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Introduction

During our investigations into bioactive metabolites from
Australian microorganisms we examined an isolate of a rare
actinomycete genus, Kibdelosporangium sp. (MST-108465).
Bioassay profiling of a methanolic extract derived from a
culture of MST-108465 uncovered an unusual combination
of potent antibacterial, nematocidal, and cytotoxic activities.
HPLC-DAD-ELSD (DAD=diode array detector; ELSD=

evaporative light scattering detector) analysis of the secon-
dary metabolites present drew attention to a family of non-
polar metabolites displaying distinctive UV-visible spectra.

An electronic search of an in-house database (MST,
COMET)[1] comprising HPLC-DAD-ELSD profiles from
over 1500 natural products, and extracts from 6000 annotat-
ed microorganisms (a comprehensive library of microbes
that produce microbial metabolites from across the spec-
trum of known structure classes), failed to identify these
nonpolar metabolites. A further search against a larger
COMET data set comprising HPLC-DAD-ELSD profiles
from 50000 microbes selected for their capacity to yield
novel secondary metabolites also failed to return a match.

Taken together, these searches suggested that Kibdelo-
sporangium sp. (MST-108465) and its metabolites were re-
markably rare. Scaled up solid and liquid-phase fermenta-
tion of the Kibdelosporangium sp. optimized for production
of cytotoxic metabolites yielded a family of new heterocyclic
polyketides exemplified by kibdelone A (1). In this report
we describe the isolation, characterization, structure elucida-
tion, and biological evaluation of kibdelones A–C (1–3),
kibdelone B rhamnoside (5), 13-oxokibdelone A (7), and
25-methoxy-24-oxokibdelone C (8).

Results and Discussion

Fermentation and isolation : Having established that the
MeOH extract obtained from a solid-phase microfermenta-
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tion of Kibdelosporangium sp. (MST-108465) was rich in
novel structurally diverse bioactive metabolites, a spore sus-
pension was used to inoculate two solid (ISP2 agar and
barley grain) and two liquid (ISP2 and rice flour) media. In
all cases, the cellular biomass and culture media were ex-
tracted with MeOH to generate crude extracts, which then
underwent chemical and biological profiling to confirm and
correlate the production and diversity of bioactive metabo-
lites—defining conditions for the optimized production of
differing suites of bioactive Kibdelosporangium sp. metabo-
lites. Prefractionation of the combined extracts by using sol-
vent partitioning and preparative C18 solid-phase extraction
(SPE) returned a MeOH eluting fraction (875 mg) enriched
in bioactive metabolites that subsequently underwent prepa-
rative C18 and C8 HPLC fractionation to yield an array of
100 fractions. Bioassays carried out on these fractions local-
ized the antibacterial (Bacillus subtilis, LD99=1–
11 mgmL�1), nematocidal (Haemonchus contortus, LD99 3–

10 mgmL�1), and cytotoxic (NS-1, LD99=1–11 mgmL�1) ac-
tivities in those fractions that contained kibdelones. This
report details our investigations into these bioactive Kibde-
losporangium sp. fractions.

Solvent partitioning of the bioactive fractions, followed by
C18 and C8 SPE and semipreparative HPLC, yielded a new
class of bioactive polyketides exemplified by kibdelones A–
C (1–3). Chemical and biological profiling obtained during
the fermentation studies (see above) indicated that solid-
phase barley fermentation optimized the production of kib-
delones. In an attempt to both increase production levels
and access additional “kibdelone related co-metabolites” de-
tected as very minor components in earlier fermentations,
we undertook a scaled up solid-phase fermentation of Kib-
delosporangium sp. on barley (7M500 g barley, incubated for
18 d at 28 8C). The resulting fermentation product was ex-
tracted with MeOH (7M1.5 L) and concentrated in vacuo,
then partitioned with EtOAc (2.6 L). Prefractionation of
half of the EtOAc concentrate (4 g) by C18 SPE, and multi-
ple elution through preparative C18 and C8 HPLC, returned
kibdelone A (1; 29 mg, 0.60%), kibdelone B (2 ; 52 mg,
1.1%), kibdelone C (3 ; 97 mg, 2.0%), and kibdelone B
rhamnoside (5 ; 5.2 mg, 1.1%), as well as the minor ana-
logues 13-oxokibdelone A (7; 0.9 mg, 0.02%) and 25-me-
thoxy-24-oxokibdelone C (8 ; 2.8 mg, 0.06%), and traces of
25-hydroxy-24-oxokibdelone C (9)—the latter two com-
pounds were speculated to be artifacts derived from solvoly-
sis of kibdelone B (see below). At this time, we report the
structure elucidation and biological properties of the kibde-
lones.

Structure elucidation : The HRESI(+)MS data for kibdelone
A (1) displayed a pseudo molecular ion consistent with a
molecular formula (C29H24

35ClNO10, Dmmu=1.0) requiring
18 double-bond equivalents (DBE). Initial examination of
the UV and 1H NMR spectroscopic data indicated a highly
aromatic molecular structure, featuring both O and N meth-
yls, three secondary alcohols, a chelated phenol, and a pair
of ortho-coupled aromatic protons. Careful analysis of the
1D and 2D NMR spectroscopic data (Table 1) revealed cor-
relation sequences consistent with the structure fragments
highlighted in Figure 1. A detailed account of these assign-
ments is given below.

A sequence of COSY and gHMBC correlations from C-8
to C-14 defined the structure fragment incorporating ring F.
Attachment of O-15 to C-14 in this fragment was inferred
from the 13C NMR shift for this carbon atom (dC=

166.3 ppm), while the deshielded character of C-8 (dC=

183.7 ppm) identified it as a carbonyl. A sequence of COSY
and gHMBC correlations from C-28 to C-24 defined the
structure fragment for an n-propyl side chain attached to a
fully substituted double bond (dC=105.7 and 156.41 ppm).
The deshielded 13C NMR shift for C-25 (dC=156.41 ppm)
supported attachment of the N�Me (see below), while the
shielded character of C-24 (dC=105.7 ppm) was consistent
with chlorine substitution. ROESY correlations from H2-26
and H2-27 to the N�Me confirmed the spatial proximity of
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these functionalities (including N�Me substitution to C-25),
while a gHMBC correlation from the N�Me to C-1 (dC=

