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3,4-Dihydropyrimidin-2(1H)-ones (DHPMs) were selected and derivatized through a HIV-1 replication
assay based on GFP reporter cells. Compounds 14, 25, 31, and 36 exhibited significant inhibition of
HIV-1 replication with a good safety profile. Chiral separation of each enantiomer by fractional crystalli-
zation showed that only the S enantiomer retained anti-HIV activity. Compound (S)-40, a novel and
potent DHPM analog, could serve as an advanced lead for further development and the determination
of the mechanism of action.

© 2012 Elsevier Ltd. All rights reserved.

In 2009 more than 33 million people were infected with the
human immunodeficiency virus (HIV), the causative agent of the
acquired immunodeficiency syndrome (AIDS), which currently ac-
counts for the highest number of deaths by any single infectious
agent.! There are currently 25 drugs belonging to 6 different inhib-
itor classes approved for the treatment of HIV infection, including
nucleoside or non-nucleosides reverse transcriptase inhibitors
(NRTIs/NNRTIs), protease inhibitors (PIs), integrase inhibitors, en-
try and fusion inhibitors.? The introduction of highly active antiret-
roviral therapy (HAART)—a regimen combining 3-4 antiretrovirals
from different inhibitor classes—has considerably improved the life
quality of infected people by delaying the progression of the dis-
ease and reducing disabilities, making HIV/AIDS a chronic disease,
not a death sentence. However, there are serious drawbacks of
HAART due to the tendency of HIV-1 to rapidly mutate. Prolonged
HAART treatment leads to the emergence of drug-resistant strains
of the virus. Also, the side effects of combination therapy have
limited their clinical effectiveness.® Therefore, the continued
development of novel anti-HIV drugs with acceptable toxicity
and resistance profiles is clearly needed.

* Corresponding author. Tel.: +82 31 8018 8160; fax: +82 31 8018 8015.
E-mail address: noxide@ip-korea.org (Z. No).

0960-894X/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2011.12.090

In a high-throughput screening campaign for the discovery of
novel antiretrovirals employing a HIV full replication assay based
on reporter cells harboring an EGFP expression cassette under the
control of the HIV promoter, we identified a series of compounds
containing a dihydropyrimidinone scaffold (Fig 1) that exhibited
inhibitory activities against HIV replication at low micromolar con-
centrations. Dihydropyrimidinone derivatives have been reported
to exhibit diverse biological activities, such as, anti-bacterial,®
anti-fungal ® anti-cancer,” and anti-oxidant activities,® whereas an
anti-HIV activity has not been previously documented.® Here, we
report the preliminary SAR of dihydropyrimidinones as novel
inhibitors of HIV-1 replication and a scale-up procedure for the
preparation of enantiomerically pure forms using a fractional crys-
tallization method.

Dihydropyrimidinones
(DHPMs)

Figure 1. Hit compounds from cell-based HIV-1 replication assay.
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Scheme 1. Synthesis of dihydropyrimidinones 4—37. Reagents and conditions: (a) cat. I,, R'OH, toluene, reflux 12 h; (b) NaOH, H,0, 25 °C, 12 h; then EDC, DMAP, R'OH,
CH,Cl,, 25 °C, overnight; (c) cat. Yb(OTf)s, THF, reflux, overnight; (d) NaOH, MeOH/H,O0, 25 °C, 48 h; (e) EDC, HOBt, cyclohexylmethylamine, DMF, 25 °C, 4 h.

A simple and direct method for the synthesis of dihydropyri-
midinones (DHPMs), first reported by Biginelli in 1893, involves
a reaction in which three reactants come together in a one-pot to
form a new product that contains all the components. The classical
Biginelli reaction is a one-pot condensation reaction of an aryl
aldehyde, B-keto ester, and urea or thiourea with catalytic acid in

a protic solvent, which often suffer from low yields especially in
the case of substituted aromatic and aliphatic aldehydes.!! Since
then numerous improved synthetic methods have been reported.'?
To explore the SAR of DHPMs, we prepared a series of dihydropyr-
imidone derivatives using Yb(OTf); as a catalyst under refluxing
condition in THF (Scheme 1).!*> Various p-keto esters 1 were
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Scheme 2. Synthesis of dihydropyrimidinones 10—12. Reagents and conditions: (a) cat. BF3-OEt,, CuCl, AcOH, THF, reflux, 12 h; (b) HCl, H,0, reflux, overnight; (c) 1a, 3-
methoxybenzaldehyde, cat. BF3-OEt,, CuCl, AcOH, THF, 65 °C, 12 h; (d), NaHMDS (1.0 M in THF), THF, —78 °C, then (CH30),S0,, —78 °C to 25 °C, 2 h; (e) BBr3 (1.0 M in CH,Cl,),

