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Introduction

Malaria is a mosquito-borne infectious disease caused by
eukaryotic protists of the genus Plasmodium, responsible for
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Thermodynamic and Kinetic Investigation of
Monoketo-Aldehyde-Peroxyhemiacetal-(MKA), a
Stereolabile Degradation Product of
Dihydroartemisinin.

D. Kotoni,” M. Piras,”? W. Cabri,” F. Giorgi,” A. Mazzanti,” M. Pierini, ® M. Quaglia,b C.
Villani,” F. Gasparrini.™

Peroxyhemiacetal MonoKeto-Aldehyde (MKA) is a DiHydroArtemisinin (DHA) derivative,
still endowed with significant (on a ng-scale) in vitro antimalarial activity and neurotoxicity
lower than that displayed by its precursor. Through literature it is known that MKA may be
formed under essentially physiological conditions (organic-aqueous environments buffered at
pH 7.4) or prepared by acid decomposition of DHA in water to afford yields that, however, do
not reach 50%. A more convenient procedure of preparation is here reported at room
temperature. Owing to its hemiacetal nature MKA was expected to occur in solution as a
mixture of a and B epimers. In the present study this, in fact, has been demonstrated through
dynamic chromatography measurements, which allowed to highlight that for MKA the BSa
equilibration is about 3 times slower than for DHA. In consideration of the propensity of MKA
to originate by DHA in mild both acid and base conditions, its formation appears possible
during the stages of production and storage of its parent drug and also widely expected in
physiological environment. Thus, the improvement of knowledge about this product of DHA
degradation could have useful impact in the rational development of new methods for the
analysis of purity of DHA in its pharmaceutical formulations, as well as in taking into account
the biological activity expressible in vivo by the mixture of o and B epimers of MKA, whose
equilibrium composition is a function of the met specific biological environment. In this
context, in our study we elucidated the stereo-structure of the epimers of MKA through NMR
measurements and performed a comprehensive thermodynamic investigation of the process
that governs the related interconversion through Linear Solvation Energy Relationships
(LSER) approach. A convincing rationalization of the whole findings has then been achieved
through support from molecular modeling calculations.

with other conventional antimalarial drugs (artemisinin-based
combination therapies or ACTs) was developed and is now the
most lethal forms of
Figure

choice for the
(Qinghaosu, 1,

treatment  of

malaria.’Artemisinin 1) is a

approximately 350-500 million cases of malaria worldwide,
which, according to the World Health Organization 2010 World
Malaria Report,' is killing around 781,000 people each year, a
number corresponding to 2.23% of deaths worldwide. The
majority of deaths are young children in Sub-Saharan Africa.”
In the past years, the combination of artemisinin derivatives
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sesquiterpene lactone endoperoxide isolated from Artemisia
annua L. that Chinese herbalists have traditionally used to treat

malaria.*’
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Figure 1. Chemical structures of artemisinin (1), dihydroartemisinin (2, DHA), 2-
desoxyartemisinin (3), diketoaldehyde (4, DKA), monoketo-aldehyde (5, MKA), a
new dicarbonyl compound (6) and an a-MKA-ene (7).

The peroxide group present in the 1,2,4-trioxane ring of
artemisinin (1) and in its derivatives confers them antimalarial
activity, but also makes artemisinins more difficult to handle in
a drug-development setting compared to other conventional
antimalarial drugs, as it is both a chemically and thermally
sensitive group.® Reduction of 1 by sodium borohydride in
methanol” produced dihydroartemisinin (DHA, 2, Figure 1),
which is also the main in vivo metabolite of artemisinin and
potency
elimination route.® Conversion of the lactone carbonyl group at

provides improved antimalarial and a major
C-10 of 1 into the hydroxyl (hemiacetal) group in 2 yields a
new stereochemical labile centre in the molecule, which, in
turn, provides two hemiacetal interconverting epimers, namely,
2o and 2B. The 2B52a interconversion of DHA has been
thoroughly investigated by our group from a thermodynamic’
and kinetic'® point of view, using both experimental data and
theoretical calculations.

Given the relative instability of the artemisinin structure, the
decomposition of both 1 and 2 under a variety of conditions has
been frequent object of study starting from the 1980s.
Artemisinin has been reported to be labile under acidic or basic
treatment, but unexpectedly stable in neutral solvents when
heated up to 150°C.!"" However, considerable changes were
detected when heating was extended to 190°C for ten minutes,'?
with no prevalent product being formed (isolation yields
ranging between 4 and 12%). In contrast, thermolysis of 2 at
190°C for three minutes produced mainly 2-desoxyartemisinin
(compound 3, Figure 1, 30% yield) and the diketoaldehyde 4
(DKA, Figure 1, 50% yield) as a temperature dependent
mixture of stereoisomers, assumed to be epimeric at c-6.1
Twenty years later, these same compounds were recovered,
albeit with lower yields, by heating solid 2 at 100 °C for 14 h

14a

under a nitrogen atmosphere. In this case other minor

compounds were observed, such as the already known
peroxyhemiacetal 5 (Figure 1, 7% yield) and a hitherto
unknown dicarbonyl compound 6 (Figure 1, 2% yield), also
independently identified by another research group,'>and most

likely formed by oxidation and subsequent decarboxylation of

2| J. Name., 2012, 00, 1-3

its putative precursor 4. Haynes and collaborators reported that
comparable yields were observed when performing the reaction
under air. Higher yields of 5 (48%) were obtained by
aqueous H4a
Interestingly, S has also been obtained from 2 in much more
mild
control in a MeCN/pH 7.4 buffer mixture employed as the

decomposition of 2 under acidic solution.

conditions, under N-benzyl-1,4-dihydronicotinamide
solvent, that is to say, in an environment not too far from the
physiological.'** Therefore, this strongly suggest that 5 is
the of DHA degradation.

