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Abstract

Alkannin derivatives (3—19) were prepared through the reaction of ,3-dimethylacrylalkannin (1), the most abundant isohexenylnaphthaz-
arin isolated from the roots of Arnebia euchroma, with different types of nucleophiles such as amines and thiols in the absence or presence of
a reducing agent. The cytotoxicities of 1-8, 10-14 and 19 against four human carcinoma cell line (GLC-82, CNE2, Bel-7402, K-562) were
found to be markedly higher than that of the naturally occurring f,B-dimethylacrylalkannin (1) and acetylalkannin (2). This study also shed

light on the understanding of the biological activities in terms of the chemical reactivity of alkannins.

© 2004 Elsevier SAS. All rights reserved.
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1. Introduction

Natural products like alkannin, shikonin and related naph-
thazarin compounds have shown significant biological ac-
tivities including the inhibition of telomerase [1], DNA
topoisomerase-I [2], and cytotoxicity [2-5]. From a chem-
ist’s viewpoint, the conjugated addition of cellular compo-
nents (as nucleophiles) to quinones (as electrophiles) may be
partly responsible for the cytotoxic behavior of quinones [6],
and another possible mechanism for the cytotoxicity of
quinone methides may involve bioreductive alkylation [7-9].
The mechanism of bioreductive alkylation involves an in
vivo reduction of the quinone which leads to the elimination
of a leaving group from a suitable position followed by the
addition of the cellular nucleophiles, such as glutathione,
proteins or DNA, to quinones to form cytotoxic nucleophile—
quinone adducts and consequently causes the cell death.
Since chemical evidence supporting these hypotheses is rare
[10], it is of high interest to examine the chemical reactions
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that may occur between nucleophiles and natural alkannin,
and the origin of cytotoxicity of the resulting alkannin deriva-
tives.

In this paper we wish to report the reductive alkylation and
oxidation-conjugated addition of natural B,-dimethyl-
acrylalkannin (1) [11] isolated from the roots of Arnebia
euchroma [12], with a variety of nucleophiles, and the in
vitro cytotoxic activity of the synthesized products. The
results are consistent with the hypothesis that natural alkan-
nins have a tendency to undergo bioreductive alkylation and
conjugated addition reactions, and most of the reaction prod-
ucts showed higher cytotoxicity than the corresponding par-
ent compounds. These results partially explain the biological
activities of naphthazarin compounds and provide a good
lead for the search of more potent anticancer agents.

2. Chemistry

Conjugated addition reactions between a variety of nu-
cleophiles and B,B-dimethylacrylalkannin (1) were carried
out either in the presence or in the absence of reducing agents
(Fig. 1 and Table 1). Compound 1 is the most abundant
isohexenylnaphthazarin isolated from the roots of A. eu-
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Fig. 1. Structures of natural alkannins (1 and 2) and semi-synthesized
products (3-19); a: an isomer with nucleophilic group located at C-2; b: an
isomer with nucleophilic group located at C-3.

chroma, and the addition of amines to 1 took place at C-6 or
C-7 of the quinone ring (single-position reaction), respec-
tively, producing positional isomers 3a and 3b, or mixtures
(4-6 and 11) of positional isomers in the absence of a reduc-
ing reagent. For the purpose of clarity we denote the C-6
substituted product isomer “a” and the C-7 substituted prod-
uct isomer “b” in this paper.

More complicated products were obtained in the presence
of a reducing agent because of the possible involvement of
the two-positions reaction at C-6 (or C-7) of the ring and
C-11 of the side chain (7a and 7b, 8a and 8b, 9, 10, 12, 14,
17, 19a and 19b), three-positions reaction at C-6, C-7, and
C-11 (13, 15, and 18), and the four-positions reaction at C-3,
C-6, C-7, and C-11 (16). These results clearly showed that
natural alkannin underwent a bioreductive alkylation at

C-11. Meanwhile, a multipositional oxidation-conjugated
addition also took place [13]. Some of the positional isomers
could not be separated by rapid column chromatography and
even HPLC; however, 2D-NMR studies including "H-'3C
COSY and HMBC on separated isomers such as 3a and 3b,
7a and 7b, and the mixed isomers 10a and 10b provided
important information on the chemical shifts of these isomers
and helped the analysis of the NMR spectra of the mixed
isomers (Tables 2—4).

2.1. Reaction of p,p-dimethylacrylalkannin (1) with amine
in the absence of NaBH,

The reaction of B,B-dimethylacrylalkannin 1 with an
amine in methanol or in a mixed solvent of methanol and
chloroform led to the conjugate addition and autoxidation
products 3a/3b, 4, 5, and 6. The nucleophilic attack took
place at the C-6 or C-7 position of 1.

Longer reaction time and excess amount of base were
necessary for the reaction of 1 with aniline, a relatively weak
base. Flash chromatography of the reaction mixture gave two
red-colored products 3a and 3b in a ratio of 1.2:1 and in a
total yield of 73%. Compounds 3a and 3b were confirmed as
a pair of positional isomers of each other and their structures
have been determined by fast-atom bombardment mass spec-
tra (FAB-MS) and NMR ('H-'*C COSY, HMBC) experi-
ments. The main differences in the spectra of 3a and 3b are
the signals at C-1, C-4, C-5, C-7 and C-8 positions
(Tables 2 and 4).

