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Recent efforts in the field of thrombin inhibitor research have
focused on the identification of pyrazinone-containing com-
pounds. In this manuscript we describe the synthesis of the
new pyrazinones 12–36. All the targets were fully character-
ised and screened for serine protease inhibition.

Introduction

Serine proteases are involved in many critical physiologi-
cal procyesses, including digestion, hemostasis, apoptosis,
signal transduction, reproduction, and immune response.[1]

The synthesis of novel compounds that can inhibit the
action of these proteases has important medicinal applica-
tions. One of the more important ones is in the field of the
treatment of cardiovascular diseases due to excessive blood
coagulation. These remain the most common cause of mor-
tality in the western world.[2] The more prominent condi-
tions that occur are deep vein thrombosis (DVT), pulmo-

Figure 1. Pyrazinone core structure.

Figure 2. Protease inhibitors.
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nary embolism (PE), and thromboembolic stroke. The use
of standard therapies such as warfarin or heparin[3] is se-
verely limited due to slow onset of action and lack of selec-
tivity leading to bleeding side effects that require close pa-
tient monitoring. Drug development has now been ex-
panded to include a number of inhibiting agents having as
target either earlier or later factors of the coagulation cas-
cade. These include inhibitors of the factor VIIa/tissue fac-
tor complex,[4] inhibitors of factor IXa,[5] selective direct or
indirect inhibitors of factor Xa,[6] and direct thrombin in-
hibitors.[7]

Recent papers published by the Merck laboratories de-
scribe the design and synthesis of compounds that inhibit
thrombin and the factor VIIa/tissue factor complex.[7]

These inhibitors are built around a central pyrazinone tem-
plate (Figure 1).[7c–8] This pyrazinone core is assumed to
orient the substituents R1, R2 and R3 on the scaffold in the

correct spatial arrangement to interact with the S1, S2 and
S3 pockets of the enzyme.

The same pyrazinone core was a building block in other
library synthesis projects (compounds of type A–D, Fig-
ure 2).[7,8] For example, the 2-amino-6-methylpyridine-deriv-



W. M. De Borggraeve et al.FULL PAPER
atized pyrazinone A, is developed as a selective, efficacious
and orally active thrombin inhibitor (Figure 2).[9]

In an effort to bring more diversity into the libraries of
compounds that can be synthesized based on this pyraz-
inone core, we modified a number of the Merck inhibitors
(Figure 1). In these compounds, we inverted the substitu-
ents at the 1- and the 3-position of the pyrazinone scaffold
because simple computational models showed that this
structure more or less represented the side chains in the
same fashion as the original compounds (Figure 3). Our
goal was to check the ability of the targets to inhibit the
enzymatic action of serine proteases.

Figure 3. Design of the target pyrazinones.

From a synthetic point of view, we for the first time syn-
thesized pyrazinones substituted with (β-)amino acids at the
3-position. Hence, these completely new scaffolds are also
interesting systems for broader screening.

Design of the Targets

The targets were designed keeping in mind our experi-
ence with the functionalisation of dichloropyrazinone deriv-
atives. The aim of this work was to selectively functionalise
the 3-position of dichloropyrazinones by the amino func-
tion of a carboxy-protected amino acid. The deblocked acid
function of this amino acid could then serve as an easy
attachment point for combinatorial variation. At the 1-po-

Scheme 1. Synthesis of the target compounds. Reagents and conditions: a) (COCl)2, chlorobenzene, NEt3·HCl, room temp., 24 h; b) 1
(1 equiv.), methyl ester (glycine, β-alanine, -phenylalanine) (2 equiv.), NEt3 (4 equiv.), DMF, 80 °C, 16 h (51–95%); c) LiOH (5–8 equiv.),
THF/MeOH/H2O (3:2:1), room temp., 16 h; d) Na2CO3 (6 equiv.), EtOH/H2O, methyl ester (glycine, β-alanine, -phenylalanine) (2 equiv.),
80 °C to reflux; e) 7–11 (1 equiv.), amine (1 equiv.), HOBt (1 equiv.), DIC (1.5 equiv.), NMM (1.2 equiv.), DMF/MeCN (2:1), room temp.,
4–12 h (30–80%).

www.eurjoc.org © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2007, 2977–29862978

sition of the pyrazinone core, benzyl and phenethyl groups
were planned to be attached, as these functionalities were
also present in the original Merck compounds (Figure 2).
For synthetic reasons, a chlorine atom is present at the 5-
position of our pyrazinones.

The idea was to check if the new compounds (Figure 4)
retained their serine protease inhibiting activity.

Figure 4. Target compounds.

Chemistry

Scheme 1 outlines the elaboration of the 1- and the 3-
position of pyrazinone 1 and the ultimate coupling reac-
tions with amines which lead to the desired target com-
pounds. The proposed strategy is general and both the R3

and R1 substituents are easily varied.
Our approach towards the synthesis of the target com-

pounds started from 3,5-dichloropyrazinones 1. These have
been developed in our laboratory starting from amino ni-
triles and oxalyl chloride.[10] The R1 and R2 moieties were
contained in the starting amine and aldehyde, respectively,
and thus are hardwired in place at the beginning of the
synthesis.

The subsequent step of the synthetic sequence was to
perform a nucleophilic displacement of the 3-chlorine atom
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of pyrazinone 1 with the desired amino acid methyl ester
(glycine, β-alanine and -phenylalanine). As usual with 3,5-
dichloro-2(1H)-pyrazinones, the 5-chloro position does not
react at all under these conditions. In the initial optimi-
sation studies, different methods were examined. Treatment
of pyrazinone 1 with methyl glycinate hydrochloride
(1.5 equiv.) and NEt3 (3 equiv.) in MeOH as solvent was
attempted. The desired reaction was not observed in this
case neither with heating nor at room temperature, instead
3-methoxy-substituted pyrazinone was formed. The use of
freshly distilled DMF as the solvent and NEt3 as the base
at 80 °C for 16 h seem to be the best conditions if the
methyl esters 2–6 are to be obtained (51–95%). Alterna-
tively, the compounds 7–11 could also be prepared directly
from the dichloropyrazinone by using conditions as de-
scribed in Scheme 1.

The second step of the synthesis was the conversion of
the methyl esters 2–6 into the acid derivatives 7–11 under
standard conditions with lithium hydroxide in THF/
MeOH/H2O (3:2:1) at room temperature. Upon completion
of the hydrolysis, the reaction mixture was acidified with
dilute HCl. After extraction with ethyl acetate, the com-
bined organic layers were dried and then concentrated to
dryness. Chromatographic separation of the residue on a
silica gel column eluting with EtOAc/CH2Cl2 (70:30) as an
eluent provided the acid derivatives 7–11 in 62–90%
yield.

The last step of the synthesis incorporated the R3 unit
on the pyrazinone by amide coupling. Coupling reactions
generally employed HOBt and N,N�-diisopropylcarbodi-
imide (DIC) as coupling reagents with 1.2 equiv. of N-meth-
ylmorpholine (NMM) as a base at room temperature in
DMF/MeCN (2:1) solvent mixtures. Chromatographic pu-

Figure 5. X-ray crystal structure of compound 33, ORTEP representation.
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rification afforded pure products 12–36 in moderate to
good yield as outlined in Table 1.

Table 1. Novel substituted pyrazinone series 12–36.

Compound R3 R1 n R� Yield (%)

12 CH2Ph Bn 0 Bn 50
13 Bn 0 H 50
14 Bn 1 H 50
15 CH2CH2Ph 0 H 40
16 CH2CH2Ph 1 H 34
17 CH2CH2Ph Bn 0 Bn 45
18 Bn 0 H 30
19 Bn 1 H 32
20 CH2CH2Ph 0 H 80
21 CH2CH2Ph 1 H 62
22 CH2Pyr Bn 0 Bn 50
23 Bn 0 H 40
24 Bn 1 H 42
25 CH2CH2Ph 0 H 40
26 CH2CH2Ph 1 H 30
27 CH2CH2Pyr Bn 0 Bn 33
28 Bn 0 H 40
29 Bn 1 H 30
30 CH2CH2Ph 0 H 30
31 CH2CH2Ph 1 H 54
32 CH2CH2Ind Bn 0 Bn 30
33 Bn 0 H 88
34 Bn 1 H 50
35 CH2CH2Ph 0 H 80
36 CH2CH2Ph 1 H 40

The structure of all synthesized compounds 12–36 was
evidenced by 1H and 13C NMR spectroscopy (in CDCl3 or
CD3OD) and mass spectrometry. This library of 25 com-
pounds was tested for inhibition of serine proteases.

The X-ray crystal structure of compound 33 was deter-
mined as shown in Figure 5.[11]
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Enzyme Kinetic Experiments

The ability of the new ligands 12–36 to inhibit the enzy-
matic activities of α-thrombin, trypsin and α-chymotrypsin
was measured spectrophotometrically by amidolytic en-
zyme assays using chromogenic substrates and is expressed
as inhibition constants, Ki.[12] Values for Ki were calculated
from the equation for competitive inhibition relating the re-
action velocity in the presence of inhibitor to the substrate
concentration, using the relevant Km.[13] The assays were
carried out by optimizing the methods described in the lit-
erature.[15]

Results and Discussion

The ligands 12–36 were screened for activity against
thrombin, trypsin and chymotrypsin. With trypsin none of
the compounds was found to show inhibitory activity. How-
ever, compounds containing the R3 pyridinyl moiety exihi-
bit a moderate effect on thrombin (22 and 27, Ki = 30 µ).
For the rest of the investigated compounds in Table 1, no
inhibitory effect on thrombin or only a negligible one (e.g.
23, Ki = 160 µ and 21, Ki = 250 µ) was observed.
Furthermore, the pyridine series maintained the low micro-
molar activity against chymotrypsin as compared with
thrombin (22, Ki = 10 µ and 27, Ki = 70 µ), this was not
seen in the remaining compounds of the pyrazinone series.