Peroxyhemiacetal S (hereafter named monoketo-aldehyde,

formed in vivo as result
MKA, for the presence of one ketone and one aldehyde group
in its structure, in contrast with DKA), was isolated for the first
time in 1993 by the group of professor Baker through exposure
of the ethyl ether analogue of 2 (called B-arteether) to simulated
stomach acid, and was reported to have significant antimalarial
activity in an in vitro assay (ICso in the 0.99-2.2 ng/mL
range).'® In their work, Baker and co-workers compare MKA 5
with a reference compound 7,'7 bearing an olefinic moiety in
position C-4. Such compound 7 has been crystallized and
appears to have an R configuration at C3 in the solid state, that
is, just the opposite of what it is found for 2 which, in the solid
state, displays only the S configuration at the same hemiacetalic
carbon. In 1995, Acton and Roth also obtained 5 in a 25 %
yield through acid decomposition of both B-arteether and
DHA.'"® MKA not only is an active (on a ng-scale) in-vitro
derivative of DHA (and probably an in-vivo metabolite'*’) but
also displays a lower neurotoxicity when compared to its
precursor.'® No further information is present in literature about
the preferred configuration at C3 of 5 in the solid state, as it has
never been crystallized. Being a hemiacetal like 2, MKA was
also expected to occur in solution as a mixture of epimers (at
position C-3), namely, Sa and Sp (Figure 2).

Figure 2. Chemical structure of the interconverting epimers of 5: the 5a-epimer
bears the hydroxyl group in the axial position, anti to the aldehyde group,
whereas the 5B-epimer possesses an equatorial hydroxyl group, syn to the
aldehyde group.

As with DHA, the interconversion of the two MKA epimers
does,
chromatographic time scale; for this reason, separation of the

in fact, occur in solution and takes place on a
two species under non-interconverting conditions must be a
prerequisite of any analytical method aimed at quantitating the
drug in active ingredients, pharmaceutical formulations, and
biological fluids. In addition, in view of the biological activity

This journal is © The Royal Society of Chemistry 2012
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expressible in vivo by the mixture of a and B epimers, also of
relevant importance appears to get information about the
position assumed by the 555a equilibrium as a function of
the biological environment in which 5 is formed. In this
perspective, a study aimed at better understanding the kinetic,
thermodynamic, and mechanistic features of the 5BS5a
equilibration is therefore strongly advisable. According to this,
and basing the adopted methodology on the guidelines already
set during the exhaustive investigation performed on the

%1% we have carried out a thorough and

2B52a epimerization,
modular study on the epimerization process of 5, of which will
be here presented in detail the thermodynamic aspects. Such
findings have been achieved by resorting to in-depth linear
solvation energy relationships (LSER)* involving the change
of standard free energy related to the process 5B55a as a
function of the used media (i.e. *AG®°,_s values, with x
denoting the solvent). The *AG®,_g amounts (and so, also the
relevant epimerization equilibrium constants, *K,5) have been
determined within a wide number of solvents, pure and in
mixture, characterized by very different proticity and polarity,
the permittivity ranging from 80.2 to 4.8. In this context, a new
descriptor of solvent hydrogen-bond donor (HBD) capacity,
named S\°Y, has been defined and used in substitution of the
widely employed o-scale of solvent HBD acidities,”! which
demonstrated modest sensitivity in monitoring the acid
properties of the alcoholic solvents used in this study. The
rationalization of the whole obtained data has also been
supported by relevant molecular modeling calculations. As a
further and final goal, a conclusive answer to the limited
knowledge about the stereo-structure of 5 was also provided,
basing the characterization of 5B and Sa by means of NMR
measurements supported by theoretical data coming from DFT
calculations.

Results and discussion

Preparation and characterization of MKA. In our initial
studies, dihydroartemisinin 2 was submitted to pyrolysis (120
°C for 1h) in order to obtain a series of by-products reported in
literature, such as DKA 4 and MKA 5. MKA formation under
thermal conditions is likely to proceed via unzipping triggered
by protonation of the peroxide and re-closure by reaction of the
pendant hydroperoxide with the aldehyde just formed.'** The
proton sources for the thermal rearrangement can presumably
be formic acid produced as the thermolysis proceeds. The
purification of the reaction mixture, however, proved rather
tricky and MKA could not be obtained in high yields (13%,
even after repeated semi-preparative HPLC experiments). At
this point, a new preparation process was devised: 5 was
obtained directly from 2 by adding a catalytic amount of NaOH
to a solution of 2 in a H,O:MeCN (30:70; v/v) mixture, at room
temperature. Purification of 5 was, in this case, quite easily
obtained through preparative normal-phase HPLC (NP-HPLC)
by collecting the relevant epimers in a single cumulative peak,
with a 72 % yield and with a higher degree of purity than the

This journal is © The Royal Society of Chemistry 2012
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one obtained following pyrolysis of 2. Once obtained in an
almost pure state (95-99% purity), 5 was submitted to reversed-
phase HPLC (RP-HPLC) on a Symmetry C18 column using a
mobile phase made of 10 mM NaH,PO,/ MeCN/MeOH
(55/35/10; v/v) with a |, pH =476 and a ,y pH =5.61. The
preliminary chromatographic runs were performed at room
temperature (T = 25°C). A typical chromatogram obtained is
reported in Figure 3 (chromatogram on the left), where the UV
trace was registered at 214 nm. As it can be observed, two well
resolved chromatographic peaks, corresponding to the two
epimers, were obtained, with satisfactory retention (k; = 5.73,
ky = 8.13), selectivity (a0 = 1.42) and resolution (Ry = 11.9).
However, a visible plateau could be observed as the

temperature was raised, as can be seen in the right

chromatogram (dynamic chromatogram) of Figure 3 (T =
50°C).

Sa S5a
5B 5B
0 2 4 6 8 10 o 2 4 6 8 10
minutes minutes

Figure 3. Chromatogram of purified MKA 5. Column: Symmetry C18, 3.5 um (100
mm x 4.6 mm 1.D.). Eluent: 10mM NaH,P0O,/MeCN/MeOH (55/35/10; v/v) with a
w'pH=4.76 and a WSpH =5.61. Flow: 1.00 mL/min. UV detection at 214 nm. Left:
T =25 °C. Right: T = 50 °C (red trace refers to the simulated chromatogram).

