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inductive or constitutive enzymes, toxici-
ty of substrate and product(s), permeabil-
ity and sequestration problems ... Several
of these problems and limitations will be
evoked, together with the potential of the
method, through a brief description of the
results obtained in three examples of hy-
droxylation reactions concerning differ-
ent substrate categories.

2. Hydroxylation of Quinidine
Derivatives

Abstract. Microorganisms such as filamentous fungi are known to carry out regio- and
stereoselective hydroxylations of a wide range of natural or synthetic hydrophobic
organic compounds, probably as part of a detoxification mechanism. The potential and
limitations of such reactions, as a tool for pelforming preparative hydroxylation and
functionalization, will be examined through selected examples: a quinidine derived
alkaloid, a monoterpenic prochiral compound (l,8-cineole), and synthetic polyclic
enones.

1. Introduction

Our group has been engaged for a long
time in the use and application of enzy-
matic and biological systems in organic
synthesis. More recently, we have been
interested in investigating the potential of
hydroxylation reactions, catalyzed by
whole cells of microorganisms, for the
large scale preparation of regio- and ster-
eoselectively hydroxylated metabolites of
natural or synthetic complex molecules of
pharmacological interest and, further, for
the preparation of functionalized asym-
metric synthons of high optical purity.

These reactions, which, for pharmaco-
logical and toxicological reasons, have
been extensively studied in the mammali-
an microsomal hepatic detoxification sys-
tem of xenobiotics, can be frequently mim-
icked by simple microorganisms like fila-
mentous fungi, which possess a similar
enzymatic equipment and may provide an
economical alternative for the large-scale
production of metabolites, which other-
wise would be difficult to synthesize chem-
ically: this is the concept of 'microbial
models of mammalian metabolism', first
proposed by Smith and Rosazza [I], and
now recognized to be a valid proposal
through a number of comparative studies
[2]. Beyond this concept, biohydroxyla-
tion reactions may represent a powerful
method for the introduction of functional
groups into already elaborated molecules,
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with the additional benefit of the usual
regio- and stereolectivity of enzymic reac-
tions [3]. Starting from easily accessible
natural materials (alkaloids [4], steroids
[5], terpenes [6]...) it is possible to obtain
new complex molecules which can be
tested for new biological acti vities or used
as organic asymmetric synthons or syn-
thetic intermediates. Typically, such mo-
nooxygenase-catalyzed reactions can hy-
droxylate aromatic rings, 'activated' (al-
lylic or benzylic) methylenic carbon at-
oms, and most interestingly, 'unactivated'
methyl or methylenic groups. The field of
application of these reactions has been
now extended to useful transformations of
several purely synthetic organic materials
of chemical interest.

However, in each case, an empirical
specific approach was employed and much
remains to be done in order to make the
regio- and stereochemical course of these
reactions general and predictable. As in
other fields of applied enzymology, this
fact strenghthens the need for the elabora-
tion of models, taking into account the
generally observed flexibility and lack of
specificity of detoxification-dedicated
P450-monoxygenases [7]. Moreover, the
general use of whole bacterial cells in-
stead of pure enzymes introduces intrinsic
limitations: number of enzymes involved,

MeO

Dihydroquinidine (1) is currently used
as an antiarhythmic compound, and, as
other quinine/quinidine-family alkaloids,
is actively metabolized in man [8] to give
a number of metabolites among which a
3(S)-hydroxy derivative 2 has been identi-
fied [9] and proposed as a potential substi-
tution drug [10]. However, a chemical
stereospecific hydroxylation of dihydro-
quinidine is not an obvious reaction and
we have tried to design an alternative
large-scale microbial process to produce
such a hydroxy derivative in convenient
economical conditions.

As the only known corresponding mi-
crobial conversions of quinidine, for ex-
ample, were very uneffective (1-3% in 14
d) [II], we were induced to carry out an
extensive screening of ca. ISO collection
strains, which resulted in the selection of a
unique species of mould, Mucorplumbeus,
several strains of which had the unique
property of metabolizing compounds of
this alkaloid family to the desired deriva-
tives, initially in moderate yields, but with
the required stereochemistry. Optimiza-
tion of growth conditions, of bioconver-
sion parameters, and mainly esterification
of the 9-0H group allowed to reach high
conversion values (80-90%, see Fig.), at
initial concentrations of ca. (gil, and for
incubation periods of 3-5 d [12].

