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 Just as a tree combines materials from the atmosphere and 

soil to generate new growth, so do researchers in the chemical 

sciences. The leaves from yesteryear (2,5-furandicarboxylic acid, 

FDCA) have fallen and been incorporated into the soil which 

nourishes this year's leaves (value-added products from FDCA). 

A cycloaddition strategy has been developed which combines 

benzyne with biomass-derived furans to aff ord novel bicyclic 

adducts with great potential for further modifi cation. In a new 

twist of the  cradle to cradle  approach, this technology takes 

advantage of the unique properties contained within furanic 

products from cellulose-biorefi nery which are unknown in their 

petroleum cousins: potential for cycloaddition. 
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Valorization of 2,5-furandicarboxylic acid.
Diels–Alder reactions with benzyne†

Eric M. Serum, a Sermadurai Selvakumar, b Nicolas Zimmermannc and
Mukund P. Sibi *a

Biomass-derived 2,5-furandicarboxylic acid was valorized by con-

version to 1,4-naphthalenedicarboxylic acid via benzyne-cyclo-

addition and reductive aromatization in 66% overall yield (four

steps). Two novel bicyclic intermediates were isolated in 80% and

98% yield. These advances diversify the potential end uses of

renewable terephalic acid analogs and other furanics available

from cellulose biorefinery.

Introduction

Investigation of nonedible biomass as a sustainable alternative
to petroleum continues to expand as a field of research. This
expansion requires the development of biorefinery techno-
logies along with the diversification and concomitant valoriza-
tion of platform chemicals. Often, investigators choose a pet-
roleum commodity chemical and attempt to create a sustain-
able alternative either through production of a facsimile or an
analogous structure readily obtained from biorefinery
products.

One petroleum commodity targeted for replacement by
both methods is terephthalic acid 1.1 This has been accom-
plished by renewable routes2,3 to 1 and by substitution of 1
with renewable analogs (Fig. 1).4 The introduction of furanics
derived from hemicellulose and cellulose has resulted in their
use as dienes5 in Diels–Alder strategies for renewable 1.6–11

Biomass-derived 5-(hydroxymethyl)furfural 2 along with
derivatives—bisacrylic acid 3 and diacid 412—have potential
for redox-efficient transformation into benzenoids via cyclo-
addition followed by aromatization (Scheme 1). However, the

electronic demands of the Diels–Alder reaction have led to an
impasse which has been met mainly by redox-inefficient use of
alkyl-substituted furans and in some cases by use of alkoxyfur-
anoates prepared via partial oxidation of 2;8,9 no direct syn-
thesis of 1 has been reported from 4 or its esters.

Established Diels–Alder protocols involve reaction between
derivatives of 2 and pressurized ethylene gas8,9,13 or acrolein.6

A promising approach to 1 under investigation is the thermal
rearrangement of phthalic anhydride, which has been pre-
pared from the adducts of furan and maleic anhydride by
dehydroaromatization.7,10,11 The 7-oxanorbornene intermedi-
ates must be protected from retro–Diels–Alder reaction by
immediate dehydration to afford renewable p-xylene13–15 or
another drop-in replacement8,9 for industrial precursors of 1.

Having noted the difficulty in obtaining 1 or its ester 7
from biomass-derived furanics by a redox-efficient strategy
(Scheme 1), we inferred that the enhanced reactivity16 of
benzyne as a dienophile may succeed where the preparation of
adduct 6 from ethylene or acetylene would fail. This opportu-
nity to synthesize a naphthalene analog of 1 directly from 4 as
well as provide access to novel [2.2.1] oxygen-bridged bicycles
(Scheme 1) serves to expand the structural motifs which can be
realized from bio-sourced platform chemicals.

This novel valorization strategy relies upon the Diels–Alder
reaction between benzyne and electron-deficient furans such
as dimethyl 2,5-furandicarboxylate 5. Whereas typical [2.2.1]

Fig. 1 Terephthalic acid and furanic analogs derived from cellulose.
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bicyclic intermediates thusly obtained are unstable, the high
energy of benzyne precludes the facile retro–Diels–Alder reac-
tion of adducts such as diester 8 in contrast to traditional
adducts such as 6 (Scheme 1).

