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SEPARATION METHOD

TECHNICAL FIELD

The present invention relates to a method of
separating a particulate solid catalyst from a chemical reac-
tion mixture which further comprises at least one other solid
component, either during the reaction or after the reaction.

BACKGROUND OF THE INVENTION

Separation of a precipitate from a liquid is a
well known process which can be carried out by decantation,
filtration or centrifugation. However, if a reaction mixture
contains two or more different solid components, there is no
universal method of separating the solid components from each
other. Filtration followed by mechanical separation of the
solid components by sorting the particles is out of the
question for most practical purposes. In some cases solid
components can be separated from each other by mechanical
processes like floatation. Other methods are physicochemical
methods 1like extraction or partition, which wutilize a
difference in solubility of the components e.g. in water, in
aqueous acid, in aqueous base or in organic solvents. A pre-
requisite of the applicability of these methods is that con-
ditions can be found under which the components to be separ-
ated are stable.

In an industrial process involving the use of a
catalyst, the price of the catalyst is often a very important
parameter in the overall economy of the process. Therefore,
it is an advantage of major importance if the catalyst can be
reused without significant loss of catalytic activity. When
the catalyst is present in a reaction mixture together with
another solid component which is either formed during the
reaction, such as a by-product or the desired product, or
present during the whole process, e.d. a solid starting
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materiai added in excess, the isolation and reuse of the
catalyst is hampered. ,

In such cases the catalyst can sometimes be iso-
lated by extracting the other solid(s) with organic solvents
and/or with acids or bases which will dissolve the solid(s)
except for the catalyst. However, the activity of catalysts,
including enzymes, is very sensitive to the presence of so-
called catalyst poisons. Catalyst poisons exert their activi-
ty e.g. by binding very strongly to the catalyst or by de-
composing it. Thus, strong acids and bases often have an
adverse effect on the activity of catalysts and particularly
enzymes generally suffer irreversible damage on exposure to
high concentrations of acids or bases. This imposes certain
limitations on the use of acids and bases in the work up of
reaction mixtures from enzymatic reactions when the enzyme is
to be recycled without significant loss of activity. Other
limitations on the work up conditions may of course be im-

posed by the nature of the desired product which may itself -

be a labile compound. )
. The prior art does not indicate a satisfactory

solution to the separation problems outlined above.

 SUMMARY OF THE INVENTION

25

30

)  As an alternative to dissolving the solid compo-
nent(s) of the reaction mixture after the reaction except for
the solid catalyst and se;raaratin'g the Catalyst by filtratibn,
the catalyst can, accordiné’ to the present invention, be

separated almost quantitatively by sieving or filtering the

reaction -mixture after the reaction is considered to be
finished or, optionally, in- a continuous way. In a particu-
larly preferréd mode of this 'ei'nbodiment, ‘catalyst particles
of a well defined particle size range are used and the other
solid component(s) of the reaction mixture has (have) a

particle size smaller than the lower limit of the apparent.

particle size range of the catalyst. The separation of the

<)
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catalyst is then carried out by letting the slurry which con-
stitutes the reaction mixture pass through a sieve or a
filter which will retain the catalyst particles and let the
remainder of the mixture pass through. This can be done
either in a batchwise or in a continuous way.

As the skilled person will know, there are
several possibilities to influence the size and the shape of
the particles to be separated from the catalyst. Thus, when
the particles are crystals, which will most frequently be the
case, vigorous stirring of the reaction mixture during their
formation tends to result in smaller crystals than moderate
stirring. Other parameters which influence the crystal growth
are: choice of solvent or solvent mixture, temperature, tem-
perature gradient, pH value of the reaction mixture, seeding
and ageing of the crystals in the solvent. The parameters
which influence the growth of crystals have no influence or
only a very minor influence on the particle size of the cata-
lyst which can be regarded as constant during the reaction.
Industrial processes are usually run under well-defined con-
ditions and therefore yield products having well-defined
properties including e.g. the particle size of crystals.
Therefore, in practical use of the method according to the
present invention it may in some cases turn out that by using
a catalyst having a suitable particle size range, adjustment
of the particle size of the component(s) to be separated from
the catalyst becomes unnecessary.

The separation of the solid components may be
facilitated if the filter plate or sieve is vibrated during
the separation or if the slurry on the filter plate is
stirred. After the catalyst has been separated the remainder
of the reaction mixture can be filtered on a filter which
will retain the remaining solid component(s). The relative
amounts of the desired product found in the filter cake and
in the filtrate depends on the solubility of the desired
product in the reaction medium. The filtrate and the filter
cake can be worked up separately, some components optionally
being recirculated in the process together with the catalyst.
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Thus, in its broadest aspect the present inven-
tion relates to a method of separating a particulate solid
catalyst from a reaction mixture which further comprises at
least one other particulate solid component and a liquid by
giving one of the p'art'iculate' solid components an apparent
particle size which is - outside the apparent particle size
range of the'other'solid component (s) whereupon the reaction
mixture is filtered or centrifuged using equipment which will
retain the component(s) having the larger particles and let
the remainder of the mixture pass through.

In a first preferred embodimént of the invention
the solid component(s) to be separated from the catalyst has
(have) an apparent particle size smaller than the lower limit
of the apparent particle size range of the catalyst.

In a further preferred embodiment of the inven-
tion the ratio between the apparent diameter of the larger
particles and the apparent diameter of the smaller particles
to be separated is at least 2. L

In a further preferred embodiment_of the inven-
tion the apparent particle diameter of the catalyst is in the
range of from 25 to 10,000 pm, preferably from 50 to 750 um,
more preferred from 50 to 300 pm.

IVIn a further preferred embodiment of the inven-
tion the solid catalyst is an immobilized ehzyme.

In a further preferred embodiment of the inven-
tion the solid catalyst is an immobilized protease.

In a further preferred embodiment of the inven-
tion the solid catalyst is an immobilized metalloprotease.

