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Abstract

Aspartic proteases have emerged as targets for sub-
strate-based inhibitor design due to their vital roles in the
life cycles of the organisms that cause AIDS, malaria, leu-
kemia, and other infectious diseases. Based on the con-
cept of mimicking the substrate transition-state, we
designed and synthesized a novel class of aspatrtic pro-
tease -inhibitors containing the hydroxymethylcarbonyl
(HMC) isostere. An unnatural amino acid, allophenyl-
norstatine [Apns; (2S,35)-3-amino-2-hydroxy-4-phenyl-
butyric acid], was incorporated at the P1 site in a series
of peptidomimetic compounds that mimic the natural
substrates of the HIV, HTLV-|, and malarial aspartic pro-
teases. From extensive structure-activity relationship
studies, we were able to identify a series of highly potent
peptidomimetic inhibitors of HIV protease. One highly
potent inhibitor of the malarial aspartic protease (plas-
mepsin If) was identified. Finally, a promising lead com-
pound against the HTLV-| protease was identified.

Keywords: AIDS; allophenyinorstatine; antiviral activity;
HTLV-I; malaria; protease inhibitors.

Introduction

Aspartic proteases have become important targets of
drug development for the treatment of many diseases
due to the vital roles they play in the life cycles of many
infectious organisms. The proposed mechanism of sub-
strate cleavage by aspartic proteases (Figure 1) shows
the formation of a transition state during amide hydroly-
sis. In desighing aspartic protease inhibitors, we have fol-
lowed the transition-state peptidomimetic principle, i.e.,
synthesis of a peptide substrate analog that contains a
non-hydrolyzable transition-state isostere in place of the
normal hydrolyzable P1-P1’ amide bond. This strategy
has been utilized to produce structurally diverse and

potent HIV protease inhibitors with different transition-
state mimetics; indeed, several HIV protease inhibitors
have already been approved for clinical treatment of
AIDS patients (Kiso, 1996).

In our laboratory, we have successfully designed and
synthesized a novel class of peptidomimetic aspartic
protease inhibitors containing  allophenylnorstatine
[Apns; (2S,38)-3-amino-2-hydroxy-4-phenylbutyric acid]
with a hydroxymethylcarbonyl (HMC) isostere as thera-
peutic agents for a variety of diseases, such as AIDS,
malaria, and leukemia (Kiso et al., 1999; Hamada and
Kiso, 20083). Here, we briefly report our latest findings in
this field. .

HIV protease inhibitors

According to the United Nations program on HIV/AIDS
(UNAIDS, 2003) data, the HIV virus is still spreading at
an alarming rate; in 2003, approximately 5 million people
contracted HIV, and many of these new cases were in
sub-Saharan Africa and Southeast Asia. The high infec-
tion rate and the appearance of strains that are resistant
to approved drugs have made finding novel drug candi-
dates for AIDS treatment of the most challenging pro-
blems in medicinal chemistry. Since inhibition of the
HIV-encoded protease results in the production of imma-
ture and non-infectious virions, intensive research has
been devoted to the development of potent HIV protease
inhibitors. This strategy has been validated by the
approval of several HIV protease inhibitors for clinical
use.

To design HIV protease inhibitors, we focused on the
Phe-Pro scissile site of HIV protease substrates as the
basis for the development of selective HIV protease
inhibitors, because HIV protease can recognize Phe-Pro
and Tyr-Pro sequences as cleavage sites (Table 1), while
mammalian aspartic proteases cannot recognize these
sites. Over the course of the last decade, we have report-
ed a series of highly potent peptidomimetic HIV protease
inhibitors containing Apns with a HMC isostere. Among
these inhibitors, the tripeptide KNI-272 (Figure 2) showed
extremely potent HIV protease inhibitory activity
(K=5.5 pm), high antiviral activity against a wide spec-
trum of HIV strains, and low cytotoxicity (TCz>80 uMm).
Furthermore, KNI-272 exhibited excellent enzyme selec-
tivity, with practically no inhibition of other aspartic pro-
teases, such as human plasma renin (IC,>100 000 nm).
NMR, X-ray crystallography, and molecular modeling
studies have demonstrated that the HMC group in KNI-
272 is able to interact excellently with the aspartic-acid
carboxyl groups of the HIV-1 protease active site. The
hydroxyl group in HMC forms a hydrogen bond to the
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Figure 1 Mechanism of peptide bond hydrolysis by aspartic proteases.

oxygen of Asp125 and the carbonyl oxygen forms a
hydrogen bond to the protonated oxygen of Asp25 in
essentially the same manner as the transition state of the
substrate cleavage (Kiso et al., 1999; Abdel-Rahman et
al., 2002).

Further structure-activity relationship (SAR) studies
considering the subtle balance of lipophilicity-hydrophi-
licity and molecular size reduction (Mimoto et al., 1999)
resulted in the generation of the conformationally con-
strained dipeptides KNI-727 and KNI-764 (Figure 2).
While both compounds showed potent inhibitory activity
against HIV protease, there is a large difference in anti-
viral activity. The EG,, value of KNI-727 was 1.0 um
against wild-type viruses, while that of KNI-764 was
82 nm. Furthermore, KNI-764 completely suppressed all
HIV-1 and HIV-2 strains, as well as clinical HIV-1 variants
that were highly resistant to all currently available prote-
ase inhibitors (Yoshimura et al., 1999).

Structural and thermodynamic information on KNi-764
showed that the better flexibility and adaptability of this
inhibitor to the mutated HIV protease are the basis of the
mechanism by which this inhibitor can minimize the
effects of mutations conferring drug resistance (Velaz-
quez-Campoy et al., 2001; Reiling et al.,, 2002; Vega et
al., 2004). These results suggest that KNI-764 is a prom-
ising drug candidate for AIDS treatment, especially
against resistant strains.

The structure-metabolism relationships of a series of
peptidomimetic HIV protease inhibitors containing sub-
stituted Apns have recently been reported (Mimoto et al,,
2004). In this study, these compounds not only showed
higher stability against P2 phenol glucuronidation than
KNI-764, but also showed more potent antiviral activity
against both wild-type and multi-drug-resistant HIV-1.

Another important factor in the discovery of HIV pro-
tease inhibitors is their antiviral activity in the presence
of human serum, as many potent HIV protease inhibitors
show reduced antiviral activity in the presence of human
serum. For this purpose, a SAR study of Apns-containing
dipeptides was carried out, which led to the identification
of KNI-1688 (Figure 2). The EC,, value of KNI-1689 was
10 nM against wild-type viruses in the absence of human
serum, and the potency of this inhibitor was maintained
in the presence of 50% human serum, with an EC,, value
of 82 nm under these conditions (Kimura et al., 2004).

Plasmepsin Il inhibitors

Malaria remains a major cause of serious iliness and
death. As the resistance of the parasite to conventional
antimalarial drugs is increasing, the development of novel
efficient therapies is urgently needed. Nearly all of the
fatal cases of malaria are caused by Plasmodium falci-

Table 1 Substrate recognition sites for HIV-1 protease, plasmepsin Il, and HTLV-| protease.

Enzyme Cleavage site Amino acid sequence
P4 P3 p2 P1-P1’ p2’ Py P4’
HIv-1 P17/p24 Gin Arg Gly Tyr*Pro lle Val Gin
protease P24/p1 Ala Arg Val Leu*Ala Glu Ala Met
P1/p9 Ala Thr lle Met*Met Gin Arg Gly
P9/p6 Pro Gly Asn Phe*Leu Gin Ser Arg
TF/PR Ser Phe Asn Phe*Pro Gin fle Thr
PR/RT Thr Leu Asn Phe*Pro lle Ser Pro
RT/RN ‘Ala Glu Thr Phe*Tyr Val Asp Gly
RN/IN Arg Lys lle Leu™Phe Leu Asp Gly
Piasmepsin Il o 33/34 Glu Arg Met Phe*Leu Ser Phe Pro
« 108/109 Leu Leu Val Thr*Leu Ala Ala His
o 136/137 Ser Thr Val Leuw Thr Ser Lys Tyr
B 32/33 Gly Arg Leu Leu*Val Val Tyr Pro
HTLV- p19/p24 Pro Gin Val Leu*Pro Val Met His
protease p24/p15 Thr Lys Val Leu*Val Val Gin Pro
TF1/PR Ala Ser lle LeuPro Val lie Pro
PR/p3 Pro Val lle Leu™Pro lle Gin Ala
RT-RH/IN Val Leu Gln LeuSer Pro Ala Phe

TF, transframe protein; PR, protease; RT, reverse transcriptase; RN, ribonuclease H; IN, integrase.
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Figure 2 Apns-containing HIV protease inhibitors with the HMC isostere.

parum. This parasite encodes several proteases that are
required for its hemoglobin degradation pathway. The
acidic food vacuole of P. falciparum contains four aspar-
tic proteases, plasmepsin (Pim) 1, 1l, and IV, and a histo-
aspartic protease (HAP), which are responsible for
hemoglobin degradation (Coombs et al., 2001). These
proteases have been recognized as promising targets for
therapeutic intervention. PIm Il can be easily produced
by E. coli and the crystal structure of Pim Il in complex
with pepstatin has been solved. These findings made
PIm Il the most attractive target for inhibitor design (Boss
et al.,, 2003). As shown in Table 1, the Plm !l primary
cleavage site is the peptide bond between Phe33 and
Leu34 in the hemoglobin a-chain (Hamada and Kiso,
2003). Since the Phe-Leu structure is similar to the Apns-

containing scaffold, we hypothesized that our previously
prepared HIV-1 inhibitors might also be effective inhibi-
tors of PIm Il. Therefore, we evaluated the PIm |l inhibi-
fory activity of selected Apns-containing HIV protease
inhibitors (Nezami et al., 2002). As predicted, some of
these compounds were able to inhibit PIm I potently.
KNI-727 (Figure 2) showed potent inhibitory activity, with
a K, value of 70 nm, and 22-fold selectivity in comparison
to the highly homologous human enzyme cathepsin D
(Cat D). KNI-727 was also effective in killing the malaria
parasite, with an EC,, value of 10 uM. Further SAR stud-
ies (Nezami et al., 2003; Kiso et al., 2004a,b) using KNI~
727 as a lead compound resulted in a series of extremely
potent inhibitors (Table 2). Among them, KNI-10006 was
found to markedly inhibit PIm II, with a K| value of 0.5 nm.

