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Abstract—The aspartic protease (PR) of the human immunodeficiency virus type 1 (HIV-1) is an important target for the design of
specific antiviral agents dedicated to treatment of HIV-1 infection. We have employed computer-assisted combinatorial chemistry
methods to design a small focused virtual library of nonsymmetrically substituted cyclic urea inhibitors of the PR. Nonsymmetrical
compounds with decreased peptidic character were namely found to inhibit the PR with comparable inhibition potencies as their C,-
pseudosymmetric counterparts and to possess superior pharmacokinetic properties. To generate the virtual library of fully nonsym-
metrical cyclic urea analogs, diverse reagents were selected from databases of available chemicals with characteristics similar to those
of the building blocks of known potent PR inhibitors. The X-ray structure of the protease-inhibitor complex PR-XV-638 was used
as the receptor model in the structure-based focusing and in silico screening of the virtual library. A target-specific LUDI-type
scoring function, parameterized for a QSAR training set of known cyclic urea inhibitors and validated on a set of compounds
not included into the training set, was used to predict the inhibition constants (K;) of the generated analogs toward the HIV-1
PR. The fragments most frequently occurring in the analogs with the highest predicted inhibition potencies (K; < 10 pM) were
then selected to constitute a highly focused library subset containing novel nonsymmetrical cyclic ureas with predicted K;'s 1 order
of magnitude lower than the most potent known cyclic urea inhibitors. ADME properties calculated for the most promising analogs
suggested that the cyclic ureas are endowed with a wide range of favorable pharmacokinetic properties, which may favor
the discovery of a potent orally administrable antiviral drug.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The aspartic protease (PR) of the human immunodefi-
ciency virus type 1 (HIV-1) cleaves the viral gag-pol
fusion precursor polyprotein into active viral structural
proteins and replicative enzymes such as reverse trans-
criptase, endonuclease, and integrase, thus playing an
essential role in the maturation of HIV-1 particles
and virus replication.! Therefore, PR is an important
target for the design of specific antiviral agents dedi-
cated to treatment of HIV-1 infection and acquired
immunodeficiency syndrome (AIDS).”? Unfortunately,
constant viral RNA mutations and the ability of
HIV-1 to rapidly generate drug-resistant PR mutants
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imply a continuing need for the discovery of new more
potent protease inhibitors with improved pharmaco-
kinetic properties active against a wider spectrum of
PR mutant forms.>*

Recently, cyclic ureas have been reported to constitute
an entirely new class of potent and perspective non-
peptidic inhibitors of PR, Fig. 1.°'* A fundamental
feature of the cyclic urea inhibitors is the carbonyl
oxygen that mimics the hydrogen-bonding features of
the key structural water molecule present in the active
site of the PR.® The presence of this structural water
distinguishes the retroviral PR from human aspartic
proteases pepsin and rennin. The success of the design
in both displacing and mimicking the structural water
molecule that bridges the substrate to the flaps of
the protein by hydrogen bonds was confirmed by
X-ray crystallographic studies.” Cyclic ureas proved
to be highly selective and preorganized structures with
decreased conformational flexibility, low molecular
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Figure 1. (A) Cyclic urea inhibitor XV-638 of DuPont Merck> with inhibition constant K; of 30 pM against the wild type PR of HIV-1. (B) R-groups
of cyclic ureas and their equivalence with the building blocks: amino acids (AA), aldehydes (ALD), and substituted arylbromides (SAB). The
corresponding peptidic substrate residues notation scheme of Schechter and Berger®* is also shown.

weight, improved water solubility, and oral bioavail-
ability.®

Combinatorial chemistry techniques have been devel-
oped to supply large number of molecules prepared
via parallel synthesis of compound libraries, which
are screened in high throughput bioassays to increase
the rate of generating new lead compounds with the
desired potency and specificity.'*!> Computational
methods are being increasingly used to assist the com-
binatorial library design, focusing, and virtual screen-
ing by introducing selection criteria such as molecular
diversity, drug likeness, predicted receptor binding,
and ADME properties of analogs. Selection and focus-
ing methods using these descriptors are employed to
reduce the size of the combinatorial libraries to be pre-
pared and screened.!®'® Computational approaches
can thus significantly reduce the cost, time, and labor
required to synthesize and screen large libraries, as well
as enhance the success rate in lead compound
generation.

In this article, we have employed computer-assisted
combinatorial chemistry methods to design, focus, and
screen in silico a virtual library of nonsymmetrically
P,/P; and P,/Py substituted cyclic urea inhibitors.
Nonsymmetrical cyclic urea inhibitors were namely
found to inhibit PR of HIV-1 with comparable poten-
cies as their C,-pseudosymmetric counterparts.”>!? In
addition, they possessed superior solubility and oral bio-
availability, reduced molecular mass, and increased po-
tential to translate strong enzyme inhibition activity into
high antiviral potency.” We have derived a small highly
focused library subset, which contains analogs with
substituted aryl side chains that are predicted to
contain cyclic ureas with PR inhibition constants (K;)
in the low picomolar range, a wide range of lipophilicity,
and water solubility with a potential to be developed
into an antiviral agent.

2. Results and discussion
2.1. Library design and fragment-based focusing
The central core of the cyclic urea inhibitor (seven-

membered ring, Fig. 1) is synthesized from amino acid
(AA) and aldehyde (ALD) building blocks (R; and R,

substitution points), while alkylation of the urea nitro-
gens by substituted arylbromides (SAB) at positions R;
and Ry yields the complete inhibitor.!' The number of
cyclic urea analogs that can potentially be synthesized
in a combinatorial experiment by using all the amino
acids, aldehydes, and substituted arylbromides avail-
able in the commercial databases of suppliers of chem-
icals'® (~10'> compounds) can easily exceed the
capacity of any synthesis and screening equipment.
Therefore, we have introduced a set of ‘structural’
filters and penalties to reduce the number of fragments
employed in the library generation. The strategy of the
fragment-based focusing relied on the predetermined
optimum ranges of structural properties of the
inhibitor building blocks, which were obtained by ana-
lyzing the crystal structures of potent peptidic and non-
peptidic inhibitors bound to the native PR (Table 1).
To describe the properties and structural requirements
for a successful fragment, 11 different descriptors relat-
ed to shape, size, polarity, hydrogen bonding, lipophil-
icity, solubility, and conformational flexibility (Table 1)
relevant to the match between the fragments and the
characteristics of the S; to Sy specificity pockets of
the PR-binding site, were computed using the Cerius>
program.?® Fragments whose descriptor values lied
outside the optimal ranges and similar fragments were
filtered out due to high penalty scores and diversity cri-
teria. Finally, 6 amino acids, 3 aldehydes, and 18
substituted arylbromides were selected as suitable and
diverse cyclic urea building blocks (Fig. 2). A higher
number of SABs were chosen in line with the higher
variability in the P, and P, fragments of known potent
peptidic and nonpeptidic PR inhibitors.? The fragment-
based library focusing thus reduced the size of the de-
signed cyclic urea library to:

6(R1 — AA) X 3(R2 — ALD) X 18(R3 — SAB)
x 18(R4 — SAB) = 5832 cyclic ureas.
Generation of the virtual library was carried out by the

attachment of the relevant R groups (side chains) of the
selected sets of fragments to the central core (Fig. 1).%°

2.2. Analog-based library focusing

The size of the generated fragment-focused library of
cyclic ureas was further reduced by applying
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Figure 2. The R-groups (fragments, building blocks)—'side chains’ amino acids (AA), aldehydes (ALD), and substituted arylbromides (SAB)

selected by fragment-based library focusing.

analog-based focusing methods. Analog filtering proce-
dure was based on the molecular physicochemical
descriptors and optimum molecular property ranges
calculated for the set of bound conformations of the
known PR inhibitors (Table 1), which permitted to se-
lect the 1000 most diverse cyclic urea analogs with suit-
able molecular characteristics for the subsequent
structure-based focusing.

2.3. Structure-based library focusing

The size of the analog-focused library of cyclic ureas
was further reduced by applymg structure-based focus-
ing and in silico screening methods with the goal to
select a small restricted combinatorial subset contain-
ing analogs with the best binding affinities to HIV-1
PR as possible lead compounds for antiviral drug
development. All generated cyclic urea analogs were
docked to the model of the PR receptor derived from
the crystal structure of PR-XV-638 complex?® by
employing the Monte Carlo ligand fit algorithm of
Cerius®.293¢ The docking procedure yielded 10 best
binding conformers per analog that were clustered into
five conformational families based on their mutual rms
deviations. In each cluster, the conformer that dis-
played the highest docking score was selected for
virtual screening.

2.4. QSAR analysis of known cyclic urea inhibitors and
scoring function parameterization

To obtain a LUDI-type scoring function®® capable of
predicting in vitro inhibition potencies of cyclic ureas
against the wildtype PR of HIV-1, we have correlated

experimentally determined Kjs of a training set of 12
known cyclic urea PR inhibitors (Table 2) with the
scoring function variables computed for the known
inhibitors. The two quantities HBy. e and VDW .
characterize the strength of hydrogen bonding and
lipophilic interactions between the ligand and the
receptor.?® The known inhibitors were submitted to
the same Monte Carlo docking procedure to the
HIV-1 PR receptor model that was applied to the
library of the designed nonsymmetrical cyclic ureas.
The resulting QSAR equation was obtained by linear
regression (Fig. 3):

PKi = 0.0016 - HBcore — 0.0038 - VDWcore
+1.8915 (1)

[number of samples n =12, correlation coefficient
R?>=0.90, leave-one-out cross validated correlation
coefficient R2, =0.82, standard error =0.11, Fisher
F-test = 40.12, confidence level o > 95%, K; (pM)]. Rel-
atively high value of the crossvalidated R?, indicates
that major portion of the variance of the training
set data were successfully explained by our QSAR
model. The quality of the derived scoring function
was validated on a set of five cyclic ureas with known
inhibition constants (not included into the training
set), which confirmed its predictive power (ratio
pKS/pK*® ~ 1; Table 2). The target-specific scoring
function was then applied in the in silico screening
step to predict the K constants toward the HIV-1
PR for the designed nonsymmetrical cyclic urea ana-
logs. The successful QSAR model confirmed the valid-
ity of the computational procedures used and the
correct choice of adjustable parameters in the ligand
docking algorithm,20-3
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Table 2. Symmetrical and nonsymmetrical cyclic ureas used as the training and validation sets in the QSAR model of HIV PR inhibition and in
parameterization of the scoring function used for in silico screening of the designed library
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#For position of R;—Ry substituents see Figure 1, dashed bonds indicate the attachment points.

® Experimental inhibition constants of the training and validation sets of cyclic ureas toward the wildtype HIV PR were taken from
Refs. 7,10,12,28-30.

“Ratio of predicted and experimental pK;s of the validation set; pKiC"‘lCd was computed from Eq. 1.





V. Frecer et al. | Bioorg. Med.

2.2 17 12

412
—
o i
©
o
= {17
< .
-3

2.2

pKilexp.]

Figure 3. Linear regression analysis of a QSAR training set of known
cyclic urea inhibitors of HIV-1 PR. Eq. | relates the experimental
inhibition constants K; (Table 2), to the LUDI-type scoring function
variables®® to give a target-specific scoring function.

2.5. In silico screening

The best conformers of the cyclic urea analogs were
screened and ranked according to the pK; values pre-
dicted by the trained scoring function (Eq. 1, Fig. 3).
This in silico screening for potential lead compounds
resulted in the identification of nine most promising
fully nonsymmetrical cyclic urea analogs (Fig. 4) with

Chem. 13 (2005) 5492-5501
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predicted K} constants in the low picomolar and subpi-
comolar range (Table 3). The predicted K's of the leads
are up to 2 orders of magnitude lower than the Kjs of the
cyclic ureas of the training set (Table 2). This is not sur-
prising since the replacement of phenyl rings of residues
R; and R4 (Fig. 1) by bulkier bisbenzamides, aniline
amides, and aminoindazoles led to a significant decrease
in the PR inhibition constants of both symmetrical and
nonsymmetrically substituted cyclic ureas.”-'° For exam-
ple, substitution of phenyl rings of the R; and R4 groups
by hydrogen bond acceptors in the positions 3 and 4 of
phenyl ring resulted in up to a 200-fold increase in the
PR inhibitory potencies of azacyclic ureas due to favor-
able interaction with the main chain amide groups of the
PR residues Asp:A29, Asp:B29 and Asp:A30, and
Asp:B30.3! The 3D structure of the most promising de-
signed cyclic urea (analog 5-3-16-10; Fig. 4) bound at
the active site of the wildtype PR of HIV-1 is shown
in Fig. 5. The R groups of the analog form mainly
hydrophobic interactions with the residues lining the
S,, Sz}‘, Sy, and S, specificity pockets of the PR-binding
site.

Predicted lipophilicity (log Pyx)*?, aqueous solubility
(log S,,)%%3° Caco-2 cell-membrane permeability
(BIP,eo*°), and number of likely metabolic reactions
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Figure 4. Chemical structures of nine best cyclic urea lead compounds obtained by structure-based library focusing with predicted K;'s against the

wild type PR of HIV-1 in the low picomolar and subpicomolar range.
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Table 3. List of the nine most potent cyclic urea inhibitors against the PR of HIV-1 (Fig. 4) generated via structure-based library focusing and
identified through in silico screening

Cyclic urea analog Docking LUDI HBgcore VDW,core Predicted M log Por® log S,,! BIP ,of #Metab"
score® score® K¢ (pM) (Da)
Analog 5-3-16-10 147.2 801 470 781 0.5 605 2.5 —4.5 2.7 12
Analog 5-3-2-17 —52.3 823 490 834 0.6 664 1.7 —-3.7 4.3 9
Analog 2-1-9-9 —-222.4 852 479 849 0.8 614 3.5 -5.0 2.0 11
Analog 4-3-12-9 146.8 951 491 885 0.9 584 4.4 —54 17.8 10
Analog 1-3-9-13 186.5 1021 508 938 1.1 656 49 -5.6 108.4 12
Analog 1-2-8-9 203.1 824 435 814 1.2 614 34 —4.7 19.9 8
Analog 6-1-4-16 —442.1 633 372 737 1.7 658 1.4 =2.1 42.0 9
Analog 5-2-16-7 —454 .4 634 346 713 2.1 632 2.1 -3.6 9.0 10
Analog 1-3-16-8 -8.3 732 379 778 2.2 634 2.3 —4.2 5.3 10

2 Docking score was derived by Monte Carlo assisted fitting of flexible ligand to rigid PR receptor-relaxed crystal structure of PR-XV-638%*, Protein
Data Bank®’ entry 1QBR.

®Score of original LUDI ligand scoring function®® that predicts the binding affinity of analogs to PR based on the computed ligand—receptor
hydrogen bond energies (HBg.) and lipophilic interaction (VDWore).

¢ Predicted HIV PR inhibition constant of designed cyclic urea inhibitors computed by LUDI scoring function Eq. 1, parameterized via QSAR

analysis of a training set of potent PR inhibitors (Table 2, Fig. 3).

4 Relative molecular mass (range for 95% of known drugs: from 130 to 725 Da).*
®log Py calculated partitioning coefficient in the system n-octanol/water (range for 95% of known drugs: from —2.0 to 6.0).%

"Predicted aqueous solubility, Sy, in mol/dm® (range for 95% of known drugs: from —6.0 to 0.5).

38,39

€ Predicted Caco-2 cell membrane permeability using the Boehringer—Ingelheim scale, BIP.,., in nm/s (< 5 nm/s means low permeability, and more

than 100 nm/s predicts high membrane permeability).*
b predicted number of likely metabolic reactions.>

(No. Met. *°) of the nine leads (Table 3) cover a relative-
ly wide range of these quantities, thus opening the pos-
sibility to select and develop orally bioavailable antiviral
agents with improved pharmacokinetic properties. The
molecular mass of the leads is slightly over 600 Da
and thus exceeds somewhat the threshold recommended
by Lipinski et al.>> However, it remains within the limits
of potent experimental cyclic urea PR inhibitors,** and
for four analogs, it also meets the molecular mass
threshold for good oral bioavailability of cyclic ureas:
M, <620 Da.’

2.6. Combinatorial subset selection

We have analyzed the composition of 90 best cyclic urea
analogs with the highest predicted PR inhibition poten-
cies (K7 < 10 pM) in terms of the frequency of occur-
rence of individual R groups in the positions R|—R4
within this set (Fig. 6). The fragments that displayed
their frequency of occurrence above the average were
selected to constitute a highly focused combinatorial
subset with high predicted inhibition activities toward
the PR of HIV-1 (Fig. 7). The size of this restricted
library subset was reduced up to:

= 72 cyclic ureas.

If we consider nonsymmetrical as well as symmetrical
cyclic ureas, we may extend the combinatorial subset
by combining the R;, R, and Rj;, and Ry substituents
to obtain slightly larger subset of the size:

=900 cyclic ureas,

keeping in mind that amino acids and aldehydes with
identical ‘side chains’ were present in the initial pool of
850 AA| and 735 ALD,."

3. Conclusions

The presented study yielded a small highly focused vir-
tual combinatorial subset of fully nonsymmetrical cyclic
ureas, which contains potential lead compounds with
high predicted inhibitory potencies against the wildtype
form of PR of HIV-1. The predicted inhibition con-
stants of the new leads are up to 2 orders of magnitude
lower than the K;s of the training set. The subset con-
tains potent cyclic urea PR inhibitors endowed with a
wide range of aqueous solubility, lipophilicity, number
of hydrogen-bonding groups, and cell membrane perme-
ability rate that may allow discovery of a potent orally
administrable antiviral drug with favorable pharmaco-
kinetic properties.

The study can help to draw the attention of synthetic
chemists working on the preparation of a next genera-
tion of nonsymmetrical cyclic ureas to a particular sub-
set of the chemical space that is predicted to contain
compounds with high HIV-1 PR inhibition potencies
as well as favorable pharmacokinetic properties.

4. Methods
4.1. Virtual library enumeration

The library of cyclic urea analogs was generated by
attaching the side chains of selected reagents available
in the commercial databases of suppliers of chemicals'®
to the central core by means of Combi-Chem module of
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Figure 5. (A) 3D-structure of the most promising cyclic urea inhibitor
(Analog 5-3-16-10) in stick representation positioned at the catalytic
site of wild type PR modelled with Insight-II.>** Connolly surface: an
axial crossection of the binding pocket and catalytic site is coloured
according to the Engleman-Steitz hydrophobicity scale’ for amino
acids:  blue—hydrophilic, white-intermediate, red—hydrophobic
resides. (B) The residues of the catalytic site of the HIV-1 PR that
strongly interact with the bound Analog 5-3-16-10 are shown in stick
representation (the -OH groups interacting with the catalytic Asp
residues A25 and B25 are hidden underneath the N-C and C-C bonds
of the cyclic urea ring in the ‘top’ view of the analog).

the Cerius®.2° The assembled analogs were energy mini-
mized using molecular mechanics and cff91 force field?!,
Rappé and Goddard equilibrated charges,>* and smart
minimizer with high convergence criteria (energy differ-
ence of 10™* kcal mol~', rms displacement of 107> A).

4.2. Fragment- and analog-based focusing

Descriptors that characterize molecular shape, size,
polarity, hydrogen bonding, lipophilicity, solubility,
and conformational flexibility of known HIV PR inhib-
itors and their building blocks were computed using the
Cerius” program.?’ The optimum ranges of the proper-
ties were defined in terms of upper and lower bounds
and average values by computing and analyzing the
descriptors for 18 known potent HIV PR inhibitors
and their building blocks (Table 1) for their bound con-
formations.?’ Penalty scores were assigned to fragments
whose descriptor values lie outside the optimal ranges to
filter out those with different properties. The diversity

between the fragments was evaluated via the distance-
based MaxMin function and the topological indices of
Balaban, Hosoya, Wiener, and Zagreb.?

4.3. Structure-based focusing

X-ray structure of PR from the complex PR-XV-638 ob-
tained from the Protein Data Bank>’ was used as the
receptor model for docking of the generated cyclic urea
analogs. This complex contains one of the largest cyclic
urea inhibitors, the XV-638 of DuPont Merck,?? a tightly
binding inhibitor that occupies S,, Sy, Sy, and S, speci-
ficity pockets of the PR-binding site.?* Shape and size
of the receptor binding site was defined with the help
of the bound ligand (XV-638) mapped onto an energy
grid with a resolution of 0.25 A, which was enlarged by
3 A. Then the docking of flexible analogs to the binding
site was carried out by generating conformers of each
cyclic urea analog by randomizing the dihedral angles
(10* Monte Carlo steps) and fitting them to the site mod-
el by comparing principal moments of inertia of the site
and the cyclic urea analog.>® The docking score (ligand—
receptor nonbonding interaction energy) was computed
via molecular mechanics and cff91 force field?! for each
conformer using the grid representation of the rigid pro-
tein receptor, 15 A cutoff distance on the nonbonding
interactions and a dielectric constant of 4. The 10 best-
fitting conformers were then energy minimized at the
PR-binding site and clustered into five conformational
families according to their mutual rms deviations using
the Jarvis-Patrick method.?>

4.4. In silico screening

The best member of each cluster which displayed the
highest docking score was then selected for virtual
screening using a LUDI-type scoring function?® that
can predict a binding (inhibition) constant of a ligand—
receptor complex by combining hydrogen bonding
(HBgcore) and lipophilic (VDWg.,,.) interactions between
the ligands and receptor as: pK;=a HBgowe +
b+ VDW..e + c. The parameters of this target-specific
scoring function a, b, and ¢ were obtained beforehand
by linear regression analysis of PR binding of a QSAR
training set of 12 known symmetrical and P,/P, non-
symmetrical cyclic urea inhibitors (Table 2) with exper-
imentally determined inhibition constants toward the
PR of HIV-1. The training set of inhibitors underwent
the same docking procedure to the binding site of the
receptor model with subsequent calculation of HB.
and VDWW, descriptors. The predictive ability of the
derived scoring function was validated on a set of five
symmetrical cyclic ureas with known inhibition con-
stants, which were not included into the training set.

4.5. ADME properties prediction

Partitioning coefficient of the cyclic urea analogs in the
system n-octanol/water (log P,,) as a simple parameter
describing molecular lipophilicity was calculated by the
method of additive fragment constants.?* Aqueous solu-
bility (log Sy), Caco-2 cell membrane permeability in the
Boehringer-Ingelheim scale (BIP.,.,), and number of
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likely metabolic reactions (No. Met.) were calculated

using the QikProp program

of Schrédinger.3®3° These

simple parameters can serve as useful guidelines in prior-
itization of virtual hits for the synthesis.
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Abstract—The increasing resistance of the malarial parasite to antimalarial drugs is a major contributor to the reemergence of the
disease and increases the need for new drug targets. The two aspartic proteases, plasmepsins I and II, from Plasmodium falciparum
have recently emerged as potential targets. In an effort to inhibit these hemoglobinases, a series of inhibitors encompassing a basic
hydroxyethylamine transition state isostere as a central fragment were prepared. The synthesized compounds were varied in the P1’
position and exhibited biological activities in the range of 31 to >2000 nM. To try to rationalize the results, molecular docking and

3D-QSAR analysis were used.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Malaria is considered to be the most serious tropical
parasitic disease in the world, killing more people each
year than any other contagious disease except tuberculo-
sis. It is spread by the bite of a female Anopheles mosqui-
to and is caused by protozoan parasites of the genus
Plasmodium. 1t is estimated that there are at least 400
million clinical cases every year, with at least 1 million
fatalities.! Mortality is highest among young children
and greatly exceeds the number of deaths from AIDS.
The species responsible for almost all fatal cases is Plas-
modium falciparum. Some P. falciparum strains have
now been identified that are resistant to all known anti-
malarial drugs except artemisinin derivatives.”? This
problem of resistance has increased the need for the dis-
covery of new macromolecular targets for malaria. The
P. falciparum genome hosts several proteases involved in
the degradation of hemoglobin,> among these are the
cysteine proteases, metalloproteases, and the aspartic
proteases constituting plasmepsin I (PIm I), plasmepsin
IT (PIm II), plasmepsin IV (Plm IV), and histoaspartic
protease (HAP).*° PIm I and Plm II, which are present

Keywords: Malaria; Plasmepsin; Hydroxyethylamine; Molecular

modeling.
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in the digestive food vacuole of the parasite, cleave
hemoglobin and have generated interest as antimalarial
drug targets.” These plasmepsins exhibit 73% sequence
identity, suggesting that a single compound might be
able to efficiently inhibit both of them. In this context,
it is important to emphasize that it was recently demon-
strated that all four plasmepsins have overlapping func-
tions and that the parasite can survive even when only
one of the plasmepsins is inhibited.!® PIm I and Plm II
also show a rather high structural similarity (>50%) to
the human protease cathepsin D (Cat D), suggesting
potential problems with selectivity.!'!3 In 1996, Silva
et al. reported the crystal structure of Plm II in complex
with pepstatin A, which is a potent inhibitor with a
K;=0.006 nM.'* With pepstatin A as a lead, a series
of phenylalanine-statin analogues were synthesized
and among these the picoline derivative 1, exerting an
impressive PIm II activity (K; = 0.56 nM) and a 38-fold
selectivity over Cat D, was identified (Fig. 1).'* More
recently, Ellman’s group used several iterative focused
libraries to generate potent and selective Plm II
inhibitors, for example, 2.!> Importantly, they also re-
vealed that large P1’ substituents seemed to be easily
accommodated in the flexible S1’ site of Plm II.

Since it is well-established that basic antimalarials like
chloroquine accumulate in the acidic food vacuole
of the parasite,'® we decided to make Plm I and
Plm II inhibitors containing a basic nitrogen. Hence,
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5. Generic structure of the synthesized
inhibitors

Figure 1. Two potent Plm II inhibitors (1 and 2) shown together with two earlier synthesized compounds with different inhibitory potencies,
indicating the importance of a large P1’ side chain (3 and 4), and the generic structure of the inhibitors presented in this work (5).

compounds with the following characteristics were
synthesized: (a) a basic hydroxyethylamine transition
state mimicking scaffold that previously had been used
successfully, for example, renin and HIV-protease
inhibitors,'”1? (b) alkylphenyl groups or alkylbiphenyl
groups as P1’ substituents, and (c) a non-prime side
and a C-terminal primary amide group derived from
the potent lead compound 1.'* We previously demon-
strated that some of the compounds with these charac-
teristic features, exemplified by 3, not only showed
submicromolar affinity toward Plm I and PIm II but also
exerted good inhibitory effect on the growth of the
parasite in infected red blood cells.?° In agreement with
Ellman’s previous findings, we confirmed that large
P1’ substituents were required for activity also in this
series of inhibitors as shown by the replacement of the
4-phenyl benzyl group of inhibitor 3 for a benzyl group,
that delivered compound 4 devoid of plasmepsin inhib-
itory activity.

We speculated that the transfer, for example, the large
biphenyl P1’ substltuent from C-a of 3 to a potentially
protonated sp’-hybridized nitrogen would preserve the
interactions of P1’ with the enzyme which could result
in inhibitors with similar or better activities. To probe
this hypothesis, a series of compounds with the generic
structure 5 have now been synthesized (these will be re-
ferred to as N-substituted and those with the P1’ substit-
uents at C-o as C-substituted). We herein report that, to
our surprise, the transfer of the 4-phenylbenzyl group of
3 and other similar large substituents to the adjacent
nitrogen delivered inactive compounds, while migration
of a small benzyl group afforded a Plm II inhibitor (11b;
K; =46 nM), which was even more potent than 3
(K; =117 nM). In an attempt to rationalize these unex-
pected findings, we docked the compounds into the
active site of Plm II and evaluated their docking poses.
Furthermore, to obtain a quantitative understanding
of the SAR of these inhibitors a 3D-QSAR analysis
was performed that included both the N-substituted

analogues of 5 and the previously reported C-substitut-
ed analogues related to 3 and 4%°-2! using the docked
poses as alignment.

2. Results and discussion
2.1. Chemistry

The first step in the synthesis used the epoxide 6a (pre-
pared according to the method of Romeo and Rich)??
and in the case of the synthesis of the epimer 8¢, epoxide
6b (prepared according to the method of Brénalt et al).'®
These epoxides stirred with four different primary
amines (7a—7e, where 7b = 7¢) in isopropanol at 50 °C
overnight afforded 8a-8e (Scheme 1). These secondary
amines were alkylated with methyl bromoacetate which
yielded a mixture of the methyl ester and the lactone, the
latter formed after a subsequent ring closure. The
mixture was directly allowed to react with ammonia-
saturated methanol to deliver the primary amides
9a-e. The Boc groups were removed using an acidic
solution and the resulting primary amines were coupled
with Boc-protected valine using TBTU as coupling
agent to give compounds 10a-10e. After Boc deprotec-
tion, the resulting amines were reacted with picolinic
acid, again with TBTU as the coupling agent, to deliver
the target compounds 11a—11e.

Since we had previously observed that extensions and
enlargements in the P1’ site of the related inhibitors
(e.g., 3) significantly improved the inhibition of Plm I
and IL,>?! we prepared compounds 11f-11h utilizing
the procedure in Scheme 1. These compounds differ
from 8b and 8d in that the phenyl ring on the P1’ side
chain is substituted with bromine serving as a handle
for the substitutions in the para (11f and 11h) and meta
(11g) positions. From these bromo compounds, the
respective phenyl-substituted compounds 12a-12¢ were
synthesized applying a Suzuki protocol (Pd(PPhs),Cl,,
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Scheme 1. Reagents and conditions: (i) isopropanol, overnight, 50 °C;

H,C

(ii)) K,COs3, methyl bromoacetate, DMF, overnight, rt; (iii) NH; (satd),

MeOH, overnight, rt; (iv) HCI, EtOAc, 1 h, rt; (v) TFA, CH,Cl,, rt, 15 min; (vi) BocValOH, TBTU, DIEA, DMF, 2 h, rt; (vii) picolinic acid, TBTU,

DIEA, DMF, 2 h, rt. PAfter reaction with 6a. “After reaction with 6b.

PhB(OH),, and Cs,COj3) under microwave irradiation
(Scheme 2).232# Under these conditions, the Suzuki cou-
pling was accompanied with hydrolysis of the primary
amide bond as deduced from LC-MS. The formation
of carboxylic acid was probably attributed to an intra-
molecular attack of the hydroxyl group at the amide car-
bonyl group to form a lactone that was subsequently
hydrolyzed by traces of water. Therefore, the crude reac-
tion mixture, after filtering and evaporating, was sub-
jected to acidic methanol to obtain the methyl ester.
The crude product was thereafter stirred in an ammo-
nia-saturated methanol solution to provide product
12a in an excellent overall yield. For the synthesis of
12b and 12c¢ a slightly modified condition was employed

Br
a A
OH (CHz)” i, i, dii
oriv

Qﬂr

11f (n=1, para)
119 (n=1, meta)
11h (n=2, para)

wherein Cs,COj3; was replaced by NaHCOj;. This modi-
fication suppressed the amide hydrolysis completely,
although the yield for these reactions dropped consider-
ably from 95% for 12a to 10% for both 12b and 12c.

To assess the importance of the terminal amide func-
tionality for binding, we prepared compound 16
(Scheme 3). Thus, compound 8b was stirred with Cbz-
Cl and K,COj3 in a mixture of water and CH,Cl, to give
the protected amine 13 in 52% yield. The Boc group of
compound 13 was removed using a mixture of TFA
and CH,Cl,, and the resulting primary amine was cou-
pled with BocValOH utilizing TBTU as a coupling
agent to afford the amide 14 in 50% yield. The Boc

/

I( OH (CH2)n

\

s

NH2

12a (n=1, para), 95 %
12b (n=1, meta), 10 %
12¢ (n=2, para), 10 %

Scheme 2. Reagents and conditions: (i) PhB(OH),, Cs,COs3, Pd(PPh3),Cl,, DME, EtOH, 20 min, 130 °C; (ii) HCI, MeOH, rt, overnight; (iii) NH3
(satd), MeOH, rt, overnight; (iv) PhB(OH),, NaHCO;, Pd(PPh;),Cl,, DME, EtOH, 20 min, 140 °C.
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Scheme 3. Reagents and conditions: (i) Cbz-Cl, K,CO3, H,O, CH,Cl,, rt, 2 h; (ii)) TFA, CH,Cl,, rt, 15 min; (iii) BocValOH, TBTU, DIEA, DMF,
2 h, rt; (iv) picolinic acid, TBTU, DIEA, DMF, 2 h, rt; (v) TfOH, anisol, CH,Cl,, rt, 15 min.

group of compound 14 was removed, the resulting
amine was coupled to picolinic acid, and the amide 15
was isolated in 74% yield. The Cbz group was removed
using triflic acid in CH,Cl, with anisol as a scavenger to
finally deliver the secondary amine 16 in 38% yield.

For preparation of 19, the following procedure was em-
ployed: compound 17 (the 4-bromo benzyl equivalent of
3) was treated with Cs,CO;3; and benzyl bromide in
DMEF to give the tertiary amine 18 (Scheme 4). The aryl
bromide 18 was subjected to the Suzuki protocol with
phenylboronic acid (vide supra) to provide compound
19, which is a hybrid of the dual Plm I and PIlm II inhib-
itors 3 and 11b.

2.2. Biological evaluation

The results from the enzyme inhibition studies of the
compounds in the PIm I, PIm II, and Cat D assays
are presented in Table 1. A comparison between the
biological activity of 3 and the analogues 12a-12c
revealed that the SAR differs in the two series (C- and
N-substituted). While 3 requires the biphenyl in P1’
to achieve higher affinity, this biphenyl on 12a-12c
renders these molecules inactive against Plm I and Plm
II (K;>1000nM), except for 12b with a Plm I
K; =350 nM. The bromo-substituted compounds (11f-
11h), which are intermediates in the synthesis of the
phenyl-substituted analogues (12a-12c¢), were also inac-
tive in the plasmepsin assays. This again points out the
difference in the SAR between the two series, since the

) H OH 4 O
N NEJ\/N\)]\NHQ | o)
A H le) ; —_— = | N
— = H
x
\ /
Br
17 18 (64 %)

C-substituted analogue 24 has a K; of 98 and 540 nM
against Plm I and Plm II, respectively. We further ob-
served that the phenylethyl derivative 11d, which has
an ethylene bridge, exhibited lower activity in Plm I
and Plm II as compared to the methylene-bridged 11b.
Further elongation of the side chain to phenylpropyl,
11e, resulted in complete loss of activity. Compound
11b is also more potent than 11a, which comprises an
isobutyl group in the place of the benzyl. To find out
whether the stereochemistry at the hydroxyl carbon
was critical, compound 11¢ was synthesized. This epimer
of 11b with inverted stereochemistry at the hydroxyl-
bearing carbon was inactive, suggesting that the S-con-
figuration is the preferred configuration in this position.
The inhibitor 11b exhibited the highest activity of all
N-substituted compounds toward the plasmepsins,
however, it showed no selectivity for the plasmepsins
over Cat D, whereas 11a showed a 30-fold selectivity
for the plasmepsins over Cat D.

The terminal amide group was also found to be critical
for activity, since the secondary amine 16, which lacks
this functionality, was completely devoid of any plasm-
epsin activity (K;> 2000 nM). On the contrary 15, an
intermediate in the synthesis of 16, possessing an ester
functionality showed some activity with K; of 800 and
380 nM toward PIm I and Plm II, respectively. Combin-
ing the P1’ of the most active N-substituted inhibitor
11b with the P1’ of 3 and 24 gave 19 and 18, respectively.
Both these inhibitors had reduced activities (18, K; Plm
I1=573nM and K; Plm II =833 nM and 19, K; Plm

o) H o
o N I{N\A/N\)J\
N\E)J\NH i d” I = NH,
- C
19 (78 %) \\/

Scheme 4. Reagents and conditions: (i) Cs,CO;3, BnBr, DMF, 50 °C, overnight; (ii) PhB(OH),, Cs,CO;, Pd(PPh3),Cl,, DME, EtOH, 20 min, 130 °C.
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Table 1. Biological activities of the compounds in this study
Structure Compound K; (nM)
Plm I Plm II Cat D
o) 4 OH 4
QANW“W“J*NHZ
; \‘\‘ 3 68 117 >2000
N/}(N\/\/N\ANHz )
o) 4* ~2100 ~3200 >2800
0 H ?H o
N N N
T N Y Jk"“4'2 11a 170 220 >6000
2 H 0 ;
o HoOH o
Ny N/YN\/\/N%NHZ 11b° 31 46 38
. n & G
o H OH o
Ny NWN\—/\/N%NHZ e 650 >2000 >5900
| = H o )/
i HopH 114 1900 900 480
‘ N\ N N\/\/N\)kNH2
~ "0
i o i 11 2000 2000 2000
e > > >
‘ N A NEJ\/NQKNHZ
= H o &
Br.
1600 >2000 1012

0 4 OH 0 e
N A NEJ\/N%NHz

(continued on next page)
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Table 1 (continued)
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Structure Compound K; (nM)
Plm I Plm I Cat D
Br
o] H (')H o]
AN N/WN\:/\/N\ANHZ 11g 1200 >2000 >2000
. W & G
Br
o) OH o 11h >2000 >2000 >2000
H
| s NIfNVK/N%NHz
= H o ;
o) H OH o) 12a >2000 >2000 >2000
| N\ N N\E/k/N\)kNHz
Pz H o 7
o) Y o OH o
Ny NWN\Z/\/N%NHZ 12b 350 1300 >2000
"0 ;
12¢ >2000 1600 >2000
H
H
N N AN
s N : NH,
5z H O :
Ho§H
N N SN O 15 ~800 ~380 >2000
AN N Y
SRRVART
Ho M
N NH
N N NN 16 >2000 >2000 >2000
| H/Y
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Table 1 (continued)
Structure Compound K; (nM)
Plm I Plm IT Cat D

o H OH o}
NS SN NJ\/NJKNHQ 18 573 833 >2900

7 L
@ o
Y H (')H o
N N
X N YO JkNHZ 19 220 650 >2900

\ P H o : 20° >2000 >2000 >2000
o} OH 0
H H
|
" NWN\/\/N%NHZ
\ P H o § \r 212 ~2900 ~3300 >2800
o} 4 OH y O
|
‘ b N N\E/\/N\ZANH2 a
Jon g : 22 >2000 >2000 >2000
o} OH 0
NN
TN Y NH, .
J H § G 23 ~8000 ~3500 >2000
0 OH o}
H H
|
N N/YN\:/\/N%NHZ
\ H : : 24° 98 540 >2000

o) ; 25° 115 121 ~1700

Z 0 ; O 26° 63 150 ~1000

(continued on next page)
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Structure Compound K; (nM)
Plm I Plm II Cat D
RESE
N N/YN . Ny NH;
| H : : a
= o ; O 27° 437 379 ~1700
o) y OH y ©
Ng Nj;(NVK/N\)kNHZ
= H o / B
@ O 28 1300 1430 >2000
<
H OH gy ©
N A NY'\/N%NHZ
_— H o 7 B
O 29° 1100 930 1900
i H\)Oi/H\)(i
N NH»
©/ \= 30° 1000 579 1600
Q)kN/YN\/\/N\)kNHZ
@ \=\ 3 530 129 >2000
NH
\)oi/H\)k
Q* RN
32¢ 170 360 >2900
O OH O
H H
O)L\/qf J\/N%NHZ
; \‘\‘: 33 23 52 1933
o) 4 OH 4
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34° 13 30 1400
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Table 1 (continued)

Structure Compound K; (nM)
Plm I Plm II Cat D
o H OH
(J)kN/YN\/\/N\)LNHZ
o J/ O s O 35 220 490 >2900
OH o
(Nj)k \)\/N%NH
2
- y 36 99 92 >2900
O NT(
!
o W OH 4 ©
|
® N\'ﬁ/(NWN%NHz
s "o ; O o 37 42 110 300
@ O N on
o) Y H OH g
QA“W”WW*NHZ
S "o / O NH 38¢ 610 600 >5900
2
0 Y 4 OH 4
N/YN\/\/N\)'LNHZ
39¢ 130 1300 >2900

¢ Po

2 Compounds from Néteberg et al.?°

® Permeability on Caco 2-cells determined; P,pp value = 4.5 x 107 cm/s; fair permeability (20-75%).

° Compounds from Néteberg et al.>!

I =220 nM and K; Plm II = 650 nM) compared to their
parent compounds (24, K; PIm 1 =98 nM and K; Plm
II = 540 nM), indicating that the disubstitution had no
synergistic effect. The potent Plm I and II inhibitor
11b was evaluated in the Caco-2 cell assay,> and
although this compound contains three amide bonds
and one hydroxyl group it still exhibited fair (20-75%)
cell penetration properties.

2.3. Docking

Docking studies were performed only on Plm II. The
large and solvent exposed active site of this enzyme
makes docking a challenging task. The problem be-
comes even more difficult due to the large number of
rotatable bonds (~15) present in the inhibitors and the
conformational changes that are known to occur in
the protein upon ligand binding.'* To take the protein
flexibility into account, we chose to use the docking soft-
ware FLO by McMartin and Bohacek,?® which allows
user-defined constraints to be assigned to the residues

of choice. The residues Tyr77-Ser79, Gly216-Ser218,
and I1e290-Val296 were allowed to move under con-
straints during docking.

The resulting poses were similar in their backbone orien-
tation and showed good overlap with the cocrystallized
inhibitors EH58 and rs370.'42"-28 The H-bonding pat-
tern seen for the docked inhibitors, exemplified by 11b
in Figure 2, was also similar to the pattern reported
for the known cocrystallized ligands. The binding modes
of the ligands can be generalized as follows: The transi-
tion state mimicking hydroxyl group of the hydroxyeth-
ylamine was found between the catalytic aspartic acids,
Asp34 and Asp214, forming an H-bond with the carbox-
ylate oxygens of the aspartates at a distance of around
2.2 A. The P1 benzyl side chain showed m-interactions
with the aromatic rings of Phelll, Phel20, and Tyr77
and was stacked with the side chain of Ile123. The P1
amide hydrogen was found at about 2.0 A from the
backbone carbonyl oxygen of Gly216. The carbonyl
oxygen of P2 valine showed an H-bond (2.7-2.9 A) with
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Figure 2. Schematic representation of H-bonding network for 11b.

the hydroxyl group of Ser79. Hydrophobic interactions
were observed between the P2 side chain and residues
Thr217, Val78, and 11290. The 2-pyridinecarboxamide
(P3 substituent) resides in the S3 pocket close to residues
Ser79 and Thrl14, while the amide nitrogen makes an
H-bond to the y-O of Ser79. We also observed m-stack-
ing between the aromatic P1 and P3 rings, which is in
accordance with the X-ray structure of 1W6H.?°

Large P1’ substituents were shown to accommodate well
in the S1’ pocket of PIm II'> as has also been pointed out
by our prior investigations.?® This was illustrated by the
increase in the activity of compound 3, having a
K;=117nM, compared to 4, with a K;~ 3200 nM.
The docking studies showed that the P1’ groups of the
C-substituted inhibitors 3, 4, and 20-39%%-2! were located
in the S1’ pocket in van der Waals contact with Leu292
and Pro295. These poses were in agreement with the ob-
served binding of the P1’ of EH58 in Plm I1.%® It was
seen that large P1’ substituents could easily fit in the
open S1’ site, once again demonstrating that large P1’
substituents are well tolerated in this pocket. The dock-
ing modes of the N-substituted compounds were similar
to the C-substituted ones, but these inhibitors exhibited
a reverse trend in the activities, that is, the smaller P1’
had higher activity than the larger P1’. This could in
part be due to the observation that the smaller P1’ sub-
stituents (11a and 11b) occupied a different region in the
S1’ pocket, where they were surrounded by Ile212,
Phe294, and 11e300. The binding mode of the P1’ substit-
uents is in accordance with the one seen for inhibitor
rs370 in 1LF2 bearing a small P1’ substituent.?’” Fur-
thermore, a closer inspection of the poses revealed a pos-
sible m-interaction of the P1’ group of 11b with Phe294
which could explain its higher activity compared to
11a which lacks this interaction. We also observed that
the large substituents on some of the N-substituted com-
pounds (12a, 12¢) occupy the same space in the S1’ site,
as do the corresponding potent large C-substituted com-
pounds. Therefore, no simple relationship between the
effect of the various P1’ substituents and the experimen-
tally deduced K;j values could be found.

The interactions in the S2’ pocket are weak and primar-
ily electrostatic in nature. Residues Val78 and Asn76
show H-bonds with the terminal amide. In case of com-
pound 11b, the carbonyl of the terminal amide is at an
H-bonding distance of 1.7 A from backbone amide of
Val78, while the amide hydrogen forms an H-bond with
backbone carbonyl of Asn76. The latter interaction is
not seen in the case of 15 (K;= ~380nM), while 16
(K; > 2000 nM) lacks both of the above-mentioned
interactions due to the absence of this terminal amide
group, which could explain their reduced activities.

Compounds 18 and 19 were prepared to probe whether
the different requirements for the P1’ side chain in these
series may be due to the side chains binding to different
sites in the enzyme. The docked pose of 18 shows that
the N-benzyl group fits into the S1’ site, while the p-bro-
mobenzyl lies in the S2’ pocket close to Tyr192 and
Leul3l. On the contrary, 19 has the biphenyl group
reaching into the S1’ site in accordance with observed
docked pose of compound 3, while the N-benzyl occu-
pies the S2’ site. It was seen that the accommodation
of these substituents in the S2’ pocket forced the termi-
nal amide out of the pocket resulting in a loss of inter-
action with Asn76, while maintaining the H-bond with
Val78. This could provide an explanation for the drop
in their activity (18, K; = 833 nM and 19, K; = 650 nM),
once again demonstrating the importance of the termi-
nal amide interactions.

On the basis of these results, we were able to generalize
the various binding modes of the inhibitors, leading to a
reasonable qualitative interpretation of the activity val-
ues. However, due to the limitations of the scoring func-
tions, it is often difficult to establish a quantitative
correlation between the calculated and the experimental-
ly derived activity values. This poses a problem for
establishing a structure—activity relationship. Due to this
reason, we decided to derive a quantitative structure—ac-
tivity relationship employing CoOMFA using the docked
conformations as an alignment.

2.4. 3-D QSAR model

Comparative molecular field analysis (CoMFA) is a
technique that relates the biological activity to the
chemical structure through multivariate statistics. It re-
quires that the molecules to be investigated be aligned
in their bioactive conformations. Here, we aligned the
C- and N-substituted compounds using the docked
poses (Fig. 3). LOO cross-validated PLS analysis was
used to determine the optimal number of components
in the final CoMFA. This analysis yielded a one com-
ponent model with a cross-validated > (¢%) of 0.395
with a correlation coefficient (r?) of 0.514. The steric
and electrostatic contributions amounted to 48% and
52%, respectively. Although a low ¢ was obtained, it
is still significantly better than chance correlation, indi-
cating that the model had some predictability.’® One
possible reason for the low ¢° values obtained was
most likely due to the lack of specific interactions be-
tween the P1’ substituents and the amino acid residues
in the S1’ site.
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Figure 3. Docked alignment of the 37 compounds employed for
CoMFA. Atoms are colored by atom type and hydrogen atoms are
omitted for clarity.

Superimposition of the steric CoOMFA contours onto the
Connolly surface complemented each other. Greater
activity is correlated with more bulk in the green con-
tours. In Figure 4, the green contour lies close to the
open end of the S1’ enclosed by Leu292, Asp293, and
Phe294. This is in accordance with the observation made
earlier concerning the C-substituted inhibitors. Regions
where bulk is disfavored, corresponding to yellow con-
tours, coincide with the Connolly surface, suggesting
that no further bulk can be accommodated as seen in
Figure 4. A similar observation was made concerning
the electrostatic contours (blue favors more positive
charge), which showed (Fig. 4) that more positive charge
could be accommodated around residues Ser37, Asn39,
Asn76, and Tyr77. This CoOMFA model reinforced the
qualitative results concerning the structure-activity rela-
tionships obtained from docking.

Figure 4. Steric fields (green, steric bulk favored 80%; yellow, steric
bulk disfavored 20%) and electrostatic fields (blue, more positive
charge favored 80%; red, more negative charge favored 20%) super-
imposed on the active pocket, represented by a Connolly surface
(gray). The ligand is colored orange except for N (blue) and O (red)
atoms. Residues Tyr77, Val78, Ser79, and hydrogen atoms are omitted
for clarity.

3. Conclusion

A series of compounds with the generic structure 5 com-
prising a basic sp’-hybridized nitrogen, predicted to be
protonated in the transition state mimicking scaffold,
have been prepared by classical and microwave assisted
organic synthesis. Surprisingly, when the large biphenyl
P1’ substituent was transferred from C-o to the basic
nitrogen all Plm IT activity was lost. This was in contrast
to our previous findings, which demonstrated that large
extended P1’ side chains are necessary for higher activi-
ty. The docking studies suggested that the small and
large P1’ groups on the N-substituted inhibitors occupy
a different region of the S1’ site, which could explain
their differences in activities. The hybrid 19 did not show
any improvement in inhibitory activity as compared to 3
and 11b, indicating that no synergism was achieved
upon having P1’ substituents in both positions. Finally,
it has been shown that small variations can greatly affect
the selectivity ratio between Cat D and the plasmepsins
as inferred from the activities of compounds 11a and
11b, suggesting that selective Plm I and Plm II inhibitors
could be synthesized.

4. Experimental
4.1. Plasmepsin assay and K; determination

Pro-plasmepsin Il was a generous gift from Helena
Danielson (Department of Biochemistry, Uppsala
University, Uppsala, Sweden) and the expression and
purification of Plm I will be published elsewhere (manu-
script in preparation). Human liver cathepsin D was
purchased from Sigma—Aldrich (Sweden). The activities
of Plm I, PIm II, and Cat D were measured using a total
reaction volume of 100 ul as described earlier.!> The
concentration of pro-Plm II was 3 nM, the amount of
Plm I was adjusted to give similar catalytic activity,
and 50 ng/mL pro-cathepsin D was used. The pro-
sequence of Plm II was cleaved off by preincubation in
assay reaction buffer [100 mM sodium acetate buffer
(pH 4.5), 10% glycerol, and 0.01% Tween 20] at room
temperature for 40 min, and Cat D was activated by
incubation in the same reaction buffer at 37 °C for
20 min. The reaction was initiated by the addition of
3uM substrate (DABCYL-Glu-Arg-Nle-Phe-Leu-Ser-
Phe-Pro-EDANS, AnaSpec Inc., San Jose, CA, USA),
and hydrolysis was recorded as an increase in fluores-
cence intensity over a 10-min time period, during which
the rate increased linearly with time. Stock solutions of
inhibitors were serially diluted in DMSO and added
directly before the addition of the substrate, giving a fi-
nal DMSO concentration of 1%.

1Csq values were obtained by assuming competitive inhi-
bition and fitting a Langmuir isotherm [vi/v, = 1/(1+[I}/
ICsp)] to the dose-response data (Grafit), where v; and
v, are the initial velocities for the inhibited and uninhib-
ited reactions, respectively, and [I] is the inhibitor
concentration.?! The K; was subsequently calculated
by using K;=1ICs/(1 +[SJ/Ky)*? and a K, value
determined according to Michaelis—Menten.
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The Caco-2 cell penetration assay was performed as
described by Artursson and Karlsson.?’

4.2. Chemistry

4.2.1. General procedures. All microwave reactions were
conducted in heavy-walled glass Smith process vials
sealed with aluminum crimp caps fitted with a silicon
septum. The microwave heating was performed in a
Smith Synthesizer single-mode microwave cavity pro-
ducing continuous irradiation at 2450 MHz (Biotage
AB, Uppsala, Sweden). Reaction mixtures were stirred
with a magnetic stirring bar during the irradiation.
The temperature, pressure, and irradiation power were
monitored during the course of the reaction. After irra-
diation was completed the reaction tube was cooled
with high-pressure air until the temperature had fallen
below 39 °C. 'H and "*C NMR spectra were recorded
either on a JEOL JNM-EX 270 spectrometer at 270.2
and 67.8 MHz, respectively, or on a JEOL JNM-
EX400 spectrometer at 399.8 and 100.5 MHz, respec-
tively. Chemical shifts were reported as ¢ values (ppm)
indirectly referenced to TMS via the solvent residual sig-
nal. Optical rotations were obtained on a Perkin-Elmer
241 polarimeter. Specific rotations ([«]p) were reported
in deg/dm, and the concentration (¢) was given in
g/100 mL in the specified solvent. Elemental analyses
were performed by Mikro Kemi AB (Uppsala, Sweden).
Flash column chromatography was performed on
Merck silica gel 60, 0.04-0.063 mm. Thin-layer chroma-
tography was performed using aluminum sheets pre-
coated with silica gel 60 F,s4 (0.2 mm; E. Merck) and
visualized with UV light and ninhydrin. Analytical
RP-LC-MS was performed on a Gilson HPLC system
with a Zorbax SB-C8, 5 uM 4.6 x 50 mm (Agilent Tech-
nologies) column, with a Finnigan AQA quadropole
mass spectrometer, at a flow rate of 1.5 mL/min. Pre-
parative RP-LC-MS was performed on a Gilson HPLC
system with a Zorbax SB-C8, 5 uM 21.2 x 150 mm (Agi-
lent Technologies) column, with a Finnigan AQA qua-
dropole mass spectrometer, at a flow rate of 15 mL/min.

4.2.2. (25,35)-3-|(tert-Butyloxycarbonyl)amino]-1-(isobu-
tylamino)-4-phenylbutan-2-ol (8a). (2R,3S)-3-[N-(tert-
Butyloxycarbonyl)amino]-1,2-epoxy-4-phenylbutane (6a,
50 mg, 0.190 mmol)?? was dissolved in 5 mL isopropa-
nol. Isobutylamine (7a, 0.194 mL, 1.9 mmol) was added
and the reaction mixture was stirred at 50 °C overnight.
After evaporation, the product was dried under vacuum
for 20 h to remove excess isobutylamine The product
was recrystallized from hexane to give compound 8a
(30 mg, 47%). Compound 8a: mp 88.5-89.5°C; [u]5
—36.6 (¢ 1.1, CHCl;); '"H NMR (CDCls, 270 MHz): ¢
0.88 (d, J= 66Hz 6H), 1.20 (br s, 1H), 1.35 (s, 9H),
1.56-1.77 (m, 1H), 2.30-2.45 (m, 2H), 2.50-2.65 (m,
2H), 2.75-3.00 (m, 2H), 3.60-3.71 (m, 1H), 3.73-3.80
(m, lH) 498 (br d, J=9.6 Hz, 1H), 7.10-7.30 (m,
5H). *C NMR (CDC13, 67.8 MHz): 6 20.4, 20.5, 28.1,
38.9, 51.9, 534, 57.1, 67.6, 79.5, 126.0, 1281 129.2,
1381, 155.7. Anal. (C19H32N203) C, H, N.

4.2.3. (5S,6R)-3-Aza-6-|(tert-butyloxycarbonyl)amino]-3-
isobutyl-5-hydroxy-7-phenylheptanoyl amide (9a).

Compound 8a (0.10 g, 0.297 mmol) was dissolved in
dry DMF (1.5mL). K,CO; (41 mg, 0.30 mmol) and
methyl bromoacetate (56.2 umol) was added and the
mixture was stirred overnight. Water (5 mL) was added
and the mixture was extracted twice with ethyl acetate
(5mL). The organic phase was dried, concentrated,
and purified by column chromatography (ethyl ace-
tate/isohexane, 1:4) to give a mixture of (55,6 R)-meth-
yl-3-aza-6-(tert-butyloxycarbonyl)amino-3-isobutyl-5-
hydroxy-7-phenylheptanoate and (55)-3-aza-5-{[1-(tert-
butyloxycarbonyl)amino-2-phenyl]-ethyl}-3-isobutyl-S-
valerolactone in an approximate 1:1 mixture as deter-
mined by the mass signal of the analytical LC-MS. This
mixture was stirred in a saturated solution of ammonia
in methanol overnight to give after evaporatlon com-
pound 9a (98 mg, 84%). Compound 9a: [« ] —35.0 (¢
1.1, CHCIl3); '"H NMR (CDCl;, 270 MHz): 6 0.82 (d,
J=6.5Hz, 3H), 0.84 (d, J=6.5Hz, 3H), 1.34 (br s,
1H), 1.37 (s, 9H), 1.53-1.72 (m, 1H), 2.09 (dd, J=7.9,
12.7 Hz, 1H), 2.21 (dd, J=6.5, 12.6 Hz, 1H), 2.40-
2.58 (m, 2H), 2.78-2.95 (m, 2H), 3.02-3.10 (m, 2H),
3.55-3.85 (m, 2H), 5.10 (d, J =9.5 Hz, 1H), 5.82 (br s,
1H), 7.07 (br s, 1H), 7.12-7.35 (m, 5H). '*C NMR
(CDCl;, 67.8 MHz): 6 21.0, 21.1, 26.8, 28.6, 39.3, 54.1,
59.8, 60.2, 64.6, 68.6, 79.7, 126.7, 128.8, 129.7, 138.6,
156.3, 175.1. Anal. (C,;H35N5040.7H,0) C, H, N.

4.24. (58,6R)-3-Aza-6-{|(tert-butyloxycarbonyl)-L-vali-
nyllamino}-3-isobutyl-5-hydroxy-7-phenylheptanoyl amide
(10a). Compound 9a (0.10 g, 0.25 mmol) was dissolved
in ethyl acetate (5 mL). Saturated HCI in ethyl acetate
(20 mL) was added quickly under vigorous stirring. After
the mixture was stirred for 1 h at room temperature, the
solvents were evaporated. The residue was dissolved in
DMF (3 mL). Boc-L-valine (54.3 mg, 0.25 mmol), TBTU
(79.9 mg, 0.25 mmol), and diisopropylethylamine (87 pL,
0.50 mmol) were added and the mixture was stirred for
1 h. Saturated aqueous NaHCO; (10 mL) was added
and the mixture was extracted twice with ethyl acetate
(10 mL). The combined organic phases were dried,
filtered, and evaporated, and the residue was purified by
silica gel flash column chromatography (ethyl acetate)
to give compound 10a (0.12 g, 99%) asa Whlte solid. Com-
pound 10a: [o]5 —66.8 (¢ 1.0, CH;0H); "H NMR (CDCl;,
270 MHz): 6 0.77-0.93 (m, 12H) 1.44 (s, 9H), 1.57-1.80
(m, 1H), 2.02-2.35 (m, 3H), 2.42-2.60 (m, 2H), 2.88-
3.03 (m, 2H), 3.03 (d, J=16.8Hz, 1H), 3.13 (d,

=16.8 Hz, 1H), 3.68-3.80 (m, 1H), 3.83 (dd, J=6.5,
8.5 Hz, 1H), 4.07-4.31 (m, 1H), 6.16 (br s, 1H), 6.54 (d,
J=28.6 Hz, 1H), 7.10-7.38 (m, 5H), 7.60 (d, J = 9.6 Hz,
1H). '*C NMR (CD;0D, 67.8 MHz): § 16.1, 17.8, 18.9,
19.1, 25.3, 26.6, 29.5, 36.7, 52.0, 58.0, 58.6, 59.8, 63.4,
67.2,78.4,125.1, 127.2, 128.2, 137.5, 155.7, 172.0, 174.8.
Anal. (C26H44N4O5) C, H, N.

4.2.5. (55,6R)-3-Aza-3-isobutyl-5-hydroxy-7-phenyl-6-
[(picolyl-L-valinyl)amino]-heptanoyl amide (11a). Com-
pound 10a (0.10 g, 0.25 mmol) was dissolved in ethyl
acetate (5 mL). Saturated HCI in ethyl acetate (20 mL)
was added quickly under vigorous stirring. After the
mixture was stirred for 1 h at room temperature, the
solvents were evaporated. Saturated aqueous NaHCO;
(20 mL) was added and the mixture was extracted twice
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with ethyl acetate (10 mL). The combined organic phas-
es were dried, filtered, and evaporated. The residue was
dissolved in DMF (5mL). Picolinic acid (25 mg,
0.20 mmol), TBTU (65 mg, 0.20 mmol), and diisopro-
pylethylamine (71 pL, 0.41 mmol) were added and the
mixture was stirred for 1 h. Saturated aqueous NaHCO;
(10 mL) was added and the mixture was extracted four
times with ethyl acetate (10 mL). The combined organic
phases were dried, filtered, and evaporated, and the res-
idue was purified by silica gel flash column chromatog-
raphy (ethyl acetate/methanol, 10:1) to give compound
11a (74 mg, 73%) as a white solid. Compound 11a:
[0]5 =364 (¢ 1.0, CH;OH); 'H NMR (CDCl,,
270 MHz): 6 0.68-1.05 (m, 12H), 1.64-1.79 (m, 1H),
1.84-2.40 (m, 5H), 2.72-3.09 (m, 3H), 3.42-3.62 (m,
1H), 4.19-4.36 (m, 1H), 4.36-4.60 (m, 2H), 6.37-6.58
(m, 1H), 7.06-7.38 (m, 6H), 7.38-7.57 (m, 1H), 7.80-
7.98 (m, 1H), 8.09-8.22 (m, 1H), 8.23-8.39 (m, 1H),
8.52-8.68 (m, 1H). °C NMR (CDCl;, 67.8 MHz): ¢
17.5, 19.7, 20.6, 20.8, 25.3, 29.8, 37.7, 38.7, 50.7, 51.9,
55.6, 59.6, 65.6, 122.5, 126.8, 128.7, 129.3, 129.4,
137.0, 137.6, 148.4, 137.6, 165.1, 168.5, 171.1. Anal.
(C27H39N504'l.lH20) C, H, N

4.2.6. (25,35)-1-(Benzylamino)-3-|(zert-butyloxycarbon-
yl)amino]-4-phenylbutan-2-0l (8b). Compound 8b
(0.61 g, 82%) was prepared from epoxide 6a (0.53 g,
2.013 mmol) and benzylamine (7b, 2.23 mL, 20.1 mmol)
according to the method for the preparation of 8a,
except that it was purified by flash column chromato-
graphy (CH,Cl,/MeOH, 19:1) to give 8b as a colorless
glue. Compound 8b: [oc]lz)2 —25.2 (¢ 0.3, CHCl5);
NMR (CDCl;, 270 MHz): 6 1.31 (br s, 1H), 1.38 (s
9H), 1.41-1.55 (m, 1H), 2.40-2.75 (m, 3H), 2.75-2.99
(m, 2H), 3.50-3.62 (m, 1H), 3.63-3.84 (m, 3H), 4.93—
5.07 (m, 1H), 7.10-7.40 (m, 10H). >*C NMR (CDCls,
67.8 MHz): ¢ 28.3, 38.9, 51.8, 53.4, 53.6, 68.2, 79.2,
126.2, 127.2, 128.1, 128.3, 128.4, 129.4, 138.2, 139.1,
155.9. Anal. (C22H30N203‘1.5H20) C, H, N.

4.2.7. (5S,6R)-3-Aza-3-benzyl-6-|(tert-butyloxycarbon-
yl)amino]-5-hydroxy-7-phenylheptanoyl amide (9b).
Compound 9b (0.43 g, 70%) was prepared from sub-
stance 8b (0.53 g, 1.43 mmol) according to the method
for the preparation of 9a. Compound 9b: [« ] —41.0 (¢
0.6, CHCl3); '"H NMR (CDCls, 270 MHz): ¢ 1.34 (br
s, 1H), 1.37 (s, 9H), 2.50-2.69 (m, 2H), 2.78-3.00 (m,
2H), 3.05 (d, J=16.5Hz, 1H), 3.14 (d, J=16.5Hz,
1H), 3.52 (d, J=13.3Hz, 1H), 3.64 (d, J=13.3 Hz,
1H), 3.64-3.90 (m, 2H), 5.01 (d, J=9.7 Hz, 1H), 5.70
(br s, 1H), 6.98 (br s, 1H), 7.15-7.30 (m, 10H). *C
NMR (CDCl;, 67.8 MHz): 6 28.3, 38.8, 53.7, 58.1,
58.9, 59.5, 68.1, 79.5, 126.3, 127.9, 128.5, 128.6, 128.9,
129.3, 137.3, 138.1, 156.0, 173.9.  Anal.
(C24H33N304'0.4H20) C, H, N.

4.2.8. (5S5,6R)-3-Aza-3-benzyl-6-{|(tert-butyloxycarbon-
yl)-L-valinylJamino}-5-hydroxy-7-phenylheptanoyl amide
(10b). Compound 10b (0.19 g, 78%) was prepared from
substance 9b (0.20 g, 0.468 mmol) according to the
method for the preparation of 10a, except that for the
acid-mediated deprotect1on TFA (30% in CH,Cl,) was
used. Compound 10b: [o ] —47.9 (¢ 0.6, CH;0H); 'H

NMR (CDCls, 270 MHz): § 0.74 (d, J = 6.4 Hz, 3H),
0.86 (d, J=6.3Hz, 3H), 1.43 (s, 9H), 1.90-2.20 (m,
1H), 2.42-2.75 (m, 2H), 2.83-2.94 (m, 1H), 3.06 (d,

=16.0 Hz, 1H), 3.17 (d, J=16.0 Hz, 1H), 3.30-4.00
(m, 5H), 4.00-4.27 (m, 1H), 4.94 (br d, J=6.3 Hz,
1H), 5.69 (br s, 1H), 6.54 (br d, J=7.3 Hz, 1H), 6.68
(br s, 1H), 7.01-7.49 (m, 10H). '*C NMR (CD;OD,
67.8 MHz): 6 17.3, 19.4, 28.3, 38.5, 38.6, 52.3, 57.8,
58.6, 59.4, 60.3, 67.8, 80.1, 126.5, 127.6, 128.6, 129.0,
129.3, 137.3, 1379, 1559, 171.6, 173.7. Anal
(C29H42N405'l.6H20) C, H, N

4.2.9. (58,6 R)-3-Aza-3-benzyl-5-hydroxy-7-phenyl-6-
[(picolyl-L-valinyl)amino]-heptanoyl amide (11b). Com-
pound 11b (51 mg, 74%) was prepared from substance
10b (70 mg, 0.13 mmol) according to the method for
the preparation of 11a, except that for the acid-mediated
deprotection TFA (30% in CH,Cl,) was used. Com-
pound 11b: [¢]; —62.8 (¢ 0.6, CH;O0H); '"H NMR
(CDCl;, 270 MHz): 6 0.86 (d, J = 6.7 Hz, 3H), 0.91 (d,
J=6.7Hz, 3H), 2.02-2.38 (m, 1H), 2.42-2.78 (m, 2H),
2.78-2.97 (m, 2H), 2.97-3.33 (m, 2H), 3.40-4.00 (m,
3H), 4.17 (dd, J=38.1, 16.5Hz, 1H), 4.24-4.62 (m,
2H), 6.05 (br s, 1H), 6.80-7.40 (m, 11H), 7.40-7.60 (m,
1H), 7.75-7.97 (m, 1H), 8.05- 830 (m, 1H), 8.30-8.52
(m, 1H), 8.52-8.70 (m, 1H). '3C NMR (CDCls,
67.8 MHz): 6 17.9, 19.6, 30.4, 38.5, 52.4, 57.8, 58.8,
59.2, 59.3, 67.9, 122.2, 126.7, 126.5, 128.3, 128.5,
129.1, 129.2, 137.4, 137.9, 148.3, 149.0, 164.60, 170.9,
174.0. Anal. (C30H37N504'0.5H20) C, H, N.

4.2.10. (25,35)-1-(Benzylamino)-3-|(zert-butyloxycarbon-
yl)amino]-4-phenylbutan-2-ol (8c). Compound 8¢ (56 mg,
85%) was prepared from (25,3S5)-3-[ N-(tert-butyloxycar-
bonyl)amino]-1,2-epoxy-4-phenylbutane (6b)'° (47 mg,
0.18 mmol) and benzylamine (7¢, 0.29 mL, 1.69 mmol)
according to the method for the preparation of 8a,
except that it was purified by flash column chromato-
graphy (CH,Cl,/MeOH, 19:1) to give 8¢ as a colorless
glue. Compound 8c: [a]f§ +2.1 (¢ 0.8, CHCly);
NMR (CDCl;, 400 MHz): 6 1.24 (br s, 1H), 1.34 (s
9H), 2.58-2.88 (m, 2H), 2.96 (dd, J=4.7, 14.1 Hz,
lH) 3.42-3.63 (m, 3H), 3.75-3.86 (m, 1H), 3.80 (d,
=13.3 Hz, 1H), 3.83 (d, J=13.3 Hz, 1H), 4.78 (d,
J 9.2Hz, 1H), 7.10-7.42 (m, 10H). 5 NMR
(CDCLs;, 100.5 MHz): 6 28.4, 36.7, 50.9, 53.7, 54.3,
70.87, 79.6, 126.4, 127.5, 128.5, 128.7, 128.7, 129.6,
137.9, 138.9, 156.1. Anal. (C»,H39N,0O3) C, H, N.

4.2.11. (5S,6R)-3-Aza-3-benzyl-6-|(tert-butyloxycarbon-
yl)amino]-5-hydroxy-7-phenylheptanoyl amide (9¢). Com-
pound 9¢ (0.150 g, 96%) was prepared from substance 8c
(0.136 g, 0.37 mmol) according to the method for the
preparation of 9a. Compound 9c¢: [o ]ZD2 +10.6 (¢ 0.6,
CHCl;); "H NMR (CDCls, 400 MHz): 6 1.20 (br s, 1H),
1.31 (s, 9H), 2.50-2.93 (m, 4H), 3.03-3.20 (m, 1H),
3.20-3.35 (m, 1H), 3.49-3.72 (m, 1H), 3.72-3.94 (m,
3H), 4.90-5.09 (m, 1 2 6.28 (br s, 1H), 7.05-7.40 (m,
10H), 7.50 (br s, 1H). '*C NMR (CDCls, 100.5 MHz): 6
28.4,35.9, 55.2,57.9, 58.3, 59.7, 71.3, 79.7, 126.5, 127.7,
128.5,128.7,129.2,129.4,137.6,138.1,156.3, 174.8. Anal.
(C24H33N304‘0.2H20) C, H, N.
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4.2.12. (55,6R)-3-Aza-3-benzyl-6-{|(tert-butyloxycarbon-
yl)-L-valinylJamino}-5-hydroxy-7-phenylheptanoyl amide
(10c). Compound 10c (132 mg, 84%) was prepared from
substance 9c¢ (128 mg, 0.30 mmol) according to the
method for the preparation of 10a, except that for the
acid-mediated deprotection TFA (30% in CH,Cl,) was
used. Compound 10c: [o]; —11.3 (¢ 0.5, CHCl); 'H
NMR (CDCl;, 400 MHz): 6 0.71 (d, J = 6.4 Hz, 3H),
0.82 (d, J=6.3 Hz, 3H), 1.39 (br s, 1H), 1.43 (s, 9H),
1.87-2.10 (m, 1H), 2.50-2.95 (m, 4H), 3.02-3.35 (m,
2H), 3.53-3.92 (m, 4H), 4.04-4.30 (m, 1H), 4.79-5.09
(m, 1H), 5.90 (br s, 1H), 6.59 (br s, 1H), 7.00-7.45 (m,
11H). *C NMR (CD;OD, 100.5 MHz): 6 17.5, 19.3,
28.4, 30.4, 35.2, 53.2, 54.1, 58.0, 59.9, 60.7, 71.1, 80.3,
126.6, 127.7, 128.6, 128.7, 129.2, 129.4, 137.6, 137.8,
1560, 1721, 174.2. Anal. (C29H42N405) C, H, N.

4.2.13. (55,6R)-3-Aza-3-benzyl-5-hydroxy-7-phenyl-6-
[(picolyl-L-valinyl)amino]-heptanoyl amide (11c¢). Com-
pound 11c¢ (45 mg, 39%) was prepared from substance
10c (113 mg, 0.21 mmol) according to the method for
the preparation of 11a, except that for the acid-mediated
deprotection TFA (30% in CH,Cl,) was used. Com-
pound 1le: [o]; —27.9 (¢ 1.2, CHCL); 'H NMR
(CDCI5/CD50D, 9:1, 400 MHz): ¢ 0.68 (d, J = 6.9 Hz,
3H), 0.77 (d, J = 6.8 Hz, 3H), 1.93-2.11 (m, 1H), 2.39-
2.86 (m, 2H), 2.55 (dd, J=10.2, 142 Hz, 1H), 2.86-
3.21 (m, 2H), 3.39-3.80 (m, 4H), 3.95-4.22 (m, 2H),
6.76-6.90 (m, 1H), 6.90-7.09 (m, 4H), 7.09-7.35 (m,
5H), 7.35-7.50 (m, 1H), 7.67-7.88 (m, 1H), 7.96-8.11
(m, 1H), 8.45-8.58 (m, 1H). '*C NMR (CDCl;-CD;0D,
9:1, 100.5 MHz): 6 17.6, 19.3, 30.5, 35.1, 53.8, 53.9, 57.8,
59.0, 59.6, 70.7, 122.3, 126.2, 126.7, 127.6, 128.2, 128.6,
129.0, 129.0, 129.2, 137.6, 137.8, 148.4, 148.9, 164.9,
171.4, 175.4. Anal. (C30H37N5040.6H,0) C, H, N.

4.2.14. (25,3S)-3-|(tert-Butyloxycarbonyl)amino]-4-phen-
yl-1-[(2-phenylethyl)amino]- butan-2-ol (8d). Compound
8d (0.68 g, 88%) was prepared from epoxide 6a (0.53 g,
2.013 mmol) and 2-phenylethylamine (7d, 2.6 mL,
20.1 mmol) according to the method for the preparation
of 8a, except that it was purified by flash column chro-
matography (CH,Cly/MeOH, 19:1) to give 8d as a white
powder. Compound 8d: [o]5; —29.7 (¢ 0.2, CHCl3); 'H
NMR (CDCls, 270 MHz): 6 1.33 (br s, 1H), 1.40 (s, 9
H), 2.45-2.65 (m, 2H), 2.65-3.13 (m, 7H), 3.55 (dd,
J=4.1, 9.3 Hz, 1H), 3.71 (dd, J=8.1, 16.5 Hz, 1H),
5.06 (br d, J=9.5Hz, 1H), 7.02-7.45 (m, 10H). *C
NMR (CDCl;, 67.8 MHz): 6 28.3, 36.1, 39.1, 50.5,
52.0, 53.6, 67.9, 79.2, 126.2, 128.3, 128.5, 128.6, 129.0,
1294, 1383, 1394, 155.8. Anal. (C23H32N20301H20)
C, H, N.

4.2.15. (5S,6R)-3-Aza-6-|(tert-butyloxycarbonyl)amino]-
5-hydroxy-7-phenyl-3-(2-phenylethyl)-heptanoyl  amide
(9d). Compound 9d (0.43 g, 70%) was prepared from
substance 8¢ (0.53 g, 1,43 mmol) according to the meth-
od for the preparation of 9a. Compound 9d: [«]5; —23.0
(¢ 1.5, CHCI3); '"H NMR (CDCls, 270 MHz): 6 1.34 (br
s, 1H), 1.39 (s, 9H), 2.50-2.65 (m, 2H), 2.65-2.85 (m,
4H), 2.80 (dd, J=8.4, 13.5Hz, 1H), 291 (dd, J=6.8,
13.3Hz, 1H), 3.06 (d, J=16.7Hz, 1H), 3.18 (d,
J=16.7Hz, 1H), 3.53-3.67 (m, 1H), 3.75-3.90 (m,

1H), 4.96 (d, J=9.6 Hz, 1H), 5.55 (br s, 1H), 6.80 (br
s, 1H), 7.20-7.40 (m, 10H). '*C NMR (CDCls,
67.8 MHz): 6 28.3, 33.3, 38.6, 53.4, 56.9, 58.2, 58.5,
67.7, 79.5, 126.4, 126.4, 128.5, 128.5, 128.7, 129.2,
138.1, 139.7, 155.9, 174.0. Anal. (C»5sH35sN30,4) C, H, N.

4.2.16. (55,6R)-3-Aza-6-{|(tert-butyloxycarbonyl)-L-vali-
nyllamino}-5-hydroxy-7-phenyl-3-(2-phenylethyl)-hepta-
noyl amide (10d). Compound 10d (0.45 g, 69%) was
prepared from substance 9d (0.53 g, 1.2 mmol) accord-
ing to the method for the preparation of 10a. Compound
10d: [oc]zD2 —56.3 (¢ 0.5, CH;0H); '"H NMR (CDCl;,
270 MHz): ¢ 0.77 (d, J=6.6Hz, 3H), 0.89 (d,
J=6.8 Hz, 3H), 1.55 (s, 9H), 2.08-2.32 (m, 1H), 2.56—
2.76 (m, 2H), 2.76-2.94 (m, 3H), 2.94-3.12 (m, 2H),
3.12-3.46 (m, 2H), 3.68-3.90 (m, 2H), 3.90-4.08 (m,
1H), 4.15-4.35 (m, 1H), 5.09 (br s, 1H), 5.72 (br s, 1H),
6.61-6.90 (m, 1H), 7.12-7.49 (m, 10H). *C NMR
(CD;OD, 67.8 MHz): 6 17.3, 19.3, 28.2, 30.3, 33.1,
38.4, 52.1, 57.1, 58.1, 58.5, 60.4, 67.8, 80.1, 126.4,
126.5, 128.5, 128.5, 128.7, 129.1, 137.4, 1394,

1558, 1715, 173.1. Anal. (C30H44N40503H20)
C,H, N.
4.2.17. (5S,6R)-3-Aza-5-hydroxy-7-phenyl-3-(2-phenyl-

ethyl)-6-|(picolyl-L-valinyl)amino]-heptanoyl amide (11d).
Compound 11d (51 mg, 74%) was prepared from sub-
stance 10d (70 mg, 0.13 mmol) according to the method
for the preparation of 11a, except that for the acid-med-
iated deprotection TFA (30% in CH,Cl,) was used.
Compound 11d: [e)5; —60.5 (¢ 1.0, CH;0H); '"H NMR
(CDCl;, 400 MHz): 6 0.86 (d, J = 6.8 Hz, 3H), 0.94 (d,
J=6.7Hz, 3H), 2.17-2.36 (m, 1H), 2.49-2.82 (m, 6H),
2.82-3.01 (m, 2H), 3.01-3.43 (m, 2H), 3.73 (br s, 1H),
4.08-4.30 (m, 1H), 4.37 (dd, J=7.3, 9.2 Hz, 1H), 6.05
(br s, 1H), 6.88-7.32 (m, 12H), 7.32-7.51 (m, 1H),
7.71-7.90 (m, 1H), 8.04-8.21 (m, 1H), 8.37-8.50 (m,
1H), 8.50-8.68 (m, 1H). ')C NMR (CDCl;,
100.5 MHz): 6 17.9, 19.4, 30.4, 32.6, 38.3, 38.4, 52.3,
57.3, 58.6, 59.1, 68.1, 122.1, 126.0, 126.3, 128.1, 128.3,
128.5, 129.0, 129.2, 137.2, 137.8, 139.3, 148.1,
1489, 1643, 1708, 174.4. Anal. (C31H}9N50408H20)
C, H, N.

4.2.18. (25,35)-3-[(tert-Butyloxycarbonyl)amino]-4-phen-
yl-1-[(3-phenylpropyl)amino]-butan-2-ol (8¢). Compound
8e (0.59 g, 78%) was prepared from epoxide 6a (0.50 g,
1.9 mmol) and 3-phenylpropylamine (7e, 2.75 mL,
19.0 mmol) according to the method for the preparation
of 8a, except that it was purified by flash column chro-
matography (CH,Cl,/MeOH, 19:1) to give 8e as a white
powder. Compound 8e: [oc]ZD2 —29.2 (¢ 0.5, CHCly); 'H
NMR (CDCl;, 270 MHz): ¢ 1.33 (br s, 1H), 1.40 (s,
9H), 1.78 (dq, J = 7.2, 7.3 Hz, 2H), 2.41-2.75 (m, 7H),
2.75-2.98 (m, 2H), 3.46-3.61 (m, 1H), 3.61-3.80 (dd,
J=28.1, 16.2 Hz, 1H), 4.93-5.14 (br d, J=9.5 Hz, 1H),
6.97-7.40 (m, 10H). >*C NMR (CDCls, 67.8 MHz): ¢
28.3, 31.3, 33.4, 39.1, 48.9, 52.2, 53.7, 68.1, 79.3, 125.9,
126.2, 128.4, 128.4, 129.4, 129.4, 138.26, 141.6, 155.9.
Anal. (C24H34N203) C, H, N.

4.2.19. (58,6R)-3-Aza-6-|(tert-butyloxycarbonyl)amino]-
5-hydroxy-7-phenyl-3-(3-phenylpropyl)-heptanoyl amide
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(9e). Compound 9e (0.45 g, 82%) was prepared from
substance 8e (0.48 g, 1.4 mmol) according to the method
for the preparation of 9a. Compound 9e: [oc}zD2 —23.0 (¢
0.7, CHCI3); '"H NMR (CDCls, 270 MHz): ¢ 1.32 (br
s, 1H), 1.37 (s, 9H), 1.75-1.90 (m, 2H), 2.55-2.70 (m,
6H), 2.85-3.05 (m, 2H), 3.05-3.25 (m, 2H), 3.70-3.80
(m, 1H), 3.80-3.95 (m, 1H), 4.93 (d, J=9.6 Hz, 1H),
5.55 (br s, 1H), 7.10 (br s, 1H), 7.25-7.40 (m, 10H).
13C NMR (CDCl;, 67.8 MHz): 6 28.2, 33.2, 38.9, 53.4,
53.5, 55.1, 58.5, 59.0, 68.1, 79.67, 126.00, 126.4, 128.2,
128.4, 128.5, 129.2, 138.1, 141.4, 155.0, 172.6. Anal.
(C26H37N304‘0.1H20) C, H, N.

4.2.20. (5S,6R)-3-Aza-6-{|(tert-butyloxycarbonyl)-L-vali-
nyllamino}-5-hydroxy-7-phenyl-3-(3-phenylpropyl)-hepta-
noyl amide (10e). Compound 10e (0.17 g, 70%) was
prepared from substance 9e (0.20 g, 0.44 mmol) accord-
ing to the method for the preparation of 10a. Com-
pound 10e: [o]> —38.0 (¢ 0.5, CH;0H); '"H NMR
(CDCl;, 270 MHz): 6 0.75 (d, /= 6.9 Hz, 3H), 0.87 (d,
J=6.8 Hz, 3H), 1.55 (s, 9H), 1.75-1.90 (m, 2H), 2.10-
2.25 (m, 1H), 2.58-2.70 (m, 6H), 2.98-3.05 (m, 2H),
3.10-3.32 (m, 2H), 3.70-3.80 (m, 1H), 3.90-4.00 (m,
1H), 4.20-4.32 (m, 1H), 4.95 (br d, J=9.5Hz, 1H),
5.75 (br s, 1H), 6.65-6.72 (m, 1H), 6.99 (br s, 1H),
7.25-7.40 (m, 10H). '*C NMR (CDCl;, 67.8 MHz): ¢
17.8, 19.8, 28.8, 30.7, 33.8, 39.0, 52.7, 52.7, 55.7, 58.95,
59.4, 60.8, 68.6, 80.7, 126.2, 127.1, 128.7, 128.9, 129.0,
129.7, 138.3, 141.9, 156.3, 167.9, 172.0. Anal.
(C31H46N4O5) C, H, N.

4.2.21. (58,6 R)-3-Aza-5-hydroxy-6-|(picolyl-L-vali-
nyl)amino]-7-phenyl-3-(3-phenylpropyl)-heptanoyl amide
(11e). Compound 11e (88 mg, 79%) was prepared from
substance 10e (0.11 g, 0.198 mmol) according to the
method for the preparation of 11a, except that for the
acid-mediated deprotection TFA (30% in CH,Cl,) was
used. Compound 11e: M]z)z —46.5 (¢ 0.7, CH;0H); 'H
NMR (CDCl;, 400 MHz): 6 0.84 (d, J = 6.8 Hz, 3H),
0.90 (d, J=6.6 Hz, 3H), 1.86-2.04 (m, 1H), 2.29-2.48
(m, 2H), 2.61-2.75 (m, 2H), 2.75-2.95 (m, 4H), 2.95-
3.16 (m, 2H), 3.33-3.53 (m, 2H), 3.60-3.70 (m, 1H),
3.87 (br s, 1H), 4.18 (dd, J=38.7, 16.4 Hz, 1H), 4.34
(dd, J=6.9, 8.6 Hz, 1H), 6.19 (br s, 1H), 7.09-7.50
(m, 12H), 7.53-7.70 (m, 1H), 7.91-8.09 (m, 1H), 8.21-
8.33 (m, 1H), 8.50-8.66 (m, 1H), 8.70-8.81 (m, 1H).
13C NMR (CDCl;, 100.5 MHz): 6 17.8, 19.5, 27.9,
30.3, 33.2, 38.2, 52.6, 55.5, 57.6, 59.0, 59.3, 68.1, 122.3,
126.1, 126.3, 126.5, 128.2, 128.3, 128.4, 129.4, 1374,
137.8, 141.2, 148.3, 149.1, 164.7, 171.26, 173.1. Anal.
(C32H4|N504’0.5H20) C, H, N

4.2.22. (2S8,35)-1-|(p-Bromobenzyl)amino]-3-[(zerz-butyl-
oxycarbonyl)amino]-4-phenylbutan-2-ol (8f). Compound
8f (1.63 g, 83%) was prepared from epoxide 6a (1.15 g,
437 mmol) and p-bromobenzylamine (7f, 2.43 g,
13.1 mmol) according to the method for the preparation
of 8a, except that it was purified by flash column chro-
matography (CHzClleeOHz, 19:1) to give 8f as a color-
less glue. Compound 8f: [oz]]z) —24.0 (¢ 1.5, CHCly); 'H
NMR (CDCl;, 270 MHz): 6 1.36 (br s, 1H), 1.41 (s,
9H), 2.48-2.77 (m, 2H), 2.75-3.03 (m, 2H), 3.53-4.00
(m, 4H), 5.06-5.23 (br d, J=9.4 Hz, 1H), 7.03-7.18

(m, 2H), 7.18-7.37 (m, 5H), 7.37-7.60 (m, 2H). '*C
NMR (CDCls, 67.8 MHz): & 30.2, 40.7, 53.8, 54.7,
55.6, 57.4, 70.5, 81.1, 122.8, 128.1, 130.2, 131.2, 131.7,
13331402, 157.8. Anal. (C22H29BTN203'0.2H20) C,
H, N.

4.2.23. (55,6R)-3-Aza-3-(p-bromobenzyl)-6-[(tert-butyl-
oxycarbonyl)amino]-5-hydroxy-7-phenylheptanoyl amide
(9e). Compound 9e (1.20 g, 65%) was prepared from
substance 8e (1.63 g, 3.63 mmol) according to the meth-
od for the preparation of 9a. Compound 9e: MzDz -31.6
(¢ 1.4, CHCl3); '"H NMR (CDCls, 270 MHz): 6 1.38 (br
s, 1H), 1.40 (s, 9H), 2.44-2.79 (m, 2H), 2.79-3.01 (m,
2H), 3.01-3.28 (m, 2H), 3.50 (d, J = 13.8 Hz, 1H), 3.61
(d, J=13.8 Hz, 1H), 3.67-3.95 (m, 2H), 5.22 (br d,
J=9.6 Hz, 1H), 6.19 (br s, 1H), 6.96-7.18 (m, 2H),
7.18-7.38 (m, SH), 7.38-7.55 (m, 2H). '*C NMR
(CDCls, 67.8 MHz): 6 28.2, 38.7, 53.8, 57.9, 58.7, 58.8,
67.9, 79.4, 121.3, 126.3, 128.4, 129.2, 130.5, 131.5,
1364, 1381, 1560, 174.4. Anal. (C24H32BI'N304) C,
H, N.

4.2.24. (5S8,6R)-3-Aza-3-(p-bromobenzyl)-6-{[(zert-butyl-
oxycarbonyl)-L-valinyl]amino}-5-hydroxy-7-phenylhepta-
noyl amide (10f). Compound 10f (1.10g, 82%) was
prepared from substance 9e (1.12 g, 2.21 mmol) accord-
ing to the method for the preparation of 10a, except that
for the acid-mediated deprotection TFA (25% in
CH,Cl,) was used. Compound 10f: [«]; —43.2 (¢ 1.6,
CH;0H); '"H NMR (CDCl;, 270 MHz): 6 0.82 (d,
J=6.6Hz, 3H), 0.88 (d, J=6.6 Hz, 3H), 1.44 (br s,
1H), 1.46 (s, 9H), 1.90-2.11 (m, 1H), 2.42-2.72 (m,
2H), 2.85-2.99 (m, 2H), 3.06 (d, J = 16.7 Hz, 1H), 3.17
(d, J=16.7Hz, 1H), 3.51 (d, J=13.4 Hz, 1H), 3.68
(d, J=13.5Hz, 1H), 3.63-4.00 (m, 2H), 4.09-4.29 (m,
1H), 5.37 (d, J=28.1 Hz, 1H), 6.50 (br s, 1H), 6.91-
7.35 (m, 9H), 7.35-7.50 (m, 2H). '>*C NMR (CD;OD,
67.8 MHz): 6 17.6, 19.3, 28.2, 30.6, 38.2, 52.4, 57.6,
58.5, 58.7, 60.2, 67.6, 79.8, 121.2, 126.3, 128.3, 129.1,
130.5, 131.4, 136.3, 137.9, 1559, 171.8, 174.3. Anal.
(C29H41BTN405) C, H, N.

4.2.25. (5S,6R)-3-Aza-3-(p-bromobenzyl)-5-hydroxy-7-
phenyl-6-[(picolyl-L-valinyl)amino]-heptanoyl amide (11f).
Compound 11f (0.96g, 88%) was prepared from
substance 10f (1.08 g, 1.78 mmol) according to the meth-
od for the preparation of 11a, except that for the acid-
mediated deprotection TFA (25% in CH,Cl,) was used.
Compound 11f: [¢]f; —44.0 (¢ 1.0, CH;0H); '"H NMR
(CDCl;, 270 MHz): 6 0.86 (d, J = 6.6 Hz, 3H), 0.91 (d,
J =6.4 Hz, 3H), 2.01-2.37 (m, 1H), 2.48-2.85 (m, 2H),
2.85-3.01 (m, 2H), 3.01-3.36 (m, 2H), 3.40-3.90 (m,
3H), 4.03-4.22 (m, 1H), 4.22-4.62 (m, 1H), 6.06 (br s,
1H), 6.80-7.30 (m, 9H), 7.30-7.60 (m, 3H), 7.75-7.95
(m, 1H), 8.03-8.25 (m, 1H), 8.34-8.52 (m, 1H), 8.52—
8.70 (m, 1H). >*C NMR (CDCl;, 67.8 MHz): § 17.9,
19.3, 30.4, 38.4, 52.5, 57.6, 57.8, 58.7, 59.3, 67.9, 121.5,
122.3, 126.4, 126.6, 128.4, 129.2, 130.8, 131.6, 136.2,
137.4, 137.8, 148.3, 149.0, 164.7, 171.0, 173.7. Anal.
(C30H36BTN5O4) C, H, N.

4.2.26. (5S,6R)-3-Aza-5-hydroxy-7-phenyl-3-(p-phenyl-
benzyl)-6-[(picolyl-L-valinyl)amino]-heptanoyl amide (12a).
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Compound 11f (53 mg, 87 umol), phenylboronic acid
(32 mg, 0.26 mmol), Cs,CO3 (85 mg, 0.26 mmol), and
Pd(PPh;),Cl, (6 mg, 9 pmol) were dissolved in a mixture
of DME and ethanol (3:1, 2mL) in a Smith vial. The
vial was heated to 130 °C for 20 min by means of micro-
wave irradiation. LC-MS analysis of the product mix-
ture showed that the primary amide had been
hydrolyzed in the process, thus, the mixture was filtered
through a silica plug and eluted with CH,Cl,/methanol
(4:1), the elute was concentrated in vacuo, and the resi-
due was dissolved in methanol acidified with HCI. After
stirring the mixture overnight, the solvent was removed
by evaporation and the residue was extracted with aque-
ous K,COj; and ethyl acetate. The organic phase was
dried, filtered, and evaporated, and the residue was dis-
solved in methanol saturated with ammonia. After stir-
ring the mixture overnight, the solvent was removed by
evaporation and the residue was purified on a silica gel
column using a mixture of CH,Cl, and methanol (39:1)
as mobile phase to give the title compound (50 mg,
95%). Compound 12a: [oc}f)z —35.7 (¢ 0.4, CH;0H); 'H
NMR (CDCl;, 270 MHz): 6 0.86 (d, J= 6.8 Hz, 3H),
091 (d, J=6.4Hz, 3H), 2.00-2.24 (m, 1H), 2.50-3.07
(m, 4H), 3.06-3.50 (m, 2H), 3.50-4.02 (m, 3H), 4.02-
423 (m, 1H), 4.23-4.51 (m, 1H), 6.19 (br s, 1H),
6.80-7.65 (m, 17H), 7.65-7.90 (m, 1H), 7.90-8.22 (m,
1H), 8.358.76 (m, 2H). '3C NMR (CDCl,
67.8 MHz): ¢ 17.9, 19.5, 30.5, 38.4, 52.7, 57.3, 58.7,
58.9, 59.3, 67.8, 68.0, 122.3, 125.2, 126.3, 126.5, 127.0,
127.3, 128.2, 128.3, 128.7, 129.0, 129.2, 129.8, 1374,
137.8, 1404, 140.7, 148.3, 149.0, 164.7, 171.1, 171.3.
Anal. (C36H41N504'H20) C, H, N.

4.2.27. (28,3S)-1-|(m-Bromobenzyl)amino]-3-[(zert-butyl-
oxycarbonyl)amino]-4-phenylbutan-2-ol (8g). Compound
8g (0.88 g, 86%) was prepared from epoxide 6a (0.60 g,
2.3mmol) and m-bromobenzylamine (7g, 0.84¢g,
4.5 mmol) according to the method for the preparation
of 8a, except that it was purified by flash column chro-
matography (CH2C12/MeOHi 19:1) to give 8g as a color-
less glue. Compound 8g: [o]5) —24.6 (¢ 0.6, CHCl3); 'H
NMR (CDCl; (1% CD3;0D), 270 MHz): 6 1.15 (br s,
1H), 1.25 (s, 9H), 2.47-2.67 (m, 2H), 2.67-2.88 (m,
2H), 3.55-3.94 (m, 4H), 7.013-7.25 (m, 7H), 7.25-7.35
(m, 1H), 7.35-7.42 (m, 1H). *C NMR (CDCl; (1%
CD;OD), 67.8 MHz): ¢ 28.0, 38.1, 51.2, 52.1, 53.8,
68.3, 79.5, 122.5, 126.2, 127.2, 128.2, 129.1, 130.1,
130.9, 131.6, 137.9, 138.6, 156.3. Anal. (C5,H,9BrN,03)
C, H, N.

4.2.28. (55,6R)-3-Aza-3-(m-bromobenzyl)-6-[(tert-butyl-
oxycarbonyl)amino]-5-hydroxy-7-phenylheptanoyl amide
(9g). Compound 9g (0.49 g, 59%) was prepared from
substance 8g (0.73 g, 1.6 mmol) according to the method
for the preparation of 9a. Compound 9g: [o]5; —26.6 (¢
0.5, CHCly); 'H NMR (CDCl; (1% CD;OD),
270 MHz): 6 1.19 (br s, 1H), 1.25 (s, 9H), 2.32-2.65
(m, 2H), 2.65-2.83 (m, 2H), 2.83-3.14 (m, 4H), 3.30-
3.75 (m, 4H), 6.94-7.40 (m, 9H). '*C NMR (CDCl,
(1% CD3;0OD), 67.8 MHz): ¢ 28.0, 38.4, 53.3, 53.7,
57.4, 58.6, 67.6, 79.4, 122.3, 126.2, 127.4, 127.4, 128.2,
129.0, 129.9, 130.5, 131.7, 138.0, 139.7, 156.1, 170.4.
Anal. (C24H32BI'N304'0.7H20) C, H, N.

4.2.29. (55,6R)-3-Aza-3-(m-bromobenzyl)-6-{[(tert-butyl-
oxycarbonyl)-L-valinyl]amino}-5-hydroxy-7-phenylhepta-
noyl amide (10g). Compound 10g (214 mg, 60%) was
prepared from substance 9g (300 mg, 0.59 mmol)
according to the method for the preparation of 7a, ex-
cept that for the acid-mediated deprotection TFA
(25% in CH,Cl,) was used. Compound 10g: MzDz
—43.4 (¢ 0.3, CHCI3); "H NMR (CDCls, 270 MHz): §
0.73 (d, J=17.0 Hz, 3H), 0.85 (d, /= 6.8 Hz, 3H), 1.42
(s, 9H), 1.97-2.11 (m, 1H), 2.48-2.67 (m, 2H), 2.79-
298 (m, 2H), 3.06(d, J=17.2Hz, 1H), 3.15 (d,
J=17.4Hz, 1H), 3.48-3.52 (d, J=14.0 Hz, 1H), 3.52-
3.79 (m, 2H), 3.83 (dd, J=5.9, 8.1 Hz, 1H), 4.05-4.21
(m, 1H), 4.88-5.04 (m, 1H), 5.74 (br s, 1H), 6.61 (br d,
J=9.8Hz, 1H), 6.80 (br s, 1H), 7.09-7.50 (m, 9H).
13C NMR (CDCls, 67.8 MHz): 6 17.3, 19.4, 28.3, 30.3,
38.4, 52.3, 57.5, 58.8, 58.8, 60.4, 68. 0, 80.2, 122.6,
126.6, 127.6, 128.6, 129.2, 130.1, 130.7, 131.8, 137.8,
139.9, 156.0, 171.7, 173.5. Anal. (CyoH4;BrN4O50.9-
H,0) C, H, N.

4.2.30. (5S,6R)-3-Aza-3-(m-bromobenzyl)-5-hydroxy-7-
phenyl-6-|(picolyl-L-valinyl)amino]-heptanoyl amide (11g).
Compound 11g (160 mg, 48%) was prepared from
substance 10g (214 mg, 0.35 mmol) according to the
method for the preparation of 11a, except that for the
acid-mediated deprotection TFA (25% in CH,Cl,) was
used. Compound 11g: [cx]zD2 —56.5 (¢ 2.0, CHClLy); 'H
NMR (CDCl;, 270 MHz): 6 '*C NMR (CDCl;,
270 MHz): 6 0.87 (d, J=6.8Hz, 3H), 091 (d,
J=6.6 Hz, 3H), 2.09-2.30 (m, 1H), 2.48-2.70 (m, 2H),
2.76-2.98 (m, 2H), 3.04 (d, J=16.3 Hz, 1H), 3.16 (d,
J=16.5Hz, 1H), 3.53 (d, J=13.7Hz, 1H), 3.68 (d,
J =139 Hz, 1H), 3.73-3.85 (m, 1H), 4.08-4.23 (m, 1H),
432 (d, J=6.8, 9.0 Hz, 1H), 4.50 (br s, 1H), 5.97 (br s,
1H), 6.90 (d, /= 9.2 Hz, 1H), 6.95-7.50 (m, 10H), 7.77-
791 (m, 1H), 8.08-8.20 (m, 1H), 8.38-8.50 (m, 1H),
8.50-8.63 (m, 1H). '3*C NMR (CDCls, 67.8 MHz): §
17.9, 19.5, 30.4, 38.5, 52.5, 57.8, 58.8, 59.0, 59.3, 68.0,
122.3, 122.6, 126.3, 126.5, 127.6, 128.4, 129.2, 130.0,
130.6, 131.8, 137.4, 137.8, 140.0, 148.3, 149.0, 164.7,
1709, 173.9. Anal. (C30H36BI'N504) C, H, N.

