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Abstract

This contribution contains a brief review of our re-
sults on the recent development of a cross-linked and
subsequently polyvinylalcohol-entrapped (R)-oxyni-
trilase and its application in the asymmetric hydrocy-
anation. In the presence of this novel LentiKat®-
entrapped oxynitrilase as a biocatalyst, and benzalde-
hyde as an aldehyde component, the desired (R)-
mandelonitrile was obtained in good yields and with
high enantioselectivities. This new type of immobi-
lized lens-shaped biocatalyst has a well-defined mac-
roscopic size in mm-range, and can be re-used effi-
ciently.

1 Introduction

The fine chemicals industry is highly interested in
efficient immobilization methods since immobiliza-
tion offers a broad variety of advantages, e.g., easy
catalyst separation and its reuse, simple work up pro-
cedures, stabilization of the biocatalyst and so on. Al-
though numerous immobilization methods have been
reported so far, only a few of them were applied on
technical scale — In spite of the high potential of im-
mobilized biocatalysts, in a United Nations publica-
tion (Klyosov 1989), only eight industrial processes
have been reported which are based on immobilized
enzymes or microbial cells. The manufacture of 7-
aminocephalosporanic acid represents (probably) the
most important industrial process which is based on
the use of an immobilized enzyme. — which indicates
the need for more efficient immobilization technolo-
gies.

Recently, a promising, industrially feasible immo-
bilization concept for cells was reported by the Vor-
lop group (Jekel et al. 1998, Wittlich et al. 1999a & b,
Welter et al. 1999) This immobilization is based on
the entrapment of cells in a hydrogel matrix consist-
ing of polyvinylalcohol. This method, which has been
commercialized by geniaLab® (geniaLab 2001), re-
presents a cheap and efficient immobilization tech-

38116 Braunschweig, Germany

nique. In addition, a negligible catalyst leaching is
observed, and macroscopically well-defined and
flexible lens-shaped particles with a high activity are
obtained (type: LentiKats®; diameter: 3 - 5 mm; thick-
ness: 300 - 400 mm). Several successful applications
of this concept were already reported by Vorlop and
co-workers (Wittlich et al. 1999b, Welter et al. 1999)
and Durieux et al. 2000, e.g. for the synthesis of ita-
conic acid and 1,3-propanediol. Further advantages
are that these lens-shaped hydrogels, which can be
easily separated, show no abrasion and have a mini-
mized diffusion limitation due to a low thickness of <
0.5 mm. We envisioned that this immobilization con-
cept could be extended to a suitable immobilization
method for enzymes in general, and oxynitrilases in
particular. Oxynitrilases represent versatile biocata-
lysts for the preparation of optically active cyanohyd-
rins which find a wide range of pharmaceutical and
agrochemical applications (Effenberger 1994a & b,
Gregory 1999, Groger 2001, Hamashima et al. 2000).
For example, (R)-mandelic acid - a derivative of (R)-
mandelonitrile - represents a fine chemical which is
produced on multi-hundred ton scale.

Several substituted optically active (R)-mandelic
acids are intermediates in the synthesis of pharmaceu-
ticals. In addition, the (S)-enantiomer of phenoxyben-
zyladehyde cyanohydrin represents an intermediate in
the production of enantiomerically pure pyrethroids
which are used as insecticides. A graphical summary
of cyanohydrin applications is given in Figure 1.

