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Abstract—The reaction mechanism of 12 antimalarial artemisinin compounds with two competitive pathways was studied by means
of quantum chemical calculations using the IMOMO(B3LYP/6-31(d,p):HF/3-21G) method. The oxygen-centered radicals, carbon-
centered radicals, and transition states (TS) in both pathways were geometrically optimized. The obtained kinetic and thermody-
namic energy profiles show that homolytic C—C cleavage reaction (pathway 2) is energetically more preferable than an intramolec-
ular 1,5-hydrogen shift process (pathway 1), which is consistent with the docking calculations. However, compounds that can easily
proceed along the pathway 1 have high activity. Therefore, both pathways are important for antimalarial activity. Moreover, effec-
tive discrimination between high and low activity compounds using EA|, AE|, and AE(1A — 2A) was accomplished.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Malaria continues to be a critical problem worldwide
owing to the emergence of resistance strains of malarial
parasites to almost all available antimalarial drugs.'
Therefore, there is great need for new effective chemo-
therapeutic agents. The development of a new drug is
a very long and expensive process. It is thus ideal to have
a method that enables a prediction of biological activity
of new compounds in advance based on the knowledge
of chemical structure alone, for example, quantitative
structure—activity relationship (QSAR) technique,>> be-
cause this would bring down the number of analogues
that have to be made and it greatly reduces the syntheses
and testing biological activity efforts. Definitely, this will
save a lot of time and money. In this paper, such a pre-
diction method was developed for antimalarial artemis-
inin compounds.

Artemisinin (Fig. 1A) and its derivatives are the only
group of compounds that are still effective against
drug-resistant strains of malaria and thus the develop-
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Artemisinin Heme

Figure 1. Structure of (A) artemisinin with atom numbering and (B)
heme molecule.

ment of new antimalarial drugs is essentially based on
these compounds. The most interesting point is why
artemisinin compounds are still effective, while the
others are not. One possible reason could be that they
have a mode of action different from other antimalarial
drugs as a consequence of their unusual structures.
Therefore, our attentions were focused on their reaction
mechanisms.

Although the mechanism of action of artemisinins is still
not conclusive, there are strong evidences*® to suggest
that an endoperoxide linkage of artemisinins and a heme
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Figure 2. Proposed mechanism of action of artemisinin compound.

iron play critical roles in their reaction mechanism,
which was suggested to comprise of two distinct
steps.””? In the first step, the activation step, the heme
iron (Fig. 1B) attacks and breaks the endoperoxide link-
age of artemisinin to produce an oxy free radical, which
is then rearranged to give a carbon free radical. In the
second step, the alkylation step, the carbon free radical
produced from the first step will alkylate specific
malarial proteins causing lethal damage to malarial
parasites.'?

For the activation step, there are two possible pathways,
pathway 1 and pathway 2 (Fig. 2). In pathway 1, the
heme iron attacks the endoperoxide moiety at the O,
position, giving the free radical at the O; position
(1A). This process is followed by an intramolecular
1,5-H shift and the C,4 free radical (1B) is obtained. In
pathway 2, the heme iron, on the other hand, attacks

Table 1. Antimalarial activities of 12 artemisinin compounds

No R, R, log (D-6)  log (W-2)
1 CH; CH; 0.819 0.754
2 CH; H 0.375 0.279
3 CH; CH,CH; 0.961 0.668
4 CH; (CH,),CH; 0.675 0.740
5 CH; (CH,);CH; 1.765 1.320
6 CH; (CH,)4CH; 0.230 0.161
7 CH; (CH,);C¢Hs 1.705 1.399
8 CH,CH; H —1.000 —1.000
9 (CH,),CH; H 0.859 0.836
10 CH,CH(CH;), H 0.262 0.398
11 (CH,),C¢Hs H -1.222 —1.699
12 (CH,),COOH H —3.046 —3.046

1,5-H shift H S
s Fe“'b/ . P
— > TS, —>
CH
\\\\ H
CH CH,
pathway 1
1B
C-C cleavage

the endoperoxide moiety at the O position, giving the
free radical at the O, position (2A). This process is fol-
lowed by a homolytic cleavage of the Cs—C4 bond, also
resulting in the C4 free radical (2B). Hence, it could be
concluded that the C, free radical product is very critical
for antimalarial activity of artemisinins.

