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Abstract: Thioredoxin reductase 1 (TrxR1) is an important potential anticancer drug target and closely related to both carcinogenesis and cancer

progression. Ethaselen (BBSKE), a novel organoselenium compound inhibiting TrxR1 with selective antitumor effect, while its symmetrical
structure results in poor solubility. Carmustine (BCNU), a DNA cross-link agent and also a deactivator of TrxR, is with high toxicity and low
selectivity which limit its clinical application to some extents. Herein, a novel compound, 1-(2-chloroethyl)-1-nitroso-3-(2-(3-oxobenzoelenazol-
2(3H)-yl)ethyl)urea(4a-1), which was designed through the combination of Ethaselen and Carmustine, showed good solubility, good tagetability,
low toxicity and excellent antitumor activity by synergism. Using the structure of 4a-1 as a key active scaffold, a series of novel 1-(2-chloroethyl)-
1-nitroso-3-(2-(3-oxobenzoelenazol-2(3H)-yl)ethyl)urea was designed, synthesized and evaluated to explore the structure—activity relationships
(SARs) of these inhibitors and to improve their antitumor activities. Notably, 1-(2-chloroethyl)-3-(2-(6-fluoro-3-oxobenzoselenazol-2(3H)-yl)
ethyl)-1-nitrosourea(4b-1) was found to exhibit more potent antitumor activities comparable to 4a-1 against all the four cancer cell lines, inclu-
ding Mia PaCa-2, PANC-1, RKO, LoVo. These results have highlighted compound 4b-1 as a new potential lead candidate for future development
of novel potent broad-spectrum antitumor agents. In addition, a SAR model was established to conduct further structural modification.
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starting point, a class of novel 1-(2-chloroethyl)-1-ni-
troso-3-(2-(3-oxobenzoelenazol-2(3H)-yl)ethyl)urea

Introduction

Thioredoxin reductase (TrxR), a selenoprotein, is
one of the major antioxidant and redox regulators in
mammals that is expressed in all types and organs (1-
3). However, compared to the normal cells, the level
of TrxR is often more than 10-fold greater in the mali-
gnant cells (4, 5). It has been implicated that TrxR is a
promising target for anticancer drug design (5, 6). The
conserved C-terminal sequences (-GCUG-) of TrxR,
acts as the key catalytically active part which is easily
combined with a wide of substrates (7). Ethaselen, en-
tered phase II clinical trials in China, prepared by our
lab, was demonstrated (8-10) to be a good inhibitor of
TrxR. Targeted the active sites of Cys497 and Sec498 of
TrxR, Ethaselen showed remarkable anticancer potency
in both vitro and vivo (8-11). However, the symmetri-
cal structure of Ethaselen leads to poor solubility.(12)
Carmustine, a DNA cross-link agent (13, 14) and also
a deactivator of TrxR (15,16), is with high toxicity (17-
19) and low selectivity which limited its clinical appli-
cation to some extents.

Herein, wusing the combination principles,
1-(2-chloroethyl)-1-nitroso-3-(2-(3-oxobenzoselena-
z0l-2(3H)-yl)ethyl)urea (4a-1) was designed with the
both essential parts for activities of Ethaselen and car-
mustine retained as shown in Figure 1. The two essential
parts of 4a-1 from the parental compound were combi-
ned as a complementary design for good solubility, good
target ability, and low toxicity and effected as synergism
of antitumor mechanism. With the purpose of exploring
any the structure—activity relationships (SARs) of the
inhibitors, using the structure of 4a-1 as an important

was designed and synthesized. Solubility and toxicity
evaluations of target compounds were carried out to
assess the improved properties as designed. In order to
investigate the target ability and efficacy as an antitu-
mor compound, the inhibition correlation between TrxR
and cell growth were studied. Docking studies of 4b-1
as a representative candidate were also conducted.

Materials and Methods
Chemicals and methods

'H and *C NMR spectra were recorded on a Bruker
Avance III instrument, 400 MHz for 'H spectra and
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Figure 1. Design of the target compounds by using combination

strategies.
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100 MHz for "C spectra, in DMSO-d, or CDCL,. The
chemical shifts are reported in d (ppm) relative to tetra-
methylsilane as the internal standard. Mass spectra were
recorded using APEX IV FT-MS (7.0T). All chemical
reagents and solvents used in this paper were purchased
from Sigma—Aldrich, Alfa Aesar and TCI in high qua-
lity.

Synthesis
General methods of the synthesis of 2(a—h)

0.1 mol 2-Amino benzoic acid dissolved in HCI
aqueous solution (50%, 40ml) and dropwise added an
aqueous solution of sodium nitrite (30%, 0.12 mol) un-
der 0°C. After 1h reaction, an aqueous solution of diso-
dium diselenide (0.05 mol) was added into the reaction
system and stirred for another 2h at 20°C. The aqueous
HCI (10%) were used to adjust PH of the system to a
value of 2. Then, the final products were precipitated
and obtained by filtration.

2,2'-diselanediyldibenzoic acid (2a)

Compound 1a (13.7 g, 0.1 mol) was used as reactant to
give 19.4 g of 2a as yellow solid (94%). '"H NMR (400
MHz, DMSO-d6) d 13.67 (br, 2H, COOH), 8.00 (d, J =
7.6 Hz, 2H, ArH), 7.66 (d, ] = 7.6 Hz, 2H, ArH), 7.45 (t,
J=17.6 Hz, 2H, ArH), 7.33 (t, ] = 7.6 Hz, 2H, ArH). 13C
NMR (100 MHz, DMSO-d6) d 168.62, 133.43, 133.15,
131.41, 129.65, 129.43, 126.32. MS (EI) m/z: 401.9
(M+).

6,6"-diselanediylbis(3-fluorobenzoic acid) (2b)Com-
pound 1b (15.5 g, 0.1 mol) was used as reactant to give
18.0 g of 2b as yellow solid (82%). '"H NMR (400MHz,
DMSO0-d6) d 14.07 (br, 2H, COOH), 7.78 (dd, J1 =9.1,
J2 = 2.8, 2H, ArH), 7.65 (dd, J1 = 8.5, J2 = 5.2, 2H,
ArH), 7.42 (td, J1 = 8.5, J2 = 2.8, 2H, ArH). C NMR
(100MHz, DMSO-d6) d 167.54, 160.91 (d, JC-F =
244.5), 131.65 (d, JC-F = 7.2), 130.34 (d, JC-F = 6.7),
128.18 (d, JC-F =2.5), 120.96 (d, JC-F = 21.6), 117.85
(d, JIC-F =23.0). MS (EI) m/z: 437.9 (M+).