Table 2 Plasmepsin Il and HIV-1 protease inhibition by Apns-based dipeptides.

0
TC S
H OH LS’T

Compound P2’ K, (nm)e Inhibition®
(%)
Plm 1l Cat D
KNI-727 70 1300 96
:”J\ NJ<
H
KNI-840 ~ ”ﬁ 20 80 98
I’H\N
KNI-10026 H 15 105 97
RN“'
KNI-1269 H 99 - 71
HQ
AN“‘
KNI-10006 H 0.5 2 98
H
’HJ\N
KNI-10007 H 71 806 21

2K, values were determined as described in Nezami et al. (2002).
sPercentage HIV PR inhibition in the presence of 50 nm inhibitor.
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Figure 3 Design of substrate-based HTLV-1 protease inhibitors
containing the HMC isostere.

KNI-10006 also showed potent inhibitory activity against
Plm I and IV, and HAP.

HTLV-I protease inhibitors

The human T-cell leukemia virus type | (HTLV-I) is a retro-
virus that is clinically associated with adult T-cell leuke-
mia (ATL) and myelopathy/tropical spastic paraparesis
(HAM/TSP) (Macchi et al., 2003). HTLV-I encodes a virus-
specific aspartic protease that is responsible for pro-
cessing the gag and gag-pro-pol polyproteins, and is
required for proliferation of the retrovirus. Therefore,
HTLV-1 protease is a major target for the development of
specific anti-HTLV-1 agents (Shuker et al., 2003).

As we had already succeeded in developing HIV pro-
tease inhibitors based on the substrate transition-state
mimetic - concept using the HMC isostere, we thought
that this concept might be successfully extended to the
development of effective inhibitors of HTLV-| protease. To
obtain compounds with potent HTLV-I protease inhibitory
activity, we designed and synthesized new substrate-
based HTLV-| protease inhibitors mimicking the p19/p24
sequences containing the Leu-Pro cleavage site shown
in Table 1. We started the design process (Figure 3) by
incorporating the unnatural amino acid allonorstatine
[Anst; (28,3S)-3-amino-2-hydroxy-5-methylhexanoic
acid] with the HMC isostere at the P1 site in an octa-
peptide, H-Pro-Gin-Val-Leu-Pro-Val-Met-His-OH. From

Table 3 HTLV-I protease inhibition by HMC-based compounds.

Compound Protease inhibition (%)
HTLV-I Hlva
50 nm
100 pm 5 pM

KNI-10159 93 43 3
KNI-10160 100 63 37
KNI-10161 94 54 6
KNI-10162 100 66 58
Pepstatin A - 17 23

For compound structures, see Figure 3.
2Percentage HIV PR inhibition in the presence of 50 nm inhibitor.

SAR studies of these compounds (Table 3), we were able
to identify KNI-10162, which-is an octapeptide similar to
the p19/p24 sequence of the enzyme substrate in which
the P1 and P1’ amino acid residues are substituted with
Apns and dimethylthioproline (Dmt), respectively. KNi-
10162 showed 66% inhibition of the rec-HTLV-I protease
at 5 pum (Maegawa et al., 2004). In addition, we observed
that the recognition of these synthetic inhibitors by the
HTLV-I protease was different from that of HIV-1 prote-
ase. These results suggest that KNI-10162 may be a use-
ful lead compound for further modification in the
development of specific anti-ATL and -HAM drugs (Mae-
gawa et al., 2002).

Conclusion

In summary, we have designed and synthesized a prom-
ising class of peptidomimetic Apns-based aspartic pro-
tease inhibitors targeting infectious pathogens, such as
HIV-1, P. falciparum, and HTLV-l. The design of these
inhibitors is based on the substrate transition-state
mimetic concept. From SAR studies of the HIV-1 prote-
ase inhibitors, we were able to identify highly potent
compounds that have strong antiviral activity against
both wild-type and drug-resistant viruses. KNI-10006
proved to be the most potent inhibitor not only against
Plm |l, but also against Pim | and [V, and HAP produced
by P. falciparum. Finally, in a search for inhibitors of
HTLV-| protease, KNI-10162 was identified as a promis-
ing lead compound for further SAR studies.
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Introduction such as the clinically used drug ABT-378 [1, 2] (Fig-
ure 2).

Inhibition of human immunodeficiency virus (HIV)
protease is one of the most important and promising
approaches for the treatment of an HIV infection.

On the other hand, incorporation of the 2,6-dimeth-
ylphenoxyacetyl moiety into the KNI series of inhibitors
led to the development of highly potent compounds,
like the dipeptide KNI-801 [3].

The design and development of potent HIV protease
inhibitors have generated considerable interest among
the AIDS research field and HiV-positive patients. A
promising class of HIV protease inhibitors containing
allophenyinorstatine (Apns) as a transition state mimic
yielded a series of KNI derivatives of highly potent in-
hibitory properties. In this work, we reported the syn-
thesis of dipeplides with different substituents at the

Further challenging of the protease inhibitory activity
of the KNI series was practiced by introduction of the

P, and P,’ positions with respect to the leads KNI-577 0 o)
and KNI-901 (see Figure 1) and their protease inhi- Pasy N_,_/J\Pz‘
bition activities. H o ou ksf<
o
The use of the 2,8-dimethylphenoxyacetyl moiety as )<
P, ligand was already reported and provided com- KNI-577: P, = HO , BT HN

pounds with potent HIV protease inhibitory activity

o}
oA ) HN/\©
Correspondence: Nawal A. El-Koussi, Pharmaceutical Medici- KNI- 901: P, = » By =

nal Chemistry Depariment, Faculty of Pharmacy, Assiut
University, Assiut 71526, Egypt; Phone: +20 88 411297, Fax:
+20 88 3327786, e-mail: nawal-a @ acc.aun.edu.eg Figure 1. Lead protease inhibition of the KNI series.
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Figure 2, ABT-378 (Lopinavir).
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3-hydroxy-2-methylbenzoyl moiety at P, sites, which
simultaneously provides effective capabilities of hydro-
phobic and hydrogen bonding interactions with the en-
zyme relative sites [4].

This approach yielded the highly active KNi-577 [4~7].
The improved activity may be correlated with the com-
bined capabilities of hydrophobic and hydrogen bond-
ing potentialities of their intact moiety.

Guided by the leads KNI-577 and KNI-901, we pre-
pared two series of dipeptide analogues. In one of
these series, the P, ligand was the 2,6-dimethyl-
phenoxyacetyl moiety as shown by compounds 7 in
Table 1. Introduction of the 3-hydroxy-2-methylbenzoyl
moiety at the P, site provided the second series of
dipeptides represented by the compounds 8 in Table
2. In series 7 and 8, Py’ was changed in the hope
to improve protease inhibition potential and enhance
polarity. it is clear that the partition coefficient, rep-
resented by the Rt value, and solubility are closely re-
lated phenomena; therefore, the choice of moieties at
P,’ with predominant polar functions was targeted in
both series [8, 9].

