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fadroxil are derived from D-amino-acid
derivatives and 7-amino-desacetyloxy-
cephalosporanic acid (= 7-ADCA). From
an environmental point of view, itis high-
ly desirable to replace the chemical pro-
cesses by an enzymatic method in which a
D-phenylglycine or D-(p-hydroxyphenyl)-
glycine derivative is coupled in water to
the B-lactam unit under kinetic control.
This approach is depicted in Scheme 5.

Due to the resemblance in physical
properties of both starting materials, prod-
ucts, and side products — all contain both
amino and carboxylic-acid functional-
ities—, in combination with the well-known
instability of the $-lactam nucleus under
aqueous conditions, careful downstream
processing is of utmost importance for
success. Moreover, an optimal ratio be-
tween synthesis and hydrolysis, an intrin-
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sic property of the enzyme used, is one of
the key success factors for industrial ap-
plication of this enzymatic approach, which
has been developed by Chemferm, the
joint venture between DSM and Gist-Bro-
cades.

Conclusions

It has been shown that both enzymatic
hydrolysis and synthesis of amide bonds
offers attractive commercial opportuni-
ties. Advantages of the enzymatic approach
include both stereoselectivity and regiose-
lectivity of the enzyme preparations used,
in combination with the fact that enzymes
may catalyze the formation of peptide
bonds in aqueous solution. Environmen-
tally benign processes for the production
of semisynthetic antibiotics and related
compounds will be part of the realm of
industrial synthesis soon.
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Enantiomerically pure compounds (EPC)
can be made by different methods. The
resolution of racemates using enzymes,
optically active acids or bases forming
diastereomeric salt pairs or chromato-
graphic systems are common methods.
The chiral pool offers a great variety of
natural chiral substances which could be
transformed to advanced derivatives; ami-
no acids and sugars are the most promi-
nent examples. Fermention is using the
metabolism of living cells, producing high-
ly effective dedicated compounds based
on sugar or advanced precursors.
Induction of asymmetry usingenzymes
or chiral auxiliaries in ideally catalytic
amounts can provide all types of enantio-
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Scheme 1. Basic Methods for Amino-Acid Synthesis
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Scheme 2. Bulk Actives Based on Ser
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structure of a specific molecule. LH-RH — [His] - [Trp] - [Ser] - (Tyr] - [Gly| - [Leu] - [Arg] - [Pro] - [Gly] - NH,
Inamino-acid chemistry, Strecker syn-
thesis is one of the classical methods mak- Agonists
ing racemates. Hydrolysis of cheap pro- Bu:erelin g-gf;gBU)
3 ; ; H Naferelin -
teins lll'(e ker.atm‘ or gelatine, followed by Lutretin DI N-MeLeu Pro-NHC Hg(1-9)
extraction with ion-exchange chromato- Leuprolide D-Leu
graphy is yielding proteinogenic amino Tryptorelin g-;m ) Pro-NHC ,H5(1-9)
3 H : : Goserelin er(iBu
acids. Genetically coded amino acids could Histrelin D-His(Bz) Pro-NHC ,Hs(1-9)
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ric synthesis and amino-acid transforma- Antagonists
tions like the conversion of L-Arg into L- Cetrorelix  Ac-D-Nal-D-Cpa-D-Pal D-Cit D—Ala—z:g
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Om are completmg the set of methods Antide Ac-D-Nal-D-Cpa-D-Pat Lys(Nic) D-Lys(Nic) Lys(iPr) D-Ala —NHj
(Scheme 1). . Ramorelix  Ac-D-Nal-D-Cpa-D-Trp D-Ser(Rha) Azagly—NH;
Chiral amino acids can be used as
starting materials for peptides and peptide Glp = Pyroglutamic acid Pal = 3'-Pyridylalanine Rha = Rhamnosyl
: : . . . Nal = 2-Naphthylalanine Nic = Nicotinoyl Cpa s (4-Chlorophenyl)alanine
der_lvatlves', B and yamino ac@s, chiral Hei = Homocitrulline
amines, chiral heterocycles, amino alco-

hols, and other chiral auxiliaries and all
types of C- or N- modified derivatives. A
few examples are given in the Schemes 2—
5.

In case of producing L-Met, protein
hydrolysis or fermentation cannot be used.
The method of choice is the enzymatic
resolution of N-acetyl-D,L-Met, which is
produced from acroleininafive-stepreac-
tion. The resolution process is carried out

Fig. 1. LH-RH agonists and antagonists

in an enzyme membrane reactor using a
native amino acylase [1].

Peptides and peptide derivatives are
highly active drugs having, e.g., antidia-
betic, cardiovascular, antibacterial, anti-
viral, anti-inflammatory, and antitumor
activity.

LH-RH agonists and antagonists are
effective compounds in especially treat-
ing sex-hormone-dependent cancers like
prostate and mamma carcinoma (Fig. 7).

