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Photoinduced biomimetic cascade cyclizations of suitably
functionalized terpenoid arylpolyalkenes via radical cationic
intermediates represent a powerful route to polycyclic com-
pounds in a single operational step. In all cases examined,
the radical cation, created selectively and exclusively at the
ω-polyalkene position, is trapped in anti-Markovnikov fash-
ion by water, liberating a free radical site, which ultimately
initiates cascade-style bond formation to afford the all-chair

Introduction

Biomimetic polycyclizations of acyclic terpenoid polyalk-
enes to natural products and their precursors through pho-
tochemical electron transfer (PET) have been shown to con-
stitute a powerful synthetic method.[1�4] This methodology
is based on the highly regioselective creation of a radical
cation at the ω-alkene site of the starting acyclic polyalkene
(1a�c � 2 in Scheme 1), which is in turn regio- and stereo-
selectively trapped in an anti-Markovnikov sense by a nucle-
ophile (Nu) such as water or methanol along the major re-
action path (2 � 3).[1] As a mechanistic consequence, the
resulting tertiary radical centre in 3 (Scheme 1) gives rise
to cascade polycyclizations yielding trans,anti,trans-all-chair
products which are beneficially 3β-hydroxylated (4a�c and
5a-c).[2]

The termination of such processes involves saturation of
the radical centres, giving either six-membered ring prod-
ucts or mixed structures containing six-membered rings
and/or one terminal five-membered ring, depending on the
electron-donating and -withdrawing capacities of the sub-
stituents R1 and R2.[1] There are numerous reports regard-
ing the isolation of[3�6] and biological data for[7�9] these
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polycyclic conformation containing one aromatic moiety. The
products, some of which are podocarpic-type structures
17−19, are beneficially 3β-hydroxylated. Mechanistically, the
reaction is probably initiated by a radical cation trapped by
water prior to the cyclization event, which is driven by a pure
radical-type process.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

3β-hydroxylated compounds. However, synthetic work on
these structures is scarce.

Our previously developed photoelectron transfer (PET)
methodology has emerged as a viable alternative to anal-
ogous structures of known polycyclic compounds contain-
ing a 3β-hydroxy group and one terminal aromatic ring.[10]

Results and Discussion

The starting materials 10�15 (Scheme 2) for the corre-
sponding photochemical transformations en route to the
products 16�21 [Equation (1), Table 1], are readily avail-
able through an efficient and highly regioselective pal-
ladium-catalysed coupling of the allylic halides 6�9 with
benzylic Grignard reagents (Scheme 2).[11]

The conditions for the photochemically triggered single-
electron transfer have been adopted from earlier work in
this field. As a result, the best conditions resulted from ir-
radiation of the samples with light (λmax. � 300 nm,
Rayonet reactor) in CH3CN/water (4:1) solutions in the
presence of an electron-acceptor couple such as 1,4-dicyan-
otetramethylbenzene (DCTMB, 25 mol %) and 1,1�-biphe-
nyl (BP, 28 mol %) at �10 °C.[2,12,13]

While the spectroscopic data (1H and 13C NMR, IR, el-
emental analyses and LR/HRMS) for compounds 16�21
were completely consistent with their structures, further
confirmation was sought by means of single-crystal X-ray
analyses of 20[14] and 21.[15]
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Scheme 1. PET-triggered tricyclizations of polyalkenes

Scheme 2. Pd-catalysed allylic alkylation of polyene halides with
benzylic Grignard reagents

Mechanistically, the photochemically induced electron-
transfer reactions 10�15 � 16�21 are assumed to follow
the reaction scheme proposed and substantiated for the
conversion of non-aromatic acyclic polyterpenoids
(Scheme 1),[2] except for the termination step. Analogously
with the generally proposed mechanistic pathway,[2,16�18]

the aromatic polyalkene (i.e., 15) should, prior to or after
electron transfer, adopt the all-trans-prechair conformation
A (Scheme 3), uniformly giving rise to anti,trans-fused poly-
cyclic compounds. In the course of these reactions, the elec-
tron transfer to the excited acceptor (DCTMB*)[19] from
BP gives rise to a DCTMB�·/BP�· pair.[1] Subsequently, sin-
gle-electron transfer from the arylpolyalkene 15 to BP�· re-
gioselectively oxidizes the ω-alkene of the arylpolyalkene A
(Scheme 3).[20] The initially formed arylpolyalkene radical
cation (Scheme 3, A) is regio- (anti-Markovnikov)[21] and
stereoselectively (β-face)[22] trapped by the nucleophile, such
as water in the present case (for applications with other nu-
cleophiles, see refs.[2,21,23]). The resulting β-distonic radical
cation[24] would be expected to undergo rapid depro-
tonation[23a,25] to afford neutral β-hydroxy radicals, which
would in turn be able to initiate the cyclization, which is
ultimately driven by a pure radical-type mechanism.[1,26]