156.36 ppm) extended this structure fragment to include an
amide/lactam moiety. The set of gHMBC correlations about
H-19 and H-20 clearly defined the tetrasubstituted ring C,
and positioned the quaternary C-22 and C-17 as shown.
That C-22 was incorporated into a carbonyl (quinone) was
apparent from the 13C NMR shift (dC=180.7 ppm), while a

correlation from the O�Me to
C-17 positioned the methoxy
moiety as shown. Further to
this, gHMBC correlations from
the 6-OH to C-5, C-6, and C-7
positioned the phenol on the
fully substituted ring D as indi-
cated, and required placement
of a coplanar C-8 carbonyl to
achieve chelation—as indicated
by the highly deshielded and
sharp 1H NMR resonance for
6-OH (dH=14.23 ppm)—and
thereby defined the regiochem-
istry of the ring E/F fusion.
The upfield 13C NMR chemical
shift for the C-1 lactam car-
bonyl (dC=156.36 ppm) was
consistent with it being peri to
a carbonyl/quinone (compare
xantholipin)[2] as opposed to
the sp2-hybridized carbon atom
of a hydroquinone (compare
actinoplanones and simaomi-
cin).[3,4,5] The 13C NMR shift
for one of the remaining unas-
signed carbon atoms was indi-
cative of a quinone (dC=

183.4 ppm), and was attributed
to C-3—thereby defining ring
B as a p-quinone. The four
structure fragments described
in Figure 1 account for all but
three quaternary sp2 carbon

atoms. The deshielded nature of one of these unassigned
carbon atoms (dC=145.5 ppm) required that it be substitut-
ed by oxygen and positioned at C-16, completing the fusion
between rings D and E. This ring D/E linkage also ex-
plained the chelated character of the C-6 hydroxyl. The two
remaining carbon atoms were attributed to C-2 (dC=

121.0 ppm) and C-23 (dC=138.7 ppm). Final assembly of the
total structure for kibdelone A (1) presented a challenge, as
the available data did not unambiguously differentiate be-
tween the structure as shown and an isomer with an alterna-
tive regiochemistry about the ring A/B junction. This issue
was successfully resolved by NMR spectroscopic analysis
(see the Supporting Information) of the hydroquinone 10
obtained by the in situ (NMR tube) reduction of kibdelone
A (1) with sodium dithionite. The 1H NMR spectrum of di-
hydrokibdelone A (10) displayed downfield resonances for
two chelated phenolic protons, 3-OH (dH=14.69 ppm) and
6-OH (dH=14.11 ppm) and one nonchelated phenolic
proton, 22-OH (dH=9.23 ppm)—as would be predicted
from the structure as shown. A set of gHMBC correlations
(see Figure 1 and the Supporting Information) from 1) the
nonchelated phenolic resonance (22-OH) to C-21 (dC=

129.1 ppm), C-22 (dC=137.6 ppm), and C-23 (dC=

Table 1. NMR spectroscopic ([D6]DMSO, 600 MHz) assignments for kibdelone A (1).
1H dH m (J [Hz]) 13C COSY gHMBC

1 156.36
2 121.0[a]

3 180.8[a]

4 133.6
5 113.2
6 156.6
7 106.9
8 183.7
9 117.0
10 4.73 m 61.4 H-12a, H-11, 10-OH C-14, C-12, C-11, C-9, C-8
11 3.95 ddd (12.4, 6.0, 3.1) 64.0 H-12, H-10, 11-OH
12a 2.26 ddd (13.0, 12.4, 4.4) 33.8 H-13, H-12b, H-11, H-10 C-11, C-10
12b 1.79 brd (13.0) H-12a, H-11 C-14, C-13, C-10
13 4.71 m 65.2 H-12a, 13-OH C-14, C-12, C-11, C-9
14 166.3
15 [O]
16 145.5[a]

17 133.3
18 137.6
19 8.38 d (9.0) 125.8 H-20 C-21, C-18, C-17, C-5
20 8.11 d (9.0) 124.3 H-19 C-22, C-19, C-18, C-4
21 131.4
22 181.3
23 138.7[a]

24 105.7
25 156.41
26 3.02 brdd (8.2, 8.0) 33.1 C-28, C-27, C-1, C-24
27 1.64 m 19.6 C-28, C-26, C-25
28 1.06 t (7.2) 13.9 C-27, C-26
OMe 4.02 s 62.2 C-17
NMe 3.67 s 33.2 C-26, C-25/C-1
6 OH 14.23 s C-7, C-6, C-5
10 OH 5.07 d (5.3) H-10 C-10, C-9
11 OH 4.79 d (6.0) H-11 C-12, C-11, C-10
13 OH 6.11 d (6.3) H-13 C-14, C-13, C-12

[a] Assignments are made in comparison with literature data and co-metabolites.

Figure 1. 2D NMR connectivity sequences for structure fragments and
key through-space correlations for kibdelone A (1) and its reduction
product 10.
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120.6 ppm); 2) a chelated phenolic resonance (3-OH) to C-2
(dC=108.7 ppm), C-3 (dC=153.9 ppm), and C-4 (dC=

114.7 ppm); and 3) the ring C aromatic protons H-20 to C-4
(dC=114.7 ppm) and C-22 (dC=137.6 ppm) and H-19 to C-
21 (dC=129.1 ppm), all supported the connectivity of rings
A and B in 1 and 10 as shown. Further evidence for the
placement of the quinone (ring B) in kibdelone A (1), as op-
posed to a connectivity of ring A with the hydroquinone
(ring D) comes from the 13C NMR chemical shift for C-1
(dC=165.7 ppm) in 10, which was deshielded relative to 1
(C-1, dC=156.36) as predicted by literature precedence.[5]

HRESI(+)MS analysis of kibdelone B (2) revealed a
pseudo molecular ion consistent with a molecular formula
(C29H26

35ClNO10, Dmmu=�1.5) requiring 17 DBE, and indi-
cative of a dihydro analogue of kibdelone A (1). While it
was tempting to speculate that kibdelone B (2) was the hy-
droquinone analogue 10 prepared by reduction of 1, this
proved to not be the case, with the 1H NMR spectroscopic
data for 2 displaying only a single chelated phenolic OH at-
tributable to 6-OH. Although isomeric with 10, the NMR
spectroscopic data for kibdelone B (2) differed significantly,
featuring replacement of the aromatic methines H-19 and
H-20 with mutually coupled methylenes (dH=2.87 and dC=

21.5 ppm; dH=2.63 and dC=18.4 ppm)—consistent with re-
duction of D19,20. Detailed 2D NMR spectroscopic analysis
of kibdelone B (2) (see the Supporting Information) re-
vealed correlation sequences consistent with those observed
for kibdelone A (1), and supported the structure as assigned
(less stereochemistry). Unambiguous confirmation of the
structure assigned to kibdelone B (2) was obtained on chem-
ical interconversion with kibdelone A (1) (see below).