In a further preferred embodiment of the inven-
tion the solid catalyst is an immobilized serine protease.

, In a further_preferred embodiment of the inven-
tion the solid catalyst is immobilized thermolysin.

In a further preferred embodiment of the inven-
tion the solid catalyst is an immobilized amidase.

' In a further pfeferred embodiment of the inven-

tion the solid catalyét is an immobilized esterase.
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In a further preferred embodiment of the inven-
tion the solid catalyst is an immobilized acylase.

In a further preferred embodiment of the inven-
tion the solid catalyst is an immobilized enzyme which is
able to deacylate the 6-amino group of penicillin G.

In a further preferred embodiment of the inven-
tion the solid catalyst is an immobilized enzyme which is
able to deacylate the 6-amino group of ampicillin.

In a further preferred embodiment of the inven-
tion the immobilized enzyme is a penicillin G acylase.

In a further preferred embodiment of the inven-
tion the immobilized enzyme is an ampicillin hydrolase.

In a further preferred embodiment of the inven-
tion the solid catalyst is an immobilized whole cell prepara-
tion.

In a further preferred embodiment of the inven-
tion the solid catalyst is an immobilized cell homogenate
preparation.

In a further preferred embodiment of the inven-
tion a solid product produced in a process in which the
starting material(s) is (are) fully dissolved in the reaction
mixture is separated continuously from the catalyst during
the reaction by leading the filtrate from the filter which
retains the catalyst only to a filter which retains the solid
product synthesized and recirculating the filtrate from this
filter to the catalyst.

In a further preferred embodiment, the invention
relates to a method of separating an immobilized enzyme used
for catalyzing acylation of a p-lactam antibiotic nucleus
with the acid corresponding to the side chain or a derivative
of this acid from the remainder of the reaction mixture.

In a further preferred embodiment, the invention
relates to a method of separating an immobilized enzyme used
for catalyzing acylation of the 6-amino group in 6-amino-
penicillanic acid from the remainder of the reaction mixture.

In a further preferred embodiment, the invention

relates to a method of separating an immobilized enzyme used
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for catalyzing acylation of the 7-amino group in 7-amino-
cephalosporanic acid from the remainder of the reaction mix-
ture.

, 'In a furthef'preferred embodiment,- the invention
relates to a method of separating an immobilized enzyme used
for catalyzing acylation of the 7-amino group in 7-amino-7-
methoxycephalosporanic acid from the remainder of the reac-
tion mixture. S -

In a further preferred embodiment, the invention
relates to a method of Separating an immobilized enzyme used
for catalyzing acylation of the 7-amino group in 7-amino-3-
methoxy—3-¢ephem-4fcarboxylicracid from thé remainder of the
reaction mixture. -

-In a further preferred embodiment, the invention
relates to a method of separating an immobilized enzyme used
for catalyzing acylation of the 7-amino group in 7-amino-
desacetoxycephalosporanic acid from the remainder of the
reaction mixture. | o 7

In a further preferred embodiment, the invention
relates to a method of separating an immobilized enzyme used

for catalyzing acylation of the 7-amino group in 3-chloro-7-

amino-3-cephem-4-carboxylic acid from the remainder of the
reaction mixture. .

In a further preferred embodiment, the invention
relates to a method of séparating an immobilized enzyme used
for catalyzing acylation of the 7-amino group in 7-amino-3-

(1,2,3-triazol-4(5)~-ylthiomethyl)-3-cephem-4~carboxylic acid

from the remainder of the reaction mixture.

In a further preferred embodiment, the inventionr

relates to a method of separating an immobilized enzyme used
for catalyzing acylation of the 7-amino group in 7-amino-3-
[2-(5-methyl-l,3,4—thiadiazoly1)thiomethYlj—3-cephem-4—carb-
oxylic acid from the remainder of the reaction mixture.

In a further preferred embodiment, the invention
relates to a method of éeparating an immdbilized enzyme used
for catalyzing the acylation of a f-lactam antibiotic nucleus
with D-phenylglycine as the acylating agent from the re-

9
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mainder of the reaction mixture.

“In a further preferred embodiment, the invention
relates to a method of separating an immobilized enzyme used
for catalyzing the acylation of a B-lactam antibiotic nucleus
with a derivative of D-phenylglycine as the acylating agent
from the remainder of the reaction mixture.

In a further preferred embodiment, the invention
relates to a method of separating an immobilized enzyme used
for catalyzing the acylation of a f-lactam antibiotic nucleus
with D-phenylglycine amide as the acylating agent from the
remainder of the reaction mixture.

In a further preferred embodiment, the invention
relates to a method of separating an immobilized enzyme used
for catalyzing the acylation of a B-lactam antibiotic nucleus
with D-phenylglycine methyl ester as the acylating agent from
the remainder of the reaction mixture.

In a further preferred embodiment, the invention
relates to a method of separating an immobilized enzyme used
for catalyzing the acylation of a B-lactam antibiotic nucleus
with D-phenylglycine ethyl ester as the acylating agent from
the remainder of the reaction mixture.

In a further preferred embodiment, the invention
relates to a method of separating an immobilized enzyme used
for catalyzing the acylation of a B-lactam antibiotic nucleus
with D-phenylglycine propyl ester as the acylating agent from
the remainder of the reaction mixture.

In a further preferred embodiment, the invention
relates to a method of separating an immobilized enzyme used
for catalyzing the acylation of a B-lactam antibiotic nucleus
with D-phenylglycine isopropyl ester as the acylating agent
from the remainder of the reaction mixture.

In a further preferred embodiment, the invention
relates to a method of separating an immobilized enzyme used
for catalyzing the acylation of a f-lactam antibiotic nucleus
with D-4-hydroxyphenylglycine as the acylating agent from the

remainder of the reaction mixture.
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In a further preferred embodiment, the invention
relates to a method of separating an immobilized enzyme used
for catalyzing the acylation of a ﬁélactam antibiotic nucleus
with a derivative of D-4-hydroxyphenylglycine as the acylat-
ing agent from the remainder of the reaction mixture,

In a further preferred embodiment, the invention
relates to a method of separating an immobilized enzyme used
for catalyzing the-acylation of a f-lactam antibiotic nucleus
with D-4-hydroxyphenylglycine amide as the acylating agent
from the remainder of the reaction mixture.

