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Anti-breast cancer activity of natural caged-scaffolds from
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ABSTRACT

Two rare new natural products, the neocaged-xanthone pruniflorone T (1), the
rearranged caged-xanthone pruniflorone U (3), and the known caged-xanthone cochinchinone
C (2) were isolated from the roots of Cratoxylum formosum ssp. pruniflorum. The unique
structures of 1-3 were determined by analysis of NMR and X-ray diffraction data. The X-ray
data of 1-3 revealed that they all exist with both enantiomers in their crystal packing.
Separation of 1-3 by chiral HPLC led to the isolation of three pairs of enantiomers, (—)-1/ (+)-
1, (-)-2/ (+)-2 and (-)-3/ (+)-3, and their absolute configurations were determined by analysis
of single-crystal X-ray diffraction and ECD spectroscopic data. A 1:1 mixture of 1 and 3
showed potent in vitro cytotoxicity against a MCF-7 human breast cancer cell line with an

ICs value of 0.11 pg/mL.



Executive Summary

I ntroduction

The natural caged scaffold has been widely isolated from the tropical plants in the genus
Garcinia (Asano et al., 1996; Thoison et at., 2000; Rukachaisirikul et al., 2003; Reutrakul et
al., 2007; Shadid et al., 2007). Many of the isolated caged-xanthones showed good
bioactivity such as anti-HIV-1 (Reutrakul ez al., 2007), antibacterial (Sukpondma et al., 2005)
and cytotoxic activities (Shadid ez al., 2007; Han et al., 2006; Cao et al., 1998; Wu et al.,
2004; Yu et al., 2006). Gambogic acid, a well known caged-xanthone, exhibited strong
cytotoxicity against various human cancer cell lines including BCG-823 gastric carcinoma
(Liu et al., 2005), SMMC-7721 hepatoma (Yang et al., 2007), and SPC-A1 lung cancer (Wu
et al., 2004) cells. Moreover, gambogic acid has been used as an anti-cancer drug in the
People’s Republic of China for the treatment of patients with breast carcinoma by
intravenous injection (Han et al., 2006; Wu et al., 2004). The previous results suggested that
the unusual caged motif was important for the bioactivity (Zhang et al., 2004; Kuemmerle et
al., 2008; Li et al., 2007, Wang et al., 2009). Only a few neocaged-, structural isomers of
caged-xanthones, and rearranged caged-xanthones, degraded products of caged-xanthones,
have been identified.

Moreover, awareness of the stereoselectivity of drug action has intensified since the
thalidomide tragedies of the 1960s as differences in the pharmacodynamics and
pharmacokinetics of enantiomers have become understood. The separation of enantiomers
constitutes a major challenge from the standpoint of efficacy and safety of drug. Although the
R and S isomers have the same substituent atoms or groups, they occupy different positions
in space, therefore forming different spatial relationships in the asymmetric environment of
receptors of enzymes. The X-ray structure determination, using a space group theory is the
most powerful technique to distinguish between enantiomerically pure compound and
racemic mixture and also provide more detail about 3-D structures of the molecules. From
these importances, it led us to search for anti-breast cancer active natural caged-scaffolds
from the roots of Cratoxylum formosum ssp. pruniflorum, which is a rich source of

xanthones.



Objectives

® To extract and isolate caged-scaffolds from the roots of Cratoxylum formosum ssp.
pruniflorum
® To identify the absolute configuration of isolated caged-scaffolds

® To search for anti-breast cancer caged-scaffolds

Results and Discussions

Herein, we report the isolation of three different types of caged-scaffolds represented
by pruniflorone T (1), a new neocaged-xanthone, pruniflorone U (3), a rearranged caged-
xanthone, and cochinchinone C (2), a known caged-xanthone (Mahabusarakam er al., 2006),
from the roots of Cratoxylum formosum ssp. pruniflorum. The structures of 1-3 were
elucidated by analysis of NMR spectroscopic and single crystal X-ray diffraction data.
Compounds 1-3 were evaluated for in vitro cytotoxicity against the MCF-7 human breast
cancer cell line.

Neocaged-xanthone pruniflorone T (1) was assigned a molecular formula of C,3H2605
on the basis of ?C NMR spectroscopic data and an HREIMS ion at m/z 382.1774 [M — COJ"
(Mahabusarakam et al., 2006).
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Figure 1. ORTEP diagram of pruniflorone T (1)

A single crystal X-ray diffraction analysis of 1 (Figure 1) showed that the main
skeleton of 1 was a neocaged-xanthone type. The UV spectrum of 1 showed absorption bands

at 242, 293, 329, and 396 nm, which were similar to those of the known caged-xanthone



cochinchinone C (2) (Mahabusarakam er a/., 2006). Its IR spectrum indicated the presence of
a hydroxy (3445 cm™) functionality along with unconjugated (1747 cm™) and conjugated
(1645 cm™) ketone carbonyls.

The 'H and ?C NMR spectroscopic data of 1 (Table 1) were similar to those of the
known caged-xanthone 2 (Mahabusarakam ez a/., 2006) (Table 1) including the presence of
C NMR resonances typical of unconjugated and conjugated ketone carbonyls at & 198.4
(C-5) and oc 179.2 (C-9). The '"H NMR spectrum of 1 (Table 1) revealed the hydrogen-
bonded phenolic proton at oy 11.88 (s, 1-OH) and an ABM spin system for three aromatic
protons at oy 7.36 (t, J = 8.4 Hz, H-3), 6.57 (dd, J = 0.6, 8.4 Hz, H-4), and 6.47 (dd, J = 0.6,
8.4 Hz, H-2), respectively. Resonances assigned to an olefinic proton at oy 7.16 (s, H-8), a
methoxy group at oy 3.44 (s, 7-OCH3), and an isoprenyl group at oy 4.42 (br t, J = 7.8 Hz, H-
11), 2.54 (d, J = 7.8 Hz, H,-10), and 1.50 (s, H3-13/H3-14) were also identified in the 'H
NMR spectrum. A methine proton resonance at oy 2.44 (H-16) showed vicinal coupling (J =
9.6 Hz) with the proton resonance at oy 1.80 (H-15), and the latter also showed geminal
coupling (J = 12.9 Hz) with the proton resonance at oy 2.48 (H-15), indicating the presence
of a -CH,-CH- subunit. In the HMBC spectrum of 1 (Figure 2), the diastereotopic methylene
protons H,-15 were correlated to C-5, C-9, C-5a, and C-8a, whereas the C-16 methine proton
was correlated to C-6, C-7, and C-17, indicating that the -CH,-15 and -CH-16 carbons were
linked to C-5a and C-7, respectively. Furthermore, strong HMBC correlations (Figure 2)
from H-10 to C-5, C-6, and C-7 confirmed the attachment of an isoprenyl side chain to C-6.
Therefore, the structure of compound 1 was assigned as a neocaged-xanthone, namely

pruniflorone T.

Figure 2. Selected HMBC ('H—"’C) correlations of 1 and 3



Table 1. 'H and *C NMR Spectroscopic Data of 1-3 in CDCl3

Neocaged-xanthone (1)

Caged-xanthone (2)

Rearranged caged-xanthone (3)

position : —
oc, type o4 (Jin Hz)

éc,’ type &4 (J in Hz)

&, type St (J in Hz)

1-OH 1629 C 11.88s

2 109.8 CH  6.47dd (0.6, 8.4)
3 1393 CH 7.36t(8.4)

4 107.8 CH  6.57dd (0.6, 8.4)
4a 160.0 C

Sa 83.5 C

5 1984 C

6 84.0 C

7 88.6 C

8 1383 CH  7.16s

9 179.2 C

8a 130.7 C

9a 106.5 C

10 28.1 CH, 2.54d(7.8)

11 1179 CH  4.42brt(7.8)

12 136.7 C

13 25.8 CHs; 1.50s

14 17.8 CH; 1.50s

15 342 CH, 2.48brd(12.9)
1.80dd (9.6, 12.9)

16 416 CH 2.44d(9.6)

17 83.6 C

18 29.8 CHs; 1.43s

19 28.6 CH; 1.25s

6-OCH3 —

7-OCH3 519 CH; 344s

1629 C 12.10 s
109.5 CH  6.55dd (0.9, 8.4)
1389 CH  7.41t(8.4)
1074 CH  6.52dd (0.9, 8.4)
159.4
88.8
84.1
201.1
84.8
135.3
180.7
132.1
106.1
29.7

s

7.51d(1.2)

cloNoNo RN RO NORONY

H, 2.39brd(13.2)
1.58 dd (9.6, 13.2)

494 CH 2.53d(9.6)

83.9 C

304 CH; 1.68s

29.0 CH; 1.32s

29.2 CH, 2.64d(7.8)

1184 CH  4.41brt(7.8)
1357 C

255 CHs 1.37s

16.7 CH; 1.01s

54.1 CH; 3.64s

162.6 C 11.65s
1102 CH  6.61 brd(8.4)
140.8 CH  7.48t(8.4)
1069 CH  6.51brd(8.4)
159.5
90.9
95.1
171.7
197.0
128.9
185.3
145.8
107.8
37.9

=

6.65 s

o O EO RO RO RO NORONS!

