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SEQUENTIAL FORMATION OF C-C BONDS USING DOMINO METATHESIS

REACTIONS
Siegfried Blechert

Department of Organic Chemistry, Technical University Berlin, Germany

Olefin metathesis has become widely established as an im-
portant tool for the formation of carbon-carbon bonds.
Early developments centred on the use of molybdenum
complexes, but it was with the advent of the more
‘user-friendly’ ruthenium precatalysts that the power of the
metathesis reaction began to be fully exploited. The major-
ity of metathesis reactions that are conducted at the present
time make use of one of the four commercially available
precatalysts.

The Blechert group has pioneered the use of ring rear-
rangement metathesis (RRM) as a methodology through
which rapid access to complex alkaloid structures can be
achieved. Domino metathesis processes that involve bond
cleavage or bond formation are conducted in sequential
steps where the functionality formed in the first process is
used in the subsequent transformation. The construction of
fused carbocycles as well as heterocycles is possible.
Stereochemical information is transferred from the starting
compound so this methodology allows for the formation of
enantiomerically pure heterocycles in a rapid one-pot pro-
cess.

I\

This methodology has been used in the Blechert group
in the synthesis of a variety of piperidine and pyrrolizidine
alkaloids. A representative example of this strategy can be
seen in our recent synthesis of the unnatural enantiomer of
(-)-trans-195A, a compound isolated from amphibian skin
that has been shown to be a noncompetitive blocker of nic-
otinic receptor channels. The key RRM reaction gave the
piperidine in an excellent yield and with no loss of
chirality. The synthesis was completed using a zirconium
mediated Negishi coupling to give (+)-trans-195A.

The synthesis of mono and bicyclic piperidines and
pyrrolidines through a sequential cross metathesis
(CM)-reductive cyclisation strategy has also been an area
of extensive research in the Blechert laboratory. These
compounds are some of the most ubiquitous structural mo-
tifs seen in natural products and many biologically impor-
tant compounds contain an N-heterocycle at their core. The
synthetic strategy that we have chosen makes use of the
cross metathesis of allylic and homo allylic amines with
electron deficient double bonds. Previous work in our
group has demonstrated that such CM reactions proceed
with excellent chemo and stereo control to give the enone
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product as the trans double bond isomer. We have coupled
this reaction with a reductive cyclisation to give a general
approach to the synthesis of substituted piperidines and
pyrrolidines.

(+)-Carpamic acid, a 2,6-disubstituted 3-piperidinol,
belongs to a small sub-group of alkoloids that have been
shown to have interesting pharmacological properties. The
CM step was investigated using the Hoveyda-Blechert cat-

96 %, 98%ee

The synthesis of (+)-trans-195A

alyst and it was found necessary to increase the steric bulk
of the starting material to suppress formation of the
homodimer. This was achieved by protecting the alcohol as
the silyl ether and the desired cross product was obtained in
excellent yield. Reductive hydrogenation of the enone then
gave (+)-carpamic acid.

Double reductive cyclisation of the products obtained
from the CM of protected dicarbonyl substrates allows ac-
cess to bicyclic compounds. This procedure was
showcased in the extremely convergent synthesis of
(+)-xenoeveine, a pyrrolizidine alkaloid found in the thief
ant Solenopsis xenovenum. The CM proceeded without in-
cident to give the enone with double reductive cyclisation
giving the target compound in 73 % yield.

These examples are representative of the recent uses of
olefin metathesis in the Blechert laboratory to give access
to biologically important natural products. Our general
strategy of employing sequential metathesis reactions to
deliver complex molecules, illustrated by selected syn-
thetic examples, will be discussed in this lecture.

TMSO AN 0 Hoveyda-Blechert (5 mol %) O
+ toluene, 80 °C TMSO. e
/\(N:Z \)J\(CHz)ﬂone - (CH3);CO,Me
8% NHZ
H,, Pd/C, MeOH HO
KOH, MeOH Ij\
100 % N (CH2)7CO2H

Synthesis of (+)-carpamic acid
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Synthesis of substituted N—heterocycles
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Synthesis of indolizidine 209D
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ASYMMETRIC CATALYSIS IN THE PREPARATION OF BIOLOGICALLY ACTIVE
COMPOUNDS

Adriaan J. Minnaard, Ben L. Feringa

Stratingh Institute, University of Groningen, Nijenborgh 4, 9747 AG, Groningen,
The Netherlands. A.J. Minnaard@rug.nl

Asymmetric catalysis, and in particular homogeneous tran-
sition metal catalysis, has become one of the most impor-
tant ways of making chiral compounds with high
enantioselectivities. In this field, asymmetric conjugate ad-
dition reactions of organometallic reagents catalyzed by
copper, rthodium and palladium are thoroughly studied as
both a carbon-carbon bond and a stereocenter are formed.
In our group we have successfully developed the cop-
per-catalyzed asymmetric conjugate addition of
dialkylzinc reagents and Grignard reagents to unsaturated
ketones, lactones, alkylidene malonates, and nitro com-
pounds. In our efforts to use this methodology in natural
product synthesis we realized that the preparation of linear
hydrocarbons containing multiple stereocenters is a chal-
lenging field to apply these conjugate addition reactions.
Recently, we have developed a general method to pre-
pare enantiopure saturated isoprenoid building blocks [1].
The method allows the preparation of all four
stereoisomers (ee > 99%, de > 98%). To
demonstrate the synthetic versatility of
this catalytic approach, it was employed
in the total synthesis (see Scheme) of two
pheromones of the apple leafminer
(Lyonetia prunifoliella), a pest endemic
to the eastern regions of North America

[2] apple leafminer pheromones

A second application of the method-
ology is the preparation of enantiopure
deoxypropionate building blocks by iter-

/\/\/\/\I/\/\/\/\/ H

ative conjugate addition reactions [3]. This has been used
in an efficient synthesis of Lardolure, the aggregation
pheromone of the acarid mite, Lardoglyphus Konoi.

1. Van Summeren, R.P.; Reijmer, S.V.; Feringa, B.L.;
Minnaard, A. J. Chem. Comm. 2005, 1387 and references
cited therein.

2. For earlier synthesis of these pheromones see: Y.
Nakamura and K. Mori, Eur. J. Org. Chem., 2000, 2745.

3. Des Mazery, R.; Pullez, M.; Lopez, F.; Harutyunyan, S.R.;
Minnaard, A.J.; Feringa, B.L. J. Am. Chem. Soc. 2005,
127, 9966.

(-)-Lardolure
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ADVANCED METHODS IN THE SYNTHESIS OF ENANTIOPURE BIOACTIVE
SUBSTANCES: THE QUEST FOR NEW TYPES OF CHIRAL LIGANDS APPLICABLE
TO ENANTIOSELECTIVE CATALYSIS

Ivo Stary,*$ Irena G. Star,*S Zuzana Alexandrova,® Petr Sehnal,’ Jifi Misek,® Filip Teply,
David Saman, and Lubomir Ruli$ek®

$Center for Biomolecules and Complex Molecular Systems
Institute of Organic Chemistry and Biochemistry, Academy of Sciences of the Czech Republic, Flemingovo
nam. 2, 166 10 Prague 6, Czech Republic

Enantioselective catalysis plays an important role in the
preparation of optically active compounds. Enzymes,
nonracemic metal complexes or organocatalysts are aimed
at propagating chirality so that the desired enantiomer of a
product may dominate in the reaction vessel. This method-
ology reflects principles of “green chemistry” by reducing
wastes and the energy consumption. It may exhibit high ef-
ficiency and, in the case of a low catalyst loading or its re-
cycling, substantially reduce the costs of a process.
Enantioselective catalysis is used in academic laboratories
as well as in industry and its importance is growing up
steadily.

An ideal chiral metal catalyst or organocatalyst can
be characterized by exhibiting both high enantioselectivity
and high reactivity. Actually, an enormous effort has been
devoted to meet the former criterion and, within the realm
of enantioselective transition metal catalysis, so called
“privileged ligands™ have been identified. Interestingly, the
attention has been paid almost exclusively to the ligands
possessing the eclements of central, axial, or planar
chirality. By contrast, the helically chiral ligands have been
rather rare and their potential has practically been unex-
plored so far. A very limited number of examples demon-
strating the utilization of helicenes [1] either in
stoichiometric asymmetric synthesis [2] or in enanti-
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Scheme 1

oselective catalysis [3] can be found in literature. Thus, we
have embarked on helicene-based chiral entities taking ad-
vantage of our expertise in helicene chemistry and being
stimulated also by no patent claims in the field of
enantioselective catalysis exploiting helicenes. Accord-
ingly, we have assumed that there is enough room
for the future applications of the helicene-based
ligands or catalysts to the synthesis of enantiopure
bioactive substances.

Helicenes are unique three-dimensional aro-
matic systems that are inherently chiral, thermally
stable, and usually well soluble. However, the dif-
ficult preparation and the absence of a more gen-
eral synthesis methodology to get individual
enantiomers on a preparative scale have hampered
their broader use. Currently, the renewed interest
in helicene chemistry can be seen as various origi-
nal approaches to racemic or nonracemic
helicenes and related compounds have emerged
[4-10]. Regardless of such recent progress and intriguing
past achievements, the racemate resolution dominates in
getting nonracemic helicenes and their derivatives [11].

We have recently demonstrated that the intramolecular
[2+2+2] cycloisomerization of aromatic triynes under Co'
or Ni” catalysis is a feasible concept exhibiting a high de-
gree of synthetic flexibility [12]. Using this methodology,
we synthesized various racemic helicene derivatives rang-
ing from penta- to heptacyclic structures. However, the
[2+2+2] cycloisomerization reaction should, in principle,
allow for a helicity control in the key helicity forming step.
First, we focused on enantioselective catalysis which has
never been applied to the construction of helicene skeleton
before. The use of chiral ligands for nickel, obviously
phosphines, might result in controling helicity. In the pres-
ence of Hayashi’s MOP ligand or better its benzyl ana
logue” we observed moderate enantioselectivities in
[2+2+2] cycloisomerization of aromatic triynes 1 and 2
providing tetrahydro[6]helicene 3 [12d] or the
3-methoxyderivative 4 [12a], respectively (Scheme 1).

