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ANTIMALARIAL 1,2,4-TRIOXANES RELATED TO ARTEMISININ:
RULES FOR ASSIGNMENT OF RELATIVE STEREOCHEMISTRY
IN DIVERSELY SUBSTITUTED ANALOGS

Chang Ho Oh,T Dasong Wang,} Jared N. Cumming,§ and Gary H. Posnerl
Department of Chemistry, Zanvyl Krieger School of Arts and Sciences,
The Johns Hopkins University, Baltimore, MD 21218

Abstract: A series of rules has been developed, using mainly 1D and 2D NMR
spectroscopy, for identification of relative stereochemistry in a variety of substituted
antimalarial 1,2,4-trioxanes.

INTRODUCTION

The resurgence of malaria as a worldwide health threat due to the causative
parasites’ rapidly increasing resistance to traditional alkaloidal drugs has prompted
extensive investigation into alternative chemotherapies. An extremely promising prospect
from these searches is the sesquiterpene trioxane endoperoxide artemisinin (1).1'2 This
natural product and derivatives (2-5) of the corresponding lactol are used extensively,
mostly in Asia, to treat both uncomplicated and severe malaria infections caused by drug-
resistant Plasmodium falciparum parasito.‘as.3 Syntheses of artemisinin® and related

analogss'6 are complex, however, and large quantities of the natural product are directly
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isolated from the plant, while many derivatives are made senu'-symhelically.7'12 Given that
the central endoperoxide linkage is believed to be the key to the antimalarial potency of this
class of drugs,'® numerous researchers have designed structurally simplified analogs of
artemisinin whose syntheses are much shorter than that of the natural product.'*18 Some

of these analogs are equally or more potent than the natural product and its derivatives.

Z=Me, artemether (2)
Z=Et, arteether (3)

Z=C(O)CH,CH2COONa,
sodium artesunate (4)

z=a+,—©—coom.
artemisinin (1) sodium artelinate (5)

It is important to note that the biosynthesis of artemisinin involves strict enzymatic
control over both absolute and relative stereochemistry such that a single enantiomer is
produccd.lg'21 Although researchers have shown that both enantiomers of a particular
analog are equipotent in vitro,2? different diastereomers may have vastly different

antimalarial efficacies.2>24

Identification of relative stereochemistry for a particular
compound, therefore, is very important. Herein we report methods, mainly NMR
spectroscopy, for stereochemical elucidation of diastereomers within families of simplified
1,2,4-trioxanes which have distinguished themselves (1) as potent in vitro and in vivo
antimalarials and (2) as useful tools to probe the mechanism of action of artermisinin-like
antimalarials. These spectroscopic techniques have been applied successfully to establish

the relative stereochemistry of several newly synthesized trioxanes that are antimalarially

active.
RESULTS AND DISCUSSION
Conf . I i to T s

C4-Unsubstituted trioxane alcohol 6 and C4-alkylated trioxane alcohols 7-9 are

available in six to eight synthetic operations from commercial cyclohexanone. Several



03:36 30 January 2011

Downl oaded At:

ANTIMALARIAL 1,2,4-TRIOXANES

(1)
o
[

18.25 and two such

derivatives of trioxane alcohol 6 are potent in vitro antimalarials
analogs—a benzyl ether and a diphenyl phosphate ester—are comparably active to arteether

(3) in mice and monkeysi26 C4-Alkylated trioxane alcohols 7-9 have demonstrated a

dependence of in vitro antimalarial efficacy on the nature of a carbon-centered radical
23

formed during their iron(II)-induced degradation.

7: R=Me
8: R=PhCH;
9: R= Me;SiCH;

Syntheses of these.trioxane alcohols 6-9 (Scheme 1)18 began with bisalkylation of
pyrrolidino-enamine 10 to produce substituted cyclohexanone 11 as an inseparable mixture
of two diastereomers—1,3-cis and 1,3-trans with respect to the side arm attachments at Cs,
and Cg,. Subsequent Wittig olefination of this mixture did not produce an additional pair
of diastereomers in the product enol ethers 12. Distinct vinyl proton resonances at
approximately 5.9 § in the !H NMR spectrum of this material, however, showed that the
two diastereomers, differing only in their side arm configurations, had been formed in a4 :
1 ratio. Lithium trialkylborohydride reduction of the ester portion of enol ethers 12 did not
affect the side chain configurations and allowed separation of diastereomers of the resulting
alcohol to afford the major diastereomer 13.

