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Vth VUFB Con fer ence on

MOD ERN METH ODS IN SYN THE SIS AND ANAL Y SIS OF AC TIVE
PHAR MA CEU TI CAL SUB STANCES 

Praha, November 23 - 24, 2005

 SEQUENTIAL FORMATION OF C-C BONDS USING DOMINO METATHESIS
REACTIONS

Siegfried Blechert

De part ment of Or ganic Chem is try, Tech ni cal Uni ver sity Berlin, Ger many

Ole fin me tath e sis has be come widely es tab lished as an im -
por tant tool for the for ma tion of car bon-car bon bonds.
Early de vel op ments cen tred on the use of mo lyb de num
com plexes, but it was with the ad vent of the more
‘user-friendly’ ru the nium precatalysts that the power of the 
me tath e sis re ac tion be gan to be fully ex ploited. The ma jor -
ity of me tath e sis re ac tions that are con ducted at the pres ent
time make use of one of the four com mer cially avail able
precatalysts.

The Blechert group has pi o neered the use of ring re ar -
range ment me tath e sis (RRM) as a meth od ol ogy through
which rapid ac cess to com plex al ka loid struc tures can be
achieved. Dom ino me tath e sis pro cesses that in volve bond
cleav age or bond for ma tion are con ducted in se quen tial
steps where the func tion al ity formed in the first pro cess is
used in the sub se quent trans for ma tion. The con struc tion of
fused carbocycles as well as heterocycles is pos si ble.
Stereochemical in for ma tion is trans ferred from the start ing
com pound so this meth od ol ogy al lows for the for ma tion of
enantiomerically pure heterocycles in a rapid one-pot pro -
cess. 

This meth od ol ogy has been used in the Blechert group
in the syn the sis of a va ri ety of piperidine and pyrrolizidine
al ka loids. A rep re sen ta tive ex am ple of this strat egy can be
seen in our re cent syn the sis of the un nat u ral en an tio mer of
(-)-trans-195A, a com pound iso lated from am phib ian skin
that has been shown to be a non com pet i tive blocker of nic -
o tinic re cep tor chan nels. The key RRM re ac tion gave the
piperidine in an ex cel lent yield and with no loss of
chirality. The syn the sis was com pleted us ing a zir co nium
me di ated Negishi cou pling to give (+)-trans-195A.

The syn the sis of mono and bicyclic piperidines and
pyrrolidines through a se quen tial cross me tath e sis
(CM)-reductive cyclisation strat egy has also been an area
of ex ten sive re search in the Blechert lab o ra tory. These
com pounds are some of the most ubiq ui tous struc tural mo -
tifs seen in nat u ral prod ucts and many bi o log i cally im por -
tant com pounds con tain an N-heterocycle at their core. The
syn thetic strat egy that we have cho sen makes use of the
cross me tath e sis of al lyl ic and homo al lyl ic amines with
elec tron de fi cient dou ble bonds. Pre vi ous work in our
group has dem on strated that such CM re ac tions pro ceed
with ex cel lent chemo and ste reo con trol to give the enone
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prod uct as the trans dou ble bond iso mer. We have cou pled
this re ac tion with a reductive cyclisation to give a gen eral
ap proach to the syn the sis of sub sti tuted piperidines and
pyrrolidines.

(+)-Carpamic acid, a 2,6-disubstituted 3-piperidinol,
be longs to a small sub-group of alkoloids that have been
shown to have in ter est ing phar ma co log i cal prop er ties. The
CM step was in ves ti gated us ing the Hoveyda-Blechert cat -

a lyst and it was found nec es sary to in crease the steric bulk
of the start ing ma te rial to sup press for ma tion of the
homodimer. This was achieved by pro tect ing the al co hol as 
the silyl ether and the de sired cross prod uct was ob tained in 
ex cel lent yield. Reductive hy dro ge na tion of the enone then 
gave (+)-carpamic acid. 

Dou ble reductive cyclisation of the prod ucts ob tained
from the CM of pro tected dicarbonyl sub strates al lows ac -
cess to bicyclic com pounds. This pro ce dure was
showcased in the ex tremely con ver gent syn the sis of
(+)-xenoeveine, a pyrrolizidine al ka loid found in the thief
ant Solenopsis xenovenum. The CM pro ceeded with out in -
ci dent to give the enone with dou ble reductive cyclisation
giv ing the tar get com pound in 73 % yield.

These ex am ples are rep re sen ta tive of the re cent uses of
ole fin me tath e sis in the Blechert lab o ra tory to give ac cess
to bi o log i cally im por tant nat u ral prod ucts. Our gen eral
strat egy of em ploy ing se quen tial me tath e sis re ac tions to
de liver com plex mol e cules, il lus trated by se lected syn -
thetic ex am ples, will be dis cussed in this lec ture.
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ASYMMETRIC CATALYSIS IN THE PREPARATION OF BIOLOGICALLY ACTIVE
COMPOUNDS

Adriaan J. Minnaard, Ben L. Feringa

Stratingh In sti tute, Uni ver sity of Groningen, Nijenborgh 4, 9747 AG, Groningen, 
The Neth er lands. A.J. Minnaard@rug.nl

Asym met ric ca tal y sis, and in par tic u lar ho mo ge neous tran -
si tion metal ca tal y sis, has be come one of the most im por -
tant ways of mak ing chiral com pounds with high
enantioselectivities. In this field, asym met ric con ju gate ad -
di tion re ac tions of organometallic re agents cat a lyzed by
cop per, rho dium and pal la dium are thor oughly stud ied as
both a car bon-car bon bond and a stereocenter are formed.

In our group we have suc cess fully de vel oped the cop -
per-cat a lyzed asym met ric con ju gate ad di tion of
dialkylzinc re agents and Grig nard re agents to un sat u rated
ke tones, lac tones, alkylidene malonates, and ni tro com -
pounds. In our ef forts to use this meth od ol ogy in nat u ral
prod uct syn the sis we re al ized that the prep a ra tion of lin ear
hy dro car bons con tain ing mul ti ple stereocenters is a chal -
leng ing field to ap ply these con ju gate ad di tion re ac tions.

Re cently, we have de vel oped a gen eral method to pre -
pare enantiopure sat u rated isoprenoid build ing blocks [1].
The method al lows the prep a ra tion of all four
stereoisomers (ee > 99%, de > 98%). To
dem on strate the syn thetic ver sa til ity of
this cat a lytic ap proach, it was em ployed
in the to tal syn the sis (see Scheme) of two
phero mones of the ap ple leafminer
(Lyonetia pruni foliella), a pest en demic
to the east ern re gions of North Amer ica
[2].

A sec ond ap pli ca tion of the meth od -
ol ogy is the prep a ra tion of enantiopure
deoxypropionate build ing blocks by it er -

a tive con ju gate ad di tion re ac tions [3]. This has been used
in an ef fi cient syn the sis of Lardolure, the ag gre ga tion
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 ref er ences
cited therein.

2. For ear lier syn the sis of these phero mones see: Y.
Nakamura and K. Mori, Eur. J. Org. Chem., 2000, 2745.

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

ADVANCED METHODS IN THE SYNTHESIS OF ENANTIOPURE BIOACTIVE
SUBSTANCES: THE QUEST FOR NEW TYPES OF CHIRAL LIGANDS APPLICABLE

TO ENANTIOSELECTIVE CATALYSIS 

Ivo Starý,*,§  Irena G. Stará,*,§ Zuzana Alexandrová,§ Petr Sehnal,§ Jiøí Míšek,§ Filip Teplý,
Da vid Šaman, and Lubomír Rulíšek§

§Center for Biomolecules and Complex Molecular Systems
In sti tute of Or ganic Chem is try and Bio chem is try, Acad emy of Sci ences of the Czech Re pub lic, Flemingovo

nám. 2, 166 10 Prague 6, Czech Re pub lic

Enantioselective ca tal y sis plays an im por tant role in the
prep a ra tion of op ti cally ac tive com pounds. En zymes,
nonracemic metal com plexes or organocatalysts are aimed
at prop a gat ing chirality so that the de sired en an tio mer of a
prod uct may dom i nate in the re ac tion ves sel. This meth od -
ol ogy re flects prin ci ples of “green chem is try” by re duc ing
wastes and the en ergy con sump tion. It may ex hibit high ef -
fi ciency and, in the case of a low cat a lyst load ing or its re -
cy cling, sub stan tially re duce the costs of a pro cess.
Enantioselective ca tal y sis is used in ac a demic lab o ra to ries
as well as in in dus try and its im por tance is grow ing up
steadily.

An ideal chiral metal cat a lyst or organocatalyst can
be char ac ter ized by ex hib it ing both high enantioselectivity
and high re ac tiv ity. Ac tu ally, an enor mous ef fort has been
de voted to meet the for mer cri te rion and, within the realm
of enantioselective tran si tion metal ca tal y sis, so called
“priv i leged lig ands” have been iden ti fied. In ter est ingly, the 
at ten tion has been paid al most ex clu sively to the lig ands
pos sess ing the el e ments of cen tral, ax ial, or pla nar
chirality. By con trast, the heli cally chiral lig ands have been 
rather rare and their po ten tial has prac ti cally been un ex -
plored so far. A very lim ited num ber of ex am ples dem on -
strat ing the uti li za tion of helicenes [1] ei ther in
stoichiometric asym met ric syn the sis [2] or in enanti -
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oselective ca tal y sis [3] can be found in lit er a ture. Thus, we
have em barked on helicene-based chiral en ti ties tak ing ad -
van tage of our ex per tise in helicene chem is try and be ing
stim u lated also by no pat ent claims in the field of
enantioselective ca tal y sis ex ploit ing helicenes. Ac cord -
ingly, we have as sumed that there is enough room
for the fu ture ap pli ca tions of the helicene-based
lig ands or cat a lysts to the syn the sis of enantiopure 
bioactive sub stances. 

Helicenes are unique three-di men sional ar o -
matic sys tems that are in her ently chiral, ther mally
sta ble, and usu ally well sol u ble. How ever, the dif -
fi cult prep a ra tion and the ab sence of a more gen -
eral syn the sis meth od ol ogy to get in di vid ual
en an tio mers on a pre para tive scale have ham pered 
their broader use. Cur rently, the re newed in ter est
in helicene chem is try can be seen as var i ous orig i -
nal ap proaches to racemic or nonracemic
helicenes and re lated com pounds have emerged
[4-10]. Re gard less of such re cent prog ress and in trigu ing
past achieve ments, the racemate res o lu tion dom i nates in
get ting nonracemic helicenes and their de riv a tives [11].

We have re cently dem on strated that the intramolecular
[2+2+2] cycloisomerization of ar o matic triynes un der CoI

or Ni0 ca tal y sis is a fea si ble con cept ex hib it ing a high de -
gree of syn thetic flex i bil ity [12]. Us ing this meth od ol ogy,
we syn the sized var i ous racemic helicene de riv a tives rang -
ing from penta- to heptacyclic struc tures. How ever, the
[2+2+2] cycloisomerization re ac tion should, in prin ci ple,
al low for a helicity con trol in the key helicity form ing step.
First, we fo cused on enantioselective ca tal y sis which has
never been ap plied to the con struc tion of helicene skel e ton
be fore. The use of chiral lig ands for nickel, ob vi ously
phosphines, might re sult in controling helicity. In the pres -
ence of Hayashi’s MOP ligand or better its benzyl an a -
logue13 we ob served mod er ate enantioselectivities in
[2+2+2] cycloisomerization of ar o matic triynes 1 and 2
pro vid ing tetrahydro[6]helicene 3 [12d] or the
3-methoxyderivative 4 [12a], re spec tively (Scheme 1). 

In par al lel, the at ten tion has been paid to
the diastereoselective syn the sis of
helicene-like com pounds. We as sumed that a 
fully ar o matic back bone of helicenes might
not be es sen tial for the uti li za tion of these
com pounds in enantioselective ca tal y sis.
Ac cord ingly, we de vised nonracemic heli -
cene- like struc tures whose diastereo -
selective syn the sis re lies on a helicity
in duc tion by the asym met ric cen ter al ready

pres ent in the triyne mol e cule (Scheme 2) [14]. We found
that [2+2+2] cycloisomerization of chiral triyne (S)-5 me -
di ated by the CoI/PPh3 sys tem af forded two pos si ble
diastereomers (M,S)-7 and (P,S)-7  in a 92 : 8 ra tio. The
anal o gous triyne (S)-6 with two p-tolyl groups at the pen -
dant acet y lene units pro vided only (P,S)-8 pos sess ing the
op po site helicity. Such a strik ing stereochemical di chot -
omy re quires ex pla na tion. If the re ac tion pro ceeds un der
ther mo dy namic con trol its stereochemical out come should
re flect the en ergy con tents of the diastereomeric prod ucts.
Thus, we cal cu lated the rel a tive en er gies of both pairs
(M,S)-7 ver sus (P,S)-7 and (M,S)-8 ver sus (P,S)-8 in dec -
ane at 140 oC us ing the DFT method (B3LYP/TZV+P), and 
COSMO sol va tion model. The cal cu lated free en er gies
clearly in di cated a more sta ble diastereomer from the rel e -
vant pair be ing ex pected to pre vail in the re ac tion mix ture,
in ex cel lent agree ment with the ex per i men tal results.

