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Antimalarial Activity of New Water-Soluble Dihydroartemisinin Derivatives. 3.'-
Aromatic Amine Analogues

A Lin' Liang-quan Li,* Daniel L. Klavman,' Clifford F. George ' and Judith L. Flippen-Anderson?
Diceseon of Experimental Therapeuties, Walter Revd Army Institute of Research, Washington, D.C 20307-3100, and the
Laboratars for the Structure of Matter. Naval Rescarch Laborators, Washington, .0 200075-5000. Receweed February 12,0 1990

A series of artemisinin (1) derivatives containing bromo and heterocvelic or aromatic amine tunctions was prepared
in the search tor analogues with good water solubility and high antimalarial activity. Treatment of dihvdroartemisinin
12a) with boron trifluoride etherate at room temperature gave the kev intermediate. 9.10-dehvdrodihvdroartemisinin
(31, which. on reaction with hromine, gave the dibromide 4. The latter was condensed with amines in anhvdrous
CH,Cl, at < 10 °C to give the desired products in 25 -55% vield. I he new derivatives, tested in vitro against
Plasmodium falciparum, were found to be more effective against W-2 than -6 clones and were not cross-resistant
with existing antimalarials. Compound 6b, 2-fluoroaniline derivative, was the most active of the series, with the
1€y, < 0.16 ng. ml., making it several fold more potent than 1. However. no significant in vivo antimalarial activity
against Plusmuodiun bergher was observed in any of the new compounds tested.

Artemisinin (ginghaosu, arteannuin, 1), an antimalarial
agent isolated from the plant Artemisia annua, is an en-
doperoxide-containing sesquiterpene lactone.! © The un-
usual chemical structure of artemisinin coupled with its
low toxicity and proven antimalarial efficacy have attracted
attention from hoth chemists and parasitologists since its
discovery in 1972. The practical use of artemisinin as an
antimalarial agent. however, is impaired by (a) its insolu-
bility in both water and oil.? (b) its poor efficacy by oral
administration?® and (c) the rate of recrudescence in
treated patients.®

.

.. w whom correspondence should be addressed.
’Walter Reed Army Institute of Research.
! Naval Research Laboratory.

The lactol form of 1. dihvdroartemisinin (2a), prepared
by the sodium borohvdride reduction of the parent com-

) Paper 1. Lin, A. 1. Klayman, 1), L. Milhous, W. K. /. Med.

(H
Chem. 1987, 30, 2147,
(2) Paper 2. Lin, A. J.; Lee. M. Klavman, D. L.. J. Med. Chem.

1989, 32, 124‘)

3y Liu, J.-M. Ni, M-Y5 Fan, J-FS Tu, YooY Wa, Z-Ho W,
Y.L, ¢ hnu, \\. S, Acta Chim. Sinica 1979, 37. 129,

(4) China Cooperative Research Group on Qinghaosu and Its De-

rivatives as Antimalarials. J. Tradit. Chin. Med. 1982, 2, 3.

Qinghaosu Antimalaria Coordinating Research Group. Chin.

Med. .J. 1979, 92, 81 1.

O3 Klaytaan, DG Ling e d L A, N, ovovii, o 1, Hoch, L
M.. Mithous, W. K.; Thevharides, A. )., Dobek. A. S. /. Nat.
Prod. 1984, 17, 715,

(7 Klavman, ). L. Seience (Washington, DCY 1985, 228, 1049,
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Table T Physicad Properties ot 9 Bromaos o aminated Dibvedroartennsiem Derivatives

compd gy, T recrvstn solvent
fa ! hexane + FiOA
Ta 1 hexane + EtOA
th 1 hexane + FKtOAC
h ! hexane + E1OAe
He [ hexane + [K1OA
6d 1 acetune 4 hexane
he [AENE acetone + hevane

poand. wus shown 1o be more active than 1.9 Bat, becac.e
of its hemiacetal structure, the compound is believed o
have lower stabtlitv than 1.

