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A series of novel 4-alkoxy-3-arylfuran-2(5H)-ones as tyrosyl-tRNA synthetase inhibitors were synthe-
sized. Of these compounds, 3-(4-hydroxyphenyl)-4-(2-morpholinoethoxy)furan-2(5H)-one (27) was
the most potent. The binding model and structure-activity relationship indicate that replacement of mor-
pholine-ring in the side chain of 27 with a substituent containing more hydrophilic groups would be
more suitable for further modification. Antibacterial assay revealed that the synthetic compounds are
effective against growth of Gram-positive organisms, and 27 is the most potent agent against Staphylo-
coccus aureus ATCC 25923 with MICsq value of 0.23 pg/mL.
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1. Introduction

Aminoacyl-tRNA synthetases (aaRSs) are the enzymes that cat-
alyze the transfer of amino acids to their cognate tRNAs,'? and
their catalytic activities determine the genetic code. For this rea-
son, these enzymes are essential for protein synthesis and cell via-
bility,>* and they are potential targets for antibacterial agents.>>®
This concept is proven by the success of the broad-spectrum anti-
bacterial drug mupirocin, which targets bacterial isoleucyl-tRNA
synthetases (IleRS).” Additionally, AN-2690 (Scheme 1), an inhibi-
tor of leucyl-tRNA synthetases, is currently in clinical development
for the topical treatment of onychomycosis and icofungipen
(Scheme 1), another inhibitor of IleRS, reached clinical phase II
for the systemic treatment of oropharyngeal candidiasis.®

Many compounds with y-butyrolactone-core (furanone) show
diverse biological activities such as antitumor and anti-inflamma-
tory activity.®~12 It is reported that butalactin (Scheme 1) exhibits
moderate antibacterial activity against Gram-positive bacteria.!®
Based on this findings, Lattmann et al. reported some derivatives
of y-butyrolactone (5-alkoxy-4-aminofuran-2(5H)-one, Scheme 1)
showing good antibacterial activity against multiresistant
Staphylococcus aureus. In our work for finding new antibacterial
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agents,'>!® we have shown that 3-aryl-4-alkylaminofuran-2(5H)-

ones are potent inhibitors against tyrosyl-tRNA synthetase
(TyrRS),'” one of the aminoacyl-tRNA synthetases (aaRSs). Struc-
ture-activity relationships of this class of compounds disclosed that
separation of amino moiety and furanone fragment with an amino-
ethylene group spacer led to compound (4 vs 5, Scheme 1) being
more potent. Compound 5 (with ICsq of 3.3 M against TyrRS) was
therefore used as lead compound for further modification, and two
strategies for side-chain modification were used at the first stage.
One is replacement of morpholine ring with other heterocycles
and the other is replacement of NH group with O atom. Several
compounds were then synthesized for determining their inhibitory
activities against TyrRS. The results disclosed that bioisosteric
replacement of NH group (5) with an O (24, Scheme 1) was more
favorable for activity. In this context, we would like to report synthe-
sis of 4-alkoxy-3-arylfuran-2(5H)-ones and their determination as
TyrRS inhibitors and antibacterials. The results disclose some of
the synthesized compounds exhibited very good antibacterial
activities.

2. Results and discussion
2.1. Chemistry
Twenty-two 4-alkoxy-3-arylfuran-2(5H)-ones were designed

and synthesized by the routes outlined in Scheme 2 and Scheme
3. 3-Aryl-4-(2-bromoethoxy)furan-2(5H)-ones, 3, were prepared


http://dx.doi.org/10.1016/j.bmc.2011.05.042
mailto:xiaozhuping2005@163.com
mailto:zhuhl@nju.edu.cn
http://dx.doi.org/10.1016/j.bmc.2011.05.042
http://www.sciencedirect.com/science/journal/09680896
http://www.elsevier.com/locate/bmc

Z.-P. Xiao et al./Bioorg. Med. Chem. 19 (2011) 3884-3891 3885

HO,
OH 0
B\O \\"\/\W/
(¢} OH
F H,N© CO,H 0
e}
AN-2690 icofungipen butalactin
X A
NH o-P°
(0] S B
-R Ar
0 HO
X=Cl, Br
5-alkoxy-4-aminofuran-2(5H)-one 3-aryl-4-hydroxyfuran-2(5H)-one
0,0 0x© 0°
N/} HN’\,N//’\O O’\’N/—’\O
«/o —/ N
Br Br Br
4 5 24

Scheme 1. Structures of some compounds and the evolution process of 4-alkoxy-3-arylfuran-2(5H)-one.
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from the corresponding 3-aryl-4-hydroxyfuran-2(5H)-ones (2)
which were synthesized according to the previously reported
method with some modifications.® In brief, esters 1 were formed
by the condensation of an appropriately substituted phenylacetic
acid with ethyl bromoacetate in the presence of sodium ethoxide.
Compounds 2 were subsequently prepared via alkaline cyclization
of 1 using sodium hydride in dry THF. Displacement of a bromine
in 1,2-dibromoethane with 2 was normally conducted in dry ace-
tone in the presence of triethylamine. The desired amines (6-25)
were obtained by amination of 3a-3j with appropriate aliphatic
amines in DMF in the presence of triethylamine. Compound 4k
and 4m were similarly obtained by amination of 3k and 3m, fol-
lowed by debenzylation over Pd/C under hydrogen atmosphere,
to generate 26 and 27. All 4-alkoxy-3-arylfuran-2(5H)-ones are
the first reported and were fully characterized by spectroscopic
methods and elemental analysis together with a crystal structure
(11).

