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Abstract—Two metabolites, the known antitumor macrolide hypothemycin 1 and its new 5 0-O-methyl ether, 5 0-O-methylhypothemycin
2, and the known steroid ergosterol 3, were isolated from a Phoma sp. The structures were elucidated by means of spectroscopic data
analysis, and the absolute configuration of hypothemycin 1 was confirmed by single crystal X-ray analysis in combination with the
new solid-state CD/TDDFT methodology. Since the solid-state CD spectrum shows contributions from intermolecular interactions in
the crystal, 1 represents a critical test case for our solid-state CD/TDDFT approach.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Hypothemycin is a 14-membered b-resorcylic acid macro-
lactone which has been isolated from the fungal fermenta-
tions of Hypomyces trichothecoides,2,3 Hypomyces
subiculosis,4 Coriolus versicolor,5 and Aigialus parvus.6

The macrolide exhibited moderate antimalarial and anti-
fungal activity, as well as cytotoxicity against various mur-
ine and human cell lines.5,7 It has also been demonstrated
to suppress the growth of murine and human tumor cells
transplanted into the backs of mice.8 Both in vitro and
in vivo studies by Zhao et al.9 and Schirmer et al.7 have
identified hypothemycin as a potent and selective inhibitor
of the threonine/tyrosine-specific kinase, MEK, and other
protein kinases that contain a conserved cysteine residue
in their ATP binding site. Since many of these kinases play
an important role in signal transduction pathways that reg-
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ulate cell proliferation, cell differentiation, and apopto-
sis,10–12 their aberrant activation can lead to uncontrolled
cell proliferation and transformation.13 Hence, compounds
that are specific inhibitors of these target proteins are
promising candidates as anticancer agents. Due to the bio-
logical importance of the molecule, two independent syn-
theses have recently been published.14,15 In a series of
preliminary screenings, the culture extract of Phoma sp.
displayed excellent fungicidal activity, particularly against
Phytophthora infestans, as well as moderate algicidal, anti-
bacterial, antialgal, and herbicidal activities. To obtain pre-
liminary structural information on the active constituents,
the ethyl acetate extract of the fungal cultivation was sub-
jected to column chromatography. We isolated three
metabolites, the known macrolide, hypothemycin 1, a
new hypothemycin analogue, 5 0-O-methylhypothemycin
2, and the known steroid ergosterol 3. The absolute config-
uration of hypothemycin 1 had been tentatively determined
by X-ray analysis using anomalous dispersion of oxygen
atoms,5 and then by X-ray analysis of an aigialomycin
C4-bromobenzoyl derivative, chemically correlated to
hypothemycin.6 Later, the absolute configuration was also
confirmed by stereospecific total synthesis of 1.14,15 Having
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independently determined the relative configuration of 1 by
X-ray analysis, we applied our solid state CD/TDDFT
methodology1,16–18 to test the new procedure on a molecule
endowed, from our perspective, with two interesting prop-
erties. First, the 14-membered ring may be expected to be
rather conformationally flexible. In such a case, the con-
ventional approach referring to the solution state requires
the entire set of CD spectra from all conformations to be
computed by TDDFT19,20 or other quantum mechanical
methods,21,22 weighted by the Boltzmann procedure, and
then compared with the solution CD spectrum.23 In con-
trast, in our solid-state CD/TDDFT approach, the Carte-
sian coordinates of the X-ray data serve as input
geometry for TDDFT calculation of the theoretical CD
spectrum, which is then compared with the CD spectrum
recorded in the solid state. In this way, the whole confor-
mational search step is skipped and any geometrical uncer-
tainty avoided. Moreover, theoretical and experimental
spectra are expected to give a good match,1,16–18 since the
calculated and the experimentally acquired data are
derived from the very same single conformation of the solid
state. This approach was first introduced by some of us
employing semi-empirical calculations of CD spectra,16

and later improved by switching to TDDFT calculations
which greatly broadened the scope of this method.1,17,18

The main prerequisite for the application of the present
approach is that the solid-state CD be essentially of a
molecular origin, since the calculation is run on a single
molecule. Therefore, CD effects intrinsic to the solid state
must be negligible, which may arise, for example, from
intermolecular couplings between molecules tightly packed
in the crystal.24,25 The analysis of hypothemycin 1 thus
offers the possibility to test the validity of the method in
the presence of strong chromophores such as b-resorcylate,
which in principle may give efficient couplings of the
exciton and/or of the magnetic–electric types,26 potentially
limiting our CD/TDDFT approach.
Figure 2. Molecular structure of hypothemycin 1 in the crystal.
2. Results and discussion

