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Selective Oxidative Decarboxylation of Amino Acids to Produce Industrially
Relevant Nitriles by Vanadium Chloroperoxidase

Andrada But ,[a, b] J�r�me Le N�tre,*[b] Elinor L. Scott,*[b] Ron Wever,[c] and Johan P. M. Sanders[b]

With growing ecological concerns, fluctuating oil prices and se-
curity of supply, there have been many developments towards
the production of biofuels. More recently, the chemical indus-
try has also started to expand towards biobased production
routes for chemicals and materials. Alternative renewable re-
sources such as carbohydrates, lignocellulosic biomass, glycer-
ol, and fatty acids have become a main focus of research.[1]

In addition to conventional biobased feedstocks, research is
also focusing on the transformation of protein-rich waste
streams into bulk chemicals. Amino acids may be considered
as an economically and energetically attractive raw material for
nitrogen-containing chemicals.
Their functionality reduces the
need of energy-intensive pro-
cesses to functionalize hydrocar-
bons with ammonia (or other re-
agents) and offers potential to
circumvent process steps.[2] From
the expected global rise in bio-
fuels by 2020,[3a] and considering
the European Union target of
10 % of the total transportation
market as biofuels by 2020,[3b] an
additional 100 million metric tonnes of protein will be pro-
duced globally, corresponding to ca. 5 million tonnes of each
amino acid. Not all amino acids are required for nutritional pur-
poses. The isolation of non-essential amino acids, such as glu-
tamic acid, could lead to their use without compromising feed
or food value of the remaining composition. Glutamic acid is
the most abundant amino acid in a number of biofuel rest
streams, such as dried distillers grains and solubles (DDGS),[4]

and could be considered as an interesting raw material for the
production of industrial chemicals. Glutamic acid has been
shown to be a versatile starting material for the synthesis of g-

aminobutyric acid (GABA),[5] N-methylpyrrolidone (NMP), N-vi-
nylpyrrolidone (NVP),[6] succinonitrile,[7] and acrylonitrile.[8]

Techno-economic and environmental assessments have shown
the potential and points for further development in the use of
glutamic acid as a platform chemical.[9] The main intermediate
in the syntheses of succinonitrile[7] and acrylonitrile[8] from glu-
tamic acid is 3-cyanopropanoic acid (1) (Figure 1). It is obtained
by an oxidative decarboxylation reaction using sodium hypo-
chlorite, and life-cycle assessment and comparison to petro-
chemical-based syntheses have shown that this step is detri-
mental.[9]

Herein we report for the first time the conversion of gluta-
mic acid to 3-cyanopropanoic acid (1) in high yield and selec-
tivity using a vanadium chloroperoxidase enzyme (VCPO) and
hydrogen peroxide. The reaction proceeds with a catalytic
amount of sodium bromide and constitutes a general and
more sustainable route to industrial nitriles from biomass due
to the elimination of sodium hypochlorite.

A large number of halogenated compounds are produced in
nature,[10] and the first halogenating enzyme, or haloperoxidase
(HPO), was discovered in 1966 by Hager et al.[11] Two types of
haloperoxidase co-exist in nature, depending on their prosthet-
ic group which can be either an iron–heme complex or a vana-
dium oxide moiety. In the presence of hydrogen peroxide and
a halogen source they produce a halogenating intermediate or
“X+” [Scheme 1, Equation (1)] , which reacts with organic mole-
cules to form the corresponding halogenated molecule
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Figure 1. Biobased syntheses of succinonitrile and acrylonitrile from glutamic acid via 3-cyanopropanoic acid
(1).[7–9]

Scheme 1. General scheme for the halogenation reaction with haloperoxi-
dase enzymes (HPOs).
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[Scheme 1, Equation (2)] . A reaction may also occur between
X+ and hydrogen peroxide which result in the formation of
singlet oxygen [Scheme 1, Equation (3)] .

In our study we used a vanadium chloroperoxidase (VCPO)
obtained from the terrestrial fungus Curvularia inaequalis that
has been fully characterized[12] and can be produced on a large
scale.[13] This enzyme has a number of interesting properties,
such as a high thermostability (90 8C), and can be stored at
�20 8C over several years without activity loss. It also shows
a very high resistance towards oxidants such as hydrogen per-
oxide (up to 100 mm) and singlet oxygen,[14] is stable in the
presence of organic solvents,[15] and during conversions the
enzyme remains fully stable for
25 000 turnovers. The Km in bro-
mide oxidation is unusually
small (less than 10 mm), which
means that the enzyme is fully
functional at low bromide con-
centration.