The tolerance of the pockets of the enzyme (thrombin
and chymotrypsin) to the pyridine ring would prove to be
a valuable finding, as it seems to be an important require-
ment to obtain inhibitors that show activity against serine
proteases.

Modeling

In order to rationalise the improved binding of the pyr-
idine-containing compounds,[16] molecular modeling was
used to dock the ligands in the active sites of thrombin and
chymotrypsin.

The ligands used in this study were modeled using the
Sybyl 6.97 software.[17] All models were sketched and op-
timised using the Tripos forcefield, and Gasteiger–Marsili
charges. Minimalisation methods were Simplex as an initial
minimalisation, followed by Conjugated Gradient, with a
maximum of 1000000 iterations. Docking of the molecules
was done using the FlexX2 docking software[18] loaded with
the standard FlexX-score scoring function. As receptors the
crystal structure for thrombin (pdb 1SL3)[19] and α-chymo-
trypsin (pdb 4CHA)[20] were taken and docking was restric-
ted to the active site. All docked results were compared and
the following observation was made (Figure 6): The puta-
tive binding of inhibitor 22 in the thrombin (light gray) and
chymotrypsin (dark grey) pocket is marked by the forma-
tion of a hydrogen bonding between the lone pair of the
nitrogen atom in the pyridine ring and the cysteine hydro-
gen atom of thrombin/chymotrypsin (Cys-42). This hydro-
gen bond can stabilise the complex formed and is not pres-
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ent in the other compounds. This is a feature which can be
taken into consideration in future development of inhibi-
tors of these serine proteases.

Figure 6. Putative binding of the inhibitors.

Conclusions

We have described the design, the preparation and the
evaluation of a library of analogues of serine protease in-
hibitors 12–36. They are accessible through the substituted
pyrazinone 1 which has been developed in our laboratory.

Experimental Section
General Remarks: Analytical and preparative thin layer chromatog-
raphy were performed on TLC plates coated with Alugram Sil G/
UV254. Column chromatography was carried out by using 70–
230 mesh silica gel 60 (E. M. Merck) as the stationary phase. 1H
and 13C NMR spectra were recorded with Bruker AMX 400 and
Bruker Avance 300 spectrometers, and chemical shifts (δ) are given
in ppm relative to tetramethylsilane as an internal reference. Mass
spectra were recorded with a Hewlett Packard MS-Engine 5989A
apparatus for EI and CI spectra and a Kratos MS 50TC instrument
using a DS90 data system for exact mass measurements performed
in the EI mode at a resolution of 10.000. APCI and ESI spectra
were recorded with a Thermo Finnigan LCQ Advantage mass spec-
trometer. Infrared spectra were recorded with a Perkin–Elmer 1720
Fourier transform spectrometer. All melting points are uncor-
rected, and were measured with an Electrothermal IA 9000 digital
melting point apparatus.

Enzymes and Substrates for Kinetic Assays: Human-derived α-
thrombin (Biochemika, Fluka, 0.89 NIH units·mg–1) with tos-
GPR-pNA (Chromozym TH, Sigma); bovine trypsin (Sigma) with
bzl-DL-R-pNA (BAPA, Sigma) and bovine α-chymotrypsin
(Sigma) with suc-AAPF-pNA (Biochemika, Fluka) (where suc is
succinyl, pNA is p-nitroaniline, bzl is benzoyl). Stock solutions of
the enzymes were prepared in milliQ water (thrombin at 1.0 mg/
mL) or in 1 m HCl (trypsin and chymotrypsin at 0.335 mg/mL).
For the assays these solutions were diluted in 50 m Tris/HCl
buffer pH = 8.2, containing 0.1  NaCl and 0.1% (w/v) polyethyl-
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ene glycol (PEG) 6000 to a concentration of 38 µg/mL (1.1 µ),
9.3 µg/mL (0.40 µ) and 0.46 µg/mL (19 n) for thrombin, trypsin
and chymotrypsin, respectively. PEG 6000 was included in the Tris
buffer to avoid loss of enzyme or inhibitor due to adsorption to
the plastic walls of the cuvettes.[14] The stock solutions of the sub-
strates were: 1.9 m tos-GPR-pNA in water, 100 m bzl-DL-R-
pNA in DMSO and 40 m suc-AAPF-pNA in DMSO. Measure-
ments were performed at 25 °C with a Shimadzu UV-1601 spectro-
photometer, equipped with a temperature-controlled cuvette holder
and PC for data storage, using 1-cm polystyrene cuvettes. The refer-
ence cuvette was filled with the Tris buffer. In the test cuvette, the
enzyme solution (700 µL) was mixed with DMSO (50 µL, control
experiment) or with 50 µL of a solution of the ligand dissolved
in DMSO at 1 mg/mL (≈ 1 m; final concentration 50 µ). After
incubation at 25 °C for 1–2 min, 2–30 µL of a solution of the ap-
propriate substrate was added so as to reach a final substrate con-
centration in the range 5–500 µ, and the total reaction volume
was brought to 800 µL with water. The contents of the cuvette were
well mixed, and the absorbance at 405 nm, indicative of the release
of p-nitroaniline, was measured for 240 s against the Tris buffer
(reference cuvette). Each kinetic analysis was performed at 3–4 sub-
strate concentrations.

X-ray Structure Analysis: Crystals of compound 33 were grown
from ethanol. Crystal dimensions 0.15�0.36�0.42 mm, triclinic
P1̄, a = 8.9974(9) Å, b = 9.5444(9) Å, c = 13.9283(13) Å, α =
79.104(6)°, β = 79.104(6)°, γ = 68.284(6)°, V = 1054.64(18) Å3; Z
= 2, ρcalcd. = 1.373 gcm–3, 2θmax = 142°, µ(Cu-Kα) = 1.858 cm–1,
Bruker SMART 6000 detector, Cu-Kα (λ = 1.54178 Å), crossed
Göbel mirrors, T = 100 K, 10780 measured reflections, 3847 inde-
pendent reflections. The data were corrected for Lorentz, absorp-
tion, and polarization effects. The structure was solved by directs
methods. Full matrix least-squares refinement based on |F2|, 280
parameters, hydrogen atoms placed at calculated positions with
temperature factors 20% higher than those of the parent atoms, R1

= 0.0412 [for 3187 with I�2σ(I)], ωR2 = 0.1093, max./min. residual
electron density 0.25/–0.35 e– Å–3. Crystallographic data (excluding
structure factors) for compound 33 has been deposited with the
Cambridge Crystallographic Data Centre as supplementary
publication number CCDC-616659. Copies of the data can be
obtained, free of charge, on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK (Fax: +44-1223-336033 or
E-mail: deposit@ccdc.cam.ac.uk) or via www.ccdc.cam.ac.uk/
data_request/cif.

I. Synthesis of Pyrazinones

I.1. Synthesis of 1-Benzyl-3,5-dichloro-1H-pyrazin-2-one: See ref.[10]

I.2. Synthesis of 3,5-Dichloro-1-phenethyl-1H-pyrazin-2-one (1b):[21]

Yield 4.92 g (65%). M.p. 190 °C. IR (KBr, assignment): ν̃ = 1660
(CO), 1589 (C=N) cm–1. 1H NMR (400 MHz, CDCl3): δ = 7.33–
7.12 (m, 5 H, Ph-H), 6.82 (s, 1 H, 6-H), 4.14 (t, J = 8 Hz, 2 H,
NCH2), 3.06 (t, J = 8 Hz, 2 H, CH2Ph) ppm. 13C NMR (100 MHz,
CDCl3): δ = 163.9 (C-3), 157.5 (CO), 136.7 (C-ipso Ph), 129.4,
129.1, 127.8 (Ph-C), 127.3 (C-6), 123.8 (C-5), 53.6 (NCH2), 34.6
(CH2) ppm. EIMS {(relative intensity) [assignment]}: m/z (%) =
268 (5) [M+·], 91 (26) [PhCH2

+]. HRMS (EI): calcd. for
C13H12Cl2N2O 268.0170; found 268.0174.

II. Synthesis of 3-Substituted Pyrazinones

General Method: A solution of pyrazinone (1 equiv.), glycine
methyl ester hydrochloride (or -phenylalanine methyl ester hydro-
chloride or β-alanine methyl ester hydrochloride) (2 equiv.) and
NEt3 (4 equiv.) in DMF (10 mL) was stirred at 80 °C overnight.
Then the mixture was concentrated to dryness and redissolved in
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EtOAc (10 mL) and 0.5  HCl (10 mL). After separation of the
organic layer and further extraction of the aqueous phase with
EtOAc (3 �50 mL), the combined organic layers were washed with
brine and dried with Na2SO4. Finally, purification by column
chromatography (silica gel, eluent EtOAc/CH2Cl2, 10:90) yielded
the desired 3-substituted pyrazinones.

