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Preparative and stereochemical aspects of reactions provid-
ing new C-10 ester and ether derivatives of the antimalarial
drug dihydroartemisinin (DHA, 2) have been examined. 3-
Artesunate has been prepared for the first time, and has been
differentiated from the antimalarial a-artesunate; the latter
has been incorrectly designated as the B-epimer in Chemical
Abstracts and some primary literature. New ester and ether
derivatives bearing potential intercalating groups have been
synthesised by means of the Schmidt, Mitsunobu and DCC
coupling procedures, by acylation in the presence of DMAP,
or by hydroxy activation with BF; as catalyst. When the hy-
droxy group of DHA acts as a nucleophile towards activated
carboxy groups in acylating agents or the DCC intermediate,
a-esters are obtained exclusively. When the hydroxy group
is activated for displacement by nucleophiles, as in the
Schmidt or Mitsunobu procedures, -esters and B-ethers are

obtained either exclusively or predominantly. An exception
is represented by the Mitsunobu procedure involving DHA
and 1- and 2-naphthols, in which mixtures of epimers are
obtained; however, exclusive formation of -aryl ethers takes
place when the Schmidt procedure is used, with activation
of the intermediate trichloracetimidate by SnCl,. The latter
method is therefore superior to patented procedures for the
preparation of -aryl ethers from nonbasic aryl alcohols with-
out detectable rearrangement to C-aryl compounds. How-
ever, the Mitsunobu procedure is better when basic aromatic
alcohols are used as nucleophiles. The formation of a-prod-
ucts in which the hydroxy group of DHA acts as a nucleo-
phile is of biological significance in relation to enzyme-medi-
ated Phase II glucuronidation of DHA, in which only the o-
DHA glucuronide is formed.

Introduction

The history of the isolation of artemisinin (qinghaosu, 1)
from Artemisia annua (qinghao), and its development as an
antimalarial drug by the Chinese is now well known.!' =4 It
suffers from poor solubility in both water and oil,l®! and
problems of recrudescence,>*%7 a short pharmacological
half-life,[>8] high first-pass metabolism, and poor oral bi-
oavailability.™ Chinese scientists, in a remarkable collabor-
ative operation,>%1%11 developed derivatives with better
properties. Artemisinin was thus reduced to dihydroartemi-
sinin (DHA, 2),°! and then, in an explicit recognition of the
formulation problem,! the Chinese workers converted this
into oil-soluble lactol ethers (commonly referred to in the
malaria literature as “ethers”), two of the most important
compounds of which are artemether (3) and arteether (4).
Whilst both compounds were first made in China,?! ar-
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teether — rather than artemether — was subsequently de-
veloped as an antimalarial drug in the West for the remark-
able reason that artemether was presumed to produce the
toxic metabolite methanol.['?) The compounds may be given
as injections in peanut or sesame oil to comatose malaria
patients.!3] However, their pharmacological half lives are
not much greater than that of artemisinin, they undergo
enzymatic oxidative dealkylation in vivo to dihydroartemisi-
nin, and are hydrolysed under mildly acidic conditions.['¥]
Furthermore, the ethers, and the product of metabolism,
dihydroartemisinin, are profoundly cytotoxic in a validated
neuronal cell assay,!'”l and are neurotoxic in test animals.['%]
This property, whilst apparently not as yet apparent in hu-
mans treated with these drugs, imposes a potential hurdle
to registration, although it may be noted that arteether has
recently been registered in the Netherlands.['”] Dihydroarte-
misinin (2) has also been converted by Chinese workers into
the lactol hemiester artesunate (5), by esterification with
succinic anhydride in chloroform in the presence of amine
or bicarbonate bases.>:!®)

This compound is probably the most famous of the arte-
misinin derivatives. It is by far the most widely used of the
derivatives for treatment of malaria, particularly in tablet
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form, in which it is used orally in combination with a longer
half-life quinoline antimalarial.l'”? The water-soluble so-
dium salt, which is generated just prior to intravenous ad-
ministration, is effective against cerebral malaria.Y Its util-
ity, however, is impaired by the ease of hydrolysis of the
lactol ester linkage in aqueous solution.?!-2?! Artelinate (6),
developed later in high-quality work conducted at the
Walter Reed Army Institute of Research in the USA, was
designed to overcome the instability of artesunate.*'! As an
acetal, it is acid-sensitive, but is relatively stable in aqueous
solution at neutral pH. It has high in vivo activity in murine
screens when administered orally,>3 but is subject to the
same metabolic problems that characterize the other deriv-
atives. It has not yet been used in humans.

COOH

In addition to their antiparasitic properties, it is of con-
siderable interest to note that artemisinin derivatives are
cytotoxic towards cancer cell lines in vitro.”*! Artemisinin
(1) and its derivatives are significantly cytotoxic towards
murine lymphocytic leukaemia (P-388), human lung carcin-
oma (A-549), human colon adenocarcinoma (HT-29) and
other tumour cell lines.!>’! However, the derivatives 3—5 ap-
pear to be more cytotoxic than artemisinin (1) towards
Ehrlich ascites tumour (EAT) cells.>®) Exposure of DHA
(2, 1-200 puMm) to molt-4-lymphoblastoid cells (human leu-
kemia) causes rapid cell death.”]

Overall, then, there is substantial motivation for the de-
velopment of new artemisinin derivatives with enhanced
stability and formulation properties for treatment of mal-
aria. Also, the potential for development as antineoplastic
agents should not be overlooked — the very fact that vari-
ation in cytotoxic activity exists between known artemisinin
derivatives indicates that there is clear opportunity for de-
signing new artemisinin derivatives with enhanced binding
properties in relation to selected intracellular targets.

Some time ago, we commenced a comprehensive pro-
gramme designed to develop new artemisinin derivatives
tailored for both antiparasitic and antineoplastic activit-
ies.?81 In this and later papers, we will describe the prepara-
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tion of derivatives bearing ester, ether, aminoalkyl and ami-
noaryl, and aryl substituents at C-10, including those with
groups designed to enhance binding to DNA by intercala-
tion. We have recorded their activities against a range of
parasites, and other pathogens, and have examined antineo-
plastic activities in vitro and in some cases, in vivo; this
work will be described elsewhere.

Results and Discussion

Preparation of Esters

The conversion of the lactone carbonyl group of artemisi-
nin into the lactol hydroxy group at C-10 in DHA opened
pathways for further derivatisation at C-10 to give ester, car-
bonate and ether derivatives, largely exploited by the
Chinese groups. Whilst in most reports published in China
the stereochemistry of the ester and carbonate derivatives
was established,>-?2%30 it was in some cases left un-
defined,?" and there are discrepancies in the reports on the
conditions required to deliver either the 10-o or the 10-f
esters stereoselectively. Thus, it was reported that acylation
of DHA with acid anhydrides in the presence of pyridine
delivered the 10-a esters,”-3?! whereas a later report indic-
ated that 10-p esters were stereoselectively obtained with
pyridine as base.”®! Therefore, at the outset of our work,
conditions that stercoselectively delivered the designated
products had not been defined.

There were also inconsistencies in the literature relating
to the stereochemistry of ester derivatives. Thus, before
2000, Chemical Abstracts (CA) designated artesunate (5) as
the 10B-isomer, namely compound 8 (see below). Since
2000, three CA entries have appeared for artesunate, either
assigning the stereochemistry for the hemisuccinyl residue
at C-10 as 10-B (as in compound 8) or as 10-a (as in arte-
sunate 5), or leaving it undefined.[*3] Some reviews and
primary publications either have not defined the stereo-
chemistry of artesunate at C-10, or have designated it as 10-
B.13+331 Tt was nevertheless established through the conver-
sion of artesunate (5) into ester derivatives that the hemis-
uccinyl residue in artesunate (5) possesses the a-configura-
tion; this work appeared prior to the foregoing publica-
tions.*®1 A survey of the literature, including that written in
Chinese, and published in China,?”! reveals in fact that the
B epimer 8 of artesunate has not been prepared previously.

i. - and f-Artesunates

Authentic samples of artesunate (5), hereinafter desig-
nated “a-artesunate’, were either obtained from the World
Health Organization, Geneva, or from Knoll, AG, Basel.*®!
The samples were identical with the compound obtained
essentially according to the Chinese procedurel>!8! by treat-
ment of DHA (2) with succinic anhydride in dichlorome-
thane in the presence of 1 equiv. of triethylamine or 4-(di-
methylamino)pyridine (DMAP), as prisms, m.p.
135.1-135.2 °C, [a]® = +13.3 (c = 0.76, CHCl5). That this
is the a-epimer is indicated both by the '"H NMR spectrum
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and by an X-ray crystallographic determination, as discus-
sed below. A quantitative '"H NMR spectroscopic deter-
mination (at 750 MHz) of impurities in both the commer-
cial and synthetic samples as established by spiking of
samples and construction of calibration curves showed no
detectable traces (= 0.04%) of B-artesunate (8), the prepara-
tion of which is also described below.

Why does such an acylation reaction give only the o epi-
mer? Bulk solid DHA is likely to be the p epimer 2§, and
an X-ray crystallographic determination has indicated that
a crystal of the solid compound is the B epimer.[*¥! Dissolu-
tion of vacuum-dried, bulk solid DHA in CDCl; provides
a solution consisting solely of 2B, which slowly equilibrates
over 10 h to a 1:1 mixture of 2a and 2p. This closely paral-
lels the original observation.’®! The rate and extent of equi-
libration of the epimers in solution is dependent upon the
solvent. In CD,Cl,, the equilibrium ratio of 2a/2p is 1:1.35.
Addition of 1 equiv. of DMAP or triethylamine (the
amount of base used in the preparation of o-artesunate)
causes a change in the equilibrium ratio to about 1.2—1.5:1
in favour of 2a. In methanol®% and acetone the equilibrium
ratio of 2a/2p is 2:1 and in dimethyl sulfoxide 3:1.5° In all
cases in which bases are added to dichloromethane, or polar
solvents are used, equilibrium is established rapidly, usually
within 15 min.

Thus, two possibilities for exclusive formation of a-arte-
sunate (5) are apparent. Firstly, acylation of both epimers
of DHA (Scheme 1) takes place with comparable rate con-
stants k, and ky, for each reaction, but B-artesunate (8) is
less stable than a-artesunate (5); that is, formation of the
latter is thermodynamically favoured. Whilst acylation of
DHA would normally be expected to be irreversible, in this
special case, the product is a lactol hemiester with a free
carboxy group, and it is therefore feasible that f-artesunate
may undergo epimerization through distinct intramolecular
processes (i.e., k. >> kg) (Scheme 1; see also Scheme 2).
The second possibility is that interconversion of the arte-
sunate epimers does not take place (i.e., k. = kg = 0); that

succinic

succinic k
b | anhydride anhydride | "2
H H

Scheme 1. Acylation of DHA epimers and hypothetical equilibra-
tion of artesunate epimers

Eur. J. Org. Chem. 2002, 113—132

c?)’\» Si-face

Scheme 2. (a) Putative base-catalysed epimerization of artesunate
and (b) putative acid-catalysed epimerization of artesunate

is, acylation of the o epimer 2a is faster than acylation of
the B epimer 2§ for kinetic reasons.

To determine the relative stabilities of both a- and B-arte-
sunate, computational studies were performed with AM1
and PM3 semiempirical methods (PC-Spartan Plus Version
1.5; Wavefunction Inc.). The heats of formation (Table 1)
showed that both the epimers of DHA, and of artesunate,
had similar thermodynamic stabilities.

Thus, the exclusive formation of a-artesunate cannot be
attributed to the relative thermodynamic stability of the epi-
mers. Indeed, it is experimentally demonstrable that no de-
tectable epimerization of a-artesunate takes place under the
conditions of the acylation reactions. Therefore, k. and ky
are insignificant, and the exclusive formation of a-artesun-
ate (5) in the acylation is a kinetic phenomenon; that is, k,
>> k. Thus, in the production of a-artesunate, the a epi-
mer 2a of DHA is consumed very quickly. Accordingly, Kq
(Scheme 1) is shifted towards the right-hand side in favour
of 2a.

Inspection of the modelled 10-o DHA epimer 2a (Fig-
ure 1) reveals that the hydroxy group is equatorial, in line
with NMR spectroscopic data on the epimers, in which H-
10 in 2a displays a coupling constant with H-9 of 9.2 Hz,
corresponding to a trans-diaxial coupling within a chair
pyranose ring.’®! In the 10-B epimer 2p, the hydroxy group
is axial (Figure 1); with a 1,3-diaxial interaction with
C8—8a, it is in a substantially more crowded environment
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Table 1. AM1 and PM3 computational studies on DHA and artesunate epimers 5 and 8

Compound Heat of formation (AM1) Heat of formation (PM3)
[keal mol ™! [kcal mol~!]

a-DHA (20) —177.709 —170.383

B-DHA (2B) —177.774 —167.698

a-artesunate (5) —302.857 —298.579

B-artesunate (8) —303.793 —296.534

Figure 1. AM1-geometry optimised structures; (a) a-DHA (2a) and
(b) B-DHA (2p)

than is the equatorial hydroxy group in 2a. Thus, this steric
effect raises the energy of the transition state for the acyl-
ation reaction producing the p epimer, and acylation of the
o epimer of DHA is the preferred reaction.

Because of the favourable thermodynamics, initial at-
tempts to prepare the hitherto unrecorded B-artesunate (8)
focussed on epimerization of o-artesunate (5). Base- or
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acid-catalysed reactions, proceeding either through DHA as
an intermediate, or through oxonium ion 9 and the glycal
7, as depicted in Scheme 2 can, among others, be envi-
sioned (Scheme 2).

However, treatment of o-artesunate in CDCl; with
DMAP, and analysis by 'H NMR spectroscopy indicated
partial, slow decomposition (18%) to a 1:1 mixture of DHA
epimers after 11 d. For the attempted acid-catalysed epi-
merization, o-artesunate and succinic acid in dichlorome-
thane with boron trifluoride—diethyl ether (5 mol%) at 20
°C gave only the glycal 7. With 30 mol% of the Lewis acid,
7 was the major product, together with minor amounts of
DHA, dimeric dihydroartemisininyl ethers and other com-
pounds. Treatment of 7 with succinic acid and catalytic sulf-
uric acid in dichloromethane (10 mL) at ambient temper-
ature rapidly gave a complex mixture; with succinic acid as
the only proton source, the glycal remained intact.

Thus, a method other than the acylation of DHA had to
be used to prepare B-artesunate (8). It had to rely on hy-
droxy activation of DHA to provide an adduct bearing the
activated hydroxy group with the a configuration, and on
the use of succinate as nucleophile to displace the activated
hydroxy group by reaction from the B-face. Of a number of
possibilities, trichloroacetimidate-mediated glycosylation,
introduced by Schmidt and Hoffmann[*”! and not hitherto
used for the preparation of DHA derivatives, was attractive.
It proceeds through a reaction between the hydroxy group
and trichloroacetonitrile to provide an intermediate trichlo-
roacetimidate. Lewis acid activation of the trichloroacetim-
idate may be used, depending upon the type of external
nucleophile used to displace the group. For carboxylic acid
nucleophiles, activation is brought about by protonation of
the trichloroacetimidate. Thus, DHA (2) in dichlorome-
thane containing trichloroacetonitrile was treated with a
catalytic amount of 1,8-diazabicyclo[5.4.0lundecane (DBU)
at 20 °C. The intermediate trichloroacetimidate formed in
situ was treated directly with succinic acid to yield B-arte-
sunate (8) (45% yield), as transparent plates, m.p. 97.6—98.2
°C, [a]l= +118.5 (¢ = 0.92 CHCl;).

Sections of 300 MHz 'H NMR spectra of both a-arte-
sunate (5) and B-artesunate (8), including the signals due to
H-10 and H-12, are given in Figure 1. In o-artesunate, H-
10 at 6 = 5.80 displays J = 9.9 Hz in its coupling with
H-9, corresponding to a trans-diaxial arrangement of these
protons in a chair pyranose ring (Figure 2a and Figure 3).
In B-artesunate, H-10 at & = 6.28 displays J = 3.3 Hz in its
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Figure 2. 300 MHz '"H NMR spectrum of (a) a-artesunate (5) and
(b) B-artesunate (8), showing expansion in the region 6 = 5.2—6.4
and analysis of the signal due to H-10

Figure 3. Part structures of (a) a-artesunate (5), indicating trans-
diaxial relationship of H-9 and H-10, and (b) B-artesunate (8),
indicating cis-equatorial-axial relationship between H-9 and H-10

Eur. J. Org. Chem. 2002, 113—132

coupling with H-9; this is consistent with a cis-equatorial-
axial arrangement of these protons in a chair pyranose ring
(Figure 2b and Figure 3b). The hemisuccinyl side chain is
therefore in the B configuration. This data corresponds well
with that used for the assignment of configuration at C-10
in DHA derivatives,[>2%3%3¢ providing that the pyran ring
maintains a chair conformation in both epimers. As will be
reported later,*!1 certain bulky 10-B substituents cause the
pyran ring to adopt a twist-boat conformation, and the
coupling constant principle cannot be applied under these
conditions.

