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"... mimicry of biological functions and processes
means learning chemistry from biology
with chemical means."

G. v. Kiedrowski, ChemBioChem 2001, 2, 597-598

1 Introduction’
1.1 Biological principles

The American Heritage Dictionary defines a principle as “a rule or law concerning the
functioning of natural phenomena or mechanical processes” [1992]. In other words, a
principle is a statement of fact that has a wide general applicability and has already been
tested by many workers over long periods of time. Biological principles are those principles
that are developed and applied by nature over thousands of years. In the course of time they

are even optimized by evolution. Some examples are:

Living systems obey physical and chemical laws.
All organisms capture, store and transmit energy.
All organisms are adapted to their habitat.
Evolution is irreversible.

Growth is a fundamental characteristic of life.

Energy fixation in plants is carried out via photosynthesis.

A i

The transfer of biological principles and concepts to technical applications leads to
astonishingly successful results. Often, even if no transfer was planned in the first place, the
solutions developed for a given problem look surprisingly similar. One example is the
development of highly specialized tools for drilling hard materials. In the top picture of
Figure 1.1 the drill of the yellow-headed giant wasp of North America is shown. Several
thousands years later the same principle of a drill was developed by engineers for drilling

holes into hard materials.

! Parts of this chapter are published in:

1. A.Liese, M. Villela Filho: Production of fine chemicals using biocatalysis;, Current Opinion in Biotechno-
logy 10 (6) (1999) 595-603

2. C. Wandrey, A. Liese, D. Kihumbu: Industrial biocatalysis: Past, present and future, Organic Process
Research & Development 4 (2000) 286-290

3. A Liese, K. Seelbach und C. Wandrey: Industrial Biotransformations, VCH-Wiley, Weinheim, 2000

4. A. Liese: Industrial applications and processes using biocatalysis;, in: Enzyme Catalysis in Organic
Synthesis, 2™ edition, (K. Drauz, H. Waldmann, S.M. Roberts, eds.), VCH-Wiley, Weinheim (2002) 1419-
1460

5. A. Liese: 53 Keywords in Catalysis from A to Z (B. Cornils, W. Hermann, R. Schlogl, C.-H. Wong eds),
Wiley-VCH, 2003
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Figure 1.1: Original and copy: Drill of the yellow-headed giant wasp of North America made out of
chitin, trademark nature, and a high performance drill, trademark man-made engineering
[Nachtigall 1991].
Leonardo da Vinci (1452-1519) used nature as a source of inspiration. Based on his
observations of how birds fly, he planned the first machines, enabling man to fly. Both
examples demonstrate that bio-inspired design and development consistently has provided
and always will point to solutions of given technological problems. But what other principles
from nature can be transferred to chemical synthesis and chemical technology, besides these
before mentioned, more engineering-type examples? This question we will explore in the
following.
As the word ‘biotechnology’ already implies, different disciplines of natural sciences are
united in this field. Aside from biology and the discipline-specific technology, also chemistry,
physics, and engineering are of fundamental importance. This fact becomes especially
obvious, if one considers a whole cell as a microfabrication unit (Figure 1.2): Anton from
DuPont has pointed out before®: “You are looking at living organisms as tiny chemical

factories in their own right - multiple 2-micron-sized reactors™.

polysomes production

mitochondria |} power plant

endoplasmic

reticulum factory road

vesicles storage

nucleus management

pore factory gate . o

Figure 1.2: The whole cell as a microfabrication unit /[Folienserie 1985].

Nature had to find ways to synthesize complex compounds, often in a highly stereoselective
manner, from primitive starting materials, e.g. CO, or glucose. Setting up multi-step reactions
in sequences or cycles solves this task. Enantio- or regioselectivity is introduced by using
highly selective catalysts, the enzymes. These biological catalysts are in general of high

% David L. Anton, DuPont’s research manager for bioprocess development, C&EN 22.6.1998, 15
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molecular weight and either homogeneously solubilized within the cells or alternatively
bound to membranes. Nature had to solve the problem that different reaction steps have to
occur spatially separated in order to prevent cross-reactions or inhibitions. Therefore, different
compartments in the cell exist, forming independent reaction volumes. The macromolecular
biocatalysts are either retained there in by membranes, if they are solubilized, or alternatively,
they are coupled to membranes. Starting materials need to be transported into the cell and
products out of the cell. Besides this, also intermediates need to be transported between
different compartments of the cell. For this purpose, different procedures are established, e.g.
diffusive and active transport. Side products are being removed by separation or even by
reactive workup, whereby they become integrated as starting materials into subsequent
reaction sequences. To keep these little micron-sized factories running, energy needs to be
supplied, either by photosynthesis or respiration. Energy is stored in chemical compounds,
e.g. as adenosine triphosphate (ATP), and is being transported coupled to a mass-transfer
action. Furthermore, the biological factories are very well adapted to their function and to
their surroundings. A two-foot long neuron, a two pounds ostrich egg, and a 0.2 um bacteria
all represent a single cell. Bacteria can be found in the Antarctica much below 0°C, as well as
in boiling fountains in the Yellowstone National Park in the USA. In other words, even if it is
quite simplified: A cell is nothing more than a biological factory producing chemicals that
was optimized over thousands of years. Nevertheless, as different as the shape and the
functions of different cells are, they all follow the same biological principles as far as

biosynthesis is concerned:

Biological Principles of biosynthesis:

1. Complex chemicals are synthesized in reaction se

ﬁysts are macrotmo
S

mhm

g
o b

. @ \\ rogenizes catalysts.
5. Key steps of reaction sequences are catalyzed.
6. Energy and mass transport are coupled,

Ot

For sure there exist more biological principles of biosynthesis, but those listed above seem to
be the fundamental ones, as will be outlined in this habilitation (postdoctoral lecture
qualification). In the following, the focus is on technical asymmetric catalysis. Subsequently,
the transfer and applicability of biological principles to technical asymmetric chemistry will

be investigated.
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1.2 Technical asymmetric catalysis

The term “catalysis” was first coined by Berzelius in 1836 and stems from the Greek meaning
“down” or “loosen” [Kieboom, et al. 1999]. Up until then, only affinity, as a chemical driving
force, was known. Berzelius stated that reactions occur by “catalytic contact”. Ostwald
developed a more detailed understanding of catalysis in 1883 [Engels, et al. 1989]. He
described catalysis as the phenomenon, in which a small quantity of a certain substance, the
catalyst, increases the rate of a chemical reaction or the rate of approaching the equilibrium of
a chemical reaction, without being itself substantially consumed. Only thermodynamically

feasible reactions can be accelerated by catalysts [Cornils, et al. 1999].

Biological catalysts were already used by man long before Berzelius and Ostwald conducted
their investigations, without anybody even being aware of their existence in the production of
food and beverages. Sumerians and Babylonians practiced beer brewing before 6000 B.C.,
references to wine making can be found in the Book of Genesis, and Egyptians used yeast for
baking bread. However, the knowledge of the production of chemicals such as alcohols and
organic acids by fermentation is relatively recent, and the first reports in the literature
appeared only in the second half of the 19th century. In 1921, Chapman reviewed a number of
early industrial fermentation processes for the production of organic chemicals [Turner
1998]. In the course of time, it was discovered that microorganisms could modify certain
compounds by simple, chemically well-defined reactions, which are further catalyzed by
enzymes. Nowadays, these processes are called "biotransformations”. The essential difference
between fermentation and biotransformation is that there are several catalytic steps between
substrate and product in fermentation while there are only one or two in biotransformation.
The distinction is also that the chemical structures of the substrate and the product resemble

one another in a biotransformation, but not necessarily so in fermentation.

Table 1.1: The first industrial chemical catalyzed processes [Kieboom, et al. 1999].

Year Process Catalyst

1750 H,SO, lead chamber process homogeneous catalyst system NO/NO,

1870 SO, oxidation Pt

1880 Deacon process (Cl, from HCI) ZnCl,/CuCl,

1885 Claus Process (H,S and SO, to S) Bauxite

1900 Methane from synthesis gas Ni

1910 Haber-Bosch ammonia synthesis Fe/K

1920 Methanol synthesis (high pressure process) Zn, Cr oxide
Fischer-Tropsch synthesis Promoted Fe, Co

Acetaldehyde from acetylene homogeneous catalyst system Hg*' [H,S0,
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The early industrial catalytic processes used inorganic compounds as catalysts. To these
belong the so-called “Deacon process”, i.e., the oxidation of HCI into Cl,, as well as the
production of sulphuric acid (Table 1.1). Already in the mid-18" century, the production of
sulphuric acid was commercialized [Kieboom, et al. 1999]. It should be especially mentioned

that in the first industrially applied catalytic process a homogeneous catalyst was used.

Asymmetric catalysis is a special discipline in the field of catalysis that enables the selective
synthesis of just one single enantiomer of a racemate [Enders, Hoffmann 1985]. In the
chemical industry, this field of research has increasingly become more and more important
over the past 20 to 30 years. This is due to the fact that many compounds associated with
living organisms are chiral®, for example the DNA, enzymes, antibodies, and hormones.
Typically, different enantiomers of one and the same compound have different biological
activity. Prominent examples are limonene and propanolol. (S)-Limonene smells like lemons
and the enantio-complementary (R)-enantiomer smells like oranges. (S)-Propanolol is used as
a drug against high blood pressure, whereas the (R)-enantiomer is contraceptive. In the past,
almost all - and still today some - drugs were marketed as racemic 1:1 mixtures of both
enantiomers. This leads sometimes to severe complications, as it has been in the sad case of
thalidomide, an anti-inflammatory and sedative drug. In the nineties the American Food and
Drug Administration (FDA) decided that a racemic drug could be patented again in its
enantiopure form, if it is unequivocally proved that the enantiomer to be patented is solely
responsible for the origin of the pharmaceutical effect /Stinson 1999]. Besides this, there is
also an economical - if not also an environmental - consideration, because if 50% of the

compound yield no effect, 50% of the production costs are spent on waste.

chiral technology market / billion US$
0 5 10 15 20

2007

Figure 1.3:  Chiral technologies, world market in billion USS (A. Widmer, Chem. Rundschaun 16.2.2001,
p. 13).

3 from Greek &g1p meaning hand
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As one can see from the aforementioned points, there is also a huge economical potential
hidden in the so-called “chiral switches”, compounds that where formerly introduced as
racemates, but which now can be reregistered anew with the FDA as single enantiomer. In
Figure 1.3 the expectations of exponential growth of the world market for chiral technology

are presented.

And once again, here as well, nature is first. Nature is practicing asymmetric catalysis since
thousands of years in its micron-sized reactors, namely the whole cells. In 1858, Pasteur
[Pasteur 1858] was the first to demonstrate the microbial resolution of tartaric acid. He
performed fermentation of the ammonium salt of racemic tartaric acid, mediated by the mold
Penicillium glaucum. The fermentation yielded (-)-tartrate. Even if this is a resolution process
and no asymmetric synthesis, it was the first time that nature’s enantioselectivity has been
demonstrated. L-Lactic acid was probably the first optically active compound to be produced
industrially by fermentation. Its asymmetric synthesis via biochemistry was first
accomplished in the USA in 1880 [Sheldon 1993]. Neuberg and Hirsch [Neuberg, Ohle
1921] discovered in 1921 that the condensation of benzaldehyde with acetaldehyde in the
presence of yeast forms optically active (1R)-hydroxy-1-phenyl-2-propanone. This compound
was converted further chemically into L-(-)-ephedrine (Figure 1.4) by Knoll A.G.,
Ludwigshafen, in Germany (1930) [Hildebrandt, Kliavehn 1932].

pyruvate decarboxylase OH OH

OH Saccharomyces cerevisiae chemical N
—_—

= HN\

COZ

Figure 1.4:  Synthesis of L-ephedrine.

Numerous authors have given overviews over biotransformations used in the industry
[Collins, et al. 1992; Sheldon 1993; Tanaka, et al. 1993; Peters 1998b; Liese, Villela Filho
1999, Bornscheuer 2000; Patel 2000, 2001, Schmid, et al. 2001a; Straathof, et al. 2002;
Thomas, et al. 2002]. A very recent monograph is summarizing almost 100 processes
including many details on reaction conditions, screening of the biocatalyst, or the application
of the product [Liese, et al. 2000]. The use of biocatalysis from the viewpoint of a chemist in
the lab is summarized in several books as well. Recent ones are [Faber 2000, Griengl 2000;
Drauz, Waldmann 2002]. Some selected examples of technical asymmetric
biotransformations as applied in industry are given in Table 1.2. Late in 2002 M.-R. Kula and
M. Pohl received the German Future Prize 2002 — awarded by the President of the Federal
Republic of Germany for Technology and Innovation — for their project: “Soft Chemistry with
Biological Catalysts™.
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Table 1.2: Examples of technical asymmetric biosyntheses applied in industry [Kieboom, et al. 1999;
Liese, et al. 2000].

Year Process Catalyst
1880 L-lactic acid formation by fermentation of glucose or lactose Lactobacillus
1930 L-ephedrine intermediate through asymmetric C-C bond formation Yeast
sorbitol to L-sorbose oxidation in vitamin C production Gluconobacter suboxydans
1950 L-amino acids through fermentation Brevi-, Corynebacterium
species
1970 L-aspartic acid by ammonia addition to fumaric acid aspartase (. coli)
1980 L-dopa from ammonia, pyruvate and catechol bacterial enzymes
L-malic acid by water addition of to fumaric acid fumarase (Brevibacterium)
2000 (15)-hydroxy-(3-phenoxy-phenyl)-acetonitrile by hydrocyanation oxynitrilase

Likewise, man has been - and still - is developing chiral catalysts. These achievements have
been acknowledged by several Nobel Prizes in the field of chirality (Table 1.3). The latest one
in this field has been awarded to W. Knowles, R. Noyori, and K. Sharpless in 2001 for their

work on asymmetric catalysis.

Table 1.3: Nobel Prizes in the field of chirality.

Year Who Nobel Prize in chemistry for

1902  Hermann E. Fischer recognition of the extraordinary services he has rendered by his

work on sugar and purine syntheses

1975 John W. Cornforth, work on the stereochemistry of enzyme- catalyzed reactions
Viadimir Prelog research into the stereochemistry of organic molecules and
reactions
1990  FElias J. Corey development of the theory and methodology of organic synthesis

2001 William S. Knowles, Ryoji Noyori, work on chirally catalyzed hydrogenation reactions

K. Barry Sharpless work on chirally catalyzed oxidation reactions

The first asymmetric synthesis developed by man is the cyanohydrin synthesis, which was the
focus of E. Fischer’s seminal work on asymmetric induction [Sheldon 1993]. Subsequently,
following Bredig’s results that quinine catalyzes the enantioselective hydrocyanation of
aldehydes [Bredig, Fiske 1912], several cinchona alkaloid bases were investigated in
enantioselective processes [Wynberg 1986]. Today most of the synthetic chiral catalysts are
based on transition metals, modified by optically active additives, or by transition metal
complexes, containing optically active ligands [Cornils, et al. 1999]. The milestones of man-
made asymmetric catalysis are summarized in Table 1.4. For detailed discussion of

asymmetric hydrogenations see (¥ chapter 4.1, page 103).
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Table 1.4: Milestones in chemical asymmetric catalysis.
Year Process Literature
1912 enantioselective hydrocyanation [Bredig, Fiske 1912]
1932 support of metallic catalysts in asymmetric (de)hydrogenations on [Schwab, Rudolph 1932]
quartz
1939 modification of a heterogeneous Pt hydrogenation catalyst by a [Lipkin, Stewart 1939]
chinchona alkaloid
1966 homogeneous asymmetric (cyclopropanation of styrene) catalysis by a [Nozaki, et al. 1966]
soluble chiral metal complex
Ph
o
.
o N=
~
Ph
1968 hydrogenation of olefines with modified Wilkinson catalyst [Horner, et al. 1968;
Knowles, Sabacky 1968]
1971 synthesis of L-dopa catalyzed by Rhi-DIPAMP complex [Izumi 1971; Knowles 1983]
@ OMe
P
MeO © \©
DIPAMP
1980 asymmetric epoxidation of allylic alcohols with Ti™-tartrate complex  /Katsuki, Sharpless 1980]
1981 recduction of ketones catalyzed by oxazaborolidines [tsuno, et al. 1985; Corey,
Ph ph
; etal 1987]
(o
~N B
H
1984 ZnEt, addition to aldehydes catalyzed by B-amino alcohols [Oguni, Omi 1984]
NMe;
§ OH
1988 asymmetric dihydroxylation via ligand-accelerated catalysis with [Jacobsen, et al. 1988]
chinchona alkaloid
1991 epoxidation of unfunctionalized olefines catalzed by Mn'" salene [Jacobsen, et al. 1991]
complex
H ‘;—ZH
N\ /N
— N
@ ONL —
1993 [Wan, Davis 1983, Noyori,

L-menthol synthesis with (S)-BINAP
¢ S

=

PPhs
PPhs

(S»-BINAP

Hashigushi 1996]
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1.3 Transfer of biological principles to technical asymmetric
catalysis

As has been outlined in 2 chapter 1.1, page 1, nature is applying highly advanced
technologies in microfabrication units, the whole cells. Nature’s way represents the art of
carrying out asymmetric catalysis to the highest degree, and this has been the case already
since thousands of years. It is using enantio- and regioselective catalysts, the enzymes,
preventing by this means the need for introducing and subsequently cleaving off protecting
groups, a concept that by contrast is common to general chemistry. As has already been
pointed out when discussing the history of technical asymmetric catalysis, the first
asymmetric compounds were produced industrially using biotransformations (2 Table 1.2,
page 7). The biological catalysts have been optimized by evolution during the course of time.
Since in general these biocatalysts are compatible regarding their reaction conditions, they are
applied by nature in reaction sequences and cycles [Cane 1990/, as for example in the citric
acid cycle. This represents the peviously named I*° biological principle: complex chemicals
are synthesized in reaction sequences (@ box page 3). Furthermore, using biocatalysts, an
intermediate separation and purification, as is common for classical organic syntheses,
because of incompatibility of the reaction steps, in general is not needed (Figure 1.5). In
modern organic synthesis, however, these additional separation and purification steps are

frequently not needed anymore.

Classical organic synthesis:

-

Yty

A —p B -

Hmj
1
v
oo
=

Modern organic synthesis:
A =P B =p C

Figure 1.5:  Comparison of classical and modern organic synthesis.

In the chemical literature, several names are being used to describe reaction sequences:
cascade, consecutive, domino, iterative, one-pot (one-flask), sequential, tandem, and zipper
reactions [Bunce 1995]. Listed below are two main reaction types to be differentiated. One is
the so-called domino (or -‘cascade’) reaction, where the reaction sequence is initiated (or -
‘triggered’) by the first step. The other one is the tandem (or sequence) reaction, i.e., two-step
reactions in a consecutive fashion [Mayer, et al. 2001]. The first type is especially important,
if the intermediates are unstable. For a recent review on enzyme-initiated domino reactions

see [Mayer, et al. 2001]. In the last decade, more and more biocatalyzed reaction sequences
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have been published. Examples are the synthesis of L.-amino acids by the sequential usage of a
hydantoinase and a carbamoylase [Ragnitz, et al. 2001; Wiese, et al. 2001], the two-step
enzymatic synthesis of cephalexin from D-phenylglycine nitrile [Wegman, et al. 2002], the
two-step enzymatic synthesis of L-lactic acid from acetaldehyde /Miyazaki, et al. 2002], and
the four-step enzymatic synthesis of non-natural carbohydrates from glycerol [Schoevaart, et
al. 2000, 2001]. Multicatalyst systems are already established for in situ cofactor regeneration
for several decades. Examples are the regeneration of the precious nicotinamide cofactors
[Jones, et al. 1972; Wichmann, et al. 1981; Wong, Whitesides 1982] or the regeneration of the
expensive nucleotide sugars [Herrmann, et al. 1993, Wong, et al. 1995a, 1995b; Zervosen,
Elling 1996]. Besides the application of isolated enzymes, also whole cells are applied
utilizing their in vivo reaction sequences for the synthesis of fine chemicals. The most popular
microorganism for biocatalysis is baker’s yeast (Saccharomyces cerevisiae) [Hoffmann
1996]. However, utilizing whole cells as ‘bags of enzymes’ has some drawbacks: 1) low
enzymatic activities, 2) often low permeability for substrate and product, 3) inhibition of cell
growth by reactants, 4) degradation of substrate or product by cellular activity, and 6)
difficulties in the isolation and purification from the reaction mixture /Endo, Koizumi 2001].
Nevertheless, many approaches for whole cell conversions have been investigated and are
applied to industrial scale [Liese, et al. 2000]. These limitations can be partly overcome by
reaction engineering, as has also been pointed out in this work (2 chapter 3.1.1, page 21).
Furthermore, new strains are constructed by means of recent genetic engineering
technologies, whereby the desired enzymes are cloned and overexpressed [Rodriguez, et al.
2000, Stewart 2000]. A very prominent example is the asymmetric reduction of ethyl 4-
chloro-3-oxobutanoate to ethyl (S)-4-chloro-3-hydroxy-butanoate. In this case Escherichia
coli cells expressing both the carbonyl reductase gene from Candida magnoliae and the
glucose dehydrogenase gene from Bacillus megaterium are used as the catalyst. In a two-
phase system consisting of an organic solvent and an aqueous phase, ethyl (S)-4-chloro-3-
hydroxy-butanoate is being formed in the aqueous phase and reextracted into the organic
phase. Reportedly, the final concentration of the product amounted to 2.58 M (430 g L), the
molar yield being 85%. [Kataoka, et al. 1997; Kataoka, et al. 1998; Kataoka, et al. 1999;
Kizaki, et al. 2001, Yasohara, et al. 2001]. A new way to carry out a reaction sequence was
introduced by the Kyowa Hakko company. Recombinant E. coli and C. ammoniagenes could
be applied for the industrial manufacture of oligosaccharides, e.g. Lewsi X [Endo, Koizumi
2000; Endo, et al. 2000; Koizumi, et al. 2000; Endo, Koizumi 2001; Endo, et al. 2001;
Tabata, et al. 2002]. Hereby different enzyme activities are located in different recombinant
E. coli cells that are added as a function of time to the batch process, thereby circumventing
feed back inhibitions. This points out the importance of reaction engineering and of technical
chemistry, if biological principles are to be transferred to technically useful forms of

asymmetric catalysis. If different catalysts are combined in a one-pot synthesis, often
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problems of feedback inhibition and of concurring reactions occur. Therefore, it is often
important to separate individual reaction chambers. Likewise, nature too had to solve this
problem and introduced already long ago the separation of reaction chambers, as for example
in the Golgi apparatus. Therefore, separation of reaction chambers is a further biological
principle.

Since for nature as well the syntheses of its catalysts, the enzymes, are laborious, nature
needed to develop principles for the recyclization of enzymes. As the solution, nature uses
either coupling the catalyst to a heterogeneous support or retaining the catalyst by
membranes. Still in contrast to the majority of chemical catalysts, enzymes are
macromolecular and in general homogeneously soluble. This is the previously named 2™
biological principle: Biological catalysts are macromolecular and in general homogeneously
soluble (@ box page 3). By this means it is easy for nature to recycle its catalysts by either
retaining it with or coupling it to membranes (3" and 4™ biological principle).
Heterogenization of catalysts is one of the oldest technologies to retain and to recycle catalyst
in technical asymmetric catalysis [Fodor 1999; De Vos, et al. 2000, Smet, et al. 2001]. Such
hetereogenized catalysts are then applied in slurry or plug flow reactors. However, quite
frequently, heterogenized or immobilized enantioselective homogeneous catalysts often
perform only rather dissapointingly. Their reduced enantioselectivity may be caused by the
heterogencous support iself /Blaser 1991; De Vos, et al. 2000/, or - and perhaps additionally,
- mass transport limitations may be the reason. An alternative approach is the application of
homogeneously soluble catalysts in two-phase systems, where the catalyst is only soluble in
one phase and by this means recycled. The respective example is the hydroformylation
process of the former Ruhrchemie/Rhone-Poulenc companies [Cornils, Herrmann 2000]. The
water-soluble homogeneous catalyst is separated from the reactants in the organic phase.
However, it is very difficult to transfer this very interesting concept to asymmetric synthesis,
since the different polarities of the two-phase system disturb the stereochemical processes at
the catalyst /[Cornils, Herrmann 2000].

In contrast to immobilization on a carrier, the catalytic properties are generally conserved, if
the homogeneously soluble catalyst is retained by membranes. In this technology, nature is
already a perfectionist (3" biological principle). Enzymes typically are macromolecular
(20,000 to 200,000 g mol™), but still homogeneously soluble. The synthetic pendant of an
enzyme is called chemzyme or also sometimes synzyme (Figure 1.6, left). In contrast to
enzymes, which posses in general one active site, it is possible to couple a number of active
sites, - often via a spacer unit - to a polymeric backbone [Kragl, Dwars 2001; Woltinger, et
al. 2001b]. The idea behind synthesizing such an artificial biomimetic catalyst is, to obtain a
catalyst exhibiting the same attractive properties as an enzyme: namely to be macromolecular
and still homogeneously soluble. In contrast to enzymes, the chemzymes should be

homogeneously soluble in the organic phase. By this means the high solubility of the
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reactants increases the chance to reach a high space-time yield (sty)*.

One crucial factor for the successful application of chemzymes is the refention (R)’. As can be
seen from Figure 1.6, right, retention of R > 0.999 is required to render the application of the
chemzyme feasible in a continuously operated process. If for example a retention of R = 0.98
is given, then this means that 2% of catalyst are lost per residence time; in other words, after
37 residence times, already half of the catalyst is gone. This is the case with a BINAP-
ruthenium hydrogenation catalyst as outlined in the literature /Smet, et al. 2001].

enzyme chemzyme 1.0+
(chemical enzyme) ' N\w
° 08 R=99,8
&) )
active site o (\) T
feed e 64
(substrate) @“ v T, - 5 06
=
[S]
l _l/v O 04
W I £
————— == == membrane == o [ 02 \R =99,0
- \R_\
e . R= 980
permeate 0 50 100 150 200
{product) number of residence times / n+

Figure 1.6:  Left: comparison between an enzyme and a chemzyme; right: retention as function of the
number of residence times n 1.

The field of the synthesis and application of chemzymes is very new and just started in the
last decade. New reactors needed to be developed to provide for the application of the newly
synthesized chemzymes. The transfer of the second biological principle, namely that of of a
soluble, macromolecular catalyst to technical asymmetric catalysis offers a very high potential
for the chemical industry. Therefore, different reviews have been published regarding this
topic within the last two years [Kragl, Dwars 2001; Woltinger, et al. 2001b; Bergbreiter
2002; Leadbeater, Marco 2002]. The reader is also referred to @ chapter 4, page 99.

Beyond the aspects discussed so far, transferring the biological principles to technical
asymmetric synthesis also allows for the development of new methods that could not be
established by nature. For example, in homogeneous hydrogenation catalysts most often
ruthenium or rhodium are found as the central atoms, whereas in natural enzymes mainly
zine, copper, iron, nickel, and magnesium occur. This might be due to the lack of availability
of precious metals in nature. But then in turn this opens up a huge potential for modifying
enzymes accordingly and applying the resulting chemzymes for enantioselective reductions.
In nature reduction equivalents are generally supplied via nicotinamide cofactors that need to

: Space'ﬁme y ield (Sty) = gproduct L-lreacmr volume d-]
retention (R) = 1 — Cpermeate/ Cretentate
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be recycled. When utilizing chemzymes, it is possible to carry out enantioselective reductions
with either formate, 2-propanol, or even molecular hydrogen as a low cost supply of the
reduction equivalents (2 chapter 4, page 99). Another cheap source of redox equivalents are
electrons. But where to obtain them from? Nature also uses electrons as redox equivalents.
Here the transport of electrons is generally coupled to mass transport as for example in
respiration or in photosynthesis /Stryer 1990]. This is the 6™ biological principle: energy and
mass transport are coupled. In contrast to nature it is possible to separate energy and mass
transport in vitro. A very attractive artificial source of electrons is provided by
electrochemistry. This cheap source for reduction equivalents combined with biocatalytical
steps offers a wide range of new possibilities. This concept, namely combining
electrochemical and biocatalytical steps has been termed ‘electroenzymatic synthesis’.

The feasibility of supplying redox equivalents directly via an electrode was demonstrated on
some selected examples (for reviews see [Steckhan 1994, Schmid, et al. 2002a]). So far no
electroenzymatic synthesis has been scaled up to an industrial process. The reason for this
might be the still missing link between electroenzymatic synthesis and reaction engineering
with the aim to design an efficient production process. First promising results will be
demonstrated here within this report (2 chapter 3.3, page 87).

Currently, in technical asymmetric synthesis different biological principles are already being
applied without the scientific community at large being aware of it. In those examples
namely, where additionally reaction engineering has been integrated, very efficient production
processes were designed. This gives rise to high expectations for the future of a sustainable,
technical asymmetric catalysis.

It is not unusual for strikingly new concepts to require ‘incubation periods® of more than a
decade or even a few thereof, to really become accepted and successful. The transistor, the
laser, or conducting organic polymers may serve as characteristic examples for this dilemma:
In all of these cases the most attractive applications did not become commonplace until
decades after their initial discoveries, i.c., at times, when the original patents had expired long
before.






2 — Scope and objectives 15

2 Scope and objectives

The objective of this habilitation is to understand selected biological principles as well as
processes in chemical terms, to transfer, apply them to and combine them with the traditional
concepts of chemical, i.e., homogeneous catalysis. Simultaneously, the aim is to design and to
develop novel reactors, i.e., engineered systems based on these biological principles. The two
following fundamental biological principles, as formulated in the introduction on page 3, are

used to subdivide this work into two parts:

1. Complex chemicals are synthesized in reaction sequences.
2. Biological catalysts are macromolecular and in general homogeneously soluble.

The dotted oval in Figure 2.1, top, represents a whole cell that is converting a starting material
A in a reaction sequence via the intermediate B to the product C. Each step is catalyzed by a

homogeneously soluble, macromolecular biocatalyst.

s T N

3
A2 8
\__ ______ //

chapter 3.1

/

reaction sequences macromolecular catalysts

chapter 3.2 chapter 3.3 chapter 4

Figure 2.1:  Biological principles applied to technical asymmetric catalysis.

The first part of this treatise (chapter 3) deals with the application of reaction sequences to
technical asymmetric catalysis. Besides utilizing whole cells as the natural reference system,
different isolated enzymes are also applied in reaction sequences to synthesize complex
products C starting up from e.g. bulk chemicals A. Here the control of the selectivity between
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B and C is of major importance. In addition to concepts of nature, electrochemical steps are
also exploited and combined with biocatalytical ones in reaction sequences. The advantages
of enzymes as enantioselective catalysts are combined here with the waste-free

electrochemical in situ generation or regeneration of reagents.

The second part (chapter 4) deals with the application of macromolecular catalysts. New
chemzymes have been synthesized and compared to the performance of their natural
pendants, catalyzing the same reactions. In the focus of our investigations have chiefly been
hydrogenations with molecular hydrogen and transfer hydrogenations with 2-propanol as
reduction equivalent. A new hydrogenation reactor has been developed enabling the
application of chemzymes as well as of enzymes.

The common basis of all the systems investigated is reaction engineering (Figure 2.2). By
characterizing the catalysts in view of activity, stability, and selectivity as well as the reaction
itself in view of kinetics, thermodynamics, and possible side reactions, operating points are
identified that enable the production of the respective fine chemicals. With this knowledge
dedicated reactors are developed that allow an easy up scaling of the process. At this stage of

process development also downstream processing becomes of major importance.

reaction

N |« kinetics
» thermodynamics

* side reactions

catalyst | A= B =»C|  process
.. w4
- activity f - reactor type
. Stablll’f)’_ » catalyst recovery
* selectivity « downstream

processing
o

Figure 2.2:  Interaction of different process relevant parameters.
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2.1 Graphical abstract of investigated systems

Chapter 3: First biological principle: Reaction sequences
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There are three answers to the question
"Why use enzymes?":

necessity, convenience and opportunity.

C.-H. Wong, G. M. Whitesides, 1995

3 First biological principle: Reaction sequences

In nature, the most complex chemical molecules with a high number of stereochemical
centers can be found (e.g. peptides, pheromones, and oligosaccharides). To synthesize these
molecules nature employs reaction sequences that are catalyzed by highly selective enzymes.
For a kinetic analysis multiple reactions can be reduced to combinations of two primary types
(Figure 3.1):

consecutive:

parallel:

Figure 3.1: Comparison of sequential and parallel reaction pathways.

The distinction between a single reaction and multiple reactions is that the latter ones require
more than one rate equations to describe their kinetic behavior, which is a prerequisite for
setting up a simulation model for the purpose of optimization. Often, additional feed back
inhibitions and/or other cross inhibitions occur, making it very difficult to determine the exact
kinetics of the whole reaction system. In these cases it might be helpful to use a non-model
based optimization method like for example the genetic algorithm (2 chapter 3.2.2.2, page
72). By help of this mathematical optimization method, it is possible to optimize a reaction

sequence for the investigated reactor configuration.
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Depending on the connection of the catalysts different challenges are arising:

A= B=—»C

e Control of selectivity depending on the product of an individual reaction step being
either an intermediate or the final product in a reaction sequence (2 chapter 3.1.1,
page 21).

¢ Influence of selectivity by choice of the reactor type (2 chapter 3.1.1, page 21 and 2
chapter 3.2.1, page 45).

¢ Influence of selectivity by the properties of the substrate (@ chapter 3.2.1, page 45).

A=> B=pC

e Optimization of multicatalyst systems either based on the kinetic and thermodynamic
models or as a black box system by means of the genetic algorithm. The choice of the
optimization methods hereby depends on the complexity of the system investigated
(¥ chapter 3.2.2, page 70).

¢ Circumvention of feed back inhibitions (¥ chapter 3.2.2, page 70).

e Shifting of the reaction equilibrium by removal of side products (® chapter 4.4.1,
page 164).

The central challenge in technical asymmetric catalysis via reaction sequences is selectivity.
This is especially important, if fine chemicals for the subsequent synthesis of pharmaceuticals
are produced. Here the request for purity is very high. Likewise, in the field of food additives
the regulatory authorities require an extraordinary purity. To select the appropriate synthesis
scheme associated with high selectivity to achieve unique products the two industrial key

factors yield and costs have to be considered.
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You are looking at living organisms
as tiny chemical factories in their own right

- multiple 2-micron-sized reactors.

David L. Anton,
DuPont’s research manager for bioprocess development,
C&EN 22.6.1998, 15

3.1 Invivo reaction sequences

3.1.1 Diastereoselective production of diols with resting cells®

In vivo reaction sequences are explored using the
diastereoselective production of (2R,5R)-hexanediol as a A= B=pC

characteristic example (C). Resting whole cells of
Lactobacillus kefir DSM 20587 are used as black box
catalyst system to reduce 2,5-hexanedione (A) to (2R,5R)-hexanediol (C) enantio- as well as

diastereoselectively (Figure 3.2) in a reaction sequence via (2R)-hydroxy-5-hexanone as an
intermediate (B). The respective enantio’- and diastereoselectivities® of C were > 99%. The
reduction equivalents are supplied via glucose. As side products (metabolites of Lactobacillus

kefir) lactate, acetate, ethanol and CO, are produced.

¢ Parts of this chapter are published in:

1. A Kriegesmann: Ganzzellbiotransformationen mit Saccharomyces cerevisiae und Lactobacillus kefir zur
Darstellung enantiomerenreiner 2,5-Hexandiole — Reaktionstechnische Untersuchungen, diploma thesis,
University of Bonn, 1999

2. J. Haberland: Verfahrensentwicklung ur Darstellung von (2R,5R)-Hexandiol mit Lactobacillus kefir
DSM20587, PhD-thesis, University of Bonn, 2003

3. W. Hummel, A. Liese, C. Wandrey: Verfahren zur Reduktion von Ketogruppen enthaltenden Verbindun-
gen, German Patent Application DE 199 32 040.3 (09.07.1999); process for reducing keto-group
containing compounds, European Patent Application EP 00113127.51-2110 (29.06.2000)

4. J. Haberland, A. Kriegesmann, E. Wolfram, W. Hummel, A. Liese: Diastereoselective synthesis of optically
active (2R, 5R)-hexanediol, Applied Microbiology & Biotechnology 58 (2002) 595-599

5. J. Haberland, W. Hummel, T. Dausmann, A. Liese: New continuous production process _for enantiopure
(2R, 5R)-hexanediol, Organic Process Research & Development 6 (2002) 458-462

6. I. Chin-Joe, J. Haberland, A. Straathof, J. Jongejan, A. Liese, J. Heijnen: Reduction of ethyl 3-oxobutanoate
using non-growing baker's yeast in a continuously operated reactor with cell retention, Enzyme Microbial
Technology 31 (2002) 665-672

7 ee (enantiomeric excess) = [(R) — (S)//[(R) + ()]
¥ de (diastereomeric excess) = [(R.R) — (S,S)V/[(R.R) + (5.)]
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Figure 3.2: Synthesis of (2R,5R)-hexanediol (C) with whole cells of Lactobacillus kefir.

Lactobacillus kefir itself was discovered by Kandler and Kunath in 1983 [Kandler, Kunath
1983] from kefir grain. Hummel et. al isolated a number of enzymes, mainly oxidoreductases,
from different sub-types of Lactobacilli. In 1990 the alcohol dehydrogenase from
Lactobacillus kefir DSM20587 was isolated and characterized for the first time [Hummel
1990]. The alcohol dehydrogenase converts a broad range of prochiral oxo-compounds into
chiral alcohols /Bradshaw, et al. 1992]. However, NADPH is required as a cofactor for the
reduction, and the enzyme showed no activity in the case of NADH as a cofactor. Due to this
dependence on NADPH the use of whole cells as a biocatalyst offers the advantage of using

the available cell-internal cofactor regeneration cycles.

(2R,5R)-Hexanediol (C) is a versatile and important chiral building block for the syntheses of
various chiral phosphine ligands (e.g. DuPhos’ or BPE'®) /Burk, et al. 1990; Burk 1991a;
Burk, et al. 1991], see Figure 3.3. Both ligands are used for the syntheses of transition metal
catalysts that are applied for enantioselective hydrogenations of unsaturated o- and -amino
acids (Figure 3.4). In these hydrogenations enantiomeric excesses (ee) of up to > 98% are
reached [Caron, Kazlauskas 1994; Burk, et al. 1995b].
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Figure 3.3:  Application of (2R,5R)-hexanediol (C) for the synthesis of Me-DuPhos and Me-BPE [Burk
1991q].
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N CO,R2  [DuPhos-Rh]* R CO,R?
—_—
NHCOR! H, NHCOR'
ee >98%

Figure 3.4: Synthesis of a-amino acids catalyzed by DuPhos.

In addition to these prominent applications (2R,5R)-hexanediol is also used as an intermediate
in the synthesis of (25,55)-dimethylpyrrolidone and (285,55)-dimethylborane. Both compounds
are used as chiral auxiliaries for asymmetric induction of enantioselective reactions [Whitesell
1989; Kim, Lee 1993; Chong, et al. 1995; Pichon, Figadere 1996]. Examples are the
alkylation of enamines [Whitesell, Felman 1977], aldol condensations [Masamune, et al.
1986], Claisen rearrangements [Yamazaki, et al. 1991], intramolecular cycloadditions [Chen,
Ghosez 1991] as well as the reduction of ketones [Imai, et al. 1986] and of azides [Wilson,
Pasternak 1990].

Up until now, there were two established technical processes described in literature for the
production of (2R,5R)-hexanediol on a multi kg scale: The first one was a chemical process
that was substituted later by a biocatalytical one.

The chemical process was developed and patented by the DuPont company (Wilmington,
USA) [Cumbo 1981, 1982; Burk 1991b, 1992]. In the first step methyl 2-oxobutyrate is
reduced in an enantioselectively catalyzed reaction by Ru(R)-BINAP" to methyl 2R-
hydroxybutyrate, which is subsequently hydrolyzed. In a subsequent step an electrochemical
anodic dimerization (Kolbe coupling) is carried out to yield (2R,5R)-hexanediol (ee and de
> 98%). The key problem of this synthesis is uncontrolled polymerization during large-scale
syntheses, leading to a coating of the electrodes with non-conducting polymers. As a

consequence the reaction ceases.

