Chem. Rev. 2006, 106, 2811-2827 2811

Industrial Syntheses of the Central Core Molecules of HIV Protease Inhibitors

Kunisuke Izawa* and Tomoyuki Onishi

AminoScience Laboratories, Ajinomoto Co., Inc., 1-1 Suzuki-cho, Kawasaki 210-8681, Japan

Received November 8, 2005

Contents
1. Introduction 2811
2. Synthesis of erythro N-Protected 2813

3-Amino-1,2-epoxides
2.1. Synthesis via Epoxidation with a Sulfur Ylide 2813

2.2. Synthesis from a Hydroxymethyl Ketone 2813
2.3. Synthesis via the erythro Selective 2814
Chloromethylation of a Phenylalaninal
Derivative

2.4. Synthesis via the erythro Selective Reduction 2814
of a Halomethyl Ketone

2.4.1. Preparation of Halomethyl Ketones 2814
2.4.2. erythro Selective Reduction of Halomethyl 2817
Ketones
2.5. Other Miscellaneous Methods 2818 Kunisuke Izawa was born in Hyogo in 1945 and received his B.A. in
3. Synthesis of threo N-Protected 2819 1968 and his Ph.D. in 1973 from Osaka University under the direction of

Professor T. Fueno. He then joined Central Research Laboratories of

3-Amino-1,2-epoxides | - °
P Ajinomoto Co., Inc., where he studied the cobalt catalyzed amidocarbo-

3.1 Synthe5|s from threo N-Protgcted 2820 nylation (Wakamatsu) reaction. After studying a natural product synthesis
3-Amino-4-phenylbutan-1,2-diol as a postdoctoral fellow at MIT (Prof. Buchi) for two years, he returned
3.2. Synthesis from erythro N-Protected 2821 in 1981 to Basic Research Laboratories in the same company, aiming at
3-Amino-4-phenylbutan-1,2-diol with Inversion discovery of new methodologies for pharmaceuticals. In 1990, he moved
of the Configuration at the 2 Position to the Process Research Laboratory. He is currently Corporate Executive
3.3. Synthesis from erythro N-Protected 2821 Fellow in Ajinomoto. His research interest is in the field of organic synthesis
3°Amino-1-chloro-4-phenyl-2-butanol with utilizing amino acids, nucleosides, and carbohydrates.
Inversion of the Configuration at the 2
Position

3.4. Synthesis by Epoxidation of N-Protected 2821
(3S)-3-Amino-4-phenyl-1-butene

3.5. Synthesis via the threo Selective Reduction 2821
of N-Protected
(35)-3-Amino-1-halo-4-phenyl-2-butanone

3.6. Other Miscellaneous Methods 2823
4. Synthesis of the Core Molecule of Indinavir 2823
5. Synthesis of the Core Molecule of Ritonavir and 2824

Lopinavir
6. Conclusion 2826
7. Note Added after ASAP Publication 2826
8. References 2826

. Tomoyuki Onishi was born in 1967 in Japan. He received his B.S. degree
1. Introduction in 1990 and his M.S. in 1992 from the University of Tokyo. He then joined

. . . Central Research Laboratories of Ajinomoto Co., Inc., where he worked
The recent increase in the number of AIDS patients has ¢, nedicinal chemist, and he moved to the Process Research Laboratory

become one of the world’s greatest social problems. Ac- i 1998. He received his Ph.D. from the University of Tokyo (Prof. Koichi
cording to the estimation by UNAIDS in 2084about 40 Narasaka) in 2002. During 2002—2003, he joined the laboratory led by
million people are infected by HIV worldwidemany of Prof. Robert M. Williams of Colorado State University, Fort Collins, as a
whom do not receive therapy because of their economic postdoctoral fellow. He is currently Chief Chemist in Ajinomoto. His
circumstances. For almost a decade, HIV therapy consisted©earch interests are focused on organic process development toward
of a single nucleoside reverse transcr,iptase inhibitor (NRTI) pharmaceutical intermediates related to amino acids and nucleic acids.
such as AZT, d4T, or ddl. In the mid 1990s, however, a series of HIV protease inhibitors, which disrupt viral
replication, gained approval, and at present, eight such drugs

* To whom correspondence should be addressed. E-mail: kunisuke_izawaalre us_ed in the clinic (Figure Z)The i_ntroduction of these
@ajinomoto.com. Phone+81-44-245-5066. Fax:+81-44-244-9942, drugs in the developed world dramatically reduced the death

10.1021/cr050997u CCC: $59.00 © 2006 American Chemical Society
Published on Web 03/25/2006



2812 Chemical Reviews, 2006, Vol. 106, No. 7 Izawa and Onishi

x
N j O | N/\N
NN N
o < H A o]
—NH; NH">0
O
1, Saquinavir 2, Indinavir

3, Ritonavir 4, Nelfinavir mesylate

H H H\ Q m

5, Amprenavir 6, Lopinavir

e

7, Atazanavir 8, Fosamprenavir
Figure 1. Approved peptidomimetic HIV protease inhibitors.

Diamino mono-ol Diamino diol Diaminoalcohol
Figure 2. Typical cores of substrate models.

rate from AIDS. As HIV protease, having @-symmetric aminoalcohols, and other related molecules shown in Figure
homodimeric structure, selectively cleaves the Phe-Pro (Tyr- 2—all of which have chiral center(s) at their cdrdgainst

Pro) moiety of the virus polyprotein, the rational design of this background, we herein review the progress in the
inhibitors proved possible based on substrate modgisxch synthetic processes required to synthesize the core molecules
substrate models consist of hydroxyethylene isosteres, di-of the HIV protease inhibitors that have been launched to
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date, focusing particularly on how to establish the chiral
center and the process chemistry involved.

2. Synthesis of erythro N-Protected
3-Amino-1,2-epoxides

Most of the approved HIV protease inhibitors involving
hydroxyethylene isosteresuch as Saquinavid),>® Nelfi-
navir 4),” and Amprenavir §)® (and its prodrug, Fosam-
prenavir 8)°)—contain anerythro (anti-) configuration of
an aminoalcohol in the central core, which is derived from
the reaction of the correspondirgythro Nprotected ami-

dimethylsulfonium methylide gave a diastereomeric mixture
of 10 and 14 in 46% yield in three steps (Scheme 1). The
resulting epoxidelO was purified by crystallization from
petroleum ether followed by recrystallization from hexane.
The epoxidel0 was allowed to react withR)-phenethy-
lamine to evaluate the enantiomeric excess, which was
confirmed to be more than 95% ee. Although this is not a
satisfactory method from the viewpoint of diastereoselectivity
and industrial scale manufacture, it is nevertheless notewor-
thy as the landmark synthesis BfBoc aminoepoxidelO.

2.2. Synthesis from a Hydroxymethyl Ketone

noepoxide with an amine. The progress in the syntheses of

erythro N-protected aminoepoxides described below focuses
mainly on theerythro-selective reduction of the chloromethyl
ketone which is readily available by means of the chloro-
methylation of the corresponding amino acid.

2.1. Synthesis via Epoxidation with a Sulfur Ylide

The first synthesis oérythro (25 39)-N-Boc aminoepoxide
10was reported by Evaret al. of Merck in 1985° N-Boc-
phenylalanine 12) was converted to the corresponding
aldehydel3 by reduction followed by oxidatio#t Since it
was found thafl3, being labile, is prone to epimerization, it
was further treated without isolation. The key reaction with

Parkeset al. reported a synthetic process ferythro
N-phthaloyl aminoepoxid@1 utilizing the hydroxymethyl
ketone synthesis meth&ddeveloped by Wissner (Scheme
2).2This process was applied in the synthesis of Saquinavir
(1) in its early development stages. The acid chloride of
N-phthaloyl phenylalaninelf) was allowed to react with
tris(trimethylsililoxy)ethene 16) to give hydroxymethyl
ketonel7 in 63% yield.