Diacid substituted norbornenes have been used to prepare
amorphous-unsaturated polyester resins which afforded
degradable elastomeric thermosets upon treatment with
radical initiators.17 The low solids content observed could be
remedied by using Diels–Alder adducts such as 7-oxabenzonor-
bornadienes due to enhanced ring strain.18

Oxabenzonorbornadienes have also been utilized as substrates
in ring opening polymerization.19 The sensitivity of those poly-
mers to oxidation has been addressed by blocking the allylic/
benzylic bridgeheads with alkyl substitutions;20 presumably
carboxy substitutions would also be quite effective while
affording additional opportunity for network connectivity. The
rich chemistry of 7-oxabenzonorbornadienes led to their use
in developing novel polymers as aryne surrogates in the prepa-
ration of (o-arylenes).21

While 2,6-naphthalene dicarboxylic acid is considered a
high performance alternative to 1,22 comparable polyesters
derived from 1,4-naphthalene dicarboxylic acid 10 (Fig. 2) have
been classified as amorphous.23 The drastic difference in
these two naphthalenedicarboxylic acids is likely due to peri
interactions which cause the carboxy moieties to exist in non-
coplanar conformations.24 This unique attribute has been
used to create integral plasticization of insoluble ridged rod
polymers by creating kinks.25 This has the effect of improving
their solubility and processability;26 notably, 10 was used to
prepare an electrochromic polyamide with good solubility and
great potential for use in optoelectronics applications.27

Diacid 10 appears prominently in hybrid organic/inorganic
materials such as coordination polymers with diverse appli-

cations including chemo sensation of nitro-explosives28 and
light-triggered release of adsorbed molecules.29 Often, 10
serves as a spacer in metal organic frameworks (MOFs) and
allows for the tuning of structural properties.30–32 Metal–
organic gels (MOGs) are important for their application in
catalysis,33 gas adsorption, and as chemical sensors. Notably,
10 was used in a MOG to assiduously remove arsenic from
aqueous solution; the π–π stacking of the naphthyl ring was
credited as driving nanosheet genesis.34

Benzyne reactions with electron-rich furans have been
reported in the literature20,35–42 as have their conversion to
naphthalenes by various routes. In contrast, there are only a
few examples of reactions between benzyne and heavily oxi-
dized furans.43,44 In this work we detail for the first time the
Diels–Alder reaction of 5 with benzyne and selective conver-
sion of the adduct to either 1,4-naphthalenedicarboxylic acid
10 (Fig. 2) or its dimethyl ester 9. Diacid 12 was also prepared
by application of this strategy while diacid 11 could not be
accessed due to side reactions between benzyne and the multi-
ply olefinated oxabenzonorbornadiene.

Results and discussion

Furan-diesters (5, 13, and 14) with potential for aromatic
upgrading to benzenoids were compared with the xylene pre-
cursor 15 as targets for conversion to naphthalenes (Fig. 3).
The focus of this work was direct access to value added pro-
ducts from furandicarboxylic acids such as 4. However, the
extreme reactivity of benzyne makes side reaction with
acids45,46 problematic. We therefore required protection of
those moieties. Diesters provided an excellent alternative
owing to their extensive use in polytransesterification reac-

Scheme 1 Diels–Alder strategy for direct access to cellulose-derived dimethyl terephthalate 7 and dimethyl 1,4-naphthalenedicarboxylate 9.

Fig. 2 Terephthalic acid and cellulose-derivable naphthalenedicarboxylic acids.
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tions. Diesters are also known for the ease of their purification
as compared to corresponding diacids.