Our previous theoretical study on reaction mechanisms
of artemisinin, dihydroartemisinin, and 10-deoxoarte-
misinin has revealed that these three structurally differ-
ent compounds exhibit dissimilar energy profiles,
which are possibly related to their antimalarial activi-
ties.!! Therefore, further investigations of the thermody-
namics and kinetics of the reactions, leading to the
formation of C,4 free radical on a greater number of
compounds, were carried out to determine their rela-
tionship with activity, which can fulfill our goal for the
prediction of biological activity of new compounds in
advance. From experimental data,'? it can be seen that
substituent group at the C;( position seems to have no
significant effect on antimalarial activities since most
compounds without the substituent have even higher
activities than compounds with the substituent.
Consequently, 12 compounds without the substituent
(10-deoxoartemisinin derivatives)'> were considered.
Their structures and antimalarial activities are shown
in Table 1. For comparison purpose, a 6,7,8-trioxy-
bicylco[3,2,2]nonane compound, which was used as the
representative model of artemisinin in the previous
studies,'®'4 was additionally included in this work.

2. Results and discussion
2.1. Intramolecular 1,5-hydrogen shift (pathway 1)

The optimized structures of O-centered radicals (1A),
C-centered (1B) radicals, and transition state (TS;) for
all 12 compounds are shown in Figure 3. Some impor-
tant structural parameters in radical 1A, transition state
TS, and radical 1B of 12 artemisinin compounds, as
well as a model system, are given in Table 2. Since some
structural data of the model system were not reported in
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C

Figure 3. Optimized structures of the (A) O-centered radical 1A, (B) transition state TS;, and (C) C-centered radical 1B in pathway 1 for all 12

compounds.

Table 2. Important structural parameters of radical 1A, transition state (TS;), and radical 1B in pathway 1; distances in Angstroms and angles in

degrees
1 2 3 4 5 6 7 8 9 10 11 12 Model
O,-H;s 1A 2.381 2320 2318 2340 2307 2303 2340  2.168 2452 2508 2172 2171 2.479
TS, 1.299 1.285 1.288 1.288 1.288 1.288 1.288 1.290 1.288 1.293 1.288 1.281 1.245
1B 0976 0976 0976 0976 0976 0976 0976 0976 0976 0976 0976 0975 0972
0,-C4 1A 2842 2842 2836 2844 2832 2831 2.845 2719 2870 2908 2.720 2.718  3.123
TS, 2422 2409 2410 2411 2410 2410 2410 2412 2411 2414 2411 2409 2424
1B 2792 2793 2789 2785 2787  2.787  2.789  2.800  2.798  2.831 2795 27797 3.001
C4His 1A 1.092 1.093 1.093 1.093 1.093 1.093 1.093 1.098 1.092 1.093 1.098 1.097 1.097
TS, 1.239 1.250 1.247 1.248 1.248 1.248 1.248 1.247 1.248 1.246 1.249 1.253 1.285
1B 2484 2532 2522 2524 2523 2523 2518 2498 2507 2502 2490 2477  2.593
O,-Hjs 1A 2353 2362 2363 2361 2365 2365 2362 2490 2363 2360 2492 2494 2491
TS, 2.411 2425 2426 2487 2487 2487 2489 2477 2479 2457 2480 2482 2571
1B 1.810 1.826 1.822 1.823 1.825 1.826 1.818 1.817 1.823 1.792 1.825 1.828 1.904
O-H;5-C4 1A 103.5 107.2 106.9 106.1 107.4 107.5 106.1 108.2 101.1 100.2 108.0 108.0 116.3
TS, 145.1 143.7 143.8 143.8 143.8 143.8 143.8 143.9 143.9 143.9 143.7 143.9 146.7
IB  98.0 95.1 95.4 95.0 95.3 95.2 95.7 97.7 96.9 99.5 97.8 98.8 105.4

the references,!®!* this compound was recalculated and
its structural data were used in this work.

