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Puupehanol (1), a new sesquiterpene-dihydroquinone derivative, was isolated from the marine sponge
Hyrtios sp., along with the known compounds puupehenone (2) and chloropuupehenone (3) that are
responsible for the antifungal activity observed in the extract. The structure of 1 was established as
(20R,21R)-21-hydroxy-20,21-dihydropuupehenone by extensive spectroscopic and computational meth-
ods. Compound 2 exhibited potent activity against Cryptococcus neoformans and Candida krusei with MFCs
of 1.25 and 2.50 lg/mL, respectively.

� 2009 Elsevier Ltd. All rights reserved.
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In our continued search for antifungal agents from natural
sources,1 we observed that the organic extract of an unidentified
Hyrtios species from the National Cancer Institute Open Repository
exhibited potent in vitro antifungal activity (IC50 of 5.0 lg/mL
against Cryptococcus neoformans). We thus conducted bioassay-
guided fractionation of the extract, leading to the isolation of
puupehenone (2) and chloropuupehenone (3) that are the active
constituents responsible for the observed antifungal activity and
a new puupehenone derivative, puupehanol (1). Herein we report
the isolation and structure elucidation of this new compound
and the antifungal activity of compounds 2 and 3. The utility of
the theoretical calculation of electronic circular dichroism (ECD)
spectra using the time dependent density functional theory meth-
od (TDDFT)2 in determining the absolute configuration of com-
pound 1 is illustrated.

The organic extract of Hyrtios sp.3 (3.2 g) was chromatographed
on silica gel using stepwise gradient elution (hexanes–EtOAc from
10:1 to 1:1) and finally with MeOH to afford 12 pooled fractions
(A–M) according to TLC. The activity was located in fraction G
(242.8 mg, IC50, 3.0 lg/mL against C. neoformans), which was chro-
matographed on reversed-phase silica gel (RP-18) using 85%
MeOH�H2O to yield puupehenone (2, 77.4 mg)4,5 and chloro-
puupehenone (3, 11.4 mg)4,5 that were identified by comparison
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of their NMR and ESIMS data with reported data. In addition, frac-
tion D (106.1 mg; IC50 >20 lg/mL against C. neoformans) was sub-
jected to reversed-phase silica gel (RP-18) chromatography using
75% MeOH�H2O to afford a new compound, which was designated
as puupehanol (1, 4.0 mg) (Fig. 1).6

The molecular formula of compound 1 was determined as
C21H30O4 from the positive-ion HRESIMS at m/z 347.2266
([M+H]+) and the 13C NMR spectrum displaying 21 resonances.
The DEPT NMR spectrum permitted identification of four methyls,
five methylene, six methine, and six quaternary carbons. The IR
spectrum indicated the presence of hydroxy (3403 cm�1) and
a,b-conjugated carbonyl (1637 cm�1) groups. The 1H and 13C
NMR spectra (Table 1) showed similarities to those of puupehe-
2 H
3 Cl

1

Figure 1. Structures of compounds 1–3.
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Table 1
NMR data of compound 1 in CDCl3 (d, ppm)a

Position dC, mult. dH (J in Hz) HMBC ROESY

1 39.9 t 1.15 (1H, a) C-10 H-2, 5, 9
1.78 (1H, b, d, 12.5) H-14, 15

2 18.2 t 1.52 (2H) C-10 H-1a
3 41.7 t 1.41 (1H, a) C-11 H-11

1.43 (1H, b) H-12
4 33.3 s
5 54.0 d 0.94 (1H) C-12 H-1a, 9
6 18.4 t 1.53 (2H) C-7, 8, 10 H-6a, 13
7 39.4 t 2.16 (1H, d, 13.5, a) C-8 H-6, 13

1.52 (1H, b) H-12, 14
8 78.7 s
9 54.5 d 1.96 (1H, d, 6.4) C-1, 14, 15, 16 H-1a, 5, 13, 15

10 40.1 s
11 33.7 q 0.89 (3H, s) C-3, 4, 5, 12 H-3a
12 21.9 q 0.83 (3H, s) C-3, 4, 5, 11 H-3b, 7b
13 28.5 q 1.20 (3H, s) C-7, 8, 9 H-6, 7a, 9
14 14.9 q 0.88 (3H, s) C-1, 9, 10 H-1b, 7b
15 137.9 d 6.58 (1H, d, 7.0) C-8,17, 21 H-1b, 9, 21
16 130.2 s
17 165.8 s
18 104.0 d 5.53 (1H, s) C-16, 17, 20
19 196.0 s
20 73.3 d 4.22 (1H, d, 4.0) C-19 H-21
21 69.5 d 4.69 (1H, d, 4.0) C-15, 16, 17, 19, 20 H-15, 20

a Data recorded at 500 MHz for 1H NMR and 125 MHz for 13C NMR. Assignments were based on DEPT and 2D NMR including DQF-COSY, HMQC, HMBC, and ROESY. Well-
resolved couplings are expressed with coupling patterns and coupling constants in Hz in parentheses. Some geminal protons were denoted as a or b based on NOE evidence.