2.2. Description of the crystal structure

Compound 11 was determined by X-ray diffraction analysis
(Fig. 1). The crystal data are presented in Table 1 and some impor-
tant bond lengths were given in Table 2. The bond length of
C7-C10is 1.348(3) A, following in the range of a typical C-C double
bond.'®'® Compound 11 was therefore identified as a furan-2(5H)-
one not a furan-2(3H)-one. '"H NMR spectrum of 11 provides
another evidence for this assignment. For the furanone moiety,
the "H NMR spectrum displayed the two proton signals as singlet
at about §H 5.0. Comparisons '"H NMR spectrum of 11 with others,
all synthetic compounds were determined as furan-2(5H)-ones.
Because C9 attaches to a double bond, -7 hyperconjugation occur-
ring between C9-H9A (H9B) and C7-C10 slightly shortens C9-C10
bond from about 1.53%° to 1.489(3) A. C10-03 (1.326(2) A) bond
has shorter bond distance than the standard C-O single bond
(1.43 A),'6 but longer than C-O double bond (1.20 A).'® This clearly
indicated that an sp® orbital of 03 is conjugated with the © molecu-
lar orbital of C7-C10 double bond, which was supported by the
small torsion angle (0.6(8)°) of C8-C7-C10-03.

The stereochemistry of the double bond in lactone ring was
assigned as (E)-configuration based on X-ray crystallography of
product 11 (Fig. 1). This gives a basis for assigning the E configura-
tion to all newly synthetic 4-alkoxy-3-arylfuran-2(5H)-ones.

2.3. Inhibitory activities of 4-alkoxy-3-arylfuran-2(5H)-ones
against TyrRS from S. aureus

All the synthesized compounds (6-27) were tested for inhibi-
tory activity against TyrRS from S. aureus. The ICsos of these
compounds are presented in Table 3. Compounds 6-14 were

Table 1

Crystal structure data for compound 11
Compound 11
Formula C16H1oNO4
Mr 289.32

Crystal size/mm?® 0.20 x 0.20 x 0.10

Crystal system Monoclinic
Space group P 24/c
alA 8.4449(9)
b/A 18.9619(19)
c/A 9.4747(10)
Bl° 100.279(2)
VIA3 1492.8(3)
V4 4
Dc/(g/cm~3) 1.287
u/mm~! 0.093
F000) 616
Max. and min. trans. 0.9908 and 0.9817
0 range/° 2.15/28.29
Index range (h, k, I) —6/11, —25/25, —12/12
Reflections collected/unique 11735/3689
Data/restraints/parameters 3689/0/190
Rint 0.0304
Goodness-of-fit on F? 1.139
R1, WRy [I >20(I)] 0.0759/0.1002
Ry, WR;, 0.1814/0.1681
Extinction coefficient —
(AP)maxs (AP)min (e/Ag) 0.246/-0.228
Table 2
Important bond lengths (A) of compound 11
Bond Bond length Bond Bond length
C1-C7 1.476(3) C9-C10 1.489(3)
C7-C8 1.464(3) C10-03 1.326(2)
C7-C10 1.348(3) C11-03 1.446(2)

prepared to study the utility of aliphatic side chains and compound
11 was proved as the most potent in this series, having ICso of
6.2 £ 0.9 nM. Replacement of N-morpholino group in the side chain
of 11 with hydrophilic substituent (4-methylpiperazinyl group)
shows similar potency. While compounds 6-10, with an aliphatic
amino group in the side chain, were less effective, and those with
an aryl ring in the side chain (13 and 14) were inactive, indicating
that a hydrophobic group in the side chain is detrimental. There-
fore, this position seems to be more suitable for further modifica-
tion with a substituent containing more hydrophilic groups.

We then turned our attention toward exploring the SAR profile
of the phenyl group (15-27). The compound 27 with a hydroxyl
group at the para position of the benzene-ring fragment exerted
the highest inhibitory activity against S. aureus TyrRS with an

Figure 1. Molecular structure of compound 11, showing the atom-numbering scheme. Displacement ellipsoids are drawn at the 30% probability level.
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Table 3
In vitro inhibitory activity data of the synthesized compounds against S. aureus TyrRS
0 (0]
Structure [¢]
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12 H H ()\, 86+1.2
“Me
~
N
13 H H H/\© >100
H
\N _N
14 H H H \©\ >100
NO,
N
15 OMe  OMe -~ \O >100
N
16 OMe OMe O >100
~
N
17 OMe OMe ()\, >100
Me
~
N
18 a a ()\, >100
Me
Y
19 F F O >100
~N
N
20 H Cl K/} 20.5+4.8
\N/\
21 H Br K/O 243 +6.7
\N/\
22 H OMe K/O 37.5+11.0
\N/\
23 Cl H K/O 0.62 +0.05
\N/\
24 Br H K/O 2.4+0.5
\N/\
25 OMe H K/O 32.8+12.6
\N/\
26 H OH K/O 25669
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ICso of 0.10 £ 0.03 pg/mL. Replacement of 4-hydroxyl group with
chloro, bromo or methoxy group resulted in 6- to 300-fold loss of
activity (23-25). In comparison with 27, movement of the hydro-
xyl group to 3-position led to a significant decrease in inhibitory
activity (26), while a further decrease was not observed in isosteric

replacement of the hydroxyl group with chloro, bromo, or methxoy
group at 3-position (20-22). In the case of compounds (15-19)
with two substituents at 3,4-positons, both introduction of elec-
tron-donating group (methoxy) and electron-withdrawing group
(chloro and fluoro) led to complete loss in activity, indicating that
these substituents may cause a steric clash with the protein.