Diester 5 was prepared by esterification of crude diacid 4
with methanol; pure 5 was isolated by solid-phase extraction
and recrystallization in 93% yield. Diacrylate 13 was prepared
from hydroxyaldehyde 2 in three steps with an overall yield of
78%. Dipropionate 14 was prepared by selective reduction of
13 in 93% yield. Furan 15 was commercially available.
Complete details of the furan syntheses with discussion of the
atom economy47 calculated for each step have been compiled
in the ESI.† While atom economy is among the most prelimi-
nary of metrics,48 it provides optimal information to guide the
initial stage of process development and scale-up.

Benzyne-Diels–Alder reaction

Benzyne can been generated from various synthetic intermedi-
ates.49 One of the most useful involves trimethylsilylphenyl-2-
triflate50,51 16, which undergoes fluoride-induced desilylation
followed by elimination of triflate to form benzyne.52 The desi-
lylation protocol tightly controls solution concentrations of
benzyne independent of temperature.

A preliminary investigation into the feasibility of trapping
benzyne with diester 5 (electron deficient) as compared with
diester 14 (electron rich) was performed (Table 1); the results
indicated the relative benzyne trapping ability of dienes (5, 14,
and 15) to afford 7-oxabenzonorbornadienes (8, 17, and 18).
While diene 5 required refluxing in acetonitrile to achieve a
reasonable conversion (Table 1, entry 1), efficient trapping by
alkyl-substituted furans at room temperature was observed. No

difference between the sterically more hindered 14 versus 15
was observed (Table 1, entries 2, 3). Overall, implementation of
the desilylation protocol (Table 1) was easy and provided 7-oxa-
benzonorbornadienes in good yield while indicating a thermal
barrier for reaction with diene 5. Unfortunately, there are
severe economic limitations to the implementation of such a
procedure.

To contrast the desilylation protocol with the cheapest
alternative, we examined the original method for benzyne
preparation in non-basic media.53 When first introduced, the
thermolysis of benzenediazonium-2-carboxylate 19 (Table 2)
provided significant advantages over the organometallic proto-
cols prevalent in the 1960s. The study of diazotized anthranilic
acids‡ greatly increased the types of benzyne which could be
prepared under neutral conditions. Despite initial excitement
for this protocol, recent interest in 19 as a benzyne precursor
has lessened due to its established shock sensitivity when
isolated.54,55

Importantly, a method of safely employing reactive inter-
mediate 19 has been established on the analytical scale using
flow chemistry.56 The advent of flow technology and its proven
ability to attenuate dangers associated with harsh reaction
conditions/reactive intermediates while providing a linearly
scalable platform for organic synthesis may lead to resurgence
of aryne research based upon diazotization of anthranilic
acids.

Prior to the invention of 16’s desilylation,52 procedures had
been developed to manage hazards associated with handling
of 19. They were addition of an anthranilic acid solution to the
reaction mixture at reflux57 or partial isolation of the inner salt
without allowing it to dry.58 We chose to modify a partial iso-
lation method59 to juxtapose thermolysis of 19 with the desily-
lation of 16 for benzyne generation. This decision was motiva-
ted by consideration of the excess furan usually required for
effective benzyne trapping when 19 is generated in situ.

Under our conditions, each diene trapped benzyne with
general uniformity (Table 2). Tetraene 13 did not cleanly trans-
form to 7-oxabenzonorbornadiene-1,4-bisacrylate. Only some
adduct could be detected in the reaction along with residual
starting material. Many new aromatic peaks along with new
aliphatic signals were observed in 1H NMR. This indicated that
13 was an effective diene but that overreaction between
benzyne and olefins challenges the efficiency of this process.
Furan-dienes (5, 14, and 15) smoothly transformed to 7-oxa-
benzonorbornadienes (8, 17, and 18). This indicated that
40 °C was sufficient to induce thermolysis while also overcom-
ing the thermal barrier for trapping with electron-deficient
dienes.

Fig. 3 Cellulose-derived furan-dienes.

Table 1 Benzyne Diels–Alder cycloaddition: desilylation protocol

Entry Substrate Product 20 °C Yielda (%) 70 °C Yielda (%)

1 5 8 38 84
2 14 17 97 —
3 15 18 97 —

A Diene (1 equiv.) was dissolved in MeCN (0.04 M) and CsF (2.2 equiv.)
was added to form a suspension. Benzyne precursor 16 (1.3 equiv.) was
dissolved in an equal volume of MeCN and added continuously over
16 h at the specified temperature. a Isolated yield.