In parallel, the attention has been paid to
the  diastereoselective  synthesis  of
helicene-like compounds. We assumed thata "9, "
fully aromatic backbone of helicenes might
not be essential for the utilization of these
compounds in enantioselective catalysis.
Accordingly, we devised nonracemic heli-
cene-like structures whose diastereo-
selective synthesis relies on a helicity
induction by the asymmetric center already

R=H 9
R = OCH, 10

-(-)-5
R = p-Tol (S)-(-)-6

Tol Q ) 4. Tol Q‘ ) 19.R
) - Z L
1 sOh

(10:90)
(9:91)

The (M,S):(P,S) ratios indicated in parentheses.

present in the triyne molecule (Scheme 2) [14]. We found
that [2+2+2] cycloisomerization of chiral triyne (S)-5 me-
diated by the Co'/PPh; system afforded two possible
diastereomers (M,S)-7 and (P,S)-7 in a 92 : 8 ratio. The
analogous triyne (S)-6 with two p-tolyl groups at the pen-
dant acetylene units provided only (P,S)-8 possessing the
opposite helicity. Such a striking stereochemical dichot-
omy requires explanation. If the reaction proceeds under
thermodynamic control its stereochemical outcome should
reflect the energy contents of the diastereomeric products.
Thus, we calculated the relative energies of both pairs
(M,S)-7 versus (P,S)-7 and (M,S)-8 versus (P,S)-8 in dec-
ane at 140 °C using the DFT method (B3LYP/TZV+P), and
COSMO solvation model. The calculated free energies
clearly indicated a more stable diastereomer from the rele-
vant pair being expected to prevail in the reaction mixture,
in excellent agreement with the experimental results.

CpCo(CO), (1 eq.)
_—
PPh, (2 eq.)

(M,S)-7 92: 8 (P,S)-7
0 kcal/mol 2.0 keal/mol
R =p-Tol R = p-Tol
Decane, 140 °C, halogen lamp (M,S)-8 0:100 (P,S)-8
60 % (7), 63 % (8) 4.2 kcal/mol 0 kcal/mol
Scheme 2

As it has been clearly shown, the helicity control is pos-
sible and diastereoselectivity of the cyclization could be
good to excellent, we have decided to explore the scope
and limitations of this approach to precursors of
nonracemic helicene-like ligands. Accordingly, we studied
key [2+2+2] cycloisomerization of a series of chiral triynes
in the presence of CpCo(CO),/PPh; in decane at 140 °C to
obtain helicene-like compounds 9-15 (Scheme 3). The
stereochemical outcome of the reaction was found to be
practically invariant to the helicene size and the presence of
a functional group attached to the terminal benzene rings.
In all cases the diastereomeric ratio ranged between 73:27
and 100:0. However, the presence of the p-tolyl group at
C-4 (compounds 9-11) or C-19 (compounds 12, 14, 15) ef-
fectively controlled the cyclization in favor of (P) helix
while its absence at C-19 (compound 13) resulted in the
predominant formation of (M) helix.

The synthesis of nonracemic helicene-based ligands is
under progress as well as their utilization in
enantioselective catalysis.

CH40

11 (10:90) R, = Tol R, = CH,0
R,=H 12 (0:100) R,=H 14 (27:73)
R,=H

R,=H
R, =Tol 13 (86:14) R, =CH,0 15 (17:83)

Scheme 3
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THE APPLICATION OF CIAT METHODOLOGY IN THE SYNTHESIS OF ACTIVE
PHARMACEUTICAL SUBSTANCES

Pavol Jakubec', Andrej Kolarovié? and Dusan Berkes'

1Depan‘ment of Organic Chemistry, Slovak Technical University, Bratislava, Slovak Republic;
2Department of Chemistry and Chemical Biology, Northeastern University, 360 Huntington Ave, 349 Egan,
Boston, MA 02115-5000

Worldwide market of chiral substances in single
enantiomeric form continues in persistent outstanding
growth and represents a stimulus for the development of
new efficient methods for the asymmetric synthesis and for
the improvement of the known methodologies of the
enantiomerically pure compounds preparation, respec-
tively. This tendency is clearly manifested on the world-
wide chiral drugs sales. Recent presumption of the
enantiomerically pure drugs proportion on pharma-market
exceed 40 % continue in growth.

Regardless of tremendous advances have been made in
asymmetric synthesis, either substrate driven or catalyti-
cally induced, resolution of racemates or covalently

bounded diastereoisomers is still the most important
approach to the synthesis of enantiomerically pure com-
pounds (EPC’s). Although resolution via diastereo-
isomeric salt formation is not looked upon as ,,state of the
art™ like catalytic asymmetric synthesis, it is still the most
widely used method to obtain of EPC’s in industry. The
presumptions show that the 30-50 % of enantiomerically
pure substances are produced using this methodology [1].
The resolution processes via diastereoisomeric salt forma-
tion are still intensively studied [2]. Understanding of the
principles followed by optimization of the resolution meth-
odology is important not only for industrial applications
but also for the academic research.
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The principal drawback of the stan-

. S HsC.,, Ar
dard racemate resolution is the limitation
of the maximum theoretical yield of 50 % . OH
and the necessity of subsequent treatment O.__OH

cess (for example in the re-racemization). \
This limitation affects the economical,
technical and ecological characteristics
of the production.

However, the scenario changes mark-
edly when chiral compound contains la-
bile stereogenic center capable to
undergo ,,in situ” racemization, which
means, when there is a dynamic equilib-
rium between the isomers in the solution
and one of the isomers is separated from
the  mixture by  enantio- or
diastereoselective process. It is named
crystallization-induced asymmetric
transformation (CIAT) when the crystal-
lization 1is the above mentioned
stereoselective process. The same mean-
ings have the terms crystallization-in-
duced dynamic resolution and an older
Eliel’s expression — asymmetric transfor-
mation of the second kind.[3]

CIAT is promising technique for the control of
stereochemistry on the chirally labile stereogenic centers.
The principal requirement for this type of asymmetric
transformation is that one of the isomers must be crystalline
at a convenient temperature and mustn’t form a solid solu-
tions or quasi-racemates. Because racemization and crys-
tallization take place simultaneously, the relative rates
between crystal growth and racemization are likely to be
important. However, for the industrial applications mainly
it is more convenient when the racemization
(epimerization) takes faster than the crystallization. When
both these conditions are fulfilled the desired enantiomer
(diastereoisomer) can be isolated from the starting mixture
by simple filtration and the yields reach theoretical 100 %
regardless the equilibrium in the solution.

In spite of exceptional effectiveness of CIAT processes
the number of known applications is relatively low. A criti-
cal point in the CIAT process development is the compati-
bility of the racemization conditions or equilibrium
between the isomers in the solution with the conditions for
the crystal growth and nucleation.

The reaction mixture is heterogencous and it is not easy
to describe such system by the physical model, although
some efforts have been published [4]. The prediction,
which isomer will be precipitated from the reaction mixture
is not a trivial task. However, any discovered example is di-
rectly headed to the industrial application. This tendency

of unwanted isomer in the separate pro- [ I LN
n

=99%).

(Y

HsC., r

(X
N e}
Bn

Figure 1. (i) CF;C0O),0, BF;.Et,0, (R)-3,5-bis(trifluoromethyl)-sec-phenylethyl alco-
hol 95-98 % (d.r.55:45); (CIAT) heptane/0.9 equiv tetrahydrolinalool, 0.3 equiv. of
potassium tetrahydrolinaloolate, -10 °C, 5h, 83 % (> 99 % ¢.e.).
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Figure 2. (i) Et;N/EtOH, seeding with 2,5 % crystalls of (-)- enantiomer, yield 84% (ee

will be showed on the next examples targeted on the syn-
thesis of the active pharmaceutical substances.

EPA Presidential Green Chemistry Award for the year
2005 honored Merck’s chemists for redesign of the synthe-
sis of Aprepitant, the active ingredient in EMEND, a drug
used to reduce nausea and vomiting caused by cancer ther-
apy. Using CIAT process as a key step allowed to double
the overall yield to 76 % and to reduce significantly operat-
ing costs and the production waste (85 % reduction), Fig-
ure 1 [5].

An impressive example of successful CIAT process
represents resolution of racemic narwedine via reversible
oxa-Michael addition under basic  conditions.
(-)-Narwedine is the key intermediate for the multikilo-
gram synthesis of (-)-gallantamine used in the treatment of
Alzheimer disease, Figure 2 [6].

Another recent example of patented CIAT application
based on the thermally induced epimerization is the prepa-
ration of a key intermediate of the benazepril synthesis,
Figure 3 [7].

An immense material base for the CIAT applications
represent racemic chiral drugs, which are finalized in the
form of biologically accepted salts. Discovery of the ,,in
situ“ racemization conditions, compatible with the nucle-
ation and crystal growth of such salt, open also the door for
the ,,racemic switch distinguished by exceptional techno-
logical simplicity and qualitative improvement of the final
substance by the ballast isomer disposal [8]. In the case of

HOOC, HOOC, Et0OC,
NH \ph : NG\ N \ph
N CIAT N — N
H o H o J o
HOOC
SS/RS =1:3.3 SS/RS =95:3 benazepril

Figure 3. (i) p-xylene, reflux 3 h, 99 % (ee = 96 %).
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enantiomerically pure derivatives CIAT technology elimi-
nates the necessity of the undesirable isomer treatment
mostly in a separate process.

More than one half of the known CIAT examples repre-
sent the asymmetric transformations of amino acid deriva-
tives [9]. Resolution via diastereoisomeric salt formation
is one of the leading synthetic strategies for the preparation
of the desired stereoisomer.

Our research interests are devoted to the systematic
study of CIAT applications for last five years. We have dis-
covered and optimized several CIAT processes in tandem
with aza-Michael addition of chiral N-nucleophiles [10a,b]
or with the addition of achiral amines to the chiral unsatu-
rated substrates precursors [10c], and also the CIAT mech-
anism of the stereoconvergent lactonization of
y-hydroxy-y-aryl-a-aminocarboxylic acids [10d]. We have
achieved optimization of CIAT procedure with simulta-
neous formation of two new stereogenic centers [10e]. We
also developed the synthetically useful pathway leading to
the substituted homophenylalanine derivatives via easy ac-
cessible diastereoisomeric salt formation [10f], Figure 4.

The scope and limitation of CIAT processes in aza-Mi-
chael additions 4-oxo-2-alkenoic acids and the applica-
tions of the obtained enantiomerically pure aroyl- or
heteroaroylalanines into the synthesis of biologically ac-
tive substances like kynurenine-3-hydroxylase inhibitors
and HPA-12 analogs will be discussed in the second part of
the lecture.