2,2'-diselanediylbis(4-fluorobenzoic acid) (2¢)Com-
pound lc (15.5 g, 0.1 mol) was used as reactant to give
15.4 g of 2¢ as yellow solid (70%). '"H NMR (400 MHz,
DMSO0-d6) d 13.92 (br, 2H, COOH), 8.12 (dd, J1 = 8.4,
J2 = 6.0, 2H, ArH), 7.40 (dd, J1 = 9.8, J2 = 2.3, 2H,
ArH), 7.23 (td, J1 = 8.4, J2 = 2.3, 2H, ArH). C NMR
(100MHz, DMSO-d6) d 167.76, 162.52 (d, JC-F =
250.5), 136.64 (d, JC-F =8.5), 134.46 (d, JC-F = 20.8),
125.77 (d, JC-F = 9.3), 116.09 (d, JC-F = 3.5), 114.05
(d, JC-F =25.0). MS (EI) m/z: 438.0 (M+).

6,6"-diselanediylbis(3-chlorobenzoic acid) (2d)Com-
pound 1d (17.1 g, 0.1 mol) was used as reactant to give
18.6 g of 2d as yellow solid (79%). 'H NMR (400MHz,
DMSO0-d6) d 14.12 (br, 2H, COOH), 8.00 (d, J = 2.2,
2H, ArH), 7.64 (d, J=8.6, 2H, ArH), 7.60 (dd, J1 = 8.6,
J2 =2.2,2H, ArH). *C NMR (100MHz, DMSO-d6) d
167.92, 144.59, 133.82, 132.55, 132.04, 131.26, 130.89.
MS (EI) m/z: 469.8 (M+).

2,2'-diselanediylbis(4-chlorobenzoic acid) (2¢) Com-
pound le (17.1 g, 0.1mol) was used as reactant to give
19.1 g of 2¢ as yellow solid (81%). '"H NMR (400MHz,

DMSO0-d6) d 14.08 (br, 2H, COOH), 8.03 (d, ] = 8.3,
2H, ArH), 7.60 (d, J = 1.7, 2H, ArH), 7.4 (dd, J1 = 8.3,
J2 = 1.7, 2H, ArH). *C NMR (100 MHz, DMSO-d6) d
171.56, 150.02, 137.26, 137.07, 133.18, 129.34, 125.58.
MS (EI) m/ z: 469.9 (M+).

6,6"-diselanediylbis(3-methylbenzoic acid) (2f)Com-
pound 1f (15.1 g, 0.1 mol) was used as reactant to give
19.5 g of 2f as yellow solid (86%). 'H NMR (400 MHz,
DMSO0-d6) d 13.55 (br, 2H, COOH), 7.84 (d, ] = 1.4
Hz, 2H, ArH), 7.50 (d, J=8.2 Hz, 2H, ArH), 7.29 (dd, J1
= 8.2Hz, J2=1.4 Hz, 2H, ArH), 2.29 (s, 6H, CH3). “C
NMR (100 MHz, DMSO-d6) d 168.52, 135.94, 134.33,
131.82, 129.84, 129.45, 128.52, 20.07. MS (EI) m/z:
429.9 (M+).

6,6"-diselanediylbis(3-methoxybenzoic acid) (2g)Com-
pound 1g (4.3 g, 0.01 mol) was used as reactant to give
2.1 g of 2g as yellow solid (46%). 'H NMR (400 MHz,
DMSO0-d6) d 12.13 (br, 2H, COOH), 7.60 (d, J = 8.8,
2H, ArH), 7.20 (d, J = 2.7, 2H, ArH), 7.13 (dd, J1 = 8.8,
J2=2.7,2H, ArH), 3.75 (s, 6H, OCH3). *C NMR (100
MHz, DMSO-d6) d 168.20, 158.18, 130.75, 129.64,
123.26, 120.22, 115.96, 55.52. MS (ESI) m/z: 460.9
(M+_H).

6,6"-diselanediylbis(3-bromobenzoic acid) (2h) Com-
pound 1h (21.5 g, 0.1 mol) was used as reactant to give
19.4 g of 2h as yellow solid (69%). '"H NMR (400MHz,
DMSO0-d6) d 14.06 (br, 2H, COOH), 8.10 (d, J = 2.3,
2H, ArH), 7.69 (dd, J1 = 8.6, J2 = 2.3, 2H, ArH), 7.55
(d,J=8.6,2H, ArH). *C NMR (100MHz, DMSO-d6) d
171.55, 145.11, 138.92, 136.65, 130.36, 128.77, 120.31.
MS (EI) m/z: 557.7 (M+).

General methods of the synthesis of 3(a-h)

2,2'-diselanediyldibenzoic acid (0.01 mol) was ad-
ded to thionyl chloride (20 ml) and the reaction was
catalyzed by DMF (0.5 ml). The mixture was stirred
at reflux (85 °C) for 3 h. The solvents were evaporated
under vacuum and the crude products were purified by
recrystallization from cyclohexane.

2-(chlorocarbonyl)phenyl  hypochloroselenoite  (3a)
Compound 2a (4g, 0.01 mol) was used as reactant to
give 3.9 g of 3a as orange crystal (79%). 'H NMR (400
MHz, CDCI3) d 8.09 (d, J = 7.7, 1H, ArH), 7.85 (d, J
=17.7, 1H, ArH), 7.67 (t,J = 7.7, 1H, ArH), 7.39 (t, ] =
7.7, 1H, ArH). C NMR (100 MHz, CDCI3) d 164.51,
136.19, 134.54, 131.29, 129.03, 127.41, 126.42.

2-(chlorocarbonyl)-4-fluorophenyl hypochloroselenoite
(3b)

Compound 2b (4.4 g, 0.01 mol) was used as reactant to
give 4.0 g of 3b as orange crystal (70%). '"H NMR (400
MHz, CDCI13) d 7.78 (dd, J1 =9.0, J2 = 2.7, 1H, ArH),
7.65 (dd, J1 = 8.3, J2 = 5.4, 1H, ArH), 7.42 (td, J1 =
8.3,J2 =27, 1H, ArH). *C NMR (100 MHz, CDCI3)
d 168.84, 161.41 (d, JC-F =248.6), 131.65 (d, JC-F =
7.5), 130.34 (d, JC-F = 8.7), 128.18 (d, JC-F = 2.2),
120.96 (d, JC-F =24.3), 117.85 (d, JC-F = 22.5).