4.2.31. (55,6R)-3-Aza-5-hydroxy-7-phenyl-3-(m-phenylb-
enzyl)-6-|(picolyl-L-valinyl)amino]-heptanoyl amide (12b).
Compound 11g (43 mg, 70 pmol), phenylboronic acid
(50 mg, 0.41 mmol), NaHCO; (46 mg, 0.55 mmol), and
Pd(PPh5),Cl, (3 mg, 5 umol) were dissolved in a mixture
of DME and ethanol (3:1, 2mL) in a Smith vial. The
vial was heated to 140 °C for 20 min by means of micro-
wave irradiation. The mixture was filtered through a cel-
ite plug, the solvent was removed by evaporation, and
the residue was purified on a silica gel column using a
mixture of CH,Cl, and methanol (39:1) as mobile phase.
The fractions containing the product were pooled and
further purified using preparative HPLC (Zorbax CS8,
20 x 150 mm, particle size 5pum) using a gradient
(H>O/AcCN (0.1% formic acid) 95:5 — 4:6) over a peri-
od of 30 min. The fractions containing the pure product
(measured with MS) were pooled and freeze dried to
give title compound (4.3 mg, 10%). Compound 12b:
[oc]f)z —348 (¢ 0.2, CHCl); 'H NMR (CDCl;,
400 MHz): 6 0.86 (d, J=69Hz, 3H), 097 (d,
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J=7.0 Hz, 3H), 2.40-2.58 (m, 1H), 2.65-2.98 (m, 2H),
2.98-3.10 (m, 1H), 3.15 (d, J = 16.6 Hz, 1H), 3.24-3.51
(m, 2H), 3.75 (d, J=13.7Hz 1H), 391 (d,
J=16.3 Hz, 3H), 4.01-4.33 (m, 2H), 4.37 (dd, J = 4.6,
6.5Hz, 2H), 5.35-5.67 (m, 2H), 6.70-6.88 (m, 1H),
6.88-7.00 (m, 1H), 7.00-7.20 (m, 2H), 7.33-7.52 (m,
4H), 7.52-7.74 (m, 3H), 7.74-7.96 (m, 2H), 7.96-8.08
(m, 1H), 8.08-8.22 (m, 1H), 8.37-8.52 (m, 1H), 8.52—
8.68 (m, 1H), 8.68-8.83 (m, 1H), *C NMR (CDCl,
100.5 MHz): 6 17.1, 19.7, 29.7, 38.8, 50.0, 60.4, 61.2,
65.5, 71.8, 12.7, 126.25, 126.9, 127.3, 127.6, 127.9,
128.6, 128.9, 129.2, 129.6, 130.2, 133.0, 133.8, 135.6,
137.7, 140.2, 142.2, 148.5, 148.8, 165.7, 170.9, 171.6.
Anal. (C36H41N50412H20HCOOH) C, H, N.

4.2.32. (25,35)-1-{]2-(p-Bromophenyl)ethyllamino}-3-[(zert-
butyloxycarbonyl)amino]-4-phenylbutan-2-ol (8h). Com-
pound 8h (0.39 g, 96%) was prepared from epoxide
6a(0.23 g, 0.87 mmol) and 2-(p-bromophenyl)ethylamine
(7h, 0.35 g, 1.8 mmol) according to the method for the
preparation of 8a, except that it was purified by flash
column chromatography (CHzClleeOHi 19:1) to give
8h as a white powder. Compound 8h: [oc]zD —20.9 (c 1.0,
CHCl;); '"H NMR (CDCl; 270 MHz): 6 1.36 (br s, 1H),
1.41 (s, 9H), 2.40-2.95 (m, 8H), 3.34-3.55 (m, 1H),
3.55-3.80 (m, 1H), 5.03 (br d, /= 9.1 Hz, 1H), 6.96-7.03
(m, 2H), 7.03-7.23 (m, 5H), 7.23-7.42 (m, 2H). *C
NMR (CDCls, 67.8 MHz): ¢ 18.96, 28.28, 35.57, 39.0,
50.3, 52.1, 53.6, 68.2, 79.2, 120.0, 126.2, 128.3, 129.3,
130.3, 131.5, 138.3, 138.4, 155.8. Anal. (Cy3H3;BrN,O3
0.3H,0) C, H, N.

4.2.33. (55,6R)-3-Aza-3-[2-(p-bromophenyl)ethyl]-6-|(zert-
butyloxycarbonyl)amino]-5-hydroxy-7-phenylheptanoyl
amide (9h). Compound 9h (0.35 g, 84%) was prepared
from substance 8h (0.37 g, 0.80 mmol) according to the
method for the preparation of 9a. Compound 9h: [«]};
—30.8 (¢ 0.6, CHCl3); '"H NMR (CDCls, 270 MHz): 0
1.28 (s, 1H), 1.38 (s, 9H), 2.44-2.77 (m, 6H), 2.77-2.98
(m, 2H), 2.98-3.20 (m, 2H), 3.60-3.80 (m, 1H), 3.80-
3.97 (m, 1H), 5.15-5.23 (m, 1H), 6.00-6.14 (m, 1H),
6.83-6.97 (m, 2H), 6.97-7.12 (m, 1H), 7.12-7.33 (m,
4H), 7.33-7.45 (m, 2H). '*C NMR (CDCl;, 67.8 MHz):
028.5,32.7,39.0, 53.8, 57.1, 58.7, 58.8, 68.1, 79.6, 120.1,
126.5, 128.6, 129.4, 130.5, 131.6, 138.4, 138.6, 156.2,
174.9. Anal. (C25H34BYN304) C, H, N.

4.2.34. (58,6 R)-3-Aza-3-|2-(p-bromophenyl)ethyl]-6-
{[(tert-butyloxycarbonyl)-L-valinyllJamino}-5-hydroxy-7-
phenylheptanoyl amide (10h). Compound 10h (270 mg,
65%) was prepared from substance 9h (320 mg,
0.62 mmol) according to the method for the preparation
of 10a, except that for the acid-mediated deprotection
TFA (25% in CH,Cl,) was used. Compound 10h: [«]};
—22.4 (¢ 1.4, CHCl3); '"H NMR (CDCls, 270 MHz): 0
0.82-1.10 (m, 7H), 1.44 (s, 9H), 2.00-2.21 (m, 1H),
2.42-2.77 (m, 5H), 2.77-3.00 (m, 3H), 3.00-3.27 (m,
2H), 3.62-4.00 (m, 3H), 5.10-5.32 (m, 1H), 5.60-5.93
(m, 1H), 6.62-6.85 (m, 1H), 6.85-7.08 (m, 2H), 7.08-
7.33 (m, 5H), 7.33-7.56 (m, 2H). '3C NMR (CDCl;,
67.8 MHz): 6 17.2, 19.0, 28.0, 30.4, 31.7, 37.8, 52.4,
57.0, 57.5, 58.2, 60.3, 67.5, 79.9, 119.9, 126.3, 128.3,

129.0, 130.3, 131.3, 137.8, 156.1, 167.8, 172.3. Anal.
(C30H43BFN405'0.5H20) C, H, N.

4.2.35. (5S8,6R)-3-Aza-3-[2-(p-bromophenyl)ethyl]-5-hy-
droxy-7-phenyl-6-[(picolyl-L-valinyl)amino]-heptanoyl amide
(11h). Compound 11h (73 mg, 31%) was prepared from
substance 10h (240 mg, 0.39 mmol) according to the
method for the preparation of 11a, except that for the
acid-mediated deprotection TFA (25% in CH,Cl,) was
used. Compound 11h: [«]5; —49.5 (¢ 1.0, CHCLy); 'H
NMR (CDCl;, 270 MHz): ¢ 0.72-1.12 (m, 6H), 2.16-
240 (m, 1H), 2.40-2.80 (m, 6H), 2.80-3.00 (m, 2H),
3.00-3.30 (m, 2H), 3.68-3.80 (m, 1H), 4.12-4.28 (m,
1H), 4.28-5.46 (m, 1H), 5.90 (br s, 1H), 6.82-7.09 (m,
5H), 7.09-7.21 (m, 4H), 7.30-7.41 (m, 2H), 7.41-7.59
(m, 1H), 7.76-7.96 (m, 1H), 8.04-8.24 (m, 1H), 8.40-
8.33 (m, 1H), 8.33-8.51 (m, 1H). 3*C NMR (CDCl;,
67.8 MHz): ¢ 18.1, 19.7, 30.4, 32.6, 38.7, 52.4, 57.2,
58.7, 58.9, 59.5, 68.5, 120.1, 122.4, 126.5, 126.7, 128.5,
129.3, 130.6, 131.6, 137.6, 138.0, 138.7, 148.5, 149.1,
164.9, 171.0, 174.4. Anal. (C3;H33BrNsOy4) C, H, N.

4.2.36. (5S,6R)-3-Aza-5-hydroxy-7-phenyl-3-[2-(p-phenyl-
phenyl)ethyl]-6-[(picolyl-L-valinyl)amino]-heptanoyl amide
(12¢). Compound 12¢ (3.2 mg, 31%) was prepared from
substance 11h (33 mg, 53 umol) according to the method
for the preparation of 12b. Compound 12¢: [oc]zD2 —31.2(c
0.3, CHCl3); '"H NMR (CDCls, 270 MHz): 6 0.75-1.03
(m, 6H), 2.22-2.41 (m, 1H), 2.41-2.55 (m, 1H), 2.55-
2.70 (m, 1H), 2.70-2.96 (m, 6H), 3.04-3.15 (m, 1H),
3.15-3.30 (m, 1H), 3.57-3.72 (m, 1H), 4.10-4.25 (m,
1H), 4.29-4.40 (m, 1H), 5.20-5.45 (m, 1H), 6.43-6.65
(m, 2H), 7.00-7.12 (m, 1H), 7.12-7.24 (m, 5H), 7.31-
7.39 (m, 1H), 7.39-7.62 (m, 7H), 7.72-7.91 (m, 1H),
8.03-8.19 (m, 1H), 8.46-8.56 (m, 1H), 8.60-8.74 (m,
1H). *C NMR (CDCls, 67.8 MHz): 6 17.7, 19.7, 30.1,
33.0, 38.7, 52.0, 57.2, 58.4, 58.6, 59.6, 68.1, 122.5, 126.6,
126.7, 127.0, 127.3, 127.5, 128.6, 128.9, 129.3, 129.4,
137.6, 137.8, 139.0, 139.4, 140.7, 148.5, 149.2, 165.0,
170.9, 173.6. Anal. (C37;H43N5041.5H,0-2 HCOOH) C,
H, N.

4.2.37. (2S5,35)-1-[(/N-Benzyl-N-benzyloxycarbonyl)ami-
no|-3-[(tert-butyloxycarbonyl)amino]-4-phenylbutan-2-ol
(13). Compound 8b (0.53 g, 1.4 mmol) was dissolved in
CH,CI, (100 mL), a solution of K,CO5 (0.41 g, 3.0 mmol)
in water (100 mL) and benzylchloroformate (0.30 pL,
2.13 mmol) was added, and the mixture was stirred for
2 h. The layers were separated and the water layer was
extracted with CH,Cl, (30 mL). The combined organic
phases were dried, filtered and evaporated. The residue
was purified by column chromatography (toluene/
EtOAc, 3:1) to give compound 13 (0.38 mg, 52%). Com-
pound 13: [ac]zD2 +0 (¢ 1.2, CHCly); '"H NMR (CD;0D,
270 MHz, rotamers): 6 1.02-1.39 (m, 9H), 2.58-2.83 (m,
2H), 3.00-3.30 (m, 2H), 3.52-3.74 (m, 1H), 3.74-3.90
(m, 1H), 4.39-4.58 (m, 2H), 4.90-5.09 (m, 2H), 6.91-
7.32 (m, ISH) Anal. (C29H36N205) C, H, N.

4.2.38. (285,35)-1-[(/V-Benzyl-N-benzyloxycarbonyl)amino]-
3-{|[(tert-butyloxycarbonyl)-L-valinyllJamino}-4-phenylbutan-
2-0l (14). Compound 14 (0.19 g, 50%) was prepared from
substance 13 (0.32 g, 0.63 mmol) according to the method
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for the preparation of 10a, except that for the acid-medi-
ated deprotection TFA (25% in CH,Cl,) was used. Com-
pound 14: [oc]zD2 —26.2 (¢ 1.4, CHCl3); "H NMR (CDCl;,
270 MHz, rotamers): ¢ 0.60-1.05 (m, 6H), 1.43 (s, 9H),
1.89-2.20 (m, 1H), 2.75-2.97 (m, 2H), 2.97-3.26 (m,
1H), 3.44-4.08 (m, 4H), 4.35-4.70 (m, 2H), 4.93-5.54
(m, 3H), 6.32-6.69 (m, 1H), 6.98-7.41 (m, 15H). *C
NMR (CDCl;, 67.8 MHz): 6 17.4, 19.3, 28.3, 30.5, 38.2,
52.3, 53.1, 53.5, 60.2, 67.7, 70.8, 79.9, 124.2, 126.4,
127.4, 127.5, 127.9, 129.1, 128.4, 128.6, 129.2, 136.0,
136.9, 137.7, 155.8, 158.1, 171.6. Anal. (C34H45N30¢) C,
H, N.

4.2.39. (25,35)-1-[(/N-Benzyl-N-benzyloxycarbonyl)ami-
noj-4-phenyl-3-[(picolyl-L-valinyl)amino]-butan-2-o0l (15).
Compound 15(0.12 g, 74%) was prepared from substance
14 (0.17 g, 0.28 mmol) according to the method for the
preparation of 11a, except that for the acid-mediated
deprotection TFA (25% in CH,Cl,) was used. 15: [oc]éz
—32.3 (¢ 0.8, CHCl;); 'H NMR [CDCl; (1% CD;0D),
270 MHz, rotamers]: 6 0.60-1.09 (m, 6H), 1.90-2.23 (m,
1H), 2.62-2.92 (m, 2H), 2.92-3.22 (m, 1H), 3.22-3.58
(m, 2H), 3.67-3.88 (m, 1H), 3.88-4.12 (m, 1H), 4.32—
4.68 (m, 2H), 4.88-5.19 (m, 2H), 6.80-7.35 (m, 15H),
7.35-7.55 (m, 1H), 7.70-7.84 (m, 1H), 7.84-8.20 (m,
1H), 8.36-8.62 (m, 2H). >*C NMR [CDCl; (1% CD50D),
67.8 MHz, rotamers]: 6 17.7, 19.3, 30.6, 37.9, 51.8, 52.7,
53.2, 58.9, 67.5, 70.2, 122.3, 126.1, 126.5, 127.2, 127.3,
127.6, 127.7, 128.0, 128.1, 128.4, 128.9, 129.0, 136.0,
137.0, 137.7, 147.9, 148.7, 156.9 (minor), 157.6 (major),
1643, 171.1. Anal. (C36H40N405'H20) C, H, N.

4.2.40. (2S8,35)-1-(Benzylamino)-4-phenyl-3-[(picolyl-L-
valinyl)amino]-butan-2-0l (16). Compound 15 (70 mg,
0.12 mmol) and anisol (0.13 mg, 1.2 mmol) were dis-
solved in CH,Cl, (30 mL). Triflicacid (0.2 mL, 2.3 mmol)
was added slowly under stirring and the mixture was stir-
red for an additional 15 min. The reaction mixture was
suspended to a silica gel column and this was flushed sev-
eral times with CH,Cl,. The product was eluted with a
mixture of CH,Cl, and MeOH (9:1) and further purified
with flash column chromatography (CH,Cl,/MeOH,
29:1) to give the pure secondary amine 16 (21 mg, 38%).
Compound 16: [oc}]z)2 —51.0 (¢ 1.0, CHCly); '"H NMR
(CDCl3, 270 MHz): 6 0.84 (d, J = 6.8 Hz, 3H), 0.89 (d,
J=6.8 Hz, 3H), 2.10-2.30 (m, 1H), 2.60-2.79 (m, 2H),
2.79-2.98 (m, 2H), 3.75-3.95 (m, 3H), 4.05-4.20 (m,
1H), 4.30-4.78 (m, 2H), 4.38 (dd, J = 6.5, 8.8 Hz, 1H),
6.82-6.98 (m, 1H), 6.98-7.38 (m, 9H), 7.38-7.53 (m,
1H), 7.78-7.95 (m, 1H), 8.09-8.22 (m, 1H), 8.35-8.50
(m, 1H), 8.53-8.65 (m, 1H). '*C NMR (CDCls,
67.8 MHz): 6 17.9, 19.6, 30.6, 38.3, 51.2, 52.8, 52.9, 59.3,
68.0, 122.4, 126.4, 126.6, 128.1, 128.5, 128.8, 129.0,
129.4, 137.5, 137.9, 148.4, 149.3, 164.8, 171.3. Anal.
(C28H34N403'H20) C, H, N

4.2.41. (2S5,55,6R)-3-Aza-3-benzyl-2-(p-bromobenzyl)-5-
hydroxy-7-phenyl-6-[(picolyl-L-valinyl)amino]-heptanoyl
amide (18). (25,5S,6R)-3-Aza-2-(p-bromobenzyl)-5-hy-
droxy-7-phenyl-6-[(picolyl-L-valinyl)amino]- heptanoyl
amide (17, 41 mg, 67 umol) and Cs,CO; (22 mg,
84 pmol) were suspended in DMF (2 mL). Benzyl bro-
mide (20 pL, 0.17 mmol) was added and the mixture

was stirred for overnight at 50 °C. The solvent was evap-
orated and the product was purified by flash column
chromatography (CH,Cl,/MeOH, 19:1) to give the pure
tertiary amine 18 (30 mg, 64%). Compound 18: [oc}zD2
—52.2 (¢ 0.9, CHCl3); '"H NMR [CDCl; (1% CD;0OD),
270 MHz]: ¢ 0.79 (d, J=6.8Hz, 3H), 0.84 (d,
J=6.8 Hz, 3H), 2.02-2.22 (m, 1H), 2.46-2.64 (m, 2H),
2.64-2.86 (m, 3H), 2.92 (dd, J=7.3, 13.9Hz, 1H),
3.35-3.48 (m, 2H), 3.50-3.62 (d, J=13.9Hz, 1H),
3.67-3.80 (d, J=13.7Hz, 1H), 3.98-4.13 (m, 1H),
4.13-4.25 (m, 1H), 6.82-6.91 (m, 2H), 6.91-7.04 (m,
3H), 7.04-7.18 (m, 6H), 7.20-7.34 (m, 3H), 7.38-7.48
(m, 1H), 7.72-7.84 (m, 1H), 7.98-8.07 (m, 1H), 8.52—
8.60 (m, 1H). 3C NMR [CDCl; (1% CD;OD),
67.8 MHz]: 6 17.4, 19.3, 30.2, 34.0, 38.1, 51.9, 54.6,
55.5, 59.2, 65.2, 67.8, 119.9, 122.1, 126.1, 126.6, 127.1,
128.8, 128.2, 128.6, 129.0, 130.7, 131.2, 137.2, 1374,
137.7, 138.6, 148.3, 148.6, 164.9, 171.0, 173.9. Anal.
(C37H42BI'N504) C, H, N.

4.2.42. (25,55,6R)-3-Aza-3-benzyl-2-(p-phenylbenzyl)-5-
hydroxy-7-phenyl-6-|(picolyl-L-valinyl)amino]-heptanoyl
amide (19). Compound 18 (23 mg, 33 umol), phenylbo-
ronic acid (24 mg, 0.20 mmol), Cs,CO5 (32 mg, 98 umol),
and Pd(PPh;),Cl, (1.8 mg, 5 umol) were dissolved in a
mixture of DME and ethanol (3:1,0.7 mL) in a Smith vial.
The vial was heated to 130 °C for 20 min by means of
microwave irradiation. The mixture was filtered through
a celite plug, the solvent was removed by evaporation,
and the residue was purified on a silica gel column using
a mixture of CH,Cl, and methanol (19:1) as mobile phase
to %ive compound 19 (18 mg, 79%) as a white powder. 19:
[2]5; 29.8 (¢ 0.4, CHCl3); "H NMR [CDCl; (5% CD;0D),
400 MHz]: 0 0.85 (d, J = 6.8 Hz, 3H), 0.87 (d, / = 6.8 Hz,
3H), 1.90-2.13 (m, 1H), 2.51-2.80 (m, 4H), 3.00 (dd,
J =170, 13.8 Hz, 1H), 3.10 (dd, J=8.1, 13.6 Hz, 1H),
3.43-3.49 (m, 1H), 3.58 (d, J=14.2 Hz, 1H), 3.70 (dd,
J=17.0, 80Hz, 1H), 3.98 (d, /J=14.1 Hz, 1H), 4.12-
4.20 (m, 1H), 4.21-4.29 (m, 1H), 6.90-6.96 (m, 1H),
6.98-7.23 (m, 8H), 7.26-7.36 (m, 4H), 7.38-7.46 (m,
2H), 7.46-7.63 (m, 5H), 7.89-8.01 (m, 1H), 8.04-8.13
(m, 1H), 8.60-8.65 (m, 1H). Anal. (C43H4;N50,0.3H,0)
C,H, N.

4.3. Computational procedure

4.3.1. General procedure. Molecular modeling calcula-
tions were performed on a dual Intel Xeon 2.4 GHz
CPU workstation and a 2.6 GHz Pentium 4 workstation
running Red Hat Linux 9. Statistical analyses and visu-
alizations were performed on Silicon Graphics Octane
workstations with two 500 MHz IP35 processors and
R 14000 processor chips. The different suite of programs
employed for modeling studies were SYBYL v.6.933 for
data set preparation and 3D comparative molecular field
analysis (CoMFA),3* Maestro v.3.0, and Macromodel
v.7.1% for enzyme refinement. Flexible docking was per-
formed using FLO.?¢

4.3.2. Enzyme preparation. The X-ray crystal structure
of Plm II from Plasmodium falciparum in complex with
inhibitor rs370 was obtained under the accession code
ILF2%7 from the Protein Data Bank (PDB).3° This
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329-residue structure was resolved at 1.80 A and pos-
sessed an R-value of 0.195. Crystallographic waters were
removed and hydrogens added via an all-atom treat-
ment with no atoms having lone pairs. The structural
refinement was performed using the BatchMin algo-
rithm of Macromodel v.7.1, employing the AMBER *37
all-atom force field with a dielectric constant of 78.
The extended nonbonded cutoff distances for van der
Waals and Coulombic interactions were set to 3.5 and
6.0 A, respectively, while the hydrogen-bonding cutoff
distance was kept at 4.0 A. These cutoffs have been
shown to give optimal results in terms of speed and
accuracy.>® The protein was minimized with a total of
200 iterations employing the Polak—Ribiere conjugate
gradient (PRCG) method, and convergence was moni-
tored with the derivative convergence criteria using a
cutoff value of 0.05kJ/A mol. A pocket around the
inhibitor (rs370) was marked and extracted for docking
calculations. This pocket constituted the crucial amino
acids lining the active site. The inhibitor rs370 was re-
moved from the active pocket and the protein was sub-
jected to docking studies. As Plm II is found to exist in
an acidic food vacuole having a pH of 5, arginines, ly-
sines, aspartic, and glutamic acids were kept positively
and negatively charged, respectively.

4.3.3. Data set. The data set used for the docking and
CoMFA studies comprises a series of 37 analogues with
a basic hydroxyethylamine transition state isostere scaf-
fold as the central fragment. All compounds were pro-
tonated at the basic hydroxyethylamine nitrogen.

4.3.4. Alignment of the inhibitors. A CoMFA study
requires that the 3D structures of the molecules to be
analyzed be aligned according to their bioactive confor-
mation. It was decided to dock the inhibitors and use
the docked frames as the alignment for CoOMFA.

4.3.5. Docking protocol. The FLO suite of programs was
used to dock the database of molecules into the pocket.
FLO search algorithms are derived from the method of
Monte Carlo perturbation with energy minimization in
Cartesian space. It uses a modified version of the AM-
BER force field. Partial charges were calculated using
bond dipole moments. All compounds were manually
positioned in the active site and were thereafter subject-
ed to 500 steps of local Monte Carlo perturbation. It has
been well documented that the binding cavity of Plm II
is flexible,?®3? for example, the residues in proximity to
the S1’ site have been shown to move and therefore these
residues I1e290-Val296 together with other residues
known to be flexible (Tyr77-Ser79 and Gly216-Ser218)
were allowed to move under constraints. All other resi-
dues in the pocket were kept fixed.

4.3.6. 3D QSAR studies. The docked poses were used to
generate the CoMFA alignment. The CoMFA fields
were generated using default settings as implemented
in Sybyl 6.9. A 3D cubic lattice was created with a grid
spacing of 2 A and extending 4 A units beyond the
docked inhibitors in all directions. An sp® carbon with
+1 charge was used as probe atom to produce steric
and electrostatic field energies. Cutoffs for both steric

and electrostatic fields were set to 30 kcal/mol, employ-
ing a distance-dependent dielectric (1/°) for calculating
electrostatics and a 6-12 Lennard-Jones potential for
sterics. The CoMFA region was focused and the result-
ing focused CoMFA descriptor fields were used as inde-
pendent variables in the partial least squares (PLS)*
regression analysis with measured pKi (—logK;) values
as the dependent variable. A K; value of 3600 nM was
used for all compounds that had no exact value deter-
mined. Column filtering with a leave-one-out (LOO)
validation, and a maximum of six components was used
for all cross-validation calculations to determine the ¢
(cross-validated correlation coefficient) and the PRESS
value (standard error of prediction). Since CoMFA
was performed only to rationalize the qualitative results
obtained from docking, no test set was used.
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		(5S,6R)-3-Aza-5-hydroxy-7-phenyl-3-(2-phenylethyl)-6-[(picolyl-l-valinyl)amino]-heptanoyl amide (11d)
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		(2S,3S)-1-[(m-Bromobenzyl)amino]-3-[(tert-butyloxycarbonyl)amino]-4-phenylbutan-2-ol (8g)

		(5S,6R)-3-Aza-3-(m-bromobenzyl)-6-[(tert-butyloxycarbonyl)amino]-5-hydroxy-7-phenylheptanoyl amide (9g)

		(5S,6R)-3-Aza-3-(m-bromobenzyl)-6-{[(tert-butyloxycarbonyl)-l-valinyl]amino}-5-hydroxy-7-phenylheptanoyl amide (10g)

		(5S,6R)-3-Aza-3-(m-bromobenzyl)-5-hydroxy-7-phenyl-6-[(picolyl-l-valinyl)amino]-heptanoyl amide (11g)

		(5S,6R)-3-Aza-5-hydroxy-7-phenyl-3-(m-phenylbenzyl)-6-[(picolyl-l-valinyl)amino]-heptanoyl amide (12b)
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		(5S,6R) ndash 3-Aza-3-[2-(p-bromophenyl)ethyl]-6-[(tert-butyloxycarbonyl)amino]-5-hydroxy-7-phenylheptanoyl amide (9h)

		(5S,6R)-3-Aza-3-[2-(p-bromophenyl)ethyl]-6-{[(tert-butyloxycarbonyl)-l-valinyl]amino}-5-hydroxy-7-phenylheptanoyl amide (10h)

		(5S,6R)-3-Aza-3-[2-(p-bromophenyl)ethyl]-5-hydroxy-7-phenyl-6-[(picolyl-l-valinyl)amino]-heptanoyl amide (11h)

		(5S,6R)-3-Aza-5-hydroxy-7-phenyl-3-[2-(p-phenylphenyl)ethyl]-6-[(picolyl-l-valinyl)amino]-heptanoyl amide (12c)

		(2S,3S)-1-[(N-Benzyl-N-benzyloxycarbonyl)amino]-3-[(tert-butyloxycarbonyl)amino]-4-phenylbutan-2-ol (13)

		(2S,3S)-1-[(N-Benzyl-N-benzyloxycarbonyl)amino]-3-{[(tert-butyloxycarbonyl)-l-valinyl]amino}-4-phenylbutan-2-ol (14)

		(2S,3S)-1-[(N-Benzyl-N-benzyloxycarbonyl)amino]-4-phenyl-3-[(picolyl-l-valinyl)amino]-butan-2-ol (15)

		(2S,3S)-1-(Benzylamino)-4-phenyl-3-[(picolyl-l-valinyl)amino]-butan-2-ol (16)

		(2S,5S,6R)-3-Aza-3-benzyl-2-(p-bromobenzyl)-5-hydroxy-7-phenyl-6-[(picolyl-l-valinyl)amino]-heptanoyl amide (18)

		(2S,5S,6R)-3-Aza-3-benzyl-2-(p-phenylbenzyl)-5-hydroxy-7-phenyl-6-[(picolyl-l-valinyl)amino]-heptanoyl amide (19)
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Abstract—Changing the nucleoside group of a series of phosphoramidate derivatives affects the enzyme mediated hydrolysis rate of
the compounds. d4T and AZT-substituted analogs were activated by enzymes such as lipases, esterases, and proteases. On the other
hand, 3dT-substituted derivatives were comparatively less prone to hydrolysis under similar experimental conditions. From the
experimental results, we propose that the most preferable nucleoside group for enzyme activation is d4T rather than AZT or
3dT. Additionally, we also observed that depending on the enzymes used the chiral selectivity of the enzymes for the phosphorus
center of these phosphoramidate derivatives differed, demonstrating the importance of the nucleoside structure for this class of

compounds.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The HIV/AIDS pandemic continues its spread at a rate
of over 15,000 new infections every day. Three catego-
ries of antiretroviral agents in clinical use are nucleoside
reverse transcriptase inhibitors (NRTI) such as zidovu-
dine and stavudine (d4T),"? protease inhibitors, and
non-nucleoside  reverse  transcriptase  inhibitors
(NNRTI).>¢ The 5'-triphosphates of 2’,3’-dideoxynu-
cleoside analogs (ddN), which are generated by nucleo-
side and nucleotide kinases, are potent inhibitors of
human immunodeficiency virus (HIV) reverse transcrip-
tase.”-® The rate limiting step for the conversion of 3'-az-
ido-3’-deoxy thymidine (AZT) to 1its bioactive
metabolite, AZT-triphosphate, is proposed to be the
conversion of the monophosphate derivative to the
diphosphate derivative. By contrast, the rate limiting
step for the intracellular generation of the bioactive
stavudine metabolite, stavudine-triphosphate, was
reported to be the conversion of stavudine to its mono-
phosphate derivative.>!! Anti-HIV ddN derivatives pri-
marily rely on nucleoside and nucleotide kinases to
convert them into the corresponding 5'-triphosphates
as discussed before. However, such compounds were

* Corresponding author. Tel.: +1 651 796 5400; fax: +1 651 796
5493; e-mail: fatih_uckun@ih.org

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmc.2005.04.083

found to act as poor substrates for nucleoside ki-
nases.”!?>" 15 Consequently, the development of prodrug
strategies has been sought to bypass the initial nucleo-
side kinase mediated activation step. In an attempt to
overcome the dependence of ddN analogs on intracellu-
lar nucleoside kinase activation, we and others have pre-
pared a number of aryl phosphate derivatives of
zidovudine and stavudine, some of which were found
to be potent anti-HIV agents with subnanomolar ICs,
values, 10-11,16-25

Our lead anti-HIV compound, stampidine, is a phos-
phoramidate derivative of stavudine.?? Stampidine was
100 times more active than stavudine and twice as active
as zidovudine against nine clinical HIV-1 isolates of
non-B envelope subtypes (A, C, F, and G) originating
from South America, Asia, and sub-Saharan Africa.?°
Stampidine was effective against 20 genotypically and
phenotypically nucleoside analog reverse transcriptase
inhibitor (NRTI)-resistant and 6 non-nucleoside inhibi-
tor (NNRTI)-resistant HIV-1 isolates at subnanomolar
to low nanomolar concentrations.?’ Orally or intraperi-
toneally administered stampidine exhibited significant
and dose-dependent in vivo anti-HIV activity against
an NRTI-resistant clinical HIV-1 isolate in severe com-
bined immunodeficient (SCID) mice reconstituted with
peripheral blood (PBL) mononuclear cells from seroneg-
ative human donors.?! Orally administered stampidine
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showed a dose-dependent antiretroviral effect in chroni-
cally FIV-infected cats.??> Stampidine therapy was not
associated with any clinical or laboratory evidence of
toxicity at dose levels as high as 500 mg/kg or at cumu-
lative dose levels as high as 8.4 g/kg. Stampidine exhib-
ited favorable pharmacokinetic behavior in mice, rats,
dogs, and cats following oral administration.?>?* The
documented in vitro potency of stampidine against pri-
mary clinical HIV-1 isolates with genotypic and/or phe-
notypic NRTI- or NNRTI-resistance as well as non-B
envelope subtypes together with its in vivo antiretroviral
activity in HIV-infected Hu-PBL SCID mice and FIV-
infected cats warrants its further development as a new
anti-HIV drug.

The generation of the active metabolites for the phos-
phoramidate derivatives of nucleosides was originally
proposed to require the esterase-mediated hydrolysis
of the carbomethoxy group associated with the alanine
side chain of stampidine.!%-!!-18-20.26-28 We hypothesized
that in various tissue microenvironments such com-
pounds may be metabolized through the action of other
hydrolytic enzymes in addition to esterase. This was
supported recently by a study showing the lipase and
protease activations of various phosphoramidate deriva-
tives.?’ The focus of this structure—activity relationship
study was the role of the nucleoside group in a series
of phosphoramidate derivatives to understand enzyme
recognition and activation of this class of compounds.

2. Results and discussion

It has been postulated that phosphoramidate derivatives
of stavudine are activated by an enzymatic hydrolysis
mediated by esterases.”®>® No other enzymes have been
proposed as alternative mediators of the hydrolysis of
this promising class of anti-HIV compounds. Since lip-
ases have been shown to be capable of hydrolyzing other
chiral compounds with a phosphorous center,3%3* we
sought to determine if the phosphoramidate derivative
of d4T could be hydrolyzed to their corresponding
active metabolites by a lipase as well. We observed

that the lipase-mediated hydrolysis, as well as
protease-mediated hydrolysis, of d4T derivatives was
more efficient than esterase-mediated hydrolysis.?

We extended our investigations to examine the relation-
ship between the nucleoside moiety of these phospho-
ramidate derivatives and their hydrolysis rate and
antiviral activity. For this purpose, a series of com-
pounds were prepared where only the nucleoside group
was altered. The synthesis and characterization of the
nucleoside-substituted phosphoramidate derivatives
have been reported.'®?° We have focused on three
nucleoside analogs for this study, AZT, d4T, and 3dT.

Table 1 shows the first order rate constants for the enzy-
matic hydrolysis observed for the phosphoramidate
derivatives of 3dT with electron donating and withdraw-
ing substituents. Compounds with an electron donating
group, such as the methoxy group-substituted analog,
showed a 2- to 3-fold slower rate for lipase-mediated
hydrolysis. In the case of the lipase-mediated hydrolysis,
compounds with an electorn-withdrawing group, such
as the bromo-substituted analog, showed a faster rate
of hydrolysis. Unexpectedly, the nitro-substituted ana-
log did not show significant hydrolysis, although one
would have expected such a trend. This result suggested
that lipase activation is not efficient in the case of nitro-
substituted analog either due to the highly polar charac-
teristic of the nitro group or to the lack of fit in the
enzyme pocket. For the esterase-mediated hydrolysis,
the trend was almost reversed. The compounds with
electron donating groups on the aryl moiety such as
OMe group hydrolyzed much faster than those with
electron withdrawing groups.

In the presence of the protease subtilisin Carlsberg, all
the substituted derivatives (NO,, CI, Br, OMe, and F)
underwent hydrolysis at a rate ranging from 1.83 to
1.45h~" which was faster than the hydrolysis of the
unsubstituted phenyl analog of 3dT. Similar results were
obtained for all compounds, except for the phenyl-
substituted compound in the presence of the protease
enzyme, Carica papaya.

Table 1. First order rate constant values for 3dT-substituted phosphoramidate derivatives in the presence of enzymes

(0]
Me
le”
(“) H” "N~ "0
NH
Me)I\ICOQMe
L

Compound (X) Lipase Esterase Subtilisin Carlsberg Carica papaya
NO, 0.67+0.2 0.10 £ 0.03 1.31 £0.1 1.01 £0.03
Br 290+ 0.6 0.9 +0.08 1.05£0.1 0.89 £ 0.1
Cl 1.4+0.2 0.8%0.2 1.8+0.1 0.7 £0.07
OMe 1.2+£0.6 3.06 £0.7 1.83 £ 0.05 0.84 +0.01
H 1.01 0.1 1.72£0.9 0.23 +0.04 0.41 £0.06
F 1.25%0.1 1.5£0.7 1.45 £0.05 0.41 +0.08

Rate constants are expressed per hour.
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Table 2 shows the first order rate constants of hydrolysis
observed for the phosphoramidate derivatives of d4T
using the same enzymes as those used with the 3dT
derivatives. As with the 3dT derivatives, the lipase-med-
iated hydrolysis showed the fastest rates for compounds
with electron withdrawing groups. However, the rate of
lipase-mediated hydrolysis was faster for the d4T deriv-
atives. For example, stampidine, the bromo-substituted
phenyl phosphoramldate derivative showed a rate value
of 3.10 h ™! in comparison with 3dT (2.9 h™") for lipase-
mediated hydrolysis.

The fluoro-substituted compound underwent faster
hydrolysis than the unsubstituted compound in the pres-
ence of subtilisin Carlsberg but not Carica papaya. In
the presence of the esterase enzyme, the OMe- and Br-
substituted compounds underwent faster hydrolysis
(rate of hydrolysis values of 3.90 and 3.3 h™', respective-
ly), than other compounds (rates of hydrolys1s 2.28—
3.04h~"). The most striking results, however, were
shown using serine protease. This enzyme gave the high-
est rate of hydrolysis, especially for the subtilisin Carls-
berg. For example, subtilisin Carlsberg showed
hydrolysis rate in the range of 4.2-8.5h™" for all the
derivatives. On the other hand, the cysteine protease,
Carica papaya, caused slow hydrolysis of the com-
pounds. With the exception of stampidine (1.43h™"),
the hydrolysis rates for all the compounds were in the

range of 0.5-0.9 h~'. From the results, it appears that
subtilisin Carlsberg protease enzyme recognizes all of
the substituted phosphoramidate derivatives of d4T.

Table 3 shows the hydrolysis rate constants observed for
various phosphoramidate derivatives of AZT in the
presence of the enzymes examined. The rate for the li-
pase-mediated hydrolysis was comparatively slow for
these phosphoramldate derivatives. (0.35-0.8 h™'). The
data in Table 3 show that the rate of llpase mediated
hydrolys1s for unsubstituted compound is minimal
(0.02 h™ ). Conversely, the esterase-mediated hydrolysis
gave a fast rate of hydrolysis. The rate of esterase-med-
iated hydrolysis was 5.73 and 4.71 h™! for bromo- and
OMe-substituted derivatives, respectively. Additionally,
the bromo-substituted the derivative displayed the high-
est rate of hydrolysis in the presence of the protease en-
zyme subtilisin Carlsberg (3.56h™'). The rate of
hydrolysis in the presence of cysteine protease Carica
papaya was nearly the same for most of the substituted
derivatives (0.63-0.81 h™"). Compared with the other
derivatives the bromo-substituted compound had a
higher rate of hydrolysis with this protease.

2.1. Chiral selectivity at the phosphorus center

2.1.1. Nucleoside change. We examined the differences in
the chiral selectivity for the various nucleoside-substitut-

Table 2. First order rate constant values for d4T-substituted phosphoramidate derivatives in the presence of enzymes

o]
Me~NH
9 NP0
XOO_P_O 0.
NH
*COsMe
L
Compound (X) Lipase Esterase S. Carlsberg Carica papaya
Br (stampidine) 3.1+0.5 33+0.5 8.55+£0.7 143+£04
Cl 32+228 3.04+£0.2 421%0.3 0.7%0.1
OMe 1.24+0.8 3916 7.07£22 0.51 £0.05
H 1.81£0.3 2.28%0.9 446+2.8 0.83£0.04
F 1.75+0.7 278 £0.1 464*1.8 0.92+0.1

Rate constants are expressed per hour.

Table 3. First order rate constant values for AZT-substituted phosphoramidate derivatives in the presence of enzymes

o
o L
i H” N "0
X O—P-0
87
NH
N3
ICOgMe
Compound (X) Lipase Esterase Subtilisin Carlsberg Carica papaya
NO, 0.35+0.06 0.22£0.1 0.39 £ 0.04 0.65 £ 0.01
Br 0.83 £0.09 5.72+£0.2 356t 1.4 0.81 £ 0.05
OMe 0.46 +0.01 471+£1.2 0.70 £ 0.1 0.63 £0.02
H 0.02 — 0.27 £ 0.09 0.08

Rate constants are expressed per hour.
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ed phosphoramidate derivatives hydrolyzed by enzymes.
Figure 1 shows the HPLC profile comparison for
bromo-substituted aryl phosphoramidate derivatives
with varying nucleosides treated with lipase. Lipase
had the greatest preference for stereoselectivity with
the d4T-substituted aryl phosphoramidate derivatives in
comparison to the AZT and 3dT derivatives. For ester-
ase-mediated hydrolysis, we observed that AZT-substi-
tuted aryl phosphoramidate derivative had the highest
chiral selectivity (Fig. 2). This suggests that the esterase
discriminates between the diastereoisomers of AZT-
substituted arylphosphoramidate derivatives much bet-
ter than the 3dT and d4T compounds. Both the d4T
and 3dT derivatives indicated very little chiral selectivi-
ty, among the isomers (Fig. 2). Focusing on the chiral
selectivity observed for the protease subtilisin Carlsberg,
the highest chiral selectivity was noticed in the case of
d4T derivatives, followed by the AZT and 3dT analogs
(Fig. 3). Figure 4 illustrates the HPLC profile observed
for Carica papaya protease-mediated hydrolysis of the
p-bromophosphoramidate derivative. For the 3dT- and
AZT-substituted compounds, one of the isomers was
preferentially hydrolyzed compared to the other. How-
ever, the d4T-substituted derivative underwent faster
hydrolysis (1.01 for 3dT, 1.43 for d4T, and 0.65 for
AZT) with low chiral selectivity. This suggests that Cari-
ca papaya recognizes both the 3dT- and AZT-substitut-
ed analogs better than the d4T derivatives. The greatest
degree of chiral selectivity was observed for the AZT-
substituted aryl phosphoramidate derivative followed
by 3dT.

Table 4 shows the summary of the trends observed for
each of the nucleoside analogs. It shows the groups that
were found to yield the fastest rates of hydrolysis for the
individual enzymes. In general, the preferred substituent
on the phenyl moiety of these phosphoramidate deriva-
tives seems to be a bromo, chloro, or methoxy group.
However, for the esterase mediated hydrolysis of 3dT,
the methoxy derivative was the only compound that was
more readily hydrolyzed, although no chiral selectivity
is observed. This is an important observation that may
be crucial in deciding which nucleoside analog should be
used for antiviral therapy for a particular case.

2.2. Substitution on the phenyl ring and chiral selectivity

We also examined the influence of various para substitu-
tions on the phenyl ring on the chiral selectivity by indi-
vidual enzymes. Esterase showed very little chiral
selectivity irrespective of the substituents present in the
phenyl ring demonstrating that these substituents did
not affect the recognition of both.

Examining the chiral selectivity of lipase, we found that
the chloro and bromo groups on the phenyl ring influ-
enced the chiral selectivity in 3dT and AZT derivatives
more than groups such as OMe. This may be attributed
to the size and/or polarity of the halo groups. The sub-
stituents on the phenyl ring also influenced the chiral
selectivity of d4T derivatives. In the case of protease en-
zymes, chiral selectivity by subtilisin Carlsberg>® as well
as Carcia papaya’’#? was influenced by some of the sub-
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Figure 1. Chiral selectivity of lipase-mediated hydrolysis of the
p-bromophenyl phosphoramidate derivatives of 3dT (A), d4T (B),
and AZT (C) as observed by HPLC at ¢ = 15 min.

stituents on the phenyl ring in all three nucleoside deriv-
atives. As an example, the selectivity indices observed
for individual phosphorus isomers of d4T-substituted
phosphoramidate analogs treated with lipase and ester-
ase are shown in Table 5.2°*! The unprecedented selec-
tivity shown by lipase is rationalized due to the tight
binding pocket of the lipase compared to esterase.”
Recently, we also reported the selective indices for pro-
tease-mediated hydrolysis of phosphoramidate deriva-
tives of stavudine and found that substituents on the
phenyl ring have a profound effect on the selectivity.*!
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Figure 2. Chiral selectivity of esterase-mediated hydrolysis of the
p-bromophenyl phosphoramidate derivatives of 3dT (A), d4T (B),
and AZT (C) as observed by HPLC at ¢ = 15 min.

Based on our earlier studies we tentatively assigned the
stereochemistry of the isomers that under go hydrolysis
in the presence of enzymes for d4T derivatives.?’ Lipase
preferably hydrolyzes the (S) isomers of all the phospho-
ramidate derivatives faster than the (R) isomers. Ester-
ase showed no isomeric preference. The protease
subtilisin Carlsberg preferably hydrolyzes (R) isomers
and the cysteine protease prefers to hydrolyze the (S)
isomers. This point is further illustrated by examining
a mixture of phosphoramidate derivatives treated with
various enzymes. Figure 5 shows a series of representa-
tive HPLC chromatograms of a mixture of phospho-
ramidate treated with lipase over time. The peaks at
6.0 and 6.5 min represent the phosphorus diastereoiso-
mer [R,, or Sy] of 2-bromophenyl phosphoramidate of
stavudine (DDEG605). The peaks at 4.3 and 4.59 corre-
spond to the phosphorus diastereoisomers [R,, or S;]
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Figure 3. Chiral selectivity of subtilisin Carlsberg mediated hydrolysis
of the p-bromophenyl phosphoramidate derivatives of 3dT (A), d4T
(B), and AZT (C) as observed by HPLC at ¢ = 15 min.

of 4-methoxy phenyl alaninyl phosphoramidate of
stavudine (DDES98). At 18 min of the reaction, addi-
tional peaks are visible in the HPLC chromatogram.
The peaks at 1.98 min represent stavudine (d4T), fol-
lowed by the peak at 3.1 min of p-methoxyphenol. The
peak at 11.3 min correspond to that of 2-bromophenol.
The isomers are hydrolyzed preferentially, demonstrat-
ing the chiral selectivity of lipase. Figure 6 shows the
selectivity indices for the various phosphoramidate
derivatives of stavudine treated with serine and cysteine
proteases. Cysteine protease shows the highest degree of
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Figure 4. Chiral selectivity of Carica papaya mediated hydrolysis of
the p-bromophenyl phosphoramidate derivatives of 3dT (A), d4T (B),
and AZT (C) as observed by HPLC at ¢ = 15 min.

Table 4. Fast rate of hydrolysis of the best substituents present on the
phenyl ring of phosphoramidate derivatives of nucleosides

Nucleoside Esterase Lipase Carlsberg Carica
papaya
d4T OMe, Br, CI Br,Cl Br Br
AZT OMe, Br Br Br Br
3dT OMe Br Cl Br

chiral selectivity among the substituents as compared to
the other protease.

2.3. Antiviral activity

We focused our attention on the antiviral activity of the
aryl-substituted phosphoramidate derivatives belonging
to one of the three classes of nucleoside analogs: AZT,
d4T, and 3dT. Table 6 shows the antiviral activity shown
by various analogs. In the case of the AZT derivatives, the
bromo-substituted compound was the most potent with

Table 5. Selectivity index of various arylphosphoramidate derivatives
of d4T>*

O
Y
Q 07N
O- II:’— (o)
NH 0]
MeOOC A —
Me H
X SI
Lipase Esterase Carlsberg Carica papaya

H 0.7 1.0 0.1 6.1
4Br 4.0 1.5 0.4 1.4
4Cl1 5.4 1.3 0.2 2.0
4F 1.9 1.3 0.4 5.2
40Me 2.7 0.9 0.5 0.8

2,6-OMe 1.0 1.3 — —

SI denotes the selectivity index is the ratio of rate of hydrolysis
observed for each of the isomers.

an ICsq value of 0.006 pM. The other derivatives showed
only marginal to low antiviral activity (0.048-0.057 uM).
Among the groups of nucleoside analogs studied, we
found that the d4T derivatives were 5—40 times more po-
tent than the AZT and 3dT compounds. On the other
hand, most d4T phosphoramidate derivatives showed
considerable potency (0.001-0.004 uM). However, all
3dT derivaties were shown to possess micromolar activi-
ty, indicating that saturation of the double bond in the
structure of the sugar ring is not beneficial.

In the previous discussion, we have indicated that most of
the enzymes hydrolyzed d4T derivatives more efficiently
compared to the corresponding AZT and 3dT analogs.
Relating the antiviral activity to the rate of enzymatic
hydrolysis, we conclude that in order for a drug to be effec-
tive we need to have a structural framework that can be
recognized by a variety of enzymes. Also it shows that
hydrolysis may be one of the key factors for the biological
activity shown by these nucleoside analogs. In addition,
we also point out that the metabolite resulting from the
hydrolysis of the nucleoside analogs needs to be further
recognized by kinases to form the active compounds.

2.4. Role of the amino acid

To evaluate the influence of the amino acid of these
phosphoramidate derivatives on their anti-HIV activity
we prepared AZT analogs with different amino acids.
We chose the 4-bromo substitutions primarily because
the bromo derivatives were found to be more active as
well as more easily hydrolyzed. Table 7 shows the rate
of hydrolysis observed for the compounds in the pres-
ence of the various enzymes examined. Among the ami-
no acids chosen alanine was found to be the best amino
acid with the highest rate of hydrolysis for all the en-
zymes. However, phenyl alanine-substituted aryl phos-
phoramidate derivative of AZT showed a faster rate
for both esterase and subtilisin Carlsberg-mediated
hydrolysis. The proline, tryptophan, leucine, and phenyl
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Figure 5. HPLC profiles of a mixture of the 4-methoxy- (DDES598) and the 2-bromophenyl phosphoramidate (DDEG605) derivatives of d4T treated

with lipase at various intervals of time.

alanine substituted phosphoramidate derivatives all had
a slower rate of hydrolysis with lipase. The antiviral
potency shown by the alanine-substituted phosphoram-
idate derivative was 10-fold higher compared to other
amino acid derivatives.?>

2.5. Mechanism of enzyme mediated hydrolysis of phos-
phoramidate derivatives of nucleosides

It has been proposed that the rate limiting step for
the conversion of AZT to its bioactive metabolite,

AZT-triphosphate, is the conversion of the monophos-
phate derivative to the diphosphate derivative. By con-
trast, the rate limiting step for the intracellular
generation of the bioactive stavudine metabolite, stavu-
dine-triphosphate, was reported to be the conversion of
the nucleoside to its monophosphate derivative.®!! The
difference in the rate limiting steps for these two nucleo-
sides indirectly points out that the kinases differentiate be-
tween the structural differences of the two compounds. In
other words, the change of the nucleoside may impart a
change in the binding characteristics with kinases. We
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Table 6. Antiviral activity of various phosphoramidate derivatives of
nucleoside analogs

Me”™  CO,Me
L
Substituents ~ AZT daT'® 3dT™8
H 0.055"7 0.002 2.1
OMe 0.057'7, 0.057'®  0.004 1.3
F 0.048'7,0.029'*  0.001 3.1
cl — 0.001 2.1
Br 0.006 0.001 (stampidine) 1.2

Antiviral activity expressed in pM.

The viral strain used for the above studies was HTLVIIIz. HIV-1
strain. The applied p24 enzyme immunoassay (EIA) was unmodified
kinetic assay commercially available from Coulter Corporation/
Immunotech, Inc. (Westbrooke, ME), which utilizes a murine mAb to
HIV core protein coated on to microwell strips to which the antigen
present in the test culture supernatant samples binds. Percent viral
inhibition was calculated by comparing the p24 values from untreated
infected cells (i.e., virus controls).

speculate that a similar trend occurs for the 3dT deriva-
tives, although detailed studies have not been initiated
due to the low activity profile of this compound. This
analogy is supported by how bacterial enzymes differenti-
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ate between these three nucleosides as observed from their
hydrolysis profile. Itis essential that the phosphoramidate
derivatives be hydrolyzed first to remove the phenoxy
moiety in order to be activated by kinases. As such, the
proposed hydrolysis pathway may be playing the key role
for initiating the metabolism of these compounds. For
this to happen the necessary enzymes in the cells need to
recognize the substrate structure. To illustrate this, we
propose the following pathway for hydrolytic profile of
phosphoramidate derivatives of nucleosides (Scheme 1).

We chose only d4T and AZT derivatives as these phos-
phoramidate derivatives showed the most promising
antiviral activity. In the first case, we observed that the
rate of hydrolysis by the bacterial enzyme serine prote-
ase, subtilisin Carlsberg, yielded the fastest rate of
hydrolysis for all the stavudine derivatives examined.
Both lipase and esterase showed similar trends, however
at a lower rate of hydrolysis. We also point out that cys-
teine protease Carcia papaya showed a 3- to 5-fold lower
hydrolysis rate, implying that it is not being recognized
as well as the d4T phosphoramidates.

In the case of AZT derivatives, esterase showed consid-
erable activation as compared to lipase and Carica
papaya. However, in the case of subtilisin Carlsberg,
all four derivatives (leucine, tryptophan, phenyl alanine,
and alanine) showed moderate rate of hydrolysis. Based
on the result, we propose that bromo- and methoxy-
substituted AZT derivatives of phosphoramidate deriva-
tives are well recognized by esterase and subtilisin
Carlsberg as compared to other enzymes. Lipase showed
very low rate of hydrolysis in the case of AZT derivatives
as compared to both d4T and 3dT analogs. This is under-
standable, given that the binding pocket of lipase is very
small 2 and the azido group in AZT present in the sugar
moiety is not able to enter the binding pocket. In the case
of 3dT presence of two hydrogen atoms in the sugar
moiety may affect the binding although to a lesser extent
than the azido group. On the other hand, esterase has a
larger area for binding and we observe a faster rate of
hydrolysis in each of the nucleoside analogs. A similar
trend was observed with subtilisin Carlsberg. In summa-
ry, we hypothesize that each structural modification of
the phosphoramidate derivatives of nucleosides has a sig-
nificant role toward activation by different enzymes.

Table 7. Rate of hydrolysis of phosphoramidate derivatives of AZT with enzymes

(0]
. L
I H” N0
X O—-P-0
8O
NH
N3
Me” “CO,Me
L
Amino Acid (L) (R)) Lipase Subtilisin Carlsberg Esterase Carica papaya
Leucine 0.03 +0.02 28%25 5.06x0.9 0.17+0.1
Tryptophan 0.05 +0.04 2.8+0.08 5.65%0.5 0.23+0.2
Phenyl alanine 0.31+0.2 8.6x4.6 11.23£0.8 0.17+0.1
Alanine 0.83 + 0.09 36x1.4 572%0.2 0.81 £ 0.05

Rate constants are expressed per hour.
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Scheme 1. Enzymatic hydrolysis pathway of phosphoramidate derivatives of stavudine.

2.6. Tentative pathway for the activation of phospho-
ramidate derivatives of stavudine with various enzymes

Based on the results obtained from the enzymes exam-
ined we propose that there are two steps involved in
the conversion of these phosphoramidate derivatives to
their active metabolites (Fig. 7). We selected stampidine,
a 4-bromophenylmethoxylalaninyl phosphoramidate of
stavudine, as the example compound represented in
the pathway. In the drug activation step, either one or
all the three enzymes could act on the compound to con-
vert it into the active metabolite following the mecha-
nism depicted in Scheme 1. Based on the rate of
reaction we hypothesize that first protease may be in-
volved (due to the highest rate of reaction), followed
by other enzymes. Under these circumstances, the drug
is a competitive substrate for hydrolysis between these
three broad classes of enzymes. Once the active metabo-
lite is formed, a subsequent step involves the conversion
of the above by thymidine kinase in an ATP-dependent
mechanism to inhibit the viral reverse transcriptase
(viral inhibition step, Fig. 7).

After having established that proteases and other bacte-
rial enzymes could be involved in conversion of these
phosphoramidate derivatives of stavudine to the active
metabolite, the next question was to determine whether
cellular or viral proteases could also result in drug acti-
vation. To address this, we conducted experiments that
involved the treatment of stampidine with commercially
available HIV-1 protease, recombinant, expressed in
Escherichia coli suitable for cleaving the HIV substrate.
We examined the reaction between this protease and
stampidine by HPLC and monitored the reaction over
time. We found that there was no reaction between the
para-bromo-substituted phosphoramidate derivative of
stavudine and this protease under our experimental
conditions. This could possibly be explained due to the

specificity of the HIV-1 protease. These proteases do
not accept a broad spectrum of compounds. However,
our results demonstrate that the HIV-1 protease is not
directly involved in the activation step depicted in our
flowchart. Based on this result we propose that cellular
proteases may be involved instead of HIV-1 protease
in the activation step illustrated in Scheme 1. Further
work is in progress to evaluate the role of intra/extracel-
lular proteases with these phosphoramidate derivatives.

2.7. Biological relevance of bacterial enzymes used in the
present study

To compare our results with the bacterial enzymes®-4°
to biologically relevant systems, we have conducted a
series of experiments using a variety of cells: we used five
different cell lines to examine the intracellular metabo-
lism of stampidine, namely Jurkat (T-cell line), Cos-7,
(monkey kidney cell line), RAW 264 (macrophage-like
cell line), CEM (T-leukemia cell line), and LL2 (mouse
lung cancer cell line). Cells in phosphate buffer were
treated with stampidine and aliquots of the supernatant
were collected at various time intervals and analyzed by
HPLC. A guard column was used in order to avoid any
protein or particulate from entering the column. In
15 min, treatmentof RAW 264 cells with stampidine
resulted in the formation of d4T and p-bromophenol.
In 30 min, we observed an increase in the amount of
d4T and p-bromophenol; however, one of the isomers
was still present in intact form (Fig. 8). Similar results
were observed with Cos-7 cells. Furthermore, one of
the isomers of stampidine was found to get hydrolyzed
preferentially, implying that similar enzymes in RAW
264 and Cos-7 cell lines may be responsible for the chiral
selectivity of hydrolysis. (Table 8).

For the next set of experiments, we used Jurkat cells.
Treatment of Jurkat cells with stampidine resulted in
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Figure 7. Conversion of stampidine into active metabolites. Stampidine is thought to be a competitive substrate for hydrolysis by three broad classes
of enzymes: proteases, lipases, and carboxyesterases. The product of this drug activation step is ala-stv-monophosphate. The in vitro studies suggest
that proteases are the most active in hydrolyzing stampidine (K1 > K2, K3). Thymidine kinase then converts ala-stv-monophosphate to ala-stv-
triphosphate in an ATP dependent mechanism to inhibit the viral reverse transcriptase (viral inhibition step). Stampidine was 100-fold more potent
than stavudine and 2-fold more potent than zidovudine against primary clinical HIV-1 isolates of non-B envelope subtype originating from South
America, Asia, and sub-Saharan Africa.”*?! It is well known that both in stavudine and zidovudine, the active component is primarily due to the
formation of triphosphate. Our experimental results suggest that the potency of stampidine against these clinical isolates indirectly points out that
alanine stavudine triphosphate could be formed instead of stavudine triphosphate. Additionally, we have shown in our pharmacokinetic studies

indeed alanine stavudine monophosphate is formed in vivo studies.’’**

the intracellular hydrolysis of stampidine within 30 min.
One isomer underwent hydrolysis faster than the other
(Fig. 9). Additionally, it was evident that this isomer
was different from the isomer undergoing hydrolysis in
RAW 264 and Cos-7 cells. Thus, two different types of
enzymes each preferentially recognizing one of the iso-
mers may be operative in different cell types. The hydro-
lysis of stampidine in CEM Cells and LL2 mouse lung
cells (Figs. 10 and 11) mimicked its hydrolysis in Jurkat
cells.

2.8. Comparison of the rate of hydrolysis

The fastest rate of hydrolysis for stampidine was observed
in RAW 264 cells and the slowest rate of hydrolysis was
observed with CEM cells (Fig. 12). The rate of hydrolysis
of stampidine in RAW 264 cells was 3-fold faster than its
rate of hydrolysis in Cos-7 cells and 7-fold faster than its
rate of hydrolysis in Jurkat cells. Similarly the rate of
hydrolysis in RAW 264 cells was 5-fold faster than in
LLL2 cells and ~15 times faster than in CEM cells.

Depending on the cell line utilized we observed varying
chiral selectivity in the hydrolysis of stampidine isomers.
This observation indicates that different enzymes may be
operative in the hydrolysis of stampidine in different cell
types. We also propose that various other enzymes are

capable of hydrolyzing stampidine apart from esterase.
Overall, the results demonstrated that the hydrolysis oc-
curs immediately after incubating the compound with
cells. In addition, enzyme inhibitors were found to slow
down the rate of hydrolysis. We used both protease and
esterase inhibitors to demonstrate the inhibition. In the
future, we plan to extend our studies to other enzymes
that are potentially involved in the metabolism of these
phosphoramidate derivatives by examining the hydroly-
sis profile in enzyme deficient cells.

3. Conclusion
In summary, the data support the proposal that a
change in the nucleoside structure in these phosphoram-
idate derivatives causes significant alteration in the chi-
ral selectivity, hydrolysis rate, and the antiviral activity.
4. Experimental

4.1. Compounds

All the compounds in the present study were prepared

using known literature procedures and were character-
ized using analytical techniques, as reported in our
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Figure 8. HPLC profile of extracts from RAW 264 cells treated with stampidine.

earlier publications.!®2° Lipase (Candida Antartica-B,
cat #ICR-110), protease (subtilisin Carlsberg, cat
#ICR-119), as well as protease (Carica papaya, cat
#ICR-124) were obtained from Biocatalytics Inc., Pasa-
dena, CA 91106. The solid enzymes were used as such
without further purification.

4.2. Experimental conditions for lipase study

For the kinetic study, a known amount of a phosphoram-
idate derivative was carefully weighed (5-7 mg) using an
analytical balance and transferred into a 20 mL scintilla-
tion glass vial. Using a pipette man, 3 mL of methanol was
added and the contents were vortexed for 2 min until a
homogeneous solution resulted. Using another pipet
man, 100 pL of that stock solution was transferred into
another scintillation vial along with 900 uL of water and

the contents were vortexed. Separately the enzyme stock
solution was prepared using 5 mg of solid lipase powder
and was transferred to a volumetric flask. To this was add-
ed 8 mL of water and the contents were shaken to dissolve
the enzyme. The reaction mixture was prepared as follows
for the kinetic study. From the stock solution of the com-
pound as mentioned above, 500 uL. of the methanolic
solution of the phosphoramidate derivative was pipetted
out into another glass vial and to this 500 pL of enzyme
solution was added. The contents were shaken to form a
homogeneous solution. From this reaction mixture,
50 uL was used for HPLC analysis. The column used
was a Lichrospher RP-18 analytical column (5 pm,
4 x 250 mm). The eluent used for HPLC was water
(0.1% TFA/TEA) and acetonitrile in the ratio of 65:35.
The column was maintained at room temperature. The
flow rate was maintained at 1 mL/min, the detection
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Table 8. Chiral selectivity of phosphorus stereoisomers of phosphoramidate derivative stampidine with different cell treatment

0O

Q N
Br—< >—o-P—o

¢

N

O
H —_—
H
MeOOC
"L"Me
Cells used Fastest hydrolyzing isomer Rate per hour
RAW 264 (macrophages) ‘R’ isomer 4.03
Cos-7 (monkey kidney cells) ‘R’ isomer 1.41
Jurkat cells ‘S’ isomer 0.69
CEM cells ‘S’ isomer 0.28
LL2-lung cells S’ isomer 0.75

Tentative stereochemistry assignment based on previous publication.?’
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Figure 9. HPLC profile of extracts from Jurkat cells treated with stampidine.
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Figure 10. HPLC profile of extracts from CEM cells treated with stampidine.

wavelength was adjusted to 265 nm, and the reference
wavelength was kept at 400 nm. Aliquot of the sample
was drawn at various intervals of time from the reaction
vial and analyzed. For fast reactions, two HPLC instru-
ments were used simultaneously to obtain the rates.
Hydrolysis rates were determined by fitting single expo-
nential decay equations to the disappearance of each iso-
mer substrate in the presence of enzyme.

4.3. Experimental conditions for protease study

For the kinetic study, a known amount of the phospho-
ramidate derivative was carefully weighed (3 mg) using

an analytical balance and transferred into a scintillation
glass vial. Using a pipette man, 3 mL of methanol was
added and the contents were vortexed for 2 min until a
homogeneous solution resulted. Using another pipet-
man, 100 uL of the compound stock solution was trans-
ferred into another scintillation vial and to this was
added 900 uL of water and the contents were vortexed.
Separately the enzyme stock solution was prepared
using 5.8 mg of solid protease powder and transferred
to a volumetric flask, diluted with 8 mL of water, and
the contents were shaken to dissolve the enzyme. The
reaction mixture was prepared as follows for the kinetic
study. From the stock solution of the compound 150 pL
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Figure 11. HPLC profile of extracts from LL2 mouse lung cells treated with stampidine.

was pipetted into another glass vial. To this, 150 uL. of
protease stock solution was added and the contents were
shaken to form a homogeneous solution. From this
reaction mixture, 20 pL was used for HPLC analysis.

4.4. Experimental conditions for esterase study

For the esterase studies, 10 uLL of esterase solution was
transferred into a vial and 40 pL. of water was added
and the contents were vortexed for 2 min. The sample
was prepared using a similar procedure as reported in
other studies (3 mg/3 mL methanol, 100 pL taken, and
diluted with 900 pL. of water). For the kinetic study,
40 uL of the diluted compound was transferred into a

vial. To this, was added 40 pL. of water followed by
10 puL of esterase enzyme solution.

4.5. Estimation of products

The amount of products observed during the reactions
was estimated from the area obtained from the HPLC
profiles. In addition, authentic samples of the products
when possible were run to identify the peaks observed
during the reaction. The rate of reaction was computed
by using first order rate constants and an average of eight
to nine time points were used for this estimate. The rate
constants reported refer to rate per hour, since some of
the reactions were too slow to obtain meaningful results.
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Figure 12. Rate of hydrolysis of stampidine treated with various cells: 1, CEM; 2, Jurkat; 3, Cos-7; 4, LL2 Lung; 5, RAW 264.

4.6. Lymphocyte experimental protocol

The cells were propagated in RPMI 1640 medium
with 2 mM L-glutamine adjusted to contain 1.5 g/L
sodium bicarbonate, 4.5 g/LL glucose, 10 mM HEPES,
and 1.0 mM sodium pyruvate, 90% and fetal bovine
serum, 10%, at 37°C in a humidified atmosphere
containing 5% CO,. The cell line was obtained from
the Cell Biology Laboratory of the Parker Hughes
Cancer Center. To obtain these cells, 30 million fro-
zen cells were plated in a T-150 flask with 20 mL of
medium and incubated at 37 °C for 48 h. The cells
were collected in a 50 mL conical tube and centri-
fuged at 1000 rpm for 5 min, the supernatant decant-
ed off and the cells were re-suspended in 90 mL of
medium and grown further in three T-150 flasks with
30 mL each at 37°C for another 48 h to give 120
million cells. The cells were collected by centrifuga-
tion at 1000 rpm for 5min, subsequently washed
thrice in 1x PBS and then resuspended in 1 mL of
Ix PBS.

For the HPLC measurements, 0.5 mL of the suspended
cell mixture in PBS buffer was taken, treated with
stampidine, and incubated at 37 °C. At various time
intervals, an aliquot of the supernatant was drawn and
assayed using HPLC. Authentic samples were used to
identify the products during cell mediated hydrolysis
of stampidine. A lichrospher-RP-18 column (5 um,
4 x 250 mm) was used for this purpose and the eluent
was a mixture consisting of 65% water containing
0.1% TEA and TFA, and 35% of acetonitrile. The flow
rate was maintained at 1 mL per minute and the column
was maintained at room temperature throughout the
analysis. The rate of reaction was calculated using a first
order kinetic equation.

4.7. In vitro assays of anti-HIV activity

Normal human peripheral blood mononuclear cells
(PBMNC) from HIV-negative donors (HTLV Illg
strain) were cultured 72 h in RPMI 1640 supplemented
with 20% (v/v) heat-inactivated fetal bovine serum
(FBS), 3% interleukin-2, 2 mM vr-glutamine, 25 mM
HEPES, 2 g/lL NaHCO;, 50 mg/mL gentamicin, and
4 mg/mL phytohemagglutinin prior to exposure to
HIV-1 at a multiplicity of infection (MOI) of 0.1 dur-
ing a 1 h adsorption period at 37 °C in a humidified 5%
CO, atmosphere. Subsequently, cells were cultured in
96-well microtiter plates (100 mL/well; 2x 10° cells/
mL) in the presence of various concentrations of phos-
phoramidates and aliquots of culture supernatants
were removed from the wells on the seventh day after
infection for p24 antigen assays, as previously de-
scribed.’® The applied p24 enzyme immunoassay
(EIA) was unmodified kinetic assay commercially avail-
able from Coulter Corporation/Immunotech., Inc.
(Westbrooke, ME), which utilizes a murine mAb to
HIV core protein coated onto microwell strips to which
the antigen present in the test culture supernatant sam-
ples binds. Percent viral inhibition was calculated by
comparing the p24 values from untreated infected cells
(i.e., virus controls).
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Abstract—Docking simulations and three-dimensional quantitative structure—activity relationship (3D-QSAR) analyses were con-
ducted on a series of indole amide analogues as potent histone deacetylase inhibitors. The studies include comparative molecular
field analysis (CoOMFA) and comparative molecular similarity indices analysis (CoMSIA). Selected ligands were docked into the
active site of human HDACI. Based on the docking results, a novel binding mode of indole amide analogues in the human HDACI1
catalytic core is presented, and enzyme/inhibitor interactions are discussed. The indole amide group is located in the open pocket,
and anchored to the protein through a pair of hydrogen bonds with Asp99 O-atom and amide NH group on ligand. Based on the
binding mode, predictive 3D-QSAR models were established, which had conventional +* and cross-validated coefficient values )
up to 0.982 and 0.601 for CoMFA and 0.954 and 0.598 for CoMSIA, respectively. A comparison of the 3D-QSAR field contribu-
tions with the structural features of the binding site showed good correlation between the two analyses. The results of 3D-QSAR and
docking studies validate each other and provided insight into the structural requirements for activity of this class of molecules as
HDAC inhibitors. The CoMFA and CoMSIA PLS contour maps and MOLCAD-generated active site electrostatic, lipophilicity,
and hydrogen-bonding potential surface maps, as well as the docking studies, provided good insights into inhibitor-HDAC inter-

actions at the molecular level. Based on these results, novel molecules with improved activity can be designed.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Histone deacetylases (HDACs) mediate changes in
nucleosome conformation and are important in the
regulation of gene expression.! HDACs are involved in
cell-cycle progression and differentiation, and their
deregulation is associated with several cancers.”? HDACs
catalyze the removal of acetyl groups for the e-amino
groups of lysine residues clustered near the amino termi-
nus of nucleosomal histones. Acetylation and deacetyla-
tion of the specific lysines within histones play a crucial
role in the transcriptional process.® Two families of en-
zymes, acetylases and deacetylases, are involved in con-
trolling the acetylation state of histones. Recent studies
show that inhibition of histone deacetylases elicits anti-
cancer effects in several tumor cells by inhibition of cell
growth and induction of cell differentiation. The devel-
opment of HDAC inhibitors as anticancer drugs has

Keywords: FlexX docking; Quantitative structure—activity relationship;

Indole amide analogues; Histone deacetylase inhibitors.
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been initiated, and compounds such as the hydroxamic
acid Trichostatin A (TSA),* suberanilohydroxamic acid
(SAHA),’ the cyclic tetrapeptides apicidin® and trapox-
in,” as well as synthetic inhibitors have been studied for
this purpose in cancer cell lines. The inhibition of
HDAC: is a rapidly growing and very promising area
for cancer chemotherapy.

Dai et al. designed and synthesized a series of hydroxamic
acid-based HDAC inhibitors with an indole amide resi-
due at the terminus. The introduction of substituents on
the indole ring generated a series of potent inhibitors with
significant antiproliferative activity. No previous effort
has been carried out to seek new insight into the relation-
ship between the structure information and the inhibitory
potency of indole amide hydroxamic acid employing
combined computational methods of molecular docking
with 3D-QSAR approaches. In this paper, we studied
the binding mode of indole amide hydroxamic acid deriv-
atives® against HDAC using a molecular docking ap-
proach. Following the docking results, 3D-QSAR
models were constructed by using approaches of compar-
ative molecular field analysis (CoMFA) and comparative
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molecular similarity analysis (COMSIA).? The aim of this
research includes two parts. One is to demonstrate the
common binding mode of indole amide hydroxamic acid
inhibitors with HDAC, and the other is to obtain QSAR
models involving the main intermolecular interactions
between inhibitors and HDAC, which can be used not
only in rapidly and accurately predicting the activities
of newly designed inhibitors, but also offer some benefi-
cial clues in structural modification for designing new
inhibitors with much higher inhibitory activities against
HDAC.

2. Methods
2.1. Data sets

A series of hydroxamic acid-based HDAC inhibitors
with an indole amide residue at the terminus were cho-
sen in this study (Table 1). The HDAC inhibition activ-
ity of the compounds reported was assayed using a
mixture of HDACs, predominantly HDACI and
HDAC?2. These inhibition activities were converted into
the corresponding pICsy (—log ICsg) values, which were
used as dependent variables in the CoMFA and CoM-
SIA analyses. The pICsy values span a range of 3 log
units. The total set of HDAC inhibitors (29 compounds)
was divided into training (25 compounds) and test (4
compounds) sets, which were selected randomly and
structurally diverse molecules possessing activities of
wide range.

The sequence of HDACT is the same as that of HDAC2
at the active sites, and both the sequences are highly
homological with HDACS. So the homology structure
of HDACI1 based on human HDACS in complex with
TSA and SAHA (PDB entry 1T64, 1T67) is applied in
this research. The binding mode of indole amide
hydroxamic acid inhibitors with HDAC1 was studied
using FlexX docking program. The molecular modeling
software Insightll was used to build the structure of hu-
man HDACI, Discover3 was used to minimize the resi-
dues of the binding site, SYBYL 6.9'° was employed for
CoMFA, CoMSIA, FlexX docking and visualization.
All calculations were performed on SGI Fuel worksta-
tion with the IRIX 6.5 operating system.

2.2. Protonation state assignment

The crystal structure of HDACS in complex with TSA
was recovered from Brookhaven Protein Database
(PDB, http://www.rcsb.org/pdb). The ligand binding
mode and the binding affinity can be strongly pH-depen-
dent. The receptor structures was generated by using de-
fault values to determine the protonation states of the
titratable groups. As such, amines were protonated, carb-
oxylate groups were negatively charged, and hydroxyl
groups are considered to be neutral. Imidazole rings
were considered neutral, with the hydrogen on the
d-nitrogen, except when a hydrogen bond involving
the N ¢ as a donor could be formed. Then, the hydrogen
was placed on the e-nitrogen. The homology structure of
HDACI was put into PDB file and used for docking,

and hydrogen was added and minimized. The active site
of HDAC was defined based on TSA, and all amino acid
residues within a 6.5 A radius to any of the inhibitor
atoms were specified and a core sub-pocket was men-
tioned in order to obtain the appropriate bioactive con-
formation of the ligand within the active site. The
default SYBYL FlexX parameters were used. The orien-
tation of indole amide hydroxamic acid-based inhibitor
in the active site of HDAC was used to superimpose the
contours of CoMFA to find out the interaction with ac-
tive site residue.

2.3. Molecular docking

The initial structure of small molecular inhibitors was
constructed by SYBYL 6.9, and the geometries of these
compounds were subsequently optimized using the TRI-
POS force field, Gasteiger—Hiickel charges, and Powell
method; a nonbond cutoff of 8 A!! was adopted to con-
sider the intramolecular interaction. For the purpose of
investigating (tackling) the interacting mode of indole
amide hydroxamic acid inhibitors with HDAC, the
FlexX program!? interfaced with SYBYL 6.9 was used
to dock the compounds to the active site of HDAC.
FlexX is a fast flexible automated docking program that
considers ligand conformational flexibility by an incre-
mental fragment placing technique.'? Scoring calcula-
tions according to the FlexX and CSCORE modules
were performed. The scoring methods available included
empirical methods such as ChemScore.'* FlexX score, '’
and G Score'® and knowledge-based methods such as
PMF score!” and DrugScore.!® In general, empirical
and knowledge-based scoring functions do not require
a protonation model.

2.4. Alignment

All the molecules in a database containing both the
training and test sets were docked into the active site,
and among the 100 possible docking structures generat-
ed by the FlexX docking program, the conformation
that was indicated as the most tightly bound by FlexX
scoring was overlapped with the cocrystallized inhibitor
of HDACS. Figure 1 shows the cocrystallized com-
pound in magenta and ball-and-stick rendering, and
the highest ranked conformations of the training and
test sets are shown in black lines.

2.5. Calculations of the atomic charges

Five different kinds of partial atomic charges were
considered: (1) Gasteiger—Marsili charges, (2) Gastei-
ger—Hiickel charges, (3) MMFF9%4 charges, (4) the
electrostatic potential fit charge at the AMI Ilevel
(ESP-AM1), and (5) the Mulliken population analysis
atomic charges at the AMI1 level (MPA-AM1). Both
Gasteiger—Marsili and Gasteiger—Hiickel methods cal-
culate atomic charges based on the information of the
atoms and the connectivity within the molecule. The
MMFF94 atomic charges are simply calculated based
on the bond increment parameters in MMFF94 force
field. The calculation of Gasteiger—Marsili, Gasteiger—
Hiickel, and MMFF94 charges in SYBYL was
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Table 1. Comparison of experimentally observed and CoMFA, CoMSIA predicted activities (pICsg) for 29 indole amide hydroxamic acid-based
HDAC inhibitors

Compound o o HDAC CoMFA CoMFA CoMSIA CoMSIA
J\ M oH pICsg predicted residue predicted residue
Ar N N”
H H
N\
7 ©\/’\>_ 7.84 7.85 —0.01 8 —0.16
H
12° ©f\€ 7.43 7.53 —0.10 7.57 —0.14
N
13 N 7.1 7.83 —0.03 7.07 0.03
N
H
14 <;©/ 7.5 7.51 —0.01 7.63 —0.13
H
4
15 (Nt©\ 7.25 7.17 0.08 7.03 0.22
H
. 4
16* N 7.4 7.46 —0.06 7.59 —0.19
H
N
29 N 7.33 7.6 -0.27 7.7 —0.37
\
30 ©\/\€ 7.25 7.19 0.06 7.08 0.17
\
31 ©\/§ 792 791 0.01 7.97 ~0.05
bn
32° ©\/§ 8.46 8.18 0.28 774 0.72
Ph
Crd
33 Nf 7.93 7.77 0.16 7.7 0.23
F
Crd
34 N)\. 7.72 7.77 —0.05 7.78 —0.06
Br
A
5 | _ 5.77 5.65 0.12 5.59 0.18
N
6 Q\ 6.28 6.43 —-0.15 6.53 —0.25
H
9 ©\ 6 6.04 —0.04 6.25 —0.25
10 ©\/\€7 7.9 8.01 —0.11 7.82 0.08
[¢]
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Table 1 (continued)

Compound HDAC CoMFA CoMFA CoMSIA CoMSIA
HO. ji/\/\/\ ? _ pICso predicted residue predicted residue
R X
17 4-CH;0 NH 8.51 8.45 0.06 8.34 0.17
18 5-CH;0 NH 8.19 8.02 0.17 8.13 0.06
19 6-CH;0 NH 8 8.04 —0.04 8.11 —0.11
20 5-Br NH 8.46 8.29 0.17 8.21 0.25
21 5-CH; NH 8.2 8.14 0.06 8.27 —0.07
22 5-F NH 8.27 8.33 —0.06 8.04 0.23
23 4-CH;0, 6-CH;0 NH 8.51 8.51 —0.0029 8.71 -0.2
24 5-BnO NH 7.87 7.83 0.04 7.92 —0.05
25 5-CF;0 NH 7.8 7.83 —0.03 7.72 0.08
8 H (¢} 7.53 7.39 0.14 7.21 0.32
26 5-CH;0 o 7.82 7.88 —0.06 7.87 —0.05
27 7-CH;0 (¢] 7.77 7.87 -0.1 7.79 —0.02
28 5-Cl o 7.82 7.91 —0.09 7.76 0.06

#The compounds of test set.

A @

Figure 1. FlexX docked results. (A) Compounds in ball-and-stick
rendering is TSA. The nitrogen atoms are colored blue, oxygen atoms
are colored red, the carbon atoms are colored magenta or green. The
magenta compound is the cocrystallized HDAC inhibitor TSA, and
the green represents the FlexX docking result of TSA; (B) represen-
tative docked structures of the training and test sets (black lines).

automated with SPL scripts. The calculations of ESP-
AM1 and MPA-AMI1 charges were calculated using
MOPAC module in SYBYL.

2.6. CoOMFA and CoMSIA studies

The overlapped molecules were surrounded by a 3D
grid of points in the three dimensions extending at
least 4 A beyond the union volume occupied by the
superimposed molecules. The CoMFA descriptors,
steric (Lennard—Jones 6-12 potential) and electrostatic
(coulombic potential) field energies, were calculated
using the SYBYL default parameters: 2 A grid points
spacing, an sp> carbon probe atom with +1je| charge
and a van der Waals radius of 1.52 A, and energy
cutoff of 30kcal/mol except for those had been
indicated.

The five similarity indices in CoMSIA, that is, steric,
electrostatic, hydrophobic, H-bond donor, and H-bond
acceptor descriptors, were calculated using a C'* probe
atom with a radius of 1.0 A placed at regular grid spac-
ing of 2 A. CoMSIA similarity indices A% . (j) for a mol-
ecule j with atoms 7 at a grid point ¢ are calculated by
Eq. 1:

A?’,K (f) = Z wprobe,kwike_w'z'ﬁ (1)

in which k represents the following physicochemical
properties: steric, electrostatic, hydrophobic, H-bond
donor, and H-bond acceptor. A Gaussian type distance
dependence was used between the grid point ¢ and each
atom i of the molecule. The default value of 0.3 was used
as the attenuation factor («). Here, steric indices are re-
lated to the third power of the atomic radii, electrostatic
descriptors are derived from atomic partial charges,
hydrophobic fields are derived from atom-based para-
meters,'® and H-bond donor and acceptor indices are
obtained by a rule-based method based on experimental
results.?°
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The CoMFA and CoMSIA descriptors derived above
were used as explanatory variables, and pICs, values
were used as the target variable in PLS analyses to de-
rive 3D-QSAR models using the implementation in the
SYBYL package. The predictive value of the models
was evaluated by leave-one-out (LOO) cross-validation.
The cross-validated coefficient (+2) was calculated using
Eq. 2:

Z(Ypredicted - Yactual)2
Z(Yactual - Ymean)2 7

where Ypredicted> Yactual, A0d Yiean are predicted, actual,
and mean values of the target property (pICsg), respec-
tively. > (Ypredicted — Yacwwar)® is the predictive sum of
squares (PRESS). To maintain the optimum number
of PLS components and minimize overdetermination,
the number of components giving the lowest PRESS va-
lue was used for deriving the final PLS regression mod-
els. The conventional correlation coefficient, %, and its
standard error, S, were also computed for the final
PLS models. CoMFA and CoMSIA coefficient maps
were generated by interpolation of the pairwise products
between the PLS coefficients and the standard deviations
of the corresponding CoMFA or CoMSIA descriptor
values.

ER

cv

2)

3. Results and discussion

3.1. Binding mode of indole amide hydroxamic acid-based
inhibitors

Crystal structures of HDACS8 complex with TSA and
SAHA revealed that hydroxamic acid-based inhibitors
bind the deacetylase core by inserting their aliphatic
chains into the HDAC pocket and by making multiple

contacts to its tubelike hydrophobic portion. Particu-
larly, their hydroxamic acid group reaches the polar
bottom of the pocket, where it coordinates the zinc
ion in a bidentate fashion (through CO and OH groups)
and also contacts active site residues (forming two
hydrogen bonds between its NH and OH groups and
the two charge-relay systems Hisl31/Aspl66 and
His132/Asp173). Moreover, the hydroxamic acid func-
tion replaces the zinc-bound water molecule of the
active structure with its OH group.?' The FlexX dock-
predicted conformation of TSA with HDACS is shown
in Figure 1 with the X-ray crystallographic-obtained
conformation. The root mean square deviation (RMSD)
between these two conformations is about 0.64 A, indi-
cating that the FlexX docking simulation is reasonable
to reproduce the X-ray structure and could be extended
to search the enzyme binding conformations for other
inhibitors.

The human HDACI1 and HDAC?2 is highly homologous
with HDACS, especially on the binding site of Zn>". So
a reliable homology structure can be obtained based on
the crystal structure of HDACS. All 29 indole amide
hydroxamic acid-based inhibitors were docked to the ac-
tive site of HDACI1 based on the modeling structure,
100 docked structures of every compound were saved,
the highest score of the docked results is in a similar ori-
entation and the binding conformations of indole amide
hydroxamic acids could be aligned quite well overall
(Fig. 1). Two classes of orientation were found in the
100 docked results. In the first orientation, indole amide
is near to Asp99, most docked results are in this orienta-
tion and have the highest rank in original FlexX score,
only very few of docked results are in the second orien-
tation, on which the indole amide located on the site of
dimethyl amino benzyl of TSA in HDACS.

Figure 2. The highest score docking result in the FlexX docking of compound 17 docked into the HDACI catalytic core. Compound 17 is in green,

and some residues are shown in the tube/ribbon graphic.
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Figure 2 generally represents the interacting mode of
compound 17 (the most potent inhibitor among the 29
indole amide hydroxamic acid-based inhibitors) with
HDAC. An inspection of the HDACI/17 complex
shows that the hydroxamic acid moiety of the inhibitor
is located in the active site and interacts with the catalyt-
ic zinc ion (CO-Zn, 2.18A; OH-Zn, 2.39 A) for produc-
ing efficient metal chelation, just as the related groups of
SAHA and TSA were positioned at the optimal bond
distance (COgapa—Zn, 1.98 A; OHgapa—Zn, 1.95A;
COtsa—Zn, 2.22 A; OHtsa—Zn, 2.00 A) for zinc ion
complexing. Both NH on amide and the indole ring
can potentially form hydrogen bonds with COO of
Asp99, which perhaps affected the orientation of all
the indole amide hydroxamic acid-based inhibitors.

Surface physicochemical property maps (Fig. 3), that is,
electrostatic potential, hydrophobicity (lipophilicity) po-
tential, and hydrogen bonding (donor/acceptor) poten-
tial maps of the active site were generated on the
solvent accessible (Connolly) surface using the MOL-
CAD program in SYBYL. Figure 3 shows that there
are two grooves at the placket of the active site, and that
one is near Asp99, which can be occupied by the moiety
of indole amide, as both NH on the amide and NH on
indole ring can potentially form hydrogen bonds with
COO of Asp99. The other is bigger and more opening,
located on the site of the dimethyl aniline moiety of
TSA on HDACS. The Tyrl00 is mutated into GIu98
in HDACI, which cannot form an effective n—m interac-
tion between 4-hydroxy benzyl of Tyr100 and dimethyl
amino benzyl of TSA.

The result of molecular modeling suggests that the NH
on amide is important for an optimal orientation of
the indole amide group in the enzyme. In Figure 1, those
which are shown in black lines are the highest ranked
conformations of the training and test sets, and illustrate
the probable binding conformational alignment for the

29 indole amide hydroxamic acid-based HDAC
inhibitors.

3.2. CoMFA Using the inhibition of HDAC

CoMFA and CoMSIA 3D-QSAR models were derived
using a series of indole amide hydroxamic acids HDAC
inhibitors based on the FlexX docking results. The
chemical structures of the molecules and their actual
pICs, values are shown in Table 1. The predictive power
of the 3D-QSAR model which was derived from the
training set was assessed by predicting biological activi-
ties of the test set molecules. The CoMFA and CoMSIA
3D-QSAR methods are based on the assumption that
the changes in binding affinities of ligands are related
to changes in molecular properties represented by fields.
The alignment rule and the bioactive conformation are
crucial variables in any 3D-QSAR analysis, as both will
affect outcome of statistical analysis. In this study the
FlexX docked conformations are constrained and
aligned by the active pocket of histone deacetylases.

3.2.1. Partial charges. Steric and electrostatic CoMFA
fields were generated using standard procedures. The
different sets of partial charges were used in building
the CoMFA models, and all of them exhibit good statis-
tical quality between the predicted and experimentally
determined values of pICsy. The statistical details are
summarized in Table 2. The r2 for ESP-AMI,
MMFF9%, and Gasteiger—Hiickel are similar (0.550,
0.520, and 0.505); it is lowest in the case of Gasteiger—
Marsili (0.342) and highest in the case of MPA-AMI
(0.589) partial charges, respectively. The conventional
r* for MPA-AM1 and ESP-AMI1 are comparable
(0.980 and 0.962) with four components, and that for
MMFF94 and Gasteiger—Hiickel are comparable
(0.966 and 0.964) too, while it is lowest (0.948) in the
case of Gasteiger—Marsili partial charge. The standard
error of estimation value (SEE) for MPA-AMI partial

Figure 3. Surface representation of the HDAC-TSA and compound 17 interface in a different orientation. The protein surface is colored according to

atom types. Magenta indicates TSA.
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Table 2. Influence of different partial charges on the CoOMFA models

CoMFAL1 CoMFA2 CoMFA3 CoMFA4 CoMFA5S
Partial charge MPA-AMI1 ESP-AMI1 MMFF9% Gasteiger—Marsili Gasteiger—Hiickel
rgv"l 0.589 0.550 0.520 0.342 0.505
o’ 0.980 0.962 0.966 0.958 0.964
SEE® 0.115 0.130 0.150 0.183 0.153
F-value? 229.6 176.2 151.2 90.48 129.2
N 4 4 4 4 4
Contributions
Steric 0.573 0.580 0.601 0.535 0.722
Electronic 0.427 0.420 0.399 0.465 0.278

Grid spacing: 2.0 A

# Cross-validated correlation coefficient.

® Non-cross-validated correlation coefficient.
¢Standard error of estimate.

4 F-test value.

¢ Optimum number of components obtained from cross-validated PLS analysis and same used final non-cross-validated analysis.

charge is better (0.115) than that of the other four
partial charges. The steric and electrostatic field contri-
butions of the three models for MPA-AMI1, ESP-
AMI1, and Gasteiger—Marsili are almost similar
(~50:50) indicating equal requirement of these two fields
on ligand-receptor interactions. Based on the above
observations, the best COMFA model obtained by using
MPA-AMI1 partial charge was chosen for further
analysis.

3.2.2. Grid spacing. Often for QSARs developed with
CoMFA, a shift in the 72, values is observed as the grid
spacing is altered.”? To examine this possibility with
these data, the different grid boxes with 1.0, 1.5, 2.0,
2.5, and 3.0 A grid spacing, respectively, were used for
the CoMFA calculations. The influence of the different
grid spacing on the CoMFA model is obvious

Table 3. Influence of different grid spacings on the COMFA models

(Table 3). Only from the 72, value after leave-one-out
cross-validation, the model with the grid spacing of
2.0 A was selected as the best model. A lower grid spac-
ing (1.0 or 1.5 A) may generate more noise in the PLS
calculations and require a greater computational effort.
When the grid spacing is defined as a larger value such
as 2.5 or 3.0 A, some important information about field
properties in some regions may be lost. The standard er-
ror of 2.0 A grid spacing is the smallest in the five re-
sults. The following discussion concerned with
CoMFA will only refer to the model generated from
2.0 A grid spacing.

3.2.3. Column filtering. To explore the effect of column
filtering on the CoOMFA model with 2.0 A grid spacing
and MPA-AM1 partial charge, different column filter-
ing values were used.?®> The minimum-sigma (column

Model CoMFALI CoMFA2 CoMFA3 CoMFA4 CoMFAS
Grid spacing (A) 1.0 1.5 2.0 2.5 3.0
r2, 0.544 0.540 0.589 0.430 0.520
I 0.968 0.960 0.980 0.962 0.969
Standard error 0.139 0.153 0.115 0.153 0.161
F 156.3 128.6 229.6 128.5 117.7
N 4 4 4 3 4
Contributions
Steric 0.516 0.531 0.573 0.575 0.487
Electronic 0.484 0.469 0.427 0.425 0.513
Table 4. Influence of column filtering value on the CoMFA models
Model CoMFALl CoMFA2 CoMFA3 CoMFA4 CoMFAS CoMFAG6
Column filtering (kcal/mol) 3.0 2.5 2.0 1.5 1.0 0
2, 0.568 0.576 0.589 0.591 0.592 0.594
I 0.961 0.976 0.980 0.979 0.978 0.980
Standard error 0.134 0.127 0.115 0.118 0.116 0.115
F 165.9 192.5 229.6 204.3 225.3 228.6
N 4 4 4 4 4 4
Contributions
Steric 0.505 0.518 0.573 0.508 0.559 0.574
Electronic 0.495 0.482 0.427 0.492 0.441 0.426
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filtering) was set to 0, 1.0, 1.5, 2.0, 2.5, and 3.0 kcal/mol
(Table 4), respectively, to improve the signal-to-noise
ratio by omitting those lattice points on which the ener-
gy variation was below this threshold. Any region point
column having a variation less than this value is omitted
for PLS. The results show that when the value of col-
umn filtering is bigger than 2.0 kcal/mol, the 2, decreas-
es from 0.594 to 0.568 and the standard error is also
bigger than that of 2.0 kcal/mol. The model of both
2.5 and 3.0kcal/mol is not better than that of
2.0 kcal/mol, but they need less computational effort.
When the column filtering is less than 2.0 kcal/mol, it
needs more time to run. A typical value of 2.0 decreases
the analysis time about an order of magnitude, with
typically small effects on the 2, values obtained.

3.3. CoMSIA using the inhibition of HDAC

3.3.1. Different field combinations. The CoMSIA method
defines explicit hydrophobic (H) and hydrogen bond do-
nor (D) and acceptor (A) descriptors in addition to the
steric (S) and electrostatic (E) fields used in CoMFA.
PLS analyses of various CoMSIA models with different
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combinations of fields were obtained. Figure 4 shows
the distributing of 72, that resulted from all of the 31
field combinations. Considering the steric, electronic,
hydrophobic, H-bond donor and H-bond accepter fields
alone, electronic and steric fields are more important,
which can be seen by nothing that in using steric and
electrostatic fields only the quality of the CoMSIA mod-
el (12, =0.47) is poorer than the CoMFA model
(r2, = 0.589). The CoMSIA model that included S, E,
and D fields performed better than the other field com-
binations. The cross-validated r* for these three higher
models are 0.534, 0.517, and 0.512, respectively. Hence,
the optimal field combinational CoMSIA model that
included the steric (S) and electrostatic (E) and hydro-
gen bond donor (D) was chosen for further analysis.

3.3.2. Grid spacing. Using the steric (S) and electrostatic
(E) and hydrogen bond donor (D) field combination, the
sensitivity of the CoMSIA models to different grid spac-
ing was also investigated. The difference of the 72, values
for grid spacing from 1.0 to 2.5 is about 0.015 units (Ta-
ble 5), which is obviously smaller than that of CoMFA
models. The instabilities of CoOMFA can be attributed to
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Figure 4. Result of cross-validated 72, for different field combinations.
Table 5. Influence of different grids on the CoMSIA models
Model CoMSIA1 CoMSIA2 CoMSIA3 CoMSIA4 CoMSIAS
Grid spacing (A) 1.0 1.5 2.0 2.5 3.0
2 0.560 0.565 0.551 0.555 0.366
P 0.951 0.966 0.966 0.961 0.827
Standard error 0.166 0.163 0.170 0.163 0.333
F 93.5 93.9 82.7 91.7 31.2
N 5 5 5 5 3
Contributions
Steric 0.266 0.266 0.275 0.284 0.230
Electronic 0.531 0.537 0.522 0.499 0.498
H-bond donor 0.203 0.197 0.203 0.217 0.272
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Figure 5. Comparison of different potential functions used in CoOMFA
and CoMSIA field.

the shape and steepness of the Lennard—Jones potential
and in consequence to the required arbitrary fixation of
cutoff values in CoMFA. CoMFA calculates steric field
using a Lennard—Jones potential (Fig. 5). When some
atoms of the aligned molecules are near the grid points,
the Lennard—Jones potentials will increase to larger val-
ues, and generally the large potentials will be truncated
to the cutoff value. The contributions of those grids
using cutoff values will introduce certain unpredicted
instability to the final models. In CoMSIA, the distance
dependence between the probe atom and the molecular
atoms a Gaussian function is used, which prevents the
abrupt change of the potential on the grid points near
the molecule surface. When the grid spacing is 3.0 A,
the columns for PLS analysis decrease to so few that a
good model cannot be obtained, perhaps because some
important information has been lost. From the results
of 2, and the standard error the model of grid spacing
1.5 is optimum, and the following discussion concerned
with CoMSIA will only refer to the model generated
from 1.5 A grid spacing.

3.3.3. Attenuation factor. In CoMSIA, a Gaussian-type
distance dependence function is applied. In the prelimin-
ary parameter study, we calibrated the attenuation fac-
tor o to 0.3. To decide whether this is an appropriate
value, « was varied in a parameter study within the
range from 0.1 to 0.5 in steps of 0.1 (Table 6), and sub-
sequently similarity indices and 72, values were comput-
ed each time. Reducing o to smaller values means that a
probe placed at a particular lattice point detects molec-
ular similarity in its neighborhood more globally. On the
other hand, larger values of « imply a more localized

Table 6. Influence of different attenuation factor on the CoMSIA models

evaluation of similarity. Our systematic parameter study
for o shows that o = 0.2 is optimum for these data sets.?*

3.4. CoMFA contour maps
The CoMFA steric and electrostatic fields from the final

non-cross-validated analysis were plotted as three-di-
mensional colored contour maps in Figure 6. The field

Figure 6. Stereoview of the contour plots (SD*coeff) of the CoOMFA
(A) steric fields; green contours indicate regions where bulky groups
increase activity, whereas yellow contours indicate regions where bulky
groups decrease activity and (B) electrostatic fields; blue contours
indicate regions where electropositive groups increase activity, whereas
red contours indicate regions where electronegative groups will
increase activity. Potent HDAC inhibitor 17 is displayed in the
background for reference.

Model CoMSIA1 CoMSIA2 CoMSIA3 CoMSIA4 CoMSIAS
Attenuation factor 0.1 0.2 0.3 0.4 0.5
72, 0.581 0.591 0.565 0.529 0.497
” 0.962 0.964 0.966 0.963 0.958
Standard error 0.167 0.141 0.163 0.170 0.192
F 72.2 65.5 93.9 122.5 244.0
N 6 5 5 5 6
Contributions

Steric 0.263 0.267 0.266 0.274 0.301
Electronic 0.585 0.548 0.537 0.519 0.479
H-bond donor 0.152 0.185 0.197 0.207 0.220
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energies at each lattice point were calculated as the sca-
lar results of the coefficient and the standard deviation
associated with a particular column of the data table
(SD*coeff), always plotted as the percentage of contri-
bution to the CoMFA equation. These maps show re-
gions where differences in molecular fields are
associated with differences in biological activity. The
maps do not show what is common to all molecules
of a set, and hence one cannot expect to generate a
complete image of the receptor. The steric interactions
are represented by green- and yellow-colored contours
(Fig. 6A), while electrostatic interactions are represent-
ed by red- and blue-colored contours. In the green re-
gions of steric contour plot, bulky substituents
enhance biological activity, while bulky substituents in
the yellow regions are likely to decrease activity. The
green steric contour near the 4-position of the indole
ring indicates that any bulkier substituents are preferred
at this position (Fig. 6A). Thus, compounds 17 and 23
with bulkier substituents such as OCHj at this position
are more active than compound 7 which has H at the 4-
position. The enhancement of the biological activities
may be caused by the greater hydrophobic interactions
induced by the substituted methoxyl group. Blue-col-
ored contours represent regions where electropositive
groups increase activity, whereas red-colored regions
represent areas where electronegative groups enhance
activity (Fig. 6B). The electrostatic contour plot on
the set of 29 compounds shows that there is a red-col-
ored region situated close to the 4- and 5-positions of
the indole ring, that is to say, the negative charges in
these two regions are very important to ligand binding,
and a charge withdrawing group linked to this position
will enhance the biological activity. For example, the
substitution of the hydrogen atom at the 5-position in
compound 7 with Br and F gives compounds 20 and
22 increased inhibitory potency from 14.6 to 3.5 and
5.4 nM.