Chemical moditications of dihvdroartemisinin to im-
prove its etticacy and solubility have been reported by
several laboratories. Artemether ™= and arteether,™ i
the methyvland erhyl ethers of 2a. respectively. are more
fnophitic and more efifective than artemisinin,. Sodium
irtesunate (2w water soluble derivative ol 2a, was
denonstrated Uy be particulariy usetul in the treatment
ol cershral mataria™> A halt ester of suceinic acid.
sl artesunate iss however, not stable in agieons so
MTon, a prope iy that s detrimental to its practical utility
a- e antimaiarial acent!

Hecentive we prepared a series of derivatives of di-
svtroartemisinin (2a) o which the solubilizing sroup.
carboxviate, was coupled to dihvdroartemisinin by an alkyl
erher mither than an ester linkage ' Amony the water

poreni artemd=inin and sodium artesunate (2b) in vitro and
=oetive thao 1 and 2b in rodent Plasmuodiwen borche
Farthermare, <odiiim artelinate i~ <ub-

“yarems

1 2a: i1 -0l

O

i
b3 OCCH, CH.COGH

e «'}CH:O—(;QQH

~tantially more stable than sodium artesunate in weakly
alkaline agneous solution, an important physical property
tor the preparation of an intravenous injection dosage
torm. Antimnalarial studies have shown that sodium
artedinate tatally eliminated the parasitemia in mice -
tected with 17 herghel when administered in their drinking
water. !

s2 China Cooperative Research Group on Qinghaosa and Its De-
rivatives as Antimalarials. JJ. Tradit, Chin, Med. 1982, 2. 9.
i China Cooperative Research Group on Qinghaosu and 11s De
rvatives as Antimalarials. 2. Tradit. Chin, Med. 1982, 2. 45,
i LY Yo PLLi Chen, Y.-X0 LiL LeQ Gai, Y70 Wang, D.
Zheng, Y.-P. Acta Pharm, Sin. 198§, [6, 429
O Ga HoMG Lo BAF2Qu Z2-X0 Acta Pharmacnol. Sin. 1980, 1,
X
Hrossi, Al Venugopalan, B Gerpe, L. 1D.; Yeh, H. .J. C; Flip-
pen-Anderson. b L Buchs, ™. o Ao, Vi aous, W, Pe-
ters, W. ./ Med. Chem. 1988, 21, 645,
1135 Li. G Guo, X Jing ReJdian, Ho L, 204, Tradit. Chin. Med.
1982, 2, 125
(14} van Vianen. P. H.; Klavman, ). L.; Lin, A. J.; Lugt, . B,; van
Engen. A L van der Kaav, H..1; Mons, B, Exp. Parasitol.
1990, 7o 115
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In our continuing scarch for new artemisinin analogues
with good water solubility and high antimalarial efficacy,
we report here the preparation and antimalarial studies
of additional dihvdroartemisinin derivatives which contain
bromo and heterocyvelic or aromatic amine functions.
Water solubilitv, it was anticipated, would be achieved
through salt formation.

Chemistry

The starting material, dihvdroartemisinin (2a), was
prepared by sodium borohvdride reduction of 1 according
to a medified literature procedure.” Experiments have
shown that proper adjustment of the pH of the reaction
mixture before workup is critical to obtaining acceptable
vields of product.

Dihyvdroartemisinin, upon treatment with boron tri-
fluoride etherire o1 room temperature, gave a key inter-
mediate, 9,10-dehvdrodibydroartemisinin (3) in 75-80%
vield (Scheme ). Compound 3 was reported earlier to be
a minor product when dihvdroartemisinin was treated with
alcohols under the boron trifluoride etherate catalysis and
is probably formed by tautomerization of the oxonium
intermediate, as discussed in the previous report.”
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Table I.. 'H NMR Data for Compounds 6a—f and 7a-b %)