Structural confirmation was provided by X-ray crystallo-
graphic analysis of both the o- and the B-artesunates (Fig-
ure 4). In each plot the chair conformation of the pyran
ring, and the stereochemistry at C-10, are clearly defined.
X-ray structural parameters are summarized in Table 2. In
agreement with the precedent provided by O-glycosidation
chemistry involving the Schmidt reaction,[*”! nucleophilic
substitution at the anomeric centre proceeds through an
Sn2 reaction involving axial displacement from the Re- or
B-face.

ii. Other Esters
Schmidt and Mitsunobu Procedures

Hydroxy activation of DHA by means of the Mitsunobu
reaction,*?l which had not previously been used to prepare
esters of DHA, worked well. Thus, treatment of DHA with
triphenylphosphane—diethyl azodicarboxylate and aro-
matic carboxylic acids in THF stereoselectively gave the 10-
B derivatives 10—22 (Table 3). Here the Schmidt procedure
was also superior, as demonstrated by the greater yields of
B-benzoate ester 10 from benzoic acid, and the B-naphtho-
ate 11 from l-naphthoic acid (Table 3).

The B-stereochemistry was again clearly evident from 'H
NMR spectroscopic data. For the Mitsunobu process, an
Sn1 reaction involving axial attack of the nucleophile on
the oxonium cation intermediate 9 may be involved.[*3! In
the latter case, the pyran ring adopts a twisted half-chair
conformation, and C-10 is exposed to a stereoelectronically
preferred axial attack from the carboxy group on the Re-
or B-face. An ion-pair effect operating in the Sy1 reaction
may act to inhibit addition from the Si-face. The change
of stereochemistry with reference to DHA is apparent in
Figure 5, in which the minimized-energy conformer (AM1,
Titan, Schrodinger Inc.) of the oxonium ion 9 is presented;
the cation plane is tilted away from the axial C8—8a bond,
and the reaction centre therefore has a very different steric
environment than that about the hydroxy group in the 8
epimer of DHA (cf. Figure 1).

Acylation with Anhydrides and Acid Chlorides

Acylation of DHA (2) has been carried out in the pres-
ence of base to give esters, the configurations of which were
reported to be dependent on the base used.[>?-2%-3%-32 Tt was
also reported that the carboxy group activating agent DCC
in the presence of DMAP in dichloroethane or dichlorome-
thane gave 10-o esters.?*-30:361 A later report also described
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Figure 4. ORTEP plots of (a) a-artesunate (5) and (b) B-artesunate
(8), indicating stereochemistry at C-10 (C-12; crystallographic num-
bering) and chair conformation of pyran ring; crystallographic
numbering is given
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the use of DCC/DMAP in dichloromethane to give a 10-a
ester, without experimental details.[*4]

In the event, DHA (2) and anhydrides or acid chlorides
in the presence of DMAP, pyridine or triethylamine in
dichloromethane gave the 10-0 esters 23—25 (Table 4); the
base thus has no effect on the stereochemistry of acylation.
The stereochemistry was apparent from 'H NMR spectro-
scopic data (H-10, Jy0o = 9.8 Hz), which correlated with
data for a-artesunate, and literature data.l*3 In addition,
NOE experiments involving irradiation of the doublet at
6 = 5.80 (H-10) in 23 gave no enhancement in the multiplet
at & = 2.55 (H-9). The benzoyl derivative 25 was also syn-
thesised by carboxy activation with DCC. Compounds 23
and 25 have been prepared previously.”) The B-benzoate es-
ter 10 and the a-benzoate ester 25 are useful compounds
for the preparation and examination of mechanistic aspects
of formation of C-10-arylated artemisinin derivatives, to be
described in a later paper.

In summary, reactions involving hydroxy activation of
DHA, as in the Schmidt and Mitsunobu procedures, exclus-
ively provided B-esters; that is, activation of hydroxy groups
by these procedures provided a-activated hydroxy interme-
diates, which underwent Sy2 or Syl substitution by carb-
oxylate from the Re- or B-face. Direct acylation reactions,
in which the hydroxy group of DHA acts as a nucleophile
towards activated carboxy groups, as in acyl chlorides or in
the activated ester produced in the DCC method, provided
the a-esters.

From a biological viewpoint, acylation of DHA is im-
portant in Phase II metabolism. It is significant to note that
isoforms of glucuronyl uridine diphosphate exclusively gen-
erate the a-DHA-B-glucuronide;*®! that is, biological acyl-
ation — in line with the laboratory acylation — operates
exclusively on the a epimer of DHA. In this context, the a-
DHA-a-glucuronide has been prepared from DHA by
treatment with acetobromo-o-D-glucuronic acid in the pres-
ence of silver carbonate.[*”!

Preparation of Ethers

Chinese groups were the first to prepare lactol ethers or
acetals by treatment of DHA (2) with alcohols in the pres-
ence of boron trifluoride—diethyl ether.[>9-2%321 The reac-
tion has been well exploited by the Walter Reed group in
the synthesis of water-soluble ethers such as the sodium salt
of artelinate (6)P*'*8] and alkylbenzylic ethers designed to
inhibit oxidative metabolism.[*’1 Other groups have also
used the reaction to prepare functionalized ethers!>0-31-321
and thioethers.[>31 Mixtures of epimers enriched in the B
isomer are formed, as demonstrated by the preparation of
artemether, which gave a 78:22 mixture of the § and a epi-
mers.[”! The reaction is under thermodynamic control, and
the o epimer may be equilibrated to the mixture enriched
in the B epimer by treatment with boron trifluoride—diethyl
ether. Operation of the thermodynamic anomeric effect!?!
in the enhanced formation of the B-axial ethers is clearly
in evidence.

In the current work, the primary emphasis was on the
preparation of ethers bearing potential intercalating groups,
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Table 2. X-ray parameters for a-artesunate (5) and B-artesunate (8)

X-ray parameters

a-Artesunate (5)

B-Artesunate (8)

Empirical formula
Molecular mass
Temperature [K]
Wavelength [A]

Crystal system

Space group .
Unit cell dimensions [A, °]

Volume [A%]

z

Density (calculated) [mg/m?)
Absorption coefficient [mm™!]
F(000)

Crystal size [mm]

0 range for data collection
Index range

Reflections collected
Independent reflections
Completeness to 0 [°]
Refinement method
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices [ > 20(1)]
R indices (all data)

C1oH2504

384.43

293(2)

0.71073

orthorhombic

P212121

a=9.8531), & = 90

b = 10.528(1), p = 90

¢ = 18.783(3), v = 90
1948.4(4)

4

1.310

0.102

824

1.2 X 12X 1.2

2.33 to 27.47°
0=h=120=k=13,-1=/=24
2645

2622 [Riy = 0.0154]

27.47 (98.5%)

Full-matrix, least-squares on F?
2622/0/244

1.010

R1 = 0.0415, wR2 = 0.0989
R1 = 0.0574, wR2 = 0.1088

C1oH250g

384.41

293(2)

0.71073
orthorhombic
P212121

a = 6.858(1), a = 90
b = 7.6810(10), B = 90
¢ = 36.969(6), vy = 90
1947.4(5)

2

1.311

0.102

824

1.6 X 0.8 X 0.8

1.10 to 24.99°

0=h=8,0=k=9 -1=1=43

2066

2049 [Ryy, = 0.0152]

24.99 (98.6%)

Full-matrix, least-squares on F?
2049/0/244

1.024

R1 = 0.0675, wR2 = 0.1569
R1 = 0.1342, wR2 = 0.2022
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Largest diff. peak and hole [e A*] 0.183 and —0.167

0.257 and —0.324

although others bearing lipophilic groups were also tar-
geted for examination of their antiparasitic activity. The 1083
ethers 26—36 were prepared by treatment of DHA (2) with
the corresponding alcohol under BF; catalysis conditions
in ether (Table 5). The stereochemistry was established from
'H NMR spectroscopic data, in which H-10 displayed a
coupling of ca. 3.5 Hz to H-9, corresponding to a cis ar-
rangement of these protons.[>>!24849 No attempt was made
to characterize the smaller amounts of a epimer formed in
these reactions.

Compound 35 has been prepared previously from DHA
under Lewis acid catalysis conditions.”® Again, the
Schmidt reaction worked very well in this case although, in
contrast to those reactions involving preparation of esters,
a Lewis acid — namely, SnCl, — was now required to activ-
ate the trichloroacetimidate ester intermediately prior to ad-
dition of the alcohol, in line with previous experiences with
this reaction.*”] The bromo substituent in compound 35
was readily displaced by aniline or morpholine to furnish
the amines 37 (54%) and 38 (90%). Compound 38 has been
described in the secondary literature without data.!'!]

37: R=-NHPh
38: R = 1-morpholino

O _~CR

Eur. J. Org. Chem. 2002, 113—132

On the basis of their pronounced biological activities, to
be described elsewhere, both epimer pairs 41 and 43, and
42 and 44, of the lactol ethers produced from DHA (2) and
1- and 2-naphthalenemethanol, respectively, were required.
Under standard conditions, consisting of treatment of
DHA (2) and the alcohol with boron trifluoride—diethyl
ether in ether, the ratio was about 2:1 in favour of the less
polar 108 epimer (Table 6). DHA (2) was converted by
treatment with trimethylsilyl chloride in dichloromethane in
the presence of triethylamine into the a-TMS ether 40.
Coupling with the TMS ether of 2-naphthalenemethanol in
the presence of TMSOTT also gave mixtures of epimers,
with a higher temperature favouring the § epimer 43. The
method was based on that reported by the Walter Reed
group, in which the B-TMS ether of DHA was coupled with
protected sugar derivatives.’¥ However, by far the most ef-
fective method for preparing the B epimer 43 was through
use of the Schmidt reaction; treatment of DHA with tri-
chloroacetonitrile in the presence of catalytic DBU thus pro-
vided the intermediate trichloroacetimidate, which gave the
product in 77% yield upon activation with catalytic SnCl,
and treatment with 2-naphthalenemethanol; the o epimer
was not detectable (Table 6).

It has been found in our laboratory, and elsewhere, >
that direct coupling of aromatic alcohols with DHA cata-
lysed by boron trifluoride—diethyl ether is complicated by
O — C rearrangement of the aromatic ether, a known fea-
ture accompanying O-glycosidation reactions of sugars with
aromatic alcohols in the presence of Lewis acid catalysts.[>®]
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Table 3. Esters from DHA and aromatic carboxylic acids by Mitsu-
nobu and Schmidt procedures

Procedure,

Yield (%)

Product R=
No. Yield (%) | No.

Procedure, |Product

Mitsunobu
53 17
Schmidt

80
Mitsunobu
38 18

R=
OH

Mitsunobu

L

OH

Mitsunobu

Schmidt 28

85

Ny ~OH
12 X Mitsunobu | 19 @ I Mitsunobu
%
N
~
c
N
N
GON
N\
o
N

11

13

Mitsunobu | 20 Mitsunobu
™t O

14 Mitsunobu | 21 n Mitsunobu
LRSS
N
0]
15 Mitsunobu | 22 Mitsunobu
= O
(o]

OB \itsunobu
51

.

[al Unstable compound; characterized by spectroscopic data.

The problem was partially overcome through use of the
Mitsunobu?! procedure, previously applied to O-glycosid-
ation of pyranoses, which proceeds with inversion of config-
uration at the anomeric centre.’%3”) With heteroaromatic
alcohols, aromatic ethers 45 and 46 with the 10 configura-
tion were exclusively obtained, albeit in moderate yields
(Table 7). However, the limitations of the Mitsunobu
method were surprisingly exposed in the coupling of 1- and
2-naphthols, which gave mixtures of o epimers 48 and 50
and B epimers 47 and 49 in low yields. The glycal by-prod-
uct 7 was also formed in relatively high yield. This com-
pound could only be removed by treating the crude product
mixture with m-chloroperoxybenzoic acid to convert it into
the more polar epoxide 51,5831 which could then be separ-
ated from the required products by column chromato-
graphy. The problem of accessibility of the naphthyl ethers
was again solved through the use of the Schmidt procedure.
Thus, treatment of the trichloroacetimidate intermediates,
formed from the reaction between the o epimer of DHA
with 1- and 2-naphthols in the presence of SnCl,, exclus-
ively gave the B epimers 47 and 49 in yields greater than
70%. Given its simplicity and ease of execution, this method
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Figure 5. AM1-geometry optimised structures; (a) o-DHA (2a) and
(b) oxonium ion 9

Table 4. Esters from acylation of DHA

DHA in CH,Cl, + Product R= Yield
No. (%)
Ac;0, DMAP 23 CH; 98
4-nitrobenzoyl chloride, NEt; 24  C{HNO,-p 82
benzoyl chioride, NEt; 25 CeHs 79
benzoic acid, DCC 25 CeH;s 35

Eur. J. Org. Chem. 2002, 113—132
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Table 5. Ethers from DHA and alcohols with BF;—diethyl ether

Product R= Yield |Product R= Yield
No. (%) | No. (%)
26 J@/‘ 9% | 32 Q 83

(=D
27 ©) 67 | 33 O 52
F
28 @) 76 | 34 ~CF; 29
29 F\©) 83 | 35 ~~BT 52l
30 /@J 81 36 73
F
T OO i

[al Obtained in 63% yield by the Schmidt procedure (see text and
Exp. Sect.).

for the preparation of aromatic ethers from DHA and non-
basic aromatic alcohols is superior to that employing silver
perchlorate—trimethylsilyl triflate, reported after comple-
tion of the current work,®” and which has been presented
in a patent application.[®!]

It is noteworthy that etherification under Mitsunobu con-
ditions works with heteroaromatic alcohols to give the 10B3-
ethers, whereas with 1- and 2-naphthols, relatively poor
yields of both epimers are obtained, in contrast to the suc-
cess with the Schmidt procedure (Table 7). The results con-
firm that a clean Sy2 pathway operates for the Schmidt
reaction, and suggest that both Sy2 and Sy1 pathways op-
erate in the Mitsunobu reaction, with the relative amounts
of each dependent upon the reactivity of the nucleophile;
that is, the Sy1 pathway becomes more important for the
less nucleophilic naphthols, as compared to their more nu-
cleophilic heteroaromatic counterparts. In such cases, the

Eur. J. Org. Chem. 2002, 113—132

Table 6. Ethers from DHA or DHA a-TMS ether (40) and 1- and
2-naphthylmethanol and 2-naphthylmethanol TMS ether

Lewis acid,
solvent

(c-epimer) A0 41,43 O\R

A DHA or
DHA o-TMS ether (46) Product no.

B-Epimer Yield o-Epimer Yield
(%) Productno. (%)

Reaction conditions

H 2 41 34 42 19
BF3-OEt; (0.2 equiv.),

Et,0, 0-20°C

H 2 43 50 44 28
BF3OEt, (0.2 equiv.),
Et;0, 0-20 °C

™S 40 43 33 44 12
TMSOTI (0.04 equiv.),
CH,Cl,, -78 °C

TMS 40 43 84 44 11
TMSOTT (0.04 equiv.),

CH.Cl,, 0 °C

[l Obtained as sole product from DHA (2) and I-naphthylme-
thanol in 78% yield by the Schmidt procedure (see text and Exp.
Sect.).

Table 7. Ethers from DHA and aromatic alcohols by Mitsunobu
and Schmidt procedures; glycal 7 formed in varying amounts in all
cases (see text and Exp. Sect.)

—_—
45-47,49 O-p 48,50 Oy
Product R= Procedure, | Product R= Procedure,
No. Yield (%) | No. Yield (%)
45 (B) @Hﬁ Mitsunobu | 46 (B) m Mitsunobu

42 = 66

N7 F,C N

Mitsunobu Mitsunobu

47 () 17 |48 () 10
OO Schmidt OO Schmidt

73 0
Mitsunobu Mitsunobu

49 (B) O 5 50 (o) OO 11
Schmidt Schmidt

77 0

oxonium cation 9 (cf. Scheme 2 above) is an intermediate,
and formation of both epimers from the naphthols indicates
attack by the naphthol at both the Si-(-) and Re-(o-)faces
of the cation. The relatively large amounts of the glycal 7
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generated in the Mitsunobu reaction also indicate the op-
eration of a competing E1 process.

