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ABSTRACT: An efficient, high-yielding sustainable route to cyclic anhydrides
from biorenewable and inexpensive dicarboxylic acids has been developed. Cyclic HOMOH
anhydrides were synthesized from dicarboxylic acids using a catalyst prepared in
situ from MgCl, and dialkyl dicarbonates. This robust and cheap system operates
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under mild conditions to give cyclic anhydrides with high yield and selectivity.
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he vast majority of commodity chemicals are obtained
from fossil fuels.' Because these resources are predicted to
be exhausted within the next century at the current rate of
consumption,z_4 there is a growing effort to develop new
chemical processes using biorenewable resources.”® Biomass
represents an abundant carbon-neutral renewable resource for
the production of bioenergy and bulk chemicals, and its
enhanced use would address several societal needs.””'*
Therefore, a major step for the development of a sustainable,
industrial society will be the shift from our dependence on
petroleum to the use of renewable resources. Advances in
genetics, biotechnology, process chemistry, and engineering are
leading to a new manufacturing concept for converting
renewable biomass to valuable fuels and products, generally
referred to as the biorefinery. The implementation of such
advanced biorefinery concepts requires the development of
novel and versatile catalytic processes for the selective
transformation of biomass-derived feedstocks to a broad
range of valuable chemicals and materials. Molecular building
blocks from renewable feedstocks are attractive as they are
already highly functionalized: several steps are avoided for the
synthesis of the final product and they are biodegradable, a
point which has a real and strong ecological impact.'®
Carboxylic acids are key building blocks as biobased
alternatives for fossil-fuel-based applications: 8 out of 12
platform chemicals identified as top value-added chemical
targets to produce from biomass are organic acids.'® These
derivatives are used in the production of polymers,
pharmaceuticals, solvents, and food additives, projecting an
important market volume of carboxylic acids."®"” Among them,
dicarboxylic acids have been suggested as important renewable
platform chemicals because they are available in a minimum
number of steps from biorefinery carbohydrate streams.'®
Despite the established relevance of cyclic anhydrides in
synthetic chemistry, development of new methods for their
synthesis from dicarboxylic acids, whether catalytic and/or
chemoselective, remains a considerable synthetic challenge.'
Indeed their syntheses have been limited to a few methods, and
these processes often rely on toxic reagents and/or drastic
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conditions, thus limiting their industrial applications. Among
these methods, carboxylic anhydrides are generally prepared by
dehydration of carboxylic acids with acylating or dehydrating
agent such as acid chloride, phosgene, thionyl chloride,
benzenesulfonyl chloride, ketene, or phosphorus pentoxide.
Also, these methods are not always so effective for the acid-
sensitive and/or unreactive carboxylic acids. Accordingly, there
is a need for a process for the synthesis of cyclic anhydrides,
which is fast and which produces cyclic anhydrides in high
yield.

Recently several research groups reported efficient protocols
for the preparation of esters from the reaction of carboxylic
acids with alcohols in the presence of dialkyl dicarbonates
under weak Lewis acid catalysis.>° The mechanism involved a
double addition of the acid to the dicarbonate, affording a
carboxylic anhydride and an alcohol. The final esters arose from
the attack of the alcohols on the anhydrides. Inspired by these
previous findings, we envisaged that Lewis acid catalysts might
provide the basis for an efficient catalytic system that opens
direct access to cyclic anhydrides with high selectivity and
flexibility starting from dicarboxylic acids. Herein, we report the
cyclization of dicarboxylic acids using a simple and robust
catalyst system, which is prepared in situ from magnesium
dichloride (MgCl,), and di-tert-butyl dicarbonate (Boc,O)
(Scheme 1). This convenient route employs readily available

reagents that afford cyclic anhydrides in good yields with high

Scheme 1. Synthesis of Cyclic Anhydrides from Dicarboxylic
Acids
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selectivity, without the need for time-consuming and expensive
processes that are usually required.

