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From Carbenes to Peroxidic Antimalarial

Drugs.

Highlights from the Scientific Work of
Charles William Jefford

Ulrich Burger*

Abstract: A concise biography of C.W. Jefford, Professor of Chemistry in Geneva from 1969 to 1994, is given. A
personal tribute by the author is paid to Jefford’s fundamental work in the field of singlet oxygen, endo-peroxides,
and 1,2,4-trioxanes as remedies against malaria.
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This issue of CHIMIA dealing with chem-
istry at the University of Geneva would be
incomplete without reference to C.W. Jef-
ford and his achievements. Born in 1929
in Farnborough (UK), he graduated from
Oxford University, subsequently obtain-
ing his PhD at Princeton University (NJ)
with Edward C. Taylor. Jefford had al-
ready gained considerable experience as
a Professor at Temple University, Phila-
delphia (PA), and as a Visiting Professor
in Marseille and Strasbourg, when he was
appointed in 1969 as Full Professor at the
Faculty of Sciences in Geneva. Thus at age
40, right after the student unrest and con-
testation that had shaken the old structures
of the Schola Genevensis, he was appoint-
ed to build a modern department of organic
chemistry in the then brand-new Sciences
II'building on the river Arve. Together with
other faculty members, including the late
Wolfgang v. Oppolzer, who joined the de-
partment in later years, he carried out this
challenging job with great talent. Charles
W. Jefford was an excellent, though de-
manding, teacher who launched genera-
tions of young chemists and biochemists
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on their careers. He was also a brilliant
speaker. The photograph taken in 1984
shows him in full flow at the blackboard
during a lecture given in Osaka, Japan (Fig.
1). In 1994 he retired, leaving a prestigious
and internationally renowned department
to his successors.

During the late sixties and early sev-
enties, mechanistic organic chemistry and
semi-empirical computational methods
were at their height. The advent of the rules
of conservation of molecular orbital sym-
metry had revolutionised the understanding
of pericyclic reactions.l Most of Jefford’s
early and prolific research work dealing
with halocarbene additions to strained bi-
cycloalkenes and their use in the synthe-
sis of small cage type compounds has to
be seen in this context.[2] Bicyclo[2.2.2]
octa-2,5,7-triene (barrelene), benzobar-
relene, and many other fashionable cage
compounds were prepared which were of
interest to physical chemistry due to their
bond tautomerism or peculiar t-systems.[3!
Undoubtedly an important result of Jef-
ford’s carbene and cage years was the

Fig. 1. Charles W.
Jefford in 1984 at a
conference in Osaka.

finding that difluorocarbene adds to nor-
bornadiene (1) to give the quadricyclic
compound 2, accompanied by the expected
products of the classic cyclopropanation,
3 and 4. This reaction constituted an un-
precedented case of a linear cheletropic
carbene reaction (Scheme 1).14]

From the late seventies on, Jefford’s
interest shifted more and more towards
the chemistry of singlet oxygen ('O,).
In a noteworthy study the hitherto en-
igmatic sensitised photooxygenation of
adamantylideneadamantane (5) was re-
examined and elucidated.l5! This double-
cage alkene gives with sensitizers such as
methylene blue (MB) or meso-tetraphenyl-
porphine (m-TPP) almost exclusively the
expected dioxetane (6). However, when
rose bengal (RB) was used as sensitizer,
the epoxide (7) became the main product
(Scheme 2). The key to understanding this
puzzling change in behaviour was found to
be a single electron transfer (SET) occur-
ring between RB and the initially formed
'0,. The ensuing superoxide radical (O,)
then triggers a chain reaction that, with
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Scheme 1. The first genuine case of a linear cheletropic carbene

reaction (1—2).
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Scheme 3. Interception of a zwitterionic peroxide (12) by acetaldehyde.
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Scheme 2. The abnormal epoxidation (MB = methylene blue; mTPP = 0 + Eg
meso tetraphenylporphine; RB = rose bengal). 0
Ph
13 14
traces of moisture, gives HZOZ, the ulti-

mate epoxidising agent (Scheme 2). The
implication of the superoxide radical was
later confirmed by a solid-state EPR ex-
periment.[5]

By his careful work on the photooxy-
genation of enol ethers and enamines, Jef-
ford discovered the importance of zwitter-
ionic peroxides as reactive intermediates.
This led eventually to the finding that alde-
hydes can be incorporated into the photo-
oxygenation process to give 1,2,4-triox-
anes.l%l An illustration, outlined in Scheme
3, is the behaviour of 2-(methoxymethyl-
ene)adamantane (8). This enol ether un-
dergoes in aprotic solvents dye-sensitized
photooxidation to give the dioxetane 9, or
after work-up, adamantanone (10). How-
ever, when 8 was photooxidized in a solu-
tion of acetaldehyde at —78 °C with rose
bengal (RB) as sensitizer, the diastereo-
meric trioxanes (11) were formed in over
50% total yield together with 9. Clearly an
intermediate, namely the zwitterionic per-
oxide 12 is involved and captured by the
aldehyde. Note that the abnormal epoxida-
tion mentioned in the precedent paragraph,
is not observed for this electron-rich olefin.

