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Recent decades have been marked by enormous progress in
the field of synthesis and chemistry of 5-(hydroxymethyl)furfural
(HMF), an important platform chemical widely recognized as
the “sleeping giant” of sustainable chemistry. This multifunc-
tional furanic compound is viewed as a strong link for the
transition from the current fossil-based industry to a sustainable

1. Introduction

Intensive use of fossil hydrocarbons as an affordable source of
high-energy fuels, chemicals and materials dates from the
middle of the 19th century. It has enormously accelerated the
rates of industrial growth and may be considered as the root
cause of high living standards in many countries. To this day,
despite several decades of the development of renewable
resources, only approximately 10% of chemicals and less than
2% of organic polymers are obtained from non-fossil
feedstocks." At the current rates of carbon consumption, the
easily accessible fossil reserves will be depleted within the next
several decades.” Overcoming the oil and gas dependence is
one of the most significant challenges for chemical science and
industry. Transition to the carbon-neutral economy driven by
renewable resources is a pressing need for modern society and
the main focus of numerous recent investigations in the field of
green and sustainable chemistry.”

Plant biomass, with its 75% content of polysaccharides
(predominantly hemicellulose and cellulose), is one of the
largest sources of renewable carbon. The complex chemical
composition of plant biomass underlies the great potential of
this material as a source of low-molecular-weight compounds,
which may be obtained by catalytic or biocatalytic conversion.
Although the prices of carbohydrates are comparable with the
prices of refined petroleum products,”” chemical conversion of
carbohydrates is still largely neglected. This is primarily due to
the differences in the properties of plant biomass and fossil
hydrocarbons associated with the different oxygen content.
Hyperfunctionalization of carbohydrates (too high saturation
with polar and highly reactive hydroxyl groups) significantly
limits selective modification of the carbohydrate part of
biomass and complicates purification of the resulting products.
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one. However, the low chemical stability of HMF significantly
undermines its synthetic potential. A possible solution to this
problem is synthetic diversification of HMF by modifying it into
more stable multifunctional building blocks for further synthetic
purposes.

Key limiting factors for the large-scale commercialization of the

plant biomass processing are as follows:

1) The necessity of redevelopment (setting up new plants for
biomass conversion as well as the infrastructure for the
transportation and storage).

2) High E-factors of the biomass conversion processes due to
the inefficient utilization of all components of biomass and
by-products of its processing, and, as a result, additional
costs for waste disposal.

3) Reputation risks associated with insufficient knowledge of
the consumer properties of many innovative biobased
products.

In 2010, the top 14 renewable “platform chemicals”
(including C1-C6 alcohols, sugars, acids, furfurals, and biohy-
drocarbons) as key templates for the sustainable chemical
industry of the 21st century were identified.”’ The tremendous
synthetic potential of the furanic platform chemicals (furfural, 5-
hydroxymethylfurfural (HMF), and 2,5-furandicarboxylic acid
(FDCA)) explains the unprecedented scale of research in the
field of furan chemistry.”” The Bransted- or Lewis-acid-catalyzed
dehydration of common hexose carbohydrates provides a
versatile approach to C6 furanic derivatives (Scheme 1).” The
platform chemical HMF which contains three different highly
reactive functional centers (aldehyde, hydroxymethyl group and
furan ring) can be afforded from the most common hexoses
(cellulose, glucose, sucrose or fructose) as starting substrates.

Due to its enormous synthetic and commercial potential,
HMF has been dubbed a “sleeping giant” of sustainable
chemistry.® The flip side of the high reactivity of HMF is
instability: it is highly prone to side processes such as hydrolysis
into levulinic acid and humification.”®® The use of carbohy-
drates modified at the C6 hydroxyl group leads to significant
increase in selectivity of the conversion process due to the
direct formation of the C6 furanic derivatives without unstable
HMF as an intermediate (Scheme 1).7<%'% Another problem is
the high oxygen content of the HMF molecule, which
complicates its isolation and purification. These obstacles
impede the full-fledged industrial production of the HMF-
derived products.

