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Abstract—Ethacrynic acid (EA) is a glutathione-s-transferase = (GSTP1-1) inhibitor. Fifteen of EA analogues were designed and
synthesized and their inhibition on GSTPI1-1 activity was tested in lysate of human leukemia HL-60 cells. These compounds
were synthesized using substituted phenol as precursors through reacting with 2-chlorocarboxylic acid and acylation. Structure—
activity analysis indicates that replacements of chlorides of EA by methyl, bromide, and fluoride at 3’ position remain the
GSTPI1-1 inhibitory effect. The compounds without any substitute at 3’ position lose the activity on GSTP1-1 inhibition. These data

suggest that the substitution of 3’ position of EA is necessary for inhibiting GSTP1-1 activity.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Glutathione-s-transferases (GSTs), a family of phase II
detoxification enzymes, catalyze the conjugation of glu-
tathione with broad substrates including chemothera-
peutic agents. Among these isoenzymes, increased
expression of GSTn (GSTP1) was found to be correlated
with the resistance of some chemotherapeutic agents in
human tumor cells including colon, stomach, pancreas,
uterine cervix, breast, lung cancers, melanoma, and lym-
phoma.!"'% Recently, it has been found that GSTn pro-
tein (GSTPI1-1) functions as an apoptosis inhibitor by
directly inhibiting c-jun-N-terminal kinase (JNK)'!
and catabolizing hydrogen peroxide (H,0,).!> Thus
there is a potential to develop GSTP1-1 inhibitors into
apoptosis enhancers or agents of overcoming chemo-
therapy resistance. So far the known GSTr inhibitors
can be grouped into two classes: o,B-unsaturated car-
bonyl derivatives and their glutathione (GSH) conju-
gates. Many a,fB-unsaturated carbonyl derivatives such
as acrolein, cinnamaldehyde, citral, crotonaldehyde,
curcumin, ethacrynic acid (EA), and trans-2-hexenal
have been found to inhibit GSTPI1-1 activity.'!*> EA
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Figure 1. The chemical structure of ethacrynic acid (EA) and the listed
potential positions to be modified.

(Fig. 1) has been found to enhance the cytotoxicity of
chemotherapeutic agents such as thiotepa, that is corre-
lated with GSTPI-1 inhibition.'* In addition to being an
GSTPI1-1 inhibitor, EA also has been found to interact
directly with GSH to form an EA-GSH conjugate that
is also a GSTP1-1 inhibitor.!> Fifteen of new EA ana-
logues were designed and synthesized, and their inhibi-
tion on GSTPI1-1 activity of human HL-60 cell lysate
was tested. A structure—activity relationship on GSTn
inhibition has been concluded.

2. Results and discussion
2.1. Chemistry
The synthesis of target compounds VI were accom-
plished by steps shown in Figure 2. Compounds II were

obtained by reacting substituted phenol (I) with 2-chlo-
rocarboxylic acid in the presence of sodium hydroxide.
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Figure 2. The synthetic pathways of EA derivatives.

Table 1. The substituted groups of EA derivatives (compounds VI)

Compound VI R, R, R, R,

VI-1 CHj; H CH3; CH;
VI-2 CH; H H CH;
VI-3 CHj; H CH3; CH,CH;
VI-4 CH; CH; CH; CH,CH;
VI-5 CHj; CH; H CHj;
VI-6 CH; CH; CH; CH;
VI-7 H Br H CHj;
VI-8 Cl H H CH,CH;
VI-9 Cl H H CHj;
VI-10 Cl H CH; CH;
VI-11 Cl H CH3; CH,CH;
VI-12 F H H CH;
VI-13 F H CH3; CH,CH;
VI-14 F H CH; CH;
VI-15 F H H CH,CH;

Acidification of compounds II with hydrochloric acid
yielded compounds III. The Friedel-Crafts acylation
reaction of compound III with acyl chloride was per-
formed in the presence of powdered aluminum chloride
in carbon disulfide to generate compounds IV.!® Aldol
condensation of compounds IV with 30% methanol
solution was performed in the presence of potassium
carbonate to generate compounds V, acidification of V
yielded target compounds VI. Total 15 of VI derivatives
with different substitutes of R1, R2, R3, and R4 (methyl,
ethyl, chloride, bromide, and fluoride as listed in Table
1) at indicated positions were synthesized.

2.2. The inhibitory effect of EA derivatives on GSTP1-1
activity in vitro

By using EA as a model drug, the inhibitory effect on
GSTPI1-1 activity of HL-60 lysate has been tested in a
dose- and time-dependent pattern in vitro. As shown
in Table 2, 30 min incubation of EA with HL-60 cell ly-
sate resulted in a dose-dependent inhibition. EA
(40 pmol/L) inhibited 97% of GSTPI-1 activity (Table
2). Time-dependent studies indicated that EA inhibited
GSTPI-1 activity after incubation as short as 5 min,
but the maximal inhibition occurred at 30 min. To com-
pare the inhibitory effect of the synthesized EA deriva-

Table 2. Dose-dependent inhibition of EA on GSTPI-1 activity of
HL-60 cell lysate