HRESI(+)MS analysis of kibdelone C (3) revealed a
pseudo molecular ion consistent with a molecular formula
(C29H28

35ClNO10, Dmmu=�4.0) requiring 16 DBE, and indi-
cative of a dihydro analogue of kibdelone B (2). On this oc-
casion, the appearance in the 1H NMR spectrum of two che-
lated (dH=13.99 and 13.14 ppm) and one nonchelated (dC=

8.42 ppm) phenolic OH was suggestive that ring B in 3 was
at the hydroquinone oxidation level. This observation was
further supported by a diagnostic downfield shift for the N�
Me lactam carbonyl carbon atom (dC=165.0 ppm).[5] De-
tailed 2D NMR spectroscopic analysis of kibdelone C (3)
(see the Supporting Information) revealed correlation se-
quences consistent with those observed for kibdelone A (1),
and supported the structure as assigned (less stereochemis-
try). Once again, unambiguous confirmation of the structure
assigned to kibdelone C (3) was obtained on chemical inter-
conversion with kibdelone A (1) (see below).

To confirm the regiochemistry and assign a relative ste-
reochemistry about C-10, C-11, and C-13 in all kibdelones
required careful analysis and interpretation of the 1H NMR
data about ring F. Unfortunately, for kibdelones A (1) and
B (2) this analysis was problematic as the 1H NMR resonan-
ces for H-10 and H-13 overlapped. Fortuitously, these two
resonances were well resolved for kibdelone C (3), and as
kibdelones A–C undergo a facile equilibration (see below),
structural assignments in ring F for 3 can be directly attrib-

uted to 1 and 2. Detailed NMR spectroscopic analysis of
ring F in 3 required unambiguous assignment of 1H NMR
resonances for H-10 and H-13. In the gHMBC spectrum for
3, a pair of strong 3-bond correlations from the resonance at
dH=4.70 ppm to C-8 and C-14 unambiguously assigned H-
10, while a 3-bond correlation from dH=4.67 ppm to C-9 as-
signed H-13. With the remaining ring F hydroxymethine
(dH=3.93 ppm) displaying strong COSY correlations to H-
10 and H2-12, the final ring F hydroxy was positioned at C-
11, thereby confirming the kibdelone ring F regiochemistry
as shown. Values for J ACHTUNGTRENNUNG(11,12a) and JACHTUNGTRENNUNG(12a,13) of 12.0 and
4.5 Hz clearly indicated pseudodiaxial and -axial–equatorial
relationships, and required placement of the C-11 and C-13
hydroxyls in pseudoequatorial and -axial orientations, re-
spectively. Likewise, a value for J ACHTUNGTRENNUNG(10,11) of 3.9 Hz suggested
placement of the C-10 hydroxyl in a pseudoaxial orientation.
Supportive of this relative stereochemistry was a small long
range coupling between H-10 and H-12b (J ACHTUNGTRENNUNG(10,12b)=
1.0 Hz), indicative of a coplanar W coupling (Table 2). In
this way the relative stereochemistry for kibdelones A–C
(1–3) can be assigned as shown.

On standing at room temperature a MeOH solution of
kibdelone B (2) was noted to slowly change color from
orange to a greenish yellow, a process that was accelerated
on heating. A similar transformation (bright yellow to
greenish yellow) was also observed for a MeOH solution of
kibdelone C (3). Concerned about the stability of the kibde-
lones, we undertook an HPLC-DAD-MS analysis of MeOH
solutions of purified 1, 2, and 3 at 40 8C, which revealed that
while 1 was stable to these conditions, 2 and 3 underwent
conversion over 18 h to a common equilibrium mixture (1/2/
3 in a ratio of 3:1:2)—with the rate of equilibration being in
the order kibdelone B>kibdelone C. Intrigued by this pro-
cess, we were keen to propose a plausible mechanism that
would both explain the phenomena and provide insights to
control and even exploit this transformation. Key to explain-
ing this equilibration process was the need to provide a
mechanism for changing the oxidation levels for ring C in
kibdelones B and C, compared to kibdelone A. Our pro-
posed mechanism outlined in Scheme 1, involves air oxida-
tion, together with a sequence of choreographed keto/enol
tautomerizations and quinone/hydroquinone redox transfor-
mations.

Table 2. 1H NMR ([D6]DMSO) J values for kibdelone C (3).

J [Hz] J [Hz]

J ACHTUNGTRENNUNG(10,11) 3.9 J ACHTUNGTRENNUNG(12a,12b) 13.3
J ACHTUNGTRENNUNG(10,12b) �1.0 J ACHTUNGTRENNUNG(12a,13) 4.5
J ACHTUNGTRENNUNG(11,12a) 12.0 J ACHTUNGTRENNUNG(12b,13) 1.8
J ACHTUNGTRENNUNG(11,12b) 3.0
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In the proposed mechanism, kibdelone C (3) undergoes
air oxidation to yield kibdelone B (2). We have demonstrat-
ed that this transformation can be synthetically accelerated
and driven to completion by using the oxidant FeCl3 (as
measured by HPLC-DAD-MS). It is our hypothesis that kib-
delone B (2) is suitably configured to undergo an acid-medi-
ated double keto/enol tautomerization to yield an unstable
quinone-methide intermediate, which can in turn undergo a
third keto/enol tautomerization to yield the hydroquinone
10 in which ring C has aromatized. The hydroquinone 10 is
presumed to be highly susceptible to oxidation as it was not
detected in any Kibdelosporangium sp. extracts or fractions,
nor was it detected in the equilibrium mixtures derived from
either kibdelones B or C. It is proposed that the intermedi-
ate hydroquinone 10 undergoes oxidation by two possible
routes. The first, and most favored route occurs by a qui-
none/hydroquinone redox transformation between stoichio-
metric amounts of the quinone kibdelone B (2) and the hy-
droquinone 10, to yield the hydroquinone kibdelone C (3)
and the quinone kibdelone A (1). This reversible redox
transformation would establish a steady-state equilibrium
between 2/10 and 3/1 based on the respective oxidation po-
tentials of the quinone/hydroquinone pairs. The hydroqui-