Several lessons may be derived from
this new example of the concept of micro-
bial models of mammalian metabolism: i)
while in most cases, the same bioconver-
sion properties are shared by a number of
different microbial families, in this case,
only a unique species was active, making
necessary an extensive screening; ii) even
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I ,8-Cineole and Isomeric Derivatives Eventually Obtained by Different Hydroxylation Reactions at
One of Its Enantiotopic Faces

Figure. Maximal conversion of dihydroquinidine 1 (DHQd) and its 9-Q-acyl derivatives (AcDHQd
= acetyl, !Bu = isobutyryl, Piv = pivaloyl, Ben = benzoyl) into the corresponding (3S)-hydroxy
derivatives by selected strains of Mucor plumbeus

Another example of the use of these
reactions for the synthesis of asymmetric
synthons hasbeen developed. Starting from
almost enantiomerically pure octalones
9-11 [19][20], phenanthrenones 12 [21],
or hydrindenones 13 [19] with an angular
methyl group, obtained by asymmetric
synthesis, the unescapable problem of the
functionalization of the B-ring was re-
solved through fungal hydroxylation re-
actions [22], illustrated in the Scheme and

formulae 10-13 with products obtained
by using again M. plumbeus.

As expected, allylic (benzylic) hydrox-
ylation is a major pathway [23], but in
some examples other unexpected hydrox-
ylated products are formed, which may
represent new useful functionalized syn-
thons for total steroid or terpene synthe-
ses. However, depending on the stereo-
chemistry or small structural changes of
the substrate, the regioselectivity of the
introduction of the hydroxyl group may be
deeply modified, preventing at this mo-
ment any kind of modelization studies and
strengthening again the idea of the flexi-
bility of the active site of cytochromes
P450 involved in such reactions.

4. Hydroxylation of Bicyclic Enones

stereoisomeric monohydroxylated deriv-
atives constituting new and interesting
asymmetric synthons orchiral auxiliaries.

A few reports about 1,8-cineole me-
tabolism are available (Table), and most
of the microorganisms previously select-
ed for these studies were bacteria, isolated
from soil, using 1,8-cineole as sole carbon
source and generally able to effect, in
addition, the opening of the carbocyclic
ring and of the ether linkage; this generally
results in the complete degradation of the
whole molecule, keeping the yield of even-
tuallyfonned hydroxylated derivatives low
or negligible [14][15]. At the contrary,
some bacteria (B. cereus) [16] and mould
strains (mainly Aspergillus strains) [17]
[18] stop at the hydroxylation stage and
allow isolation of several of the possible
isomeric derivatives in respectable yields.
However, optically pure compounds are
not frequently obtained, indicating a de-
fective recognition of the enantiotopic
edges of the carbon cycle of the substrate.
Moreover, only low concentrations of the
terpenic compound (typically 0.1-0.5 g/I)
are tolerated by the microorganisms, but
the selection of a terpene-resistant As-
pergillus sp. strain [18] allowed higher
substrate concentrations (1-1.5 gil). Sev-
eral of the possible isomeric derivatives
have already been obtained, and a more
extensive screening would probably give
access to new (stereo)isomers.

valorizations of such compounds is their
conversion to increasingly functionalized
(hydroxylated) derivatives which may be
used themselves as bioactive substances
or as intermediates in the preparation of
bioactive substances. A bicyclic monote-
rpene such as 1,8-cineole (3, 1,3,3-trime-
thyl-2-oxabicyclo[2.2.2]octane), the main
component of several Eucalyptus essen-
tial oils [13], presents interesting structur-
al features: hydroxylation at C(5) or (6)
will afford position isomers of a monohy-
droxylated derivative; in each case, de-
pending on the orientation of the reaction
relative to the oxygen-bridge, endo or exo
isomers may be formed. At last, the intro-
duction of a hydroxyl group may occur at
one of the enantiotopic edges of this prochi-
ral molecule, giving rise to a single enan-
tiomeric compound (formulae 3-7). So,
we can imagine that regio- and stereospe-
cific biohydroxylations of 3 by different
microorganisms may afford a full range of
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Many natural terpenoid compounds are
common inexpensive substances which
are already used as starting materials for
organic synthesis. One of the possible