Treatment Concentration GSTPI-1

GSTPI1-1 activity

(umol/L) activity (IU/L) Inhibition rate (%)
Control 0 74.17 £ 7.23 —
EA 5 31.42+227"" 57.64
EA 10 17.19 £ 1.10™"  76.82
EA 15 12.18 +£0.89™" 83.58
EA 20 8.87£0.90"" 88.04
EA 40 239+0.777" 96.78

Note: GSTP1-1 activity was assayed in 30 min reaction buffer con-
taining the indicated concentration of EA, 1 mmol/L GSH, 1 mmol/L
CDNB, and 100 ug HL-60 cell lysate. A unit of enzyme activity was
defined as catalyzing the formation of 1 pmol of product per milligram
protein per minute. The data shown are mean plus SD of triplicate
samples.

P <0.001.

tives with EA, 30min incubation and 40 pmol/L
concentration had been selected as screening reaction
condition, and the results were shown in Table 3. At the
concentration of 40 umol/L, compounds VI-4, VI-5,
VI-6, VI-7, and EA inhibited GSTP1-1 activity with a
81.4%, 89.5%, 94.6%, 89.9%, and 93.5% of inhibition
rate, respectively. Compound VI-1 had a decreased ef-
fect with a 40.9% of inhibition rate. All other com-
pounds did not have significant inhibitory effect on
GSTPI1-1 activity (<20% of inhibition rate).

Based on the results shown in Table 3, it suggests that
(1) compounds with substitutes at both 2’ and 3’ of
the aromatic ring are potent GSTPI1-1 inhibitors; (2)
compounds with one substitute at 3" are effective as that
of compounds with two substitutes at 2’ and 3’ posi-
tions; (3) compounds with methyl at 2 and 2” do not
change the activity of compounds with substitute at 3’
position; (4) compounds without any substitute at 3’ po-
sition do not have evident inhibitory effect on GSTP1-1
activity. These data suggest that the substitution on po-
sition 3’ of EA is necessary for the GSTP1-1 inhibition.

In summary, 15 of EA analogues with substitution of
methyl, bromide, and fluoride at different positions are
synthesized and their GSTP1-1 inhibitory effect is com-
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Table 3. The GSTPI1-1 activity inhibition by compounds VI

Table 3 (continued)

Hy |l
H;C—C —C—C OCHCOOH

fraction was extracted twice with ether (100 mL). The

Code number Structure GSTP1-1 Code number Structure GSTP1-1
of the activity of the activity
compounds Inhibition compounds Inhibition
rate (%) rate (%)
CHs E
CH, CHy
VI H@co@ocmoor{ 40.9 VI-14 H3CCC@O?HCOOH 18.6
6 (,)H3 o) CHs
CHs F
CHa CH,
Vi2 chcc@ocmcow 22 VIS Hscgzcc@ocmcom 10.7
i I
CH, cl cl
VI-3 b i @ 0 EA i 93.5
HsC—C —C—C OCHCOOH H3CH,C—C—C OCH,COOH ’
i b 4;
HsC, CHs The data shown are inhibition rates of GSTP1-1 activity calculated by
H (H:HZ the value of control group minus the value of treated group divided by
Vi4 H3Cfczfcfc OCHCOOH 814 the value of control group and multiply 100%. Each group has trip-
‘c‘, C‘3H3 licate samples.
HsC CHy
VLS Gz C %05 pared using HL-60 cell lysate as GSTn provider. The
) HsC—C—C OCH,COOH : synthetic pathway is novel and simple. The replacement
S of chlorides in EA by methyl remains GSTP1-1 inhibi-
e o tory eﬂqct, but the compound§ w.itlllc.)ut sub.s.titute group
CH, ® ¥ at position 3" lose GSTPI1-1 inhibition ability. Thus in
VI-6 HSCCC@OCHCOOH 94.6 addition of the known cx,B-unsatl'lr.ateq carbqnyl group
| \ of EA, the substitution on 3’ position is also important
© CHa for inhibiting GSTP1-1 activity. These new compounds
Br would have advantage over EA to overcome chemothera-
VI iHa 29.9 peutic agent resistance and/or with decreased side effect
HeC—C—0C OCHZCOOH that worth to be studied further.
o)
cl
_ H, v64 3. Experimental
HsC—C —cfc% />fOCHzCOOH :
S Melting points were determined in Biichi capillary melt-
o ing point apparatus. Infrared (IR) spectra were mea-
CH, sured on KBr pellets using Nicolet Nexus 470FT-IR
VI-9 HyG— 1 C@OCHZCOOH 18.8 instrument. Proton nuclear magnetic resonance (‘H
I NMR) spectra were recorded by a Bruker Avance
DRX600 spectrometer with DMSO-d as solvent and
o, c TMS as the internal standard. Mass spectra (MS) were
VI-10 | 19.7 measured on an API 4000 instrument. Thin-layer chro-
H3CCC@O?HCOOH matography (TLC) was done on precoated slide with sil-
o CH, ica gel GF254 (layer thickness, 0.2 mm).
Cl
VLI H ﬁHz 10 3.1. General methods for preparing compounds 111
HsC—C —cfc% />fOCHCOOH :
! éHB Substituted phenol I (100 mmol) was added to a solu-
tion of sodium hydroxide (15 g, 375 mmol) in 30 mL
o F of water, then 2-chlorocarboxylic acid (170 mmol) was
VI-12 e 0 added slowly at 40 °C. The mixture was heated to
HaCCC@OCWCOOH 85 °C to reflux with stirring for 2 h. Two hundred milli-
o liters of water was added after the mixture was cooled
E down. The solution was filtered and acidified to pH 1-
CH, :/< 2 with concentrated hydrochloric acid. The brown oil
VI-13 14.2