none 10 could also undergo air oxidation directly to 1. As
this latter air oxidation process would not sustain an equilib-
rium outcome, under the equilibrium conditions employed it
is presumably disfavored over a redox quinone/hydroqui-
none process. The proposed mechanism also explains the
stability of kibdelone A (1), in so far as aromatic stabiliza-
tion of ring C in 10 ensures that the sequence of keto/enol
transformations leading from 2 to 10 is irreversible, and any
redox transformation involving 1 and 10 would not lead to
new chemical entities. Supportive of the stability of kibde-
lone A (1), treatment of 1 with sodium dithionite results in
quantitative transformation to the hydroquinone 10, but
does not lead to other kibdelones, as determined by
1H NMR spectroscopic analysis (see the Supporting Infor-
mation).

In the absence of crystals suitable for X-ray analysis, and
in an attempt to assign absolute stereochemistry, we ac-
quired the CD spectrum for kibdelone A (1). Unfortunately,
attempts to assign an absolute stereochemistry to 1 based on
the application of empirical CD rules (for example, the
octant rules) proved problematic, due to the complexity of
the conjugated system and the absence of CD analyses on
suitable model compounds. The absolute stereochemistry of
the kibdelones remains unassigned at this time, and will
most likely require either the preparation of suitable crystal-
line derivatives for X-ray analysis or total asymmetric syn-
thesis, or perhaps quantum mechanical calculations aimed at
simulating either CD or optical properties.

Our study also recovered a higher molecular weight kib-
delone that was identified as kibdelone B rhamnoside (5).
HRESI(+)MS analysis of 5 revealed a pseudo molecular ion
consistent with a molecular formula (C35H36

35ClNO14,
Dmmu=1.8) requiring 18 DBE. The 1H and 13C NMR spec-
troscopic data for 5 were consistent with a 6-deoxymonosac-
charide glycoside of kibdelone B (2). Indeed, the NMR
spectroscopic data for the aglycone portion of this molecule
(see the Supporting Information) were in full agreement
with that previously recorded for kibdelone B (2), with the
only significant differences being deshielding of H-11 (Dd=
0.1 ppm) and the appearance of additional sugar resonances.
The NMR resonances attributed to the sugar subunit in 5 in-
cluded an anomeric centre (dH=4.87, dC=97.7 ppm), four
oxymethines (dH=3.74, dC=70.4 ppm; dH=3.52, dC=

70.6 ppm; dH=3.22, dC=72.0 ppm; and dH=3.49, dC=

68.8 ppm), and a secondary methyl (dH=1.15, dC=

17.9 ppm), consistent with a 6-deoxypyranose. Values of
J ACHTUNGTRENNUNG(2’,3’)=1.6, J ACHTUNGTRENNUNG(3’,4’)=9.3, and J ACHTUNGTRENNUNG(4’,5’)=9.1 Hz further de-
fined the sugar as rhamnose. A gHMBC correlation from
H-11 (dH=4.01 ppm) to the anomeric carbon atom (dC=

97.7 ppm) confirmed 5 to be a C-11 rhamnoside.
As a measure of the challenge associated with the assign-

ment of the glycosidic linkage stereochemistry, a 1982
study[6] on rhamnose sugars calculated identical dihedral
angles and JACHTUNGTRENNUNG(1,2) values for both a- and b-rhamnosylated
flavonides. This observation not withstanding, in general[7]

a-rhamnopyranosides possess a value of J ACHTUNGTRENNUNG(1,2)=0.6–3.5 Hz
(eq,eq), while for b-rhamnopyranosides J ACHTUNGTRENNUNG(1,2)=1.5–5.8 Hz

Scheme 1. A plausible mechanism for the equilibration of kibdelones
A–C (1–3).
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(ax,eq). In light of this, a kibdelone B rhamnoside (5)
J ACHTUNGTRENNUNG(1’,2’)=0.98 Hz tentatively favors an a-rhamnopyranoside
stereochemistry. An analysis of the 1H NMR coupling con-
stants associated with ring F resonances for 5 (J ACHTUNGTRENNUNG(10,11)=3.6,
J ACHTUNGTRENNUNG(11,12a)=12.6, J ACHTUNGTRENNUNG(12a,12b)=13.0, JACHTUNGTRENNUNG(12a,13)=4.0, and
J ACHTUNGTRENNUNG(12b,13)=1.8 Hz) suggested the same relative stereochem-
istry as assigned above for kibdelones A–C (1–3). The abso-
lute stereochemistry of the rhamnose residue, and the rela-
tive stereochemistry between rhamnosyl and polyketide sub-
units in 5, remain unassigned at this time. Although kibde-
lone A rhamnoside (4) and kibdelone C rhamnoside (6)
were not isolated directly from the Kibdelosporangium sp.
extract, we did observe that the glycoside 5 (just as with its
corresponding aglycone 2) underwent equilibration in
MeOH at 40 8C to give a mixture consistent with 4–6 as de-
termined by HPLC-DAD-MS data. Armed with this data
we reanalyzed the HPLC-DAD-MS data for the Kibdelo-
sporangium sp. extract and fractions and were able to identi-
fy the natural occurrence of all three kibdelone rhamnosides
(4–6). This observation confirms that both kibdelone agly-
cones and glycosides are prone to the equilibration as pro-
posed in Scheme 1.

