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In this tutorial review, we provide an overview of heterogeneous Diels–Alder catalysis for the production
of lignocellulosic biomass-derived aromatic compounds. Diels–Alder reactions aﬀord an extremely selective and eﬃcient route for carbon–carbon cycloadditions to produce intermediates that can readily
undergo subsequent dehydration or dehydrogenation reactions for aromatization. As a result, catalysis of
Diels–Alder reactions with biomass-derived dienes and dienophiles has seen a growth of interest in
recent years; however, signiﬁcant opportunities remain to (i) tailor heterogeneous catalyst materials for
tandem Diels–Alder and aromatization reactions, and (ii) utilize biomass-derived dienes and dienophiles
to access both conventional and novel aromatic monomers. As such, this review discusses the mechanistic aspects of Diels–Alder reactions from both an experimental and computational perspective, as well as
the synergy of Brønsted–Lewis acid catalysts to facilitate tandem Diels–Alder and aromatization reactions.
Heterogeneous catalyst design strategies for Diels–Alder reactions are reviewed for two exemplary solid
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acid catalysts, zeolites and polyoxometalates, and recent eﬀorts for targeting direct replacement aromatic
monomers from biomass are summarized. Lastly, we point out important research directions for progres-
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sing Diels–Alder catalysis to target novel, aromatic monomers with chemical functionality that enables
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new properties compared to monomers that are readily accessible from petroleum.
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Introduction
Growing awareness of environmental concerns and the economic volatility of petroleum products has led to increased
interest in the use of biomass-derived sustainable alternatives.
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Of note, global consumption of commodity aromatic monomers
surpasses 140 million metric tons annually, and the market
sizes continue to grow at rates between 2–6% annually.4,33,40
These aromatic monomers include the hydrocarbons benzene,
toluene, and xylenes, commonly referred to as BTX, as well as
oxygenated derivatives thereof, including benzoic acid, phthalic
anhydride, and terephthalic acid. These aromatic monomers
have extensive commercial applications for polymers, solvents,
plasticizers, and adhesives. A prominent example is polyethylene terephthalate (PET), which is the most widely produced
polyester, primarily used for the synthesis of plastic bottles and
textile fibers on the scale of over three million metric tons
annually in North America alone.1 Consequently, there has
been an increase in research eﬀorts directed toward production
of biomass-derived aromatic compounds.2–4
Multiple approaches have been investigated for the production of “direct replacement” aromatic monomers (i.e.,
structurally-identical substitutes for petroleum-derived monomers) from biomass, including thermochemical, biological,
and chemocatalytic processing.5–8 Thermochemical conversion
is typically applied to whole biomass or residual lignin fractions9,10 via fast pyrolysis, catalytic fast pyrolysis, or gasification. During fast pyrolysis, biomass is heated to temperatures
typically within a range of 400–600 °C at residence times generally <5 s in the absence of oxygen to thermally degrade
biomass and generate vapors that are condensed into a
complex organic phase referred to as bio-oil.11 Bio-oils can
contain >300 compounds with significant oxygen content
(ca. 40%).12 If targeting hydrocarbon aromatics, oxygen
content must be reduced via catalytic hydrotreating or cracking
reactions.13–15 Although selectively targeting aromatics can be
challenging, ongoing eﬀorts to commercialize bio-oil upgrading have been recently reviewed.15 Alternatively, catalytic fast
pyrolysis involves integrating catalysts with the feedstock
during pyrolysis prior to condensation, which has the benefit
of removing reactive intermediates in the vapor phase, simplifying unit operations and increasing target aromatic monomer
yields.16,17 Commercialization of catalytic fast pyrolysis for
BTX production is currently being pursued at the pilot
scale.18,19 Lastly, biomass gasification occurs at higher temperatures (>750 °C) in the presence of air or steam to produce
syngas (i.e., CO and H2) as the target intermediate.20 Syngas
can undergo subsequent catalytic transformations, such as
syngas-to-alcohols followed by alcohol-to-aromatics,4 or
Fischer–Tropsch synthesis followed by hydrocracking,21 with
ongoing commercialization eﬀorts recently reviewed.22
As an alternative to thermochemical processing, significant
eﬀorts have also focused on selective, low-temperature deconstruction of lignocellulosic biomass to facilitate downstream
biological and chemocatalytic processing.23–31 The most commercially relevant eﬀorts to date involve ethanol production
from lignocellulosic sugars. Currently, major commercialization eﬀorts focus on catalytic dehydration of ethanol and oligomerization to BTX.32–34 Longer chain alcohols, such as isobutanol, can also be produced biologically from lignocellulosic
sugars.35,36 The commercial potential of isobutanol dehydra-
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tion and oligomerization to p-xylene is currently being
pursued.2,37,38 As a solely catalytic route, lignocellulosic sugars
can undergo aqueous phase reforming and hydrodeoxygenation to BTX that proceeds via hydrogenation, condensation,
alkylation, and dehydration reactions. This technology is
undergoing commercialization and has the valuable capability
to handle mixed C5 and C6 lignocellulosic sugar streams.2,39–41
However, with several of the aforementioned approaches,
selectivity to single aromatic monomers presents a challenge
because the product stream is a complex mixture of linear,
cyclic, and aromatic intermediates.
To address the limitations of aromatic monomer selectivity
and feedstock atom eﬃciency, Diels–Alder cycloadditions have
recently emerged as a prominent route to couple biomassderived chemical intermediates. This is not only due to the
immense number of accessible biomass-derived Diels–Alder
addends, particularly furans and furan derivatives, but also
because Diels–Alder reactions oﬀer a robust route for synthesis
of cyclic products. The coupling of a conjugated diene and a
dieneophile via Diels–Alder cycloaddition produces a six-membered ring that exhibits 100% atom economy. Following Diels–
Alder addition, subsequent dehydration or dehydrogenation
reactions can generate aromaticity, with both reactions
capable of being promoted in tandem over a single heterogeneous catalyst.42–46 Advancements in metabolic engineering
and tailored chemocatalysts are greatly expanding the number
of biomass-derived intermediates that can be used for Diels–
Alder coupling reactions, which may allow for the production
of direct replacement commodity aromatics, as well as new
aromatic monomers with diverse chemical functionality –
henceforth referred to as “functional alternative” monomers
(Scheme 1). These functional alternative monomers may allow
for new market applications that cannot be readily addressed
by petroleum due to the large number and variety of functional
groups present within native biomass, which may alter
thermal and mechanical properties of resultant polymeric
materials.31,47–49 While Diels–Alder cycloadditions have historical precedence for applications in pharmacology, agrochemicals, flavors, and fragrances,50 their capacity for biomass
upgrading is just now being realized.
To address the growing field of biomass-derived commodities, this review considers heterogeneous catalysis of Diels–
Alder cycloadditions for producing both direct replacement and
functional alternative aromatic monomers from lignocellulosic
biomass. Mechanistic details are examined for controlling the
rate and selectivity of Diels–Alder cycloadditions, with an
emphasis on Brønsted–Lewis acid catalysis for tandem reactions
and heterogeneous bifunctional catalyst design. Recent eﬀorts
are then reviewed for the Diels–Alder production of commodity
hydrocarbon and oxygenated aromatic monomers. Illustrative
routes for diene and dienophile production from biomass are
considered, as well as yields, catalytic materials, and key
considerations for converting complex biomass streams into
direct replacement aromatics. Lastly, important future research
directions are identified for targeting new functional alternative
monomers via Diels–Alder chemistry.
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Fig. 1 Diels–Alder cycloaddition of common addends illustrating the
formation of two new σ-bonds in the cycloadduct (A). Subsequent
dehydrative or dehydrogenative aromatization of two exemplary cycloadducts (B).

Scheme 1 Lignocellulosic biomass conversion via Diels–Alder cycloaddition to produce direct replacement and functional alternative aromatic monomers.