Conclusion

The stereochemistry of the conversion of DHA (2) into
esters and ethers has been clearly defined. a-Esters are ex-
clusively obtained when the hydroxy group of DHA acts as
the nucleophile, B-esters when it is activated for displace-
ment, as in the Schmidt and Mitsunobu procedures. Hy-
droxy activation in this way also provides B-ethers, with the
exception of the Mitsunobu procedure with 1- and 2-naph-
thols, when a-ethers are also obtained. As previously re-
corded, Lewis acid catalysed ether formation results in
formation of mixtures enriched in the B epimer, as is in fact
to be anticipated on the basis of the anomeric effect. This
is to be discussed in more detail in a later paper.

The biological significance of the a-acylation process lies
in the observation that Phase II glucuronidation of DHA
exclusively provides the a-DHA epimer. The biological ac-
tivities of the compounds described here are discussed in
detail elsewhere.

Experimental Section

General Remarks: All reactions were carried out under nitrogen.
Dihydroartemisinin was obtained either from the Kunming Phar-
maceutical Corporation, Kunming, China, or from Haphacen,
Hanoi College of Pharmacy, Vietnam, and used without further
purification. The following solvents were dried prior to use: ethyl
acetate from magnesium sulfate, hexane (calcium chloride), dichlo-
romethane (calcium hydride), triethylamine (calcium hydride and
stored over potassium hydroxide pellets), and THF (sodium in
benzophenone). TLC was performed with Merck Kieselgel 60 F,sy
plates, with viewing under ultraviolet light (254 nm) and/or by heat-
ing after treatment with 5% ammonium molybdate in 10% concen-
trated sulfuric acid. Column chromatography was performed with
Merck 60 silica gel (0.04—0.063 mm). NMR spectroscopic data,
unless otherwise stated, were obtained in CDCl5. 'H, '*C and '°F
spectra were obtained with a Bruker ARX 300 spectrometer oper-
ating at 300, 75 and 282 MHz, respectively. Melting points were
carried out with an Electrothermal 9100 melting point apparatus
and are uncorrected. Mass spectroscopic data were obtained with
a Finnigan TSQ 7000 Mass Spectrometer. Infrared spectra were
recorded either with a Perkin—Elmer PC 16 or a Perkin—Elmer
Spectrum One spectrometer. Polarimetry analyses were performed
with a Perkin—Elmer model 241 spectrometer. Elemental analyses
were obtained from MEDAC Ltd, Surrey, UK.

B-Artesunate (8): Trichloroacetonitrile (1.0 mL, 100 mmol) and 1,8-
diazabicyclo[5.4.0lundecane (37 pL, 0.25 mmol) were added to a
solution of dihydroartemisinin (DHA, 2) (1.420 g, 5.0 mmol) in
dichloromethane (50 mL). This was then stirred under nitrogen at
20 °C for 2 h. Excess trichloroacetonitrile and solvent were then
evaporated in vacuo, and the residue was taken up in dry dichloro-
methane (50 mL). The resulting solution, containing the trichlo-
roacetimidate of DHA, was cooled in an ice bath, and a suspension
of succinic acid (2.95 g, 25.0 mmol) in dichloromethane (125 mL)
was added in a single portion. The resulting mixture was warmed
gradually to 20 °C over 4 h, and then poured into aqueous H,SO,
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(2 M, 200 mL). The two-phase mixture was separated, and the aque-
ous phase was extracted with dichloromethane (2 X 50 mL). The
organic phases were combined and then dried with anhydrous so-
dium sulfate, and the solvents were evaporated to dryness in vacuo.
The residue was chromatographed on silica gel (250 g), and the
fraction that was eluted with hexane/ethyl acetate/methanol
(60:30:5) was crystallized to yield B-artesunate (873 mg, 45%) as a
colourless solid. The analytical sample was obtained by recrystal-
lization from ethyl acetate/hexane as colourless, needle-shaped crys-
tals, m.p. 97—98.5 °C. When the mother liquor was exposed to a
humid atmosphere, it was noted that co-crystallization of DHA
took place together with the desired B-artesunate. To circumvent
this, the crude B-artesunate was first taken up in dry dichlorome-
thane and then diluted with anhydrous hexane to the first point
of cloudiness. Subsequent crystallization afforded B-artesunate as
colourless, rectangular plates, m.p. 97.6—98.2 °C. [a]5 = +118.5
(¢ = 0.92 CHCl,). '"HNMR: § = 0.87 (d,J = 7.5 Hz, 3 H), 0.9—-1.2
(m, 4 H), 1.2-2.0 (m, 12 H), 1.9-2.1 (m, 1 H), 2.3-2.5 (m, 1 H),
2.6—2.7 (m, 5 H), 547 (s, 1 H, H-12), 6.28 (d, J = 3.5 Hz, | H, H-
10). 13C NMR: § = 124, 20.2, 24.1, 24.6, 25.9, 28.7, 29.1, 29.8,
34.4, 36.2, 37.4, 43.8, 52.3, 80.5, 88.7, 95.2, 104.4, 170.7, 174.3. —
IR (film): Vi = 2950, 2876, 1744, 1714, 1450, 1378, 1362, 1252,
1170, 1120, 1104, 1076, 1056, 1034, 1014, 978, 948, 906, 872, 860,
824, 732 cm™~ 1. MS (CI, NH;): m/z (%) = 402 [MNH,"]. CoH305
(384.4): calcd. C 59.36, H 7.34; found C 59.44, H 7.38.

10p-Dihydroartemisinyl Benzoate (10). — Procedure 1: Triphenyl-
phosphane (524 mg, 2.0 mmol) and diethyl azodicarboxylate (315
uL, 2.0 mmol) were added to a cold (0 °C), stirred solution of DHA
(2, 568 mg, 2.0 mmol) and benzoic acid (244 mg, 2.0 mmol) in
tetrahydrofuran (15 mL). The reaction mixture was allowed to
warm to room temperature overnight with stirring. The solvent was
removed under reduced pressure and the residue was submitted to
chromatography with ethyl acetate/hexane (10:90) to afford the
product as a white powder (419 mg, 53%), m.p. 151-153 °C.
[a]® = +119 (¢ = 0.19 CHCI3). '"H NMR: § = 0.98 (d, J = 7.4 Hz,
3 H, 9-Me), 1.02 (d, J = 6.1 Hz, 3 H, 6-Me), 1.45 (s, 3 H, 3-Me),
1.33—-2.10 (m, 10 H), 2.42 (ddd, J = 17.4, 13.3, 3.9Hz, 1 H),
2.91-3.01 (m, 1 H, H-9), 5.58 (s, 1 H, H-12), 6.52 (d, 1 H, H-10,
J =3.4),743-8.03 (m, 5 H, Ar-H). 3C NMR: § = 12.50, 20.14,
24.25, 24.50, 25.78, 29.98, 34.43, 36.10, 37.44, 43.84, 52.27, 80.42,
88.63, 88.66, 95.29, 104.30, 128.39, 129.48, 129.96, 133.03, 165.31.
IR (film): V. = 2942, 2872, 1724, 1452, 1378, 1268, 1176, 1114,
1064, 1024, 976, 902, 858, 832, 754, 712 cm ™ 1. MS (EI): m/z (%) =
388 [M*]. C5,H»504 (388.5): caled. C 68.02, H 7.21; found C 68.02,
H 7.41. — Procedure 2: Trichloroacetonitrile (0.11 mL, 1.1 mmol)
and 1,8-diazabicyclo[5.4.0]lundecane (7.5 pL, 0.05 mmol) were ad-
ded to a stirred solution of DHA (2, 284 mg, 1.0 mmol) in dichlor-
omethane (5 mL). After 18 h, the mixture was added to a stirred
solution of benzoic acid (340 mg, 3.0 mmol) in dichloromethane
(5 mL). After a further 2 h, the reaction was quenched with satur-
ated aqueous NaHCO; (10 mL), and water (10 mL) was added.
The organic layer was separated and dried (Na,SO,). Filtration and
concentration of the filtrate gave a residue, which was purified as
described above to give the product (310 mg, 80%).

10p-Dihydroartemisinyl 1'-Naphthoate (11). — Procedure 1: This
was as for procedure 1 described for compound 10 above. The
product was obtained from DHA (2, 568 mg, 2.0 mmol) and 1-
naphthoic acid (344 mg, 2.0 mmol, 1 equiv.) as white clusters of
fine needles (165 mg, 38%), m.p. 152.4—153.3 °C. [0]® = +98.3
(¢ = 0.041, CHCl3). '"H NMR: & = 0.97 (d, J = 6.0 Hz, 3 H, 9-
Me), 1.03 (d, J = 7.2 Hz, 3 H, 6-Me), 1.31—1.45 (m, 2 H), 1.46 (s,
3 H, 3-Me), 1.49—1.52 (m, 1 H), 1.62—1.72 (m, 3 H), 1.82—1.93
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(m, 3 H), 2.04-2.07 (m, 1 H), 2.36—2.44 (m, 1 H), 2.97-3.01 (m,
1 H), 561 (s, 1 H, H-12), 6.63 (d, J = 40Hz, 1 H, H-10),
7.60—7.64 (m, 1 H, Ar-H), 7.89 (d, J = 7.6Hz, 1 H, Ar-H),
8.03—8.09 (m, 2 H, 2 X Ar-H), 8.95 (d, / = 8.4 Hz 1 H, Ar-H),
— BC NMR: § = 12.87, 20.35, 24.32, 24.71, 26.04, 30.29, 34.57,
36.30, 37.54, 44.04, 52.43, 80.57, 88.90, 95.17, 104.39, 124.29,
125.80, 126.30, 127.02, 127.77, 128.32, 129.35, 131.34, 133.39,
133.70, 165.82. IR (film): V.., = 2924, 1778, 1720, 1574, 1510,
1450, 1378, 1276, 1238, 1194, 1176, 1118, 1102, 1062, 1034, 984,
902, 870, 814, 782 cm™~!. MS (CI, NH;): m/z (%) = 456 (100)
[MNH,]", 415 (16), 347 (32), 307 (24), 284 (16), 256 (8). C26H340¢
(444.6): caled. C 71.21, H 6.90; found C 71.51, H 6.93. — Procedure
2: Trichloroacetonitrile (0.11 mL, 0.16 g, 1.1 mmol) and 1,8-diaza-
bicyclo[5.4.0]lundecane (7.5 pL, 7.6 mg, 0.05 mmol) were added to a
stirred mixture of dihydroartemisinin (284 mg, 1.0 mmol) in dichlo-
romethane (5 mL). After 18 h, the mixture was added to a stirred
mixture of I-naphthoic acid (517 mg, 3.0 mmol) in dichlorome-
thane (5 mL). After 2 h, the reaction was quenched with 5% aque-
ous NaHCOj; (10 mL). The organic layer was separated and dried
(MgSO,). Filtration and concentration of the filtrate left a residue,
which was purified by column chromatography on silica, with ethyl
acetate/hexane (9:91) as eluent, to give the product as clusters of
fine white needles (299 mg, 68%).

10p-Dihydroartemisinyl 1’-Isoquinolinecarboxylate (12): This was
prepared by procedure 1 as described for compound 10 above, ex-
cept that the eluent for chromatography was ethyl acetate/hexane
(23:77). The product was obtained from DHA (2, 568 mg) and 1-
isoquinolinecarboxylic acid (346 mg, 2.0 mmol, 1 equiv.) as a white
powder (217 mg, 25%), m.p. 167—169 °C. [a]f) = +142 (¢ = 0.37,
CHCl). 'TH NMR: § = 0.95 (d, J = 6.1 Hz, 3 H, 9-Me), 1.04 (d,
J =71.3Hz 3 H, 6-Me), 1.46 (s, 3 H, 3-Me), 1.29—2.08 (m, 10 H),
2.40 (ddd, J = 13.6, 4.1, 3.9 Hz, 1 H), 2.91-3.01 (m, 1 H, H-9),
5.69 (s, | H, H-12), 6.66 (d, J = 3.35Hz, 1 H, H-10), 7.67-8.71
(m, 6 H, Ar-H). 3C NMR: § = 12.54, 20.15, 23.68, 24.49, 25.83,
30.22, 34.47, 36.15, 37.18, 43.95, 52.35, 80.63, 88.99, 96.09, 104.25,
123.53, 126.10, 126.40, 126.87, 128.42, 130.32, 136.54, 141.75,
165.01. IR (film): V. = 2942, 2870, 1726, 1452, 1376, 1280, 1248,
1226, 1180, 1142, 1102, 1074, 1002, 986, 900, 872, 850, 758 cm .
MS (ED): mlz (%) = 439 (40) [M*], 394 (34), 380 (44), 354 (64),
336 (100), 322 (44), 309 (46), 299 (80). C55sH,9NOg (439.5): caled.
C 68.32, H 6.65, N 3.19; found C 68.03, H 6.90, N 3.13.

10p-Dihydroartemisinyl 2'-Quinolinecarboxylate (13): This was pre-
pared by procedure 1 as for compound 10 above, except that the
cluent for chromatography was ethyl acetate/hexane (22:78). The
product was obtained from DHA (2, 284 mg) and 2-quinolinecarb-
oxylic acid (173 mg, 1.0 mmol, 1 equiv.) as a white microcrystalline
powder (242 mg, 55%), m.p. 75—77 °C. —[a]) = +138 (¢ = 0.013,
CHCI3). 'TH NMR: § = 1.00—1.05 (m, 6 H, 6-Me, 9-Me), 1.46 (s,
3 H, 3-Me), 0.84—1.72 (m, 4 H), 1.82—2.11 (m, 5 H), 2.28—2.48
(m, 2 H), 2.93-3.03 (m, 1 H), 5.72 (s, 1 H, H-12), 6.62 (d, J =
3.15Hz, 1 H, H-10), 7.28—8.33 (m, 6 H, Ar-H). *C NMR: § =
12.68, 20.37, 24.07, 24.66, 30.34, 34.80, 36.26, 37.56, 44.10, 52.52,
80.74, 89.04, 96.31, 104.41, 120.76, 127.51, 128.58, 129.27, 130.12,
130.93, 137.02, 147.74, 147.86, 164.40. IR (film): V. = 2940,
1728, 1462, 1378, 1292.1210, 1140, 1110.1092, 1074, 1034, 986, 902,
874, 854, 778 cm~'. MS (CI, NH): m/z (%) = 440 (100) [MH*],
284 (42), 256 (60), 221 (10), 174 (16). C,5sH»9NOg (439.5): caled. C
68.32, H 6.65, N 3.19; found C 68.30, H 6.96, N 3.59.

10p-Dihydroartemisinyl 3'-Quinolinecarboxylate (14): This was pre-
pared by procedure 1 as for compound 10 above, except that the
eluent for chromatography was ethyl acetate/hexane (22:78). The
product was obtained from DHA (2, 284 mg) and 3-quinolinecarb-
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oxylic acid (173 mg, 1.0 mmol, 1 equiv.) as a white powder (242 mg,
55%), m.p. 88—89 °C. [a] = +81.2 (¢ = 0.025, CHCl;). '"H NMR:
8 =101 (2 X 3 H,d, 6-Me, 9-Me, J = 6.6 Hz), 1.08—0.88 (m, 1
H),1.45 (s, 3 H, 3-Me), 1.23—2.09 (m, 9 H), 2.30—2.46 (m, 1 H),
2.94-3.04 (m, 1 H), 5.61 (s, 1 H, H-12), 6.61 (d, 1 H, J = 3.45 Hz,
H-10), 7.63—7.68 (m, 1 H, Ar-H), 7.84—7.89 (m, 1 H, Ar-H), 7.95
(d,J =82Hz | H, Ar-H), 8.17 (d, J = 8.5 Hz, 1 H, Ar-H), 8.86
(d,J =13Hz 1 H, Ar-H), 9.41 (d, J = 1.95Hz, 1 H, Ar-H). 13C
NMR: § = 164.27, 149.83, 149.51, 139.37, 132.10, 129.39, 129.19,
127.59, 126.86, 122.96, 104.51, 96.03, 88.86, 80.45, 52.31, 43.82,
37.58, 36.14, 34.45, 30.05, 25.84, 24.57, 24.48, 20.17, 12.60. IR
(film): V. = 2942, 1726, 1620, 1498, 1460, 1376, 1284, 1236, 1196,
1110, 1092, 1072, 1054, 1034, 974, 898, 874, 852, 790, 754 cm .
MS (CI, NH,): m/z (%) = 440 (100) [MH™*], 284 (26), 256 (90), 239
(10). C,5sH29NOg (439.5): caled. C 68.32, H 6.65, N 3.19; found C
68.30, H 6.96, N 3.59.