CH,Cl,, —78 °C, 1 h to 25 °C, 10 min; (f) CAN, NaHCOs;, acetone/H,0, 0-25 °C, overnight.
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Scheme 3. Synthesis of dihydropyrimidinones 26—35. Reagents and conditions: (a) 10% Pd/C, H, (1 atm), MeOH, 25 °C, 2 h; (b) Mel, DIPEA, CH,Cl,/DMF (1:1), 25 °C,
overnight; (c) EDC-HCI, DMAP, Ac,0, THF, 25 °C, 12 h (d) 10% Pd/C, H, (1 atm), MeOH, 25 °C, 2 h.

synthesized by the methods known in the literatures.'* Hydrolysis coupling reaction. In order to synthesize N-methyl substituted
of the ester 5 in sodium hydroxide gave the corresponding carbox- analogs (10, 11), substituted ureas (3a, 3b) were used in BFs3-OEt,
ylic acid 4, which was converted into amide analog 9 using EDC catalyzed Biginelli reaction (Scheme 2). For compound 11,

Table 1
Cell-based antiviral activity of 4—-37 against HIV-1
compound z R! R? R? R* R® ECso (UM) CCso” (UM)
4 o H Me 3-OH H H >10 >10
5 o Et Me 3-OH H H >10 ND¢
6 () Bn Me 3-OH H H >10 >10
7 0 c-Hex Me 3-OH H H >10 >10
8 o CH,-c-Hex Me 3-OH H H 0.529 >10
9 o NHCH,-c-Hex Me 3-OH H H >10 ND
10 o CH,-c-Hex Me 3-OH Me H >10 >10
11 o CH,-c-Hex Me 3-OH H Me >10 >10
12 0 CH,-c-Hex Me 3-OH H H >10 >10
13 s CH,-c-Hex Me 3-OH H H >10 >10
14 o CH,-c-Hex Et 3-OH H H 0.087 >10
15 o CH,-c-Hex Pr 3-OH H H 0.286 >10
16 0 CH,-c-Hex i-Pr 3-OH H H >10 ND
17 o CH,-c-Hex Cyclopropyl 3-OH H H >10 >10
18 o CH,-c-Hex -CH,(Cl 3-OH H H 0.359 >3
19 o CH,-c-Hex -C=CH 3-OH H H 2.20 >1
20 o CH,-c-Hex Ph 3-OH H H >10 >10
21 s CH,-c-Hex Et 3-OH H H >10 >10
22 o CH,-c-Hex Me 2-OH H H >10 >10
23 o CH,-c-Hex Me 3-OMe H H 1.27 >10
24 o CH,-c-Hex Me 4-OH H H 0.431 >10
25 0 CH,-c-Hex Et 4-OH H H 0.031 >10
26 o CH,-c-Hex Et 3-N02 H H 0.335 >10
27 o CH,-c-Hex Et 3-NH2 H H 0.159 >10
28 o CH,-c-Hex Et 4-NO2 H H 0.141 >10
29 0 CH,-c-Hex Et 4-NH2 H H 0.151 >10
30 o CH;-c-Hex Et 4-NHMe H H 0.108 >10
31 o CH,-c-Hex Et 4-NHAc H H 0.063 >10
32 o CH,-c-Hex Et 4-NMe2 H H 0.177 >10
33 o CH,-c-Hex Et 4-CN H H 0.061 >10
34 0 CH,-c-Hex Et 4-C02Me H H 0.122 >10
35 o CH,-c-Hex Et 4-CO02H H H >10 >10
36 o CH,-c-Hex Et 4-F H H 0.024 >10
37 o CH,-c-Hex Et 4-Cl H H 0.088 >10
NVP© 0.150 >10

@ ECsp is the concentration of compound that inhibits HIV-1 replication by 50%. For compound 4-37, n = 2 and the values are the geometric mean of two determinations; all
individual values are within 25% of the mean.

b CCsq is the cytotoxic concentration of compound that reduces viability of uninfected cells by 50%.

¢ Nevirapine (NVP) was used as a positive control.