inside the same taxonomical species, bio-
conversion activities are very different
from one strain (corresponding to a geo-
graphical isolate) to another (Fig.); iii)
manipulation of growth, incubation con-
ditions, and substrate structural features
(making it more hydrophobic, for exam-
ple) may provide significant changes in
the nature and yield of metabolites; iv)
even after optimization, only low maxi-
mal concentrations of toxic substrates may
be used (typically 0.5-1 g/I) and the hy-
droxylation job is generally a slow proc-
ess, with low productivity.

3. Hydroxylation of a Prochiral
Monoterpene
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5. Conclusion Table. Isomeric Monohydroxylated Products (see Formulae 3-7) Obtained by Microbial Hydroxy-
lation of J,8-Cineole
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Scheme. Hydroxylation of Enantiomeric 4a-Methyl-4,4a,5,6. 7.8-hexahydro-2( 3H)-napluhalenones
by Mucor plumbeus

Regio- and Stereoselective Hydroxylation Patterns of Selected Bi(poly)cyclic Enones by Mucor
plumbeus
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From the few examples which have
been evoked, somewhat inconsistent pic-
tures of fungal hydroxylations may be
drawn: sometimes a high regio- and ster-
eoselectivity is observed, sometimes mix-
tures of regio- (and/or stereo)isomers are
produced. Nevertheless, the preparative
potential of such methods, through the
exceeding variety of existing microorgan-
isms (and independently of yet unexplored
possible genetic modifications) is obvi-
ous. It is clear that it will be still necessary
to test a limited number of active microor-
ganisms on a larger set of apparented
substrate families, in order to gain more
information about these reactions and, with
the help of molecular modelization, have
access to predictive methods. This ap-
proach, which has been initiated in our
laboratory, may introduce in the future a
'new synthetic chemistry' (mimicking
usual biosynthetic pathways) where only
simple unfunctionalized compounds need
to be primarily synthesized, while the in-
troduction of critical functional groups
will then be effected through selective
microbial hydroxylationreactions. Select-
ed target molecules, such as forsko!in (14)
or taxo! (15), or some intermediate corre-
sponding synthons, are particularly suita-
ble for testing this concept.
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ing this information the final reactor de-
sign may follow to predict a suitable resi-
dence time, achievable conversion, space-
time-yield and product specific enzyme
consumption (Fig. 1).

3. Kinetics

reaction system

pH. temp .• enzyme and
substrate concentration
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1. Introduction

Engineering aspects may become de-
cisive in enzyme technology if enzymati-
cally catalyzed enzyme reactions reach a
preparative or productive scale. With the
increasing number of enzymes or micro-
organisms available for biotransformations
it is not sufficient to prepare useful biocat-
alysts. Additionally, methods of reaction
engineering have to be employed in order
to design a process competitive [1-11].

2. Reaction Conditions

Iyst. Reaction conditions may also influ-
ence the achievable selectivity and enanti-
oselectivity. For instance a high catalyst
concentration (and correspondingly a short
residence time) can discriminate non-de-
sired parallel or consecutive reactions.
After reaction conditions have been set,
kinetic parameters can be identified. Us-

Kinetic measurements have to be car-
ried out under initial rate conditions in
order to achieve information independent
of product concentrations. Furthermore,
one has to follow the reaction progress
along the entire range of conversion. This
is of special importance if several en-
zymes are anal yzed since reactants for one
enzyme may be inhibitors for another en-
zyme. Parameter estimation should be

reaction
design

properties of
biocatalyst

Mr. mechanical fragility
activity. stability

First of all, thermodynamics of a given
reaction system have to be analyzed. Next,
suitable reaction conditions must be spec-
ified with respect to pH, temperature, sub-
strate concentration and enzyme concen-
tration. These reaction conditions have to
be suitable for the biocatalyst involved.
Important parameters are mechanical fra-
gility, activity, and stability of the cata-

thermodynamics
1-----------

K eQ
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I
kinetics

_1---------11

Fig. 1. Influence of reaction conditions on reaction design and reactor design
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