10p-Dihydroartemisinyl 2’-Quinoxalinecarboxylate (15): This was
prepared by procedure 1 as for compound 10 above, except that the
eluent for chromatography was ethyl acetate/hexane (22:78). The
product was obtained from DHA (2, 284 mg) and 2-quinoxaline-
carboxylic acid (173 mg, 1.0 mmol, 1 equiv.) as a white powder
(160 mg, 36%), m.p. 72—73 °C. [a] = +71.7 (¢ = 0.017, CHCl5).
'H NMR: § = 1.01-1.04 (m, 6 H, 6-Me, 9-Me), 1.46 (s, 3 H, 3-
Me), 0.89—2.48 (m, 11 H), 2.96—3.06 (m, 1 H), 5.69 (s, | H, H-
12), 6.66 (d, J = 3.0 Hz, 1 H, H-10), 7.86—7.97 (m, 2 H, Ar-H),
8.19—8.26 (m, 2 H, Ar-H), 9.50 (s, 1 H, Ar-H). *C NMR: § =
12.61, 20.28, 24.14, 24.62, 25.86, 30.22, 34.64, 36.19, 37.57, 43.92,
52.41, 80.58, 89.06, 96.84, 104.51, 129.29, 130.81, 130.93, 132.40,
141.80, 142.52, 143.63, 144.75, 163.09. —IR (film): V., = 2938,
1728, 1494, 1466, 1364, 1304, 1280, 1230, 1156, 1112, 1096, 1074,
1054, 1034, 1014, 978, 900, 874, 852, 804, 778, 752 cm~'. MS (CI,
NHa): m/z (%) = 458 (40) [MNH,*], 441 (8) [MH™], 301 (20), 284
(100), 256 (70), 221 (10). C,4HxN,Og (440.5): caled. C 65.44, H
6.41, N 6.36; found C 65.23, H 6.40, N 6.48.

10g-Dihydroartemisinyl 2’-Hydroxy-1'-naphthoate (16): This was
prepared by procedure 1 as for compound 10 above, except that
the eluent for chromatography was ethyl acetate/hexane (7:93). The
product was obtained from DHA (2, 284 mg) and 2-hydroxy-1-
naphthoic acid (188 mg, 1.0 mmol, 1 equiv.) as a viscous gum
(231 mg, 51%), [a]®) = +146 (¢ = 0.024, CHCl;). '"H NMR: § =
1.09 (d, 3 H, 9-Me, J = 7.35Hz), 0.97—1.17 (m, 4 H), 1.54 (s, 3
H, 3-Me), 1.34—1.78 (m, 3 H), 1.88—2.16 (m, 6 H), 2.39—2.54 (m,
1 H), 3.02—3.12 (m, 1 H), 5.68 (s, | H, H-12), 6.64 (d, J = 3.5 Hz,
1 H, H-10), 7.39 (d, J/ = 8.8 Hz, 1 H, Ar-H), 7.53—-7.73 (m, 4 H,
Ar-H), 7.86 (d, J = 8.0 Hz, 1 H, Ar-H), 8.52 (d, J = 8.20 Hz, 1 H,
Ar-H), 12.12 (s, 1 H, OH). '3C NMR: § = 12.61, 20.23, 24.40,
24.58, 25.88, 30.12, 34.51, 36.17, 37.54, 43.84, 52.34, 80.46, 88.85,
95.92, 104.52, 118.72, 123.56, 123.88, 124.01, 124.83, 125.89,
127.38, 129.61, 137.16, 161.74, 170.28. IR (film): V.« = 2942,
1660, 1636, 1600, 1578, 1462, 1412, 1390, 1336, 1272, 1252, 1208,
1160, 1104, 1088, 1072, 1054, 1032, 1014, 976, 964, 926, 894, 874,
850, 796, 772, 716 cm L. MS (El): m/z (%) = 455 (4) [MH™"], 454
(4) [M*], 286 (24), 284 (50), 256 (20), 224 (14), 221 (8). CcH3004
(454.5): caled. C 68.71, H 6.65; found C 68.64, H 6.78.

10p-Dihydroartemisinyl 1’'-Hydroxy-2'-naphthoate (17): This was
prepared by procedure 1 as for compound 10 above, except that
the eluent for chromatography was ethyl acetate/hexane (7:93). The
product was obtained from DHA (2, 284 mg) and 1-hydroxy-2-
naphthoic acid (188 mg, 1.0 mmol, 1 equiv.) as needles (76 mg,
17%), m.p 139—140 °C. [a]f) = +124 (¢ = 0.019, CHCI;). IR
(film): ¥ = 2940, 1660, 1634, 1580, 1462, 1390, 1272, 1254, 1160,
1104, 1072, 1032, 976, 894, 850, 796, 772, 716. '"H NMR: § = 1.04
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(d, J = 5.7Hz, 3 H, 9-Me), 1.15 (d, J = 7.4 Hz, 3 H, 6-Me), 1.56
(s, 3 H, 3-Me), 0.97—2.05 (m, 9 H), 2.13—2.19 (m, 1 H), 2.44—2.53
(m, 1 H), 3.08—3.18 (m, 1 H), 5.70 (s, 1 H, H-12), 6.87 (d, J =
3.65Hz, 1 H, H-10), 7.27 (d, J = 8.95Hz, 1 H, Ar-H), 7.35—7.59
(m, 2 H, Ar-H), 7.86 (dd, J = 7.9, 1.1 Hz, 1 H, Ar-H), 7.99 (d, J =
9.0 Hz, 1 H, Ar-H), 8.70 (d, J = 9.0 Hz, 1 H, Ar-H), 11.95 (s, 1 H,
OH). 3C NMR: § = 12.84, 20.21, 24.18, 24.59, 25.90, 30.21, 34.30,
36.19, 37.47, 43.60, 52.30, 80.47, 89.34, 96.76, 104.61, 119.48,
123.72, 125.31, 127.62, 128.58, 129.01, 131.41, 136.64, 172.00. MS
(CL, CHy): mlz (%) = 455 (4) [MH*], 454 (4), 437 (6), 409 (34),
267 (80), 249 (70), 221 (100), 189 (54), 163 (50). CoH300; (454.5):
caled. C 68.71, H 6.65; found C 68.93, H 6.81.

10p-Dihydroartemisinyl 3’-Hydroxy-2'-naphthoate (18): This was
prepared by procedure 1 as for compound 10 above, except that the
eluent for chromatography was ethyl acetate/hexane (12:88). The
product was obtained from DHA (2, 284 mg) and 3-hydroxy-2-
naphthoic acid (188 mg, 1.0 mmol, 1 equiv.) as a white powder
(127 mg, 28%), m.p. 138—139 °C. [a]f) = +63.7 (¢ = 0.019,
CHCIl;). 'H NMR: § = 1.03—1.05 (m, 6 H, 6-Me, 9-Me), 1.47 (s,
3 H, 3-Me), 1.03—1.62 (m, 4 H), 2.49—-2.38 (m, 1 H), 1.69—-2.15
(m, 6 H), 2.98—3.03 (m, 1 H), 5.63 (s, 1 H, H-12), 6.58 (d, J =
3.4 Hz, | H, H-10), 7.33—-7.80 (m, 5 H, Ar-H), 8.35 (s, | H, Ar-
H), 10.44 (s, 1 H, OH). *C NMR: § = 12.62; 20.24, 24.25, 24.59,
25.86, 30.04, 34.55, 36.16, 37.62, 43.83, 52.33, 80.40, 88.90, 96.39,
104.59, 112.08, 114.09, 123.98, 126.39, 126.79, 129.18, 129.31,
131.86, 138.01, 156.63, 169.12. IR (film): V., = 3232, 2938, 2880,
1682, 1634, 1514, 1462, 1414, 1380, 1326, 1280, 1212, 1176, 1146,
1106, 1030, 850, 792, 744 cm™!. MS (CI, CHy): m/z (%) = 472 (56)
[MNH,*], 301 (10), 284 (100), 267 (16), 256 (10), 221 (22), 206 (32).
Cy6H3007 (454.5): caled. C 68.71, H 6.65; found C 68.57, H 6.69.

10p-Dihydroartemisinyl 3'-Hydroxy-2'-quinoxalinecarboxylate (19):
This unstable compound, identified by NMR spectroscopy, was
prepared by procedure 1 as for compound 10 above, except that the
eluent for chromatography was ethyl acetate/hexane (25:75). The
product was obtained from DHA (2, 284 mg) and 3-hydroxy-2-qui-
noxalinecarboxylic acid (190 mg, 1.0 mmol, 1 equiv.) as a yellow
gum, which could not be further purified (149 mg, 33%). '"H NMR:
& =0.86 (d, J = 6.0 Hz, 3 H, 9-Me), 0.90—0.97 (m, 1 H), 1.04 (d,
3 H, 6-Me, J = 7.35Hz), 1.48 (s, 3 H, 3-Me), 1.24—2.14 (m, 9 H),
2.35—2.46 (m, 1 H), 2.89-2.96 (m, 1 H), 5.82 (s, | H, H-12), 6.58
(d, J = 3.0 Hz, 1 H, H-10), 7.40—7.94 (m, 4 H, Ar-H), 12.92 (1 H,
brs, OH). >*C NMR: § = 12.49, 14.14, 20.11, 23.83, 24.57, 25.94,
30.97, 34.50, 36.22, 37.37, 43.92, 52.37, 80.66, 89.13, 96.92, 104.40,
116.34, 124.99, 130.33, 132.10, 132.17, 132.89, 148.25, 154.57,
162.36. A correct microanalysis could not be obtained for this com-
pound.

10p-Dihydroartemisinyl 9’-Anthracenecarboxylate (20): This was
prepared by procedure 1 as for compound 10 above, except that the
eluent for chromatography was ethyl acetate/hexane (17:83). The
product was obtained from DHA (2, 568 mg) and 9-anthra-
cenecarboxylic acid (444 mg, 2.0 mmol, 1 equiv.) as a white powder
(618 mg, 63%), m.p. 130—132 °C. [a]®) = +49.2 (¢ = 0.73, CHCl5).
'H NMR: § = 0.84 (d, J = 6.0 Hz, 3 H, 6-Me), 1.13 (d, J = 7.0 Hz,
3 H, 9-Me), 1.54 (s, 3 H, 3-Me), 0.76—1.56 (m, 8 H), 1.83—1.92
(m, 1 H), 2.08 (ddd, J = 15.3, 4.8, 2.95Hz, 1 H), 2.42 (ddd, J =
17.5, 13.0, 4.0 Hz, 1 H), 3.00—3.10 (m, 1 H, H-9), 5.59 (s, 1 H, H-
12), 6.91 (d, J = 3.45Hz, 1 H, H-10), 7.52—7.61 (m, 4 H, Ar-H),
8.04—8.15 (m, 4 H, Ar-H), 8.55 (s, 1 H, Ar-H). *C NMR: § =
12.63, 19.93, 23.58, 24.42, 25.87, 29.91, 34.00, 36.14, 37.01, 43.69,
52.19, 80.40, 89.05, 89.08, 96.14, 104.34, 124.75, 125.40, 126.92,
128.09, 128.44, 129.03, 130.83, 168.32. IR (film): V.« = 2922,
1732, 1448, 1376, 1196, 1152, 1102, 1076, 984, 896, 876, 844, 738
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em~'. MS (CI, NH;): m/z (%) = 506 (24) [MNH,*], 488 (2) [M*],
396 (48), 379 (100), 284 (44), 267 (24), 205 (6). C3oH3,0¢ (488.6):
caled. C 73.75, H 6.60; found C 73.96, H 6.84.

10p-Dihydroartemisinyl 9'-Acridinecarboxlate (21): This was pre-
pared by procedure 1 as for compound 10 above, except that the
eluent for chromatography was ethyl acetate/hexane (25:75). The
product was obtained from DHA (2, 568 mg) and 9-acridinecarb-
oxylic acid (446 mg, 2.0 mmol, 1 equiv.) as a fine short needles
(548 mg, 56%), 150—151 °C. [0]¥ = +125 (¢ = 0.15, CHCl,). 'H
NMR: § = 0.84 (d, J = 6.0 Hz, 3 H, 6-Me); 1.12 (d, J = 7.0 Hz,
3 H, 9-Me), 1.53 (s, 3 H, 3-Me), 1.24—1.59 (m, 8 H), 1.83—1.92
(m, 1 H), 2.08 (ddd, J = 14.5, 4.5, 3.0 Hz, 1 H), 2.41 (ddd, J =
17.0, 13.5, 4.0 Hz, 1 H), 3.00—3.10 (m, 1 H, H-9), 5.54 (s, | H, H-
12), 691 (d, J = 3.5Hz, 1 H, H-10), 7.59-8.31 (m, 8 H, Ar-H),
— IBC NMR: § = 12.59, 19.89, 23.58, 24.38, 25.81, 29.82, 33.90,
36.06, 37.02, 43.50, 52.10, 80.27, 89.13, 96.93, 104.45, 121.97,
124.75, 127.16, 129.80, 130.28, 136.90, 148.55, 168.35, — IR (film):
Vmax = 2948, 1738, 1518, 1462, 1378, 1208, 1104, 986, 892, 876,
848, 764 cm~!. MS (EI): m/z (%) = 489 (6) [M ], 266 (24), 223
(100), 167 (42), 195 (18). CyoH3;NOg: (489.6): calcd. C 71.15, H
6.38; N 2.86; found C 70.87, H 6.46, N 2.83.

10p-Dihydroartemisinyl 2'-Anthraquinonecarboxylate (22): This was
prepared by procedure 1 for compound 10 above, except that the
eluent for chromatography was ethyl acetate/hexane (18:82). The
product was obtained from DHA (2, 568 mg) and anthraquinone-
2-carboxylic acid (505 mg, 2.0 mmol, 1 equiv.) as a white powder
(808 mg, 74%), m.p. 114—115 °C. [a]f) = +35.8 (¢ = 0.052,
CHCI3). 'TH NMR: § = 1.01 (d, J = 7.0 Hz, 3 H, 9-Me); 1.03 (d,
3 H, 6-Me, J = 5.65Hz), 1.44 (s, 3 H, 3-Me), 0.96—2.10(m, 10 H),
2.35-2.45 (m, 1 H), 2.93—-3.03 (m, 1 H, H-9), 5.62 (s, | H, H-12),
6.56 (d, J = 3.5Hz, 1 H, H-10), 7.81-8.88 (m, 7 H, Ar-H). 13C
NMR: § = 12.59, 14.13, 20.23, 24.43, 24.49, 24.57, 25.80, 30.05,
36.14, 37.54, 43.84, 52.32, 80.44, 88.86, 96.43, 104.48, 127.32,
127.36, 127.68, 128.40, 133.26, 133.29, 133.54, 134.40, 134.46,
135.00, 136.12, 163.94, 181.99, 182.33. IR (film): V., = 2942,
1732, 1678, 1594, 1452, 1378, 1326, 1296, 1266, 1242, 1172, 1102,
1070, 1054, 1032, 1014, 978, 932, 898, 876, 856, 798, 754 cm~'. MS
(EI): miz (%) = 519 (66) [M*], 436 (100), 256 (66), 221 (26), 203
(18). C30H3005 (518.6): calcd. C 69.49, H 5.83; found C 69.85, H
6.07.

100-Dihydroartemisinyl Acetate (23): 4-(Dimethylamino)pyridine
(20 mg, 0.16 mmol) and acetic anhydride (330 puL, 3.00 mmol) were
added to a cold (0 °C), stirred solution of DHA (2, 284 mg,
1.0 mmol) in dichloromethane (15 mL). The reaction mixture was
allowed to warm to room temperature with stirring overnight. The
solvent was removed under reduced pressure and the residue was
purified by chromatography with ethyl acetate/hexane (20:80) to
give the product as a white solid (321 mg, 98%), recrystallisation
of which from ethyl acetate/hexane gave needles, m.p. 128—129 °C
(ref.1 130—132 °C). [a]¥ = +76.2 (¢ = 0.93, CHCl3). '"H NMR:
8 =0.86 (d, J = 7.0Hz 3 H, 9-Me), 0.97 (d, 3 H, 6-Me, J =
5.95Hz), 1.45 (s, 3 H, 3-Me), 1.94—1.23 (m, 9 H), 2.04 (ddd, J =
14.5, 5.0, 3.0 Hz, 1 H), 2.14 (s, 3 H, MeCO), 2.39 (ddd, J = 17.5,
13.5,4.0 Hz, 1 H), 2.55 (m, 1 H, H-9), 5.45 (s, 1 H, H-12), 5.80 (d,
1 H, H-10, J = 10.0 Hz). IR (film): V,,,x = 2926, 2870, 1752, 1448,
1376, 1228, 1132, 1102, 1028, 876, 848, 826, 754 cm~'. MS (EI):
mlz (%) = 326 [M™"]. C;;H»0¢ (326.4): caled. C 62.56, H 8.03;
found C 62.87, H 8.36.

