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A Direct, Biomass-Based Synthesis of Benzoic Acid: Formic Acid-Mediated
Deoxygenation of the Glucose-Derived Materials Quinic Acid and Shikimic

Acid

Elena Arceo,” Jonathan A. Ellman,*™ and Robert G. Bergman*®

Today’s chemical industry is highly dependent on crude oil as
a feedstock to produce almost every commodity chemical or
material. Aromatic hydrocarbons are among the most impor-
tant raw materials in the chemical industry and are obtained
exclusively from fossil resources." Production of industrial aro-
matic compounds from biomass resources could provide a sus-
tainable alternative to traditional petroleum-based manufac-
ture and also eliminate the use of benzene-based substances
hazardous to human health and the environment.

Benzoic acid is prepared industrially by liquid-phase oxida-
tion of toluene in the presence of cobalt catalysts (Dow, Snia
Viscosa).”! Benzoic acid is used as intermediate for the manu-
facture of e-caprolactam, terephthalic acid, dyes and perfumes,
and as a preservative in food, drugs, and personal care prod-
ucts. In addition, oxidative decarboxylation of benzoic acid is
an important route in the manufacturing of phenol,” one of
the largest volume chemicals derived from benzene in the USA
and Western Europe. Phenol is used mainly in the production
of phenolic resins and bisphenol A for the manufacture of a
wide variety of polymers and polymer additives.

As part of an effort to develop new processes that support
the goals of sustainability, we describe herein an application of
the formic acid-mediated didehydroxylation method™ to the
preparation of benzoic acid from glucose derivatives that elimi-
nates petroleum-based starting materials (Scheme 1). To the
best of our knowledge, there are no previous reports on the
preparation of benzoic acid from non-aromatics.

D-(—)-Quinic acid [(1R,3R,4R,5R)-1,3,4,5-tetrahydroxycyclohex-
ane-1-carboxylic acid] is a widely occurring metabolite in
plants and microorganisms, free or in the form of various
esters with dihydroxycinnamic and gallic acid, known as
chlorogenic acids. Quinic acid can be isolated from natural
sources such as cinchona bark, coffee beans, or tobacco, and
recent advances in metabolic engineering have developed
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Scheme 1. Alternative biomass-based route to benzoic acid.

cost effective environmentally friendly methods for the fer-
mentative production of quinic acid from glucose.” Processes
for the conversion of quinic acid to hydroquinone® and
phenol” have been reported, although in modest yields and
selectivity.

The reaction of quinic acid and formic acid was first carried
out using the experimental procedure previously reported for
the synthesis of allyl alcohol from glycerol,” by heating a mix-
ture of the starting polyhydroxylated carboxylic acid and
formic acid at 230°C in a distillation apparatus while directing
a stream of nitrogen through the reaction mixture. However, in
contrast to allyl alcohol, benzoic acid is a solid at room tem-
perature, leading to complications when the reaction is run on
a laboratory scale resulting from the sublimation-deposition of
the final product throughout the distillation apparatus. To
avoid this problem, the use of a solvent was considered. Such
a solvent must fulfill certain characteristics to be optimal for
the reaction: it should have a high boiling point, it should be
thermally and chemically stable and it should be polar enough
to solvate polyhydroxylated compounds. After screening sever-
al solvents such as triphosphates, glymes, diphenyl ether, and
chlorinated aromatics, sulfolane (tetramethylene sulfone)
proved to be an excellent medium for the reaction. Sulfolane
is a highly polar, thermally and chemically stable, water-soluble
compound that is used industrially for the purification of aro-
matic hydrocarbons and in several extractive distillations.®%
Performing the reaction in sulfolane led to the formation and
convenient isolation of benzoic acid in high yield and purity
(Scheme 2).

In the formic acid-mediated didehydroxylation of glycerol,
the use of a nitrogen flow facilitated the distillation of allyl al-
cohol and was necessary to avoid charring of this sensitive al-
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Scheme 2. Formic acid-mediated conversion of quinic acid to benzoic acid.

cohol. During the course of optimizing the reaction conditions
for the synthesis of benzoic acid, we found that in this case, an
inert atmosphere was not required, undoubtedly because both
the starting material and the final product are highly stable at
the reaction temperature.

The optimized reaction was performed using the following
setup and procedure: quinic acid (10 mmol) was first dissolved
in sulfolane (10 mL) at 30°C in a two-necked flask fitted with a
fractioning column connected to a collecting flask through a
U-shaped tube. The temperature in the reaction mixture was
monitored by an immersed thermometer. Formic acid was
then added (2 equivalents) and the mixture was stirred at
room temperature for about 15 min. The reaction mixture was
then heated using a preheated sand bath and stirred at 220°C
for 30 min. After that time, the procedure was repeated by
adding a second portion of formic acid (2 equivalents). The re-
action was monitored by removing aliquots and examining
them by 'H NMR spectrometry. After 45 min at the indicated
temperature, the conversion of quinic acid to benzoic acid was
complete. In this process, water and some formic acid distilled
from the reaction mixture condensed in the collecting flask.
Benzoic acid was extracted from the reaction mixture with di-
ethyl ether (3 mLx6). The combined ethereal phases were
washed with cold water and dried over MgSO, and the deoxy-
genated product was isolated by removing the solvent at re-
duced pressure. Spectroscopically pure benzoic acid was ob-
tained in 92% yield without further purification.

The use of strong mineral acids, such as sulfuric acid com-
bined with formic acid under various reaction conditions, did
not result in significant yields of benzoic acid. Rather, unidenti-
fied decomposition products were observed, even when nitro-
gen gas was bubbled through the reaction mixture. Control
experiments were performed without formic acid, in which
quinic acid solutions in sulfolane were heated in the presence
of other acids such as acetic acid, hydrochloric acid, or sulfuric
acid. The behavior of quinic acid in sulfolane at high tempera-
tures, in the absence of other acids, was also investigated.
None of these experiments resulted in the formation of benzo-
ic acid.

The proposed reaction pathway for this transformation pro-
ceeds by didehydroxylation of the vicinal cis disposed hydroxy
groups in positions 3 and 4 on the cycle."” Consistent with the
mechanism elucidated for the glycerol to allyl alcohol conver-
sion, reversible esterification at either the C3 or C4 hydroxy
group is followed by formation of the first unsaturated bond.
Evolution to the conjugated aromatic system then occurs by
subsequent acid-catalyzed dehydration (Scheme 3).
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Scheme 3. Proposed reaction mechanism.

Shikimic acid is also an important metabolite in aromatic
amino acid biosynthesis. Although it is normally found in low
concentrations in natural sources,">" metabolic engineering
approaches have enabled fermentative production of shikimic
acid from different carbon sources."*' Gratifyingly, the deoxy-
genation of shikimic acid using the method described for
quinic acid provided benzoic acid in a similar yield with com-
plete selectivity. In this case, the reaction temperature could
be lowered to 190°C affording the product in 89% vyield after
extraction (Scheme 4).

COOH
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HCOOH
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Scheme 4. Formic acid-mediated conversion of shikimic acid to benzoic
acid.

In summary, a new synthetic connection has been made be-
tween renewable starting materials and aromatic chemicals in
which highly functionalized molecules derived from glucose
were converted into a low oxygen-content and industrially
useful compound using a simple, mild, and one-step proce-
dure that proceeds with high selectivity and efficiency. This
process provides encouragement for the development of other
green routes to useful aromatics from bioavailable polyhydroxy
compounds.
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