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Abstract—Transposition of the pyridyl nitrogen from the P3 substituent to the P1
0 substituent in HIV-1 protease inhibitors (PI)

affords compounds such as 3 with an improved inhibitory profile against multiple P450 isoforms. These compounds also displayed
increased potency, with 3 inhibiting viral spread (CIC95) at <8 nM for every strain of PI-resistant HIV-1 tested. The poor to
modest bioavailability of these compounds may correlate in part to their aqueous solubility.
# 2003 Elsevier Ltd. All rights reserved.
Since their emergence in 1995, HIV-1 protease inhibi-
tors (PI), including indinavir, have demonstrated effi-
cacy in the treatment of HIV-1 infection as a
component of antiretroviral therapy.1 The subsequent
emergence of drug resistant strains of HIV-1 has nec-
cessitated further development of this treatment class
with an emphasis on the development of agents with
broad activity against PI-resistant variants of the virus.2

We have reported that modifications of the indinavir
scaffold afforded compounds such as those illustrated in
Figure 1 where X is nitrogen, and both Y and Z are C–
H.3 These compounds afforded exceptional antiviral
potency against several resistant strains of HIV-1.
Although high levels of plasma exposure were achieved
in both dogs and rhesus monkeys by oral dosing of one
of these compounds, an unacceptable profile of inhibi-
tion of P450 isoforms was observed. In order to improve
this metabolic profile we have investigated the transpo-
sition of the pyridyl nitrogen from the P3 substituent to
the P1

0 position. This afforded compounds in Figure 1
where either Y or Z are nitrogen, and X is C–H.4
The synthesis of the P1 pyridyl derivatives was accom-
plished by direct analogy to the synthesis of indinavir
developed by Askin and coworkers.5 A representative
example is the synthesis of 3, which is presented in
Scheme 1. The aminoindanol chiral auxiliary was cou-
pled with 3-pyridylpropionic acid affording intermediate
I. Acetonide formation and diastereoselective allylation
provided the a-substituted intermediate II. This mate-
rial was treated with iodine in the presence of acid,
which favored the formation of the iodolactone III. The
iodide was displaced with the piperazine IV,6 which
afforded the lactone V. The lactone was opened under
basic conditions, then treated with excess silylating agent,
followed by selective hydrolysis of the silyl ester under
neutral conditions, which gave the acid intermediate VI.
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Figure 1. Transposition of the pyridyl nitrogen from P3, where X=N,
to the P1

0 position, where Y or Z=N.
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This intermediate was then coupled with the amino-
chrominol.7 Final removal of the carbamate and silyl
protecting groups, followed by reductive amination with
the appropriate aldehyde, afforded the fully elaborated
3-pyridylmethyl substituted compound 3. The analo-
gous 4-pyridylmethyl compounds were synthesized in a
similar fashion.

The compounds synthesized were tested for the ability
to inhibit HIV-1 protease. The enzymes employed were
derived from both the wild-type (NL4-3) virus, and
from a series of clinical viral isolates from patients
infected with highly PI-resistant strains of HIV-1 (K-60,
Q-60, and V-18). The genotype and phenotype of these
isolates has been reported, and the protease sequences
for each strain have also been presented.3,8 The most
highly indinavir-resistant viral phenotypes we have
identified were used in these investigations without
regard to the amino acid substitution pattern of their
protease enzymes. The potencies (IC50) of the com-
pounds against this panel of HIV-1 protease enzymes
are presented in Table 1. The compounds were also tes-
ted for their ability to inhibit the spread of viral infec-
tion in MT4 human T-lymphoid cells in culture using
viral constructs derived from the strains described
above. The concentrations required to inhibit viral
spread by 95% (CIC95) are also listed in Table 1.9

Compound 2, reported previously,3 affords substantial
improvements over indinavir (1) in potency against both
the wild type and resistant strains of HIV-1. Transposi-
tion of the nitrogen from the P3 position to the P1