3.5. CoMSIA contour maps

The CoMSIA steric and electrostatic field contour plots
employing S, E and D fields are shown in Figure 7.
These plots (Figs. 7A and B) are more or less similar
to the corresponding CoMFA plots (Figs. 6A and B),
except that there is one red contour near the 4-position
on the indole ring (Fig. 6B). Interestingly, the blue
CoMSIA electrostatic contour is less than that of CoM-
FA near the amide group, which is difficult to interpret
directly in CoMFA contour. The hydrogen bond donor
contours are shown in Figure 7c. In principle, it should
highlight the areas near which H-bonding donor on the
ligand can form H-bonds with the receptor to influence
binding affinity. The presence of the cyan-colored con-
tour near the NH of amide indicates that hydrogen
bond donor substituted at this position enhances the
HDAC inhibitory activity (Fig. 7C). The atoms near
this position may act as H-bonding donor and produce
H-bonding interactions with H-bonding acceptor in
protein. That is to say, the NH on amide may form sta-
ble H-bonds with some residues in the protein, which is
consistent with the residue of ASP101 located on this
region.

A

Figure 7. Stereoview of the contour plots of the CoMSIA (A) steric
fields (green, bulky substitution favored; yellow, bulky substitution
disfavored), (B) electrostatic fields (blue, electropositive group favored;
red, electronegative group favored), and (C) hydrogen bond donor
fields (cyan, favored; purple, disfavored). Potent HDAC inhibitor 17 is
displayed in the background for reference.

3.6. CoMFA versus CoMSIA

The predictive power of CoMFA and CoMSIA 3D-
QSAR models was evaluated by using the same test
set of four molecules. The PLS statistics of both CoM-
FA and CoMSIA 3D-QSAR models indicate that CoM-
FA is somewhat better than CoMSIA. In both models,
the predictive values fall close to the actual pICsq values,
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Figure 8. CoMFA (A) and CoMSIA (B) predicted versus experimental
pICsy values of training and test sets, filled squares represent
predictions for the training set, while open squares represent predic-
tions for the test set.

not deviating by more than 1 logarithmic unit (Fig. 8,
Table 1) in the case of COMSIA. Both models predicted
lower activity for the test set of four molecules. In sum-
mary, the differences between COMFA and CoMSIA are
not striking and both models demonstrated good predic-
tive ability.

4. Conclusions

A series of hydroxamic acid-based HDAC inhibitors with
an indole amide residue at the terminus were obtained
from the literature. The docking studies revealed that
the orientation and hydrogen bonding interactions of in-
dole amide hydroxamic acid-based HDAC inhibitors in-
side the active site of HDAC are similar to those in the
crystal structure of TSA-HDAC complex. CoMFA and
CoMSIA 3D-QSAR models were developed for 29
substituted hydroxamic acid-based HDAC inhibitors
with an indole amide residue at the terminus. Both
models showed similar predictive capabilities. To our
knowledge, this is the first study aimed at deriving
predictive 3D-QSAR models for indole amide hydroxa-
mic acid-based HDAC inhibitors. In addition, the dock-

ing studies provided good insights into inhibitor-HDAC
interactions at the molecular level. This information will
be useful in the design of novel broad-spectrum antican-
cer drug candidates. A comparison of the 3D-QSAR field
contributions with the structural features of the binding
site showed good correlation between the two analyses.
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Abstract—There is an urgent need for new drugs to treat leishmaniasis and Chagas disease. One important drug target in these
organisms is sterol biosynthesis. In these organisms the main endogenous sterols are ergosta- and stigmata-like compounds in con-
trast to the situation in mammals, which have cholesterol as the sole sterol. In this paper we discuss the design, synthesis and eval-
uation of potential transition state analogues of the enzyme A>*?¥-methyltransferase (24-SMT). This enzyme is essential for the
biosynthesis of ergosterol, but not required for the biosynthesis of cholesterol. A series of compounds were successfully synthesised
in which mimics of the S-adenosyl methionine co-factor were attached to the sterol nucleus. Compounds were evaluated against
recombinant Leishmania major 24-SMT and the parasites L. donovani and Trypanosoma cruzi in vitro, causative organisms of leish-
maniasis and Chagas disease, respectively. Some of the compounds showed inhibition of the recombinant Leishmania major 24-SMT
and induced growth inhibition of the parasites. Some compounds also showed anti-parasitic activity against L. donovani and
T. cruzi, but no inhibition of the enzyme. In addition, some of the compounds had anti-proliferative activity against the bloodstream

forms of Trypanosoma brucei rhodesiense, which causes African trypanosomiasis.

© 2005 Published by Elsevier Ltd.

1. Introduction

Chagas disease and leishmaniasis are major health prob-
lems in the developing world,! and increasingly leish-
maniasis is found as a complication of AIDS in both
the developing world and industrialised world.? There
is an urgent need for the development of new drugs?
to treat these diseases, as the existing drugs suffer from
poor clinical efficacy (Chagas disease) and increasing
problems due to resistance (leishmaniasis). One target
of interest is sterol biosynthesis. The main sterol found
in mammalian cells is cholesterol, whilst the pathogens
which cause Chagas disease and leishmaniasis (7rypano-
soma cruzi and species of Leishmania, respectively), syn-
thesise ergosterol and related 24-alkylated sterols.**
These sterols have differences in their biosynthetic path-

* Corresponding author. Tel.: +44 29 2087 5800; fax: +44 29 2087
4149; e-mail: gilbertih@cf.ac.uk

0968-0896/$ - see front matter © 2005 Published by Elsevier Ltd.
doi:10.1016/j.bmc.2005.06.012

way that are attractive for drug design. The presence of
ergosterol has been shown to be essential for 7. cruzi;
replacement of ergosterol by cholesterol is not possible
for this organism.” The ergosterol is thought to have
two roles within the parasite; it has a structural role in
the cell membrane and is thought to have a ‘sparking’
or ‘hormonal’ role similar to that seen in yeast. In Leish-
mania the case is less certain. It has been shown that var-
ious inhibitors of sterol biosynthesis show activity
against leishmania. For example, inhibitors of 14-o-
demethylase and sterol 24-methyltransferase (24-SMT)
have been shown to have anti-parasitic activity in vitro
and in vivo.®® However, Goad and Chance have shown
that it is possible over many generations to replace
ergosterol by cholesterol in L. donovani promastigotes
(promastigotes are the vector form) and still maintain
cell viability, albeit under laboratory conditions. L.
donovani promastigotes were cultured in the presence
of azasterol, an inhibitor of 24-SMT, together with
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a bis-triazole inhibitor of the the 14a-demethylase.
Gradual depletion of 24-alkylsterols was observed and
subsequent replacement by A**-cholesta-type sterols.’?

One enzyme which is required for ergosterol biosynthe-
sis is 24-SMT, which has no direct counterpart in mam-
malian sterol biosynthesis pathways. The proposed
mechanism of action of the enzyme is shown in Figure
1.1917 The sterol is alkylated on the 24-position by
S-adenosylmethionine (SAM), by electrophilic attack
of the methyl group on the 24-25 double bond. A num-
ber of inhibitors of 24-SMT are known.'” They have
been investigated as inhibitors of yeast and plant 24-
SMT. Most of the known inhibitors are mimics of the
high-energy intermediates 1 and 2 (Fig. 1) and contain
carbocations in the side chain at the 24- or 25-positions.
Typically compounds are azasterols, where the side
chain is protonated at physiological pH. These presum-
ably bind strongly to the enzyme, as the enzyme increas-
es the rate of reaction by stabilising these high-energy
intermediates.

One compound of particular interest is AZA (20-piperi-
din-2-yl-Sa-pregnane-33,20-diol) (Fig. 2). This com-
pound has been investigated as a potential anti-parasitic
compound.”®?0-2!

+
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In this article we describe a strategy in which we have
prepared mimics of the transition state (TS). In the
TS, there is a molecule of sterol interacting with a mol-
ecule of SAM. The binding of these two substrates ap-
pears to be independent from the kinetic analysis of
the Candida albicans enzyme.'! Also transfer of the
methyl group appears to occur directly from SAM to
the substrate (concerted) and not via alkylation of the
enzyme (ping pong). We decided to prepare compounds
that would bind to both the sterol and the SAM binding
sites. In order to achieve this, we linked sterol moieties
to SAM moieties (Fig. 3). The moieties were coupled
to the sterol by either an amide bond or an amine bond.
Coupling the entire SAM moiety to the sterol is likely to
give rise to compounds that do not have good drug-like
properties. Therefore only fragments of the SAM moiety
were coupled to the sterol.

These TS mimics should have a number of advantages
as an inhibitor: firstly interaction with both the sterol
and SAM binding sites should produce stronger binding
to the target enzyme. Secondly, one of the disadvantages
of current azasterols is that in addition to inhibition of
24-SMT, they also inhibit sterol 24-reductase, an en-
zyme found in cholesterol biosynthesis. Inhibition of
this enzyme is associated with accumulation of desmos-
terol.?> In the approach described here, inhibitors
should be more specific for 24-SMT, because they bind
in both the sterol and SAM binding site, the latter is
not present in the reductase.

We proposed to link the amines to the sterol via an
amide or an amine bond. The amide linker should pro-
vide a neutral linker for coupling the amine to the sterol.

NHp NHz
(CHz)n (CHz)n
NH NH
o
AcO/HO AcO/HO

amide analogues,
series 3-6

amine analogues,
series 9-12

Target Molecules - Mimic of SAM amino group
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The amine linker is likely to be protonated at physiolog-
ical pH and should be a mimic of the high-energy inter-
mediates of type 1 or 2 (Fig. 1), which may produce an
additional interaction with the enzyme active site.

We have recently reported the results of the biological
assays for series 9-12 (amine analogues).?? In this paper
we describe the preparation of these compounds, the
synthesis and biological assays for series 3-6 (amide
analogues), and a comparison of the two series.

2. Chemistry
2.1. Preparation of amides

To establish the chemical methodology, some simple
amines were coupled to the sterol by an amide bond.
A variety of simple amides were chosen (butyl, benzyl,
piperidine) to investigate the effect of size and aromatic-
ity on the activity of the compounds. Once the method-
ology was optimised, coupling of diamines with the
sterol nucleus was conducted.

(i), (i)

The starting material was the commericially available
3B-acetoxy-5-cholenic acid. Several methods for cou-
pling the sterol to the amines were investigated. The best
method seemed to use 2-(1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium tetrafluoroborate (TBTU) and
HOBt. Amines were coupled as shown in Scheme 1 to
give the corresponding amides 3a—c.

However, when the same methodology was applied to
diamines (H,N(CH,),NH>), a number of products were
isolated (Scheme 2). The major product was the dimer
(4f or 4g), due to reaction of the required products (4b
and 4d) with excess activated 3pB-acetoxy-5-cholenic
acid. The required products were isolated in low yield,
together with another product, shown to be the guani-
dine derivatives 4h and 4i. This latter compound is
thought to be due to attack of the product on the
TBTU. This has been observed before when using an
excess of uronium-based activation agents in peptide
coupling reactions.?*

In order to circumvent this problem, the method was
modified to give procedure B. The amount of TBTU

NHR

AcO AcO

3a, R =Bu%, 70, procedure A

3b, R = N-piperidyl, 80%, procedure A

3¢, R = CH,Ph, 80%, procedure A

4a, R = (CHp)4NHy, 55%, procedure B

4b, R = (CHy)gNHy, 60%, procedure B

4c, R = (CHp)gNHo, 40%, procedure B

4d, R = (CH,)1oNH,, 60%, procedure B

4e R = 1,4-trans-(CgH10)NHy, 70%, procedure B

LIOH.H,0 (2eq), THF-H,0 Q

NHR

HO

5a, R =Bu, 97%

5b, R = N-piperidyl, 70%

5¢, R = CH,Ph, 65%

6a, R = (CHp)4NH,, 95%

6b, R = (CHp)gNHo, 90%

6¢, R = (CHy)gNHy, 75%

6d, R = (CH5)1oNH5, 90%

6e, R = 1,4-trans-(CgH10)NHo, 70%

(e}
ﬁ&tﬁ@
AcO AcO

structure of 3b

NN,

structure of 4e

Scheme 1. Reagents and conditions: Procedure A: (i) DIPEA (3 equiv), TBTU (2 equiv), HOBT (2 equiv), DMF, rt 30 min; (ii)) R'R"NH (2 equiv), rt.
Procedure B: (i) DIPEA (3 equiv), TBTU (1.1 equiv), HOBT (1.1 equiv), DMF, rt 30 min; (i) H,N(CH,),NH, (4 equiv), rt.
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0]
OH

conditions A

AcO

AcO

AcO

Scheme 2.

was reduced to 1 equiv which should avoid the coupling
of terminal amino group with excess TBTU to give gua-
nidines. Then the activated acid was added dropwise to
a solution of the diamine, in order to keep the diamine
in excess, preventing formation of the dimers. This strat-
egy was successful and led to formation of the required
compounds 4a—e in good yields (Scheme 1).

The acetate groups were then deprotected by treatment
with lithium hydroxide in THF-water.?’

2.2. Preparation of amines

The starting point for the synthesis was the commercial-
ly available sterol 3B-acetoxy-5-cholenic acid. This was
reduced to alcohol 7 using borane-dimethyl sulfide.?6-?’
This agent turned to be selective for the carboxylic acid
functionality, and did not seem to affect the acetate
group or the double bond in the sterol. The temperature
and the amount of reagent used in the reduction ap-
peared to affect the final yield. After a number of differ-
ent experiments, the optimum reaction conditions were
found to be those shown in Scheme 3. The alcohol
was then tosylated following a standard procedure’®
for the introduction of the amines.

0]

NH(CH2)nNH»

4b, n=6, 2%
4c, n=8, 2%

""OAc

4, n=6, 15%
4g, n=8, 20%

2 " NMe
AL

NMe,

4h, n=6, 2%
4i, n=8, <2%

Synthesis of the azasterols was conducted by coupling
the tosyl sterol 8 with amines varying in the nature
and length of the side chain. Initially it was decided
to prepare some simple amines to establish the meth-
odology and to derive some structure-activity rela-
tionship data. Butylamine, piperidine and benzyl
were chosen as they represent straight-chain, lipophilic
and aromatic substituents. Once the method was opti-
mized, coupling of diamines with the sterol nucleus
was conducted.

Displacement of the tosyl group by the different amines
was achieved by four different methods (Scheme 2).
Firstly, the tosyl-ether was reacted with a large amount
of excess amine (10-20 equiv) and diisopropylethyl-
amine (DIPEA) in DMF.? Secondly, the displacement
was carried out using a small amount of excess amine
(3-4 equiv), an inorganic base (potassium carbonate)
and the phase transfer catalyst tetrabutylammonium
iodide in DMF.3°

Due to the low yield of the reactions when attaching the
diamines, it was decided to try an alternative method
that used milder conditions, refluxing ethanol.>' On ac-
count of the low solubility of the tosylate 8 in ethanol,

OH OTs

Scheme 3. Reagents and conditions: (i) BH3'SMe, (1 M CH,CL,) (1 equiv), THF, —10 °C — 0 °C, 8 h, 57%; (ii) TsCl (2 equiv), pyridine:DCM (1:1),

0°C —4°C, 24 h, 90%.
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the third method was modified and DMF was added as
co-solvent in the reaction in an attempt to increase the
yield of the reaction. However, when DMF was added,
not only the desired compound was obtained but also a
second product was stemming from the reaction of the
free terminal amino group in the side chain of the sterol
with DMF (Scheme 95).

Analogues 11a-12e with a free hydroxyl group in posi-
tion 3B of the sterol were prepared by the hydrolysis
of the corresponding acetates using lithium hydroxide
(Scheme 4).%

3. Biology
It has been proposed by Nes'? that inhibitors of 24-SMT

must have a free 38-OH for binding to the active site.
The compounds protected with an acetate at the

OTs

a), b), c), ord)

Hsc” O HsC

3B-OH were also assayed for activity, as the acetate
group will probably be cleaved by esterases in vitro or
in vivo to yield the active agent.

3.1. Enzyme inhibition

Compounds were evaluated against the recombinant L.
major 24-SMT (Table 1). The enzyme was over ex-
pressed in E. coli, and the enzyme assays were conducted
using E. coli cell-free extracts containing soluble protein
as the enzyme source. Essentially none of the amide-
linked compounds, either the 3B-OH protected with
acetate (compounds 3 and 4) or those with the acetate
removed (compounds 5 and 6) showed significant inhibi-
tion of the enzyme. For the amine-linked series, those
protected with an acetate at the 3B-OH (series 9 and
10) showed little inhibition as predicted by Nes. Howev-
er, the compounds with the 3B-OH deprotected (11 and
12) showed good inhibition of the enzyme.

NHR

PN

O

9a, R = butyl, 86% (method a)

9b, R = piperidyl, 51% (method a); 46% (method b)

9c¢, R = benzyl, 49% (method b)

10a, R = (CH2)4NH32, 36% (method b)

10b, R = (CH2)gNH3, 24% (method d)

10c, R = (CH2)gNH32, 36% (method a); 37% (method b); 56% (method c)
10d, R = (CH2)10NH2, 47% (method b); 10% (method b)

10e, R = 1,4-trans-(CgH19)NH>, 50% (method b)

HO

NHR

11a, R = butyl, 78%

11b, R = piperidyl, 84%

120, R= (CHz)gNHz, 70%

12d, R = (CH2)10NHy, 93%

12e, R = 1,4-trans-(CgH19)NHz, 60%

Scheme 4. Reagents and conditions: (a) Amine (10-20 equiv), DIPEA (3 equiv), DMF, 60 °C, 48 h; (b) Amine (3-4 equiv), K,COj; (1.5 equiv),
BuyN*I~ (cat.), DMF, 100 °C, 4 h; (c) Diamine (4 equiv), EtOH (40 ml), reflux; (d) Diamine (4 equiv), EtOH (30 ml), DMF (20 ml), reflux;

(¢) LIOH.H,O (2 equiv), THF: H,0 (3:1), 50 °C, 24 h.

OTs
EtOH (30ml)
0]
)k DMF (20ml), reflux
H3C™ O

Scheme 5.

NH(CH2)sNH2

X
HsC™ O
10b, 21%
+
NH(CH2)gNHCHO
X
HaC™ O
10f, 10%
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Table 1. Inhibition of L. major 24-SMT and anti-parasitic activities against intracellular 7. cruzi amastigotes, intracellular L. donovani amastigotes,

T. b. rhodesiense trypomastigotes and mammalian cells

X
R
R1\o
R, X R WSP  1Cso (uM) L. major  EDsp (1M)  EDsp (uM)  EDso (uM)  TDsg (uM)

24-SMT T. cruzi L. donovani  T. brucei Toxicity
3a Ac O  NHbutyl 564 >100 >68.00 >68.00 33.00 >676
3b Ac O  Piperidyl 566 >100 >66.00 >66.00 >66.00 >658
3c Ac O NHCH,Ph 568 >100 >62.80 >62.80 >62.80 >628.03
4a Ac O  NH(CH,)sNH; 697 >100 >65.00 >65.00 16.15 162.86
4b Ac O NH(CH,)NH, 695 >100 >61.00 35.56 >61.00 131.08
4c Ac O  NH(CH,)3NH, 694 51 38.65 58.28 15.50 110.73
4d Ac O NH(CH,);(NH, 696 >100 >55.00 10.63 2.52 53.42
4e Ac O  Trans-14-NHC¢H;(NH, 698 >100 48.48 14.30 <2.29 48.3
4f Ac O  NH(CH,)¢NH-Sterol 692 >100 >35.00 >35.00 19.60 <0.35
4g Ac O  NH(CH,)gNH-Sterol 691 N.D. >34.00 >34.00 21.72 >339
4h Ac O  NH(CH)¢NC(N(CH3),), 693 N.D. 8.49 22.81 497 75.63
5a H O NHbutyl 565 >100 >75.00 >75.00 >75.00 >747
5b H O  Piperidyl 567 >100 >69.00 >72.00 >72.00 >725
5¢ H O NHCH,Ph 563 >100 >70.00 >70.00 >70.00 >688
6a H O NH(CH,),NH, 702 93 >72.00 >72.00 15.20 117.00
6b H O NH(CH,)¢NH; 700 >100 48.57 38.90 <2.50 108.60
6¢ H O NH(CH,)sNH, 699 >100 61.55 44.42 63.46 155.47
6d H O NH(CH,)(NH, 701 >100 >60.00 16.11 >20.00 51.70
6e H O  Trans-14-NHC¢H (NH, 703 >100 >67.80 13.08 2.51 19.0
9a Ac H, NHbutyl >100 21.41 7.70 0.2 6.30
9b Ac H, Piperidyl >100 16.00 2.50 3.93 83
9¢ Ac  H, NHCH,Ph >100 >64.70 8.90 0.47 10.56
10a Ac H, NH(CH,)4NH, 16 3.37 >67.46 8.7 14.8
10b Ac  H, NH(CH,)¢NH, 57.11 >63.00 2.31 40
10c Ac H, NH(CH,)sNH, 35 4.49 3.85 3.27 51.7
10d Ac  H, NH(CH,);(NH, 56.73 45.96 27.08 165
10e Ac  H, Trans-1,4-C¢H;oNH, >100 8.9 12.30 3.95 11.3
10f Ac  H, NH(CH)NHCHO >60.00 34.57 1.64 <0.60
11a H H, NHbutyl 0.97 <0.95 3.45 1.24 36.2
11b H H, Piperidyl 6.4 10.28 >75 5.7 36
12¢ H H, NH(CH,)sNH, 2 10.9 5.88 <2.4 109
12d H H, NH(CH,);(NH, 33.49 >61.00 25.7 —
12¢ H H, Trans-1,4-NHC¢H(NH, 45 19.2 30.35 1.45 8.6
AZA 0.028 7.4 8.9 33 11.9

Data for series 9-12 have been reported previously.?

It is interesting to compare compounds 5a and 5b with
11a and 11b. This indicates that the presence of a posi-
tively charged functionality in the side chain is essential
for inhibition of the enzyme, as in compounds 11a and
11b there is an amino group which is positively charged
at physiological pH whilst, in compounds 5a and 5b the
amine is replaced by an amide. Although the amide is
polar it is not positively charged.

3.2. Sterol composition

A number of compounds were also investigated for
their ability to disrupt sterol biosynthesis in intact
Leishmania mexicana promastigotes (Table 2). Essen-
tially the parasites are cultured in the presence of
inhibitor and the effect on sterol composition is
monitored. Inhibitors of 24-SMT will reduce the

proportion of 24-alkylated sterols (e.g., ergosterol,
5-dehydroepisterol, episterol), whilst there is a con-
comitant increase in the levels of non-alkylated, cho-
lesta-derived sterols.?!-?3

The amide-based compounds (5a-b) showed little effect
on sterol composition at 1 uM concentration. Com-
pound 5S¢ showed a small decrease in the levels of 24-
alkylated sterols. These results are consistent with their
lack of activity against enzyme. In contrast, the amino
derived compounds 9a and 11a showed a significant ef-
fect on the levels of 24-alkylated azasterols (Table 3).23
They caused a large reduction in the levels of the 24-al-
kylated sterols (ergosta-5,24(24")-dien-3p-ol, 5-dehydro-
episterol and episterol) compared to control values at
submicromolar concentrations with a concomitant
increase in the levels of non-alkylated (cholesterol-like





S. Orenes Lorente et al. | Bioorg. Med. Chem. 13 (2005) 5435-5453 5441

Table 2. Effects of amide-based compounds on the free sterol composition of Leishmania mexicana promastigotes

Concentration (uM)

Compound

Control S5a 5b 5c
0 1 1 1

Cholesterol (exogenous)

Ergosterol

Ergosta-5,7,24(24")-trien-3B-ol (5-dehydroepisterol)

Ergosta-7,24(24")-dien-3p-ol (episterol)

Cholesta-5,7,24-trien-3f-ol

HO

Cholesta-8,24-dien-3B-ol (zymosterol)

HO

Cholesta-7,24-dien-33-ol

Lanosterol (exogenous)

w 9.8 13.1 109 113
HO
\

6.7 7.6 33 6.1

73.0 66.0 72.2 48.8
U
8.3 8.5 10.0 5.7
L0
HO
N
N
N

2.1 1.8 1.7 2.2

sterols) which is consistent with inhibition of 24-SMT in
the intact parasites.

3.3. In vitro anti-proliferative assays

Compounds were assayed against the clinically relevant
stage of the parasites 7. cruzi and L. donovani (Table 1).
In addition, compounds were investigated for their tox-
icity against mammalian cells (KB cells). 7. cruzi and
Leishmania undergo complex life cycles with each stage
having different metabolism. It is important to ensure
that compounds are active against the clinically relevant
stage of the parasite. In the case of T. cruzi and L. dono-
vani parasites, it is the intra-cellular amastigote form.
Compounds were also evaluated against the related
parasite 7. b. rhodesiense as the trypomastigote form.
In this organism, ergosterol biosynthesis is reported in
the vector stage of the parasite,*? but sequestration of

sterols via LDL receptors is thought to occur in the
bloodstream form trypomastigote.

3.4. Amide-linked series (3-6)

For the amide-linked series of compounds, those with a
simple alkyl substituent (series 3 and 5) showed no sig-
nificant activity or toxicity with the acetate protecting
group on the 3B-OH position (3a—c) or as the free 3p-
OH (5a—c). Similarly the dimeric compounds 4f and 4g
showed no activity as would be expected, except slight
activity against 7. brucei.

For the diamines, the compounds showed weak activity
against 7. cruzi with or without an acetate protecting
group on the 3B-OH (compounds 4 and 6). The only
compound which showed some activity against 7. cruzi
was the guanidine analogue 4h. However, compounds
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Table 3. The effects of compounds, 9a and 11a on the free sterol composition of L. amazonensis promastigotes®>

Compound
Control 9a 11a
Concentration (uM) 0 0.01 0.1 1.0 0.01 0.1 1.0
Sterol detected
Cholesterol (exogenous) Lﬁ% o or 05 ss . » 1
HO
Ergosta-5,24(24")-dien-3p-ol ﬂ n.d. nd. 197 2.1 nd. nd. nd
HO
Ergosta-5,7,24(24")-trien-3p -ol(5-dehydroepisterol) 68.0 62.8 7.0 3.1 434 26 n.d.
HO
Ergosta-7,24(24")-dien-3p-ol(episterol) 17.0 22,7 158 =nd. 195 28 n.d.
HO
A\
Cholesta-8,24-dien-3p-ol(zymosterol) § n.d. nd. 299 838 nd 62. 844
X
Ho/C
N
Cholesta-5,7,24-trien-3f-ol ig: 2.6 3.2 5.2 2.6 242 519 n.d.
|
HOQ =
N
Cholesta-7,24-dien-3f-ol § 2.8 2.1 114 44 6.2 2809 44
|

T
(e}

# Sterols were extracted from cells exposed to the indicated drug concentration for 96 h; they were separated from polar lipids by silicic acid column
chromatography and analyzed by quantitative capillary gas-liquid chromatography and mass spectrometry. Composition is expressed as mass
percentages. n.d., not detected. Data reported previously but reproduced here for comparative purposes.”

4d, 4e and 6d, 6e, showed weak activity against L. dono-
vani, which were the longer and the more lipophilic ami-
no substituents that were investigated. In contrast,
against 7. b. rhodesiense, a number of compounds
showed growth inhibition, in general the more lipophilic
compounds showing the greatest inhibition. The com-
pounds showing the greatest inhibition were 4d, 4e and
4h from the acetate-protected derivatives; and the hexyl
(6b) and trans-cyclohexylamino (6e) derivatives being
the most active for the unprotected series. These deriva-
tives show EDsq values less than 10 uM.

Given the lack of activity of these compounds against
the L. major enzyme, the activity of compounds against
the parasites is probably associated with a mechanism of
action different from inhibition of the 24-SMT.

3.5. Amine-linked series (9—12)

The activity of the amine-linked series of compounds
contrasts with that of the amide-linked series. For the

amines, those with a simple alkyl substituent (series 9
and 11) showed generally strong anti-parasitic activi-
ty. There were changes in the activity on removal of
the acetate protecting group from the 3B-OH; in
some cases the activity increased and in some cases
decreased. Compound 9a-c¢ showed relatively low
activity against 7. cruzi, the activity increasing on
removal of the acetate (11a-b). But against L. dono-
vani and T. b. rhodesiense, compounds 9 and 11
showed good inhibition of growth, with compound
9a being particularly potent against 7. b. rhodesiense
(EDso 0.2 uM) and compound 9b against L. donovani

Addition of the alkylamino side chain (compounds
10 and 12) gave rise to compounds showing moder-
ate growth inhibition of the parasites. The presence
of the acetate on the 3B-OH position appeared to
have little effect on activity. The compounds were
selective for the parasites over the mammalian
cells.
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4. Discussion

Simple amide-linked derivatives (3a—¢ and 5a—c) showed
no activity against either 24-SMT or the parasites. In the
case of Sa—c there was also no effect on sterol composi-
tion of the parasites at 1 uM concentration. This implies
that the compounds are not active against 24-SMT. Pre-
sumably the partial positive charge on the nitrogen due
to delocalisation of the amide bond is not sufficient to
cause strong interaction with the enzyme active site.

On attaching functionality found in SAM (the amino
group) no inhibition of the enzyme was observed in
the series with the 3p-OH protected with acetate (4a—e)
or with the 3p-OH unprotected (6a—e). This implies that
the terminal amino groups are not undergoing signifi-
cant interaction in the SAM binding pocket, perhaps
due to the amide bond reducing the conformational
flexibility of the compound.

Interestingly some of these compounds showed moder-
ate to weak to moderate activity against parasites with
the greatest activity against 7. brucei. The lack of inhibi-
tion of the L. major enzyme suggests that the anti-para-
sitic activity is due to some other mode of action than
inhibition of 24-SMT.

When the amide functionality (series 3-6) was replaced
with an amine in the side chain (series 9-12) there was
a clear inhibitory effect on the recombinant enzyme
and a significant increase in the anti-parasitic activity.
This anti-parasitic activity was independent of the pres-
ence of an acetate protecting group on the 33-OH. Pre-
sumably this acetate group is readily removed by
esterases present, to give activity against the enzyme.
However, it is possible that there are other modes of
action.

These results allow us to draw some conclusions on the
structure—activity relationships required for inhibition
of 24-SMT. Firstly, an amino group is required in the ste-
rol side-chain rather than an amide (compare series 9-12
with 3-6). Secondly, for strong inhibition of the enzyme,
the 3B-OH group cannot be protected. However, if an
acetate protecting group is placed at this position, hydro-
lysis occurs in cellular systems, leading to release of the
unprotected compound that can then inhibit 24-SMT.??

The activity of some of the azasterols described here
against 7. b. rhodesiense trypomastigotes was unexpect-
ed. According to the literature,3>-3% whilst the vector
form of the parasite biosynthesises ergosterol in a simi-
lar way to Leishmania and T. cruzi, the bloodstream
form (bsf) of T. b. rhodesiense is unable to biosynthesise
sterols de novo but takes up cholesterol via LDL recep-
tors. The activity of these compounds against blood-
stream form 7. b. rhodesiense could imply that
ergosterol biosynthesis is still important in the blood-
stream form of the parasite, or that the compounds have
an alternate mechanism of action.

In summary we have prepared some potential transition
state analogues as potential inhibitors of 24-SMT.

Compounds with an amino-linker in the side chain
and a free 3B-OH group gave inhibition of the L. major
24-SMT and had marked anti-parasitic activity (series
11 and 12). In contrast, compounds with an amide-lin-
ker in the side chain were inactive (series 5 and 6) dem-
onstrating the importance of the positive charge in the
sterol side chain. In series 10, there is an acetate in the
3B-OH position. However, the compound gave some
inhibition of the 24-SMT. This may be due to additional
interactions with the primary amine of the side chain
with the SAM binding pocket of the enzyme, overcom-
ing the lack of interaction at the 3p-OH. The amine-
linked series of compounds protected with an acetate
at the 3B-OH (series 9) did not inhibit the enzyme direct-
ly. However, in cell culture these compounds inhibited
the enzyme presumably due to hydrolysis of the acetates
by esterases.?’ Furthermore, many of the compounds
inhibited the growth of T. b. rhodesiense, probably by
some mechanism other than inhibition of 24-SMT.
These compounds represent good drug leads for further
development.

5. Experimental

All reactions were carried out under nitrogen atmo-
sphere and they were monitored by TLC using pre-coat-
ed silica gel 60 F,s4 plates (Merck). The solvents used in
the reactions were purchased from Aldrich or Fluka
in SureSeal bottles. "H NMR and '*C NMR spectra
were recorded on a Briikker Avance DPX 300 MHz
spectrometer, operating at 300 and 75 MHz, respective-
ly. Chemical shifts are reported downfield in parts per
million and coupling constants (J values) are in Hertz.
IR spectra were recorded on a Perkin Elmer 1600 series
FTIR spectrometer. Low resolution mass spectra
(LRMS) were recorded on a Fison VG Platform II spec-
trometer using the Electrospray (ES) (methanol as sol-
vent) or Atmospheric Pressure Chemical Ionization
(APCI) (dichloromethane as solvent) technique. High
resolution mass spectra (HRMS) were determined by
the EPSRC Mass Spectroscopy Center (Swansea, UK)
using ES technique. Elemental analysis were determined
on a Perkin-Elmer 240C elemental analyser.

5.1. Procedure A

A solution of 3B-acetoxy-5-cholenic acid (1.00g,
2.57 mmol), DIPEA (0.998 g, 7.72mmol), TBTU
(1.653 g, 5.14 mmol) and HOBt (0.695 g, 5.14 mmol) in
dry DMF (35 ml) was stirred at room temperature for
30 min to form the activated benzotriazol-ester. Two
equivalents of butylamine, piperidine and benzylamine
were added to the above mixture and stirred overnight
at room temperature. The resulting solution was diluted
with chloroform, washed with water, dried over sodium
sulfate and reduced in vacuo. Chromatography over
silica gel [EtOAc/hexane (10% — 30%)] afforded
compounds 3a—3c as white solids.

5.1.1. 3p-Acetoxy-23,24-bisnor-chol-5-en-22-0x0-22-
butylamine (3a). 0.802g, 70%; mp 183-185°C;
Ry=0.44 (40% EtOAc/hexane); IR (KBr) 3323 (CONH
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str), 2940 (CH), 1732 (CH5CO), 1645 (CONH), 1543
(NHO), 1458 (CH,), 1371(CH;), 1248 (C-0),
1039 cm™'; '"H NMR (300 MHz, CDCls): é 0.73 (3H,
s, 18-CH3), 0.97 (3H, t, J=7, 27-CH3), 1.05 (3H, s,
19-CH35), 1.22 (3H, d, J =7, 21-CH;), 1.27-2.04 (23H,
9x CH,, 5x CH), 2.07 (3H, s, 2'-CH3), 2.36 (2H, d,
J =17, 4-CH,), 3.26 (2H, m, 24-CH,), 4.64 (1H, m, 3-
CH), 5.41 (1H, d, J =5, 6-CH), 5.49 (1H, m, 23-NH);
3C NMR (75 MHz, CDCl;): ¢ 11.9 (18-CH;), 12.5
(27-CH3), 14.2 (21-CHjy), 18.1 (19-CH3), 19.7 (2’-CH3),
20.5 (CH,), 21.4 (CH»), 21.9 (CH,), 24.7 (CH,), 27.9
(CH>»), 28.1 (CH,), 32.1 (CH,), 32.2 (CH,), 32.3 (CH),
37.0 (10-C), 37.4 (CH,), 38.5 (CH,), 39.4 (12-CH.,),
39.9 (24-CH,), 42.7 (13-C), 45.4 (20-CH), 50.3 (9-CH),
532 (17-CH), 56.6 (14-CH), 74.3 (3-CH), 122.9
(6-CH), 140.0 (5-C), 170.9 (1'-C=0), 176.9 (22-C=0);
MS (APCI") m/z (rel intensity) 444 (M + H™, 100),
383.9 (M—AcO", 40); HRMS calcd for CrgHusNO;
(IM + H]"): 444.3477; found: 444.3468; Anal. Calcd
for C,sH4sNO5: C, 75.80; H, 10.22; N, 3.16; Found:
C, 75.48; H, 10.14; N, 3.17.

5.1.2. 3B-Acetoxy-23,24-bisnor-chol-5-en-22-0x0-22-pip-
eridylamine (3b). 0.948 g, 81%; R,= 0.42 (40% EtOAc/
hexane); IR (KBr) 2931 (CH), 1729 (CH3;CO), 1634
(CONH), 1434 (CH,), 1368 (CH3), 1247 (C-0), 1120,
1037 cm™'; '"H NMR (300 MHz, CDCl): 6 0.80 (3H,
s, 18-CH3), 1.10 (3H, s, 19-CH3), 1.20 (3H, d, J=7,
21-CH3), 1.26-2.06 (24H, 10x CH,, 4x CH), 2.11 (3H,
s, 2’-CH3), 2.40 (2H, d, /=7, 4-CH;), 2.84 (1H, m,
20-CH), 3.60 (4H, m, 24-CH,, 25-CH,), 4.68 (1H, m,
3-CH), 5.45 (1H, d, J = 5, 6-CH). '>*C NMR (75 MHz,
CDCl3): 6 12.7 (18-CH3), 17.9 (21-CH3), 19.7 (19-
CH3), 21.4 (2'-CH3), 21.9 (11-CH,), 24.8 (CH,), 25.2
(CH,), 26.8 (CH,), 28.1 (CH,), 28.2 (CH,), 32.2
(CH,), 32.3 (CH), 37.0 (10-C), 37.4 (CH,), 38.5 (12-
CH,), 39.9 (24-CH,, 25-CH,), 42.6 (13-C), 50.3 (9-
CH), 53.2 (17-CH), 56.5 (14-CH), 74.6 (3-CH), 123.0
(6-CH), 140.0 (5-C), 170.9 (1’-C=0), 175.4 (22-C=0);
MS (APCI") mlz (rel intensity) 455 (M*, 70), 396
(M—ACO+, 100), HRMS calcd for C29H46NO3
(IM + H]"): 456.3477; found: 456.3483; Anal. Calcd
for C,oH4sNO3: C, 76.44; H, 9.95; N, 3.07; Found: C,
76.17; H, 9.92; N, 3.01.

5.1.3. 3p-Acetoxy-23,24-bisnor-chol-5-en-22-0x0-22-ben-
zylamine (3c). 0.988 g, 80%; mp 186-187 °C; R,=0.5
(40% EtOAc/hexane); IR (KBr) 3336 (CONH str),
2936 (CH), 1731 (CH;CO), 1646 (CONH), 1534
(NHo), 1451 (CH,), 1370 (CHs3), 1247 (C-0O), 1037,
739, 696 (ArCH) cm™'; 'TH NMR (300 MHz, CDCl5):
0 0.78 (3H, s, 18-CH3), 1.11 (3H, s, 19-CH3), 1.32 (3H,
d, J=7, 21-CH3), 1.35-2.06 (19H, 7x CH,, 5x CH),
2.12 (3H, s, 2’-CH;), 2.42 (2H, d, J =7, 4-CH,), 4.52
(2H, dd, J=5, J=5, 24-CH,), 4.70 (1H, m, 3-CH),
547 (1H, d, /=5, 6-CH), 5.90 (1H, 23-NH), 7.41 (5H,
m, 26-CH, 27-CH, 28-CH, 29-CH, 30-CH); '°C NMR
(75 MHz, CDCl;): 6 12.5 (18-CH3), 18.1 (21-CHs;),
19.7 (19-CH3), 21.4 (2’-CH3), 21.9 (11-CH,), 24.8
(CH,), 28.0 (CH;), 28.2 (CH,), 32.2 (CH,), 32.3 (CH),
37.0 (10-C), 37.4 (CH,), 38.5 (12-CH,), 39.9 (CHy),
42.8 (13-C), 43.9 (24-CH,), 45.3 (20-CH), 50.3 (9-CH),
532 (17-CH), 56.6 (14-CH), 74.3 (3-CH), 122.9

(6-CH), 127.9 (26-CH, 27-CH), 128.3 (30-CH), 129.1
(28-CH, 29-CH), 138.9 (25-C), 140.0 (5-C), 171.0 (1'-
C=0), 176.9 (22-C=0); MS (APCI") m/z (rel intensity)
436 ((M—Ac]*, 100), 418 (M—AcO]", 75); HRMS calcd
for C3;H4NO5 ([M + H]Y): 478.3321; found: 478.3315.
Anal. Calcd for C3H43NO;5: C, 78.0; H, 9.1; N, 2.9;
Found: C, 77.5; H, 9.0; N, 2.9.

5.2. Procedure B

A solution of 3pB-acetoxy-5-cholenic acid (0.5g,
1.28 mmol), DIPEA (0.67 ml, 3.86 mmol), TBTU
(0.454 g, 1.4 mmol) and HOBt (0.191 g, 1.4 mmol) in
dry DMF (30 ml) was stirred at room temperature for
30 min. The mixture was added dropwise over 60 min
to a solution of diamine (4 equiv) in dry DMF (20 ml)
and stirred overnight at room temperature. The result-
ing solution was diluted with chloroform, washed with
water, dried over sodium sulfate and reduced in vacuo
to yield a white solid. Chromatography over silica gel
[CHCI;:MeOH/NH4,OH (94:5:1 — 85:10:5)] furnished
compounds 4a—4e as white solids.

5.2.1. 3p-Acetoxy-23,24-bisnor-chol-5-en-22-0x0-22-
(1,4)-diaminobutyl (4a). 0.321 g, 55% yield; mp 171-
173 °C; Ry=0.16 (CHCl;:MeOH/NH,OH, 85:10:5); IR
(KBr) 3299 (CONH str), 2935 (CH), 1731 (CH3CO),
1643 (CONH), 1552 (NHJ), 1444 (CH,), 1371 (CHj),
1247 (C-O str), 1039, 632cm™'; '"H NMR (300 MHz,
CDCl): 6 0.72 (3H, s, 18-CH3), 1.05 (3H, s, 19-CH3),
1.21 (3H, d, J=17, 21-CH3), 1.27-2.00 (23H: 9x CH,,
5x CH), 2.07 (3H, s, 2’-CHj3), 2.35 2H, d, J=17, 4-
CH,), 2.76 2H, t, J=17, 27-CH>»), 3.27 (2H, m, 24-
CH,), 4.64 (1H, m, 3-CH), 5.40 (1H, d, J=5, 6-CH),
5.87 (1H, t, 23-NH); '3C NMR (75 MHz, CDCl5): ¢
12.5 (18-CH3), 18.1 (21-CH3), 19.7 (19-CHy), 21.4 (11-
CH,), 21.9 (2'-CHj), 24.7 (CH,), 27.5 (CH,), 28.0
(CH»), 28.1 (CH,), 31.2 (CH,), 32.2 (CH»), 32.3 (CH),
37.0 (10-C), 37.4 (CH,), 38.5 (CH,), 39.5 (CH»), 39.9
(CH,), 42.1 (CH,), 42.7 (13-C), 45.3 (20-CH), 50.3 (9-
CH), 53.2 (17-CH), 56.6 (14-CH), 74.3 (3-CH), 122.9
(6-CH), 140.0 (5-C), 171.0 (1'-C=0), 177.0 (22-C=0);
MS (ES™) m/z (rel intensity) 459 (M™, 100); HRMS calcd
for C,gH47N,O5 (IM + H]"): 459.3587; found: 459.3593.
Anal. Calced for C,gHy6N,O5°1.02H,0: C, 70.5; H, 10.2;
N, 5.9; Found: C, 70.5; H, 9.9; N, 5.7.

5.2.2. 3p-Acetoxy-23,24-bisnor-chol-5-en-22-0x0-22-1,6-
diaminohexyl (4b). 0.374 g, 60% yield; mp 148-149 °C;
R;=0.26 (CHCl;:MeOH/NH,OH, 85:10:5); IR (KBr)
3302 (CONH str), 2936 (CH), 1731 (CH5CO), 1644
(CONH), 1547 (NHJ), 1462 (CH,), 1371 (CHj), 1247
(C-0), 1039 cm™!; 'TH NMR (300 MHz, CDCl;):
0.71 (3H, s, 18-CH3), 1.04 (3H, s, 19-CH;), 1.20
(3H, d, J=7, 21-CH;), 1.28-2.02 (27H: 11x CH,,
5x CH), 2.05 (3H, s, 2’-CH;), 2.34 (2H, d, J=7,
4-CH,), 2.70 (2H, t, J=7, 29-CH,), 3.24 (2H, m,
24-CH,), 4.62 (1H, m, 3-CH), 5.39 (1H, d, J=35, 6-
CH), 5.53 (1H, m, 23-NH): '3C NMR (75 MHz,
CDCl3): 6 12.5 (18-CH3), 18.1 (21-CH3), 19.7 (19-
CH,), 21.3 (11-CH>), 21.9 (2’-CHj3), 24.7 (CH,), 26.9
(CH,), 27.1 (CH,), 27.6 (CH,), 28.0 (CH,), 28.1
(CH,), 29.7 (CH,), 30.1 (CH,), 32.2 (CH,), 32.3
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(CH»), 34.1 (CH), 37.0 (10-C), 37.3 (CH,), 38.5 (CH»),
39.5 (CH,), 39.9 (CH,), 42.7 (13-C), 45.4 (20-CH),
50.3 (9-CH), 51.8 (29-CH,»), 53.2 (17-CH), 56.6 (14-
CH), 74.3 (3-CH), 122.9 (6-CH), 140.0 (5-C), 170.9
(1'-C=0), 176.9 (22-C=0); MS (ES") m/z (rel intensi-
ty) 487 (M*, 100); HRMS caled for CsoHs;N,O4
(M + HJ"): 487.3900; found: 487.3900. Anal. Calcd
for C30H50N203'0.72 HzOZ C, 721, H, 104, N, 56,
Found: C, 72.1; H, 10.2; N, 5.3.

5.2.3. 3p-Acetoxy-23,24-bisnor-chol-5-en-22-0x0-22-
(1,8)-diaminooctyl (4c). 0.250 g, 40% yield; mp 147-
149 °C; R,=0.38 (CHCI;:MeOH/NH,OH, 85:10:5);
IR (KBr) 3302 (CONH str), 2929 (CH), 1728
(CH5CO), 1643 (CONH), 1551 (NHJ), 1246 (C-O),
1038 cm™'; "H NMR (300 MHz, CDCls): d 0.78 (3H,
s, 18-CHj3), 1.11 (3H, s, 19-CH3), 1.18 (3H, d, /=7,
21-CH3), 1.40 (12H, s, 25-CH,, 26-CH,, 27-CH,, 28-
CH,, 29-CH,, 30-CH,), 1.48-2.10 (19H, 7x CH,,
5x CH), 2.13 (3H, s, 2’-CH3), 241 (2H, d, J=17, 4-
CH,), 2.77 (2H, t, J=17, 31-CH,), 3.28 (2H, m, 24-
CH,), 4.69 (1H, m, 3-CH), 5.47 (1H, d, /=5, 6-CH),
5.53 (1H, m, 23-NH); '*C NMR (75 MHz, CDCl;): ¢
12.5 (18-CHs), 18.1 (21-CHs), 19.7 (19-CH3), 21.4
(11-CH,), 21.9 (2’-CH3), 24.7 (CH,), 27.2 (CH,), 27.3
(CH,), 28.0 (CH,), 28.1 (CH,), 29.7 (CH,), 29.8
(CH,), 30.1 (CH,), 31.3 (CH), 32.2 (CH,), 32.3 (CH),
34.2 (CH,), 37.0 (10-C), 37.4 (CH,), 38.5 (CH»), 39.6
(CH»), 39.9 (CH,), 42.7 (13-C), 45.4 (20-CH), 50.3 (9-
CH), 52.0 (31-CH,), 53.2 (17-CH), 56.6 (14-CH), 74.3
(3-CH), 1229 (6-CH), 140.0 (5-C), 170.9 (1’-C=0),
176.9 (22-C=0); MS (ES") ml/z (rel intensity) 515
(M*, 100); HRMS caled for Cs,HssN,O3 (M + H]Y):
515.4213; found: 515.4199. Anal. Caled for
C3,Hs4N>05'1.01H,0: C, 72.1; H, 10.6; N, 5.3; Found:
C, 72.1; H, 10.3; N, 4.8.

5.24. 3p-Acetoxy-23,24-bisnor-chol-5-en-22-o0x0-22-
(1,10)-diaminodecyl (4d). 0.430 g, 62% yield; mp 153-
155 °C; Ry=0.44 (CHCI;:MeOH/NH4OH, 85:10:5); IR
(KBr) 3289 (CONH str), 2927 (CH), 1728 (CH3CO),
1642 (CONH), 1557 (NHJ), 1462 (CH,), 1248 (C-O
str), 1036cm™'; "H NMR (300 MHz, CDCly): § 0.67
(3H, s, 18-CH3), 1.00 (3H, s, 19-CH3), 1.16 (3H, d,
J=17, 21-CH3), 1.26 (16H, s, 25-CH,, 26-CH,, 27-
CH,, 28-CH,, 29-CH,, 30-CH,, 31-CH,, 32-CH,),
1.37-1.99 (19H: 7x CH,, 5x CH), 2.01 (3H, s, 2’-CH3),
2.30 (2H, d, J =7, 4-CH,), 2.65 2H, t, J =7, 33-CH,),
3.20 (2H, m, 24-CH,), 4.58 (1H, m, 3-CH), 5.35 (1H,
d, J=4, 6-CH), 544 (IH, m, 23-NH); '3C NMR
(75 MHz, CDCls): ¢ 12.5 (18-CHj3), 18.1 (21-CHj),
19.7 (19-CH3), 21.4 (11-CH,), 21.9 (2’-CHj3), 24.7
(CH,), 27.3 (CH,), 28.0 (CH,), 28.1 (CHjy), 29.7
(CH,), 29.8 (CH,), 299 (CH,), 30.1 (CH,), 32.2
(CH,), 32.3 (CH,), 34.2 (CH,), 37.0 (10-C), 374
(CH,), 38.5 (CHy), 39.6 (CH,), 39.9 (CH,), 42.7 (13-
C), 45.4 (20-CH), 50.3 (9-CH), 53.2 (17-CH), 56.6 (14-
CH), 74.3 (3-CH), 122.9 (6-CH), 140.0 (5-C), 171.0
(1'-C=0), 176.9 (22-C=0); MS (ES™) m/z (rel intensity)
543 (M+, 100), HRMS calcd for C34H59N203
(IM + HJ"): 543.4526; found: 543.4522 (M + H). Anal.
Calcd for C34HsgN,053:0.42 H,O: C, 74.2; H, 10.8; N,
5.1; Found: C, 74.2; H, 10.6; N, 4.8.

5.2.5. 3p-Acetoxy-23,24-bisnor-chol-5-en-22-0x0-22-
(trans-1,4)-diaminocyclohexyl (4e). 0.450 g, 72% yield,;
mp 230-231°C; R,=0.26 (CHCl;:MeOH/NH,OH,
85:10:5); IR (KBr) 3319 (CONH str), 2939 (CH), 1729
(CH3CO), 1643 (CONH), 1533 (NHJ), 1452 (CH,),
1373 (CHs), 1248 (C-O str), 1037, 607 cm™'; '"H NMR
(300 MHz, CDCly): 6 0.68 (3H, s, 18-CH3), 1.02 (3H,
s, 19-CH3), 1.16 (3H, d, J=7, 21-CHj3), 1.21-1.99
(27H: 11x CH,, 5x CH), 2.04 (3H, s, 2'-CHj), 2.32
(2H, d, J =17, 4-CH,), 2.62 (1H, m, 29-CH), 3.68 (1H,
m, 24-CH), 4.60 (1H, m, 3-CH), 5.37 (1H, d, J =4, 6-
CH), 5.66 (1H, d, J =8, 23-NH); '*C NMR (75 MHz,
CDCl3): 6 12.4 (18-CHj3), 17.8 (21-CHj3), 19.6 (19-
CH3), 21.3 (11- CH,), 21.8 (2'-CHj3), 24.7 (CH,), 27.7
(CH,), 28.1 (CH,), 319 (CH,), 32.1 (CH,), 32.1
(CH,), 32.2 (CH), 35.2 (CH,), 36.9 (10-C), 37.3 (CH,),
38.4 (CHy), 39.8 (CH,), 42.7 (13-C), 45.1 (CH), 47.8
(CH), 47.9 (29-CH), 50.0 (24-CH), 50.2 (9-CH), 53.2
(17-CH), 56.5 (14-CH), 74.5 (3-CH), 1229 (6-CH),
140.0 (5-C), 171.3 (1’-C=0), 176.8 (22-C=0); MS
(ES™) m/z (rel intensity) 485 (M*, 100); HRMS calcd
for C30H49N203 ([M + H]+): 4853743, found:
485.3738. Anal. Calcd for C30H48N203'0.88 HQOI C,
72.0; H, 10.0; N, 5.6; Found: C, 71.9; H, 9.8; N, 5.3.

5.2.6. Bis-3p-Acetoxy-23,24-bisnor-chol-5-en-22-0x0-22-
(1,6)-diaminohexyl (4f). Compound 4f (0.163 g, white
solid) was obtained as by-product during the synthesis
of the compound 4b by procedure A: mp 264-266 °C;
R;=0.42 (5% MeOH/CHCl;); '"H NMR (300 MHz,
CDCly): 6 0.81 (6H, s, 18-CH3), 1.13 (6H, s, 19-CH3),
1.30 (6H, d, J =17, 21-CH3), 1.36-2.12 (46H: 18x CH,,
10x CH), 2.15 (6H, s, 2’-CH3), 2.43 (4H, d, /=17, 4-
CH,), 3.34 (4H, m, 24-CH,), 4.68 (2H, m, 3-CH), 5.49
(2H, d, J =5, 6-CH), 5.77 (2H, m, 23-NH); >*C NMR
(75 MHz, CDCl;): 6 12.5 (18-CHj3), 18.2 (21-CHj),
19.7 (19-CH3), 21.4 (11-CH,), 21.9 (2'-CHj3), 24.8
(CH,), 26.0 (CH,), 28.0 (CH,), 28.1 (CH,), 29.9
(CH,), 32.2 (CH,), 32.3 (CH,), 37.0 (10-C), 37.4
(CH,), 38.5 (CH,), 38.8 (CH), 39.0 (CH,), 39.9
(CH,), 42.7 (13-C), 45.3 (20-CH), 50.3 (9-CH), 53.2
(17-CH), 56.7 (14-CH), 74.3 (3-CH), 122.9 (6-CH),
140.0 (5-C), 170.9 (1’-C=0), 177.1 (22-C=0); MS
(ES™) mlz (rel intensity) 879 (M+Na™, 100); HRMS
caled for CssHgsN,Og (M + H]"): 857.6407; found:
857.6415.

5.2.7. Bis-3p-acetoxy-23,24-bisnor-chol-5-en-22-0x0-22-
(1,8)-diaminooctyl (4g). Compound 4g (0.241 g, white
solid) was obtained as by-product during the synthesis
of the compound 4c¢ by procedure A: mp 238 °C;
R;=0.54 (5% MeOH/CHCl3); 'H NMR (300 MHz,
CDCl): 6 0.64 (6H, s, 18-CH3), 0.97 (6H, s, 19-CH3),
1.13 (6H, d, J =7, 21-CH3), 1.25 (12H, s, 25-CH,, 26-
CH,, 27-CH,), 1.34-1.92 (38H, 14x CH,, 10x CH),
1.99 (6H, s, 2’-CH;), 2.27 (4H, d, J =17, 4-CH,), 3.16
(4H, m, 24-CH,), 4.56 (2H, m, 3-CH), 5.33 (4H, m,
6-CH, 23-NH); '°*C NMR (75 MHz, CDCl;): § 12.5
(18-CHj3), 18.1 (21-CHj3), 19.7 (19-CHj3), 21.4 (11-
CH,), 21.9 (2’-CH;), 24.8 (CH,), 27.1 (CH,), 28.0
(CH,»), 28.1 (CH»), 29.4 (CH,), 30.0 (CH,), 32.2 (CH,),
32.3 (CH,), 37.0 (10-C), 37.4 (CH,), 38.5 (CH,), 39.0
(CH,), 39.6 (CH,), 39.9 (CH,), 42.7 (13-C), 454
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(20-CH), 50.3 (9-CH), 53.2 (17-CH), 56.6 (14-CH), 74.3
(3-CH), 122.9 (6-CH), 140.0 (5-C), 170.9 (1'-C=0),
176.9 (22-C=0); MS (ES*) mi/z (rel intensity) 907
(M+Na™, 100); HRMS caled for Cs¢HgoN,Og
(IM + HJ"): 885.6720; found: 885.6724.

5.2.8. 3p-Acetoxy-23,24-bisnor-chol-5-en-22-0x0-22-
(1,6)-diamino-6-/V, N-dimethyl hexyl (4h). Compound 4h
(0.012 g, white solid) was obtained as by-product during
the synthesis of the compound 4b by procedure A:
R;=0.15 (5% MeOH/CHCl;); 'H NMR (300 MHz,
CDCl): 6 0.65 (3H, s, 18-CH3), 0.96 (3H, s, 19-CHs),
1.11 3H, d, J =7, 21-CH3), 1.20-1.91 (27H: 11x CH,,
5x CH), 1.98 (3H, s, 2'-CH3), 2.26 (2H, d, J =7, 4-
CH;), 2.94 (12H, s, 33-CH;), 3.14 (4H, m, 24-CH,, 29-
CH,), 4.64 (1H, m, 3-CH), 5.31 (1H, d, J =5, 6-CH),
6.54 (1H, m, 23-NH); MS (ES™) m/z (rel intensity) 586
(M + H+, 100), HRMS caled for C35H61N4O3
(IM + HJ"): 585.4743; found: 585.4741.

5.3. Procedure C

5.3.1. 3p-Hydroxy-23,24-bisnor-chol-5-en-22-0x0-22-
butylamine (5a). A mixture of 3a (0.600 g, 1.35 mmol)
and lithium hydroxide monohydrate (0.113 g,
2.70 mmol) in THF:H,O (3:1, 32ml) was stirred at
50 °C for 24 h. The resulting solution was diluted with
chloroform, washed several times with water, dried over
sodium sulfate and reduced in vacuo. Chromatography
over silica gel [EtOAc/Hexane (10% — 50%)] afforded
5a (0.562 g, 97%) as a white solid: mp 202-203 °C;
R;=0.16 (40% EtOAc/Hexane); IR (KBr) 3287 (OH,
CONH str), 2930 (CH), 1641 (CONH), 1551 (NHJ),
1458 (CH,), 1369 (CHs3), 1068cm™'; 'H NMR
(300 MHz, CDCls): 6 0.83 (3H, s, 18-CH3), 1.07 (3H,
t, J=17, 27-CHs), 1.14 (3H, s, 19-CH3), 1.32 (3H, d,
J =1, 21-CH;), 1.37-2.37 (23H, 9x CH,, 5x CH), 2.42
(2H, d, J =5, 4-CH,), 3.37 (2H, m, 24-CH,), 3.66 (1H,
m, 3-CH), 5.48 (1H, d, /=5, 6-CH), 5.64 (1H, m, 23-
NH); *C NMR (75 MHz, CDCl;): d 12.5 (18-CHj),
14.2 (27-CH3), 18.1 (21-CH3), 19.8 (19-CH3), 20.5 (11-
CH,), 21.4 (CH,), 24.8 (CH,), 28.0 (CH,), 32.0 (CH,),
32.1 (CHy), 32.2 (CH,), 32.3 (CH), 36.9 (10-C), 37.7
(CH,), 39.4 (CH,), 39.9 (12-CH,), 42.7 (24-CH,), 42.7
(13-C), 45.4 (20-CH), 50.4 (9-CH), 53.2 (17-CH), 56.7
(14-CH), 72.1 (3-CH), 121.9 (6-CH), 141.2 (5-C), 177.1
(22-C=0); MS (ES") m/z (rel intensity) 402 ([M + H]",
100), 384 (M-H,0O]", 70); HRMS caled for
CrsHuuNO, (M + H]Y): 402.3372; found: 402.3368;
Anal. Caled for CycHy3NO,: C, 77.75; H, 10.79; N,
3.40; Found: C, 77.63; H, 10.78; N, 3.38.

5.3.2. 3p-Hydroxy-23,24-bisnor-chol-5-en-22-o0x0-22-pip-
eridylamine (5b). A mixture of 3b (0.711g, 1.56 mmol)
and lithium hydroxide monohydrate (0.130 g,
3.12 mmol) in THF/H,O (3:1, 40 ml) was stirred at
50 °C for 24 h. The resulting solution was diluted with
chloroform, washed several times with water, dried over
sodium sulfate and reduced in vacuo to yield a white sol-
id. Chromatography over silica gel [EtOAc/Hexane
(10% — 50%)] afforded 5b (0.450, 70%) as a white solid:
mp 218-219 °C; R,=0.18 (40% EtOAc/Hexane); IR
(KBr) 3454 (OH), 2931 (CH), 1622 (CON), 1444

(CH,), 1368 (CHs), 1246 (C-OH), 1133, 1066, 1013,
955cm~'; 'TH NMR (300 MHz, CDCl5): 6 0.76 (3H, s,
18-CH3), 1.05 (3H, s, 19-CH3), 1.18 (3H, d, J =7, 21-
CH;), 1.26-2.33 (24H, 10x CH,, 4x CH), 2.84 (1H, m,
20-CH), 2.32 (2H, d, J=5, 4-CH,), 3.58 (5H, m, 3-
CH, 24-CH,, 25-CH,), 5.38 (1H, d, J =5, 6-CH); '*C
NMR (75 MHz, CDCl;): § 12.7 (18-CH3), 17.9 (21-
CH;), 19.8 (19-CH3), 21.5 (11-CH,), 24.7 (CH,), 25.1
(CH,), 26.8 (CH,), 28.2 (CH,), 32.0 (CH,), 32.2
(CH,), 32.3 (CH), 36.9 (10-C), 37.7 (CH,), 37.9 (12-
CH,), 40.0 (24-CH,, 25-CH,), 42.7 (CH,), 50.5 (9-
CH), 53.2 (17-CH), 56.6 (14-CH), 72.1 (3-CH), 121.9
(6-CH), 141.3 (5-C), 175.6 (22-C=0); MS (APCI") m/z
(rel intensity) 414 (M*, 100), 396 (IM—H,O]*, 75);
HRMS caled for C,7H4NO, (M + HJ): 414.3372;
found: 414.3373. Anal. Calcd for C,;H43NO»0. 42
H,O: C, 77.0; H, 10.5; N, 3.3; Found: C, 77.0; H,
10.4; N, 3.2.

5.3.3. 3p-Hydroxy-23,24-bisnor-chol-5-en-22-0x0-22-
benzylamine (5¢). A mixture of 3¢ (0.787 g, 1.65 mmol)
and lithium hydroxide monohydrate (0.138 g,
3.29 mmol) in THF/H,O (3:1, 40 ml) was stirred at
50 °C for 24 h. The resulting solution was diluted with
chloroform, washed several times with water, dried over
sodium sulfate and reduced in vacuo to yield a white sol-
id. Chromatography over silica gel [EtOAc/hexane
(10% — 50%)] afforded 5¢ (0.476, 65%) as a white solid:
R;=0.20 (40% EtOAc/hexane); IR (KBr) 3413 (OH,
CONH str), 2924 (CH), 1651 (CONH), 1521 (NHJ),
1456 (CH,), 1346 (CH3), 1209 (C-OH), 1069 cm™'; 'H
NMR (300 MHz, CDCls): 6 0.73 (3H, s, 18-CH3), 1.05
(3H, s, 19-CH3), 1.27 (3H, d, J =17, 21-CH3), 1.30-2.32
(19H, 7x CH,, 5x CH), 2.35 2H, d, J=5, 4-CH,),
3.57 (1H, m, 3-CH), 4.47 (2H, dd, J=5, J=5, 24-
CH,), 5.40 (1H, d, /=5, 6-CH), 5.89 (1H, m, 23-NH),
7.34 (5H, m, 26-CH, 27-CH, 28-CH, 29-CH, 30-CH);
3C NMR (75 MHz, CDCly): 6 12.5 (18-CH3), 18.1
(21-CH3), 19.8 (19-CHs3), 21.4 (11-CH,), 24.8 (CH,),
28.0 (CH,), 32.0 (CH,), 32.2 (CH,), 32.3 (CH), 36.9
(10-C), 37.6 (CH,), 40.0 (CH,), 42.7 (CH,), 42.8 (13-
C), 43.9 (24-CH,), 45.4 (20-CH), 50.4 (9-CH), 53.2
(17-CH), 56.7 (14-CH), 72.1 (3-CH), 122.0 (6-CH),
127.9 (26-CH, 27-CH), 128.3 (30-CH), 129.1 (28-CH,
29-CH), 138.8 (25-C), 141.2 (5-C), 177.0 (22-C=0);
MS (ES") m/z (rel intensity) 436 (M*, 100), 418
([M—H20]+, 75), HRMS calcd for C29H42N02
(IM + HJ"): 436.3215; found: 436.3209.

5.34. 3p-Hydroxy-23,24-bisnor-chol-5-en-22-o0x0-22-
(1,4)-diaminobutyl (6a). Compound 4a (0.205g,
0.44 mmol) was hydrolysed as described in the synthesis
of compound 18, affording the hydroxyl derivative 6a
(0.180 g, 95%) as a white solid. TLC showed only one
spot, identified by MS and NMR as the compound 6a:
mp 132-133°C; R;=0.17 (CHCl;:MeOH/NH,OH,
85:10:5); IR (KBr) 3370 (OH, CONH, NH,), 2918
(CH), 1645 (CONH), 1549 (NHJ), 1452 (CH,), 1372
(CH;), 1058 cm™'; "TH NMR (300 MHz, CD;0D): ¢
0.71 (3H, s, 18-CHj3), 0.99 (3H, s, 19-CHj3), 1.10 (3H,
d, J=17, 21-CH3), 1.26-2.08 (23H: 9x CH,, 5x CH),
2.19 (2H, m, 4-CH,), 2.78 (2H, m, 27-CH,), 3.13 (2H,
m, 24-CH,), 3.36 (1H, m, 3-CH), 5.29 (1H, d, J =5,
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6-CH); '>°C NMR (75 MHz, CD;0D): § 12.9 (18-CHs),
18.3 (21-CH3), 20.3 (19-CH3), 22.5 (11-CH,), 25.7
(CH»), 28.6 (CH,), 28.8 (CH,), 29.1 (CH,), 31.1
(CH>), 32.7 (CH,), 33.4 (CH>), 33.7 (CH), 38.1 (10-C),
38.9 (CH,), 41.4 (CH,), 43.4 (CH,), 43.8 (13-C), 45.4
(20-CH), 51.9 (CH,), 52.1 (9-CH), 54.4 (17-CH), 58.2
(14-CH), 72.8 (3-CH), 122.8 (6-CH), 142.6 (5-C), 179.0
(22-C=0); MS (ES") m/z (rel intensity) 417 (M™, 100);
HRMS caled for ChHasN>O5 (IM + HJY): 417.3481;
found: 417.3476.

5.3.5. 3p-Hydroxy-23,24-bisnor-chol-5-en-22-0x0-22-
(1,6)-diaminohexyl (6b). Compound 4b (0.165g,
0.33 mmol) was hydrolysed as described in the synthesis
of compound 18, affording the hydroxyl derivative 6b
(0.136 g, 90%) as a white solid. TLC showed only one
spot, identified by MS and NMR as the compound 6b:
mp 129-131°C; R,=0.12 (CHCl;:2MeOH/NH,OH,
85:10:5); IR (KBr) 3289 (OH, CONH, NH,), 2935
(CH), 1645 (CONH), 1548 (NHJ), 1455 (CH,), 1371
(CH;), 1058 cm™'; 'H NMR (300 MHz, CDCly): ¢
0.64 (3H, s, 18-CHj3), 0.95 (3H, s, 19-CH3), 1.12 (3H,
d, J=7, 21-CH3), 1.16-2.18 (27H: 11x CH,, 5x CH),
2.23 (2H, d, J =3, 4-CH,), 2.63 (2H, m, 29-CH;), 3.15
(2H, m, 24-CH,), 3.47 (1H, m, 3-CH), 5.29 (1H, d,
J=5, 6-CH), 546 (1H, m, 23-NH); 3C NMR
(75 MHz, CDCl;): 6 12.5 (18-CHj3), 18.1 (21-CHj),
21.4 (19-CH3), 24.7 (11-CH>), 26.9 (CH,), 27.1 (CH,),
27.2 (CH,), 27.6 (CH,), 28.0 (CH,), 30.1 (CH,), 31.4
(CH,), 32.0 (CH,), 32.2 (CH,), 32.3 (CH,), 33.9 (CH),
36.9 (10-C), 37.7 (CHy), 39.5 (CH,), 39.9 (CH,), 42.4
(CH,), 42.7 (13-C), 45.4 (20-CH), 50.4 (9-CH), 51.8
(29-CH,), 53.2 (17-CH), 56.7 (14-CH), 72.0 (3-CH),
121.9 (6-CH), 141.3 (5-C), 177.0 (22-C=0); MS (ES")
mlz (rel intensity) 445 (M*, 100); HRMS calcd for
C28H49N202 ([M + H]+)I 4453794, found: 445.3801.

5.3.6. 3p-Hydroxy-23,24-bisnor-chol-5-en-22-0x0-22-
(1,8)-diaminooctyl (6¢). A mixture of 4¢ (0.100 g,
0.19 mmol) and lithium hydroxide monohydrate
(0.016 g, 0.38 mmol) in THF/H,O (3:1, 16 ml) was stir-
red at 50 °C for 24 h. The resulting solution was diluted
with chloroform, washed several times with water, dried
over sodium sulfate and reduced in vacuo to yield a
white solid. TLC showed only one spot, identified by
MS and NMR as the compound 6¢ (0.070, 75%): mp
133-135 °C; R,=0.21 (CHCI15:MeOH/NH4OH,
85:10:5); IR (KBr) 3300 (OH, CONH, NH,), 2929
(CH), 1642 (CONH), 1548 (NHJ), 1057cm ', 'H
NMR (300 MHz, CDCl3): 6 0.72 (3H, s, 18-CHj3), 1.03
(3H, s, 19-CH3), 1.20 (3H, d, J=7, 21-CH3), 1.32
(12H, s, 25-CH,, 26-CH,, 27-CH,, 28-CH,, 29-CH,,
30-CH,), 1.41-2.24 (19H: 7x CH,, 5x CH), 2.41 (2H,
m, 4-CH,), 2.70 (2H, t, J=7, 31-CH,), 3.24 (2H, m,
24-CH,), 3.54 (1H, m, 3-CH), 5.36 (1H, d, J=5, 6-
CH), 5.68 (1H, m, 23-NH); '*C NMR (75 MHz,
CDCly): ¢ 12.5 (18-CHj3), 18.0 (21-CH3), 19.8 (19-
CH3), 21.4 (11-CH,), 24.7 (CH,), 27.1 (CH,), 27.2
(CH,), 279 (CH,), 29.5 (CH,), 29.7 (CH,), 30.0
(CH»), 30.1 (CH,), 31.9 (CH), 32.2 (CH,), 32.3 (CH,),
36.9 (10-C), 37.6 (CHy), 39.5 (CH,), 39.6 (CH»), 39.9
(CH,), 42.6 (CH,), 42.7 (13-C), 45.3 (20-CH), 50.0 (9-
CH), 50.4 (CH), 53.2 (17-CH), 56.7 (14-CH), 71.9

(3-CH), 121.9 (6-CH), 1412 (5-C). 177.3 (22-C=0):
MS (ES™) m/z (rel intensity) 473 (M™, 100); HRMS calcd
for CaoHs3N,0, ([M + HJ): 473.4107; found: 473.4107.

5.3.7. 3p-Hydroxy-23,24-bisnor-chol-5-en-22-0x0-22-
(1,10)-diaminodecyl (6d). Compound 4d (0.200 g,
0.36 mmol) was hydrolysed as described in the synthesis
of compound 18, affording the hydroxyl derivative 6d
(0.162 g, 90%) as a white solid. TLC showed only one
spot, identified by MS and NMR as the compound 6d:
mp 158-159°C; R,=0.35 (CHCl3/MeOH/NH,OH,
85:10:5); IR (KBr) 3290 (OH, CONH, NH,), 2928
(CH), 1642 (CONH), 1555 (NHo), 1465 (CH,), 1373
(CH;), 1060cm™!; 'H NMR (300 MHz, CDCls): o
0.62 (3H, s, 18-CHj3), 0.92 (3H, s, 19-CH3), 1.09 (3H,
d, /=7, 21-CH3), 1.20 (16H, s, 25-CH,, 26-CH,, 27-
CH,, 28-CH,, 29-CH,, 30-CH,, 31-CH,, 32-CH,),
1.36-2.11 (19H: 7x CH,, 5x CH), 2.18 (2H, m, 4-CH,),
2.59 (2H, m, 33-CH,), 3.13 (2H, m, 24-CH,), 3.41
(1H, m, 3-CH), 5.25 (1 H, d, J=3, 6-CH), 5.75 (1H,
m, 23-NH); C NMR (75 MHz, CDCls): § 12.4 (18-
CHs3), 17.8 (21-CH3), 19.7 (19-CH3), 21.3 (11-CH,),
24.7 (CHy), 27.1 (CHy), 27.2 (CH,), 27.8 (CHy), 29.6
(CH»), 29.7 (CH,»), 29.8 (CH,), 31.6 (CH,), 32.1 (CH),
32.2 (CH,), 33.1 (CHy), 36.8 (10-C), 37.6 (CH,), 39.5
(CH,), 39.9 (CH,), 41.9 (CH,), 42.3 (CH,), 42.6 (13-
C), 45.0 (20-CH), 50.4 (9-CH), 53.1 (17-CH), 56.6 (14-
CH), 71.7 (3-CH), 121.8 (6-CH), 141.2 (5-C), 177.7
(22-C=0); MS (ES™) m/z (rel intensity) 501 (M™", 100);
HRMS caled for Cs,HssN,O, (M + H]"): 501.4420;
found: 501.4418.

5.3.8. 3p-Hydroxy-23,24-bisnor-chol-5-en-22-0x0-22-
(trans-1,4)-diaminocyclohexyl (6e). Compound 4e
(0.250 g, 0.51 mmol) was hydrolysed as described in
the synthesis of compound 18, affording the hydroxyl
derivative 6b (0.162 g, 70%) as a white solid. TLC
showed only one spot, identified by MS and NMR as
the compound 6e: mp 225°C; R,=0.19 (CHCIy/
MeOH/NH4OH, 85:10:5); IR (KBr) 3325 (OH, CONH,
NH,), 2935 (CH), 1655 (CONH), 1508 (NHJ), 1457
(CH,), 1372 (CHj3), 1202, 1071, 1005 cm™'; '"H NMR
(300 MHz, CDCl5): 6 0.61 (3H, s, 18-CH3), 0.92 (3H,
s, 19-CH3), 1.08 (3H, d, J=7, 21-CHjy), 1.13-2.14
(27H: 11x CH,, 5x CH), 2.19 (2H, d, J =15, 4-CH,),
2.56 (1H, m, 29-CH), 3.42 (1H, m, 24-CH), 3.59 (1H,
m, 3-CH), 5.26 (1H, d, J =3, 6-CH), 5.63 (1H, m, 23-
NH): '*C NMR (75 MHz, CDCly): 6 12.4 (18-CHs),
17.9 (21-CH3), 19.7 (19-CH3), 21.4 (11-CH,), 24.7
(CHy), 27.7 (CHy), 31.7 (CH,), 31.8 (CH,), 32.0
(CH,), 32.1 (CH,), 32.3 (CH), 35.1 (CH,), 36.8 (10-C),
37.6 (CH,), 39.9 (CH,), 42.4 (CH,), 42.7 (13-C), 45.1
(CH), 47.8 (CH), 47.9 (24-CH), 50.0 (29-CH), 50.4 (9-
CH), 53.1 (17-CH), 56.6 (14-CH), 71.7 (3-CH), 121.8
(6-CH), 141.2 (5-C), 176.8 (22-C=0); MS (ES") m/z
(rel intensity) 443 (M™, 100); HRMS caled for
CosH47N>O, (IM + H]"): 443.3638; found: 443.3639.

5.3.9. 3p-Acetoxy-23,24-bisnor-chol-5-en-22-0l (7). A
solution of borane-methyl sulfide complex (1 M DCM)
(38.61 ml, 38.61 mmol) was added drop-wise over 1h
to a solution of 3f-acetoxy-5-cholenic acid (10.0 g,
25.74 mmol) in THF (100 ml) and kept below 0 °C by
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using a bath mixture of ice and sodium chloride. The
reaction mixture was stirred for 8 h. Then it was hydro-
lysed with water and potassium carbonate, filtered,
diluted with diethylether, washed with sodium chloride
(satd), dried over sodium sulfate and concentrated.
Chromatography over silica gel [MeOH/CHCI,
(0 — 1%)] afforded compound 7 as a white solid
(5.45g, 57%): mp 148-149 °C; R,=0.40 (2% MeOH/
CHCly); IR (KBr) 3487, 3258 (CH,OH), 2940 (CH),
1711 (CH5CO), 1463 (CH2) 1378 (CHj3), 1261 (CH5CO
str), 1033, 741 cm™'; 'H NMR (300 MHz, CDCl): ¢
0.65 (3H, s, 18-CH3) 0.97 (3H, s, 19-CHs3), 1.01 (3H,
d, J=7, 21-CH3), 1.98 (3H, s, 2’-CHj3), 1.05-1.97
(19H: 7xCH,, 5xCH), 2.26 (2H, d, J=17, 4-CH,),
331 (1H, dd, J=3, J=3, 22-CH), 3.59 (1H, dd,
J=3J=3, 22’CH) 455 (lH m, 3-CH), 5.32 (1H, d,
J =5, 6-CH). 3C NMR (75 MHz, CDCl;): 6 12.3 (18-
CHj), 17.2 (21-CH3), 19.7 (19-CH3), 21.4 (11-CH,),
21.9 (2’-CH3), 24.8 (CH,), 28.2 (CH,), 32.3 (CH,),
37.0 (10-C), 37.4 (CH,), 38.5 (CH,), 39.2 (20-CH),
40.0 (12-CH,), 42.8 (13-C), 50.4 (9-CH), 52.8 (17-CH),
56.8 (14-CH), 68.4 (22-CH,), 74.4 (3-CH), 123.0
(6-CH), 140.1 (5-C), 171.0 (1’-C=0); MS (APCI *) m/
z (rel intensity) 315 ((M—AcO]", 100), 329 ([M—Ac]",
75), HRMS (ES+) Calcd for C24H42NO3 ([M+NH4]+)I
392.3165; found: 392.3169; Anal. Calcd for C,4H3305:
C, 77.0; H, 10.2; Found: C, 76.8; H, 10.3.

5.3.10. 3B-Acetoxy-23,24-bisnor-chol-5-en-22-p-tolu-
ensulfonyloxy (8). Compound7 (0.682 g, 1.82 mmol)
was dissolved in pyridine/DCM (10:10 ml) and cooled
to 0 °C. p-Toluensulfonylchloride (0.694 g, 3.64 mmol)
was added as a solid at 0 °C. The solution was stirred
at 4 °C for 24 h. A white precipitate was formed. The
reaction mixture was poured into water, extracted with
chloroform, the organic extract washed with water, cop-
per (I1) sulfate hydrate (satd), dried over magnesium sul-
fate and the solvent removed to afford 0.844 g (88%) of 8
as a white solid. TLC analysis revealed a single spot dif-
ferent to the starting material. No further purification of
the product was performed. mp 124-126 °C; R,=0.3
(10% EtOAc/hexane); IR (KBr) 2938 (CH), 1727
(CH5CO), 1462 (CH,), 1371 (CH;), 1242 (C 0), 1177
(S=0), 1022, 929, 847 (ArCH) cm™'; 'H NMR
(300 MHz, CDCl): ¢ 0.70 (3H, s, 18-CHj3), 0.95 (3H,
d, J=7, 21-CH;), 1.00 (3H, s, 19-CHj3), 1.10-2.09
(Ix CH3, 7x CH,, 5x CH), 2.10 (3H, s, 2’-CH3), 2.38
(2H, d, J =7, 4-CH,), 2.51 (31-CHj;), 3.80 (1H, m, 22-
CH), 4.15 (1H, m, 22’-CH), 4.65 (1H, m, 3-CH), 5.40
(1H, d, /=5, 6-CH), 7.40 (2H, d, J=8, 28-CH, 29-
CH), 7.82 (2H, d, J=5, 26-CH, 27-CH); '*C NMR
(75 MHz, CDCl;): 6 12.2 (18-CH3), 17.3 (21-CHs;),
19.7 (19-CH3), 21.3 (11-CH»), 21.9 (2’-CH3), 22.1 (31-
CHj3), 24.7 (CH,), 279 (CH,), 28.1 (CH,), 32.21
(CH,), 32.25 (8-CH), 36.6 (CH,), 37.0 (10-C), 37.4
(CH,), 38.5 (CH,), 39.8 (12-CH,), 42.8 (13-C), 50.3
(9-CH), 52.2 (17-CH), 56.7 (14-CH), 74.3 (3-CH),
76.0 (22-CH,), 122.9 (6-CH), 128.3 (28-CH, 29-CH),
130.2 (26-CH, 27-CH), 133.5 (30-CH), 140.1 (5-C),
145.0 (25-C), 171.0 (1’-C=0); MS (APCI *) m/z (rel
intensity) 297 ([IM—OAc—Ts—H,0]*, 100), 298
(IM—=AcO—H,O+H]", 55); MS (APCI ~) m/z (rel inten-
sity) 171 (—=OTs™, 100).

5.3.11. 3p-Acetoxy-23,24-bisnor-chol-5-en-22-butylamine
(9a). A solution of 8 (0.383 g, 0.72 mmol), butylamine
(0.72 ml, 7.24 mmol) and DIPEA (0.38 ml, 2.17 mmol)
in DMF (10 ml) was stirred at 60 °C for 48 h. The reac-
tion mixture was poured into water, extracted with chlo-
roform, dried over magnesium sulfate and the solvent
removed to afford 0.332 g of crude. Chromatography
over silica gel [MeOH/CHCIl; (10%)] afforded 0.239 g
(86%) of 9a as a white solid: mp 132°C; R,=0.26
(10% MeOH/CHCI3); IR (KBr) 2933 (CH) 1731
(CH5CO0), 1462 (CH,), 1372 (CH3), 1248 (C-0O), 1129,
1030 cm -1, "H NMR (300 MHz, CDCls): 6 0.78 (3H,
s, 18-CH3) 0.95 (3H, d, J=17, 21-CH3), 1.00 (3H, t,
J=17, 27-CH3), 1.10 (3H, s, 19-CH3), 1.11-2.10 (23H:
9-CH,, 5-CH), 2.12 (3H, s, 2’-CH3), 2.40 2H, d, J =7,
4-CH,), 2.61-2.78 (2H, m, 22-CH,), 3.39 (2H, m, 24-
CH,), 4.68 (1H, m, 3CH) 5.46 (1H, d, J=4, 6-CH),
8.25 (1H, 23-NH); 3¢ NMR (75 MHz, CDC13) 5123
(18-CHj3), 14.4 (27-CHj3), 18.1 (21-CHj), 19.7 (19-
CH3), 20.9 (11-CH,), 21.9 (2’-CH;), 24.7 (CH,), 28.2
(CH,), 28.4 (CH,), 32.0 (CH;), 32.3 (CH,), 36.7 (CH),
37.00 (10-C), 37.4 (CH,), 38.3 (CH,), 38.5 (4-CH,),
40.1 (12-CH,), 42.9 (13-C), 45.4 (20-CH), 50.3 (24-
CH,), 50.4 (9-CH), 54.7 (17-CH), 55.8 (22-CH;), 56.9
(14-CH), 74.4 (3-CH), 123.0 (6-CH), 140.0 (5-C), 171.0
(1'-C=0); MS (APCI ™) m/z (rel intensity) 429 (M",
100); HRMS (ES™") Calcd for CogHygNO> (M + H]Y):
430.3685; found: 430.3685; Anal. Caled for
C,3sH47NO3-0. 14 H,O: C, 77.8; H, 11.0; N, 3.2; Found:
C, 77.8; H, 11.1; N, 3.1.

5.3.12.  3p-Acetoxy-23,24-bisnor-chol-5-en-22-piperidyl
amine (9b). To a solution of 8 (0.218 g, 0.41 mmol) in
DMF (3 ml) was added piperidine (0.12 ml, 1.24 mmol),
potassium carbonate (0.085 g, 6.18 mmol) and tetrabu-
tylammonium iodide, as the catalyst (0.07 g) and stirred
at 100 °C for 4 h. The reaction mixture was poured into
water, extracted with ether, washed with NaCl (satd)
and dried over magnesium sulfate. Chromatography
over silica gel [MeOH/CHCI; (1%)] afforded 0.083 g
(46%) of 9b as a white solid: mp 155-157 °C; R,= 0.58
(20% MeOH/CHCl3); IR (KBr) 2933 (CH), 1736
(CH3CO) 1443 (CH,), 1368 (CH3), 1247 (CH3CO str),
1034 cm™'; "H NMR (300 MHz, CDCls): 6 0.74 (3H,
s, 18-CH3) 1.07 (3H, s, 19- CH3) 1.10 3H, d, J=7,
21-CH3), 1.13-2.07 (25H: 10-CH,, 5x CH), 2.08 (3H,
s, 2’-CH3), 2.10-2.37 (6H, m, 24-CH,, 25-CH,, 4-
CH,), 2.54 (2H, m, 22- CH2) 4.66 (1H, m, 3-CH), 5.42
(1H, d, J =4, 6-CH); '*C NMR (75 MHz, CDCl,): §
12.4 (18-CHj3), 18.7 (21-CHs), 19.7 (19- CH3) 214
(11-CH,), 21.9 (2’-CH3), 24.9 (CH,), 26.0 (CH;), 28.2
(CH,), 28.7 (CH,), 32.2 (CH,), 32.3 (8-CH), 34.5
(CH), 37.0 (10-C), 37.4 (CH,), 38.5 (CH,), 40.1 (CH,),
43.1 (13-C), 50.4 (9-CH), 55.6 (17-CH, 24-CH,, 25-
CH,), 56.9 (14-CH), 65.8 (22-CH,), 74.4 (3-CH), 123.0
(6-CH), 140.1 (5-C), 171.0 (1'-C=0); MS (APCI ™)
mlz (rel intensity) 442 (M*, 100); HRMS (ES™) caled
for CoHusNO, ([M + H]™): 442.3685; found: 442.3686.

5.3.13. 3p-Acetoxy-23,24-bisnor-chol-5-en-22-benzyl
amine (9c). To a solution of 8 (0.428 g, 0.81 mmol) in
DMF (20ml) was added benzylamine (0.26 ml,
2.43 mmol), potassium carbonate (0.170 g, 1.21 mmol)
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and tetrabutylammonium iodide, as the catalyst, (0.14 g)
and stirred at 100 °C for 4 h. The reaction mixture was
poured into water, extracted with chloroform, washed
with NaCl (satd) and dried over magnesium sulfate.
Chromatography over silica gel [MeOH/CHCIl; (10%)]
afforded 0.183 g (49%) of compound 9c¢ as a white solid:
mp 132-134°C; R,=0.51 (10% MeOH/CHCl,); 'H
NMR (300 MHz, CDCI;): 6 0.74 (3H, s, 18-CH3), 0.90
(3H, s, 19-CH3), 1.05 (H, d, J =7, 21-CHj3), 1.09-2.07
(19H: 7x CH,, 5x CH), 2.08 (3H, s, 2’-CH3), 2.35 (2H,
d, J=17, 4-CH,), 2.40 (1H, d, J = 3, 22-CH), 2.74 (1H,
d, J=3, 22’-CH), 3.78 (1H, d, J=13, 24-CH), 3.89
(1H, d, J =13, 24’-CH), 4.59 (1H, m, 3-CH), 5.42 (1H,
d, J=4, 6-CH3), 7.29-7.39 (5H, CH aromatic), 8.31
(1H, 23-NH); '°C NMR (75 MHz, CDCl;): 6 12.3 (18-
CH3), 18.2 (21-CH3), 19.7 (19-CH3), 21.4 (11-CH,),
21.9 (2'-CH3), 24.7 (CH,), 28.2 (CH,), 28.3 (CH,),
32.3 (CH,), 36.8 (CH), 37.0 (10-C), 37.4 (CH,), 38.5
(CH,), 40.0 (12-CH,), 42.9 (13-C), 50.4 (9-CH), 54.5
(24-CH,), 54.5 (17-CH), 55.2 (22-CH,), 56.9 (14-CH),
74.4 (3-CH), 123.0 (6-CH), 127.4 (30-CH), 128.1-129.2
(26-CH, 27-CH), 140.1 (25-C), 140.6 (5-C), 171.0
(1'-C=0); MS (APCI ™) m/z (rel intensity) 464 (M",
100); HRMS (ES") caled for C3;H4NO, ([M + H]Y):
464.3529; found: 464.3522.

5.3.14. 3p-Acetoxy-23,24-bisnor-chol-5-en-22-1,4-diamino-
butyl (10a). To a solution of 8 (0.290 g, 0.55 mmol) in
DMF (40 ml) was added 1,4-diaminobutane (0.22 ml,
2.19 mmol), potassium carbonate (0.113 g, 0.82 mmol)
and tetrabutylammonium iodide as the catalyst
(0.10 g), and stirred at 110 °C for 4 h. The reaction mix-
ture was poured into water, extracted with chloroform,
washed with sodium chloride (satd) and dried over sodi-
um sulfate. Chromatography over silica gel using DCM/
MeOH/NH4OH (95:5:0 — 85:10:5) as the ecluent affor-
ded a yellow solid identified as the diamine 10a
(0.087 g, 36% yield): mp 121-124 °C; R,= 0.27 (DCM/
MeOH/NH,OH, 85:10:5); "H NMR (300 MHz, CDCl5):
0 0.63 (3H, s, 18-CH3), 0.93 (6H, m, 19-CHj;, 21-CH3),
0.97-1.95 (23H: 9x CH,, 5x CH), 1.96 (3H, s, 2'-CH3),
2.34 2H, d, J=17, 4-CH,), 2.61 (4H, m, 22-CH,, 24-
CH,), 3.13 (2H, m, 27-CH,), 4.53 (1H, m, 3-CH), 5.30
(1H, d, J=4, 6-CH); '>*C NMR (75 MHz, CDCly): §
12.3 (18-CH3), 17.8 (21-CHj3), 19.6 (19-CHj3), 21.3 (11-
CH,), 21.7 (2’-CH3), 24.6 (CH,), 27.1 (CH,), 27.6
(CH,), 28.0 (CH,), 28.3 (CH,), 28.5 (CH,), 32.1
(CH,), 36.2 (8-CH), 36.9 (10-C), 37.3 (CH,), 38.4
(CH»), 39.9 (27-CH,), 42.8 (13-C), 50.3 (9-CH), 51.2
(24-CH,), 54.6 (17-CH), 54.3 (22-CH,), 56.8 (14-CH),
74.5 (3-CH), 122.9 (6-CH), 140.0 (5-C), 171.4 (1'-
C=0); MS (ES ™) ml/z (rel intensity) 485 (100); 445
(M+, 40), HRMS (ES+) caled for C28H49N202
(IM + H]"): 445.3794; found: 445.3785.

5.3.15. 3p-Acetoxy-23,24-bisnor-chol-5-en-22-1,6-diam-
inohexyl (10b). Compound 8 (0.400 g, 0.75 mmol) and
1,6-diaminohexane (0.352 g, 3.02 mmol) were dissolved
in ethanol (30 ml) and DMF (15 ml). The solution was
stirred overnight under reflux. The reaction mixture
was poured into water, extracted with chloroform and
dried over sodium sulfate. MS analysis of the crude
showed formation of compound 10b and its formamide

derivative 10f (see below). Chromatography over silica
gel using DCM/MeOH/NH4OH (80:20:0 — 92:6:2) as
the eluent afforded compound 10b (0.074 g, 20% yield)
as a white solid: R,=0.27 (DCM/MeOH/NH,OH,
85:10:5); '"H NMR (300 MHz, CDCl3): 6 0.73 (3H, s,
18-CH3), 1.06 (6H, m, 19-CHj, 21-CHj), 1.10-2.07
(27H: 11x CH,, 5x CH), 2.07 (3H, s, 2’-CH3), 2.36
(2H, d, J=8, 4-CH,), 2.69 (6H, m, 22-CH,, 24-CH,,
29-CH,), 4.63 (1H, m, 3-CH), 5.41 (1H, d, J=4, ©-
CH); °C NMR (75 MHz, CDCls): 6 12.3 (18-CHj),
18.2 (21-CH3), 19.7 (19-CH3), 21.4 (11-CH,), 21.9 (2'-
CHj;), 24.8 (CH,), 27.17 (CH,), 27.58 (CH,), 28.15
(CH,), 28.39 (CH,), 30.2 (CH,), 314 (CH,), 32.2
(CH), 36.71 (CH), 36.97 (10-C), 37.4 (CH,), 38.5
(CH,), 40.0 (29-CH;), 42.9 (13-C), 50.36 (9-CH), 50.53
(24-CH,), 54.7 (17-CH), 55.8 (22-CH,), 56.9 (14-CH),
744 (3-CH), 1229 (6-CH), 140.1 (5-C), 170.9 (1’-
C=0); MS (ES") m/z (rel intensity) 473 (M*, 100);
HRMS (ES+) caled for C30H53N202 ([M + H]+):
473.4107; found: 473.4103.

5.3.16. 3p-Acetoxy-23,24-bisnor-chol-5-en-22-1,8-diami-
nooctyl (10c). To a solution of 8 (0.370 g, 0.69 mmol)
in DMF (30ml) was added 1,8-diaminooctane
(0.403 g, 2.79 mmol), potassium carbonate (0.145 g,
1.048 mmol) and tetrabutylammonium iodide as the cat-
alyst (0.07 g) and stirred at 110 °C for 4 h. The reaction
mixture was poured into water, extracted with ether,
washed with sodium chloride (satd) and dried over sodi-
um sulfate. Chromatography over silica gel first using
EtOAc and then MeOH/EtOAc (5% — 10%, 5%Et;N)
as the eluent afforded a yellow solid, which was identi-
fied as the diamine 10c¢ (0.130 g, 37% yield): mp 132-
133 °C; R,=0.30 (DCM/MeOH/NH,OH, 85:10:5); IR
(KBr) 3286 (NH str), 2921 (CH), 1730 (CH3CO), 1470
(CH,), 1372 (CHjs), 1259 (C-0), 1040, 802cm™'; 'H
NMR (300 MHz, CD;OD): ¢ 0.77 (3H, s, 18-CH3),
1.04 (3H, d, J=7, 21-CH3), 1.06 (3H, s, 19-CHj),
1.09-2.00 (31H: 13x CH,, 5x CH), 2.02 (3H, s, 2'-
CH3), 2.33 2H, d, J=7, 4-CH,), 2.59 (4H, m,
24-CH,, 22-CH,), 2.69 (2H, m, 31-CH,), 4.55 (1H, m,
3-CH), 5.45 (1H, d, J = 5, 6-CH); '>*C NMR (75 MHz,
CD;OD): 6 12.8 (18-CH3), 18.4 (21-CH3), 20.1 (19-
CH3), 21.6 (2'-CH3), 22.5 (11-CH,), 25.8 (CH,), 28.3
(CH,), 28.8 (CH,), 29.2 (CH,), 30.4 (CH,), 30.8
(CH»), 31.0 (CH,), 33.6 (8-CH), 37.7 (CH), 38.1 (10-
O), 38.6 (CH,), 39.5 (CH,), 42.6 (CH,), 44.1 (CH,),
49.4 (CH,), 49.7 (31-CH,), 50.0 (13-C), 50.2 (24-CH,),
52.0 (9-CH), 56.1 (17-CH, 22-CH,), 58.3 (14-CH), 75.8
(3-CH), 123.9 (6-CH), 141.5 (5-C), 172.8 (1'-C=0);
MS (ES™) mi/z (rel intensity) 501 (M*, 100); HRMS
(ES+) calcd for C32H57N202 ([M+H]+) 5014420,
found: 501.4420; Anal. Calcd for C;3,Hs6N,0,0.27
H,O: C, 76.0; H, 11.3; N, 5.5; Found: C, 76.0; H,
11.2; N, 5.4.

5.3.17. 3p-Acetoxy-23,24-bisnor-chol-5-en-22-1,10-diam-
inodecyl (10d). 1,10-Diaminodecane (0.391 g,
2.27 mmol), potassium carbonate (0.117 g, 0.85 mmol)
and tetrabutylammonium iodide, as the catalyst
(0.117 g), were added to a solution of 8 (0.300 g,
0.56 mmol) in DMF (40 ml) and stirred at 110 °C for
8 h. The reaction mixture was poured into water,
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extracted with chloroform, washed with sodium chloride
(satd) and dried over sodium sulfate. Chromatography
over silica gel using firstly EtOAc and then MeOH/
EtOAc (5% — 10%, 5%Et;N) as the eluents afforded a
yellow solid identified as the diamine 10d (0.141 g,
47% yield?: mp 131 °C; R,=0.18 (MeOH/Et;N/EtOAc,
30:5:65); '"H NMR (300 MHz, CDCl;): 6 0.74 (3H, s,
18-CH3), 1.06 (3H, s, 19-CH3), 1.10 (3H, d, J =7, 21-
CH3), 1.32 (16H, 25-CH,, 26-CH,, 27-CH,, 28-CH,,
29-CH,, 30-CH,, 31-CH,, 32-CH,), 1.34-2.06 (19H:
7x CH,, 5x CH), 2.07 (3H, s, 2’-CH3), 2.36 (2H, d,
J =1, 4-CH,), 2.69 (2H, m, 22-CH,), 2.74 (2H, m, 24-
CH,), 3.28 (5H, m, 33-CH,, 23-NH, 34-NH,), 4.70
(1H, m, J=5, 3-CH), 5.41 (1H, d, J=4, 6-CH); '*C
NMR (75 MHz, CDCls): 6 12.3 (18-CH3), 18.2 (21-
CHj3), 19.7 (19-CH3), 21.4 (11-CH,), 21.9 (2'-CHj),
24.7 (CH,), 27.2 (CH,), 27.7 (CH,), 28.2 (CH,), 28.4
(CH»), 29.8 (CH,), 32.2 (CH,), 36.4 (8-CH), 37.0 (10-
), 37.4 (CH,), 38.5 (CH,), 40.0 (CH,), 42.1 (33-CH,),
42.9 (13-C), 50.3 (9-CH), 50.4 (24-CH,), 54.6 (17-CH),
55.5 (22-CH,), 56.9 (14-CH), 74.4 (3-CH), 123.0
(6-CH), 140.1 (5-C), 171.0 (1’-C=0); MS (ES") m/z
(rel intensity) 529 ( MY, 82), 265 ([M/2]", 100);
HRMS (ES+) caled for C34H61N203 ([M + H]+):
529.4733; found: 529.4728.