0°C, MeOH OH
0o 0 [Ru((R)}-BINAP)Jcat.  OH O KOH OH O  Pt,0,25 Alcm?
MO/ H, (100 atm) MO/ /'\/U\OH -2C0, )\/Y

OH
Figure 3.5:  Former chemical synthesis of (2R,5R)-hexanediol as carried out by DuPont.

Besides this large scale chemical process, other chemical pathways have also been described
in the literature leading to (2R,5R)-hexanediol, which are summarized in Table 3.1.
Furthermore, chiral pool substances, e.g. D-mannitol, have been used as starting compounds.
For example, (2R,5R)-hexanediol with high optical purity can be produced in a three-step

reaction sequence, but the yield is only 30%.

"' BINAP = 2,2-bis(diphenylphosphino)-1,1-binaphthyl
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Table 3.1: Chemical methods for the synthesis of (2R,5R)-hexanediol.

catalyst substrate ee / % meso/(RR+S,S) yield / % Literature

- D-mannose 99 1/100 30 [Saravanan, et
al. 1997]

DIBAL diketosulfoxide 95 5/100 75 [Solladie, et al.
1994]

Kolbe coupling (3R)-hydroxy 98 1/100 55-70 [Cumbo 1981,

butyrate 1982; Burk

19916, 1992]

Raney-Ni / L-(+)-tartrate  (2,5)-hexanedione 10 1/7 10 [Brunmner, et al.
1991}

Sharpless hydroxylation  1,5-hexadiene ng. 1/4 32 [Maier, Reuter
1997]

The most recent production process of (2R,5R)-hexanediol has been introduced by Chirotech
(Cambridge, UK): Starting from the racemic/meso 2,5-hexanediol mixture a lipase catalyzed
kinetic resolution is carried out as shown in Figure 3.6 [Nagai, et al. 1994, Taylor, et al.
2000]. The multi-step synthesis starts with enantioselective acylation of the (R)-hydroxy
function catalyzed by lipase. Subsequently, the non-acylated (S)-hydroxy function of the
meso-(R,S)-diol is inverted by chemical transformation with methane sulfonyl chloride
leading to the (R R)-diol. Additional reagents used in the production process are
triethylamine, methane sulfonyl chloride, dichloromethane, dimethyl formamide, cesium
acetate, methanol, and acidic resins (Amberlite IR 120). The maximum theoretical yield of
this process is 75% yielding an ee of 99% and a diastereomeric excess (de) of 99% after
recrystallization. However, no information has been published about the real yields achieved

in this process.

/C')\H/\/ OCOPr N
OH OH
50 % 99% ee, 96% de OH
+ + B ————— M
1. MesCl, EtsN OH
OH 0 OCOPY
PN N 2. KOAc 99% ee, 99% de
_ = 3. KOH
OH lipase OCOPr 4. recrystallize
25% 99% ee, 88% de  _/
+ +
OH OH OH
: H . extract, H
0 OH OH evaporate OH
25% 99% ee, 88% de 2. recrystallize 99% ee, 99% de
Figure 3.6:  Biocatalytical production process of (2R,5R)-hexanediol at ChiroTech.
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Another microbial approach using resting whole cells to produce (2R,5R)-hexanediol was
published by Ohta et al. in 1996 [Tkeda, et al. 1996]. Pichia farinosa is used as a biocatalyst
to reduce (2,5)-hexanedione to (2R,5R)-hexanediol. In batch experiments yields of about 83%
are achieved. The ee is > 99%, but the de is only > 95%. The productivity is very low in this
process (0.13 Zproduct/Swet weight)-

3.1.1.1 Production of Lactobacillus kefir

Cells of Lactobacillus kefir have been produced by several fermentations on a 200 L scale
following a protocol published by de Man [DeMan, et al. 1960] as outlined in Figure 3.7. The
cell mass is obtained by application of a continuously operated separator and stored at -20°C.
Fermentation was stopped, when an optical density ODgeo nm = 4.5 was reached. The yield of
biomass is between 0.9 and 1.2 kg of cell wet mass. The medium costs are 632 € kg™ cym.

.
LA

P

OD660 nm /-

0 10 20 30 40 50 - %%%%é///

time / h

Figure 3.7: Fermentation on 200 L scale; left: ODggp nm as a function of time (MRS-medinm: 10 g Lt
casein peptone, 5 g L' sodium acetate, 10 g L' meat extract, 2 g L' K,HPO,, 5 g L' yeast
extract, 22 g L glucose*H,0, 1 g L™ Tween 80, 2 g L' diammonium hydrogencitrate, 0.2 g
Lt MgS04*7 H,0, 0.05 g L' MnSO*H,0 at a starting pH of 6.5, 30°C, 300 rpm); right:
photo of the 300 L fermenter, IBT at FZ Jiilich.

Alcohol dehydrogenases within the cells of Lactobacillus kefir catalyze the enantioselective
as well as diastereoselective reduction of 2,5-hexanedione. Reduction equivalents are supplied
via glucose. Without adding the co-substrate glucose, no reaction was observed. The co-
substrate is necessary to drive the internal cofactor regeneration cycles in the cell for the
NADPH-dependent ADH [Hummel 1990; Bradshaw, et al. 1992]. L. kefir is known from the
literature to be hetero-fermentative [Kandler, Kunath 1983], meaning that 1 mole of lactic

acid is formed per mol of glucose. Because of this, the pH shift during the course of the
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reaction is very large. To circumvent the use of huge amounts of buffer salts, which would
have to be removed during downstream processing, the pH is titrated with an autotitrator (4 N
NaOH). The optimal pH was determined to be 6 [Haberland 2003]. At this pH value, the
selectivity towards (2R,5R)-hexanediol reached 100% after 2 h in batch experiments.

3.1.1.2 Batch synthesis

The course of a batch reaction as shown in Figure 3.8 is typical for a successive reaction.
Because of the different reaction rates of the two subsequent reduction steps, an interim
accumulation of the intermediate (5R)-hydroxyhexane-2-one (B) is observed. Plotting the
selectivity'® of the intermediate (B) and the final product (C) as function of the conversion

yields an almost ideal profile of a successive reaction (Figure 3.8).
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Figure 3.8: Course of a standard batch reaction (141 mM glucose, 110 mM (2,5)-hexanedione (A),
22 Seaw L'L. kefir, 30°C, titrated to pH 6 with 4N NaOH). Left: Concentrations as function
of time; right: Selectivity as function of conversion.

Nevertheless, considering an almost ideal successive reaction with enantio- and
diastercoselectivities of > 99%, this batch process would be economically unattractive for the
production of (2R,5R)-hexanediol (C). The drawback of this method is the low productivity of
only 0.5 g,o4uct Zeaw | per batch. To increase the productivity of the cells and thereby reducing
the biocatalyst'> consumption only an reaction engineering approach will be successful, since
so far no genetically engineered cells with cloned and over-expressed alcohol dehydrogenase
from L. kefir are available.

"2 Here selectivity is defined as og = [B]/([B]+[C]) and c¢ = [C]/([BI+[C]).
' Here whole cells of L. kefir are addressed as “biocatalyst’.
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Standard procedures for decreasing the catalyst consumption are the utilization of reactors
that either allow for cell retention or addition of starting material /Kragl, Liese 1999]; in
batch mode these are the repetitive or fed-batch reactors. For continuous mode operation,
either plug flow reactors (pfr), requiring prior immobilization of the catalyst, or continuously
operated stirred tank reactors (cstr) can be applied. Repetitive operation using whole cells
would require additional filtration steps to recycle the cells. In view of an economic

production the fed-batch operation was chosen in this study for exploratory investigations.

3.1.1.3 System investigations

The optimum ratio of the co-substrate, glucose, to the substrate, (2,5)-hexanedione, was
determined. The final conversion and the final yield of (2R,5R)-hexanediol was investigated
upon changing the initial ratio of both compounds. The ratios tested ranged from an excess of
glucose (2.8) to a slight excess of the substrate (0.92) [Haberland, et al. 2002]. In the case of
a ratio of 0.92, the reaction already stopped at a conversion of 83% due to the lack of further
reduction equivalents. In all cases with an excess of glucose over (2,5)-hexanedione,
quantitative conversion and yields were reached. A ratio of 1:1 was chosen for further
experiments. Varying the ratio of glucose to (2,5)-hexanedione had no influence on the
diastereoselectivity. By investigating the reaction conditions, it could be shown that the
selectivity towards the diol reached its maximum at a pH of 6 [Haberiand 2003]. At this pH,
a maximum reaction rate for the second reaction from the hydroxyketone to the diol was
achieved. All subsequent experiments were carried out at pH 6, because the main product of
interest was (2R,5R)-hexanediol (C).

A detailed kinetic study of this whole-cell biotransformation is yet not possible. So far,
namely, no methodology is established to measure the intracellular concentration of the
relevant reactants and metabolites (2,5)-hexanedione (A), (5R)-hydroxyhexane-2-one (B),
(2R,5R)-hexanediol (C), NADPH, NADP", lactate, acetate, and ethanol at the same time. The
key challenge is a fast cell disruption preventing deactivation of the nicotinamide cofactors
and quantitative analysis thereof. Nevertheless, the macroscopic kinetics of the whole cell as a

black box system was carried out.

In respect to the starting material A, a substrate surplus inhibition is observed (Figure 3.9).
Using a Michaelis-Menten approach for the kinetics (eq. 3-1) a substrate surplus inhibition
was determined. The Michaelis-Menten approach to the kinetics is only valid to use, if no
equilibrium reaction occurs. In the case of this whole-cell biotransformation an equilibrium is
observed, as can be seen, if the initial activity as a function of the (5R)-hydroxyhexane-2-one

B concentration is studied (Figure 3.10).
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Figure 3.9: Initial )activity as function of A (400 mM glucose, 20 g.4, L™ L. kefir, 50 mM phosphate buffer pH
6,30°C).
The intermediate B can be reduced to the diol C and is oxidized to the starting material A at
the same time. Surprisingly, this is possible, since it was not expected that such high amounts
of oxidized cofactor NADP' are available during the start-up period within the cells,
especially in presence of reduction equivalents supplied via glucose. Because of the
aforementioned points, the Michaelis-Menten approach cannot be used here for detailed
studies of the kinetics, rather the results thercof give a hint pertaining to the limiting
parameters, €.g. K; a.
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Figure 3.10:  Initial activity as function of B (400 mM glucose, 20 g4, L™ L. kefir, 50 mM phosphate
buffer pH 6, 30°C).
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Similar conclusions become also evident, if the influence of the product C is investigated. By
addition of 100 mM (2R,5R)-hexanediol for start-up, a decrease of the diol concentration is
initially observed, followed by a subsequent increase leading to 100% conversion (Figure

3.11). Once again this behavior points to an equilibrium reaction.
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Figure 3.11:  Left: Batch mode with addition of C for start-up (100 mM (2R,5R)-hexanediol, 400 mM
glucose, 20 g4 L™ L. kefir, 50 mM phosphate buffer pH 6, 30°C); right: Activity as
function of C. The degradation of C (reverse reaction) is expressed in negative rate values.

These observations stress the fact that for detailed kinetic investigations of this system the

intracellular reactants and metabolites need to be analyzed. This would render the

determination of detailed kinetic parameters possible, even of the successive reaction based

on an equilibrium model.

A detailed model of the metabolism of Lactobacillus kefir is not known yet. To gain some
more insight, an experiment with a constant feed regarding glucose and a pulse addition
regarding 2,5-hexanedione (A) after 3 h was performed (Figure 3.12). The batch could be
separated into three different phases:

1. phase: fed-batch regarding glucose
2. phase: fed-batch regarding glucose and pulse of 2,5-hexanedione at 3 h
3. phase: fed-batch regarding glucose
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Figure 3.12: Results of the pulse experiment regarding 2,5-hexanedione and fed batch regarding glucose
(60 mM 2,5-hexanedione pulse at 3 h, 1,19 mmol gww'l h?! glucose, 12.6 g.qw L'L kefir, 50
mM phosphate buffer pH 6, 30°C, 4 vvin N;). Left: Biotransformation in phase 2; right:
Course of extra-cellular metabolites during the phases 1-3.

Prior to start of phase 2, almost no metabolites can be observed. By injecting the 2,5-
hexanedione pulse the biotransformation is started. At the same time, also all other
metabolites can be detected extra-cellularly. One possible explanation might be that NADPH,
as shown in Figure 3.13, inhibits the metabolism. This might also be the reason, why there
seems to be a high intracellular concentration of NADP™ available during start up and
enabling a reverse reaction as shown in Figure 3.11. This assumption is also supported by the
fact that after reaching complete conversion in the biotransformation, (start of phase 3), and
the metabolism is still continuing. Nevertheless, during the course of phase 3 the metabolism
overall is slowing down again. Striking is the fact that the rate of product formation, namely
of ethanol, is even increased in phase 3. A possible explanation might be regeneration of the
cofactor NADP" during the production of ethanol. Since during the biotransformation most of
the NADPH is consumed by the reduction of A to C the formation rate of ethanol is lower
during phase 2 compared to that in phase 3.

NADPH

Glu —..» GluéP !/> 6PGlu - >» Rib5P + COp, ——> ..
XS P

v
ATP ADP NADP* NADPH/H*  NADP* NADPH/H*

Figure 3.13: Imhibition of metabolism by NADPH.
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3.1.1.4 Fed-batch operation

In this following section the possibility for the production of small amounts of (2R,5R)-
hexanediol (C) in a fed-batch process is evaluated. Hereby important parameters will be
productivity per experiment, expressed as Zproduct/Zeell dry weight and selectivity. As fed-batch
reactor the fedbatch-pro® from the DASGIP Company (Jiilich, Germany) was used (Figure
3.14). This machine allows for the parallel execution of different batches with independent
feed profiles. The pH is measured per batch vessel and titrated with 4 N NaOH to the set point
of pH 6.

Dosing System Monitoring System

AciediCaustic
Sististrites

Sensor Module

WL

Control System Fermentation System (e.g. UNITRON-pre

Figure 3.14: f;;l;)atch-pm@ from DASGIP [Altenbach-Rehm, Weuster-Botz 1996; Altenbach-Rehm, et al.
/.
The results of a series of fed-batch experiments with different feed rates of (2,5)-hexanedione
(A) are shown in Figure 3.15. All fed-batch experiments were carried out in 500 mL shake
flasks with a starting volume of 100 mL and 22 g4 L™ cells of L. kefir (10% wet cells). The
first set of experiments showed the influence of different feed rates. The concentrations of the
glucose and (2,5)-hexanedione solutions were both 2 M. By reducing both feed rates from
24 mmol h™' to 2.4 mmol h™, an increase of selectivity for (2R,5R)-hexanediol (C) to 93%
was achieved. However, with decreasing feed rate the activity of the cells as well as the

productivity is reduced.
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Figure 3.15: Influence of different feed rates in fed-batch experiments (22 g4y L' L. kefir, 30°C, titrated
to pH 6 with 4N NaOH, 2 M glucose and 2 M (2,5)-hexanedione (A) feed: top left:
24 mmol h; top right: 7.2 mmol h™, bottom left: 2.4 mmol h*) and specific activities
regarding reduction formation of oxo-functions (bottom right).
As can be seen from Figure 3.15 the selectivity in the fed-batch experiments is influenced by
two main parameters: The activity of the catalyst applied (relates to the catalyst concentration)
and the feed rate of the starting materials. The accumulation of (2,5)-hexanedione (A) in the
first experiment (Figure 3.15, top left) was a result of the high feed rate (24 mmol h™),
because the total activity of the cell mass used was not high enough to convert all the starting
material provided. By reducing the feed rates of A and of glucose, the residual concentration
of (2,5)-hexanedione is also reduced, and the conversion increased (Figure 3.15, top right and
bottom left). While decreasing the feed rates of glucose and (2,5)-hexanedione at a constant
ratio, the selectivity increases significantly. In other words, the selectivity is governed by the
ratio of feed rate to the activity of the biocatalyst. The mass-specific activity of the biocatalyst

per fed-batch can be determined from Figure 3.15 (bottom right). Plotted is the sum of the
hydroxy functions X', reduced as a function of reaction time:
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! = nB + 2nC [mmol| eq.3-2

<OH>

With this simplification the mass-specific reaction rate of whole cells from L. kefir in the fed-

batch mode can be determined:

_ A2on My {M} eq. 3-3

v . =
et dt g cdw h

For a generally applicable correlation between selectivity of C, feed rate, and catalyst

concentration the following ration was defined:

feed rate { mmol }
eq. 3-4

mass of catalyst S P

Plotting the selectivity of C, oc, achieved at the end of each experiment outlined in Figure
3.15 as function of this ratio (Figure 3.16) reveals that decreasing the substrate feed or
increasing the catalyst concentration results in higher selectivity. This information could be
used for control of o¢ in fed-batch experiments. The parameters feed concentration and
biomass concentration can be directly correlated with the selectivity. This is an easy tool to
optimize different fed-batch experiments towards selectivity of (2R,5R)-hexanediol formation.

The ratio of feed rate to mass of catalyst is rather a practical parameter.
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Figure 3.16:  Selectivity of C as function of the ratio of feed rate to mass of catalyst.
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However, the ratio in eq. 3-4 cannot be used to determine the operation point of highest
selectivity of B (5R-hydroxy hexane-2-one) in a fed-batch reactor for production purposes. As
can be seen in Figure 3.17 the highest selectivity regarding B is only reached at rather low
points of conversion. For the efficient production of 5R-hydroxy hexane-2-one (B), however,
the reaction conditions need to be changed, especially the pH, as has already been
demonstrated before [Haberland, et al. 2002]. In the fed-batch experiment reaching 93%
selectivity of C, the productivity per experiment is doubled t0 1 gproduct/eaw compared to the

simple batch mode.
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Figure 3.17:  Conversion and selectivity of B and C as function of conversion (lines are only visual aids).

3.1.1.5 Development of a continuously operated process

Since the increase in productivity per experiment to 1 gproquct/Scaw in the fed-batch mode is not
high enough for a production process, a continuously operated process is to be developed,
enabling recycling of the whole cells. By this means, the residence times of the catalyst and
the reactants become decoupled resulting in a significant increase in productivity. The setup
used for the continuously operated reactor is shown in Figure 3.18 and the corresponding
photos are depicted in Figure 3.19.

The continuous reductions were carried out on a 2-L scale under anaerobic conditions (3-L
Labfors bioreactor with a 2-I. working volume; H 38 c¢cm, D 11.6 cm, Infors, Basel,
Switzerland). For the retention of the cells an ultrafiltration module (KrosFlow, & fibers
0.5 mm, A 1.7 m*, Membrapure, Bodenheim, Germany) with a membrane area of 1.7 m? and
a molecular weight cutoff of 400 kD was integrated into an external loop (dead volume of the
loop approximately 200 mL, flux 60 L h™', permeate flux 0.5 L h™). The ultrafiltration module
was chosen over a microfiltration module, because herein membrane fouling introduced by
adsorption of whole cells in the pores of the membranes is much lower. The filtration module

was sterilized each time before and after operating the reactor by rinsing with 1 M NaOH
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solution. The stirrer speed was 1200 rpm, the fermenter temperature was set at 30 °C, and the
condenser temperature was maintained at 4 °C, using a water bath and a cryostat. Nitrogen
gas was applied at 6 L min™ (6 vvm) to maintain anaerobic conditions and to increase the gas
flow of carbon dioxide for off-gas analysis. The carbon dioxide concentration was measured
using a Fisher-Rosemount carbon dioxide analyzer, type Binos 100, range 0-2%. LABVIEW
6.01 software (National Instruments, Munich, Germany) was used for online data acquisition.
The pH was kept at 6 (0.05 with 4 M NaOH via a pH-stat; Metrohm, Herisau, Switzerland).
The reactor was sterilized (121 °C for 20 min) prior to use; glucose solution was sterilized by
filtration in a pre-sterilized vessel autoclavable sterile capsule 0.45 and 0.2 mm pores,
Sartorius AG, Goettingen, Germany). A buffered glucose solution was the main feed to the
reactor. The substrate itself was provided in a pure form at a very low flow rate. This set-up
enabled easy variation of the substrate-to-glucose ratio. Variations of the substrate
concentration and also a change to a different starting material can be realized conveniently.

The residence time in the reactor was kept constant at 4 h for all experiments.
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Figure 3.18: Flow scheme of the continuously operated membrane reactor with in-line product
separation.
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Figure 3.19: Photos of the continuously operated membrane reactor with in-line product separation.

Connected to the outflow of the membrane reactor is an in-line product separation unit,
consisting of a continuously operated countercurrent extraction of the aqueous product
solution with ethyl acetate as the eluent. The extraction is facilitated in a packed column
(1.3 m height, 1.6 L volume, @ 4.5 cm) that is thermostated to 50°C. The aqueous solution
enters the column at the top, ethyl acetate at the bottom. The two phases are separated at the
bottom of the packed column, where ethyl acetate is also fed in. To establish a steady inter-
phase between aqueous and organic phase a level control device was integrated based upon a
conductivity measurement utilizing three wolfram wires (Figure 3.20). If the aqueous phase
reaches the top wire (max) and the electrical circuit is closed with the mass wire, the pump of
the aqueous outflow is started. The organic solvent is recycled via an online distillation and
the reaction product (2R,5R)-hexanediol C is collected at the bottom of the distillation unit.

feed

org. phase emulsion
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level control { min
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} interphase

aqu. phase

outflow
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Figure 3.20: Level control of the inter-phase in the bottom of the packed column.
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The characteristics of a continuously operated reactor run are shown in Figure 3.21. By
changing the feed rate of (2,5)-hexanedione during continuous reduction different points of
conversion and selectivity are reached. The feed ratio of glucose to (2,5)-hexanedione was
changed between the steady states (0-54 h: glucose feed 75 mmol h™, (2,5)-hexanedione feed
38 mmol h''; 55-95 h: glucose feed 75 mmol h™, (2,5)-hexanedione feed 60 mmol h'). As can
be seen in Figure 3.21, with the first set of operating conditions a steady state was reached.
Here C is produced at a space-time yield of 46 g L™ d'. Increasing the feed rate of 2,5-
hexanedione (A) leads to an unstable operating point, which might be due to instability of the
biocatalyst.

120 38 mmol h'! A 60 mmol h' A
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Figure 3.21: Concentration time course for different steady states during the continuous reduction of
(2,5)-hexanedione. (152 mM glucose, 0-54 h: 76 mM (2,5)-hexanedione (A), 55-95 h: 120
mM (2,5)-hexanedione (A), 21 g 4w L'L kefir, 50 mM phosphate buffer, titrated to pH 6
with 4N NaOH, 30°C, t = 4h).

A typical continuously operated production process of C is shown in (Figure 3.22, left).
Glucose was fed with 76 mmolh™ and a flow rate of 460 mL h''. Undiluted (2.,5)-
hexanedione A was fed out of the drum with 56 mmol h™ and a flow rate of 7 mL h™'. After
the start-up phase of 20 h, a steady-state was reached with a (2R,5R)-hexanediol C
concentration of 90 mM. The optical purity of the product was very high (de, ee > 99%). The
residual concentration for the intermediate B was 30 mM and for A around 2 mM. The
conversion is nearly quantitative over a range of 120 h. A space-time yield of 63.8 gL' d!
and a selectivity of 78% for (2R,5R)-hexanediol C was achieved. In Figure 3.22, right,
conversion and selectivity are plotted as function of time. Selectivity is an important
parameter for downstream processing because crystallization of C is not possible, if the
selectivity is lower than 60%. The conversion decreased rapidly after 120 h (not shown in
Figure 3.22). A reason for this decrease is not known yet. Parallel to the biotransformation a
macromolecule is excreted into the reaction medium that could not be identified up until now.

Standard tests for alcohol dehydrogenases as well as proteases did not show any activity. A
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SDS-Page revealed a molecular weight of approx. 66 kDa. Also sequencing the N-terminus
did not reveal any information since no high homology with any protein sequence stored in
databases could be identified.
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Figure 3.22: Concentration time course for the continuous production of (2R,5R)-hexanediol C with
L. kefir (left) and selectivity of C as well as conversion as function of time (152 mM glucose,
112 mM (2,5)-hexanedione (A), 21 g L™ L. kefir, 50 mM phosphate buffer, titrated to pH
6 with 4N NaOH, 30°C, T =4 h).

The productivity per experiment, however, of the cells in the continuously operated reactor
(15 Zproduct/8eaw) Was increased significantly in comparison to previously used production
methods such as batch or fed-batch. Because biomass is the cost-limiting factor, the
improvement of the ratio of gproduc/8eaw 1S the key step towards a low-priced enantiopure
product. This ratio has now has been increased by factor of 30.

In Figure 3.23 it can be seen that the reproducibility between different continuous-mode
experiments is very high. The selectivity of C increases with increasing conversion.
Surprisingly, also the batch and fed-batch data show the same profile. Since we are dealing
with a successive reaction, (A = B = C), a differentiation would be expected depending on
the type of reactor applied. This points to a limiting factor that is independent on the reactor
type. A possible explanation might be the ratio of NADP* to NADPH. This ratio should be
constant independent of the reactor type. Additionally, this graph shows that at least a

conversion of 95% is required to reach a selectivity of 60% for C, to enable crystallization of
C.
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Figure 3.23:  Selectivity of C as function of conversion for different reactors.

One important part of process development in this case is the downstream processing, which
will be discussed in detail in the following. The state of the art at the company Jiilich Fine
Chemicals (Jiilich, Germany) was a batch process with suspended cells. The procedure for
downstream processing of an aqueous solution containing the product (2R,5R)-hexanediol C

consisted of 4 steps:

Centrifugation of the cell suspension to separate whole cells.

2. Concentration of the aqueous solution using a rotary evaporator.

3. Batchwise extraction of the concentrated aqueous phase by means of separatory
funnels.

4. Crystallization.

The application of this strategy leads to product losses of 30-40% during the downstream
processing (2 page 42). Therefore, a new strategy was to be developed to crease the yield of
product separation. In addition, it should be possible to integrate this process into the
continuous-production process. As already shown in Figure 3.18, an in-line counter current
liquid-liquid extraction procedure was developed. There are two important values that can be
used to judge the efficiency of the extraction: During equilibrium the Nernst distribution law
(eq. 3-5) describes the distribution of the compound to be extracted between two phases of the
same volume, in this case called the extract and the raffinate (Kp distribution coefficient).
This law is only valid for diluted non-miscible solutions /Trevbal 1963].

KD — Cextracr eq. 3.5

Cmfﬁnare

Of rather practical value is the degree of extraction E (eq. 3-6). To determine this degree of

extraction during the continuously operated extraction process the difference of the inlet
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concentration of the aqueous phase to the residual concentration in the raffinate is determined
(eq. 3-6).

E — cextmct — cO - crafﬁnme

eq. 3-6
S Co

In Figure 3.24 the degree of extraction for C is given for different organic solvent/water
mixtures. Ethyl acetate was chosen as the solvent of choice for the extraction, since in
comparison to the ethers it is exhibits almost the same degree and efficiency of extraction, but
by contrast to the ethers, it is not carcinogen. The partition of C between the ethyl acetate

phase and water is increasing with temperature.

0.4+
solvent degree of extraction ;Q 0.34
MTBE 0.13 £
ethyl acetate 0.13 £ 02
diethyl ether 0.15 §
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Figure 3.24: Degree of extraction for different organic solvents (left) and partition coefficient K, as
function of temperature for C between ethyl acetate and water (50 mM (2R,5R)-hexanediol
C in water, 1:1 mixture with respective organic solvent).

To establish an effective phase contact within the extraction column, three different packing
materials were tested:

e glass beads (@ 5 mm)
¢ Sulzer SMV DN 40 mixers (1 48 mm, @, 43 mm)
¢ Raschig rings (1 10 mm, @, 10 mm, &; 5 mm)

At 4 h residence time the continuously operated membrane reactor produces an outflow of
0.5Lh" of aqueous phase. The installed distillation capacity limits the ethyl acetate
recirculation rate to 1.7 L h™'. An increase in the ethyl acetate flux would require a scale-up of
the distillation unit.

The glass beads showed the lowest degree of extraction; therefore, they were omitted in
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subsequent investigations. With the Sulzer packing material, a degree of extraction is yielded
up to 75% at an aqueous flux of 0.25 L h™', as can be seen from Figure 3.25, left. With
increasing flow rates of the aqueous phase the degree of extraction is decreasing again. At 0.5
Lh" the degree of extraction is already reduced to 40%. On the other hand, a minimal flux
needs to be established using the Sulzer packing to reach high extraction efficiency. Best
results yielded the Raschig rings. At a flux of 0.5 L h™ for the aqueous phase and 1.7 L h™" for
the organic phase a degree of extraction of 62% has been reached. Decreasing the aqueous
flux to 0.1 L h" yields up to E = 90%. Decreasing the organic flux results in significantly
lower degrees of extraction. The reason is that the aqueous phase, - fed to the extraction
column on top, - is falling down the column due to gravity according to its density difference
to the organic phase. As a consequence, the organic phase becomes loaded with the maximal
concentration of C corresponding to the Nernst distribution. Therefore, a lower efficiency in

the extraction results.
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Figure 3.25: Characterization of different packings: Degree of extraction as function of the aqueous flux
for Sulzer SMV mixers (left, 1.7 L h™' ethyl acetate) and Raschig rings (right).

Since the product C accumulates at the bottom of the ethyl acetate re-distillation unit, a
thorough characterization of the distillation step was carried out. Here one important question
is, whether together with ethyl acetate C is re-distilled as well. To answer this question,
investigations were carried out, utilizing the Gillespie apparatus to determine the relevant
parameters of the liquid-vapor equilibrium. The principle of this dynamic method is the
following: It is assumed that the vapor generated by a boiling liquid is totally condensed in a
separate condenser and subsequently returned to the boiling liquid (circulation of vapor
respectively of the condensate). After a certain time, a steady state is reached, in which the
composition of boiling liquid and vapor, respectively the condensate, is not changing any
more. This can then be used to determine the distribution of C between the liquid and gas

phase in different solvents at equilibrium state. The concentration of C in the vapor phase



42 3 — First biological principle: Reaction sequences

increases linearly with the respective concentration in the boiling liquid phase (Figure 3.26).
This effect is approximately 17 times bigger with water as compared to ethyl acetate. This is
also the reason, why there is such a high loss of C, if the supernatant of fermentation broths is

concentrated by evaporation.
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Figure 3.26; Distribution of C between vapor and liquid for different solvents.

After evaporation of the ethyl acetate, isooctane is added to start the crystallization of the
product. Likewise, the product can be recrystallized from ethyl acetate, if needed. Beside the
final product C, also the intermediate B, 2R-hydroxy-5-hexanone, can be easily isolated from
the product solution of the continuous process. The selectivity regarding B is approximately
20%. By filtering off the crystallized C, the intermediate B can be isolated by column
chromatography with a purity of 95% and an ee > 99%.

3.1.1.6 Summary

A new continuous process for the diastereomeric production of (2R,5R)-hexanediol (ee >
99%, de > 99%) has been developed on the basis of a reaction sequence carried out within a
whole cell (A 2 B > C). To increase the attractiveness of this continuous process for
industrial application, the productivity and the stability of the biocatalyst still needs to be
improved. However, by changing over from batch to a continuously operated process the ratio
of Zproducet/Beaw has already been increased by factor 30 to 15 g/g (Figure 3.27, left) or even by
factor 250 in comparison to the synthesis as published by Ohta [Ohta, et al. 1986]. A typical
space-time yield for the continuous process carried out over 5 days is 64 g L' d'. By contrast
to the lipase process as developed by Chirotech (2 Figure 3.6, page 24), here the catalyst
costs are the biggest portion of the costs (Figure 3.27, right). Following our procedure, the
costs for the production of 1 kg (2R,5R)-hexanediol C are reduced to by factor 10, utilizing
the new whole cell process with Lactobacillus kefir. There is still a high potential to further

decrease the production costs, because in the whole cell process the dominating fraction of the
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over-all costs is that for the catalyst. Further optimizing the process will allow to further
decrease the catalyst consumption. This will not be easily achieved in the lipase process, since

here the dominating costs are those of the reagents, which are mostly required
stoichiometrically.
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Figure 3.27:

Increase of productivity from batch to cstr (left); portion of costs in € of the established
Chirotech lipase process compared to the process utilizing Lactobacillus kefir for the
production of 1 kg (2R,5R)-hexanediol C (evaluation of costs on basis of Fluka prices 2002).
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The general view is

that asymmetric chemistry is the best route
to compounds with single chiral centers,
but compounds with multiple chiral centers

start to favour a biocatalytic route.

Taylor, Zeneca

3.2 In vitro reaction sequences by combination of biocatalytical
steps

3.2.1 Diastereoselective production of diols with in vitro reaction sequences'*

In contrast to chapter 3.1 here an in vitro reaction sequence is
used for the diastereoselective synthesis of 1,2-diols starting A -'} B -'} C
from bulk chemicals. Optically active vicinal diols are

interesting building blocks in asymmetric synthesis, especially for the synthesis of chiral
phosphine ligands. Chemical routes towards vic-diols (Figure 3.28) in terms of
stereospecificity and enantioselectivity include the catalytic cis-dihydroxylation of olefins by
0s04 [Kolb, et al. 1994; Choudary, et al. 2001], and the catalytic asymmetric transfer
hydrogenation of diketones /Koike, et al. 2000]. Amongst the biocatalytic methods for the
synthesis of vic-diols are the hydrolysis of epoxides with epoxide hydrolases [Pedragosa-

'* Parts of this chapter are published in:

1. L. Greiner: Reaktionstechnik der Benzoylformiatdecarboxylase, diploma thesis, University of Bonn, 1999

2. D. Kihumbu: Stereoselektive Synthese von 1-Phenlypropan-1,2-diol Isomeren mit Lyasen und
Oxidoreductasen, Entwickhung eines kontinuierlichen Verfahrens, PhD-thesis, University of Bonn, in
progress

3. T. Stillger: Reaktionstechnik der Benzaldehydlyase, PhD-thesis, University of Bonn, in progress

4. D. Kihumbu, T. Stillger, W. Hummel, A. Liese: Enzymatic synthesis of all stereoisomers of 1-
phenylpropane-1,2-diol, Tetrahedron Asymmetry 13 (2002) 1069-1072

S. H.Iding, P. Siegert, T. Diinnwald, M. Miiller, L. Greiner, A. Liese, J. Grotzinger, A. Demir, M. Pohl:
Benzoylformate decarboxylase from Pseudomonas putida as stable catalyst for the synthesis of chiral 2-
hydroxy ketones, Chemistry — a European Journal 6 (8) (2000) 1483-14955.

6. D. Kihumbu, T. Diinnwald, J. Bargon, A. Liese: Substituent effects on the enantioselectivity of the
benzoylformate decarboxylase catalyzed (S)-2-hydroxy-1-phenyl-propanone formation, (submitted)

7. B. Lingen, A. Liese, Michael Miiller: Enantioselective synthesis of hydroxy ketones via benzaldehyde lyase-
and benzoylformate decarboxylase-catalyzed C-C bond formation; in: Thiamine: Catalytic Mechanisms and
Role in Normal and Disease States (M. S. Patel and. F. Jordan, eds.), Marcel Dekker, New York (in press)

8. T. Dunnwald, L. Greiner, H. Iding, A. Liese, M. Miiller, M. Pohl: Stereoselektive Synthese chiraler 2-
Hydroxyketone mittels Benzoylformiatdecarboxylase, German Patent Application DE 199 18 935.8
(26.04.1999); Stereoselective synthesis of 2-hydroxyketones, European Patent Application EP 00108709.7-
2110 (22.04.2000)
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Moreau, et al. 1996; Weijers 1997], the kinetic resolution of racemic vic-diols achieved by
enzymatic oxidation /Bortolini, et al. 1998], and the enzymatic and microbial reduction of
1,2-diketones and o—hydroxy ketones [Mochizuki, et al. 1995; Bortolini, et al. 1997].

Drawbacks of the methods mentioned above are the following:

e The starting material is in general an already advanced chemical.
¢ Only one or two diol stereoisomers are accessible in good optical purity from the same

starting material.

In contrast to the above-mentioned methods, all four possible stereoisomers of 1-
phenylpropane-1,2-diol can be synthesized separately by employing a combination of
enantioselective lyases and diastereoselective alcohol dehydrogenases (ADH) in succession.
Moreover, bulk chemicals like benzaldehyde (A1) and acetaldehyde (Az2) are used as starting
materials. In the first reaction step an enantioselective C-C bond formation is catalyzed by a
lyase leading to e.g. (S)-2-hydroxy-1-phenylpropanone (2-HPP, B). This intermediate is
reduced enantioselectively to the corresponding vic-diol e.g. (1S,25)-1-phenylpropane-1,2-
diol (C), catalyzed by an alcohol dehydrogenase (ADH).
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hydrogenation
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epoxide hydrolase
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Figure 3.28: Chemo- and biocatalytic routes towards vic-diols starting from bulk chemicals like
benzaldehyde and acetaldehyde (ADH = alcohol dehydrogenase).

Lyases are not yet applied that often by chemists as hydrolases or oxidoreductases. The main
reason might be their limited commercial availability up until now. Only approximately 9% of
all reported enzymes are lyases [Faber 1995]. Nevertheless, there are several industrial

biotransformations that are catalyzed by lyases, either as whole cells or as isolated enzymes
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[Liese, et al. 2000; Schmid, et al. 2001a; Zaks 2001]. The most prominent ones are the
production of L-dopa (3.4-dihydroxyphenylalanine), acrylamide, and ephedrine.

Ajinomoto produces L-dopa, which is used for the treatment of Parkinson's disease, by a
lyase-catalyzed C-C bond formation (Figure 3.29) with suspended whole cells in a fed batch
reactor on a scale of 250 t a”' [Tsuchida, et al. 1993; Yamada 1998; Ager 1999]. Already
much earlier, Monsanto had successfully scaled up the chemical synthesis of L-dopa (2

Figure 4.4, page 104).

HO. SN o tyrosine HO COOH

+ J\ + NH, phenol lyase » + HO
Ho COOH HO N
1

2 L-3

1 = catechol

2 = pyruvic acid

3 = dopa

tyrosine phenol lyase, whole cells from Enwinia herbicola

Figure 3.29: Industrial production of L-dopa with whole cells from Erwinina herbicola.

Acrylamide is an important commodity monomer used in coagulators, soil conditioners, and
stock additives for paper treatment and paper sizing, and for adhesives, paints, and petroleum
recovering agents [Yamada, Kobayashi 1996]. The biotransformation is started with an
acrylonitrile concentration of 0.11 M and is stopped at an acrylamide concentration of 5.6 M
(Figure 3.30). The process is operated at a capacity of 30,000 t a”' [Yamada, et al. 1986;
Nagasawa, et al. 1993]. This biotransformation has as advantages over the classical chemical
process that no recovering of unreacted nitrile is necessary since the conversion is 100 % and
that no copper catalyst removal is needed. This is the first case of a biocatalytic conversion of

a bulk fiber monomer.

nitrile hydratase

N » NH,
N +H0 /\O(
1 2

1 = acrylonitrile
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nitrile hydratase, whole cells from Rhodococcus erythropolis

Figure 3.30: Industrial production of acrylamide with whole cells from Rhodococcus erythropolis.

A special class of lyases represents the thiamine diphosphate (ThDP) — dependent group.
Even if ThDP-dependent enzymes were already applied in 1921 for the production of chiral 2-
hydroxyketones [Neuberg, Ohle 1921], their structure was first elucidated in 1937 [Lohmann,
Schuster 1937]. BASF, for example, is producing (R)-phenylacetyl carbinol (120 t a™) as an
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intermediate for the synthesis of ephedrine (Figure 3.31), a bronchodilating agent and
decongestant, via a whole-cell biotransformation utilizing pyruvate decarboxylase (PDC) as
the ThDP-dependent lyase [Pokl 1997; Schmid, et al. 2001a; Schmid, et al. 2002b]. PDC,
present in different organisms [Pohl 1997], is one of the key enzymes in the anaerobic
fermentation of glucose to ethanol and carbon dioxide /McGill, Dawes 1971]. The respective
enzyme from Zymomonas mobilis exhibits a very high specific activity regarding the
decarboxylation of pyruvate. For the carboligation of acetaldehyde and benzaldehyde leading
to (R)-phenylacetyl carbinol the PDC has been genetically engineered [Bruhn, et al. 1995;
Pohl, et al. 1997].