The diversity of functionalities in one molecule creates
enormous opportunities for the application of HMF as a synthetic
platform for the production of biofuel candidates, advanced
materials, and valuable chemicals (Scheme 2).°*”*'" The oxidation
or reduction of functional groups in HMF is a general approach to
access the key biobased furanic monomers with symmetric
structure, such as 2,5-bis(hydroxymethyl)furan (BHMF), 2,5-bis
(aminomethyl)furan (BAMF), 2,5-diformylfuran (DFF), 2,5-furandi-
carboxylic acid and its esters (FDCA, FDME, FDEE)."""'? The most
commercially important derivative of HMF — FDCA - is a biobased

© 2020 The Authors. Published by Wiley-VCH GmbH
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Scheme 1. Lewis-acid-catalyzed conversion of aldohexose carbohydrates into C6 furfurals.
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alternative to terephthalic acid for the production of polyesters
and polyamides."¥ Despite considerable efforts to promote large-
scale industrial production of HMF, FDCA and PEF (polyethylene
furanoate, a 100% biobased polymer obtained by polycondensa-
tion of FDCA with bioethylene glycol), it is still maintained on a
pilot-scale only (several hundred tons per year)."¥ Thus, despite
the high synthetic potential and the trend towards commercializa-
tion, the HMF-based biorefining is still far from real practical
impact.[&”b]

A possible way to increase the competitiveness of the HMF-
based biorefining is diversification of HMF into other (more stable)
multifunctional chemical building blocks as bio-derived analogs of
the traditional base and commodity chemicals (Scheme 2). This
approach is aimed at circumventing the direct use of HMF, with its
high oxygen content and instability, to obtain a variety of valuable
HMF derivatives, including monomers, fine and specialty chem-
icals. This minireview highlights representative examples of the
recently developed approaches for obtaining multifunctional HMF
derivatives containing three or more different reaction centers.
These valuable derivatives can be obtained from HMF directly or
in few stages. We survey the main strategies used for the chemical
modification of substituents (affording non-symmetrical (AB-type)
furanic products) or the furan ring itself and discuss the most
important derivatives. Although many of the recent and compre-
hensive reviews have covered the synthetic potential of HMF and
some related derivatives for production of biofuels, monomers
and chemicals,”"'**'%! 3 dedicated survey on the literature focused
on the synthetic approaches to the multifunctional derivatives of
HMF containing three or more different functional groups has not
been previously reported. Of course, we want to emphasize that
Minireview format is not aimed for exhaustive and comprehensive
literature coverage due to size limitations. Rational selection of
most perspective HMF-derived polyfunctional building blocks
based on the recent literature and analysis of their synthetic
potential represent the general aim of this Minireview.

2. AB-Type Furanic Building Blocks
2.1. 5-Chloromethylfurfural (CMF)
High reactivity of the hydroxyl group in HMF results from

stability of the corresponding furan carbocation® and makes
HMF an efficient alkylating agent. Relevant examples include

the acid-catalyzed self-etherification of HMF"'® and the benzyla-
tion of aromatic hydrocarbons by Friedel-Crafts reactions."”
Modification of the hydroxyl functionality in HMF into a better
leaving group provides additional functionalization opportuni-
ties. Among halide and sulfonate derivatives of HMF, 5-
chloromethylfurfural (CMF) is probably the most studied. CMF is
considered as a new platform chemical and a reasonable
alternative to HMF due to its lower polarity and higher stability
with retention of the high synthetic potential.”**'® An impor-
tant advantage of CMF over HMF is the possibility of
preparation directly from the most abundant carbohydrate raw
materials (cellulose or crude biomass) in high yields of up to
8096ﬁ%

The most important HMF derivatives can be obtained
directly from CMF in good yields and under mild conditions
(Scheme 3). Simple heating of CMF in DMSO (the Kornblum
oxidation) affords furanic monomer DFF in a yield of 81%..%*"
Another promising monomer, FDCA, can be obtained with the
use of stronger oxidizing agents, such as concentrated nitric
acid."® The platform chemical levulinic acid (LA) can be
obtained in high yields by hydrolysis of CMF.?" The possibility
of straightforward selective reduction of the chloromethyl
group to methyl (leading to formation of the promising biofuel
candidates DMF or MF) makes CMF a valuable platform for
biofuels.”?

