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Advances in AIDS
Chemotherapy:

The Asymmetric Synthesis of
CRIXIVAN®

Paul J. Reider

Abstract. The discovery and development of an efficient, practical asymmetric synthe-
sis of the HIV Protease inhibitor CRIXIVAN®is described. Particular emphasis is placed
on the selective installation of each of the five stereogenic centers as well as design
strategies associated with the preparation of a complex pharmaceutical agent needed in
multiton quantities.

The orally active HIV Protease inhibitor  Scheme 1
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tion [3] with acetonitrile to produce the
cis-aminoindanol while completely retain-
ing their enantiomeric purity.

Once the stereochemical information
is established in (-)-CALI, it is then used to
control the two central stereogenic cent-
ers. A single-pot amidation and acetonide
formation (Scheme 4) is used to generate
an amide whose enolate can be stereospe-
cifically allylated to produce alatentequiv-
alent of the desired epoxide (Scheme 5)
[4]. The newly formed center has the de-
sired (pro-2R)-configuration. Careful con-
version of the pendant olefin to an iodohy-
drinoccurs with yetanotherefficient trans-
fer of stereochemical information. This
permits establishment of the desired (S)-
configuration of the C(4)-OH (Scheme 6).
Conversion of the iodohydrin to the ho-
mochiral epoxide is virtually quantitative.

CRIXIVAN®(Indinavir Sulfate, MK-0639)
[1]is one of an exciting class of new drugs
for the treatment of AIDS. The five stereo-
genic centers permit the statistical possi-
bility of 23 or 32 stereoisomers of which a
single, pure enantiomer must be produced
(Scheme 1). The convergent strategy of |
using a three carbon linker to join the
‘western’ piperazine fragment with the
‘eastern’ indanolamide has proved quite
successful, especially on the multiton scale
required. In order to avoid the formation
of diastereomers, each fragment must be
prepared in nonracemic form!

In addition, synthesis on this scale re-
quires a thoughtful choice of starting ma-

MK-0639

* Five Asymmetric Centers (Arrows}
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Retrosynthetic Analysis of Orally Active HIV Protease Inhibitor CRIXIVAN®
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terials with availability assured at a level
typically unheard of in the pharmaceutical

industry. While not quite forcing us back  g.p0me 2

to earth, air, fire, and water, the retrosyn-
thetic analysis (Scheme 2) centers around
two enantiomerically pure building blocks:
{-)-cis-Aminoindanol and the (S)-pipera-
zine-1-carboxamide. The three carbon |

linker comes from allyl bromide. N
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Scheme 3 depicts the conversion of indene
to indene oxide (87% ee) via the Jacobsen
(5,5)-Mn(II)-salen catalyst [2] as well as
the biotransformation of indene to optical-
ly pure indan-1,2-diol. Both the epoxide
and the diol undergo a unique Ritter reac-

* Five Asymmetric Centers (Arrows)
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Scheme 3 Scheme 4
CAI Optimized Process
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* Jacobsen Chiral Epoxidation -Based Route Increases Yield of CAl

*P3NO (4-[3-Phenylpropyljpyridine N-oxide) Dramatically Enhances Epoxidation Rate

NH, cut/distill, 85°
OH N 9
OCHj4
A MSsOH, 35-38°
CAI (wet cake) Acetonide
(2.2 equiv)

* Ritter Reaction on Epoxide Directly Affords Desired Aminoindanol After Hydrolysis

* Isolated yield = 88%

Scheme 5

Scheme 6

Glycidyl Introduction via Sequential Allylation/Epoxidation

Glycidyl Introduction via Sequentlal Allylation/Epoxidation

LHMDS = Li* N(SMe.);

i Givas Excefient 1,3-Chirality Transfer,
But Hydrolysis Gives Amide Bond Cleavage

NCSMNal

l

NIS

H,0, NaHCO;
9%

".\ 86% Overall For Three-
Step Glycidyl Introduction

NCS = M-Chlorosuccinimide
NIS = A-lodosuccinimide

* ledohydrin Formation Possible with N-lodosuccinimide
Under Buffered Conditions

* Chirality Transfer Very Efficient Due to A(1,3) Strain

Scheme 7 Scheme 8
Chiral Piperazinecarboxamide Synthesis
N N End Game
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* Racemic Piperazinecarboxamide Efficiently Resolved as