2-(chlorocarbonyl)-5-fluorophenyl hypochloroselenoite
(3¢)
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Compound 2c¢ (4.4 g, 0.01 mol) was used as reactant to
give 4.3 g of 3¢ as orange crystal (80%). '"H NMR (400
MHz, CDCI13) d 7.86 (dd, J1 =9.9,J2 = 2.3, 1H, ArH),
7.80 (dd, J1 = 8.4, J2 = 5.7, 1H, ArH), 7.19 (td, J1 =
8.4,J2=2.3, IH, ArH). *C NMR (100 MHz, CDCI3) d
171.83, 160.44, 147.83, 144.46, 135.26, 127.44, 127.10.
4-chloro-2-(chlorocarbonyl)phenyl — hypochlorosele-
noite (3d)

Compound 2d (4.7g, 0.01mol) was used as reactant to
give 4.0g of 3d as orange crystal (76%). '"H NMR (400
MHz, CDCI13) d 8.12 (d, J = 8.6, 1H, ArH), 7.69 (d, ] =
2.2, 1H, ArH), 7.65 (dd, J1 = 8.6, J2 = 2.2, 1H, ArH).
BC NMR (100MHz, CDC13) d 171.70, 144.40, 136.12,
133.58, 133.06, 130.02, 128.51.
S-chloro-2-(chlorocarbonyl)phenyl ~ hypochlorosele-
noite (3e)

Compound 2e (4.7g, 0.01mol) was used as reactant to
give 4.8¢g of 3e as orange crystal (83%). 'H NMR (400
MHz, CDCI13) d 8.13 (d, J = 1.8, 1H, ArH), 7.74 (d, ] =
8.1, 1H, ArH), 7.40 (dd, J1 = 8.1, J2 = 1.8, 1H, ArH).
BCNMR (100 MHz, CDCI3) d 171.61, 151.20, 136.24,
135.47, 132.15, 128.54, 124.58.
2-(chlorocarbonyl)-4-methylphenyl — hypochlorosele-
noite (3f)

Compound 2f (4.3 g, 0.01 mol) was used as reactant to
give 4.4 g of 3f as orange crystal (81%). 'H NMR (400
MHz, CDCI13) d 7.96 (d, ] = 8.2, 1H, ArH), 7.65 (s, 1H,
ArH), 7.48 (d, J = 8.2, 1H, ArH), 2.37 (s, 6H, CH3).
BC NMR (100MHz, CDCI13 ) d 172.74, 141.63, 135.72,
134.17, 129.61, 127.44, 126.38, 20.66.

2-(chlorocarbonyl)-4-methoxyphenyl — hypochlorosele-
noite (3g)

Compound 2g (5.2 g, 0.01 mol) was used as reactant to
give 3.7 g of 3g as orange crystal (59%). 'H NMR (400
MHz, CDCI3) d 8.13 (d, J = 2.4, 1H, ArH), 8.10 (d, J
= 8.8, 1H, ArH), 7.57 (dd, J1 =8.8, J2 = 2.4, 1H, ArH),
2.40 (s, 3H, CH3). “C NMR (100 MHz, CDCI13) d
172.02, 169.05, 149.47, 143.04, 130.23, 129.60, 128.29,
126.90, 21.11.
4-bromo-2-(chlorocarbonyl)phenyl ~ hypochlorosele-
noite (3h)

Compound 2h (5.6g, 0.01mol) was used as reactant to
give 4.7g of 3h as yellow crystal (71%). "H NMR (400
MHz, CDCI13) d 8.14 (d, J =2.2, 1H, ArH), 7.65 (dd, J1
=8.6,J2 =22, 1H, ArH), 7.49 (d, J = 8.6, 1H, ArH).
BC NMR (100 MHz, CDCI3) d 171.55, 145.11, 138.90,
136.60, 130.34, 128.70, 120.33.

General methods of the synthesis of 4(a,b,d,e,g)-(1-3),
4c-1, 4f-1, 4h-1

2-(chlorocarbonyl)phenyl hypochloroselenoite (0.01
mol) dissolved in 50 ml ether and N-Boc-ethylenedia-
mine (0.015mol) was dropped into the mixture and stir-
red at room temperature for 3 h. Precipitation occurred
and the filter residules redissolved in 10 ml methylene
chloride. Trifluoroacetic acid (4 ml) was added in to the
mixture slowly and stirred at room temperature for 40
min. Then, the pH was regulated with saturated aqueous
Sodium Bicarbonate (10%) to a value of 7-8. The water

layer was obtain and enriched to 30 ml. The mixture
was extracted by 100 ml methylene chloride for seve-
ral times and the extracts were dried over anhydrous
sodium sulfate overnight. After the desiccant was remo-
ved by filtration, the filtrate was concentrate to 10 ml.
2-Chloroethyl isocyanate (0.5 ml) was added slowly
and stirred at 20°C for 30 min. After another filtration,
the filter residues redissolved in anhydrous formic acid
(2 ml) and cooled at 0°C. The reaction mixture was ad-
ded sodium nitrite (0.04 mol) and stirred for 40 min at
0°C. After adding the water as needed into mixture, the
final products were acquired by filtration.

1-(2-chloroethyl)-1-nitroso-3-(2-(3-oxobenzoselenazol-
2(3H)-yl)ethyl)urea (4a-1)

Compound 3a (0.01 mol), N-Boc-ethylenediamine
(0.015mol) and sodium nitrite (0.04 mol) were used as
reactants to give 0.564 g of 4a-1 as white solid (15%).
"H NMR (400 MHz, DMSO) d 8.87 (t, ] = 5.6 Hz, 1H),
8.01 (d, J=8.0 Hz, 1H), 7.77 (d, J = 7.0 Hz, 1H), 7.66-
7.52 (m, 1H), 7.41 (t, J = 7.1 Hz, 1H), 4.04 (t, ] = 5.7
Hz, 2H), 3.76 (t,J = 5.6 Hz, 2H), 3.66-3.42 (m, 4H). MS
(EI) m/z: 376.0 (M+).

1-(2-chloroethyl)-1-nitroso-3-(3-(3-oxobenzoselenazol-
2(3H)-yl)propyl)urea (4a-2)

Compound 3a (0.01 mol), N-Boc-1,3-propylenediamine
(0.015mol) and sodium nitrite (0.04 mol) were used as
reactants to give 0.468 g of 4a-2 as white solid (12%).
'"H NMR (400 MHz, DMSO) d 8.92 (t, ] = 5.7 Hz, 1H),
8.05(d,J=8.0Hz, 1H), 7.80 (d, J=6.9 Hz, 1H), 7.62 (t,
J=17.6 Hz, 1H), 7.42 (t, ] = 7.4 Hz, 1H), 3.85-3.78 (m,
2H), 3.76 (t, J = 6.3 Hz, 2H), 3.70-3.57 (m, 3H), 2.06-
1.94 (m, 1H), 1.76-1.63 (m, 2H). MS (EI) m/z: 390.0
(M+).