Synthetic potential of CMF as multifunctional platform for a
wide range of fine and specialty chemicals has been highlighted
in several reviews."P'®?3 Synthesis of versatile polyfunctional-
ized building blocks by modification of CMF is shown in
Scheme 4. Since the chloromethyl group in CMF is poorly
susceptible to oxidation, selective transformation of the
aldehyde group to carboxyl is easier to perform. Carboxyl
derivative 1 can be obtained from CMF on Au-catalysts.”” Ester
2 can be obtained by using a two-stage methodology (reaction
of tert-butyl peroxide with CMF followed by reaction with
alcohol via the formation of acid chloride as an intermediate).*”
Reaction of CMF acetal with sodium cyanide followed by acid-
catalyzed deprotection leads to product 3 containing nitrile and
aldehyde groups at the furan ring.”®® This compound is of
interest as an N-containing polyfunctional C7 building block.

Due to the presence of good leaving group, CMF can react
with various S, Q,['%2<%1 or P28 nycleophiles, as well as enter
Friedel-Crafts reactions.”” Amination of CMF with liquid
ammonia affords furanic derivative 4 containing both aldehyde

Q H,0 [0 o I\ o0
/[K/YO C\\/@\&O —_— o o/ N\ 0
O O
OH HO OH
LA, 91% CMF FDCA DFF
Platform chemical l H Monomers
), cat.
Ad o LY
O (@]
DMF MF
Biofuel candidates
Scheme 3. CMF-based synthesis of key HMF derivatives.
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Scheme 4. Synthesis of multifunctional building blocks from CMF.

and primary amine functions.?” Polyfunctional compound 5,

obtained by reacting CMF with sodium azide, can be selectively
modified at the aldehyde or azide functional groups. Product 6,
which contains a combination of triple bond and azide
fragment, can be obtained by reacting 5 with the Ohira-
Bestmann reagent. Product 6 makes a strong candidate plat-
form for “click” chemistry due to the capability of entering the
Cu-catalyzed [3+42] cycloaddition at both azide and alkyne
fragments.?”

Although chemical reactivity of CMF makes this building
block attractive for several applications, a care should be taken
considering possible formation of Cl-containing wastes. At both
stages, CMF synthesis and further functionalization/usage, care-
ful planning is required to avoid contamination of the environ-
ment with Cl-containing by-products and wastes. Recycling of
Cl or a closed Cl loop are highly desirable approaches.

2.2. Building Blocks Obtained by Modification of the
Aldehyde Group

2.2.1. HMFCA and Esters

The aldehyde group in HMF is one of the key components
responsible for its high synthetic potential. Selective oxidation
of the aldehyde group with formation of HMFCA and its esters
under the action of molecular oxygen or other oxidants can be
achieved on metal catalysts (Au,®® Ag,*” Pt°” Mo,®" or Mg/
Ce"). A significant drawback of this approach is side oxidation
of the hydroxymethyl group, which leads to formation of FFCA
esters or FDCA.P** Qrganocatalytic oxidative esterification of
HMF in the presence of alcohols catalyzed by imidazolium
carbenes®™ or sodium cyanide (the Corey-Gilman-Ganem
oxidation)® can be used to avoid over-oxidation and afford the
desired HMFCA esters in good yields. HMFCA may also be
obtained from HMF through Cannizzaro reaction;®® however,
an obvious drawback of this approach is stoichiometric
formation of a 2,5-bis(hydroxymethyl)furan as a by-product.

