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Synthesis of enantiomerically pure (.S)-mandelic acid using an
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Abstract—Benzaldehyde was converted into enantiomerically pure (S)-mandelic acid by sequential HCN addition and hydrolysis in
the presence of a cross-linked enzyme aggregate composed of the (S)-selective oxynitrilase from Manihot esculenta and the non-selec-
tive recombinant nitrilase from Pseudomonas fluorescens EBC 191. Surprisingly, (S)-mandelic amide was formed in large amounts. It
was shown, in separate experiments, that the nitrilase hydrolyses (.S)-mandelonitrile into an approx. equimolar mixture of acid and

amide, whereas with the (R)-enantiomer only 10% of amide was formed.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, there has been increasing interest in
the synthesis of enantiopure 2-hydroxy acids via
asymmetric enzymatic transformations; two pathways
have risen into prominence. The first is based on the
enantioselective hydrocyanation of an appropriate
aldehyde in the presence of an oxynitrilase (hydroxy-
nitrile lyase, HnL, E.C. 4.1.2.10), which gives rise to
the corresponding enantiomerically pure cyanohydrin,
followed by chemical hydrolysis in the presence of a
strong acid (Fig. 1A). This latter step generates copious
quantities of salt and is not compatible with sensitive
functional groups, which is a serious drawback. Alter-
natively, enantiopure 2-hydroxy acids can be obtained
via a dynamic Kkinetic resolution of the (chemically
synthesised) cyanohydrin in the presence of an enantio-
selective nitrilase (NLase, E.C. 3.5.5.1, see Fig. 1B).
This latter methodology, which is industrially applied
for the multiton-scale synthesis of (R)-mandelic acid,’
is restricted to (R)-2-hydroxy acids, because no (S)-
selective nitrilases for cyanohydrin substrates have yet
been identified.
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Figure 1. Synthetic routes to enantiomerically pure 2-hydroxy acids,
via oxynitrilase (hydroxynitrile lyase, HnL) catalysed enantioselective
hydrocyanation (route A) and (R)-nitrilase (NLase) mediated dynamic
kinetic resolution (route B).

We surmised that a fully enzymatic route to the (S)-
acids could be possible by combining an (S)-selective
oxynitrilase and a non-selective nitrilase in a bienzy-
matic cascade (see Fig. 2). In addition to being more
environmentally acceptable, the mild reaction condi-
tions of the combined enzymatic reaction are compatible
with a wide range of hydrolisable groups.

Potential incompatibilities that must be resolved are the
pH and reaction medium. Oxynitrilase mediated hydro-
cyanations are preferably carried out at pH <35 to
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Figure 2. Bienzymatic procedure for the synthesis of (S)-2-hydroxy-
acids, using an (S)-specific HnL and a nonspecific NLase in tandem.

suppress the competing uncatalysed hydrocyanation.?
The background reaction can be further reduced by
the use of a biphasic aqueous—organic®> or micro-aque-
ous reaction medium.?> Such reaction conditions are
tolerated rather well by the readily available (.S)-selective
HnL from Manihot esculenta (MeHnL).?* Nitrilases, in
contrast, are preferentially used at a pH close to 7 and
are readily deactivated by organic solvents. Rendering
the nitrilase compatible with the conditions of enzymatic
hydrocyanation is obviously an issue on which the
success of the methodology depends. We reasoned that
immobilisation as a cross-linked enzyme aggregate
(CLEA)> would present a solution to this latter
problem. We herein report the application of our bien-
zymatic methodology to the synthesis of enantiomeri-
cally pure (S)-mandelic acid.

2. Bienzymatic synthesis of (S)-mandelic acid

As noted above, enzymatic hydrocyanations are prefer-
ably performed at pH <5, to suppress the non-enzy-
matic background reaction, whereas the optimum pH
of the common NLases is 7. A compromise in pH is
obviously required and we accordingly assessed the
effects of the pH on the MeHnL-mediated hydrocyana-
tion of benzaldehyde 1a (Fig. 2) in a biphasic aqueous-
diisopropyl ether (DIPE) medium. We found that
enantioselectivity was maintained at pH 5.5, provided
that the aqueous buffer phase accounted for <10% of
the reaction volume.* In experiments at pH 6.0 and
6.5, we surprisingly found a progressively faster reac-
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Table 1. The effect of pH on the hydrocyanation of 1a in the presence
of MeHNL*

pH Time (min) Conv (%) ee (% S)
5.5 120 90 95.4
180 94 94.7
240 95 94.3
6.0 60 90 92.9
120 94 90.9
180 94 88.4
6.5 60 91 89.5
90 93 87.8
120 94 85.8

#Reaction conditions: 1a (0.1 mmol), HCN (0.5 mmol), MeHnL
CLEA (0.25mg, 19.6 U) in 0.1 mL, 0.1 M citrate buffer and 0.9 mL
DIPE at rt.

tion, at the cost of a significant loss in enantioselectivity
(Table 1).