Compoundl7 was then protected with DHP followed by
reduction with NaBH. The reduction proceeded with non-
chelation control to afford théhreo aminoalcohol as the
major product. After mesylation of the OH group, the
mesylate19 was then converted terythro Nphthaloyl
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aminoepoxide?1 by treatment withp-toluenesulfonic acid
followed by epoxidation with-BuOK in DMF. Although
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2.4.1.1. Diazomethane MethodThere have been many
reports describing the synthesis of halomethyl ketones. One

this procedure requires rather lengthy reaction steps and give®f the easiest ways to obtain halomethyl ketones in the

the product in low overall yield, it was one of the leading
processes in early phase development.

2.3. Synthesis via the erythro Selective
Chloromethylation of a Phenylalaninal Derivative

Beaulieuet al. reported the stereoselective synthesis of
the N,N-dibenzyl-protected aminoepoxi@6.1*>N,N-Diben-
zyl phenylalaninol 23) was prepared by the reduction of
L-phenylalanineZ2) with NaBH, in the presence of }$0,
followed by protection with benzyl bromide. Compou?8
was then oxidized with SgEpyridine to giveN,N-dibenzyl
phenylalaninalZ4)in 99% yield. The phenylalanin@d was
treated with CICHLI preparedin situ from BrCH,Cl with
Li metal to give theerythro NN-dibenzyl aminoepoxid26

as a major isomer in a ratio of 89:11 due to the influence of
the steric hindrance of the dibenzylamino group. Since the

purification of 26 simply by crystallization at this stage was
known to be difficult, the product was converted to the
aminoalcohol27 by means of treatment viit6 M HCI
without the isolation of the epoxide6. The resultingerythro
aminoalcohoPR7 could be purified by crystallization and then
derivatized to theerythro N-Boc aminoepoxidelO by
hydrogenolysis of the dibenzyl groups followed by Boc

protection and subsequent epoxidation under alkaline condi-

tions (Scheme 3). This reaction sequence might be considereg,
as one of the best processes yet developed save for the fac(gi
that the chloromethylation requires an excess amount of Li 5

metal and the yield is relatively low.

Scheme 3
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Similar procedures for the synthesis of thethro NN-
dibenzyl aminoepoxid®6 using this approach have been
independently reported by other groups such as Barldénga
and Liul’

2.4. Synthesis via the erythro Selective Reduction
of a Halomethyl Ketone

2.4.1. Preparation of Halomethyl Ketones

laboratory is the diazomethane meth&d? N-Alkoxycar-
bony-protected phenylalani is first treated with isobutyl
chloroformate in the presence of a base to give the mixed
anhydride30 and then treated with diazomethane followed
by HCI or HBr treatment to afford the corresponding
halomethyl keton&2in good yield (Scheme 4). This process
is applicable for the synthesis of the Nelfinavir core starting
with S-phenylcysteiné.

Scheme 4
RHN\)CL CICO,i-Bu Q /l?\ CH;,N,

: OH RHN\:)J\O 0i-Bu
H EtzN H
“Ph “Ph
29 30
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0 HCI (HBr) o
RN LN, T ran A _cien

“Ph “Ph

31 32

In the past, the performance of such reactions on an
dustrial scale had been clouded by safety issues due to
azomethane’s high toxicity and explosive charaéter.
ecently, however, a small number of companies have
succeeded in the development of safe industrial scale
processes by using a continuous system for diazomethane
generatiort?

2.4.1.2. Chloromethylation of anN-Alkoxycarbonyl-
Protected Amino Acid Ester. Goehringet al. at Hoffmann
la Roche developed a direct chloromethylation method for
N-methoxycarbonyl-phenylalanine methyl est&)(Scheme
5).8 The process consisted of the protection of the remaining
NH group with TMS followed by chloromethylation with
CICHaLI, preparedin situ by the reaction of BrCkCl and
BulLi, to give the chloromethyl ketori@ in 76% yield. When
the reaction was carried out without TMS protection, the
yield dramatically decreased. Goehrieigal. postulated that
the likely reason for this was intramolecular attack of the
carbamate anion to the ester group.

This procedure was also successfully applied to the
reaction of theSphenylcysteine derivative used in the
synthesis of Nelfinavi?®> The process seems to be limited
only to the synthesis of less sterically hindefg¢dvioc- or
N-Cbz-protected halomethyl ketones. However, it is a very
attractive industrial process owing to the short number of
steps.

On the other hand, Chest al. at Bristol-Myers Squibb
reported an alternative chloromethylation procedure for
N-Boc-Phe-OEB8 (Scheme 65 The estel38 was treated
with 4 equiv of CICHI and 5 equiv of LDA at low
temperature to give the chloromethyl ketattEn 86% yield.

It is assumed that the reaction proceeds via chloroiodo-

Halomethyl ketones, prepared by the one carbon elonga-methylation followed by iodinelithium exchange. Due to
tion of the carboxylate group of an amino acid, are selectively the deprotonation of the NH in the carbamate group, the

reduced with NaBHIto give erythro aminoalcohols as the

racemization of the amino acid ester might be suppressed.

major product. As a result, these halomethyl ketones haveThe overall process is very simple and practical, although
often been utilized as key intermediates for HIV protease there are economic considerations in the use of excess

inhibitors.

amounts of expensive CIGHand LDA.
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2.4.1.3. Chloromethylation via g8-Keto Acid or Ester. Y oL | — 7 \)K/
Nishiyamaet al. at Kaneka developed an excellent pro- pn” © 02 Ph
cess to produce the chloromethyl keto#@ starting with “ 81% 0

N-Boc-Phe-OMe41.?” The methyl ested41 was allowed to
react with sodium chloroacetate aneBuMgBr (4 equiv)/
i-PrLNH (4.4 equiv) in the presence of Mglbllowed by
acid treatment directly affording the desired chloromethyl
ketone40 with spontaneous decarboxylation in good yield
(Scheme 7). One advantage of this process was that th
reaction did not require a low-temperature reactor. This
process also was reported to be applicable to the synthesi
of Nelfinavir.2”

Scheme 7
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Independently, a similar reaction 8f with a dianion of
chloroacetate was reported to give the chloromethyl ketone
40 by Wang et al. (Scheme 858 In this case, a low-

We have found that the cross Claisen condensation of
N-Chbz-phenylalanine methyl estéb with the Li enolate of
tert-butyl acetate takes place very efficiently to give the
ketoested6 in almost quantitative yield without forming a

ert-alcohol by further attack of the enolalt is worth
.noting that an activated ester such as imidazolide should
$hormally be used in this reaction in order to avoid side

reactions’®3! The ketoeter46 can be converted to the
chloromethyl ketone48 by chlorination with SGCI, and
subsequent deprotective decarboxylation of tee-butyl
ester (Scheme 9%.3* However, the process has a limita-
tion in that it is only applicable to am-Cbz-protected
substrate.