0 Hy”~
Ox M H/ji‘\ HO
+ CHaNH,
o+ ] S PDC - S + Hy/ Pt | x
= P =
1 2 (1R)-3 (1R, 2S)4

1= acetaldehyde
2 = benzaldehyd

3 = phenylacetyicarbinol = PAC
4 = ephedrine

Figure 3.31: Industrial production of ephedrine with whole cells from Saccharomyces cerevisiae. The
biotransformation is catalyzed by pyruvate decarboxylase (PDC).

Benzoylformate decarboxylase (BFD, E.C. 4.1.1.7) is the third enzyme in the mandelate
catabolism [Gunsalus, et al. 1953; Hegeman 1966], where (R)-mandelic acid is transformed
to benzoic acid. Wilcocks and Ward describe (25)-hydroxy-1-phenylpropanone as the reaction
product of benzoylformate decarboxylation in presence of acetaldehyde and whole cells of
Pseudomonas putida, respectively raw extracts of these cells [Wilcocks, Ward 1991,
Wilcocks, et al. 1992]. BFD from Pseudomonas putida was cloned [Wilcocks, Ward 1991]
and its three-dimensional structure has been published recently /[Hasson, et al. 1995; Hasson,
et al. 1998]. BFD is recombinant available as a hexahistidine fusion protein in E.coli. The
synthetic potential of this enzyme has been investigated recently in detail by Miiller [Demir,
et al. 1999; Diinnwald, et al. 2000, Diinnwald, Miiller 2000]. The main reaction of BFD is
decarboxylation and the minor one carboligation (Table 3.2).

Benzaldehyde lyase (BAL, E.C. 4.1.2.38) from Pseudomonas fluorescens Biovar 1 does not
catalyze decarboxylations by contrast to PDC and BFD. The main reaction of BAL is the
kinetic resolution of benzoines. Contrary to the reports of Gonzalés and Vicuria [Gonzdles, R.
Vicuiia 1989; Hinrichsen, et al. 1994], who stated an irreversible cleavage of 2-
hydroxyketones by BAL, it could be demonstrated by Miiller et al. [Demir, et al. 2001,
Demir, et al. 2002] that BAL does also catalyze the carboligation in presence of DMSO. The
enzymatic synthesis of (2R)-hydroxy-1-phenylpropanone is of high interest, since this
enantiomer is only accessible via chemical methods with moderate enantiomeric excess
[Adam, et al. 1996, Curci, et al. 1996; Adam, et al. 1998a].
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Table 3.2: Major and minor reaction activities of PDC, BFD and BAL.

PDC BFD BAL

P _Co% , .
R” ~COO R major major -
decarboxylation
o} o} 0
I J & — R . . major
R) +R,) RJ\*( minor | minor 2
OH (minor)
C-C bond formation
i < R 0 o .
RJ\( — I + ) ) major
OH R R (minor)

C-C bond cleavage

a-Hydroxyketones, the reactions products of the carboligation of aldehydes, are ingredientsof
several natural products /Bewley, Faulkner 1998], and frequently they are pharmacologically
active [Mutschler 1997]. The enantioselective syntheses of such compounds are in the focus
of recent research [Davis, Chen 1992; Gala, et al. 1995; Nakamura, et al. 1996, Adam, et al.
1998b; Corey, Helal 1998; Corrie 1998; Enders, Kallfass 2002]. Most of the chemical
syntheses start from the ketone, which becomes hydroxylated in the o-position to the o-
hydroxyketone. With all three enzymes PDC, BFD, and BAL a direct highly enantioselective

carboligation under formation of a secondary alcohol is possible.

3.21.1 BFD catalyzed enantioselective carboligation to (S)-2-hydroxy-1-
phenylpropanone

The reaction system selected for investigation in this study is at
the same time the first step (A 2 B, Figure 3.32) of the reaction | A =-» (S)-B

sequence leading to vicinal diols (Figure 3.28). The main catalytic

activity of BFD is the decarboxylation of benzoylformate, which is approximately 40 times
higher than that of the carboligation. Since benzoylformate is much more expensive than
benzaldehyde the reaction sequence starts with benzaldehyde. BFD is cloned and

overexpressed; therefore, it does not impose any increase of the costs.

o} ? e}
@COOH BFD, ThDP BFD, ThDP :
= -CO, (P OH
~
A, A, B

Figure 3.32: BFD-catalyzed decarboxylation of benzoylformate followed by carboligation in presence of
the acceptor acetaldehyde (A+) to ($)-2-hydroxy-1-phenylpropanone ((S)-2-HPP, B).
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The ThDP-cofactor is not required stoichiometrically as is the case with NAD(P)H and
oxidoreductases. The reaction mechanism is depicted in Figure 3.33. The thiazole residue of
ThDP is actively involved in the catalytic cycle for binding and activation of benzaldehyde.
The BFD-mediated carboligation of benzaldehyde (A1) with acetaldehyde (Az) leading to the
(S)-2-hydroxy ketone (B) is started by a nucleophilic attack of the ylid-form of ThDP (1). The
addition product (2) is rearranged to the enamine-carbanion intermediate (3). This transition
state is probably coplanar, enabling a delocalization of the negative charge. In the presence of
the acceptor acetaldehyde (Az) a carboligation is catalyzed, followed by the rearrangement of
the addition product (4) and simultaneous liberation of the (S)-2-hydroxy ketone (B) and
regenerated ThDP (1). Therefore, only a low concentration of ThDP is required, since the
cofactor is not covalently bound /Pohl 1997]. Besides ThDP, small amounts of Mg”" are also
needed.
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Figure 3.33: Reaction mechanism of the BFD-catalyzed carboligation.
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System investigations

The results of kinetic investigations of the (S)-2-HPP (B) formation using aldehydes as
substrates are shown in Figure 3.34. The enzyme activity as a function of the benzaldehyde
concentration is in accord with a Michaelis-Menten-type kinetics, restricted by the solubility
of benzaldehyde in aqueous solution (~50 mM). For acetaldehyde the initial rates were fit by
the Michaelis-Menten double substrate kinetics (eq. 3-7) up to the maximum rate at a
concentration of about 750 mM. Higher acetaldehyde concentrations lead to a decrease of the
initial reaction rate, which might be interpreted in terms of substrate surplus inhibition or,
more likely, by a rapid inactivation of the enzyme. The inhibition by surplus substrate of
acetaldehyde (A4) was not taken into consideration, since concentrations of acetaldehyde (A1)
no higher than 500 mM were applied. The kinetic parameters of the following double
substrate Michaelis-Menten model were fitted to the data measured under initial reaction
condition by means of a non-linear regression.
Voo *[A]-[A, ]

b o (KM,A1+[A1]) : (KMA2+[Az]) eq.3-7

The kinetic parameters calculated from Equation (eq. 3-7) are K, =77 mM (£ 19 mM) for
benzaldehyde and K,,, = 310 mM (+ 80 mM) for acetaldehyde, respectively. Va was
calculated to be 48 U mg™ (+ 10 U mg™"). With an enzyme concentration of 0.087 puM, this
corresponds to a turnover frequency’’ fof = 9 min™. The model represents the experimental
data with a reasonable correlation of higher than 96% (Figure 3.34). However, in this case of
using aqueous buffer for biotransformation V.. is only of theoretical value, because of the
limited solubility of benzaldehyde under these conditions (K, is greater than the maximal
solubility of about 50 mM). No product inhibition by 2-HPP was observed.

'* Turnover frequency fof is defined as the number of converted molecules per unit of time; fof = mole
converted starting material / time / mole of catalyst.
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Figure 3.34: Inmitial activity as a function of the concentrations of benzaldehyde (A, left) and

acetaldehyde (A, right) (0.5 mM ThDP, 50 mM phosphate buffer, pH 7, 25°C, left: 500
mM Az).

By adding the mass balances (eq. 3-8) to the kinetic model (eq. 3-7), it is possible to simulate
batch reactions (Figure 3.35). At the same time, this is proof of the applicability of the
determined kinetic parameters.

d[A,]

—= = —v|cat
o [ear]
d[A,]
—= = —v-|cat X
dt [ ] eq. 3-8
LT R
dt
100 e Ty YT Y.
< 80 .
° o
c 60 /
]
7]
5 40 7 /
>
S
3 20 : :
— simulation
0 ; ;
0 2 4 6 8 10
time / h
Figure 3.35: Simulation of a typical batch reaction for the BFD-catalyzed carboligation to (S)-2-HPP

(B) (12.5 mM benzaldehyde (A;), 250 mM acetaldehyde (A,), 0.5 mM ThDP, 50 mM
phosphate buffer pH 7, 20°C, 0.6 U mL™"' BFD).

The efficiency of the carboligation strongly depends on the temperature (Figure 3.36). The
carboligation activity is enhanced by a factor of about 2 by raising the temperature from 25°C

to 40-50°C. As activation energy for the carboligation of Ay and Az to B, 45 +£2 kJ mol" has
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been calculated, using the Arrhenius equation [Arrhenius 1889]. This is within the normal
range of activation energies (20 — 60 kJ mol™) as reported for enzyme-catalyzed reactions in
the literature /Segel 1975; Wilcocks, Ward 1991].

The enantioselectivity of asymmetric C-C bond formations catalyzed by wild-type BFD can
be influenced by three different parameters: temperature, benzaldehyde concentration, and
electronic as well as steric properties of aromatic substituents on the donor aldehyde (A1). As
is evident from the literature, a number of methods have already previously been developed to

improve the enantio- or regioselectivity of enzymes. The major ones comprise:
e Modification of the biocatalyst /Reetz, et al. 2001].

e Selective change of the reaction conditions (temperature [Pham, et al. 1989, Pham,
Phillips 1990].

e Changing the solvent [Carrea, Sergio Riva 2000; Klibanov 2001].
o Adjusting the pH [Lam, et al. 1986]).

o Modifying the substrate [Lam, et al. 1986; Carrea, Sergio Riva 2000, Klibanov 2001;
Reetz, et al. 2001].

It is well known that steric effects largely govern the enantioselectivity in asymmetric
catalytic reactions; however, more recently, electronic effects originating from the substrate
have also been found to influence the enantioselectivity [Kunieda, et al. 1992; Zhang, et al.
1996, Moussou, et al. 1998; Watanabe, et al. 2001; Speare, et al. 2002].

Our kinetic investigations have shown for example that in the case of the C-C bond formation
between benzaldehyde (A1) and acetaldehyde (Az)the enantioselectivity of the resulting (S)-2-
HPP (B) depends on the temperature in an inverse manner, as demonstrated in Figure 3.36,
right. It has to be mentioned that the lower optical purity obtained at higher reaction
temperatures is a function of the enzyme selectivity rather than of the stability of (S)-2-HPP.
Surprisingly, the enantiomeric excess of the resulting hydroxy ketone (B) is also increased, if
the initial concentration of benzaldehyde (A1) is lowered. The highest ee values (> 94%) were
obtained using a low concentration of the donor substrate benzaldehyde (A1 < 1 mM) and

performing the enzymatic coupling at low temperatures (4°C).
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Figure 3.36: Influence of the temperature on the activity (left) and enantiomeric excess (right) of the
carboligation of benzaldehyde and acetaldehyde to (S)-2-HPP (B) (500 mM acetaldehyde
(Ay), 0.5 mM ThDP, 50 mM phosphate buffer pH 7, 6.4 UmL" BFD, left: 25 mM
benzaldehyde (A4)).
The transition states of the catalytic reaction were modeled'® based on the X-ray
crystallographic data published for wild-type BFD [Hasson, et al. 1998] with the
benzaldehyde bound to the C-2 of the thiazole ring in thiamine diphosphate (Figure 3.33, 2)
[Iding, et al. 2000]. A model was developed for the two possible orientations of the enamine-
carbanion intermediate (Figure 3.33, 2) at the active site of BFD. These two possible
orientations of 3 at the active site correspond to two conformations X and Y (Figure 3.37),
which are considered to be in a kinetically controlled equilibrium with each other. In X, the
phenyl ring of A4 is positioned between the two phenyl rings of Phe464 and Phe397, which
are directed approximately perpendicular to each other, resulting in a stabilizing edge-to-face
conformation frequently found in proteins /Burley, A. 1985]. By contrast in Y, the edge-to-
face interactions are missing due to a different orientation of the phenyl ring of A4 attached to
the C2-atom of the thiazole ring. Furthermore, the phenyl ring in Y gets into close proximity
to His70, which results in higher steric strain; therefore, X is favored over Y. On the basis of
these two conformations and assuming that catalytic processes occur only in the cavity
restricted by Ala460, Phe464, His70, the protein backbone, and ThDP bound 3, only four
transition states during carboligation are conceivable theoretically, which result from Re- or
Si-attack, respectively, on the acceptor Az (Figure 3.37). The preferred orientation Xg. leads
to (S)-2-HPP (B), whereas the unfavorable orientations Xs; and Yg; are proposed to result in
the formation of the minor enantiomer (R)-2-HPP. The two conformations X and Y are
believed to be in a kinetically controlled equilibrium that can be shifted by temperature and

the benzaldehyde concentration, resulting in different values of enantiomeric excess.

1S Joachim Grotzinger, Institute of Biochemistry, RWTH Aachen, Germany, together with PD Dr. Martina
Pohl, carried out the modeling.
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Figure 3.37: The two possible orientations of the donor substrate-ThDP complex 3 in the active site of
BFD: Computer-modeled complex based on crystallographic data (top) and schematic
representation of the Re- and Si-attack of the carbanion-enamines X or Y [Iding, et al.
2000].

Aside from temperature and donor aldehyde concentration (A1) the enantioselectivity of the
BFD-catalyzed carboligation is also influenced by the electronic as well as the steric
properties of aromatic substituents on the donor aldehyde (A4). The range of compatible
substrates for the BFD-mediated C-C-bond formation between Aq and Az has been
characterized [Iding, et al. 2000]. Different substituents in the para- and meta-position of the
benzaldehyde demonstrate a broad range in the resulting enantiomeric excess of the
carboligation products. We were able to demonstrate that in the case of para-substituents the

enantiomeric excess rudimentary follows the Hammett correlation (Figure 3.38, left).
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Figure 3.38: Hammett correlation of the ratio of the dissociation constants of benzoic acids with rates of
alkaline hydrolysis of benzoic esters [Hammett 1937].
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Figure 3.39: Logarithm of the molar ratio of the enantiomers (S/R) of synthesized B as a function of the
respective substituent constants G, (left) and G, (right, dotted boxes indicate
dominating steric parameters). Harmmett parameters taken from [Hansch, Leo 1979].

The Hammett equation correlates the ratio of the dissociation constants of benzoic acids with
the rates of alkaline hydrolysis of benzoic esters (Figure 3.38) [Hammett 1935, 1937; Shorter
1985]. In other words, it denotes the electronic properties of the different substituents when
attached to aromatic moieties. In the case of the enantioselective carboligation catalyzed by
wild-type BFD the logarithm of the molar ratio of S- to R-enantiomer can be correlated with
the o-constant of the Hammett equation (Figure 3.39) [Hansch, Leo 1979]. For the systems
investigated here, this correlation is only satisfactory for para-substituted A4 in contrast to a

seemingly random influence, if the substituents are in meta-position (Figure 3.39).

Log (S/R) is governed by the difference in the rates of formation of the S and R enantiomers,
which in turn correlate with the electronic properties of the substituents according to the
Hammett equation. We attribute the increase of ee observed for para-substituents (lower G-

values) to an increasing +I-effect resulting in an increase of the electron density in the
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intermediate 3. Increasing the electron density in the phenyl ring of A4 should lead to an
increasing edge-to-face stabilization of X, which is a prerequisite for Xg.-attack (or (S)-2-HPP
formation). Moreover, a higher electron density would augment the nucleophilicity of the
transitional 3, facilitating nucleophilic attack of Xg., while at the same time increasing the
repulsive forces for an Xg-attack.

The reason for the poor Hammett-correlation of the meta-substituents is most likely due to the
close proximity of the substituents to the site of catalysis; i.e., the steric hindrance of the
substituents prevails over possible electronic effects. It is conceivable that substituents in
meta-position of A4 gradually limit the space in the catalytic cavity leaving Az no other
choice but to approach 3 as in Xg.. More interestingly, the data for the meta-substituted case
show how the ee increases with an increase of the size of a substituent for a given c-value
(Figure 3.39, right). Here, the ee is mainly determined by the steric constraints with almost no
influence of electronic effects (see dotted boxes in Figure 3.39, right; substituents in
increasing order of log (S/R) (or ee)):

Ometa ~ 0.37. F<CI<Br
Omera ~ 0.10: OH < OMe < OEt < OiPr

Instead, the molar refractivity (MR) can be used to correlate the observed trend for the mera-
substituents with parameters that account for the steric demand of the substituents. MR gives a
reasonable linear correlation with log (S/R) (Figure 3.40).
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Figure 3.40:  Plot of log (S/R) against the molar refractivity (MR) for substituents with similar electronic
properties

In Equation eq. 3-9 describing the molar refractivity MR, the expression MW/J stands for the

molar volume (AV), which relates to the size of a substituent. The refractive index-related
2

. n -1 . S . .
correction term —; 5 in MR accounts for the polarizability of a substituent. Since the
n?—

refractive index »n varies only slightly for most organic compounds, the molar volume (MV) is
often highly consistent with MR [Kubinyi 1993].
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2

MR = MW -1

5 n*-2

eq. 3-9

MR cm® mol™! molar refractivity
MW gmol’ molecular weight
) g cm™ density
n - refractive index

The catalysis of benzoylformate decarboxylase is influenced by electronic as well as steric
parameters. Even if the correlation in the para-case is not ideal, it shows at least a trend, and
no significant strong influence of the steric parameters is observed. In the meta-case the
opposite is true. Here a strong dependency on steric parameters is demonstrated, which can
also be correlated via the molecular refraction. The Hammett correlation in the para-case
should not be over interpreted, but the comparison of the meta- to the para-case provides
predictive power and allows one to choose an appropriate substrate in order to achieve higher

enantiomeric excess.

Continuous synthesis of (§)-2-hydroxy-1-phenylpropanone

Prior to establishing a production process for (S)-2-hydroxy-1-phenylpropanone (B), there are
two points to be considered, which are an outcome of the investigations of the system as

outlined above:

e High ee is reached at low temperature.

* High ee is reached at low benzaldehyde (A1) concentrations.

In view of reaching a high space-time yield, in general high concentrations are aimed at.
Knowing the main characteristics of the three fundamental reactor types [Bailey, Ollis 1986,
Kragl, Liese 1999; Levenspiel 1999; Biselli, et al. 2002], the appropriate reactor can be
chosen:

e Stirred tank reactor (str) or 'batch’.
o Plug flow reactor (pfr).
¢ Continuously operated stirred tank reactor (cstr).

As opposed to the stirred tank reactor, which is operated batchwise, the latter ones are
operated continuously. The stirred tank reactor is operated in a non-stationary way (Figure
3.41, top). Stating ideal mixing, the concentration is the same in every volume element as a
function of time. Starting up with a high starting material concentration, with advancing
conversion A1 would be decreased and the product concentration B would be increased. A
steady state is only reached at equilibrium conversion. In the plug flow reactor the starting

material concentration Aq decreases slowly over the length of the reactor (Figure 3.41,
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middle); therefore, the average reaction rate is faster than in the continuously operated stirred
tank reactor. In each single volume element in the reactor the concentration is constant in the
steady state. In other words, the dimension of time is exchanged with the dimension of place
in comparison to the stirred tank reactor. Both reactors are not ideal for the above restrictions
that apply here.

The continuously operated stirred tank reactor works under product outflow conditions,
meaning that the concentrations in every volume element are the same as those at the outlet of
the reactor (Figure 3.41, bottom). If the steady state is reached, the concentrations are
independent on time and place. The conversion is controlled by the catalyst concentration and
the residence time t. This reactor is suited the best for the restrictions of this reaction system.
In the steady state at high conversion only a low residual concentration of benzaldehyde A is
yielded.
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Figure 3.41: Fundamental types of reactors (from top to bottom: batch, pfr, cstr).

Therefore, a continuously operated stirred tank reactor (cstr) equipped with an ultrafiltration
membrane (enzyme membrane reactor) was used. Since BFD was rapidly deactivated by

stainless steel, polyether ether ketone is used as reactor material. The enzyme is also stable
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versus polypropylene, but this material absorbs benzaldehyde. The ultrafiltration membrane
retains BFD, whereas the substrates, products, and cofactors can pass the membrane. This
permits the application of a high benzaldehyde concentration (A4, 10 mM) at the inlet, which
in case of 90% conversion results in an actual low concentration of 1 mM in the reactor. The
conversion is controlled by the concentration of the enzyme and the residence time. The
enzyme membrane reactor was operated continuously over a period of 180 h (Figure 3.42,
left; data shown 0-90 h). (S)-2-HPP (B) was produced with an enantiomeric excess of 92.5%
and a space-time yield of 34.2 g L' d''. By changing the reaction temperature of the cstr from
25°C to 17°C the influence of the temperature on the ee could be verified (Figure 3.42, right).
In Figure 3.43 the space-time yield and enantiomeric excess are compared on the basis of the
operation temperature of the cstr. As can be clearly seen, decreasing the temperature results in
an increase of the ee and at the same time in a decrease of space-time yield because of a

lowered enzyme activity with decreasing temperature. After recrystallization the ee was above
99 %.
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Figure 3.42: Conversion and ee as a function of time for a continuously operated membrane reactor
operated at 25°C and 17°C (left). Right: Increase of ¢¢ upon lowering the temperature (10

mM benzaldehyde (A1), 100 mM acetaldehyde (Az), 4 mM ThDP, 0.5 mM MgCl,, 50 mM
phosphate buffer pH 7).
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Figure 3.43: Conversion and ee¢ as a function of time for a continuously operated membrane reactor
operated at S°C (left). Comparison of space-time yield and ee for different temperatures

(10 mM benzaldehyde (A1), 100 mM acetaldehyde (A2), 0.5 mM ThDP, 0.5 mM MgCl,, 50
mM phosphate buffer pH 7).

3.21.2 BAL catalyzed enantioselective carboligation to (R)-2-hydroxy-1-
phenylpropanone

In contrast to the BFD-catalyzed carboligation, the reaction
product of the BAL-catalyzed C-C bond formation is the | A == (R)-B
enantiocomplementary  compound  (R)-2-hydroxy-1-phenyl-
propanone (2-HPP, (R)-B) that is formed with an ee > 99%. BAL catalyzes different reactions
(Figure 3.44):

1. The carboligation of two benzaldehydes (A1) to (R)-benzoin (£2).

2. The cleavage of (R)-benzoin (13) to (R)-2-hydroxy-1-phenylpropanone ((R)-B).

3. The carboligation between benzaldehyde (Aq) and acetaldehyde (Az) to (R)-2-
hydroxy-1-phenylpropanone ((R)-B).

Additionally, also a racemic resolution can be catalyzed, if in reaction 2 racemic benzoin is
chosen as starting material. (S)-Benzoin is not converted by BAL.
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Figure 3.44:
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Different types of reactions catalyzed by BAL.

During the course of reaction 3 the formation of (R)-benzoin (£3) is always observed (Figure
3.45, left). However, at the end of the reaction A¢ is quantitatively converted to (R)-B.

Nevertheless, it is not proven yet, if benzoin is formed as the first reaction step of the
carboligation to (R)-2-HPP ((R)-B) or in a parallel reaction. The solubility of (R)-benzoin (£3)
is only 1.5 mM in the presence of 30 vol% DMSO. This is a crucial point to watch out for,

since if this reaction were transferred to a continuously operated membrane reactor,

precipitation of benzoin would cause blocking of the ultrafiltration membrane.
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Batch conversion of benzaldehyde (A;) and acetaldehyde (A;) to (R)-2-HPP ((R)-B) with
benzoin (7?) as transitional side product, left, and repetitive batch operation, right (10 mM
benzaldehyde, 60 mM acetaldehyde, 30 vol% DMSQO, 0.35 mM ThDP, 0.35 mM MgSO,, 35
mM TEA buffer, pH 8.0, left: 3 U mL" BAL, right: 0.05 mg mL" BAL).
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As can be seen from the course of the repetitive batch experiment (Figure 3.45, right), BAL is
a very stable catalyst. The initial reaction rate remains almost unchanged over 8 repetitive
batches, and each time 100% conversion is reached. In analogy to the results with the BFD,

here as well polyether ether ketone proves to be the best reactor material.

Because of the high stability and activity of BAL it is possible to run continuously operated
reactors with a very small residence time of 6 or even 3 min. As a consequence very high
fluxes are resulting in a 10 mL or 3 mL reactor. The standard design of an enzyme membrane
reactor (EMR) incorporates a flat sheet membrane, in other words, a dead-end filtration is
carried out [Flaschel 1983; Cheryan 1986]. To choose the right reactor size for very short

residence times, the resulting membrane specific fluxes /' need to be compared (Table 3.5).

Table 3.3: Volume-dependent reactor parameters:
Parameter EMR 1 EMR 2
volume / L 0.003 0.003 0.01 0.01
membrane area / m’ 0.00156 0.00156 0.00317  0.00317
residence time t / h 0.05 0.1 0.05 0.1
membrane specific flux #/ kgh' m? 385 19.2 63.1 315

At the same residence time, the EMR 1 (3 mL) has a lower membrane specific flux 7, which
means that a lower pressure drop is expected over the membrane. Therefore, EMR 1 was
chosen. In the continuous experiment a conversion of 88% at a residence time of 6 min,
respectively 75% conversion at 3 min, and an ee > 99.5% is reached. This correlates with a
space-time yield (1 = 6 min) of 650 g L™ d, respectively a space-time yield (t = 3 min) of
1,120 g L™ d'". No benzoin precipitation was observed.
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Figure 3.46: Continuous synthesis in the enzyme membrane reactor (20 mM benzaldehyde, 80 mM

acetaldehyde, 30 vol% DMSO, 0.35 mM ThDP, 0.35 mM MgSO,, 35 mM TEA buffer, pH
8).
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One disadvantage of using DMSO as a cosolvent is the laborious 6-step downstream
processing, resulting in a yellow oil or oily solid of ((R)-B). However, a cosolvent is needed
to reach high conversion and to stabilize BAL [Demir, et al. 2001]. Up until now, it is only
known that the enzyme tolerates up to 30 vol% DMSO or 15% polyethylene glycol (PEG
400). This was the motivation to carry out a screening of other organic solvents, which might
be compatible with BAL. The storage stability of BAL in different two-phase systems was
investigated at 5°C (Figure 3.47). Substituted ethers turned out to cause the lowest
deactivation of BAL, especially methyl fert-butyl ether (MTBE) and diisopropyl ether
performed rather well. Because of safety reasons MTBE was selected. In further
investigations MTBE was used as cosolvent instead of DMSO. In a batch reaction, where the
aqueous phase is saturated with MTBE, the same reaction rates and selectivities are reached,
as it is the case in the system with 30 vol% DMSO.
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Figure 3.47: Storage stability of BAL in different aqueous-organic two-phase systems (5°C).

As can be seen from Figure 3.48 the two washing steps with water and brine can be omitted
by using the MTBE saturated reaction solution. Additionally, a much cleaner product, a white
solid instead of a yellowish oily solid is yielded. By this means 14.3 g (R)-2-hydroxy-1-
phenylpropanone ((R)-B) with an ee > 99.5% could be isolated. Using this new protocol the
downstream processing is much faster and more effective.
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Figure 3.48: Comparison of downstream processing steps of a reaction solution with 30 vol% DMSO
(top) and saturated with MTBE (bottom).
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3.2.1.3 ADH-catalyzed enantioselective reduction to all stereoisomers of 1-
phenylpropane-1,2-diol (C)

In this chapter the second step of the reaction sequence leading to

vicinal diols is studied. For this purpose we screened secondary B—»C

alcohol dehydrogenases that would accept both enantiomers of B

(Figure 3.49) and reduce them diastereospecifically to the corresponding 1-phenylpropane-
1,2-diols. We found the recombinant Lactobacillus brevis alcohol dehydrogenase (recLb-
ADH, EC 1.1.1.2) [Hummel 1997; Hummel 1999; Wolberg, et al. 2000] to catalyze the
reduction of the prochiral keto function of both (S)-B and (R)-B. Thereby an S configuration
is being generated at the newly formed chiral center, leading to (15,2S5)-phenylpropane-1,2-
diol [(15,25)-C], and (1S,2R)-1-phenylpropane-1,2-diol [(1S,2R)-C] respectively. An alcohol
dehydrogenase from thermophilic Thermoanaerobium species (Th. sp.-ADH, EC 1.1.1.2)
reduces the keto function of both (S)-B and (R)-B furnishing the R configuration at the newly
formed chiral center of (1R,2S)-1-phenylpropane-1,2-diol [(1R,2S)-C] and (1R2R)-1-
phenylpropane-1,2-diol [(1R,2R)-C], respectively.

o OH
X v recLb-ADH T
| ~ OH NADPH m
B (18)-C
[¢] OH
| RS T Th.sp.-ADH | RS
= OH NADPH = OH
B (1R)-C

Figure 3.49: Enantioselective alcohol dehydrogenase (ADH)-catalyzed reduction of 2-HPP (B) to (15)-
or (1R)-1-phenylpropane-1,2-diol.

Both alcohol dehydrogenases used for the hydroxy ketone reduction are NADPH-dependent.
In anticipation of a possible scale-up we decided to demonstrate the feasibility of an
integrated cofactor regeneration system in an enzyme-coupled and a substrate-coupled
approach (for a detailed explanation and discussion see @ chapter 4.4, page 161. When using
Thermoanaerobium sp.-ADH for reduction at 40°C the regeneration of the cofactor was
achieved with an excess (100-fold higher concentration) of 2-propanol in the substrate-
coupled approach. The relatively high reaction temperatures of above 40°C required for
sufficient activity when employing Th.sp.-ADH limits the alternatives for cofactor
regeneration to the enzyme itself or other thermostable NADPH-dependent enzymes. A
repetitive batch, employing a thermophilic hydrogenase from Pyrococcus furiosus for
regeneration of the NADPH cofactor during the enantioselective reduction of (S)-B to
(1R,28)-C, is shown in 2 Figure 4.32, page 133 [Mertens, et al. 2002]. The hydrogenase
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utilizes molecular hydrogen as reduction equivalents. It must be pointed out, however, that at
these relatively high temperatures the stability of the cofactor NADPH as well as of the
enzyme is limited.

In the case of the reduction with recLb-ADH at 20°C it could be shown that both an enzyme-
and substrate-coupled regeneration system are applicable. The advantage of the NADPH-
dependent FDH (EC 1.2.1.2) [Tishkov, et al. 1996, Tishkov, et al. 1999a] system lies in the
favorable equilibrium strongly shifted towards CO, and NADPH [Shaked, Whitesides 1980].
In addition, the CO, co-product can easily be removed and, compared to the 2-propanol-
acetone system, does not inhibit the regeneration or reduction reaction, whereas acetone does.

Table 3.4 summarizes the kinetic data for the reduction and preferred regeneration system.

Table 3.4: Kinetic parameters for the reduction and regeneration reactions.
Product Kinetic parameters of the enzyme- System used for NADPH regeneration and
roduc substrate-pair under reaction conditions selected kinetic parameters under reaction
conditions
(15,28)-C  Reduction of (5)-B with recLb-ADH FDH in the presence of 300 mM HCOONa
Vi = 1.50 £ 0.05 U mg™
Kis 58 =236+ 0.30 mM Var = 1.01 £ 0.08 U mg”
KMNADPH =0.41+£0.02 mM KM, HCOO- =226+3.1mM

I{]\,[’NA]DPJr =0.23 £ 0.03 mM
(15,2R)-C  Reduction of (R)-B with recLb-ADH
Vypar = 1.09 £ 0.05 Umg!
Ky w8 =748%:1.10 mM

(1R25)-C  Reduction of (S)-B with Th.sp.-ADH Th. sp.-ADH in the presence of 100 mM 2-propanol
Vpax = 1.35 £ 0.02 U mg
Ky (98=0.1£0.02mM Vypar = 8.10 £ 0.18 Umg!

Ky 2.prop. = 3.4 £ 0.4 mM
(1R2R)-C  Reduction of (R)-B with T%.sp.-ADH
Ve = 0.90 £ 0.05 U mg™
Ky -8 =021+ 0.04 mM

Fortunately, the specific activities of both ADHs towards the reduction of (25)-B and (2R)-B
are of the same order of magnitude. In consequence, we did not find a significant preferential
reduction of one enantiomer of B by either ADH. Thus, all sterecoisomers of the diol are
equally well accessible. Moreover, a racemic resolution of B by selective reduction with the

ADHs mentioned should not be possible.

3.21.4 Diastereoselective production of vic-diols with a reaction sequence

By combination of enantioselective lyases and enantioselective
alcohol dehydrogenases it is possible to synthesize all four | A = B =9 C
stercoisomers of 1-phenylpropane-1,2-diol (C) selectively
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starting up from the bulk chemicals benzaldehyde (A1) and acetaldehyde (A2) (Figure 3.50).
All four diastereomers of C have been synthesized with diastereoselectivities (de) > 98% and
overall yields of > 80%. Utilizing wild-type BFD for carboligation, prior to the reduction step

the enantiomeric excess needs to be increased by recrystallization from 94% to 99%.

OH
: (15,25)-C
Lb-P‘l“/ > : 90 % yield?
o e o OH  de=98%
- W
: 7 OH
Q)E Y .-Apy (1R25)-C
ADPr - 85 % yield®
£° (S)-B &H 6 yie
°© - de =98 %
‘\0? 96 % vyield
< ee =94 %2
o o0 OH
©/ + K : (1S2R)-C
. b)
) 86 % yield
N 84( o ‘ecﬂv\’\ OH de = 99 %
Aq Az oI L\
- 75 s OH
s OH — L0, .
o Naro—Dr (1R2R)-C
R)-B ADPH . ! b
()-8 OH 81 % yield®
95 % yield
ee = 99% de=98%

Figure 3.50: Enantio- and diastereoselective enzymatic synthesis of 1-phenylpropane-1,2-diol
stereoisomers in a reaction sequence. ” After crystallization ee > 99%; ® yields of diols are
given as overall yields for the 2 reaction steps.

A similar approach using pyruvate decarboxylase (PDC) as an alternative catalyst for the C-C
bond formation is conceivable and has been shown to function for yeast cells containing PDC
and alcohol dehydrogenases albeit with only the (1R,25)-C as the major product being formed
((1R,2S)-C : (1R2R)-C : (15,25)-C : (1S,2R)-C =89 : 6 : 5 : 0) [Mochizuki, et al. 1995]. A
problem that arises in a stepwise approach using purified PDC is the high susceptibility of the
intermediate (1R)-hydroxy-1-phenylpropanone towards oxidation to the dione during work-
up. Furthermore, to the best of our knowledge, the S-enantiomer is not yet accessible with
high enantiomeric excess by this method [Pohl, et al. 1998], making this approach
unfavorable for diol syntheses.

To be able to apply the multicatalyst system efficiently, a continuous reactor set-up for the

successive C-C bond formation and reduction reaction has been developed (Figure 3.51). In

the first reaction vessel an ultrafiltration membrane retains BFD. Under the reaction
conditions given in the legend to Figure 3.52 a converion of 85% regarding A4 was reached in
the first reaction vessel. The formed (25)-B and an excess of acetaldehyde (A2, 100 —

300 mM), which is needed because of the high Kjsvalue for acetaldehyde (310 mM) are

found in the outlet of the first reaction vessel.
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Figure 3.51:  Flow scheme of the reactor for the sequential diol synthesis.
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Figure 3.52: Extraction efficiency of the gas-liquid contactor, left, and course of conversion and de for
the overall continuously operated process, right (left: Initial concentrations: 162 mM
acetaldehyde, 2 mM benzaldehyde, 8 mM 2-HPP, 0.5 L min™” N, 0.35 L min™ circulation of
reaction solution; right: 10 mM benzaldehyde, 200 mM acetaldehyde, 0.5 mM ThDP, 2.5
mM MgSO,, 84U mL! BFD, 10 mM NADP" and 3 M formate (feed rate 1 mL ht, resulting
in 0.9 mM NADP* and 270 mM formate), 11.4 U mL-' ADH, 4 U mL"' FDH, 50 mM
phosphate buffer, pH 7, 20°C).

Acetaldehyde (Ay) is also a substrate for the ADH, which exhibits an increased specific
activity (1,138 UmL™) by factor of 19 in comparison to that of (25)-B (60 UmL™) at a
comparable Kjr~value. Therefore, acetaldehyde (Az) is separated inline by stripping with
nitrogen in a membrane-based gas-liquid contactor. Benzaldehyde (A4, up to 45 % removal)
and acetaldehyde (A2, up to 98 % removal) are selectively extracted in the presence of the
intermediate hydroxy ketone (25)-B (Figure 3.52, left). By this means the unspecific aldehyde
reduction catalyzed by the ADH in the second reaction vessel is suppressed. To the depleted
reaction solution NADP™ and sodium formate is added prior to the second reaction vessel. By
addition of NADP™ at this late point, the residence time of the cofactor is reduced and its
deactivation is lowered (Figure 3.52, right). In the second reaction vessel the enantioselective
reduction of (25)-B is catalyzed by recLb-ADH. The cofactor is regenerated by FDH. Because
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of the application of the wild type BFD in this reactor system, the ee yielded for the
intermediate (25)-B is only 92% at 20°C. Therefore, the de was only 90% (ratio of (15,25)-C
to (15,25)-C and (1S,2R)-C = 95:5). The enantioselectivity of the carboligation can be
increased, if the new BFD mutant L476Q is applied, which yields an ee for (25)-B of 96%
under same conditions. Additionally, the Kjs-value for acetaldehyde is reduced by a factor of
approximately 3 in comparison to the wild type. At a residence time T = 1 h in the first reactor
and 7 = 0.9 h in the second reactor, (1S5,25)-C is produced in the overall process with a space-
time yield of 32 g L' d'.

3.21.5 Summary

e Transfer of the I* biological principle, namely reaction sequences, to technical
asymmetric catalysis could be proven for the in vitro synthesis of vic-diols starting

from bulk chemicals, i.e., benzaldehyde and acetaldehyde.

¢ All four stereoisomers of 1-phenylpropane-1,2-diol (C) have been synthesized with
diastereoselectivities (de) > 98% and overall yields of > 80% in a reaction sequence,

comprising an enantioselective carboligation and an enantioselective reduction.

e Applying physical organic principles like the Hammett postulate and using molar
refractivity allows to predict the enantiomeric excess in benzoylformate dehydro-

genase-catalyzed carboligations.

e (25)-Hydroxypropiophenone was continuously produced by benzoylformate
decarboxylase-catalyzed carboligation with an ee of 92.5% (25°C) and a space-time-
yieldof 342 gL d™.

¢ (2R)-Hydroxypropiophenone was continuously produced by benzaldehyde lyase-
catalyzed carboligation with an ee > 99% and a space-time-yield of 1,100 g L™ d™.
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3.2.2 Synthesis of polyols with in vitro multicatalyst systems'’

Carbohydrates are polyols. They occur all over in nature and are produced by photosynthesis
on the scale of approximately 200 billion tons per year [Lindhorst 2000]. This is one of the
typical examples, how nature is applying reaction sequences in synthesizing complex
structures. The main applications of polysaccharides in nature are scaffold materials, energy
storage and water absorbent materials. Especially oligosaccharides promise to play an
important role as drugs in future due to their role in biological recognition processes
[McAuliffe, Hindsgaul 1997; Alper 2001]. The major fraction of the outer cell surface is
covered by carbohydrates attached to lipids and proteins. They are thought of to play an
important role in cell-cell interactions. Depending on the type of linkage to the lipids and
proteins, these carbohydrate structures can be subdivided in N-glycans and O-glycans. O-
glycans are in general attached to hydroxyl groups of certain amino acids, e.g. serine and
threonine. They are further subdivided depending on the nature of the amino acid residue and
the sugar group involved in the carbohydrate-protein linkage. In the following we are
investigating the synthesis of different so-called core structures as subtypes of the mucin type

O-glycans, where N-acetylgalactosamine (GalNAc) is linked to serine or threonine.