2.4. Antibacterial activity

Compounds with ICso <30 uM against S. aureus TyrRS were
tested against representative Gram-positive organisms (Bacillus
subtilis ATCC 6633, S. aureus ATCC 25923, Candica albicans ATCC
10231) and a Gram-negative organism (Escherichia coli ATCC
35218), and the results are presented in Table 4. Two of the tested
compounds showed good activity against Gram-positive organ-
isms, especially against S. aureus and C. albicans, while all of them
were inactive against Gram-negative bacterium, E. coli. Compound
23 and 27 displayed levels of inhibition against C. albican compared
to marketed antibiotics, ketoconazole. Out of the synthetic com-
pounds, 27 was the most active antibacterial tested against S. aur-
eus with MICsg of 0.23 pig/mL. From comparing the data in Table 3
and Table 4, a positive correlation between the ICso values in the
enzyme assay and the MICso values against whole cell bacteria
was found. This suggests that the antibacterial activity of 4-alk-
oxy-3-arylfuran-2(5H)-ones, as that of 4-alkylamino-3-arylfuran-
2(5H)-ones,'” may be due to their inhibition against TyrRS.

2.5. Molecular docking

With the aim to explore the structural determinants responsible
for the activity of these new inhibitors of TyrRS, molecular docking
of the most potent inhibitor 27 into SB-239629 binding site of
TyrRS was performed on the binding model based on the TyrRS
complex structure (1jij.pdb).2 The binding model of compound
27 and TyrRS is depicted in Figure 2 and the enzyme surface model
was showed in Figure 3, which revealed that the molecular is well
filled in the active pocket.

Several hydrogen-bonding interactions together with some
hydrophobic interactions anchoring 27 to the active site tightly
may explain its excellent inhibitory activity. In brief, the morpho-
line-ring system in the side chain of 27 occupies the SB-239629
piperidyl-binding pocket, and was oriented towards the entrance
cavity (Fig. 3) surrounded by Gly38, His50, Pro53, Gly193 and
GIn196. The O atom of morpholine-ring as a hydrogen bond accep-
tor is hydrogen-bonded to the backbone nitrogen of Gly193 with
H---O bond length of 1.974 A (Fig. 2). Obviously, the morpholine-ring
system was located at a hydrophilic pocket of the active site. Thus,

Table 4
Inhibitory activity (ICsq) of the synthetic compounds against microbes.

Compound MICso (pg/mL)

A B C D
6 >50 343 >50 >50
11 47.4 104 34.2 >50
12 >50 16.5 >50 >50
21 >50 25.5 >50 >50
22 >50 40.8 >50 >50
23 8.6 13 29 >50
24 15.8 3.0 12.7 >50
26 47.4 343 47.2 >50
27 2.1 0.23 1.1 >50
Kanamycin 0.48 1.2 — —
Penicillin — — — 2.7
Ketoconazole — - 3.8 -

Note: (A) B. subtilis ATCC 6633; (B) S. aureus ATCC 25923; (C) C. albicans ATCC
10231; (D) E. coli ATCC 35218.
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Figure. 2. Binding mode of compound 27 with TyrRS from S. aureus. For clarity,
only interacting residues were labeled. Hydrogen bonding interactions are shown in
dash. This figure was made using PyMol.

Figure 3. Binding mode of compound 27 with TyrRS. The enzyme is shown as
surface; while 27 docked structures are shown as sticks. This figure was made using
PyMol.

replacement of the morpholine-ring with a hydrophobic group such
as piperidine-ring will significantly decrease the potency, which is
consistent with the experimental data. On the contrary, replace-
ment with a substituent containing stronger hydrophilic groups
should increase the potency, and further investigations on the opti-
mization of 27 as leading compounds are being carried out in our
laboratory.

The 4-hydroxybenzene-ring moiety was located at the bottom
of the active site cavity (Fig. 3), making some close interactions
with GIn173 and Asp177 side chains. In addition to these interac-
tions, three hydrogen-bonding interactions were observed: the
4-hydroxyl group as acceptor forms a O-H---O hydrogen bond with
Tyr36 residue, having H---O bond length of 1.948 A, and the 4-hy-
droxyl group as donor forms two O-H---O hydrogen bonds with
the two carbonyl groups of GIn174 residue, having H---O bond
length of 1.746 and 3.236 A, respectively (Fig. 2). The docking
model also showed that a hydrogen-bonding interaction occurs
between the carbonyl group of the furanone-ring moiety and the
hydroxyl group of Thr75 residue with H--O bond length of
2.306 A. Finally, the CH,CH, group linking the furanone-ring and
the morpholine-ring involves a hydrophobic interaction with the
CH,CH, group of GIn196 residue.

Our modeling results reveal that 4-hydroxy of benzene-ring
moiety and hydrophilic group substituted at the side chain are
important to the interactions of the protein-ligand complex and
are crucial to the potency of TyrRS inhibitory activity. Therefore,
removing the hydroxyl group (or replacing with methoxy group)
or substituting a hydrophobic group for the morpholine-ring (27
vs 11 (25) and 11 vs 6-10) obviously reduced the enzyme inhibi-
tory activity.

3. Conclusions

In summary, we have synthesized twenty-two novel 4-alkoxy-
3-arylfuran-2(5H)-one derivatives. Several of the target com-
pounds showed good inhibitory activity against TyrRS from
S. aureus, with 27 being the most active (ICso=0.10 £ 0.03 pM).
Antibacterial assay revealed that the synthetic compounds are
effective against growth of Gram-positive organisms (especially
against S. aureus), while all are inactive against Gram-negative
organisms. Out of the tested compounds, 27 is the most potent
against S. aureus ATCC 25923 with MICsg value (0.23 pig/mL) lower
than that of the positive control (1.2 pg/mL). Molecular docking
studies showed 27 well fits the active site making various close
contacts with the active site residues, and disclosed that substitu-
tion of morpholine-ring in the side chain with a hydrophilic group
is more suitable for further modification.