* Undesired (2R)-Antipode Recycledvia Free-Basing/Base Catalyzed Racemization

* Ona-Pat Coupling/Dablocking Procass I
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The western piperazine fragment is
derived from a readily available pyrazine
by reduction of the aromatic ring. While
we have had success with both asymmet-
ric catalytic reduction andenzymatic routes
to the required (§)-piperazinecarboxami-
de, the method of choice is a classical
resolution/racemization. Resolution is
achieved by crystallization of the bis(L-
pyroglutamic-acid) salt. The undesired
enantiomer is then racemized with base
and recycled. Selective acylation (Boc,0)
at the distal nitrogen yields the piperazine
ready for coupling (Scheme 7).

Simply heating the two key fragments
(piperazine + epoxide) followed by re-
moval of the Boc group from the distal
nitrogen produces the penultimate inter-

mediate in 94% yield. Alkylation with
picolyl chloride and sulfate salt formation
give Indinavir Sulfate, the active ingredi-
ent of CRIXIVAN® with greater than 99%
enantiomeric and chemical purity (Scheme
8).

The chemistry described here is the work of

an heroic team of scientists whom I have the
honor to represent. 1 would especially like to
acknowledge the team leaders from Merck’s Pro-
cess Research Department: Drs. David Askin,
Thomas R. Verhoeven, and R.P.(Skip) Volante;
they and their colleagues have much to be proud
of.
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Application of Enzymes in
Industrial Organic Synthesis
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Abstract. Aminopeptidase- and amidase-based methods for the production of enantio-
merically pure amino acids, intermediates for pharmaceuticals and agrochemicals, are
discussed. Furthermore, enzymatic syntheses of the dipeptide sweetener aspartame and
semisynthetic antibiotics (such as ampicillin, amoxicillin, cephalexin, and cefadroxil)
are highlighted.

Kinetic Resolutions with Aminopepti-
dases and Amidases

Introduction

There is an ever increasing demand for
enantiomerically pure compounds used as
building blocks but also as active ingredi-
ents in the pharmaceutical and agrochem-
ical industry. In addition to relying on the
existing chiral pool, production methods
include resolution processes via diastereo-
meric salt formation, asymmetric homo-

o-H-Amino Acids

Amino acids have proven to be a versa-
tile class of intermediates for a wide vari-
ety of enantiomerically pure pharmaceuti-
cals and agrochemicals. Classical exam-

Scheme 1

ples include D-phenylglycine and D-(p-
hydroxyphenyl)glycine, used as building
blocks for semisynthetic antibiotics, and
L-phenylalanine, one of the constituents
of the dipeptide sweetener aspartame. Pro-
duction capacities for these types of appli-
cations typically are in the order of thou-
sands of tons per year. Other amino acids,
produced on asomewhat smaller scale, are
utilized in various pharmaceutical and
agrochemical applications. For example,
D-valine is used in the synthesis of the
pyrethroid insecticide fluvalinate.
Whereas the naturally occurring ami-
no acids can often be most conveniently
produced using microbial production meth-
ods (fermentation), synthetic amino acids
or amino acids with the nonnatural D-con-
figuration have to be prepared using chem-
ical or chemo-enzymatic techniques. One
particularly useful approach, discovered
by DSM in 1975, is the use of an amino-
peptidase present in Pseudomonas putida
ATCC 12633 according to Scheme 1.
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geneous catalysis, asymmetric synthesis,

and kinetic resolution processes with en- R
aminopeptidase

R H H R

zymes. In this paper, we will concentrate H.N
on the use of amidases and aminopepti- 2 NH,

dases in (industrial) synthesis. In addition, 0
recent results with further transformations
of unsaturated amino acids will be dis-
cussed.

D,L-c.-amino-acid amide

~ HO_ > HoN_ >
\U/<NH2 + 2 \[((NHQ

Pseudomonas putida

o 0

L-o-amino acid D-o-amino acid-amide