Financial support by the Slovak Grant Agency No.
1/2469/05 is gratefully acknowledged.
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CHALLENGES IN USING OF HOMOGENOUS AND IMMOBILIZED CATALYSTS IN THE
PRODUCTION OF CHIRAL PHARMACEUTICAL COMPOUNDS

Lukas Bartek, Petr Kluson and Libor Cerveny

Department of Organic Technology, Institute of Chemical Technology - Prague Technicka 5,
166 28 Prague 6 - Dejvice, Czech Republic

Outline

Asymmetric catalysis has become an essential part of many
practical manufacturing processes in the production of
chiral fine chemicals. Homogeneous and heterogeneous
systems with ability of enantiodifferentiation have been in-
tensively studied in last two decades [1-3]. Association of
selective and active homogeneous catalysts with easy sepa-
rable and reusable heterogeneous systems into one is one of
the major tasks of the research in the area of applied cataly-
sis. Immobilization of transition metal complexes on vari-
ous supports (inorganic materials, polymers) represents a
prospective way combining benefits of both. Development
of effective immobilized catalysts applicable in the field of
fine chemistry is a complex process dependent on many
variables (behaviour of the support, leaching of transition
metal complex, reusability, etc.). Enantioselective
hydrogenations play a key role among other processes of
asymmetric catalysis. Performance of the cationic chiral
Ru-BINAP catalytic complex (either homogeneous or im-
mobilized) in  asymmetric = hydrogenation  of
methyl-3-oxobutyrate (methylacetoacetate) in methanol
was studied (scheme 1) [4, 5].

One of the major objectives of the presented work was
the immobilization of the cationic complex [(R)-(+)-2,2"-
bis(diphenylphosphino)-1,1°-binapthalene]chloro  (p-cy-
mene) ruthenium chloride. Immobilization techniques uti-
lizing heteropolyacid [6] as the tethering agent were tested.
In comparison the anchoring method aimed at the immobi-
lization via support - cationic complex electronic forces
has also been employed. A number of inorganic oxides
(alumina, silica, zeolites) was tested as supports. Spectro-
scopic determination of the leached amount of a catalyst
represents the general way to prove the stability of the
heterogenized system. The immobilized catalysts and the
homogeneous analogues have been employed in asymmet-
ric hydrogenation of methylacetoacetate.

Results and Discussion

Effects of temperature and pressure on activity and
enantioselectivity in homogeneous phase were discussed.
Catalytic hydrogenations of methylacetoacetate were stud-

neous catalyst in a liquid phase at 303 — 333 K and pressure
up to 5 MPa. The optimal values of TOF and the highest
enantioselectivity were attained under the conditions of 5
MPa, 333 K and with the addition of 3 wt. % of water to the
solvent (17 ml of methanol, S/C ratio 1 500). Presence of
water can restrict the acetal formation in the initial stage of
hydrogenation, when alcohol is used as a solvent. Immobi-
lization of the Ru-BINAP complex using phosphotungstic
acid and silicomolybdic acid as a tethering agents has been
tested. Various inorganic materials such as Al,O;, SiO,,
TiO,, zeolites, (montmorillonite, beta, X, Y, mordenite,
ZSM-5) were employed as supports. The catalytic behav-
iour and the stability of the anchored cationic complex
have been investigated. Montmorillonite and beta zeolites
represented  best  supports  regarding  activity,
enantioselectivity and leaching of the resulting catalysts.
XPS and FTIR-DRIFT spectroscopy represented an effec-
tive tool for characterization of anchoring bond between
the support, heteropolyacid and the complex and afforded a
closer inspection of this rather new and unexplored system.
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STATIN HYPOLIPIDEMICS AND OUR EXPERIENCE WITH THEIR PREPARATION
Stanislav Radl, Jan Stach

Zentiva a.s., U kabelovny 130, 102 01 Prague 10, Dolni Mécholupy, Czech Republic
stanislav.radl@zentiva.cz

Elevated cholesterol, or hypercholesterolemia, is an impor-
tant risk factor for Coronary Heart Disease (CHD). Choles-
terol in the body is either exogenous or formed in the liver.
The mode of action of statins is inhibition of the enzyme
3-hydroxy-3-methylglutaryl CoA (HMG-CoA) reductase.
This enzyme catalyzes the conversion of HMG-CoA to
mevalonic acid (Fig. 1), which is the major rate-limiting
step of the sterol pathway [1]. Statins are widely used for
the therapeutic reduction of cholesterol-containing
atherogenic lipoproteins. This reduction is a result of deple-
tion of intracellular mevalonate leading to reduction of the
regulatory sterol pool, which in turn causes upregulation of
HMG-CoA reductase and other enzymes of the sterol path-
way, most importantly the LDL receptors principally in the
liver. However, a range of additional effects of statins on
cells that are independent of cholesterol homeostasis has
been described.

HO= (C);OOH HMG CoA reductase HO;CCOOH
OH
SCoA \ :
HMG CoA HO= COOH mevalonic
_OH acid
H” “sCoA
Figure 1.

Sankyo scientists screened more than 6000 wild bacte-
rial and fungal strains isolated from soil samples from all
over the globe and found that some microorganisms are
able to inhibit cholesterol formation by an unknown mech-
anism, probably as a defense against cholesterol-dependent
bacterial strains. In 1971 they isolated from several broth
extracts compounds with cholesterol-lowering activity; the
most active compound, later named mevastatin, was iso-
lated from Penicillium citrinum. Inspired by this promising
research, in 1976 the Merck Company started a project that
in fact repeated the Sankyo strategy and as a result isolated
from Asperillus terreus broth lovastatin [2], which was
launched as Mevacor in 1987 (Fig. 2).

Both of these compounds are lactons and serve as
prodrugs of the corresponding active 3,5-dihydroxy acids,
which have affinity to the active site of (HMG-CoA)

mevastatin, R=H
lovastatin, R = Me

HO\CCOONa
o ; OH

pravastatin

reductase higher by about 4 orders of magnitude then the
natural ligand shown in Fig. 1.

A Sankyo study of active metabolites of natural statins
led to the discovery of pravastatin isolated from the dog
urine [3]. The compound was later launched in the form of
its sodium salt under several brand names, e.g., Mevastin
(Sankyo) or Pravachol (BMS) (Fig. 2). The commercial
production is done by microbial oxidation of mevastatin
using Streptomyces carbophylus.

Extensive research into semisynthetic statins, mainly
based on lovastatin molecule modification, led to some
SAR. The assumption, that the 3,5-dihydroxy carboxylic
region present also in mevalonic acid is essential was con-
firmed. The most frequent modification was replacement
of the acyl group in the tetralin skeleton by various
aliphatic and aromatic acyls. As a result, simvastatin
(Zocor) was discovered by Merck [4]. This drug is at pres-
ent the only semisynthetic statin on the market.

Further logic development was research into fully syn-
thetic statins. The tetralin skeleton was substituted by vari-
ous aromatic and heterocyclic moieties. The possibility of
the replacement of the ethylenic bridge was also studied.
This modification led to the discovery of a number of ac-
tive compounds, but only limited number of them had af-
finity similar or better than lovastatin or simvastatin. For
the synthetic statins, the synthesis of the most active
stereoisomer by a way useful for the commercial produc-
tion was a great challenge. Novartis solved this problem by
introducing fluvastatin (Lescol), which is used as a sodium
salt of cis-racemate [5]. However, fluvastatin is the only
statin on the market that is not used as the only enantiomer.
The currently most important statin atorvastatin (Lipitor,
Sortis) is used as the corresponding hemicalcium salt [6]
(Fig. 3).

In 1998 Bayer launched very active cerivastatin
(Baycol, Lipobay) with daily doses in tenths of mg while
other statins are used in doses of two orders of magnitude
higher [7]. However, when more than 50 cases of death due
to rhabdomyolyse were registered, the drug was withdrawn
in 2001. Most of these lethal cases were probably caused
by simultaneous use of a fibrate gemfibrozil.

In 2003 rosuvastatin (Crestor) of Astra-Zeneca was
launched. The drug is also used as the hemicalcium salt.
The most recent statin on the market is itavastatin [9]
launched in Japan (Fig. 4).

simvastatin

Figure 2.
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Currently the statins are commercially the most suc-
cessful therapeutic group and therefore they are targeted by
many generic companies. Several leading Indian and Chi-
nese companies mastered the very demanding production
of key intermediates and practically all leading generic
companies have their own production of some statins. In
Zentiva, we have a successful production of API of
simvastatin that is marketed as Simvacard. In 2005 generic
version of atorvastatin was launched as Torvacard. The
API of atorvastatin was developed in the Research Institute
of Pharmacy and Biochemistry, a daughter of Zentiva. Of
course, we are also interested in rosuvastatin and
itavastatin.

The lecture will discuss some aspects of development
of these statins in Zentiva. These aspects include situation
with polymorphs, some synthetic aspects, as well as stabil-
ity problems of these drugs. Of course, the intellectual
property interests of Zentiva will limit the information dis-
cussed. Some perspective combinations of statins with
other classes of hypolipidemics will also be briefly men-
tioned.
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CAPILLARY ANALYTICAL CHEMISTRY IN PHARMACEUTICAL ANALYSIS

Pavel Coufal

Charles University, Faculty of Science, Dept. of Analytical Chemistry, Albertov 2030, 128 40 Prague

Nowadays, miniaturization is a common trend strongly in-
fluencing scientific research, technical and technological
progress and each activity of human beings. The miniatur-
ization, in general, helps people to distinguish the smallest
particles of matter, manipulate with these particles on
nanometer level, read information hidden in them and
speed up communication between any two points of our
space.

In the past decade, miniaturization started to affect
strongly the analytical chemistry as well. This scientific
field seems to be under a permanent pressure of analytical
chemists form the pharmaceutical and chemical industry to
improve significant parameters of all analytical methods
developed and under current development. The analytical
chemists want to increase sensitivity, improve selectivity,
shorten analysis time, decrease sample volume, use expen-
sive agents, reduce analysis uncertainty, guarantee precise-
ness and accuracy, cut down expenses and minimize
impact on environment at each analytical method. Analyti-
cal procedures applying methods based on advantages of
the miniaturization show many of the above mentioned pa-
rameters improved. Capillary separation techniques, like
capillary electrophoresis and capillary liquid chromatogra-
phy, are consequences of the miniaturization influence in
the field of analytical separation methods.

Recently, the miniaturization in the analytical separa-
tion techniques has reached such a great progress that these
techniques were realized in the planar chip format. After
construction of first gas chromatograph on the chip, activ-
ity of scientists was focused on the capillary electrophore-
sis since its realization in the planar format on chip is less
difficult than in the case of liquid chromatography. How-
ever, the capillary electrophoresis does not exhibit such a
versatility and robustness in separation mechanisms as the
liquid chromatography, whose miniaturization and chip re-
alization are characterized by many technical problems.
Despite all these technical difficulties, the capillary liquid
chromatography was placed on the chip and this format of
liquid chromatography can be used for solving such diffi-
cult analytical problems like the identification of proteins,
peptides and metabolites of chemotherapeutics.