Diels–Alder catalysis
Mechanistic overview
Diels–Alder cycloadditions involve the atom eﬃcient coupling
of a diene and dienophile (the “addends”) in the preparation
of a six-membered ring (the “cycloadduct”), as shown in
Fig. 1A. Following the Diels–Alder addition, subsequent dehydration or dehydrogenation reactions can generate aromaticity in the product, as shown in Fig. 1B. Although, in many
cases, Diels–Alder reactions alone can be thermally driven to
completion, the application of catalysts can greatly enhance
reactivity, reduce process severity, mitigate unwanted side reactions, and enable tandem cycloaddition and aromatization
reactions over a single catalyst.
At the heart of Diels–Alder cycloadditions is the formation
of two σ-bonds between a diene and dienophile at the expense
of two π-bonds. It has been hypothesized that these cycloadditions may occur in a concerted one-step mechanism,51,52 or via
a two-step reaction in which each new σ-bond is formed in successive steps passing through transition states that involve a
biradical intermediate.53 While the general consensus is that
the concerted mechanism dominates, there has been literature
to support the multi-step mechanism as well. Spin state-
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corrected density functional theory (DFT) calculations have
shown that the diﬀerence in free energy of the two-step
reaction pathway is a mere 2.3–7.7 kcal mol−1 higher than the
concerted mechanism in the archetypal Diels–Alder reaction
between butadiene and ethylene.54
In Diels–Alder reactions, new bond formation occurs
through interactions between the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of the addends (Fig. 2). A normal electron demand
(NED) reaction involves the interaction of the HOMO of the
diene and the LUMO of the dienophile (Fig. 2, left).
Accordingly, the inverse electron demand (IED) reaction
involves the HOMO of the dienophile interacting with the
LUMO of the diene (Fig. 2, right). The type of electron demand
that occurs during a reaction is based largely upon diene and
dienophile species and the presence of electron withdrawing
or electron donating groups on either. For example, electronwithdrawing groups on the dienophile, such as the carboxylate
group of acrylic acid, will expedite NED reactions because of
the lowered LUMO energy. Furthermore, catalysts can coordi-

Fig. 2 Representative HOMO–LUMO interactions of both normal (left)
and inverse (right) electron-demand Diels–Alder cycloadditions.
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nate with either the diene or dienophile to influence the
HOMO–LUMO energy level gap. Reactions are consistently
more favorable when the character of diene and dienophile are
opposite (i.e. electron rich diene and electron poor dienophile,
or vice versa.)
The interactions between the HOMO and LUMO govern the
mode of reaction as well as the regiochemical outcomes,
which can be critical when targeting specific structural
isomers (e.g., xylene, see Fig. 3). When asymmetrical addends
(both diene and dienophile) are employed in Diels–Alder
cycloadditions, two regioisomer cycloadducts can be produced
depending on the orientation of addends during the reaction.55 The preferred orientation of interaction occurs when
the frontier orbitals of one addend that present the largest
HOMO energy coeﬃcient overlap with the frontier orbitals of
the other addend that posses the largest LUMO energy coeﬃcient.56,57 The orbital coeﬃcients are dependent on the electron-withdrawing or electron-donating nature of the substituents on each addend (see Table 1), and will drive the reaction
to prefer certain regiochemical outcomes.
Stereochemically, the relative positions of substituents on
the C1 and C4 positions of the diene and on the C1 and C2
positions of the dienophile are generally retained in the
product due to the suprafacial nature of the addend interactions. In contrast, the newly formed stereocenters of the
adduct are mediated by which of the two possible modes of
suprafacial approach takes place: endo or exo (Fig. 4).
Intuitively, one might assume that exo products are favored
based on steric hindrance of endo interfacing. However, secondary orbital interactions that occur upon endo interfacing
may result in stabilization of the transition state.52,58
Accordingly, endo products are typically favored, a preference
that is known as Alder’s rule.59 Through modification of reac-

Tutorial Review
Table 1 HOMO and LUMO energy coeﬃcients for all dienes and dienophiles discussed within this review. Calculated using B3-LYP/6-311+G(d,p),
ultraﬁne DFT grid, and tight SCF convergence. All characterized as positive deﬁnite minima structures by vibrational analyses

Diene

HOMO (eV)

LUMO (eV)

Furan
2-Methylfuran
2,5-Dimethylfuran
Butadiene
trans,trans-Dimethyl muconate
Isoprene

−6.531
−6.168
−5.844
−6.702
−7.623
−6.515

−0.169
0.039
0.116
−1.198
−3.127
−1.091

Dienophile

HOMO (eV)

LUMO (eV)

Ethylene
Propylene
1-Butene
Maleic anhydride
Acrylic acid

−7.660
−7.153
−7.154
−8.597
−8.068

−0.295
0.029
−0.085
−3.591
−1.927

Fig. 4 Suprafacial interaction of Diels–Alder addends via endo (A) and
exo (B) modes of molecular approach.

tion conditions or introduction of a bulky, chiral catalyst,
stereochemical product distribution can be tuned to increase
selectivity toward either stereoisomer.60,61 However, for the
production of aromatic compounds, stereocontrol of the cycloaddition is unnecessary due to the loss of all stereocenters
within the cycloadduct during aromatization (Fig. 3).
Role of acid catalysts for Diels–Alder reactions

Fig. 3 Potential regiochemical and stereochemical outcomes of Diels–
Alder cycloaddition between methyl furan and propylene. Subsequent
dehydrative aromatization removes stereochemistry, but preserves
regiochemistry.

This journal is © The Royal Society of Chemistry 2017

As critical as catalysts are to enhance Diels–Alder reactions, it
was not until the early 1940s that catalyzed Diels–Alder reactions were reported – over a decade after Diels and Alder first
published their work.62 Initially, homogeneous Brønsted acids
( proton donors) were used to catalyze these cycloadditions.63
However, it was shown in the early 1960s that homogeneous
Lewis acid salts (electron pair acceptors) act as extremely
eﬀective catalysts that promote Diels–Alder reactions, even in
mild reaction conditions.64 Since the first records of acid-catalyzed Diels–Alder reactions, research into the use of Brønsted
acids, Lewis acids, and tandem Brønsted–Lewis acids for these
reactions has flourished. Increased eﬀorts have focused on
heterogeneous catalysts to improve recyclability and separations, and to enable continuous processing. However, the
ability of homogeneous catalysts to exhibit high activity and
extensive molecular modifiability has elicited in-depth studies
into the catalytic principles that govern Diels–Alder reactions.
The enhancement of Diels–Alder reactions by acid catalysts
is frequently described in terms of frontier molecular orbital
(FMO) theory.65–67 When an acid catalyst is present, it can

Green Chem., 2017, 19, 3468–3492 | 3471
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application of the principles governing stereochemical control
by homogeneous catalysts to exemplary heterogeneous systems
can potentially enhance the utility of catalysts designed for targeting stereospecific monomers via Diels–Alder chemistry, as
discussed below.

Published on 17 May 2017. Downloaded on 01/08/2017 17:38:04.

Cooperative acid catalysis

Fig. 5 Comparison of uncatalyzed (A, B) and Lewis-acid catalyzed
(C, D) transition state HOMO orbitals for the NED Diels–Alder reaction
of ethylene and 2,4-hexadiene (A, C) and the IED Diels–Alder reaction of
trans,trans-muconic acid and ethylene (B, D). Catalyst depicted is cationic Li.

drastically decrease the HOMO–LUMO energy gap through
coordination with sites of high electron density. In NED reactions, this corresponds to coordination of the acid with the
dienophile (Fig. 5C), withdrawing electron density, and reducing the LUMOdienophile. The resulting decreased energy separation between the HOMOdiene and the LUMOdienophile
enhances the susceptibility to nucleophilic attack by the
π-electrons of the diene.65,68 Likewise, in IED reactions, an
acid catalyst will coordinate with an area of high electron
density on the diene (Fig. 5D). This phenomenon can be
observed in the NED cycloaddition of dimethylfuran with
ethylene, for which it was shown that the ΔEHOMO–LUMO is
reduced from 182 kcal mol−1 to 26 kcal mol−1 upon introduction of cationic Li.66 Several reports describe similar Diels–
Alder reaction enhancement by addition of an acid catalyst.69,70 In both NED and IED reactions, acid coordination
enhances existing polarization of the molecule, increasing the
associated orbital coeﬃcient (Fig. 5), thus increasing the
strength of orbital interaction between addends and promoting the reaction.67
Because acid catalysts typically enhance the existing reaction pathway (e.g., decrease the energy gap between
HOMOdiene and LUMOdienophile in NED reactions), it would
follow that the introduction of an acid catalyst also favors the
enhancement of selectivity toward the major regio- and stereoisomer products.65 In terms of Alder’s rule, when small, nonsterically hindered catalysts are selected, this typically holds
true and the endo product becomes even more strongly
favored. However, use of bulky, chiral catalysts or those with
size-restricted active sites can shift product selection toward
the exo isomer due to insurmountable steric hindrance upon
endo interfacing.61 In literature, this has primarily been
reported using homogeneous complexes. Moving forward,

3472 | Green Chem., 2017, 19, 3468–3492

To date, the synergy of Brønsted and Lewis acids for enhanced
acid catalysis is accepted yet not fundamentally understood,
and remains a topic of debate.71,72 In the 1980s, around the
time that this synergy was first observed, a suggested mechanism was proposed for the interaction in dealuminated zeolites.
It was assumed that the interaction involved a partial electron
transfer from the O–H bond of the Brønsted acid to the Lewis
acid oxo-aluminum species. It was hypothesized that this interaction would increase the Brønsted acid site strength by reducing the strength of the O–H bond, much like what is observed
within superacids. 1H-NMR of a system in which this is occurring should illustrate a downfield chemical shift of the proton
within the Brønsted acid site; however, it was later determined
that no such shift is observed, indicating that is not the true
method of interaction.73 A more recent mechanism was proposed wherein no direct interaction occurs between the
Brønsted and Lewis acid sites to invoke synergistic acidity.74–76
Rather, it was reported that the spatial proximity of intramolecular Brønsted and Lewis acid sites aﬀects the strength of
the Brønsted acid by delocalizing the surrounding electron
density, which increases the length and, thus, decreases the
strength of the Brønsted acid O–H bond. Because of this interaction, the spatial proximity of the Lewis acid site to the
Brønsted acid site has been shown to have a direct correlation
with an increase in acid strength of the associated Brønsted
acid site.74,76
In pursuit of exploiting the synergy between Brønsted and
Lewis acid sites, “designer acids” can be synthesized for ideal
catalytic behavior by aﬀecting the catalyst–substrate interactions, reaction mechanisms, and/or shape-selectivity of the

Fig. 6 Net yield of p-xylene in the tandem Diels–Alder and dehydration
reaction of 2,5-dimethylfuran and ethylene catalyzed by a series of
metal oxides and their zeotypic analogs. Net p-xylene yield after 24 h of
reaction correlates strongly with increasing acid site density. p-Xylene
yield reported on a total carbon yield basis.45

This journal is © The Royal Society of Chemistry 2017
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eﬀect was illustrated in the Diels–Alder reaction of naphthoquinone derivatives and varying dienes using a BLA catalyst,
which resulted in both rate enhancement and increased
stereoselectivity due to modified reactant–catalyst interfacing
by the acid sites.61

Published on 17 May 2017. Downloaded on 01/08/2017 17:38:04.