9 Not determined.
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Table 2
Cell-based antiviral activity of separated enantiomers against HIV-1
Compound R? Stereochemistry ECs0 (LM) CCso? (uM)
8 Me Racemic 0.529 >10
(5)-38 (S)- 0233 >10
(R)-39 (R)- >10 >10
14 Et Racemic 0.087 >10
(S)-40 (S)- 0.038 >10
(R)-41 (R)- >10 >10

2 ECsp is the concentration of compound that inhibits HIV-1 replication by 50%.
For compound, n = 2 and the values are the geometric mean of two determinations;
all individual values are within 25% of the mean.

b CCso is the cytotoxic concentration of compound that reduces viability of
uninfected cells by 50%.

2,4-dimethoxybenzyl protected urea was prepared in acidic condi-
tion and subjected into following cyclization reaction. Treatment of
Biginelli adduct 11a with NaHMDS and trapping with dimethyl
sulfate afforded N-methylated compound 11b. Subsequent depro-
tection of methoxy and DMB group with BBr3; gave the desired ana-
log 11. To evaluate the effect of chiral center in DHPM analogs,
compound 12 was synthesized via CAN-mediated oxidation from
compound 8. For the synthesis of amine analogs (27-31), nitro
group was reduced to the corresponding amine, which was sub-
jected to alkylation and acylation to give compound 30 and 31,
respectively. Carboxylic acid analog 35 was synthesized from ester
analog 35a by reductive removal of the benzyl group in the pres-
ence of 10% Pd/C under H; (Scheme 3).

Synthesized compounds 4—-37 were evaluated for their inhibi-
tory activity against HIV-1 replication in CEM cells and Nevirapine
was used as a positive control.’® Assay results of compound 4—37
are summarized in Table 1. It was apparent that the anti-HIV activ-
ities of the DHPMs are sensitive to structural perturbations. Com-
pounds 4—8 have the common DHPM core but with varying R!
groups. Results showed that a hydrophobic alicyclic R! is preferred
and 8 exhibited ECso of 0.529 uM. Typical alkyl ester (5), benzyl
ester (6) or polar carboxylic acid (4) itself resulted in the loss of
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cellular activities. Also the distance of alicyclic group R! from the
carbonyl group of carboxyl ester is a critical factor and analog 7
without methylene group showed reduced potency. Replacement
of ester moiety with amide 9 did not show any inhibitory activity.
Methyl substitutions on nitrogen (10, 11) resulted in complete loss
of activity. Oxygen atom at position 2 in dihydropyrimidinones was
a mandatory requirement for activity as was shown in compounds
(8,14) compared with sulfur analogs (13, 21), respectively. The spa-
tial arrangement of phenyl group at C-4 of DHPMs plays a pivotal
role and an oxidized, achiral analog 12 was inactive up to 10 pM.
We next investigated the effect of R moiety in DHPM analogs
14-20 and their results displayed clear SAR. Increasing the size of
R? from methyl, ethyl, and propyl showed cellular activities from
529,87, and 286 nM, respectively. Other analogs similar to two car-
bon unit (iso-Pr 16, cyclopropyl 17, chloromethyl 18 and ethynyl
19) and phenyl analog 20 exhibited reduced or complete loss of
activities. From these results, it is clear that the R? position is sen-
sitive to steric and electronic nature of substituents. The optimal
substitution at this position is an ethyl group (14, ECso = 87 nM).
The same effect was also shown again by 13-fold activity difference
between 24 and 25. After examining the R! and R? regions, we eval-
uated the substituent effect on phenyl ring with compounds 22—-37.
Both para-OH analog 8 and meta-OH analog 24 showed comparable
activities of 529 and 431 nM, respectively. However, ortho-OH ana-
log 22 suffered the loss of antiviral activity. Methoxy analog 23 was
twofold less active than hydroxyl analog 8. Generally, amino ana-
logs (27, 29) displayed slightly reduced potency compared to corre-
sponding hydroxyl analogs (14, 25). Mono-substituted amine
analogs (NH-Me 30, NH-acetyl 31) exhibited slightly improved
activity than corresponding di-substituted amine analog 32. Ana-
logs with electron-withdrawing group at para-position on phenyl
ring (4-NO, 28, 4-CN 33, 4-CO,Me 34, 4-F 36, 4-Cl 37) maintained
significant inhibitory activities except carboxylic acid analog 35,
which was presumably due to its low cell membrane permeability
in our cell-based assay system.