The reaction of 1 with secondary amines, such as
N-methyl aniline, dimethyl amine, and morpholine produced

Table 1
Reaction of 8, -dimethylacrylalkannin 1 with nucleophiles
Entry Nucleophile Ratio ® Conditions Products (% ®)
1 PhNH, 1:10 MeOH, r.t., 6 d 3a (40), 3b (33)
2 PhNHCH; 1:2 MeOH, r.t.,3d 4(55)¢
3 (CH;),NH 1:3 CHCl1;-MeOH, 0 °C, 3 h 542)¢
4 /N 1:2.5 MeOH, r.t., 1 h 6(17)°¢
Q NH
n_/
5 PhNH, 1:10 NaBH,, MeOH, 0 °C >r.t.,, 12 h 7a (28), 7b (13)
6 /~ \ 1:10 NaBH,, MeOH, 0 °C, 4 h 8a (7.7), 8b (3.3)
O NH
n_/
7 PhSH 1:2 MeOH, r.t., 8 h 9(12),10(52) ¢
8 PhSH 1:2 MeOH, r.t., 24 h 10 (51) ¢
9 HOCH,CH,SH 1:50 MeOH, r.t., 0.5 h 11b (30), 12b (20)
10 HOCH,CH,SH 1:50 MeOH, r.t.,3d 12b (35), 13 (25)
11 CH,;CH,SH 1:50 MeOH, r.t.,4.5d 14b (18), 15 (27)
12 CH;CH,SH 1:50 MeOH, r.t., 7d 15(33),16 (2)
13 CH,00CCH,SH 1:40 MeOH, r.t., 1 h 17 (34) ¢, 18 (8)
14¢ PhSH 1:10 MeOH, reflux, 72 h 19a (58)
15°¢ PhSH 1:10 MeOH, reflux, 30 h 19b (71)

# Molar ratio of compound 1 to nucleophile.
® Isolated yield.

¢ Mixture of a pair of position isomers.
9 3a as starting material.
¢ 3b as starting material.



Table 2
"H NMR data of compounds 3, 7, 8, 10 and 19 *
Numberof H®  3a 3b 7a 7b 8a 8b 10a 10b 19a 19b
H-2 6.32s 6.33s 6.00 s 6.12s 6.32s
H-3 6.32s 6.33s 5995 6.12s 6.33s
H-7 7.11s 7.28s 7.19s 7.37s 7.26 s 7.36s 7.14 s 721s 7.18s 7.28 s
H-11 6.14dd (7.3,4.1)  6.13dd (7.3,2.7) 4.81dd(7.2,44) 4.81dd(7.2,43) 4.01d(5.2) 4.05d(5.2) 476dd (16.4,7.2) 4.76dd (16.4,72) 4.82t(7.2) 475t(7.2)
H-12 2.55m 2.55m 2.56 m 2.56 m 2.53m 2.53 m 2.60 m 2.60 m 2.621t(7.2) 2.621(7.2)
H-13 5.16t(7.2) 5.16t(7.1) 5.17t(7.2) 5.17t(7.2) 5.03m 4.99 m 5.12m 5.12m 5.151(6.8) 5.13¢(6.8)
H-15°¢ 1.57s 1.57s 1.66 s 1.66 s 145 1.46s 1.56s 1.56s 1.57s 1.57s
H-16 ¢ 1.68s 1.69 s 1.74 s 1.74 s 1.60 s 1.60s 1.66s 1.66s 1.66s 1.66s
OH-5 13.71s 1233 s 1391 s 12.52 s 13.62's 1237 s 13.17 s 12.51s 1393 s 12.52s
OH-8 11.89 s 13.19 s 11.89 s 13.14 s 12.38 s 13.00 s 12.26 s 12.85s 11.87 s 13.14 s
Nu CH 2-PhNH 3-PhNH 2-PhNH 3-PhNH 2-morpholine 3-morpholine 2-PhS 3-PhS 2-PhNH 3-PhNH
7.431,7.27d 7.441,7.26d 7.25-7.44 m 7.25-7.44 m 3.57d3.87d 3.55d3.88d 7.30-7.52 m 7.30-7.52 m 7.19-7.44 m 7.20-7.44 m
7.24 ¢ 7.24 t 11-PhNH 11-PhNH 11-morpholine 11-morpholine 11-PhS 11-PhS 11-PhS 11-PhS
6.48-6.67 m 6.48-6.67 2.47d3.70d 2.53m3.73d 7.22-7.30 m 7.22-7.30 m 7.19-7.32 m 7.20-7.32 m
Nu NH 7.74 s 7.70s 4.195s,7.71 s 4.155s,7.70 s 7.71s 7.69 s
RCOO 5.81m,2.17s, 5.79s,2.16 s,
1.94 s 1.93s

