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Abstract

Protonated and anionic artemisinin in the gas phase have respectively been studied by infrared multi-photon dissociation (IRMPD)
spectroscopy and by anion photoelectron spectroscopy. Comparison of the measured IRMPD spectrum with calculated spectra of var-
ious conformations showed that the two lowest-energy protonated structures, both corresponding to protonation at the C=0,4 carbonyl
site, were observed experimentally. The calculations also indicated that the peroxide bridge in artemisinin is only slightly modified by
protonation. Additionally, stable, intact (parent) artemisinin radical anions have been obtained for the first time in the gas phase and
the photoelectron spectrum supports the computational finding that the excess electron is mainly localized on the c* orbital of the per-
oxide bond. The vertical detachment energy and adiabatic electron affinity, calculated at the MP2/6-314+-G" level, are in good agreement
with the experimental data and the O-O distance is calculated to be stretched by more than 50% in the anion.

© 2007 Published by Elsevier B.V.

The 1,2,4-trioxane artemisinin molecule and some of its
derivatives have potent antimalarial activity [1]. For exam-
ple, some artemisinin-derived trioxane dimers cure
malaria-infected mice after only a single subcutaneous dose
[2]. Some artemisinin derivatives are also selectively and
potently growth inhibitory to human cancer cells [3.4].
Commercial production of artemisinin currently relies on
low-yield extraction and purification from Artemisia annua
(qinghao) plants. An alternative non-plant source of an
immediate precursor to artemisinin has recently been devel-
oped via genetic engineering of Eschericia coli [S]. The
chemical mechanism of antimalarial action of the artemis-
inin family of trioxanes is generally accepted to involve a
ferrous iron-induced one electron reductive cleavage of
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the trioxane peroxide bond, forming an oxy-anion oxy-rad-
ical and subsequently forming several cytotoxic intermedi-
ates [1,6].

Several theoretical studies have previously addressed the
problem of the structure and reactivity of artemisinin [7—
10]. Those quantum chemistry studies, generally conducted
at the DFT level, implicitly assume that the considered
molecules are isolated from environmental influences.
Thus, their predictions are best tested by means of compar-
ison with gas-phase experiments. Recently, electron scatter-
ing experiments have also considered the dissociative
electron attachment properties of gas-phase artemisinin
[11,12]. Here, we provide experimental data concerning
the infrared spectrum of protonated artemisinin as well
as the photoelectron spectrum of the artemisinin radical
anion. These data may be useful as experimental bench-
marks for future in silico investigations.

As shown in Fig. 1, in which we adopt the atomic num-
bering of Ref. [7], the artemisinin molecule possesses five
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Fig. 1. Atomic numbering for the artemisinin molecule.

oxygen atoms (O; and O, in the peroxide bridge, O, and
O13 in the ether rings, and O4 in the carbonyl bond) that
can potentially act as proton acceptors. The infrared spec-
trum of protonated artemisinin was measured by infrared
multi-photon dissociation (IRMPD) spectroscopy [13] at
the free electron laser (FEL) CLIO facility in Orsay
(France). The experimental method has been previously
described in detail [14]. In brief, protonated artemisinin
ions are produced by means of eclectrospray and are
mass-selected in a quadrupole RF trap in the presence of
a helium buffer gas at 300 K. Those ions were illuminated
during tens of milliseconds by the FEL laser. The IRMPD
spectrum, recorded by monitoring the ionic fragmentation
yield as a function of the FEL frequency in the 1000-
1800 cm ™! range, is displayed in Fig. 2. While the positions
of the recorded IRMPD spectral lines reflect the infrared
absorption spectrum with some weak broadenings and
red-shifts [13], their intensities may not, due to differences
between internal vibrational redistribution (IVR) rates of
the excited vibrational lines [14,15]. The interpretation of
this spectrum was conducted by comparing the theoreti-
cally-predicted vibrational spectra of different conformers
with the experimentally determined spectrum. The mini-
mum structures, the electronic and free energies, and the
infrared spectra corresponding to different protonation
sites and conformations were calculated at the B3LYP/6-
31G™ level of theory. All calculated harmonic frequencies
were scaled by the same usual factor of 0.9614.

