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Abstract

The CH2Cl2 extract of the aerial parts of Artemisia myriantha afforded three germacranolides derived from 13-acetoxy-3b-
hydroxy-germacra-1(10)E,4E,7(11)-trien-12,6a-olide, whose structures were elucidated by 2D-NMR spectroscopic analyses. Some
conclusions are drawn about the possible conformations of the ten-membered germacranolide ring system from the exchange peaks

seen in the NOESY spectra, and an estimate is made of the energy barrier to ring-flipping from variable-temperature NOESY
experiments. The conclusions reached were supported by molecular modeling studies and an NMR spectroscopic investigation of
the commercially available germacranolide, parthenolide. # 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Artemisia myriantha Wall. ex Bess. (Compositae) is
used in traditional Chinese medicine for treating menor-
rhagia and inflammatory diseases (Ling, 1986). A pre-
vious communication concerning the phytochemistry of
this species described the guaianolide, arglabin (Appen-
dino et al., 1991), which is currently employed for treating
certain types of cancer in the former USSR (Adekenov,
2000a) and is also under clinical investigation in the
USA (Adekenov, 2000b), as the major constituent.

2. Results and discussion

The CH2Cl2 extract of the aerial parts of A. myriantha
yielded, in addition to the known compound arglabin
(Appendino et al., 1991), compounds 1–4 after separation
by CC and HPLC. The structure of 13-acetoxy-3b-
hydroxy-germacra-1(10)E,4E,7(11)-trien-12,6a-olide (1)
(Fig. 1), previously isolated from a Pentzia species (Zdero
and Bohlmann, 1990), was elucidated by 2D-NMR spec-
troscopic analysis and by comparison of its 1H spectrum
with that reported in the literature. Fully assigned 13C
NMR spectral data for 1 are now reported in Table 1

for the first time. To the best of our knowledge, only the
3-acetate derivative of 1 was described previously
(Jakupovic et al., 1988, 1991); in both citations this
compound was isolated from an Artemisia species.
Compound 2 was identified as the 3b-tigloyl ester of 1

by HREIMS (388.1885 for C22H28O6) and 2D-NMR
spectroscopic analysis (Tables 1 and 2, Fig. 2) which
resulted in unambiguous assignments for all of the 13C
and 1H nuclei in the molecule. The 3b-propanoyl ester
(3) (362.1728 for C20H26O6) and the 3b-(3-methylbuta-
noyl) ester (4) (390.2040 for C22H30O6) of 1 gave essen-
tially the same 2D-NMR spectral correlations as those
found in 2 for the germacranolide portion of the mole-
cule (Fig. 2) and rigorous assignment of all of the NMR
resonances for these natural products are also reported
in Tables 1 and 2.
Knowledge of the 1H assignments was particularly

useful in interpreting the NOESY spectra of 1–4, in
which the absence of a nuclear Overhauser enhancement
(NOE) between H-3 and H-6 was consistent with a trans
relative stereochemistry between the 3-hydroxyl group
and the 6-lactone oxygen, while the absence of nOe’s
between H-1/H-14 and H-5/H-15 indicated an E stereo-
chemistry for the �1,10 and �4,5 double bonds. The
absolute stereochemistry for compounds 1–4 is assumed
to be the same as that previously reported for 3b,13-
diacetoxy-germacra-1(10)E,4E,7(11) - trien-12,6a -olide
(artemisia glaucolide) isolated from other Artemisia
species (Jakupovic et al., 1988).
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Interpretation of the correlations seen in the NOESY
spectra for compounds 1–4 was made difficult by the
presence of a large number of positive cross-peaks
which were present, in addition to the negative cross-
peaks that are normally associated with nuclear Over-
hauser enhancements between protons which can be
used to assign relative stereochemistry and conforma-
tion (Fig. 3). Such positive cross-peaks are generally
considered to be indicative of rapid chemical exchange
on the NMR time-scale and are referred to as ‘‘EXSY-
type’’ peaks in recognition of their origin (Braun et al.,
1996). Since these positive peaks were largely associated
with protons in the ten-membered ring of compounds 1–
4, rather than with the ring-substituents, it was considered
that their occurrence indicated the possibility of con-
formational flexibility for the medium-sized germacrane
ring-system at ambient temperature.