Capillary separation techniques represent a miniatur-
ization level lying in between the conventional separation
methods and the planar ones realized in the chip format. On
the one hand, capillary separation methods bring features
of the miniaturization, but on the other hand, they do not
suffer from the big technical difficulties being typical at the
chip format techniques. Moreover, the capillary separation
methods are very compatible with mass spectrometry as the
detection technique, which enables a reliable identification
of analytes. Capillary electrophoresis is generally consid-
ered as the separation technique, using which an analytical
method for quantification of new analytes can be devel-
oped very fast. The developed electrophoretical method
mostly produces analytical results in a very short analysis
time, however, the results are of a low accuracy and poor
reproducibility. Capillary liquid chromatography, on the

other hand, generates reproducible and precise analytical
results, collection of which is more expensive and
time-consuming.

Ropinirol, 4-[2-(dipropylamino)ethyl-1,3-dihydro- 2H
-indol-2-one, is anti-Parkinson’s disease chemotherapeutic
discovered by SmithKline Beecham Pharmaceuticals. Cap-
illary zone electrophoresis and capillary liquid chromatog-
raphy methods developed and optimized for quantification
of ropinirol and its five impurities from synthesis are criti-
cally compared. Both capillary analytical techniques en-
ables determination of the ropinirol impurities on the
concentration level as low as 0,1 % (w/w). It is demon-
strated that the capillary zone electrophoresis results are
faster but less reproducible than the capillary liquid chro-
matography ones. As a matter of fact, capillary zone elec-
trophoresis makes it possible to evaluate dissociation
constants of ropinirol and its impurities from the experi-
mental data of electrophoretic mobilities measured during
optimization of the electrophoretic method. The low
reproducibility of results in capillary zone electrophoresis
may be caused by unstable electroosmotic flow, velocity of
which is always influenced by many experimental factors.
Addition of some agents into the background electrolyte in
capillary zone electrophoresis can significantly reduce and
stabilize electroosmotic flow and hence, improve its
reproducibility including repeatability of the analytical re-
sults. This kind of effect of hydroxyethylcellulose on the
electroosmotic flow and analytical method reproducibility
is shown in capillary zone electrophoretic analysis of
amino acids.

Capillary zone electrophoresis and capillary liquid
chromatography are powerful miniaturized separation
techniques suitable for analyses of various samples. They
may replace conventional high performance liquid chro-
matography in routine analyses in pharmaceutical and
chemical industry as they bring all the advantages of minia-
turization into the analytical separation techniques. Capil-
lary zone electrophoresis seems to be better for fast
quantification of analytes in samples from the production
procedure. Capillary liquid chromatography is a perfect an-
alytical tool for precise and reproducible quantification of
compounds in final products of pharmaceutical and chemi-
cal industry.
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MODERN ELECTROANALYTICAL METHODS IN THE ANALYSIS OF BIOACTIVE
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Jifi Barek and Jifi Zima
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Many chemical substances can positively or negatively af-
fect human health even in extremely low concentrations.
Therefore, the monitoring of their extremely low concen-
trations in complex environmental and biological matrices
is among top priorities of modern analytical chemistry. In
many cases modern voltammetric techniques can success-
fully compete with advanced chromatographic or spectro-
metric methods because they are inexpensive, extremely
sensitive and they present an independent alternative to so
far prevalent spectrometric and separation techniques.

The aim of this contribution is to demonstrate the scope
and limitations of modern electroanalytical methods in the
analysis of biologically active organic compounds. First,
the relationship between structure and electrochemical be-
havior will be briefly discussed to show which types of bio-
logically active organic substances are amenable to
voltammetric and/or amperometric determination. After-
wards, recent developments in the field of electroanalytical
chemistry of biologically active substances will be de-
scribed taking into account the fact that the development of
modern voltammetric and amperometric techniques pro-
ceeds in three parallel lines: Development of electrodes
(hanging mercury drop electrode (HMDE), solid amalgam
electrodes, carbon paste electrodes, chemically modified
electrodes, screen printed electrodes, etc.), development of
measuring techniques (DC voltammetry, differential pulse
voltammetry, etc.) and development of preconcentration
techniques (anodic stripping voltammetry, adsorptive
stripping voltammetry, etc.).

The quality of the electrode is probably the most impor-
tant factor, the electrode material is playing the crucial role.
Even 83 years after the invention of polarography by pro-
fessor Heyrovsky, mercury electrodes are still the best
available voltammetric sensors. Nevertheless, great atten-
tion is being paid to the development, testing and applica-
tion of new electrode materials with the aim to increase
sensitivity, selectivity and available potential window and
to decrease noise and problems with electrode passivation.
In this contribution, some of the advantages of less usual
electrode materials for the determination of nanomolar
concentrations of selected biologically active compounds
will be shown. The application of the following non-tradi-
tional types of electrodes suitable for the determination of
biologically active organic compounds either in batch anal-
ysis or in flowing systems (especially high performance
liquid chromatography (HPLC), flow injection analysis
(FIA), and sequential injection analysis (SIA)) will be
demonstrated on methods recently developed in our
UNESCO laboratory of environmental electrochemistry:

+ Solid amalgam electrodes (environmentally friendly
alternatives to mercury electrodes suitable both for
batch analysis and for HPLC-ED or FIA-ED with
limit of determination (LOD) down to 10”7 mol/L)

« Bare and cyclodextrin modified carbon paste elec-
trodes (suitable for the determination of oxidizable
carcinogens with LOD down to 107 mol/L).

+ Glassy carbon paste electrodes (compatible with a
high content of organic solvent and thus applicable
for HPLC-ED with a high content of organic modi-
fier in a mobile phase with LOD down to 10”7 mol/L).

« Diamond film electrodes (very useful alternative to
glassy carbon electrodes especially for flowing sys-
tems characterized by very low noise and broad po-
tential window and applicable to HPLC-ED or
FIA-ED of electrochemically oxidizable organic
substances with LOD down to 10™* mol/L).

+ Platinum and copper electrodes (new types of tubular
or microcylindrical platinum or copper electrodes
suitable for HPLC-ED determination of oxidizable
organic compounds with LOD around 10™* mol/L).

Attention will be paid to various possibilities of in-
creasing both the sensitivity and selectivity of these meth-
ods using preconcentration of tested substances on the
surface of working electrodes and their preliminary separa-
tion and preconcentration using liquid-liquid extraction or
solid phase extraction.

Moreover, the advantages of combination of HPLC,
FIA and SIA with electrochemical detection will be dis-
cussed in terms of sensitivity, selectivity and investment
and running costs and some recent applications will be
shown.

Finally, the possibilities of new approaches based on
the combination of nanotechnologies and biotechnologies
with electroanalytical methods will be described. Attention
will be paid to the application of carbon paste electrodes
modified with gold nanoparticles or with multi wall
nanotubes for monitoring of electrochemically active sub-
stances in immobilized cells, to the application of magnetic
field to increase both the sensitivity and the selectivity of
various amperometric enzymatic determinations and to the
application of magnetic beads for determination of ex-
tremely low concentrations of nucleic acids. Some other in-
teresting aspects of the combination of nanotechnologies
with electrochemical methods will be discussed as well.

This research was supported by the Grant Agency of the
Czech Republic (project 203/03/0182).
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X-RAY DIFFRACTION APPLIED IN PHARMACEUTICAL INDUSTRY

vrw

Hana Petirickova

R&D Analytical Department Zentiva a.s., U kabelovny 130, 102 37 Prague 10, Czech Republic

Modern Pharmaceutical R&D department is toothless
without solid-state characterization techniques. XRPD
plays an important role at this field; it is a method of first
choice when crystalline material is analysed. On the other
hand also amorphous materials can be treated using X-rays.
This is possible due to the general fact that powder diffrac-
tion pattern is the fingerprint of studied material. Even in
the mixtures each composites can be identified.

Main pharmaceutical applications of X-ray diffraction
such as polymorphic studies, stability testing at non-ambi-

ent conditions (prediction possible risks during storage),
LOD determination or crystal structure determination will
be discussed. Identification of low amount of impurities
(undesired polymorphic form) is standard test involved in
validation of the XRPD method. Crystal structure determi-
nation from powder will be compared with commonly used
single crystal structure determination.

THE USE OF SYNCHROTRON RADIATION FOR THE STRUCTURAL ANALYIS OF
SUBSTANCES IN POWDER SAMPLES AND MICROCRYSTALS

Husak M.

Department of Solid State Chemistry, Institute of Chemical Technology Prague, Technicka 5,
166 28 Prague 6, Czech Republic

We are often faced with the following situation: it is neces-
sary to solve the structure of a phase for which all attempts
failed to prepare single crystal big enough for the standard
measurement on laboratory diffractometer. In such situa-
tion it is impossible to obtain the structure parameters by
standard single-crystal X-ray diffractions methods. There
are often some reasons why it is necessary to solve the
structure of such phase at any cost. The phase structure is
necessary for commercial pharmaceutical product charac-
terization, the phase has some unique physical properties
determined by its unknown structure or alternatively, we
need to confirm the absolute configuration of the mole-
cules forming the phase.

The help of high intensity X-ray sources, especially
synchrotron radiation, could solve such sort of problems.
In the lecture we will discuss 2 examples of the synchrotron
radiation usage. The first one will be the complete structure
solution from powder data only of simvastatin low temper-
ature phases. The second will be structure solution of
metergoline phase II from micro crystal. Data measure-
ments were in both cases done on BMO1 beam line of
ESREF facility in Grenoble.

In the first case we were trying to solve the structure of
low temperature phases of simvastain. Preliminary mea-
surement had indicated the phase stable at room tempera-
ture shows first phase transition at 260 K and second phase
transition at 220 K. High resolution powder data of both

low-temperature phases were measured. The structures
were solved by FOX software and refined by GSAS sys-
tem. It was found that the phase existing at 260 K has iden-
tical space group (P2,2,2,) as the room temperature phase.
It differs only in the molecule side chains orientation. The
second phase formed under 220 K differs in space group
(P2,), crystal system (monoclinic) and it has 2 independent
molecules in the unit cell. The data obtained by the struc-
ture solution from powder were independently confirmed
by solid state NMR measurement.

The second example of the synchrotron radiation is the
solution of metergoline phase II. All efforts to solve the
structure from normal single crystals failed, because it was
impossible to obtained big enough crystals. We had mea-
sured a high-resolution powder diffraction data on BMO1.
Unfortunately indexing of the powder data had indicated
unit cell to big for any existing powder structure solution
method. The size of the unit cell indicated presence of 2 in-
dependent molecule of metergoline — this gives too much
degree of freedom for powder diffraction based structure
determination. We had decided to try to obtain enough
good monocrystal diffraction data from micro crystal by
the help of high intensity radiation and four cycle
diffractometer with area detector. After some trial and error
experiments enough good micro crystal was finally found
and the structure was solved (monoclinic, space group C2,
two molecules in asymmetric unit cell as expected).
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THE USE OF ENZYMATIC AND NON-ENZYMATIC METHODS FOR THE
PREPARATION OF ENANTIOPURE MOLECULES

Derek R. Boyd

The Queen’s University of Belfast, Belfast, BT9 5AG, UK.