HRESI(+)MS analysis of a minor kibdelone 7 revealed a
pseudo molecular ion consistent with a molecular formula
(C29H22

35ClNO10, Dmmu=0.7) suggestive of a didehydro
kibdelone A (1) analogue. The 1H and 13C NMR spectro-
scopic data for 7 were remarkably similar with that for 1
with the only significant differences being associated with
ring F resonances, namely, the absence of a hydroxy me-
thine, a significant downfield shift of the diastereotopic
methylene resonances (H-12a, dH=3.05 ppm; and H-12b,
dH=2.70 ppm), and COSY correlations that defined an iso-
lated spin system involving H-10 (dH=4.97 ppm), H-11
(dH=4.14 ppm), and H2-12. These comparisons confirmed 7
as an oxidized analogue of kibdelone A (1) bearing a C-13
ketone functionality. Further support for 13-oxokibdelone A
(7) was obtained from the gHMBC data, which revealed a
key correlation from H2-12 to C-13 (dC=191.3 ppm). Analy-
sis of the ring F 1H NMR coupling constants (J ACHTUNGTRENNUNG(10,11)=2.8,
J ACHTUNGTRENNUNG(11,12a)=12.9, JACHTUNGTRENNUNG(11,12b)=4.3, and J ACHTUNGTRENNUNG(12a,12b)=16.5 Hz)
suggested a common relative stereochemistry with kibde-
lones A–C (1–3).

HRESI(+)MS analysis of another minor kibdelone ana-
logue 8 revealed a pseudo molecular ion consistent with a
molecular formula (C30H31NO12, Dmmu=�0.3) lacking the
chlorine substituent common to the kibdelones described
above, and requiring 16 DBE. Particularly noteworthy in
the 1H NMR spectroscopic data for 8 were resonances for
an O�Me (dH=3.08, dC=51.3 ppm) and a ketone carbonyl
(dC=196.2 ppm), in addition to a suite of resonances in
common with those reported for kibdelone C (3). The ap-
pearance of a deshielded quaternary sp3 carbon atom (C-25,
dC=92.8 ppm) linking through gHMBC correlations to H2-
26 (dH=2.03 ppm), an O�Me (dH=3.08 ppm), and the typi-
cal kibdelone lactam N�Me (dH=3.03 ppm) was indicative
of O�Me substitution at C-25. Placement of the ketone
functionality as shown was confirmed by gHMBC correla-

tions from H2-26 to C-24 (dC=196.2 ppm). The presence of
rings B, C, D, E, and F in common with kibdelone C (3) was
established by direct NMR spectroscopic comparisons and
2D NMR analysis (see the Supporting Information). Assign-
ment of 8 as 25-methoxy-24-oxokibdelone C raises the possi-
bility that 8 was an artifact of kibdelone B (2), generated by
solvolysis during isolation and handling. A plausible mecha-
nism for this solvolysis is shown in Scheme 2. In this mecha-

nism C-25 undergoes nucleophilic addition by MeOH to
yield a methoxylated quinone methide. Subsequent nucleo-
philic addition by H2O to C-24 of the quinone methide re-
turns an a-chloro alcohol that undergoes the irreversible
loss of HCl to yield 25-methoxy-24-oxokibdelone C (8). A
failure to observe products from the addition of MeOH to
C-24 in 2 most likely illustrates the inability of the resulting
methylated a-chloro alcohol intermediate to advance
through loss of HCl to a stable ketone, preferring instead to
lose MeOH and revert to the chloro quinone methide.

In a separate fraction, a very minor but structurally relat-
ed kibdelone analogue 9 was found to co-occur with 8. The
analogue 9 was more polar than 8, possessed an identical
UV-visible spectrum (as determined by DAD), and dis-
played a molecular weight 14 amu less than that for 8.
While a paucity of sample precluded a complete spectro-
scopic characterization, we tentatively propose that 9 is 25-
hydroxy-24-oxokibdelone C, and arises through nucleophilic
addition of H2O to C-25 (Scheme 2). Thus, we propose that
both 8 and 9 could be artifacts generated in aqueous MeOH
solutions by the presence of acidic cometabolites (for exam-
ple, hydroquinones). This being the case, both 8 and 9 are
expected to be racemic at C-25.

To further explore our capacity to prepare kibdelone ana-
logues, with a view to possible future structure activity rela-
tionship (SAR) investigations, we assessed the effect of
halide salts on kibdelone production. A spore suspension of
Kibdelosporangium sp. (MST-108465) was used to inoculate

Scheme 2. A plausible mechanism for the formation of 25-methoxy-24-
oxokibdelone C (8) and 25-hydroxy-24-oxokibdelone C (9) from the sol-
volysis of kibdelone B (2).
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ISP2 agar containing additions of a) 0.5% NaBr, b) 0.5%
NaCl, or c) no additional halide salts. After incubation at
28 8C for seven days, these cultures were extracted with
MeOH and the crude extracts were analyzed by HPLC-
DAD-MS. Whereas cultures grown under all conditions (a–
c) produced kibdelones as expected, the culture grown in
the presence of NaBr yielded new metabolites tentatively
identified as bromokibdelones.

It is hypothesized that the bromokibdelones detected in
this study represent kibdelones A–C in which the C-24
chloro substituent has been replaced by a bromo moiety.
Comparative retention times and ESI(�)MS data for kibde-
lones A–C (1–3) and the putative bromokibdelones A–C
are listed in Table 3. This analysis, together with an excellent

comparison of the distinctive UV-visible spectra (extracted
from the HPLC-DAD-MS traces) for kibdelones A–C with
those for the putative bromokibdelones A–C, supported the
premise that NaBr augmented media yielded bromokibde-
lones. While only carried out at an analytical scale (single
Petri dish), this study demonstrates our ability to manipulate
Kibdelosporangium sp. biosynthesis, to access unnatural kib-
delone analogues for future SAR investigations.

While the kibdelones possess novel molecular structures,
they do belong to a class of polyketides populated by a lim-
ited selection of related microbial metabolites, many of
which display significant antibacterial, antifungal, antipara-
sitic, and/or anticancer activity (Table 4). These include the
antiparasitic,[8] antibacterial, and antifungal,[9,19] albofungins

from Actinomyces sp, the antibacterial, antifungal,[10] and an-
titumor[11] actinoplanones from an Actinoplane sp., and the
antitumor[12] and antibacterial[13] citreamicins from Micromo-
nospora citrea. Xantholipin from a Streptomyces sp. and si-
maomicin from Actinomadura madurea are related poly-
ketides that are known to inhibit HSP47 gene expression[2]

and bleomycin-induced G2 cell cycle arrest,[14] respectively.
The anticancer kigamicins from an Amycolatopsis sp.[15,16]

are the most recently published example of this structure
class.