)[35
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Biocatalytic oxidation of HMF into HMFCA is also good option
which overcomes many limitations of other methods.®”

HMFCA and its esters attract much interest as monomers
and multifunctional building blocks (Scheme 5). The presence
of reactive groups in HMFCA ensures its high synthetic
potential, which, however, may be difficult to realize due to the
possibility of side processes of self-condensation. One possible
way to solve this problem is to modify the hydroxyl group into
halogen or sulfonate containing intermediates (7 and 8) for
further production, for example, of thiol ethers and amines.®
Furanic monomer, FDCA monoester 9, can be obtained by
oxidation of HMFCA esters.”™ The furan ring in HMFCA may also
be selectively modified, e.g. hydrogenated into tetrahydrofur-
an-containing product 10.%” Unlike HMF, HMFCA and its esters
can enter Diels-Alder cycloadditions. With ethylene as a
dienophile, this reaction results in formation of functional para-
xylene derivatives 11 produced by deoxygenation of the Diels-
Alder adducts."" A recently published Ru-catalyzed alkenylation

o. /' \. o o_ [/ \._ o
o or (o)

OR HO
FFCA esters 9

' [0

OR

R" / \ o HO\/@\(O H] o
(0] o —_— o
OR OR ol (s
7:R'=ClorBr; HMFCA and esters 10
8:R'= OSO,R?
#>Co0Bu,
Ru-cat., R=H Ethylene, cat.
80°Cor125°C
R
o) O O
. OBu
Ho_ // \
o R
OH

12: R" = H; 52% (at 125 °C); 11: R = H or alkyl

13: R' = COOH; 43% (at 80 °C);

Scheme 5. HMFCA as a multifunctional building block.
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of HMFCA with acrylates proceeds with or without decarbox-
ylation (depending on the reaction temperature) to afford
product 12 or 13, respectively.”?

2.2.2. N-Containing Building Blocks

Some of the polyfunctional nitrogen-containing building blocks
can be obtained by modification of the aldehyde group in HMF
by using standard methods involving nitrile 15,“ oxime 16,Y
imines 17" or its O-substituted derivatives (Scheme 6).1*Y
Synthesis of nitrone 14 in a yield of 76 % by reacting HMF with
nitrobenzene in the presence of hydrogen and a Pt/C catalyst
has been reported.*” Classical methods of reductive amination

OH OH
® [ e
N P N\R
HO HO
20 19: R = alkyl, aryl

b e

o (0] o
BAMF AMF 18: R = alkyl, aryl
NH3 or NH,OH ‘[H]
PANO,,  oeooccoeeocaaaes .
J\ Q® b P 3 HO\/@\/ 3 amine \/D\/
HO. Npp 3 - ‘
: HMF 3
L 17: R = alkyl, Ar, HetAr
o, NH3 THF/Hzlo/ \\IHZOR
Ho\/@\ o/ \__NH;0H
0" SN o

15, 80% 16: 95%

Scheme 6. Aminated polyfunctional derivatives of HMF and AMF.

R'o_ // N\ oOH
(0]

R' = H or Protective Group
21

Py

\/O\( \/O\( ! Ohira-Bestmann

24: R = CHj (reaction with diazomethane), 40%; .

25: R = alkyl (by Stetter reaction);
26: R = aryl (by CH-functionalization);

with borohydrides as reducing agents afford furanic amines 18
via formation of imine intermediates.”® The same outcome can
be achieved with more environmentally friendly transition
metal-catalyzed®*****% or biocatalyzed®™ methodologies.

5-(Aminomethyl)-2-furanmethanol (AMF) containing both
hydroxymethyl and aminomethyl groups at the furan ring is
one of the most important aminated HMF-derived building
blocks with enormous synthetic potential. AMF can be prepared
in good yields by reductive amination of HMF with ammonia in
the presence of hydrogen by using either transition metal
catalysts™******#>1! or biocatalytic methods.******? Amination of
AMF affords important monomer 2,5-bis(aminomethyl)furan
(BAMF)"* or other furanic amines including biologically active
compounds.” Recyclization of AMF or its N-substituted deriva-
tives in the presence of mineral acids, affording pyridinol 20 or
pyridinoxonium salts 19, respectively, has been widely applied
for the synthesis of bioactive compounds.*461%54