This behavior closely reminds that of 2, on which an in-depth
kinetic study of the related epimerization process has been
reported.'” The above dynamic chromatogram has been
successfully simulated by the stochastic model (for details see
Experimental Section) and the obtained results indicated that,
under the same operative conditions of pH and temperature, the
5B5S5a interconversion is about 2.5 times slower than that
involving the epimers of 2. The determined relevant rate
constants are kg_,,= 9.2x10* s! and ko= 3.9x10% s
corresponding to free energy activation barriers of 23.5 and
24.0 kcal mol™', respectively (for the o / B assignments, see
below). At this point, a sterecochemical characterization of
compound 5 became fundamental in order to assign the a- and
B- configuration to the epimers. 'H-NMR and "*C-NMR, with
special reference to NOE experiments, were used to the
purpose. The comparison of the physico-chemical and
spectroscopic properties of MKA with data present in
literature, allowed its identification as a previously described
product, obtained by exposure of the ethyl ether analogue of 2
(B-arteether) to simulated stomach acid,'® and, more recently,
by heating solid 2 at 100 °C for 14 h under nitrogen.'**

The relative configuration of the two epimers at C-3 was
determined by means of NOE spectra, performed in CD;CN
(for NMR assignments see Electronic Supporting Information,
ESIt). These outcomes, integrated with J-coupling analysis of

J. Name., 2012, 00, 1-3 | 3
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the hemiacetalic hydrogen in Sa and 5B and relevant DFT
the
(R)-configuration (epimer Sa, hydroxyl group in the axial

calculations,” allowed a reliable assignment of
position) to the C-3 center of MKA in the major isomer, and
the (S)-configuration at the same carbon atom (epimer S5f,
hydroxyl group in the equatorial position) to the minor epimer
(for a detailed description see the relevant section reported in
ESIY). Experimental determinations of equilibrium constants of
epimerization, “K,p, in several media, x, (see about next
subsection) also indicated that the energies of the two epimers
are quite similar, with their differences ranging from 0.9 to 0.3
kcal/mol as a function of the considered solvent (in all cases 58
is the less stable of the two epimers), therefore accounting for
the ratio observed in solution. A full characterization of 5 is
reported in ESIY, including elemental analysis, optical rotation

data, NMR and mass spectra.

Determination of K, values as a function of change of
solvent x.

As already stressed in the introduction, at present time no
information is available in literature on the thermodynamics of
the equilibrium 5B855a. To shed light on this matter, we
planned an in-depth analysis of the differential energy stability
of the pair of stereoisomers 5B and Sa as a function of the
solvent. Consequently a large number of solvents (8 pure and
10 as binary mixtures, see Table 1), displaying wide spanning
values of permittiv € and proticity a-scale (with the € and a-
scale varying from 4.8 to 80.2 and from 0.00 to 1.17,
respectively), have been selected to secure the establishment of
the widest typology of solute-solvent interactions. Accordingly,
the equilibrium constants of the 5B55a isomerization within
the 18 above solvents, (i.e. the quantities *K, 5, with x denoting
the solvent), have been determined by either "H-NMR or cryo-
HPLC-UV measurements (details are given in Experimental
Section) and then collected in Table 1.

LSER investigations.

Starting from such a variety of thermodynamic data, it becomes
possible to perform useful to
the solute-solvent

interactions responsible for the changes of relative amounts of

suitable LSER analyses,

distinguish several contributions of
the epimers 5B and S« in response to a change of solvent.

Accordingly, the following seven descriptors of solvent effects
the permittivity (g) and
of the solvent (suitable to take into

have been taken into consideration:
cohesive pressure (8%)%
account energetic effects due to shielding of charges and
generation of solvent cavities in which host the molecules of
the epimers, respectively), the solvent-to-solute hydrogen-bond

donor (ot-scale,21

hereafter symbolized as o, the acceptor
number AN?* and the new parameter Sy°" defined in this work
for the first time) and acceptor (B-scale,?' hereafter symbolized
as ;) parameters and, finally, the solvatochromic descriptor
E1(30),% able to monitor, although in a poorly specialized way,

dispersive, electrostatic and acid-base interactions.

4| J. Name., 2012, 00, 1-3

Table 1. Experimental data of Ko, and related AG® 3 values, as a function
of change of solvent and descriptors of solvent effect employed in LSER
analyses.

Kup | AG®wp | & e |Ex30)| Bs os | AN | S
H20 441|-0879 | 5523 | 802 | 63.1 | 047 | 1.17 |0.548 | 1.00
10190 435 | 087 | 509.8 | 7070 | 622 | 0.489 | 1.151 | 0.535 | 0.92
et |4 A 8|70 2 o A . .
10/90
Aomrbo | 406 | 083 4992 6939 | 615 | 0463 | 1072 | 0.512 | 058
30/ 7%12"50}" 370 | 0.78 | 4299 | 56.86 | 60.0 | 0.527 | 1.113 | 0.508 | 0.72
30/70 3.08 | -0.67 | 401.0 [ 56.01 | 584 |0.449 | 0.876 | 0.440 | 0.72
JENE S . 0|36, 4 o . . .
30/50 270 | 0.59 |313.6 |48.04 | 57.1 | 0435 |0.680 | 0.369 | 0.60
Aourmo 270 0. 6|48, 1 o A . .
30/ sgl%eom 298 | -0.65 |356.8 | 4727 | 583 |0.565 | 1.075 | 0.482 | 0.60
DMSO | 1.60| 028 | 1672 ] 467 | 451 | 076 | 0.00 | 0.193 | 0.00
70730 215 | 045 | 2370|4276 | 56.8 | 0.421 | 0.484 | 0.207 | 0.51
JUNGE F) . 0|4 8 |o. . . .
70/ 321%601{/ 291 | 0.63 | 2906|4023 | 57.1 | 0.603 | 1.037 | 0.455 | 0.47
9010 208 | 043 | 171.0 [ 30.00 | 546 | 0407|0288 |0.225| 031
PR b A 0|39, 6 |o. A . .
ACN 207 | 043 | 142.1| 375 | 456 | 040 | 0.19 |0.189 | 0.00
o0/ 1(;12/3301{/ 205 | 043 | 2311|3485 | 56.1 | 0.641 | 0999 | 0.428 | 0.39
McOH | 1.98 | 040 |203.9 | 326 | 554 | 0.66 | 0.98 | 0415|035
EtOH 176 | -0.33 | 1669 | 246 | 519 | 0.75 | 0.86 | 0379 | 0.26
CHCL | 277 -060 | 986 | 89 | 407 | 0.10 | 0.13 | 0204 | 0.00
THF 217 ] -0459 | 906 | 7.6 | 37.4 | 055 | 0.00 |0.080 | 0.00
CHCL  |335] -072 | 848 | 48 | 391 | 0.10 | 020 | 0231 0.00

