an additional advantage from the sustainability point of view,
- vy ) Rz o RZ=alkyl, aryl  although some homogeneous catalysts have been also
Me3SiH or Et;SiH (1.1 equiv -7 R3=alkyl ; [eg.hl i i i
DCM, 1) 0 °C, 30 min 6 examples Y described.”"**™ From the heteroge.neous field, in 1963 Anteurus
2)24-28°C, 12-14 h Noyori (1979)18%] and co-workers described the first example of a reductive
etherification between alcohols and carbonyl compounds
[Nafion-H] (25 mg/mmol) R'O_ _HIR® R;: Me, Et employing H, (Scheme 9A).®” In this work, authors make use of
,  R*=alkyl, aryl , . .

Et,SiH (1.1 equiv) H RE R3_ aikyl aryl Adam’s catalyst PtO, to perform the reductive coupling of
DCM, reflux, 1-4 h 9 examples aliphatic carbonyl substrates using the alcohol as solvent, at RT
Olah (1986)1" and 1 bar of H,. Unfortunately, strong acidic conditions were
e required for acetalization steps. Four years later, the group of

[RhCI(PPh)3] (2.5 mol%) GO R = alkyl Nishi d the Pd(OH vzed hesis of eth
I ‘ : : OR' R'O__HR® R=aryl Bn ishimura reported the Pd(OH),-catalyzed synthesis of ethers
[P LS PhSiH; (3-4 equiv) H H Rz Ri=alkyl from cyclohexanones and a large-excess of alcohol

Rlo oR' THF, 50-70 °C, 24-72 h b 581
4 7 examples (Scheme 9B).
R? “HIR® Ohta (2003)4 After these former contributions, in 1995 Lemaire and co-
W [PAIC] (1 moi%) - workers developed a Pd/C-catalyzed protocol for the synthesis
[S;H] [CSA] (10-30 wt%) OR! ,“210 y R'=alkyl of asymmetric ethers from aliphatic alcohols and aldehydes/
-------------- (Me,SiH),0 (3 equiv) H 2 R?=alkyl. aryl  ketones (Scheme 9C).%%% Here, the employment of either the
neat, 60 °C, 24 h 6 examples alcohol or the carbonyl source as solvent helps hemiacetal
Che"&l-?gaire formation, suggested to be a key step. Unfortunately, the
(2011) protocol was no selective towards aromatic ring hydrogenation.
[C”(OI?ZSI or Elji)(OTf)sl e 1 Closely related with this work, in 2000 Marecot and co-workers
-5 mol% 0 | =

OR' R'O__H §2=2Ir?lllaryl carried out further mechanistic studies on butyl octyl ether
(Meésci:'/l)Zf’t(oi;ﬁsigi‘z”“’) - H R? ' production from octanal and butanol using a Pd/C system in
o 12 examples which the charcoal support has been treated with nitric acid
Che;‘f;)ma"e (Scheme 9D).2% The acidic treatment was required for promot-
ing the acid-catalyzed acetal formation. The authors proved
[Cu(OTf),] (5 mol%) 0|;1 ;10 y R'=alkyl that the Pd nanomaterial is responsible for acetalization, enol
(Me,SH),0 (1.5 equiv) b Rz R? = Ph, alkyl ether formation, and subsequent hydrogenation into the ether.

Interestingly, the lower reactivity observed for an aldehyde with
no a-H (i.e., pivaldehyde) is explained by its impossibility of
forming the enol ether.®®? Later, contributions from Kita, Fuji
and co-workers reported a H,-bubbling methodology for the
synthesis of ethers from aliphatic 1°/2° alcohols and aldehydes/
ketones with Pd/C (Scheme 9E,F).2%# Remarkably, only 2-fold
excess of the carbonyl partner is needed and water removal
accelerates the etherification process. In the second of these
works, the protocol was applied for accessing to highly valuable
alkyl fluoroalkyl ethers for the first time and one example of an
alkyl aryl ether was obtained in poor yields.**¥ Similarly to the
study of Marecot and co-workers, authors concluded that
acidic- or even neutral-type Pd/C catalyst is effective to promote
either acetalization, enol ether formation, if possible, and
hydrogenation, or direct hydrogenolysis of hemiacetal/acetal
intermediates.

In 2006, a Pt/C-catalyzed reductive etherification protocol
was published by the group of Goossen affording symmetrical/
asymmetrical dialkyl ethers in good to excellent isolated yields
(73-92%, Scheme 9G).*® Either 1°/2° alcohols were coupled
with aldehydes/ketones by using a small excess of the alcohol
(2-4 equiv. vs. carbonyl reagent) at 50°C and 1 bar of H,. Once
again, the presence of aromatic groups was not compatible
with the reductive process. Two years later, Milone etal.
showed that Au/TiO, promotes the synthesis of cinnamyl ethyl
ether from cinnamaldehyde hydrogenation in flow and in the
presence of ethanol (Scheme 9H).®" The acidity of TiO, matrix
and pre-reduction of the supported gold catalyst at 200°C,
improved the selectivity to the desired allyl ether.
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A B © D E F G H
R' = alkyl R' = alkyl R' = alkyl R' = alkyl R' = alkyl R' = alkyl, F,-alkyl R’ =alkyl R'=Et
R? = alkyl R? = alkyl R? = alkyl R? = alkyl R? = alkyl R? = alkyl, aryl R? = alkyl R? = styryl
R® = H, alkyl R® = alkyl R3 = H, alkyl R®=H R® = H, alkyl R® = H, alkyl R3=H, alkyl R®=H

[PtO2]@ (5 wt%)

[Pd(OH),] (20 wt%)

[PdIC] (2.5 mol%)

[PdIC] (4 Wt%)

[Pd/CI®! (8 wt%) [PAICI® (8 wt%)  [Pt/C] (3 mol%)  [Au/TiO,]™ (2.5 mol%)

29 examples 7 examples 7 examples 1 example 9 examples 23 examples 10 examples 1 example
Anteunis Nishimura Lemaire Marecot Kita Fujii Goossen Milone
(1963)187] (1967)188] (1995)140] (2000)'38c] (2000)18 (2005)138] (2006)°01 (2008)"

1 J K L M N o

R' = alkyl R = alkyl R’ = alkyl R’ = alkyl R' = alkyl, Bn R'=Me R'=n-Bu

R? = alkyl R? = alkyl R? = alkyl R2? = alkyl R? = alkyl, aryl R2 = aryl R2 = n-Pr

R®=H R®=H R® = H, alkyl R3=H R® = H, alkyl R®=H R® = n-Pr

" Pd/C] (2.5 mol%) [Pd/AI,03] (50 wt%) . [Pd/C]9] (3.6 Wt%)
(c] - [d] [Pal Pdic]el 9 ek Ni-MFC] (25 wt%
[PaISiO,] [H-Au(111)] [EBSA/SIO;] (2.5-10 mol%) L+ /CI% (1 mol%) [Et-1] (15 wi%) INFMFCIZ (S WE%) 156, Nb,0x] (10.6 Wi%)
3 examples 6 examples 9 examples 13 examples 3 examples 1 example 1 example
Mallinson Mullins Bell Len Khodakov & Ordomsky Tong & Liao Vardon
(2010)141 (2012)192] (2017)1381 (2018)1%31 (2019)1%4 (2019)199] (2019)!%81
— P Q R
Pd—R'-OH
7' coordination type R = alkyl R = alkyl R = alkyl
7 R? = alkyl R? = alkyl R2? = styryl
||2 ...._ R® = H, alkyl RS = alkyl R3=H
Heterogeneous :’.‘".. % '|'I Fg:,’:,'gd Broken
catalyst I R'OH: I:> : : bond } [Pd/C]®! (0.5 mol%) [Pd/NbOPO ]! [Pt/GS]™M
: RV RZ T
Pd : 6'* : 4 examples 6 examples 11 examples
d : ! ?:’0 :  Climent, Corma & Iborra Vardon Shaikh
@% H . : ; : (2020)1381 (2020)1°7] (2020)1381
sotasupor "B 5
Mallinson :..-..-..-.....-..............:
(2010)#1 Etherification is
Pd—-C=0 significantly enhanced
7 dinati when both reagents are
L CEECIELED (30 feed simultaneously
[Pd/C & CSA] ) o
(0.5 mol% & 10 wt%) HﬁRK Hi
1 or 1
s . | Hp(10bar), 140°C, 24n R 07y "oH = O/K\O/EHAOH
; HO OH : R’ = alkyl, homobenzy| Oh
OH o i RZ = H, alkyl 13 examples
i + i Lemaire (2009 & 2010)l38e. 100]
: or R1“\Rz Hy | [PAIC & p-TSA] ( )
: HO/\/\O OH : (0.12 & 0.1 mol%)
i OH OH or
i | [Pd/SO4-C]
: (solvent/reagent) |

Me
(0.12 mol%) H *
Me” ~07 Y oH

H; (40 bar) in flow or batch
120-160 °C, 1-12 h
R', R?=Me
[acetone:glicerol]
molar ratio (0.5 to 3)

OH

1 example
Ramazanov (2020)'01]

Scheme 9. Heterogeneously catalyzed reductive etherification of alcohols (top) or glicerol/di-glycerol (bottom) using aldehydes/ketones and H,. [a] Reactions
were performed in HCI (2.5 m) media. In all cases, amounts of catalyst expressed as mol % or wt% are referred to the limiting reagent (normally the carbonyl
compound). [b] Reactions were performed in a batch reactor under a H, bubbling. [c] Catalytic experiments were performed under continuous H, flow and
using a liquid feed of reactants with a W/F (g, 'reeah ") values from 0.25 to 2 h. [d] H adatom-covered Au(111) single-crystal sample was employed as
catalyst. Self-etherification of aldehydes into symmetrical ethers was also carried out. [e] Reactions were performed in a continuous-flow system with a H, flow
of 0.6 mLmin~". [f] Ni-MFC catalyst was obtained after N,-pyrolysis of a 2D Ni-based MOF at 500 °C. [g] Experiments under continuous H, flow and using a
liquid feed composed by equimolar amounts of both reagents were also carried out with the same catalyst system. [h] In Pt/GS catalyst, GS is a green
cellulosic support obtained from the jute plant (Corchorus genus) stem. EBSA = 4-ethylbenzesulfonic acid. p-TSA = p-toluenesulfonic acid.
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In 2010, Mallinson and co-workers used SiO, as a support
for stabilizing Pd nanoparticles (NPs) able to promote reductive
etherifications between aliphatic alcohols and aldehydes under
continuous H,-flow (Scheme 91).*" Remarkably, improved levels
of efficiency were reached if the alcohol and aldehyde were fed
simultaneously at equimolar ratios, as the simultaneous co-
adsorption of n'-coordinated alkoxide and n*adsorbed alde-
hyde are required to achieve optimum rates of ether formation.
Moreover, etherification process is highly sensitive to metal NPs
morphology.*” After, Mullins and co-workers studied the
tunable reductive coupling of alcohols with aldehydes, as well
as the self-etherification of aldehydes, on H adatom-covered
Au(111) crystals at low temperatures (Scheme 9J).*?

From 2017 to 2019, several groups independently described
several Pd-based methodologies for reductive etherification. In
2017, Bell and co-workers used Pd/C in combination with silica-
supported 4-ethylbenzesulfonic acid (EBSA)/SiO,, for the pro-
duction of ethers with fuel lubricant properties via alcohol
reductive etherifications with carbonyl compounds from bio-
mass origin (Scheme 9K).**? Next, Len and co-workers reported
in 2018 a Pd/C-catalyzed continuous flow process for the
general reductive etherification of several bio-based alcohols
and aldehydes into symmetrical/asymmetrical dialkyl ethers
(Scheme 9L).®* Finally, in 2019 a Pd—I bifunctional catalyst was
developed by Khodakov, Ordomsky and co-workers for the mild
and aromatic ring tolerant reductive etherification (Scheme 9M,
see also Scheme 10).°¥ In this work, the authors defined that
heterolytic dissociation of H, can occur on the surface of
alumina-supported Pd NPs modified with iodine species. This
process in-situ generates Bronsted acid sites that are fully
responsible of the etherification.

Apart from Pt, Pd, and Au based catalysts, also nickel was
recently disclosed as an active metal for promoting reductive
etherifications. Tong, Liao et al. developed a Ni-based material,
designed as Ni-MFC, for the selective production of 2-methoxy-
4-(methoxymethyl)phenol  from  vanillin  and  MeOH
(Scheme 9N).®* In this work, optimum Ni catalyst was fabricated
from N,-pyrolysis of a 2D Ni-MOF ([Ni(tia)(H,0),]..) [tia>” =5-(1H-
1,2,3-triazol-1-yl) isophthalate] at 500 °C.

During 2019 and 2020, four additional contributions in the
area of heterogeneous hydrogenative etherifications were
described (Scheme 90-R). First, Vardon and co-workers devel-
oped a catalytic process for synthesizing of 4-butoxyheptane (4-
BH) through the reductive etherification of 1-butanol and 4-
heptanone in equimolecular amounts, both in batch and
continuous flow (Scheme 90).*? In this work, they employed a
Pd/C material in combination with an acid solid such as
phosphated niobic acid (PO,-Nb,O;), as catalytic system show-
ing improved thermal stability, excellent regenerability, and 4-
BH productivity at 190 °C. Interestingly, the authors determined,
through a fuel-property-first approach, that 4-BH is a biomass-
derived advantaged oxygenate diesel blendstock, meeting with
essential  diesel  fuel properties and  health/safety
requirements.”® In the following year, Climent, Corma, Iborra
and co-workers developed an additive-free Pd/C-mediated
reductive etherification, under H, bubbling in a batch reactor,
for the production of biolubricants using building blocks from

ChemSusChem 2021, 14, 3744-3784 www.chemsuschem.org

[Pt-Sn/Al,03 & A-15]
(0.25 & 5 mol%)

R'0 OR!

o

H; (14 bar), 60 °C, 18 h
R'-OH (solvent)
R' = alkyl

[PdIC] (0.6-1.2 mol%)

H; (50 bar), 100°C, 1 h
MeOH (solvent)

[C0304-red-400]
(16 Wt% to HMF)

0 {| Hy(20bar), 140°C, 1h
i MeOH (solvent)

! R=H (FF) .
CH,OH (HMF) |

. [PdIC] (0.27 mol%)

H, | H, (3 bar), 60 °C, 2 h
: EtOH (solvent)

[PA/ALO; & Et]
(50 & 15 wt% to FF/HMF)

H, (20-30 bar), 60 °C, 1-15 h
R'-OH (solvent)
R' = alkyl

[Pd/SiO,] (0.86 mol%)

H; (3 bar), 120°C, 1 h
EtOH (solvent)

\ / H

2 examples (from HMF)
Bell (2012)105]
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Scheme 10. Furfuryl alkyl ethers from heterogeneously catalyzed hydro-
genative etherifications between HMF or FF and aliphatic alcohols. A-
15 =Amberlyst-15. [a] Concomitant formation of 5-(isopropoxymethyl)
furfuryl alcohol and 2,5-bis(isopropoxymethyl)furan (X=OH or Oi-Pr) was

observed.
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biomass (Scheme 9P, see also Scheme 11).2%! By employing only
0.5 mol% of Pd catalyst at 160°C, several aliphatic ketones and
aldehydes were reductively coupled with two equivalents of
octanol.

Closely related with their previous achievements, in 2020
Vardon and co-workers carried out the design of a single-phase
Pd nanocatalyst for diesel bioblendstocks production
(Scheme 9Q).”” More specifically, a novel niobium phosphate-
supported Pd material (Pd/NbOPO,) was outlined as an effective
catalyst either for batch and flow solvent-free production of
branched dialkyl ethers (C,-C,s) through hydrogenative ether-
ification at 190°C. Interestingly, the Pd/NbOPO, system out-
performed the results obtained for 4-BH synthesis when
compared with Pd/PO,-Nb,O; analogue.”” Finally, a contribu-
tion from Shaikh etal. showcased the synthesis of a “dip-
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[PAIC] B imperative also in chemical industry. It is required the develop-
(0.25-0.5 mol%) me 1 \ ment of new and sustainable catalytic processes for employing
H, (7-48 bar) ) OR renewable resources,"” and here, biomass constitutes an
T P ;| 200220018240 o (fom LA excellent alternative to fossil fuels.?><4*% |n this context, 5-
f i : R1-°1H (solvent) TU?Z:;EZ:; gg%)m)] hydroxymethylfurfural (HMF) and furfural (FF), efficiently pro-
: + ! = . . .
; o | R" =alkyl duced through an acid-promoted dehydration of biomass
MeNoxé o CiTEe lignocellulose fractions, constitute platform molecules that can
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: Hy | others.[19h27acdfh,1032b,104)
—————— J [PdiC] o] . .
(0.5 mol%) me In the last decade, furfuryl alkyl ethers, including 5-(meth-
OMS oxymethyl)furfuryl alcohol, 2,5-bis(ethoxymethyl)furan, 2-meth-
H, (flow, 3.5 ml/min) OR!
neat. 160 °C. 4 h oxymethylfuran, 2-ethoxymethylfuran, among others, have

6 examples (from ML)
Climent, Corma
& Iborra (2020)!381

R'-OH (2 eq)
R! = alkyl (fatty)

Scheme 11. Alkyl 4-alkoxypentanoates from Pd-catalyzed hydrogenative
etherifications between levulinic acid (LA), methyl or ethyl levulinate (ML,
EL), and alcohols.

catalyst” bearing Pt NPs stabilized on a green cellulose-based
matrix (Pt/GS) and its application for the selective synthesis of
cinnamylalkyl ethers via reductive etherification (Scheme 9R).B®
Remarkably, aromatic and alkene functionalities in cinnamalde-
hyde were fully tolerated with this system.

Glycerol is a common by-product in soap manufacture and
fatty acid/ester production from vegetable 0ils.®® In the last
years, the growing interest in the production of biodiesel in EU
and US has caused a remarkable increase in the access to
glycerol. Hence, an impressive number of glycerol applications,
as an additive, as a raw material or for the production of energy,
have been already presented. In addition, obtaining high-value-
added chemicals from glycerol is a desired goal."** In this
context, a few number of catalytic protocols for the O-alkylation
of glycerol with carbonyl compounds and H, have been
reported in the literature (Scheme 9, bottom).""

From 2009 to 2010, Lemaire and co-workers presented that
[Pd/C] in combination with a Brgnsted acid (CSA) as additive,
constitutes a suitable catalyst system for the synthesis of 1-O-
alkyl glycerol or diglycerol monoethers using aldehydes/
ketones and the polyol as a solvent/reagent.?**' |n addition to
the work by Lemaire and co-workers, last year Maksimov et al.
developed a protocol for the catalytic synthesis of glycerol
monoisopropyl ether through the flow hydrogenation of
glycerol/acetone mixtures at 120-160°C."" In this work, either
Pd/C in combination with p-TSA, or a Pd/SO,-C bifunctional
material, were employed as effective systems for the production
of the target compound. Remarkably, the glycerol monoethers
(GMEs) obtained in these protocols constitute highly interesting
compounds due to its applications in cosmetics, cleaning
formulations, pharmacy, and personal care, among others.!**”

The fast depletion of fossil fuels and the climate change
consequences derived from its use, make a paradigm shift
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been produced from HMF or FF either via hydrogenation/direct
etherification sequence or by a reductive etherification. When
comparing both strategies, the one-pot reductive etherification
strategy is considered as the most direct and elegant
approach.19h104

Thus, in the last years several protocols have been
developed for the synthesis of furfuryl alkyl ethers from HMF or
FF and alcohols through this one-pot reductive strategy
(Scheme 10). In 2012, Bell and co-workers described the first
example for the direct production of 2,5-bis(alkoxymethyl)
furans through reductive etherification between alcohols and
HMF."%! In this work, alumina-supported Pt;Sn, alloy together
with the acidic resin A-15 is presented as the most effective
catalyst combination. Besides, a sequential dehydration/reduc-
tive etherification of b-(—)-fructose to produce 2,5-bis
(alkoxymethyl)furans in reasonable yields was performed,
showing the great potential of the methodology
(Scheme 10)."% Following this seminal example, van der Waal
et al. screened a series of commercially available metal hetero-
geneous catalysts for the synthesis of furfuryl methyl ether
(FME) via reductive etherification of furfural."® In particular, Pd/
C was proved to be the most competitive system among all the
samples tested.

In 2018, Xu, Fu and co-workers presented a non-noble metal
based nanocatalyst (Co;0, reduced at 400 °C) for making 2,5-bis
(methoxymethyl)furan from HMF under relatively mild condi-
tions (Scheme 10)."” Similar to the report by Bell and co-
workers, here the authors also designed a two-step method for
the preparation of the targeted ether directly from fructose. The
same year, a Pd/C-based synthesis of furfuryl ethyl ether via
reductive etherification of FF in ethanol was reported by Wang
et al."® Additionally, SiO,- or TiO,-supported Pd NPs systems
were studied too, but in all cases, worse catalytic results were
afforded. Detailed kinetic investigations pointed to the acetal 2-
(diethoxymethyl)furan as the key intermediate, which under-
goes hydrogenolysis into furfuryl ethyl ether.'®

In 2019, two more Pd-catalyzed strategies for the synthesis
of furfuryl alkyl ethers were reported (Scheme 10). In the first of
them, Ordomsky, Khodakov and co-workers undertook a super-
ficial modification of Pd/Al,O; catalyst by treatment with small
amounts of Et—| (Scheme 10, see also Scheme 9M).®” The novel
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designed bifunctional heterogeneous Pd—I catalyst showed
high efficiency in HMF and FF reductive etherifications using
excess of aliphatic alcohols at mild conditions. Finally, Guan and
co-workers presented the Pd/SiO,-catalyzed reductive ether-
ification between furfural and ethanol to give furfuryl ethyl
ether.'” Here, the absence of sodium cations in the Pd material
is key for avoiding furan ring hydrogenation and driving
selectivity to the reductive etherification process (Scheme 10).

Levulinic acid (LA) is a world-wide demanded platform
chemical (>2000 Tm per year) obtained from HMF (see above),
and, hence, produced from the acid hydrolysis of lignocellulosic
biomass. 27241931101 The high interest in the valorization of this
compound is explained by its chemical versatility, as it presents
two functionalizable groups: a carbonyl and a carboxylic acid
group 7241031 |y this section of the Review, transformations
implying LA or alkyl levulinate derivatives (ML and EL) that
entail the reductive functionalization of the carbonyl group will
be discussed."™? On the other hand, processes involving the
reaction of both functional groups to afford 2-meth-
yltetrahydrofuran in one pot will be discussed in Section 3.

Reductive etherification processes between LA or its esters
(ML or EL) and alcohols directly generate 4-alkoxypentanoates,
compounds with potential applications as renewable solvents,
fuel additives, and surfactant precursors."' In Scheme 11 are
displayed the three catalytic methodologies, all involving Pd-
heterogeneous catalysis, reported for this transformation up to
date.