Scheme 9
o) 1. t-BuOAc o o SO,Cl
LDA, THF 2v2
CszN\)LOMe cbzHn LI —
- 2awral [ oMy oty
P ) :
Ph -
Ph
quant.
45 46
0
0O O HCO,H
CbzHN cbzHN A _cl
Y Ot-Bu i
> ~
pn”  © Ph
47 48 (68% from 46)
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Scheme 10
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2.4.1.4. Chloromethylation via a Sulfur Ylide.Wanget Scheme 12
al. reported an alternative synthetic process for the chlo- meo 1.BICH,Cl (3eq) MeO
romethyl ketone40 (Scheme 103 N-Boc-phenylalanine @ n-Buli (3 eq.) @
p-nitrophenyl ester49) was treated with dimethylsulfoxo- 0 THF, -78°C o)
nium methylide §0), prepared from trimethylsulfoxonium BOC/N\)kOMe 2. HCl aq. B NN _a
iodide andt-BuOK, to give theS-keto sulfur ylide51 in L 83% i
good yield with high enantiomeric excess. The ylide was Ph ~Ph
then converted to the desired chloromethyl ketdi®eby 53 54
treatment with LiCl and MsOH in THF in 81% vyield. It is o
most interesting to note that they observed complete race- CAN Boctin._I_ci
mization using the methyl ester instead of fheitrophenyl MeCN-H,0 7

ester.

2.4.1.5. Chloromethylation via an Oxazolidinone As
reported previously by Barluengz al.,!® the direct chlo-
romethylation ofN,N-dibenzyl phenylalanine ester proceeds
smoothly to give the chloromethyl ketone in good yield. In
the case of thé&\-Moc-protected phenylalanine ester, chlo-
romethylation proceeds well after the protection of the

54%
40

Encouraged by the above findings, we next attempted the
chloromethylation of theN-Boc-protected 3-oxazolidin-5-
one55,% which can be prepared very easily by the reaction
of N-Boc-Phel2 with paraformaldehyde in the presence of

an acid catalyst. The reaction proceeded very nicely to give
5-chloromethyl-5-hydroxy-3-oxazoliding6 in quantitative

remaining NH with a TMS group.To establish a still more
efficient approach for the synthesis of the chloromethyl
ketone, we investigated the reactionNsBoc-Phe-OMetl yield even with 1.3 equiv ofi-BuLi. Compounds6 was then
with CICH,Li in situ prepared from BrChkCI and n-BulLi successfully converted to the unprotected chloromethyl
(Scheme 11). The best yield we obtained was 50% alongketone57 as a HCI salt by hydrolysis in 77% yield without
with various byproducts such as bromochloromethyl ketone racemization (Scheme 13)One drawback of this process
52when we used an excess amounbhuli (4 equiv) and may be that loss of the Boc group during hydrolysis is
BrCH,CI (4 equiv), suggesting that NH protection is neces- inevitable. On the other hand, the reaction can be applicable
sary to obtain good results. Therefore, we also attemptedto N-Cbz-protected phenylalanine derivatives aw€Cbz-

the protection of the methyl estdd with TMSCI, but we protected chloromethyl ketone is obtainable after hydrolysis
did not obtain good results probably due to the steric with an acid catalyst such as amberlyst.

hindrance of theert-butyl group.

Scheme 11
o) BrCH,CI (4 eq.) O
n-BuLi (4 eq.) HCl aq.
BocHN\:)J\ oMo 9. BocHN \:)bm
: THF :
Ve e
Ph 78°C Ph
41 40 50%
(0]
Maijor by-product BOCHN\:)S/CI
/: Br

Ph
52

Next, to determine whether chloromethylation could

Scheme 13
BrCH,CI (1.3 eq.)
(HCHO), 2
BuLi (1.3 eq.)
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CeHs THF, -78°C
e \Ph
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12 55
o cl o
M HCI
BocNQg M e
7" "OH :
: 7% :
~ ° “Ph

Ph
56 57

>98% e.e.

proceed in good yield if the carbamate NH was protected 2.4.1.6. Chloromethylation via a Dichloromethyl Ke-
with an appropriate protecting group, we turned our attention tone. After the successful chloromethylation of an oxazoli-

to the utilization of go-methoxybenzyl (PMB) group for the
protection of NH. As we anticipated, the chloromethylation
of 53 proceeded nicely to give the chloromethyl ketdite

in 83% vyield after workup. Unfortunately, however, the
deprotection of PMB with cerium(IV) ammonium nitrate
(CAN) resulted in a moderate yield of the desired chloro-
methyl ketone40 (Scheme 12).

dinone derivative, we became interested in the dichloro-
methylation of N-Boc-Phe-OMe 41, since CJCHLI is
considered to be more stable than CIKCH’ As we
expected, dichloromethylation duly afforded the ket&&e

in 79% vyield (67% isolated) with 2.3 equiv of LDA at78

°C (Scheme 1438 the reaction could be performed even at
—20 °C, though the yield was slightly lower. The dichlo-
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Scheme 14
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67%
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romethyl ketoné8 thus obtained was subjected to catalytic

hydrogenation using Pd/C to obtain the chloromethyl ketone

40 in 66% vyield. However, prolonging the reaction time

caused cleavage of the Boc group due to HCI generation.

From the point of view of reproducibility, it is therefore
preferable to carry out hydrogenolysis with Pd/BaSO
(Lindlar catalyst) in the presence of triethylamine.
2.4.1.7. Chloromethylation via anN-Benzylidene Phen-
ylalanine Ester. We further investigated the chloromethyl-

ation process by attempting to decrease the amount of

lithium; this eventually led to the development of a novel

industrial process. First, we attempted the chloromethylation

of N-benzylidene-protected phenylalanine methyl ester
using 1.3 equiv of BrCECl and 1.3 equiv oh-BulLi. After

guenching the reaction mixture at low temperature, we were

delighted to find that the reaction proceeded very nicely to
give the chloromethyl keton&7 as a hydrochloride salt in
75% yield without any racemization or other side reactions.
The hydrochloride sab7 was easily isolated by crystalliza-
tion from MeOH/MTBE. The acid-free form of this salt is
quite labile so that it was difficult to optimize the conditions
for Boc protection. However, this could be overcome by the
addition of57 to a mixture of a dichloromethane solution of
Boc,O and an aqueous NaHGQolution with vigorous
stirring (Scheme 15

Scheme 15
o BrCH,CI (1.5 eq.)
PhCHO n-BuLi(1.5eq.) HCI
HZN.JJ\OMe Ph\éN\:)J\OMe
: toluene :\ toluene-THF MeOH
“Ph 0°C Ph -78°C
60 61 75% from 60
Boc,O 0
o N82003
orN o 0 eeen L _c
: CH,Cl,-H,0 ;\
~ Ph
Ph rt-35°C

57 40

92%

By applying this process on an industrial scale, we
confirmed its scalability to 6000 L giving the desired
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chloromethyl keton&0 with good purity in high yield. An
advantage of this process is that it requires only a small
excess amount af-BuLi.

2.4.2. erythro Selective Reduction of Halomethyl Ketones

N-Alkoxycarbonyl a-aminoalkyl a'-halomethyl ketones
may be selectively reduced with several agents such as
NaBH, to give erythro aminoalcohols. Since halomethyl
ketones can be prepared efficiently by a variety of methods
as described above, such a reduction is one of the most useful
means of synthesizingrythro Nprotected aminoepoxides
(Scheme 16). Extensive studies on the improvement of
diastereoselectivity have been carried out by many groups.
Typical examples of the reduction &fBoc chloromethyl
ketone 40 and N-Moc chloromethyl ketone34 are sum-
marized in Tables 1 and 2.