Bacterial redox enzymes have
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(Ph3P)“Pd have been developed (Fig. 2).
— > . .
oH THF, H,0 OH Cis-diol dehydrogenase enzymes haye also been used
OH to produce enantiopure molecules (cis -diols and ketols) by

OH P. putida

both asymmetric synthesis and kinetic resolution methods

<I ML2 <I (Fig. 3). . L . .
—_— The synthetic versatility of this new chiral pool of
OH OH enantiopure bioproducts obtained using dioxygenase en-
zymes, has been demonstrated by the chemoenzymatic
OH P. putida OH synthesis of a wide range of natural and unnatural products.
ML2 X I The proof of concept is exemplified by the synthesis of se-
| OH — . | R)"OH + ®0H lected target molecules including alkaloids, marine alka-
X X X loids, inositols, pseudosugars, and pharmaceuticals (Fig.

(RIS) 4).

X = CHa, (CHz)z, (CH2)3 A recently developed application of bioproducts ob-
Figure 3. tained using dioxygenase-catalysed asymmetric hydroxy-

The capacity of biocatalysts to form only one enantio-

lation methods has been in the production of chiral ligands
for use in homogenous catalytic asymmetric synthesis. Ex-
amples of enantiopure cis-1,2-aminoalcohols, 2,2°-bi-

mer is often perceived as a disadvantage. The use of mutant
and recombinant bacterial strains containing different
types of dioxygenase enzymes has, in some cases, allowed
unnatural regioisomers and enantiomers (enantiocomple-
mentarity) of oxygenated bioproducts to be formed. Alter-

pyridines and the corresponding bis-amine N-oxides have
been produced by chemoenzymatic synthesis. The utilisa-
tion of these chiral ligands in selected asymmetric oxida-
tion, reduction and C-C bond forming reactions is
presented (Fig. 5).
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BIOCATALYTIC, CHEMOCATALYTIC AND CHEMOENZYMATIC METHODS FOR THE
SYNTHESIS OF PURE ENANTIOMERS

Roger A. Sheldon

Biocatalysis and Organic Chemistry, Delft University of Technology, The Netherlands
R.A.Sheldon@tnw.tudelft.nl

The use of biocatalytic transformations for the production
of fine chemicals in general, and enantiomerically pure
compounds in particular, has undergone an explosive
growth in the last decade. Advances in recombinant DNA
techniques has made it possible to produce virtually any
enzyme for a commercially acceptable price. And advances
in protein engineering and in vitro evolution have enabled
the fine tuning of enzymes such that they exhibit the opti-
mum properties with regard to substrate specificity, activ-
ity, (enantio)selectivity, and stability. Furthermore, the
development of an ever increasing arsenal of immobiliza-
tion techniques has provided effective methods for opti-
mizing the operational performance and recovery and
recycling of the enzyme.

At the same time, significant advances have been
achieved in the application of catalytic asymmetric synthe-
sis with chiral metal complexes, particularly for
enantioselective reductions. New developments in the
biocatalytic = and  chemocatalytic = synthesis  of
enantiomerically pure alcohols and amines via asymmetric
synthesis and (dynamic) kinetic resolution processes will
be reviewed. The combination of organometallic catalysis

with biocatalysis in chemoenzymatic syntheses of pure
enantiomers will also be discussed. Furthermore, a highly
effective methodology for the immobilization of enzymes
(cross-linked enzyme aggregates CLEAs) will be pre-
sented. The use of combi-CLEAs containing more than one
enzyme for one-pot, multi-step syntheses will also be dis-
cussed.
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PREPARATION OF PHARMACEUTICAL SUBSTANCES BY THE USE OF NITRILE-
AND AMIDE-CONVERTING ENZYMES

Ludmila Martinkova and Vladimir Kien

Laboratory of Biotransformation, Institute of Microbiology, Academy of Sciences of the Czech Republic,
Videriska 1083, CZ-142 20 Prague; E-mail:martinko@biomed.cas.cz

Nitriles are fairly widespread in nature, mainly in plants but
also in microorganisms and the animal kingdom [1]. There-
fore, it is not surprising that enzymes exist that are able to
degrade nitriles. The most important pathway in nitrile
degradation (Scheme 1) is hydrolysis, which proceeds ei-
ther directly (pathway I) or via an intermediate amide
(pathway II).

The nitrile- and amide-transforming enzymes are able
to accept a vast number of unnatural nitriles as substrates.
This property has been widely used in biocatalysis. The
benefits of using nitrile-converting enzymes (reduction in
energy costs, reduction of waste, pure products, high prod-
uct yields) have been highly appreciated. New substrates
and practical applications of these enzymes are constantly
reported. In particular, the potential of nitrile- and am-
ide-converting enzymes to afford optically pure products
attracts an increasing attention in the recent years. To date a
relatively low number of the processes have been commer-
cialized (see below). Nevertheless, the numbers of pro-
cesses studied at laboratory scale indicate that the
commercial use of nitrile-converting enzymes will increase
in near future. In the past several years the nitrile- and am-
ide-converting enzymes have been studied as tools for the
production of compounds, which are of interest as building
blocks for pharmaceuticals with a broad spectrum of bio-
logical activities (antibacterial, B-antagonist, hemostatic,
antidepressant, antihypertensive, antiflammatory etc.) [2,
3]. The aim of this lecture is to provide a survey of these ap-
plications (both industrial and laboratory-scale) including
our results in the field.

Many companies (e.g., Mitsubishi Rayon Co., Lonza,
DuPont, Dow, Diversa, BASF and DSM) [4] became inter-
ested in the applications of nitrile- and amide-converting
enzymes. Though multiton-scale productions of this type
are rare, other processes are in the exploratory phase.
Lonza has a long tradition in the use of biocatalysts, among
them nitrile hydratases, nitrilases and amidases [5].
Nicotinamide (food and feed additive) is produced at a
scale of over 3,500 tons per years by this company under a
license from Mitsubishi Rayon Co. who introduced the first
industrial use of nitrile hydratase (production of
acrylamide) in the 1980s. Furthermore, the use of enzy-
matic nitrile/amide hydrolysis for the production of several

PATHWAY I

nitrilase

chiral building blocks has been implemented by Lonza at
smaller scales. These products, the processes of their man-
ufacture and applications in drug synthesis are summarized
in Table 1.

Racemic cyanohydrins have been studied, e.g. by
BASF [6] and Diversa [7], as substrates affording valuable
optically active a-carboxylic acids on enzymatic hydroly-
sis. The production of (R)-mandelic acid and derivatives
thereof has been performed by BASF at a scale of several
tons per year [6].

An alternative route to enantiopure a-carboxylic acids

is the two-step process consisting in;
1) the enzymatic synthesis of optically pure cyanohydrins
using the strictly enantioselective (R- or S-selective)
oxynitrilases (hydroxynitrile lyases) and 2) the stereo re-
tentive enzymatic hydrolysis of these intermediates using
non-selective nitrile hydratases/amidases. This method
was applied to the synthesis of (R)-2-chloromandelic acid,
the chiral building block of an antithromobotic agent, and
(R)-2-hydroxy-4-phenylbutyric acid, the key intermediate
for the synthesis of ACE-inhibitors [8].

In our Laboratory we concentrate mainly to the devel-
opment of novel biocatalysts for nitrile and amide
biotransformations. The bacterial nitrile-utilizing isolates
(Bacillus subtilis, Bacillus licheniformis, Rhodococcus
equi, Corynebacterium sp.) metabolized nitriles via path-
way II (Scheme 1). Rhodococcus equi A4 (the strain with
the highest nitrile hydratase activity) proved to be efficient
for the selective biotransformations of more than 60 nitriles
of distinct structures (aliphatic, arylaliphatic, aromatic,
heterocyclic, alicyclic compounds) [2, 9]. The nitrile
hydratase from this strain is a useful tool for processes,
which require a mild and selective hydration of a cyano
group in sensitive compounds such as cyanohydrins,
acyloxynitriles, a-methylenenitriles or B-ketonitriles. For
example, B-ketoamides are versatile intermediates for the
synthesis of the antibiotic tirandamycin, alkaloids, AMPA
receptor antagonists efc. The chemical hydration of the cor-
responding nitriles is difficult due to side reactions (mainly
polymerization), while whole-cell catalyzed hydration
gives a mixture of amides and acids unless an inhibitor of
the amidase is used [10]. On the other hand, the purified

+2 H,O

nitrile hydratase
RCN >
+H,0

RCONH,

.

> RCOO™ + NH,"

amidase

+H,0

PATHWAY II
Scheme 1.
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Table 1. Chiral building blocks produced by Lonza [5]..

Product Key enzyme

Product applications

MH CO0H

I

(S)-pipecolic acid

Amidase

(Pseudomonas fluorescens)

Intermediate for Incel (Vertex; treatment of can-
cer multi-drug resistance) and local anaesthetics
Naropin (Astra-Zeneca) and Chirocaine (Chiros-
cience)

MH_ . CO0OH NH_CO0H

g

(R)- and (S)-piperazine-
2-carboxylic acid

(Burkholderia sp.)

(R)-Selective amidase

(S)-Selective amidase
(Klebsiella terrigena)

Intermediates of Crixivan (Merck; HIV protease
inhibitor), N-methyl-D-aspartate antagonist, car-
dioprotective nucleoside transport blocker efc.

OH OH

Lt ot
HOOCACFg F3CACOOH Amidase
sed in E. coli)
(R)- and (S)-3,3,3-trifluoro-
2-hydroxy-2-methylpropionic acid

(Klebsiella oxytoca, expres-

Potential intermediates for pharmaceuticals (e.g.,
for treatment of diabetes)

COMHz

Amidase

Comamonas
(S)-2,2-dimethyl-cyclopropanecar- (

boxamide

acidivorans,
expressed in E. coli)

Intermediate for Cilastatin (Merck; inhibitor of de-
gradation of penem and carbapenem antibiotics
in kidney)

nitrile hydratase from R. equi affords -ketoamides as the
only products from -ketonitriles (Scheme 2) [11].

The two-step reaction catalyzed by whole cells of the
microorganism was applied to the conversion of sensitive
nitriles into  carboxylic acids. @A  remarkable
enantioselectivity was achieved by the combination of the
nitrile hydratase and amidase for some racemic substrates
such as a-arylpropionitriles [9], precursors of NSAIDs,
and alicylic B-aminonitriles which afford optically en-
riched B-amino acids (Scheme 3) useful for the synthesis of
[-oligopeptides and heterocycles or exhibiting biological
activities per se, such as the antifungal antibiotic
cispentacin  (1R,2S-cis-aminocyclopentane  carboxylic
acid) [12].

