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Nine C-10 non-acetal derivatives of the natural trioxane artemisinin (1) were prepared as dimers
using some novel chemistry. As designed, each dimer was stable chemically. C-10 Olefinic
dimers 7 and C-10 saturated dimers 8-13 all showed good to excellent antimalarial and
antiproliferative activities in vitro. Dimers 8, 10, and 12 were especially potent and selective
at inhibiting growth of some human cancer cell lines in the NCI in vitro 60-cell line assay.

Introduction
Some dimeric chemical structures have especially

high biological activities. Examples include bismustard
cross-linked lexitropsins,2 dimeric steroid-pyrazine ma-
rine alkaloids,3 and DNA-cross-linking dimeric benzo-
diazepines4,5 and bis(enediynes).6 Some 1,2,4-trioxane
dimers have high antimalarial, antiproliferative, and
antitumor activities in vitro, but often they are hydro-
lytically unstable.7-10 Most efforts to prepare chemically
more robust semisynthetic derivatives of the natural
antimalarial 1,2,4-trioxane artemisinin (1) have in-
volved replacing the C-10 acetal functionality in ester
and ether derivatives 2-5 by less hydrolytically prone
functional groups.11-18 Recent success along these lines
has led to a series of orally active, hydrolytically stable
antimalarial trioxanes in the artemisinin family.19

Herein, we report synthesis and preliminary biological
evaluation of nine C-10 non-acetal artemisinin-derived
trioxane dimers, some of which are not only potent
antimalarials but also potent antiproliferative and
antitumor agents.

Synthesis and Antimalarial Activities
C-10 Olefinic non-acetal dimers 7a-c were prepared

in high overall yield and in a novel way via a bis-Wittig
coupling reaction with the recently reported artemisi-
nin-derived R,â-unsaturated aldehyde 6 (Scheme 1).20

The coupling reaction was optimized to nearly quantita-
tive yield by generating the bis-phosphonium ylide
reagent via in situ deprotonation of the corresponding
bis-phosphonium bromide salt in the presence of alde-
hyde 6 using in situ generated lithium ethoxide as
base.21 The three geometric isomers 7a-c were sepa-
rated from one another chromatographically and were
assigned trans or cis stereochemistry by 1H NMR
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spectroscopy (see Experimental Section). The corre-
sponding p-xylylene dimers were prepared from alde-
hyde 6 in a similar fashion, but they were found to be
unstable, decomposing during several hours in CDCl3.

Using our standard assay,22 the antimalarial poten-
cies of m-xylylene dimers 7 in vitro against chloroquine-
sensitive Plasmodium falciparum (NF54) parasites were
found to be as follows: 7a, IC50 ) 77 nM; 7b, IC50 ) 35
nM; 7c, IC50 ) 18 nM; in comparison, the IC50 value
for artemisinin is 9.7 nM. C-10 Saturated non-acetal
dimers 8-13 were prepared from either artemether (2)
via novel titanium-promoted condensations (eq 1) or

from the recently described artemisinin-derived C-10
fluoride 14 via Friedel-Crafts or aluminum acetylide
condensations (Scheme 2).18 Although benzoylmethylene
dimers 8 and 9 and acetylenic dimers 12 and 13 are
stereochemically â-linked to C-10 of the artemisinin
skeleton, aryl dimers 10 and 11 are R-linked; the basis
for this difference in stereochemistry of attachment is

Scheme 2

Scheme 1
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not fully understood. Unlike the bis-acetylene dimers
12 and 13, benzoylmethylene dimers 8 and 9, aryl dimer
10, and furan dimer 11 are considerably more potent
antimalarial agents (IC50 ) 1.3-3.2 nM) than natural
artemisinin (IC50 ) 9.7 nM) (Table 1).

Antiproliferative and Antitumor Activities

Antiproliferative activities, measured in vitro using
murine keratinocytes as described previously,23 are
shown in Figure 1 for C-10 olefinic m-xylylene dimers
7 and in Figure 2 for some of the C-10 saturated dimers
8-13. It is noteworthy that most of these trioxane
dimers are considerably more effective at 1 µM concen-
tration than calcitriol (1R,25-dihydroxyvitamin D3), the
hormonally active form of vitamin D3 that is used
clinically as a topical drug to treat psoriasis,24 a skin
disorder characterized by uncontrolled proliferation of
cells. However, these trioxane dimers are less effective
than calcitriol at nanomolar concentrations.