H, 2.86dd(12.6,16.5)
2.64 dd (6.6, 16.5)

559 CH 3.13 dd (6.6, 12.6)

84.7 C

30.0 CHs 1.73s

254 CHs; 141s

366 CH, 246m

1169 CH  4.99brt(6.9)
136.3 C

179 CHs; 1.40s

259 CH; 1.62s

51.8 CHs 3.58s

8 Measured at 75 MHz. ° Measured at 300 MHz.



The rearranged caged-xanthone pruniflorone U (3) was assigned a molecular formula
of Co4H607 on the basis of BC NMR spectroscopic data (Table 1) and an HREIMS ion at
miz 426.1684 [M]". The single crystal X-ray diffraction analysis of 3 (Figure 3) showed that
the main skeleton of 3 was a rearranged caged-xanthone. The UV spectrum of 3 showed
absorption bands at 243, 252, 312, and 385 nm. IR absorptions at 3615, 1748, 1710, and 1633
cm™ implied the existence of a hydroxy and three carbonyl groups. The presence of the
carbonyl functionalities was confirmed by the observation of resonances at oc 197.0 (C-7), oc

185.3 (C-9) and & 171.7 (C-6) in the '*C NMR data (Table 1).
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Figure 3. ORTEP diagram of pruniflorone U (3)

The 'H NMR spectrum of 3 (Table 1) revealed resonances assigned to a hydrogen-
bonded phenolic proton at oy 11.65 (s, 1-OH) and three aromatic protons which coupled as
and an ABM system at oy 7.48 (t, J = 8.4 Hz, H-3), 6.61 (br d, J = 8.4 Hz, H-2), and 6.51 (br
d, J = 8.4 Hz, H-4) for the three aromatic protons. A proton resonance at oy 6.65 (s) was
assigned to the C-8 olefinic proton. The resonance at oy 3.13 (dd), assigned to the methine
proton H-11, showed small (J = 6.6 Hz) and large (J = 12.6 Hz) coupling constants with the
non-equivalent C-10 methylene proton resonances at dy 2.64 and oy 2.86, respectively. In the
NOESY spectrum, a diastereotopic C-10 methylene proton at dy 2.64 showed a correlation
with H-11 (og 3.13), which indicated that the orientation of a diastereotopic C-10 methylene

proton at oy 2.64 should be f-oriented. The attachment of an ¢,funsaturated cyclohexenone
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moiety at C-8a and C-5a was assigned by the HMBC correlations from the H-8 (dg 6.65)
resonance to the C-9, C-5a, C-8a, and C-10 resonances and from H-10 (g 2.86) to C-5a.

The 'H NMR spectrum of 3 also showed resonances at oy 1.73 (s, H3-13) and oy 1.41
(s, Hsz-14) assigned to a 2,2-dimethyltetrahydrofuran ring. The attachment of the
tetrahydrofuran ring at C-11 and C-5a was confirmed by the HMBC correlations between H-
10 (o 2.86) and C-7, C-11, C12, and C-5a. Resonances typical of an isoprenyl group were
present at oy 4.99 (br t, J = 6.9 Hz, H-16), 2.46 (m, H,-15), 1.62 (s, H3-19), and 1.40 (s, H3-
18). The attachment of isoprenyl and methyl ester groups at C-5 was confirmed by the
HMBC correlations between H>-15 (dg 2.46) and C-5, C-5a, and C-6 and between 6-OCHj;
(o 3.58) and C-6 shown in Figure 2. Therefore, the structure of compound 3 was assigned as
a rearranged caged-xanthone, namely pruniflorone U.

The X-ray analyses of 1-3 revealed that both 1 (CCDC727003) and 3 (CCDC774999)
crystallized in a centrosymmetric triclinic P-1 space group (containing an inversion center),
whereas 2 (Chantrapromma e a/., 2005) crystallized in a centrosymmetric monoclinic P2,/c
space group (containing a c-glide plane). Owing to the fact that crystals of an enantiomeric
pure compound cannot crystallize in a space group that contains an inversion center, mirror
plane, or glide plane (Glusker er a/., 1994), and the crystals of 1-3 crystallalized in space
groups containing an inversion center (for 1 and 3) and a glide plane (for 2), it was apparent
that the crystals of 1-3 are racemates.

The crystal packings of 1-3 as shown Figures 4-6 revealed that molecules (1), (2) and
(3) cannot be superimposed on molecules ent-(1), ent-(2) and ent-(3), respectively. In these
diagrams, molecules (1) and (3) are related to molecules ent-(1) and ent-(3) by inversion
(Glusker er al., 1994), whereas molecule (2) is related to molecule ent-(2) by a c-glide plane
(Glusker er al., 1994). Therefore, the X-ray data obtained for 1-3 showed that single crystals
of 1-3 exist as racemates. Moreover, the X-ray data in Figures 4b-6b and Figures 4c-6c¢,
showed that the crystals of 1-3 were stabilized by intermolecular interactions between two

enantiomers (using blue and red ovals in Figures 4c-6¢) in their crystal lattices.

10
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ent-(3)
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Figure 4. Crystal structure of neocaged-xanthone (1); (a) crystal packing of 1 showing the
non-superimposition of molecule (1) (5aR,6R,7R,165—(1)) and molecule ent-(1)
(5a8,65,7S,16R—(1)) (b) Intermolecular interactions and molecular arrangement of 1 (c¢)
Schematic representation of interactions between molecule (1) (blue oval) and molecule ent-

(1) (red oval) in the crystal packing
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Figure 5. Crystal structure of caged-xanthone (2) (Chantrapromma ef a/., 2005); (a) crystal
packing of 2 showing the non-superimposition of molecule (2) (5R,5aS,7R,115—(2)) and
molecule ent-(2) (55,5aR,7S,11R—(2)) (b) Intermolecular interactions and molecular
arrangement of 2 (¢) Schematic representation of interactions between molecule (2) (blue

oval) and molecule ent-(2) (red oval) in the crystal packing
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Figure 6. Crystal structure of rearranged caged-xanthone (3); (a) crystal packing of 3
showing the non-superimposition of molecule (3) (55,5aR,11R—(3)) and molecule ent-(3)
(5R,5a8,115—(3)) (b) Intermolecular interactions and molecular arrangement of 3 (c)
Schematic representation of interactions between molecule (3) (blue oval) and molecule ent-

(3) (red oval) in the crystal packing
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Surprisingly, the specific rotations of the isolated samples of 1-3 are +13.5 (c 0.14,
CHCl3), +125.1 (¢ 0.14, CHCI3) and —24.0 (c 0.10, CHCI3), respectively, demonstrating that
the bulk samples of 1-3 are optically active, whereas the X-ray data of 1-3 showing that 1-3
contained both enantiomers in their crystal packing suggests that 1-3 are racemates. The
combination of both observations suggests that the isolated samples of 1-3 are partial
racemates. A previous report by Odile and coworkers (Thoison ef ar., 2000), showed that
bractatin, a caged-xanthone isolated from Garcinia bracteata leaves, was a parital racemate
that could be separated using a chiral column to give two peaks in an HPLC chromatogram.
The partial racemization of 1 and 2 can be explained by the proposed biosynthesis shown in
Scheme 1 in which the Claisen rearrangement step generates intermediates 1 and 2 as partial
racemates (Hayden ez a/., 2006). This infers that Claisen rearrangement to give 1 and 2 might
proceed via a mixture of non-enzymatic and enzymatic processes. Scheme 1 proposes that
the caged motif construction occurs via a Diels Alder reaction affording the partial rac-1 and
partial rac-2, respectively, whereas partial rac-3 would be formed via a ring expansion and

degradation of partial rac-2.

migrate to C-6

Diels-Alder
15 43 14 reaction
Ny ></1°
- 02 Claisen
88 8l 0 3Rearrangement
LT
HCO™ 7 Y4
O OH
diallylxanthone Diels-Alder 0)

>

migrate to C-5 reaction  p,co”7

partial rac-3

Scheme 1. Plausible biosynthesis of 1-3

14
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The above results implied that compounds 1-3 were partial racemates. To clarify this
assumption, we have further subjected all compounds to HPLC separation on a chiral column
to determine the ratio of the two enantiomers in each mixture. The chiral HPLC analysis of
each of the isolated samples 1-3 showed well resolved peaks of two enantiomers in unequal

ratios (Figure 7).

-} (+)-2
o e .

()3

N A VATANG

Figure 7. Chiral HPLC using a Chiral Pack AD-H, 5p 4.6 x 250 mm column, with detection

at 225 nm and a flow rate of 1 mL/min for: (a) Chiral HPLC chromatogram of (—)-neocaged
xanthone and (+)-neocaged xanthone (1) by using 1:99 iPrOH/n-hexane as eluent; (b) Chiral
HPLC chromatogram of (—)-caged-xanthone (2) and (+)-caged-xanthone (2) by using
0.5:99.5 iPrOH/n-hexane as eluent; (¢) Chiral HPLC chromatogram of (—)-rearranged caged-

xanthone (3) and (+)-rearranged caged-xanthone (3) by using 1:99 iPrOH/n-hexane as eluent.

15
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The ratio of two enantiomers of compound 1-3 were as follows: 1.0:1.1 for the
mixture of (—=)-1 [(1.1 mg), [a]*p = —61] and (+)-1 [(1.2 mg), [a]*p = +79] in compound 1
(Figure 7a); 1.0:1.9 for the mixture of (—)-2 [(1.8 mg), [a]®p = —459] and (+)-2 [(3.4 mg),
[(1]251) = +509] in compound 2 (Figure 7b); and 1.1:1.0 for the mixture of (—)-3 [(0.8 mg),
[(1]251) =-161] and (+)-3 [(0.7 mg), [(1]251) = +172] in compound 3 (Figure 7c), respectively.
Comparison of the spectroscopic data of (—)-1/ (+)-1 with 1, (-)-2/ (+)-2 with 2, and (-)-3/
(+)-3 with 3, revealed that the 'H and *C NMR spectra of each of the isolated enantiomers
and their precursor mixtures in an achiral environmental were identical. These results

confirmed our hypothesis that compounds 1-3 were partial racemates.