Although both heme and va-
nadium peroxidases have been
used in organic syntheses,[16] to
halogenate or oxidize com-
pounds there is only one report
on the use of a heme containing
bromoperoxidase in the transfor-
mation of amino acids to nitriles
via an oxidative decarboxylation
reaction.[17] The amino acids
studied were converted into
their corresponding nitriles.
However due to a deamination
reaction, aldehydes were ob-
tained as side products and the
ratio nitrile/aldehyde never exceeded 3:1. In the reaction
mechanism a hypobromite ion is formed that reacts with the
carboxylic function of the amino acid, inducing a decarboxyla-
tion. A second “Br+” reacts with the primary amine and the ni-
trile function is formed. If the reaction is catalytic in bromide,
two equivalents of oxidant are needed to reach complete con-
version.

The bromoperoxidase activity of the VCPO enzyme used in
this article has been well-studied, with turnover values ranging
from 6 to 250 s�1 depending upon pH.[12a, 18] First, phenylala-
nine (2) was chosen as a test substrate to be able to follow the
reaction by HPLC analysis using UV detection and optimize the
reaction conditions (Scheme 2). The reaction was performed at
room temperature in citrate buffer at pH 5.6 containing 5 mm

of phenylalanine (2), 2 mm of sodium bromide, and 18 nm of
VCPO. Hydrogen peroxide (1.2 mm) was added every 15 min
over a period of 5 h to maintain a low concentration and avoid
singlet oxygen formation.[14] After screening the reaction at pH
values from 5.0 to 6.2, a pH of 5.6 was selected at which the
best conversion of phenylalanine (2) to phenylacetonitrile (3)
was obtained with a minimum of degradation of the products
(see Supporting Information).

Figure 2 shows that a complete conversion of phenylalanine
(2) was observed after 4 h of reaction and phenylacetonitrile
(3) was formed as the major product, together with phenylace-
taldehyde (4) in a 3:1 ratio. Phenylacetonitrile production

seemed to reach its maximum after 4 h, and the maximum
concentration of phenylacetaldehyde (4) was obtained after
3 h. The results suggest that in the following two hours a deg-
radation of phenylacetaldehyde (4) occurred, probably due to
the presence of an excess of oxidant, where phenylacetonitrile
(3) is not affected. Thus about 10 % of the phenylalanine is
lost. However, phenylacetonitrile (3) was produced in 70 %
yield.

Because VCPO enzymes can also oxidize chloride, this halide
(5 mm) was also tested in the reaction instead of bromide.
However only 38 % of phenylalanine (2) was converted after
5 h, probably due to the slower rate of oxidation of chloride
by the enzyme.[12a] Furthermore, only phenylacetaldehyde (4)
was formed and the selectivity of the reaction was completely

inverted. This suggests that the mechanism of the re-
action is dependent on the nature of the halide used.
We did not investigate this further but the produc-
tion of phenylacetaldehyde (4) from phenylalanine
may be an interesting option because it is a valuable
product in the fragrance industry.

Notably, phenylacetonitrile (3) and phenylacetalde-
hyde (4) are poorly miscible with water and therefore
the samples were mixed with a solution of acetoni-Scheme 2. Enzymatic oxidative decarboxylation of phenylalanine (2).

Figure 2. Phenylacetonitrile (3) and phenylacetaldehyde (4) formation from phenylalanine (2).
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trile/methanol (1:1) to obtain homogeneous samples prior to
analysis (see Supporting Information). This property is, howev-
er, an advantage in the isolation of the products. Phase separa-
tion or continuous extraction from an aqueous reaction mix-
ture is in principle easily carried out. Indeed it was possible to
continuously extract the aqueous reaction phase with different
solvents, such as toluene, hexane, and ethyl acetate. Ethyl ace-
tate gave the best results : it did not affect the rate of
the reaction, slightly increased the selectivity towards
phenylacetonitrile (3) (up to 83 %), and especially the
degradation of phenylacetaldehyde (4) did not occur.

The reaction conditions described above were
then used in the conversion of glutamic acid at
pH 5.6 (Scheme 3). The pH dependence was also
studied and, as for phenylalanine (2), an optimal pH
value of 5.6 to 5.8 was found (see Supporting Infor-
mation).

As depicted in Figure 3, the rate of conversion of
glutamic acid was similar to that of phenylalanine (2)
and reached completion after 5 h. However, the se-
lectivity was better, with only the nitrile product, 3-
cyanopropanoic acid (1), formed and no product
degradation. Thus the VCPO enzyme can transform
glutamic acid into 3-cyanopropanoic acid (1) in com-
plete conversion and high selectivity. Chloride was
also tested instead of bromide, but the yield of 3-cyanopropa-
noic acid (1) reached only 50 % after 5 h reaction, which is con-
sistent with our previous conclusion on the choice of halide af-
fecting reaction.

