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Synthesis of a Functionalized Carbocyclic Skeleton of Ptaquilosin, the Aglycone
of a Bracken Carcinogen Ptaquiloside Based on an
Intramolecular Diels-Alder Reaction
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A tricyclic compound 13 possessing the carbocyclic skeleton of ptaquilosin (2), the aglycone of a bracken
carcinogen ptaquiloside (1) has been synthesized by the intramolecular Diels-Alder reaction of trienes 12a and

12b.

Since the carcinogenicity of bracken fern (Pteridium
aquilinum: ‘“‘warabi” in Japanese) was found in
1960,? studies in search for the carcinogen(s) have been
carried out intensively: we isolated ptaquiloside (1) as
a carcinogenic principle from bracken in 1983, deter-
mined the structure,? and proved its potent carcino-
genicity.? Ptaquilosin (2),% the aglycone of 1 is a nor-
sesquiterpene of the illudane-type. Illudin-S (3)® and
-M (4)® are the representative members of the illud-
ane-type sesquiterpenes and the total synthesis of 3 and

R0 THP
5 R=1
6 R= CH(CN)P(OEt),

4 was reported.® Some synthetic studies on this class
of sesquiterpenes have been reported.”

In connection with the synthesis of ptaquilosin (2),
we have synthesized the functionalized carbocyclic
skeleton of 2 based on the intramolecular Diels-Alder
reaction. The Diels-Alder reaction of allylidenecyclo-
propane with various dienophiles to form spiro[2.5]-
oct-4-enes was reported by Krief and Zutterman.® We
attempted to utilize the Diels-Alder reaction of this
type intramolecularly for a triene 11a and for a stereo-

" isomeric mixture of 12a and 12b toward the construc-

tion of the tricyclic carbon skeleton of 2.

The triene 11a was prepared as follows. Diethyl
cyanomethylphosphonate® was alkylated with the
iodide 519 to afford the phosphonate 6 (91%), the reac-
tion of which with the aldehyde 7'V provided the diene
812,19 (54%, Z: E=8:1).19 After removal of the tetrahy-
dropyranyl protecting group in 8, the resulting al-
cohol 912:13 was oxidized to give the aldehyde 1012.13
(68% overall), which on reaction with diethyl (1-cy-
anoethyl)phosponate?® furnished two stereoisomeric
trienes 11a12.13 (42%) and 11b12.19 (29%). When 1la
was heated, the intramolecular Diels-Alder reaction
did not occur, but a mixture of dimeric products re-
sulted. Although the intramolecular Diels-Alder reac-
tion of 1la in the presence of AICls was examined,
again a mixture of the dimers was obtained. The fail-
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Fig. 1.

ure of the intramolecular Diels-Alder reaction of 11a is
presumably due to the steric hindrance in the transi-
tion state caused by the vinyl methyl group in the di-
enophilic part. Thus, the intramolecular Diels-Alder
reaction of the trienes 12a and 12b was examined, the
preparation of which follows: the reaction of 10 with
diethyl cyanomethylphosphonate?® afforded an insepa-
rable 1:1 mixture of 12a!2.13 and 12b12.19 (66%). On
heating the trienes 12a and 12b in toluene (190—210 °C,
20 h) the tricyclic compound 13 was obtained as a
single isomer (15%) together with a mixture of dimeric
products (83%). The stereochemistry of 13 except for
C-9 was established after conversion to the methylated
derivative 14a. The carbanion generated from 13 was
methylated with methyl iodide to give two diastereo-
mers, 14a (mp 84—86 °C, 36%) and 14b (mp 113—
114°C, 47%), and 14a was subjected to X-ray crystal-
lographic analysis. A perspective drawing of the final
X-ray model of 14a is shown in Fig. 1.19 The result of
the X-ray crystallographic analysis of 14a reveals that
the tricyclic compound 13 possesses the spirocyclo-
propane-containing cis-hexahydroindene skeleton de-
sired for the synthesis of ptaquilosin (2). In summary,
a functionalized tricyclic compound 13 potentially
useful for the synthesis of ptaquilosin (2) has been
synthesized, although in low yield, based on the intra-
molecular Diels-Alder reaction.

