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Abstract: The conformations of the C-6 lactonized germacranolides 1–3 were calculated by
applying the PM3 semi-empirical method. The low-temperature 1H-NMR spectra of
parthenolide (1) were also measured. The relations between the calculated and the experi-
mentally determined geometries were established using a modified Karplus equation. The
applied quantum-chemical calculations proved to be an efficient and easy-to-use tool for the
elucidation and prediction of the properties of germacranolide-type sesquiterpene lactones.
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INTRODUCTION

Among the natural sesquiterpene lactones, germacranolides represent one of the most
abundant groups. Due to their prominent and diverse physiological activity, there is a wide
interest in the elucidation of the conformational properties of these compounds. The
conformational studies reported for these ten-membered lactones1 are based mainly on
NMR spectroscopy, namely, on the torsional angle dependence of the vicinal coupling
constants and on the interatomic distances dependence of NOE.2 Considering the compu-
tational calculations, most are based on molecular mechanics.1(e),1h),1(i),1(k–m)

The isolation and structure determination of the germacranolides 1–3 (Fig. 1) have
been reported earlier.3–5 Parthenolide (1), known for a long time as the main bioactive con-
stituent of extracts of Tanacetum parthenium (feverfew) used for centuries in the UK for
treatment of migraine and painful periods, is still very actual.3 Some preliminary attained
investigations also suggested a promising role of 1 in increasing the efficacy of some com-
mon anti-cancer drugs.6 Lactone 2 was isolated from the plant species Achillea critmifolia
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and identified as a new compound.4 The structure and conformation of ridentin (3) were
originally proposed by Irwin et al.5; they pointed out its precursor-role in the biosynthetic
pathway of eudesmanolides and guaianolides of the genus. Since germacranolides 1 and 3

were also isolated from plant material collected in Serbia and Montenegro,7,8 this paper
continues the long lasting, systematic investigation of medicinal plants (i.e. natural
sesquiterpene lactones) in our faculty.

Herein the results of the conformational analysis of germacranolides 1–3 (Fig. 1) by
the PM3 semi-empirical method are presented.

EXPERIMENTAL

NMR studies. The 1H-NMR spectra of parthenolide (1) (isolated from Tanacetum larvatum)7 were
measured with a Bruker AMX500 spectrometer (operating frequency 500.13 MHz), in CD2Cl2 in the temper-
ature range �180–298 K. For temperatures below �180 K, the solvent was a deuterated freon mixture
CDClF2/CDF3 and the samples were prepared in a high vacuum line which was connected with a turbo mo-
lecular pump TPH 060 from Pfeiffer/Balzers, using thick-walled sample tubes purchased from Spintec
(VNMR/5). The low temperatures were achieved by controlled flow of cold, gaseous nitrogen using an evap-
orator immersed in a container with liquid nitrogen and connected to the probehead. A '5 mm double reso-
nance probehead 1H/13C’was used which was kept at room temperature by an external thermostat, so only the
sample tube was cooled down to the required temperatures. The temperatures were adjusted by a Eurotherm
Variable Temperature Unit using a 'Pt-100-thermo’external device. All temperatures were measured to an ac-
curacy of � 1 ºC and are reported in Kelvins. The synthesis of the freon mixture and 3’,5’-bis(tri-
isopropylsilyl)-2’-deoxyguanosine, used in experiments with compound 1, are given in the literature.9

Theoretical calculations. The computational analysis of lactones 1–3 was performed by the se-
mi-empirical PM3 method comprised in the HyperChem 4.0 program package. All energies were minimized
to RMS gradient less than 0.2 kJ/Å mol applying the Polak-Ribiere minimization algorithm. The input geom-
etries for these calculations were prepared by simultaneously varying the dihedral angles of the carbocyclic
skeleton in steps of 20º, while the dihedral angles in the OR substitutents of lactones 2 (� = H–C*–O–C(Ac)
and � = C*–O–C=O, where C* = C(3), i.e. C* = C(9)) and 3 (� = H–C*–O–H, where C* = C(1), i.e., C* =
C(3)) were changed by 60º, i.e., all combinations of � = 60, 120, 180, – 120, – 60º were taken into account.
Each of these starting geometries was preoptimized by molecular mechanics (MM+, HyperChem 4.0), then
by the semi-empirical (PM3) method. During the geometry optimization many of the starting rotamers10

passed to another rotamer arrangement (for lactones 2 and 3), or to another conformation of the carbocyclic
skeleton; hence, the large number of starting geometries11 was reduced to a very few resulting structures.

For calculating the coupling constants of the resulting conformations, the Karplus equation repa-
rametrized by Haasnoot12 was used. All coupling constants (J) are reported in Hz.