In a further preferred embodiment, the invention

relates to a method of separating an 1mmoblllzed enzyme used

for catalyzing the acylation of a B-lactam antibiotic nucleus
with D-4-hydroxyphenylglycine methyl ester as the acylatlng
agent from the remainder of the reaction mixture.

In a further preferred embodiment, the invention
relates to a method of separating an immobilized enzyme used
for catalyzing the acylation of a ﬁ-lactam,antibiotic nucleus

with D-4-hydroxyphenylglycine ethyl ester as the acylating

agent from the remainder of the reaction mixture.

In a further preferred embodiment, the invention
relates to a method of separating an immobilized enzyme used
for catalyzing the acylation of a B-lactam antibiotic nucleus
with D-4-hydroxyphenylglycine propyl ester as the acylating
agent from the remainder of the reaction mixture.

In a further preferred embodiment, the invention
relates to a method of separeting an immobilized enzyme used
for catalyzing the acylation of a p-lactam antibiotic nucleus
with D-4fhydroxyphenylglycine isopropyl ester as the acylat-
ing agent from the remainder of the reaction mixture.

In a further preferred embodiment, the invention
relates to a method of separating an immobilized enzyme used
for catalyzing the acylation of a B-lactam antibiotic nucleus
with 2-thiopheneacetic acid as the acylating agent from the
remainder of the reaction mixture. _

In a further preferred embodiment, the invention

relates to a method of separating an immobilized enzyme used
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for catalyzing the acylation of a f-lactam antibiotic nucleus
with a derivative of 2-thiopheneacetic acid as the acylating
agent from the remainder of the reaction mixture.

In a further preferred embodiment, the invention
relates to a method of separating an immobilized enzyme used
for catalyzing the acylation of a B-lactam antibiotic nucleus
with 2-thiopheneacetic acid amide as the acylating agent from
the remainder of the reaction mixture.

In a further preferred embodiment, the invention
relates to a method of separating an immobilized enzyme used
for catalyzing the acylation of a B-lactam antibiotic nucleus
with 2-thiopheneacetic acid methyl ester as the acylating
agent from the remainder of the reaction mixture.

In a further preferred embodiment, the invention
relates to a method of separating an immobilized enzyme used
for catalyzing the acylation of a p-lactam antibiotic nucleus
with 2-thiopheneacetic acid ethyl ester as the acylating
agent from the remainder of the reaction mixture.

In a further preferred embodiment, the invention
relates to a method of separating an immobilized enzyme used
for catalyzing the acylation of a B-lactam antibiotic nucleus
with 3-thiophenemalonic acid as the acylating agent from the
remainder of the reaction mixture. 7

In a further preferred embodiment, the invention
relates to a method of separating an immobilized enzyme used
for catalyzing the acylation of a B-lactam antibiotic nucleus
with a derivative of 3-thiophenemalonic acid as the acylating
agent from the remainder of the reaction mixture.

In a further preferred embodiment, the invention
relates to a method of separating an immobilized enzyme used
for catalyzing acylation of L-phenylalanine methyl ester with
a L-aspartic acid derivative in which the amino group is pro-
tected from the remainder of the reaction mixture.

In a further preferred embodiment, the invention
relates to a method of separating an immobilized enzyme used
for catalyzing acylation of D,L-phenylalanine methyl ester

with a L-aspartic acid derivative in which the amino group is
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protected from the'remainder of the reaction mixture.

In a further preferred embodiment, the invention
relates to a method of separating an immobilized enzyme used
for catalyzing the hydrolysis of an amide or an ester of an
amino carboxylic acid to provide the corresponding free acid
or a salt thereof from the remainder of the reaction mixture
when the hydrolysis is conducted at such conditions that the
product formed or a part thereof precipitates from the reac-
tion mixture.

In a further preferred embodiment, the invention
relates to a method of séparating an immobilized enzyme used
for catalyzing thér conversion of fumaric acid or a salt
thereof to malic acid or a salt thereof from the solid
product obtained when the reaction is conducted at such con-
ditions that the product formed or a part thereof precipi-

tates from the reaction mixture.

DETAILED DESCRIPTION OF THE INVENTION

The separatioh method according to the present
invention is particularly useful when a heterogeneoﬁs cata-
lyst, e.g. a solid, particulate, immobilized enzyme, is to be
separated from a reaction mixture which further contains at
least one other particulate, solid component. This other par-
ticulate, solid component can either be a product synthesized
under the influence of the catalyst or it can be unreacted
starting material e.g. a starting material added in excess.
In the present specification the word product when not
further specified can mean either the desired product or a
by-product resulfing from a reaction. '

When the catalyst is the only solid component
present in the reaction mixture at,the beginning of the reac-
tion and the product is sparingly soluble in the liquid »art
of the reaction mixture the catalyst can be separated from
the reaction mixture by giving the solid product particles an

apparent particle size which is outside the apparent particle
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size range of the solid catalyst particles whereupon the re-
action mixture is filtered or centrifuged using a filter or a
centrifuge which will retain the component having the larger
particles and let the remainder of the reaction mixture pass
through. In the following the liquid part of the reaction
mixture is designated "the reaction 1liquid" or just "the
liquid". The reaction liquid thus comprises the solvent (or
solvent mixture) in which the reaction is conducted and the
dissolved part of starting materials and products be they
solids or liquids. When a solid product is produced in a pro-
cess in which the starting materials are fully dissolved and
the product particles are smaller than the catalyst particles
the separation of the catalyst from the remainder of the re-
action mixture can be performed in a continuous way by
leading the filtrate from the filter which retains the cata-
lyst only to a filter which retains the solid product syn-
thesized and recirculating the filtrate from this filter to
the catalyst. In this way the equilibrium of the reaction is
influenced towards a higher yield. .