For the radical 1A, the distance between His (trans-
ferred hydrogen atom) and the radical site O, ranges
from 2.168 to 2.508 A, compared to 2.479 A in the mod-
el system. The O;—-H;5-C4 angle in artemisinin com-
pounds (100.2-108.2°) is significantly different from
that in the model system (116.3°), that is, around 8-
16° less. Moreover, the O;—C, distance in the model sys-
tem (3.123 A) is too long compared to those of artemis-
inin compounds (2.718 to 2.908 A). The differences in
the O1—H5—C4 angle and in the O,—C4 distance between
artemisinin compounds and the model system have
clearly arisen from an additional ring strain of the real
system. Interestingly, differences in the O;—Hs distance
and in the O;—C, distance between high activity com-
pounds (compounds 1-7, 9, and 10) and low activity
compounds (compounds 8, 11, and 12) were observed.
The values of these two distances in low activity com-
pounds are around 0.1-0.3 A, shorter than those in high
activity compounds. In the transition state TS;, the Hys
atom was moved toward the O, atom, reducing the O;—
H;s distance to be in the range of 1.281-1.299 A. The
0,-H5-C,4 angle in artemisinin compounds is around
144-145°, which again ensures that the collinear transi-
tion state is not necessary.'®!> For the radical 1B, the

H,s atom is placed close to the O, atom, giving a dis-
tance of 1.792-1.828 A, in which the hydrogen bonding
can take place.

The activation energy (EA;) and the energy difference
between radical 1A and 1B (AE)) for all 12 compounds
and the model system are given in Table 3. Interestingly,
significant differences in energy values between high and
low activity compounds were discovered. The energy

Table 3. Activation energy (EA;) and energy difference between
radical 1A and 1B (AE)) in pathway 1

No log (D-6) log (W-2) EA, (kcal/mol) AE; (kcal/mol)
1 0.819 0.754 4.67 -9.75
2 0.375 0.279 4.71 —9.68
3 0.961 0.668 4.65 -9.72
4 0.675 0.740 4.66 -9.73
5 1.765 1.320 4.66 -9.71
6 0.230 0.161 4.66 -9.71
7 1.705 1.399 4.64 -9.80
8 —1.000  —1.000 7.29 —6.70
9 0.859 0.836 4.78 -9.12
10 0.262 0.398 4.59 -9.38
11 —-1.222  —1.699 7.35 —5.86
12 —3.046  —3.046 7.37 -5.13
Model"* — — 7.22 -5.16
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values of EA;| and AE, for all high activity compounds
(compounds 1-7, 9, and 10) are in the same range, that
is, 4.59-4.78 kcal/mol and —9.12 to —9.80 kcal/mol,
respectively. For the low activity compounds (com-
pounds 8, 11, and 12), the EA; and AE| are between
7.29 to 7.37 and —5.13 to —6.70 kcal/mol. Remarkably,
most compounds with low EA; and AE; (high activity)
have substituent groups at the B-Coy position (R,), while
all compounds with high EA; and AE; (low activity)
have large substituents at the C; position (R;). There-
fore, the position of substituent appears to have signifi-
cant effect on EA; and AE; and hence on the activities.
The EA| and AE| energies of the model system are 7.22
and —5.16 kcal/mol,'* which are very close to those of
low activity compounds. This indicates that the model
system exhibits the same characteristic as low activity
compounds and hence tends to be an inactive compound
if exists.

2.2. Homolytic C-C cleavage (pathway 2)

For all 12 compounds, some important structural
parameters of radical 2A, racial 2B, and transition state
TS, are given in Table 4 and their optimized structures
shown in Figure 4. All the structural parameters of each
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compound are similar. No significant difference is ob-
served. The C3—C, distance is obviously increasing as
the reaction proceeds, that is, from around 1.6 A in
2A to around 2.0A in TS, and to 3.3-34 A in 2B.
The decrease in C4—Cs5—Cs,—Cj, dihedral angle of
around 21.9-23.0° and the increase in C3-O;3-C;»—
Ci2a dihedral angle of around 31.0-32.7° from radicals
2A to 2B indicate that the increasing of C3-Cy4 distance
is also facilitated by the rotation of these two angles.