In 2016, the group of Tulchinsky reported the first example
of alkyl 4-alkoxypentanoates synthesis via Pd/C-catalyzed simul-
taneous esterification/reductive etherification of LAY The
reaction was performed with alcohols in excess at high temper-
atures (200-220°C) obtaining four different etherified esters in
moderate to good yields (54-77%). Two years later, Guan and
co-workers showed that a combination of a silica-modified
carbon-supported palladium nanocatalyst (Pd/SiO,-C) and H-
BETA zeolite as acidic co-catalyst efficiently catalyzes the
synthesis of ethyl-4-ethoxypentanoate (in 93% vyield) from EL
and ethanol as solvent! Finally, last year Climent, Corma,
Iborra and co-workers described an elegant strategy for the
reductive etherification of ML and several fatty alcohols.”® In
this protocol, selectivities to alkyl 4-alkoxypentanoates up to
>99% were obtained employing Pd NPs supported on a
slightly acidic activated carbon as catalyst, atmospheric H,-flow,
160°C, and just 2-fold excess of the fatty alcohol.

As it has been shown, efficient reductive etherification
methods with carbonyl compounds and alcohols using hydro-
gen as reducing agent have been widely developed employing
heterogeneous catalysts (see Schemes 9-11). Most of these
systems present the large advantage of being reusable
catalysts. However, a limitation of many of them is encountered
when aromatic compounds are reacted, due to the great
tendency of nanostructured metal-based systems to reduce
aromatic fragments. By contrast, there are only a few examples
of homogeneous catalysts for the same transformation totally
compatible with aromatic moieties.

As an early example, Fleming and Bolker demonstrated in
1976 that reductions of benzaldehyde-alcohol mixtures with
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Co,(CO)g as catalyst using high pressures of syngas (CO/H,,
> 160 bar), yielded ethers as main products with no aromatic
ring reduction.®® Indeed, some years before, Wender et al. had
observed dibenzyl ether formation in the reduction of benzal-
dehyde using syngas and cobalt-carbonyl complexes.""” After
these earlier observations, two homogeneous general protocols
for this reaction have been more recently reported. In 2015, the
group of Yi described a novel well-defined cationic
[(CsHg) (PCys)(CO)RUHIBF, complex as a highly active and chemo-
selective catalyst [turnover number (TON)=32000 and turnover
frequency (TOF)=7600h~" under neat conditions] for the
reductive condensation of alcohols with aliphatic/aromatic
aldehydes/ketones into unsymmetrical ethers using water as
solvent (Scheme 12).""¥ Employing this strategy, a wide range
of complex substituted ether compounds could be obtained in
moderate to excellent isolated yields (52-98%). Additionally,
the synthetic versatility of the protocol was further demon-
strated by the etherification of several biologically active
alcohols with high structural complexity (Scheme 12). Regard-

<o

: Q
H co Y3

1 Y (8 mol%) O HRE
R'-OH + 2 3 \
B ',‘-”R H, (1-2 bar) H R%2._ %
(1-2 eq) * H,0 or toluene/H,0 (1:1)
110° C, 12-16 h 34 examples
' Yi (2015)!"191
P P i '
95%lal OMe 68% cl 98% OMe 82%0
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Q/\ }\O \HZ/\O 1 /ji\@\ n Bu‘O*Ph
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Scheme 12. Ru-catalyzed reductive etherification of alcohols with aldehydes/
ketones and H, for the synthesis of unsymmetrical ethers. Isolated yields are
given. Cp =cyclopentyl. [a] TON =32000 and TOF =7600 h™' were reached
using alcohol as the solvent.
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ing the mechanism, the authors suggest an initial formation of
a cationic Ru-alkoxy species, followed by a nucleophilic addition
of the alkoxy fragment to the carbonyl source to give a
hemiacetoxy intermediate (Ru-acetal species). Finally, this
intermediate reacts with H, to afford the ether and the cationic
complex.'"”!

Two years later, an elegant protocol for the frustrated Lewis
pair (FLP)-catalyzed reductive etherification of alcohols or
orthoformiates with aldehydes/ketones to afford asymmetrical
ethers was delineated by So6s and co-workers (Scheme 13, see
also Scheme 15A).%%¢ Notably, small amounts of the borane
catalyst (10 mol%), without the requirement of additional acids,
are able to promote acetalization/acetal hydrogenation se-
quence under relatively mild conditions (55-100°C and 20 bar

cl
cl cl
F = F
R'-OH -
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10 mol%
or i (10 mol%) R10~ HIRS,
OR' R? “HIR? H; (20 bar) H R2 %
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Scheme 13. Hydrogenative etherification of alcohols/orthoformates with
aldehydes/ketones catalyzed by an FLP. 'H NMR yields are given.
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H,). Different aliphatic alcohols or orthoformiates were reduc-
tively coupled with both aromatic and aliphatic aldehydes, or
aliphatic ketones, affording ethers in up to 88 % yield with good
tolerance to reducible groups such as halogens, stryril, or
carboxyester groups.*®® Even common vanillin ether motifs,
industrially accessed by multi-step processes, could be obtained
in remarkable yields by this FLP protocol. In this case, authors
propose that a joint action of the Lewis acid (borane) and a soft
O-based Lewis base (i.e., THF solvent) in the presence of H, and
R'-OH generate a strong Brgnsted acid species able to promote
acetalization and related processes, as well as a borohydride.
Finally, the borohydride reduces the oxocarbenium cation,
affording the ether derivative (Scheme 13).5%9

2.2.1. Acetal/ketal-to-ether reduction using molecular hydrogen
Molecular hydrogen has also been employed for performing

catalytic acetal/ketal-to-ether™ reductions either with hetero-
geneous and homogeneous systems (Schemes 14 and 15).
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Scheme 14. Heterogeneous acetal/ketal-to-ether hydrogenations. [a] Alkyl
glucoside-4,6-O-acetals are exclusively used affording a mixture of 4- and 6-
alkyl-regioisomers in a (1:2.5-3) molar ratio. [b] A mixture of five- and six-
membered pentylidene sorbitan acetals were exclusively used affording
mixtures of sorbitan 3-, 5-, and 6-O-ether regioisomers in a different molar
ratio. [c] AI-HMS = Al-containing hexagonal mesoporous silica with a molar
ratio (SiO,/Al,0;=19.7). [d] This work was focused on solketal hydro-
genolysis into glycerol isopropyl ether.
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A cl Originally, the group of Sigmund noted in the 1920s that
acetals are converted into ethers using Ni/SiO, catalyst.""®
:' C:: Several decades later, Gorin described a methodology for the
. B = hydrogenolysis of carbohydrate cyclic ketals using copper
\@F F\@ chromite as catalyst.""”’ However, both protocols demanded
i 4 very harsh conditions to proceed. In 1961, Howard and Brown
R0 OR' (10 mol%) RIO , HIRY developed the first catalytic method for ketal-to-ether hydro-
R? THIR? Hz (20 ban) H R&.7 genolysis effective under mild reaction conditions (25-80°C, 2-
- THF, 55-80°C, 12-84 h S;gse?;g;‘;';;&g] 4 bar H,) (Scheme 14).1""® Using Rh/ALLO; and strong acid
------------------------------------------------------------------------------------- conditions, different aliphatic ethers could be obtained from
the hydrogenation of its corresponding ketals. Later on, Fujii
/@ /<j/L /©/L @ et al. (2005)®* and Lemaire and co-workers (2014 and 2016)""
89% 73%  MeOC 75% 89% independently described some catalytic strategies for the
hydrogenolysis of acetal/ketal derivatives to ethers. In all cases,
Cyi:/HOMe Ph/f;:OMG Ph);g;\/ Ph)\g;;/\ Pd/C without acid additives, was employed as the most suitable
system (Scheme 14). By applying those strategies, Lemaire
Me Me described the reduction of pure alkyl glucoside-4,6-O-acetals
/j;om ;;OH % \% into mixtures of 4- and 6-alkyl-regioisomer glucoside ethers!"'*
or the reduction of pentylidene sorbitan acetal mixtures into 3-,
B [Ir(COD)CI], (0.25 mol%) 5-, and 6-O-ether regioisomer combinations."'® Finally, in 2017
R (8.R}-ZhaoPhos (0.5 mof%) M Maximov and co-workers developed a Pd/AI-HMS bifunctional
/3 2 H; (10 bar) A X © nanomaterial able to perform direct solketal hydrogenolysis for
Rlo R® HC ‘:j,”@”;f‘;‘;igf'?f,f e s producing glycerol alkyl ethers (Scheme 14)."*” Related to this
"""""" A D ;7;::’?2”";2)[39]] contribution, in 2020 they also showed that Pd/C in combina-

tion with p-TSA or Pd/SO,-C alone (see Scheme 9, bottom) are
active for the same transformation.!""

A smaller number of examples for acetal/ketal-to-ether
hydrogenation have been reported at the homogeneous side.
As an early example, in 1976, Fleming and Bolker described that
Co,(CO), catalyzes ether production from aromatic acetals by
using syngas under harsh conditions.”® Apart from this, in
2017 Sod6s and co-workers developed the first metal-free
strategy for the hydrogenative cleavage of acetal/ketals into
ethers by using an FLP as catalyst (Scheme 15A, see also
Scheme 13).2%9 |n this work, authors demonstrated how a boron
molecular catalyst is capable to perform the hydrogenolysis,
likely via oxocarbenium cation, of a wide range of aromatic/
aliphatic acetals (including some ketals), under mild conditions
with a broad substrate scope and high tolerance towards
several reducible functionalities (nitro, halogens, non-activated
olefins, and esters) (Scheme 15A). In addition, no side reactions
occurred in the reductive cleavage of allyl/homoallyl acetals
what makes the authors suggest that FLP-reduction of acetal/
ketals seems to be synchronous “S,2-like” %%

Finally, Lin, Wen and co-workers described last year a very
interesting acid-mediated strategy for the enantioselective
hydrogenation of ketals into chiral isochromans via ionic
reduction of the in-situ formed oxocarbenium ions
(Scheme 15B).% [Ir(COD)CI], complex in combination with a
bifunctional thiourea-based chiral diphosphine [(S,R)-ZhaoPhos]
was employed as highly efficient catalyst (TON up to 8600).
Using this system at 25°C and H, (10 bar), and in the presence
of HCl (0.5 equiv.), a wide range of 1-substituted chiral isochro-
mans could be obtained from acetals with good to excellent
isolated yields (67-99 %) and enantioselectivities (ee up to 99 %)
with high tolerance to other reducible groups such as internal
alkyne, halogen or ester.”¥ In terms of mechanism, the isochro-
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man acetal is first converted into the corresponding o-
chloroether that subsequently undergoes chloride abstraction,
affording a reactive oxocarbenium cation. The formation of this
cationic species is promoted by anion-binding interaction
between the thiourea group and the substrate.*”® Finally, the
asymmetric hydrogenation of the in-situ generated oxocarbe-
nium ion produces the chiral isochroman with excellent yield
and enantioselectivity. Interestingly, isotope-labeling experi-
ments with deuterated solvents demonstrated a fast equili-
brium between the oxocarbenium ion and the enol ether
intermediate, suggesting a “Sy1-like” hydrogenation mechanism
(Scheme 15B).2%

3. Reductive Etherification of Alcohols with
Carboxylic Acid Derivatives

As an alternative to carbonyl compounds, carboxylic acid
derivatives have been also used as alkyl partners in reductive O-
alkylation of alcohols (Scheme 1F).'*® This kind of alkylating
agents are highly desirable due to their large availability (in
some cases they are biomass-derived feedstocks) and great
stability. However, it is their high stability what makes the
activation of these compounds a great challenge.”>**? Hence,
the number of examples in which carboxylic acid derivatives
are used as alkylating agents in reductive etherification of
alcohols is still scarce, in comparison with aldehydes/
ketones."*¥ The increased stability of carboxylic acid derivatives
is explained by the fact that they are compounds in a high
oxidation state, presenting a carbonyl function less electrophilic
than the one of carbonyl compounds. For carboxylic acids or
esters, commonly employed in these reactions, the electron
donor effect of —OH/—OR groups cause the inactivation of the

[X-H] = [H] or [Si-H]

carbonyl function towards the typical hydride attack required in
these processes.?>2029

Furthermore, in this part of the Review the examples of
ester-to-ether reduction will be also discussed, considering the
intimate relationship of this reaction with the reductive ether-
ification using carboxylic acid derivatives as alkylating partners
(Scheme 1a).125%!

In Scheme 16 is depicted the reaction mechanism proposed
for both of these reactions. Here, the ester is either the starting
material, in the case of ester-to-ether reduction,"?" or the first
formed intermediate, when employing carboxylic acid deriva-
tives as alkylating agents.'?*' |n the latter case, the
esterification between the alcohol, normally in excess, and the
carboxylic acid derivative affords the ester. In both kinds of
transformations, there is a first reduction of the ester to a
hemiacetal intermediate.*'*? Analogously to the mechanism
proposed in Scheme 2 for carbonyl compounds as alkylating
agents, the hemiacetal can afford the desired ether through a
second reduction, by either direct hydrogenolysis or via
oxocarbenium cation and/or enol ether intermediates
(Scheme 16a).'"'*? This pathway is commonly designed in
carboxylic acid derivatives chemistry as a C—OX cleavage
pathway, in clear contrast with a C—OR cleavage pathway in
which the hemiacetal is in equilibrium with an aldehyde plus an
alcohol. #2121 |n addition, the same aldehyde/alcohol mix-
ture of products can be formed by the direct reduction of the
carboxylic acid derivative employed as alkylating agent. If the
aldehyde reduction occurs (Scheme 16b, grey), it would mean
the formation of a mixture of alcohols, considered, in the
context of a reductive etherification, secondary undesired
products. Obviously, in the case of employing an excess of
R'-OH, C-OX cleavage pathway can be favored, avoiding
selectivity problems."?'®'2*d Hence, ester-to-ether reduction
can entail more selectivity issues considering that the alcohol is

Si= i group
\ j\ ------- o Catalyst
R'-OH + 1 Catalyst X0 H H H
(excess) R%0” "R? Rl A 2f —— [R1_X a— Rt_X
‘ -R30H 0" R xH] 0" "R? 07 "R?
'R'=alkyl, Bn R%Z=alkyl,aryl | ™ ' e : [X-H]
: R® = H, alkyl, aryli starting material hemiacetal -H20 or -SiOSi
--------------------------------- or formed in situ
Catalyst
+H*
Catalyst fo)
R-OH + }
[X-H] H R?
-R30X |
Catalysfl (b [X-H]
l if [X-H] = [Si-H]
XO H  aqueous treatment HO H
RI_OH + 8queous Teatmem,  R1_oH + X
H™ O R? H™ R?

Scheme 16. Pathway a: General accepted mechanism for the catalytic reductive etherification of alcohols with carboxylic acid derivatives or ester-to-ether
reduction in the presence of an external reductor (i.e., Si—H reagents or H,), implying a C—OX cleavage. Pathway b: Mixture of alcohols formation, via C—OR
cleavage, as possible secondary products in the reductive etherification with carboxylic acid derivatives or ester-to-ether reduction.
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present in equimolecular amounts to the aldehyde. In addition,
it must be considered the possibility that the alcohol mixture
(R'-OH and R>-CH,0H) undergoes direct etherification to afford
the desired ether, generally in the presence of acid
catalysis.““d'm‘”

As it has been commented, the first hydride attack to the
ester to afford the hemiacetal intermediate is the most
challenging step in this transformation.”**® The recent design
of more powerful reduction catalyst systems employing suitable
strategies to activate these unactivated substrates has caused
lately a considerable development in these specific
transformations.”®* In this part of the Review we will comment
these advances referred to the use of either Si—-H compounds or
H, as reducing agents.

3.1. Using Si—H compounds as reducing agent

Similarly to reductive etherification protocols with carbonyl
compounds, hydrosilanes/hydrosiloxanes? have been also
employed as convenient reducing agents in the case of using
carboxylic acid derivatives as alkyl sources or ester-to-ether
reduction.?**! In comparison with molecular
hydrogen,' these hydride sources present certain
affinity to promote the C—OX cleavage pathway, enabling the
selective synthesis of ethers.*****! Obviously, from the point of
view of sustainability Si—H reagents present as drawback the
large generation of by-products. Furthermore, there are only
examples of homogeneous catalysts, more difficult to reuse
than heterogeneous, employing these reducing agents, which
certainly is another negative feature from the sustainability
perspective. However, due to its large selectivity, Si-H com-
pounds can be considered practical solutions for small-scale
reactions.

Up to date, there is only one example of catalytic reductive
etherification of alcohols with carboxylic acid derivatives using
Si-H reagents."” |In 2012 Sakai etal. developed a widely
applicable, one-pot esterification-deoxygenation protocol for
the reductive O-alkylation of alcohols with carboxylic acids,
using InBr; as a Lewis acid catalyst and PMHS as reducing agent
(Scheme 17).1'2%? The principal advantages of this methodology
are the employment of alcohol and the carboxylic acid in equal
amounts, as well as a large functional group tolerance.
However, this protocol requires the use of low-steric-demand-
ing alcohols with high nucleophilicity and does not tolerate
benzoic acid type compounds. The authors propose a mecha-
nism in which InBr; catalyzes the ester formation followed by
hydrosilylation and C—OSi bond cleavage to afford the
ether.HZZa]

Related to this type of transformation, it is important to
highlight the reductive self-etherification of carboxylic acid
derivatives reported by Sakai etal'” and Lemaire and co-
workers.” In 2011, Sakai et al. reported a protocol to achieve
the one-pot conversion of a carboxylic acid into a symmetrical
ether (Scheme 18).'"® The procedure consisted in a first treat-
ment of the carboxylic acid with InBr; and H,SO, as catalysts
and Et;SiH as reducing agent to obtain an ester followed by the

26a,29a,c,d,g,h]
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Scheme 17. InBr;-catalyzed reductive etherification of alcohols with carbox-
ylic acids and PMHS. Yields of isolated products are given. [a] Using H,SO,
(0.1 equiv.).

6 examples
Sakai (2011)1123]

[InBr3] (5 mol%)

H,S0O4 (0.1 equiv)
Et;SiH (3 equiv)

(o] : CHCl3, 25-60 °C, 20-24 h
R1“\0Hi then PMHS (4 equiv), 4-20 h AT
H R' = alkyl Y. M
* RS0 R!
[Si-H] 2 examples

Lemaire (2012)7%
[Cu(OT#f),] (8 mol%)

(Me,SiH),0 (5 equiv)
Me-cyclohexane, 100 °C, 16 h
R’ = alkyl, aryl

Scheme 18. Lewis acid-catalyzed reductive self-coupling of carboxylic acids
into symmetrical ethers.

addition without isolation of PMHS to obtain the final ether. It
was applied to only aliphatic carboxylic acids and afforded
ethers in moderate to very good yields (50-86%)." In the
following year, Lemaire and co-workers proved that this trans-
formation was not InBr; specific and reported two more
examples of reductive carboxylic acid self-etherification cata-
lyzed by Cu(OTf), and using TMDS as reducing agent
(Scheme 18).7 Despite the limited scope of the reaction, it was
possible for the first time to use benzoic acid as starting
material in this type of transformation and the corresponding
ether was obtained with 91 % isolated yield.
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Interestingly, Lemaire and co-workers published the same
year the intramolecular version of this transformation."*¥ In this
work the authors could obtain a variety of five- and six-
membered O-heterocycles from highly-available 3-substituted

. . . - . L R, R? = alkyl
glutaric acid or 2-substituted succinic acid derivatives
(Scheme 19). Tetrahydropyran (THP) derivatives were obtained B 8 examples
(2 mol%) Buchwald (1998)!121°]

in better yields in comparison with tetrahydrofuran (THF) ones.
Remarkably, a seven-membered oxepan derivative could be
synthesized in good yield."*!

R', R2 = alkyl
(o] 6 examples
3.1.1. Ester-to-ether reduction using Si—H reagents (1 mol%) Nagashima (2002)1125)

Ester-to-ether reduction is a straightforward process for the
convenient synthesis of ethers?®*® due to the easy preparation
and large availability of esters.”” Indeed, this reaction has been
more widely studied and several catalysts have been described
as active systems for obtaining ethers from esters using Si—H

. , CHCl3, 60 °C, 1-10 h
compounds as reducing agents.?2*! . j\ 5 Bl = alkyl, Bn:
Pioneering work in this area was reported by Cutler and co- 0 ',Rzg R2 = alkyl, Bn, CH,-2-thiophene R H/y\H .
workers in 1995.2'¥ |n this work, the authors are able to reduce | & | 1 00 R
: . + E 19 examples
esters to ethers in the presence of PhSiH; and a manganese s | (10 mol%) Beller (2012)1127 "
acetyl complex as homogeneous pre-catalyst, photochemically 77 ; (MerSiHY0 (3 equiv)
. 2 2
or thermally activated (Scheme 20A). toluene, 100 °C, 2 h
In 1998 Buchwald etal. reported the first method for R' = alkyl, Bn; R? = alkyl, aryl, Bn
reducing five- and six-membered lactones to ethers
[121b] . . . F 10 examples
(Scheme 20B). This protocol involved a two-step process in (0.1-2 mol%) Sadow (2015)112'e]
which lactones were first transformed into lactols by treatment PhSiH, (2 equiv)
. S . 3
with a titanium complex in the presence of PMHS. In a second CHCls or DCM, 25-80 °C,0.5-72 h
step, the lactol was converted into the corresponding cyclic R' = alkyl;
ether by treatment with Amberlyst-15 and Et,SiH. R? = alkyl, Bn, H, CHp-2-thiophene
Nagashima and co-workers studied in 2002 the reduction of ©
esters using an organometallic tri-ruthenium cluster activated (1 mol% Pd) 8 examples
. . 11251 . (2 mol% Cu) Motoyama (2018)'211
with a hydrosilane as catalyst (Scheme 20C)."*" In this work, the
authors tried to optimize the reaction conditions to control the (Me3SiH),0 (2.5 equiv)
C—0Si versus C—OR selectivity in order to obtain the desired foluene, 25-50 °C, 3-24 h
; o . then [TMS-OTf] (0.05 equiv).-78 °C, 1 h
ether or alcohol. They determined that the specific combination R' RZ = alkyl
H 19 examples
(2mol%) Michon & Vanka (2020)'219]
H__O__H . -
PhSiH3 (2 equiv)
j\ i [InBr3] (2-5 mol%) H H TCE, 100 °C, 15 h
1 2 _
HO™ ™ 7 OH ™ Me,SiH),0 (3 equiv) o2 R’ R"=alkyl, aryl, Bn
toluene, 60 °C, 15 h oo Los S ietiiiiettttieeetttitiesatniaiansittnstesttiiestitiis ittt anttnt
9 examples PPh;)(C0O)4MnC(O)CH
Lemaire (2012124 A [(PPh3)(CO)4MnC(O)CHs] F [HB(CeFs):° @
"""""""""""""""""""""""""""""""""""""""""" B [TiCp,La] 0 :
o o H_O_H H_O_H o.
H H H Hoo HoH " L=For/©/ ¥ B/ s-uph
H H H cl ‘QN\Rh “CO
Cy Ph Ph OBn N ~
40% 34% 98% 76% < &N
H_O_H H_o_H H_o H °°“Ru—R- _,‘gg
H H H H o H N 0C” - “*kxo
oc
D [InBr;] E [Fes(CO)yal G [PdIC] H [KBArFy]
80% 73% 65% [Cu(acac),]

Scheme 19. O-heterocycles from intramolecular reductive coupling of
dicarboxylic acids. Yields of isolated products are given.
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A 11 examples
(1.5-3 mol%) Cutler (1995)[1212]
PhSiH3 (1-1.2 equiv)
CgDg, RT, 15-30 min

PMHS (5 equiv), THF, RT, 0.1-6 h
then Et3SiH (2 equiv), [A-15] (0.5 g/mmol)
DCM, RT, 0.5-5 h

Me,EtSiH or Et,MeSiH (2.5-4 equiv)
1,4-dioxane or THP, 20 °C, 1-22 h
R', R2 = alkyl

D 15 examples
(6 mol%)  Sakai (2007 & 2008)[121c. 126]

Et,SiH (4 equiv)

Scheme 20. Ester-to-ether catalytic reductions using Si—H compounds.
TCE=1,1",2,2"-tetrachloroethane. acac = acetylacetonate. BArF,, = tetrakis
[(3,5-trifluoromethyl)phenyl]borate.
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of Et,MeSiH as hydrosilane and THP as solvent favors ether
selectivity for linear ethers, whereas lactones afforded cyclic
ethers with total selectivities employing Me,EtSiH and 1,4-
dioxane conditions.!"*”

The first Lewis acid-catalyzed ester-to-ether reduction was
reported by Sakai etal. in 2007, using InBr; as catalyst and
Et,SiH as reducing agent (Scheme 20D)."2'“'*® Employing this
protocol, the authors obtained 20 ethers, linear and cyclic, with
good yields and demonstrated a good functional group
tolerance including unsaturated fatty esters. However, this
method was limited for benzoic esters or acetates in which the
—OAc group is attached to a secondary carbon bonding to a
phenyl group or conjugated double bond. Mechanistic studies
suggest that the reaction proceeds through radical
intermediates.”"?'¢'%

Interestingly, in 2012 Beller and co-workers reported a
catalytic system based on an earth-abundant iron complex,
Fe;(CO),,, as pre-catalyst and TMDS as hydride source for the
ester-to-ether reaction (Scheme 20E)."*” In this work, 16 linear
esters and an aryl lactone could be selectively reduced to the
corresponding ethers in moderate to excellent yields (50-90 %).
The synthetic value of the developed protocol was demon-
strated by the reduction of cholesteryl nonanoate, a steroid-
derived ester, to the corresponding ether in high yield and
showing tolerance towards alkene function.!'?”