Another family of reactive intermedi-
ates closely related in their behaviour to
the aforementioned zwitterionic perox-
ides is accessible by Lewis acid catalysed
opening of certain 1,2-dioxetanes and
endo-peroxides.[” This enabled Jefford
to expand his original mechanistic find-
ing into a general synthetic method for the
preparation of a wide variety of tricyclic,
bicyclic, and monocyclic 1,2,4-trioxanes.
This class of compounds had not been
readily accessible before. A typical syn-
thesis is shown in Scheme 4. Reaction of
the symmetric endo-peroxide, 1,4-diphe-
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Scheme 4. Convenient synthesis of 1,2,4-trioxanes from endo-

peroxides.

nyl-2,3-dioxabicyclo[2.2.1]hept-5-ene
(13) with cyclopentanone (14) in the pres-
ence of catalytic amounts of trimethylsilyl
trifluormethanesulfonate  (Me,SiOTf)
CH,Cl, at—78 °C affords a racemic mixture
of the cis-fused cyclopenta-1,2,4-trioxanes
15 and 16 in high yield as the sole prod-
ucts. In other words, the reaction course is
highly diastereoselective. The mechanism
has been clarified in great detail by inves-
tigation of the behaviour of chiral cyclic
ketones e.g. (—)-menthone, (-)-carvone,
and others.[7b]

The importance of this achievement
rests on its relation to the naturally occur-
ring 1,2,4-trioxane artemisinin or qing-
haosu (17). This sesquiterpene with potent
antimalarial activity had been isolated in
the early seventies in China from Artemi-
sia annua L. Preparations made from this
common shrub had been used since centu-
ries in traditional Chinese medicine to re-
duce the malaria burden. This knowledge
only reached the world outside China in
the eighties.[#91 At that time conventional
antimalarial remedies such as chloroquine
and mefloquine had lost already much of
their efficacy owing to the development of
multidrug-resistant mutants of the Plas-
modium parasite. Therefore, trioxane 17
and the 1,2-dioxane yingzhaosu (18), also
found in China, became the most important
leads for the development of antimalarial
drugs. Jefford has written several reviews
on this matter of global concern.['9 His

own synthetic work on 1,2,4-trioxanes
came at the right time, providing access to
synthetic mimics and, most importantly, it
enabled the structure—activity profile to be
studied, thereby revealing the process of
action of peroxidic antimalarials.

The biological activity of a large vari-
ety of synthetic 1,2,4-trioxanes from Jef-
ford’s laboratory was systematically evalu-
ated in vitro against chloroquine-sensitive
and chloroquine-resistant Plasmodium
falciparum parasites.['0111 Several of the
new compounds were found to be nearly
as active as the lead 17. This applies to 15
and 16 but also to the racemic tailor-made
mimics 19 and 20. Other trioxanes, for in-
stance, the fluorinated compound 21 and
the spirocyclic ketone 22 were even more
active than 17. However, some seemingly
minor structural modifications brought
about a sharp drop in activity. This applies
to the semi-synthetic epiartemisinin (23)
or to the tetramethyl compound 24 which
is nearly inactive (Fig. 2).

In order to understand all this, one
needs a good hypothesis for the mode of
action of peroxidic antimalarial drugs. Al-
though there is no full consensus today in
the literature as to how artemisinin and its
synthetic mimics kill the parasites, there is
no doubt that the peroxidic bond is a nec-
essary part of the pharmacophore. In Jef-
ford’s favoured model, the initial step that
accounts for the Plasmodium specificity of
the drugs is believed to be the docking of



THE 450TH ANNIVERSARY OF THE ACADEMIE ET UNIVERSITE DE GENEVE CHIMIA 2009, 63, No. 12 853
oS .
Heme
16 . Ph —— Ph
o (0] o
| Ph | Ph
HemFe?* HemFe?"
25 26
Artemisinin Yingzhaosu
PP
17 18 r
’\:/Ie D
O(‘? 7 { °0
O, Hemin | Ph
?i g HemFe?*
o
Me 28 Hemozom 27
active active highly active highly active
19 20 21 2 Scheme 5. Docking of 16 on heme produces the lethal carbon centered
radical (26) which binds to parasitic protein (PP).
Ph
H
o 2 Me.,,
M = Ph
e o F\l
Me Me R
Me Ovo? @O O
o
Epiartemisinin CE
H 3
poorly active poorly active
23 24 Arteflene Arterolane (OZ277)
29 30

Fig. 2. Two peroxidic leads (17 and 18) and selected synthetic mimics of

17.

the 1,2,4-trioxane moiety on heme. In fact,
after the host (human or rodent) is infected,
Plasmodium parasites invade the erythro-
cytes, where they feed on hemoglobin to
obtain amino acids for growth. The excised
prosthetic group (heme) being toxic to the
parasite, is normally, i.e. in absence of a
drug, oxidised and polymerised to hemo-
zoin, the dark-reddish malarial pigment.
When the host is treated with an active per-
oxide, binding to heme triggers a cascade
of chemical events. Taking trioxane 16 as
an example (Scheme 5), the ferrous ion of
heme attacks the peroxidic function break-
ing it apart to create a ferric oxide bond and
an oxy radical 25. The oxy radical then ir-
reversibly rearranges to the thermodynam-
ically stable ester function, simultaneously
producing the carbon-centred radical 26,
which is the lethal agent. It reacts with the
protein of a nearby parasite, thereby caus-
ing its death. On protonation, 27 liberates
the disabled alkylated parasite 28, hemin
and, lastly, hemozoin.