Cetrorelix, a phase-two candidate of
ASTA Medica, is inhibiting tumor growth
by blocking LH and FSH release in the
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Scheme 3. L-Met-Based Bulk Actives
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Scheme 8. Synthesis of D-Cpa (= D-2-amino-3-
(4-chlorophenyl)propanoic acid)

h

HN

EtO0C

cl

1. Base, -HCI o]
2. H® _2 EtoH,
-C02, CHyCOOH

COOEt

COOH

¢l NH2
1. 0cN®/H, 0
2. H®

(s]

Y

0

‘ Agrobact. radiobacter

+ HQ, activated carbon

pHa.5

COOH CX = 70%

z 0.X = 99.7%
) NH,

Scheme 9. Synthesis of D-Cit (= D~citrulline)

NH
COOH
S e
NH2

Arginase

COOH

HZNNY
NH2
]

1) 2 0CN /30
HL

0o 0
z H
HN—Q
(o)

CY=79%
O.Y. = > 09%

pituitary gland directly after application.
This compound is a decapeptide consist-
ing out of five L- and D-amino acids [2]
(Fig. 2).

When we started our first attempts of
synthesizing Cetrorelix, a solid-phase syn-
thesis was used to get quick access to this
compound. As the need increased during
clinical development, we switched to a
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classical convergent liquid-phase synthe-  Scheme 10. Synthesis of L-Tle and Related Amino Acids
sis. We also developed new methods pro-

ducing the special D-amino acids of Ce-
troreligx (Schgme 6). )\"/COOH 7‘\1/000“
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a D-hydantoinase and a D-carbamoylase
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tribute to this reaction [3].

Schemes 7-9 are showing the different o
routes towards the hydantoins and the O HE0OS i,
broad substrate specifity of our hydantoi-
nase system. The mostelegant synthesis is Other amino acids avallable by the same technology:

thp thrf:e-step conversion qf L—Arg to D- COOH COOH COOH
Cit, using two highly selective biocatalyt- >|/Y ) ) COOH ,
ical transformations.
NH NH NH
? : NH, :

Other highly specific bioconversions
are based on NADH-depending oxidore-
ductases. Ketones could be reduced to
chiral alcohols, a-keto acids to chiral a- - Scheme 11. L-Tle-Based Developmental Drugs

hydroxy acids, and in the presence of
ammonia, a-keto acids are converted by
reductive amination to L-amino acids. The R \)L )\/\( \n/\u/" \%
cofactor is regenerated by a second en- o
zyme formate dehydrogenase (FDH), | Sandoz (antiviral) o 3_2515 {antitamor) ]
which is oxidizing formic acid to CO,. \
Leucine dehydrogenase also accepts bulky- ) i on o
side-chain a-keto acids and therefore can \Ior \/UP\/\/‘ 7‘\( cooH j:'(:.‘
be used for the synthesis of bulky-side- @ 0 N - o H I o
N Fh oH N
(Abbott (antiviral) ] o /\@,‘ L o] "o | (antintlammatory)
Scheme 12. Synthesis of D-Tle via Enzymatic
Resolution
)\ + HCN + (NH,),CO, H\/u\ E \/IL /d\ /<j)k
CHO [ OHzCN
‘smcur Synthests liomega (antiviral) ] | Zeneca (antitumor) |

M M
NH == H NH
HN\\{ Hﬁ\\(
0 ) OCH, COOH
racemic 5-(tert-butylhydantoin 7L|/I\ J\l/\

0 HN_ .0

o 1 N M~

A )

Schollkopf Evans Degussa

x
o=<
z
z
N

Ph Ph ~ I
HNO;, . I/\ PPhs . o
OH N N [o} N 1
=
NH; HsC” “CHs X N\)
COOH Ar -
i > 99% ee
NH, Martens Kumada Meyers Brunner

Fig. 3. Tle-based chiral auxiliaries 1



NSCS SPRING MEETING 97: INDUSTRIAL ASYMMETRIC SYNTHESIS

314

chain amino acids like L-Tle (= L-2-ami-
no-3,3-dimethylbutanoic acid) and others
(4] (Scheme 10).

L-Tle is inducing special propertities
in biologically active compounds like en-

hanced lipophilicity and increased half-
life time by decreasing enzymatic degra-
dation. Scheme 11 is showing a selection
of interesting developmental candidates
based on L-Tle.
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Because of its fert-butyl group, L-Tle
and derivatives are also effective chiral
auxiliaries inducing asymmetry or resolv-
ing agents [5] (Figs. 3 and 4).

The synthesis of highly pure D-Tle is
difficult, because normal enzymatic or
chemical resolution processes are giving
low yields and moderate optical purities
[4] (Scheme 12).

After an intensive screening, we found
a single D-hydantoinase suitable for con-
verting rac-5-(tert-butyl)hydantointocar-
bamoyl-D-Tle which can be deprotected
with HNQ, to the free amino acid yielding
a very satisfying ee value.

Very recently, we developed a chiral
chromatographic system for separating
racemic bulky-side-chain amino acids di-
rectly into both pure L- and D-enantiom-
ers. By this way, D,L-Tle and analogous
compounds could be resolved in a prepar-
ative scale giving both enantiomers in
>99% ee [6] (Figs. 5 and 6).
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