We focused our initial efforts on succinic acid as a model
substrate, which is a widely investigated chemical building block
available from biochemical transformation of biorefinery
sugars.'® The performances of different catalytic systems were
evaluated in THF in the presence of commercially available
dialkyl dicarbonates (Scheme 1). Representative results are
summarized in Figure 1. We first investigated the reaction of 50
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Figure 1. Cyclization reactions with different catalysts (Conditions:
Complex (1 equiv), succinic acid (50 equiv), Boc,O (50 equiv) are
charged in THF and stirred at 40 °C. Conversion obtained by 'H
NMR spectroscopy).

equiv of succinic acid with 50 equiv of Boc,O in the presence of
a Bronsted acid at 40 °C. It is worth noting here that cyclization
was unsuccessful in the presence of sulfuric acid. By contrast,
Lewis acid derivatives showed catalytic activity in the
cyclization of succinic acid. Among them, magnesium chloride,
magnesium iodide and iron triflimidate (Fe(NTf,),-6H,0)
were the most efficient Lewis acids. Both FeCl;:6H,0 and
FeCl,-6H,0 complexes proved to be active under mild
conditions. However, using these derivatives, complete
conversions were not observed and traces of tert-butyl ester
were formed. Under the same reaction conditions, a
nucleophilic catalyst, such as DMAP, was as effective as MgCl,.

Having demonstrated the potential of cheap and nontoxic
MgCl, complex in the cyclization of succinic acid, we
envisioned to optimize this system by varying the reaction
conditions (i.e, temperature and catalyst loading) for the
cyclization of succinic acid (Table 1). As a control experiment,
the reaction was performed using a complex in the absence of

Table 1. Cyclization of Succinic Acid with MgCL,“*

entry catalyst [acid] /[cat] T (°C) t(h) yield® (%)

1 MgCl, 50 40 1.5 100

2 MgCl,-6H,0 50 40 s 100

3¢ MgCl, 50 40 0.5 807

4 MgC12 100 40 22 100

S MgCl, 100 40 1.5 45

6 MgClz 100 20 1.5 S

7 MgCl, 100 60 L5 95

8 MgCl, 500 40 12 100

9 MgCl, 1000 40 24 97

“All reactions performed in THF at 40 °C with [dicarbonate]
[succinic acid]. “As determined by the integration of 'H NMR.
“Reaction carried out with Moc,0. 920% of ester.
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dicarbonate or using a dicarbonate without a complex, and no
reaction product could be isolated after an even longer period
of time. As previously described, we first used anhydrous
MgCl,, and a quantitative conversion of succinic anhydride was
obtained in 1.5 h (entry 1). As a comparison, at 40 °C, the
conversion was 100% in S h using MgCl,-6H,O (entry 2). We
then sought to determine whether the use of other
dialkyldicarbonates could improve the activity of our system.
Dimethyldicarbonate (Moc,0) was previously reported for the
synthesis of methyl esters, but it has not been used for the
formation of anhydrides. Under the conditions described with
Boc,0, the conversion of succinic acid with Moc,O was much
faster but simultaneous formation of succinic anhydride and
monomethyl ester was detected (entry 3). We observed that
the activity decreases by lowering the catalyst loading or the
reaction temperature (entries 4—6). However, the reaction can
also be performed at higher temperatures within shorter
reaction times without a loss of selectivity (entry 7). Finally,
magnesium chloride exhibited interesting productivity and
efficiency, in the presence of 500 or 1000 equiv of succinic acid
(entries 8 and 9). Interestingly, purification of the products is
particularly easy because most byproducts are volatile. There-
fore, final cyclic anhydrides are quantitatively separated from
MgCl, by sublimation.