Growth inhibitory activities at nanomolar to micro-
molar concentrations, measured in vitro as described
previously using a diverse panel of 60 human cancer
cell lines in the National Cancer Institute (NCI’s)
Developmental and Therapeutic Program,25 indicate
that all of our dimers are particularly inhibitory to
leukemia cells and some of these dimers are notably
active in a few other (e.g. colon 205) cancer cell lines.
Furthermore, the NCI COMPARE program25 evaluated
the cell sensitivity profile of our dimers versus the 60-

cell line sensitivity profile for all compounds in the NCI
database and found that most of our dimers are similar
in profile to platinum compounds; such compounds are
DNA intrastrand cross-linking agents that inhibit cell
replication.26 Whether this molecular mechanism is the
biological basis of action of our dimers, however, re-
mains to be established by appropriate additional
experiments in the future.

Preliminary in vivo antitumor evaluation of dimer 8
was performed using the NCI mouse hollow fiber assay.
This mouse model involves implanting intraperitoneally
(ip) and also subcutaneously (sc) polyvinylidene hollow
fibers containing various human cancer cell lines and
then administering the dimer via the ip route. The effect
of a dimer on diminishing the viable cancer cell mass
compared to that of controls was examined. Trioxane
dimer 8 substantially diminished cancer cell mass and
was as effective at the remote sc implant site as at the
ip implant site, suggesting that dimer 8 is potent and
stable in this in vivo assay.

In conclusion, the C-10 non-acetal trioxane dimers
reported here represent a new series of chemically
robust, biologically potent compounds having potential
for diverse therapeutic uses. Further study of these new

Table 1. C-10 Deoxoartemisinin Dimers 8-13

a Antimalarial activity was determined against the chloroquine-
sensitive NF54 strain of P. falciparum as reported previously.22

The standard deviation for each set of quadruplicates was an
average of 11% (e 57%) of the mean. R2 values for the fitted curves
were g 0.992. Artemisinin activity is mean ( standard deviation
of concurrent control (n ) 6).

Figure 1. Dose-response effects of analogues on keratinocyte
proliferation (96 h).

Figure 2. Dose-response effects of analogues on keratinocyte
proliferation (96 h).
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chemical entities will reveal their mechanism(s) of
action and their broad efficacy/safety profile.

Experimental Section
General. Unless otherwise noted: Reactions were run in

flame-dried round-bottomed flasks under an atmosphere of
ultrahigh purity (UHP) argon. Diethyl ether (ether) and
tetrahydrofuran (THF) were distilled from sodium benzophe-
none ketyl prior to use. Dichloromethane (CH2Cl2) and tri-
ethylamine (TEA) were distilled from calcium hydride prior
to use. All other compounds were purchased from Aldrich
Chemical Co. Column chromatography was performed using
short path silica gel (particle size < 230 mesh), flash silica gel
(particle size 400-230 mesh), or Florisil gel (200 mesh).
Analytical thin-layer chromatography (TLC) was performed
with silica gel 60 F254 plates (250 µm thickness; Merck). Yields
are not optimized. Nuclear magnetic resonance (NMR) spectra
were obtained using a Varian XL-400 spectrometer, operating
at 400 MHz for 1H and 100 MHz for 13C, or a Bruker, operating
at 300 MHz for 1H and 75 MHz for 13C. Chemical shifts are
reported in parts per million (ppm, δ) downfield from tetra-
methylsilane. Splitting patterns are described as singlet (s),
doublet (d), triplet (t), quartet (q), multiplet (m), and broad
(br). Infrared (IR) spectra were obtained using a Perkin-Elmer
1600 FT-IR spectrometer. Resonances are reported in wave-
numbers (cm-1). Low-resolution (LRMS) and high-resolution
(HRMS) mass spectra were obtained on a VG Instruments 70-S
spectrometer run at 70 eV for electronic ionization (EI) and
run with ammonia (NH3) as a carrier for chemical ionization
(CI). High-performance liquid chromatography (HPLC) was
performed using a Rainin HPLX gradient system equipped
with two 25 mL/min preparative pump heads using Rainin
Dynamax 10-mm × 250-mm (semipreparative) columns packed
with 60 Å silica gel (8-mm pore size) as bare silica. Melting
points were measured using a Mel-Temp metal-block ap-
paratus and are uncorrected. Combustion analyses were
conducted by Atlantic Microlab (Norcross, GA).