As it has been clearly shown, the helicity con trol is pos -
si ble and diastereoselectivity of the cyclization could be
good to ex cel lent, we have de cided to ex plore the scope
and lim i ta tions of this ap proach to pre cur sors of
nonracemic helicene-like lig ands. Ac cord ingly, we stud ied 
key [2+2+2] cycloisomerization of a se ries of chiral triynes 
in the pres ence of CpCo(CO)2/PPh3 in dec ane at 140 oC to
ob tain helicene-like com pounds 9-15 (Scheme 3). The
stereochemical out come of the re ac tion was found to be
prac ti cally in vari ant to the helicene size and the pres ence of 
a func tional group at tached to the ter mi nal ben zene rings.
In all cases the diastereomeric ra tio ranged be tween 73:27
and 100:0. How ever, the pres ence of the p-tolyl group at
C-4 (com pounds 9-11) or C-19 (com pounds 12, 14, 15) ef -
fec tively con trolled the cyclization in fa vor of (P) he lix
while its ab sence at C-19 (com pound 13) re sulted in the
pre dom i nant for ma tion of (M) he lix.

The syn the sis of nonracemic helicene-based lig ands is
un der prog ress as well as their uti li za tion in
enantioselective ca tal y sis.
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World wide mar ket of chiral sub stances in sin gle
enantiomeric form con tin ues in per sis tent out stand ing
growth and rep re sents a stim u lus for the de vel op ment of
new ef fi cient meth ods for the asym met ric syn the sis and for
the im prove ment of the known meth od ol o gies of the
enantiomerically pure com pounds prep a ra tion, re spec -
tively.  This ten dency is clearly man i fested on the world -
wide chiral drugs sales. Re cent pre sump tion of the
enantiomerically pure drugs pro por tion on pharma-mar ket
ex ceed 40 % con tinue in growth.

 Re gard less of tre men dous ad vances have been made in
asym met ric syn the sis, ei ther sub strate driven or cat a lyt i -
cally in duced, res o lu tion of racemates or co va lently

bounded diastereoisomers is still the most im por tant
ap proach to the syn the sis of enantiomerically pure com -
pounds (EPC´s). Al though res o lu tion via dia ste reo -
isomeric salt for ma tion is not looked upon as „state of the
art“ like cat a lytic asym met ric syn the sis, it is still the most
widely used method to ob tain of EPC´s in in dus try. The
pre sump tions show that the 30-50 % of enantiomerically
pure sub stances are pro duced us ing this meth od ol ogy [1].
The res o lu tion pro cesses via diaste reoisomeric salt for ma -
tion are still in ten sively stud ied [2]. Un der stand ing of the
prin ci ples fol lowed by op ti mi za tion of the res o lu tion meth -
od ol ogy is im por tant not only for in dus trial ap pli ca tions
but also for the ac a demic re search.



 The prin ci pal draw back of the stan -
dard racemate res o lu tion is the lim i ta tion
of the max i mum the o ret i cal yield of 50 % 
and the ne ces sity of sub se quent treat ment 
of un wanted iso mer in the sep a rate pro -
cess (for ex am ple in the re-racemization). 
This lim i ta tion af fects the eco nom i cal,
tech ni cal and eco log i cal char ac ter is tics
of the pro duc tion. 

How ever, the sce nario changes mark -
edly when chiral com pound con tains la -
bile stereogenic cen ter ca pa ble to
un dergo „in situ“ racemization, which
means, when there is a dy namic equi lib -
rium be tween the iso mers in the so lu tion
and one of the iso mers is sep a rated from
the mix ture by enantio- or
diastereoselective pro cess. It is named
crys tal li za tion-in duced asym met ric
trans for ma tion (CIAT) when the crys tal -
li za tion is the above men tioned
stereoselective pro cess. The same mean -
ings have the terms crys tal li za tion-in -
duced dy namic res o lu tion and an older
Eliel´s ex pres sion – asym met ric trans for -
ma tion of the sec ond kind.[3]

CIAT is prom is ing tech nique for the con trol of
stereochemistry on the chirally la bile stereogenic cen ters.
The prin ci pal re quire ment for this type of asym met ric
trans for ma tion is that one of the iso mers must be crys tal line 
at a con ve nient tem per a ture and must n’t form a solid so lu -
tions or quasi-racemates. Be cause racemization and crys -
tal li za tion take place si mul ta neously, the rel a tive rates
be tween crys tal growth and racemization are likely to be
im por tant. How ever, for the in dus trial ap pli ca tions mainly
it is more con ve nient when the racemization
(epimerization) takes faster than the crys tal li za tion. When
both these con di tions are ful filled the de sired en an tio mer
(diastereoisomer) can be iso lated from the start ing mix ture
by sim ple fil tra tion and the yields reach the o ret i cal 100 %
re gard less the equi lib rium in the so lu tion. 

In spite of ex cep tional ef fec tive ness of CIAT pro cesses
the num ber of known ap pli ca tions is rel a tively low. A crit i -
cal point in the CIAT pro cess de vel op ment is the com pat i -
bil ity of the racemization con di tions or equi lib rium
be tween the iso mers in the so lu tion with the con di tions for
the crys tal growth and nu cle ation. 

The re ac tion mix ture is het er o ge neous and it is not easy
to de scribe such sys tem by the phys i cal model, al though
some ef forts have been pub lished [4]. The pre dic tion,
which iso mer will be pre cip i tated from the re ac tion mix ture 
is not a triv ial task. How ever, any dis cov ered ex am ple is di -
rectly headed to the in dus trial ap pli ca tion. This ten dency

will be showed on the next ex am ples tar geted on the syn -
the sis of the ac tive phar ma ceu ti cal sub stances.

EPA Pres i den tial Green Chem is try Award for the year
2005 hon ored Merck’s chem ists for re de sign of the syn the -
sis of Aprepitant, the ac tive in gre di ent in EMEND, a drug
used to re duce nau sea and vom it ing caused by can cer ther -
apy. Us ing CIAT pro cess as a key step al lowed to dou ble
the over all yield to 76 % and to re duce sig nif i cantly op er at -
ing costs and the pro duc tion waste (85 % re duc tion), Fig -
ure 1 [5].

An im pres sive ex am ple of suc cess ful CIAT pro cess
rep re sents res o lu tion of racemic narwedine via re vers ible
oxa-Mi chael ad di tion un der ba sic con di tions.
(-)-Narwedine is the key in ter me di ate for the multi kilo -
gram syn the sis of (-)-gallantamine used in the treat ment of
Alz hei mer dis ease, Fig ure 2 [6].

An other re cent ex am ple of pat ented CIAT ap pli ca tion
based on the ther mally in duced epimerization is the prep a -
ra tion of a key in ter me di ate of the benazepril syn the sis,
Fig ure 3 [7].

An im mense ma te rial base for the CIAT ap pli ca tions
rep re sent racemic chiral drugs, which are fi nal ized in the
form of bi o log i cally ac cepted salts. Dis cov ery of the „in
situ“ racemization con di tions, com pat i ble with the nu cle -
ation and crys tal growth of such salt, open also the door for
the „racemic switch“ dis tin guished by ex cep tional tech no -
log i cal sim plic ity and qual i ta tive im prove ment of the fi nal
sub stance by the bal last iso mer dis posal [8]. In the case of
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enantiomerically pure de riv a tives CIAT tech nol ogy elim i -
nates the ne ces sity of the un de sir able iso mer treat ment
mostly in a sep a rate pro cess.  

More than one half of the known CIAT ex am ples rep re -
sent the asym met ric trans for ma tions of amino acid de riv a -
tives [9].  Res o lu tion via diastereoisomeric salt for ma tion
is one of the lead ing syn thetic strat e gies for the prep a ra tion
of the de sired stereoisomer.   

Our re search in ter ests are de voted to the sys tem atic
study of CIAT ap pli ca tions for last five years. We have dis -
cov ered and op ti mized sev eral CIAT pro cesses in tan dem
with aza-Mi chael ad di tion of chiral N-nucleophiles [10a,b] 
or with the ad di tion of achiral amines to the chiral un sat u -
rated sub strates pre cur sors [10c], and also the CIAT mech -
a nism of the stereoconvergent lactonization of

g-hydroxy-g-aryl-a-aminocarboxylic ac ids [10d]. We have 
achieved op ti mi za tion of CIAT pro ce dure with si mul ta -
neous for ma tion of two new stereogenic cen ters [10e]. We
also de vel oped the syn thet i cally use ful path way lead ing to
the sub sti tuted homophenylalanine de riv a tives via easy ac -
ces si ble diastereoisomeric salt for ma tion [10f], Fig ure 4. 

The scope and lim i ta tion of CIAT pro cesses in aza-Mi -
chael ad di tions 4-oxo-2-alkenoic ac ids and the ap pli ca -
tions of the ob tained enantiomerically pure aroyl- or
heteroaroylalanines into the syn the sis of bi o log i cally ac -
tive sub stances like kynurenine-3-hy drox y lase in hib i tors
and HPA-12 analogs will be dis cussed in the sec ond part of 
the lec ture.
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Out line
Asym met ric ca tal y sis has be come an es sen tial part of many 
prac ti cal man u fac tur ing pro cesses in the pro duc tion of
chiral fine chem i cals. Ho mo ge neous and het er o ge neous
sys tems with abil ity of enantiodifferentiation have been in -
ten sively stud ied in last two de cades [1-3]. As so ci a tion of
se lec tive and ac tive ho mo ge neous cat a lysts with easy sep a -
ra ble and re us able het er o ge neous sys tems into one is one of 
the ma jor tasks of the re search in the area of ap plied ca tal y -
sis. Im mo bi li za tion of tran si tion metal com plexes on var i -
ous sup ports (in or ganic ma te ri als, poly mers) rep re sents a
pro spec tive way com bin ing ben e fits of both. De vel op ment
of ef fec tive im mo bi lized cat a lysts ap pli ca ble in the field of
fine chem is try is a com plex pro cess de pend ent on many
vari ables (be hav iour of the sup port, leach ing of tran si tion
metal com plex, re us abil ity, etc.). Enantioselective
hydrogenations play a key role among other pro cesses of
asym met ric ca tal y sis. Per for mance of the cationic chiral
Ru-BINAP cat a lytic com plex (ei ther ho mo ge neous or im -
mo bi lized) in asym met ric hy dro ge na tion of
methyl-3-oxobutyrate (methylacetoacetate) in meth a nol
was stud ied (scheme 1) [4, 5].

One of the ma jor ob jec tives of the pre sented work was
the im mo bi li za tion of the cationic com plex [(R)-(+)-2,2`-
bis(diphenylphosphino)-1,1`-binapthalene]chloro (p-cy -
mene) ru the nium chlo ride. Immobilization tech niques uti -
liz ing heteropolyacid  [6] as the teth er ing agent were tested. 
In com par i son the an chor ing method aimed at the im mo bi -
li za tion via sup port - cationic com plex elec tronic forces
has also been em ployed. A num ber of in or ganic ox ides
(alu mina, sil ica, zeolites) was tested as sup ports. Spec tro -
scopic de ter mi na tion of the leached amount of a cat a lyst
rep re sents the gen eral way to prove the sta bil ity of the
heterogenized sys tem. The im mo bi lized cat a lysts and the
ho mo ge neous an a logues have been em ployed in asym met -
ric hy dro ge na tion of methylacetoacetate.

Re sults and Dis cus sion
Ef fects of tem per a ture and pres sure on ac tiv ity and
enantioselectivity in ho mo ge neous phase were dis cussed.
Cat a lytic hydrogenations of methylacetoacetate were stud -
ied us ing the lab o ra tory pre pared Ru-BINAP ho mo ge -

neous cat a lyst in a liq uid phase at 303 – 333 K and pres sure
up to 5 MPa. The op ti mal val ues of TOF and the high est
enantioselectivity were at tained un der the con di tions of 5
MPa, 333 K and with the ad di tion of 3 wt. % of wa ter to the
sol vent (17 ml of meth a nol, S/C ra tio 1 500). Pres ence of
wa ter can re strict the acetal for ma tion in the ini tial stage of
hy dro ge na tion, when al co hol is used as a sol vent. Im mo bi -
li za tion of the Ru-BINAP com plex us ing phosphotungstic
acid and silicomolybdic acid as a teth er ing agents has been
tested. Var i ous in or ganic ma te ri als such as Al2O3, SiO2,
TiO2, zeolites, (mont mo ril lo nite, beta, X, Y, mordenite,
ZSM-5) were em ployed as sup ports. The cat a lytic be hav -
iour and the sta bil ity of the an chored cationic com plex
have been in ves ti gated. Mont mo ril lo nite and beta zeolites
rep re sented best sup ports re gard ing ac tiv ity,
enantioselectivity and leach ing of the re sult ing cat a lysts.
XPS and FTIR-DRIFT spec tros copy rep re sented an ef fec -
tive tool for char ac ter iza tion of an chor ing bond be tween
the sup port, heteropolyacid and the com plex and af forded a 
closer in spec tion of this rather new and un ex plored sys tem.
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El e vated cho les terol, or hy per cho les ter ol emia, is an im por -
tant risk fac tor for Cor o nary Heart Dis ease (CHD). Cho les -
terol in the body is ei ther ex og e nous or formed in the liver. 
The mode of ac tion of statins is in hi bi tion of the en zyme
3-hydroxy-3-methylglutaryl CoA (HMG-CoA) reductase.
This en zyme cat a lyzes the con ver sion of HMG-CoA to
mevalonic acid (Fig. 1), which is the ma jor rate-lim it ing
step of the sterol path way [1]. Statins are widely used for
the ther a peu tic re duc tion of cho les terol-con tain ing
atherogenic lipoproteins. This re duc tion is a re sult of de ple -
tion of intracellular mevalonate lead ing to re duc tion of the
reg u la tory sterol pool, which in turn causes upregulation of
HMG-CoA reductase and other en zymes of the sterol path -
way, most im por tantly the LDL re cep tors prin ci pally in the
liver. How ever, a range of ad di tional ef fects of statins on
cells that are in de pend ent of cho les terol ho meo sta sis has
been de scribed. 