The hypothesis that the ten-membered ring in com-
pound 1 was undergoing rapid flipping between two
conformational states at the temperature of the NMR
probehead (298 K) in CDCl3 solution was confirmed in
two ways. Firstly, the EXSY spectra of 1 was re-recor-
ded at several different temperatures (268–308 K), and
the ratio of the volume integrals for the EXSY cross-
peaks for H-3, H-5 and H-9, relative to the volume
integrals for the diagonal peaks associated with the two
conformers for each of these protons (�H 4.26$4.50;
4.38$4.61; and 2.53$2.67 ppm, respectively) were then
used to calculate the rate of exchange (Perrin and
Dwyer, 1990; Evans, 1995). This choice of temperatures
was dictated by the need to record EXSY spectra under
conditions associated with an exchange rate of 10�2–102

s�1 (Perrin andDwyer, 1990),1 while these three particular

Fig. 1. Germacranolide sesquiterpenes isolated from Artemisia myr-

iantha.

Table 1
13C NMR spectral assignments for compounds 1–5

Positiona,b 1 2 3 4 5

1 (CH) 126.4 125.5 125.4 125.4 125.3

2 (CH2) 34.4 31.4 31.4 31.4 24.1

3 (CH) 77.1 78.0 77.8 77.2 36.4

4 (C) 142.0 138.2 138.0 137.8 61.5

5 (CH) 120.6 122.1 122.2 122.2 66.4

6 (CH) 80.8 80.4 80.4 80.4 82.5

7 (C) 170.2 169.7 169.7 169.7 47.7

8 (CH2) 26.0 26.0 26.0 26.0 30.6

9 (CH2) 40.3 40.3 40.3 40.3 41.2

10 (C) 135.9 136.8 136.8 136.7 134.6

11 (C) 125.0 125.2 124.8 125.3 139.2

12 (C) 172.5 172.6 172.3 172.5 169.3

13 (CH2) 55.4 55.4 55.4 55.4 121.3

14 (CH3) 16.1 16.2 16.2 16.1 17.0

15 (CH3) 11.2 12.0 11.9 11.9 17.3

10 (C) 170.7 170.7 170.6 170.6

20 (CH3) 20.8 20.8 20.9 20.8

100 166.9 (C) 173.4 (C) 172.5 (C)

200 128.1 (C) 27.8 (CH2) 43.5 (CH2)

300 137.7 (CH) 9.2 (CH3) 25.8 (CH)

400 14.4 (CH3) 22.4 (CH3)
c

500 12.1 (CH3) 22.5 (CH3)
c

a 13C directly attached to 1H determined by HSQC.
b Multiplicity determined by DEPT indicated in parentheses.
c Assignments interchangeable.

1 At exchange rates lower than 10�2 s�1 the off-diagonal peaks

become very weak and it is difficult to obtain a reasonably good sig-

nal-to-noise ratio for accurate measurement of their volume integrals;

whereas at rates above 102 s�1 more rapid exchange causes the cross-

peaks to become broadened to the extent that they start to overlap

with the diagonal peaks, making it difficult to measure the ratio of the

two types of signal (which is needed to calculate the rate). Note that an

alternative method for the determination of the rate of exchange from

line-shape analysis of one-dimensional NMR spectra requires an esti-

mation of the coalescence temperature, and typically works well for

rates covering the range 1–104 s�1 (Perrin and Dwyer, 1990). The one-

dimensional methodology would not be practical for studying

exchange processes of 1 in CDCl3 solution at 500 MHz, as the (extra-

polated) coalescence temperature for many of the 1H resonances in 1

are close to the boiling point of CDCl3.

Fig. 2. HMBC and 1H–1H COSY correlations used in establishing the

planar structure of 2 (indicated by arrows from 13C to 1H and bold lines

in the structure, respectively). Compounds 1, 3 and 4 gave essentially the

same correlations for the germacrane ring portion of the molecule.
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protons were selected both because of a lack of inter-
ference from the other chemical shifts in the molecule
when measuring diagonal and off-diagonal volume
integrals and also because of their relative dispositions
at well-spaced intervals around the germacrane ring.
The results of variable temperature-EXSY experiments
showed that the rates of exchange (kexch) for all three
protons at any given temperature were always very
similar (Table 3); while Arrhenius plots (Atkins, 1999)
of the logarithmic rate-dependence on the reciprocal of
temperature confirmed that the activation barrier to the
exchange process was also nearly identical for each of
the three ring-protons under study (Ea�80–85 kJ mol�1;
Fig. 4). These results were, therefore, entirely consistent
with the postulated exchange process, which involves
conformational changes for all of the protons in the ten-
membered ring by a ring-inversion mechanism such as
that shown in Fig. 5.
The second piece of evidence for a ring-flipping pro-