II.1. Synthesis of Methyl [(6-Chloro-3,4-dihydro-3-oxo-4-phen-
ethylpyrazin-2-yl)amino]acetate (3): Yield 0.36 g (40%). M.p.
172 °C. IR (KBr, assignment): ν̃ = 3320 (NH), 1670 (CO) cm–1. 1H
NMR (400 MHz, CDCl3): δ = 7.31–7.17 (m, 5 H, Ph-H), 6.71 (br.
s, 1 H, C2-NH), 6.35 (s, 1 H, 5-H), 4.20 (d, J = 5 Hz, 2 H, CH2CO),
4.03 (t, J = 8 Hz, 2 H, NCH2), 3.79 (s, 3 H, OCH3), 3.02 (t, J =
8 Hz, 2 H, CH2Ph) ppm. 13C NMR (100 MHz, CDCl3): δ = 169.8
(CO), 150.0 (C-3), 149.7 (C-2), 137.1 (C-ipso Ph), 128.9, 128.7,
127.0 (Ph-C), 126.1 (C-6), 113.7 (C-5), 52.3 (CH3), 50.9 (NCH2),
42.6 (NHCH2CO), 34.6 (CH2Ph) ppm. EIMS {(relative intensity)
[assignment]}: m/z (%) = 321 (100) [M+·], 262 (19) [M+· – CO-
OCH3]. HRMS (EI): calcd. for C15H16ClN3O3 321.0880; found
321.0880.

II.2. Synthesis of Methyl [(4-Benzyl-6-chloro-3,4-dihydro-3-oxopyr-
azin-2-yl)amino]acetate (2): Yield 0.82 g (42%). M.p. 134 °C. IR
(KBr, assignment): ν̃ = 3323 (NH), 1744 (CO) cm–1. 1H NMR
(400 MHz, CDCl3): δ = 7.35–7.28 (m, 5 H, Ph-H), 6.85 (t, J =
6 Hz, 1 H, C2-NH), 6.53 (s, 1 H, 5-H), 5.00 (s, 2 H, NCH2), 4.18
(d, J = 6 Hz, 2 H, NH CH2CO), 3.76 (s, 3 H, OCH3) ppm. 13C
NMR (100 MHz, CDCl3): δ = 169.8 (CO), 150.2 (C-3), 150.0 (C-
2), 135.2 (C-ipso Ph), 129.4, 128.9, 128.7 (Ph-C), 126.9 (C-6), 113.1
(C-5), 52.8 (CH3), 52.2 (NCH2), 43.0 (NHCH2CO) ppm. EIMS
{(relative intensity) [assignment]}: m/z (%) = 307 (35) [M+·], 248
(6) [M+· – COOCH3], 91 (100) [PhCH2

+]. HRMS (EI): calcd. for
C14H14ClN3O3 307.0722; found 307.0723.

II.3. Synthesis of Methyl 3-[(4-Benzyl-6-chloro-3,4-dihydro-3-oxo-
pyrazin-2-yl)amino]propionate (4): Yield 1.86 g (73%). M.p. 87 °C.
IR (KBr, assignment): ν̃ = 3322 (NH), 1734 (CO) cm–1. 1H NMR
(400 MHz, CDCl3): δ = 7.20 (br. s, 5 H, Ph-H), 6.95 (t, J = 5 Hz,
1 H, C2-NH), 6.46 (s, 1 H, 5-H), 4.89 (s, 2 H, NCH2), 4.01 (q, J =
8 Hz, 1 H, CHANH), 3.61 (q, J = 8 Hz, 1 H, CHBNH), 3.55 (s, 3 H,
OCH3), 2.55 (t, J = 8 Hz, 2 H, CH2CO) ppm. 13C NMR (100 MHz,
CDCl3): δ = 172.5 (CO), 150.6 (C-3), 150.5 (C-2), 135.4 (C-ipso
Ph), 129.2, 128.6, 128.5 (Ph-C), 127.1 (C-6), 112.5 (C-5), 52.1
(CH3), 52.0 (NCH2), 36.9 (NHCH2), 34.4 (CH2CO) ppm. EIMS
{(relative intensity) [assignment]}: m/z (%) = 321 (63) [M+·], 290
(6) [M+· – OCH3], 91 (100) [PhCH2

+]. HRMS (EI): calcd. for
C15H16ClN3O3 321.0872; found 321.0880.

II.4. Synthesis of Methyl 3-[(6-Chloro-3,4-dihydro-3-oxo-4-phen-
ethylpyrazin-2-yl)amino]propionate (5): Yield 1.35 g (51%). M.p.
114 °C. IR (KBr, assignment): ν̃ = 3332 (NH), 1653 (CO) cm–1. 1H
NMR (400 MHz, CDCl3): δ = 7.20–7.05 (m, 5 H, Ph-H), 6.82 (br.
t, J = 7 Hz, 1 H, C2-NH), 6.28 (s, 1 H, 5-H), 3.90 (t, J = 8 Hz, 2
H, NCH2), 3.63–3.56 (m, 5 H, C2NHCH2 + OCH3), 2.88 (t, J =
8 Hz, 2 H, CH2CO), 2.56 (t, J = 8 Hz, 2 H, CH2Ph) ppm. 13C
NMR (100 MHz, CDCl3): δ = 172.6 (CO), 150.4 (C-3), 150.3 (C-
2), 137.6 (C-ipso Ph), 129.1, 129.0, 127.2 (Ph-C), 126.7 (C-6), 113.0
(C-5), 52.1 (CH3), 51.0 (NCH2), 36.8 (NHCH2), 34.8 (CH2CO),
33.5 (CH2Ph) ppm. EIMS {(relative intensity) [assignment]}: m/z
(%) = 335 (90) [M+·], 105 (100) [PhCH2CH2

+]. HRMS (EI): calcd.
for C16H18ClN3O3 335.1036; found 335.1037.

II.5. Synthesis of Methyl 2-[(4-Benzyl-6-chloro-3,4-dihydro-3-oxo-
pyrazin-2-yl)amino]-3-phenylpropionate (6): Yield 1.56 g (95%). Oil.
IR (KBr, assignment): ν̃ = 3566 (NH), 1734 (CO), 1669 (CO) cm–1.
1H NMR (400 MHz, CDCl3): δ = 7.30–7.13 (m, 10 H, Ph-H), 6.78
(d, J = 8 Hz, 1 H, C2-NH), 6.48 (s, 1 H, 5-H), 4.94–4.86 (m, 3 H,



W. M. De Borggraeve et al.FULL PAPER
NCH2 + CHCO), 3.65 (s, 3 H, OCH3), 3.20 (dd, J = 14 Hz, 6 Hz,
1 H, CHAPh), 3.15 (dd, J = 14 Hz, 6 Hz, 1 H, CHBPh) ppm. 13C
NMR (100 MHz, CDCl3): δ = 171.2 (CO), 149.8 (C-3), 149.0 (C-
2), 135.6, 134.6 (C-ipso Ph), 128.9, 128.6, 128.3, 128.1, 127.8, 126.8
(Ph-C), 126.1 (C-6), 112.9 (C-5), 54.5 (NHCH), 51.9 (OCH3), 51.5
(NCH2), 37.4 (CH2Ph) ppm. EIMS {(relative intensity)
[assignment]}: m/z (%) = 397 (30) [M+·], 338 (11) [M+· COOCH3],
91 (100) [PhCH2

+]. HRMS (EI): calcd. for C21H20ClN3O3 calcu-
lated: 397.1193; found 397.1198.

III. Hydrolysis of the Methyl Ester Derivatives and Synthesis of Lin-
ear Analogues of Serine Protease Inhibitors

General Method: To a solution of the methyl ester (1 equiv.) in
THF/MeOH/H2O (3:2:1, 10 mL), lithium hydroxide was added (5–
8 equiv.). After stirring at room temperature for 4 h, the residue
was concentrated and then acidified with dilute HCl. The residue
was then extracted with EtOAc (3�50 mL). The combined organic
layers were dried with MgSO4 and concentrated under reduced
pressure. The crude product was purified by column chromatog-
raphy (silica gel, eluent EtOAc/CH2Cl2, 70:30) to provide the acid
derivatives 7–11. The latter were dissolved in a solvent mixture of
DMF/CH3CN (2:1, 10 mL), then the amine (1 equiv.) followed by
DIC (1.5 equiv.) was added. After stirring at 0 °C for 15 min,
NMM (1.2 equiv.) and HOBt (1 equiv.) were added. The reaction
mixture was stirred at room temperature for 4 h. After extraction
with EtOAc (3�50 mL), the residue was subjected to column
chromatography (silica gel, eluent EtOAc/CH2Cl2, 50:50).