General Procedure 1: Synthesis of TMS Enol Ether
of Aryl Methyl Ketones. To a solution of aryl methyl ketone
(1.0 equiv) in ether (2 mL/mmol of ketone) at 0 °C was added
Et3N (1.1 equiv) via syringe. To this mixture at 0 °C was slowly
added trimethylsilyl trifluoromethanesulfonate (TMSOTf; 1.1
equiv) via gastight syringe. The resulting mixture was stirred
at 0 °C for 15 min, warmed to room temperature, and stirred
for 2 h. Two phases were separated and the ethereal layer was
concentrated under reduced pressure.

m-Benzene Dimers 7. m-Xylylene bis(triphenylphospho-
nium bromide) (0.13 g, 0.17 mmol) and aldehyde 620 (0.10 g,
0.34 mmol) in EtOH (1.0 mL) at 0 °C were treated with lithium
bis(trimethylsilyl)amide (1.0 M in THF, 0.68 mL, 4.0 equiv).
The reaction was stirred for 10 min at 0 °C, then for 10 min
at room temperature. The reaction was concentrated, then
diluted with ether, washed with brine, dried over Na2SO4,
filtered, and concentrated under reduced pressure. The crude
product was chromatographed on a flash silica gel column with
10% EtOAc/hexanes as eluent to give the desired product 7
as a mixture of all three possible Z/E isomers as an oil (0.11
g, 0.17 mmol, 99%), ZE:EE:ZZ ) 6:3:2 (as determined by 1H
NMR). The three isomers were separated by HPLC (silica
semipreparative column, 10% EtOAc/hexanes at 3 mL/min):
ZZ (tR ) 11 min), EE/EZ (mixture; tR ) 13 min). Silica
semipreparative column, 80% CH2Cl2/hexanes at 3 mL/min,
gave separation of the EE/EZ: mixture; EE tR ) 9.0 min, EZ
tR ) 19.0 min; 7a [R]23

D ) 0 (c ) 0.48, EtOAc); 1H NMR (400
MHz, CDCl3) δ 7.53 (br s, 1 H), 7.22 (m, 3 H), 6.99 (d, J )
15.6 Hz, 2 H), 6.87 (d, J ) 15.6 Hz, 2 H), 5.72 (s, 2 H), 2.46-
2.36 (m, 2 H), 2.08-1.80 (m, 6 H), 1.87 (s, 6 H), 1.72-1.40 (m,
8 H), 1.46 (s, 6 H), 1.32-1.02 (m, 6 H), 0.99 (d, J ) 5.6 Hz, 6
H); 13C NMR (100 MHz, CDCl3) δ 142.0, 137.9, 128.5, 127.6,
125.4, 125.1, 119.6, 108.5, 104.4, 90.1, 78.7, 51.0, 47.0, 37.6,
36.2, 34.2, 29.4, 25.8, 24.5, 20.2, 16.1; HRMS (CI, NH3) m/z
calcd for C40H50O8 (M+) 658.3506, found 658.3515; 7b [R]23

D )
+77 (c ) 0.49, EtOAc); 1H NMR (400 MHz, CDCl3) δ 7.49 (br
s, 1 H), 7.44 (m, 1 H), 7.29 (m, 1 H), 7.22 (t, J ) 7.6 Hz, 1 H),

6.96 (d, J ) 15.6 Hz, 1 H), 6.85 (d, J ) 15.6 Hz, 1 H), 6.50 (d,
J ) 12.0 Hz, 1 H), 6.05 (d, J ) 12.0 Hz, 1 H), 5.70 (s, 1 H),
5.65 (s, 1 H), 2.46-2.35 (m, 2 H), 2.08-1.80 (m, 8 H), 1.86 (s,
3 H), 1.74-1.38 (m, 6 H), 1.44 (s, 3 H), 1.41 (s, 3 H), 1.40 (s, 3
H), 1.30-1.02 (m, 6 H), 0.99 (d, J ) 5.6 Hz, 3 H), 0.97 (d, J )
6.0 Hz, 3 H); 13C NMR (100 MHz, CDCl3) δ 142.0, 141.3, 137.5,
137.2, 132.3, 128.2, 128.0, 127.8, 127.2, 125.4, 122.8, 119.3,
108.2, 105.5, 104.4, 104.3, 90.0, 89.9, 78.704, 78.695, 51.1, 51.0,
46.9, 45.9, 37.6, 36.3, 36.2, 34.2, 34.1, 29.4, 29.2, 25.8, 24.5,
20.5, 20.2, 16.5, 16.1; HRMS (CI, NH3) m/z calcd for C40H50O8