Table 1 displays the calculated relative electronic and
free energies, for the six lowest-energy isomers found for
the five oxygen protonation sites. As clearly demonstrated
by these values, the most favored protonation site is the
carbonyl oxygen Oy4, and we found that two conformers
exist, labeled O4A and O14B, which differ only by the ori-
entation of the O;,~H" group: the torsional CoC1001HT
angles are about 180° for O4A (HJr towards Oq;) and close
to 0° for O4B (H' towards Coy methyl group). The equilib-
rium structures and the simulated spectra are displayed in
Fig. 2 for these two conformers. It is seen that the lowest
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Fig. 2. Experimental (dark trace) and calculated (light trace and sticks)
IRMPD spectra of protonated artemisinin for its O4A (top) and its O 4B
(bottom) conformers. O;4A is the lowest-energy minimum, and its
simulated spectrum fits well the experimental one. O4B conformer lies
3.9 kcal/mol above O4A and its simulated spectrum fits less well.

Table 1

Relative electronic energies, AE, relative free energies, AG, and bond length
do,-0, between the two peroxide oxygen atoms, as calculated at the
B3LYP/6-31G"* level for the different protonation sites and structures of
gas-phase protonated artemisinin

Protonation site

OulA 0148 Oy O3 0O, 0O,
AE (eV) 0 0.163 0.816 0.542 0.573 1.288
AG (eV) 0 0.169 0.775 0.490 0.532 1.303

do,-o0, (A) 1.481 1.481 1.466 1.490 1.457 1.483

In the neutral species, do,-o, is equal to 1.472A.

minimum Oy 4A is doing quite well in reproducing the
experimental spectrum, especially well in the region 1000—
1300 cm ™, still well in the 1300-1500 cm ™! range, and with
a main peak centered at 1560 cm~ L, i.e., on the red side but
close to the experimental value of 1580 cm™'. This large
peak corresponds to the C;o—Oj; stretch coupled to the
C10-O14~H" bend mode and is thus characteristic of pro-
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tonation on the carbonyl oxygen. For O 4B, this peak shifts
to 1590 cm™ !, i.e. on the blue side of the experimental line.
In the lower frequency region, the simulated spectrum is
less in agreement with the measured spectrum. The
IRMPD spectra alone are not sufficient to provide a defin-
itive conclusion. In view of the rather high energy differ-
ence between O4A and O4B, 0.16-0.17eV (about
4 kcal/mol), as compared to AT at room temperature,
0.025 eV (about 0.6 kcal/mol), it is likely that the O;4B
conformer is hardly present in the ion population. We
are thus lead to interpret the IRMPD experimental spec-
trum as consistent with the hypothesis that it is mainly
dominated by conformer O4A.

As also seen in Table 1, other protonation sites corre-
spond to rather high eclectronic and free energies that are
calculated to be at least about 0.5 eV (about 11 kcal/mol)
above the lowest minimum O;4A. Also, their simulated
IR spectra do not fit the experimental spectrum, as it is
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Fig. 3. Experimental (dark trace) and calculated (light trace and sticks)
IRMPD spectra of artemisinin protonated at its ether O;; (top) or
peroxidic O, (bottom) oxygen atoms. Neither simulated spectra fit the
experimental spectrum. Both simulated spectra correspond to conformers
that are calculated to lie at energies which are too high to be present in the
ion population at room temperature.

shown in Fig. 3 for the ether, O3, and the peroxidic, O,,
protonation sites. Thus, protonation sites other than that
on the carbonyl oxygen, and in particular those on the per-
oxide bridge oxygen atoms, correspond to high-energy iso-
mers that are not likely to intervene in protonated
biochemical reactions involving artemisinin. Finally, the
peroxide internuclear distance do, o, is only slightly
affected by protonation (by less than 0.01-0.02 A) on any
of the five oxygen atoms, even when the proton sits on
one of these peroxide oxygen atoms.

The negative ion mass spectrum of artemisinin, dis-
played in Fig. 4, has been recorded using a novel anion
source in which involatile biomolecules are brought into
the gas phase as parent anions [16]. In this source, neutral
biomolecules are desorbed with low-power infrared laser
pulses, while, almost simultaneously, visible laser pulses
generate electrons from a photoemitter, and a pulsed gas
valve provides jets of helium. The mass spectrum obtained
with this source is dominated by an intense peak corre-
sponding to the loss of CO from artemisinin and a lower
intensity peak corresponding to the parent (intact) artemis-
inin radical anion. This is the first observation of the stable
intact anion of artemisinin in the gas phase. Given the
strongly anti-bonding ¢* character of the singly occupied
orbital of the anion’s O;—0, bond, and in view of previous
electron transmission and dissociative electron attachment
spectroscopic studies [11,12], it was not clear a priori that
artemisinin would form a stable anion. Since the flight time
through the mass spectrometer is ~107> s, the parent arte-
misinin anions that we observe are living at least that long.