1-(2-chloroethyl)-1-nitroso-3-(4-(3-oxobenzoselenazol-
2(3H)-yl)butyl)urea (4a-3)

Compound 3a (0.01 mol), N-Boc-1,4-butanediamine
(0.015mol) and sodium nitrite (0.04 mol) were used as
reactants to give 0.364 g of 4a-3 as white solid (9%).
'"H NMR (400 MHz, DMSO) d 8.91 (t, J = 5.5 Hz, 1H),
8.04 (d, J =8.0 Hz, 1H), 7.79 (d, J = 6.8 Hz, 1H), 7.61
(t, J=7.6 Hz, 1H), 7.42 (t, J = 7.0 Hz, 1H), 3.77 (dt, J
=12.8, 6.5 Hz, 3H), 3.68 (t, J = 6.9 Hz, 2H), 3.61 (dd,
J=12.2, 6.1 Hz, 2H), 2.04-1.93 (m, 1H), 1.54-1.43 (m,
2H), 1.36 (dd, J = 19.7, 12.8 Hz, 2H). MS (EI) m/z:
404.0 (M+).

1-(2-chloroethyl)-3-(2-(5-fluoro-3-oxobenzoselenazol-
2(3H)-yl)ethyl)- 1-nitrosourea (4b-1)

Compound 3b (0.01 mol), N-Boc-ethylenediamine
(0.015mol) and sodium nitrite (0.04 mol) were used as
reactants to give 0.512 g of 4b-1 as white solid (13%).
'"H NMR (400 MHz, DMSO) d 8.88 (t, J = 5.6 Hz, 1H),
8.12-7.95 (m, 1H), 7.57-7.40 (m, 2H), 4.04 (t, ] = 5.6
Hz, 2H), 3.76 (t, ] = 5.6 Hz, 2H), 3.63 (t, ] = 6.2 Hz,
2H), 3.54-3.43 (m, 2H). MS (EI) m/z: 393.9 (M+).

1-(2-chloroethyl)-3-(3-(5-fluoro-3-oxobenzoselenazol-
2(3H)-yl)propyl)-1-nitrosourea (4b-2)

Compound 3b (0.01 mol), N-Boc-1,3-propylenediamine
(0.015mol) and sodium nitrite (0.04 mol) were used as
reactants to give 0.468 g of 4b-2 as white solid (12%).
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'"H NMR (400 MHz, DMSO) d 8.99-8.66 (m, 1H), 8.10
(dd, J = 8.6, 4.6 Hz, 1H), 7.61-7.28 (m, 2H), 3.81 (ddd, J
=224, 13.7,7.2 Hz, 4H), 3.69-3.51 (m, 4H), 1.76-1.60
(m, 2H). MS (EI) m/z: 408.0 (M+).

1-(2-chloroethyl)-3-(4-(5-fluoro-3-oxobenzoselenazol-
2(3H)-yl)butyl)-1-nitrosourea (4b-3)

Compound 3b (0.01 mol), N-Boc-1,4-butanediamine
(0.015mol) and sodium nitrite (0.04 mol) were used as
reactants to give 0.464 g of 4b-3 as white solid (11%)).
"H NMR (400 MHz, DMSO) d 8.89 (t,J = 18.7 Hz, 1H),
8.17-7.98 (m, 1H), 7.52 (t, J = 8.9 Hz, 2H), 3.91-3.51
(m, 8H), 1.53-1.29 (m, 4H). MS (EI) m/z: 422.0 (M+).

1-(2-chloroethyl)-3-(2-(6-fluoro-3-oxobenzoselenazol-
2(3H)-yl)ethyl)-1-nitrosourea (4c-1)

Compound 3c (0.01 mol), N-Boc-ethylenediamine
(0.015mol) and sodium nitrite (0.04 mol) were used as
reactants to give 0.355 g of 4a-7 as white solid (9%).
'"H NMR (400 MHz, DMSO) d 8.86 (t, ] = 5.6 Hz, 1H),
7.79 (dt, J=8.5,4.4 Hz, 2H), 7.34-7.17 (m, 1H), 4.03 (t,
J=5.6 Hz, 2H), 3.75 (t, ] = 5.7 Hz, 2H), 3.62 (t, ] = 6.3
Hz, 2H), 3.53 (dd, J = 12.1, 6.1 Hz, 2H). MS (EI) m/z:
394.0 (M+).

3-(2-(5-chloro-3-oxobenzoselenazol-2(3H)-yl)ethyl)-
1-(2-chloroethyl)- 1-nitrosourea (4d-1)

Compound 4d (0.01 mol), N-Boc-ethylenediamine
(0.015mol) and sodium nitrite (0.04 mol) were used as
reactants to give 0.409 g of 4d-1 as white solid (10%).
'"H NMR (400 MHz, CDCI3) d 8.01 (t, ] =4.6 Hz, 1H),
7.63-7.42 (m, 2H), 4.31-4.10 (m, 2H), 3.88 (dd, J =
15.2, 9.7 Hz, 2H), 3.83-3.70 (m, 2H), 3.64 (t, ] = 5.6
Hz, 2H). MS (EI) m/z: 409.9 (M+).

3-(3-(5-chloro-3-oxobenzoselenazol-2(3H)-yl)propyl)-
1-(2-chloroethyl)- 1-nitrosourea (4d-2)

Compound 4d (0.01 mol), N-Boc-1,3-propylenediamine
(0.015mol) and sodium nitrite (0.04 mol) were used as
reactants to give 0.339 g of 4d-2 as white solid (8%). 'H
NMR (400 MHz, DMSO) d 8.92 (s, 1H), 8.18-8.00 (m,
1H), 7.80-7.59 (m, 2H), 3.90-3.70 (m, 4H), 3.62 (dt, J
=12.8, 6.1 Hz, 4H), 2.05-1.87 (m, 2H). MS (EI) m/z:
424.0 (M+).

3-(4-(5-chloro-3-oxobenzoselenazol-2(3H)-yl) butyl)-
1-(2-chloroethyl)- 1-nitrosourea (4d-3)

Compound 4d (0.01 mol), N-Boc-1,4-butanediamine
(0.015mol) and sodium nitrite (0.04 mol) were used as
reactants to give 0.263 g of 4d-3 as white solid (6%). 'H
NMR (400 MHz, DMSO) d 8.89 (dd, ] =21.6, 16.0 Hz,
1H), 8.04 (dd, J = 18.4, 8.6 Hz, 1H), 7.79-7.53 (m, 2H),
4.08 (t, ] = 6.4 Hz, 1H), 3.87-3.51 (m, 6H), 2.00 (dd, J
= 14.5, 6.8 Hz, 1H), 1.60-1.28 (m, 4H). MS (EI) m/z:
438.0 (M+).