The resolution of 8 and 14 into their enantiomers was per-
formed to evaluate the impact of stereochemistry at C-4.'® The
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Scheme 4. Synthetic route of enantiomer (5)-40 using fractional crystallization method. Reagents and conditions: (a) cat. Yb(OTf)s, THF, reflux, 24 h, 77%; (b) TBSCI,
imidazole, DMF, 25 °C, overnight, 100%; (c) Pd/C, H, (3 bars), MeOH/Et3N, 25 °C, 3 h; then 1 N HCl, H,0, 91%; (d) fractional crystallization with chiral amines; (e) 1 N HCl, H,0;
(f) EDC, DMAP, cyclohexylmethanol, 50 °C, overnight; (g) TBAF, CH,Cl,, 0 °C, 30 min, 86% over 2 steps.
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Scheme 5. Conditions for fractional crystallization of a racemic mixture (44).

absolute stereochemistry of separated enantiomers was confirmed
by circular dichroism (CD) spectroscopy.!” Interestingly, test re-
sults against HIV-1 revealed that only (S)-enantiomers (38, 40)
exhibited antiviral activity, whereas (R)-enantiomers (39, 41) were
completely inactive up to 10 uM (Table 2).

Encouraged by these results, we developed a new synthetic
route to access enantiomers for further evaluation and optimiza-
tion. The most potent enantiomer (S)-40 could be scaled up using
a fractional crystallization method as outlined in Scheme 4. Com-
pound 42 is readily accessible via Biginelli reaction and the result-
ing hydroxyl group was protected with TBSCL. Subsequent
conversion of 43 to carboxylic acid 44 was achieved by reductive
removal of the benzyl group in the presence of 10% Pd/C under
H, (3 bars). Racemic carboxylic acid 44 was then co-crystallized
with various chiral amines. Enantiomeric excess was determined
after the conversion of resolved carboxylic acid into esters via
EDC coupling and subsequent deprotection of TBS group. After
examining the various chiral amines, we found that cinchonine/
cinchonidine series could separate each enantiomer selectively
with 98% ee for (S)-40 and 94% ee for (R)-41 (Scheme 5).'® This
combination could be applied to other dihydropyrimidinone
compounds.

In summary, a series of dihydropyrimidinone analogs (4-37)
was synthesized and evaluated as HIV-1 replication inhibitors
in vitro. Among the derivatives, compounds 14, 25, 31, and 36
exhibited significant inhibitory activity against HIV-1 in a cell-
based assay. Chiral separation of the enantiomers showed that
the S configuration on the C-4 in dihydropyrimidinone ring is a
crucial factor for antiviral activity. Each enantiomer could be scaled
up and separated selectively via fractional crystallization. Mode of
action and further optimization of this lead compound will be
reported in due course.
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hydrogenated with H, gas (3 bars) for 3 h at 25 °C. The mixture was filtered
through a pad of Celite and concentrated in vacuo. The residue was resuspended
in water (20 mL) and acidified with 1N HCl (~3 mL, pH <2). The resulting
suspension was sonicated for 10 min and then filtered and washed with H;0.
After freeze drying in vacuo, the resulting acid 44 (white solid, 529 mg, 91%)
was used in the following step without further purification. To a suspension of