It has long been known that chloromethyl ketones can be
reduced with NaBHlto give erythroaminoalcohol$? Chen
et al. reported that the diastereoselectivity of Nagdduc-
tion was improved to 9:1 by using EtOH as solvent and
elevating the reaction temperature t6@© from —78 °C .26

Goehringet al. reported that the MeerweirPondorf-
Verley (MPV) reduction oN-Moc chloromethyl keton&4
with Al(Oi-Pr) at 50 °C gave the correspondingrythro
aminoalcohol62 in a diastereomeric ratio of 95%After
crystallization, the alcohob2 was obtained in 89% vyield.
Applying a method similar to that for th-Boc chloro-
methyl ketonel0, Malik et al. observed that the aminoalcohol
63 was afforded in a diastereomeric ratio of 96.9:3.1 although
it required a rather longer reaction time of 96'hTo
accelerate this reaction, it is necessary to eliminate acetone
generated during the reduction. However, MPV reduction
is one of the best methods to prodwgthroaminoalcohols
from halomethyl ketones. There are several reported methods
to accelerate the reaction without eliminating acetone which
involve LiAI(Ot-Bu);H/EtOH * i-Bu,AIH/ROH % i-BusAl/
i-PrOH/MsOH?#' and AI(Oi-Pr)/i-PrOH/MsOH?6 All of
these reaction systems are considered to proceed according
to the MPV reduction mechanism. The MPV reduction could
also be applied to the reduction of tt&phenylcysteine
derivative to give the correspondirggythro aminoalcohol
with high diastereoselectivity, 9584146

Patelet al. reported that the enzymatic reduction 40
gave the alcohob3 in 80% yield with excellenterythro
selectivity?’*® However, this method seems inefficient in
terms of productivity because of the low concentration of
the enzymatic reactio.Recently, we succeeded in carrying
out a highlyerythro-selective reduction of the chloromethyl
ketone 40 via asymmetric transfer hydrogenation with
HCOH/Et3N catalyzed by Cp*RhCIRS)-Tsdpen] giving
a 90:10 ratio of the produét.

Since thesrythroaminoalcohols thus obtained have lower
solubility than the correspondintipreo isomers in various
solvents, the diastereomeric ratio of the products can be easily
improved by recrystallizatio?? Therefore, a highly pure
erythro Nprotected aminoepoxide such &8s 10, or 11

Scheme 16
H fo) erythro-selective H OH H Ko)
RO\H/N\)J\/CI reduction RO\[]/N\/\/Cl base RO\H/NN
o Npp Sy °© e
34 (R= Me) 62 (R= Me) 9 (R= Me)
40 (R= t-Bu) 63 (R= t-Bu) 10 (R= t-Bu)
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Table 1. erythro Selective Reduction ofN-Boc Chloromethyl Ketone 40

selectivity
reagents solvents tempQ) time (h) yield (%) erythro threo ref
i-BuAlH, Ph,CHOH toluene rt 2 100 99.1 0.9 40
i-BusAl, i-PrOH, MsOH hexane/toluene 25 16 98.6 98.2 1.8 41
i-BuAlH, i-PrOH, MsOH toluene 25 16 97.3 98.0 2.0 41
i-BuAlH, i-PrOH toluene rt 2 94.7 97.7 2.3 40
Al(O-i-Pr); i-PrOH 50 96 98.1 96.9 3.1 42
NaBH, EtOH —78-0 12 76 90.0 10.0 26
NaBH, CH.Cl,/MeOH 0 1 83 83.2 16.8 43
NaBH,, CeCk-7H,0 THF rt 5 96 62.5 37.5 42
NaBHsCN, AcOH THF rt 2 95 59.0 41.0 42
Table 2. erythro Selective Reduction ofN-Moc Chloromethyl Ketone 34
selectivity
reagents solvents tempQ) time (h) yield (%) erythro threo ref
i-BuAlH, i-PrOH toluene rt 2 85.3 96.7 3.3 40
Al(Oi-Pr), i-PrOH, MsOH toluene 40 1.5 89.9 96.5 3.5 46
i-BusAl, 1-PrOH, MsOH hexane/toluene/THF 25 16 97.1 96.4 3.6 41
LiAI(O t-Bu)sH, EtOH EtOH —-15 9C¢ 95.0 5.0 45
Al(Oi-Pr)y i-PrOH 50 89 95.0 5.0 6
NaBH; MeOH —15 1.5 62 75.0 25.0 45
aYield after crystallization.
(Figure 3) can be easily prepared by epoxidation after Scheme 18
removing the isomer at the aminoalcohol stage. BocHN OH OH
' o YN 0504 BocHN._~_OH BocHN\_/k/OH
2.5. Other Miscellaneous Methods “py, NMMO 3 3
— . . Ph 1.5:1 Ph
Scientists at Nippon-Kayaku reported thiateo8-amino- 67 7% 68 -5 60
o-hydroxycarboxylic acid methyl est&4 could be trans-
formed easily into theerythro NBoc aminoepoxidél0 by oH
tosylation and NaBllreduction in EtOH. This was followed BocHN. .. _OH PhsP. DEAD 0
by epoxidation with inversion of the configuration at the ©—°° o BocHNY\\
2-position under alkaline conditions (Scheme ¥7). S CHCly f\Ph
95%
68 10
Scheme 17
OH p-TsCl OTs -
~ OH 1 TBSCI, imidazole
BocN . cat. DMAP g oonn NaBH,-CaCl 2 MsCl, pyridine o
T COMe T oridine . COMe EtOH BOCHN_M‘\/OH BocHN._~)
Ph Ph : 3 Et,NF, THF :
~ 4 NaH, THF :
64 65 Ph a \Ph
69 72% 10
QoTs K,CO 9 Scheme 19
BooN_A_on €% BocHN_<]
E\Ph MeOH :\Ph BocHN._COMe  piga. BocHN._ CHO = MgBr
66 10 :\Ph toluene :\Ph
85% from 64 -78°C
4 13

Since compound4 is a common intermediate of both
erythro NBoc aminoepoxidel0 and threo NBoc amino- OH OH OMs
epoxidel4, its synthesis will be described in section 3.1. BocHNN BocHN\/%\/ MsCl, i-Pr,EtN BocHNN

Branaltet al. reported that th&l-Boc amino-diols68 and + T :

69 could be obtained by dihydroxylation of the olef&¥ SPh (6:1) ph ze ~ph
(Scheme 18!