3.2.21 Optimizing the reaction selectivity

Core 2-based and core 3-based O-glycan structures play a key
role in mucin-type O-glycosylation patterns [Brockhausen A —» - C
1995, Wilkins, et al. 1996; Varki, et al. 1999; Snapp, et al. %

2001]. These branched oligosaccharides attached to the
different biological processes [Varki 1993]. The core 2 trisaccharide is biosynthesized by the

respective protein backbone are involved in a variety of

"7 Parts of this chapter are published in:

1. G. Dudziak: Reaktionstechnische Untersuchungen zur enzymatischen Glycosylierung von Peptiden, PhD-
thesis, University of Bonn, 1999

2. C. Hoh: Optimierung der enzymatischen core2-Trisaccharid Synthese, diploma thesis, University of Bonn,
1999

3. G. Dudziak, N. Bézay, T. Schwientek, H. Clausen, H. Kunz, A. Liese: Cyclodextrin-assisted glycan chain
extension on a protected glycosyl amino acid, Tetrahedron 56 (32) (2000) 5865-5869

4. N. Bézay, G. Dudziak, A. Liese, H. Kunz: Chemoenzymatisch-chemische Synthese eines (2-3)-Sialyl-T-
Threonin-Bausteins und dessen Einsatz in der Synthese der N-terminalen Sequenz von Leukdmie-
assoziierten Leikosialin (CD34); Angew. Chemie 113 (12) (2001) 2350-2352; Angew. Chem. Int. Ed. 40,
(2001) 2292-2295

5. C. Hoh, G. Dudziak, A. Liese: Optimization of enzymatic synthesis of O-glycan core 2 structure by use of a
genetic algorithm;, Bioorganic & Medicinal Chemistry Letters 12 (7) (2002) 1031-1034

6. N. Brinkmann, M. Malissard, M. Ramuz, U. Rémer, T. Schumacher, E. G. Berger, L. Elling, C. Wandrey,
A. Liese: Chemo-enzymatic synthesis of the Galili epitope Gala(1 -3)Gal3(1—-4)GIcNAc on a
homogeneously soluble PEG polymer by a multi-enzyme system; Bioorganic & Medicinal Chemistry
Letters 11 (2001) 2503-2506
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enzyme family of the 31,6-GlcNAc transferases (GIcNAcTs) (Figure 3.53).
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Figure 3.53: The core structures core 1 to core 4 (R = protein).

So far, three homologous GIcNAcTSs have been cloned and characterized [Bierhuizen, Fukuda
1992; Schwientek, et al. 2000]. Since the acceptor substrate of all these enzymes for the
synthesis of the core 2 trisaccharide is the core 1 [Gal-f1,3-GalNAc-a1-OR] disaccharide,
several approaches have been undertaken for its synthesis [Hedbys, et al. 1989; Ferndndez-
Mayoralas 1997, Suzuki, et al. 1997]. Despite the very recent cloning and expression of the
c¢DNA of the appropriate 1,3-galactosyltransferase [Canfield, et al. 2001], the use of a
B—galactosidase from bovine testes proved to be a potent alternative method for generating
this structure. Several approaches using this enzyme effectively have been made including the
combined use of the P-galactosidase with a sialyltransferase in order to avoid product
hydrolysis [Kren, Thiem 1995; Gambert, Thiem 1999] or the use of over-saturated solutions
of the donor molecule [Lio, Thiem 1999].

The intention of our work was to optimize the two-step reaction sequence leading to the
core 2-Bn (C, Figure 3.54) in such a way that the secondary hydrolysis of the core 2-Bn (C)
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by the p-galactosidase is discriminated and the formation of the undesired core 6-Bn (&) is
avoided.

In the first step of this reaction sequence the core 1-Bn (B) is formed by transfer of the
galactose residue from the lactose (donor) on the GalNAc-a.1-OBn acceptor (A). This step is
catalyzed by the B-galactosidase. In the consecutive reaction core 2-Bn (C) is then formed by
transfer of the N-acetylglucosamine (GlcNAc) residue from UDP-GIcNAc to the core 1-Bn
(B) by GlcNAcT. Eventual transglycosylation products other than core 1-Bn formed by j-
galactosidase catalysis (e.g. 1,4-linked disaccharides) are not accepted by GIcNACT.
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il o1 o o PH OH
0 R-Galactosidase o Q GIcNAcT o
HO-
AcHN GalR1-4Glc A éAcH;NiB" UDP-GICNAC Ho&&m o

OBn

OH
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cored-Hn

Figure 3.54: Synthesis of the core 2 trisaccharide in a reaction sequence catalyzed by B-galactosidase
and recombinant -1,6-GlcNAc transferase (GleNAcT). Side reactions are introduced by
the non-regioselective B-galactosidase from bovine testes leading to galactose, GalNAc-al-
OBn and core 6-Bn.

The undesired secondary hydrolyses of the core 1-Bn (B) and the core 2-Bn (C) are catalyzed

by the B—galactosidase to form the core 6-Bn (%) and the GalNAc-a1-OBn (£} = A),

respectively. Calf intestine alkaline phosphatase (CIAP; EC 3.1.3.1) was added as a third

enzyme in order to overcome inhibition of GIcNACT by UDP, cleaved in the GlcNAcT

reaction step.

Because of the high complexity of the reaction system due to many cross inhibitions and the
poor regioselectivity of the -1,3 linkage by the B-galactosidase [Hedbys, et al. 1989;
Fernandez-Mayoralas 1997] the optimization of this synthesis was carried out by means of a

non-model based ‘black-box’ optimization method.

3.2.2.2 Genetic algorithm as tool for optimization of multi parameter systems

One of the most effective techniques for empirical optimization of multi parameter non-linear
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systems (black-box systems) is the use of genetic algorithms (GAs) [Goldberg 1989]. This
optimization strategy is based on the principles of evolution and was developed by Holland
between 1962 and 1975 [Holland 1975, 1992]. GAs provide a robust tool for optimizing
systems that are difficult to predict or whose parameters cannot be identified. This renders the
GAs principle an attractive concept for optimizing complex systems. GAs-type algorithms
have been used in many different approaches, such as optimization of fermentation media
[Weuster-Botz, et al. 1995; Weuster-Botz, Wandrey 1995], optimization of aqueous two-phase
extractions [Selber, et al. 2000], reaction engineering of enzymatic syntheses [Uhlenbrock
1994], and on-line optimization of fermentation conditions [Moriyama, Shimizu 1996].
Furthermore, GAs permit the easy handling of complex data and the optimization of noisy
systems. In contrast to gradient methods, their application is independent upon the choice of
the starting point and can be used to cover the entire parameter space. They are thus able to
determine global maxima independent of the starting conditions, thereby avoiding to get stuck
on local maxima [Ablay 1987; Goldberg 1989].

The basics for genetic algorithms were already laid in 1953 by the two biochemists Watson
and Crick, when they published their results and assumptions regarding the structure and
function of desoxyribonucleinic acid (DNA) [Watson, Crick 1953]. The complete information
contained in the DNA is encoded via the 4 different bases adenine (A), thymine (T), cytosine
(C) and guanine (G). The genetic structure of each individual is defined on the basis of this

code (genotype), which then determines the appearance / look of each individual (phenotype)

(Figure 3.55).
experiments
as
“black box”

Input Output
Set of parameters Results
-011001011-- (Individuals) {courses of reaction)
Genetic
algorithm
1. selection
12, reproduction

Figure 3.55: Left: Geno- and phenotype of individuals; right: principle of genetic algorithm.

Like nature, the genetic algorithm differentiates between a genotype and a phenotype. Thus, it
is possible to encode selected parameters into binary bit strings and thereby simplify the data
handling procedure. Very simple bit strings can represent difficult and highly complex
structures. Once the data are encoded, it is very easy to perform all of the genetic operations

that exist in nature (selection, crossover, and mutation). Important parameters for the program
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are the number of individuals per generation, the crossing rate (which is the probability that
two individuals exchange their genes, a much faster method for overall improvement
compared to mutation), and the mutation rate (which represents the probability of a point
mutation in one bit of a chromosome). Selection (survival of the fittest) determines which
individuals survive and may thus reproduce to form the basis of the next generation. By this
method, successful traits in individuals are passed along and are optimized over the course of
generations. The flow chart shown in Figure 3.56 illustrates the steps carried out for the entire

optimization procedure.

A general optimization procedure based on the genetic algorithm is exemplified by the

following:

1. Initially, one set of experiments (individuals) is carried out (= 1 generation). The
results of the experiments are compared and evaluated in respect to previously

determined selection criteria.

2. To illustrate the selection, one can imagine a wheel of fortune, where the most
successful experiment represents the largest area, and the worst one the smallest. Now

the wheel of fortune is turned twice, and two new “parent™ strings are selected.

3. Then these two parent strings are crossed over, and equal parts of the strings are

exchanged in a process called crossing over.

4. To prevent that the evolution is restricted to local areas, punctual mutations are

allowed, enabling new experimental conditions that were not investigated yet.

5. (= 1) A new generation with new experimental conditions (individuals) as
established in steps 1 — 4 is started.
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: ~ e highest
A probability
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(Mutation} =
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Figure 3.56: Principle of the genetic algorithm.
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The probability of crossing over and mutation are fixed prior to the start of the algorithm. It is
important not to limit the system at this stage, neither in the range of parameters nor in the
step widths. If in doubt, it is advisable to use a large separation parameter space rather than to
exclude a possible optimum, which could have been found. On the other hand, a wide
parameter range in combination with small steps will dramatically increase the number of
possible experiments. Another consideration for choosing the correct balance of freedom and
constraint is the number of experiments possible. As a rule, the number of individuals per
generation should be at least equal to the number of bits needed to encode the genes of those
individuals.

3.2.2.3 Optimization of the core 2 trisaccharide synthesis

In Figure 3.57 a batch transformation of the above-described reaction sequence is outlined
[Dudziak, et al. 1998]. The main product is core 6-Bn (%), which is the hydrolyzed side
product of the core 2-Bn (C) structure. Therefore, the aim of this work was to find reaction
conditions suitable for generating the desired product core 2-Bn (C) in high concentration and
with high selectivity.

i E

e 4 st 0,75

~
¢

concentration / mM
(o]
7
1
1
o
3

y
A

3
-/ Apanos|es

N

e 0.25

[=]
<

0.00

time / d

Figure 3.57:  Synthesis of core 2-Bn via a biocatalytical reaction sequence [Dudziak 1999].
[0,5 M Lac; 20 mM GalNAc-Bn; 25 mM UDP-GlcNAc; 250 mU/mL galactosidase; SO mU/mL
GleNACT; 10 U/mL CIAP; 50 mM MES; pH 6; 37°C].

To optimize this reaction sequence the above-described genetic algorithm was applied. The
GA calculations were carried out using the GALOP'™® software, version 2.20, which was
developed at the Institute of Biotechnology 2 (Forschungszentrum Jiillich GmbH, lJiilich,
Germany) [Mollney, et al. 1993]. The following two selection criteria were chosen with a
weighting of 1:1:

'8 GALOP: genetic algorithm for the optimization of processes
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1. Maximum core 2-Bn (C) concentration,
2. high selectivity of core 2-Bn formation at the point of the maximum product
C
concentration, expressed as the ratio —=<>2" |

core 6-Bn

After choosing the selection criteria, parameters were to be identified, which might have an
influence on the reaction system. In total, 7 parameters were varied throughout 4 generations
of optimization. The respective parameters and their range of variation are summarized in
Table 3.5:

Table 3.5: Parameters and their range of variation':
Parameter Dimension _Range of Variation _Stepwidth (#)
GalNAc-Bn mM 10-40° 104
lactose mM 100-800 100 (8)
UDP-GIcNAc mM 10-40 5(7)
B-galactosidase mU/mL®  250-1000° 125(7)
C2GnT mU/mL®  50-250 50 (5)
pH -/- 5.0-7.5° 0.5(6)
temperature °C 10-50 10(5)

* Maximal solubility of GalNAc-Bn is slightly over 40 mM.

® Enzyme activities of the experiment in Figure 3.57 were selected
as the lowest value, because the reaction sequence should be
accelerated.

¢ Maximal range of MES-buffer.

The concentration of the alkaline phosphatase was not varied, since it was used in excess
relative to its activity to prevent any inhibition by UDP. Likewise, no parameter was assigned
to the concentration of the applied MES-buffer (50 mM), since prior investigations had shown
that the GIcNAcT exhibits its highest activity in this buffer /Dudziak 1999]. The values of the
different parameters are encoded in the binary system (Figure 3.58). The resulting string is
named a gene. For example: For GalNAc-Bn there are 4 possible parameter values allowed,
resulting in a 2 bit string (4 = 2 « 2); in the case of lactose 8 different parameter values are
allowed resulting in a 3 bit string (8 =2 * 2 * 2). The whole string for all parameters consists
of 20 bits. In total there are 235 200 different experiments possible*, which are encoded.

The program GALOP allows for different methods, in which way the best individuals from

one generation are transferred to the next one. The method applied here is called “keep best,

19 All reactants of interest were quantified by HPLC analysis (conditions: Aminex HPX-87-H column, 6 mM
H,S04, 0.6 mL/min, T = 65 °C, UV-detection at A =195 nm, typical retention times: GalNAc-o1-OBn =
33.5 min, core 1-Bn = 19.1 min, core 2-Bn = 13.5 min, core 6-Bn = 20.4 min).

% 235200 = 448¢7075%69%5
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ball-bearing”. This method ensures that the best individuals in regard to the selection criteria
are transferred unchanged into the next generation. As a consequence, the best genes of one
generation are not lost. This is of special relevance, if all successors and mutants of one
generation are worse than their parents. Additionally, this method permits the proof of the
(experimental) reproducibility. The crossing over rate was set to 0.95, which means that 95%
of all individuals are crossing their genome. The mutation probability was set to 0.05,
resulting in one mutation per string as a mean value. Each generation consisted of 14

experiments (individuals), with twice double the amount of parameters to be varied.

Parameter GalNAc-Bn UDP-GIcNAc  Lac Galaatasicg\_\ig %///QIGNMT pH 1
# of values: 4 8 8 6 5 6 5
GalNAc-Bn UDP-GIcNAc Lac Galactosidase GIcNACT pH temperature
1]ol1]olof1]1]1]o]1]o]1]1]1]0]1]0]1]0]1]
2 bits 3 bits 3 bits 3 bits 3 bits 3 bits 3 bits = 20 bits
| IO |
gen for

UDP-GIcNAc

235.200 combinations

%

Figure 3.58:  One string is encoding one possible phenotype, which equals one set of reaction parameters
for the synthesis of core 2-Bn.

3.2.2.4 Results of the optimization

After four generations of optimization in a total of 56 from 235 200 possible experiments, the
genetic algorithm found two local maxima regarding the selection criteria. The individuals of
a fifth generation did not leave any hope to expect any more improvements and were therefore
discarded.

To judge the success of an optimization two values are most interesting:

1. Development of any best individual per generation.

2. Development of the whole population of one generation, expressed as total fitness.

The developments for both selection criteria are shown in Figure 3.59. The results of the first
generation are astonishingly good. The respective best individuals are not reached again until
in the fourth generation. This observation needs to be explained. Because of the applied
method keep best, ball-bearing is the best individual transferred unchanged to the following
generation. But as can be seen from Figure 3.59, the same experiments have led to different
results. This is because of an inadequate pH control during the first generation, a shortcoming,

which that was solved from the second generation onwards.
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Figure 3.59: Development of all individuals as well as of the total fitness.

In regard to the two selection criteria the following maxima were found:

The maximum concentration of the core 2-Bn trisaccharide reached was 8 mM.
Although this product concentration corresponds to a yield of only 27%, the
selectivity of the core 2-Bn formation (C) at this point was 55%. Compared to
Dudziak [Dudziak, et al. 1998] the concentration of core 2-Bn could be doubled under
these conditions (see Figure 3.60 left).

The individual showing the highest ratio core 2-Bn / core 6-Bn for core 2-Bn
formation (C) generated the desired trisaccharide in a maximum concentration of
2.1 mM, corresponding to 74% selectivity at the point of maximum product
concentration and a yield of 21% (see Figure 3.60 right).
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Figure 3.60: Best individuals regarding maximal concentration of core 2-Bn (left) and ratio core 2-Bn /
core 6-Bn (right).
[max. core 2-Bn: 0.5 M Lactose, 30 mM GalNAc-Bn, 30 mM UDP-GlcNAc, 10 mM MgCl,,
250 mU/mL f-galactosidase, 150 mU/mL C2GnT, 10 U/mL calf intestine alkaline phosphatase,
0.5 mg/mL BSA, MES buffer 50 mM, pH 6.5, 30°C
ratio core 2-Bn / core 6-Bn: 0.6 M Lactose, 10 mM GalNAc-Bn, 10 mM UDP-GIcNAc, 10 mM
MgCl,, 375 mU/mL B-galactosidase, 150 mU/mL C2GnT, 10 U/mL calf intestine alkaline
phosphatase, 0.5 mg/mL BSA, MES buffer 50 mM, pH 6.5, 10°C].

Depending on the selection criteria, different values of the relevant parameters turned out to
be ideal. Regarding the criteria of high product concentration, a reaction temperature of 30°C
is optimal. In contrast, a high selectivity for the core 2-Bn concentration (C) could exclusively
be found at 10°C, although low temperatures lowered the product concentration drastically.
For both criteria of selection, a pH value of 6.5 was found to be best choice. Compared to the
system of Dudziak [Dudziak, et al. 1998] suitable for generating the core 6-Bn disaccharide
(E), this value obviously marks the optimum conditions for core 2-Bn formation (C)
considering both activity and stability of the B-galactosidase and GIcNAcT.

Not surprisingly, high lactose concentrations were found to be crucial for high product
concentration and high product selectivity. The donor molecule of the B-galactosidase for
generating the core 1-Bn disaccharide must be present in high excess, since hydrolysis of
lactose is much faster than the respective transglycosylation reaction yielding the substrate for
GlcNACT.

To generate high product concentrations and high selectivities for core 2-Bn formation, the
optimal GlcNAcT-concentration was found to be 150 mU/mL. This finding is rather
unexpected since one might predict high amounts of GIcNAcT for fast and selective core
2-Bn synthesis. However, the highest enzyme level allowed for GA was set to 250 mU/mL,
but this enzyme concentration proved to be inappropriate for effective core 2-Bn synthesis.
Since a system generating selectively the desired trisaccharide core 2-Bn (C) will have to
discriminate the secondary hydrolysis of core 6-Bn (%) and core 1-Bn (B), respectively, the
optimal [-galactosidase activity is expected to be rather low. In fact, the best two individuals

regarding the selection criteria (Figure 3.60) both showed values for the 3-galactosidase at the
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very lower limit of this parameter namely 250 and 375 mU mL™, respectively.

In summary, we could show that optimization of a complex multi-enzyme system generating
different O-glycan core structures can be achieved by using the method of a genetic
algorithm. The selectivity for the core 2-Bn trisaccharide formation at the point of maximum
product concentration has been doubled relative to the results of Dudziak et al., i.e., from 34%
[Dudziak, et al. 1998] to 74% (Figure 3.60 left).

As an appropriate reactor type (@ Figure 3.41, page 59) for this multicatalyst system qualifies
a batch or as a continuous version the plug flow reactor. A cstr would not be appropriate,
because in this reactor type the concentration of the final product () will always be the
highest one. Instead, in a batch reactor the concentration of (C) is slowly increasing during

the course of the reaction.

3.2.2.5 Comparison to synthesis with two separated reaction steps

The effectiveness of the reaction sequence for the synthesis
of core 2-Bn becomes obvious, if this sequence is compared | A =» BIIB = C

to an arrangement, where both reaction steps [Dudziak

1999] are carried out separately. As reaction conditions for both separate steps those were
chosen, which individually yield the highest activity of the respective biocatalyst. It turns out
that the yield of core 2-Bn (C) is higher in the reaction sequence catalyzed by the
multicatalyst system than when carrying out both steps separately. The reason for this
behavior is the otherwise only low yield of core 1-Bn (B), the product of the
transglycosylation catalyzed by the B-galactosidase (Figure 3.61).
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Figure 3.61  Separate biotransformation of only first step.
[40 mM GalNAc-Bn, 600 mM lactose, 100 mU/mL B-galactosidase, citrate-buffer, pH = 4.3,
T =37°C].
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The maximal yield is 15%. Furthermore, a small amount of an additional side-product, Gal-
core 1-Bn (O), is formed. This by-product is synthesized as well as core 1-Bn in a
transglycosylation reaction, but by contrast to the latter one, here core 1-Bn itself acts as a
glycosyl acceptor. As a consequence, even when assuming a quantitative conversion in the
GlcNAcT-catalyzed step, a maximal overall yield of only 15% is reachable in the
multicatalyst system. The first step is the yield limiting one, if the reaction system is carried
out in two separate steps; therefore, application of this multicatalyst system as a reaction

sequence is more effective than the separation of both reaction steps.

3.2.2.6 Overcoming problem of secondary hydrolysis by designing new
reaction cascade®'

The problem of the secondary hydrolysis of product C can be
overcome, if the structure of C is altered in such a way, that it is A= B—C

not any more a substrate for the first biocatalyst, the

B-galactosidase. This is achieved by applying a sialyltransferase,

which converts NeuSAc into the intermediate B.

The reaction system as studied here starts from the protected O-glycosyl amino acid Fmoc-
Thr(GalNAcal)-OrBu A (Figure 3.62), which is accessible by chemical synthesis [Liebe,
Kunz 1997a, 1997b]. In the first step of the reaction cascade the Fmoc-Thr-protected
intermediate B (T antigen derivative Fmoc-Thr[Gal($1-3)GalNAca1]-OtBu) is obtained by
transgalactosidation catalyzed by the B-galactosidase [E.C. 3.2.1.23] from bovine testes. In
the subsequent reaction step B is sialylated yielding C (Fmoc-Thr[NeuSAc(a2-3)Gal(1-
3)GalNAcal]-OtBu;  Sialyl-T-core 1-Thr), catalyzed by the core 1-specific human o?2,3-
sialyltransferase® [E.C. 2.4.99.4] [Sadler, et al. 1979; Chang, et al. 1995]. In contrast to B,
the conjugate C is not anymore a substrate for the [3-galactosidase.

2l This study was carried out in collaboration with the working group of Professor Kunz at the University of
Mainz, Germany.

A soluble form of 02,3-SiaT was expressed in Sf9 cells grown in serum-free medium and partially purified
by consecutive chromatography on Amberlite IRA-95, DEAE- and SP-Sepharose as described previously. In
an alternative approach, purification by chromatography was avoided. The sialyltransferase-containing
medium was diafiltrated against MES buffer using an ultrafiltration membrane. Thus, a crude enzyme
preparation was obtained.

22
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Figure 3.62: Simplified reaction scheme of the galactosidase/sialyltransferase catalyzed synthesis of
Fmoc-Thr[NeuSAc(a2-3)Gal(B1-3)GalNAco.1]-OtBu (Sialyl-T-core 1-Thr, C).

The glycoconjugate C is an important intermediate in the synthesis of the N-terminal
glycopeptide sequence in Leucosialin (CD43) [Fukuda 1991]. The tumor-associated sialyl-T
antigen [NeuSAc(a2-3)Gal(f1-3)GalNAc(al-O)Ser/Thr] is found on the leucocytes of
patients with acute myeloic leukemia [Fukuda, et al. 1986]. Additionally, the (2-3)-sialyl-T
structure was proven to be an antigen on breast cancer cells [Brockhausen, et al. 1995].
Therefore, glycopeptides with (2-3)-sialyl-T structure represent interesting targets for the
development of anti-tumor vaccines.

The one-pot reaction as described above was elaborated using benzyl-a-N-acetylgalactos-
amine (GalNAc[0.1-OBn]) as a model compound and optimized to 90% yield. First attempts
to adapt this procedure to the protected amino acid glycan suffered from its low solubility in
water. The solubility of the protected GalNAc-Thr acceptor is only 1 mM under reaction
conditions. A non-protected threonin derivative of the sialyl-T containing building block C
was synthesized by Gambert and Thiem [Gambert, Thiem 1999]. Organic co-solvents might
be used for glycosylation of genuine building blocks, but in many cases they are not tolerated
by the enzymes. Therefore, enzymatic glycosylations of protected amino acids gave yields of
15% or lower depending on the solubility of the substrate [Cantacuzene, Attal 1991]. By a
galactosidase-catalyzed transglycosylation with DMF as a co-solvent, 4jisaka and coworkers
achieved a yield of 23% with regard to the amino acid substrate [Suzuki, et al. 1997]. A
further possibility is the application of two-phase systems [Mori, et al. 1997]. Nevertheless,
there is no organic solvent known yet that is tolerated by the B-galactosidase from bovine
testes and the «o2,3-sialyltransferase at the same time. Alternatively, the addition of
cyclodextrin derivatives as complexing agents were tested. Cyclodextrins are six-, seven- or
eight-member glucose oligomers with cavity diameters ranging from 0.47 to 0.83 nm [Lj,
Purdy 1992]. Already in the case of in the aqueous phase poorly soluble aromatic ketones it
could be demonstrated that addition of dimethylated cyclodextrins promote the solubility
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[Zelinski, et al. 1999].

Figure 3.63: Cyclodextrins

B-Cyclodextrins are sufficiently large to enclose extended aromatic systems like the Fmoc-
residue (Figure 3.63). Methylated cyclodextrins usually form more stable complexes than the
unsubstituted cyclodextrins. Therefore, 2,6-di-O-methyl-B-cyclodextrin was used [Casu, et al.
1979; Wenz 1994]. In addition, hydroxypropyl-p-cyclodextrin and y-cyclodextrin were
imvestigated. Figure 3.64 shows the enhanced solubility of substrate A as a function of
cyclodextrin concentrations. The best result was actually obtained with the dimethyl
derivative. The cavity of the y-cyclodextrin seems to be too large for efficient complexation,

whereas hydroxypropyl-fB-cyclodextrin shows poor inclusion properties and limited solubility.
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Figure 3.64: Enhancing the solubility of Fmoc-Thr(GalNAco1)-O7Bu A by the addition of cyclodextrins
(50 mM MES; pH 6,5). Left: Solubility of A as function of cyclodextrin concentration;
right: schematic drawing of complexation of Fmoc residue of A.

Kinetic characterization of the galactosidase-catalyzed transgalactosylation from lactose to
Fmoc-Thr(GalNAca1)-OtBu A showed that the cyclodextrin complex is accessible for the
enzyme. Although the Kj-value of 17 mM for the acceptor A is even lower than that for the
model compound GalNAc(a1-OBn), the enzyme shows less activity towards A. In Table 3.6

the kinetic parameters are presented.
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Table 3.6 Kinetic data of the transgalactosylation reaction employing lactose as a donor.
substrate Ky, / mM relative v,,.. / -
GalNAc(a1-OBn) 50+ 14 1
Fmoc-Thr(GalNAca1)-O/Bu A 17+£5 0.25
lactose 78 £26

In contrast to the synthesis with the model compound GalNAc(a1-OBn), another peak could
be detected in the HPLC data during the course of the reaction. Most likely, it represents a
regioisomer of the core 1 glycan B, though unfortunately, we could not isolate and
characterize it. This assumed lack of regioselectivity of the galactosidase does not affect the
synthesis of Fmoc-Thr[Neu5Ac(a2-3)Gal($1-3)GalNAcal]-OtBu C, because the regioisomer
cannot be converted any further by the sialyltransferase.

On an analytical scale the reaction yielded 67% of sialyl-T-core 1-Thr C. In order to reduce
enzyme consumption, preparative batches were carried out with lower enzyme activities
yielding 50% of the trisaccharide C. The course of a representative preparative batch
synthesis is shown in Figure 3.65. Although 20 mM of A were added, the starting
concentration was lower due to precipitation of the acceptor substrate after dilution of the
stock solution. After 16 h, the remaining substrate was dissolved completely. The «2,3-
sialyltransferase does not convert the regioisomer of B (core 1-Thr). In total, 100 mg of the

trisaccharide C were isolated.
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Figure 3.65: Course of reaction of the one pot synthesis yielding sialyl-core 1-Thr C.
[0.5 M lactose, 20 mM GalNAc-Thr A, 40 mM dimethyl-B-cyclodextrin, 25 mM CMP-NeuSAc,
1 U/mL f-galactosidase, 200 mU/mL SiaT, 10 U/mL CIAP, 50 mM MES, pH 6.5].
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3.2.2.7 Summary:

e The biological principle of reaction sequences was successfully demonstrated with the

one-pot, two-step synthesis of the core 2-Bn trisaccharide.

e Optimization of complex multi-enzyme systems generating different O-glycan core

structures can be achieved by using the method of a genetic algorithm.

e Principles of biological evolution have been transferred to technical evolution by
using genetic algorithms for the optimization of reaction conditions of a one-pot

biocatalytic reaction sequence.

e The selectivity for the core 2-Bn trisaccharide formation at the point of maximum
product concentration has been doubled relative to the results of Dudziak et al., i.e.,
from 34% [Dudziak, et al. 1998] to 74%.

e The application of the multicatalyst system in a one-pot reaction sequence for

core 2-Bn synthesis is more effective than the separation of both reaction steps.

o Syntheses of sialyl T threonine esters in a one-pot biocatalytic reaction sequence
starting from N-Fmoc-(O-N-acetylgalactosaminyl)threonine tert-butyl ester was

carried out.

o The solubility of a protected amino acid glycan could be enhanced up to 100-fold by

the use of cyclodextrins.

o The one-pot reaction employing a [-galactosidase in combination with an o2,3-
sialyltransferase opens up a new way to readily synthesize sialylated core 1 amino
acid conjugates that are potentially interesting as building blocks for the syntheses of
complex glycopeptides.
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3.3 Invitro reaction sequences by combination of electrochemical
with biocatalytical steps?®

Often chemical asymmetric catalysis and enantioselective biocatalysis
are complementary; sometimes they are even competitive as in the
production of fine chemicals. In view of atom- and energy-efficiency
the combination of both fields is becoming more and more important.

Electroenzymatic synthesis utilizes electrons as cheap redox

equivalents. The advantages of enzymes as enantioselective catalysts are
combined here with the waste-free electrochemical in situ generation or regeneration of
reagents. In contrast to whole cells in nature, where by necessity energy and mass transport
are always coupled, - as for example in the respiratory chain or in photosynthesis, - in vitro it
is possible to separate both processes. This is a very stimulating, positive difference, however,
to the before formulated 6" biological principle: energy and mass transport are coupled (S
box page 3). In electroenzymatic synthesis, electrons can be directly transferred from an
electrode to enzymes or mediators. The feasibility of supplying redox equivalents directly via
an electrode was demonstrated before on some selected examples (for reviews see [Steckhan
1994, Steckhan, et al. 2001; Schmid, et al. 2002a]). This enables new possibilities in setting
up reaction sequences according to the I* biological principle: Complex chemicals are
synthesized in reaction sequences (@ box page 3). Here electrochemical and biocatalytical
steps are combined favorably in sequences or cycles and result in a method, which has been

named “electroenzymatic synthesis”.

Furthermore, utilization of the almost mass-free electrons as redox equivalents allows setting
up redox reactions without side products. Both components of the electroenzymatic synthesis
concept are intrinsically environmentally friendly /Genders, Pletcher 1996]. In addition,
electrons are at the same time, - besides oxygen and hydrogen, - the cheapest redox

equivalents available, especially on an industrial scale (Figure 3.66).

2 Parts of this chapter are published in:

1. L Schroder: 2,2"-Azinobis(3-ethylbenzothiazolin-6-sulfonsdure) (ABTS) als Mediator fiir die
elektrochemische Oxidation von Nukleotidkofaktoren, PhD-thesis, University of Bonn (2003)

2. 1 Schroder, E. Steckhan, A. Liese: In situ NAD(P)" regeneration using 2,2"-azinobis(3-ethylbenzothiazolin-
6-sulfonate) as an electron transfer mediator, J. Electroanal. Chem. 541 (2003) 109-115

3. S. Lutz: Elektroenzymatische Reaktionen mit Chloroperoxidase aus Leptoxyphium fumago; diploma thesis,
University of Bonn (2000)

4. S.Lutz: Prozefentwicklung und Scale-Up Elektroenzymatischer Reaktionen; PhD-thesis, University of
Bonn (in progress)

5. A.Liese, S. Liitz: Relevanz der Elektrochemie in oxidativen Biotransformationen;, GDCh Monographie der
GDCh-Fachgruppe Angewandte Elektrochemie: Elektronentransfer in Chemie und Biochemie (J. Russow,
H.J. Schafer) 23 (2002) 305-308
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Figure 3.66:  Costs of redox reagents compared on bases of 1 mole (logarithmic scale).

Three different methods for carrying out redox reactions can be differentiated, of which those
for the oxidation of a substrate are outlined in Figure 3.67). The simplest method is to apply
stoichiometric amounts of an oxidation reagent (Figure 3.67, top). The disadvantage of this
method is that also stoichiometric amounts of waste are formed in form of the spent oxidation
reagent, which is also unattractive from an economical point of view. Alternatively, two
electrochemical methods can be applied: Electrochemical regeneration of catalytic amounts of
the oxidation reagent (indirect electrolysis, Figure 3.67, bottom left) or the direct
electrochemical oxidation of the substrate, omitting the oxidation reagent altogether (Figure
3.67, bottom right).

substrate oxidation reagent
(reduced) (oxidized)
product oxidation reagent —p. \waste
(oxidized) (reduced)
substrate oxidation reagent A substrate A
(reduced) (oxidized) N (reduced) N
o o
: \A e \
product oxidation reagent E 2¢ product E e
(oxidized) (reduced) (oxidized)

Figure 3.67: Comparison of oxidation reactions with the need of stoichiometric oxidant equivalents.
Top: stoichiometric oxidant with waste production; bottom, left: electrochemical
regeneration of catalytic amounts of oxidant; bottom, right: direct electrochemical
regeneration [Steckhan, et al. 2001].



3.3 — Electroenzmyatic in vitro reaction sequences 89

Obviously, oxidoreductases are ideally suited for their combination with electrochemical
steps. For all the reactions they catalyze, stoichiometric amounts of redox equivalents in
relation to the starting material are needed. Since natural redox equivalents are often very
expensive (see NADH in Figure 3.66) they need to be regenerated if applied in asymmetric
catalysis on a technical or even industrial scale. At this point, electrochemistry comes into
play. In contrast to enzymatic regeneration methods of e.g. nicotinamide cofactors, no side
product, caused by the regeneration, are produced electrochemically [Wong, Whitesides
1994]. In electroenzymatic synthesis, - as is seen in Figure 3.68, the enzymatic regeneration
of NAD" is replaced by either indirect cofactor regeneration via a mediator or by direct
electrochemical regeneration (not shown), sparing out the mediator. The reversed procedure

can also be applied for regeneration of the reduced nicotinamide cofactor.

substrate NAD* co-product
(reduced) \ / (oxidized) '\ /' (reduced)
production regeneration
enzyme enzyme
product / \A NADH / \\ co-substrate
(oxidized) (reduced) (oxidized)
substrate NAD+* mediator
(reduced) \ / (oxidized) (reduced)
production
enzyme
product /\A NADH mediator
(oxidized) (reduced) (oxidized)

Figure 3.68: Substitution of a regeneration enzyme with its co-substrate and formed co-product by
waste a free-electrochemical cofactor regemeration with catalytic amounts of mediator
[Steckhan, et al. 2001].
In the literature, several examples of electroenzymatic synthesis have been reported. So far,
the major application thereof is the regeneration of cofactors, where mainly indirect
electrolyses are applied. The FAD prosthetic group in ethylphenolmethylene hydroxylase is
regenerated indirectly with the water-soluble 1,w-bisferrocenyl-polyethyleneglycol [Frede,
Steckhan 1991, Brielbeck, et al. 1994]. NAD(P)H is reported to be efficiently regenerated
with the water-soluble polyethyleneglycol-bound Cp*Rh(bipyridyl)-complexes as mediators
in continuously operated membrane reactors [Ruppert, et al. 1987; Steckhan, et al. 1991;
Westerhausen, et al. 1992; Steckhan 1994; Hollmann, et al. 2001; Schmid, et al. 2001b;
Hollmann, et al. 2002]. Likewise, methyl viologen and several other mediators are used for
the regeneration of the reduced cofactors [Delecouls-Servat, et al. 2002; Schmid, et al.
2002a] (see also 2 chapter 4.2.1, page 122). The aforementioned rhodium-complex acts as a
totally selective redox catalyst, transferring a hydride only to the 4-position of NAD" and
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NADP™. For the regeneration of the oxidized cofactors, 1,10-phenanthrolin-5,6-dione or the
respective N-methylated compound could be successfully applied [Hilt, Steckhan 1993; Hilt,
et al. 1997a; Hilt, et al. 1997b]. Turnover frequencies fof = 35 h™' were reached. An elegant
electrochemical approach was published by Biade et al. for the de-racemization of racemic
lactate [Biade, et al. 1992], see Figure 3.69. The L-selective lactate dehydrogenase does only
oxidize L-lactate to pyruvate that is subsequently electrochemically reduced to racemic
lactate. By this means D-lactate is produced as left over. Besides the regeneration of cofactors,
direct electron transfer to enzymes at electrodes has also been described. Prominent examples
are hydrogenases [Gros, et al. 1996; Butt, et al. 1997, Delecouls, et al. 1999, Smith, et al.
2001; Morozov, et al. 2002].
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Figure 3.69: Direct anodic regeneration of NAD" coupled to the racemic cathodic reduction of pyruvate
(LDH = lactate dehydrogenase).
Despite the success of the concept of electroenzymatic synthesis on a laboratory scale, so far
no electroenzymatic synthesis was scaled up yet to an industrial process. The reason might be
that optimization of such electroenzymatic syntheses in view of process engineering is still a
rarely treated or attempted subject [Bergel, DevauxBasseguy 1996, Delecouls, et al. 1998;
Delecouls-Servat, et al. 2002].
Here the enantioselective oxidation of thioanisole to (R)-methylphenylsulfoxide, catalyzed by
chloroperoxidase (CPO, EC 1.11.1.10), is investigated. The oxidation reagent H,O, was in
situ generated by cathodic reduction of oxygen. In both cases, highly enantioselective
biotransformations yielding chiral fine chemicals were combined with an electrochemical
supply of redox equivalents. Only upon applying reaction engineering a highly efficient
production processes could be developed.