Lin et al

comp:i  Cy-Me CNH (-H CrH

fa 2.07 6.42 5.46 5.61 {d) J = 10.8 Hz
6b 2.05 5.20 5.45 561 (d) J = 10.8 Hz
6c 2.06 507 5.46 5.66 (d) JJ = 10.8 Hz
6d 1.89 5.22 540 8.58 (d) J = 10.8 Hz
6e 1.87 5.65 536 7.18 (d) J = 10.8 Hz
6f 1.87 5.24 739 6.53 (d) JJ = 10.8 Hz
7a 2.28 559 549 554 tdydJ = 45 He
7b 2.31 4.62 5.47 5.14(d) J =54 He

Treatment of 3 with bromine at low temperature gave
a good vield of the corresponding dibromide (4). Inasmuch
as two asymmetric carbons atoms are created during the
bromination, four possible dibromide isomers are theo-
retically possible. However, 4 was found to be unstable
at room temperature and, therefore, was used for reactions
with amines without purification.

Condensation of dibromide 4 with amines was carried
out in anhydrous dichloromethane at <-10 °C. Because
this reaction involves the formation of 1 equiv of HBr, 2
equiv of amine were necessary for each equivalent of di-
bromide emploved. Purification of the crude product was
achieved through silica gel chromatography and yvields
ranged from 25-53% (Table D).

[n contrast to aromatic amines, aliphatic amines such
as benzylamine. butylamine, and N,N-diethylethylenedi-
amine. gave no desired product under identical conditions.
Instead. the major isolable product was 9,10-dehvdrodi-
hyvdroartemisinin (3) which was also found to be the minor
product of reactions hetween aromatic amines and 4.

Since (wo asvmmetric carbon centers (Cy and C,) are
created during the process of conversion from 3 to 6 and
7. four stereoisomers are possible in the final products of
each reaction. However, only two isomers were isolated
in reactions when 3-fluoroaniline and 2-aminothiazole were
used. and only one isomer was separated when aniline,
2-aminopyridine. and 2-aminopvrimidine were employed
as reactants. In addition to 6d, a byproduct was also
isolated from the reaction mixture which contained 2-
amnopvridine and was identified as 5-bromopyridine
analogue 6f by NMR (Table II). Compound 6f presum-
ablv was derived from the hromination of the starting
amine. 2-aminopyridine, or the product, 6d. The source
of the bromine atom was most likely from the oxidation
of hromide anion by the hydroperoxide which is derived
from the partial decomposition of the starting dibromide
4 during the reaction.

That there is little or no difference in chemical shift of
C,,-H of all products suggests that compounds 6 and 7
have the same configuration at C,, (Table II). This leaves
the structural differences between 6 and 7 to occur at C,,
Notably, C,,-H of 6a-e are deshielded by Cy-Br io cause
a greater downfield shui il 7a b, whereas Cq-CHj of
compounds 7a~b resonates at lower field (1 0.2-0.3 ppm)
than compounds 6a-f, due to the deshielding effect of the
peroxide group. A molecular model shows that the methyl
group and the peroxide function are in close proximity in
compounds 7a-b. These results suggest that the bromine
in compounds 7a-b is in the /7 configuration (i.e.. on the
same side as the C,-H), whereas the bromine n com-
pounds 6a-f assumes an « configuration. Only one bromo
group was displaced by an amino function when dibromide
4 was treated with amine at <-10 °C. This suggests that
the C,,-Br and not the Cy-Br is displaced hy amine. Since
C,o-Br of 4 is attached to the same carbon as C,,-O, elec-
tron delucalization from oxygen will lead to formation of
a reactive oxonium ion 5 which is then reacted with amines

204d, Y H. S = 3.6 H2), 6.603 (d, 1 H, JJ = 3.6 Hz)
U6 840 tm, 41D

2 6.8 tm, A HY

14 m T H)L 746 tm. 1 HL 695 «d, 1 H, -/ = 8.1 Hz), 675 tm. 1 H»
8.:4.§ td.2H. J =43 H2. 670 (t, 1 H, J = 45