(M+) 658.3506, found 658.3508; 7c [R]23
D ) +228 (c ) 0.49,

EtOAc); 1H NMR (400 MHz, CDCl3) δ 7.50 (br s, 1 H), 7.43 (d,
J ) 7.6 Hz, 1 H), 7.39 (d, J ) 7.6 Hz, 1 H), 7.18 (t, J ) 8.0 Hz,
1 H), 6.48 (d, J ) 12.0 Hz, 2 H), 5.99 (d, J ) 12.0 Hz, 2 H),
5.66 (s, 2 H), 2.46-2.36 (m, 2 H), 2.04 (m, 2 H), 1.92 (m, 4 H),
1.70-1.38 (m, 10 H), 1.41 (s, 6 H), 1.36 (s, 6 H), 1.28-1.02 (m,
4 H), 0.98 (d, J ) 5.6 Hz, 6 H); 13C NMR (100 MHz, CDCl3) δ
141.4, 136.8, 132.7, 129.8, 128.0, 127.6, 122.5, 105.0, 104.4,
89.9, 78.7, 51.2, 45.9, 37.6, 36.4, 34.1, 29.2, 25.9, 24.5, 20.3,
16.5; HRMS (CI, NH3) m/z calcd for C40H50O8 (M+) 658.3506,
found 658.3515.

1,4-Diacetylbenzene Bis-TMS Enol Ether. 1,4-Diacetyl-
benzene (1.6 g, 10 mmol) was treated according to the general
procedure 1. The crude was purified by Kügelrohr distillation
to give the desired product (1.8 g, 5.9 mmol, 59%). The mixture
was used for the next step without further purification: 1H
NMR (400 MHz, CDCl3) δ 7.56 (s, 4 H), 4.95 (d, J ) 2.0 Hz, 2
H), 4.45 (d, J ) 2.0 Hz, 2 H), 0.29 (s, 18 H); 13C NMR (100
MHz, CDCl3) δ 155.3, 137.2, 124.9, 91.3, 0.11; IR (neat) 2960,
1687, 1608, 1314, 1253, 1114, 1011 cm-1.

10-p-Acetylphenylartemisinin Dimer 8. With the use of
a glovebag under argon, neat TiCl4 (0.12 mL, 1.1 mmol) was
added to CH2Cl2 (1 mL) at room temperature. To this pale
yellow mixture at -78 °C was added a -78 °C solution of
â-artemether (2) (0.30 g, 1.0 mmol) in CH2Cl2 (1.5 mL) via
cannula. The resulting mixture was stirred at -78 °C for 5
min. To this mixture at -78 °C was slowly added a -78 °C
solution of 1,4-diacetylbenzene bis-TMS enol ether (0.21 g, 0.55
mmol) in CH2Cl2 (2.5 mL). The reaction mixture was stirred
at -78 °C for 1 h. The mixture was quenched with H2O (5
mL) and diluted with CHCl3 (5 mL). Two phases were
separated and the aqueous phase was extracted with CHCl3

(5 mL × 2). The combined organic layers were washed with
brine, dried over MgSO4, filtered, and concentrated under
reduced pressure. The crude mixture was purified by column
chromatography (Florisil, 1%f30% EtOAc/hexanes) to give the
product (0.09 g, 0.13 mmol, 26%). Further purification by
HPLC (silica, 25% EtOAc/hexanes, 3.0 mL/min, 254 nm, tR )
18.3 min) provided the desired p-diacetyl dimer 8 as a white
solid: mp ) 87-88 °C; 1H NMR (400 MHz, CDCl3) δ 8.02 (s,
4 H), 5.33 (s, 2 H), 5.09 (ddd unresolved, 2 H), 3.20 (dABq, Jd