The distributions of the conformers were calculated according to the Boltzmann distribution law: ni/n1
= e-�E/RT (n1 is the contribution of the most stable conformer, ni the contribution of the ith conformer), �E =
Hf1 – Hfi (Hf, heat of formation, is the output of the PM3 calculation), R = 8.31 J/K mol, T = 298 K.
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Fig. 1. Sesquiterpene lactones 1–3.



RESULTS AND DISCUSSION

Parthenolide (1). Optimization of the geometry of lactone 1 by the PM3 semi-empi-
rical method revealed four distinctive conformations (Fig. 2).

According to the relative energies, conformations 1A and 1C are the most probable,
so if they would constitute a conformational mixture the ratio should be 1A/1C=3/2 (Table
I). Moreover, the experimental coupling constants agree even better with those calculated
for conformer 1C (Table I). On the other hand, the differences between these two geome-
tries are substantial: both Me-groups are �-oriented (UU)13 and the C(10)–C(1) and
C(4)–C(5) bonds are 'crossed' in conformer 1A, since in conformer 1C C(14) and C(15)
are �- and �-oriented, respectively (DU), while the C(10)–C(1) and C(4)–C(5) bonds are
'parallel' (Fig 2). Hence, the conformational exchange between conformations 1A and 1C

must occur over a high potential barrier and this exchange is of a low probability at room
temperature.14

The only difference between conformers 1A and 1B is due to a rotation around the
C(8)–C(9) bond. Anyway, regarding their fairly large relative energies, as well as the
calculated coupling constants (Table I), conformations 1B and 1D certainly could be
ignored.
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TABLE I. Experimental 3JHH (CD2Cl2, r.t.), relative energies and calculated 3JHH for the theoretical conform-
ers of lactone 1.

Conformer �E (kJ/mol)
Jcalc. (Hz) Orientation of

J5,6 J6,7 C(14) C(15)

1A 0.00 8.04 6.44
U U

1B 34.37 4.40 9.48

1C 1.3 9.93 8.21
D U

1D 16.99 6.71 5.37

Jexp. (Hz) 8.9 8.6

The sharp lines in the room-temperature 1H- and 13C-NMR spectra of germacra-
nolide 1 indicate its rigid conformation.1(i),4(d) In the NOESY (r.t.) spectrum there are
only negative cross-peaks,1(m) as well. The measured low-temperature 1H-NMR spec-
tra of lactone 1 till 133 K gave additional proof that, even at really low temperatures,
parthenolide (1) adopts one stable conformation in solution.15 In this conformation,
typical for trans, trans-germacra-1(10),4-dien-6,12-olides,16 ten-membered ring has a
double chair17 geometry with both Me-groups syn-oriented on the �-side of the mole-
cule. The UU conformation appears to be the most stable for this type of germa-
cranolides and they undergo a conformational exchange only if the stereochemistry
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Fig. 3. Calculated geometries of lactone 2.



and/or substituents destabilize the molecule.1(d–h),1(j–m) Obviously, in the parthenolide
molecule such destabilizing factors do not exist.

Anticipating that lactone 1 would form an intermolecular hydrogen bond with a suit-
able proton-donor and therefore change conformation, the low-temperature 1H-NMR
spectra of a mixture of an equimolar ratio of compound 1 with 3’,5’-bis(triisopropylsi-
lyl)-2’-deoxyguanosine (pKa = 10), and compound 1 with acetic acid (pKa = 4.75), were
recorded. However, in these spectra there was no evidence of any hydrogen bonds.

The results obtained by theoretical and experimental (NMR) methods applied in the
conformational analysis of parthenolide (1) are in full accordance. The conformation 1A

(Fig. 2) is the most stable and it could be considered as being solely significant.
1�,10�-Epoxy-3�,9�-diacetoxy-11�,13-dihydrocostunolide (2). The applied semi-empi-

rical calculations predicted three conformations for compound 2 (Fig. 3).
The obtained conformations differ in the geometry of the carbocyclic skeleton, hence

in the orientation of the OAc moieties, although the Me-groups are �-oriented (UU) in all
of them (Fig. 3). Variation of the dihedral angles in the OAc substituents (see Experimen-
tal) did not significantly influence the stability of the conformers.18 The calculations also
revealed that conformer 2A, with a 'double chair' geometry of the ten-membered ring and
equatorial orientations of both OAc groups, is by far the most stable and that the calculated
coupling constants of this conformer have the best concordance with the experimental
ones4 (Table II).

TABLE II. Experimental 3JHH, relative energies and calculated 3JHH for the theoretical conformers of lactone 2.