[ I
o CHs

ether fraction was further extracted twice with 5%
sodium bicarbonate solution (75 mL). The sodium
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bicarbonate solution was acidified to pH 1-2 with
concentrated hydrochloric acid and yielded a solid
product. The solid product was collected with filtering
and dried to obtain compounds III.

III-1: 2-(2-methylphenoxy)propionic acid, yellow pow-
der, yield 32.2%, mp 86-89 °C, TLC R;= 0.49 (hexane/
EtOAc, 2:1, v/v). '"H NMR (DMSO-d;) d: 12.9 (s, 1H),
7.13 (d, J=7.3Hz, 1H), 7.10 (t, J=7.7 Hz, 1H), 6.83
(t, J=7.3Hz, 1H), 6.75 (d, J=8.2Hz, 1H), 4.78 (q,
J=6.7Hz, 1H), 2.18 (s, 3H), 1.51 (d, /= 6.8 Hz, 3H).

II1-2: (2-methylphenoxy)acetic acid, white powder, yield
48.2%, mp 148-151 °C, TLC R;=0.51 (hexane/EtOAc,
2:1, v/v). '"H NMR (DMSO-dy) &: 12.9 (s, 1H), 7.13
(t, J=7.3Hz, 1H), 7.10 (d, J=7.7Hz, 1H), 6.85 (t,
J=17.3Hz, 1H), 6.79 (d, J=8.2 Hz, 1 H), 4.68 (s, 2H),
2.19 (s, 3H).

II-3: 2-(2,3-dimethylphenoxy)propionic acid, yellow
powder, yield 51.5%, mp 114-117 °C, TLC R¢=0.37
(petroleum ether/acetone, 2:1, v/v). 'H NMR (DMSO-
dg) 0: 12.87 (s, 1H), 6.98 (t, J=7.9 Hz, 1H), 6.75 (d,
J=175Hz, 1H), 6.61 (d, J=8.2Hz, 1H), 4.73 (q.
J=6.7Hz, 1H), 2.21 (s, 3H), 2.10 (s, 3H), 1.50 (d,
J=6.7Hz, 3H).

I11-4: (2,3-dimethylphenoxy)acetic acid, yellow powder,
yield 66.7%, mp 95-97 °C, TLC R¢=0.72 (petroleum
ether/acetone, 2:1, v/v). '"H NMR (DMSO-d;) d: 12.9
(s, 1H), 6.99 (t, /=79 Hz, 1H), 6.76 (d, J=7.5Hz,
1H), 6.65 (d, J=8.2Hz, 1H), 4.64 (s, 2H), 2.21 (s,
3H), 2.11 (s, 3H).

II1-5: (3-bromophenoxy)acetic acid, white powder, yield
38.2%, mp 116-118 °C, TLC R, = 0.56 (petroleum ether/
acetone, 1:1, v/v). 'H NMR (DMSO-d;) 6: 13.1 (s, 1H),
7.30 (t, J = 8.1 Hz, 1H), 7.19 (m, 2H), 6.99 (m, 1H), 4.78
(s, 2H).

I11-6: (2-chlorophenoxy)acetic acid, white powder, yield
60.1%, mp 143-146 °C, TLC R; = 0.47 (petroleum ether/
acetone, 3:2, v/v). 'H NMR (DMSO-d;) 6: 13.1 (s, 1H),
7.42(d,J=17.8 Hz, 1H), 7.27 (t, J = 8.0 Hz, 1H), 7.02 (d,
J=8.3Hz, 1H), 6.96 (t, J = 7.6 Hz, 1H), 4.79 (s, 2H).

II1-7: 2-(2-chlorophenoxy)propionic acid, white powder,
yield 64.0%, mp 108-111 °C, TLC Ry = 0.52 (petroleum
ether/acetone, 2:1, v/v). '"H NMR (DMSO-dg) 8: 13.1 (s,
1H), 7.42 (d, J=8.2 Hz, 1H), 7.26 (t, J=7.2 Hz, 1H),
6.95 (m, 2H), 491 (g, J=6.8Hz, 1H), 1.53 (d,
J =6.8 Hz, 3H).

I11-8: (2-fluorophenoxy)acetic acid, white powder, yield
61.8%, mp 135-138°C, TLC R;=0.53 (petroleum
ether/acetone, 2:1, v/v). '"H NMR (DMSO-d;) : 13.07
(s, 1H), 7.21 (m, 1H), 7.07 (m, 2H), 6.94 (m, 1H), 4.76
(s, 2H).