10a-Dihydroartemisinyl p-Nitrobenzoate (24): This was prepared by
the method used for compound 23, except that p-nitrobenzoyl
chloride (0.39 g, 2.11 mmol, 1.2 equiv.) and triethylamine (0.29 mL,
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0.21 g, 1.2 equiv.) were used rather than acetic anhydride and
DMAP. The eluent for chromatography was ethyl acetate/hexane
(12:88). The product was obtained from DHA (2, 500 mg) as a
white foam (627 mg, 82%), m.p. 63—66 °C. [a]) = +20.26 (¢ =
1.16, CHCl3). '"H NMR: § = 0.94 (d, J = 7.0 Hz, 3 H, 9-Me), 1.00
(d, J = 6.0Hz, 3 H, 6-Me), 1.21-1.40 (m, 2 H), 1.43 (s, 3 H, 3-
Me), 1.58—1.49 (m, 1 H), 1.64—1.97 (m, 5 H), 2.02—2.09 (m, 1 H),
2.22—2.45 (m, 2 H), 2.74-2.81 (m, 1 H), 5.54 (s, 1 H, H-12), 6.02
(d, 1 H, H-10, J = 10.0 Hz), 8.30 (s, 4 H, Ph-H). '3C NMR: § =
12.90, 20.89, 22.71, 25.24, 26.58, 32.58, 34.74, 36.88, 37.96, 45.94,
52.25, 80.79, 92.37, 94.06, 105.24, 124.18, 131.89, 135.70, 151.43,
164.18. IR (film): V., = 2926, 2870, 1736, 1608, 1528, 1348, 1266,
1132, 1090, 1036, 1010, 878, 854, 720 cm™~!. MS (CI positive, CH,):
mlz (%) = 462 (4) [MH™, 2 X CHy], 435 (6) [MH*, 13C], , 434 (51)
[MH™], 433 (3.7) [M*]. C,,H»7;NOg (433.5): caled. C 60.96, H 6.28,
N 3.23; found C 61.37, H 6.66, N 3.11.

100-Dihydroartemisinyl Benzoate (25). — Procedure 1: Dicyclohex-
ylcarbodiimide (217 mg, 1.05 mmol) was added to a cold (0 °C),
stirred solution of DHA (2, 284 mg, 1.0 mmol) and benzoic acid
(122 mg, 1.0 mmol) in dichloromethane (15 mL). The mixture was
stirred at 0 °C for 4 h and then washed with water (3 X 15 mL) and
dried (MgSO,). Filtration and concentration of the filtrate gave a
residue, which on chromatography with ethyl acetate/hexane
(15:85) gave the product as a white powder (137 mg, 35%), m.p.
62—63 °C (ref.”) m.p. 127—-129 °C). [a]y = +15 (¢ = 0.017,
CHCI3). 'TH NMR: § = 0.94 (d, J = 7.0 Hz, 3 H, 9-Me), 0.99 (d,
J = 6.0 Hz, 3 H, 6-Me), 0.89—1.07 (m, 1 H), 1.44 (s, 3 H, 3-Me),
1.26—1.54 (m, 4 H), 1.66—1.89 (m, 4 H), 2.03—2.08 (m, 1 H),
2.35—-2.44 (m, 1 H), 2.75-2.79 (m, 1 H, H-9), 5.54 (s, | H, H-12),
6.02 (d, 1 H, H-10, J = 10.0), 7.28—7.60 (m, 3 H, Ar-H), 8.11-8.14
(m, 2 H, Ar-H). 3C NMR: § = 12.17, 20.18, 21.99, 24.52, 25.89,
31.93, 34.06, 36.19, 37.21, 45.28, 51.58, 80.12, 91.52, 92.46, 104.36,
128.23, 129.55, 130.05, 133.24, 165.22. IR (film): V. = 2926,
1732, 1452, 1376, 1266, 1208, 1132, 1088, 1038, 1018, 926, 830, 832,
756, 714, 672 cm L. MS (CI, NH3): m/z (%) = 406 (100) [MNH,*],
284 (30), 256 (20). C5,H»30 (388.5): caled. C 68.02, H 7.21; found
C 68.09, H 7.31. — Procedure 2: The procedure for the preparation
of compound 23 was used, except that benzoyl chloride (0.98 mL,
1.19 g, 8.45 mmol, 1.2 equiv.) and triethylamine (1.18 mL, 0.86 g,
8.45 mmol, 1.2 equiv.) were used in place of acetic anhydride and
DMAP. The eluent for chromatography was ethyl acetate/hexane
(10:90). DHA (2, 2 g) provided 25 (2.17 g, 79%).

10p-[(4'-Methoxyphenyl)methoxy|dihydroartemisinin (26): Boron
trifluoride—diethyl ether (3 drops) was added to a stirred solution
of DHA (2, 284 mg, 1.0 mmol) and 4-methoxybenzyl alcohol
(248 mg, 2.0 mmol, 2 equiv.) in diethyl ether (20 mL). After 6 h,
the reaction mixture was quenched with saturated aqueous
NaHCO; and dried (MgSO,). Filtration and concentration of the
filtrate gave a residue which on chromatography with ethyl acetate/
hexane (5:95 to 10:90) gave the product as a white microcrystalline
powder (262 mg, 67%), m.p. 100—101 °C. 'H NMR: & = 0.98 (d,
J = 6.0Hz, 3 H, 9-Me), 1.04 (d, J = 7.5 Hz, 3 H, 6-Me), 1.45 (s,
3 H, 3-Me), 0.97—1.05 (m, 1 H), 1.28—1.73 (m, 5 H), 1.87—-2.09
(m, 4 H), 2.35-2.45 (m, 1 H), 2.74-2.84 (m, 1 H), 3.78 (s, 3 H,
OMe), 539 (d, J = 3.5Hz, | H, H-10), 5.55 (s, 1 H, H-12),
6.80—7.09 (m, 4 H, Ar-H). 13C NMR: § = 13.00, 20.31, 24.43,
24.63, 26.07, 31.03, 34.63, 36.37, 37.39, 44.44, 52.54, 55.65, 81.03,
88.16, 101.58, 104.13, 114.56, 118.08, 151.68, 154.73. MS (CI,
CH,): mlz (%) = 391 (60)[MH™]. C5,H3,04 (390.5): caled. C 67.67,
H 7.74; found C 67.60, H 7.75.

10p-(Phenylmethoxy)dihydroartemisinin (27): This was prepared by
the method used for the preparation of compound 26, except that
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the eluent for chromatography was ethyl acetate/hexane (10:90).
The product was obtained from DHA (2, 1 g, 3.5 mmol) and benzyl
alcohol (730 pL, 7.0 mmol, 2 equiv.) as a colourless oil (1.26 g,
96%). [a]® = +129 (¢ = 0.077, CHCl;). 'TH NMR: § = 0.96 (d,
J = 6.0 Hz, 3 H, 9-Me), 0.97 (d, J = 7.5 Hz, 3 H, 6-Me), 1.48 (s,
3 H, 3-Me), 0.87—1.97 (m, 9 H), 2.07 (ddd, J = 14.5, 5.0, 3.0 Hz,
1 H), 2.41 (ddd, J = 17.5, 10.0, 4.0 Hz, 1 H), 2.65—2.75 (m, 1 H,
H-9), 455 (d, 1 H, H-1, J = 12.5Hz), 494 (d, 1 H, H-1", J =
12.5 Hz), 495 (d, J = 3.5Hz, 1 H, H-10), 7.28—7.39 (m, 5 H, Ar-
H), 5.49 (s, 1 H, H-12). IR (neat): V., = 2922, 2874, 1454, 1374,
1100, 1024, 1012, 876, 826, 734, 698 cm™!. MS (CI, NH3): m/z =
392 (%): (26) [MNH,*], 329 (64), 284 (100), 267 (72), 221 (16).
C,,H3005 (374.5): caled. C 70.56, H 8.07; found C 70.89, H 8.25.

10B-(2'-Fluorophenylmethoxy)dihydroartemisinin (28): This was pre-
pared by the method used for the preparation of compound 26,
except that the eluent for chromatography was ethyl acetate/hexane
(10:90). The product was obtained from DHA (2, 426 mg,
1.5 mmol) and 2-fluorobenzyl alcohol (330 pL, 3.0 mmol, 2 equiv.)
as a white powder (445 mg, 76%), m.p. 8182 °C. [a] = +121
(¢ = 0.37, CHCIL3). '"H NMR: § = 0.94 (d, J = 7.5 Hz, 3 H, 6-Me),
0.96 (d, J = 6.0 Hz, 3 H, 9-Me), 1.48 (s, 3 H, 3-Me), 1.21-1.67
(m, 6 H), 1.77—1.94 (m, 3 H), 2.06 (ddd, J = 14.5, 5.0, 3.0 Hz, 1
H), 2.40 (ddd, J = 17.5, 13.5, 4.0 Hz, 1 H), 2.68—2.71 (m, | H, H-
9),4.54 (d, 1 H, H-1", J = 12.5Hz), 496 (d, J = 3.5Hz, 1 H, H-
10), 5.01 (d, 1 H, H-1", J = 12.5 Hz), 5.50 (s, 1 H, H-12), 7.02—7.42
(m, 4 H, Ar-H). 3C NMR: § = 12.82; 20.20, 24.30, 24.53, 26.04,
30.77, 34.48, 36.28, 37.24, 44.27, 52.44, 64.03 (d, J = 4.0 Hz),
80.97, 87.87 (d, J = 2.5 Hz), 101.59 (d, J = 2.0 Hz), 103.97, 115.03
(d, J = 21.0 Hz), 123.74 (d, J = 3.5 Hz), 125.36 (d, J = 14.5 Hz),
129.01 (d, J = 8.0 Hz), 129.46 (d, J = 4.5Hz). IR (film): V. =
2950, 2874, 1586, 1492, 1456, 1376, 1228, 1194, 1158, 1140, 1124,
1098, 1012, 978, 958, 938, 876, 756 cm ™~ '. MS (CIL, NH,): m/z (%) =
410 (MNH,™", 16), 393 (MH™, 2), 347 (28), 284 (100), 267 (64), 126
(4). CHy9FOs (392.5): caled. C 67.33, H 7.45; found C 67.23,
H 7.48.

10B-(3'-Fluorophenylmethoxy)dihydroartemisnin (29): This was pre-
pared by the method used for the preparation of compound 26,
except that the eluent for chromatography was ethyl acetate/hexane
(10:90). The product was obtained from DHA (2, 426 mg,
1.5 mmol) and 3-fluorobenzyl alcohol (330 pL, 3.0 mmol, 2 equiv.)
as a white powder (489 mg, 83%), m.p. 83—85 °C (ref.*”! m.p.
87—89 °C). [a]¥ = +111 (¢ = 0.77, CHCl;). '"H NMR: § = 0.97
(d, J = 6.0 Hz, 3 H, 6-Me), 0.98 (d, J = 7.5 Hz, 3 H, 9-Me), 1.48
(s, 3 H, 3-Me), 1.22—1.70 (m, 6 H), 1.81—1.95 (m, 3 H), 2.06 (ddd,
J =145, 5.0, 3.0 Hz, 1 H), 2.40 (ddd, J = 17.5, 13.5, 4.0 Hz, 1
H), 2.66—2.76 (m, 1 H, H-9), 4.54 (d, 1 H, H-1', J = 12.5 Hz),
492 (d, 1 H, H-1', J = 12.5Hz), 493 (d, J = 5.0 Hz, | H, H-10),
547 (s, 1 H, H-12), 6.95—7.35 (m, 4 H, Ar-H). 3C NMR: § =
12.93, 20.18, 24.36, 24.52, 26.03, 30.75, 34.44, 36.26, 37.27, 44.20,
52.41, 68.85, 80.94, 87.88 (d, J = 2.5 Hz), 101.36, 104.03, 113.60,
114.02 (d, J = 21.0 Hz), 122.37 (d, J = 2.5Hz), 129.63 (d, J =
8.5 Hz), 140.85. IR (film): V.« = 2922, 2874, 1618, 1592, 1488,
1450, 1376, 1360, 1254, 1194, 1136, 1102, 1032, 1012, 940, 876,
826, 874 cm 1. MS (CI, NH3): m/z (%) = 410 (16) [MNH,*], 393
(2) [MH™], 347 (32), 284 (100), 267 (66), 126 (4). C5,HFOs5
(392.5): caled. C 67.33, H 7.45; found C 67.07, H 7.48.

108-(4'-Fluorophenylmethoxy)dihydroartemisinin (30): This was pre-
pared by the method used for the preparation of compound 26,
except that the eluent for chromatography was ethyl acetate/hexane
(10:90). The product was obtained from DHA (2, 426 mg,
1.5 mmol) and 4-fluorobenzyl alcohol (330 uL, 3.0 mmol, 2 equiv.)
as a white powder (487 mg, 83%), m.p. 71-72 °C. [a]® = +126
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(c = 0.34, CHCLy). "H NMR: § = 0.95 (d, 3 H, 6-Me, J = 7.35 Hz),
0.97 (d, J = 6.0 Hz, 3 H, 9-Me), 1.48 (s, 3 H, 3-Me), 1.26—1.69
(m, 6 H), 1.76—1.95 (m, 3 H), 2.07 (ddd, 1 H, J = 14.5, 4.75,
3.0 Hz), 2.41 (ddd, J = 17.5, 13.5, 4.0 Hz, 1 H), 2.64—2.74 (m, 1
H, H-9), 4.51 (d, | H, H-1", J = 12.0 Hz), 487 (d, 1 H, H-1", J =
12.0 Hz), 491 (d, J = 3.5Hz, 1 H, H-10), 547 (s, 1 H, H-12),
7.00—7.08 (m, 2 H, H-3', H-7"), 7.28—7.34 (m, 2 H, H-4, H-6").
13C NMR: § = 12.91, 20.18, 24.35, 24.53, 26.05, 30.72, 34.45,
36.28, 37.28, 44.23, 52.42, 68.91, 80.97, 87.88 (d, J = 2.5 Hz),
101.12, 104.01, 114.99 (d, J = 21.5 Hz), 128.83 (d, J = 8.0 Hz),
133.93 (d, J = 3.0 Hz). IR (film): ¥, = 2920, 1604, 1510, 1450,
1376, 1224, 1156, 1100, 1028, 1012, 956, 938, 876, 826 cm~'. MS
(CL, NH,): milz (%) = 410 (12) [MNH,*], 347 (32), 284 (100), 267
(70), 126 (4). Co,HaoFOs5 (392.5): caled. C 67.33, H 7.45; found C
67.17, H 7.43.

10p-(9'-Anthrylmethoxy)dihydroartemisinin (31): This was prepared
by the method used for the preparation of compound 26, except
that the eluent for chromatography was ethyl acetate/hexane
(10:90). The product was obtained from DHA (2, 1.0 g, 3.5 mmol)
and 9-anthrylmethanol (1.63 g, 7.0 mmol, 2 equiv.) as a pale yellow
powder (1.07 g, 64%), m.p. 97—99 °C. [a]¥ = +112.5 (¢ = 0.63,
CHCIl3). '"H NMR: & = 0.77 (d, J = 7.5 Hz, 3 H, 6-Me), 0.92 (d,
J = 6.0Hz, 3 H, 9-Me), 1.57 (s, 3 H, 3-Me), 1.23—2.70 (m, 12 H),
5.14 (d, J = 3.5Hz, 1 H, H-10), 5.51 (d, 1 H, H-1", J = 11.5 Hz),
5.69 (s, 1 H, H-12), 5.86 (d, 1 H, H-1", J = 11.5Hz), 7.50—7.58
(m, 3 H, Ar-H), 8.02—8.05 (m, 2 H, Ar-H), 8.41—-8.48 (m, 3 H,
Ar-H). IR (film): V., = 2920, 1448, 1374, 1194, 1098, 1010, 938,
874, 846, 826, 754 cm~!. MS (CI, NHs): m/z (%) = 492 (18)
[MNH, ], 474 (8), 446 (6), 284 (32), 267 (18), 207 (10), 191 (100).
C30H3405 (474.6): caled. C 75.92, H 7.22; found C 75.78, H 6.84.