Inclusion of these descriptors within proper multiparameter
equations of the type reported below (equation 1) allows the
performance of linear regression analyses which supply the
required information on the differential effect exercised by the
solvent on the epimers 5f and Sa:

xAGOa—ﬁ — gasAc}oa_ﬁ + z(fiDi)x — gaSAGOa_B + xAGOS&—ﬁ (1)

In equation 1, *AG®,_g is the change of standard free energy
(AG®) related to the 5BS5a epimerization in solvent x,
8°AG°,_pis the constant obtained by regression, expressing
AG*® in absence of solvent and, finally, D; represents the generic
i descriptor of solute-solvent interactions (which assumes a
specific value in each solvent x), f; being its regression
coefficient. Therefore, the sum Z(fiDi)’C corresponds to the
whole contribution given by solvent x to the quantity *AG®,_g,
which hereafter will be denoted by the term XAG"SOL_B. Thus,
when the equation used for the regression can effectively
reproduce the experimental "AG®,_g data, the value assumed by
each coefficient f; will give a quantitative estimation of the role
played by the specific solute-solvent interaction monitored by
the related descriptor D;. The detailed procedure followed in
performing the LSER study has been extensively reported in
ESIf.

This journal is © The Royal Society of Chemistry 2012
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Definition of Sy°", a new descriptor of hydrogen-bond
donor capacity.

In the course of the LSER investigation it has been pointed out
that,
hydrogen-bond donor capacity is important in determining the

although the role played by the solvent-to-solute
values assumed by the "K,; quantities (see LSER findings
collected in Table S1 of ESIf), neither a; nor AN have proved
to act as fully satisfactory descriptors for this kind of
interaction, as they displayed a quite modest sensitivity in
discriminating highly protic solvents (i.e. water and the
alcoholic solvents, pure or in mixtures, used in the present
study, see bars @ and ¢ in Figure 4, and relevant section
reported in ESIf). To overcome this limit, we resorted to the
definition of the new descriptor Sx°Y, based on the UV-visible
absorption properties of the organic salt formed by the acid-
base reaction between 2-nitrocyclohexanone (NCE), a very
acidic ketone (pK,=6.0%**"), and 1,8-diazabicyclo[5.4.0]undec-
7-ene (DBU), which hereafter will be denoted through the
acronym NCEDBU. The design of such molecular probe was
suggested by previous studies’** in which some of us
highlighted that NCE may act as an effective probe of aspecific
as well as lone pair donor-acceptor and hydrogen bonding
solute-solvent interactions. According to these properties, we
have been driven to use the ionized form of NCE (i.e. its
enolate anion, NCE") as a possible probe of specific HBD
interactions, while DBU was selected as the base suitable to
deprotonate NCE, in order to afford the large and apolar cation
DBUH" as the counter-ion of NCE™. Consistently with this
choice, the resulting structure of the obtained salt has proven to
possess a good solubility within the widest typology of solvents
(from the most to the less polar ones). Moreover, the UV-
of NCEDBU evidenced high
sensitivity in discriminating polarity and proticity of very

visible spectral properties

different solvents, pure or in mixture (Figure S2 and Table S2
in ESIY), also if these are endowed with high and quite similar
values of permittivity, as indeed is the case of the media
study (ESIf contains
description of the adopted procedure with which the new

investigated in this an extensive
descriptor of hydrogen-bond donor capacity Sy°" has been
successfully defined). As it may be easily seen in the graph of
Figure 4 and Table 1, compared to oy and AN, Sy°" is much
more able to discriminate the protic capabilities of solvents like
water and alcohols, especially in the case of water/alcohol
mixtures. Therefore, regressions based on four-descriptors
equations were repeated by substituting a, or AN with Sy°™. As
expected, in this case all correlations run with better values of
R2. The best one of this set, which is also the best in absolute
sense (entry 41, R*= 0.9624 in Table S1 of ESIt), has &2, B, €
and Sy°" as the four descriptors of solvent effect (equations
2a-b), all resulting widely significant at statistical level:

TAG 5= S"AG g+ f[1%87+ f2xBst fixe + £4xS\O" (2a)

*AG®, = -5.05%107" - 2.72x107x8* + 4.52x107 B, + 7.20x 107
3xg +3.54x1071 xS %1 (2b)

This journal is © The Royal Society of Chemistry 2012
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A very important aspect related to this ensemble of descriptors
is that they are all highly specialized in monitoring different but
complementary kind of solute-solvent interactions. Therefore,
the dissection of single contributions to )‘AG"Sa_ﬁ (and then also
to "AG®°,_p) becomes in this way much easier to be performed.

1.400

1.200 1

1.000 1
d = o,

b - SNOH

¢ = AN

0.500 -

0.600 -

0.400 -

OO0 00 00 S R R R P e S
7 & FF TS
T FEFITFTIFFTOFTITIT S &
R 5 © Iy &

O QT A a7 a7 af N Nl e

& T e RO, o

ESUNE AN &'? A QQ\\

Figure 4. Trend of the values assumed by o (blue bars), AN (red bars) and Sy
(green bars) in the 18 solvents used in the LSER analyses

Rationalization of “K, 3 data through findings coming from
LSER analysis.