The endophytic fungus Phoma sp. (internal strain no. 7133)
was isolated from Senecio kleinii from Gomera (Spain) and
cultivated at room temperature on biomalt solid agar med-
ium for 28 days. The 4 L culture medium was then
extracted with ethyl acetate to afford 4.3 g of a crude
extract. The crude extract of Phoma sp. showed excellent
fungicidal activity, particularly against Phytophthora, as
well as moderate algicidal, antibacterial, antialgal, and
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Figure 1. Structures of compounds isolated from Phoma sp.
herbicidal activities. Column chromatography on silica
gel of the fungal ethyl acetate extract led to the isolation
of three metabolites, 1–3.

Hypothemycin 1 (Fig. 1), molecular formula C19H22O8,
showed maxima in the UV spectrum near 220, 265, and
307 nm, typical of the 4-methoxy, resorcylic acid lactone
macrolide chromophore present in the radicicol deriva-
tives.3 The IR spectrum showed the presence of a highly
chelated lactone carbonyl peak at 1620 cm�1. Comparison
of the 1H and 13C NMR spectroscopic data of 1 with those
of hypothemycin, a macrolide previously isolated from
Coriolus versicolor,5 proved the identity of the compounds.
The structure of hypothemycin 1 was further confirmed by
X-ray diffraction analysis of a single crystal obtained from
EtOAc and n-hexane (Fig. 2). As the atomic coordinates
derived by Agatsuma et al.5 are not available from the
CCDC database, we have deposited our data therein.27

The solution and solid-state CD spectra of hypothemycin 1
were very similar (Fig. 3), although some differences
emerged. In the solid-state CD spectra recorded as KCl
or KBr disc, a new negative CD transition appeared at
226 nm, and three transitions were observed above
285 nm instead of the 305 nm trough and 333 nm peak of
the solution CD spectrum. The individual solid-state CD
spectra were obtained as the average of four slightly differ-
ent CD spectra recorded with 90� rotation of the KCl or
ergosterol  3
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Figure 3. Measured CD spectra of hypothemycin 1 in acetonitrile (solid
line), as KCl disc (dotted line) and as KBr disc (dashed line).
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KBr disc. The KCl solid-state CD spectrum could be well
reproduced with a new disc; a change in the ratio of the
sample and KCl affected only the intensities of the transi-
tions, but not the wavelength positions of the maxima.
Moreover, the solid-state CD spectra recorded as KCl
and KBr disc were practically the same. These results
allowed us to exclude the artifacts of the disc as a reason
for the observed differences between the solution and
solid-state CD spectra. Their origin must therefore be
sought in either conformational differences or in effects
intrinsic to the crystalline state; the following computa-
tional investigation demonstrates that these two sources
are both feasible and probably concurrent.

A thorough conformational search was carried out on 1
with molecular mechanics MMFF and semi-empirical
AM1 methods. Surprisingly, a very restricted number of
low-energy minima was found. In particular, with AM1,
a distinctive absolute minimum was isolated (1A in Figure
4, plus the rotamer with 4-methoxy flipped by 180�); the
second minimum had +1.7 kcal/mol energy (1B, plus the
4-methoxy rotamer), while other minima had energies
above 2.5 kcal/mol and were not considered. Apparently,
Figure 4. Comparison between the solid-state geometry of hypothemycin 1ss

Hydrogens removed for clarity.
the presence of many unsaturations and especially of the
cis-double bond within the large macrocycle provides an
unexpected rigidity. However, a clear-cut conformational
picture in solution could not be gained at the present level
of investigation. First, simple NMR data such as vicinal
1H–1H J-coupling constants were insufficient to discrimi-
nate between the quite different structures 1A and 1B, for
which the measurement of heteronuclear couplings proba-
bly would be necessary. Second, the AM1 absolute mini-
mum 1A is also slightly different from the crystal
structure 1ss (Fig. 4): the root-mean-square deviation for
heavy atoms is 0.74 Å. Thus, although the situation emerg-
ing from conformational searches is less complicated than
expected, employing the solid-state geometry for the CD
calculation was still useful for resolving the residual struc-
tural ambiguity.