5.3.18. 3pB-Acetoxy-23,24-bisnor-chol-5-en-22-1,4-trans-
diaminocyclohexyl (10e). To a solution of 8 (0.400 g,
0.75 mmol) in DMF (30 ml) was added trans-1,4-diami-
nocyclohexane (0.345 g, 3.03 mmol), potassium carbon-
ate (0.157 g, 3.03mmol) and tetrabutylammonium
iodide as the catalyst (0.05g) and stirred at 110 °C
for 3 days. The reaction mixture was poured into
water, extracted with ether, washed with sodium chlo-
ride (satd) and dried over sodium sulfate. Chromato-
graphy over silica gel using DCM/MeOH/NH,OH
(95:5:0 — 85:10:5) as the eluent afforded a white solid
identified as the diamine 10e (0.179 g, 50% yield):
mp 142-144°C; R;=0.24 (DCM/MeOH/NH4OH,
85:10:5); IR (KBr) 2935 (CH), 1730 (CH;CO), 1455
(CH,), 1370 (CH3), 1250 (C-0), 1036 cm™'; '"H NMR
(300 MHz, CDCls): 6 0.63 (3H, s, 18-CHj3), 0.92 (3H,
d, J=7, 21-CH;), 0.94 (3H, s, 19-CHj3), 1.00-1.91
(19H: 7x CH,, 5x CH), 1.96 (3H, s, 2’-CH3), 2.22 (4H,
m, 4-CH,, 22-CH,), 2.64 (2H, m, 24-CH, 29-CH), 4.51
(1H, m, 3-CH), 530 (1H, m, 6-CH); *C NMR
(75 MHz, CDCl;): 6 12.3 (18-CH3), 17.9 (21-CHs,),
19.6 (19-CH3), 21.3 (11-CH,), 21.8 (2'CHjy), 24.7
(CH,), 28.1 (CH,), 284 (CH,;), 31.3 (CH,), 31.7
(CH,), 32.2 (CH,), 34.5 (CHy), 36.5 (8-CH), 36.9 (10-
), 37.3 (CH»), 38.4 (CH,), 40.01 (CH,), 42.86 (13-C),
50.3 (9-CH), 52.7 (22-CH,), 54.7 (24-CH, 29-CH), 56.6
(17-CH), 56.9 (14-CH), 74.5 (3-CH), 122.9 (6-CH),
140.0 (5-C), 171.4 (1’-C=0); MS (ES™) m/z (rel intensi-
ty) 471 (M+, 100), HRMS (ES+) calcd for C30H51N202
(IM + H]"): 471.3950; found: 471.3952.

5.3.19. 3p-Acetoxy-23,24-bisnor-5-en-22-1,6-diamino-6-
al-hexyl (10f). Diamine 10f was isolated during the puri-
fication of compound 10b as a white solid (0.037 g, 10%
yield): R =0.43 (DCM/MeOH/NH4OH, 85:10:5); 'H
NMR (300 MHz, CDCls): 6 0.73 (3H, s, 18-CH3), 1.06
(6H, m, 19-CHj3, 21-CH3), 1.09-2.03 (27H: 11x CH,,

5x CH), 2.07 (3H, s, 2’-CH3), 2.35 (2H, d, J=7, 4-
CH.,), 2.66 (4H, m, 22-CH,, 24-CH,), 3.32 (2H, m, 29-
CH.,), 4.63 (1H, m, 3-CH), 5.41 (1H, d, J =4, 6-CH),
6.18 (1H, m, 30-NH), 8.19 (IH, s, 31-CHO); "*C
NMR (75 MHz, CDCly): & 12.3 (18-CH5), 18.2 (21-
CH3), 19.7 (19-CH;), 21.4 (11-CH,), 21.9 (2’-CHj),
24.7 (CH»), 27.2 (CH,), 27.5 (CH,), 28.1 (CH,), 28.4
(CH,), 29.4 (CH,), 29.7 (CH,), 32.2 (CH), 36.4 (CH),
36.9 (10-C), 37.4 (CH>), 38.4 (CH>), 38.5 (CH,), 40.0
(29-CH,), 42.9 (13-C), 50.1 (9-CH), 50.4 (24-CH,),
54.6 (17-CH), 55.5 (22-CH,), 56.9 (14-CH), 74.3 (3-
CH), 123.0 (6-CH), 140.1 (5-C), 171.0 (1’-C=0); MS
(ES™) mi/z (rel intensity) 501 (M™, 100); HRMS (ES™)
caled for C3Hs3sN,O; (M + HJ"): 501.4065; found:
501.4055.

5.3.20. 3p-Hydroxy-23,24-bisnor-chol-5-en-22-butyl-
amine (11a). A mixture of 9a (0.05g, 0.11 mmol) and
lithium hydroxide monohydrate (0.010 g, 0.23 mmol)
in THF:H»O (3:1, 16 ml) was stirred at 50 °C for 24 h.
The resulting solution was diluted with chloroform,
washed several times with water, dried over sodium sul-
fate and reduced in vacuo to yield a white solid. Chro-
matography over silica gel with 5% MeOH/CHCI; as
the eluent afforded 11a (0.035, 78%) as a white solid:
mp 137°C; R,=0.14 (0% MeOH/CHCl;); IR (KBr)
3384 (OH), 3279 (NH str), 2955 (CH), 1458 (CH,),
1376 (CH3), 1260 (C-OH), 1064, 801 cm™'; '"H NMR
(300 MHz, CDCls): 6 0.63 (3H, s, 18-CH3), 0.87 (3H,
d, J=17, 21-CH3), 0.93 (3H, s, 19-CH3), 0.97 (3H, t,
J=17,27-CH3), 1.11-2.10 (23H: 9x CH,, 5x CH), 2.25
(4H, m, 4-CH,, 22-CH,), 2.62 (2H, m, 24-CH,), 3.43
(1H, m, 3-CH), 528 (1H, m, 6-CH); '*C NMR
(75 MHz, CDCl): 612.3 (18-CH3y), 14.3 (27-CH3), 19.8
(21-CH3), 20.8 (19-CHs3), 21.4 (11-CH,), 24.7 (CH,),
28.4 (CH,), 31.0 (CH,), 31.9 (CH,), 32.3 (CH,), 36.9
(10-C), 37.6 (CH,), 40.1 (CH,), 42.9 (13-C), 49.5 (24-
CH,), 50.4 (9-CH), 54.5 (17-CH), 55.0 (22-CH,), 56.9
(14-CH), 71.9 (3-CH), 121.9 (6-CH), 141.2 (5-C); MS
(ES™) miz (rel intensity) 388 (M™*, 100); HRMS (ES™)
caled for C,sHysNO (M + H]"): 388.3579; found:
388.3579.

5.3.21. 3p-Hydroxy-23,24-bisnor-chol-5-en-22-piperidyl
amine (11b). A mixture of 9b (0.140 g, 0.32 mmol) and
lithium hydroxide monohydrate (0.040 g, 0.95 mmol)
in THF/H,O (3:1, 16 ml) was stirred at 50 °C for 24 h.
The resulting solution was diluted with chloroform,
washed several times with water, dried over sodium sul-
fate and reduced in vacuo to yield a white solid. Chro-
matography over silica gel with 5% MeOH/CHCI; as
the eluent afforded 11b (0.106, 84%) as a white solid:
mp 184-186 °C; R,=0.40 (20% MeOH/CHCI;); IR
(KBr) 3500 (OH), 2933 (CH), 1444 (CH,), 1371 (CHj;),
1053 cm™'; '"H NMR (300 MHz, CDCls): 6 0.75 (3H,
s, 18-CH3), 1.05 (6H, m, 19-CH3;, 21-CH3), 1.10-2.11
(25H: 10x CH,, 5x CH), 2.19-2.33 (6H, m, 24-CH,,
25-CH,, 4-CH,), 2.47 (2H, m, 22-CH,), 3.54 (1H, m,
3-CH), 5.40 (1H, d, J = 5, 6-CH); '>*C NMR (75 MHz,
CDCls): 6 12.4 (18-CH3), 18.6 (21-CH;3), 19.8 (19-
CH3), 21.5 (11-CH,), 249 (CH,), 25.0 (CH,), 26.4
(CH»), 28.6 (CH,), 32.1 (CH,), 32.3 (CH,), 32.3 (8-
CH), 34.6 (CH), 36.9 (10-C), 37.7 (CH,), 40.1 (CH,),
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42.7 (CH,), 43.1 (13-C), 50.5 (9-CH), 55.7 (17-CH, 24-
CH,, 25-CH,), 56.9 (14-CH), 66.0 (22-CH,), 72.2 (3-
CH), 122.1 (6-CH), 141.2 (5-C); MS (ES*) m/z (rel inten-
sity) 400 (M*, 100); HRMS (ES™) calcd for Cy7H4sNO
(IM + HJ"): 400.3579; found: 400.3577; Anal. Calcd
for C,H,NO.0.32 H,O: C. 80.0: H, 11.3: N, 3.5:
Found: C, 80.0; H, 11.2; N, 3.4.

5.3.22. 3p-Hydroxy-23,24-bisnor-chol-5-en-22-1,8- diami-
nooctyl (12¢). A mixture of 10c (0.073 g, 0.15 mmol) and
lithium hydroxide monohydrate (0.012 g, 0.29 mmol) in
THF:H»O0 (3:1, 16 ml) was stirred at 50 °C for 24 h. The
resulting solution was diluted with chloroform, washed
several times with water, dried over sodium sulfate
and reduced in vacuo to yield a yellow solid (0.061 g).
Chromatography over silica gel using DCM/MeOH/
NH4OH (95:5:0 — 89:7:4) as the eluent afforded a white
solid identified as the diamine 12¢ (0.50 g, 70%): mp
136-137°C; R, 0.11 (DCM/MeOH/NH,OH, 85:10:5);
IR (KBr? 2930 (CH), 1452 (CH,;), 1376 (CHs),
1060 cm™'; "H NMR (300 MHz, CD50D): § 0.75 (3H,
s, 18-CHj3), 1.02 (6H, m, 19-CHj;, 21-CH3), 1.35 (12H,
s, 25-CH,, 26-CH,, 27-CH,, 28-CH,, 29-CH,, 30-
CH,), 1.42-2.21 (19H: 7x CH,, 5x CH), 2.25 (2H, m,
4-CH,), 2.55 (2H, m, 22-CH,), 2.64 (2H, m, 24-CH,),
3.27 (2H, m, 31-CH,), 3.38 (1H, m, 3-CH), 5.34 (1H,
d, J=35, 6-CH); MS (ES™) m/z (rel intensity) 459 (M™,
100); HRMS (ES™) caled for C3yHssN,O ([M + H]"):
459.431; found: 459.431; Anal. Calcd for C5yHs4N,O-1.5
H,0: C, 74.2; H, 11.8; N, 5.8; Found: C, 73.9; H, 11.2;
N, 5.3.

5.3.23. 3p-Hydroxy-23,24-bisnor-chol-5-en-22-1,10- diam-
inodecyl (12d). Diamine 10d (0.057 g, 0.11 mmol) was
hydrolysed as described in the synthesis of diamine
12¢ using lithium hydroxide monohydrate (0.014 g,
0.32 mmol). The analogous procedure yielded diamine
12d as a white solid (0.049 g, 93%): R,=0.30 (DCM/
MeOH/NH,OH, 85:10:5); "H NMR (300 MHz, CDCl5):
0 0.66 (3H, s, 18-CH3;), 0.96 (6H, m, 19-CH;, 21-CH3),
1.24 (16H, s, 25-CH,, 26-CH,, 27-CH,, 28-CH,, 29-
CH,, 30-CH,, 31-CH,, 32-CH,), 1.40-2.14 (19H:
7x CH,, 5x CH), 2.24 (4H, m, 4-CH,, 22-CH,), 2.61
(4H, m, 24-CH,, 33-CH,), 3.46 (1H, m, 3-CH), 5.31
(1H, d, J=4, 6-CH); '>*C NMR (75 MHz, CDCly): §
12.3 (18-CH3), 18.2 (21-CHj3), 19.8 (19-CH3), 21.5 (11-
CH,), 24.8 (CH,), 27.3 (CH,), 27.8 (CH,), 28.1 (CH,),
28.4 (CH,), 29.9 (CH,), 30.0 (CH,), 30.4 (CH,), 30.7
(CH), 32.1 (CH,), 32.3 (CH,), 34.1 (CH,), 36.8 (8-
CH), 36.9 (10-C), 37.7 (CH,), 40.1 (CH,), 42.5 (4-
CH,), 42.7 (33-CH,), 42.9 (13-C), 50.5 (9-CH), 50.7
(24-CH,), 54.7 (17-CH), 55.9 (22-CH,), 57.0 (14-CH),
71.9 (3-CH), 121.9 (6-CH), 141.3 (5-C); MS (ES™) m/z
(rel intensity) 487 (M*, 100), 244 (IM/2]*, 30); HRMS
(ES™) caled for Ci3HsoN,O (IM + H]"): 487.4627;
found: 487.4631.

5.3.24. 3p-Hydroxy-23,24-bisnor-chol-5-en-22-1,4- trans-
diaminocyclohexyl (12¢). Diamine 10e (0.110 g,
0.23 mmol) was hydrolysed as described in the synthesis
of diamine 12¢ using lithium hydroxide monohydrate
(0.029 g, 0.70 mmol). The analogous procedure yielded
diamine 12e as a white solid (0.060 g, 60%): mp

173-175 °C; R,=0.14 (DCM/MeOH/NH4OH,
85:10:5); IR (KBr) 3260 (OH, NH str?, 2930 (CH),
1452 (CH,), 1375 (CHs), 1066cm™'; 'H NMR
(300 MHz, CDCl5): 6 0.79 (3H, s, 18-CH3), 1.06 (6H,
m, 19-CH;, 21-CHj), 1.14-2.12 (27H: 11x CH,,
5x CH), 2.30 (4H, m, 4-CH,, 22-CH,), 2.77 (2H, m,
24-CH, 29-CH2, 3.54 (1H, m, 3-CH), 542 (1H, d,
J =4, 6-CH); °C NMR (75 MHz, CDCl;): 6 12.9 (18-
CHj), 18.5 (21-CH3), 20.4 (19-CH3), 22.2 (11-CH,),
25.5 (CHy), 29.2 (CH,), 32.1 (CH,), 32.3 (CH,), 32.5
(CH,), 33.0 (CH»), 35.1 (CHy), 35.2 (CH,), 37.3 (8-
CH), 37.7 (10-C), 38.4 (CH,), 40.0 (CH,), 42.9 (CH,),
43.7 (13-C), 51.1 (9-CH), 51.3 (22-CH;), 55.6 (24-CH,
29-CH), 57.3 (17-CH), 57.8 (14-CH), 72.4 (3-CH),
122.6 (6-CH), 142.1 (5-C); MS (ES™) m/z (rel intensity)
429 (M*, 100%); HRMS (ES") caled for CogHgoN,O
(IM + H]"): 429.3845, found: 429.3840; Anal. Calcd
for CysHy4gN,O0. 83 H,O: C, 75.8; H, 11.3; N, 6.3;
Found: C, 75.8; H, 11.1; N, 6.2.

5.4. Enzyme assays

In assays of inhibition of 24-SMT, protein extracts from
E. coli BL21 (DE3) pLysS/pET28a-HisLmSMT cells
were used. Plasmid pET28a-HisLmSMT was obtained
by cloning the entire coding sequence of the L. major
SMT gene in the pET28a vector (Novagen). L. major
recombinant SMT is produced as a His-tagged fusion
protein and is over-expressed when induced with IPTG
I mM during 4 h. Cells were disrupted by sonication
in a buffer containing Tris—-HCI 50 mM pH 7.4, MgCl,
2 mM, CHAPS 4 mM, Tween 80 0.5% (v/v) and prote-
ase inhibitors (3x30s, duty cycle 50%). The sonicate
was centrifuged at 12,000 rpm for 30 min at 4 °C to ob-
tain the soluble fraction, which contained the active
form of the enzyme.

A standard SMT activity assay contained 1 mg of pro-
tein in the previously mentioned buffer, Tris—Hcl
50 mM, pH 7.4, MgCl, 2 mM, CHAPS 4 mM, Tween
80 0.5% (v/v), desmosterol 100 pM and '*C-S-adeno-
syl-L-methionine 200 uM, 600,000 dpm per reaction.
The inhibitor was re-suspended first in a minimal vol-
ume of its corresponding solvent and later added to
the reaction mixture as an aqueous solution. The reac-
tion was started with the enzyme. Incubations were per-
formed at 30 °C for 45 min, and terminated with 0.5 ml
of KOH, 10% dissolved in 80% (v/v) methanol. To
quantify the efficiency of the extraction, *H-cholesterol
(3 mg, 30,000 dpm per reaction) was added as an inter-
nal standard. The methylated sterol product was
extracted three times with 1 ml of hexane and the result-
ing organic layer washed once with Tris—HCI buffer to
remove the '“C-S-adenosyl-L-methionine that was not
incorporated. An amount of 1 ml of the organic layer
was added to 10 ml of hydrofluor and the radioactivity
measured in a scintillation counter.

ICsy values were obtained from plots of percentage of
inhibition versus concentration of inhibitor.

5.4.1. Studies of lipid composition. L. mexicana amazon-
ensis promastigotes were cultivated in LIT medium
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supplemented with lactabulmin and 10% fetal calfserum
(Gibco) (3) at 26 °C, without agitation. The cultures
were initiated with a cell density of 2 x 10° cells per ml
and the drug was added at a cell density of 0.5-1.107
cells per ml. Cell densities were measured with an elec-
tronic particle counter (model ZBI; Coulter Electronics
Inc., Hielah, Fla.) and by direct counting with a haemo-
cytometer. Cell viability was followed by Trypan blue
exclusion using light microscopy.

For the analysis of the effects of drugs on the lipid com-
position of promastigotes, total lipids from control and
drug-treated cells were extracted and fractionated into
neutral and polar lipid fractions by silicic acid column
chromatography and gas-liquid chromatography.3437
The neutral lipid fractions were first analyzed by thin
layer chromatography (on Merck 5721 silica gel plates
with  heptane-isopropyl ether—glacial acetic acid
[60:40:4] as developing solvent) and conventional gas-
liquid chromatography (isothermic separation in a 4-m
glass column packed with 3% OV-1 on Chromosorb
100/200 mesh, with nitrogen as carrier gas at 24 ml/
min and flame ionization detection in a Varian 3700
gas chromatograph). For quantitative analysis and
structural assignments the neutral lipids were separated
in a capillary high resolution column (25 m x 0.20 mm
id. Ultra-2 column, 5% phenyl-methyl-siloxane,
0.33 um film thickness) in a Hewlett-Packard 6890 Plus
gas chromatograph equipped with a HP5973A mass sen-
sitive detector. The lipids were injected in choloroform
and the column was kept at 50 °C for 1 min, then the
temperature was increased to 270 °C at a rate of 25 °C
min ' and finally to 300°C at a rate of 1°C min .
The carrier gas (He) flow was kept constant at 0.5 ml
min~". Injector temperature was 250 °C and the detector
was kept at 280 °C.

5.5. In vitro assays

5.5.1. L. donovani. Peritoneal exudate macrophages were
harvested from CD1 mice, 24 h after starch induction.
After washing the macrophages were dispensed into
Lab-tek "™ 16-well tissue culture slides and maintained
in RPMI1640+10% heat-inactivated foetal calf serum
(HIFCS) at 37 °C, 5% CO»/air mixture for 24 h. L. dono-
vani (MHOM/ET/67/1L82) amastigotes were harvested
from an infected Golden hamster spleen and were used
to infect the macrophages at a ration of 5 parasites:1
macrophage. Infected cells were left for a further 24 h
and then exposed to drug® for a total of five days, with
the overlay being replaced on day 3.4° The top concen-
tration for the test compounds was 30 pg/ml and all con-
centrations were carried out in quadruplicate. On day 5
the overlay is removed, the slides fixed (100% methanol)
and stained (10% Giemsa, 10 min) before being evaluat-
ed microscopically. EDsq (EDgg) values were calculated
using Msx/fit. The EDs, value for the positive control
drug, Pentostam®©, is usually 3-8 pg SbV/ml.

5.5.2. T. cruzi. Murine (CDI) peritoneal macrophages
were harvested 24 h after starch induction. A total of
100 pl was dispensed into 96-well plates at a concentra-
tion of 4 x 10°/ml. After 24 h the cells were infected with

T. cruzi Tulahuan LAC-Z trypomastigotes. 24 h later
the infected cells were exposed to drug?® for three days.
A total of 50 ul of 500 p MCPRG:1% nonidet P-40 was
added to each well. The plates were read after 2-5 h, A
570.4! EDsy (EDgg) values were calculated using Ms
xlfit. L6 fibroblasts are also used as host cells.

5.5.3. T. brucei. Trypanosoma brucei rhodesiense STIB900
form (bsf) trypomastigotes were maintained in HMI-18
medium*? with 15% HIFCS [Harlan-SeraLab, UK] at
37°C, 5%, COo/air mixture. Trypomastigotes were
washed and resuspended in fresh medium at a concentra-
tion of 2 x 10°/ml. A total of 100 ul was added to the drug
dilutions. The top concentration for the test compounds
was 30 pg/ml. The EDs, for pentamidine is usually be-
tween 1.0 and 0.1 ng/ml. Plates were incubated for 72 h
at 37 °C, 5% CO,. At 72 h the plates were assessed micro-
scopically before Alamar Blue was added.** Plates were
read after 5-6 h on a Gemini Fluorescent plate reader
(Softmax Pro. 3.1.1, Molecular Devices, UK) at EX/EM
530/585 nm with a filter cutoff at 550 nm. EDs, values
were calculated with Ms x/fit (IDBS, UK)

5.5.4. Cytotoxicity against mammalian cells. Plates were
seeded with 100 ul KB cells @ 4x 10%ml, RPMI
1640 + 10% HIFCS and incubated at 37 °C, 5% CO, for
24 h. The overlay was removed and replaced by test
drugs® in fresh medium @ 300, 30, 3 and 0.3 pg/ml. The
positive control drug was Podophyllotoxin (Sigma,
UK). Dilutions were carried out in triplicate. Plates were
incubated for a further 72 h, at 37 °C, 5% CO,. The wells
assessed were microscopically for cell growth. The overlay
was removed and wells washed three times with PBS (pH
7.0) x 3. Then 100 ul PBS + 10 ul AlamarBlue™ were
added per well and plates incubated for 2-4 h (37 °C,
5% CO,) before reading at EX/EM 530/585 nm (cutoff
550 nm) in a Gemini plate reader. EDsq (EDgg) values
were calculated compared to blanks and untreated
controls.
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Synthesis of long-chain amide analogs of the cannabinoid
CBI1 receptor antagonist N-(piperidinyl)-5-(4-chlorophenyl)-1-(2,4-
dichlorophenyl)-4-methyl-1 H-pyrazole-3-carboxamide (SR141716)

with unique binding selectivities and pharmacological activities
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Abstract—An extended series of alkyl carboxamide analogs of N-(piperidinyl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-
1 H-pyrazole-3-carboxamide (SR141716; 5) was synthesized. Each comgound was tested for its ability to displace the prototypical
cannabinoid ligands ((*H]CP-55,940, [*H]2; [PH]SR 141716, [*H]5; and [’H]WIN55212-2, [*H]3), and selected compounds were fur-
ther characterized by determining their ability to affect guanosine 5'-triphosphate (GTP)-y-[**>S] binding and their effects in the
mouse vas deferens assay. This systematic evaluation has resulted in the discovery of novel compounds with unique binding prop-
erties at the central cannabinoid receptor (CB1) and distinctive pharmacological activities in CB1 receptor tissue preparations. Spe-
cifically, compounds with nanomolar affinity which are able to fully displace [*H]5 and [°H]2, but unable to displace [*H]3 at similar
concentrations, have been synthesized. This selectivity in ligand displacement is unprecedented, in that previously, compounds in
every structural class of cannabinoid ligands had always been shown to displace each of these radioligands in a competitive fashion.
Furthermore, the selectivity of these compounds appears to impart unique pharmacological properties when tested in a mouse vas

deferens assay for CB1 receptor antagonism.
© 2005 Published by Elsevier Ltd.

1. Introduction

There have been at least two types of cannabinoid recep-
tors characterized to date, CB1! and CB2.? CBI1 recep-
tors are found primarily in brain and neuronal tissue,
while CB2 receptors are found predominantly in im-
mune cells and tissues. Both are G-protein-coupled
receptors,® sharing approximately 48% homology in
their amino acid sequences,* and both responding to li-
gand binding through coupling with mitogen-activated
protein kinase® and adenylyl cyclase.® Other signal
transduction pathways have been demonstrated for

Keywords: Cannabinoid; Ligand-receptor; Binding; Structure—activity

relationships; CB1; Antagonist.

*Corresponding author. Tel.: +1 9195416552; fax: +1 9195416499;
e-mail: bft@rti.org

0968-0896/$ - see front matter © 2005 Published by Elsevier Ltd.
doi:10.1016/j.bmc.2005.06.005

these receptors. For example, CB1 receptors are also
coupled to several types of potassium’® and calcium
channels,” and thereby inhibit the release of several neu-
rotransmitters.!"!3 Despite the euphoria production
and ‘high’ associated with agonists at the CB1 receptor,
these compounds have therapeutic utility as antiglauco-
ma agents, antiemetics or appetite stimulants, and ther-
apeutic potential as analgesics, or for the treatment of
symptoms of multiple sclerosis, and other indications.
Agonists at the CB2 receptor may hold promise as
immunomodulators.'* Similarly, CB1 antagonists are
being investigated for their therapeutic utility in treating
obesity and improving memory.'?

In addition to binding the naturally occurring cannabi-
noids such as A>THC (1), the CB1 and CB2 receptors
can bind other structural classes of compounds, includ-
ing nonclassical cannabinoids (CP55940, 2), aminoalky-
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lindoles (WINS55212-2, 3), arachidonoylethanolamides
(anandamide, 4), and diarylpyrazoles (SR141716, 5 or
SR 144528, 6; Fig. 1). It has been suggested that all of
these compounds interact as competitive ligands at a
common or overlapping/interacting binding region on
the CBIl receptor, since heterologous displacement
curves have consistently been demonstrated between
these various ligand classes.!® Indeed, overlapping
superposition models have been hypothesized by several
investigators for nonclassical and classical cannabi-
noids,'”!® arachidonoylethanolamides and classical can-
nabinoids,'*??>  aminoalkylindoles and  classical
cannabinoids,?*2° and diarylpyrazole antagonists and
classical cannabinoid agonists,!®?7 and finally, a super-
position strategy for nonclassical, aminoalkylindole
and classical cannabinoids has been described.!®

While these superpositions represent reasonable hypoth-
eses, in 1998, our laboratory had noted differences in the

ability of a variety of compounds to compete for the rat
brain CBI receptor site when labeled with [*H]5 as com-
pared to when the site was labeled with [°H]J2.>” For
example, the affinity of 2 differed by more than 38-fold
depending on what radioligand was used to determine
its K;. WINS55212-2 (3) also had a greater ablhty to com-
pete for the receptor when labeled with [PH]2 as com-
pared to [*H]5. In contrast, 5 was more than 5-fold
more effective when competing with [°’H]5 than when
competing with [°’H]2. We hypothesized at that time that
the differences in Kj values of these compounds suggest
that their mode of binding or the population of binding

OH

O

A’THC, 1 HO
CP55940, 2

\/*\/\)LN/\/OH
_

/\7/\/\/

[oj Anandamide, 4

WIN55212-2, 3

C1 L :
Cl

SR144528, 6
SR141716, 5

Figure 1. Structure of selected cannabinoid ligands.

sites that are being occupied by these compounds and
the radioligands are significantly different.

More recently, we published on a series of amide ana-
logs of the CB1 receptor antagonist 5.28 These com-
pounds included straight chain alkyl, hydroxy alkyl,
and hydrazide analogs up to six carbons in length. Ini-
tially, we elected to characterize these compound’
binding affinities at the CBI receptor using [*H]2 and
[’H]5. However, during subsequent experiments with
[*H]3 in rat brain CB1 (rCB,) preparations, subtle dif-
ferences were noted in the displacement curves ob-
tained with the three radioligands. This observation
led to the synthesis of alkyl side-chain analogs of even
greater length. Furthermore, we examined the binding
profiles of these compounds in cells transfected with
the human CBI1 receptor and in human brain prepara-
tions. It was found that these compounds clearly pos-
sess unique binding selectivities, particularly in
human CBI1 receptor (hCB,) preparations, representing
the first clear demonstration of nonhomologous dis-
placement curves between these three radioligands.
Spec1ﬁca113y some long-chain alkyl amide analogs can
displace [’H]5 and [*H]2 with reasonably high affinity,
but are unable to displace [’H]3. The demonstration
of nonheterologous displacement curves with these
radioligands agrees with previous hypotheses that 3
binds with a distinct recognition site, or in a unique
manner within an overlapping recognition site, com-
pared to 2 or 5 (as described later). By extension, the
binding of the ‘WIN-sparing’ alkyl analogs of 5 is also
unique compared to the prototype antagonist 5. How-
ever, it remains to be determined whether this distinct
mode of binding imparts unique pharmacological
properties.

2. Results
2.1. CBI1 receptor affinity in rat brain

All of the compounds were tested for their ability to dis-
place [PHJ2, [’H]5, and [°*H]3 in rat brain membrane
preparations (Table 1, Fig. 2). The CBI receptor binding
data in rat brain for this series of analogs demonstrated
that as the size of the carbon chain is increased from C4
to CS5, a slight increase in binding affinity is observed,
there is a modest decrease at C6, followed by a slightly
greater decrease at C7. Beyond this length, there appears
to be a further decrease in affinity. This pattern is not as
obvious with the branched alkyl amides; however, gen-
erally the pentyl and hexyl amides demonstrated the
highest affinity, with the heptyl and decyl analogs having
lower affinity. In addition, the data obtained in rat brain
suggested that as the carbon chain extended beyond C5
or C6, both the affinity and the ability to fully dlsg)lace
[’H]3 decreased more rapidly than with [PH]2 or ['H

In addition to these observations, characterization 1n
mouse vas deferens studies with 3 also indicated that
these compounds were pharmacologically unique (de-
scribed in greater detail below), and this encouraged
us to extend our observations into other CB1 receptor
preparations.
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Table 1. Amide analogs at the 3-position: displacement of various radioligands in whole rat brain (CB1) membrane preparations

Compound Substituted group PH]2 [*H]5 H]3
K;(nM) SEM  Maximum K; (nM) SEM Maximum K; (mM) SEM Maximum
displacement displacement displacement
(%0) (%0) (%0)

5 (SR141716) 6.18 1.2 86.6 1.18 0.10  96.5 197 ¢ 85.7
6 (SR144528) 74.1 11.4 847 81.7 19.3 68.6

8° N-(1-Cyclohexyl) 2.46 0.10 96.1 1.07 0.13 100 223 015 -926
9° N-(1-Butyl) 13.4 1.0 919 12.8 4.5 100 32.8  26.0 90.8
10° N-(1-Pentyl) 11.4 049 914 6.83 1.2 100 12.6 4.5 94.4
11° N-(1-Hexyl) 18.2 39 873 10.7 0.62 98.6 16.6 44 77.9
12 N-(1-Heptyl) 46.2 13.9 81.7 19.0 1.2 97.9 28.8 2.8 69.6
13 N-(1-Octyl) 135 16.7  80.2 37.4 6.0 75.2 36.2 2.7 68.4
14 N-(1-Nonyl) 333 128 79.5 88.2 5.5 85.8 68.2 4.7 68.6
15 N-(1-Decyl) 92.8 @ 83.6 45.0 @ 92.5 1393 @ 67.4
16 N-(1-Undecyl) 168 @ 86.4 25.5 @ 83.8 278 b 90.3
17 N-(1-Dodecyl) 109 @ 82.6 53.7 @ 95.6 238 @ 56.5
18 N-(1-Tridecyl) 492 @ 79.3 172 @ 97.6 495 @ 80.5
19 Geranylamine 48.1 N 84.2 20.1 a 95.7 405 @ 89.0
20 N-(1,3-Dimethylpentyl) 9.6 @ 91.4 2.3 & 96.3 137 ® 89.9
21 N-(1,4-Dimethylpentyl) 337 @ 76.6 2.81 @ 96.2 286 * 94.1
22 N-(1-Methylhexyl) 10.7 @ 98.2 260 ? 96.5 1.84 *# 89.0
23 N-(1,5-Dimethylhexyl) 897 * 89.6 357 ® 95.1 576 87.7
24 N-(1-Ethylhexyl) 19.6 @ 89.5 8.6 @ 95.7 258 @ 85.1
25 N-(1-Methylheptyl) 26.2 @ 83.9 10.8 b 91.3 58 ¢ 53.7
26 N-[1-(1,1-Dimethylheptyl)] 181 5.8 832 21.6 3.3 76.4 104 3.3 72.2
27 N-(1-Methyldecyl) 27.1 @ 83.7 9.7 @ 97.3 23 @ 82.4

#n =1, compound obtained from parallel synthesis and assay concentration was grossly estimated.
®Some results for this compound have been published previously (see Ref. 28).

2.2. Human CBI1 receptor affinity

In hCB-transfected cells, affinity modestly increased
from C4 to C5 side chain. As the side chain was in-
creased beyond C5, affinity tended to decrease up to
C9, where a slight increase in affinity was noted up to
Cl11. Beyond this length, further extension led to de-
creased affinity. As was seen in rat brain, the branched
alkyl amides showed higher affinity within the pentyl
and hexyl analogs than that seen with the heptyl or decyl
branched side chains. Examination of the alkyl amide
analogs using transfected cell lines expressing the hCB,
receptor showed an even greater discrepancy in the abil-
ity of these comg)ounds to displace [PH]3 as compared to
either [PHJ2 or [°’H]5 (Table 2, Fig. 3). It is interesting to
note that there is a structural trend by which systematic
increases in the alkyl side chain length past C6 leads to
an incremental decrease i in affinity and percentage max-
imum displacement for [*HJ5, a more pronounced loss
of affinity and percentage maximum displacement with
[*H]2, and a profound loss of affinity and displacing
ability with [*H]3. The difference between the rat brain
membrane preparation and the hCB; receptor transfects
is quite remarkable when one considers that these two
CBI1 receptors possess approximately 99% homology
in their sequences.

It was possible that the augmentation in these com-
pounds’ binding selectivity in hCB, transfects could be
a result of the nature of transfected cell lines and not
due to the differences in receptor sequence and structure.
However, when these compounds were tested in human
brain membrane preparations (cerebellum and cortex),

similar results were obtained (Fig. 4). Thus, all evidence
obtained to date supports the conclusion that these
long-chain alkyl amides are unique from all other classes
of cannabinoid receptor ligands with regard to their
ability to displace the various radioligands tested. The
data also illustrate that despite a very high degree of se-
quence homology, the alkyl amides beyond C6 interact
at rat and hCB; receptors quite differently.

2.3. Human CB2 receptor affinity

Those compounds that were obtained by conventional
synthesis were further tested for their affinity at the
CBI receptor (Table 3). In most instances, these com-
pounds were unable to completely displace [*H]2 from
the CB2 receptor at the highest concentration tested,
indicating that the relative selectivity of the analogs
for CBI1 versus CB2 receptors was relatively unaffected
by structural modifications at this substituent position.
Indeed, the absence of CB2-selective ligands in our series
of analogs is consistent with the observation that the
CB2-selective antagonist 6, when compared to 5, has
structural modifications in addition to the change at
the aminopiperidine moiety that was explored in these
studies.

2.4. Cannabinoid receptor-mediated alteration in GTP-y-
[*3S] binding

In addition to assessing CB1 and CB2 receptor afﬁnltles
several compounds were screened in a GTP-y-[>°S] assay
for characterization of the compounds as agonists, par-
tial agonists, antagonists, or inverse agonists. The results
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Figure 2. Displacement curves for SR141716A analogs in rat brain membrane against [PH]JCP55940 (top), [PH]SR141716A (middle) and
[3H]WIN55212 (bottom) for (3¢) N-cyclohexyl, () N-(1, 3-dimethylpentyl), (&) N-(1, 4-dimethylpentyl), () N-(l1-methylhexyl), (¥) N-(1,5-
dimethylhexyl), (+) N-(2-ethylhexyl), ((]) N-(1,1-dimethylheptyl), (A) N-(1-methylheptyl), (V) N-(1-methyldecyl) (left panel); and (O) 1-geranyl, ((J) V-
butyl, (A) N-pentyl, (V) N-hexyl, (¢) N-heptyl, (O) N-octyl, (X) N-nonyl, (+) N-decyl, (ll) N-undecyl, (A) N-dodecyl, and (V) N-tridecyl (right panel).

of GTP-y-[**S] studies (Table 4) demonstrate that, in all
instances, these compounds act like inverse agonists.

When some of the alkyl amide compounds with the
highest affinity for the CB1 receptor were characterized
in an isolated mouse vas deferens, the results obtained
(Table 4) support the conclusion that some of the alkyl
amide analogs interact with the CB1 receptor in a un-
ique manner. Specifically, one can see from the data in
this table for the alkyl amides that as the chain length
was increased from the butyl analog to the heptyl ana-
log, the dextral shift in the dose-response curve of 3
was reduced. Indeed, in one experiment, the heptyl ana-
log (12) failed to produce an effect on the dose-response
curve, despite this compound having good affinity

(46.2 nM vs. [*H]2 in rat brain), and producing a robust
inverse agonist effect in the absence of any application of
3. Thus, the data suggest that this compound can inter-
act at the receptor (displace [°’H]2 and [*H]5) and pro-
duce inverse agonist effects, but not readily compete
for the WINS55212-2 (3) binding site, and thereby fail
to produce a dextral shift in the dose-response curve un-
til extremely high concentrations are used. This lends
pharmacological significance to the aforementioned
‘WIN-sparing’ displacement curves (Figs. 2 and 3) ob-
tained with the alkyl amide analogs. With extremely
high concentrations of 12 (>3 uM), the dose-response
curves for both 2 and 3 were shifted, albeit to a much
lesser extent than that achieved with the prototype
antagonist, 5.
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Table 2. Amide analogs at the 3-position: displacement of various radioligands in human CBI1 receptor-transfected cells

Compound Substituted group PH]2 H]5 H)3
K; (nM) SEM Maximum K;(nM) SEM Maximum K; (nM) SEM Maximum

displacement displacement displacement

(%) (%) (%)
5 (SR141716) 392 ° 79.5 243 ° 85.7 467 * 77.9
8° N-(1-Cyclohexyl) 7.06 0.76 923 1.02 022 999 5.36 0.24  96.8
9¢ N-(1-Butyl) 28.0 1.3 90.2 4.79 0.89 974 29.8 15.6 93.2
10° N-(1-Pentyl) 14.6 3.6 87.1 6.35 24 89.9 18.7 59 89.9
11° N-(1-Hexyl) 124 274  85.6 23.5 16.5 75.4 85.4 18.6 52.7
12 N-(1-Heptyl) 291 69.7 853 9.3 1.1 67.9 393 154 53.4
13 N-(1-Octyl) 288 48.0 70.6 44.7 18.6 67.8 ND" 36.9 35.2
14 N-(1-Nonyl) 307 40.7  68.8 56.5 25.7 86.9 NDP 2826 28.3
15 N-(1-Decyl) 184 a 94.5 24.6 a 95.4 NDP a 12.4
16 N-(1-Undecyl) 57.7 a 66.3 21.0 a 90.4 166 a 74.6
17 N-(1-Dodecyl) 176 4 79.5 435 N 89.8 NDP é 314
18 N-(1-Tridecyl) 220 @ 62.6 101 N 87.3 128 a 68.1
19 Geranylamine 26.8 a 84.2 680 ° 95.7 211 @ 78.3
20 N-(1,3-Dimethylpentyl) 9.4 N 86.5 2.2 . 100 23.9 a 78.7
21 N-(1,4-Dimethylpentyl) 13.2 a 76.8 548 ¢ 93.6 33.2 a 91.5
22 N-(1-Methylhexyl) 11.9 a 80.7 202 @ 95.6 54.6 a 100
23 N-(1,5-Dimethylhexyl) 739 ° 82.5 210 ® 93.7 64.2 a 67.9
24 N-[1-(2-Ethyl)hexyl] 9.6 @ 91.4 3.8 N 95.9 78.6 b 100
25 N-(1-Methylheptyl) 26.3 a 79.5 2.8 a 91.5 ND¢ a 0.0
26 N-[1-(1,1-Dimethylheptyl)]  32.7 104 91.1 5.0 0.51 999 14.4 1.0 86.5
27 N-(1-Methyldecyl) 41.1 4 77.7 7.0 N 90.0 22.2 é 76.1

“n =1, compound obtained from parallel synthesis and assay concentration was grossly estimated.
®The K; value could not be determined since <50% displacement of the radiolabel occurred.
¢Some results for this compound have been published previously (see Ref. 28).

Since compound 12 appeared to be unable to fully dis-
place [’H]3, it was further tested in GTP-y-[*°S] experi-
ments to compare the ability of 5 and 12 to shift the
dose-response curve of CP55940 (2) or WINS55212-2
(3). The results of these assays are provided in Table
5. When the model is constrained to one where the
Schild slope is 1, the pA, values are equal to the pKy
of the antagonist. In this instance, the pKj, values are
consistent with the Kj values. For example, the pK; of
5 in rat brain is 8.21 against [PH]2 and 8.71 against
[ H]3, and in hCB;- transfected cells, it is 8.41 agalnst
[*H]2 and 8.33 against [°H]3. These K; values are in rea-
sonably close correspondence with the Ky, values (K, cal-
culated with a Schlld slope constrained to 1) in rat brain
of 9.28 agamst [*H]2 and 9.49 agamst [*H]3, and 7.55
against [’H]2 and 7.79 dgamst [*H]3 in hCB,-transfected
cells. Similarly, the pK; of 12 in rat brain is 7.34 against
[*H]2 and 7.54 against [* H]3 and in hCB;- transfected
cells, it is 6.54 against [PH]2 and 6.41 against *H)3.
Comparing these K; values to the Kj values in rat brain
of 9.00 agamst [*H]2 and 7.52 agamst [*H]3, and 7.24
against [’'H]2 and 7.24 against [’H]3 in hCB;-transfected
cells. However, there does not appear to be a difference
in the ability of 12 to antagonize the effects of 2 as com-
pared to 3, as might have been expected based on 12’s
selective binding displacement data.

3. Discussion
The nature of the substituent at the 3-position has a

marked effect on receptor binding affinity. Previous re-
search has shown that increasing the length and

branching of alkyl amide chains up to five carbons in
length results in modest increases in affinity at rat brain
CBI receptor preparations, a trend that is also apparent
in hydroxy alkyl amide and hydrazide analogs. After the
pentyl analog, additional chain lengthening of alkyl
amides resulted in a further decrease in affinity. Howev-
er, as the carbon chain extended beyond C5 or C6, affin-
1ty tends to decrease, and the ability to fully displace
[*H]3 decreases in a more pronounced fashion than ob-
served with [’H]2 and [*H]5. It is important to note that
the compounds with side chains extending beyond C9
(nonyl), and the majority of the branched alkyl amides,
were synthesized using parallel synthesis techniques.
While we used LC/UV/MS methods to ensure that the
yields were relatively consistent from one compound
to another, the concentrations of these compounds were
estimated based on approximately 50% recovery, as sug-
gested by the HPLC/UV response. Thus, substantive
conclusions regarding relative affinities within these
compounds should be avoided, but observations regard-
ing the percentage maximum displacement in binding
displacement studies are supportable, as long as the sig-
moidal curves show no further decrease with increasing
concentrations. Furthermore, characterization in mouse
vas deferens studies with 3 also indicated that these com-
pounds were pharmacologically unique, and this
encouraged us to extend our observations into other
CBI receptor preparations. In CHO cells transfected
with hCB, and in human postmortem tissue, this unique
selectivity was more pronounced, despite the high degree
of homology between the two receptors (hCB; and
rCB;). This selectivity in displacement has not previous-
ly been reported for a cannabinoid compound in
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Figure 3. Displacement curves for SR141716A analogs in hCBl-transfected cells against [PH]JCP55940 (top), [*H]SR141716A (middle), and
[PHJWIN55212 (bottom) for () N-cyclohexyl, (#) N-(1, 3-dimethylpentyl), (@) N-(1, 4-dimethylpentyl), () N-(1-methylhexyl), (¥) N-(1,5-
dimethylhexyl), (+) N-(2-ethylhexyl), ((J) N-(1,1-dimethylheptyl), (/) N-(1-methylheptyl), (V) N-(1-methyldecyl) (left panel); and (O) 1-geranyl, ((J) N-
butyl, (A) N-pentyl, (V) N-hexyl, (¢) N-heptyl, (O) N-octyl, (X) N-nonyl, (+) N-decyl, (ll) N-undecyl, (A) N-dodecyl, and (V) N-tridecyl (right panel).

wildtype CB1 receptors. That is, compounds within
structural classes that bind to the CB1 receptor (i.e.,
the aminoalkylindole agonists such as 3, the bicyclic
cannabinoids such as 2, and the pyrazole inverse ago-
nists such as 5) had always been shown to displace each
other in a competitive fashion.

Evidence of unique binding domains for structurally
divergent cannabinoid agonists has previously been pro-
vided only by receptor mutagenesis studies. For exam-
ple, Song and Bonner used site-directed mutagenesis of
the amino acids at position 5.46 of CB1 and CB2; a
Phe to Val mutation at the position 5.46 in CB2
(CB2F5.46V), and a corresponding Val to Phe mutation
at the position 5.46 in CB1 (CB1V5.46F).3! The mutant

receptors were transfected into human embryonic kid-
ney (HEK293) cells and used for ligand binding and
cAMP accumulation studies. The affinity of 3 for the
CB2F5.46V mutation was decreased by 14-fold, whereas
the CB(1)V5.46F mutation increased the affinity of 3 for
CB; by 12-fold. However, these mutations did not
change the affinity of HU-210, 2, or 4. Similarly,
Lys192 of the third transmembrane domain of the
CB1 receptor has been mutated to either Arg
(K192R), GIn (K192Q), or Glu (K192E) receptors and
expressed in Chinese hamster ovary cells.>? In this in-
stance, only the Lys to Arg mutation allowed retention
of binding affinity to 2, whereas 3 bound to all the mu-
tant receptors in the same range as it bound to the wild-
type. More recently, Picone et al. reported at the 2002
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SR141716A 12 N-(1-heptyl) analog_|
Tissue % Maximum % Maximum
Ki (nM) Displacement Ki (nM) | Displacement
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Figure 4. Presented in the top panel are [PHJWIN55212-2 competition curves for SR141716A (solid symbols) and the N-(1-heptyl)-analog of
SR141716A (12, open symbols) as determined in rat brain (black symbols), human CB receptor-transfected cells (blue symbols), and human
cerebellar membrane preparations (red symbols). In the bottom panel, displacement curves in human cerebellum for the N-(1-heptyl)-analog are
shown as determined with [PH]CP55940 (), [PH]SR 141716A (A), and [PH]WIN55212-2 (A). In the inserts, the K; and % maximum displacement are
provided as determined for each curve. In those instances where <50% displacement occurred with a particular ligand, the K; was not determined

(ND).

meeting of the International Cannabinoid Research
Society that mutation of the CB1 receptor amino acid
residue C6.47(355) to S, A, I, and K impacts the recep-
tor binding affinity of [*H]JCP55940, while leaving the
binding of [PHJWIN55212-2 unaffected.’® All of these
studies support the hypothesis that WIN55212-2 binds
differently to the CB1 receptor than CP55940 and possi-
bly other agonists and antagonists, which is consistent
with the displacement curves we have described for the
long-chain alkyl amides.

The heterologous displacement curves obtained with the
long-chain alkyl amides suggest that these “WIN-spar-
ing’ compounds also appear to be unique in their

receptor interactions as compared to SR141716. Indeed,
it is possible that these compounds have other pharma-
cological properties that are unique from SR141716 or
other antagonists that displace all other cannabinoid li-
gands with egual capacity. The selective displacement of
the agonists ["H]2 and [*H]3 seen with 12 as compared to
5 did not appear to translate into observable differences
in antagonism of these agonists when tested in the GTP-
v-[*°S] assay. However, in the mouse vas deferens exper-
iments, concentrations of 12 that possessed inverse
agonist activity when tested alone, appeared less able
to block the effects of either agonist when compared to
5. This discrepancy in pharmacological antagonism/in-
verse agonist activity may be due to several factors.
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Table 3. Amide analogs at the 3-position: displacement of [’H]JCP55940 in human CB2 receptor-transfected cells

Compound Substituted group H)2
K; (nM) SEM Maximum displacement (%) Ratio CB1/CB2
5 (SR141716) 313 a 79.8
6 (SR144528) 4.92 0.39 88.4 ND
8P N-(1-Cyclohexyl) 228 1.5 84.5 323
9° N-(1-Butyl) 1598 425 75.6 57.1
10° N-(1-Pentyl) 1110 241 75.9 76.0
11° N-(1-Hexyl) 6873 a 66.9 55.4
12 N-(1-Heptyl) 4027 174 47.8 13.8
13 N-(1-Octyl) 98,366 92,734 453 342
14 N-(1-Nonyl) 22,878 17,622 53.8 74.5
26 N-[1-(1,1-Dimethylheptyl)] 16,555 3445 52.8 506
n=1.

®Some results for this compound have been published previously (see Ref. 28).

Table 4. Amide analogs at the 3-position: inverse agonist/antagonist activity

Compound Substituted group ~ GTP-y-[**S] in whole rat brain Mouse vas deferens tissue assay
ECso (M) SEM Enax Agonist used  [nM] Ky, (nM)  Dextral shift % Inverse effect

5 (SR141716) 56,305 14,330 -37.8 3 31.6 0.4 81.4 65.2
6 (SR144528) 8136 258 =27.7
8 N-(1-Cyclohexyl) 26,030 — -221 3 31.6 1.2 26.7 55.5
9 N-(1-Butyl) 8536 3134 -385 3 316.2 21.2 15.9 NS¢ (28.2)
10 N-(1-Pentyl) 5270 1656 -74 3 316.2 31.7 11.0 86.6
11 N-(1-Hexyl) 29,375 16,135 —13.0 3 31.6 15.4 3.1 NS (30.1)
12 N-(1-Heptyl) 212,950 3950 —200 3 316.2 NS NS 50.6

3 316.2°  83.9° 4.8° NS (37.8%)

3 3162 100.4 325 49.3

2 3162 157.1 21.1 NS (15.0)
13 N-(1-Octyl) 676,800" 187,400 —-21.3
14 N-(1-Nonyl) 293,500 60,400 —20.1

#Value is above highest concentration on displacement curve.

®Due to unexpected result, compound was assayed again and both replicates are shown.

°NS = not significant.

Table 5. Schild analysis of the antagonism of CP55940 and WINS55212-2 by 5 and 12 in rat brain and hCB;-transfected CHO cells

Agonist SR141716A (5) 12
Rat brain hCB; cells Rat brain hCB; cells

PAL/K,, Slope/R? PAJK, Slope/R? PAL/K,, Slope/R? PAJK, Slope/R?
Schild slope constrained to 1
CP55940 9.28 1/0.01 7.55 1/-0.09 9.0 1/0.26 7.24 1/0.12
WINS55212 9.49 1/0.61 7.79 1/0.20 7.52 1/0.41 7.24 1/0.25
Agonist PA; Slope/R? PA, Slope/R? PA, Slope/R? PA, Slope/R?
Schild slope not constrained
CP55940 8.55 1.87/0.13 7.07 7.63/—0.08 10.4 0.55/0.33 22.61 0.05/0.21
WINS55212 9.91 0.81/0.62 7.10 6.81/-0.19 13.88 0.12/0.55 7.54 0.55/0.25

The data derived using the statistically better model (determined using global nonlinear regression and an F-test, see Methods) is shown in bold.

For example, it is possible that 2 and 3 and 5 and 12 dif-
fer in their influence on GPCR activation beyond their
effects on the relative proportion of the receptor active
state. It has been shown that chemically distinct classes
of cannabinoid agonists promote differential CB1 recep-
tor—Gi protein interactions.>* It is also likely that antag-
onists are able to induce differing populations of
microconformations of the CB1 receptor, which could
have an effect on their G-protein uncoupling and speci-
ficity. However, the significance in the binding affinity
and signaling differences between 5 and 12 needs to be

further characterized in in vitro and in vivo assays of
cannabinoid activity.

It is intriguing to speculate that there may be other can-
nabinoid ligands that are spared from displacement with
these unique SR141716 analogs. For example, it remains
to be determined whether endocannabinoids are dis-
placed by ‘WIN-sparing’ SR141716 analogs. If they
are not, it is possible that the endocannabinoid system
could be left unaltered, while some exogenous cannabi-
noid compounds could be antagonized. However, it is
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also possible that the unique binding of the alkyl com-
pounds imparts unique pharmacological properties in
the absence of a competitive agonist or agonist. These
possibilities will therefore be the subject of future explo-
ration in our laboratory.

4. Experimental

The synthesis of the target compounds 8-11 was de-
scribed previously,?® and compounds 12, 13, and 26
were synthesized in a manner similar to a previously
published synthesis of 5?® by condensation of the respec-
tive amines with the pyrazole acid chloride 7, as shown
in Scheme 1.

Dimethylheptyl amine was prepared by the addition of
ethyl 2,2-dimethyloctanoate to sodium amide in tetrahy-
drofuran (THF),? followed by Hofmann rearrangement
using the commercially available reagent [/,/-bis(triflu-
oroacetoxy)iodo]benzene.’ The synthesis of 26 was then
carried out as above (Scheme 1). The products were
characterized by 'H nuclear magnetic resonance
(NMR), high-resolution electron impact (EI) mass spec-
troscopy, and HPLC.

The synthesis of the target compounds 15-25 and 27 was
carried out by similar methods as previously pub-
lished,?® performed in parallel using an Argonaut Quest
210.

4.1. General methods

Reactions were conducted under N, or Ar atmospheres
using oven-dried glassware. Parallel syntheses were per-
formed with an Argonaut Technologies Quest 210 Par-
allel Synthesizer. All solvents and chemicals used were
reagent grade. CH,Cl, was passed through basic alumi-
na and stored over 4 A molecular sieves under Ar. Et;N
was distilled from CaH, and stored over NaOH pellets
under Ar. Unless otherwise mentioned, reagents were
obtained from commercial sources and used without
further purification. Medium-pressure column chroma-
tography was carried out on a Merck LoBar prepacked
silica gel column (240 mm, Si-60, 40—63 um). Purity and
characterization of compounds were established by a

[}

combination of HPLC, GC-MS, high-resolution mass
spectra (HRMS), LC/MS, and NMR analytical tech-
niques described below. Compounds were shown to be
homogeneous by HPLC, employing two diverse solvent
mixtures on a Waters dual pump chromatography oper-
ating at 2.0 mL/min with a model 484 tunable absor-
bance detector, Waters Nova-Pak reversed phase C-18
(4 um) RCM 8 mm x 100 mm column, and UV detec-
tion at 280 nm; eluants utilized were either CH;CN-
H,O or CH;0H-H,O mixtures as indicated in each
experimental procedure. GC-MS was measured on a
Hewlett—Packard 6890 GC System with a model 5973
Mass Selective Detector using EI ionization. LC/MS
spectra were obtained using an API3000 LC/MS-MS
system using atmospheric pressure chemical ionization
(APCI). HRMS were determined on a VG-70S Mass
Spectrometer (Micromass, Beverly, MA) and were per-
formed by the mass spectrometry laboratory at the Uni-
versity of South Carolina. 'H NMR spectra were
recorded on a Bruker Avance DPX-300 (300 MHz)
spectrometer and were determined in MeOH-d, with
TMS (0.00 ppm) or MeOH (3.30 ppm) as the internal
reference unless otherwise noted.

4.2. N-(1-Heptyl)-5-(4-chlorophenyl)-1-(2,4-dichlorophe-
nyl)-4-methyl-1 H-pyrazole-3-carboxamide (12)

1-Heptylamine (172.5 mg, 222.0 uL, 1.50 mmol), trieth-
ylamine (420 pL, 3.00 mmol), and CH,Cl, (7 mL) were
cooled to 0 °C under argon and treated dropwise over
5min with a solution of 7%® (299.1 mg, 0.75 mmol) in
CH,Cl, (8 mL). The solution was allowed to warm slow-
ly to 25 °C under Ar and stirred for an additional 2 h.
The reaction was quenched by the addition of 10 mL
H,O and partitioned. The organic layer was washed
with 2 x 20 mL of 1 N HCI. The combined aqueous lay-
ers were backextracted with CH,Cl,, and the combined
CH,Cl, layers were washed with saturated aqueous
NaHCO;. The aqueous layer was backextracted with
CH,Cl,, and the combined CH,Cl, layers were dried
over Na,SO,4. The CH,Cl, was evaporated in vacuo,
yielding a yellow oil. Medium-pressure chromatography
(1:7, EtOAc-hexanes) ?/ielded the product as a yellow oil
(286 mg, 80% yield). 'H NMR: ¢ 7.59 (d, J=2.2 Hz,
1H, Ar 3-H), 7.55 (d, J=8.5Hz, 1H, Ar 6-H), 7.46
(dd, J=2.2, 8.5 Hz, 1H, Ar 5-H), 7.39 (d, J = 8.5 Hz,

]
c —
N \N
N NH,R, Et3N, CH,Cly, Ar, t, 2 hr, 69-83% N’
Cl cl Cl cl
cl cl
7 8, R = cyclohexyl 18, R = tridecy!
9, R = butyl 19, R = geranyl
10, R = pentyl 20, R = 1,3-dimethylpentyl
11, R=hexyl 21, R = 1,4-dimethylpentyl
12, R = heptyl 22, R = 1-methylhexyl
13, R = octyl 23, R = 1,5-dimethylhexy!
14, R = nonyl 24, R = 2-ethylhexyl
15, R = decyl 25, R = 1-methylheptyl
16, R = undecyl 26, R = 1,1-dimethylheptyl
17, R = dodecyl 27, R = 1-methyldecy!

Scheme 1.
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2H, Ar’ 3,5-H), 7.21 (d, J = 8.5 Hz, 2H, Ar’ 2,6-H), 3.37
(t, J=17.1 Hz, 2H, N-CH,—(CH,)s—CH3), 2.32 (s, 3H,
CH3), 1.62 (m, 2H, N-CH,-CH,—(CH,),~CH3), 1.36
(m, SH, N—CHz—CHz—(CH2)4—CH3), 0.91 (t,
J=6.8Hz, 3H, N-(CH,)sCHs). HPLC: 90%
CH;CN-H,0, tg 6.5min (100%); 85% CH;OH-H,0,
R 12.2 min (100%). HREIMS m/z 477.1141 (calcd for
CasH,g ¥CI;N;0, 477.1141).

4.3. N-(1-Octyl)-5-(4-chlorophenyl)-1-(2,4-dichlorophe-
nyl)-4-methyl-1H-pyrazole-3-carboxamide (13)

Compound 7 was obtained from 4 and 1-octylamine
according to the procedure described for 6 and was iso-
lated as a yellow oil (175 mg, 90% yield). '"H NMR: §
7.54 (d, J=2.2Hz, 1H, Ar 3-H), 7.50 (d, J=28.5 Hz,
IH, Ar 6-H), 7.42 (dd, J=2.2, 8.5 Hz, 1H, Ar 5-H),
735 (d, J=8.5Hz, 2H, Ar’" 3,5-H), 7.18 (d,
J=8.5Hz, 2H, Ar’ 2,6-H), 3.34 (t, J= 7.2 Hz, 2H, N-
CH,—(CH,)¢—CHs3), 2.30 (s, 3H, CH3), 1.59 (m, 2H,
N-CH,-CH,—(CH,)s—CH3), 1.28 (m, 10H, N-CH,-
CH,—(CH,)s—CH3), 0.88 (t, J = 7.0 Hz, 3H, N-(CH,),—
CH;). HPLC: 90% CH;CN-H,0, tz 16.6 min (99%);
85% CH3;OH-H,0, R; 16.3 min (100%). HREIMS m/z
491.1277 (caled for CosHag *>ClsN50, 491.1298).

4.4. N-(1-Nonyl)-5-(4-chlorophenyl)-1-(2,4-dichlorophe-
nyl)-4-methyl-1H-pyrazole-3-carboxamide (14)

Compound 8 was obtained from 4 and 1-nonylamine
according to the procedure described for 7 and was iso-
lated as a yellow oil (211 mg, 83% yield). '"H NMR: 6
7.50 (d, J=2.2Hz, 1H, Ar 3-H), 7.47 (d, J = 8.5 Hz,
1H, Ar 6-H), 7.39 (dd, J=2.2, 8.5 Hz, 1H, Ar 5-H),
731 (d, J=85Hz, 2H, Ar" 3,5-H), 7.14 (d,
J=8.5Hz, 2H, Ar’ 2,6-H), 3.30 (t, /J=7.1 Hz, 2H, N-
CH»—(CH,);—CH3), 2.26 (s, 3H, CH3), 1.54 (m, 2H,
N-CH,-CH»(CH,)s-CH3), 1.24 (m, 12H, N-CH,-
CH,—(CH,)s—CH3), 0.84 (t, J = 6.8 Hz, 3H, N-(CH,)s—
CH3). HPLC: 90% CH;CN-H,0, g 21.6 min (99%);
85% CH3;0OH-H,O, R; 23.2 min (100%). HREIMS m/z
505.1463 (caled for CogHso °CI3N;0, 505.1454).

4.5. Synthesis of 2,2-dimethyloctanamide?®

NaNH, (10.1 mmol) was treated with a solution of ethyl
2,2-dimethyloctanoate®>3® (10.1 mmol) in dry THF
(35mL) under N, and stirred at ambient temperature
for 2 h. The reaction was quenched with saturated aque-
ous NH,4CI. This was extracted with 2 x 20 mL CH,Cl,.
The organic layer was washed with 2 x 20 mL saturated
aqueous NH,CI, and the combined organic layers were
dried over Na,SO4. The CH,Cl, was evaporated in vac-
uo, yielding a beige powder (1.02 g, 59% yield). The
product was carried forth to the next step without fur-
ther purification.

4.6. Synthesis of 1,1-dimethylheptyl amine3’

[1,I-bis(trifluoroacetoxy)iodo]benzene (703 mg, 4.1
mmol) was dissolved in acetonitrile (6 mL) and glass-
distilled water (6 mL) was added. To this solution, 2,2-
dimethyloctanamide (1.94 g, 4.5 mmol) was added and

the solution was stirred in the dark at room temperature
for 12 h. The reaction mixture was diluted with water
(75 mL), concentrated HCI (8 mL) was added, and the
mixture was extracted with ether (2 x 75 mL). The aque-
ous layer was concentrated at reduced pressure to yield
the hydrochloride salt of 1,1-dimethylheptylamine as
white, needle-like crystals (662 mg, 96% yield). mp
112.2-112.8 °C.

4.7. N-(1,1-Dimethylheptyl)-5-(4-chlorophenyl)-1-(2,4-
dichlorophenyl)-4- methyl-1H-pyrazole-3-carboxamide
(26)

The HCI salt of 1,1-dimethylheptyl amine (174.1 mg,
1.03 mmol), triethylamine (500 puL, 3.59 mmol) and
95% EtOH (5mL) were cooled to 0°C under argon
and treated dropwise over 5 min with a solution of 4
(203.6 mg, 0.51 mmol) in CH,Cl, (5 mL). The solution
was allowed to warm slowly to 25 °C under Ar and stir-
red for an additional 2 h. The reaction was quenched by
addition of 10 mL H,O. The organic layer was washed
with 2 x 20 mL of 1 N HCI. The combined aqueous lay-
ers were backextracted with CH,Cl,, and the combined
CH,Cl, layers were washed with saturated aqueous
NaHCO;. The aqueous layer was backextracted with
CH,Cl,, and the combined CH,Cl, layers were dried
over Na,SO,4. The CH,Cl, was evaporated in vacuo,
yielding a dark yellow film. Flash chromatography
(1:11, EtOAc-hexanes) yielded the product as a yellow
oil (177.2mg, 69% yield. 'H NMR: & 7.57 (d,
J=2.1Hz, 1H, Ar 3-H), 7.52 (d, J = 8.5 Hz, 1H, Ar 6-
H), 7.44 (dd, J=2.2, 8.5Hz, 1H, Ar 5-H), 7.36 (d,
J=28.5Hz, 2H, Ar’ 3,5-H), 7.18 (d, J=8.5Hz, 2H,
Ar’ 2,6-H), 2.28 (s, 3H, CH3), 1.80 (br t, J=7.5Hz,
2H, N-C(CH3),-CH,—(CH,)4~CH3) 1.40 (s, 6H, N-—
C(CH3),—(CH;)s—CH3), 1.31 (m, 8H, N-C(CHj),-
CH,(CH,)4—CH3), 0.88 (t, J=6.0Hz, 3H,
N-C(CHj3),—(CH,)s—CH3). HPLC: 90% CH3;CN-H,O0,
R, 24.7min (99%); 80% CH;OH-H,O, tg 24.3 min
(100%). HREIMS m/z 505.1465 (caled for C,cHjp
3CLLN;0, 505.1454).

4.8. Preparation of long-chain unbranched- and
branched-alkyl amide analogs of (5): general procedure

To a mixture of the respective hydrazine or alkyl amine
(0.09 mmol) and Et;N (0.18 mmol) in anhydrous
CH,Cl, (4 mL) under nitrogen, 7 (0.05 mmol) was add-
ed, and the reaction mixture was agitated for 2 h at
room temperature. The crude mixtures were washed
with water, the layers were separated, and the organics
were dried over Na,SO,. Filtration and solvent removal
yielded the desired compounds which were characterized
by '"H NMR and/or LC/MS.

4.9. N-(1-Decyl)-5-(4-chlorophenyl)-1-(2,4-dichlorophe-
nyl)-4- methyl-1H-pyrazole-3-carboxamide (15)

'H NMR (CD;OD): § 7.56 (d, J = 2.2 Hz, 1H), 7.52 (d,
J=8.5Hz, 1H), 7.44 (dd, J = 2.2 Hz, 8.5 Hz, 1H), 7.36
(d, J=8.5Hz, 2H), 7.19 (d, J=8.5 Hz, 2H), 3.35 (4,
J=7.1Hz), 2.30 (s, 3H), 1.60 (m, 2H), 1.28 (m, 14H),
0.89 (t, J = 6.6 Hz, 3H).
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4.10. N-(1-Undecyl)-5-(4-chlorophenyl)-1-(2,4-dichlor-
ophenyl)-4- methyl-1H-pyrazole-3-carboxamide
(16)

'"H NMR (CD;OD): 6 7.56 (d, J = 2.2 Hz, 1H), 7.52 (d,
J=8.5Hz, 1H), 7.44 (dd, J = 2.2 Hz, 8.5 Hz, 1H), 7.36
(d, J=8.5Hz, 2H), 7.19 (d, J=8.5Hz, 2H), 3.35 (t,
J=7.1Hz, 2H), 2.30 (s, 3H), 1.59 (m, 2H), 1.28 (m,
16H), 0.89 (t, J = 6.6 Hz, 3H).

4.11. N-(1-Dodecyl)-5-(4-chlorophenyl)-1-(2,4-dichlor-
ophenyl)-4- methyl-1H-pyrazole-3-carboxamide (17)

'"H NMR (CD;OD): 6 7.56 (d, J = 2.1 Hz, 1H), 7.52 (d,
J=8.5Hz, 1H), 7.44 (dd, J = 2.1 Hz, 8.5 Hz, 1H), 7.36
(d, J=8.4Hz, 2H), 7.19 (d, J=8.4Hz, 2H), 3.52 (t,
J=7.1Hz, 2H), 2.30 (s, 3H), 1.60 (m, 2H), 1.28 (m,
18H), 0.89 (t, J = 6.6 Hz, 3H).

4.12. N-(1-Tridecyl)-5-(4-chlorophenyl)-1-(2,4-dichlor-
ophenyl)-4- methyl-1H-pyrazole-3-carboxamide (18)

'"H NMR (CD;OD): 6 7.56 (d, J = 2.2 Hz, 1H), 7.52 (d,
J=8.5Hz, 1H), 7.44 (dd, J = 2.2 Hz, 8.5 Hz, 1H), 7.36
(d, J=8.5Hz, 2H), 7.19 (d, J=8.5Hz, 2H), 3.35 (t,
J=17.1Hz, 2H), 2.30 (s, 3H), 1.58 (m, 2H), 1.28 (m,
20H), 0.89 (t, J = 6.6 Hz, 3H).

4.13. N-(1-Geranyl)-5-(4-chlorophenyl)-1-(2,4-dichlor-
ophenyl)-4- methyl-1H-pyrazole-3-carboxamide (19)

"H NMR (CDCl): 6 7.42 (s, 1H), 7.28 (m, 4H), 7.01 (d,
J=8.5Hz, 2H), 686 (t, J=9.0Hz, 1H), 5.28 (t,
J=83Hz 1H), 508 (t, J=83Hz, 1H), 4.03 (t,
J=8.2Hz, 2H), 2.38 (s, 3H), 2.03 (m, 4H), 1.70 (s,
3H), 1.66 (s, 3H), 1.56 (s, 3H). LC/UV-MS analysis re-
vealed a single UV peak at 11.68 min (~93% integrated
area) with an intense ion (base peak) at m/z 538 (predict-
ed mass of sodium adduct).

4.14. N-(1,3-Dimethylpentyl)-5-(4-chlorophenyl)-1-(2,4-
dichlorophenyl)-4- methyl-1H-pyrazole-3-carboxamide
(20)

"H NMR (CDCls): 6 7.43 (s, 1H), 7.30 (m, 4H), 7.04 (d,
J=8.5Hz, 2H), 6.73 (d, J=8.0Hz, 5H), 6.67 (d,
J=8.0Hz, 5H), 4.27 (m, 1H), 2.38 (s, 3H), 1.47 (m,
3H), 1.20 (m, 5H), 0.89 (m, 6H). LC/UV-MS analysis re-
vealed a single UV peak at 11.16 min (~97% integrated
area) with an intense ion (base peak) at m/z 500 (predict-
ed mass of sodium adduct).

4.15. N-(1,4-Dimethylpentyl)-5-(4-chlorophenyl)-1-(2,4-
dichlorophenyl)-4- methyl-1H-pyrazole-3-carboxamide
21)

"H NMR (CDCls): 6 7.43 (s, 1H), 7.29 (m, 4H), 7.06 (d,
J=28.5Hz, 2H), 6.73 (d, J = 8.0 Hz, 1H), 4.14 (m, 1H),
2.37 (s, 3H), 1.52 (m, 3H), 1.28 (m, 5H), 0.87 (d, J =
6.6 Hz, 6H). LC/UV-MS analysis revealed a single UV
peak at 11.19 min (~78% integrated area) with an in-
tense ion (base peak) at m/z 500 (predicted mass of sodi-
um adduct).

4.16. N-(1-Methylhexyl)-5-(4-chlorophenyl)-1-(2,4-
dichlorophenyl)- 4-methyl-1H-pyrazole-3-carboxamide
(22)

'"H NMR (CDCls): 6 7.38 (s,1H), 7.24 (m, 4H), 7.00 (d,
J=8.5Hz, 2H), 6.70 (d, J = 8.2 Hz, 1H), 4.12 (m, 1H),
2.33 (s, 3H), 1.45 (m, 2H), 1.33 (m, 2H), 1.21 (m, 4H),
1.18 (d, J = 6.5 Hz, 3H), 0.83 (t, J = 6.6 Hz, 3H).

4.17. N-(1,5-Dimethylhexyl)-5-(4-chlorophenyl)-1-(2,4-
dichlorophenyl)-4-methyl- 1 H-pyrazole-3-carboxamide
(23)

"H NMR (CDCls): 6 7.42 (s, 1H), 7.29 (m, 4H), 7.05 (d,
J =8.5Hz, 2H), 6.73 (d, J = 8.0 Hz, 1H), 4.16 (m, 1H),
2.38 (s, 3H), 1.50 (m, 3H), 1.35 (m, 2H), 1.20 (m, 5H),
0.85 (d, J=6.6 Hz, 6H). LC/UV-MS analysis revealed
a single UV peak at 11.59 min (~94% integrated area)
with an intense ion (base peak) at m/z 514 (predicted
mass of sodium adduct).

4.18. N-(2-Ethylhexyl)-5-(4-chlorophenyl)-1-(2,4-dichlor-
ophenyl)-4- methyl-1H-pyrazole-3-carboxamide (24)

"H NMR (CDCls): 6 7.43 (s, 1H), 7.28 (m, 4H), 7.05 (d,
J =8.5Hz, 2H), 6.94 (t, J = 8.0 Hz, 1H), 3.36 (m, 1H),
2.38 (s, 3H), 1.54 (m, 2H), 1.37 (m, 8H), 0.89 (m, 6H).
LC/UV-MS analysis revealed a single UV peak at
11.67 min (~94% integrated area) with an intense ion
(base peak) at m/z 514 (predicted mass of sodium
adduct).

4.19. N-(1-Methylheptyl)-5-(4-chlorophenyl)-1-(2,4-
dichlorophenyl)- 4-methyl-1H-pyrazole-3-carboxamide
(25)

"H NMR (CDCls): 6 7.43 (s, 1H), 7.28 (m, 4H), 7.05 (d,
J=8.5Hz, 2H), 6.73 (d, J = 8.2 Hz, 1H), 4.13 (m, 1H),
2.38 (s, 3H), 1.54 (m, 2H), 1.39 (m, 8H), 0.86 (t,
J=6.6 Hz, 3H). LC/UV-MS analysis revealed a single
UV peak at 111.66 min (~93% integrated area) with
an intense ion (base peak) at m/z 514 (predicted mass
of sodium adduct).

4.20. N-(1-Methyldecyl)-5-(4-chlorophenyl)-1-(2,4-
dichlorophenyl)- 4-methyl-1H-pyrazole-3-carboxamide
27

"H NMR (CDCls): 6 7.42 (s, 1H), 7.28 (m, 4H), 7.05 (d,
J=8.5Hz, 2H), 6.73 (d, J = 8.7 Hz, 1H), 4.14 (m, 1H),
2.38 (s, 3H), 1.48 (m, 2H), 1.23 (m, 17H), 0.87 (t,
J =7.7Hz, 3H). LC/UV-MS analysis revealed a single
UV peak at 12.64 min (~91% integrated area) with an
intense ion (base peak) at m/z 558 (predicted mass of
sodium adduct).

4.21. CBI receptor affinity and efficacy determination

All animal procedures were carried out in accordance
with the Institutional Animal Care and Use Committee
at the Research Triangle Institute and with the 1996
Guide for the Care and Use of Laboratory Animals as
adapted and promulgated by the National Institute on
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Health. Mouse vas deferens methods were performed as
previously described in Ref. 28. For the competition as-
says utilizing rat brain membrane preparations, male
CD® rats (Charles River Laboratories, Rayleigh, NC)
weighing 220-225 g were killed. The whole brains were
quickly removed and placed into a 55-mL Potter—Elveh-
jem glass homogenizer tube maintained on ice. The
methods for preparation of rat brain membranes were
essentially those described by Devane et al.! as modified
later by our laboratory.?’

GTP-y-[>S] assays were also performed to determine
the ability of 5 and 12 to shift the binding curves of
the agonists 2 or 3. Reaction mixtures consisted of
either 2 (2.5 pM to 25 uM) to 3 (10 pM to 100 uM),
20uM GDP, and 100 pM GTP-y-[**S] in 50 mM
Tris-HCl, pH 7.4, 1mM EDTA, 5mM MgCl,,
100 mM NaCl, and 1 mg/mL BSA. The effects of 5
and 12 on agonist binding were compared at concen-
trations of 1, 10, and 100 nM vs. reactions with no
antagonist in a final reaction mixture volume of
0.5 mL. Binding was determined using membrane prep-
arations as previously described.?® Data analysis was
performed using global nonlinear regression analysis
of the dose-response curves (Prism, GraphPad), and
pA, values were calculated. The calculations were per-
formed with the slope of the Schild line constrained to
1, as well as unconstrained, and an F-test (P < 0.05)
was used to determine the best model.
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Abstract—Recent evidence suggests that combination therapy of cancer with receptor tyrosine kinase (RTK) inhibitors, which are
usually cytostatic, with conventional chemotherapeutic agents, which are usually cytotoxic, provide an improved treatment option.
We have designed, synthesized, and evaluated a series of novel 2,4-diamino-5-substituted furo[2,3-d|pyrimidines with RTK and
dihydrofolate reductase (DHFR) inhibitory activity in single molecules, as potential cytostatic and cytotoxic agents with antitumor
activity. These compounds were synthesized from 2,4-diamino-5-chloromethyl furo[2,3-d]pyrimidine and aryl methyl ketones using
the Wittig reaction to afford the C-8-C-9 unsaturated analogs followed by catalytic reduction to the corresponding saturated com-
pounds. The saturated and unsaturated C-8—C-9 bridged compounds were evaluated as inhibitors of vascular endothelial growth
factor receptor (VEGFR-2, Flk, KDR), epidermal growth factor receptor, and platelet-derived growth factor receptor-§3
(PDGFR-p). Selected analogs were also evaluated as antiangiogenic agents in the chicken embryo chorioallantoic membrane
(CAM) assay. The compounds were also evaluated as inhibitors of human (h) DHFR and Toxoplasma gondii (tg) DHFR. In each
evaluation, a known standard compound was used as a comparison. Of the compounds evaluated, compound 32 was as potent as
the standard compounds against VEGFR-2 and PDGFR-f, showing dual inhibitory activity against RTK. This analog was also
highly effective in the CAM assay. A second analog 18 also demonstrated dual VEGFR-2 and PDGFR-f inhibitory activity as well
as potent antiangiogenic activity in the CAM assay. Four additional analogs were also effective against PDGFR-f and in the CAM
assay. An unsaturated C-8-C-9 moiety was necessary for RTK inhibitory activity. Compound 32 also showed inhibitory activity
against hDHFR and tgDHFR, illustrating the multitarget inhibitory potential of these analogs. The biological activity of these ana-
logs also suggests the necessity of an unsaturated C-8—C-9 bridge for dual RTK and DHFR inhibitory activity. Compounds 18 and
32 were also evaluated in a B16 melanoma mouse model and were found to be more active as antitumor agents than methotrexate.
In addition, both 18 and 32 were also active in decreasing lung metastases in a mouse model of B16 melanomas.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The formation of new blood vessels from existing vascu-

lature is termed angiogenesis.! Angiogenesis plays a cru-

e cial role in the growth and metastasis of solid tumors.> *
™ Presented in part at the 218th American Chemical Society National Solid tumors require angiogenesis to grow beyond
Meceting, New Orleans, LA, August 1999, MEDI 223; and the 94th 1-2 mm in diameter and metastasis requires the presence

American Association for Cancer Research National Meeting, of blood vessels to allow access to the circulation and to
Washington, DC, July 2003, Abstract number 101368.

* Corresponding author. Tel: +1 412 396 6070; fax: +1 412 396 form tumors at distal sites to the primary tumor. Angi-
5593; e-mail: gangjee@duq.edu ogenesis and metastasis contribute to the poor prognosis
T Present address: Department of Medicinal Chemistry, University of in patients with angiogenic solid tumors.> Thus, agents

Kansas, Lawrence, KS 66045, USA. that inhibit the angiogenic process have afforded new
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paradigms for the treatment of tumors.®” Angiogenesis
is primarily a receptor-mediated process by growth fac-
tors that cause signal transduction, for the most part, via
receptor tyrosine kinases (RTK). RTKSs consist of fam-
ilies of growth factor receptors such as vascular endo-
thelial growth factor receptor (VEGFR), epidermal
growth factor receptor (EGFR), platelet-derived growth
factor receptor (PDGFR), and fibroblast growth factor
receptor (FGFR) among several others.® Aberrant
expression or overexpression of EGFR and PDGFR,
both of which are directly or indirectly involved in angi-
ogenesis, have been implicated in the development, pro-
gression, and aggressiveness of a variety of solid tumors.
These include head and neck cancers,” non-small cell
lung cancer,!%!! glial tumors,'? and glioblastomas.'> !4
VEGF is a known survival factor for endothelial cells
of tumor vessels.!>23

RTKs are generally transmembrane receptors consisting
of an extracellular growth factor binding domain, a
hydrophobic transmembrane domain, and a cytoplas-
mic domain. The cytoplasmic domain contains regulato-
ry regions and the catalytic tyrosine kinase domain with
binding sites for both ATP and substrates allowing for
autophosphorylation critical for signal transduction
and angiogenesis.”® Thus, RTKs are attractive targets
for cancer chemotherapeutic agents. Since RTKs are
present in endothelial cells (VEGFR, PDGFR), tumor
cells (FGFR, PDGFR), and pericytes/smooth muscle
cells (FGFR, PDGFR), inhibition of more than one
RTK could provide synergistic inhibitory effects against
solid tumors.?*2¢ Several small molecule RTK inhibi-
tors are currently in clinical use and in clinical trials as
antitumor agents (Fig. 1). The majority of these are tar-
geted at the ATP binding sites of tyrosine kinases. The
recent approval of Tarceva (OSI774) and Iressa
(ZD1839), both of which are EGFR kinase inhibitors,
for clinical use against non-small cell lung cancer as well
as Gleevac (STI571) against chronic myeloid leukemia
and gastrointestinal stromal tumors has established
small molecule RTK inhibitors in the clinic as antitumor
agents.

There has been considerable discussion in the literature
regarding the use of RTK inhibitors as monotherapy
for cancer or the combination of multiple RTK inhib-
itors either as single agents or in combination. In addi-
tion, combinations of antiangiogenic agents or RTK
inhibitors with conventional cytotoxic cancer chemo-
therapeutic agents have also been discussed.>??>7? Clin-
ical trials of such combinations are in progress (see
website, Cancer Trials at NCI). On the basis of pre-
clinical evidence it appears that the primary effect of
antiangiogenic agents is cytostatic and that removal
of the agent leads to a regrowth of the tumor. In pre-
clinical studies, inhibition of multiple RTKs has shown
increase in survival in mice.>* There is agreement in
the literature that the use of RTK inhibitors (or multi-
ple RTK inhibitors) along with a cytotoxic or conven-
tional cancer chemotherapeutic agents and/or radiation
should enhance the efficacy of the overall antitumor
therapy and prevent regrowth following cessation of
therapy.30-3!1

Since RTK inhibitors are generally cytostatic against tu-
mors and the combination of RTK inhibitors with cyto-
toxic agents, currently in clinical trials, are anticipated
to provide better efficacy against tumors, we reasoned
that the combination of an RTK inhibitor along with
cytotoxic activity in a single molecule could provide
single agents with ‘combination chemotherapeutic
potential’ with both cytotoxic and cytostatic activity.
Because of our long-standing interest in dihydrofolate
reductase (DHFR) inhibitors we elected to use DHFR
as the cytotoxic target.

Dihydrofolate reductase (DHFR) carries out the reduc-
tion of dihydrofolate to tetrahydrofolate (THF), which
is utilized by serinehydroxymethyltransferase to afford
5,10-methylene-tetrahydrofolate (5,10-CH,THF). The
cofactor 5,10-CH,THF serves as the source of the meth-
yl group in the conversion of deoxyuridine monophos-
phate (dUMP) to thymidylate (dTMP) catalyzed by
thymidylate synthase (TS). DHFR inhibitors are well-
established cytotoxic agents used in cancer chemothera-
py.3233 Methotrexate (MTX) and trimetrexate (TMQ)
(Fig. 1) are examples of such classical and non-classical
antifolates, respectively.*

Since inhibition of two or more RTKs have also been
proposed to provide synergistic effects when used in
combination, it was of interest to structurally engineer
single molecules that would possess inhibitory activity
against two or more RTKs along with DHFR inhibi-
tion. Such analogs were expected to display both cyto-
static (RTK inhibition) as well as cytotoxic (DHFR
inhibition) activity. Single agents would overcome the
pharmacokinetic and pharmacodynamic drawbacks as
well as combined toxicities of using two or more sepa-
rate agents. Recently, VEGFR-2 and PDGFR-B, two
RTKs, have been implicated in controlling angiogenesis
at two different stages of the angiogenic process, and it
has been recently shown that inhibition of VEGFR-2
and PDGFR-B with two separate inhibitors, SU5416
and SU6668, respectively, produces a synergistic effect
in early stage as well as late stage pancreatic islet cancer
in mouse models by attacking the angiogenic process at
two different sites.?>3¢ Thus, we elected to design our
multitargeted inhibitor(s) to inhibit DHFR and VEG-
FR-2 and to evaluate our compounds against
PDGFR-f as well.

2,4-Diamino-5-substituted furo[2,3-d]pyrimidines 1-16
(Fig. 2), by virtue of their structural analogy to TMQ
and molecular modeling, were designed as potential
DHFR inhibitors. These analogs have a C-C bridge
between the furo[2,3-d|pyrimidine and the side chain
phenyl ring. The Wittig reaction of 2,4-diamino-5-chlo-
romethyl furo[2,3-d]pyrimidine with appropriate aryl
methyl ketones was expected to also afford the unsatu-
rated precursors 17-35 (Fig. 2) to the target compounds.
Similar unsaturated analogs®’*® have shown DHFR
inhibition and would allow the control of side chain
conformation in the E- and Z-isomers for biological
activity against the target enzymes. The unsaturated pre-
cursors on reduction were to afford the target DHFR
inhibitors. Since we desired to combine DHFR and
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Figure 1. RTK inhibitors and DHFR inhibitors.

NH, NH, CH3
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1-16 17- 35
Ar Ar
1. Phenyl 17. Phenyl
2. 2-OMe-Phenyl 18. 2-OMe-Phenyl
3. 3-OMe-Phenyl 19. 3-OMe-Phenyl
4. 2-Cl-Phenyl 20. 2-Cl-Phenyl
5. 4-Cl-Phenyl 21. 3-Cl-Phenyl
6. 2,5-diOMe-Phenyl 22. 4-Cl-Phenyl
7. 3,4-diOMe-Phenyl 23. 2,4-diOMe-Phenyl
8. 2,4-diCl-Phenyl 24. 2,5-diOMe-Phenyl
9. 2,5-diCl-Phenyl 25. 3,4-diOMe-Phenyl
10. 3,4-diCI-Phenyl 26. 2,4-diCl-Phenyl
11. 3,4,5-triOMe-Phenyl 27. 2,5-diCl-Phenyl
12. 2,3,4-triCl-Phenyl 28. 3,4-diCl-Phenyl
13. 2-naphthyl 29. 3,4,5-triOMe-Phenyl
14. 6-OMe-2-naphthyl 30. 2,3,4-triCl-Phenyl
15. 4-biphenyl 31. 1-naphthyl
16. 2-fluorenyl 32. 2-naphthyl
33. 6-OMe-2-naphthyl
34. 4-biphenyl
35. 2-fluorenyl

Figure 2.
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RTK inhibitory activity in single molecules we modeled
the potential 2,4-diamino-5-substituted furo[2,3-d]
pyrimidine DHFR inhibitors into the VEGFR-2 model
with ATP (see below). Both the target compounds and
the unsaturated precursors were used in the modeling
studies.

2. Molecular modeling

The X-ray crystal structure of VEGFR-2 tyrosine kinase
has been published.?® Using this crystal structure and
sequence homology alignment (SYBYL 6.9)3° with the
X-ray crystal structure of insulin receptor kinase
(IRK) “° containing an ATP bound molecule, it was pos-
sible to place the ATP in the VEGFR-2 tyrosine kinase.

Compound 32, in its energy minimized conformation
(SYBYL 6.9) of both the Z- and E-isomers serves as
the prototype and were aligned on the ATP in VEG-
FR-2 such that the 4-aminopyrimidine moieties of
ATP and 32 were superimposed. This allowed a possible
binding mode of 32 in VEGFR-2. Figures 3 and 4 indi-
cate that both the Z- and E-isomers in their energy min-
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Figure 4. Stereoview of compound E-32 modeled in VEGFR2.

imized conformations, respectively, could bind to the
ATP domain of VEGFR-2. The 4-NH, of 32 along with
the ring N3 makes hydrogen bonds in the hinge region,
with the backbone peptide residues Glu917 (carbonyl)
and Cys919 (NH), respectively, similar to that seen in
ATP. In addition, the 2-NH, forms an additional
H-bond with Cys919 (carbonyl) which is absent in
ATP, since ATP does not contain a 2-NH, moiety.
We have previously reported 2-NH, containing pyrrolo-

[2,3-d]pyrimidines as RTK inhibitors with antitumor
activity.! In the Z-isomer (Fig. 3), the 2-naphthyl
moiety makes hydrophobic contact with Leul035 and
the C-9-Me moiety is close to Cys1045. In the E-isomer
(Fig. 4), the 4-NH,, N3, and 2-NH, interact like the
Z-isomer, while the 2-naphthyl moiety lies in a hydro-
phobic pocket consisting of Leu901, Val916, Leu889,
Phel047, and the C-9-Me moiety makes hydrophobic
contact with Val848. Thus, on the basis of molecular
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modeling both Z- and E-isomers of 32 can be accommo-
dated in the ATP binding domain of VEGFR-2 and
were expected to afford VEGFR-2 inhibitory activity.

Molecular modeling of compound 32 was also carried
out using human (h) DHFR. The pyrimidine ring of
32 in its energy minimized Z-isomer was superimposed
on the pyrimidine ring of previously reported X-ray
crystal structures of hDHFR inhibitors complexed with
hDHFR.*? In this model, shown in Figure 5, the Glu30
of hDHFR interacts with the 2-NH, and N1 of the
pyrimidine like other 2,4-diamino pyrimidine containing
DHFR inhibitors.*> The side chain 2-naphthyl moiety
sits in a hydrophobic pocket composed of Phe3l,
Phe34, and Ile60. In addition, the C-9-methyl group
interacts with Vall15 (3.9 A). Thus, the Z-isomer of 32
was expected to inhibit hDHFR. The E-isomer of 32
could not be accommodated in hDHFR with the
furo[2,3-d]pyrimidine ring binding as shown for the
Z-isomer in Figure 5. However, a 180° rotation of
the E-isomer of 32 about the C-2-NH, bond such that
the 4-NH, moiety and the pyrrole N7 switch positions
provides an orientation for the £-32 in which it can be
accommodated in hDHFR. Figure 6 shows the bonding
of E-32 in hDHFR.

The saturated analogs 1-16 as well as the unsaturated
analogs 17-31 and 33-35 were similarly modeled and
these studies indicated somewhat similar binding to
both VEGFR-2 and hDHFR as described for 32.
Thus, on the basis of molecular modeling described
above for 32 as a prototype we designed and synthe-
sized compounds 1-16 and the corresponding
C-8=C-9 conformationally restricted precursor
E- and Z-isomers (17-35) as potential multitargeted
antitumor agents.

3. Results and discussion

A Wittig type condensation of 2,4-diamino-5-chloro
methylfuro[2,3-d]pyrimidine (38) with the appropriately
substituted aryl methyl ketones was anticipated to afford
the desired 9-methyl furo[2,3-d]pyrimidine nucleus
required for the target compounds. The crucial interme-
diate, 5-chloromethylfuro[2,3-d]pyrimidine 38, was
readily obtained by the condensation of 2,6-diaminopyr-
imidin-4-one (36) and dichloroacetone (37) in DMF at
room temperature as previously reported (Scheme 1).372
Displacement of the chloride with tributylphosphine fol-
lowed by NaH in anhydrous DMSO afforded the semi-
stable ylide. This ylide was immediately condensed with
the corresponding aryl methyl ketones to afford the
desired olefinic compounds (17-35) in 18-63% yield
usually as mixtures of E- and Z-isomers. The yield of
the reaction was dependent on the nature and position
of the substituents in the aryl methyl ketones. In general,
electron withdrawing groups such as chloro afforded
higher yields (33-63%) than electron donating moieties
such as methoxy (18-42%). In addition, steric effects also
played a role in the yield. Ortho substituted aryl methyl
ketones gave lower yields (20, 24, and 27) than the
corresponding para substituted analogs (22, 25, and
28). E- and Z-isomers were chromatographically separat-
ed in two instances and their structures determined by 'H
NMR, "“C NMR, NOESY, and COSY. These NMR
data were used to establish the proton positions in the
E/Z mixture. The chemical shift of the C4—H of E-isomers
was around 7.4-7.5 ppm which was about 0.8 ppm
deshielded as compared with the corresponding Z-iso-
mers (6.5-6.8 ppm). NOESY experiments demonstrated
the correlation of the Cg—H with the C-9-CHj in the
E-isomers; while in the Z-isomers, the C¢—H correlated
with the side chain aromatic ring protons.

Figure 5. Stereoview of compound Z-32 modeled in hDHFR.
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Figure 6. Stereoview of compound E-32 modeled in hDHFR in an alternate binding mode to that of Z-32.
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The semistable ylide derived from the 5-chloromethyl
furo[2,3-d]pyrimidine theoretically ensures a mixture of
E- and Z-isomers for the resulting alkenes,** thus, it
was difficult to synthetically control the E/Z ratio. Using
lithium free, aprotic, polar DMSO as the solvent at
room temperature afforded the E-isomer (18-40%) in
greater amount than the Z-isomer (0-24%).4*® In gener-
al, attempts to separate the E/Z mixtures were extremely
tedious. Repeated flash chromatographic separations
followed by recrystallization resulted, in some cases, in
partial separation of the pure E-isomer. The Z-isomer
either could not be obtained free of E-isomer or was ob-
tained in very poor yields (<5%). In one instance for the
E- and Z-2',5’-dichlorophenyl analogs (27 and 27a) and
in the other instance for the E- and Z-2,6-dimethoxy-
phenyl analogs only analytic amounts were obtained.

Hydrogenation of compounds 17-35 in CH;OH/CHCl;
afforded the desired target compounds 1-16 as racemic
mixtures with yields that varied from 50 to 80%.
However, for compounds 21, 23, and 31, due to the for-
mation of the overreduced 5,6-dihydro byproducts, dur-
ing reduction, they could not be obtained in the pure
form without byproduct contamination, even after sev-
eral rounds of column chromatography. Increased reac-

tion times and/or hydrogen pressures resulted in further
reduction of the 5,6-bond of the furan ring.

Compounds 1-35 were evaluated as inhibitors of VEG-
FR-2 (Flk-1, KDR), EGFR, and PDGFR- . Selected
analogs were also evaluated in the chicken embryo cho-
rioallantoic membrane (CAM) assay for antiangiogenic
activity (Table 1). The experimental methods for evalu-
ation were as described by Gangjee et al.*' Since the
1C5q values of the same compound varies under different
biological assay conditions,**® we used a standard (con-
trol) compound in each of the evaluations to provide a
valid comparison with the synthesized analogs. For
VEGFR-2, the standard was SU5416, for EGFR
the standard was PD153035, and for PDGFR-8 the stan-
dard was AGI1295. SU5416 was also used as the
standard for the antiangiogenic activity in the CAM
assay.

The saturated compounds 1-16 were inactive in the RTK
assays. Interestingly, the corresponding C-8—=C-9 con-
formationally restricted precursor E- and Z-isomers,
analogs 18, 21, 30b, and 32 demonstrated inhibitory
activity against VEGFR-2 and 18, 29, and 32 were active
against PDGFR-B . In addition, these compounds were
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Table 1. RTKSs inhibitory data and antiangiogenic activity ICsy (uM)*!

5481

Compound E/Z ratio

EGFR kinase inhibition VEGFR-2 kinase inhibition

PDGFR-B kinase inhibition CAM angiogenesis inhibition

18 E-isomer >50 12.8
21 E-isomer >50 35.8
22 4:1 >50 >50
24 E-isomer >50 >50
26 E-isomer >50 >50
27 E-isomer >50 >50
27a Z-isomer >50 >50
28 3:2 >50 >50
29 2:1 >50 >50
30a E-isomer >50 >50
30b 4:1 >50 35.8
32 2:1 >50 2.8
34 2:1 >50 >50
35 E-isomer >50 >50
PD153035 0.2

SuU5416 2.4
AG1295

10.3
>50
>50
>50
>50
>50
>50
>50

31.8
>50
>50

8.6
>50
>50

0.08
0.19

0.37

0.46
0.04

0.03
6.2

also active in the CAM assay. Notable among these com-
pounds are the E-2-methoxyphenyl analog 18 and the
(2:1) E/Z mixture, 2-naphthyl analog 32. Both of these
analogs demonstrated potent VEGFR-2 as well as
PDGFR-f kinase inhibitory activity with ICsy values
comparable to the standards SU5416 and AG1295,
respectively. The most potent inhibitors of angiogenesis
(in the CAM assay) were the 2:1 E/Z mixture 32 and
the pure E-18 with ICs, values of 40 and 80 nM, respec-
tively, similar to that of the standard SU5416 (ICs
30 nM). The difference in potency of 18 and 32 against
the RTK (ICsq in uM) and in the CAM assay (ICs,

40-80 nM) is identical to that found for the standard
SU5416. This underscores the fact that angiogenesis is
a multifaceted, multicellular, multikinase, and multipro-
tein activated process and that perhaps other RTKs
involved may also be inhibited, thus providing a syner-
gistic effect on the overall angiogenesis process.

Analogs 1-35 were also evaluated as inhibitors of re-
combinant human (rh) DHFR and recombinant Toxo-
plasma gondii (tg) DHFR, and the results are reported
in Table 2. The methods of evaluation were as previ-
ously reported.*>*® In general, 1-35 were moderately

Table 2. Inhibitory concentration (ICs, pM) and selectivity ratios against tgDHFR vs hDHFR?

Compound (CH=C(Me))  E/Z ratio hDHFR  tgDHFR h/tg  Compound (CH,CH(Me)) hDHFR TgDHFR  hitg

17 2:1 40 30 1.3 1 >37 (35%) 37 NDP

18 E-isomer >34 11 >3 2 >33 (31%) 33 NDP®

19 2:1 34 10 3.4 3 >34 (22%) 28 NDP

20 E-isomer >33 12 >3 4 31 11 2.8

21 E-isomer 33 1.5 22

22 4:1 35 11 32 5 >33 (26%) 40 ND®

23 E-isomer 30 11 2.7

24 E-isomer  >31 15 >2 6 >30 (38%) 15 NDP

25 2:1 20 27 074 7 30 10 3

26 E-isomer 35 10 3.5 8 29 29 10

27 E-isomer 30 10 3 9 >10 (39%) 15 NDP

27a Z-isomer 25 14 1.8

28 3:2 20 1.7 11.8 10 30 5 6

29 2:1 28 25 1.1 11 270 27 10

30a E-isomer  >27 27 ND 12 >10 (37%) 5 NDP

30b 4:1 25 1.7 14.7

31 E-isomer 30 0.3 100

32 2:1 10 0.3 33 13 16 11 1.5

33 2:1 25 0.3 83 14 >28 (22%) 28 NDP

34 2:1 20 0.3 67 15 25 7 3.6

35 E-isomer  NDP NDP ND® 16 23 10 23
TMP >350 (28%) 17 >20
MTX 0.02 0.02 1

DHFR assay conditions: all enzymes were assayed spectrophotometrically in a solution containing 50 M dihydrofolate, 80 M NADPH, 0.05 M Tris—
HCI, 0.001 M 2-mercaptoethanol, and 0.001 M EDTA at pH 7.4 and 30 °C. The reaction was initiated with an amount of enzyme yielding a change

in OD at 340 nM of 0.015 min~".

#Recombinant hDHFR was provided by Dr. J.H. Freisheim. Recombinant tgDHFR was provided by Dr. D.V. Santi.