To establish the absolute configuration of the three different caged-scaffolds 1-3, pure
enantiomers of each scaffold [(—)-neocaged-xanthone pruniflorone T (1), (—)-caged-xanthone
cochinchinone C (2) and (—)-rearranged caged-xanthone pruniflorone U (3)] were further
recrystallized in CH,Cl, to obtain single crystals for X-ray structure determination using
CuK, radiation. Yellow plate-like single crystals of the (—)-neocaged-xanthone 1 were
monoclinic, with a = 8.4151(3) A, b = 8.0906(3) A, ¢ = 15.1668(5) A and chiral space group
P2,. From the X-ray data analysis, the absolute configuration of (—)-neocaged-xanthone
pruniflorone T (1) (Figures 8 and 10) was established as 5aR, 6R, 7R, and 16S through the

refinement of Flack’s parameter [x = 0.01(2)].

o
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Figure 8. ORTEP diagram of (—)-pruniflorone T (1).
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Figure 9. ECD spectra recorded in CH,Cl,: a) (—)-Neocaged-xanthone pruniflorone T (1)
(0.20 mg/mL); b) (+)-Neocaged-xanthone pruniflorone T (1) (0.12 mg/mL) (pathlength of

0.2 cm, bandwidth 2 nm, data pitch 0.5 nm, scan rate 200 nm/min and response 4 s).

Moreover, (+)-neocaged-xanthone 1 showed the opposite sign in terms of the Cotton
effects in the electronic circular dichroism (ECD) curve (Figure 9) and specific rotation as
compared with the (—)-neocaged-xanthone 1, but their NMR data were identical in an achiral
environmental. Thus, the absolute configuration of (+)-neocaged-xanthone 1 (Figure 10) is

(5aS, 65, 7S, 16R).

/\//,,O‘\ O
S
HCO
f\ O OH

(-1

Figure 10. The absolute configurations of (—)-5aR, 6R, 7R, 16S-1 and (+)-5a$, 6S, 7S, 16R-1.

The absolute configuration of (—)-caged-xanthone cochinchinone C (2) was confirmed
to be the same as (—)-1 based on single-crystal X-ray diffraction analysis. The yellow needle
single crystals of the (—)-caged-xanthone 2 were, orthorhombic, with a = 7.2698(8) A b=
11.4350(1) A, ¢ = 24.6320(3) A and chiral space group P2,2,2,. The X-ray diffraction

analysis using anomalous scattering of CuK,, radiation and resulted in a Flack parameter of

17
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0.02 (3), which showed that the absolute configuration of (—)-caged-xanthone cochinchinone

C (2) (Figures 11 and 13) as (5R, 5aS8, 7R, 115).

Figure 11. ORTEP diagram of (—)-cochinchinone C (2).
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Figure 12. ECD spectra recorded in CH,Cl,: a) (—)-Caged-xanthone 2 (0.02 mg/mL); b) (+)-

Caged-xanthone 2 (0.13 mg/mL) (pathlength of 0.2 cm, bandwidth 2 nm, data pitch 0.5 nm,

scan rate 200 nm/min and response 4 s).

The signs of the ECD cotton effects and specific rotations of (+)-cochinchinone C (2)
and (—)-cochinchinone C (2) were opposite (Figure 12). Therefore, the absolute

configuration of (+)-cochinchinone C (2) (Figure 13) was (55, 5aR, 7§, 11R).

18
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Figure 13. The absolute configurations of (-)-5R, 5aS, 7R, 115-2 and (+)-5S, 5aR, 7S, 11R-2

Finally, yellow needle single crystals of the (—)-rearranged caged-xanthone
pruniflorone U (3) were, monoclinic, with a = 13.4658(12) A, b = 7.9997(7) A, ¢ =
20.8660(2) A and with a chiral space group (P2;). The absolute configuration of (—)-
rearranged caged-xanthone pruniflorone U (3) was assigned as (55, 5aR, 11R) by the single
crystal X-ray diffraction analysis (Figures 14 and 16) with a Flack parameter of 0.02 (3).

\
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Figure 14. ORTEP diagram of (—)-rearranged caged-xanthone pruniflorone U (3).
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Figure 15. ECD spectra recorded in CH,Cl,: a) (—)-Rearranged caged-xanthone pruniflorone
U (3) (0.02 mg/mL); b) (+)-Rearranged caged-xanthone pruniflorone U (3) (0.14 mg/mL)
(pathlength of 0.2 cm, bandwidth 2 nm, data pitch 0.5 nm, scan rate 200 nm/min and

response 4 s).

In a similar way, the absolute configuration of (+)-pruniflorone U (3) (Figure 16) was
assigned as (5R, 5a$, 11S5) by comparison of the ECD curve (Figure 15) and specific rotation

with those of (—)-pruniflorone U (3).

L CozMe

(-)-3 (+)-3
Figure 16. The absolute configurations of (—)-5S, 5aR, 11R-3 and (+)-5R, 5aS$, 11S-3.

Only stable compounds of sufficient quantity were evaluated for in vitro cytotoxicity
against the MCF-7 human breast cancer cell line (Table 2). Cochinchinone C (2) exhibited
better activity than pruniflorone T (1) and pruniflorone U (3) with an ICsy value of 0.36
pg/mL. Interestingly, a 1:1 mixture of 1 and 3 significantly increased the cytotoxicity against

MCEF-7 compared with the pure forms (1 and 3) with an ICs value of 0.11 pg/mL.
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Table 2. Cytotoxicity of 1-3 Against the MCF-7 Human Breast Cancer Cell Line

Compounds 1 2 3 1+3° camptothecin

ICsp (ug/mL)  >5 0.36 >5 0.11 <0.024

“a1:1 mixture of 1 and 3

Conclusions

In summary, this paper describes the isolation of three different types of caged-
scaffolds 1-3 from the roots of C. formosum ssp. pruniflorum. Two of the scaffolds are found
in the new natural products pruniflorone T (1) and pruniflorone U (3). Single crystal X-ray
diffraction analysis data obtained for the isolated samples of 1-3, revealed that natural 1-3
exist in both enantiomeric forms in their crystal packings, but are also optical active,
suggesting that natural 1 and 3 are slightly partial racemates and natural 2 are partial
racemate. To confirm this possibility, the enantiomeric mixtures of natural 1-3 were further
purified by chiral HPLC yielding each enantiomer as a pure compound [(—)-1 (1.1 mg), (+)-1
(1.2 mg), (-)-2 (1.8 mg), (+)-2 (3.4 mg), (-)-3 (0.8 mg), and (+)-3 (0.7 mg), respectively].
The HPLC analysis confirmed that the three caged-scaffolds; neocaged-xanthone (1), caged-
xanthone (2) and rearranged caged-xanthone (3), were partial racemates. We have proposed
that the scaffolds are produced in the plant via a mixture of non-enzymatic and enzymatic
processes. The absolute configuration of the caged-scaffolds 1-3 were established by single
crystal X-ray diffraction analysis using CuKo radiation. Interestingly, a 1:1 mixture of the
new natural products pruniflorone T (1) and pruniflorone U (3) exhibited potent cytotoxicity

against the MCF-7 human breast cancer cell line with an ICsy value of 0.11 pg/mL.

Material and Methods

General Experimental Procedures

Optical rotations were measured on a JASCO P-1020 polarimeter. Ultraviolet (UV)
absorption spectra were measured on a SPECORD S 100 (Analytikjena) spectrophotometer.
Infrared spectra (IR) were recorded on a Perkin-Elmer 783 FTS FT-IR spectrometer. The 'H
and °C NMR spectra were recorded on 300 MHz Bruker FTNMR Ultra Shield and 600 MHz
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Bruker AV-600 spectrometers in CDCl; with TMS as the internal standard. Chemical shifts
are reported in J (ppm) and coupling constants (J) are expressed in Hertz. Electronic circular
dichroism (ECD) spectra were recorded on a JASCO J-810 CD spectropolarimeter. Mass
spectra were measured on a MAT 95 XL mass spectrometer (Thermo Finnigan). Chiral
HPLC was performed on a Chiralpak AD-H column of 4.6 x 250 nm and attached to the
Photodiode Array Detector. Quick Column chromatography (QCC) and column
chromatography (CC) were carried out on silica gel (Merck) type 100 (0.063-0.20 mm) and
silica gel 60 F,s4 (Merck) with a gradient system of acetone-n-hexane or as otherwise stated,

or silica gel 60 RP-18 (40-63 xm) (Merck) with pure MeOH.

Plant Material

Roots of C. formosum ssp. pruniflorum were collected in May 2004 from Nong Khai
Province, in the northeastern part of Thailand. Identification was made by Prof. Puangpen
Sirirugsa, Department of Biology, Faculty of Science, Prince of Songkla University and a

specimen (No. 0012677) was deposited at Prince of Songkla University Herbarium.