One or more starting materials may be sparingly
soluble in the solvent in which the reaction is performed. In
this case the starting material(s) may be present in solid
form in the reaction mixture and the reaction liquid will
then be saturated with respect to the pertinent component(s).
If the product resulting from the reaction is freely soluble
in the reaction 1liquid the problem to be solved by the
present invention during the working up is to separate the
catalyst from the reaction liquid containing solid, unreacted
starting material. If the product is also sparingly soluble
in the reaction liquid the product and the unreacted starting
material will have to be separated from each other after the
catalyst has been separated from the remainder of the reac-
tion mixture.

The true dimension of particles like crystals can
be determined e.g. by using a microscope equipped with a
suitable scale. Particles come in many different shapes. Thus

crystals can e.qg. be needle-like, plate-like or cubic. The
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important feature in the present context is not the true

dimension of the particles but rather the apparent dimension
e.qg. statéd as the apparent diameter. In the present specifi-
cation the designation "apparent dimension" or "apparent dia-
meter" is used to refle¢t how a particle behaves on a sieve
or a filter. Thus, the apparent diameter of a particle cor-
responds to the diameter of a hole or a pbre'which in prac-
tical use will just allow the particle to pass through it. In
a preferred embodiment of the invention the particle size of
the catalyst is reduced as much as the separation procedure
allows. This helps to ensure a'high activity of the catalyst
and helps to eliminate diffusion problems.

It is well known that many processes conducted
under the influence of a catalyst are very specific and that
they run in a very high yield, particularly so if the cata-
lyst is an enzyme. One of the advantages of the present
method is that the catalyst can be reused. Due to the very
mild conditions utilized for separating the catalyst from the
remainder of the reaction mixture the  loss of catalytic
activity is usually very small. A contribution to a high
throughput is offered by the fact that the present method is

well suited for use with reactions conducted with such large

25

30

35

amounts of starting material present per volume unit of the
reaction mixture that part of it may initially be in solid
form. .
7 The solid catalyst to be used according to the
present method may exist in the form of a particulate immobi-
lized énzyme preparation and may have a density higher or
lower than that of the reaction liquid. In this preparation,
ther enzyme may be adsorbed, absorbed, covalently bound,
entrapped or bound by ionic forces. Methods for immobilizing
enzymes are kndwn in the art. The known art also provides
methods for preparing particles for carrying immobilized
catalysts e.q. enzymes and for isolating various fractions of
particulate solids éccording to their particle size distribu-
tion. The specific catalyst to be used in each case depends

on the process to be conducted.

(€Y
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The process of this invention 1is generally
carried out in water. Optionally, organic solvents can be
added. Organic solvents are preferably selected among water-
miscible solvents such as methanol, ethanol, l-propanol, 2-
propanol, 1l-butanol, 1,4-butanediol, acetone, acetonitrile,
N,N-dimethylformamide and dimethylsulfoxide.

As mentioned earlier, the temperature is one of
the parameters which influences the size of the particles
when a solid product is formed. This can be because the
growth rate of the crystals depends on the temperature or in
some cases because different crystal modifications occur at
different temperatures. The freezing point of the reaction
ligquid forms the absolute 1lower temperature 1limit for
carrying out the method of the present invention. If the
catalyst used is an immobilized enzyme the absolute upper
temperature limit for carrying out the method will usually
depend on the enzyme.

Examples of specific areas within which the
present invention leads to essential improvements are: 1)
Preparation of semisynthetic penicillins and cephalosporins,
2) Hydrolysis of amides and esters and 3) Synthesis of pep-
tides.

Examples of f-lactam antibiotics (penicillins and
cephalosporins) which can be prepared with advantage using
the method of the present invention are ampicillin, amoxi-
cillin, ticarcillin, cefaclor, cefatrizine, cefaparol,
cephalexin, cefadroxil, cephaloglycin and cephalothin.

At present, semisynthetic p-lactams are prepared
in industry by chemical methods. Penicillins for example, are
prepared by reacting 6-APA, usually having its carboxyl group
protected, with an activated side chain derivative, followed
by removal of the protecting groups by hydrolysis. Thus,
ampicillin can be prepared by reacting 6-APA, having a suit-
ably protected carboxylic acid group, with D-phenylglycyl
chloride, followed by hydrolytic removal of the group which
protects the carboxylic acid group. These reactions typically

involve costly steps such as the use of temperatures below
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0°C (in certain cases even below —25“0), 'SilYlation reagents
and organic solveﬁts like methylene chloride, which must be
handled with. care since they are injurious to health and
harmful to the environment. '

Enzymatic pfoduction of semisyntetic p-lactam
antibiotics by acylation of a f-lactam nucleus with a deriva-
tive (such as a 'lower'alkyl' ester) of D¥phenylglycine or D-4-
hydroxyphenylglycine is known e.g. from DE patent application
No. 27,163,792,'AT patent,No; 243,986, NL patent applicaﬁion
No. 70-09138, DE patent application No. 2,621,618, and EP
patent application publication No. 339,751. Processes de-
scribed in the prior art have typically been conducted at
concentrations beiow 300 mM of the D-phenylglycine derivative
and below 25 mM of the B-lactam nucleus. | 7

This rather low concentration of the starting
materials is a potential drawback of these known methods for
enzymatic production of semisynthetic p-lactam antibiotics
(none have yet been used ori "an industrial scale) since it
makes the isolatiqh of. the pB-lactam antibiotics formed more
difficult and thus more costly. Furthermore, the yields re-
ported are low, typically less than 85%, and a process for
recycling the unreacted ﬁ-laétam nucleus is 'rea:_;; ~red, which
leads to more and costly unit operations.