3-(2-(6-chloro-3-oxobenzoselenazol-2(3H)-yl)ethyl)-
1-(2-chloroethyl)- 1-nitrosourea (4e-1)

Compound 4e (0.01 mol), N-Boc-ethylenediamine
(0.015mol) and sodium nitrite (0.04 mol) were used as
reactants to give 0.287 g of 4e-1 as white solid (7%). 'H
NMR (400 MHz, DMSO) d 8.12 (d, J = 31.9 Hz, 1H),
7.54-7.41 (m, 1H), 7.21 (s, 1H), 6.67 (s, 1H), 3.68 (dd, J
=34.6,28.6 Hz, 4H), 3.05 (t, ] = 5.9 Hz, 2H), 2.63 (d, J

=31.7 Hz, 2H). MS (EI) m/z: 410.0 (M+).

1-(2-chloroethyl)-3-(2-(5-methyl-3-oxobenzoselenazol-
2(3H)-yl)ethyl)-1-nitrosourea (4f-1)

Compound 4f (0.01 mol), N-Boc-ethylenediamine
(0.015mol) and sodium nitrite (0.04 mol) were used as
reactants to give 0.429 g of 4f-1 as white solid (11%).
'"H NMR (400 MHz, DMSO) d 8.87 (t, J = 5.4 Hz, 1H),
7.89 (t,J=10.8 Hz, 1H), 7.61 (d, J =19.9 Hz, 1H), 7.43
(d, J=8.0 Hz, 1H), 4.03 (t, ] = 5.6 Hz, 2H), 3.74 (t, ] =
5.6 Hz, 2H), 3.68-3.57 (m, 2H), 3.53 (dd, J = 12.0, 6.0
Hz, 2H), 2.36 (d, ] = 22.8 Hz, 3H). MS (EI) m/z: 390.0
(M+).

1-(2-chloroethyl)-3-(3-(5-methyl-3-oxobenzoselenazol-
2(3H)-yl)propyl)-1-nitrosourea (4f-2)

Compound 4f (0.01 mol), N-Boc-1,3-propylenediamine
(0.015mol) and sodium nitrite (0.04 mol) were used as
reactants to give 0.362 g of 4f-2 as white solid (9%). 'H
NMR (400 MHz, DMSO) d 8.91 (dd, J = 19.6, 14.3 Hz,
1H), 7.92 (d, J = 8.2 Hz, 1H), 7.67-7.54 (m, 1H), 7.44
(d, J = 8.3 Hz, 1H), 3.92-3.69 (m, 4H), 3.69-3.50 (m,
4H), 2.36 (d, J = 26.8 Hz, 3H), 1.68 (dd, J = 14.0, 7.0
Hz, 2H). MS (EI) m/z: 404.0 (M+).

1-(2-chloroethyl)-3-(4-(5-methyl-3-oxobenzoselenazol-
2(3H)-yl)butyl)-1-nitrosourea (4f-3)

Compound 4f (0.01 mol), N-Boc-1,4-butanediamine
(0.015mol) and sodium nitrite (0.04 mol) were used as
reactants to give 0.294 g of 4f-3 as white solid (7%). 'H
NMR (400 MHz, DMSO) d 8.89 (dd, J =21.3, 15.6 Hz,
1H), 7.90 (dd, J = 16.5, 8.3 Hz, 1H), 7.72-7.56 (m, 1H),
7.41 (dt, J =41.3,20.7 Hz, 1H), 3.75 (dt, ] = 28.9, 14.9
Hz, 4H), 3.62 (tt, ] = 19.3, 6.4 Hz, 4H), 2.36 (d, ] =25.5
Hz, 3H), 1.59-1.44 (m, 2H), 1.36 (dt, J = 13.4, 6.6 Hz,
2H). MS (EI) m/z: 418.0 (M+).

1-(2-chloroethyl)-3-(2-(5-methoxy-3-oxobenzoselena-
zol-2(3H)-yl)ethyl)- 1-nitrosourea (4g-1)

Compound 4g (0.01 mol), N-Boc-ethylenediamine
(0.015mol) and sodium nitrite (0.04 mol) were used as
reactants to give 0.320 g of 4g-1 as white solid (8%).
'"H NMR (400 MHz, DMSO) d 8.89 (dd, J =23.3,17.5
Hz, 1H), 8.08 (dd, J = 26.5, 14.3 Hz, 1H), 7.78-7.58 (m,
2H), 4.18-3.98 (m, 2H), 3.74 (dt, J = 13.0, 5.8 Hz, 2H),
3.67-3.57 (m, 2H), 3.57-3.43 (m, 2H), 3.34 (s, 3H). MS
(EI) m/z: 406.0 (M+).

1-(2-chloroethyl)-3-(3-(5-methoxy-3-oxobenzoselena-
zol-2(3H)-yl)propyl)-1-nitrosourea (4g-2)

Compound 4g (0.01 mol), N-Boc-1,3-propylenediamine
(0.015mol) and sodium nitrite (0.04 mol) were used as
reactants to give 0.256 g of 4g-2 as white solid (6%).
"H NMR (400 MHz, DMSO) d 8.92 (t, ] = 5.6 Hz, 1H),
7.91(d,J=8.7Hz, 1H), 7.27 (ddd, J=11.5, 7.9, 3.6 Hz,
2H), 3.85-3.71 (m, 6H), 3.69-3.55 (m, 4H), 2.05-1.95
(m, 1H), 1.75-1.62 (m, 2H). MS (EI) m/z: 420.0 (M+).

1-(2-chloroethyl)-3-(4-(5-methoxy-3-oxobenzoselena-
zol-2(3H)-yl)butyl)-1-nitrosourea (4g-3)

Compound 4g (0.01 mol), N-Boc-1,4-butanediamine
(0.015mol) and sodium nitrite (0.04 mol) were used as
reactants to give 0.174 g of 4g-3 as white solid (4%). 'H
NMR (400 MHz, DMSO) d 8.91 (s, 1H), 7.90 (d, J =8.6
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Hz, 1H), 7.37-7.19 (m, 2H), 3.93-3.71 (m, 5H), 3.70-
3.55 (m, 3H), 2.33 (s, 1H), 2.05-1.94 (m, 2H), 1.47 (m,
2H), 1.39 (m, 2H). MS (EI) m/z: 434.0 (M+).

