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CYTOTOXIC CYCLOLIGNANS FROM KOELRE UTERZA HENRY1 
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and DANIEL M. BOUG 
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A 8 s m m . A h e m i c a l  investigation of the cytotoxic fraction of Kwlmtwh hen+ resulted 
in the isolation of three cyclolignans. A new cyclolignan, named koelreuterin-1 was elucidated 
as furoE3’,4’:6,7]naphth~2,3d]-l,3dioxol-6(8H)-one,5-(7-methoxy-l,3-bemodioxol-5-yl)~l]. 
Two known cyclolignans were characterized as austrobailignan- 1 121 and austrobailignan-2 131. 
The structure elucidation of 1 was based on extensive ‘H- and 13C-nmr spectral analyses. Further 
chemical conversion of 2 to 3 and oxidative transformation of 2 to 1 unambiguously confirmed 
the structure of 1. The cytotoxicity and tubulin polymerization inhibitory activity of 1-3 are 
discussed. 

As part of our continuing research on the discovery of novel antitumor agents from 
plants we have studied the potential antitumor constituents of Koefreuteria henryi 
Dummer (Sapindaceae) (K. fmosana Hayata), an indigenous tree known as the “Flame 
Golden Tree” in Taiwan (1,2). Earlier investigations on the chemical constituents of 
different species of the genus Koelreutwia have resulted in the isolation of triterpenoid 
glycosides (3) and cyanolipids (4-7). Our previous study of the EtOH extract ofthe leaves 
and twigs of K. henryi resulted in the isolation of several flavonoids with protein-tyrosine 
kinase (FTK) inhibitory activity (8). In addition, we found that the MeOH fraction 
showed strong cytotoxicity against human lung carcinoma(A-549), breast adenocarcinoma 
(MCF-7), and colon adenocarcinoma (HT-29) cells. In this report, we describe the 
isolation and structural elucidation of a new cyclolignan, koelreuterin-1 f17 and the 
identification of two known cyclolignan constituents, austrobailignan-1 f27 and 
austrobailignan-2 [37, which showed strong cytotoxicity against various human tumor 
cells. 

RESULTS AND DISCUSSION 

The cytotoxic MeOH residue was chromatographed on a Si gel column and followed 
by a reversed-phase C, Lobar column to yield three cyclolignans f 1-37. High-resolution 
eims (M’ 378.0749) of 1 suggested a molecular formula of C,,H,,O, (calcd 378.0740), 
which was in agreement with the number of protons and carbons found in the 
corresponding ’H- and I3C-nmr spectra. The ir spectrum disclosed absorption bands 
associated with a conjugated y-lactone (1759 cm-’) and a methylenedioxy ether (940 
cm-l). The presence of a lactone in the structure was confirmed by the resonance signals 
for a carbonyl carbon (6 169.6) and a methylene carbon attached to oxygen (6 68.0) in 
the 13C-nmr spectrum. The uv spectrum of 1 displayed an absorption at 350 nm, 
indicative of a conjugated aromatic chromophore. The ‘H-nmr spectrum showed the 
signalsoffivearomaticprotonsat67.70(~), 67.20(s), 67.13 (s), 66.52 (d,J=1.5 Hz), 
and 6 6.50 (d,J=1.5 Hz). These spectral data suggested that 1 is closely related to 
1,2,3,4-dehydrodesoxypodophyllotoxin, which was previously synthesized from 
desoxypodophyllotoxin (9). However, 1 contained only one methyl proton signal at 6 
3.89 and two methylenedioxy signals, an AB quartet at 6 6.10 and 6 6.07 (1H each, 
J= 1.5 Hz) and a singlet at 6 6.09 (2H). These functional groups were confirmed by the 
presence of 13C-nrnr signals at 6 56.6 (CH,), 101.8 (CH,), and 101.9 (CH,). Therefore, 
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the C-ring of 1 must possess 3’,4‘ -methylenedioxy and 5’-methoxy substituents. The 
assignments for H-2’ and H-6’ were based on the observation of a selective nuclear 
Overhauser effect (nOe) (26%) at H-6’ upon irradiation of the methoxyl signal. 
Similarly, irradiation of the H-4 signal yielded a 20% nOe on H-5. These unambiguous 
assignments permitted us to determine unequivocally the corresponding carbon reso- 
nances by a HETCOR experiment and the neighboring carbon signals based on long- 
range HETCOR n m r  data (Table 1). Thus, the I3C-nmr spectral data further confirmed 
the structure of 1. 

