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The inclusion complex of heptakis(2,6-di-O-methyl)-β-cyclo-
dextrin (DIMEB) with euplotin C (EC), a cytotoxic metabolite
isolated from the protistan strains composing the marine cili-
ate Euplotes crassus, has been investigated by 1H NMR tech-
niques, electrospray ionization mass spectrometry (ESI/MS)
and molecular mechanics (MM) calculations. The results
suggest that DIMEB preferentially includes the side chain of
this sesquiterpenoid with the terminal methyl groups ex-
posed at the narrower rim of the cyclodextrin (CD). The dihy-
dropyranic ring of EC is also well enclosed in the host cavity,

Introduction

Euplotin C (EC) (1, Scheme 1) is the principal one of
four secondary metabolites isolated [1] from strain cultures
of the cosmopolitan morphospecies Euplotes crassus (Du-
jardin, 1841), representing a reliable chemotaxonomic
marker of this species described on the basis of the outward
appearance. In fact, whatever the geographical origin and
the culturing conditions, strains of E. crassus have been
found to produce EC as the major metabolite. Although
chemotaxonomy has been widely exploited by natural prod-
ucts chemists at genus, family or higher taxonomic levels,
the ability of EC to identify E. crassus among other species
of the same genus gives it a taxonomic significance at the
species level. Moreover, EC has been found to be strongly
cytotoxic against other non-producer ciliates, even those be-
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whereas the acetyl group and the ring protons at C-4 and C-
5 lie outside the larger rim. A kinetic degradation study of
EC and its inclusion complex (EC-DIMEB) in aqueous solu-
tion has been performed by HPLC-UV-MS measurements
obtaining structural data for the hydrolysis end-products. A
significant increase in the chemical stability of complexed EC
compared with free EC has also been determined.

( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

longing to closely related morphospecies, such as E. vannus
and E. minuta, [2] and a lethal dose as low as 0.5 µg/mL is
able to kill 100% of TB6 (E. vannus) cells. More recently,
we have found that EC provides a dose-dependent effect
on other harmful eukaryotic microorganisms, the flagellates
Leishmania major and L. infantum, responsible for the cu-
taneous and visceral leishmaniasi diseases, respectively.[3]

The chemical features of this sesquiterpene, whose struc-
ture has been elucidated at the absolute configuration lev-
el,[1c] are: i) the new tricyclic skeleton, ii) the trialdehyde-
masked system contained within the tricyclic ring system
and iii) the 2,6 trans stereochemistry at the cyclopentane
ring which gives to EC and to its closely related analogues
euplotin A (2, Scheme 1) and euplotin B a much higher
degree of strain than the diastereomeric 2,6 cis analogue
udoteatrial hydrate,[4] a diterpenoid isolated from the
marine algae Udotea flabellum. According to our PM3
semi-empirical calculations, the difference of strain energy
between EC and its C-6 epimer is expected to be as high as
12 kcal/mol, a structural feature somehow per se sufficient
to explain the high chemical instability of all the euplotins.
It is also worthy of mention that euplotin A (2, Scheme 1)
in racemic form has recently been synthesized,[5] even if the
overall yield of this synthetic procedure is quite low.

Peculiar physicochemical characteristics for EC derive
from the chemical/structural features stressed above. First
of all, EC is unstable even in a mild basic hydrolytic me-
dium; in fact, once the acetyl function at C-15 of euplotin
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Scheme 1. Chemical structures of euplotin C (1), euplotin A (2) and heptakis-(2,6-di-O-methyl)-β-cyclodextrin (3)

C is hydrolyzed, a cascade of irreversible transformations
occurs in a very short reaction time.[1c] As described in the
last part of this paper, EC can be hydrolyzed even in neutral
aqueous media (water or even buffered aqueous solution)
when the solution is properly sonicated, even though in
such conditions the reaction does not afford the same end-
products as those previously observed.[1c] Finally, since EC
is a rather hydrophobic compound, its low water solubility
represents a serious limitation of the reliability of the bio-
testing methods. In order to reveal insights into the mech-
anistic details of the hydrolysis and to overcome these diffi-
culties, we have prepared inclusion complexes of EC with
some cyclodextrin (CD) derivatives.

