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The 3C-like protease (3CLpro), which controls the severe acute respiratory syndrome (SARS) coronavirus
replication, has been identified as a potential target for drug design in the treatment of SARS. A series of
tetrapeptide phthalhydrazide ketones, pyridinyl esters, and their analogs have been designed, synthesized,
and evaluated as potential SARS 3CLpro inhibitors. Some pyridinyl esters are identified as very potent
inhibitors, with IC50 values in the nanomolar range (50-65 nM). Electrospray mass spectrometry indicates
a mechanism involving acylation of the active site cysteine thiol for this class of inhibitors.

Introduction

Severe acute respiratory syndrome (SARS) is a life-threaten-
ing form of atypical pneumonia that first occurred in Guangdong
province in China and rapidly spread through several countries
in other parts of the world in 2003.1,2 The fatality rate of SARS
is rather high. In the first wave of the SARS outbreak, around
8500 people worldwide were affected and over 900 died. The
re-emergence of SARS in south China was reported in Decem-
ber 2003 and again in the spring of 2004.3

The causative agent of SARS has been identified as a novel
human coronavirus (SARS-CoV).1,2,4 The SARS coronavirus,
including the well-characterized human CoV 229E (HCoV) and
porcine transmissible gastroenteritis virus (TGEV), are positive-
strand RNA viruses.5 Studies of these viruses have identified
at least three major processes that are essential for successful
viral replication in the host and are good targets for novel
therapeutics: viral entry, transcription of the viral genome, and
proteolytic processing. The replicase polyproteins pp1a and pp1b
encoded by the SARS CoV6-8 are extensively processed to yield
the functional subunits for successful viral propagation. The
proteolysis is mediated by the main protease 3CLpro (also called
Mpro), a cysteine protease and a papain-like cysteine protease.
The active site of SARS-CoV 3CL protease has a catalytic dyad
with the sulfur of Cys145 as a nucleophile and the imidazole
ring of His41 as a general base.4,9,10The 3CLpro cleaves pp1a/
pp1b at 11 conserved interdomain sites, in which the P1 position
has a well-conserved Gln residue and the P2 position has a
hydrophobic amino acid residue.8,11

A number of small molecules have been reported that are
potent inhibitors of 3CLpro, such as the HIV protease inhibitor
TL-3,12 bifunctional aryl boronic acids,13 thiophenylcarboxyl-
ate,14 keto-glutamine analogues,15aanilides,16aand benzotriazole
esters.17 One such study has recently indicated that the covalent
inhibitor aza-peptide epoxide has been visualized in the SARS
3CLpro crystal structure.18 However, for many of the inhibitors

it is still not determined how they interact with the SARS 3CLpro.
Clearly, further studies will assist understanding of the inhibition
mechanisms and the possible discovery of therapeutic agents.

In our previous studies,15 keto-glutamine analogues (e.g.,1,
IC50 ) 0.6 µM, Figure 1) were found to be effective SARS
3CLpro inhibitors and, therefore, interesting lead compounds for
the development of anti-SARS drugs. Related investigations on
the 3C cysteine protease of the hepatitis A virus (HAV)19 have
shown that these inhibitors display rapid competitive inhibition,
followed by slow irreversible inactivation of the enzyme.
Structure-activity studies also indicated that both theγ-lactam
and the phthalhydrazide moieties are important structural factors
for good inhibition. Interestingly,2a (AG7088,20 Figure 1) was
recently reported to show no inhibition of SARS 3CLpro at 100
µM concentration. However, replacement of theγ-lactam moiety
by a phenyl group generated modified AG7088 analogues that
have significantly improved inhibition (e.g.,2b, IC50 ) 39 µM,
Figure 1).16b Based on this concept, we decided to examine a
modified keto-glutamine analog in which theγ-lactam is
replaced with a phenyl group.

Screening of compound libraries demonstrated that aromatic
ester3 (Figure 1, IC50 ) 0.5 µM) is approximately equipotent
to keto-glutamine1 (IC50 ) 0.6µM) as a 3CLpro inhibitor.14,15a

Hence, it also seemed reasonable to prepare “mix-and-match”
combinations based on the assumption that the carbonyl of3
and the ketone of1 could bind at the same enzyme site (e.g., at
or near the Cys145 nucleophile). This assumption is supported
by the observation that3 inhibits HAV 3Cpro as strongly as it
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does SARS-CoV 3CLpro. Although the two proteases have low
sequence identity, they appear to accept similar substrate analogs
in their active sites. Finally, in the present work we also examine
a library of 103 structures based on a modification of the
aromatic ester3.

Results and Discussion

Peptide Analogues.The keto-glutamine analogue7 with a
phenyl substituent in the P1 position21 was synthesized using
an established method15a-c reported previously by our group
(Scheme 1). Activation of the carboxylic acid ofN-Boc-L-

phenylalanine4 with ethyl chloroformate, followed by diaz-
omethane substitution, provided the diazo compound. Treating

Scheme 1.Synthesis of Tetrapeptide7 from N-Boc-L-phenylalanine4

Scheme 2.Synthesis of Tetrapeptide11 and12 from Cyclic Glutamic Acid8

Scheme 3.Synthesis of Tetrapeptide16 from Cyclic Glutamic Acid Ester13

Table 1. Evaluation of Compounds7, 11, 12, and16 as SARS 3CLpro

Inhibitors

cmpd
% inhibition
at 100µMa

7 72
11 -
12 23
16 -

a Dash means<10% inhibition.
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Table 2. Preliminary Evaluation of Selected Analogues as SARS 3CLpro Inhibitors

a Dash means<10% inhibition.
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the diazo intermediate with 48% aqueous HBr gave compound
5 in 76% yield over three steps. Nucleophilic substitution of
the bromide with sodium phthalhydrazide produced compound
6 in 34% yield. Removal of the Boc group with TFA, followed

by coupling with the recognition tripeptide Ac-Val-Thr(OBn)-
Leu-OH, afforded the desired tetrapeptide7 in 45% yield.

The target tetrapeptides11 and 12 containing a thiophene
moiety were prepared following the route shown in Scheme 2.
The synthesis started from the advanced intermediate, cyclic
glutamic acid8, prepared by a literature method.15a,22Conversion
of carboxylic acid8 to the Weinreb amide23 9 proceeded in
66% yield. Isopropyl magnesium bromide was added to depro-
tonate the two acidic protons of9; this was followed by
nucleophilic attack by thiophene magnesium bromide to generate
compound10 in 74% yield. Removal of the Boc protecting
group, followed by coupling with the tripeptide Ac-Val-Thr-
(OBn)-Leu-OH, afforded the desired tetrapeptide11 in 34%
yield. However, removal of the benzyl group of compound11
to yield compound12 was not successful, either by palladium-
catalyzed hydrogenation or with a Lewis acid. Hence, compound
12 was obtained in 50% yield by an alternative route: removal
of the Boc group of compound10, followed by direct coupling
with the tripeptide Ac-Val-Thr(OH)-Leu-OH. Surprisingly, our
previous study15 showed that removal of the threonine O-benzyl
group of the corresponding keto-glutamine inhibitor1 slightly
increased the IC50 values with 3CLpro but still gave low
micromolar inhibition of 3CLpro.

The tetrapeptide16 with the pyridinyl moiety was prepared
using a different synthetic strategy (Scheme 3). Removal of the
Boc group of the cyclic glutamic acid ester13, followed by
coupling with tripeptide Ac-Val-Thr(OBn)-Leu-OH, provided
the tetrapeptide14 in 65% yield. Hydrolysis of the ester group
of 14 yielded compound15 with a carboxylic acid in quanti-
tative yield. Coupling of15 with 5-chloro-3-pyridinol afforded
the tetrapeptide16 as a 1:1 mixture of diastereomers at the
glutamine analogueR-carbon. As 5-chloro-3-pyridinol is a
poor nucleophile, transient cyclization of the activated car-
boxyl group with the neighboring amide to an azlactone could
compete with the coupling reaction, thereby leading to the
epimerization.

Compounds7, 11, 12, and 16 were tested against SARS
3CLpro using a continuous fluorometric assay, as described previ-

Scheme 4.Synthesis of a Library of 3-Chloropyridinyl Esters by Method A or B

Table 3. Evaluation of Aldehydes as SARS 3CLpro Inhibitors

a Dash means<10% inhibition.

Table 4. Evaluation of Pyridinyl Esters as SARS 3CLpro Inhibitors

cmpd IC50 (nM) T1/2
a (h)

35 60 12
36 170 28
39 50 119
48 65 42
49 95 32
50 270 125
51 340 53
52 63 41

a Half-life for hydrolysis at pH 7.5 in phosphate buffer.

Figure 2. Structures of SARS 3CLpro inhibitors 48-52.
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ously.14,15a In brief, the assay was performed at 22°C in a
solution containing 100 mM KH2PO4/K2HPO4 at pH 7.5, 2 mM
EDTA, 10µM fluorogenic substrate (Abz-SVTLQSG-Tyr(NO2)R,

93% purity), 1.5µM His-tagged protease (N-terminal, cleav-
able), and 1% DMSO without any preincubation. Increase in
fluorescence (λex 340 nm,λem 415 nm) was monitored using a

Figure 3. (A) Mass spectrum of wild type SARS 3CLpro (M+ ) 33 846 Da). (B) Mass spectrum of the complex of 3CLpro and inhibitor39 (M+

) 33 939 Da).
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spectrofluorimeter. Initial rates were calculated using the first
3 min of the progress curves. The testing results are listed in
Table 1.

As outlined in Table 1, in comparison to the keto-glutamine
with the γ-lactam moiety (94% inhibition at 100µM),15a the
analog7 with a phenyl substituent does not show improved
inhibition in our case (72% inhibition at 100µM). This is
unexpected in view of the better inhibition of SARS 3CLpro by
2b compared to that of2a.16b All the other tetrapeptide analogs
11, 12, and16 show only very weak inhibition against 3CLpro,
even though16would be expected to be a good substrate mimic.
The results are consistent with our previous finding15athat both
the γ-lactam and the phthalhydrazide moieties are important
structural features for this class of tetrapeptide inhibitor.

Aromatic Esters and Related Analogues.The relatively
accessible structure of inhibitor3, which has an IC50 of 0.5µM
with SARS 3CLpro,14 encouraged us to make a focused library
around this motif to examine structure-activity relationships.
A series of 31 analogues were initially synthesized and tested
against 3CLpro using the fluorescent assay conditions described
earlier. The results, which examine only the initial binding, are
outlined in Table 2. As a result of self-quenching of fluorescence
at high substrate concentrations, low concentrations of fluoro-
genic peptide and, consequently, low overall conversions (i.e.,
short times) were used. Compared to the ester analogues, the
amides (e.g.,20) show almost no inhibition at 100µM
concentration under these conditions. In addition, when the ester
groups are at theortho or para position, instead of themeta
position, of the pyridinyl rings (e.g.,17, 19, 28), poor or no
inhibition is observed. Furthermore, if the chlorine substituent
is at the 2 or 6 position (i.e.,30, 31) instead of the 3 position
(e.g.,3) of the pyridinyl ring, the inhibition decreases dramati-
cally. However, the analogue with a hydrogen (i.e.,19) instead
of a chlorine substituent at the 3 position still displays reasonably
good inhibition. From the analysis of compounds (3, 18, 34,
35, 36, 37, 38) with moderate to good inhibition, it appears

that in addition to the pyridinyl ring, the other aromatic rings
(furan or thiophene) are also key structural factors for potent
inhibition. Compound39with a bromine substituent at themeta
position of the pyridinyl ring showed very potent inhibition
(98%) against 3CLpro even at 1µM concentration.

Compared to compounds18 and 39, the analogues40 and
44 with one extra carbon inserted between the pyridinyl rings
and the oxygen atom exhibited much weaker inhibition. In
addition, the amide analog21, the ether42, the sulfonamide
45, and the ketones46and47showed almost no activity against
the enzyme. Compound43 with a reversed ester linkage also
showed decreased inhibition against 3CLpro at 100µM.