An amidase active towards the amido group in
lysergamide was also found in Rhodococcus equi [13].
This enzymatic activity was exploited in the
chemoenzymatic preparation of lysergic acid from peptide
alkaloids (Scheme 4).

At the second stage of our study we turned our attention
to screening of filamentous fungi as a largely unexplored

(0] O
Nitrile hydratase

CN . CONH,
from Rhodococcus equi “y,
R R CN
28°C, pH7.5

R = m-Cl, p-Cl, m-OMe isol. yield 86-96%

Scheme 2

source of nitrile-converting enzymes. This work comple-
mented our library of nitrile- and amide-converting en-
zymes with “true” nitrilases catalyzing the direct
hydrolysis of nitriles through pathway I (Scheme 1) [14].
Several nitrilases differing in substrate specificity, reaction
optima, temperature and pH stability became available
from strains of Aspergillus niger, Fusarium solani,
Fusarium oxysporum and Penicillium multicolor. Most of
these enzymes surpass the nitrile hydratases in their stabil-
ity that makes immobilization and continuous use possible.
Superior substrates of the fungal nitrilases are aromatic and
heterocyclic nitriles. Therefore, the enzymes can be em-
ployed in the production of valuable carboxylic acids, e.g.,

NHR NHR
Rhodococcus equi
whole cells ]

CN “CONH,

R=Bz: yield 40%, e.e. 94%
R=Ts: yield 14%, e.e. >99%

NHR NHR

T

“COOH

Rhodococcus equi
whole cells

R=Bz: yield 36%, e.e. >95%
R=Ts: yield 13%, e.e. >99%

Scheme 3
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Lysergamide

3% KOH
Ergotamine EtOH : Water, 3:1
Ergocryptine ——M—»
Ergocristine 2-h reflux

Isolysergamide

Scheme 4

nicotinic acid (food and feed supplement), isonicotinic acid
(active in antitubercular therapy) and picolinic acid (novel
antiviral agent [15]) from the corresponding nitriles.

Despite their biocatalytic utility, the nitrile- and am-
ide-converting enzymes have not yet found such a broad
application as other hydrolytic enzymes (lipases, esterases,
proteases). The reasons seem to be the unsatisfactory
choice of these enzymes on the market,their price and
sometimes also their low stability. Therefore, organic
chemists often prefer to prepare whole-cell biocatalysts on
site. Besides, previously nitrilases and nitrile hydratases
were considered to be insensitive towards the chirality of
the substrate. Though this is true for some reactions, exam-
ples of excellent stereoselectivity have been demonstrated
for these enzymes. Obviously, more research towards new
enzyme resources and improvement of the enzyme opera-
tion is needed in order to exploit the potential of this group
of enzymes.
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ENANTIOSELECTIVITY OF HALOALKANE DEHALOGENASES
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When pharmaceuticals, agrochemicals, food additives and
their synthetic intermediates are marketed as single enan-
tiomers, high enantiomeric purities are required. En-
zyme-catalyzed reactions have become popular
alternatives to classical organic chemistry for its high se-
lectivity and activity under mild reaction conditions.
Haloalkane dehalogenases (EC 3.8.1.5) are enzymes able
to remove halogen from halogenated aliphatic compounds
by a hydrolytic replacement, forming the corresponding al-
cohols (Figure 1). Any cofactor or metal ion is not required
for enzymatic activity of haloalkane dehalogenases [1].
Although, a number of haloalkane dehalogenases from
different bacteria have been biochemically characterised,
there have been no report that this family of hydrolytic en-
zymes can have a sufficient enantioselectivity for produc-
tion of optically active alcohols. In 2001, Pieters and
co-workers [2] have investigated chiral recognition of
haloalkane dehalogenases DhIA from Xanthobacter
autotrophicus GJ10 [3] and DhaA from Rhodococcus
rhodochrous NCIMB 13064 [4]. The magnitude of the
chiral recognition was low; a maximum E-value of 9 was
reached after some structural optimization of the substrate.
Twenty years after discovery of the first haloalkane
dehalogenase, the development of enantioselective
dehalogenases for use in industrial biocatalysis was de-
fined as one of the major challenges of the field [5].
Hydrolytic dehalogenation of extended series of racemic
substrates catalysed by haloalkane dehalogenases DhIA,
DhaA, LinB from Sphingomonas paucimobilis UT26 [6]
and DbjA from Bradyrhizobium japonicum USDA 110 [7]
was performed in this study. High enantioselectivity was
observed for haloalkane dehalogenase DbjA recently iso-
lated from B. japonicum exhibiting E-value > 200 in ki-
netic resolution of several halogenated propionates and

Enz

butyrates. High enantioselectivity was observed in synthe-
sis of optically pure secondary alcohols, for example
(S)-2-pentanol (E-value 145) and (S)-2-heptanol (E-value
28), which are key intermediates in production of anti-Alz-
heimer’s drugs. These experiments demonstrated for the
first time that a member of haloalkane dehalogenase family
possesses sufficient enantioselectivity for synthesis of opti-
cally pure compounds.

Further research is focused on study of structure-func-
tion relationships and mechanism of haloalkane
dehalogenases enantioselectivity heading towards rational
design of enzymes with improved selectivity and catalytic
efficiency (see abstract Damborsky et al.).
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Figure 1 Reaction mechanism of haloalkane dehalogenases

(Enz ... enzyme)

© Krystalograficka spole¢nost



204 Vth VUFB Conference

&

Materials Structure, vol. 12, no. 3 (2005)
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High enantioselectivity with selected halogenated sub-
strates was recently discovered for the member of
haloalkane dehalogenases protein family - enzyme DbjA
from Bradyrhizobium japonicum USDA 110 (see abstract
Prokop et al.). Objectives of this research are to: (i) reveal
molecular mechanism of enantioselectivity and (ii) engi-
neer haloalkane dehalogenases for enantioselective
biocatalysis. To meet these goals, we have solved the struc-
ture of DbjA by protein crystallography to atomic resolu-
tion and compared it with the structures of two closely
related dehalogenases DhaA and LinB [1, 2]. Molecular
docking was used to prepare the theoretical models of en-
zyme-ligand complexes for the substrates showing high
enantioselectivity. Molecular dynamic simulation was
used to monitor flexibility of ligands in the enzyme active
site and quantum mechanic calculations to map reaction

co-ordinates for individual enantiomers. The first results
from these comparative and modelling analyses provided
testable hypotheses on molecular mechanism of
enantioselectivity of DbjA and lead to design of protein
variants. Experimental construction and characterization
of mutant proteins is currently in progress.
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SUBSTANCES. A FOCUS ON BIOACTIVE PURINE BASES AND NUCLEOSIDES
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Cross-coupling reactions of aryl or alkyl halides with di-
verse types of organometallics catalyzed by transition
metal complexes (usually Pd) are now one of the most im-
portant tools of organic synthesis formation of C-C bonds.
In the first part of the talk, general introduction to this type
of reactions will be given with selected examples of appli-
cations in the synthesis of pharmaceutically active com-
pounds. In the second part, applications of cross-coupling
reactions in the synthesis of novel modified nucleobases
and nucleosides will be summarized and the biological ac-
tivity of these compounds will be discussed.

f/
N N
I > Pd or Fe catalyst I >

\ + ligand

R = alkyl, alkenyl, alkynyl, aryl
M = ZnCl, AIR, SnBuj B(OH),

Cross-coupling reactions of halopurines with diverse
types of organometallics under Pd, Ni or Fe catalysis gen-
erally give access to the C-substituted purines. Each type of
organometallic reagents appeared to be superior for an in-
troduction of different substituents and also an effective
catalytic system (metal+ligands) was found for each type
of the reaction [l]. Thus alkylzinc halides or

trialkylaluminum  reagents under Pd-catalysis or
alkylmagnesium halides under Fe-catalysis are the re-
agents of choice for an introduction of alkyl groups. The
Stille couplings of alkenylstannanes are superior method-
ology for alkenylations, while the Sonogashira reactions of
terminal acetylenes in presence of Cu(]) salts for introduc-
tion of alkynyl groups. Aryl groups are easily introduced
via the Suzuki-Miyaura reactions of arylboronic acids,
while hetaryl groups could be attached by cross-coupling
reactions of hetarylzinc, -tin or -boron reagents. Alterna-
tive approach to the synthesis of 6-arylpurines by
cyclomerizations of 6-alkynylpurines has also been devel-
oped [2].

Cl

A

6 _ T —

R-M, Pd or Fe cat.
L o
& Iy For X = ClI K Ay g

N
Y Y

Xin the position 2 or 8 \
N&N

R-M, Pd or Fe cat. )
ForX =1 k\ )\
Y

Regioselectivity of the cross-coupling reactions of 2,6-
and 6,8-dihalopurines has been studied and established. In
dichloropurines, the cross-coupling occurs preferentially
in the position 6, while in chloroiodopurines, it occurs in
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the position of the iodine. The remaining chlorine atom
could be replaced in another cross-coupling or nucleophilic
substitution. This methodology has been applied [3] to the
regioselective synthesis series of disubstituted purine bases
and nucleosides for biological activity screening.

The above mentioned cross-coupling reactions were
originally performed with simple unfunctionalized alkyl-,
alkenyl- or arylorganometallics. However, for H-bonding
interactions with target cellular systems (enzymes or recep-
tors) a presence of polar functional groups (OH, NH,,
COOH etc.) on the C-substituent would be desirable.
Therefore, we systematically study reactions of suitably
protected functionalized organometallics with halopurines.
By applications of such reactions we have developed prac-
tical methodologies of synthesis of 6-(hydroxymethyl) pur-
ines, (purin-6-yl)alanines and some other related types of
compounds [4].

All these cross-coupling reactions were performed with
THP-protected purine bases or with acyl- or silyl-protected
nucleosides. These protecting groups generally withstand
the reaction conditions and reagents and the intermediates
are easily deprotected under very mild conditions to free
purine bases or nucleosides. This methodology was exten-
sively applied in the synthesis of modified purine bases and

nucleosides directed to medicinal chemistry (biological ac-
tivity screening of new nucleobases and nucleosides) and
chemical biology. 6-Aryl-, 6-trifluoromethyl- and
6-(hydroxymethyl)purine ribo-nucleosides, as well as
some bis(purin-6-yl)acetylenes displayed significant
cytostatic activity [5] while 6-hetarylpurine
ribonucleosides exerted high antiviral activity against
HCYV virus [6].