Extraction and Isolation

Air-dried roots of C. formosum ssp. pruniflorum (5.30 kg) were extracted with
CH,ClI; (2 x 20 L, for 5 days) at room temperature. The crude CH,Cl, extract was evaporated
under reduced pressure to afford a brownish crude (60.0 g) extract, which was subjected to
QCC on silica gel using n-hexane as the first eluent and then increasing polarity with acetone
to give six fractions (F1-F6). Fraction F4 was separated by QCC eluting with a gradient of
CH;Cly—n-hexane (0 — 70% over 120 min) to afford 11 subfractions (F4A-F4K). Subfraction
F4B was further purified by QCC with a gradient of EtOAc—n-hexane (0 — 40% over 90 min)
to give six subfractions (F2B1-F2B6). Subfraction F2B4 was further purified by CC eluting
with 30% acetone—n-hexane to give nine subfractions (F2B4A-F2B4I). Subfraction F2B4F
was further purified by CC eluting with 30% CH,Cl,-n-hexane to give 1 (4.3 mg), 2 (80.3
mg) and mixture of fFsitosterol and stigmasterol (7.5 mg). Compound 1 was recrystallized in
CHCL:;—MeOH (9:1, v/v) to yield yellow needle single crystals. Subfraction F2B4E was
further separated by CC on reversed-phase silica gel C18 eluting with MeOH to give 2 (15.5
mg) and 3 (3.5 mg). Compound 3 was recrystallized in CHCl;-MeOH (9:1, v/») to yield

yellow needle single crystals.
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Pruniflorone T (1). Yellow powder, m.p. 167-169 °C; [0]*p = +14 (¢ 0.1, CHCl;),
UV (CHCls) Amax (log &) 242 (3.36), 293 (3.34), 329 (3.54), 396 (2.78) nm; IR (neat) Vmax
3445, 1747, 1645 cm™'; HREIMS [M — CO]" m/z 382.1774 for Cy3Ha605 [M — CO]" (calcd.
382.1780). EIMS m/z (rel. int.): (A parent ion at m/z 410 was not observed.), 382 (3) [M —
COJ", 313 (10), 279 (20), 256 (23), 178 (18), 167 (33), 149 (75), 127 (28), 113 (40), 111 (26),
99 (40), 97 (34), 85 (77), 83 (84), 71 (100), 69 (57).

Chiral HPLC Separation and ECD Spectroscopic Data of (—)-1 and (+)-1

Separation of the two enantiomers of partial rac-1 (2.3 mg) was performed by
semipreparative HPLC on an enantioselective column (Chiral Pack AD-H 5 pm, 4.6 mm x 25
mm, eluent n-hexane/iPrOH 99:1 v/v, 1 mL/min). Compound (-)-1 (1* eluted) {(1.1 mg),
[a]*p = =61 (c 0.4, CH,Cly), m.p. 215-217 °C} and (+)-1 (2" eluted) {(1.2 mg), [0]*p = +79
(c 0.8, CH,Cl,), m.p. 212-214 °C} were obtained. ECD spectra of compounds (—)-1 (0.20
mg/mL) and (+)-1 (0.12 mg/mL) were recorded at 25 °C in CH,Cl,, with path length of 0.2
cm, bandwidth 2 nm, data pitch 0.5 nm, scan rate 200 nm/min, and response 4 s. UV

absorption spectra were recorded at 25 °C in CH,Cl, in the 200-500 nm region.

Cochinchinone C (2). Yellow powder, m.p. 158-159 °C; [a]*p = +125 (¢ 0.1, CHCLy),
UV (CHCL) Amax (log &) 262 (3.28), 310 (4.06), 350 (3.82), 400 (3.35) nm; IR (neat) Vmax
3428, 1746, 1644, 1604 cm’™'; HREIMS [M — CO]" m/z 382.1785 for Ca3Hys05 [M — COJ"
(caled. 382.1780). EIMS m/z (rel. int.): (A parent ion at m/z 410 was not observed.), 382 [M —
CO]" (48), 313 (100), 285 (32), 271 (9), 243 (16), 227 (5), 203 (5), 137 (8), 69 (7).

Chiral HPLC Separation and ECD Spectroscopic Data of (—)-2 and (+)-2

Separation of the two enantiomers of partial rac-2 (5.2 mg) was performed by
semipreparative HPLC on an enantioselective column (Chiral Pack AD-H 5 um, 4.6 mm x 25
mm, eluent n-hexane/iPrOH 99.5:0.5 v/v, 1 mL/min). Compound (-)-2 (1% eluted) {(1.8 mg),
[a]®p = —459 (¢ 0.7, CH,CLy), m.p. 163-164 °C } and (+)-2 (2™ eluted) {(3.4 mg), [0]*p =
+509 (¢ 0.7, CH,Cl,), m.p. 166-167 °C } were obtained. ECD spectra of compounds (—)-2
(0.02 mg/mL) and (+)-2 (0.13 mg/mL) were recorded at 25 °C in CH,Cl,, with path length of
0.2 cm, bandwidth 2 nm, data pitch 0.5 nm, scan rate 200 nm/min, and response 4 s. UV
absorption spectra were recorded at 25 °C in CH,Cl, in the 200-500 nm region.
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Pruniflorone U (3). Yellow powder, m.p. 97-99 °C; [0]*p = —24 (¢ 0.1, CHCls), UV
(CHCL3) hmax (log &) 243 (3.93), 252 (3.91), 312 (4.01), 385 (3.37) nm; IR (neat) vy 3615,
1748, 1710, 1633 cm’'; HREIMS m/z 426.1684 for CosHy607 (caled. 426.1679). EIMS m/z
(rel. int.): 426 [M]" (2), 382 (7), 313 (13), 270 (100), 242 (19), 227 (42), 213 (9), 200 (8), 137
(8), 69 (7).

Chiral HPLC Separation and ECD Spectroscopic Data of (—)-3 and (+)-3

Separation of the two enantiomers of partial rac-3 (1.5 mg) was performed by
semipreparative HPLC on an enantioselective column (Chiral Pack AD-H 5 um, 4.6 mm x 25
mm, eluent n-hexane/iPrOH 99:1 v/v, 1 mL/min). Compound (-)-3 (1% eluted) {(0.8 mg),
[a]®p = —161 (¢ 0.2, CH,CL), m.p. 150-152 °C } and (+)-3 (2™ eluted) {(0.7 mg), [0]*p =
+172 (c 0.5, CH,Cl,), m.p. 147-148 °C } were obtained. ECD spectra of compounds (—)-3
(0.02 mg/mL) and (+)-3 (0.14 mg/mL) were recorded at 25 °C in CH,Cl,, with path length of
0.2 cm, bandwidth 2 nm, data pitch 0.5 nm, scan rate 200 nm/min, and response 4 s. UV
absorption spectra were recorded at 25 °C in CH,Cl; in the 200-500 nm region.

X-ray crystallographic studies of 1 and 3

Crystallographic data were collected at 100.0 (1) K with the Oxford Cryosystem
Cobra low-temperature attachment. The data were collected using a CCD diffractometer with
a graphite monochromated Mo Ka radiation at a detector distance of 5 cm using APEX2
(Bruker, 2005). The collected data were reduced using SAINT program (Sheldrick, 1998), and
the empirical absorption corrections were performed using SADABS program (Bruker, 2005).
The structures were solved by direct methods and refined by least-squares using the
SHELXTL software package (Sheldrick, 1998). All non-hydrogen atoms were refined
anisotropically, whereas all H atoms were placed in calculated positions with an O-H
distance of 0.82 A and C-H distances in the range 0.93-0.98 A after checking their positions
in the difference map. The Ui, values were constrained to be 1.5U,q of the carrier atoms for
methyl H atoms and 1.2Uq for hydroxyl and the other H atoms. The final refinement
converged well. Materials for publication were prepared using SHELXTL® and PLATON
(Spek, 2003).

Crystal data for 1. CyH606, M=410.45, 0.55%0.30x0.16 mm3, triclinic, P-1,
a=8.2330(3) A, b=8.4002(3) A, c=14.8363(5) A, a=100.909(2)°, f=99.445(2)° y=92.198(2)°,
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}=991.31(6) A3, Z=2, D,=1.375 Mg.m'3 , W(MoKa)=0.098 mrn'l, 28505 reflection measured,
7135 unique reflections, R=0.0461, R,,=0.1228.

Crystal data for 3: CyHa0,, M=426.45, 0.60x0.35x0.12 mm’, triclnic, P-1,
a=7.7224(6) A, b=9.9926(8) A, c=14.1397(12) A, a=103.086(4)°, p=92.580(4)°
y=100.991(4)°, V=1038.84(15) A*, Z=2, D, =1.363 Mg m™, x(MoKa)=0.100 mm™, 11097
reflection measured, 3600 unique reflections, R=0.0485, R,~0.1155.

Determination of Absolute Configurations of compounds (-)-1, (-)-2 and (-)-3 by X-ray
Structure analysis

The data were collected using a CCD diffractometer with cross-coupled multilayer
optics CuKa radiation at a detector distance of 49.80 mm. Data were collected and integrated
using the Bruker SAINT (Bruker, 2010) software package. Data were corrected for
absorption effects using the multi-scan technique (SADABS) (Sheldrick, 2008). The data
were corrected for Lorentz and polarization effects. The structure was solved by direct
methods (Altomare er al., 1999). The material crystallizes with two crystallographically
independent molecules in the asymmetric unit. All non-hydrogen atoms were refined
anisotropically. All OH hydrogen atoms were located in difference maps and refined
isotropically. All other hydrogen atoms were placed in calculated positions. The absolute
configuration was established on the basis of the refined Flack x-parameter (Parsons & Flack

2004).
R1 =23 |[Fo| - [Fe|| / Z [Fo| = 0.031

wR2 = [Z (w(Fo2 - Fc2)2 )/ T w(Fo2)211/2 = 0.077

Neutral atom scattering factors were taken from Cromer and Waber (Cromer &
Waber 1974). Anomalous dispersion effects were included in Fcalc (Ibers & Hamilton 1964),

the values for Af and Af" were those of Creagh and McAuley (Creagh & McAuley 1992).