4. Experiments
4.1. Preparation of the TyrRS and enzyme assay

S. aureus TyrRS was over-expressed in E. coli and purified to near
homogeneity (~98% as judged by SDS-PAGE) using standard puri-
fication procedures.? TyrRS activity was measured by aminoacyla-
tion using modifications to previously described methods.> The
assays were performed at 37 °C in a mixture containing (final
concentrations) 100 mM Tris/Cl pH 7.9, 50 mM KC1, 16 mM MgCl,,
5 mM ATP, 3 mM DTT, 4 mg/ml E. coli MRE600 tRNA (Roche) and
10 uM t1-tyrosine (0.3 M 1-[ring-3,5-3H] tyrosine (PerkinElmer,
Specific activity: 1.48-2.22 TBq/mmol), 10 uM carrier). TyrRS
(0.2 nM) was preincubated with a range of inhibitor concentrations
for 10 min at room temperature followed by the addition of pre-
warmed mixture at 37 °C. After specific intervals, the reaction
was terminated by adding aliquots of the reaction mix into ice-cold
7% trichloroacetic acid and harvesting onto 0.45 mm hydrophilic
Durapore filters (Millipore Multiscreen 96-well plates) and
counted by liquid scintillation. The rate of reaction in the experi-
ments was linear with respect to protein and time with less than
50% total tRNA acylation. ICses correspond to the concentration
at which half of the enzyme activity is inhibited by the compound.
The results are presented in Table 3.

4.2. Antimicrobial activity

The antibacterial activities of the synthesized compounds was
tested against two Gram-positive bacterial strains (B. subtilis ATCC
6633, S. aureus ATCC 25923, kanamycin as positive control) and a
Gram-negative bacterial strain (E. coli ATCC 35218, penicillin G as
positive control) using LB medium, The antifungal activities of
the compounds was tested against C. albicans ATCC 10231
(Gram-positive, ketoconazole as positive control) using RPMI-
1640 medium. The MICsgs of the test compounds were determined
by a colorimetric method using the dye MTT.?! A stock solution of
the synthesized compound (1000 pg/ml) in DMSO was prepared
and graded quantities of the test compounds were incorporated
in specified quantity of sterilized liquid medium (50% (v/v) of
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DMSO in PBS). A specified quantity of the medium containing the
test compound was poured into 96-well plates. Suspension of the
microorganism was prepared to contain approximate 10° cfu/mL
and applied to 96-well plates with serially diluted compounds to
be tested and incubated at 37 °C for 24 h. In the case of fungi, plates
were incubated at 27 °C for 48 h. 50 pL of PBS containing 2 mg of
MTT/mL was added to each well. Incubation was continued at
room temperature for 4-5h. The content of each well was re-
moved, and 100 pL of 10% sodium dodecyl sulfate containing 5%
isopropanol and 1 mol/L HCl was added to extract the dye. After
12 h of incubation at room temperature, the optical density (OD)
was measured with a microplate reader at 550 nm. The observed
MICs0s were presented in Table 4.

4.3. Protocol of docking study

The automated docking studies were carried out using Auto-
Dock version 4.2. First, AutoGrid component of the program pre-
calculates a three-dimensional grid of interaction energies based
on the macromolecular target using the AMBER force field. A grid
box of 46 x 58 x 48 A size (x, y, z) with a spacing of 0.375 A and
grid maps were created representing the catalytic active target site
region where the native ligand was embedded. Then automated
docking studies were carried out to evaluate the binding free en-
ergy of the inhibitor within the macromolecules. The genetic algo-
rithm with local search (GA-LS) was chosen to search for the best
conformers. The parameters were set using the software ADT
(AutoDockTools package, version 1.5.4) on PC which is associated
with AutoDock 4.2. Default settings were used with an initial pop-
ulation of 50 randomly placed individuals, a maximum number of
7.5 x 106 energy evaluations, and a maximum number of 2.7 x 10*
generations. A mutation rate of 0.02 and a crossover rate of 0.8
were chosen. Results differing by less than 0.5 A in positional
root-mean-square deviation (RMSD) were clustered together and
the results of the most favorable free energy of binding were se-
lected as the resultant complex structures.

4.4. Crystallographic studies

X-ray single-crystal diffraction data for compound 11 was col-
lected on a Bruker SMART APEX CCD diffractometer at 298(2) K
using MoKo radiation (4 =.71073 A) by the w scan mode. The pro-
gram SAINT was used for integration of the diffraction profiles. The
structure was solved by direct methods using the SHELXS program
of the SHELXTL package and refined by full-matrix least-squares
methods with SHELXL.22 All nonhydrogen atoms of compound 11
were refined with anisotropic thermal parameters. All hydrogen
atoms were generated theoretically onto the parent atoms and re-
fined isotropically with fixed thermal factors.

4.5. Chemistry

All chemicals (reagent grade) used were purchased from Aldrich
(U.S.A) and Sinopharm Chemical Reagent Co. Ltd. (China). Separa-
tion of the compounds by column chromatography was carried
out with silica gel 60 (200-300 mesh ASTM, E. Merck). The quan-
tity of silica gel used was 30-70 times the weight charged on the
column. Then, the eluates were monitored using TLC. Melting
points (uncorrected) were determined on a XT4 MP apparatus
(Taike Corp., Beijing, China). ESI mass spectra were obtained on a
Mariner System 5304 mass spectrometer, and 'H NMR spectra
were recorded on a Bruker DPX400 or DPX300 spectrometer at
25 °C with TMS and solvent signals allotted as internal standards.
Chemical shifts were reported in ppm (§). Elemental analyses were
performed on a CHN-O-Rapid instrument and were within +0.4% of
the theoretical values.