I11-9: 2-(2-fluorophenoxy)propionic acid, white powder,
yield 86.4%, mp 89-91 °C, TLC Ry=0.56 (petroleum
ether/acetone, 2:1, v/v). '"H NMR (DMSO-dy) J: 13.06
(s, 1H), 7.20 (m, 1H), 7.09 (t, J=7.9 Hz, 1H), 7.00 (t,

J=84Hz, 1H), 695 (m, 1H), 489 (q, J=6.8 Hz
1H), 1.52 (d, J = 6.8 Hz, 3H).

3.2. General methods for preparing compounds IV

The compound III (24 mmol) was added to carbon disul-
fide (70 mL) with stirring at room temperature. Pow-
dered aluminum chloride (10 g, 75 mmol) was added
into batches and then acyl chloride (30 mmol) was added
slowly. The mixture was heated up to 70 °C to reflux for
4h and then the carbon disulfide was decanted after
cooling to the room temperature. The residue was added
to a mixture of ice (100 g) and concentrated hydrochloric
acid (3 mL) and yielded oil fraction. The oil fraction was
extracted twice with ether (100 mL), and then the ether
fraction was extracted twice with 5% sodium bicarbonate
solution (50 mL). The sodium bicarbonate extract was
acidified with concentrated hydrochloric acid to pH 1-
2. The solid particles were collected by filtering and dried
to obtained compounds IV.

IV-1: 2-[2-methyl-4-(1-oxopropyl)phenoxy]propionic acid,
yellow powder, yield 72.7%, mp 129-131°C, TLC
Ry =0.33 (hexane/EtOAc, 2:1, v/v). '"H NMR (DMSO-
dg) 0: 13.05 (s, 1H), 7.84 (m, 2H), 6.92 (m, 1H), 5.01
(q, J=6.7Hz, 1H), 3.00 (q, J=7.2 Hz, 2H), 2.29 (s,
3H), 1.61 (d, J = 6.7 Hz, 3H), 1.12 (t, J = 7.2 Hz, 3H).

IV-2:  [2-methyl-4-(1-oxopropyl)phenoxylacetic  acid,
white powder, yield 83.4%, mp 114-118 °C, TLC R¢=
0.48 (petroleum ether/EtOAc, 2:1, v/v). 'H NMR
(DMSO-dg) 6: 13.06 (s, 1H), 7.84 (m, 2H), 6.92 (m,
1H), 4.80 (s, 2H), 2.95 (q, J=7.2Hz, 2H), 2.24 (s,
3H), 1.06 (t, /= 7.2 Hz, 3H).

IV-3: 2-[2-methyl-4-(1-oxobutyl)phenoxy]propionic acid,
yellow powder, yield 82.4%, mp 88-90 °C, TLC R;=
0.42 (petroleum ether/EtOAc, 2:1, v/v). 'H NMR
(DMSO-dg) o: 13.07 (s, 1H), 7.78 (m, 2H), 6.85 (m,
1H), 4.95 (q, J = 6.7 Hz, 1H), 2.90 (t, J = 7.2 Hz, 2H),
2.23 (s, 3H), 1.60 (m, 2H), 1.54 (d, J=6.8 Hz, 3H),
0.91 (t, J=7.4 Hz, 3H).

IV-4: 2-[2,3-dimethyl-4-(1-oxobutyl)phenoxy]propionic
acid, yellow powder, yield 79.7%, mp 113-115 °C, TLC
Ry = 0.34 (petroleum ether/acetone, 4:1, v/v). 'H NMR
(DMSO-dg) o: 13.00 (s, 1H), 7.48 (d, J = 8.6 Hz, 1H),
6.69 (d, J=8.6 Hz, 1H), 4.88 (q, J = 6.7 Hz, 1H), 2.81
(t, J=7.2Hz, 2H), 2.25 (s, 3H), 2.14 (s, 3H), 1.57 (m,
2H), 1.53 (d, J = 6.7 Hz, 3H), 0.89 (t, J = 7.4 Hz, 3H).

IV-5: [2,3-dimethyl-4-(1-oxopropyl)phenoxy]acetic acid,
yellow powder, yield 88.0%, mp 103-106 °C, TLC
Ry =0.58 (petroleum ether/EtOAc, 2:1, v/v). 'H NMR
(DMSO-dg) o: 13.00 (s, 1H), 7.50 (d, J = 8.6 Hz, 1H),
6.75 (d, J=87Hz, 1H), 4.74 (s, 2H), 2.85 (q,
J=172Hz, 2H), 2.26 (s, 3H), 2.15 (s, 3H), 1.04 (t,
J =7.2Hz, 3H).