Based on the above screening results, a library of pyridinyl
esters was prepared through automated parallel synthesis, by
the coupling reactions (Method A or B, Scheme 4) between
5-chloro-3-pyridinol and 90 commercially available carboxylic
acids, most of which are aromatic carboxylic acids (see
Supporting Information for structures). Of the 90 targets, 18
compounds were relatively unstable to aqueous conditions and
were not examined further, but 72 compounds were obtained
and purified by automated HPLC-MS analysis.

This library of 3-chloropyridinyl esters was tested against 0.4
µM SARS 3CLpro using the continuous fluorometric assay.
Compounds48 to 52 showed almost complete inhibition of
3CLpro at 1 µM concentration (Figure 2).

Based on the testing results, it seemed that for this class of
3-chloropyridinyl esters, both noncovalent protein-inhibitor
interactions as well as inherent chemical reactivity (i.e.,
propensity for enzyme acylation) may play important roles in
the strong inhibition of 3CLpro. It is well-known that compared
to the esters aldehydes are chemically more reactive toward
nucleophiles and are potentially good inhibitors for cysteine
enzymes through formation of hemithioacetals.24 Hence, several
aldehydes having part of the structural motif of the most
effective inhibitors were synthesized and tested (Table 3).
However, none of these aldehydes showed very potent in-
hibition against 3CLpro, which suggests that both the 3-chloro-
pyridine unit and the other aromatic ring play important
roles in strong binding to the enzyme (see Supporting Informa-
tion for the structures of aromatic and nonaromatic carboxylic
acids).

The activities of selected pyridinyl esters were further
investigated using a non-His-tagged protease, which was more
stable and had higher activity in the assay. Initial rates were
calculated using the first 5 min of the progress curves. Under
the assay conditions, all of the esters were reasonably stable to
hydrolysis, as studied by1H NMR, and some were extremely
potent inhibitors of 3CLpro, as summarized in Table 4. For
example, in an assay containing 100 nM enzyme, compound
39 had an IC50 of 50 nM. This corresponds to the lowest IC50

theoretically measurable in the assay and, to our knowledge, is
one of the lowest IC50 values reported for the SARS 3CLpro.
Indeed, pyridinyl ester39 was such an effective inhibitor of
3CLpro, that it was not possible to measurekinact andKi, even in
the presence of the fluorogenic substrate. Mixing the enzyme
and the inhibitor in a 1:1 molar ratio completely inactivated

Figure 4. Proposed mechanism of inhibition of SARS 3CLpro by pyridinyl ester inhibitors.

Figure 5. The modeling binding conformations of inhibitors39 and
51 in the active site of SARS 3CLpro. Inhibitors 39 (yellow) and51
(white) are shown in the stick mode (oxygen atoms are red; nitrogen
atoms are blue; chlorine is green; and bromine is orange). The color
of the enzyme surface shows the cavity depth from the outside of the
protein (blue) to the inside of the protein (yellow).
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the enzyme within the dead-time of the assay (∼6 s). However,
the activity of 3CLpro recovered with at1/2 of ∼4 min. This
behavior is consistent with inactivation of the enzyme through
rapid acylation of the enzyme by the inhibitor, followed by its
reactivation through slow deacylation.

The inhibition mechanism was also investigated by electro-
spray mass spectrometry. As shown in Figure 3A, the mass of
the wild type enzyme is 33 846 Da, and the mass of the complex
of enzyme and inhibitor39 is 33 939 Da (Figure 3B, expected
mass 33 940) 33 845+ 95 Da,(1 Da). This indicates covalent
bond formation via acylation of the enzyme by the furoyl group
(MW 95) of inhibitor 39 with departure of the 3-bromo-5-
hydroxypyridine leaving group is the likely mechanism of
inhibition. The electrospray mass spectra of the complexes of
inhibitors 35, 48, and 51 with the enzyme (see Supporting
Information for spectra) also confirmed an analogous acylation
mechanism for these 3-chloropyridinyl esters (Figure 4).

Inhibitors 39 and 51 were modeled into the active site of
SARS 3CLpro (PDB code: 2A5K)18 using the program Autodock
3.0.525 (Figure 5). The general trends of the predicted conforma-
tions follow the “Cys-S1” binding mode described for a group
of compounds having a similar basic design. The halopyridine
moieties fit comfortably in the S1 substrate binding site, where
the majority of the interactions with the enzyme are contributed
by van der Waals contacts between the pyridine function and
the two “walls” of the S1 pocket comprised of residues Phe140,
Leu141, Asn142, and residues Glu166 and His172, respectively.
The halogen atom in either inhibitor does not interact signifi-
cantly with the enzyme and points out toward the solvent. The
pyridine nitrogen atom of inhibitor39 forms a hydrogen bond
with Nε2 of His163, the P1 specificity-determining residue. The
carbonyl oxygen of the central ester function is directed into
the oxyanion hole and receives hydrogen bonds from Oγ of
Ser144 and the main chain N atoms of Gly143 and Cys145.
The furan function in inhibitor39 and anisole function in
inhibitor 51 are located near the catalytic residue Cys145,
forming mainly hydrophobic contacts. Because the S1 pocket
is crucial to substrate recognition, the presence of the halopy-
ridine function in the S1 subsite would effectively block the
entry of peptidyl substrates.

Proteases are also known to hydrolyze ester substrates. The
inhibition mechanism of the ester-based inhibitors described in
this study likely involves covalent attachment of the inhibitors
(at the carbonyl carbon) to the nucleophilic sulfur of Cys145.
While the central ester bonds of these inhibitors provide the
main interaction with the catalytic Cys145, the initial binding
of the intact inhibitors into the active site of 3CLpro (Figure 5)
may critically depend on the derivatized pyridine moieties as
well as the functional groups on the acid side of the ester bond.
The docking results indicate that the halopyridine groups of these
inhibitors have a strong propensity to bind inside the S1 pocket
of the 3CLpro substrate binding site. In addition, the derivati-
zations on either side of the central ester bond could affect the
electrophilicity of the carbonyl function, which, in turn, may
modify the reactivity of inhibitors to SARS 3CLpro. The
biochemical data presented in this study should be viewed as
the consequence of combined influences of inhibitor binding
affinity and chemical reactivity with the enzyme.

In conclusion, in this paper we have reported a series of
peptidomimetics, pyridinyl esters, and their analogs, of which
some halopyridinyl esters are very potent SARS 3CLpro inhibi-
tors (IC50 values as low as 50 to 65 nM). A covalent bond
formation mechanism for the enzyme-inhibitor complexes has
been proposed based on the electrospray mass spectrometry

investigation. Structure-activity relationship studies indicated
that the chemical structure plays a key role in the strong
inhibition against 3CLpro. Based on the structure-activity
relationship, efforts to discover more effective reversible inhibi-
tors and the study of the inhibition mechanism are ongoing in
our lab.

Experimental Section

Materials and Reagents.SARS-CoV 3CLpro was expressed and
prepared according to the previously described procedure.14 All of
the reagents were of analytical grade and used without further
purification.

(R)-tert-Butyl-4-bromo-3-oxo-1-phenylbutan-2-ylcarbamate (5).
To a solution ofN-Boc-L-phenylalanine4 (1 g, 3.77 mmol) in THF
(30 mL) at 0°C was added triethylamine (0.58 mL, 4.15 mmol),
followed by ethyl chloroformate (0.39 mL, 4.02 mmol). The
resulting solution was stirred at 0°C for half an hour. The formed
salt was filtered out through gravity filtration quickly, the filtrate
was transferred into an excess ethereal diazomethane solution
(approximately 12 mmol), and the temperature was maintained at
0 °C. The reaction mixture was slowly warmed to rt and stirred
for another hour. The solvent was removed under reduced pressure
to obtain the crude diazo product (1.08 g, quant.), which was used
in the following step without any purification. To the solution of
the diazo-ketone compound in THF (30 mL) at 0°C was added aq
48% HBr (0.67 mL, 4.00 mmol) dropwise over 15 min. The reaction
mixture was stirred for additional 15 min, quenched with saturated
aq NaHCO3 (10 mL), and the solvent was removed in vacuo. The
residue was diluted with H2O and extracted with CH2Cl2. The
combined organic layers were dried over MgSO4 and then
concentrated in vacuo. Purification of the crude product by flash
chromatography on silica gel (EtOAc) afforded5 as a white solid
(0.98 g, 76%). [R]25

D ) +6.1 (c 0.18, CHCl3); IR (CHCl3, cast)
3364, 3029, 2985, 2936, 1733, 1679, 1515, 1456 cm-1; 1H NMR
(CDCl3, 500 MHz) δ 7.12-7.33 (m, 5H), 5.05-5.12 (m, 1H),
4.64-4.74 (m, 1H), 3.95 (d, 1H,J ) 13.7 Hz), 3.83 (d, 1H,J )
13.7 Hz), 3.04-3.13 (m, 1H), 2.94-3.04 (m, 1H), 1.40 (s, 9H);
13C NMR (125 MHz, CDCl3) δ 200.8, 155.2, 135.8, 129.2, 128.9,
127.3, 80.5, 58.5, 37.8, 33.2, 28.3; HRMS (ES) calcd for C15H20-
NO3BrNa, 364.0519; found, 364.0516.

(S)-tert-Butyl-4-(1,4-dioxo-3,4-dihydrophthalazin-2(1H)-yl)-
3-oxo-1-phenylbutan-2-ylcarbamate (6).To a solution of phthal-
hydrazide (1 g, 6.15 mmol) in DMF (30 mL) was added NaH (0.17
g, 6.8 mmol), and the mixture was stirred at rt for 2 h after which
it was filtered and washed with anhydrous Et2O to yield sodium
phthalhydrazide as a white solid (1.18 g, quant.). To a suspension
of sodium phthalhydrazide (117 mg, 0.64 mmol) in DMF (4 mL)
was added a solution of bromoketone5 (200 mg, 0.58 mmol) in
DMF (8 mL) dropwise over 1 h. After stirring for 6 h at rt, the
solvent was removed in vacuo, and the residue was diluted with
H2O and extracted with EtOAc. The combined organic layers were
dried over MgSO4, and the solvent was removed in vacuo to obtain
the crude product, which was purified by flash column chroma-
tography on silica gel (50/50 EtOAc/hexanes) to obtain6 (83 mg,
34%) as a white solid. [R]25

D ) -20.4 (c 0.09, MeOH); IR
(microscope) 3359, 3167, 3012, 2921, 1751, 1738, 1687, 1656,
1601, 1523, 1494 cm-1; 1H NMR (CD3OD, 500 MHz)δ 8.28 (d,
1H, J ) 7.6 Hz), 8.11 (d, 1H,J ) 8.0 Hz), 7.91 (dd, 1H,J ) 7.6,
7.3 Hz), 7.86 (dd, 1H,J ) 8.0, 7.3 Hz), 7.15-7.28 (m, 5H), 5.12
(s, 2H), 4.56 (dd, 1H,J ) 9.8, 5.0 Hz), 3.21 (dd, 1H,J ) 14.0, 5.0
Hz), 2.83 (dd, 1H,J ) 14.0, 9.8 Hz), 1.36 (s, 9H);13C NMR (CD3-
OD, 125 MHz)δ 205.4, 161.7, 157.8, 151.4, 138.6, 135.0, 133.6,
130.5, 129.9, 129.5, 127.7, 127.4, 126.0, 125.0, 80.8, 70.2, 60.0,
37.5, 28.6; HRMS (ES) calcd for C23H25N3O5Na, 446.1686; found,
446.1683.