Several chemical and !H NMR experiments were conducted to determine the
relative stereochemistry of the two side arms and of the enol ether of alcohol 13. The
configuration of the side arms at Cs, and Cg, was determined using COSY and 1D NOE
experiments on a more structurally constrained derivative. Thus, cyclization of alcohol 13
by treatment with p-toluenesulfonic acid in refluxing toluene afforded a cyclic enol ether?’
without changing the stereochemistry of attachment of the ring substituents (Scheme 2).
This bicycle could be either 1,3-cis enol ether 14a or 1,3-trans enol ether 14b.

The spatial relationship of vinyl proton Hjy; with ring junction proton Hs, and side

arm protons Hs 5 are very different in enol ethers 14, with the 1,3-cis configuration 14a
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p-MePhSO3H

5 CN

- Hn (o]

Scheme 2.

having Hypj closer to Hs 5 than to Hs, and the reverse relationship with the 1,3-trans
configuration 14b. A COSY experiment allowed identification of the resonances for Hsa
and Hs s by correlation beginning with the c-nitrile protons ’H4‘4'. Given that such
protons resonate at 2-3 8, a multiplet at 2.43 3, the only resonance in the appropriate
region, was identified on first principles as corresponding to Hy 4. These protons are
coupled to Hs 51, which the COSY spectrum indicated resonate at 1.94 8 and 1.57 §, which
are in turn coupled to Hs,, which were found on the contour plot to resonate at 1.82 3.

The NOE difference spectrum with presaturation of Hjj at 6.11 & showed a significant
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NOE between Hjj and Hs s but virtually none between Hy) and Hs,. This implied spatial
relationship—H | being closer to Hs s than Hs,—is consistent with 1,3-cis alcohol 14a,
indicating that the parent alcohol 13 must also have a 1,3-cis relationship.

The stereochemistry of the enol ether portion of alcohol 13 was then determined
with similar COSY and 1D NOE experiments directly on that compound, which had to be
either (E)-enol ether 15a or (Z)-enol ether 15b. Again, the spatial relationship of the vinyl
proton Hj; with protons H4 4 and Hs 5 and with protons Hg g' and Hyg 1o is distinct in
the two possible configurations. (E)-Enol ether 15a has Hj closer to Hg g and Hyg 10

whereas (Z)-enol ether 15b has Hj; to H4 4 and Hs 5.

15a 15b

Another COSY experiment permitted identification of resonances of protons Hg g
by correlation beginning with the o-hydroxy protons Hj g 10, generally found at 3-4 8. A
multiplet at 3.64 § was assigned to these protons since this signal was expected to be
complex. Hjg,1¢' are coupled to Hg g, which the COSY spectrum indicated resonate at
1.66 8. Similarly, identification of the resonances corresponding to protons Hs s5' began
with the a-nitrile protons Hy 4', which typically resonate at 2-3 8. The triplet at 2.33 §
was identified as corresponding to Hy 4. The contour plot showed that Hs s, coupled to
Ha 4, resonate at 1.88 & and 1.76 8. The NOE difference spectrum with presaturation of
Hj at 5.90 § indicated a greater NOE between Hy; and Hg g than between H; and Hs 5.
This implied spatial relationship—Hj} being closer to Hg g' than Hs 5—is consistent with
(E)-enol ether 15a, which shows the completely assigned structure of the common
intermediate.

ereochemi f Cen! i i Formati
The syntheses of the C4-unsubstituted trioxane alcohol 6 and Cy4-alkylated trioxane

)18

alcohol 7-9 diverge from alcohol 15a. Toward the former (Scheme 3 addition of
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methyllithium to the nitrile moiety of the common intermediate produced ketone 16 without
affecting the stereochemistry at any centers. Formation of dioxetane 17 followed by Lewis
acid (trialkylsilyl triflate)-induced rearrangement to trioxane silyl ether 18 resulted in the
formation of three new stereogenic centers at C3, Cyj, and Cy5. This trioxane 18 was
immediately desilylated to give the target trioxane alcohol as a single diastereomer 19
whose relative stereochemistry at C3, Cj1, and C7 remained to be determined.