# The spectra were recorded on a 400 MHz NMR spectrometer in CDCl,, with Me,Si as an internal standard. Symbols are as follows: s, singlet; d, doublet; t, triplet; m, multiplet.
® The number of the hydrogen in each compound was shown in the footnote of Table 4.
¢ Exchangeable signals.
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Table 3
"H NMR data of compounds 1, 3-6, 9, 11-15 and 17-18 *
NumHer 4(a+b)¢ S(a+b)° 6(a+b)° 9 11b 12b 13 14b 15 17(a+b)¢ 18
of,
H-2 6.72's 6.71s 7.07s
6.33s" 579s" 598s" 7.33s"
H-3 6.97s 6.77 s
H-6 7.18s 7.18s
H-7 7.18s7.10/7.25s 7.12/7.23 s 7.11/7.23 s 7.18s 7.18s 7.40 735s 7.20s 737s 7121/741s 6.73 s
H-116.00 dé.11 dd 6.11/6.13 dd 6.11dd 4.61 m 6.11dd 4.38t(5.0) 437t(5.1) 4.23t(7.5) 439 t 451t(7.5) 4.51t(7.5)
(7.2, (7.6,44) (7.6,4.4) (7.6,4.4) (7.2,4.0) (7.5)
4.8)
H-122.51 m2.55 m 2.52m 2.55m 2.60 m 2.60 m 2.55m 2.69 m 2.55t(7.0) 256 t 2.60t(7.5) 2.60t(7.5)
(7.0)
H-135.14t 5.16 t (6.6) 5.17 t(6.8) 5.16 £ (6.8) 5.12m 5.14t(7.1) 5.09 t (6.5) 5.09t(6.4) 5.11m 5.10m 5.07t(7.5)  5.07t(7.5)
(6.8)
H-151.58 s 1.57 s 1.58s 1.56s 1.56s 1.55s 1.59s 1.57s 1.60s 1.58s 1.57s 1.57s
H-161.68 s 1.69 s 1.68 s 1.68 s 1.66 s 1.68 s 1.68 s 1.67 s 1.67 s 1.66s 1.66s 1.66 s
9H—512.44 §13.57/12.34 513.81/12.62 s 13.48/12.74 s 12.43s 12.20 s 12.55s 12.61s 1247 s 12.62s 13.13/12.53s 12.17
9H—812.60 §11.95/13.08 s12.23/13.28 s 12.33/12.99 s 12.62's 13.04 s 12.79 s 13.23s°¢ 12.63 s 13.23s 12.20/12.74 s 13.18
Ester5.79 m5.78 s, 578s,2.18s,1.92s 578 m, 2.15 s, 5.795s,2.155,1.92s
gro@pl5s, 2.17 S, 1.92s
1.94s 1935
Nu 7.44— 3.26s 3.87t(4.4) 7.22-7.30 m 3.97t (6.0) 2.68t(6.5) 2.59t(6.5) 1.23t(7.5) 1.20 t 3.18s 3.18s
CH 7.27 m (7.5)
226 3.55t(4.4) 3.12t(6.0) 3.11t(6.0) 3.46 t (6.3) 2.50q(7.5) 1.23 t 3.67s 3.67s
(7.5)
3.71t(6.5) 3.49t(6.4) 245 t 3.80s 371s
(7.5)
3.97 t (6.0) 3.72t(6.5) 3.80s
3.80t(6.3)
3.97t(6.4)
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# The spectra were recorded with a 400 MHz NMR spectrometer in CDCl,, with Me,Si as an internal standard. Symbols are as follows: s, singlet; d, doublet; t, triplet; m, multiplet.
® The numbering of hydrogen of each compound was shown in the footnote of Table 4.

¢ Exchangeable signals.

4 Exchangeable signals.

¢ Mixture of positional isomers.

f Signal of H-2 or H-3.



Table 4

13C NMR data of compounds 1, 3-8a, 9-10, 12b and 19 *

Number of 1 3a 3b 4(a+b)® 5(a+b)® 6(a+b)® Ta 7b 8a 9 10a 10b 12b 19a 19b
compounds ¢

1 179.0 182.9 187.3 184.1/186.7 185.7/186.3 184.6/186.4° 182.8 187.4 186.9" 181.2 182.0 181.2 182.19 182.8 187.2
2 131.6 145.6 103.1 147.9/112.2 144.2/112.1 144.3/112.5 145.9 103.3 153.7 127.8 156.3 127.8 127.2 145.8 103.2
3 149.0 103.0 145.5 112.3/147.9 112.1/144.2 112.7/144.3 102.9 145.8 1124 155.7 1274 155.7 153.8 103.0 145.5
4 177.5 187.7 183.7 187.1/184.6 186.3/186.0 186.8/185.2° 188.1 183.9 184.5" 181.0 180.3 181.0 181.6/ 187.9 183.6
5 165.2 153.6 155.2 153.6/155.8 152.2/157.8 153.6/153.9" 154.8 156.3 155.9' 160.4 159.3 160.4 159.7%  154.8 155.8
6 132.6¢ 145.6 139.9 147.9/140.7 144.2/140.0 140.9 148.4 142.1 144.9 143.8 146.1 143.8 144.5 146.7 140.5
7 132.4¢ 122.2 127.7 125.0/129.6 126.2/126.3 123.1/126.4 1233 128.7 125.7 129.2 126.9 129.2 129.0 124.2 129.5
8 166.3 157.7 155.8 157.8/155.8 158.0/152.3 156.0/155.8" 158.3 156.3 158.31 160.7 161.5 160.7 160.3  157.8 156.3
9¢ 111.6 110.5 110.1 110.4 110.9/110.4 110.1 110.4 109.9 110.3 110.1 110.4 110.1 110.2 110.4 109.8
10° 111.9 110.5 111.1 110.8 112.0/112.6 110.5 110.7 111.4 111.7 111.0 110.7 111.0 111.3 110.4 111.0
1 68.6 69.4 68.7 69.6/69.3 69.2/69.0 69.3/68.9 52.7 52.1 60.8 44.9 45.1 44.9 414 45.2 44.9
12 329 33.1 33.2 33.0/33.1 332 33.2/33.1 34.0 34.1 29.7 33.2 333 332 334 334 333
13 118.0 118.3 118.2 118.3/118.5 118.6 1183 119.2 119.2 119.0 119.8 119.8 119.8 119.9 120.0 119.9
14 135.8 135.2 1353 135.3/135.2 135.3/135.2 135.2 136.0 136.0 133.8 134.9 134.9 134.9 135.1 134.8 134.7
15" 17.9 18.0 18.0 17.8/17.9 17.9/18.0 18.0 18.1 18.1 17.9 18.1 18.1 18.1 18.0 18.1 18.0
16" 25.7 25.9 25.6 25.7 25.7/25.5 25.8 26.0 26.0 25.7 25.8 25.8 25.8 25.7 25.8 25.7
1 166.8 165.3 165.3 165.4 165.5/165.4 165.2/165.3 146.6 146.5 51.0 133.8 133.8 1338 33.7 1343 134.0
2' 115.2 115.5 115.5 115.6 115.7 115.5 1133 1133 67.2 128.8 128.8 128.8 59.7™ 128.7 128.7
3 159.0 158.1 158.2 158.1 158.0/158.1 158.1158.3 129.1 129.1 132.0 132.0 132.0 131.5 131.9
4 20.4# 20.4# 20.4# 20.3¢ 20.3¢ 20.4¢ 117.8 117.8 127.3 127.3 127.3 127.0 127.1
5 27.62 27.62 27.6% 27.5% 27.58 27.6% 129.1 129.1 132.0 132.0 132.0 131.5 131.9
6' 1133 1133 128.8 128.8 128.8 128.7 128.7
1" 136.9 136.9 140.7 49.8/49.7 136.9 137.0 49.7 127.0 127.0 127.0 35.1 136.9 136.9
2" 122.8 122.8 122.8/122.6 66.4 122.8 122.8 66.4 130.4 130.6 130.4 60.6™ 122.8 122.7
3", 5" 129.6 129.6 129.6 129.7 129.7 135.6 135.6 135.6 129.7 129.6
4" 125.9 126.0 126.1/126.5 126.0 126.0 133.0 133.0 133.0 126.0 125.9
6" 122.8 122.8 122.8 122.8 122.8 130.4 130.6 1304 122.8 122.7
NCH;4 43.4/43.8 43.3/43.5