cess being responsible for the exchange phenomenon
observed in NMR spectroscopy, came from molecular
modeling studies. Using the MM2 force field of the
molecular simulation package MacroModel (Moha-
madi et al., 1990), it was predicted that essentially only
two possible conformations should exist for the ten-
membered ring in compound 1 (ignoring trivial differ-
ences associated with the rotation of methyl groups
which had little effect on the calculated energies of the
two conformers). The energy gap between the lower
energy conformer (A) and the higher energy conformer
(B) was predicted to be less than 6 kJ mol�1, and this

value was in good agreement with the results obtained
from 1D 1H NMR measurements of the relative popu-
lations ([N]A:[N]B �100:16) of the two exchanging spe-
cies at ambient temperature for the NMR probehead
(298 K) from which an experimental energy difference
of almost 5 kJ mol�1 was calculated (see Experimental).
It can be seen in Fig. 5 that the endocyclic tri-sub-
stituted double bonds are predicted to be nearly parallel
in both conformers A and B, and that both bonds have
been flipped by 180� in the higher energy conformer (B).
The chemical shifts recorded for the alkene protons in
the germacrane ring were relatively upfield (�H 4.38–
5.31 ppm) for both 1H partners participating in
exchange and this would be consistent with the alkene
protons of each one of the double bonds in the ring
being located in the shielding region of the other double
bond in both conformations, as seen in Fig. 5. The axial
conformation of the bulky ring-hydroxyl group in

Table 2
1H NMR spectral assignments for compounds 1–5

Positiona,b 1 2 3 4 5

1 4.79 (br) 4.84 (br) 4.81 (br) 4.81(br) 5.22 (br d, 11.2)

2a 2.45 2.56 2.52 2.52 2.19 (d, 14.3)

2b 2.30 2.36 2.33 2.31 2.41

3a 4.26 (dd, 10.0, 6.1) 5.23 (dd, 10.2, 6.2) 5.18 (dd, 10.3, 6.1) 5.20 (dd, 10.5, 6.2) 1.25 (ddd, 14.3, 13.3, 5.9)

3b – – – – 2.15

5 4.38 (d, 10.1) 4.51 (d, 10.3) 4.49 (d, 10.2) 4.49 (d, 10.1) 2.79 (d, 9.4)

6 5.49 (d, 10.1) 5.47 (d, 10.3) 5.46 (d, 10.2) 5.46 (d, 10.1) 3.86 (dd, 9.4, 8.5)

7 – – – – 2.79

8a 3.00 (dd, 13.4, 8.2) 3.03 (dd, 12.5, 7.7) 3.02 (dd, 12.8, 7.5) 3.02 (dd, 13.5, 8.7) 2.16

8b 2.24 2.27 2.24 2.24 1.71

9a 2.17 2.22 2.22 2.21 2.18

9b 2.53 2.54 2.55 2.53 2.37

13 4.85 (br, d, 12.8) 4.87 (d, 12.8) 4.86 (d, 12.6) 4.87 (d, 12.8) 6.32 (d, 3.5)

13 4.78 (br, d, 12.8) 4.80 (d, 12.8) 4.79 (d, 12.6) 4.80 (d, 12.8) 5.63 (d, 3.5)

14 1.60 (3H, s) 1.62 (3H, s) 1.61 (3H, s) 1.61 (3H, s) 1.71 (3H, s)

15 1.76 (3H, s) 1.76 (3H, s) 1.73 (3H, s) 1.74 (3H, s) 1.31 (3H, s)

20 2.09 (3H, s) 2.09 (3H, s) 2.09 (3H, s) 2.09 (3H, s)

200 – 2.38 (2H, q, 7.5) 2.22 (2H)

300 6.91 (q, 7.1) 1.17 (3H, t, 7.5) 2.10

400 1.82 (3H, d, 7.1) 0.98 (3H, d, 6.9)

500 1.86 (3H, s) 0.98 (3H, d, 6.9)

a 1H directly attached to 13C determined by HSQC.
b Multiplicity and coupling constant(s) (in Hz), when resolved in 1-D NMR, indicated in parentheses.