The values for the mass attenuation coefficients are those of Creagh and Hubbell (Creagh &
Hubbell 1992). All refinements were performed using the SHELXL-97 (Bruker, 2008) via the
WinGX (Farrugia, 1999) interface.

Crystal data for (—)-1: Co4H2606, M = 410.45; monoclinic system, space group P2, a
=8.4151(3) A, b=18.0906(3) A, ¢ = 15.1668(5) A, o=y =90°, B = 98.855(2)°, V= 1020.30(6)
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A3, Z=2,d=1.336 glem’. A crystal of dimensions was 0.03 x 0.13 x 0.14 mm’. z(Cu-Ka) =
0.0784 mm™'. The data were collected at a temperature of -100.0 + 0.1°C to a maximum 20

value of 131.720. Data were collected in a series of ¢ and ® scans in 1” oscillations using
both 10.0 and 30.0-second exposures. Of the 26945 reflections that were collected, 7264 were
unique (Ript = 0.028); equivalent reflections (excluding Friedel pairs) were merged. The
absolute configuration was established on the basis of the refined Flack x-parameter (Parsons
& Flack 2004),-0.09(8). The final assignments for the chiral centers are as follows: CSA=R,
C6=R and C7=R, C16A=R. The structure was solved by direct methods and refined by a full-
matrix least squares on F”. Final R indices [[>25(])]: Ri= 0.031, wR, = 0.081. The standard
deviation of an observation of unit weight was 1.04. The weighting scheme was based on

counting statistics. The maximum and minimum peaks on the final difference Fourier map

corresponded to 0.14 and —0.15 e‘/As, respectively.

Crystal data for (—)-2: Cy4Hy606, M = 410.45; orthorhombic system, space group
P21212;, a=7.2698(8) A, b =11.4350(1) A, ¢ =24.6320(3) A, a = B =y =90°, V' =2047.7(4)
A3, Z=4,d=1.331 glem’. A crystal of dimensions was 0.13 x 0.23 x 0.31 mm’. z(Cu-Ka) =

7.81 cm_l. The data were collected at a temperature of -183.0 + 0.1°C to a maximum 20 value

of 131.14°. Data were collected in a series of ¢ and o scans in 1” oscillations using both 2.0
and 5.0-second exposures. Of the 21717 reflections that were collected, 3494 were unique
(Rint = 0.033); equivalent reflections (excluding Friedel pairs) were merged. The absolute
configuration was established on the basis of the refined Flack x-parameter (Parsons & Flack
2004),-0.04(4). The final assignments for the chiral centers are as follows: C5=R, C5A=S,
C7=R and C11=R. The structure was solved by direct methods and refined by a full-matrix
least squares on F~. Final R indices [/>20(I)]: Ri= 0.026, wR, = 0.064. The standard deviation
of an observation of unit weight was 1.07. The weighting scheme was based on counting

statistics. The maximum and minimum peaks on the final difference Fourier map

corresponded to 0.19 and —0.28 e'/A3, respectively.

Crystal data for (—)-3: Co4H2607, M = 426.45; monoclinic system, space group P2, a
=13.4658(12) A, b = 7.9997(7) A, ¢ = 20.8660(2) A, o = y = 90°, B = 106.550(5)°, V =
2154.6(3) A’, Z=4,d = 1315 g/em’. A crystal of dimensions was 0.10 x 0.29 x 0.34 mm”.

1(Cu-Ka) = 7.99 cm-l. The data were collected at a temperature of -100.0 + 0.1°C to a
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maximum 20 value of 131.72". Data were collected in a series of ¢ and ® scans in 1
oscillations using both 3.0 and 10.0-second exposures. Of the 26945 reflections that were
collected, 7264 were unique (Rint = 0.028); equivalent reflections (excluding Friedel pairs)
were merged. The absolute configuration was established on the basis of the refined Flack x-
parameter (Parsons & Flack 2004),-0.02(5). The final assignments for the chiral centers are as
follows: C5=S, C5A=R CI11=S. The structure was solved by direct methods and refined by a
full-matrix least squares on F?. Final R indices [[>20()]: Ri= 0.031, wR, = 0.077. The
standard deviation of an observation of unit weight was 1.07. The weighting scheme was

based on counting statistics. The maximum and minimum peaks on the final difference

3
Fourier map corresponded to 0.14 and —0.15 e/A", respectively.

The crystallographic-information files for 1 (CCDC727003), 3 (CCDC774999), (-)-1
(CCDCY69759), (—)-2 (CCDCY69760), and (—)-3 (CCDCY969761) have been deposited in the
Cambridge Crystallographic Data Centre. These data can be obtained free of charge via

http://www.ccdc.cam.ac.uk/data_request/cif, or by e-mailing data_request@ccdc.cam.ac.uk,

or by contacting the Cambridge Crystallographic Data Centre, 12, Union Road, Cambridge
CB2 1EZ, UK; fax: +44 1223 336033.

Cytotoxicity Assay

The cancer cell line MCF-7 (human breast adenocarcinoma) was grown in Dulbecco’s
modified eagle medium: nutrient mixture F12 (D-MEM/F12) supplemented with 10% fetal
bovine serum (FBS). Cells were seeded in 96 wells (3000 cell/well) and allowed to adhere for
24 h at 37°C with 5% CO; in a fully humidified incubator. Then 100 mL of 25 mg/mL crude
extract or fivefold diluted pure compound in medium (final concentration 0.008, 0.04, 0.2, 1,
and 5 mg/mL) were dispensed into wells of the cell plates and incubated further for 72 h.
After removal of the sample medium, the cells were topped up with 200 mL D-MEM/F12
medium and incubated. After 72 h, cells were fixed with cold 40% trichloroacetic acid and
kept at 4°C for 1 h and washed with tap water. The viable cells were conducted by using
sulphorhodamine B (SRB) following the method of Skehan and coworker (Skehan er al.,
1990). The absorbance was measured at 492 nm using a microplate reader. The results were
based on the ability of the extracts to inhibit cell growth compared to control (cells in media
without extract) and calculated for ICsy using probit analysis. Camptothecin, which was used

as a standard, showed cytotoxic activity at <0.024 mg/mL (Salae ez a/., 2010).
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Figure A30. 2*C NMR (150 MHz, CDCls) spectrum of (+)-Neocaged-xanthone (1)
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Figure A32. *C NMR (150 MHz, CDCls) spectrum of (+)-Caged-xanthone (2)
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ABSTRACT: Two rare new natural products, the neocaged-xanthone pruniflorone T

(1) and the rearranged caged-xanthone pruniflorone U (3), and the known caged-
xanthone cochinchinone C (2) were isolated from the roots of Cratoxylum formosum

ssp. pruniflorum. The unique structures of 1—3 were determined by analysis of NMR

and X-ray diffraction data. The X-ray data of 1—3 revealed that they all exist with both [
enantiomers in their crystal packing. Separation of 1—3 by chiral HPLC led to the |ox°r)
isolation of three pairs of enantiomers, (—)-1/(+)-1, (—)-2/(+)-2, and (—)-3/(+)-3, ==
and their absolute configurations were determined by analysis of single-crystal X-ray
diffraction and ECD spectroscopic data. A 1:1 mixture of 1 and 3 showed potent in

vitro cytotoxicity against an MCF-7 human breast cancer cell line with an IC, value of

0.11 pug/mL.

Crystal packing HPLC chromatogram

Natural caged-xanthones have been widely isolated from
tropical plants in the genus Garcinia.' > Many of the
isolated caged-xanthones show interesting antibacterial,® anti-
HIV-1,* and cytotoxic activities.>” ™ *° Gambogic acid, a well-
known caged-xanthone, exhibited strong cytotoxicity against
various human cancer cell lines including BCG-823 gastric
carcinoma,'! SMMC-7721 hepatoma,12 and SPC-Al lung
cancer’ cells. Moreover, gambogic acid has been used as an
anticancer drug in the People’s Republic of China for the
treatment7 9of patients with breast carcinoma by intravenous
injection.”” The previous results suggested that the unusual

caged motif was important for the bioactivity.">~'® Only a few W RESULTS AND DISCUSSION
neocaged-xanthones, structural isomers of caged-xanthones,
and rearranged caged-xanthones, degraded products of caged-
xanthones, have been identified. Herein, we report the isolation
of three different types of caged-scaffolds represented by
pruniflorone T (1), a new neocaged-xanthone, pruniflorone U
(3), a rearranged caged-xanthone, and cochinchinone C (2), a
known caged-xanthone,'” from the roots of Cratoxylum
formosum ssp. pruniflorum. The structures of 1—3 were
elucidated by analysis of NMR spectroscopic and single-crystal
X-ray diffraction data. Compounds 1—3 were evaluated for in
vitro cytotoxicity against the MCF-7 human breast cancer cell Received: December 7, 2013
line. Published: June 18, 2014

Neocaged-xanthone pruniflorone T (1) was assigned a
molecular formula of C,3;H,sOs on the basis of *C NMR
spectroscopic data and an HREIMS ion at m/z 382.1774 [M —
COJ*." A single-crystal X-ray diffraction analysis of 1 (Figure
1) showed that the main skeleton of 1 was a neocaged-
xanthone type. The UV spectrum of 1 showed absorption
bands at 242, 293, 329, and 396 nm, which were similar to
those of the known caged-xanthone cochinchinone C (2)." Its
IR spectrum indicated the presence of a hydroxy (3445 cm™)

. . © 2014 American Chemical Society and
W ACS Publications  American Society of Pharmacognosy 1562 dx.doi.org/10.1021/np400996k | J. Nat. Prod. 2014, 77, 1562—1571
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Figure 1. ORTEP diagram of neocaged-xanthone pruniflorone T (1).

functionality along with unconjugated (1747 cm™') and
conjugated (1645 cm™") ketone carbonyls.

