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Abstract: A novel route for the production of the versatile
chemical building block phthalide from biorenewable furfuryl
alcohol and acrylate esters is presented. Two challenges that
limit sustainable aromatics production via Diels–Alder (DA)
aromatisation—an unfavourable equilibrium position and
undesired regioselectivity when using asymmetric addends—
were addressed using a dynamic kinetic trapping strategy.
Activated acrylates were used to speed up the forward and
reverse DA reactions, allowing for one of the four DA adducts
to undergo a selective intramolecular lactonisation reaction in
the presence of a weak base. The adduct is removed from the
equilibrium pool, pulling the system completely to the product
with a fixed, desired regiochemistry. A single 1,2-regioisomeric
lactone product was formed in up to 86 % yield and the
acrylate activating agent liberated for reuse. The lactone was
aromatised to give phthalide in almost quantitative yield in the
presence of Ac2O and a catalytic amount of strong acid, or in
79 % using only catalytic acid.

The

synthesis of renewable “drop-in” aromatics from
biomass-derived chemical building blocks is a rapidly emerging technology aimed at reducing the dependency of the
chemical industry on fossil resources.[1] Additionally, the rise
of shale gas and its potential impact on the production of
certain key aromatic building blocks has increased interest in
feedstock diversification in order to safeguard production.[2]
One route to aromatics that has received significant attention
of late combines a Diels–Alder (DA) reaction of biomassderived furanics with a second dehydration (aromatisation)
step (Scheme 1 A).[1] Notable examples include the synthesis
of: p-xylene from dimethylfuran and ethylene,[3–14] acrylic
acid[15, 16] or acrolein;[17] benzene/toluene from furan and
ethylene/propylene;[18] and (substituted) phthalic anhydride
from (substituted) furan and maleic anhydride.[19–21] In general, there are two key considerations that determine how
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successful these reactions are: 1) the kinetic and thermodynamic efficiency of the DA reaction and 2) the ease with
which the resulting DA cycloadduct can be aromatised. Either
one can make or break the process and the outcome depends
heavily on the diene/dienophile combination used.
As can be seen from the previously highlighted examples,
biomass-derived DA routes to aromatics typically make use
of normal electron-demand cycloadditions between electronrich (reduced and defunctionalized) furans and electrondeficient or neutral dienophiles. Furthermore, it is common
for either one or both addends to be symmetrical, thereby
ensuring only one regioisomer is present in the final
aromatised products. Unfortunately, these requirements
lead to routes with poor atom and redox economy when
considering the C5 or C6 carbohydrate feedstocks used to
generate the biomass-derived furanics. For example, the
synthesis of furan, which is also used to synthesize maleic
anhydride, requires decarbonylation of furfural,[23] while
(di)methylfuran requires extensive reduction with hydrogen.
From an efficiency point of view, it would clearly be advantageous to develop new routes utilizing feedstocks that are
closer to those obtained directly from biomass. To this end,
Davis et al. have reported the synthesis of terephthalic acid
via DA reactions of ethylene and 5-hydroxymethylfurfural
(HMF) variants, with moderate yields and selectivities,[24] and
Jerome et al. very recently demonstrated the synthesis of
a mixture of ortho and meta substituted aromatics starting
from activated furfural derivatives and acrylonitrile.[25] Here,
we report on a new strategy for renewable aromatics
production via DA aromatisation, that is, a new route to the
versatile synthon phthalide (1). This 1,2-substituted aromatic
building block is synthesized from biobased furfuryl alcohol
(2) and acrylic acid[23] derivatives which can be accessed in
100 % carbon yield from the C5 and C6 carbohydrate fractions,
via furfural[26] and lactic acid,[23] respectively. Alternatively,
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Scheme 1. A) General scheme for the production of biomass-derived
aromatics from furanics via DA and dehydration reactions. B) Intramolecular DA reaction reported by Torosyan et al.[22] that could not be
reproduced. C) This work: dynamic kinetic trapping of DA adducts for
the efficient synthesis of phthalide.
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reaction in solution in a range of solvents ([D6]DMSO, CDCl3,
[D6]benzene, [D8]toluene, [D4]methanol, [D6]acetone, D2O),
or in the presence of Lewis acids (e.g. ZnCl2, Sc(OTf)3,
Hf(OTf)4) also failed to provide any of the expected product,
as judged by 1H NMR. Given this disappointing result, and
with reports of the successful intramolecular DA reaction of
closely related furfuryl fumarates[30, 31] and maleates in
mind,[32] we decided to carry out a computational investigation into the feasibility of the target reaction using Density
Functional Theory method. The computational results supported our experimental observations, suggesting the targeted
intramolecular DA is not feasible (Figure 1). In line with
previous suggestions from experimental studies on furfuryl
fumarates,[30] we found that initial formation of the reactive
conformation (rotamer) was associated with a relatively large
increase in Gibbs free energy (DG) of approximately 10.0 or
10.8 kcal mol 1 for the endo or exo reaction pathways,
respectively. Accessing this reactive conformer involves
repositioning of the acrylate group in closer proximity to
the diene and a change of the ester from a s-cis to a s-trans
arrangement. This is associated with a large energy penalty of
10.0 to 10.8 kcal mol 1 due to the loss of the stabilising
anomeric effect, increased steric strain and a larger overall
dipole moment (0.9 D for the lowest energy conformer versus
4.5–4.8 D for the reactive rotamers), meaning the equilibrium
population of either of the reactive conformers will be very