Results and discussion

Chemistry

The target dipeptide inhibitors were prepared as illus-
trated in Scheme 1, starting from 5,5-dimethylthiazol-
idine-3-carboxylic acid (Dmt-OH), which was prepared
by cyclization of L-penicillamine with formaldehyde,
followed by N-protection by Boc to yield Boc-Dmt-OH
1 according to reported procedures [10]. Coupling of
the amino ligands P,'NHp with 1 in the presence of 1-
hydroxybenzotriazole (HOBt) in DMF [11, 12] or di-
phenylphosphochioridate (DPPCI), EtsN and AcOEt
[13] afforded the intermediates 2a—p (Table 3). N-
elimination of the Boc moiety and coupling with Boc-
Apns-OH 3 by either 1-ethyl-3-(3'-dimethylaminopro-
pyl) carbodiimide (EDC) or benzotriazole-1-yloxytris-
(dimethylamino) phosphonium hexafluorophosphate
{BOP) in the presence of HOBt in DMF [14] vyielded
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the synthones 4a—p (Table 4). These intermediates
were used as scaffolds for the synthesis of the targets
7 and 8. 2,6-Dimethylphenoxyacetic acid 5 was acti-
vated by EDC, HOBt in DMF or THF and coupled with
the deprotected 4a—n to afford the series 7a—n (Table
1). In series 8, 3-acetyl-2-methylbenzoic acid 6 was
activated by DPPCI in AcOEt and then coupled with
the deprotected synthones 4a—h, o and p. Hydrolytic
cleavage of the 3-acetyl group by LIiOH yielded 8a—h,
o and p dipeptides in Table 2. The final compounds
obtained after crystallization were checked by analyti-
cal HPLG; from the resulting data, preparative HPLC
was established and carried out. The purity was
checked again by analytical HPLC. The fractions were
mixed and lyophilized to afford the analytically pure
final compounds; yields of the products were deter-
mined by reversed-phase HPLC (RP-HPLC). Within
each series, the parallelism between Rt of the com-
pounds and the polarity of the Py’ moieties could be
easily observed. The effect of the location of the polar
groups in the Py’ moieties on the Rt values of the posi-
tional isomers 7g, h, i, k, I, m, n and in 8g, h, o, p
was perceptible. Homogenity of targets 7 and 8 was
checked by TLC using two systems of different polarit-
ies: chloroform/methanol (10:1) and chloroform/meth-
anol/iwater (8:3:1).

Structure activity relationship against HIV-1 pro-
tease

The effect of variation of the P,’ moieties on HIV-1
protease inhibition of the potent leads KNI-801 and
KNI-577 was regarded as the main objective of the
present study. The benzylamino group at the P,' site
in KNI-901 was the target modified to afford the dipep-
tides 7, whereas the t-butyl group at the Py’ site in
KNI-577 was replaced by the same modified benzyl-
amino derivatives to afford almost all members of
series 8.

Three approaches were considered for modification of
the benzylamine moiety. First, the assumption that the
phenyl ring must be distanced by one atom from the
amidic NH represents an essential requisite. Groups
of different bulkiness and polarity, with one atom bridg-
ing the phenyl ring and the amidic NH, were inserted
to replace the o-methylene group in benzylamine. This
approach was challenged by the compounds 7a, b, e
and 8a, b, e. As shown in Table 5, compounds 7b and
8b with inserted a-N (CH3) were the least active ones.
On the other hand, the 2-isopropylene bridge signifi-
cantly improved the activity of 7a and 8a, which are
still less active than the corresponding leads. Com-
pound 8e revealed 91.2% inhibition potential, which is
higher than the potential of the lead KNI-577. Matching
the activities of 7a, e with their analogues 8a, e dem-
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onstrated a boosting effect of the P, moiety in series preparing 7¢, d, f, k—n and 8¢, d, f dipeptides. All
8. Secondly, introduction of a polar substitute at the these isomers were less active than the leads; how-
o-, m-, or p-position on the benzene ring was tried by ever, the derivatives of the 8 series still revealed a

Table 1. Physical data of dipeptide-based HIV protease inhibitors 7.

o] (@] 0]
aﬁwﬁm e

S

No. Py’ mp (°C) Yield HPLCS TLC

(%) Rt (min) Rft RA*

~
7a N 89—-90 85 27.44 0.98 0.96
N,CHa
7b Y @ 115-117 54.5 24.81 0.81 0.90
7c \u“é 89-91 65 26.37 0.68 0.89
o

7d \”ﬁ 85-88 71 27.12 0.72 0.90
7et \ﬁ’% 103—105 61 27.28 0.90 0.96

~ 0
7f VL 110-113 78 25.08 0.90 0.93
79 N 107-108 71 16.92 0.80 0.86
~ )
7h LA 141-143 70 17.34 0.62 0.77
~ N\
7i P 98—100 73 18.10 0.68 0.84
OH
7 MY 149-151 55 21.10 0.62 0.77
~ CONH;
7K T 124-126 79 20.38 0.54 0.83
~ OOCH3
7l ﬂ/\©/c 98-100 53 24.70 0.84 0.91
~
7m ”/\QCONHz 140-142 57 19.81 0.52 0.90
7n u/\©\coocm 99-100 63 24.38 0.89 0.94

# Mixture of diastereomers; § 20—80% CH,CN in 0.1% aqueous TFA over 30 min; T CHCIg/CHaOH (10:1);
¥ CHCly/CHZOH/H,0 (8:3:1). '
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Table 2. Physical data of dipeptide-based HIV protease inhibitors 8.

o o) o
HO
ﬁj)LH o L7
No. Py mp (°C) Yield HPLCS TLC
(%) Rt (min) Rf,t RA¥
8a \ﬁX@ 128-130 65.5 20.86 0.69 0.88
CHy
8b g 160-152 78 18.08 0.37 0.76
o_.
8c \u“(j 127~-129 68 19.45 0.57 0.83
N
8d \ﬁ/\é 121-123 72 21.10 0.67 0.86
. W B 20.42
8e H’% 139—141 58 50.52 0.56 0.76
~ O,
8f N“@Q 189-140 71 20.24 0.59 0.67
WS
8g P 141-143 35.5 11.47 0.58 0.80
\H XN
8h L& 154~156 24 9.94 0.35 0.65
80 \N/@ 153—155 76 27.15 0.56 0.66
H
8p \ﬂ@ 159—161 66 26.64 0.54 0.70

# § Tand¥asin Table 1.

higher pattern of activity that can only be attributed to
the different P, moieties. Finally, the benzyl moiety
was replaced by the bioisosteric a-, B-, and y-pico-
lines. This approach yielded the most active derivative
79, which is equally active as the lead KNI-901, with
an apparently enhanced polarity. improvement of po-
larity presumably may advantageously affect its ab-
sorption and distribution properties. Furthermore, the
presence of a basic pyridine center allows for forma-
tion of saits.

The significantly reduced activity of the a-picolinyl de-
rivative 71 may be attributed to the possible compe-
tition for intramolecular hydrogen bond formation be-
tween the pyridine N and the amidic NH, which partici-
pates in a crucial hydrogen bonding with the water
molecule bridging Ala28 and Asp29 in the S’ site of
the enzyme [15]. In the absence of such interaction,
higher activity of the B- and y-picoline 7g and 7h was
observed. On the other hand, the lowered activity of
the alkoxy 7¢, d, 8¢, d and 4,6-dimethyl-1,2-dihydro-3-
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HS 2a-p
:{ 0 0 iv, v
o/u\N OH
H OH
3
1) Ie} o iv, vi 0 o
7 B 0
O\/\N —/K - N ——/u\ °
R U m ™ R © & )T
S/< O\/‘kOH AS/;<
4 a-p
7 a-n
5
o 0
~ @’N\OH
o iv, vii, viii
6
o} o} 0
N N"'./k .
Hot;\ Hooon(x
8a-h,o,p

(i) aq 37% HCHO {ii) (Boc),0 ({iil) HOBt in DMF or DPPCI, Et3N, AcOEt(iv) N HCl/dioxane

{v) EDC, HOBt in DMFor BOP, HOBt in DMF (vi) EDC, HOBt in DMFor THF

(vii} DPPCI in AcOEt, (viii) LiOH

Scheme 1. Synthesis of dipeptides 7 and 8.

picolinyl-2- one 7j can be equally attributed to possible
intramolecular hydrogen bonding between the un-
shared pair of electrons on the o-oxygen and the
amidic NH.

Positional isomers of the substituted benzyl amines
and of the picolines revealed a significant impact on
activity. The B-picolinyl 7g, and 8g and the m-substi-
tuted benzyl derivatives 7k, I on the one hand exerted
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Table 3. Physical data of intermediate compounds N-Boc-Dmt-P,’ 2.

No. Py’ mp (°C) HPLCS No. Py mp (°C) HPLCS
Rt (min) Rt (min)
~, ~ Na
2a ?‘?<© 102-104  23.24 2i N 116-119 10.29
N,CHa OH
2b i 185-188 19.71 2j SEY N 128130 18.30
=
O.._
N, CONH,
2¢ \n’\(j 112-113 23.34 2k N’\@( 88-89 13.48
o™ COOCH
~ 3 +
2d \g’\© 113-114 22.92 2| ”/\Cf 20.14
~,
N 23.92 N
2e? ﬂ% 60—62 0416 2m /\©\conu, 107-109 13.92
~ 0, Y
2f ”/\CE(} 124-126 21.68 2n “/\©\wma 115—116 20.96
~, \N
2g N * 7.68 20 \H@ 155—156 30.56
™~ B
2h ﬁ/\@q 162164 9.86 2p \N@ 178—179 30.10
H

# Mixturé of diastereomers; § 20—80% CH5CN in 0.1% aqueous TFA over 30 min; * not determined, sticky

semisolid material.

a relatively higher activity when matched with the y-
picolines 7h, and 8h and the p-substituted benzyls
7m, n on the other hand. A common feature of these
isomers is the availability of an atom or group on the
aromatic ring that carries an unshared pair of elec-
trons. It seems feasible to correlate the observed dit-
ferences in activity with the unshared pair of electrons
that should be suitably oriented at a critical distance
from the amidic NH. Deviation from this critical dis-
tance might lead to decreased activity. Thus, a location
of the unshared pair of electrons separated by three
carbons from the amidic NH seems to give the opti-
mum activity, as in 7g. Shifting of the unshared pair of
electrons on N towards o- or y-positions either gets it
involved in intramolecular hydrogen bonding, as in 7i,
or diminishes its supporting role of interaction with the
enzyme, as in 7h. By analogy, the differences in activi-
ties of the m- and p-isomers of benzylcarboxamides
7k and 7m and the methyl benzylcarboxylates 71 and
7n were found to parallel the distance separating the
carbonyl oxygen from the amidic NH.