The activation energy of pathway 2 (EA,) and the ener-
gy difference between radical 2A and 2B (AE)) for all 12
artemisinin compounds and the model system are shown
in Table 5. Unlike the pathway 1, no significant differ-
ence in energy values among high and low activity com-
pounds was detected. The energy values of EA, and AE,
for all compounds are in the range of 4.36-5.99 kcal/mol
and —7.41 to —10.20 kcal/mol, respectively. Therefore,
the substituent groups at either C; or Cy positions do
not change the pattern of both EA, and AE, energies.

2.3. Comparison between the two pathways

The energy differences between radical 1A and 2A,
AE(1A —2A), and between radical 1B and 2B,

Table 4. Important structural parameters of radical 2A, transition state (TS;), and radical 2B in pathway 2; distances in Angstroms and angles in

degrees
1 2 3 4 5 7 8 9 10 11 12 Model
C3-Cy 2A 1.600  1.604 1.599 1599 1.599 1.599 1.600 1.599 1.599 1.605 1.598 1.596 1.640
TS, 1968 1968 1967 1965 1966 1966 1967 1968 1967 1949 1971 1986 1.947
2B 3.324 3293 3302 3.297 3302 3305 3.295 3314 3296 3369 3308 3.305 3.843
0,-C5 2A 1.335 1334 1336 1336 1336 1336 1335 1.335 1335 1335 1.335 1335 1.326
TS, 1256 1256 1.257 1257 1257 1.257 1257 1256 1.256 1259 1255 1254 1.262
2B 1.213 1213 1213 1.213 1213 1213 1213 1214 1214 1.215 1213 1212 1.212
0,-C;3-0y3 2A 1164 1165 1164 1164 1164 1164 1164 1161 1161 1165 1160 116.0 118.3
TS, 122.7 1227 1227 1227 1227 1227 1227 1225 1225 1225 1225 122.8 123.0
2B 1258 1258 1258 1258 1258 1258 1258 1254 1254 1253 1254 1257 1264
0,-C3-015-C; 2A 488 48.9 49.3 49.1 49.4 49.1 49.0 48.3 48.5 44.5 49.3 49.7 40.3
TS, 27.8 27.9 28.1 28.0 28.0 28.0 28.0 27.9 27.8 25.1 28.0 27.9 26.4
2B —-142 -134 -140 -138 -141 -141 -13.6 —-148 —-143 -184 —-143 —144 -2.18
C4Cs-Cs,—Cpay 2A 328.1 3279 3280 3279 3277 327.7 3279 3276 3275 327.1 3275 3273 3259
TS, 3237 3234 323.6 3236 3236 323.6 3237 3234 3233 3239 3234 3231 3212
2B 305.1 305.6 305.5 3055 3058 3057 3056 3054 3054 3045 3052 3054 2954
C3-013-C15-Cipy 2A 436 43.6 433 432 43.0 43.0 43.2 433 433 44.0 429 42.6 51.3
TS, 53.8 53.7 53.5 534 53.6 53.6 53.5 53.5 53.4 54.1 53.5 53.7 58.6
2B 752 75.1 75.1 75.2 75.4 75.4 75.1 75.4 75.3 75.0 75.1 75.3 85.4

Figure 4. Optimized structures of the (A) O-centered radical 2A, (B) transition state TS,, and (C) C-centered radical 2B in pathway 2 for all 12

compounds.
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Table 5. Activation energy (EA,) and energy difference between
radical 2A and 2B (AE,) in pathway 2

No log (D-6) log (W-2) EA, (kcal/mol) AE, (kcal/mol)
1 0.819 0.754 5.07 —8.52
2 0.375 0.279 5.99 —7.54
3 0.961 0.668 5.11 —8.55
4 0.675 0.740 5.10 —8.54
5 1.765 1.320 5.08 —8.53
6 0.230 0.161 5.08 —8.53
7 1.705 1.399 5.06 —8.56
8 —1.000  —1.000 5.19 -8.32
9 0.859 0.836 5.13 —8.51
10 0.262 0.398 4.36 —10.20
11 —-1.222  —1.699 5.23 —8.06
12 —3.046  —3.046 5.63 —7.41
Model"* — — 7.76 -10.07