low. Furthermore, examining the transition state energies
shows that the endo pathway has a significantly higher
activation energy than the exo one (30.1 vs. 39.8 kcal mol 1),
but both are sufficiently high that the forward reaction would
not be feasible. Additionally, the high relative energies of the
products indicate a highly endergonic reaction, further ruling
out the feasibility of this intramolecular reaction, in line with
our experimental results.
One additional important outcome of the computational
analysis was that it allowed us to identify 4-exo as a potentially
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lactic acid or directly acrylic acid are available via the
chemocatalytic upgrading of bioglycerol.[27, 28] By exploiting
a dynamic kinetic trapping strategy, we overcome limitations
concerning the regioselectivity and equilibrium position that
are inherent to this particular DA reaction and prototypical of
some of the general challenges faced in DA aromatisation as
a method for sustainable aromatics production. In this way,
1 is obtained in an overall yield of 84 % from 2.
As 2 and acrylic acid are both asymmetric, their DA
reaction naturally not only leads to a mixture of endo/exo
stereoisomers, which are inconsequential in the preparation
of aromatic compounds, but also to ortho/meta
regioisomers,[29] with no apparent strong kinetic or
thermodynamic preference for a single product.
Upon dehydration this would generate mixtures of
1,2- and 1,3-substituted aromatics. To overcome
this regioselectivity issue, we originally pursued
a strategy centred around an intramolecular DA
reaction that would give complete control over the
regio- and relative stereo-chemical outcome of the
DA reaction, thus ensuring the correct connectivity for the eventual formation of only 1,2-substituted aromatic products. This was inspired by the
work of Torosyan et al. who reported that the
intramolecular DA reaction of furfuryl acrylate (3)
proceeded to give cycloadduct 4 in a 50 % (isolated) yield,[22] which we expected could be readily
aromatised to give 1 (Scheme 1 B).
In our hands, however, the reported procedure
for the preparation of 4, which required 1 to be
supported on diatomaceous earth and then heated
Figure 1. Gibbs free energy profiles of intramolecular DA reactions calculated in the
at 60 8C for 60 h, gave no detectable intramolec- gas phase at 50 8C using the B3LYPD3 XC functional together with the TZ2P basis
ular DA product. Indeed, no reaction was set. The global minimum substrate conformer was set to zero and all other energies
observed at all. Further, attempts to perform the were calculated with respect to these zero points.
www.angewandte.org
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compound, assigned to 4-exo based on conformational
modelling, 2D NMR analysis and later confirmed via single
crystal X-ray structure determination (Figure S3). The
observed stereochemistry is consistent with the above computational studies showing 4-exo to be the thermodynamically
favoured product. Notably, the analytical data obtained for
4-exo is substantially different to that reported by Torosyan
et al. (Supporting Information, Table S2),[22] and given that
computational analysis indicates 4-endo would be an unstable
compound with respect to the retro-DA reaction (Figure 1), it
seems highly unlikely that the original assignment of 4 was
correct.
Due to the low equilibrium yield of the key 9-exo/ortho
cycloadduct and the relatively slow kinetics of this DA
reaction at room temperature, this did not represent a practical route to 4-exo and so optimization studies were required
(Table 1). Therefore, the reaction temperature was increased
to 60 8C, allowing for relatively rapid equilibration of addends
and adducts, thus allowing us to apply dynamic trapping of the
exo/ortho cycloadduct, by irreversible lactonisation as 4-exo,
as an optimization strategy. At this temperature and 20 mol %
NaHCO3 loading, 4-exo was formed in 17 % yield but with
a disappointing selectivity of just 20 % (Entry 1). Furfuryl
acrylate (3) was identified as the major side product leading to
the low selectivity. Two possible routes exist for the formation
of 3: direct base-catalysed transesterification of 5 by 2 or via
a retro-DA reaction from 4-exo. Stability testing of the
(isolated) lactone (Figure S4) suggested that 3 is formed via
the former route, as 4-exo showed a relatively high thermal
stability up to 100 8C. Thus, optimization of the base loading
and reaction temperature led to an improved yield of 64 %,
with an 82 % selectivity (Entry 5). A small increase
in yield was observed when using 1.5 equiv. of 5
(Entry 7) but changing the base or running the
reaction in a solvent did not further improve the
yield. Changing the acrylate to methyl acrylate (6)
showed that activation of the ester was critical for
the success of the reaction (Entry 14). Ultimately,
the best yield of 4-exo (86 % at 91 % selectivity),
was obtained using 4-nitrophenol acrylate (8) as
the activated dienophile (Entry 16). For both 5 and
8 recovery of the activating group should be
readily achievable, for example 1,1,1,3,3,3-hexafluoroisopropyl alcohol can be recovered by distillation and 4-nitrophenol by selective extraction
with a mild base, allowing recycling of these
groups. Furthermore, we found that the same
trapping approach could be used with 2,5-bis(hydroxymethyl)furan (10, Entry 17), but introduction of a deactivating electron withdrawing group
on the furan ring, as in hydroxymethylfurfural
(11), was not tolerated (Entry 18).
With a reliable, high-yielding route to 4-exo in
hand, our focus turned to the aromatisation
reaction (Table 2). Using a mixture of methanesulfonic acid (MsOH) and Ac2O, as reported by
Mahmoud
et al.,[20, 37] 4-exo could be readily aroScheme 2. A new route to phthalide involving an intermolecular DA reaction of
matised to 1 in excellent yield (Entry 1). Interestfurfuryl alcohols with activated acrylates followed by selective dynamic kinetic
ingly, in this case, we found that only catalytic
trapping of only one isomer.