Figure 5a shows CD spectra calculated on the solid-state
geometry, (1 0R,2 0R,4 0S,5 0S,10 0S)-absolute configuration,
with the B3LYP/TZVP method and different values for
the Gaussian band-width r, used to generate full CD spec-
tra from the computed rotational strengths. A second DFT
functional, PBE0, gave consistent results.28 Comparison
with the solid-state experimental spectrum (Fig. 5b) reveals
good agreement over a large part of the measured wave-
length range; thus, the absolute configuration of hypothe-
mycin 1 is independently confirmed as above. Even in the
presence of the b-resorcylate chromophore, the application
of our solid-state TDDFT/CD approach remains practical
(another example involving strong chromophores may be
found in the literature17).

Clear discrepancies are observed between computed and
solid-state experimental spectra only in the two regions
(I and II in Fig. 5b) around 285 nm (negative instead of
positive band, independent of r) and 220 nm (trough
instead of negative minimum, if r > 2700 cm�1). In our
opinion, these discrepancies should not be ascribed to com-
putational inaccuracy. In fact, the first 17 transitions
responsible for the CD spectrum above 200 nm all involve
virtual orbitals with negative eigenvalues and have energies
within 5.92 eV, below the estimated ionization potential of
6.23 eV. These two criteria29 usually ensure an accurate
and AM1-computed minima (1A: absolute minimum; 1B: +1.7 kcal/mol).
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Figure 5. (a) TDDFT-calculated CD spectra for (1 0R,2 0R,4 0S,5 0S,10 0S)-
hypothemycin 1, using the solid-state geometry and B3LYP/TZVP
method; vertical bars represent rotational strengths R. The three curves
were generated with different values of the Gaussian band-width r. (b)
Comparison between experimental and calculated spectra.
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estimation of electronic excitations and rotational strengths
with TDDFT.1,16–18 Instead, we noticed that in the regions
of discrepancy I and II (Fig. 5b), the computed spectra
more closely resemble the experimental solution CD than
the solid-state one, despite the fact that the solid-state
structure was used as input in the calculations. We realized
that transitions no. 4 and no. 13, which fall in these regions,
are both of aromatic p–p* character. In general, p–p* tran-
sitions of aromatic chromophores, endowed with large di-
pole strengths (computed oscillator strengths f for no. 4
and no. 13 are 0.15 and 0.10, respectively), may give rise
to non-negligible intermolecular interactions if two or more
molecules are brought sufficiently close to each other. The
crystal unit cell of 1 comprises four distinct molecules,
two of which are arranged with aromatic rings lying very
close to each other (center-to-center distance 6.9 Å; shortest
distance 3.9 Å, between two oxygen atoms O5� � �O6). We
therefore infer that the differences between calculated and
experimental solid-state CD spectra around 220 and
285 nm are due to intermolecular couplings; similarly, we
ascribe the differences seen between the experimental spec-
tra (Fig. 3) in the corresponding regions mainly to the same
source, although conformational differences may also play
some role.

In conclusion, we consider compound 1 as a borderline
case for our solid-state CD/TDDFT approach: assignment
of the absolute configuration is still unambiguously feasi-
ble; however, the presence of chromophoric systems such
as that in 1, or stronger, must alert us to spectral features
possibly deviating from the computations.

Compound 2 has the molecular formula C20H24O8 as
deduced from HREIMS and 13C NMR spectroscopic data.
The 1D (1H, 13C/DEPT) NMR spectra of 2 (see Section 4)
are similar to those of hypothemycin 1, except for the pres-
ence of signals for an additional methyl group at d 3.36 in
1H NMR and 58.8 in 13C NMR. The 2D (COSY, HMQC,
HMBC) NMR data allowed the unambiguous assignment
of all carbon atoms as shown in structure 2. In particular,
the position of the methyl group at 5 0-OH was deduced by
the correlation of the signal at d = 3.36 ppm to C-5 0. There-
fore, the structure of 2 was determined to be 5 0-O-methyl-
hypothemycin. On the basis of the specific rotation value
similar to that of 1 (see Section 4) and on biosynthetic
considerations, the absolute configuration may be similarly
assigned as (1 0R,2 0R,4 0S,5 0S,10 0S)-2. The known steroid
ergosterol 3 was identified by comparison with published
data.30
3. Conclusion