One of the problems encountered by increasing the
concentration of the starting materials in the enzymatic syn-
thesis of semisynthetic B-lactam antibiotics is that the
solubility of some of the stérting materials involved and of
the products formed dﬁring‘ the reaction is rather low. Hence,
in order to run - the process under  economically more
favourable rrcondirtions, it may be necessary to have so much
starting -material present at the beginning of the reaction
that it cannot be fully dissolved in the reaction liquid.
Also the product formed may separate in solid form because
the large amount produced per volume unit may not be fully
soluble in the reaction 1liquid. The need then arises to
separate the cataiyst from the reaction mixture containing
solid products and/or = unreacted starting materials, before

1
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the remainder of the reaction mixture is further worked up as
the working up may involve conditions harmful to the enzyme
activity, for example, dissolution of products and unreacted
starting materials at a low pH value (e.g. at a pH value of
0.5 - 2.0).

The acylating agent used for introducing the

sidechain in a f-lactam antibiotic nucleus i.e. for introduc-

ing the acyl group in the 6-amino group of the penicillins or
in the 7-amino group. of the cephalosporins can be the corre-
sponding acid or a derivative thereof, e.g. a lower alkyl
(methyl, ethyl, propyl or isopropyl) ester or a primary,
secondary or tertiary amide thereof. The methyl ester, the
ethyl ester, and the amide are preferred. The derivative may
be used in the free form or in the form of a salt, for
example, the HCl salt or the H,S80, salt.

The enzyme to be used may be any enzyme catalyz-
ing the reaction in question. Such enzymes are usually termed
penicillin amidases, penicillin acylases, or ampicillin
hydrolases. A number of microbial enzymes known to have this
activity, are derived from, for example, Acetobacter, Xantho-
monas, Mycoplana, Protaminobacter, Aeromonas DE patent appli-
cation No. 2,163,792) Pseudomonas (AT patent No. 243,986),
Flavobacterium (NL patent application No. 70-09138), Aphano-

cladium, Cephalosporium (DE patent application No.
2,621,618), Acetobacter pasteurianus (DE patent application

No. 2,163,792 A), Acetobacter turbidans (Takahashi et al.,
Biochem.J. 137 (1974), 497 - 503), Pseudomonas melanogenum
(Kim & Byun, Biochim.Biophys._Acta, 1040 (1990), 12 - 18),
Xanthomonas citrii (EP patent application publication No.

339,751), Kluyvera citrophila (Okachi et al., Agr.Biol.Chem.,
37 (1973), 2797 - 2804), Escherichia coli (DE patent appli-
cation No. 2930794), and Bacillus megaterium (Chiang & Ben-
nett, J.Bacteriol., 93 (1967), 302).

After being separated from the remainder of the

reaction mixture the catalyst can be reused, optionally after
having gone through a washing procedure. Products and optio-
nal unreacted starting material can be separated and worked
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up separately or recycled respectively.

An éxample 'orf a peptide which can be prepared
with advantage using the method of the present invention is
N—benzyloxycarbonyl-L-aSpartyl—L—phenylalanine methyl ester,
in the following designated ZAPM. ZAPM is a key intermediate
in the production of the sweetener aspartame. In the produc-
tion of asparfame (L-a-aspartyl-L-phenylalanine methyl
ester), one of thercritical,steps involves an enzyme cata-
lyzed coupling of an aspartic acid derivative and phenyl-
alanine methyl ester hydrochloride (for example coupling N-
benzyloxycarbonyl-L-aspartic acid and L-phenylalanine methyl
ester hydrochloride to form ZAPM. The ZAPM forms a very
sparingly soluble addition compound with L-phenylalanine
methyl ester (or D-phenylalanine methyl ester, if present)
and therefore precipitates during the synthesis. The equili-
brium of the reaction is hereby shifted towards condensation.

ACcofding to the prior art a semi-purified,
soluble enzyme preparation (e.g. thermolysin) can be used as
catalyst in the condensation step. In order to separate the
enzyme from the reaction product, the reaction product is
dissolved and the enzyme is precipitated by addition. of an
organic solvent (fbr - example acetone) and removed, for
example, by filtration. However, from 14% up to at least 60%
of the catalytic activity of the enzyme is lost during the
process (Nonaka et al., US patent No. 4,212,945, and Meijer
et al. in "Biocatalysts in Organic Syntheses" (Eds.: Tramper,
van der Plas and Linko), pp. 135 - 156 (1985)). The major
loss of activity occurs during the precipitation and isola-
tion of the enzyme. ' ' .

Using the process according to the present inven-
tion with an immobilized thermolysin préparation in the above
mentioned process forrpreparing ZAPM, simplifies the separa-
tion step and reduces the loss of enzyme activity in the
separation step to about 1%.

The present invention is further illustrated by
the following examples which, however, are not to be con-
strued as limiting the scope of protection. The features dis-
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closed in the foregoing description and in the following
examples and claims may, both seperately and in any combina-
tion thereof, be material for realising the invention in

diverse forms thereof.

EXAMPLE 1
Preparation of a catalyst suitable i.a. for the synthesis of

B-lactams.

Immobilized penicillin G acylase from E. coli
(250 g, Eupergit®-PcA, obtained from Roéhm Pharma) was sieved
on a 300 um and then on a 180 um screen by flushing with
water. The material retained on the 180 um screen was used as
the enzyme catalyst in the examples 2-5 given below. When
assayed by the 4-dimethylaminobenzaldehyde method as de-
scribed by Balasingham et al., Biochim. Biophys. Acta, 276
(1972) 250-256 the activity of the catalyst was 115 penicil-
lin G acylase Units (U) per g of moist catalyst.

EXAMPLE 2
Enzymatic synthesis of ampicillin.