III.1. Synthesis of N-(Benzyl)-2-[(6-chloro-3,4-dihydro-3-oxo-4-
phenethylpyrazin-2-yl)amino]acetamide (15): Yield 0.12 g (40%).
M.p. 115 °C. IR (KBr, assignment): ν̃ = 3391 (NH), 1646 (CO)
cm–1. 1H NMR (400 MHz, CDCl3): δ = 7.30–7.13 (m, 10 H, Ph-
H), 6.89 (t, J = 5 Hz, 1 H, C2-NH or CONH), 6.48 (t, J = 5 Hz, 1
H, CONH or C2-NH), 6.35 (s, 1 H, 5-H), 4.45 (d, J = 6 Hz, 2 H,
CH2CO), 4.10 (d, J = 6 Hz, 2 H, NHCH2Ph), 4.00 (t, J = 8 Hz, 2
H, NCH2), 2.98 (t, J = 8 Hz, 2 H, CH2Ph) ppm. 13C NMR
(100 MHz, CDCl3): δ = 168.4 (CO), 150.0 (C-3 + C-2), 138.6, 137.8
(C-ipso Ph), 128.8, 128.7, 127.5 (Ph-C), 126.0 (C-6), 114.1 (C-5),
50.9 (NCH2), 45.0 (CH2CO), 43.4 (NHCH2Ph), 34.6 (CH2Ph)
ppm. EIMS {(relative intensity) [assignment]}: m/z (%) = 396 (64)
[M+·], 105 (100) [PhCH2CH2

+]. HRMS (EI): calcd. for
C21H21ClN4O2 396.1353; found 396.1358.

Synthesis of 2-[(6-Chloro-3,4-dihydro-3-oxo-4-phenethylpyrazin-2-
yl)amino]-N-(phenethyl)acetamide (20): Yield 0.20 g (80%). M.p.
140 °C. IR (KBr, assignment): ν̃ = 3300 (NH), 1699 (CO), 1652
(CO) cm–1. 1H NMR (400 MHz, CDCl3): δ = 7.32–7.13 (m, 10 H,
Ph-H), 6.83 (t, J = 5 Hz, 1 H, C2-NH or CONH), 6.37 (s, 1 H, 5-
H), 6.11 (t, J = 5 Hz, 1 H, CONH or C2-NH), 4.03 (t, J = 8 Hz,
2 H, NCH2), 4.01 (d, J = 6 Hz, 2 H, CH2CO), 3.53 (qd, J = 7 Hz,
2 H, NHCH2CH2Ph), 3.00 (t, J = 7 Hz, 2 H, CH2Ph), 2.80 (t, J =
8 Hz, 2 H, CH2Ph) ppm. 13C NMR (100 MHz, CDCl3): δ = 168.3
(CO), 150.0 (C-3), 149.9 (C-2), 137.0 (C-ipso Ph), 128.7, 127.0,
126.4 (Ph-C), 126.0 (C-6), 113.9 (C-5), 50.9 (NCH2), 44.9
(CH2CO), 40.6 (NHCH2CH2Ph), 35.5 (NHCH2CH2Ph), 34.6
(CH2Ph) ppm. EIMS {(relative intensity) [assignment]}: m/z (%) =
410 (65) [M+·], 290 (16) [M+· – NHCH2CH2Ph], 105 (100)
[PhCH2CH2

+]. HRMS (EI): calcd. for C22H23ClN4O2 410.1507;
found 410.1509.

Synthesis of 2-[(6-Chloro-3,4-dihydro-3-oxo-4-phenethylpyrazin-2-
yl)amino]-N-(2-pyridin-2-ylethyl)acetamide (30): Yield 0.10 g (30%).
M.p. 162 °C. IR (KBr, assignment): ν̃ = 3321 (NH), 1683 (CO),
1652 (CO) cm–1. 1H NMR (400 MHz, CD3OD): δ = 8.44 (d, J =
6 Hz, 1 H, 6�-H), 7.65 (td, J = 7 Hz, 2 Hz, 1 H, 4�-H), 7.33–7.16
(m, 7 H, Ph-H + 3�-H + 5�-H), 6.39 (s, 1 H, 5-H), 4.06 (d, J =

www.eurjoc.org © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2007, 2977–29862982

6 Hz, 2 H, CH2CO), 3.87 (t, J = 8 Hz, 2 H, NCH2), 3.61 (t, J =
8 Hz, 2 H, NHCH2CH2pyr), 3.02 (t, J = 8 Hz, 2 H, CH2pyr), 2.96
(t, J = 8 Hz, 2 H, CH2Ph) ppm. 13C NMR (100 MHz, CD3OD): δ
= 169.5 (CO), 159.1 (C-ipso pyr), 150.4 (C-3), 150.0 (C-2), 148.8,
137.7 (pyr-C), 137.4 (C-ipso Ph), 129.1, 129.0, 127.3 (Ph-C), 126.5
(C-6), 124.3, 122.2 (pyr-C), 114.5 (C-5), 51.3 (NCH2), 44.5
(CH2CO), 39.3 (NHCH2CH2pyr), 37.1 (CH2pyr), 34.8 (CH2Ph)
ppm. EIMS {(relative intensity) [assignment]}: m/z (%) = 411 (100)
[M+·], 262 (11) [M+· – CONHCH2CH2pyr]. HRMS (EI): calcd. for
C22H23ClN4O2: 411.1456; found 411.1462.

Synthesis of 2-[(6-Chloro-3-oxo-4-phenethyl-3,4-dihydropyrazin-2-
yl)amino]-N-[2-(1H-indol-3-yl)ethyl]acetamide (35): Yield 0.41 g
(80%). M.p. 120 °C. IR (KBr, assignment): ν̃ = 3317 (NH), 1647
(CO) cm–1. 1H NMR (400 MHz, CDCl3): δ = 8.20 (s, 1 H, NH-
ind), 7.56 (d, J = 8 Hz, 1 H, 4i-H), 7.32 (d, J = 8 Hz, 1 H, 7i-H),
7.29–7.21 (m, 3 H, Ph-H), 7.18 (t, J = 8 Hz, 1 H, 6i-H), 7.16–7.15
(m, 2 H, Ph-H), 7.10 (t, J = 8 Hz, 1 H, 5i-H), 7.00 (d, J = 2 Hz, 1
H, 2i-H), 6.85 (t, J = 5 Hz, 1 H, C2-NH or CONH), 6.30 (s, 1 H,
5-H), 6.12 (t, J = 5 Hz, 1 H, CONH or C2-NH), 4.00 (d, J = 6 Hz,
2 H, CH2CO), 3.96 (t, J = 8 Hz, 2 H, NCH2), 3.64 (qd, J = 6 Hz,
2 H, NHCH2CH2ind), 2.97 (t, J = 6 Hz, 2 H, CH2ind), 2.96 (t, J
= 8 Hz, 2 H, CH2Ph) ppm. 13C NMR (100 MHz, CDCl3): δ =
168.3 (CO), 149.9 (C-3), 149.8 (C-2), 137.0 (C-ipso Ph), 134.7 (C-
7ai), 128.8, 128.7, 127.0 (Ph-C), 127.2 (C-3ai), 125.9 (C-6), 122.2
(C-2i), 122.0 (C-6i), 119.4 (C-5i), 118.5 (C-4i), 113.8 (C-5), 112.5
(C-3i), 111.2 (C-7i), 50.8 (NCH2), 44.8 (CH2CO), 39.6
(NHCH2CH2ind), 34.5 (CH2Ph), 25.0 (CH2ind) ppm. EIMS
{(relative intensity) [assignment]}: m/z (%) = 449 (14) [M+·], 306
(35) [M+· – CH2=CHind], 143 (100) [indCH=CH2

+]. HRMS (EI):
calcd. for C24H24ClN5O2 449.1618; found 449.1618.

Synthesis of 2-[(6-Chloro-3,4-dihydro-3-oxo-4-phenethylpyrazin-2-
yl)amino]-N-(pyridin-2-ylmethyl)acetamide (25): Yield 0.14 g (40%).
M.p. 151 °C. IR (KBr, assignment): ν̃ = 3320 (NH), 1683 (CO),
1652 (CO) cm–1. 1H NMR (400 MHz, CDCl3): δ = 8.44 (d, J =
6 Hz, 1 H, 6�-H), 7.65 (td, J = 8 Hz, 2 Hz, 1 H, 4�-H), 7.29–7.15
(m, 8 H, 5�-H + Ph-H + 3�-H + CONH or C2-NH), 7.02 (t, J =
5 Hz, C2-NH or CONH), 6.35 (s, 1 H, 5-H), 4.57 (d, J = 6 Hz, 2
H, CH2CO), 4.18 (d, J = 6 Hz, 2 H, CH2pyr), 4.02 (t, J = 8 Hz, 2
H, NCH2), 3.35 (t, J = 8 Hz, 2 H, CH2Ph) ppm. 13C NMR
(100 MHz, CDCl3): δ = 163.5 (CO), 158.5 (C-ipso pyr), 151.3 (C-
3), 151.2 (C-2), 149.2, 138.6 (pyr-C), 138.3 (C-ipso Ph), 129.5,
129.4, 127.6 (Ph-C), 127.1 (C-6), 123.3, 122.5 (pyr-C), 115.1 (C-5),
51.6 (NCH2), 45.1 (CH2CO), 45.0 (CH2pyr), 35.1 (CH2Ph) ppm.
EIMS {(relative intensity) [assignment]}: m/z (%) = 398 (37) [M+·],
105 (100) [PhCH2CH2

+·]. HRMS (EI): calcd. for C20H20ClN5O2

397.1305; found 397.1306.