Sankyo sci en tists screened more than 6000 wild bac te -
rial and fun gal strains iso lated from soil sam ples from all
over the globe and found that some mi cro or gan isms are
able to in hibit cho les terol for ma tion by an un known mech -
a nism, prob a bly as a de fense against cho les terol-de pend ent 
bac te rial strains.  In 1971 they iso lated from sev eral broth
ex tracts com pounds with cho les terol-low er ing ac tiv ity; the 
most ac tive com pound, later named mevastatin, was iso -
lated from Penicillium citrinum. In spired by this prom is ing 
re search, in 1976 the Merck Com pany started a pro ject that
in fact re peated the Sankyo strat egy and as a re sult iso lated
from Asperillus terreus broth lovastatin [2], which was
launched as Mevacor in 1987 (Fig. 2).

Both of these com pounds are lactons and serve as
prodrugs of the cor re spond ing ac tive 3,5-dihydroxy ac ids,
which have af fin ity to the ac tive site of  (HMG-CoA)

reductase higher by about 4 or ders of mag ni tude then the
nat u ral ligand shown in Fig. 1. 

A Sankyo study of ac tive me tab o lites of nat u ral statins
led to the dis cov ery of  pravastatin iso lated from the dog
urine [3]. The com pound was later launched in the form of
its so dium salt un der sev eral brand names, e.g., Mevastin
(Sankyo) or Pravachol (BMS) (Fig. 2). The com mer cial
pro duc tion is done by mi cro bial ox i da tion of mevastatin
us ing Streptomyces carbophylus.

Ex ten sive re search into semisynthetic statins, mainly
based on lovastatin mol e cule mod i fi ca tion, led to some
SAR. The as sump tion, that the 3,5-dihydroxy carboxylic
re gion pres ent also in mevalonic acid is es sen tial was con -
firmed. The most fre quent mod i fi ca tion was re place ment
of the acyl group in the tetralin skel e ton by var i ous
aliphatic and ar o matic acyls. As a re sult, simvastatin
(Zocor) was dis cov ered by Merck [4]. This drug is at pres -
ent the only semisynthetic statin on the mar ket. 

Fur ther logic de vel op ment was re search into fully syn -
thetic statins. The tetralin skel e ton was sub sti tuted by var i -
ous ar o matic and heterocyclic moi eties. The pos si bil ity of
the re place ment of the ethylenic bridge was also stud ied.
This mod i fi ca tion led to the dis cov ery of a num ber of ac -
tive com pounds, but only lim ited num ber of them had af -
fin ity sim i lar or better than lovastatin or simvastatin. For
the syn thetic statins, the syn the sis of the most ac tive
stereoisomer by a way use ful for the com mer cial pro duc -
tion was a great chal lenge.  Novartis solved this prob lem by 
in tro duc ing fluvastatin (Lescol), which is used as a so dium
salt of cis-racemate [5]. How ever, fluvastatin is the only
statin on the mar ket that is not used as the only en an tio mer.
The cur rently most im por tant statin atorvastatin (Lipitor,
Sortis) is used as the cor re spond ing hemicalcium salt [6]
(Fig. 3).

In 1998 Bayer launched very ac tive cerivastatin
(Baycol, Lipobay) with daily doses in tenths of mg while
other statins are used in doses of two or ders of mag ni tude
higher [7]. How ever, when more than 50 cases of death due 
to rhabdomyolyse were reg is tered, the drug was with drawn 
in 2001. Most of these le thal cases were prob a bly caused
by si mul ta neous 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 re cent statin on the mar ket is itavastatin [9]
launched in  Ja pan (Fig. 4).
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Cur rently the statins are com mer cially the most suc -
cess ful ther a peu tic group and there fore they are tar geted by 
many ge neric com pa nies. Sev eral lead ing In dian and Chi -
nese com pa nies mas tered the very de mand ing pro duc tion
of key in ter me di ates and prac ti cally all lead ing ge neric
com pa nies have their own pro duc tion of some statins. In
Zentiva, we have a suc cess ful pro duc tion of API of
simvastatin that is mar keted as Simvacard. In 2005 ge neric
ver sion of atorvastatin was launched as Torvacard. The
API of atorvastatin was de vel oped in the Re search In sti tute 
of Phar macy and Bio chem is try, a daugh ter of Zentiva. Of
course, we are also in ter ested in rosuvastatin and
itavastatin. 

The lec ture will dis cuss some as pects of de vel op ment
of these statins in Zentiva. These as pects in clude sit u a tion
with poly morphs, some syn thetic as pects, as well as sta bil -
ity prob lems of these drugs. Of course, the in tel lec tual
prop erty in ter ests of Zentiva will limit the in for ma tion dis -
cussed. Some per spec tive com bi na tions of statins with
other classes of hypolipidemics will also be briefly men -
tioned.

1. Endo A.: J. Lipid. Res. 33 (1992) 1569.

2. Tolbert J. A.: Natl. Rev. Drug, Discov. 2  (2003) 517.

3. Kishida Y, Naito A, Iwado S, Terahara A, Tsujita Y.:
Yakugaku Zasshi 111 (1991) 469.

4. Castaner J., Prous J.: Drugs Fut. 13 (1988) 531.

5. Law rence J. M., Reck less J. P.: Ex pert Opin.
Pharmacother. , 3 (2002) 1631.

6. Castaner J., Graul A.: Drugs Fut.  22 (1997) 956.

7. a) McClellan K. J., Wise man L. R., McTavish D.: Drugs ,
55, (1998) 415; b) Plosker G. L., Dunn C. I., Riggitt D. P.:
Drugs 60 (2000) 1179.

8. Castaner J., Graul A.: Drugs Fut. 24 (1999) 511.

9. Flores N. A.: Curr. Opin. Investig. Drugs. 3 (2002) 1334.
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CAPILLARY ANALYTICAL CHEMISTRY IN PHARMACEUTICAL ANALYSIS

Pavel Coufal 

Charles Uni ver sity, Fac ulty of Sci ence, De pt . of An a lyt i cal Chem is try, Albertov 2030, 128 40 Prague

Now a days, min ia tur iza tion is a com mon trend strongly in -
flu enc ing sci en tific re search, tech ni cal and tech no log i cal
prog ress and each ac tiv ity of hu man be ings. The min ia tur -
iza tion, in gen eral, helps peo ple to dis tin guish the small est
par ti cles of mat ter, ma nip u late with these par ti cles on
nanometer level, read in for ma tion hid den in them and
speed up com mu ni ca tion be tween any two points of our
space.

In the past de cade, min ia tur iza tion started to af fect
strongly the an a lyt i cal chem is try as well. This sci en tific
field seems to be un der a per ma nent pres sure of an a lyt i cal
chem ists form the phar ma ceu ti cal and chem i cal in dus try to
im prove sig nif i cant pa ram e ters of all an a lyt i cal meth ods
de vel oped and un der cur rent de vel op ment. The an a lyt i cal
chem ists want to in crease sen si tiv ity, im prove se lec tiv ity,
shorten anal y sis time, de crease sam ple vol ume, use ex pen -
sive agents, re duce anal y sis un cer tainty, guar an tee pre cise -
ness and ac cu racy, cut down ex penses and min i mize
im pact on en vi ron ment at each an a lyt i cal method. An a lyt i -
cal pro ce dures ap ply ing meth ods based on ad van tages of
the min ia tur iza tion show many of the above men tioned pa -
ram e ters im proved. Cap il lary sep a ra tion tech niques, like
cap il lary elec tro pho re sis and cap il lary liq uid chro ma tog ra -
phy, are con se quences of the min ia tur iza tion in flu ence in
the field of an a lyt i cal sep a ra tion meth ods.    

Re cently, the min ia tur iza tion in the an a lyt i cal sep a ra -
tion tech niques has reached such a great prog ress that these
tech niques were re al ized in the pla nar chip for mat. Af ter
con struc tion of first gas chromatograph on the chip, ac tiv -
ity of sci en tists was fo cused on the cap il lary elec tro pho re -
sis since its re al iza tion in the pla nar for mat on chip is less
dif fi cult than in the case of liq uid chro ma tog ra phy. How -
ever, the cap il lary elec tro pho re sis does not ex hibit such a
ver sa til ity and ro bust ness in sep a ra tion mech a nisms as the
liq uid chro ma tog ra phy, whose min ia tur iza tion and chip re -
al iza tion are char ac ter ized by many tech ni cal prob lems.
De spite all these tech ni cal dif fi cul ties, the cap il lary liq uid
chro ma tog ra phy was placed on the chip and this for mat of
liq uid chro ma tog ra phy can be used for solv ing such dif fi -
cult an a lyt i cal prob lems like the iden ti fi ca tion of pro teins,
pep tides and me tab o lites of chemotherapeutics.

Cap il lary sep a ra tion tech niques rep re sent a min ia tur -
iza tion level ly ing in be tween the con ven tional sep a ra tion
meth ods and the pla nar ones re al ized in the chip for mat. On 
the one hand, cap il lary sep a ra tion meth ods bring fea tures
of the min ia tur iza tion, but on the other hand, they do not
suf fer from the big tech ni cal dif fi cul ties be ing typ i cal at the 
chip for mat tech niques. More over, the cap il lary sep a ra tion
meth ods are very com pat i ble with mass spec trom e try as the 
de tec tion tech nique, which en ables a re li able iden ti fi ca tion
of analytes. Cap il lary elec tro pho re sis is gen er ally con sid -
ered as the sep a ra tion tech nique, us ing which an an a lyt i cal
method for quan ti fi ca tion of new analytes can be de vel -
oped very fast. The de vel oped electrophoretical method
mostly pro duces an a lyt i cal re sults in a very short anal y sis
time, how ever, the re sults are of a low ac cu racy and poor
reproducibility. Cap il lary liq uid chro ma tog ra phy, on the

other hand, gen er ates re pro duc ible and pre cise an a lyt i cal
re sults, col lec tion of which is more ex pen sive and
time-con sum ing.

Ropinirol, 4-[2-(dipropylamino)ethyl-1,3-dihydro- 2H
-indol-2-one, is anti-Par kin son’s dis ease chemotherapeutic 
dis cov ered by SmithKline Beecham Pharmaceuticals. Cap -
il lary zone elec tro pho re sis and cap il lary liq uid chro ma tog -
ra phy meth ods de vel oped and op ti mized for quan ti fi ca tion
of ropinirol and its five im pu ri ties from syn the sis are crit i -
cally com pared. Both cap il lary an a lyt i cal tech niques en -
ables de ter mi na tion of the ropinirol im pu ri ties on the
con cen tra tion level as low as 0,1 % (w/w). It is dem on -
strated that the cap il lary zone elec tro pho re sis re sults are
faster but less re pro duc ible than the cap il lary liq uid chro -
ma tog ra phy ones. As a mat ter of fact, cap il lary zone elec -
tro pho re sis makes it pos si ble to eval u ate dis so ci a tion
con stants of ropinirol and its im pu ri ties from the ex per i -
men tal data of elec tro pho retic mo bil i ties mea sured dur ing
op ti mi za tion of the elec tro pho retic method. The low
reproducibility of re sults in cap il lary zone elec tro pho re sis
may be caused by un sta ble electroosmotic flow, ve loc ity of 
which is al ways in flu enced by many ex per i men tal fac tors.
Ad di tion of some agents into the back ground elec tro lyte in
cap il lary zone elec tro pho re sis can sig nif i cantly re duce and
sta bi lize electroosmotic flow and hence, im prove its
reproducibility in clud ing re peat abil ity of the an a lyt i cal re -
sults. This kind of ef fect of hydroxyethylcellulose on the
electroosmotic flow and an a lyt i cal method reproducibility
is shown in cap il lary zone elec tro pho retic anal y sis of
amino ac ids.

Cap il lary zone elec tro pho re sis and cap il lary liq uid
chro ma tog ra phy are pow er ful min ia tur ized sep a ra tion
tech niques suit able for anal y ses of var i ous sam ples. They
may re place con ven tional high per for mance liq uid chro -
ma tog ra phy in rou tine anal y ses in phar ma ceu ti cal and
chem i cal in dus try as they bring all the ad van tages of min ia -
tur iza tion into the an a lyt i cal sep a ra tion tech niques. Cap il -
lary zone elec tro pho re sis seems to be better for fast
quan ti fi ca tion of analytes in sam ples from the pro duc tion
pro ce dure. Cap il lary liq uid chro ma tog ra phy is a per fect an -
a lyt i cal tool for pre cise and re pro duc ible quan ti fi ca tion of
com pounds in fi nal prod ucts of phar ma ceu ti cal and chem i -
cal in dus try.

1. P. Coufal, K. Štulík, H. A. Claessens, M. J. Hardy, M.
Webb, “A de ter mi na tion of the dis so ci a tion con stants of
ropinirole and some im pu ri ties and their quan ti fi ca tion us -
ing cap il lary zone elec tro pho re sis” J. Chromatogr. B, 720
(1998) 197-204.

2. P. Coufal, K. Štulík, H. A. Claessens, M. J. Hardy, M.
Webb, “Sep a ra tion and quan ti fi ca tion of ropinirole and
some im pu ri ties us ing cap il lary liq uid chro ma tog ra phy”, 
J. Chromatogr. B, 732 (1999) 437-444.

3. P. Coufal, J. Zuska, T. van de Goor, V. Smith, B. Gaš,
“Sep a ra tion of twenty underivatized es sen tial amino ac ids
by cap il lary zone elec tro pho re sis with contactless con duc -
tiv ity de tec tion”, Elec tro pho re sis, 24 (2003) 671-677.
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MODERN ELECTROANALYTICAL METHODS IN THE ANALYSIS OF BIOACTIVE
COMPOUNDS

Jiøí Barek and Jiøí Zima

UNESCO Lab o ra tory of En vi ron men tal Elec tro chem is try, De part ment of An a lyt i cal Chem is try, Charles
Uni ver sity, 128 43 Prague 2, Czech Re pub lic, e-mail: Barek@natur.cuni.cz

Many chem i cal sub stances can pos i tively or neg a tively af -
fect hu man health even in ex tremely low con cen tra tions.
There fore, the mon i tor ing of their ex tremely low con cen -
tra tions in com plex en vi ron men tal and bi o log i cal ma tri ces
is among top pri or i ties of mod ern an a lyt i cal chem is try. In
many cases mod ern voltammetric tech niques can suc cess -
fully com pete with ad vanced chro mato graphic or spec tro -
met ric meth ods be cause they are in ex pen sive, ex tremely
sen si tive and they pres ent an in de pend ent al ter na tive to so
far prev a lent spec tro met ric and sep a ra tion tech niques.