This work was supported by Centre for New Antivirals and
Antineoplastics (IM6138896301), by the Grant Agency of
the Czech Republic (grant No. 203/03/0035); and by
Sumitomo Chemical Co. Ltd. (Osaka, Japan). The author
thanks to all members of his group and to external collabo-
rating colleagues for their contribution.
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Since development of the Wacker process, many various
transformations mediated by palladium(Il) compounds
have been described. Intramolecular versions of these pro-
cesses are very useful in the synthesis of oxygen and nitro-
gen heterocycles [1-7]. We have developed a general
strategy for homologation of aldoses to optically active
anhydroaldonolactones, [8, 9] a class of compounds that
have proven most versatile intermediates for C-glycosides/
C-nucleosides syntheses (Scheme 1). Our entry into this
field features is the stereocontrolled Pd(II)-catalysed
oxy-/aminocarbonylation of unsaturated enitols and amino
derived enitols as a key step. The performance of this meth-
ods was illustrated by flexible approaches to some natural
products (anti-tumor-active lactones, notably
(+)-goniofufurone [10, 11] (+)-7-epi-goniofufurone [12]
7-deoxygoniofufurone [12] and (+)-goniothalesdiol
[13-15], erythroskyrine [16], plakorto-lactones [17-19] A,
B, C, D, kumausynes [20, 21], Hagen gland's lactones [17,
22] enzyme inhibitors; homo-DLX [23] homo-DMDP [23]
homo-DNJ, homo-L-ido-DNJ [24, 25].

A ‘magic’ catalytic system that is mostly efficient for
oxidations, carbonylations, cycloacetali-zations and the
other type of such reactions contains both palladium(II)
chloride and cooper(II) chloride in acetic acid with sodium
acetate as a buffer [3, 4].

In this account, we will discuss the new type of
bicyclization of unsaturated polyols and aminopolyols in
“magic” PdCl,-CuCl,-AcOH catalytic system (Scheme 2).
The reaction shows exceptional demand for substrate con-
figuration, when substrates bearing xylo- alignment at
o,P,y- carbons afford desired bicyclic dianhydroalditols,
whereas non-xylo substrates undergo Wacker oxidation in-
stead [26].

Mechanistic considerations of the problem, based on
semi-empirical calculations and 3D modelling, will be dis-
cussed (Scheme 3).

Concerning the aspect utility in organic synthesis, tan-
dem of Pd(Il)-catalysed bicyclisation of unsaturated
polyols and ring-opening of the dianhydroalditols repre-
sents a new synthetic access to 2,3-trans-tetrahydrofurans
and is complementary to oxycarbonylation methodology
producing 2,3-cis-configured tetrahydrofuran derivatives.
The stereochemistry of the product is controlled by
hydroxyl in B-position or B-position with cis arrangement
according to newly formed stereogenic centre (Scheme 4).

A simple stereoconvergent synthesis of C-2 symmetri-
cal bicyclic product from the equimolar diastereomeric
mixture of D-erythro-/D-threo-1-pentenitols, followed
with directed diastercoselective ring opening [27], will be
presented as a smart route to polysubstituted
tetrahydrofurans with rare D-/yxo configuration (Scheme
5), which is complementary to D-arabino, routinely acces-
sible from conventional iodocyclisation [28].

In conclusion, we have found a novel type of
PdCl,/CuCl,-catalysed bicyclisation of sugar-derived un-
saturated polyols that leads to 1,4:2,5-dianhydroalditols in
good yields [29]. This useful synthetic method is highly
substrate-selective and displays a strong stereochemical
preference for alkenitols with C3, C4, C5-all-syn (xylo) rel-
ative configuration. Moreover, the transformation is
diastereospecific due to the formation of new C-2
stereogenic centre with threo-relationship exclusively
(Scheme 6).

HO
oH P dCls (catalyst) 0
_}—D Cutly (oxidart) (=0
HO— oH — O{ niatural
HO AR & (b fier) v compounds
HO  XH AH ACOH (snbvent)
W= 0, NR CO (baloon)
Scheme 1.
oH oH H DB ]
Fd CleCuCls HU Dfﬁi UBn
n I ] oH
OH OBn e o w2 OH
Scheme 2.
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Introduction

HIV, human immunodeficiency virus is a causal agent of
AIDS - acquired immunodeficiency syndrome. HIV-1 pro-
tease is an enzyme which cleaves primary polyprotein of a
virion into mature viral proteins. Thus, inhibition of HIV-1
protease aborts the life cycle of the virus. However, gradual
development of new generations of the virus with mutated
forms of HIV-1 proteases resistant to inhibitors applied in
medical treatment of AIDS remains a crucial problem. The
paper shows some recent advances in searching for muta-
tion-resistant drugs.

X-ray diffraction

In the recent five years we determined structures of 12
complexes formed by three HIV-1 protease mutants and 10
chemically similar ligands [1, 3-7]. The ligands belong to 4
different inhibitor classes (Table 1) and form a chemically
systematic sequence varying chemical composition and ab-
solute configuration of isostere [-(R/S) COH-] and
hydrophobicity of the P,* site (R*= Glu, Gln, Ile). Inhibi-
tors were selected with a large scale of inhibition constants
K; (from 0.02 to 1000 nmol/l) to demonstrate clearly the
differences between the binding mode of high- and low-af-
finity inhibitors. One of these studies - the structure of
HIV-1 protease inhibited by the product of autoproteolytic
process (denoted here as the YDQIL peptide), showing a
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Table 1. Experimental material.

HIV-1 proteases: native (BRU isolate), mutants (L63P, A71V, V82T, 184V) , (A71V, V82T, 184V)
Inhibitors with ethyleneamine,hydroxyethylamine,hydroxyethylene and hydroxymethyl isosteres :
YDQIL peptide = fragment of HIV-1 protease cleft at Leu63 { Tle64.

PTPI-EA =R’-CONH- CHR'- CH, CH,NH - CHR'¢- CONH - CHR?*¢ - CONH - CHR**- CONH,
PTPI-HEA =R*- CONH - CHR'- COH CH, NH -CHR'¢ - CONH - CHR* - CONH - CHR**- CONH,

SNPI
SNPI

snapshot of the substrate cleavage process, deserves a spe-
cial attention [2].

Inhibitors:

Preparation and characterization of the experimental
material were described elsewhere. The HIV-1 protease
mutants were prepared at the Institute of Organic Chemis-
try and Biochemistry (IOCB) and Institute of Molecular
Genetics (IMG) in Prague. The series of the pseudo-
tetrapeptide inhibitors (PTPI) with the hydroxyethylamine
isostere (HEA) and the ethylenamine isostere (EA) with in-
hibition constatnts K in the range 0.2 - 1000 nmol/l were
prepared in the IOCB. The series of symmetrical
non-peptidic inhibitors (SNPI) with X;in the range 0.02 -5
nmol/l was prepared at the TU Lodz. Diffraction measure-
ments were performed at the source of synchrotron radia-
tion ESRF in Grenoble and at ELETTRA in Trieste.

Molecular dynamics under externally
applied forces

Static and dynamic simulations with externally applied
forces showed that the protease without inhibitor is in a re-
laxed state with its flaps having a large spectrum of confor-
mations of similar energy. On complexation, the protease
flaps always close over the inhibitor and bind strongly to
the ligand carbonyls at P, and P,” positions. However,
forced flap opening, flaps flipping and a forced extraction
of inhibitors showed that HIV-1 protease can accommo-
date under its flaps much larger highly hydrophobic lig-
ands than expected. Molecular simulations of inhibitor
extraction and flaps opening were carried out by AMBER
and ORAL [7, 8].

Conclusions
The X-ray experiments and molecular simulations lead to
the following conclusions:

» An efficient inhibitor should have a low-energy con-
formation that fits well the protease binding tunnel
and satisfies all the hydrogen bond donors.

* In spite of the fact that the protease possesses
two-fold symmetry, a good inhibitor need not be
symmetrical.

 There is also no need to imitate the transition state of
substrate as declared earlier.

» Hydrophilic void cavities between ligand and protein
are possible if their size allows inclusion of 1-2
bridging water molecules.

» X-ray studies showed that even a small change in the
chemistry of the inhibitor molecule can lead to a sig-
nificant change of the dense network of multiple hy-

=R?- CONH - CHR'- COH CH,- CHR'¢-NHCO - R* ,
=R?- CONH - CHR'- COH - CHR'¢ - NHCO - CHCH(CH3)* -NHCO-R’

drogen bonds required for good affinity of the inhibi-
tor to protein.

+ Large conformational differences between the inhib-
itor bound in the protease and that in the crystal of
neat inhibitor were found. But surprisingly, these dif-
ferences were only in a few torsion angles responsi-
ble for proper re-orientation of side chains to fit in
the clefts in protease surface.

+ Hydrophilic and hydrophobic groups form a special
array on the surface of binding tunnel (Fig.1). Some
ligands can adopt multiple conformations in the
binding tunnel formed under protease flaps satisfy-
ing all the hydrogen-bond-forming groups.

« Inhibitors, very flexible in solution, adopt fixed con-
formations on complexation. The corresponding en-
tropy changes and deformation energies of both
inhibitor and protease are highly competitive with
the enthalpy of newly formed weak bonds between
inhibitor and protease.

+ The energy loss is almost in all cases reduced by wa-
ter molecules built in between protease and inhibitor.

 The ability of the inhibitor to form large hydrophobic
surface areas oriented to the bottom parts of flaps is
very important. A large conformational freedom of
these hydrophobic groups with respect to the inhibi-
tor skeleton is desirable.

« In the case of pseudopeptide inhibitors, the protease
flaps always close over the inhibitor and bind
strongly to the ligand carbonyls at P; and P,” posi-
tions during the inhibition process.

Figure 1. Top view of the complex of the RE inhibitor and HIV-1
protease mutant (A71V, V82T, I184V). The protease flaps were re-
moved to show the bottom of the protease binding tunnel with
stripes of hydrophilic and hydrophobic surfaces.
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» Static and dynamic simulations with externally ap-
plied forces showed that the protease without inhibi-
tor is in a relaxed state with its flaps having a large
spectrum of conformations of similar energy. In par-
ticular, the flaps are able to accommodate much
larger ligands than it has been expected so far.

All these results strongly indicate that in spite of the
ten-year development of HIV protease inhibitors, we can
expect a boom in designing more universal inhibitors of
new chemical composition. These could hopefully over-
come the long-standing problem of adaptability of the virus
to drug treatment.

Project was supported by GAAV KJB 4050312.
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NEW STATIONARY PHASES FOR HPLC AND THEIR ADVANTAGES IN
COMPARISON WITH RP-C18 PHASE

D. Prochazkova
Sigma Aldrich, s.r.o., Pobrezni 46, 186 00 Prague 6

The most common approach to HPLC method develop-
ment is often begun with alkyl-bonded stationary phases
like C18 and C8. Too often, however, unknown impurities
in a sample are unretained, too retained or unresolved.
These unknown impurities may go unnoticed until much
later in the life cycle of the method demanding costly rede-
velopment, revalidation and reanalysis [1].