Synthesis of N-Benzyl-2-[(4-benzyl-6-chloro-3,4-dihydro-3-oxopyr-
azin-2-yl)amino]acetamide (13): Yield 0.31 g (50%). M.p. 135 °C.
IR (KBr, assignment): ν̃ = 3306 (NH), 1648 (CO) cm–1. 1H NMR
(400 MHz, CDCl3): δ = 7.33–7.21 (m, 12 H, Ph-H + C2-NH +
CONH), 6.55 (s, 1 H, 5-H), 4.95 (s, 2 H, NCH2), 4.42 (d, J = 5 Hz,
2 H, CH2Ph), 4.06 (d, J = 5 Hz, 2 H, CH2CO) ppm. 13C NMR
(100 MHz, CDCl3): δ = 168.7 (CO), 150.1 (C-3), 149.9 (C-2), 137.4
(C-ipso Ph), 134.4 [C-ipso Ph (CH2N)], 128.8, 128.3, 128.1, 127.2,
127.1 (Ph-C), 126.4 (C-6), 113.0 (C-5), 51.7 (NCH2), 44.4
(CH2CO), 43.1 (CH2Ph) ppm. EIMS {(relative intensity)
[assignment]}: m/z (%) = 382 (5) [M+·], 91 (100) [PhCH2

+]. HRMS
(EI): calcd. for C20H19ClN4O2 382.1196; found 382.1196.

Synthesis of 2-[(4-Benzyl-6-chloro-3,4-dihydro-3-oxopyrazin-2-yl)-
amino]-N-(phenethyl)acetamide (18): Yield 0.20 g (30%). M.p.
137 °C. IR (KBr, assignment): ν̃ = 3312 (NH), 1646 (CO) cm–1. 1H
NMR (400 MHz, CDCl3): δ = 7.36–7.11 (m, 10 H, Ph-H), 6.89 (t,
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J = 5 Hz, 1 H, C2-NH or CONH), 6.54 (s, 1 H, 5-H), 6.15 (t, J =
5 Hz, 1 H, CONH or C2-NH), 4.99 (s, 2 H, NCH2), 4.01 (d, J =
6 Hz, 2 H, CH2CO), 3.52 (q, J = 7 Hz, 2 H, NHCH2CH2Ph), 2.79
(t, J = 7 Hz, 2 H, CH2Ph) ppm. 13C NMR (100 MHz, CDCl3): δ
= 168.3 (CO), 150.2 (C-3), 150.0 (C-2), 138.6 (C-ipso Ph), 134.4 [C-
ipso Ph (CH2N)], 129.0, 128.7, 128.6 (Ph-C), 126.4 (C-6), 113.3 (C-
5), 51.9 (NCH2), 44.9 (CH2CO), 40.5 (NHCH2CH2Ph), 35.5
(CH2Ph) ppm. EIMS {(relative intensity) [assignment]}: m/z (%) =
396 (21) [M+·], 248 (18) [M+· – CONHCH2CH2Ph]. HRMS (EI):
calcd. for C20H19ClN4O2 396.1352; found 396.1353.

Synthesis of 2-[(4-Benzyl-6-chloro-3-oxo-3,4-dihydropyrazin-2-yl)-
amino]-N-(2-pyridin-2-ylethyl)acetamide (28): Yield 0.23 g (40%).
M.p. 150 °C. IR (KBr, assignment): ν̃ = 3382 (NH), 1650 (CO)
cm–1. 1H NMR (400 MHz, CDCl3): δ = 8.36 (d, J = 5 Hz, 1 H, 6�-
H), 7.54 (td, J = 7 Hz, 2 Hz, 1 H, 4�-H), 7.54–7.27 (m, 5 H, Ph-
H), 7.26 (t, J = 5 Hz, 1 H, C2-NH or CONH), 7.12 (d, J = 7 Hz,
1 H, 3�-H), 7.04 (t, J = 7 Hz, 2 H, 5�-H), 7.02 (t, J = 5 Hz, 1 H,
CONH or C2-NH), 6.51 (s, 1 H, 5-H), 4.99 (s, 2 H, NCH2), 4.05
(d, J = 6 Hz, 2 H, CH2CO), 3.67 (q, J = 6 Hz, 2 H,
NHCH2CH2pyr), 2.98 (t, J = 6 Hz, 2 H, CH2pyr) ppm. 13C NMR
(100 MHz, CDCl3): δ = 168.1 (CO), 159.3 (C-ipso pyr), 150.2 (C-
3), 149.9 (C-2), 148.8, 136.6 (pyr-C), 134.8 (C-ipso Ph), 129.0,
128.5, 128.3 (Ph-C), 126.5 (C-6), 123.5, 121.1 (pyr-C), 113.0 (C-5),
51.8 (NCH2), 44.7 (CH2CO), 38.5 (NHCH2CH2pyr), 35.5
(CH2pyr) ppm. EIMS {(relative intensity) [assignment]}: m/z (%)
= 397 (47) [M+·], 249 (7) [M+· – CONHCH2CH2pyr]. HRMS (EI):
calcd. for C20H20ClN5O2 397.1298; found 397.1305.

Synthesis of 2-[(4-Benzyl-6-chloro-3-oxo-3,4-dihydropyrazin-2-yl)-
amino]-N-(pyridin-2-ylmethyl)acetamide (23): Yield 0.13 g (40%).
M.p. 190 °C. IR (KBr, assignment): ν̃ = 3260 (NH), 1647 (CO)
cm–1. 1H NMR (400 MHz, [D6]MeOH): δ = 8.44 (d, J = 6 Hz, 1
H, 6�-H), 7.75 (td, J = 7 Hz, 2 Hz, 1 H, 4�-H), 7.42 (d, J = 7 Hz,
1 H, 3�-H),7.37–7.30 (m, 5 H, Ph-H), 7.24 (t, J = 7 Hz, 1 H, 5�-
H), 6.69 (s, 1 H, 5-H), 5.03 (s, 2 H, NCH2), 4.13 (s, 2 H, CH2CO),
3.35 (s, 2 H, CH2pyr) ppm. 13C NMR (100 MHz, CD3OD): δ =
169.5 (CO), 156.6 (C-ipso pyr), 149.7 (C-3), 149.4 (C-2), 147.7,
137.1 (pyr-C), 134.2 (C-ipso Ph), 128.3, 127.8, 127.6 (Ph-C), 126.0
(C-6), 122.0, 121.2 (pyr-C), 112.9 (C-5), 51.2 (NCH2), 43.5
(CH2CO), 35.9 (CH2pyr) ppm. EIMS {(relative intensity)
[assignment]}: m/z (%) = 383 (36) [M+·], 91 (100) [PhCH2

+]. HRMS
(EI): calcd. for C19H18ClN5O2 383.1149; found 383.1149.

Synthesis of 2-[(4-Benzyl-6-chloro-3-oxo-3,4-dihydropyrazin-2-yl)-
amino]-N-[2-(1H-indol-3-yl)ethyl]acetamide (33): Yield 0.20 g
(40%). M.p. 188 °C. IR (KBr, assignment): ν̃ = 3325 (NH), 1669
(CO), 1650 (CO) cm–1. 1H NMR (400 MHz, CDCl3): δ = 10.8 (s,
1 H, NH-ind), 8.10 (t, J = 5 Hz, 1 H, CONH), 7.75 (t, J = 5 Hz,
1 H, C2-NH), 7.58 (d, J = 8 Hz, 1 H, 4i-H), 7.39 (d, J = 8 Hz, 1
H, 7i-H), 7.35–7.17 (m, 5 H, Ph-H), 7.20 (s, 1 H, 2i-H), 7.14 (s, 1
H, 5-H), 7.10 (t, J = 8 Hz, 1 H, 5i-H), 7.01 (t, J = 8 Hz, 1 H, 6i-
H), 5.05 (s, 2 H, NCH2), 3.96 (d, J = 5 Hz, 2 H, CH2CO), 3.45 (q,
J = 6 Hz, 2 H, NHCH2CH2ind), 2.90 (t, J = 6 Hz, 2 H, CH2ind)
ppm. 13C NMR (100 MHz, CDCl3): δ = 168.1 (CO), 150.2 (C-3),
149.9 (C-2), 136.3 (C-7ai), 136.0 (C-ipso Ph), 128.6, 128.0, 127.8
(Ph-C), 127.2 (C-3ai), 125.1 (C-6), 122.6 (C-2i), 120.9 (C-6i), 118.2
(C-5i), 118.2 (C-4i), 113.4 (C-5), 111.7 (C-3i), 111.3 (C-7i), 51.0
(NCH2), 43.8 (CH2CO), 39.7 (NHCH2CH2ind), 25.1 (CH2ind)
ppm. EIMS {(relative intensity) [assignment]}: m/z (%) = 435 (6)
[M+·], 292 (24) [M+· – CH2=CHind], 143 (100) [indCH=CH2

+].
HRMS (EI): calcd. for C23H22ClN5O2 435.1462; found 435.1464.