 The aim of this con tri bu tion is to dem on strate the scope 
and lim i ta tions of mod ern electroanalytical meth ods in the
anal y sis of bi o log i cally ac tive or ganic com pounds. First,
the re la tion ship be tween struc ture and elec tro chem i cal be -
hav ior will be briefly dis cussed to show which types of bi o -
log i cally ac tive or ganic sub stances are ame na ble to
voltammetric and/or amperometric de ter mi na tion. Af ter -
wards, re cent de vel op ments in the field of electroanalytical 
chem is try of bi o log i cally ac tive sub stances will be de -
scribed tak ing into ac count the fact that the de vel op ment of
mod ern voltammetric and amperometric tech niques pro -
ceeds in three par al lel lines: De vel op ment of elec trodes
(hang ing mer cury drop elec trode (HMDE), solid amal gam
elec trodes, car bon paste elec trodes, chem i cally mod i fied
elec trodes, screen printed elec trodes, etc.), de vel op ment of
mea sur ing tech niques (DC voltammetry, dif fer en tial pulse
voltammetry, etc.) and de vel op ment of preconcentration
tech niques (an odic strip ping voltammetry, ad sorp tive
strip ping voltammetry, etc.).

The qual ity of the elec trode is prob a bly the most im por -
tant fac tor, the elec trode ma te rial is play ing the cru cial role. 
Even 83 years af ter the in ven tion of polarography by pro -
fes sor Heyrovský, mer cury elec trodes are still the best
avail able voltammetric sen sors. Nev er the less, great at ten -
tion is be ing paid to the de vel op ment, test ing and ap pli ca -
tion of new elec trode ma te ri als with the aim to in crease
sen si tiv ity, se lec tiv ity and avail able po ten tial win dow and
to de crease noise and prob lems with elec trode passivation.
In this con tri bu tion, some of the ad van tages of less usual
elec trode ma te ri als for the de ter mi na tion of nanomolar
con cen tra tions of se lected bi o log i cally ac tive com pounds
will be shown. The ap pli ca tion of the fol low ing non-tra di -
tional types of elec trodes suit able for the de ter mi na tion of
bi o log i cally ac tive or ganic com pounds ei ther in batch anal -
y sis or in flow ing sys tems (es pe cially high per for mance
liq uid chro ma tog ra phy (HPLC), flow in jec tion anal y sis
(FIA), and se quen tial in jec tion anal y sis (SIA)) will be
dem on strated on meth ods re cently de vel oped in our
UNESCO lab o ra tory of en vi ron men tal elec tro chem is try:

• Solid amal gam elec trodes (en vi ron men tally friendly
al ter na tives to mer cury elec trodes suit able both for
batch anal y sis and for HPLC-ED or FIA-ED with
limit of de ter mi na tion (LOD) down to 10-7 mol/L)

• Bare and cyclodextrin mod i fied car bon paste elec -
trodes (suit able for the de ter mi na tion of ox i diz able
car cin o gens with LOD down to 10-7 mol/L).

• Glassy car bon paste elec trodes (com pat i ble with a
high con tent of or ganic sol vent and thus ap pli ca ble
for HPLC-ED with a high con tent of or ganic mod i -
fier in a mo bile phase with LOD down to 10-7 mol/L).

• Di a mond film elec trodes (very use ful al ter na tive to
glassy car bon elec trodes es pe cially for flow ing sys -
tems char ac ter ized by very low noise and broad po -
ten tial win dow and ap pli ca ble to HPLC-ED or
FIA-ED of elec tro chem i cally ox i diz able or ganic
sub stances with LOD down to 10-8 mol/L).

• Plat i num and cop per elec trodes (new types of tu bu lar 
or microcylindrical plat i num or cop per elec trodes
suit able for HPLC-ED de ter mi na tion of ox i diz able
or ganic com pounds with LOD around 10-8 mol/L).

At ten tion will be paid to var i ous pos si bil i ties of in -
creas ing both the sen si tiv ity and se lec tiv ity of these meth -
ods us ing preconcentration of tested sub stances on the
sur face of work ing elec trodes and their pre lim i nary sep a ra -
tion and preconcentration us ing liq uid-liq uid ex trac tion or
solid phase ex trac tion.

More over, the ad van tages of com bi na tion of HPLC,
FIA and SIA with elec tro chem i cal de tec tion will be dis -
cussed in terms of sen si tiv ity, se lec tiv ity and in vest ment
and run ning costs and some re cent ap pli ca tions will be
shown.

Fi nally, the pos si bil i ties of new ap proaches based on
the com bi na tion of nanotechnologies and biotechnologies
with electroanalytical meth ods will be de scribed. At ten tion 
will be paid to the ap pli ca tion of car bon paste elec trodes
mod i fied with gold nanoparticles or with multi wall
nanotubes for mon i tor ing of elec tro chem i cally ac tive sub -
stances in im mo bi lized cells, to the ap pli ca tion of mag netic
field to in crease both the sen si tiv ity and the se lec tiv ity of
var i ous amperometric en zy matic de ter mi na tions and to the
ap pli ca tion of mag netic beads for de ter mi na tion of ex -
tremely low con cen tra tions of nu cleic ac ids. Some other in -
ter est ing as pects of the com bi na tion of nanotechnologies
with elec tro chem i cal meth ods will be dis cussed as well.

This re search was sup ported by the Grant Agency of the
Czech Re pub lic (pro ject 203/03/0182).
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X-RAY DIFFRACTION APPLIED IN PHARMACEUTICAL INDUSTRY

Hana Petøíèková

R&D An a lyt i cal De part ment Zentiva a.s., U kabelovny 130, 102 37 Prague 10, Czech Re pub lic

Mod ern Phar ma ceu ti cal R&D de part ment is tooth less
with out solid-state char ac ter iza tion tech niques. XRPD
plays an im por tant role at this field; it is a method of first
choice when crys tal line ma te rial is ana lysed. On the other
hand also amor phous ma te ri als can be treated us ing X-rays. 
This is pos si ble due to the gen eral fact that pow der dif frac -
tion pat tern is the fin ger print of stud ied ma te rial. Even in
the mix tures each com pos ites can be iden ti fied.
Main phar ma ceu ti cal ap pli ca tions of X-ray dif frac tion
such as poly mor phic stud ies, sta bil ity test ing at non-am bi -

ent con di tions (pre dic tion pos si ble risks dur ing stor age),
LOD de ter mi na tion or crys tal struc ture de ter mi na tion will
be dis cussed. Iden ti fi ca tion of low amount of im pu ri ties
(un de sired poly mor phic form) is stan dard test in volved in
val i da tion of the XRPD method. Crys tal struc ture de ter mi -
na tion from pow der will be com pared with com monly used 
sin gle crys tal struc ture de ter mi na tion.

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

Hušák M.

De part ment of Solid State Chem is try, In sti tute of Chem i cal Tech nol ogy Prague, Technická 5, 
166 28 Prague 6, Czech Re pub lic

We are of ten faced with the fol low ing sit u a tion: it is nec es -
sary to solve the struc ture of a phase for which all at tempts
failed to pre pare sin gle crys tal big enough for the stan dard
mea sure ment on lab o ra tory diffractometer. In such sit u a -
tion it is im pos si ble to ob tain the struc ture pa ram e ters by
stan dard sin gle-crys tal X-ray dif frac tions meth ods. There
are of ten some rea sons why it is nec es sary to solve the
struc ture of such phase at any cost. The phase struc ture is
nec es sary for com mer cial phar ma ceu ti cal prod uct char ac -
ter iza tion, the phase has some unique phys i cal prop er ties
de ter mined by its un known struc ture or al ter na tively, we
need to con firm the ab so lute con fig u ra tion of the mol e -
cules form ing the phase.

The help of high in ten sity X-ray sources, es pe cially
syn chro tron ra di a tion, could solve such sort of prob lems.
In the lec ture we will dis cuss 2 ex am ples of the syn chro tron 
ra di a tion us age. The first one will be the com plete struc ture 
so lu tion from pow der data only of simvastatin low tem per -
a ture phases. The sec ond will be struc ture so lu tion of
metergoline phase II from mi cro crys tal. Data mea sure -
ments were in both cases done on BM01 beam line of
ESRF fa cil ity in Grenoble.

In the first case we were try ing to solve the struc ture of
low tem per a ture phases of simvastain. Pre lim i nary mea -
sure ment had in di cated the phase sta ble at room tem per a -
ture shows first phase tran si tion at 260 K and sec ond phase
tran si tion at 220 K. High res o lu tion pow der data of both

low-tem per a ture phases were mea sured. The struc tures
were solved by FOX soft ware and re fined by GSAS sys -
tem. It was found that the phase ex ist ing at 260 K has iden -
ti cal space group (P212121) as the room tem per a ture phase.
It dif fers only in the mol e cule side chains ori en ta tion. The
sec ond phase formed un der 220 K dif fers in space group
(P21), crys tal sys tem (monoclinic) and it has 2 in de pend ent
mol e cules in the unit cell. The data ob tained by the struc -
ture so lu tion from pow der were in de pend ently con firmed
by solid state NMR mea sure ment.

The sec ond ex am ple of the syn chro tron ra di a tion is the
so lu tion of metergoline phase II. All ef forts to solve the
struc ture from nor mal sin gle crys tals failed, be cause it was
im pos si ble to ob tained big enough crys tals. We had mea -
sured a high-res o lu tion pow der dif frac tion data on BM01.
Un for tu nately in dex ing of the pow der data had in di cated
unit cell to big for any ex ist ing pow der struc ture so lu tion
method. The size of the unit cell in di cated pres ence of 2 in -
de pend ent mol e cule of metergoline – this gives too much
de gree of free dom for pow der dif frac tion based struc ture
de ter mi na tion. We had de cided to try to ob tain enough
good monocrystal dif frac tion data from mi cro crys tal by
the help of high in ten sity ra di a tion and four cy cle
diffractometer with area de tec tor. Af ter some trial and er ror 
ex per i ments enough good mi cro crys tal was fi nally found
and the struc ture was solved (monoclinic, space group C2,
two mol e cules in asym met ric unit cell as ex pected).
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THE USE OF ENZYMATIC AND NON-ENZYMATIC METHODS FOR THE
PREPARATION OF ENANTIOPURE MOLECULES 

 Derek R. Boyd

The Queen’s Uni ver sity of Bel fast, Bel fast,  BT9 5AG, UK.

Bac te rial re dox en zymes have
the po ten tial to catalyse a wide
range of ox i da tion re ac tions in a
highly regio- and ste reo-se lec -
tive man ner. Ex am ples of the
ap pli ca tion of bac te rial non-
 heme iron oxygenase (dioxy ge -
nase) en zymes to pro duce enan -
tio pure monohydro xylation
(benzylic ox i da tion), mono -
sulfoxidation (hetero atom ox i -
da tion), dihy dro xylation (arene
and alkene ox i da tion), tri hydro -
xylation (benzylic/arene ox i da -
tion) and tetrahydroxylation
(arene bis-dihydroxylation)
prod ucts via-asym met ric syn -
the sis and ki netic res o lu tion
routes have been found  (Fig. 1). 

The ca pac ity of biocatalysts to form only one en an tio -
mer is of ten per ceived as a dis ad van tage. The use of mu tant 
and re com bi nant bac te rial strains con tain ing dif fer ent
types of dioxygenase en zymes has, in some cases, al lowed
un nat u ral  regioisomers and  en an tio mers (enantio comple -
mentarity) of ox y gen ated bioproducts to be formed. Al ter -

na tive chemoenzymatic routes to un nat u ral arene cis-diols
have been de vel oped (Fig. 2). 

Cis-diol dehydrogenase en zymes have also been used
to pro duce enantiopure mol e cules (cis -diols and ketols) by 
both asym met ric syn the sis and ki netic res o lu tion meth ods
(Fig. 3). 

The syn thetic ver sa til ity of this new chiral pool of
enantiopure bioproducts ob tained us ing dioxygenase en -
zymes, has been dem on strated by the chemoenzymatic
syn the sis of a wide range of nat u ral and un nat u ral prod ucts. 
The proof of con cept is ex em pli fied by the syn the sis of se -
lected tar get mol e cules in clud ing al ka loids, ma rine al ka -
loids, inositols, pseudosugars, and pharmaceuticals  (Fig.
4).