3.3.1 Electrochemical in situ generation of reactants

Besides the above discussed regeneration of cofactors and direct activation of enzymes,
electrochemistry can also be used to generate reactants in sifu. A promising target is the in
situ generation of H,O, as redox equivalent for peroxidases. Peroxidases catalyze a broad
spectrum of reactions as depicted in Figure 3.70. Their application as biocatalysts for
selective reactions as oxidations of non-activated carbons, epoxidations, hydroxylations, and

sulfoxidations has been extensively reviewed [van Deurzen, et al. 1997b; Adam 1999;
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Colonna, et al. 1999; van de Velde, et al. 2001, Schmid, et al. 2002a]. As oxidants, H,O,,
alkyl hydroperoxides and ferz-butyl hydroperoxide can be utilized. Especially hydrogen
peroxide is attractive both, because of its economics and because water is being formed as the
only co-product. Nevertheless, technical application of peroxidases is hampered by their
instability towards high concentrations of the co-substrate hydrogen peroxide. For example,
the heme peroxidase chloroperoxidase (CPO, EC 1.11.1.10), from the mold Caldariomyces
fumago, is rapidly deactivated at 50 uM H,O, (half-life 11, = 38 min) [Seelbach 1997;
Seelbach, et al. 1997]. To overcome this limitation different procedures have been established
that are summarized later on. Recently, the heterologous expression of CPO as well as site-
directed mutagenesis in the active site has also been carried out. But disappointingly, the
resulting peroxidase yielded a much lower initial rate [Rai, et al. 2000; Rai, et al. 2001; van
de Velde, et al. 2001]. The enantioselective sulfoxidation of thioanisole to (R)-methylphenyl-
sulfoxide (ee = 99%, Figure 3.70 structures at bottom) catalyzed by chloroperoxidase [4llain,
et al. 1993, Dexter, et al. 1995; Lakner, Hager 1996] was chosen as a reference system to
explore its suitability for technical development. The asymmetric synthesis of sulfoxides is of
industrial interest, because they can serve as chiral building blocks for the syntheses of e.g. 3-
hydroxy acids [Mioskowski, Solladie 1980] and pharmaceuticals like sulindac or omeprazole
(Figure 3.70, right).
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Figure 3.70:  Selected examples of peroxidase-catalyzed reactions (left) and two industrial applications
of thioanisoles (right).
Several approaches to controlling H,O, at a constant low concentration have been reported
that were recently reviewed [van de Velde, et al. 2001; Schmid, et al. 2002a]. They can be
divided into two principles: feed-on-demand and in situ generation. The simplest method is
the continuous slow addition of H,O, [Lakner, Hager 1996]. Major drawback of this method
is that the rate of the H,O, addition needs to be adjusted to the rate of reaction. This can be
further improved by sensor-controlled addition of hydrogen peroxide (feed-on-demand),

adjusting the delivery rate according to the progress of the reaction [Seelbach, et al. 1997;
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van Deurzen, et al. 1997a]. Using this method, a 20-fold increase in the #n** for the CPO-
catalyzed oxidation of indole to 2-oxindole has been achieved. Still one disadvantage of the
feed-on-demand methods is that at the titration point locally a high concentration of H,O; is
resulting. The concentration of the titration solution of H,0, needs to be high to prevent
drastic increases of the reaction volume. This can be circumvented, if H,O, is generated in
situ by the reduction of oxygen. This can be carried out either by using a chemical reducing
agent like ascorbic acid or with glucose oxidase that is oxidizing glucose at the same time to
gluconic acid while hydrogen peroxide is formed as coproduct (Figure 3.71) [Okrasa, et al.
2000; van de Velde, et al. 2000]. The disadvantage of this method is obvious: A second
starting material needs to be introduced stoichiometrically into the reaction system, and

consequently a side-product is also synthesized and accumulates stoichiometrically.

glucose OH
/év\ oxidase ,éx + H20 HO/&QH
HO COOH
OH
H;0,

OH OH

Figure 3.71:  In situ generation of hydrogen peroxide by glucose oxidase catalyzed oxidation of glucose.

An alternative approach was published by Laane et al. [Laane, et al. 1986]. For the CPO-
catalyzed chlorination of barbituric acid Laane produced the required H,O, by cathodic
reduction of oxygen. The advantage of this approach is that no side products are formed,
whatsoever and that electrons are used as cheap redox equivalents. Within the scope of this
study, this procedure has been transferred and scaled up to the technical utilization of

chloroperoxidase to catalyze enantioselective sulfoxidations (Figure 3.72).
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Figure 3.72:  In situ generation of hydrogen peroxide by cathodic reduction of oxygen coupled to the
subsequent CPO-catalyzed sulfoxidation of thioanisole.

* ttn = total turnover number (mole product formed / mole catalyst used)
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3.3.141 System investigations

To determine reaction conditions that yield the highest efficiency in the two sequential
reaction steps, namely both the electrochemical and the biocatalytical steps, compromises had
to be made. The following milestones during our electroenzymatic process development are

discussed in the following:

o Identification of uniform reaction conditions for both steps.
e Development of an electro-enzymatic reactor with a three-dimensional electrode.
e Characterization and optimization of electrochemical parameters.

e Scale up.

Identification of uniform reaction conditions for both steps
Theoretically, two electrons are needed to produce one hydrogen peroxide molecule, and each
hydrogen peroxide molecule reacts to produce one (R)-methylphenylsulfoxide molecule.
Therefore, the theoretical space-time yield (sty) of the sulfoxidation can be calculated (eq.
4-17):

current - molecular mass of sulfoxide

sty = = current-628g L' d' A
2 - Faraday constant - volume

9.64846 10  Cmol" Faraday constant eq. 3-10
sty gL d! space-time yield

A current

L volume

g mol”! molecular mass

The only factor influencing the sty of the process is the current that can be passed through the
electrolyte. The reaction conditions reported in the literature” for CPO-catalyzed
reactions/Seelbach, et al. 1997; van Deurzen, et al. 1997a] were found to be inferior from an
electrochemical point of view. Since reaction conditions influence both the electrochemical
and biocatalytic part, the impact on both had to be studied. For the integration of
electrochemistry and biocatalysis the key parameters to be considered are listed in Table 4.5.

Table 3.7: Key parameters to be considered in electroenzymatic synthesis.

electrochemical parameters biocatalytical parameters
current efficiency enzyme activity
conductivity enzyme stability
buffering capacity

> Reported ,standard’ reaction conditions: 100 mM sodium phosphate buffer (pH 5), 30 vol% fert-BuOH,
T = 20°C, substrate concentration 20 mM.
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Figure 3.73: Complete electroenzymatic reaction system with both electrode reactions.

As derived from literature reports, the optimal pH for the biotransformation was found to be
within the range of 4-6. Mostly, 100 mM sodium phosphate buffer was used, which has no
buffering capacity in the desired pH range. Since the electrochemical reaction ‘produces’
protons at the anode and ‘consumes’ protons at the cathode (Figure 3.73), it was replaced by a
100 mM acetate / 50 mM sodium sulphate buffer that exhibits a higher buffer capacity. In this
buffer system current efficiencies™ of up to 95% have been reached.

In CPO-catalyzed biotransformations with poorly soluble substrates like thioanisole, tert-
butanol is often used as a cosolvent. Therefore, the influence of the cosolvent on the
conductivity as well as on the enzyme activity was determined. As shown in Figure 3.74, left,
the conductivity of the buffer solution dropped significantly from ~ 13 mS cm™ without fer-
butanol to ~ 4 mS ecm™ in the presence of 30 vol% cosolvent. The decrease in activity as a
function of the fert-butanol content up to 20 vol% is not that drastic. However, the tert-
butanol content does have a high influence on the solubility of the starting material

thioanisole (Figure 3.74, right).
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Figure 3.74: Left: Conductivity (left) and solubility of thioanisole (right) as function of the fer--BuOH
content.

% Current efficiency is defined as the ratio of the current needed theoretically for the desired reaction to the
current that is needed in practice.
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As a consequence, if a lower butanol content is chosen because of the electrochemical
parameters (i.e. conductivity), then a fed-batch technique must be applied to supply the same
amount of starting material. Using the electroenzymatic method, however, no emulsions
occur, since non-dissolved substrate is absorbed on the graphite electrode. We found that with
10 vol% of tert-butanol the system still worked satisfactory. The pH and the temperature were
not altered, since we found no higher activities than those reported in the literature for
sulfoxidations. As a compromise between electrochemical and biocatalytic demands the

following standard reaction conditions were selected:

3.3.1.2 Development of an electroenzymatic reactor with a three-dimensional
electrode

As a standard electrochemical cell for electroenzymatic synthesis a 300 mL thermostated
glass beaker with a carbon felt cathode on steel insert was developed. With this setup a
divided electrolysis cell has been realized, separating the anode compartment with a dialysis
membrane (Sigma). In an undivided cell only moderate enantioselectivity was detected (~
80% ee). However, by separating the enzyme from the anode via a membrane the ee could be
increased up to 98%. Using the prior determined standard reaction conditions for the
electroenzymatic sulfoxidation a space-time yield of 9 g L™'d" was reached.

To increase the ratio of cathode surface to reaction volume for the cathodic reduction of O, a
3-dimensional flow-by cell was designed, based on an earlier developed electrochemical
method for the removal of dissolved oxygen from water [Vuorilehto, et al. 1995]. In this prior
art, oxygen-rich water was passed through the three-dimensional cathode and the dissolved
oxygen was reduced on the cathode surface to water [Tamminen, et al. 1996]. Based on the
above cell as detailed in the literature, a three-compartment cell was designed, shown in
Figure 3.75.

HyQ — ", 0y + 2H* + 2¢"

.

. /

.
-
_
Figure 3.75:  Left: Cell assembly. From the left: Anode, cation exchange membrane, packed bed cathode

with current feeders, cation exchange membrane, anode. Right: Photo, from the left:

Anode frame with anode net, cathode frame with current feeders, anode frame with anode
net.
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The cell consists of a packed bed cathode and two anodes, one on each side of it. Two anodes
were needed to keep the ionic pathways as short as possible. The cathodic electrolyte
(catholyte) flowed vertically downwards through the bed, and the current flowed horizontally.
At both anodes, there was a separate anode chamber.

As the cathode a three-dimensional packed bed (80 mm x 90 mm x 10 mm) was used. Since
the desired hydrogen peroxide-producing reaction takes place at the cathode, the choice of the
right material was of high importance. At most cathode materials, oxygen is reduced to water
(four electrons/mole). At carbon, gold, and mercury oxygen is preferentially reduced to
hydrogen peroxide (two electrons/mole). The current efficiency of the hydrogen-peroxide
producing reaction should be as high as possible, because the supply of oxygen (low
solubility) and current (low conductivity) are limited in the system. Therefore, five different
cathode materials were tested in regard to the current efficiency (Figure 3.76). Desulco
graphite grains were chosen for additional experiments, since they yielded the highest current
efficiency. Silver was chosen as current feeder material, because graphite itself is of low
conductivity.

7

current efficiency / %

Sigradur G Sigradur K Desulco gold plated silver grains
Desulco

Figure 3.76: Evaluation of cathode materials (50 mM sodium sulphate, 3D flow cell, 100 mL min" flow
rate, cell voltage 1.8 V for graphite, gold plated particles estimated from 2/3 bed length, no
hydrogen peroxide detected with silver grains).

To avoid ohmic losses, the anodes were placed directly at the membranes. To avoid activation
overpotential at the anodes, special oxygen evolution compatible anodes were used
(Metakem, Germany), made out of titanium nets. Titanium is a suitable base material for this
purpose, as it resists corrosion at anodic potentials. The nets were coated with iridium-based
oxide as catalytic material. Since acrylic plastic as well as polycarbonate is unstable in the
presence of thioanisole, stainless steel was used for the cathode frame. A cation exchange
membrane (Nafion 424) was used to separate the cathode bed from the anode and to prevent
R-sulfoxide and CPO from reacting on the anode. Positive cations can migrate through them,
but not negative anions.
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With this newly designed 3-D flow cell the electroenzymatic process could be improved
further, since the packed bed of graphite particles allowed high ratios of electrode area
(~ 900 - 1350 cm?) to reaction volume (~ 90 mL) and, therefore, higher total currents than the
simple setup in a beaker cell. The flow cell was integrated into a loop reactor, where oxygen
was supplied via a separate aeration unit. The reaction system scheme is shown in Figure
3.77.

As pointed out in Equation eq. 3-10, the main factor influencing the space-time yield of the
process is the current that can be passed through the electrolyte. By using the prior determined
reaction conditions to yield a high conductivity of the reaction solution together with the
optimised 3-D electrolysis cell, a space-time yield of 104 g L™'d"" could be reached for (R)-
methylphenylsulfoxide (ee > 99%) in the electroenzymatic sulfoxidation. A total turnover
number (#tn) of 145.000 was reached for the CPO and a 75% current efficiency.
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Figure 3.77: Left: Flow scheme of the circulation reactor. Right: Batch reaction in the circulation
reactor with the 3-dimensional cathode (1.95 V, 220 mA, 0.6-1.0 mm graphite grains,
20 mM thioanisole, 1005 U CPO).
In practice, some current was lost due to side reactions (water and hydrogen production,
respectively), and some hydrogen peroxide was dissociated. A total current efficiency of
approximately 80% was measured in most experiments.
If the #tn reached in this electroenzymatic sulfoxidation is compared to that yielded by other
methods, it is within the same range as with the feed-on-demand (#tn = 148,000) [Seelbach, et
al. 1997]. With in situ generation of H,O, utilizing the glucose oxidase, a ##n of even 250,000
has been achieved [van de Velde, et al. 2000]. Nevertheless, the electrochemical in situ
generation of H,O, brings about several advantages over the other two methods. In
comparison to feed-on-demand no additional increase of volume is observed. In the feed-on-
demand method only diluted H,O, solutions can be added, thereby preventing enzyme
deactivation at the titration point. This results in an increase of the reaction volume. There are
two advantages in comparison to the in situ generation with glucose oxidase: On the one
hand, no side-products as gluconic acid are formed, and on the other hand, the reaction rate

can be easily controlled by the production rate of hydrogen peroxide, as all hydrogen peroxide
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produced is immediately consumed by the enzyme. Since the enzymatic reaction is limited in
hydrogen peroxide and the hydrogen peroxide production rate is controlled by the current, the
total reaction can easily be controlled via the power source by choosing the desired voltage
(Figure 3.78).

In a technical cost projection, assuming enzyme costs of 2500 €/kg protein®’, the production
costs for 1 kg of (R)-methylphenylsulfoxide (ee > 99%) would be 17 €. If available through
good expression systems, peroxidases for oxidation reactions have a huge potential as
versatile biocatalysts in industrial biotransformations. Combined with the electrochemical in
situ supply of hydrogen peroxide, a peroxidase-catalyzed biotransformation could be the first

electroenzymatic process transferred to a technical scale.
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Figure 3.78: Regulation of reaction rate in a batch transformation (0-45 min: 1.8 V, 80 mA, sty =
43gL'd'; 45-135 min: 1.7 V, 40 mA, s¢p = 20 g L' d”, 1.0 - 1.4 mm graphite grains,
12 U mL™ CPO).

3.3.1.3 Summary

¢ The first biological principle, namely reaction sequences, can be transferred to
unnatural conditions (e.i., electroenzymatic synthesis).

e A new electroenzymatic reactor, comprising an integrated 3-dimensional electrolysis
cell, has been developed and successfully applied.

e In the newly developed reactor (R)-methylphenylsulfoxide could be produced in an
electroenzymatic reaction sequence with an ee>99% and a space-time yield of
104 g L'd "

¢ Electroenzymatic sequential reactions are easily controllable from the outside, if the

electrochemical reaction step is rate limiting.

" BASF, 2002
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"At one level we can 'explain' enzyme catalysis -

what an enzyme does is bind,

and thus stabilise selectively the transition state

for a particular reaction.

But our current level of understanding

faces the more severe, practical test -

that of designing and making artificial enzyme systems
with catalytic efficiencies

which rival those of natural enzymes."

Angew. Chem., Intl. Ed. Engl. 1996, 35, 707-724

4 Second biological principle: Macromolecular catalysts?®

The biological catalysts, the enzymes, inspire this area of research. Enzymes are ideal
catalysts, optimized by nature over several generations. They are homogeneously soluble,
highly selective biocatalysts of high molecular weight. This allows for their retention by e.g.
ultrafiltration membranes due to their size [Jandel, et al. 1980, Flaschel 1983]. Thus, the
recycling of such catalysts is possible, for example, by use of a continuously operated enzyme
membrane reactor (EMR) [Kula, Wandrey 1987]. In this study, this so-called ‘second
biological principle’, namely, biological catalysts are macromolecular and in general
homogeneously soluble, has been transferred to classical chemical catalysis. Metal ligands
have been covalently bound via linkers to polymeric backbones of high molecular weight. Fur
this purpose, the polymeric backbone and the linkers are chosen in such a way that the
resulting chemzyme is - in contrast to the biocatalysts - homogeneously soluble in the solvent
of choice, thus not restricted to water and can be retained using membranes. This is the
application of the 3™ biological principle: Membranes retain macromolecular,
homogeneously solubilized catalysts. In this fashion, the major restriction to using
biocatalysts has been overcome, namely that enzymes are typically limited to water as the
solvent [Buchholz, Kasche 1997].

Today, homogeneously soluble chemical catalysts can reach enantioselectivities and

2 Parts of this chapter are published in:

1. S.Laue, L. Greiner, J. Woltinger. A. Liese: Continuous application of chemzymes in a membrane reactor:
Asymmetric transfer hydrogenation of acetophenone;, Advanced Synthesis & Catalysis 343 (6-7) (2001)
711-720
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chemoselectivities similar to those of enzymes [Ojima 1993]. But in contrast to most
enzymes, these catalysts can also be employed in organic solvents. Nevertheless, a continuous
operation with such catalysts is still difficult, although promising approaches - such as two-
phase systems [Herrmann, Kohipaintner 1992; Malmstrom, Andersson 1999] and
heterogenization methods [Cornils, Wiebus 1996; Sandee, et al. 2001] - have been optimized
[Cornils, Herrmann 2000; Vos, et al. 2000].

In order to combine the advantages of the chemical and the enzymatic approach, chemical
catalysts (oxazaborolidines [Felder, et al. 1997, Giffels, et al. 1998; Woltinger, et al. 2001a]
and amino alcohols for diethylzinc reduction [Kragl, Dreisbach 1996]) have been bound to
homogeneously soluble polymers (polystyrenes, polymethacrylates). The resulting soluble
polymer-bound catalysts (chemzymes = chemical enzymes) can now be retained by
ultrafiltration membranes like enzymes; therefore, they can now be applied in a chemzyme
membrane reactor (CMR) [Kragl, et al. 1996a; Rissom, et al. 1999, Kragl, Dwars 2001,
Wéltinger, et al. 2001a; Bergbreiter 2002]. Similar approaches have been developed for other
classes of catalysts attached to polymers [Baver, Schurig 1975; Steckhan, et al. 1990;
Leadbeater, Marco 2002] or dendrimers [Kéllner, et al. 1998; Brinkmann, et al. 1999;
Hovestad, et al. 1999]. Even the direct retention of a DuPHOS ligand by a nanofiltration

membrane has been described in the literature [Smet, et al. 2001].
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Figure 4.1: Comparison of chemzymes to enzymes in enantioselective hydrogenations (ADH = alcohol
dehydrogenase).
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In this chapter, the syntheses and application of new chemzymes is described. The main focus
is the kinetic elucidation of the systems as well as the design of appropriate reactors that meet
all the requirements of the chemzymes as well as of the enzymes. The results obtained upon
optimizing the chemzyme approach will be compared to those of the respective enzyme-
catalyzed systems (2 chapter 4.5, page 169). An overview of the investigated catalytic
systems is given in Figure 4.1. In the case of direct hydrogenation molecular hydrogen - that
can be used in large excess - is used as reduction equivalent (Figure 4.1, top). In addition, H,
can easily be removed, thus not interfering with downstream processing. As a typical example
of a chemical catalyst the homogeneous hydrogenation catalyst PyrPhos was chosen (2
chapter 4.1, page 103), whereas the hydrogenase I from the hyperthermophilic archeon
Pyrococcus furiosus (PFH) represents the enzymatic approach (2 chapter 4.2, page 119).
Both catalysts activate molecular hydrogen, - the PyrPhos system for the enantioselective
reduction of activated double bonds, whereas the PFH is capable of heterolytic cleavage of
molecular hydrogen and regioselective 1,4-hydride addition to the oxidized form of the
phosphorylated nicotinamide cofactor: NADP®. In order to establish continuous operation
with the chemzyme as well as with the enzyme, a special hydrogenation technology for the
supply of the gaseous starting material hydrogen to the liquid phase had to be developed. For
a detailed discussion of this topic see = chapter 4.1.1, page 107.

In the case of transfer hydrogenation, 2-propanol is used as the reduction equivalent, which
becomes oxidized to acetone (Figure 4.1, bottom). Transfer hydrogenation represents a
promising method for the production of secondary alcohols /[Zassinovich, et al. 1992; Palmer,
Wills 1999]. Due to the low costs of 2-propanol, no hazardous hydrogen - in contrast to the
very successful hydrogenation methods as described in the literature [Noyori 1994, Burk, et
al. 1995a] - has used in this context. As follows from Figure 4.1, bottom, 2-propanol can also
be used as a hydrogen source for enzyme-catalyzed reductions in aqueous solution, if it is
applied at concentrations that do not destabilize the enzyme. One major difference of the
enzyme-catalyzed approach is the need of a cofactor acting as a hydrogen mediator. This
cofactor has to be regenerated during the course of reaction, because of its high price.
Fortunately, effective methods could be developed for economically recycling the cofactor, as

is outlined in the following.
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Figure 4.2: Costs of different reduction equivalents compared on the bases of 1 mole (logarithmic
scale).

The costs of 1 mole each are compared for different reduction equivalents in Figure 4.2. As
follows from this chart, molecular hydrogen is by far the cheapest one. Borane - that is used
in oxazaborolidine-catalyzed reductions [Corey, et al. 1987] - is cost -wise more unattractive
as 2-propanol. By far the most expensive reduction equivalents are the nicotinamide cofactors
NADH and NADPH. Therefore, if these cofactors are to be used as hydrogen mediators, they
need to be regenerated.
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4.1 Direct hydrogenation with chemzymes®

Historically, the starting point for applying homogeneously catalyzed
reductions by soluble metal complexes represent the investigations of
Wilkinson [Osborn, et al. 1966]. He showed that it is possible to reduce
alkenes to alkanes under mild conditions with molecular hydrogen,

utilizing rhodium triphenylphosphine as the catalyst (Wilkinson’s

catalyst). As is outlined in Figure 4.3, it is assumed that initially
hydrogen is thereby oxidatively added to the central Rh followed by coordination of the
alkene. Further investigations showed that the formation of the rhodium dihydride forms the
first step of the catalytical cycle (“dihydride route’) [Halpern, Wong 1973]. Proceeding from
these results Knowles and Sabacky developed the first industrial asymmetric hydrogenation
process starting from cinnamic acid derivatives to synthesize L-Dopa (3,4-
dihydroxyphenylalanine), which is used in the treatment of Parkinson's disease, Figure 4.4
[Knowles, Sabacky 1968]. Their homogeneously soluble catalyst is a cationic rhodium
bisphosphine complex, in which the enantioselectivity is induced by the chiral bisphosphine
ligand. Total turnover numbers of their “Rh-DIPAMP?” catalyst is > 10,000, and an ee = 0.96
is reached. The optically pure L-dopa is separated from the catalyst by crystallization. In
contrast to the Wilkinson catalyst Halpern [Halpern 1982] and Brown [Brown, Chaloner
1980a, 1980b] could show that in case of the cinnamic acid derivative as the substrate, the
first step of the catalytic cycle involves complexation of the alkene to the central Rh atom,
which is followed by the oxidative addition of hydrogen to the resulting complex
(“unsaturated route”). Later on Kagan and coworkers showed that the chirality of the
phosphor-containing ligand could be shifted to the backbone. This was demonstrated for the
first time through the synthesis of the ligand DIOP*® [Kagan, Dang 1972; Dumont, et al.
1973; Kagan 1982], which represents a fundamental structure acting as a basis for a vast
variety of related bisphosphane ligands. Based on Kagan'’s findings new ligands and catalyst
systems were subsequently developed. For an overview the following reviews are
recommended [Knowles 1983, Jacobsen, et al. 1999; Brunner 2000]. The most prominent

2 Parts of this chapter are published in:

1. L. Greiner: Prozessentwicklung fir die katalytische Reduktion mit molekularem Wasserstoff, PhD-thesis,
University of Bonn (2002)

2. L. Greiner, D. Miiller, E. van den Ban, J. Woltinger, C. Wandrey, A. Liese: Membrane aerated
hydrogenation: Enzymatic and chemical homogeneous catalysis, Advanced Synthesis & Catalysis 345
(2003) 679-683

3. S. Lave, L. Greiner, J. Woltinger, A. Liese: Continuous application of chemzymes in a membrane reactor:
Asymmetric transfer hydrogenation of acetophenone;, Advanced Synthesis & Catalysis 343 (6-7) (2001)
711-720

4. A. Bommarius, H.-P. Krimmer, D. Reichert, J. Almena, A. Karau, J. Woltinger, K. Drauz, A. Liese, L.
Greiner, C. Wandrey: Volumenbegasung, German patent application DE 101 63 168.5 (21.12.2001)

3% DIOP = 2-dimethyl-4,5-bis-(diphenylphosphanyl)-pyrrolidine
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ligands are derived from components of the “chiral pool”, i.e., BPPM®" derived from proline
[Achiwa 1976], or PyrPhos> derived from tartaric acid by the group of Nagel [Nagel 1984;
Nagel, Kinzel 1986, Nagel, et al. 1986]. Another important family of ligands represents
DuPhos™ and derivatives thereof, developed by Burk at DuPont (2 Figure 3.3 and Figure 3.4,
page 22) [Burk 1991a, 1991b].

H, Ho alkene H\
H/RhCI(PPh3)2 —
alkane H

RhCI{PPhz),
Wilkinson

-

Figure 4.3:  Hydrogenation of alkenes catalyzed by the Wilkinson catalyst.
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Figure 4.4: Synthesis of L-dopa using the Rh-DIPAMP catalyst (ftn > 10,000, ee = 0.96).

More recently, Noyori introduced the BINAP* ligand for the asymmetric reduction of
carboxylic acids lacking the acetamido functionality [Miyashita, et al. 1980]. Complexes of
Ru(Il) with BINAP are extremely powerful catalysts for enantioselective hydrogenations of
prochiral o,B- and B.y-unsaturated carboxylic acids, enamides, allylic and homoallylic
alcohols, imines, etc. [Noyori 1994, Koten, Leeuwen 1999]. BINAP ligands are applied on an
industrial scale for several asymmetric reactions as for example the hydrogenation to (S)-
naproxen by Syntex (Figure 4.5) or the synthesis of (-)-menthol from myrcene by Takasago

[Koten, Leeuwen 1999].
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Figure 4.5: Synthesis of (S)-naproxen using Ru-BINAP (#tn = 200, ee = 97%).

3! BPPM = ethyl 4-diphenylphosphanyl-2-[(diphenylphosphanyl)-methyl]-pyrrolidine-1-carboxylate
2 PyrPhos = 1-phenyl-3,4-bis-(diphenylphosphanyl)-pyrrolidine

% DuPhos = 1,2-bis(2,5-dimethylphospholanyl)-benzene

3* BINAP = 2,2°-bis-phosphanyl-[1,1°]binaphthalenyl
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As newer additions to the growing family of asymmetric ligands, JosiPhos and PhanePhos
represent another class of hydrogenation catalyst that contain more than one centers of
chirality. They exhibit axial as well as central chirality /Burk 1991a; Pye, et al. 1997; Muniz,
Bolm 2000]. Finally, a very special ligand, XyliPhos, needs to be mentioned that is used for
the production of (S)-metolachlor on a scale of 10,000 t a' by Syngenta (Figure 4.6). This
ligand reaches a very high #tn of 100,000 and a fof of up to 20,000 h™ [Pugin, et al. 2002].

- hz
X N
P H,
80% ee (S)-metolachlor

Figure 4.6:  Synthesis of (S)-metolachlor using the ferrocene-based Ir-XyliPhos ligand (#n = 100,000,
tof >2-10°h™).

To establish a model system for reaction engineering of the asymmetric, catalytic
hydrogenation, PyrPhos has been selected in this study as an attractive ligand [Nagel 1984;
Nagel, Kinzel 1986], because of its easy access via a short synthesis®® starting from tartaric
acid [Nagel, et al. 1986, Beck, Nagel 1988].

o

o .PPh,
HO/\/ 5 steps - J\ th j
HO. . —
" on
o
tartaric acid PyrPhos

Figure 4.7: Synthesis of PyrPhos (also called DeguPhos) strating from tartaric acid.

The ligand complexes Rh as the precious metal. The enantioselective hydrogenation of 2-N-
acetyl-acetoamido cinnamic acid has been selected as the model reaction used for this catalyst
system in this investigation (Figure 4.8, ee = 94%, quantitative conversion). The criteria

applied in selecting this catalyst are outlined in the following:

1. The catalyst PyrPhos is available via a short synthesis starting from tartaric acid. Since
tartaric acid is a natural product, it is available in both enantiomeric forms at a very

low price, which means that both enantiomers of the catalyst can readily be prepared.

2. The nitrogen atom of the pyrrolidine ring of the PyrPhos ligand incorporates a C»-
symmetry axis. Coupling the ligand via the nitrogen to a polymer does not destroy the

symmetry thereof, which should minimize negative influences on the selectivity of the

33 pyrPhos was kindly supplied by Dr. Jens Woltinger (degussa, Hanau, Germany).
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catalyst.

3. The electronic properties of the central metal, here Rh, can easily be modified
[Inoguchi, Achiwa 1990]. This enlarges the substrate spectrum, if ketones are to be

reduced.

4. The catalyst has already been produced on a large scale, and the synthesis as well as
the catalysis therewith have already been optimized empirically and have been found
to be very reproducible /Beck, Nagel 1988].

5. From pre-investigations it was already known that the enantioselectivity achieved is

independent of the hydrogen pressure and the temperature /[Nagel, Kinzel 1986].

PPhy

COH Bz—N<m_ Rh I H CO,H
< e, "<
NHAc —_— NHAc
H
\_/ : \_ /

Figure 4.8:  Enantioselective hydrogenation of 2-acetoamido cinnamic acid catalyzed by PyrPhos (¢e =
94%, quantitative conversion).

Prior to its use in catalysis, the ligand needs to be activated by liberation of the 1,5-
cyclooctadiene (COD) (Figure 4.8) [Burk, et al. 1998]. The exact mechanism of this
activation in the case of PyrPhos is not known yet. In the case of other catalysts like DIOP,
however, the activation process has been investigated, and two alternative reaction pathways

have been proposed in the literature [Nindakova, Shainyan 2001]:

1. Hydrogenation of COD, thereby liberating the activated complex.
2. Displacement of COD by the solvent, followed by inheriting the freed coordination
places at the Rh to the substrate.

The synthesis®® of the chemzyme used in this study was carried out via a convergent synthesis
in analogy to published protocols [Bergbreiter, et al. 1998, Bergbreiter 2002]. The PyrPhos
ligand was covalently bound to a poly(N-iso-propyl-methacrylamide) (Figure 4.9).
Furthermore, other polymer-enlarged PyrPhos systems have also been described in literature
[Malmstrom, Andersson 1999; Malmstrom, Andersson 2000]. The advantage of this particular
chemzyme is the additional spacer unit that prevents interactions or interference with the
polymeric backbone thanks to the increased distance. In contrast to other polymer-coupled
PyrPhos systems, the selectivity of this polymer-bound system is not changed with the

preparation of this chemzyme relative to its low-molecular relative.

3 The synthesis was carried out by Dr. Jens Woltinger (degussa, Hanau, Germany) and kindly supplied within
the scope of a collaboration.
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Figure 4.9: Synthesis of the homogeneously soluble polymer-enlarged PyrPhos ligand (chemzyme).

The fundamental properties of the native PyrPhos and the chemzyme are compared in Table
44.

Table 4.1 Comparison of non-immobilized PyrPhos and the respective chemzyme.
PyrPhos PyrPhos
(monomer) (chemzyme)
molecular weight / g mol” 827.5 30-10°
active sites 1 11
ee | % 94 94

4.1.1 Supply of hydrogen

Because of the low solubility of hydrogen in the liquid phase, hydrogenations show the
characteristics of a ‘fed-batch’ reaction regarding hydrogen. H, is fed into the reacting
solution from the gaseous reservoir according to the coupled equilibrium between the gas and
the liquid phase. Henry’s law describes this equilibrium (eq. 4-17). The solubility of hydrogen
at equilibrium in the liquid phase [H2 ]e , is proportional to the partial pressure of H, in the gas
phase, py ., and is correlated by the specific Henry coefficient H, , which is uniquely

different for each individual system.

Pu, = H H, ' [Hz ]eq
with: D, bar hydrogen pressure in gas phase eq. 4-1
H H, bar mM™ specific Henry coefficient for H,
[HZ ]eq mM equilibrium solubility

For the reaction to occur, hydrogen has to move from the gas into the liquid phase; therefore,
its diffusion determines the maximum rate of the over-all reaction. The mass transport from
the gas phase into the organic phase can be described by the two-film theory [Whitman 1923].

Alternatively, other theories can be used, but they essentially yield the same results, but
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require more sophisticated mathematics [Levenspiel 1993, 1999].

The area of the interface 4 and the mass transport coefficient k; determine the rate of
hydrogen solvation. In general 4 and 4; are not directly accessible by experimental methods.
In different literature references it is documented that the rate of solvation is limiting the over-
all reaction rate [Sun 1996; Sun, et al. 1997]. Different methods have been established to
overcome this limitation. The two standard solutions to this problem are: Application of an
increased hydrogen pressure within an autoclave to increase the gradient of the hydrogen
concentration as driving force or to incorporate appropriate stirrers to increase the limiting
interface. Several authors describe a dependency of the reaction rate on the speed of agitation;
commonly the reaction is started by stirring [Sun 1996, Sun, et al. 1997]. Only increasing the
area of the interface and reduction of the diameter of the liquid film leads to an increased
overall reaction rate.

Here, a new methodology for hydrogenations has been developed /[Bommarius, et al. 2001]
that will be applied in the following throughout in hydrogenations using chemzymes or
enzymes: If a dense membrane replaces the gas/liquid interface, the two parameters 4 and ;
become decoupled (Figure 4.10). Additionally, the overall pressure p is now separated into
the two partial pressures, p, and p;, for the gas- and the liquid phase, respectively. By this
means it is possible to establish a pressure difference between the gas and the liquid phase.
This method has already been successfully established and applied previously for the supply
of oxygen to the liquid phase via dense silicon membranes (silicon tubings) in fermentations
of mammalian cells /Noll, et al. 1996] as well as in biotransformations /Bongs, et al. 1997;
Rissom, et al. 1997].

: membrane

B

S -

Figure 4.10: Decoupling of 4 and %, by replacing the interface by a dense membrane (left: classical
gas/liquid interface, right: membrane-separated gas and liquid phase).

When applying continuously operated membrane reactors, as with chemzymes and enzymes,
additional advantages arise: On the retentate side of the membrane reactor, which correponds
to the actual reaction volume, no gas phase is involved. By this means the control of the
residence time in the reactor is simplified. In comparison to classical autoclaves, where the
gas volume accounts for one third to one half of the reactor volume, the effective gas volume
in the reactor is reduced drastically in the approach as chosen here. Besides practical aspects,

this does also minimize the risks introduced by using gaseous hydrogen.
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As appropriate tubing materials, different polymers were characterized in view of their mass
transport characteristics for hydrogen. The mass transport over a dense polymer membrane is
comparable to heat transfer [Fitch, et al. 1993; Gieck, Gieck 1995; Compan, et al. 1999], and
the same laws can be applied. The mass transport 7 is proportional to the differential pressure
Ap and anti proportional to the thickness of the membrane d, - d; (eq. 4-2 and Figure 4.11,
left). The material-specific constant x depends on the type of gas and the membrane material
used (for a detailed deviation of eq. 4-2 see [Greiner 2002]).

; Ky, 71 Ap
Ind, —Ind,
with: n mol s mass transport
Ky, mol s m™ bar!  material-specific transport coefficient eq. 4-2
/ m tubing length
Ap bar differential pressure
d, m outer diameter
d. m inner diameter

The higher the differential pressure, the thinner the membrane, and the larger the area A4, the
higher is the mass transport. However, the thicker the membrane, the higher is the pressure,
which the membrane has to retain. But at the same time, higher pressures need to be applied

to achieve the same level of mass transport.

In Figure 4.11, right, different tubing materials (membranes) are compared in regard to their
material-specific constants «, . PTFE (polytetrafluoroethylene) exhibits the highest mass

transport coefficient «, for molecular hydrogen. Furthermore, it is commercially available

in different shapes and diameters.
0.03

0.02

0.01

K / mols' m' bar’

y

PEEK Tefzel PFA PTFE

o
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Figure 4.11:  Left: dimensions of a tubing; right: mass transport coefficient Ky, compared for different

polymer materials (PEEK = poly(ether-ether ketone), Tefzel = ethylene tetrafluoro-
ethylene, PFA = perfluoroalkoxy, PTFE = polytetrafluoroethylene).
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4.1.2 Volume aerated membrane reactor

The proposed membrane acration was realized via a newly developed module. A membrane
tubing consisting out of Teflon was placed concentrically into the center of stainless steal
tubing as outlined in Figure 4.12, unit 4. This set up is similar to that of a concentric double-
pipe heat exchanger, with the only difference that instead of heat the gaseous compound
hydrogen is transported from one chamber into the other. Additionally, it is easily scalable via
a tube bundle. The gaseous hydrogen is defusing out of the gaseous volume through the
membrane into the liquid medium on the opposite side of the membrane. There, hydrogen is
solubilized in the liquid medium. The transmembrane pressure drop is the driving force for
the permeation of the H, and the rate thereof can conveniently be controlled by selecting and
maintaining the inner pressure of the tubular aeration membrane independently from the
pressure within the liquid phase using a back pressurizing valve. As a result an effective
decoupling of the gas and liquid pressure can be achieved within the limits of the burst
pressure of the aeration membrane employed. For continuous membrane filtration a closed
liquid volume is favorable, because the residence time of the reactants can thus be controlled
by flow control of the liquid alone, making mass balancing for the gas phase unnecessary.
The flow scheme of the newly developed continuously operated reactor for hydrogenations
with molecular hydrogen catalyzed by chemzymes as well as by enzymes (2 chapter 4.2.4,
page 129) is shown in Figure 4.12 (photo Figure 4.13). The filtration module also serves as a

heat exchanger thermostating the whole liquid volume of the reactor.

Figure 4.12: Flow scheme of the volume aerated membrane reactor (1: starting material feeding pump,
2: circulation pump, 3: ultrafiltration membrane unit, 4: volume aeration, 5: membrane
valve, AD/DA: analog-digital/digital-analog converter, MFM: mass flow meter, p: pressure
detection, UV: UV detection)
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Figure 4.13: Photo of the volume aerated membrane reactor.

The starting material is supplied using an alternating piston pump. It is advantageous to apply
a gear pump as a circulation pump to establish turbulent flow conditions in the aeration
module, thus avoiding concentration gradients over the cross section of the aeration module.
The surface to volume ratio in the aeration module is 3.8 cm* mL™. The fraction of the gas
volume on the total reactor volume is 107,

Concentration gradients in the double-pipe heat exchanger are circumvented by establishing
turbulent flow [Levenspiel 1999]. The respective minimal flow rates can be calculated for
different solvents via the definition of the dimensionless Reynolds number Re (eq. 4-3)
[Gieck, Gieck 1995].

Re = 24P P
n
with: Re e I.Eeyftolds nu.mber eq. 4-3
v ms liquid velocity
dy m hydraulic diameter
P kgL’ density
n Pas=kgm’s! dynamic viscosity

The geometry of the aeration module is taken into consideration in the definition of the

hydraulic diameter dj, (eq. 4-4).

AQ
d, = 4—2
7s (dr + du)
eq. 4-4
with: AQ m? cross section of flow area
d] m inner diameter of outer tubing

The flow rate F'is accessible via the definition of the velocity of the liquid v (eq. 4-5).
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Q eq. 4-5

with: F m?s? flow rate

Turbulent flow is established, if Re > 2320 [Gieck, Gieck 1995]. The minimal required flow
rate F,;, to reach turbulent flow is correlated to the sum of the characteristic diameter d; + d,
and dependent on the material-specific constant. Therefore, a minimal diameter of both
tubings needs to be chosen. Fy;, can be calculated by using eq. 4-3 (substituted with
equations eq. 4-4 and eq. 4-5, Re = 2320). In Table 4.2 the resulting minimal flow rates F
in the volume aeration module are listed for different solvents. All experiments were carried

out by establishing the minimal required flow rate.

Table 4.2: Minimal flow rates F,; that are needed to reach turbulent flow (Re > 2320) in the
membrane aeration module for different solvents (¢/ = 4.0 mm, d, = 1.6 mm, 7 = 40°C).

solvent dynamic Density minimal flow

viscosity rate

n/ 10" Pas pl kgL  Fu, / Lmin?

water 6 0.98 0.38
THF 2 0.89 0.14
methanol 8 0.81 0.61
ethanol 9 0.76 0.74
2-propanol 10 0.65 0.96

4.1.3 System characterization

To kinetically characterize the PyrPhos catalysts as well as the PyrPhos chemzyme, standard
reaction conditions needed to be established. This does also include a constant hydrogen
pressure throughout the kinetic experiment, because otherwise the effective hydrogen
concentration in the liquid phase would change. In a classical autoclave the hydrogen pressure
is decreasing during the course of the reaction, since hydrogen is consumed as reduction
equivalent. The result is an alteration of the driving force for the phase transition of
hydrogen. Therefore, a constant pressure autoclave was set up as shown in the flow scheme
Figure 4.14. A constant hydrogen flow is measured using with a mass flow meter (MFM).