High-resolution ms data of 2 and 3 indicated that they are structural isomers with 
the molecular formula, C,,H,,O,. Further 2D ‘H- and 13C-nmr analyses suggested that 
2 and 3 are identical to austrobailignan- 1 and austrobailignan-2, respectively, which 
were previously isolated from Austrobaileya scanhs (1 0). 13C-Nmr spectral interpreta- 
tions were based on the HETCOR and long-range HETCOR results and further 
comparison with the spectral data of compounds in the podophyllotoxin series (1 1). 

In order to unambiguously confirm the proposed structures, 2 was chemically 
transformed into 1 and 3, respectively (Figure 1). Treatment of 2 with 2,3-dichloro-5,6- 
dicyano-l,4-benzoquinone (DDQ) afforded 1 (9). Reflux of 2 (2,3-trans-y-lactone) with 
anhydrous NaOAc in absolute EtOH yielded 3 (2,3-cis-y-lactone) (12). 

All three compounds were tested against human tumor cells and the results are 
summarized in Table 2. These compounds exhibited significant cytotoxicity against all 
human tumor cells in which they were tested. Compound 2 is structurally similar to 
podophyllotoxin and is the most cytotoxic compound. Badawi et al. (1 3) also observed 
its cytotoxic activity against human nasopharynx carcinoma (KE3) cells. Conversion of 
the 2,3-cis-y-lactone 127 into the trans-y-lactone 137 drastically reduced its activity. 
Compound 1 is less active than 2. A similar trend was also observed in thepodophyllotoxin 
series using KE3 cells (14). In addition, 1 demonstrated a somewhat selective cytotoxic 
profile against human ovarian carcinoma (SK-OV-3) and melanoma (SK-MEL-5) cells, 
which will be further evaluated in a human tumor cell panel by the National Cancer 
Institute. These three compounds were also evaluated for their ability to inhibit tubulin 
polymerization (Table 3), since the mechanism of cytotoxic action of podophyllotoxins 
has been previously attributed to the prevention of tubulin polymerization and the 
disruption of the assembly and function of microtubules (15). For these three com- 
pounds, the inhibition of tubulin polymerization correlated quite well with their 
cytotoxicity. Picropodophyllotoxin with a cis-lactone ring is known to be much less 
cytotoxic than its stereoisomer podophyllotoxin with a trans-lactone ring (1 6,17), 
presumably because of the weaker inhibition of tubulin polymerization. This ste- 
reospecificity was also shown in the relative inhibitory activity of tubulin polymerization 
and cytotoxicity of 1-3 against eight different human tumor cells. All of these results 
confirm that stereochemistry of cyclolignans is critical to their antitumor activity. 

EXPERIMENTAL 

GENERAL EXPERLMENTAL PROCEDURES-MPS were determined on a Mel-Temp apparatus and are 
uncorrected. The optical rotations were determined on a Perkin-Elmer 241 polarimeter. Uv spectra were 
taken in CHCI, on a Beckman DU-7 spectrometer. Ir spectra were recorded on a Perkin-Elmer 1420 IR 
spectrometer. ‘H-Nmr, COSY, 13C-nmr, and HETCOR and long-range HETCOR nmr spectra were 
obtained in CDCI, with TMS as internal standard, employing a Varian VXR-500s spectrometer. Eims data 
were recorded with a Kratos MS50 spectrometer, and hreims spectra were obtained on a Kratos MS50 
spectrometer through peak matching. Reversed-phase chromatography was carried out using a Hitachi 
65 5A-11 hplc system with an ISCO UA-5 detector using a Lobar column (240-10 pm)LiChroprepm RPS 
(40-63 pm). TIC was performed on Whatman Si gel plates (0.25 mm, flourescent at 254 nm) and visualized 
with uv light and 5% phosphomolybdic acid in EtOH. Podophyllotoxin was purchased from Aldrich 
Chemical Company, Inc. and recrystallized from hexane/EtOAc. 
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Position 

1 . . . . .  
2 . . . . .  