2.2.3. Building Blocks Obtained by C—C Coupling

A variety of carbon-extension reactions may be used to access
>C6 building blocks from HMF (Scheme 7). Classical nucleo-
philic additions to the aldehyde group (aldol-type reactions,™
Grignard reactions®***® or other organometallic additions®”)
yielding polyfunctionalyzed furanic alcohols 21 are predom-
inantly carried out with the use of protective groups at the
hydroxyl substituent. However, some of these reactions may
preserve free hydroxymethyl groups.***#*¥ Allylic alcohol-sub-
stituted derivatives 22 can be obtained via N-heterocyclic
carbene-catalyzed Baylis-Hilman reaction.”

The simplest acetylenic derivative 23 with high potential as
a platform for polymer syntheses can be afforded in excellent
yields by using the Ohira-Bestmann reagent and potassium

Ho. // \ OH

22

o[} _
S
: 23,97%

J

27: R = H (by Wittig reaction);

28: R = COOH or COOR1 (by Wittig reaction
or Knoevenagel condensation);

29: R = P(O) (by Knoevenagel condensation);

30: R = CO(R1) (by aldol condensation);

Scheme 7. Building blocks obtained from HMF by C—C coupling.
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carbonate as a base.™ Methods for producing furfuryl ketones
24-26 from HMF using Stetter reaction,” interaction with
diazomethane!®? or direct metal-catalyzed C-H
functionalization® of the aldehyde group are also available.

Significant number of studies focused on polyfunctional
furfurylidenes as promising precursors for materials synthesis.
Ethylene derivative 27 and carboxylic acid derivatives 28, as
well as its phosphorus-containing analog 29, can be prepared
from HMF in good yields by using Wittig reaction®'**¥ or
Knoevenagel condensation.

Furfurylidenes 30 obtained by aldol condensation of HMF
and its derivatives with ketones represent important and easily
accessible building blocks for various syntheses of fuels and
chemicals (Scheme 8).**¢) Complete hydrogenation of furfur-
ylidene ketones is a promising approach for the production of
the high energy density drop-in alkane biofuels 31.°°*¢”) Partial
hydrogenation with or without ring-opening affords a wide
range of synthetic intermediates 32 and 33.1°“*%® |mportantly,
some of furfurylidenes can be prepared in high yields directly
from carbohydrates without HMF isolation.”

3. Building Blocks Obtained by Modification of
the Furanic Ring

3.1. Hydrogenative Ring-Opening

Transition metal-catalyzed hydrolytic ring-opening in BHMF
(where water simultaneously acts both as a catalyst and as a
solvent) in the presence of hydrogen provides a route to several
C6 aliphatic and cyclic ketones with high platform potential:
HHD, HCPN, HCPL and MCP (Scheme 9). The acid-catalyzed
HHD formation in the presence of Ru, Ir or Rh—Re catalysts
affords up to 85% yields with high selectivities."**”” Cyclic
derivatives HCPN"" or HCPL"'“”? can be formed by aldol
condensation of HHD under acidic conditions through gener-
ation of HHED followed by reduction with hydrogen, or as a
result of Piancatelli rearrangement of BHMF."® In the presence
of Amberlyst, HHED undergoes acetalization to pyranone 34,
which can be isolated in a yield of 53%."

The potential of HHD as a biobased platform chemical has
been highlighted in a recent review."*™ Under basic conditions,

H Ho_ [/ \ H R._U N
— o\ o /- o \ Lo
R = alkyl, aryl
31 R 30 R 32 R

long-chained alkanes (biofuels)

l ring opening

T~

Scheme 8. Synthetic potential of the HMF-derived furfurylidene ketones.
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Scheme 9. (A) Products of hydrogenative hydrolytic ring-opening in BHMF. (B) Synthetic potential of HHD.
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HHD undergoes dehydration into cyclopentenone derivative
MCP." In the presence of amines, HHD can undergo cyclization
into 2-hydroxymethyl pyrroles 35 in good yields.” In addition,
HHD can be easily reduced to triol 36 on Ru catalysts.”'*"®