In conclusion, the absolute configuration of hypothemycin
1 was assigned by means of our solid-state CD/TDDFT
approach, that is, by comparing the CD spectrum recorded
in the solid state with that computed with the TDDFT
method at the B3LYP/TZVP level. In addition, the family
of the resorcylic acid macrolactones was enlarged by new
5 0-O-methylhypothemycin 2. The intermolecular interac-
tions of various chromophoric units in the crystals of 1
were recognized as being responsible for the minor discrep-
ancies observed between experimental CD spectra and cal-
culated ones (on a single molecule). Thus far, the presence
of such strong chromophoric systems has not hampered the
application of our approach for absolute configurational
assignments; however, it must always be considered as a
potential source of spectral features impossible to predict
by single molecule calculations.
4. Experimental

For general methods and instrumentation see the litera-
ture31 and for microbiological methods and conditions of
culture see the literature.32,33 Melting points were deter-
mined with a Gallenkamp micro-melting point apparatus
and are uncorrected. NMR spectra were run with a Bruker
Avance-500 NMR spectrometer with TMS as internal stan-
dard. EIMS data were obtained with a MAT 8200 mass
spectrometer. The CD spectra were recorded on a J-810
spectropolarimeter. For the solid-state CD protocol, see
lit.17
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4.1. Extraction and isolation

The endophytic fungus Phoma sp., internal strain no. 7133,
was isolated from Senecio kleinii from Gomera and culti-
vated on 4 L of 5% w/v biomalt solid agar medium at room
temperature for 28 days. The culture media were then
extracted with ethyl acetate to afford 4.3 g of a residue after
removal of the solvent under reduced pressure. The extract
was separated into three fractions by column chromatogra-
phy (CC) on silica gel (170 g), using gradients of n-hexane/
ethyl acetate (90:10, 50:50, 0:100). The polar fraction (frac-
tion 4) eluted with n-hexane–ethyl acetate (2:1) to give
crude compound 1 and pure compound 2 (4.5 mg). Crude
compound 1 was then recrystallized from n-hexane–ethyl
acetate to give the pure natural product 1 (30 mg). Fraction
3 was separated by CC on silica gel with n-hexane–ethyl
acetate (8.5:1.5) to give compound 3 (14 mg).

4.2. Hypothemycin 1

Colorless crystals, mp 174 �C (lit.2 173–174 �C, lit.6

170–172 �C); ½a�20
D ¼ þ18 (c 0.50, CHCl3) {lit.5 ½a�24

D ¼
þ17:4 (c 0.50, CHCl3), lit.6 ½a�25

D ¼ þ18 (c 0.50, CHCl3)};
UV solvent kmax, nm (log e): 307, 265, 220; CD (MeCN,
c = 4.14 · 10�4) k (De) = 333 (0.92), 305 (�1.89), 261
(�10.94), 234 (9.20), 213 (24.51). CD (KCl) k (mdeg):
342 (1.44), 323 (�0.86), 299 (1.38), 263 (�8.94), 237
(5.46), 225 (�2.50), 209 (15.16). CD (KBr) k (mdeg): 338
(1.32), 317 (�1.03), 294 (0.59), 264 (�8.92), 237 (5.32),
227 (�1.84). IR mmax (CHCl3): 3340, 1690, 1650, 1620,
1580; 1H NMR (500 MHz, CDCl3): d 12.1 (s, 1H, 2-OH),
6.43 (d, J = 2.0 Hz, 1H, H-5), 6.41 (d, J = 2.0 Hz, 1H, H-
3), 6.40 (d, J = 11.2 Hz, 1H, H-7 0), 6.23 (ddd, J = 11.2,
6.6, 4.4, Hz, 1H, H-8 0), 5.61 (m, 1H, H-10 0), 4.60 (d,
J = 4.5 Hz, 1H, H-5 0), 4.40 (d, J = 1.7 Hz, 1H, H-1 0),
4.04 (m, 1H, H-4 0), 3.80 (s, 3H, 4-OCH3), 3.01 (ddd,
J = 16.2, 11.4, 11.4 Hz, 1H, H-9 0a), 2.93 (dd, J = 9.2,
1.7 Hz, 1H, H-2 0), 2.56 (ddd, J = 16.2, 2.7, 2.2 Hz, 1H,
H-9 0b), 1.87 (dd, J = 15.1, 9.2 Hz, 1H, H-3 0a), 1.48 (d,
J = 6.6 Hz, 3H, CH3-10 0), 1.13 (dd, J = 15.1, 9.2 Hz, 1H,
H-3 0a); 13C NMR (125 MHz, CDCl3): d 197.2 (C-6 0),
170.8 (COO), 165.6 (C-4), 165.0 (C-2), 143.6 (C-8 0), 141.9
(C-6), 129.3 (C-7 0), 104.4 (C-1), 104.1 (C-5), 80.9 (C-5 0),
71.1 (C-4 0), 71.0 (C-10 0), 62.5 (C-2 0), 59.0 (C-1 0), 55.5 (4-
OCH3), 37.8 (C-9 0), 34.9 (C-3 0), 19.0 (10 0-CH3); HREIMS:
m/z 378.1291 (Calcd. 378.1315 for C19H22O8).

