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Abstract. The task of process research, namely developing efficient, economically and
technically as well as ecologically feasible syntheses in time, is demonstrated on the
HIV-proteinase inhibitor Saquinavir (1), a complex molecule comprising six stereo-
centres. Based on the first 26-step research synthesis furnishing a 10% overall yield,
process research established a new, short 11-step synthesis affording a 50% overall
yield.

1. Introduction

In 1986, the HIV-proteinase, an en-
zyme that catalyses the processing of the
group antigen (gag) polyprotein p35 to the
core proteins p24,p17 and p15, wasrecog-
nized by Kramer [1] as a challenging new
target to combat acquired immunodefi-
ciency syndrome (AIDS). Subsequently,
industry as well as academia started an
intensive search for inhibitors of the HIV-
proteinase. At our research laboratories in
Welwyn, England, a number of potent
inhibitors were synthesized and structur-
ally optimized leading finally to the selec-
tion of the peptide mimetic Saquinavir (1)
(Ro 31-8959) as a development candidate
in 1989 [1].
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primarily due to the structural complexity
and the high substance demand requiring

= | H o} multiton quantities of Saquinavir (1). Proc-

>N N\)LN ess research was therefore challenged to

o % _H On developing a short, stereoselective and

MeSO3H CONH, economic synthesis which should also be

suitable for safe, large-scale production.
The paper discusses the search for routes
allowing a technically feasible production
of Saquinavir (1).

Saquinavir (1) was designed as a tran-
sition-state mimetic of the scissible Phe—
Pro bond of the natural substrate —acleav-

Saquinavir (1)

CHIMIA 50 (1996) Nr. |1 (November)

2. The Research Synthesis

Retrosynthetically, the molecule can
be dissected into the four building blocks
(Scheme 1) quinaldic acid (2), L-asparag-
ine (3), the ‘isostere’ subunit 4 and the
decahydroamide 5. Compounds 4 and S
can be derived from L-phenylalanine (6).

The supply of the first kg amounts for
the early development phase was achieved

Scheme 1. Retrosynthetic Analysis of Saquinavir (1)

age site that is never found in substrates of
human aspartic proteinases. Despite the

high in vitro antiviral activity of Saquina- \/ [ n s 2
vir (1) (ICsq ca. 2-10 nmolar) a dosage of N Y NS
3x600mg/day is required due to the rather “MeSOH © —\coI:le

low bioavailability of the compound. How-
ever, Saquinavir (1) was well tolerated in
man, and the clinical program could be
terminated uneventfully and according to
plans. Subsequently, Saquinavir (1) was

<

Saquinavir (1)

CONH¢tBu

\ N

introduced as the first HIV-proteinase in-
hibitor onto the market under the trade
name /nvirase® in 1995. The benefit to
patients too now has been demonstrated in
a phase III clinical study in which Invi-

0
HoN \)L oH

“CONH,
L-Asparagine (3}

~
o
N“~CooH

Quinaldic Acid (2)

RHN X
OR CONHt-Bu
‘Isostere’ Subunit (4)  Decahydroamide (5)
X = leaving group

rase® therapy resulted in a 72% decrease
in incidence of death.

Successful drug development, on the
one hand, relies on an innovative com-
pound with good clinical efficacy and
tolerability. On the other hand, an efficient
synthesis is the prerequisite to support the
clinical studies in a timely manner. Drug

N\ 7/

HoN” ~COOH

L-Phenylalanine (6)

demand was a critical issue in this project

Scheme 2. Research Synthesis of the Decahydroamide 5 and the Epoxide 20
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120 bar, 20° overall yield:

17 - 20%
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5

+BuOK 10 steps
PhthN overall yield:

15 - 22%

17,R' = THP, R2=H
18, R! = THP, R? = SO;Me
19, R' = H, R? « SOsMe

Bn = benzyl, p-TsOH = p-tolusnesulfonic acid, Z = benzyloxycarbonyl,
Phth = phthaloyl, DHP = dihydropyran, THP = tetrahydropyranyl
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Scheme 3. Assembly of the Building Blocks § and 20
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Phth = phthaloyt, Z = benzyloxycarbonyl,
DCC = dicyclohexylcarbodiimide, Succ. = succinimidyl

Scheme 4. New Approaches to the Decahydroamide 5
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using a rather tedious 26-step process de-
rived from the research synthesis [3] as
outlined in Schemes 2 and 3.