3-(2-(5-bromo-3-oxobenzoselenazol-2(3H)-yl)ethyl)-
1-(2-chloroethyl)- 1-nitrosourea (4h-1)

Compound 4h (0.01 mol), N-Boc-ethylenediamine
(0.015mol) and sodium nitrite (0.04 mol) were used as
reactants to give 0.273 g of 4h-1 as white solid (6%).
'"H NMR (400 MHz, DMSO) d 8.86 (s, 1H), 7.97 (d, J
= 8.5 Hz, 1H), 7.91-7.83 (m, 1H), 7.77 (dd, ] = 8.6, 2.1
Hz, 1H), 4.05 (dd, J = 10.5, 5.5 Hz, 2H), 3.82-3.70 (m,
2H), 3.62 (t, J = 6.1 Hz, 2H), 3.53 (d, J = 5.8 Hz, 2H).
MS (EI) m/z: 453.9 (M+).

Biological experiments

Rat liver Thioredoxin reductase was obtained by
using the method of Luthman and Holmgren (25).
DTNB were bought from Sigma—Aldrich. Carmustin
(BCNU) were obtained from Sigma, USA. Ethaselen
(PCT: CN02-00413) was prepared in our laboratory
(School of Pharmaceutical Sciences, Peking University,
Beijing, China). Human colonic adenocarcinoma RKO
cell lines (ATCC number: CRL-2577) and LoVo cell
lines (ATCC number: CCL-229) were purchased from
American Type Culture Collection(ATCC). Parental
pancreatic carcinoma MIA PaCa-2 cell lines and PANC-
1 cell lines were obtained from Chinese Academy of
Medical Sciences.

Solubility studies

According to the European Pharmacopoeia, put 100
mg finely powdered Ethaselen, 4a-1, 4c-1 in a stoppe-
red tube, respectively, and each one added a specific vo-
lume (0.1, 1, 3, 10, 100, 1000ml) of different solvents.
Shake the tube vigorously for 1 min at a temperature of
25.0+0.5 °C for 15 min. If the substance is not comple-
tely dissolved, repeat the shaking for 1 min. the solu-
bility was determined based on whether the compound
dissolved completely in different volume level.

Toxicity studies

KM mice (5-week-old, male) were used in the assays.
Under the condition of 25+2°C, all mice were freely to
get food and water in SPF condition. Mice were distri-
buted into three groups equally and randomly: control
(with saline), carmustine group (with carmustine alone,
30 mg/kg, i.v. on days 0, 4, 8, 12), 4a-1 group (recei-
ving 4a-1 alone, 36 mg/kg, i.v. on days 0, 4, 8, 12). The
assays were carried out according to the guidelines and
notes of the Ethical Committee of Peking University.

Cell culture and cell growth inhibitory assays

All cells were obtained from the Beijing Institute of
Cancer Research. Human cancer cell lines PANC-1 cells,
MIA PaCa-2 cells, RKO cells grew in DMEM medium
and LoVo cells in RPMI 1640 medium supplemented
with 10% fetal bovine serum (FBS) in 5% CO2 atmos-
phere at 37°C. Cells in the exponential growth phase
were then plated into 96-well plates at 5000 cells/well.
After exposure to various concentrations (0—50uM) of
these compounds for 48 h. The growth inhibition activi-
ties of representative compounds on human cancer cell
lines were determined using the 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.

Cellular TrxR inhibition assays

Representative compounds with different concen-
trations were added into the MIA PaCa-2 cells while
DMSO (1%) as control and incubated for 12 h. Washed
by phosphate saline buffer, the cells were subsequently
lysed using lysing buffer 1% Triton X-100, 1% NaDOC,
10 mM EDTA, 0.1% sodium dodecyl sulfate and 0.5
mM phenylmethylsulfonyl fluoride and then centrifu-
ged at 13000g for 30 min at 4 °C. Cellular TrxR acti-
vities were detected by reducing insulin method. After
the control value (without E. coli Trx) subtraction, TrxR
activities were calculated.

Molecular docking assays

Human thioredoxin reductase 1 (PDB code: 2J3N)
structure was downloaded from Brookhaven Protein
Database. The docking procedure was conducted in
Discovery Studio 2.5. The receptor protein employed
the prepare protein procedure. After removing the crys-
tallized water and adding hydrogen atoms, the mole-
cular structure was typed using CHARMm forcefield.
The ligand (4b-1) was put into TrxR key active cavity
by the method of CDOCKER. The active sphere within
15 Angstrom embraced with the redox-active centers of
TrxR, including Cys 497, Sec 498, Cys 59 and Cys 64.
Ten top hits runs were set in the docking function. Then,
the ligand interaction diagram was drawn to indicate the
interaction more directly by the 2D picture.

Results and Discussion

Design and chemistry

Association strategies are adopted in the drug design
in order to combine the effects of TrxR inhibition and
DNA crosslink within one compound. 4a-1 and its ana-
logues were first designed and synthesized by our group.
The core 1-(2-chloroethyl)-1-nitroso-3-(2-(3-oxoben-
zoselenazol-2(3H)-yl)ethyl)urea structure was kept and
focused predominantly on addition of some substituents
on aromatic rings because 4a-1 was designed to contain
two active sites exerting different effects inhibiting
Sec498 residues of TrxR, binding to the lys-protein,
DNA cross-linking. To develop potent analogues of
4a-1 with better antitumor properties and to understand
the SAR of 1-(2-chloroethyl)-1-nitroso-3-(2-(3-oxoben-
zoselenazol-2(3H)-yl)ethyl)urea as a novel multi-target
candidate, a series of substituted 1-(2-chloroethyl)-1-ni-
troso-3-(2-(3-oxobenzoselenazol-2(3H)-yl)ethyl)urea
were designed and synthesized.

In the reaction scheme, as shown in figure 2, the first
two steps can react to form 3a-3h with relatively high
yields. While it was difficult to isolate the free diamine
to react with 2-Chloroethyl isocyanate in order to form
the backbone, Boc-protected amino groups were intro-
duced into the backbone chains by 3a-3h ring closing
with N-Boc-ethylenediamine. After removal of the Boc
groups by Trifluoroacetic acid, amine groups were pro-
duced on the backbones. Because of the low yields and
separation difficulty of the products of step 3-5, the pro-
ducts of each step were put into the next step without
further separation and purification until the target pro-
duct was obtained.
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Figure 2. The schemes of the target compounds synthesis.