Tandem Diels–Alder and aromatization reactions

Fig. 7 Illustrative reaction of Brønsted and Lewis acid synergy for production of acrolein from glycerol. Reported yield >54% over Al/
H-ZSM-5.75

catalyst system (Fig. 7).77 These eﬀects have been investigated
for catalysis of Diels–Alder reactions, for which several types of
combined acids have been indicated, including: Brønsted acid
assisted Lewis acids (BLA), Lewis acid assisted Lewis acids
(LLA), Lewis acid assisted Brønsted acids (LBA), and Brønsted
acid assisted Brønsted acids (BBA).61 The variety in possible
Brønsted–Lewis acid site interactions allows for further tailored catalysts based on the desired primary acidity. BLA catalysts are specifically of interest for applications in targeted aromatics from biomass due to precedence of Lewis-acids as
notably successful catalysts for Diels–Alder reactions. This

In order to target aromatic monomers, Diels–Alder cycloadditions require subsequent aromatization. This is typically
accomplished via dehydration or dehydrogenation reactions,
although reactions such as decarboxylation78–80 can be used to
impart aromaticity for certain cycloadducts. In order to facilitate tandem Diels–Alder and aromatization reactions, multifunctional materials capable of catalyzing both reactions can
be particularly useful (Fig. 6). Tandem reactions over a single
catalyst have the potential to increase yield and atom eﬃciency
while circumventing the need for separations of functionally
complex, reactive, or harmful intermediate compounds.
Additionally, one-pot reactions may facilitate enhanced yields
relative to the multi-system alternatives due to lack of isolation
and separations between reaction steps. For example, the combined Diels–Alder dehydration of 2,5-DMF with ethylene for
p-xylene production has been reported at net yields of 90%.45
When performed in separate reaction systems, the production
of p-xylene through a Diels–Alder reaction scheme suﬀers from
low net yields of only 30–34% and significant byproduct formation due to the reactive oxanorbornene intermediate.81
Regarding dehydration, catalytic mechanisms for Brønsted
acids, Lewis acids, and metal oxides that display Brønsted
and/or Lewis acid activity have been described in literature.
Brønsted acids are the most well documented catalyst for dehydration reactions, and they may initiate one of several
mechanistic pathways based on substrate functionality. In the
case of bridging ethers, such as those in oxanorbornene-type
Diels–Alder cycloadducts produced upon addition with furanic
compounds, the reaction has been reported to proceed
through simultaneous protonation of the oxygen and cleavage
of one ether C–O bond (Fig. 8A). Subsequently, proton transfer
to neutralize the resulting carbocation facilitates the formation

Fig. 8 Demonstrative mechanisms for generation of aromaticity in cycloadducts via Brønsted acid catalyzed dehydration (A) or PGM catalyzed
dehydrogenation (B).

This journal is © The Royal Society of Chemistry 2017
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of one olefin bond within the cycloadduct. A second proton
abstraction to the cleaved ether oxygen drives water dissociation from the cycloadduct, cleaving the remaining ether
C–O bond. When the second bond is cleaved, an additional
olefin bond is formed by proton transfer within the ring,
resulting in complete aromatization of the cycloadduct.82
Through a similar mechanism, Lewis acids may catalyze oxanorbornene dehydration.83 A recent computational study
investigated the Lewis acid catalyzed dehydration mechanism
for the production of p-xylene by Diels–Alder cycloaddition of
2,5-dimethylfuran (2,5-DMF) with ethylene.66 The major diﬀerence between the Brønsted acid catalyzed mechanism and the
Lewis acid catalyzed mechanism was observed to be the mode
of initial C–O bond cleavage. Rather than directly protonating
the C1–C4 bridging oxygen as a Brønsted acid does, it was
hypothesized that Lewis acid sites withdraw electron density
from the bridging oxygen and facilitate a shift of one C–O
bond, relocating the C–O–C bridge to C1 and C2 of the sixmembered ring. Subsequently, there are two proton transfers,
as described for the Brønsted acid-catalyzed mechanism.84
The second proton transfer allows final C–O bond cleavage,
releasing H2O. Although less frequently reported, acidic metal
oxide catalysis of dehydration reactions is also feasible.85 The
mechanism begins with coordination of oxygen to a metal site
within the oxide, in the same manner as Lewis acid catalyzed
dehydration. Following coordination, the oxygen atoms adjacent to the metal site aid in the necessary two proton transfers.
Upon the second proton transfer within the ring, water is
released from the now-aromatic ring.
In contrast to dehydration, the most commonly described
dehydrogenation mechanisms involve platinum group metals
(PGMs, Fig. 8B), although transition metal oxides and acidic
zeolites have also been reported for catalysis of dehydrogenation reactions. Within metal oxide frameworks, it has been
suggested that alkane dehydrogenation begins through coordination of an alkane carbon with a coordinatively unsaturated
metal site.86 Simultaneously, a hydrogen atom is transferred
from the alkane carbon to an oxygen adjacent to the metal
center. A second hydrogen transfer from the alkane to the
metal center facilitates formation of the alkene, which then
desorbs from the catalyst surface. At this state, hydrogen
atoms from the alkane are coordinated to both the metal
center and an adjacent oxygen, which then associatively
desorb as an H2 molecule, regenerating the active catalyst
surface. The catalytic mechanism of dehydrogenation over
PGM surfaces is similar to that over metal oxides. On PGM surfaces, the coordination of an alkane carbon to a metal site is
followed by hydrogen transfer to a neighboring metal site,
rather than to an oxygen as observed over metal oxides.
Formation of the alkene drives transfer of a second hydrogen
to another adjacent metal site and desorption of the olefin
product. Desorption of hydrogen from both metal sites regenerates the active surface while releasing molecular H2.
Comparatively, the mechanism of dehydrogenation over
Brønsted acidic hydroxyl groups of zeolites is significantly
diﬀerent than that of metal oxides or PGMs and has been pro-
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posed
to
proceed
through
a
carbocation-based
mechanism.87–90 The protonation of an alkane carbon by the
Brønsted acidic hydroxyl group initiates the reaction, forming
a penta-coordinated carbocation. The carbocation proceeds to
coordinate with the zeolitic oxygen, allowing the formation of
an alkene bond within the substrate that drives the simultaneous release of molecular H2 from the penta-coordinated
carbon. After alkene formation and H2 release, the olefin dissociates from the catalyst surface, completing the reaction.
Due to the ability of several catalytic materials to facilitate
dehydration and dehydrogenation, multifunctional catalyst
materials show promise to facilitate tandem Diels–Alder and
aromatization reactions. Herein, the potential for zeolitic
materials and polyoxometalates (POMs) to address this need is
discussed, as they are two exemplary, tunable, solid acid
catalysts.
Zeolites
Developing heterogeneous catalyst systems is of significant
interest to promote continuous flow reactor operations for
Diels–Alder chemistry and facilitate cost-eﬀective industrial
processes for commodity aromatic production.91 Zeolites are
crystalline, porous aluminosilicates that can take on over 229
diﬀerent structural configurations and countless modifications
through heteroatom framework substitutions (Fig. 9).92 This
allows for tuning of zeolite active sites,93–95 with several
studies demonstrating the enhancement of Diels–Alder reactions using synergistic Brønsted–Lewis zeolitic catalysts.
Examples include the Brønsted–Lewis acid zeolite-catalyzed
cycloaddition of 2,5-DMF with ethylene and subsequent dehydrative aromatization to produce p-xylene.96 Similarly, tandem
Diels–Alder cycloadditions and dehydrations for toluene and
benzoic acid production have been performed with dual-acid
zeolite catalysts.97,98 In addition to their ability to catalyze
Diels–Alder reactions, zeolites may promote relevant aromatization reactions. The ability of H-Beta zeolite as a dehydration
catalyst was described for the tandem isomerization-dehydration of biomass-derived gamma-valerolactone (GVL) to
furfural.99 Additionally, the dehydration ability of zeolites for

Fig. 9 Structural depiction of heteroatom-substituted H-ZSM-5, a
representative zeolite catalyst, shown along the straight channel (A) and
zig-zag channel (B).