"ND, not determined.
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active as inhibitors of rhDHFR and tgDHFR with
ICso values in the range 107—107° M. Interestingly,
they inhibited tgDHFR to a greater extent than
rhDHFR. Some of the geometrically restricted, bicyclic
side chain analogs 31-34 showed higher potency and
remarkable selectivity ratios (ICso h/tg) of 33-100
against tgDHFR. The most potent rhDHFR inhibitor
was analog 32 with an ICsy of 10 pM. There was no
major difference in the E- and Z-isomers in DHFR
inhibitory potency where the E- and Z-isomers were
separated (compound 27). The results suggest that,
for = 2,4-diamino-5-substituted-furo[2,3-d]pyrimidines,
the side chain substitution pattern may be more impor-
tant than the geometric orientation for DHFR
inhibition.

To examine whether compounds 18 and 32 were effec-
tive in vivo in reducing tumor volume and metastasis,
a syngeneic mouse tumor model was used. This model
is a widely accepted model for testing tumor growth
and metastases.” The B16 model of tumor growth
produces almost quantitative (100%) tumor take in a
very short time after administration,*®*’ so animals
are not wasted. The B16 tumor cells are skin-derived,
so subcutaneous implantation is adequate and result-
ing tumors are superficial and easily measured, and
the B16-F10 variant used in these studies is highly met-
astatic and most if not all metastases go to the lung,
making metastasis evaluation very facile.*®>! Unlike
most human tumor xenograft models, the B16 model
produces highly vascularized tumors so that the effect
of tumor-mediated angiogenesis can be evaluated.*3!
For these studies, animals were implanted with green
fluorescent protein (GFP) tagged B16-F10 cells.*
One week after implantation, animals were treated
biweekly with 25 mg/kg methotrexate or 25 mg/kg
compounds 18 or 32 intraperitoneally. Primary tumor
volume was measured and the tumor rates were calcu-
lated as in the Section 5. The results of the compounds
on primary tumor growth rates are shown in Figure 7.
Methotrexate, compound 18, and compound 32 all
resulted in a significant (P < 0.005) decrease in primary
tumor growth rate as compared to untreated animals.
In addition, compounds 18 and 32 resulted in a signif-
icant (P < 0.05) reduction in growth rate as compared
to methotrexate treatment. Lung metastases was mea-
sured by staining for GFP, an exogenous protein,
and the results are shown in Figure 8. All three drugs
(methotrexate, 18, and 32) resulted in a significant
(P <0.05) decrease in the number of lung metastases
per lobe. In this case, however, there was no significant
decrease in lung metastases with 18 or 32 as compared
with methotrexate, although a trend toward signifi-
cance was present. The increased activity of 18 and
32 in the in vivo antitumor evaluation, compared to
methotrexate could be the result of a synergistic effect
of RTK inhibition along with DHFR inhibitory activ-
ity. For a synergistic effect the individual drugs need
not be highly potent. Thus, even the low hDHFR
inhibitory activity of both 18 and 32 perhaps act in
concert with the RTK inhibitory activity to provide
a viable antitumor effect in vivo against B16
melanoma.
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Figure 7. Effect of methotrexate, compound 18, and compound 32 on
growth of B16-10 primary tumors. Mice bearing B16-F10 GFP-tagged
tumors were treated biweekly with 25mg/kg drug and tumors
measured biweekly as in Section 5. Tumor growth rates were
calculated using linear regression analysis in Prism 4.0 software. Data
represent means = SEM from 5 to 9 animals. *P < 0.05, **P < 0.005 as
compared to untreated animals; a = P <0.005, » = P <0.05 as com-
pared with methotrexate-treated animals using two-way ANOVA with
Dunnett’s post-test.
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Figure 8. Effect of methotrexate, compound 18, and compound 32 on
growth of B16-10 lung metastases. Mice bearing B16-F10 GFP-tagged
tumors were treated biweekly with 25mg/kg drug and tumors
measured biweekly as in Section 5. Tumor growth rates were
calculated using linear regression analysis in Prism 4.0 software. Data
represent means = SEM from 5 to 9 animals. *P < 0.05, **P < 0.005 as
compared to untreated animals using one-way ANOVA with Bon-
feronni’s multiple comparison post-test.

4. Conclusion

In summary, a series of 5-substituted, 2,4-diamino-
furo[2,3-d]pyrimidines were designed and synthesized
as a novel class of multitarget inhibitors of RTKs, which
also exhibit DHFR inhibitory activity. These analogs
were designed with the potential to possess both cyto-
static activity (RTK inhibition) and cytotoxic activity
(DHFR inhibition) in a single molecule. Several of the
unsaturated bridge analogs synthesized not only possess
good inhibitory activity against VEGFR-2 and
PDGFR-f that were similar to that of the standard
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compounds SU5416 and AG1295, respectively, but also
maintain moderate DHFR inhibitory activity. Several of
these compounds also showed potent antiangiogenic
activity in the CAM assay similar to the standard
SUS5416. The results suggest that the nature of the side
chain aromatic substituent plays an important role in
the inhibitory activity against RTKs and DHFR. Com-
pound 32 serves as a lead analog for rationally designed
RTK inhibitory activity combined with DHFR inhibito-
ry activity in a single molecule. Efforts are currently
underway to improve the DHFR inhibitory activity
using 32 as the lead analog. The in vivo antitumor eval-
uation of 18 and 32 suggest that both compounds 18 and
32 are active as antitumor agents in vivo, both against
primary tumors and metastases, and are both at least
as active against B16 melanomas as the standard drug,
methotrexate.

5. Experimental

All evaporations were carried out in vacuo with a rotary
evaporator. Analytical samples were dried in vacuo
(0.2 mm Hg) in a CHEM-DRY drying apparatus over
P,Os at 80 °C. Melting points were determined on a
MEL-TEMP II melting point apparatus with FLUKE
51 K/J electronic thermometer and are uncorrected.
Nuclear magnetic resonance spectra for proton ('H
NMR) were recorded on a Bruker WH-300 (300 MHz)
spectrometer. The chemical shift values are expressed
in ppm (parts per million) relative to tetramethylsilane
as an internal standard: s, singlet; d, doublet; t, triplet;
g, quartet; m, multiplet; br, broad singlet. The relative
integrals of peak areas agreed with those expected for
the assigned structures. NOESY, COSY experiments
were performed on a Bruker DRX500 (500 MHz) spec-
trometer. Thin-layer chromatography (TLC) was per-
formed on POLYGRAM Sil G/UV254 silica gel plates
with a fluorescent indicator, and the spots were visual-
ized under 254 and 366 nm illumination. Proportions
of solvents used for TLC are by volume. Column chro-
matography was performed on a 230-400 mesh silica gel
purchased from Aldrich, Milwaukee, WI. Elemental
analyses were performed by Atlantic Microlab, Inc.,
Norcross, GA. Element compositions are within 0.4%
of the calculated values. Fractional moles of water or
organic solvents frequently found in some analytical
samples of antifolates could not be prevented in spite
of 24-48 h of drying in vacuo and were confirmed where
possible by their presence in the "H NMR spectra. All
solvents and chemicals were purchased from Aldrich
Chemical Co. or Fisher Scientific and were used as
received.

5.1. General procedure for the synthesis of 17-35

To a solution of 2,4-diamino-5-(chloromethyl)furo[2,3-
dpyrimidine, 38, (1.0 g, 5 mmol) in anhydrous DMSO
(15mL) was added tributylphosphine (92%, 1.7¢g
7.5 mmol), and the resulting mixture was stirred at
60 °C in an oil bath for 3 h under N, to form the phos-
phonium salt. The deep orange solution was then cooled
to room temperature. To this solution was added

sodium hydride (90% dispersion in mineral oil, 0.2 g,
6 mmol), followed by the desired commercially available
aryl methyl ketone (5.5 mmol). The reaction mixture
was stirred at room temperature for 24-32h. TLC
showed the disappearance of the starting 2,4-diamino-
5-(chloromethyl)- furo[2,3-d]pyrimidine and the forma-
tion of two (olefinic) spots. The reaction was quenched
with 20 mL methanol, washed with two portions of
50 mL methanol, and the resulting solution was evapo-
rated under reduced pressure to dryness. To the residue
was added 6 g of silica gel and CHCI; (25 mL) and the
slurry was loaded onto a 4 x 20 cm dry silica gel column
and flash chromatographed initially with CHCIl;
(300 mL), then sequentially with 2% MeOH in CHCl;
(250 mL), 5% CH3OH in CHCl; (300 mL), and 10%
CH;0H in CHCI; (250 mL). Fractions which showed
the desired spot on TLC were pooled and evaporated
to dryness and the residue was recrystallized from ethy-
lacetate to afford the desired olefinic targets 17-35.

5.1.1. El Z-2,4-Diamino-5-[2-(phenyl)propenyl}furo|2,3-d]-
pyrimidine (17). Compound 38 (1.0 g, 5 mmol) and ace-
tophenone (660 mg, 5.5 mmol) for 24 h afforded 17
(400 mg, 30%) as yellow crystals: mp 230.8-233.8 °C;
R;=0.59 and 0.54 (CHCIL/CH;OH 5:1); 'H NMR
(DMSO-dg) (E/IZ=2:1) E-isomer ¢ 2.22 (s, 3H, 9-
CH3), 6.07 (s, 2H, 4-NH,), 6.45 (s, 2H, 2-NH,), 6.88
(s, 1H, 8-CH), 7.29-7.40 (m, 3H, C¢Hs), 7.46 (s, 1H,
6-CH), 7.62-7.65 (d, 2H, Cg¢Hs); Z-isomer ¢ 2.10 (s,
3H, 9-CHj), 5.99 (s, 2H, 4-NH,), 6.23 (s, 1H, C-8-
CH), 6.49 (s, 2H, 2-NH,), 6.59 (s, 1H, 6-CH), 7.18-
7.40 (rn, SH, C6H5). Anal. (C15H14N40) C, H, N.

5.1.2. E-2,4-Diamino-5-|2-(2’-methoxyphenyl)propenyl]-
furo[2,3-d]pyrimidine (18). Compound 38 (1.0 g, 5 mmol)
and 2’-methoxyacetophenone (830 mg, 5.5 mmol) for
32 h afforded 18 (350 mg, 25%) as orange crystals: mp
191.3-193.3°C; R,=0.54 (CHCI;/CH;0H 5:1); 'H
NMR (DMSO-dg): ¢ 2.07 (s, 3H, 9-CHj3), 3.80 (s, 3H,
OMe), 6.08 (s, 2H, 4-NH,), 6.42 (s, 2H, 2-NH,), 6.48
(s, 1H, 8-CH), 6.93-7.11 (m, 2H, C¢Hy), 7.26-7.42 (d,
2H, C6H4), 7.47 (S, lH, 6-CH) Anal. (C16H16N402) C,

>

5.1.3. ElZ-2,4-Diamino-5-[2-(3'-methoxyphenyl)propenyl]-
furo[2,3-d]pyrimidine (19). Compound 38 (1.0 g, 5 mmol)
and 3’-methoxyacetophenone (830 mg, 5.5 mmol) for
30 h afforded 19 (400 mg, 27%) as yellow needles: mp
193.2-197.8 °C; R;=0.55 and 0.50 (CHCI;/CH;0H
5:1); '"H NMR (DMSO-dq) (E/Z = 2:1) E-isomer & 2.20
(s, 3H, 9-CHj;), 3.80 (s, 3H, OMe), 6.07 (s, 2H, 4-
NH,), 6.45 (s, 2H, 2-NH,), 6.88-6.89 (t, 2H, C-8-CH
and CgHy), 7.18-7.32 (d, 3H, C¢Hy), 7.45 (s, 1H, 6-
CH); Z-isomer 6 2.17 (s, 3H, 9-CHj), 3.75 (s, 3H,
OMe), 6.00 (s, 2H, 4-NH;), 6.36 (s, 1H, C-8-CH), 6.52
(s,1H, 6-CH), 6.57 (s, 2H, 2-NH;), 6.73-6.89 (m, 3H,
C6H4), 7.14-7.18 (m, 1H, C6H4). Anal.
(C16H16N402'0.25H20) C, H, N

5.1.4. E-2,4-Diamino-5-[2-(2'-chlorophenyl)propenyl|furo-
[2,3-d]pyrimidine (20). Compound 38 (1.0 g, 5 mmol) and
2'-chloroacetophenone (850 mg, 5.5 mmol) for 24 h
afforded 20 (500 mg, 33%) as yellow crystals: mp
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234.5-236.4 °C (dec); R, = 0.58 (CHCly/CH;OH 5:1); 'H
NMR (DMSO-dj) E-isomer 6 2.20 (s, 3H, 9-CHs), 6.15 (s,
2H, 4-NH,), 6.50 (s, 2H, 2-NH,), 6.66 (s, 1H, 8-CH),
7.39-7.54 (m, 4H, CgH.), 7.58 (s, 1H, 6-CH). Anal.
(C1sH;3N,OCI) C, H, N, Cl.

5.1.5. E-2,4-Diamino-5-[2-(3'-chlorophenyl)propenyl]furo-
[2,3-d]pyrimidine (21). Compound 38 (1.0 g, 5 mmol) and
3’-chloroacetophenone (850 mg, 5.5 mmol) for 24 h
afforded 21 along with its Z-isomer (550 mg, 37%) as yel-
low needles: mp 210.6-215.7 °C (dec); R,= 0.58 and 0.54
(CHCI3/CH;0H 5:1); "H NMR (DMSO-de) (E/Z = 2:1);
E-isomer 0 2.21 (s, 3H, 9-CHs»), 6.08 (s, 2H, 4-NH,), 6.54
(s, 2H, 2-NH,), 6.92 (s, 1H, 8-CH), 7.35-7.43 (m, 2H,
C¢Hy), 7.48(s, 1H, 6-CH), 7.57-7.60 (d, 1H, Cg¢Hy),
7.73 (s, 1H, CgHy); Z-isomer 6 2.17 (s, 3H, 9-CH3),
6.02 (s, 2H, 4-NH,), 6.36 (s, 2H, 2-NH,), 6.54 (s, 1H,
8-CH), 6.62 (s, 1H, 6-CH), 7.43-7.13 (m, 4H, Cg¢Hy,).
Anal. (C15H13N4OC1) C, H, N, CL

The above mixture was reloaded for another round of
flash column chromatography and afforded the pure
E-isomer 21 (150 mg, 11%) as light yellow needles: mp
215.6-218.7°C; R,=0.58 (CHCI;/CH;0H 5:1); 'H
NMR (DMSO-dg): ¢ 2.21 (s, 3H, 9-CH3), 6.08 (s, 2H,
4-NH,), 6.54 (s, 2H, 2-NH,), 6.92 (s, 1H, 8-CH), 7.35-
7.43 (m, 2H, C¢Hy), 7.48 (s, 1H, 6-CH), 7.57-7.60 (d,
lH, C6H4), 7.73 (S, 1H, C6H4). Anal. (C15H13N4OC1)
C,H, N, CL

5.1.6. ElZ-2,4-Diamino-5-[2-(4'-chlorophenyl)propenyl]-
furo[2,3-d]pyrimidine (22). Compound 38 (1.0 g, 5 mmol)
and 4’-chloroacetophenone (850 mg, 5.5 mmol) for 24 h
afforded 22 (600 mg, 40%) as yellow needles: mp 247.5—
252.5°C; Ry=0.61 and 0.58 (CHCI3/CH30H 5:1); 'H
NMR (DMSO-dy) (E/Z = 4:1) E-isomer 6 2.20 (s, 3H,
9-CH3), 6.09 (s, 2H, 4-NH;), 6.52 (s, 2H, 2-NH;), 6.88
(s, 1H, 8-CH), 7.44-7.39 (d, 2H, CcHy), 7.47 (s, 1H, 6-
CH), 7.66-7.69 (d, 2H, CgHy,); Z-isomer 6 2.17 (s, 3H,
9-CHj3), 6.02 (s, 2H, 4-NH,), 6.38 (s, 1H, 8-CH) 6.44
(s, 2H, 2-NH,), 6.61 (s, 1H, 6-CH), 7.20-7.23 (d, 2H,
C6H5), 7.35-7.38 (d, 2H, C6H4). Anal. (C15H13N4OCI)
C, H, N, CL

5.1.7. E-2,4-Diamino-5-[2-(2’,4’-dimethoxyphenyl)prope-
nyl|furo[2,3-dlpyrimidine (23). Compound 38 (1.0 g,
Smmol) and 2’4’-dimethoxyacetophenone (1.0 g,
5.5 mmol) for 32 h afforded 23 (300 mg, 18%) as yellow
needles: mp 210.3-211.6 °C; R,=5.7 (EtOH/EtOAc
1:2); "H NMR (DMSO-d): 6 2.04 (s, 3H, 9-CHj), 3.77
(s, 3H, 4’-OCHs), 3.79 (s, 3H, 2’-OCH3), 6.08 (s, 2H,
4-NH,), 6.39 (s, 2H, 2-NH,), 6.44 (s, 1H, C¢H3), 6.58
(s, 1H, C¢H3), 6.59 (s, 1H, 8-CH), 7.19 (s, 1H, Cg¢Hs,),
7.45 (S, lH, 6-CH) Anal. (C]7H18N403) C, H, N.

5.1.8. E-2,4-Diamino-5-[2-(2',5'-dimethoxyphenyl)prope-
nyllfuro[2,3-d]pyrimidine (24). Compound 38 (1.0 g,
5mmol) and 2’,5-dimethoxyacetophenone (1.0 g,
5.5 mmol) for 32 h afforded 24 (250 mg, 15%) as yellow
needles: mp 178.5-179.9 °C; R,= 0.68 (CHCl;/CH;0H
5:1); '"H NMR (DMSO-dq): 6 2.06 (s, 3H, 9-CHj), 3.72
(s, 3H, OMe), 3.74 (s, 3H, OMe), 6.08 (s, 2H, 4-NH,),
6.44 (s, 2H, 2-NH,), 6.51 (s, 1H, 8-CH), 6.82-6.85

(m, 2H, C¢Hs), 6.95-6.97 (d, 1H, C¢Hs), 7.41(s, 1H, 6-
CH), Anal. (C17H18N403) C, H, N.

A (5:2) E/Z mixture (200 mg) was also obtained: mp
170.9-179.9 °C; R;=0.68 and 0.65 (CHCI;/CH;0H
5:1); total yield 28%. '"H NMR (DMSO-d;) E-isomer o
2.06 (s, 3H, 9-CH;), 3.72 (s, 3H, OMe), 3.74 (s, 3H,
OMe), 6.08 (s, 2H, 4-NH,), 6.44 (s, 2H, 2-NH,), 6.51
(s, 1H, 8-CH), 6.82-6.85 (m, 2H, C¢H3), 6.95-6.97 (d,
1H, C¢Hj3), 7.41(s, 1H, 6-CH); Z-isomer ¢ 2.10 (s, 3H,
9-CH3), 3.65 (s, 6H, OMe), 5.98 (s, 2H, 4-NH,), 6.17
(s, 1H, 8-CH), 6.44 (s, 2H, 2-NH,), 6.55-6.56 (d, 1H,
CeH3), 6.60 (s, 1H, 6-CH), 6.82-6.86 (dd, 2H, C¢Hj).
Anal. (C17H18N403) C, H, N.

5.1.9. E|Z-2,4-Diamino-5-|2-(3',4’-dimethoxyphenyl)pro-
penyllfuro[2,3-d]pyrimidine (25). Compound 38 (1.0 g,
Smmol) and 3’ 4’-dimethoxyacetophenone (1.0 g,
5.5 mmol) for 32 h afforded 25 (480 mg, 29%) as a white
powder: mp 232-251°C (dec); R,=0.52 and 0.49
(CHCI;/CH;0H 5:1); '"H NMR (DMSO-dy) (E/Z =
2:1) E-isomer o 2.18 (s, 3H, 9-CHj3), 3.77 (s, 3H,
OMe), 3.82 (s, 3H, OMe), 6.06 (s, 2H, 4-NH>), 6.47 (s,
2H, 2-NH,), 6.79 (s, 1H, 8-CH), 7.13-7.16 (d, 2H,
CeHs3), 7.20 (s, 1H, C4H3), 7.41 (s,1H, 6-CH); Z-isomer
0 2.16 (s, 3H, 9-CH3), 3.59 (s, 3H, OMe), 3.72 (s, 3H,
OMe), 5.98 (s, 2H, 4-NH,), 6.42 (s, 2H, 2-NH,), 6.50
(s, 1H, 8-CH), 6.76 (s, 1H, 6-CH), 6.86-6.95 (m, 3H,
C6H3). Anal. (C17H18N403) C, H, N.

5.1.10. E-2,4-Diamino-5-[2-(2',4’-dichlorophenyl)prope-
nyllfuro[2,3-d]pyrimidine (26). Compound 38 (1.0 g,
Smmol) and 2’4'-dichloroacetophenone (1.05 g,
5.5 mmol) for 24 h afforded 26 (850 mg, 50%) as yellow
needles: mp 220.8-223.2 °C; R,= 0.63 (CH3;Cl/CH;0H
5:1); "H NMR (DMSO-dg): 6 2.12 (s, 3H, 9-CH3), 6.09
(s, 2H, 4-NH;), 6.49 (s, 2H, 2-NH,), 6.61 (s, 1H, 8-
CH), 7.69-7.43 (m, 4H, C¢H; and C6-CH). Anal
(C15H1,N4OClL,) C, H, N,CL

5.1.11. E-2,4-Diamino-5-[2-(2’,5'-dichlorophenyl)prope-
nyllfuro[2,3-d]pyrimidine (27). Compound 38 (1.0g,
Smmol) and 2',5-dichloroacetophenone (1.05 g,
5.5 mmol) for 24 h afforded 27 (410 mg, 24%) as yellow
needles: mp 229.5-231.5° C; R,= 0.69 (CHCIl;/CH;0H
5:1); "TH NMR (DMSO-dg): 6 2.13 (s, 3H, 9-CHj3), 6.09
(s, 2H, 4-NH,), 6.51 (s, 2H, 2-NH,), 6.64 (s, 1H,
8-CH), 7.39-7.42 (dd, 1H, C¢Hj3), 7.50-7.54 (m, 3H,
6-CH and C6H3). Anal. (C15H12N4OC12) C, H, N, ClL

A mixture of 27 and its Z-isomer27a (270 mg, total) was
also obtained as yellow crystals: mp 225-232.8 °C;
R;=0.69 and 0.62 (CHCI;/CH;0H 5:1); 'H NMR
(DMSO-dg) E-isomer 6 2.13 (s, 3H, 9-CH3), 6.09 (s,
2H, 4-NH,), 6.51 (s, 2H, 2-NH,), 6.64 (s, 1H, 8-CH),
7.39-7.42 (dd, 1H, C¢H3), 7.50-7.54 (m, 3H, 6-CH and
Ce¢Hs); Z-isomer 6 2.13 (s, 3H, 9-CHj3), 6.03 (s, 2H, 4-
NH,), 6.10 (s, 1H, 8-CH), 6.63 (s, 2H, 2-NH,), 6.80 (s,
1H, 6-CH), 7.33-7.53 (m, 3H, C¢Hs); total yield 41%.

5.1.12. Z-2,4-Diamino-5-[2-(2',5'-dichlorophenyl)prope-
nyl]furo|2,3-d]pyrimidine (27a). The above mixture was
reloaded for additional two rounds of flash column
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chromatography and afforded the pure Z-27a (70 mg,
4%) as yellow crystals: mp: 253.6-255.8 °C; R,= 0.60
(CHCI3/CH;0H 5:1); 'TH NMR (DMSO-dy): & 2 13 (s,
3H, 9-CHs3), 6.03 (s, 2H, 4-NH,), 6.10 (s, 1H, §8-CH),
6.63 (s, 2H, 2-NH,), 6.80 (s, 1H, 6-CH), 7.33-7.53 (m,
3H, C6H3). Anal. (C15H12N4OC12) C, H, N, ClL.

5.1.13. ElZ-2,4-Diamino-5-]2-(3',4'-dichlorophenyl)pro-
penyl]furo[2,3-d]pyrimidine (28). Compound 38 (1.0 g,
5mmol) and 3’ 4'-dichloroacetophenone (1.05 g,
5.5 mmol) for 24 h afforded 28 (1.12 g, 63%) as a white
powder: mp 232.6-236.6 °C; R,= 0.57 and 0.55 (CHCl/
CH;OH 5:1); '"HNMR (DMSO de) (E/Z = 3:2) E-isomer
0 2.20 (s, 3H, 9-CHs;), 6.08 (s, 2H, 4-NH,), 6.57 (s, 2H,
2-NH,), 6.94 (s, 1H, 8-CH), 7.49 (s,lH, 6-CH), 7.62 (s,
2H, C¢H3), 7.93 (s, 1H, CgH3); Z-isomer ¢ 2.17 (s, 3H,
9-CHs;), 6.03 (s, 2H, 4-NH,), 6.51 (s, 2H, 2-NH,), 6.57
(s, 1H, 8-CH) ,6.63 (s, 1H, 6-CH), 7.16-7.15 (d, 1H,
C¢Hs), 7.47 (s, 1H, C¢H3), 7.56-7.53 (d, 1H, C¢Hz). Anal.
(C1sH15N4OCly) C, H, N, CL

5.1.14. ElZ-2,4-Diamino-5-[2-(3',4',5'- trimethoxyphenyl)-
propenyljfuro|2,3-d]-pyrimidine (29). Compound 38 (1.0 g,
5Smmol) and 3’,4’,5-trimethoxyacetophenone (1.16 g,
5.5mmol) for 28 h afforded 29 (1.0 g, 42%) as yellow
needles: mp 198-207 °C; R,=0.48 and 0.43 (CHCl,/
CH;OH 7:1); '"H NMR (DMSO -dg) (EIZ = 2:1) E-isomer
02.20 (s, 3H, 9-CHy), 3.67 (s, 3H, 4-OCH3), 3.83 (s, 6H,
3',5'-OCH;), 6.07 (s, 2H, 4-NH,), 6.43 (s, 2H, 2-NH,),
6.81 (s, 1H, 8-CH), 6.85 (s, 2H, C¢H»), 7.44 (s, 1H,
6-CH); Z-isomer ¢ 2.18 (s, 3H, 9-CH3), 3.57 (s, 9H,
OCHs;), 5.99 (s, 2H, 4-NH,), 6.45 (s, 2H, 2-NH,), 6.50 (s,
3H, 8-CH and CgH,), 6.55 (s, 1H, 6-CH). Anal
(CisH29N4O4) C, H, N.

5.1.15. E-2.4-Diamino-5-[2-(2',3' ,4'-trichlorophenyl)pro-
penyl]furo[2,3-d]pyrimidine (30a). Compound 38 (1.0 g,
Smmol) and 2',3',4'-chloroacetophenone (1.25¢g,
5.5 mmol) for 28 h and after two rounds of flash column
chromatography afforded 30a (130 mg, 8%) as a white
powder mp 265.2-266.5 °C, R,=0.57 (CHC13/CH;OH
5:1):'"H NMR (DMSO-dj) E-1somer 0 2.13 (s,
9-CH3), 6.07(s, 2H, 4-NH,), 6.49 (s, 2H, 2-NH,), 6 64
(s, 1H, 8-CH), 7.3977.42 (d, 1H, C6H2), 7.56 (s, 1H,
6-CH), 7.65-7.68 (d, IH, C6H2); Anal. (C]5H11N4OC13)
C,H, N, CL

5.1.16. EIZ-2,4-Diamino-5-[2-(2',3’,4’'-trichlorophenyl)-
propenyllfuro|2,3-d]pyrimidine (30b). The above proce-
dure also afforded 30b (800 mg, 42%) as a light yellow
powder: mp 260.6-265.6°C; R,=0.55 and 0.57
(CHCI5/CH;30H 5:1) (E/Z 4:1) 1H NMR (DMSO-d)
E-isomer ¢ 2.13 (s, 3H, 9-CH3), 6.07 (s, 2H, 4-NH,),
6.49 (s, 2H, 2-NH,), 6.64 (s, 1H, 8-CH), 7.39—7.42 (d,
1H, C¢H,), 7.56 (s, 1H, 6-CH), 7.65-7.68 (d, 1H,
CeH,); Z-isomer 6 2.54 (s, 3H, 9-CH;), 6.03 (s, 2H,
4-NH,), 6.51 (s, 2H, 2-NH,), 6.57 (s, 1H, 8-CH), 6.63
(s, 1H, 6-CH), 7.15-7.16 (d, 1H, Cg¢Hs), 7.53-7.56 (d,
1H, C¢H»). Anal. (C;5H;;N4OCl;) C, H, N, CL

5.1.17. E-2,4-Diamino-5-[2-(1'-naphthyl)propenyl|furo-
[2,3-d]pyrimidine (31). Compound 38 (1.0 g, 5 mmol)
and 1’-acetonaphthone (940 mg, 5.5 mmol) for 28 h

afforded 31 (320 mg, 22%) as yellow needles: mp
232.8-235°C (dec); R;=0.41 (CHCI;/CH;0H 8:1);
"H NMR (DMSO-d) 5 2.28 (s, 3H, 9-CHj3), 6.08 (s,
2H, 4-NH;), 6.40 (s, 2H, 2-NH,), 6.70 (s, 1H, 8-CH),
7.44-7.54 (m, 3H, C,oHy), 7.64 (s, 1H, 6-CH), 7.86—
7.95 (m, 4H, C10H7). Anal. (C19H16N4O'0.25H20) C,
H, N.

5.1.18. ElZ-2,4-Diamino-5-[2-(2’-naphthyl)propenyl]-
furo[2,3-d]pyrimidine (32). Compound 38 (1.0g,
5mmol) and 2’-acetonaphthone (940 mg, 5.5 mmol)
for 28 h afforded 32 (480 mg, 30%) as yellow needles:
mp 238.2-247.5°C; R;=0.55 and 0.52 (CHC13/
CH;OH 5:1); '"H NMR (DMSO dg) (E/Z = 2:1) E-iso-
mer 0 2.34 (s, 3H, 9-CH3), 6.09 (s, 2H, 4-NH,), 6.52 (s,
2H, 2-NH,), 7.05 (s, 1H, 8-CH), 7.51-7.49 (m, 3H, 6-
CH and C,oH;), 7.96-7.89 (m, 4H, CoH;), 8.09 (s,
1H, CoH7); Z-isomer 6 2.26 (s, 3H, 9-CH3), 5.99 (s,
2H, 4-NH,), 6.29 (s, 1H, 8-CH), 6.54 (s, 2H, 2-
NH,), 6.67 (s, 1H, 6-CH), 7.13-7.17 (m, 3H, C, H),
7.70-7.89 (1’1’1, 4H, C]0H7). Anal. (C19H16N4O) C, H, N.

5.1.19. EIZ-2,4-Diamino-5-[2-(6'-methoxy-2'-naphthyl)-
propenyljfuro[2,3-d]- pyrimidine (33). Compound 38
(1.0 g, 5Smmol) and 2-acetyl-6-methoxynaphthalene
(1.05 g, 5.5 mmol) for 28 h afforded 33 (540 mg, 31%)
as a white powder: mp 254.4-257.8 °C (dec); R,=0.7
and 0.67 (CHCI;/CH;0H 5:1); '"H NMR (DMSO-d,)
(E/Z =2:1) E-isomer 6 2.31 (s, 3H, 9-CH;), 3.88 (s,
3H, OMe), 6.07 (s, 2H, 4-NH,), 6.49 (s, 2H, 2-NH;),
7.00 (s, 1H, 8-CH), 7.24-7.32 (m, 2H, CoHg), 7.48 (s,
2H, 6-CH), 7.81-7.95 (m, 3H, C;oHg), 8.09 (s, 1H
Ci0Hg); Z-isomer 6 2.26 (s, 3H, 9-CH3), 3.93 (s, 3H,
OMe), 598 (s, 2H, 4-NH,), 6.29 (s, 1H, 8-CH), 6.49
(s, 2H, 2-NH,), 6.64 (s, 1H, 6-CH), 7.13-7.17 (m, 2H,
CioHe), 7.71-7.84 (m, 4H, CoHg¢). Anal
(C2HsN4O7) C, H, N.

5.1.20. ElZ-2,4-Diamino-5-[2-(4’-biphenyl)propenyl|furo-
[2,3-d]pyrimidine (34). Compound 38 (1.0 g, 5 mmol)
and 4-phenylacetophenone (1.08 g, 5.5 mmol) for 32 h
afforded 34 (550 mg, 30%) as yellow needles: mp
239.8-245.8 °C; R,=0.58 and 0.53 (CHCI;/CH;0H
5:1); 'H NMR (DMSO dg) (E/Z =2:1) E-isomer 0
2.25 (s, 3H, 9-CHj;), 6.08 (s, 2H, 4-NH,), 6.50 (s,
2H, 2-NH2), 6.94 (s, 1H, 8-CH), 7.30-7.47 (m, 4H,
C¢Hy), 7.48 (s, 1H, 6-CH), 7.65-7.73 (m, 5H, Cg¢Hs);
Z-isomer 6 2.21 (s, 3H, 9-CH3), 6.01 (s, 2H, 4-NH,),
6.41 (s, 1H, 8-CH), 6.52 (s, 2H, 2-NH,), 6.62 (s, 1H,
6-CH), 7.30-7.73 (m, 9H, C]zHg). Anal. (C21H18N40)
C, H, N.

5.1.21. E-2,4-Diamino-5-[2-(2'-fluorenyl)propenyl]furo-
[2,3-dlpyrimidine (35). Compound 38 (1.0 g, 5 mmol)
and 2-acetylfluorene (1.15 g, 5.5 mmol) for 32 h afforded
35 (350 mg, 23%) as a yellow powder: mp 279.8-
282.2°C (dec); R;=0.56 (CHCI/CH;OH 5:1); 'H
NMR (DMSO-ds) (3 2.08 (s, 3H, 9-CH3), 2.24 (s, 2H,
C13Hy), 6.08 (s, 2H, 4-NH,), 6.59 (s, 2H, 2-NH,), 7.01
(s, 1H, 8-CH), 7.40-7.35 (m, 1H, C;3Hy), 7.49 (s, 1H,
6-CH), 7.64-7.60 (m, 2H, Ci3Hy), 7.90-7.78 (m, 4H,
C13H9). Anal. (C22H18N4O) C, H, N.
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5.2. General procedure for the synthesis of 1-16

To a solution of the olefinic intermediate (0.3-0.7 mmol)
in a mixture of CHCl; (50 mL) and CH3;0H (15 mL)
was added 5% palladium on activated carbon (0.20 g),
and the suspension was hydrogenated in a Parr appara-
tus at room temperature at 40-55 psi for 3-24 h, TLC
indicated the disappearance of the starting material
and the formation of one major spot. The reaction mix-
ture was filtered through Celite, washed with 30%
CH;0H in CHCI; (3 x20mL). After evaporation of
the solvent, CH;OH (50 mL) was added to afford a solu-
tion. To this solution was added 5 g silica gel and the
mixture was evaporated under reduced pressure to dry-
ness. The silica gel plug was loaded on a dry silica gel
column (2 x 16 cm) and flash chromatographed initially
with CHCl; (150 mL), then sequentially with 1%
CH;0H in CHCI; (150 mL), 2% CH3;OH in CHCl3
(150 mL), and 5% CH3;OH in CHCI; (150 mL). Frac-
tions which showed the major spot on TLC were pooled
and evaporated to dryness. The residue was recrystal-
lized from CH3OH or other solvent combinations as
indicated to afford the desired target compounds 1-16.
The yields varied from 50 to 80%.

5.2.1. (R,S)-2,4-Diamino-5-|2-(phenyl)propyl}furo|2,3-d]-
pyrimidine (1). Compound 17 (180 mg, 0.7 mmol)
hydrogenated at 40 psi for 3 h afforded 1 (120 mg,
66%) as white needles: mp 257.6-259.6 °C; R = 0.54
(CHCI;/CH;0H 5:1); '"H NMR (DMSO-dg): 6 1.22—
1.24 (d, 3H, 9-CH3), 2.90-2.92 (d, 2H, 8-CH,), 2.93-
3.01 (m, 1H, 9-CH), 5.95 (s, 2H, 4-NH,), 6.39 (s, 2H,
2-NH,), 6.88 (s, 1 H, 6-CH), 7.13-7.30 (m, SH, C¢Hs).
Anal. (C15H16N40) C, H, N.

5.2.2. (R,S)-2,4-Diamino-5-[2-(2'-methoxyphenyl)propyl]-
furo[2,3-d]pyrimidine (2). Compound 18 (100 mg,
0.3 mmol) hydrogenated at 45 psi for 3 h afforded 2
(70 mg, 70%) as white needles: mp 182.5-185.1 °C;
R,=0.53 (CHCI3/CH5;0H 5:1); '"H NMR (DMSO-d;):
o 1.13-1.15 (d, 3H, 9-CH3), 2.46-2.54 (d, 2H, 8-CH,),
2.88 (m, 1H, 9-CH), 3.80 (s, 3H, OMe), 6.04 (s, 2H,
4-NH,), 6.57 (s, 2H, 2-NH>), 6.90-6.99 (m, 2H, C¢Hy),
7.02 (s, 1H, 6-CH), 7.16-7.27 (m, 2H, CgH4). Anal.
(C16H18N40,.0.25 H,O) C, H, N.

5.2.3. (R,S)-2,4-Diamino-5-|2-(3’-methoxyphenyl)propyl]-
furo[2,3-d]pyrimidine (3). Compound 19 (120 mg,
0.4 mmol) hydrogenated at 45 psi for 6 h afforded 3
(75 mg, 62%) as white crystals: mp 186.7-188.5° C;
R,=0.52 (CHCI5/CH;O0H 5:1); '"H NMR (DMSO-d;):
0 1.21-1.23 (d, 3H, 9-CH;), 2.90-2.99 (m, 3H, 8-CH,
and 9-CH), 3.71 (s, 3H, OMe), 5.97 (s, 2H, 4-NH,),
6.41 (s, 2H, 2-NH,), 6.71-6.81 (m, 3H, CgH,), 6.92
(s, 1H, 6-CH), 7.14-7.19 (t, 1H, CgH4). Anal
(C16HsN4O7) C, H, N.

5.2.4. (R,S)-2,4-Diamino-5-|2-(2'-chlorophenyl)propyl]-
furo[2,3-d]pyrimidine (4). Compound 20 (150 mg,
0.4 mmol) hydrogenated at 55 psi for 24 h afforded 4
(80 mg, 52%) as white needles: mp 232.2-233.9 °C;
R;=0.53 (CHCI3/CH;0H 5:1); '"H NMR (DMSO-d):
0 1.20-1.22 (d, 3H, 9-CH3), 2.96-2.98 (d, 2H, 8-CH;),

3.48-3.55 (m, 1H, 9-CH), 5.97 (s, 2H, 4-NH,), 6.45 (s,
2H, 2-NH.), 6.94 (s, 1H, 6-CH), 7.16-7.51 (m, 4H,
C¢H,). Anal. (C,sH,sN,OC1.0.5 CH;O0H) C, H, N,Cl.

5.2.5. (R,S)-2,4-Diamino-5-|2-(4'-chlorophenyl)propyl]-
furo|2,3-d]pyrimidine (5). Compound 22 (100 mg,
0.3 mmol) hydrogenated at 50 psi for 5h afforded 5
(60 mg, 60%) as white crystals: mp 249.7-252.5°C.
R;=0.57 (CHCI3/CH;0H 5:1). '"H NMR (DMSO-dy):
0 1.21-1.23 (d, 3H, 9-CHj3), 2.90-2.92 (d, 2H, 8-CH,),
2.96-3.02 (m, 1H, 9-CH), 5.96 (s, 2H, 4-NH,), 6.41 (s,
2H, 2-NH,), 6.88 (s, 1H, 6-CH), 7.23-7.32 (dd, 4H,
C6H4). Anal. (C15H15N4OC1) C, H, N, CL

5.2.6. (R,S)-2,4-Diamino-5-2-(2',5'-dimethoxyphenyl)pro-
pyllfuro[2,3-d]pyrimidine (6). Compound 24 (100 mg,
0.3 mmol) hydrogenated at 45 psi for 6 h afforded 6
(50 mg, 50%) as yellow crystals: mp 171.6-173.6 °C.
R;=0.56 (CHCI;/CH;0H 5:1); '"H NMR (DMSO-dy):
0 1.29-1.31 (d,3H, 9-CHj3), 2.98-3.00 (d, 2H, 8-CH,),
3.09-3.17 (m, 1H, 9-CH), 3.65 (s, 6H, OMe), 6.02 (s,
2H, 4-NH,), 6.44 (s, 2H, 2-NH,), 6.55-6.56 (d, 1H,
CgH3), 6.82-6.90 (m, 2H, C¢H3), 6.92 (s, 1H, C-6-CH)
Anal. (C17H20N4O3'0.2H20) C, H, N.

5.2.7. (R,S)-2,4-Diamino-5-[2-(3',4’-dimethoxyphenyl)pro-
pyllfuro|2,3-d]pyrimidine (7). Compound 25 (100 mg,
0.3 mmol) hydrogenated at 45 psi for 3 h afforded 7
(50 mg, 50%) as white crystals: mp 198.7-201.2 °C;
R;=0.52 (CHCI3/CH;0H 5:1); '"H NMR (DMSO-dg):
0 1.20-1.22 (d, 3H, 9-CH3), 2.83-2.97 (m, 3H, 8-CH,,
9-CH), 3.68 (s, 3H, 4’-OCH3), 3.70 (s, 3H, 3’- OCH3),
5.97 (s, 2H, 4-NH,), 6.40 (s, 2H, 2-NH,), 6.69-6.72 (d,
1H, Ce¢Hy), 6.79-6.81 (t, 2H, C¢H3), 6.91 (s, 1H, 6-
CH) Anal. (C17H20N4O3'0.5 H20) C, H, N.

5.2.8. (R,S)-2,4-Diamino-5-[2-(2',4'-dichlorophenyl)pro-
pyllfuro[2,3-d]pyrimidine (8). Compound 26 (100 mg,
0.3 mmol) hydrogenated at 50 psi for 16 h afforded 8
(65mg, 65%) as white needles (recrystallized from
Et,O/CH;0H): mp 220.5-223.1 °C; R,=0.58 (CHCIy/
CH;OH 5:1). '"H NMR (DMSO-dg): § 1.20-1.22 (d,
3H, 9-CH3), 2.90-3.05 (d, 2H, 8-CH,), 3.30-3.35 (m,
1H, 9-CH), 5.96 (s, 2H, 4-NH,), 6.45 (s, 2H, 2-NH,),
6.86 (s, 1H, 6-CH), 7.40-7.52 (m, 3H, C¢H3). Anal.
(C15H14N4OC12'0.075Et20) C, H, N,Cl

5.2.9. (R,S)-2,4-Diamino-5-[2-(2’,5'dichlorophenyl)pro-
pyllfuro|2,3-d]pyrimidine (9). Compound 27 (120 mg,
0.28 mmol) hydrogenated at 50 psi for 20 h afforded 9
(60 mg, 50%) as white needles (recrystallized from cyclo-
hexane/CH;OH): mp 246.7-248.6 °C; R,= 0.57 (CHCIs/
CH;OH 5:1); 'TH NMR (DMSO-dg): ¢ 1.20-1.22 (d, 3H,
9-CH3), 2.96-3.04 (br, 2H, 8-CH,), 3.17-3.19 (br, 1H, 9-
CH), 5.96 (s, 2H, 4-NH;), 6.47 (s, 2H, 2-NH>), 6.92 (s,
1H, 6-CH), 7.27-7.28 (m, 1H, CgHj3), 7.38 (s, 1H,
C6H3), 7.58-7.57 (d, lH, C6H3). Anal. (C|5H14N40-
C12'0.05C6H12) C, H, N,Cl

5.2.10. (R,S)-2,4-Diamino-5-]2-(3’,4'dichlorophenyl)pro-
pyllfuro|2,3-d]pyrimidine (10). Compound 28 (150 mg,
0.4 mmol) hydrogenated at 50 psi for 14 h afforded 10
(80 mg, 52%) as white needles: mp 187.2-189.2 °C;
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R;=0.55 (CHCI3/CH;OH 5:1); "H NMR (DMSO-dy): 0
121-1.23 (d, 3H, 9-CHs), 2.89-2.91 (br, 2H, 8-CH,),
2.96-3.03 (br, 1H, 9-CH), 5.96 (s, 2H, 4-NH,), 6.45 (s,
2H, 2-NH,), 6.95 (s, 1H, 6-CH), 7.20-7.23 (m, IH,
C6H3), 7.48-7.57 (m, 2H, C6H3). Anal. (C15H14N4O-
ClL,0.05H,0) C, H, N,CL.

5.2.11. (R,S)-2,4-Diamino-5-[2-(3',4’,5'-trimethoxyphe-
nyl)propylifuro[2,3-d]pyrimidine (11). Compound 29
(120 mg, 0.4 mmol) hydrogenated at 40 psi for 5 h affor-
ded 11 (60 mg, 50%) as white needles: mp 201-203 °C;
Ry=0.62 (CHCI3/CH30H 5:1); '"H NMR (DMSO-dy):
0 1.21 (d, 3H, 9-CHs;), 2.90 (d, 2H, 8-CH,), 3.16 (m,
1H, 9-CH), 3.64 (s, 3H, 4’-OCH3), 3.73 (s, 6H, 3/,
5’-OCH3), 5.95 (s, 2H, 4-NH;), 6.39 (s, 2H, 2-NH,),
6.52 (s, 2H, C¢H,), 6.99 (s, 1H, 6-CH). Anal
(C18H22N404'0.5 H20)

5.2.12. (R,S)-2,4-Diamino-5-]2-(2',3’',4'dichlorophenyl)pro-
pyllfuro|2,3-d]pyrimidine (12). Compound 30 (180 mg,
0.4 mmol) hydrogenated at 55 psi for 22 h afforded 12
(120 mg, 66%) as white crystals (recrystallized from
EtOAc): mp 257.6-259.6 °C; Ry= 0.54 (CHCI3;/CH;0H
5:1); '"H NMR (DMSO-de):  1.27-1.29 (d, 3H, 9-CH3),
3.04-3.06 (d, 2 H, 8-CH,), 3.22-3.25 (m, 1H, 9-CH),
6.03 (s, 2H, 4-NH,), 6.54 (s, 2H, 2-NH,), 6.97 (s,1H, 6-
CH), 7.59-7.56 (d, 1H, C¢H»), 7.70-7.67 (d, 1H, CsH,).
Anal. (C;5H;3N40Cl;) C, H, N, CL.

5.2.13. (R,S)-2,4-Diamino-5-2~(2’-naphthyl)propyl|furo|2,3-
dlpyrimidine (13). Compound 32 (100 mg, 0.3 mmol)
hydrogenated at 50 psi for 5h afforded 13 (50 mg,
50%) as white crystals: mp 230.2-232°C; R,=0.57
(EtOH/EtOAc/hexane 1:2:1); '"H NMR (DMSO-dg): ¢
1.29-1.31 (d, 3H, 9-CH;), 2.92-3.10 (m, 3H, 8-CH,
and 9-CH), 5.95 (s, 2H, 4-NH,), 6.43 (s, 2H, 2-NH,),
6.85 (s, 1H, 6-CH), 7.40-7.48 (m, 3H, C,oH5), 7.65 (s,
lH, C10H7), 7.80-7.85 (m, 3H, C10H7). Anal.
(C19H1§N40-0.1H,0) C, H, N.

5.2.14. (R,S)-2,4-Diamino-5-[2-(6’-methoxy-2'-naphthyl)-
propyl]furo[2,3-d]pyrimidine = (14). Compound 33
(100 mg, 0.4 mmol) hydrogenated at 50 psi for 22 h
afforded 14 (80 mg, 80%) as white crystals (recrystallized
from CH3;OH/EtOAc): mp 244-245.9°C; R,=0.58
(EtOH/EtOAc/hexane 1:2:1); '"H NMR (DMSO-dg): ¢
1.29-1.31 (d, 3H, 9-CHj), 2.98-3.02 (d, 2H, 8-CH,),
3.09-3.17 (m, 1H, 9-CH), 3.83 (s, 3H, OMe), 5.99 (s,
2H, 4-NH,), 6.39 (s, 2H, 2-NH,), 6.88 (s, 1H, 6-CH),
7.11-7.08 (t, 1H, CoHg), 7.24 (d, 1H, CoHg), 7.37-
7.40 (d, 1H, CyoHy), 7.61 (s, 1H, CjoHg), 7.69-7.75
(dd, ZH, C10H6). Anal. (C20H20N402'0.25 H20) C, H, N.

5.2.15. (R,S)-2,4-Diamino-5-[2-(4'-biphenyl)propyljfuro|[2,3-
dlpyrimidine (15). Compound 34 (120 mg, 0.4 mmol)
hydrogenated at 45 psi for 16 h afforded 15 (60 mg,
50%) as white crystals: mp 243.1-245.1 °C; R,=0.52
(CHCI;/CH;0H 5:1); '"H NMR (DMSO-dg): 6 1.27-
1.25 (d, 3H, 9-CH3y), 2.95 (d, 2H, 8-CH,), 3.18-3.08
(m, 1H, 9-CH), 5.96 (s, 2H, 4-NH,), 6.42 (s, 2H, 2-
NH;), 6.94 (s, 1H, 6-CH), 7.64-7.32 (m, 9H, C,Hy).
Anal. (C21H20N40'0.4H20) C, H, N.

5.2.16. (R,S)-2,4-diamino-5-[2-(2'-fluorenyl)propyljfuro|2,3-
dlpyrimidine (16). Compound 35 (100 mg, 0.3 mmol)
hydrogenated at 50 psi for 22 h afforded 16 (50 mg,
50%) as yellow crystals (recrystallized from CH;OH/cy-
clohexane): mp 250.3-252.2°C; R,=0.59 (CHCIy/
CH;0H 5:1); 'H NMR (DMSO-dg): 6 1.27-1.29 (d,
3H, 9-CH3), 2.95-2.97 (d, 2H, 8-CH,), 3.02-3.17 (m,
1H, 9-CH), 3.86 (s, 2H, C;3Hy), 5.95 (s, 2H, 4-NH,),
6.42 (s, 2H, 2-NH,), 6.92 (s, 1H, 6-CH), 7.22-7.83 (m,
7H, C13H9). Anal. (C22H20N4O'0.15C6H|2) C, H, N.

5.3. Mouse tumor studies

All animal studies were conducted in accordance with
AALAC approved guidelines using a protocol approved
by the IACUC at the University of Oklahoma. Six-
week-old male NCr nu/nu mice (NCI APA breeding
stock, Frederick, MD) were housed in ventilated cages
with autoclaved chow, water, and bedding. Following
one week of acclimation, 5 x 10° B16-F10 (GFP) cells*’
in 100 pl PBS/1 uM EDTA were injected subcutaneously
into the external surface at the base of the right
ear (where the B16 tumor originally derived; ATCC
web site http://www.atcc.org/). On days 7, 11, 14, 18,
21, and 25, post-implantation animals received
injections of 25 mg/kg methotrexate (Sigma Chemical)
or of compounds 18 or 32 intraperitoneally in 100 pl
sterile water/1% DMSO. Animals were assessed for the
presence of tumors every other day and tumor measure-
ment began 7 days after implantation and continued
biweekly until tumors reached approximately 8-10% of
animal body weight (day 28 post-implantation). The
length (L) and width (W) of tumors were measured
using Vernier calipers (Mitutoyo, Kawasaki Kanagawa,
Japan) and tumor volume calculated using the formula
Lx W

After killing mice (28 days post-implantation), the tu-
mor and lungs were excised, fixed for 8 h in neutral
buffered formalin, embedded in paraffin, sectioned,
and stained by either H&E or standard immunohisto-
chemical methods as previously described.*” Sections
were deparaffinized, incubated in 6% peroxide for
20 min, incubated in 0.1 M sodium citrate until boil-
ing, and then for 10 additional minutes on 30% per-
oxide using a 700 W microwave oven. Sections were
then blocked using Vectastain kits (Vector Laborato-
ries, Burlingame, CA) and then exposed to an anti-
body against GFP (Clontech) to examine micro-
metastases. Secondary antibody and ABC reagent
were then added and the sections were stained with
VIP peroxidase substrate (Vector Laboratories) and
counterstained with Gomori trichrome (J.T. Baker
Company).

5.3.1. Cells. All cells were maintained at 37° C in a
humidified environment containing 5% CO» using media
from Mediatech (Hemden, NJ). A-431 cells were from
the American Type Tissue Collection (Manassas, VA).

5.3.2. Chemicals. All growth factors (bFGF, VEGEF,
EGF, and PDGF-BB) were purchased from Peprotech
(Rocky Hill, NJ). PD153035, SU5416, AG1295, and
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VEGF kinase inhibitor (4-[(4'-chloro-2’'-fluoro)phenyl-
amino]-6,7-dimethoxyquinazoline) were purchased from
Calbiochem (San Diego, CA). The CYQUANT cells
proliferation assay was from Molecular Probes (Eugene,
OR). All other chemicals were from Sigma Chemical un-
less otherwise noted.

5.3.3. Antibodies. The PY-HRP antibody was from BD
Transduction Laboratories (Franklin Lakes, NJ). Anti-
bodies against EGFR, PDGFR-B, FGFR-1, FIk-1,
and Flt-1 were purchased from Upstate Biotech (Fra-
mingham, MA).

5.3.4. Phosphotyrosine ELISA. Cells used were tumor
cell lines naturally expressing high levels of EGFR
(A431), Flk-1 (U251), Flt-1 (A498), and PDGFR-B
(SF-539), and FGFR-1 (NIH OVCAR-8). Expression
levels at the RNA level were derived from the NCI
Developmental Therapeutics Program (NCI-DTP)
web site public molecular target information (http:/
www.dtp.nci.nih.gov/mtargets/mt_index.html). Briefly,
cells at 60-75% confluence are placed in serum-free
medium for 18 h to reduce the background of phos-
phorylation. Cells were always >98% viable by Trypan
blue exclusion. Cells are then pretreated for 60 min
with 10, 3.33, 1.11, 0.37, and 0.12 uM compound fol-
lowed by 100ng/ml EGF, VEGF, PDGF-BB, or
bFGF for 10 min. The reaction is stopped and cells
permeabilized by quickly removing the media from
the cells and adding ice-cold Tris-buffered saline
(TBS) containing 0.05% Triton X-100, protease inhib-
itor cocktail and tyrosine phosphatase inhibitor cock-
tail. The TBS solution is then removed and cells fixed
to the plate for 30 min at 60 °C and further incuba-
tion in 70% ethanol for an additional 30 min. Cells
are further exposed to block (TBS with 1% BSA)
for 1h, washed, and then a horseradish peroxidase
(HRP)-conjugated phosphotyrosine (PY) antibody
added overnight. The antibody is removed, cells are
washed again in TBS, exposed to an enhanced luminol
ELISA substrate (Pierce Chemical, Rockford, IL) and
light emission measured using a UV products (Up-
land, CA) BioChemi digital darkroom. The known
RTK-specific kinase inhibitor PD153035 was used as
a positive control compound for EGFR kinase inhibi-
tion; SU5416 for Flkl kinase inhibition; AG1295 for
PDGFR-f kinase inhibition; and VEGF kinase inhib-
itor (4-[(4'-chloro-2’-fluoro)phenylamino]-6,7- dimeth-
oxyquinazoline) was used as a positive control for
both FItl and Flkl kinase inhibition. Data were
graphed as a percent of cells receiving growth factor
alone and ICsy values were estimated from two to
three separate experiments (n =8-24) using hand-
drawn probit plots. In each case, the activity of a po-
sitive control inhibitor did not deviate more than 10%
from the ICsq values listed in the text.

5.3.5. CYQUANT cell proliferation assay. As a measure
of cell proliferation, the CYQUANT cell counting/
proliferation assay was used as previously described.>?
Briefly, cells are first treated with compounds for 12 h
and then allowed to grow for an additional 36 h. The
cells are then lysed and the CYQUANT dye, which

intercalates into the DNA of cells, is added and after
S min the fluorescence of each well measured using an
UV products BioChemi digital darkroom. A positive
control used for cytotoxicity in each experiment was
cisplatin, with an apparent average ICs, value of
8.2 £ 0.65 uM. Data are graphed as a percent of cells
receiving growth factor alone and ICs, values estimat-
ed from two to three separate experiments (n = 6-15)
using probit plots.

5.3.6. Chorioallantoic membrane assay of angiogenesis.
The chorioallantoic membrane (CAM) assay is a
standard assay for testing antiangiogenic agents. 3
The CAM assay used in these studies was modified
from a procedure by Sheu >* and Brooks *° and as
published previously.>® Briefly, fertile leghorn chicken
eggs (CBT Farms, Chestertown, MD) are allowed to
grow until 10 days of incubation. The proangiogenic
factors, human VEGF-165 and bFGF (100 ng each)
are then added saturation to a 6 mm microbial test-
ing disk (BBL, Cockeysville, MD) and placed onto
the CAM by breaking a small hole in the superior
surface of the egg. Antiangiogenic compounds are
added 8 h after the VEGF/bFGF at saturation to
the same microbial testing disk and embryos allowed
to incubate for an additional 40 h. After 48 h, the
CAMs are perfused with 2% paraformaldehyde/3%
glutaraldehyde containing 0.025% Triton X-100 for
20s, excised around the areca of treatment, fixed
again in 2% paraformaldehyde/3% glutaraldehyde
for 30 min, placed on petri dishes, and a digitized im-
age taken using a dissecting microscope (Wild M400;
Bannockburn, IL) at 7.5X and SPOT enhanced digi-
tal imaging system (Diagnostic Instruments, Sterling
Heights, MI). A grid is then added to the digital
CAM images and the average number of vessels
within 5-7 grids counted as a measure of vascularity.
AGM-1470 (a kind gift of the NIH Developmental
Therapeutics Program) and SU5416 are used as a po-
sitive control for antiangiogenic activity. Data are
graphed as a percent of CAMs receiving bFGF/
VEGF and ICs, values estimated from two to three
separate experiments (n = 5-11) using probit plots.

5.3.7. Statistics. All analysis was done using Prism
4.0. (GraphPad Software, San Diego, CA). Tumor
growth rates were assessed during the linear growth
period and statistical significance of tumor growth
between groups was calculated using two-way repeat-
ed measures ANOVA with treatments and days after
implantation as independent variables with Dunnett’s
post-test with the null hypothesis rejected when
P <0.05. Tumor metastases were compared using
one-way ANOVA with Bonferonni’s multiple compar-
ison post-test with the null hypothesis rejected when
P <0.05.
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Appendix A. Elemental analyses
Compound  Formula Calcd (%) Found (%)
C H N Cl C H N Cl

1 CisH1N4O 67.15 6.01 20.88 67.28 597 2092

2 Ci6H13§N40,0.25H,0 64.14  6.08 18.78 63.74  6.04 18.44

3 Ci6H1sN4O5 64.41 6.08 18.78 64.39 5.99 18.88

4 C;5H;5N4OCI-0.5CH;0H 58.40 5.33 17.57 11.12 58.49 541 17.53 11.29
5 Ci5H5sN4OCI 59.51 4.99 18.51 11.71 59.36 5.02 18.32 11.91
6 C17H»9N4050.2H,0 61.50 6.19 16.87 61.59 6.11 16.80

7 C;7H»9N4050.5H,0 60.46  6.22 16.60 60.81 6.22 16.67

8 C,5sH4N4OCl,:0.075Et,O 53.61 4.34 16.34  20.69 53.92  4.24 16.67  20.54
9 C5sH14N4OCl1,:0.05C¢H > 53.82 4.28 16.40  20.77 54.00 4.24 16.69  20.38
10 C;5H14N40OCl1,:0.05H,0 5324 417 16.56  20.96 53.44  4.56 16.59  20.59
11 CisH»,N4040.5H,0 58.83 6.47 15.07 58.91 6.28 15.13

12 C;5sH13N40Cl, 48.48 3.53 15.08 28.62  48.40 3.68 1492  28.74
13 Ci9H;sN40O-0.1H,O 71.27 5.68 17.49 71.18 5.60 17.54

14 CyoH»9N40,0.25H,0 68.01 5.81 15.87 67.90 5.63 15.92

15 C,1HyoN40:0.4H,0 71.73 5.96 15.93 71.76 5.97 15.81

16 C,,H,0N4O0.15CsH 5 74.52 5.91 15.18 7434  5.63 14.85

17 CisH14N4O 67.65 530  21.04 67.36 5.38  20.98

18 Ci6H16N4O5 64.37 5.67 19.71 64.23 5.72 19.66

19 Ci6H16N40,0.25H,0 63.82 5.48 18.61 64.15 5.56 18.58

20 C;sH3N40C1 59.91 4.36 18.36 11.79 59.97 4.4l 18.62 11.91
21 C;5sH13N4OCI 59.91 4.36 18.36 11.79 59.91 4.42 18.57 11.69
22 C5sH13N4OCI 59.91 4.36 18.36 11.79 59.89  4.37 18.45 11.83
23 C17H1sN4O5 62.57 5.56 17.17 62.47 5.57 17.03

24 C;7HsN4O5 62.57 5.56 17.17 62.29 5.53 16.96

25 C7H1sN4O5 62.57 5.56 17.17 62.38 5.59 17.21

26 C,sH,N4OCl, 53.75 3.61 16.72  21.15 53.60 3.62 16.63 20.97
27 C;5H;,N40OCl, 53.75 3.61 16.72  21.15 53.83 3.60 16.60  21.01
27a C;5H,N4OCl, 53.75 3.61 16.72  21.15 53.77 3.73 16.64  21.02
28 C,5H;,N40Cl, 53.75 3.61 16.72  21.15 53.49 3.69 16.67  20.91
29 CisHy9N4O4 60.66 5.66 15.72 60.37 5.72 15.60

30a C;sH1N4OCl; 48.74 3.00 15.16  28.77  48.61 3.07 15.00  28.88
30b Ci5H11N4OCl, 48.74 3.00 15.16  28.77  48.63 3.09 15.03 28.67
31 Ci19H14N40-0.25H,0 71.08 5.19 17.45 71.10 5.20 17.36

32 Ci19H14N4O 72.13 5.10 17.71 71.96 5.04 17.52

33 CyoHsN40O, 69.35 5.24 16.17 69.44  5.29 16.30

34 C,H1gsN4O 73.67 5.30 16.36 73.37 5.23 16.41

35 CyHgN4O 74.14 5.01 15.76 73.97 5.23 15.61
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Abstract—Thiazole and thiadiazole analogues have been recently proposed as a novel promising class of adenosine A; and Aj recep-
tor antagonists. When appropriately modified, they show selectivity toward A; or Aj; receptors, which results in a variety of ther-
apeutic potentialities of these ligands. In this work, we carried out a QSAR study on thiazole and thiadiazole analogues as
antagonists for adenosine A; and Aj receptors. To develop reliable models, we focused attention on any possible pitfalls of each
step of QSAR process and approached each stage following accurate procedures. Application of datasets by using CODESSA soft-
ware led to QSAR equations based on three and four descriptors for the adenosine A; and A; receptor ligands, respectively. The
obtained models allowed us to understand the main structural features that strongly correlate with the target property.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

All adenosine receptors belong to the G-protein coupled
receptor (GPCR) family. Classification of adenosine
receptors is based on different sensitivities for agonist
and antagonist compounds. So far, four subtypes of
adenosine receptors have become known, namely A,
Asa, Asp, and Aj.! Over the years, much attention has
been focused on the development of ligands for the
adenosine receptors, since they show a variety of thera-
peutic potentialities. The implications of adenosine
receptors and their ligands in several potential therapeu-
tic areas have been recently reviewed.” In particular,
adenosine A; receptor antagonists appear to be involved
in pain, kidney disorders, such as chronic renal failure,
and metabolic disorders, such as obesity. Adenosine
Aj receptor antagonists appear to play a role in inflam-
matory pain, glaucoma, cerebral ischemia, and asth-
ma.>3 Several classes of adenosine receptor antagonists
have become known. In recent years, thiazole and thi-
adiazole analogues have been proposed as a novel prom-
ising class of A; and Aj; receptor antagonists. In fact,
they can be appropriately modified to improve selectiv-

Keywords: QSAR; Model validation; Adenosine receptors; Thiazole

and thiadiazole analogues.

* Corresponding author. Tel.: +39 050 2219544; fax: +39 050
2219605; e-mail: bianucci@farm.unipi.it
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ity toward adenosine A;*> or A;° receptors. In this pa-
per, we describe a quantitative structure-activity
relationship (QSAR) study that was carried out on thia-
zole and thiadiazole analogues as antagonists for aden-
osine A; and Aj receptors.

2. Materials and methods
2.1. Statistical parameters

In the next section, statistical parameters used during
the development and validation of QSAR models will
be discussed, which are listed below. R? is the correla-
tion coefficient, calculated for both the training (TR)
and test (TS) sets; ¢° is the leave-one-out cross-validated
R?; Fand s? are the F value and the standard deviation
of the regression, respectively.

2.2. Dataset preparation

As recently suggested by Cronin and Shultz,” highly
homogeneous biological data are required to develop a
QSAR model with good predictive capability. High-
quality biological data are ideally measured by the same
protocol, within the same laboratory and by the same
operator. We built our datasets by using data that were
collected from the literature, but all data originated
from the same author. An additional problem that any
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analyst of structure—activity relationship may face lies in
the need for knowing (or plausibly hypothesizing) the
pharmacophoric conformations of the analyzed mole-
cules. Ionization states and tautomeric equilibria are
related to the pH of an experimental assay; it also adds
to the difficulty in selecting proper conformations.
Undertaking some assumptions is often mandatory,
which will be supported after the model validation. In
our case, we considered the amide tautomeric forms as
the more probable ones. The initial molecular geome-
tries were drawn on the basis of indications reported
in the literature.*® They were then optimized the proto-
col described below. Three compounds for each dataset
(the most active compound, the less active one, and a
molecule with an intermediate activity value) were sub-
mitted to Molecular Dynamics simulations (MD) to col-
lect quite a large ensemble of structures: the
conformations characterized by lower energy values
subsequently underwent energy minimization, according
to a commonly followed protocol. For each molecule,
the best conformer was so selected as a more stable
one. The superimposition of these structures in their
optimal conformations showed a common ‘template.’
All the remaining molecules were then built on this con-
formation and subjected, in turn, to energy minimiza-
tion, to fully relax them. Computational details are
described below.

All the initial geometries were built by using the Insight
molecular modeling program (Accelrys Inc., San Diego,
CA), then the molecules were solvated with a layer of
5 A, and the pH was fixed to a physiological value of
7.4. The structures initially selected for accurate geome-
try optimization were first energy minimized to prepare
them for MD simulations. All the energy minimizations
were carried out as per a Molecular Mechanics (MM)
approach implemented in the Discover program (Accel-
rys Inc., San Diego, CA), which also implements the
MD simulations algorithm used in this work. The cff91
force field was selected and a distance-dependent dielec-
tric function (¢ = 1r) was used both for MM and MD cal-
culations. Molecular Dynamics simulations were carried
out on all the molecules selected for accurate geometry
optimization. Each system was initially heated to
300 K, equilibration being reached after 5 ps simulation.
Structures were collected after a 50 ps simulation. The
collected structures showing lower energy values were
then further relaxed by a second step of energy minimiza-
tion that was carried out with 1000 steps of steepest
descent, followed by conjugated gradient until potential
energy rms <0.05 kcal/mol. All the calculations were
run on Silicon Graphics (SGI) R10000 197 MHz.

All the affinity data about the thiazole and thiadiazole
derivatives of interest were collected from the literature
(see individual QSAR for respective references). The
pK;, arising from the logarithmic transformation of K;
values, obtained from radio-ligand binding data on
adenosine A and Aj receptors, were, respectively, chosen
as target property.

We split each dataset into a training set (TR) and a test set
(TS) using a stratified random selection method. TS

included at least five compounds, whose activities reflect-
ed the whole range of activities of the TR, to get the TS as
much representative as possible of the whole dataset.®

2.3. Data analysis and QSAR equation development

All the minimized structures, as well as their pK; values,
were processed by the CODESSA program,® which auto-
matically calculated a number of molecular descriptors
for each molecule. In CODESSA, the molecular descrip-
tors are grouped into different families: constitutional,
topological, geometrical, and electrostatic types being
included among them. Constitutional and topological
descriptors require only 2D molecular structure informa-
tion. Geometrical descriptors, instead, are based on 3D
coordinates, and electrostatic ones reflect charge distribu-
tion of the molecules. At this level, plausible molecular
conformations were required. The protocol we used to se-
lect the best descriptors and models is summarized below.

1. Each one of the TR sets (both for adenosine A; and
Aj receptors) was split into several couples of sub-
classes (X; and Y, X, and Y5, ..., X, and Y,) so
that X as training sets and Y as test sets. In general,
many criteria could be adopted for the generation of
X and Y subclasses. In our cases, five couples of X/Y
were generated, where every X contained 2/3 of the
compounds belonging to the initial TR and every Y
included 1/3 of the compounds chosen with a strati-
fied random selection.

2. For each X subclass, correlation equations with 1,
2,..., NDp.x descriptors (maximum number of
descriptors) were calculated using the heuristic correla-
tion, which is automatically accomplished by the pro-
gram. The heuristic pre-selection method, accurately
described in the CODESSA reference manual, is based
on a stepwise procedure which, first of all, discards all
descriptors with missing values or with a poor degree of
variation between different structures. A further exclu-
sion of descriptors highly inter-correlated is also car-
ried out. At this level, the use of some control
parameters for the heuristic pre-selection of descrip-
tors is required to avoid over-correlation. A QSAR
model is valid and stable when the ratio of the number
of observations (compounds) and number of variables
(descriptors) is at least 5:1.7 Moreover, we set the con-
trol parameters a little lower than those taken by
default by the program, to decrease further the accept-
able inter-correlation allowed between descriptors.
Maximum number of descriptors, ND,,x = 5; one-pa-
rameter significance criteria, R, = 0.01; high
inter-correlation level, rpy = 0.90; significant intercor-
relation level, g, = 0.70; one-parameter ¢ test for sig-
nificance, ¢; =0.1; multi-parameter ¢ test for
significance, ¢, = 3, branching criteria, NS = 3. Based
on the pre-selected descriptors, the program provides
several basic correlation equations. The remaining
descriptors are then added by the program to provide
the best correlation equations.

3. Descriptors involved in the best models that resulted
for each subclass X were applied to the other subclasses
X by means of a multilinear regression (MLR) treat-
ment, to identify all the diagnostic descriptors.
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4.

All the correlation equations so obtained for every
subclass X were used, in turn, to estimate pK; values
of the respective subclass Y.

. All the best QSAR equations developed for all the

couples X/Y and involving 1, 2, ..., ND., descrip-
tors were selected on the basis of the ¢° calculated
from X and R? calculated from Y.

. Descriptors included in the equations selected as the

best ones were applied to the whole TR by means
of a multilinear regression. This resulted in a set of
correlation equations, based on 1, 2,..., ND.y
descriptors, which were used for the prediction of
the TS.

. Several QSAR models developed for the class of thi-

azole and thiadiazole analogues on both adenosine
A, and Aj; receptors turned out to be validated
according to the above-mentioned criteria. Each
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equation contained a different number of descriptors.
In general, every additional descriptor improves the
statistical quality of a model, besides also increasing
its complexity. In this work, the selection of the best
model was performed, by considering the variations
in both ¢* and R? of the TS as the number of involved
descriptors increased.'® The point beyond which no
significant improvements could be observed is so
identified; the corresponding model is selected as
the best one.

2.4. QSAR model validation

As reported by Golbraikh and Tropsha,® one of the
most-used criteria for an internal estimate of the predic-
tive ability of a QSAR model is ¢°. Nevertheless, these
authors have pointed out that a high value of ¢° is not

Table 1. The structural features of thiazole and thiadiazole analogues, their affinity values at the adenosine A, receptors, and their splitting into

TR and TS
Y= |
S
X—=
/
S\(N
HN\(O
R

Compound X Y R pK; TR/TS
1 (LUF5433) CH CH 4-OCH;C¢Hy 7.119186 TS
2 (LUF5417) N CH 4-OCH;C¢Hy 7.49485 TR
3 CH N Cg¢Hs 5.769551 TR
4 CH N 4-CIC¢Hy 6.69897 TR
5 CH N 4-IC¢Hy 5.619789 TR
6 CH N 4-CH3CgHy 5.79588 TR
7 CH N 4-OCH;C¢Hy 5.49485 TS
8 CH N 3,4-diCIC4H3 5.79588 TS
9 CH N 3-CIC¢H4 5.769551 TR
10 CH N 4-NO,C¢H4 5.823909 TR
11 CH N 4-OCH(CH;),C¢Hy 5.236572 TR
12 CH N Cyclopentyl 6.036212 TR
13 N CH Cg¢Hs 7.508638 TR
14 N CH 4-CIC¢Hy 7.387216 TS
15 N CH 4-CH3CgHy 7.522879 TR
16 N CH 4-OHCgH, 8.136677 TR
17 N CH 4-OCH,CO,HC4¢H4 7 TR
18 N CH Cyclohexyl 5.853872 TR
19 N CH (trans) 4-OCHjs-cyclohexyl 7.49485 TR
20 N CH (cis) 4-OCHj3-cyclohexyl 6.958607 TR
21 N CH (trans) 4-OH-cyclohexyl 7.69897 TS
22 N CH (cis) 4-OH-cyclohexyl 7.376751 TR
23 N CH NHC¢H; 6 TR
24 CH N NHCeH;s 6.031517 TS
25 CH CH C¢Hs 7.408935 TR
26 CH CH 3-CICgH4 7.065502 TR
27 CH CH 4-BrCgHy 7.481486 TS
28 CH CH 4-CIC¢Hy4 7.744727 TR
29 CH CH 4-NO,C¢Hy 7.657577 TR
30 CH CH 4-CH;CgHy 7.443697 TR
31 CH CH 4-C(CHj;);CeHy 5.866461 TR
32 CH CH 4-CF;C¢Hy 6.782516 TR
33 CH CH 3,4-diCIC¢H;3 7.229148 TR
34 CH CH 2,4-diCIC¢H; 7.236572 TR






A. Borghini et al. | Bioorg. Med. Chem. 13 (2005) 5330-5337

Table 2. Comparison between experimental and calculated pK; values
at the adenosine A receptor, and evaluation of the minimum, means,
and max error for TR

Compound Experimental pK;  Calculated pK;  Error

2 (LUF5417)  7.49485 7.4996 0.0047
3 5.769551 5.6833 —0.0862
4 6.69897 6.3246 —0.3743
5 5.619789 6.1965 0.5767
6 5.79588 5.9439 0.1481
9 5.769551 5.5798 —0.1897
10 5.823909 5.9993 0.1754
11 5.236572 5.5393 0.3028
12 6.036212 5.4739 —0.5623
13 7.508638 7.471 —0.0377
15 7.522879 7.3915 —0.1314
16 8.136677 8.2797 0.1431
17 7 7.1159 0.1159
18 5.853872 6.7945 0.9406
19 7.49485 6.7724 —0.7225
20 6.958607 6.8088 —0.1498
22 7.376751 7.148 —0.2288
23 6 5.9648 —0.0352
25 7.408935 7.5174 0.1084
26 7.065502 7.3067 0.2412
28 7.744727 7.5243 —0.2204
29 7.657577 7.1086 —0.5489
30 7.443697 7.3246 —0.1191
31 5.866461 6.5061 0.6396
32 6.782516 6.7828 0.0002
33 7.229148 7.3023 0.0732
34 7.236572 7.173 —0.0636

Minimum absolute error, 0.0002; mean absolute error, 0.2570; and
maximum absolute error, 0.9406.

Table 3. Comparison between experimental and calculated pK; values
at the adenosine A receptor and evaluation of the min, means, and
max error for TS

Compound Experimental pK;  Calculated pK;  Error

1 (LUF5433) 7.119186 6.8936 —0.2256
7 5.49485 5.9575 0.4626
8 5.79588 6.1499 0.3540
14 7.387216 7.9052 0.5180
21 7.69897 7.2719 —0.4270
24 6.031517 5.6649 —0.3666
27 7.481486 7.1797 —0.3018

Minimum absolute error, 0.2256; mean absolute error, 0.3749; and
maximum absolute error, 0.5180.
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sufficient for assessing a highly predictive power of the
model. To accurately estimate the predictive ability of
the model, further conditions over the validation para-
meters of the test set are required. We performed a sta-
tistical analysis for validating our models, as per to their
suggestions. First of all, QSAR models were submitted
to the so-called ‘internal validation’ (check the R* and
¢° over the TR). Only models with ¢* > 0.5 were selected
for the so-called ‘external validation’ (check the R* and
other parameters over the TS). We briefly analyzed such
additive validation parameters. In the plot of experimen-
tal versus predicted activities, the obtained regression
line (y = ax + b) is characterized by a correlation coeffi-
cient R% In an ideal QSAR model, the slope of the line
(a) is 1, while the intercept with y axis (b) is 0 and R*
(varying between 0 and 1) is 1. R? calculated on the
TS must be >0.6. When the regression line is forced
to pass through the origin of axes (intercept set to 0),
its slope (k) should be as close as possible to 1, and close
to the slope of the actual regression line as well.
0.85 <k < 1.15 is suggested to be in an acceptable
range. Finally, the correlation coefficient R} of the
regression line forced through the origin should be as
close as possible to the value of R* so that
(R* — R})/R* < 0.1. In conclusion, we adopted as valida-
tion criterion for our QSAR model the one stating that
all the following conditions are simultaneously satisfied:
¢>05 R>06, 085<k<1.15 and (R*-R2)/
R <0.1.

2.5. Chemical domain of model validity

The predictive ability of the model is usually tested by
checking it over an external test set. But how chemical-
ly different can be the external set from the dataset
which the model has been developed on? This point is
still under discussion, and several authors face it in
different ways, for example, by developing special
algorithms,'" or by a comparison of performances
using prediction sets selected in different surroundings
of a chemical space.'> We assume, of course, that the
chemical space where our models do have predictive
ability is comprised in the same chemical class of thia-
zole and thiadiazole analogues examined. Moreover, we
introduced a further restriction by analyzing the
descriptor space defined by descriptors involved in the

B Test Set

8.5+
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Figure 1. Experimental versus calculated pK; values based on the three-descriptor correlation equation for the adenosine A; receptor, concerning TR

(A) and TS (B).
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Table 4. Minimum and maximum contribution coefficients of the three
descriptors involved in the correlation equation for the adenosine A,
receptor

MPCN ZXSIZXR PP/D?
Min —9.23E—-02 5.60E—01 5.90E—03
Max —8.14E—02 8.33E—01 2.69E—01

models. For each descriptor involved in every QSAR
equation, the range between minimum and maximum
value of the relevant contribution coefficient was con-
sidered. The intersection of all the ranges for each
one of the involved descriptors gave the descriptor
space of that equation. When those descriptors are cal-
culated for the molecules whose biological properties
have to be predicted, the contribution coefficients of
all descriptors involved in the model must fall into
the related range; if not, the corresponding compound
has to be discarded as an outlier. Inside this domain
of applicability, the model possesses an interpolation

ability that is rigorously validated, while outside this
domain it may have an extrapolation ability, whose
goodness is not supported by statistics.

3. Results and discussion
3.1. QSAR study of adenosine A; receptor ligands

In this work, a dataset of 34 thiazole and thiadiazole ana-
logues was analyzed. Their structures and affinity values
at the rat adenosine A receptor were collected from Refs.
4.5. The above dataset was split into a TR, including 27
compounds, and a TS, including seven compounds
(Table 1). On the basis of the TR, several QSAR equations
were built, each one containing a different number of
descriptors. The model selected as the best one included
the smallest number of descriptors together with the larg-
est values of ¢* and R. Based on these criteria, the follow-
ing equation was derived, based on three descriptors:

Table 5. The structural features of thiazole and thiadiazole analogues, their affinity values at the adenosine Aj receptors, and their splitting into TR

and TS
X—S 0 N—S
Y / )—N—{ | )—N—cH,
N H R N~ H
(0]
(2, 35-59, 61-65) (60)
Compound X Y R pK; TR/TS
2 (LUF5417) N H 4-OCH;C¢Hy 7.086186 TR
35 CH H CH; 7.737549 TR
36 CH H (CH3);CO 5.29243 TR
37 CH H NCCH, 6.69037 TR
38 CH 4-Cl CH; 7.293282 TR
39 CH 4-Cl Ce¢HsCH, 7 TS
40 CH 4-CH;0 CH; 8.522879 TR
41 CH 3-CH;0 CH; 8.387216 TR
42 CH 2-CH;0 CH; 7.086186 TR
43 CH 4-CH;50 CF; 6.275724 TR
44 CH 4-CH;0 CH;CH, 8.619789 TR
45 CH 4-CH;50 CH;CH,CH, 8.107905 TR
46 CH 4-CH50 (CH3),CH 7.787812 TR
47 CH 4-CH;0 NCCH, 7.614394 TR
48 CH 4-CH;0 (CH3);C 7.496209 TR
49 CH 4-CH;50 (CH3);0 5.486782 TS
50 CH 4-CH50 CeHss 7.542118 TS
51 CH 4-CH50 Ce¢HsCH, 7.847712 TS
52 CH 4-CH;0 C¢HsCH,CH, 7.536107 TR
53 CH 4-CH;0 p-CH30C¢H4CH, 5.935542 TR
54 CH 4-CH;0 p-CH30C¢H,CH,CH, 7.543634 TR
55 CH 4-CH;50 (C6Hs).CH 6.279014 TR
56 CH 4-CH;0 (C¢Hs),CHCH, 6.39794 TR
57 CH 4-CH;50 2-Furan 7.501689 TR
58 CH 4-CH;0 Thiophene-2-CH, 7.490797 TS
59 CH 4-CH;50 2-Thiophene 7.159267 TR
60 6.428291 TR
61 N H CH; 8.638272 TS
62 N H C¢HsCH, 7.102373 TR
63 N 4-CH;0 CH; 9.102373 TR
64 N 4-CH;50 C¢HsCH, 7.623423 TR
65 N 4-CH;50 CH;CH, 8.946922 TR
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pK; = 17.28(+1.60) + 155.1(£17.38) MPCN
+ 3.86(40.99)ZXS/ZXR + 2.12(+1.11)PP/D?.

Internal validation (over the training set) provided the
following statistics: R*=0.8122, F=233.15,
s* =0.1463, ¢*> = 0.7418. External validation (over the
test set) provided the following statistics: R*=0.7856,
k=0.9996, R;=0.7855, (R*— R;)/R*=0.0001273.
The differences between experimental and calculated
biological data are reported for both TR (Table 2)
and TS (Table 3). Regression lines obtained by plotting
experimental versus predicted pK; values and related
statistical data for TR and TS are shown in Figure 1.
The applicability domain of the QSAR model to the
adenosine A; receptor ligands, considered as an inter-
section of the contribution coefficients of descriptors in-
volved in the correlation equation, is reported in Table
4. The importance of each descriptor was evaluated by
looking at the 7 test value. The first descriptor included
in the equation, minimum partial charge on a N atom
(MPCN) (z = 8.9251), is comprised, within the CODES-
SA background, of the electrostatic descriptors empiri-
cally calculated. It has a positive sign in the QSAR
equation: an increasing contribution coefficient corre-
sponds to an increase in pK;. It reflects the importance
of the second N atom on the central ring and accounts
for an observed trend in affinity for the adenosine A;
receptor:  thiadiazoles > thiazoles > thiazolopyridines
(Y = N). The presence of a substituent that is able to
increase the partial charge, such as an electron-donor
group at the position R, is so suggested. The second
descriptor, ZX Shadow/ZX Rectangle (ZXS/ZXR)
(¢ =3.9037), is comprised, within the CODESSA back-
ground, among the so-called geometrical ones. It sug-
gests that an aromatic group R, such as a phenyl
ring, eventually bearing small substituents, should be
preferred to aliphatic cycles. Its contribution coefficient
is increased with the size of the substituent R, while the
nature of the central ring does slightly affect it. Finally,
the third descriptor, polarity parameter/square distance
(PP/D?) (1 = 1.9023), also of electrostatic type, supports
the importance of an electron-donor group substituent
at position R. It is only affected by the nature of the
R substituent; when R is an electron-donor group, this
descriptor contributes with a higher coefficient. The re-
sults of this QSAR study are in agreement with the
classical structure-activity relationships reported by
[Jzerman and co-workers.*>

3.2. QSAR study of adenosine Aj; receptor ligands

Thirty-two thiazole and thiadiazole analogues and their
affinity values at human adenosine A receptor were col-
lected from Ref. 6. The whole dataset was split into a
TR made up of 26 compounds and a TS made up of 6
compounds (Table 5). Based on the TR, several QSAR
equations were constructed, each one containing a dif-
ferent number of descriptors. The model including the
smallest number of descriptors but leading to the largest
increase in ¢* and R” was selected as the best one. The
following equation was derived, based on four
descriptors:

pK; = —6.17(£2.47) + 17296(+260)HACA-2/TMSA
+22.73(+4.44)RNH + 46.56(+10.83)MPCS
— 0.382(+0.00935)WNSA-3

Internal validation provided the following statistics:
R?=10.6996, F=12.23, s* =0.3121, ¢* = 0.5478. Exter-
nal validation provided the following statistics: R* =
0.6755, k=1.061, R;=0.6719, (R*—R})/R*=
0.005329. The differences between experimental and cal-
culated biological data are reported for both TR (Table
6) and TS (Table 7). Regression lines obtained by plot-
ting experimental versus predicted pK; values and relat-
ed statistical data for TR and TS are shown in Figure 2.
The applicability domain of the QSAR model to the

Table 6. Comparison between experimental and calculated pK; values
at the adenosine Aj receptor, and evaluation of the minimum, means,
and max error for TR

Compound Experimental pK;  Calculated pK;  Error

2 (LUF5417)  7.0862 7.3135 0.2273
35 7.7375 7.6463 —0.0913
36 5.2924 5.59 0.2976
37 6.6904 7.881 1.1906
38 7.2933 7.3082 0.0149
40 8.5229 7.8778 —0.6451
41 8.3872 7.8858 —0.5014
42 7.0862 7.4747 0.3886
43 6.2757 5.9299 —0.3459
44 8.6198 8.0885 —0.5313
45 8.1079 8.0029 —0.1050
46 7.7878 7.4277 —0.3601
47 7.6144 8.1726 0.5582
48 7.4962 7.6177 0.1215
52 7.5361 7.3555 —0.1807
53 5.9355 7.2413 1.3057
54 7.5436 7.8876 0.3439
55 6.279 6.1321 —0.1469
56 6.3979 6.5775 0.1795
57 7.5017 6.6302 —0.8715
59 7.1593 6.6667 —0.4926
60 6.4283 6.8145 0.3862
62 7.1024 6.9922 —0.1101
63 9.1024 8.781 —0.3214
64 7.6234 7.6632 0.0398
65 8.9469 8.5963 —0.3506

Minimum absolute error, 0.0149; mean absolute error, 0.3888; and
maximum absolute error, 1.3057.

Table 7. Comparison between experimental and calculated pK; values
at the adenosine Aj receptor and evaluation of the min, means, and
max error for TS

Compound Experimental pK; Calculated pK; Error

39 7 6.5455 —0.4545
49 5.4868 6.0622 0.5754
50 7.5421 6.8329 —0.7092
51 7.8477 6.9584 —0.8893
58 7.4908 6.4519 —1.0389
61 8.6383 8.5722 —0.0661

Minimum absolute error, 0.0661; mean absolute error, 0.6222; and
maximum absolute error, 1.0389.
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Figure 2. Experimental versus calculated pK; values based on the four-descriptor correlation equation for the adenosine Aj receptor, concerning TR

(A) and TS (B).

Table 8. Minimum and maximum contribution coefficients of the three
descriptors involved in the correlation equation for the adenosine
Ajreceptor

HACA-2/TMSA RNH MPCS WNSA-3
Min 1.00E—-03 3.10E-01 —4.17E-04 —1.04E+01
Max 3.49E-03 474E-01 —422E-02 —2.83E+00

adenosine Aj receptor ligands is given in Table 8. The
importance of each descriptor was evaluated by looking
at the ¢ test value. The first descriptor included in
the equation is HACA-2/TMSA (¢ = 6.6464), where
HACA-2 means total charge weighted HACA, HACA
means hydrogen-acceptor charged surface area, and
TMSA means total molecular surface area. This descrip-
tor is not affected by any particular moiety in the mole-
cule, it reflects, instead, the behavior of the whole
molecule. It is an electrostatic descriptor, which empha-
sizes that the ligand should interact with the adenosine
Aj receptor by means of H-bonds, particularly it should
be able to accept H-bonds from the receptor. The
second descriptor, the constitutional descriptor relative
number of H atoms (RNH) (¢ =5.1102), suggests the
importance of small alkyl groups at the position R, since
they increase the contribution coefficient of this descrip-
tor more than aromatic rings. It is only affected by the
amide substituent since it shows the highest variability.
The minimum partial charge on a S atom (MPCS) is
the third descriptor (¢ = 4.2999) and belongs to the elec-
trostatic family of descriptors. It is strongly affected by
the nature of the central ring, and it is possible to estab-
lish a well-defined threshold value between thiazoles and
thiadiazoles. The presence of a second N atom in the
ring, near the S atom, probably affects its partial charge,
because of its electronegativity. This descriptor suggests
that thiadiazole should be preferred to thiazole deriva-
tives. WNSA-3 is the fourth descriptor (r = —3.3122),
where WNSA-3 means total surface weighted PNSA
and PNSA means partial negative surface area. This
electrostatic descriptor reflects both the negative charge
and the total molecular surface properties. It is charac-
terized by a negative sign in the QSAR equation and
shows the importance of small molecule endowed with
only a weak negative charge. The obtained results are

in agreement with the structure-based studies on li-
gand-receptor interactions recently described by Jacob-
son and co-workers.®

4. Conclusions

We focused our attention on accurately affording each
step that gives rise to the development of a QSAR
model. Our aim was to increase the reliability of QSAR
models for thiazole and thiadiazole derivatives under
analysis, acting as antagonists for the adenosine A
and Aj receptors. The analysis of our results shows
that the obtained models are in agreement with previ-
ous structure—activity relationships and structure-based
studies described in the literature. Moreover, the results
appear to furnish useful suggestions for the design of
new ligands acting as antagonists for the adenosine
A and/or Aj receptors. More in detail, we expect that
a thiadiazole derivative with an aromatic substituent
may enhance the affinity for the adenosine A receptor,
especially when the aromatic ring brings an electron-
donor group. On the contrary, a small thiadiazole ana-
logue, able to accept hydrogen bonds and bearing a
small, non-polar, alkyl substituent at the position R,
should possess a high affinity for the adenosine Aj
receptor.
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Abstract—A quantitative structure—activity relationship (QSAR) study has been made on four different series of anthranilic acid-
based matrix metalloproteinase (MMP) inhibitors, in which two substituted aryl rings, one bearing the hydroxamic acid moiety that
binds with the zinc atom of MMPs, are joined through a bridge group of sulfonamide. The QSAR results indicate that the sulfon-
amide group plays a very important role in the inhibition activity of the inhibitors and that the effectiveness of this sulfonamide
group can be increased by the presence at the aryl rings or at the sulfonamide nitrogen itself of nitrogen-containing or some such
substituents that can increase the electronic character of the sulfonamide group. The hydrophobic character of the molecules is not
found to be of any advantage; rather in most of the cases it is shown to have a detrimental effect, suggesting that MMPs provide little
opportunity to the inhibitors to have a any hydrophobic interactions with them. On the other hand, polarizability of the molecules
has been found to be conducive to activity in some cases. Thus the inhibition mechanism seems to predominantly involve the elec-

tronic interactions between the inhibitors and the enzymes.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The matrix metalloproteinases (MMPs) are a family of
structurally related zinc metalloproteinases that degrade
and remodel structural proteins in the extracellular ma-
trix, such as membrane collagens, aggrecan, fibronectin,
and laminin.!> They include over 20 zinc-containing
enzymes, such as collagenases, stromelysins, gelatinases,
and membrane-type MMPs, and have been implicated
in tissue remodeling at various stages of human
development, wound healing, and disease. However, an
imbalance caused by overexpression and activation of
these MMPs result in tissue degradation, leading to a wide
array of disease processes, such as osteoarthritis,>* rheu-
matoid arthritis,>”’ tumor metastatis,® ' multiple sclero-
sis,!!"13 congestive heart failure,'*1° and a host of others.
Therefore, the study of the inhibition of MMPs has
evoked great interest.

Of the known human MMP enzymes, the ones of cur-
rent therapeutic interest are fibroblast collagenase
(MMP-1), neutrophil collagenase (MMP-8§), collagenase

Keywords: Anthranilic acids; Matrix metalloproteinase inhibitors;

QSAR studies.
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0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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(MMP-13), gelatinase A (MMP-2), gelatinase B (MMP-
9), stromelysin-1 (MMP-3), stromelysin-2 (MMP-10),
matrilysin (MMP-7), membrane-type-1-MMP (MT1-
MMP), and aggrecanase. Although the development of
MMP inhibitors started since the early 1980s, it has been
greatly accelerated only recently when the three-dimen-
sional crystal and the solution structures of the
inhibitors bound to some of the MMPs, for example,
MMP-1, 3, 7, 8 and MTI-MMP could be studied.!”
There are now numerous reviews available on the devel-
opment of MMP inhibitors.!-%17-20

Since the researchers started taking interest in the devel-
opment of MMP inhibitors, a number of compounds pro-
gressed into clinical trials for the cancer, rheumatoid
arthritis, and osteoarthritis. The vast majority of them
have been hydroxamic acids, such as marimastat (1),
which is a broad-spectrum inhibitor and was the first to
enter the clinical trials for the cancer treatment.?' The dis-
covery of sulfonamide-based hydroxamic acid inhibitors
of stromelysin-1 (MMP-3), exemplified by CGS-27023A
(2), opened a new vista in the rapidly expanding area of
nonpeptide MMP inhibitors.>?> On several series of sul-
fonamide-based hydroxamic acid inhibitors, we recently
made extensive quantitative structure—activity relation-
ship (QSAR) studies in order to analyze the relationships
between their structures and their MMP inhibition poten-



mailto:spg@bits-pilani.ac.in



S. P. Gupta, S. Kumaran | Bioorg. Med. Chem. 13 (2005) 5454-5462 5455

/N

1
cies.?372 Sulfur atoms were found to play a very impor-
tant role in the inhibition potency.

All the sulfonylated hydroxamic acids are, however, de-
rived from a-amino acids, with a single carbon linking
the sulfonamide nitrogen and the zinc chelating hydroxa-
mic acid moiety. Some authors, therefore, became inter-
ested in studying if novel, potent MMP inhibitors could
be made by using an aromatic ring as the linker between
the sulfonamide nitrogen and the hydroxamic acid moiety
as exemplified by 3. Levin et al.>’ 3" recently reported sev-
eral series of such compounds with their inhibition poten-
cies against many important MMPs. The following four
anthranilic acid-based series (4-7) were reported by these
authors with their inhibition potencies against MMP-1,
MMP-9, MMP-13, and TACE (TNF-a converting en-
zyme). TNF-o (tumor necrosis factor-a) is a pro-inflam-
matory cytokine that exists in two forms, a 26-kDa
membrane-bound form and a soluble noncovalently
bound homotrimer of 17 kDa units. TACE sheds the
26 kDa membrane-bound TNF-a into its soluble forms
whose high levels lead to several inflammatory diseases
including rheumatoid arthritis (RA) and Crohn’s disease.
It has been therefore postulated that the inhibition of
TACE, reducing levels of soluble TNF-o might offer an
effective treatment of RA 31734 Since a variety of MMPs
have been found to be over-expressed in RA synovial tis-
sue and have been implicated in the destruction of carti-
lage in RA joints, the optimal MMP/TACE selectivity
profile for a drug to treat RA is still to be resolved.
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In this article, we report a QSAR study on all the four
series of MMP inhibitors (4-7) reported by Levin et
al. to describe the relationship between the structure of
the compounds and their MMP/TACE inhibition poten-
cies in a quantitative manner.

2. Materials and methods

All the four different series of anthranic acid-based
MMP inhibitors (4-7) reported by Levin et al. are listed
in Tables 1-4, respectively, along with the physicochem-
ical parameters that were found to be correlated with
their MMP inhibition potencies. Their inhibition poten-
cies—the observed ones as well as those calculated from
the correlations obtained—are listed in Tables 5-8,
respectively. In these tables, ICsy refers to the molar
concentration of the compounds leading to 50% inhibi-
tion of the enzyme. The most relevant physicochemical
parameter that has been found to be relevant in most
of the cases is hydrophobic parameter, log P, of the mol-
ecules. It was calculated using www.daylight.com soft-
ware freely available at internet. Many other
parameters were also calculated and used but they were
rarely of any use. However, many indicator variables
were used that described the specific roles of some struc-
tural features present in the molecules. These parameters
are defined as and when they appear in the correlations.

3. Results and discussion

For the compounds of Table 1, the excellent correlations
were obtained between the inhibition potencies against
all the three MMPs, MMP-1, MMP-9 and MMP-13,
as mentioned in Table 5, and the hydrophobicity of
the molecule (Egs. 1-3).
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Table 1. Analogs of 4 and their related physicochemical parameters

2

NSOZ@OCHS

HOHNOC
R’
Compound R! R? log P
1 H CH,Ph 1.681
2 CH; CH,Ph 1.840
3 CH; CH,-3-Py 0.343
4 OCH; CH,Ph 1.711
5 Cl CH,Ph 1.784
6 NO, CH,Ph 0.939
7 N(CHs), CH,Ph 1.905
8 CF; CH,Ph 1.670
9 OCH,CONHOH CH,Ph —0.120
10 OC(CH3),CONHOH CH,Ph 0.498
11 CO,CHj3; CH,-3-Py 0.187
MMP-1

log(1/1Cs) = 7.286(+0.331) — 2.473(%1.279) log P

+ 1.098(£0.683)(log P)°
n="17r=0960,r2 =0.80,5s = 0.18,
Fi4 = 23.53(21.20), [log P, = 1.13]
Outliers 2,10

Table 2. Analogs of 5 and their related physicochemical parameters

()
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MMP-9

log(1/ICsy) = 8.525(=£0.193) — 0.576(40.147) log P
n=10,r=0.954,r2 =0.86,s =0.15,
Fis = 81.56(11.26)

Outlier 1 (2)

MMP-13

log(1/ICs) = 8.699(+£0.302) — 1.240(+0.247) log P
n=297r=0976,2, =0.92,s =0.23,

»ev

Fi7 = 140.93(12.25)

Outlier 2 (3)

In Egs. (1)-(3), n is the number of data points, r is
the correlation coefficient, 72, is the square of
cross-validated correlation coefficient obtained by
leave-one-out jackknife procedure, s is the standard
deviation, and F is the F-ratio between the variances
of calculated and observed activities (within parenthe-
sis the figure refers to the F value at 99% level). The
data with £ sign within the parentheses refer to 95%
confidence intervals for the coefficients of the vari-
ables as well as for the intercept.