Experimental

Melting points are uncorrected. IR spectra were obtained
in CHCIls with a JASCO IR-810 or a JASCO IR-S spectro-
photometer. 'H and 3C NMR spectra were recorded on a
JEOL FX-90QE spectrometer in CDCls, unless otherwise
stated: chemical shifts (8) are reported in ppm downfield
from internal Me,Si, and coupling constants are given in
herz. The low-resolution mass spectra were recorded on a
Hitachi RMU-6C spectrometer. The high-resolution mass
spectra (HRMS) were measured on a JEOL JMS-DX300 or a
JEOL JMS-LG2000 instrument. Fuji-Davison silica gel
BW-820 MH was used for column chromatography. Merck
precoated silica gel 60 Fass plates, 0.25 mm thickness, were

Perspective drawing of the compound 14a.

used for thin-layer chromatography. Toluene was distilled
from Na under nitrogen. Dichloromethane was distilled
from CaH: under nitrogen. 1,2-Dimethoxyethane (DME)
and tetrahydrofuran (THF) were distilled from Na-benzo-
phenone ketyl under nitrogen. Hexamethylphosphoric tri-
amide (HMPT) and dimethyl sulfoxide (DMSO) were dis-
tilled from CaHz under reduced pressure. Organic solu-
tions were washed with saturated NaCl solution, dried over
anhydrous NazSOj4, and concentrated under reduced pressure
by a rotary evaporator.

Phosphonate 6. To a solution of diethyl cyanomethyl-
phosphonate? (378 mg, 2.14mmol) in DME (4ml) was
added KH (35% dispersion in mineral oil, 0.24 g, 2.10 mmol)
under nitrogen. The suspension was stirred at room tem-
perature for 1.5h and then a solution of 51 (582 mg, 2.05
mmol) in DME (2 ml) was added. The reaction mixture was
stirred at room temperature for 2 h, diluted with the 0.25 M
phosphate buffer solution (pH 7.0, 15 ml) (1 M=1 mol dm-3),
and extracted with EtOAc (3X20 ml). The combined extracts
were washed with saturated NaCl solution, dried, and con-
centrated. The crude product was purified by chromatogra-
phy on silica gel (15 g, EtOAc) to give 6 (644 mg, 91%) as a
colorless oil: IR 2250, 1265, and 1025 cm~!; 'H NMR (90
MHz) 6=1.20—2.10 (12H, m), 1.39 (6H, t, J=7.0 Hz), 2.92
(1H, m), 3.20—4.00 (4H, m), 4.24 (4H, m), and 4.59 (1H, m);
MS m/z (rel intensity) 333 (M™; 2), 304 (2), 278 (3), 250 (40),
249 (40), 233 (60), 232 (60), 219 (30), 204 (50), 176 (75), and 165
(100). HRMS Found: m/z 333.1692. Calcd for C1sH2sNOsP:
M, 333.1705.

Diene 8. To a solution of 6 (2.17 g, 6.52 mmol) in DME
(22 ml) was added KH (35% dispersion in mineral oil, 0.76 g,
6.65 mmol) under nitrogen. The mixture was stirred at room
temperature for 1.5h and then a solution of 7'V (0.99 g,
10.3 mmol) in DME (4 ml) was added. After being stirred at
room temperature for 1 h, the reaction mixture was poured
into the 0.25M phosphate buffer solution (pH 7.0, 50 ml)
containing hydroquinone (40 mg). The mixture was
extracted with EtOAc (3X50 ml) and the combined extracts
were washed with saturated NaCl solution, dried, and
concentrated. The residue was separated by chromatography
on silica gel (30 g, hexane/EtOAc=10:1) to afford an 8:1
mixture of (Z)-8'2 and (E)-8'2 (974 mg, 54%) as a colorless
oil: IR 3010, 2210, 1735, and 1605cm-1; MS m/z (rel
intensity) 275 (Mt; 2), 191 (20), 118 (20), and 85 (100). HRMS
Found: m/z 275.1886. Calcd for C17H2sNO2: M, 275.1885.
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'HNMR (90 MHz) of (Z)-8:1® 6=1.22 (4H, m), 1.35—1.90
(10H, m), 2.25 (3H, m), 2.10—2.50 (2H, m), 3.20—4.00 (4H,
m), 4.56 (1H, m), and 6.71 (1H, brs ). The Z/E ratio of 8 was
determined by 'H NMR spectral analysis.