Topological constraints ensure that the carbon—oxygen bonds at C3 and Cj, have a
syn relationship. The relative stereochemistry of this endoperoxide bridge to the new
stereocenter at the acetal Cqy as well as to the pre-existing centers at Cs, and Cga was
predicted by examination of !H NMR coupling patterns and then unambiguously
determined by X-ray crystallography. The acetal proton Hjj of the target trioxane alcohol
appeared at 5.19 3 as a doublet (J = 1.6 Hz). With no geminal or vicinal proton, this
splitting must arise through long-range couplingzs. In fact, consideration of several
relative configurations reveals that only a Cq-oriented proton would be able to W-

couplf:29 with Hs,, implying that the relative configuration of the desired trioxane alcohol
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must be that of 6 or 6a. X-ray crystallographic analysis of the trioxane alcohol revealed
the relative relationship of C| to C3 and C); to be that of trioxane alcohol 6.

H

Stereochemistry at Cy4 in C4-Alkylated Trioxanes

C4-alkylated trioxane alcohols 7-9 have an additional stereocenter introduced by
substitution on the seven-membered ring. Diverging from the synthesis of C4-
unsubstituted trioxane alcohol 6, silylation of intermediate alcohol 15a followed by
deprotonation o to the nitrile and treatment with the appropriate alkyl halide produced
alkylated nitriles 20 as roughly 1 : 1 mixtures of diastereomers (Eq. 1).232% These
mixtures were carried forward synthetically as with the synthesis of C4-unsubstituted
system—addition of methyllithium to the nitrile, dioxetane formation by photooxygenation
of the enol ether, Lewis acid-induced rearrangement to the trioxane skeleton, finishing with

desilylation to produce trioxane alcohols 7-9 still as 1 : 1 mixtures of diastereomers.

H R H

m = m -
] 1. Meli
Meo. A 1.tBuMe:SIOTI g0 _J 2.10;

——-—»
2. iProNLi 3. -BuMe SiOTH
3.R—X 4.EtN
OH t-BuMe.SiO 20 5. n-BuNF

7-9 (¢))]

15a

Since the transformations leading to trioxane alcohols 7-9 mirror those leading to
C4-unsubstituted trioxane alcohol 6, the configurations at all analogous stereocenters—Cs,
Cj1, and Cjp—were presumed to be identical. For each C4-substituted trioxane alcohol,
the two diastereomers at C4 were separated by HPLC. It was originally hoped that an NOE
experiment looking at the spatial relationship of the C4-methyl group with Hs, would help
in the stereochemistry determination. Looking at the two possible configurations 7a and

7b, it is clear that a C4q-methyl group can be spatially close to Hs, whereas a C4p-methy!
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cannot. Unfortunately, no significant NOE was seen in either diastereomer, possibly due

to the conformational freedom of the seven-membered ring.

Hsa HC

7a

The assignment of stereochemistry at this center was finally made on the C4-methyl
trioxane alcohols 7 by X-ray crystallography and then made with the other two pairs of
alcohols 8 and 9 by analogy using primarily relative 'H NMR chemical shifts of the acetal
protons, with secondary consideration of relative chromatographic polarities. One
diastereomer of C4-methyl trioxane alcohols 7 was derivatized as its monomethyl
terephthalate ester (Eq. 2)27 and X-ray crystallography revealed this system to be the C4q-
methy! trioxane derivative 21, implying the starting alcohol had been C4¢-methyl trioxane

alcohol 7a.

/©/COOM8
HOOC
——————

@

In its !H NMR spectrum, the acetal proton Hj; of this parent alcohol 7a was
further upfield than that of the C4p-methyl trioxane alcohol (Table 1). In addition, it was
the less polar diastereomer of C4-methyl trioxane alcohols 7. Using the unambiguously
assigned stereochemistry of the C4-methyl trioxane alcohols, separated pairs of
diastereomers of C4-benzyl 8 and C4-(trimethyisilyl)methyl 9'trioxane alcohols were
assigned by analogy using primarily the relative shifts of their acetal protons and looking to
their relative polarities for further confirmation.