The tolerance of the S,' site o accommodate a bulky
substituent was challenged by the attachment of 1- or
2- adamantyl groups, which can be regarded as the
constrained analogues of the tert-butyl moiety at the
P, position in the lead KNI-577. The yielded dipep-
tides 8o and 8p were found to be the least active de-
rivatives.

Conclusions

KNI-577 and KNI-901 leads are substrate-based HIV
protease inhibitors. The two leads are members of the
KN series containing allophenylnorstatine (Apns) with
hydroxymethylcarbonyl isostere as a transition state
mimic at the scissile peptide bond.

The activily of the prepared series of Po-Apns-Dmt-Py’
strongly depends on the simultaneous balance be-
tween electronic and steric properties of both the Pz
and Py’ moieties. As shown from Table 5, the ability of
interaction of P, and P, with the relevant enzyme
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Table 4. Physical data of intermediate compounds N-Boc-Dmt-Py' 4.

No. Py’ mp (°C) HPLCS No. Ps' mp (°C) HPLGCS
Rt (min) Rt (min)

~ \N N\

4a Fi><© 102-106  25.56 4 P 94-98 15.52

M OH
4b 'l 106—109 22.72 4j SN, Y 147~150 18.87
o—-
~ CONH;
4c ‘g“@ 99-102 2370 4K T 132-135  18.80
o ~ COOCH,

~

4d g”\© 100—103 25.57 al /\Ej 117-120 25.44

~
" ~ 3 25.06 N B
4e u’% 95-98 o5 53 4m /\©\CONH2 96-99 17.78
N 0, ~,

8 N 75-78 25.66 4n ”/\@coom 1o-112 2266
~ &)

4g ”/\@ 96—100 16.19 40 \ﬂ@ 103—106 32.75
WS w4

4h L_* 105—109 14.92 4p ~N 107-109 31.94

# and § as in Table 3.

sites S, and S,' would significantly affect the fitting of
Apns to the enzyme catalytic site, which reflects the
HIV protease inhibitory activity.

Two derivatives were found to be equally or more ac-
tive than the leads KNI-577 and KNI-901 and present
promising candidates for further investigations.

Experimental

Melting points were determined on a micro hot plate of a Yan-
aco micro melting point apparatus and were uncorrected. The
optical rotations were measured on a Horiba model SEPA-
300 digital polarimeter. TLC was performed on precoated
Merck silica gel 80 Fas4 sheets. Column chromatography was
carried out on Merck silica gel 60 (particle size
0.063-0.200 mm).

Analytical RP-HPLC was performed with a Hitachi L-7100
pump and an L-7400 UV detector utilizing YMC Pack ODS-
AM AM 302.

Preparative RP-HPLC was performed with a Shimadzu LC-
4A liquid chromatograph utilizing a YMC Pack ODS-AM type
SH-343-5AM column (250 X 20 mm i.d., $-5 ym, 120 A).

H NMR spectra were recorded on a JEOL JNM-EX 270 (270
MHz) spectrometer. Chemical shifts are given in (& ppm) rela-
tive to tetramethylsilane (TMS) as an internal standard. 13C
NMR spectra were recorded on a JEOL JNM-EX 270 (67.5
MHz) using solvents as internal standard, FAB mass spectra
{FAB-MS) and high-resolution FAB-MS (HRFAB-MS) were re-
corded on a JEOL JMS-8X102 AQQ/MS-HYB10 mass spec-
trometer using glycerol, thioglycerol or Magic Bullet as in-
ternal references. MALDI TOF mass spectra were measured
at Voyager-DETMRP Biospectrometry™ Workstation (Per-
Septive Biosystems). Commercially available chemicals were
purchased from Nacalai tesque, Waku Chemicals or Tokyo
Chemical Industries, Japan, and were used without further
purification. Commercially non-available chemicals were pre-
pared according to standard methods described in [16] and
showed 1H NMR and 13C NMR spectra in accordance with
the assigned structures.

(tert-Bury/oxycarbonyl)-5,5-dimethylthiazdlidine-4—carboxylic
acid Boc-Dmt-OH (1) [10]
Yield 81%, mp 124—-127°C.

N-P,'-(tert-Butyloxycarbonyl)-5,5-dimethylthiazolidine-4-
carboxamide Boc-Dmt-Py' (2a—p)
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Table 5. HIV protease inhibitory activity of targeted dipeptides Px-Apns-Dmit-P3' 7 and 8.

No. o\jY % HIV protease No. HO 2
Py = inhibition P, =
Py

% HIV protease

~ CONH,
7k ﬁ/\©/ 67.7 KNI-577 “ﬁk

~ COOCH;
71 ﬁ/\@ 45.0
\N
7m H/@ 3.3
CONH,

\N
n H 28.6
COOGH;

KNI-901

/
x=

86

inhibition
(50 nM) . (50 nM)
P
\I:/ \;/
7a N 72.5 8a N 82.2
CHj N CHj
: ~N._N _N
7b N 15.3 8b N 12.9
0 0
o O—
~N N
7c H/\© 24.0 8¢ H’@ 65.8
O/\ O/\
~N ~N
7d H'\@ 41.7 8d H’\@ 49.7
# \N 4 ~.
7e N 64.5 8e N 91.2
~ Q \N 0
7f ﬁ/\@[ > 27.6 8f H/\C[ ) 67.6
Q (0]
\ﬁ TN \u N
79 L 86.8 8g P 62.6
~ X ~ X
7h ﬁ/\@ 70.7 8h Nl 34.5
S CA
7i | P 57.8 80 ) 7.1
OH
7i N SN 20.9 8 ~ /@ 5.5
] H ‘ 4 p N .
> H .
87.6

# mixture of diasteromers.

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Arch. Pharm. Pharm. Med. Chem. 2004, 337, 587-598

Boc-Dmt-OH (1.5 g, 5.74 mmol) was dissolved and stirred in
AcOEt (20 mL); Et;N {0.88 mL, 6.33 mmol) and DPPCI (1.31
mL, 6.33 mmol) were added at 0°C. The mixture was stirred
at room temperature for 1 h, then appropriate amine (6.33
mmol) and EtzN (0.88 mL, 6.33 mmol) were added. Stirring
was continued at room temperature for 6 h. The mixture was
washed iwice with 10% citric acid, 5% NaHCO; and brine,
dried over anhydrous NaySO, and filtered. The filtrate was
evaporated under reduced pressure, crystaliized from n-hex-
ane and dried in a dessicator [16, 17].

(2S,35)3-(tert-Butyloxycarbonyl)amino-2-hydroxy-4-phenyl-
butanoic acid N-Boc-Apns-OH (3) [18]

Yield 8%, mp147—148°C.

N-P, -3-(25,38)-3-(tert-butyloxycarbonyl)amino-2-hydroxy-
4-phenylbutanoyl)-5,5-dimethylthiazolidine-4-carboxamide
Boc-Apns-Dmt-P,' (4a—p)

To the appropriate Boc-Dmt-Py’ 2a—p (0.5 mmol) in 4 N HCV/
dioxane solution (2 mL), anisol (108 pL, 1 mmol} was added
at 0°C. This solution was stirred for 2 h at room temperature.
The solvent was evaporated in vacuo, ether was added, the
mixture was centrifuged, and the residue was dissolved in
DMF (5 mL). Boc-Apns-OH 3 (134 mg, 0.45 mmol), HOBt.
H,O (76.6 mg, 0.5 mmol), BOP (211 mg, 0.5 mmol) and EtsN
(189 mL, 1 mmol) were added at 0°C. The mixture was
stirred overnight at room temperature. The solvent was then
removed under vacuum and the residue was extracted with
AcOEt. The organic layer was washed with 10% citric acid,
5% NaHCQ, and brine, dried over anhydrous Na,SO, and
filtered. The filtrate was evaporated under reduced pressure.
The residue was purified by column chromatography, and the
appropriate fractions were pooled and evaporated to yield the
coupled peptide (Boc-Apns-Dmt-P,’), which was dried in a
desiccator [16, 17].

2,6-Dimethylphenoxyacetic acid (5)

Compound 5 was synthesized starting from 2,6-dimethyl phe-
nol by alkylation with ethyl-2-bromoacetate, then hydrolysis.
Yield 37 %, mp138~139°C.

3-Hydroxy-2-methylbenzoic acid [16]
Yield 86.5%, mp142-144°C.