4.5.1. General procedure for preparation of compounds 1a-1m
An appropriately substituted penylacetic acid (50 mmol) was
added to a solution of sodium ethoxide (60 mmol) in ethanol
(70 mL) and the mixture was stirred at 25 °C for 10 min. Ethyl bro-
moacetate (55 mmol) was added and the stirred mixture was heated
under reflux temperature for 4-6 h. The precipitated salt was fil-
tered off and the filtrate concentrated under reduced pressure. The
resulted oil was dissolved in EtOAc and washed with water and
brine. Then the solution was dried over MgSO,4 and concentrated un-
der reduced pressure. The oily residue was then purified by column
chromatography on silica gel to give 1a-1m in yields of 75-88%.

4.5.2. General procedure for preparation of compounds 2a-2m

A dropwise solution of compound 1 (10 mmol) in dry THF
(10 mL) was added to a suspension of NaH (24 mmol) in dry THF
(20 mL) in an ice cold bath and the stirring was maintained at room
temperature for several hours (monitored by TLC). Water (30 mL)
was added and the solution was extracted twice with ethyl ether.
The aqueous phase was cooled to 0 °C and then acidified with con-
centrated hydrochloric acid to give a solid precipitate. Filtration
and washing with water furnished compounds 2. This material
was used without further purification.

4.5.3. General procedure for preparation of compounds 3a-3m

Compound 2 (5 mmol) was dissolved in 35 mL of dry acetone,
followed by addition of 1,2-dibromoethane (4.3 mL, 50 mmol)
and triethylamine (2.2 mL, 15 mmol). The resulted mixture was re-
fluxed for 3-5 h. After the solvent was removed, the residue was
partitioned between EtOAc and water. The organic layer was then
dryed over MgSO,4 and concentrated under reduced pressure. Flash
chromatography (EtOAc/petroleum ether, from 3/2 to 2/3) fur-
nished 3 in good yield.

4.5.4. General procedure for preparation of 4-alkoxy-3-
arylfuran-2(5H)-ones (6-25, 4k-4m)

A mixture of compound 3 (0.5 mmol) and triethylamine
(225 pL, 1.5 mmol) was dissolved in 15 mL of dry DMF and heated
to 50 °C. The solution was received 3-4 interval injections of an
appropriate amine (0.6 mmol) within 2 h. The mixture was then
stirred for 6-10 h. After 30 mL of water was added, the resulted
mixture was extracted thrice with EtOAc. The combined organic
layer washed with brine and dried over MgSO,4. Removement of
the solvent under reduced pressure gave a brown oil, which was
purified by column chromatography on silica gel, eluting with
CHCl3/CH30H (saturated with ammonia, from 37/1 to 80/1).

4.54.1. 3-Phenyl-4-(2-(propylamino)ethoxy)furan-2(5H)-one
(6). White powder, 58%, mp 102-104°C, '"H NMR (CDCls):
0.57 (t, J=7.3 Hz, 3H); 0.98 (t, J= 7.5 Hz, 1H); 1.34-1.46 (m, 2H);
3.02-3.15 (m, 2H); 3.23 (t, J=5.5 Hz, 2H); 3.59 (t, J = 5.5 Hz, 2H);
4.86 (s, 2H); 7.24-7.37 (m, 5H); EIMS m/z 261 (M*). Anal. Calcd
for Cy5HgNO3: C, 68.94; H, 7.33; N, 5.36. Found: C, 67.63; H,
7.32; N, 5.35.

4.54.2. 4-(2-(Butylamino)ethoxy)-3-phenylfuran-2(5H)-one
(7). White powder, 43%, mp 89-91 °C, 'H NMR (CDCl5): 0.73
(t, J=7.0 Hz, 3H); 0.81-0.99 (m, 2H); 1.28-1.42 (m, 2H); 2.32 (b
s, 1H); 3.09 (t, J=7.7 Hz, 2H); 3.22 (t, J=5.5Hz, 2H); 3.59 (t,
J=5.5Hz, 2H); 4.85 (s, 2H); 7.26-7.36 (m, 5H); EIMS m/z 275
(M™). Anal. Calcd for C;gH,;NO5: C, 69.79; H, 7.69; N, 5.09. Found:
G, 69.01; H, 7.68; N, 5.10.

454.3. 4-(2-(Cyclohexylamino)ethoxy)-3-phenylfuran-2(5H)-
one (8). White powder, 54% mp 150-152°C, 'H NMR
(CDCl3): 0.81-0.99 (m, 3H); 1.25-1.40 (m, 3H); 1.65-1.77 (m,
4H); 3.22 (t, J= 6.4 Hz, 2H); 3.27-3.35 (m, 1H); 3.48 (t, J=6.3 Hz,
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2H); 4.87 (s, 2H); 7.27-7.42 (m, 5H); EIMS m/z 301 (M"). Anal.
Calcd for C1gH»3NOs: C, 71.73; H, 7.69; N, 4.65. Found: C, 72.45;
H, 7.67; N, 4.66.

45.44. 3-Phenyl-4-(2-(piperidin-1-yl)ethoxy)furan-2(5H)-one
(9). Light yellow oil, 54%, '"H NMR (CDCl3): 1.40-1.50 (m,
2H); 1.51-1.68 (m, 4H); 2.40-2.49 (m, 4H); 2.72 (t, J=5.7 Hz,
2H); 4.22 (t, J= 5.5 Hz, 2H); 4.88 (s, 2H); 7.29 (d, J= 7.4 Hz, 1H);
7.38 (t, J=7.1Hz, 2H); 7.86 (dd, J = 8.6 Hz, ] = 1.4 Hz, 2H); EIMS
m/z 287 (M"). Anal. Calcd for C;7H,;NOs: C, 71.06; H, 7.37; N,
4.87. Found: C, 71.82; H, 7.35; N, 4.86.