0

position as in the 3-pyridylmethyl isomer 3 resulted in an
additional tenfold increase in potency in the protease inhi-
bition assays, with picomolar activity observed against the
protease enzyme from every strain investigated. The
Scheme 1. (a) EDC, HOBT, CH2Cl2/DMF, 4 h; (b) 2-methoxypropene, CSA, CH2Cl2, 1 h; (c) allyl bromide, LHMDS, THF, �25 �C, 1 h; (d) I2,
MsOH, THF/H2O, 12 h; (e) DIEA, DMF, 90 �C, 21 h; (f) 1.0N LiOH (aq), DME, 0 �C, 0.3 h; (g) TBSCl, Imidazole, DMF, 0.3 h; (h) 30% H2O in
THF, 8 h; (i) HBTU, HOBT, DIEA, DMF, 16 h; (j) 10N HCl (aq), iPrOH, 0 �C, 1 h; (k) IX, NaBH(OAc)3, DMF, HOAc, 0.5 h.
Table 1. Enzyme inhibitory concentrations (IC50) and viral spread inhibitory concentrations (CIC95) for HIV protease inhibitors
Compd
 P3 substituent
 P1
0 substituent
 HIV-1 protease inhibition IC50 (nM)
 Viral spread CIC95 (nM)a
NL4-3
 K-60C
 V-18C
 Q-60C
 NL4-3
 K-60C
 V-18C
 Q-60C
1
 Indinavir
 Benzyl
 0.60
 61.2
 43.6
 20.1
 50
 >1000
 >1000
 >1000
2
 Benzyl
 0.08
 0.6
 1.3
 0.8
 �8
 15
 31
 31
3
 3-Pyridyl
 0.02
 0.06
 0.15
 0.07
 �8
 �8
 �8
 �8

4
 4-Pyridyl
 0.04
 0.11
 0.34
 0.20
 15
 �8
 31
 31
5
 3-Pyridyl
 0.03
 5.0
 0.43
 3.2
 �8
 250
 15
 125

6
 4-Pyridyl
 0.07
 20.0
 1.2
 4.8
 �8
 250
 15
 250
7
 3-Pyridyl
 0.04
 3.7
 1.3
 2.7
 15
 125
 31
 125

8
 4-Pyridyl
 0.10
 10.0
 2.2
 n.d.
 15
 250
 62
 250
9
 3-Pyridyl
 0.02
 n.d.
 0.12
 n.d.
 10
 31
 �8
 31

10
 4-Pyridyl
 0.03
 0.92
 0.14
 n.d.
 �8
 62
 �8
 125
aThe � and � values denote the lower and upper concentrations tested in our assays.
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increased potency in this compound is evident in the
viral spread assay as well, where the observed CIC95

values for each of the PI-resistant viral strains were
below the minimum concentration tested in our assays.
The 4-pyridylmethyl regioisomer 4 maintained sub-
stantial potency against each viral strain, although it
was generally less potent than the corresponding 3-pyr-
idymethyl compound.

Despite these gains in antiviral potency, 3 and 4 were
poorly bioavailable. The compounds were dosed in dogs
both orally (5 mpk) and IV (2 mpk) and the pharmaco-
kinetic parameters are presented in Table 2.10 The
clearance and half-life of these compounds compares
favorably with the benzyl substituted compound 2, but
the maximum plasma levels obtained with 3 and 4 were
over 10-fold lower. A correlation has been observed
between the aqueous solubility and oral absorption of
protease inhibitors in the indinavir lead class,4b,11 and
both 3 and 4 were found to be substantially less soluble
than the more bioavailable compound 2 at pH 5.2
(Table 2).

In order to improve the solubility of this class of com-
pounds our efforts turned to replacement of the lipo-
philic P3 moiety. This substituent was replaced with the
previously identified[3,2-b]thienothiophene (5 and 6),4

or with the corresponding fused-ring benzofuran (7 and
8, Table 1). These substitutions afforded similarly
potent compounds in the viral spread assay against the
NL4-3 virus, however a loss in potency was observed
with the PI-resistant strains. Much of this potency was
restored in the 8-chlorobenzofuran substituted
compounds 9 and 10.12