In 2015, Sadow etal. reported a zwitterionic rhodium
silylene complex as an active catalyst for the deoxygenation of
esters to ethers in the presence of PhSiH; (Scheme 20F).''
Under optimized conditions, 10 examples, including formate
esters, afforded the corresponding ethers with up to 93 % yield.

More recently, in 2018, Motoyama and co-workers showed
that a system based on the combination of Pd/C and Cu(acac),
was able to reduce lactones to silyl acetals employing TMDS as
reducing agent (Scheme 20G)."*'" The silyl acetal intermediates
were further transformed into the corresponding ethers by the
addition of TMS—OTf in catalytic amounts at —78°C. Applying
this strategy, several five-, six-, and seven-membered cyclic
ethers were obtained in very good to excellent isolated yields
(78-99%), and one example of open-chain ether was reported.

Last year, Michon, Vanka etal. achieved a metal-free
deoxygenation of esters to ethers employing a fluorinated
borate catalyst and PhSiH; as reductor (Scheme 20H).'*'9 With
this protocol, a wide range of esters were converted into the
corresponding ethers, including two benzoate derivatives.
Mechanistic investigations revealed the relevant role that non-
covalent interactions between the catalyst, hydrosilanes, and
ether play in this reaction."?'?

The large synthetic potential of ester-to-ether reduction was
demonstrated in a series of works published by Biermann, Meier
and co-workers from 2014 to 2019 (Scheme 21).!'* As it has
been previously commented, ester functionality is present in
relevant biomass compounds such as triglycerides or fatty
esters, main components of oils and fats.”” Furthermore,
polyesters are also highly relevant polymers in chemical
industry with many applications as plastics or textiles.’9'*)
Hence, developing new methodologies for obtaining ethers
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Biermann & Meier (2018)1128d] I-ivrl H H
[GaBr;] (0] ./\‘\O
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/L\‘AOMO}H
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@
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(Me,SiH),0 6 examples
/\.j’\ 2 (2.2 equiv) Biermann & Meier (2019)!128¢]
= N M neat or DCM
oL ° rt. 10 60 °C 2 R B
13h

from fatty acids and 1,3-propanediol
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Scheme 21. GaBr;-catalyzed reductions using TMDS as hydride source: (A)
fatty esters, triglycerides, or lactones to the corresponding ether derivatives;
(B) polyesters to polyethers; (C) diesters to aliphatic diether monomers.
Yields of isolated products are given.
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from these abundant raw materials is a topic of interest
nowadays.

Biermann et al. explored in 2014 several Lewis acids as
catalysts for the reduction of fatty esters, triglycerides and
lactones to the corresponding ethers (Scheme 21A)."%9 It was
determined that GaBr; in the presence of TMDS could catalyze
very efficiently the selective reduction of esters to ethers at very
mild conditions, with good selectivities respect to the alcohol
product, and tolerating alkene function. Interestingly, the
system demonstrated also selectivity to the reduction of a
lactone in the presence of a linear ester.'”? In addition, the
reduction of high oleic sunflower oil"**"" and 10-undecenyl 10-
undecenoate, a fatty ester derived from castor oil,"*¥ was
achieved using the same catalytic system at mild conditions.
These processes have high potential to afford glyceryl trialkyl
ethers with applications as surfactants or polyether
monomers.'#%”

Polyethers are important polymers in chemical industry with
very interesting properties such as high stability. They are
commonly obtained in industry by ring-opening polymerization
of epoxides."! Hence developing alternative and sustainable
methods for acceding these compounds is very interesting,
especially if they can be obtained from available
polyesters.”’9'? |n 2018, Biermann, Meier and co-workers
applied the GaBry/TMDS system to the reduction of aliphatic
polyesters with different chain length to obtain the correspond-
ing polyethers (Scheme 21B).['%4

In the context of polyether synthesis, another relevant
approach consists in introducing the ether moiety in the
corresponding monomer by the ester-to-ether reduction, before
polymerization step.?%'*! Biermann, Meier et al. applied this
strategy employing their GaBr;/TMDS catalytic reductive proto-
col to fatty acid-derived m,w’-unsaturated diene diesters to
obtain the target diethers (Scheme 21C), which later were
polymerized.!'*

3.2. Using molecular hydrogen as reducing agent

As it has been commented previously, hydrogen is the most
desirable reducing agent, as it only produces water as by-
product and it is highly available and affordable.*®*¥ Hence,
this large advantage from the sustainability viewpoint clearly
balances the safety cautions that must be considered, especially
in an industrial context, when employing this reagent. Thus, in
the last years, efforts have been directed to the development of
catalytic systems able to perform the ether synthesis via
reductive etherification of alcohols with carboxylic acid deriva-
tives and employing hydrogen as reducing agent."®9"

The first example of reductive O-alkylation of alcohols with
carboxylic acid derivatives using H, as reductant was reported
by Lemaire and co-workers in 2012 and 2013.'%**9 They
developed a method for obtaining poly(glycerol)monoethers,
amphiphilic compounds of high interest as a consequence of
their surfactant, antimicrobial, and antitumor properties."** In
this protocol, a mixture of an acid catalyst (Amberlyst-35 or
CSA) to catalyze the esterification or transesterification and Pd/
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C as hydrogenating system was employed."?*9 Thus, 1-O-alkyl
(di)glycerol ethers and one example of 1-O-alkyl triglycerol
ether were prepared via the reductive alkylation of glycerol
derivatives with carboxylic acids (Scheme 22, top, left, A),"**
methyl esters (Scheme 22, top, left, B)"*? and a-monoglycer-
ides (Scheme 22, top, left, C)'**7 with low to high yields and
good selectivities towards 1-O-alkyl glycerol ether versus 2-O-
alkyl glycerol ether.

Furthermore, they reported a two-step protocol consisting
in a first BaO-Al,O;-catalyzed transesterification of methyl
valerate, methyl hexanoate, or high-oleic sunflower refined oil
with glycerol to obtain the corresponding a-monoglyceride.
Without isolation, the a-monoglyceride was subjected to the
reductive etherification in the presence of glycerol excess to
obtain the corresponding 1-O-alkyl glycerol ether (Scheme 22,
bottom)."?

Mechanistic investigations were performed and they re-
vealed that the key intermediate in this reaction is a five-
membered cyclic hemi-ortho ester (Scheme 22, top, right)."?2*9
Different tests showed that the third OH function in this
intermediate is coordinating to Pd and, hence, plays a crucial
role favoring the Pd preferential cleavage of the secondary C—O
bond over the primary one. This is the determining factor
explaining the 1-O-alkyl glycerol ether selectivity. With this
method, highly abundant carboxylic acid derivatives and
alcohols can be used as starting materials for obtaining glycerol
monoethers,'?*9 traditionally synthesized through much more
undesirable methods such as Williamson etherification or acid-
catalyzed direct etherification.!**”

After the early works by Lemaire and co-workers, focused
on the use of glycerol-type alcohols, other more general
synthetic methodologies for the reductive etherification using
hydrogen have emerged. Most of the early homogeneous
catalytic systems developed for the hydrogenation of carboxylic
acid derivatives had as requisite performing in basic
conditions 2?49 Therefore, in these conditions, the hemi-
acetal intermediate deprotonation is followed by a C—OR
cleavage pathway, which finally affords the alcohols mixture
(Scheme 16 and 23, left). In the last two decades, several
catalytic systems able to hydrogenate carboxylic acid deriva-
tives in acidic conditions have been developed.?2%<dgh130 |
these conditions the C—OX pathway, C—OH in the case of H, as
reducing agent, can be clearly favored and, hence, these
systems are much more suitable for catalyzing reductive ether-
ification (Scheme 23, right).

One of the most studied homogeneous catalytic systems
with remarkable activities for hydrogenative transformations of
carboxylic acid derivatives in acidic media, is based on
ruthenium or cobalt complexes with Triphos ligand (1,1,1-tris
(diphenylphosphinomethyl)).222%<49h13% |n 2015, Beller and co-
workers reported the Ru(acac),/Triphos/Al(OTf); catalytic system
for the hydrogenative O-alkylation of primary alcohols with
benzoic acids/esters or aliphatic acids (Scheme 24)."'¥ The
protocol was limited to primary alcohols and, in the case of
esters, the substituent of the carboxylate group (—OR') and the
alcohol (R'OH) in excess should be the same structure.
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Scheme 22. Top, left: Pd/C-catalyzed reductive etherification of glycerol-type alcohols with (A) carboxylic acids, (B) methyl esters, and (C) a-monoglycerides.
Bottom: BaO/Al,O;-catalyzed transesterification of methyl esters or triglycerides with glycerol to afford a-monoglycerides, followed by Pd/C-catalyzed
hydrogenation to the corresponding 1-O-alkylglycerol ether derivative. Top, right: reaction mechanism. Yields of isolated products are given. Selectivity
between 1-O- and 2-O-alkylglycerol ethers determined by 'H NMR spectroscopy is given in parentheses. [a] When diglycerol or triglycerol were used, the
selectivity between 1-O- and 2-O-alkyl(poly)glycerol monoethers could not be determined. A-35= Amberlyst-35.

Basic or Neutral conditions Acid conditions

Scheme 23. Hemiacetal intermediate (C—OR) cleavage favored in basic/
neutral conditions (left) versus hemiacetal (C—OH) cleavage favored in acid
conditions (right).

Based on experimental evidence, the authors propose a
mechanism (Scheme 24, bottom) in which the ruthenium
complex should be activated through the formation of a Ru"
hydrido complex [Ru"-H*1 L. In first term, Al(OTf); catalyzes an
initial esterification step to afford the corresponding ester,
which can be reduced to the hemiacetal intermediate V by Ru/
acid catalysis."?'¥ The authors propose that this intermediate
can be further hydrogenated through a C—OH pathway to
afford the ether. In addition, they also consider the possibility of
a C-OR pathway followed by acid catalyzed bimolecular
dehydration to explain the ether formation.!?'?
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One year later, in 2016, Goossen et al. published a very
related catalytic system based on the combination Ru-
(cod)(tmm),/Triphos/HNTf, (cod=1,5-cyclooctadiene, tmm =2-
methylallyl) for the reductive O-alkylation of alcohols with fatty
acids/esters and triglycerides (Scheme 25).'%% This system
operates at harsher conditions of 180°C and 70 bar H,, but it is
able to mediate the cross-coupling of a variety of natural
occurring carboxylic acid derivatives, including methyl esters
and triglycerides, with primary alcohols. It does not show
selectivity towards alkene hydrogenation and, hence, converts
complex carboxylic acid/ester mixtures into simple ethers in
one step.'#24

Further organic synthetic application of a Ru/Triphos system
in hydrogenative alcohol etherification was reported by Beller
and co-workers in 2016 (Scheme 26)."*" In this work the authors
were able to perform the O-alkylation of a variety of alcohols
using imides, phthalimides, and succinimides as alkylating
agents. This methodology, which employed a Ru(acac)y/
Triphos/MeSO;H catalytic system in the presence of an excess
of alcohol, gave access to a broad variety of heterocycles with
isoindolinone and pyrrolidinone structures, privileged scaffolds
in medicinal chemistry."* Moreover, in 2017, the same authors
showed that the related Co(BF,),-6H,0/Triphos catalytic system
was able to mediate this transformation at milder temperatures
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OYO 0~ “R2 14 examples 4 s 9
R2 Goossen (2016)!1224] id ) o
o RZ-N )\/ R
AR HO H
triglycerides [Co] H
........................ e eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e + 2w [CoM(Triphos);(H)* ;7
Triphos
H H H H HHHH P
M
ME\HZ/\OX\W‘LM Me\Hz/\OX\W‘;VIe e\Hz/\oX\M:\(o/\M;Me
83% (from acid) 68% (from acid) 53% (from diacid)
83% (from oleic acid) o
74% (from linoleic acid) 1
50% (from ricinoleic acid) R\ox\ﬁglle
65% (from tall oil acid mixture) ¢ ) Scheme 26. Metal-catalyzed reductive O-alkylation of alcohols using imides
rom aci

(75%) (from rapeseed oil methyl esters)
(58%) (from rapeseed oil)

as alkyl sources. Yields of isolated products are given. [a] Minor regioisomer
was isolated in 29% yield, selectivity major/minor 2.4:1. [b] Selectivity
major/minor 15.7:1. [c] Selectivity major/minor >99:1. [d] Minor regioisom-
er was isolated in 6% yield, selectivity major/minor 11.5:1. [e] Selectivity
major/minor 8:1. [f] Minor regioisomer was isolated in 15% yield, selectivity
major/minor 3.5:1.

R' = Me, 50%; n-Oct, 70%; i-Pr, 23%

Scheme 25. Ru-catalyzed hydrogenative etherification between 1° alcohols
and fatty acids/esters or triglycerides. Yields of isolated products are given.
GC yields are given in parentheses. Rapeseed o0il=51-71% oleic acid (OA),
15-30% linoleic acid (LA), 5-14 % linoleic acid (LN). Tall oil acids =47 % OA,
34% LA, 2% LN, 2% palmitic acid (PA). tmm = trimethylenemethane.

(Scheme 26)."%® With both catalytic systems, a good tolerance
to aromatic ring as well as many functional groups, such as
halogens, was demonstrated. Remarkably, in the case of
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aromatic ring substituted phthalimides, good to excellent
selectivities to one of the regioisomers were shown. In addition,
the intramolecular version of this transformation afforded
tricyclic heterocycles with up to 94% isolated yield."*""*¥ |n the
case of cobalt catalytic system, kinetic and mass spectrometric
studies revealed the [Co"(Triphos),(H),]™ complex as a crucial
intermediate for the rate-limiting imide bond hydrogenation to
the hemiaminal intermediate."*

In a context of more and more development of catalytic
systems for the challenging hydrogenation of carboxylic acid
derivatives, alternative reductive etherifications of more acces-
sible feedstocks have emerged.#2<4#h1%l Hence, in the last
years, many examples of hydrogenative etherifications in which
the alcohol is formed in situ from a more oxidized functionality,
either a carbonyl compound or another carboxylic acid
derivative, have appeared and they will be commented in this
Review.[27a'c'd'f'h'1°3]

It is important to highlight that this transformation is mainly
associated with the intramolecular conversion of platform
molecules, bearing C,~C; carboxylic acid structure, in cyclic
ethers presenting a variety of applications as solvents, mono-
mers or fuel additives?2<¢#"%l More specifically, levulinic
(LA),"? succinic (SA),*" and itaconic (IA)™* acids and its ester
derivatives (Scheme 27, top) are the carboxylic acid derivatives,
obtained by biorefinery processes applied to lignocellulose that

C4-C5 Biomass-derived

have been used in these transformations affording THF
derivatives.?2¢#"1%! These mono- and dicarboxylic acids are
considered among the top carbohydrate-derived organic start-
ing materials named by the US Department of Energy.®
Therefore, obtaining ethers with important applications from
these compounds, while using hydrogen as reducing agent, is a
relevant topic.

Generally, the intramolecular hydrogenative etherification
of these derivatives takes place through a two-step
mechanism."*” In first place, there is a hydrogenation of the
carbonyl function, in the case of LA, or one of the carboxyl
groups, for IA or SA, that affords an alcohol able to give the
corresponding lactone through esterification. In a second step,
the corresponding lactone undergoes ester-to-ether hydro-
genation to give the THF derivative (Scheme 27, top).
Scheme 27, bottom shows a more detailed mechanism normally
proposed for the intramolecular reductive etherification of this
kind of compounds."*” Analogously to the general mechanism
of reductive etherification using carboxylic acid derivatives
(Scheme 16, see above), the key intermediate here is the cyclic
hemiacetal Il that can be further hydrogenated by the C—OH
pathway to form the desired ether Il (Scheme 27, bottom,
A).'*29 However, in the case of these compounds, mechanistic
investigations point out the C—OR pathway to give a 1,4-diol IV
followed by an intramolecular direct etherification as the most

Intramolecular Reductive Etherification

Hy H

/l Ester-to-ether R2 E

_— > 25 0 o
fu Ho

R! R' :

Lignocellulose Carboxylic Acids Lactones THF derivatives :
Levulinic acid (LA) y-Valerolactone (GVL) 2-MeTHF
[R'=Me, R2= H] [R'=Me, R2= H] [R'=Me, R2=H] !
: Succinic acid (SA) y-Butyrolactone (GBL) THF
[R'=0H, R?=H] [R'=H,RZ=H] [R'=H,R?=H] :
Itaconic acid (IA) 2/3-Me-y-Butyrolactone (MGBL) 3-MeTHF :
[R'=OH, R?= CH,) [R'=H, R2= Me] [R'=H,R?=Me] :
,,,,,,,,,,,, A C-OH
""""""""" o : HO Hy
2 i H
: R M i Catalyst Rl RZ O Catalyst /l ¢ Catalyst Catalyst , o
, ! ! - O ! o | --------- -
: OH! OH 'R !
: {H HN HOH R*LJ W H, -H,0
- S 2 OH : TH < H z H
IR II' R |} R
B
Hydrogenations and dehydration reactions Catalyst
Well-designed catalytic system features: C-OR H,
/ Hydrogenating metal atom
v Acid (support or itives) R2 H
' Oxophilic metal atoms Catalyst R! H Catalyst
"""""""""""""""""""" “H OH H.,O
i H, -H,0 2
—> Main pathway 2 2 OH IV
***** > Alternative pathway c

Intramolecular Direct
Etherification

Scheme 27. Top: General scheme describing the sequential synthesis of THF derivatives from lignocellulose through intramolecular reductive etherifications of
levulinic acid (LA), succinic acid (SA), and itaconic acid (IA). Synthesis of THF derivatives from direct hydrogenation of y-valerolactone (GVL), y-butyrolactone
(GBL), and 2/3-methyl-y-butyrolactone (MGBL) is also considered. Bottom: General proposed mechanism for the intramolecular reductive etherification of LA,

SA, and IA.
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probable via to explain the ether formation (Scheme 27,
bottom, B and C)."*” Considering this reaction mechanism, the
catalytic systems normally reported as active for this kind of
transformations present as main requisites: being able of
activate hydrogen and presenting acid properties that enable
the direct etherification of 1,4-diols. Moreover, catalytic systems
presenting oxophilic atoms able to activate the stable carbonyl
function of carboxylic acid moiety also favor these
transformations,272<4fh103]

Taking into account these requisites, several homogeneous
catalytic systems have been described for the LA intramolecular
hydrogenative etherification to afford 2-MeTHF (Scheme 28). All
these systems are composed by a Ru complex with a phosphine
type ligand in the presence of an acid additive. Early
investigations were reported in 2008 by Horvath and co-
workers and employed Ru(acac),/PBuy/NH,PF, as catalytic
system for this reaction."* Later on, Klankermayer, Leitner and
co-workers,"*>9 Miller and co-workers,"™*”" and Beller and co-
workers,'?¥ used improved systems consisting on ruthenium
complexes with tridentate phosphines (Triphos or N-
Triphos™") [232%cdgh130l Ramarkably, Horvath,"*® Klankermayer

Horvith (2008)!138]
[Ru(acac)s] (0.25 mol%)
PBuj3 (8.9 mol%)
[NH4PFg] (4.3 mol%)

H; (83 bar)
solvent-free, 200 °C, 46 h
>99% yield
[37% GVL; 63% 1,4-PDO]

Klankermayer & Leitner
(2010)1372]

[Ru(acac);] (0.1 mol%)
Triphos (0.2 mol%)
1 (1 mol%)
[NH4PF¢] (1 mol%)

o i [3% GVL; 95% 1,4-PDO] Me. O _H

W {U

o H, (100 bar)
H 1 solvent-free, 160 °C, 18 h
: Mem/\/LOH 92% yield

Miller (2015)13711

+ i 2-MeTHF
{ 11 (0.5 mol%)
H, 5 [HNTf;] (5 mol%)
H; (65 bar)
THF, 150°C, 25 h
87% yield

[1% GVL; 99% 1,4-PDO]

Beller (2015)1121d]
[Ru(acac);] (0.1 mol%)
Triphos (0.15 mol%)
[AI(OTf)3] (0.25 mol%)

H, (55 bar)
THF, 140 °C, 30 h
88% yield

Scheme 28. Homogeneously catalyzed intramolecular LA reductive ether-
ification to produce 2-MeTHF. Yield of isolated product is given. Results of
the reactions conducted in the absence of acid co-catalysts are given
between brackets. GVL =vy-valerolactone. 1,4-PDO = 1,4-pentanediol.

ChemSusChem 2021, 14, 3744-3784 www.chemsuschem.org

3771

and Leitner"*>9 and Miller"*" works demonstrate the formation
of y-valerolactone (GVL) and, above all, 1,4-pentanediol (1,4-
PDO) when the catalytic system was used in the absence of the
acid co-catalysts, confirming the proposed mechanism."¥’d

Obviously, developing more sustainable heterogeneous
catalytic systems that allow the valorization of a platform
chemical such as LA to 2-MeTHF is a topic of interest nowadays
considering the easier possibility of reusing these
systems.272<4fh1031 Geminal work in this area was reported by
Hixon and co-workers in 1947."* These authors obtained for
the first time 2-MeTHF from LA as a secondary product when
they were investigating a two-step process for synthesizing 1,4-
PDO from LA using Ni-Raney and Cu,Cr,0;. Since then,
important efforts have been made, mainly in the last decade,
and several nanostructured catalysts have been described for
obtaining 2-MeTHF from LA or its derived ester ethyl levulinate
(EL) (Scheme 29). In this sense, solid materials have been
carefully designed in order to optimize this complex trans-
formation by introducing in their structure bifunctional features,
as well as acid properties. Moreover, a deep investigation of
crucial reaction parameters has also been performed.