RZ
HOHNOC NSOz‘@iRW
R3
R4

Compound R! R? R? R* log P I, L I L Iy

1 OCHj; CH,-3-Py CH; H 0.343 0 1 0 0 0

2 OCH; CH,-3-Py CH; Br 1.426 0 1 0 0 1

3 OCHj; CH,-3-Py CH; CH; 0.842 0 1 0 0 0

4 OCH; CH,-3-Py CH; Ph 2.231 0 1 0 1 0

5 OCHj; CH,-3-Py CH; Ph-4-CF; 3.191 0 1 0 1 0

6 OCHj; CH,-3-Py CH; 2-Naphthyl 3.405 0 1 0 1 0

7 OCHj; CH,-Ph CH; CH,NEt, 2.732 0 0 0 0 0

8 OCHj; CH,-3-Py CH; N(CHs3), 0.567 0 1 0 0 0

9 OCHj; CH,-3-Py Ph CH; 2.111 0 1 1 0 0
10 OCH; CH,-3-Py 2-Furyl CH; 0.285 0 1 1 0 0
11 OEt CH,-Ph CH; CH; 2.868 0 0 0 0 0
12 O-n-Bu CH,-Ph CH; CH; 3.926 0 0 0 0 0
13 OCH,Ph CH,-Ph CH; CH; 4.107 1 0 0 0 0
14 O(CH,),Ph CH,-Ph CH; CH; 4.436 0 0 0 0 0
15 Oph CH,-Ph CH; CH; 4.268 0 0 0 0 0
16 OPh-4-Bu CH; CH; Br 4910 0 0 0 0 1
17 0-4-Py CH; CH; H 0.504 0 0 0 0 0
18 0-4-Py CH; H H 0.345 0 0 0 0 0
19 SPh CH; CH; CH; 2.840 0 0 0 0 0
20 OPh-4-OCHj; CH,-3-Py CH; H 2.031 0 1 0 0 0
21 Ph-3,4-(-OCH,0-) CH,-3-Py CH; H 2.050 0 1 0 0 0
22 OCH,Ph CH,-Ph CH; Br 3.194 1 0 0 0 1
23 OCH,Ph CH; CH; Br 3.452 1 0 0 0 1
24 OCH,-3-Thienyl CH; CH; Br 3.098 0 0 0 0 1
25 OCH,-2-Thiazolyl CH; CH; Br 1.796 0 0 0 0 1
26 OCH,-3-Py CH; CH; Br 1.955 0 0 0 0 1
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I
HOHNOC, Nsoz@o
\ 1
R
RS
R4
Compound  R! R? R? R* log P Pol L L L I
1 CH; CH,-3-Py CH; H 0343 4450 0 1 0 O
2 CH; CH,-3-Py CH; Br 1426 4750 0 1 0 1
3 CH; CH,-Ph-4-Cl CH; H 2553 4730 0 1 0 O
4 CH; CH,Ph-4- O(CH,),NCsH;, CH; H 3.092 5960 0 I 0 0
5 CH; CH,Ph-4- O(CH,),NCsH;, CH; Br 4175 6270 0 1 0 1
6 CH; CH,Ph-4- CH,N(CH3), CH; H 1.674 5240 0 1 0 O
7 CH; CH,Ph-4- N[(CH,),],NCH; CH; H 1738 5680 0 1 0 0O
8 CH; CH,CCCH,NEt, CH; H 1954 4920 0 1 0 0
9 CH; CH,CCCH,NEt, CH; Br 3.037 5220 0 1 0 1
10 CH; CH,CCCH,N[(CH,) ,,NCH; CH; Br 1.199 5480 0 1 0 1
11 CH; CH; CH,NEt, H 0465 4440 0 0 0 O
12 CH; CH; CH,N[(CH,),],0 H —-0.680 4430 0 0 0 0
13 CH; CH; CH,ProCHj; H —-0.002 4800 0 0 0 0
14 CH; CH; CH,Im H -0.814 4320 0 O 0 O
15 CH; CH3; CH,N[(CH,),,LNCH; H -0238 4700 0 O 1 0
16 CH; CH; CH,N[(CH,),,NCH;  Br 0.845 5000 0 0 1 1
17 CH; CH; CH,N[(CH,),],NPh Br 2395 5800 0 0 0 1
18 CH; CH; CH,N[(CH,),[.NBoc  Br 2376 5820 0 0 0 1
19 CH; CH3; CH,N[(CH,),,LNCH;3;  Ph-4-OCF; 2714 5950 0 O 1 0
20 CH; CH; CH,N[(CH,),LNCH;3  2-Naphthyl 2824 6380 0 O 1 0
21 Ph-4-Cl1 CH; CH,N[(CH,),LNCH; H 2523 569 1 0 1 0
22 Ph-4-ClI CH;, CH,N[(CH,),,NCH; Br 3.606 5990 1 0 1 1
Table 4. Analogs of 7 and their related physicochemical parameters
R2
HOHNOC Nsoz@o
N
R
3
® R’=CH,
R4
Compound R! R} R* log P Pol I cc I N Iy g,
1 CH; CH; Br 1.155 3.860 0 0 1
2 CH; CH,[(CH,),].NCH3; Br 0.833 4.850 0 0 1
3 CH,-3-CsH4N CH; Br 1.426 4.750 0 0 1
4 (CH,);CH; CH; Br 2.722 4.410 0 0 1
5 CH,CCH CH; Br 1.755 4.140 1 0 1
6 CH(CH3;)CCH CH; Br 2.064 4.330 1 0 1
7 CH,CCCH; CH; Br 2.284 4.330 1 0 1
8 CH,CCCH,CHj3; CH3; Br 2.284 4.520 1 0 1
9 CH,CC(CH,),CH3; CH; Br 3.342 4.700 1 0 1
10 CH,CC(CH,);CH3 CH3; Br 3.871 4.890 1 0 1
11 CH,CCPh CH; Br 2.873 5.130 1 0 1
12 CH,CCCH,OH CH; Br 1.197 4.400 1 0 1
13 CH,CCCH,OCH; CH; Br 1.913 4.590 1 0 1
14 CH,CCCH,NHCH3; CH3; Br 1.443 4.660 1 1 1
15 CH,CCCH,NH(CH,);N(CH3), CH; Br 2.200 5.550 1 1 1
16 CH,CCCH,N(CH,CHj3), CH; Br 3.037 5.220 1 1 1
17 CH,CCCH; CH; H 1.201 4.030 1 0 0
18 CH,CCCH; H H 1.042 3.850 1 0 0
19 CH,CCCHj; CH,[(CH,),].NCH3; Br 1.686 5.130 1 0 1
20 CH,CCCHjs; CH,[(CH,),],NCH3; Ph 2.491 5.810 1 0 0
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Table 5. Observed and calculated MMP inhibition potencies of compounds of Table 1

Compound log (1/1Csg)
MMP-1 MMP-9 MMP-13
Obsd Caled Loo Obsd Caled Loo Obsd Caled Loo
Eq. 1 Eq. 2 Eq. 3
1 6.19 6.24 6.25 6.19° 7.56 — 6.26 6.61 6.71
2 6.94* 6.45 — 7.64 7.47 7.42 7.30¢ 6.42 —
3 6.84 6.57 6.43 8.30 8.33 8.34 8.10 8.27 8.32
4 6.28 6.27 6.27 7.64 7.54 7.52 6.86 6.58 6.50
5 6.40 6.37 6.35 7.51 7.50 7.49 — 6.49 —
6 6.69 5.93 — 7.89 7.97 8.00 7.38 7.53 7.55
7 — 6.56 — 7.19 7.43 7.50 6.27 6.34 6.36
8 — 6.22 — 7.57 7.56 7.56 6.87 6.63 6.56
9 7.62 7.60 7.45 8.70 8.61 8.54 9.00 8.85 8.76
10 6.22% 6.33 6.44 8.40 8.23 8.21 8.22 8.08 8.06
11 6. 68 6.87 6.93 8.22 8.42 8.48 8.40 8.47 8.49
Observed activities have been taken from Ref. 27
#Not included in the derivation of Eq. 1.
®Not included in the derivation of Eq. 2.
¢Not included in the derivation of Eq. 3.
Table 6. Observed and calculated MMP inhibition potencies of compounds of Table 2
Compound log (1/ICs4)
MMP-1 MMP-9 MMP-13 TACE
Obsd Caled Loo Obsd Caled Loo Obsd Caled Loo Obsd Caled Loo
Eq. 4 Eq. 5 Eq. 6 Eq. 7
1 6.84 6.93 6.97 8.30 8.25 8.23 8.10 7.84 7.79 6.64 7.10 7.28
2 6.91 6.73 6.70 7.62 7.96 7.99 7.70 7.64 7.63 7.37 7.56 7.62
3 6.88 6.84 6.83 7.82 8.11 8.16 7.96 7.75 7.72 7.15 7.02 6.99
4 6.71 6.57 6.56 8.52 8.93 9.15 8.40 8.83 9.06 7.19 6.79 6.75
5 6.27 6.39 6.40 9.00 8.67 8.51 8.70 8.65 8.63 6.53 6.64 6.65
6 6.13 6.35 6.38 8.70 8.62 8.58 9.00 8.61 8.42 6.71 6.60 6.59
7 5.98 6.48 6.53 8.30 7.61 7.55 6.95 7.40 7.44 — 6.71 —
8 7.13 6.89 6.82 8.70 8.19 8.09 7.41 7.80 7.86 6.204 7.06 —
9 6.99 7.19 7.42 8.15 7.78 7.75 8.52 8.59 8.63 6.88 6.81 6.80
10 7.74 7.54 7.31 8.10 8.26 8.30 9.00 8.93 8.85 7.21 7.11 7.07
11 6.54 6.45 6.44 — 7.58 — 7.62 7.37 7.35 6.76 6.69 6.68
12 — 5.23 — 6.84 7.30 7.39 6.86 7.18 7.24 6.42 6.52 6.53
13 — 5.19 — 6.26 6.01 5.88 6.02 6.09 6.13 6.37 6.49 6.51
14 6.13 6.15 6.15 7.34° 7.16 — 7.12 7.08 7.07 6.33 6.43 6.46
15 6.42 6.18 6.11 8.40 7.16 7.11 8.22¢ 6.04 — — 6.46 —
16 R 5.04 — 6.90 7.04 7.10 7.36 7.00 6.85 — 6.99 —
17 5.49 5.88 6.18 8.15° 8.20 — 8.40 7.81 7.91 — 7.07 —
18 — 591 — 6.82 8.20 8.21 7.42 7.84 7.92 — 7.10 —
19 5.88 5.43 5.19 8.10° 7.58 — 8.5¢ 6.30 — 6.14¢ 6.69 —
20 5.64% 6.61 — 6.82 7.59 7.53 7.74 7.53 7.51 — 6.82 —
21 — 6.61 — — 7.79 — 7.59 7.52 7.52 — 6.82 —
22 — 5.37 — 5.46 6.25 6.65 5.76 6.26 6.52 6.55¢ 7.27 —
23 — 5.32 — 6.72° 7.42 — 6.79 6.21 5.93 7.24 7.23 7.22
24 5.33 5.38 5.41 6.63 6.18 591 6.85 7.33 7.38 7.25 7.29 7.30
25 — 5.63 — 6.02 7.52 7.62 6.18° 6.49 — 7.64 7.50 7.46
26 — 5.60 — — 7.82 — — 6.46 — 7.55 7.47 7.45

Observed activities have been taken from Ref. 28.

#Not included in the derivation of Eq. 4.
®Not included in the derivation of Eq. 5.
“Not included in the derivation of Eq. 6.
9 Not included in the derivation of Eq. 7.

The correlations expressed by Egs. (1)-(3) exhibit
that highly hydrophobic molecules will not be fa-
vored. Therefore, it suggests that probably MMPs
do not possess hydrophobic sites to interact with
the molecules. The high 72 value (>0.60) in each

equation suggests that each equation is quite signifi-
cant and has very high predictive value. Tables also
give the predicted values from leave-one-out equa-
tions that are in very good agreement with the
observed values.
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Table 7. Observed and calculated MMP inhibition potencies of compounds of Table 3
Compound log (1/1Csp)
MMP-1 MMP-9 MMP-13 TACE
Obsd Caled Loo Obsd Caled Loo Obsd Caled Loo Obsd Caled Loo
Eq. 9 Eq. 10 Eq. 11 Eq. 8
1 6.84 6.78 6.76 8.30 8.10 8.07 8.10 7.78 7.73 6.64 6.73 6.74
2 6.48* 6.95 — 8.15 8.05 8.04 7.74 7.91 7.92 6.45¢ 7.39 —
3 6.41 6.64 6.70 8.10 8.17 8.18 7.74 7.90 7.91 6.19 6.51 6.57
4 6.75 6.61 6.56 8.15 8.28 8.30 7.25¢ 8.40 — 6.56 6.46 6.43
5 7.46% 6.78 — 8.70 8.61 8.46 8.52 8.53 8.53 6.97 7.11 7.16
6 6.67 6.70 6.70 8.52° 8.06 — 7.96 8.11 8.12 6.61 6.60 6.60
7 6.85 6.69 6.67 8.15 8.07 8.05 7.70° 8.29 — 6.84 6.59 6.57
8 6.33% 6.68 — 7.96 8.09 8.10 7.72 7.98 8.00 6.66 6.57 6.56
9 6.82 6.85 6.86 7.85° 8.27 — 8.15 8.10 8.09 7.44 7.23 7.19
10 6.89 6.96 7.00 8.00 8.05 8.06 8.22 8.21 8.20 7.59 7.41 7.37
11 6.13 6.14 6.15 8.10 8.09 8.08 7.08¢ 7.78 — 6.68 6.72 6.73
12 6.22 6.21 6.21 8.30 8.28 8.27 7.85 7.77 7.76 6.76 6.84 6.85
13 6.29 6.17 6.14 8.30 8.14 8.12 8.22 7.93 7.90 6.70 6.77 6.78
14 6.11 6.22 6.26 8.00 8.31 8.49 7.37 7.73 7.80 6.80 6.85 6.86
15 6.51 6.50 6.50 9.00 8.88 8.82 7.92 7.89 7.88 6.81 6.79 6.79
16 6.71 6.67 6.64 8.70 8.75 8.77 8.30 8.01 7.99 7.59 7.45 7.40
17 6.35 6.26 6.21 8.52° 8.14 — 8.52 8.34 8.31 7.06 7.29 7.33
18 6.17 6.26 6.30 8.15 8.14 8.14 8.22 8.34 8.36 7.20 7.29 7.31
19 6.13 6.32 6.43 8.70 8.89 8.93 8.40 8.40 8.40 6.68 6.50 6.46
20 6.46 6.31 6.22 8.70 8.91 8.96 8.52 8.57 8.59 7.314 6.48 —
21 6.81 6.87 6.95 9.00 8.86 8.82 9.10 9.06 9.03 6.91¢ 6.51 —
22 7.09 7.03 6.96 9.30 9.11 9.02 9.15 9.19 9.22 7.10 7.17 7.18
Observed activities have been taken from Ref. 29.
#Not included in the derivation of Eq. 9.
®Not included in the derivation of Eq. 10.
°Not included in the derivation of Eq. 11.
9 Not included in the derivation of Eq. 8.
Table 8. Observed and calculated MMP inhibition potencies of compounds of Table 4
Compound log (1/ICsp)
MMP-1 MMP-9 MMP-13 TACE
Obsd Caled Loo Obsd Caled Loo Obsd Calced Loo Obsd Caled Loo
Eq. 15 Eq. 12 Eq. 13 Eq. 14
1 6.94 6.59 6.41 7.96 7.86 7.78 7.68 7.85 7.94 7.49 7.56 7.58
2 6.71 6.78 6.85 8.70 8.35 8.11 8.30 7.95 7.73 7.59 7.65 7.67
3 — 6.43 — — 8.31 — — 7.76 — 7.55 7.48 7.46
4 5.60 5.65 5.66 7.68 8.13 8.36 7.17 7.35 7.50 7.17 7.11 7.08
5 6.95% 6.23 — 7.82° 6.91 — 7.28 6.77 6.70 7.96 7.88 7.87
6 5.81 6.05 6.08 6.34 6.29 6.27 6.36 6.67 6.70 6.91¢ 7.79 —
7 5.79 591 5.93 6.52 6.29 6.24 6.81 6.60 6.57 7.80 7.73 7.72
8 5.91 591 5.92 6.10 6.38 6.42 6.54 6.60 6.60 7.92 7.73 7.70
9 5.63 5.28 5.09 6.63 6.47 6.45 6.45 6.26 6.20 7.33 7.43 7.45
10 — 497 — 6.41 6.57 6.59 6.15 6.09 6.05 7.47 7.28 7.18
11 5.42 5.56 5.60 6.07 6.69 6.79 6.49 6.41 6.40 7.18 7.56 7.62
12 5.49% 6.56 — 6.32 6.32 6.32 7.08 6.95 6.91 8.15 8.04 8.00
13 5.11% 6.14 — 6.41 6.42 6.42 6.63 6.72 6.73 7.96 7.83 7.81
14 — 6.42 — 6.19 5.64 5.25 6.59 6.33 6.17 7.24 7.08 6.87
15 — 5.96 — 5.92 6.09 6.20 6.04 6.09 6.12 7.54¢ 6.86 —
16 — 5.47 — 5.55 5.93 6.12 5.62 5.82 5.96 6.46 6.62 6.83
17 — 6.56 — — 6.14 — 6.38 6.94 7.08 7.55 7.61 7.64
18 — 6.65 — — 6.05 — — 7.00 — 7.57 7.65 7.70
19 5.78% 6.27 — 6.78 6.69 6.67 6.60 6.79 6.81 7.60 7.90 7.95
20 5.72 5.79 5.80 7.55 7.03 6.57 7.33¢ 6.53 — 7.38 7.24 7.14

Observed activities have been taken from Ref. 30.

#Not included in the derivation of Eq. 15.
®Not included in the derivation of Eq. 12.
¢Not included in the derivation of Eq. 13.
9 Not included in the derivation of Eq. 14.
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In each correlation, as mentioned below each equation,
there have been certain outliers. We could not find any
obvious reasons in any case to explain their aberrant
behaviors.

For the compounds of Table 2 also, we could
not find any positive role of the lipophilicity of
the molecules (Eqs. 4-7). However, some specific
substituents were found to be favorable to the
activity as indicated by some indicator parameters.
The indicator parameters used are [, I, 5, I4,
and 14’ Br-

MMP-1

log(1/ICs) = 1.020(=£0.396)1, + 0.596(=0.487)1;
—0.192(£0.118) log P + 5.979(40.432)

n=16,r=0919,72 = 0.67,s = 0.28, F3 1, = 21.86(5.95)

10 cev

Outlier 20 (4)

MMP-9
log(1/ICsp) = 8.336(+0.492) — 0.265(10.183) log P
— 1.241(£0.725)1; + 1.183(£0.691)14
n=19,r = 0.8827;’2v = 0.64,5 = 0.50,

Fiis = 17.47(5.42)
Outliers 14,17, 19,23 (5)

MMP-13

log(1/ICsp) = 7.902(40.366) — 0.184(+0.138) log P
— 1.051(££0.552)1, + 1.079(=£0.626)1;
+ 1.341(£0.527)1,

n=22r=0919,r2 =0.755 =038,

Fa17 = 23.06(4.67)

Outliers 15,19,25 (6)

TACE

log(1/1Csp) = 0.637(£0.229)14 5, — 0.163(£0.084) log P
+ 7.156(+0.248)

n=16,r=0.898, rzv =0.69,s = 0.20,

Fy13 =27.14(6.70)

Outliers 8,19,22 (7)

I, stands for R!-substituents and has a value of uni-
ty for R' = OCH,Ph and zero for others, I, stands
for R%-substituents and has a values of unity for
R? = CH,-3-pyridyl group and zero for others, I
stands for R¥-substiutents and is equal to 1 for
R®>=an aromatic substituent and zero otherwise,
similarly 7,, which stands for R*-substituents also
has a value of unity for R*=an aromatic moiety
and zero for others. The specific effect of bromine
at R* is, however, described by a parameter Iy By
Now as obvious from Egs. 5 and 6, the positive

coefficients of I; suggest that aromatic substituents
at R*-position will be favorable to the inhibition
potency of the compounds against MMP-9 and
MMP-13. However, the bromine seems to be better
than any other substituent at this position for the
inhibition of TACE (Eq. 7). This difference can be
obviously attributed to the structural difference in
the enzymes. The positive coefficients of /3 in Eqgs.
4 and 6 also suggest that aromatic substituents at
that ring (ring attached to nitrogen) will favor the
activity of compounds against MMP-1 as well as
MMP-13. This favorable effect of aromatic substitu-
ents at R® and R*-positions may be attributed to
their ability to be in the plane of the ring. The po-
sitive coefficient of I, in Eq. 4 indicates that a sub-
stituent like CH,-3-pyridyl will be beneficial to the
inhibition of MMP-1. The beneficial role of this sub-
stituent may be obviously due to the presence of a
nitrogen atom with a lone pair of electrons. This
lone pair of electrons at the nitrogen may either par-
ticipate in some electronic interaction with the recep-
tor or might affect the electronic property of the
nitrogen of sulfonamide group, whose electronic
character has been shown in many studies>>2° to
be very crucial for MMP inhibitions.

The role of bromine in TACE inhibition is consistently
observed in the case of the compounds of Table 3 also
(Eq. 8). Eq. 8, which has been obtained for the com-
pounds of Table 3 for TACE inhibition, is exactly par-
allel to Eq. 7. In the case of these compounds,
bromine is found to be favorable for MMP-1 inhibition
also (Eq. 9).

TACE

log(1/1Csp) = 0.763(£0.188)14 5, — 0.100(£0.063) log P
+6.767(£0.121)

n=19,r = 0.907,}’3V =0.75,s = 0.16,

F14 = 37.28(6.51)

Outliers 2,20, 21 (8)

MMP-1
log(1/ICsp) = 0.234(+0.147)14 5, + 0.317(£0.186)/;
+ 0.629(£0.173)7, 4+ 0.534(£0.251)1,
— 0.062(£0.060) log P + 6.801(+0.150)
n=19,r=0935:2 =0.74,5 = 0.13,
Fsy3 = 18.15(4.86)
Outliers 2,5,8 9)

MMP-9

log(1/ICsg) = 0.695(£0.172)I5 — 0.154(+0.133) log P
+0.064(£0.039) (log P), + 8.143(40.122)
n=19,7=0931,r2 =0.74,s = 0.16,

F2‘1(, = 3265(623), [IOgPo = 120]
Outliers 6,9,17 (10)
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MMP-13

log(1/ICsp) = 0.410(20.158)Pol 4 0.773(40.325)7,
+5.960(£0.824)
n=19r=0.914,r> =0.79,s = 0.19,

yev

Fj14 =40.71(6.51)
Outliers 4,7, 11 (11)

In MMP-1 inhibition, however, there are also some
other substituents that are shown to be favorable to
the activity of the compounds (Eq. 9). The positive coef-
ficient of 75 that has been used with a value of unity for
R?* = CH,N[(CH,),[,NCH; [(N-methylplperazmyl)
methyl group] suggests that such a substituent at R*-po-
sition will have better effect than any other substituent.
The reason may be that this substituent has double
nitrogens and is present at the aryl ring ortho to sulfon-
amide nitrogen, and because of this it might change the
electronic characterstics of the latter. There are, of
course, some other piperazine-derived sustituents at
R*-position, but only 4-methyl derivative
(CH,NJ[(CH,),],NCH3) is shown to be better. One can,
therefore, assume that there can also be a size effect of
R3-subst1tuent and that 4-methyl derivative glves an
optimum size. Similarly, a nitrogen-containing R>-sub-
stituent directly attached to sulfonamide nitrogen is
shown by parameter /; to be more conduc1ve than a
small CH; group. I, has a value of 1 for R? = a nitro-
gen-containing group and zero for R? = CHj. This effect
of nitrogen-containing R*-substituent is consistent with
what we discussed about CH,-3-pyridyl group in
Table 2.

At R'-position, a group like Ph-4-Cl would be preferred
toa methyl group as indicated by the positive coefficient
of I in Eq. 9. I, is equal to 1 for R! = Ph-4-Cl and zero
for R' = CHj;. This effect of Ph-4-Cl may be due to its
aromatic character If we compare this with the case
of OCH,-Ph at R'-position in Table 2, we can conclude
that there can also be a requirement of an optimum size
of such aromatic moiety to be effective. The Ph-4-Cl is
shown to be favorable to MMP-13 inhibition also

(Eq. 13).

The (N-methylpiperazinyl)methyl group for which
parameter /3 has been used is found to be also con-
ductive to the MMP-9 inhibition (Eq. 10). As usual,
the hydrophobicity of the molecule is shown to have
the negative effect but acquires an optimum value
[log P,] = 1.20. Averse to hydrophobicity, a polariz-
ability term (Pol) is found to control the activity
of the compounds for the inhibition of MMP-13
(Pol has been calculated using www.acdlabs.com
software).

In the case of the compounds of Table 4, the polarizabil-
ity of the compounds has been shown to be a major fac-
tor in the inhibition of MMP-9 (Eq. 12). In addmon to
the polarizability, two structural features of R' moiety
in compounds of Table 4 are found to control the activ-
ity by producing negative effect. These structural
features are acetylene-derived substituents and

nitrogen-containing substituents. Their effects are de-
scribed by two indicator parameters, I; cc and I,
respectively, with a value of 1 each for these substituents
and zero for others. Both these parameters are present in
Egs. 12 and 13 with negative coefficients, suggestlng that
acetylene-derived or a nitrogen-containing R'-substitu-
ent will not be favorable to MMP-9 and MMP-13
inhibitions.
MMP-9

log(1/ICsp) = 0.503(£0.477)Pol — 1.806(+0.567)1; cc

—0.807(£0.559)1, n + 5.916(£2.137)

n=16,r=0.920,72 =0.64,s = 0.37,

F310 =21.92(5.95)

Outlier 5 (12)

MMP-13

log(1/IC5) = 8.220(£0.467) — 0.320(£0.192) log P
—0.891(£0.422)1, cc — 0.531(£0.403)1; N

n=17,r=0.910,r2 =0.70,s = 0.29,

»Tev

Fai3 = 20.78(5.74)

Outlier 20 (13)
TACE
log(1/1Csp) = 0.491(£0.258)1; cc + 0.429(1+0.280)14 5,

— 0.891(0.309) x — 0.284(+0.122) log P
+7.457(40.342)
n=18,r=0905,2 =0.64,s = 0.19,

»hev

Fa13=14.79(5.20)
Outliers 6,15 (14)

MMP-1
log(1/ICsp) = 7.276(40.549) — —0.596(40.234) log P
n=97r=0916r2 =0.67,s =022,

Fi7 = 36.46(12.25)
Outlier 5,12, 13,19 (15)

However, in the case of TACE inhibition (Eq. 14), I; cc
is found to have a positive effect but /; y a negative ef-
fect. Acetylene-derived substituents are long linear
chains and thus might be creating steric-problems while
interacting, presumably, with the active sites of MMP-9
and MMP-13, but in TACE the active site may be capa-
ble of accommodating them well. Nitrogen-containing
substituents, that are unfavorable to TACE also, might
be eliciting their negative effect through some unwanted
electronic interactions w1th the enzyme. For the TACE
inhibition, bromme at R, as usual, is shown to be better
than any other R* -subst1tuent (Eq. 14). The MMP-1
inhibition is not found to be affected by any other
parameter except log P, which is showing a negative ef-
fect (Eq. 15).
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3.1. Conclusion

From this QSAR study we find that in anthranilic acid-
based MMP inhibitors the hydrophobic character of the
molecules is not beneficial to the activity and in almost
all the cases it has the adverse effect. Thus it appears that
MMPs provide little opportunity to the molecules to
have hydrophobic interactions, instead there can be
strong electronic interactions between them, in which
the sulfonamide group present in the molecules might
play a major role in addition to the hydroxamic acid
moiety chelating with the zinc atom of the MMPs.
QSAR study points out that the interaction of sulfon-
amide group with the enzyme can be greatly helped by
the presence of the substituents of high electronic char-
acterstics at the sulfonamide nitrogen or at the aromatic
rings, affecting the electronic properties of nitrogen or
sulfur or of both of sulfonamide group. The large sub-
stituents at the aromatic rings however might sometimes
produce some steric problems, but those having some
electronic character and being of reasonable size might
have some electronic interactions with the receptors.
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Abstract—A set of quinolizidinyl and quinolizidinylalkyl derivatives of 4-amino-7-chloroquinoline and of 9-amino-6-chloro-2-
methoxyacridine were prepared and tested in vitro against CQ-sensitive (D-10) and CQ-resistant (W-2) strains of Plasmodium
falciparum. All compounds but one exerted significant antimalarial activity. Some of the quinolizidine derivatives were from 5 to
10 times more active than chloroquine on the CQ-resistant strain. No toxicity against mammalian cells was observed.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

In tropical and subtropical regions, malaria represents a
serious health problem affecting 400-500 million people
annually and leading to approximately 2.5 million
deaths, mainly in sub-Saharan Africa.’

The most deadly species is Plasmodium falciparum,
whose resistance to common antimalarials, such as chlo-
roquine or antifolates, is increasing steadily worldwide.?

At present, the most promising and, so far, successful
strategy in fighting malaria is a combination chemother-
apy, in which an artemisinin derivative is used together
with a conventional antimalarial to improve efficacy and
delay onset of resistance.>~ Nevertheless, novel, effec-
tive, safe and inexpensive antimalarial agents are urgent-
ly needed to treat malaria in developing countries. There
is also a need for new drugs that do not share the same
mechanisms of resistance with those that are failing to-
day. The quinoline type compounds continue to attract

Keywords: 4-Aminoquinoline derivatives; Quinolizidine derivatives;

Antimalarial agents; Chloroquine; P. falciparum.
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interest because their mechanisms of action and resis-
tance are unrelated.

It is commonly accepted that chloroquine exerts its anti-
malarial activity by inhibiting hemozoin formation in
the digestive vacuole of the parasite.®® The exclusivity
of this mechanism has been questioned; the inhibition
of ferriprotoporphyrin IX degradation by glutathione-
dependent redox processes could be an additional mode
of action of chloroquine and its analogues.’

The cause of chloroquine resistance is not completely
clear, but it is associated with an increased efflux from
the parasite food vacuole and with mutations of Pfcrt
genes of P. falciparum.®-'°

Several chloroquine analogues and derivatives retain
significant activity against chloroquine-resistant P. falci-
parum strains''~'* and this has suggested that resistance
could be compound-specific and not related to changes
in the structure of the drug target.

Moreover, it has been observed that the
dialkylaminoalkyl side chains introduced on 4-amino-
quinoline may undergo oxidative dealkylation produc-
ing metabolites that display cross-resistance. On the
contrary, chloroquine analogues containing the side
chain basic nitrogen in a piperidine or pyrrolidine ring
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resulted in more metabolically stable compounds and
exhibited a substantial increase in antimalarial activity
against chloroquine-resistant strains.!>"!7

In the light of these observations, we studied the antima-
larial activity of some 4-aminoquinoline derivatives,
characterized by the presence of a bulky, strongly basic,
and lipophilic bicyclic moiety as the quinolizidine ring
(octahydro-2 H-quinolizine), which is not supposed to
be easily metabolized.

The quinolizidine ring may be directly linked to the
4-aminogroup (1-4) or through a chain of 1 to 3 carbon
atoms (5-10). The same quinolizidinylalkyl moieties
have also been introduced on the aminogroup of 9-ami-
no-6-chloro-2-methoxyacridine (12-15) to produce ana-
logues of quinacrine, an antimalarial agent largely used
in the past, which is presently re-evaluated as inhibitor
of trypanothione reductase of several trypanosome
and leishmania species,'® and as inhibitor of prion prop-
agation in Creutzfeldt-Jacob disease.!”

Finally, in continuing our investigations on metal-based
antimicrobial?®?! and antiproliferative agents,>>?? and
to verify whether the coordination with metal could
enhance the activity of our 4-aminoquinoline deriva-
tives, as observed for chloroquine,?* complex (11) be-
tween gold and compound S was also prepared.

The structures of the presently investigated compounds
are shown in Figure 1.

Six of these compounds have already been described by
some of us and studied for different pharmacological
activities: while compounds 5-7 and 12-14 were found
inactive against P388 leukemia cells,”> compounds 5
and 12, when tested against 17 microbial species,
showed good activity only against Mycobacterium tuber-
culosis (MIC = 5 and 10 pg/ml, respectively) and Tricho-
monas  vaginalis ~ (MIC =50 and  12.5 ug/ml,
respectively).?® Russian authors described some antima-
larial activity of compound 12, a long time ago.?’

All compounds were tested in vitro for activity against
chloroquine-sensitive (CQ-S) and chloroquine-resistant
(CQ-R) strains of P. falciparum and for cytotoxicity
against mammalian cells; compounds with the highest
in vitro activity are under scrutiny in vivo against
P. berghei and P. yoelii in mice.

2. Chemistry

Compounds 1-4 were prepared by reacting in the
presence of phenol the 4,7-dichloroquinoline or the
4-chloro-7-trifluoromethylquinoline with 1-aminoquino-
lizidine (octahydro-2H-quinolizin-1-amine, 17), which
was obtained as a diastereoisomeric mixture by the
LiAlH, reduction of 1-oxoquinolizidine oxime?®2°
(Scheme 1).

Separation of diastereoisomers was delayed until after
the conversion to quinoline derivatives, since the latter
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b joe
e R N
R N
R=Cl 1 R=C 2
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1-4 are mixtures of enantiomers
(only one stereoisomer is represented for each compound)
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Figure 1. Structures of the investigated compounds (absolute
configurations).
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can be ecasily separated by chromatography (silica;
CH,Cl, containing 1-8% of MeOH, v/v).

Assignment of the structure was based on NMR spectra.
When the aminogroup is axial, the hydrogen atom of
position 1 (H-1) exhibits two trans axial-axial and one
cis axial-equatorial couplings with coupling constants
higher than those characterizing the epimer (two cis
equatorial-axial and one trans equatorial-equatorial
couplings).’® Indeed, compounds 2 and 4 exhibited
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multiplets within ¢ 3.40-3.60, while compounds 1 and 3
showed a pseudo doublet with 6 3.55-3.70.

Quinolizidinylalkyl derivatives 5-9 and 12-15 were
prepared by reaction of the suitable quinolizidinylalkyl-
amines 19a-c¢ (n=1-3) and 20 with 4,7-dichloro or
4-chloro-7-trifluoromethylquinoline and 6,9-dichloro-
2-methoxyacridine, respectively (Scheme 2).

The required amines were prepared following the meth-
ods previously described for lupinylamine (19, n = 1),3!
for 2-(quinolizidin-1’a-yl)ethylamine and 3-(quinolizi-

din-1'0-yl)propylamine (19, n =2 and 3)3? and for epi-
lupinylamine 20.%3

The homolupinanoylamide 10 was obtained by
condensation of 4-amino-7-chloroquinoline**  with
homolupinanoic acid hydrochloride?®*3 ((15,9aR)-octa-
hydro-2 H-quinolizine-1-ethanoic acid) in the presence
of  O-(benzotriazol-1-yl)-N,N,N’,N'-tetramethyl-uroni-
um hexafluorophosphate (HBTU) and 4-dimethylamino-
pyridine (DMAP) (Scheme 3).

A preliminary attempt to prepare 10 by reacting 4-ami-
no-7-chloroquinoline with the homolupinanoylchloride
hydrochloride gave only very poor results.

Finally, the reaction of triphenylphosphine gold(I)chlo-
ride with compound 5 and potassium hexafluorophos-
phate in acetonitrile afforded the gold complex 11.

Structures of final compounds were supported by
elemental analyses and spectral data.

3. Results and discussion

All synthesized compounds were tested in vitro against
D-10 (CQ-S) and W-2 (CQ-R) strains of P. falciparum.
The antimalarial activity was quantified as inhibition
of parasite growth, measured with the production of
parasite lactate dehydrogenase (pLDH). Cytotoxicity
on murine cells WEHI, clone 13, was assayed using
the MTT test.

Table 1 shows the ICsy (nM) against D-10 and W-2
strains of P. falciparum as well as the means of the ratios
between the ICsy of chloroquine and that of each com-

Table 1. Antimalarial activity of compounds 1-15 tested in vitro against D-10 (CQ-S) and W-2 (CQ-R) strains of Plasmodium falciparum

Compound D-10 (CQ-S) No. of Ratio ICs, W-2 (CQ-R) No. Ratio ICs, Ratio ICs, WEHI 13¢
ICso (nM)? Exp. CQ/comp® ICso (nM)? of Exp. CQ/comp® CQ-R/CQ-S¢  ICsy (nM)

1 2473 + 15.64 8 1.11 23.34+8.10 8 9.42 0.94 15,647

2 24.20 + 14.58 8 1.32 2127 +7.65 8 9.69 0.88 18,104

3 102.46 + 29.55 5 0.17 106.57 + 14.38 4 2.12 1.04 n.t.

4 71.74 +23.78 5 0.23 73.83 % 32.70 4 3.42 1.03 n.t.

5 2636+1529 13 0.87 41.87 +19.86 12 6.93 1.59 9206

6 26.08 +11.07 3 1.03 181.57 £ 61.10 3 1.67 6.96 >14,539

7 45.96 +21.87 4 0.60 384.40 + 136.75 2 0.88 8.36 10577.48

8 33.68 £ 11.33 6 0.45 31.90 £ 9.15 4 7.44 0.95 n.t.

9 3134+ 8.15 4 1.17 94.97 + 31.03 3 422 3.03 n.t.

10 >5030.00 2 0.006 >3968.00 2 0.03 0.79 n.t.

11 28.44 + 12.94 4 1.30 52.93 +30.23 4 10.07 1.86 n.t.

12 36.99 + 21.60 7 0.93 80.35 % 30.38 6 5.59 2.17 2475

13 30.78 £ 7.11 3 0.75 68.13 +29.92 3 5.13 2.21 792

14 43.45 + 14.43 3 0.53 97.44 + 6.88 4 3.16 2.24 1053

15 35.22 + 14.63 4 1.02 95.37 +39.12 4 5.07 2.70 n.t.

cQ 24.68 +15.75 19 1.00 276.53 * 149.35 18 1.00 11.20 >9692

n.t.: not tested.

#The results are expressed as ICso + SD of different experiments each performed in duplicate.
® Mean of ratios between the ICs, of chloroquine and that of each compound against D-10 or W-2 strains of P. falciparum calculated for each single

experiment.

“Ratios between the ICsy values of each compound against the two strains of P. falciparum.
4 The cytotoxic activity was assayed in vitro on murine cell line WEHI Clone 13 using the MTT assay.
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pound against D-10 or W-2 strains calculated for each
single experiment. The ratios between the ICsy of each
compound against the two strains of P. falciparum are
also indicated. The last value is suggestive of the suscep-
tibility of the drug to the resistance mechanisms (resis-
tance factor).

With only one exception (compound 10), all tested com-
pounds exhibited a high degree of activity on the CQ-S,
D-10 strain, with ICsy in the range from 24.2 to
102.4 nM. Chloroquine ICsq was 24.7 nM (range 15—
38 nM); thus the tested compounds were from 0.17- to
1.32-fold as active as chloroquine.

Some of the new compounds also exhibited a strong
activity against the CQ-R, W-2 strain, with ICsy values
as low as 21-23nM (1 and 2) compared to 276.5 nM
of chloroquine (range 126-468 nM). Therefore, five
compounds (5, 8, 1, 2, and 11) resulted from 6.9- to
10.1-fold more active than chloroquine and seven com-
pounds were from 2.1 to 5.6 times more active than
the reference drug. Only compounds 6 and 7 did not
show significant differences of activity versus chloro-
quine on either strain.

The novel chloroquine analogues were either equitoxic
or definitely less toxic than chloroquine on murine cells
WEHI (clone 13), while the acridine derivatives 12-14
were more toxic than the reference drug as was already
known for quinacrine.

A thorough comparison of our compounds with other
chloroquine analogues is not easy, since different strains
of CQ-R P. falciparum were used. Nevertheless, our best
compounds (5, 8, 1, 2, and 11) appear to be at least as
comparable and often more active than some recently
described short side-chain analogues.!!!3:15

Indeed, the best of the latter compounds (7-chloro-4-[N-
(diethylaminoethyl)amino]quinoline) was 6.4- and 19.0-
fold more active than chloroquine against the CQ-R
K1'!' and Indochina I'3 strains, respectively, while our
compounds were 6.9- to 10.1-fold more active than
chloroquine against the CQ-R, W-2 strain.

With regards to the structure—activity relationships, it
has been observed that the structure modifications did
not influence the activities on CQ-S and CQ-R strains
of P. falciparum in the same manner.

Major comments are as follows.

The activity was negatively influenced by the increas-
ing number (n) of methylene groups between the
aminoquinoline and the quinolizidine moieties. On
comparing compound 1 (=0) and compound 7
(n = 3), the decrease of activity was modest in the case
of CQ-S strain (1, ICsy = 24.7 nM; 7, ICs9 = 46.0 nM),
but it became substantial for CQ-R strain (1, ICsq =
23.3nM; 7, 1Csy = 384.4 nM).

Minor variations of activity with the increasing length of
the methylene chain were also observed in the set of acri-

dine derivatives (12-14) though the differences in 1Cs
were not significant. If one considers the ratios of com-
pounds 12-14 with chloroquine, the trend toward less
activity with increasing length of the methylene chain
becomes more evident.

Comparing activities shown by the couples of epimeric
compounds (1 and 2, 3 and 4, 5 and 9, 12 and 15), we
have observed that the shift of the amino- or the ami-
nomethylene-group from o to B position at C(1) of the
quinolizidine ring produced only very modest changes
of activity on both CQ-S and CQ-R strains: an increased
activity was shown by compound 4 compared to 3 on
both P. falciparum strains, whereas a negative variation
was seen for compound 9 only against the W-2 strain.
None of these effects reached statistical significance.

The replacement of the chlorine atom on the quinoline
ring with a trifluoromethyl group strongly reduced the
activity on both CQ-S and CQ-R strains when the sec-
ondary aminogroup is directly linked to the quinolizi-
dine ring as in compound 3 and 4. A similar effect of
the 7-substituent in other chloroquine analogs was
already observed by De et al.!> and Stocks et al.'> on
the activity against different CQ-S and CQ-R strains
of P. falciparum, and by Kaschula et al.® against the
same CQ-S, D-10 strain used in this paper. The latter
authors correlated the decreased activity with the stron-
ger electron-withdrawing character of the trifluorometh-
yl group, which reduced the basicity of both the basic
nitrogen atoms, though its higher lipophilicity should
improve the association with hematin and the inhibition
of hemozoin formation.

On the contrary, the homologous fluorinated compound
8, as compared to the corresponding chloro-derivative 5,
displayed only minor variations of activity against both
the CQ-S and CQ-R strains. In the case of 4-[(N-tert-
butylamino)ethyl]Jamino-7-trifluoromethylquinoline, '
the positive effect of enhanced lipophilicity seems to
overcome the negative effect of the reduced basicity on
the activity against the CQ-R strain. Indeed, the degree
of drug lipophilicity correlates with the ability of anti-
malarials to overcome CQ-resistance in vitro. %17

According to Navarro et al.>* the complexation of
chloroquine with gold was able to overcome resistance.
A similar complexation with gold of our compound 5,
which is itself very active on CQ-R strain, produced
compound 11 that resulted 10 times more active than
chloroquine on CQ-R, W-2 strain. Although the high
cost restrains an interest in this compound, the study
of other complexes of the new compounds with less
expensive metals is surely warranted.

Finally, we have seen that the acylation of 4-amino-
7-chloroquinoline with a homolupinanoyl residue
practically abolished the activity. Indeed, compound
10 exhibited a ICs, that was >14 fold that of chloro-
quine versus CQ-R strain W-2 and >203-fold that versus
the CQ-S strain D-10. Also in comparison to other
quinolizidine derivatives, the amide 10 resulted 1 to 2
order of magnitude less active.
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The possibility that the poor activity of amide 10 is due
to hydrolysis under the test conditions should be ruled
out, since compound 10 was unaffected by incubation
for 72 h at 37 °C in PBS (phosphate buffered saline pH
7.3) as well as in 0.1 N HCI or 0.1 N NaOH solutions.

Alternatively, it is conceivable that such a loss of activity
is related to the prevailing electron delocalization from
the secondary aminic nitrogen atom to the carbonyl
oxygen atom, instead to the heterocyclic nitrogen atom
(Scheme 4).

The importance of resonance between the nitrogen
atoms of the aminogroup and of the quinoline ring
was underlined to explain the association of chloroquine
with ferriprotoporphyrin IX (Fe(III)PPIX) and hence its
antimalarial activity, though the question is far from
being settled.®

The electrostatic hindrance to charge delocalization be-
tween the two nitrogen atoms was also sought to explain
the strong decrease of antimalarial activity with the
shortening of the aliphatic basic chain in a set of quina-
crine analogues.3¢

4. Conclusions

All but one of the tested compounds were active against
both CQ-S (D-10) and CQ-R (W-2) strains of P. falcipa-
rum, the best being from 6.9 to 10 times more active than
chloroquine on W-2 strain. The same compounds were
equitoxic or definitely less toxic than chloroquine on
murine cell WEHI (clone 13). Therefore, the bulky basic
head which characterizes the prepared compounds ap-
pears to be an interesting structural feature able to over-
come the resistance mechanisms and deserves further
investigation to obtain novel antimalarial agents.

In vivo studies in the rodent P. berghei malaria model
are underway.

5. Experimental
5.1. General

All commercially available solvents and reagents were
used without further purification, unless otherwise
stated. CC =column chromatography. Mps: Biichi
apparatus, uncorrected. IR spectra: Perkin-Elmer-Para-
gon-1000 Pc spectrophotometer; KBr pellets for solid
and net for liquid; v in cm~ ! '"H NMR spectra: Varian
Mercury 300VX spectrometer; CDCl; or DMSO-d, with

\
cl N ‘%’
H

Scheme 4.

MeySi as internal standard; 6 in ppm, J in hertz.
Elemental analyses were performed on a Carlo Erba-
EA-1110 CHNS-O instrument in the Microanalysis
Laboratory of the Department of Pharmaceutical
Sciences of Genoa University.

5.2. 4-|N-(Octahydro-2 H-quinolizin-1e- and 1-p-yl)ami-
no|-7-substituted-quinoline (1-4). General method

Octahydro-2 H-quinolizin-1-ylamine (mixture of diaste-
reoisomers;”® 5 g, 10 mmol) was added to a solution of
10 mmol of 4,7-dichloroquinoline or 4-chloro-7-trifluo-
romethylquinoline in 6 g of phenol and was heated at
180 °C under N, for 4 h. After cooling, the mixture
was treated with 2 M NaOH till strong alkalinity and
extracted with Et,O. The organic phase was shaken with
2 M NaOH, then with H,O and extracted with 5% acetic
acid. The acid solution was alkalinized with 2 M NHj;
and extracted with Et,O. After drying, the solvent was
removed and the residue was divided into its epimeric
components by CC (silica; CH,Cl, containing 1-8% of
MeOH, v/v): (¥)la-substituted epimers (1 and 3) were
eluted first (CH,Cl, + 1-2% MeOH), followed by the
(¥)B-ones (2 and 4) (CH,Cl, + 3-8% MeOH).

5.2.1. (2)7-Chloro-4-| N-(octahydro-2 H-quinolizin-10.-
yDamino]quinoline (1). Yield 15%; mp 168-169 °C
(Et,0). "H NMR (CDCls): § 1.00-2.30 (m, 13H, quino-
lizidine = QZ); 2.80-3.00 (m, 2H, H-o near N of QZ);
3.60 (d, J=8.2Hz, 1H, C()H of QZ, s after D,O
exchange); 5.95 (d, J=82Hz IH, NH, collapses
with D,0); 6.35 (d, J=5.4Hz, 1H, C(3)H of quino-
line = QN); 7.40 (dd, J=8.6, 1.4Hz, 1H, C(6)H of
QN); 7.80 (d, J = 8.4 Hz, 1H, C(5)H of QN); 7.95 (pseu-
do s, 1H, C(8)H of QN); 8.50 (d, /= 5.4 Hz, 1H, C(2)H
of QN). Anal. Calcd for C13H,,CIN3: C, 68.43; H, 7.02;
N, 13.36. Found: C, 68.60; H, 7.18; N, 13.41.

5.2.2. (*)7-Chloro-4-| V-(octahydro-2 H-quinolizin-1f3-
yl)amino]quinoline (2). Yield 5%; mp 235-238 °C (abs
EtOH). '"H NMR (CDCl;): 6 1.00-2.30 (m, 13H, QZ);
2.80-3.00 (m, 2H, H-a near N of QZ); 3.35-3.60 (m,
1H, C(1)H of QZ, m after D,O exchange); 4.65 (d,
J=8.0Hz, 1H, NH, collapses with D,0); 6.50 (d,
J=54Hz, 1H, C(3)H of QN); 7.35 (dd, J=8.2,
1.4 Hz, 1H, C(6)H of QN); 7.65 (d, J=8.8 Hz, 1H,
C(5)H of QN); 7.95 (pseudo s, 1H, C(8§)H of QN);
8.50 (d, J=54Hz, 1H, C2)H of QN). Anal. Calcd
for C;sH,,CIN3: C, 68.43; H, 7.02; N, 13.36. Found:
C, 68.25; H, 6.94; N, 13.28.

5.2.3. (2)4-|N-(Octahydro-2 H-quinolizin-1a-yl)amino]-7-
trifluoromethylquinoline (3). Yield 15%; mp 132.5-
135°C (Et,0). '"H NMR (CDCl3): 6 1.00-2.30 (m,
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13H, QZ); 2.70-3.00 (m, 2H, H-o near N of QZ); 3.55
(d, J =8.2 Hz, 1H, C(1)H of QZ, s after D,O exchange);
5.98 (d, J=8.2 Hz, 1H, NH, collapses with D,0); 6.35
(d, J=5.4Hz, 1H, C(3)H of QN); 7.53 (dd, J=38.6,
1.4 Hz, 1H, C(6)H of QN); 7.90 (d, J=8.4 Hz, 1H,
C(5)H of QN); 8.19 (pseudo s, 1H, C(8§)H of QN);
8.50 (d, J=5.4Hz, 1H, C(2)H of QN). Anal. Calcd
for C;9oH»,F5N5: C, 65.31; H, 6.35; N, 12.03. Found:
C, 64.97; H, 6.60; N, 11.97.

5.2.4. (*)4-|N-(Octahydro-2 H-quinolizin-1§-yl)amino]-7-
trifluoromethylquinoline (4). Yield 14.7%; mp 201-
204 °C (Et,0). 'H NMR (CDCl3): § 1.00-2.30 (m,
13H, QZ); 2.70-3.00 (m, 2H, H-a near N of QZ);
3.30-3.55 (m, 1H, C(1)H of QZ, m after D,O exchange);
4.67 (d, J=8.0 Hz, 1H, NH, collapses with D,0); 6.50
(d, J=5.4Hz, 1H, C(3)H of QN); 7.51 (dd, J=8.2,
1.4 Hz, 1H, C(6)H of QN); 7.75 (d, J=8.8 Hz, 1H,
C(5)H of QN); 8.19 (pseudo s, 1H, C(8)H of QN);
8.54 (d, J=5.4Hz, 1H, C(2)H of QN). Anal. Calcd
for C;oH,,F3N3: C, 65.31; H, 6.35; N, 12.63. Found:
C, 65.41; H, 6.55; N, 11.96.

5.3. 7-Chloro-4-{ N-[®-(octahydro-2 H-quinolizin-1a-yl)-
alkyllamino}-quinolines (5-7)

Compounds 5-7 were prepared as described by Boido
Canu et al.®

5.4. 4-{N-|(Octahydro-2 H-quinolizin-1o-yl)methyl]ami-
no}-7-trifluoromethyl-quinoline (8)

A mixture of (1S,9aR)-octahydro-2H-quinolizine-1-
methanamine®' (19, n =1; 0.530 g, 3.15 mmol), 4-chlo-
ro-7-trifluoromethylquinoline (0.725 g, 3.15 mmol) and
phenol (2 g) was heated for 3h at 180 °C under N».
After cooling, the mixture was treated with 2M NaOH
till strong alkalinity and extracted with Et,O. The organ-
ic solution was shaken with 2 M NaOH, then with H,O
and extracted with 5% acetic acid. The acid solution
was alkalinized with 2M NH; and extracted with
Et,0. After evaporation, the residue (1.05 g) was puri-
fied by CC (silica, CH,Cl, containing 2% MeOH).
Compound 8: 0.97 g, 88.2%; mp 84.5-86.5 °C (Et,O—pe-
troleum ether). '"H NMR (CDCls): § 1.0-2.3 (m, 14H,
QZ); 2.90-3.10 (m, 2H, H-a near N of QZ); 3.26 (dd,
J=12.8, 6.2Hz, 1H of CH,-NH; d, J=11.8 Hz after
D,O exchange); 3.52 (dd, J=12.8, 6.2Hz, 1H of
CH,-NH); 6.25 (d, J=5.4Hz, 1H, C(3)H of QN);
7.50 (dd, J=28.8, 1.8 Hz, 1H, C(6)H of QN); 7.78 (d,
J=8.8Hz, 1H, C(9H of QN); 8.16 (s, 1H, C(8)H of
QN); 8.50 (d, J=5.4 Hz, 1H, C(2)H of QN); 8.70-8.90
(broad s, 1H, NH collapses with D,0O). Anal. Calcd
for CyoH,4F3N3: C, 66.10; H, 6.66; N, 11.56. Found:
C, 66.24; H, 6.29; N, 11.26.

5.5. 7-Chloro-4-{ N-|(octahydro-2 H-quinolizin-1-
yl)methyllamino}-quinoline (9)

A mixture of (1R,9aR)-octahydro-2H-quinolizine-1-
methanamine®® (20, 0.55g, 3.27 mmol), 4,7-dichloro-
quinoline (0.64 g, 3.27 mmol) and phenol (2 g) was
heated for 4 h at 180 °C under N,. After cooling, the

mixture was treated with 2 M NaOH and the precipitat-
ed was filtered and washed with H,O. The joined aq
solution was extracted with Et,O. The organic phase
was shaken with 2M NaOH, then with H,O and
extracted with dilute acetic acid. The acid solution was
alkalinized with 2 M NH; and extracted with ether.
After evaporation, the residue was joined with the fil-
tered solid and crystallized from abs EtOH/Et,O. Com-
pound 9: 0.51g, 47%; mp 118-125°C. 'H NMR
(DMSO-dg): 0 0.9-2.1 (m, 14H, QZ); 2.60-2.80 (m,
2H, H-a near N of QZ); 2.80-3.00 (m, 1H of CH,-
NH); 3.48 (d, J=12.4 Hz, 1H of CH,-NH); 6.40 (d,
J=5.4Hz, 1H, C(3)H of QN); 7.15-7.25 (m, 1H, NH
collapses with D,0); 7.43 (d, J = 8.8 Hz, 1H, C(6)H of
QN); 7.75 (s, 1H, C(8)H of QN); 8.28 (d, J = 8.8 Hz,
1H, C(5)H of QN); 8.35 (d, J=5.4Hz, 1H, C(2)H of
QN) Anal. Caled for C19H24CIN3'H201 C, 6559, H,
7.53; N, 12.08. Found: C, 65.78; H, 7.49; N, 12.04.

5.6. 7-Chloro-4-| N-(homolupinanoyl)amino]-quinoline
(10)

A solution of 4-amino-7-chloroquinoline®* (0.1 g, 0.56
mmol), homolupinanoic acid hydrochloride®®3>
(0.13 g, 0.56 mmol), DMAP (0.14 g, 1.12 mmol), HBTU
(0.43 g, 1.12 mmol), triethylamine (0.14 mL) in DMF
and CH,»Cl, (8+2 mL) was stirred at rt for 8 h. Solvents
were distilled in vacuo; 0.5 M NaOH was added till pH
9-10 and the mixture extracted with CH,Cl,. After
evaporation, the residue was firstly purified by CC
(silica, CH,Cl, containing 1-5% MeOH) to eliminate
the unreacted aminoquinoline and DMAP, and then
by preparative TLC (silica, CH,Cl,/MeOH/concd
NH;, 50:10:0.5, v/v). Compound 10: 0.025 g, 12.5%;
mp 192.5-193.5 (Et,0). '"H NMR (CDCl;): § 1.30-
240 (m, 14H, QZ); 2.74 (dd,J=15.0, 6.0 Hz, 1H of
COCH,); 2.80-2.95 (m, 3H, 1H of COCH, + 2H of
QZ); 7.52 (dd,J = 8.6, 1.4 Hz, 1H C(6)H of QN); 7.75
(d,J =8.8 Hz, 1H, C(5)H of QN); 8.10 (s, 1H, C(8)H
of QN); 8.30 (d, J=5.4Hz, 1H, C(3)H of QN); 8.82
(m, 2H, C(2)H of QN + NH; partially collapses with
D>0). Anal. Caled for C,0H,4,CIN;O: C, 67.12; H,
6.76; N, 11.74. Found: C, 67.30; H, 6.67; N, 11.79.

The title compound (9 mg, 0.025 mmol) was dissolved in
0.5 mL of DMSO and added to 9 mL of PBS (phosphate
buffered saline pH 7.3). The solution was incubated at
37°C for 3 days and afterward made alkaline and
extracted with CH,Cl, with a practically quantitative
recovery of the amide (TLC, silica, CH,Cl,/MeOH/con-
cd NHj;, 50/10/0.5, v/v). A similar experiment performed
with 9 mL of 0.1 N HCI or 0.1 N NaOH solution gave
an identical result.

5.7. [(Goldtriphenylphosphine)-(7-chloro-4-{ /N-|(octa
hydro-2 H-quinolizin-1a-yl)methyllamino} quinoline)]
hexafluorophosphate (11)

Triphenylphosphinogold(I) chloride (0.20 g, 0.4 mmol)
was dissolved in acetonitrile (20 mL) by mild heating
under N,, then potassium hexafluorophosphate
(0.149 g, 0.8 mmol) was added and refluxing was contin-
ued for 30 min. Compound 5 (0.264 g, 0.8 mmol) was
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added and the mixture was refluxed under N, for 48 h.
After cooling, the precipitate was filtered and the solu-
tion was concentrated to small volume, Et,O was added
and after standing in freezer overnight, again filtered.
The solution was finally evaporated to dryness and tak-
en up in Et,O that left 11 as a brownish powder (0.200 g,
53.5%). Anal. Calcd for C3;;H39AuCIF¢N;P,: C, 47.58;
H, 4.21; N, 4.50. Found: C, 51.49; H, 4.61; N, 4.69.

5.8. 6-Chloro-2-methoxy-9-{ V-|®-(octahydro-2 H-quinoli-
zin-1a-yl)alkyllamino}-acridines (12-14)

Compounds 12-14 were prepared as described by Boido
Canu et al.®®

5.9. 6-Chloro-2-methoxy-9-{/N-[(octahydro-2 H-quinoli-
zin-1B-yl)methyllamino}acridine (15)

A mixture of (1R,9aR)-octahydro-2H-quinolizine-1-
methanamine®® (20, 0.336 g, 2 mmol), 6,9-dichloro-2-
methoxyacridine (0.573 g, 2 mmol) and phenol (1.25 g)
was heated for 3 h at 100 °C under N,. After cooling,
the mixture was treated with 2 M NaOH till strong alka-
linity and extracted with Et,O. The organic phase was
washed with 2 M NaOH, then with H,O and extracted
with 5% acetic acid. The acid solution was alkalinized
with 2 M NHj; and extracted with Et,O. After evapora-
tion, the residue was purified by CC (silica, CH,Cl, con-
taining 2% MeOH?. Compound 15: 0.144 g, 18%; mp
92-96 °C (Et,0). 'H NMR (DMSO-dg): ¢ 0.90-1.95
(m, 14H, QZ); 2.50-2.75 (m, 2 H, H-a near N of QZ);
3.40-3.50 (m, 1H, CH,-NH); 3.90 (s, 3H, OCH3); 4.05
(d, J=12.7 Hz, 1H, CH,-NH); 6.80 (s, 1H, NH collaps-
es with D,0O); 7.30 (d, J=9.2Hz, 1H, Ar); 7.40 (d,
J=92Hz, 1H, Ar); 7.60 (s, 1H, Ar); 7.80 (d,
J=92Hz, 1H, Ar); 7.83 (s, 1H, Ar); 8.30 (d,
J=9.2 Hz, 1H, Ar). Anal. Calcd for C,4H,3CIN;O: C,
70.35; H, 6.89; N, 10.26. Found: C, 69.94; H, 6.89; N,
10.18.

5.10. Parasite cultures and drug susceptibility assay

P. falciparum cultures were carried out according to
Trager and Jensen’s with slight modifications.?” The
CQ-sensitive, strain D-10 and the CQ-resistant, strain
W-2 were maintained at 5% hematocrit (human type
A-positive red blood cells) in RPMI 1640 (EuroClone,
Celbio) (NaHCO3 24 mM) medium with the addition
of 10% heat-inactivated A-positive human plasma, 20
mM Hepes, 2 mM glutammine. All the cultures were
maintained at 37 °C in a standard gas mixture consisting
of 1% O,, 5% CO,, 94% N,. Compounds were dissolved
in either water (chloroquine) or DMSO and then diluted
with medium to achieve the required concentrations (fi-
nal DMSO concentration <1%, which is non-toxic to
the parasite). Drugs were placed in 96 wells flat-bottom
microplates (COSTAR) and serial dilutions made.
Asynchronous cultures with parasitemia of 1-1.5% and
1% final hematocrit were aliquoted into the plates and
incubated for 72 h at 37 °C. Parasite growth was deter-
mined spectrophotometrically (ODgsg) by measuring
the activity of the parasite lactate dehydrogenase
(pLDH), according to a modified version of the method

of Makler in control and drug-treated cultures.’%3° The
antimalarial activity is expressed as 50% inhibitory con-
centrations (ICsg); each ICs, value is the mean and stan-
dard deviation of at least three separate experiments
performed in duplicate.

5.11. Cell proliferation assay

The proliferation of the immortalized WEHI Clone 13
murine cell line was tested using the MTT assay
already described.*® Plates were incubated for 72 h at
37°C in 5% CO,, then 20 pL of a 5 mg/mL solution
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) (M-2128 Sigma) in PBS were added
for an additional 3 h at 37 °C. The plates were then
centrifuged, the supernatants discarded and the dark
blue formazan crystals dissolved using 100 pL of lysing
buffer consisting of 20% (w/v) of a solution of SDS
(Sigma), 40% of N,N-dimethylformamide (Merck) in
H,0, at pH 4.7 adjusted with 80% acetic acid. The
plates were then read on a microplate reader (Molecu-
lar Devices Co., Menlo Park, CA, USA) at a test wave-
length of 550nm and a reference wavelength of
650 nm. The results are expressed as ICs, which is
the dose of compound necessary to inhibit cell growth
by 50%. All the tests were performed in triplicate at
least three times.
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Abstract—Purine inhibitors of cyclin-dependent kinases (CDK) seem to be a potential anticancer drug candidate as one of the first
representatives, roscovitine, is passing Phase II clinical trials for cancer and glomerulonephritis. In this article, we describe a novel
modification of the purine scaffold influencing CDK2 inhibitory activities as well as anticancer properties in cell lines of different
histopathological origin. The introduced N at position 8 of the purine ring generally lowered CDK2 inhibitory activity of new
8-azapurines (1,2,3-triazolo[4,5-d]pyrimidines) in comparison to the model trisubstituted purines, whereas the antiproliferative
potential of some derivatives remained very high, reflecting their ability to activate p53 tumor suppressor.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

All cancers are characterized by an abnormal control of
cell proliferation. This is caused by mutation or mis-reg-
ulation of cell-cycle regulatory genes and proteins.! It
has been shown that it deregulates G1/S cyclin-depen-
dent kinase (CDK) activity in tumor cells, while en-
abling these cells to enter S-phase unchecked, also
renders them selectively susceptible to CDK2 inhibi-
tion,? because CDK2 activity is not only instrumental
in initiating S-phase (CDK2/cyclin E), but it is also crit-
ically required to terminate E2F-mediated transcription-
al activity in S-phase (CDK2/cyclin A). Failure of a cell
to terminate this activity in timely fashion constitutes a
powerful apoptotic signal.® Recent findings also suggest
that CDK2 activity—at least in colorectal cancers—may
be redundant* and that other kinases, possibly CDK3 or
AURORA kinases®, can step in upon CDK2 activation.
Even CDKl/cyclin Bl activity, which had traditionally
been associated with regulation of M-phase entry, was
recently shown to possess S-phase promoting potential.®
Furthermore, it is now clear that the roles of CDKs are

Keywords: CDK2; Inhibitor; Anticancer drug; p53.
* Corresponding author. Tel.: +420 585 634 850; fax: +420 585 634
870; e-mail: strnad@aix.upol.cz

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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not only confined to cell cycle control, but also function
in the regulation of transcription. CDK2, 7, 8, and 9
have been shown to be implicated in transcriptional reg-
ulation through activating and deactivating phosphoryl-
ations of the C-terminal domain of RNA polymerase
I1.7 Despite the facts mentioned above, new CDK-inhib-
itory pharmacophores and compounds have to be devel-
oped and reported. The lack of selectivity as well as
incomplete understanding of the selectivity of the
CDK inhibitors makes interpretation of their pharma-
cological effects difficult and the question of which
CDK(s) should be inhibited for optimal anticancer
activity remains largely unanswered.®

The crucial role of CDK within cell division cycle and
their frequent deregulations in human tumor and cancer
cells have encouraged an active search for chemical
CDK inhibitors (CDKI).? Systematic screening of the
adenine-derived plant hormone cytokinins led to the dis-
covery of 2,6,9-trisubstituted purines, a group of highly
active CDK inhibitors.! The first specific inhibitor
olomoucine,'® was quickly followed by derivatives with
enhanced efficiency, like roscovitine, purvalanol A,
olomoucine II and others.!" !> Several of them have al-
ready undergone in vivo efficacy studies, preclinical and
clinical evaluation, confirming CDKs as real targets for
development of new anticancer drugs.!>!”
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The pharmacological improvement of the olomoucine
structure was till date now mainly based on modifica-
tions at positions 2, 6 and 9, respectively.!! 18 In the ef-
fort to enhance the affinity of CDKIs, we tried to extend
the inhibitor-CDK mutual interactions by introduction
of another nitrogen to the purine ring. There are already
reports describing rearrangement of the purine het-
eroatoms.!”?® One of them characterized successful
repositioning of heteroatoms of purine to pyrazolo[4,3-
dlpyrimidine that lead to improved anti-CDK activity.'’
The shift of heteronitrogen from position 9 to 8 prompt-
ed us to further explore and modify the purine ring.
Therefore, we prepared several 2,6,9-trisubstituted 8-
azapurines as analogs of potent CDK inhibitors. The
impact of modification of the purine skeleton on CDK
inhibitory activity was consequently verified by p53-
transcriptional and anticancer activity testing.

2. Results and discussion
2.1. Chemistry

We used several approaches to synthesize the target
compounds. Owing to the low regioselectivity we
abandoned the synthesis starting either from 2,6-dichlo-
ro-8-azapurine or 5-nitro-2,4,6-trichloropyrimidine,
respectively. For example, the reaction of isopropyl
amine with 5-nitro-2,4,6-trichloropyrimidine proceeds
with all three chlorine atoms simultaneously in contrast
to the selective reaction of ammonia.?! A series of
new  2,6,9-trisubstituted-8-azapurines  (1,2,3-triazol-
o[4,5-d]pyrimidines) was therefore synthesized using a
general synthetic route outlined in Figure 1. In this
approach an alkylazide (R9N3) was cyclized with cya-
nacetamide in the presence of sodium ethoxide to 1-al-
kyl-4-amino-5-carboxamido-1,2,3-triazole (I). Reaction
of derivative I with diethyl carbonate afforded 9-alkyl-
2,6-dihydroxy-8-azapurine (8-azaxanthine derivative
II). The synthesis of 9-benzyl-2,6-dihydroxy-8-azapurine
(IIa) followed the cited procedures.?? This approach also
proved to be useful for 9-isopropylderivative II despite
the lower yields. Chlorination of 8-azaxanthine
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Figure 1. Scheme of synthesis of 2,6,9-trisubstituted-8-azapurines.
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derivatives II was a crucial step in the synthesis which
was achieved by the action of POCIs/2,6-lutidine at
120 °C. Decomposition of the evaporated reaction resi-
dues by coincident extraction in benzene or chloroform
at 0 °C afforded crude dichloroderivatives III. While the
benzyl derivative IIla was able to be crystallized, the iso-
propyl analogue IIIb seems to be very unstable and was
therefore used immediately in subsequent nucleophilic
substitution of C1-C6. Furthermore, the yield of 2,6-
dichloro-9-isopropyl-8-azapurine was not entirely repro-
ducible as a satisfactory yield (20-25%) was obtained
only under the small-mass conditions (up to 2 g). Subse-
quent regioselective substitution of C1-C6 (III—1V) was
then achieved at 0-20 °C using only one equivalent of
R6-NH,; in the presence of tertiary amine. At room tem-
perature, the highly reactive amines like benzylamines
were however, able to substitute C1-C2 to a certain ex-
tent. The final substitution reaction of C1-C2 was then
performed at elevated temperature (>100 °C, IV—YV).
The 2-methyl-8-azaderivative 2 was synthesized by a
modified procedure adopted from the synthesis of simi-
lar 8-azapurine compounds.?®> Here the cyclization of
isopropylderivative Ib with ethyl acetate gave rise to
6-hydroxy-9-isopropyl-2-methyl-8-azapurine which
after chlorination by Bosshard reagent (SOCIl,/DMF)
and subsequent nucleophilic substitution at C1-C6
afforded the target compound 2.

2.2. Biological activity

To verify the effect of an additional nitrogen in position
8 of the active purine inhibitors, new derivatives (sum-
marized in Table 1) were screened for their ability to
inhibit recombinant CDK?2/cyclin E. The results showed
that the introduction of the fifth nitrogen instead of
C8H functionality in the purine ring reduces CDK2
inhibitory activity in all cases (30-60-fold). Straightfor-
ward structural point of view would consider 8-azapu-
rines to be weaker CDK inhibitors than respective
purines; as co-crystals of CDK2 with purine inhibitors
show (e.g., purvalanol B or H717),'>!3 hydrogen at C8
of the purine ring interacts with the backbone oxygen
of Glu8l. In contrast, guanine NU2058 binds to

POCI,

R6
HN

N HNR2 N
\\N —_— )\ | \N
/ X~ /
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Table 1. Structure-activity relationships of 8-azapurines
Compound Substitution 1Cso (uM)? p53?*
R2 R6 CDK2 MCF7 K562 HOS G361 A8
Roscovitine®  [I-(Hydroxymethyl)propyl] Benzyl 0.45 11. 1 40 32 34 ++(20)
1 (4-Aminocyclohexyl) Benzyl 11.3 11.4 19.2 15.6 8.3 ++(20)
3 (3-Hydroxypropyl) Benzyl 100 112 142 159 126 —
4 [1-(Hydroxymethyl)propyl] Benzyl 4.1 553 68.0 123 84.7 +(80)
5 [1-(Hydroxymethyl)-2-methylpropyl] = Benzyl 7.3 32.8 50.0 129 28.2 ++(50)
6 [1-(Hydroxymethyl)propyl] (3-Hydroxy-4-methoxybenzyl) 2.3 31.8 68.1 326 42.6 ++(40)
7 (2-Aminocyclohexyl) (3-Hydroxy-4-methoxybenzyl)  13.7 13.1 30.3 14.3 254 ++(20)
8 [1-(Hydroxymethyl)propyl] (2-Hydroxybenzyl) 1.2 22.1 33.1 101.7 49.2 +(80)
9 [1-(Hydroxymethyl)-2-methylpropyl]  (2-Hydroxybenzyl) 0.84 13.6 18.9 35.7 19.1 ++(30)
10 (2-Aminocyclohexyl) (2-Hydroxybenzyl) 4.1 234 19.4 69.7 20.5 —
11 (4-Aminocyclohexyl) (2-Hydroxybenzyl) 16.4 20.2 21.3 33.1 11.8 —
12 (2-Hydroxybenzyl) (2-Hydroxybenzyl) >100 >167 >167 >167 >167 —
13 [1-(Hydroxymethyl)-2-methylpropyl]  (3-Hydroxybenzyl) 8.0 22.3 39.8 359 41.1 ++(30)
14 (4-Aminocyclohexyl) (3-Hydroxybenzyl) 4.9 26.9 63.2 30.3 77.4 ++(30)
15 [1-(Hydroxymethyl)propyl] (3-Hydroxybenzyl) 10 29.1 54.3 72.2 34.1 ++(50)
16 (4-Aminocyclohexyl) (4-Hydroxybenzyl) 2.8 18.7 243 26.7 24.1 ++(10)
17 Hexyl [(2-Hydroxy-1-phenyl)ethyl] >100 17.8 253 31.8 26.9 —
18 [1-(Hydroxymethyl)-2-methylpropyl] ~ (3-Chlorophenyl) 20 >167 >167 >167 >167 —
19 (4-Aminocyclohexyl) (3-Chlorophenyl) 1.1 5.5 5.7 8.8 5.5 —
20 (4-Hydroxycyclohexyl) (3-Chlorophenyl) >100 >167 >167 >167 >167 —
21 (4-Hydroxycyclohexyl) Cyclohexylmethyl >100 >167 >167 >167 >167 —

Biological activities were tested according to methods described in the Section 4.'* Induction of p53-dependent transcription in Arn8 cells is expressed
here as positive (+), strongly positive (++) or negative (—), with the concentration exhibiting maximum activity given in brackets in micromolar.
#Values are means of three experiments; SD values did not exceed 15%.

® Roscovitine activity was added as a standard compound for comparison.

CDK2 in a different manner, with C8H shifted towards
Phe80, unable to H-bond to the protein, but still exhib-
iting high affinity to CDK2.?* Similarly, 3,7-disubstitut-
ed pyrazolo[4,3-d]pyrimidines without C8H also
potently inhibit CDKs and probably orient within the
active site in a mode of mentioned guanines.'® The posi-
tion and presence of heteronitrogens in a purine skeleton
thus seems to markedly affect the binding mode of pur-
ine-like ligands. In this respect, synthesis and evaluation
of 8-azapurines was necessary to elucidate SAR of pur-
ine based heterocyclic skeletons.

In summary, the following structure-activity relation-
ships of 8-azapurines have been observed: (1) isopropyl
at N9 was the most promising, bulky substituents de-
creased the inhibitory activity to below detectable level
(20 and 21); (2) the most significant structural feature
was the introduction of 2-hydroxybenzylamino (olo-
moucine II) or 3-chloroanilinoamino (purvalanol A)
substituent at C6 position;'>!* (3) [1-(hydroxymeth-
yl)propyllamino (roscovitine),'! [I1-(hydroxymethyl)-2-
methylpropylJamino  (purvalanol)!?> and (4-amino-
cyclohexyl)amino (CGP 74514)> C2-side chains were
also the most effective with 8-azapurines, like in the case
of trisubstituted purines. Although the introduced nitro-
gen decreased the affinity of 8-azapurines to CDK2,
many compounds yet (6, 810, 14, 16, 19) retained
ICs, values below olomoucine (7 uM).

New 8-azapurine derivatives were also examined for
their cytotoxic properties against MCF7, HOS, G361
and K562 cancer cell lines. A significant drop in anti-
CDK activity, previously shown to correlate with the
antiproliferative effect of 2,6,9-trisubstituted purines,®

was also obvious from the in vitro anticancer tests (Ta-
ble 1). However, a 50-fold decrease of CDK inhibitory
potency of all compounds versus parental trisubstituted
purines was unexpectedly not followed by intensive
reduction of cytotoxic properties of the respective 8-
azapurine derivatives (2-5-fold), active in a micromolar
range. Moreover, compound 19 derived from parental
purine CGP 74514 surprisingly exerted even slightly
stronger cytotoxicity on a panel of 17 cell lines from var-
ious human tumor tissues (Table 2).

Table 2. Antiproliferative activity of selected 8-azapurines on cancer
cell lines of different origin

Cell line Compound ICsy (uM)?*
8 11 16 19

HOS 101.7 33.1 26.7 8.8
HBL100 123.4 353 33.2 9.1
BT474 75.5 21.8 15.6 7.6
MCF7 22.1 20.2 18.7 5.5
HT29 119.2 34.7 34.6 11.3
CEM 16.6 13.6 7.2 5.1
HL60 36.9 21.6 17.6 7.0
K562 33.1 21.3 243 5.7
HS913T 110.2 18.9 21.4 7.8
A549 61.5 47.6 157.8 9.7
A431 118.3 32,5 26.2 7.9
SVK14 29.2 27.0 22.9 7.8
G361 49.2 11.8 24.1 5.5
SKUT-1 48.0 33.0 38.6 7.7
HeLa 60.2 31.4 26.8 7.6
T98G 154.6 32,5 114.6 8.5
Arn8 35.2 23.1 25.8 6.1

#Values are means of three experiments; SD values did not exceed
15%.
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Figure 2. Dose-dependent induction of p53 and p21VAF! proteins in

MCEF7 cells treated with indicated concentrations (M) of compound 9
for 24 h. The cells were harvested and analyzed on Western blot with
specific antibodies as described in Section 4.

The CDK inhibitor roscovitine has also been shown to
induce nuclear accumulation of active wild-type tumor
suppressor protein p53 in human untransformed and
tumor-derived cells.?’-?® Thus, the activation of p53-
dependent transcription after treatment with different
8-azapurine derivatives was also analyzed in the human
melanoma cell line Arn8 expressing -galactosidase un-
der the control of a p53-responsive promoter.?® Striking
induction of wild-type p53 protein and dramatic
enhancement of p53-dependent transcription, was
observed after treatment with many 8-azapurines
(Table 1). The effect was subsequently verified in 8-azap-
urine 9 treated MCF7 cells, anal}/zed on western blots
using anti-p53 and anti-p21VAF! antibodies (Fig. 2).
Interestingly, the total p53 activity induced by new pur-
ine analogs correlates much better with the observed
cytotoxicity in different cancer cell lines. These results
may highlight the therapeutic potential of purine-like
CDK inhibitors as anticancer drugs, especially in tu-
mors retaining a functional wild-type p53 pathway.
However, a recent finding that another CDK inhibitor
flavopiridol exerts its cytotoxic effect via inhibition of
CDK7 and CDK9 suggests that induction of p53 could
be a marker and not a cause of cytotoxicity.?” Despite
that, the most active 8-azapurine 19, that displayed the
highest cytotoxicity on a panel of cell lines, did influence
neither p53 activity in Arn8 cells (Table 1) nor p53 and
p21WAF Jevels in MCF7 cells (data not shown).

3. Conclusions

In summary, the prepared trisubstituted 8-azapurines
(1,2,3-triazolo[4,5-d]pyrimidines) proved the negative
action of extra nitrogen in the purine ring on biological
activity. Previously reported correlation coefficients be-
tween CDK inhibition by roscovitine-like inhibitors
and their antiproliferative activity demonstrated an
obvious link.?® On the other hand, the values were not
very high, giving us the space to speculate that CDKs,
once believed to be specifically inhibited by 2,6,9-trisub-
stituted purines, seem not to be the one and only targets
responsible for the antiproliferative activity of purine
CDK inhibitors. Moreover, several other enzymes/pro-
teins were recently identified to interact with purines
as well as other types of CDK inhibitors.?° In the light
of the above findings the possibility of targeting other

structures besides CDK?2 remains the subject of our fur-
ther work.

4. Experimental
4.1. General experimental procedures

Reagents were from standard commercial sources and of
analytical grade. Thin-layer chromatography (TLC) was
carried out using aluminium sheets with silica gel F,sq4
from Merck. Spots were visualized under UV light
(254 nm). Preparative column chromatography was per-
formed on silica gel (Merck Kieselgel 60, 230-400). Melt-
ing points were determined on a Kofler block and were
uncorrected. The "H NMR spectra (6, ppm; J, Hz) were
measured on Bruker Avance DRX 500 (500 MHz), Vari-
an VXR-400 (400 MHz) or on Varian Gemini 300
(300 MHz) spectrometers. All spectra were obtained at
25 °C using tetramethylsilane as an internal standard.
Mass spectra were measured on a MS Waters/Micromass,
ZMD-detector, direct inlet, ESI, coin voltage 20 V.
Merck silica gel Kieselgel 60 (230-400 mesh) was used
for column chromatography.

Synthesis of benzylazide,?' 4-amino-1-benzyl-5-carbam-
oyl-1,2,3-triazole (Ia)*? (yield 75%, mp 231-234 °C) and
9-benzyl-2,6-dihydroxy-8-azapurine (Ila)?? (yield 58%,
mp 290-291 °C) were prepared according to the indicat-
ed references. The isopropylazide was prepared from
isopropylbromide according to the common procedure
and distilled at 60 °C/850 mbar.*?

4.2. Prepared compounds

4.2.1. 9-Benzyl-2,6-dichloro-8-azapurine (Illa). 2,6-Luti-
dine (0.7 mL) was added to the cooled (—20 °C) mixture
of 9-benzyl-2,6-dihydroxy-8-azapurine Ila (1.11 mmol)
and phosphoryl chloride (3 mL).?? The reaction mixture
was heated for 1 h to reach 110 °C and this temperature
was maintained for 9 h. After concentration in vacuo
(temperature up to 80 °C) the residue was decomposed
by ice-water mixture (0 °C). The product was extracted
with chloroform, the solution was decolorized by acti-
vated charcoal, evaporated and the residue was crystal-
lized from abs. Et,O (85%; mp 92-94°C). 'H NMR
(500 MHz, CDCl3): 5.03 (2H, s, J=6.7, CH,); 7.34-
7.39 (3H, m, Ph); 7.47 (2H, m, Ph).

4.2.2. 4-Amino-5-carbamoyl-1-isopropyl-1,2,3-triazole (I).
Isopropylazide (62 g, 0.73 mol) and 2-cyanoacetamide
(63 g,0.75 mol) were added to a solution of sodium ethox-
ide (from 17.3 gNa®)in 1 L absolute ethanol. The mixture
was heated for 1 h under reflux and gentle reflux was
maintained for 20 h. The reaction mixture was concen-
trated in vacuo (up to 40 °C) and the residue was dissolved
in water. The product was extracted with ethyl acetate, the
organic layer was evaporated away and the product was
crystallized from water and re-crystallized from methanol
(yield 36%, 44 g, mp 209-215 °C), MS ESI+170.2 (100,
M+H"), 192.1 (30, M+Na*). 'H NMR (500 MHz,
D,0): 1.29 (6H, d, J = 6.7, (CH;),CH); 4.29 (1H, sept,
J=06.7, (CH;3),CH). IR (KBr): 3440 (H,NCO), 3306
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(H,NCO), 3188 (NH.), 1666, 1645, 1560, 1304, 1253,
1243, 1079, 1031,1012. Anal. (C4H;;NsO) C, H, N.

4.2.3. 2,6-Dihydroxy-9-isopropyl-8-azapurine (IIb). A
mixture of sodium ethoxide (obtained from 12 g Na°
and absolute 1.4 L EtOH) and 4-amino-5-carbamoyl-1-
isopropyl-1,2,3-triazole Ia (22 g, 0.12 mol) was warmed
to reflux. Diethyl carbonate (22 mL, 0.18 mol) was added
over 40 min and it was refluxed for another 4 h. A power-
ful mechanical stirrer was necessary for appropriate stir-
ring of the viscous mixture. After cooling, 0.4 L of water
was added and pH was adjusted to 6. The reaction mixture
was then concentrated to volume approximately 0.4 L in
vacuo and the precipitated product was filtered. Recrys-
tallization from water and then from methanol afforded
the product in 32% yield (7.2 g, mp 303-306 °C), MS
ESI+218.1 (100, M+Na+9, 4132 (20, 2M+Na"),
ESI-194.2 (100, M—H"). '"H NMR (500 MHz, D,0):
1.33 (6H, d, J = 6.8, (CH3),CH); 4.56 (1H, sept, J = 6.8,
(CH3),CH). IR (KBr): 3412 vb and 3170 sh (HO associ-
ates), 1680, 1609, 1571, 1515, 1386, 1274. Anal.
(C7HoNsO,) C, H, N.

4.2.4. 2,6-Dichloro-9-isopropyl-8-azapurine (IlIb). 2,6-
Lutidine (0.7 mL) was added to the cooled (—20 °C)
mixture of 2,6-dihydroxy-9-isopropyl-8-azapurine (IIb,
1.11 mmol) and phosphoryl chloride (3 mL). The reac-
tion mixture was heated for 3 h at 120 °C. After evapo-
ration in vacuo (temperature up to 80 °C) the residue
was decomposed by ice-water mixture (0 °C) with simul-
taneous extraction of product in benzene. The solution
was immediately dried with MgSO,, evaporated and
immediately used in reaction with appropriate amines.

4.2.5. General preparation of 6-alkylamino-2-chloro-9-
isopropyl(or benzyl)-8-azapurine (IV). 2,6-Dichloro
derivative IIla,b was dissolved in a minimum amount
of abs. MeOH (benzylamine or its derivatives) or 1-bu-
tanol (3-chloroaniline), 2 eq. of tricthylamine were add-
ed and the mixture was cooled to 5-10°C. After
addition of 1 alkyl amine eq. the course of the reaction
was monitored by TLC chromatography. The reaction
with less reactive amines (chloroanilines) was carried
out at room temperature. Some products precipitated
but all derivatives IV were still purified by flash chroma-
tography on Kieselgel. Details are given below, the given
yields refer to the weight of crude evaporated residue of
dichloroderivative III.

4.2.6. 9-Benzyl-2-chloro-6-(cyclohexylmethyl)amino-8-
azapurine (IVa). Reaction in MeOH (25 °C, 16 h), 85%
yield after column chromatography in chloroform, crys-
tallization from abs. Et,O, mp 142-147°C, MS
ESI+357.0 (100, M+H"). '"H NMR (500 MHz, CDCl5):
1.05 (1H, m, C¢Hyy); 1.24 (4H, m, C¢Hyy); 1.62-1.87
(6H, m, C¢H,;); 3.54 (1.36H, dd, J = 6.8, 6.0, NHCH,);
3.97 (0.64H, dd, J=6.8, 6.0, NHCH,); 5.69 (2H, s,
CH,Ph); 6.23 (0.32H, t, J = 6.6, NH); 6.94 (0.68H, t,
J=6.0, NH); 7.29-7.37 (3H, meta + para Ph); 7.43
(1.36H, m, ortho Ph); 7.45 (0.64H, m, ortho Ph). The
two compounds (ratio 0.68:0.32) are rotamers (exchange
peaks in ROSY between NH and between CH, of both
species). Anal. (CigH,>N¢Cl) C, H, N.

4.2.7. 9-Benzyl-2-chloro-6-(3-chlorophenyl)amino-8-azap-
urine. Reaction in 1-butanol (25 °C, 3 days), 80% yield
after column chromatography (toluene:chloroform,
7:3), amorphous, MS ESI+371.0 (100, M+H"). Anal.
(C17H12N6C12) C, H, N.

4.2.8.  6-Benzylamino-2-chloro-9-isopropyl-8-azapurine
(IVb). Reaction in 1-butanol (4-8 °C), precipitated in
83% yield, used without column chromatography, mp
184-185°C, MS ESI+303.2 (100, M+H"). 'H NMR
(500 MHz, CDCI; + 20% CD;0OD): 1.68 (6H, d, J = 6.7,
(CH5),CH); 4.85 (2H, s, CH,Ph); 5.10 (1H, sept,
J =5.8, CH(CH;),); 5.33 (1H, s, NH); 7.30-7.45 (5H,
m, Ph) Anal. (C14H15N6C1) C, H, N.

4.2.9. 2-Chloro-6-(3-hydroxy-4-methoxybenzyl)amino-9-
isopropyl-8-azapurine (IVc). Reaction in MeOH (4-
8 °C), 65% yield after column chromatography (tolu-
ene:EtOAc with a trace of NH4OH, 7:3), crystallization
from CHCI3/Et,O, mp 177-179 °C, MS ESI+349.1 (100,
M+H"), ESI-347.1 (100, M—H™). '"H NMR (500 MHz,
CDCl; + 20% CD50D): 1.68 (6H, d, J = 6.7, (CH3),CH);
3.89 (3H, s, OCH3), 4.74 (2H, s, CH,Ar); 5.10 (1H, sept,
J=6.7, (CH;),CH); 523 (1H, s, NH); 6.83 (1H, d,
J=8.0, Ar); 6.89 (1H, d, /= 8.2, Ar); 6.95 (1H, s, Ar);
7.28 (1H, s, OH). Anal. (C;sH7NxClO,) C, H, N.

4.2.10. 2-Chloro-6-(2-hydroxybenzyl)amino-9-isopropyl-
8-azapurine (IVd). Reaction in MeOH (4-8 °C), precipi-
tated in 60% yield, recrystallization from MeOH, mp
198-206 °C, MS ESI+319.2 (100, M+H"), ESI-317.2
(100, M—H™). '"H NMR (500 MHz, CDCl5): 1.75 (6H,
d, J=6.7, (CH;),CH); 4.85 (2H, d, J=6.5, CHAr);
5.18 (1H, sept, J = 6.7, (CH3),CH); 6.85 (1H, dd, J =
7.3, J=1.3, Ar), 7.00 (1H, d, J = 8.0, Ar), 7.24 (1H, dd,
J=173,J=28.6,Ar); 743 (1H, d, J = 7.5, Ar); 9.28 (1H,
bt, NH); 9.58 (1H, s, OH). Anal. (C14H,5NCIO) C, H, N.

4.2.11. 2-Chloro-6-(3-hydroxybenzyl)amino-9-isopropyl-
8-azapurine (IVe). Reaction in MeOH (4-8 °C), 65%
yield is after column chromatography (0-1% MeOH in
chloroform), crystallization from FEt,O, mp 189-
193 °C, MS ESI+319.2 (100, M+H™), ESI-317.2 (100,
M-H"). '"H NMR (500 MHz, CDCl; + 20% CD;0D):
1.68 (6H, d, J = 6.6, (CH3),CH); 4.77 (2H, s, CH,Ar);
5.09 (1H, sept, J=06.6, (CH3),CH); 6.77 (1H, dd,
J=170, J=3.0, Ar); 6.87 2H, m, Ar); 7.18 (1H, dd,
J=17.8,J="1.8, Ar). Anal. (C;4,H;5sN4ClO) C, H, N.

4.2.12. 2-Chloro-6-(4-hydroxybenzyl)amino-9-isopropyl-
8-azapurine (IVf). Reaction in MecOH (4-8 °C), 70%
yield after column chromatography (0-2% MeOH in
chloroform), crystallization from CHCI3/Et,O, mp
206-209 °C, MS ESI+319.2 (100, M+H"), ESI-317.2
(100, M—H")."H NMR (500 MHz, CDCl; + 20%
CD;0D): 1.68 (6H, d, J=17.2, (CH;),CH); 4.73 (2H,
s, CH,Ar); 5.09 (1H, sept, J=7.2, (CH;),CH); 6.81
(2H, d, /=179, Ar); 7.27 (2H, d, J=17.9); 7.30 (1H, s,
OH). Anal. (C;4;H5NxCIO) C, H, N.

4.2.13.  2-Chloro-9-isopropyl-6-(1-phenyl-2-hydroxyeth-
yl)amino-8-azapurine (IVg). Reaction in MeOH (4-8 °C),
65% vyield after column chromatography (chloroform),
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crystallization from Et,O, mp 180-186 °C, MS ESI+333.2
(100, M+H™). "H NMR (500 MHz, CDCl5): 1.67 (6H, dd,
J=178,J=128, (CH;3),CH);4.07 (2H, m, CH,); 5.08 (1H,
sept, J =17.7, (CH3),CH); 5.58 (1H, dd, J=5.1, J=5.1
CHPh), 7.28-7.49 (5H, m, Ph). '3*C NMR (125 MHz,
CDCl3): 22.01g; 50.96d; 56.65d; 66.50t; 123.80s; 126.94d;
128.10d; 128.87d, 138.22s; 149.30s; 158.44s. Anal.
(Ci1sH7N¢ClO) C, H, N.

4.2.14. 2-Chloro-6-(3-chlorophenyl)amino-9-isopropyl-8-
azapurine (IVh). Reaction in 1-butanol (25 °C, 3 days),
80% yield after column chromatography (toluene:chloro-
form, 7:3), amorphous, MS ESI+323.0 (100, M+H™),
325.0 (63, M+H"). '"H NMR (500 MHz, CDCls): 1.70
(6H, d, J=6.8, (CH3),CH); 4.95 (1H, sept, J=06.8,
(CH3),CH); 5.10 (1H, br s, NH); 7.10 (1H, bd, J = 15.0,
Ar), 7.27-7.39 (3H, m, Ar) Anal. (C13H12N6C12) C, H,N.

4.2.15. General procedure for preparation of 2-alkylami-
no-6-alkylamino-9-isopropyl(or benzyl)-8-azapurines (V).
The appropriate 2-chloro derivative (IVa-h) was dis-
solved in 1-butanol or N-methyl-2-pyrrolidon (NMP)
(usually 0.1 gin 1.5mL) and 5 eq. of appropriate alkyl
amine R2NH, (unless otherwise stated) were added.
Neat amine was used in the case of less reactive 2-ami-
no-1-butanol and amino-3-methyl-1-butanol. After
heating (as specified below) the reaction mixture was
evaporated in vacuo and the residue was purified by
flash chromatography on Kieselgel. Details of individual
compounds are given below.

4.2.16. 2-(trans-4-Aminocyclohexyl)amino-6-benzylami-
no-9-isopropyl-8-azapurine (1). Reaction in NMP
(100 °C, 1 h), 72% yield after column chromatography
(0-10% MeOH in toluene with a trace of NH,OH), crys-
tallization from CHCI3/Et,O, mp 143-150 °C, MS
ESI+381.3 (100, M+H"). 'H NMR (500 MHz,
CD;0D): 1.29-1.50 (4H, m, C¢Hyy); 1.61 (6H, d,
J=6.6, CH3),CH; 2.00-2.20 (4H, m, CgH;); 3.00
(1H, bm, CHNH,); 3.81 (1H, bm, CHNH); 4.61 (2H,
s, CH,Ph); 7.21-7.39 (SH, m, Ph). Signal of CH(CHj3)
is hidden in solvent signal. Anal. (C,yH»3Ng) C, H, N.

4.2.17. 6-Benzylamino-2-(3-hydroxypropyl)amino-9-iso-
propyl-8-azapurine (3). Reaction in 1-butanol (100 °C,
1.5 h), 85% yield after column chromatography (0-2%
MeOH in chloroform), crystallization from CHCIly/
Et,0O, mp 123-125°C, MS ESI+342.3 (100, M+H™"). '"H
NMR (300 MHz, CDCl3): 1.65 (6H, d, J=7.0, (CH3),
CH); 1.80 (2H, m, CH,CH,CH,); 3.65 (2H, m,
CH,CH,CH,); 4.76 (2H, br s, CH,Ph); 4.88 (1H, sept,
J = 6.6, CH(CH3),); 5.27 (1H, br s, NH); 6.30 (1H, brs,
NH); 7.30-7.40 (SH, m, Ph). Anal. (C{;H,3N;0) C, H, N.

4.2.18. 6-Benzylamino-2-[1-(hydroxymethyl)propyl]ami-
no-9-isopropyl-8-azapurine (4). Reaction in neat amine
(100 °C, 50 amine eq., 20 h), 64% yield after column
chromatography (0-2% MeOH in chloroform), crystalli-
zation from CHCL/Et,O, mp 122-127°C, MS
ESI+356.3 (100, M+H"). '"H NMR (300 MHz, CDCl5):
1.02 (3H, t, J= 7.4, CH;CH,); 1.56 (2H, m, CH,CH3);
1.64 (6H, d, J=6,9, (CH3),CH); 3.64(1H, m, CHNH);
3.77-4.02 (2H, m, AB, CH,OH); 4.77 (2H, br s, CH,Ph);

4.89 (1H, sept, J = 6.9, CH(CHs3),); 5.14 (1H, br s, NH);
6.54 (1H, br s, NH); 7.25-7.38 (5H, m, Ph). Anal.
(Ci1sH2sN;0) C, H, N.

4.2.19.  6-Benzylamino-2-[1-(hydroxymethyl)-2-methyl-
propyllamino-9-isopropyl-8-azapurine (5). Reaction in
NMP (110 °C, 20 h, 10 amine eq.), 64% yield after col-
umn chromatography (0-1% MeOH in chloroform),
crystallization from abs. Et,O, mp 137-142°C, MS
ESI+370.2 (100, M+H™). "H NMR (500 MHz, CDCls):
1.01 (6H, dd, J =5.8, J=5.8, (CH3),CHCH); 1.64 (6H,
dd, J=6.7, J=4.0, (CH5),CHN); 1.69 (1H, br s, (CH3),
CHCH); 197 (1H, s, OH); 3.70 (1H, br s, CHHOH);
3.86-3.89 (2H, bm, CHHOH + CHCH,OH); 4.77 (2H,
bm, CH,Ph); 4.89 (1H, sept, J = 6.7, NCH(CH3),); 5.15
(1H, br s, NH); 6.47 (1H, br s, NH); 7.26-7.38 (5H, m,
Ph) Anal. (C19H27N70) C, H, N.

4.2.20.6-(3-Hydroxy-4-methoxybenzyl)amino-2-[1-(hy-
droxymethyl)propyllamino-9-isopropyl-8-azapurine (6).
Reactionin 1-butanol (100 °C, 5amineeq., 2 h), 68% yield
after column chromatography (0-2% MeOH in chloro-
form), crystallization from CHCls/abs. Et,O, mp 121-
123°C, MS ESI+402.3 (100, M+H*). '"H NMR
(300 MHz, CDCly): 1.02 (3H, t, J=7.3 Hz, CH;CH,);
1.68 (6H, d, J = 6.8, (CH3),CH); 1.57 (2H, m, CH,CH3);
3.65(1H,mCHHOH); 3.81 (1H, m CHHOH); 3.89 (3H, s,
CH;0); 4.77 (2H, br s, CH,Ar); 4.92 (1H, sept, J = 6.8,
CH(CH3),); 5.23 (1H, br s, NH); 6.83-6.89 (2H, m, Ar);
6.95(1H,s, Ar). Anal. (C9H,7N;03)C,H, N.

4.2.21. 2-(cis-2-Aminocyclohexyl)amino-6-(3-hydroxy-4-
methoxybenzyl)amino-9-isopropyl-8-azapurine (7). Reac-
tion in 1-butanol (100 °C, 20 amine eq., 2 h), 56% yield
after column chromatography (0-5% MeOH in chloro-
form with a trace of NH4OH), crystallization from abs.
Et,0, mp 118-121 °C, MS ESI+427.4 (100, M+H™). 'H
NMR (400 MHz, CDCl;): 'H NMR (500 MHz,
CD;OD): 1.45-2.12 (8H, m, C¢Hyy); 1.61 (3H, d,
J=16.8, (CH3;)CH); 1.62 (3H, d, J = 6.8, CH(CH3)); 3.56
(1H, br s, CHNH,); 3.89 (1H, s, CH30); 4.45 (1H, br s,
CHNH); 4.74 (2H, s, CH»Ar); 4.96 (1H, m, (CH3),CH);
6.83 (1H, d, J = 8.0, Ar); 6.89 (1H, d, J = 8.2, Ar); 6.95
(1H, d, J = 8.6, Ar). Anal. (C,;H30NgO,) C, H, N.

4.2.22.  6-(2-Hydroxybenzyl)amino-2-[1-(hydroxymeth-
yl)propyllamino-9-isopropyl-8-azapurine (8). Reaction in
NMP (105 °C, 10 amine eq., 2 h), 73% yield after column
chromatography (0-1% MeOH in chloroform), amor-
phous, MS ESI+372.3 (100, M+H™), ESI-370.2 (100,
M-H"). '"H NMR (500 MHz, CDCl;): 1.07 (3H, t,
J=173, CH;CH,); 1.68 (6H, dd, J=7.6, J=1.6,
(CH;5),CH); 1.73 (2H, m, CH;CH,,); 3.74 (1H, m,
CHHOH); 3.94-4.09 (2H, m, CHHOH + CHN); 4.47
(1H, br s, CHHPh); 4.58 (1H, br s, CHHPh); 4.96 (1H,
sept, J = 7.3, (CH3),CH); 5.70 (1H, br s, NH); 6.79 (1H,
dd, J=17.3, J="1.3, Ar); 6.89 (1H, d, J = 8.0, Ar); 7.17
(1H, dd, J =17.3, J=17.3, Ar); 7.39 (1H, d, J = 8.0, Ar).
Anal. (C18H25N702) C, H, N.