(S)-2-((2S,3R)-2-((S)-2-Acetamido-3-methylbutanamido)-3-
(benzyloxy)butanamido)-N-((S)-4-(1,4-dioxo-3,4-dihydrophthal-
azin-2(1H)-yl)-3-oxo-1-phenylbutan-2-yl)-4-methylpentanamide
(7). To a solution of6 (16.5 mg, 0.045 mmol) was added TFA/
DCM (2 mL, 1:1 ratio) at 0°C. The resulting solution was stirred
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for 1.5 h, after which the reaction mixture was concentrated in vacuo
and the residue was triturated with Et2O to yield the trifluoroacetate
salt. To a solution of trifluoroacetate salt in DMF (4 mL) at rt was
added Ac-Val-Thr(OBn)-Leu-OH (30.6 mg, 0.045 mmol), DIPEA
(16 µL, 0.090 mmol), and HBTU (17.7 mg, 0.045 mmol). After 4
h of stirring, the solvent was removed in vacuo. The crude product
was purified by HPLC (Waters C18 Bondpak 10µm, 125 Å; 100
× 25 mm, 15 mL/min, 5 min elution of 20% acetonitrile, followed
by a linear gradient elution over 25 min of 20 to 100% acetonitrile
in 0.075% TFA/H2O, tR ) 26 min) to afford7 (13.6 mg, 45% yield).
[R]25

D ) -49.4 (c 0.05, DMSO); IR (microscope) 3064, 2958, 1740,
1655, 1625, 1535, 1493 cm-1; 1H NMR (CD3OD, 500 MHz) δ
8.30 (ddd, 1H,J ) 7.8, 1.4, 0.70 Hz), 8.10 (ddd, 1H,J ) 7.8, 1.4,
0.64 Hz), 7.83 (dd, 1H,J ) 7.8, 0.5 Hz), 7.63 (dd, 1H,J ) 7.8,
0.5 Hz), 7.36-7.12 (m, 10H), 5.12 (d, 1H,J ) 17.0 Hz), 5.04 (d,
1H, J ) 17.0 Hz), 4.58 (d, 1H,J ) 11.3 Hz), 4.42 (d, 1H,J )
11.3 Hz), 4.40-4.33 (m, 2H), 4.13 (dd, 1H,J ) 6.4, 3.1 Hz), 4.07
(d, 1H, J ) 6.4 Hz), 3.48 (dd, 1H,J ) 14.0, 7.1 Hz), 3.26-3.18
(m, 1H), 2.94 (dd, 1H,J ) 14.0, 9.7 Hz), 2.12 (dd, 1H,J ) 13.4,
6.7 Hz), 1.95 (s, 3H), 1.57-1.46 (m, 2H), 1.40-1.28 (m, 1H), 1.22
(d, 3H,J ) 6.4 Hz), 0.99 (d, 3H,J ) 4.2 Hz), 0.98 (d, 3H,J ) 4.2
Hz), 0.83 (d, 3H,J ) 6.3 Hz), 0.79 (d, 3H,J ) 6.3 Hz); HRMS
(ES) calcd for C42H52N6O8Na, 791.3739; found, 791.3736.

(S)-tert-Butyl-1-(methoxy(methyl)amino)-1-oxo-3-((S)-2-ox-
opyrrolidin-3-yl)propan-2-ylcarbamate (9). To a solution of
cyclic glutamic acid815 (200 mg, 0.73 mmol) in DCM (5 mL) at
0 °C was added Weinreb amine23 (71 mg, 0.73 mmol), EDCI (141
mg, 0.73 mmol), HOBt (99 mg, 0.73 mmol), and NMM (0.16 mL,
1.46 mmol). The resulting solution was stirred overnight while
allowing to warm slowly to rt. Then the reaction mixture was diluted
with DCM (50 mL) and washed with water and brine. The
combined organic layers were dried over MgSO4 and then
concentrated in vacuo. Purification of the crude product by flash
chromatography on silica gel (90/10, EtOAc/MeOH) afforded5 as
a white foam (151 mg, 66%). [R]25

D ) -0.22 (c 0.27, CHCl3); IR
(CHCl3, cast) 3293, 2976, 1693 cm-1; 1H NMR (CDCl3, 500 MHz)
δ 6.85 (br, 1H, NH), 5.45 (br, 1H, NH), 4.60 (t, 1H,J ) 8.0 Hz),
3.77 (s, 3H), 3.33 (dd, 2H,J ) 8.7, 4.0 Hz), 3.20 (s, 1H), 3.28-
3.16 (m, 2H), 2.54-2.42 (m, 2H), 2.15-2.02 (m, 1H), 1.89-1.77
(m, 1H), 1.72-1.62 (m, 1H), 1.42 (s, 9H);13C NMR (CDCl3, 125
MHz) δ 179.6, 172.6, 155.8, 79.6, 61.6, 49.3, 40.3, 38.0, 34.4, 32.1,
28.3, 28.0; HRMS (ES) calcd for C14H25N3O5Na, 338.1686; found,
338.1688.

(S)-tert-Butyl-1-oxo-3-((S)-2-oxopyrrolidin-3-yl)-1-(thiophen-
2-yl)propan-2-ylcarbamate (10).To a solution of9 (120 mg, 0.38
mmol) in THF (2 mL) at-15 °C was chargedi-PrMgCl (0.37 mL,
2 M solution in THF, 0.74 mmol) dropwise to afford a clear
solution. After stirring for 10 min, thiophen-2-yl-magnesium
bromide (1.2 mL, 1.0 M solution in THF, 1.2 mmol) was added
slowly, and the temperature was maintained lower than-5 °C.
The cooling bath was removed, and the mixture was allowed to
warm to rt over 30 min. After 4 h of stirring at rt, the reaction was
complete, which was monitored by TLC. The reaction mixture was
cooled on an ice bath, and 1.0 N HCl (2 mL) was added slowly,
followed by an EtOAc extraction. The combined organic layer was
dried over MgSO4, and the solvent was removed in vacuo to obtain
the crude mixture, which was purified by flash column chroma-
tography on silica gel (EtOAc) to obtain product10 (81 mg, 63%)
as a white foam and recovered starting material9 (18 mg, 15%).
[R]25

D ) +33.7 (c 0.25, CHCl3); IR (CHCl3, cast) 3283, 2977, 1663,
1515, 1440 cm-1; 1H NMR (CDCl3, 500 MHz) δ 7.84 (m, 1H),
7.66 (d, 1H,J ) 4.8 Hz), 7.12 (dd, 1H,J ) 4.8, 3.8 Hz), 6.29 (br,
1H, NH), 5.68 (br, 1H, NH), 5.10 (dd, 1H,J ) 6.5, 0.6 Hz), 3.38-
3.30 (m, 2H), 2.58-2.46 (m, 2H), 2.22-2.14 (m, 1H), 1.94-1.84
(m, 2H), 1.42 (s, 9H);13C NMR (CDCl3, 125 MHz)δ 191.5, 179.5,
155.6, 141.2, 134.8, 133.2, 128.4, 79.9, 54.9, 40.3, 38.2, 35.3, 35.2,
28.3; HRMS (ES) calcd for C16H22N2O4SNa, 361.1193; found,
361.1190.

(S)-2-((2S,3R)-2-((S)-2-Acetamido-3-methylbutanamido)-3-
(benzyloxy)butanamido)-4-methyl-N-((S)-1-oxo-3-((S)-2-oxopy-
rrolidin-3-yl)-1-(thiophen-2-yl)propan-2-yl)pentanamide (11).To

a solution of10 (33.8 mg, 0.1 mmol) was added TFA/CH2Cl2 (3
mL, 1:1 ratio) at 0°C. The resulting solution was stirred for 1.5 h,
after which the reaction mixture was concentrated in vacuo and
the residue was triturated with Et2O to yield the trifluoroacetate
salt. To a solution of trifluoroacetate salt in DMF (5 mL) at rt was
added Ac-Val-Thr(OBn)-Leu-OH (46.4 mg, 0.1 mmol), DIPEA (35
uL, 0.2 mmol), and HBTU (39.5 mg, 0.1 mmol). After 4 h of
stirring, the solvent was removed in vacuo. The crude product was
purified by HPLC (Waters C18 Bondpak 10µm, 125 Å; 100× 25
mm, 15 mL/min, 10 min elution of 10% acetonitrile followed by
linear gradient elution over 45 min of 10 to 100% acetonitrile in
0.075% TFA/H2O, tR ) 34 min) to afford11 (23.4 mg, 34% yield).
[R]25

D ) +2.8 (c 0.07, MeOH); IR (microscope) 3280, 3070, 2960,
2873, 1635, 1517, 1438 cm-1; 1H NMR (CD3OD, 500 MHz) δ
7.93 (dd, 1H,J ) 3.8, 1.0 Hz), 7.83 (dd, 1H,J ) 4.9, 1.0 Hz),
7.34-7.26 (m, 5H), 7.16 (dd, 1H,J ) 4.9, 3.8 Hz), 5.14 (dd, 1H,
J ) 11.0, 4.0 Hz), 4.55 (d, 1H,J ) 11.5 Hz), 4.46 (d, 1H,J )
11.5 Hz), 4.40 (d, 2H,J ) 4.3 Hz), 4.23 (d, 1H,J ) 7.2 Hz), 4.03
(dd, 1H,J ) 6.3, 4.3 Hz), 3.28-3.16 (m, 2H), 2.32-2.18 (m, 3H),
2.14-2.04 (m, 1H), 2.05 (s, 3H), 1.86-1.72 (m, 2H), 1.64-1.52
(m, 3H), 1.19 (d, 3H,J ) 6.3 Hz), 0.97 (d, 3H,J ) 6.8 Hz), 0.93
(d, 3H,J ) 6.8 Hz), 0.87 (d, 3H,J ) 6.0 Hz), 0.85 (d, 3H,J ) 6.0
Hz); 13C NMR (CD3OD, 125 MHz)δ 192.6, 182.1, 174.8, 174.0,
173.9, 171.9, 142.8, 139.8, 136.1, 134.5, 129.6, 129.5, 129.1, 128.8,
75.9, 72.4, 60.5, 59.4, 55.7, 53.2, 41.9, 41.6, 40.0, 33.7, 31.6, 29.3,
25.8, 23.6, 22.5, 21.4, 19.9, 18.6, 16.5; HRMS (ES) calcd for
C35H49N5O7SNa, 706.3245; found, 706.3247.

(S)-2-((2S,3R)-2-((S)-2-Acetamido-3-methylbutanamido)-3-hy-
droxybutanamido)-4-methyl-N-((S)-1-oxo-3-((S)-2-oxopyrrolidin-
3-yl)-1-(thiophen-2-yl)propan-2-yl)pentanamide (12).To a so-
lution of 10 (9.5 mg, 0.028 mmol) was added TFA/CH2Cl2 (1 mL,
1:1 ratio) at 0°C. The resulting solution was stirred for 1.5 h, after
which the reaction mixture was concentrated in vacuo and the
residue was triturated with Et2O to yield the trifluoroacetate salt.
To a solution of trifluoroacetate salt in DMF (1 mL) at rt was added
Ac-Val-Thr(OBn)-Leu-OH (10.9 mg, 0.028 mmol), DIPEA (10 uL,
0.056 mmol), and HBTU (11.1 mg, 0.028 mmol). After 4 h of
stirring, the solvent was removed in vacuo. The crude product was
purified by HPLC (Waters C18 Bondpak 10µm, 125 Å; 100× 25
mm, 15 mL/min, 10 min elution of 10% acetonitrile followed by
linear gradient elution over 45 min of 10 to 100% acetonitrile in
0.075% TFA/H2O, tR ) 26 min) to afford11 (8.3 mg, 48% yield).
[R]25

D ) -53.1 (c 0.11, MeOH); IR (microscope) 3277, 3083, 2962,
1632, 1537, 1438 cm-1; 1H NMR (CD3OD, 400 MHz)δ 7.98 (dd,
1H, J ) 3.9, 1.0 Hz), 7.88 (dd, 1H,J ) 5.0, 1.0 Hz), 7.21 (dd, 1H,
J ) 5.0, 3.9 Hz), 5.33 (dd, 1H,J ) 11.4, 4.0 Hz), 4.40 (dd, 1H,J
) 8.5, 6.2 Hz), 4.36 (d, 1H,J ) 4.4 Hz), 4.18 (d, 1H,J ) 7.1 Hz),
4.14 (dd, 1H,J ) 6.4, 4.4 Hz), 3.36-3.31 (m, 2H), 2.64-2.55 (m,
1H), 2.42-2.32 (m, 1H), 2.24 (ddd, 1H,J ) 14.0, 11.4, 4.0 Hz),
2.11-2.01 (m, 1H), 2.00 (s, 3H), 1.92-1.74 (m, 2H), 1.66-1.54
(m, 3H), 1.16 (d, 3H,J ) 6.4 Hz), 0.96 (d, 6H,J ) 6.8 Hz), 0.91
(d, 3H,J ) 6.2 Hz), 0.86 (d, 3H,J ) 6.2 Hz);13C NMR (CD3OD,
125 MHz)δ 192.1, 181.7, 174.5, 173.9, 173.6, 171.9, 142.7, 136.0,
134.4, 129.4, 68.2, 60.7, 59.5, 54.3, 53.1, 41.4, 41.3, 39.4, 34.0,
31.3, 28.8, 25.6, 23.2, 22.2, 21.7, 19.7, 19.5, 18.5; HRMS (ES)
calcd for C28H43N5O7SNa, 616.2775; found, 616.2775.