4.3. 5 0-O-Methylhypothemycin 2

Colorless crystals, mp 161–162 �C; ½a�20
D ¼ þ21:0 (c 0.50,

CHCl3, 5% CH3OH); UV kmax, nm (log e): 307, 265, 220;
IR mmax (CHCl3): 3330, 1685, 1650, 1620, 1580; 1H NMR
(500 MHz, CDCl3 + CD3OD): d 6.30 (d, J = 2.1 Hz, 1H,
H-5), 6.28 (d, J = 2.1 Hz, 1H, H-3), 6.26 (d, J = 11.2 Hz,
1H, H-7 0), 6.04 (ddd, J = 11.2, 6.5, 4.3 Hz, 1H, H-8 0),
5.41 (m, 1H, H-10 0), 4.31 (d, J = 1.7 Hz, 1H, H-1 0), 4.10
(d, J = 4.5 Hz, 1H, H-5 0), 3.93 (m, 1H, H-4 0), 3.80 (s, 3H,
4-OCH3), 3.96 (ddd, J = 16.2, 11.4, 11.4 Hz, 1H, H-9 0a),
3.36 (s, 3H, 5 0-OCH3), 2.76 (dd, J = 9.2, 1.7 Hz,1H, H-
2 0), 2.50 (ddd, J = 16.2, 2.7, 2.2 Hz, 1H, H-9 0b), 1.81 (dd,
J = 15.3, 9.1 Hz, 1H, H-3 0a), 1.32 (d, J = 6.5 Hz, 3H,
CH3-10 0), 1.03 (dd, J = 15.3, 9.1 Hz, 1H, H-3 0a); 13C
NMR (125 MHz, CDCl3 + CD3OD): d 199.9 (C-6 0),
171.1 (COO), 165.5 (C-4), 165.0 (C-2), 143.9 (C-8 0), 142.2
(C-6), 127.5 (C-7 0), 104.1 (C-5), 103.9 (C-1), 90.4 (C-5 0),
73.4 (C-10 0), 71.1 (C-4 0), 62.5 (C-2 0), 56.2 (C-1 0), 58.8 (5 0-
OCH3), 55.4 (4-OCH3), 36.5 (C-9 0), 33.8 (C-3 0), 19.0 (10 0-
CH3); HREIMS: m/z 392.1461 (Calcd. 392.1471 for
C20H24O8).
4.4. Computational section

MMFF conformational searches were run with the Monte-
Carlo algorithm included in the Spartan’06 program
(Wavefunction, Inc., Irvine CA, 2006), using default
parameters and convergence criteria. AM1 geometry opti-
mizations were run on all conformers obtained through
MMFF conformational search within 10 kcal/mol.

DFT and TDDFT calculations were run with the Gauss-
ian’03 program (Gaussian, Inc., Pittsburgh PA, 2003).
The input geometry for TDDFT calculations was obtained
from the solid-state structure upon re-optimization of the
H-atoms’ positions with DFT method at B3LYP/6-
31G(d) level. TDDFT calculations were executed employ-
ing the hybrid functionals B3LYP and PBE0 (PBE1PBE),
and Ahlrich’s TZVP basis sets.28

CD spectra were generated using rotational strengths com-
puted with dipole-length gauge formulation21,34 to which a
Gaussian band-shape was applied with a fixed half-height
width between 2500 and 3650 cm�1. Rotational strengths
computed with dipole-velocity gauge formulation differed
from dipole-length values by less than 15% for most
transitions.
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