In our efforts to valorize protein-rich waste streams for the
production of bulk chemicals, we often encounter problems in
extracting amino acids from water and their separation prior
to modification to bulk chemicals. In this respect the oxidative
decarboxylation reaction by vanadium chloroperoxidase may
be a very effective tool to perform, in a single step, the trans-
formation of mixtures of amino acids into nitriles and the ex-
traction of the hydrophobic
products from the aqueous layer
by phase separation. The water-
insoluble nitriles could then be
isolated by crystallization or dis-
tillation. To validate this idea we
applied the haloperoxidase oxi-
dative system to an equimolar
mixture of phenylalanine (2) and
glutamic acid (Figure 4).

After 4 h of reaction both
amino acids were fully converted
and the ratio of products ob-
tained fit the individual reactions
seen with each amino acid. Glu-
tamic acid was transformed into
3-cyanopropanoic acid (1) with-
out degradation; phenylacetoni-
trile (3) and phenylacetaldehyde
(4) were produced from phenyla-
lanine (2) with a 3:1 ratio and

degradation of phenylacetaldehyde (4) was observed after 3 h
of reaction.

This suggests that our oxidative decarboxylation system
may be applied to a mixture of amino acids without any losses
of reactivity and selectivity. Depending on the substrate range,
it is conceivable that this enzymatic process could be applied
to more complex mixtures of amino acids such as hydrolysate
of protein-rich waste streams. Immobilizing the enzyme on
a solid support[19, 20] may allow recyclability and scale-up.

In conclusion, vanadium chloroperoxidase appears as an effi-
cient and a selective tool to transform glutamic acid into 3-cya-

Scheme 3. Enzymatic oxidative decarboxylation of glutamic acid into 3-cya-
nopropanoic acid (1).

Figure 3. 3-Cyanopropanoic acid (1) formation from glutamic acid.

Figure 4. Products formation of the enzymatic oxidative decarboxylation performed on a mixture of phenylalanine
(2) and glutamic acid.
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nopropanoic acid (1). Compared to our previous studies, in
which bleach was used to perform the reaction, this enzymatic
process appears more sustainable and is likely to be more eco-
nomically viable. Also during the process bromide is regenerat-
ed and only a low concentration is needed. Thus, it may be
possible to develop a suitable biobased route to succinonitrile
and acrylonitrile. More efforts are currently in progress in our
laboratory to improve this transformation and to study its eco-
logical and economic aspects. In addition the oxidative decar-
boxylation catalyzed via formation of HOBr by the stable vana-
dium chloroperoxidase may be used to convert a mixture of
amino acids. For example the amino acids present in the hy-
drolysate of protein-rich waste streams could be transformed
into nitriles of industrial interest. These are easily extracted
from water and can be separated by conventional purification
techniques, avoiding the difficulty of isolating individual amino
acids from aqueous protein hydrolysate.

Experimental Section

Typical procedure for the VCPO-mediated oxidative decarboxylation
of phenylalanine: In a 2 mL vial a solution containing 5 mm of phe-
nylalanine, 2 mm of NaBr, 18 nm of VCPO, and 20 mm citrate buffer
at the desired pH was stirred at 300 rpm at room temperature
(21 8C). To this reaction mixture, small aliquots (2 mL � 15) of H2O2

(24 mm) were added at intervals of 20 min. To prevent evaporation
during the reaction the vials were closed with caps, the gas pres-
sure was equilibrated when the covers were opened for the addi-
tion of hydrogen peroxide. The reaction was stopped by adding
Na2S2O3 to the mixture, 6 mL of acetonitrile/methanol (1:1, v/v)
were added to homogenize the reaction mixture, and samples
were taken for UHPLC analysis.
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Selective Oxidative Decarboxylation of
Amino Acids to Produce Industrially
Relevant Nitriles by Vanadium
ChloroperoxidaseIndustrial nitriles from biomass : Vana-

dium-chloroperoxidase is successfully
used to transform selectively glutamic
acid into 3-cyanopropanoic acid, a key
intermediate for the synthesis of bio-
succinonitrile and bio-acrylonitrile, by

using a catalytic amount of a halide salt.
This clean oxidative decarboxylation can
be applied to mixtures of amino acids
obtained from plant waste streams,
leading to easily separable nitriles.
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