The immobilization of oxynitrilases as biocata-
lysts for the synthesis of chiral cyanohydrins has been
known for a long time. However, many of those im-
mobilization methods for oxynitrilases have practical
problems on a large scale — Among the main prob-
lems of immobilized methods are the non-satisfied
long-term stability, catalyst leaching, abrasion of the
immobilisate, and a wide particle distribution (instead
of a well-defined macroscopic size) in the case of
powdered immobilisates —. In the following, we report
a summary of our results on the first development of
LentiKat®-entrapped enzymes (here: oxynitrilases)
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and their application in the asymmetric biocatalytic
synthesis of (R)-mandelonitrile (Groger et al. 2001a
& b, Capan et al. 2001).
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Figure 1:
Graphical summary of cyanohydrin applications

2 Results and Discussion
2.1 The concept for entrapping oxynitrilases

For our studies we used a non-purified (R)-
oxynitrilase purchased from ASA Spezialenzyme
GmbH, Braunschweig for economic reasons. This
oxynitrilase has a specific activity of 13.6 U/mg pro-
tein, and an amount of protein of 7.6 mg/mL. In order
to prepare an efficiently entrapped oxynitrilase, a two-
step procedure was chosen. In a first step, a cross-
linking process was carried out which led to an in-
creased molecular weight of the (cross-linked) en-
zymes. This cross-linking procedure is necessary
since enzymes with a molecular weight of max.
50,000 (as in case of oxynitrilases) would not be re-
strained in the hydrogels. At first the cross-linking
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Figure 2:

process was carried out with glutaraldehyde only, but
the resulting cross-linked enzymes showed a drasti-
cally decreased activity. Probably the enzyme is deac-
tivated under those conditions. However, a combina-
tion of glutaraldehyde and chitosan led to an im-
proved cross-linked enzyme which showed 89 % of
its native activity.

In a subsequent step, this cross-linked enzyme was
entrapped in a hydrogel matrix which is (mainly)
based on polyvinylalcohol. After entrapping the cross-
linked oxynitrilase 65 % of its activity remains. The
concept of this two-step immobilization method is
shown in Figure 2 (Groger et al. 2001). These lens-
shaped hydrogels are highly elastic and flexible to-
wards mechanical treatment.

The general protocol for the preparation of (R)-
oxynitrilase-containing, lens-shaped PVAL-hydrogels
reads as follows: The cross-linking step of the (R)-
oxynitrilase was carried out using chitosan and glu-
tardialdehyde. At first 1.5 g of chitosan are dissolved
in 98.5 g acetic acid solution (0.5 %), and 1 M NaOH
are added until a pH 5.5 has been obtained. Subse-
quently 7.89 g of a non-purified oxynitrilase solution
(60 mg protein; purchased from ASA Spezialenzyme
GmbH, Braunschweig; specific activity: 13.6 U/mg
protein; amount of protein: 7.6 mg/mL) are added to 4
g of the chitosan solution. The resulting mixture was
treated with 200 pL of a glutardialdehyde solution (50
%; pH 5.5). After stirring for 16 h at 4 °C the cross-
linked (R)-oxynitrilase (after centrifugation) is entrap-
ped in LentiKat® by addition of 2.07 g of the chito-
san/glutardialdehyde-crosslinked enzyme solution and
7.9 g of water to 74 g of LentiKat"Liquid (a polyvi-
nylalcohol-containing aqueous solution which is com-
mercially available from genialab; genialLab 2001).
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Scheme of the two-step immobilization method inside LentiKats®™
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The lens-shaped gels are obtained after dropping the
polymeric suspension on a plate using a LentiKat"-
printer. For further details on the steps of preparation
of the lenses, see Jekel et al. 1998, Wittlich et al.
1999a & b, Welter et al. 1999, Durieux et al. 2000,
and genialab 2001. The entrapped (R)-oxynitrilases
have been obtained on highly elastic, lense-shaped
gels with a defined diameter of 3 to 5 mm. The activi-
ties of the lenses varied between 8 and 40 U per g
lenses. A picture of the shape of those polyvinylalco-
hol-based lenses is given in Figure 3. The lens-
shaped, oxynitrilase-containing catalyst shows a well-
defined particle diameter of 3 or 5 mm and a thick-
ness of 0.3-0.4 mm. Further physical properties of
such type of lens-shaped hydrogels in general have
been described earlier (Jekel et al. 1998, Wittlich et al.
1999a, Welter et al. 1999).