From the LSER analysis based on equation (2b) we can draw
several important considerations. The first one is that, globally,
the solvent plays a decisive role in determining the final amount
of "AG®,,_g through the quantity "AGOSa_B. For 15 out of the 18
considered media (see Table 1), the contribution afforded to
*AG®,_p by "AG®®, s in fact greater than 60% (Figure S5 in
ESIf). The second remark is that only one among the four
monitored solute-solvent interactions (that one taken into
account by 8%) acts in favor of the epimer 5a (see equation 2b
and Figure S5 in ESIt). The parameter 8° is in fact the only one
with negative coefficient and so also the only one contributing
to a reduction of *AG®,_g. This indication could be interpreted
by admitting that, because of the different stereo-structure, the
molar volume of Sa is smaller than that of 5B, so that,
compared to 5B, Sa would require less energy to be hosted in a
cavity of the solvent of suitable volume. On the contrary, the
positive coefficients related to the descriptors €, Bs and Sy°"
point to the establishment of aspecific and specific (HBA and
HBD) electrostatic forces all playing in favor of the 5P epimer.
More in particular, it may be seen (Figure 5) that, on the whole,
this energy input of electrostatic nature is overcome by the one
favorable to 5o when the epimerization equilibrium is
established in solvents either strongly apolar (as in the case of
chloroform and dichloromethane, which cannot be involved
into the establishment of H-bonds of appreciable strength as
acceptor or donating partners) or strongly polar and protic,
endowed with a permittivity greater than 47 (in these solvents,
indeed, the cohesive pressure reaches very high values, thus
providing a particularly great advantage in hosting Sa in a
solvent cavity compared to its bulkier epimer 5p).

J. Name., 2012, 00, 1-3 | 5
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Figure 5. Additive contributions of the solute-solvent interactions monitored by
the relevant descriptors to the quantity XAG"SQ,B as a function of solvent change.
Top left graph: trend of the solute-solvent interactions favorable to the epimer
5B in the positive range of energies and to the epimer 5a in the negative range.
Bottom left graph: trend of the overall solvent contribution to XAG"“,[;‘ Right
graphs: experimental and calculated trend of *AG°,_g as a function of solvent
permittivity.

Thus, on the whole, for eight out of the eighteen considered
solvents a positive )‘AG"SQ_B, was calculated, so that in these
media the 5B epimer would be dominant, in absence of the
ECAG -
Interestingly, the trend of the computed "AG"sa_ﬁ (and therefore

prevailing and negative contribution of
also by the related "AG°,_g) on increasing of permittivity
reproduces faithfully the experimental trend, as it is visible in
Figure 5. A more detailed analysis also put in evidence that
HBA interactions progressively reduce their importance when
going from low to high permittivity values, while the opposite
is observed for the HBD interactions (Figure S6). On the whole,
however, passing from solvents of low permittivity to solvents
with high permittivity, the combined action of all type of
H-bonds leads to a slowly decreasing, positive contribution to
the )‘AG"Sa_ﬁ amount. In summary, from a purely quantitative
point of view, the findings coming from the LSER analysis
could be rationalized by affirming that the cavitational effects
are those always playing the most important role, with an
average contribution to )‘AG"SQ_B amounting to 53% (in no one
of the considered solvents it becomes smaller than 40%). Next,
the effects the
establishment of aspecific electrostatic forces modulated by the

these are followed by deriving from
solvent’s permittivity (an average value of 21%), and finally by
contributions arising from HBA and HBD interactions (average
values of 18% and 9%, respectively). Therefore, it seems
plausible that the achieved equilibrium 5855a is essentially
driven by the differential molar volume, while only in a more
fragmented way, although significant, by dipolarity, acidity and
lone pair acceptor capacity displayed by the couple of
stereoisomers 5f and Sa.
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Rationalization of the LSER findings
modeling calculations.
With the aim of gaining an independent support to these

by molecular

reasonable and interesting conclusions we resorted to relevant
Structures of 5B and Sa have been
modeled by suitable integration of standard procedures based

theoretical calculations.

on molecular mechanics (MM), Hartree-Fook (HF) and Density
Theory (DFT) (for details
Experimental Section). For each of the epimers Sa and 58 we

Functional calculations see
obtained two main conformations, named Sa,, 5a,, 5B; and
5B,, respectively (Figure S7).

differential acidity of the couple of epimers of 5, the same DFT

In order to estimate the

calculations were also extended to the conjugated bases derived
by the above four conformations, hereafter denoted as Soy~,
Sa,, 5By~ and 5,7, respectively. All the computed energy
stability data have been collected in Tables S3 (absolute data)
and S5 (relative data) of ESI{. Starting from the above
geometries, in addition to the aforementioned acidities, we also
assessed the molar volumes and the dipolarities of both Sa and
5B (see Table S5 in ESIY). Inspection of all these findings
afforded a clear rationalization of the results achieved by the
LSER analysis:

a) the estimation of the molar volumes indicated for S a
- 0.0066 cm® mol™), which can
logically account for the negative sign and magnitude that the f;

slightly larger value (AV, g =

coefficient of 8% achieved by regression (fs, equation 2b). This
latter should just correspond to the differential molar volume
existing between 5a and 5B and, indeed, its value (fs» = AV, g
= -0.0027cm’® mol™) is in good agreement with the calculated
one;

b) the results of calculations collected in Table S5 indicate that
in all the pure organic solvents the computed average dipolarity
is greater for Sa than for 5B (a finding that agrees with the
elution order found for the epimers in the performed RP-HPLC
separations reported in Figure 3, in which the mobile phase has
properties intermediate between those of water and acetonitrile
in their pure state, suggesting that, also in the limit composition
H,0/MeCN 65/35 v/v, the assessed dipolarity is in favor of the
o epimer: S0pipole = 4.49 debye; 5Ppipoe = 4.37 debye), but also
that, upon increasing of solvent permittivity, the dipolarity of
5B grow faster than that of Sa, up to become a bit larger in pure
water. This is in fact what is pointed out by the amounts that the
difference ADipolesq_sg=50pipolc—SBipolc Progressively assumes
as a consequence of following change of solvents:
chloroform—dichloromethane—acetonitrile—water (0.77, 0.64,
0.40 and -0.03 being the respective values of ADipolesq_sp).
Such a behavior is consistent with the positive sign found by
LSER analysis for the f; coefficient related to the descriptor
€ (see equation 2b);

c) assessment of the differential acidity expressed by the couple
of epimers 5a. and 5P (i.e. the ApK;* ~® quantity) was based on
the thermodynamic cycle reported in Scheme 1. From its
inspection it may be seen that ionization equilibria of both Sa
and 5B (K;* and K being the respective ionization constants) as
well as the epimerization equilibria either between Sa and 5 or