Cyclodextrins are cyclic oligosaccharides, whose three-di-
mensional structure is similar to a truncated cone, with the
ability to accommodate partially/entirely, inside their hydro-
phobic cavity, a wide variety of guest molecules, forming
inclusion complexes with enhanced solubility and improved
chemical and physical stability.[6�8] Many chemical aspects
of CD have been extensively studied in recent years; in par-
ticular, in this context, we were mainly interested in all the
aspects relying on improving the guest’s characteristics of
pharmaceutical interest.[9,10]

The CD class includes three native structures and a broad
group of derivatives, which show many different physico-
chemical characteristics.[11�13] After some complexation tri-
als carried out with different CD derivatives using NMR
techniques and electrospray ionization mass spectrometry
(ESI-MS) as analytical probes, heptakis(2,6-di-O-methyl)-
β-cyclodextrin (DIMEB, 3, Scheme 1) was chosen because
of its dimensions and enhanced water solubility.[14] In fact,
we soon realized that, among the usual unsubstituted cyclo-
dextrins (α-, β- and γ-CD), only β-CD was a good host
capable of forming inclusion complexes, but its water solu-
bility was not as high as that of the EC-DIMEB complex.

The present investigation addresses the definition of
structural parameters (such as stoichiometry, binding
constants and 3D structural details) of the title inclusion
complex EC-DIMEB, as obtained through 1D NMR ti-

Eur. J. Org. Chem. 2004, 1308�1317 www.eurjoc.org  2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1309

tration experiments, 2D NMR spectra, ESI-MS measure-
ments and Molecular Mechanics (MM) calculations. Fur-
thermore, a comparative investigation of the hydrolytic in-
stability of EC was carried out on sonicated aqueous
samples of EC alone and of the EC-DIMEB complex and
a general discussion of this topic is also reported.

Results and Discussion

1H NMR Spectra

Scheme 1 shows the structures with the numbering used
for spectral assignments both for EC and DIMEB. Assign-
ments of their relevant protons before complexation were
done by 1H NMR analysis (gCOSY, and 1D TOCSY) in
deuterated ammonium acetate (CH3COOND4 0.8 m)
buffered D2O using concentrations near to the limit concen-
tration of the complex (see Exp. Sect.).

The complex EC-DIMEB was obtained as a white pow-
der and its stoichiometry was guessed at first by a simple
NMR experiment on the dried solid (1.5 mg) dissolved in
CD3OD. The corresponding 1H NMR spectrum, acquired
with a relaxation delay long enough to allow complete re-
covery of longitudinal magnetization, showed that the ratio
between the signal area of H-1� of DIMEB and of H-15 of
EC is 7.0 � 0.1, in excellent agreement with the 1:1 EC-
DIMEB relative molar ratio. In this solvent, as expected,
no significant chemical shift displacement of the host or
guest molecule was found, strongly indicating that the
eventual host�guest interaction was completely destroyed
by a stronger interaction of the guest with methanol.

On the other hand, when the same amount of the above-
cited dried solid was dissolved in D2O, the 1H NMR spec-
trum showed a significant shielding effect of the internal
protons H-3� and H-5� of DIMEB, confirming ‘‘incorpor-
ation’’ of the guest and leading to unequivocal proof of
non-covalent interactions between the two molecular spec-
ies. An even stronger downfield effect (complexation-in-
duced chemical shifts, CICS) was also detected for almost
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all the EC protons, as reported in the last column of
Table 1.

Table 1. Chemical-shifts δH (ppm) of free EC and EC-DIMEB
complex (0.8 m) as obtained by 1H NMR (600 MHz, D2O con-
taining equimolar CH3COOND4, 25 °C)

H-type δH (EC) δH (EC-DIMEB)

1 5.61 5.83
2 1.80 1.90
3 2.51 2.75
4α 1.81 1.96
4β 2.18 2.38
5α 1.35 1.46
5β 1.89 2.07
6 1.95 1.91
8 1.96 2.05
9 1.92 2.01
10 5.02 4.98
Me-12 1.59 1.66
Me-13 1.51 1.56
14 6.00 6.14
15 5.81 5.97
MeCO 1.89 2.06

1H NMR detection was also used to investigate the rapid
reversible complexation[15] through suitable titration experi-
ments. When host (DIMEB) and guest (EC) interact in
solution forming a EC-DIMEB complex, the stability con-
stant K can be easily expressed as a function of their ana-
lytical concentrations and of the equilibrium concentration
of the complex. In principle, NMR titration experiments
can be carried out either by addition of increasing known
amounts of the guest to an initial analytical concentration
of the host, or vice versa. The low water solubility of free
EC does not allow the use of DIMEB as titrating reagent;
EC molecules are, in fact, strongly entangled in macromole-
cular aggregates in water and free EC concentration is
rather lower than its analytical concentration. In fact, the
area of EC signals in the 1H NMR spectrum of EC in D2O
(even after sonication) was about an order of magnitude
lower than expected. Hence we were forced to carry out the
titration by adding increasing amounts of EC to a suitable
total concentration of DIMEB. The latter was finally
chosen to be 1.43 m in order to avoid solubility limitations
due to precipitation of the 1:1 EC-DIMEB complex in the
last part of titration curve. Moreover, we prepared each
NMR sample separately in order to avoid (or at least to
minimize) systematic errors due to the lability of EC
towards hydrolysis.