This journal is © The Royal Society of Chemistry 2017
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the in situ conversion of ethanol to ethylene during Diels–
Alder reactions with furans has been described.100 While less
investigated, zeolites can also catalyze dehydrogenation reactions. A recent publication illustrated the use of Cr/ZSM-5 for
oxidative dehydrogenation of ethane,101 and a well-know 1993
study exemplified the ability of ZSM-5 to dehydrogenate
methane for benzene production.90 Many literature reports of
zeolite-catalyzed dehydrogenation of partially saturated cyclic
structure involve oxidative dehydrogenation,102–104 though
there are reports of non-oxidative dehydrogenation of such
species by modified zeolites.105–107
Because of the tunability of zeolites, most in-depth investigations of Brønsted–Lewis acid synergy to date have been conducted on this class of materials. Brønsted acid sites in zeolitic
materials are a result of bridging hydroxyl groups (Si–OH–Al)
and four-coordinate framework Al. In contrast, Lewis acid sites
are due to extra-framework Al sites or framework Al that is
three-coordinate. Partial dealumination of various zeolites
(e.g., Y, ZSM-5, Beta, MOR) results in partial release of Al and
an increased number of extra-framework Al sites, increasing
the Lewis acidity of the zeolite. However, the increased acidity
of partially dealuminated zeolites is much larger than would
be expected if only due to increased Lewis acidity. Literature
reports identify a synergy between the Brønsted acid sites and
extra-framework Al Lewis acid sites that is responsible for the
observed increased catalytic ability.73,76,77,96 It has been repeatedly proposed that the spatial proximities of the Brønsted acid
sites to the Lewis acid sites within zeolitic frameworks strongly
correlates with increased acidity. In the case of modified dealuminated H-MOR and dealuminated H-ZSM-5, 13C-NMR of
absorbed acetone, a well-established probe molecule for
measuring Brønsted acid strength, was used to illustrate that
Brønsted acid strength significantly increased by the presence
of a proximal Lewis acid site.74,76 Based on the observed acid
site interactions, two modes of tandem reactivity have been
proposed: Lewis-acid catalyzed Diels–Alder and subsequent
Brønsted acid-catalyzed aromatization, or dual Brønsted–Lewis
acid site-catalyzed Diels–Alder and aromatization reactions. To
date, it has been hypothesized that the mode of catalysis that
occurs is highly dependent on the specific catalytic system and
reaction scheme.
Heteropolyacids/polyoxometalates
Similar to zeolites, POMs are highly tunable, discrete molecular catalyst species that can be modified to target catalytic
activity for Diels–Alder and aromatization reactions. POMs are
composed of large metal–oxygen cluster species with a diverse
compositional rage and great structural variety. Typically,
POMs are formed around early transition metals (e.g., W, Mo)
in their highest oxidation states (Fig. 10). Under the classification of POMs, heteropolyacids (HPAs) are specifically those
in which the counterion is a proton. While POMs are based on
metal–oxygen frameworks, they present a well-defined molecular structure rather than a solid crystalline expanse like zeolitic materials. Typically, POM molecules contain a central
heteroatom surrounded by a transition metal–oxygen frame-
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Fig. 10 Structural depiction of silcotungstic acid, in its polyanion
isomer (A), viewed along a symmetry plane (B), crystallographic spaceﬁlling model (C), and the u-B3LYP/Def2-SVP calculated molecular
electrostatic potential mapped to the total electron density surface of
isosurface value 0.1 (D).

work composed of polyhedral units. Unlike zeolites, POMs do
not have distinct pores. However, the lacunary POMs may be
prepared via removal or modification of polyhedral units and
catalysis may occur within the vacant sites similar to the
manner in which catalysis occurs in zeolitic pores.108,109
POMs are not only bifunctional, but may also be considered
tri- or tetra-functional due to the presence of oxygen atoms,
protons, and metals, providing soft basicity, Brønsted acidity,
Lewis acidity, and redox capabilities.109 POMs can be considered “designable” as well, due to the tunability of several
aspects of the POM molecule.110 Due to their solubility in
polar solvents, most POMs are not inherently heterogeneous
catalysts. This excludes some salts of POMs, such as cesium
salts, which are insoluble and can be employed as heterogeneous catalysts without a support.111 Or, POMs can be eﬀectively supported over several high surface area materials.112
To date, POMs are primarily utilized catalytically in an
unmodified, Brønsted acid-dominant state113 (i.e., the native
acid sites have not been altered to achieve targeted Brønsted
acid/Lewis acid ratios for enhanced activity). Although minor
Lewis acid character does exist within POMs in their native
state, transition metal-substituted heteroatoms can impart
greater Lewis acidity.71 Based upon the known utility of Lewis
acids for Diels–Alder cycloadditions, it is expected that
increased Lewis acidity will promote these reactions further,
while the retained Brønsted acidity will promote aromatization
reactions. However, the use of POMs that have been modified
in this manner has not yet been studied extensively for Diels–
Alder purposes. Additionally, although headway has been
made in the elucidation of the mechanism of cooperative catalysis amongst zeolitic species, no analogous explanation has
been proposed for POMs to date.

Green Chem., 2017, 19, 3468–3492 | 3475

View Article Online

Published on 17 May 2017. Downloaded on 01/08/2017 17:38:04.

Tutorial Review

Like zeolitic materials, research eﬀorts have illustrated the
capacity of POMs as catalysts for Diels–Alder reactions, which
is significant for the reactions discussed throughout this
review.112,114,115 For example, it was recently illustrated that
silicotungstic acid, a Keggin-type HPA, eﬀectively catalyzes the
Diels–Alder cycloaddition of trans,trans-diethyl muconate with
ethylene.114 POMs have been also been utilized for aromatization reactions that would be necessary following cycloaddition.
The dehydration of bio-ethanol to ethylene was completed in
high conversion and selectivity by montmorillonite-supported
dodecatungstophosphoric acid.116 Additionally, metal organic
framework (MOF) encapsulated phosphotungstic acid was
shown to eﬀectively catalyze the dehydration of fructose and
glucose to 5-hydroxymethyl furfural (5-HMF).117 Furthermore,
POMs can be eﬀective for dehydrogenation reactions, although
they are less frequently utilized.112 Their capacity for oxidativedehydrogenation is well studied, while non-oxidative dehydrogenations are reported less often. However, POM frameworks
are capable of possessing Lewis acidity, Brønsted acidity,
bridged metal–oxygen sites, and can support platinum group
metals. Making use of this tunability has been successful for
promoting the dehydrogenation of cyclohexanol by vanadiumsubstituted Wells–Dawson type POMs.118 As evidenced, the
modifiability of POMs allows for multifunctionality that may
be utilized for tandem Diels–Alder and aromatization
reactions.

Insight from computational chemistry
The strengths of theoretical methods include the ability to
evaluate elusive characteristics such as transition state structures, direct comparisons of concerted versus stepwise mechanisms, and the origins of stereoselectivity (Fig. 11). Early computational approaches supported that bond formation in the
cycloaddition of butadiene and ethylene adopts a concerted
mechanism,51 whereas a stepwise mechanism has been also
implicated for diverse addend pairs.53 With numerous exceptions arising, the discussion regarding mechanism has been
frequently revisited. In all of these investigations, probable
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mechanisms are supported by electronic structure calculations
yielding the relative stabilities of the transition state geometries, and by evaluating energetic diﬀerences of various
electronic configurations. For example, a concerted mechanism
of singlet state reactants remains a singlet ground state
throughout the reaction pathway, in contrast to a stepwise
mechanism, which may involve a paired-electron transition
state towards each bond formation, or may potentially feature
a more stable biradical intermediate. Pairing the transition
state predictions to the free energies of the addends and cycloadducts as well as interaction energies to bring together the
reaction complex, a full reaction profile may be constructed to
identify rate-limiting steps and rationalize more eﬀective
addend pairs or catalysts. From this insight, reaction parameter adjustments that will better stabilize the transition state
of the rate-limiting step may be clearly targeted.
Eﬀorts continue to develop more robust predictive computational models for the ever-expanding diversity of cycloaddition addends and catalysts. While oﬀering excellent correlations for NED cycloadditions that lack heteroatoms, FMO
theory was, in contrast, found to yield poor predictions and
correlations for cases of IED cycloadditions, or in reactions
where asymmetry of the addends and orbital overlap play a
greater role than the HOMO–LUMO energy gap.119 The frequency of such deviant cases stimulates the ongoing development of theoretical strategies to best correlate observed reactivity to a particular, more concise electronic property. To amend
these theoretical discrepancies, new correlative approaches
including the calculation of reactive molecular orbitals,120 and
TS distortion energy models have been recently
developed.121–123 For cases involving IED mechanisms or
cycloalkenes, these models achieved more reliable correlations
to activation energies and experimental observations than
FMO theory alone.
In silico catalyst design
In addition to calculating the reactivity of uncatalyzed Diels–
Alder adducts, in silico screening can eﬃciently compare a

Fig. 11 Common strategies for computational investigation of Diels–Alder reactivity through impacts on frontier orbitals due to addends or catalyst
interactions (A), substituents or catalyst stabilization of the transition state structures (B), and free energy proﬁles for catalyst and addend association,
transition and product formation (C).