) 6.6 Hz, JAB ) 16.0 Hz, ∆νAB ) 84.3 Hz, 4 H), 2.79 (m, 2 H),
2.31 (ddd, J ) 14.4, 13.2, 4.0 Hz, 2 H), 2.00 (ddd, J ) 14.6,
4.8, 3.2 Hz, 2 H), 1.93 (m, 2 H), 1.83 (ddd, J ) 13.6, 8.0, 4.0
Hz, 2 H), 1.71 (m, 4 H), 1.47-1.23 (m, 10 H), 1.31 (s, 6 H),
0.98 (d, J ) 6.0 Hz, 6 H), 0.90 (d, J ) 7.6 Hz, 6 H); 13C NMR
(100 MHz, CDCl3) δ 197.6, 140.0, 128.4, 102.9, 89.6, 80.8, 70.0,
52.0, 44.0, 40.5, 37.5, 36.5, 34.4, 29.9, 25.8, 24.8, 20.1, 13.0;
IR (CHCl3) 2956, 2930, 2877, 1686, 1453, 1378, 1359, 1265,
1092, 1053, 1011 cm-1; HRMS (CI, NH3) m/z calcd for C40H58-
NO10 (M + NH4

+) 712.4061, found 712.4054.
1,3-Diacetylbenzene Bis-TMS Enol Ether. 1,3-Diacetyl-

benzene (1.6 g, 10 mmol) was treated according to the general
procedure 1. The crude was purified by Kügelrohr distillation
to give the desired product (1.8 g, 5.9 mmol, 59%). The mixture
was used for the next step without further purification: 1H
NMR (400 MHz, CDCl3) δ 7.83 (m, 1 H), 7.52 (d, J ) 2.0 Hz,
1 H), 7.50 (d, J ) 2.0 Hz, 1 H), 7.27 (apparent t, J ) 7.8 Hz,
1 H), 4.93 (d, J ) 1.6 Hz, 2 H), 4.44 (d, J ) 1.6 Hz, 2 H), 0.27
(s, 18 H); 13C NMR (100 MHz, CDCl3) δ 155.5, 137.3, 127.8,
125.1, 122.1, 91.2, 0.13; IR (neat) 2962, 1689, 1607, 1312, 1253,
1114, 1011 cm-1.

10-m-Acetylphenylartemisinin Dimer 9. To a solution
of â-artemether (2) (0.12 g, 0.4 mmol) in CH2Cl2 (1.2 mL) at
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-78 °C was added TiCl4 (1.0 M in CH2Cl2, 0.44 mL, 0.44 mmol)
via gastight syringe. The resulting mixture was stirred at -78
°C for 5 min. To the mixture was added a -78 °C solution of
1,3-diacetylbenzene bis-TMS enol ether (0.070 g, 0.22 mmol)
in CH2Cl2 (1.2 mL) via cannula at -78 °C. The reaction
mixture was stirred at -78 °C for 1 h. The mixture was
quenched with H2O and diluted with CHCl3. Two phases were
separated and the aqueous phase was extracted twice with
CHCl3. The combined organic layers were washed with brine,
dried over MgSO4, filtered, and concentrated under reduced
pressure. The crude mixture was purified by column chroma-
tography (Florisil, 1%f30% EtOAc/hexanes) to give the prod-
uct (0.045 g, 0.065 mmol, 33%). Further purification by HPLC
(silica, 25% EtOAc/hexanes, 3.0 mL/min, 254 nm, tR ) 19.7
min) provided the desired m-diacetyl dimer 9 as a white
solid: mp ) 78-79 °C; 1H NMR (400 MHz, CDCl3) δ 8.51 (m,
1 H), 8.14 (m, 2 H), 7.57 (m, 1 H), 5.34 (s, 2 H), 5.08 (ddd
unresolved, 2 H), 3.22 (dABq, Jd ) 6.4 Hz, JAB ) 16.4 Hz, ∆νAB

) 93.4 Hz, 4 H), 2.81 (m, 2 H), 2.31 (ddd, J ) 14.4, 13.2, 4.0
Hz, 2 H), 1.99 (ddd, J ) 14.6, 4.8, 3.2 Hz, 2 H), 1.92 (m, 2 H),
1.84 (ddd, J ) 13.6, 8.0, 4.0 Hz, 2 H), 1.71 (m, 4 H), 1.47-1.22
(m, 10 H), 1.30 (s, 6 H), 0.97 (d, J ) 6.0 Hz, 6 H), 0.91 (d, J )
8.0 Hz, 6 H); 13C NMR (100 MHz, CDCl3) δ 197.3, 137.2, 132.4,
128.9, 103.0, 89.4, 80.8, 70.2, 52.0, 44.1, 40.0, 37.5, 36.5, 34.4,
29.9, 25.8, 24.8, 20.1, 13.1; IR (CHCl3) 3007, 2956, 2929, 2877,
1688, 1598, 1452, 1433, 1378, 1359, 1180, 1124, 1092, 1053,
1012 cm-1; LRMS (CI, NH3, rel intensity) 712 (M + NH4