Based on previous observations, the plausible mecha-
nism for the formation of carboxylic anhydrides involves the
initial activation of the dicarbonate by the Lewis acid.
Electrophilic activation of carbonyl groups with Lewis acids is
a well-established method for enhancing their reactivity and
selectivity toward nucleophilic addition.”” Then, the activated
dicarbonate reacts with the dicarboxylic acid to afford a mixed
anhydride—carbonate intermediate. The byproducts are one
equivalent of carbon dioxide and one equivalent of the alcohol
corresponding to the selected dicarbonate. This mixed
anhydride reacts rapidly to give the cyclic anhydride. Finally,
if the alcohol is nucleophilic enough, ester formation might
occur from attack of alcohol to the anhydride. Therefore, in
order to avoid alcoholysis of the anhydride, the reaction has to
be stopped before the formation of ester from the
corresponding anhydride or Boc,O (instead of Moc,O) has
to be used, owing to the much lower nucleophility of tert-
butanol. As to determine if the final ester arose from the attack
of the alcohol on the anhydride, the succinic anhydride was
reacted in the presence of an equimolar amount of tert-butanol
and MgCl, for 28 h at 40 °C. This reaction did not undergo
nucleophilic attack of the alcohol in THF or in tert-butanol. By
contrast, in the presence of methanol and after 14 h, ester
formation was detected due to the increased nucleophilicity of
methanol.

We then sought to test the generality of the presented
methodology (Table 2). Under the same reaction conditions, a
range of cyclic anhydrides was accessed in quantitative yield
starting from dicarboxylic acids (Figure 2). In addition, all
isolated yields were greater than 90% after sublimation. For
instance, we were able to synthesize adipic, pimelic,
methylsuccinic, itaconic, diphenic, camphoric, and phenyl-
succinic anhydrides (entries 3—9). Also, we observed that 6-
membered rings such as glutaric anhydride are less favored in
the presence of anhydrous MgCl, (entry 2). Satisfyingly, the
presence of double bonds did not appear to affect the efficiency
of the system, as maleic and phtalic acids afforded the
corresponding cyclic anhydrides in high yields (entries 10
and 11). By contrast, the reaction does not tolerate functional
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Table 2. Cyclization of Various Dicarboxylic Acids with
MgClL,*

[acid] [acid] yield®
entry acids (mol L") /[cat.] t (h) (%)
1 succinic 1 S0 15 100
2 glutaric 0.75 50 9 100
3 adipic 1 S0 1 100
4 pimelic 1 50 1 100
S methylsuccinic 1 50 1S 100
6 itaconic 1 S0 2.5 100
7 diphenic LS 50 3 100
8 camphoric 1 S0 3 100
9 phenylsuccinic 1 50 2.5 100
10 maleic 1 100 12 100
11 phtalic 1 50 6.5 100

“All reactions performed in THF at 40 °C with [Boc,0] = [acid]. bas
determined by the integration of 'H NMR.
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Figure 2. Cyclic anhydrides synthesized.

groups, such as ether, acid and alcohol, as functionalized
anhydrides (or any side products) such as malic, diglycolic, and
tartaric anhydrides could not be synthesized by this method.
Finally, we were interested to perform the reaction in greener
solvents such as dimethyl carbonate (DMC), cyclopentylmethyl
ether” (CPME), and methyltetrahydrofuran®* (MeTHEF).
Dicarboxylic acids are only sparingly soluble in DMC and
CPME, and no reaction occurs in this solvent within 24 h.
MeTHF is more convenient, and cyclization proceeds
efficiently, albeit slightly slower than in THF because
dicarboxylic acids are generally less soluble in MeTHF.
However, a similar or better activity has been observed in
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MeTHEF for succinic, diphenic, camphoric, methylsuccinic, and
glutaric acids.

In summary, cyclic anhydrides were prepared from
dicarboxylic acids using a catalyst prepared in situ from
MgCl, and dialkyl dicarbonates. This robust system operates
under mild conditions to give cyclic anhydrides with high yield
and selectivity. This method, using commercially available and
cheap MgCL,, is rapid and convenient.>> The release of volatile
byproducts renders the reaction very attractive for synthetic
chemistry. We are hopeful that the ready access to these
important building blocks through a convenient and easy
experimental protocol will be useful for the chemical
community. Efforts to elucidate the structure of the catalyst
and obtain more mechanistic informations are underway.
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