A re cently de vel oped ap pli ca tion of bioproducts ob -
tained us ing dioxygenase-catalysed asym met ric hydro xy -
lation meth ods has been in the pro duc tion of chiral lig ands
for use in ho mog e nous cat a lytic asym met ric syn the sis.  Ex -
am ples of enantiopure cis-1,2-aminoalcohols, 2,2’- bi -
pyridines and the cor re spond ing bis-amine N-ox ides have
been pro duced by chemoenzymatic syn the sis.  The uti li sa -
tion of these chiral lig ands in se lected asym met ric ox i da -
tion, re duc tion and C-C bond form ing re ac tions is
pre sented (Fig. 5).
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BIOCATALYTIC, CHEMOCATALYTIC AND CHEMOENZYMATIC METHODS FOR THE
SYNTHESIS OF PURE ENANTIOMERS

Roger A. Shel don

Biocatalysis and Or ganic Chem is try, Delft Uni ver sity of Tech nol ogy, The Neth er lands
R.A.Shel don@tnw.tudelft.nl

The use of biocatalytic trans for ma tions for the pro duc tion
of fine chem i cals in gen eral, and enantiomerically pure
com pounds in par tic u lar, has un der gone an ex plo sive
growth in the last de cade. Ad vances in re com bi nant DNA
tech niques has made it pos si ble to pro duce vir tu ally any
en zyme for a com mer cially ac cept able price. And ad vances 
in pro tein en gi neer ing and in vi tro evo lu tion have en abled
the fine tun ing of en zymes such that they ex hibit the op ti -
mum prop er ties with re gard to sub strate spec i fic ity, ac tiv -
ity, (enantio)se lec tiv ity, and sta bil ity. Fur ther more, the
de vel op ment of an ever in creas ing ar se nal of im mo bi li za -
tion tech niques has pro vided ef fec tive meth ods for op ti -
miz ing the op er a tional per for mance and re cov ery and
re cy cling of the en zyme.

At the same time, sig nif i cant ad vances have been
achieved in the ap pli ca tion of cat a lytic asym met ric syn the -
sis with chiral metal com plexes, par tic u larly for
enantioselective re duc tions. New de vel op ments in the
biocatalytic and chemocatalytic syn the sis of
enantiomerically pure al co hols and amines via asym met ric
syn the sis and (dy namic) ki netic res o lu tion pro cesses will
be re viewed. The com bi na tion of organometallic ca tal y sis

with biocatalysis in chemoenzymatic syn the ses of pure
en an tio mers will also be dis cussed. Fur ther more, a highly
ef fec tive meth od ol ogy for the im mo bi li za tion of en zymes
(cross-linked en zyme ag gre gates CLEAs) will be pre -
sented. The use of combi-CLEAs con tain ing more than one 
en zyme for one-pot, multi-step syn the ses will also be dis -
cussed.
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PREP A RA TION OF PHAR MA CEU TI CAL SUB STANCES BY THE USE OF NITRILE-
AND AM IDE-CON VERT ING ENZYMES

Ludmila Martínková and Vladimír Køen

Lab o ra tory of Biotransformation, In sti tute of Mi cro bi ol ogy, Acad emy of Sci ences of the Czech Re pub lic,
Vídeòská 1083, CZ-142 20 Prague; E-mail:martinko@biomed.cas.cz

Nitriles are fairly wide spread in na ture, mainly in plants but 
also in mi cro or gan isms and the an i mal king dom [1]. There -
fore, it is not sur pris ing that en zymes ex ist that are able to
de grade nitriles. The most im por tant path way in nitrile
deg ra da tion (Scheme 1) is hy dro ly sis, which pro ceeds ei -
ther di rectly (path way I) or via an in ter me di ate am ide
(path way II).

The nitrile- and am ide-trans form ing en zymes are able
to ac cept a vast num ber of un nat u ral nitriles as sub strates.
This prop erty has been widely used in biocatalysis. The
ben e fits of us ing nitrile-con vert ing en zymes (re duc tion in
en ergy costs, re duc tion of waste, pure prod ucts, high prod -
uct yields) have been highly ap pre ci ated. New sub strates
and prac ti cal ap pli ca tions of these en zymes are con stantly
re ported. In par tic u lar, the po ten tial of nitrile- and am -
ide-con vert ing en zymes to af ford op ti cally pure prod ucts
at tracts an in creas ing at ten tion in the re cent years. To date a 
rel a tively low num ber of the pro cesses have been com mer -
cial ized (see be low). Nev er the less, the num bers of pro -
cesses stud ied at lab o ra tory scale in di cate that the
com mer cial use of nitrile-con vert ing en zymes will in crease 
in near fu ture. In the past sev eral years the nitrile- and am -
ide-con vert ing en zymes have been stud ied as tools for the
pro duc tion of com pounds, which are of in ter est as build ing
blocks for pharmaceuticals with a broad spec trum of bi o -

log i cal ac tiv i ties (an ti bac te rial, b-an tag o nist, hemostatic,
an ti de pres sant, antihypertensive, antiflammatory etc.) [2,
3]. The aim of this lec ture is to pro vide a sur vey of these ap -
pli ca tions (both in dus trial and lab o ra tory-scale) in clud ing
our re sults in the field.

Many com pa nies (e.g., Mitsubishi Rayon Co., Lonza,
DuPont, Dow, Diversa, BASF and DSM) [4] be came in ter -
ested in the ap pli ca tions of nitrile- and am ide-con vert ing
en zymes. Though multiton-scale pro duc tions of this type
are rare, other pro cesses are in the ex plor atory phase.
Lonza has a long tra di tion in the use of biocatalysts, among
them nitrile hydratases, nitrilases and amidases [5].
Nicotinamide (food and feed ad di tive) is pro duced at a
scale of over 3,500 tons per years by this com pany un der a
li cense from Mitsubishi Rayon Co. who in tro duced the first 
in dus trial use of nitrile hydratase (pro duc tion of
acrylamide) in the 1980s. Fur ther more, the use of en zy -
matic nitrile/am ide hy dro ly sis for the pro duc tion of sev eral

chiral build ing blocks has been im ple mented by Lonza at
smaller scales. These prod ucts, the pro cesses of their man -
u fac ture and ap pli ca tions in drug syn the sis are sum ma rized 
in Ta ble 1.

Racemic cya no hyd rins have been stud ied, e.g. by
BASF [6] and Diversa [7], as sub strates af ford ing valu able

op ti cally ac tive a-carboxylic ac ids on en zy matic hy dro ly -
sis. The pro duc tion of (R)-mandelic acid and de riv a tives
thereof has been per formed by BASF at a scale of sev eral
tons per year [6].

An al ter na tive route to enantiopure a-carboxylic ac ids
is the two-step pro cess con sist ing in;
1) the en zy matic syn the sis of op ti cally pure cya no hyd rins
us ing the strictly enantioselective (R- or S-se lec tive)
oxynitrilases (hydroxynitrile lyases) and 2) the ste reo re -
ten tive en zy matic hy dro ly sis of these in ter me di ates us ing
non-se lec tive nitrile hydratases/amidases. This method
was ap plied to the syn the sis of (R)-2-chloromandelic acid,
the chiral build ing block of an antithromobotic agent, and
(R)-2-hydroxy-4-phenylbutyric acid, the key in ter me di ate
for the syn the sis of ACE-in hib i tors [8].

In our Lab o ra tory we con cen trate mainly to the de vel -
op ment of novel biocatalysts for nitrile and am ide
biotransformations. The bac te rial nitrile-uti liz ing iso lates
(Ba cil lus subtilis, Ba cil lus licheniformis, Rhodococcus
equi, Corynebacterium sp.) me tab o lized nitriles via path -
way II (Scheme 1). Rhodococcus equi A4 (the strain with
the high est nitrile hydratase ac tiv ity) proved to be ef fi cient
for the se lec tive biotransformations of more than 60 nitriles 
of dis tinct struc tures (aliphatic, arylaliphatic, ar o matic,
heterocyclic, alicyclic com pounds) [2, 9]. The nitrile
hydratase from this strain is a use ful tool for pro cesses,
which re quire a mild and se lec tive hydration of a cyano
group in sen si tive com pounds such as cya no hyd rins,

acyloxynitriles, a-methylenenitriles or b-ketonitriles. For

ex am ple, b-ketoamides are ver sa tile in ter me di ates for the
syn the sis of the an ti bi otic tirandamycin, al ka loids, AMPA
re cep tor an tag o nists etc. The chem i cal hydration of the cor -
re spond ing nitriles is dif fi cult due to side re ac tions (mainly
poly mer iza tion), while whole-cell cat a lyzed hydration
gives a mix ture of amides and ac ids un less an in hib i tor of
the amidase is used [10]. On the other hand, the pu ri fied

RCN RCOO- + NH4
+

RCONH2

+ 2 H2O

nitrilase

PATHWAY II

nitrile hydratase

+ H2O + H2O

amidase

PATHWAY I

Scheme 1.
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nitrile hydratase from R. equi af fords b-ketoamides as the

only prod ucts from b-ketonitriles (Scheme 2) [11].
The two-step re ac tion cat a lyzed by whole cells of the

mi cro or gan ism was ap plied to the con ver sion of sen si tive
nitriles into carboxylic ac ids. A re mark able
enantioselectivity was achieved by the com bi na tion of the
nitrile hydratase and amidase for some racemic sub strates

such as a-arylpropionitriles [9], pre cur sors of NSAIDs,

and alicylic b-aminonitriles which af ford op ti cally en -

riched b-amino ac ids (Scheme 3) use ful for the syn the sis of 

b-oligopeptides and heterocycles or ex hib it ing bi o log i cal
ac tiv i ties per se, such as the antifungal an ti bi otic
cispentacin (1R,2S-cis-aminocyclopentane carboxylic
acid) [12].

An amidase ac tive to wards the amido group in
lysergamide was also found in Rhodococcus equi [13].
This en zy matic ac tiv ity was ex ploited in the
chemoenzymatic prep a ra tion of ly ser gic acid from pep tide
al ka loids (Scheme 4).

At the sec ond stage of our study we turned our at ten tion 
to screen ing of fil a men tous fungi as a largely un ex plored

source of nitrile-con vert ing en zymes. This work com ple -
mented our li brary of nitrile- and am ide-con vert ing en -
zymes with “true” nitrilases cat a lyz ing the di rect
hy dro ly sis of nitriles through path way I (Scheme 1) [14].
Sev eral nitrilases dif fer ing in sub strate spec i fic ity, re ac tion 
op tima, tem per a ture and pH sta bil ity be came avail able
from strains of Aspergillus niger, Fusarium solani,
Fusarium oxysporum and Penicillium multicolor. Most of
these en zymes sur pass the nitrile hydratases in their sta bil -
ity that makes im mo bi li za tion and con tin u ous use pos si ble. 
Su pe rior sub strates of the fun gal nitrilases are ar o matic and 
heterocyclic nitriles. There fore, the en zymes can be em -
ployed in the pro duc tion of valu able carboxylic ac ids, e.g.,

Product Key enzyme Pro duct applications

(S)-pi pe co lic acid

Ami da se 

(Pseu do mo nas flu o rescens)

In ter me di a te for In cel (Ver tex; treat ment of can -
cer mul ti-drug re sistan ce) and lo cal anaesthe tics
Na ro pin (As t ra-Ze ne ca) and Chi ro ca i ne (Chi ros -
cience)

(R)- and (S)-pi pe ra zi ne-
2-car bo xy lic acid

(R)-Se lecti ve ami da se
(Burkhol de ria sp.)

(S)-Se lec tive amidase

(Kleb siel la terri ge na)

In ter me di a tes of Cri xi van (Merck; HIV pro te a se
inhi bi tor), N-me thyl-D-aspar ta te an ta go nist, car -
di o pro tecti ve nucle o side trans port blocker etc.

(R)- and (S)-3,3,3-triflu o ro-
2-hyd ro xy-2-me thyl pro pi o nic acid

Ami da se

(Kleb siel la oxy to ca, ex pres -
sed in E. coli)

Po ten tial in ter me di a tes for phar ma ceu ti cals (e.g., 
for treat ment of di a be tes)

(S)-2,2-di me thyl-cyclo pro pa ne car -
bo xa mide

Ami da se

(Co ma mo nas aci di vo rans,
ex pres sed in E. coli)

In ter me di a te for Ci la sta tin (Merck; inhi bi tor of de -
gra dati on of pe nem and car ba pe nem an ti bi o tics
in kid ney)

Ta ble 1. Chiral build ing blocks pro duced by Lonza [5]..
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nic o tinic acid (food and feed sup ple ment), isonicotinic acid 
(ac tive in antitubercular ther apy) and picolinic acid (novel
an ti vi ral agent [15]) from the cor re spond ing nitriles.

De spite their biocatalytic util ity, the nitrile- and am -
ide-con vert ing en zymes have not yet found such a broad
ap pli ca tion as other hydrolytic en zymes (li pases, es ter as es,
pro teas es). The rea sons seem to be the un sat is fac tory
choice of these en zymes on the mar ket,their price and
some times also their low sta bil ity. There fore, or ganic
chem ists of ten pre fer to pre pare whole-cell biocatalysts on
site. Be sides, pre vi ously nitrilases and nitrile hydratases
were con sid ered to be in sen si tive to wards the chirality of
the sub strate. Though this is true for some re ac tions, ex am -
ples of ex cel lent stereoselectivity have been dem on strated
for these en zymes. Ob vi ously, more re search to wards new
en zyme re sources and im prove ment of the en zyme op er a -
tion is needed in or der to ex ploit the po ten tial of this group
of en zymes.

Ac knowl edge ment. This work is sup ported by the grants
IAA 4020213 (Grant Agency of the ASCR), 203/05/2267
(Czech Sci ence Foun da tion), OC D25.001 (Min is try of Ed -
u ca tion of the CR) and the in sti tu tional re search con cept
AV0Z50200510 (In sti tute of Mi cro bi ol ogy ASCR).

1. Legras J.L., Chuzel G., Arnaud A. and Galzy P. (1990)
Nat u ral nitriles and their me tab o lism: Re view. World J.
Microbiol. Bioechnol. 6, 83-108.

2. Martínková L. and Køen V. (2002) Nitrile- and am ide con -
vert ing mi cro bial en zymes: ste reo-, regio- and
chemoselectivity. Biocatal. Biotrans. 20, 73-93.

3. Martínková L. and Mylerová V. (2003) Syn thetic ap pli ca -
tions of nitrile-con vert ing en zymes. Curr. Org. Chem. 7,
1279-1295.