% The spectra were recorded on a 400 MHz NMR spectrometer in CDCl5, with Me,Si as an internal standard. Symbols are as follows: s, C; d, CH; t, CH,; q, CH,.

® Mixture of positional isomers.

¢ The numbering of the carbons of the representative compounds.

4-MValues with the same superscript may be exchanged.
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Fig. 2. A reaction mechanism involving oxidation-conjugated addition.

the mixtures 4—6, respectively, which were positional iso-
mers at C-6 and C-7 like 3a and 3b. The 'H and '°C NMR
spectra of these mixtures displayed characteristic signals at
C-1, C-4, C-5, C-7 and C-8 positions. Based on these results
and the information obtained from a mass spectrometric
study, it was concluded that the reaction of 1 with secondary
amines is similar to that with aniline. However, the reaction
with secondary amines showed higher reactivity and pro-
duced complicated mixtures compared to the reaction with
aniline, and consequently led to lower yields. It was quite
possible that the stronger nucleophility of secondary amines
led to higher reactivity and their stronger alkalinity caused
more byproducts because of the instability of naphthazarines
towards base.

A possible reaction mechanism may be proposed as
shown in Fig. 2. Tautomerization [ 14] of the starting material
followed by nucleophilic addition to the o,B-unsaturated
carbonyl group gave two unstable intermediates, I and II.
This in turn was followed by an autoxidation step to re-form
the naphthazarin moiety to afford the final products.
Electron-donating substituents rendered the hydroquinones
more susceptible to oxidation than the corresponding unsub-
stitued hydroquinones [15], and this might be responsible for
the auto-oxidation of I and II to the final products in the
presence of atmospheric oxygen.

2.2. Reaction of B,p-dimethylacrylalkannin (1) with aniline
in the presence of NaBH

In order to confirm the hypothesis [7] of bioreductive-
alkylating function of isohexenylnaphthazarin, the reaction
of compound 1 with aniline was also carried out in the
presence of a reducing agent NaBH,. The color of the solu-
tion changed immediately from red to yellow, then slowly to
reddish violet upon addition of NaBH,. The products were
purified by flash column chromatography followed by semi-
preparative HPLC to give a pair of positional (C-6 and C-7)
isomers 7a and 7b with a ratio of 2:1 and in a total yield of
41%. The structures of compounds 7a and 7b were deter-
mined on the basis of NMR (1D and 2D) and FAB-MS.

On the other hand, the reaction of morpholine under re-
ducing condition gave positional isomers 8a and 8b in a total
yield of 11%. It was possible that the higher alkalinity of
morpholine caused the formation of more byproducts and
consequently led to the low yield.

2.3. Reaction of B,[-dimethylacrylalkannin (1) with thiols

Since a sulfanyl group possesses both nucleophilic and
reductive properties. The reaction of 1 with thiols is antici-
pated to proceed in a similar manner as that of 1 with aniline
in the presence of reducing reagents.

A reddish violet mixture 10 was isolated in 51% yield
when 1 was allowed to react with thiophenol for 24 h at
ambient temperature. The 'H and '>*C NMR spectra of the
products indicated that they were a pair of isomers (10a and
10b) resulting from two-positions reaction (at C-6/C-11 or
C-7/C-11) in an approximate ratio of 5:4. For a shorter
reaction time of 8 h, a single-positional (only at C-11) prod-
uct 9 was also obtained as a minor product, and the ratio of
9-10 was 19:81.

When 2-sulfanylmethanol was used as the nucleophile,
the products were also influenced by the reaction time.
Single-position reaction (only at C-7) product 11b and two-
positions reaction product 12b (C-7/C-11) were obtained
when the reaction was quenched in 0.5 h, while 12b and
three-positions (C-6/C-7/C-11) reaction product 13 were ob-
tained when the reaction was carried out for 3 d. In the
reaction of 1 with ethanethiol, in addition to the two-
positions and three-positions reaction products 14b and 15, a
four-positions reaction product 16 was also detected through
FAB-MS experiment. It was found that ethanethiol groups
have replaced three hydrogen atoms (at C-3, C-6, and C-7) on
the aromatic rings and an ester group (C-11) on the side
chain.