Table 3

Rates of exchange (kexch)
a calculated for protons H-3, H-5 and H-9 in

EXSY spectra of 1 recorded at 268–308 K

Temperature (K) 268 278 288 298 308

H-3b (�H 4.38$4.61 ppm) 0.50 2.14 8.71 19.1 71.1

H-5b (�H 4.26$4.50 ppm) 0.47 2.16 8.72 19.5 78.1

H-9b (�H 2.53$2.67 ppm) 0.57 2.04 8.45 24.6 59.4

a Rates of exchange which are quoted are an average of values

which were calculated from 3–4 individual EXSY experiments with

different mixing times (tm) recorded at the same temperature—see

Experimental.
b Rate of exchange in s�1.
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conformer B would be expected to result in steric interac-
tions with other atoms around the ten-membered ring,
and this effect is presumably the main cause of the higher
energy calculated for conformer B (the ring-hydroxyl is
equatorial in conformer A and such energetically unfa-
vourable axial-axial interactions are therefore avoided).
Returning to the analysis of nuclear Overhauser

enhancements (NOE’s) in the NOESY spectrum of 1, it
was apparent that most of the negative cross-peaks seen
in the NOESY spectrum of 1 were also consistent with the
structure of the lower energy conformer (A), which was
predicted by molecular modeling. For example, in the
expansion of the alkene region of the NOESY spectrum of
1 shown in Fig. 3, negative cross-peaks (appearing as
light blue/green contours) are apparent between all of
the resonances for H-3, H-5 and H-1 of conformer A
(�H 4.26, 4.38 and 4.79 ppm, respectively). These and
other critical correlations representing NOE’s which

were used in confirming the structure of conformer A
are indicated by arrows in Fig. 5. Note that positive
correlations (dark blue/red contours) are also evident in
Fig. 3. These cross-peaks are due to exchange between
conformers A and B (H-3, H-5 and H-1 of conformer A
occur at �H 4.26, 4.38 and 4.79 ppm, respectively; while
H-3, H-5 and H-1 of conformer B are at �H 4.50, 4.61 and
5.31 ppm, respectively), as has been discussed above. They
are undesired in the context of attempts to interpret
NOE’s in order to determine spatial relationships within a
conformer—their relatively intense appearance in Fig. 3
is due to the long mixing times which were used in order
to allow NOE’s between protons to develop (tm=600ms;
as compared with much shorter mixing times which were
sufficient to study the exchange phenomenon at ambient
temperature—see Experimental). Closer inspection of
Fig. 3 also reveals a weak negative cross-peak which
would seem to indicate an NOE between H-3 of

Fig. 3. Expansion of the alkene region of the NOESY spectrum of 1. Positive cross-peaks due to chemical exchange (‘‘EXSY’’ peaks) appear as dark

blue and red contours and are labeled by the number of the proton undergoing exchange, while negative cross-peaks indicating nuclear Overhauser

enhancements appear as light blue and green contours.
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conformer A (�H 4.26 ppm) and H-5 of conformer B (�H
4.61 ppm).2 Since it should not be possible to observe
NOE’s between protons in two different molecules, this,
and other weak negative cross-peaks seen in the
NOESY spectrum of compound 1, must be associated
with population transfers due to both exchange pro-
cesses and dipole–dipole interactions, which are occur-
ring simultaneously in solution. This additional layer of
complexity encountered when attempting to interpret
NOE correlations in the presence of exchange has led us
to undertake a further investigation of another germa-
cranolide, parthenolide (5), which is commercially
available and for which no mention was made of the
occurrence of exchange phenomena, when a full assign-
ment of the 1H resonances was reported by Jacobsson et
al. (1995). It was anticipated that analysis of the
NOESY spectra of 5 would be simplified as a result of
the absence of exchange, and it would then prove pos-
sible to obtain independent evidence to support the
deductions concerning the lowest energy conformer of
the ten-membered ring in compounds 1–4.
The published X-ray structure for parthenolide