If the solvent effect is ignored and the behavior of all
the species in dilute solution is assumed ideal, the stability
constant K can be calculated according to the
Benesi�Hildebrand equation[16] or by other graphical
methods. All common linearization methods,[17] however,
failed in our case, whereas non-linear analysis, using the
HYP NMR program [18] which allows data-regression for
multiple equilibria, suggested the existence of the complex
either in 1:1 or in 1:2 (EC-DIMEB) stoichiometry, affording
for the corresponding binding constants the estimated val-
ues K11 � 1050 � 50 and K12 � 830 � 80.
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The stoichiometry of the complex was confirmed by a
Job plot ,[19] following ∆δ values for H-3� and H-5� of DI-
MEB. Keeping the total concentration constant, but vary-
ing the molar ratio [EC]/[DIMEB], the dependence of ∆δ
values from [EC]/([EC] � [DIMEB]) ratio was observed to
be parabolic with the apex at 0.46, corresponding to a
mixed 1:1 and 1:2 stoichiometry (Figure 1). Moreover,
guessing rmax.� ar1:1 � br2:1, near equimolarity would re-
quire 75% of 1:1 EC-DIMEB complex and 25% of 1:2 EC-
(DIMEB)2 complex. Assuming the values of binding con-
stants as established by NMR titration experiments, speci-
ation of EC in 1:1 and 1:2 complexes could be easily evalu-
ated for every value of the EC/DIMEB ratio. The results of
this calculation (Figure 2) showed that the contribution of
1:2 complex played a significant role only for the lowest
EC/DIMEB ratio (large molar excess of DIMEB), whereas
in the highest region (large molar excess of EC) 1:1 stoichi-
ometry was expected to be strongly favored. Furthermore,
at the equimolar EC/DIMEB ratio, Figure 2 showed that
the total amount of the 1:1 complex in solution is about
three times that of the 1:2 complex, in good agreement with
the Job plot outcome.

Figure 1. Job plot for EC-DIMEB inclusion complex as obtained
from continuous variation method titration

Figure 2. The dependence of the calculated distribution of 1:1 and
1:2 complexes from EC/DIMEB concentration ratio, as obtained
with HYP NMR program
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Two-dimensional ROESY studies were finally carried out

in order to establish the relative disposition of EC and DI-
MEB in the complex. Figure 3 shows the relevant ROESY
traces obtained a few hours after dissolution of 2 mg of the
solid EC-DIMEB, having 1:1 stoichiometry, in deuterated
ammonium acetate buffered solution (see Exp. Sect.).

Figure 3. Traces of 2D ROESY map for 1:1 EC-DIMEB complex

The methyl groups linked to double bonds of the lateral
chain Me-12 at δ � 1.66 ppm and Me-13 at δ � 1.56 ppm
(cis and trans with respect to the vinyl proton H-10, respec-
tively) produced dipolar interactions with i) the internal
protons H-5� of the hydrophobic cavity, sited towards the
smaller rim of DIMEB, ii) the external methylenic dia-
stereotopic protons H-6� and iii) the methoxy groups at C-
6� lying outside the smaller rim (Figure 4). Me-12 and Me-
13 also generate significant NOE enhancements on internal
proton H-3� lying on the large diameter cavity. On the other
hand, vinyl proton H-10 showed intense NOE effects with
both internal H-5� and H-3� (stronger with the first) and a
weak one with 2H-6�, while other protons on the side chain,
such as 2H-9, displayed interaction only with internal H-3�
and H-5� (Figure 3).

Figure 4. A schematic picture of the 3D-structure for 1:1 EC-DI-
MEB complex
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The dihydropyranic ring protons (H-14, H-1, H-2 and H-
6) also induced NOE effects, stronger on H-3� than on H-
5�, the former being near the larger rim of DIMEB. A negli-
gible NOE effect of H-15 on H-3� was observed (Figure 3)
and no dipolar interactions between DIMEB protons and
EC cyclopentane ring protons H-4, H-3 and H-5 were de-
tected. All of this evidence confirmed the inclusion
phenomenon and was weighted towards a preferential in-
sertion of the guest from the side-chain direction. A reason-
able description is that EC enters into the wider rim of the
DIMEB cavity (with isopropylidene methyl groups acting
like advance guards) and deeply penetrates into it in such a
way that the prenyl chain remains exposed to the narrower
rim, whereas the acetyl group and the cyclopentane ring
protons H-4 and H-5 lie outside the larger rim (Figure 4).