10p-(9'-Phenanthrylmethoxy)dihydroartemisinin (32): This was pre-
pared by the method used for the preparation of compound 26,
except that the eluent for chromatography was ethyl acetate/hexane
(15:85). The product was obtained from DHA (2, 1.0 g, 3.5 mmol)
and 9-phenanthrylmethanol (1.46 g, 7.0 mmol, 2 equiv.) as a yellow
powder (1.38 g, 83%), m.p. 93—94 °C. [a]® = +99.2 (¢ = 0.26,
CHCIl3). '"H NMR: & = 0.89 (d, J = 7.5 Hz, 3 H, 6-Me), 0.96 (d,
J = 6.0 Hz, 3 H, 9-Me), 1.52 (s, 3 H, 3-Me), 1.26—2.12 (m, 9 H),
2.43 (ddd, J = 18.5, 13.5, 4.0 Hz, 1 H), 2.69—2.75 (m, 1 H, H-9),
5.00 (d, 1 H, H-1", J = 12.5Hz), 5.10 (d, J = 3.5Hz, 1 H, H-10),
543 (d, 1 H, H-1', J = 12.5Hz), 5.60 (s, | H, H-12), 7.59—8.77
(m, 9 H, Ar-H). IR (film): V., = 2920, 1450, 1376, 1248, 1194,
1098, 1042, 1006, 956, 938, 874, 826, 748, 724. MS (CI, NH,):
mlz (%) = 492 (32) [MNH, '], 446 (22), 429 (100), 267 (58), 208
(60), 191 (34). C30H3405 (474.6): C 75.92, H 7.22; found C 75.94,
H 7.54.

10p-(5’-Pyrenylmethoxy)dihydroartemisinin (33): This was prepared
by the method used for the preparation of compound 26, except
that the eluent for chromatography was ethyl acetate/hexane
(10:90). The product was obtained from DHA (2, 1.0 g, 3.5 mmol)
and 1-pyrylmethanol (1.63 g, 7.0 mmol, 2 equiv.) as a yellow pow-
der (909 mg, 52%), m.p. 90—92 °C. [a]Ey = +84.3 (¢ = 0.019,
CHCl;). 'H NMR: § = 091 (d, J = 7.5 Hz, 3 H, 6-Me), 0.95 (d,
J = 6.0Hz, 3 H, 9-Me), 8.01-8.35 (m, 9 H, Ar-H), 1.54 (s, 3 H,
3-Me), 0.86—1.61 (m, 6 H), 1.70—1.98 (m, 3 H), 2.11 (ddd, J =
14.5, 4.5, 295 Hz, 1 H), 2.43 (ddd, J = 17.5, 13.5, 4.0 Hz, 1 H),
2.69-2.79 (m, 1 H, H-9), 55.13 (d, J = 3.4 Hz, 1 H, H-10), 5.22
(d, 1 H, H-1", J = 12.0 Hz), 5.63 (s, 1 H, H-12), 5.67 (d, 1 H, H-
1’,J = 12.0 Hz). 3C NMR: § = 13.07, 20.30, 24.47, 24.67, 26.24,
30.99, 34.54, 36.43, 37.37, 44.40, 52.55, 68.48, 81.19, §88.20, 101.48,
104.17, 123.48, 124.48, 124.70, 124.80, 125.16, 125.89, 126.57,
127.29, 127.42, 127.47, 129.03, 130.77, 131.08, 131.23, 131.40. IR
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(film): Ve = 2920, 1456, 1374, 1192, 1138, 1098, 1010, 938, 874,
846, 826, 754, 710 cm~'. MS (CL, NHs): m/z (%) = 516 (6)
[MNH,*], 470 (8), 329 (8), 284 (28), 215 (100). C3,H3,05 (498.6):
caled. C 77.08, H 6.87; found C 76.81, H 7.13.

10p-(2',2',2'-Trifluoroethoxy)dihydroartemisinin (34): This was pre-
pared by the method used for the preparation of compound 26,
except that the eluent for chromatography was ethyl acetate/hexane
(8:92). The product was obtained from DHA (2, 426 mg, 1.5 mmol)
and 2,2,2-trifluoroethanol (220 pL, 3.0 mmol, 2 equiv.) as a white
powder (157 mg, 29%), m.p. 113—114 °C. [a]f) = +133 (¢ = 0.30,
CHCL). 'H NMR: § = 0.97 (d, J = 7.5 Hz, 3 H, 6-Me), 0.98 (d,
J = 6.0 Hz, 3 H, 9-Me), 1.46 (s, 3 H, 3-Me), 1.22—1.58 (m, 4 H),
1.64—1.96 (m, 5 H), 2.07 (ddd, J = 14.5, 5.0, 3.0 Hz, 1 H), 2.40
(ddd, J = 17.5, 13.5, 4.0 Hz, 1 H), 2.65—2.75 (m, 1 H, H-9), 3.89
(dq, 1 H, H-1", J = 12.0, 8.5 Hz), 4.15 (dq, 1 H, H-1', J = 12.0,
9.0 Hz), 4.90 (d, J = 3.5Hz, 1 H, H-10), 5.43 (s, 1 H, H-12). 13C
NMR: 6 = 12.47, 20.13, 24.11, 24.47, 25.90, 30.44, 34.39, 36.17,
37.29, 43.99, 52.32, 64.91 (d, J = 34.0 Hz), 80.73, 87.93, 102.41,
104.13. IR (film): V. = 2984, 2960, 2928, 2870, 1454, 1414, 1378,
1308, 1278, 1174, 1150, 1110, 1052, 1036, 990, 972, 918, 874, 824
cm~ . MS (CI, NHj): m/z (%) = 384 (16) [MNH4*], 367 (2)
[MH™], 284 (100), 267 (72). C;7H,5F305 (366.4): caled. C 55.73, H
6.88; found C 55.79, H 6.81.

10B-(3'-Bromopropoxy)dihydroartemisinin (35). — Procedure 1: The
compound 35 was prepared by a method analogous to that used
for compound 26 above, except that the eluent for chromatography
was ethyl acetate/hexane (10:90). The product was thus obtained
from DHA (2, 1.0 g, 2.0 mmol) and 3-bromopropan-1-ol (182 pL,
2.0mmol, 1 equiv.) as a fine white microcrystalline powder
(419 mg, 52%), m.p. 90—92 °C (ref.5% m.p. 85—86.5 °C). [a]®) =
+103 (¢ = 0.013, CHCl3). '"H NMR: & = 091 (d, J = 7.5Hz, 3
H, 6-Me), 0.96 (d, J = 6.0 Hz, 3 H, 9-Me), 0.85-0.99 (m, 1 H),
1.45 (s, 3 H, 3-Me), 1.14-1.79 (m, 7 H), 1.87—1.89 (m, 1 H),
2.00—2.13 (m, 3 H), 2.32-2.42 (m, 1 H), 2.63—2.66 (m, 1 H),
3.44-3.58 (m, 3 H, H-1", 2 X H-3'), 3.97-4.04 (m, 1 H, H-1"),
4.81 (d, J = 3.5Hz, 1 H, H-10), 5.43 (s, 1 H, H-12). 13C NMR:
& = 12.79, 20.18, 24.33, 24.48, 26.00, 30.40, 30.71, 32.36, 34.45,
36.24, 37.27, 44.21, 52.40, 65.52, 87.74, 101.92. —IR (film): V;p.x =
2922, 2874, 1450, 1376, 1194, 1124, 1104, 1024, 984, 874, 826 cm .
MS(CI, NH;): m/z (%) = 424 (50) [M — 81Br + NH, "], 422 (50) [M
— 7Br + NH,"], 284 (100). — Procedure 2: Trichloroacetonitrile
(0.11mL, 0.16 g, 1.1 mmol) and 1,8-diazabicyclo[5.4.0]lundecane
(7.5 uL, 7.6 mg, 0.05 mmol) were added to a stirred mixture of
dihydroartemisinin (284 mg, 1.0 mmol) in dichloromethane (5 mL).
After 18.5h, the mixture was added to a stirred solution of
3-bromopropan-1-ol (0.26 mL, 417 mg, 3.0 mmol) in dichlorome-
thane. Tin(II) chloride (9.5 mg, 0.05 mmol) was then added. After
2.5h, the reaction was quenched with 5% aqueous NaHCO;
(10 mL). The organic layer was separated and dried (MgSO,). Fil-
tration and concentration of the filtrate gave a pale yellow oil,
which was purified by column chromatography on silica with ethyl
acetate/hexane (8:92) to give compound 35 as a white powder
(253 mg, 63%).

10p-(3'-Phenylaminopropoxy)dihydroartemisinin (37) and 10p-(3'-
Morpholinopropoxy)dihydroartemisinin (38): Compound 35 was
converted into the amine 37 as follows. Aniline (0.54 mL,
5.94 mmol) was added to a stirred solution of compound 35 in
DMF (20 mL) and the resulting mixture was heated at 60 °C. After
4 h, the dark brown solution was washed with water (5 X 10 mL)
and extracted with diethyl ether (2 X 10 mL), and the combined
extracts were dried (MgSQO,). Filtration and concentration of the
filtrate gave a residue that, on chromatography with ethyl acetate/
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hexane (30:70), gave the product 37 as a pale straw-coloured oil
(62 mg, 54%), [a]y = +126 (¢ = 0.51, CH,Cl,). '"H NMR: § =
0.92 (d, J = 6.0 Hz, 3 H, 9-Me), 0.94 (d, J = 7.5 Hz, 3 H, 6-Me),
1.44 (s, 3 H, 3-Me), 2.31-2.42 (dt, 1 H, H-5a, J = 4.0, 14.0 Hz),
2.60—2.70 (m, 1 H, H-9), 3.23 (t,2 H, H-2", J = 6.5 Hz), 3.45—-3.52
(m, 1 H, H-1"), 3.99-4.06 (m, 1 H, H-1"), 4.82 (d, J/ = 3.45Hz, 1
H, H-10), 5.39 (s, 1 H, H-12), 6.60 (d, 2 H, H-3', J = 7.5 Hz), 6.70
(t, 1 H, H-5', J = 7.5 Hz), 7.14=7.20 (m, 2 H, H-4"). 13C NMR:
§ = 13.08, 20.30, 24.60, 26.16, 29.33, 30.85, 34.57, 36.40, 37.33,
41.63, 44.37, 52.51, 66.46, 81.04, 87.87, 102.02, 104.09, 112.65,
117.24, 129.21, 148.25. IR (film): V. = 3405, 3055, 2953, 2921,
2875 cm™!. MS (EI): m/z (%) = 417 (4) [M"]. Co4H35NO5 (417.6):
caled. C 68.63, H 8.01, N 3.48; found C 68.22, H 8.25, N 3.36. The
amine 38 was obtained as follows. Morpholine (1.05mL,
12.04 mmol) was added to a stirred solution of compound 35
(239 mg, 0.589 mmol) in 1,4-dioxane (10 mL) and the mixture was
heated at 50 °C overnight. Upon cooling, the solvent was removed
under reduced pressure to give a residue that, on chromatography
with methanol/ethyl acetate (2:98), gave the product 38 as a colour-
less oil (219 mg, 90%), [a]® = +91.9 (¢ = 0.02, CHCl;). 'H NMR:
8 =091 (d,J = 7.5Hz 3 H, 9-Me), 0.96 (d, J/ = 6.0 Hz, 3 H, 6-
Me), 0.87—0.99 (m, 1 H), 1.45 (s, 3 H, 3-Me), 1.21-1.66 (m, 4
H), 1.72—1.89 (m, 5 H), 2.02—2.07 (m, 1 H), 2.38—2.47 (m, 3 H),
2.62—2.64 (m, 1 H), 3.39-3.46 (m, 1 H), 3.71-3.75 (m, 3 H),
3.87—3.94 (m, 1 H), 4.79 (d, J = 3.5Hz, 1 H, H-10), 5.41 (s, 1 H,
H-12). 3C NMR: § = 13.02, 20.35, 24.46, 24.68, 26.19, 26.75,
30.89, 34.63, 36.41, 37.50, 44.42, 52.55, 53.74, 55.92, 66.35, 66.97,
81.09, 87.87, 101.95, 104.04. IR (film): V., = 2950, 2872, 2808,
1446, 1376, 1142, 1118, 1104, 1028, 1012, 990, 876, 864, 826 cm ™.
MS (CI, NH;): m/z (%) = 412 (100) [MH™"], 366 (90). C»,H3,NOq
(411.5): caled. C 64.21, H 9.06, N 3.40; found C 63.66, H 8.75,
N 3.13.

10B-[(Cholest-5'-en-3'-yl)oxy|dihydroartemisinin (36): This was pre-
pared by a method analogous to that used for compound 26 above,
except that the eluent for chromatography was ethyl acetate/hexane
(50:50). The product was thus obtained from DHA (2, 426 mg,
1.5 mmol) and cholesterol (1.16 g, 3.0 mmol, 2 equiv.) as a white
powder (714 mg, 73%), m.p. 168.3—168.8 °C. [a]f) = +82.5 (¢ =
0.16, CHCl;). 'H NMR: § = 0.70 (s, 3 H), 0.87—2.44 (m, 60 H),
2.60—2.65 (m, 1 H, H-9), 3.57—-3.62 (m, 1 H, H-3"),4.95(d, J =
3.35Hz, 1 H, H-10), 5.36 (d, 1 H, H-6', J = 5.0 Hz), 548 (s, | H,
H-12). 3C NMR: § = 11.84, 13.07, 18.70, 19.44, 20.36, 21.06,
22.55, 22.80, 23.81, 24.27, 24.49, 24.68, 26.21, 27.63, 27.99, 28.23,
30.75, 31.87, 34.71, 35.78, 36.17, 36.48, 36.69, 36.97, 37.45, 39.50,
39.75, 40.29, 42.30, 44.53, 50.10, 52.62, 56.13, 56.70, 76.32, 81.21,
88.03, 99.50, 103.98, 121.63, 140.67. IR (film): V.« = 2936, 1462,
1376, 1100, 1012, 878, 826, 754 cm~'. C4Hgg05 (653.0): caled. C
77.25, H 10.50; found C 77.02, H 10.73.

10p-(Trimethylsilyloxy)dihydroartemisinin ~ (39):  Trimethylsilyl
chloride (5.22 mL, 4.47 g, 41.17 mmol, 7.74 equiv.) was added to a
cold (0 °C), stirred solution of DHA (2, 1.51 g, 5.32 mmol) in pyr-
idine (20 mL). After 1.25 h, the mixture was poured into ice/water
(50 mL). The solution was extracted with diethyl ether (3 X
30 mL), and the extracts were dried (MgSO,) and filtered. The fil-
trate was coevaporated with toluene (3 X 30 mL) to give an oil,
which was purified by chromatography with ethyl acetate/hexane
(5:95) to give the product as white needles (1.43 g, 76%), m.p.
54—55°C. [a] = +141.77 (¢ = 0.96, CHCl;3). '"H NMR: § = 0.15
(s, 9 H, Me3), 0.84 (d, J = 7.5Hz, 3 H, 9-Me), 095 (d, 3 H, J =
6.15 Hz, 6-Me), 1.17—1.36 (m, 2 H), 1.42 (s, 3 H, 3-Me), 1.45—1.53
(m, 2 H), 1.56—1.65 (m, 1 H), 1.67—1.80 (m, 2 H), 1.84—1.90 (m,
2 H), 1.98—2.04 (m, 1 H), 2.31-2.42 (m, 1 H), 2.41-2.60 (m, 1
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H), 546 (s, 1 H, H-12), 5.16 (d, J = 2.75Hz, 1 H, H-10). 1*C
NMR: § = 0.61, 14.02, 21.05, 25.08, 25.37, 26.88, 32.16, 35.52,
37.18, 38.18, 45.20, 53.32, 81.87, 88.42, 97.09, 104.62. IR (film):
Vmax = 2954, 2921, 2873, 1450, 1374, 1250, 1226, 1194, 1160, 1122,
1102, 1036, 992, 942, 890, 842 cm~'. MS (CI, CH,): m/z (%) = 359
(1) [MH*, 2 x '3C], 358 (4) [MH*, 3C], 357 (16) [MH"].
C,5H3,05Si (356.5): caled. C 60.64, H 9.05; found C 60.42, H 8.89.