Bimetallic nanosized materials operating through a cooper-
ative or sequential mechanism are among the most studied
catalysts for this transformation. In fact, the first example of a
direct process affording 2-MeTHF from LA was reported by
Bozell et al. in 2000 employing a Pd—Re/C material as catalyst
(Scheme 29A)."" In 2011, Chang, Hwang and co-workers
published the first example of material based on the combina-
tion of copper and nickel as hydrogenating metals
(Scheme 29B).™" More specifically, the authors reported a
Cu—Ni/SiO, material with high copper loadings, containing Cu
NPs of around 20 nm, and highly dispersed Ni NPs that act as
promoters. This material affords 2-MeTHF from LA, via GVL, with
large selectivity and stability. Several years later, Arias et al.
published a nanomaterial with the same metal combination but
employing Al,0; as support (Scheme 29C)."*’® In this example,
the material is composed by Ni—Cu mixed particles where both
metals act synergistically to hydrogenate LA to 2-MeTHF in
good yields. The authors assign Ni the role of promoting
activity, whereas Cu is needed to achieve a good selectivity to
the ether derivative. In addition, the role of i-PrOH as both
solvent and hydrogen transfer agent was demonstrated for this
system.? In 2019, Han, Chen and co-workers reported a
Cu—Ni/Al,0;-ZrO, catalytic system affording the highest yields
of 2-MeTHF (>99%) obtained up to date through the LA
reductive etherification with H, (Scheme 29K)."*! In this work, it
is demonstrated the bimetallic synergy, as Cu favors 2-MeTHF
selectivity, while Ni is key for GVL hydrogenolysis to take place.
Another key point explaining the high efficiency of this system
are the optimum properties of the designed support, charac-
terized by a mesoporous structure, with large area and
important acidic properties."* Similarly to previous Cu—Ni
based materials active for this reaction, high hydrogen
pressures and T>200°C are required to achieve good selectiv-
ities towards 2-MeTHF versus GVL. More recently, Wang, Li,
Huang and co-workers published the last example of a Cu—Ni
nanocatalyst able to afford 2-MeTHF in excellent yields from LA

© 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH


http://orcid.org/0000-0001-9628-9803

Chemistry

Reviews Europe
ChemSusChem doi.org/10.1002/cssc.202101184 Socetes ublishing
o Heterogeneous indicated the crucial role of the non-polar solvent used in this
MeNOX +H, Catalyst Me O H reaction (n-hexane) facilitating H, solubility and GVL adsorption.
o Reaction conditions ! . This material showed activity at the mildest reported temper-

X = H, Levulinic acid (LA) 2-MeTHF

Et, Ethyl Levulinate (EL)

Heterogeneous Reaction conditions
Catalyst product yield
H, (103 bar)
A [Pd-Re/C] 240°C Bozell (2000)!14°)
continuous-flow
83%
H, (25 bar)
_NI/Si 265°C Chang & Hwang
S [Cu-NiISiOy] continuous-flow (2011)1141)
89%
H; (40 bar)
Ni i~PrOH, 250 °C Arias
e [Cutahod 20h (2015 & 2016)1137¢. 142)
80%
H; (50 bar)
D [Pt-Mo/H-BETA] H20, 130 °C Kaneda (2016)145)
24 h
86%
H; (25 bar)
1,4-dioxane, 275 °C Chang & Hwang
= [Ru/GO] continuous-flow (2016)!1481
50%
H, (30 bar)
_Si solvent-free, 250 °C Zheng & Zhu
G [Cu/AI;05-Si0,] continuous-flow (2016)1149)
65% (from EL)
H; (40 bar)
1,4-dioxane, 230 °C Fan & Zhu
G [ColZrO,] 3h (2018)150
77% (from EL)
[Ru/C] H, (50 bar)
H [Re/C] H,0, 180 °C Galletti (2018)147]
[Nb3(POy4)s] 28%
H, (30 bar)
n solvent-free, 225 °C — [151]
1 [ColSiOy] continuous.flow Mihalyi (2019)!
70%
H; (30 bar)
. solvent-free, 250 °C ihalvi
i i Mihélyi (2019)[152]
& [NifSiO] continuous-flow halyi (2019)
56%
H; (30 bar)
. 2-BuOH, 220 °C Han & Chen
K [Cu-Ni/Al,03-ZrO;] 10h (2019)0143
>99%
H3 (1 bar)
g 7 _151al solvent-free, 400 °C Thiripuranthagan
S [RuZrALSEAZON continuous-flow (2020)11481
81%
H; (40 bar)
M [Cu-Ni/Al,04] n-hexane, 180 °C Wang, Li & Huang

4h (2020)144]
98% (from LA, EL)

Scheme 29. Intramolecular reductive etherification of LA or EL into 2-MeTHF
mediated by heterogeneous catalysis. GO = graphene oxide. [a] (Si/Al=25).

and EL (Scheme 29M)."*¥ The authors designed a Cu—Ni/Al,O,
material in which a Cu—Ni synergy is established, entailing a LA-
to-GVL step catalyzed by Ni and a Cu-catalyzed GVL-to-2-MeTHF
reduction. The acidic properties of the Al,O; support also play
an important role in this reaction. In addition, several mecha-
nistic investigations, including density functional theory (DFT),
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ature of 180°C for this kind of catalysts."*!

Apart from Cu—Ni bimetallic materials, it is interesting to
highlight the Pt—Mo/H-BETA system reported by Kaneda and
co-workers for the LA intramolecular etherification to 2-MeTHF
at mild conditions (130°C) and in good yields (Scheme 29D)."*
In this work, the authors show that the material is composed by
Pt® NPs acting synergistically with Mo" oxide clusters to achieve
the hydrogenation of LA to 1,4-PDO, which, in the presence of
the acidic support, is able to cyclodehydrate to afford 2-
MeTHF.['*!

In addition, other Ru-based bimetallic materials, such as
Ru—Zr/Al-SBA-15  reported by Thiripuranthagan etal.
(Scheme 29L),*¥ or the combination of Ru and Re commercial
catalysts in the presence of Nb;(PO,)s as acid component
(Scheme 29H),"*" studied by Galletti and co-workers, have been
also reported as catalysts for this transformation.

Several monometallic nanomaterials have also been de-
scribed for this relevant reaction. In 2016, Chang, Hwang et. al.
described a Ru/GO system as catalyst for LA to 2-MeTHF
hydrogenation (Scheme 29E)."*®" Here, the graphene oxide
support appears to be crucial for the selectivity to 2-MeTHF due
to its acid properties and the major dispersion of Ru nano-
particles, in comparison with a regular carbon support.
Interestingly, the same vyear Zheng,Zhu and co-workers
described a Cu/Al,0,-SiO, nanocatalyst active for the hydro-
genative etherification of EL into 2-MeTHF (Scheme 29F)."* Key
features of this system are related with the support properties,
enabling the stabilization of smaller Cu NPs, as well as providing
better stability and acid properties to the material. In 2018, Fan,
Zhu and co-workers reported the reductive EL conversion to 2-
MeTHF in good yields and in the presence of H,, using a Co/
ZrO, material as catalyst (Scheme 29G)."*® Finally, in 2019
Mihalyi and co-workers published two nanostructured materials,
Co/Si0,"™" and Ni/Si0,™? as active catalysts for LA hydro-
genation to 2-MeTHF (Scheme 291,J). In the case of Co/SiO,, a
bifunctional behavior was identified attributing the success of
the system to the combination of Co° metal sites, able to
hydrogenate, and CoO, Lewis acid sites, able to dehydrate, at
T>225°C""

Succinic acid and their diester derivatives [dimethyl succi-
nate (DMS) and diethyl succinate (DES)] are platform chemicals
obtained  from  glucose  through a  fermentation
process. 77acdih103ab 1341361 N\oregver, these kind of compounds
can also be synthesized from petroleum derivatives, and are
intimately related with maleic acid or maleates, only differing
with succinic in a C=C double bond.?7a¢dfh1032b134136] Cqngider-
ing the easy availability of these compounds, their heteroge-
neously catalyzed intramolecular reductive etherification to
directly obtain THF has awakened a notable interest in catalytic
community. Early examples of this transformation correspond
to two patents reporting the activity of bimetallic
nanomaterials."*® Marbry et al. as well as Schwartz patented in
1985 and 1995, respectively, a Pd—Re/C""**¥ and a Ru—Re/C""**"
systems active for obtaining THF from succinic acid in aqueous
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media and in the presence of hydrogen. Chaudhari and co-
workers also reported in the early 2000s two bimetallic catalysts
combining Ru either with Co™* or with Re""* for the hydro-
genation of succinic acid or maleic acid to THF in aqueous
media.

Other early examples of this reaction were described in the
1990s and employed as catalysts Cu-based solid materials. The
work from Trimm and co-workers should be highlighted,®
who studied the activity of several copper catalysts such as Cu-
Raney,**** Cu/CuCr,0,, Cu/Si0,, or Cu/ZnO"* for the DMS
gas-phase hydrogenation to THF. In these works, it was shown
that Cu/ZnO catalyzed the direct formation of THF from DMS. In
addition, a relevant catalytic system based on a Cu—Zn—Al-O
composite was described by Zhang et al. for the hydrogenation
of diethyl maleate to THF in 1998.°7 This key work defined that
Cu® surface centers promote the THF formation, while Cu'
centers are selective for the formation of y-butyrolactone (GBL)
and 1,4-butanediol (1,4-BDO) from the diester.

Dimethyl or diethyl maleate hydrogenation to THF using
copper-based heterogeneous catalysts has been further studied
along the years, although the interest in this reaction has lately
decayed due to the petroleum origin of this
compound 272410320l gayarg| systems based on Cu,Cr,0s,"®
Cu/Zn0O extruded with y-Al,0,,"*" Cr-Cu—B/y-Al,0,,"*" and Cu/
Si0,"® have been described by Chaudhari etal., Kraushaar-
Czarnetzki and co-workers, Qiao, Fan and co-workers, and
Zhang and co-workers for hydrogenative synthesis of THF from
dialkyl maleates.®'®" On the other hand, more examples
concerning hydrogenation of SA or dialkyl succinates to THF
have been reported due to the biomass origin of this
compound.?72dth103b134 Among the most recent work focused
on Cu-based catalysts, the group of Miller published a Cu/SiO,
system with high area and acidity for the DMS direct and
selective hydrogenation to THF, without detecting GBL or 1,4-
BDO as intermediates (Scheme 30A)."? More recently, Zhu and
co-workers reported a CuO/ZnO material in combination with
H-Y zeolite™” and the CuO-ZnO/H-ZSM bifunctional system,"®”
both active for the vapor-phase hydrogenation of DES to THF
(Scheme 30C). In this case, the authors clearly stablished the
need of zeolite acidity to catalyze the 1,4-BDO cyclodehydration
to THF. In 2013, Hwang, Chang and co-workers developed a Cu/
SiO, catalyst affording THF from DMS in good yields in the
absence of acid additives (Scheme 30E)."* It was showed that
the presence of Cu® centers with a size diameter of 11 nm in
this material was crucial for achieving a good THF selectivity.

Succinic acid hydrogenation has also been reported with Ru
monometallic on carbon-type supports catalysts by Luque et al.
and Song and co-workers. More specifically, Luque etal.
published a Ru/Starbon® nanomaterial active and stable for SA
hydrogenation in aqueous conditions, in which ruthenium low
particle size and high dispersion are crucial features
(Scheme 30B)."* Song and co-workers reported two active
catalysts for this reaction based on Ru/C, in which the support
was a carbon composite (Scheme 30F)."*® In these works, better
selectivities for THF, although moderate, were obtained in the
case of materials containing smaller Ru nanoparticles. Analo-
gously to ruthenium catalysts, several Re-based materials with
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Catalyst (o)
onox . T MM
o Reaction conditions H H
THF
X = H, Succinic acid (SA)
Me, Dimethyl Succinate (DMS)
Et, Diethyl Succinate (DES)
) Luque
A Miller (1999)'62] B C  Zhu(2011)'83
il b (2009 & 2010)!165] s
[Cu/SiO,] [Ru/Starbon] [CuO-ZnO/HZSM]
H; (42 bar) H; (10 bar) H; (40 bar)
MeOH, 325 °C EtOH(3)/H,0(5) gas-phase, 190 °C
continuous-flow 100°C, 24 h continuous-flow
82% yield (from DMS) 54% yield 90% yield (from DES)

Hwang & Chang

D [167) E E [166]
Song (2012) (20131164 Song (2014)
[Re/C] [CulSiO,] [Ru/C]
H, (80 bar) H, (25 bar) H; (80 bar)
1,4-dioxane 1,4-dioxane, 265 °C 1,4-dioxane
240°C,8h continuous-flow 240°C,4h
38% yield 93% yield (from DMS) 46% yield

Liang & Lafaye

G Liang (2014  (H Liang (2015)'374 I

(2017)1169

[Pd-Re/C] [RelC] [Pt-Re/C]
H; (80 bar) H, (80 bar) H, (80 bar)

H,0 H,0 H,0
240°C,10h 240°C,10h 240°C,10h
65% yield 63% yield 60% yield
) Keels & Liang Nishimura
[170]

J  Liang (2017) K (2018)171 L (2021)l172
[Ru-Re/C] [Ir-RelC] [Cu-Pd/Al;05]
H, (80 bar) H (80 bar) H; (80 bar)

H,O H,O 1,4-dioxane
240°C,10h 240°C, 10 h 200 °C, 96 h
60% yield 75% yield 97% yield

Scheme 30. THF synthesis from the heterogeneously catalyzed intramolecu-
lar reductive etherification of succinic acid (SA), dimethyl succinate (DMS), or
diethyl succinate (DES).

carbon-type supports have been described for hydrogenating
SA to THF. Song et al. reported in 2012 a Re/C material with a
similar support to the one used by the same group with Ru and
affording also moderate yields of THF (Scheme 30D).'"*" In 2015,
Liang and co-workers published another Re/C material for the
aqueous media-catalyzed SA  hydrogenation to THF
(Scheme 30H)."*’¥ The authors studied that the system effi-
ciency was better in the case of materials with a larger Re
dispersion. They could identify GBL and 1,4-BDO as reaction
intermediates.

Recent reports of bimetallic nanocatalysts for, mainly
aqueous media, hydrogenation of SA to THF have been also
published. In this area, the work of Liang and co-workers should
be noted, who designed a series of materials combining Re
either with Pd (Scheme 30G),"*® Pt (Scheme 301)"® Ru
(Scheme 30))" or Ir (Scheme 30K)""" supported on carbon
materials for SA hydrogenation to THF. For these materials, it is
showcased a synergic effect caused by the key interaction of Re
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with the other metal and the requirement of high temperatures
to promote THF formation versus 1,4-BDO. Finally, this year the
group of Nishimura reported a Cu—Pd/y-Al,O; material able to
give THF in good yields from SA in dioxane (Scheme 30L)."7% In
this work, it was demonstrated the important role of y-Al,O;
support providing Lewis acid sites, and strongly interacting
with Cu, for achieving good THF selectivities.

Another dicarboxylic acid obtained from glucose fermenta-
tion and whose intramolecular reductive etherification has also
been  studied, although in less extent, is IA
(Scheme 31).272cdfh103ab135136] |5 first place, Klankermayer and
co-workers described a homogeneous catalytic system, similar
to the one described for LA, to afford 3-MeTHF from IA in good
yields."®>9 The system was composed by a Ru/Triphos complex
in the presence of acid additives. More recently, Dauenhauer
and co-workers reported a Pd—Re/C material as an active
catalyst for the same reaction.'*" The IA hydrogenation to 3-
MeTHF was studied in the context of the desing of a synthetic
route to obtain isoprene from glucose by fermentation/intra-
molecular reductive etherification/dehydrodecyclization. The
authors described a Pd—Re interaction in this material resulting
in a synergistic effect required for catalyzing the ring opening
of the 2/3-methyl-y-butyrolactone, that it is the rate-limiting
step of this complex transformation. Moreover, the acid proper-
ties of the carbon support and ReO, were also crucial for the
success of the catalyst. In addition, the feasibility of the process
starting from mesaconic acid, an isomer of IA, was also
proposed by the same authors.!'”®

3.2.1. Ester-to-ether reduction with molecular hydrogen

As we previously discussed, other related process that has been
explored for the convenient synthesis of ether derivatives is the
ester-to-ether hydrogenation. Pioneer work of this reaction was
published in 1964 by Edward and Ferland, that reported the
hydrogenation of six-membered lactones to cyclic ethers with
PtO, in acidic conditions."” The large accessibility of five-
membered lactones such as GVL and GBL,?7><4#1%5175] a5 \yel| as
the fact that these compounds are more prone to undergo a
dehydrocyclization pathway (see Scheme 27, bottom) have

[o)
[Ru(acac);] Itaconic acid (I1A)
Triphos | e T
=€
[L:Ti':]] 97% yield 80% yield L ]
e Klankermayer Dauenhauer Hz (Ifligobar)
Hz (100 bar) | (2010)1"372 (2017)137 | 00 oé o4 h
1,4-dioxane ’
195°C, 18 h H9_ H
S ) S
Me
3-MeTHF

Scheme 31. Catalytic intramolecular reductive etherification of IA into 3-
MeTHF. PTSA = p-toluenesulfonic acid.
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helped many protocols for their hydrogenation to 2-MeTHF and
THF to emerge (Scheme 32).

Although nowadays GBL can be considered a platform
chemical affordable from the hydrogenation of succinic acid,
traditionally it has been obtained from the dehydrogenation of
1,4-BDO, normally synthesized from petroleum
derivatives 772¢4fn1%325 Hance, in the 1990s of the last century
there was a strong interest in studying catalytic systems for the
hydrogenation of this compound to THF. Several patents based
on multimetallic materials, such as Pd—Ag—Re,"”® Ru—Re—Sn/
C" or Pt—Re—Sn/C,""® and copper chromite catalysts"’® were
reported for this reaction. In addition, in 1995, Vaccari and co-
workers studied a series of copper chromite catalysts, determin-

Catalyst
Reaction conditions H
R = H, y-Butyrolactone (GBL) R =H, (THF)

Me, y-Valerolactone (GVL) Me, (2-MeTHF)

Reaction conditions

Catalyst product yield

H; (1 bar)
solvent-free, 245 °C
continuous-flow
40% (from GBL)

H; (60 bar)
EtOH, 240°C, 6 h
93% (from GVL)

H, (100 bar)

solvent-free

190°C, 24 h
43% (from GVL)

A [Cu-Cry04] Vaccari (1995)[180]

[Ru(acac);]
D Triphos
[AI(OTf);]

H; (30 bar)
solvent-free
100°C, 16 h
TON =200 (from GVL)
TON = 410 (from GBL)

H; (50 bar)
2-BuOH
230°C,5h
64% (from GVL)

H, (30 bar)
solvent-free, 250 °C
continuous-flow
53% (from GVL)

H, (45 bar)
heptane
120°C, 6 h
65% (from GVL)

H; (15 bar)
solvent-free, 200 °C
continuous-flow
97% (from GVL)

H, (40 bar)

1,4-dioxane

200°C,2h
74% (from GVL)

H3 (40 bar)
THF, 140°C, 12 h
81% (from GVL)

Goldberg &
Sandford
(2016)!"881

E [CpIr(bpy)OH,][OTf],
[Sc(0Tf)s]

Obregén (2017)!84]

Huang & Kudo
(2020)1"851

Zhao & Zhang

J [CulAl1,04] (2020)1189

Scheme 32. Catalytic hydrogenation of GBL and GVL to THF and 2-MeTHF,
respectively. bpy-OMe =4,4'-dimethoxy-2,2"-bipyridine. Cp* = pentameth-
ylcyclopentadienide.
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ing that a Cu-Cr,0; material with large amounts of Cu(0)
afforded THF from GBL in moderate yields (Scheme 32A).1'%"

More recently, a stronger interest in GVL hydrogenation to
2-MeTHF has been developed, due to the easy access of this
compound from lignocellulosic biomass.272¢4fn1%1731 | 2012,
Cao and co-workers designed a Cu/ZrO, nanomaterial for
selectively obtaining 2-MeTHF from GVL, avoiding 1,4-PDO
formation (Scheme 32B)."®" In this work the authors elucidated
that lower calcination temperatures (up to 400°C) were
essential to achieve a material with the correct copper
dispersion and acid sites that enables a good 2-MeTHF
selectivity. Although kinetic studies pointed to a direct GVL
hydrogenation, they could not discard a dehydration pathway
through 1,4-PDO.

Two other copper-based materials have been described as
active catalysts for this reaction during 2020 (Scheme 321,J).
Both examples, published by Sato and co-workers"®? and Zhao,
Zhang and co-workers"® were based on a Cu/Al,0, material in
which the presence of acid sites is again crucial for achieving a
good selectivity to 2-MeTHF. In the case of the material used by
Sato and co-workers, they determined that calcination temper-
atures lower than 700°C afforded materials with larger copper
particles and optimum acid properties for the selective
formation of 2-MeTHF, instead of the diol."®?

Similarly to the catalysts described for LA hydrogenation
(see Scheme 29C), Obregén et al. described in 2017 a Cu—Ni/
Al,O; material active for the hydrogenation of GVL to 2-MeTHF
(Scheme 32F)."* In this work the authors demonstrated that
Cu—Ni interactions as well as catalyst acidity are crucial factors
in this reaction. Last year, Huang, Kudo et al. reported another
bimetallic catalyst based on a Rh—Mo/SiO, material that
achieved a low-temperature (120°C) hydrogenation of GVL to
THF in heptane (Scheme 32H).'®! Here, the good selectivity to
2-MeTHF versus 2-pentanol was achieved as a consequence of
the bimetallic cooperation. This cooperation is responsible of: a
reduction in hydrogenating activity by the partial coverage of
Rh particles, an increase in Lewis acid properties of the material
by the oxygen vacancies of reduced Mo and a strong
adsorption of the substrate at the Rh—Mo interface."®™ In
addition, Palkovits and co-workers" and Lényi and co-
workers!"® described monometallic materials of Ru/C and Co/
SiO,, respectively, as active catalysts for this reaction affording
2-MeTHF with moderate selectivities through hydrogenation to
1,4-PDO followed by cyclodehydration (Scheme 32C,G).

Finally, GVL hydrogenation has also been studied using two
homogeneous systems (Scheme 32D,E). On the one hand, Beller
and co-workers reported in 2015 the Ru(acac);/Triphos/Al(OTf),
system, also used for the hydrogenative etherification of
alcohols with carboxylic acids/esters, as an active catalyst for
obtaining 2-MeTHF from GVL in good yields (Scheme 32D)."*'®
One year later, Goldberg, Sandford and co-workers published
that an Ir complex in the presence of Sc(OTf); as acid additive
was able to hydrogenate GVL to 2-MeTHF, as well as GBL to THF
through the hydrogenation to diol followed by dehydration
(Scheme 31E)."®

It is interesting to note that the hydrogenation of 2-methyl-
v-butyrolactone (MGBL), potentially obtained from IA, to 3-
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MeTHF has also been reported using nanostructured materials
in several patents."™ Moreover, maleic anhydride hydrogena-
tion to THF has been more studied with heterogeneous
catalysts, mainly based on copper."®® However, these works will
not be commented here as anhydrides hydrogenation to ethers
are out of the scope of this Review.