3 , . . . .  

4 . . . . .  

5 . . . . .  
6 . . . . .  
7 . . . . .  
8 . . . . .  
9 . . . . .  
10 . . . .  
11 . . . .  

12 . . . .  
1 ' .  . . . . 
2 ' .  . . . . 
3 ' .  . . . . 
4' .  . . . . 
5 ' .  . . . . 
6' .  . . . . 
13 . . . .  
14 . . . .  
15 . . . .  
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TABLE 1. 'H- and 13C-Nmr Data of 1.2, and 3 in CDCl,.' 

" 
1 

'c 

7.70 (s) 

7.20 (s) 

7.17 (s) 

5.38 (s) 

6.50 (d, J=1.5) 
6.09 (4 
3.89 (SI 
6.10,6.07 (ABq, 
J=1.5) 

140.0 
139.7 

118.8 

119.1 

103.6 
149.9 
148.6 
103.7 
130.3 
134.5 
68.0 

169.6 
128.8 
104.3 
148.6 
135.2 
143.3 
109.6 
101.8 
56.6 

101.9 

Compound 

'H 

2 

"c 
4.57 (d, J=4.O) 
2.76 (m) 

2.78 (m) 

a: 3.06 (dd, 
J=20,9.0) 

f3: 2.76 (m) 

6.65 (5) 

6.50 (5) 

a: 4.38 (dd, 

B: 3.92 (dd, 
J=9.0,8.0) 

J=9.0,8.0) 

6.59 (d, J= 1.5) 
5.92 (s) 
3.88 (s) 

J= 1.5) 
5.89, 5.87 (@, 

43.5 
47.4 

32.6 

33.1 

108.5 
147.0 
146.7 
110.3 
130.7 
128.2 
72.1 

174.8 
135.1 
104.6 
148.1 
134.0 
142.9 
110.7 
101.3 
56.6 

101.1 

'H 

3 

l3C 

4.34 (d, J=3.0) 
3.29 (dd, J=9.5, 

3.0) 
3.02 (ddddd, 
J=9.5,7.5,6.5, 
5.5,3.0) 

a: 2.84 (dd, 
J=l5.5,6.5) 

B: 2.48 (dd, 
J=l5.5, 5.5) 

6.65 (5) 

6.58 (s) 

a: 4.44 (dd, 

8: 3.97 (dd, 
J=9.0,7.5) 

J=9.0, 3.0) 

6.35 (d, J=1.5) 
5.94 (s) 
3.86 (s) 
5.94, 5.92 (ABq, 
J=l.5) 

45.0 
46.3 

32.9 

32.0 

108.8 
146Bb 
146.7b 
109.8 
130.4 
128.1 
72.8 

178.2 
137.1 
101.8 
149.1 
133.8 
143.5 
107.6 
101.4 
56.8 

101.0 

C-Nmr assignments are based on HETCOR and long-range HETCOR spectral results, and direct a 13 

comparison with the previous data of related lignans (1 1). 
bAssignments interchangeable. 

1 2 3 

FIGURE 1. Structures and chemical transformations of cyclolignans isolated from K. henryi. 
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Cell line Podophyllotoxin 1 

1673 

2 3 Adriamycin 

Turbidity assay 

A 4 3  1 . . . . . . .  
A498  . . . . . . .  
A-549 . . . . . . .  
HT-29 . . . . . . .  
MCF-7 . . . . . . .  
Pc-3 . . . . . . . .  
SK-MEL-5 . . . .  
SK-OV-3 . . . . .  