As is well known,[27] and confirmed in the present case,
in the formation of cyclodextrin inclusion complexes not
only does the molecular motion of the guest compound un-
dergo a significant slowing down but also an independent
motion of the substrate with respect to the cavity occurs.
Hence the two components of the complex (host/guest) are
characterized by different reorientational correlation times.
As a consequence, quantitative correlation of intermolecu-
lar NOE data to intermolecular distances is quite hazard-
ous, because we have no value of the reorientational corre-
lation time to be used in the calculation of distances from
the observed NOE. A further problem is that NOE effects
always reflect an ‘‘average’’ situation, which is, in our case,
even more difficult to analyze quantitatively taking into ac-
count the possibility of the coexistence of 1:1 and 1:2 com-
plexes.

Even if we have no clear-cut structural information on
the 1:2 complex inferred from titration experiments and ESI
measurements (as discussed in the next paragraph), we can
guess that here the long axis of euplotin C is normal to
the plane of two, head-to-head aligned, DIMEB molecules.
With such a structure, the NOE effects reported in Figure 3
might also be consistent with a contribution of 1:2 stoichi-
ometry to the overall equilibrium complexation.

ESI-MS Analysis

Electrospray ionization mass spectrometry (ESI-MS) is a
new and emerging technique which has proved very useful
in the study of biomolecular noncovalent interactions.[20�24]

The results provided by ESI-MS are complementary to
those provided by circular dichroism, fluorescence, IR and
UV spectroscopic methods and 1D NMR measurements.
Since ESI-MS provides an accurate measure of the molecu-
lar mass of the complex being studied, the primary infor-
mation obtained is the stoichiometry of the complex. Un-
fortunately, typical solvent conditions used in ESI-MS to
achieve maximum sensitivity are not always optimal for
maintaining the molecular complex itself intact. As a result,
ESI may give a more accurate representation of solution
equilibria when complexation is dominated by electrostatic
forces and is expected to be unreliable when solvophobic
interactions are dominant.
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Figure 5. Positive ion mode ESI-MS spectrum of EC-DIMEB (white powder) in water

Since a direct comparison of kind and strength of the
relevant interactions in the gas phase was beyond the scope
of our work, we subjected our EC-DIMEB complex to ESI-
MS analysis with the aim of investigating only the stoichi-
ometry and gas-phase behavior. Thus, an aqueous solution
(0.6 m) containing equimolar amount of EC and DIMEB
was directly infused at a flow rate of 2 µL/min into the ESI
source in positive-ion mode. Detection and all instrumental
parameters were optimized in such a way that the pseudo-
molecular ion of the 1:1 complex [EC-DIMEB � Na]� at
m/z � 1645 had the highest signal/noise ratio. Among many
factors, the temperature and the flow of the gas nebulizer
have been demonstrated to be quite critical, but the skim-
mer voltage and the trap drive level have also been exten-
sively investigated to find the best compromise (see Exp.
Sect.). With reference to the general discussion reported
above, we soon realized that the experimental response fac-
tors of all the species participating in the complexation
equilibrium were widely different and reliable calibration
curves for EC and DIMEB could not be obtained under
the experimental conditions required for detection of the
complex. Furthermore, even assuming a similar ionization
efficiency for free and complexed host�guest molecules, the
expected wide difference in the volatility of EC and DIMEB
under the instrumental conditions used (pressure drop from
source to analyzer), hindered any reliable link between ana-
lytical (in source) and gas-phase (in the ion trap) equilib-
rium concentrations.

As shown in Figure 5, we were able to detect the cluster
signals for i) free EC as the parent ion [EC � Na]� at
m/z � 315, ii) free DIMEB as the parent ion [DIMEB �
Na]� at m/z � 1353 (ion at m/z � 1367 in the same cluster
is also present, as expected, owing to the presence of tri-
methyl analogues in commercially available DIMEB mix-
ture) and double-charged ions [DIMEB � 2Na]2� at m/z �
688, iii) 1:1 complex as the parent ion [EC-DIMEB � Na]�

at m/z � 1645, which roughly reproduces the statistical
distribution of methyl substituents in the commercially
available DIMEB.

Tandem MS/MS experiments carried out in the ion trap
through isolation of the relevant cluster of the 1:1 complex
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at m/z � 1645, and CID fragmentation analysis, afford the
daughter ion [DIMEB � Na]� at m/z � 1353 by neutral
loss of EC, confirming that non-covalent interactions in-
volved in the gas-phase complex formation were rather
weak. Significantly, the ESI mass spectrum of the infused
EC-DIMEB solution also contained a low, but detectable,
peak centered at m/z � 1499, arising from [EC � 2DIMEB
� 2Na]2�, suggesting the presence in the gas phase of the
1:2 complex. This outcome was in fair agreement with the
NMR titration data previously discussed, bearing in mind
that 1:2 stoichiometry could play a significant role only at
very low values of the [EC]/[DIMEB] ratio (Figure 2).