D-phenylglycine methyl ester (in the following
designated D-PGM) and 6-aminopenicillanic acid (in the fol-
lowing designated 6-APA) was suspended in 50 mM phosphate
buffer having a pH value of 6.0, the final concentrations of
D-PGM and 6-APA being 450 mM and 100 mM, respectively. The
temperature of the suspension was brought to 35 °C and 10.0 g
of moist immobilized enzyme (according to Example 1) was
added, the total volume being 100 ml. The reaction was
allowed to procéed with efficient stirring at 35 °C, the pH
value being kept at 6.0 by titration with 2 M H,S0,.

After approximately 0.5 hours, D-phenylglycine
(in the following designated D-PG) started to precipitate

from the reaction mixture and after about 3 hours, the
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ampicillin concentration reached a maximum of 77 mM, corre-
sponding to 85% conversion of the 6-APA. At this point, the

.contents of the reaction vessel were transferred to a filter

unit having a 100 pm pore size screen as the bottom and a
rotating propeller placed immediately above the screen. The
immobilized enzyme was retained by the screen while the
remaining pért of the slurry passed through. The precipitate
in this filtrate consisted of D-phenylglycine crystals con-
taining some ampicillin and the liquid contained i.a. dis-
solved product and unreacted starting materials. The ampicil-
lin crystals formed had a particle size of less than 50 um.
The filtrate (i.e. the,slurryrcomprising the crystals and the
reaction liquid) was'centrifuged and the clear centrifugate
was used to wash off crysfals remaining on the catalyst. By
adjusting the flow of the filtrate from the separation unit
and the flow of the clear supernatant to the separation unit
the catalyst was kept in suspension at all times during the
separation.'When no crystals could be seen in the catalyst
fraction the tank was drained completely, leaving only the
catalyst on the screen. '

After the separation, 97% of the ampicillin and
95% of the D-PG formed during the synthesis was in the fil-
trate. The ampicillin was isolated and further purified by
known methods.. , :

The catalyst retained in the separation unit was
washed with 50 mM phosphate buffer (pH‘valﬁe: 6.0) and its
activity was then assayed according to the method mentioned
in Example 1. As indicated in Table l, there was no signifi-
cant loss of catalyst activity after the synthesis, and the

catalyst was thus suitable for reuse.

e d
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Amount of Activity,
catalyst, g U/g
bt
Before use " 10.00 115.0

After one,usell 9.85 114.5

Table 1

HPIC analysis of reaction components

Colunn: RP LC-18, (250 x 4.6 mm; 5 um),
Eluent A: 25 mM phosphate buffer, pH value 6.5.
Eluent B: acetonitrile.

Elution was performed with mixtures of eluents A and B

according to Table 2.

Table 2
Time, minutes % A
0-+10 99-+80
10-20 80
2021 80-99
21-35 99

Flow rate: 1 ml/minute

UV Detection at 215 nm

Retention time in minutes: D-PG: 4.1, 6-APA: 8.1, ampicillin:
13.9, D-PGM: 18.

EXAMPLE 3
Enzymatic synthesis of cephalexin.

D-phenylglycine methyl ester, HCl-salt, (1.6526
g) and 7-aminodesacetoxycephalosporanic acid (7-ADCA) (0.4278
g) were dissolved in 50 mM phosphate buffer (pH value: 6.5)
and thermostated to 35°C. Enzyme catalyst according to
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Example 1 (2 g) was added and the volume of the reaction mix-
ture was adjusted to 20 ml with buffer. The reaction was
allowed to proceed under effi’cient mixing, keeping the pH
value and temperature constant. - '

'Approximately 45 minutes after the addition of
the enzyme catalyst a precipitate was formed and after
further 20 minutes the stirring was stopped and the contents
of the reaction vessel were transferred to the filter unit
described in Example 2 and the catalyst was separated from
the precipitate formed and reaction liquid. From the precipi-
tate and reaction liquid which contained, i.a., cephalexin,
D-phenylglycine, b—phenylglycine methylester and 7-amino-
desacetoxycephaloranic acid, cephalexin was isolatédr and
purified by known methods.

More than 99% of the catalytic activity was
retained in the catalyst after the separation step and the
catalyst was thus suitable for reuse. A rinsing step may be
introduced before the catalyst is reused. '

The reaction was followed by HPLC using the same

conditions as described in Example 2. The retention time for
7-ADCA and cephalexin was found to be 6.3 and 13.4 minutes,
respectively.

EXAMPLE 4

Enzymatic synthesis of amoxicillin.

A slurry of D-4~hydroxyphenylglycine amide
(44.94 g, in the following deéignated HPGA) and 6-APA (14.30
g) was prepared in a 50 mM phosphate buffer (pH value: 6.5)
and thermostated to 25 °C in a reaction vessel supplied with
a 100 pm pore size screen as the bottémr and a rotating
propeller placed immediétely above the screen. The reaction
was started by adding 40 §,of catalyst (éccording to Example
1) (final volume: 400 ml), and the pH value was kept constant
during the reaction by titration with 2 M H,SO,. The volume
below the screén was less than 15 ml and by the aid 6f a pump

~

o
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the filtrate (containing reaction 1liquid and crystals of
starting materials and products), was returned continuously
to the top of the reaction vessel during the whole process.

After 10 hours, the concentration of amoxicillin
reached a maximum corresponding to 85% conversion and the
reaction mixture contained, i.a., crystals of amoxicillin, D-
4-hydroxyphenylglycine (in the following designated HPG) and
unreacted HPGA. The recirculation of the filtrate to the
reaction vessel was stopped'and instead the filtrate was led
to a centrifuge. As described in the previous two examples
the clear supernatant was used for washing off the last
crystals from the catalyst.

95% of the amoxicillin produced and 98% of the
HPG produced were recovered from the filtrate. The amoxicil-
lin was further purified by methods known in the art.

The catalyst used was suitable for reuse since
more than 99% of its catalytic activity was retained.

The reaction was followed using the same HPLC
system as described in Example 2 except that 5% acetonitrile
in 95% 25 mM phosphate buffer (pH value: 6.0) was used for an
isocratic elution (1 ml/min) of the compounds. These condi-
tions gave the following retention times (in minutes) for the
compounds of interest: D-4-hydroxyphenylglycine: 2.5, D-HPGA:
3.3, 6-APA: 6.0 and amoxicillin: 15.0.