(2S,5S,8S,11S)-8-((R)-1-(Benzyloxyl)ethyl)-5-isobutyl-11-iso-
propyl-4,7,10,13-tetraoxo-2-((S)-2-oxopyrrolidin-3-yl)methyl-
3,6,9,12-tetraazatetradecan-1-oic Acid (15).To a solution of1415

(45 mg, 0.071mmol) in THF/H2O (10 mL, 1:1 ratio) at 0°C was
added LiOH (4.0 mg, 0.092 mmol). After 2 h ofstirring, the solvent
was removed in vacuo. Water (10 mL) and citric acid were added
to adjust the pH of the solution to 3. The mixture was extracted
with EtOAc and washed with water and brine. The combined
organic layers were dried over MgSO4 and then the solvent was
removed in vacuo to afford the product15 (42 mg, quant.) as a
white foam. [R]25

D ) -22.9 (c 0.30, MeOH); IR (microscope) 3276,
3089, 2961, 2873, 1633, 1545, 1438, 1404 cm-1; 1H NMR (CD3-
OD, 400 MHz)δ 7.38-7.20 (m, 5H), 4.59 (d, 1H,J ) 11.1 Hz),
4.47 (d, 1H,J ) 11.1 Hz), 4.47 (d, 2H,J ) 3.7 Hz), 4.18 (d, 1H,
J ) 6.8 Hz), 4.16-4.06 (m, 1H), 3.28-3.10 (m, 2H), 2.54-2.42
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(m, 1H), 2.28-2.04 (m, 4H), 1.95 (s, 3H), 1.84-1.70 (m, 2H),
1.68-1.54 (m, 3H), 1.22 (d, 3H,J ) 6.4 Hz), 0.97 (dd, 6H,J )
6.8, 1.9 Hz), 0.90-0.85 (m, 6H);13C NMR (CD3OD, 125 MHz)δ
174.7, 174.5, 174.2, 173.9, 171.9, 171.8, 139.6, 129.4, 128.9, 128.7,
76.0, 72.5, 61.2, 58.9, 53.2, 52.0, 42.0, 41.4, 39.6, 34.3, 31.3, 28.7,
25.7, 23.5, 22.4, 22.0, 19.7, 18.7, 16.9; HRMS (ES) calcd for
C31H47N5O8Na, 640.3317; found, 640.3320.

(5S,8S,11S)-5-Chloropyridin-3-yl-8-(( R)-1-(benzyloxyl)ethyl)-
5-isobutyl-11-isopropyl-4,7,10,13-tetraoxo-2-((S)-2-oxopyrroli-
din-3-yl)methyl-3,6,9,12-tetraazatetradecan-1-oate (16).To a
solution of15 (26 mg, 0.043 mmol) in DMF (6 mL) at rt was added
DIPEA (7.4 uL, 0.043 mmol) and HBTU (16.2 mg, 0.043 mmol)
and 3-chloro-5-hydroxy-pyridine (5.5 mg, 0.043 mmol). After 4 h
of stirring, the solvent was removed in vacuo. The crude product
was purified by HPLC (Waters C18 Bondpak 10µm, 125 Å; 100
× 25 mm, 15 mL/min, 10 min elution of 10% acetonitrile followed
by a linear gradient elution over 45 min of 10 to 100% acetonitrile
in 0.075% TFA/H2O, tR ) 34 min) to afford11 (5.6 mg, 18% yield).
1H NMR (CD3OD, 500 MHz)δ 8.50-8.43 (m, 1H), 8.39-8.34
(m, 1H), 7.78 (t, 0.5H,J ) 2.3 Hz), 7.74 (t, 0.5H,J ) 2.3 Hz),
7.32-7.22 (m, 5H), 4.57 (dd, 1H,J ) 11.3, 7.5 Hz), 4.52-4.42
(m, 3H), 4.14 (d, 0.5H,J ) 6.7 Hz), 4.14-4.10 (m, 1H), 4.09 (d,
0.5H,J ) 6.7 Hz), 3.28-3.16 (m, 2H), 2.65-2.45 (m, 1H), 2.43-
2.32 (m, 2H), 2.31-2.18 (m, 1H), 2.14-2.06 (m, 1H), 2.02-1.96
(m, 1H), 1.95 (s, 1.5H), 1.95 (s, 1.5H), 1.88-1.76 (m, 1H), 1.70-
1.56 (m, 3H), 1.23 (d, 1.5H,J ) 6.4 Hz), 1.22 (d, 1.5H,J ) 6.4
Hz), 1.00-0.94 (m, 6H), 0.90-0.84 (m, 6H); HRMS (ES) calcd
for C36H49N6O8ClNa, 751.3193; found, 751.3187.

General Procedure for the Preparation of Pyridinyl Esters.
To a solution of carboxylic acid (2 mmol, 1.0 equiv) in DCM (5
mL) at rt was added thionyl chloride (0.4 mL, 1.3 equiv) and a
catalytic amount of DMF (2 drops). After 20 h of stirring, the
solvent was removed in vacuo to afford the acyl chloride product.
A solution of the acyl chloride in DCM (5 mL) was added dropwise
to a solution of pyridinyl alcohol or amine (1.0 equiv) and pyridine
(0.18 mL, 1.1 equiv) in DCM (5 mL) at 0°C. After 3 h of stirring,
the solvent was removed in vacuo. The residue was diluted with
H2O and extracted with EtOAc. The combined organic layers were
washed with brine, dried over MgSO4, and then concentrated in
vacuo. Purification of the crude product by flash chromatography
on silica gel afforded the product as a solid in 43-90% yield.

Pyridin-2-yl Thiophene-2-carboxylate26 (17). The title com-
pound17was obtained following the standard procedure described
above. Purification of the crude product by flash chromatography
on silica gel (25/75 EtOAc/hexanes) afforded17 as a white solid
(270 mg, 66%).1H NMR (CDCl3, 300 MHz)δ 8.45 (ddd, 1H,J )
4.9, 2.0, 0.8 Hz), 8.02 (dd, 1H,J ) 3.8, 1.3 Hz), 7.84 (ddd, 1H,J
) 8.1, 7.4, 2.0 Hz), 7.69 (dd, 1H,J ) 4.9, 1.3 Hz), 7.27 (ddd, 1H,
J ) 7.4, 4.9, 0.9 Hz), 7.22 (dt, 1H,J ) 8.1, 0.8 Hz), 7.18 (dd, 1H,
J ) 5.0, 3.8 Hz); HRMS [EI] calcd for C10H7NO2S (M+), 205.0197;
found, 205.0195.

Pyridin-3-yl Thiophene-2-carboxylate (18).The title compound
18was obtained following the standard procedure described above.
Purification of the crude product by flash chromatography on silica
gel (50/50 EtOAc/hexanes) afforded18 as a white solid (320 mg,
78%). IR (CHCl3, cast) 3093, 1731, 1572, 1413 cm-1; 1H NMR
(CDCl3, 500 MHz)δ 8.52 (m, 1H), 8.48 (dd, 1H,J ) 4.6, 1.0 Hz),
7.96 (dd, 1H,J ) 3.8, 1.3 Hz), 7.65 (dd, 1H,J ) 5.0, 1.3 Hz),
7.57 (ddd, 1H,J ) 8.3, 2.8, 1.0 Hz), 7.33 (ddd, 1H,J ) 8.3, 4.6,
0.5 Hz), 7.15 (dd, 1H,J ) 5.0, 3.8 Hz);13C NMR (CDCl3, 125
MHz) δ 160.0, 147.3, 147.1, 143.5, 135.2, 134.2, 131.9, 129.3,
128.2, 123.9; HRMS [EI] calcd for C10H7NO2S (M+), 205.0197;
found, 205.0197.

Pyridin-4-yl Thiophene-2-carboxylate (19).The title compound
19was obtained following the standard procedure described above.
Purification of the crude product by flash chromatography on silica
gel (50/50 EtOAc/hexanes) afforded19 as a white solid (300 mg,
73%). 1H NMR (CDCl3, 300 MHz) δ 8.67 (d, 2H,J ) 6.1 Hz),
8.01 (dd, 1H,J ) 3.8, 1.2 Hz), 7.72 (dd, 1H,J ) 5.0, 1.3 Hz),
7.26 (dd, 2H,J ) 4.6, 1.7 Hz), 7.21 (dd, 1H,J ) 5.0, 3.8 Hz);
HRMS [EI] calcd for C10H7NO2S (M+), 205.0197; found, 205.0199.

N-(Pyridin-2-yl)thiophene-2-carboxamide27 (20). The title
compound20 was obtained following the standard procedure
described above. Purification of the crude product by flash
chromatography on silica gel (50/50 EtOAc/hexanes) afforded20
(mixture of amide and enolate isomers) as a white solid (280 mg,
69%).1H NMR (CD3OD, 300 MHz)δ 8.38 (ddd, 0.24H,J ) 4.9,
1.9, 0.9 Hz), 8.33 (ddd, 0.76H,J ) 4.9, 1.9, 0.9 Hz), 8.13 (dt,
0.76H,J ) 8.4, 0.9 Hz), 7.92 (dd, 0.76H,J ) 3.8, 1.2 Hz), 7.89
(ddd, 0.24H,J ) 8.1, 7.5, 1.9 Hz), 7.80 (ddd, 0.76H,J ) 8.1, 7.5,
1.9 Hz), 7.78 (ddd, 0.76H,J ) 4.8, 1.2 Hz), 7.75 (dd, 0.76H,J )
5.0, 1.2 Hz), 7.53 (dd, 0.48H,J ) 3.8, 1.2 Hz), 7.42 (dt, 0.24H,J
) 8.1, 1.0 Hz), 7.34 (ddd, 0.24H,J ) 7.5, 4.9, 1.0 Hz), 7.18 (dd,
0.76H,J ) 5.0, 3.8 Hz), 7.14 (ddd, 0.76H,J ) 7.4, 5.0, 1.0 Hz),
7.06 (dd, 0.48H,J ) 5.0, 1.9 Hz); HRMS [EI] calcd for C10H8-
NO2S (M+), 204.0357; found, 204.0357.

N-(Pyridin-3-yl)thiophene-2-carboxamide27 (21). The title
compound21 was obtained following the standard procedure
described above. Purification of the crude product by flash
chromatography on silica gel (EtOAc) afforded21 as a slightly
yellow solid (230 mg, 57%). IR (CHCl3, cast) 3327, 3073, 2966,
1660, 1645, 1599, 1531, 1480 cm-1; 1H NMR (CDCl3, 500 MHz)
δ 9.09 (br, 1H, NH), 8.64 (m, 1H), 8.26 (dd, 1H,J ) 4.7, 1.3 Hz),
8.18 (ddd, 1H,J ) 8.4, 2.5, 1.3 Hz), 7.72 (dd, 1H,J ) 3.8, 1.1
Hz), 7.48 (dd, 1H,J ) 5.0, 1.1 Hz), 7.21 (dd, 1H,J ) 8.3, 4.7
Hz), 7.01 (dd, 1H,J ) 5.0, 3.8 Hz);13C NMR (CDCl3, 125 MHz)
δ 161.0, 145.1, 141.6, 138.7, 135.2, 131.5, 129.2, 128.2, 127.9,
123.9; HRMS [EI] calcd for C10H8N2OS (M+), 206.0357; found,
206.03253.