(d. 1 H.J = 1.8 Hz), 766 (dd. 1 H. ./ = 1.
1 H..J =9 Han

A9k, U H. o = 36 Ho, 658 1d. 1 H..J = 3.6 Ha)
m. 2 H)L 652 (m. 2 Hy

aromatic protons

5 Ha
Rand 9 Hz). 6.76

Figure 1. Thermal ellipsoid plot drawing of 6d at 20% probability
level from experimental coordinates.

to give the observed products 6a—e and 7a-b. Steric
hindrance of the « side of the intermediate 5 caused the
preferential attack by the amine from .3 side which ac-
counts for the observation that compound 6 is the major
or the sole product of the condensation reactions. Like
the ether formation of dihvdroartemisinin with an alcohol
under the catalysis of boron trifluaride etherate which gave
mainly the 38 isomer and was also involved the oxonium
ion as the intermediate,” the C,y-N configuration is also
g in both products 6 and 7.

A molecular model indicated that, due to steric hin-
drance by the surrounding functional groups, the rotation
of the bulky heterocyclic or aromatic ring of the new
compounds along the C,; and N bond is restricted and.
thus, only two conformations are possible for N-H, with
the amine proton skewed between buth protons at Cg (a-H
and 3-H) or between the C,,-H and the 3-Cy-H. The latter
conformation gave larger J/ value than the former con-
formation due to larger dihedral angle between C ;- and
the N-H. The J value on C,;-H (Table 11} suggested that
compounds Ra—f assume the latter conformation whereas
compounds 7a-b have the former . »for.astion. The
chemical shift and the coupling constant of Cyo-H and
C,o-NH of the final products were established by D,0
exchange technique.

The “truciusc deoigascii, of 24 was conlitined by X-ray
study. The results of the study are illustrated in Figure
1. The absolute configuration of 6d (C,, Cy. and C,, are
S and C,, Cy,, Cz., and Cg, are R) agrees with that found
for artemisinin (1)."*  With the exception that the bro-
minated six-membered ring is more boat-shaped than

(15) Qinghaosu Research Group. Sei. Sin. (Engl. Ed.) 1980, 23, 380.
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Table T1I. In Vitro Antimalarial Activity of Dibsdronrtersinm
Derivatives against Plasmodium falciparum

[Cy, ngrmil.

compd African clone (1D-6)  Indochina clone tW-2)
6a 0.91 021
fb 0.16 <Q.16
6e 3.42 .64
6d T2 1.19
6e 25.96 206

1 0.56 0.61
chair-shaped. the overall conformation of the fused ring
system In 64 is similar to that found for both artemisinin
and its derivatives such as artemether and dihvdro-
artemisinin (2a).'® There is no hvdrogen bonding in this
structure with the closest Ni- intermolecular approach
being Nj-+Oy5 at 3.291 A, The closest intermolecular ap-
proach to the Br atom is a van der Waal's distance of 3.40
A 10 a neighburing O, atom.

Results and Discussion

The new derivatives were tested in vitro against clones
ot human malaria, P. falciparum D-8 {Sierra Leone clone)
and W-2 tindochina clone). The former clone is a strain
that is resistant to mefloquine and the latter. to chloro-
quine. pyrimethamine, sulfadoxine, and quinine.

The result= (Table [ID) indicate that the new derivatives,
like the parent gzent 1. are not cross-resistant with any
ol the antinalarial agents mentioned. As was observed
with other water soluble dihvdroartemisinia derivatives,
these new agents are more effective against W-2 than )-6.
(Compound 6b, 3-fluorocaniline derivative, was the most
active compound of the series. with the I1C, (50% inhi-
hitory concentration) < (.16 ng/ml making it several fold
more potent than artemisinin. Compounds 6a and 6c¢
showed activity comparable to artemisinin, whereas 6d and
fie are less active than the parent compound.

Despite the in vitro activities against P. falciparum
observed with 6a- ¢. no significant antimalarial activily
against rodent malaria £2. berghei in vivo was ohserved in
any of the new compounds tested. No antimalarial testing
was conducted on 7a- b due to insufficient supply of these
Isomers.