Methyl thioglycolate were also tested as nucleophiles.
The results showed that the major reactions seemed to be the
two-position one (17) and three-position one (18) according
to "H NMR data, UV special absorption spectra, and mass
spectra.

The substitution of the ester group by a nucleophile in the
presence of a reducing agent supported the hypothesis that
isohexenylnaphthazarin derivatives could function as
bioreductive-alkylating agents. The study also showed the
replacement of the aromatic protons by nucleophiles, which
probably involved a two-step reaction, i.e. the conjugate
addition of a,B-unsaturated carbonyl group followed by the
autoxidation of phenol. The different intermediates obtained
from the reactions of thiophenol and 2-mercaptoethanol
might be due to the difference of nucleophilicity and reduc-
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Fig. 3. Two possible mechanisms involving oxidation-conjugated addition and reductive alkylation.

ing power of the two nucleophiles. Accordingly, two possible
mechanisms were proposed as shown in Fig. 3. In mecha-
nism A, the reduction of 1 was followed by the leaving of the
ester group and the attack of nucleophilic group to give
hydroquinone intermediate a. A fast autoxidation followed
by a conjugate addition on the naphthazarin ring gave the
final products. In mechanism B, the first step was a conju-
gated addition, which was followed byreductive alkylation
and oxidation-conjugated addition to give the final product.
In the case of thiophenol with relatively strong reducing
power and weak nucleophilicity, mechanism A might domi-
nate. On the other hand, in the case of 2-sulfanylethanol with
stronger nucleophilicity, the first step of the reaction might be
conjugated addition of the naphthazarin ring (mechanism B).
To examine these possibilities, the reactions of 3a and 3b
with a large excess of thiophenol was studied and products
19a (71% yield) and 19b (58% yield) were obtained, respec-
tively. The reaction rate was so slow that the reaction required
refluxing condition and long reaction time. The slow rate
might be due to the presence of the phenylamino group
(PhNH-) on the naphthazarin ring that caused the steric
hindrance to the reductive alkylation. This result and the
formation of product 9 are consistent with mechanism A. For
the reaction using 2-mercaptoethanol as the nucleophile,
mechanism B was possible as evidenced by the formation of
compound 11b.

3. Cytotoxic activity of naphthazarin derivatives

The in vitro cytotoxicity of alkannin and derivatives was
evaluated. The growth inhibition effect was assayed using
MTT method. The concentration of alkannin derivatives for
50% inhibition (ICs,) on the human lung adenocarcinoma

cell line (GLC-82), human nasopharyngeal carcinoma cell
line (CNE2), human liver carcinoma cell line (Bel-7402) and
human leukemia cell line (K-562) were determined and the
results were summarized in Table 5. The cell line study
clearly showed that most of the derivatives (except for com-
pounds 5 and 13) display substantially higher cytotoxicity
than that of the natural parent compounds J3,B-
dimethylacrylalkannin (1) and acetylalkannin (2).

The derivatives 8, 11b, 12b, and 14b were found to be the
most cytotoxic compounds for the four cell lines. It is inter-
esting that all of them are products derived from non-
aromatic nucleophiles such as 2-sulfanylethanol and mor-
pholine.

Table 5

Cytotoxic activity of alkannin derivatives (ICs, (UM))

Compound GLC-82 CNE2 Bel-7402 K-562
1 _ _ _ _

2 _ _ _ _
3a 5.51 122 nd nd
3b 18.8 22.6 nd nd
4 2.00 9.37 22.9 -

5 13.8 - - -

6 5.63 18.5 16.0 14.1
7a 13.6 17.0 nd nd
7b 12.7 18.9 nd nd
8 2.31 4.50 6.99 2.58
10 4.41 - 159 -
11b 2.17 8.23 3.57 5.70
12b 1.58 5.05 9.60 5.57
13 - - - -
14b 5.49 8.76 11.3 9.25
19a - 22.3 nd nd
19b 21.7 - nd nd

—: no significant cytotoxicity and the IC5, value is higher than 25 uM. nd: not
determined.
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Comparing the cytotoxic potency of the single isomers
3a/3b, 7a/7b, and 19a/19b against GLC-82 and CNE2, no
significant differences were observed; only 3a is about
3.4 times as potent as 3b against GLC-82.

In conclusion, we have carried out the conjugate addition
and reductive alkylation of B,B-dimethylacrylalkannin with a
variety of nucleophiles, and all of the addition products
showed higher in vitro cytotoxicity against four human car-
cinoma cells than the parent compounds ,B-dimethyl-
acrylalkannin (1) and acetylalkannin (2). The results are
consistent with the hypothesis that the conjugate addition and
reductive alkylation of cellular components (as nucleophiles)
with quinones (as electrophiles) might be responsible for the
cytotoxic behavior of quinines. Furthermore, the fact that the
reaction products showing higher cytotoxicity than the par-
ent compounds also provides a good lead for finding more
potent anticancer agents.

4. Experimental
4.1. General

UV/visible absorbance spectra were measured on a MIL-
TON ROY 3000 ARRAY spectrophotometer. All NMR spec-
tra were collected on a JEOL JINM-EX 400 NMR spectrom-
eter and Varian UNITYINOVA 500 NMR spectrometer in
CDCl,. The chemical shifts (J) are expressed in ppm relative
to tetramethylsilane and coupling constant (/) in Hertz. All
FAB-MS were determined in NBA matrix in the positive ion
mode on a Finnigan MAT TSQ 7000 spectrometer and a VG
ZAB-HS spectrometer. HPLC was performed on a Waters
600E-996 PAD, the preparative column used was a Waters
Nova-Pak, silica 6 pm, 19 x 300 mm column. Flash chroma-
tography was performed on Merck silica gel (0.015 mm).
Melting points were determined with a Thomas Hoover melt-
ing (capillary method) apparatus and were uncorrected. El-
emental analyses were carried out in the Central Laboratory
of Sun Yat-Sen University.