All the polyketide analogues listed in Table 4 differ struc-
turally from the kibdelones either by ring F aromatization
(citreamicin), additional acetal rings (actinoplanones, simao-
micin, albofungins and xantholipins), and/or different regio-
chemistry. Although the activity profiles displayed in
Table 4 are not suitable for quantitative comparison (for ex-
ample, not all compounds underwent the same assays), the
diversity of biological profiles does suggest a range of phar-
macophores—with the kibdelones possessing a particularly
potent and selective pharmacophore.

In our in-house assays, (MST) kibdelones A–C (1–3) dis-
played a common biological profile (Table 5), exhibiting se-
lective Gram +ve antibacterial (Bacillus subtilis), and

potent nematocidal (Haemonchus contortus), and cytotoxic
(NS-1) activity, while displaying variable activity against
Gram -ve bacteria (Escherichia coli) and no activity against
fungi (Candida albicans). The cytotoxic properties of the
kibdelones were also evaluated in vitro against a range of
human tumors both in house (IMB), under contract
(QIMR), and by the NCI in vitro 60-cell panel assays
(NCI). Selected data for kibdelones A–C (1–3) shown in
Table 6 reveal these metabolites as potent and selective cy-

Table 3. Comparative HPLC-MS-DAD data for kibdelones A–C (1–3)[a]

and the putative bromokibdelones A–C.[b]

Kibdelones Bromokibdelones
tR [min] ACHTUNGTRENNUNG[M+H]+ ACHTUNGTRENNUNG[M�H]� tR [min] ACHTUNGTRENNUNG[M+H]+ ACHTUNGTRENNUNG[M�H]�

A 11.2 582/584 580/582 A 11.4 626/628 624/626
B 10.8 584/586 582/584 B 11.0 628/630 626/628
C 11.5 586/588 584/586 C 11.5 630/632 628/630

[a] The 35Cl/37Cl isotope ratio was 3:1. [b] The 79Br/81Br isotope ratio was
1:1.

Table 4. Biological properties[a] for the kibdelones and structurally relat-
ed microbial metabolites.

Compound Class Ab[b] Af[c] Nt[d] Ap[e] Ac[f] Ref.

kibdelones X X X
citreamicins X X [12,17]

kigamicins X X [15,16]

simaomicins X X [14,18]

albofungins X X X [8,19]

actinoplanones X X X [10,11]

Sch54445/56036/42137 X [20–22]

cervinomycins X [23,24]

xantholipins X [2,25]

lysolipins X [26,27]

[a] X indicates known “areas” of biological activity. Assays against each
target “area” differ between structure classes, and as such comparisons
should be viewed as indicative, not qualitative. [b] Antibacterial. [c] Anti-
fungal. [d] Nematocidal. [e] Antiprotozoan. [f] Anticancer.

Table 5. LD99 [nm] bioassay profiles for kibdelones A–C (1–3) and the
known polyketide, albofungin.

Compound H. contortus E. coli B. subtilis C. albicans NS-1

1 0.67 2.7 0.084 –[a] 0.041
2 2.2 –[a] 0.13 –[a] 0.067
3 8.5 –[a] 0.13 –[a] 0.13
albofungin 1.2 –[a] 1.2 �0.02 �0.01

[a] Indicates inactive.

Table 6. GI50 [nm] for kibdelones 1–3 and 5 against selected human
tumor cell lines.[a]

Cell line 1 2 3 5

SR (leukemia) 1.2 1.7 <1.0 219
NCI-H322m (nonsmall cell lung) 1.3 2.3 <1.0 794
HCC-2998 (colon) 3.0 <1.0 <1.0 224
SF-539 (CNS) 1.4 3.2 3.0 479
SK-MEL-5 (melanoma) 1.7 3.1 <1.0 170
SK-OV-3 (ovarian) 3.2 3.6 <1.0 603
SN12C (renal) <1.0 3.6 <1.0 389
DU145 (prostrate) 3.1 3.0 1.4 537
MCF7 (breast) 5.0 3.5 <1.0 324

[a] Screening carried out against the NCI in vitro 60-cell panel assays
(2 d, 10�5

m).
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totoxic agents. By contrast the rhamnoside 5, the oxo ana-
logue 7, and the methanolysis product 8, were all significant-
ly less cytotoxic.

Application of the NCI COMPARE analysis to kibde-
lones A–C (1–3), by using GI50 and TGI datasets, against
both known anticancer agents and natural product libraries,
revealed a number of hits with PearsonQs coefficients in the
range 0.5–0.7. However, the mean graphs for these hits did
not reveal a compelling case that the kibdelones operate by
a known anticancer mode-of-action. This observation taken
together with the biological profiles displayed in Tables 4
and 5 suggests a biological/anticancer mode-of-action for the
kibdelones that is distinct from structurally related poly-
ketides.

Conclusion

The kibdelones represent the first examples from the ex-
tended family of biosynthetically related compounds (as
listed in Table 4) to be submitted to the NCI screening pro-
gram—and their sub-nm activity against a selection of
human tumor cell lines suggests that further investigation
into this structure class is warranted. Although we cannot
comment further on the biological mode-of-action of the
kibdelones at this time, we view the kibdelones as an excit-
ing new anticancer lead deserving of further studies, aimed
at defining the in vivo anticancer efficacy and mode-of-
action.

Experimental Section

General procedures : High-performance liquid chromatography (HPLC)
was performed by using an Agilent 1100 series separations module, Agi-
lent 1100 series diode array, polymer laboratories PL-ELS1000 evapora-
tive light scattering detector (ELSD), and Agilent 1100 series fraction
collector and running ChemStation Rev.9.03 A with Purify version A.1.2
software or Rev.10.02 A. Preparative HPLC was carried out on a system
consisting of two Shimadzu LC-8 A preparative liquid chromatographs
with static mixer, Shimadzu SPD-M10 AVP diode array detector (DAD)
and Shimadzu SCL-10 AVP system controller. Standard analytical HPLC
conditions refer to 1 mLmin�1 gradient elution from 90% H2O/MeCN
(0.05% HCOOH) to MeCN (0.05% HCOOH) over 15 min, followed by
a 5 min flush with MeCN on a 5 mm Zorbax Stable Bond C8 150M4.6 mm
column unless otherwise specified. 1H and 13C NMR spectroscopic experi-
ments were performed on a Bruker Avance 600 spectrometer, in
[D6]DMSO (referenced to residual 1H signals in the deuterated solvent,
and J values in Hz). ESI(�)MS data were acquired by using an Agilent
1100 series MSD. High-resolution (HR) ESIMS measurements were ob-
tained on a Finnigan MAT 900 XL-Trap instrument with a Finnigan API
III source. Chiroptical measurements ([a]D) were performed on a Jasco
P-1010 intelligent remote module-type polarimeter in a 100 by 2 mm cell
(units 10�1 degcm2g�1), while ultraviolet (UV) absorption spectra were
obtained by using a CARY3 UV-visible spectrophotometer (units e-
dm3mol�1 cm�1).