EXAMPLE 5
Enzymatic hydrolysis of D-4-hydroxyphenylglycine amide
(HPGA) .

To a mixture of HPGA (8.35 g) in water, adjusted
to a pH value of 6.0, moist catalyst (2.25 g, according to
Example 1) was added, the total volume being adjusted to 100
ml. The hydrolysis was allowed to proceed at 35°C keeping the
pH value constant at 6.0 by titration with 2 M sulfuric acid,

while maintaining an efficient stirring.
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After 3 hours, therHPGA'wasrfully hydrolyzed to
the freeracid,'HPG.'Due to the catalyst and the content of
partly precipitated HPG the reaction mixture appeared as a
slurry. , o ' ’

The contents of the reaction vessel were trans-

ferred to the separation unit and the catalyst was separated-

from the reaction mixture as described in Example 2. The fil-
trate from this separation comprised the precipitated HPG and
the supernatant which contained, i.a., salts and dissolved
HPG. In total 96% of the HPG formed was found in the fil-
trate. The HPG was further purified by known methods.

The catalyst in the reaction vessel was washed
with 50 mM phosphate buffer (pH value: 6.0) and was reused
without a significant loss of catalytic activity (less than
1% of the total activity was lost during the synthesis and
subsequent separation). ' '

The HPLC method described in Example 4 was used
for monitoring the reaction.

EXAMPLE 6
Preparation of a thermolysin catalzst.

Thermolysin (8 g, 'S‘igmé P—1512), was dissolved in
25 mM of phosphate buffer (pH value: 7) to approximately 50
mg protein per ml and approximately 3750 U (vide infra) per

ml. Cells from an E. coli fermentation (e.dg. A. Gebauer et
al., Bioprodess EnginEefing 2 (1987) 55-58) were harvested
(approx. 40 g of dry matter) and heated to 100°C for 10 min.
to inactivate most enzyme éctivity in the cells. The thermo-
lysin was added to the cells which were immobilized as
described in Wimpelmann, M. et al. US patent No. 4,892,825
(to Novo Industri A/S). The material carrying the immobilized
cells was extruded and dried to approximately 10% water con-
tent. The resulting particles were milled and the milled
material was sieved. The 75 - 150 um particle size fraction
was used as catalyst in the synthesis of N-benzyloxycarbonyl-

N
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L-aspartyl-L-phenylalanine methyl ester. The activity of the
catalyst was approximately 3000 U per g. The activity was
measured by the casein digestion method (1 unit (U) will
hydrolyze casein to produce color equivalent to 1.0 umole of
tyrosine per minute at a pH value of 7.5 at 35°C (color by
Folin-Ciocalteu reagent)).

Synthesis of N-benzyloxycarbonyl-IL-aspartyl-I-phenylalanine

methyl ester.
N-benzyloxycarbonyl-L-aspartic acid (0.1 mole)

and L-phenylalanine methyl ester hydrochloride (0.25 mole)
was dissolved in water and adjusted to a pH value of 6.5 and
a final volume of 350 ml. The solution was thermostated at
40°C and catalyst prepared as described above (15 g) was
added. The catalyst was swelled in water before use, whereby
the particle size increased to approximately 150-400 um. The
reaction was allowed to proceed at 40°C keeping the pH value
constant at 6.5 and maintaining an efficient 1low shear
stirring. The condesation product, N-henzyloxycarbonyl-L-
aspartyl-L-phenylalanine methyl ester (ZAPM) forms an addi-
tion compound with unreacted L-phenylalanine methyl ester
which has a very poor solubility in water. Accordingly, the
product precipitated almost quantitatively as this addition
compound gradually as it was formed. After 20 hours, the
reaction mixture was cooled to approximately 5°C and trans-
ferred to the separation unit described in Example 2. The
catalyst was separated from the product and the reaction
liquid as described in Example 2. The catalyst in the reac-
tion vessel can be reused as more than 99% of the total cata-
lytic activity was retained after the separation step. ZAPM
can be further processed to aspartame by methods known per se
(removal of the N-protection group of the aspartic moiety,
crystallization etc.). The HPLC method of Oyama et al.,
J.C.S. Perkin II, (1981) 356, was used to follow the forma-
tion of ZAPM.
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EXAMPLE 7 , ,
Enzymatic synthesis of cephalexin in the presence of 2-naph-

thol using an immobilized enzyme which can be recycled.

“E. coli having Penicillin G acylase aétivity was
fermented according to Gebauer, A. et al. Bioprocess Engi-
neering 2 (1987) 55-58. Immobilization was performed
according to Wimpelmann, M. et al. US Patent No. 4,892,825
(to Novo Industri A/S). The substance containing the immo-
bilized enzyme was extruded and dried until the residual

)

water content was approximately 10 % (w/w). The dried mate-

rial was milled and a fraction having a particle size distri-

bution of 100-200 pm was obtained from the milled product by

15

the use of appropriate sieves. The enzyme activity in this
fraction was found to be approximately 200 Penicillin G
acylase Units/g. After swelling in water, the particle size
distribution was approxiinately 200-500 pum.

The pH value of a mixture (slurry) of D-
PGA-%H,S0, (74.7 g, 0.375 mol), 7-ADCA (21.4 g, 0.10 mol), and

- 2-naphthol (10.8 g, -0.075 mol, particle size < 100 um) in

20

approximately 300 ml of water was adjusted to 6.7 by addition

- of 4 M ammonium hydroxide. Water was added to 400 ml followed

25

30

35

by immobilized E. coli 'Penicillin G acylase prepared as
described above (50 g on dry basis suspended in water to a
total of 100 ml), ‘and the mixture was stirred at 25 °C.