The intramolecular addition of a tertiary radical centre to
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an alkene proceeds in a cascade 6-endo-trig fashion to form
the all-trans-fused radical intermediate B (Scheme 3). The
radical intermediate B is finally oxidized to afford the aro-
matic product 21 (Scheme 3). This mechanistic event is un-
precedented in photoelectron transfer chemistry, although
in the termination step (B � 21, Scheme 3) it parallels anal-
ogous transformations of aromatic polyalkene terpenoids
through application of radical chemistry.[27�29] Notably,
this finding gives further support in favour of our proposed
mechanism (Scheme 3).[30] The termination of such a cas-
cade cyclization probably involves electron transfer from B
(Scheme 3) to the oxidizing species (BP�· or DCTMB), fol-
lowed by loss of a proton.[31]

The photochemical transformations summarized in
Table 1 represent highly stereo- and regioselective syntheses
of all-trans,anti-fused polycyclic products, some of which
are podocarpa-type structures 17�19, from readily avail-
able arylpolyalkenes. Notably, all products are beneficially
and exclusively 3β-hydroxylated through the addition of
water, these results constituting strong evidence for spon-
taneous folding of the arylpolyalkene chain and supporting
the idea of ‘‘minimal enzymatic assistance’’ in non-oxidat-
ive biosynthesis.[32]

The relative stereochemical configurations (trans-fused
for 17, 18, 19, trans,anti,trans-fused for 20 and trans,anti,-
trans,anti,trans-fused for 21) assigned to our newly synthe-
sized compounds were determined by detailed 1D and 2D
NMR analysis. The known γ-gauche effects support the
trans,transoid stereochemistry.[33] The bridged methine
groups show a low-field 13C NMR chemical shift indicating
the absence of γ-gauche effects with angular methyl groups.
The stereochemistry of the 3-OH group (β-face) was as-
signed from the chemical shifts observed for neighbouring
geminal methyl groups.[34]

Conclusion

The photochemical transformations summarized in
Table 1 constitute straightforward stereo- and regioselective
syntheses of highly functionalized terpenoids, each in a sin-
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Table 1. Synthesis of polycyclic compounds through PET; conditions: 1,4-dicyanotetramethylbenzene (DCTMB, 25 mol %), biphenyl
(BP, 28 mol %), CH3CN/H2O (4:1), λmax. � 300 nm, �10 °C

Scheme 3. Biomimetic polyalkene cyclization 15 � 21 through PET
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gle step from readily available acyclic terpenoid arylpolyalk-
enes. These photochemical processes triggered by radical
cation formation and followed by nucleophile addition (i.e.,
water in the present case), closely mimic the proposed bi-
osynthetic principle of such cyclizations. This novel meth-
odology has allowed the syntheses of two new (18 and 19)
and four known compounds (16,[35] 17,[36] 20[14] and 21[15]),
the latter class, however, by routes much shorter than
known in the literature. The transformations described in
this paper represent a powerful synthetic method for a sin-
gle-step build-up of arrays of up to seven stereogenic
centres.

Experimental Section

General: All manipulations of compounds and solvents were car-
ried out by use of standard airless techniques. All glassware was
flame-dried and purged with argon prior to use. Solvents: aceto-
nitrile (PA grade) was purchased from Fluka and used directly. Re-
agents: 1,4-dicyanotetramethylbenzene (DCTMB) was prepared by
a known procedure.[37] All samples were stirred and flushed with
argon prior to irradiation. Cylindrical Pyrex vessels equipped with
cooling fingers (2-propanol coolant) were used. Rayonet reactors
(RPR-100-System, Southern New England Ultraviolet company)
with sixteen 300-nm (λmax.) lamps (8 Watt/lamp) were employed.
Melting points were obtained with a Reichert or a Kofler apparatus
and are uncorrected. Spectroscopic measurements were recorded
for CDCl3 solutions with the following Bruker instruments: DRX
500 (500 MHz for 1H, 125.8 MHz for 13C), AM 400 (400 MHz for
1H, 100.6 MHz for 13C), JEOL (400.10 MHz for 1H, 100.6 MHz
for 13C) or ARX 250 (250 MHz for 1H, 62.9 MHz for 13C). Chemi-
cal shifts are reported in δ units (ppm) relative to tetramethylsilane
(Me4Si), the residual CHCl3 resonance in 1H spectra being assigned
at δ � 7.24 ppm and the CDCl3 resonance in 13C spectra at δ �

77.0 ppm. All coupling constants (J) are reported in Hz. High reso-
lution mass spectra (HRMS) were recorded with a Finnigan MAT
95 instrument at 70 eV ionization energy. Column chromatography
was performed on Merck silica gel 60 (0.063�0.20 mm or
0.04�0.063 mm). All reactions were monitored by TLC on Merck
silica gel 60 F254 precoated aluminium plates and were viewed with
the aid of UV light followed by spraying with acidic vanillin solu-
tion. Elemental analysis was performed by Dornis and Kolbe,
Mülheim an der Ruhr.

General Procedure for the Cyclization of Polyenes through PET: An
argon-flushed solution (CH3CN/H2O, 4:1, 0.04  solution of ole-
fin) of the starting arylpolyene 10�15, biphenyl (28 mol %) and
1,4-dicyanotetramethylbenzene (25 mol %) in a Pyrex vessel was
irradiated (λmax. � 300 nm) at �10 °C in a Rayonet reactor for
24�30 h. The resulting clear yellowish solution was concentrated
at reduced pressure to give a pale yellow solid. Additional water
was added, and the resulting aqueous phase was extracted with
dichloromethane. The organic phase was dried (MgSO4) and then
concentarted under vacuum. The residue was chromatographed (up
to 3 times) on silica gel with pentane/10% ethyl acetate/pentane as
eluent to afford the corresponding polycyclic products 16�21.

1,1-Dimethyl-1,2,3,4-tetrahydronaphthalen-2-ol (16):[35] Yield: 0.5 g
(40%). White solid; m.p. 85�87 °C. IR (KBr): ν̃ � 3317 (OH, br.
s), 2922, 1488, 1059, 758 cm�1. 1H NMR: δ � 1.32 (s, 3 H), 1.38
(s, 3 H), 1.88�2.12 (m, 2 H), 2.15 (br. s, OH), 2.81�3.06 (m, 2 H),
3.77 (dd, J � 8.6, 3.4 Hz, 1 H), 7.09 (dd, J � 7.5, 1.5 Hz, 1 H),
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7.15 (td, J � 7.5, 1.5 Hz, 1 H), 7.21 (td, J � 7.5, 0.7 Hz, 1 H), 7.38
(dd, J � 7.5, 1.1 Hz, 1 H) ppm. 13C NMR: δ � 24.9, 26.7, 27.0,
29.0, 39.0, 75.4, 125.5, 126.1, 126.7, 128.6, 134.4, 144.2 ppm.
HRMS (EI): m/z calcd. 176.1201 [M�]; found 176.1202. C12H16O
(176.2): calcd. C 81.77, H 9.15; found C 81.69, H 9.21.

1,1,4a-Trimethyl-1,2,3,4,4a,9,10,10a-octahydrophenanthren-2β-ol
(17):[22] Yield: 0.2 g (25%). White solid; m.p. 82�85 °C. IR (KBr):
ν̃� 3355 (br. s, OH), 2962, 2929, 2869, 1488, 1477, 1448, 1375,
1186, 1091, 1029, 759 cm�1. 1H NMR: δ � 0.90 (s, 3 H), 1.07 (s,
3 H), 1.20 (s, 3 H), 1.33 (dd, J � 12.4, 2.3 Hz, 1 H), 1.55 (td, J �

12.8, 4.6 Hz, 1 H), 1.57 (br. s, OH), 1.71�1.79 (m, 2 H), 1.83 (dddd,
J � 13.3, 5.0, 4.6, 3.7 Hz, 1 H), 1.88 (ddt, J � 13.3, 7.3, 1.8 Hz, 1
H), 2.32 (dt, J � 12.8, 3.7 Hz, 1 H), 2.86 (ddd, J � 16.9, 11.5,
7.3 Hz, 1 H), 2.97 (dd, J � 16.9, 6.4 Hz, 1 H), 3.30 (dd, J � 11.0,
5.0 Hz, 1 H), 7.04 (d, J � 7.3 Hz, 1 H), 7.07 (td, J � 7.3, 1.4 Hz,
1 H), 7.12 (t, J � 7.4 Hz, 1 H), 7.23 (d, J � 7.3 Hz, 1 H) ppm. 13C
NMR: δ � 15.4, 18.8, 24.9, 27.9, 28.1, 30.6, 36.9, 37.6, 39.0, 49.7,
78.7, 124.4, 125.4, 125.7, 128.9, 134.9, 149.3 ppm. HRMS (EI):
m/z calcd. 244.1827 [M�]; found 244.1827. C17H24O (244.38):
calcd. C 83.55, H 9.90; found C 83.39, H 9.96.