4.54.5. 3-Phenyl-4-(2-(pyrrolidin-1-yl)ethoxy)furan-2(5H)-one
(10). Colorless crystal, 75%, mp 81-82°C, 'H NMR (CDCls):
1.77-1.86 (m, 4H); 2.51-2.63 (m, 4H); 2.90 (t, J=5.9 Hz, 2H);
4.23 (t, J=5.9Hz, 2H); 4.87 (s, 2H); 7.30 (d, J=6.3 Hz, 1H); 7.38
(t,J=7.1Hz, 2H); 7.84 (d, J = 7.1 Hz, 2H); EIMS m/z 273 (M"). Anal.
Calcd for C46H19NO3: C, 70.31; H, 7.01; N, 5.12. Found: C, 70.40; H,
6.99; N, 5.11.

4.5.4.6. 4-(2-Morpholinoethoxy)-3-phenylfuran-2(5H)-one
(11). Colorless crystal, 63%, mp 118-119°C, 'H NMR
(DMSO-dg): 2.48 (t, ] = 5.3 Hz, 4H); 2.74 (t, ] = 5.5 Hz, 2H); 3.58 (t,
J=53Hz, 4H); 437 (t, J=5.5Hz, 2H); 5.15 (s, 2H); 7.27 (d,
J=8.3Hz, 1H); 7.39 (t,] = 8.3 Hz, 2H); 7.88 (d, ] = 8.3 Hz, 2H); EIMS
my/z 289 (M™). Anal. Calcd for C;6H,9NO4: C, 66.42; H, 6.62; N, 4.84.
Found: C, 66.33; H, 6.64; N, 4.83.

454.7. 4-(2-(4-Methylpiperazin-1-yl)ethoxy)-3-phenylfuran-
2(5H)-one (12). Colorless crystal, 85%, mp 45-46°C, 'H
NMR (CDCl3): 2.30 (s, 3H); 2.40-2.49 (m, 4H); 2.51-2.63 (m, 4H);
2.78 (t, J=5.5Hz, 2H); 4.22 (t, J=5.5 Hz, 2H); 4.87 (s, 2H); 7.30
(d, J=7.3Hz, 1H); 7.38 (t, J=7.1Hz, 2H); 7.84 (dd, J=8.0Hz,
J=1.5Hz, 2H); EIMS m/z 302 (M*). Anal. Calcd for C;7H,,N,03: C,
67.53; H, 7.33; N, 9.26. Found: C, 67.46; H, 7.32; N, 9.28.

454.8. 4-(2-(Benzylamino)ethoxy)-3-phenylfuran-2(5H)-one
(13). Colorless crystal, 37%, mp 110-112 °C, 'H NMR (CDCl5):
3.27 (t,J = 5.3 Hz, 2H); 3.59 (t, ] = 5.3 Hz, 2H); 4.41 (s, 2H); 4.91 (s,
2H); 7.06 (d, ] = 6.4 Hz, 2H); 7.20~7.35 (m, 8H); EIMS m/z 309 (M*).
Anal. Calcd for CigH19NO3: C, 73.77; H, 6.19; N, 4.53. Found: C,
73.84; H, 6.17; N, 4.54.

4.54.9. 4-(2-(2-(4-Nitrophenyl)hydrazinyl)ethoxy)-3-phenylfu-
ran-2(5H)-one (14). Yellow crystal, 78%, mp 259-261 °C, 'H
NMR (DMSO-ds): 3.89 (t, J=5.5Hz, 2H); 4.60 (t, J=5.3 Hz, 2H);
5.16 (s, 2H); 7.28 (t, J=7.5Hz, 1H); 7.41 (t, J= 7.7 Hz, 2H); 7.91
(dd, J=8.4Hz, J=1.3Hz, 2H); 8.10 (d, J=9.0 Hz, 2H); 8.26 (d,
J=8.9 Hz, 2H); EIMS m/z 355 (M*). Anal. Calcd for C;gH;7N30s: C,
60.84; H, 4.82; N, 11.83. Found: C, 60.89; H, 4.81; N, 11.84.

4.5.4.10. 4-(2-(Cyclohexylamino)ethoxy)-3-(3,4-dimethoxy-
phenyl)furan-2(5H)-one (15). Colorless crystal, 68%, mp
137-139°C, 'H NMR (CDCl5): 0.80-1.02 (m, 3H); 1.23-1.42 (m,
3H); 1.60-1.74 (m, 4H); 1.93 (b s, 1H); 3.23 (t, J=6.4 Hz, 2H);
3.32-3.43 (m, 1H); 3.54 (t, J=6.3 Hz, 2H); 3.85 (s, 3H); 3.89 (s,
3H); 4.88 (s, 2H); 6.80 (d, J=1.8 Hz, 1H); 6.81 (dd, J=8.0 Hz,
J=1.8 Hz, 1H); 6.86 (d, J=8.3 Hz, 1H); EIMS m/z 361 (M"). Anal.
Calcd for CyoH,7NOs: C, 66.46; H, 7.53; N, 3.88. Found: C, 66.51;
H, 7.51; N, 3.87.

4.5.4.11. 3-(3,4-Dimethoxyphenyl)-4-(2-(piperidin-1-yl)eth-
oxy)furan-2(5H)-one (16). Colorless crystal, 89%, mp 116-
117 °C, 'TH NMR (CDCl5): 1.38-1.49 (m, 2H); 1.51-1.67 (m, 4H);
246 (t, J=5.0Hz, 4H); 2.73 (t, J=5.5 Hz, 2H); 3.90 (s, 3H); 3.91
(s, 3H); 4.22 (t, J=5.5Hz, 2H); 4.87 (s, 2H); 6.89 (d, J=8.4 Hz,

1H); 7.50 (dd, [ =8.4Hz, J=2.0 Hz, 1H); 7.54 (d, J = 1.8 Hz, 1H);
EIMS m/z 347 (M*). Anal. Calcd for C,9H,5NOs: C, 65.69; H, 7.25;
N, 4.03. Found: C, 65.60; H, 7.27; N, 4.04.