Table 6. Energy difference between radical 1A and 2A, AE(1A — 2A),
and between radical 1B and 2B, AE(1B — 2B)

Compound log (D-6) log(W-2) AE(1A —2A) AE(1B - 2B)

ment for high antimalarial activity and it also emphasiz-
es the importance of the pathway 2 over the pathway 1.
Considering the C-centered radicals, the energy of radi-
cal 2B in all compounds is also lower than that of radical
1B, AE(1B — 2B) of 1.95 to 4.84 kcal/mol.

2.4. Relationship to biological activity

As the main objective of this study was to investigate
relationship(s) between biological activity and calculat-
ed properties, all energy data (EA;, AE;, EA,, AE,,
AE(1A — 2A), and AE(1B — 2B)) and some important
structural parameters presented in Tables 2 and 4 were
considered. The relationships were investigated by plot-
ting all the properties against activities. For the structur-
al parameters, no relationship with activities was found.
However, three energy parameters, that is, EA;, AE],
and AE(lA —2A), have significant relations with
antimalarial activities. Their relationships are shown in
Figures 6-8.

Considering the activation energy for pathway 1 (EA),
compounds with low EA; have high activities (see
Fig. 6). Since the EA| refers to the ease in proceeding
along reaction of pathway 1, radical 1B seems to be
an important species for high activities.

(kcal/mol) (kcal/mol)
1 0.819 0.754 +3.68 +2.45
2 0.375 0279  +4.57 +2.42
3 0.961 0.668 +3.70 +2.54
4 0.675 0.740  +3.71 +2.52
5 1.765 1.320 +3.68 +2.49
6 0.230 0.161  +3.67 +2.50
7 1.705 1.399 +3.72 +2.48
8 —1.000  —1.000  +0.80 +2.42
9 0.859 0.836 +3.33 +2.72
10 0.262 0.398  +4.02 +4.84
11 —1.222 —1.699  +0.26 +2.46
12 —-3.046  —-3.046  —0.328 +1.95
Model"* — +1.51 +6.42
AE(1B — 2B), for all compounds were computed

(Table 6) to access the competitiveness of each pathway.
In addition, the energy schemes for both pathways of
high and low activity compounds are shown in Figure 5.

It is clearly seen that the high activity compounds have
higher AE(1A —2A), 3.33-4.57 kcal/mol (Fig. 5A),
while the low activity compounds have lower values,
—0.328 to 0.80 kcal/mol (Fig. 5B). This indicates that
the more stable 2A radical is very likely to be a require-

A

TS
EA; =\3.98-4.78 TS,
w1 EA,\= 4.36-5.99
AE(1A-2A) Z 3.33-4.57
AE;[=-9.1210-9.80 2A T
AE,=-7.54\t0 -10.20
1B
AE(1B-2B) = 2.42-4.84 l
¥

2B

51 w o Xp xos| [
7.0 ° W2l (7.0
E 6.5/« low activity—» l6.5
S 6.0 6.0
=
< 551 < high activity>{ >-°
5.0 15.0
4.5 o - x L4.5

-2

-1 0 1 2

log (activity)

Figure 6. Relationship between log (activities) and EA; for 12
artemisinin derivatives.

B TS
TS,
EA,=\7.29-7.37
EA,=\5.19-5.63
A i
AE/=51310-670 1T 2A
l AE(1A-2A) = -0.328 to 0.80
AE, = -7.41\t0 -8.32
1B 1
AE(lB-ZB)i 1.95-2.46 i
2B

Figure 5. Schematic energy scheme for the mechanism of action for (A) nine high activity artemisinin derivatives and (B) three low activity
artemisinin derivatives (except for compound 12 that has 1A energy slightly lower than 2A energy). All values are in kcal/mol unit.
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Figure 7. Relationship between log (activities) and AE; for 12
artemisinin derivatives.
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Figure 8. Relationship between log (activities) and AE(1A — 2A) for
12 artemisinin derivatives.