N-Boc-3-amino-4-phenylbutenéT) was prepared from 70 54% 4 72
Boc-Phe-OMe41 by DIBAL reduction and a subsequent
Wittig reaction®> Compound67 was treated with OsfD OMs 0
NMMO to give the amino-diol§8 and69in a diastereomeric 1) 05, CHCly, MeOH ooy | _on NaH BocHN._~
ratio of 1.5:1. The diol$8 and 69 could be separated by 2) NaBH, THF i
fractional crystallization from toluene. It is interesting to note “Ph 85% Ph
that the epoxidation of the same olet7 was reported to 73 10
give thethreoisomer as a major productifle infra). The 60% from 70 + 71

author, however, noted that both isomers of the diols can be
transformed into therythro NBoc aminoepoxidd0. The treatment with Mitsunobu reagent. On the other hand, the
erythroamino-diol68 was converted ta0in 95% yield by threo amino-diol 69 was also derivatized to therythro
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Scheme 20
Sharpless OH
epoxidation Ti(i-PrO),(N3), OH
Ph/\/\/OH . Ph/\{%\/OH - Ph/\l/\/
88% 0 CeHs N
74 75 (94% e.e.) 8
76 (crude)
Hy, Pd/C OH kel
Boc,0O i OH PPh3DEAD  BocHN._ )
————— Ph E— :
AcOEt 75% o
77% NHBoc Ph
68 10

>99% e.e. after
single recrystallization

N-Boc aminoepoxidel0 by the following reaction se-  chiral building blocks such as a chiral aminoinda®fdf, a

quence: (1) protection with TBSCI at the primary position; chiral seven-membered ring aminoalcotfai;tartaric acic?®

(2) mesylation of the secondary alcohol; (3) deprotection of (39)-hydroxy-+-butyrolactoné? andL-mannonicy-lactones!

the primary alcohol with a fluoride anion; and (4) epoxidation However, these methods require rather lengthy reaction steps

with NaH. The overall yield for these four steps was 72%. to be performed on an industrial scale, although the
Another concise synthesis of compoud® has been methodologies do offer a number of interesting insights from

reported by Greewt al. of Abbott (Scheme 193 N-Boc- a scientific point of view.

L-phenylalanine methyl esteAl) was treated with-Bu,-

AlH at low temperature to give the aldehyti® Interestingly, 3. Synthesis of threo N-Protected

they have found thah situ addition of excess vinylmagne- 3. Amino-1, 2-epoxides

sium bromide provided a 6:1 mixture of allylic alcohd o ) S o

and71in 54% yield, although it has been reported that the  Investigations into protease inhibitors containitigeo

isolated aldehydel3 gave the almost 1:1 mixture of the (Syn) aminoalcohols were also undertaken by several groups

producﬁ‘1 Compound?OWas then converted to the mesy]ate for more than a decade, and eventually Atazanavir, which

72followed by ozonolysis anih situreduction with NaBH ~ has athreoaminoalcohol as the central core, was approved

to provide alcoho3, which was eventually transformed into by the FDA in 20032 In this section, we describe the

the erythro NBoc aminoepoxidé.O0. major industrial procedures for the synthesis tbfeo
Catasust al. have reported the synthesis 1@ from the

erythro amino-diol 68 derived via Sharpless asymmetric H 0

epoxidation and ring opening by azide, followed by reduction RO\[(N\/</

and Boc protection (Scheme 20)The erythro amino-diol
68 thus obtained having high optical purity 99% ee) was Ph
then converted to therythro NBoc aminoepoxidé&0 under Figure 4. Corethreo (2R,39-aminoepoxide.
Mitsunobu conditions.

There have been several other reports of the synthesis ofN-protected 3-amino-1,2-epoxides (Figure 4) leading to
erythro Nprotected 3-amino-1,2-epoxides starting from Atazanavir 7).

Scheme 21
Ph
Ph-P °©
o o' (1 mol%)
BocHN._CHO A0 a7 QTMS
ocl
Y Cl BocHNJ\CN 1) 6M HCI
“Ph TMSCN, CH,Cl,, -60°C i 2) recrystallization
quant. Ph from MeOH-Et,0
13 78
' . . 75%
diastereomeric ratio = 97:3
Hcl  OH 1) Boc,0O, NaOH ag. OH N
dioxane aBHy, Li
HoN NCOoM BocHN ~~CoMe ——————
i 2) Mel, K,CO3 L MeOH
Ph Ph
DMF 85%
79 82% (2 steps) 64
OH MsCI OH o
BocHN \)\/OH 4>Et3N BocHNJ\/OMs NaOH aq. BocHqu
i toluene : toluene L
Ph “Ph Ph
80% (2 steps)
69 80 14

diastereomeric ratio = 99:1



2820 Chemical Reviews, 2006, Vol. 106, No. 7

3.1. Synthesis from threo N-Protected
3-Amino-4-phenylbutan-1,2-diol

Nogamiet al. reported the synthesis of thiereo amino-
diol 69 using bifunctional catalyst77.64 The catalytic
diastereoselective cyanosilylation NfBoc-phenylalaninal
(13) in the presence of7 afforded thethreoisomer78 as a
major isomer in a ratio of 97:3. Acid hydrolysis of the
cyanide78with 6 M HCI followed by recrystallization from
MeOH/EO gave the diastereomerically putgeo (2R,39)-
3-amino-2-hydroxy-4-phenylbutanoic aci@¥ threo-AH-
PBA) as a HCI salt. The aci@9was then converted threo
N-Boc-AHPBA methyl este64 by conventional means. The
ester64 was reduced with NaBJLICl to give thethreo
N-Boc amino-diol69 in 85% yield. Compoun@&9 was then

Izawa and Onishi

the threo NBoc aminoepoxidel4 via the threo amio-diol
69 using a Mitsunobu reaction (Scheme 23).

Kang et al. reported an interesting approach using iodo-
cyclization technology (Scheme 2#4)Chiral butenediob0
was treated with trichloroacetonitrile and DBU, and the
resulting imidate was cyclized with IBr to give the inter-
mediate91 in excellent yield. After purifying®1 by column
chromatography, compoun8éll was hydrolyzed and cy-
clized with NaHCQ to give aziridine, which was further
protected with BogO. The resultani-Boc aziridine92 was
reacted with Grignard reagent after protection of the diol
with TMSCI to afford the desirethreoamino-diol69, which
was then successfully converted to ttheeo NBoc ami-
noepoxidel4.

selectively mesylated at the primary alcohol and subsequently

treated with NaOH to give théhreo NBoc-aminoepoxide
14in 80% (Scheme 2% Independently, a similar procedure
for the synthesis ofl4 from threo NBoc-AHPBA methyl
ester64 was reported by Sagawet al. at Nippon-Kayaku
in 199965

It is worth noting that the synthesis tifrecAHPBA has
been studied for a long time since the discoventhoto
(2S,3R)-AHPBA (84) as an enzyme inhibitor in the natural
product by Umezawat al %676 One of the earlier excellent
approaches to this compound is the aldol reaction of gly-
oxilic acid anda-acetylamino acetophenosé followed by
the reduction of keton82 and optical resolution (Scheme
22)8

Scheme 22
Ph HCOCO,H QH H,, Pd/C
o AcHN A~ _
I\COZH
AcHN NaHCO, 82%
0™ >ph
65%
81 82 (racemic)
OH nooe OH
AcHN A Me  pnN_ :
CO,H 2
\(\ 2" 2)NaHCO, \l\/\COzH
Ph 3) HCI aq. Ph
0,
83 (racemic) 27% (3 steps) 84

Ojima et al. reported a unique approach to tteeo
AHPBA derivative 89, which was eventually converted to

Scheme 24
NH 1 6M HCI
MeOH
2 NaHCO
1 Cl,CCN Cls,C™ O 3
OH DBU, EtCN ° MeOH oH OH
SO 2B, kc0, 380c,0 D)V
N& O Boc’N
98%
90 CCly 89% 92
91
1 TMSCI OH 1 p-'l'%(;l
EtzN ridine
2 BocHN A _OH P, poon \/</O
2 PhMgBr : 2 aq. NaOH z
CuBr SMe, \Ph \Ph

88% 86%

69 14

Recently, we reported a new synthetic methocefgthro-
(2539)-AHPBA (97) which involves a Pummerer rearrange-
ment of theS-ketosulfoxide94 derived fromN,N-dibenzyl
phenylalanine benzyl estéB followed by highly diastereo-
selective acyl migration (Scheme 2%).