The 'H and C NMR spectroscopic data of 1 (Table 1)
were similar to those of the known caged-xanthone 2'7 (Table
1 and Figure S28) including the presence of *C NMR
resonances typical of unconjugated and conjugated ketone
carbonyls at §c 198.4 (C-5) and 179.2 (C-9). The 'H NMR

<
\ I
¥4
07 \ / \5 /
05 I
\l 06 /

Figure 2. ORTEP diagram of rearranged caged-xanthone pruniflorone
U (3).

spectrum of 1 (Table 1) revealed the hydrogen-bonded
phenolic proton at &y 11.88 (s, 1-OH) and an ABM spin
system for three aromatic protons at &y 7.36 (t, ] = 8.4 Hz, H-
3),6.57 (dd, ] = 0.6, 8.4 Hz, H-4), and 6.47 (dd, ] = 0.6, 8.4 Hz,
H-2), respectively. Resonances assigned to an olefinic proton at

Table 1. 'H and "*C NMR Spectroscopic Data of 1-3 in CDCI,

neocaged-xanthone (1)

caged-xanthone (2)

rearranged caged-xanthone (3)

position 8" type 54" (J in Hz) 8" type
1-OH 1629 C 11.88 s 1629 C

2 109.8 CH 647 dd (0.6, 8.4) 109.5 CH
3 139.3 CH 7.36 t (84) 1389 CH
4 107.8 CH 6.57 dd (0.6, 8.4) 107.4 CH
4a 160.0 C 1594 C
Sa 83.5C 88.8 C

S 1984 C 84.1 C

6 84.0 C 201.1 C

7 88.6 C 84.8 C

8 138.3 CH 7.16 s 135.3 CH
9 1792 C 180.7 C
8a 130.7 C 132.1 C
9a 106.5 C 106.1 C
10 28.1 CH, 254 d (7.8) 29.7 CH,
11 1179 CH 442 brt (7.8) 494 CH
12 136.7 C 839 C
13 25.8 CH, 150 s 30.4 CH,
14 17.8 CH;, 1.50 s 29.0 CH;,
15 34.2 CH, 248 br d (12.9) 29.2 CH,

1.80 dd (9.6, 12.9)

16 41.6 CH 244 d (9.6) 118.4 CH
17 83.6 C 135.7 C
18 29.8 CH, 143 s 25.5 CH,
19 28.6 CH;, 125 s 16.7 CH;
6-OCH,

7-OCH, 51.9 CH, 344 s 54.1 CH,

“Measured at 75 MHz. ®Measured at 300 MHz.
1563

54" (J in Hz) 8¢, type 54” (J in Hz)
12.10 s 162.6 C 11.65 s
6.55 dd (0.9, 8.4) 1102 CH 6.61 br d (8.4)
741 t (8.4) 140.8 CH 748 t (8.4)
6.52 dd (0.9, 8.4) 106.9 CH 6.51 br d (8.4)
159.5 C
909 C
95.1C
1717 C
197.0 C
7.51d (1.2) 1289 CH 6.65 s
1853 C
1458 C
107.8 C
2.39 br d (13.2) 379 CH, 2.86 dd (12.6, 16.5)
1.58 dd (9.6, 13.2) 2.64 dd (6.6, 16.5)
2.53 d (9.6) 559 CH 3.13 dd (6.6, 12.6)
84.7 C
1.68 s 30.0 CH, 173 s
1325 254 CH, 141s
2.64 d (7.8) 36.6 CH, 246 m
441 br t (7.8) 1169 CH 4.99 br t (6.9)
136.3 C
137 s 17.9 CH,4 140 s
1.01 s 25.9 CH; 1.62s
51.8 CH, 3.58 s
3.64 s

dx.doi.org/10.1021/np400996k | J. Nat. Prod. 2014, 77, 1562—1571
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Figure 3. Crystal structure of neocaged-xanthone 1. (a) Crystal packing of 1 showing the nonsuperimposition of molecule 1 ((5aR,6R,7R,16S)-1)
and molecule ent-1 ((5aS,6S,75,16R)-1). (b) Intermolecular interactions and molecular arrangement of 1. (c) Schematic representation of
interactions between molecule 1 (blue oval) and molecule ent-1 (red oval) in the crystal packing.

Sy 7.16 (s, H-8), a methoxy group at 5y 3.44 (s, 7-OCHj), and
an isoprenyl group at 8 442 (brt, J = 7.8 Hz, H-11), 2.54 (d, ]
7.8 Hz, H,-10), and 1.50 (s, H;-13/H;-14) were also
identified in the 'H NMR spectrum. A methine proton
resonance at 8y 2.44 (H-16) showed vicinal coupling (J = 9.6
Hz) with the proton resonance at &y 1.80 (H-1S5), and the
latter also showed geminal coupling (J = 12.9 Hz) with the
proton resonance at 8y 2.48 (H-15), indicating the presence of
a —CH,—CH- subunit. In the HMBC spectrum of 1 (Figure
S8), the diastereotopic methylene protons H,-15 were
correlated to C-5, C-9, C-5a, and C-8a, whereas the C-16
methine proton was correlated to C-6, C-7, and C-17,
indicating that the —CH,-15 and —CH-16 carbons were linked
to C-Sa and C-7, respectively. Furthermore, strong HMBC
correlations from H-10 to C-5, C-6, and C-7 confirmed the
attachment of an isoprenyl side chain to C-6. Therefore, the

1564

structure of compound 1 was assigned as a neocaged-xanthone,
namely, pruniflorone T.

The rearranged caged-xanthone pruniflorone U (3) was
assigned a molecular formula of C,,H,O; on the basis of *C
NMR spectroscopic data (Table 1) and an HREIMS ion at m/z
426.1684 [M]*. The single-crystal X-ray diffraction analysis of 3
(Figure 2) showed that the main skeleton of 3 was a rearranged
caged-xanthone. The UV spectrum of 3 showed absorption
bands at 243, 252, 312, and 385 nm. IR absorptions at 3615,
1748, 1710, and 1633 cm™" implied the existence of a hydroxy
and three carbonyl groups. The presence of the carbonyl
functionalities was confirmed by the observation of resonances
at 8¢ 197.0 (C-7), 185.3 (C-9), and 171.7 (C-6) in the C
NMR data (Table 1).

The 'H NMR spectrum of 3 (Table 1) revealed resonances
assigned to a hydrogen-bonded phenolic proton at 5y 11.65 (s,

dx.doi.org/10.1021/np400996k | J. Nat. Prod. 2014, 77, 1562—1571
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Figure 4. Crystal structure of caged-xanthone 2.'® (a) Crystal packing of 2 showing the nonsuperimposition of molecule 2 ((SR,5a8,7R,115)-2) and
molecule ent-2 ((5S,5aR,7S,11R)-2). (b) Intermolecular interactions and molecular arrangement of 2. (c) Schematic representation of interactions
between molecule 2 (blue oval) and molecule ent-2 (red oval) in the crystal packing.

1-OH) and three aromatic protons that coupled as an ABM
system at 8y, 7.48 (t, ] = 8.4 Hz, H-3), 6.61 (br d, ] = 8.4 Hz, H-
2), and 6.51 (br d, ] = 8.4 Hz, H-4). A proton resonance at 5y
6.65 (s) was assigned to the C-8 olefinic proton. The resonance
at 8y 3.13 (dd), assigned to the methine proton H-11, showed
small (J = 6.6 Hz) and large (J = 12.6 Hz) coupling constants
with the nonequivalent C-10 methylene proton resonances at
Oy 2.64 and 2.86, respectively. In the NOESY spectrum, a
diastereotopic C-10 methylene proton at dy 2.64 showed a
correlation with H-11 (8 3.13), which indicated that the
orientation of a diastereotopic C-10 methylene proton at dy
2.64 should be p-oriented. The attachment of an a,f-
unsaturated cyclohexenone moiety at C-8a and C-Sa was
assigned by the HMBC correlations from the H-8 (6y 6.65)
resonance to the C-9, C-5a, C-8a, and C-10 resonances and
from H-10 (5 2.86) to C-5a.

The 'H NMR spectrum of 3 also showed resonances at dy
1.73 (s, H;13) and 141 (s, H;-14) assigned to a 2,2-
dimethyltetrahydrofuran ring. The attachment of the tetrahy-
drofuran ring at C-11 and C-5a was confirmed by the HMBC
correlations between H-10 (8y; 2.86) and C-7, C-11, C12, and
C-5a. Resonances typical of an isoprenyl group were present at
Sy 499 (br t, ] = 6.9 Hz, H-16), 2.46 (m, H,-15), 1.62 (s, H;-
19), and 1.40 (s, H;-18). The attachment of isoprenyl and
methyl ester groups at C-5 was confirmed by the HMBC
correlations between H,-15 (8 2.46) and C-5, C-Sa, and C-6
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and between 6-OCHj; (8 3.58) and C-6 shown in Figure S26.
Therefore, the structure of compound 3 was assigned as a
rearranged caged-xanthone, namely, pruniflorone U.