4.2. Isolation of f,[-dimethylacrylalkannin

Dry root powder of A. euchroma [12] was extracted with
petroleum ether (30-60 °C). The extract was concentrated
and the residue was chromatographed on silica gel (ethyl
acetate/petroleum ether, 5:95), yielding crude (,B-
dimethylacrylalkannin (1) (R, = 0.64, hexane/ethyl acetate,
5:1). The crude sample was recrystallized in hexane to give
pure B,B-dimethylacrylalkannin.

4.3. Semi-synthesis of isohexenylnaphthazarin analogs

4.3.1. 2-Phenylamino-6-(11-p,p-dimethylacryl)isohexenyl-
naphthazarin (3a) and 3-phenylamino-6-(11-f,5-dimethyl-
acryl)isohexenylnaphthazarin (3b)

A solution of [B,B-dimethylacrylalkannin (1, 74 mg,
0.2 mmol) and aniline (187 pl, 2 mmol) in methanol (8 ml)

was stirred for 6 d (or 1 hif catalyzed by 2 mg of H;BO; [16])
at ambient temperature. The solvent was removed and the
mixture was purified by flash chromatography (hexane/ethyl
acetate, 96:4) to afford compounds 3a (37 mg, 40%) and 3b
(30.5 mg, 33%). 3a: UV 4., (Ig &) MeOH): 212 (4.2), 268
(4.1), 321 (3.4), 507 (3.7) nm; 'H NMR (Table 2); '*C NMR
(Table 4); FAB-MS m/z 462 (M* + 1), 391, 362, 83. Anal.
Calc. for C,;H,,NOg: C, 70.25; H, 5.90; N, 3.04. Found: C,
70.20; H, 5.92; N, 2.99. 3b: UV 4, (Ig &) (MeOH): 212
(4.2),269 (4.1), 515 (3.7) nm; "H NMR (Table 2); '*C NMR
(Table 4); FAB-MS m/z 462 (M* + 1), 391, 362. Anal. Calc.
for C,,H,,NOg: C, 70.25; H, 5.90; N, 3.04. Found: C, 70.28;
H, 5.93; N, 3.07.

4.3.2. 2- or 3-Methylphenylamino-6-(11-p,p-dimethylacryl)
isohexenylnaphthazarin (4)

A mixture of 1 (74 mg, 0.2 mmol) and N-methyl aniline
(0.4 mmol) in methanol (10 ml) was stirred for 3 d (or 1 hif
catalyzed by 2 mg of H;BO;) at ambient temperature. TLC
analysis showed complete conversion. The solvent was re-
moved under reduced pressure and the residue was purified
by flash chromatography (hexane/ethyl acetate, 96:4) to af-
ford a mixture of compounds 4a and 4b (1:1 ratio; 52 mg,
55%). UV Anax (g €) MeOH): 213 (4.3), 278 (4.0), 520 (3.7)
nm; '"H NMR (Table 3); '*C NMR (Table 4); FAB-MS m/z
476 (M* + 1), 464, 392, 376, 324, 91, 83, 55. Anal. Calc. for
C,5H,oNOg: C, 70.74; H, 6.11; N, 2.95. Found: C, 71.22; H,
6.04; N, 3.05.

4.3.3. 2- or 3-Dimethylamino-6-(11-p,p-dimethylacryl)iso-
hexenylnaphthazarin (5)

To a solution of 1 (74 mg, 0.2 mmol) in 10 ml of chloro-
form was added drop-wise a solution of dimethyl amine
(0.6 mmol) in 2 ml of methanol in a period of 2 h. After
another hour of stirring, the reaction mixture was washed
with water (4 x 10 ml) and dried over Na,SO,. The solvent
was removed and the residue was purified by flash chroma-
tography and preparative TLC to give a mixture of Sa and Sb
inaratio of 1:0.9 (34 mg, 42%). UV 4,,.x (g &) MeOH): 216
(4.4),266 (3.9), 306 (3.4), 514 (3.6) nm; "H NMR (Table 3);
13C NMR (Table 4); FAB-MS m/z 410 (M* + 1), 314, 262,
171, 83,55. Anal. Calc. for C,3H,,NOg: C, 67.48; H, 6.60; N,
3.42. Found: C, 66.87; H, 6.50; N, 3.34.

4.3.4. 2- or 3-Morpholino-6-(11-p,f-dimethylacryl)isohexe-
nylnaphthazarin (6)

To a solution of 1 (56 mg, 0.15 mmol) in 6 ml of methanol
was added a solution of morpholine (0.4 mmol) in 1 ml of
methanol at ambient temperature. After another hour of stir-
ring, the solvent was removed and the residue was purified by
flash chromatography (hexane/ethyl acetate, 4:1) to give 6
(12 mg, 17%, a mixture of 6a and 6b in a ratio of 44:56). UV
Amax (12 &) MeOH): 214 (4.3), 260 (4.1), 321 (3.5), 509 (3.8)
nm; 'H NMR (Table 3); >*C NMR (Table 4); FAB-MS m/z
(%): 456 M* + 1), 356. Anal. Calc. for C,sH,,NO;: C,
65.93; H, 6.37; N, 3.08. Found: C, 66.17; H, 6.42; N, 3.14.
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4.3.5. 2,11-Bis(phenylamino)-6-isohexenylnaphthazarin (7a)
and 3, 11-bis(phenylamino)-6-isohexenylnaphthazarin (7b)

To a solution of red mixture of 1 (56 mg, 0.15 mmol) and
aniline (140 pl, 1.5 mmol) in methanol (6 ml) was added
sodium borohydride (17 mg, 0.45 mmol) under ice-bath. A
light yellow color solution was obtained. The stirring was
continued for 30 min at 0 °C and 12 h at room temperature
(r.t.). The color of the solution changed slowly from yellow to
reddish violet. The solvent was removed and the residue was
purified by flash chromatography to give a mixture of 7a and
7b. This mixture was further isolated by preparative HPLC
(eluent: hexane/ethyl acetate/acetic acid = 40:58:2, flow rate:
5 ml/min) to yield 7a (19 mg, 28%) and 7b (9 mg, 13%).