Ace nfi ion in Simpli 2.4-Trioxane:
Trioxanes 22, with varied substitution at C3, but lacking a hydroxyethyl moiety at

Cga, have also been valuable both as active antimalarials'* and as mechanistic [,»robes.23'30
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Table 1. 'H NMR Spectral Data and Relative Polarity Information Used in Assignment of
C4 Stereochemistry of C4-Substituted Trioxane Alcohols 7-9.

trioxane R4 Hyy, & polarity assignment
Ta Me 5.17 less Caq (X-ray)
7b Me 5.21 more Cap
8a . PhCH> 5.20 less Caq,
8b PhCHj 5.24 more Cap
9a Me3SiCH§ 5.16 less C4q
9b Me3SiCHy 5.19 more Cap

These compounds share as a common precursor known enol ethers 23,17 diastereomers
which are formed by Wittig olefination of commercially-available 2-(2'-
cyanoethyl)cyclohexanone. The syntheses of trioxanes 22 (Eq. 3)l4 proceeded by addition
of the desired organometallic reagent to the nitrile moiety of enol ethers 23 to produce the
corresponding ketones 24. As described earlier, dioxetane formation followed by
trialkylsilyl triflate-induced cyclization produced the skeleton of these C3-substituted
trioxanes 22 with the same relative stereochemistry assigned to C3 and Cj3 as in the

analogous photooxygenation/ rearrangement of trioxane alcohols 6-9.

0]

1.0,
2. 1-BuMe,SIOTt
———

3. EtN

RLi 3)

MeO

23

Since ketones 24 were diastereomeric at the enol ether moiety, trioxanes 22 were
formed as two Cy1 acetal diastereomers, with ratios varying depending on the substrates.
The 'H NMR spectra of C3-phenyl trioxanes 25a and 25b,!%17 showed that one
diastereomer’s acetal proton Hyj at 5.14 8 was a doublet (J = 1.6 Hz) while the other

diastereomer showed Hy at 5.20 § as a singlet. This difference in splitting allowed easy
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identification of the acetal stereochemistries since only the o-face acetal proton Hy of

trioxane 25a, with its Cjg-methoxy group, can W-couplezs‘z() with Hs, to give a doublet.

Hsa
phedQ
11}
(0] o_
= "Hy
M
25b

The same pattern was true for C3-benzyl trioxanes 26.1% For C3-methyl trioxanes
27,'%17 however, both diastereomers presented acetal protons as singlets in the 'H
NMR. The X-ray structures of these two diastereomers have been solved, though, and
the configurations of each are thus known.!” Upon examination of the 13C NMR data for
these three pairs of trioxane diastereomers 25-27 for which the acetal configuration is
confirmed, a pattern emerges (Table 2). For the Cjjg-methoxy configuration, the
resonances of C3 and Cy; are separated by 3 ppm or less and both signals fall above
roughly 104 ppm. In contrast, for the Cj1-methoxy configuration, the resonances of C3
and Cy are separated by approximately 8 ppm and the C;| signal falls at or below about
100 ppm.

Such distinct, characteristic 13C NMR resonances were easily used to assign acetal
stereochemistry in C3-substituted, Cg,-unsubstituted trioxanes 28-32 (Table 2).14'30'3‘l
In some cases, such as C3-phenylpropyl trioxane 28, the acetal proton appeared as a
doublet, indicating the Cijg-methoxy configuration, and the C3 and C|| resonances of
106.0 8 and 104.7 & further confirmed the pattern established with trioxanes 25-27.
However, for trioxanes 29-32, with diverse substituents at C3, the acetal protons
appeared as singlets, and their C3 and Cy resonances served to confirm that all five new
trioxanes possessed the Cyp-methoxy configuration.

lished Correlations for New Trioxanes
These 13C NMR correlations for determination of Cyj acetal configuration were

combined with the methods for identification of C4 stereochemistry to assign the
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Table 2. 13C and 'H NMR Spectral Data Used in Assignment of C|; Stereochemistry of
C3-Substituted Cg,-Unsubstituted Trioxanes 25-32.