IV-6: 2-[2,3-dimethyl-4-(1-oxopropyl)phenoxy]propionic
acid, yellow powder, yield 86.7%, mp 135-138 °C, TLC
R = 0.42 (petroleum ether/acetone, 2:1, v/v). '"H NMR
(DMSO-dg) d: 13.00 (s, 1H), 7.49 (d, J=28.6 Hz, 1H),
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6.69 (d, J=8.6 Hz, 1H), 4.88 (q, J = 6.7 Hz, 1H), 2.84
(q. J = 7.2 Hz, 2H), 2.25 (s, 3H), 2.14 (s, 3H), 1.53 (d,
J=6.8 Hz, 3H), 1.03 (t, J = 7.2 Hz, 3H).

IV-7:  [3-bromo-4-(1-oxopropyl)phenoxylacetic  acid,
yellow powder, yield 69.0%, mp 96-98 °C, TLC R;=
0.51 (petroleum ether/acetone, 1:1, v/v). 'H NMR
(DMSO-dg) o: 13.12 (s, 1H), 7.69 (d, J = 8.6 Hz, 1H),
7.29 (d, J=2.4Hz, 1H), 7.08 (dd, J=2.4, 8.6 Hz, 1H),
485 (s, 2H), 295 (q, J=7.3Hz, 2H), 1.12 (t,
J=17.2Hz, 3H).

IV-8: [2-chloro-4-(1-oxobutyl)phenoxy]acetic acid, white
powder, yield 87.7%, mp 115-118 °C, TLC R;=0.67
(petroleum ether/acetone, 1:1, v/v). '"H NMR (DMSO-
dg) 0: 13.10 (s, 1H), 7.97 (d, J=2.1 Hz, 1H), 7.90 (dd,
J=2.1, 87Hz, 1H), 7.13 (d, J=8.7 Hz, 1H), 4.90 (s,
2H), 2.94 (t, J=7.1 Hz, 2H), 1.61 (m, 2H), 0.91 (t,
J=17.4Hz, 3H).

IV-9: [2-chloro-4-(1-oxopropyl)phenoxy]acetic acid, yel-
low powder, yield 59.8%, mp 117-119 °C, TLC R;=
0.59 (hexane/EtOAc, 2:3, v/v). '"H NMR (DMSO-d;) 9
13.10 (s, 1H), 7.98 (s, 1H), 7.89 (d, J=8.7 Hz, 1H),
7.14 (d, J =8.7Hz, 1H), 4.92 (s, 2H), 2.99 (q, /=7.1
Hz, 2H), 1.06 (t, J = 7.1 Hz, 3H).

IV-10: 2-[2-chloro-4-(1-oxopropyl)phenoxy]propionic acid,
yellow powder, yield 70.3%, mp 75-78 °C, TLC R¢=
0.44 (petroleum ether/acetone, 2:1, v/v). 'H NMR
(DMSO-dg) o: 13.19 (s, 1H), 7.97 (d, J=2.1 Hz, 1H),
7.90 (dd, J = 2.1, 8.7 Hz, 1H), 7.07 (d, J = 8.7 Hz, 1H),
5.09 (g, J=6.7Hz, 1H), 2.98 (q, J = 7.2 Hz, 2H), 1.57
(d, J=6.8 Hz, 3H), 1.06 (t, /= 7.2 Hz, 3H).

IV-11: 2-[2-chloro-4-(1-oxobutyl)phenoxy]propionic acid,
yellow oil, yield 80.5%, TLC Ry = 0.66 (petroleum ether/
acetone, 2:1, v/v). '"H NMR (DMSO-dg) &: 13.23 (s, 1H),
8.04 (s, 1H), 795 (d, J=8.7Hz, 1H), 7.12 (d,
J=8.7Hz, 1H), 5.16 (q, J=6.8 Hz, 1H), 3.00 (t,
J=72Hz, 2H), 1.66 (m, 2H), 1.63 (d, J=6.8 Hz,
3H), 0.96 (t, /= 7.4 Hz, 3H).

IV-12: [2-fluoro-4-(1-oxopropyl)phenoxylacetic acid,
yellow powder, yield 88.8%, mp 104-106 °C, TLC
Ry = 0.45 (petroleum ether/acetone, 2:1, v/v). 'H NMR
(DMSO-dg) 6: 13.20 (s, 1H), 7.76 (m, 2H), 7.19 (m,
1H), 4.89 (s, 2H), 2.98 (q, J=7.2 Hz, 2H), 1.06 (t,
J =17.2Hz, 3H).

1V-13: 2-[2-fluoro-4-(1-oxobutyl)phenoxy]propionic acid,
yellow oil, yield 72.5%, TLC Ry = 0.47 (petroleum ether/
acetone, 2:1, v/v). "H NMR (DMSO-d) &: 13.04 (s, 1H),
7.78 (m, 2H), 6.85 (m, 1H), 4.95 (q, J = 6.7 Hz, 1H), 2.90
(t, J=72Hz, 2H), 1.60 (m, 2H), 1.55 (d, J = 6.8 Hz,
3H), 0.91 (t, /= 7.4 Hz, 3H).

IV-14: 2-[2-fluoro-4-(1-oxopropyl)phenoxy]propionic acid,
yellow oil, yield 88.2%, TLC Ry = 0.47 (petroleum ether/
acetone, 2:1, v/v). "H NMR (DMSO-dq) 6: 13.26 (s, 1H),
7.82 (m, 2H), 7.16 (m, 1H), 5.15 (q, J/ = 6.8 Hz, 1H), 3.42
(q, J=7.2Hz, 2H), 1.61 (d, J=6.8 Hz, 3H), 1.12 (t,
J=17.2Hz, 3H).