N-(Pyridin-4-yl)thiophene-2-carboxamide27 (22). The title
compound22 was obtained following the standard procedure
described above. Purification of the crude product by flash
chromatography on silica gel (5/95 MeOH/EtOAc) afforded22 as
a slightly brown solid (190 mg, 47%).1H NMR (CD3OD, 300 MHz)
δ 8.41 (dd, 2H,J ) 5.0, 1.6 Hz), 7.94 (dd, 1H,J ) 3.8, 1.2 Hz),
7.79 (dd, 2H,J ) 4.9, 1.6 Hz), 7.77 (dd, 1H,J ) 5.0, 1.1 Hz),
7.19 (dd, 1H,J ) 5.0, 3.8 Hz); HRMS [EI] calcd for C10H8N2OS
(M+), 204.0357; found, 204.0358.

N-(2-Chloropyridin-3-yl)thiophene-2-carboxamide28 (23).The
title compound23 was obtained following the standard procedure
described above. Purification of the crude product by flash
chromatography on silica gel (50/50 EtOAc/hexanes) afforded23
as a white solid (400 mg, 84%).1H NMR (CDCl3, 300 MHz) δ
8.85 (dd, 1H,J ) 8.2, 1.7 Hz), 8.29 (br s, 1H), 8.15 (dd, 1H,J )
4.6, 1.5 Hz), 7.70 (dd, 1H,J ) 3.8, 1.1 Hz), 7.63 (dd, 1H,J ) 5.0,
1.1 Hz), 7.32 (dd, 1H,J ) 8.2, 4.7 Hz), 7.19 (dd, 1H,J ) 5.0, 3.8
Hz); HRMS [EI] calcd for C10H7ClN2OS (M+), 237.9968; found,
237.9968.

N-(5-Chloropyridin-2-yl)thiophene-2-carboxamide29 (24).The
title compound24 was obtained following the standard procedure
described above. Purification of the crude product by flash chroma-
tography on silica gel (50/50 EtOAc/hexanes) afforded24as a white
solid (430 mg, 90%).1H NMR (CDCl3, 300 MHz) δ 8.41 (br s,
1H), 8.31 (d, 1H,J ) 8.9 Hz), 8.26 (d, 1H,J ) 2.5 Hz), 7.71 (dd,
1H, J ) 8.9, 2.6 Hz), 7.67 (dd, 1H,J ) 3.8, 1.1 Hz), 7.61 (dd, 1H,
J ) 5.0, 1.1 Hz), 7.16 (dd, 1H,J ) 5.0, 3.8 Hz); HRMS [EI] calcd
for C10H7ClN2OS (M+), 237.9968; found, 237.9966.

N-(5-Fluoropyridin-2-yl)thiophene-2-carboxamide (25).The
title compound25 was obtained following the standard procedure
described above. Purification of the crude product by flash
chromatography on silica gel (50/50 EtOAc/hexanes) afforded25
as a yellow solid (350 mg, 79%).1H NMR (CDCl3, 300 MHz)δ
8.45 (br s, 1H), 8.35 (dd, 1H,J ) 9.1, 4.0 Hz), 8.18-8.12 (m,
1H), 7.67 (dd, 1H,J ) 3.8, 1.2 Hz), 7.60 (dd, 1H,J ) 5.0, 1.2
Hz), 7.49 (ddd, 1H,J ) 9.2, 7.7, 3.0 Hz), 7.15 (dd, 1H,J ) 5.0,
3.8 Hz); HRMS [EI] calcd for C10H7FN2OS (M+), 222.0263; found,
222.0264.

6-Chloropyridin-2-yl Thiophene-2-carboxylate (26).The title
compound26 was obtained following the standard procedure
described above. Purification of the crude product by flash
chromatography on silica gel (50/50 EtOAc/hexanes) afforded26
as a white solid (390 mg, 88%).1H NMR (CDCl3, 300 MHz) δ

1858 Journal of Medicinal Chemistry, 2007, Vol. 50, No. 8 Zhang et al.



8.02 (dd, 1H,J ) 4.9, 1.3 Hz), 7.80 (t, 1H,J ) 7.9 Hz), 7.71 (dd,
1H, J ) 5.0, 1.3 Hz), 7.33 (d, 1H,J ) 0.6 Hz), 7.19 (d, 1H,J )
7.7 Hz), 7.19 (dd, 1H,J ) 4.2, 3.0 Hz); HRMS [EI] calcd for
C10H6ClNO2S (M+), 238.9808; found, 238.9812.

6-Methylpyridin-2-yl Thiophene-2-carboxylate (27).The title
compound27 was obtained following the standard procedure
described above. Purification of the crude product by flash
chromatography on silica gel (50/50 EtOAc/Hexanes) afforded27
as a white solid (370 mg, 84%).1H NMR (CDCl3, 300 MHz) δ
8.01 (dd, 1H,J ) 3.8, 1.3 Hz), 7.71 (t, 1H,J ) 7.7 Hz), 7.67 (dd,
1H, J ) 4.9, 1.3 Hz), 7.17 (dd, 1H,J ) 5.0, 3.8 Hz), 7.12 (ddd,
1H, J ) 7.5, 0.8, 0.5 Hz), 7.01 (ddd, 1H,J ) 8.0, 0.5, 0.5 Hz),
2.56 (s, 3H); HRMS [EI] calcd for C11H9NO2S (M+), 219.0354;
found, 219.0355.

5-Methylpyridin-2-yl Thiophene-2-carboxylate (28).The title
compound28 was obtained following the standard procedure
described above. Purification of the crude product by flash
chromatography on silica gel (50/50 EtOAc/hexanes) afforded28
as a white solid (320 mg, 73%).1H NMR (CDCl3, 300 MHz) δ
8.29 (dd, 1H,J ) 5.1, 0.3 Hz), 8.00 (dd, 1H,J ) 3.8, 1.3 Hz),
7.68 (dd, 1H,J ) 5.0, 1.4 Hz), 7.18 (dd, 1H,J ) 5.0, 3.8 Hz),
7.10-7.08 (m, 1H), 7.08-7.06 (m, 1H), 2.40 (s, 3H); HRMS [EI]
calcd for C11H9NO2S (M+), 219.0354; found, 219.0354.

6-Chloropyridin-3-yl Thiophene-2-carboxylate (29).The title
compound29 was obtained following the standard procedure
described above. Purification of the crude product by flash
chromatography on silica gel (50/50 EtOAc/hexanes) afforded29
as a white solid (390 mg, 89%).1H NMR (CDCl3, 300 MHz) δ
8.43 (d, 1H,J ) 2.8 Hz), 8.00 (dd, 1H,J ) 3.8, 1.2 Hz), 7.70 (dd,
1H, J ) 5.0, 1.3 Hz), 7.49 (dd, 1H,J ) 8.5, 2.8 Hz), 7.24-7.18
(m, 2H), 2.60 (s, 3H); HRMS [EI] calcd for C11H9NO2S (M+),
219.0354; found, 219.0352.

6-Methylpyridin-3-yl Thiophene-2-carboxylate (30).The title
compound30 was obtained following the standard procedure
described above. Purification of the crude product by flash
chromatography on silica gel (50/50 EtOAc/hexanes) afforded30
as a white solid (380 mg, 79%).1H NMR (CDCl3, 300 MHz) δ
8.40 (d, 1H,J ) 2.6 Hz), 8.03 (dd, 1H,J ) 3.8, 1.2 Hz), 7.80 (dd,
1H, J ) 8.6, 2.7 Hz), 7.71 (dd, 1H,J ) 4.9, 1.2 Hz), 7.22 (d, 1H,
J ) 0.6 Hz), 7.19 (dd, 1H,J ) 4.9, 3.9 Hz); HRMS [EI] calcd for
C10H6ClNO2S (M+), 238.9808; found, 238.9808.

6-Chloropyridin-3-yl Thiophene-2-carboxylate (31).The title
compound31 was obtained following the standard procedure
described above. Purification of the crude product by flash
chromatography on silica gel (50/50 EtOAc/hexanes) afforded31
as a white solid (410 mg, 85%).1H NMR (CDCl3, 300 MHz) δ
8.34 (dd, 1H,J ) 4.7, 1.7 Hz), 8.06 (dd, 1H,J ) 3.8, 1.2 Hz),
7.74 (dd, 1H,J ) 5.0, 1.3 Hz), 7.69 (dd, 1H,J ) 8.0, 1.7 Hz),
7.34 (dd, 1H,J ) 8.0, 4.7 Hz), 7.22 (dd, 1H,J ) 5.0, 3.8 Hz);
HRMS [EI] calcd for C10H6ClNO2S (M+), 238.9808; found,
238.9806.

2-Methylpyridin-3-yl Thiophene-2-carboxylate (32).The title
compound32 was obtained following the standard procedure
described above. Purification of the crude product by flash
chromatography on silica gel (EtOAc) afforded32 as a white solid
(380 mg, 87%).1H NMR (CDCl3, 300 MHz)δ 8.48 (dd, 1H,J )
4.8, 1.5 Hz), 8.02 (dd, 1H,J ) 3.8, 1.3 Hz), 7.71 (dd, 1H,J ) 5.0,
1.3 Hz), 7.52 (dd, 1H,J ) 8.1, 1.5 Hz), 7.25-7.19 (m, 2H), 2.50
(s, 3H); HRMS [EI] calcd for C11H9NO2S (M+), 219.0354; found,
219.0354.

6-Methyl-2-nitropyridin-3-yl Thiophene-2-carboxylate (33).
The title compound33 was obtained following the standard
procedure described above. Purification of the crude product by
flash chromatography on silica gel (EtOAc) afforded33 as a white
solid (460 mg, 87%).1H NMR (CDCl3, 300 MHz)δ 8.01 (dd, 1H,
J ) 3.8, 1.3 Hz), 7.78 (d, 1H,J ) 8.3 Hz), 7.75 (dd, 1H,J ) 5.0,
1.0 Hz), 7.53 (d, 1H,J ) 8.3 Hz), 7.21 (dd, 1H,J ) 5.0, 3.8 Hz),
2.68 (s, 3H); HRMS [EI] calcd for C11H8N2O4S (M+), 264.0205;
found, 264.0206.

5-Chloropyridin-3-yl 1 H-Pyrrole-2-carboxylate (34).The title
compound34 was obtained following the standard procedure

described above. Purification of the crude product by flash
chromatography on silica gel (25/75 EtOAc/hexanes) afforded34
as a white solid (320 mg, 72%).1H NMR (CDCl3, 300 MHz) δ
9.40-9.20 (br s, 1H), 8.49 (dd, 1H,J ) 2.1, 0.4 Hz), 8.45 (dd,
1H, J ) 2.3, 0.3 Hz), 7.66 (t, 1H,J ) 2.3 Hz), 7.17 (ddd, 1H,J )
3.9, 2.5, 1.4 Hz), 7.11 (ddd, 1H,J ) 2.8, 2.8, 1.4 Hz), 6.38 (ddd,
1H, J ) 3.9, 2.8, 2.8 Hz); HRMS [EI] calcd for C10H7N2O2Cl (M+),
222.0196; found, 222.0198.