Confidence in the reliability of our ESI-MS results de-
rives from other control experiments performed on aqueous
solutions obtained by adding EC to α- and γ-CDs. Under
such conditions, no MS signal attributable to EC-CD in-
clusion complexes was eventually detected, in good agree-
ment with NMR spectra, which did not reveal any evidence
of complexation of EC with α- and γ-CDs. Such agreement
between NMR (solution) and ESI-MS (gas-phase) data for
EC-DIMEB complexes was, however, not observed in the
ESI-MS analysis of pure DIMEB samples. In fact, whereas
ESI-MS measurements showed the presence in the gas
phase of signals for mono- and double-charged pseudo-mo-
lecular ions attributable to a dimeric form of DIMEB (self-
association), 1H NMR experiments on samples containing
increasing (and high) amounts of DIMEB did not reveal
any concentration dependence for the chemical shifts of DI-
MEB’s protons. Because of the ionization mechanism, in-
source electrostatic aggregations of DIMEB could possibly
generate supramolecular clusters in the gas phase. Actually,
the existence of CD dimers in vacuo, recently suggested for
β-cyclodextrin from Molecular Dynamics calculations,[25]

seems to find here an experimental verification, at least
for DIMEB.

Solubility Investigations

Euplotin C can be considered an amphiphilic molecule
since it contains a ‘‘water-like’’ polarized part of the tri-
cyclic ring system defined by a peculiar 1�3�5�7 sequence
of electron-withdrawing oxygen atoms whereas the remain-
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ing part represents a hydrophobic moiety. It is therefore not
surprising that EC can give rise to micellar aggregates in
water, at least above its critical concentration (CMC). Thus,
while below CMC all dissolved euplotin C is monomeric,
above CMC the concentration of monomers remains low
and approximately constant. Although we did not measure
either the CMC value of euplotin C in aqueous solution or
the real size of its aggregates, clear-cut evidence of a micel-
lar phase came from 1H NMR spectra taken on aqueous
samples containing different euplotin C concentrations.
Since the molar absorptivity of EC at its maximum absorp-
tion (λmax. � 215 nm) is not changed by complexation, a
simple UV analysis showed that DIMEB is able to increase
the solubility of EC in water by three orders of magnitude,
until the solubility limit (1.40 m) of the 1:1 EC: DIMEB
complex itself is reached. In artificial seawater the complex
solubility is, however, significantly lower (0.85 m), as ex-
pected from the salting-out effect.

Molecular Mechanics Calculations

The distance of EC from the mean plane formed by the
linker oxygens in DIMEB is critical in the search for the
global minimum. As EC approaches DIMEB, the energy of
the system begins to decrease, but as EC moves deeper in-
side and away from the inclusion complex cavity (Figure 6),
the overall energy of the system begins to increase, reaching
the initial value given by summation of the EC and DIMEB
isolated strain energies. Since DIMEB does not have true
cylindrical symmetry, the conformational space around EC
must be widely sampled in order to find the real minimum
of the inclusion complex since a high number of rotamers
are expected to exist.

The calculated strain energies also depend on the orien-
tations of the methoxy and hydroxy groups in DIMEB and
on the torsional angles along the chain in EC. The total
expected number of all the possible combinations becomes
so high that it overwhelms any hope of explicit consider-
ation. In fact, in the present work only a single combination
of the group’s orientations has been considered and the
same initial conformation of DIMEB was used during each
minimization step. The binding energy obtained from the

Figure 6. MM3 computed minimum structures of EC (left) and of DIMEB (left). Hydrogen atoms are not drawn in DIMEB for the sake
of clarity. Dotted arrow (z-axis) represents the direction along which EC approaches the wider edge of the host torus
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difference between the two limiting situations � the first
having the side chain and the second having the ring system
of EC inserted from the wider rim of DIMEB � are 18.8
and 15.7 kcal/mol respectively, suggesting a significant pref-
erence (2.9 kcal/mol) for the former. Figure 7 presents the
minimized structure of the 1:1 complex, which nicely fits
the NMR spectroscopic data, showing that the EC guest is
inserted well into the DIMEB cavity.

Figure 7. MM3 computed minimum structures of EC-DIMEB 1:1
inclusion complex. Carbon atoms of EC are colored green to better
distinguish the guest from the host skeleton. The front part of DI-
MEB structure has been deleted for the sake of clarity

For the computational approach, we preferred to use mo-
lecular mechanics and not semi-empirical quantum mech-
anical methods since the former require less computational
resources than the latter and, more important, semi-empiri-
cal quantum mechanical calculations have not proven ad-
equate for cyclodextrin structures.[12]

Euplotin C Hydrolysis

As already described,[1c] EC undergoes rapid hydrolytic
degradation in mild basic conditions. On the other hand,
NMR measurements on the EC-DIMEB complex sug-
gested that these phenomena were somehow also operating
in a neutral aqueous medium. In order to understand
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whether EC degradation could be catalyzed (or inhibited)
to some extent by its inclusion in the cyclodextrin cavity, we
carried out kinetic investigations on both the EC-DIMEB
complex and on free EC aqueous solutions prepared at the
same initial EC concentration (0.15 m), using the LC-Pho-
todiode array (PDA)-MS/MS as probe technique.