4d-1: R;=C, R,=H, Ry=H, n=2
4d-2: R;=Cl, Ry=H, Ry=H, n=3
4d-3: R;=Cl, R,=H, Ry=H, n=4
4e-1: Ry=H, R,=Cl, Ry=H, n=2
4f-1: R;=CHj, R,=H, Ry=H, n=2
4£-2: R;=CHj, R,=H, Ry=H, n=3
4£-3: R;=CHj, Ry=H, Ry=H, n=4
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4(a,b.d,e,g)-(1-3), 4c-1, 4f-1, 4h-1

4g-1: R,=0CH;, R,=H, Ry=H, n=2
4g-2: Rj=OCHj3, Ry=H, R3=H, n=3
4g-3: R|=0OCHj3, R,=H, R3=H, n=4
4h-1: R|=Br, Ry=H, R;=H, n=2

Solubility studies

Ethaselen, a novel organoselenium compound inhi-
biting TrxR1, showed huge potential as a targeted anti-
tumor candidate. However, the unsatisfactory solubility
due to its symmetrical structure may limit its clinical ap-
plication to some extents. By combining the active sites
of ethaselen and carmustine, the backbone was modified
into unsymmetrical structure, namely 1-(2-chloroethyl)-
1-nitroso-3-(2-(3-oxobenzoselenazol-2(3H)-yl)ethyl)
urea. The new designed compounds showed better solu-
bility in most solvents as showed in table 1.

Toxicity studies

In order to assess the toxicity of new designed com-
pounds, the change of body weight is introduced as an
important index to detect systemic toxicity. Despite
transient weight loss after drug treatment, as shown
in Figure 3, the 4a-1 group showed not significant
(P>0.05) effect over 24 days compared to the control
group, whereas there was a marked tendency of body
weight declining in the carmustine group compared
with control group, showing significant (P<0.05) diffe-
rence. As compared to carmustine, 4a-1 appeared to be
somewhat less toxic, which may partly result from the
good targeting and selectivity by introducing the struc-
ture of benzisoselenazol-3(2H)-ones into the new desi-
gned backbone. After stopping administration, the body
weight of both carmustine group and 4a-1 group had
a certain degree of recovery.

Cell growth inhibition assay
In order to study the antitumor activity of the novel

antitumor compounds, the inhibitory activities of the
novel compounds on RKO cells (colon cancer), LoVo
cells (colon cancer), PANC-1 cells (pancreatic carci-
noma), MIA PaCa-2 cells (pancreatic carcinoma) were
examined, as shown in table 2. As expected, good inhi-
bitory activities can be observed in all tested cell lines
incubated with these compounds, of which compound
4b-1 and 4c-1 showed the strongest antitumor effect.
However, compounds with chloro or bromo substi-
tuents (4d-1, 4d-2, 4d-3,4e-2, 4h-1) exhibited relatively
low inhibitory activities on cancer cells, whereas the
fluoro analogues (4b-1, 4b-2, 4b-3, 4c-1) were much
more active in all tested cells (table 2). In addition, the
increased lengths of alkyl chains (n from 2 to 4) leads to
less inhibitory activity. Subsequent calculation of CLo-
gP values for these synthesized compounds, revealed a
tendency that smaller CLogP may lead to better antitu-

—@— Control group (receiving saline, on days 0, 4, 8, 12)
—&@— Carmustine group (30 mg/kg, on days 0, 4, 8, 12)
—8— 4a-1 group (36 mg/kg, i.p., on days 0, 4, 8, 12)

8

Body weight (g)
N
8

,
0 4 8 12 16 20 24
Time (d)

Figure 3. Changes in the body weight of mice in each respective
treatment groups. Data represent the mean+SD (n=3). *P<0.05

compared to the control group.

Table 1. The solubility of Ethaselen, 4a-1, 4c-1 in common solvents.

Ethaselen 4a-1 4c-1
water insoluble Soluble Freely soluble
petroleum ether insoluble Soluble Soluble
Ether insoluble Soluble Soluble
methylene chloride Very slightly soluble Freely soluble Freely soluble
acetonitrile Slightly soluble Freely soluble Freely soluble
ethanol Very slightly soluble Soluble Freely soluble
tetrahydrofuran Very slightly soluble Soluble Freely soluble
chloroform Slightly soluble Freely soluble very soluble
ethyl acetate Very slightly soluble Freely soluble Freely soluble
methanol Slightly soluble Freely soluble very soluble
acetone Slightly soluble Freely soluble very soluble
DMF Slightly soluble Very soluble very soluble
DMSO Sparingly soluble Very soluble very soluble
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Table 2. Growth inhibition of the novel compounds®.

IC50 (uM) of cell lines
Compound R1 R2 n CLogP
Mia PaCa-2 PANC-1 RKO LoVo
4a-1 H H 2 2.616 16.33+1.5 7.7840.36 12.2440.44 7.29+0.98
4a-2 H H 3 2.927 12.3340.58 7.52+1.09 10.9+41.01 7.62+1.17
4a-3 H H 4 3.047 11.9+0.78 7.78+0.78 11.25+1.66 12.12+1.82
4b-1 F H 2 2.759 3.39+0.76 6.13+0.31 8.43+0.84 5.49+0.33
4b-2 F H 3 3.07 12.89+1.38 14.36+2.14 20.54+3.24 13.87+1.11
4b-3 F H 4 3.19 25.3+3.49 14.43+1.49 17.17+2.33 13.25+0.96
4e-1 H F 2 2.759 8.17+0.65 2.61+0.27 5.46+0.85 2.62+0.26
4d-1 Cl H 2 3.329 27.36+2.5 18.9+0.6 15.92+1.74 14.78+0.26
4d-2 Cl H 3 3.64 >50 34.24+3.47 >50 28.57+0.95
4d-3 Cl H 4 3.76 >50 >50 29.39+1.37 37.3742.23
4e-1 H Cl 2 3.329 >50 23.9543.16 22.54+2.53 35.56+1.8
4f-1 CH3 H 2 3.115 20.4+2.22 9.41+1.45 8.63+0.47 8.02+0.81
42 CH3 H 3 3.426 9.82+1.27 7.14+0.54 14.21£1.91 16.67+1.43
4f-3 CH3 H 4 3.546 13.44+0.96 8.23+0.91 15.842.5 17.7+0.81
4g-1 OCH3 H 2 2.535 11.61£1.15 11.33+£0.4 18.75+2.14 9.77+0.8
4g-2 OCH3 H 3 2.846 10.87+0.88 12.58+0.91 11.44+1.14 10.56+1.26
4g-3 OCH3 H 4 2.966 24.57+2.73 39.26+1.34 22.17+1.78 31.06+1.66
4h-1 Br H 2 3.479 >50 >50 >50 40.64+1.03

a. All data are shown in IC50 (uM) values and expressed as means + SD of triplicate experiments.