1V-15: [2-fluoro-4-(1-oxobutyl)phenoxy]acetic acid, yel-
low powder, yield 39.3%, mp 102-105°C, TLC
R =0.58 (petroleum ether/acetone, 2:1, v/v). '"H NMR
(DMSO-dg) o: 13.40 (s, 1H), 7.82 (m, 2H), 7.23 (m,
1H), 4.92 (s, 2H), 2.99 (t, J=7.1 Hz, 2H), 1.67 (m,
2H), 0.97 (t, J=7.3 Hz, 3H).

3.3. General methods for preparing target compounds VI

Compounds I'V (17 mmol) and 30% formaldehyde solution
(1.7 mL, 17 mmol) were added to ethanol (34 mL) fol-
lowing by addition of potassium carbonate (2.3 g,
17 mmol) in a mixed solution of water (17 mL) with eth-
anol (10 mL). The solution was added in ethanol
(24 mL) while stirring simultaneously. The mixture
was refluxed for 3 h and decanted into hydrochloric acid
solution (a mixture of 5 mL concentrated hydrochloric
acid and 340 mL water) after cooling down to room
temperature. The yielded yellow oil was extracted twice
with ether (150 mL) and the ether fraction was evapo-
rated to obtain a yellow product, which was then puri-
fied through a silica gel column using petroleum ether/
chloroform/methanol (10:10:1, v/v) as eluent.

VI-1: 2-[2-methyl-4-(2-methylene-1-oxopropyl)phenoxy]-
propionic acid, brown oil, yield 28.6%, TLC R;=0.54
(petroleum ether/acetone, 2:1, v/v). "H NMR (DMSO-
dg) 0: 13.06 (s, 1H), 7.80 (d, J=8.6 Hz, 1H), 7.78 (s,
1H), 6.86 (d, J=8.5Hz, 1H), 5.87 (s, 1H), 5.47 (s,
1H), 496 (q, J=6.6Hz, 1H), 2.23 (s, 3H), 1.56 (d,
J=6.7THz, 3H), 1.06 (s, 3H); MS: m/z=249.5
(M™+1); IR (KBr) vy 3435, 3060, 2979, 2938, 2911,
1731, 1711, 1669, 1599, 1498 cm ™.

VI-2:  [2-methyl-4(2-methylene-1-oxopropyl)phenoxy]-
acetic acid, white powder, yield 39.0%, mp 112—
114 °C, TLC Ry=0.17 (petroleum ether/acetone, 2:1,
v/v). '"H NMR (DMSO-dg) d: 13.07 (s, 1H), 7.82 (d,
J=28.6Hz, 1H), 7.80 (s, 1H), 6.94 (d, /= 8.5 Hz, 1H),
4.85 (s, 2H), 3.69 (s, 2H), 2.29 (s, 3H), 1.06 (s, 3H); MS:
m/z=2348 (M"); IR (KBr) vm.: 3398, 3059,
2972, 2939, 1743, 1658, 1599, 1502 cm .

VI-3: 2-[2-methyl-4-(2-methylene-1-oxobutyl)phenoxy]-
propionic acid, yellow oil, yield 21.8%, TLC R;=0.26
(petroleum  ether/chloroform/methanol,  5:5:1). 'H
NMR (DMSO-dg) 6: 7.72 (d, J=8.3 Hz, 1H), 7.68 (d,
J=8.6Hz, 1H), 6.98 (s, 1H), 4.46 (s, 2H), 3.64 (q,
J=6.8Hz, 1H), 3.54 (q, J = 7.2 Hz, 2H), 1.77 (s, 3H),
1.45 (d, J=6.6 Hz, 3H), 0.78 (t, J = 7.4 Hz, 3H); MS:
mlz =263.3 (M"+1); IR (KBr) vpax: 3373, 2966, 2937,
2877, 1669, 1614, 1513 cm ™",

VI-4: 2-[2,3-dimethyl-4-(2-methylene-1-oxobutyl)pheno-
xy]propionic acid, yellow powder, yield 83.7%, mp 115—
118 °C, TLC Ry = 0.57 (petroleum ether/acetone, 2:1, v/
v). 'H NMR (DMSO-ds) d: 12.86 (s, 1H), 7.04 (d,
J=28.5Hz, 1H), 6.73 (d, J = 8.4 Hz, 1H), 591 (s, 1H),
5.47 (s, 1H), 4.86 (q, J=6.8 Hz, 1H), 2.39 (q, J=
7.4 Hz, 2H), 2.16 (s, 3H), 2.12 (s, 3H), 1.55 (d,
J=6.7Hz, 3H), 1.07 (t, J=7.4Hz, 3H); MS: m/z =
277.4 (M*+1); IR (KBr) vpax: 2962, 2938, 2878, 1726,
1708, 1650, 1591, 1578, 1482 cm™ .
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VI-5:  [2,3-dimethyl-4-(2-methylene-1-oxopropyl)phen-
oxylacetic acid, yellow powder, yield 51.6%, mp 112-
114 °C, TLC R;=0.42 (petroleum ether/acetone, 2:1,
v/v). 'TH NMR (DMSO-dg) d: 12.88 (s, 1H), 7.06 (d,
J=8.5Hz, 1H), 6.78 (d, J = 8.5 Hz, 1H), 5.99 (s, 1H),
5.48 (s, 1H), 4.74 (s, 2H), 2.17 (s, 3H), 2.11 (s, 3H),
1.95 (s, 3H); MS: m/z =249.4 (M"+1); IR (KBr) vpax:
3090, 2972, 2930, 1742, 1641, 1589, 1576 cm ™.