In addition to these protocols focused on the synthesis of
THF derivatives from C,—C; carboxylic acids (LA, SA, and IA) and
their related esters (GVL, GBL, and MGBL), more versatile
synthetic approaches for the production of ethers with larger
structural diversity from the hydrogenation of esters are
desired.™ In this context, to date the only catalytic protocol for
promoting a more general ester-to-ether hydrogenation was
developed by Beller and co-workers in 2015 (Scheme 33, see
also Scheme 24).'%'Y Here, authors make use of the well-
developed Ru/Triphos system, in combination with Al(OTf); as
acid cocatalyst, for the deoxygenative hydrogenation of more
than 15 lactones (including aromatic, aliphaticc and more
sensitive a-hydroxy lactones) to obtain cyclic ethers with up to
96% vyield. Furthermore, two more challenging linear esters
could be hydrogenated to the desired ethers but in modest
yields (Scheme 33)."'¥ Concerning the mechanism, and as it
was already discussed in Scheme 24, authors defend that a
hydrogenation process involving selective C—OH cleavage of
the hemiacetal intermediate might be a reasonable pathway.
However, a C—OR cleavage of the hemiacetal into the alcohols
followed by an acid-promoted direct etherification has also to
be deemed taking into account the more favored unimolecular
dehydration pathway in lactones in comparison with acyclic
substrates."?'?

Finally, the same Ru-based catalyst combination was
applied by de Vries and co-workers in 2019 for promoting
polyester-to-polyether hydrogenations (Scheme 34)."°" As we

[Ru(acac)] (2-4 mol%)

o] Triphos (3-6 mol%) H H ;
R J\0,31 [AI(OTH)3] (3-10 mol%) on"?
N H, (40-60 bar) e
; THF, 140-160 °C, 8-36 h
19 examples
Beller (2015)121d]
HH H H
HH HH
o o
o HO
CS e e
4 7Me
(80%) 63% 60% (82%)
H H H H H oy
o e
Me oH 0
Me HO
(96%) (42%) 65% 90%
H
H HH HH HH
o LI L™ s¥od whoon
Br
65% 85% 46% 30%

Scheme 33. Ru-catalyzed ester-to-ether hydrogenations. Yields of isolated
products are given. GC yields are given in parentheses.
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[Ru(acac)s] (2-3 mol%) 4. Alcohol Hydrogenative Etherifications with
Triphos (3-4.5 mol%) H
# J o O] (575 mot) HH W H CO, or HCO,H to Dialkoxymethane Ethers and
o nO/\M/iiorS H, (40 bar) g 0" ™o o/\‘v)/aoo:iS Related Acetals
THF, 140-180 °C, 24 h X
Polyesters 5 examples
i [191]
.................................................................. de Vries (2019 ... Carbon dioxide levels in the atmosphere have steadily increased
o M, (polyestenf= 13000 Since the beginning of industrialization."”” Anthropogenic emis-
H o/\%\/o - o/\Mg\/OH Z\:ﬂgn(ftlil]yftxgs]=2000 sions, mainly coming from combustion of petroleum-derived fuels
o n T ° and industrialized processes, are the main factors explaining this

poly(hexene-1,12-dodecanate) [PHDD]
M,, (polyester)t@ = 13000
M,, (polyether)(@ = 2100

o
H o OH
{0/\“”;\/ Mo/\“”?\/ Conv.!l = 96%
)

n Yield® = 90%
poly(hexene-1,6-adipate) [PHA]
M,, (polyether)@ = 1100

o
Hl_~_~_0 A ~_OH
o i o Conv.lPl = >99%

n Yield®! = >99%
poly(buthyl-1,4-adipate) [PBA]

o
o wr° o OH
5 3 4
0 n
m

poly(hexene-1,6-adipate-co-distereate) [C36-co-PHA]

M,, (polyester)t@ = 11000

M,, (polyester)t@l = 4000
M,, (polyether)i2l = 2800
Conv.ll = >99%

Yield® = 89%

Scheme 34. Polyester-to-polyether hydrogenations catalyzed by Ru/Triphos/
Al(OTf); system. [a] Molecular weights [gmol™'] were determined by gel
permeation chromatography (GPC). [b] Determined by NMR spectroscopy.
Conversion refers to the ester groups converted, and yield was calculated
considering the theoretical conversion of all ester groups to ether groups.

previously discussed in Section 3.1, this transformation has a
direct application for plastic waste chemical recycling into
value-added compounds®?'® and novel materials due to the
high stability and improved properties of polyethers."" In this
contribution, several industrial-grade polyesters including poly-
(hexene-1,12-dodecanate) [PHDD], poly(hexene-1,6-adipate)
[PHA], poly(buthyl-1,4-adipate) [PBA] and poly(hexene-1,6-adi-
pate-co-distereate) [C36-co-PHA] were efficiently hydrogenated
to the corresponding ether oligomers at 140-180°C and 40 bar
H,."® Interestingly, experimental investigations support a
sequential mechanism mainly driven by a C—OR ester group
hydrogenation, followed by the Al(OTf);-catalyzed direct ether-
ification of the formed alcohols."” Notably, Klankermayer and
co-workers recently reported a related protocol for the hydro-
genative depolymerization of waste polyesters to the corre-
sponding diols using a similar Ru-based molecular system."*? In
this case, HNTf, was employed as acid additive, and a C—OR
bond cleavage pathway was also clearly demonstrated since
alcohols are obtained as the main products.
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increase."™ Nowadays, this is one of the biggest problems of
humankind owing to its impact on Earth’s climate change. Hence,
there is an obvious interest in the development of technologies
for the capture and utilization of CO,"™ Furthermore, the
employment of carbon dioxide as feedstock in chemical industry
is also clearly associated with a more sensible resource manage-
ment and a renewable carbon economy, both concepts needed
for a more sustainable industry."* However, owing to CO, kinetic
inertness and thermodynamic stability, its activation is currently
one of the greatest challenges of modern chemistry.>*

In this context, important efforts have been made for
designing transformations to produce valuable organic mole-
cules using CO, as starting material.®¥ Recently, catalytic
protocols for N-methylation of amines using CO, as C, building
block in the presence of a reducing agent have emerged.***
Likewise for amines, the selective CO, reduction with H, in the
presence of alcohols can give direct access to dialkoxymethane
ethers (DAM) and related acetals, a relevant class of ether-type
compounds.?*3?

More specifically, so-called oxymethylene ethers (OMEs)
constitute valuable feedstocks as useful chemical intermediates
and building blocks.®**" In addition, mainly dimethoxymethane
(DMM, referred to as OME, or methylal) as the first of the family,
but also diethoxymethane (DEM) and poly(oxymethylene)
dimethyl ethers (OME,), present important applications as fuels
or fuel additives.*®*" Properties of these compounds such as
their high viscosity, low vapor pressure, and high cetane
number and oxygen contents explain their capacity for
reducing soot generation during combustion in diesel
engines.’**" Moreover, DMM is also applied as an environ-
mentally-benign solvent in the fine-chemical industry.

Apart from all the mentioned applications, DAMs are also
interesting from the viewpoint of being formaldehyde
surrogates.”**" In fact, formaldehyde can be easily obtained from
these compounds by simple hydrolysis. Therefore, the synthesis of
DAMs from CO,/H, is a way of hydrogenating carbon dioxide
selectively to the formaldehyde stage.*” This is a very challenging
transformation, taking into account the easy hydrogenation of an
aldehyde in the conditions usually employed for CO, hydro-
genation. Hence, CO, hydrogenation to acetal followed by
hydrolysis is a highly desirable strategy for obtaining
formaldehyde, a pivotal compound for industry.®® Formaldehyde
is world-wide produced in >20 million tons per year and currently
is synthesized through the catalytic gas-phase oxidation of
methanol at high temperatures (Formox process)."*¥ Alternatively,
transition metal- or FLP-catalyzed CO, reductions in the presence
of hydrosilanes"™ or hydroboranes™ have been explored to
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afford bis(silyl) or bis(boryl) acetals, also formaldehyde surrogates
as less sustainable processes.

At this point is also worth mentioning that several method-
ologies relying on dimethyl ether (DME) production from CO/
H,'7 or CO,/H,B*™19751%8 have been developed. In general,
such processes are mediated by heterogeneous hybrid acid
catalysts, mainly based on Cu-ZnO/y-Al,O; and related systems,
able to promote two main steps: (a) hydrogenation of CO or
CO, to methanol and (b) DME generation from an acid-
catalyzed direct etherification of the above-formed methanol.
Although those protocols are in close relationship with the
ones commented on here and represent exceptional advances
in the area of CO or CO, hydrogenations, they are not going to
be discussed in detail as they are far from the scope of this
Review, more focused on a synthetic organic perspective.
Moreover, several excellent Reviews dealing with this interest-
ing topic have been recently reported.*"™ 972198

DAM derivatives are normally synthesized via redox-ineffi-
cient routes involving methanol oxidation steps or from
dangerous formaldehyde.**'**'* For example, DMM is industri-
ally produced by the Formox process followed by the acid-
catalyzed acetalization of formaldehyde with
methanol B0'%#1%%<efl | this section the advances in the syn-
thesis of DAMs through the more benign reductive ether-
ification of alcohols with CO, in the presence of hydrogen are
discussed.?*3?

In Scheme 35 (top) are summarized the handful number of
catalytic systems able to mediate such hydrogenative alcohol
etherifications with CO,/H,. In general, most of the catalysts are
homogeneous complexes (Scheme 35A-H) whose structure is
based in a molecularly-defined ruthenium or cobalt Triphos
[1,1,1-tris(diphenyl-phosphinomethyl)ethane]™** or related sys-
tems, in combination with the suitable acid cocatalyst. Notably,
Triphos and derivatives have been presented in the last decade
as key ligands in many transition metal-catalyzed hydrogenative
transformations involving carboxylic/carbonic acid derivatives
or COZ.[ZS,ZQa,C,d,g,h,33,1 30,200]

Pioneering work in the area of DAM production from CO,/
H, and alcohols was reported in 2016 by Klankermayer and co-
workers.”" In this example, a well-defined Ru(Triphos)(tmm)
complex in the presence of AI(OTf); as acid cocatalyst was
shown to be an active system (Scheme 35A). By using this
catalyst system, which exhibited a clear dependence between
its performance and the increase of the ratio additive/Ru-
complex, TONs up to 214 for DMM were obtained at 80°C and
CO,/H, 20:60 bar with the concomitant formation of methyl
formate (MF) as by-product. In addition, the protocol could be
also executed for the reductive etherification of different
aliphatic 1°/2° alcohols, yielding DAMs with TONs from 29 to
118. Interestingly, mechanistic investigations showed that MF
and methoxy methanol (MM) are central intermediates in the
process (Scheme 35, bottom). Based on these data, a sequential
route for DMM production was proposed implying: (a) MF
formation from CO, hydrogenation to formic acid followed by
esterification with methanol; (b) hydrogenation of MF to MM;
(c) final transetherification of MM with excess methanol to
afford DMM.2°"
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8 examples
& R \f\/ R Klankermayer
H H
CO,/H, (20/60 bar) (2016)12011
80°C, 18 h R = Me, Et, i-Pr, Bu,
Octyl, Nonyl, Decyl, Bn
(TON: 29 to 214)
5 examples
BorCorD R” \f\/ "R Klankermayer
H H 202
CO,/H, (20/60 bar) (2017)202]
THF (co-solvent) R = Me, Et, i-Pr, n-Bu, t-Bu
80-100 °C, 22 h (TON: 16 to 157)
co E o__o.
2 Me” X" "Me  Trapp (2019)204
CO,/H, (20/90 bar) H H
0
+ 90°C, 18h (TON up to 786)
R-OH F or G or H /o 0.
(solvent) Me” " X ""Me  Trapp (2019)20%1
CO,/H, (20/90 bar) H H
+ 90°C, 18 h (TON up to 685)
= _0__O.
H, Me” X "Me Trapp (2019)[206]
CO,/H, (15/100 bar) H H
100°C, 20 h (TON up to 3874)
|
Me/o\}\/o‘Me Hashmi & Schaub
CO,/H; (20/100 bar) H H (2020)1208b]
100°C, 16 h (TON up to 1176)
J \K *Me Wang & Tanksale
H H (2020)120°1
CO,/H, (75 bar, 1/3)
MS (3A), 150 °C, 2 h (TON up to 25)
R = Ph (B), Xylyl (C), Tolyl (D E

\@l "2 \ﬁ

PPh,
Co(BFy) 6H 0]
AI(OTS, [ 4)2'6Hy AI(OT
[AI(OTH)3] [HNT] [AI(OTH)3]
X = Si-Ph (F), Si-Me (G), P (H) | J
X <\ PPh, [Ru/H-Beta]
PhyP, PhP, | 4
T US
| YH
PPh, PPh; Lon
3
[AI(OTH)s] [AI(OTH)3]

0
CO, + Me-OH + H, Me\o/u\H

-H,0

Methylformate
(MF)
+ Me—OH +(He
o 0. o._ 0O
Me” X" "Me ‘ Me” X H
e CeatalysD) S
Dimetoxymethane -H0 Methoxy methanol
(DMM) (MM)

Scheme 35. Top: catalytic etherification of alcohols with CO,/H, into
dialkoxymethane ethers. TONs were determined by 'H NMR spectroscopy. [a]
TON was determined by GC. Bottom: reaction pathway for the DMM
production from CO,/H,/MeOH.*"

One year later, the group of Klankermayer developed an
elegant non-noble metal-based protocol for DMM synthesis
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from methanol and CO,/H, employing a related cobalt system
(Scheme 35B).° |n this case, a suitable combination of Co-
(BF,),-6H,0, Triphos, and HNTf, as acid additive, was used as
catalyst system to produce DMM with TONs up to 92 at 100°C.
Interestingly, DMM TONs could be further improved by using
related tailored cobalt catalysts with a parent Triphos aromatic
ring substituted (Scheme 35C,D).?°? Apart from methanol, other
aliphatic alcohols afforded the desired DAM using the Co/
Triphos/HNTf, system (TONs from 16 to 109), albeit with worse
results than the ones obtained with the more active ruthenium
catalyst.”®? Very recently, Wei, Jiao and co-workers studied by
DFT the mechanism involved in the DMM production from CO,/
H,/MeOH with this cobalt system .

After those inspiring contributions, a new protocol for this
transformation was developed by Trapp and co-workers in
2019.2% In this piece of work, the authors performed a systematic
study evaluating the activity of a series of catalysts with different
synthesized tripodal ligands and employing different reaction
parameters. As a result of this study, a well-defined Ru(N-
Triphos™)(tmm) complex in the presence of Al(OTf); (Scheme 35E)
was reported as the most active system for DMM production from
CO,/H,, reaching a TON of 786 at 90°C.2* These excellent results
encouraged the authors to further extend their study to related
backbone-modified tripodal ligands bearing a silicon (F and G,
where R=Si—Ph and Si—Me, respectively) or phosphorous (H, where
R=P) as apidal constituents”® Among the different systems,
Ru(™Si-Triphos™)(tmm), in combination with AI(OTf),, (Sche-
me 35G) afforded the best results for DMM (TON=685), albeit
without surpassing the more active system (Scheme 35E).”*! Very
connected with these investigations, the same group showcased
the power that multivariate modelling optimization can offer in
order to further improve the efficiency of a catalytic process.” By
the application of this theoretical approach, based on modelling
and prediction of the conditions optimally accounting for
parameter interaction, allowed them to obtain TON values up to
3874 for DMM production from CO,/H, and methanol with Ru(N-
Triphos™)(tmm) complex and Al(OTf), in a high excess with respect
to the ruthenium catalyst (Scheme 35E).2%6%"

Last year, Hashmi, Schaub et al. conducted complementary
investigations showcasing the enhancing effect of additives in
the catalytic efficiency of the stablished Ru(Triphos)(tmm)
system®" in this reaction®™ In this work, a related
RuH,(Triphos)(PPh;) complex was synthesized and applied, in
combination with Al(OTf); as acid cocatalyst, for DMM synthesis
from CO,/H,/MeOH, reaching TON values up to 1176 with a
70% selectivity to DMM (Scheme 351).2%*"! Considering such
improved results, authors proposed that PPh; has a potential
role for avoiding catalyst deactivation pathways. Indeed, Ru-
(Triphos)(tmm)]/[Al(OTf); system (Scheme 35A) in combination
with 4-fold excess of PPh; with respect to Ru, did not show
catalyst degradation towards formation of cationic RuH
(CO),(Triphos)OTF.2%") |n addition, this enlarged activity is like-
wise attributed to the fact that PPh, acts as a precursor of
in situ formed Lewis-acidic phosphonium salts [PPh;CH,OH]OTf.
Besides, it was also showcased that Ru(Triphos)(tmm)]/[Al(OTf),
system, in combination with PPh; and HCO,H as additives,
allowed the recyclability of the system through the suppression
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of catalyst deactivation pathways such as the formation of [RuH
(CO),(Triphos)]OTf species. These findings potentially pave the
way towards the application of these protocols in long-term
sustainable continuous processes.*%!

Finally, Wang, Tanksale and co-workers reported in the
same year the first heterogeneously catalyzed synthesis of
DMM from CO,/H, and methanol.® In this contribution,
different weight [%] amounts of Ru NPs were supported on
zeolite H-BETA (with a molar ratio SiO,/Al,0;=38). More
specifically, 3%Ru/H-BETA material (Scheme 35J) was revealed
as the best catalyst affording a TON of 25 for DMM (OME,)
production at 150°C and 2 h under 75 bar of CO,/H, (1:3)
mixture. Kinetic studies showed that selectivity towards DMM
versus MM improved in the presence of molecular sieves, due
to a detrimental effect of water. Deuterium labelling experi-
ments pointed out formaldehyde as a feasible intermediate in
this transformation.*”

Remarkably, this group also developed an elegant example
of a liquid-phase DMM production from syngas and
methanol.?"” In that case, Ru—Ni/H-BETA nanocatalyst was
shown as an active system for the formal hydrogenative
etherification of methanol to DMM via an initial CO hydro-
genation to formaldehyde, followed by its acetalization with
methanol.*'”

In 2019, the group of Klankermayer reported the reductive
etherification of a variety of biomass derived diols with CO,/H,
for the sustainable construction of a larger family of linear and
cyclic acetals using a similar procedure to the previously
reported by themselves (Scheme 36).2' Cyclic acetals such as

12 examples
[211]
Klankermayer (2019) H H
PP ll’th o” 0o
el -
EPh, Cyclic acetals
OH OH [AI(OTf)3] (TON: 38 to 305)
+ CO + H + or
n 1,4-dioxane (co-solv.)
80°C,18h H H OH
(solvent) (20 bar) (60 bar) X
[n=0,3] [ XN o) N
OH

Linear acetals
(TON: 151 to 475)

o” o \

\_/ Me Bu v Me)\) Me)\)\ Me
(147) (199)tel (38) (275) (305) (115)
Linear acetals HH

H H A o™
oo~ o)'(\o/\w’OH o o/\M’OH A)j

(_oH k%OH b\ﬂ

(475); (514)P! (221) (252) (342)

Scheme 36. Cyclic and linear acetals from catalytic reductive etherification of
diols with CO,/H,. TONs were determined by 'H NMR spectroscopy. [a] Linear
acetal was also obtained with a TON of 68. [b] Reaction without 1,4-dioxane.
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protocol as FA is an environmentally benign reagent with easier
\@R 7 examples handling and better storage properties than CO,.
v Klankermayer
PPh, (2020)219)
[AI(OTH)3] 0. _o. .
R-OH + HCOMH + H, RO%OR 5. Conclusions and Outlook
80°C, 18 h H H
(solvent) grﬁéﬁnﬁ (80 bar) (TON:134101076) | the last century, a wide range of applications for ether-type

Me/o\Ko‘Me Et/o\}\/o\Et Bu/o\}\/O\Bu Octyl/o\Ko‘Octyl
H H H H H H H H

(1076) (526) (318) (222)

Decyl/o\/O\/o\Decyl i-Pr/o\/O\/o\i-Pr Bn/o\x/o\Bn
H H HH H H

(134) (173) (198)

Scheme 37. Ru-catalyzed hydrogenative etherification of alcohols using
HCO,H as C, source for the synthesis of DAM. TONs were determined by 'H
NMR spectroscopy.

1,3-dioxane or 1,3-dioxepane are compounds of current signifi-
cance presenting a wide range of chemical applications, such as
their use as solvents. In addition, cyclic and linear acetals can be
utilized as building blocks for the synthesis of polymers with
high water solubility (polyoxymethylenes) and can be consid-
ered formaldehyde surrogates.?'? The targeted compounds
could be efficiently produced using Ru(Triphos)(tmm)/Al(OTf),
catalyst (Scheme 36) at 80 °C, with TONs up to 514. In fact, if the
formation of both cyclic/linear acetal is considered together, a
combined TON of up to 622 could be reached, demonstrating
the high efficiency of the process.”' A variety of diols could be
employed with a linear/cyclic selectivity depending on the
number of carbon atoms between both hydroxy groups.

Formic acid (FA) is a practical feedstock, liquid under ambient
conditions.?™ It is produced industrially by a two-step procedure
consisting of a first reaction of CO and methanol affording MF,
followed by hydrolysis. In addition, FA can also be produced from
CO, through its selective hydrogenation or by biomass
oxidation.”'¥ Since many years ago, FA has interesting applications
such as mild transfer hydrogenation agent,”'¥ and more recently,
it has been revealed as a practical hydrogen storage material.*"
Moreover, its utilization as C, alkyl source for reductive alkylation
processes in the presence of nucleophiles (i.e, N-methylamine
synthesis) has undergone important advances, t0o.”” In this
context, similarly to CO,, FA has also been employed as C, alkyl
partner in alcohol hydrogenative etherifications.

Last year, Klankermayer and co-workers developed the only
hydrogenative protocol for alcohol etherification using FA as C,
feedstock (Scheme 37).2"% In this work, the authors employed
Ru(Triphos)(tmm)/Al(OTf); catalytic system (Scheme 35A) for
obtaining several dialkoxymethylene ethers from 1°/2° alcohols
and FA. In these conditions, DMM was obtained with TONs up
to 1076. Remarkably, it was showed that FA concentration in
the methanolic solution had an important impact on the overall
process.”™™ A notable decrease in the DMM yield was detected
when [FA] < 3.4 m was employed, which limits the applicability
of the process. Despite this limitation, this is a very interesting
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compounds have been encountered in both fine and bulk
chemical industries. Hence, synthetic and catalytic communities
have been encouraged to develop new protocols for the synthesis
of these compounds. Our contribution with this Review has aimed
to perform a general summary of the existing methodologies for
ether synthesis through catalytic reductive etherification using
alcohols and carbonyl-based reagents (aldehydes, ketones, and
carboxylic acid derivatives). In the last decade, a significant growth
in the number of reports based on this kind of methodologies has
been noticed. The growing interest in these protocols is explained
by the fact that they enable the access to ethers with a high
structural variety, owing to the large available diversity of carbonyl
compounds, carboxylic acid derivatives, and alcohols. Moreover,
both symmetrical and asymmetrical ethers can be obtained
through this methodology, in comparison with other common
methodologies such as the acid-promoted direct etherification
which only gives access selectively to symmetrical ethers.