Table 3. The correlation coefficient of growth inhibitory activities
and CLogP of these compounds.

Cell lines Correlation Coefficient (r)*
Mia PaCa-2 0.695
PANC-1 0.271
RKO 0.606
LoVo 0.662

2The values of r were represented by Pearson coefficient.

mor effect, which had a medium correlation in statistics
except for PANC-1 cell lines, as shown in table 3. The
decreased antitumor activities of some compounds may
result from the hinder cellular permeability due to the
high lipophilicity (large LogP).

Cellular TrxR inhibition assay

In order to conform that the TrxR is still a major
target of these new compounds after combination of
ethaselen and carmustine. The links between TrxR
inhibition and antitumor activities of these novel com-
pounds was investigated and the correlation was further
calculated. Five representative compounds (4b-1, 4c-1,
4g-3, 4d-2, 4h-1) with different antitumor effects were
selected to study the inhibitory effects on Mia PaCa-2
cell lines. After exposure to 1-20uM solutions of some
representative compounds, the TrxR activities were de-
clined to different levels, as shown in figure 4. Compa-
red with growth inhibition, according to the correlation
coefficients in table 4, a strong correlation was revealed,
which means the better cell growth inhibition resulting
in the higher percentile inhibition of intracellular TrxR

Table 4. The correlation of growth inhibition and TrxR inhibition.

Compounds Correlation Coefficient (r)*
4b-1 0.97
4c-1 0.97
4g-1 0.93
4d-2 0.83
4h-1 0.87

*The values of r were represented by pearson coefficient.

Activity Inhibition (%)
Growth Inhibition (%)
® s e e

5

20

10 5 “ ‘
Compound (M) Compound (M)

Figure 4. Cellular TrxR inhibition and growth inhibitory effects of
five representative compounds (4b-1, 4c-1, 4g-3, 4d-2, 4h-1). (A)
Dose-dependent curves of TrxR inhibition activities in Mia PaCa-
2 cells. (B) Dose-dependent curves of growth inhibition effects on
Mia PaCa-2 cell lines.

and vice versa. The compound 4b-1 were the best both
at inhibiting the cell growth and cellular TrxR in the
five selected compounds. This may be a strong evidence
indicating TrxR as a major target of these novel com-
pounds.

Computational docking Study

To further explore the pattern of interaction between
these compounds and TrxR and to conduct further
SARs study, the docking study was carried out with
4a-1 and crystallographic structure of TrxR. The sphere
cavity with the two redox-active centers (Cys59, Cys64,
Cys497 and Sec498) was created. As shown in in fi-
gure 5 and 6, the formation of three hydrogen bonds
was observed, including oxygen of 4a-1 and hydrogen
of Arg351, oxygen of 4a-1 and hydrogen of Lys29,
nitrogen of 4a-1 and hydrogen of Lys29. The docking
results showed one unit of 4a-1 inserted into the cavity
consisting of Lys29, His108, Leull2, Tyr116, Arg351,
Trp407, Leud09, His472, Cys497 and Sec498. It was
demonstrated (20-22) that Trp407, His472, Lys29 and
Tyrl16 plays a key role for catalytic effects of TrxR
through facilitating its reduction. Along with the corre-
lation coefficient of inhibition effects of TrxR enzyme
and cell growth, this results suggested that compound
4a-1 is a potential inhibitor of TrxR.

SAR model
In figure 7, the SARs for the series of novel
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Figure 5. Docking models of compound 4b-1 in the cavity with

the redox-active centers of TrxR. The ligand and residues are dis-
played as sticks. Hydrogen, white; carbons in residues, yellow;
carbons in residues, blue; oxygen, red; nitrogen, purple; Chlorine,
green; selenium orange; Hydrogen bonds between ligands and

residues, green dash lines.

1-(2-chloroethyl)-1-nitroso-3-(2-(3-oxobenzoelena-
z0l-2(3H)-yl)ethyl)urea as inhibitors of TrxR is esta-
blished based on biological experiments and com-
putational docking studies. The benzisoselenazolone
heterocycle is essential for activity and targetability.
Furthmore, small and polar substituents on the aroma-
tic ring are preferred. The alkyl chain of the structure
of benzisoselenazolone heterocycle and structure of
1-(2-chloroethyl)-1-nitrosourea prefers to be short. In
addition, 1-(2-chloroethyl)-1-nitrosourea is essential
for antitumor activitiy and H bond binding to the TrxR
enzyme active sites. Encouragingly, the design of 4b-1
substantiates the assertion that structural modification
of 4a-1 was necessary and workable to strengthen the
biological activities of these new compounds.

Pharmacological mechanism hypothesis

Carmustine decomposes chemically under physiolo-
gical conditions to yield 2-chloroethyl isocyanate and
the chloroethyl carbonium ion intermediate, which is
believed to be the alkylating moiety (23). Carmustine

Figure 6. 2D diagram of ligand interaction of 4b-1 and the sur-
rounding amino acids which form the important cavity of conduc-
ting catalysis of TrxR.
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Figure 7. The SAR model for the series of novel 1-(2-chloroethyl)-
1-nitroso-3-(2-(3-oxobenzoelenazol-2(3H)-yl)ethyl)urea as inhibi-
tors of TrxR.
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exerts anticancer activity via interstrand DNA cross-
linking within a guanine-cytosine DNA base pair (13).
Also, camustine which is capable of releasing amino-
reactive 2-chloroethyl isocyanate can act almost exclu-
sively on lysyl residues in proteins (24).

Hence, as shown in Figure 8, we hypothesized that
the series of novel 1-(2-chloroethyl)-1-nitroso-3-(2-(3-
oxobenzoelenazol-2(3H)-yl)ethyl)urea may decompose
chemically under physiological conditions to yield a
series of 2-(2-isocyanatoethyl)benzoselenazol-3(2H)-
one (X) with Protein combination and TrxR inhibition
and chloroethyl carbonium ion intermediate (Y). The
series of 2-(2-isocyanatoethyl)benzoselenazol-3(2H)-
one can inhibit TrxR for their benzisoselenazol-3(2H)-
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Figure 8. Pharmacological mechanism hypothesis of the series of novel 1-(2-chloroethyl)-1-nitroso-3-(2-(3-oxobenzoelenazol-2(3H)-yl)ethyl)
urea.
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one structures which are essential for the inhibition.
Therefore, with the synergism in mechanism, these new
compounds exert antitumor activities by the series of
2-(2-isocyanatoethyl)benzoselenazol-3(2H)-ones with
TrxR inhibition and protein combination and the chlo-
roethyl carbonium ion intermediate with DNA crosslin-
king effect. This hypothesis still needs further studies.
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