Alcohol 9. A solution of 8 (974 mg, 3.54 mmol) and
hydroquinone (9mg) in AcOH (30 ml)-H20 (10 ml) was
stirred at 45 °C for 1 h under nitrogen and then concentrated.
The residue was dissolved in toluene (10 ml) and the solu-
tion was concentrated under reduced pressure. The residue
was purified by chromatography on silica gel (20 g, hex-
ane/EtOAc=2:1) to provide 912:19 (513 mg, 76%) as a color-
less oil: IR 3620, 3450 (broad), 3010, 2210, 1735, and 1605
cm~!; MS m/z (rel intensity) 191 (M*; 15), 176 (4), and 118
(100). HRMS Found: m/z191.1289. Calcd for C12H17NO: M,
191.1310. 'H NMR (90 MHz) of (Z)-9:1® §=1.23 (4H, m),
1.45—1.85 (5H, m), 2.25 (3H, m), 2.10—2.50 (2H, m), 3.67
(2H, br t, J=6.5 Hz), and 6.71 (1H, br s).

Aldehyde 10. To a solution of oxalyl dichloride (0.31 ml,
3.56 mmol) in CH2Cl; (7 ml) was added a solution of DMSO
(0.50 ml, 7.18 mmol) in CH2Clz (1.5 ml) at —65°C under
nitrogen. The mixture was stirred at —65 °C for 2 min, and
then a solution of 9! (0.34 g, 1.78 mmol) and hydroquinone
(4 mg) in CH2Clz (4 ml) was added. The mixture was stirred
at —60°C for 15min and EtsN (2.5ml, 18.0 mmol) was
added. After stirring at —50 °C for 5 min, the reaction mixture
was allowed to warm to room temperature and was kept for
1 h. Water (20 ml) was added to the mixture and the result-
ing mixture was extracted with CH2Clz (3X20 ml). The
combined extracts were washed with saturated NaCl solu-
tion, dried, and concentrated. The residue was separated by
chromatography on silica gel (10 g, hexane/EtOAc=6:1) to
give 1012.19 (0.30 g, 89%) as a colorless oil: IR 3020, 2210,
1725, and 1625 cm~1; MS m/z (rel intensity) 189 (M*; 5), 174
(1), 160 (5), and 118 (100). HRMS Found: m/z 189.1147.
Calcd for Gi2HisNO: M, 189.1154. 'H NMR (90 MHz) of
(Z)-10:1® $=1.25 (4H, m), 1.50—2.10 (2H, m), 2.27 (3H, m),
2.15—2.65 (4H, m), 6.71 (1H, br s), and 9.79 (1H, t, J=1.5
Hz).

Trienes 11a and 11b. To a solution of diethyl (1-cyano-
ethyl)phosphonate? (151 mg, 0.791 mmol) in DME (3 ml)
was added KH (35% dispersion in mineral oil, 86 mg,
0.753 mmol) under nitrogen. The suspension was stirred at
room temperature for 1.5h and then a solution of 101
(113 mg, 0.592 mmol) and hydroquinone (2 mg) in DME (1
ml) was added. The mixture was stirred at room temperature
for 2.5 h and then to this mixture was further added the car-
banion solution, prepared from diethyl (1-cyanoethyl)phos-
phonate (54 mg, 0.28 mmol) and KH (35% dispersion in
mineral oil, 33 mg, 0.29 mmol) in DME (0.5 ml) as described
above. After stirring at room temperature for further 30 min,
the mixture was diluted with H20 (5 ml) and extracted with
EtOAc (4X5ml). The combined extracts were washed with
saturated NaCl solution and dried. Hydroquinone (23 mg)
was added to the EtOAc solution, which was concentrated.
The oily residue was purified by chromatography on silica
gel (10 g, hexane/ether=8:1) to provide 11a!2:19 (colorless
oil, 56.9 mg, 42%) and 11b!2.33 (colorless oil, 37.5 mg, 29%),
respectively.