This journal is © The Royal Society of Chemistry 2012
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their conjugated bases So~ and 5B~ (whose equilibrium
constants were expressed through the symbols K3 and K p,
The
equilibrium constants K, and K ~,3 were then assessed in four

respectively) have been taken into consideration.
solvents endowed with very different permittivity values
(water, € = 80.2; acetonitrile, € = 37.5; dichloromethane, & =
8.9; chloroform, ¢ = 4.8) by resorting to the aforementioned
molecular modeling calculations and, by them, the required
quantity ApK;* P has been eventually estimated according to
equation 3: '

ApK:* P = log(Ky/p) — 10g(K ~g/p) 3

All the obtained values indicated a significantly greater acidity
of 58 (VApK® P = 2.07, A™NApK® P = 225, PMApK* P =
2.12, “MApK®~P = 2.25, the superscripts W, ACN, DCM and
Chl referring to water, acetonitrile, dichloromethane and
chloroform, respectively), suggesting that this epimer may give
rise to more effective solvent-HBA interactions than 5o can,
irrespective of the solvent in which such a couple of
stereoisomers is solubilized. This is exactly what may also be
inferred by the positive sign that the LSER analysis afforded for
the f; coefficient related to the descriptor . Assessment of the
differential acidity was also repeated at a higher level of theory
(GGA-BLYP/QZAP, large core) in water, in order to exclude
any possible dependence of the result by the employed basis
set. This is indeed what we found, as the obtained new value
(WApK®~P = 2.03) was perfectly consistent with the one
achieved in the same solvent at the lower level of theory
(VApK® P = 2.07). Interestingly, an indirect indication of the
reliability of the performed assessments is provided by the good
agreement found between experimental and calculated values
of K, constants (i.e. “PK,;z and °alKa/5, respectively), whose
ratios R = e"me/ﬁ/Cal wp> or their inverse 1/R, were always
smaller than 2 (“"R=1.2, P°MR=1.2, A®¥R=0.7, YR=1.8 from
the lowest level and WR=1.9 from the higher level of DFT
calculations). This corresponds to the maximum and minimum
absolute errors of 0.34 (water) and 0.09 (dichloromethane and
chloroform) kcal mol' existing between experimental and
calculated AG®g ..

Conclusions

A more convenient synthetic procedure has been proposed to
prepare MKA (5) from the DHA precursor in higher yields. For
the first time the two epimeric forms Sa and S of MKA have
been successfully resolved by a RP-HPLC technique, also
allowing the determination of the activation barriers of the
forward and backward epimerization process at 50°C by
dynamic-chromatography approach. The activation barriers
were found quite lower than those measured for the epimers of
DHA in the same conditions of pH and temperature. The
stereochemical structures of Sa and 5B have been completely
study, also
supported by relevant DFT calculations. In-depth information

elucidated through a comprehensive NMR

about the factors influencing the thermodynamic epimerization

This journal is © The Royal Society of Chemistry 2013
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constant related to the equilibrium 5B55a as a function of the
solubilizing media has been achieved resorting to extensive
LSER analyses.

Scheme 1. Thermodynamic cycle expressing the interrelations existing between
the ionization and epimerization equilibria of 5 and 5.

As an indirect but really important result of this study, a new
descriptor of solvent hydrogen-bond donor capacity named
Sx°" has been defined, allowing a more sensible differentiation
of the HBD properties exhibited by aqueous and/or alcoholic
solvent mixtures (that is, by strongly protic media) when
compared to that achievable using the widely known and
employed o, and AN descriptors. Eventually, a rationalization
of the factors modulating the position assumed by the
equilibrium 555a has been drawn by interpreting the LSER
findings on the base of indications suggested by molecular
modeling calculations. The identified factors, whose effects
have also been singularly quantified, are the differential molar
volume, dipolarity, acidity and lone pair acceptor capacity
displayed by the couple of stereoisomers Sp and Sa. In view of
a further and logical extension of this study we are currently
engaged in an in-depth investigation of the mechanistic aspects
involved in the epimerization process 5855a, including an
extensive determination of the forward and backward rate
the different
conditions of pH and temperature. We believe that a proper

constants governing interconversion under
knowledge of the combined thermodynamic and kinetic
the

contribute in promoting the rational development of new robust

features of 5B55a equilibration might proactively
analytical methods for quantitation of DHA, considering the
demonstrated potential formation of MKA during the stages of
production and storage of its parent drug. In addition, the
elucidated thermodynamic aspects of the 55 5a process could
also supply information on the dependence that the not
negligible in vivo biological activity of Sa and 5f in mixture
can manifest as a function of the actual composition in different
biological compartments.
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Experimental

Apparatus. Analytical liquid chromatography was performed
using an HPLC separation module coupled with a Photodiode
Array Detector. Low temperature variable temperature HPLC
(DHPLC) was performed by using a lab-made thermally
insulated container cooled by the expansion of liquid carbon
dioxide (CO,). Flow of liquid CO, and column temperature
were regulated by a solenoid valve, thermocouple, and electric
controller. A column oven was used for variable temperature
HPLC (DHPLC) above 25°C. Temperature variations after
thermal equilibration were within = 0.2 °C.Semi-preparative
LC
chromatographic system, equipped with a 5 mL loop injector,
and a differential refractometer (RI) detector. All DHPLC
experiments were performed on a C18 Symmetry, 3.5 um (75

separations were carried out on a preparative

mm % 4.6 mm [.D.) column, with different binary and ternary
hydro-organic mobile phases delivered at 1.0 mL/min and UV
detection at 214 nm. ESI-MS and high resolution mass spectra
were acquired on an Orbitrap mass spectrometer; samples were
made up in acetonitrile.