3-Acetyloxy-2-methylbenzoic acid (6)

Acetylation of 3-hydroxy-2-methylbenzoic acid yielded 3-ace-
tyloxy-2-methylbenzoic acid 6 (quantitative, mp 147-148°C).

Synthesis of dipeptides containing 2,6-dimethyl phenoxy-
acetic acid as P, ligand (2,6-dimethylphenoxyacetyl-Apns-
Dmt-P5') (7a—n)

The titled compounds were prepared, starting from N-Boc-
Apns-Dmt-P,’ 4a—n (20.8 mmol) in 4 N HCl/dioxane (40 mL);
anisole (4.5 mL, 41.67 mmol) was added at 0°C. The reaction
mixture was stirred for 1 h at room temperature, and the sol-
vent was then removed in vacuo at room temperature; ether
was added, and the mixture was centrifuged. The formed pre-
cipitate was dissolved in DMF (40 mL), and then 2,6-dimeth-
ylphenoxyacetic acid § (22.85 mmol), HOBt.H,0 (3.5 g, 22.85
mmol), EDC.HCI (4.3 g, 22.43 mmol) and Et;N (5.78 mL, 41.6
mmol) were added at 0°C. The reaction mixture was stirred

A Novel Dipeptide-based HIV Protease Inhibitor 585

overnight at room temperature, and the solvent was removed
under reduced pressure. The residue was extracted with Ac-
OEt. The organic layer was washed with 10% citric acid, 5%
NaHCO, and brine, dried over anhydrous NapSO,, filtered
and evaporated. The residue was crystallized from n-hexane.
Physical data are listed in Table 1.

2,6-Dimethylphenoxyacetyl-Apns-Dmt-NH-cumyl (7a)

(8] —1.60 (c = 0.218, CH5OH), 'H NMR (DMSO-dg) &: 1.43
(s, 3H), 1.49 (s, 1H), 1.54 (s, 3H), 1.65 (s, 3H), 2.16 (s, 6H),
270-2.73 (m, 2H), 3.99-4.05 (d, J = 14.51 Hz, 1H),
4.14-4.20 (d, J = 13.85 Hz, 1H), 4.28 (bs, 1H), 4.42 (s, 1H),
4.66 (s, 1H), 4.84-4.93 (m, 2H), 6.92-7.02 (m, 3H),
7.15-7.24 (m, 10H), 7.41—7.44 (d, J = 7.69 Hz, 1H),
8.24-8.27 (d, J = 8.58 Hz, 1H), HRFAB-MS: m/z 618.3004
for [M+H]* (calcd. 618.3002 for CasHaaNsOsS).

2,6-Dimethylphenoxyacetyl-Apns-Dmit-NH-MPH (7b)

[a]g*® —11.42 (¢ = 0.07, CH;OH), 'H NMR (DMSO-dg) &: 1.49
(s, 3H), 1.58 (s, 3H), 2.16 (s, 6H), 2.76~—2.82 (m, 2H),
3.97~4.02 (d, J = 13.53 Hz, 1H), 4.156—4.20 (d, J = 13.52
Hz, 1H), 4.26—4.48 (m, 3H), 4.97-5.00 (m, 2H), 6.68—6.71
{t, J = 7.26 Hz, 1H), 6.81—7.03 (m, 4H), 7.12~7.25 (m, 8H),
8.17—8.20 (d, J = 8.91 Hz, 1H), 10.17 (s, 1H), HRFAB-MS:
m/z 605.2804 for [M+H]* (calcd. 605.2798 for CaaHa1N4OsS).

2,6-Dimethylphenoxyacetyl-Apns-Dmt-NH-(2-OCHj3)Bz (7¢)

[aJgt — 14.85 (¢ = 0.202, CH;OH), 'H NMR (DMSO-dg) &: 1.34
{s, BH), 1.50 (s, 3H), 2.14 (s, 6H), 2.77-2.80 (m, 2H), 3.77
(s, 3H), 3.97—-4.02 (d, J= 14.19 Hz, 1H), 4.13-4.18 (d, J =
14.18 Hz, 1H), 4.25—4.27 (d, J = 5.28 Hz, 2H), 4.37-4.40
(m, 1H), 4.46—4.49 (m, 2H), 4.91-5.00 (m, 2H), 6.79-6.85
{t, J = 7.59 Hz, 1H), 6.89—7.01 (m, 2H), 7.15—7.30 (m, 9H),
8.12—8.15 (d, J = 8.57 Hz, 1H), 8.27-8.35 (t, J = 5.6 Hz,
1H), HRFAB-MS: m/z 620.2854 for [M+H]* {calcd. 620.2794
for CaaHazN3OeS).

2,6-Dimethylphenoxyacetyl-Apns-Dmi-NH-(2-OC,Hs)Bz (7d)

[alF7® —9.96 (c = 0.158, CHsOH), 'H NMR (DMSO-d¢) 8:
1.31—1.35 (m, 6H), 1.51 (s, 3H), 2.14 (s, 6H), 2.77—2.80 (m,
2H), 3.93—-4.05 (m, 3H), 4.12—4.18 (m, 1H), 4.26—-4.28 (d,
J=4.29 Hz, 2H), 4.39 (s, 1H), 4.47~4.50 (m, 2H), 4.92—-5.00
(m, 2H), 6.78-6.83 {t, J = 6.27 Hz, 1H), 6.90-7.01 (m, 3H),
7.12~7.30 (m, 7H), 8.18—8.15 (d, J=7.91 Hz, 1H), 8.30 (4,
J= 5.6 Hz, 1H), HRFAB-MS: m/z 634.2969 for [M+H]* (calcd.
634.2951 for CasHasNzOeS).

2,6-Dimethylphenoxyacetyl-Apns-Dmt-NH-Ind (7e)

[aJR® +19.86 (C = 0.448, CH;OH), H NMR (DMSO-de) 5: 1.44
(s, 3H), 1.51 (s, 3H), 1.79-1.84 (m, 1H), 2.15 (s, 6H),
2.34-2.40 (m, 1H), 2.81—2.91 (m, 4H), 3.95-4.02 (m, 1H),
4.16-4.22 (m, 1H), 4.39—4.50 (m, 3H), 4.98~4.99 (m, 2H),
5.32-5.35 (m, 1H), 6.90—7.08 (m, 4H), 7.17-7.38 (m, 8H),
8.14—8.17 (d, J = 8.24 Hz, 1H), 8.35-8.45 (dd, J = 8.24 Hz,
1H), HRFAB-MS: m/z 616.2878 for [M+H]* (calcd. 616.2845
for CasHaaNa0sS), TOF-MS 616.727 for [M+H]*.

2,6-Dimethylphenoxyacetyl-Apns-Dmt-NH-Pip (7f)

[a]g’ —2.00 (¢ = 0.15, CH,OH), TH NMR (DMSO-d) &: 1.34
(s, 3H), 1.51 (s, 3H), 2.15 (s, 6H), 2.76—2.80 (m, 2H),
3.99-4.02 (m, 1H), 4.14—4.29 (m, 3H), 4.34~4.48 (m, 3H),
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4.97 (s, 2H), 5.88—5.92 (m, 2H), 6.77 (s, 2H), 6.85 (s, 1H),
6.95—7.02 (m, 3H), 7.19—7.30 (m, 4H), 8.09-8.13 (d, J =
9.17 Hz, 1H), 8.43-8.48 (1, J = 6.11 Hz, 1H), HRFAB-MS:
m/z 634.2583 for [M+H]* (calcd. 634.2587 for CaHaoNa075).

2,6-Dimethylphenoxyacetyl-Apns-Dmt-NH-3-picolyl (7g)

[a]3°® +47.14 (¢ = 0.28, CHaOH), 'H NMR (DMSO-dg) 5: 1.34
(s, 3H), 1.53 (s, 3H), 2.12 (s, 6H), 2.76—-2.84 (m, 2H),
3.93—3.98 (d, J = 14.19 Hz, 1H), 4.11-4.17 (d, J= 14.19 Hz,
1H), 4.19—4.72 (m, 5H), 5.00 (m, 2H), 6.89-7.01 (m, 3H),
7.16—7.24 (m, 5H), 7.63~7.68 (m, 1H), 8.07-8.11 (d, J =
8.91 Hz, 1H), 8.14—8.17 (d, J = 7.59 Hz, 1H), 8.57-8.58 (d,
J=13.96 Hz, 1H), 8.67 (s, 1H), 8.72—8.80 (t, J = 5.6 Hz, 1H),
HRFAB-MS: m/z 591.2639 for [M+H]* (calcd. 591.2641 for
CazHasN4OsS). TOF-MS 591.543 for [M+H]*.

2,6-Dimethylphenoxyacetyl-Apns-Dmt-NH-4-picoly! (7h)

[a]® +36.36 {c = 0.55, CH3OH), 'H NMR (DMSO-dg) &: 1.37
(s, 3H), 1.55 (s, 3H), 2.12 (s, 6H), 2.71-2.89 (m, 2H),
3.93-3.98 (d, J = 14.19 Hz, 1H), 4.09-4.15 (d, J = 14.19,
1H), 4.32-4.61 (m, 5H), 5.00 (s, 2H), 6.89~7.01 (m, 3H),
7.42—7.26 (m, 5H), 7.63-7.66 (d, J = 5.74 Hz, 2H),
8.09—8.13 (d, J = 9.24 Hz, 1H), 8.58—8.61 (d, J = 6.26 Hz,
2H), 8.77-8.81 {, J = 5.94 Hz, 1H), HRFAB-MS: m/z
591.2628 for [M+H]* (calcd. 591.2641 for CapHasN40s5).