Jefford provided very strong evidence
in support of this working hypothesis,
which became the guiding principle for
subsequent work in his and many other
laboratories. Thus, it was shown that both
enantiomers of a synthetic drug had almost
the same biological activity. This holds, for
instance, for 15 vs. 16, or for the highly
active fluorinated compounds (+)-21 vs.
(—)-21. It was therefore concluded that ini-
tial binding occurs at a de facto achiral site

Fig. 3. Fall and rise of drug candidates.

and not at a protein. Further corroboration
for initial heme-docking came from the ob-
servation that the seemingly small modi-
fication 17223, i.e. the epimerisation of
artemisinin to epi-artemisinin, had a strong
effect on biological activity. It dropped
sharply. Modelling based on X-ray data
clearly showed, that the inverted methyl
group of the lactone ring of 23 shields
the peroxidic bond, so preventing the
molecule to dock efficiently on heme.[!2]
Another necessary condition a drug must
meet in order to be highly potent is its ca-
pability to produce an aggressive, unhin-
dered carbon-centred radical as the lethal
agent. Compounds that break down via ter-
tiary or neopentyl type radicals were only
poorly active. This applies to 24 and many
other compounds not shown here.

The development of an efficient and
affordable synthetic antimalarial drug is
an issue of global concern and extreme
complexity. Worldwide research activity
is going on in many laboratories, and Jef-
ford’s seminal work on 1,2,4-trioxanes and
their mode of action fell in many instances
on fertile ground. Nevertheless, there is
not yet a single fully synthetic drug on the
market. Most remedies rely on expensive
semi-synthetic modifications of artemisi-
nin itself or on hybrids with the old ami-
noquinoline motifs. One synthetic drug
candidate, namely Hoffmann-La Roche’s
arteflene (29), a mimic of 18, was discon-
tinued after phase Il clinical trials and after

nearly two decades of research investment
(Fig. 3). Arterolane (0Z277) (30) devel-
oped by J. L. Vennerstrom at the University
of Nebraska, USA is today’s most promis-
ing fully synthetic drug candidate against
malaria.l'3l It is also a demonstration of
the detours research can make. Ozonides
(1,2,4-trioxolanes)!'4! were used by chem-
ists as synthetic intermediates for more
than 100 years, i.e. ever since the introduc-
tion of ozonolysis by Harries in 1904 as
an analytical and synthetic tool. Believed
to be very unstable and sometimes even
explosive, ozonides were overlooked and
never properly tested for antimalarial ac-
tivity. Ozonide 30 has now entered phase
III clinical trials. Its central 1,2,4-triox-
olane ring differs from the 1,2,4-trioxanes
by just one carbon atom.

Parallel to his great activity in the field
of antimalarials, Jefford had much interest
in marine natural products their structure
determination and their biological activity.
In close collaboration with the Department
of Marine Sciences of the University of
the Ryukyus at Nishihara/Okinawa, Japan,
and the Harbor Branch Foundation at Fort
Pierce, Florida, he has published in that ar-
ea more than a dozen of papers. Nearly all
this work was done together with Gérald
Bernardinelli, the remarkably prolific and
gifted X-ray crystallographer at the Uni-
versity of Geneva.

In a department where the total synthe-
sis of natural products played an important
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role, Jefford was not an outsider. Though
synthesis per se was not his major issue, he
has made many contributions to the field.[!5]
Noteworthy is his template approach to
B-amino acids and o-hydroxy-B-amino
acids which is outlined in Scheme 6.

Starting point was L-aspartic acid (31)
which by tosylation (32), anhydride forma-
tion (33) and site-specific reduction with
sodium borohydride gave the multipurpose
(35)-butanolide (34). Ring-opening with
ethanolic Me,Sil gave the 3-amino-4-iodo
ester (35) which, by coupling with an ap-
propriate lithium dialkylcuprate, can be
transformed into a large variety of f-amino
acids. Alternatively, template 34 can be
hydroxylated in stereospecific manner to
36, opened as above, and transformed into
any desired o-hydroxy-B-amino acid.[1¢]
This elegant template chemistry has found
many applications.

Charles W. Jefford who celebrated
this year his 80th birthday lives with his
wife Susan in Bogis-Bossey, a village not
far from Geneva. He is still a very active

writer of scientific reviews and, more re-
cently of short stories. The author of this
eulogy, who had the privilege to know him
for more than a quarter of a century as col-
league, advisor and friend under the roof of
Sciences II, wishes him all the best.
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