Synthesis of 3-[(4-Benzyl-6-chloro-3,4-dihydro-3-oxopyrazin-2-yl)-
amino]-N-(pyridin-2-ylmethyl)propionamide (24): Yield 0.27 g
(42%). M.p. 149 °C. IR (KBr, assignment): ν̃ = 3316 (NH), 1652
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(s, CO) cm–1. 1H NMR (400 MHz, CDCl3): δ = 8.49 (d, J = 5 Hz,
1 H, 6�-H), 7.67 (dt, J = 7 Hz, 2 Hz, 1 H, 4�-H), 7.36–7.27 (m, 6
H, Ph-H + 3�-H), 7.21 (t, J = 7 Hz, 1 H, 5�-H), 7.01 (t, J = 5 Hz,
1 H, C2-NH or CONH), 6.90 (t, J = 5 Hz, CONH or C2-NH), 6.45
(s, 1 H, 5-H), 4.97 (s, 2 H, NCH2), 4.57 (d, J = 5 Hz, 2 H, CH2pyr),
3.78 (qd, J = 8 Hz, 2 H, NHCH2CH2), 2.62 (t, J = 8 Hz, 2 H,
CH2CO) ppm. 13C NMR (100 MHz, CDCl3): δ = 171.8 (CO),
156.9 (C-ipso pyr), 150.2 (C-3), 150.1 (C-2), 148.3, 137.3 (pyr-C),
134.7 (C-ipso Ph), 128.8, 128.2, 128.0 (Ph-C), 126.7 (C-6), 122.4,
122.1 (pyr-C), 111.9 (C-5), 51.6 (NCH2), 44.2 (CH2pyr), 37.1
(C2NHCH2), 34.8 (CH2CO) ppm. EIMS {(relative intensity)
[assignment]}: m/z (%) = 397 (85) [M+·], 91 (100) [PhCH2

+]. HRMS
(EI): calcd. for C20H20ClN5O2 397; 1305; found 397.1318.

Synthesis of 3-[(4-Benzyl-6-chloro-3,4-dihydro-3-oxopyrazin-2-yl)-
amino]-N-[2-(pyridin-2-yl)ethyl]propionamide (29): Yield 0.20 g
(30%). M.p. 157 °C. IR (KBr, assignment): ν̃ = 3303 (NH), 1699
(CO), 1646 (CO) cm–1. 1H NMR (400 MHz, CDCl3): δ = 8.47 (d,
J = 5 Hz, 1 H, 6�-H), 7.56 (td, J = 7 Hz, 2 Hz, 1 H, 3�-H), 7.35–
7.27 (m, 5 H, Ph-H), 7.15–7.09 (m, 2 H, 3�-H + 5�-H), 6.84 (t, J =
5 Hz, 1 H, C2-NH or CONH), 6.68 (t, J = 5 Hz, 1 H, C2-NH or
CONH), 6.45 (s, 1 H, 5-H), 4.96 (s, 2 H, NCH2), 3.71 (q, J = 6 Hz,
2 H, C2NHCH2), 3.66 (qd, J = 6 Hz, 2 H, NHCH2CH2pyr), 2.98
(t, J = 6 Hz, 2 H, CH2pyr), 2.48 (t, J = 6 Hz, 2 H, CH2CO) ppm.
13C NMR (100 MHz, CDCl3): δ = 168.1 (CO), 159.3 (C-ipso pyr),
150.2 (C-3), 149.9 (C-2), 148.8, 136.6 (pyr-C), 134.8 (C-ipso Ph),
129.0, 128.5, 128.3 (Ph-C), 126.5 (C-6), 123.5, 121.1 (pyr-C), 113.0
(C-5), 51.8 (NCH2), 44.7 (NHCH2CH2pyr), 38.5 (C2NHCH2), 37.2
(CH2pyr), 35.5 (CH2CO) ppm. EIMS {(relative intensity)
[assignment]}: m/z (%) = 411 (58) [M+·], 91 (100) [PhCH2

+]. HRMS
(EI): calcd. for C21H22ClN5O2 411.1462; found 411.1463.

Synthesis of N-Benzyl-3-[(4-benzyl-6-chloro-3,4-dihydro-3-oxopyr-
azin-2-yl)amino]propionamide (14): Yield 0.30 g (50%). M.p.
191 °C. IR (KBr, assignment): ν̃ = 3278 (NH), 1699 (CO), 1636
(CO) cm–1. 1H NMR (400 MHz, CDCl3 + CD3OD): δ = 7.36–7.23
(m, 10 H, Ph-H), 6.55 (s, 1 H, 5-H), 5.00 (s, 2 H, NCH2), 4.38 (br.
s, 2 H, CH2Ph), 3.71 (t, J = 6 Hz, 2 H, C2NHCH2), 2.57 (t, J =
6 Hz, 2 H, CH2CO) ppm. 13C NMR (100 MHz, CDCl3 + CD3OD):
δ = 171.6 (CO), 150.2 (C-3), 150.0 (C-2), 137.9 (C-ipso Ph), 134.6
[C-ipso Ph (N-1)], 128.7, 128.3, 128.2 128.0, 127.3 127.0 (Ph-C),
126.6 (C-6), 111.9 (C-5), 51.6 (NCH2), 43.1 (CH2Ph), 37.2
(C2NHCH2), 34.9 (CH2CO) ppm. EIMS {(relative intensity)
[assignment]}: m/z (%) = 396 (66) [M+·], 91 (100) [PhCH2

+]. HRMS
(EI): calcd. for C21H21ClN4O2 396.1353; found 396.1356.

Synthesis of 3-[(4-Benzyl-6-chloro-3-oxo-3,4-dihydropyrazin-2-yl)-
amino]-N-(phenethyl)propionamide (19): Yield 0.14 g (32%). M.p.
162 °C. IR (KBr, assignment): ν̃ = 3628 (NH), 1699 (CO), 1645
(CO) cm–1. 1H NMR (400 MHz, CDCl3): δ = 7.36–7.15 (m, 10 H,
Ph-H), 6.83 (t, J = 5 Hz, 1 H, C2NH or CONH), 6.47 (s, 1 H, 5-
H), 5.81 (t, J = 5 Hz, 1 H, CONH or C2NH), 4.97 (s, 2 H, NCH2),
3.71 (qd, J = 6 Hz, 2 H, C2NHCH2), 3.52 (qd, J = 7 Hz, 2 H,
NHCH2CH2Ph), 2.79 (t, J = 7 Hz, 2 H, CH2Ph), 2.45 (t, J = 6 Hz,
2 H, CH2CO) ppm. 13C NMR (100 MHz, CDCl3): δ = 170.7 (CO),
150.4 (C-3), 150.3 (C-2), 138.8 (C-ipso Ph), 134.9 (C-ipso Ph
CH2N), 129.0, 128.7, 128.6, 128.5, 128.3 (Ph-C), 126.4 (C-6), 112.0
(C-5), 51.8 (NCH2), 40.6 (NHCH2CH2Ph), 37.2 (C2NHCH2), 35.6
(CH2CO), 35.4 (CH2Ph) ppm. EIMS {(relative intensity)
[assignment]}: m/z (%) = 410 (66) [M+·], 91 (100) [PhCH2

+]. HRMS
(EI): calcd. for C22H23ClN4O2 410.1508; found 410.1509.

Synthesis of 3-[(4-Benzyl-6-chloro-3,4-dihydro-3-oxopyrazin-2-yl)-
amino]-N-[2-(1H-indol-3-yl)ethyl]propionamide (34): Yield 0.35 g
(50%). M.p. 141 °C. IR (KBr, assignment): ν̃ = 3396 (s, NH), 1652
(s, CO) cm–1. 1H NMR (400 MHz, CDCl3): δ = 8.68 (s, 1 H, NH-
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ind), 7.54 (d, J = 7 Hz, 1 H, 4i-H), 7.39 (d, J = 7 Hz, 1 H, 7i-H),
7.32–7.23 (m, 5 H, Ph-H), 7.23–7.22 (m, 1 H, 2i-H), 7.14 (t, J =
7 Hz, 1 H, 5i-H), 7.05 (t, J = 7 Hz, 1 H, 6i-H), 6.91 (t, J = 5 Hz,
1 H, C2NH or CONH), 6.40 (s, 1 H, 5-H), 6.13 (t, J = 5 Hz, 1 H,
CONH or C2NH), 4.89 (s, 2 H, NCH2), 3.65 (qd, J = 6 Hz, 2 H,
C2NHCH2), 3.54 (qd, J = 6 Hz, 2 H, NHCH2CH2ind), 2.90 (t, J
= 6 Hz, 2 H, CH2ind), 2.37 (t, J = 6 Hz, 2 H, CH2CO) ppm. 13C
NMR (100 MHz, CDCl3): δ = 171.1 (CO), 150.0 (C-3), 149.9 (C-
2), 136.3 (C-7ai), 134.7 (C-ipso Ph), 128.6, 128.1, 127.9 (Ph-C),
127.1 (C-3ai), 126.6 (C-6), 122.1 (C-2i), 121.2 (C-6i), 118.5 (C-5i),
118.0 (C-4i), 112.0 (C-5), 111.8 (C-3i), 111.0 (C-7i), 51.5 (NCH2),
39.8 (NHCH2CH2ind), 37.1 (NHCH2), 34.8 (CH2CO), 24.8
(CH2ind) ppm. EIMS {(relative intensity) [assignment]}: m/z (%) =
449 (29) [M+·], 91 (100) [PhCH2

+]. HRMS (EI): calcd. for
C24H24ClN5O2 449.1618; found 449.1620.