3476 | Green Chem., 2017, 19, 3468–3492

This journal is © The Royal Society of Chemistry 2017

View Article Online

Published on 17 May 2017. Downloaded on 01/08/2017 17:38:04.

Green Chemistry

suite of catalysts, towards the reduction of time and costs of
reaction optimization. Computational prediction and design
of small catalysts, including organocatalysts and organometallic catalysts, has gained considerable momentum in
many research communities, particularly as modern advances
in DFT and supercomputing resources have made it tractable
to model larger inorganic catalyst-reactant complexes.124–126
Instead of exclusively relying on synthetic experiments, calculations of the free energies and orbitals through various catalyzed reaction steps has the potential to quickly and inexpensively determine what substituents or interactions are necessary for eﬀective catalysis and provide rational design guidelines. Hypothesized modifications of addend or catalyst moieties may also be screened computationally by comparing
these variations in a resolved transition structure serving as a
template; this eﬀectively enables the screening of ligands and
substituents to evolve more eﬀective catalysts.
Among the accumulating successes in rational catalyst
design, several studies have demonstrated the power of computational prediction for cycloadditions. The computational
design of a rhodium catalyst, for example, was experimentally
confirmed to facilitate a multicomponent [5 + 2 + 1] cycloaddition to a cyclooctenone product.127 Also successful were
exemplary models of oxazaborolidine catalysts, which clarified
the strong experimentally-observed stereospecificity with a
robust DFT mechanistic evaluation on five dienophiles.128,129
In a third example, a rhodium catalyst was computationally
explored to reveal the basis of high para-selectivity of cycloaddition with alkynes, and how an additional coordination of
the alkyne with rhodium—relative to the catalyst interaction
with alkenes—results in a higher reaction rate.130
Recent works have initiated models of Lewis-acid catalyzed
Diels–Alder reactions, in which cations of Li, Na, K, Rb, and Cs
served as the catalytic acids coordinating to either 2,5-DMF or
ethylene.66 These computational works have greatly contributed towards the understanding of Lewis acid-catalyzed upgrading of biomass-derived 2,5-DMF. Furthermore, these studies
have initiated a wave of new eﬀorts to computationally evaluate
and clarify reactivity and properties of zeolite catalysts specifically for cycloaddition chemistry.
Esteemed for high variability and tunability, zeolites have
gained broad interest as multipurpose catalytic scaﬀolds for a
diverse spectrum of chemical transformations, particularly
where interest lies in heterogeneous catalytic approaches
amenable to eﬃcient industrial processes. More recently, the
utilization of zeolites for Diels–Alder catalysis has been the
target of computational works with both free Lewis acid
cations66 as well as Lewis acids that are explicitly confined
within a zeolite framework.96,131 The latter works often apply
quantum mechanics/molecular mechanics (QM/MM) calculations to take into account the surrounding zeolite structure,
and to examine the eﬀects of steric constraints on the reaction
when it occurs within the zeolite pores. In these models, the
confinement eﬀects as well as charge transfer were found to
play key roles in achieving enhanced eﬃcacy of the cycloaddition as well as the subsequent dehydration reaction. Other
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studies employing QM/MM strategies support these findings
of reduced activation energies for cycloadditions confined
within alkali-exchanged zeolites.132,133 Interestingly, when considering tandem Diels–Alder and dehydration reactions, the
rate-limiting step was found to be dependent upon the acid
site concentration within the zeolite, with the cycloaddition as
the limiting step for low acid site concentration within the
zeolite.25 Further mechanistic insight suggests that the zeolite
framework alters the Lewis acid cation’s capacity to withdraw
electron density from 2,5-DMF, resulting in a nearly electronically-neutral bidirectional electron flow, as opposed to either a
NED or IED mechanism.25 Long-range electrostatic interactions were, however, not considered in these models, which
would be important to address in future works to achieve
quantitative binding enthalpies.
Computational models have also recently advanced for
another attractively malleable catalytic scaﬀold, polyoxometalates, which possess highly versatile acid sites and redox chemistry capabilites.109 POMs and their conjugate heteropolyacids
may undergo single-site modifications and isomerizations that
alter their catalytic activity substantially, demonstrating their
adaptability, which has rendered them useful to catalyzing an
impressive range of chemical transformations. Again benefitting from advances in DFT calculations, the use of theoretical
models to study POMs has bloomed just since the turn of the
century.134 Although the computational evaluation of POMs is
steadily gaining momentum, no computational works have
been published to date on the application of POM catalysts in
cycloaddition chemistry to the best of our knowledge.
However, the path forward with POM adaptation looks promising, as with the zeolite frameworks, to tailor these highly
tunable catalysts for heterogeneous Diels–Alder reactivity.

Direct replacement aromatics
The conversion of petroleum to aromatic monomers has been
developed over decades to become highly eﬃcient and costeﬀective. Petroleum-derived hydrocarbon aromatic monomers
(e.g., BTX) are recovered from crude oil refining, while oxygenated aromatics (e.g., benzoic acid, phthalic acid, terephthalic
acid) are produced from the successive addition of oxygen to
BTX fractions.135 In contrast, the production of hydrocarbon
aromatic monomers from lignocellulosic biomass requires
extensive deoxygenation, as biomass has an inherently high
oxygen content ranging from 30–40% by mass.136,137 This
allows for potentially higher atom eﬃciencies when targeting
oxygenated aromatics if oxygen can be retained during conversion.137 Recent life cycle assessments of biobased compounds
have indicated that, with proper feedstock selection and
improved processing, the production of many compounds can
require less energy and exhibit cost competitiveness when
compared to the analogous petroleum-based processes. For
example, butanediol production has an estimated 83% greenhouse gas emission and 46% reduction in nonrenewable
energy use.138 Several of these routes, however, require
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improvement to be viable. Largely, feedstock cost is the driving
factor that impacts final product cost, making yield from each
unit process critical. For example, a techno-economic analysis
of trans-3-hexenedioic acid production from biomass illustrated that a 1% change in the fermentation yield of the intermediate compound, muconic acid, results in 1% a change in
the overall market price.139 In general, the competitiveness of
biomass-derived commodity aromatics via Diels–Alder chemistry will ultimately be dictated by the eﬃcient production of
addends and their subsequent conversion to cycloadducts.
Numerous routes have been investigated for the production
of Diels–Alder addends from biomass (see Fig. 12 and 13),
including (1) chemocatalytic processing, (2) biological processing, and (3) hybrid processing. Chemocatalytic processing
typically relies on homogeneous or heterogeneous inorganic
catalysts and has primarily focused on the high-yield production of furans and their derivatives. Conversely, biological
transformations can support a wide diversity of products with
incredibly varied functionalities. Lastly, linking chemical and
biological transformations via hybrid processing has been

Fig. 12
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shown to greatly augment the number of Diels–Alder addends
accessible from biomass. Illustrative examples of the methods
for producing biomass-derived intermediates and commodity
aromatic compounds by these routes are provided below.
Toluene
In 2015, global toluene consumption was estimated at over
23 million metric tons, with expected growth to 28 million
metric tons by 2020.140 The applications of toluene are diverse,
including use in paints, glues, printing ink, adhesives, cosmetics, and as an industrial solvent. Traditionally, toluene is
isolated from petroleum reformate using a liquid–liquid
extraction process. This process first involves the simultaneous
extraction of all aromatics present in the mixture while displacing non-aromatics. An extraction column is utilized for this
process, in which a selected solvent is introduced at the top of
the column and the mixture is injected into the middle of the
column. The non-aromatics leave at the upper end of the
column and the solvent, now containing the aromatics, is
removed at the bottom of the column. Subsequent isolation by

Illustrative examples of production routes for common dienes from biomass or biomass-derived starting materials.
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Fig. 13

Illustrative examples of production routes for common dienophiles from biomass-derived starting materials.