Preparation of the decahydroamide S
(Scheme 2) started with the Picter-Speng-
ler cyclization of L-phenylalanine (6) to
tetrahydroisoquinoline-3- carboxylic acid
(7). The harsh reaction conditions (100°)
gave rise to partial racemization (ca. 15%)
of the hydrochloride 7, the required enan-
tiomer of the mixture could not be separat-

ed. Reestablishing of the optical purity
required purification via the crystalline p-
TsOH salt of the benzylester 8 followed by
hydrogenolysis to give enantiomerically
pure 9. Formation of the tetrahydroamide
12 was accomplished by hydrogenolysis
of the amide 11 which in turn was prepared
from the Z-protected acid 10 via in situ
activation to the mixed anhydride. Final-
ly, high pressure hydrogenation (ca. 100
bar) of the aromatic nucleus of 12 in the

presence of a Rh catalyst produced a mix-
ture of isomers out of which the desired
(5,5,5)-configurated decahydroamide §
could be isolated by crystallization. A
total of seven steps led to § with an overall
yield of 17-20%.

The phthaloyl-protected aminomethyl
epoxide 20 (Scheme 2) served as the ‘iso-
stere’ subunit 4. The key step involves the
C, homologization of the acid chloride 14
to the hydroxymethyl ketone 15 accom-
plished with the ketene acetal 23 devel-
oped by Wissner [4]. This conversion pro-
ceeded without a solvent and with some
racemization (ca. 3%). Formation of the
second chiral centre was accomplished
via the THP-protected alcohol 16 and
NaBH, reduction of the carbonyl group
affordinga4: 1 mixtureof diastereoisomers
containing primarily the desired threo-
alcohol 17. The sequence was completed
via the mesylate 18, cleavage of the THP-
protecting group and cyclization of the
hydroxy mesylate 19 to the epoxide 20
which was isolated in 98% optical purity
and an overall yield of 15-22%.

Assembly of the building blocks S and
20 (Scheme 3) and deprotection of the
phthaloyl group provided the amino alco-
hol 25. The remaining ‘left-half* part of 1
was introduced in a consecutive manner
by amide bond formation of 25 with the
pentafluorophenyl active ester 28 to give
the Z-protected amide 26. A final cou-
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Scheme 5. New Syntheses to the Nosylate 39 and Assembly to the Amino Alcohol 25
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pling of 27 with the active ester 29 fur-
nished Saquinavir (1).

In terms of an economic large-scale
production of Saquinavir (1) this 26-step
synthesis was clearly unsatisfactory for
various reasons: the two building blocks §
and 20 are prepared by rather lengthy and
low-yielding syntheses. The preparation
of § was problematic as the Pictet-Speng-
ler ring closure 6 — 7 caused partial ra-
cemization. Preparation of the epoxide 20,
essentially a C homologization with con-
trol of one additional stereocentre, pro-
ceeds with minimal atom economy [5] by
introducing ten superfluous C-atoms, in-
volving the expensive ketene acetale 23 as
evident by the requirement of 13 kg of 23
to produce 1 kg of the epoxide 20. The
overall yield of 20 was optimized (18% —
38%), but the number of steps was still
very high. Finally, amore convergent proc-
ess for the consecutive coupling of the
asparagine and quinaldic-acid residue
would be highly desirable.

3. New Approach to the
Decahydroamide 5

To circumvent the racemization prob-
lem of the first step, a new approach to the
decahydroamide 5 was developed where-
by modified Pictet-Spengler conditions
were elaborated and applied at a latter

stage of the synthesis. Thus, the cycliza-
tion of Z-protected amide 34 (Scheme 4)
to the tetrahydroamide 11 with formalde-
hyde dimethyl acetal and sulfuric acid in
acetic acid proceeded under mild condi-
tions (40°) and virtually free of racemiza-
tion reducing the number of steps from
seven to five and increasing the overall
yield from 18% to 29% [6].

Further process research led to a short
three-step sequence as outlined in Scheme
4. Ring closure of L-phenylalanine (6)
could be effected with little racemization
in the presence of a high concentration of
HCI, which accelerated the rate of reaction
markedly. Crystallization of the free ami-
no acid 9 rather than the hydrochloride 7
provided optically pure material in 70%
yield. The formation of the N-tert-butyl
amide 12 proceeded via the N-carboxy-
anhydride intermediate thus providing si-
multaneously protection of the amine group
and activation of the carboxy functionali-
ty. A remarkable further improvement on
the hydrogenation of the aromatic nucleus
of compound 12 was achieved with a Ru
catalyst at high pressure (100-150 bar)
and temperature (100-150°) providing up
to 94% selectivity of the desired stereo-
isomer [7]. The forcing reaction condi-
tions, not easily applicable in a batch reac-
tor, were overcome by a continuous mode
of reaction involving a ‘trickle-bed-reac-

t]

tor.