7a: UV L.« (Ig &) (MeOH): 212 (4.3), 251 (4.3), 266
(4.3), 325 (3.7), 508 (4.0) nm; "H NMR (Table 2); '*C NMR
(Table 4); FAB-MS m/z 455 (M* + 1), 362. Anal. Calc. for
C,gH,,N,0,: C,73.98; H,5.77; N, 6.17. Found: C, 73.88; H,
5.70; N, 6.28. 7b: UV 4., (Ig &) (MeOH): 208 (4.4), 250
(4.3), 517 (3.9) nm; "H NMR (Table 2); '*C NMR (Table 4);
FAB-MS m/z 455 (M* + 1), 391. Anal. Calc. for
C,¢H,N,0,: C,73.98; H, 5.77; N, 6.17. Found: C, 73.91; H,
5.83; N, 6.10.

4.3.6. 2,11-Bis(morpholino)-6-isohexenylnaphthazarin (8a)
and 3,11-bis(morpholino)-6-isohexenylnaphthazarin (8b)

To a solution of 1 (74 mg, 0.2 mmol) in 35 ml of methanol
was added drop-wise a solution of morpholine (2 mmol) in
2 ml of methanol followed by the addition of sodium boro-
hydride (38 mg, 1 mmol). The reaction mixture was stirred
for 4 h at 0 °C. Ice-water (30 ml) was added into the reaction
mixture and the solution was extracted four times with a
mixture of hexane and ethyl acetate (1:1). The organic phase
was combined, washed with water and was dried over so-
dium sulfate. The solvent was removed and the residue was
purified by flash chromatography (hexane/ethyl acetate, 3:1)
to give 8a (7 mg, 7.7%) and 8b (3 mg, 3.3%).8a: UV 4, (g
¢) (MeOH): 212 (4.3), 250 (4.2), 322 (3.5), 506 (3.9) nm; 'H
NMR (Table 2); '*C NMR (Table 4); FAB-MS m/z 356 [M* —
O(CH,CH,),N], 149, 113. Anal. Calc. for C,,H;;N,Oq: C,
65.14; H, 6.83; N, 6.33. Found: C, 65.11; H, 6.88; N, 6.25.
8b: UV A, (Ig &) MeOH): 208 (4.2), 250 (4.2), 515 (3.8)
nm; "H NMR (Table 2); >*C NMR (Table 4); FAB-MS m/z
356 [M* - O(CH,CH,),N], 149, 113. Anal. Calc. for
C,,H;oN,O4: C, 65.14; H, 6.83; N, 6.33. Found: C, 65.13; H,
6.86; N, 6.27.

4.3.7. 11-Phenylsulfanyl-6-isohexenylnaphthazarin (9) and
2,11-, or 3,11-bis(phenylsulfanyl)-6-isohexenylnaphthazarin
(10)

A mixture of thiophenol (0.33 mmol) and compound 1
(0.15 mmol) in methanol (6 ml) was stirred for 8 h at r.t. The
solvent was removed by blowing cold air and the residue was
purified by flash chromatography to give 9 and 10 (45 mg,
64%, a mixture of 9, 10a, and 10b in a ratio of 19:51:30).
‘When the reaction was carried out for 24 h, a mixture of 10a
and 10b in a ratio of 11:9 (37 mg of, 51% yield) was

obtained. 9: "H NMR (Table 3); '>*C NMR (Table 4). 10: UV
Jonax (2 €) (MeOH): 208 (4.3), 247 (4.1), 526 (3.6) nm; 'H
NMR (Table 2); '>*C NMR (Table 4); FAB-MS m/z 489 (M* +
1), 419, 381, 380, 379, 337, 271.

4.3.8. 3-(2-Hydroxyethanesulfanyl)-6-(11-p,-dimethylacryl)
isohexenylnaphthazarin (11b), 3,11-bis-(2-hydroxyethane-
sulfanyl)-6-isohexenylnaphthazarin ~ (12b), 2,3,11-tri-(2-
hydroxyethanesulfanyl)-6-isohexenylnaphthazarin (13)

A mixture of 1 (100 mg, 0.27 mmol) with
1-sulfanylethanol (1 ml, 14.3 mmol) in methanol (10 ml) was
stirred for 30 min at ambient temperature. The solvent was
removed and the residue was purified by flash chromatogra-
phy (petroleum ether/ethyl acetate, 2:1 v/v) and preparative
TLC to give 11b (36 mg, 30%) and 12b (23 mg, 20%). When
the reaction was carried out for 3 d at ambient temperature,
40 mg (35%) of 12b and 34 mg (25%) of 13 were obtained.
11b: UV A4, (g &) MeOH): 214 (4.4), 245 (4.3), 320 (3.7),
508 (3.8) nm; "H NMR (Table 3); FAB-MS m/z 447 (M* + 1),
435,379,347,309,301, 83,55.12b: UV 4., (Ig &) (MeOH):
214 (4.3), 246 (4.4), 318 (3.8), 520 (4.0) nm; 'H NMR
(Table 3); '*C NMR (Table 4); FAB-MS m/z 425 (M* + 1),
347, 149, 91, 55. Anal. Calc. for C,,H,,04S,: C, 56.60; H,
5.66. Found: C, 56.63; H, 5.70. 13: UV 4., (Ig &) (MeOH):
217 (4.4), 265 (4.3), 368 (3.5), 509 (4.0) nm; 'H NMR
(Table 3).