steam stripping of distillation results in toluene yields of up to
98.5%.135
Diels–Alder production of biobased toluene. Through Diels–
Alder cycloaddition and dehydration, toluene can be produced
renewably from 2-methylfuran (2-MF) and ethylene, or furan
and propylene (Fig. 14). In 2015, the global production of
biomass-derived furfural was over 440 000 metric tonnes, will
projected growth to nearly 550 000 metric tonnes by 2020.141
For batch reactions of 2-MF with 30 bar ethylene over alkaliexchanged Y zeolites in the presence of a Lewis acid salt,
yields up to 70% have been reported using a reaction temperature of 250 °C for 8–24 h.98 The same reaction performed
between 200–275 °C with 14 bar ethylene using BEA zeolites
without the presence of Lewis acids has been reported at a net
yield of only 46% due to side production formation,142 underscoring the importance of multifunctional catalyst systems.
The tandem cycloaddition-dehydration of furan and propylene
for toluene production has also been reported using zeolite
catalysts, namely unmodified ZSM-5, with reported net yields
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Fig. 14 Diels–Alder cycloaddition and subsequent dehydrative aromatization of biomass-derived addends for production of toluene.
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of over 20% under atmospheric pressure with harsh temperatures of 400–650 °C in continuous flow reactions.143 While
incorporation of Lewis acids in this reaction may increase yield
due to mitigation of side product formation, no reports of dual
Brønsted–Lewis acid systems have been reported.
Chemocatalytic production of intermediates. A net yield of
98% 2-MF has been reported from dehydration of pure xylose
streams to furfural over H-zeolite catalysts (e.g., H+ mordentite), followed by hydrogenation to 2-MF over a Cu/Fe catalyst.144 In separate systems, the production of furfural and the
hydrogenation of furfural to 2-MF have both been reported in
very high yields; up to 92% yield of furfural from mixed lignocellulosic pentoses has been reported using strong Brønsted
acid catalysts.145 Hydrogenation of furfural to 2-MF, a process
that has been known since the 1940s, has been achieved at
yields upwards of 90% using a variety of catalytic materials
including copper chromite, bifunctional Ru/RuOx/C, and
modified zeolites.146,147 Through an alternative decarbonylation route, furfural can be converted to furan in high yield,
such as in the use of K-doped Pd/Al2O3 catalyst to achieve
yields of over 99%.148
Hybrid production of intermediates
Both ethylene and propylene may be produced through a
hybrid chemical-microbiological production route that begins
with a fermentative process. The fermentation of lignocellulose hydrolyzate by Propionibacterium acidipropionici for
propionic acid has been reported in literature with titers as
high as ∼135 g L−1,149,150 followed by reduction to 1-propanol
using palladium catalysts with yields of 30%.151 Subsequent
dehydration of 1-propanol to propylene over catalysts ranging
from zinc aluminates to various acid catalysts have been
reported with yields of up to >99%.152 The production of ethylene involves a well-developed method of bioethanol preparation via fermentation of biomass, followed by dehydration to
ethylene. Current technologies can achieve bioethanol yields
upwards of 90% theoretical.23,153,154 Subsequent catalytic dehydration of bioethanol to yield ethylene in yields of up to
99% have been reported.155 In addition, direct biological production of ethylene has been described using an ethyleneforming enzyme.156,157
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aromatic species followed by isolation via crystallization is utilized. The mixed fraction that results from the initial stage of
separations contains all three xylene isomers as well as ethylbenzene.159 Due to similar boiling points, m-xylene and p-xylene
(boiling points of 139.1 °C and 138.3 °C, respectively) are the
most diﬃcult components of this mixture to isolate. A fractional
distillation for these two compounds would require over
800 theoretical plates, and is not economically reasonable.
Therefore, separation by freezing is utilized as an alternative
means of separation.160 The separation of all four components
(xylene isomers and ethylbenzene) in this mixture first involves
removal of o-xylene and ethylbenzene by conventional fractional
distillation based upon these species’ distinctly higher and
lower boiling points (144.4 °C and 136.2 °C, respectively). The
m-/p-xylene mixture is then cooled slowly to between −20 °C
and −75 °C. p-Xylene crystallizes first and is removed from the
system. Through a series of re-melting and freezing, p-xylene
with up to 99.5% purity may be obtained. The m-xylene fraction
typically has lower purity, is isomerized to p-xylene, and undergoes a second round of crystallization to isolate as much
p-xylene as possible from the initial reformate fraction.135
Diels–Alder production of biobased p-xylene. The cycloaddition of 2,5-DMF with ethylene and subsequent dehydration
is a well-developed Diels–Alder route of p-xylene production
(Fig. 15). While separate Diels–Alder cycloaddition and dehydration reactions have been reported, the Diels–Alder reaction typically suﬀers low selectivity due to reactivity of the intermediate
leading to non-target by-product formation. However, using
Lewis acid-modified zeolites for the tandem Diels–Alder dehydration reaction circumvents isolation of the reactive intermediate, facilitating higher yields. Several research groups have
illustrated this, using modified BEA zeolites to achieve p-xylene
yields between 90–97%.42,45,97 The highest net yield of 97% was
achieved using phosphorous-modified zeolite BEA in batch
reactions at 250 °C under 62 bar ethylene.
Chemocatalytic production of addends. The production of
2,5-DMF from biomass first requires the dehydration of
biomass-derived C6 carbohydrates to 5-HMF, followed by

para-Xylene
In 2015, the global consumption of mixed xylenes (o-xylene,
m-xylene, and p-xylene) was reported to be over 52 million
metric tons with forecasted growth to over 65 million metric
tons in 2020.158 Of the reported global consumption of xylenes
in 2015, nearly 37 million metric tons was attributed to
p-xylene, exclusively.158 p-Xylene is primarily used as a raw
material for terephthalic acid production via oxidation, and is
subsequently polymerized with ethylene glycol to produce PET.
The demand for p-xylene has increased as the commercial use
of PET has surged, primarily in the bottling industry.
Petroleum-derived p-xylene is purified from petroleum reformate, which is made up of approximately 20% mixed xylenes.
In order to isolate p-xylene, a first-stage separation from non-
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hydrogenolysis to 2,5-DMF. A net 2,5-DMF yield of 72% in a
continuous reaction system using aqueous fructose as the
starting material was recently reported.161 In this reaction
scheme, mineral acids (e.g., HCl) catalyzed dehydration to
5-HMF and CuRu/C catalysts facilitated hydrogenolysis.
Furthermore, a recent report identified a method for producing 5-HMF at a yield of 79% from raw lignocellulosic biomass
using a dilute NaOH pretreatment of the biomass, followed by
conversion to 5-HMF using a chromium chloride catalyst.162
Likewise, other reports have identified catalytic methods of
converting raw biomass to 5-HMF with similar yields.163,164
Isolated 5-HMF can then be chemocatalytically converted to
2,5-DMF in desirable yield, as shown with a PdAu/C, HCl catalyst system to achieve 2,5-DMF yields of 99%.165
Hybrid production of addends. As described previously,
ethylene can be produced through a hybrid pathway that first
involves fermentation of biomass to produce ethanol, followed
by catalytic dehydrogenation of ethanol to ethylene.
Ethylbenzene
Nearly all ethylbenzene is utilized for production of the largemarket commodity monomer, styrene. Because of this indemand application, the global consumption of ethylbenzene
was over 29 million metric tons in 2014, with anticipated
growth to 32 million metric tonnes by 2019.166 Styrene is used
in a wide variety of polymeric materials, such as polystyrene,
acrylonitrile-butadiene-styrene (ABS), and fiberglass reinforced
plastics.167 While ethylbenzene can be directly isolated from
petroleum reformate in the same manner as toluene, most
ethylbenzene used commercial is manufactured by the alkylation of benzene.159 Benzene can be isolated from petroleum
reformate or pyrolyzate using liquid–liquid extraction in yields
of up 99.9%. Subsequently, it is alkylated to ethylbenzene
using either liquid phase ethylation with Friedel–Crafts catalysts, or gas-phase ethylation catalyzed by supported H3PO4 or
aluminum silicates.135
Diels–Alder production of biobased ethylbenzene.
Ethylbenzene can be produced through Diels–Alder addition
using a series of diﬀerent dienes and dienophiles, which may
be (1) 1,3-butadiene only, through Diels–Alder dimerization
and subsequent dehydrogenation, (2) 1,3-butadiene and
1-butene with subsequent dehydrogenation, or (3) furan and
1-butene with subsequent dehydration (Fig. 16). Route (1) has
been illustrated using an open-framework nickel-phosphate
for the production of ethylbenzene at low conversion with over
80% selectivity in a continuous flow reactor at atmospheric
pressure and an operating temperature of 400 °C.168 To our
knowledge, routes (2) and (3) have not been successfully
reported in the peer-reviewed literature.
Chemocatalytic production of addends. As described previously, furfural, a dehydrogenation product from pentoses,
can undergo decarbonylation to furan over K-doped Pd/Al2O3
in reported yields over 99%.148 1-butene can be produced
through the tandem dehydration/hydrogenation of glucose to
γ-valerolactone (GVL, 48% yield) followed by decarboxylation,
which has been accomplished with yields >98%.169,170 1,3-
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Fig. 16 Diels–Alder cycloaddition and subsequent dehydrogenative or
dehydrative aromatization of biomass-derived addends for production
of ethylbenzene.