Synthesis of 3-[(6-Chloro-3,4-dihydro-3-oxo-4-phenethylpyrazin-2-
yl)amino]-N-(pyridin-2-ylmethyl)propionamide (26): Yield 0.14 g
(30%). M.p. 145 °C. IR (KBr, assignment): ν̃ = 3323 (NH), 1652
(CO) cm–1. 1H NMR (400 MHz, CDCl3 + CD3OD): δ = 8.05 (d,
J = 6 Hz, 1 H, 6�-H), 7.32 (td, J = 7 Hz, 2 Hz, 1 H, 4�-H), 6.93 (d,
J = Hz, 1 H, 3�-H), 6.88–6.76 (m, 6 H, Ph-H + 5�-H), 6.09 (s, 1 H,
5-H), 4.11 (s, 2 H, CH2pyr), 3.62 (t, J = 8 Hz, 2 H, NCH2), 3.31
(t, J = 6 Hz, 2 H, C2NHCH2), 2.57 (t, J = 8 Hz, 2 H, CH2Ph),
2.24 (t, J = 6 Hz, 2 H, CH2CO) ppm. 13C NMR (100 MHz, CDCl3
+ CD3OD): δ = 172.1 (CO), 157.1 (C-ipso pyr), 149.8 (C-3), 149.7
(C-2), 148.1, 137.1 (pyr-C), 136.9 (C-ipso Ph), 128.2, 128.1, 126.3
(Ph-C), 126.1 (C-6), 122.0, 121.4 (pyr-C), 112.4 (C-5), 50.2 (NCH2),
43.9 (CH2pyr), 36.8 (NHCH2), 34.4 (CH2CO), 33.9 (CH2Ph) ppm.
EIMS {(relative intensity) [assignment]}: m/z (%) = 411 (91) [M+·],
105 (100) [PhCH2CH2

+]. HRMS (EI): calcd. for C21H22ClN5O2

411.1159; found 411.1462.

Synthesis of N-Benzyl-3-[(6-chloro-3,4-dihydro-3-oxo-4-phenethyl-
pyrazin-2-yl)amino]propionamide (16): Yield 0.30 g (34%). M.p.
132 °C. IR (KBr, assignment): ν̃ = 3395 (NH), 1734 (CO), 1652
(CO). 1H NMR (400 MHz, CDCl3): δ = 7.30–7.13 (m, 10 H, Ph-
H), 6.89 (t, J = 5 Hz, 1 H, C2NH), 6.68 (t, J = 5 Hz, 1 H, CONH),
6.28 (s, 1 H, 5-H), 4.37 (d, J = 6 Hz, 2 H, NHCH2Ph), 3.95 (t, J
= 8 Hz, 2 H, NCH2), 3.68 (qd, J = 6 Hz, 2 H, C2NHCH2), 2.95
(t, J = 8 Hz, 2 H, CH2Ph), 2.52 (t, J = 6 Hz, 2 H, CH2CO) ppm.
13C NMR (100 MHz, CDCl3): δ = 171.0 (CO), 150.1 (C-3), 150.0
(C-2), 138.2, 137.2 (C-ipso Ph), 128.8, 128.7, 128.6, 127.7, 127.4,
127.3, 126.9 (Ph-C), 126.4 (C-6), 112.5 (C-5), 50.7 (NCH2), 43.6
(C2NHCH2), 37.3 (CH2CO), 35.3 (CH2pyr), 34.6 (CH2Ph) ppm.
EIMS {(relative intensity) [assignment]}: m/z (%) = 410 (100) [M+·].
HRMS (EI): calcd. for C22H23ClN4O2 410.1505; found 410.1509.

Synthesis of 3-[(6-Chloro-3,4-dihydro-3-oxo-4-phenethylpyrazin-2-
yl)amino]-N-(phenethyl)propionamide (21): Yield 0.41 g (62%). M.p.
138 °C. IR (KBr, assignment): ν̃ = 3319 (NH), 1699 (CO), 1652
(CO) cm–1. 1H NMR (400 MHz, CDCl3): δ = 7.29–7.14 (m, 10 H,
Ph-H), 6.85 (t, J = 6 Hz, 1 H, C2NH), 6.29 (s, 1 H, 5-H), 6.08 (t,
J = 5 Hz, 1 H, CONH), 3.95 (t, J = 8 Hz, 2 H, NCH2), 3.68 (qd,
J = 6 Hz, 2 H, C2NHCH2), 3.49 (qd, J = 7 Hz, 2 H, CONHCH2),
2.96 (t, J = 7 Hz, 2 H, CH2Ph), 2.79 (t, J = 7 Hz, 2 H,
NHCH2CH2Ph), 2.52 (t, J = 6 Hz, 2 H, CH2CO) ppm. 13C NMR
(100 MHz, CDCl3): δ = 170.9 (CO), 150.2 (C-3), 150.1 (C-2), 138.9,
137.2 (C-ipso Ph), 128.8, 128.7, 128.5, 126.9, 126.4 (Ph-C), 126.3
(C-6), 112.6 (C-5), 50.8 (NCH2), 40.6 (CONHCH2), 37.3
(C2NHCH2), 35.6 (NHCH2CH2Ph), 35.4 (CH2CO), 34.6 (CH2Ph)
ppm. EIMS {(relative intensity) [assignment]}: m/z (%) = 424 (100)
[M+·]. HRMS (EI): calcd. for C23H25ClN4O2 424.1663; found
424.1665.
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Synthesis of 3-[(6-Chloro-3,4-dihydro-3-oxo-4-phenethylpyrazin-2-
yl)amino]-N-[2-(pyridin-2-yl)ethyl]propionamide (31): Yield 0.25 g
(54%). M.p. 130 °C. IR (KBr, assignment): ν̃ = 3320 (NH), 1683
(CO), 1635 (CO) cm–1. 1H NMR (400 MHz, CDCl3): δ = 8.43 (d,
J = 6 Hz, 1 H, 6�-H), 7.55 (td, J = 7 Hz, 2 Hz, 1 H, 4�-H), 7.27–
6.90 (m, 9 H, Ph-H + 5�-H + 3�-H + 2NH), 6.27 (s, 1 H, 5-H),
3.94 (t, J = 8 Hz, 2 H, NCH2), 3.68 (q, J = 8 Hz, 2 H, C2NHCH2),
3.60 (qd, J = 8 Hz, 2 H, CONHCH2), 2.96–2.76 (m, 4 H, CH2Ph
+ CH2pyr), 2.04 (t, J = 8 Hz, 2 H, CH2CO) ppm. 13C NMR
(100 MHz, CDCl3): δ = 170.9 (CO), 159.4 (C-ipso pyr), 150.2 (C-
3), 150.1 (C-2), 148.9, 137.2 (pyr-C), 136.7 (C-ipso Ph), 128.7,
128.6, 126.8 (Ph-C), 126.4 (C-6), 123.4, 121.5 (pyr-C), 112.4 (C-5),
50.7 (NCH2), 38.8 (CONHCH2), 37.3 (C2NHCH2), 36.9 (CH2pyr),
35.2 (CH2CO), 34.5 (CH2Ph) ppm. EIMS {(relative intensity)
[assignment]}: m/z (%) = 425 (95) [M+·], 105 (100) [PhCH2CH2

+].
HRMS (EI): calcd. for C22H24ClN5O2 425.1601; found 425.1618.

Synthesis of 3-[(6-Chloro-3,4-dihydro-3-oxo-4-phenethylpyrazin-2-
yl)amino]-N-[2-(1H-indol-3-yl)ethyl]propionamide (36): Yield 0.20 g
(40%). Oil. IR (KBr, assignment): ν̃ = 3648 (NH), 1684 (CO), 1652
(CO) cm–1. 1H NMR (400 MHz, CDCl3): δ = 8.95 (br. s, 1 H, NH-
ind), 7.49 (d, J = 7 Hz, 1 H, 4i-H), 7.27–7.11 (m, 6 H, Ph-H + 7i-
H), 7.10 (t, J = 7 Hz, 1 H, 5i-H), 7.00 (t, J = 7 Hz, 1 H, 6i-H), 6.94
(t, J = 7 Hz, 1 H, C2NH), 6.90 (s, 1 H, 2i-H), 6.24 (t, J = 5 Hz, 1
H, CONH), 6.18 (s, 1 H, 5-H), 3.84 (t, J = 8 Hz, 2 H, NCH2), 3.60
(q, J = 8 Hz, 2 H, C2NHCH2), 3.56 (qd, J = 6 Hz, 2 H,
CONHCH2), 2.85 (m, 4 H, CH2ind + CH2Ph), 2.34 (t, J = 6 Hz,
2 H, CH2CO) ppm. 13C NMR (100 MHz, CDCl3): δ = 171.0 (CO),
149.8 (C-2 and C-3), 136.9 (C-ipso Ph), 136.1 (C-7ai), 128.5, 128.4,
126.7 (Ph-C), 127.0 (C-3ai), 126.1 (C-6), 122.1 (C-2i), 121.5 (C-6i),
118.2 (C-4i), 118.8 (C-5i), 112.0 (C-5), 111.2 (C-7i), 50.4 (NCH2),
39.5 (CONHCH2), 37.0 (C2NHCH2), 34.8 (CH2CO), 34.2
(CH2Ph), 24.8 (CH2ind) ppm. EIMS {(relative intensity)
[assignment]}: m/z (%) = 463 (23) [M+·], 143 (100) [indCH=CH2

+].
HRMS (EI): calcd. for C25H26ClN5O2 463.1775; found 463.1779.