5-Chloro-pyridin-3-yl Furan-2-carboxylate (35). The title
compound35 was obtained following the standard procedure
described above. Purification of the crude product by flash
chromatography on silica gel (25/75 EtOAc/hexanes) afforded35
as a white solid (360 mg, 81%). IR (CHCl3, cast) 3131, 3077, 1749,
1564, 1464, 1438 cm-1; 1H NMR (CDCl3, 500 MHz) δ 8.60 (d,
1H, J ) 2.0 Hz), 8.43 (d, 1H,J ) 2.2 Hz), 7.67 (dd, 1H,J ) 1.7,
0.8 Hz), 7.64 (t, 1H,J ) 2.2 Hz), 7.40 (dd, 1H,J ) 3.6, 0.8 Hz),
6.60 (dd, 1H,J ) 3.6, 1.7 Hz);13C NMR (CDCl3, 125 MHz) δ
155.8, 147.9, 146.8, 146.1, 142.9, 141.3, 131.8, 129.5, 120.7, 112.5;
HRMS [EI] calcd for C10H6ClNO3 (M+), 223.0036; found, 223.0035.

5-Chloropyridin-3-yl Benzofuran-2-carboxylate (36).The title
compound36 was obtained following the standard procedure
described above. Purification of the crude product by flash
chromatography on silica gel (25/75 EtOAc/hexanes) afforded36
as a white solid (360 mg, 66%). IR (CHCl3, cast) 3034, 1739, 1558,
1443 cm-1; 1H NMR (CDCl3, 500 MHz) δ 8.55-8.52 (m, 2H),
7.76 (d, 1H,J ) 1.0 Hz), 7.73 (ddd, 1H,J ) 8.0, 1.3, 0.7 Hz),
7.71 (t, 1H,J ) 2.2 Hz), 7.62 (ddd, 1H,J ) 8.5, 1.7, 1.0 Hz), 7.51
(ddd, 1H,J ) 8.5, 7.2, 1.3 Hz), 7.35 (ddd, 1H,J ) 8.0, 7.2, 1.0
Hz); 13C NMR (CDCl3, 125 MHz) δ 156.8, 156.3, 146.8, 146.3,
143.5, 141.2, 131.9, 129.3, 128.7, 126.7, 124.3, 123.2, 116.6, 112.5;
HRMS [EI] calcd for C14H8ClNO3 (M+), 273.0193; found, 273.0192.

5-Chloropyridin-3-yl Furan-3-carboxylate (37). The title
compound37 was obtained following the standard procedure
described above. Purification of the crude product by flash
chromatography on silica gel (25/75 EtOAc/hexanes) afforded37
as a white solid (400 mg, 90%).1H NMR (CDCl3, 300 MHz) δ
8.50 (d, 1H,J ) 2.1 Hz), 8.44 (d, 1H,J ) 2.3 Hz), 8.23 (dd, 1H,
J ) 1.5, 0.8 Hz), 7.65 (t, 1H,J ) 2.2 Hz), 7.53 (t, 1H,J ) 1.7
Hz), 6.87 (dd, 1H,J ) 1.9, 0.8 Hz); HRMS [EI] calcd for C10H6-
ClNO3 (M+), 223.0036; found, 223.0035.

5-Chloropyridin-3-yl Benzoate (38).The title compound38was
obtained following the standard procedure described above. Puri-
fication of the crude product by flash chromatography on silica
gel (25/75 EtOAc/hexanes) afforded38 as a white solid (270 mg,
90%). 1H NMR (CDCl3, 300 MHz) δ 8.51 (d, 1H,J ) 2.1 Hz),
8.48 (d, 1H,J ) 2.3 Hz), 8.21 (dd, 1H,J ) 1.3, 0.7 Hz), 8.18 (dd,
1H, J ) 1.3, 0.6 Hz), 7.72-7.65 (m, 2H), 7.58-7.50 (m, 2H);
HRMS [EI] calcd for C12H8ClNO2 (M+), 233.0244; found, 233.0242.

5-Bromo-pyridin-3-yl Furan-2-carboxylate (39). 3-Bromo py-
ridinol was prepared according to the literature procedure.30 The
title compound39 was obtained following the standard procedure
described above. Purification of the crude product by flash
chromatography on silica gel (75/25 EtOAc/hexanes) afforded39
as a white solid (330 mg, 62%). IR (CHCl3, cast) 3131, 3071, 1745,
1559, 1436, 1421 cm-1; 1H NMR (CDCl3, 400 MHz)δ 8.62-8.58
(m, 1H), 8.62-8.58 (m, 1H), 7.79 (t, 1H,J ) 2.0 Hz), 7.72 (dd,
1H, J ) 1.7, 0.8 Hz), 7.44 (dd, 1H,J ) 3.5, 0.8 Hz), 6.63 (dd, 1H,
J ) 3.5, 1.7 Hz);13C NMR (CDCl3, 100 MHz) δ 155.8, 148.2,
147.9, 146.9, 142.9, 141.6, 132.2, 120.7, 120.0, 112.5; HRMS [EI]
calcd for C10H6BrNO3 (M+), 266.9531; found, 266.9535.

(5-Bromo-pyridin-3-yl)methyl Furan-2-carboxylate (40).5-(Bro-
mo-pyridin-3-yl)-methanol was prepared according to the literature
procedure.31 The title compound40 was obtained following the
standard procedure described above. Purification of the crude
product by flash chromatography on silica gel (50/50 EtOAc/
hexanes) afforded40 as a white solid (310 mg, 58%). IR (CHCl3,
cast) 3139, 1725, 1580, 1473, 1424 cm-1; 1H NMR (CDCl3, 500
MHz) δ 8.73-8.60 (m, 2H), 7.98-7.96 (m, 1H), 7.59 (t, 1H,J )
0.8 Hz), 7.22 (d, 1H,J ) 3.5 Hz), 6.52 (dd, 1H,J ) 3.5, 1.7 Hz),
5.32 (s, 2H);13C NMR (CDCl3, 125 MHz)δ 158.1, 150.4, 147.2,
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146.9, 143.9, 139.1, 133.2, 119.0, 118.9, 112.1, 63.0; HRMS [EI]
calcd for C11H8BrNO3 (M+), 282.9759; found, 282.9763.

3-Chlorophenyl Furan-2-carboxylate (41).The title compound
41was obtained following the standard procedure described above.
Purification of the crude product by flash chromatography on silica
gel (25/75 EtOAc/hexanes) afforded41 as a white solid (370 mg,
84%). IR (CHCl3, cast) 3141, 1743, 1593, 1574, 1468 cm-1; 1H
NMR (CDCl3, 500 MHz) δ 7.65 (dd, 1H,J ) 1.6, 0.7 Hz), 7.36
(dd, 1H,J ) 3.5, 0.7 Hz), 7.36-7.32 (m, 1H), 7.24 (m, 1H,J )
1.6 Hz), 7.22 (dd, 1H,J ) 1.9, 1.0 Hz), 7.15-7.12 (m, 1H), 6.57
(dd, 1H,J ) 3.5, 1.6 Hz);13C NMR (CDCl3, 125 MHz)δ 156.4,
150.7, 147.4, 143.6, 134.8, 130.2, 126.4, 122.3, 120.0, 119.9, 112.3;
HRMS [EI] calcd for C11H7ClO3 (M+), 222.0084; found, 220.0083.

3-Chloro-5-furan-(2-ylmethoxy)pyridine (42). To a solution
of PPh3 (1.24 g, 4.74 mmol) in THF (20 mL) at rt was added DEAD
(0.75 mL, 4.74 mmol) dropwise. After 30 min of stirring at rt,
furfuryl alcohol (0.31 mg, 3.16 mmol) and 3-chloro pyridinol (0.61
g, 4.74 mmol) were added to the reaction mixture (Scheme 5). The
resulting solution was stirred overnight at rt and then the solvent
was removed in vacuo. The residue was diluted with DCM, washed
with water, 1 N HCl, satd NaHCO3 solution, and brine, dried over
MgSO4, and then concentrated in vacuo. Purification of the crude
product by flash chromatography on silica gel (gradient column,
25/75 EtOAc/hexanes to 50/50 EtOAc/hexanes) afforded42 as a
yellow liquid (150 mg, 23%), which solidified in the fridge. IR
(CHCl3, cast) 3048, 2932, 1575, 1449, 1422 cm-1; 1H NMR
(CDCl3, 500 MHz)δ 8.22 (d, 1H,J ) 2.6 Hz), 8.14 (d, 1H,J )
1.9 Hz), 7.41 (dd, 1H,J ) 1.8, 0.8 Hz), 7.27 (t, 1H,J ) 2.2 Hz),
6.43 (d, 1H,J ) 3.3 Hz), 6.35 (dd, 1H,J ) 2.2, 1.8 Hz), 5.00 (s,
2H); 13C NMR (CDCl3, 125 MHz) δ 154.7, 148.8, 143.6, 141.2,
136.3, 132.0, 122.0, 110.9, 110.7, 62.9; HRMS [EI] calcd for C10H8-
ClNO2 (M+), 209.0244; found, 209.0244.

Furan-2-yl Nicotinate (43).The title compound43was prepared
by a modified literature procedure.32 To a solution of nicotinic acid
(500 mg, 4 mmol) in THF (5 mL) at rt was added thionyl chloride
(2 mL, 26 mmol; Scheme 6). After several hours of stirring, the
solvent was removed in vacuo to afford the acyl chloride product.
A solution of the acyl chloride in MeCN (5 mL) was added
dropwise to a solution of 2(5H)-furanone (0.25 mL, 3.5 mmol) and
triethylamine (1.6 mL, 12 mmol) in MeCN (5 mL) at 0°C. The
ice bath was replaced with an oil bath, and the reaction mixture
was heated at 50°C for 4 h. After cooling, the solvent was removed
in vacuo. The residue was diluted with EtOAc and then washed
with satd NaHCO3 solution. The combined organic layers were
washed with brine, dried over MgSO4, and then concentrated in
vacuo. Purification of the crude product by flash chromatography
on silica gel (50/50 EtOAc/hexanes) afforded43as a slightly yellow
oil (88 mg, 13%). IR (CHCl3 cast) 3127, 1765, 1590, 1511, 1422
cm-1; 1H NMR (CDCl3, 500 MHz) δ 9.35 (dd, 1H,J ) 2.1, 0.8
Hz), 8.85 (dd, 1H,J ) 5.0, 1.7 Hz), 8.41 (ddd, 1H,J ) 8.0, 2.1,
1.7 Hz), 7.46 (ddd, 1H,J ) 8.0, 5.0, 0.9 Hz), 7.11 (dd, 1H,J )
2.1, 1.1 Hz), 6.41 (dd, 1H,J ) 3.4, 2.1 Hz), 6.05 (dd, 1H,J ) 3.4,
1.1 Hz);13C NMR (CDCl3, 125 MHz)δ 161.2, 154.3, 151.4, 150.7,
137.8, 135.7, 124.4, 123.6, 111.3, 92.9; HRMS [EI] calcd for C10H7-
NO3 (M+), 189.0426; found, 189.0424.

Pyridin-3-ylmethyl Thiophene-2-carboxylate (44).Pyridin-3-
ylmethanol was prepared according to the literature procedure.31

The title compound44 was obtained following the standard
procedure described above for the preparation of pyridinyl esters.
Purification of the crude product by flash chromatography on silica
gel (50/50 EtOAc/hexanes) afforded44 as a white solid (190 mg,
43%). IR (CHCl3, cast) 3019, 2926, 2852, 1711, 1525, 1417 cm-1;
1H NMR (CDCl3, 500 MHz)δ 8.64 (d, 1H,J ) 1.8 Hz), 8.53 (dd,
1H, J ) 5.0, 1.6 Hz), 7.94 (ddd, 1H,J ) 7.9, 2.2, 1.7 Hz), 7.84
(dd, 1H, J ) 3.8, 1.3 Hz), 7.77 (dd, 1H,J ) 5.0, 1.3 Hz), 7.47
(ddd, 1H,J ) 7.9, 5.0, 0.7 Hz), 7.16 (dd, 1H,J ) 5.0, 3.8 Hz),
5.39 (s, 2H); HRMS [EI] calcd for C11H9NO2S (M+), 219.0354;
found, 219.0354.