(Quick and Rogers, 1976) indicated the same con-
formation for the ten-membered ring as that which was
predicted for the lower energy conformer of the germa-
crane ring in 1, by molecular modeling (Fig. 5), and
which appeared to have been confirmed experimentally
by the more intense negative cross-peaks seen in the
NOESY spectrum of 1. After fully assigning the 13C and
1H resonances of parthenolide by 2D-NMR spectro-
scopic analyses as previously (full 13C NMR assign-
ments for 5 appear in Table 1 for the first time), it was
confirmed that the solution conformation of partheno-
lide is the same as that reported for the solid state.
Analysis of the NOESY spectrum of 5 was a relatively
straightforward matter, as only negative cross-peaks
due to nuclear Overhauser enhancements between pro-
tons were observed (critical correlations are indicated by
arrows in Fig. 6 and are similar to those used in defining
the structure of conformer A of 1 in Fig. 5). The
absence of any positive cross-peaks in the NOESY
spectrum of parthenolide confirmed that compound 5 is
not undergoing any appreciable chemical exchange at
room temperature. This is probably due to the replace-
ment of the �4,5 double bond in 1–4 by an epoxide
group in 5, which is too bulky to allow the ten-mem-
bered ring to easily flip into the alternative but probably
much higher energy conformation B (in which this

functional group would be constrained to project inside
the ring system). The definitive solution conformation
found for the ten-membered ring in 5, therefore, sup-
ports the conclusions concerning both the structure of
the lower energy conformation of the germacrane ring-
system in compounds 1–4 and the existence of an alter-
native higher energy conformer for the medium-sized
ring present in all these compounds.

Fig. 4. Arrhenius plots of ln kexch against 1/T used in estimating the

activation barrier to exchange (Ea) for different positions around the ten-

membered ring of 1. Linear regression analysis yielded Ea values of 83.1,

85.3 and 81.1 kJ mol�1 for each of H-3, H-5 and H-9, respectively.

2 A third type of cross-peak, containing both negative and posi-

tive lobes, is also seen in Fig. 3 between H-6 (�H 5.49 ppm) and H-5

(�H 4.38 ppm) of conformer A. Such cross-peaks are indicative of

strong J-coupling (3JH-5,H-6=10.1 Hz) and have been ignored in this

analysis, as they only reflect information relating to the planar

structure of the molecule, which is already provided by 1H–1H

COSY experiments.
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3. Experimental

Chemical shifts are expressed in ppm (�) relative to
TMS as internal standard. All NMR spectroscopic
experiments were run on a Bruker DRX 500 instrument.
Two-dimensional spectra were recorded with 1024 data
points in F2 and 256 data points in F1. A mixing time
(tm) of 600 ms (the null point in T1 inversion recovery
experiments for most resonances of 1–4) was used for
recording the NOESY spectra which were used in the
analysis of nOe’s at 298 K. HREIMS were recorded at
70 eV on a Finnigan-MAT 95 MS spectrometer. IR
spectra were recorded in CHCl3 on a Shimadzu FTIR-
8201 PC spectrometer. TLC plates were developed using
p-anisaldehyde. Column chromatography was per-
formed using silica gel 60–200 mm (Merck). HPLC
separations were preformed using a Varian chromato-
graph equipped with RI star 9040 and UV 9050 detec-
tors and an Intersil PREP-SIL column (20 mm�25 cm),
operating isocratically with EtOAc/n-hexane mixtures
at a flow rate of 8 ml/min.

3.1. Plant material

A. myriantha was collected from Southern Yunnan
province, China in August 1999. Taxonomic identifica-
tion was made by Professor Ling Yeou-Ruenn of the
South China Botanical Garden, Guangzhou PRC, and
a voucher specimen is kept at the University of Hong
Kong Herbarium (D.Q. Zhou s.n., 19 Aug 1999 HKU).

3.2. Extraction and isolation

The aerial parts of A. myriantha (650 g) were pulver-
ized to a fine powder under liquid N2 and repeatedly
extracted with CH2Cl2 at room temperature. The com-
bined solvent extracts were dried (MgSO4) and solvent
was removed under reduced pressure to yield a dark
brown gum (20.5 g; 3.2% w/w) which was subjected to
gradient CC (developing solvents 100% n-hexane!
100% EtOAc!100% MeOH). Fractions from CC were
further purified by HPLC yielding: 1 (5.6 mg, Rt 53.1
min in 45% EtOAc/n-hexane/1.2% CH3COOH); 2 (3.3
mg, Rt 18.7 min in 45% EtOAc/n-hexane); 3 (2.8 mg, Rt

20.6 min in 45% EtOAc/n-hexane); and 4 (5.9 mg, Rt

48.1 min in 30% EtOAc/n-hexane).