Communication Green Chemistry
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Further experiments detailed in the ESI† explored the role
of initial stoichiometric ratios between 19 and diene; the
results showed approximately 60% of benzyne generated by
our thermolysis method was trapped by the furans studied.
Twofold excess of 19 led to yields above 90% of 7-oxabenzonor-
bornadienes 8 and 17. Even at that super stoichiometry, some
5 was recovered (6%). The reaction of 5 was safely scaled up to
98 mmol and resulted in 91% isolated yield of 8 as a low-
melting crystalline solid (Table 2, entry 4).

Notably, use of excess 19 led to a decreased yield of 18. This
result finally differentiated the dialkylfuran substrates by their
steric qualities and indicated at least one degradation pathway
which disproportionately predated upon sterically vulnerable
7-oxabenzonorbornadienes. Additional degradation of Diels–
Alder adducts was observed when reactions were not protected
from oxygen and residual nitrites; the nitrogen dioxide–cata-
lyzed epoxidation60 of 7-oxabenzonorbornadienes on the
bench has not otherwise been reported.

Diels–Alder reactions have inherent potential for perfect
atom economy by incorporation of all atoms from the diene
and dienophile into an adduct. However, since benzyne must
be generated in situ from a precursor such as 16 or 19, there
will be some discarded atoms. These two methods were com-
pared with emphasis on assessing their respective atom
economy, nature of side products, and intensity of preparation.

In this preliminary evaluation, we have calculated the atom
economy for both Diels–Alder methods as applied to furan 5
since it embodies the direct-access strategy (see ESI† for
details). For desilylation, an atom economy of 33% describes
the synthesis of 8 as compared with 66% when the thermolysis
protocol was employed. There is significantly greater efficiency
potential for the thermolysis approach; when the nature of the
side products is considered, nitrogen and carbon dioxide
would clearly be preferable to trimethylsilyl fluoride and
cesium triflate as environmental waste. Preparation of 16 from
readily available starting materials is more intensive than

preparation of 19. However, the shock sensitivity of 19 requires
extreme care and precautions for its safe handling.
Halogenated solvents provide a superior reaction medium for
the selective conversion of 19 to benzyne.61 This additional
environmental limitation to the thermolysis approach was neg-
lected by calculation of atom economy.

Since isolation of the shock-sensitive 19 is diametrically
opposed to the principles of green chemistry, the many advan-
tages of this otherwise benign technology are inversely pro-
portional to 19’s isolation. For the sake of reducing the
process intensity while limiting exposure to hazards associated
with 19, we combined the partially-isolated inner salt with
furans (5, and 14) and allowed the thermolysis to proceed at
40 °C (Table 2). In attempts to further limit handling, the
diazotization of anthranilic acid to afford 19 was kept
constant. When the slurry was used without partial isolation,
predictably inferior yields were observed. Commensurate
yields to the partial isolation procedure were obtained by
addition of the raw diazotization mixture—in small aliquots—
to the refluxing furan (14) solution! Thus, the hazard associ-
ated with 19 can be circumvented by engineering a delivery
system which only prepares small quantities of reactive inter-
mediate immediately prior to thermolysis.

Reductive aromatization

With benzyne–Diels–Alder viability established, adducts (8, 17,
and 18) were treated with trimethylsilyl iodide to afford
naphthalenes (9, 20, and 21) by deoxyaromatization
(Table 3).62 Electron-deficient 8 required elevated reaction
temperature to undergo deoxygenation (Table 3, entry 1),
whereas alkyl-substituted 7-oxabenzonorbornadienes (17 and
18) readily aromatized at ambient temperature (Table 3,
entries 2 and 3).