The X-ray analyses of 1—3 revealed that both 1 (CCDC
727003) and 3 (CCDC 774999) crystallized in a centrosym-
metric triclinic P1 space group (containing an inversion center),
whereas 2'® crystallized in a centrosymmetric monoclinic P2,/¢
space group (containing a c-glide plane). Owing to the fact that
crystals of an enantiomerically pure compound cannot
crystallize in a space group that contains an inversion center,
mirror plane, or glide plane,'” and the crystals of 1-3
crystallalized in space groups containing an inversion center
(for 1 and 3) and a glide plane (for 2), it was apparent that the
crystals of 1—3 are racemates.

The crystal packings of 1—3 as shown in Figures 3—35
revealed that molecules 1, 2, and 3 cannot be superimposed on
molecules ent-1, ent-2, and ent-3, respectively. In these
diagrams, molecules 1 and 3 are related to molecules ent-1
and ent-3 by inversion,'® whereas molecule 2 is related to
molecule ent-2 by a c-glide plane."” Therefore, the X-ray data
obtained for 1—3 showed that single crystals of 1-3 exist as
racemates. Moreover, the X-ray data in Figures 3b—Sb and
Figures 3c—Sc showed that the crystals of 1—3 were stabilized
by intermolecular interactions between two enantiomers (using
blue and red ovals in Figures 3c—5c) in their crystal lattices.

dx.doi.org/10.1021/np400996k | J. Nat. Prod. 2014, 77, 1562—1571
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C - H - O interactions

Figure S. Crystal structure of rearranged caged-xanthone 3. (a) Crystal packing of 3 showing the nonsuperimposition of molecule 3 ((5S,5aR,11R)-
3) and molecule ent-3 ((SR,5aS,115)-3). (b) Intermolecular interactions and molecular arrangement of 3. (c) Schematic representation of
interactions between molecule 3 (blue oval) and molecule ent-3 (red oval) in the crystal packing.

Surprisingly, the specific rotations of the isolated samples of
1-3 are +14 (c 0.1, CHCl,), +125 (¢ 0.1, CHCl,), and —24 (¢
0.1, CHCl,), respectively, demonstrating that the bulk samples
of 1-3 are optically active, whereas the X-ray data of 1-3
showing that they contained both enantiomers in their crystal
packing suggest that they are racemates. The combination of
both observations suggests that the isolated samples of 1—3 are
partial racemates. A previous report by Thoison and co-
workers” showed that bractatin, a caged-xanthone isolated from
Garcinia bracteata leaves, was a parital racemate that could be
separated using a chiral column to give two peaks in an HPLC
chromatogram. The partial racemization of 1 and 2 can be
explained by the proposed biosynthesis shown in Scheme 1, in
which the Claisen rearrangement step generates intermediates
1 and 2 as partial racemates.”® This infers that Claisen
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rearrangement to give 1 and 2 might proceed via a mixture of
nonenzymatic and enzymatic processes. Scheme 1 proposes
that the caged motif construction occurs via a Diels—Alder
reaction, affording the partial rac-1 and partial rac-2,
respectively, whereas partial rac-3 would be formed via a ring
expansion and degradation of partial rac-2.

The above results implied that compounds 1—3 were partial
racemates. To clarify this assumption, we have further subjected
all compounds to HPLC separation on a chiral column to
determine the ratio of the two enantiomers in each mixture.
The chiral HPLC analysis of each of the isolated samples 1—-3
showed well-resolved peaks of two enantiomers in unequal
ratios (Figure 6). The ratios of two enantiomers of compound
1-3 were as follows: 1.0:1.1 for the mixture of (—)-1 [(1.1
mg), [a]®p = —=61] and (+)-1 [(1.2 mg), [@]®p = +79] in

dx.doi.org/10.1021/np400996k | J. Nat. Prod. 2014, 77, 1562—1571
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Scheme 1. Plausible Biosynthesis of 1-3
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compound 1 (Figure 6a); 1.0:1.9 for the mixture of (—)-2 [(1.8
mg), [a]®, = —459] and (+)-2 [(3.4 mg), [a]*}, = +509] in
compound 2 (Figure 6b); and 1.1:1.0 for the mixture of (—)-3
[(0.8 mg), [a]®p, = —161] and (+)-3 [(0.7 mg), [a]*p
+172] in compound 3 (Figure 6c), respectively. Comparison of
the spectroscopic data of (—)-1/(+)-1 with 1, (=)-2/(+)-2
with 2, and (—)-3/(+)-3 with 3 revealed that the 'H and *C
NMR spectra of each of the isolated enantiomers (Figures
$29—834) and their precursor mixtures in an achiral environ-
mental were identical. These results confirmed our hypothesis
that compounds 1—3 were partial racemates.

To establish the absolute configuration of the three different
caged-scaffolds 1—3, pure enantiomers of each scaffold
[(—)-neocaged-xanthone pruniflorone T (1), (—)-caged-
xanthone cochinchinone C (2), and (—)-rearranged caged-
xanthone pruniflorone U (3)] were further recrystallized in
CH,Cl, to obtain single crystals for X-ray structure
determination using Cu Ka radiation. Yellow plate-like single
crystals of the (—)-neocaged-xanthone 1 were monoclinic, with
a=84151(3) A, b = 8.0906(3) A, ¢ = 15.1668(5) A and chiral
space group P2,. From the X-ray data analysis, the absolute
configuration of (—)-neocaged-xanthone pruniflorone T (1)
(Figures 7 and 9) was established as SaR, 6R, 7R, and 16S
through the refinement of Flack’s parameter [x = 0.01(2)].

Moreover, (+)-neocaged-xanthone 1 showed the opposite
sign in terms of the Cotton effects in the electronic circular
dichroism (ECD) curve (Figure 8) and specific rotation as
compared with the (—)-neocaged-xanthone 1, but their NMR
data were identical in an achiral environmental. Thus, the
absolute configuration of (+)-neocaged-xanthone 1 (Figure 9)
is (5aS, 6, 7S, 16R).

The absolute configuration of (—)-caged-xanthone cochin-
chinone C (2) was confirmed to be the same as (—)-1 based on
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single-crystal X-ray diffraction analysis. The yellow needle
single crystals of the (—)-caged-xanthone 2 were orthorhombic,
with a = 7.2698(8) A, b = 11.4350(1) A, ¢ = 24.6320(3) A and
chiral space group P2,2,2,. The X-ray diffraction analysis using
anomalous scattering of Cu Ka radiation resulted in a Flack
parameter of 0.02(3), which showed that the absolute
configuration of (—)-caged-xanthone cochinchinone C (2)
(Figures 10 and 12) was (SR, SaS, 7R, 118).

The signs of the ECD Cotton effects and specific rotations of
(+)-cochinchinone C (2) and (—)-cochinchinone C (2) were
opposite (Figure 11). Therefore, the absolute configuration of
(+)-cochinchinone C (2) (Figure 12) was (5SS, SaR, 7S, 11R).

Finally, yellow needle single crystals of the (—)-rearranged
caged-xanthone pruniflorone U (3) were monoclinic, with a =
13.4658(12) A, b = 7.9997(7) A, ¢ = 20.8660(2) A and with a
chiral space group P2,. The absolute configuration of
(—)-rearranged caged-xanthone pruniflorone U (3) was
assigned as (5S, SaR, 11R) by the single-crystal X-ray diffraction
analysis (Figures 13 and 15) with a Flack parameter of 0.02(3).

In a similar way, the absolute configuration of (+)-pruni-
florone U (3) (Figure 15) was assigned as (SR, Sa$, 11S) by
comparison of the ECD curve (Figure 14) and specific rotation
with those of (—)-pruniflorone U (3) (see Experimental
Section).

Only stable compounds of sufficient quantity were evaluated
for in vitro cytotoxicity against the MCF-7 human breast cancer
cell line (Table 2). Cochinchinone C (2) exhibited better
activity than pruniflorone T (1) and pruniflorone U (3), with
an ICy, value of 0.36 pug/mL. Interestingly, a 1:1 mixture of 1
and 3 significantly increased the cytotoxicity against MCEF-7
compared with the pure forms (1 and 3), with an ICg, value of
0.11 pg/mL.

dx.doi.org/10.1021/np400996k | J. Nat. Prod. 2014, 77, 1562—1571
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Figure 6. Chiral HPLC using a Chiral Pack AD-H, § pm, 4.6 X 250
mm column, with detection at 225 nm and a flow rate of 1 mL/min.
(a) Chiral HPLC chromatogram of (—)-neocaged-xanthone 1 and
(+)-neocaged-xanthone 1 by using 1:99 iPrOH—n-hexane as eluent.
(b) Chiral HPLC chromatogram of (—)-caged-xanthone 2 and
(+)-caged-xanthone 2 by using 0.5:99.5 iPrOH—n-hexane as eluent.
(c) Chiral HPLC chromatogram of (—)-rearranged caged-xanthone 3
and (+)-rearranged caged-xanthone 3 by using 1:99 iPrOH—n-hexane
as eluent.

b)

— ’f
02

Figure 7. ORTEP diagram of (—)-neocaged-xanthone pruniflorone T
(D).
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B EXPERIMENTAL SECTION

General Experimental Procedures. Optical rotations were
measured on a JASCO P-1020 polarimeter. Ultraviolet (UV)
absorption spectra were measured on a SPECORD S 100
(Analytikjena) spectrophotometer. Infrared spectra (IR) were
recorded on a PerkinElmer 783 FTS FT-IR spectrometer. The 'H
and “C NMR spectra were recorded on 300 MHz Bruker FTNMR
Ultra Shield and 600 MHz Bruker AV-600 spectrometers in CDCl;
with TMS as the internal standard. Chemical shifts are reported in &
(ppm), and coupling constants (J) are expressed in hertz. Electronic
circular dichroism spectra were recorded on a JASCO ]-810 CD
spectropolarimeter. Mass spectra were measured on a MAT 95 XL
mass spectrometer (Thermo Finnigan). Chiral HPLC was performed
on a Chiralpak AD-H column of 4.6 X 250 nm and attached to the
photodiode array detector. Quick column chromatography (QCC)
and column chromatography (CC) were carried out on silica gel
(Merck) type 100 (0.063—0.20 mm) and silica gel 60 F,, (Merck)
with a gradient system of acetone—n-hexane or as otherwise stated, or
silica gel 60 RP-18 (40—63 pm) (Merck) with pure MeOH.