Dihydroartemisinin (DHA, 2) samples were supplied by
sigma-tau S.p.A., Pomezia (Italy). Monoketo-aldehyde (MKA,
5) was obtained in two different ways: by thermal degradation
of 2 or by basic rearrangement of 2.

Thermal Degradation: A screw-cap vial containing crystalline
2 (1.0 g; 3.5 mmol) was placed in an aluminum block pre-
heated to 120 °C and left for 1h. Periodic withdrawals of the
reaction mixture were made for the HPLC monitoring, under
the following normal-phase conditions: column Reprosil Si
120, 3 pm (150 mm X 4.6 mm 1.D.), n-hexane-ethanol 95:5
(v/v), flow-rate 1.0 mL/min, and UV detection at 214 nm. An
evaporative light scattering detection (ELSD) system was also
used (P =45 psi; T = 45 °C; spray gun scale: 70%; gain = 9).
The brown pyrolysate obtained (0.82 g) was allowed to cool to
room temperature and dissolved in 10 mL of rn-hexane-ethanol-
dichloromethane 72:8:20 (v/v/v). Afterwards, it was submitted
to semi-preparative HPLC, under the following normal-phase
95:5 (v/v), flow-rate 20.0
mL/min, and UV detection at 220 nm. A further purification of

conditions: n-hexane-ethanol
the last eluting fraction (0.11 g) gave MKA (5) as one major
product (13%, 99% purity). An axially compressed column
(500 mm x 20 mm I.D.) packed with LiChrosorb Si 100, 10 um
silica gel was used for the purification of the brown pyrolysate.

Rearrangement of DHA under basic conditions: 0.351 g of
pure crystallized DHA were added to 42 mL of a MeCN/H,0
(70/30) mixture at room temperature. A catalytic amount of
NaOH was then added (concentration in the final solution = 2
mM) and the reaction was complete after 1.5 h. Reversed-phase
HPLC was used to monitor the reaction. RP-HPLC was
performed on a C18 Symmetry, 3.5 pm (100 mm X 4.6 mm
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I.LD.) column, with a mobile phase composed of water-
acetonitrile-methanol 55:35:10 (v/v/v) buffered using 10 mM
sodium phosphate ( :r,’ﬂ =4.76; "I;.-,’IG =5.61) delivered at 1.0
mL/min, and UV detection at 214 nm (T = 5°C). The mixture
was diluted with water, extracted with CH,Cl, (3 x 60 ml),
dried over anhydrous Na,SO,, filtered, and concentrated in
vacuo. We obtained 0.322 g of a pale yellow oil. Afterwards,
0.245 g of the crude oil obtained were dissoluted in a mixture
of 4.75 mL of n-hexane, 0.25 mL of EtOH and 0.4 mL of
dichloromethane (concentration = 45 mg/mL) and were purified
by NP preparative chromatography, obtaining 0.18 g of pure
MKA. Yield = 72%; 99 % purity.

High resolution and accuracy mass spectrum: ESI-MS (pos.):
m/z found 307.1514 ([M + Na]"), C;sH,,OsNa requires
307.1516 (monoisotopic), Am = 0.7 ppm.[a]p>’ = —166 (¢ = 2.0;
CH;CN). Anal. Caled (%) for CisH,405: C, 63.36; H, 8.51.
Found: C, 63.51;
characterization of 5, see the ESI+.

H, 8.59. For the fully spectroscopic

Synthesis of NCEDBU.

To a solution of 2-nitrocyclohexanone (0.150 g, 1.05 mmol) in
diethyl ether (2 mL) at room temperature and under magnetic
stirring a solution of 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU,
0.170 g, 1.11 mmol) in diethyl ether (2mL) was added
dropwise. A pale yellow precipitate instantly appeared and the
suspension was stirred for few minutes. Then, the solid was
filtered and rinsed four times with Et,O (20 ml). The product
was dried under vacuum affording 231 mg of a pale yellow
solid (74.5% yield).

'"H NMR (400MHz, CDCl;) § 3.44-3.39 (m, 6H), 2.81-2.69 (m,
2H), 2.73 (t, J = 5.9 Hz, 2H), 2.25 (t, ] = 5.9 Hz, 2H), 2.01-1.95
(m, 2H), 171-1.64 (m, 10H); *C NMR (101 MHz, CDCl;) &
186.6, 165.9, 120.9, 54.2, 48.6, 39.5, 38.3, 32.4, 29.1, 28.2,
26.9, 24.0, 23.5, 23.0, 19.7; FT-IR (KBr cm™) 3300 (NH), 1644
(C=N), 1616 (C=C), 1550 (NO,); ESI-MS (+) m/z 153.1, ESI-
MS (-) m/z 141.8. All relevant spectra are supplied in ESIf.

NMR Measurements and related Calculations. NMR spectra
were recorded in CD;CN at T = 25 °C on a 600 MHz
spectrometer equipped with a triple resonance indirect probe.
The standard pulse sequence and phase cycling were used for
gradient-enhanced COSY,?”” HSQC*® and HMBC¥ spectra.
NOE spectra were acquired in CD;CN at 25°C by means of the
DPFGSE-NOE sequence’, using a mixing time of 2.0 s and
two “rsnob” 50 Hz-wide selective pulses. Geometry
optimization were carried out at the B3LYP/6-31G(d) level by
means of the Gaussian 03 series of programs.?? The reported
energy values are not ZPE corrected. Harmonic vibrational
frequencies were calculated for all the stationary points. For
each optimized ground state the frequency analysis showed the
absence of imaginary frequencies. J-coupling calculations were
obtained with the GIAO method at the B3LYP/6-
311++G(2d,p)//B3LYP/6-31G(d) level, and by including the
Fermi contact term.

Determination of S\°" descriptor by UV-Vis spectrometry.