stable compound, depending on synthesis conditions, with an
activation energy for the retro-DA reaction of 25.7 kcal mol 1,
leading us to consider an alternative synthetic route. We
decided to employ a dynamic kinetic trapping strategy
(Scheme 1 C) to produce 4-exo, making use of acyclic
activated acrylates. Based on the principle of rate enhancement by the proximity effect, we anticipated to be able to trap,
as the lactone, a single isomer from the mixture of isomers
produced from the DA reaction of 2 and a suitably activated
acrylate (Scheme 2). This approach is related to one previously utilised in the DA reaction of 2 and itaconic
anhydride.[33] From surveying commercially available acrylates we identified hexafluoroisopropyl (HFIP) acrylate (5) as
a potentially suitable dienophile where the electron withdrawing HFIP group serves a dual purpose to both activate
the dienophile towards DA reactions and also the ester group
towards lactonisation. Indeed, HFIP esters have been shown
to be viable alternatives to other traditional activated esters in
amide bond forming reactions,[34] although their use in DA
reactions is surprisingly seldom reported.[35, 36]
The reaction of 2 and 5 (1:1 molar ratio) neat at room
temperature, proceeded smoothly to give, after 96 h, an
equilibrium mixture of the four expected cycloadducts (9),
totalling 66 %, and remaining 2 and 5. In contrast to
anhydrides,[33] no spontaneously lactonized products could
be detected under these conditions. Therefore, to promote
this reaction, a catalytic amount of a weak base, NaHCO3
(20 mol %), was added to the crude mixture of cycloadducts.
Gratifyingly, 1H NMR analysis (Supporting Information, Figure S2) revealed that one of the cycloadducts, the minor
9-exo/ortho isomer, is selectively transformed into a new
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Table 1: Optimization of the DA-lactonisation reaction between furfuryl
alcohols and activated acrylates. Yields after 22 h using 2 as the
substrate, unless otherwise stated.
Entry

Acrylate

Base

1
2
3
4
5
6
7[b]
8
9
10
11
12
13[a]
14
15
16
17[d]
18[e]

HFIP

NaHCO3

CH3O2Na
CHCl2CO2Na

Me
TFE
4NP
HFIP
HFIP

NEt3
NaHCO3
NaHCO3
NaHCO3
NaHCO3

Amount
mol %

T
[8C]

Yield
[%]

Selectivity

20
2
20
2
1
0.5
1
20
2
20
2
2
2
20
20
2
1
1

60
60
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80
80

17
34
26
54
64
38
68
23
44
45
31
30
43 (68)[c]
2
33
86
61
0

20
43
28
66
82
70
88
27
55
58
50
34
83 (74)[c]
8
39
91
66
0

[a] Reaction run in EtOAc. [b] 1.5 equiv. of HFIP acrylate. [c] Yield after
216 h. [d] Using 10 as substrate. [e] Using 11 as substrate.

Table 2: Optimization of the aromatisation reaction to give phthalides.
All reactions with 4-exo, unless stated otherwise.