+, 1),
620 (28), 446 (37), 400 (97), 383 (100), 369 (28), 365 (95), 284
(30), 270 (28), 222 (14), 183 (17); HRMS (CI, NH3) m/z calcd
for C40H58NO10 (M + NH4

+) 712.4061, found 712.4069.
Dimethoxyphenyl Dimer 10. 12R-(2′,4′-Dimethoxyphen-

yl)-10-deoxoartemisinin (0.065 g, 0.16 mmol) and 10â-fluoro-
10-deoxoartemisinin (14; 0.023 g, 0.08 mmol) were dissolved
in dry dichloromethane (0.8 mL) and the solution was cooled
to -78 °C. Boron trifluoride diethyl etherate (14 mL, 0.11
mmol) was added and the reaction was stirred at -78 °C for
1 h. The solution was warmed to -40 °C over 1 h. After being
stirred at this temperature for an additional 4 h, the reaction
was quenched with saturated aqueous sodium bicarbonate (1
mL). The organic phase was separated, and the aqueous phase
was extracted with dichloromethane (2 × 10 mL). The organic
portion was combined, washed with water, dried with mag-
nesium sulfate, and concentrated under reduced pressure.
Purification by column chromatography on silica gel gave the
product (0.04 g, 0.059 mmol, 74%). Further purification by
HPLC (silica, 30% EtOAc/hexanes, 3.0 mL/min, 254 nm, tR )
8.8 min) provided the desired dimer 10 as a white solid: mp
) 168.0-169.2 °C; [R]D

25 ) +148.3 (c ) 0.89, CHCl3); 1H NMR
(300 MHz, CDCl3) δ 7.91 (br s, 1 H), 6.31 (s, 1 H), 5.39 (s, 2
H), 4.91 (d, J ) 9.9 Hz, 2 H), 3.76 (s, 6 H), 2.56 (m, 2 H), 2.33
(m, 2 H), 1.99 (m, 2 H), 1.89-0.88 (m, 18 H), 1.43 (s, 6 H),
0.95 (d, J ) 6.2 Hz, 6 H), 0.58 (d, J ) 7.0 Hz, 6 H); 13C NMR
(75 MHz, CDCl3) δ 157.1, 128.8, 122.8, 104.4, 94.2, 92.4, 80.6,
70.0, 56.1, 52.5, 46.8, 37.8, 36.9, 34.8, 26.4, 25.3, 22.0, 20.8,
13.9; IR (KBr) 2934, 2868, 1608, 1509, 1457, 1377, 1294, 1201,
1068, 883, 847 cm-1. Anal. Calcd for C18H54O10: C, 68.03; H,
8.11. Found: C, 67.88; H, 8.11.

Furan Dimer 11. 10R-(2′-Furyl)-10-deoxoartemisinin (0.022
g, 0.066 mmol) and 10â-fluoro-10-deoxoartemisinin (14; 0.019
g, 0.066 mmol) were dissolved in dry dichloromethane (1 mL)
and the solution was cooled to -78 °C. Boron trifluoride diethyl
etherate (0.011 g, 10 mL, 0.079 mmol) was added and the
reaction was warmed to -50 °C and kept at -50 °C for 4 h.
Saturated aqueous sodium bicarbonate (1 mL) was added. The
solution was extracted with dichloromethane (3 × 2 mL). The
combined organic solution was dried with magnesium sulfate,
concentrated under vacuum, and chromatographed on Florisil
to give the product (0.022 g, 0.037 mmol, 56%). Further
purification by HPLC (silica, 1% i-PrOH/CH2Cl2, 3.0 mL/min,
236 nm, Rt ) 5.0 min) provided the furan dimer 11 as a white
foam: [R]D

25 ) +56.8 (c ) 1.20, CHCl3); 1H NMR (400 MHz,
CDCl3) δ 6.33 (s, 2 H), 5.35 (s, 2 H), 4.46 (d, J ) 10.8 Hz, 2 H),
2.80-2.70 (m, 2 H), 2.37 (ddd, J ) 14.4, 13.6, 4.0 Hz, 2 H),
2.01 (ddd, J ) 14.4, 4.8, 2.8 Hz, 2 H), 1.88 (m, 2 H), 1.73 (m,