The hydrogen flow is regulated with the control valve 2.
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Figure 4.14: Flow scheme of the constant pressure autoclave (1: valve, 2 control valve, 3 three way
valve, 4: autoclave, AD/DA: analog-digital/digital-analog converter, MFM: mass flow
meter, p: pressure detection, S: starting material).

The whole setup is controlled and regulated via a computer. The recorded real-time data can
then be used for kinetic investigations. The results of a typical experiment are shown in
Figure 4.15. At first an activation of the catalyst is observed, which results in an oscillation of
the hydrogen flow caused by the closed loop control unit. After activation of the PyrPhos an
even hydrogen flow results that can be used to determine the reaction rate in the range of the
zeroth order reaction. In this range of the reaction the activation is finalized as can be seen

from Figure 4.15.
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Figure 4.15: Typical reaction course of a hydrogenation and resulting zeroth order reaction rate (py, =
10.0 bar constant, 0.5 mM PyrPhos, 0.5 M 2-acetoamido cinnamic acid, T = 25°C,
methanol).

The activation of the catalyst proceeds via liberation of the 1,5-cyclooctadiene [Burk, et al.

1998]. During the course of the activation the kinetic parameters cannot be determined.

As simple kinetics the following rate equation is assumed to describe the PyrPhos catalyst

appropriately (eq. 4-6). Here, one important assumption is that the mass transport of

molecular hydrogen is not rate limiting. This is true for a slow catalytic reaction and results

from the linear fraction of the rate as function of the catalyst concentration [caf].
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v = [cat] tof [AA]
K, +[44]
with: v mmol L min?  reaction rate eq. 4-6
tof min”’ turnover frequency
[4A] mM 2-acetoamido cinnamic acid
[cat] mM catalyst
Ky mM Michaelis-Menten constant

In case of high substrate concentrations [44] >> K, the following approximation is valid (eq.
4-7):

v = [cat]tof eq. 4-7

In other words: Within the range of catalyst saturation (zeroth order), the reaction rate is
linear in respect to the catalyst concentration. This is shown in Figure 4.16 for the non-
immobilized PyrPhos catalysts and the PyrPhos chemzyme. The non-immobilized catalyst
reaches a fof =20 min™ up to a catalyst concentration of 0.2 mM, - which is valid irrespective
of the solvent applied. The non-linearity at higher catalyst concentrations is introduced by a
limitation in the hydrogen supply. The difference between the characteristics of the two
solvents is caused most likely by their different viscosities (Table 4.2, page 112). The
PyrPhos chemzyme is approximately eight times slower than its non-immobilized variant
(fof = 2.7 min™") in relation to the active sites (Rh).
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Figure 4.16: Hydrogen flow as function of the catalyst concentration: left: non-immobilized PyrPhos,
right: PyrPhos chemzyme (py, = 10.0 bar constant, 0.5 M 2-acetoamido cinnamic acid, 7 =
25°C).

The hydrogen pressure determines the solubility of hydrogen in the liquid phase as defined by

Henry’s law (eq. 4-1). By increasing the hydrogen pressure the hydrogen concentration is

increased as well. The turnover frequency is a linear function of the hydrogen pressure in the

investigated range (eq. 4-8), respectively the hydrogen concentration in the liquid phase, as
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can be seen from Figure 4.17.

tofpﬁz = K"’fpﬁz : sz
eq. 4-8
with: tof s min! pm2 dependent turnover frequency
of min™" bar” Puz dependent correlation constant
PH2

The non-immobilized catalyst reaches K, ~=2.3+0.1 min™ bar’'. With the Henry constant

for methanol of Hy, = 0.27 bar mM™ equation eq. 4-8 can be reformulated as a function of the
hydrogen concentration. The respective constant is then K efry 0.62 + 0.1 min"' mM". This
dependence of the adsorption kinetics of the catalyst is astonishing, since normally a
hyperbolic function would be expected [Sun, et al. 1997]. The linear correlation between the
hydrogen pressure, respectively the hydrogen concentration, and the turnover frequency
demonstrates that the affinity between the catalyst and hydrogen is low. An extrapolation to
the saturation limit is not valid. Investigations by other authors have shown that the linear
range goes up to twice the pressure of py, =50 bar [Nagel, et al. 1986]. In the case of the
chemzyme a K,y =027£0.5 min™ bar™ is reached.

The linear dependency on the hydrogen concentration has two consequences for practical

applications of the catalyst:

e The saturation limit of the catalyst in regard to H; is not reached within the range of
the applied pressure.
e To reach reasonably high activities, a corresponding pressure p; needs to be applied

onto the liquid phase (Figure 4.10 and eq. 4-2, page 108).
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Figure 4.17: Turnover frequency as function of the hydrogen pressure, respectively the hydrogen
concentration. Left: non-immobilized PyrPhos, right: PyrPhos chemzyme (pg; = 10.0 bar
constant, 0.5 M 2-acetoamido cinnamic acid, 0.5 mM PyrPhos, 1 g L' chemzyme =
0.5 mM (Rh), T =25°C).
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The reaction product (R)-N-acetyl-phenylalanine can be recrystallized from water. After
fractional crystallization an ee > 99.5% is reached. In total, over 100 g of (R)-N-acetyl-

phenylalanine were produced during all these kinetic experiments.
4.1.4 Synthesis in the volume aerated membrane reactor

To prove the applicability and suitability of the volume aeration unit, at first a batch reaction
was carried out. For this reason, we used a simplified setup, leaving out the ultrafiltration unit
(Figure 4.12 without 1, 3 and MFM). The aeration unit was replaced by a larger one,
providing a larger membrane area (400 cm®). Using this setup a batch reaction, - or in respect
to hydrogen a fed-batch reaction, - was performed. The hydrogen flow was measured, which
is necessary to keep the pressure constant on the gaseous side of the membrane. During the
reaction the differential pressure was raised from 3 to 4 bar. The conversion calculated from
the hydrogen flow matches the conversion as estimated by independent analysis from samples
withdrawn during the reaction (Figure 4.18). The enantiomeric excess was not altered

compared to previous findings /Nagel, et al. 1986].
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Figure 4.18: Batch conversion in the volume aerated membrane reactor; the squares represent the
conversion calculated on GC measurements, and the line represents the conversion
calculated based upon the hydrogen flow (p, = 8.0 bar, 0 — 2.4 h: py, = 11.0 bar constant, 2.4
— 5 h: pg> = 12.0 bar constant, 0.25 M 2-acetoamido cinnamic acid, 1 mM PyrPhos, T =
30°C).

The continuous process was carried out in the volume aerated membrane reactor as outlined
in Figure 4.12, page 110. In comparison to the above-described batch reaction, a smaller
membrane area of the PTFE tubing was used (14 cm?). Nevertheless, the surface to volume
ratio in the acration module itself even increased from 3.6 to 3.8 cm” mL™".

In Figure 4.19 the conversion is plotted as a function of the number of residence times for one
continuous experiment. At a residence time of 7= 2.0 h the hydrogen supply via the PTFE
membrane seems to be limiting, and only a low conversion is reached. By increasing the

residence time to 7=15.7 h, the conversion is approximately doubled. A further addition of
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catalyst after 97 h (17 residence times of 5.7 h) leads to a maximal conversion of 0.6, which is
instable. Furthermore, a fast decrease of the conversion is observed. Non-linear regression of
the conversion decrease delivers an apparent retention of » = 0.78 for the chemzyme. The
dotted line denotes the case, where no retention of the chemzyme would be given. The value
of the apparent retention differs drastically from the independently determined retention of » =
0.99 [Woltinger 2001]. Possibly the chemzyme or the precious metal Rh exhibits either a
worse retention as compared to before the activation or the chemzyme is deactivating faster
under real reaction conditions. After the experiment, a black precipitation was observed on the

surface of the ultrafiltration membrane. This precipitate might have been rhodium, which
could not be verified, however.

Y% =20n [N .

!

0.0 T T T
0 5 10 15 20 25 30 35 40

number of residence times / -

¥
%
1]
[
[
[
e 1
[ 1
Py
3
3
3
%
T

Figure 4.19: Hydrogenation in the continuously operated volume aerated membrane reactor with the

PyrPhos chemzyme (p;=9.0 bar, pg, = 24.0 bar constant, 0.1 M 2-acetoamido cinnamic
acid, 7' =40°C).

4.1.5 Summary

e The bisphosphine catalyst PyrPhos was immobilized on a homogeneously soluble
polymer N-iso-propyl-polymethacrylamide yielding a chemzyme corresponding to 11
catalytic active sites.

e The non-immobilized PyrPhos catalyst as well as the chemzyme has been investigated
and characterized kinetically. In case of the chemzyme, the selectivity stays
unchanged, but the turnover frequency is reduced by factor 8.

The PyrPhos chemzyme demonstrates in continuous experiments a very low stability,
preventing efficient usage thereof.

e A constant-pressure autoclave was developed incorporating flow measurement and
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control of the hydrogen.

A new membrane aeration technique for supplying defined quantities of gaseous
hydrogen was developed that can be applied for chemo- as well as for biocatalysis
(chapter 4.1.1, page 107). Polytetrafluoroethylene (PTFE) proved to be the best
membrane material in view of its hydrogen permeability and chemical stability. The
advantages are:

o A defined interfacial area,

o the liquid and the gas pressure can be controlled separately, thereby allowing

for a precise control of the mass transition.

For continuous operation a circulating reactor with a double-pipe aeration module was
setup (surface to volume ratio in the aeration module of 3.8 cm”® mL™),

The applicability of the newly developed hydrogen aeration technology has been

demonstrated using both a batch and a continuous hydrogenation as typical examples.

In total, over 100 g (R)-N-acetyl-phenylalanine were produced with an ee > 99.5%
after fractional crystallization.
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4.2 Direct hydrogenation with enzymes®’

In this chapter, hydrogenations with molecular hydrogen as reduction
equivalents catalyzed by biological catalysts, the hydrogenases, are

discussed. The same physical and chemical laws apply here as with the

already discussed chemical catalyst (2 chapter 4.1, page 103). Also the

suitability of the volume aeration method developed for chemical

hydrogenations (2 chapter 4.1.2, page 110) will be demonstrated for
biocatalyzed hydrogenations. After a short introduction devoted to hydrogenases the
generation and regeneration of NADPH with molecular hydrogen will be discussed.

Classical hydrogenases are bi-directional enzymes that catalyze the production [Selvaggi, et
al. 1999; Woodward, et al. 2000a; Woodward, et al. 2000b] and oxidation [Ma, et al. 2000]
of molecular hydrogen. The enzymatic reaction is represented by the equation:

2H" + 2¢

Ha

Actually, the enzymatic cleavage of H, is herein heterolytic: H, = H™ + H [Krasna 1978].
The enzymes may differ in many properties, e.g., in their specificities for electron carriers,
which are either reduced with Hy or from which hydrogen can be evolved [Schlegel,
Schneider 1978]. Generally, the hydrogenases are divided into two major groups on the basis
of the metal content of their respective dinuclear catalytic centers: the "iron-only" [FeFel-
hydrogenases and the [NiFe]-hydrogenases [Nicolet, et al. 2000; Frey, et al. 2001; Lemon,
Peters 2001; Frey 2002]. |FeFe]-hydrogenases contain only [FeS]-clusters, of which one

37 Parts of this chapter are published in:
This project was carried out in close collaboration with the working groups of Dr. H. Haaker, University of
Wageningen, The Netherlands and of Prof. F. Hagen, University of Delft, The Netherlands.
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functions as the "H-cluster", binding the hydrogen. The latter usually tends to be more
reactive towards the hydrogen production, whereas the former [NiFe]-hydrogenases are less
reactive and more involved in the hydrogen oxidation in the electron flow chain [Adams
1990]. The hydrogen activation takes place at the dinuclear catalytic center (Figure 4.20)
[Albracht 1994] Tt is proven that oxidation of hydrogen, respectively the reduction of protons,
takes place separated from other processes at the a-subunit. The protons are solvated and the
electrons are transferred internally to the B-subunit. Although the exact catalytic mechanism
remains to be elucidated. The hydrogenase applied here is derived from Pyrococcus furiosus
and belongs to the class of the [NiFe]-hydrogenases. The reduction of NADP" takes place at
the FAD-binding site (Figure 4.20):

NADP' + H' + 2¢ === NADPH

There might be different reasons for the separation of the oxidation and the reduction. For
one, the enzyme can function as a switch in metabolism, since the electrons can be transferred
to different acceptors. Additionally, the separation prevents deactivation of the acid-labile
NADPH by the generated proton. By this means local pH-minima are prevented on the site of
reduction, which would lead to a fast deactivation of the NADH and NADPH.

NADP® + H” NADPH

Figure 4.20: Hetero-tetrameric structure of the hydrogenase from Pyrococcus furiosus and the redox-
active metal centers as well as the FAD binding site [Silva, et al. 1999].

The organism hosting the hydrogenase used in this study, Pyrococcus furiosus (DSM 3638),
was originally isolated from geothermally heated marine sediments near Vulcano, Italy (1986)
and is a strictly anaerobic hyperthermophilic archaeon. It harbors two soluble [NiFe]-
hydrogenases, namely Hydrogenase I and Hydrogenase Il [Bryant, Adams 1989a; Ma, et al.
2000]. P. furiosus is a heterotroph that grows optimally at temperatures above 90°C [Fiala,
Stetter 1986]. Due to its unusual ability to grow without elemental sulfur, large-scale cultures

of P. furiosus can be grown in conventional fermenters [Adams 1991; Krahe, et al. 1996;
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Biller, et al. 2002]. In the absence of S, the role of PFH I was proposed to be H, production
using NADPH as the electron donor [Ma, et al. 1994]. In contrast, kinetic studies could show,
that the reduction of NADP* with hydrogen in vitro proceeds almost 10 times faster than the
oxidation of NADPH /Silva, et al. 2000; van den Ban 2001]. Therefore, detailed insight into
the in vivo function of this enzyme will require additional analyses and studies, which are
currently in progress in several research groups.

The soluble PFH 1, formerly known as PF sulthydrogenase, was purified to homogeneity
[Bryant, Adams 1989b] and the genome sequence is known [Payen, et al. 1983]. However,
up until now no expression system is known allowing overproduction in another organism. It
is capable of generating the cofactor NADPH directly from the oxidized B-nicotinamide
adenine dinucleotide phosphate cofactor (NADP™) with hydrogen as reducing agent without
producing any by-products other than protons (Figure 4.21). The reduction of NADP™ is 1,4-
regioselective. Because of the conjugation of the double bonds, the 1,6-dihydropyridine is the
energetically favored one that is not produced by the PFH I. NADPH was found to be the
physiological substrate /[Ma, et al. 1994]. Therefore, the high biotechnological potential of
PFH 1 for the synthesis of NADPH, as well as for the enzyme-coupled in situ NADPH-

regeneration is evident (Figure 4.22).
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Figure 4.21: Regioselective 1,4-reduction of the pyridine in NADP" catalyzed by the hydrogenase I
(PFH 1) from Pyrococcus furiosus.
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Figure 4.22: Left: Generation of NADPH; right: regeneration of NADPH in an enzyme-coupled system.
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4.21 Generation of NADPH

The synthesis of NADPH can be carried out by means of chemical, electrochemical or
enzymatic methods. However, not many processes for the direct generation of reduced
p-nicotinamide adenine dinucleotide phosphate have been published. The enzyme—free
chemical (Figure 4.23) and direct electrochemical methods suffer from low selectivity and
undesirable side reactions /Day, et al. 1972; Chenault, Whitesides 1987a; Peters 1998a].

OO 72N
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Figure 4.23: Homogeneous catalysts for the regioselective 1,4-hydride addition to NAD* and NADP*
[Ruppert, et al. 1988b; Steckhan, et al. 1990; Hembre, et al. 2000].

Indirect electrochemical processes circumvent these problems by using mediators, but these
agents often interfere with downstream processing [Ruppert, et al. 1988a]. In 1983 Eguchi et
al. [Eguchi, et al. 1983] reported the utilization of resting methanogenic bacteria cells as bio-
catalysts in the reduction of NADP' with formate or hydrogen. With a maximum conversion
of 60 %, they could achieve an analytical yield of approximately 6 g/l. NADPH. However,
the limiting factor was the cultivation of the strictly anaerobic cells. An enzymatic generation
of NADPH from NADP" and L-malic acid was achieved with the soluble L-malic:NAD(P)"
oxidoreductase from Achromobacter parvulus 1FO-13182 (EC 1.1.1.39-40) [Suye, Yokoyama
1985]. Under optimized conditions, quantitative conversion yielded about 8.9 g/l. NADPH
after 4 h. Another common enzymatic method is the D-glucose-6-phosphate dehydrogenase
(G6P-DH; EC 1.1.1.49)-catalyzed reduction of B-NADP" with glucose-6-phosphate [Wong,
Whitesides 1981]. Since the thermodynamics of this reversible reaction is in favor of the
substrate, this process has to be carried out with a surplus of expensive glucose-6-phosphate.
More favorable thermodynamics and less interference of by-products are encountered
according to a method using a recombinant NADP -specific formate dehydrogenase (EC
1.2.1.2). This approach has gained much attention, since it reduces NADP" utilizing formate
as a cheap substrate, generating only gaseous CO, and NADPH [Tishkov, et al. 1999b].
Isolated hydrogenases are so far, - up to our knowledge, - only applied for the regeneration of
the nicotinamide cofactors and not for their production. For this purpose, not many systems
are known, which involve a hydrogenase as regenerating enzyme [Klibanov, Puglisi 1980;
Wong, et al. 1981, Klibanov 1983; Okura, et al. 1987a, 1987b; Otsuka, et al. 1989; Hasumi,
et al. 1995]. This restriction stems from the availability of NADP'-specific hydrogenases. To
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date, there are only the Alcaligenes eutrophus H16 hydrogenase, the Desulfovibrio
fructosovorans hydrogenase, a hydrogenase from Anacystis nidulans, and a membrane-bound
hydrogenase from Klebsiella pneumoniae, which utilize NAD(H) - besides the PFH I and
PFH 1T known to be capable to utilize NADP(H) as a redox equivalent [Schneider, Schlegel
1976, Peschek 1979; Keefe, et al. 1995; De Luca, et al. 1998; Steuber, et al. 1999]. These
enzymes are mainly applied for the regeneration of NADPH (2 chapter 4.2.5, page 130).

4.2.2 Analytics

For a characterization of the hydrogenase a quantitative analytical procedure for the
determination of NADP* and NADPH must be established. Often a photometrical method is
applied to determine NADPH (Apax, nappr = 340 nm) in situ. NADP" is in general determined
by an enzymatic transformation to NADPH. For an exact quantification of the hydrogenation
this is not sufficient. To establish a mass balance, all reactants need to be quantified at the
same conversion point. Additionally, the reaction product NADPH is not very stable, as will
be shown later on (2 chapter 4.2.3, page 124). These constraints required the development of
a new analytical procedure. Capillary electrophoresis (CE) proved to be the appropriate
method. CE allows for the electrophoretic separation of individual substances and their
detection by various means, e.g., by direct or indirect UV-VIS absorbance, as well as by
fluorescence or mass spectrometric detection. To optimize the separation quality a genetic
algorithm was used [Buchholz, et al. 2002]. Genetic algorithms were already successfully
applied for the optimization of selectivity and yield in a biotransformation (2 chapter 3.2.2.2,
page 72). In the following approach, six parameters were considered for optimization,
namely: injection time, voltage, buffer pH, buffer concentration, temperature, and overlaid
pressure. After four generations, the mean separation quality was increased and the analysis
time was reduced. At the same time all $-nicotinamide adenine dinucleotide cofactors can be
analyzed (Figure 4.24, left) and additionally the decomposition product of NADPH can be

analyzed (Figure 4.24, right, Amax. napp' = 254 DM, Amax. decomposed NADPE = 266 nm).
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Figure 4.24: Electropherogram of the p-nicotinamide adenine dinucleotide cofactors (left:
phosphorylated and non-phosphorylated, right: phosphorylated including decomposition
product of NADPH; buffer: 40 mM phosphate & 10 mM borate, pH 8.5, 40°C, 30 kV, 1 mM

uridine as internal standard, UV-detection: A =254 nm).System investigations

The reduction of NADP™ to NADPH by molecular hydrogen is a redox reaction. The
respective equilibrium constant is defined via the law of mass-action (eq. 4-9). The
equilibrium is far on the side of the products with an equilibrium constant of
Keg pru1 = 1.1 10° [Greiner 2002]. The protons formed are removed from the equilibrium by
titration or by buffering of the pH. Additionally, the initial concentration of molecular
hydrogen is kept constant by the equilibrium of gas and liquid phase, which also shifts the
reaction equilibrium onto the side of the products. The equilibrium constant is in the same
order of magnitude as the one for the reduction of NAD" to NADH catalyzed by formate
dehydrogenase (FDH) utilizing formate (Key, rpr = 0.42 10%) [Goldberg, et al. 1993].

INADP" + 1TH, —™ 1INADPH + 1H"

H" ADPH eq. 4-9
Kegrmy = M = 1.1-10° (298K)
I:[_IZ]e(;[NADP ]

g

So far, it has not been possible to carry out a detailed kinetic study, because the activation
mechanism is not yet understood. This will become especially evident during the discussion

of the repetitive batch experiments (2 Figure 4.27, page 127).

One major point to still consider is the limited stability of the reaction product NADPH. There
are some general tendencies regarding the stability of B-nicotinamide adenine dinucleotide
cofactors [Chenault, Whitesides 1987b]:

e The reduced cofactors are less stable than their oxidized forms.
e The oxidized forms are more stable than the reduced ones in an acidic milieu.
e The reduced forms are more stable than the oxidized ones in an alkaline milieu.

¢ The phosporylated ones deactivate faster.
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The pH range from 6.5 to 9, shown in Figure 4.25, is most relevant for oxidoreductases. Most
industrial reductive biotransformations are carried out in this pH range [Liese, et al. 2000;
Liese, et al. 2002]. Total turnover numbers up to 600,000 for NADH have been reached
[Hummel, et al. 1987].
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Figure 4.25: Deactivation constant k,, for B-nicotinamide adenine dinucleotide cofactors as function of
pH after [Chenault, Whitesides 1987b] (0.1 mM cofactor, 50 mM buffer: pH 3-6 acetate, pH
6-8 TEA, pH >9 carbonate, T = 25°C)

The reduction of NADP* (A) is an almost quantitative reaction
followed by an irreversible decomposition of NADPH (B) to | A -» B
{. From a kinetic point of view this is the classical situation of

2 ////@

KZ4

a multi-step reaction sequence, as already discussed in (2 chapter 3, page 19). The only
difference to the systems discussed before is, that 2> is the side product and B is the reaction
product. The assumption of an irreversible reaction of first order is a simplification; also the
observation of intra- and intermolecular reactions has been reported [Wu, ef al. 1986b].

+ r kde
NADP s NADPH — > decomposed NADPH
PFH
Ho
A B 7

The typical course of a reaction as later shown in Figure 4.26 is caused by the simultaneous
interplay of the NADPH formation (k) and decomposition (kz) (eq. 4-10 and eq. 4-11).

% —k, [NADP'| = -k[PFH]|[NADP"] ¢q. 4-10
% —k, [NADPH] + k, [NADP'] eq. 4-11

Two typical conversion plots at 40°C in two different buffer systems are shown in Figure
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4.26, left. Total turnover numbers (#tn) of 4,600 (EPPS buffer) and 7,060 (Tris-HC1 buffer),
respectively, could be reached in terms of NADPH with turnover frequencies (fof) of 28.7 h™
and 44.0 h™'. Although the activity of the hyperthermophilic enzyme increases exponentially
with temperature and has its maximum above 80°C [Ma, et al. 1994, van den Ban 2001], the
reactions were performed at lower temperature (40°C) to compromise enzyme activity and
thermal stability of NADPH [Wong, et al. 1981; Wu, et al. 1986a]. Nevertheless, the limiting
factor still seems to be the low stability of NADPH at elevated temperatures. The course of
the yield-conversion plot shows the typical characteristics for a reaction sequence
A — B — £, with B as reaction product decomposing %2 (Figure 4.26, right). This decrease
is initiated by the chemical decomposition of the cofactor under these reaction conditions,
which are necessary in order to achieve a sufficient enzyme activity. The amount of the
decomposition product formed in the EPPS-buffered process is higher than in the Tris-
buffered reaction. The exact mechanism thereof and the decomposition product still have to
be elucidated. Preliminary analytical measurements using capillary electrophoresis and IC-
MS/MS techniques showed that the unknown substance has the same molecular mass as
NADPH, but with an absorption maximum at 266 nm instead of 340 nm. No decay products
of NADP" could be detected. Whether the decomposition product inhibits the enzyme has not
yet been investigated.
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Figure 4.26: Batch hydrogenations in two different buffer systems; left: conversion as function of time,
right: yield of NADPH as function of conversion. Lines are only drawn as visual aids ( 12
mM NADP*, 200 mM EPPS-buffer () or 100 mM Tris-HCI buffer (W), pH 8.0, 0.26 mg/mL
PFH 1, pu»1.1 bar, 40 °C).
To investigate the stability of the PFH I under reaction conditions a repetitive batch series
was carried out. A reactor equipped with an ultrafiltration membrane was used for the
repetitive batch process. Two separate experiments of 8 runs each were performed. The
progression curves are shown in Figure 4.27. After reaching > 95% conversion, the reactor
content was concentrated to approx. 7% residual volume and refilled with freshly prepared
substrate solution. Within the first repetitive batch-series (Figure 4.27, left) a hydrogen
pressure of 5.0 bar was applied for the first 6 runs. Since the initial reaction rate began to

decrease, a higher hydrogen pressure of 7.5 bar was applied to find out, whether there were
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any mass transfer limitations. This seemed not to be the case. During the whole course of the
eight repetitive batch cycles no further dosage of PFH I was necessary. Over 8 runs, total
turnover numbers (¢#tr7) of 9,800 and 10,000, respectively, were achieved with the maximum
analytical NADPH yield taken as a basis and the partially purified PFH I preparation treated

as if it was pure hydrogenase.
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Figure 4.27: NADPH production in two series of repetitive batch experiments, consisting of 8 runs each
at different hydrogen pressures as indicated: (¥) py>=2.5 bar, (B) py,=5.0 bar, (s)
Puz="7.5 bar. (12 mM NADP", 200 mM EPPS buffer, pH 8.0, 1.0 mg/mL PFH I, T = 40°C,

YM10 membrane).
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Figure 4.28: Initial reaction rate of each individual batch as function of time for two independent
repetitive batch series. Black line denotes the simulated course of initial activity based on
eq. 4-12 (for reaction conditions see Figure 4.27).
Astonishingly, a “reproducible” activation of the PFH is observed during the first three runs
in two independent repetitive batch series (Figure 4.28), before a decrease, probably caused
by deactivation of the PFH I, has been encountered. It is known, that [NiFe]-hydrogenases in
general and the PFH 1 in particular need to be reductively activated prior to their use.
Therefore, the crude PFH 1 preparation was pre-incubated at 80°C for 5 min under hydrogen
atmosphere, following a standard protocol [Silva, et al. 1999; Frey, et al. 2001], before
transferring it avoiding oxygen into the reaction mixture.

This phenomenon can be kinetically described, if it is assumed that an “unready” PFH’ is
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irreversibly activated (k..) to PFH, followed by an irreversible inactivation (k4) leading to
PFH.
pre e o e pr

Even though the redox processes leading to different activation states of the enzyme, have
been investigated and differentiated by electron spin resonance studies (EPR), as described in
the literature, and found to be reversible [Silva, et al. 1999], it is still unclear how they can
account for the resulting activity [Bryant, Adams 1989b; Silva, et al. 1999]. An irreversible
activation is the simplest assumption leading to a quite appropriate description of the
observed phenomenon. The resulting activity / concentration of the PFH in the subsequent
reaction can be described by the term as outlined in eq. 4-12 [Greiner 2002].

e'k“" t e—kd,r
[PFH] = [PFH],+[PFH*, -k, ( PO eq. 4-12
de act act de
with: [PFH] Umg’ activated PFH

[PFH], Umg™ initially activated PFH at startup

[PFH*], Umg’ non-activated PFH at startup

Koot h! activation constant

Kae h! deactivation constant

Upon fitting the parameters to the course of the initial activity for the two repetitive batch
series with non-linear regression the data collected in Table 4.3 are received. The simulated

course of the initial activity is shown in Figure 4.28 by the black line.

Table 4.3: Parameter of the time-dependent activation of PFH for the two repetitive batch series in

Figure 4.28.
parameter 1. series 2. series unit
Kot 17.1+£7.8 6.0 +4.3 102h"
kae 1.7£0.7 1.3£0.1 102 h"!
[PFH¥*], 155+3.0 140+56 107 Umg’
[PFH], 28+1.6 58+14 107 Umg?!
¥ [PFH] 18.3+4.6 198 #7.0 107 Umg’

A comparable total concentration of PFH X [PFH] = [PFH*], + [PFH], within the margin of
error is calculated. The sum is the possible total activity of the PFH. This means, that in spite
of the fact that the rate of activation (k) differs significantly for both repetitive batch series,
a comparable total amount of enzyme concentration is resulting. The deactivation constant is
also comparable for both repetitive batch series. The conclusion is that there must be at least
one parameter that was not controlled, which seems to have a very high impact on the

activation. To identify the identy of this parameter is in the focus of presently ongoing
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investigations.

It is unclear why the activation effect occurs. Presumably, the applied [NiFe]-hydrogenase
was not fully converted to the catalytically active state by temperature-induced activation.
However, these findings are interesting, since the PFH I preparation was purified under
anaerobic and reducing conditions. There still remain many questions to be answered
concerning the mechanism of the enzyme. Although a consensus is slowly being reached, the
exact roles of the different active site components have not yet been fully established
[Fontecilla-Camps, Ragsdale 1999]. In other words: there is still a great potential to even
increase the effectiveness of the hydrogenase I from Pyrococcus furiosus by understanding
the activation mechanism in more detail and establishing a more effective protocol for the

activation.

4.2.4 Continuous production of NADPH in the volume aerated membrane
reactor

To carry out the continuous production of NADPH the newly developed volume aerated
membrane reactor was applied, as already described in @ chapter 4.1.2, page 110 (flow
scheme: Figure 4.12, page 110). Figure 4.29 shows the concentration ratio of NADPH to the
sum of NADP" and NADPH as a function of the number of residence times. A steady-state
with almost quantitative conversion was reached at a residence time of 2.0h. After adjusting
the flow rate to the shorter residence time of 1.5 h, the supply with hydrogen proved to be the
limiting factor. Raising the differential pressure from 0.9 to 1.5 bar compensated for this
decrease. The slow decline of the concentration ratio to about 0.85 over the period of 120 h
can be accounted for by a deactivation of the enzyme. In order to make the degradation effects
and the capabilities of the enzyme visible, no stabilizer, - as for example the antioxidant
sodium dithionite, - was added. The reactor outflow was directly cooled down to 4°C to
prevent further decomposition of the reaction product NADPH. In the continuous experiment
a space-time yield (szv) of 130 g " d' was reached. The total turnover number (/1) of the
enzyme was calculated to be 66,000. This value certainly is a too low estimate, since it was
neglected that only approximately one fifth of the protein in the enzyme preparation is active

hydrogenase.
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Figure 4.29: Course of the continuous NADPH synthesis in the volume aerated membrane reactor
(12 mM NADP', 1.9 mg mL1 PFH, 100 mM KPj buffer, pH 8.0, T = 40°C, YM10
membrane, p; = 5.0 bar, p;,,=5.8 bar from 47 h onwards py, = 6.5 bar, conversion® based
on e quantified and o qualitative data).

4.2.5 Regeneration of NADPH

Among several in situ regeneration techniques, enzymatic processes are presently applied
with success [Hummel 1999; Liese, et al. 2000; Leonida 2001; Vrtis, et al. 2002]. Two
different approaches are known, namely the substrate-coupled and the enzyme-coupled
system. In the substrate-coupled system the enzymatic conversion of a cheap co-substrate, ¢.g.
2-propanol to acetone, regenerates the reduced cofactor (Figure 4.30, left). In the case of the
enzyme-coupled in sifu regeneration instead, a second enzyme, which regenerates the cofactor
directly, is added to the reaction system (Figure 4.30, right). A well-known example for the
enzyme-coupled cofactor regeneration is the formate dehydrogenase (FDH), which catalyzes
NADPH-regeneration through conversion of formate to carbon dioxide [Seelbach, et al.
1996, Tishkov, et al. 1999a]. Another approach is to use a hydrogenase, which produces the
reduced cofactor at the expense of the cheapest reducing agent, namely of hydrogen
[Klibanov, Puglisi 1980; Wong, et al. 1981; Hilhorst, et al. 1983; Okura, et al. 1987a, 1987b;
Otsuka, et al. 1989; Hasumi, et al. 1995]. To date, no study has been published to our
knowledge, which describes the direct regeneration of NADPH with a hydrogenase.

¥ Because of problems with the internal standard in the samples withdrawn, several samples could not be
quantified (open circles).
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Figure 4.30: Comparison of substrate-coupled (left) and enzyme-coupled (right) cofactor regeneration.

In case of the cofactor regeneration with hydrogen, the position of the reaction equilibrium is
determined by the respective reduction potentials of the substrates, since the corresponding
oxidation potential is per definition zero. In the case of the hydrogenation of double bonds,
the two hydrogen atoms of molecular hydrogen are transferred as opposed to the
hydrogenation of NADP®, where a hydride is transferred and a proton is a byproduct.
Therefore, the equilibrium of carbonyl reduction is not influenced by the pH during cofactor
regeneration in contrast to the NADP™ reduction (2 eq. 4-9, page 124). The substrate-coupled

cofactor regeneration will be discussed in detail in @ chapter 4.4, page 161.

To study the difference between substrate- and hydrogenase-coupled cofactor regeneration,
respectively, the in situ NADPH regeneration using the thermophilic NADPH-dependent
alcohol dehydrogenase from Thermaoanaerobium spec. (ADH) was studied. It was found that
the ADH catalyzed the enantioselective reduction of acetophenone to (15)-phenyl ethanol at
40°C at the same time. This system was compared to the enzyme-coupled in situ NADPH
regenerating system with PFH I under comparable conditions. Figure 4.31, left, shows the
progression curves obtained of the 2-propanol-coupled NADPH regeneration using two
different initial cofactor concentrations. Regardless of the initial NADP® concentration
applied, equilibrium conversions X,, = 93% were reached after 2 h and 2.5 h, respectively.
The difference in reaction rates between the batches with 0.5 mM and 0.1 mM is due to the
kinetics (for ADH: ku; nappw = 0.5 mM). In contrast, quantitative conversions > 99% were
reached after 3 h with the PFH I - catalyzed NADPH regenerating system (Figure 4.31, right).
These results proof that the substrate-coupled NADPH regeneration reaction is
thermodynamically limited, whereas the enzyme-coupled system overcomes this limitation by

enabling the usage a strong reducing agent.
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Figure 4.31: Comparison of the substrate-coupled (left) and the enzyme-coupled (right) cofactor
regeneration in case of the enantioselective reduction of acetophenone to (R)-
phenylethanol. The substrate coupled cofactor regeneration (left) is carried out with 2-
propanol by the same ADH also catalyzing the enantioselective reduction. Enzyme-coupled
cofactor regeneration with PFH (right) (10 mM acetophenone, 0.5 and 0.1 mM NADP", 50
mM phosphate buffer, pH = 8.0, 0.3 mg mL"' ADH, 40°C, left: 300 mM 2-propanol, right:
1 mg mL! PFH, py, = 1.1 bar).

The total turnover number (#tn) of the redox mediator NADP+ amounts to 93 (0.1 mM

NADP") and 19 (0.5 mM NADP"). The product alcohol could be produced with an

enantioselectivity of over 99.5% in all of the experiments throughout. By these means, it has

been proved that the stereoselectivity of the alcohol dehydrogenase catalyzed reduction of
acetophenone to (1R)-phenyl ethanol is not influenced by the type of regenerating system

used.

To increase the turnover number of the cofactor, it is a common practice to decrease the initial
concentration of the critical cofactor in the system. Another approach follows the linear
dependence of the #tn on the initial substrate concentration. An increase in substrate
concentration should also lead to higher total turnover numbers and thus to a higher
efficiency. Since we have already shown (Figure 4.31) that lowering the NADP"
concentration results in inefficient use of the enzymes, we selected the latter technique, but
utilizing a substrate of higher solubility than acetophenone®. Consequently, the PFH 1 was
applied in an enzyme-coupled cofactor regeneration system with the ADH catalyzing the
enantioselective reduction of (28)-hydroxy-1-phenyl-propanone®’, which is the product of the
enantioselective C-C bond formation (2 chapter 3.2.1, page 45), to the corresponding
(1R,25)-diol with a de > 98% (Figure 4.32). The reaction was carried out in a repetitive batch
mode regarding the enzymes. Because of the limited stability of the ADH under the reaction

conditions applied, 0.3 mg mL™ ADH needed to be fed for starting up each batch.

* The maximum solubility of acetophenone in 50 mM KP; buffer, pH 8.0, T = 40°C, totals to 20 mM (L.
Greiner, D. Miiller, personal communication, 2001).

* The maximum solubility of (25)-hydroxy-1-phenyl-propanone (HPP) in 50 mM KP; buffer pH 7.0, T = 20°C,
totals to 120 mM (D. Kihumbu, personal communication, 2002).
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Figure 4.32: Enantioselective reduction of (25)-hydroxy-1-phenyl-propanone (HPP) to (1R,25)-phenyl-
propane-1,2-diol with PFH I catalyzed NADPH regeneration in a repetitive batch mode
consisting of 3 cycles with different initial substrate concentrations (1.: 10 mM HPP, 2.: 30
mM HPP, 3.: 80 mM HPP, 0.5 mM NADP*, 50 mM KP; buffer, pH 8.0, 0.3 mg mL" ADH,
1.0 mg mL"' PFH I, py, = 1.1 bar, 40°C, YM10 membrane).

Each of the three runs yielded quantitative conversion. The initial concentration of the (25)-
hydroxy-1-phenyl-propanone (HPP) was subsequently increased from 10 mM to 80 mM, and
a maximum #n of 160 for NADPH could be reached.

In these experiments,e the advantage of the hydrogenase-coupled cofactor regeneration over
the substrate-coupled one can be impressively demonstrated. With the substrate-coupled
cofactor regeneration using 2-propanol as second substrate only an equilibrium conversions
Xeq = 51% is reached (Figure 4.33).
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Figure 4.33: Enantioselective reduction of (25)-hydroxy-1-phenyl-propanone (HPP) to (1R,2S)-phenyl-

4.2.6

propane-1,2-diol with substrate-coupled NADPH regeneration (85 mM HPP, 150 mM 2-
propanol, 0.5 mM NADP*, 50 mM KP; buffer, pH 8.0, 1 mg mL"’ ADH, 40°C, YM10
membrane).

Summary

NADPH was produced by utilizing molecular hydrogen in combination with the

hydrogenase from Pyrococcus furiosus without the production of any side products.

An increase in the activity of the hydrogenase was observed in repetitive batch
experiments, pointing to a not yet fully understood activation process of the
hydrogenase. This offers a great potential to yield even higher activities upon

understanding the activation mechanism.

The newly developed volume aeration membrane reactor for chemical hydrogenation
has also been efficiently applied for the continuous production of NADPH catalyzed
by hydrogenase with a:

o space-time yield of 130 g L™ d”' for NADPH,

o total turnover number of 66,000 for the PFH.

The hydrogenase can be efficiently used for regenerating NADPH in enzyme-coupled
systems.