3.2. Oxidative Ring-Opening

Some highly functionalized building blocks can be obtained by
the oxidative ring-opening in HMF or its derivatives
(Scheme 10). In the case of O-substituted HMF or BHMF,
formation of various linear and cyclic products is possible
depending on the type of oxidant and reaction conditions. For
example, carboxylic acids 37 and 38 can be obtained from
sugar-substituted HMF via singlet-oxygen oxidation in meth-
anol solution or reaction with aqueous hydrogen peroxide,
respectively."%”" Reacting anhydrous MCPBA, singlet oxygen,
or dimethyldioxirane with disubstituted derivatives of BHMF
(40¢) gives cis-ene-diones 41c”® which show high potential as
building blocks. Compounds 41 ¢ may be isomerized into trans-

isomers 42c or reduced to 1,4-diketones 43c which can be
further utilized in syntheses of substituted pyrroles 44 and
thiophenes 45 by reactions with the Lawesson reagent and
amines, respectively.”s”®

Oxidation of unsubstituted or mono-substituted BHMF
(40a,b) affords dehydropyranones 46 via reversible acetaliza-
tion of en-diones 41a,b (the Achmatowich rearrangement).”¢*#%
Cyclization of 41b or recyclization of 46 into pyrazines 47 b,c or
pyrroles 48b by reactions with hydrazine or amines, respec-
tively (Scheme 10) is widely applied in natural compound
syntheses. 528"

Oxidation of O-substituted HMF with singlet oxygen or
MCPBA in aprotic solvents leads to versatile butenolide
derivatives 39 as mixtures of stereoisomers.'*#'? Synthetic
potential of the HMF-derived polyfunctional building blocks 39
is shown in Scheme 11. Acids 50a,b were obtained with good
yields by zinc-mediated reduction of the open form of
butenolide derivatives (49a,b) in acetic acid under
ultrasonication.®? Reduction of 39a with sodium borohydride
affords a versatile building block HBO.®®' Diels-Alder reactions

]\
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10,, Meo'y
O COOH
RO =
37: R = sugar
B)
/N R?NH,
/ N —
FI{Z OR! R=H R'O
48b 41a-c

\ 7
R'O N-N

(6]
N 0
o ) _— HO Y
(o]
OR

wioz 39

O COOCH
RO

38: R = sugar

46, R = H or sugar

47b: R = H, R" = sugar, 68%;
OR 47c:R,R'=Acor Bn, 70-90%;

Scheme 10. (A) General routes to polyfunctional building blocks via oxidation of HMF. (B) Potential of compounds 41 and 46 as precursors for the synthesis of

heterocycles.
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39b: R = Ac;

Scheme 11. Butenolide 39a as a multifunctional building block.

of 49b (the opened form of 39b) with various dienes lead to
polyfunctionalized bicyclic or cyclic products 51-53 with high
diastereoselectivity.®”

3.3. Arene Building Blocks

Due to the presence of the strong m-accepting aldehyde group,
HMF and other furfurals poorly interact with dienophiles in
Diels-Alder reactions. No efficient reactions of dienophiles with
HMF or its derivatives containing aldehyde group at the furan
ring (DFF, FFA, CMF) have been published. However, Diels-Alder
reactions may be carried out upon transformation of the
aldehyde substituent into a weaker m-acceptor substituent,
such as hydroxymethyl, acetal, hydrazone, oxime or carboxyl.
This strategy has found broad application in materials science
and medicinal chemistry (see Table1 and references
therein)."'“***®) n sjty deoxygenation of Diels-Alder adducts
formed from functionalized furanic products and ethylene is
one of the mainstream routes to biobased para-xylene deriva-
tives 54 (entries 1, 6, 12, 17 and 19) towards biobased plastics.
Aromatic building blocks 56 and saturated polysubstituted
tricyclic products 57 can be obtained via the formation of Diels-
Alder adducts 55 by reactions with various dienophiles: alkenes
(entries 3-5, 7, 8, 14 and 15), alkynes (entries 9, 10 and 16), or
benzyne (entries 2, 11, 13, 18 and 20).