45.4.12. 3-(3,4-Dimethoxyphenyl)-4-(2-(4-methylpiperazin-1-
yl)ethoxy)furan-2(5H)-one (17). Colorless crystal, 64%, mp
69-71°C, 'H NMR (DMSO-dg): 2.16 (s, 3H); 2.23-2.38 (m, 4H);
2.42-2.55 (m, 4H); 2.73 (t, J=5.3 Hz, 2H); 3.75 (s, 3H); 3.76 (s,
3H); 4.34 (t, J=5.4 Hz, 2H); 5.11 (s, 2H); 6.97 (d, J = 8.4 Hz, 1H);
749 (d, J=2.0Hz, 1H); 7.53 (dd, J=8.4 Hz, J=2.0 Hz, 1H); EIMS
m/z 362 (M"). Anal. Calcd for Ci9Hp6N,0s: C, 62.97; H, 7.23; N,
7.73. Found: C, 62.88; H, 7.25; N, 7.74.

4.5.4.13. 3-(3,4-Dichlorophenyl)-4-(2-(4-methylpiperazin-1-
yl)ethoxy)furan-2(5H)-one (18). White powder, 65%, mp
92-94°C, '"H NMR (DMSO-dg): 2.15 (s, 3H); 2.23-2.37 (m, 4H);
2.41-2.53 (m, 4H); 2.74 (t, J = 5.3 Hz, 2H); 4.34 (t, ] = 5.4 Hz, 2H);
5.10(s, 2H); 7.18 (d,J = 8.0 Hz, 1H); 7.28 (s, 1H); 7.43 (d,J = 8.1 Hz,
1H); EIMS m/z 370 (M"). Anal. Calcd for C;7H»oCI,N,05: C, 55.00;
H,5.43;Cl,19.10; N, 7.55. Found: C, 55.09; H, 5.43; C1,19.07; N, 7.54.

45.4.14. 3-(3,4-Difluorophenyl)-4-(2-(piperidin-1-yl)eth-
oxy)furan-2(5H)-one (19). White powder, 43%, mp 119-
121°C, 'H NMR (CDCl3): 1.39-1.50 (m, 2H); 1.52-1.67 (m, 4H);
247 (t, J=5.0Hz, 4H); 2.75 (t, J=5.4 Hz, 2H); 4.24 (t, J=5.5Hz,
2H): 4.89 (s, 2H); 7.32 (d, /= 8.8 Hz, 1H); 7.58 (d, J = 8.7 Hz, 1H);
7.65 (t, J=8.8Hz, 1H); EIMS m/z 323 (M"). Anal. Calcd for
C17H10F2NO3: C, 63.15; H, 5.92; F, 11.75; N, 4.33. Found: C, 63.07;
H, 5.93; F, 11.77; N, 4.33.

4.5.4.15. 3-(3-Chlorophenyl)-4-(2-morpholinoethoxy)furan-
2(5H)-one (20). Colorless crystal, 63%, mp 131-133°C, 'H
NMR (DMSO-dg): 2.48 (t, J=5.3 Hz, 4H); 2.75 (t, J= 5.5 Hz, 2H);
3.57 (t, J= 5.3 Hz, 4H); 4.37 (t, ] = 5.5 Hz, 2H); 5.15 (s, 2H); 7.10-
7.22 (m, 3H); 7.26 (d, J=8.5Hz, 1H); EIMS m/z 323 (M"). Anal.
Calcd for C;6H5CINOg4: C, 59.35; H, 5.60; CI, 10.95; N, 4.33. Found:
C, 59.42; H, 5.59; Cl, 10.93; N, 4.33.

4.5.4.16. 3-(3-Bromophenyl)-4-(2-morpholinoethoxy)furan-
2(5H)-one (21). Colorless crystal, 54%, mp 136-138°C, 'H
NMR (DMSO-dg): 2.48 (t, J=5.4Hz, 4H); 2.75 (t, J=5.5 Hz, 2H);
3.58 (t, J=5.3 Hz, 4H); 4.39 (t, J=5.5 Hz, 2H); 5.15 (s, 2H); 7.22
(t, J=8.4Hz, 1H); 7.33 (d, J=8.4 Hz, 1H); 7.37 (d, J=8.2 Hz, 1H);
7.44 (s, 1H); EIMS m/z 367 (M"). Anal. Calcd for C;sH;gBrNOy: C,
52.19; H, 4.93; Br, 21.70; N, 3.80. Found: C, 52.25; H, 4.94; Br,
21.68; N, 3.79.

4.54.17. 3-(3-Methoxyphenyl)-4-(2-morpholinoethoxy)furan-
2(5H)-one (22). Colorless crystal, 63%, mp 125-126 °C, 'H
NMR (DMSO-dg): 2.48 (t, J = 5.4 Hz, 4H); 2.74 (t, J=5.5 Hz, 2H):
3.58 (t, J=5.3 Hz, 4H); 3.71 (s, 3H); 4.37 (t, J=5.5Hz, 2H); 5.15
(s, 2H); 7.12-7.24 (m, 3H); 7.26 (d, J = 8.5 Hz, 1H); EIMS m/z 319
(M*). Anal. Calcd for C;7H,;NOs: C, 46.98; H, 2.71; Br, 39.07; N,
3.42. Found: C, 46.91; H, 2.71; Br, 39.12; N, 3.42.