11a: IR 3020, 2220, 1735, 1645, and 1605 cm=*; MS m/z
(rel intensity) 226 (M*; 10), 211 (8), and 118 (100). HRMS
Found: m/z 226.1477. Calcd for CisHisN2: M, 226.1470. 'H
NMR (90 MHz) of (3Z)-11a:1® $=1.26 (4H, m), 1.50—2.00
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(2H, m), 1.94 (3H, d, J=1.5 Hz), 2.20—2.55 (4H, m), 2.27 (3H,
m), 6.13 (1H, tq, J=7.5, 1.5 Hz), and 6.54 (1H, br s).

11b: IR 3020, 2220, 1735, 1640, and 1605 cm~!; MS m/z
(rel intensity) 226 (M™; 10), 211 (15), and 118 (100). HRMS
Found: m/z 226.1490. Calcd for CisHisN2: M, 226.1470. 'H
NMR (90 MHz) of (3Z)-11b:1® §=1.25 (4H, m), 1.40—2.00
(2H, m), 1.88 (3H, d, J=1.5 Hz), 2.00—2.55 (4H, m), 2.27 (3H,
m), 6.34 (1H, tq, J=7.5, 1.5 Hz), and 6.72 (1H, br s).

Trienes 12a and 12b. To a solution of diethyl cyano-
methylphosphonate® (434 mg, 2.45 mmol) in DME (5 ml)
was added KH (35% dispersion in mineral oil, 0.27 g, 2.36
mmol) under nitrogen. The suspension was stirred at room
temperature for 50 min, and then a solution of 10! (300 mg,
1.59 mmol) and hydroquinone (3 mg) in DME (4 ml) was
added. The mixture was stirred at room temperature for 1 h,
diluted with H20 (20 ml), and extracted with EtOAc (4X10
ml). The combined extracts were washed with saturated
NaCl solution, dried, and concentrated. The oily residue
was separated by chromatography on silica gel (10g,
hexane/EtOAc=6:1) to afford an inseparable 1:1 mixture!¥
of 12a12:19 and 12b!2.1® (268 mg, 66%) as a colorless oil: IR
3030, 3020, 2230, 2210, 1735, 1635, and 1605 cm™!; MS m/z
(rel intensity) 212 (M*; 5), 197 (3), and 118 (100). HRMS
Found: m/z 212.1300. Calcd for Ci4H16N2: M, 212.1313. 'H
NMR (90 MHz) of (3Z)-12a!® and (3Z)-12b:1® 6=1.26 (4H, m),
1.50—2.00 (2H, m), 2.00—2.65 (4H, m), 2.27 (3H, m), 5.37
(1H, m), and 6.35—6.90 (2H, m).

Tricyclic Compound 13. A solution of the 1:1 mixture of
12a® and 12b'® (23 mg, 0.11 mmol) and hydroquinone (1
mg) in toluene (1 ml) in a Pyrex sealed tube under nitrogen
was heated at 190—210 °C for 20 h. The solution was con-
centrated and the residue was separated by chromatography
on silica gel (2 g, hexane/EtOAc=6:1) to give 13 (3.4 mg,
15%) and a mixture of dimeric products (19 mg, 83%).

13: colorless oil; IR 3020, 2230, 1655, and 1450 cm~;
1H NMR (90 MHz) 6=0.75—1.25 (4H, m), 1.50 (3H, d, J=1.5
Hz), 1.70—2.40 (6H, m), 2.76 (1H, m), 3.34 (1H, d, J=4.0 Hz),
and 5.33 (1H, br s); 13C NMR (22.5 MHz, C¢De) 6=8.2 (t), 10.6
(t), 18.1 (s), 18.2 (q), 22.8 (t), 26.4 (t), 35.8 (d), 38.9 (t), 41.8 (s),
45.7 (d), 118.5 (s), 121.8 (d), 122.6 (s), and 137.7 (s); MS m/z
(rel intensity) 212 (M*; 65), 197 (30), 185 (35), 170 (100), and
155 (75). HRMS Found: m/z 212.1283. Calcd for C14H1eNz2:
M, 212.1313. The mixture of dimeric products: colorless oil;
IR 3020, 2220, and 1635 cm~1; 'H NMR (90 MHz) 6=—0.10—
1.00 (8H, m), 1.30—1.90 (6H, m), 1.50 (6H, br s), 2.10—2.65
(6H, m), 5.25—5.50 (3H, m), and 6.25—6.90 (3H, m); MS m/z
(rel intensity) 424 (M*; 35), 409 (30), 358 (20), 344 (30), and
330 (100).

