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Abstract—We describe herein the synthesis and biological evaluation of a series of tripeptidyl a-ketoamides as human rhinovirus
(HRV) 3C protease inhibitors. The most potent inhibitor discussed in this manuscript, 4I, exhibited impressive enzyme inhibitory
activity as well as antiviral activity against HRV-14.
# 2003 Elsevier Ltd. All rights reserved.
Introduction

Human rhinoviruses (HRV) are a group of plus-strand
RNA viruses belonging to the picornavirus family. As
the leading cause of common cold in humans, over
100HRV serotypes have been identified.1 Approximate
100 million annual incidence of common cold and up to
25 million office visits in USA are reported. Further-
more, several HRV infections related complications
such as acute exacerbation, sinusitis, acute bronchitis,
and otitis media in children may occur. In contrast to
the unmet medical needs, there are no antiviral drugs
available for the treatment of HRV infections today.

HRV 3C protease is a cysteine protease that is respon-
sible for the generation of mature viral proteins and the
enzyme required for viral replication and infections.2,3

HRV 3C protease recognizes specific amino acid
sequence and makes a cleavage primarily at the Gln/Gly
bond.4 Due to its essential roles in viral infection and
unique protein structure,3 HRV 3C protease has been
viewed as an attractive target for the development of
antiviral agents (Fig. 1).5
In view of the urgent medical needs for anti-HRV
drugs, several reports of substrate based reversible and
irreversible enzyme inhibitors have recently appeared in
the literature. These include Michael acceptors
(e.g., G7088 1),6,7 substrate derived peptidyl aldehydes
(e.g., 2),8 C-termini heterocyclic ketones (e.g., 3),9 aza-
peptides,10 and C-termini bromomethyl ketones,11

S-nitrosothiols,12 as well as a novel series of tripeptidyl
a-ketoamides (e.g., 4A). The initial hit emerging from
a-ketoamide series, 4A showed good inhibitory activity
against HRV-14 in both the enzyme and cellular assays
with IC50 values around 2–3 mM. In this manuscript, we
report our recent progress achieved through 4A-based
SAR modifications at P3, P2, P1, and P10 positions.
Chemical Synthesis

All tripeptidyl a-ketoamides discussed in this manu-
script (4A–4N) were synthesized via two sequential
peptide coupling reactions between their respective P3/
P2 units and P3-P2/P1-P10 units as shown in Schemes 1
and 2. The structures of the a-ketoamides discussed
herein are secured on the basis of their proton NMR
and mass spectra analyses.

The synthetic route employed for the preparations of two
bicyclo-Pro P2 bearing inhibitors 4A and 4B is outlined
in Scheme 1. In this case, the known bicycloproline
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ketone AA13 was reduced with sodium borohydride to
gave a mixture of the respctive carbinol BB, which was
then converted to the deoxy bicyclo-Pro acid EE via
Barton deoxygenation reaction14 and hydrogenation.
Coupling of the P3 acid FF with EE was promoted by
HOAt/EDCI,15 and afforded the expected adduct HH,
which was converted next to the acid II via saponifica-
tion. Final PyBOP mediated coupling16 of II with the
P1-P10 unit LL (itself prepared in two steps from the a-
hydroxyacid RR as shown in Scheme 2) provided the
desired a-hydroxyamide adduct NN, which was then
oxidized with Dess–Martin periodinane17 to furnish the
desired a-ketoamide 4A. On the other hand, treatment
of the a-isomer of carbinol BB (the major isomer) with
DAST furnished the desired b-fluoro bc-Pro derivative
(via SN2 inversion),

18 which was further converted to its
free amine GG via hydrogenalysis. Following the iden-
tical peptide coupling sequence described for 4A, the P2
fluorinated intermediate GG was incorporated into the
final product 4B.

The general synthetic route for the preparation of P2
Phe bearing a-ketoamides is shown in Scheme 2. Cou-
pling of the P3-Val acid FF (itself prepared from Val-
OBn via a two-step sequence) with phenylalanine
methyl ester was mediated by HOAt/DCC,15 and pro-
vided the dipeptide methyl ester OO, which was then
saponified to give its corresponding acid PP in 93%
yield. Subsequent coupling of PP with the P1-P10 unit
QQ (prepared from the known b-amino-a-hydroxyacid
RR19 via a two-step sequence) was promoted by
PyBOP16 and i-Pr2EtN and provided the expected
adduct SS, which was further oxidized to the final a-
ketoamide 4I using Dess–Martin periodinane.17 The low
yield (�20%) obtained in the final coupling and oxida-
tion steps was due largely to the gel-like nature of 4I.
Biological Evaluation

All tripeptidyl a-ketoamides (4A–4N) synthesized were
tested sequentially in the following assays: (1) HRV-14
3C enzyme assay;20 (2) antiviral cell culture assays
against both HRV-14 and HRV-16;8a,21 and (3) XTT
cytotoxicity assay.22