4.2.23. 6-(2-Hydroxybenzyl)amino-2-[1-(hydroxymethyl)-
2-methylpropyllamino-9-isopropyl-8-azapurine (9). Reac-
tion in 1-butanol (120 °C, 5 amine eq., 22 h), 88% yield
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after column chromatography (chloroform), crystalliza-
tion from abs. Et,O, mp 77-81 °C, MS ESI+386.3 (100,
M+H"), ESI-384.2 (100, M—H"). "H NMR (500 MHz,
CDCl): 1.07 (6H, d, J = 6.6, (CH3),CHCH); 1.66 (3H,
d, J=7.6, (CH;)CHN); 1.67 (3H, d, J=17.6,
CH(CH;)N); 2.06 (1H, m, br s, (CH3),CHCH); 3.71-
3.99 3H, m AB + m, CH,HOH + CHNH); 4.60 (2H,
bd, CH>Ar); 493 (1H, sept, J=6.6, NCH(CHs),);
5.52 (IH, br s, OH); 6.81 (1H, t, J=7.3, Ar); 6.91
(1H, d, J=28.0, Ar); 7.19 (1H, t, J=17.4, Ar), 7.36
(1H, d, J = 8.0, Ar); 8.50 (1H, br s, NHCH,). The pro-
ton 2D-COSY experiments were used for the assignment
of signals. Anal. (C;oH,7N,0,) C, H, N.

4.2.24.  2-(cis-2-Aminocyclohexyl)amino-6-(2-hydroxy-
benzyl)amino-9-isopropyl-8-azapurine (10). Reaction in
1-butanol (115 °C, 6 amine eq., 2 h), 72% yield after col-
umn chromatography (0-5% MeOH in chloroform with
a trace of NH4OH), amorphous, MS ESI+397.4 (100,
M+H"*), MS ESI-3954 (100, M—H"). 'H NMR
(500 MHz, CD3;OD): 1.62 (6H, dd, J=6.7, J=2.7,
(CH3),CH); 1.45-2.10 (8H, m, CgH,p); 3.55 (1H, br s,
CHNH,); 4.44 (1H, br s, CHNH); 4.75 (2H, s, CH,Ar);
4.96 (1H, m, (CH3),CH); 6.81 (2H, m, Ar), 7.11 (1H, dd,
J=7.6, J=176, Ar); 7.22 (1H, d, J=7.2, Ar). Anal.
(CyH»sNgO) C, H, N.

4.2.25. 2-(trans-4-Aminocyclohexyl)amino-6-(2-hydroxy-
benzyl)amino-9-isopropyl-8-azapurine (11). Reaction in
neat amine (115 °C, 4 h, 35 amine eq.), 84% yield after
column chromatography (0-8% MeOH in chloroform
with a trace of NH4OH), crystallization from CHCIl;/
abs. Et;0, mp 120-123°C, MS ESI+397.4 (100,
M+H"), MS ESI-3954 (100, M—H"). '"H NMR
(500 MHz, CD;0D): 1.29-1.50 (4H, m, CgH,(); 1.61
(6H, d, J= 66, CH3)2CH, 2.00-2.25 (4H, m, C6H10);
3.00 (1H, bt, CHNH,); 3.81 (1H, bm, CHNH); 4.62
(2H, s, CH»Ar); 4.90 (1H, sept, J= 6.6, (CH3),CH);
6.81 (2H, m, Ar), 7.11 (1H, dd, J=7.6, J=17.6, Ar);
7.225 (IH, d, J= 72, AI') Anal. (ConnggO) C, H, N.

4.2.26. 2,6-Bis[(2-Hydroxybenzyl)amino]-9-isopropyl-8-
azapurine (12). Reaction in NMP (100 °C, 2 h), 68% yield
after column chromatography (chloroform), crystalliza-
tion from chloroform/abs. Et,O, mp 215-217 °C, MS
ESI+406.3 (100, M+H"), ESI—-404.3 (100, M—H"). 'H
NMR (500 MHz, CDCl; + 20% CD3;0D): 1.68 (6H, d,
J=6.6, (CH3),CH); 4.57 (2H, d, CH,Ar); 4.62 (2H, s,
CH,Ar); 498 (1H, sept, J = 6.7, (CH;),CH); 6.83-6.92
(4H, m, Ar), 7.19 (2H, dd, J=74, J=7.4, Ar);, 7.27
(2H, d, J= 68, AI') Anal. (C21H23N702) C, H, N.

4.2.27. 6-(3-Hydroxybenzyl)amino-2-[1-(hydroxymethyl)-
2-methylpropyl]lamino-9-isopropyl-8-azapurine (13).
Reaction in 1-butanol (100 °C, 22h, 10 amine eq.),
67% yield after column chromatography (0-3% MeOH
in chloroform), crystallization from abs. EtOAc, mp
150-152 °C, MS ESI+386.2 (100, M+H"), ESI—-384.2
(100, M—H™). "H NMR (500 MHz, CDCls): 1.07 (6H,
d, J=6.6, (CH;3);CHCH); 1.66 (3H, d, J=717.6,
(CH5)CHN); 1.67 (3H, d, J=17.7, CH(CH;)N); 2.06
(1H, m, br s, (CH;3),CHCH); 3.70-3.96 (3H, m AB+m,
CH,HOH + CHNH); 4.60 (2H, bd, CH,Ph); 4.93 (1H,

sept, J = 6.6, NCH(CH;),); 5.41 (1H, br s, OH); 6.78
(1H, dd, J=8.0, J=3.0, Ar); 6.88 (2H, m, Ar); 7.18
(1H, m, Ar). Anal. (C;9H,7N-0,) C, H, N.

4.2.28. 2-(trans-4-Aminocyclohexyl)amino-6-(3-hydroxy-
benzyl)amino-9-isopropyl-8-azapurine (14). Reaction in
I-butanol (120 °C, 20 h, 6 amine eq.), 77% yield after
column chromatography (0-10% MeOH in chloroform
with a trace of NH4OH), crystallization from abs.
Et,O, mp 109-114 °C, MS ESI+397.2 (100, M+H™).
'H NMR (500 MHz, CD;OD): 1.25-1.53 (4H, m,
Ce¢Hyp); 1.60 (6H, d, J=6.6, (CH;5),CH); 1.97-2.22
(4H, m, CgH,p); 3.00 (1H, m, CHNH,); 3.83 (1H, m,
CHNH); 4.69 (2H, s, CH,Ar); 5.13 (1H, m, (CH3),CH);
6.67 (1H, m, Ar); 6.82 (2H, m, Ar); 7.12 (1H, dd, J = 7.8,
J=1.28, AI') Anal. (ConnggO) C, H, N.

4.2.29. 6-(3-Hydroxybenzyl)amino-2-[1-(hydroxymethyl)
propyllamino-9-isopropyl-8-azapurine (15). Reaction in
1-butanol (100 °C, 8 h, 15 amine eq.), 73% yield after col-
umn chromatography (0-3% MeOH in chloroform), crys-
tallization from abs. Et,O/pentane, mp 105-109 °C, MS
ESI+371.2 (100, M+H"). '"H NMR (300 MHz, CDCl5):
1.03 (3H, t, J=17.3 Hz, CH5CH,); 1.56 (2H, bm,
CH,CHj3); 1.64 (6H, d, J=6,9 Hz, (CH;),CH); 3.65
(IH, m, CHNH); 3.77-4.02 (2H, bm, AB, CH,OH);
4.77 (2H, br s, CH>Ar); 4.82 (1H, sept, J=6.9 Hz,
CH(CHs;),); 5.30 (1H, br s, NH); 6.60 (1H, br s, NH);
6.78-6.88 (3H, m, Ar); 7.30 (1H, s, Ar). Anal
(C1sHasN70,) C, H, N.

4.2.30. 2-(trans-4-Aminocyclohexyl)amino-6-(4-hydroxy-
benzyl)amino-9-isopropyl-8-azapurine (16). Reaction in
neat amine (115 °C, 4 h, 35 amine eq.), 84% yield after col-
umn chromatography (0-8% MeOH in chloroform with a
trace of NH4OH), crystallization from abs. Et,O, mp
118-122°C, MS ESI+397.2 (100, M+H"). 'H NMR
(500 MHz, CD3;0D): 1.25-1.55 (4H, m, C¢Hyp); 1.62
(6H, d, J = 6.8, (CH;),CH); 2.00-2.20 (4H, m, C¢H,);
3.08 (1H, m, CHNH,); 3.85 (1H, m, CHNH), 4.64 (2H,
s, CH,Ar); 5.10 (1H, m, (CH3),CH); 5.43 (1H, s, NH);
6.750 (2H,d,J = 8.2, Ar); 7.210(2H, d, J = 8.3, Ar). Anal.
(C0H2sNgO) C, H, N.

4.2.31. 2-Hexylamino-9-isopropyl-6-(1-phenyl-2-hydroxy-
ethyl)amino-8-azapurine (17). Reaction in I-butanol
(100 °C, 2 h), 85% yield after column chromatography
(chloroform), amorphous, MS ESI+398.4 (100, M+H™).
'H NMR (400 MHz, CDCl5): 0.90 (3H, t, J=6.7,
CH;CH,), 131 (6H, m, (CH,)3;), 1.63 (2H, m,
CH,CH;N), 1.67 (6H, dd, J=17.8, J=17.8, (CH3),CH);
3.32 (2H, dt, J=6.6, J = 6.6, NHCH,); 4.07 (2H, m,
CH,0OH); 5.00 (1H, sept, J = 7.8, (CH;3),CH); 5.58 (1H,
dd, J=5.1,J = 5.1 CHPh); 7.28-7.49 (SH, m, Ph). Anal.
(C21H31N70) C, H, N.

4.2.32. 6-(3-Chlorophenyl)amino-2-[1-(hydroxymethyl)-2-
methylpropyllamino-9-isopropyl-8-azapurine (18). Reac-
tion in 1-butanol (100 °C, 22 h, 10 amine eq.), yield 56%
after column chromatography in chloroform, crystalliza-
tion from abs. Et,O, mp 160-163 °C, MS ESI+390.2 (100,
M+H"*). 'TH NMR (300 MHz, CDCl5): 1.03 (3H, d,
J=170, (CH3),CHCH); 105 @H, d, J=7.0,
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(CH;),CHCH); 1.64 (6H, d, J = 6.7, (CH3),CHN); 1.78
(1H, br s, OH); 2.01 (1H, m, J=7.0, CHCH(CHs),);
3.68-4.02 (3H, m, HOCH,CH); 4.87 (1H, sept, J = 6.7,
(CH3),CHN); 5.30 (1H, br s, NH); 7.09 (1H, d, J=17.7,
Ar); 7.23-7.25 (2H, m, Ar); 7.48 (1H, m, Ar); 8.00
(1H, br s, NH). Anal. (C,3H,4sN-CIO) C, H, N.

4.2.33.  2-(trans-4-Aminocyclohexyl)amino-6-(3-chloro-
phenyl)amino-9-isopropyl-8-azapurine (19). Reaction in
neat amine (115 °C, 4 h, 35 amine eq.), yield 8§9% after
column chromatography (0-8% MeOH in chloroform
with a trace of NH4OH), crystallization from abs.
EtOAc/ abs. Et,O, mp 221-223°C, MS ESI+401.3
(100, M+H"). '"H NMR (300 MHz, CDCl5): 1.20-1.36
(4H, m, C¢Hp); 1.66d (6H, d, J=6.7, (CH3),CH);
1.93 (2H, m, C4H;p); 2.20 (2H, m, CgH,(); 2.72 (1H,
m, CHNH,); 3.85 (IH, m, CHNH); 4.93 (1H, sept,
J=06.7, (CH3),CH); 5.08 (IH, d, NH); 7.09 (1H, d,
J=17.8, Ar); 7.23-7.31 (2H, m, Ar); 7.48 (1H, m, Ar).
Anal. (C19H25N8Cl) C, H, N.

4.2.34. 9-Benzyl-6-(3-chlorophenyl)amino-2-(trans-4-
hydroxycyclohexyl)amino-8-azapurine (20). Reaction in
NMP (120 °C, 22 h), yield 66% after column chromato-
graphy (0-2% MeOH in chloroform), crystallization
from EtOH, mp 209 °C, MS ESI+450.3 (100, M+H").
'"H NMR (500 MHz, CDCl; + 20% CD;OD): [1.21—
1.40 (2H, m); 1.43-1.60 (2H, bs); 2.00-2.10 (2H, bd);
2.14-2.23 (2H, bd); C¢H,(]; 3.65 (1H, m, CHOH); 4.80
(1H, m, CHANH); 5.58 (2H, s, CH,Ar); 7.10 (1H, d,
J="1.5, Ar), 7.28-7.40 (7TH, m, Ar), 7.53 (1H, bm, Ar).
Anal. (C23H24N7C1) C, H, N.

4.2.35. 9-Benzyl-6-(cyclohexylmethyl)amino-2-(trans-4-
hydroxycyclohexyl)amino-8-azapurine (21). Reaction in
NMP (120 °C, 22 h), yield 65% after column chromato-
graphy (0-2% MeOH in chloroform), crystallization
from chloroform, mp 154-156 °C, MS ESI+436.3 (100,
M+H"). "H NMR: (500 MHz, CDCl; + 20% CD;0D):
[0.98-1.10 (2H, m); 113-1.30 (6H, m); 1.37-1.50 (2H,
m); 1.60-1.85 (4H, m); 1.94-2.20 (5SH, m) CgHjo,
C6H11]; 3.39 (ZH, S, CHzCGHH), 3.64 (1H, m, CHOH),
3.82 (1H, m, CHNH); 5.53 (2H, s, CH,Ph); 7.26-7.40
(5H, m, Ph). Anal. (C,4H33N-0) C, H, N.

4.2.36. 2-Methyl-6-hydroxy-9-isopropyl-8-azapurine. Iso-
propylazide (13 mmol, 1.1 g,) and 2-cyanoacetamide
(10 mmol, 0.85 g) were added to a solution of sodium
ethoxide (from 0.28 g Na’, 24 mmol) in 1 L abs. EtOH.
The mixture was warmed for 1 h under reflux and gentle
reflux was maintained for 2 h. Anhydrous EtOAc was
added and the reflux was continued for other 9 h. The
reaction mixture was then concentrated in vacuo (up
to 40 °C), the residue was dissolved in water and was
adjusted to pH 6. The product was extracted with chlo-
roform, solution was dried and concentrated in vacuo.
Crystallization from methanol, yield 31% (0.59 g), mp
205-213°C, MS ESI-192.2 (100, M—H"). Anal.
(CgH11NsO) C, H, N.

4.2.37. 6-Benzylamino-9-isopropyl-2-methyl-8-azapurine
(2). Thionylchloride (10 mmol, 0.8 mL), abs. N,N-di-
methylformamide (1.5 mmol, 0.12 mL) and 6-hydroxy-

9-isopropyl-2-methyl-8-azapurine (1.2 mmol, 0.23 g)
were suspended in chloroform (1.3 mL) and heated un-
der reflux for 90 min (the mixture became clear nearly
immediately). After concentration in vacuo (tempera-
ture up to 80 °C) the residue was decomposed by ice—
water mixture (0 °C) with simultaneous extraction of
the product into benzene. The benzene solution was
dried with MgSQO,, evaporated and dissolved in 1-buta-
nol (3 mL). Benzylamine (3 mmol, 0.3 mL) was added
and the reaction mixture was heated to 100 °C for
90 min and then concentrated in vacuo. Product 2 was
obtained after flash chromatography on Kieselgel (1%
MeOH in chloroform), yield 29%, crystallization from
Et,O, mp 133-139°C, MS 283.1 (100, M+H"). 'H
NMR 1.69 (6H, d, J=6.6, (CH5),CH); 2.63 (3H, s,
CH;); 4.88 (2H, br s, CH,Ph); 5.12 (1H, sept, J = 6.6,
CH(CHs3),); 7.30-7.43 m (5H, Ph). Anal. (C;sH;sNg)
C, H, N.

4.3. Kinase inhibition assay

Human 6x His-tagged cyclin E/Cdk2 complex was pro-
duced in Sf9 insect cells co-infected with appropriate
baculoviral constructs. The cells were harvested 70 h
post infection in lysis buffer (S0 mM Tris pH 7.4,
150 mM NaCl, 5mM EDTA, 20 mM NaF, 1% Tween
20, protease inhibitors) for 30 min on ice and the soluble
fraction was recovered by centrifugation at 14.000g for
10 min. The kinase was purified on Ni-NTA column
(Qiagen) according to manufacturer’s instructions,
stored at 4 °C and used within a week. To carry out
experiments on kinetics under linear conditions, the final
point test system for kinase activity measurement was
used. The assay mixture contained 1 mg/mL histone
(Sigma Type III-S), 15uM ATP, 0,2 uCi [y->*P]ATP
and tested compound in a final volume of 10 pL, all in
reaction buffer: 50 mM Hepes 7,4 pH, 10 mM MgCl,,
SmM EGTA, 10mM 2-glycerolphosphate, 1 mM
NaF, 1 mM DTT and protease inhibitors. After
10 min, the incubations were stopped by adding 5%
H;PO, and spotted on P81 phosphocellulose paper
(Whatman). After washing in 5% H3PO,, the kinase
activity was measured by digital imaging analyzer
BAS-1800 (Fujifilm). The kinase activity was expressed
as a percentage of maximum activity, the ICsy values
were determined by graphic analysis.

4.4. Anticancer activity in vitro

The tumor cells (purchased from The American Type
Culture Collection) were grown in DMEM medium
(Gibco-BRL) supplemented with 10% (v/v) fetal bovine
serum and r-glutamine (0.3 g/L) and maintained at
37°C in a humidified atmosphere with 5% CO,. For
anticancer cytotoxicity estimation, 10* cells were seeded
into each well of a 96-well plate, allowed to stabilize for
at least 2 h and the tested inhibitors were added at var-
ious concentrations in triplicate. Tested compounds
were dissolved in DMSO to achieve 100 mM solution
and concentration series were added to cells. Maximum
concentration of DMSO in the assay never exceeded
0.1%. Three days after drugs, a Calcein AM (Molecular
Probes) solution was added and allowed to enter the
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cells for 1 h. Fluorescence of viable cells was quantified
on Fluoroskan Ascent (Microsystems) and cytotoxic
effective concentrations were expressed as Glsy’s sub-
tracted from dose-response curves.

4.5. p53-dependent transcriptional activity

In order to measure p53-dependent transcriptional activ-
ity, B-galactosidase activity was determined for the hu-
man melanoma cell line Arn8, which was established
using stable transfection of cell line A375 with p53-
responsive reporter construct pRGCAfoslacZ.?® After
24 h incubation with compounds in a 96-well microtitre
plate, the cells were fixed with 2% formaldehyde and
0.2% glutaraldehyde, washed with PBS and developed
in X-gal solution (0.2 mg/mL in PBS) overnight. Positive
cells were scored under a light microscope.

4.6. SDS—polyacrylamide gel electrophoresis and
immunoblotting

For direct immunoblotting, total cellular protein lysates
were prepared by harvesting cells in hot electrophoresis
sample buffer. Proteins were then separated by SDS—poly-
acrylamide gel electrophoresis on a 12.5% gel and trans-
ferred onto a nitrocellulose membrane. The membrane
was blocked in 5% low fat milk and 0.1% Tween 20 in
PBS for 2 h and probed overnight with monoclonal anti-
bodies a‘%ainst ]1?)53 (clone DO-1), PCNA (clone PC-10)
and p21WAFVCIPL (clone 118). After washing three times
in PBS plus 0.1% Tween 20, peroxidase conjugated rabbit
antimouse immunoglobulin antiserum was applied as the
secondary antibody. To visualize peroxidase activity,
ECL+ (Amersham Biosciences) reagents were used
according to the manufacturer’s instructions.
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Abstract—Herpesviruses are a significant source of human disease; amongst these herpes simplex virus 1 (HSV-1) and HSV-2 are
very prevalent and cause recurrent infections. We recently identified a pyrazolo[1,5-a]pyridine scaffold that showed promising activ-
ity against HSV-1 and HSV-2 in Vero cell antiviral assays. Here, we describe the synthesis and anti-herpetic activity of several
3-pyrimidinyl-2-phenylpyrazolo[1,5-a]pyridines with differing 2-phenyl substitution patterns. Approaches to rapidly access a num-
ber of analogs with different 2-phenyl substitution patterns are outlined. Several of the compounds described have comparable activ-

ity to acyclovir against HSV-1 and HSV-2.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The herpesvirus family (Herpesviridae) is highly dissem-
inated in nature and most animal species host at least
one herpesvirus. This family contains eight known
human viruses, herpes simplex virus 1 (HSV-1), HSV-
2, varicella zoster virus (VZV), human cytomegalovirus
(HCMYV), Epstein—Barr virus (EBV), and human herpe-
sviruses 6-8 (HHV-6, HHV-7, and HHV-8).! These her-
pesviruses are associated with a diverse set of diseases,
ranging in severity from asymptomatic to life-threaten-
ing illness.

Much research has been focused on HSV-1 and HSV-2
as these viruses have a high incidence rate (~1.6 million
new cases of HSV-2 predicted per year in the United
States) and a high prevalence of 50-95% (HSV-1) and
6-50% (HSV-2) depending on other factors such as
sex, age, and marital status.> HSV-1 and HSV-2 cause
mucocutaneous infections, such as cold sores (HSV-1)
and genital infection (HSV-2). A key feature of these

Keywords: Pyrazolopyridines; Herpesviruses; Anti-viral compounds.
* Corresponding author. Tel.: +1 9194835862; fax: +1 9194836053;
e-mail: Kristjan.S.Gudmundsson@gsk.com

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/.bmc.2005.05.043

viruses is their ability to cause latent infection of neu-
rons, which upon reactivation leads to recurrent lesions
at the innervated dermatome, the mucocutaneous area
of initial infection. Frequency of recurrence is higher
for HSV-2 than HSV-1, occurring about 2-3 times every
100 days. Thus, once latency is established, the primary
infection of HSV is not completely cleared but persists
chronically throughout life.?

Previous antiviral research on HSVs has primarily
focused on the development of nucleoside analogs that
target the viral polymerase.* Early nucleosides included
idoxuridine, vidarabine, and trifluridine. These are still
used topically, but are too toxic for use as first-line treat-
ment.> Development of acyclovir (1, Zovirax),® a potent,
specific, and well-tolerated nucleoside inhibitor of her-
pes DNA polymerase, was a milestone in the develop-
ment of antiviral drugs in the late 1970s and spurred
development of a number of other nucleoside analogs.
Currently, only the nucleosides acyclovir, valacyclovir
(2),” famciclovir (3),® and penciclovir (4) are recom-
mended for the treatment of herpes simplex disease

(Fig. 1).

Though numerous strategies and considerable effort
have been expended in the search for the next generation
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Figure 1. Drugs approved for treatment of herpes simplex infections
(1-4) and recently described pyrazolo[1,5-a]pyridine (5).

anti-herpetic therapy, it has been proved difficult to
outperform acyclovir.® Vaccines,'? interleukins,!! inter-
ferons,'? therapeutic proteins, and antibodies with spe-
cific or non-specific mode of action have lacked either
the specificity or the safety to replace the currently avail-
able nucleosides as first-line treatment. Small molecule
drugs have recently received considerable attention as
potential next generation anti-herpetics. Immunomodu-
lators (imiquimod and resiquimod),'® non-nucleoside
viral polymerase inhibitors (4-hydroxyquinoline-3-carb-
oxamides),'* and viral helicase inhibitors (thiazolylphe-
nyl and thiazolylamide)'> appear to be among the
most promising investigational drugs.

We recently identified pyrazolo[1,5-a]pyridine scaffold 5
that showed activity similar to acyclovir against HSV-1
and HSV-2 in our cellular assay.'® Interestingly, few re-
ports exist in the literature regarding the chemistry of
pyrazolopyridines. We have previously described the
methodology developed for the synthesis of 5: here, we
report structure—activity trends (SAR) observed when
the substituents on the 2-phenyl portion of the pyrazolo-
pyridine are varied (Fig. 2).

O

Figure 2. Pyrazolopyridines, SAR focused on varying substituents on
the 2-phenyl moiety (R! and R? = cyclopentyl or n-butyl).

2. Chemistry

For this SAR study, we chose to keep the C-7 position
substituted with either a cyclopentylamino or a n-
butylamino group.!” The C-3 pyrimidine moiety was
also kept unchanged so we could focus our attention
on identifying optimal substitution on the 2-phenyl
moiety.

Key intermediates in the synthesis of the desired pyrazol-
opyridines were 7-chloro-2-phenylpyrazolopyridines (F).
These were synthesized from 6-chloropicoline (B) and
appropriately substituted benzoate esters (C) as outlined
in Scheme 1 using previously described methodology.'®
The 3-pyrimidinyl-2-phenylpyrazolopyridines A were
subsequently synthesized from F using either of two meth-
ods for construction of the 3-pyrimidinyl moiety as
outlined in Schemes 1 and 2, respectively.

Briefly, treatment of F with Ac,O and BF;0Et, in tolu-
ene gave the 3-acetyl derivatives G. The desired C-7
amine was installed using the Pd(O)-mediated Buch-
wald—Hartwig'® amination, using Pd(OAc),, BINAP,
Cs,COs3 in toluene to give H. Refluxing in dimethyl-
formamide dimethylacetal (DMF-DMA) or dimethyl-
formamide di-zert-butyl acetal (DMF-DTBA) gave the
vinylogous amide I. Treatment of this vinylogous amide
with guanidines (J) gave the desired compound A. Alter-
natively, F could be formylated under Vilsmeier Haack
conditions as outlined in Scheme 2. The resulting 3-for-
myl derivatives (K) were treated with an ethynyl Grig-
nard reagent to give alcohols (L). Oxidation of the
alcohols (L) by MnO, gave the alkynyl ketones (M) that
were treated with guanidines (J) to give the 7-chloro
derivatives (N). Buchwald-Hartwig methodology or
thermal displacement was then used to install the C-7
amine to give the desired product A.
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Scheme 1. Synthetic route for general procedure I.
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Scheme 2. Synthetic route for general procedure II.

Yield, scaleability, and ease of purification dictated
whether general procedure I or II was used for the syn-
thesis of individual derivatives. Initially, general proce-
dure 1 was used to synthesize a set of para-F analogs,
where R! and R? were either cyclopentyl or n-butyl
(compounds 5-7; Table 1). Then, a set of halogenated
derivatives was synthesized to investigate how para vs.
meta or ortho halogen (F, Cl, Br) substituent would af-
fect activity (compounds 8-13, synthesized according to
procedure I from appropriate halogenated benzoic acid
derivative). The unsubstituted 2-phenyl derivative 14
(X =H), the m-CH; derivative (15), and the m-CF;
derivative (16) were also synthesized using the method-
ologies outlined in Schemes 1 and 2.

S

MeO N\N X BBr; No A
_l_J cH Cl2 /N >
N J\
17 pOMe 19
pOH
18 m-OMe R-Br 20 m-OH
giﬂfos Cu(0AC),
Q.
NH <;>*B(0H)2
RO /N\N BN
A St
NH
Z>N NN
)\N QO // Z
H
21 p-O-allyl z N D
22 p-O-nBu \N)\N
23 p-O-secBu 28 H

24 p-O-CH,cPr

25 m-0O-CH,cPr
26 p-O-CH,cBu

27 p-O-CH,COOEt

Scheme 3. Synthesis of alkoxy derivatives 17-28.
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then 4N HCI
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MeSO,CI NaB(OAc),
Et;N AcOH
CICH,CH,CI
R1
HN"
N\N N
RHN O ~F
Z "N
| 2
SR
H
31 m-NHAc 33 p-cyclohexylamine

34 p-dimethylamine

32 m-NHSO,CH,

Scheme 4. Synthesis of various amine derivatives.

Because of the promising activity of the p- and m-chlo-
ro-substituted compounds, we chose to synthesize the
isosteric methoxy derivatives. These methoxy derivatives
17 and 18 showed very promising anti-HSV activity and
we became interested in synthesizing additional alkoxy
analogs (Scheme 3). For the synthesis of these, the meth-
oxy derivatives 17 and 18 were demethylated using BBr3
in dichloromethane to give the corresponding phenols
19 and 20. The phenols were alkylated with a variety
of alkyl bromides in the presence of Cs,CO3 or K,CO3
to give alkoxy derivatives 21-27. The bipenyl ether 28
was synthesized by condensing the p-phenol derivative
19 with phenylboronic acid in the presence of Cu(OAc),
and Et3N using conditions similar to those described by
Evans et al.'?

To further explore electron-donating substituents on the
2-phenyl portion of the pyrazolopyridines, the bromo
derivatives 11 and 12 were used to access amine deriva-
tives 29 and 30 (Scheme 4). These were synthesized via
Buchwald amination, where the bromo derivatives 11
and 12, respectively, were treated with benzophenone
imine, Pd,dbas, and BINAP in the presence of base to
give imines that were subsequently hydrolyzed in aque-
ous acid to give the desired amines 29 and 30. To further
investigate how changes in the basicity and electron-do-
nating effect of the amine would affect anti-viral activity,
the acetylated and sulfonylated derivatives 31 and 32
were synthesized. In addition, prepared from 29 were
alkylamine derivatives 33 and 34.

To explore the steric tolerance around the 2-phenyl moi-
ety, biphenyl derivatives 35 and 36 were prepared from
bromo derivatives 11 and 12 and phenyl boronic acids
using Suzuki coupling methodology (Scheme 5).2°
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Finally, we were interested in the synthesis of a carbox-
ylic acid derivative, to investigate how a negative charge
at physiological pH would affect the anti-viral activity.
We opted to synthesize the carboxylic acid via nitrile
derivative 37 (Scheme 6). The nitrile derivative 37 was
synthesized by palladium (Pd,dbas)-mediated coupling
of 12 and Zn(CN), using conditions similar to those pre-
viously described in the literature.?! Treatment of 37
with KOH at elevated temperature gave the desired acid
38. Additionally, treatment of 37 with ammonium
hydroxide and hydrogen peroxide gave the amide 39.22

3. Results and discussion

The new pyrazolopyridine derivatives were evaluated for
activity against HSV-1 (SC-16) and for cytotoxicity in
Vero cells (Table 1). Several of the pyrazolopyridine
analogs in Table 1 show similar or better anti-HSV
activity than acyclovir.

The choice of R' and R? as cyclopentyl or n-butyl does
not significantly affect the antiviral activity (com-
pounds 5, 6, and 7 in Table 1). On the other hand,
the choice of substituent on the 2-phenyl can signifi-
cantly change the antiviral activity as well as the toxic-
ity profile of the pyrazolopyridines. In general, small
substituents appear to be preferred over large substitu-
ents, thus halogens, alkyl, alkoxy, and cyano substitu-
ents gave compounds with better anti-viral activity
than bulky phenyl (35 and 36) or amine (31 and 32)
substituents. Hydrophobic substituents were also gen-
erally preferred over hydrophilic substituents. Thus,
halogen (5-13) and alkoxy (17-26) substituted deriva-
tives showed better activity than amino (29-34) or car-
boxyl (38-39) substituted derivatives. Electronic nature
of the substituent did not affect the antiviral activity to
a significant extent. Strongly donating groups such as
methoxy did not give compounds with better antiviral
activity than strongly withdrawing substituents such
as fluorine. In addition, for smaller substituents
whether the substituent was at the para or meta posi-
tion did not make significant difference (e.g., methoxy
derivatives 17 and 18 or fluoro derivatives 5 and 8
showed similar activity) (Table 1).

A selected set of halogenated and alkoxy derivatives that
showed good activity against HSV-1 and good separa-
tion between anti-HSV activity and toxicity along with
promising developability profile were tested for activity
against HSV-2 (Table 2).

1

.R
HN
N\N B
4 PhB(OH),
—

Br z  —
Z N Pd(OAc),
\NJ\N'RZ K,CO;4

N Ph,P
11 p-Br DMF
12 m-Br

Scheme 5. Synthesis of biphenyl derivatives.

The pyrazolopyridines showed similar activity against
HSV-1 and HSV-2 in Vero cells. Several of the com-
pounds showed activity similar to acyclovir against
HSV-1 and HSV-2. Several representative compounds
have also been tested for the activity against other virus-
es (e.g., HIV and HBV) and have not shown significant
activity. We are continuing to investigate the SAR of
these novel pyrazolopyridines and these studies will be
the subject of future publications.

4. Conclusions

In this study, we have described the synthesis of a
diverse set of substituted 2-phenylpyrazolopyridines.
Halogen- and alkoxy-substituted derivatives were identi-
fied as the most promising leads.

Several of these novel compounds show similar activity
against HSV-1 and HSV-2 to that of the gold standard
acyclovir. Furthermore, this new series of inhibitors
are not DNA synthesis inhibitors, like the currently
marketed nucleoside analogs.?®> This new class of inhib-
itors shows potent antiviral activity separated from
cytotoxicity that suggest its potential use as a therapeu-
tic intervention in HSV-infected patients.

5. Experimental
5.1. General

'"H and ">C NMR spectra were obtained on Varian
Unity Plus NMR spectrometers at 300 or 400 MHz
and 75 or 100 MHz, respectively. '’F NMR spectra were
recorded at 282 MHz. Mass spectra were obtained on
Micromass Platform or ZMD mass spectrometers from
Micromass (Altrincham, UK), using either atmospheric

KOH

Scheme 6. Synthesis of nitriles, acids, and amides.
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Table 1. Activity against HSV-1 (SC-16 strain) and cytotoxicity in Vero cells

4
HN-R
X /N‘N N
N
Z "N
| 2
Sy R
H
Compound X R! R? ICso (UM) CCsy (UM)
5 p-F c-Pent c-Pent 0.26 (0.01) >160
6 p-F n-Bu n-Bu 0.51 (0.05) >250
7 p-F n-Bu c-Pent 0.41 (0.06) >40
8 m-F c-Pent c-Pent 0.23 (0.01) >40
9 p-Cl c-Pent c-Pent 0.86 (0.25) >40
10 m-Cl c-Pent c-Pent 0.17 (0.03) >40
11 p-Br n-Bu n-Bu 2.82 (1.14) >40
12 m-Br c-Pent c-Pent 0.31 (0.06) >100
13 0-Br c-Pent c-Pent 0.85 (0.06) >40
14 H c-Pent c-Pent 0.62 (0.11) >40
15 m-CH3 c-Pent c-Pent 0.22 (0.03) >40
16 m-CF;3 c-Pent c-Pent 0.27 (0. 05) >40
17 p-OCH; c-Pent c-Pent 0.22 (0.02) >100
18 m-OCH3 c-Pent c-Pent 0.20 (0.02) >40
19 p-OH c-Pent c-Pent 10.1 (4.6) >50
20 m-OH c-Pent c-Pent 0.66 (0.02) >40
21 p-OCH,CH=CH, c-Pent c-Pent 0.20 (0.03) >100
22 p-O-n-Bu c-Pent c-Pent 3.13 (0.40) >100
23 p-O-sec-Bu c-Pent c-Pent 0.58 (0.05) >100
24 p-OCHyc-Pr c-Pent c-Pent 0.17 (0.02) >100
25 m-OCHc-Pr c-Pent c-Pent 0.17 (0.04) >40
26 p-OCHyc-Bu c-Pent c-Pent 0.35 >100
27 p-OCH,CO,Et c-Pent c-Pent 3.29 (0.21) >100
28 p-OPh c-Pent c-Pent 0.90 (0.39) >40
29 p-NH, n-Bu n-Bu 1.07 19
30 m-NH, c-Pent c-Pent 0.64 (0.02)
31 m-NHCOCH; c-Pent c-Pent 2.26 (0.13) >40
32 m-NHSO,CHj3; c-Pent c-Pent 2.09 (0.45) >40
33 p-NH-c-Hexyl n-Bu n-Bu 3.24 (0.81) >40
34 p-N(CHj3), n-Bu n-Bu 1.70 (0.46)
35 p-Ph n-Bu n-Bu 2.79 (0.47)
36 m-Ph c-Pent c-Pent 2.18 (0.64) >40
37 m-CN c-Pent c-Pent 0.28 (0.04) >20
38 m-COOH c-Pent c-Pent 3.08 (0.37) >40
39 m-CONH, c-Pent c-Pent 1.67 (0.32) >30
1 ACV 0.39 (0.01) >200

Vero cells, SC-16 strain. ICs is the concentration at which 50% efficacy in the anti-viral assay is observed, standard error is shown in brackets. CCs,
is the concentration at which 50% cytotoxicity is observed. c-Pent is cyclopentyl; n-Bu is n-butyl.

chemical ionization (APCI) or electrospray ionization
(ESI). Solvents were purchased as anhydrous grade
and used without further purification. Unless otherwise
stated, column chromatography for the purification of
some compounds, used Merck Silica gel 60 (230400
mesh), and the stated solvent system under pressure.
All compounds were characterized as their free-base
form unless otherwise stated. On occasion, the corre-
sponding hydrochloride salts were formed to generate
solids as noted. Combustion analyses were performed
by Atlantic Microlabs (Norcross, GA, USA). In general,
compound purity was assessed by high field '"H NMR
and HPLC. Biological results were obtained with com-
pounds of >98% purity as determined by the above
methods.

Table 2. Activity of selected compounds against HSV-1 (SC-16 strain
in vero cells) and HSV-2

Compound ICS() (HSV-]) IC5() (HSV-2) CC5()
(1M) (kM) (1M)
5 0.26 0.2 >160
12 0.31 0.25 >100
17 0.22 0.20 >100
18 0.20 0.12 >40
23 0.58 0.50 >100
24 0.17 0.1 >100
26 0.35 0.21 >100
1 (ACV) 0.39 0.23 >200

1Cs is the concentration at which 50% efficacy in the anti-viral assay is
observed. CCs, is the concentration at which 50% cytotoxicity is
observed.





K. S. Gudmundsson et al. | Bioorg. Med. Chem. 13 (2005) 5346-5361 5351

5.2. General procedure I (Scheme 1)

5.2.1. Synthesis of 2-(6-chloro-2-pyridinyl)-1-phenyletha-
none derivatives (D). To a cold (0°C) solution of
6-chloro-2-picoline (B, 1 equiv.) and ethyl benzoate
(C, 2 equiv.) in THF, lithium bis(trimethylsilyl)amide
(2 equiv. in THF) was added dropwise via a pressure
equalizing funnel over 1 h. Upon complete addition, the
cold bath was removed and the resultant solution was
heated at 45 °C until the reaction was complete as judged
by TLC. The mixture was cooled to room temperature
and quenched by the addition of water. Ether was added
and the organic layer was washed with brine. The aqueous
layer was extracted with ether, and the combined organics
were dried over magnesium sulfate. Filtration and
concentration gave a product D that was purified by
recrystallization or silica gel chromatography.

5.2.2. Synthesis of 2-(6-chloro-2-pyridinyl)-1-phenyletha-
none oximes (E). To a solution of ketone D (1 equiv.) in
MeOH (~10 mL/g), hydroxylamine hydrochloride (5
equiv.) was added followed by NaOH (5 equiv., 10%
aqueous). The resultant suspension was heated to reflux
until complete by TLC and then cooled to room temper-
ature. The mixture was concentrated in vacuo and the
residue taken up in ether and water. The organic layer
was washed with brine. The aqueous layer was extracted
with ether, and the combined organics were dried over
magnesium sulfate. Filtration and concentration gave
a residue that was purified by recrystallization or silica
gel chromatography to give E.

5.2.3. Formation of 7-chloro-2-(phenyl)pyrazolo[1,5-a]-
pyridines (F). To a solution of E (1 equiv.) in 1,2-
dimethoxyethane (1 mL/g) at 0 °C was added trifluoro-
acetic anhydride (1 equiv.), keeping the temperature
below 10 °C. After the addition was complete, the reac-
tion was allowed to warm to room temperature. The
solution was then cooled to 4 °C and a solution of tri-
ethylamine (2 equiv.) in 1,2-dimethoxyethane was add-
ed over 0.5 h. After warming to room temperature, the
mixture was stirred until the starting material was con-
sumed. To this, iron(IT)chloride (0.1 equiv.) was added,
and the reaction was heated to reflux for 8 h. The reac-
tion was concentrated, and the resulting solid was puri-
fied by recrystallization or silica gel chromatography to
give F.

5.2.4. 1-[7-Chloro-2-phenylpyrazolo[1,5-a]pyridin-3-yl]-
ethanone (G). To a solution of F (1 equiv.) in toluene
(22mL/g) at room temperature, acetic anhydride
(1.25 equiv.) was added. Boron trifluoride diethyleth-
erate (1.1 equiv.) was then added dropwise, and the
resultant solution was heated to reflux until complete
as determined by TLC. The reaction mixture was
cooled to room temperature and quenched by the
dropwise addition of aqueous sodium bicarbonate.
Ether was added and the organic layer was washed
with brine. The aqueous layer was extracted with
ether, and the combined organics were dried over
magnesium sulfate, filtered, and concentrated. The
residue was purified by recrystallization or silica gel
chromatography to give G.

5.2.5. 1-[7-Cyclopentylamino-2-phenylpyrazolo[1,5-a]-
pyridin-3-yllethanone (H). To a solution of ketone G
(1 equiv.) in toluene (10 mL/g) was added successive-
ly racemic-BINAP (0.06 equiv.), cesium carbonate
(1.5 equiv.), cyclopentylamine (5 equiv.), and palladi-
um (I) acetate (0.04 equiv.). The resultant mixture
was heated at 100 °C until the reaction was as com-
plete judged by TLC. The solution was cooled to
room temperature and ether was added. The organic
layer was washed with water and brine. The aqueous
layer was extracted with ether, and the combined
organics dried over magnesium sulfate. Filtration
and concentration followed by silica gel chromatogra-
phy gave the desired compound H (where R° is
cyclopentyl).

5.2.6. 1-[7-Cyclopentylamino-2-phenylpyrazolo[1,5-al-
pyridin-3-yl]-3-(dimethylamino)-2-propen-1-one (I). A
solution of H (1 equiv.) in N,N-dimethylformamide
dimethyl acetal (8 mL/g) was heated to reflux for 6 days.
The mixture was cooled to room temperature, and
EtOAc was added followed by water. The organic layer
was washed with brine. The aqueous layer was extracted
with EtOAc, and the combined organics were dried over
magnesium sulfate. Filtration and concentration fol-
lowed by silica gel chromatography (EtOAc) provided
the desired vinylogous amide I.

5.2.7. Synthesis of guanidines (J). N-cyclopentylguani-
dine hydrochloride'® and N-butylguanidine sulfate®*
were synthesized as described in the literature.

5.2.8. N-Cyclopentyl-3-[2-(cyclopentylamino)-4-pyrimidi-
nyl]-2-phenylpyrazolo[1,5-a]pyridin-7-amine (A). To a
solution of I (1 equiv.) in EtOH (10 mL/g) the desired
guanidine (J) (1.2 equiv.) was added, followed by anhy-
drous K,CO;5; (2.5 equiv.). The resultant solution was
heated at reflux until reaction was complete. Upon cool-
ing to room temperature, ether was added followed by
water. The organics were washed with brine, and the
aqueous layer was extracted with ether. The combined
organics were dried over magnesium sulfate, filtered,
and concentrated in vacuo. The residue was purified
by silica gel chromatography to give the desired
product A.

5.3. General procedure II (Scheme 2)

5.3.1. 7-Chloro-2-phenylpyrazolo[1,5-a]pyridine-3-carbal-
dehydes (K). DMF (5-10 mL/g) was cooled to 0 °C and
treated with phosphorous oxychloride (1.5-2 equiv.).
After the addition was complete, the mixture was
warmed to room temperature and stirred for 1 h. To
this, the desired F (1 equiv.) was added and the resultant
solution was stirred overnight. Water was added, fol-
lowed by dichloromethane. The aqueous layer was
extracted with dichloromethane. The combined organics
were washed with brine, dried over magnesium sulfate,
filtered, and concentrated. The residue was recrystallized
to give the desired aldehyde K.

5.3.2. 1-[7-Chloro-2-phenylpyrazolo[1,5-a]pyridin-3-yl]-2-
propyn-1-ol (L). To a cold (—78 °C) solution of aldehyde
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K (1 equiv.) in THF (0.15 M) was added alkynyl magne-
sium bromide (2.5 equiv.) in THF (0.5-1.0 M) dropwise.
The resulting mixture was allowed to warm to 0 °C and
stirred at that temperature until the reaction was com-
plete as judged by TLC or LC/MS methods. The resul-
tant solution was poured into water and extracted
with ether. The organic layer was washed with water
and brine, and the combined organics were dried over
sodium sulfate. Filtration and concentration followed
by flash chromatography or recrystallization provide
the desired alcohol L.

5.3.3. 1-[7-Chloro-2-phenylpyrazolo[1,5-a]pyridin-3-yl]-2-
propyn-1-one (M). To a solution of alcohol L (1 equiv.)
in CH,Cl, (0.05 M), manganese dioxide (40 equiv.) was
added. The reaction mixture was stirred at room tem-
perature until complete as judged by TLC or LC/MS
methods. The suspension was filtered through a pad of
Celite, and the filtrate was concentrated in vacuo to give
ketone M. This material is used without further
purification.

5.3.4. 4-[7-Chloro-2-phenylpyrazolo[1,5-a]pyridin-3-yl]-
N-cyclopentyl-2- pyridinamine (N). To a dry round bot-
tom flask added sodium metal (1.3 equiv.). Ethanol
(0.15 M) was added and allowed to react with sodium
at room temperature until completely dissolved. Guan-
idinium salt J (1.3 equiv.) was added, and the mixture
was allowed to stir at room temperature for 10 min.
To the resultant mixture, ketone M (1 equiv.) was add-
ed, and the reaction mixture was stirred at room temper-
ature or heated to 70 °C until complete as judged by
TLC or LC/MS. The reaction mixture was cooled to
room temperature and diluted with water. The mixture
was extracted with ethyl acetate, and the combined ex-
tracts were washed with water and brine. The organic
layer was dried over sodium sulfate. Filtration and
concentration followed by flash chromatography or
recrystallization provided pyrimidine N. An alternative
method involved heating a solution of alkynyl
ketone M (1 equiv.) guanidine J (1.3 equiv.), and
K,CO;3 (1.3 equiv.) in NMP or DMF (0.15M) at
120 °C to give N.

5.3.5. N-Cyclopentyl-3-[2-(cyclopentylamino)-4-pyrimidi-
nyl]-2-phenylpyrazolo[1,5-a]pyridin-7-amine (A). To a
solution of chloride N (1 equiv.) in toluene (0.2 M), suc-
cessively racemic-BINAP (6 mol%), cesium carbonate
(1.5 equiv.), cyclopentylamine (5 equiv.), and palladium
(IT) acetate (4 mol%) were added. The resultant mixture
was heated to 95 °C until the reaction was complete as
judged by TLC or LC/MS. The solution was cooled to
room temperature and ether was added. The organic layer
was washed with water and brine. The aqueous layer was
extracted with ether and the combined organics dried over
sodium sulfate. Purification by flash chromatography or
recrystallization provided 7-amino derivative A (where
R!is cyclopentyl).

Alternatively, chloride N was heated in either neat
amine at 130-150 °C or a solution of excess amine in
ethanol at reflux followed by similar workup to provide
the desired 7-amino derivative A.

5.4. N-Butyl-3-[2-(butylamino)-4-pyrimidinyl]-2-(4-fluoro-
phenyl)pyrazolo[1,5-a]pyridin-7-amine (6)

5.4.1. 1-[7-(Butylamino)-2-(4-fluorophenyl)pyrazolo-[1,5-
alpyridin-3-yllethanone (40). 1-[7-Chloro-2-(4-fluoro-
phenyl)pyrazolo[1,5-a]pyridin-3-ylJethanone (969 mg,
3.4 mmol) was treated according to the procedure I to
give after flash chromatography (2:1, hexanes/ethyl ace-
tate) 40 (921 mg, 84%) as an oil. 'H NMR (CDCly): §
7.71 (d, 1H), 7.63 (dd, 2H), 7.49 (t, 1H), 7.23 (t, 2H),
6.16 (d, 1H), 6.10 (m, 1H), 3.40 (m, 2H), 2.18 (s, 3H),
1.78 (m, 2H), 1.52 (m, 2H ), 1.02 (t, 3H); MS m/z 326
(M + 1); R; 0.6 (1:1 hexanes/ethyl acetate).

5.4.2. (2E)-1-[7-(Butylamino)-2-(4-fluorophenyl)-pyrazolo-
[1,5-a]pyridin-3-yl]-3-(dimethylamino)-2-propen-1-one
(41). 1-[7-(Butylamino)-2-(4-fluorophenyl)-pyrazolo[1,5-
alpyridin-3-yllethanone (40, 880 mg, 2.7 mmol) was
treated as described in the general {)rocedure I to give
41 (971 mg, 95%) as yellow foam. 'H NMR (CDCly):
0 7.67 (dd, 2H), 7.60 (d, 1H), 7.53 (d, 1H), 7.27 (4,
1H), 7.09 (t, 2H), 5.96-5.93 (m 2H), 5.01 (d, 1H), 3.30
(m, 2H), 3.10-2.30 (br, 6H), 1.69 (m, 2H), 1.43 (m,
2H), 0.93 (t, 3H); MS m/z 381 (M + 1).

5.4.3. N-Butyl-3-[2-(butylamino)-4-pyrimidinyl]-2-(4-flu-
orophenyl)pyrazolo[1,5-a]pyridin-7-amine (6). In a similar
manner as described in the general procedure I, from 41
(34 mg, 0.09 mmol) and N-butylguanidine sulfate, 6
(33 mg, 85%) was obtained as a yellow solid. '"H NMR
(CDCl3): 0 7.98 (d, 1H), 7.68 (d, 1H), 7.59 (m, 2H),
7.27 (t, 1H), 7.10 (t, 2H), 6.25 (d, 1H), 6.00-5.96 (m,
2H), 5.05 (m, 1H), 3.41 (m, 2H), 3.33 (m, 2H), 1.71
(m, 2H), 1.60 (m, 2H), 1.50-1.36 (m, 4H), 0.97-0.91
(m, 6H); MS m/z 433 (M + 1); R;0.67 (1:1, hexanes/ethyl
acetate).

5.5. N-Butyl-3-[2-(cyclopentylamino)-4-pyrimidinyl]-2-(4-
fluorophenyl)pyrazolo[1,5-a]pyridin-7-amine (7)

In a similar manner as described in the general procedure
I, from 41 (258 mg, 0.68 mmol) and N-cyclopentylguani-
dine, 7 (260 mg, 87%) was obtained as a yellow solid. 'H
NMR (CDCly): 6 8.01 (d, 1H), 7.73 (d, 1H), 7.62 (m,
2H), 7.29 (t, 1H), 7.12 (t, 2H), 6.28 (d, 1H), 6.05 (m,
1H), 5.98 (d, 1H), 5.27 (br, 1H), 4.32 (m, 1H), 3.34 (m,
2H), 2.10-2.00 (m, 2H), 1.77-1.41 (m, 10H), 0.97 (t,
3H); *C NMR (CDCl;) 6 163.03 (d, Jop = 244.5 Hz),
162.14, 161.41, 156.74, 152.10, 142.99, 141.02, 131.36 (d,
Jor = 8.0 Hz) 129.92 (d, Jcr = 3.0 Hz), 128.31, 115.36
(d, Jcp = 21.0 Hz), 108.58, 107.9, 105.17, 89.21, 52.79,
4227, 33.40, 31.06, 23.65, 20.13, 13.70; '"F NMR
(CDCl3) 6 —113.42; MS m/z 445 (M + 1).

5.6. N-Cyclopentyl-3-[2-(cyclopentylamino)-4-pyrimidi-
nyl]-2-(3-fluorophenyl)pyrazolo[1,5-a]pyridin-7-amine (8)

Compound 8 was obtained according to the general pro-
cedure I. Ry 0.43 (99:1, dichloromethane/methanol); 'H
NMR (CDCl): ¢ 8.06 (d, 1H), 7.76 (d, 1H), 7.47-7.30
(m, 4H), 7.17 (m, 1H), 6.35 (d, 1H), 6.10-6.04 (m,
2H), 5.15 (d, 1H), 4.36 (m, 1H), 4.05 (m, 1H), 2.21-
2.07 (m, 4H), 1.88-1.54 (m, 12H); MS m/z 457 (M + 1).
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5.7. 2-(4-Chlorophenyl)- V-cyclopentyl-3-[2-(cyclopentyl-
amino)-4-pyrimidinyl]pyrazolo[1,5-a]pyridin-7-amine (9)

Compound 9 was obtained according to procedure I. "H
NMR (CDCl3): 6 8.02 (d, 1H), 7.72 (m, 1H), 7.60 (d,
2H), 7.41 (d, 2H), 7.35 (m, 1H), 6.31 (d, 1H), 6.03 (m,
2H), 5.17 (br, 1H), 4.32 (m, 1H), 4.00 (m, 1H), 2.18-
2.05 (m, 4H), 1.82-1.50 (m, 12H). MS m/z 474 (M + 1).

5.8. 2-(3-Chlorophenyl)- NV-cyclopentyl-3-[2-(cyclopentyl-
amino)-4-pyrimidinyl]pyrazolo|[1,5-a]pyridin-7-amine (10)

Compound 10 was prepared according to procedure I asa
?/ellow solid. Rf 0.48 (49:1 dichloromethane/methanol);
H NMR (DMSO-dg): ¢ 8.02 (d, 1H), 7.73-7.67 (br,
2H), 7.56-7.44 (m, 2H), 7.36 (t, 1H), 7.01 (d, 1H), 6.61
(d, 1H), 6.22-6.17 (m, 2H), 4.09 (br, 1H), 3.98 (m, 1H),
2.04 (m, 2H), 1.84 (m, 2H), 1.72-1.48 (m, 12H); MS m/z
473 (M + 1). Anal. Calcd for C,7H,9CINg: C, 68.56; H,
6.18; N, 17.77. Found: C, 68.55; H, 6.20; N, 17.64.

5.9. 2-(4-Bromophenyl)-/V-butyl-3-[2-(butylamino)-4-pyri-
midinyl]pyrazolo-[1,5-a]pyridin-7-amine (11)

5.9.1. 1-(4-Bromophenyl)-2-(6-chloro-2-pyridinyl)etha-
none (42). In a similar manner as described in the general
procedure I, from ethyl 4-bromobenzoate (12.8 mL,
78.3 mmol) and 6-chloro-2-picoline (4.3 mL, 39.2 mmol),
42 (9.6 g, 82%) was obtained as a crystalline solid existing
as a keto—enol tautomeric mixture. ' H NMR (CDCl5): for
the keto tautomer ¢ 7.95 (d, 2H), 7.74-7.56 (m, 3H), 7.27
(m, 2H), 4.47 (s, 2H); MS m/z 310 (M + 1).

5.9.2. 1-(4-Bromophenyl)-2-(6-chloro-2-pyridinyl)-ethanone
oxime (43). In a similar manner as described in the pro-
cedure I, from 42 (9.5 g, 30.6 mmol), 43 (10.0 g, 99%)
was obtained as a white solid. '"H NMR (CDCl5): ¢
9.78 (br, 1H), 7.74-7.47 (m, SH ), 7.21-7.17 (m, 2H),
4.39 (s, 2H); MS m/z 325 (M + 1).

5.9.3. 2-(4-Bromophenyl)-7-chloropyrazolo[1,5-a]pyridine
(44). In a similar manner as described in the procedure I,
from 43 (45.2 g, 139 mmol), 44 (30.5 g, 72%? was ob-
tained as a pale yellow crystalline solid. 'H NMR
(CDCl): 6 7.85 (dd, 2H), 7.54 (dd, 2H), 7.46 (d, 1H),
7.04 (m, 1H), 6.87 (m, 2H); MS m/z 307 (M + 1).

5.94. 1-[2-(4-Bromophenyl)-7-chloropyrazolo[1,5-a]-
pyridin-3-yllethanone (45). In a similar manner as de-
scribed in the general procedure I, from 44 (10.0 g,
32.5 mmol), 45 (7.63 g, 67%) was obtained as pink nee-
dles. '"H NMR (CDCly): 6 8.37 (d, 1H), 7.62 (d, 2H),
7.43 (m, 3H), 7.14 (d, 1H), 2.13 (s, 3H); MS m/z 349
M +1).

5.9.5. 1-[2-(4-Bromophenyl)-7-(butylamino)pyrazolo[1,5-
alpyridin-3-yllethanone (46). In a similar manner as de-
scribed in the general procedure I, from 45 (2.55g,
7.3 mmol), 46 (2.15 g, 76%) was obtained as a yellow
oil. "H NMR (CDCl5): § 7.61 (m, 3H), 7.43 (m, 3H),
6.08 (d, 1H), 6.02 (bs, 1H ), 3.33 (q, 2H), 2.12 (s, 3H),
1.70 (m, 2H), 1.44 (m, 2H), 0.94 (t, 3H); MS m/z 386
M +1).

5.9.6. (2E)-1-|2-(4-Bromophenyl)-7-(butylamino)-pyrazol-
o[1,5-a]pyridin-3-yl]-3-(dimethylamino)-2-propen-1-one (47).
In a similar manner as described in the general proce-
dure I, from 46 (5.5g, 14.2mmol), 47 (5.78 g,
92%) was obtained as a brown oil. '"H NMR (CDCls):
o0 7.57 (m, 6H), 7.28 (t, 1H), 595 (m, 2H), 5.03
(d, 1H), 3.32 (q, 2H), 2.92 (bs, 3H), 2.52 (bs, 3H),
1.71 (m, 2H), 1.44 (m, 2H), 0.94 (t, 3H); MS m/z 441
M +1).

5.9.7. 2-(4-Bromophenyl)- N-butyl-3-|2-(butylamino)-4-
pyrimidinyl]pyrazolo[1,5-a]pyridin-7-amine (11). In a sim-
ilar manner as described in the general procedure I, from
47 (5.78 g, 13.1 mmol) and N-butylguanidine sulfate, 11
(5.18 g, 80%) was obtained as a pale yellow solid. 'H
NMR (CDCly): 6 7.98 (d, 1H), 7.71 (d, 1H), 7.56 (m,
4H), 7.33 (t, 1H), 6.35 (d, 1H), 6.03 (m, 2H), 3.46 (q,
2H), 3.38 (q, 2H), 1.81-1.40 (m, 8H), 0.98 (m, 6H);
MS m/z 493 (M + 1).

5.10. 2-(3-Bromophenyl)- V-cyclopentyl-3-[2-(cyclopentyl-
amino)-4-pyrimidinyl]pyrazolo[1,5-a]pyridin-7-amine (12)

5.10.1.  1-(3-Bromophenyl)-2-(6-chloro-2-pyridinyl)etha-
none (48). In a similar manner as described in the proce-
dure I, from ethyl 3-bromobenzoate (50.6 g, 220 mmol)
and 6-chloro-2-picoline (24 mL, 220 mmol), 48 (59.4 g,
87%) was obtained as a yellow solid. '"H NMR (CDCls):
07.96 (br s, 1H), 7.71 (d, 1H), 7.35-7.25 (m, 3H), 6.98 (t,
1H), 6.81 (d, 1H), 6.58 (d, 1H), 5.84 (s, IH); MS m/z 310
M +1).

5.10.2. 1-(3-Bromophenyl)-2-(6-chloro-2-pyridinyl)ethanone
oxime (49). In a similar manner as described in the pro-
cedure I, from 48 (59.1 g, 190 mmol), 49 (58.3 g, 94%)
was obtained as a white solid. '"H NMR (CDCls): 6
7.96 (s, 1H), 7.67-7.50 (m, 3H), 7.28-7.18 (m, 3H),
4.80 (br, 1H), 4.39 (s, 2H); MS m/z 325 (M + 1).

5.10.3. 2-(3-Bromophenyl)-7-chloropyrazolo[1,5-a]pyri-
dine (50). In a similar manner as described in the pro-
cedure I, from 49 (59.1 g, 181.5 mmol), 50 (24.5g,
44%) was obtained as a yellow solid. 'H NMR
(CDClL;): o 8.13 (dd, 1H), 790 (d, 1H), 7.47
(m, 2H), 7.29 (t, 1H), 7.05 (t, 1H), 6.88 (m, 2H);
MS m/z 307 (M + 1).

5.10.4. 1-[2-(3-Bromophenyl)-7-chloropyrazolo[1,5-a]-
pyridin-3-yllethanone (51). In a similar manner as de-
scribed in the procedure I, from 50 (16.5 g, 53.6 mmol),
51 (8.6 g, 46%) was obtained as pinkish needles. 'H
NMR (CDCl,): 6 8.46 (d, 1H), 7.83 (s, 1H), 7.69 (d,
1H), 7.59-7.40 (m, 3H), 7.22 (d, 1H), 2.21 (s, 3H); MS
mlz 349 (M + 1).

5.10.5. 1-[2-(3-Bromophenyl)-7-(cyclopentylamino)-pyr-
azolo[1,5-a]pyridin-3-yllethanone (52). In a similar man-
ner as described in the procedure I, from 51 (3.00 g,
8.6 mmol), 52 (1.90 g, 56%) was obtained as a yellow
syrup. '"H NMR (CDCly): 6 7.74 (dd, 1H), 7.61-7.57
(m, 2H), 7.50 (d, 1H), 7.41 (t, 1H), 7.32 (t, 1H), 6.10
(dd, 1H), 5.99 (d, 1H), 3.95 (m, 1H), 2.12-2.05 (m,
5H), 1.78-1.63 (m, 6H); MS m/z 398 (M + 1).
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5.10.6. (2E)-1-]2-(3-Bromophenyl)-7-(cyclopentylamino)-
pyrazolo[1,5-a]pyridin-3-yl]-3-(dimethylamino)-2-propen-
1-one (53). In a similar manner as described in the pro-
cedure I, from 52 (1.90 g, 4.8 mmol), 53 (1.87 g, 86%)
was obtained as a brown syrup. 'H NMR (CDCls): 6
7.88 (s, 1H) 7.64-7.49 (m, 4H), 7.30-7.24 (m, 2H),
6.00 (d, 1H), 5.93 (d, 1H), 5.03 (d, 1H), 3.95 (m, 1H),
3.10-2.35 (br, 6H), 2.10-2.06 (m, 2H), 1.77-1.62 (m,
6H); MS m/z 455 (M + 1).

5.10.7. 2-(3-Bromophenyl)- V-cyclopentyl-3-[2-(cyclopentyl-
amino)-4-pyrimidinyl]pyrazolo[1,5-a]pyridin-7-amine (12).
In a similar manner as described in the procedure I,
from 53 (500 mg, 1.1 mmol) and N-cyclopentylguani-
dine, the title compound 12 (500 mg, 88%) was obtained
as a yellow solid. "H NMR (CDCls): 6 8.00 (d, 1H), 7.83
(s, 1H), 7.65 (d, 1H), 7.51 (m, 2H), 7.29-7.22 (m, 2H),
6.28 (d, 1H), 6.00 (d, 1H), 5.96 (d, 1H), 5.00 (d, 1H),
4.27 (m, 1H), 3.97 (m, 1H), 2.11-2.00 (m, 4H), 1.79-
1.46 (m, 12H); MS m/z 517 (M + 1).

5.11. 2-(2-Bromophenyl)- V-cyclopentyl-3-[2-(cyclopentyl-
amino)-4-pyrimidinyllpyrazolo[1,5-a]pyridin-7-amine (13)

5.11.1. 1-(2-Bromophenyl)-2-(6-chloro-2-pyridinyl)-etha-
none (54). In a similar manner as described in the proce-
dure I, from ethyl 2-bromobenzoate (50.0 g, 218 mmol)
and 6-chloro-2-picoline (24 mL, 218 mmol), 54 (52.4 g,
77%) was obtained as a yellow solid. "H NMR (CDCl5):
0 7.53 (d, 1H), 7.45 (d, 1H), 7.25 (d, 1H), 7.05 (d, 1H),
6.97 (d, 1H), 6.67 (d, 1H), 6.53 (d, 1H), 5.28 (s, 1H);
MS m/z 310 (M + 1).

5.11.2. 1-(2-Bromophenyl)-2-(6-chloro-2-pyridinyl)-etha-
none oxime (55). In a similar manner as described in
the procedure I, from 54 (52.4 g, 169 mmol) 55 (36.5 g,
66%) was obtained as a pale yellow solid. '"H NMR
(CDCl): 6 7.50-7.45 (m, 2H), 7.23-7.07 (m, 6H), 4.29
(s, 2H); MS m/z 325 (M + 1).

5.11.3. 2-(2-Bromophenyl)-7-chloropyrazolo[1,5-a]pyri-
dine (56). In a similar manner as described in the proce-
dure I, from 55 (36.5 g, 112 mmol), 56 (21.0 g, 61%) was
obtained as a yellow solid. '"H NMR (CDCl5): é 7.83
(dd, 1H), 7.65 (d, 1H), 7.51 (d, 1H), 7.37 (t, 1H), 7.21
(m, 1H), 7.07 (m, 2H), 6.89 (d, 1H); MS m/z 307
M +1).

5.114. 1-[2-(2-Bromophenyl)-7-chloropyrazolo[1,5-a]-
pyridin-3-yllethanone (57). In a similar manner as de-
scribed in the procedure I, from 56 (21.0 g, 68.3 mmol),
57 (15.7 g, 66%) was obtained as orange needles. 'H
NMR (CDCl,): 6 8.48 (dd, 1H), 7.72 (d, 1H), 7.49-7.36
(m, 4H), 7.18 (dd, 1H), 2.06 (s, 3H); MS m/z 349 (M + 1).

5.11.5. 1-]2-(2-Bromophenyl)-7-(cyclopentylamino)pyraz-
olo[1,5-a]pyridin-3-yllethanone (58). In a similar manner
as described in the procedure I, from 57 (3.00 g,
8.6 mmol), 58 (0.93 g, 27%) was obtained as a yellow
syrup. '"H NMR (CDCly): § 7.73-7.68 (m, 2H), 7.43
(m, 3H), 7.35-7.31 (m, 1H), 6.12 (d, 1H), 5.98 (d, 1H),
3.95 (m, 1H), 2.08 (m, 2H), 1.98 (s, 3H), 1.76-1.53 (m,
6H); MS m/z 398 M + 1).

5.11.6. (2E)-1-]2-(2-Bromophenyl)-7-(cyclopentylami-
no)pyrazolo[1,5-a]pyridin-3-yl]-3-(dimethylamino)-2-pro-
pen-1-one (59). In a similar manner as described in the
procedure I, from 58 (0.93 g, 2.3 mmol), 59 (0.57 g,
54%) was obtained as a brown syrup. 'H NMR
(CDClL): 6 7.78 (d, 1H), 7.66 (d, 1H), 7.53 (d, 1H),
7.46 (m, 1H), 7.39 (t, 1H), 7.31-7.22 (m, 2H), 6.02 (d,
1H), 5.85 (d, 1H), 4.80 (d, 1H), 3.95 (m, 1H), 2.90 (br
s, 3H), 2.30 (br s, 3H), 2.08 (m, 2H), 1.77-1.63 (m,
6H); MS m/z 455 (M + 1).

5.11.7. 2-(2-Bromophenyl)-N-cyclopentyl-3-[2-(cyclopen-
tylamino)-4-pyrimidinyl]pyrazolo[1,5-a]pyridin-7-amine
(13). In a similar manner as described in the procedure I,
from 59 (200 mg, 0.46 mmol), 13 (110 mg, 48%) was ob-
tained as a yellow foam. '"H NMR (CDCl5): 6 7.90 (m,
2H), 7.66 (d, 1H), 7.44 (m, 1H), 7.39 (t, 1H), 7.32-7.27
(m, 2H), 6.04-5.96 (m, 3H), 5.02 (m, 1H), 4.21 (m,
1H), 3.95 (m, 1H), 2.10-1.96 (m, 4H), 1.75-1.43 (m,
12H); MS m/z 517 (M + 1).

5.12. N-Cyclopentyl-3-[2-(cyclopentylamino)-4-pyrimidi-
nyl]-2-phenylpyrazolo[1,5-a]pyridin-7-amine (14)

To a solution of 13 (100 mg, 0.19 mmol) in toluene
(10 mL) tributyltin hydride (112 mg, 0.39 mmol) and
2,2'-azobisisobutyronitrile (9.4 mg, 0.057 mmol) were
added. After heating at reflux for 4 h, the reaction
mixture was allowed to cool to room temperature.
Concentration followed by purification with flash
chromatography (40:60, ethyl acetate/hexanes) gave 14
as a yellow foam (39 mg, 46%). '"H NMR (CDCl5): ¢
7.98 (d, 1H), 7.78 (d, 1H), 7.64 (m, 2H), 7.45 (m, 2H),
7.33-7.26 (m, 2H), 6.27 (d, 1H), 6.04 (m, 2H), 5.12 (d,
1H), 4.35 (m, 1H), 4.00 (m, 1H), 2.09-2.03 (m, 4H),
1.81-1.59 (m, 12H); MS m/z 439 (M + 1).

Alternatively, 14 could be prepared from ethyl benzoate
using general procedure 1.

5.13. N-Cyclopentyl-3-[2-(cyclopentylamino)-4-pyrimidi-
nyl]-2-(3-methylphenyl)-pyrazolo[1,5-a]pyridin-7-amine
1s)

5.13.1. 2-(6-Chloro-2-pyridinyl)-1-(3-methylphenyl)-etha-
none (60). In a similar manner as described in the proce-
dure I, from ethyl 3-methylbenzoate (30 g, 183 mmol),
60 (33.6 g, 75% yield) was obtained as a mixture of ke-
tone and enol tautomers. This mixture was used directly
in the next step.

5.13.2. 2-(6-Chloro-2-pyridinyl)-1-(3-methylphenyl)-etha-
none oxime (61). In a similar manner as described in
the procedure I, from 60 (33.6g, 137 mmol), 61
(26.1 g, 73% yield) was obtained as a white solid.
'"H NMR (CDCly): § 7.54-7.47 (m, 3H), 7.26-7.15
(m, 4H), 4.40 (s, 2H), 2.34 (s, 3H). MS m/z 243
M +1).

5.13.3. 7-Chloro-2-(3-methylphenyl)pyrazolo[1,5-a]-pyri-
din (62). In a similar manner as described in the proce-
dure I, from 61 (13 g, 50 mmol), 62 (11.5 g, 99% yield)
was obtained as a yellow crystalline solid. '"H NMR
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(CDCly): 5 7.86 (s, 1H), 7.79 (d, 1H), 7.48 (d, 1H), 7.34
(t, 1H), 7.20 (d, 1H), 7.05 (dd, 1H), 6.91 (s, 1H), 6.88 (d,
1H), 2.44 (s, 3H). MS m/z 243 (M + 1).

5.13.4. 7-Chloro-2-(3-methylphenyl)pyrazolo[1,5-a]pyri-
dine-3-carbaldehyde (63). 7-Chloro-2-(3-methylphe-
nyl)pyrazolo[1,5-a]pyridine (62, 16.3 g, 67 mmol) was
treated according to procedure II to give after recrystal-
lization from diethyl ether and hexanes 63 (14.3 g, 79%)
as a pale yellow solid. "H NMR (CDCls): 6 10.11 (s,
1H), 8.41 (dd, 1H), 7.63 (s, 1H), 7.58 (d, 1H), 7.49
(dd, 1H), 7.42 (t, 1H), 7.33 (d, 1H), 7.20 (dd, 1H),
2.45 (s, 3H); MS m/z 271 (M + 1).

5.13.5.  1-[7-Chloro-2-(3-methylphenyl)pyrazolo[1,5-a]-
pyridin-3-yl]-2-propyn-1-ol (64). 7-Chloro-2-(3-methyl-
phenyl)pyrazolo[1,5-a]pyridine-3-carbaldehyde (63,
10.38 g, 36.2 mmol) was treated according to procedure
II to give after flash chromatography (4:1, hexanes/ethyl
acetate to 7:3, hexanes/ethyl acetate) 64 (11.3 g, 77%) as
a yellow foam. "H NMR (CDCls) 6 8.03 (d, 1H), 7.60 (s,
1H), 7.54 (d, 1H), 7.37 (t, 1H), 7.26 (d, 1H), 7.17 (dd,
1H), 6.98 (d, 1H) , 2.67 (s, 1H), 2.43 (s, 3H), 2.38 (s,
1H); MS m/z 297 (M + 1).

5.13.6. 1-[7-Chloro-2-(3-methylphenyl)pyrazolo[1,5-a]pyri-
din-3-yl]-2-propyn-1-one (65). 1-[7-Chloro-2-(3-methyl-
phenyl)pyrazolo[1,5-a]pyridin-3-yl]-2-propyn-1-ol (64,
11.3 g, 36.2 mmol) in chloroform (300 mL) was treated
according to procedure II to give after purification by
flash chromatography (7:3, hexanes/ethyl acetate) 65
(4.57 g, 41%) as a pale yellow crystalline. '"H NMR
(CDCly): 0 8.48 (d, 1H), 7.51 (m, 3H), 7.33 (t, 1H), 7.29
(d, 1H), 8.21 (dd, 1H), 2.89 (s, 1H), 2.42 (s, 3H); MS m/z
295 (M + 1).

5.13.7.  4-[7-Chloro-2-(3-methylphenyl)pyrazolo[1,5-a]-
pyridin-3-yl]-V-cyclopentyl- 2-pyrimidinamine (66). 1-[7-
Chloro-2-(3-methylphenyl)pyrazolo[1,5-a]pyridin-3-yl]-
2-propyn-1-one (65, 4.04 g, 13.0 mmol) and cyclopentyl
guanidine hydrochloride (6.36 g, 39 mmol) were treated
according to procedure II to give after purification by
silica gel flash chromatography (3:10, ethyl acetate/
hexanes) 66 (2.39 g, 43%) as a yellow foam. 'H NMR
(CDCl): 6 8.47 (d, 1H), 7.99 (d, 1H), 7.48 (s, 1H), 7.39
(d, 1H), 7.33-7.24 (m, 3H), 7.05 (d, 1H), 6.33 (d, 1H),
5.38 (brs, 1H), 4.36 (m, 1H), 2.40 (s, 3H), 2.10 (m, 2H),
1.78 (m, 2H), 1.67 (m, 2H), 1.58 (m, 2H); MS m/z 404
M +1).

5.13.8.  N-Cyclopentyl-3-[2-(cyclopentylamino)-4-pyri-
midinyl]-2-(3-methylphenyl)pyrazolo[1,5-a]pyridin-7-amine
(15). 4-[7-Chloro-2-(3-methylphenyl)pyrazolo[1,5-a]pyri-
din-3-yl]-N-cyclopentyl-2-pyrimidinamine (66, 500 mg,
1.24 mmol) in cyclopentylamine (50 mL) was treated
according to procedure II to give after purification by
flash chromatography (4:1, hexanes/ethyl acetate) 15
(360 mg, 64%) as a yellow foam. 'H NMR (CDCly): ¢
7.94 (d, 1H), 7.79 (d, 1H), 7.46 (s, 1H), 7.40 (d, 1H),
7.34-7.29 (m, 2H), 7.24 (d, 1H), 6.27 (d, 1H), 6.03 (m,
2H), 5.12 (br s, 1H), 4.35 (m, 1H), 3.99 (m, 1H), 2.40
(s, 3H), 2.14-2.04 (m, 4H), 1.81-1.52 (m, 12H); MS m/z
453 (M + 1).

5.14. N-Cyclopentyl-3-[2-(cyclopentylamino)-4-pyrimidi-
nyl]-2-[3- (trifluoromethyl)phenyl]pyrazolo[1,5-a]pyridin-
7-amine (16)

The title compound was prepared using procedure II in
a similar fashion as outlined for 15. Ry 0.22 (4:1, hex-
anes/ethyl acetate); '"H NMR (300 MHz, CDCl;): ¢
8.06-8.02 (m, 2H), 7.84 (d, 1H), 7.71-7.67 (m, 2H),
7.55 (t, 1H), 7.34 (t, 1H), 6.32 (d, 1H), 6.07 (d, 1H),
6.03 (d, 1H), 5.08 (d, 1H), 4.28 (m, 1H), 4.03 (m, 1H),
2.17 (m, 2H), 2.04 (m, 2H), 1.86-1.51 (m, 12H); MS
mlz 507 (M + 1).

5.15. N-Cyclopentyl-3-[2-(cyclopentylamino)-4-pyrimid-
inyl]-2-(4-methoxyphenyl)pyrazolo[1,5-a]pyridin-7-amine
a7

5.15.1. 2-(6-Chloro-2-pyridinyl)-1-(4-methoxyphenyl)-eth-
anone (67). 6-Chloro-2-picoline (18.3 mL, 166.5 mmol)
and ethyl 4-methoxybenzoate (30.0 g, 166.5 mmol) were
treated as outlined in the general Procedure I to give 67
(37.4 g, 86%) as a yellow solid. 'H NMR (CDCl): ¢
7.99 (d, 2H), 7.57 (t, 1H), 7.22-7.19 (m, 2H), 6.90 (d,
2H), 4.39 (s, 2H), 3.83 (s, 3H); MS m/z 262 (M + 1).

5.15.2. 2-(6-Chloro-2-pyridinyl)-1-(4-methoxyphenyl)-eth-
anone oxime (68). 2-(6-Chloro-2-pyridinyl)-1-(4-meth-
oxyphenyl)ethanone (67, 37.4g, 1429 mmol) was
treated as outlined in the general procedure I to give
68 (38.7 g, 97%) as a white solid. "H NMR (CDCl;): 6
8.23 (br, 1H), 7.63 (d, 2H), 7.48 (d, 1H), 7.12 (m, 2H),
6.83 (dd, 2H), 4.33 (s, 2H), 3.76 (s, 3H); MS m/z 277
M +1).

5.15.3. 7-Chloro-2-(4-methoxyphenyl)pyrazolo[1,5-a|pyr-
idine (69). 2-(6-Chloro-2-pyridinyl)-1-(4-methoxyphe-
nyl)ethanone oxime (68, 38.7 g, 140 mmol) was treated
as outlined in the general procedure I to give 69
(18.7 g, 52%) as pale yellow needles. '"H NMR (CDCl5):
0 791 (d, 2H), 7.43 (d, 1H), 7.01 (t, 1H), 6.95 (d, 2H),
6.81 (d, 1H), 6.80 (s, 1H), 3.83 (s, 3H); MS m/z 259
M +1).

5.15.4. 1-[7-(Chloro)-2-(4-methoxyphenyl)pyrazolo[1,5-
alpyridin-3-yllethanone (70). 7-Chloro-2-(4-methoxyphe-
nyl)pyrazolo[1,5-a]pyridine (69, 18.7 g, 72.4 mmol) was
treated as outlined in the general procedure I to give
after recrystallization from ethyl acetate hexanes 70
(14.2 g, 65%) as reddish needles."H NMR (CDCls): §
8.37 (dd, 1H), 7.49 (dd, 2H), 7.39 (dd, 1H), 7.10 (dd,
1H), 6.98 (dd, 2H), 3.84 (s, 3H), 2.13 (s, 3H); MS m/z
301 (M +1).

5.15.5.  1-[7-(Cyclopentylamino)-2-(4-methoxyphenyl)-
pyrazolo|[1,5-a]pyridin-3-yl]ethanone (71). 1-[7-(Chloro)-
2-(4-methoxyphenyl)pyrazolo[1,5-a]pyridin-3-yljethanone
(70, 5.0 g, 16.6 mmol) was treated as outlined in the gen-
eral procedure I to give after purification by flash chro-
matography (4:1, hexanes/ethyl acetate) 71 (5.66 g, 97%)
as a yellow foam. '"H NMR (CDCls):  7.65 (d, 1H), 7.48
(d, 2H), 7.39 (t, 1H), 6.99 (d, 2H), 6.09 (d, 1H), 6.01 (d,
1H), 3.95 (m, 1H), 3.84 (s, 3H), 2.09 (s, 3H), 2.09-2.00
(m, 2H) 1.76-1.22 (m, 6H); MS m/z 350 (M + 1).
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5.15.6. (2E)-1-[7-(Cyclopentylamino)-2-(4-methoxyphe-
nyl)pyrazolo[1,5-a]pyridin-3-yl]-3-(dimethylamino)-2-
propen-1-one (72). 1-[7-(Cyclopentylamino)-2-(4-meth-
oxyphenyl)-pyrazolo[1,5-a]pyridin-3-ylJethanone (71,
5.56 g, 15.9 mmol) in N,N-dimethylformamide dimethyl
acetal (25 mL) was heated at reflux for 5 days as out-
lined in the general procedure I to give after flash chro-
matography (7:3, ethyl acetate/acetone) 72 (5.97 g, 93%)
as a colored syrup. '"H NMR (CDCls): 4 7.96-7.59 (m,
3H), 7.53 (d, 1H), 7.23 (dd, 1H), 6.93 (d, 2H), 5.97-
5.94 (m, 2H), 5.07 (d, 1H), 3.95 (m, 1H), 3.81 (s, 3H),
3.0-2.3 (br, 6H), 2.07 (m, 2H), 1.76-1.60 (m, 6H); MS
miz 405 (M + 1).

5.15.7. N-Cyclopentyl-3-[2-(cyclopentylamino)-4-pyrimidi-
nyl]-2-(4-methoxyphenyl)pyrazolo[1,5-a]pyridin-7-amine
(7).  (2E)-1{7-(Cyclopentylamino)-2-(4-methoxyphenyl)-
pyrazolo[1,5-a]pyridin-3-yl]-3-(dimethylamino)-2-pro-
pen-l-one (72, 5.97g, 14.7mmol) was treated as
outlined in the general procedure I to give after purifica-
tion by flash chromatography (4:6, ethyl acetate/hexane)
17 (5.02 g, 73%) as a yellow solid. "H NMR (CDCls): é
7.95 (d, 1H), 7.72 (d, 1H), 7.54 (dd, 2H), 7.25 (t, 1H),
6.94 (dd, 2H), 6.28 (d, 1H), 6.00-5.97 (m, 2H), 5.03 (d,
1H), 4.33-4.31 (m, 1H), 3.96 (m, 1H), 3.83 (s, 3H), 2.10-
2.01 (m, 4H), 1.77-1.50 (m, 12H); MS m/z 469 (M + 1);
Anal. Calcd for C,gH3, NgO: C, 71.77; H, 6.88; N,
17.93. Found: C, 71.41; H, 7.02; N, 17.89.

5.16. N-Cyclopentyl-3-[2-(cyclopentylamino)-4-pyrimid-
inyl]-2-(3-methoxyphenyl)pyrazolo|[1,5-a]pyridin-7-amine
(18)

5.16.1. 2-(6-Chloro-2-pyridinyl)-1-(3-methoxyphenyl)-eth-
anone (73). In a similar manner as described in the pro-
cedure I, from ethyl 3-methoxybenzoate (30 g, 166
mmol) and 6-chloropicoline (21.2 g, 166 mmol), 73
was obtained as a mixture of ketone and enol tauto-
mers. This product was used directly in the next step.

5.16.2. 2-(6-Chloro-2-pyridinyl)-1-(3-methoxyphenyl)-eth-
anone oxime (74). In a similar manner as described in the
procedure I, from 73 74 (33.1 g, yield for the two steps
72%) was obtained as a white solid. 'H NMR (CDCl5):
0 8.22 (br s, 1H), 7.52 (t, 1H), 7.34 (m, 1H), 7.26-7.25
(m, 2H), 7.17-7.05 (d, 2H), 6.90 (m, 1H), 4.36 (s, 2H),
3.81 (s, 3H); MS m/z 277.

5.16.3. 7-Chloro-2-(3-methoxyphenyl)pyrazolo[1,5-a]pyr-
idine (75). In a similar manner as described in the proce-
dure I, from 74 (33.0 g, 119 mmol) 75 (23.1 g, 75% yield)
was obtained as a pale yellow solid. '"H NMR (CDCls):
0 7.59 (m, 2H), 7.49 (d, 1H), 7.37 (t, 1H), 7.07 (t, 1H),
6.95-6.94 (dd, 1H), 6.91 (s, 1H), 6.88 (d, 1H), 3.90 (s,
3H); MS m/z 259.

5.16.4. 7-Chloro-2-(3-methoxyphenyl)pyrazolo[1,5-a]pyr-
idine-3-carbaldehyde (76). In a similar manner as de-
scribed in the procedure II, from 75 (23 g, 88.9 mmol)
76 (21.6 g, 84%) was obtained as a white solid. 'H
NMR (CDCly): ¢ 10.13 (s, 1H), 8.40 (d, 1H), 7.52—
7.42 (m, 2H), 7.35 (m, 2H), 7.21 (d, 1H), 7.06 (d, 1H),
3.89 (s, 3H); MS m/z 287.

5.16.5. 1-[7-Chloro-2-(3-methoxyphenyl)pyrazolo[1,5-a]-
pyridin-3-yl]-2-propyn-1-ol (77). In a similar manner as de-
scribed in the procedure II, from 76 (17.25 g, 60.1 mmol)
and ethynylmagnesium bromide, 77 (19.0 g, 100%) was
obtained. '"H NMR (CDCls): § 8.02 (d, 1H), 7.38-7.32
(m, 3H), 7.17 (t, 1H), 6.98-6.97 (d, 2H), 5.82 (m, 1H),
3.86 (s, 3H), 2.67 (s, 1H), 2.53 (d, 1H); MS m/z 313.

5.16.6. 1-[7-Chloro-2-(3-methoxyphenyl)pyrazolo[1,5-a]-
pyridin-3-yl]-2-propyn-1-one (78). In a similar manner as
described in the procedure II, from 77 (19 g, 60.8 mmol)
78 (14.4 g, yield 76%) was obtained as an orange colored
solid. "H NMR (CDCls): 6 8.47 (d, 1H), 7.52 (t, 1H), 7.36
(t, 1H), 7.29-7.21 (m, 3H), 7.02 (dd, 1H), 3.86 (s, 3H), 2.92
(s, 1H); MS m/z 311.

5.16.7. 4-[7-Chloro-2-(3-methoxyphenyl)pyrazolo[1,5-a]-
pyridin-3-yl]- V-cyclopentyl-2-pyrimidinamine (79). In a
similar manner as described in the procedure II, from
78 (1.0 g, 3.2 mmol) and cyclopentyl guanidine hydro-
chloride 79 (0.34 g, yield 25%) was obtained as a pale
yellow foam. '"H NMR (CDCls): ¢ 8.52 (d, 1H), 8.05
(d, 1H), 7.43-7.23 (m, 4H), 7.11 (d, 1H), 7.03 (dd,
1H), 6.40 (d, 1H), 5.45 (br s, 1H), 4.40 (m, 1H), 3.86
(s, 3H), 2.10 (m, 2H), 1.85-1.59 (m, 6H); MS m/z 420.

5.16.8. N-Cyclopentyl-3-[2-(cyclopenylamino)-4-pyrimidi-
nyl]-2-(3-methoxyphenyl)pyrazolo[1,5-alpyridin-7-amine (18).
In a similar manner as described in the procedure
I1, from 79 (500 mg, 1.19 mmol) and cyclopentylamine,
18 (389 mg, yield 70%) was obtained as a yellow foam.
'"H NMR (CDCly):  7.92 (d, 1H), 7.79 (d, 1H),
7.38-7.30 (m, 2H), 7.21-7.18 (m, 2H), 6.99 (d, 1H), 6.30
(d, 1H), 6.04 (m, 2H), 5.38 (br s, 1H), 4.36 (m, 1H), 4.00
(m, 1H), 3.82 (s, 3H), 2.14-2.06 (m, 4H), 1.82-1.57 (m,
12H); MS m/z 4609.

5.17. 4-{7-(Cyclopentylamino)-3-|2-(cyclopentylamino)-4-
pyrimidinyl]pyrazolo[1,5-a]pyridin-2-yl}phenol (19)

To a solution of 17 (1.16 g, 2.48 mmol) in dichlorometh-
ane (50mL) at -78 °C was added boron tribromide
(9.92mL, 1.0 M in dichloromethane, 9.92 mmol) drop-
wise. The resulting solution was allowed to warm to
room temperature. After stirring for 15 h at room tem-
perature, the mixture was cooled to 0 °C and quenched
by the addition of water. The mixture was extracted with
ethyl acetate. The organic phase was dried (magnesium
sulfate), filtered, and concentrated to give a solid residue
which was purified by flash chromatography (95:5, chlo-
roform/methanol). 19 was obtained as a yellow solid
(0.80 g, 71%). "H NMR (CDCl5): 6 7.91 (d, 1H), 7.70
(d, 1H), 7.46 (d, 2H), 7.26 (t, 1H), 6.86 (d, 2H), 6.27
(d, 1H), 6.00-5.97 (m, 2H), 5.06 (d, 1H), 4.33 (m, 1H),
3.96 (m, 1H), 2.10-2.03 (m, 4H), 1.78-1.47 (m, 12H);
MS m/z 455 (M + 1).

5.18. 3-{7-(Cyclopentylamino)-3-|2-(cyclopentylamino)-4-
pyrimidinyl]pyrazolo[1,5-a]pyridin-2-yl}phenol (20)

In a similar manner as described above, from 18 (150 mg,
0.32 mmol) 20 (126 mg, yield 87%) was obtained as a yel-
low foam. '"H NMR (CDCl): 6 7.83 (d, 1H), 7.77 (d, 1H),





K. S. Gudmundsson et al. | Bioorg. Med. Chem. 13 (2005) 5346-5361 5357

7.35-7.28 (m, 2H), 7.21 (d, 1H), 7.06 (s, 1H), 6.95 (dd,
1H), 6.39 (d, 1H), 6.05-6.02 (m, 2H), 5.29 (s, 1H), 5.22
(m, 1H), 4.31 (m, 1H), 3.99 (m, 1H), 2.12-1.98 (m, 4H),
1.80-1.46 (m, 12H); MS m/z 455.

5.19. 2-[4-(Allyloxy)phenyl]-/V-cyclopentyl-3-[2-(cyclopen-
tylamino)-4-pyrimidinyl]pyrazolo[1,5-a]pyridin-7-amine
21

To a solution of 19 (100 mg, 0.22 mmol) in N,N-di-
methylformamide (5mL), allyl bromide (21 pL,
0.24 mmol) and potassium carbonate (122 mg,
0.88 mmol) were added. The mixture was heated at re-
flux for 3 h. The mixture was allowed to cool to room
temperature and water was added. The mixture was
extracted with ethyl acetate. The ethyl acetate phase
was dried (magnesium sulfate), filtered, and concentrat-
ed to a solid. The residue was purified by flash chroma-
tography (1:1, ethyl acetate/hexanes) to give 21 (67 mg,
61%) as a yellow solid. "H NMR (CDCls): é 7.94 (d,
1H), 7.73 (d, 1H), 7.53 (d, 2H), 7.24 (t, 1H), 6.95 (d,
2H), 6.28 (d, 1H), 6.08-5.96 (m, 3H), 5.41 (dd, 1H),
5.27 (dd, 1H), 5.10 (d, 1H), 4.56 (d, 2H), 4.32 (m,
1H), 3.95 (m, 1H), 2.10-2.00 (m, 4H), 1.76-1.45 (m,
12H); MS m/z 495 (M +1); Anal. Caled for
C3oH34NgO: C, 72.86; H, 6.93; N,16.99. Found: C,
72.47; H, 7.05; N, 16.75.

5.20. 2-(4-Butoxyphenyl)-/N-cyclopentyl-3-[2-(cyclopen-
tylamino)-4-pyrimidinyl]pyrazolo[1,5-a]pyridin-7-amine (22)

In a similar manner as described above, from 19 (100 mg,
0.22 mmol) and butyl bromide, 22 (80 mg, 71%) was
formed as a yellow solid. "H NMR (CDCl5): ¢ 8.00 (d,
1H), 7.78 (d, 1H), 7.57 (d, 2H), 7.28 (t, 1H), 6.97 (d,
2H), 6.34 (d, 1H), 6.05 (d, 1H), 6.00 (d, 1H), 5.22 (d,
1H), 4.37 (m, 1H), 4.02 (m, 3H), 2.12-2.05 (m, 4H),
1.82-1.49 (m, 16H), 1.00 (t, 3H); MS m/z 511 (M + 1).

5.21. N-Cyclopentyl-3-]2-(cyclopentylamino)-4-pyrimidinyl]-
2-(4-isobutoxyphenyl)pyrazolo[1,5-a|pyridin-7-amine (23)

In a similar manner as described above, from 19
(100 mg, 0.22 mmol) and isobutyl bromide, 23 (76 mg,
68%) was formed as a yellow foam. "H NMR (CDCls):
0 8.00 (d, 1H), 7.78 (d, 1H), 7.57 (d, 2H), 7.29 (t, 1H),
6.98 (d, 2H), 6.35 (d, 1H), 6.05 (d, 1H), 6.01 (d, 1H),
5.16 (d, 1H), 4.37 (m, 1H), 4.00 (m, 1H), 3.79 (d, 2H),
2.16-2.05 (m, 5H), 1.81-1.52 (m, 12H), 1.06 (d, 6H);
MS m/z 511 (M + 1).

5.22. N-Cyclopentyl-3-[2-(cyclopentylamino)-4-pyrimidi-
nyl]-2-[4-(cyclopropyl- methoxy)phenyl]pyrazolo[1,5-a]-
pyridin-7-amine (24)

In a similar manner as described above, from 19 (100 mg,
0.22 mmol), Cs,COj3, (bromomethyl)cyclopropane, 24
(48 mg, 44%) was formed as a yellow foam. 'H NMR
(CDCl3): 6 7.99 (d, 1H), 7.77 (d, 1H), 7.57 (dd, 2H),
7.30 (t, 1H), 6.97 (d, 2H), 6.33 (d, 1H), 6.04-6.00 (m,
2H), 5.08 (d, 1H), 4.37 (m, 1H), 4.00 (m, 1H), 3.87 (d,
2H), 2.14-2.07 (m, 4H), 1.82-1.52 (m, 12H), 1.32 (m,
1H), 0.65 (m, 2H), 0.38 (m, 2H); MS m/z 509 (M + 1).

5.23. N-Cyclopentyl-3-[2-(cyclopentylamino)-4-pyrimidi-
nyl]-2-[3- (cyclopropylmethoxy)phenyl]pyrazolo|[1,5-a]pyri-
din-7-amine (25)

To a solution of 20 (400 mg, 0.88 mmol) in acetonitrile
(80 mL) cesium carbonate (315 mg, 0.97 mmol) and
(bromomethyl)cyclopropane (0.26 mL, 2.64 mmol) were
added. The reaction mixture was heated at reflux for 6 h.
After the reaction was cooled to room temperature, eth-
yl acetate was added and the organic phase was washed
with water, brine and dried over magnesium sulfate. Fil-
tration and concentration followed by purification with
silica gel chromatography (3:2, hexanes/ethyl acetate)
gave 25 (320mg, 71%) as yellow solid. 'H NMR
(CDCls): 0 7.97 (d, 1H), 7.78 (d, 1H), 7.33 (m, 2H),
7.18 (m, 2H), 6.98 (m, 1H), 6.30 (d, 1H), 6.02 (m, 2H),
5.08 (d, 1H), 4.35 (m, 1H), 3.99 (m, 1H), 3.80 (d, 2H),
2.014 (m, 4H), 1.83-1.55 (m, 12H), 1.22 (m, 1H), 0.61
(m, 2H), 0.35 (m, 2H). MS m/z 509 (M + 1).

5.24. 2-[4-(Cyclobutylmethoxy)phenyl]- V-cyclopentyl-3-
[2-(cyclopentylamino)-4-pyrimidinyllpyrazolo[1,5-a]pyri-
din-7-amine (26)

In a similar manner as described above, from 19 (67 mg,
0.15 mmol) and (bromomethyl)cyclobutane, 26 (50 mg,
65%) was formed as a yellow foam. "H NMR (CDCls):
0 7.99 (d, 1H), 7.78 (d, 1H), 7.57 (d, 2H), 7.30 (t, 1H),
6.98 (d, 2H), 6.34 (d, 1H), 6.05-6.00 (m, 2H), 5.13 (d,
1H), 4.37 (m, 1H), 3.99 (m, 3H), 2.82 (m, 1H), 2.20-1.50
(m, 22H); MS m/z 523 (M + 1).

5.25. Ethyl (4-{7-(cyclopentylamino)-3-|2-(cyclopentyl-
amino)-4-pyrimidinyl]-pyrazolo[1,5-a]pyridin-2-yl} phen-
oxy)acetate (27)

To a solution of 19 (100 mg, 0.22 mmol) in acetone
(10 mL) ethyl a-bromoacetate (49 pL, 0.44 mmol) and
potassium carbonate (304 mg, 2.2 mmol) were added.
The mixture was heated to reflux for 3 h. The reaction
mixture was cooled to room temperature and water
was added. The solution was extracted with ethyl ace-
tate. The organics were dried (magnesium sulfate), fil-
tered, and concentrated, followed by purification with
flash chromatography (1:1, ethyl acetate/hexanes) to
give 27 (85 mg, 71%) as a brown oil. "H NMR (CDCls):
0 7.94 (d, 1H), 7.70 (d, 1H), 7.55 (d, 2H), 7.23 (t, 1H),
6.95 (d, 2H), 6.25 (d, 1H), 5.98-5.95 (m, 2H), 5.13 (d,
1H), 4.62 (s, 2H), 4.31-4.21 (m, 3H), 3.94 (m, 1H),
2.07-1.99 (m, 4H), 1.75-1.46 (m, 12H), 1.28 (t, 3H);
MS m/z 541 (M + 1).

5.26. N-Cyclopentyl-3-[2-(cyclopentylamino)-4-pyrimidinyl|-
2-(4- phenoxyphenyl)pyrazolo[1,5-a]pyridin-7-amine (28)

To a solution of 19 (100 mg, 0.22 mmol) in dichloro-
methane (5 mL), copper (II) acetate (40 mg, 0.22 mmol),
phenylboronic acid (80 mg, 0.66 mmol), triethylamine
(92 pL, 0.66 mmol) and molecular sieves were added.
The mixture was stirred at room temperature for 24 h.
Solids were removed by filtration and the filtrate was
concentrated, followed by purification by flash chroma-
tography (2:3, ethyl acetate/hexanes) to give 28 (14 mg,
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12%) as a yellow foam. '"H NMR (CDCls): § 8.05-6.85
(m, 12H), 6.40 (d, 1H), 6.06 (m, 2H), 5.12 (d, 1H),
440 (m, 1H) 4.01 (m, 1H), 2.20-2.09 (m, 4H), 1.82-
1.59 (m, 12H); MS m/z 531 (M + 1).

5.27. N-{4-|2-(4-Aminophenyl)-7-(butylamino)pyrazolo-
[1,5-alpyridin-3-yl]-2-pyrimidinyl}-/N-butylamine (29)

To a solution of 11 (1.0 g, 2.0 mmol) in toluene (20 mL),
racemic-2,2'-bis(diphenylphosphino)-1,1’-binaphthyl (200
mg, 0.30 mmol), tris(dibenzylideneacetone)dipalladi-
um(0) (92 mg, 0.10 mmol), diphenylimine (1.02 mL,
6.1 mmol), and sodium zerz-butoxide (582 mg, 6.1 mmol)
were added. The mixture was heated to 100 °C for
50 min. The resultant solution was cooled to room tem-
perature and diluted with ether and water was added.
The organic layer was washed with brine. The aqueous
layer was extracted with ether, and the combined organ-
ics dried over magnesium sulfate. Filtration and concen-
tration followed by flash chromatography (4:1, hexanes/
ethyl acetate with 1% triethylamine) provided N-butyl-3-
[2-(butylamino)-4-pyrimidinyl]-2- {4-[(diphenylmethylene)-
amino]phenyl}-pyrazolo[1,5-alpyridin-7-amine (1.0 g, 84%)
as a yellow solid. '"H NMR (CDCl;): 6 7.90 (d, 1H), 7.80—
7.28 (m, 12H), 7.19-7.16 (m, 2H), 6.80 (d, 2H), 6.07 (d,
1H), 6.02 (t, 1H), 5.97 (d, 1H), 4.99 (t, 1H), 3.48 (m,
2H), 3.36 (m, 2H), 1.80-1.43 (m, 8H), 1.00-0.96 (m,
6H); MS m/z 594 (M + 1).