1,1,4a,6-Tetramethyl-1,2,3,4,4a,9,10,10a-octahydrophenanthren-2β-
ol (18): Yield: 0.15 g (25%). White solid; m.p. 95�96 °C. IR (KBr):
ν̃� 3354 (br., OH), 2965, 2944, 2870, 1606, 1501, 1455, 1366, 1034,
806 cm�1. 1H NMR: δ � 0.89 (s, 3 H), 1.06 (s, 3 H), 1.19 (s, 3 H),
1.31 (dd, J � 12.4, 2.3 Hz, 1 H), 1.54 (td, J � 13.3, 4.6 Hz, 1 H),
1.83�1.74 (m, 3 H), 1.88 (ddt, J � 13.3, 7.3, 1.8 Hz, 1 H), 2.28 (s,
3 H), 2.31 (dt, J � 13.3, 3.7 Hz, 1 H), 2.81 (ddd, J � 16.9, 11.5,
7.3 Hz, 1 H), 2.92 (dd, J � 16.9, 6.4 Hz, 1 H), 3.29 (dd, J � 11.5,
5.0 Hz, 1 H), 6.89 (d, J � 7.8 Hz, 1 H), 6.93 (d, J � 7.8 Hz, 1 H),
7.03 (s, 1 H) ppm. 13C NMR: δ � 15.4, 18.9, 21.2, 24.8, 28.0, 28.2,
30.2, 36.9, 37.6, 39.0, 49.9, 78.7, 124.9, 126.3, 128.9, 131.8, 134.9,
149.2 ppm. HRMS (EI): m/z calcd. 258.1983 [M�]; found 258.1984.
C18H26O (258.4): calcd. C 83.67, H 10.14; found C 83.76, H 10.08.

6-Isopropyl-1,1,4a-trimethyl-1,2,3,4,4a,9,10,10a-octahydro-
phenanthren-2β-ol (19): Yield: 0.14 g (25%). White solid; m.p.
81�83 °C. IR (KBr): ν̃� 3312 (br. s, OH), 2963, 2866, 1611, 1458,
1261, 1027, 809 cm�1. 1H NMR: δ � 0.89 (s, 3 H), 1.06 (s, 3 H),
1.20 (d, J � 0.6 Hz, 3 H), 1.22 (dd, J � 7.0, 0.5 Hz, 6 H), 1.33 (dd,
J � 12.2, 2.4 Hz, 1 H), 1.48 (br. s, OH), 1.55 (td, J � 12.9, 4.6 Hz,
1 H), 1.74�1.82 (m, 3 H), 1.88 (ddt, J � 13.4, 7.5, 2.1 Hz, 1 H),
2.34 (dt, J � 13.0, 3.5 Hz, 1 H), 2.79�2.81 (m, 1 H), 2.84 (sept,
J � 7.0 Hz, 1 H), 2.93 (ddd, J � 17.0, 6.8, 1.9 Hz, 1 H), 3.30 (dd,
J � 11.3, 5.3 Hz, 1 H), 6.96�6.97 (m, 2 H), 7.09 (s, 1 H) ppm. 13C
NMR: δ � 15.4, 18.9, 24.2, 24.9, 28.0, 28.2, 30.3, 34.0, 36.9, 37.7,
39.0, 49.9, 78.8, 122.5, 123.4, 128.9, 132.4, 146.2, 149.2 ppm.
HRMS (EI): m/z calcd. 286.2297 [M�]; found 286.2298. C20H30O
(286.4): calcd. C 83.86, H 10.56; found C 83.74, H 10.50.