For the AE, parameter, compounds with a lower AE;
have higher activities (see Fig. 7). This once again points
out that radical 1B is essential for high activities because
the AE; refers to the ease of radical 1B formation.

In the case of AE(1A — 2A) parameter (Fig. 8), high
activity compounds have high AE(1A — 2A) values, that
is, radical 2A is more stable than radical 1A. This im-
plies that the energetically more preferable pathway 2
is also of importance for high activities.

3. Conclusions

The theoretical investigations on the reactions, leading
to the formation of C, free radicals in pathways 1 and
2 for the mode of action of 12 artemisinin compounds
using the IMOMO(B3LYP/6-31G(d,p):HF/3-21G)
method, reveal that both the homolytic C-C cleavage
reaction (pathway 2) and the intramolecular 1,5-hydro-
gen shift process (pathway 1) are important for antima-
larial activities. For high activity compounds, radical 2A
is energetically more stable than radical 1A; therefore,
the compound will mainly proceed along the pathway
2, indicating the crucial role of this pathway. This is also
well in agreement with the docking results between

artemisinin compounds and heme that illustrate the
preference of heme iron to approach the O; atom at
the endoperoxide linkage of artemisinin compounds.!6
On the other hand, compounds with low EA; energy
and high AE, energy, a case that indicates the ease of
intramolecular 1,5-hydrogen shift reaction in the path-
way 1, have high antimalarial activities, thus radical
1B tends to be an important species reinforcing the
activities.

Moreover, the EA;, AE;, and AE(1A — 2A) have good
relationships with antimalarial activities, which could
be used to effectively distinguish high activity com-
pounds from low activity compounds. This information
is very helpful for the drug discovery and development
process. In addition, the results have reconfirmed that
the use of 6,7,8-trioxybicyclo[3,2,2]nonane as a represen-
tative compound of artemisinin systems for the studies
of mechanism of action is certainly inappropriate.'!
The main reason is that it exhibits the same energetic
profiles as those of the low activity artemisinin
compounds.

4. Experimental
4.1. Biological data

The structures and biological activities of 12 artemisinin
compounds were taken from the literature.!” The anti-
malarial activities were measured as the ICsy values,
the inhibitory concentration of a compound required
for 50% inhibition of the parasitemia, against the Sierra
Leone (D-6) and the Indochina (W-2) clones of Plasmo-
dium falciparum. The D-6 clone is mefloquine-resistant
but chloroquine-sensitive, while the W-2 clone is chloro-
quine-resistant but mefloquine-sensitive. Moreover, the
antimalarial activities were reported as the relative scale
to those of artemisinin to reduce any inconsistency
among different environments in the experiments. Com-
pounds, which are more potent than artemisinin, that is,
log (activity) > 0.0, are denoted as ‘high activity com-
pounds’, whereas compounds, which are less active than
artemisinin, that is, log (activity) < 0.0, are denoted as
‘low activity compounds’.

4.2. Computational methods

Our previous results'' have shown that the IMOMO
method!”  employing HF/3-21G  and B3LYP/6-
31G(d,p) levels gave better quality of structural param-
eters than the pure HF/3-21G method and even better
than the B3LYP/6-31G(d,p) level itself, as compared
to the X-ray data. Therefore, this method was chosen
for structural optimizations of all compounds used in
this study. The 6,7,8-trioxybicylco[3,2,2lnonane sub-
structure together with the O;; atom was used as the
model system and the artemisinin compounds were used
as the real system. The model system, which contains
atoms involved in the free radical formation, was treated
at the highly accurate level of theory, B3LYP/6-
31G(d,p), whereas the real system was treated at
HF/3-21G. Using this approach, geometries of 12
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artemisinin derivatives, and their corresponding free
radicals (1A, 1B, 2A, and 2B) and transition states
(TS, and TS,) were fully optimized. Furthermore, fre-
quency calculations at the same level were additionally
carried out to confirm the optimized transition state
structures. All quantum chemical calculations were per-
formed using the Gaussian 98 program.'®
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