VI-6: 2-2,3-dimethyl-4-(2-methylene-1-oxopropyl) phen-
oxy]propionic acid, yellow powder, yield 82.0%, mp
125-128 °C, TLC R;=0.53 (petroleum ether/acetone,
2:1, viv). '"H NMR (DMSO-d;) d: 12.84 (s, 1H), 7.04
(d, J=8.5Hz, 1H), 6.71 (d, J=8.5Hz, 1H), 5.99 (s,
1H), 5.46 (s, 1H), 4.86 (q, J=6.7 Hz, 1H), 2.16 (s,
3H), 2.11 (s, 3H), 1.95 (s, 3H), 1.54 (d, J=6.7 Hz,
3H); MS: m/z=263.3 (M"+1); IR (KBr) vpa: 3402,
2976, 2926, 1727, 1645, 1627, 1590, 1578 cm ™.

VI-7: [3-bromo-4-(2-methylene-1-oxopropyl)phenoxy]-
acetic acid, white powder, yield 40.1%, mp 124
126 °C, TLC R;=0.44 (petroleum ether/acetone, 1:1,
v/v). "H NMR (DMSO-de) d: 12.96 (s, 1H), 7.32 (d,
J=8.5Hz, 1H), 7.24 (d, J=2.3Hz, 1H), 7.03 (dd,
J=28.5, 2.3 Hz, 1H), 6.09 (s, 1H), 5.50 (s, 1H), 4.80 (s,
2H), 1.96 (s, 3H); MS: m/z = 299.4 (M™); IR (KBr) vpay:
3430, 3086, 3060, 2984, 2920, 1737, 1657, 1626, 1593,
1562 cm ™.

VI-8: [2-chloro-4-(2-methylene-1-oxobutyl)phenoxy]ace-
tic acid, yellow oil, yield 22.7%, TLC R;= 0.24 (petro-
leum ether/chloroform/methanol, 5:5:1, v/v). 'H NMR
(DMSO-dg) 6: 794 (d, J=6.7Hz, 1H), 7.88 (d,
J=06.6Hz, 1H), 6.97 (s, 1H), 4.62 (s, 2H), 3.62 (q,
J=17.3Hgz, 2H), 3.51 (s, 2H), 0.79 (t, J = 7.4 Hz, 3H);
MS: miz=268.3 (M"); IR (KBr) vm.: 3365, 2964,
2934, 2876, 1671, 1623, 1593, 1566, 1498 cm ™.

VI-9: [2-chloro-4-(2-methylene-1-oxopropyl)phenoxy]-
acetic acid, yellow oil, yield 31.7%, TLC R;=0.26
(petroleum ether/chloroform/methanol, 5:5:1, v/v). 'H
NMR (DMSO-dg) d: 7.92 (d, J = 6.6 Hz, 1H), 7.86 (d,
J=6.8Hz, 1H), 6.98 (s, 1H), 4.43 (s, 2H), 3.66 (s,
2H), 1.04 (s, 3H); MS: m/z = 255.1 (M™"); IR (KBr) vpax:
3441, 2972, 2935, 2878, 1672, 1614, 1594, 1566,
1499 cm ™",

VI-10: 2-[2-chloro-4-(2-methylene-1-oxopropyl)phenoxy]-
propionic acid, yellow oil, yield 33.4%, TLC R;=0.32
(petroleum ether/chloroform/methanol, 5:5:1, v/v). 'H
NMR (DMSO-dg) 6: 7.90 (s, 1H), 7.84 (d, J = 8.5 Hz,
1H), 6.97 (d, J=8.7Hz, 1H), 4.67 (s, 1H), 4.50 (s,
1H), 3.64 (q, J=6.9Hz, 1H), 1.50 (s, 3H), 1.04 (d,
J =6.7Hz, 3H); MS: m/z =268.5 (M"); IR (KBr) vpmax:
3441, 3071, 2977, 2939, 2877, 1734, 1676, 1660, 1592,
1498 cm ™"

VI-11: 2-[2-chloro-4-(2-methylene-1-oxobutyl)phenoxy]-
propionic acid, yellow oil, yield 34.5%, TLC Ry=0.36
(petroleum ether/chloroform/methanol, 5:5:1, v/v). 'H
NMR (DMSO-dg) o: 7.94 (s, 1H), 7.88 (d, J = 8.4 Hz,
1H), 6.99 (d, J=8.3Hz, 1H), 4.76 (s, 2H), 3.51 (q,
J=6.2Hz, 1H), 1.90 (s, 2H), 1.51 (d, J = 6.1 Hz, 3H),

0.79 (t, J=7.5Hz, 3H); MS: m/z =283.2 (M*+1); IR
(KBr) vmax: 3362, 2965, 2936, 2876, 1672, 1592, 1565,
1497 cm™ .