4. Synthesis of the ‘Isostere’ Subunit 4
and Assembly to the Amino Alcohol 25

4.1. Approach via Nosylate 39

Efforts towards the preparation of a
more economic, synthetically equivalent
building block to the epoxide 20 led to a
new synthesis targeting the nosylate 39 [8]
as the key intermediate (Scheme 5).

Extension of the C-chain was achieved
by a highly atom-economic method in-
volving the formation of the cyanohydrin
35 prepared from the N-phthaloyl-pro-
tected phenylalanine 13 via the in situ
generated acid chloride and aldehyde. The
one-pot procedure furnished a 3:1 mix-
ture containing preferentially the desired
erythro-isomer 35 as predicted by a non-
chelation control mechanism. Conversion
of the in situ prepared acid chloride to the
aldehyde by a Rosenmund reduction turned
outto be nontrivial due to the sensitivity of
the a-amino-acid chloride and aldehyde
towards racemization. Neutralizing the hy-
drogen chloride (necessary to prevent in-
activation of the catalyst) by amines was
therefore unsuccessful, but butylene ox-
ide as a hydrogen-chloride scavenger af-
forded the enantiomerically pure aldehyde
[9]. Pinner reaction of the cyanohydrin 35
provided the hydroxy ester 36, which could
not be reduced selectively to the corre-
sponding diol in the presence of the phtha-
loyl protecting group. Consequently, 36
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was deprotected and crystallized as the
acetate salt 37 obtained in a 92% optical
purity. Reprotection of 37 with phosgene
and subsequent in situ reduction with
NaBH, furnished the oxazolidinone 38.
Activatton of the OH group of 38 with p-
nitrophenylsulfonyl chloride provided the
crystalline nosylate 39 in an overall yield
of 40% from 6 and 99.5% optical purity.

A further shortening of the synthesis
from six to five steps (41% overall yield
[10]) was achieved via the oxazolidinone
acid 40, a compound that was readily
obtained from 35 in 97% optical purity.
This improved process substitutes phos-
gene by the safer methyl chloroformate,
separates the desired erythro-isomer 40
more efficiently and at an earlier stage and
uses water as solvent.

The nosylate 39 and the decahydroam-
ide 5 were assembled in methyl isobutyl
ketone at 80° affording the crystalline
nosylate salt 41 in good yield (90%) and
excellent quality by simple acidification
of the reaction mixture. Hydrolysis of 41
led to the amino alcohol 25 in 7-8 steps
[10] and an overall yield of 32%.

4.2. Approach via Chlorohydrin 44

The anticipated very large quantities of
Saquinavir (1) required for the market led
us to continue our search to further shorten
the route to the amino alcohol 25. A new
route was designed involving a key inter-
mediate with a lower molecular weight
(less waste, more material convertible),
which should allow to introduce the sec-
ond chiral centre of the isostere subunit 4
with considerably higher selectivity com-
pared to the approaches discussed in
Scheme 5.

The methoxycarbonyl-protected ester
42 (Scheme 6), readily available from L-
phenylalanine (6) in quantitative yield,
was considered to be a suitable starting
material.

The key step entails the C; homologi-
zation of 42 to the chloromethyl ketone 43
by reaction of in situ generated chlorometh-
yllithium at low temperature (-78°). Var-
ious conditions applied on other substrates
[11] were tested, but afforded only modest
yields (35-51%) of 43. We assume that
the in situ generated chloromethyllithium,
well-known to be unstable even at low
temperature, requires reactive esters, Since
deprotonation of the carbamate group in
42 may lead to a cyclic hemiortho ester,
such a deactivation of the ester group
might account for the low yields. An im-
proved process was elaborated by in situ
protection of the carbamate group in 42
with trimethylsily! chloride prior to the
reaction with chloromethyllithium. Dur-

ing aqueous workup, hydrolysis of the
TMS group occurred affording the chlo-
romethyl ketone 43 in a significantly high-
er yield of 76%.

The reduction of the carbony! group of
43 with NaBH, provided a modest selec-
tivity of 3:1 in favour of the desired eryth-
ro-isomer 43. An improved ratio of 95:5
was achieved with the method developed
by Corey [12] involving the borane-THF
complex in the presence of a chiral ox-
azaborolidine catalyst derived from a, -
diphenylprolinol and methylboronic acid
or with LiAlH(+-BuQ); in EtOH (non-
protic solvents were not selective), but
these reagents were considered to be too
expensive for a large-scale manufacturing
process. Anexcellent solution to the selec-

CHIMIA 50 (1996) Nr. i1 (November)

tivity problem was found by the Meer-
wein-Ponndorf-Verley reduction (95%
selectivity) involving cheap Al(i-PrO); to
give isomerically pure erythro-chlorohy-
drin 44 in 89% yield [13].