P3 SAR

Antiviral activities of two pairs of HRV 3C inhibitors
containing P3 modifications (t-Leu vs Val) were com-
pared and the data is summarized in Table 1. When
compared with their respective P3 t-Leu counterparts
4C and 4D, two P3 Val bearing analogues 4A and 4B
exhibited 2–3-fold improved activity against HRV-14 in
both the enzyme and cellular assays. Consistent with
this finding, similar trend was again observed in the
antiviral assay against HRV-16. Careful data compar-
ison between 4A versus 4B and 4C versus 4D clearly
indicates that fluorination at the P2 residue is detri-
mental to antiviral activity. The antiviral activity could
be clearly distinguished from the cytotoxicity, with
therapeutic indexes (TC50/EC50) of at least 6. In view of
the SAR trends observed thus far, we decided to use Val
as the standard P3 residue for the tripeptidyl a-ketoamide
series.

P2 SAR

With the aim of simplifying P2 residue, we prepared
four additional analogues bearing Pro (4E), a,a-cylo-
pentyl (4F), Phe (4G), and p-F-Phe (4H) as their
respective P2 units. The testing results clearly indicate
that 4E showed about 5-fold weaker antiviral activity
relative to 4A; and 4F was devoid of any antiviral
Figure 1. Representative HRV 3C protease inhibitors.
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activity. In contrast to these findings, the P2 Phe bear-
ing inhibitor 4G demonstrated 6-fold greater enzyme
inhibitory activity as compared with 4A. When tested in
the antiviral assay, only minimal improvement (2�) in
cellular activity was observed with 4G (EC50=1 mM)
relative to 4A (EC50=2.2 mM). Replacement of the P2
Phe in 4G with p-F-Phe in 4H (EC50=2.1 mM) resulted
in 2–4-fold reduction in enzyme inhibitory potency and
antiviral activity. It is worthwhile to note that the P2
preference observed with the tripeptidyl a-ketoamide
series is different from that reported for the Michael
acceptors.6b As far as cytotoxicity is concerned, it is
evident that none of the inhibitors discussed in Tables 2
and 3 was considered to be cytotoxic (TC50>50 mM).
The ratio of TC50/EC50 ranged from 6 (for 4D) to 30
(for 4A).
P1 SAR

Having found the preferred P2 residue (Phe) for a-
ketoamide series, we shifted our attention to P1 modifi-
cations. Replacement of the achiral Nva P1 residue in
4G with the chiral (s)-Nva led to 4I. As expected, inhi-
bitor 4I was found to be 2-fold more potent than 4G in
the enzyme assay. Interestingly, when evaluated in the
antiviral assay, 4I exhibited similar antiviral activity to
that of 4G. Based on our previous experience with
similar a-ketoamide bearing inhibitors designed for
HCV protease,23 we believed that the current finding
suggests that the chiral center at P1 (alpha to the
ketoamide moiety) epimerized rapidly in the cell-culture
media. Like compound 4G, the newly prepared single
isomer (at P1) 4I was found to be non-cytotoxic
Scheme 1. Syntheses of P2-bc-proline bearing inhibitors 4A and 4B. Reagents and conditions: (i) NaBH4/EtOH, 97%; (ii) NaH/CS2+THF/MeI;
(iii) n-Bu3SnH/AIBN/Tol. 66% for two steps; (iv) H2/Pd(OH)2/EtOH, 95%; (v) DAST/CH2Cl2, 90%; (vi) FF/HOAt/EDCI/THF, 73% for HH;
79% for JJ; (vii) 1N NaOH/EtOH, 85% for II; 69% for KK; (viii) PyBOP/THF, then LL, 63% for NN; 73% for MM; (ix) Dess–Martin period-
inane, 71% for 4A; 90% for 4B.
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(TC50>100 mM). On the other hand, comparative eval-
uation of 4J (IC50=0.9 mM) and 4K (IC50=4.6 mM)
clearly shows that the Gln functionality at P1 is pre-
ferred (5�) over P1-Nva bearing counterpart for the
inhibition of HRV 3C enzyme activity. This trend is in
good agreement with that reported for the Michael
acceptor series6 as well as the peptidyl aldehyde series
inhibitors.8b The poor antiviral activity (EC50 >20 mM)
displayed by 4J was due to the high polarity of its P1
residue (Gln).
Table 1. P3 SAR trends

Compd P3-R P2-R0 HRV-14 HRV-14 HRV-16 Cytotoxicity

enzyme Ki (mM)
 EC50 (mM)
 EC50 (mM)
 TC50 (mM)
4A
 H
 H
 3.0
 2.2
 �10
 65.4
4C
 Me
 H
 5.4
 7.7�0.3
 25.7
 57.8