Experimental Section

Chemistry. All melting points were determined on a Thom-
as-Hoover melting point apparatus and are uncorrected. Infrared
spectra of solid samples were ohtained in KBr disks on a Nicolet
208XB FT-IR spectrometer. NMR spectra were determined on
a JEOL FX90Q spectrometer with Me,Si as an internal standard.
Elemental analvses were performed by Spang Microanalyvtical
Lahoratory, Eagle Harhor, M1, and the results are within 0.4 %
of the theoretical values, except where noted.

Synthesis of 9,10-Dehydrodihydroartemisinin (3). Di-
hyvdroartemisinin (2a)? (5 g, 17.6 mmol) was dissolved in 30 mlL,
of anhyvdrous Et;0 and cooled to 0-5 °C. Boron trifluoride
etherate (5 ml. in 50 mL of anhydrous Et,0) was added dropwise
to the solution with stirring. The solution was allowed to stand
at room temperature overnighi, woshed firat with aqueous NaH-
('O, followed by saturated aqueous NaCl soluti: n, and dried over
MgS0,. The colvent was evaporated to dryness under the reduced
pressure.  {he restdue was chromategrauied on u sihee gel column
using hexane/EtQAc (3:1 v/v) as eluent to give 4.0 g (85%) of
colorless crystals of 3: mp 96-98 °C (1it.2 mp 95-97 °C), R, = 0.74
(silica gel, hexane/EtOAc 3:1 v/v).

Bromination of 9,10-Dehydrodihydroartemisinin (3). To
the solution of compound 3 (100 1ag, 0.38 mmol) in 5 mi, of
anhydrous CCl, was added dropwise with stirring a 5% solution

(16) Luo, X.. Yeh, H. J. C; Brossi, A Flippen-Anderson, J. L.
Gilardi. R. Hele. Chim. Acta 1984, 67, 1515,
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until the mixture turned
-« was stirred for an ad-

:nder reduced pressure
- <tep without further
tilv turned to a black

of bromine in anhvdrous « Cl, «
pale orange in color. Atter th =
ditional hour, the solvent was ren,
at <4y °C and was used in the s
purification. The bromo products f. -~
tar on standing at room temperature
General Procedure for the Condensat. ¢ of { with Amines.,
An amine (2 mmol) was dissolved in 10 ml  :~svdrous CH,Cl,
and cooled to 10 °C with a ice/salt bath - 1mine solution
was added dibromo compound 4 (1 mmaol. =L of CH,Cl,
dropwise with stirring. After the addition w « snleted, the

solution was allowed w stand at room temperatnr -ught. The
reaction mixture was washed with saturated aqi- -« NaHCO,
solution, dried aver MgSO0,. and evaporated o or.. -- under
reduced pressure. The crude product was purificd . 0o gel

column chromatography using hexane and EtOA¢ mixe « vent
as eluent to give the desired final products ‘Table I+

X-ray Crystallographic Data for 6d. CoHp:N O k- ~
lecular weight = 54648, clear colorless data crystal ((.1x ¥
X (.48 mm, orthorhombic, space group P242,2,,a = 10,115
b= 10663 (1), ¢ = 15461 ) A dg = 182 mgmm™ 7 = 1 .
= 2.1 mm !, 2620 independent reflections were measured ou? -
Was = 40.0% with a Nicolet R3m !V diffractometer using Mo K
radiation (A = 0.70169 A) with a graphite monochromater in the
incident beam. The data were collected at room temperature by
using the /20 scan technique with a variable scan rate ranging
from 10°/min minimum to 30°/ min maximum, depending upon
the intensity of a reflection. Data were corrected for Lorentz and
polarization effects, and an empincal absorption correction was
applied (maximum and minimum transmission factors were (.786
and 0.695, respectively). The structure was solved by direct
methods as implemented by the SHELXTL system of programs 17
Full-matrix least-squares refinement on 249 parameters (coor-
dinates and anisotropic thermal parameters for nonhvdrogen
atoms; hvdrogen atoms originally placed at calculated positions
and then allowed to ride on covalently bonded atoms, that is, C-H
distances set (.96 A and coordinate shifts of attached C atom also
applied to H atom, C-C-H angles set as close to idealized values
as possible} used tne 2270 reflections for which |F) > 3a(F,). The
absolute configuration of 6d was determined from the difference
in R factors on the basis of the anomalous scattering of the Br
atom by using Friedel's pairs as suggested by Rogers.'® The final
R fuctors for the configuration shown in Figure 1 were R = 0.043
and R, = 0.042 (for the “wrong™ hand these values were R = 0.070
and R, = 0.075). The goodness of fit parameter was 1.4, and the
final difference map was featureless.