Hydrothermal recyclization of HMF (where water simulta-
neously acts both as a reagent and as a solvent) in the presence
of various Lewis acids as catalysts affords 1,2,4-benzene triol
(BTO) in yields of up to 54% (Scheme 12).'°” This compound
represents an important bioderived aromatic building block for
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58, up to 94% 59, 66%

Scheme 12. Hydrothermal recyclization of HMF into BTO and its synthetic
potential.

the synthesis of fuels, chemicals and materials."®* Hydro-
deoxygenation of BTO into hydroquinone proceeds under
various conditions with the maximum yield of 53% achieved on
a Rh/ALO,; catalyst™ Amination of BTO with aqueous
ammonia under acidic conditions affords 1-amino-resorcinol
(ARCL) in a 34% yield."® Under oxidizing conditions, BTO
undergoes dimerization into polyhydroxylated products 58 or
59 in neutral or acidic water media, respectively.['%%1%3

3.4. Polysubstituted Furanic Building Blocks

A reliable access to polysubstituted furanic building blocks by
substitution at the furan ring may significantly increase the
synthetic potential of the HMF-based chemicals. However, few
examples of the furan CH-functionalization in HMF and its
derivatives can be found in the literature (Schemes 13 and 14).
Reactions of magnesiated FDEE with various electrophiles give
trisubstituted furans 60 in good yields (Scheme 13)."%¥

A ruthenium-catalyzed CH-activation of HMF-derived imines
63 and 64, containing a TBS protective group at the hydroxyl
and an aminated directing group, with alkenes (the Murai
reaction) followed by deprotection yields alkylated products 66
or acylated (68) products (Scheme 14a)."® Carbonylative
version of this reaction affording C3-acylated products 68 with
good yields was very recently reported."® In similar catalytic
systems, an HMF-derived substrate 64,"°” as well as some FDCA
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Table 1. General synthetic routes to functional aromatic and aliphatic products via Diels-Alder reactions of HMF derivatives with various dienophiles.
Rz@,w R? R!
R3 RZ
54 L
57
ethylene,
cat.y T Hy, cat
2 1
@ dienophile R R R? R
R2 R - 3 2
o R R -H,0 R® R
furanic diene
55 56
N° Furanic diene Dienophile Product: yield
1 ethylene 54a: 0%""
o) y
2 O\/@\% benzyne 55b: 0%
3 N maleic anhydride 56a: 13%""
4 ~“NMe, maleimide 56b: 87 %'
5 N-Et maleimide 56c: ~100 %"
6 ethylene 54c < 1%“"
7 fumaronitrile 56d: 129%™
8 maleimide 55e: 83%""
HO\/@\/OH 57e: 72%°"
9 o) hexafluorobut-2-yne 56f: 87 %Y
10 dimethyl acetylenedicarboxylate 559: 35%"
57g: 34%
11 benzyne 55h: 74 %"
12 Ethylene® 54d: 2%
O 0O
13 NS /O\ % benzyne 55e: 0%
14 ° / \ ° acrylonitrile 55):77%
Q (o) ’7 Y 56j: 709"
O (@)
. . 56 k: R=NMe,; 98 %"
15 R/N ~ / \ _ N\R maleic anhydride 561: R—OBn; 20%"”
16 0o methyl propiolate 56 m: R=0Bn; 48 %""!
54f: R=R'=H; 19%""
17 RO / \ O ethylene 54g: R—Me, R = H; 59"
18 (@) benzyne 55n: R=Me, R'=Ac; 72%;""
OR 56n: R=Me, R'=Ac; 82%;°"
54h: R=H; 0%""
19 ethylene 54i: R =Me; 36 %"”
0 / 0O 54j: R=Et; 59%""
20 (@) benzyne 550: R=H; 0%;"®
RO OR 55p: R=Me; 91 %;"")
56 p: R=H; 89%;*
[a] Formed in situ from ethanol. [b] Final yield after two-stage methodology including reduction of the double bond in 55 n followed by deoxygenation. [c]
Obtained from 55p by two-stage methodology including reduction of the double bond followed by deoxygenation.