N-(Pyridin-3-yl)thiophene-2-sulfonamide33 (45).Compound45
was synthesized (Scheme 7) and then purified by automated HPLC-
MS instrument to give a white solid. IR (microscope) 3128, 3091,
3067, 3006, 2937, 2620, 1584, 1518, 1475 cm-1; 1H NMR (CD3-
OD, 500 MHz)δ 8.25 (d, 1H,J ) 1.5 Hz), 8.24 (d, 1H,J ) 1.3
Hz), 7.72 (dd, 1H,J ) 4.9, 1.4 Hz), 7.67 (ddd, 1H,J ) 8.3, 2.6,
1.5 Hz), 7.51 (dd, 1H,J ) 3.8, 1.4 Hz), 7.35 (ddd, 1H,J ) 8.3,
5.0, 0.6 Hz), 7.05 (dd, 1H,J ) 5.0, 3.8 Hz);13C NMR (CD3OD,
125 MHz)δ 146.1, 142.7, 141.1, 136.6, 134.1, 134.0, 130.8, 128.6,
125.7; HRMS [EI] calcd for C9H8N2O2S2 (M+), 240.0027; found,
240.0026.

Methyl 3-oxo-2-(pyridin-3-yl)-3-(thiophen-2-yl)propanoate
(46b). To a solution of 2-thiophenecarboxylic acid(0.79 g, 6.17
mmol) in THF (20 mL) was added CDI (1.11 g, 6.8 mmol; Scheme
8). The resulting solution was stirred at rt for 1 h. In a separate
flask, to a solution of methyl 2-(pyridin-3-yl)acetate46a34 (1.96 g,
13.0 mmol) in THF (45 mL) at-78 °C was added LiHMDS (14.2
mL, 1.0 M solution in THF, 14.2 mmol) dropwise. After stirring
for 1.5 h at-78 °C, the thiophene carboxylic acid/CDI solution
prepared above was added dropwise to this lithium enolate solution.
The resulting mixture was stirred for another 2.5 h at-78 °C and
then quenched with 1.0 M aqueous HCl (20 mL). The pH of the
solution was adjusted to around 9 by satd NaHCO3. The solution
was extracted with EtOAc (3× 50 mL). The combined organic
layers were washed with brine (30 mL) and dried over MgSO4.
The solvent was removed under reduced pressure. Purification of
the crude product by flash chromatography on silica gel (EtOAc)
afforded46bas a yellow liquid with∼10% impurities (1.0 g, 62%)
and recovered starting material46a(0.71 g). IR (CHCl3, cast) 3090,
2952, 2843, 1744, 1660, 1591, 1577, 1551, 1517, 1480, 1427, 1412
cm-1; 1H NMR (CDCl3, 500 MHz) δ 8.68-8.56 (m, 2H), 7.75
(dd, 1H,J ) 3.8, 1.1 Hz), 7.71 (dd, 1H,J ) 4.9, 1.1 Hz), 7.39 (dd,
2H, J ) 4.6, 1.6 Hz), 7.13 (dd, 1H,J ) 4.9, 3.8 Hz), 5.45 (s, 1H),
3.78 (s, 3H); HRMS [EI] calcd for C13H11NO3S, 261.0460; found,
261.0453.

2-(Pyridin-3-yl)-1-(thiophen-2-yl)ethanone35 (46). A solution
of 46b (1.0 g, 3.83 mmol) in 50% H2SO4 (15 mL) was refluxed at
100 °C overnight. NaOH (30 mL, 6.6 M) and satd NaHCO3 (25
mL) was added to adjust the pH of the solution to 7. The solution
was extracted with EtOAc (3× 50 mL). The combined organic
layers were washed with H2O (20 mL) and brine (20 mL) and dried
over MgSO4. The solvent was removed under reduced pressure.
Purification of the crude product by flash chromatography on silica
gel (EtOAc) afforded46 as a slightly yellow solid (0.66 g, 85%).
IR (CHCl3, cast) 3087, 3030, 2901, 1660, 1593, 1576, 1518, 1480,
1413 cm-1; 1H NMR (CDCl3, 500 MHz) δ 8.56-8.47 (m, 2H),
7.76 (dd, 1H,J ) 3.8, 0.9 Hz), 7.62 (dd, 1H,J ) 5.0, 0.9 Hz),
7.59 (d, 1H,J ) 7.8 Hz), 7.21 (dd, 1H,J ) 7.6, 5.0 Hz), 7.10 (dd,
1H, J ) 4.8, 3.8 Hz), 4.19 (s, 2H);13C NMR (CDCl3, 125 MHz)
δ 189.2, 150.5, 148.5, 143.4, 137.1, 134.5, 132.7, 129.9, 128.3,
123.5, 43.1; HRMS [EI] calcd for C11H9NOS, 203.0405; found,
203.0405.

Scheme 5

Scheme 6

Scheme 7
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Methyl 2-(5-Bromopyridin-3-yl)-3-(furan-2-yl)-3-oxopro-
panoate (47b).To a solution of47a36 (0.91 g, 4.00 mmol) in THF
(10 mL) at-78°C was added LiHMDS (4.33 mL of 1.0 M solution
in THF, 4.33 mmol, 2.3 equiv) dropwise over 25 min (Scheme 9).
This solution was stirred for 1.5 h at-78 °C. To this solution was
added dropwise over 25 min 2-furoic acid(0.21 g, 1.88 mmol)
and CDI (0.34 g, 2.07 mmol) in anhydrous THF (10 mL), which
had been previously stirred for 2 h at rt. Thereaction mixture was
stirred for 4 h at-78 °C. Then 1.0 M aqueous HCl (10 mL) was
added to quench the reaction. The pH was adjusted to around 9 by
adding satd aq NaHCO3. The aqueous layer was extracted with
EtOAc (3 × 25 mL). The organic fractions were combined and
dried over anhydrous MgSO4. The crude product was concentrated
under reduced pressure and purified by column chromatography
on silica gel (50/50 EtOAc/hexanes) to yield the product as a yellow
liquid (0.59 g, 96%) and 0.45 g of recovered starting material. IR
(CHCl3, cast) 3134, 2954, 1746, 1676, 1567, 1464, 1426, 1393
cm-1; 1H NMR (CDCl3, 300 MHz) δ 8.61 (d, 2H,J ) 2.0 Hz),
8.52 (d, 1H,J ) 1.6 Hz), 8.05 (t, 1H,J ) 2.0 Hz), 7.62 (d, 1H,J
) 1.6 Hz), 7.23 (d, 1H,J ) 3.7 Hz), 6.57 (dd, 1H,J ) 3.7, 1.6
Hz), 5.49 (s, 1H), 3.76 (s, 3H);13CNMR (CDCl3, 125 MHz) δ
180.2, 167.6, 151.0, 148.6, 147.5, 140.0, 120.7, 119.5, 130.0, 120.7,
119.5, 113.2, 56.4, 53.2; HRMS [EI] calcd for C13H10BrNO4,
322.9793; found, 322.9793.

2-(5-Bromopyridin-3-yl)-1-(furan-2-yl)ethanone (47).A solu-
tion of 47b (0.52 g, 1.59 mmol) in 50% H2SO4 (10 mL) was
refluxed at 100°C for 10 h. Then 6.25 M NaOH (20 mL) and satd
NaHCO3 (9 mL) was added to neutralize the solution. The aqueous
layer was extracted with EtOAc (3× 50 mL). The combined
organic fractions were washed with brine (20 mL) and dried over
anhydrous MgSO4. The crude product was concentrated under
reduced pressure and purified by column chromatography (EtOAc)
to yield a brown solid (0.30 g, 68%), which appears to sublime
under vacuum. IR (CHCl3, cast) 3130, 3039, 2925, 1703, 1677,
1649, 1631, 1567, 1555, 1466, 1439, 1424, 1391, 1334 cm-1; 1H
NMR (CDCl3, 500 MHz) δ 8.57 (s, 1H), 8.45 (s, 1H), 7.81 (s,
1H), 7.63 (s, 1H), 7.28 (d, 1H,J ) 1.6 Hz), 6.57 (m, 1H), 4.10 (s,
2H); 13CNMR (CDCl3, 125 MHz) δ 184.7, 152.0, 149.5, 148.7,
147.0, 139.7, 131.3, 120.6, 118.1, 112.8, 41.5; HRMS [EI] calcd
for C11H8BrNO2, 264.9738; found, 264.9739.

5-Chloro-pyridin-3-yl-1 H-indole-2-carboxylate (48).The title
compound48 was obtained following the standard procedure
described above for the preparation of pyridinyl esters. Purification

of the crude product by flash chromatography on silica gel (25/75
EtOAc/hexanes) afforded48 as a white solid (460 mg, 85%). IR
(CHCl3, cast) 3056, 1729, 1577, 1520, 1421 cm-1; 1H NMR
(CDCl3, 500 MHz) δ 9.05 (br s, 1H), 8.50 (dd, 2H,J ) 6.1, 1.8
Hz), 7.73 (dd, 1H,J ) 8.2, 0.7 Hz), 7.70 (t, 1H,J ) 2.2 Hz),
7.50-7.48 (m, 1H), 7.47-7.46 (m, 1H), 7.38 (ddd, 1H,J ) 8.2,
7.0, 1.2 Hz), 7.20 (ddd, 1H,J ) 8.1, 7.0, 1.0 Hz);13C NMR (CDCl3,
125 MHz)δ 159.3, 147.1, 146.1, 141.3, 137.6, 131.9, 129.5, 127.4,
126.6, 125.0, 123.0, 121.4, 112.0, 111.4; HRMS [EI] calcd for
C14H9ClN2O2 (M+), 272.0353; found, 272.0352.

5-Chloropyridin-3-yl-benzo-(b)-thiophene-2-carboxylate (49).
The title compound49 was obtained following the standard
procedure described above for the preparation of pyridinyl esters.
Purification of the crude product by flash chromatography on silica
gel (25/75 EtOAc/hexanes) afforded49 as a white solid(400 mg,
69%). IR (CHCl3, cast) 3097, 1733, 1517, 1458, 1437 cm-1; 1H
NMR (CDCl3, 500 MHz)δ 8.55-8.50 (m, 2H), 8.26 (d, 1H,J )
0.6 Hz), 7.97-7.91 (m, 2H), 7.71 (t, 1H,J ) 2.2 Hz), 7.51 (ddd,
1H, J ) 8.2, 7.1, 1.3 Hz), 7.45 (ddd, 1H,J ) 8.1, 7.1, 1.1 Hz);13C
NMR (CDCl3, 125 MHz)δ 160.3, 147.2, 146.2, 142.9, 141.3, 138.5,
132.9, 131.9, 131.1, 129.5, 127.8, 126.0, 125.4, 122.9; HRMS [EI]
calcd for C14H8ClNO2S (M+), 288.9964; found, 288.9956.

5-Chloropyridin-3-yl-thiazole-4-carboxylate (50). The title
compound50 was obtained following the standard procedure
described above for the preparation of pyridinyl esters. Purification
of the crude product by flash chromatography on silica gel (25/75
EtOAc/hexanes) afforded50 as a white solid (330 mg, 69%). IR
(CHCl3, cast) 3121, 3087, 1745, 1573, 1491, 1419 cm-1; 1H NMR
(CDCl3, 500 MHz)δ 8.93 (d, 1H,J ) 2.1 Hz), 8.49 (d, 1H,J )
2.0 Hz), 8.47 (d, 1H,J ) 2.4 Hz), 8.46 (d, 1H,J ) 2.1 Hz), 7.68
(dd, 1H,J ) 2.4, 2.1 Hz);13C NMR (CDCl3, 125 MHz)δ 158.6,
147.1, 146.3, 146.1, 141.3, 131.9, 129.9, 129.5; HRMS [EI] calcd
for C9H5ClN2O2S (M+), 239.9760; found, 239.9765.