Methylation of 13. To a stirred solution of diisopropyl-
amine (0.35 ml, 2.50 mmol) in THF (8.35 ml) at 0°C was
added dropwise a 1.64 M solution of n-BuLi in hexane
(1.3 ml, 2.1 mmol) under nitrogen, and the solution was stir-
red for 10 min. The 0.2 M solution of LDA described above
(1.0 ml, 0.2 mmol) was added to a solution of 13 (11 mg,
0.052 mmol) in THF (0.06 ml) at 0 °C and the mixture was
stirred at 0 °C for 40 min under nitrogen. To this mixture
was added a solution of Mel (13 pl, 0.21 mmol) and HMPT
(18 ul, 0.10 mmol) in THF (0.17 ml). The mixture was
stirred at 0°C for 1h, diluted with 1M HCI (2 ml), and
extracted with ether (3X5 ml). The combined extracts were
washed with saturated NaHCOs solution and saturated
NaCl solution successively, dried, and concentrated. The
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residue was separated by chromatography on silica gel (2 g,
hexane/EtOAc=10:1 to 4:1) to afford 14a (4.2 mg, 36%) and
14b (5.5 mg, 47%).

14a: mp 84—86°C (hexane); IR 3020, 2230, 1650, and
1450 cm~1; TH NMR (90 MHz) 6=0.55—1.20 (4H, m), 1.20—
2.50 (6H, m), 1.50 (3H, d, J=1.5 Hz), 1.65 (3H, s), 2.73 (1H, br
t, J=8.5 Hz), and 5.33 (1H, br s); MS m/z (rel intensity) 226
(M™; 80), 211 (70), 199 (35), 197 (35), and 184 (100). HRMS
Found: m/z 226.1488 . Calcd for CisHi1sN2: M, 226.1470.

14b: mp 113—114°C (hexane-benzene); IR 3020, 2230,
1650, and 1450 cm~1; TH NMR (90 MHz) 6=0.75—1.10 (4H,
m), 1.21 (3H, s), 1.54 (3H, d, J=1.5 Hz), 1.60—2.50 (6H, m),
2.77 (1H, br t, J=8.5 Hz), and 5.45 (1H, br s); MS m/z (rel
intensity) 226 (M*; 90), 211 (85), 199 (80), and 184 (100).
HRMS Found: m/z 226.1481. Calcd for CisHisNz: M,
226.1470.

X-Ray Crystallographic Analysis of 14a. Crystals of 14a
were obtained by slow crystallization from hexane. Dn was
measured by floatation. Crystal data of 14a were as follows:
CisH18N2, M=226.32; monoclinic, space group P2i/n, a=
16.770(2) A, b=11.076(1) A, c=15.745(1) A, B=117.91(1)°, V=
2584.6(4) A% D.=1.163 g cm—8, Dy=1.163 gcm3; Z=8; p=
4.565 cm™1; crystal size 0.30X0.25X0.20 mm. Total 4764 re-
flections with 26=126° were collected on a RIGAKU
ARC-5R automated four-circle diffractometer using graphite
monochromated Cu Ke radiation (1.54178 A). Structure was
solved by Monte-Carlo direct method!? with the aid of
MULTAN 78 program system!® using 4097 unique reflec-
tions with |Fo|=a(|Fo|) and refined by full-matrix least-
square program. Non-H atoms were assigned with aniso-
tropic thermal parameters. All H atoms were located in a dif-
ference Fourier map and refined with the equivalent iso-
tropic thermal parameters to those for the bonded atoms.
The final unweighted R factor was 0.09 after minimizing
Nw(| Fo|2—| Fe|2)? with @=1/02(F2); R+=0.13, $=3.8. Atomic
scattering factors were from Ref. 19. PLUTO 78 program?2?
was employed in drawing the computer-generated molecular
structure. All crystallographic calculations were performed
on a FACOM M-382 computer, operated by Computation
Center of Nagoya University, using the library program of
CRYSTAN system.
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