In the course of the above exploration, we realized that
the Pummerer rearrangement prod@8tcould be reduced
to give thethreoamino-diol99 as a major isomer in a ratio
of 89:11. After exchanging the protecting groug;Boc
amino-diol 69 was allowed to react with trimethyl ortho-
acetate followed by acetyl bromide to give bromohydrin
acetate101 in 57% yield. Treatment ofi01 with a base
successfully afforded th#nreo NBoc aminoepoxide 4 in
99% yield (Scheme 26}

Scheme 23
AcO
mipso, =< TIPSO CHO iPhMagr TIPSO *—Ph
J:‘ 03, -78°C — 9 —
N J/:L 2 Ac,0 J;‘N
. Me,S . 2 .
o CPMP ©2 o CPMP DMAP o CPMP
85 86 66% (3 steps) 87
1 Hy, PdIC TIPso  .—Ph
2 CAN : MeOH, Et;N OTIPS LiALH,4
- N BocHN OMe
OC: N :
2 g Boc DMAP B Et,0
64% (3steps) o Ph
88 95% 89
oH PPh;, DEAD o
BocHN _J_OH > BocHN <]
Ph” CHCl3 Ph”

61% (2 steps
69 o (2 steps)

14
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Scheme 25
1 DMSO o 9 Ac,0
BN g, BN _s.
/ NaNH, E Me pyridine
d DMAP
Ph 86% e
93 9 91%
o) OAc
BnoN sme  DBU BnoN__A__SMe
: DMF W
Ph” OAc -30°C pr”  ©
95 93% 96
1. 2M NaOH
MeOH - OH
2N,
" CO,H
2. (c-CgH14),NH : 2
3. Hy, Pd/C Ph””
AcOH/MeOH
97
82%
Scheme 26
o o 0 1. NaBH,
. EtOH
anN\)]\/éxMe 2MHCI  BnyN : SMe aq. EtO
: DMSO _~ OH 2. 1M HClI
~ Ph
Ph
94 98 67%
on 1. Hy, PdIC
MeOH OH
HC(OMe
BN _OH Bochn._L_on 1M
2. Boc,0, Et3N : PPTS
P MeOH P CH,Cl,
99 61%, 2 steps 69
O OAc
O/P N O
Bochn_L_0O | A B°°HNYK/BF KeCOs goun._A |
: CH.Cl, P MeOH :
Ph~” Ph Ph

57% 99%

100 101 14
3.2. Synthesis from erythro N -Protected
3-Amino-4-phenylbutan-1,2-diol with Inversion of

the Configuration at the 2 Position

Xu et al. at Bristol-Myers Squibb reported that teeythro
amino-diol68 could be converted to threo N-Boc-amino-
epoxidel4 by a four-step sequence of (1) TBS protection
of the primary alcohol, (2) mesylation of the secondary
alcohol, (3) deprotection of the primary alcohol, and (4)
epoxide formation under alkaline conditions (Scheme’27).
As described, the diob8 can be obtained via Sharpless

Scheme 27
1. TBSCI
OH Et;N/DMAP OMs
: toluene :
BocHN. _~_ OH BocHN. _~_OTBS
: 2. MsCl :
~N ~N
Ph quant. Ph
68 102
NH4F, HOAc OMs .| (0}
4 : KOtBu BocHN._< |
BocHN. _~_OH T
80% : i-PrOH ~
~ Ph

Ph
103

88%
14
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asymmetric epoxidation and ring opening by azide, followed
by reduction and Boc protection (Scheme 20).

3.3. Synthesis from erythro N -Protected
3-Amino-1-chloro-4-phenyl-2-butanol with
Inversion of the Configuration at the 2 Position

As mentioned above, preparative methods forehghro
(25,39-aminoalcohob3 have been established for the man-
ufacture of an intermediate for Amprenavir. Several groups
have reported the synthesis of theeo NBoc aminoepoxide
14 using 63 as the starting material (Scheme 2876

The key technology for each method is differebiing
largely dependent on the means employed to perform the
stereoinversion at the 2-position. Scientists at Kaneka
obtained thehreo NBoc aminoepoxidd 4 by treatment of
63 with Bu,NOAc followed by mesylation and epoxidation
with a base (method A% On the other hand, Aerojet first
performed the mesylation @3 to yield the chlorohydrin
mesylatel06, which was then subjected to anZSreaction
with cesium acetate in the presence of crown ether to invert
the configuration. The resultant chlorohydrin acefdi@was
converted to théhreo NBoc aminoepoxidd.4in high yield
(method B)*? Researchers at Phoenix reported the synthesis
of 14 by a Mitsunobu reaction of therythroaminoalcohol
63 with p-nitrobenzoic acid followed by epoxidation under
alkaline conditions (method Cj§.
3.4. Synthesis by Epoxidation of  N-Protected
(3S)-3-Amino-4-phenyl-1-butene

Luly et al. at Abbott reported stereoselective epoxidation
of the N-protected allylamine7 with MCPBA (Scheme
29).7 N-Protected (8)-3-amino-4-phenyl-1-buten@€q) was
prepared in four steps fromphenylalanineZ2) by reduc-
tion, Boc protection, and pyridine/S@xidation followed
by a Wittig reaction. The epoxidation 6f7 proceeded with
highthreoselectivity in modest yield. Although the reaction
sequence appears very simple and attractive for industrial
synthesis, it has its drawbacks in terms of the epimerization
of the aldehyde intermediatE3 during the Wittig reaction
and the difficulties associated with isolating and purifying
the threo NBoc aminoepoxidd 4. It is noteworthy that an
excess of MCPBA gave bettéhreo selectivity, since the
erythroisomerl0decomposed faster than the desired product
14 in the presence of MCPBA.