Reversed-phase HPLC-UV-MS analysis of water solu-
tions (see Exp. Sect.) of the EC-DIMEB complex confirmed
the slow degradation of EC (Figure 8) already observed at
higher concentrations during NMR measurements, and al-
lowed identification of the end products (Scheme 2).

Figure 8. Time dependence of UV-detected EC (dotted line) and
of its hydrolysis products 2a�4a (solid line) during the degradation
of EC-DIMEB complex in water

Formation and fast disappearance of the chromato-
graphic peak with ESI-MS signals at m/z � 273 and attribu-
table to the parent ion [M � Na]� of the hemiacetal 2a,
were thus seen to be followed by the appearance, at shorter
retention times, of a series of partially resolved peaks at
m/z � 291, attributable to the parent ions [M � Na]� of
diastereoisomeric mixture 3a which was observed to grow

Scheme 2. Chemical transformations of 1 in water (X � H) and in deuterated water (X � D) solution
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continuously during the reaction course until the complete
disappearance of EC (detectable as the longest retention
time peak having ESI-MS signals at m/z � 315). In further
support of our mechanistic interpretation, when the EC-
DIMEB complex was dissolved in deuterated water, epim-
eric mixture 3b, whose retention time was the same as that
of 3a, but whose parent ion [M � Na]� was detected at
3 Da higher (m/z � 294), was detected. Although MS
analysis could not discriminate among all the possible iso-
meric forms of 3a or 3b in protic solvents, we are confident
in the proposed tricyclic ring structure since, during NMR
measurements on the EC-DIMEB complex carried out in
similar conditions, a large upfield shift of H-7 and H-15
resonances was observed. At room temperature the half-life
of complexed EC was roughly estimated to be 16 h from
the exponential decay of the EC signal as detected by
HPLC-PDA analysis (Figure 8). While the concentration of
mixture 3a was still increasing, more polar compounds 4a
appeared as a broad peak in the HPLC profile. Our pro-
posed structures 4a (and the corresponding 4b when using
D2O) for these compounds derived from NMR spectral
analysis of the EC-DIMEB complex taken two days after
its preparation. An upfield shift of the isopropylidene Me
protons and the disappearance of the olefinic proton on the
side-chain were indeed easily detected. Figure 8 also shows
the total integrated UV area versus the time of hydrolysis
for all the identified products 2a�4a.

In conclusion, therefore, three chemical processes seem
to operate during EC-DIMEB degradation: i) initial acetyl
cleavage affording 2a, ii) electrophilic water addition to the
activated vinyl ether double bond affording 3a and iii) elec-
trophilic water addition catalyzed by acetic acid present in
the reaction medium to the trisubstituted double bond of
the side chain leading to the end products 4a. While the first
two reactions occur with similar rate constants, the latter
is significantly slower and becomes significant only after
complete disappearance of EC. Open free aldehyde isomers
are expected to be labile intermediates playing an equili-
bration role among detectable hemiacetal intermediates.
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In order to establish the existence of an inhibitory (or

catalytic) effect of DIMEB on the kinetics of EC degra-
dation in water, we turned our attention to aqueous solu-
tions of EC alone. Kinetics measurements on these solu-
tions showed similar general features to those previously
observed for the EC-DIMEB complex (Figure 9). Since EC
is sparingly soluble in water, even at the low concentration
used in our experiment, it is mainly present in this solution
as molecular aggregates that can be only partially resized
by sonication. This explain the different detected value of
the EC area at the beginning of our measurements (about
500 mAU�s in Figure 9 compared with 1600 mAU�s in
Figure 8).

Figure 9. Time dependence of UV-detected EC (dotted line) and
of its hydrolysis products 2a�4a (solid line) during the degradation
of EC in water

Nevertheless EC hydrolysis provided the same products
2a�4a as observed for EC-DIMEB complex degradation
through faster processes with an estimated half-life of 7 h
at room temperature.

Micellar catalysis[26] seems to play a key role here. In gen-
eral terms, increasing the reactant (EC) concentration in the
micellar phase could lead to a considerable acceleration of
the hydrolysis reaction. Such distribution phase equilibria
play an important role in the overall hydrolytic process and
hinder the interpretation of kinetic data. Nevertheless, a
comprehensive kinetics study on these systems (changing
the boundary conditions and evaluating the relevant rate
parameters) is currently under investigation in our labora-
tory.