The new key intermediate 44 was cy-
clized in situ to the corresponding epoxide
which was readily coupled with the dec-
ahydroamide 5 to the carbamate 45. Hy-
drolysis of 45 afforded in almost quantita-
tive yield the amino alcohol 25 [13].

The new chlorohydrin route approach-
es the amino alcohol 25 in only five steps
and gives an almostdouble overall yield of
61% compared to the nosylate route (32%)
meeting fully the aforementioned criteria
set.

Scheme 6. Short Synthesis of the Amino Alcohol 25 via the Chlorohydrin 44

BuLi, TMSCI Al{+PrO)y
BICH.Cl, THF, -78° FPrOH, 50°
1
R'HN” “COOR? 6% H/rL T cl 8% H/FL I Cl
MeO™ ~0Q MeO” ™0
i SOCIy, MaOH [:e R'R2=H 43 44
1 CICOMe, H20 =42 R' . CO,Me, RZ=Me
100% I NaOHH,0M0luens
il EtOH, 60°
Hf
s 92%
H
CONH¢-Bu
5
NaOH/MH;O/EtOH
5 steps H ) H
overall yleld:
61% HoN N = 8% HN N =
OH H A, oH H
MeO” O
CONH?-Bu CONH#-Bu
25 45
Scheme 7. Convergent Final Coupling Steps to Saquinavir (1)
i DCC, Nthydroxypyridone o
H it MeSOaH
2 iii recrystallization from MeOH
HoN N N\)L
OH 81% 5
MeSOgH CONH
CONH#-Bu Os 2 CONHrBu
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\connz
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H it HCVMeOH DCC = N,Ndicyclohexylcarbodiimide,
K Succ. = succinimidyl
~~CONH, 00-93%
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Scheme §. New Convergent 11-Step Synthesis of Saquinavir (1) as a Result of Process Research
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Saquinavir (1)

5. Convergent Final Coupling Steps

Having a short and high yielding route
to the amino alcohol 25 at hand, we set out
looking for a convergent coupling variant
of 25 with the quinargine 46 (Scheme 7) to
give Saquinavir (1). Compound 46 was
efficiently prepared by reaction of the
active ester 29 with L-asparagine (3) under
neutral conditions in 90-93% yield [14].

The final coupling of the two segments
25 and 46 was not trivial due to the nitrile
formation of the primary amide substitu-
ent in Saquinavir (1) and quinargine (46)
by water-binding coupling reagents. After
extensive development work, this cou-
pling was efficiently achieved with N,N'-
dicyclohexylcarbodiimide in the presence
of 0.2 equiv. of N-hydroxypyridone [15].
Formation of the mesylate salt and recrys-
tallization provided Saquinavir (1) in a
very good yield of 81% and a high chem-
ical and optical purity of 99.9%.

6. Conclusion

The challenge of developing a techni-
cal synthesis of the highly complex mole-
cule Saquinavir (1) was tackled in a step-
wise fashion. Thus, a first cycle of im-
provements of the synthetic route enabled
us to provide rapidly large quantities of the
drug required to initiate and maintain the
clinical development program. As encour-
aging clinical results continued to emerge,
it became apparent that for the success of

this project an even more efficient route
was crucial to prepare the very large quan-
tities of 1 needed for the market. Starting
with a 26-step synthesis (10% overall
yield), continuous process research on a
number of alternative routes resulted fi-
nally in a new, convergent and short 11-
step synthesis (Scheme 8) affording a 50%
overall yield (from 6 via 44) of Saquinavir
(1).

In conclusion, a good deal of the suc-
cessful development of Saquinavir (1) is
due to the crucial contributions of chemi-
cal process research and development de-
scribed in this review. The results of this
work enabled the plant to produce suffi-
cient amounts of the compound to sup-
port, e.g., the clinical studies without any
delay. Roche could therefore make avail-
able Saquinavir (1) to AIDS patients in a
very short period of time, i.e. about 6
years, and introduce /nvirase® as the first
HIV-proteinase inhibitor at the end of
1995.

We would like to thank all technicians, col-
leagues and collaborators who contributed to the
successful development of Saquinavir (1). The
reading of the manuscript by Drs. Martin Karpf,
Noel Roberts and Ulrich Widmer is kindly ac-
knowledged.
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