VI-12: [2-fluoro-4-(2-methylene-1-oxopropyl)phenoxy]-
acetic acid, yellow powder, yield 31.4%, mp 113-
115°C, TLC R;=0.28 (petroleum ether/acetone, 1:1,
v/v). "H NMR (DMSO-dg) d: 13.20 (s, 1H), 7.81 (d,
J=8.8Hz 1H), 7.78 (d, J=8.6 Hz, 1H), 7.20 (s, 1H),
491 (s, 2H), 3.69 (s, 2H), 1.06 (s, 3H); MS: m/z =
238.6 (M"); IR (KBr) vpma: 3456, 3067, 2986, 2921,
1740, 1674, 1613, 1584, 1518 cm ™.

VI-13: 2-[2-fluoro-4-(2-methylene-1-oxobutyl)phenoxy]-
propionic acid, yellow oil, yield 28.4%, TLC Ry=0.42
(petroleum ether/chloroform/methanol, 5:5:1, v/v). 'H
NMR (DMSO-dg) 6: 7.55 (d, J=7.8 Hz, 1H), 7.48 (d,
J=7.6Hz, 1H), 6.71 (s, 1H), 4.01 (s, 2H), 2.83 (q,
J=6.5Hz, 1H), 1.61 (q, J=7.3Hz, 2H), 1.44 (d,
J=6.7Hz, 3H), 0.92 (t, J=7.4Hz, 3H); MS: m/z=
266.3 (M¥); IR (KBr) vpma 3374, 2964, 2935, 2876,
1713, 1666, 1599, 1501 cm™

VI-14: 2-[2-fluoro-4-(2-methylene-1-oxopropyl)phenoxy]-
propionic acid, yellow oil, yield 38.1%, TLC Ry=0.26
(petroleum ether/chloroform/methanol, 5:5:1, v/v). 'H
NMR (DMSO-dg) o: 7.74 (d, J=8.2 Hz, 1H), 7.70 (d,
J=8.3Hz, 1H), 7.00 (s, 1H), 3.63 (s, 2H), 3.43 (q,
J=49Hz, 1H), 1.47 (s, 3H), 1.02 (d, J =5.1 Hz, 3H);
MS: m/z =253.2 (M"+1); IR (KBr) vpax: 3346, 3075,
2978, 2938, 2878, 1674, 1610, 1582, 1514 cm ™.

VI-15:  [2-fluoro-4-(2-methylene-1-oxobutyl)phenoxy]-
acetic acid, gray powder, yield 51.9%, mp 115-117 °C,
TLC R;=0.46 (petroleum ether/acetone, 2:1, v/v). 'H
NMR (DMSO-dg) 6: 7.75 (d, J = 8.3 Hz, 1H), 7.73 (d,
J=8.6Hz, 1H), 7.13 (s, 1H), 4.75 (s, 2H), 2.92 (s,
2H), 1.63 (q, J = 7.3 Hz, 2H), 0.93 (t, J = 7.4 Hz, 3H);
MS: milz =253.5 (M*+1); IR (KBr) vpax: 3424, 3080,
2964, 2936, 2876, 1747, 1679, 1650, 1614, 1583,
1519 cm ™.

3.4. Cell culture and GSTP1-1 activity assay

HL-60 cells were cultured in RPMI-1640 medium sup-
plemented with 100 U/mL penicillin, 100 pg/mL strepto-
mycin, | mmol/L L-glutamine, and 10% heat-inactivated
fetal bovine serum in a humidified atmosphere of 95%
air and 5% CO, at 37 °C. HL-60 cells in logarithmic
growth (3 x 10°) were washed twice with PBS, resus-
pended in 300 pL of 100 mmol/L potassium phosphate
buffer, pH 6.8, sonicated for 10s at 4 °C, and centri-
fuged at 14000 rpm for 30 min at 4 °C. The supernatant
was used for GSTPI1-1 activity assay. GSTP1-1 activity
was determined spectrophotometrically at 25 °C, with
CDNB and GSH as substrates according to the reported
method.!” The linear increase in absorption at 340 nm,
caused by conjugation of GSH (1 mmol/L) with CDNB
(1 mmol/L) in HL-60 cell lysate with or without presence
of compounds VI-1-VI-15 (40 pumol/L), was measured.
An extinction coefficient of 9.6 mM ™' cm™! was used
to calculate GSTP1-1 activity expressed as micromoles
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per minute per milligram of protein. Activity inhibition
rate was calculated as (V. — V)/V,x 100%. V. repre-
sents GSTP1-1 activity of control group; V, represents
GSTPI1-1 activity of treated group.
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