Butadiene has been produced from ethanol over bifunctional
mixed metal oxides in a pathway that involves the conversion
of ethanol to acetaldehyde to acetaldol to crotonaldehyde and
3-hydroxybutanol to 1,3-butadiene. Using MgO-SiO2, net 1,3butadiene yields of 87% have been reported.171
Hybrid production of addends. Using engineered microorganisms, 1,3-butadiene can be synthesized through fermentation to produce 1,4-BDO and 2,3-BDO, followed by dehydration
to 1,3-butadiene. A strain of Escherichia coli has been reported
to produce 1,4-BDO at titers of >125 g L−1, rates >3.5 g L−1 h−1,
and with biomass-derived hydrolyzate sugars.172,173 Similarly,
Serratia marcescens and Klebsiella pneumoniae have been
reported to achieve 2,3-BDO titers of over 150 g L−1 at rates of
up to 4.2 g L−1 h−1 with glucose and sucrose feedstocks,
respectively.174,175 1,3-butadiene may be produced from either
1,4-BDO or 2,3-BDO through full dehydration, although more
extensive studies have been reported for 2,3-BDO dehydrations,
with reports of up to 88% 1,3-butadiene yield via dehydration
over Sc2O3.176
Benzoic acid
Benzoic acid, commonly used as a food preservative and a precursor to polyesters and liquid crystal polymers, is an oxygencontaining commodity aromatic compound. In 2013, the
global consumption of benzoic acid was nearly 500 000 metric
tons, with a projected growth to just under 600 000 metric tons
by 2018.177 Commercial production of benzoic acid requires
partial oxidation of toluene after separation from the products
of catalytic petroleum reforming.178 As described previously,
this process first entails separation of high-purity toluene from
petroleum reformate by liquid–liquid extraction. Following the
isolation of toluene, a liquid-phase air oxidation to benzoic
acid takes place, typically with the assistance of a cobalt or
manganese-based catalyst.135
Diels–Alder production of biobased benzoic acid. Bioderived furan can undergo Diels–Alder cycloaddition with bioacrylic acid or methyl acrylate followed by dehydration for pro-
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Fig. 17 Diels–Alder cycloaddition and subsequent dehydrative aromatization of biomass-derived addends for production of benzoic acid.

duction of benzoic acid or methyl benzoate (Fig. 17). The
Diels–Alder reaction of furan with acrylic acid catalyzed by
Lewis acid-modified Beta zeolites was reported at 51% cycloadduct yield with the subsequent dehydrative aromatization
reaching benzoic acid yields of 43% when catalyzed by methanesulfonic acid. In contrast, the Diels–Alder cycloaddition of
furan with methyl acrylate was reported with a yield of only
25%, but the yield of the subsequent dehydration was 96%
using the same catalytic system as in the reaction of furan with
acrylic acid. Both reactions were performed at low temperatures (25–60 °C) and ambient pressure under a nitrogen atmosphere.179 In a computational study of this system, the zeotypic
Lewis acids were shown to decrease the activation barrier for
the Diels–Alder addition of furan with methyl acrylate from
over 18 kcal mol−1 to ca. 2 kcal mol−1.180
Chemocatalytic production of addends. For use in this reaction pathway, furan can be produced from biomass through the
decarbonylation of furfural, as described previously. The chemocatalytic route of acrylic acid production from lignocellulosic
biomass first involves conversion of cellulose to lactic acid,
which was reported in yields up to 68% using a lead-based catalyst.181 Lactic acid can undergo dehydration to acrylic acid over
a base treated ZSM-5 catalyst to achieve 75% yield of acrylic
acid.182 An alternative chemocatalytic route of acrylic acid production involves the oxidation of glycerol. This pathway was
recently reported using vanadium-substituted cesium salts of
Keggin-type HPAs to achieve acrylic acid yields of up to 60%.183
Hybrid production of addends. Acrylic acid can also be produced from the fermentation of glucose to lactic acid by Bacillus
subtilis in titers of up to 183 g L−1.184 Lactic acid is then dehydrated to acrylic acid over ZSM-5 as described above. Similarly,
acrylic acid can be produced from the dehydration of 3-hydropropionic acid, the latter which has been extensively pursued by
using engineered microorganisms with sugar feedstocks.185

Green Chemistry

zers, resins, and dyes, was estimated to be nearly 4 million
metric tons in 2014 and is expected to grow to just under
4.5 million metric tons by 2019.186 Traditionally, phthalic
anhydride is prepared by the catalytic oxidation of o-xylene or
naphthalene. Over time, o-xylene has become the dominant
source for phthalic anhydride production due to greater availability and increased atom economy when compared to
naphthalene. There are two general modes of commercialscale o-xylene oxidation to phthalic anhydride: gas-phase or
liquid-phase oxidation. However, the gas-phase oxidation with
V2O5 based catalysts is the leading process and can achieve
selectivity of up to 78%. Post-oxidation distillation results in
nearly 100% pure phthalic anhydride.135
Diels–Alder production of biobased phthalic anhydride.
Phthalic anhydride has been produced through the Diels–
Alder cycloaddition of furan and maleic anhydride (Fig. 18),
with reported cycloadduct yields of 96% after 4 h of reaction at
room temperature and solvent free conditions, followed by dehydration in methanesulfonic acid at 80 °C for 4 h to achieve
80% net yield of phthalic anhydride.82
Chemocatalytic production of addends. The production of
furan has been achieved from furfural in high yields as
described previously. Maleic anhydride can be produced in
73% yield from furfural through selective oxidation over
vanadia-alumina catalysts.187 Additionally, maleic anhydride
can be prepared via oxidation of biomass-derived levulinic
acid using catalysts such as vanadia-alumina. Levulinic acid
can be produced through decomposition of lignocellulosic
sugars or bagasse, using mineral acid catalysts at reported
yields of over 80%.145,188
Terephthalic acid
Terephthalic acid (TPA) and dimethyl terephthalate (DMTPA)
are chiefly utilized for the production of polyethylene terephthalate (PET), which has experienced large market growth
over the past years due to the large demand in the bottling

Phthalic anhydride
The global consumption of phthalic anhydride, which has
applications as an intermediate in the production of plastici-
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Fig. 18 Diels–Alder cycloaddition and subsequent dehydrative aromatization of biomass-derived addends for production of phthalic
anhydride.
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industry. Combined, the global consumption of TPA and
DMTPA in 2013 was over 50 million metric tons, and is projected to grow to nearly 67 million metric tons by 2018.189
Industrially, TPA and DMTPA are produced by the Witten
process, which begins with p-xylene, extracted and isolated as
described previously. p-Xylene then undergoes a two-stage
liquid-phase oxidation, leading to a recovery of 88–90% of the
theoretical yield.135
Diels–Alder production of biobased terephthalic acid. Of the
existing routes for the production of biomass-derived TPA/
DMTPA using Diels–Alder reactions, one route involves Diels–
Alder addition and aromatization to produce p-xylene, followed
by two-step oxidations to yield TPA. By first synthesizing
p-xylene from biomass, thus necessitating a subsequent oxidation, the opportunity for an oxygen-retaining Diels–Alder
process is lost. In contrast, the Diels–Alder reaction of bioderived trans,trans-dimethyl muconate or oxidized variants of
5-HMF with ethylene to produce TPA/DMTPA utilizes oxygen
retained in the addends (Fig. 19).43,114 Recently, nearly 100%
yield of the cycloadduct from the Diels–Alder addition of trans,
trans-diethylmuconate and ethylene was reported using silicotungstate as the catalyst under reaction conditions of 200 °C,
30 bar ethylene, and reaction length of 4–6 h.114 Overall yields
to diethyl terephthalate of 80% were reported after palladiumcatalyzed dehydrogenation of the cycloadduct under 1 bar of
nitrogen at 200 °C for 6 h.
Similarly, the synthesis of TPA and DMTPA using partially
oxidized variants of 5-HMF as the diene for Diels–Alder
addition with ethylene has been proposed in literature.43 The
partial oxidation product of 5-HMF, 5-(hydroxymethyl)furoic
acid (HMFA), and the methyl ester derivatives can be produced
at near quantitative yield from 5-HMF. Subsequently, the reactions with ethylene were performed in batch at 190 °C and 37
bar using Sn-Beta zeolite catalyst. Cycloadduct yield of 19%
was reported for the Diels–Alder reaction with HMFA and
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ethylene. Similarly, cycloadduct yield of 24% was reported for
the addition of the methyl derivative of HMFA and ethylene.
While direct dehydration of these Diels–Alder products has
not yet been demonstrated, the resulting aromatic product is
not terephthalic acid or dimethyl terephthalate, but rather a
very similarly structured compound. A second, post Diels–
Alder oxidation prior to dehydrative aromatization is necessary
for targeting terephthalic acid/ester as the final product,
though this reaction scheme was not reported.
Another alternate route for terephthalic acid production
involves the Diels–Alder cycloaddition of isoprene and acrylic
acid, followed by dehydrogenative aromatization and oxidation.190 The Diels–Alder reaction of isoprene with acrylic
acid was reported at yields of up to 94% under solvent-free
conditions using TiCl4 at room temperature and 1 bar Ar after
24 h of reaction. Subsequently, Pd/C catalyzed aromatization
via distillation of the cycloadduct at 240 °C and 0.11 bar Ar
aﬀorded 77% yield of p-toluic acid. Finally, oxidation using Co
(OAc)2/Mn(OAc)2 in acetic acid under 1 atm O2 at 100 °C
aﬀorded up to 94% yield of terephthalic acid.
Chemocatalytic production of addends. Utilizing oxidized
variants of 5-HMF as the diene allows for a strictly chemocatalytic route, in which 5-HMF is first oxidized to a series of products that undergo Diels–Alder reactions with ethylene and a
second oxygenation for production of terephthalic acid or
dimethyl terephthalate. Yields of up to 24% have been
reported for the Diels–Alder additions with subsequent dehydration of oxygenated variants of HMF with ethylene using
Sn-Beta catalyst.43 Yields for the oxidation to TPA or DMTPA
have not been reported. As described for p-xylene production,
5-HMF may be directly produced from biomass using chromium chloride based catalysts. 5-HMF may then be partially
oxidized over gold nanoparticles (NPs) to produce HMFA and
ester derivatives of HMFA in nearly quantitative yields.191
Hybrid production of addends. cis,cis-Muconic acid can be
produced through biological transformation of lignocellulosic
biomass components (both sugars and lignin-derived aromatics) in titers of over 44 g L−1.192–194 In order to be functional in Diels–Alder cycloadditions, isomerization to trans,
trans-muconic acid is necessary, and can be completed in over
80% yield using a molecular iodine catalyst.195 After isomerization, trans,trans-muconic acid may be directly utilized in the
Diels–Alder reaction with ethylene, or it can be esterified. The
esterification to trans,trans-dimethyl muconate has been
reported in 92% yield when catalyzed by sulfuric acid.
Similarly, the esterification to trans,trans-diethyl muconate has
been reported at >92% yield using sulfuric acid.114
Considerations with biomass feedstocks