3.5. Synthesis via the threo Selective
Reduction of N-Protected
(3S)-3-Amino-1-halo-4-phenyl-2-butanone

N-Alkoxycarbonyl a-aminoalkyl a'-halomethyl ketones
used for the synthesis efythro N-protected aminoepoxides
are also good intermediates for the synthesisttoko
N-protected aminoepoxides: as mentioned previously, reduc-
tion with NaBH, preferentially affordserythro aminoalco-
hols. On the other hand, tillereo selective reduction of the
halomethyl ketones can be achieved with LiAl{Bu)sH in
Et,O to give the desirethreo aminoalcohols in a diastere-
omeric ratio of 83:17 in high yield (Scheme 30). Although
the reaction for the bromomethyl ketod&0 was reported
more than 10 years agdjt has since been confirmed that
the reduction of the chloromethyl ketod® also proceeds
with a similar selectivity®?7° A possible concern for this
reduction might be that solvents other thanEmay not
allow good selectivity.
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Scheme 28
OH OH OMs KO o
() BocHN_A_clI BUNiOA® BochN_A_onc ™ BocHN__A_0Ac " BocHN\/<‘
: MeCN H pyridine : THF-MeOH :
~
“Ph 70% “Ph 98% “Ph 90% Ph
63 104 105 14
OH MsCl OMs sOAc OAc
H H - - (o)
g BOcHN._A_cl BN goon_A_cl T goain L _ai KoH BocHN._< |
®) : toluene 4 toluene : THF-EtOH-H,0 i
~N
Ph Ph 77% (2 steps) “Ph Ph
63 106 107 9% 14
-NO,CgH4COH OPNB
OH P IR0 P, KOH o}
(©)  BocHN._~_Cl BocHN._ cl BocHN_V'<l
: toluene : EtOH \
X ~N
“Ph 72% Ph 95% Ph
63 108 14
Scheme 29 There have been several reports describing the attainment
SO; pyridine of still higher selectivities by means of asymmetric transfer
HZNJLOH 1. LiAlH, BocHN_~on  EtN BocHNJL hydrogenation with a rhodium catal§&tand enzymatic
2. Boc,O, EtsN “pp,  CH:Cl-DMSO : reduction?®8* Thethreoaminoalcoholl12thus obtained has
Ph Ph higher solubility by far in a variety of solvents than the
22 109 13 correspondingrythroisomer63, and it is consequently very
hard to eliminate the impuritg3 by simple crystallization.
BocHN__~_  MCPBA o} The differing solubilities of these diastereomé&d? and63
PhsPMeBr, KN(TMS), 7 MOPBA  BocHiN._< may derive from different modes of intermolecular hydrogen-
THF-DMSO Sph CHCh “pn bonding networks in these two cryst&tsTo overcome such
7 77-86% 14 difficulties in the purification of thehreoaminoalcoholl 12,
_ _ o a separation method using countercurrent chromatography
45-53% in 2 steps diastereomeric ratio= 93:7 . . . . .
(90-93% e.e.) with simulated moving bed (SMB) on an industrial scale was
Scheme 30
o) OH o
BocN._J__x  LiAOtBusH  BocHN. L x base BocHN._< |
: Et,0 : -
“Ph “Ph “ph
quant.
110 (X= Br) 111 (X=Br) 14
40 (X= Cl) 112 (X= Cl)
diastereomeric ratio = 83:17
Scheme 31
Bn,N.__CO,Bn o oH
e CICHoLi  gn,n_ L __ci NaBH, BN _cl
“ph 5 :
“Ph “Ph
93 13 114
80% (2 steps)
diastereomeric ratio = 92:8
1) selective crystallization
1) Ha, OH of erythro isomer 63 o
PdOH):  gocHn._L__ci 2) base BocHN._<]
2) Boc,O -\Ph \ ~ph
112 OH 14
73% (2 steps) BocHN \/:\/CI 78%
diastereomeric ratio = 92:8 : diastereomeric ratio > 98:2
“Ph

63
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Scheme 32
0
o .0 AcONH, HZN\/{? Amberlyst A-26 H"?\_S\/OH
j/w NaBH;CN P Na,CO; :
Ph Ph P
Ph
115 116 117, 44% from 115
R 0
0
1) Boc,0, cat. DMAP Boch?;\/ms Cs2C0s BocHN._ <]
- Y MeOH :
2) TsCl, pyridine : Ph/
Ph 50%
118 14
Scheme 33
o 1) TBSCI, imidazole 1) HF
ﬁ 2) LDA, BnBr 2) Tf,0
HO 2,6-lutidine

2 steps, 83%

119 120

TfO
2 steps, 93%

121

diastereomeric ratio = 86:14

Boc
)
. TBSO Ph
#BUHNOC™ N BooN” ™
H 122 1) aq. LiOH LN OH
i-Pr,NEt BocN 2) TBSC, imidazole A o
0, A 2 96% t-BuNH (@]
83% CONHt-Bu steps, 96%
123 124
1) NH
<I>"-OH 125 @A cl
Ph
EDC, HOBT S no o N Hel
i K:/N N, Indinavir (2)
2) HCl aq. /% o)
g EtsN
2 steps, 78% EBUNH™ 70
76%
126

reportecE® Another interesting approach is to remove im-
purity 63 by crystallization to give a solution of thiareo
aminoalcoholl12 in a diastereomeric ratio of better than
98:27°

Barluengaet al. reported a highlythreo stereoselective
reduction of N,N-dibenzyl chloromethyl keton&13 with
NaBH, to give the correspondinthreo aminoalcohol114
in a diastereomeric ratio of 9218 Applying this technology,
we developed a process for the synthesighoéo NBoc
aminoepoxidel4 (Scheme 315 Although it was difficult
to eliminate theerythroisomer without chromatography at
the compound 14stage, after conversion to ttieeo NBoc
aminoalcoholl12 by exchanging the protecting group from
dibenzyl to Boc, the resultingrythro isomer63 could be

successfully eliminated by crystallization as described above.

Finally, the desired product4 could be obtained by
treatment with a base.

the chiral epoxy-keton&15 gavetrans oxazolidinonell7

by the treatment with Amberlyst in 44% yield frof58°
Under these conditions, the intramolecular ring opening of
the epoxide takes place with the inversion of the configu-
ration at the chiral center. The resulting oxazolidindi&
was successfully transformed into ttieeo NBoc amino-
epoxide14 by Boc protection and tosylation followed by
the treatment with base (g30s) in MeOH (Scheme 327

4. Synthesis of the Core Molecule of Indinavir

Indinavir (2) was developed by Merck as a potent HIV
protease inhibitor and approved by the FDA in 1998.The
original synthetic process for Indinavir used dihydroSp-(
(hydroxymethyl)-3RH)-furanone {19 as a starting material.
The furanone was transformed into the key core intermediate
121 via a four-step process involving diastereoselective
benzylation. The cor@21was allowed to react with the left

The process validity of the above has been confirmed on wing—the piperazine carboxami#é8—and then was coupled

an industrial scale. It is noteworthy that, starting with
L-phenylalanine, the desirgtreo NBoc aminoepoxidd 4
is obtained in only six steps in high overall yield.

3.6. Other Miscellaneous Methods

with the right wing—the optically active aminoindan@R5*
(Scheme 33§’

This medicinal chemistry process made it possible to
produce Indinavir on a 10 g scale affording the product in
35% overall yield from the chiral furanontl9. From an

Pegorieret al. reported that the unprotected aminoepoxide industrial point of view, however, it was not a satisfactory

116, which was prepareih situ by reductive amination of

process because it required chromatographic purification and
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Aro, Ph A/o,
@\/\’(N.,, / CH,=CHCH,Br /\/\l\’(w p NCS / Nal
0 % LiIHMDS ~ o % AcOi-Pr
94% ag. NaHCO3

127 diastereomeric ratio = 96 : 4 92%
128

(o) | Ph o

Ph g
?ij*/v H,0 N NaOMe
Ho™ -
AcOi-P
Y (6] o % cO/-Pr

-
129

Scheme 34

99%
diastereomeric ratio =97 : 3

130

Ph
{/o,,
(e} 7 3 steps
Q\)ﬁ(Nw ————  Indinavir (2)
71%

131

the use of expensive reagents such as triflic anhydride andcentral core a8, was also approved in 2000 as a second-

TBSCI. In the meantime, Maligrest al. in the process generation HIV protease inhibité?*® Recently, 3 has

research group at Merck developed an excellent industrial attracted much attention for its use in combination therapy,

process involving the chiral epoxide31 as the key core  since the coadministration of small doses3aofith several

intermediate (Scheme 32)?1 agents brings about substantial improvements in terms of
The phenylpropionyl amidé27, readily prepared from  bioavailability and activity against HIV?°° In the early

the chiral aminoindanal25° in two steps, was allowed to  phases of the development, the core molecule was prepared

react with allyl bromide to give the allylated produ8in according to the process shown in Schemé®8&N-Chz-

a high diastereomeric ratio of 96:4 and high yield: 94%. phenylalaninol 132 prepared fromc-phenylalanine was

After several unsuccessful attempts at Hysepoxidation subjected to Swern oxidation to giweCbz-phenylalaninal

of 128 it was eventually found that the reactionk#8with 133 The homocoupling of the resulting aldehy#ld3 was