The novelty of bicycle 8 lies not only in its preparation but
also in its resistance to ring opening. The stabilizing influence
of electron-withdrawing groups at both bridgehead positions
may be rationalized by considering the relative stabilities of

Table 3 Deoxyaromatization of 7-oxabenzonorbornadienes

Entry Substrate Product 20 °C yielda (%) 70 °C yielda (%)

1 8 9 0 25
2 17 20 98 —
3 18 21 92b —

C 7-Oxabenzonorbornadiene (1 equiv.) was dissolved in MeCN (0.01
M); NaI (5 equiv.) and TMSCl (5 equiv.) were added. The reaction
proceeded at the specified temperature for 16 h. a Isolated yield.
b Conditions of the aromatization were varied: NaI (3 equiv.), TMSCl
(3 equiv.), MeCN (0.15 M).

Table 2 Benzyne Diels–Alder cycloaddition: thermolysis protocol

Entry Substrate Product Yielda (%)

1 5 8 80
2 14 17 82
3 15 18 85
4 5 8 91b

B Diene (1 equiv.) and benzyne precursor 19 (1.4 equiv.) were
combined and diluted with DCM (0.17 M). The mixture was refluxed
for 90 minutes to complete the thermolysis of 19. a Isolated yield.
bDiene (98 mmol), 19 (196 mmol), and DCM (0.17 M) were combined
and refluxed (90 min).
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the tertiary-allylic-benzylic carbenium intermediates developed
by spontaneous ring opening. The action of trimethylsilyl
iodide likely entails the initial formation of a silyloxonium
intermediate. Formation of that intermediate should be ir-
reversible under these conditions due to the comparative bond
strengths of Si–O versus Si–I.

To probe the observed stability of bicycle 8, its robust
diethyl ester homolog was prepared and subjected to aggres-
sive alkaline hydrolysis. The diester was treated with potass-
ium hydroxide in boiling hot methanol, then neutralized with
concentrated hydrochloric acid on ice. The major product was
7-oxabenzonorbornadiene-1,4-dicarboxylic acid (33% yield).

An aromatization strategy that selectively targets reduction
apart from the ring-opening reaction offers potential to maxi-
mize the efficiency of the overall transformation. The olefin-
reactivity of 7-oxabenzonorbornadienes (8, 17, and 18) is inde-
pendent of substitution at the bridgehead, as evidenced by
uniformly efficient catalytic hydrogenations using a flow
system (Scheme 2); the hydrogenations also proceeded well
under batch conditions and required very little Pd catalyst to
convert smoothly (ESI†). Two fringe benefits were observed in
the preparation of 7-oxabenzonorbornene diesters (22 and 23):
improved processability and stability.

The diesters were crystalline solids with elevated melting
points compared to 7-oxabenzonorbornadienes (8, and 17),
and hydrogenation blocked many degradation pathways by
removing the reactive olefin. Diesters 22 and 23 were bench
stable for over three months with no observable change in
appearance or spectrum; liquid 7-oxabenzonorbornene 24 did
slowly yellow over time.

A selective method for dehydrating 7-oxabenzonorbornenes
(22, 23 and 24) to naphthalenes (9, 20, and 21) was sought
(Table 4, Method 1). Amberlyst 15 was chosen as a reusable
and highly active acid catalyst for dehydration reactions under
nonaqueous conditions. Prevention of ester hydrolysis was a
primary concern.

As expected, 7-oxabenzonorbornene 22 converted to
dimethyl naphthalene-1,4-dicarboxylate 9 in low yield (Table 4,
entry 1) under conditions which completely converted alkyl-
substituted 7-oxabenzonorbornenes (23 and 24) to naphtha-
lenes (20 and 21) in high yield (Table 4, entries 2 and 3). This
comparison signifies that the enhanced stability of oxanorbor-
nadiene 8 was conserved in oxanorbornene 22, which implies

that these novel oxygen-bridged bicycles may lead to the devel-
opment of new classes of biomass-derived polymers. It also
clearly shows that catalytic processes can replace stoichio-
metric reagents in the aromatization of furan-derived [2.2.1]
oxygen-bridged bicycles, which affords significant improve-
ment to the atom economy of the overall approach.