Several new LC stationary phases have recently be-
come popular because they exhibit improved retention and
selectivity over standard C18 phases and extend the useful-
ness of reversed phase LC. Alkyl chains with embedded
polar groups, fluorinated alkyl and aryl groups, and various
forms of carbon have all found wide acceptance as alterna-
tives to alkyl chains. These alternative stationary phase in-
teractions often provide retention and selectivity not
obtained on traditional alkyl phases. Due to the differences
in the interactions possible with the various stationary
phase chemistries, the probability of separating compo-
nents of a sample substantially increases. The end result is
greater confidence that the final method conditions will al-
low detection of potentially critical sample components
and degradation products.

Polar reversed phases can provide dramatically differ-
ent separations compared to C18. The PEG phase produced
excellent separations of phenolic solutes and should be
considered for applications such as drug metabolite analy-

sis. The F5 phase exhibits unique, interesting separations
of amine-containing solutes and should be considered for
applications such as basic pharmaceuticals. In particular,
the Discovery HS F5 phase exhibit reversed-phase and nor-
mal-phase retention for polar analytes as well as ion-ex-
change behavior.

Both phases offer valuable alternatives to C18 when
confronted with poor resolution on C18. Retention and se-
lectivity of polar reversed phases is a continuing research
and development focus at Supelco. Our aim is to develop
unique, valuable phases and applications for HPLC [1].

Although silica-based stationary phases remain the
widely used for high-performance liquid chromatography
(HPLC) analyses, separations based on modified zirconia
phases are fast becoming a popular alternative. More re-
cently, zirconia based phases have also been studied as a
selective alternative to popular silica-based phases. The in-
terest in zirconia columns stems from their ability to with-
stand extreme pH and temperature conditions as well as
their offering of unique selectivity and retention for various
classes of compounds [2].

1. Discovery HPLC Columns Developed for Pharmaceutical
Analysis and Purification Sigma-Aldrich, Co. 2004.

2. Discovery Zr: High pH and High Temperature Method De-
velopment, Sigma-Aldrich, Co. 2002.
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SYNTHESIS OF CHIRAL N,N-DIALKYLAMINOETHERS AS INTERMEDIATES FOR
PREPARATION OF OXETINES

Ludék Ridvan, Petr Hruby, Lukas Placek, Hana Petfickova

Zentiva a.s., U kabelovny 130, 102 01, Praha 10, Czech Republic,
Tel: + 420 602 558 414, Fax: + 420 267 244 088; ludek.ridvan@zentiva.cz

N,N-Dialkylaminoethers of a general formula I can be
used as intermediates for synthesis of pharmacologically
important substances, e.g. group of CNS drugs called
“oxetines”.

OAr?

Ar' N

Most of newly developed chiral drugs are used as single
enantiomers. In spite of several different approaches to the
synthesis of pure enantiomers (asymmetric synthesis,
chiral pool, biochemical methods, etc.), the classical ap-
proach based on resolution via salt formation with a chiral
base or an acid is still often the method of choice in many
industrially used processes. This methodology using vari-
ous chiral acids has been described for preparation of opti-
cally pure N-methyl-3-aryl-3-aryloxyamines I [1, 2].

We would like to present our recent results obtained
during our study aimed at preparation of optically pure

N,N-dimethyl-3-aryl-3-aryloxyamines I as intermediates
for preparation of atomoxetine and duloxetine [1, 3].

@éo@

(0]
S
N
\_ "
Atomoxetine Duloxetine

1. US 0052492 (B. J. Foster, E. R. Lavagnino, Eli Lilly,
1982).

2. WO 2004/056795 A1l (D.R. Rao, R.N. Kankan, C.P. Wain,
CIPLA, 2004).

3. EP 0273658 (D.V. Robertson, D. T. Wong, J. H.
Krushinski, Eli Lilly, 1990).

HOW THE CHEMICAL REACTIONS OF IONIC SPECIES CAN ELUCIDATE THE
STRUCTURE OF COMPOUNDS

Vladislav Kubelka

Zentiva a.s., U kabelovny 130, 102 01, Praha 10, Czech Republic

To understand thoroughly the capabilities, and especially
the limitations, of a mass spectrum for structure elucida-
tion, it is necessary to be familiar with the basic theoretical
aspect of unimolecular ion decompositions. The basic pro-
cess for getting a mass spectrum of an organic compound is
an ionisation of the molecule. The ionisation of the sample
molecules with electrons, photons or charged and excited
molecules produces molecular ions (M or M) whose in-
ternal energy values cover a broad range (0-20 ¢V). This
content of energy of the initially formed M"" ions is respon-
sible for their decomposition behaviour.

The other ionisation techniques like the chemical ionis-
ation, the fast atom bombardment, the field ionisation, the
lasser matrix assisted ionisation produce mainly
pseudomolecular ions [MH', (M-H), MNa', (MNH,)']
with a low excess of internal energy in the molecular ions.

Only unimolecular reactions are possible for the gas-
eous ions under usual MS operating conditions. The nature
and extent of these reactions depend only on the ion’s

structure and the method of ionisation. Without collisions it
is the energy originally deposited in the ion that causes the
ion to decompose or isomerize. The unimolar decomposi-
tions of the molecular ions yield the different ion’s prod-
ucts through kinetic and thermodynamic control- the
enthalpy and the entropy requirements for decomposition
of ions. These offsetting enthalpy and enthropy effects in
general lead to a substantial number of competing primary
reactions as well as the consecutive secondary and further
reactions, thus the mass spectrum of a large molecule can
have hundreds of peaks.

For this reason, in interpreting an unknown spectrum it
is helpful not only to study the spectra of closely related
compounds but also to take into account the result reactions
of ionic and radical species which are well known in or-
ganic chemistry — liquid face reactions.

Some examples of how to interpret the structure of an
unknown compound from its mass spectra will be shown
during the presentation.
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EVALUATION OF [18F]FLU0ROBENZALDEHYDE FOR PREPARATION OF
8 .LABELLED SUBSTANCE P AND AN ASYMMETRIC APPROACH TO THE
RADIOSYNTHESIS OF BOTH ENANTIOMERS OF oc-["C]METHYLDOPA AND
a-[“C]METHYLTYROSlNE FOR POSITRON EMISSION TOMOGRAPHY
Alexander Popkov""?, Milan Nadvornik?, Josef Jirman®, Pavla Kruzberska®*, Antonin Ly¢ka®,

Tomas Weidlich® , Jozef Kozisek®, Martin Breza®, Szabolcs Lehel’, Nicholas Gillings’,
Philip Elsinga®

"Faculty of Health and Social Studies, University of South Bohemia, Branisovska 31, 370 05 Ceské
Budéjovice, Czech Republic;
Department of General and Inorganic Chemistry, Faculty of Chemical Technology, Pardubice University,
Czech Republic;
3Zentiva a.s., U kabelovny 130, 102 01 Praha 10, Czech Republic;
4Depan‘ment of Analytical Biochemistry, Institute of Entomology, Branisovské 31, 37005 Ceské Budejovice,
Czech Republic;
°Research Institute for Organic Syntheses, Rybitvi 296, 532 18 Pardubice 20; CzechRepublic;
®Department of Phys. Chemistry, Faculty of Chemical and Food Technology, Slovak University of
Technology, 812 37 Bratislava, Slovak Republic;
’PET & Cyclotron Unit, Copenhagen University Hospital, Blegdamsvej 9, 2100 Copenhagen, Denmark;
8Nuclear Medicine and Molecular Imaging, University Medical Center Groningen, Groningen, Netherlands.

Substance P (SP) is an agonist for the NK,-receptor and is
considered to be a neuromodulator or neurotransmitter.
Changes in SP have been implicated in Parkinson’s dis-
ease, arthritis, inflammatory bowel disease and asthma.

The reaction of an oxoamino derivative of SP [1] with
['*F]fluorobenzaldehyde to form an oxime, was investi-
gated as described by Poethko et al. [2]. In the production
of ["*F]fluorobenzaldehyde, DMSO was replaced by
1,3-dimethylimidazolidin-2-one (DMI). The reaction in
DMSO led to the formation of substantial amounts of
['®F]fluorobenzoic acid due to oxidation of aldehyde group
by the solvent. The amount of radioactive by-products was
reduced significantly using DMI. The radiochemical yield
of purified aldehyde was up to 40%.

After dilution of the reaction mixture with water,
['®F]fluorobenzaldehyde was purified by solid-phase ex-
traction on Oasis HLB cartridge. Radioactive impurities
were removed by elution with mixtures of water and or-
ganic solvent. Finally, ['*F]fluorobenzaldehyde was eluted
with methanol. This solution was added to the oxoamino
derivative of SP dissolved in 0.5 ml of phosphate buffer pH
2.7 (the oxoamino group was attached to the N-terminus of
peptide) and heated at 60 °C for 20 min. Based on HPLC
data, the radiochemical yield of the Schiff base formation
was 35%. The whole procedure was fully automated with a
Zymark robotic system. Biological studies involving in
vivo metabolic stability and pharmacokinetics of '*F-la-
belled SP are underway.

In positron emission tomography (PET) a-methyl
amino acids can play a dual role:

1. precursors of non-metabolised neurotransmitters
(analogues of serotonin, dopamine, tyramine etc) for the
study of neurodegenerative diseases;

2. non-metabolised analogues of proteinogenic amino
acids for the study of amino acids uptake into normal and
cancer cells. The difference in the uptake rates during a
PET scan could visualise cancer cells in a human body.

Clinical applications of such amino acids are strongly
limited due to their poor availability. For the synthesis of

the only enantiomerically pure ''C-labelled o-methyl
amino acid, o-[''CJmethyltryptophan, an industrial proce-
dure was adopted [3, 4]. All attempts to prepare
enantiomerically pure o-[''C]methylated tyrosine or
phenylalanine failed [5, 6].

Our approach to enantiomerically pure [''C]methyl
amino acids is based on chiral metalocomplex synthons of
amino acids. We carried out [''C]methylation of
metalocomplex synthons derived from protected DOPA or
tyrosine. For [''C]methylation, sodium hydroxide (5 mg of
fine dry powder) was sealed in a vial, which was flushed
with dry nitrogen 1blefore addition of a solution of the com-
plex (10 mg) and CH;I in DMI (300 pl). After 10 min at
25 °C, a 9% radiochemical yield (decay corrected) of a
mixture of the diastereomeric o-[''C]methylDOPA com-
plexes or a 7% radiochemical yield of a mixture of the
diastereomeric  o-[''C]methyltyrosine complexes was
achieved. Individual diastereomers were successfully sep-
arated by preparative HPLC, diluted with excess of water
and extracted on Cig cartridges. Optimisation of the proce-
dure followed by hydrolysis of the complexes and purifica-
tion of the enantiomers of o-[''C]methyIDOPA and
a-["'C]methyltyrosine is currently underway.
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