5-Chloropyridin-3-yl-3-methoxybenzoate (51).The title com-
pound51was obtained following the standard procedure described
above for the preparation of pyridinyl esters. Purification of the
crude product by flash chromatography on silica gel (25/75 EtOAc/
hexanes) afforded51 as a white solid (460 mg, 87%). IR (CHCl3,
cast) 3072, 2836, 1744, 1600, 1586, 1488, 1420 cm-1; 1H NMR
(CDCl3, 400 MHz)δ 8.49 (d, 1H,J ) 2.1 Hz), 8.46 (d, 1H,J )
2.3 Hz), 7.77 (ddd, 1H,J ) 7.8, 1.5, 1.0 Hz), 7.68-7.66 (m, 2H),
7.42 (ddd, 1H,J ) 8.2, 7.8, 0.4 Hz), 7.20 (ddd, 1H,J ) 8.3, 2.7,
1.0 Hz), 3.86 (s, 3H);13C NMR (CDCl3, 125 MHz)δ 164.1, 159.8,

Scheme 8

Scheme 9
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147.5, 146.0, 141.4, 131.8, 129.8, 129.6, 129.5, 122.7, 120.7, 114.7,
55.5; HRMS [EI] calcd for C13H10ClNO3 (M+), 263.0349; found,
263.0355.

5-Chloropyridin-3-yl-5-(4-chlorophenyl)furan-2-carboxyl-
ate (52).The title compound52was obtained following the standard
procedure described above for the preparation of pyridinyl esters.
Purification of the crude product by flash chromatography on silica
gel (25/75 EtOAc/hexanes) afforded52 as a white solid (500 mg,
75%). IR (CHCl3, cast) 3135.7, 3077.4, 1736.4, 1602.4, 1602.4,
1574.6, 1564.6, 1521.3, 1473.1, 1438.1, 1420.8, 1412.2 cm-1; 1H
NMR (CDCl3, 500 MHz)δ 8.48 (d, 1H,J ) 2.1 Hz), 8.46 (d, 1H,
J ) 2.3 Hz), 7.73 (d, 2H,J ) 8.5 Hz), 7.67 (t, 1H,J ) 2.3 Hz),
7.49 (d, 1H,J ) 3.7 Hz), 7.40 (d, 2H,J ) 8.5 Hz), 6.81 (d, 1H,
J ) 3.7 Hz);13C NMR (CDCl3, 125 MHz)δ 158.1, 155.7, 146.9,
146.1, 141.9, 141.3, 135.5, 131.8, 129.4, 129.3, 127.5, 126.3, 122.7,
107.7; HRMS [EI] calcd for C16H9Cl2NO3 (M+), 332.9959; found,
332.9958.

N-Methoxy-N-methylthiazole-4-carboxamide (55a).To a solu-
tion of thiazole-4-carboxylic acid (194 mg, 1.5 mmol) in DCM
(20 mL) at rt was added thionyl chloride (0.4 mL, 5.2 mmol) and
a catalytic amount of DMF (2 drops; Scheme 10). After 30 h of
stirring, the solvent was removed in vacuo to afford the acyl chloride
product. A solution of the acyl chloride in DCM (10 mL) was added
dropwise to a solution of Weinreb amine (146 mg, 1.5 mmol) and
pyridine (0.36 mL, 4.5 mmol) in DCM (10 mL) at 0°C. After 3 h
of stirring, the solvent was removed in vacuo. The residue was
diluted with satd NaHCO3 solution and extracted with EtOAc. The
combined organic layers were washed with brine, dried over
MgSO4, and then concentrated in vacuo. Purification of the crude
product by flash chromatography on silica gel (EtOAc) afforded
55aas a slightly yellow oil (180 mg, 70%). IR (CHCl3, cast) 3078,
2974, 2934, 1641, 1498, 1425 cm-1; 1H NMR (CDCl3, 500 MHz)
δ 8.78 (d, 1H,J ) 2.0 Hz), 8.05 (d, 1H,J ) 2.0 Hz), 3.74 (s, 3H),
3.40 (s, 3H);13C NMR (CDCl3, 125 MHz)δ 162.7, 149.6, 124.8,
124.6, 61.5, 61.4; HRMS [EI] calcd for C6H8N2O2S (M+), 172.0307;
found, 172.0304.

Thiazole-4-carbaldehyde37 (55). The title compound55 was
obtained following the standard procedure for the preparation of
56.38 To a solution of55a (100 mg, 0.58 mmol) in THF (5 mL) at
-30 °C was added LAH (2.3 mL, 1 M solution in THF, 2.3 mmol)
dropwise over 10 min (Scheme 10). After 4 h ofstirring at-30 °C,
the reaction was complete, which was monitored by TLC. The
reaction mixture was cooled on an ice bath and water was added
slowly, followed by DCM extraction. The combined organic layers
were dried over MgSO4, and the solvent was removed in vacuo to
obtain the crude mixture, which was purified by flash column
chromatography on silica gel (EtOAc) to obtain product55 (30
mg, 46%) as a slightly yellow solid. IR (CHCl3, cast) 2905, 1672,
1429 cm-1; 1H NMR (CDCl3, 500 MHz)δ 10.2 (s, 1H), 8.92 (d,
1H, J ) 2.0 Hz), 8.26 (d, 1H,J ) 2.0 Hz);13C NMR (CDCl3, 125
MHz) δ 184.8, 155.7, 155.4, 126.6; HRMS (ES) calcd for C4H3-
NOS (M+), 112.9935; found, 112.9935.

5-(4-Chlorophenyl)-N-methoxy-N-methylfuran-2-carboxam-
ide (57a).To a solution of 5-(4-chlorophenyl)furan-2-carboxylic
acid (334 mg, 2 mmol) in DMF (10 mL) at 0°C was added Weinreb
amine (147 mg, 2 mmol), EDCI (290 mg, 2 mmol), HOBt (204
mg, 2 mmol), and DIPEA (0.54 mL, 4 mmol; Scheme 11). The
resulting solution was stirred overnight while allowing to warm
slowly to rt. Then the reaction mixture was diluted with DCM (50
mL) and washed with water and brine. The combined organic layers
were dried over MgSO4 and then concentrated in vacuo. Purification
of the crude product by flash chromatography on silica gel (50/50
EtOAc/hexanes) afforded57aas a white solid (280 mg, 53%). IR
(CHCl3, cast) 3109, 2971, 2935, 1640, 1583, 1519, 1477, 1414
cm-1; 1H NMR (CDCl3, 500 MHz) δ 7.66 (d, 2H,J ) 8.5 Hz),
7.33 (d, 2H,J ) 8.5 Hz), 7.17 (d, 1H,J ) 3.6 Hz), 6.69 (d, 1H,
J ) 3.6 Hz), 3.80 (s, 3H), 3.38 (s, 3H);13C NMR (CDCl3, 125
MHz) δ 159.0, 155.1, 145.2, 134.4, 129.1, 128.2, 126.0, 119.6,
107.1, 61.4, 33.3; HRMS [EI] calcd for C13H12ClNO3 (M+),
265.0506; found, 265.0502.

5-(4-Chlorophenyl)furan-2-carbaldehyde39 (57).The title com-
pound57was obtained following the standard procedure described
above to the preparation of55. To a solution of57a (133 mg, 0.5
mmol) in THF (5 mL) at-30 °C was added LAH (1.5 mL, 1 M
solution in THF, 1.5 mmol) dropwise over 10 min. After 4 h of
stirring at-30 °C, the reaction was complete, which was monitored
by TLC. The reaction mixture was cooled on an ice bath and water
was added slowly, followed by DCM extraction. The combined
organic layers were dried over MgSO4, and the solvent was removed
in vacuo to obtain the crude mixture, which was purified by flash
column chromatography on silica gel (50/50 EtOAc/hexanes) to
obtain product57 (70 mg, 68%) as a slightly yellow solid. IR
(CHCl3, cast) 3111, 2855, 1685, 1662, 1478 cm-1; 1H NMR
(CDCl3, 500 MHz)δ 9.61 (s, 1H), 7.71 (d, 2H,J ) 8.6 Hz), 7.38
(d, 2H,J ) 8.6 Hz), 7.28 (d, 1H,J ) 3.8 Hz), 6.80 (d, 1H,J ) 3.8
Hz); 13C NMR (CDCl3, 125 MHz) δ 177.2, 158.2, 152.2, 135.7,
129.3, 129.2, 127.5, 126.5, 108.0; HRMS [EI] calcd for C11H7-
ClO2 (M+), 206.0135; found, 206.0134.

Enzyme Assays.SARS-CoV 3CLpro activity was measured by
a quenched fluorescence resonance energy transfer assay with the
peptide substrate (Abz-SVTLQSG-Tyr(NO2)R, 93% purity). The
rate of enzyme activity was determined by the increase in
fluorescence (λex 340 nm,λem 415 nm) upon continuous monitoring
of reactions using a Shimadzu RF5301 spectrofluorimeter. The IC50

value of the individual inhibitor was measured at 22°C in a reaction
mixture (700 mL) containing 100 mM KH2PO4/K2HPO4 at pH 7.5,
2 mM EDTA, 10 µM fluorogenic substrate, 0.1µM His-tagged
protease, and 1% inhibitor solution without any preincubation. The
initial 5 min of the reaction were used for calculation purposes.
Initial stock solutions were prepared at 10 mM in DMSO, and serial
dilutions were made in DMSO. The protease activity in the presence
of the specified inhibitor was expressed as a percentage of that
obtained from the respective control samples. For inhibitors
displaying dose-dependent inhibition of the protease activity, IC50

Scheme 10

Scheme 11
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values were determined from plots of the relative protease activity
versus the log of inhibitor concentration. IC50 values were not
determined for compounds showing weak inhibition.

HPLC-MS Purification. The samples were purified on an 1100
HPLC coupling with an ES-MSD Agilent 1956B with positive ion
detection: semi-prep column, Zorbax RX-C8, 9.4× 250 mm, 5
µM with guard column; flow rate 3 mL/min, a linear gradient
elution over 20 min of 35 to 100% acetonitrile in 0.05% formic
acid/H2O, then holding 2 min at 100% acetonitrile in 0.05% formic
acid/H2O, followed by return to 35% acetonitrile in 0.05% formic
acid/H2O over 0.5 min. The quality of some purified samples were
confirmed by reinjection of purified samples to the analytical
column: Zorbax RX-C18, 4.6× 150 mm, 5 M; flow rate 0.7 mL/
min, the same linear gradient elution as described above.

Mass Spectrometry of Enzyme-Inhibitor Complexes. The
wild type enzyme (∼0.2 mM) was mixed with 10 equiv of inhibitor
at 22°C without any preincubation. In addition, a control parallel
experiment was preformed on the enzyme alone without any
inhibitor. The samples were purified by C4 Ziptip (Millipore, MA)
and eluted by 50% acetonitrile in 0.1% formic acid. Mass
spectrometric analysis was performed on the Waters (Micromass)
Q-TOF Premier using infusion at a flow rate of 0.5-1 mL/min.

Molecular Docking for SARS 3CLpro Inhibitors. The crystal
structure of SARS 3CL protease in complex with an aza-peptide
epoxide (APE) (PDB code: 2A5K)18 was selected to construct the
predictive model after deleting the coordinates of the epoxide
inhibitor from the pdb file. The three-dimensional (3D) coordinates
of the 3CL enzyme (experimental) and those of the inhibitors
(calculated) were processed in Sybyl 7.1.40 The essential hydrogen
atoms were added to the protein molecule and the Kollman united
atom charges were applied; the 3D structures of inhibitors were
constructed and energy-minimized using the Tripos force field in
Sybyl 7.1; hydrogen atoms and Gasteiger-Marsili charges were
added to the inhibitors.41

Autodock 3.0.525 was used to perform the automated molecular
docking. The grid map with 60× 60 × 60 points spaced at 0.375
Å was generated using the AUTOGRID program to evaluate the
binding energies. The docked complexes of 3CL protease with
inhibitors were evaluated according to the predicted binding energy
and the geometric ideality of the docked inhibitors.
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