4 H), 1.40 (s, 6 H), 1.60-1.00 (m, 12 H), 0.96 (d, J ) 6.0 Hz,
6 H), 0.66 (d, J ) 7.2 Hz, 6 H); 13C NMR (100 MHz, CDCl3) δ
152.9, 108.6, 104.1, 92.1, 80.4, 71.2, 52.0, 45.9, 37.3, 36.3, 34.1,
32.0, 26.0, 24.7, 21.3, 20.3, 13.8; IR (CHCl3) 2926, 2873, 1452,
1377, 1197, 1127, 1042, 926, 879, 754 cm-1; HRMS (CI, NH3)
m/z calcd for C34H52NO9 (M + NH4

+) 618.3642, found 618.3650.
1,4-Diethynylbenzene. To a solution of lithium diisopro-

pylamide (LDA; Aldrich; 1.5 M, 8.7 mL, 13 mmol) in THF (55
mL) at -78 °C was added a solution of 1,4-diacetylbenzene
(1.0 g, 6.2 mmol) in THF (10 mL) via syringe. The resulting
mixture was stirred at -78 °C for 1 h. To this mixture was
added diethyl chlorophosphate (2.0 mL, 14 mmol) via syringe.
The resulting dark brown mixture was stirred at -78 °C for 5
min, slowly warmed to room temperature, and stirred for 15
min. This orange mixture was cooled to -78 °C and added into
a -78 °C solution of LDA (Aldrich; 1.5 M, 19 mL, 28 mmol) in
THF (55 mL) via cannula. The resulting dark blue-green
mixture was stirred at -78 °C for 40 min, slowly warmed to
room temperature, and stirred for 3.5 h. At this time, TLC
analysis indicated complete consumption of starting material
diketone. The reaction was quenched with a HCl solution (1
M, 3 mL) and diluted with ether (20 mL). Two layers were
separated and the aqueous phase was extracted with ether
(30 mL × 2). The combined organic layers were washed with
a HCl solution (1 M, 10 mL) and a saturated NaHCO3 solution
(10 mL), dried over MgSO4, filtered, and concentrated under
reduced pressure. The crude product was purified by column
chromatography (flash, 1% EtOAc/hexanes) to furnish the
desired product (0.60 g, 4.76 mmol, 77%) as a white solid: mp
) 90.0-91.5 °C (lit. mp 96.5 °C); 1H NMR (400 MHz, CDCl3)
δ 7.44 (s, 4 H), 3.17 (s, 2 H); 13C NMR (100 MHz, CDCl3) δ
132.0, 122.5, 83.0, 79.1. These spectroscopic data matched
those reported previously.27-29

10-p-Diethynylphenylartemisinin Dimer 12. To a solu-
tion of 1,4-diethynylbenzene (0.12 g, 0.97 mmol) in ether (1
mL) at 0 °C was added n-butyllithium (1.6 M, 1.3 mL, 2.0
mmol). The resulting mixture was stirred at 0 °C for 45 min.
To this mixture at 0 °C was slowly added dimethylaluminum
chloride (1.0 M, 2.0 mL, 2.0 mmol) via syringe and the
resulting suspension was stirred at 0 °C for 2 h. To the reaction
mixture at -78 °C was added boron trifluoride diethyl etherate
(0.26 mL, 2.0 mmol) and a solution of â-fluoroartemisinin (14)
(0.58 g, 2.0 mmol) in CH2Cl2 (20 mL). The resulting reaction
mixture was stirred at -78 °C for 20 min, slowly warmed to
-50 °C, and stirred for 3 h. The reaction was quenched with
H2O (5 mL) and diluted with CHCl3 (10 mL). Two layers were
separated and the aqueous phase was extracted with CHCl3