3.3. 13-Acetoxy-3�-hydroxy-germacra-
1(10)E,4E,7(11)-trien-12,6�-olide (1)

Gum: [a]D +53.0 (c 0.6, CHCl3); IR (CHCl3) �max 3530
(br), 3026, 2932, 1755, 1456, 1369, 1232 cm�1; For 1H
NMR and 13C NMR data, see Tables 1 and 2 (see also
Zdero and Bohlmann (1990) for 1H NMR and MS).

3.4. Determination of the rate of exchange (kexch) for
H-3, H-5 and H-9 in EXSY spectra of 1 over the
temperature range 268–308 K

Variable temperature-NOESY (EXSY) spectra, which
were acquired in order to measure the rate and activa-
tion barrier for conformational exchange of 1 in CDCl3
solution, were recorded with the probehead of the

Fig. 5. Two possible conformations for the ten-membered ring in 1, which were predicted by the results of molecular modeling. Critical nuclear

Overhauser enhancements between protons, which confirmed experimentally that 1 existed predominantly as conformer A, are indicated by arrows.

Chemical shifts of protons in conformer B, which were deduced from chemical shifts of ‘‘EXSY-type’’ correlations seen from some of the ring

protons of conformer A, are indicated on the structure.

Fig. 6. Solution conformation of parthenolide (5) as determined by

NOESY (found to be identical with the crystal structure previously

described for 5). Nuclear Overhauser enhancements between protons

are indicated by arrows.
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NMR spectrometer at the following temperatures3 and
with the mixing time (tm) set to 3 or 4 values (indicated
in parentheses) at each temperature: 268 K (tm=100,
250 and 500 ms), 278 K (tm=20, 50 and 100 ms), 288 K
(tm=10, 20 and 50 ms), 298 K (tm=5,10, 20 and 50 ms)
and 308 K (tm=2, 5, 10 and 20 ms). The values of tm
which are shown for a particular temperature4 were
found to give fairly good reproducibility in the rates of
exchange (kexch) which were calculated for H-3, H-5 and
H-9 according to the procedure given below, and the
average value calculated from the 3 or 4 experiments
with different tm values is quoted in Table 3.
In each spectrum, the rates of proton exchange

between conformers A (major) and B (minor) were cal-
culated by measuring volume integrals both for the
diagonal peaks (IAA, IBB) and for the off-diagonal peaks
(IAB, IBA) for resonances corresponding to each of H-3
(IAA=4.20–4.30 ppm in F2, 4.20–4.30 ppm in F1; I

BB=4.45–4.53 ppm in F2, 4.45–4.53 ppm in F1; IAB=
4.20–4.30 ppm in F2, 4.45–4.53 ppm in F1; IBA=4.45–
4.53 ppm in F2, 4.20–4.30 ppm in F1); H-5 (IAA=4.32–
4.42 ppm in F2, 4.32–4.42 ppm in F1; I BB=4.55–4.65
ppm in F2, 4.55–4.65 ppm in F1; IAB=4.32–4.42 ppm in
F2, 4.55–4.65 ppm in F1; IBA=4.55–4.65 ppm in F2, 4.32–
4.42 ppm in F1); and H-9 (IAA=2.47–2.57 ppm in F2,
2.47–2.57 ppm in F1; I BB=2.62–2.72 ppm in F2, 2.62–
2.72 ppm in F1; IAB=2.47–2.57 ppm in F2, 2.62–2.72 ppm
in F1; IBA=2.62–2.72 ppm in F2, 2.47–2.57 ppm in F1).
The mole fractions of conformer A (XA) and of con-

former B (XB) at a given temperature were determined
from integration of the peaks for the well-resolved H-5
resonance in 1D 1H-NMR (�H 4.38 ppm for conformer
A and �H 4.61 ppm for conformer B). The rate of
exchange (kexch, which is the sum of the rates for the
forward and back reactions kAB+kBA ) was then calcu-
lated independently for each of H-3, H-5 and H-9
according to the formula:

kexch ¼ 1=tm ln r þ 1ð Þ= r � 1ð Þð Þð Þ

where, r=4XAXB (IAA+IAB)/(IAB+IBA)-(XA�XB)
2

3.5. Determination of the activation barrier (Ea) to
exchange for H-3, H-5 and H-9 in EXSY spectra of 1

The activation energy to exchange (Ea) for each of H-3,
H-5 and H-9 was calculated by plotting the natural loga-
rithm of kexch for each proton against the reciprocal of the
absolute temperature (1/T) for each of the five tempera-
tures studied in the previous section, and then performing
a linear regression on the resulting data (using the pro-
gramme Sigmaplot) according to the equation:

ln kexch ¼ lnA � Ea=RTð Þ

where, R=8.31451 JK�1 mol�1 (the gas constant) and
A (s�1) is a probability factor.