2,6-Dimethylphenoxyacetyl-Apns-Dmt-NH-2-picolyl (7i)

[a]3® +21.80 (¢ = 0.61, CHzOH), 'H NMR (DMSO-dg) 5: 1.37
(s, 3H), 154 (s, 3H), 2.13 (s, 6H), 2.76-2.85 (m, 2H),
3.95-4.00 (d, J = 14.19 Hz, 1H), 4.12~-4.17 (d, J = 14.19
Hz, 1H), 4.26—4.56 (m, 5H), 4.94—5.02 (q, J = 9.24 Hz, 2H),
6.89—7.01 (m, 3H), 7.12—7.26 (m, 5H), 7.32—7.37 {, J=6.6
Hz, 1H), 7.53-7.56 (d, J = 7.59 Hz, 1H), 7.81-7.87 t, J=
7.58 Hz, 1H), 8.11-8.14 (d, J = 8.57 Hz, 1H), 8.53—-8.54 (d,
J=4.62 Hz, 1H), 8.71-8.75 (t, J = 5.94 Hz, 1H), HRFAB-MS:
m/z591.2631 for [M+H]* (calcd. 591.2641 for CazHagN4OsS).

2,6-Dimethylphenoxyacetyl-Apns-Dmt-NH-(2-hydroxy-4,6-
dimethyi)-3-picolyl (7j)

[a]3*® —4.28 (¢ = 0.07, CH3OH), 'H NMR (DMSO-dg) 8: 1.31
(s, 3H), 1.45 (s, 3H), 2.05~2.24 (m, 12H), 2.73-2.80 (m, 2H),
3.98—4.20 (m, 4H), 4.29—4.40 (bs, 1H), 4.44~4.50 (m, 2H),
4.93 (m, 2H), 5.74 (s, 1H), 6.91—7.06 (m, 3H), 7.18~7.37
(m, 5H), 7.98-8.02 (t, J = 5.6 Hz, 1H), 8.13-8.16 (d, J =
7.71 Hz, 1H), HRFAB-MS: m/z 635.2897 for [M+H]" (calcd.
635.2903 for CaaH4aN406S).

2,6-Dimethylphenoxyacetyl-Apns-Dmt-NH-Bz(3-CONH,) (7k)

[aJ® +42.66 (¢ = 0.075, CH30H), 'H NMR (DMSO-d¢) &: 1.34
(s, 3H), 1.51 (s, 3H), 2.14 (s, 6H), 2.71-2.80 (m, 2H),
3.96—4.02 (d, J = 14.19 Hz, 1H), 4.14-4.18 (d, J = 14.19
Hz, 1H), 4.24—4.49 (m, 5H), 4.94~5.03 (m, 2H), 6.90~7.05
(m, 3H), 7.15—=7.34 (m, 6H), 7.44~7.48 (d, J = 6.6 Hz, 1H),
7.68—7.70 (d, J = 7.58 Hz, 1H), 7.81 (s, 1H), 7.93 (s, 2H),
8.00-8.13 (d, J = 9.24 Hz, 1H), 8.55-8.62 (t, J = 5.8 Hz,
1H), HRFAB-MS: m/z 633.2756 for [M+H]* (calcd. 633.2747
for CasHatN406S).

2,6-Dimethylphenoxyacetyl-Apns-Dmt-NH-Bz(3-COOCH,)
(71)
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[aR¢ —13.33 (¢ = 0.03, CHsOH), 'H NMR (DMSO-~dg) 5: 1.33
(s, 3H), 1.54 (s, 3H), 2.13 (s, 6H), 2.75-2.79 (m, 2H), 3.81
(s, 3H), 3.96-4.02 (d, J = 14.19 Hz, 1H), 4.13-4.17 (d, J =
14.19 Hz, 1H), 4.30-4.52 (m, 5H), 4.96—4.98 (m, 2H),
5.50—5.53 (d, J= 8.7 Hz, 1H), 6.92~7.01 (m, 3H), 7.19-7.26
(m, 5H), 7.36—7.42 (t, J= 7.2 Hz, 1H), 7.57—7.61 (d, J= 6.6
Hz, 1H), 7.75-7.78 (d, J = 7.58 Hz, 1H), 7.91 (s, 1H),
8.09-8.12 (d, J = 8.25 Hz, 1H), 8.58—8.62 (t, J = 5.8 Hz,
1H), HRFAB-MS: m/z 648.2753 for [M+HJ* (calcd. 648.2743
for 035H42N307S).

2,6-Dimethylphenoxyacetyl-Apns-Dmt-NH-Bz(4-CONH)
(7m)

[alg® +22.00 (c = 0.05, CHgOH), 'H NMR (DMSO-dg) &: 1.35
(s, 8H), 1.52 (s, 3H), 2.14 (s, 6H), 277—2.89 (m, 2H),
3.96-4.03 (m, 1H), 4.15-4.20 (m, 1H), 4.26-4.52 (m, 5H),
5.00 (s, 2H), 6.90-7.03 (m, 3H), 7.15-7.33 (m, 5H),
7.35—-7.40 (d, J=7.2 Hz, 2H), 7.76~7.81 (d, J=7.2 Hz, 2H),
7.89 (s, 2H), 8.10—8.15 (d, J= 8.1 Hz, 1H), 8.55-8.60 (1, J=
5.4 Hz, 1H), HRFAB-MS: m/z 633.2763 for [M+H]}* (calcd.
633.2747 for 034H41N4OGS).

2,6-Dimethylphenoxyacetyl-Apns-Dmt-NH-Bz(4-COOCH3)
(7n)

[aJ2 +16.66 (¢ = 0.202, CHzOH), 'H NMR (DMSO-d¢) &: 1.35
(s, 3H), 1.52 (s, 3H), 2.14 (s, 6H), 2.76—2.79 (m, 2H), 3.81
(s, 3H), 3.96~4.01 (d, J = 14.19 Hz, 1H), 4.13—-4.19 (d, J =
14,51 Hz, 1H), 4.29-4.48 (m, 5H), 4.98 (s, 2H), 6.90—7.01
(m, 3H), 7.18-7.24 (m, 5H), 7.43-7.46 (d, J = 7.26 Hz, 2H),
7.82—7.85 (d, J = 8.24 Hz, 2H), 8.11-8.15 (d, J = 8.75 Hz,
1H), 8.63 (t, J = 5.4 Hz, 1H), HRFAB-MS: m/z 648.2753 for
[M+H]* (calcd. 648.2743 for CasHaaNa07S).

Dipeptides containing the 3-hydroxy-2-methylbenzoyl moiety
(3-hydroxy-2-methyl benzoyl-Apns-Dmi-P,') (8a—h, o, p)

To a solution of the appropriate Boc-Apns-Dmt-P,’' 4a—h, o,
p (0.1 mmol) in 4 N HCl/dioxane solution (1 mL}), anisole (22
i, 0.2 mmol) was added at 0°C. The reaction mixture was
stirred for 1 h at room temperature. The solvent was removed
in vacuum at room temperature; ether was added. After cen-
trifugation, the residue was suspended in AcOEt (5 mL), then
EtaN (17 pL, 0.12 mmol) was added (solution A). 3-Acetyloxy-
2-methylbenzoic acid 6 (21.3 mg, 0.11 mmol) was dissolved
in ACOEt (5 mL), then EtgN (17 pL, 0.12 mmol) and DPPCI
(25 pl, 0.12 mmol) were added at 0°C. The mixture was
stirred at room temperature for 1 h, then mixed with solution
A. The mixture was further stirred at room temperature for 6
h, then washed with 10% citric acid, 5% NaHCO3; and brine.
The organic layer was dried and evaporated under reduced
pressure. The residue was dissolved in methanol (2 mL), then
1 M LIOH (3 mL) was added. Stirring was continued at room
temperature for 5 h, followed by addition of 10% citric acid
till pH 3. The mixture was extracted with AcOEt and washed
with 10% citric acid and brine. The organic extract was dried,
evaporated and crystallized from n-hexane. The crude prod-
uct was purified using analytical, preparative and analytical
HPLC. The pure product was lyophilized. Physical data are
listed in Table 2.