C113-OMe Ci1-OMe
trioxane R3 C3,8 | C1,8 | Hyp, 8] C3,8 | €1y1,8 | Hyp, 8
25 Ph 108.2 105.1 [5.14(d)] 104.0 96.1 5.20 (s)
26 PhCH> 105.7 104.7 [ 4.89(d) | 108.7 100.6 | 4.88 (s)
27 Me 104.9 1047 | 493 (s)| 103.6 95.4 4.95 (s)

28 Ph(CHj)3 106.0 104.7 }4.90 (d)

29 i-Pr(CHp)y | 106.2 | 104.7 | 4.91 (s) H
300
30 CHy=CH | 1049 | 103.6 |5.01 (s) ™, on
1
31 CH;3CH, 106.2 | 104.8 | 4.92 (s) MeO

32 p-PhPhCHz | 105.6 104.6 | 4.98 (s)

stereochemistry of novel, antimalarial C4-substituted, Cg,-unsubstituted, C3-methyl

trjoxanes 33-36.2732

33: R= HOCH;

34: R=PhCH;

35: R= p(HOCHZ)PhCH,
36: R=Ph

In all four cases, both separated diastereomers had C3 and Cy; !3C NMR signals within the
range indicative of Cyjg-methoxy (Table 3), and their C4 stereochemistry was assigned
based on the relative shift of their acetals protons Hj| by 1H NMR spectra. For trioxanes
33-35 their relative acetal shifts were consistent with their relative polarities, as established
with the Cs-alkylated trioxane alcohols 7-9. For trioxane 36, whose structure was
confirmed by X-ray crystallography of the C4¢ isomer, the pattern was reversed,
emphasizing the importance of the !H NMR data in assignment of stereochemistry at C.
Interestingly, these methods were useful even for ring-contracted trioxanes

372732 The 13C NMR resonances for C3 and C) of both diastereomers (105.4/102.3 &
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Table 3. 13C and 'H NMR Spectral Data Used in Assignment of Stereochemistry at Cy4
and Cy in Novel, Antimalarial C4-Substituted Cg,-Unsubstituted C3-Methyl
Trioxanes 33-36.

trioxane R4 C3 Cii Hi polarity assignment
33a HOCH, 105.5 | 103.7 {4.91 (d) less Cio
33b HOCH> 106.0 104.5 14.95(d) more Cap
34a PhCH; 106.1 104.0 | 4.95 (s) less Caq
34b PhCH> 107.2 104.6 | 4.97 (s) more Cap
35a (p-HOCHy) | 106.1 104.0 | 4.84 (d) less C4a
PhCH,
35b (p-HOCHy) | 106.9 104.3 | 4.97 (s) more Cap
PhCH,
36a Ph 105.6 103.9 |4.99 (d) more Caq (X-ray)
36b Ph 107.2 104.5 [5.03 (d) less Cs8

and 105.6/102.9 3) fell into the range indicative of C;)g-methoxy, and this assignment was
verified by their acetal protons Hy;, which appeared as doublets in their |H NMR, W-
coupling with Hs,. The stereochemistry at C4 was assigned based on relative shift of their
acetal protons (5.15 8 and 5.04 8) and was consistent with their relative polarities. These
structural assignments were unambiguously confirmed by X-ray crystallographic analysis

of the C4g isomer of trioxanes 37.

CONCLUSIONS
A series of 1D and 2D NMR experiments has been used to identify the relative

stereochemistry of a number of simplified, antimalarial 1,2,4-trioxane analogs of the
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natural product artemisinin 1. Based on these data, rules have been developed for use
primarily of NMR spectroscopy to assign configurations in new, diversely-substituted
trioxanes. The relative shift of the acetal protons Hyj in the TH NMR spectra can be used
to identify the stereochemistry of pairs of diastereomers at the mechanistically important Cy4
center. These assignments can, in most cases, be confirmed by correlation with the relative
chromatographic polarity of the C4-substituted trioxanes. The position and spacing of ketal
and acetal carbons C3 and Cy), respectively, in 13C NMR spectra can be used to identify
the configuration of the acetal Cjj. Such rules for assignment of stereochemistry are
crucial to ensure correct identification of new analogs to probe and to further research

toward better chemnotherapies against the spreading deadly infectious disease, malaria.
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