This journal is © The Royal Society of Chemistry 2012
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The UV spectra of NCEDBU were recorded in different media
(pure solvents and binary mixtures of fully miscible solvents) at
25°C and in a range of wavelengths from 500 to 200 nm. A
general procedure for the preparation of all the solutions
analyzed is the follow: 5 mg of NCEDBU were dissolved in
1Iml of the appropriate solvent or binary mixture to obtain a
1.7x10* M stock solution. 100uL of the stock solution were
transferred in a 5 mL graduated flask partially filled with the
same media which was then gradually added to reach 5 mL
volume. The final solution was 3.4x10™ M. Because of the low
solubility of the NCEDBU salt in hexane and cyclohexane, a
stock solution of NCEDBU in CHCI; 1.7x102M was prepared
and 25 pL were transferred in hexane (3 mL) and cyclohexane
(3 mL) giving rise to the formation of clear solutions having a
concentration of 1.4x10™* M. 3 mL of the final freshly made
solutions were placed in a 3.5 mL capacity quartz cuvette and
submitted to UV-Vis spectrometry analysis. An extensive
description of the procedure adopted to define Sy°Y, inclusive
of all the relevant UV data, has been reported in ESIf
(subsection “Definition of the new descriptor Sy°™, Figures S2-
S3 and Table S2).

Determination of ET;, descriptor by UV-Vis spectrometry.

The ETj;, descriptor was determined acquiring the UV spectra
of Betaine 30 [2,6-Diphenyl-4-(2,4,6-triphenylpyridinio)-
phenolate] in different media (pure solvents and binary
mixtures of fully miscible solvents) at 25°C and in a range of
wavelengths from 800 to 200 nm. The ET;, values were
calculated by the equation: ETs, (kcal mol™") =h ¢ N/ Ay, (nm)
= 28591/Aax(nm) where:

H = Planck constant, ¢ = speed of light in vacuum, N =
Avogadro constant and A, wavelength of maximum
absorbance of Betaine 30 acquired in a particular media.

A general procedure for the preparation of all the solutions
analyzed is the followin: 10 mg of Betaine 30 were dissolved in
1 mL of the appropriate solvent or binary mixture to obtain a
1.8x10* M stock solution. 25 pL of the stock solution were
transferred in a 3 mL graduated flask partially filled with the
same media which was gradually added to reach 3ml volume.
The molarity of the final solution was 1.5x10™* M. 3 mL of the
freshly prepared samples were transferred to a 3.5 ml capacity
quartz cuvette and submitted to UV-Vis spectrometry analysis.

Simulation of Dynamic Chromatograms. Simulation of the

variable-temperature ~ experimental

31-37

chromatogram  was
performed by using the lab-made,” ~'computer program Auto
DHPLC y2k which both

theoretical plate models*® and may take into suitable account
p y

implements stochastic®® and
asymmetry of peaks. The program functionality was validated
on several first-order isomerizations (both enantiomerization
and non-enantiomerization) by comparing DHPLC results with
those obtained by DNMR technique’' or by classical
method.?” Simulation was carried out by the stochastic model,
the

optimization in automatic fashion by minimizing the RMS of

taking into account peak asymmetry and driving

This journal is © The Royal Society of Chemistry 2012
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the differences existing between experimental and simulated
chromatogram profiles.

LSER Analyses. Linear regression analyses, as well as F-test
and t-test statistical evaluations were performed by the
dedicated functions implemented in the Microsoft Office Excel
2003 program. Probability related to the t-Student distribution
in the t-test was set to 0.05. Permittivity values of all solvent
mixtures were calculated according to the Kirkwood’s theory.*’

Molecular Modeling Calculations. Geometries of 5oy, Sat,, 584
and 5, steps.
conformational search, performed in vacuum by molecular

were modeled within three First, a
mechanics calculations based on the force field MMFF
implemented in Spartan v. 1.2.0, was carried out on the
structures of Soand SB. More in particular, in an energy
window of 3 kcal mol™ the conformational search afforded 25
conformers for Soand 19 conformers for SP. Starting from
these ones, on the base of geometric similitude criteria (RMS =
1.0) they were selected two main geometries for So. and three
for 5B, representative of 85% and 89% of their respective whole
As the step,

geometries were then optimized in vacuum at the ab initio

Boltzmann population (Bp). second such
HF/3-21G level of theory through the Spartan program, which
provided two final conformations for both Sa (named Sa; and
Sa,, Figure S7a) and 5B (named 5B, and 5@,, Figure S7b), as
two of the three original conformers of 58 collapsed in a couple
of very similar geometries. As the third and conclusive step,
these latter four structures have been further optimized at the
SCF level through DFT calculations run with the Amsterdam
Density Functional (ADF) package v. 2007.01. (GGA-
BLYP/QZA4P large core was the employed method) which were
also integrated with the effect of water simulated through the
COnductor like Screening MOdel (COSMO) procedure, with
the cavity defined according to the Solvent Excluding Surface
(SES) algorithm. Starting from the achieved structures of Sa,
S5a,, 5Py and 5B, they were also modeled, by deprotonation of
the hemiacetal OH group, their conjugated bases 5o~ Sa,,
5B, and 5B,~, which were again optimized at the GGA-
BLYP/QZA4P large core level of theory. Afterwards, in order to
take theoretical information on the effect played by the solvent
on the acid and dipolar properties of Sa and 5P, all the obtained
geometries Souy, Sa,, 5By, 5Pz, Say~, Sa,, 5Py~ and 5B, were
submitted to a new re-optimization, performed at a slightly
lowest level of theory (the GGA-BLYP/DZP medium core
being the employed method) by simulating the presence of
water, acetonitrile, dichloromethane or chloroform through the
COSMO procedure. The re-optimization at the same level of
theory but in vacuum was also extended to the only neutral
species 5o, Sa;, 5By and 5B,. Molar volumes of the geometries
optimized by the above DFT calculations were computed
through the Spartan program. All energies and properties of the
isomers were computed as values weighed on the Boltzmann
populations assessed for the couple of conformations of each
epimer. Values of ApK;* P were calculated taking also into
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account the entropy contributions arising from the couple of
conformations Sa.;/5a, and 58,/5p,.
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The BSa epimerization process of Monoketo-Aldehyde-Peroxyhemiacetal-(MKA), a stereolabile degradation
product of the powerful antimalarial drug Dihydroartemisinin, has been in depth studied under a thermodynamic
and kinetic point of view in several solvents. A rationalization of the factors responsible for the position assumed
by the equilibrium has been achieved by resorting to LSER analyses and molecular modeling calculations.
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