100-(Trimethylsilyloxy)dihydroartemisinin ~ (40):  Triethylamine
(12.27mL, 8.91¢g, 88.03 mmol, 1.25 equiv.) and trimethylsilyl
chloride (11.17 mL, 9.56 g, 88.03 mmol, 1.25 equiv.) were success-
ively added to a cold (0 °C), stirred solution of DHA (2, 20.0 g,
70.42 mmol) in dichloromethane (400 mL). After 1.5 h, the reac-
tion mixture was poured into ice/water (400 mL). The aqueous
layer was separated and extracted with dichloromethane (3 X
200 mL). The combined organic layers were dried (MgSQO,). Filtra-
tion and concentration of the filtrate under reduced pressure gave
a light brown solid that, on chromatography with ethyl acetate/
hexane (5:95), gave the product as a white, microcrystalline solid
(20.87 g, 83%), m.p. 88—89 °C. [a]fy = +26.07 (¢ = 1.35, CHCl;).
'H NMR: § = 0.18 (s, 9 H, CMe3), 0.85 (d, 3 H, 9-Me, J =
7.0 Hz,), 0.94 (d, 3 H, 6-Me, J = 6.0 Hz,), 1.19—1.35 (m, 1 H),
1.41 (s, 3 H, 3-Me), 1.44—1.87 (m, 8 H), 2.04 (m, 1 H), 2.30—2.40
(m, 2 H), 475 (d, 1 H, J = 9.03 Hz, H-10), 5.31 (s, 1 H, H-12).
13C NMR: § = 0.58, 12.71, 20.21, 22.02, 24.68, 25.86, 34.25, 34.52,
36.23, 37.26, 45.23, 51.56, 80.18, 90.85, 94.93, 103.95. IR (film):
Vmax = 2957, 2875, 2847, 1454, 1376, 1246, 1207, 1159, 1131, 1087,
1039, 899, 876, 757 cm~!. MS (FAB, NBA): m/z (%) = 359 (3)
[MH*, 2 x 13C], 358 (12) [MH™*, '3C], 357 (51) [MH*], 356 (18)
[M*]. C1sH3,05Si (356.5): caled. C 60.64, H 9.05; found C 60.55,
H 8.74.

10p- and 100-(1'-Naphthylmethoxy)dihydroartemisinin (41 and 42).
— Procedure 1: The first method was analogous to that used for
compound 26 above, except that boron trifluoride—diethyl ether
(0.18 mg, 160 pL, 1.27 mmol, 0.2 equiv.) was used and the eluent
for chromatography was ethyl acetate/hexane (10:90). The less po-
lar 10B-isomer 41 was thus obtained from DHA (2, 2.0g,
7.04 mmol) and 1-naphthylmethanol (1.0 g, 6.33 mmol) as a white
foam (904 mg, 34%), m.p. 49—51 °C. [a]g = +124 (¢ = 4.56,
CH,CL,). 'TH NMR: § = 0.85 (d, 3 H, 6 or 9-Me, J = 7.5 Hz), 0.90
(d, 3 H, 6 or 9-Me, J = 8.0 Hz), 0.94—0.97 (m, 1 H), 1.16—1.31
(m, 2 H), 1.38—1.45 (m, 2 H), 1.48 (s, 3 H, 3-Me), 1.51-1.58 (m,
1 H), 1.68—1.92 (m, 3 H), 1.98—1.92 (m, 1 H), 2.32—-2.42 (m, 1
H), 2.63-2.71 (m, 1 H), 492 (d, 1 H, OCH,, J = 12.5Hz), 5.15
(d, J =3.5Hz, 1 H, H-10), 5.37 (d, 1 H, OCH,, J = 12.5 Hz), 5.52
(s, 1 H, H-12), 7.38—7.55 (m, 4 H, 4 X Ar-H), 7.75—7.84 (m, 2 H,
2 X Ar-H), 8.00—8.04 (m, 1 H, Ar-H). *C NMR: § = 12.92, 20.19,
24.32, 24.54, 26.09, 30.82, 34.43, 36.29, 37.22, 44.25, 52.40, 68.16,
80.99, 87.98, 101.27, 103.98, 123.81, 125.11, 125.55, 125.60, 125.81,
128.15, 128.37, 131.28, 133.45, 133.61. IR (film): V., = 3055,
2954, 2923, 2876 cm~!. MS (CI, NHj3): m/z (%) = 444 (3) [MNH,™,
2 X 13C] 443 (12) [MNH,", 13C] 442 (43) [MNH,"]. C56H3,05
(424.5): caled. C 73.56, H 7.60; found C 73.66, H 7.59. The more
polar component was the 10-a isomer 42, also obtained as a white
foam (515 mg, 19%), m.p. 49—53 °C. [0]¥ = —95.53 (¢ = 0.94,
CHCI3). 'TH NMR: § = 0.76 (d, J = 7.0 Hz, 3 H, 9-Me), 0.90 (d,
J = 5.5Hz, 3 H, 6-Me), 0.94—0.97 (m, 1 H), 1.04—1.14 (m, 1 H),
1.17-1.30 (m, 3 H), 1.40—1.48 (m, 1 H,), 1.49 (s, 3 H, 3-Me),
1.52—1.62 (m, 2 H), 1.82—1.89 (m, 1 H), 1.98-2.06 (m, 1 H),
2.32-2.39 (m, 1 H), 2.42—2.54 (m, 1 H), 4.56 (d, / = 9.0Hz, 1 H,
H-10), 5.03 (d, 1 H, OCH,, J = 12.5Hz), 5.34 (s, | H, H-12), 5.45
(d, 1 H, OCH,, J = 12.5Hz), 7.38—7.55 (m, 4 H, 4 X Ar-H),
7.76—7.84 (m, 2 H, 2 X Ar-H), 8.14-8.17 (m, 1 H, Ar-H). 13C
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NMR: § = 12.56, 20.11, 21.99, 24.58, 25.97, 32.46, 34.01, 36.19,
37.12, 45.23, 51.45, 68.07, 80.21, 91.12, 98.44, 104.14, 124.27,
125.00, 125.55, 125.86, 126.36, 128.26, 128.33, 131.60, 133.39,
133.53. IR (film): V. = 3048, 2924, 1452, 1376, 1168, 1146, 1132,
1052, 1030, 926, 878, 848, 826, 792, 778 cm~'. MS (CI, NHs): m/z
(%) = 445 (1) [MNH,4*, 3 X 13C] 444 (6) [MNH, ", 2 X 13C], 443
(6) [MNH,*, '3C] 442 (58) [MNH,"]. CysH3,05 (424.5): caled. C
73.56, H 7.60; found C 73.77, H 7.60. — Procedure 2: A solution
of DHA (284 mg, 1.0 mmol) in anhydrous dichloromethane (5 mL)
was treated with trichloroacetonitrile (0.11 mL, 1.1 mmol) and 1,8-
diazabicyclo[5.4.0]lundecane (7.5 pL, 0.05 mmol), and stirred at am-
bient temperature (ca. 20 °C) for 18 h. It was then added to a solu-
tion of 1-naphthylmethanol (474 mg, 3.0 mmol) in dichlorome-
thane (5 mL), and the resulting mixture was treated with anhydrous
SnCl, (9.5 mg, 0.05 mmol) in one portion. After another 2 h, the
reaction mixture was quenched with 5% aqueous NaHCO;
(10 mL). The organic layer was separated and dried (Na,SO,).
After filtration, it was concentrated under reduced pressure to leave
a residue, which was purified by chromatography with ethyl acetate/
hexane (5:95) to give solely the 10-B epimer 41 (333 mg, 78%).

10p- and 10a-~(2'-Naphthylmethoxy)dihydroartemisinin (43 and 44).
— Procedure 1: These were prepared by a method analogous to that
used for compound 26 above, except that boron trifluoride—diethyl
ether (0.2 equiv.) was used and the eluent for chromatography was
ethyl acetate/hexane (10:90). The less polar 10-B isomer 43 was thus
obtained from DHA (2, 1.0 g, 3.52 mmol) and 2-naphthylmethanol
(0.45 g, 2.82 mmol) as a white foam (603 mg, 50%), m.p. 48—49
°C. [a] = +100 (¢ = 1.65, CH,Cl,). '"H NMR: § = 0.88—0.82
(m, 1 H), 0.91 (d, J = 6.0 Hz, 3 H, 9-Me), 0.97 (d, J = 7.5Hz, 3
H, 6-Me), 1.18—1.39 (m, 3 H), 1.47 (s, 3 H, 3-Me), 1.49—1.55 (m,
1 H), 1.56—1.63 (m, 1 H), 1.75—1.92 (m, 3 H), 1.99-2.06 (m, 1
H), 2.32—2.43 (m, 1 H), 2.66—2.73 (m, 1 H), 4.68 (d, 1 H, OCH,,
J =12.5Hz),4.96 (d, J = 3.5Hz, 1 H, H-10), 5.04 (d, 1 H, OCH,,
J = 12.5Hz), 551 (s, 1 H, H-12), 7.41-7.49 (m, 3 H, Ar-H),
7.76—7.82 (m, 4 H, 4 X Ar-H). 13C NMR: § = 13.04, 20.23, 24.42,
24.57, 26.11, 30.84, 34.50, 36.32, 37.27, 44.31, 52.45, 69.73, 81.03,
87.95, 101.18, 104.02, 125.48, 125.69, 125.96, 126.00, 127.57,
127.76, 127.93, 132.74, 133.10, 135.64. IR (film): V., = 3057,
2924, 2874 cm~ L. MS (CI, NH;): m/z (%) = 444 (2) [MNH,", 2 X
13C], 443 (9) [MNH,*, 13C], 442 (29) [MNH, ] 425 (1) [MH ], 424
(6) [M™]. Cy6H3,05 (424.5): caled. C 73.56, H 7.60; found C 73.27,
H 7.60. The more polar 10-a isomer 44 was also obtained as a
white foam (341 mg, 28%), m.p. 43—45 °C. [a]f = —82.29 (¢ =
0.7, CHCl3). 'TH NMR: 8 = 0.83—0.88 (m, 1 H), 0.93 (6 H, overlap-
ping triplet, 6- and 9-Me, J = 5.5Hz), 1.12—1.27 (m, 2 H),
1.30—1.36 (m, 1 H), 1.38—1.45 (m, 1 H), 1.48 (s, 3 H, 3-Me),
1.51-1.71 (m, 2 H), 1.79-1.92 (m, 2 H), 1.99-2.07 (m, 1 H),
2.34-2.40 (m, 1 H), 2.43—-2.60 (m, 1 H), 4.54 (d, / = 9.0Hz, 1 H,
H-10), 4.81 (d, 1 H, OCH,, J = 12.5Hz), 5.12 (d, 1 H, OCH,, J =
12.5Hz), 533 (s, 1 H, H-12), 7.42—7.50 (m, 3 H, 3 X Ar-H),
7.80—7.83 (m, 4 H, 4 X Ar-H). *C NMR: § = 12.73, 20.17, 22.10,
24.63, 26.02, 32.63, 34.08, 36.26, 37.21, 45.29, 51.54, 69.76, 80.32,
91.21, 98.62, 104.25, 125.67, 125.78, 125.91, 126.34, 127.60, 127.82,
127.90, 132.82, 133.14, 135. 61. IR (film): V., = 3057, 2928, 2874
cm~ 1. MS (CI, NHs): m/z (%) = 445 (1) [MNH,", 3 X 13C], 444
(6) [IMNH,*, 2 X 13C], 443 (21) [MNH, ™", '3C], 442 (76) [MNH,*],
425 (1) [MH "], 424 (2) [M*]. C56H3,05 (424.5): caled. C 73.56, H
7.60; found C 73.66, H 7.59. — Procedure 2: Trimethylsilyl triflate
(50 pL, 0.28 pmol) in dichloromethane (1 mL) was added to a cold
(=78 °C), stirred solution of 10a-(trimethylsiloxy)dihydroartemisi-
nin (40) (238 mg, 0.67 mmol) and 2-naphthylmethanol TMS ether
(170 mg, 0.74 mmol) in dichloromethane (8 mL). The reaction mix-
ture was stirred at this temperature for 18 h and then diluted with
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dichloromethane (20 mL), washed with aqueous 10% NaHCO; (2
X 10 mL) and dried (MgSO,). Filtration and concentration of the
filtrate gave a residue, which was purified by chromatography with
ether/hexane (1:3 to 3:7) to give thel0-B epimer 43 (93 mg, 33%)
and the 10-a epimer 44 (35 mg, 12%). — Procedure 3: This was as
for procedure 2 above, except the temperature was kept at 0 °C and
stirring at this temperature was for 2 h. Thus, the 10-f epimer 43
(237 mg, 84%) and the 10-a epimer 44 (30 mg, 11%) were isolated
from DHA (2, 238 mg).

10p-(4'-Quinolyloxy)dihydroartemisinin (45): Triphenylphosphane
(262 mg, 1.0mmol) and diethyl azodicarboxylate (165 puL,
1.0 mmol) were added to a cold (0 °C), stirred solution of DHA
(2, 284 mg, 1.0 mmol) and 4-hydroxyquinoline (145 mg, 1.0 mmol)
in THF (5mL). The reaction mixture was stirred overnight. The
solvent was removed under reduced pressure and the residue, on
chromatography with ethyl acetate/hexane (40:60), gave a crystal-
line solid (171 mg, 42%), recrystallization of which from ethyl acet-
ate/hexane gave the product as white needles, m.p. 131—-134 °C.
[w]F = + 45.93 (¢ = 0.028, CHCl;). 'H NMR: § = 0.99 (d, J =
6.0 Hz, 3 H, 9-Me), 1.15 (d, J = 7.5Hz, 3 H, 6-Me), 1.49 (s, 3 H,
3-Me), 1.10—2.18 (m, 10 H), 2.42 (ddd, J = 17.0, 13.0, 4.0 Hz, 1
H), 2.95-3.05 (m, 1 H, H-9), 549 (s, 1 H H-12), 5.82 (d, J =
3.4 Hz, 1 H, H-10), 7.28—8.22 (m, 6 H, Ar-H). IR (film): V,.x =
3252, 2990, 1592, 1532, 1506, 1308, 1244, 1098, 1068, 928, 874, 768
cm~ L. MS (CL, CHy): m/z (%) = 412 (48) [MH™"], 284 (36), 267
(24), 221 (12), 191 (100), 146 (84). Correct microanalysis data could
not be obtained for this compound.

10B-[4'-(7'-Trifluoromethylquinolyoxy)]dihydroartemisinin (46): This
was prepared by a method analogous to that used for compound
45. The product was thus obtained from DHA (2, 284 mg,
1.0 mmol) and 7-trifluoromethyl-4-quinolinol (213 mg, 1.0 mmol)
as long needles (315 mg, 66%), m.p. 270—272 °C. [u]¥ = +73.30
(¢ = 0.0179, CHCl,). F NMR: § = 61.09. 'H NMR: § = 0.99
(d, J = 55Hz, 3 H, 9-Me), 1.15 (d, 3 H, 6-Me, J = 7.35 Hz),
1.35—1.48 (m, 3 H), 1.49 (s, 3 H, 3-Me), 1.69—-2.23 (m, 7 H),
2.38—2.48 (m, 1 H), 2.99—3.07 (m, 1 H, H-9), 5.47 (s, 1 H, H-12),
5.84 (d, J = 3.35Hz, 1 H, H-10), 7.39—-8.91 (m, 5 H, Ar-H). IR
(Nujol): Vax = 2922, 1596, 1570, 1510, 1456, 1378, 1332, 1302,
1194, 1162, 1132, 1098, 1064, 1040, 1014, 984, 950, 930, 898, 874,
828, 738, 684 cm~!. MS (CI, CHy): m/z (%) = 480 (12) [MH"],
460 (28), 267 (80), 221 (100), 214 (72), 163 (60). C,sHpg F3NOs
(479.5): caled. C 62.62, H 5.89, N 2.92; found C 62.43, H 6.16,
N 2.63.