In contrast to the substrate-coupled cofactor regeneration, which is thermodynamically
limited, quantitative conversions are reached by applying the hydrogenase for cofactor

regeneration.
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4.3 Transfer hydrogenation with chemzymes*'

In the thirties it was discovered that special alumina alkoxides are able
to reduce carbonyl compounds [Graauw, et al. 1994]. This type of
reaction is called Meerwein-Pondorf-Verley reduction. From 1967
onwards transition metal complexes were also used for the transfer
hydrogenation, which in the midst of the eighties were combined with
chiral ligands [Gladiali, Mestroni 1998]. For a long time, the transfer

hydrogenation approach was not accepted as a real alternative to the “classical”

hydrogenation, due to its low reaction rate. This changed significantly in 1991, when Béckvall
published the addition of catalytical amounts of base as a promoter (e.g. sodium hydroxide).
By this means, the activity of the transition metal complexes could be increased drastically for
the first time /Chowdhury, Bdckvall 1991].

In our study, the transfer-hydrogenation catalyst as published by Gao-Noyori in 1996 [Gao,
et al. 1996b] was chosen as a starting point for the synthesis and investigation of a transfer-
hydrogenation chemzyme. The enantioselective reduction of acetophenone was chosen as
model reaction. The Gao-Noyori catalyst utilizes 2-propanol as the hydrogen donor. (2S5)-
Phenylethanol is formed with an ee up to 97% and a tof of 30 h™ is achieved at 45°C and 100

mM phenylacetone.

o] OH OH o]
: I i )\ i-PrOH / FPrOK - : 1 4 )J\
$ <97% ee

H X H
A {

cl
N ¢ N
R
P” & P
Ph, P,

Figure 4.34: Transfer hydrogenation catalyzed by the Gao-Noyori catalyst /Gao, et al. 1996b].

“! Parts of this chapter have been published in:

1. S. Laue: Asymmetrische Transferhydrierung im chemischen Membranreaktor, PhD-thesis, University of
Bonn (2002)

2. S.Laue, L. Greiner, J. Woltinger, A. Liese: Continuous application of chemzymes in a membrane reactor:
Asymmetric transfer hydrogenation of acetophenone;, Advanced Synthesis & Catalysis 343 (6-7) (2001)
711-720

3. J. Woltinger, O. Burkhardt, A. Bommarius, A. Karau, J.-L. Philippe, K. Drauz, J. Allgaier, A. Liese, C.
Wandrey: Polymervergiflerte Katalysatoren, German patent application DE 199 10 691.6-41 (11.03.1999);
Polymer enlarged catalysts;, world patent application WO 053305 A1l (14.09.2000)

4. A. Bommarius, K. Drauz, J. Wéltinger, S. Laue, A. Liese, C. Wandrey: Verwendung von molekularge-
wichtsvergrofierten Katalysatoren in einem Verfahren -ur asymmetrischen kontinuierlichen Hydrierung,
neue molekulargewichtsvergriofierte Liganden und Katalysatoren, German patent application DE 100 02
975.2 (24.01.2000)
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The main reason to select this ligand for the synthesis of a transfer-hydrogenation chemzyme
was the expected high complex stability of the corresponding transition metal complex. In the
Gao-Noyori catalyst the ruthenium is complexed by two amino and two phosphino groups,
forming a stable chelate complex. This extraordinary complexing property could also be
demonstrated through the examples of copper and silver complexes [Wong, et al. 1996]. The
motivation for the synthesis of the chemzyme has been its intended application in a
continuously operated membrane reactor. Hereby it is important to guarantee that the

polymer-enlarged ligand (chemzyme) is retained together with the transition metal.

4.3.1 Synthesis of the chemzyme

The synthesis of the chemzyme was carried out via a 12 step convergent synthesis, whereby a
ruthenium-based transfer hydrogenation catalyst could be linked via hydrosilylation to a
polysiloxane (13). For that purpose, we developed two routes leading to the key compounds 4
and 10 (Figure 4.35 and Figure 4.36).

According to the first route, a palladium-catalyzed phosphination of 2-bromobenzaldehyde
allowed the effective introduction of the diphenylphosphine into the ligand (85%). In this
fashion, the reaction was possible without prior protecting the aldehyde as previously
described in literature [Hoots, et al. 1982]. Next, the selective mono functionalization of
(1R,2R)-diaminocyclohexane (3) was achieved by slow addition of 2 to 3. The course of the
reaction was monitored by NMR, because the imine proton of the mono- and difunctionalized
product can be clearly distinguished.*” However, the attempt to isolate the
monofunctionalized imine by aqueous work-up yielded up to 10% of difunctionalized imine
as a byproduct. This was most likely caused by hydrolytic regeneration of 2, which reacted to
the difunctionalized imine during the removal of the solvent. Therefore, subsequent to
generating the monofunctionalized imine, this intermediate was directly converted to the
corresponding amine 4 by reduction with sodium borohydride. The purification of the product

was carried out by precipitation as hydrochloride (51%).

o 0 /
O o 3
(@) H (b) NH NH,
— P ——
Br PPh, (©) d:
1 2

PPh

Figure 4.35: Synthesis of the monofunctionalized diamine half unit 4. Reagents and conditions: (a) 1.3
equiv. HPPh,, 0.6% Pd(PPh;),, Et;N, toluene, reflux; (b) 4-fold excess of 3, slow addition of
2, EtOH, 0°C; (¢) EtOH, NaBH,, rt

2 TH-NMR (CDCl,), imine signal monofunctionalized: 8.74 (1H, d, CH), - difunctionalized 8.62 (2H, d, CH).
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Figure 4.36: Synthesis of the linker half unit 10. Reagents and conditions: (d) Br ,, CHCl;; (e)
TBDMSC], imidazole, DMF; (f) 1.3 equiv. HPPh,, 0.6% Pd(PPh;),, Et;N, toluene, reflux;
(g) KF, aqueous HBr (48 %), DMF; (h) NaH, vinylbenzylchloride, DMF

The effective phosphination reaction as described in Figure 4.35 was also used for the
preparation of the second key compound 10. For this purpose, 2-hydroxy-benzaldehyde (5)
was brominated according to literature procedures [Hodgson, Greensmith Beard 1925]
yielding 6 with a moderate yield of 65%. The hydroxyl group was protected with tert-
butyltrimethylsilylchloride (TBDMSCI), yielding compound 7 (97%). The phosphination was
performed under analogous conditions as detailed above, with 80% yield of 8. The cleavage
of the TBDMS-cther of 8 afforded 9 (81%). The resulting alcohol 9 was subjected to an
ether synthesis with 4-vinylbenzylchloride, giving 10 with a moderate yield of 56%. The
vinyl function of 10 served as linking moiety for the successive polymer linkage (Figure
4.37).
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Figure 4.37: Synthesis of chemzyme 15. Reagents and conditions: (i) EtOH, reflux; NaBH,, EtOH, rt; (j)
Ru(DMSO0),CL, toluene, reflux (k) platinum-divinyltetramethyl-disiloxane, toluene, 50°C
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Both convergent routes were combined by reacting 4 and 10 as shown in Figure 4.37 followed
by immediate reduction of the resulting imine leading to 11 (79%). The ruthenium was
introduced by ligand exchange of dichlorotetrakis(dimethyl sulphoxide)ruthenium [Evans
1973] with 11. The resulting linkable catalyst 12 was purified by column chromatography
(56%). Finally, 12 was attached to the hydro-siloxane moieties of the methylhydrosiloxane -
dimethylsiloxane copolymer® 13 via an effective hydrosilylation reaction (> 99%) [Ojima
1989]. Due to the quantitative linking reaction, various exact grades of polymer
functionalization were achieved,namely 2, 2.9, 5, and 10% with catalyst. A polysiloxane-
polymer was chosen as the backbone, because coupling of ligands via linkers to siloxane-
based matrixes is an established method /Ojima 1989]. For an industrial application a more
hydrolysis-stable polymer has to be chosen. The remaining Si-H groups of 13 were end-
capped by attaching polar tris-(2-methoxyethoxy)vinylsilane 14 to the polymer backbone via
the same quantitative catalytic linking reaction (Figure 4.38). In this fashion, the solubility of
the polymer-bound catalyst (chemzyme) 15 in polar solvents is increased. Thus the described
technique provides for the possibility to adjust functionalization and solubility of the
chemzyme 15 as shown in Table 4.4. The resulting chemzyme consists of the following three
subunits as shown in Figure 4.38 that are denominated with “X” (dimethylsiloxane unit of
polymeric backbone), “Y” (unit with attached ligand), and “Z” (unit with tris-(2-
methoxyethoxy)vinylsilane as solubilizer). For further functionalization 2.9% was chosen,
because of its highest activity and good solubility. The average molecular weight (M,,) thereof
was calculated to be 20658 g/mol. By means of GPC-measurements* a molecular weight of
21130 g/mol and a dispersity of 2.1 was determined. The resulting polymer was purified by

ultrafiltration, and 8.2 g of the chemzyme was yielded.

Figure 4.38: Subunits X, Y, Z of the chemzyme and relative polarity.

* The methylhydrosiloxane-dimethylsiloxane copolymer (CAS: [68037-59-2]) was kindly provided by Dr.
Winkhofer, Wacker-Chemie GmbH, Germany. The polymer has an average molecular (M,,) weight of 11735
g/mol with a dispersity of 1.7 (GPC in THF versus polystyrene standards). The Si- H functionalization is
19% according to **Si-NMR analysis.

* GPC = gel permeation chromatography (versus polystyrene standards in THF).
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Table 4.4 Influence of functionalization on initial reaction rate and solubility.
functionalization X Y Z M,* tof solubility”
[%] [g/mol] [min™]
2 135 33 227 19710 0.94 good
2.9 135 47 213 20658 1.1 good
5 135 81 17.8 23039 1.01 good
10 135 9.7 9.7 28630 0.43 moderate
“ Calculated from gel permeation chromatography results and functionalization of
original polymer.

? Initial turnover frequency (250 mM acetophenone, 1 mM isopropoxide, 45°C).
“1in 80 vol% 2-propanol and 20 vol% methylene chloride

4.3.2 System investigations

The newly synthesized chemzyme as outlined above has been applied to a batch reaction to
investigate its applicability (Figure 4.39). The course of this reaction was found to be
comparable to a batch reaction catalyzed by the non-polymerbound catalyst [Laue 2002]. In
respect to the enantiomeric excess, there are two major points that can be recognized from this

batch reaction:

1. The enantiomeric excess is increasing during the first hour from 85% to 94%. This
effect cannot be explained yet. Blackmond observed a similar activation phenomenon
for a cinchona-modified heterogeneous Pt-catalyst /Sun, et al. 1997]. These authors
could not explain their observations either. Here it could be proven, however, that the
substrate concentration had no significant influence. Furthermore, at lower
isopropoxide concentration in the batch reaction (0.25 — 0.5 mM), enantiomeric
excesses of up to 96% have been reached. However, a very long pre-incubation time
(12 h) with isopropoxide leads to a lowered enantiomeric excess of only 80%. This
gives a hint to a possible rearrangement of the catalyst, since it was already
demonstrated in the literature that different conformational isomers of the pre-catalyst
exist [Stoop, et al. 2000]. The maximal enantiomeric excess achieved is comparable to

that obtained using the non-polymer enlarged catalyst /Laue 2002].

2. After reaching the maximum enantiomeric excess, the ee decreases with increasing
conversion. The explanation thereof is the reversibility of the transfer hydrogenation.
Because of a reverse reaction, the enantiomeric excess is decreasing again, as will be

discussed in detail later on (@ Figure 4.48, page 152).
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Figure 4.39: Batch reaction with the TH-chemzyme; lines are only visual aids (50 mM acetophenone, 0.5
mM TH-chemzyme, 1 mM potassinm isopropoxide, 80 vol% 2-propanol, 20 vol%
methylene chloride, 45°C).

Influence of moisture

Transfer hydrogenations described in the literature are generally carried out in absolute
organic solvents. A possible reason might be the influence of water on the catalyst activity
[Bellefon de, Tanchoux 1998]. If 2-propanol is used as the solvent, however, the water
content is no less than 0.005 weight%, even after drying it over calcium hydride. The water
content of methylene chloride dried over molecular sieve ranges in the same order of
magnitude. A water concentration of 0.01 weight% correlates to approximately a 5 mM H,O
concentration, resulting in a 10-times higher concentration than that of the catalyst (0.5 mM)
itself. Therefore, the affinity of water molecules to the catalyst must be low. We have found,
however, that the catalyst, once deactivated by water can successfully be regenerated by
addition of isopropoxide, as can be seen in Figure 4.40. Isopropoxide is assumed to displace
the coordinated water molecules from the catalyst, a process, which is comparable to the
initial activation or formation of the catalyst. This assumption would be in accordance with
Noyori’s observations during his work on ruthenium diamine-based catalysts [Haack, et al.
1997], which showed that the addition of base in batch reactions is required only for the

formation of the active catalyst, but not for maintaining the catalytic reaction.

pre-catalyst )
X=Cl + i-PrOK - i-PrOH
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o
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P | P +H,O Cl
P P2 \/ Ph,  Ph,
deactivated catalyst -H,O activated
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Figure 4.40:  Activation of the pre-catalyst (X = CI) and regeneration of the catalyst with 2-propanol
(X' = OH) because of its deactivation by water.
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Furthermore we found that the addition of 20 vol% methylene chloride, which was needed to
increase the solubility of the chemzyme, did not have any significant influence on the
equilibrium conversion. Nevertheless, the activity of the catalyst decreased by approximately
30%.

Influence of isopropoxide
As was already stated above, the addition of isopropoxide is needed because of two reasons
(Figure 4.40):

1. Activation of the pre-catalyst

2. Regeneration of the catalyst deactivated by water

Equilibrium is assumed between the pre-catalyst and the activated catalyst. Since neither the
concentration of the pre-catalyst nor that of the activated catalyst can be determined
experimentally, no value for this equilibrium constant can be given. However, addition of
isopropoxide does affect the initial turnover frequency (zofp) as well as the enantiomeric
excess (ee) at the same time after activation of the chemzyme as can be seen from Figure
4.41. This influence can be quantified by separately determining the kinetic parameters of
isopropoxide for the S- as well as for the R-selective reaction utilizing the kinetic equations
eq. 3-1 — eq. 4-14. Kpue describes the base concentration that is needed to reach half the
maximal catalyst activity (f0fme/2). The enantiomeric excess is calculated based on the

enantiospecific initial turnover frequencies (Equation eq. 4-15).

[base]
19 = 1 sy T .4-13
f(s)o f(s) Kymsesy + [base] q
base
tof(R)o = toj;R)max [ ] eq. 4-14

Kbase (R) + [base]

ce. = lof(S)o _lof(n)o 415
Y, = —— eq. 4-15
10f(5y0 + 19 (zy0
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Figure 4.41: Influence of the isopropoxide concentration on the initial turnover frequency of the (S)-
selective reaction (left) and ee (right). (250 mM acetophenone, 0.5 mM chemzyme, 80 vol %
2-propanol, 20 vol% methylene chloride, 45°C, pre-incubation of the catalyst with base for
45 min).

The influence of the polymer linkage and the solubilizer were investigated separately (free

catalyst with and without solubilizer: curves a and b in Figure 4.41; polymer-bound catalyst

with solubilizer: curve ¢ in Figure 4.41). Since the main activity of the catalyst is determined
by the (S)-selective reaction, the main trends are discussed using this enantiomer as an
example:

¢ On the addition of 20 vol% methylene chloride, the fofs)ma is reduced by 24% (3.02

min’ to 2.30 min™) in the case of the free catalyst (curves a and b in Figure 4.41, left).

¢ The value of 10f(s)max is comparable (5% difference) between the free and the polymer-
bound catalyst (curves b and ¢ in Figure 4.41, left).

e A drastic difference between the free and the polymer-bound catalyst can be observed

in regard to Kpase. The Kpuses) is increased by 300% for the polymer-bound catalyst
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(from 0.32 mM to 0.97 mM). The reason is a side reaction of isopropoxide with the
polysiloxane backbone, as discussed later on (2 chapter 4.3.3, page 153). In contrast
to the initial reaction rate, the enantiomeric excess (ee) is decreasing with increasing
isopropoxide concentration (Figure 4.41, right). The ee achieved with the polymer-
bound catalyst might be somewhat increased, because of a side reaction with the
polysiloxane backbone (2 chapter 4.3.3, page 153) that leads to a lower residual

isopropoxide concentration.

This leads to the conclusion that a compromise between activity and enantioselectivity has to
be made. For an investigation of the kinetics, the isopropoxide concentration was chosen at a
magnitude comparable to that of the Kpasers) value. At this point, the half maximal reaction
rate is reached, and the negative influence on the enantioselectivity is still low.

Thermodynamics

The transfer hydrogenation is an equilibrium reaction; therefore, the maximal conversion that
can be reached is determined by the thermodynamic equilibrium constant. To carry out any
simulations of the reaction system, the thermodynamics has to be accounted for besides the
kinetics. The equilibrium constant can be determined via the free standard heat of formation
of the reactants. Since these values were not available for the systems as investigated here, a
procedure was applied utilizing the corresponding redox potentials. These were determined
electrochemically [Adkins, et al. 1949]: acetophenone 118 mV, acetone 129 mV. The Nernst
equation can be simplified to eq. 4-16, if it is assumed that all reactants are at their

equilibrium concentrations. At that stage, the redox potential of the cell is 0.

E° = (RT/vF) InkK,

E° v standard redox potential

R 8.31441 JK ' mol? ideal gas constant eq. 4-16
F 9.64846 10" C mol™ Faraday constant

T K temperature

Vv - number of redox electrons

E° consists of the redox potentials of the half-cells and has been determined to be —11 mV
(Equation eq. 4-17). With this information, v = 2 and 7’=318.15 K (45°C) the equilibrium

constant can be derived to be 0.4482 after conversion of eq. 4-16.

E° = E)-E°, = E° = 118-129 = —11mV eq. 4-17
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14P + 1IP ==  1PE+ 14C
_ [PE]eq [AC]eq eq. 4-18

- = 04482 (318.15K)
© Ll

The calculation®’ of the equilibrium conversions X4 of acetophenone is based on the law of
mass action (Equation eq. 4-18), upon substituting the respective equilibrium concentrations

with terms based on the initial concentrations [AP], and [IP], as well as X,,.

X _ [AP](Z)'X;E
eq [AP]O.(1_XPE)-([IP]O—[AP]O'XPE)

eq. 4-19

The resulting quadratic equation (eq. 4-19) is then solved for X,,. The solution corresponding
to negative concentration is discarded because of obvious reasons. Using the positive solution,
the equilibrium conversion X, can be calculated for different starting concentrations [4P]o

and [IP)o. The resulting dependencies are outlined in Figure 4.42*°.
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Figure 4.42: Equilibrium conversion X,, of acetophenone as a function of [IP], with [4P], =250 mM
(left) and of [AP], in 80 vol% of 2-propanol (right).

The maximal conversion that can be reached is 96.0%, if 100 vol% 2-propanol are used
(Figure 4.42, left). By applying 80 vol% 2-propanol the maximal obtainable conversion (Xc,)
is reduced marginally to 95.1%. Equimolar amounts of 2-propanol only lead to a conversion
of 40.1%. As can be seen from Figure 4.42, right, doubling the acetophenone concentration

from 250 mM to 500 mM results in a decrease of conversion from 95.1% to 90.8%.

¥ For a detailed derivation see Laue S (2002) Asymmetrische Transferhydrierung im chemischen
Membranreaktor [Ph.D. thesis]. Bonn: University of Bonn.
S The concentration of 2-propanol is plotted up to a concentration of 13.061 M corresponding to 100 vol%.
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Kinetics

An investigation of the kinetics is a key point to understand the reaction system and to allow
simulations of continuously operated processes at different points of operation. The reduction
of the acetophenone catalyzed by the chemzyme consists of two reversible reactions leading
to the (S)- and the (R)-enantiomer of phenylethanol. In the literature three different reaction
mechanisms are discussed for the transfer hydrogenation [Alonso, et al. 1999]. Noyori
performed detailed mechanistic studies [Yamakawa, et al. 2000]. Based on the investigations
of these authors as well as of our own using electronspray-ionization measurements [Laue

2002], a ping-pong-bi-bi mechanism [Cornish-Bowden 1995] can be concluded, as is

illustrated in Figure 4.43.
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Figure 4.43: Proposed mechanism for the transfer hydrogenation with the Gao-Noyori catalyst. [798]*

[893]* [834]* proven by ESI-MS [Laue 2002] and [*] = proven by NMR [Gao, et al. 1996a].
A kinetic modeling of this mechanism requires the detailed knowledge of all rate and
equilibrium constants, an ambition that would be too extensive. Therefore, a simplified model
was chosen from a practical point of view. Instead of considering a successive reaction of all
partners with the catalyst, a simultaneous interaction of all reaction partners with catalyst via
a ternary transition state was chosen (Figure 4.44). Thereby it has been assumed that the
adsorption of the two substrates acetophenone and 2-propanol takes place in a random order.
The reaction products leave the catalyst in a random sequence as well. Because of the
‘principle of microscopic reversibility’, all reaction steps are assumed to be reversible [Biselli
1991]. This type of reaction mechanism has been previously baptized the random-bi-bi
mechanism [Cornish-Bowden 1995].
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Figure 4.44: Reaction scheme of a random-bi-bi mechanism leading over a ternary transition state to the
enantioselective transfer hydrogenation (K = catalyst, AP = acetophenone, S = (15)-
phenylethanol, R = (1R)-phenylethanol, IP = 2-propanol, AC = acetone).

For the description of this reaction system 12 parameters are required:

<« — “—

N
e The four rate constants kg, kg, k, , ky,

o five dissociation constants K 4p, Kjp, Ks, Kg, and K¢,
e in each case, one of the following dissociation constants K'4p / K'pp, K's / K ac(s)s
respectively K'r / K 4cw). The respective other constant is calculated via the law of

mass action, e.g. Ky * K aci)=K's - Kac.

The rate limiting steps correspond to the gray shaded reactions in Figure 4.44. The rate
constants k: and k: with the dimension [time™] describe the maximal activity in the case
that only the ternary complexes [K-AP-IP] and [K-S-AC] are present. However, binding of
other reactants during the course of the catalysis does reduce the reaction rate. The resulting

reaction rates for (S)- as well as for the (R)-enantiomer are given in the following equations
(eq. 4-20).
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%{AP]-[[P] - I{]%{-[S]'[AC]

tof, _ 4P 1P s AC

T L, T e, )
Ky Kp Ky Kp Ko KoK Ki-Ky eq. 4-20
iy, WA e AR lac)

e =TI TPTTST, TR T4c] | [sJTAcT | [RFTAc]

K KIP Ks KR KAC KS'KAC KR'KAC

1+
AP

A more detailed derivation of the kinetic model (eq. 4-20) can be found in Laue [Laue 2002;

Laue, et al. in preparation]. Here only some short remarks are given:

The quotient of the reaction rate vs and the catalyst concentration [cat], delivers the
activity normalized to the catalyst concentration zofs (turnover frequency). The over-
all reaction rate of one enantiomer is expressed as the difference between the forward
and backward reaction rate.
A simplification is introduced, since the reactant 2-propanol also functions as the
solvent at the same time. 2-Propanol occurs in excess in comparison to all other
reactants’’; therefore, the concentration of 2-propanol remains almost constant during
the course of the reaction, and its influence on the kinetics is negligible. As a
consequence, an experimental determination of Kjp is not possible, since the 2-
propanol concentration cannot be varied; therefore the value of Kjp is set per definition
equal to the 2-propanol concentration at the start of the reaction [IP].
During the course of fitting the kinetic parameters to the measured data, it turned out
that K4p and K'4p are of the same value. This leads to the conclusion that the
adsorption and desorption processes of acetophenone are independent of the binding
of 2-propanol to the catalyst. Therefore, replacing K 4p with K,p reduces the number
of kinetic parameters, which thereby simplifies the system.
The reverse reaction is not measurable via initial reaction rate experiments, since at
high concentrations of acetone an aldol condensation is observed in the presence of
the base isopropoxide that is needed for thg activation of the catalyst (Figure 4.45).

oo\ o OH o /L o o

—

+ ) - + o etc.
A HsC™ “CHg N H3C)kCH2 A<

Figure 4.45:  Aldol condensation of acetone catalyzed by isopropoxide.

Alternatively, the kinetic parameters of the reverse reaction may be determined by

another method. Considering the already mentioned ‘principle of microscopic

Y The high concentration of 2-propanol in the range of 10-13 M in comparison to the concentration of the
reactants in the area of 0.25 M is the real driving force of the reaction.
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reversibility’ [Biselli 1991], measurements of the inhibition of the forward reaction
can also be used to determine the kinetic parameters of the reverse reaction. As a
simplification it is assumed that the inhibition constant of an inhibitor represents the
dissociation constant at the same time. Using this assumption, Ky, Kz, and Ky were
determined. Nevertheless, by this means the kinetic parameters K 4c) and K 4cm)
cannot be determined. Therefore, the same simplification as in the case of K'4p is
introduced. K 4c(s) and K ¢ are treated as equivalent to the dissociation constant of
K¢, which has been determined by inhibition measurements.

<~ <~
e The rate constants k; and k, for the reverse reaction are determined via their

correlation with the thermodynamic equilibrium constant K., (eq. 4-18). When stating
a thermodynamic equilibrium, the rate constants of the forward and the reverse
reactions are the same; therefore, fofs and fofg are both zero. This means that at
thermodynamic equilibrium a racemate is formed. Setting equation eq. 4-20 to zero,
multiplying it with the adsorption term*, and rearranging the resulting term according
to the law of mass action leads to eq. 4-21.

-

I; - 9. ks'Ks'KAC
s =
Keq'KAP'KIP
eq. 4-21
I; = 2. kR'KR'KAC
R
eq.KAP.KIP

Table 4.5: Kinetic parameters of the chemzyme-catalyzed transfer hydrogenation.

Kinetic parameter value  standard  unit
deviation

,;S 1.81  £0.007 min"
;;S 027 £0.015 min"
,:R 0.048 £0.015 min"
,‘; 0.016 £0.008 min”
Kyp 81 +10 mM
K]p 10641 - mM
Ky 116 +21 mM
Kz 262 + 82 mM
Kyc 245 +41 mM

8 adsorption term = denominator
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The kinetic parameters, which are accessible via initial rate measurements, were determined
by means of non-linear regression. In Figure 4.46 the parameter fit for the (S)-selective

reaction is shown exemplarily. In Table 4.5 all determined kinetic parameters are

summarized.
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Figure 4.46: Kinetics of the (S)-selective reaction, lines are generated with kinetic model (0.5 mM

chemzyme, 1 mM isopropoxide, 80 vol% 2-propanol, 20 vol% methylene chloride, 45°C).

Under initial reaction rate conditions, this means with no products formed yet and no reverse
- -
reaction, the enantiomeric excess is only determined by the ratio of 70fj, t0 fofyq, - The

enantiomeric excess can then be expressed as in eq. 4-22. This is at the same time the

maximal achievable ee = 94.7%, since the reverse reaction introduces a decrease of the ee.

eq. 4-22
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Simulations of batch experiments

Prior to applying the kinetics for the simulation and optimizing the operating points of
continuously operated reactors, batch simulations have been carried out to proof the
applicability of the model. For the simulation of a batch reactor the respective mass balances

are needed, for which purpose the following equations (eq. 4-23) are solved numerically.

@ = —(tof; + t0f,) - [car]
% = —(tof; + t0f, ) [car]
% = tof, [cat]

% = (of; +10f;)- car]

Figure 4.47 shows the result of such a simulation. The kinetic model predicts the course of the
reaction quite well. During the start of the batch experiment a difference between the
measured and simulated concentrations is observed. The reason is the initial activation of the
catalyst that is not accounted for yet in the present kinetic model. The enantiomeric excess is
also described well after the activation phase. During the course of the reaction the
enantiomeric excess is decreasing from 94% to 92%. The simulations did also show that two
terms in the adsorption term of eq. 4-20 could be omitted. The simulations shown in Figure

4.47 are carried out with this simplified kinetic model (Equation eq. 4-24).

ﬁ.[APHIP] - ﬁISHAC]
tofy = L el el [S] L IR] [4c]

Ky Kp Kg Kp Ky

eq. 4-24
] - R )
tof, = 1+M+m+m+m+w

KAP KIP KS KR KA(‘
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Figure 4.47: Simulation of a batch reaction; m acetopheone, A (S)-phenylethanol, V¥ (R)-phenylethanol,
e ¢e (250 mM acetophenone, 2 mM isopropoxide, 1 mM chemzyme, 80 vol% 2-propanol,
20 vol% methylene chloride, 45°C).

Based on the above-developed model and the determined reaction parameters, the behavior of
the reactor can be simulated for arbitrary time ranges. By this means it is possible to reach the
thermodynamic equilibrium conversion. This means that the system is investigated under
thermodynamic conditions. Additionally, this concept can be used to investigate the decrease
of the enantioselectivity at high conversion as has already been observed during the batch
experiments under kinetic conditions. Figure 4.48, left, shows the results of a simulation up to
the equilibrium conversion with a starting concentration of 500 mM acetophenone. Tt is
observed that from a conversion of 84% on the reaction rate drops drastically to reach the
equilibrium conversion of 90.8% after 4000 h. Furthermore, it is observed that the initially
reached ee of 94.7% is continuously decreasing to a value of zero. The reason for this can be
seen in Figure 4.48, right. The (S)-selective reverse reaction has a much higher impact on the
(S)-product formation than is the case for the (R)-product. The (S)-forward reaction namely is
producing relevant amounts of the (S)-product at a much higher rate, which serves as the

starting material for the reverse reaction. The consequence is a faster decline of tofs compared
“« -
to fofz. The value of tofs is negative after 27 h, since tof; gets much bigger than fof; . In

contrast to the turnover frequency zofr that stays always positive.
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Figure 4.48:

Simulation of a batch reaction under thermodynamic conditions, left: conversion and ee as

function of time, right: zof as function of time (500 mM acetophenone, 1 mM chemzyme, 80
vol% 2-propanol).

Simplified summary of the kinetic and thermodynamic analysis of the transfer
hydrogenation system

From a thermodynamic point of view, the final product must be a racemate, since at
thermodynamic equilibrium the entropy is maximized. The simulation model correctly
describes this situation, since the enantiomeric excess formed under kinetic conditions is
totally reduced to a racemic situation under thermodynamic conditions.

A physical model consisting of 3 volumes that are connected via tubings can also explain this
situation (Figure 4.49): The amount of the starting material acetophenone and the product

enantiomers (R) and (S) corresponds to the reservoir of the experimental set up as shown in
Figure 4.49.

It T,U#

“kinetic”
conditions

“thermodynamic”
conditions
Principle of communicating tubes for visualization the changing product concentrations

Figure 4.49:
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Hereby it is of major importance that the tubing leading from the reservoir containing the
starting material acetophenone to the product reservoir of the (S) enantiomer has a
considerably larger diameter than that leading to the (R) reservoir. According to the kinetic
model, this demonstrates the much higher reaction rate leading to the (S) than to the (R)

enantiomer. During the course of a “reaction” the following phases can be differentiated:

1. After starting the reaction (opening of both valves), the two product reservoirs of the
(R)- and (S)-enantiomers are filled up at different rates. This situation describes the
kinetic conditions of the batch reactor simulation.

2. After a special time period, the same filling height is reached in the reservoir of the
starting material acetophenone and in the reservoir of the product (S)-enantiomer. At
the same time, there is only a low volume contained in the (R)-reservoir, since the
tubing leading to this reservoir is much smaller. In this situation, a high excess of the
(S)-product occurs, since equilibrium conditions are not reached yet, which is
expressed by the dotted line. This relates to high enantiomeric excess. The (R)-
reservoir as well as the (S)-reservoir are not at equilibrium (different filling heights);
therefore, the direction of the flow is changed from the (S)-reservoir to the (R)-
reservoir.

3. Only after reaching equal filling heights in all reservoirs, thermodynamic conditions
are established. At this point, the same amounts of the (S)- and (R)-enantiomer

(racemate) are being formed.

4.3.3 Operation and simulation of continuously operated reactors

The set up of the reactor system is shown schematically in Figure 4.50 and as a photo in
Figure 4.51. The continuous synthesis was carried out in membrane reactors with reactor
volumes of 3 or 10 mL, respectively, that were thermostated to 45°C. A nanofiltration
membrane MPF-50 (Koch-Membrane Systems, Germany) was used to retain the chemzyme.
Stainless steel or polyether ether ketone (PEEK) served as the reactor materials. Chemical-
resistant sealings were custom made out of Teflon or polyfluorinated polymers, and stainless
steel capillaries were used as tubings. All other reactor materials were made out of Teflon.
The flow rate established by alternating piston pumps was measured with mass flow meters

and regulated by a PID-controller.
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.

Figure 4.51: Photo of the continuously operated chemical membrane reactor.

Oxygen had to be strictly excluded from the reaction system, because otherwise the catalyst
became deactivated irreversibly Furthermore, as recognized with several other transfer
hydrogenation catalysts, the catalyst is sensitive to water /Bellefon de, Tanchoux 1998]. This
could be shown in batch reactions, in which a strong dependency of the activity on the water
content was observed (data not shown). Presumably, as demonstrated with similar complexes
[Stoop, et al. 2000], water molecules are able to coordinate to the activated catalyst (2 Figure
4.40, page 140). Because of this sensitivity, the water content in the feed stream had to be
minimized. By use of the Karl-Fischer-Method, titration showed that the water content could
be reduced to 0.005% by drying the feed stream over molecular sieves. Nevertheless, in a
continuous application, depending on different concentrations of water in the feed stream, a
significant deactivation took place (Figure 4.52, 0-32 number of residence times). The reason
for this was a cumulative catalyst deactivation caused even by the small amounts of water,

which still passed through the reactor over time. This deactivation is reversible, however, as
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can be seen by the response to a second pulse with isopropoxide (Figure 4.52, residence times
32-51) and compensation by a continuous low isopropoxide dosage (1.2 mM) (Figure 4.52,
residence times 52-180).

& feed of 1.2 mM isopropylate

pulse of 0.23 mmol
isopropylate

—H®—conversion and

]
0'# T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180
number of residence times / -

Figure 4.52: Time plot of the results of a continuous experiment in the chemzyme membrane reactor (13
mM acetophenone, 2-propanol as shown, 23 mM catalyst, 80 vol% 2-propanol, 20 vol%
methylene chloride, 45°C, T = 30 min).

As a consequence of the continuous dosage of added base, two side effects were observed:

High concentrations of isopropoxide resulted in a decreased enantioselectivity of the catalyst,

possibly due to an abstraction of the second chloride, which might cause a change in the

catalyst geometry. Furthermore, a side reaction of the isopropoxide with the polysiloxane-

polymer resulted in fragmentation of the polymer (Figure 4.53).
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Figure 4.53: Possible side products as the result of isopropoxide reacting with the chemzyme.

This effect became noticeable by the increased amount of small cyclosiloxane fragments as a
product of fragmentation [Noll 1968] (especially octamethylcyclotetrasiloxane
[-Si(CH3),0-14), which could be monitored in the reactor outlet by GC. As seen in Figure

4.54, minimal fragmentation and high enantioselectivities were achieved upon careful
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adjustment of the isopropoxide concentration. Nevertheless, it could be shown, that even
without any fragmentation (i.e., without adding base) the retention of the chemzyme is only
99.8%. This retention value was calculated from the amount of chemzyme that was isolated
after 50 residence times. As a consequence of the fragmentation reaction at a continuous base
dosage of 1 mM, this value is further decreased to 99.5%. Therefore, a continuous loss of
catalyst took place. These losses (referred to as “wash out” of the catalyst) were compensated
by continuously supplementing 0.5% chemzyme per residence time to the reactor. In addition
to the fragmentation reaction, hydrolysis of the tris-(2-methoxyethoxy)-silane side group
might result in a change of the solubility of the catalyst. However, an increase of the filtration
backpressure was not observed, which would be expected to accompany a precipitation and
associated blocking of the membrane due to insolubility of the catalyst. Furthermore, leaching
of the transition metal was monitored. The observed ruthenium concentration, which was
equal or even smaller than 0.5% of initial ruthenium concentration, could be attributed to the
continuous losses of the catalyst as a result of the wash out. Therefore, we can conclude that

leaching of uncomplexed transition metal may not be critical for the continuous reaction.

o
(o]
]-v

T
. ! 3 n
) | f ———T 0o
s ! : F04 T
% ; isopropylate X ' "’O
] ! 4 I
% I‘D 40_% 0.6 mM : 1 mM > 0.4mM > 0 =
o0 | | ' Y. ~
|1 20 E st . 3
. o ) =
A A 1
0 . : S A—AAAA 00

0 20 40 60 80 100 120 140 160
time/h

Figure 4.54: Results of a continuous experiment in the chemzyme membrane reactor, showing
conversion and ee as function of time (15 mM initial catalyst concentration, 0.075 mM
continuous catalyst addition, initial isopropoxide concentration 15mM, 100 mM
acetophenone, 80 vol% 2-propanol, 20 vol% methylene chloride, 45 °C, T = 60 min).

Applying the reaction conditions as given in Figure 4.54, a continuous transfer hydrogenation
was carried out with steady conversions of about 8§7%, enantiomeric excesses of 94%, and
space-time yields of up to 255 g L™ d”'. The achievable total turnover number (¢1) can be
calculated as the quotient of the catalyst activity under reaction conditions (Z0ffeaction =
5.80 ") and the catalyst consumption, given as the deactivation constant (kg = 0.005 h™).
This is equivalent to the continuous chemzyme replacement of 0.5% per residence time. Thus
the #n was determined to 1160.
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To simulate continuously operated stirred tank reactors, the mass balances given for the batch
reactor (eq. 4-23) need to be extended by a convection term (eq. 4-25). This term describes

the outflow of reactants by reaction per residence time /Levenspiel 1999].

d[jtp] = —(iofs +1ofy)-[cat] + M

% = —(tofs +1t0fy ) [cat] + M

M = tof; [cat] - M s
dt .

% = tof, [cat] - @

d[:lltC] = (tof; +10f, ) [car] - @

Based on the kinetic model and the mass balances, the influence of the process conditions
(acetophenone concentration [AP]o, catalyst concentration, and residence time 7) on the
performance of the continuously operated membrane reactor (#n, sty, ee and conversion) has
been investigated and optimized. One important point to be stressed is that 7z is influenced by
two factors: the retention and the stability of the chemzyme (eq. 4-26). The #n is proportional
to the 70freaction In the case that no deactivation (k) takes place; therefore the fofreqcrion Values
as determined by the simulation can directly be correlated to the #n. Because of the
chemzyme retention in the continuous process it is possible to apply high catalyst
concentrations leading to high space-time yields. An increase of the space-time yields lead at
constant catalyst concentration and constant conversion to an increase of the 70fieaction,

repectively the #n.

tof;ﬂeaction eq. 4-26

tn  ~  10f uuion = ftn =
kde

Prior to starting the optimization, an additional correction term was integrated, accounting for
the different activation of the catalyst in the continuous process as compared to the batch
process, for which the kinetics has been determined [Laue 2002]. Here as well the continuous

regeneration of deactivated catalyst by isopropoxide has been considered.

A simultaneous optimization of all four parameters (ee, space-time yield sty, conversion,
t0f reaction) Was not possible, since the conversion and the ee as well as the conversion and the
sty showed opposite tendencies. The reason is that at high conversions the reaction rate of the
chemzyme (f0freaction) drops drastically, resulting in a decreased space-time yield (sty).
Likewise the ee is decreasing with increasing conversion, as has already been shown in Figure
4.39 and Figure 4.48; therefore a minimum conversion of 80% was defined as a sensible

limitation of the process parameters. In Figure 4.55 are outlined the development of sz and ee
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as a function of the acetophenone concentration for two different conversions (80% and 85%,
respectively). As can be seen, the space-time yield (sty) passes through a maximum with
increasing acetophenone concentrations. The reason is a growing influence of the reverse
reaction. The consequence is an increase of the residence time (7) at constant catalyst
concentration that leads to a decrease of the enantiomeric excess (ee). The high impact of the
reverse reaction under continuous operation becomes especially visible, if these results of the
simulation at 80% conversion are compared to those at 85% conversion (Figure 4.55, left).
The 5% increase in conversion lowers the maximum achievable sty by approximately 40%.
The reason is the decrease of the reaction rate (£0freqction) at high conversions close to the
thermodynamic equilibrium. As a consequence the residence time that is needed to reach very

high conversion increases, resulting in low enantiomeric excess (ee), because of the reverse

reaction.
600 100 600 100
576
50018 95 500 __ {95
B \ RS, ) »92.8
o 400 N 90 o 4004 \K 90
] sty " S b3 o sty 2
2 3004 7 NN 185 — @ 3001 {85 —
N // \\\ \\ 2 N o
3 S~
F 20| [/ N 80 2 200] 80% conversion {80 °
/  —80% conversion N 22 m catalyst
. h = 53 min
1004 // ———85% conversion N~ 75 1004 N 175
A N
B 220
0 T T i T 70 0 v T T T 70
0 100 200 300 400 500 100 200 300 400 500
acetophenone / mM acetophenone / mM
Figure 4.55:  Simulation of the space-time yield (s#y) and the enantiomeric excess (ee€) as a function of the

acetophenone concentration for two different conversion levels (left) and determination of
the optimum at a conversion of 80% (steady state concentration of 1 mM isopropoxide).