In this Review, we have also included related reductive
transformations such as the etherification using silyl-activated
alcohols and carbonyl compounds, the self-coupling of carbonyl
compounds, or the acetal-to-ether reduction. Interestingly, the
existing examples of the more challenging reductive ester-to-
ether transformation have been also summarized herein. More-
over, in this work we have also presented the examples of
alcohol hydrogenative etherifications with CO, or formic acid to
give dialkoxymethane ethers or related acetals. The high
stability of CO, and the fact that the obtained acetals can be
considered formaldehyde surrogates make this transformation
of high interest.

Remarkably, biomass-derived compounds include a variety
of carbonyl-type derivatives (i.e., 5-hydroxymethylfurfural, levu-
linic acid). Due to the high availability of these compounds and
the interesting applications of their ether derivatives, reductive
etherification protocols using these biomass carbonyl sources
as starting materials are especially interesting and constitute an
important part of this Review.

Along this work, we have shown the described protocols for
reductive etherification employing as reducing agents either Si—H
reagents or molecular hydrogen. Although Si—H reductors have
proved to be practical from the point of view of requiring mild
conditions and exhibiting excellent selectivities, they present the
disadvantage of generating large amounts of waste products. For
this reason, the future development of this field should be more
directed towards developing protocols based on the use of H, as
sustainable reducing agent. In this sense, more efficient hydro-
genating catalysts able to afford good selectivities to the ether
need to be designed either in homogeneous as in heterogeneous
fields. This is especially important for reactions employing
carboxylic acid derivatives or CO, as well as ester-to-ether
reduction, considering that these are more oxidized and stable
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derivatives compared with carbonyl compounds. If an analysis of
the catalysts described throughout the Review, and the main
mechanistic pathways proposed, is made, it can be concluded that
generally acidic catalysts or catalytic systems acting under acidic
conditions are required to achieve good selectivities to the ether
product. Therefore, this key point needs to be considered when
designing new and better homogeneous and heterogeneous
systems. In the homogeneous area, big efforts should be
dedicated to the synthesis of new tailored ligands allowing for
more active systems. On the other hand, in the heterogeneous
field, the rational design of new nanomaterials with functional
supports and enhanced interactions between the metal nano-
particle, nanocluster, or single atoms and the support should be
an interesting point for finding active solid catalytic systems.
Moreover, another important point for a future design of more
sustainable reductive etherification protocols is performing a
careful selection of feedstocks, either carbonyl-based compounds
or alcohols. Designing ethers with interesting applications synthe-
sized by reductive etherification from starting materials such as
CO,, carbonyl-type reagents/alcohols obtained from biomass or as
secondary products of important industrial processes, is also an
important focus for chemists working in this field.

From our point of view, the development of new reductive
methodologies for ether synthesis that enable obtaining ethers
with higher levels of structural complexity is a hot topic for
synthetic and catalytic communities. We expect that this Review
serves as an inspiration for researchers in these fields willing to
develop new reductive etherification processes and better
understand their nature.

Acknowledgements

This work was supported by the SEJI (Subvencions Excelencia
Juniors Investigadors, grants SEJI/2019/006 and SEJI/2020/013)
program funding from Generalitat Valenciana and RETOS | +D +i
program from MICINN (PID2019-109656RA-10 / AEl / 10.13039/
501100011033). C. L.-G. and L. I.-A. thanks to the SEJI project for
the contract. R. A. thanks to the project that gave rise to these
results that received the support of a fellowship from “La Caixa”
Foundation (ID 100010434). The fellowship code is LCF/BQ/PI18/
11630023. J. R. C.-A. thanks to MICINN from Spanish Government
for a Ramén y Cajal contract (ref. RYC-2017-22717).

Conflict of Interest

The authors declare no conflict of interest.

5]

[10]

(1]

2]
[13]

[14]
[15]

[16]

(71

[18]
[19]

Belval, A. Rouch, C. Vanucci-Bacque, M. Baltas, MedChemComm 2012,
3, 1356-1372; e) M. Sutter, E. Da Silva, N. Duguet, Y. Raoul, E. Metay, M.
Lemaire, Chem. Rev. 2015, 115, 8609-8651; f) S. G. Kini, E. Rathi, A.
Kumar, V. Bhat, Mini-Rev. Med. Chem. 2019, 19, 1392-1406; g) J. E.
Rorrer, A.T. Bell, F.D. Toste, ChemSusChem 2019, 12, 2835-2858;
h) T. A. Natsir, S. Shimazu, Fuel Process. Technol. 2020, 200, 106308.

a) A. Williamson, Philos. Mag. 1850, 37, 350-356; b) J. Clayden, N.
Greeves, S. Warren, P. Wothers, Org. Chem., Oxford University Press,
2001; c) E. Fuhrmann, J. Talbiersky, Org. Process Res. Dev. 2005, 9, 206—
211.

a) P. Tundo, G. Moraglio, F. Trotta, Ind. Eng. Chem. Res. 1989, 28, 881-
890; b) P. Tundo, L. Rossi, A. Loris, J. Org. Chem. 2005, 70, 2219-2224.
K. C. K. Swamy, N.N. B. Kumar, E. Balaraman, K. V. P. P. Kumar, Chem.
Rev. 2009, 109, 2551-2651.

a) J. Yin in Applications of Transition Metal Catalysis in Drug Discovery
and Development (Eds.: M. L. Crawley, B. M. Trost), Wiley, Hoboken, NJ,
2012, pp. 97-163; b) J. P. Stambuli, RSC Catal. Ser. 2015, 21, 254-275;
c) R.I. Khusnutdinov, A.R. Bayguzina, Russ. J. Org. Chem. 2019, 55,
903-932.

a) G. Evano, N. Blanchard, M. Toumi, Chem. Rev. 2008, 108, 3054-3131;
b) F. Monnier, M. Taillefer, Angew. Chem. Int. Ed. 2009, 48, 6954-6971;
Angew. Chem. 2009, 121, 7088-7105; c) C. Sambiagio, S.P. Marsden,
A. J. Blacker, P. C. McGowan, Chem. Soc. Rev. 2014, 43, 3525-3550.

a) J. X. Qiao, P.Y.S. Lam, Synthesis 2011, 829-856; b) K. Sanjeeva Rao,
T.-S. Wu, Tetrahedron 2012, 68, 7735-7754.

a) J. F. Hartwig, Acc. Chem. Res. 1998, 31, 852-860; b) C. H. Burgos, T.E.
Barder, X. Huang, S. L. Buchwald, Angew. Chem. Int. Ed. 2006, 45, 4321-
4326; Angew. Chem. 2006, 118, 4427-4432.

a) A. Corma, M. Renz, Angew. Chem. Int. Ed. 2007, 46, 298-300; Angew.
Chem. 2007, 119, 302-304; b) A. B. Cuenca, G. Mancha, G. Asensio, M.
Medio-Simon, Chem. Eur. J. 2008, 14, 1518-1523; ¢) T. M. Rohrs, Q. Qin,
P. E. Floreancig, Angew. Chem. Int. Ed. 2017, 56, 10900-10904; Angew.
Chem. 2017, 129, 11040-11044; d) J. Rorrer, S. Pindi, F. D. Toste, A. T.
Bell, ChemSusChem 2018, 11, 3104-3111; e) N. M. Eagan, B. M. Moore,
D. J. McClelland, A. M. Wittrig, E. Canales, M.P. Lanci, G.W. Huber,
Green Chem. 2019, 21, 3300-3318.

a) F. Alonso, I. P. Beletskaya, M. Yus, Chem. Rev. 2004, 104, 3079-3160;
b) A. Corma, A. Leyva-Pérez, M. J. Sabater, Chem. Rev. 2011, 111, 1657~
1712; c) J. H. Teles in Modern Gold Catalyzed Synthesis (Eds.. A.S.K.
Hashmi, F.D. Toste), Wiley-VCH, Weinheim, 2012, pp. 201-235; d) V.
Rodriguez-Ruiz, R. Carlino, S. Bezzenine-Lafollee, R. Gil, D. Prim, E.
Schulz, J. Hannedouche, Dalton Trans. 2015, 44, 12029-12059; e) W.-B.
Xie, Z. Li, Synthesis 2020, 52, 2127-2146.

a) C. Scholler, M. Wittwer (I. G. Farben), US1970578 A, 1934; b) M. F.
Cox, J. Am. Oil Chem. Soc. 1990, 67, 599-604; c) A.-L. Brocas, C.
Mantzaridis, D. Tunc, S. Carlotti, Prog. Polym. Sci. 2013, 38, 845-873.

a) Y. Okimoto, S. Sakaguchi, Y. Ishii, J. Am. Chem. Soc. 2002, 124, 1590-
1591; b) M. Bosch, M. Schlaf, J. Org. Chem. 2003, 68, 5225-5227.

J. Barluenga, M. Toméas-Gamasa, F. Aznar, C. Valdés, Angew. Chem. Int.
Ed. 2010, 49, 4993-4996; Angew. Chem. 2010, 122, 5113-5116.

T. Shintou, T. Mukaiyama, J. Am. Chem. Soc. 2004, 126, 7359-7367.

a) X. Wang, Y. Lu, H-X. Dai, J-Q. Yu, J. Am. Chem. Soc. 2010, 132,
12203-12205; b) F.-J. Chen, S. Zhao, F. Hu, K. Chen, Q. Zhang, S.-Q.
Zhang, B.-F. Shi, Chem. Sci. 2013, 4, 4187-4192; ¢) T. K. Salvador, C. H.
Arnett, S. Kundu, N. G. Sapiezynski, J. A. Bertke, M. Raghibi Boroujeni,
T. H. Warren, J. Am. Chem. Soc. 2016, 138, 16580-16583.

J. Xiang, M. Shang, Y. Kawamata, H. Lundberg, S. H. Reisberg, M. Chen,
P. Mykhailiuk, G. Beutner, M.R. Collins, A. Davies, M. Del Bel, G. M.
Gallego, J. E. Spangler, J. Starr, S. Yang, D. G. Blackmond, P.S. Baran,
Nature 2019, 573, 398-402.

K. M. Arendt, A. G. Doyle, Angew. Chem. Int. Ed. 2015, 54, 9876-9880;
Angew. Chem. 2015, 127, 10014-10018.

Z. Zhou, N. E. Behnke, L. Kirti, Org. Lett. 2018, 20, 5452-5456.

S. Shibutani, T. Kodo, M. Takeda, K. Nagao, N. Tokunaga, Y. Sasaki, H.
Ohmiya, J. Am. Chem. Soc. 2020, 142, 1211-1216.

Keywords: a|c0h0|s o carbonyl Compounds o carbon dioxide o [20] a) B. M. Trost, Science 1991, 254, 1471-1477; b) R. A. Sheldon, Green
carboxylic acid derivatives - reductive etherification Chem. 2016, 15, 3180-3183.
[21] a) J. Pesti, G. L. Larson, Org. Process Res. Dev. 2016, 20, 1164-1181; b) Z.
Huo, D. Ding, Y. Zhang, N. Lei, G. Gu, J. Gao, Z. Guo, F. Cai, J. Carbohydr.
Chem. 2018, 37, 327-346.
[22] a) K. Murugesan, T. Senthamarai, V. G. Chandrashekhar, K. Natte, P. C. J.
[1] a) G. W. Gokel, W. M. Leevy, M. E. Weber, Chem. Rev. 2004, 104, 2723- Kamer, M. Beller, R. V. Jagadeesh, Chem. Soc. Rev. 2020, 49, 6273-6328;
2750; b) H. A. Witcoff, B.G. Reuben, J.S. Plotkin, Industrial Organic b) T. Irrgang, R. Kempe, Chem. Rev. 2020, 120, 9583-9674.
Chemicals, 2nd ed., Wiley, New York, 2004; c) E. N. Pitsinos, V. P. Vidali, [23] a) J. R. Cabrero-Antonino, R. Adam, M. Beller, Angew. Chem. Int. Ed.
E. A. Couladouros, Eur. J. Org. Chem. 2011, 1207-1222; d) F. Bedos- 2019, 58, 12820-12838; Angew. Chem. 2019, 131, 12950-12968; b) J. R.
ChemSusChem 2021, 14, 3744-3784 www.chemsuschem.org 3780 © 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH


http://orcid.org/0000-0001-9628-9803

Chemistry
Europe

European Chemical
Societies Publishing

Reviews

ChemSusChem doi.org/10.1002/cssc.202101184

Cabrero-Antonino, R. Adam, V. Papa, M. Beller, Nat. Commun. 2020, 11,
3893.

A.V. Bavykina, T.A. Wezendonk, M. Makkee, J. Gascon, F. Kapteijn,
Chem. Rev. 2017, 117, 9804-9838; i) J. Artz, T. E. Mueller, K. Thenert, J.

[24] For the only example of catalytic reductive etherification involving Kleinekorte, R. Meys, A. Sternberg, A. Bardow, W. Leitner, Chem. Rev.
phenols, see: W. Jia, Q. Xi, T. Liu, M. Yang, Y. Chen, D. Yin, X. Wang, J. 2018, 118, 434-504; j) A. Jangam, S. Das, N. Dewangan, P. Hongmanor-
Org. Chem. 2019, 84, 5141-5149. om, W. M. Hui, S. Kawi, Catal. Today 2019, 358, 3-29; k) S. Dabral, T.

[25] a) M. P. Doyle, D. J. DeBruyn, D. A. Kooistra, J. Am. Chem. Soc. 1972, 94, Schaub, Adv. Synth. Catal. 2019, 361, 223-246; |) M. D. Burkart, N.
3659-3661; b) K. C. Nicolaou, C. K. Hwang, D. A. Nugiel, J. Am. Chem. Hazari, C. L. Tway, E. L. Zeitler, ACS Catal. 2019, 9, 7937-7956; m) R.-P.
Soc. 1989, 111, 4136-4137; ) K.C. Nicolaou, C.K. Hwang, M.E. Ye, J. Ding, W. Gong, M. D. Argyle, Q. Zhong, Y. Wang, C. K. Russell, Z.
Duggan, D. A. Nugiel, Y. Abe, K. B. Reddy, S. A. DeFrees, D.R. Reddy, Xu, A. G. Russell, Q. Li, M. Fan, Y.-G. Yao, Nat. Commun. 2019, 10, 5698;
R.A. Awartani, J. Am. Chem. Soc. 1995, 117, 10227-10238; d)F. n) F. Marques Mota, D. H. Kim, Chem. Soc. Rev. 2019, 48, 205-259; o) J.
Colobert, R. Des Mazery, G. Solladie, M. C. Carreno, Org. Lett. 2002, 4, Zhong, X. Yang, Z. Wu, B. Liang, Y. Huang, T. Zhang, Chem. Soc. Rev.
1723-1725; e) M. C. Carreno, R. Des Mazery, A. Urbano, F. Colobert, G. 2020, 49, 1385-1413; p) X. Jiang, X. Nie, X. Guo, C. Song, J. G. Chen,
Solladie, Org. Lett. 2004, 6, 297-299. Chem. Rev. 2020, 120, 7984-8034.

[26] a) G. Arnott, Comprehensive Organic Synthesis, 2nd ed. (Eds.: P. Knochel, [35] S.H. Lee, Y. J. Park, C. M. Yoon, Tetrahedron Lett. 1999, 40, 6049-6050.
G. A. Molander), Elsevier, 2014, pp. 369-406; b) I. P. Jakopovic, S. Kapic, [36] a) M. J. Verhoef, E.J. Creyghton, J. A. Peters, Chem. Commun. 1997,
S. Alihodzic, V. Sunjic, Arkivoc 2015, 300-326. 1989-1990; b) A. Seifert, U. Scheffler, M. Markert, R. Mahrwald, Org.

[27] a) G. W. Huber, S. Iborra, A. Corma, Chem. Rev. 2006, 106, 4044-4098; Lett. 2010, 12, 1660-1663; c) J. D. Lewis, S. Van de Vyver, A.J. Crisci,
b) M. A.R. Meier, J. O. Metzger, U.S. Schubert, Chem. Soc. Rev. 2007, W. R. Gunther, V. K. Michaelis, R. G. Griffin, Y. Roman-Leshkov, Chem-
36, 1788-1802; c) J.N. Chheda, G.W. Huber, J. A. Dumesic, Angew. SusChem 2014, 7, 2255-2265; d) S. Shinde, C. Rode, ChemSusChem
Chem. Int. Ed. 2007, 46, 7164-7183; Angew. Chem. 2007, 119, 7298- 2017, 10, 4090-4101.

7318; d) A. Corma, S. Iborra, A. Velty, Chem. Rev. 2007, 107, 2411-2502; [37] E. A. Anderson, C. D. Campbell in Comprehensive Organic Synthesis, 2nd
e) U. Biermann, U. Bornscheuer, M. A.R. Meier, J. 0. Metzger, H.J. ed. (Eds.: P. Knochel, G. A. Molander), Elsevier, 2014, pp. 339-367.

Schéfer, Angew. Chem. Int. Ed. 2011, 50, 3854-3871; Angew. Chem. [38] a) B.Il. Fleming, H.I. Bolker, Can. J. Chem. 1976, 54, 685-694; b) F.
2011, 123, 3938-3956; f) M. J. Climent, A. Corma, S. Iborra, Green Chem. Fache, V. Bethmont, L. Jacquot, M. Lemaire, Recl. Trav. Chim. Pays-Bas
2014, 16, 516-547; g) B. M. Stadler, C. Wulf, T. Werner, S. Tin, J. G. 1996, 115, 231-238; ¢) V. Bethmont, C. Montassier, P. Marecot, J. Mol.
de Vries, ACS Catal. 2019, 9, 8012-8067; h) M. Ventura, A. Marinas, Catal. A 2000, 152, 133-140; d) Y. Fujii, H. Furugaki, E. Tamura, S. Yano,
M. E. Domine, Top. Catal. 2020, 63, 846-865. K. Kita, Bull. Chem. Soc. Jpn. 2005, 78, 456-463; e) Y. Shi, W. Dayoub, G.-

[28] a) G. A. Kraus, K. A. Frazier, B. D. Roth, M.J. Taschner, K. Neuensch- R. Chen, M. Lemaire, Green Chem. 2010, 12, 2189-2195; f) D. Jadhav,
wander, J. Org. Chem. 1981, 46, 2417-2419; b) K. C. Nicolaou, D. G. A.M. Grippo, S. Shylesh, A.A. Gokhale, J. Redshaw, A.T. Bell,
McGarry, P. K. Somers, B. H. Kim, W. W. Ogilvie, G. Yiannikouros, C. V. C. ChemSusChem 2017, 10, 2527-2533; g) M. Bakos, A. Gyémére, A.
Prasad, C. A. Veale, R. R. Hark, J. Am. Chem. Soc. 1990, 112, 6263-6276; Domijan, T. Sods, Angew. Chem. Int. Ed. 2017, 56, 5217-5221; Angew.
c) M. Yato, K. Homma, A. Ishida, Tetrahedron 2001, 57, 5353-5359. Chem. 2017, 129, 5301-5305; h) A. Pelosi, D. Lanari, A. Temperini, M.

[29] a) M. L. Clarke, G.J. Roff, Handbook of Homogeneous Hydrogenation Curini, O. Rosati, Adv. Synth. Catal. 2019, 361, 4527-4539; i) A. Garcia-
(Eds.: J. G. de Vries, C. J. Elsevier), Wiley-VCH, Weinheim, 2007, pp. 413- Ortiz, K. S. Arias, M. J. Climent, A. Corma, S. Iborra, ChemSusChem 2020,
454; b) D. Addis, S. Das, K. Junge, M. Beller, Angew. Chem. Int. Ed. 2011, 13, 707-714; j) M. N. Shaikh, M. Abdul Aziz, Z. H. Yamani, Catal. Sci.
50, 6004-6011; Angew. Chem. 2011, 123, 6128-6135; c) P. A. Dub, T. Technol. 2020, 10, 6544-6551.

Ikariya, ACS Catal. 2012, 2, 1718-1741; d) S. Werkmeister, K. Junge, M. [39] a) M. D. Lewis, J. K. Cha, Y. Kishi, J. Am. Chem. Soc. 1982, 104, 4976—
Beller, Org. Process Res. Dev. 2014, 18, 289-302; e) D.S. Merel, M. L. T. 4978; b) M. B. Sassaman, G. K. S. Prakash, G. A. Olah, Tetrahedron 1988,
Do, S. Gaillard, P. Dupau, J.-L. Renaud, Coord. Chem. Rev. 2015, 288, 44, 3771-3780; ) J. A. C. Romero, S. A. Tabacco, K. A. Woerpel, J. Am.
50-68; f) H. Nagashima, Synlett 2015, 26, 866-890; g) J. Pritchard, G. A. Chem. Soc. 2000, 122, 168-169; d) P. A. Evans, J. Cui, S. J. Gharpure, R. J.
Filonenko, R. van Putten, E. J. M. Hensen, E. A. Pidko, Chem. Soc. Rev. Hinkle, J. Am. Chem. Soc. 2003, 125, 11456-11457; ) P. A. Evans, J. Cui,
2015, 44, 3808-3833; h) Y. Zhou, R. Khan, B. Fan, L. Xu, Synthesis 2019, S.J. Gharpure, Org. Lett. 2003, 5, 3883-3885; f) R.J. Hinkle, Y. Lian,
51, 2491-2505. N.D. Litvinas, A.T. Jenkins, D.C. Burnette, Tetrahedron 2005, 61,

[30] a) S. Deutz, D. Bongartz, B. Heuser, A. Kaetelhoen, L. Schulze Langen- 11679-11685; g) C. H. Larsen, B. H. Ridgway, J. T. Shaw, D. M. Smith,
horst, A. Omari, M. Walters, J. Klankermayer, W. Leitner, A. Mitsos, S. K. A. Woerpel, J. Am. Chem. Soc. 2005, 127, 10879-10884; h) Y. Xie, P. E.
Pischinger, A. Bardow, Energy Environ. Sci. 2018, 11, 331-343; b) R. Sun, Floreancig, Angew. Chem. Int. Ed. 2014, 53, 4926-4929; Angew. Chem.
|. Delidovich, R. Palkovits, ACS Catal. 2019, 9, 1298-1318; c) C. H. 2014, 126, 5026-5029; i) C. Zhao, C. A. Sojdak, W. Myint, D. Seidel, J.
Gierlich, K. Beydoun, J. Klankermayer, R. Palkovits, Chem. Ing. Tech. Am. Chem. Soc. 2017, 139, 10224-10227; j) T. Yang, Y. Sun, H. Wang, Z.
2020, 92, 116-124. Lin, J. Wen, X. Zhang, Angew. Chem. Int. Ed. 2020, 59, 6108-6114;

[31] a) J. Burger, M. Siegert, E. Stroefer, H. Hasse, Fuel 2010, 89, 3315-3319; Angew. Chem. 2020, 132, 6164-6170.

b) A. Omari, B. Heuser, S. Pischinger, Fuel 2017, 209, 232-237; c) B. [40] V. Bethmont, F. Fache, M. Lemaire, Tetrahedron Lett. 1995, 36, 4235-
Niethammer, S. Wodarz, M. Betz, P. Haltenort, D. Oestreich, K. 4236.