J. Kim et al./Bioorg. Med. Chem. Lett. 22 (2012) 2119-2124

acid 44 (1.00 g, 2.655 mmol) in MeOH (20 mL) was added cinchonine (782 mg,
2.655 mmol) at 76 °C. The resulting suspension was treated with the slow
addition of MeOH (10 mL) at 76 °C. The resulting clear solution was slowly
cooled to room temperature followed by overnight storage at —20 °C. The next
day, the salt was filtered and rinsed with EtOH to give an acid/cinchonine salt
(614 mg, 69%) as a white solid. The filtrate was concentrated in vacuo and the
residue was re-subjected to fractional crystallization in MeOH (10 mL) to give
an additional acid/cinchonine salt (125 mg, 14%). The salt above (80 mg) was
resuspended in water (4 mL) and acidified with 1 N HCl (500 pL, pH <2). The
resulting suspension was sonicated for 10 min and then centrifuged to remove
the upper layer. After repeating the same procedure one more time, the
resulting solid was washed with H,0 (3 x 4 mL) and freeze dried to give a salt-
free acid 46 (43 mg, 97%) as a white solid: "H NMR (400 MHz, DMSO-ds) 6 8.90
(s, 1H), 7.47 (s, 1H), 7.03 (t, ] = 8.0 Hz, 1H), 6.70 (d, J = 7.6 Hz, 1H), 6.58 (s, 1H),
6.55 (d, J=8.0Hz, 1H), 4.90 (d, J=3.6 Hz, 1H), 2.50-2.47 (m, 2H), 0.94 (t,
J=7.2 Hz, 3H),0.77 (s, 9H), 0.00 (s, 6H); '3C NMR (100 MHz, DMSO-dg) & 167.5,
155.8,153.4,147.1, 130.1, 120.1,119.2, 118.1, 54.2, 26.2, 24.6, 18.6, 13.8, —3.8;
TLC R¢(CH,Cl,-MeOH 10:1) = 0.31. To a solution of acid 46 (20 mg, 0.053 mmol)
and alcohol (18 mg, 0.159 mmol) in DMF (5 mL) was added EDC (31 mg,
0.159 mmol) and DMAP (32 mg, 0.266 mmol) at room temperature. The
resulting mixture was heated at 50 °C overnight under Argon. The reaction
was quenched by the addition of saturated aqueous NH4Cl (5 mL) and extracted
with EtOAc (3 x 10 mL). The combined organic layers were washed with H,O
(2 x 5mL) and brine (5 mL) successively, and then dried over Na,SO4. After
filtration and concentration in vacuo, the residue was purified via preparative
TLC (SiO3, 0.5 mm, CH,Cl,-MeOH = 10:1) to give an ester 47 with a quantitative
yield as a colorless oil: '"H NMR (400 MHz, CDCl3) 6 7.75 (s, 1H), 7.14 (t,
J=8.0Hz, 1H), 6.86 (d, J=7.6 Hz, 1H), 6.75-6.72 (m, 1H), 6.71 (dd, J=6.4,
1.6 Hz, 1H), 5.59 (s, 1H), 5.31 (d, J = 2.8 Hz, 1H), 3.85-3.76 (m, 2H), 2.81-2.68
(m, 2H), 1.65-0.78 (m, 11H), 1.22 (t,] = 7.2 Hz, 3H), 0.94 (s, 9H), 0.14 (s, 6H); 1>C
NMR (100 MHz, CDCl3) 6 157.9, 148.7, 145.8, 144.5, 137.6, 122.4, 112.3, 112.0,
110.7,92.9,62.0,48.1,29.8,22.3,18.9, 18.5, 18.3,17.9, 10.8, 5.1; TLC R¢(CH,Cl,-
MeOH 10:1) = 0.47. To a 0 °C solution of the above ester 47 (0.053 mmol) in
CH,Cl, (2 mL) was added dropwise TBAF (1 M in THF, 64 pL, 0.064 mmol). After
10 min at 0 °C, the reaction was quenched by the addition of saturated aqueous
NaHCOs (2 mL) and extracted with EtOAc (3 x 10 mL). The combined organic
layers were washed with brine (10 mL) and dried over Na,SO4. After filtration
and concentration in vacuo, the residue was purified via preparative TLC (SiO,,
0.5 mm, CH,Cl,-MeOH = 10:1) to give a desilylated product (5)-40 (17 mg, 86%
over 2 steps) as a white solid. The enantiomeric excess was determined to be
98% ee by chiral HPLC (Daicel Chiralcel AD column, 0.85 mL/min, n-Hexanes/i-
PrOH = 75:25): 'H NMR (400 MHz, DMSO-dg) 6 9.36 (s, 1H), 9.15 (s, 1H), 7.63 (s,
1H), 7.09 (t, ] = 8.0 Hz, 1H), 6.66-6.61 (m, 3H), 5.04 (d, ] = 3.2 Hz, 1H), 3.83 (dd,
J=10.8,6.0 Hz, 1H), 3.72 (dd, J = 10.8, 6.0 Hz, 1H), 2.76-2.68 (m, 1H), 2.66-2.57
(m, 1H), 1.61-1.41 (m, 6H), 1.40-1.00 (m, 6H), 0.87-0.75 (m, 2H); *C NMR
(100 MHz, DMSO-dg) ¢ 165.7, 158.1, 154.7, 152.9, 146.7, 129.9, 117.6, 114.8,
113.8, 98.8, 68.8, 54.6, 37.4, 29.72, 29.65, 26.4, 24.7, 13.7.
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