nucleophlle cat,; 0

o L

60a: SMe, 93%;
60b: CN, 66%;
60c: 3(CF3)Ph, 79%;

EtO

[Ru], ArBnep
O or vinyl silanes

/\

O
R

FDEE (R = OEt)
or monoamides

S|R3

vy - aYY

62a: R = Me, 53%);
62b: R = Ph, 76%);

61: R = NHPr or pyperidinyl,
15-86%

Scheme 13. Synthesis of trisubstituted furanic building blocks by CH-functionalization of FDCA esters or monoamides.
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65a: R? = SiOMe3, 59%; 66¢: R = SiOEt;, 57%;
M\ 65b: R2 = SiOEts, 44%;?) 66d: R = SiPhs, 62%;
o \ 65c: R? = SiPhg, 66%;
TBSO N—""NEt,
63
co,
(0] R? o " B)
[Ry] ZOR? HCI (1M)
/ N\ —
Ar = PMP, o \ qyzlagmatuve ]\
2 iyl - yiel o
R = silyl group TBSO N Ar — 5
/R 67, 39-64% 68
(0] \
TBSO N-ar
64
Ar'Bnep, Arl 1 C)
BA Y HCI (1M) Ar
~ \ - I\
TBSO N\©\ 0"
TBSO o)
NMe,
69, 36-75% 70, 40-91%

Scheme 14. Ru-catalysed CH-activation of HMF-derived imines. TBS = tert-butyldimethylsilyl. Bnep = boronic acid neopentylglycol ester. BA =benzylideneace-
tone. ? Contain 2-(piperidin-1-yl)ethyl as a directing group. PMP = p-methoxyphenyl.

monoamides,'® can be modified into arylated products 67-69

or silyl derivatives 70 by reactions with the corresponding
ArBnep reagents or vinyl silanes, respectively (Scheme 14b,c).

4. Conclusions

HMF, a bioderived platform chemical, is of key importance as
multifunctional building block for sustainable chemical indus-
tries in the post-oil era. A plethora of studies on the use of HMF
as a synthetic intermediate for the production of biofuels,
materials and fine chemicals (including solvents, pharmaceut-
icals and other highly valuable products) have been published
over the past 20 years. However, HMF is not an ideal platform
for the use in all of the proposed synthetic applications. In our
opinion, HMF has the greatest impact as a platform for the
production of polymeric materials. As an example, a straightfor-
ward sequence from HMF to 3D printing material was
demonstrated."® A number of other applications of HMF-
derived polymeric materials were also studied."?""”

The low stability and high oxygen content limit the use of
HMF as a platform for biofuels and complicate direct access
from HMF to certain fine chemicals. Among multifunctional
HMF derivatives, it may be anticipated that CMF and furfur-
ylidene ketones have the high potential for the development of
biofuels and fuel additives. Diketones obtained from HMF by
reductive or oxidative ring-opening show high performance in
the construction of heterocycles (including aromatic systems).
The highly accessible furanic AB-type products (mostly HMFCA),
as well as non-furanic HMF derivatives, may be considered as

ChemistryOpen 2020, 9, 1135-1148 www.chemistryopen.org

building blocks for fine and specialty chemicals. Some HMF
derivatives hold great promise for special applications in the
syntheses of industrially relevant compounds. For example,
monoamine BAF may be used as a platform chemical for
bioderived amines. Diels-Alder cycloadditions with HMF-derived
functionalized substrates, as well as modifications of BTO, may
be considered as key routes to biobased aromatics. We believe
that synthetic potential of many HMF-derived building blocks is
still untapped. Preparation of multifunctional HMF-derived
building blocks from carbohydrates or crude biomass and
further study of their synthetic potential will pay off. Efforts in
this direction will facilitate access from HMF to higher-value-
added products and ultimately increase the competitiveness of
HMF-based biorefining.
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