Plant Material. Roots of C. formosum ssp. pruniflorum were
collected in May 2004 from Nong Khai Province, in the northeastern
part of Thailand. Identification was made by Prof. Puangpen Sirirugsa,
Department of Biology, Faculty of Science, Prince of Songkla
University, and a specimen (No. 0012677) was deposited at the
Prince of Songkla University Herbarium.

Extraction and Isolation. Air-dried roots of C. formosum ssp.
pruniflorum (5.30 kg) were extracted with CH,Cl, (2 X 20 L, for S
days) at room temperature. The crude CH,Cl, extract was evaporated
under reduced pressure to afford a brownish crude (60.0 g) extract,
which was subjected to QCC on silica gel using n-hexane as the first
eluent and then increasing polarity with acetone to give six fractions
(F1—F6). Fraction F2 was separated by QCC eluting with a gradient
of CH,Cl,—n-hexane (0—70% over 120 min) to afford 11 subfractions
(F2A—F2K). Subfraction F2B was further purified by QCC with a
gradient of EtOAc—n-hexane (0—40% over 90 min) to give six
subfractions (F2B1—F2B6). Subfraction F2B4 was further purified by
CC eluting with 30% acetone—n-hexane to give nine subfractions
(F2B4A—F2B4I). Subfraction F2B4F was further purified by CC
eluting with 30% CH,Cl,—n-hexane to give 1 (4.3 mg), 2 (80.3 mg),
and mixture of f-sitosterol and stigmasterol (7.5 mg). Compound 1
was recrystallized in CHCl;—MeOH (9:1, v/v) to yield yellow needle
single crystals. Subfraction F2B4E was further separated by CC on
reversed-phase silica gel C,5 eluting with MeOH to give 2 (15.5 mg)
and 3 (3.5 mg). Compound 3 was recrystallized in CHCl;—MeOH
(9:1, v/v) to yield yellow needle single crystals.

Pruniflorone T (1): yellow powder, mp 167—169 °C; [a]*p +14 (¢
0.1, CHCL); UV (CHCL) 4., (log &) 242 (3.36), 293 (3.34), 329
(3.54), 396 (2.78) nm; IR (neat) v, 3445, 1747, 1645 cm™;
HREIMS [M — CO]J* m/z 382.1774 for C,3H,cO5 [M — CO]J* (caled
382.1780); EIMS m/z (rel int) (a parent ion at m/z 410 was not
observed), 382 (3) [M — CO]* 313 (10), 279 (20), 256 (23), 178
(18), 167 (33), 149 (75), 127 (28), 113 (40), 111 (26), 99 (40), 97
(34), 85 (77), 83 (84), 71 (100), 69 (57).

Chiral HPLC Separation and ECD Spectroscopic Data of (—)-1
and (+)-1. Separation of the two enantiomers of partial rac-1 (2.3 mg)
was performed by semipreparative HPLC on an enantioselective
column (Chiral Pack AD-H 5 pm, 4.6 mm X 25 mm, eluent n-
hexane—iPrOH, 99:1 v/v, 1 mL/min). Compound (—)-1 (first eluted)
{(1.1 mg), [a]®, =61 (c 0.4, CH,CL,), mp 215—217 °C} and (+)-1
(second eluted) {(1.2 mg), [@]*, +79 (¢ 0.8, CH,Cl,), mp 212—214
°C} were obtained. ECD spectra of compounds (—)-1 (0.02 mg/mL)
and (+)-1 (0.12 mg/mL) were recorded at 25 °C in CH,Cl,, with a
path length of 0.2 cm, bandwidth 2 nm, data pitch 0.5 nm, scan rate
200 nm/min, and response 4 s. UV absorption spectra were recorded
at 25 °C in CH,Cl, in the 200—500 nm region.

Cochinchinone C (2): yellow powder, mp 158—159 °C; [a]®p
+125 (c 0.1, CHCL); UV (CHCL) A, (log &) 262 (3.28), 310
(4.06), 350 (3.82), 400 (3.35) nm; IR (neat) v,,, 3428, 1746, 1644,
1604 cm™; HREIMS [M — CO]J* m/z 382.1785 for C,;H,4O5 [M —

dx.doi.org/10.1021/np400996k | J. Nat. Prod. 2014, 77, 1562—1571
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Figure 8. ECD spectra recorded in CH,Cl,. (a) (—)-Neocaged-xanthone pruniflorone T (1) (0.02 mg/mL). (b) (+)-Neocaged-xanthone
pruniflorone T (1) (0.12 mg/mL) (path length of 0.2 cm, bandwidth 2 nm, data pitch 0.5 nm, scan rate 200 nm/min, and response 4 s).
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Figure 9. Absolute configurations of (—)-(5aR,6R,7R,16S)-1 and
(+)-(5a5,65,75,16R)-1. Figure 12. Absolute configurations of (—)-(SR,5aS,7R,115)-2 and

(+)-(58,5aR,7S,11R)-2.
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Figure 13. ORTEP diagram of (—)-rearranged caged-xanthone
pruniflorone U (3).

Pruniflorone U (3): yellow powder, mp 97—99 °C; [a]®p —24 (c
0.1, CHCLy); UV (CHCL) 4., (log €) 243 (3.93), 252 (3.91), 312
(4.01), 385 (3.37) nm; IR (neat) v, 3615, 1748, 1710, 1633 cm™};
HREIMS m/z 426.1684 for C,,H,0; (calcd 426.1679); EIMS m/z
(rel int) 426 [M]* (2), 382 (7), 313 (13), 270 (100), 242 (19), 227
(42), 213 (9), 200 (8), 137 (8), 69 (7).

Chiral HPLC Separation and ECD Spectroscopic Data of (—)-3
and (+)-3. Separation of the two enantiomers of partial rac-3 (1.5 mg)
was performed by semipreparative HPLC on an enantioselective
column (Chiral Pack AD-H 5 ym, 46 mm X 25 mm, eluent n-
hexane—iPrOH, 99:1 v/v, 1 mL/min). Compound (—)-3 (first eluted)
{(0.8 mg), [a]*p —161 (c 0.2, CH,CL,), mp 150—152 °C} and (+)-3
(second eluted) {(0.7 mg), [a]*, +172 (¢ 0.5, CH,Cl,), mp 147—148
°C} were obtained. ECD spectra of compounds (—)-3 (0.02 mg/mL)
and (+)-3 (0.14 mg/mL) were recorded at 25 °C in CH,Cl,, with a
path length of 0.2 cm, bandwidth 2 nm, data pitch 0.5 nm, scan rate
200 nm/min, and response 4 s. UV absorption spectra were recorded
at 25 °C in CH,Cl, in the 200—500 nm region.

Cytotoxicity Assay. The cancer cell line MCF-7 (human breast
adenocarcinoma) was grown in Dulbecco’s modified Eagle medium—
nutrient mixture F12 (D-MEM/F12) supplemented with 10% fetal
bovine serum. Cells were seeded in 96 wells (3000 cell/well) and
allowed to adhere for 24 h at 37 °C with 5% CO, in a fully humidified
incubator. Then 100 uL of 25 pug/mL crude extract or S-fold-diluted
pure compound in medium (final concentration 0.008, 0.04, 0.2, 1, and
S pg/mL) was dispensed into wells of the cell plates and incubated

O OH
()3

(+)-3

Figure 1S. Absolute configurations of (—)-(55,5aR,11R)-3 and
(+)-(5R,5a8,115)-3.

Table 2. Cytotoxicity of 1—3 against the MCF-7 Human
Breast Cancer Cell Line

1+ 37
0.11

1 2 3
IC, (ug/mL) >S 0.36 >5
“A 1:1 mixture of 1 and 3.

camptothecin

<0.024

further for 72 h. After removal of the sample medium, the cells were
topped up with 200 uL of D-MEM/F12 medium and incubated. After
72 h, cells were fixed with cold 40% trichloroacetic acid, kept at 4 °C
for 1 h, and washed with tap water. The viable cells were assayed by
using sulforhodamine B following the method of Skehan and co-
workers.”" The absorbance was measured at 492 nm using a
microplate reader. The results were based on the ability of the
extracts to inhibit cell growth compared to control (cells in media
without extract) and calculated for ICg, using probit analysis.
Camptothecin, which was used as a standard, showed cytotoxic
activity at <0.024 ug/ mL.>
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