~~ 

Sedimentation assay 

1.1 x 

7.7x 

1.1 x 

4.1 X lo-' 

3.4x lo-? 

4.7x lo-* 

1.2x10-' 

4 . 2 ~  io-' 

1.8X lo-' 
7.8X lo-, 
4.9X10-, 
2.9X lo-' 
9.7 
1.5 X lo-' 
3.5 X lo-, 
6 . 7 ~  io-, 

3.6X 
3.2X 
3.9x 
3.7 X 
5.2X lo-' 
3.3 X 
3.0X lo-' 
2.7X 

9.6X lo-' 
7.6X lo-' 
4.6X lo-' 
1.ox lo-' 
4.1 
3.1 
7.7X lo-' 
8.32X10-1 

1.2x10-, 
3.2X10-, 
3.1X 
5.6X 
2.0x10-2 
1.0x10-2 
2.8X 
2.5 X 

PLANT umm.-The leaves and twigs of K. henryi were collected from Taiwan in July 1989 by Mr. 
W.4. Chu, Taiwan Forestry Research Institute, Heng-Chun Branch Station, where avoucher specimen was 
deposited. 

EXTRACTION AM) ISOLATION.-The dried, pulverized leaves and twigs (5.8 kg) of K. henry2 were 
extracted by maceration with 95% EtOH three times at mom temperature. The EtOH extract (522 g) was 
partitioned between H,O-CH,Cl, (1:l) to give a H,O fraction (337 g) and a CH,CI, fraction (213 g). The 
CH,CI, fraction was found to be cytotoxic (A-549, ED5,=5.78X lo-,; MCF-7, ED,,= 1.08X lo-', HT-29, 
ED5,=2.48X10-' p,g/ml), and was dissolved in 90% MeOH and then extracted with hexane to give a 
MeOH fraction (89 g), resin-like precipitates (12 g), and a hexane fraction (110 g). Screening of these 
fractions for cytotoxicity indicated that the main active constituents were in the MeOH fraction (A-549, 
ED5,=3.95 X lo-,; MCF-7, ED,,=3.65 X lo-,; HT-29, ED,,=3.13 X 10-2p,g/ml). This fraction(89g) was 
chromatographed on a Si gel column, using hexane, hexane/CHCI,, and CHCI,/MeOH as the solvents, 
resulting in the collection of 49 fractions. These fractions were pooled as fractions A-O according to their 
tlc patterns. A cytotoxic fraction D (3.0 g, A-549, ED5,=<10-2; MCF-7, ED5,=<10-'; HT-29, 
ED,,= < lo-, p,g/ml) was further resolved on a Si gel column, eluted with a gradient of hexane/EtOAc, to 
yield 2 (641 mg), 3 (32.7 mg), and mixtures of 3 and 1. The mixture was further chromatographed on a 
RP-8 Lobar column, using MeOH-H,O (60:40) for elution, to yield pure 3 (5.5 mg) and 1 (3.0 mg). 

Koelrerrtern-1 [1].-White needles from hexanelEtOAc; mp 270-272", uv A max (CHCI,) 261 (E 

23850), 309 (102 19),350(7375)nm; ir vmax(hlm) 1759(y-lactone), 1628 (aromatic), 940(methylenedioxy) 
cm-'; hreims m/z  {MI' 378.0749 (calcd for C21H1407, 378.0740); eims m/z  [MI' 378 (loo), 319 (5), 291 
(8), 163 (8), 149 (10); 'H- and "C-nmr data, see Table 1. 