Conclusion

The inclusion complex between euplotin C and β-cyclo-
dextrin (or its derivatives) was fully characterized using 1D
and 2D NMR techniques and LC-ESI tandem MS meas-
urements. Stoichiometry, binding constants and the three-
dimensional structure of the 1:1 inclusion complex have
been determined but our data also suggests that, in solu-
tion, EC/DIMEB (1:2) stoichiometry cannot be ruled out
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even if its contribution is negligible at low DIMEB/EC ra-
tios. Furthermore, the present study highlights the increased
solubility and the increased chemical stabilization from hy-
drolysis of EC-DIMEB complexes compared with free EC,
suggesting that these complexes can be used in the next bio-
logical tests as reliable EC sources, avoiding the use of or-
ganic solvents (such as DMSO[1�3]) as the carrier agent for
such hydrophobic compounds in the biotests.

Experimental Section

Materials: Heptakis(2,6-di-O-methyl)-β-cyclodextrin (DIMEB)
from Sigma�Aldrich was used without further purification. Merck
deuterium oxide (D2O, 99.9%) and Merck deuterated methanol
(CD3OD, 99.95%) were used as NMR solvents. All the HPLC sol-
vents were purchased from Riedel de Haën. For NMR experiments,
DIMEB was subject to preliminary deuterium exchange by re-
peated evaporations of its D2O solutions. Deuterated ammonium
acetate (CH3COO�ND4

�), was obtained by repeated D2O ex-
change from ammonium acetate (Merck) and used for preparing
buffer solutions. Flash chromatography (FC): Merck Kieselgel Si-
60 15�25 µm. HPLC: Reversed-phase HPLC: Agilent Zorbax
Eclipse XDB-C18 150 � 4.6 mm (3.5µm) or Merck LiChrosphere
RP-18 250 � 10 mm (7 µm). TLC: Merck Kieselgel 60.

E. crassus cells (strain SSt22) harvested from mass cultures were
closely packed forming pellets by centrifugation. The pellets were
suspended in absolute ethanol, but the culture fluid was discarded
because it did not contain any sesquiterpenes. Since the attempt
to improve sesquiterpene extraction by breaking cell walls using
sonication was unsuccessful, cell suspensions were filtered, the al-
coholic filtrate evaporated and the residue partitioned between n-
hexane/ethyl acetate (8:2) and H2O. The organic extract was
worked up to obtain pure euplotins and preuplotin by initial flash
chromatography on Si60 (20�40 µm) collecting 17 fractions
(40 mL) and using n-hexane/ethyl acetate gradient elution. Frac-
tions of interest (tested on TLC Si60) were finally purified with an
HPLC Merck�Hitachi L6200 pump and an L3000 Photo Diode
Array (PDA) detector system using a Merck LiChrosphere Si60,
250 � 10, 5 µm column. The mobile phase was n-hexane/ethyl acet-
ate 97/3 and the detector wavelength λ � 215 nm. From 15.0 mL
of cell pellet of E. crassus strain SSt22 we obtained 17 mg of pure
EC (1).

The EC-DIMEB complex was obtained by adding 5 mL of
22.6 m DIMEB aq. solution to an equimolar amount of dry EC,
prepared by evaporation from its mother solution (stored in n-hex-
ane at �20 °C before use). The incipient emulsion was then stirred
for 30 min at 40 °C and sonicated for 30 min. Complex formation
was indicated by the precipitation of a white solid which was iso-
lated by filtration, washed with distilled water and dried under vac-
uum by variable pressure cycles in a vacuum chamber connected
to a rotary pump.

Methods: NMR spectra (gCOSY, 1D TOCSY, 2D ROESY) were
recorded in D2O buffered solution (CH3COOND4 0.8 m) with a
Varian Inova 600 spectrometer operating at 599.686 MHz for 1H
using a 5-mm broadband inverse probe with z-axis gradient. 1H
NMR spectra for titrations and the continuous variation method
were recorded in D2O/CH3COOND4 (0.8 m) with a Varian XL-
300 spectrometer operating at 299.909 MHz for 1H. Chemical shifts
are referenced to TMS using the residual water signal at δ �

4.72 ppm. All NMR spectra were recorded at 25.4 � 0.1 °C.
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Proton gCOSY 2D spectra were recorded in the absolute value
mode acquiring eight scans with a 2-s relaxation delay between
acquisitions for each of 128 FIDs. The 1H 90° pulse width was 8.3
µs. Proton 1D TOCSY spectra were recorded using selective pulses
generated by means of the Varian Pandora Software. Selective 1D
TOCSY spectra were acquired with 256�512 scans in 32 K data
points with a relaxation delay of 2 s and a mixing time of 80 ms.
2D ROESY spectra were recorded in phase-sensitive mode, em-
ploying a mixing time of 0.6 s. The spectral width used was the
minimum required in both dimensions. Pulse delay was maintained
at 2 s; 256 hypercomplex increments of eight scans and 2 k data
points each were collected. The data matrix was zero-filled to 2 k
� 1 k and a Gaussian function was applied for processing in
both dimensions.