r2 Values for the linear-regression fit to the data-
points shown in Fig. 4 were uniformly greater than 0.99,
indicating a high level of confidence in the values of Ea

obtained.

3.6. Experimentally-determined energy difference (DE)
between conformers A and B of 1

The difference in energy (�E) between the two con-
formers A and B at ambient temperature for the NMR
probehead (298 K) was calculated according to the
equation:

N½ 
B= N½ 
A ¼ exp ��E=RTð Þ

where, [N]B is the number of molecules in conformer B;
and [N]A is the number of molecules in conformer A
[N]A and [N]B were estimated from integration of the

peaks for the well-resolved H-5 resonance in 1D 1H-
NMR (�H 4.38 ppm for conformer A and �H 4.61 ppm
for conformer B) as being in a ratio of 100:15.7, which
implies an energy difference between conformers A and
B of 4.58 kJ mol�1.

3.7. 13-Acetoxy 3�-tigloyl-germacra-1(10)E,4E,7(11)-
trien-12,6�-olide (2)

Gum: [a]D +112.7 (c 0.3, CHCl3); IR (CHCl3) �max

3028, 2932, 2856, 1759, 1717, 1259 cm�1; 1H NMR and
13C NMR, see Tables 1 and 2; HREIMS: m/z (rel. int.)
388.1885 (15) (calc. for C22H28O6, 388.1886), 360 (10),
321 (20), 307 (25), 260 (15), 246 (55), 228 (70), 213 (45),
149 (100).

3.8. 13-Acetoxy-3�-propanoyl-germacra-
1(10)E,4E,7(11)-trien-12,6�-olide (3)

Gum: [a]D +97.9 (c 0.3, CHCl3); IR (CHCl3) �max

3026, 2986, 1757, 1462, 1367, 1229 cm�1; 1H NMR and

3 The optimum rate of exchange for EXSY studies is determined by

the T1 relaxation rate for 1H and is generally around 10 s�1 (Perrin

and Dwyer, 1990); this range of temperatures was chosen such that

kexch for the middle member of the series (288 K) was close to this

value.
4 The ranges of values used for a given temperature are based on

the assumption that the optimized mixing time should be set roughly

as tm �1/(T1
�1+kAB+kBA) where T1 is the longitudinal relaxation rate

and kAB and kBA are the rates of forward and back reactions, respec-

tively (kexch=kAB+kBA). Within these ranges of tm, the calculated

values for kexch were found to be fairly reproducible (�10%)

although, in general, there was a slight decrease in the calculated value

of kexch as tm was increased. At very large values of tm (not shown), the

rate sometimes became undefined (due to the necessity of taking the

logarithm of a negative number)—this may be due to relaxation effects

dominating at long tm or to kinetic effects becoming so large as to be

insensitive to the rate parameters (Perrin and Dwyer, 1990).
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13C NMR, see Tables 1 and 2; HREIMS: m/z (rel. int.)
362.1728 (5) (calc. for C20H26O6, 362.1729), 246 (100),
228 (35), 213 (20), 178 (95), 149 (30).

3.9. 13-Acetoxy-3�-(3-methylbutanoyl)-germacra-
1(10)E,4E,7(11)-trien-12,6�-olide (4)

Gum: [a]D +25.6 (c 0.6, CHCl3); IR (CHCl3) �max

2963, 2930, 1759, 1458, 1369, 1332 cm�1; 1H NMR and
13C NMR, see Tables 1 and 2; HREIMS: m/z (rel. int.)
390.2040 (5) (calc. for C22H30O6, 390.2042), 260 (20),
246 (50), 228 (20), 178 (35), 149 (35), 85 (100).

3.10. Parthenolide (4,5-epoxy-germacra-1(10)E,
11(13)-dien-12,6�-olide) (5)

Parthenolide was purchased from the Aldrich chemical
company (Cat. No. 38,428-3).
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