Biology. (a) In Vitro Antimalarial Studies. The in vitro
assavs were conducted with use of the semiautomated microdi-
lution technique of Desjardins et al.'® as modified by Milhous et
al® Two P. falciparum malaria parasite clones, designated as
Indochina (W-2) and Sierra Leone (D-6), were utilized in sus-
ceptihility testing. They were derived by direct visualization and
micromanipulation from patient isolates obtained by the Centers
for Disease Control, Atlanta, GA in 1980 and [982, respectively.
The patients had acquired infections either in Vietnam or Sierra
l.eone. The Indochina clone is resistant to the antimalarials
chloroquine, sulfadoxine, pyrimethamine, and quinine, whereas
the Sierra Leone, is resisiant to mefloquine hut susceptible to
chloroquine, quinine, sulfadoxine, and pyrimethamine. 'Test
compounds were initially dissolved in DMSO and 70% ethanol
and diluted in RPMI 1640 culture medium with 10% human
plasma te 400-fold. Drugs were subsequently further diluted by
using the Cetus P'ro/Pette (Perkin-Elmer Corp., Norwalk, CT)
over a range of 1.56-100 X 10® molar. Parasite inocula (at 0.5%
parasitemia and a 1 % hematocrit) were incubated for 24 h and
added to equitiolar coneaiialione of sack tect comypouna pri
to the addition of *H-hypoxanthine. After a further incubation

(17) Sheldrick. Gi. M. SHELXTL, Minicomputer Programs for
Structure Determination; University of Gottingen: Gottingen,
West Germany, 1980.

(18} Rogers, D). Acta Crystallogr. Sect. A. 1981, A37, 734.

(18} Desjardins, R. B,; Canfield, C. J.; Haynes, D. E,; Chulay. J. D.
Antimicrob. Agents Chemother. 1979, 16, 710.

120y Milhous, W. K.; Weatherley, N. F.; Bowdre, J. H.; Desjardins,
R. E. Antimicrob, Agents Chemother. 1985, 27, 525,
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of 18 h, particulate matter was harvested from each microtiter
well with use of an automated cell harvester (Skatron, Inc.,
Sterling, VA). Uptake of *H-hypoxanthine was measured by using
a scintillation spectrophotometer (Model LS3801, Beckman In-
struments, Irvine, CA). Concentration-response data were ana-
lyzed by nonlinear regression and the ICy, values (50% inhibitory
concentrations) for each compound were calculated.

(b) In Vive Antimalarial Studies. The suppressive blood
schizonticidal and curative activities of these new compounds were
measured in a test where mice were infected with 5.98 X 10° P.
berghei parasitized cells intraperitoneally on day 0. Test com-

pounds were dissolved in peanut oil and were administered
subcutaneously once a day for three consecutive days commencing
on day 3. The dose levels of compounds given were 640, 160, and
40 mg/ kg per day. Blood films were taken on days 6, 13, and 20.
Blood schizonticidal activity was determined by monitoring blood
films for the appearance of parasites and for extended survival
times compared to infected untreated controls. Mice surviving
60 days were considered cured. The infected untreated control
mice (negative controls) died on either day 6 or 7. Compounds
was considered active when the survival time of the treated mice

ﬁ

was greater than twice the control mice, i.e., 12-14 days.
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