NMR titration measurements for the Job plot were taken on 12
samples all containing 1 µmol of total EC � DIMEB; this was
obtained by appropriate additions into the corresponding 5-mm
NMR tubes of increasing amounts of EC (evaporated before use
from the 3.4 m mother n-hexane solution) and decreasing
amounts of DIMEB (taken from a 17.1 m D2O mother solution);
the same amount (1.0 µmol) of the buffer solution, 0.8 m

CH3COOND4, was finally added and the final volume in the NMR
tubes was adjusted to 600 µL by different D2O volumetric aliquots.
Every sample was sonicated for at least 30 min before spectrum ac-
quisition.

NMR titration was made on 13 samples containing 0.86 µmol of
DIMEB and increasing amounts of EC (0�1.28 µmol) in 600 µL of
D2O/CH3COOND4 (0.8 m) prepared as above. All samples were
sonicated for at least 30 min before acquiring spectra.

NMR spectroscopic data were then analyzed with non-linear
analysis program HYP NMR spectroscopy.[18]

LC-MS analysis was performed on a Hewlett�Packard Series 1100
liquid chromatograph coupled to a Bruker Esquire-LCTM ion trap
mass spectrometer equipped with an atmospheric pressure ESI in-
terface. A Rheodyne 7725 (Cotati, CA, U.S.A.) injection valve
equipped with a 20-µL internal loop was used for the injections.
The PDA (Photo Diode-Array) detector (HP Series 1100) was set
at a wavelength of 215 nm, and a 7:3 split of the column effluent
was used to achieve a flow rate of 300 µL/min into the ESI source.

Samples (0.6 m aqueous solution containing equimolar amounts
of EC and DIMEB) were directly infused at a flow rate of 2 µL/
min into the ESI source set in positive-ion mode detection with a
voltage of 4000 V, scan range 100�2000 m/z and nebulizer gas
pressure at 20 psi; high-purity nitrogen was used also as a dry gas,
at a constant flow rate of 4 L/min and heated to 200 °C.

Kinetics measurements were performed by HPLC/PDA/ESI-MS
under the following conditions: Agilent Zorbax Eclipse XDB-C18
4.6 � 150 mm, 3.5 µm, column CH3CN/H2O 7:3, flow 0.5 or
0.9 mL/min, split UV/MS 7:3, UV range 200�350 nm, detection at
215 nm. MS conditions: source temp. 300 °C, nebulizing gas N2

4 L/min, positive ion mode, ISV 4 kV, OV 52V, scan range
100�2000 m/z.

Twenty 0.15 m aq. solutions of EC, without and with DIMEB,
were prepared (all at the same time and sonicated before every
analysis) and then the same aliquot (20 µL, 0.8 µg of total EC on
the column) at appropriate time intervals was injected in RP18
HPLC to obtain both UV and MS profiles. The EC molar concen-
tration in all performed analyses was established by the appropriate
calibration curve (UV detected peak area) vs [EC], whereas the
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ESI-MS profile was used as a qualitative probe for reaction moni-
toring.

Molecular Mechanics calculations were done using the PCMO-
DEL 7.0 program (Serena Software) using the MM3(96) force field.
Preliminary minimized structures for EC and DIMEB were ob-
tained on their input structures; they were then optimized by full
conformational search around the rotatable bonds using the
GMMX program. The minimum conformation of EC and DIMEB
was finally minimized by the MM3 force field and the correspond-
ing structures were used in the subsequent calculations. Orientation
of the guest entering the larger side of the cavity, depth of penetra-
tion and rotational orientation of the guest with respect to the
plane of the host’s glucose residues were then evaluated by MM3
calculations. For the first variable, the guest was initially placed at
a distance of 17 Å from the mean plane of the linkage oxygen
atoms. It was centered on a vector normal to that mean plane, and
was moved in decreasing increments with the side chain towards
the center of the cavity. The same procedure was then followed with
the tricyclic system entering the cavity. Once the guest began to
penetrate the host, increments were reduced, allowing the guest to
go more slowly through the cavity. Then increments were increased
and the guest moved away from the host to 17 Å beyond the plane
of the linkage oxygens. Calculations were also performed without
distance constraints: putting EC and DIMEB at a suitable initial
geometrical disposition (with the EC side chain perpendicular to
the mean plane of the acetal oxygen atoms), the system was allowed
to reach the final minimum energy.
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