Fig. 19 Cycloaddition and subsequent dehydrogenative aromatization
of biomass-derived addends in two representative routes of Diels–Alder
based terephthalic acid production.

This journal is © The Royal Society of Chemistry 2017

As the catalytic routes for biomass valorization via Diels–Alder
reactions advance, the challenge of utilizing complex lignocellulosic feedstocks will become increasingly important. The
production of Diels–Alder addends from biomass can introduce a variety of challenges, including the carryover of nontarget organics and inorganic contaminants that result from
biomass feedstocks or during deconstruction and conversion
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steps. This introduces demand for not only highly active and
selective catalysts, but also for robust and stable catalyst
materials.196 Further, suﬃcient chemical purity is required for
aromatic monomers used in commercial applications, necessitating the integration of separation methods to reduce energy
requirements, materials, and cost. From a systems level perspective, early stage techno-economic and life cycle analysis
can help guide the integration of unit operations and prioritize
Diels–Alder routes for further development.197–201 Often
process economic gains and environmental impacts act in
tension with one another,202 highlighting the need for early
stage systems modeling to inform sustainable process design.
To ultimately commercialize direct replacement Diels–Alder
aromatic monomers, companies will need to address the challenge of validating end-use applications, acquiring regulatory
approval, establishing supply chain networks, and gaining
consumer adoption. However, growing interest from both consumers and companies for developing biobased products with
smaller environmental footprints can help provide market
incentives for overcoming these barriers.

Functional alternatives
In addition to producing direct replacement commodity aromatics via Diels–Alder chemistry, the diversity of Diels–Alder
addends that can be derived from biomass oﬀers the potential
for targeting novel aromatic monomers with unique structural,
chemical, and functional properties (Fig. 20).47,203 These
unique monomer attributes can potentially lead to functional
alternatives that exhibit unconventional properties for existing
applications or that enable new end-use applications, in turn
creating new market opportunities for biobased aromatics that
would be diﬃcult to access with petroleum-derived
monomers.
Biological and chemocatalytic approaches, or a combination thereof, oﬀer an incredible number of new routes from
lignocellulosic biomass to novel or unexplored Diels–Alder
addends. Biologically, addends possessing diverse functionalities may be produced via central carbon metabolism as well
as through secondary metabolic pathways such as fatty acid,
isoprenoid, and polyketide synthesis.35 While utilizing targeted metabolic diversity as a means to access unique Diels–
Alder addends is a relatively unexplored area, the ability to
identify new addend candidates will be accelerated by combining emerging metabolic pathway databases204 with eﬃcient
computational tools that enable chemical operators to be
mapped in a targeted manner.205 Extending this approach to
include reaction networks that widen the scope to hybrid biological and chemocatalytic approaches will undoubtedly
expand the diversity of Diels–Alder products that are accessible
from lignocellulosic biomass building blocks.
With regards to polymer applications, Diels–Alder chemistry can be used to tailor monomer composition by a variety
of approaches that include: (i) altering the branching of
monomer pendant functional groups, (ii) introducing

3484 | Green Chem., 2017, 19, 3468–3492

Fig. 20 Diels–Alder cycloaddition for the production of structurally
unique aromatic monomers derived from trans,trans-muconic acid.

monomer molecular asymmetry, and (iii) tailoring monomer
pendant group chemical speciation.
The synthesis of branched monomers via Diels–Alder chemistry will enable polymers that exhibit strain hardening during
extensional processing flows, as well as enhanced biodegradability. Strain hardening is known to occur during the processing of branched polyethylene via blow molding and ultimately
enables the large scale production of plastic bags.206
Rheological control is paramount in processing polymer
melts, and is necessary to enable the widespread implementation of biobased materials. With regards to biodegradability,
a considerable amount of research has been conducted to
introduce branching in polylactic acid to increase accessibility
and promote hydrolysis of polyester bonds.207 Branched polyesters can be achieved by incorporating multi-pendant group
monomers during synthesis that possess three or more carboxylic acid groups. Such monomer functionality can be
readily accessed from the Diels–Alder reaction of maleic anhydride and muconic acid,195 which results in two carboxylic
acid pendant groups and two additional carbonyl pendant
groups (Fig. 20, left).
While branching in the polymer backbone can influence
the rheological processing and biodegradability of polymers,
asymmetrical monomer structures can facilitate amorphous
polymers that are well suited for resin and composite applications. Recently, isophthalic acid was produced via the Diels–
Alder reaction of 2-pyrone-4,6-dicarboxylic acid, a Diels–Alder
addend derived from aromatic catabolic pathways, with ethylene.208 Isophthalic acid is one of the primary components in
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Fig. 21 Price per kilogram as a function of glass transition temperature for commodity plastics, high temperature plastics, and resin and composite
materials.211,212

unsaturated polyesters because it disrupts the order of the
polymer melt (when compared to terephthalic acid) and promotes high solubility of unsaturated polyesters in styrene.
Aromatic monomer asymmetry is readily accessible via Diels–
Alder chemistry through use of asymmetrical addends, as illustrated with the cycloaddition of 1-butene and muconic acid
(Fig. 20, middle). The extent of disruption can be further tailored through the selective choice of addends (e.g., 1-butene or
longer chain alkene)209,210 to enable a wide range of monomer
asymmetries while maintaining the rigidity provided by the
main aromatic structural unit.
Lastly, control of monomer pendant group chemical functionality can influence multiple polymer properties such as
rigidity, crystallinity, chemical inertness, fire resistance, conductivity, gas permeability, and conductivity. Chemical functionality can be achieved with heteroatom pendant groups that
contain fluorine, phosphorous, bromine, nitrogen, sulfur, or
other elements of interest. Often, due to their enhanced performance, functionalized polymers can command a much
higher price compared to less-functionalized commodity plastics (Fig. 21). Heteroatom functionalities have known eﬀects
on polymer performance and Diels–Alder chemistry oﬀers a
highly regioselective manner for the incorporation of heteroatoms into biobased aromatic monomers in an eﬀort to target
particular performance attributes. For example, the Diels–
Alder cycloaddition of acrylonitrile with muconic acid can
introduce a nitrile pendant group that may be capable of
increasing polymer rigidity and solvent barrier properties
(Fig. 20, right). Although the utility of such functional groups
would need to be further explored, commercial market oppor-
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tunities are likely if biobased Diels–Alder products can achieve
performance-diﬀerentiating attributes in a cost-competitive
fashion.
While not exhaustive, the functional alternative monomers
described above highlight the wide degree of chemical control
and specificity available via Diels–Alder reactions. In addition,
although not covered in this review, catalyzed Diels–Alder
chemistry aﬀords cycloadduct stereochemical control that may
enable new chiral materials and innovative end-use applications.213 These can include advanced materials, specialty
chemicals, agricultural products, and human health products.
Moving forward, advances in metabolic engineering and tailored chemocatalysis will continue to generate new biobased
Diels–Alder addends and cycloadducts that provide exciting
opportunities for further research. Novel end-use applications
can be further refined and ideally determine a priori through
an improved understanding of structure–function relationships gained via computational, high-throughput testing, and
informatics approaches.

Conclusion
As discussed in this review, Diels–Alder cycloadditions oﬀer a
promising route for the production of both commercial direct
replacement and functional alternative aromatic monomers.
With ongoing investigations into the conversion of biomass
into Diels–Alder addends and the design of multifunctional
catalyst materials to enable tandem cycloaddition and aromatization reactions, the production of biomass-derived aromatic
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monomers will continue to become more eﬃcient. High-yielding Diels–Alder conversion routes are now transitioning from
model compounds studies to complex lignocellulosic biomass
to avoid competition with food resources and lower feedstock
costs. Finally, the development of functional alternative aromatic monomers via Diels–Alder chemistry may aﬀord new
end-use applications that provide market-driven incentives to
advance biomass conversion technologies.
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