Figure 2. Optimized geometries of compound 1 at the B3LYP/6-31G** level in the
gas phase.
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none (2). In particular, the four methyl singlets at d 0.83, 0.88, 0.89,
and 1.20 (3H each, s) were indicative of the sesquiterpene skeleton
of a puupehenone derivative.4,5 However, there were only two ole-
finic hydrogens at d 6.58 (d, J = 7.0 Hz) and 5.53 (s) that correlated
with the carbons at d 137.9 (d, C-15) and 104.0 (d, C-18), respec-
tively, in the HMQC spectrum of 1. Two coupled methine hydro-
gens (DQF-COSY) in the downfield region at d 4.22 (d, J = 4.0 Hz)
and 4.69 (d, J = 4.0 Hz) correlated with the carbons at d 73.3 (d,
C-20) and 69.5 (d, C-21), respectively, in the HMQC spectrum. This
indicated that 1 lacks one double bond but possesses an additional
hydroxy group at C-21 in the structural framework compared to 2.
The long-range correlations from H-21 to C-15, C-16, C-17, C-19,
and C-20 and H-20 to C-19 in the HMBC spectrum confirmed the
placement of the hydroxy group at C-21, which was further sup-
ported by a correlation between H-21 and H-15 observed in the
ROESY spectrum of 1. The detailed HMBC and ROESY correlations
for compound 1 are shown in Table 1. The two hydroxy groups
are likely cis-oriented since a relatively small coupling constant
(J = 4 Hz) and a strong NOE correlation were observed between
H-20 and H-21. The magnitude of this coupling constant is consis-
tent with those reported for the 1,2-cis-dihydroxycyclohexenone
system (J = 3.1 Hz).7 If the two hydroxy groups were trans-oriented
in 1, both would be equatorially disposed resulting in a large
coupling constant (>7 Hz) between the axially-arranged H-20 and
H-21. Assuming the absolute configuration of the sesquiterpene
moiety of 1 is the same as that of 2,8 the absolute configuration
of C-20 and C-21 still cannot be determined by the NOE correlation
between H-15 and H-21 since this NOE may be indicative of either
a- or b-orientations of the C-20 and C-21 hydroxy groups. Thus, we
took recourse to the experimentally and theoretically calculated
ECD to address this challenging issue, similar to our protocol appli-
cable to the determination of the absolute configuration of several
classes of natural products.9

The arbitrarily assigned (5S,8S,9R,10S,20R,21R) absolute config-
uration indicated for 1 was used as starting point for our ECD stud-
ies. A systematic conformational search of this relatively rigid
molecule was carried out via Monte-Carlo random searching in
the SYBYL 8.0 program using an MMFF94 Molecular Mechanics
force-field calculation. The starting conformation was based on
the known chair/chair conformations of the A/B-rings of the
sesquiterpenoid moiety in compound 2 adumbrated by X-ray
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crystallographic data4 and the consideration of the potential
hydrogen bonding of (C-19)O� � �HO(C-20)� � �HO(C-21). As a result,
only three conformers (1a–1c) (Fig. 2) were found even though
an energy cutoff of 20 kcal/mol was used. The total energies of
1b and 1c (A/B-rings possessing chair/boat and boat/boat forms,
respectively) are 7.5 and 11.6 kcal/mol, respectively, higher than
that of the lowest-energy conformer (1a). Conformational analysis
indicated that 1b and 1c were zero populated. Thus, only the single
lowest-energy conformer (1a) was considered as the predominant
conformer of 1.

Following geometrical optimization and confirmation by har-
monic vibrational frequencies, the ECD calculation of the predom-
inant conformer (1a) was performed using the TDDFT method at
three different levels, that is, B3LYP/6-31G** (gas phase), B3LYP/
AUG-cc-pVDZ//B3LYP/6-31G** (gas phase), and B3LYP-SCRF/6-
31G**//B3LYP/6-31G** (MeOH solution) with the COSMO model.
The results indicated that the calculated ECD spectra at the three
levels were very close, which in turn were similar to the experi-
mental ECD of 1 in MeOH showing a strong negative Cotton effect
(CE) at 323 nm, a positive CE (shoulder) around 259 nm, and a
strong positive CE at 225 nm ( Fig. 3). It should also be pointed
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Figure 3. Calculated and experimental ECD spectra of compound 1 ( at B3LYP/
6-31G** level in the gas phase including both curve and bar graph; at B3LYP-
SCRF/6-31G**//B3LYP/6-31G** level with the COSMO model in MeOH; at
B3LYP/aug-cc-pVDZ//B3LYP/6-31G** level in the gas phase; experimental in
MeOH).

Figure 4. Molecular orbitals involved in the key transitions generating the ECD spectrum
gas phase.
out that the optimized geometry of conformer 1a, in which the
dihedral angle of H-21–C-21–C-20–H-20 is �50.8�, supports the
experimental coupling constant of 4 Hz between H-20 and H-21.