The thienothiophene and benzofuran substituents
afforded substantially higher aqueous solubility, as illu-
strated in Table 2. However, this greater solubility only
translated into higher Cmax values in the 3-pyr-
idylmethyl series when dosed orally. Thus, while all of
the compounds dosed had similar metabolic clearance,
only 5 and 7 achieved appreciable bioavailability. None
of the 4-pyridylmethyl isomers resulted in significant
plasma exposure, despite a similar clearance rate and
similar solubility to the 3-pyridylmethyl series. The rea-
son for the lack of correlation between aqueous solubil-
ity and Cmax values in the 4-pyridylmethyl series is not
clear at present. The poor aqueous solubility of the
chlorobenzofuran substituted compounds 9 and 10 pre-
cluded their inclusion in the oral dosing experiments,
despite their relatively higher potency.13

We have previously reported that 2 and related com-
pounds would be suboptimal clinical development can-
didates due to their unacceptable metabolic profile.3

While all of the currently approved HIV-1 protease
inhibitors are competitive inhibitors of the cytochrome
P450 isoform CYP3A4,14 2 is also an inhibitor of the
related isoform 2D6, and a modest inhibitor of the 2C9
isoform, as shown in Table 3. This simultaneous inhibi-
tion of multiple P450 isoforms would increase the like-
lihood of harmful drug–drug interactions for patients
on a multidrug antiretroviral regimen. All of the 3-pyr-
idylmethyl substituted compounds resulted in a more
favorable P450 isoform inhibitory profile, with sub-
micromolar IC50 values observed only with the 3A4
isoform. In this respect the 3-pyridylmethyl series
exhibited an in vitro metabolic profile similar to indi-
navir and other clinically approved HIV-1 protease
inhibitors. The analogous 4-pyridylmethyl compounds
afforded a less consistent profile, in which inhibition of
the 3A4 isoform was compound specific. The corre-
sponding 2-pyridylmethyl compounds were not pur-
sued, owing to our experience that this regioisomer
afforded no 3A4 inhibition and poor bioavailability for
the related P3 pyridyl series.3

Transposition of the pyridyl nitrogen from the P3 to the
P1

0 substituent in HIV-1 protease inhibitors of the indi-
navir class afforded several advantages. The resulting
Table 2. Solubility and pharmacokinetic properties of HIV protease inhibitors dosed in dogs both PO (5 mpk) and IV (2 mpk)
P1
0 substituent
 Compd
 Solubility pH 5.2

(mg/mL)

Cmax

(mM)

t1/2

(min)

A.U.C.
(mM h)
CLp
(mL/min/kg)
% F
Benzyl
 2
 0.67
 5.3
 60
 2.58
 24.5
 55

3-Pyridyl
 3
 0.01
 0.11
 74
 0.08
 20.5
 1
5
 0.18
 1.82
 55
 1.29
 16.7
 19

7
 0.31
 3.36
 52
 1.94
 15.0
 24

9
 0.01
4-Pyridyl
 4
 0.04
 0.21
 64
 0.16
 17.4
 2

6
 0.15
 0.30
 127
 0.18
 23.2
 4

8
 0.28
 0.38
 102
 0.22
 22.5
 4

10
 <0.01
Table 3. Cytochrome P450 isoform inhibition IC50 (mM)a
S1
0 substituent
 Compd
 P450 Isoform
CYP3A4
 CYP2D6
 CYP2C9
Benzyl
 Indinavir
 0.15
 >30.00
 >30.00

2
 0.32
 0.53
 5.50
3-Pyridyl
 3
 0.43
 15.6
 83.9

5
 0.31
 11.1
 19.7

7
 0.48
 19.0
 48.8

9
 0.50
 8.80
 27.3
4-Pyridyl
 4
 1.50
 14.9

6
 0.47
 3.20
 8.59

8
 2.20
 3.60
aMeasured in human liver microsomes. See ref 10a.
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compounds, exemplified by 3, exhibited substantially
greater potency against PI-resistant strains of HIV-1.
Furthermore, the 3-pyridylmethyl series afforded a
more favorable inhibitory profile against several meta-
bolic P450 isoforms than the analogous P3 pyridyl
compounds. At best only modest bioavailability was
achieved in the P1

0 3-pyridylmethyl series, owing to the
lower maximal plasma levels achieved with these com-
pounds after oral dosing.
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