10p- and 10a-(1'-Naphthyloxy)dihydroartemisinins (47 and 48). —
Procedure 1: This was analogous to that employed for compound
45, except that DHA (2, 0.8 g, 2.82 mmol), triphenylphosphane
(0.78 g, 2.96 mmol, 1.05 equiv.) and 1-naphthol (0.45 g, 3.10 mmol,
1.1 equiv.) were used, and the eluent for chromatography was ethyl
acetate/hexane (10:90). Two major fractions were obtained. The
less polar fraction consisted of an inseparable mixture of glycal 7
and the 10B-isomer 47 (333 mg overall). A cold (0 °C) solution
of the mixture in dichloromethane (15 mL) was treated with m-
chloroperoxybenzoic acid (0.28 g) in dichloromethane (15 mL).
After 5 h, cyclohexene (5 mL) was added and the mixture was di-
luted with saturated aqueous NaHCOj3. The aqueous layer was sep-
arated and extracted further with dichloromethane (2 X 15 mL).
The combined organic layers were dried (MgSO,). Filtration and
concentration of the filtrate gave a residue that, after chromato-
graphy with ethyl acetate/hexane (5:95), gave the 10-f isomer 47 as
a white foam (120 mg, 10%), m.p. 139—141 °C. [0]F = +99.90 (¢ =
0.98, CHCl;). '"H NMR: § = 0.94 (d, J = 6.0 Hz, 3 H, 9-Me),
0.97-1.09 (m, 1 H), 1.12 (d, J = 7.5Hz, 3 H, 6-Me), 1.25—1.32
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(m, 2 H), 1.35—1.44 (m, 1 H), 1.46 (s, 3 H, 3-Me), 1.63—1.79 (m,
2 H), 1.83—1.91 (m, 1 H), 1.98-2.05 (m, 1 H), 2.10—2.35 (m, 2
H), 2.38—2.44 (m, 1 H), 2.91-2.97 (m, 1 H), 5.54 (s, 1 H, H-12),
5.71 (d, J = 3.5Hz, 1 H, H-10), 7.36—7.43 (m, 2 H, 2 X Ar-H),
7.44—=749 (m, 3 H, 3 X Ar-H). 7.77-7.82 (m, 1 H, Ar-H),
8.11-8.17 (m, 1 H, Ar-H). '3C NMR: § = 13.25, 20.25, 24.57,
24.62, 26.05, 31.34, 34.65, 36.32, 37.35, 44.40, 52.49, 80.96, 88.31,
100.82, 104.19, 108.49, 121.19, 121.76, 125.27, 125.73, 126.04,
126.33, 127.68, 134.41, 153.41. IR (film): V., = 3052, 2922, 2874,
1596, 1578, 1508, 1464, 1400, 1376, 1348, 1264, 1238, 1194, 1176,
1160, 1122, 1102, 1088, 1036, 1014, 990, 978, 954, 936, 874, 854,
794, 772, 738 cm~'. MS (CI, CHy): m/z (%) = 411 (3) [MH '], 410
(6) [M"]. C55H3005 (410.5): caled. C 73.15, H 7.37; found C 73.00,
H 7.47. The more polar fraction was the 10a-isomer 48, also ob-
tained as a white foam (192 mg, 17%); m.p. 153—155 °C. [a]¥ =
—86.75 (¢ = 0.8, CHCl;). '"H NMR: § = 0.87 (d, J = 5.5Hz, 3 H,
9-Me), 0.94-0.93 (m, 1 H), 0.99 (d, J = 7.0Hz, 3 H, 6-Me),
1.13—1.29 (m, 3 H), 1.35 (s, 3 H, 3-Me), 1.39-1.49 (m, 1 H),
1.56—1.61 (m, 2 H), 1.63—1.72 (m, 1 H), 1.79—1.84 (m, 1 H),
1.92-1.99 (m, 1 H), 2.27-2.38 (m, 1 H), 2.79-2.91 (m, 1 H), 5.15
(d, 1 H, H-10, J = 10.0 Hz), 5.45 (s, 1 H, H-12), 7.15—7.18 (m, 1
H, Ar-H), 7.26—7.32 (m, 1 H, Ar-H), 7.34—7.41 (m, 3 H, 3 X Ar-
H), 7.66—7.72 (m, 1 H, Ar-H), 8.20—8.24 (m, 1 H, Ar-H). 13C
NMR: § = 12.85, 20.19, 22.09, 24.63, 25.93, 32.71, 34.06, 36.24,
37.26, 45.26, 51.55, 80.13, 91.05, 99.30, 104.39, 108.63, 121.57,
122.21, 125.15, 125.84, 126.13, 127.32, 134.34, 153.66. IR (film):
Vmax = 3052, 2926, 2874, 1596, 1578, 1506, 1462, 1396, 1378, 1262,
1236, 1180, 1132, 1112, 1088, 1036, 1020, 928, 874, 852, 826, 794,
772, 736 cm~!. MS (CI, NHs): m/z (%) = 429 (17) [MNH,™, 3C],
428 (55) [MNH, ]. C,5H300s5 (410.5): caled. C 73.15, H 7.37; found
C 72.77, H 7.45. — Procedure 2: A solution of DHA (2, 284 mg,
1.0 mmol), trichloroacetonitrile (0.11 mL, 1.1 mmol) and 1,8-di-
azabicyclo[5.4.0]lundecane (7.5 pL, 0.05 mmol) in dichloromethane
(5 mL) was stirred at ambient temperature (ca. 20 °C). After 18 h,
the mixture was added to a solution of 1-naphthol (433 mg,
3.0 mmol) in dichloromethane (5mL), and anhydrous SnCl,
(9.5 mg, 0.05 mmol) was then added. After another 2 h, the reac-
tion was quenched with 5% aqueous sodium bicarbonate (10 mL).
The organic layer was separated and dried (Na,SO,), and then con-
centrated in vacuo. The residue was submitted to chromatography
with ethyl acetate/hexane (5:95) to give 10-f epimer 47 (300 mg,
73%) and the glycal 7 (38 mg, 14%).

100~ and 10p-(2'-Naphthoxy)dihydroartemisinin (49 and 50). — Pro-
cedure 1: This was analogous to that used for the preparation of
compound 45 above, except that DHA (2, 0.8 g, 2.82 mmol), tri-
phenylphosphane (0.78 g, 2.96 mmol, 1.05 equiv.) and 2-naphthol
(0.45 g, 3.10 mmol, 1.1. equiv.) were used, and the eluent for chro-
matography was ethyl acetate/hexane (10:90). Two fractions were
obtained. The less polar 10B-isomer 49 was obtained as a white
foam (111 mg, 10.9%), m.p. 129—131 °C. [0] = +226.98 (¢ =
0.63, CHCl3). '"H NMR: § = 0.83—-0.93 (m, 1 H), 0.96 (d, J =
6.0 Hz, 3 H, 9-Me), 1.05 (d, / = 7.5Hz, 3 H, 6-Me), 1.24—1.44
(m, 2 H), 1.46 (s, 3 H, 3-Me), 1.48—1.54 (m, 1 H), 1.57—1.65 (m,
1 H), 1.69—1.74 (m, 1 H), 1.83-2.12 (m, 4 H), 2.34—2.44 (m, 1
H), 2.81-2.91 (m, 1 H), 5.54 (s, 1 H, H-12), 5.65 (d, J/ = 3.5Hz,
1 H, H-10), 7.21-7.26 (m, 1 H, Ar-H), 7.30—7.36 (m, 1 H, Ar-H),
7.39-7.46 (m, 1 H, Ar-H), 7.55 (d, J = 2.5Hz, 1 H, Ar-H),
7.73=7.76 (m, 3 H, 3 X Ar-H). '3C NMR: § = 12.98, 20.30, 24.45,
24.60, 26.06, 31.04, 34.63, 52.52, 81.02, 88.30, 100.64, 104.20,
110.88, 119.01, 123.94, 126.18, 127.15, 127.48, 129.21, 129.49,
134.46, 155.25. IR (film): V., = 2922, 2872, 1628, 1600, 1510,
1466, 1376, 1252, 1214, 1178, 1120, 1094, 1064, 1036, 980, 970,
938, 874, 846 cm™!. MS (CI, CH,): m/z (%) = 410 (3) [M™*], 267
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(56) [M — ONap™*]. CysH3,Os5 (410.5): caled. C 73.15, H 7.37;
found C 73.19, H 7.31. The more polar 10-a isomer 50 was also
obtained as a white foam (56 mg, 5%), m.p. 43—45 °C. [0]F =
—82.29 (¢ = 0.7, CHCl3). IR (KBr): Vi = 3051, 2940, 2928. 'H
NMR: 6 = 0.98 (d, / = 6.0 Hz, 3 H, 9-Me), 1.01 (d, / = 7.0 Hz,
3 H, 6-Me), 1.04—1.10 (m, 1 H), 1.21—1.40 (m, 3 H), 1.45 (s, 3 H,
3-Me), 1.48—1.59 (m, 2 H), 1.63—1.74 (m, 1 H), 1.77—1.83 (m, 1
H), 1.84-2.01 (m, 1 H), 2.06—2.08 (m, 1 H), 2.36—2.46 (m, 1 H),
2.76—2.82 (m, 1 H), 5.19 (d, J = 9.5 Hz, 1 H, H-10), 5.57 (s, 1 H,
H-12), 7.25—-7.36 (m, 2 H, 2 X Ar-H), 7.40—7.47 (m, 2 H, 2 X Ar-
H), 7.72—7.77 (m, 3 H, 3 X Ar-H). 13C NMR: § = 12.53, 20.22,
22.15, 24.69, 25.97, 32.53, 34.14, 36.27, 37.34, 45.22, 51.58, 80.16,
91.11, 98.97, 104.46, 110.73, 119.38, 123.97, 126.15, 127.07, 127.55,
129.16, 129. 65, 134.31, 155.64 cm~'. MS (CI, NHs): m/z (%) =
430 (4) [MNH4*, 2 X 13C), 429 (18) [MNH,4*, 3C], 428 (63)
[MNH, "], 412 (6) [MH™, 3C], 411 (8) [MH™], 410 (16) [M*].
C,5H3005 (410.5): caled. C 73.15, H 7.37; found C 73.12, H 7.39. —
Procedure 2: A solution of dihydroartemisinin (284 mg, 1.0 mmol),
trichloroacetonitrile (0.11 mL, 1.1 mmol) and 1,8-diazabicy-
clo[5.4.0Jundecane (7.5 pL, 0.05 mmol) in anhydrous dichlorome-
thane (5mL) was stirred at ambient temperature (ca. 20 °C) for
18 h. This was then added to a stirred solution of 2-naphthol
(433 mg, 3.0 mmol) in dichloromethane (5 mL), and the resulting
solution was treated with anhydrous SnCl, (13.3 mg, 0.07 mmol).
After another 2 h, the reaction mixture was quenched with 5%
aqueous NaHCO; (10 mL), and was submitted to workup and
chromatography as described above for the 1-naphthol case to give
the 10-f epimer 49 (327 mg, 77%). The glycal 7 was detected, and
its amount in the crude reaction mixture was estimated to be 8%
by means of 'H NMR spectroscopy.

X-ray Crystallographic Study: The diffractometer used was a Sie-
mens P4-RA machine operating at 10.5 kW. Determinations were
carried out at ambient temperature. Computations were carried out
using the SHELX suite of X-ray programs, either Version 5, or
SHELX-97 (G. Sheldrick, University of Gottingen, 1997). The
structures were solved by direct methods, and refined using full-
matrix least squares, based on F?. — o-Artesunate (5): As it was
possible to map all atoms by this technique, the constitution and
relative stereostructure are unambiguously indicated. The reference
standard was recrystallized from ethyl acetate solution by layer dif-
fusion with hexane. Crystals grew as large transparent blocks of up
to 2 mm max. dimension. Some discoloration was noticed after an
extended time. Nevertheless, it is stressed that the purity of the
reference standard as assayed by 'H NMR spectroscopy at
750 MHz is 99.95% = 0.025%. Thus, the crystal was selected from
the recrystallized reference standard. The crystals belong to the
orthorhombic system with cell parameters ¢ = 9.853(1), b =
10.528(1) and ¢ = 18.783(3) A. The axial systematic absences (00,
0k0, 00/ = odd) uniquely indicated the space group to be P2,2,2,,
consistent with an enantiomerically pure material. A specimen ap-
proximately 1.2 X 1.2 X 1.0 mm in dimensions was used for data
collection, which was carried out using a custom-built 1.5 mm X-
ray collimator designed for use with larger crystal specimens. In-
tensity data were collected to 20,,,, = 55°, (Mo-K, radiation) us-
ing a variable scan speed between 4.0 and 60° min~!. Of a total of
2645 reflection intensities, 2622 were unique by symmetry and were
used for structure refinement. The quality of symmetry equivalents
could be gauged by R;,, = 0.015 for 33 equivalent reflections. The
quality of the structure determination was quite good, with all
atoms including hydrogen atoms located. Non-hydrogen atoms
were refined with anisotropic thermal parameters, hydrogen atoms
were placed in geometrically idealized locations based on their ex-
perimentally determined ones, and refined with riding constraints
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and isotropic thermal parameters linked to the U, of their parent
C or O atom. Final discrepancy indices of R1 = 0.0415 and wR2 =
0.0989 and GOOF = 1.01 for observed data with 7 > 2c(/). The
final difference electron density was +0.18 and —0.17 eA =3, Insuf-
ficient anomalous scattering was present to determine the absolute
configuration. However, the absolute configuration of the carbon
skeleton in this class of compound has previously been determined
by anomalous dispersion studies on the parent compound artemisi-
nin by Chinese workers. In addition, the X-ray crystal structure
determination has been carried out for a single crystal of dihy-
droartemisinin.?®! The thermal ellipsoid plot from the current de-
termination is given in Figure 4, and crystal data and structure
refinement are summarized in Table 2. The current data therefore
provides proof of absolute configuration at all chiral centres. In
particular, the absolute configuration at C-10 (C-12, crystallo-
graphic numbering, Figure 4) is confirmed as (.S), corresponding to
the a epimer of artesunate. Thus, the pendant side chain is effec-
tively trans to the framework atom C(7) (crystallographic num-
bering, Figure 4). This is shown by the following torsional informa-
tion: O(5)—C(12)—C(13)—C(14) —65.4°; O(5)—C12)—C(13)—C(7)
168.6°. The molecular structure also includes the key peroxy link-
age O(1)—0(2) = 1.474(3) A, which straddles the C(1—6) ring. The
values for the C—O bond lengths involving peroxide oxygen atoms
are C(1)~0(1) = 1.457(3) A (longest), C(5)—0(2) = 1.411(4) A,
and the acetal oxygen atoms are C(5—-0(3) = 1.447(3),
C(6)—0(3) = 1.393(3) (shortest) and C(6)—0O(4) = 1.435(3) A. —
B-Artesunate (8): As it was possible to map all atoms by this tech-
nique, the constitution and relative stereostructure are unambigu-
ously indicated. Crystals grew as transparent rods with glassy
lustre, of up to 2 mm max. dimension. A tendency to twinning was
shown by optical microscopy and X-ray rotation photographs. The
crystals fragmented badly upon attempted cleavage across the rod
axis. After numerous unsuccessful attempts, a unit cell was ob-
tained on a single specimen (1.6 X 0.8 X 0.8 mm), which was used
for single-crystal analysis. The crystals belonged to the orthorhom-
bic system and axial systematic absences (200, 0k0, 00/ = odd)
uniquely indicated the space group to be P2,2,2,, consistent with
an enantiomerically pure material. Intensity data were collected to
2 Onax = 50°, (Mo-K, radiation) using a variable scan speed be-
tween 4.0 and 60°/min. The peaks were relatively broad and data
were collected using the w-scan method with scan widths of 1.4°.
Of a total of 2066 reflection intensities, 2049 were unique by sym-
metry and used for structure refinement. The quality of the struc-
ture determination suffered slightly from the inherent poor quality
of the diffraction profiles, but was unambiguous, with all atoms
including hydrogen atoms located. Non-hydrogen atoms were re-
fined with anisotropic thermal parameters, hydrogen atoms were
placed in geometrically idealized locations based on their experi-
mentally determined ones, and refined with riding constraints and
isotropic thermal parameters linked to the U, of their parent C or
O atom. The final R = 0.067, wR2 = 0.157 and GOOF = 1.02.
Residual electron density was +0.26/—0.32 eA 3. Insufficient an-
omalous scattering to determine the absolute configuration was
present. However, the absolute configuration of the carbon skeleton
in this class of compounds has previously been determined through
anomalous dispersion studies on artemisinin by the Chinese
workers. In addition, the X-ray crystal structure determination has
been carried out for a single crystal of dihydroartemisinin.*¢! The
thermal ellipsoid plot from the current determination is given in
Figure 4. Crystal data and structure refinement are summarized in
Table 2. The current data therefore does provide proof of absolute
configuration at all chiral centres, when the data is considered to-
gether with the manner of synthesis of B-artesunate from dihy-
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droartemisinin. In particular, the absolute configuration at C-10
(C-12, crystallographic numbering, Figure 4) is confirmed as (R),
corresponding to the f epimer of artesunate. Thus, the pendant
side chain is effectively cis to the framework atom C(14) (crystallo-
graphic numbering, Figure 4). This is connected through the ester
linkage and has a terminal carboxylic acid functionality, which is
found to be present in protonated form. The molecular structure
also includes the key peroxy linkage O(1)—0O(2) = 1.469(8) A,
which straddles the C(1—6) ring. — Crystallographic data (exclud-
ing structure factors) for the structures reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre
as supplementary publication nos. CCDC-172514 (5) and -172513
(8). Copies of the data can be obtained free of charge on applica-
tion to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [Fax:
(internat.) + 44-1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].
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