Conformer �E (kJ/mol)
Jcalc. (Hz)

J3,2� J3,2� J5,6 J6,7 J9,8� J9,8�

2A 0.00 3.57 9.92 10.06 8.81 1.67 7.71

2B 61.55 5.90 8.14 10.12 9.03 2.18 4.7

2C 62.38 6.34 7.63 10.12 6.79 3.46 3.19

Jexp. (Hz)4 5.6 11.3 10 10 2.1 10.5

Obviously, the results of the theoretical calculations for germacranolide 2 are in excel-
lent agreement with experimentally established conformation based on correlations in the
PS NOESY spectrum.4

Ridentine (3). As a result of exomethylene double bond, ridentine (3) should exhibit
more conformational flexibility than lactones 1 and 2 (Fig. 1). Accordingly, the PM3
method predicted six distinctive conformations (Fig. 4).

Of the theoretical conformations, in conformers 3Aand 3D both C(14) and C(15) are
�-oriented (UU), whereas in conformers 3C, 3E and 3FC(14) and C(15) are �- and �-ori-
ented, respectively, (DU). In conformer 3B C(15) is �-oriented, while the C(10)–C(14) and
C(4)–C(15) bonds are perpendicular. Changing the dihedral angles in the OH substituents
(see Experimental) had a considerable influence on the stability of the resulting ro-
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tamers. The relative energies of the rotamers often exceed 12 kJ/mol, favoring those with
antiperiplanar orientation of O-H and geminal C-H in every conformational family.19 If
the conformers 3A–3F are compared, it is obvious that the only, but essential, difference
between them is the geometry of the C(2)–C(1)–C(10)–C(9) fragment of the carbocyclic
skeleton. The calculated relevant couplings illustrate these differences (Table III).

TABLE III. Experimental 3JHH, relative energies and calculated 3JHH for the theoretical conformers of
lactone 3.

Conformer �E (kJ/mol)
Jcalc (Hz)

J1,2� J1,2� J3,2� J3,2�

3A 0.00 2.55 8.03 3.63 9.75

3B 3.89 4.57 3.72 2.42 10.15

3C 7.54 1.4 6.66 4.27 2.28

3D 17.50 1.84 4.92 3.75 2.59

3E 22.57 1.76 7.51 1.38 9.3

3F 26.50 5.19 1.82 5.66 7.96

Jexp. (Hz)5 5 10 4 10

Regarding the relative energies, conformers 3A, 3B and 3C could be considered as
significant (Table III), so their ratio in the hypothetical conformational mixture would be
3A:3B:3C = 80:16:4. The suggested conformation of ridentine (3)20 matches with the cal-
culated conformation 3A (Fig. 4): the ten-membered ring adopts a 'double chair' geometry,
C(14) and C(15) are �-oriented (UU) and both OH groups are equatorial. Again, the ap-
plied PM3 method showed very good agreement with the experimental results.

286 MILOSAVLJEVI] et al.

Fig. 4. Calculated geometries of lactone 3.



CONCLUSION

The geometry optimization of the germacranolides 1–3 by the PM3 semi-empirical
method was undertaken with two goals: to gain a better insight into the conformational
properties of these compounds and to evaluate the applicability of the method. The experi-
mental results suggest that all three lactones adopt a rigid conformation in solution,21

namely that already assigned as the most stable for trans,trans-germacra-1(10),4-di-
en-6,12-olides:1(d–m),2(a),2(f) the ten-membered ring is in the 'double chair' geometry and
C(14) and C(15) are �-orientated. The theoretical results are in full concordance with the
experimental ones. The PM3 method predicts that the conformations 1A, 2A and 3A are
the most probable ones for lactones 1, 2 and 3, respectively (Fig. 5).

Thereafter, it is concluded that the PM3 method (contained in the HyperChem com-
puter program), relatively fast and simple in use, represents a profoundly valuable tool in
the conformational analysis of C-6 lactonized germacranolide molecules.
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Konformacije germakranolida 1–3, laktonizovanih u polo`aju (6), izra~unate su pri-
menom PM3 semi-empirijske MO metode. Tako|e su snimqeni protonski NMR spektri
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Fig. 5. Superimposed, the most sta-
ble conformations of lactones 1–3
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partenolida (1) na niskim temperaturama. Pomo}u modifikovane Karplusove jedna~ine je
uspostavqena korelacija izme|u eksperimentalno utvr|enih i izra~unatih najstabilnijih
konformacija. Zakqu~eno je da primewena kvantno-hemijska izra~unavawa brzo i pouzdano
mogu predvideti i objasniti osobine seskviterpenskih laktona tipa germakranolida.

(Primqeno12. decembra 2002)
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