1,1,4a,10b-Tetramethyl-1,2,3,4,4a,5,6,6b,11,12,12a,12b-dodecahy-
drochrysen-2β-ol (20): Yield: 0.1 g (18%). White solid; m.p.
164�166 °C. IR (KBr): ν̃� 3446 (br., OH), 2992, 2965, 2931, 2869,
1774, 1706, 1602, 1488, 1448, 1384, 1377, 1365, 1095, 1042, 1030,
983, 724 cm�1. 1H NMR: δ � 0.82 (s, 3 H), 0.84 (dd, J � 11.9,
2.3 Hz, 1 H), 0.93 (s, 3 H), 0.98 (s, 3 H), 1.01 (td, J � 12.8, 5.0 Hz,
1 H), 1.19 (s, 3 H), 1.24 (dd, J � 12.4, 2.2 Hz, 1 H), 1.43 (br. s,
OH), 1.48 (td, J � 12.8, 3.7 Hz, 1 H), 1.59 (qd, J � 13.3, 2.8 Hz,
1 H), 1.59�1.70 (m, 3 H), 1.73 (dq, J � 13.3, 3.2 Hz, 1 H), 1.83
(ddt, J � 14.7, 7.3, 2.2 Hz, 1 H), 1.85 (dt, J � 12.8, 3.7 Hz, 1 H),
2.40 (dt, J � 12.4, 3.2 Hz, 1 H), 2.81 (ddd, J � 17.4, 11.5, 7.3 Hz,
1 H), 2.92 (dd, J � 16.9, 5.9 Hz, 1 H), 3.20 (dd, J � 11.0, 5.0 Hz,
1 H), 7.00 (d, J � 7.3 Hz, 1 H), 7.05 (td, J � 7.3, 0.9 Hz, 1 H),
7.11 (t, J � 7.3 Hz, 1 H), 7.23 (d, J � 7.3 Hz, 1 H) ppm. 13C NMR:
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δ � 15.3, 16.3, 18.1, 18.8, 26.0, 27.3, 27.9, 30.7, 37.4, 37.9, 38.3,
38.9, 40.6, 55.1, 55.2, 78.9, 124.6, 125.2, 125.7, 128.8, 134.9, 150.0
ppm. HRMS (EI): m/z calcd. 312.2453 [M�]; found 312.2455.
C22H32O (312.5): calcd. C 84.56, H 10.32; found C 84.43, H 10.30.

4,4,6a,12b,14b-Pentamethyl-1,2,3,4,4a,5,6,6a,6b,7,8,12b,
13,14,14a,14b-hexadecahydropicen-3β-ol (21):[15] Yield: 80 mg (9%).
White solid; m.p. 150�154 °C. IR (KBr): ν̃� 3421 (br., OH), 2962,
2962, 2932, 2870, 1488, 1447, 1384, 1262, 1094, 1027, 907, 803, 731
cm�1. 1H NMR: δ � 0.74 (dd, J � 12.6, 2.7 Hz, 1 H), 0.77 (s, 3
H), 0.78 (dd, J � 11.8, 2.2 Hz, 1 H), 0.85 (s, 3 H), 0.92 (s, 3 H),
0.92 (td, J � 12.4, 4.6 Hz, 1 H), 0.93�0.94 (m, 1 H), 0.95 (s, 3 H),
1.17 (s, 3 H), 1.23 (br. s, OH), 1.25 (dd, J � 12.1, 2.2 Hz, 1 H),
1.45 (td, J � 12.7, 3.3 Hz, 1 H), 1.51�1.69 (m, 2 H), 1.40�1.70
(m, 5 H), 1.74 (dt, J � 12.9, 3.6 Hz, 1 H), 1.81 (ddt, J � 13.3, 7.5,
2.2 Hz, 1 H), 1.91 (dt, J � 12.9, 3.3 Hz, 1 H), 2.36 (dt, J � 12.4,
3.0 Hz, 1 H), 2.80 (ddd, J � 17.1, 11.3, 7.2 Hz, 1 H), 2.90 (ddd,
J � 16.9, 5.5, 1.4 Hz, 1 H), 3.17 (dd, J � 10.5, 5.3 Hz, 1 H), 6.99
(dd, J � 7.5, 0.8 Hz, 1 H), 7.03 (td, J � 7.5, 1.1 Hz, 1 H), 7.09 (tt,
J � 7.7, 0.8 Hz, 1 H), 7.21 (dd, J � 8.0, 1.1 Hz, 1 H) ppm. 13C
NMR: δ � 15.2, 16.3, 17.4, 18.0, 18.0, 18.1, 26.1, 27.4, 27.9, 30.9,
37.2, 37.8, 38.1, 38.3, 38.9, 40.6, 41.8, 55.5, 55.6, 60.7, 78.9, 124.6,
125.1, 125.7, 128.8, 135.1, 150.2 ppm. HRMS (EI): m/z calcd.
380.3079 [M�]; found 380.3077. C27H40O (380.6): calcd. C 85.20,
H 10.59; found C 84.75, H 11.34.
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