surface cross section

L J ======x 300-400 um
@ 3-4 mm

Figure 3:

Scheme and photo of LentiKats®

2.2 Properties of entrapped (R)-oxynitrilases in Len-
tiKats®

A potential catalyst leaching was investigated with
respect to the dehydrocyanation reaction of mandelo-
nitrile (in general, the catalytic activity of oxynitrila-
ses is determined via this cleavage reaction of mande-
lonitrile). A photometrical determination of the reac-
tion course showed that no catalyst leaching occurs
after a stirring time of up to 143 h. This conclusion
was supported by the (nearly) identical course of the
enzyme activities determined from the reactions with
“fresh” hydrogels and hydrogels after stirring for 143
h, respectively. For more details regarding this inves-
tigation see (Groger et al. 2001b and Capan et al.
2001). In conclusion, a catalyst leaching or a decrease
of the catalyst activity due to a deactivation process
was not observed.

2.3 Hydrocyanation with entrapped (R)-oxynitrilases
in aqueous media

The lens-shaped oxynitrilases have subsequently
been applied as a biocatalyst for the reaction at a low
pH of pH 3.75 in aqueous media. The low pH is re-
quired in order to prevent the formation of the race-
mic mandelonitrile which would led to lower enantio-
selectivities. This effect has been described previously
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by Kula and co-workers in detail (Niedermeyer and
Kula 1990a & b).

In the presence of the cross-linked and subse-
quently entrapped oxynitrilases, the hydrocyanation in
aqueous media at a low pH proceeds well, leading to
the desired optically active product (R)-mandelonitrile
with an high enantioselectivity of > 99 % ee (Figure 4
and Figure 5, batch 1, see also Capan et al. 2001).

o PVAL-ent.ra_pped OH
(R)-oxynitrilase 1 (R)
H + HCN CN
r.t, pH 3.75,

aqueous media
(buffer solution)

Figure 4:
Reaction scheme for the enzymatic conversion of benzalde-
hyde to (R)-cyanohydrin in aqueous media

As a next step, the long-term stability and the re-
cycling abilities — a crucial economical criterion —
have been investigated. We were pleased to find that
the lens-shaped PVAL-entrapped oxynitrilases can be
re-used repeatedly in at least 9 batches (Capan et al.
2001). It is noteworthy that the enantioselectivity
remained unchanged at high 99 % ee (Figure 5).

ee [%]

batch no.

Figure 5:
Long-term stability of the PVAL-entrapped oxynitrilase in
aqueous media

2.4 Hydrocyanation with entrapped (R)-oxynitrilases
in a biphasic media

Another interesting concept of biocatalytic hydro-
cyanation reactions is based on a biphasic reaction sy-
stem, consisting of a water-immiscible organic phase
and an aqueous phase, as a reaction media. The pres-
ence of an organic solvent guarantees a high enantio-
selectivity in spite of carrying out the reaction at
higher pH values (Effenberger et al. 1987a & b,
Griengl et al. 1997, Loos et al. 1995). This beneficial
effect of an organic solvents, found by Effenberger in
1987, is due to the fact that the formation of the unde-
sired racemic mandelonitrile is supressed under those
conditions (Effenberger et al. 1987a & b). The appli-



90

cation of biphasic reaction systems for the asymmetric
hydrocyanation using oxynitrilases was reported by
Griengl et al. 1997 for (S)-oxynitrilases, and Loos et
al. 1995 for (R)-oxynitrilases, respectively.

o PVAL-entrapped

(R)-oxynitrilase ?TR)
H + HCN CN
(3.5€eq.) r.t, pH 4.5,

biphasic media: .
aqueous buffer, 93% yield
MTBE/hexane 4:6 94% ee

Figure 6:
Reaction scheme for the enzymatic conversion of benzalde-
hyde to (R)-cyanohydrin in a biphasic media