4.3.9. 3,11-Diethanesulfanyl-6-isohexenylnaphthazarin (14b),
2,3, 11-triethanesulfanyl-6-isohexenylnaphthazarin (15) and
2,3,7,11-tetraethanesulfanyl-6-isohexanylnaphthazarin (16)
A mixture of 1 (100 mg, 0.27 mmol) and ethanethiol
(1 ml, 13.5 mmol) in 10 ml of methanol was stirred for 4.5 d
at ambient temperature. The solvent was removed and the
residue was purified by flash chromatography and prepara-
tive TLC to give 14b (19 mg, 18%) and 15 (33 mg, 27%).
When the reaction was continued for 7 d at ambient tempera-
ture, 15 (40 mg, 33%) and 16 (2.8 mg, 2%) were obtained.
14b: "H NMR (Table 3); ESI-MS m/z 391 (%) (M* — 1, 23).
15: UV /.« (g &) (MeOH): 215 (4.4), 268 (4.1), 323 (3.5),
506 (3.9) nm; "H NMR (Table 3); FAB-MS m/z (%) 453 (M™*
+ 1, 26), 391 (100), 383 (80), 361 (12), 91 (28), 69 (46), 55
(45). 16: UV A, (Ig &) (MeOH): 214 (4.4), 272 (4.3), 349
(3.4), 536 (3.9) nm; FAB-MS m/z (%) 513 (M* + 1, 22), 451
(73),390 (14), 329 (4), 268 (44), 130 (68), 69 (78), 55 (100).

4.3.10. 2,11- or 3,11-Bis-methoxycarbonylmethanesulfanyl-
6-isohexenylnaphthazarin (17), 2,3, 11-trimethoxycarbonyl-
methanesulfanyl-6-isohexenylnaphthazarin (18)

A mixture of 1 (100 mg, 0.27 mmol) and methyl mercap-
toacetate (1 ml, 11.2 mmol) in 10 ml of methanol was stirred
for 1 h at r.t. The solvent was removed and the residue was
purified by flash chromatography and preparative TLC to
give 17 (44 mg, 34%) and 18 (18 mg, 8%). 17: UV ..
(MeOH): 240, 269, 330, 496, 522, 561 nm; 'H NMR
(Table 3); FAB-MS m/z (%) 481 M™* + 1, 8), 375 (9), 219 (5),
167 (5).18: UV 4, MeOH): 234,259, 333,497, 528, 554,

max
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'H NMR (Table 3); FAB-MS m/z (%) 585 (M* + 1, 4), 479
(5), 341 (2), 257 (2), 205 (6), 156 (6).

4.3.11. 2-Phenylamino-11-phenylsulfanyl-6-isohexenyl-
naphthazarin (19a) and 3-phenylamino-11-phenylsulfanyl-
6-isohexenylnaphthazarin (19b)

A solution of thiophenol (41 pl, 0.4 mmol) and 3a or 3b
(18 mg, 0.04 mmol) in methanol (5 ml) was stirred for 30 h
(for 3b) or 72 h (for 3a), respectively, under refluxing condi-
tion. After the removal of the solvent, the mixture was puri-
fied by flash chromatography to afford the compound 19a
(11 mg, 58%) or 19b (13 mg, 71%), respectively. 19a: UV
Jonax (12 €) (MeOH): 212 (4.4), 269 (4.4), 509 (4.0) nm; 'H
NMR (Table 2); ">*C NMR (Table 4); FAB-MS m/z 472 (M* +
1),402, 362. Anal. Calc. for C,;H,sNO,S: C, 71.31; H, 5.35;
N, 2.97. Found: C, 71.38; H, 5.40; N 2.92. 19b: UV 4,,., (g
¢) (MeOH): 211 (4.5), 269 (4.4), 522 (4.0) nm; 'H NMR
(Table 2); '*C NMR (Table 4); FAB-MS m/z 472 (M* + 1),
402, 362. Anal. Calc. for C,4H,sNO,S: C, 71.31; H, 5.35; N,
2.97. Found: C, 71.40; H, 5.38; N, 2.90.

4.4. Cytotoxic activity assay

4.4.1. Cancer cell lines and culture

The cell lines used for the tests were human lung adeno-
carcinoma line GLC-82, human nasopharyngeal carcinoma
cell line CNE2, human liver carcinoma cell line Bel-7402,
and human leukemia cell line K-562. They were, respec-
tively, incubated at 37 °C in an incubator with 5% of CO,.
The media used was RPMI-1640 with 10% newborn calf
serum (product of New Zealand).

4.4.2. Cytotoxic effect assay using MTT method

The cancer cells in exponential phase were placed in a
96-well plate, containing 1 x 10*-2 x 10* per well. After
incubating for 6 h the sample solutions were added to each
well, respectively, making final concentrations of 0.1—
25 pg/ml. The cells were continually incubated for 72 h. The
groups treated by RPMI-1640 were used as control groups.
To each well was added 10 ul (5 mg/ml) of MTT solution,

and the incubation was continued for 4 h. The formazane
crystals thus formed were dissolved by 100 ul DMSO. The
absorbance was detected in the microplate reader Bio-red
550 model at 540 nm wave length. The 1Cs, values were
determined using a Litchfield & Wilcoxon I: confidence
limits of EDy, pharmcologic calculation system.
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