The theoretical calculation facilitates comprehension of the gen-
eration of the experimentally observed ECD of 1 at the molecular le-
vel. The calculated molecular orbitals (MO) at the B3LYP/6-31G**
level (gas phase) ( Fig. 4) that are associated with key transitions
(Table 2) principally involve the electrons of the cyclohex-2-en-
one-4-ylidene system. The electronic transition from MO93 to
MO95 (Table 2 and Fig. 4) generated the strongest negative rotatory
strength at 329 nm, which is consistent with the high-amplitude CE
at 323 nm in the experimental ECD of 1. The positive rotatory
strengths at 259, 273, and 283 nm generated by the transitions from
MO91, MO92, and MO94, respectively, to MO95 would contribute to
the weak positive CE around 259 nm. Again, the two positive rotary
strengths at 216 and 222 nm (see Table 2 and Fig. 3) may be associ-
ated with the experimentally observed CE at 225 nm. We also calcu-
lated the ECD spectrum of the (5S,8S,9R,10S,20S,21S)-isomer of
compound 1. The calculated ECD spectrum did not correspond with
the experimental one. Thus, we conclude that compound 1 possesses
the (5S,8S,9R,10S,20R,21R) absolute configuration and thus has the
structure of (20R,21R)-21-hydroxy-20,21-dihydropuupehenone.
Interestingly, when applying the empirical octant rule that is widely
used to predict the absolute configuration of cyclohexanone ana-
logs10 to 1, a negative CE of the n?p* electronic transition near
325 nm is predicted for the 20R,21R diastereoisomer.

It is known that puupehenone (2) is readily susceptible to
nucleophilic 1,6-Michael addition-type reactions.5,11–13 We thus
speculated that compound 1 might be an artifact of a solvolytic
1,4-Michael addition reaction of 2 during the extraction and isola-
tion process. Thus, compound 2 was treated with aqueous MeOH
or aqueous acetone at room temperature or under moderate heat-
ing.14 Compound 1 was not detected in any of the test reactions.
Finally, given that the C-20 and C-21 hydroxy groups of 1 are spe-
cifically configured, in conjunction with the natural occurrence15 of
several puupehenone derivatives with a modified D-ring, we re-
gard compound 1 as a natural product. Its identification extends
the diversity as far as the fascinating chemistry of the sesquiter-
pene-quinones is concerned.4,5,11–13,15
of the predominant conformer 1a of compound 1 at the B3LYP/6-31G** level in the



Table 2
Key transition states, rotatory strengths, and oscillator strengths of 1a at the B3LYP/6-
31G** level

Transition DEa (eV) kb (nm) f c Rvel
d Rlen

e

93?95 3.76 329 0.009 �49.0 �51.0
94?95 4.39 283 0.470 26.9 29.4
92?95 4.54 273 0.024 9.0 9.6
91?95 4.79 259 0.006 25.0 27.3
90?95 5.07 245 0.035 0.9 0.5
89?95 5.26 236 0.017 �18.6 �20.1
88?95 5.59 222 0.002 13.7 13.6
93?96 5.75 216 0.007 3.4 5.3
87?95 5.94 209 0.009 15.4 8.1
86?95 6.13 202 0.017 29.0 23.1
85?95 6.24 199 0.009 7.4 7.4

a Excited energy.
b Wavelength.
c Oscillator strength.
d Rotatory strength in velocity form (10�40 cgs).
e Rotatory strength in length form (10�40 cgs).

Table 3
Antifungal activity of compounds 2 and 3

IC50 /MIC/MFC (lg/mL)

2 3 Amphotericin
B

C. neoformans ATCC
90113

0.38/0.63/
1.25

5.73/10.0/
20.0

0.34/0.63/0.63

C. albicans ATCC 90028 3.02/10.0/
10.0

—a 0.26/1.25/1.25

C. krusei ATCC 6258 1.49/2.5/2.5 —a 0.69/1.25/1.25
C. glabrata ATCC 90030 2.67/10.0/

10.0
—a 0.29/0.63/0.63

A. fumigatus ATCC 90906 5.63/10.0/—a —a 1.02/1.25/5.0

a Not active at 20 lg/mL.
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Compounds 1–3 were tested for antifungal activity against the
opportunistic fungal pathogens C. neoformans ATCC 90113, Candida
albicans ATCC 90028, Candida krusei ATCC 6258, Candida glabrata
ATCC 90030, and Aspergillus fumigatus ATCC 90906 by the methods
described previously.1 Compound 1 was inactive at the highest test
concentration of 20 lg/mL against all the pathogens. The results of
compounds 2, 3, and the positive control amphotericin B are col-
lated in Table 3.

Although puupehenone (2), the most characteristic compound
in the sesquiterpene-quinone class from the Hyrtios genus,16,17

has been shown to have antimicrobial,4,5,15 antimalarial,11 cyto-
toxic,18 antituberculosis,19 and antioxidant20 activities as well as
inhibitory actions on lipoxygenases21 and NADH oxidase,15 this is
the first report of its potent activity against C. neoformans ATCC
90113 and C. krusei ATCC 6258 with MFCs of 1.25 and 2.50 lg/
mL, respectively.
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