Hackbarth, U. Arnold, T. Otto, J. Sauer, Chem. Ing. Tech. 2018, 90, 99— [41] T.T. Pham, S. P. Crossley, T. Sooknoi, L. L. Lobban, D. E. Resasco, R.G.
112; d) K. Hackbarth, P. Haltenort, U. Arnold, J. Sauer, Chem. Ing. Tech. Mallinson, Appl. Catal. A 2010, 379, 135-140.

2018, 90, 1520-1528; €) B. Lehrheuer, F. Hoppe, K. A. Heufer, S. Jacobs, [42] a) G.J. Kubas, Adv. Inorg. Chem. 2004, 56, 127-177; b) S. C. A. Sousa, .
H. Minwegen, J. Klankermayer, B. Heuser, S. Pischinger, Proc. Combust. Cabrita, A. C. Fernandes, Chem. Soc. Rev. 2012, 41, 5641-5653; c) J. Y.
Inst. 2019, 37, 4691-4698. Corey, Chem. Rev. 2016, 116, 11291-11435.

[32] a) D. Bongartz, J. Burre, A. Mitsos, Ind. Eng. Chem. Res. 2019, 58, 4881- [43] a) J.-F. Carpentier, V. Bette, Curr. Org. Chem. 2002, 6, 913-936; b) A. F.
4889; b) J. Burre, D. Bongartz, A. Mitsos, Ind. Eng. Chem. Res. 2019, 58, Abdel-Magid in Comprehensive Organic Synthesis, 2nd ed. (Eds.: P.
5567-5578. Knochel, G. A. Molander), Elsevier, 2014, pp. 1-84; c) M. Iglesias, F. J.

[33] a) A. Tlili, X. Frogneux, E. Blondiaux, T. Cantat, Angew. Chem. Int. Ed. Fernandez-Alvarez, L. A. Oro, Coord. Chem. Rev. 2019, 386, 240-266.
2014, 53, 2543-2545; Angew. Chem. 2014, 126, 2577-2579; b)J. [44] M. Wada, S. Nagayama, K. Mizutani, R. Hiroi, N. Miyoshi, Chem. Lett.
Klankermayer, W. Leitner, Science 2015, 350, 629-630; c) J. Klanker- 2002, 317, 248-249.
mayer, S. Wesselbaum, K. Beydoun, W. Leitner, Angew. Chem. Int. Ed. [45] K.lwanami, K. Yano, T. Oriyama, Chem. Lett. 2007, 36, 38-39.

2016, 55, 7296-7343; Angew. Chem. 2016, 128, 7416-7467; d) Y. Li, X. [46] B. A. Gellert, N. Kahlcke, M. Feurer, S. Roth, Chem. Eur. J. 2011, 17,
Cui, K. Dong, K. Junge, M. Beller, ACS Catal. 2017, 7, 1077-1086. 12203-12209.

[34] a) W. Leitner, Angew. Chem. Int. Ed. 1995, 34, 2207-2221; Angew. Chem. [47] A. Petronilho, A. Vivancos, M. Albrecht, Catal. Sci. Technol. 2017, 7,

1995, 107, 2391-2405; b) T. Sakakura, J.-C. Choi, H. Yasuda, Chem. Rev. 5766-5774.

2007, 107, 2365-2387; c) C. Federsel, R. Jackstell, M. Beller, Angew. [48] Z.Zhang, P.R. Schreiner, Chem. Soc. Rev. 2009, 38, 1187-1198.

Chem. Int. Ed. 2010, 49, 6254-6257; Angew. Chem. 2010, 122, 6392- [49] J. B. Sperry, D. L. Wright, Curr. Opin. Drug Discovery Dev. 2005, 8, 723-

6395; d) M. Mikkelsen, M. Jérgensen, F.C. Krebs, Energy Environ. Sci. 740.

2010, 3, 43-81; e) M. Aresta, A. Dibenedetto, A. Angelini, Chem. Rev. [50] C.R. Reddy, P.P. Madhavi, S. Chandrasekhar, Synthesis 2011, 2011,

2014, 114, 1709-1742; f) P. Lanzafame, G. Centi, S. Perathoner, Chem. 123-126.

Soc. Rev. 2014, 43, 7562-7580; g) Q. Liu, L. Wu, R. Jackstell, M. Beller, [51] a) R. D. Crouch, Synth. Commun. 2013, 43, 2265-2279; b) M. A. Ashraf,

Nat. Commun. 2015, 6, 5933; h) A. Alvarez, A. Bansode, A. Urakawa, Z. Liu, C. Li, D. Zhang, Appl. Organomet. Chem. 2021, 35, e6131.
ChemSusChem 2021, 14, 3744-3784 www.chemsuschem.org 3781 © 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH


http://orcid.org/0000-0001-9628-9803

Chemistry

Reviews Europe ,
ChemSusChem doi.org/10.1002/cssc.202101184 Socices Publishing
[52] a)S.S. Kulkarni, C.-C. Wang, N. M. Sabbavarapu, A.R. Podilapu, P.-H. Crabtree), Elsevier, 2007, pp. 671-698; c) J. Tollefson, Nature 2010, 464,

Liao, S.-C. Hung, Chem. Rev. 2018, 118, 8025-8104; b) B. Ghosh, S.S.

1262-1264.

Kulkarni, Chem. Asian J. 2020, 15, 450-462. [87] M. Verzelc, M. Acke, M. Anteunis, J. Chem. Soc. 1963, 5598-5600.
[53] a) A. Francais, D. Urban, J.-M. Beau, Angew. Chem. Int. Ed. 2007, 46, [88] S. Nishimura, T. Itaya, Chem. Commun. 1967, 422-423.
8662-8665; Angew. Chem. 2007, 119, 8816-8819; b) C.-C. Wang, J.-C. [89] Y. Fujii, H. Furugaki, S. Yano, K. Kita, Chem. Lett. 2000, 926-927.
Lee, S--Y. Luo, S.S. Kulkarni, Y.-W. Huang, C.-C. Lee, K-L. Chang, S.-C. [90] L. J. Goossen, C. Linder, Synlett 2006, 2006, 3489-3491.
Hung, Nature 2007, 446, 896-899; c) A. A. Joseph, V. P. Verma, X.-Y. Liu, [91] C. Milone, M. C. Trapani, S. Galvagno, Appl. Catal. A 2008, 337, 163-
C.-H. Wu, V. M. Dhurandhare, C.-C. Wang, Eur. J. Org. Chem. 2012, 744— 167.
753. [92] M. Pan, A.J. Brush, G. Dong, C. B. Mullins, J. Phys. Chem. Lett. 2012, 3,
[54] J. Kato, N. lwasawa, T. Mukaiyama, Chem. Lett. 1985, 743-746. 2512-2516.
[55] a) M. B. Sassaman, K.D. Kotian, G.K.S. Prakash, G.A. Olah, J. Org. [93] S. Bruniaux, D. Luart, C. Len, Synthesis 2018, 50, 1849-1856.
Chem. 1987, 52, 4314-4319; b) N. Hartz, G.K.S. Prakash, G.A. Olah, [94] D. Wu, W.Y. Hernandez, S. Zhang, E.I. Vovk, X. Zhou, Y. Yang, A.Y.
Synlett 1992, 569-572. Khodakov, V. V. Ord?msky, ACS Catal. 2019, 9, 2940-2948.
[56] S. Hatakeyama, H. Mori, K. Kitano, H. Yamada, M. Nishizawa, [95] X.Tong, P. Guo, S. Liao, S. Xue, H. Zhang, Green Chem. 2019, 21, 5828~
Tetrahedron Lett. 1994, 35, 4367-4370. 5840.
[57] N. Komatsu, J.-y. Ishida, H. Suzuki, Tetrahedron Lett. 1997, 38, 7219- [96] N.A. Huqg, X. Huo, G.R. Hafenstine, S.M. Tifft, J. Stunkel, E.D.
7222. Christensen, G. M. Fioroni, L. Fouts, R. L. McCormick, P. A. Cherry, C.S.
[58] K. Miura, K. Ootsuka, S. Suda, H. Nishikori, A. Hosomi, Synlett 2002, McEnally, L. D. Pfefferle, M. R. Wiatrowski, P. T. Benavides, M. J. Biddy,
313-315. R. M. Connatser, M. D. Kass, T. L. Alleman, P.C. St.John, S. Kim, D.R.
[59] J.S. Bajwa, X. Jiang, J. Slade, K. Prasad, O. Repic, T.J. Blacklock, Vardon, Proc. Natl. Acad. Sci. USA 2019, 116, 26421-26430.
Tetrahedron Lett. 2002, 43, 6709-6713. [97] G.R. Hafenstine, N. A. Huqg, D. R. Conklin, M. R. Wiatrowski, X. Huo, Q.
[60] X. Jiang, J.S. Bajwa, J. Slade, K. Prasad, O. Repic, T.J. Blacklock, Guo, K. A. Unocic, D. R. Vardon, Green Chem. 2020, 22, 4463-4472.
Tetrahedron Lett. 2002, 43, 9225-9227. [98] Glycerol in Kirk-Othmer Encyclopedia of Chemical Technology, Wiley,
[61]1 W.-C. Yang, X-A. Lu, S.S. Kulkarni, S.-C. Hung, Tetrahedron Lett. 2003, New York, 2001. ) o
44, 7837-7840. [99] a) A. Behr, J. Eilting, K. Irawadi, J. Leschinski, F. Lindner, Green Chem.
[62] S. Chandrasekhar, G. Chandrashekar, B. Nagendra Babu, K. Vijeender, K. 2008, 10, 13-30; b) C-H. Zhou, J N. Beltramini, Y">_(' Fan, G.Q. Lu,
Venkatram Reddy, Tetrahedron Lett. 2004, 45, 5497-5499. Chem. Soc. Rev. 2008, 37, 527—54.9, oF. Jerome, Y. Powll9ux, J. Barrault,
[63] a) K. lwanami, H. Seo, Y. Tobita, T. Oriyama, Synthesis 2005, 2005, 183— ChemsusChem 2008';' 586-613; d) M. Plagiaro, M. Rossi, The Future of
186; b) K. Iwanami, K. Yano, T. Oriyama, Synthesis 2005, 2005, 2669— Glycerol: .New Uses of a Versatile Raw Material, RSC Green Chemistry
2672. Book Series, 2008.
. . . [100] a) Y. Shi, W. Dayoub, A. Favre-Réguillon, G.-R. Chen, M. Lemaire,
64] M.-S. Yang, L-W. Xu, H.-Y. Qiu, G.-Q. Lai, J-X. Jiang, Tetrahedron Lett.
(641 2008, 49 353—256 Q Q 9 Tetrahedron Lett. 2009, 50, 6891-6893; b) Y. Shi, W. Dayoub, G.-R.
o ’ . Chen, M. Lemaire, Sci. China Chem. 2010, 53, 1953-1956.
[65] G. Argouarch, G. Grelaud, T. Roisnel, M.G. Humphrey, F. Paul, R .
Tetrahedron Lett. 2012, 53, 5015-5018 [101] V.O. Samoilov, D.S. Ni, A.V. Goncharova, M.Il. Knyazeva, D.N.
- L ) Ramazanov, A. L. Maksimov, Russ. J. App. Chem. 2020, 93, 108-117.
[66] R.Savela, R. Leino, Synthesis 2015, 47, 1749-1760. i’ X
. . . [102] C.H. Christensen, J. Rass-Hansen, C.C. Marsden, E. Taarning, K.
[67] C.W. Chen, C.C. Wang, X.R. Li, H. Witek, K-K. T. Mong, Org. Biomol.
Chem. 2020, 18, 3135-3141 Egeblad, ChemSusChem 2008, 1, 283-289.
[68] E Frit.z—Lan ’halys S. Werge S Kneissl, P. Piroutek, Org. Process Res. Dev. (103] &) P. Gallezot, Chem. Soc. Rev. 2012, 41, 1538-1558; b) M. Besson, P.
. gnass, >. Werge, >. s " g - eV Gallezot, C. Pinel, Chem. Rev. 2014, 114, 1827-1870; ¢) L. Yan, Q. Yao, Y.
2020, 24, 1484-1495.
. Fu, Green Chem. 2017, 19, 5527-5547.
[69] M. P. Doyle, D. J. DeBruyn, S. J. Donnelly, D. A. Kooistra, A. A. Odubela, A . .
[104] a) J.-P. Lange, E. van der Heide, J. van Buijtenen, R. Price, ChemSusChem
C.T. West, S. M. Zonnebelt, J. Org. Chem. 1974, 39, 2740-2747. .
[70] M.P. Doyle, C.T. West, S.J. D v, C.C. McOsker. J. O " 2012, 5, 150-166; b) Y. Nakagawa, M. Tamura, K. Tomishige, ACS Catal.
Ci; ) 1‘;)'7:’ ”'7'12;51 ;‘0' - Donnelly, ©. L. McDsker, J. Organomet. 2013, 3, 2655-2668; c) R.-J. van Putten, J. C. van der Waal, E. de Jong,
) I\F;ImA' ’ B, L B C. Pal can. J. Ch C. B. Rasrendra, H. J. Heeres, J. G. de Vries, Chem. Rev. 2013, 113, 1499-
(711 J. M. rl‘zpuru"a),v .h ecea, L. ﬁomo, gn. 'Ch em. 1986, 64, 2342-2347. 1597; d) L. Hu, L. Lin, Z. Wu, S. Zhou, S. Liu, Renewable Sustainable
[72] P. Bach, A. Albright, K. K. Laali, Eur. J. Org. Chem. 2009, 1961-1966. Energy Rev. 2017, 74, 230-257; ) J. Long, Y. Xu, W. Zhao, H. Li, S. Yang,
[73] J.S. Yadav, B. V. Subba Reddy, K. Shiva Shankar, T. Swamy, Tetrahedron Front. Chem. 2019, 7, 529.
Lett. 2010, 57, 46-48. _ [105] M. Balakrishnan, E.R. Sacia, A.T. Bell, Green Chem. 2012, 14, 1626-
[74] a) N. Sakai, K. Nagasawa, R. lkeda, Y. Nakaike, T. Konakahara, 1634
Tetrahedron Lett. 2011, 52, 3133-3136; b) N. Sakai, Y. Nonomura, R. [106] R. Pizzi, R.-J. van Putten, H. Brust, S. Perathoner, G. Centi, J. Cornelis,
lkeda, T. Konakahara, Chem. Lett. 2013, 42, 489—491. J.C. van der Waal, Catalysts 2015, 5, 2244-2257.
[75] Y.-J. Zhang, W. Dayoub, G.-R. Chen, M. Lemaire, Tetrahedron 2012, 68, [107] X-L. Li, K. Zhang, S-Y. Chen, C. Li, F. Li, H-J. Xu, Y. Fu, Green Chem.
7400-7407. S o 2018, 20, 1095-1105.
[76] T. Mineno, R. Tsukagoshi, T. lijima, K. Watanabe, H. Miyashita, H.  [108] V. Wang, Q. Cui, Y. Guan, P. Wu, Green Chem. 2018, 20, 2110-2117.
Yoshimitsu, Tetrahedron Lett. 2014, 55, 3765-3767. [109] Y. Long, Y. Wang, H. Wy, T. Xue, P. Wu, Y. Guan, RSC Adv. 2019, 9,
[77]1 R. Arias Ugarte, D. Devarajan, R. M. Mushinski, T. W. Hudnall, Dalton 25345-25350.
Trans. 2016, 45, 11150-11161. [110] D.W. Rackemann, W. O.S. Doherty, Biofuels Bioprod. Biorefin. 2011, 5,
[78] S. Liu, J. Li, T. Jurca, P. C. Stair, T. L. Lohr, T. J. Marks, Catal. Sci. Technol. 198-214.
2017, 7, 2165-2169. [111] Y. Gu, F. Jerome, Chem. Soc. Rev. 2013, 42, 9550-9570.
[79] L. Monsigny, P. Thuery, J-C. Berthet, T. Cantat, ACS Catal. 2019, 9,  [112] M. L. Tulchinsky, J. R. Briggs, ACS Sustainable Chem. Eng. 2016, 4, 4089—
9025-9033. 4093.
[80] a) T. Tsunoda, M. Suzuki, R. Noyori, Tetrahedron Lett. 1979, 4679-4680; [113] Q. Cui, Y. Long, Y. Wang, H. Wu, Y. Guan, P. Wu, ChemSusChem 2018,
b) R. Noyori, S. Murata, M. Suzuki, Tetrahedron 1981, 37, 3899-3910. 11, 3796-3802.
[81] G.A. Olah, T. Yamato, P.S. lyer, G. K. S. Prakash, J. Org. Chem. 1986, 51, [114] I. Wender, R. Levine, M. Orchin, J. Am. Chem. Soc. 1950, 72, 4375-4378.
2826-2828. [115] N. Kalutharage, C.S. Yi, Org. Lett. 2015, 17, 1778-1781.
[82] T. Ohta, T. Michibata, K. Yamada, R. Omori, |. Furukawa, Chem.  [116] a)F. Sigmund, G. Marchart, Monatsh. Chem. 1927, 48, 267-288; b) F.
Commun. 2003, 1192-1193. Sigmund, R. Uchann, Monatsh. Chem. 1929, 51, 234-252.
[83] Y. Shi, W. Dayoub, G.-R. Chen, M. Lemaire, Tetrahedron Lett. 2011, 52, [117] P. A.J. Gorin, J. Org. Chem. 1959, 24, 49-53.
1281-1283. [118] W.L. Howard, J. H. Brown, J. Org. Chem. 1961, 26, 1026-1028.
[84] Y.-J. Zhang, W. Dayoub, G.-R. Chen, M. Lemaire, Green Chem. 2011, 13, [119] a) C. Gozlan, R. Lafon, N. Duguet, A. Redl, M. Lemaire, RSC Adv. 2014, 4,
2737-2742. 50653-50661; b) C. Gozlan, E. Deruer, M.-C. Duclos, V. Molinier, J.-M.
[85] Y.-J. Zhang, W. Dayoub, G.-R. Chen, M. Lemaire, Eur. J. Org. Chem. Aubry, A. Redl, N. Duguet, M. Lemaire, Green Chem. 2016, 18, 1994-
2012, 1960-1966. 2004.
[86] a) G.J. Kubas, Chem. Rev. 2007, 107, 4152-4205; b) G.J. Kubas in [120] V. O. Samoilov, M. O. Onishchenko, D. N. Ramazanov, A.L. Maximov,
Comprehensive Organometallic Chemistry Ill (Eds.: D. M. P. Mingos, R. H. ChemCatChem 2017, 9, 2839-2849.
ChemSusChem 2021, 14, 3744-3784 www.chemsuschem.org 3782 © 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH


http://orcid.org/0000-0001-9628-9803

Chemistry
Europe

European Chemical
Societies Publishing

Reviews

ChemSusChem doi.org/10.1002/cssc.202101184

[121]

a) Z. Mao, B.T. Gregg, A.R. Cutler, J. Am. Chem. Soc. 1995, 117, 10139~
10140; b) M. C. Hansen, X. Verdaguer, S.L. Buchwald, J. Org. Chem.