Entry

Solvent

Catalyst

Loading
[equiv]

1
2

Neat

MsOH

13
0.5

3
4
5
6
7
8
9
10
11
12[e]
13
14
15
16
17
18
19
20

0.5
0.1
0.02
0.01
TfOH
0.01
H2SO4
0.01
Amberlyst 15 0.1
EtOAc
0.1
0.1
Neat
MsOH
0.5
Neat
MsOH
13
d8-Toluene
MsOH
0.1
0.1
Hf(OTf)4
TfOH
0.1
TfOH
0.01
TfOH[g]
0.01
CDCl3
TfOH
0.1
CH3COOH
TfOH
0.1

Ac2O

T
[8C][a]

Yield
[%][b]

20 vol %
4 equiv

20
20/
80
80
80
80
80
80
80
80
80
80
80
20
80
80
80
80
80
80
80

75
97[c]

4 equiv
4 equiv
4 equiv
4 equiv
4 equiv
4 equiv
4 equiv
4 equiv
2 equiv
8 equiv
0
0
0
0
0
0
0
0

98
95
94
39
95
80
82
78
89 (79)[d]
60[f ]
66
66
60
63
63
58
79
56

4

Ü
Ü

[a] Acid/Ac2O added at 0 8C and then warmed to 20 or 80 8C as specified.
[b] Determined by quantitative 1H NMR. [c] Reaction mixture heated to
80 8C for 1 h after 22 h at 20 8C. [d] Yield using recycled Amberlyst
catalyst. [e] Using 12-exo as the substrate. [f] Isolated yield. [g] Silicasupported TfOH acid.[38]
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amounts of MsOH are required (Entry 2–6), with lower
loadings actually proving beneficial to the yield, which was
near quantitative down to 2 mol % MsOH. Following this
reaction at low temperature (0–4 8C) by NMR revealed the
formation of several intermediates (Figure 2; Figure S10)
which based on NMR analysis and literature precedence[20]
we assigned to di- and mono-acetates representing the
different stages of dehydration in the presence of Ac2O.
Further acid screening showed that trifluoromethanesulfonic acid (TfOH) (Entry 7), H2SO4 (Entry 8) and (recyclable) Amberlyst 15 resin (Entry 9) were all capable of
catalysing the aromatisation reaction. With TfOH, the
strongest acid tested, loadings as low as 1 mol % gave
excellent yields of 1. The reaction could also be run in
EtOAc as a solvent and with lower amounts of Ac2O without
negative effects (Entry 10–11). 12-exo could also be aromatised under these conditions (Entry 12), although the yield
was lower than for 4-exo. In the absence of a strong acid
catalyst (i.e. neat Ac2O only) no conversion was observed.
Interestingly, in the absence of Ac2O but presence of strong
acid the dehydration proceeded, but with somewhat lower
yields of 56–79 %, highlighting the important role of Ac2O in
intercepting and stabilizing reactive intermediates during the
aromatisation process and thereby limiting non-productive
polymerisation reactions. Notably, these yields are still much
higher than those obtained previously in the synthesis of
phthalic anhydride,[37] suggesting 4-exo is particularly amenable to dehydration. Although rigorously dried solvents are
not required for the aromatisation reaction, we did find that
added water has a negative effect, significantly reducing both
the conversion and selectivity (Table S1).
In conclusion, we have developed a new and high-yielding
route (84 % over two steps) to biomass-derived phthalide (1)
from furfuryl alcohol (2) and activated acrylates such as
1,1,1,3,3,3-hexafluoroisopropyl acrylate (5) and 4-nitrophenyl
acrylate (8). The choice of these substrates provides excellent
overall atom and redox efficiency considering the potential
parent sugars and the opportunities to recycle the activating
groups. The key step in this route involves dynamic kinetic

Figure 2. Time course for the aromatisation of 4-exo corresponding to
Table 2, entry 2. [a] Mixture heated at 80 8C for 1 h.
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trapping of only one of the four DA cycloadducts through
selective, base-assisted lactonisation. This overcomes the
inherent thermodynamic and regioselectivity challenges of
DA reactions using asymmetric addends, providing a highyield route to phthalide (1), which is itself a commodity
chemical and a potential precursor to bulk chemicals such as
phthalic anhydride.[39]
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Dynamic Trapping as a Selective Route to
Renewable Phthalide from BiomassDerived Furfuryl Alcohol
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An intramolecular trapping strategy
allows inherent problems in the Diels–
Alder reaction of biomass-derived furfuryl
alcohol, such as regioselectivity and
unfavourable equilibrium yields, to be
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overcome on the way to biomass-derived
aromatics. This strategy provides a high
yielding, redox and atom economical
approach to produce the versatile phthalide synthon.
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