4B
 H
 F
 5.5
 5.8
 —
 82

4D
 Me
 F
 9.8
 10
 —
 60.4
Table 2. P2 SAR trends

Compd P2 HRV-14 HRV-14 HRV-16 Cytotoxicity

enzyme Ki (mM)
 EC50 (mM)
 EC50 (mM)
 TC50 (mM)
4A
 A
 3.0
 2.2
 �10
 65

4B
 B
 5.5
 5.8
 —
 82

4E
 Proline
 17.4
 10.4�2.9
 43.3
 >100

4F
 C
 Inactive
 >20
 Inactive
 >100

4G
 Phe
 0.50
 1.0�0.2
 10.1
 62
4H
 para-F-Phe
 1.36
 2.1
 37.3
 >100
Scheme 2. Synthesis of Phe-P2 bearing inhibitor 4I. Reagents and conditions: (i) i-PrOC(O)Cl/i-Pr2EtN/HCl-ValOBn, %; (ii) H2, Pd/C, �100%;
(iii) HOAt/DCC/i-Pr2EtN/HCl-PheOMe, 78%; (iv) 1N NaOH/MeOH, 93%; (v) RR/PyBOP/(s)-MeBnNH2, %; (vi) H2, Pd(OH)2/C, �100%;
(vii) PyBOP/i-Pr2EtN /PP, then QQ; (viii) Dess–Martin periodinane 20% (last two steps).
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P10 SAR

The antiviral activity and cytotoxicity of three P10

modified analogues of 4I is listed in Table 4. Careful
data analysis reveals the following SAR trends: (1) the
C-termini benzylic (S)-chirality as seen in 4I is preferred
at least 10� over its opposite (R)-stereochemistry as
seen in 4L; (2) aromaticity at the P10 position (e.g., 4I) is
preferred (>3�) over its corresponding saturated
cyclohexyl functionality (e.g., 4M); and (3) introduction
of a methyl group with (s)-stereochemistry at the C-ter-
mini benzylic position led to significant improvement in
enzyme inhibitory activity in 4I relative to the corre-
sponding desmethyl derivative 4K.

�-Ketoamides versus simple amides

Having discovered a new series of a-ketoamide bearing
HRV 3C inhibitors such as 4I, we decided to prepare a
few structurally related tripeptides without the electro-
philic a-keto moiety for comparison. Judging from of
the enzyme inhibitory potencies as well as the antiviral
activities displayed by three compounds included in
Table 3. P1 SAR Trends

Compd P1 R HRV-14 HRV-14 Cytotoxicity

enzyme Ki (mM)
 EC50 (mM)
 TC50 (mM)
4G
 (rac)-Nva
 Me
 0.50
 1.0�0.2
 62

4I
 (S)-Nva
 Me
 0.17�0.06
 0.85�0.15
 >100

4J
 (S)-Gln
 H
 0.94�0.59
 >20
 >100

4K
 (S)-Nva
 H
 4.60
 5.3�2.6
 >100
Table 4. P10 SAR trends

Compd P10 HRV-14 HRV-14 HRV-16 Cytotoxicity

Enz. Ki (mM)
 EC50 (mM)
 EC50 (mM)
 TC50 (mM)
4I
 (S)-MeBn
 0.17�0.06
 0.85�0.15
 �10
 >100

4L
 (R)-MeBn
 6.5�1.9
 11.1�1.5
 —
 Not tested

4K
 Bn
 4.6
 2.7
 —
 >100

4M
 (S)-Me-Hexyl-c
 6.5
 >20
 —
 54.6
Table 5. Ketoamide versus amide
LY
 X
 Y
 HRV-14
enzyme Ki (mM)
HRV-14 antiviral
EC50 (mM)
Cytotoxicity
TC50 (mM)
4N
 –C(O)C(O)–
 NH
 0.71�0.25
 1.3�0.3
 30.3

5A
 –C(O)–
 NH
 7.4�1.0
 >20
 >100

5B
 –C(O)–
 NHCH2
 29.1�4.7
 >15
 >100
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Table 5, it is clear that the eletrophilic keto moiety in 4N
is needed for optimal antiviral activity. In contrast,
analogues lacking such ‘keto’ functionality (e.g., 5A and
5B) are devoid of significant antiviral activities.
Conclusion

Starting from our initial screen hit 4A, we synthesized
and evaluated a number of 4A based a-ketoamides
containing modification(s) at P3, P2, P1 and P10 posi-
tion. The most potent HRV 3C inhibitor identified
through this effort, 4I exhibited impressive activity in
both the enzyme assay (IC50=0.17 mM) and cell based
assay (EC50 �0.85 mM against HRV-14). Furthermore,
we also found that deletion of the a-keto moiety from 4
resulted in significant loss of antiviral activity (4N vs 5A).
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