For the deoxyaromatization of 8, an atom economy of only
16% was calculated owing to the use of a super-stoichiometric
ring-opening/reducing agent. Even the combination of atom
economies from catalytic hydrogenation (100%) and catalytic
dehydration (93%) in the case of 8 to 22 to 9 shows more
promise for development into an efficient and benign techno-
logy. Substituting toluene as the reaction solvent while increas-
ing the reaction time to 12 h afforded diester 9 in 74% isolated
yield along with diacid 10 in 15% isolated yield as a side
product.

To afford naphthalenedicarboxylic acids directly, 7-oxabenzo-
norbornenes (22 and 23) were treated with concentrated
hydrochloric acid at 100 °C (Table 4, Method 2). This led to
the isolation of hydrolyzed naphthalenes (10, and 12) with
good yields by suction filtration (Table 4, entries 4, and 5).
Naphthalenedicarboxylic acid 12 was isolated in lower yield
under the unoptimized conditions, likely due to its greater
water solubility. Naphthalene 21 was prepared from 24 and iso-
lated by extraction (Table 4, entry 6).

Since the acid is only required catalytically, atom economy
was only slightly lowered to 83% for 10 under these conditions
due to the loss of methanol. Owing to the stabilizing influence
of the carboxylate moieties at C1 and C4, we surmised that
lowering the acid concentration could selectively hydrolyze the
ester groups while leaving the strained [2.2.1] bicycle intact.Scheme 2 Flow hydrogenation of 7-oxabenzonorbornadienes.

Table 4 Dehydroaromatization of 7-oxabenzonorbornadienes

D = Method 1

Entry Substrate Product Yielda (%)

1 22 9 17
2 23 20 97
3 24 21 97

E = Method 2
4 22 10 91
5 23 12 72
6 24 21 84

D 7-Oxabenzonorbornene (1 equiv.) was taken up in DCE (0.3 M), the
solution was charged with Amberlyst 15 (15 mol%) and refluxed for
90 minutes. E 7-Oxabenzonorbornene (1 equiv.) was suspended in
concentrated HCl (0.17 M), then heated to 100 °C for 2.2 h. a Isolated
yield.
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Obstinate bicycle 22 was treated with 1 M HCl at elevated
temperature, and the major component of the isolate was a
partial hydrolysis product with an intact oxygen-bridge: 7-oxa-
benzonorbornyl-1,4-dicarboxylic acid (∼50%). The same con-
ditions afforded dialkylnaphthalene 21 with complete conver-
sion and 82% isolated yield.

Conclusions

Renewable terephthalic acid analog 2,5-furandicarboxylic acid
was valorized by efficient diversification (≥80% yield) into
several novel bicyclic compounds which may find use in the
field of sustainable material science. Those bicycles were
further valorized by conversion to naphthalene diacids (≥70%)
which are currently derived solely from petroleum and which
have been used extensively in the field of coordination
polymers.

This is the first report describing the challenging direct
conversion of dimethyl 2,5-furandicarboxylate into a cyclo-
adduct. Two methods for generating the reactive intermediate,
benzyne, were investigated. Anthranilic acid§ was favored as a
benzyne precursor to prepare 7-oxabenzonorbornadienes (8
and 17 of Table 2) in ∼80% yield, and catalytic hydrogenation
afforded stable 7-oxabenzonorbornenes (22 and 23 of
Scheme 2) in >95% yield. Hydrochloric acid mediated hydro-
lytic-dehydration provided the most atom economical route for
preparing naphthalenedicarboxylic acids (10 and 12 of Fig. 2)
from oxobridged-bicyclic diesters in good yield (91% and 72%
yield respectively).

The atom economy of each step has been compared to
assess the potential of a direct-access strategy for developing
sustainable chemistries derived from renewable terephthalic
acid analogs. Efforts to further quantify and improve the sus-
tainability of this technology while exploring the novel chem-
istry of these new derivatives of cellulose biorefinery are cur-
rently underway in our laboratory.
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