(20 mL × 2). The combined organic layers were washed with
brine (20 mL), dried over MgSO4, filtered, and concentrated
under reduced pressure. The crude product was purified by
column chromatography (Florisil, 10%f20% EtOAc/hexanes)
to furnish the product (0.18 g, 0.27 mmol, 27%). Further
purification by HPLC (silica, 15% EtOAc/hexanes, 3.0 mL/min,
254 nm, tR ) 14.1 min) provided the desired p-diethynyl dimer
12 as a white solid: mp ) 164.5-166.0 °C; 1H NMR (400 MHz,
CDCl3) δ 7.34 (s, 4 H), 5.62 (s, 2 H), 4.96 (d, J ) 5.6 Hz, 2 H),
2.85 (m, 2 H), 2.38 (ddd, J ) 14.4, 13.6, 4.0 Hz, 2 H), 2.19
(apparent dq, Jd ) 3.3 Hz, Jq ) 13.6 Hz, 2 H), 2.06 (m, 2 H),
1.92-1.78 (m, 6 H), 1.70-1.51 (m, 6 H), 1.45 (s, 6 H), 1.42-
1.25 (m, 4 H), 1.04 (d, J ) 7.6 Hz, 6 H), 0.96 (d, J ) 6.4 Hz, 6
H); 13C NMR (100 MHz, CDCl3) δ 131.4, 122.7, 104.3, 89.6,
88.9, 88.3, 80.9, 67.8, 52.7, 45.4, 37.4, 36.3, 34.6, 30.3, 26.1,
24.6, 23.0, 20.3, 13.9; IR (CHCl3) 2999, 2956, 2928, 2875, 2854,
1508, 1452, 1379, 1369, 1042 cm-1; FAB-MS 659 (M + H+),
658 (M+), 307, 209, 182, 169, 165, 154, 136, 120, 107, 89, 77,
65, 43; HRMS (CI, NH3) m/z calcd for C40H51O8 (M + H+)
659.3584, found 659.3594.

10-m-Diethynylphenylartemisinin Dimer 13. To a solu-
tion of 1,3-diethynylbenzene (TCI; 0.078 g, 0.62 mmol) in ether
(0.6 mL) at 0 °C was added n-butyllithium (1.6 M, 0.75 mL,
1.2 mmol). The resulting mixture was stirred at 0 °C for 45
min. To this mixture at 0 °C was slowly added dimethylalu-
minum chloride (1.0 M, 1.2 mL, 1.2 mmol) via syringe and the
resulting suspension was stirred at 0 °C for 2 h. To the reaction
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mixture at -78 °C was added boron trifluoride diethyl etherate
(0.17 mL, 1.3 mmol) and a solution of â-fluoroartemisinin (14)
(0.38 g, 1.3 mmol) in CH2Cl2 (12 mL). The resulting reaction
mixture was stirred at -78 °C for 20 min, slowly warmed to
-50 °C, and stirred for 3 h. The reaction was quenched with
H2O (5 mL) and diluted with CHCl3 (10 mL). Two layers were
separated and the aqueous phase was extracted with CHCl3

(20 mL × 2). The combined organic layers were washed with
brine (20 mL), dried over MgSO4, filtered, and concentrated
under reduced pressure. The crude product was purified by
column chromatography (Florisil, 10%f20% EtOAc/hexanes)
to furnish the product (0.08 g, 0.12 mmol, 19%). Further
purification by HPLC (silica, 15% EtOAc/hexanes, 3.0 mL/min,
254 nm, tR ) 14.2 min) provided the desired m-diethynyl dimer
13 as a white foam: 1H NMR (300 MHz, CDCl3) δ 7.42-7.24
(m, 4 H), 5.62 (s, 2 H), 4.96 (d, J ) 5.6 Hz, 2 H), 2.85 (m, 2 H),
2.38 (ddd, J ) 14.4, 13.6, 4.0 Hz, 2 H), 2.19 (apparent dq, Jd

) 3.3 Hz, Jq ) 13.6 Hz, 2 H), 2.05 (m, 2 H), 1.92-1.78 (m, 6
H), 1.70-1.51 (m, 6 H), 1.45 (s, 6 H), 1.42-1.25 (m, 4 H), 1.04
(d, J ) 7.3 Hz, 6 H), 0.96 (d, J ) 6.2 Hz, 6 H); 13C NMR (75
MHz, CDCl3) δ 134.2, 131.4, 128.5, 123.0, 104.3, 89.6, 87.8,
87.7, 80.9, 67.8, 52.7, 45.4, 37.4, 36.3, 34.6, 30.3, 26.1, 24.6,
23.0, 20.3, 13.9; IR (CHCl3) 2925, 2869, 1458, 1372, 1189, 1137,
1050 cm-1.
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