P. M. Howe, J. Q. Bond, T. M. Reineke, K. Zhang, P. J. Dauenhauer, ACS
Sustainable Chem. Eng. 2018, 6, 9394-9402.

1998, 63, 2360-2361; c) N. Sakai, T. Moriya, T. Konakahara, J. Org. [138] H. Mehdi, V. Fabos, R. Tuba, A. Bodor, L. T. Mika, I. T. Horvath, Top.
Y g
Chem. 2007, 72, 5920-5922; d) Y. Li, C. Topf, X. Cui, K. Junge, M. Beller, Catal. 2008, 48, 49-54.
Angew. Chem. Int. Ed. 2015, 54, 5196-5200; Angew. Chem. 2015, 127, [139] R.V. Christian, Jr., H. D. Brown, R. M. Hixon, J. Am. Chem. Soc. 1947, 69,
5285-5289; €) S. Xu, J. S. Boschen, A. Biswas, T. Kobayashi, M. Pruski, 1961-1963.
T.L. Windus, A.D. Sadow, Dalton Trans. 2015, 44, 15897-15904; f) S. [140] J.J. Bozell, L. Moens, D. C. Elliott, Y. Wang, G. G. Neuenscwander, S. W.
Hosokawa, M. Toya, A. Noda, M. Morita, T. Ogawa, Y. Motoyama, Fitzpatrick, R.J. Bilski, J. L. Jarnefeld, Resour. Conserv. Recycl. 2000, 28,
ChemistrySelect 2018, 3, 2958-2961; g) V. Rysak, R. Dixit, X. Trivelli, N. 227-239.
Merle, F. Agbossou-Niedercorn, K. Vanka, C. Michon, Catal. Sci. Technol. [141] P.P. Upare, J-M. Lee, Y.K. Hwang, D.W. Hwang, J-H. Lee, S.B.
2020, 70, 4586-4592. Halligudi, J.-S. Hwang, J.-S. Chang, ChemSusChem 2011, 4, 1749-1752.
[122] a) N. Sakai, Y. Usui, T. Moriya, R. lkeda, T. Konakahara, Eur. J. Org. Chem. ~ [142] I. Obregon, I. Gandarias, M. G. Al-Shaal, C. Mevissen, P.L. Arias, R.
2012, 2012, 4603-4608; b) M. Sutter, W. Dayoub, E. Métay, Y. Raoul, M. Palkovits, ChemSusChem 2016, 9, 2488-2495.
Lemaire, ChemSusChem 2012, 5, 2397-2409; c) M. Sutter, W. Dayoub, E. ~ [143] Z. Xie, B. Chen, H. Wu, M. Liu, H. Liu, J. Zhang, G. Yang, B. Han, Green
Métay, Y. Raoul, M. Lemaire, Green Chem. 2013, 15, 786-797; d) B. Erb, Chem. 2019, 21, 606-613. . ) '
E. Risto, T. Wendling, L. J. Goossen, ChemSusChem 2016, 9, 1442-1448.  [144] Y.-B. Huang, A.F. Liu, Q. Zhang, K-M. Li, W. B. Porterfield, L.-C. Li, F.
[123] N. Sakai, Y. Usui, R. Ikeda, T. Konakahara, Adv. Synth. Catal. 2011, 353, Wang, ACS Sustainable Chem. Eng. 2020, 8, 11477-11490.
3397-3401. [145] T. Mizugaki, K. Togo, Z. Maeno, T. Mitsudome, K. Jitsukawa, K. Kaneda,
[124] L. Pehlivan, E. Métay, D. Delbrayelle, G. Mignani, M. Lemaire, Eur. J. Org. ACS Sustainable Chem. Eng. 2016, 4, 682-685.
Chem. 2012, 4689-4693. [146] S. Kumafav{el, S. Thiripuranthagan, E. Erusappan, M. Durai, T. Vembuli,
[125] K. Matsubara, T. lura, T. Maki, H. Nagashima, J. Org. Chem. 2002, 67, M. Durai, Microporous Mesoporous Mater. 2020, 305, 110298.
4985-4988. [147] D. Licursi, C. Antonetti, S. Fulignati, M. Giannoni, A. M.R. Galletti,
[126] N. Sakai, T. Moriya, K. Fujii, T. Konakahara, Synthesis 2008, 3533-3536. Catalysts 2018, 8, 277.
[127] S. Das, Y. Li, K. Junge, M. Beller, Chem. Commun. 2012, 48, 10742— [148] P.P. Upare, M. Lee, S.-K. Lee, J. W. Yoon, J. Bae, D. W. Hwang, U. H. Lee,
10744. J.-S. Chang, Y. K. Hwang, Catal. Today 2016, 265, 174-183.
[128] a) M. Firdaus, M. A. R. Meier, U. Biermann, J. O. Metzger, Eur. J. Lipid Sci. [149] J. Zheng, J. Zhu, X. ?(u, W. Wang, J. Li, Y. Zhao, K. Tang, Q. Song, X. Qi,
Technol. 2014, 116, 31-36; b) U. Biermann, J. O. Metzger, Eur. J. Lipid D. Kong, Y. Tang, Sci. Rep. 20_1 6,6, _28898'
Sci. Technol. 2014, 116, 74-79; c)U. Biermann, J.O. Metzger, [150] Y. Cen, S. Zhu, J. Guo, J. Chai, W. Jiao, J. Wang, W. Fan, RSC Adv. 2018,
ChemSusChem 2014, 7, 644-649; d) P.-K. Dannecker, U. Biermann, M. 2’9152_31,60‘k_ Sol | L " K
von Czapiewski, J. O. Metzger, M. A.R. Meier, Angew. Chem. Int. Ed. (151 T.k[\lml/\/(l) I:rSMZ'r:”IH'.EC. olt,s_l.. \;a );:m'l F2.0L109nyg|, ;.2;-|1an2c;(())4, D. Deka, R.
2018, 57, 8775-8779; Angew. Chem. 2018, 130, 8911-8915; &) P-K. G“ Na' s 'k_aJy"V T’m' 2" ”f,c ”;"D,b, o eka 1, Hancsok. M. R
Dannecker, U. Biermann, A. Sink, F.R. Bloesser, J. 0. Metzger, M. A. R. [152] M.Vh’clw.oRarsz IK a/v),/or;', C. 7201'9 722’ 79'5 g]g’ - fancsok, M. R.
Meier, Macromol. Chem. Phys. 2019, 220, 1800440. thalyi, React. Kinet. Mech. Catal. 2019, 126, 795-810.
. : . [153] a) M. A. Mabry, W. W. Prichard, S.B. Ziemecki (du Pont de Nemours,
[129] a) V. Sinha, M.R. Patel, J.V. Patel, J. Polym. Environ. 2010, 18, 8-25;
S § . E. 1, & Co.), EP147219 A2, 1985; b) J. T. Schwartz (du Pont de Nemours,
b) A. Rahimi, J. M. Garcia, Nat. Chem. Rev. 2017, 1, 0046; c) |. Vollmer,
M . X E. I, and Co.), US5478952 A, 1995.
.J. F. Jenks, M. C. P. Roelands, R. J. White, T. van Harmelen, P. de Wild, . .
R . [154] R. M. Deshpande, V.V. Buwa, C.V. Rode, R.V. Chaudhari, P.L. Mills,
G.P. van der Laan, F. Meirer, J.T.F. Keurentjes, B. M. Weckhuysen, Catal. Commun. 2002, 3. 269274
?gg;ﬁéhsjg Int. £d. 2020, 59, 15402-15423; Angew. Chem. 2020, 132, [155] R.V. Chaudhari, C. V. Rode, R. M. Deshpande, R. Jaganathan, T. M. Leib,
) . . ) P. L. Mills, Chem. Eng. Sci. 2003, 58, 627-632.
[130] a) M. C. van Engelen, H. T. Teunissen, J. G. de Vries, C. J. Elsevier, J. Mol. . .
R : [156] a) D.J. Thomas, M. R. Stammbach, N.W. Cant, M. S. Wainwright, D. L.
Catal. A 2003, 206, 185-192; b) T. vom Stein, M. Meuresch, D. Limper, ) .
] . Trimm, Ind. Eng. Chem. Res. 1990, 29, 204-208; b) D. J. Thomas, D. L.
M. Schmitz, M. Hoelscher, J. Coetzee, D. J. Cole-Hamilton, J. Klanker- . . .
W. Lei 1 Am. Ch Soc. 2014 136, 1321713225 O T J Trimm, M.S. Wainwright, N. W. Cant, Chem. Eng. Process. 1992, 31,
mayer, W. Leitner, J. Am. Chem. Soc. 2014, 136, 13217-13225; O T.J. 241-245; ¢) T. Turek, D. L. Trimm, D. S. Black, N. W. Cant, Appl. Catal. A
Korstanje, J. Ivar van der Vlugt, C. J. Elsevier, B. de Bruin, Science 2015, 1994, 116, 137-150
350, 298-302; d) X. Cui, . Lii C. Topf, K. J;:”ge' M. Beller, Angew. Chem. 1571  7hang, Z. Wu, L. X, Ind. Eng. Chem. Res. 1998, 37, 3525-3532.
Int. Ed. 2015, 54, 10596-10599; Angew. Chem. 2015, 127, 10742-10745; 158] R.V. Chaudhari, R. Jaganathan, S. H. Vaidya, S. T. Chaudhari, R. V. Naik,
e) J. R. Cabrero-Antonino, R. Adam, K. Junge, M. Beller, Chem. Sci. 2017, C.V. Rode, Chem. Eng. Sci. 1999, 54, 3643-3651.
8, 6439-6450. . . [159] S.P. Miller, M. Kucher, C. Ohlinger, B. Kraushaar-Czarnetzki, J. Catal.
[131] J.R. Cabrero-Antonino, I. Sorribes, K. Junge, M. Beller, Angew. Chem. 2003, 218 419-426.
Int. Ed. 2016, 55, 387-391; Angew. Chem. 2016, 126, 395-399. [160] P.J. Guo, L. F. Chen, S.R. Yan, W. L. Dai, M. H. Qiao, H. L. Xu, K. N. Fan,
[132] a) D. Romo, A.l. Meyers, Tetrahedron 1991, 47, 9503-9569; b) Y.-C. J. Mol. Catal. A 2006, 256, 164-170.
Yuan, C. Bruneau, R.AGramage»Dorla, Synthesis 2018, 50, 4216-4228. [161] X.-Q. Han, Q.-F. Zhang, F. Feng, C.-S. Ly, L. Ma, X.-N. Li, Chin. Chem. Lett.
[133] J.R. Cabrero-Antonino, R. Adam, V. Papa, M. Holsten, K. Junge, M. 2015, 26, 1150-1154.
Beller, Chem. Sci. 2017, 8, 5536-5546. 162] S. Varadarajan, D. J. Miller, Biotechnol. Prog. 1999, 15, 845-854.
[134] C. Delhomme, D. Weuster-Botz, F. E. Kiihn, Green Chem. 2009, 11, 13- 163] G. Ding, Y. Zhu, H. Zheng, H. Chen, Y. Li, J. Chem. Technol. Biotechnol.
26. 2011, 86, 231-237.
[135] T. Willke, K. D. Vorlop, Appl. Microbiol. Biotechnol. 2001, 56, 289-295. [164] P. Kasinathan, D. W. Hwang, U. H. Lee, Y. K. Hwang, J.-S. Chang, Catal.
[136] a) T. Werpy, G. Petersen, Top Value Added Chemicals from Biomass: Commun. 2013, 41, 17-20.
Volume.l—ResuIts of Screening for Potential Candidates from Sugars. and  [165] a)R. Luque, J. H. Clark, K. Yoshida, P.L. Gai, Chem. Commun. 2009,
Synthesis Gas. U.S. Department of Energy (DOE) by the National 5305-5307; b) R. Luque, J. H. Clark, Catal. Commun. 2010, 11, 928-931.
Renewable Energy Laboratory, 2004; b)J.J. Bozell, G.R. Petersen,  [166] a) U.G. Hong, J. K. Kim, J. Lee, J. K. Lee, J. H. Song, J. Yi, I. K. Song, Appl.
Green Chem. 2010, 12, 539-554. Catal. A 2014, 469, 466-471; b) U. G. Hong, J. K. Kim, J. Lee, J. K. Lee,
[137] a) F.M.A. Geilen, B. Engendahl, A. Harwardt, W. Marquardt, J. J.H. Song, J. Yi, I. K. Song, J. Ind. Eng. Chem. 2014, 20, 3834-3840.
Klankermayer, W. Leitner, Angew. Chem. Int. Ed. 2010, 49, 5510-5514;  [167] U.G. Hong, H. W. Park, J. Lee, S. Hwang, J. Yi, I. K. Song, Appl. Catal. A
Angew. Chem. 2010, 122, 5642-5646; b) G. Ding, Y. Zhu, H. Zheng, W. 2012, 415-416, 141-148.
Zhang, Y. Li, Catal. Commun. 2010, 71, 1120-1124; c) F. M. A. Geilen, B. [168] Z. Shao, C. Li, X. Di, Z. Xiao, C. Liang, Ind. Eng. Chem. Res. 2014, 53,
Engendahl, M. Holscher, J. Klankermayer, W. Leitner, J. Am. Chem. Soc. 9638-9645.
2011, 133, 14349-14358; d) X. Di, Z. Shao, C. Li, W. Li, C. Liang, Catal. [169] X. Di, C. Li, G. Lafaye, C. Especel, F. Epron, C. Liang, Catal. Sci. Technol.
Sci. Technol. 2015, 5, 2441-2448; e) |. Obregdn, |. Gandarias, N. Miletic, 2017, 7, 5212-5223.
A. Ocio, P. L. Arias, ChemSusChem 2015, 8, 3483-3488; f) A. Phanopou- [170] X. Di, C. Li, B. Zhang, J. Qi, W. Li, D. Su, C. Liang, Ind. Eng. Chem. Res.
los, A.J.P. White, N.J. Long, P. W. Miller, ACS Catal. 2015, 5, 2500- 2017, 56, 4672-4683.
2512; g) O. A. Abdelrahman, D.S. Park, K. P. Vinter, C.S. Spanjers, L. [171] J. M. Keels, X. Chen, S. Karakalos, C. Liang, J. R. Monnier, J. R. Regalbuto,
Ren, H.J. Cho, K. Zhang, W. Fan, M. Tsapatsis, P.J. Dauenhauer, ACS ACS Catal. 2018, 8, 6486-6494.
Catal. 2017, 7, 1428-1431; h) D. S. Park, O. A. Abdelrahman, K. P. Vinter, [172] S.D. Le, S. Nishimura, Appl. Catal. B 2021, 282, 119619.
ChemSusChem 2021, 14, 3744-3784 www.chemsuschem.org 3783 © 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH


http://orcid.org/0000-0001-9628-9803

Chemistry

Reviews Europe ,
ChemSusChem doi.org/10.1002/cssc.202101184 Socices Publishing
[173] D.J. Lundberg, D.J. Lundberg, K. Zhang, P.J. Dauenhauer, ACS [197] a) J. Sun, G. Yang, Y. Yoneyama, N. Tsubaki, ACS Catal. 2014, 4, 3346-

Sustainable Chem. Eng. 2019, 7, 5576-5586.

3356; b) U. Mondal, G. D. Yadav, J. CO, Util. 2019, 32, 299-320; c) F. Li,

[174] J.T. Edward, J. M. Ferland, Chem. Ind. 1964, 975. M. Ao, G.H. Pham, J. Sunarso, Y. Chen, J. Liu, K. Wang, S. Liu, Small
[175] D. M. Alonso, S.G. Wettstein, J. A. Dumesic, Green Chem. 2013, 15, 2020, 76, 1906276.

584-595. [198] a) W. Wang, S. Wang, X. Ma, J. Gong, Chem. Soc. Rev. 2011, 40, 3703~
[176] P.S. Williams (BP Chemicals Ltd.), US4973717, 1990. 3727; b) F. Arena, G. Mezzatesta, L. Spadaro, G. Trunfio in Trans-
[177] R. E. Bockrath, D. Campos, J.-A. T. Schwartz, R. T. Stimek (E. |. Du Pont formation and utilization of Carbon Dioxide (Eds.. B. M. Bhanage, M.

de Nemours & Co.), US6008384 A, 1999. Arai), Springer, Berlin, 2014, pp. 103-130; c) E. Catizzone, G. Bonura, M.
[178] D. Campos, G.M. Sisler (E.I. Du Pont de Nemours & Co.), Migliori, F. Frusteri, G. Giordano, Molecules 2018, 23, 31/31-31/28.

US6670490B1, 2003. [199] a) S. Sato, Y. Tanigawa, (ASAHI Chem. Ind. Co. Ltd.), JP2000109443 A,
[179] S. Suzuki, T. Ichiki, H. Ueno (Tonen Co., Ltd.), EP431923 A2, 1991. 2000; b) S. Chen, S. Wang, X. Ma, J. Gong, Chem. Commun. 2011, 47,
[180] G.L. Castiglioni, A. Vaccari, G. Fierro, M. Inversi, M. Lo Jacono, G. 9345-9347; c) H. Hasse, J.-O. Drunsel, J. Burger, U. Schmidt, M. Renner,

Minelli, I. Pettiti, P. Porta, M. Gazzano, Appl. Catal. A 1995, 123, 123- S. Blagov (Ineos Paraform Gmbh & Co. K, WO2012062822 A1, 2012;

144. d) M. Li, Y. Long, Z. Deng, H. Zhang, X. Yang, G. Wang, Catal. Commun.
[181] X.-L. Du, Q-Y. Bi, Y.-M. Liu, Y. Cao, H.-Y. He, K-N. Fan, Green Chem. 2015, 68, 46-48; e) K.-A. Thavornprasert, M. Capron, L. Jalowiecki-

2012, 14, 935-939. Duhamel, F. Dumeignil, Catal. Sci. Technol. 2016, 6, 958-970; f) C. J.
[182] D. Sun, T. Saito, S. Otsuka, T. Ozawa, Y. Yamada, S. Sato, Appl. Catal. A Baranowski, A. M. Bahmanpour, O. Krocher, Appl. Catal. B 2017, 217,

2020, 590, 117300. 407-420; g) A. Peter, S. M. Fehr, V. Dybbert, D. Himmel, I. Lindner, E.
[183] Q. Liu, Z. Zhao, M. Arai, C. Zhang, K. Liu, R. Shi, P. Wu, Z. Wang, W. Lin, Jacob, M. Ouda, A. Schaadt, R.J. White, H. Scherer, I. Krossing, Angew.

H. Cheng, F. Zhao, Catal. Sci. Technol. 2020, 10, 4412-4423. Chem. Int. Ed. 2018, 57, 9461-9464; Angew. Chem. 2018, 130, 9605-
[184] I. Obregon, . Gandarias, A. Ocio, |. Garcia-Garcia, N. Alvarez de Eulate, 9608.

P. L. Arias, Appl. Catal. B 2017, 210, 328-341. [200] a) S. Wesselbaum, T. vom Stein, J. Klankermayer, W. Leitner, Angew.
[185] X. Huang, S. Kudo, U. P. M. Ashik, H. Einaga, J.-i. Hayashi, Energy Fuels Chem. Int. Ed. 2012, 51, 7499-7502; Angew. Chem. 2012, 124, 7617~

2020, 34, 7190-7197. 7620; b) J. Schneidewind, R. Adam, W. Baumann, R. Jackstell, M. Beller,
[186] M. G. Al-Shaal, A. Dzierbinski, R. Palkovits, Green Chem. 2014, 16, 1358- Angew. Chem. Int. Ed. 2017, 56, 1890-1893; Angew. Chem. 2017, 129,

1364. 1916-1919.
[187] G. Novodarszki, H. E. Solt, G. Lendvay, R. M. Mihalyi, A. Vikar, F. Lonyi, J. [201] K. Thenert, K. Beydoun, J. Wiesenthal, W. Leitner, J. Klankermayer,

Hancsoék, J. Valyon, Catal. Today 2019, 336, 50-62. Angew. Chem. Int. Ed. 2016, 55, 12266-12269; Angew. Chem. 2016, 128,
[188] T.P. Brewster, N. M. Rezayee, Z. Culakova, M. S. Sanford, K. I. Goldberg, 12454-12457.

ACS Catal. 2016, 6, 3113-3117. [202] B.G. Schieweck, J. Klankermayer, Angew. Chem. Int. Ed. 2017, 56,
[189] a) M. Takemoto, T. Abe (Mitsubishi Gas Chemical Co. Inc.), 10854-10857; Angew. Chem. 2017, 129, 10994-10997.

EP869125 A1, 1998; b) L. E. Manzer (E.l. Du Pont de Nemours & Co.), [203] Z. Wei, X. Tian, M. Bender, M. Beller, H. Jiao, ACS Catal. 2021, 6908-

W02004005271 A1, 2004; c) T. Takahashi, H. Kusaka, K. Endo (Mitsu- 6919.

bishi Chemical Corp.), JP2011168536 A, 2011. [204] M. Siebert, M. Seibicke, A. F. Siegle, S. Kréh, O. Trapp, J. Am. Chem. Soc.
[190] a) W. De Thomas, P. D. Taylor, I. Tomfohrde, F. Heinn (ISP Investments 2019, 141, 334-341.

Inc.), US5149836 A, 1992; b) M. W. M. Tuck, M. A. Wood, A.G. Hiles [205] M. Seibicke, M. Siebert, A.F. Siegle, S. M. Gutenthaler, O. Trapp,

(Kvaerner Proc. Tech. Ltd.), WO9743234 A1, 1997; c) A. Bertola (Euro- Organometallics 2019, 38, 1809-1814.

diol S. A.), W09935113 A2, 1999; d) D. Campos, R. E. Ernst, J. B. Michel [206] M. Siebert, G. Krennrich, M. Seibicke, A. F. Siegle, O. Trapp, Chem. Sci.

(E. . Du Pont de Nemours & Co.), US6566539B1, 2003; e) M. Roesch, R. 2019, 10, 10466-10474.

Pinkos, M. Hesse, S. Schlitter, O. Schubert, G. Windecker, A. Weck (BASF [207] M. Siebert, G. Storch, O. Trapp, Org. Process Res. Dev. 2020, 24, 1304-

Akt.), W0O2005058492 A1, 2005; f) M. Aghaziarati, M. Soltanieh, M. 1309.

Kazemeini, N. Khandan, Catal. Commun. 2008, 9, 2195-2200; g)R. [208] a) T. Schaub, I. Jevtovikj, A.S.K. Hashmi, K. Sekine (BASF SE),

Zhang, H. Yin, D. Zhang, L. Qi, H. Lu, Y. Shen, T. Jiang, Chem. Eng. J. WO02020161175 A1, 2020; b) R. Konrath, K. Sekine, I. Jevtovikj, R. A.

2008, 740, 488-496; h) D. Zhang, H. Yin, J. Xue, C. Ge, T. Jiang, L. Yu, Y. Paciello, A. S. K. Hashmi, T. Schaub, Green Chem. 2020, 22, 6464-6470.

Shen, Ind. Eng. Chem. Res. 2009, 48, 11220-11224; i) D. Zhang, H. Yin, [209] W. Ahmad, F. L. Chan, A. Hoadley, H. Wang, A. Tanksale, App. Catal. B

C. Ge, J. Xue, T. Jiang, L. Yu, Y. Shen, J. Ind. Eng. Chem. 2009, 15, 537- 2020, 269, 118765.

543. [210] W. Ahmad, F. L. Chan, A. L. Chaffee, H. Wang, A. Hoadley, A. Tanksale,
[191] B. M. Stadler, S. Hinze, S. Tin, J. G. de Vries, ChemSusChem 2019, 12, ACS Sustainable Chem. Eng. 2020, 8, 2081-2092.

4082-4087. 11] K. Beydoun, J. Klankermayer, Chem. Eur. J. 2019, 25, 11412-11415.
[192] S. Westhues, J. Idel, J. Klankermayer, Sci. Adv. 2018, 4, eaat9669. 12] a) Y. Makabe, S. Okita, Y. Yamamoto (Toray Ind., Inc.), EP412783 A2,
[193] a) P. Markewitz, W. Kuckshinrichs, W. Leitner, J. Linssen, P. Zapp, R. 1991; b) C. G. Pitt, W. Hendren EP576192 A2, (Amgen, Inc.), 1993; ¢) T.

Bongartz, A. Schreiber, T. E. Mueller, Energy Environ. Sci. 2012, 5, 7281- Zheng, Q. Zhou, Q. Li, L. Zhang, H. Li, Y. Lin, Solid State lonics 2014,

7305; b) J. A. Martens, A. Bogaerts, N. De Kimpe, P.A. Jacobs, G.B. 259, 9-13.

Marin, K. Rabaey, M. Saeys, S. Verhelst, ChemSusChem 2017, 10, 1039- [213] a) D. Mellmann, P. Sponholz, H. Junge, M. Beller, Chem. Soc. Rev. 2016,

1055. 45, 3954-3988; b) Z. Li, Q. Xu, Acc. Chem. Res. 2017, 50, 1449-1458;
[194] a) H. Friedrich, W. Neugebauer (Degussa), US3843562 A, 1974; b) G. c) K. Sordakis, C. Tang, L. K. Vogt, H. Junge, P.J. Dyson, M. Beller, G.

Reuss, W. Disteldorf, A. 0. Gamer, A. Hilt, Ullmann’s Encyclopedia of Laurenczy, Chem. Rev. 2018, 118, 372-433; d) F. Valentini, V. Kozell, C.

Industrial Chemistry, Wiley-VCH, Weinheim, 2000. Petrucci, A. Marrocchi, Y. Gu, D. Gelman, L. Vaccaro, Energy Environ. Sci.
[195] a) Y. Jiang, O. Blacque, T. Fox, H. Berke, J. Am. Chem. Soc. 2013, 135, 2019, 12, 2646-2664.

7751-7760; b) F. A. LeBlanc, W. E. Piers, M. Parvez, Angew. Chem. Int. [214] a) A. H. Romero, ChemistrySelect 2020, 5, 13054-13075; b)R. Nie, Y.

Ed. 2014, 53, 789-792; Angew. Chem. 2014, 126, 808-811; ¢)T.T. Tao, Y. Nie, T. Lu, J. Wang, Y. Zhang, X. Lu, C. C. Xu, ACS Catal. 2021, 11,

Metsaenen, M. Oestreich, Organometallics 2015, 34, 543-546; d) P. 1071-1095.

Rios, N. Curado, J. Lopez-Serrano, A. Rodriguez, Chem. Commun. 2016, [215] K. Beydoun, K. Thenert, J. Wiesenthal, C. Hoppe, J. Klankermayer,

52,2114-2117. ChemCatChem 2020, 12, 1944-1947.
[196] a)S. Bontemps, L. Vendier, S. Sabo-Etienne, Angew. Chem. Int. Ed.

ChemSusChem 2021, 14, 3744-3784

2012, 51, 1671-1674; Angew. Chem. 2012, 124, 1703-1706; b)S.
Bontemps, L. Vendier, S. Sabo-Etienne, J. Am. Chem. Soc. 2014, 136,
4419-4425; ¢) G. Jin, C. G. Werncke, Y. Escudie, S. Sabo-Etienne, S.
Bontemps, J. Am. Chem. Soc. 2015, 137, 9563-9566; d) A. Aloisi, J.-C.
Berthet, C. Genre, P. Thuery, T. Cantat, Dalton Trans. 2016, 45, 14774~
14788; e) M. R. Espinosa, D.J. Charboneau, A. Garcia de Oliveira, N.
Hazari, ACS Catal. 2019, 9, 301-314.

www.chemsuschem.org

Manuscript received: June 7, 2021
Revised manuscript received: July 7, 2021
Accepted manuscript online: July 8, 2021
Version of record online: August 3, 2021

3784

© 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH


http://orcid.org/0000-0001-9628-9803