The photoelectron spectrum of the artemisinin anion is
presented in Fig. 5. It was recorded by crossing a mass-
selected beam of artemisinin parent anions with a fixed-
frequency photon beam. The resultant photodetached elec-
trons were energy-analyzed using a magnetic bottle energy
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Fig. 4. Negative ion mass spectrum of artemisinin obtained with our laser-
desorption/photoemission anion source. The parent negative ion of
artemisinin is located at mass 282 a.m.u.
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Fig. 5. The photoelectron spectrum of the parent artemisinin radical
anion recorded with 3.493 eV photons. The peak maximum, 2.5eV,
corresponds to the vertical detachment energy, while the onset at about
1.4 eV is an estimate of the adiabatic electron affinity.

analyzer with a resolution of 35 meV at EKE =1 eV. Photo-
detachment of electrons is governed by the energy-conserv-
ing relationship, /iv=EBE + EKE, where EBE is the
electron binding (transition) energy, EKE is the measured
electron kinetic energy, and hv is the photon energy. The
vertical detachment energy (VDE) is the energy difference
between the anion and its neutral counterpart at the equi-
librium geometry of the anion. The adiabatic electron affin-
ity (EA,) is the energy difference between the ground
vibronic state of the neutral and that of its corresponding
anion (see Fig. 3 in Ref. [17]). The photoelectron spectrum
of the artemisinin anion displays an onset at ~1.4 eV and a
peak maximum at 2.5¢V. The former is an approximate
upper limit of the EA, value (assuming minimal hot
bands), while the latter is a measurement of the VDE value
of the artemisinin anion.

In previous studies on non-dissociative electron capture
by disulfide molecules [17], we had shown that an excess
electron can be accommodated in the ™ orbital of a disul-
fide bond, leading to a stable intact negative ion with a low
but positive EA, value (about 0.1 eV) but with a rather
large VDE (about 1.8-1.9 ¢V) due to the strong stretching
of the anion interatomic S-S distance. It was also shown
that calculations at the MP2/6-31+G" level were able to
give EA and VDE values which slightly underestimated
the experimental values (by about 0.1-0.2eV), while
B3LYP calculations overestimated both quantities (by up
to 0.5 eV). The present values for artemisinin and its anion
were calculated at the MP2/6-31+G" level for equilibrium
structures optimized at the B3LYP/6-31+G”, using the
GaussiaN 03 set of programs [18]. Our calculated VDE

value is 2.34 ¢V, which is in good agreement with the mea-
sured value of 2.5¢V, while our calculated EA, value is
1.17eV (1.03 eV from the electronic energies and 0.14 eV
more from the ZPE difference), which is compatible with
the ~1.4 eV onset of photoelectron yield in Fig. 5. (Modelli
had previously calculated the EA, value of artemisinin to
be 1.438 eV. [12]). As for disulfides, B3LYP energy calcula-
tions appear to be inappropriate for these three electron
bonds, since they strongly overestimate the anion stability
and lead to VDE =4.22 eV and EA, = 2.15eV. Our calcu-
lations confirm that the artemisinin anion’s excess electron
is mainly localized in a ¢* orbital. Upon electron attach-
ment, the peroxide O;-O, bond indeed stretches from
1.47 to 2.26 A, i.e., a more than 50% lengthening that is
even more important than for disulfides (35%). These
results are consistent with Modelli’s study [12] and with
the accepted mechanism by which the peroxide bond
undergoes a one electron reduction [19,20].

In conclusion, our IRMPD experiments are consistent
with protonation occuring on the carbonyl O4 atom.
Protonation only slightly affects the peroxide bridge. From
our anion calculations, which are consistent with our
photoelectron experiments, we have demonstrated that
electron attachment to artemisinin goes preferentially to
the peroxide bond and can lead to a stable negative
ion, in which the O-O distance is stretched by more than
50%.
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