4. Brady D., Beeton A., Zeevart J., Kgaje C., van Rantwijk F. 
and Shel don R.A. (2004) Char ac ter iza tion of nitrilase and
nitrile hydratase biocatalytic sys tems. Appl. Microbiol.
Biotechnol. 64, 76-85.

5. Shaw N.M., Rob ins K.T. and Kiener A. (2003) Lonza: 20
years of biotransformations. Adv. Synth. Catal. 345,
425-435.

6. Schmid A., Hollman F., Park J.B. and Bühler B. (2002)
The use of en zymes in the chem i cal in dus try in Eu rope.
Curr. Opin. Biotechnol. 13, 359-366.

7. DeSantis G., Zhu Z., Greenberg W.A., Wong K., Chap lin J. 
et al. (2002) An en zyme li brary ap proach to biocatalysis:
de vel op ment of nitrilases for enantioselective pro duc tion of 
carboxylic acid de riv a tives. J. Am. Chem. Soc. 124,
9024-9025.

8. Osprian I., Fechter M.H., Griengl H. (2003) Biocatalytic
hy dro ly sis of cya no hyd rins: an ef fi cient ap proach to

enantiopure a-hydroxy carboxylic ac ids. J. Mol. Catal. B:
En zy matic 24-25, 89-98.

9. Pøepechalová I., Martínková L., Stolz A., Ovesná M.,
Bezouška K. et al. (2001) Pu ri fi ca tion and char ac ter iza tion
of the enantioselective nitrile hydratase from Rhodococcus
equi A4. Appl. Microbiol. Biotechnol. 55, 150-156.

10. Gotor V., Liz R. and Testera A.M. (2004) Prep a ra tion of

unsubstituted b-ketoamides by Rhodococcus

rhodochrous-cat a lyzed hydration of b-ketonitriles. Tet ra -
he dron 60, 60-618.

11. Kubáè D., Vejvoda V., Slámová K., Kaplan O., Pøikrylová
V. et al. (2005) Mild con ver sion of nitriles by free and im -
mo bi lized nitrile-con vert ing en zymes. Biotrans 2005 Sym -
po sium Delft (NL) 3-8 July 2005, p. 195.

12. Winkler M., Martínková L., Knall A.C., Krahulec S.,
Klempier N. (2005) Syn the sis and mi cro bial trans for ma tion 

of b-amino nitriles. Tet ra he dron 61, 4249-4260.

13. Martínková L., Køen V., Cvak L., Ovesná M. and
Pøepechalová I. (2001) Hy dro ly sis of lysergamide to ly ser -
gic acid by Rhodococcus equi A4. J. Biotechnol. 84, 63-66.

14. Kaplan O., Nikolaou K., Pišvejcová A. and Martínková L.
(2005) Hy dro ly sis of nitriles and amides by fil a men tous
fungi. En zyme Microb. Technol., in print.

15. Romanowski E.G., Yates K.A., Kowalski R.P., Mah F.S.,
Gordon Y.J. (2005) Novel top i cal an ti vi ral agent, PCL-016
(picolinic acid), in hib its adenovirus rep li ca tion in the
Ad5/NZW rab bit oc u lar model. In vest. Ophth. Vis. Sci. 46,
1924 Suppl. S.

Ó Krystalografická spoleènost

202 Vth VUFB Conference Materials Structure, vol. 12, no. 3 (2005)

Ergotamine
Ergocryptine
Ergocristine

HN

N

COOHH

H
CH3

Lysergic acid
d.e. 94%

Isolysergamide

HN

N

CONH2H

H
CH3

HN

Lysergamide

N

H

H
CH3

H2NOC

Rhodococcus equi
whole cells

30 °C, pH 7

Therapeutically used alkaloids
(nicergoline, ergometrine, methysergide)

3% KOH
EtOH : Water, 3:1

2-h reflux

Scheme 4



Ó Krystalografická spoleènost

Vth VUFB Conference Materials Structure, vol. 12, no. 3 (2005)   203

ENANTIOSELECTIVITY OF HALOALKANE DEHALOGENASES
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When pharmaceuticals, agro chemi cals, food ad di tives and
their syn thetic in ter me di ates are mar keted as sin gle en an -
tio mers, high enantiomeric purities are re quired. En -
zyme-cat a lyzed re ac tions have be come pop u lar
al ter na tives to clas si cal or ganic chem is try for its high se -
lec tiv ity and ac tiv ity un der mild re ac tion con di tions.
Haloalkane dehalogenases (EC 3.8.1.5) are en zymes able
to re move halo gen from halogenated aliphatic com pounds
by a hydrolytic re place ment, form ing the cor re spond ing al -
co hols  (Fig ure 1). Any co fac tor or metal ion is not re quired 
for en zy matic ac tiv ity of haloalkane dehalogenases [1].

Al though, a num ber of haloalkane dehalogenases from
dif fer ent bac te ria have been bio chem i cally char ac ter ised,
there have been no re port that this fam ily of hydrolytic en -
zymes can have a suf fi cient enantioselectivity for pro duc -
tion of op ti cally ac tive al co hols. In 2001, Pieters and
co-work ers [2] have in ves ti gated chiral rec og ni tion of
haloalkane dehalogenases DhlA from Xanthobacter
autotrophicus GJ10 [3] and DhaA from Rhodococcus
rhodochrous NCIMB 13064 [4]. The mag ni tude of the
chiral rec og ni tion was low; a max i mum E-value of 9 was
reached af ter some struc tural op ti mi za tion of the sub strate.
Twenty years af ter dis cov ery of the first haloalkane
dehalogenase, the de vel op ment of enantioselective
dehalogenases for use in in dus trial biocatalysis was de -
fined as one of the ma jor chal lenges of the field [5].
Hydrolytic dehalogenation of ex tended se ries of racemic
sub strates catalysed by haloalkane dehalogenases DhlA,
DhaA, LinB from Sphingomonas paucimobilis UT26 [6]
and DbjA from Bradyrhizobium japonicum USDA 110 [7]
was per formed in this study. High enantioselectivity was
ob served for haloalkane dehalogenase DbjA re cently iso -
lated from B. japonicum ex hib it ing E-value > 200 in ki -
netic res o lu tion of sev eral halogenated propionates and

bu tyr ates. High enantioselectivity was ob served in syn the -
sis of op ti cally pure sec ond ary al co hols, for ex am ple
(S)-2-pen ta nol (E-value 145) and (S)-2-heptanol (E-value
28), which are key in ter me di ates in pro duc tion of anti-Alz -
hei mer´s drugs. These ex per i ments dem on strated for the
first time that a mem ber of haloalkane dehalogenase fam ily 
pos sesses suf fi cient enantioselectivity for syn the sis of op ti -
cally pure com pounds. 

Fur ther re search is fo cused on study of struc ture-func -
tion re la tion ships and mech a nism of haloalkane
dehalogenases enantioselectivity head ing to wards ra tio nal
de sign of en zymes with im proved se lec tiv ity and cat a lytic
ef fi ciency (see ab stract Damborsky et al.).

       

1. Janssen, D. B., Pries, F., and Van der Ploeg, J. R.  An nual
Re view of Mi cro bi ol ogy 48 (1994) 163-191.

2. Pieters, R. J., Spelberg, J. H. L., Kellogg, R. M., and
Janssen, D. B. Tet ra he dron Let ters 42 (2001) 469-471.

3. Keuning, S., Janssen, D. B., and Witholt, B.  Jour nal of
Bac te ri ol ogy 163 (1985) 635-639.

4. Kulakova, A. N., Stafford, T. M., Larkin, M. J., and
Kulakov, L. A. Plasmid 33 (1995) 208-217.

5. Janssen, D. B. Cur rent Opin ion in Chem i cal Bi ol ogy  8
(2004) 150-159.

6. Nagata, Y., Miyauchi, K., Damborsky, J., Manova, K.,
Ansorgova, A., Takagi, M.  Ap plied and En vi ron men tal
Mi cro bi ol ogy 63 (1997) 3707-3710.

7. Sato, Y., Monincová, M., Chaloupková, R., Prokop, Z.,
Ohtsubo, Y., Minamisawa, K., Tsuda, M., Damborský, J.,
Nagata, Y.  Ap plied and En vi ron men tal Mi cro bi ol ogy 71
(2005) 4372-4379.

X

H
H

R
OO

Enz

OO

Enz
H O

OO
H

H

R
OH

H
H

R

X

Enz

Fig ure 1 Re ac tion mech a nism of haloalkane dehalogenases 
(Enz … en zyme)



Ó Krystalografická spoleènost

204 Vth VUFB Conference Materials Structure, vol. 12, no. 3 (2005)

COMPUTER-ASSISTED ENGINEERING OF ENANTIOSELECTIVE DEHALOGENASES
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High enantioselectivity with se lected halogenated sub -
strates was re cently dis cov ered for the mem ber of
haloalkane dehalogenases pro tein fam ily - en zyme DbjA
from Bradyrhizobium japonicum USDA 110 (see ab stract
Prokop et al.). Ob jec tives of this re search are to: (i) re veal
mo lec u lar mech a nism of enantioselectivity and (ii) en gi -
neer haloalkane dehalogenases for enantioselective
biocatalysis. To meet these goals, we have solved the struc -
ture of DbjA by pro tein crys tal log ra phy to atomic res o lu -
tion and com pared it with the struc tures of two closely
re lated dehalogenases DhaA and LinB [1, 2]. Mo lec u lar
dock ing was used to pre pare the the o ret i cal mod els of en -
zyme-ligand com plexes for the sub strates show ing high
enantioselectivity. Mo lec u lar dy namic sim u la tion was
used to mon i tor flex i bil ity of lig ands in the en zyme ac tive
site and quan tum me chanic cal cu la tions to map re ac tion

co-or di nates for in di vid ual en an tio mers. The first re sults
from these com par a tive and mod el ling anal y ses pro vided
test able hy poth e ses on mo lec u lar mech a nism of
enantioselectivity of DbjA and lead to de sign of pro tein
vari ants. Ex per i men tal con struc tion and char ac ter iza tion
of mu tant pro teins is cur rently in prog ress.

1. Newman, J., Peat, T. S., Rich ard, R., Kan, L., Swanson, P.
E., Affholter, J. A., Holmes, I. H., Schindler, J. F.,
Unkefer, C. J., and Terwilliger, T. C.  Haloalkane
dehalogenase: struc ture of a Rhodococcus en zyme. Bio -
chem is try 38 (1999) 16105-16114.

2. Marek, J., Vevodova, J., Kuta-Smatanova, I., Nagata, Y.,
Svens son, L. A., Newman, J., Takagi, M., and Damborsky,
J.  Crys tal struc ture of the haloalkane dehalogenase from
Sphingomonas paucimobilis UT26. Bio chem is try 39 (2000) 
14082-14086.

CROSS-COU PLING RE AC TIONS IN THE SYN THE SIS OF PHAR MA CEU TI CAL AC TIVE 
SUB STANCES. A FO CUS ON BIOACTIVE PU RINE BASES AND NU CLEO SIDES

Michal Hocek

Cen tre for New Antivirals and Antineoplastics, In sti tute of Or ganic Chem is try and Bio chem is try, Acad emy of
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Cross-cou pling re ac tions of aryl or alkyl halides with di -
verse types of organometallics cat a lyzed by tran si tion
metal com plexes (usu ally Pd) are now one of the most im -
por tant tools of or ganic syn the sis for ma tion of C-C bonds.
In the first part of the talk, gen eral in tro duc tion to this type
of re ac tions will be given with se lected ex am ples of ap pli -
ca tions in the syn the sis of phar ma ceu ti cally ac tive com -
pounds. In the sec ond part, ap pli ca tions of cross-cou pling
re ac tions in the syn the sis of novel mod i fied nucleobases
and nu cleo sides will be sum ma rized and the bi o log i cal ac -
tiv ity of these com pounds will be dis cussed.

Cross-cou pling re ac tions of halopurines with di verse
types of organometallics un der Pd, Ni or Fe ca tal y sis gen -
er ally give ac cess to the C-sub sti tuted pur ines. Each type of 
organometallic re agents ap peared to be su pe rior for an in -
tro duc tion of dif fer ent sub stitu ents and also an ef fec tive
cat a lytic sys tem (metal+lig ands) was found for each type
of the re ac tion [1]. Thus alkylzinc halides or

trialkylaluminum re agents un der Pd-ca tal y sis or
alkylmagnesium halides un der Fe-ca tal y sis are the re -
agents of choice for an in tro duc tion of alkyl groups. The
Stille cou plings of alkenylstannanes are su pe rior meth od -
ol ogy for alkenylations, while the Sonogashira re ac tions of 
ter mi nal acetylenes in pres ence of Cu(I) salts for in tro duc -
tion of alkynyl groups. Aryl groups are eas ily in tro duced
via the Suzuki-Miyaura re ac tions of arylboronic ac ids,
while hetaryl groups could be at tached by cross-cou pling
re ac tions of hetarylzinc, -tin or -bo ron re agents. Al ter na -
tive ap proach to the syn the sis of 6-arylpurines by
cyclomerizations of 6-alkynylpurines has also been de vel -
oped [2].

Regioselectivity of the cross-cou pling re ac tions of 2,6-
and 6,8-dihalopurines has been stud ied and es tab lished. In
dichloropurines, the cross-cou pling oc curs pref er en tially
in the po si tion 6, while in chloroiodopurines, it oc curs in
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the po si tion of the io dine. The re main ing chlo rine atom
could be re placed in an other cross-cou pling or nucleophilic 
sub sti tu tion. This meth od ol ogy has been ap plied [3] to the
regioselective syn the sis se ries of disubstituted pu rine bases 
and nu cleo sides for bi o log i cal ac tiv ity screen ing.