3-Hydroxy-2-methylbenzoyl-Apns-Dmi-NH-cumy! (8a)

[a]&*® +18.89 (¢ = 0.23, CHOH), 'H NMR (DMSO-d) &: 1.43
(s, 3H), 1.50 (s, 3H), 1.53 (s, 3H), 1.65 (s, 3H), 1.82 (s, 3H),
2.71 (m, 2H), 4.20—4.38 (m, 2H), 4.50-5.51 (d, J = 2.97 Hz,
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1H), 4.65 (s,1H), 4.93-4.97 (d, J = 8.9 Hz, 1H), 5.08-5.12
(d, J = 8.9 Hz, 1H), 6.55-6.58 (d, J = 7.26 Hz, 1H),
6.76-6.79 (d, J = 7.91 Hz, 1H), 6.92-7.04 (m, 2H),
7.11=7.19 (m, 7H), 7.40-7.43 (d, J = 8.256 Hz, 2H),
8.19-8.21 (d, J= 8.25 Hz, 1H), 9.22-9.32 (bs, 1H), HRFAB-
MS: m/z 590.2704 for [M+H}* (calcd. 590.2689 for
CaaHioNaOsS).

3-Hydroxy-2-methylbenzoyl-Apns-Dmt-NH-MPH (8b)

[a]R? +28.82 (¢ = 0.17, CHaOH), 'H NMR (DMSO-de) 8: 1.47
(s, 3H), 1.56 (s, 3H), 1.82 (s, 3H), 2.67-2.87 (m, 2H), 3.06
(s, 3H), 4.41 (s, 2H), 4.49 (s, 1H), 5.02—5.06 (d, J = 8.91 Hz,
1H), 5.14—5.18 (d, J = 9.24 Hz, 1H), 6.54~6.57 (d, J = 7.26
Hz, 1H), 6.66—6.72 {t, J = 7.26 Hz, 1H), 6.76—-6.78 (d, J =
7.58 Hz, 1H), 6.87-6.96 (m, 3H), 7.11-7.27 (m, 7H),
8.15-8.19 (d, J = 8.25 Hz, 1H), 9.35 (s, 1H), 10.12 (s,1H),
HRFAB-MS: m/z 577.2492 for [M+H]* (calcd. 577.2485 for
Ca1Ha7N4Os8).

3-Hydroxy-2-methylbenzoyl-Apns-Dmt-NH-(2-OCH3)Bz (8c)

[a]37 0.00 (c = 0.07, CHZOH), 'H NMR (DMSO-dg) 8: 1.35
(s, 8H), 1.51 (s, 3H), 1.84 (s, 3H), 2.69-2.88 (m, 2H), 3.79
(s, 3H), 4.20-4.38 {m, 2H), 4.40-4.48 (m, 3H), 4.99~-5.03
(d, J =9.24, 1H), 5.12—-5.16 (d, J= 9.24, 1H), 6.54—-6.57 (d,
J = 7.26 Hz, 1H), 6.76~6.94 (m, 4H), 7.14-7.33 (m, 7H),
8.12—8.15 (d, J = 8.24 Hz, 1H), 8.25-8.28 (m, 1H),
9.20—9.50 (bs, 1H), HRFAB-MS: m/z 592.2472 for [M+H]*
(calcd. 592.2481 for CaaHgzeN306S).

3-Hydroxy-2-methylbenzoyl-Apns-Dmt-NH-(2-OCaHs)Bz (8d)

[a]35® +20.32 {c = 0.123, CHzOH), 'H NMR (DMSO-d¢) &:
1.33—1.38 (m, 6H), 1.51 (s ,3H), 1.83 (s, 3H), 2.76—-2.88 (m,
2H), 4.00—4.05 (m, 2H), 4.14—4.49 (m, 5H), 5.00—5.03 (d,
J = 9.24 Hz, 1H), 5.18-5.16 (d, J= 9.24 Hz, 1H), 6.53—6.56
(d, J=7.26 Hz, 1H), 6.75—6.84 (m, 2H), 6.91-7.04 (m, 2H),
7.14~7.35 (m, 7H), 8.12-8.15 (d, J = 7.58 Hz, 1H),
8.20—8.30 (m, 1H), 9.35 (s, 1H), HRFAB-MS: m/z 606.2652
for [M+H]* (calcd. 606.2638 for CagHaoNaOeS)-

3-Hydroxy—2—methylbenzoy/—Apns-Dmt—NH—Ind (8e)

[a]3*2 +35.00 (c = 0.22, CH,OH), 'H NMR (DMSO-de) &: 1.44
(s, 3H), 1.51 (s, 3H), 1.82 (s, 3H), 2.27-2.49 (m, 2H),
2.75—2.91 (m, 4H), 4.46-4.51 (m, 3H), 5.00—5.04 (m, 1H),
5.06—5.18 (m, 1H), 5.24—5.37 (m, 1H), 6.54~6.57 (d, J =
7.26 Hz, 1H), 6.76—6.79 (d, J = 7.91 Hz, 1H), 6.84—6.95
(m, 1H), 7.10—7.39 (m, 9H), 8.16—8.19 (¢, J = 7.59 Hz, 1H),
8.33-8.39 (t, J = 8.91 Hz, 1H), 9.37 (bs, 1H), HRFAB-MS:
m/z 588.2548 for [M+H]* (calcd. 588.2532 for CagHagNaOsS).

3-Hydroxy-2-methylbenzoyl-Apns-Dmt-NH-Pip (8f)

[alg*® +16.36 (c = 0.11, CH3OH), 'H NMR (DMSO-dg) &: 1.34
{s, 3H), 1.50 (s, 3H), 1.83 (s, 3H), 2.73-2.88 (m, 2H),
4.03—-4.10 (m, 1H), 4.28-4.36 (m, 1H), 4.42—-4.47 (d, J =
12.7 Hz, 3H), 4.99—5.03 (d, J = 9.24 Hz, 1H), 5.12-5.16 (d,
J = 8.9 Hz, 1H), 5.90-5.96 (m, 2H), 6.54-6.57 (d, J= 7.26
Hz, 1H), 6.73—6.88 (m, 4H), 6.92-6.98 {t, J = 7.92 Hz, 1H),
7.16—7.33 (m, 5H), 8.11-8.14 (d, J = 7.92 Hz, 1H),
8.37—8.39 (1, J =5.61 Hz, 1H), 9.20—9.60 (bs, 1H), HRFAB-
MS: m/z 606.2269 for [M+H]* (calcd. 606.2274 for
CaaHasNa075).

3-Hydroxy-2-methylbenzoyl-Apns-Dmt-NH-3-picoly! (8g)
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[a]8® +15.62 (C = 0.224, CH5OH), 'H NMR (DMSO-dg) &:
1.32 (s, 3H), 1.50 (s, 3H), 1.82 (s, 3H), 2.68~2.86 (m, 2H),
4.15-4.23 (m, 1H), 4.28—4.47 (m, 4H), 5.00~5.03 (d, J =
8.91, 1H), 5.13—5.17 (d, J = 9.23 Hz, 1H), 5.49-5.52 (d, J =
6.6 Hz, 1H), 6.53—6.56 (d, J = 7.26 Hz, 1H), 6.76—6.79 (d,
J =7.91 Hz, 1H), 6.90-6.98 (m, 1H), 7.13=7.31 (m, 6H),
7.67-7.70 (d, J = 7.58 Hz, 1H), 8.12-8.15 (d, J = 7.91 Hz,
1H), 8.39~8.53 (m, 3H), 9.38 (bs, 1H), HRFAB-MS: m/z
563.2341 for [M+H]* (calcd. 563.2328 for CagHasN4OsS).

3-Hydroxy-2-methylbenzoyl-Apns-Dmt-NH-4-picoly! (8h)

[alf’® +25.92 {c = 0.135, CH3OH), 'H NMR (DMSO-dg) &:
1.37 (s, 3H), 1.55 (s, 3H), 1.80 (s, 3H), 2.70-2.90 (m, 2H),
4.20~4.,66 (m, 5H), 5.01-5.05 (d, J =8.7 Hz, 1H), 5.15-5.19
(d, J = 8.9 Hz, 1H), 6.53-6.55 (d, J = 7.26 Hz, 1H),
6.73-6.76 (d, J = 7.9 Hz,1H), 6.86~6.92 (1, J =7.83 Hz 1H),
7.05-7.32 (m, 4H), 7.66-7.68 (d, J = 574 Hz, 2H),
8.08—8.12 {d, J = 7.9 Hz, 1H), 8.26 (d, J = 1.7 Hz 1H),
8.56—8.60 (d, J = 6.26 Hz, 2H), 8.70-8.76 (m, 1H),
9.35-9.45 (bs, 1H), HRFAB-MS: m/z 563.2337 for [M+H]*
(calcd. 563.2328 for CaoHasN40OsS).

3-Hydroxy-2-methylbenzoyl-Apns-Dmt-NH-1-Adam (8o)

[alif-® +7.45 (c = 0.295, CHzOH), 'H NMR (DMSQ-dg) 8: 1.41
(s, 3H), 1.48 (s, 3H), 1.61 (s, 6H), 1.82—1.96 (m, 12H),
2.69-2.82 (m, 2H), 4.24-4.42 (m, 1H), 4.53 (s, 2H),
4.94-4.97 (d, J = 9.23 Hz, 1H), 5.15—5.18 (d, J = 8.25 Hz,
1H), 6.55-6.57 (d, J = 6.93 Hz, 1H), 6.76—6.79 (d, J = 7.58
Hz, 1H), 6.91-6.94 (m, 1H), 7.07-7.23 (m, 3H), 7.37—-7.39
(d, J = 6.92 Hz, 2H), 7.49 (s, 1H), 8.22-8.25 (d, J = 8.25
Hz, 1H), 9.20—9.60 (bs, 1H), HRFAB-MS: m/z 606.3011 for
[M+H]* (calcd. 606.3002 for CasHa4N3OsS).