N-chlorosuccinimide (NCS) in the presence of Nal under carried out with MCI3(THF)e]2[ZNn2Cl4] according to Ped-

two-phase reaction conditions proceeded well to afford the ersen’s procedure to give a 8:1:1 mixture of 8iRRSsomer

iodohydrin130in 92% vyield with high diastereoselectivity 134, the SSSSisomer 135 and the SRSSisomer 136

(97:3). The reaction mechanism, involving intramolecular respectively.

iodoimidation to the olefinic bond, has been referred to

above. The last step for the core synthesis was the basescheme 36

treatment of the iodohydrih30to produce the chiral epoxide

g . Ph 1.5 eq. DMSO Ph
131 The characteristic feature of this novel process was the o NeBH, " 15 ZE (cocly,
construction of the new optically active center of the core cpzrn e OH—~
: T . . THF CbzHN
by taking advantage of the chirality of the side chain o] AcOH 3'0‘3“' BN CbzHN™ "CHO
molecule. An alternative process usir®-(lysidyl tosylate 45 132 - 60°C, THF 133

instead of allyl bromide was also developed (Schemé?Z35).
This procedure appears very attractive because of the Ph

reduced number of reaction steps, although the former  [V2Cla(THF)glolZn;Cls] OH
ChzHN" NHCbz
OH

method might be more practical on an industrial scale from

the point of view of cost. CH:Cl,

Ph
Scheme 35 134 + 135 + 136

0 SRBRS :»SS?S: $RS§
A/o«, 1) TsO <] Ph A/Q, : :
N LiHMDS o N/ . . . .
. ' The mixture was then subjected to acetonide formation to
o) 2) Crystallization o)

eliminate the insolubl&SS$somer135, followed by acidic

127 61% hydrolysis to afford the purBRRSsomerl34after removing
diastereomeric ratio = 98.7 : 1.3 a small amount of th&RSSsomer 136 by crystallization
131 (Scheme 37).

. . . The isomerically pure diol34 was treated with-acet-
2. Sy nthQSIs .Of the Core Molecule of Ritonavir oxyisobutyryl bromide to give the bromohydrin acetags,
and Lopinavir which was then converted to the epoxidé0under alkaline
Ritonavir (3) was approved by the FDA in 1996 as the conditions. The reduction of the epoxiilé0in the presence
second protease inhibitd#>*Lopinavir (6), having the same  of CRCO;H provided the monool41 Deprotection of the



Syntheses of Key Intermediates for HIV Protease Inhibitors

Chemical Reviews, 2006, Vol. 106, No. 7 2825

Scheme 37
Ph
Ph ., _NHCbz
1) Acetone, H,SO,4 :l\/(
CbzHN ) + SRSS-acetonide
2) Filter 135 off O7L
138
134 + 135 + 136
SRRS : SSSS: SRSS 137
8 1 : 1
1) MeOH, HCI
} NHCbz
2) Filter 136 off (70% from 132)
Ph
134
Scheme 38
AcO o)
3e Ph Br aq. NaOH
Br NHCbz dioxane
CbzHN" .
CH,Cl,, heptane OAc 25°C
5°C Ph 76% (2 steps)
134 139
Ph 5 eq. NaBH,4 Ph
Ph Y 5eq. TFA Ph Ba(OH), 8H,0
; - NHCbz NH;
CbzHN % NHCbz THF, 30°C CbZHN]\:/\( dioxane-H,0 HoN 6H
o) OH Ph Ph
140 58% 141 81% 142
" Core"
Scheme 39
1) 2.6 eq. NaNH,, Ph
Ph MTBE, 0°C 3eq.BnMgCl | Ph
OBn
BnoN N . BN Y=
BN 2) 3.2 eq. CHCN CN  THF, 25°C 2 CN
0 3) add ester OMgX
93 80%, 97-99% e.e. 143 144
Ph Ph Ph Ph 1)2.3eq. NaBH,
. W W 5.8 eq. MsOH
= X -
BN BN -PrOH (7eq.)
Omg" 90-94% yield O NH DME, 20 °C
>99% e.e.
145 146
r 19:1 Ph Ph
Ph \ Ph 1) Boc,0
2) 2.2 eq. Triethanolamine
BnN : BnaN 2) PA(OH),
o) NHZ 3) 1.5 eq. NaBH,4, DMAc OH NH, HCO,NH,
L MeOH
147 93 % 148
Ph Ph 3) succinic acid Ph Ph
i-ProH j\/\)
HaN HaNT SN hemisuccinate
80% 3 :
| OH NHBoc ° OH NHBoc
149 150

Cbz group with Ba(OH)gave the desired core moleculé2
(Scheme 38).

Since the diaminoalcohd¥2thus obtained has two amino
groups, differentiation between them proved difficult. How-

diamono alcoholl42 to give the six-membered ring selec-
tively, so that the regioselective modification of the diami-
noalcoholl42became possible. This process took advantage
of the physical and chemical properties of each intermediate

ever, the scientists at Abbott overcame this problem by the to obtain the pure product, although industrialization was
discovery that the benzeneboronic acid reacts with the unfortunately deemed to be too difficult because it not only



2826 Chemical Reviews, 2006, Vol. 106, No. 7

required too many reaction steps but also employed toxic
low valent vanadium in large quantities. Some years later,
however, Abbott scientists developed a new breakthrough
process for the core molecule (Scheme 89)!05

The N,N-dibenzyl-phenylalanine benzyl est&3 was
subjected to cyanomethylation with @EN and NaNH to
obtain the ketond43 which was subsequently allowed to
react with BnMgCl followed by hydrolysis to afford the
enaminoketond46in good yield. The enaninoketoriel6
was first treated with NaBHHin the presence of MsSOH to
give the aminoketone intermediatd7, which was further
reacted with an extra amount of NaBkb afford theN,N-
dibenzyl-protected diaminoalcohdf8 Compoundl48was
then protected with Bg®© and the dibenzyl group was
removed by catalytic hydrogenolysis to give the desired core
149 Although the diaminoalcohol contained several isomers
as impurities in this stage, the pure diaminoalcohol was
obtained by crystallization as the succinate fdm0.1%3 This
core succinat@50is very useful because one wing is already
protected by a Boc group. This process therefore constituted
a substantial improvement on the first synthesis described
above.

6. Conclusion

Recently, gene engineering technologies including viral
genomics have made an enormous contribution to elucidating
the roles of proteins (enzymes) in disease conditions. As a
result, molecules for inhibiting specific enzymes have been
rationally designed on the basis of three-dimensional analy-
ses. These molecules often feature peptide mimetics com-
prising chiral aminoalcohol functional groups because of their
structural diversity and versatility; the success of the HIV
protease inhibitors is a good example of this.

As described above, asymmetric synthetic processes for
botherythroandthreo3-amino-1,2-epoxides have been well
established, thus facilitating the industrial scale production
of several HIV protease inhibitors. The achievements in the
synthesis of chloromethyl ketones are quite noteworthy in

this regard. The methodologies developed as a result of these

studies will also possibly further contribute to the develop-
ment of novel drug substances for other conditions, such as
secretase inhibitors for Alzheimer’s disease and caspase
inhibitors for inflammatory conditionscompounds that
utilize not only natural amino acids but also a variety of
unnatural amino acids which are currently commercially
available in large quantities.

7. Note Added after ASAP Publication

This review was posted ASAP on March 25, 2006. The
last sentence in section 3.2 has been revised. This review
was reposted on March 29, 2006.
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