The above men tioned cross-cou pling re ac tions were
orig i nally per formed with sim ple unfunctionalized alkyl-,
alkenyl- or arylorganometallics. How ever, for H-bond ing
in ter ac tions with tar get cel lu lar sys tems (en zymes or re cep -
tors) a pres ence of po lar func tional groups (OH, NH2,
COOH etc.) on the C-substituent would be de sir able.
There fore, we sys tem at i cally study re ac tions of suit ably
pro tected functionalized organometallics with halopurines. 
By ap pli ca tions of such re ac tions we have de vel oped prac -
ti cal meth od ol o gies of syn the sis of 6-(hydroxymethyl) pur -
ines, (purin-6-yl)alanines and some other re lated types of
com pounds [4].

All these cross-cou pling re ac tions were per formed with 
THP-pro tected pu rine bases or with acyl- or silyl-pro tected 
nu cleo sides. These pro tect ing groups gen er ally with stand
the re ac tion con di tions and re agents and the in ter me di ates
are eas ily deprotected un der very mild con di tions to free
pu rine bases or nu cleo sides. This meth od ol ogy was ex ten -
sively ap plied in the syn the sis of mod i fied pu rine bases and 

nu cleo sides di rected to me dic i nal chem is try (bi o log i cal ac -
tiv ity screen ing of new nucleobases and nu cleo sides) and
chem i cal bi ol ogy. 6-Aryl-, 6-trifluoromethyl- and
6-(hydroxymethyl)pu rine ribo-nu cleo sides, as well as
some bis(purin-6-yl)acetylenes dis played sig nif i cant
cytostatic ac tiv ity [5] while 6-hetarylpurine
ribonucleosides ex erted high an ti vi ral ac tiv ity against
HCV vi rus [6].

This work was sup ported by Cen tre for New Antivirals and
Antineoplastics (1M6138896301); by the Grant Agency of
the Czech Re pub lic (grant No. 203/03/0035); and by
Sumitomo Chem i cal Co. Ltd. (Osaka, Ja pan). The au thor
thanks to all mem bers of his group and to ex ter nal col lab o -
rat ing col leagues for their con tri bu tion.
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NOVEL BICYCLISATION OF UN SAT U RATED POLYOLS AND AMINOPOLYOLS IN A
'MAGIC' PDCL2-CUCL2-ACOH CAT A LYTIC SYS TEM
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Since de vel op ment of the Wacker pro cess, many var i ous
trans for ma tions me di ated by pal la dium(II) com pounds
have been de scribed. Intramolecular ver sions of these pro -
cesses are very use ful in the syn the sis of ox y gen and ni tro -
gen heterocycles [1-7]. We have de vel oped a gen eral
strat egy for homologation of aldoses to op ti cally ac tive
anhydroaldonolactones, [8, 9] a class of com pounds that
have proven most ver sa tile in ter me di ates for C-glycosides/
C-nu cleo sides syn the ses (Scheme 1). Our en try into this
field fea tures is the stereocontrolled Pd(II)-catalysed
oxy-/aminocarbonylation of un sat u rated enitols and amino
de rived enitols as a key step. The per for mance of this meth -
ods was il lus trated by flex i ble ap proaches to some nat u ral
prod ucts (anti-tu mor-ac tive lac tones, no ta bly
(+)-goniofufurone [10, 11] (+)-7-epi-go nio fufurone [12]
7-deoxygoniofufurone [12] and (+)-goniothalesdiol
[13-15], erythroskyrine [16], plakorto-lac tones [17-19] A,
B, C, D, kumausynes [20, 21], Hagen gland,s lac tones [17,
22] en zyme in hib i tors; homo-DLX [23] homo-DMDP [23]
homo-DNJ, homo-L-ido-DNJ [24, 25].

A ‘magic’ cat a lytic sys tem that is mostly ef fi cient for
ox i da tions, carbonylations, cycloacetali-zations and the
other type of such re ac tions con tains both pal la dium(II)
chlo ride and coo per(II) chlo ride in ace tic acid with so dium
ac e tate as a buffer [3, 4].

In this ac count, we will dis cuss the new type of
bicyclization of un sat u rated polyols and aminopolyols in
“magic” PdCl2-CuCl2-AcOH cat a lytic sys tem (Scheme 2).
The re ac tion shows ex cep tional de mand for sub strate con -
fig u ra tion, when sub strates bear ing xylo- align ment at

a,b,g- car bons af ford de sired bicyclic dianhydroalditols,
whereas non-xylo sub strates un dergo Wacker ox i da tion in -
stead [26].

Mech a nis tic con sid er ations of the prob lem, based on
semi-em pir i cal cal cu la tions and 3D mod el ling, will be dis -
cussed (Scheme 3).  

Con cern ing the as pect util ity in or ganic syn the sis, tan -
dem of Pd(II)-catalysed bicyclisation of un sat u rated
polyols and ring-open ing of the dianhydroalditols rep re -
sents a new syn thetic ac cess to 2,3-trans-tetrahydrofurans
and is com ple men tary to oxycarbonylation meth od ol ogy
pro duc ing 2,3-cis-con fig ured tetrahydrofuran de riv a tives.
The stereochemistry of the prod uct is con trolled by

hydroxyl in b-po si tion or b-po si tion with cis ar range ment
ac cord ing to newly formed stereogenic cen tre (Scheme 4).

A sim ple stereoconvergent syn the sis of C-2 sym met ri -
cal bicyclic prod uct from the equimolar diastereomeric
mix ture of D-erythro-/D-threo-1-pentenitols, fol lowed
with di rected diastereoselective ring open ing [27], will be
pre sented as a smart route to polysubstituted
tetrahydrofurans with rare D-lyxo con fig u ra tion (Scheme
5), which is com ple men tary to D-arabino, rou tinely ac ces -
si ble from con ven tional iodocyclisation [28].

In con clu sion, we have found a novel type of
PdCl2/CuCl2-catalysed bicyclisation of sugar-de rived un -
sat u rated polyols that leads to 1,4:2,5-dianhydroalditols in
good yields [29]. This use ful syn thetic method is highly
sub strate-se lec tive and dis plays a strong stereochemical
pref er ence for alkenitols with C3, C4, C5-all-syn (xylo) rel -
a tive con fig u ra tion. More over, the trans for ma tion is
diastereospecific due to the for ma tion of new C-2
stereogenic cen tre with threo-re la tion ship ex clu sively
(Scheme 6).
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DRUG DESIGN BASED ON X-RAY DIFFRACTION AND STEERED MOLECULAR
DYNAMICS

Hašek J., Skálová T., Dohnálek J., Dušková J., Petroková H., Vondráèková E., 
Zim mer mann K.

In sti tute of Macromolecular Chem is try, Acad emy of Sci ences of  the Czech Re pub lic, Heyrovskeho nam.2,
162 056 Praha 6,  hasek@imc.cas.cz

In tro duc tion

HIV, hu man im mu no de fi ciency vi rus is a causal agent of
AIDS - ac quired im mu no de fi ciency syn drome. HIV-1 pro -
te ase is an en zyme which cleaves pri mary polyprotein of a
virion into ma ture vi ral pro teins. Thus, in hi bi tion of HIV-1
pro te ase aborts the life cy cle of the vi rus. How ever, grad ual 
de vel op ment of new gen er a tions of the vi rus with mu tated
forms of HIV-1 pro teas es re sis tant to in hib i tors ap plied in
med i cal treat ment of AIDS re mains a cru cial prob lem. The
pa per shows some re cent ad vances in search ing for mu ta -
tion-re sis tant drugs.

X-ray dif frac tion

In the re cent five years we de ter mined struc tures of 12
com plexes formed by three HIV-1 pro te ase mu tants and 10 
chem i cally sim i lar lig ands [1, 3-7]. The lig ands be long to 4
dif fer ent in hib i tor classes (Ta ble 1) and form a chem i cally
sys tem atic se quence vary ing chem i cal com po si tion and ab -
so lute con fig u ra tion of isostere [-(R/S) COH-] and
hydrophobicity of the P2‘ site (R2'= Glu, Gln, Ile). In hib i -
tors were se lected with a large scale of in hi bi tion con stants
Ki (from 0.02  to 1000 nmol/l) to dem on strate clearly the
dif fer ences be tween the bind ing mode of high- and low-af -
fin ity in hib i tors. One of these stud ies - the struc ture of
HIV-1 pro te ase in hib ited by the prod uct of autoproteolytic
pro cess (de noted here as the YDQIL pep tide), show ing a
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snap shot of the sub strate cleav age pro cess, de serves a spe -
cial at ten tion [2].

In hib i tors:         
Prep a ra tion and char ac ter iza tion of the ex per i men tal

ma te rial were de scribed else where. The HIV-1 pro te ase
mu tants were pre pared at the In sti tute of Or ganic Chem is -
try and Bio chem is try (IOCB) and In sti tute of Mo lec u lar
Ge net ics (IMG) in Prague. The se ries of the pseudo-
 tetrapeptide in hib i tors (PTPI) with the hydroxy ethylamine
isostere (HEA) and the ethylenamine isostere (EA) with in -
hi bi tion constatnts Ki in the range 0.2 - 1000 nmol/l were
pre pared in the IOCB. The se ries of sym met ri cal
non-peptidic in hib i tors (SNPI) with  Ki in the range 0.02 - 5 
nmol/l was pre pared at the TU Lodz. Dif frac tion mea sure -
ments were per formed at the source of syn chro tron ra di a -
tion ESRF in Grenoble and at ELETTRA in Trieste.

Mo lec u lar dy nam ics un der ex ter nally 
ap plied forces

Static and dy namic sim u la tions with ex ter nally ap plied
forces showed that the pro te ase with out in hib i tor is in a re -
laxed state with its flaps hav ing a large spec trum of con for -
ma tions of sim i lar en ergy. On complexation, the pro te ase
flaps al ways close over the in hib i tor and bind strongly to
the ligand car bon yls at P1 and P1’ po si tions. How ever,
forced flap open ing, flaps flip ping and a forced ex trac tion
of in hib i tors showed that HIV-1 pro te ase can ac com mo -
date un der its flaps much larger highly hy dro pho bic lig -
ands than ex pected. Mo lec u lar sim u la tions of in hib i tor
ex trac tion and flaps open ing were car ried out by AMBER
and ORAL [7, 8].      

Con clu sions
The X-ray ex per i ments and mo lec u lar sim u la tions lead to
the fol low ing con clu sions:  

• An ef fi cient in hib i tor should have a low-en ergy con -
for ma tion that fits well the pro te ase bind ing tun nel
and sat is fies all the hy dro gen bond do nors. 

• In spite of the fact that the pro te ase pos sesses
two-fold sym me try, a good in hib i tor need not be
sym met ri cal. 

• There is also no need to im i tate the tran si tion state of
sub strate as de clared ear lier.  

• Hy dro philic void cav i ties be tween ligand and pro tein 
are pos si ble if their size al lows in clu sion of 1-2
bridg ing wa ter mol e cules. 

• X-ray stud ies showed that even a small change in the
chem is try of the in hib i tor mol e cule can lead to a sig -
nif i cant change of the dense net work of mul ti ple hy -

dro gen bonds re quired for good af fin ity of the in hib i -
tor to pro tein. 

• Large conformational dif fer ences be tween the in hib -
i tor bound in the pro te ase and that in the crys tal of
neat in hib i tor were found. But sur pris ingly, these dif -
fer ences were only in a few tor sion an gles re spon si -
ble for proper re-ori en ta tion of side chains to fit in
the clefts in pro te ase sur face. 

• Hy dro philic and hy dro pho bic groups form a spe cial
ar ray on the sur face of bind ing tun nel (Fig.1). Some
lig ands can adopt mul ti ple con for ma tions in the
bind ing tun nel formed un der pro te ase flaps sat is fy -
ing all the hy dro gen-bond-form ing groups. 

• In hib i tors, very flex i ble in so lu tion, adopt fixed con -
for ma tions on complexation. The cor re spond ing en -
tropy changes and de for ma tion en er gies of both
in hib i tor and pro te ase are highly com pet i tive with
the enthalpy of newly formed weak bonds be tween
in hib i tor and pro te ase. 

• The en ergy loss is al most in all cases re duced by wa -
ter mol e cules built in be tween pro te ase and in hib i tor.

• The abil ity of the in hib i tor to form large hy dro pho bic 
sur face ar eas ori ented to the bot tom parts of flaps is
very im por tant. A large conformational free dom of
these hy dro pho bic groups with re spect to the in hib i -
tor skel e ton is de sir able.

• In the case of pseudopeptide in hib i tors, the pro te ase
flaps al ways close over the in hib i tor and bind
strongly to the ligand car bon yls at P1 and P1’ po si -
tions dur ing the in hi bi tion pro cess.

HIV-1  pro teas es:  na tive (BRU iso late), mu tants (L63P, A71V, V82T, I84V) , (A71V, V82T, I84V)

In hib i tors with ethyleneamine,hydroxyethylamine,hydroxyethylene and hydroxymethyl isosteres :         
YDQIL pep tide  =  frag ment of  HIV-1 pro te ase cleft at Leu63 ¯ Ile64.
PTPI-EA     = R2

  - CONH -  CHR1-  CH2    CH2 NH -  CHR1‘ - CONH - CHR2‘ - CONH - CHR3‘- CONH2 
PTPI-HEA = R2

 - CONH - CHR1- COH  CH2 NH -CHR1‘ - CONH - CHR2‘ - CONH - CHR3‘- CONH2  
SNPI          = R2

 - CONH - CHR1
 - COH  CH2 - CHR1‘ - NHCO -  R2‘ 

SNPI          = R2
 - CONH - CHR1

 - COH - CHR1‘ - NHCO - CHCH(CH3)
2 -NHCO-R3’ 

Ta ble 1. Ex per i men tal ma te rial.