Synthesis of N-Benzyl-2-[(4-benzyl-6-chloro-3,4-dihydro-3-oxopyr-
azin-2-yl)amino]-3-phenylpropionamide (12): Yield 0.35 g (50%).
Oil. IR (KBr, assignment): ν̃ = 3384 (NH), 1683 (CO), 1635 (CO)
cm–1. 1H NMR (400 MHz, CDCl3): δ = 7.28–7.04 (m, 15 H, Ph-
H), 6.94 (d, J = 7 Hz, 1 H, C2NH), 6.66 (t, J = 6 Hz, 1 H, CONH),
6.44 (s, 1 H, 5-H), 4.83 (s, 2 H, NCH2), 4.69 (q, J = 7 Hz, 1 H,
CHCO), 4.30 (dd, J = 14 Hz, 6 Hz, 1 H, NHCHA Ph), 4.26 (dd, J
= 14 Hz, 6 Hz, 1 H, NHCHB Ph), 3.15 (d, J = 7 Hz, 2 H, CHCH2

Ph) ppm. 13C NMR (100 MHz, CDCl3): δ = 170.3 (CO), 149.9 (C-
3), 149.4 (C-2), 137.6, 136.4, 134.4 (C-ipso Ph), 129.0, 128.7, 128.3,
128.2, 128.0, 127.1, 126.9, 126.6 (Ph-C), 126.1 (C-6), 113.0 (C-5),
56.3 (CHCO), 51.5 (NCH2), 43.0 (NHCH2Ph), 37.4 (CHCH2Ph)
ppm. EIMS {(relative intensity) [assignment]}: m/z (%) = 472 (24)
[M+·], 91 (100) [PhCH2

+]. HRMS (EI): calcd. for C27H25ClN4O
472.1666; found 472.1668.

Synthesis of 2-[(4-Benzyl-6-chloro-3,4-dihydro-3-oxopyrazin-2-yl)-
amino]-3-phenyl-N-(phenethyl)propionamide (17): Yield 0.30 g
(45%). Oil. IR (KBr, assignment): ν̃ = 3365 (NH), 1652 (CO) cm–1.
1H NMR (400 MHz, CDCl3): δ = 7.34–6.99 (m, 15 H, Ph-H), 6.76
(d, J = 7 Hz, 1 H, C2NH), 6.49 (s, 1 H, 5-H), 6.06 (t, J = 6 Hz, 1
H, CONH), 4.97 (d, J = 14 Hz, 1 H, NCHAPh), 4.88 (d, J = 14 Hz,
1 H, NCHB Ph), 4.59 (qd, J = 7 Hz, 1 H, CHCO), 3.49–3.35 (m,
2 H, NHCH2), 2.71–2.62 (m, 2 H, NHCH2CH2), 3.15 (d, J = 7 Hz,
2 H, CHCH2 Ph) ppm. 13C NMR (100 MHz, CDCl3): δ = 170.1
(CO), 149.9 (C-3), 149.3 (C-2), 138.5, 136.4, 134.5 (C-ipso Ph),
129.1, 128.8, 128.5, 128.4, 128.2, 126.8, 126.3 (Ph-C), 126.2 (C-
6), 113.0 (C-5), 56.2 (CHCO), 51.8 (NCH2), 40.5 (NHCH2), 37.7
(CHCH2Ph), 35.2 (NHCH2CH2) ppm. EIMS {(relative intensity)
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[assignment]}: m/z (%) = 486 (20) [M+·], 91 (100) [PhCH2

+]. HRMS
(EI): calcd. for C28H27ClN4O2 486.1822; found 486.1830.

Synthesis of 2-[(4-Benzyl-6-chloro-3,4-dihydro-3-oxopyrazin-2-yl)-
amino]-3-phenyl-N-[2-(pyridin-2-yl)ethyl]propionamide (27): Yield
0.21 g (33%). Oil. IR (KBr, assignment): ν̃ = 3300 (NH), 1653 (CO)
cm–1. 1H NMR (400 MHz, CDCl3): δ = 8.20 (d, J = 6 Hz, 1 H, 6�-
H), 7.35 (td, J = 7 Hz, 2 Hz, 1 H, 4�-H), 7.24–7.04 (m, 12 H, Ph-
H + 2NH), 6.96 (d, J = 9 Hz, 1 H, 3�-H), 6.91–6.85 (m, 1 H, 5�-
H), 6.43 (s, 1 H, 5-H), 4.97 (d, J = 14 Hz, 1 H, NCHAPh), 4.88 (d,
J = 14 Hz, 1 H, NCHBPh), 4.59 (qd, J = 9 Hz, 1 H, CHCO), 3.54–
3.48 (m, 2 H, NHCH2), 3.09 (d, J = 8 Hz, 2 H, CHCH2Ph), 2.78–
2.72 (m, 2 H, CH2pyr) ppm. 13C NMR (100 MHz, CDCl3): δ =
169.9 (CO), 158.6 (C-ipso pyr), 149.5 (C-3), 149.0 (C-2), 148.3,
136.4 (Pyr-C), 135.9, 134.5 (C-ipso Ph), 128.7, 128.4, 127.9, 127.8,
126.2 (Ph-C), 125.8 (C-6), 122.8, 120.8 (pyr-C), 112.6 (C-5), 55.8
(CHCO), 51.3 (NCH2), 38.2 (NHCH2), 37.5 (CHCH2Ph), 36.1
(CH2pyr) ppm. EIMS {(relative intensity) [assignment]}: m/z (%)
= 487 (45) [M+·], 91 (100) [PhCH2

+·]. HRMS (EI): calcd. for
C27H26ClN5O2 487.1775; found 487.1775.

Synthesis of 2-[(4-Benzyl-6-chloro-3,4-dihydro-3-oxopyrazin-2-yl)-
amino]-3-phenyl-N-(pyridin-2-ylmethyl)propionamide (22): Yield
0.36 g (50%). Oil. IR (KBr, assignment): ν̃ = 3345 (NH), 1683
(CO), 1635 (CO) cm–1. 1H NMR (400 MHz, CDCl3): δ = 8.35 (d,
J = 6 Hz, 1 H, 6�-H), 7.56 (td, J = 7 Hz, 2 Hz, 1 H, 4�-H), 7.50 (t,
J = 6 Hz, 1 H, CONH), 7.29–7.19 (m, 10 H, Ph-H), 7.15 (d, J =
7 Hz, 1 H, 3�-H), 6.99 (d, J = 7 Hz, 1 H, C2NH), 6.94 (dt, J =
7 Hz, 2 Hz, 1 H, 5�-H), 6.48 (s, 1 H, 5-H), 4.89 (s, 2 H, NCH2),
4.78 (qd, J = 7 Hz, 1 H, CHCO), 4.44 (d, J = 6 Hz, 2 H, CH2pyr),
3.19 (d, J = 7 Hz, 2 H, CHCH2Ph) ppm. 13C NMR (100 MHz,
CDCl3): δ = 170.5 (CO), 156.4 (C-ipso pyr), 149.8 (C-3), 149.4 (C-
2), 148.3, 136.7 (pyr-C), 136.4, 134.5 (C-ipso Ph), 129.0, 128.6,
128.2, 128.1, 128.0, 126.5 (Ph-C), 126.1 (C-6), 121.9, 121.6 (pyr-
C), 112.9 (C-5), 56.1 (CHCO), 51.5 (NCH2), 44.2 (CH2pyr), 37.7
(CHCH2Ph) ppm. EIMS {(relative intensity) [assignment]}: m/z
(%) = 473 (33) [M+·], 91 (100) [PhCH2

+]. HRMS (EI): calcd. for
C26H24ClN5O2 473.1618; found 473.1623.

Synthesis of 2-[(4-Benzyl-6-chloro-3,4-dihydro-3-oxopyrazin-2-yl)-
amino]-N-[2-(1H-indol-3-yl)ethyl]-3-phenylpropionamide (32): Yield
0.30 g (30%). Oil. IR (KBr, assignment): ν̃ = 3445 (NH), 1652 (CO)
cm–1. 1H NMR (400 MHz, CDCl3): δ = 8.50 (s, 1 H, NH-ind), 7.49
(d, J = 8 Hz, 1 H, 4i-H), 7.30–7.13 (m, 12 H, Ph-H + 7i-H +
C2NH), 7.12–7.02 (m, 2 H, 5i-H + 6i-H), 6.72 (d, J = 2 Hz, 1 H,
2i-H), 6.34 (s, 1 H, 5-H), 6.19 (t, J = 6 Hz, 1 H, CONH), 4.88 (d,
J = 14 Hz, 1 H, NCHAPh), 4.74 (d, J = 14 Hz, 1 H, NCHBPh),
4.58 (qd, J = 7 Hz, 1 H, CHCO), 3.50 (qd, J = 7 Hz, 2 H, NHCH2),
3.11 (d, J = 7 Hz, 2 H, CHCH2Ph), 2.86–2.78 (m, 2 H, CH2ind)
ppm. 13C NMR (100 MHz, CDCl3): δ = 170.6 (CO), 149.7 (C-3),
149.2 (C-2), 136.6 (C-7ai), 136.2, 134.7 (C-ipso Ph), 128.9, 128.7,
128.2, 128.1, 127.8, 126.5 (Ph-C), 126.9 (C-3ai), 126.1 (C-6), 122.1
(C-2i), 121.5 (C-6i), 118.8 (C-5i), 118.1 (C-4i), 113.0 (C-5), 111.7
(C-3i), 111.1 (C-7i), 56.4 (CHCO), 51.5 (NCH2), 37.6 (CHCH2Ph),
39.2 (NHCH2), 24.8 (CH2ind) ppm. EIMS {(relative intensity)
[assignment]}: m/z (%) = 525 (19) [M+·], 91 (100) [PhCH2

+·].
HRMS (EI): calcd. for C30H28ClN5O2 525.1931; found 525.1937.
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