In Figure 4.55, right, the determination of the optimal operating point is shown. At 80%
conversion, a maximum space-time yield of 576 g L™ d”! is reached at 220 mM acetophenone
with a respective residence time of 53 min. The enantiomeric excess of 92.8% is only 1.9%
lower than the maximum achievable value of 94.7% (eq. 4-22, page 149). Based on the
t0fveaction = 13.3 h' a total turnover number of 2656 is calculated (eq. 4-26 with kg =
0.005h™).

To verify these optimum conditions, the continuous process shown in Figure 4.54 was
continued with a changed set of operating parameters (Figure 4.56). As can be seen from
Figure 4.55, left, the slightly increased acetophenone concentration did not have a high
impact, neither on s#y nor on ee. At a residence time of 60 min and an acetophenone
concentration of 250 mM a conversion of 79% and a space-time yield of 578 g L™ d™ at 91%
ee was achieved. Hereby the 70feaction Was 13.16 h! and the #n 2633. Lowering the steady-
state isopropoxide concentration from 1 mM to 0.4 mM resulted, - as expected, - in a decrease
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of the conversion and an increase of the ee.
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Figure 4.56: Continuation of the continuous experiment in Figure 4.54, showing the conversion and ee
as function of time. The dotted lines are the results of simulations based on the kinetic
model (15 mM initial catalyst concentration, 0.045 mM continuous catalyst addition, initial
isopropoxide concentration 15 mM, 250 mM acetophenone, 80 vol% 2-propanol, 20 vol%
methylene chloride, 45 °C, © = 60 min).

The impact of the reverse reaction can easily be demonstrated, if a simulation is carried out
omitting the reverse reaction. This can be established practically in such a way that the
reaction product acetone is removed in situ. Methods that allow for the in situ removal of
acetone are already established, i.e., online distillation or pervaporation. In the case of a
substrate-coupled cofactor regeneration, the shifting effect of the reverse reaction on the
equilibrium was already demonstrated [Stiliger, et al. 2002]. The result of the corresponding
simulation is shown in Figure 4.57. Without the reverse reaction, a constant enantiomeric
excess of 94.7% is reached, as determined by the selectivity of the chemzyme (eq. 4-22, page
149). The space-time yield does not pass through a maximum in the absence of a reverse
reaction, since when increasing the acetophenone concentration in this case, only a slight

increase of the residence time is needed to yield the same conversion.
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Figure 4.57: Simulation of the space-time yield (s#y) and the enantiomeric excess (¢e€) as a function of the

acetophenone concentration with and without the reverse reaction (simulation conditions
are the same as in Figure 4.55).
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4.4 Transfer hydrogenation with enzymes*®

In this chapter transfer hydrogenations catalyzed by enzymes are
discussed. In contrast to the transfer hydrogenations catalyzed by e.g.
the Gao-Noyori catalyst (2 chapter 4.3, page 135), enzymes do not

catalyze a direct transfer hydrogentation. Most often nicotinamide

cofactors, NAD(P)H, are needed as mediators for the reduction

equivalents supplied by 2-propanol. Prior to the utilization of transition
metal complexes [Gladiali, Mestroni 1998], special alumina alkoxides
were already applied in the thirties to reduce carbonyl compounds [Graauw, et al. 1994]. This
type of reaction is called Meerwein-Ponndorf-Verley reduction (Figure 4.58) [Meerwein
1925; Verley 1925; Ponndorf 1926].

o OH AI[OCH(CH)l3 OH 0
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Figure 4.58: Meerwein-Ponndorf-Verley reduction of ketones catalyzed by alumino alkoxides.
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Figure 4.59: Mediated transfer hydrogenations catalyzed by alcohol dehydrogenases (ADH).

Alcohol dehydrogenases utilize nicotinamide cofactors as mediators for the asymmetric
hydride transfer (@ Figure 4.30, page 131). This topic has already been discussed in different
chapters of this work. Mediated transfer hydrogenations catalyzed by alcohol dehydrogenases
are essentially identical to the substrate-coupled cofactor regeneration (Figure 4.59). To

regenerate the nicotinamide cofactor a sacrificial alcohol is needed as a co-substrate

 Parts of this chapter are published in:

1. T. Stillger: Pervaporation in einem Hybridverfahren -ur substratgekoppelten Cofaktorregenerierung,
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102 08 007.0 (26.02.2002)
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[Stampfer, et al. 2002]. This co-substrate has to meet different requirements:

e The co-substrate must be applicable in high concentrations without deactivating the
alcohol dehydrogenase, to overcome thermodynamic limitations,

e the co-substrate must be a ‘better’ substrate than the substrate to be reduced in terms
of ks and Vo,

¢ the co-substrate should be cheap in order to not increase the overall process costs,

¢ the oxidation product of the co-substrate should not inhibit the enzyme or react with
any other reactant,

e the co-substrate and its oxidation product should be easy to separate and to remove.

Quite often in reductions, frequently also in bio-reductions, 2-propanol is applied as a
sacrificial secondary alcohol that is oxidized to acetone. As already pointed out in different
chapters throughout this work, thermodynamic limitations apply in the case of transfer
hydrogenations (2 chapter 4.3.2, page 139), respectively substrate-coupled cofactor
regenerations. The equilibrium constant K., can be calculated via the redox potentials of the
reactants utilizing the Nernst equation for a given set of reaction conditions, as outlined in
equations eq. 4-16 — eq. 4-18. The equilibrium conversion X,, for a given set of reaction
conditions depends on the equilibrium constant K, and the excess ratio ry of the sacrificial

co-substrate S.q to the starting material Ox (eq. 4-5).

Ox + Sy _ Red + S

eq. 4-27
P2 — [Sred ]O
* o,

Since the starting material Ox and the sacrificial co-substrate S,.. both need to be accepted
substrates of the enzyme, they are consequently closely related. Therefore, the difference of
the standard redox potentials is often relatively small, if even not negative™. In the case of
acetophenone (Ox) and 2-propanol (S;..) the difference of the standard redox potentials AE is
—11mV, and K., is 0.462. As a consequence a high ratio ro has to be chosen due to
thermodynamic reasons to yield a high conversion (see also @ Figure 4.42, page 144). Using
eq. 4-18 and eq. 4-19°! the equilibrium conversion Xeq can be calculated (eq. 4-28) after

resolving the resulting quadratic equation™.

9 1f the difference of the standard redox potentials is negative, the resulting equilibrium constant is smaller than
one.

Sl 4p equals Ox and IP equals S,

> For a detailed derivation see Greiner L (2002) Prozessentwicklung fiir die katalytische Reduktion mit
molekularem Wasserstoff [PhD thesis]: Universtiy of Bonn..
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2 -1
X _ % (r+1) — Jd-r) +4Keq 7, eq. 428

o 2K, -

In the case of the transfer hydrogenation of acetophenone with 2-propanol catalyzed by an
alcohol dehydrogenase the reachable equilibrium conversion under the conditions applied is
Xeg = 93% with ry = 30 (Figure 4.60). It can be clearly seen from Figure 4.60, left, that the
amount of mediator (= cofactor NADP") added does not influence the thermodynamics in
view of the equilibrium conversion X, But the cofactor concentration does have a high
impact on the reaction rate, determined by the kinetics of the alcohol dehydrogenase (Figure
4.60, right). It is visible from the right graph that an increase in the cofactor concentration
does result in an increased reaction rate v. In other words: The cofactor concentration does not
influence the maximum reachable conversion but the time that is needed to reach it. The
increase of the reaction rate up to a conversion of 0.4 is due to the fact that the oxidized

cofactor needs to be reduced first when starting the batch batch, and should not be over-
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Figure 4.60: The enzyme-catalyzed mediated transfer hydrogenation exemplified by the enantioselective
reduction of acetophenone. Conversion as function of time (left) and reaction rate as
function of conversion (right) for two different cofactor concentrations. (10 mM
acetophenone, 300 mM 2-propanol, 0.5 and 0.1 mM NADP*, 50 mM phosphate buffer, pH
=8.0, 0.3 mg mL" ADH, 40°C),

As can be seen in Figure 4.61, the mediated transfer hydrogenation can also be efficiently

applied for the enantioselective production of chiral alcohols, e.g. (15)-2-naphthyl-ethanol, in
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continuous operation. As enzyme a carbonyl reductase from Candida parapsilosis is utilized.
Since the starting material 2-acetylnaphthalene, as well as the product is of low solubility,
50 mM hepta-(2,6-di-O-methyl)-B-cyclodextrin (DIMEB) was added. By this means the
substrate solubility could be increased about 150-fold to 20 mM. The advantage of this
method is, that no influence of the additive on the catalyst is observed. Besides using DIMEB
to increase the starting material concentration, other approaches have been developed, such as
adsorbing the substrate to anion exchange resins [Anderson, et al. 1995] or continuous
extraction of the product /Kragl, et al. 1996b; Kruse, et al. 1996, Rissom, et al. 1999]. An
excess ratio of the sacrificial co-substrate 2-propanol to the starting material 2-
acetylnaphthalene of o = 13 was chosen. At a residence time of T =2 h, a conversion of 82%
is reached. Reducing t to 0.5 h, 71% conversion was obtained, corresponding to a space-time
yieldof 118 g L™ d™.

100+ . | \
80 - O.’,.."oo ooooﬂﬁ% ;.“...
o) OH .
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= ~ 60 : ot
7N 5 : o
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Figure 4.61: Continuous reduction of 2-acetylnaphthalene with alcohol dehydrogenase catalyzed
mediated transfer hydrogenation (20 mM 2-acetylnaphthalene, 260 mM 2-propanol
0.5 mM NAD", 100 mM TEA buffer, pH 7.0, 2 mM DTT, 50 mM DIMEB, 4.6 U/mL CPCR
(= Candida parapsilosis carbonyl reductase)) [Zelinski, et al. 1999].

441 Overcoming thermodynamic limitations in transfer hydrogenation

As already explained above, the maximum reachable conversion is determined by the
equilibrium constant. Therefore, substrate-coupled cofactor regenerations are very often

thermodynamically limited. In general, there are two possibilities to overcome this situation:

1. Selection of a high excess ratio 7, (eq. 4-27),

2. efficient in situ separation of the reaction product acetone.

In the following two different methods are presented for an efficient in situ removal of the
reaction product acetone. For one, acetone can be separated with the membrane process of

pervaporation. Secondly, acetone can be stripped from the reaction solution with air.

As a model system the enantioselective transfer hydrogenation of ethyl 5-oxohexanoate to
ethyl (55)-hydroxyhexanoate (ee > 99.5%) catalyzed by the carbonylreductase from Candida
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parapsilosis (CPCR) has been investigated. Therein, the cofactor NADH is regenerated in a
substrate-coupled manner with 2-propanol that is oxidized to acetone (Figure 4.62, left). A
typical course of the reaction is shown in Figure 4.62, right. A maximum conversion of 75%
is reached under the reaction conditions applied. In parallel to the synthesis of the chiral
alcohol, acetone is stoichiometrically formed. To increase the conversion in this
thermodynamically limited reaction pervaporation and stripping was tested for the in situ

acetone removal.
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Figure 4.62: Enantioselective reduction of ethyl S5-oxohexanoate under thermodynamic limiting
conditions catalyzed by Candida parapsilosis carbonylreductase without acetone
separation. (30 mM ethyl S-oxohexanoate, 130 mM 2-propanol, 0.2 mM NADH, 1 mM
DTT, 0.15 U/mL CPCR, 100 mM TEA buffer pH 7.8, 35°C).

Pervaporation is the transport of compounds through a pore-free, polymer membrane with a
phase transition from the liquid to the gaseous phase [Lipnizki, et al. 2001]. The separation
principle is based on the preferred solubility and diffusion of the compounds to permeate into
the polymeric membrane material [Hdnel, et al. 1994, Steinhauser, Briischke 1994]. The
driving force for the transmembrane mass transport is the gradient of the chemical potential,
resulting from the different in activities of the permeating compounds on the opposite sides of
the membrane. The gradient is maintained by establishing a low pressure on the permeate side
of the membrane. The flow scheme of the reactor setup is shown in Figure 4.63, left. As
pervaporation membrane a composite membrane (PDMS, GKSS-Forschungszentrum
Geesthacht®®, Germany) is used that consists of a selective separating layer made out of
polydimethylsiloxan (PDMS, 1 um thick), a supporting layer made out of polyetherimide
(PEI), and a spun bound layer made out of polyethylene. The special characteristic of this
pervaporation membrane is its high transmembrane flux. In Figure 4.63, right, the acetone and
the 2-propanol flux are plotted as a function of the respective feed concentration. Acetone is

the preferentially permeating compound, besides 2-propanol and water, the latter one with a

3 The PDMS pervaporation membrane was supplied by Dr. Blimke, GKSS-Forschungszentrum Geesthacht,
Germany.
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constant flux of 0.9 kg h™ m™.
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Figure 4.63:

Left: Flow scheme of the pervaporation reactor; right: Partial flux of acetone and 2-
propanol as function of concentration.

A second alternative for in sifu acetone removal is stripping of the volatile compounds from
the liquid phase, as already mentioned above. An inert gas stream (helium or nitrogen) is
passed through the liquid, or the compound mixture to be separated is emerged to the
stripping gas in a spray unit [Sattler 1995]. For the separation of the formed acetone during
the biotransformation, compressed air is used as the most economical gas that is passed
through the reaction solution. To prevent any loss of water, the compressed air is saturated
with water prior to its use. Also here, as in the case of pervaporation, acetone is the
predominately separated compound. The loss of 2-propanol could be compensated by a

recharging of 2-propanol during the course of the experiment.
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Figure 4.64: Comparison of the course of conversion and the respective acetone concentration for

comparable experiments o0 without acetone separation, A with stripping and e with
pervaporation (30 mM ethyl 5-oxohexanoate, 100 mM 2-propanol, 0.2 mM NADH, 1 mM
DTT, 0.15 U mL* CPCR, 100 mM TEA buffer pH 7.8, 35°C; pervaporation: PDMS-
pervaporation membrane, constant addition of 0.025 mL min"' of 6.5 vol% aqueous 2-
propanol; stripping: 0.5 L min™ air, addition of 1.25 mmol 2-propanol every 20 min).
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As can be seen from Figure 4.64, left, the thermodynamic limitation can be overcome by
incorporating an in situ acetone separation. By this means, the thermodynamic driving force is
maintained, enabling effective cofactor regeneration.

By applying pervaporation the acetone concentration could be maintained at a low
concentration level, namely below 8 mM (Figure 4.64, right). The increase of the acetone
concentration during start up of the batch is due to the high initial reaction rate. The acetone
formation at high reaction rates cannot be compensated by the transmembrane flux of acetone.
If the rate of acetone separation is higher than the rate of its formation, than the concentration
is declining again. The reason for this phenomenon is the limited membrane area in the
pervaporation unit as applied here. By using bigger pervaporation units with a higher
membrane area this limitation can be circumvented, and even more selective membranes for
acetone may be applied. Likewise, the in situ acetone separation via stripping with pre-wetted
air does also work efficiently as can be seen from Figure 4.64. The acetone concentration did
not pass 5 mM, and a final conversion > 97% was reached.

In both processes no total retention of 2-propanol was reached. Nevertheless, the industrial
application of these hybrid processes is still attractive. The net gain in value of the product by
significantly increasing the conversion by more than 20% can overcompensate a further
addition step of 2-propanol and the capital investment associated with the installation of the in
situ separation process. At a lab scale, the technical expenditure of the stripping process is
lower. Stripping of protein-containing aqueous solutions often results in protein foam
formation however, which can be prevented by the addition of additives. Unfortunately, the
latter are often polymeric compounds that may complicate downstream processing. When
scaling up the stripping process, a further recycling step of the separated compound needs to
be established to meet the limits set by the government for gaseous emissions /Erste
allgemeine Verwaltungsvorschrift zum Bundes-Immisionsschutzgesetz cabinet decision,
December 12th, 2001 2001 #1245]. Therefore, namely because of both ecological and
economical reasons, the recycling of the separated compound is required. Consequently, the
additional step that needs to be integrated in large-scale operations results in a technical and
energetic effort, which is comparable with those required for the pervaporation process. By
contrast to the stripping process, it is possible in the pervaporation mode to influence and
control the selectivity of the separation of the compound to be removed. With the stripping
method, it is always the compound of highest volatility, which is the predominately removed

compound.
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Summary

e The substrate-coupled cofactor regeneration can be compared to the Meerwein-
Ponndorf-Verley reduction and may be addressed as a mediated transfer
hydrogenation. In this view the nicotinamide cofactor acts as a mediator for the

reduction equivalents.

e The maximum reachable conversion depends on the equilibrium constant and the

excess ratio of the sacrificial substrate.

e The thermodynamic limit of conversion is determined by thermodynamics, but the rate
of approaching the equilibrium conversion is determined by the concentration of the

mediator.

e In the continuous production of (15)-2-naphthyl-ethanol (ee > 99%) a space-time yield
of 118 g L™ d at a conversion of 71% and a residence time of 0.5 h has been reached.

e The thermodynamic limitation in transfer hydrogenation can be overcome by

integration of an efficient in situ separation of the reaction product.

e It could be demonstrated that pervaporation as well as stripping can be used

successfully for the separation of acetone to shift the reaction equilibrium.
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‘What is a nine-letter word for "biotechnology"?
Chemistry!

Paul Swanson,

Dow Chemicals,

ACS Meeting Advances in Biocatalysis,
San Francisco, 3/26/00

4.5 Comparison of chemzymes to enzymes®

In the preceding chapters 4.1 — 4.4 the application of the second biological principle,
macromolecular catalysts, has been discussed in detail. In the following a comparison
between the man-made chemical catalysts and biocatalysts is carried out using reduction with

molecular hydrogen and the transfer hydrogenation as characteristic examples.

The synthesis of chemzymes, the “man-made” or chemical equivalents of enzymes,

qualifying in all the following aspects is difficult and not always successful:

e high molecular weight (> 15,000 g mol™)
* low molecular weight per active site

e homogeneously soluble

o high chemical stability (high #tn)

o high turnover frequency (fof)

e retainable with > 99.99% retention

Two chemzymes were synthesized, the PyrPhos chemzyme for hydrogenations with
molecular hydrogen, and the Gao-Noyori catalyst-based chemzyme for transfer
hydrogenations. In the first case of the PyrPhos chemzyme, only the preparation of a
specimen with a very low stability was achieved, thus preventing its efficient application. In
the latter case of the transfer hydrogenation chemzyme, an active and moderately stable

* Parts of this chapter are published in:

1. S. Laue: Asymmetrische Transferhydrierung im chemischen Membranreaktor, PhD-thesis, University of
Bonn (2002)

2. S.Laue, L. Greiner, J. Woltinger, A. Liese: Continuous application of chemzymes in a membrane reactor:
Asymmetric transfer hydrogenation of acetophenone;, Advanced Synthesis & Catalysis 343 (6-7) (2001)
711-7201. L. Greiner: Prozessentwicklung fiir die katalytische Reduktion mit molekularem Wasserstoff,
PhD-thesis, University of Bonn (2002)

3. R. Mertens: Reaktionstechnische Charakterisierung der Darstellung von NADPH mit Pyrococcus furiosus
Hydrogenase I, diploma thesis, University of Bonn (2001)

4. R. Mertens: Prozessentwicklung fiir biokatalytische Hydrierungen mit molekularem Wasserstoff, PhD-
thesis, University of Bonn (in progress)

5. L. Greiner, D. Miiller, C. Wandrey, A. Liese: Membrane aerated hydrogenation: Enzymatic and chemical
homogeneous catalysis, submitted (2003)
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catalyst has been obtained. Both non-polymer enlarged catalysts catalyze enantioselective
reductions. Their respective enantioselectivity was not changed in both cases upon polymer

enlargement.

For both examples of hydrogenation methods it could be demonstrated that the same process
development could be applied, independent of the origin of the catalyst, man-made or nature.
In the case of the chemzymes as well as of the enzymes ultra- or nanofiltration membranes are
applied to retain the respective catalyst. Since chemzymes can be applied in organic solvents,
making use of the high solubility of hydrophobic reactants, solvent-stable membranes have to
be applied. This is sometimes a considerable restriction, since up to now only a limited
number of such membranes are available. In the last years, however, this situation is
improving due to the broader availability of highly specialized ceramic ultrafiltration
membranes, which qualify well already for small-scale applications.

For hydrogenations with molecular hydrogen as reducing equivalent the new technology of
volume aeration via a fluoro polymer tubing has been developed in this study (@ chapter
4.1.1, page 107). This technology can successfully be applied for chemical catalysts (2
chapter 4.1, page 103) as well as for enzymes (2 chapter 4.2, page 119) without any
modifications. Especially for continuously operated processes this technology proves to be
very convenient, since the volume of the hydrogen gas phase is reduced to a minimum.
Additionally, the control of the residence times is simplified, since no gas phase is involved in

the reactor volume itself.

In the following the results with the transfer hydrogenation chemzyme will be compared in
detail to those of the enzyme-catalyzed mediated transfer hydrogenation on the example of the
enantioselective reduction of the hydrophobic substrate, 2-acetylnaphthalene (2 chapter 4.3,
page 135 and < chapter 4.4, page 161). Comparable to the chemical case, in which the
concentration of the catalyst could be increased by adding the co-solvent methylene chloride,
now in the enzymatic approach the substrate solubility can be increased about 150-fold, to
20mM by addition of 50mM hepta-(2,6-di-O-methyl)-B-cyclodextrin  (DIMEB).
Nevertheless, the chosen example demonstrates that the low solubility of the hydrophobic
organic substrates remains one of the key problems in the enzyme approach. In both cases a
comparable reactor setup using an ultrafiltration membrane reactor can be used. In the
enzymatic case an aqueous buffer containing the substrate (20 mM) with the DIMEB and the
sacrificial substrate 2-propanol (260 mM) was pumped through the reactor. High conversions
of up to 82% yielding (1S5)-2-naphthyl-ethanol with ee values of 99% have been achieved.
The best results of both approaches are compared in Table 4.6.
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Table 4.6: Comparison of chemical and enzymatic approach for the reduction of ketones to chiral
alcohols via transfer hydrogenation.

parameter unit chemical enzymatic Comparison

ducti reduction

molecular weight of

catalyst g mol™ 21,000 78,000
active centers per
catalyst - 5 1
mass per active .
centers g mol 4,200 78,000
[ketone] mM 250 20
0 50 100 150 200 250
substrate / mM
[catalyst] mM 15 0.04:10°
0.0000 0.0002 5 10 15
catalyst / mM
total turnover N
- 2,630 2.4:10 /
number (¢r) frrr e r r
0 2000 2.00E+008 2. 20E+008 2.40E+008
ttn I -
turnover frequency
min™' 0.22 2.3:10
(tof) - . : : y
50000 100000 150000 200000 250000
tof / min™
space-time yield
gLtd! 578 118
(sty) o w6 @6 e 4o 6 ek
space-time yield / gL d”
ee % 91 >99

Despite the very high activity of the enzyme, but due to the low solubility of the substrate in
water, only low space-time yields of 118 g L™ d” can be achieved. With the unlimited

substrate solubility as is the case in the organic solvent, the limiting aspect in the chemical
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approach is the maximum catalyst concentration possible. To increase the solubility of the
chemzyme 20 vol% methylene chloride had to be added. By retaining the catalyst, an
economical use of the desirable high catalyst concentrations is obtained by decoupling the
residence times of the reactants and the catalyst in this case as well. . Therefore, even with
high catalyst concentrations, high #n can be achieved. Furthermore, as result of the high
catalyst concentration, even with low activities (up to 0.22 min™ for the chemzyme compared
to 2.3-10* min™ for the enzyme) high space-time yields of up to 578 gL' d! are possible.
The application of high catalyst concentration can be achieved and tolerated, because it is
possible to bind a number of catalysts to one polymer molecule. Thus, the molecular mass per
active site is much lower for the chemzyme than for the enzyme. This enables a high catalyst
concentration without critical increase of viscosity. The parameters in Table 4.6 clearly show
that both approaches have their advantages and disadvantages. Nevertheless, in terms of
stability, #tn, and enantioselectivity the high effectiveness of the enzyme approach is still not
reached. One main reason for the high #t» is the effective retention of the biocatalyst. There is
still some potential for improvement in case of the chemzyme, since the increase of retention
by applying larger and inert polymer molecules would have a strong impact on the achievable
ttn as shown in Figure 4.65. Increasing the retention from 99.5% to 99.9% would increase the
ttn from 2633 to approximately 13,000. In comparison to a batch operation the #tn was already
increased by a factor of 48, namely from 54 to 2633 (Figure 4.66).
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Figure 4.65: Influence of the chemzyme retention on the maximum #n for a given 7of. Retention value
and fof are achieved with the experimental details as given in 2 Figure 4.56, page 159.
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Figure 4.66: Maximum ## in a batch and continuously operated membrane reactor for the chemzyme-
catalyzed transfer hydrogenation.
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One problem encountered in the chemzyme catalyzed transfer hydrogenation is the
thermodynamic limitation. The same problem was observed before with the mediated transfer
hydrogenation in the case of the enzyme-catalyzed substrate-coupled cofactor regeneration.
As solution to this problem the in situ separation of reaction product acetone by
pervaporationhas successfully been demonstrated. Likewise, this same technology can also be
transferred from the bio- to the chemocatalysis, using online acetone separation. Utilizing the
simulation model already established for the transfer hydrogenation chemzyme it can be

predicted that space-time yields up to 1,600 g L™ d” should be possible.

These investigations demonstrate that comparable reaction engineering is needed for the
continuous application of chemzymes and enzymes. Both fields can learn from each other and
an already established technology in one field, e.g. the volume aeration with molecular
hydrogen or the in situ product removal by pervaporation can be efficiently
transferred/applied in the corresponding field. These opens up a prospective that more
engineers are needed that integrate the knowledge from both fields, enabling a faster process

development.






5 — Discussion and outlook 175

In forecasting the future of scientific research

there is one quite general law to be noted.

The unexpected always happens.

So one can be quite sure

that the future will make any detailed predictions look rather silly.

J.B.S. Haldane (1892 — 1964),
in “The Future of Biology”

5 Discussion and outlook®®

The results of the individual chapters have already already been extensively discussed in their
places. At this place a compact discussion of the essential points and perspectives for the

future will be provided.

The production of enantiopure compounds is of increasing importance to the chemical and
biotechnological industries. Bioorganic transformations are predestined to meet this demand
due to their inherent regio- and stereoselective nature. Indeed, a growing amount of
enantiopure chemicals for pharmaceutical purposes are being produced biocatalytically today,
in contrast to the production of racemic bulk commodities in the past. In this sense,
biosynthesis needs to be understood as “chemistry by nature”. The biological principles
optimized over thousands of years experience a new renaissance when applied to technical
asymmetric catalysis. Nevertheless, one key tool or prerequisite for their application is the
appropriate technology, namely reaction engineering. As has been pointed out in this report,
without technology no economically attractive transfer takes place. The I biological
principle, namely complex chemicals are synthesized in reaction sequences (¥ box, page 3),
is presently becoming more and more attractive in view of a ‘sustainable development’, as has
also been pointed out in the recent ‘OECD Report on Biotechnology’ /OECD 2001]. The
OECD demands to increase sustainability by setting up cascades of reactions and integrating
the syntheses of the precursors. This is nothing more or less than something equivalent to the
above named [ biological principle. Thanks to the high regio- and stereoselectivity of

biocatalysts, protection steps, which are required following classical routes of organic

% Parts of this chapter are published in:

1. C. Wandrey, A. Liese, D. Kihumbu: Industrial biocatalysis: Past, present and future;, Organic Process
Research & Development 4 (2000) 286-290

2. A. Liese, K. Seelbach und C. Wandrey: Industrial Biotransformations, VCH-Wiley, Weinheim, 2000

3. A. Liese: Industrial applications and processes using biocatalysis; in: Enzyme Catalysis in Organic
Synthesis, 2™ edition, (K. Drauz, H. Waldmann, S.M. Roberts, eds.), VCH-Wiley, Weinheim (2002) 1419-
1460
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synthesis, become superfluous. Omitting them waste is drastically reduced and the starting
materials are utilized much more economically. In addition, stages for the purification of

intermediates can often be neglected in biocatalytic reaction sequences.

All of this can be achieved with isolated enzymes (2 chapter 3.2.2, page 70, demonstrated on
the example of the one-pot synthesis of oligosaccharides using multicatalyst systems), as well
as with wild-type whole cells (@ chapter 3.1.1, page 21, demonstrated via the biocatalyzed
diastereoselective reduction of 2,5-hexanedione), and with genetically modified organisms.
Starting up reaction sequences not beginning with already advanced intermediates, but instead
with bulk chemicals (2 chapter 3.2.1, page 45, demonstrated by means of the example of the
enzyme-catalyzed enantioselective carboligation starting from benzaldehyde and
acetaldehyde) enables an economically attractive production process. The classification of the
aforementioned and referenced examples in this report is outlined in Figure 5.1. The
possibility to discriminate undesired parallel and consecutive reactions in reaction sequences
by means of reaction engineering or by means of genetic engineering for whole cell
biotransformations may well bring about a renaissance to the field of technical asymmetric
catalysis. Probably, there will also be a renaissance of whole cell biotransformations, whereby
undesired side activities and further metabolizing steps (excluding the desired reaction) are
suppressed by means of gene-disruption. Right now, work is going on to install non-natural
cofactor regenerating systems in whole cells (“designer strains™). Especially the methods of
non-natural evolution of enzymes - and in particular the possibility to combine such enzymes

in one strain, - can be of great importance for biocatalysis in future.

chapter 3.1

/ \

reaction sequences macromolecular catalysts

chapter 3.2 chapter 3.3 chapter 4

Figure 5.1:  Biological principles applied to technical asymmetric catalysis.
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In contrast to the latter described in vivo technologies, the realization of in vitro reaction
sequences opens up ways to establish new reaction sequences that are not common in nature.
Driving biotransformations with energy in form of electrons supplied by an external electrical
power supply (2 chapter 3.3.1, page 90, demonstrated on the example of electrochemical in
situ supply of H>O- for enzyme-catalyzed sulfoxidations) or by light using photosensitive
electron-transfer mediators might become one of the new key technologies to accomplish
redox biotransformations. Since this is a rather new field, however, it has only been exploited
scarcely by a few pioneers, notably by the late E. Steckhan of the University of Bonn. It can
be hoped, however, - and even be expected with confidence in the opinion of this author - that
this concept will catch on and in due time. It will not only prove to be very attractive
scientifically, but also technically, and quite likely even economically.

In the hopefully not too distant future a more detailed understanding of the physical organic
basis of enzyme catalysis will be accessible. This prerequisite is required namely to optimize
the reaction systems as well as the substrate (2 chapter 3.2.1.1, page 49, demonstrated on the
example of the Hammett correlation and molecular refiactivity) and to carry out ‘solvent
engineering’ (2 chapter 3.2.1.2, page 61, demonstrated on the example of organic (co)solvent
addition). Additionally, by means of elaborate reactor engineering (i.e., via multi-phase
bioreactors) or by the development of solvent-resistant organisms/enzymes, the use of organic
solvents for enzymatic reactions will probably become increasingly possible.

The 2™ biological principle, namely biological catalysts are macromolecular and in general
homogeneously soluble, points the way to the development of artificial chemzymes (chemical
enzymes) (@ chapter 4.1, page 103, demonstrated on the example of hydrogenations using
molecular hydrogen and 2 chapter 4.3, page 135, demonstrated on the example of transfer
hydrogenation). Nowadays, still most industrial applications of homogeneous catalysis are
carried out in batch reactors with catalysts immobilized on a heterogeneous support. Here new
technologies based on the 2™ biological principle might initiate a change of the established
production processes in the future, especially for the syntheses of chiral compounds..
Membranes can retain macromolecular catalysts, like enzymes, that are homogeneously
soluble. By this means mass transfer limitations that are very often observed in conventional
catalysis can be overcome, thereby increasing the productivity and decreasing the catalyst
consumption.

In this report, hydrogenations with molecular hydrogen as well as transfer hydrogenations
have been investigated using chemzymes. Furthermore, for the hydrogenation with molecular
hydrogen a new aeration method for supplying H, has been developed, copying the biological
principle and function of lungs. This concept could be proved to be applicable for catalysis
using a homogeneous catalyst containing a transition metal (2 chapter 4.1.2, page 110,
demonstrated on the example of hydrogenations catalyzed by PyrPhos) or alternatively an

enzyme (2 chapter 4.2.4, page 129, demonstrated on the example of hydrogenation catalyzed
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by a hydrogenase from Pyrococcus furiosus). Pervaporation could be proved as a suitable and
selective method for the removal of acetone in mediated transfer hydrogenations using
enzymes (@ chapter 4.4, page 161, demonstrated on the example of substrate-coupled
cofactor regeneration). The same thermodynamic limitation as in the case of the substrate-
coupled cofactor regeneration governs the transfer hydrogenation via organic transition metal
catalysts. It can already be expected that the thermodynamic limitations can also be overcome
in the latter case by removal of acetone by means of pervaporation. This would then represent
another example of a successful transfer of technologies between the worlds of biology and
chemistry.

But there is still another, not yet discussed point, with considerable potential, which may also
impact technical asymmetric catalysis eventually. However, even though biocatalysts are
efficient, active, and selective, there remains still one big disadvantage: At the present time,
there is not yet an appropriate enzyme known or available for every given chemical reaction.
It is estimated that there exist about 25,000 enzymes in nature, and 90% of these have still to
be discovered [Appel, et al. 1994, Bairoch 1994]. Furthermore, approximately only 10% of
all known/investigated enzymes are already available on an industrial scale. This represents a
challenge and opens up a new ‘playground’ for chemists. For several fundamental, very
important chemical reactions, no suitable enzymes have yet been described. Some examples

for such voids are listed in Table 5.1.

Table 5.1: Organic chemical reactions where until now no isolated enzyme is known for.

Type of reaction Formula

Heck reaction, Stille- and Suzuki- X R

coupling | P + 0 xR —» + HX
] o]

hydroformylation of alkenes S, co o+ M \)\ y

metathesis of alkenes w + ( E— \—/ A

hydrogenation of aromates © + 3H, ) O

Until recently, the very prominent Diels-Alder reaction would also have belonged to this

table. But within the last two years reports have been published describing a biocatalytic
Diels-Alder reaction [Pohnert 2001]. Nevertheless, the way to a routine application of “Diels-
Alderases™ might still be long. The challenge of the future will be to design chemzymes that
can catalyze even those reactions, which are not yet feasible with enzymes. And an even

further projection might be the successful combination of chemzymes with enzymes in
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continuously operated reactors to synthesize complex products diastercoselectively starting

from bulk chemicals.

In summary, understanding biological principles and processes both in organic chemical and
physical terms is a prerequisite and represents the first step towards the development of novel
engineered systems utilizing these biological principles. To implement these concepts
requires engineers that integrate the knowledge of these diverse fields, namely of biocatalysis,

physical organic chemistry, and biochemical engineering.
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"If we wish to catch up with nature,
we shall need to use the same methods that she does."

Emil Fischer 1902, Nobel Lecture

6 Summary
Two major biological principles, namely reaction sequences and homogeneously soluble,
macromolecular catalyst, were identified and have been transferred to technical asymmetric catalysis.

First biological principle: Reaction sequences

The biological principle of reaction sequences simplifies the downstream processing.
J . Utilizing Lactobacillus kefir (2R,5R)-hexanediol was produced in a newly designed,

continuously operated process with an ee and de > 99% at a space-time yield of
64 g L™ . This process has been transferred to an industrial company.

o Utilizing in vitro reaction sequences, all four possible diastereomers of 1-
phenylpropane-1,2-diol were selectively synthesized with de > 98% by sequential
use of a lyase and an oxidoreductase, starting from the bulk chemicals benzaldehyde
and acetaldehyde.

¢ (2R)-Hydroxypropiophenone was continuously produced by benzaldehyde lyase-
catalyzed carboligation with an ee > 99% and a space-time-yield of 1,100 g L™ d,

¢ Applying physical organic principles like the Hammett postulate and using molar
refractivity allows to predict the enantiomeric excess in benzoylformate dehydro-
genase-catalyzed carboligations.

* Principles of biological evolution have been transferred to technical evolution by
using genetic algorithms for the optimization of reaction conditions of the core 2-Bn
synthesis in a one-pot biocatalytic reaction sequence

o Syntheses of sialyl T threonine esters in a one-pot biocatalytic reaction sequence
starting from N-Fmoc-(O-N-acetylgalactosaminyl)threonine fert-butyl ester.

¢ In electroenzymatic reactions energy and mass transport can be separated, in contrast
to reactions occurring in whole cells as practiced by nature.

o A newly designed three-dimensional electrode has successfully been applied for the
cathodic reduction of O, the first step of the electroenzymatic reaction sequence.

¢ (R)-Methylphenylsulfoxide was produced with an ee =99% and a space-time yield of
104 g L™ d" in a newly developed electroenzmyatic reactor, utilizing chloroperoxidase.

Second biological principle: Macromolecular catalysts

» Biological principles are even applicable and attractive under non-natural conditions.

¢ A new aeration technology for supplying H, to catalytic reaction cycles has been
developed, copying the biological function of lungs. This enables the easy operation
of continuously operated hydrogenations with enzymes and chemzymes.

¢ Applying this technology, NADPH was produced via hydrogenation catalyzed by a
hydrogenase, at a space-time yield of 130 g L™ d™.

¢ A new transfer hydrogenation chemzyme was developed, characterized kinetically,
and applied successfully to the continuous production of (15)-phenylethanol (ee =
91%) at a space-time yield of 578 g L™ d™ and a #tn = 2633 for the chemzyme.

¢ Thermodynamic limitations in oxidoreductase-mediated transfer hydrogenations have
been overcome by integration of a selective acetone removal step, i.e., by means of
pervaporation.
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book is summarizing the research of his group at the Research Centre Jilich (Institute of
Biotechnology 2, head Prof. Christian Wandrey) from 1998 to 2003, leading to the post-
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The production of enantiopure compounds is of increasing importance to the chemical
and biotechnological industries. Bioorganic transformations are predestined to meet
this demand due to their inherent regio- and stereoselective nature. Indeed, a growing
amount of enantiopure chemicals for pharmaceutical purposes are being produced bio-
catalytically today, in contrast to the production of racemic bulk commodities in the
past. In this sense, biosynthesis needs to be understood as "chemistry by nature”. The
biological principles optimized over thousands of years experience a new renaissance
when applied to technical asymmetric catalysis. Nevertheless, one key tool or prerequi-
site for their application is the appropriate technology, namely reaction engineering.
The objective of this book is to understand selected biological principles as well as pro-
cesses in chemical terms, to transfer, apply them to and combine them with the tradi-
tional concepts of chemical, i.e., homogeneous catalysis. Simultaneously, the aim is to
design and to develop novel reactors, i.e., engineered systems based on these biological
principles. Currently, in technical asymmetric synthesis different biological principles are
already being applied without the scientific community at large being aware of it. In
those examples namely, where additionally reaction engineering has been integrated,
very efficient production processes were designed. This gives rise to high expectations
for the future of a sustainable, technical asymmetric catalysis.
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