Fig ure 1. Top view of the com plex of  the RE in hib i tor and HIV-1 
pro te ase mu tant (A71V, V82T, I84V). The pro te ase flaps were re -
moved to show the bot tom of the pro te ase bind ing tun nel with
stripes of hy dro philic and hy dro pho bic sur faces. 
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•  Static and dy namic sim u la tions with ex ter nally ap -
plied forces showed that the pro te ase with out in hib i -
tor is in a re laxed state with its flaps hav ing a large
spec trum of con for ma tions of sim i lar en ergy. In par -
tic u lar, the flaps are able to ac com mo date much
larger lig ands than it has been ex pected so far. 

All these re sults strongly in di cate that in spite of the
ten-year de vel op ment of HIV pro te ase in hib i tors, we can
ex pect a boom in de sign ing more uni ver sal in hib i tors of
new chem i cal com po si tion. These could hope fully over -
come the long-stand ing prob lem of adapt abil ity of the vi rus 
to drug treat ment. 

Pro ject was sup ported by GAAV KJB 4050312.
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NEW STATIONARY PHASES FOR HPLC AND THEIR ADVANTAGES IN
COMPARISON WITH RP-C18 PHASE

D. Procházková 

Sigma Aldrich, s.r.o., Pobøežní 46, 186 00 Prague 6

The most com mon ap proach to HPLC method de vel op -
ment is of ten be gun with alkyl-bonded sta tion ary phases
like C18 and C8. Too of ten, how ever, un known im pu ri ties
in a sam ple are unretained, too re tained or un re solved.
These un known im pu ri ties may go un no ticed un til much
later in the life cy cle of the method de mand ing costly re de -
vel op ment, revalidation and reanalysis [1].

Sev eral new LC sta tion ary phases have re cently be -
come pop u lar be cause they ex hibit im proved re ten tion and
se lec tiv ity over stan dard C18 phases and ex tend the use ful -
ness of re versed phase LC. Alkyl chains with em bed ded
po lar groups, flu o ri nated alkyl and aryl groups, and var i ous 
forms of car bon have all found wide ac cep tance as al ter na -
tives to alkyl chains. These al ter na tive sta tion ary phase in -
ter ac tions of ten pro vide re ten tion and se lec tiv ity not
ob tained on tra di tional alkyl phases. Due to the dif fer ences
in the in ter ac tions pos si ble with the var i ous sta tion ary
phase chem is tries, the prob a bil ity of sep a rat ing com po -
nents of a sam ple sub stan tially in creases. The end re sult is
greater con fi dence that the fi nal method con di tions will al -
low de tec tion of po ten tially crit i cal sam ple com po nents
and deg ra da tion prod ucts.

Po lar re versed phases can pro vide dra mat i cally dif fer -
ent sep a ra tions com pared to C18. The PEG phase pro duced 
ex cel lent sep a ra tions of phe no lic sol utes and should be
con sid ered for ap pli ca tions such as drug me tab o lite anal y -

sis. The F5 phase ex hib its unique, in ter est ing sep a ra tions
of amine-con tain ing sol utes and should be con sid ered for
ap pli ca tions such as ba sic pharmaceuticals. In par tic u lar,
the Dis cov ery HS F5 phase ex hibit re versed-phase and nor -
mal-phase re ten tion for po lar analytes as well as ion-ex -
change be hav ior. 

Both phases of fer valu able al ter na tives to C18 when
con fronted with poor res o lu tion on C18. Re ten tion and se -
lec tiv ity of po lar re versed phases is a con tin u ing re search
and de vel op ment fo cus at Supelco. Our aim is to de velop
unique, valu able phases and ap pli ca tions for HPLC [1].

Al though sil ica-based sta tion ary phases re main the
widely used for high-per for mance liq uid chro ma tog ra phy
(HPLC) anal y ses, sep a ra tions based on mod i fied zir co nia
phases are fast be com ing a pop u lar al ter na tive. More re -
cently, zir co nia based phases have also been stud ied as a
se lec tive al ter na tive to pop u lar sil ica-based phases. The in -
ter est in zir co nia col umns stems from their abil ity to with -
stand ex treme pH and tem per a ture con di tions as well as
their of fer ing of unique se lec tiv ity and re ten tion for var i ous 
classes of com pounds [2]. 

1. Dis cov ery HPLC Col umns De vel oped for Phar ma ceu ti cal
Anal y sis and Pu ri fi ca tion Sigma-Aldrich, Co. 2004.

2. Dis cov ery Zr: High pH and High Tem per a ture Method De -
vel op ment, Sigma-Aldrich, Co. 2002.
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SYN THE SIS OF CHIRAL N,N-DIALKYLAMINOETHERS AS IN TER ME DI ATES FOR
PREP A RA TION OF OXETINES

Ludìk Ridvan, Petr Hrubý, Lukáš Plaèek, Hana Petøíèková

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

N,N-Dialkylaminoethers of a gen eral for mula I can be
used as in ter me di ates for syn the sis of  phar ma co log i cally
im por tant sub stances, e.g. group of CNS drugs called
“oxetines”. 

Most of newly de vel oped chiral drugs are used as sin gle 
en an tio mers. In spite of sev eral dif fer ent ap proaches to the
syn the sis of pure en an tio mers (asym met ric syn the sis,
chiral pool, bio chem i cal meth ods, etc.), the clas si cal ap -
proach based on res o lu tion via salt for ma tion with a chiral
base or an acid is still of ten the method of choice in many
in dus tri ally used pro cesses. This meth od ol ogy us ing var i -
ous chiral ac ids has been de scribed for prep a ra tion of op ti -
cally pure N-methyl-3-aryl-3-aryloxyamines I [1, 2]. 

We would like to pres ent our re cent re sults ob tained
dur ing our study aimed at prep a ra tion of op ti cally pure

N,N-dimethyl-3-aryl-3-aryloxyamines I as in ter me di ates
for prep a ra tion of atomoxetine and duloxetine [1, 3].

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

2. WO 2004/056795 A1 (D.R. Rao, R.N. Kankan, C.P. Wain,
CIPLA, 2004).

3. EP 0273658 (D.V. Rob ert son, 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 Re pub lic

To un der stand thor oughly the ca pa bil i ties, and es pe cially
the lim i ta tions, of a mass spec trum for struc ture elu ci da -
tion, it is nec es sary to be fa mil iar with the ba sic the o ret i cal
as pect of unimolecular ion de com po si tions. The ba sic pro -
cess for get ting a mass spec trum of an or ganic com pound is 
an ion is ation of the mol e cule. The ion is ation of the sam ple
mol e cules with elec trons, pho tons or charged and ex cited
mol e cules pro duces mo lec u lar ions (M+* or M-) whose in -
ter nal en ergy val ues cover a broad range (0-20 eV). This
con tent of en ergy of the ini tially formed M+* ions is re spon -
si ble for their de com po si tion be hav iour.

The other ion is ation tech niques like the chem i cal ion is -
ation, the fast atom bom bard ment, the field ion is ation, the
lasser ma trix as sisted ion is ation pro duce mainly
pseudomolecular ions [MH+, (M-H)-, MNa+, (MNH4)

+]
with a low ex cess of in ter nal en ergy in the mo lec u lar ions.

Only unimolecular re ac tions are pos si ble for the gas -
eous ions un der usual MS op er at ing con di tions. The na ture
and ex tent of these re ac tions de pend only on the ion’s

struc ture and the method of ion is ation. With out col li sions it 
is the en ergy orig i nally de pos ited in the ion that causes the
ion to de com pose or isomerize. The unimolar de com po si -
tions of the mo lec u lar ions yield the dif fer ent ion’s prod -
ucts through ki netic and ther mo dy namic con trol– the
enthalpy and the en tropy re quire ments for de com po si tion
of ions. These off set ting enthalpy and enthropy ef fects in
gen eral lead to a sub stan tial num ber of com pet ing pri mary
re ac tions as well as the con sec u tive sec ond ary and fur ther
re ac tions, thus the mass spec trum of a large mol e cule can
have hun dreds of peaks. 

For this rea son, in in ter pret ing an un known spec trum it
is help ful not only to study the spec tra of closely re lated
com pounds but also to take into ac count the re sult re ac tions 
of ionic and rad i cal spe cies which are well known in or -
ganic chem is try – liq uid face re ac tions.

Some ex am ples of how to in ter pret the struc ture of an
un known com pound from its mass spec tra will be shown
dur ing the pre sen ta tion.
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EVALUATION OF [18F]FLUOROBENZALDEHYDE FOR PREPARATION OF  
18F -LABELLED SUBSTANCE P AND AN ASYMMETRIC APPROACH TO THE
RADIOSYNTHESIS OF BOTH ENANTIOMERS OF a-[11C]METHYLDOPA AND

a-[11C]METHYLTYROSINE FOR POSITRON EMISSION TOMOGRAPHY 

Al ex an der Popkov1,7,8, Milan Nádvorník2, Josef Jirman3, Pavla Kružberská4, Antonín Lyèka5, 
Tomáš Weidlich5 , Jozef Kožíšek6, Martin Breza6, Szabolcs Lehel7, Nicholas Gillings7, 

Philip Elsinga8

1Fac ulty of Health and So cial Stud ies, Uni versity of South Bo he mia, Branišovská 31, 370 05 Èeské
Budìjovice, Czech Republic; 

2De partment of Gen eral and In or ganic Chem is try, Fac ulty of Chem i cal Tech nol ogy, Pardubice Uni ver sity,
Czech Republic;

3Zentiva a.s., U kabelovny 130, 102 01  Praha 10, Czech Re pub lic;  
4De part ment of An a lyt i cal Bio chem is try, In sti tute of En to mol ogy, Branišovská 31, 37005 Èeské Budejovice,

Czech Re pub lic; 
5Re search In sti tute for Or ganic Syn the ses, Rybitví 296, 532 18  Pardubice 20; CzechRepublic; 
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Sub stance P (SP) is an ag o nist for the NK1-re cep tor and is
con sid ered to be a neuromodulator or neu ro trans mit ter. 
Changes in SP have been im pli cated in Par kin son’s dis -
ease, ar thri tis, in flam ma tory bowel dis ease and asthma.  

The re ac tion of an oxoamino de riv a tive of SP [1] with
[18F]fluorobenzaldehyde to form an oxime, was in ves ti -
gated as de scribed by Poethko et al. [2].  In the pro duc tion
of [18F]fluorobenzaldehyde, DMSO was re placed by
1,3-dimethylimidazolidin-2-one (DMI). The re ac tion in
DMSO led to the for ma tion of sub stan tial amounts of
[18F]fluorobenzoic acid due to ox i da tion of al de hyde group 
by the sol vent.  The amount of ra dio ac tive by-prod ucts was 
re duced sig nif i cantly us ing DMI.  The radiochemical yield
of pu ri fied al de hyde was up to 40%.

Af ter di lu tion of the re ac tion mix ture with wa ter,
[18F]fluorobenzaldehyde was pu ri fied by solid-phase ex -
trac tion on Oasis HLB car tridge.  Ra dio ac tive im pu ri ties
were re moved by elu tion with mix tures of wa ter and or -
ganic sol vent.  Fi nally, [18F]fluorobenzaldehyde was eluted 
with meth a nol.  This so lu tion was added to the oxoamino
de riv a tive of SP dis solved in 0.5 ml of phos phate buffer pH 
2.7 (the oxoamino group was at tached to the N-ter mi nus of

pep tide) and heated at 60 °C for 20 min.  Based on HPLC
data, the radiochemical yield of the Schiff base for ma tion
was 35%.  The whole pro ce dure was fully au to mated with a 
Zymark ro botic sys tem.  Bi o log i cal stud ies in volv ing in
vivo met a bolic sta bil ity and pharmacokinetics of 18F-la -
belled SP are un der way. 

In pos i tron emis sion to mog ra phy (PET) a-methyl
amino ac ids can play a dual role: 

1. pre cur sors of non-me tabo lised neurotransmitters                                                   
(an a logues of se ro to nin, do pa mine, tyramine etc) for the
study of neurodegenerative dis eases;

2. non-me tabo lised an a logues of proteinogenic amino
ac ids for the study of amino ac ids up take into nor mal and
can cer cells. The dif fer ence in the up take rates dur ing a
PET scan could visu al ise can cer cells in a hu man body. 

Clin i cal ap pli ca tions of such amino ac ids are strongly
lim ited due to their poor avail abil ity. For the syn the sis of

the only enantiomerically pure 11C-la belled a-methyl

amino acid, a-[11C]methyltryptophan, an in dus trial pro ce -
dure was adopted [3, 4].  All at tempts to pre pare

enantiomerically pure a-[11C]meth yl ated ty ro sine or
phenylalanine failed [5, 6].

Our ap proach to enantiomerically pure [11C]methyl
amino ac ids is based on chiral  metalocomplex synthons of
amino ac ids.  We car ried out [11C]methylation of
metalocomplex synthons de rived from pro tected DOPA or
ty ro sine.  For [11C]methylation, so dium hy drox ide (5 mg of 
fine dry pow der) was sealed in a vial, which was flushed
with dry ni tro gen be fore ad di tion of a so lu tion of the com -

plex (10 mg) and 
11

CH3I in DMI (300 ml).  Af ter 10 min at

25 °C, a 9% radiochemical yield (de cay cor rected) of a

mix ture of the diastereomeric a-[11C]methylDOPA com -
plexes or a 7% radiochemical yield of a mix ture of the

diastereomeric a-[11C]methyltyrosine com plexes was
achieved.  In di vid ual diastereomers were suc cess fully sep -
a rated by pre para tive HPLC, di luted with ex cess of wa ter
and ex tracted on C18 car tridges. Op ti mi sa tion of the pro ce -
dure fol lowed by hy dro ly sis of the com plexes and pu ri fi ca -

tion of the en an tio mers of a-[11C]methylDOPA and

a-[11C]methyltyrosine is cur rently un der way. 
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