The enzymatic hydrolysis of mandelonitrile 2a was
investigated in some detail, as this is evidently the criti-
cal step. It should be fast, moreover, to avoid accumula-
tion—and possible racemisation—of (S)-2a. Few
nitrilases displayed a useful activity at pH 5.5-6; most
of these were strongly (>90% ee) biased towards the
(R)-enantiomer and only converted (S)-mandelonitrile
sluggishly, if at all. A recombinantly expressed® nitrilase
from P. fluorescens EBC 191 (PfNLase),” was an excep-
tion as it converted (S)- and (R)-2a at comparable rates
pH 5.5,° which we adopted as a compromise pH for the
bienzymatic reactions.

Accordingly, we conducted experiments with CLEAs of
MeHnL and PfNLase in tandem in a 90:10 DIPE buffer
pH 5.5 medium. The reaction proceeded to nearly full
conversion (Fig. 3a) and the product ee was 94%. Com-
bining both enzymes in a bienzymatic catalyst (combi-
CLEA, Fig. 3b) resulted in further improvement and
98% enantiomerically pure (S)-3a was obtained.® It
would seem that the nitrile intermediate is immediately
hydrolysed in the combi-CLEA particles, which sup-
presses diffusion into the water phase and possible
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Figure 3. Time course of the bienzymatic synthesis of (.S)-mandelic acid from benzaldehyde and HCN in the presence of a MeHnL and PfNLase in
90:10 DIPE buffer pH 5.5, rt,® (a) two CLEAs, (b) combi-CLEA; legend: 1a: (@), 2a: (A), 3a: (M), 4a: (#).
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Figure 4. Hydrolysis of 2a in the presence of P. fluorescens NLase.
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Figure 5. Time course of the hydrolysis of (R)- and (S)-mandelonitrile in the presence of P. fluorescens NLase at pH 6, 0 °C; legend: 2a: (A), 3a: (H),

4a: (@).

racemisation. A full analysis of the reaction products
showed, however, that very appreciable amounts of
(S)-mandelic amide ((S)-4a, see Fig. 3, approx. 40%)
accompanied the formation of (S)-3a (see later).

We finally attempted to improve the reaction rate by
increasing the pH to 6, expecting that the in situ hydrol-
ysis of (S)-2a would prevent its racemisation. The
increase in rate was quite modest, however, and came
at the expense of a slight decrease in product ee (96%).

In conclusion, the formation of nearly enantiomerically
pure (S)-3a proves that the bienzymatic methodology is
sound and that racemisation of the intermediate can be
avoided. The unexpected formation of large amounts of
(S)-mandelic amide somewhat reduces the immediate
practical value of our procedure, but we are confident
that amide formation can be obviated by proper genetic
engineering of the NLase.

3. Amide formation

The formation of minor amounts of amides over the
course of NLase-catalyses nitrile hydrolysis has been
noted® and the nitrilase from Arabidopsis thaliana pro-
miscuously produced amides as the major product in
the hydrolysis of a-fluoronitriles'® as well as other elec-
tron-deficient nitriles.!! One would suppose that minor
amounts of amide formation have often gone unnoticed
in the past, due to the presence of contaminating ami-
dases (Fig. 4).

We investigated the amide formation from 2a more clo-
sely, by subjecting enantiomerically pure (R)- and (S)-2a
to hydrolysis in the presence of PfNLase (see Figs. 4 and

5). To avoid racemisation of the nitrile, the reactions
were performed at 0°C." It became clear that only a
minor amount of amide was formed from the (R)-enan-
tiomer (acid/amide ~8), whereas the amide was a major
product formed from the (S)-enantiomer under other-
wise identical conditions (acid/amide <1, see Fig. 5).
Stereochemical integrity was fully maintained under
the reaction conditions and 3a and 4a were formed with
complete retention of configuration, as would be
expected. It should be noted that (S)-4a is a reaction
product, and not an intermediate in the formation of
(S)-3a, as the acid/amide ratio stays constant through-
out the reaction. Neither does (S)-4a result from a
reverse reaction of (S)-3a and ammonia, since such a
reaction did not take place in a separate experiment.

We wished to exclude any possibility that the near-
absence of the amide in the hydrolysis product of (R)-2a
was caused by spurious amidase activity of PfNLase,
rather than by the reactant stereochemistry. Accord-
ingly, when we incubated (R)-4a with PfNLase at either
pH 5.5 or 7, no reaction was observed. One more ques-
tion remained as to whether the formation of (S)-amide
could be ascribed to the presence of a contaminating
(S)-selective nitrile hydratase, but SDS-PAGE analysis
showed that no contaminating proteins were present.®

4. Conclusion
We can conclude that the amides are products of the

NLase and that the stereochemical configuration of

" These experiments were carried out at somewhat different conditions
as they are part of a larger investigation.
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the nitrile exerts a major influence on their formation, in
addition to the nature of the NLase and the electron
density at the o-C atom in the nitrile.
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