Austrobaifigwn-1 [2].-White needles from hexane/EtOAc; mp 182-184" [lit. (10) 183-1857; 
[c~]~'D - 119" (c=0.2, CHCI,) [lit. (10) - 110",r= 1.2, CHCI,]; uvA max(CHC1,) 2 4 4 ( ~  7418), 288 (4223) 
nm; ir u max (film) 1770 y-lactone), 1634 (aromatic), 940 (methylenedioxy) cm-'; hreims m/z  [MI' 
382.1041 (calcdforC,,H,,O,, 382.1053);eimsm/z{~'382(100), 337(7),297(9),230(7), 185(16), 165 
(22); 'H- and '3C-nmr data, see Table 1. 

Austwbaifigwn-2 [3].-White needles from hexane/EtOAc; mp 219-221" {lit. (IO) 217-2197; 
[u]'ID +43"(c=0.2, CHCI,) [lit. (10) +88", c=2.5, CHCI,]; uv A max(CHC1,) 244 (E 7387), 289 (5096) 
nm; ir v max (film) 1765 (y-lactone), 1633 (aromatic), 930 (methylenedioxy) cm-'; hreims mlz [MI' 
382.1041 (calcd forC,,H,,O,, 382.1053); eims mlz {MI' 382 (loo), 337 (7), 323 (8), 310 (16), 297 (13), 
213 (8), 185 (6), 165 (12); 'H- and "C-nmr data, see Table 1. 

SYNTHESIS OF 1 FROM 2 (9).-A mixture of 2 (38.2 mg) and DDQ (72.8 mg) in 4 ml of dry C6H6 was 
refluxed for 18 h. Afcer cooling, the reaction mixture was evaporated in uauo and chromatographed on a Si 

TABLE 3. Inhibition of Tubulin Polymerization. 

IC50 (PM) 

Podophyllotoxin. . . . . . . . . . . . .  
1 . . . . . . . . . . . . . . . . . . . . . . . .  
2 . . . . . . . . . . . . . . . . . . . . . . . .  
3 . . . . . . . . . . . . . . . . . . . . . . . .  

0.6 
5.0 
0.8 

40.0 

1 .o 
20.0 

1 .o 
45.0 
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gel column using hexaneEtOAc for elution, to give 14 mg of 1 (37%). White needles were obtained from 
hexaneEt0Ac. Its mp, ‘H-nmr, eims, uv, and ir spectra were identical to those of 1 isolated from K. henryi. 

CONVERSION OF 2 TO 3 (1 l).-A mixture of 2 (10 mg) and anhydrous NaOAc (40 mg) in 1 ml of 
absolute EtOH was refluxed for 18 h. After cooling, the reaction mixture was evaporated and partitioned 
between CHCI,/H,O. The CHCl, fraction was used for ‘H-nmr analysis (100% conversion). White needles 
were obtained from hexane/EtOAc. Its mp, ’H-nmr, eims, uv, and ir spectra were identical to those of 3 
isolated from K. henryi. 

CYTOTOXICITY ASSAYS.~ytotoxicity against human solid m o r  cells was measured at the Purdue 
Cell Culture Iaboratory, Purdue Cancer Center for the A-549 lung carcinoma, MCF-7 breast adenocarcinoma, 
HT-29 colon adenocarcinoma, A 4 3  1 epidermoid carcinoma, SK-VO-3 ovarian adenocarcinoma, A498 
renal carcinoma, PC-3 prostate adenocarcinoma, and SK-MELS melanoma, using a standard MTT method 
with adriamycin as a control substance (18,19). 

TUBULIN PoLmmmoN.-Microtubule protein (MTP) was prepared from bovine brains (20). 
Samples contained 1 mglml MTP plus 1 mM GTP and varying concentrations of the inhibitory compounds. 
The positive-control sample contained MTP and GTF whereas the negative control sample contained only 
MTP. Turbidity increases (21) were measured at 340 nm and the experiment was carried out for 30 min at 
37” in a Molecular Devices THERMOmax Microplate Reader. Microtubules were sedimented by centrifu- 
gation at 100,000 g for 5 min following a 30 min incubation at 37”. The protein content ofthe supernatant 
(150 pl) was determined by the BCA method and the amount of sedimented protein was calculated relative 
to the positive and negative controls. 
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