45.4.18. 3-(4-Chlorophenyl)-4-(2-morpholinoethoxy)furan-
2(5H)-one (23). White powder, 51%, mp 124-126°C, 'H
NMR (DMSO-dg): 2.48 (t, J=5.3 Hz, 4H); 2.74 (t, J=5.5 Hz, 2H);
3.58 (t, J=5.3 Hz, 4H); 4.38 (t, J=5.5 Hz, 2H); 5.15 (s, 2H); 7.50
(d,J = 8.5 Hz, 2H); 7.59 (d, ] = 8.5 Hz, 2H); EIMS m/z 323 (M"). Anal.
Calcd for C;6H158CINOy4: C, 59.35; H, 5.60; CI, 10.95; N, 4.33. Found:
C, 59.43; H, 5.59; CI, 10.93; N, 4.34.

4.5.4.19. 3-(4-Bromophenyl)-4-(2-morpholinoethoxy)furan-
2(5H)-one (24). Colorless oil, 67%, 'H NMR (DMSO-dg): 2.48
(t, J=5.3 Hz, 4H); 2.75 (t, J=5.5Hz, 2H); 3.58 (t, J=5.4 Hz, 4H);
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439 (t, J=5.5 Hz, 2H); 5.15 (s, 2H); 7.60 (d, J = 8.5 Hz, 2H); 7.87
(d,J = 8.5 Hz, 2H); EIMS m/z 367 (M"). Anal. Calcd for C;gH;gBrNO,:
C, 52.19; H, 4.93; Br, 21.70; N, 3.80. Found: C, 52.26; H, 4.94; Br,
21.68; N, 3.79.

4.5.4.20. 3-(4-Methoxyphenyl)-4-(2-morpholinoethoxy)furan-
2(5H)-one (25). Colorless crystal, 67%, mp 120-121°C, 'H
NMR (DMSO-dg): 2.48 (t, J=5.4Hz, 4H); 2.75 (t, J=5.5 Hz, 2H);
3.58 (t, J=5.4 Hz, 4H); 4.37 (t, J=5.5Hz, 2H); 5.15 (s, 2H); 7.43
(d,J = 8.5 Hz, 2H); 7.52 (d, ] = 8.5 Hz, 2H); EIMS m/z 319 (M"). Anal.
Calcd for C47H,1NOs: C, 63.94; H, 6.63; N, 4.39. Found: C, 63.87; H,
6.65; N, 4.38.

4.5.4.21. 3-(3-(Benzyloxy)phenyl)-4-(2-morpholinoeth-
oxy)furan-2(5H)-one (4Kk). White powder, 53%, mp 147-
149 °C, 'TH NMR (CDCls): 2.51 (t, J = 5.3 Hz, 4H); 2.78 (t, ] = 5.5 Hz,
2H); 3.60 (t, J=5.4 Hz, 4H); 4.23 (t, ] =5.5 Hz, 2H); 4.34 (s, 2H);
5.15 (s, 2H); 7.10-7.21 (m, 3H); 7.23-7.34 (m, 5H); 7.25 (d,
J=8.5Hz, 1H); EIMS m/z 395 (M"). Anal. Calcd for C;3H,sNOs: C,
69.86; H, 6.37; N, 3.54. Found: C, 69.77; H, 6.38; N, 3.55.

4.5.4.22. 3-(4-(Benzyloxy)phenyl)-4-(2-morpholinoeth-
oxy)furan-2(5H)-one (4m). White powder, 58%, mp 143-
145 °C, "H NMR (CDCl5): 2.52 (t, J = 5.3 Hz, 4H); 2.78 (t, ] = 5.5 Hz,
2H); 3.61 (t, J=5.3 Hz, 4H); 4.22 (t, J=5.5 Hz, 2H); 4.35 (s, 2H);
5.15 (s, 2H); 7.23 (d, J = 8.6 Hz, 2H); 7.24-7.35 (m, 5H); 7.55 (d,
J=8.6 Hz, 2H); EIMS m/z 395 (M"). Anal. Calcd for C,3H,5NOs: C,
69.86; H, 6.37; N, 3.54. Found: C, 69.70; H, 6.38; N, 3.54.

4.5.5. The synthesis of 26 and 27

Under a hydrogen atmosphere, Pd/C (10%, 0.30 g) was added to
4k or 4m (1.5 mmol) dissolved in THF/EtOH (5/15 mL). The reac-
tion mixture was stired for 5-7 h at room temperature. After filtra-
tion of the catalyst and evaporation of the solvent, crystallization
from acetone-petroleum ether produced 26 or 27.

45.5.1. 3-(3-Hydroxyphenyl)-4-(2-morpholinoethoxy)furan-
2(5H)-one (26). Colorless crystal, 88%, mp 151-152°C, 'H
NMR (CDCl): 2.52 (t, J = 5.4 Hz, 4H); 2.78 (t, ] = 5.5 Hz, 2H); 3.62
(t, J=53Hz, 4H); 4.22 (t, J=5.5Hz, 2H); 5.14 (s, 2H); 6.23
(s, TH); 7.08-7.19 (m, 3H); 7.23 (d, J = 8.5 Hz, 1H); EIMS m/z 305
(M*). Anal. Calcd for C16H19NOs: C, 62.94; H, 6.27; N, 4.59. Found:
G, 62.87; H, 6.26; N, 4.60.

4.5.5.2. 3-(4-Hydroxyphenyl)-4-(2-morpholinoethoxy)furan-
2(5H)-one (27). Colorless crystal, 91%, mp 146-148°C, 'H
NMR (CDCl5): 2.53 (t, J = 5.3 Hz, 4H); 2.77 (t, J = 5.5 Hz, 2H); 3.60
(t, J=5.3Hz, 4H); 4.22 (t, J=5.5Hz, 2H); 5.15 (s, 2H); 6.14
(s, 1H); 7.07 (d, J = 8.6 Hz, 2H); 7.56 (d, J = 8.6 Hz, 2H); EIMS m/z

305 (M*). Anal. Calcd for C;6H19NOs: C, 62.94; H, 6.27; N, 4.59.
Found: C, 63.02; H, 6.26; N, 4.58.
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