In the presence of the cross-linked and subse-
quently entrapped oxynitrilase-catalyst (with an activ-
ity of 8.16 U per g lenses) at pH 4.5 in a biphasic
system, the desired product (R)-mandelonitrile was
obtained in 93 % yield and with 94 % ee (Figure 6,
Groger et al. 2001a & b). The general procedure for
the asymmetric hydrocyanation using oxynitrilases
entrapped in lens-shaped gels reads as follows: To a
solution of the PVAL-entrapped (R)-oxynitrilases
(lens-shaped capsules; g lenses per mmol substrate:
entries 2 and 4-5, 1.84 g; entry 3, 3.67 g; entry 6, 2.47
g) in 4 mL of a citric buffer, subsequently 4 mL of the
organic solvent, | mmol of benzaldehyde, and 3.5
mmol of HCN (as an 20 % aqueous solution) are
added. After stirring the reaction mixture for two
hours, the organic layer is separated, and the aqueous
layer is washed with 2 x 20 mL MTBE (subsequently,
the aqueous layer is treated with NaOCI solution in
order to decompose HCN which has been used in ex-
cess amount). The organic phases are dried over mag-
nesium sulfate, and after filtration the volatile materi-
als are removed in vacuo. The product (R)-mandelo-
nitrile is obtained with a purity of > 90-95 % (in some
cases of up to 99 %).

It is noteworthy that this result is comparable to
the one obtained with “free” oxynitrilases. Thus, in
spite of modifying the enzyme by cross-linking and
entrapping a comparable synthetic, results with re-
spect to enantioselectivity and yield were obtained
with “free” and PVAL-entrapped oxynitrilases, re-
spectively (Groger et al. 2001a & b).

The “catalyst loading” of the entrapped oxynitri-
lase has an influence on the reaction course of the
asymmetric hydrocyanation. When using an entrap-
ped oxynitrilases with a somewhat higher catalyst
loading of 40 U per g lens, a yield of 74 % yield and
slightly decreased 91 % ee were obtained. In addition,
the organic solvent plays an important role. Under
optimized conditions an enantioselectivity of 99 % ee
can be obtained when carrying out the reaction in a
biphasic media with diisopropylether as an organic
solvent (Groger et al. 2001b).

As in case of the study in an aqueous media, in-
vestigation with respect to the recycling abilities of
the entrapped oxynitrilases were carried out in a bi-
phasic media. In total, the lens-shaped hydrogels were
recycled 20 times without a decrease of enantioselec-
tivity (Figure 7, Groger et al. 2001b). In contrast, the
ee slightly increased from 91 % ee to 95 % ee which
might be due to an increased stabilization of the en-
zyme within the hydrogel matrix. The yield remains
in the same range of ca. 80 %. It is further noteworthy
that the oxynitrilase-containing hydrogels do not
change their elasticity, size and flexibility.

100 1
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Figure 7:

Long-term stability of the PVAL-entrapped oxynitrilase in a

biphasic system

3 Conclusions

In conclusion, a cross-linked and subsequently
PVAL-entrapped oxynitrilase catalyst was developed
and applied successfully for the asymmetric hydrocy-
anation of benzaldehyde. These new LentiKat®-
entrapped oxynitrilases show the following properties:

e Macroscopic well-defined size (diameter in
mm-range)

¢ High yields, and high enantioselectivity of up
t0 99 %

¢ High synthetic efficiency

e Recyclable without loss of enzymatic activity

o Suitable for technical reactors due to high
elasticity

e [eaching of the oxynitrilase has not been ob-
served

¢ Encapsulation materials are cheap and non-
toxic

¢ Simple encapsulation protocol.

Thus, the asymmetric biocatalytic hydrocyanation
via LentiKat®-entrapped oxynitrilases represents an
attractive access to the commercially important opti-

cally active mandelonitrile.
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