3-Hydroxy-2-methylbenzoyl-Apns-Dmt-NH-2-Adam (8p)

[a]R® +11.81 (c = 0.127, CHaOH), 'H NMR (DMSO-dg) 5: 1.38
(s, 3H), 1.48—~1.52 (m, 6H), 1.69—2.08 (m, 15H), 2.65—2.81
(m, 2H), 3.89 (s, 1H), 4.31-4.37 (m, 1H), 4.51 (s, 1H), 4.70
(s, 1H), 4.99-5.02 (d, J = 8.91 Hz, 1H), 5.13—-5.16 (d, J =
8.58 Hz, 1H), 6.53—-6.56 (d, J = 7.59 Hz, 1H), 6.76—6.78 (d,
J=7.25 Hz, 4H), 6.91-6.93 (t, J = 7.58 Hz, 1H), 7.08-7.32
(m, 5H), 7.81-7.84 (d, J = 6.26 Hz, 1H), 8.19-8.22 (d, J =
7.92 Hz, 1H), HRFAB-MS: m/z 606.3011 for [M+H]* (calcd.
606.3002 for CasHasN2OsS).

HIV protease inhibition

HIV protease inhibition was determined by an HPLC method
using S10 peptide (H-Lys-Ala-Arg-Val-Tyr*Phe(p-NO,)-Glu-
Ala-Nle-NH,) as the enzyme substrate. The inhibitory poten-
tials were tested at 50 nM concentration of the inhibitor. The
assay protocol was followed as described by Mimoto et al.
[15].
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Abstract—Recently, we reported potent and small-sized BACE] inhibitors KMI-358 and KMI-370 in which the Glu residue is
replaced by a B-N-oxalyl-DAP (L-o,B-diaminopropionyl) residue at the P4 position. The B-N-oxalyl-DAP group is important for
enhancing BACE] inhibitory activity, but these inhibitors isomerized to a-N-oxalyl-DAP derivatives in solvents. Hence, we used
a tetrazole moiety as a bioisostere of the free carboxylic acid of the oxalyl group. KMI-420 and KMI-429, containing a tetrazole
ring, showed improved stability and potent enzyme inhibitory activity.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Amyloid B peptide (AB), which is the main component
of senile plaques found in the brains of Alzheimer’s dis-
ease (AD) patients,' is formed by proteolytic processing
of amyloid precursor protein (APP).%? Since BACEI (B-
site APP cleaving enzyme, B-secretase) triggers AP for-
mation by cleaving at the N-terminus of the AP do-
main,*7 it is a molecular target for therapeutic
intervention in AD.#!! Recently, we reported on the
BACE] inhibitors, KMI-300 (1b), -358 (2b), and -370
(3b)'? (Fig. 1), which contained phenylnorstatine [Pns:
(2R,3S)-3-amino-2-hydroxy-4-phenylbutyric acid] as a
substrate transition-state mimic.!3!'* These inhibitors
were designed from the octapeptide BACE1 inhibitor
KMI-0081! as the lead compound. However, inhibitors,
1b-3b, have labile PB-N-oxalyl-DAP residues (DAP:
L-o, B-diaminopropionic acid) at the P4 position. -N-oxal-
yl-DAP is known as the neurotoxic constituent of the
legume Lathyrus sativus,'>"17 which thermally isomerizes
to an equilibrium mixture with o-N-oxalyl-DAP.!&1°

Keywords: Alzheimer's disease; BACE1 inhibitor; p-Secretase;

Bioisostere.
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Similarly, the compounds 1b-3b are converted to o-N-
oxalyl-DAP derivatives (Fig. 2), which show the low
enzyme inhibitory activities, in aqueous and organic

(Pns)
0% COOH
1b {(KMI-300)
X
o) b0 0
HN AL AN y oH
iOH § H i H
:{\T 0 : OH 0

07 >COOH
2b X = H (KMI-358)
3b X = COOH (KMI-370)

Figure 1. Structure of BACEL! inhibitors containing B-oxalyl-DAP
residue at the P4 position.
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(a) 0
HaN L I o Ho{
TN Hoog, R AN N HOOC\H/N\.)LNA
NH ~———— >< : H = o i~ "
HO N~ NHz
07 CooH L H J
B-form five-membered ring o-form

{ransition-state

o]

H ¥ g
HOOC\H,N\/U\N N A o
i H i H i
¢} \NH2 o} >b_

OH 1a R = -Asp-Ala-Glu-OH
(KMI-302)

2a R =NH : COOH

(KMI-359)

Figure 2. (a) Isomerization of oxalyl-DAP derivatives. (b) Structure of
BACE] inhibitor’s isomers containing o-oxalyl-DAP residue at the P4
position.

(a) 4b R = -Asp-Ala-Glu-OH

(KMI-404)
0 e o}
HE I ON i 5b R = NH COOH
~wn © > OH (KMI-420)
PN COOH
HN-p/

6b R = NH COOH
(b) (KMI-429)

(0] 0] e} 4a R = -Asp-Ala-Glu-OH

N, A H\/U\ n\/lL (KMI-405)
2 R OH

5a R = NH COOH

(KM1-602)

Figure 3. Structure of BACEI! inhibitors containing a tetrazole ring at
the P, position () and their o-isomers (b).

solvents. To improve the stability of compounds 1b-3b,
the oxalyl moiety was replaced with tetrazole carbonyl
derivatives as a bioisostere?® of carboxylic acid. Conse-
quently, we found the tetrazole-containing BACEI
inhibitors 4b-6b (Fig. 3), with enhanced chemical stabil-
ity and enzyme inhibitory activity.

2. Synthesis

BACE] inhibitors (4b and 5b) and a-isomers (1a, 2a, 4a,
and 5a) were synthesized by the 9-fluorenylmethoxycar-
bonyl (Fmoc)-based solid phase peptide synthesis as
previously reported.!? As an example, Scheme 1 shows
the synthesis of 5b (KMI-420). Namely, the N-Fmoc-
3-aminobenzoic acid was attached to 2-chlorotrityl chlo-
ride resin using diisopropylethylamine (DIPEA) in
dichloromethane (DCM). The Fmoc group was re-
moved with 20% piperidine in DMF and the peptide

,[ 1 a J: 1 —'
Fmoc—N o 2 Fmoc—N 0 Q
H 0 H

0]

-—-M—S—* Fmoc—Val—Leu—Pns—N : Tr O—O
H
o]
b,d O
—_— Boc—DAP(Fmoc)—Va!-Leu—Pns—ﬁQ\( _O
0]
H O
- O
b,e Boc N\:/u\Val—Leu~F’ns—}l§li
— :
“NH . ©
N,
O = N
HN~N
_..._f.._> 5b (KMI-420) ( = 2-chlorotrityl resin )

Scheme 1. Reagents and conditions: (a) 2-chlorotrityl chloride resin,
DIPEA/DCM; (b) 20% piperidine/DMF; (c) Fmoc-AA-OH, DIPCD],
HOBYDMTF; (d) Boc-DAP(Fmoc)-OH, DIPCDI, HOBY/DMF; (e)
1H-tetrazole-S-carboxylic acid, DIPCDI, HOBUDMF; (f) TFA,
m-cresol, thioanisole.

bonds were formed wusing diisopropylcarbodiimide
(DIPCDI) in the presence of I-hydroxybenzotriazole
(HOBt). The coupling of Boc-Pns-OH and amino-
benzoyl resin was achieved using the same manner
reported previously!? without any problem. The DAP
residue at the P, position was introduced using N*-
Boc-NP-Fmoc-L-2,3-diaminopropionic acid [Boc-DAP-
(Fmoc)-OH]. The PB-substituted DAP moiety in 4b
(KM1I-404) was introduced in a manner similar to that
in 5b. However, for the a-substituted derivatives (1a, 2a,
4a and 5a), the DAP residue at the P, position was intro-
duced using NP-Boc-N*-Fmoc-L-2,3-diaminopropionic
acid [Fmoc-DAP(Boc)-OH). After peptide chain elonga-
tion, the 1H-tetrazole-5-carbonyl residue at the B-posi-
tion of DAP was introduced using 1H-tetrazole-5-
carboxylic acid. Finally, the peptide was cleaved from
the resin by treatment with trifluoroacetic acid (TFA)
in the presence of m-cresol and thioanisole. The crude
peptide was purified by preparative RP-HPLC. On the
other hand, the a-oxalyl residue at the P, position in
compounds 1a and 2a was introduced using oxalic acid
mono-t-butyl ester.

Compound 6b (KMI-429), which contained 5-amino-
isophthalic acid at the C-terminus, was synthesized by
a traditional solution method (Scheme 2). Dibenzyl 5-
aminoisophthalate was used as a starting compound
and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide-HCI
(EDC-HCJ) in the presence of HOBt formed the peptide
bonds. Boc and Fmoc groups were deprotected using
4M HC! in dioxane and 20% diethylamine in DMF,