To the solution of N-butyl-3-[2-(butylamino)-4-pyrimidi-
nyl]-2-{4-[(diphenylmethylene)- amino]phenyl}pyrazol-
o[1,5-alpyridin-7-amine (1.0 g, 1.7 mmol) in tetrahydro-
furan (50 mL) was added hydrochloric acid (10 mL, 4 N
aqueous). The resultant solution was stirred at room
temperature for 30 min. Ether was added and the
solution was made basic by the slow addition of saturated
aqueous sodium bicarbonate. The organic layer was
washed with brine. The aqueous layer was extracted with
ether and the combined organics dried over magnesium
sulfate. Filtration and concentration followed by flash
chromatography (1:1 hexanes/ethyl acetate) provided
29 as an orange oil. '"H NMR (CDCls): ¢ 8.02 (d, 1H),
7.81 (d, 1H), 7.47 (d, 2H), 7.31 (m, 1H), 6.77 (d, 2H),
6.42 (d, 1H), 6.08 (m, 1H), 6.00 (d, 1H), 5.18 (br, 1H),
3.86 (br, 2H), 3.53 (m, 2H), 3.39 (m, 2H), 1.82-1.64 (m,
4H), 1.58-1.46 (m, 4H), 1.04-0.99 (m, 6H); MS m/z 430
M +1).

5.28. 2-(3-Aminophenyl)-/N-cyclopentyl-3-[2-(cyclopentyl-
amino)-4-pyrimidinyl]pyrazolo[1,5-a]pyridin-7-amine (30)

2-(3-Bromophenyl)- N-cyclopentyl-3-[2-(cyclopentylami-
no)-4-pyrimidinyl]pyrazolo[1,5-a]pyridin-7-amine (12,
3.00 g, 5.8 mmol) in toluene (60 mL) was treated with
benzophenone imine (3.15 g, 17.4 mmol), tris(dibenzy-
lideneacetone)dipalladium (0.26 g, 0.3 mmol), rac-2,2'-
bis(diphenylphosphino)-1,1’-binaphthyl (0.54 g, 0.15
mmol) and sodium terz-butoxide (1.67 g, 17.4 mmol) as
described above to give after flash chromatography
(4:6 ethyl acetate/hexanes) N-cyclopentyl-3-[2-(cyclo-
pentylamino)-4-pyrimidinyl]-2-{3-[(diphenyl-methylene)
amino]phenyl}-pyrazolo[1,5-a]pyridin-7-amine (2.61 g,
73%) as a yellow solid. "H NMR (CDCls): 6 7.89 (d,

1H), 7.80-7.75 (m, 3H), 7.48 (m, 1H), 7.41 (m, 2H),
7.27 (m, 5H), 7.23-7.12 (m, 4H), 7.04 (s, 1H), 6.80 (d,
1H), 6.03-5.97 (m, 3H), 4.39 (m, 1H), 4.00 (m, 1H),
2.15-2.05 (m, 4H), 1.83-1.56 (m, 12H); MS m/z 618
(M + 1). The N-cyclopentyl-3-[2-(cyclopentylamino)-4-
pyrimidinyl]-2-{3-[(diphenylmethylene)amino]phenyl}-
pyrazolo[1,5-a]pyridin-7-amine (2.61 g, 4.22 mmol) in
tetrahydrofuran (30 mL) at 0 °C was treated with 4 N
hydrochloric acid (20 mL) as described above to give
after recrystallization from ethyl acetate-hexanes, 30
(1.78 g, 93%) as a pale yellow solid. "H NMR (CDCl5):
0 7.92 (d, 1H), 7.82 (d, 1H), 7.32 (t, 1H), 7.22 (m, 2H),
7.00-6.94 (m, 2H), 6.78 (m, 1H), 6.34 (d, 1H), 6.04 (m,
2H), 4.38 (m, 1H), 4.00 (m, 1H), 3.75 (br, 2H),
2.14-2.05 (m, 4H), 1.83-1.54 (m, 12H); MS m/z 454
M +1).

5.29. N-(3-{7-(cyclopentylamino)-3-[2-(cyclopentylamino)-
4-pyrimidinyl]pyrazolo[1,5-a |pyridin-2-yl} phenyl)acetam-
ide (31)

To a suspension of 2-(3-aminophenyl)-N-cyclopentyl-3-
[2-(cyclopentylamino)-4-pyrimidinyl]pyrazolo[1,5-a]pyri-
din-7-amine (30, 150 mg, 0.33 mmol) in dimethylform-
amide (10 mL) was added triethylamine (51 pL,
0.36 mmol). The reaction mixture was cooled to 0°C
and flushed with nitrogen, then acetyl chloride
(26 uL, 0.36 mmol) was added dropwise. The reaction
mixture was stirred at room temperature overnight.
Water was added and the resulting mixture was
extracted with ethyl acetate. The ethyl acetate phase
was dried (magnesium sulfate), filtered and concentrat-
ed to a solid. This solid was purified by flash chroma-
tography (95:5 chloroform/methanol) to give 31
(151 mg, 92%) as a tan solid. '"H NMR (CDCl5): ¢
8.19 (s, 1H), 7.95 (d, 1H), 7.82 (d, 1H), 7.75 (d, 1H),
7.63 (s, 1H), 7.36-7.25 (m, 3H), 6.28 (d, 1H), 6.00
(m, 2H), 5.17 (d, 1H), 4.32 (m, 1H), 3.96 (m, 1H),
2.11 (s, 3H), 2.11-2.02 (m, 4H), 1.76-1.48 (m, 12H);
MS m/z 496 (M + 1).

5.30. N-(3-{7-(cyclopentylamino)-3-[2-(cyclopentylamino)-
4-pyrimidinyl]pyrazolo[1,5-a]pyridin-2-yl} phenyl)meth-
anesulfonamide (32)

To a suspension of 2-(3-aminophenyl)- N-cyclopentyl-3-
[2-(cyclopentylamino)-4-pyrimidinyl]pyrazolo[1,5-a]pyri-
din-7-amine (30, 150 mg, 0.33 mmol) in N,N-dimethyl-
formamide (SmL) was added pyridine (40 pL,
0.49 mmol). The reaction mixture was cooled to 0°C
under nitrogen, then methanesulfonyl chloride (28 pL,
0.36 mmol) was added dropwise. After stirring at room
temperature for 18 h, the reaction mixture turned clear.
Ethyl acetate and water were added and the phases sep-
arated. The organic phase was washed with water and
brine, then dried over magnesium sulfate. Filtration
and concentration, followed by flash chromatography
(95:5 chloroform/methanol), gave 32 (170 mg, 96%) as
a yellow syrup. '"H NMR (CDCls): & 7.93 (d, 1H),
7.66 (d, 1H), 7.42 (m, 1H), 7.35-7.25 (m, 5H), 6.25 (m,
1H), 5.99 (m, 2H), 5.62 (br, 1H), 4.29 (m, 1H), 3.96
(m, 1H), 2.94 (s, 3H), 2.10-1.99 (m, 4H), 1.77-1.49 (m,
12H). MS m/z 532 (M + 1).
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5.31. N-Butyl-3-[2-(butylamino)-4-pyrimidinyl]-2-[4-(cyclo-
hexylamino)phenyl]pyrazolo[1,5-a]pyridin-7-amine (33)

A solution of N-{4-[2-(4-aminophenyl)-7-(butylami-
no)pyrazolo[1,5-a]pyridin-3-yl]-2-pyrimidinyl} - N-butyl-
amine (29, 62 mg, 0.15 mmol) in 1,2-dichloroethane
(2mL) was treated with cyclohexanone (0.02 mL,
0.22 mmol), acetic acid (0.04 mL, 0.72 mmol), and sodi-
um triacetoxyborohydride (61 mg, 0.29 mmol). The
resultant solution was stirred at room temperature for
18 h. Saturated aqueous sodium bicarbonate was added
dropwise followed by ether. The organic layer was
washed with brine. The aqueous layer was extracted
with ether and the combined organics dried over magne-
sium sulfate. Filtration and concentration followed
by flash chromatography (4:1 to 2:1 hexanes—ethyl
acetate) provided 33 (54 mg, 73%) as an orange oil.
"H NMR (CDCly): 6 7.94 (d, 1H), 7.73 (d, 1H), 7.39
(d, 2H), 7.23 (m, 1H), 6.59 (d, 2H), 6.41 (d, 1H), 6.03
(m, 1H), 591 (d, 1H), 5.11 (br, 1H), 3.66 (br, 1H),
3.44 (m, 2H), 3.30 (m, 3H), 2.05 (m, 2H), 1.75-1.12
(m, 16H), 0.95-0.92 (m, 6H); MS m/z 512 (M + 1).
This material was treated with anhydrous hydrochloric
acid in ether to provide the corresponding hydrochloride
salt.

5.32. N-Butyl-3-[2-(butylamino)-4-pyrimidinyl]-2-[4-(di-
methylamino)phenyl]pyrazolo[1,5-a]pyridin-7-amine (34)

In a similar manner as described above from N-{4-[2-(4-
aminophenyl)-7-(butylamino)pyrazolo[1,5-a]pyridin-3-
yl]-2-pyrimidinyl}-N-butylamine (50 mg, 0.12 mmol),
formaldehyde (13 puL, 37%  aqueous solution,
0.17 mmol) and sodium triacetoxyborohydride (99 mg,
0.47 mmol) was prepared 34 (40.5 mg, 76%) as a pale
yellow solid. '"H NMR (CDCls): 6 7.80 (m, 2H), 7.50
(d, 2H), 7.33 (t, 1H), 6.79 (d, 2H), 6.44 (d, 1H), 6.10
(t, 1H), 6.03 (d, 1H), 3.54 (q, 2H), 3.38 (q, 2H), 3.03
(s, 6H), 1.80-1.43 (m, 8H), 0.99 (t, 6H); MS m/z 458
M +1).

5.33. 2-[1,1’-Biphenyl]-4-yl- N-butyl-3-[2-(butylamino)-4-
pyrimidinyl]pyrazolo|[1,5-a [pyridin-7-amine (35)

To a solution of 2-(4-Bromophenyl)-N-butyl-3-[2-(butyl-
amino)-4-pyrimidinyl]pyrazolo[1,5-a]pyridin-7-amine (11,
52 mg, 0.11 mol) in tetrahydrofuran was added phenylbo-
ronic acid (26 mg, 0.21 mmol), sodium carbonate
(0.21 mL, 2 M aqueous, 0.42 mmol), and dichlorobistri-
phenylphosphine palladium (II) (7.5 mg, 0.01 mmol).
The mixture was heated at reflux for 3.5 h. The resultant
solution was cooled to room temperature and diluted
with ether and water was added. The organic layer was
washed with brine. The aqueous layer was extracted
with ether and the combined organics dried over
magnesium sulfate. Filtration and concentration
followed by flash chromatography provided 35 (37 mg,
73%) as a yellow solid. "H NMR (CDCls): é 8.05 (d,
1H), 7.83-7.69 (m, 7H), 7.51 (m, 2H), 7.43-7.33 (m,
2H), 6.44 (d, 1H), 6.12 (t, 1H), 6.05 (d, 1H), 5.16 (br,
1H), 3.52 (m, 2H), 3.42 (m, 2H), 1.84-1.43 (m, 8H),
1.05-0.99 (m, 6H); MS m/z 491 (M + 1).

5.34. 2-[1,1’-Biphenyl]-3-yl-N-cyclopentyl-3-|2-(cyclopen-
tylamino)-4-pyrimidinyl]pyrazolo[1,5-a]pyridin-7-amine
(36)

To a solution of 2-(3-bromophenyl)- N-cyclopentyl-3-[2-
(cyclopentylamino)-4-pyrimidinylJpyrazolo[1,5-a]pyridin-
7-amine (12, 100 mg, 0.19 mmol) in dimethylformamide
(6 mL) was added phenylboronic acid (47 mg,
0.39 mmol), palladium (IT) acetate (4.3 mg, 0.02 mmol),
potassium carbonate (54 mg, 0.39 mmol) and triphenyl
phosphine (30 mg, 0.08 mmol). The reaction was heated
at 100 °C for 24 h. After allowing the reaction mixture
to cool to room temperature, ethyl acetate and water
were added. The organic layer was separated and
washed with water, then brine and dried (magnesium
sulfate). Filtration and concentration, followed by puri-
fication with flash chromatography (4:6 ethyl acetate/
hexanes) gave 36 as a yellow foam (87 mg, 89%). 'H
NMR (CDCl,): ¢ 8.01 (d, 1H), 7.92 (s, 1H), 7.81 (d,
1H), 7.69-7.62 (m, 4H), 7.53 (t, 1H), 7.47-7.43 (m,
2H), 7.38-7.32 (m, 2H), 6.40 (d, 1H), 6.09-6.05 (m,
2H), 5.16 (m, 1H), 4.37 (m, 1H), 4.03 (m, 1H), 2.15-
2.06 (m, 4H), 1.82-1.64 (m, 12H); MS m/z 515 (M + 1).

5.35. 3-{7-(Cyclopentylamino)-3-]2-(cyclopentylamino)-4-
pyrimidinyl]pyrazolo[1,5-a]pyridin-2-yl}benzonitrile (37)

To a solution of 2-(3-bromophenyl)- N-cyclopentyl-3-[2-
(cyclopentylamino)-4-pyrimidinyl]pyrazolo[1,5-a]pyridin-
7-amine (12, 500 mg, 0.97 mmol) in N,N-dimethylform-
amide (25mL) was added zinc cyanide (68 mg,
0.58 mmol), tris(dibenzylidineacetone)bipalladium(0)
(888 mg, 0.97 mmol) and 1,1’-bis(diphenylphosphino)
ferrocene (1.29 g, 2.3 mmol). The resultant mixture
was heated at 120 °C for 20 h. After cooling to room
temperature, ethyl acetate was added to the reaction
mixture. The organic phase was washed with water,
brine and dried over magnesium sulfate. Filtration and
concentration, followed by purification with flash chro-
matography (40:60 ethyl acetate/hexanes) gave 37
(0.19 g, yield 42%) as a yellow foam. "H NMR (CDCl5):
0 8.07 (m, 2H), 7.89 (d, 1H), 7.70 (d, 1H), 7.62 (d, 1H),
7.52 (t, 1H), 7.33 (t, 1H), 6.33 (d, 1H), 6.06 (d, 1H), 6.00
(d, 1H), 5.16 (d, 1H), 4.25 (m, 1H), 4.02 (m, 1H), 2.15
(m, 2H), 2.03 (m, 2H), 1.85-1.51 (m, 12H). MS m/z
464 (M + 1).

5.36. 3-{7-(Cyclopentylamino)-3-]2-(cyclopentylamino)-4-
pyrimidinyl]pyrazolo-[1,5-a|pyridin-2-yl}benzoic acid (38)

To a solution of 3-{7-(cyclopentylamino)-3-[2-(cyclo-
pentylamino)-4-pyrimidinyl]pyrazolo[1,5-a]pyridin-2-yl} -
benzonitrile (37, 50 mg, 0.1 mmol) in methanol was
added 4 N potassium hydroxide. After heating at
85 °C for 2 days, the reaction mixture was cooled to
room temperature and acidified with 2 N hydrochloric
acid. The solution was extracted with ethyl acetate.
The organic phases were combined and dried over mag-
nesium sulfate. Filtration and concentration, followed
by purification by flash chromatography (90:10 ethyl
acetate/methanol) gave 38 (10 mg, 19%) as a brown
foam. '"H NMR (CDCls): d 8.11 (s, 1H), 8.00 (d, 1H),
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7.96 (d, 1H), 7.80 (br s, 1H), 7.64 (d, 1H), 7.46 (t, 1H),
7.37 (t, 1H), 6.98 (d, 1H), 6.57 (d, 1H), 6.21 (d, 1H), 6.11
(br, 1H), 4.12 (m, 1H), 4.01 (m, 1H), 2.06 (m, 2H), 1.88
(m, 2H), 1.69-1.49 (m, 12H). MS m/z 483 (M + 1); 481
M — 1).

5.37. 3-{7-(Cyclopentylamino)-3-]2-(cyclopentylamino)-4-
pyrimidinyl]pyrazolo[1,5-a]pyridin-2-yl }benzamide (39)

3-{7-(Cyclopentylamino)-3-[2-(cyclopentylamino)-4-pyri-
midinyl]pyrazolo[1,5-a]pyridin-2-yl} benzonitrile (37,
45 mg, 0.097 mmol) was dissolved in hot methanol
(2 mL). Subsequently, the solution was cooled down to
room temperature and 30% ammonium hydroxide
(2 mL) was added. The reaction mixture was then cooled
to 0 °C, and 30% hydrogen peroxide was added. After
stirring at room temperature for 8 h, water was added
and the resulting mixture extracted with ethyl acetate.
The organics were dried over magnesium sulfate. Filtra-
tion and concentration, followed by purification with
flash chromatography (95:5 dichloromethane/metha-
nol), gave 39 (18 mg, 39% yield) as a yellow solid. 'H
NMR (CDCl5): ¢ 8.12 (s, 1H), 7.99 (d, 1H), 7.92 (d,
1H), 7.79 (d, 1H), 7.70 (d, 1H), 7.51 (t, 1H), 7.32 (t,
1H), 6.28 (d, 1H), 6.18 (br, 1H), 6.05 (d, 1H), 6.02 (d,
1H), 5.82 (br, 1H), 5.25 (d, 1H), 4.30 (m, 1H), 4.00
(m, 1H), 2.15 (m, 2H), 2.03 (m, 2H), 1.81-1.50 (m,
12H). MS m/z 482 (M + 1).

5.38. HSV anti-viral assay

5.38.1. Cell culture and HSV infection. Vero 76 cells
(American Type Culture Collection, Manassas, VA)
were grown and passed in MEM with Earle’s salts,
L-glutamine, penicillin, and streptomycin (Invitrogen,
Carlsbad, CA) supplemented with 8% fetal bovine ser-
um (FBS) (Hyclone Laboratories, Logan, UT). The
amount of FBS was reduced to 2% for assays.

Vero cells were infected in suspension with either HSV-1
or HSV-2 for 45 min at 37 °C at a multiplicity of infec-
tion of 0.001. Infected cells were plated at a density of
50,000 cells/well into 96-well tissue culture plates con-
taining anti-viral test compounds and incubated at
37 °C for 40-48 h.

5.38.2. HSV DNA hybridization. The effect of com-
pounds on HSV replication was assessed by convention-
al DNA hybridization. Cell lysates were prepared for
hybridization by removing growth medium from HSV-
infected Vero cells 2 days post-infection and adding
150 uL lysis buffer (0.2 N NaOH with 1% NP-40) to
each well. The lysates were then incubated at room tem-
perature for 5 days in a humidified chamber to ensure
complete DNA hydrolysis. Samples of the lysates were
neutralized in a phosphate-buffered guanidine isothiocy-
anate (GuSCN) solution and combined with a digoxi-
genin-labelled 710 bp DNA fragment of the HSV
ULLS open reading frame. The hybridization solution
was heated to 90 °C for 6 min and incubated at 42 °C
overnight. Immobilized hybrids were detected by incu-
bation with anti-digoxigenin HRP-conjugated antibody
(Boehringer Mannheim, Indianapolis, IN) and

subsequent addition of SuperSignal® substrate (Pierce,
Rockford, MD). The resulting chemiluminescent signal
from compound-treated cells was compared to that of
compound-free cells to obtain percent inhibitions, which
were used to construct dose response curves to derive
50% inhibitory concentrations (ICs).

5.39. Cytotoxicity assay

Compounds were dissolved in DMSO at a stock con-
centration of 10 mM and serially diluted twofold in
DMSO. Dilutions were carried out in columns 1-9 of
a 96-well, v-bottom polypropylene plate. Columns 10,
11, and 12 were control columns that did not contain
compound. Plates were then seeded at 10,000 cells/well,
columns 1-11, in minimum essential medium contain-
ing Earle’s salt and L-glutamine and supplemented
with 10% heat-inactivated fetal bovine serum, penicil-
lin—streptomycin, and 1% L-glutamine resulting in a fi-
nal 250-fold drug dilution. Thus, the maximum
compound concentration used in the assay is 40 uM
while the final DMSO concentration is 0.4%. Plates
were incubated at 37 °C in a humidified, 5% CO,
atmosphere and growth inhibition was measured after
3 days.

Cytotoxicity was determined in vero cells using the
CellTiter 96® Aqueous Non-Radioactive Cell Prolifera-
tion Assay (Promega Corporation, G1111). Metaboli-
cally active cells will convert methylthiazol tetrazolium
inner salt (MTS), through the actions of cellular dehy-
drogenases, into a colorized formazan end product.
On day 3, MTS solution was added to the assay plates,
incubated for 1.5 to 2h at 37 °C in a humidified, 5%
CO, atmosphere, and absorbance was measured at
490 nm using the Wallac Victor? 1420 multilabel count-
er (Perkin-Elmer, Wellesley, MA). RoboFit 2000 curve-
fitting software was then used to obtain a CCsy (50%
cytotoxicity concentration) value from the curves
generated.
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		2-(2-Bromophenyl)-N-cyclopentyl-3-[2-(cyclopentylamino)-4-pyrimidinyl]pyrazolo[1,5-a]pyridin-7-amine (13)



		N-Cyclopentyl-3-[2-(cyclopentylamino)-4-pyrimidinyl]-2-phenylpyrazolo[1,5-a]pyridin-7-amine (14)

		N-Cyclopentyl-3-[2-(cyclopentylamino)-4-pyrimidinyl]-2-(3-methylphenyl)-pyrazolo[1,5-a]pyridin-7-amine (15)

		2-(6-Chloro-2-pyridinyl)-1-(3-methylphenyl)-ethanone (60)

		2-(6-Chloro-2-pyridinyl)-1-(3-methylphenyl)-ethanone oxime (61)

		7-Chloro-2-(3-methylphenyl)pyrazolo[1,5-a]-pyridin (62)

		7-Chloro-2-(3-methylphenyl)pyrazolo[1,5-a]pyridine-3-carbaldehyde (63)

		1-[7-Chloro-2-(3-methylphenyl)pyrazolo[1,5-a]- pyridin-3-yl]-2-propyn-1-ol (64)

		1-[7-Chloro-2-(3-methylphenyl)pyrazolo[1,5-a]pyridin-3-yl]-2-propyn-1-one (65)

		4-[7-Chloro-2-(3-methylphenyl)pyrazolo[1,5-a]- pyridin-3-yl]-N-cyclopentyl- 2-pyrimidinamine (66)

		N-Cyclopentyl-3-[2-(cyclopentylamino)-4-pyrimidinyl]-2-(3-methylphenyl)pyrazolo[1,5-a]pyridin-7-amine (15)



		N-Cyclopentyl-3-[2-(cyclopentylamino)-4-pyrimidinyl]-2-[3- (trifluoromethyl)phenyl]pyrazolo[1,5-a]pyridin-7-amine (16)

		N-Cyclopentyl-3-[2-(cyclopentylamino)-4-pyrimidinyl]-2-(4-methoxyphenyl)pyrazolo[1,5-a]pyridin-7-amine (17)

		2-(6-Chloro-2-pyridinyl)-1-(4-methoxyphenyl)-ethanone (67)

		2-(6-Chloro-2-pyridinyl)-1-(4-methoxyphenyl)-ethanone oxime (68)

		7-Chloro-2-(4-methoxyphenyl)pyrazolo[1,5-a]pyridine (69)

		1-[7-(Chloro)-2-(4-methoxyphenyl)pyrazolo[1,5-a]pyridin-3-yl]ethanone (70)

		1-[7-(Cyclopentylamino)-2-(4-methoxyphenyl)-pyrazolo[1,5-a]pyridin-3-yl]ethanone (71)

		(2E)-1-[7-(Cyclopentylamino)-2-(4-methoxyphenyl)pyrazolo[1,5-a]pyridin-3-yl]-3-(dimethylamino)-2-propen-1-one (72)

		N-Cyclopentyl-3-[2-(cyclopentylamino)-4-pyrimidinyl]-2-(4-methoxyphenyl)pyrazolo[1,5-a]pyridin-7-amine 	(17)



		N-Cyclopentyl-3-[2-(cyclopentylamino)-4-pyrimidinyl]-2-(3-methoxyphenyl)pyrazolo[1,5-a]pyridin-7-amine (18)

		2-(6-Chloro-2-pyridinyl)-1-(3-methoxyphenyl)-ethanone (73)

		2-(6-Chloro-2-pyridinyl)-1-(3-methoxyphenyl)-ethanone oxime (74)

		7-Chloro-2-(3-methoxyphenyl)pyrazolo[1,5-a]pyridine (75)

		7-Chloro-2-(3-methoxyphenyl)pyrazolo[1,5-a]pyridine-3-carbaldehyde (76)

		1-[7-Chloro-2-(3-methoxyphenyl)pyrazolo[1,5-a]- pyridin-3-yl]-2-propyn-1-ol (77)

		1-[7-Chloro-2-(3-methoxyphenyl)pyrazolo[1,5-a]- pyridin-3-yl]-2-propyn-1-one (78)

		4-[7-Chloro-2-(3-methoxyphenyl)pyrazolo[1,5-a]- pyridin-3-yl]-N-cyclopentyl-2-pyrimidinamine (79)

		N-Cyclopentyl-3-[2-(cyclopenylamino)-4-pyrimidinyl]-2-(3-methoxyphenyl)pyrazolo[1,5-a]pyridin-7-amine (18)



		4-{7-(Cyclopentylamino)-3-[2-(cyclopentylamino)-4-pyrimidinyl]pyrazolo[1,5-a]pyridin-2-yl}phenol (19)

		3-{7-(Cyclopentylamino)-3-[2-(cyclopentylamino)-4-pyrimidinyl]pyrazolo[1,5-a]pyridin-2-yl}phenol (20)

		2-[4-(Allyloxy)phenyl]-N-cyclopentyl-3-[2-(cyclopentylamino)-4-pyrimidinyl]pyrazolo[1,5-a]pyridin-7-amine (21)

		2-(4-Butoxyphenyl)-N-cyclopentyl-3-[2-(cyclopentylamino)-4-pyrimidinyl]pyrazolo[1,5-a]pyridin-7-amine (22)

		N-Cyclopentyl-3-[2-(cyclopentylamino)-4-pyrimidinyl]-2-(4-isobutoxyphenyl)pyrazolo[1,5-a]pyridin-7-amine (23)

		N-Cyclopentyl-3-[2-(cyclopentylamino)-4-pyrimidinyl]-2-[4-(cyclopropyl- methoxy)phenyl]pyrazolo[1,5-a]- pyridin-7-amine (24)

		N-Cyclopentyl-3-[2-(cyclopentylamino)-4-pyrimidinyl]-2-[3- (cyclopropylmethoxy)phenyl]pyrazolo[1,5-a]pyridin-7-amine (25)

		2-[4-(Cyclobutylmethoxy)phenyl]-N-cyclopentyl-3-[2-(cyclopentylamino)-4-pyrimidinyl]pyrazolo[1,5-a]pyridin-7-amine (26)

		Ethyl (4-{7-(cyclopentylamino)-3-[2-(cyclopentylamino)-4-pyrimidinyl]-pyrazolo[1,5-a]pyridin-2-yl}phenoxy)acetate (27)

		N-Cyclopentyl-3-[2-(cyclopentylamino)-4-pyrimidinyl]-2-(4- phenoxyphenyl)pyrazolo[1,5-a]pyridin-7-amine (28)

		N-{4-[2-(4-Aminophenyl)-7-(butylamino)pyrazolo-[1,5-a]pyridin-3-yl]-2-pyrimidinyl}-N-butylamine (29)

		2-(3-Aminophenyl)-N-cyclopentyl-3-[2-(cyclopentylamino)-4-pyrimidinyl]pyrazolo[1,5-a]pyridin-7-amine (30)

		N-(3-{7-(cyclopentylamino)-3-[2-(cyclopentylamino)-4-pyrimidinyl]pyrazolo[1,5-a ]pyridin-2-yl}phenyl)acetamide (31)

		N-(3-{7-(cyclopentylamino)-3-[2-(cyclopentylamino)-4-pyrimidinyl]pyrazolo[1,5-a]pyridin-2-yl}phenyl)methanesulfonamide (32)

		N-Butyl-3-[2-(butylamino)-4-pyrimidinyl]-2-[4-(cyclohexylamino)phenyl]pyrazolo[1,5-a]pyridin-7-amine (33)

		N-Butyl-3-[2-(butylamino)-4-pyrimidinyl]-2-[4-(dimethylamino)phenyl]pyrazolo[1,5-a]pyridin-7-amine (34)

		2-[1,1 prime -Biphenyl]-4-yl-N-butyl-3-[2-(butylamino)-4-pyrimidinyl]pyrazolo[1,5-a ]pyridin-7-amine (35)

		2-[1,1 prime -Biphenyl]-3-yl-N-cyclopentyl-3-[2-(cyclopentylamino)-4-pyrimidinyl]pyrazolo[1,5-a]pyridin-7-amine (36)
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Abstract—Two 3-(5-tetrazolylmethoxy) analogues, 1a and 1b, of (RS)-2-amino-3-(3-hydroxy-5-methyl-4-isoxazolyl)propionic acid
(AMPA), a selective AMPA receptor agonist, and (RS)-2-amino-3-(5-tert-butyl-3-hydroxy-4-isoxazolyl)propionic acid (ATPA), a
GluR5-preferring agonist, were synthesized. Compounds 1a and 1b were pharmacologically characterized in receptor binding
assays, and electrophysiologically on homomeric AMPA receptors (GluR1-4), homomeric (GluR5 and GluR6) and heteromeric
(GluR6/KA2) kainic acid receptors, using two-electrode voltage-clamped Xenopus laevis oocytes expressing these receptors. Both
analogues proved to be antagonists at all AMPA receptor subtypes, showing potencies (K, = 38-161 uM) similar to that of the
AMPA receptor antagonist (RS)-2-amino-3-[3-(carboxymethoxy)-5-methyl-4-isoxazolyl]propionic acid (AMOA) (K, =43-
76 uM). Furthermore, the AMOA analogue, 1a, blocked two kainic acid receptor subtypes (GIuR5 and GluR6/KA2), showing sev-
enfold preference for GluR6/KA2 (K}, = 19 uM). Unlike the iGluR antagonist (S)-2-amino-3-[5-zert-butyl-3-(phosphonomethoxy)-
4-isoxazolyl]propionic acid [(S)-ATPO], the corresponding tetrazolyl analogue, 1b, lacks kainic acid receptor effects. On the basis of
docking to a crystal structure of the isolated extracellular ligand-binding core of the AMPA receptor subunit GluR2 and a homol-
ogy model of the kainic acid receptor subunit GluRS5, we were able to rationalize the observed structure—activity relationships.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

(S)-Glutamic acid (Glu) is the major excitatory neuro-
transmitter in the central nervous system (CNS) and
has been implicated in a number of neurological and
psychiatric diseases.! Glu operates via two different
classes of receptors, the ionotropic and metabotropic
Glu receptors.* Ionotropic Glu receptors (iGIluRs)
are subdivided according to their sensitivity to the
agonists 2-amino-3-(3-hydroxy-5-methyl-4-isoxazol-
yl)propionic acid (AMPA), kainic acid (KA) and
N-methyl-p-aspartic acid (NMDA). Likewise, the
metabotropic Glu receptors (mGluRs) are assigned
to three classes named Groups I, II and IIL.°

Keywords: Tonotropic Glu receptors; Antagonists; AMOA; Tetrazole

group.

*Corresponding author. Tel.: +45 35306495; fax: +45 35306040;
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Subsequent to the cloning of individual subunits, the
iGluRs have been found to be homo- or heteromeric
assemblies that form tetrameric ion channel complexes.®
Those composed of GluR1-4 are activated by AMPA
and are termed AMPA receptors, while KA has high
affinity for KA1,2 and lower affinity for GIuR5-7, which
are collectively named KA receptors.”:

The pharmacology of iGluRs has been extensively
characterized using a number of selective ligands.
While AMPA (Fig. 1) selectively activates receptors
constructed from GluR1-4° and only activates GluR5
at high concentrations, the tert-butyl analogue of
AMPA (RS)-2-amino-3-(5-tert-butyl-3-hydroxy-4-isox-
azolyl)propionic acid (ATPA) exhibits strong prefer-
ence for GluR5 over AMPA receptors.!®!! Among
the group of AMPA-derived competitive iGluR antag-
onists, (RS)-2-amino-3-[3-(carboxymethoxy)-5-methyl-
4-isoxazolyl]propionic acid (AMOA) selectively blocks
AMPA receptors.!> The corresponding tert-butyl
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Figure 1. Structures of the iGluR agonists AMPA and ATPA, the
iGluR antagonists AMOA and (S)-ATPO and the new tetrazolyl
analogues la and 1b.

phosphono analogue (S)-2-amino-3-[5-tert-butyl-3-
(phosphonomethoxy)-4-isoxazolyl]propionic acid [(S)-
ATPO] shows a markedly more potent antagonistic
effect.!> Unlike AMOA, ATPO also antagonizes
GIluRS5 receptors, indicating that the bulky zert-butyl
group can be accommodated by the antagonist con-
formation of the GluRS5 receptor complex, as shown
by agonists, such as ATPA, for the activated receptor
conformation.!3

Increased lipophilicity, hydrogen bonding capability
and metabolic resistance to a range of degradation path-
ways have made the tetrazolyl group a popular carboxyl
group bioisostere in medicinal chemistry.!* In both
NMDA and AMPA/KA receptor agonists and antago-
nists, the tetrazolyl group has been successfully used as
a bioisostere for the distal carboxyl group.!'*!® We there-
fore incorporated the tetrazole ring system as the distal
acid in isoxazole-based AMPA/KA antagonists AMOA
and (S)-ATPO. Here, we describe the synthesis and the
pharmacological characterization of the respective tet-
razolyl analogues of AMOA and (S)-ATPO, 1a and
1b. The iGluR pharmacology uncovered for these com-
pounds are discussed on the basis of docking to experi-
mental and homology modelled structures of iGluR
ligand-binding domains.

2. Results

2.1. Chemistry

The amino acids 1a and 1b were prepared from the cor-
responding amino acids AMPA!” and ATPA,!® respec-
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Scheme 1. Reagents and conditions: (a) HCI/EtOH; (b) (Boc),O, TFA,
EtOH, 0 °C; (c) K,COs, acetone then CICH,CN; (d) NaN3, DMF then
2 M HCI; (e) 1 M TFA, reflux.

tively, as illustrated in Scheme 1. Initially, the amino
acid moiety was protected as an ethyl ester and a zert-
butyl carbamate (Boc) using standard procedures.
Alkylation of the 3-hydroxyisoxazoles 3a and 3b with
chloroacetonitrile under basic conditions gave the nitr-
iles 4a and 4b in good yields. The tetrazole moiety was
prepared by heating the corresponding nitrile with sodi-
um azide in DMF, in the presence or absence of triethyl
ammonium chloride. Compounds 5a and 5b were depro-
tected using trifluoroacetic acid, to give the free amino
acids 1a and 1b, respectively.

2.2. In vitro pharmacology

The affinities of 1a and 1b for native AMPA, KA and
NMDA receptors derived from rat brain synaptic
membranes were determined using the radioligands
FHIJAMPA, [PHJCNQX, [*HJKA and [*H]CPP
(Table 1). Neither 1a nor 1b showed affinity (ICs,
>100 uM) for KA or NMDA receptors, whereas the
compounds 1a and 1b showed micromolar affinities in
the P"HJAMPA and [’HJCNQX binding assays. The
observed affinities of the compounds 1a and 1b for
AMPA receptors are similar to the affinities shown by
racemic ATPO'? and AMOA.'?

In the rat cortical wedge model,?° the effects of com-
pounds 1a and 1b on the depolarizations induced by
AMPA (5 uM), NMDA (10 uM) and KA (5 uM) were
tested (Table 1). Both 1a and 1b antagonized AMPA-in-
duced depolarization with similar potencies (190 and
153 uM) slightly higher than that of AMOA (320 uM)
but at higher concentrations than ATPO (28 puM). The
compounds were shown to have a very weak antagonis-
ing effect on NMDA -induced depolarization, compound
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Table 1. Receptor binding affinities on rat synaptic membranes and electrophysiology data from the rat cortical wedge model

ICso" (LM)
PHJAMPA PHICNQX PHIKA [PHICPP Electrophysiology
AMOA® 90° 8.0%0.7 >100 >100 320 * 25¢
ATPOP 35+3 57+32 >100 >100 28 + 3¢
1a 171 13.0+0.6 >100 >100 190 % 25¢ (680 + 100)°
1b 80+5 16.5+2.1 >100 >100 153 + 104 (24%)"

#Values represent mean = SEM, n = 3.

®Data from Ref. 19.

“Data from Ref. 12.

4 Antagonism of 5 uM AMPA.

¢ Antagonism of 10 uyM NMDA.

fReduction of the response from 10 uM NMDA by 1000 uM 1b.

1a showing an ICsy of 680 uM and compound 1b show-
ing a 24% reduction in the response induced by 10 uM
NMDA at 1 mM concentration.

Compounds 1a and 1b were studied for subtype selectiv-
ity using two-electrode voltage-clamped Xenopus leavis
oocytes expressing cloned AMPA and KA receptors
(Table 2 and Fig. 2). Compound 1a showed antagonist
behaviour at all AMPA receptor subtypes (GluR1-4),
with K}, values ranging from 48 to 161 uM. In addition,
compound 1la turned out to be an antagonist at two of
the KA receptor subtypes, GluR5 and GIuR6/KA2,
showing sevenfold preference for the GluR6/KA2 heter-
omers. Compound 1b was equipotent with compound
1a at the AMPA receptor subtypes. However, at the
KA receptors GluR5 and GluR6/KA2, the potency of
1b was greatly diminished (ICsy >2.5mM and about
800 uM, respectively).

The pharmacological effects of compounds 1a and 1b at
mGluR1, mGluR2 and mGluR4 expressed in CHO
cells, representing Groups I, II and III mGlu receptors,
respectively, were tested using conventional second mes-
senger assays. At 1 mM concentrations, no agonist or
antagonist activities were observed.

2.3. Homology modelling and receptor docking

Although X-ray crystal structures for the ligand-bind-
ing domains of GluR5 and GluR6 have been solved
and deposited in the Protein Data Bank (1TXF.pdb;
1S50.pdb; etc.), these are all of domain closed agonized
states. Therefore, in order to probe selectivity differenc-

es among these antagonists between AMPA and KA
receptors, a homology model needed to be constructed
from the domain-open state of the GluR2 ligand-bind-
ing core. ATPO, AMOA, 1a and 1b were docked to the
experimental crystal structure of the GIuR2-S1S2/
ATPO complex and a modelled GIuR5/ATPO complex
using Glide.?> The experimental and prepared positions
of ATPO in GluR2 and GluR5 were returned to a frac-
tion of an A RMSD. The top ranked poses are depict-
ed in Figures 3 and 4, which also show the amino acids
involved in binding the ligands at each receptor. Only
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Figure 2. 1b inhibition of 25 uM KA. The figure displays traces from a
two-electrode voltage clamped Xenopus laevis oocyte expressing
GluR2Qflop. The oocyte was clamped at —70 mV and increasing
concentrations of 1b (in tM) were added to inhibit the response elicited
by 25 uM KA. The first response was elicited by KA alone.

Table 2. Electrophysiological data on oocytes expressing homomeric and heteromeric AMPA and KA receptors

Ky (1M)*
GluR1 GluR1/2 GIuR2Q GIuR3 GluR4 GIuR5 GIuR6 GIuR6/KA2
AMOA 44> 76° 43+2 NT NT NA® NA® NT
(S)-ATPO® 3.9 5.2 NT 15 26 24 >300 >300
1a 62+ 13 NT 161 +20 48+ 1 76+ 4 131+ 4 >300 19+1
1b 38+5 NT 96 + 8 63+2 71£10 >2500 >300 ~750

NT, not tested; NA, not active.
#Values represent mean £ SEM, n > 3.
®Data from Ref. 28.

°Data (K;) from Ref. 13.
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Figure 3. AMOA (orange), compounds la (green) and 1b (purple)
docked into the X-ray crystal structure of the GluR2/ATPO complex.
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Figure 4. AMOA (orange), compounds la (green) and 1b (purple)
docked into a homology model of GIluR5/ATPO built from the X-ray
structure of the GluR2/DNQX complex.

1b at GluR5 cannot be docked in an ATPO-like bind-
ing mode due to its size. Conversely, AMOA is too
short to establish distal anion recognition at domain
2 and at the same time substantially occupies the more
hydrophobic regions of the binding site closer to do-
main 1 of this receptor. The best poses gave Extra Pre-
cision Glidescores generally in broad qualitative
agreement with experiment when converted to activities
(6, 264 uM), (5, 14 uM), (1960, 151 uM) and (10,
469 uM), respectively, for AMOA, ATPO, la and
1b at (GluR2, GluRS). The rankings (ATPO >
AMOA >1b>1a at GIluR2 and ATPO>1a>
AMOA >1b at GluR5) are in agreement with the
experimental AMPA vs. GluRS5 activity profiles, lend-
ing confidence in the quality of the homology model
and the predicted binding modes.

3. Discussion

In the development of potent and selective ligands for
iIGluR receptors, the archetypal agonist AMPA that

Chem. 13 (2005) 5391-5398

gave name to a subclass of these receptors has been
extensively used as a lead. Analogues of AMPA have
been synthesized, in which the methyl group at the 5-
position of the 3-isoxazolol ring has been replaced by
substituents with different steric and electronic proper-
ties, providing compounds showing a variety of potencies
and selectivities at AMPA and KA receptors.!82!-23
The results of these studies suggested that the AMPA
and KA receptors may contain a cavity capable to accom-
modate hydrophobic substituents up to a certain size at
the 5-position of the 3-isoxazolol ring of AMPA.??> On
the basis of the crystal structure of the GluR2-S1S2J in
complex with KA, a homology model of the activated
GIuR5/KA complex has been developed, and the cavity
and receptor—ligand interactions studied in detail.>* We
now extend this approach to the antagonized state of
the receptor (Figs. 3 and 4).

On the basis of a group of selective and highly potent
GIluR5 agonists, including ATPA, bulky substituents
at the 5-position of the 3-isoxazolol ring of AMPA or
at equivalent positions in analogous structures have
been found to be an important structural determinant
for activation of GIluR5 receptors.?>?’ Conversely, in
the development of antagonists for iGluRs, the structur-
al characteristics of the acidic moiety at the 3-position of
the isoxazole ring, seem to play an important role, as
exemplified by AMOA and (S)-ATPO.

In order to investigate the tetrazole ring as a bioisoste-
re for the distal carboxyl group or phosphonic group at
the 3-positions of AMOA and ATPO, respectively, we
have synthesized two new potential iGluR antagonists,
la and 1b. Starting from the protected AMPA
and ATPA structures, the tetrazolylmethyl group was
introduced, affording the desired compounds after
deprotection.

The AMPA-derived antagonist AMOA, which possesses
a carboxymethoxy group at the 3-position of the isoxa-
zole ring of AMPA, is known to be a selective, but rel-
atively weak AMPA antagonist.”® In contrast to
AMOA, 1a antagonized GluR5 and GIluR6/KA2 in
addition to AMPA receptors. Interestingly, 1a showed
a sevenfold preference for GluR6/KA2 heteromer over
GIuRS5.

Although (S)-ATPO is derived from the selective GIuR5
agonist ATPA, it is a potent antagonist at GluR1, 20-
fold more potent than AMOA,'*?® indicating that in
addition to the space available to substituents, other fac-
tors govern the tolerance or preference for fert-butyl
substituents in the open domain (antagonized) vs. the
closed domain (agonized) AMPA and KA ligand-recep-
tor complexes. In this study, the tetrazolylmethoxy
analogue of ATPO, compound 1b, was shown to be
equipotent with ATPO as an antagonist of AMPA
receptors. However, unlike the corresponding zerz-butyl
agonist ATPA and antagonist ATPO, 1b was devoid of
effect on KA receptors GluRS5, GIluR6, and the hetero-
meric GluR6/KA2 receptors. No subunit selectivity
was seen for either 1a or 1b within the group of AMPA
receptors.
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To rationalize the observed structure—activity relation-
ships, the compounds 1a, 1b, AMOA and ATPO were
docked to a homology model of the antagonized state
of GluR5 (Fig. 4). It is apparent that AMOA loses some
affinity for both receptors because it fails to fill the
hydrophobic cavity, while the molecule of 1b is too long
to fit into GluRS5 in an ATPO-like binding mode. Bind-
ing of 1b is conflicting with residue S741, which is most
likely H-bonded to Y756 via a water molecule, and
which has been shown to determine the selective activa-
tion of GluR5 by ATPA.!! At AMPA receptors, com-
pound 1b is, however, able to fit into the slightly
larger pocket known to be occupied by the tert-butyl
group of ATPO. In general, the tetrazole anion can be
considered a poorer distal carboxylate bioisostere than
phosphonate at the open domain conformation of these
receptors, because the geometry of this group limits the
number of hydrogen bonds obtainable from the S654—
T655 anion recognition site.

In conclusion, the 3-tetrazolylmethoxy analogues of
AMOA and (S)-ATPO, 1a and 1b, respectively, are
low-potency AMPA receptor antagonists. In addition,
compound 1a antagonizes KA receptors, showing a sev-
enfold preference for heteromeric GluR6/KA2 receptors
over homomeric GluRS receptors. Compound 1b was
shown to be an AMPA receptor antagonist devoid of
activity at the KA receptors tested. Despite the fact that
the tetrazole ring moiety generally mimics the carboxylic
acid group with respect to physical and protolytic prop-
erties, the geometry of this group is not optimal for
receptor recognition and blockade at these particular
targets.

Despite their relatively low potency, these compounds
have given further insight into structure-activity rela-
tionships for iGluR antagonists. On the basis of the
selectivity profiles of compounds 1a and 1b, these com-
pounds may serve as leads for the development of selec-
tive ligands for iGluR receptor subtypes in particular
within the class of KA-preferring receptors.

4. Experimental
4.1. General methods

Melting points were determined in capillary tubes and
are uncorrected. 'H NMR spectra were recorded on a
Bruker AC-200F (200 MHz) instrument in CDClj; solu-
tions using TMS as an internal standard or in D,O solu-
tions using 1,4-dioxane as an internal standard. Column
chromatography (CC) was performed on Merck silica
gel 60 (0.06-0.200 mm). Analytical thin-layer chroma-
tography (TLC) was carried out using Merck silica gel
60 F,s4 plates. All compounds were detected as single
spots on TLC plates and visualized using UV light and
KMnO, spraying reagent. Compounds containing ami-
no groups were also visualized using a ninhydrin spray-
ing reagent. Elemental analyses were performed at
Analytical Research Department, H. Lundbeck A/S
Denmark or by Mr. J. Theiner, Department of Physical
Chemistry, University of Vienna, Austria.

4.2. Ethyl (RS)-2-[ N-(tert-butyloxycarbonyl)amino]-3-(3-
hydroxy-5-methyl-4-isoxazolyl)propionate (3a)

Compound 2a'7 (1.18 g, 6.3 mmol) was dissolved in
saturated HCI/EtOH. The reaction mixture was heated
under reflux for 1.5 h. Evaporation and re-evaporation
twice from toluene gave ethyl (RS)-2-amino-3-(3-hy-
droxy-5-methyl-4-isoxazolyl)propionate hydrochloride
(1.48 g, 93%). To an ice-cold solution of this interme-
diate (1.48 g, 5.88 mmol) in EtOH (45 mL) were added
TEA (2.0 mL, 14.3 mmol) and a solution of di-zerz-bu-
tyl dicarboxylate (1.50 mL, 6.43 mmol) in EtOH
(5mL), and the mixture was stirred at 0°C for
1.5h. The reaction mixture was evaporated, and
H,O (40mL) and EtOAc (50 mL) were added. The
mixture was cooled on ice and acidified with AcOH.
The phases were separated, and the aqueous phase
was extracted with EtOAc (2x 100 mL). The com-
bined and dried organic phases were filtered and evap-
orated to give the title compound as colourless
crystals (1.3 g, 42%). '"H NMR (CDCl5) o 8.90 (br s,
1H), 5.50-5.32 (m, 1H), 4.55-4.38 (m, 1H), 4.28-4.05
(m, 2H), 2.87-2.72 (m, 2H), 2.23 (s, 3H), 1.40 (s,
9H), 1.22 (t, 3H, J= 7.0 Hz).

4.3. Ethyl (RS)-2-[ N-(tert-butyloxycarbonyl)amino]-3-(3-
hydroxy-5-tert-butyl-4-isoxazolyl)propionate (3b)

The preparation of 3b was carried out according to the
procedure for 3a using 2b'® (2.0 g, 8.75 mmol) to give
the title compound in a total of 64% as light yellow
oil. '"H NMR (CDCl3) & 9.58 (br s, 1H), 5.31-5.49
(m, 1H), 4.354.52 (m, 1H), 4.20 (q, 2H, J=7.0 Hz),
2.71-3.08 (m, 2H), 1.38 (s, 18H), 1.25 (t, 3H,
J=17.0Hz).

4.4. Ethyl (RS)-2-|N-(tert-butyloxycarbonyl)amino]-3-[3-
(cyanomethoxy)-5-methyl-4- isoxazolyl|propionate (4a)

A mixture of 3a (700 mg, 2.2 mmol) and K,CO;
(615 mg, 4.5 mmol) in acetone (60 mL) was stirred at
rt for 30 min. Chloroacetonitrile (423 pL, 6.7 mmol)
was slowly added and stirring was continued for
18 h at 50°C. After cooling, the reaction mixture
was filtered and evaporated. CC [toluene-EtOAc
(1:1)] gave 4a (560 mg, 71%) as viscous yellow oil.
'H NMR (CDCly) 6 5.19 (br d, 1H, J=7.5Hz),
491 (s, 2H), 4.51-4.38 (m, 1H), 4.07-4.27 (m, 2H),
2.93-2.26 (m, 2H), 2.26 (s, 3H), 1.40 (s, 9H), 1.26 (¢,
3H, J=17.1 Hz).

4.5. Ethyl (RS)-2-[N-(tert-butyloxycarbonyl)amino]-3-[3-
(cyanomethoxy)-5-tert-butyl-4-isoxazolyl|propionate (4b)

Compound 4b was prepared as described for 4a using 3b
(1.0 g, 6.2 mmol), K,COj3 (853 mg, 6.2 mmol) and chlo-
roacetonitrile (590 puL, 9.3 mmol) in acetone (100 mL).
CC [toluene-EtOAc (9:1)] gave 4b (983 mg, 86%) as col-
ourless crystals. '"H NMR (CDCl;) 6 5.19 (d, 1H,
J=8.0Hz), 495 (s, 2H), 4.49 (dd, 1H, J=6.4 and
8.5 Hz), 4.12-4.30 (m, 2H), 2.95 (dd, 1H, J=6.4 and
10.7 Hz), 2.75 (dd, 1H, J=6.4 and 14.7 Hz), 1.38 (s,
18H), 1.23 (t, 3H, J = 7.1 Hz).
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4.6. Ethyl (RS)-2-|N-(tert-butyloxycarbonyl)amino]-3-[3-
(tetrazolylmethoxy)-5-methyl-4-isoxazolyl]propionate
(32)

A mixture of 4a (480 mg, 1.36 mmol) and sodium azide
(194 mg, 2.99 mmol) in dry DMF (10 mL) was stirred in
a sealed ampoule at 80 °C for 7 days. The reaction mix-
ture was concentrated under reduced pressure, H,O
added (10 mL) and acidified to pH 3 with 2M HCIL
The aqueous phase was extracted with EtO, and the
organic phase washed with aq. sat. CaCl,. After drying,
evaporation and CC [toluene-EtOAc-AcOH (49:49:2)]
followed by recrystallization (EtOAc-light petroleum)
gave 5a (350 mg, 65%) as colourless crystals: mp 140-
141 °C. "TH NMR (CDCl;) ¢ 9.18 (br s, 1H), 5.87 (d,
1H, J=149 Hz), 5.70 (d, 1H, J=14.9 Hz), 4.95 (s,
2H), 4.49 (dd, 1H, J=6.4 and 8.5 Hz), 4.12-4.30 (m,
2H), 2.95 (dd, 1H, J = 6.4 and 10.7 Hz), 2.75 (dd, 1H,
J=64 and 14.7Hz), 1.38 (s, 18H), 1.23 (t, 3H,
J=17.1 Hz). Elemental analysis (C;sH»4NgOg): calcd
48.44% C, 6.10% H, 21.27% N; found 48.10% C,
6.21% H, 21.27% N.

4.7. Ethyl (RS)-2-|N-(tert-butyloxycarbonyl)amino]-3-[3-
(tetrazolylmethoxy)-5-tert-butyl-4-isoxazolyl]propionate
(Sb)

A mixture of 4b (730 mg, 1.84 mmol), sodium azide
(232 mg, 3.68 mmol) and TEA hydrochloride (507 mg,
3.68 mmol) in DMF (20 mL) was stirred for 16 h at
90 °C. The reaction mixture was concentrated under re-
duced pressure, HO added (20 mL) and acidified to pH
3 with 2 M HCI. The aqueous phase was extracted with
EtO, and the organic phase washed with aq. sat. CaCls,.
After drying, evaporation and CC [toluene-EtOAc—
AcOH (80:18:2)] gave 5b (690 mg, 85%) as colourless
crystals. 'H NMR (CDCl;) 6 590 (d, 1H,
J=15.0Hz), 5.71 (d, 1H, J=15.0Hz), 5.56 (d, 1H,
J =8.7Hz), 4.70-4.83 (m, 1H), 4.11-4.30 (m, 2H), 3.01
(dd, 1H, J=6.7 and 14.7 Hz), 2.87 (dd, 1H, J=28.8
and 14.7 Hz), 1.45 (s, 9H), 1.35 (s, 9H), 1.29 (t, 3H,
J=7.0Hz). Elemental analysis (C;9H39NgOg): calcd
52.04% C, 6.90% H, 19.17% N; found 52.19% C,
6.94% H, 19.04% N.

4.8. (RS)-2-Amino-3-[3-(tetrazolylmethoxy)-5-methyl-4-
isoxazolyl|propionic acid Zwitterion (1a)

A mixture of 5a (290 mg, 0.73 mmol) in aqueous TFA
(9 mL, 1 M) was refluxed for 24 h. The reaction mixture
was evaporated and recrystallization (H,O) gave 1la
(133 mg, 68%) as colourless crystals: mp 230 °C (de-
comp.). '"H NMR (D,0) 6 5.55 (s, 2H), 4.22 (t, 2H,
J=6.1Hz), 3.01 (d, 2H, J = 6.19 Hz), 2.27 (s, 3H). Ele-
mental analysis (CoH,NgOy) caled 40.25% C, 4.50% H,
31.42% N; found 40.05% C, 4.77% H, 31.12% N.

4.9. (RS)-2-Amino-3-[3-(tetrazolylmethoxy)-5-tert-butyl-
4-isoxazolyl|propionic acid Zwitterion (1b)

A mixture of 5b (480 mg, 1.09 mmol) in aqueous TFA
(20 mL, 1 M) was refluxed for 24 h. The reaction mix-
ture was evaporated, H,O added and pH adjusted to

pH 3 with 1 M NaOH. The solution was evaporated
and recrystallization twice (H,O) gave 1b (55 mg, 16%)
as colourless crystals: mp 210 °C (decomp.). 'H NMR
(D;0) 0 5.56 (s, 2H), 4.01-3.94 (m, 1H), 3.15-2.87 (m,
2H), 1.19 (s, 9H). Elemental analysis (C;2HgNgOy)
caled 46.45% C, 5.85% H, 27.08% N; found 46.47% C,
5.72% H, 26.89% N.

5. In vitro pharmacology
5.1. Cell culture and second messenger assays

Chinese hamster ovary (CHO) cell lines expressing
mGluR 1o, mGluR2 and mGluR4a were maintained as
previously described.>2%3° Briefly, cells were maintained
in a humidified 5% C0O,/95% air atmosphere at 37 °C in
DMEM containing GlutaMAX-I and 10% dialyzed fetal
calf serum (all Gibco, Paisly, Scotland). The day before
the inositol phosphate assay, two million mGluR 1a-ex-
pressing cells were divided into the wells of a 96-well
plate in inositol-free culture medium containing 4 pCi/
mL [*HJinositol. The day before the cyclic AMP assay,
two million mGluR2- or mGluR4a-expressing cells were
divided into the wells of a 96-well plate in culture medi-
um. Measurements of inositol phosphate generation and
cyclic AMP inhibition were determined by ion-exchange
chromatography and scintillation proximity assays as
previously described.?!

5.2. Receptor binding assays

The membrane preparations used in receptor binding
experiments were prepared according to Ransom and
Stec.>? Affinities for AMPA, KA and NMDA receptor
sites were determined using the respective ligands
[FHJAMPA** [’HJKA,* [PHJCNQX and [*H]CPP.*’
The binding assays were carried out with the modifica-
tions previously described.?

5.3. Electrophysiology

Two-electrode voltage-clamp recordings were performed
on X. laevis oocytes expressing cloned AMPA and KA
receptors clamped at —70 to —50 mV. On AMPA recep-
tors, we analyzed inhibition of 25 uM KA, while at
GIluR5 and heteromeric GluR6/KA2 receptors we
recorded inhibition of the current elicited by 10 uM
KA and 20 pM AMPA, respectively. Oocytes expressing
KA receptors were treated with 1 mg/mL concanavalin
A for 5 min prior to recording, to reduce the degree of
desensitization (for further details see Ref. 11). All
AMPA receptors were of the flop splice variant?>3¢ and
homomeric GluR2 receptors were un-edited at the
Q/R site.’’

5.4. Data analysis

To compensate for possible run-down or run-up of
the currents recorded in the two-electrode voltage-
clamp setup, we normalized the responses to alternat-
ing currents elicited by the agonist applied alone. Data
were subsequently fitted to the following equation to
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define the ICsy values: [ =l x {(ICH)/(ICH
+[Anta]"™)}, where [ is the current elicited at a given
antagonist concentration, [Anta]. I, is the current
elicited by the agonist without antagonist included in
the test solution, and nH is the Hill coefficient of
the antagonist. ICsy values were later converted to
K, values using the Leff-Dougall equation.®
Ky = ICs/{(2 + ([AV[Als))"™)""™ — 1}, where [A] is
the concentration of the used agonist, [A]sy is the
ECso value for the agonist and nH is the Hill coeffi-
cient of the agonist. The respective ECsy values (and
Hill coefficients) were 24(1,3), 130(1,1), 53(1,3),
34(1,1), 9,6(1,4) and 110(1,0) (all ECsq values in pM)
for the agonists applied at GluR1, GluR2, GIluR3,
GluR4, GIuR5 and GIuR6/KA2, respectively (see
Ref. 28 and values determined in our laboratory).

6. Computational methods

The experimental crystal structure of the GluR2-S1S2/
ATPO complex INOT.pdb* was used as a representa-
tive of the antagonized state of AMPA receptors, given
the very high degree of conservation of the binding site
among GluR 1-4. Following the procedure used to mod-
el the agonized receptor state of GIuR5,>* a model of
GIluR5/ATPO was produced by comparative modelling
with GluR2/DNQX (1FTL.pdb chainA)* and GluR2/
ATPO (INOT.pdb chainB)?! using Swissmodel, first ap-
proach mode. *' The GIuR5/ATPO model and GluR2/
ATPO(chainA) (which is extremely similar to ATPO
chainB) were then prepared using Impact2.5,*? accord-
ing to the recommended methods, except that during
constrained minimization (impref) the target RMS devi-
ation was set to 1.0 A. Electrostatic and van der Waals
grids were calculated for the binding sites using
Glide2.5,** with a 16 A box and default parameters, ex-
cept for scaling the van der Waals radii of non-polar
atoms by a factor of 0.9. AMOA, ATPO, 1a and 1b were
minimized and subjected to Monte Carlo conformation-
al analysis using MMFFs* and GB/SA continuum
treatment of aqueous solvation in Macromodel 8.1.4?
The phosphonates and carboxylates were modelled as
monoanions, the a-amino acids as zwitterions, and the
tetrazoles as the neutral 1H tautomers (due to lack of
appropriate atom types). Following conformational
searching, the global minima of the tetrazoles were con-
verted to the corresponding triionized forms, to match
the other ligands. All four compounds were then docked
to GIuR2 and the GluR5 model using Glide2.5,*> with
default parameters apart from scaling of non-polar
atomic radii by 0.9, and retention of the 30 best poses
for each ligand. The best poses had Emodel scores of
(—144.9, —155.7), (—171.0, —169.0), (—140.1, —141.9)
and (—144.3, —137.8) for AMOA, ATPO, 1a and 1b
at (GluR2, GluRY), respectively.

Acknowledgments
The authors thank the Lundbeck Foundation, the Dan-

ish Medicinal Research and the Novo Nordisk Founda-
tion for financial support, and the computing resources

of the Danish Center for Scientific Computing and the
Australian Centre for Advanced Computing and
Communications.

References and notes

1. Parsons, C. G.; Danysz, W.; Quack, G. Drug News
Perspect. 1998, 11, 523-569.

2. Monaghan, D. T.; Wenthold, R. J. The Ionotropic Gluta-
mate Receptors; Humana Press: Totowa, New Jersey, 1997.

3. Wheal, H. V.; Thomson, A. M. Excitatory Amino Acids and
Synaptic Transmission; Academic Press: London, 1995.

4. Briuner-Osborne, H.; Egebjerg, J.; Nielsen, E. O.; Mad-
sen, U.; Krogsgaard-Larsen, P. J. Med. Chem. 2000, 43,
2609-2645.

5. Tanabe, Y.; Masu, M.; Ishii, T.; Shigemoto, R.; Nakani-
shi, S. Neuron 1992, 8, 169-179.

6. Madden, D. R. Nat. Rev. Neurosci. 2002, 3, 91-101.

7. Rosenmund, C.; Stern-Bach, Y.; Stevens, C. F. Science
1998, 280, 1596-1599.

8. Dingledine, R.; Borges, K.; Bowie, D.; Traynelis, S. F.
Pharmacol. Rev. 1999, 51, 7-61.

9. Krogsgaard-Larsen, P.; Honore, T.; Hansen, J. J.; Curtis,
D. R.; Lodge, D. Nature 1980, 284, 64-66.

10. Clarke, V. R.; Ballyk, B. A.; Hoo, K. H.; Mandelzys, A.;
Pellizzari, A.; Bath, C. P.; Thomas, J.; Sharpe, E. F.;
Davies, C. H.; Ornstein, P. L.; Schoepp, D. D.; Kamboj,
R. K.; Collingridge, G. L.; Lodge, D.; Bleakman, D.
Nature 1997, 389, 599-603.

11. Nielsen, M. M.; Liljefors, T.; Krogsgaard-Larsen, P.;
Egebjerg, J. Mol. Pharmacol. 2003, 63, 19-25.

12. Krogsgaard-Larsen, P.; Ferkany, J. W.; Nielsen, E. @.;
Madsen, U.; Ebert, B.; Johansen, J. S.; Diemer, N. H.;
Bruhn, T.; Beattie, D. T.; Curtis, D. R. J. Med. Chem.
1991, 34, 123-130.

13. Moller, E. H.; Egebjerg, J.; Brehm, L.; Stensbel, T. B.;
Johansen, T. N.; Madsen, U.; Krogsgaard-Larsen, P.
Chirality 1999, 11, 752-759.

14. Herr, R. J. Bioorg. Med. Chem. 2002, 10, 3379-3393.

15. Ornstein, P. L.; Arnold, M. B.; Augenstein, N. K.; Lodge,
D.; Leander, J. D.; Schoepp, D. D. J. Med. Chem. 1993,
36, 2046-2048.

16. Lunn, W. H. W.; Schoepp, D. D.; Calligaro, D. O
Vasileff, R. T.; Heinz, L. J.; Salhoff, C. R.; O’Malley, P. J.
J. Med. Chem. 1992, 35, 4608-4612.

17. Honoré, T.; Lauridsen, J. Acta Chem. Scand. 1980, B34,
235-240.

18. Lauridsen, J.; Honoré, T.; Krogsgaard-Larsen, P. J. Med.
Chem. 1985, 28, 668—672.

19. Madsen, U.; Bang-Andersen, B.; Brehm, L.; Christensen, 1.
T.; Ebert, B.; Kristoffersen, I. T. S.; Lang, Y.; Krogsgaard-
Larsen, P. J. Med. Chem. 1996, 39, 1682-1691.

20. Harrison, N. L.; Simmonds, M. A. Br. J. Pharmacol. 1985,
84, 381-391.

21. Vogensen, S. B.; Jensen, H. S.; Stensbel, T. B
Frydenvang, K.; Bang-Andersen, B.; Johansen, T. N.;
Egebjerg, J.; Krogsgaard-Larsen, P. Chirality 2000, 12,
705-713.

22. Krogsgaard-Larsen, P.; Ebert, B.; Lund, T. M.; Briuner-
Osborne, H.; Slgk, F. A.; Johansen, T. N.; Brehm, L.;
Madsen, U. Eur. J. Med. Chem. 1996, 31, 515-537.

23. Madsen, U.; Frelund, B.; Lund, T. M.; Ebert, B.
Krogsgaard-Larsen, P. Eur. J. Med. Chem. 1993, 28,
791-800.

24. Brehm, L.; Greenwood, J. R.; Hansen, K. B.; Nielsen, B.;
Egebjerg, J.; Stensbel, T. B.; Brauner-Osborne, H.; Slok,





5398

25.

26.

217.

28.

29.

30.

31.

32.

B. Frolund et al. | Bioorg. Med. Chem. 13 (2005) 5391-5398

F. A.; Kronborg, T. T.; Krogsgaard-Larsen, P. J. Med.
Chem. 2003, 46, 1350-1358.

Stensbel, T. B.; Borre, L.; Johansen, T. N.; Egebjerg, J.;
Madsen, U.; Ebert, B.; Krogsgaard-Larsen, P. Eur. J.
Pharmacol. 1999, 380, 153-162.

Chittajallu, R.; Braithwaite, S. P.; Clarke, V. R.; Henley,
J. M. Trends Pharmacol. Sci. 1999, 20, 26-35.

Thomas, N. K.; Hawkins, L. M.; Miller, J. C.; Troop, H.
M.; Roberts, P. J.; Jane, D. E. Neuropharmacology 1998,
37, 1223-1237.

Wahl, P.; Anker, C.; Traynelis, S. F.; Egebjerg, J.;
Rasmussen, J. S.; Krogsgaard-Larsen, P.; Madsen, U.
Mol. Pharmacol. 1998, 53, 590-596.

Tanabe, Y., Nomura, A.; Masu, M.; Shigemoto, R.;
Mizuno, N.; Nakanishi, S. J. Neurosci. 1993, 13, 1372—
1378.

Aramori, 1.; Nakanishi, S. Neuron 1992, 8, 757-765.
Brauner-Osborne, H.; Nielsen, B.; Krogsgaard-Larsen, P.
Eur. J. Pharmacol. 1998, 350, 311-316.

Ransom, R. W.; Stec, N. L. J. Neurochem. 1988, 51, 830—
836.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Honore, T.; Nielsen, M. Neurosci. Lett. 1985, 54, 27-32.
Braitman, D. J.; Coyle, J. T. Neuropharmacology 1987, 26,
1247-1251.

Murphy, D. E.; Schneider, J.; Boehm, C.; Lehmann, J.;
Williams, K. J. Pharmacol. Exp. Ther. 1987, 240, 778-783.
Sommer, B.; Keindnen, K.; Verdoorn, T. A.; Wisden, W.;
Burnashev, N.; Herb, A.; Kohler, M.; Takagi, T.; Sakmann,
B.; Seeburg, P. H. Science 1990, 249, 1580-1585.

Sommer, B.; Kohler, M.; Sprengel, R.; Seeburg, P. H. Cell
1991, 67, 11-19.

Leff, P.; Dougall, I. G. Trends Pharmacol. Sci. 1993, 14,
110-112.

Hogner, A.; Kastrup, J. S.; Jin, R.; Liljefors, T.; Mayer,
M. L.; Egebjerg, J.; Larsen, 1. K.; Gouaux, E. J. Mol. Biol.
2002, 322, 93-109.

Armstrong, N.; Gouaux, E. Neuron 2000, 28, 165-181.
Schwede, T.; Diemand, A.; Guex, N.; Peitsch, M. C. Res.
Microbiol. 2000, 151, 107-112.

Schréodinger, 1. 1500 S.W. First Avenue, Suite 1180
Portland, OR 97201, USA, 2003.

Halgren, T. A. J. Comput. Chem. 1999, 20, 730-748.





		Tetrazolyl isoxazole amino acids as ionotropic glutamate receptor antagonists: Synthesis, modelling and molecular pharmacology

		Introduction

		Results

		Chemistry

		In vitro pharmacology

		Homology modelling and receptor docking



		Discussion

		Experimental

		General methods

		Ethyl (RS)-2-[N-(tert-butyloxycarbonyl)amino]-3-(3-hydroxy-5-methyl-4-isoxazolyl)propionate (3a)

		Ethyl (RS)-2-[N-(tert-butyloxycarbonyl)amino]-3-(3-hydroxy-5-tert-butyl-4-isoxazolyl)propionate (3b)

		Ethyl (RS)-2-[N-(tert-butyloxycarbonyl)amino]-3-[3-(cyanomethoxy)-5-methyl-4- isoxazolyl]propionate (4a)

		Ethyl (RS)-2-[N-(tert-butyloxycarbonyl)amino]-3-[3-(cyanomethoxy)-5-tert-butyl-4-isoxazolyl]propionate (4b)

		Ethyl (RS)-2-[N-(tert-butyloxycarbonyl)amino]-3-[3-(tetrazolylmethoxy)-5-methyl-4-isoxazolyl]propionate (5a)

		Ethyl (RS)-2-[N-(tert-butyloxycarbonyl)amino]-3-[3-(tetrazolylmethoxy)-5-tert-butyl-4-isoxazolyl]propionate (5b)

		(RS)-2-Amino-3-[3-(tetrazolylmethoxy)-5-methyl-4-isoxazolyl]propionic acid Zwitterion (1a)

		(RS)-2-Amino-3-[3-(tetrazolylmethoxy)-5-tert-butyl-4-isoxazolyl]propionic acid Zwitterion (1b)



		In vitro pharmacology

		Cell culture and second messenger assays

		Receptor binding assays

		Electrophysiology

		Data analysis



		Computational methods

		Acknowledgments

		References and notes






Available online at www.sciencedirect.com

sc.ence@n.“ﬂ@

Bioorganic &
Medicinal
Chemistry

cHee TIRLHES
ELSEVIER Bioorganic & Medicinal Chemistry 13 (2005) 5362-5370

Hypocholesterolemic effects of phenolic-rich extracts of
Chemlali olive cultivar in rats fed a cholesterol-rich diet

Ines Fki,® Mohamed Bouaziz,* Zouhair Sahnoun® and Sami Sayadi®*
2 Laboratoire des Bioprocédés, Centre de Biotechnologie de Sfax, BP: «K», 3038, Sfax, Tunisia
b Laboratoire de Pharmacologie, Faculté de Médecine de Sfax, Tunisia

Received 25 February 2005; revised 25 May 2005; accepted 25 May 2005
Available online 29 June 2005

Abstract—This study was designed to test the lipid-lowering and the antioxidative activities of green and black olive phenolic
extracts. Wistar rats fed a standard laboratory diet or a cholesterol-rich diet for 16 weeks were used. The serum lipid levels, the
malondialdehyde (MDA) and the activity of superoxide dismutase (SOD) as well as that of catalase (CAT) were examined. The
cholesterol-rich diet induced hypercholesterolemia that was manifested in the elevation of total cholesterol (TC) and low density
lipoprotein cholesterol (LDL-C). Administration of aqueous methanol and ethyl acetate extracts of green olives and ethyl acetate
extract of black olives significantly lowered the serum levels of TC and LDL-C, while increasing the serum level of high density
lipoprotein cholesterol (HDL-C). Furthermore, the content of MDA in liver, heart and kidney decreased significantly after oral
administration of green and black olive extracts compared with those of rats fed a cholesterol-rich diet. In addition, olive extracts
increased CAT and SOD activities in liver. These results suggested that the hypocholesterolemic effect of green and black olive
extracts might be due to their abilities to lower serum cholesterol level as well as to slow down the lipid peroxidation process

and to enhance the antioxidant enzyme activity.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, the physiological effects of polyphenol-rich
foods, such as fruits, vegetables, and beverages including
fruit juices, wine, tea, coffee, chocolate, and olive oil
have been receiving much attention as dietary sources
of antioxidants that are valuable for human health.
Many epidemiological studies have strongly suggested
the existence of a correlation between intake of polyphe-
nol-rich foods and low mortality due to coronary heart
disease (CHD).!"* CHD, such as myocardial infarction
and ischemic stroke, which is closely related to athero-

Keywords: Chemlali olive; Phenolic extracts; Rat; Atherosclerosis;
Antioxidant enzymes.

Abbreviations: CHD, coronary heart disease; TC, total cholesterol;
LDL-C, low density lipoprotein cholesterol; HDL-C, high density lip-
oprotein cholesterol; Al, atherosclerotic index; TG, triglycerides; CAT,
catalase; SOD, superoxide dismutase; MDA, malondialdehyde; HPLC,
high-performance liquid chromatography; LC-MS, liquid chromatog-
raphy—mass spectrum; HCD, cholesterol-rich diet; CD, control diet;
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sclerosis, is a major cause of death in developed coun-
tries. Therefore, it is worth studying the impact of the
daily consumption of polyphenol-rich foods and the
extent of the effects of such foods on atherosclerosis.

Several studies have suggested oxidative damage as an
important etiologic factor in atherosclerosis. In particu-
lar, according to the oxidative stress theory, oxidative
modification of LDL was found to play a key role in
the development of atherosclerosis.*® Therefore, inhibit-
ing this process is considered to be an important thera-
peutic approach. Indeed, vitamin E and probucol were
reported to prevent LDL oxidation and to delay the
development of atherosclerotic plaques in animal mod-
els,®’ suggesting the effectiveness of antioxidants for
the treatment and prevention of atherosclerosis.

Olive oil, which is the principal source of fat in many
Mediterranean diets, is obtained by pressing the olive
fruit. This fruit contains notable amounts of minor
constituents, most of which are phenolic in nature.
These phenolic compounds give extra virgin olive oil
its particular taste. Oleuropein is known to be the most
prominent individual phenolic component of olive fruit
and responsible for their intense bitterness.® The
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concentration of oleuropein varies with the olive varie-
ties and declines with physiological development of the
fruit.® An indirect relationship between oleuropein con-
tent in olive fruit and hydroxytyrosol, which is yielded
by oleuropein hydrolysis, was observed.® Several stud-
ies have reported that oleuropein and hydroxytyrosol
are the main antioxidant components in olive deriva-
tives. Experiments in vitro and in vivo on laboratory
animals have demonstrated that LDL-C oxidation
was inhibited by olive oil constituents.!®!! It was also
observed that olive oil affects lipid peroxidation and
antioxidant parameters, and lead to favorable changes
in the plasma lipid status.'> Numerous in vitro studies
have shown that olive oil phenolics are able to inhibit
platelet aggregation, lipoxygenases and ecasnoid pro-
duction.!3!* Recently, the good bioavailability of olive
oil polyphenols has been reported.!>!¢

Most of the research on the possible cholesterol-lower-
ing effect of olive oil has been undertaken, relative to
oleic acid. However, a few studies have focused on the
effect of polyphenols contained in olives on cholesterol
metabolism.

The present study was designed to compare the effect
of green and black olive phenolic extracts on the

cholesterol metabolism and antioxidative status in the
rats fed a hypercholesterolemic diet.

2. Results
2.1. Identification of phenolic compounds in olive extracts

The identification was based on comparisons of the
chromatographic retention time and UV absorbance
spectra of compounds in olive extracts with those of
authentic standards. A representative chromatogram
of the HPLC analysis of olive extracts is given in Figures
1 and 2. These chromatograms showed that oleuropein
and hydroxytyrosol were the major compounds detect-
ed. Other phenolic compounds were present at lower
concentrations in the olive extracts, such as tyrosol.
The identification of oleuropein and hydroxytyrosol
was also confirmed by using an LC-MS apparatus in
the positive mode. The spectra exhibited a molecular
ion at m/z 541 with fragments at m/z 137, 165, 225,
243, 361 and 379 for oleuropein and a molecular ion
at m/z 155 with fragments at m/z 137, 119, 99 and 91
for hydroxytyrosol. Flavonoid compounds were also
found in aqueous methanol extracts especially of black
olives. Thus, eleven flavonoid aglycons and glycosides
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Figure 1. Chromatogram profile of aqueous methanol (A) and ethyl acetate extract (B) of Chemlali green olives at 280 nm. 1: oleuropein, 2:

hydroxytyrosol.
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Figure 2. Chromatogram profile of aqueous methanol (A) and ethyl acetate extract (B) of Chemlali black olives at 280 nm. 1: oleuropein, 2:

hydroxytyrosol, and 3: tyrosol.

were identified in this extract. Only flavonoid glycosides
were detected in the green olive aqueous methanol ex-
tract. The identification was carried out using a combi-
nation of HPLC and LC-MS apparatus on the basis
of R¢ values, UV spectra at 335 nm, mass spectra and
by comparison of the spectra with those of available

authentic standards. Table 1 lists each of the identified
flavonoids in elution order. The structure assignment
of flavonoids for which no standards were available
was based on a systematic search for molecular ions
using extracted ion mass chromatograms and comparing

those with data in the literature.

Table 1. Flavonoids detected in aqueous methanol extracts of Chemlali olive cultivar with their retention times, UV spectra and mass spectral data

No. Flavonoid Retention time (min)* UV Jiay (nm) [M+H]" (m/z)® [I+H]" (mlz)° [A+H]" (m/z)?
1° Luteolin 7-O-glucoside 13.2 350, 267sh, 255 449 — 287
2¢ Luteolin 7-O-rutinoside 134 351, 266sh, 255 595 449 287
3¢ Quercetin 3-O-glucoside 13.6 355, 256 465 — 303
4° Rutin 13.7 355, 256 611 465 303
5¢ Apigenin 7-O-rutinoside 14.4 338, 266 579 433 271
6° Chrysoeriol 7-O-glucoside 14.9 350, 267sh, 253 463 — 301
7 Luteolin 4’-0-glucoside 15.1 339, 268, 247sh 449 — 287
8f Quercetin 17.3 371, 255 303

9f Luteolin 18.0 351, 266sh, 254 287

10f Apigenin 19.5 337, 267 271

1° Chrysoeriol 19.6 345, 267sh, 252 301

#For HPLC solvent system, see Section 4.
® APCI-MS (positive mode) data for the protonated molecular ion.

¢ APCI-MS (positive mode) data for protonated intermediate molecular ions.

4 APCI-MS (positive mode) data for the protonated aglycone ion.

¢ Flavonoids identified in aqueous methanol extracts of green and black olives.
fFlavonoids identified only in aqueous methanol extract of black olives.
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Table 2. Oleuropein and hydroxytyrosol composition in olive extracts Chemlali cultivar (% in weight of dry ethyl acetate and methanol water extract)

Compounds Green olive

Black olive

Aqueous methanol extract

Ethyl acetate extract

Aqueous methanol extract Ethyl acetate extract

Oleuropein 89.65 81.73
Hydroxytyrosol 3.67 16.74

30.27 25.22
9.20 46.54

2.2. Quantification of major compounds

The concentrations of the major phenolic compounds
(oleuropein and hydroxytyrosol) in olive extracts are
given in Table 2. Table 2 shows that a high concentra-
tion of oleuropein was obtained in the first stage of
maturation, that is, green olives. It reached 89.65%
and 81.73% in aqueous methanol and ethyl acetate ex-
tract, respectively. The level of oleuropein decreased
and reached a minimum of 30.27% at the last stage
of maturation, that is, black olives. Chemically,
oleuropein is the ester of oleoside 1,1-methyl ester
and  3,4-dihydroxyphenylethanol  (hydroxytyrosol).
Hydroxytyrosol is the principal product of oleuropein
degradation during the maturation of fruit. Indeed,
hydroxytyrosol concentration began at a low level
and increased as the maturation of the olive progressed.
Table 2 shows that the extraction yield of hydroxytyro-
sol was higher in the ethyl acetate extract of black ol-
ives than green olives. More precisely, hydroxytyrosol
content in olive methanol and ethyl acetate extracts
varied from 3.67% to 16.74% for green olives and from
9.2% to 46.54% of black olives, respectively. The exis-
tence of a higher amount of hydroxytyrosol in ethyl
acetate extracts than in aqueous methanol extracts
can be explained by the fact that ethyl acetate is a less
polar solvent than methanol/water. It means that
monomeric phenols are well soluble in ethyl acetate,
while aqueous solvents are an adequate medium for
glycoside polyphenol compounds.

2.3. Body and organ weights

The body weight increased in all groups throughout
the treatment without any significant differences be-
tween them (data not shown). There were no differ-
ences in the heart and kidney:body weight ratios
(Fig. 3). However, the liver:body weight ratio in-
creased in rats fed a cholesterol-rich diet (HCD) com-
pared with the rats fed a control diet (CD) (Fig. 3). In
HCD groups of rats, the liver:body weight ratio de-
creased significantly in the presence of phenolic com-
pounds extracted from olives compared with those
of HCD group.

2.4. Serum lipids

Figure 4 shows the serum lipid levels at the end of the
experiment. After 16 weeks of treatment, the TC and
LDL-C concentrations of rats fed a cholesterol-rich diet
(HCD) showed a significant increase compared with the
rats fed normal diet (CD). However, a decrease of
HDL-C concentration of rats in the HCD group was
observed (P < 0.05). Rats having received an oral
administration of green and black olive extracts had
lower concentrations of TC and LDL-C than those of
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Figure 3. Effect of olive extracts on the liver (A), heart (B) and kidney
(C):body weight ratios. 1: control diet (CD) (standard diet), 2: high
cholesterol diet (HCD), 3: HCD + methanol extract of green olives, 4:
HCD + methanol extract of black olives, 5: HCD + ethyl acetate
extract of green olives, and 6: HCD + ethyl acetate extract of black
olives. Each bar represents mean * SE from eight rats. Bars with
different letters differ, P < 0.05.

rats receiving an HCD. In particular, the administration
of ethyl acetate and aqueous methanol extracts of green
olives and ethyl acetate extract of black olives reduced
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Figure 4. Effects of olive extracts on rat TC (A), LDL-C (B), HDL-C (C) and Al (D) levels. 1: control diet (CD) (standard diet), 2: high cholesterol
diet (HCD), 3: HCD + methanol extract of green olives, 4: HCD + methanol extract of black olives, 5: HCD + ethyl acetate extract of green olives,
and 6: HCD + ethyl acetate extract of black olives. (D) Al, atherogenic index, Al = LDL-C/HDL-C. Each bar represents mean * SE from eight rats.

Bars with different letters differ, P < 0.05.

the TC and LDL-C levels by 24.2%, 55.9%; 20.5%, 47.1%
and 27.1, 68.8%, respectively. Although the concentra-
tion of HDL-C in phenolic-treated rats never exceeded
that of rats fed the standard laboratory diet, the concen-
tration of HDL-C of rats treated with ethyl acetate and
aqueous methanol extracts of green olives and ethyl ace-
tate extract of black olives increased significantly com-
pared with those of rats in the HCD group (P < 0.05).
The atherogenic index (AI) was significantly reduced
by orally administering phenolic compounds extracted
from green and black olives. The TC concentrations
and Al of animals treated with ethyl acetate extract of
black olives were comparable to that of the control
group (P > 0.05).

The difference in the triglycerides level between the CD
group and HCD groups of rats was not significant (data
not shown).

2.5. Hepatic antioxidant enzyme activities

The CAT and SOD activities significantly decreased
(—24%) in livers of rats fed a cholesterol-rich diet
compared to control diet group. The decrease was sig-
nificantly restored (P < 0.05) in the HCD rats supple-
mented with ethyl acetate and aqueous methanol
extracts of green olives and ethyl acetate extract of black
olives (Fig. 5).

2.6. MDA levels

The MDA levels were significantly increased
(P <0.05) in liver, heart and kidneys of the animals

fed high cholesterol diet compared to the control diet
group. In HCD groups of rats, this increase was sig-
nificantly reduced in the presence of extracts rich in
phenolics, such as ethyl acetate and methanol extracts
of green olives and ethyl acetate extract of black
olives (Fig. ©6).

3. Discussion

The present study investigated the effect of green and
black olive phenolic extracts on the cholesterol metabo-
lism and antioxidative status in the rats fed a hypercho-
lesterolemic diet. The results suggested that serum
lipid-lowering and antioxidative effects of olive pheno-
lics supplements were very potent in cholesterol-rich diet
fed rats.

In the current study, only ethyl acetate and methanol ex-
tracts of green olives and ethyl acetate of black olives
exhibited a protective effect against atherosclerosis. The
methanol extract of black olives, which contained fewer
hydroxytyrosol and oleuropein, showed very low activi-
ty. The hypocholesterolemic and antioxidative effects of
olive extracts could be related to its hydroxytyrosol
and oleuropein content. Indeed, previous reports have
shown that those phenolics are the main antioxidant
components in olives, olive oil and olive byproducts.!”-!8

Other phenolic compounds, such as flavonoid glycosides
and aglycones, were detected in methanolic extracts of
green and black olives at a concentration lesser than
1%. The mean daily dose of flavonoids contained in
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Figure 5. Effects of olive extracts on rat hepatic catalase (A) and
superoxide dismutase (B) activities. 1: control diet (CD) (standard
diet), 2: high cholesterol diet (HCD), 3: HCD + methanol extract of
green olives, 4: HCD + methanol extract of black olives, 5:
HCD + ethyl acetate extract of green olives, and 6: HCD + ethyl
acetate extract of black olives. Each bar represents mean + SE from
eight rats. Bars with different letters differ, P < 0.05.

the orally administered extracts in the treated rats was
lower than 0.1 mg/kg body weight. Several studies have
brought in evidence that flavonoids possess hypocholes-
terolemic activity and antioxidant properties when they
are administered at high doses. For instance, Bagchi et
al.'? reported that a grape seed extract rich in flavonoids
and supplemented to hypercholesterolemic hamsters in
50 to 100 mg/kg doses reduces their cholesterol levels
by 25 and 23%, respectively. Furthermore, the oral
administration of rutin at 1 g/lkg was previously found
to lower the plasma cholesterol in cholesterol fed rats.?’
In this study, the aqueous methanol extract of black
olives was administered at 5 mg/kg, which is a lower
dose than those previously reported.

The results of the diet intake and growth after a 16-week
treatment showed no significant difference among all
groups, suggesting that neither the cholesterol-rich diet
nor olive extracts had an adverse effect on the growth
of rats. The rats in the HCD group had higher concen-
trations of TC and LDL-C in serum than those of the
control group, indicating that the hypercholesterolemic
model was successfully established.

Most of cholesterol is an essential structure element of
biological membranes; the rest transited through blood
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Figure 6. Effects of olive extracts on rat liver (A), heart (B) and kidney
(C) MDA levels. 1: control diet (CD) (standard diet), 2: high
cholesterol diet (HCD), 3: HCD + methanol extract of green olives,
4: HCD + methanol extract of black olives, 5: HCD + ethyl acetate
extract of green olives, and 6: HCD + ethyl acetate extract of black
olives. Each bar represents mean = SE from eight rats. Bars with
different letters differ, P < 0.05.

or functions as the starting material for the synthesis of
bile acid, steroid hormones and vitamin D. However, in-
creased concentrations of serum TC and LDL-C raise
the risk of developing CHD.?!* Our data demonstrated
that oral administration of green and black olive extracts
in rats fed a cholesterol-rich diet reduced the levels of TC
and LDL-C. The reduction of TC induced by olive pheno-
lics might be attributed to their increase of faecal bile acid
and cholesterol excretion or decrease of cholesterol bio-
synthesis. The two key enzymes involved in regulating
cholesterol metabolism are 3-hydroxy-3-methylglutaryl-
CoA (HMG-CoA) reductase, the rate-limiting enzyme
in the cholesterol biosynthetic pathway, and acyl-CoA:





5368 L Fki et al. | Bioorg. Med. Chem. 13 (2005) 5362-5370

cholesterol acyltransferase (ACAT), the cholesterol-
esterifying enzyme in tissue, including the liver. The
inhibition of HMG-CoA reductase reduces cholesterol
synthesis and its inhibitors are very effective in lowering
serum cholesterol in most animal species, including hu-
mans.??2* ACAT is primarily responsible for the esterifi-
cation of cholesterol in all mammalian cells.?® Inhibition
of ACAT was shown to limit atherosclerotic lesion devel-
opment, cholesteryl ester enrichment, and monocyte-
macrophage foam cell involvement.?® Although we did
not determine the output of faeces and the HMG CoA
reductase and ACAT activities, similar effects were
observed in phenolic compounds from other sources.?%-2’

It is widely accepted that reduction in plasma HDL is a
risk factor for developing atherosclerosis. HDL facili-
tates the translocation of cholesterol from the peripheral
tissue, such as arterial walls to liver for catabolism. The
increase in HDL may slow down the atherosclerotic pro-
cess.”® Our results showed that hydroxytyrosol, oleuro-
pein supplemented-diet increased the concentration of
serum HDL-C when compared with the cholesterol-rich
diet. Atherosclerotic index (Al), defined as the ratio of
LDL-C and HDL-C, is believed to be an important risk
factor of atherosclerosis. Since LDL-C was significantly
suppressed and administering ethyl acetate and metha-
nol extracts of green olives and ethyl acetate of black ol-
ives resulted in increased HDL-C, the value of AI was
significantly decreased. This decrease in Al can be said
to be another positive change after olive phenolics
treatment.

MDA, the product of lipid peroxidation, is an index of
the level of oxygen free radicals. A decrease in lipid per-
oxidation leads to a reduction of atherosclerosis caused
by hypercholesterolemia.?® The content of MDA in rats
fed a cholesterol-rich diet was increased compared to
rats fed standard laboratory diet, suggesting that hyper-
cholesterolemia could enhance the process of lipid per-
oxidation. The oral administration of ethyl acetate and
aqueous methanol extracts of green olives and ethyl ace-
tate extract of black olives prevented a cholesterol-rich
diet induced elevation of MDA and resulted in a signif-
icantly decreased content of MDA in liver, heart and
kidney. The obtained data suggested that olive phenolics
might be capable of lowering or slowing down oxida-
tive-stress-related lipid peroxidation.

A cholesterol-rich diet brings about remarkable modifi-
cations in antioxidant defence mechanisms. Studies have
shown that hypercholesterolemia diminishes the anti-
oxidant defence system and decreases the activities of
SOD and CAT, elevating the lipid peroxide content.>°
In the present study, the activities of SOD and CAT in
the liver of HCD group were significantly decreased
compared with those of control rats. Administration
of ethyl acetate and aqueous methanol extracts of green
olives and ethyl acetate extract of black olives to the rats
fed cholesterol-rich diet significantly elevated the activi-
ties of SOD liver. These results have suggested that
phenolic compounds extracted from olives could im-
prove the efficiency of superoxide anion to hydrogen
peroxide due to increased SOD activity, which catalyzes

dismutation of superoxide anion into hydrogen perox-
ide. Phenolic extracts of green olives and black olives
also increased the activity of CAT in liver, which, in
turn, detoxifies hydrogen peroxide and converts lipid
hydroperoxides to nontoxic substances.

In summary, we found that in this model of experimen-
tal atherogenesis, the supplementation with phenolic
compounds extracted from green and black olives exhib-
ited an antihyperlipedemic action, reduced the lipid per-
oxidation process and enhanced the antioxidant defence
system. These effects may constitute an additional expla-
nation of the ability of the Mediterranean diet, in which
olive and olive oil are major components, to reduce the
frequency of cardiovascular diseases.

4. Materials and methods
4.1. Olive extract

Chemlali olives were harvested from Sfax (Tunisia). The
green olive samples were collected at the beginning of
fruit development, at the beginning of July and the black
ones were collected at the end of olive morphology, at
the end of December. The olives were selected randomly
from different parts of olive trees, and were immediately
transferred to the laboratory and freeze-dried. After
that, the olives were blended and extracted with metha-
nol/water (8:2) and ethyl acetate. The solution was stir-
red at 120 rpm for 24 h at room temperature. Then, it
was filtered using GF/F filter paper and transferred to
a flask, which was evaporated to dryness.

4.2. Reagents and standards

Phenolic compounds including tyrosol and pyrogallol
were obtained from Sigma-Aldrich Chemie GmbH
Steinheim, Germany. Oleuropein was purchased from
Extrasynthése, Genay, France. Hydroxytyrosol was pre-
pared, as described previously.! Apigenin, luteolin,
luteolin 7-O-glucoside, quercetin and rutin were ob-
tained from Apin (Abingdon, U.K.). Thiobarbituric
acid was purchased from Fluka Chemie GmbH Stein-
heim. All phenolic compound solutions were made in
a mixture methanol/water 80/20 (v/v). Double distilled
water was used in the HPLC mobile phase. Pure HPLC
solvents were used in all cases.

4.3. High-performance liquid chromatography

Phenolic monomer identification was carried out by
HPLC analysis. It was performed on a Shimadzu appa-
ratus composed of an LC-10ATvp pump and an SPD-
10Avp detector. The column used was a C-18
(4.6 x 250 mm) Shim-pack VP-ODS. The temperature
was maintained at 40 °C. The mobile phase used was
0.1% phosphoric acid in water (A) versus 70% acetoni-
trile in water (B) for a total running time of 50 min.
The elution conditions applied were: 0-25 min,
10-25% B; 25-35 min, 25-80% B; 35-37 min, 80-100%
B; and 37-40 min, 100% B. Finally, washing and recon-
ditioning steps of the column were included (40-50 min)
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with a linear gradient of 100-10% B. The flow rate was
0.6 ml/min and the injection volume was 50 pl.

4.4. LC-MS analysis

The LC-MS system used was a Waters apparatus com-
posed of a 600 E pump, a Merck-Hitachi L-400 UV
detector and Merck Lichrosphere 100 RP-18 column
(4 x250 mm). Positive-ion APCI-MS mode was
obtained with a quadripole ion trap instrument
(Finnegan-MAT LCQ), as described previously.3?
Identification of compounds by LC-MS analysis was
carried out by comparing retention times and mass
spectra of the unknown peaks to those of standards.

4.5. Animals and diets

Forty-eight male Wistar rats weighing between 180 and
200 g were purchased from Pasteur Institute (Tunis).
The animals were individually housed in stainless steel
cages in a room at a 24 °C-controlled temperature and
lighting alternating 12 h periods of light and darkness.
The rats were randomly divided into six groups of eight
rats each. Group 1 was fed on a normal diet (CD) (Table
3). Group 2 was fed a high cholesterol diet (HCD) (nor-
mal diet supplemented with 1% cholesterol and 0.25%
bile salts). Groups 3 and 4 received HCD and, respec-
tively, methanol and ethyl acetate extracts of green
olives harvested in July (5mg/kg of body weight).
Groups 5 and 6 received HCD and, respectively, meth-
anol and ethyl acetate extracts of black olives harvested
in December (5 mg/kg of body weight). Phenolic com-
pounds were orally administered drinking water. The
duration of the treatment was 12 weeks. The animals
were given food and water ad libitum during the exper-
imental period. The body weight was measured every
day. At the end of the experimental period, the rats were
killed by decapitation. Blood samples were collected to
determine the plasma lipid profile. The livers, hearts
and kidneys were removed and rinsed with physiological
saline. All samples were stored at —80 °C until analyzed.

Table 3. Composition of the control diet (g/kg)

Diet ingredient Concentration

Casein 200
DpL-Methionine 3
Corn oil 155
Cornstarch 393
Sucrose 154
Cellulose 50
Mineral mix* 35
Vitamin mix” 10

4 Mineral mixture contained the following (mg/kg of diet): CaHPOy,,
17,200; KCl, 4000; NaCl, 4000; MgO, 420; MgSOy, 2000; Fe,03, 120;
FeSO,47H,0, 200; trace elements, 400 (MnSO4H»0, 98; CuSOy,-5-
H,0, 20; ZnSO,47H,0, 80; CoSO,47H,0, 0.16; KI, 0.32; sufficient
starch to bring to 40 g (per kg of diet).

® Vitamin mixture contained the following (mg/kg of diet): Retinol, 12;
cholecalciferol, 0.125; thiamine, 40; riboflavin, 30; pantothenic acid,
140; pyridoxine, 20; inositol, 300; cyanocobalamin, 0.1; menadione,
80; nicotinic acid, 200; choline, 2720; folic acid, 10; p-aminobenzoic
acid, 100; biotin, 0.6; sufficient starch to bring to 20 g (per kg of diet).

4.6. Serum lipids

Concentrations of TC, TG and HDL-C in serum were
determined by enzymatic colorimetric methods using
commercial kits (Sigma). Concentration of LDL-C was
accomplished according to the procedures described by
Friedwald et al.®

4.7. Antioxidant enzyme activities

The preparation of the enzyme source fraction in the
liver tissue was as follows. One gram of liver tissue
was homogenized in 10 ml KCI1 1.15% and centrifuged
at 8000 rpm for 15 min. The supernatants were removed
and stored at —80 °C for analysis. The amount of pro-
tein in supernatant was measured, according to the
method of Bradfort®* using bovine serum albumin as
standard.

CAT activity was measured using the method of Regoli
and Principato.?> Twenty microlitres of the supernatant
was added to a cuvette containing 780 ul of a 50 M
potassium phosphate buffer (pH 7.4), and then the reac-
tion was initiated by adding 200 pl of 500 mM H,O, to
make a final volume of 1.0 ml at 25 °C. The decomposi-
tion rate of H,O, was measured at 240 nm for 1 min on
a spectrophotometer. A molar extinction coefficient of
0.0041 mM ' ecm™" was used to determine the catalase
activity. The activity was defined as the p mole H,O,
decrease/mg protein/min.

SOD was measured according to the method of Park
et al. 2° 100 ul of the supernatant was mixed with
1.5ml of a Tris-EDTA-HCI] buffer (pH 8.5) and
100 ul of 15mM pyrogallol, and then incubated at
25 °C for 10 min. The reaction was determined by add-
ing 50 pl of 1 N HCI, and then the activity was measured
at 440 nm. One unit was determined as the amount of
enzyme that inhibited the oxidation of pyrogallol by
50%. The activity was expressed as units/mg protein.

4.8. Malondialdehyde (MDA) assay

As a marker of lipid peroxidation production, the MDA
concentration was measured using the method of Park
et al.?? Briefly, 200 pl of a 10% (w/v) solution of the tis-
sue homogenate was mixed with 600 pl distilled H,O
and 200 pl of 8.1% (w/v) SDS, vortexed and then incu-
bated at room temperature. The reaction mixture was
heated at 95 °C for 1 h after the addition of 1.5 ml of
20% acetic acid (pH 3.5) and 1.5 ml of 0.8 (w/v) TBA.
After cooling the mixture, 1.0 ml of distilled water and
5.0 ml of a butanol/pyridine (15:1) solution were added
and vortexed. This solution was centrifuged at
4000 rpm for 15 min and the resulting colored layer
was measured at 532nm using malonaldialdehyde
(MDA) prepared by the hydrolysis of 1,1,3,3-tetrameth-
oxypropane as the standard.

4.9. Statistical analysis

All data presented are means * SE. Statistical differenc-
es were calculated using a one-way analysis of variance





5370

L Fki et al. | Bioorg. Med. Chem. 13 (2005) 5362-5370

(ANOVA), followed by Student’s t-test. Differences
were considered significant at P < 0.05.
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