Collection and identification : MST-108465 was isolated from a soil
sample collected from a timber woolshed 15 km north of Port Augusta in
South Australia in 1996. Analysis of the nonpolar secondary metabolites
produced by the culture identified the presence of a series of metabolites
with unusual UV spectra. 16S rRNA analysis identified MST-108465 as
belonging to the Pseudonocardiaceae and having 98% identity with Kib-

delosporangium sp. (aff. phillipinense). Comparison with the metabolites
produced by known species of Kibdelosporangium revealed no secondary
metabolites in common with MST-108465. Based on rRNA and metabo-
lite data, MST-108465 is regarded as a novel species, Kibdelosporangium
sp. (MST-108465).

Fermentation of Kibdelosporangium sp. : A spore suspension of MST-
108465 was used to inoculate a selection of solid and liquid media to ex-
plore the cultureQs metabolic diversity. The media selected were ISP2
broth, rice flour broth, ISP2 agar, and barley grain. Each media was incu-
bated at 28 8C for a range of times based on previous optimal times for
other actinomycetes culture. At the conclusion of the incubation, each
treatment was processed (see the Supporting Information) to yield the
microbial extracts. Of the fermentation conditions, barley grain gave the
same distribution of kibdelone-like metabolites but in higher yields than
obtained on ISP2 agar. To isolate the remaining minor analogues, a series
of solid-phase fermentations using barley were undertaken. Solid fermen-
tations (7M500 g barley, incubated for 18 d at 28 8C) were extracted with
methanol (MeOH) (7M1.5 L). The extracts were concentrated in vacuo
and pooled to give an aqueous residue (2.6 L) and extracted with ethyl
acetate (EtOAc, 2.6 L).

Isolation of kibdelones from mixed media culture : The individual ex-
tracts from the mixed media fermentation were pooled to provide 4 L of
MeOH extract. This extract was concentrated in vacuo to an aqueous res-
idue (500 mL) that was diluted with H2O to a final volume of 2 L. This
cloudy suspension was passed through two parallel C18 solid-phase extrac-
tion (SPE) cartridges (2M10 g, Varian HF C18), eluting with 50% aqueous
MeOH (2M80 mL each) followed by elution with 100% MeOH (2M
80 mL each). HPLC and bioassay confirmed the presence of the activity
and nonpolar metabolites in the MeOH fraction. Partition of the pooled
MeOH fraction (160 mL) with hexane removed nonpolar fats (134 mg)
yielding an enriched active MeOH fraction (875 mg). The MeOH frac-
tion was dissolved in a mixture of DMSO and MeOH and fractionated
by preparative HPLC (60 mLmin�1 with gradient elution of 70 to 10%
H2O/MeCN over 20 min followed by MeCN for 10 min, through a 5 mm
Platinum EPS C18 50M100 mm column). One hundred fractions were col-
lected, concentrated in vacuo, and combined on the basis of analytical
HPLC analysis. The most polar of the fractions (18.2 mg) were pooled
and fractionated by HPLC (10 mLmin�1 isocratic 35% H2O/MeCN over
20 min through a Phenomenex LUNA C18 5 mm (2) 250M10 mm column),
to yield kibdelone A (1) (3.2 mg, 0.37% yield), kibdelone B (2) (0.28 mg,
0.03% yield), and kibdelone C (3) (1.7 mg, 0.19% yield). All yields are
calculated relative to the 875 mg MeOH fraction as identified above.

Isolation of kibdelones from barley grain fermentation : The MeOH ex-
tracts from the barley grain fermentation were concentrated in vacuo and
pooled to give an aqueous residue (2.6 L). This residue was then extract-
ed with EtOAc (2.6 L). The EtOAc was evaporated in vacuo to yield 8 g
of an enriched residue. The residue was dissolved in MeOH and diluted
with H2O to approximately 10% and passed through four parallel C18

solid-phase extraction (SPE) cartridges (4M10 g, Varian HF C18). The
bound metabolites were eluted with 80% MeOH (4M80 mL each), fol-
lowed by elution with 100% MeOH (4M80 mL each) and 100% EtOAc
(4M80 mL each). HPLC and bioassay confirmed the presence of the ac-
tivity and nonpolar metabolites in the 80% MeOH fraction (4.9 g). Re-
sidual amounts of kibdelones remaining in the aqueous phase after
EtOAc extraction were recovered by adsorption onto two parallel C18

solid-phase extraction (SPE) cartridges (2M10 g, Varian HF C18) and
eluted with 100% MeOH (2M80 mL each), followed by 100% EtOAc
(2M80 mL each). HPLC and bioassay confirmed the presence of the ac-
tivity and nonpolar metabolites in the MeOH and EtOAc fractions. The
fractions were pooled to yield 1.5 g of enriched residue. The enriched res-
idues were pooled (6.4 g).