After 3 hours, the reaction mixture was poured
on to a 100 pum pore screen, which retained the particles
carrying the enzyme while the remaining part of the reaction
mixture, still a slurry, passed through. The slurry passing
the screen was filtered on a sintered glass filter which
retained the solid material and some of the mother liquor was
used to viash the solid material remaining on the 100 um
screen in order to free the enzyme', particles from any
adhering fine slurry containirig_ the synthesized product. Also
the washings were filtered through the sintered glass filter.
The product collected on the glass filter was washed with
butyl acetate (200 ml) and then suspended in a mixture of

oy

’3
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water (150 ml) and butyl acetate (150 ml). The pH value of
the water phase was adjusted to 1.5 by addition of 3 M sul-
furic acid and stirring was continued for 10 minutes. The
water phase was then separated from the butyl acetate phase
and washed with further butyl acetate (2x20 ml). The volume
of the water phase was reduced to 75 ml by evaporation, 2-
propanol (75 ml) was added and the pH value was adjusted to
4.7 by addition of 4 M ammonium hydroxide. The slurry ob-
tained was cooled to 5 °C for 15 minutes, whereupon the solid
material was collected on a sintered glass filter and washed
with water/z-pfopanol (1:1, 25 ml). After drying in a vacuum
oven at 30 °C for 12 hours, 33.6 g (92.4% of the theoretical
yield) of cephalexin monohydrate was obtained as a white
powder (purity by HPLC: 99.9%).

After use, the enzyme particles left on the 100
um screen were washed with water (3x100ml), drained, and
finally dried to a water content of approximately 10 %. The
weight was approximately 50 g, and the enzyme activity was
found to be approximately 200 Penicillin G acylase Units/g,
indicating that practically no loss of activity had occurred.
Thus, the immobilized enzyme was suitable for recycling, e.d.

in a process as described above.
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CLAIMS

1. A method of separating a particulate solid cata-
lyst from a reaction mixture which further comprises another
particulate solid component and a liquid, characterized in
that one of the particulate solid components is given an

apparent particle size which is outside the apparent particle

" size range of the other solid component(s) whereupon the re-

10

15

20

25

action mixture is filtered or centrifuged using equipment
which will retain the component(s) having the larger par-
ticles and let the remainder of the mixture pass through.

2. A method according to claim 1, characterized in
that the so0lid component(s) to be separated from the catalyst
has (have) an apparent particle size smaller than the lower
limit of the apparent particle size range of the catalyst.

3. A method according to claim 1 or 2, character-
ized in that the ratio between the apparent diameter of the
larger particles and the apparent diameter of the smaller
particles is at least 2.

4. . A method according to claim 2 or 3, character-
ized in that the apparent particle diameter of the catalyst
is in the range of from 25 to 10,000 um, preferably from 50
to 750 pm, more preferred frdm 50 to 300 um.

5. A method according to any one of the claims 1 to
4, characterized in that the solid catalyst is an immobilized

enzyme.

6. A method according to claim 5, characterized in
that the immobilized enzyme is a protease, a metalloprotease,
a serine protease, thermolysin, an amidase, an esterase or an

acylase.
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7. A method according to claim 5, characterized in
that the immobilized enzyme is able to deacylate the 6-amino
group of penicillin G or the 6-amino group of ampicillin.

8. A method according to any one of the claims 1 to
4, characterized in that the solid catalyst is an immobilized

whole cell or cell homogenate preparation.

9. A method according to any one of the claims 2 to
8, characterized in that a solid product produced in a pro-
cess in which the starting material(s) is (are) fully dis-
solved in the reaction mixture is separated continuously from
the catalyst during the reaction by leading the filtrate from
the filter which retains the catalyst only to a filter which
retains the solid product synthesized and recirculating the
filtrate from this filter to the catalyst.

10. A method according to any one of the preceding
claims for separating an immobilized enzyme used for catalyz-
ing acylation of 6-aminopenicillanic acid, 7-amino-
cephalosporanic acid, 7-amino-7-methoxycephalosporanic acid,
7-amino-3-methoxy-3-cephem-4-carboxylic acid, 7-aminodes-
acetoxycephalosporanic acid, 3-chloro-7-amino-3-cephem-4-
carboxylic acid, 7-amino-3-(1,2,3-triazol-4(5)-ylthiomethyl)-
3-cephem-4-carboxylic acid or 7-amino-3-[2-(5-methyl-1,3,4-
thiadiazolyl)thiomethyl]-3-cephem-4-carboxylic acid with D-
phenylglycine, D-4-hydroxyphenylglycine, 2-thiopheneacetic
acid or 3-thiophenemalonic acid or the amide, the methyl
ester, the ethyl ester, the propyl ester or the isopropyl
ester of D-phenylglycine, D-4-hydroxyphenylglycine, 2-thio-
pheneacetic acid or 3-thiophenemalonic acid from the re-
mainder of the reaction mixture when solid material other
than the catalyst is present in the reaction mixture when the

working up is initiated.

11. A method according to any one of the claims 1 to

6 and 8 to 9 for separating an immobilized enzyme used for
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catalyzing acylation of L-phenylalanine methyl ester or D,L-
phenylalanine methyl ester with a N-protected L-aspartic acid
from the solid acylation product obtained when the reaction
is conducted at such conditions that the product formed or a
part thereof precipitates from the reaction mixture.

12. ' A method according to any one of the claims 1 to
9 for separating an immobilized enzyme used for catalyzing
the hydrolysis of an amide or an ester of an amino carboxylic
acid to provide the corresponding free acid or a salt thereof
from the solid prdduct obtained when the reaction is con-
ducted at such conditions that the product formed or a part
threof precipitates from the reaction mixture.

13. - A method according fo any one of the claims 1 to
6 and 8 to 9 for separating an immobilized enzyme used for
catalyzing the conversion of fumaric acid or a salt thereof
to malic acid or a salt thereof from the solid product ob-
tained when the reaction is conducted at such conditions that
the product formed or a part thereof precipitates from the

reaction mixture.
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