Duplicate batches of the enriched residues (2M2 g) were dissolved in a
mixture of DMSO and MeOH and then underwent preparative HPLC
(60 mLmin�1 with a gradient elution of 25 to 55% H2O/MeCN over
20 min followed by MeCN for 10 min, through a 5 mm Platinum EPS C18

50M100 mm column). One hundred fractions were collected, concentrat-
ed in vacuo, and combined on the basis of analytical HPLC analysis. The
fractions containing the major kibdelone metabolites were pooled
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(248 mg) and fractionated by multiple serial HPLC (10 mLmin�1 gradient
of 35% H2O/MeCN to 45% H2O/MeCN over 20 min through a Phenom-
enex LUNA C18 5 mm (2) 250M10 mm column and 2 mLmin�1 gradient
elution from 70–65% H2O/MeCN (0.01% TFA) to MeCN (0.01% TFA)
over 20 min through a Zorbax stable Bond C8 5 mm (2) 250M10 mm
column or through a Zorbax Eclipse C8 5 mm (2) 250M10 mm column) to
yield kibdelone A (1) (29 mg, 0.60% yield), kibdelone B (2) (52 mg,
1.1% yield), kibdelone C (3) (97 mg, 2.0% yield), kibdelone B rhamno-
side (5) (5.2 mg, 1.1% yield), 13-oxo kibdelone A (7) (0.9 mg, 0.02%
yield), and 25-methoxy-24-oxo kibdelone C (8) (2.8 mg, 0.06% yield). All
yields are calculated relative to the active 80% MeOH fraction (4.9 g)
from the enriched EtOAc residue, as indicated above.

Biological activity : Antibacterial, antifungal, nematocidal, and cytotoxici-
ty assays were carried out according to previously published methods.[28]

In vitro 60-cell line anticancer assays were carried out at NCI and the de-
tails of the method employed can be found on the website, http://dtp.nci.
nih.gov.html.

Kibdelone A (1): Orange solid; [a]25D =++72(c=0.01 in CHCl3);
1H and

13C NMR (600 and 150 MHz, respectively, [D6]DMSO, 25 8C, residual sol-
vent): see Table 1; UV/Vis (EtOH): lmax (e)=447(sh), 420 (11000), 311
(20000), 254 (24900), 214 nm (24500 mol�1 m3cm�1); MS (100 kV, ESI):
m/z (%): 582/584 (100/40) [M+H]+ , 580/582 (30/10) [M�H]� ; HRE-
SIMS: m/z : calcd for C29H24

35ClNO10Na: 604.0986 [M+Na]+ ; found:
604.0996.

Kibdelone B (2): Orange amorphous solid; [a]25D =++157 (c=0.01 in
CHCl3);

1H and 13C NMR (600 and 150 MHz, respectively, [D6]DMSO,
25 8C, residual solvent): see the Supporting Information; UV/Vis
(EtOH): lmax (e)=444 (sh), 402 (9670), 308 (sh), 258 (23800), 208 nm
(22000 mol�1 m3cm�1); MS (100 kV, ESI): m/z (%): 584/586 (100/40)
[M+H]+ , 582/584 (65/22) [M-H]� ; HRESIMS: m/z : calcd for
C29H26

35ClNO10Na: 606.1143 [M+Na]+ ; found 606.1128.

Kibdelone C (3): Yellow amorphous solid; [a]25D =++49 (c=0.01 in
CHCl3);

1H and 13C NMR (600 and 150 MHz, respectively, [D6]DMSO,
25 8C, residual solvent): see the Supporting Information; UV/Vis (EtOH)
lmax (e)=396 (20100), 339 (sh), 308 (sh), 272 (sh), 258 (27500), 217 nm
(22800 mol�1 m3cm�1); MS (100 kV, ESI): m/z (%): 586/588 (100/40)
[M+H]+ , 584/586 (60/22) [M�H]� ; HRESIMS: m/z : calcd for
C29H28

35ClNO10Na: 608.1299; found: 608.1259.

Reduction of kibdelone A (1) to give 10 : Kibdelone A (0.5 mg) was dis-
solved in [D6]DMSO (300 mL) in an NMR tube and a small amount of
Na2S2O4 was added. 1H NMR (600 MHz) experiments were carried out
immediately and after 24 h of standing. A color change was observed
from orange to greenish yellow, which disappeared with vigorous shaking,
suggesting a possible equilibrium between quinone and hydroquinone.
For 1H and 13C NMR (600 and 150 MHz, respectively, [D6]DMSO, 25 8C,
residual solvent) as well as complete 2D assignments of compound 10 see
the Supporting Information.

Kibdelone B rhamnoside (5): Orange amorphous solid; [a]25D =++150 (c=
0.01 in CHCl3);

1H and 13C NMR (600 and 150 MHz, respectively,
[D6]DMSO, 25 8C, residual solvent): see the Supporting Information;
UV/Vis (EtOH): lmax (e)=435 ACHTUNGTRENNUNG(5700), 308 (sh), 258 (16300), 205 nm
(18600 mol�1 m3cm�1); MS (100 kV, ESI): m/z (%): 730/732 (100/40)
[M+H]+ , 728/730 (40/16) [M�H]� ; HRESIMS: m/z : calcd for
C35H36

35ClNO14Na: 752.1722; found: 752.1740.

13-Oxo kibdelone A (7): 1H and 13C NMR (600 and 150 MHz, respective-
ly, [D6]DMSO, 25 8C, residual solvent): see the Supporting Information;
MS (100 kV, ESI): m/z (%): 580 (100/40) [M+H]+ , 578 (40/15) [M�H]� ;
HRESIMS: m/z : calcd for C29H22

35ClNO10Na: 602.0832; found: 602.0839.

25-Methoxy-24-oxo kibdelone C (8): Yellow amorphous solid; [a]25D =

+164 (c=0.01 in CHCl3);
1H and 13C NMR (600 and 150 MHz, respec-

tively, [D6]DMSO, 25 8C, residual solvent): see the Supporting Informa-
tion; UV/Vis (EtOH): lmax (e)=429 (12100), 388 (sh), 317 (sh), 254
(23100), 221 (sh), 208 nm (21200 mol�1 m3cm�1); MS (100 kV, ESI): m/z
(%): 598 (100) [M+H]+ , 596 (100) [M�H]� ; HRESIMS: m/z : calcd for
C30H31NO12Na: 620.1744; found 620.1740.

25-Hydroxy-24-oxo kibdelone C (9): Structure determination was based
on HPLC-DAD-MS and comparison to 8. MS (100 kV, ESI): m/z (%):
584 (60) [M+H]+ , 582 (100) [M�H]� .

Interconversion of kibdelones A–C : Kibdelones A–C (1–3) and kibde-
lone B rhamnoside (5) were heated at 40 8C in MeOH (upto 24 h) while
monitoring by HPLC-DAD-MS using standard analytical conditions (see
the Supporting Information).
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