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A facile tandem radical cyclization route to propellanes and
its application to a total synthesis of modhephene
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Abstract—A facile and versatile tandem radical cyclization route to propellanes from dieneyne compounds was developed and was
applied to the total synthesis of modhephene.
� 2005 Elsevier Ltd. All rights reserved.
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Since the introduction of trialkyltin hydride mediated
free radical reaction, radical cyclization has become
one of the most powerful tools in organic synthesis1 as
the tandem cyclization could easily form complex poly-
cyclic structures.1d Development of the vinyl radical
cyclization reaction of 1-hexene-5-yne system with tri-
alkyltin hydride offered even more attractive synthetic
methodology for its simplicity and capability of further
functionalization of the product.2 Another unique fea-
ture of this radical cyclization reaction is the concentra-
tion-dependent formation of the endo-cyclization
products through cyclopropyl methyl radical intermedi-
ates. As the result, exclusive formation of 6-endo-cycliza-
tion product was reported with 2-methyl-1-hexene-5-
yne.3 We envisioned that this exceptional endo-cycliza-
tion intermediate could further be utilized in the tandem
radical cyclization reaction to form propellane structure
of various ring sizes (Scheme 1).

The precursors for the radical reaction were prepared
from cyclic b-keto esters through a straight forward
synthetic route.4 The radical cyclization was performed
under the standard tin mediated radical cyclization
reaction condition.5 The destannylation and desilylation
were accomplished by sequential treatment of the reac-
tion mixture with SiO2 and HCl. The result of tandem
cyclization reaction was summarized in Table 1. As ex-
pected, endo cyclization proceeded smoothly to form
the six-membered ring intermediates followed by the
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propellane formation (entries 1–3). endo Cyclization
for the formation of the seven-membered rings also pro-
ceeded exclusively without the formation of exo-cycliza-
tion derived products (entries 3 and 6). When the
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Table 1. Summary of the tandem radical cyclization reaction
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i) Bu3SnH, AIBN(cat.); SiO2

ii) 10% aq. HCl/ MeOH
Products
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Entry Substrate Products Yield (%)
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dienynes were subjected to the tandem cyclization reac-
tion, unexpected tetracyclic compounds were obtained
along with the desired propellane products (entries 2
and 5). These minor products were obtained from minor
isomer of the second radical cyclization intermediates
that has the methyl radical in close proximity of the
vinyl group.

The current synthetic strategy also allowed the synthesis
of a hetero-atom containing propellane without any dif-
ficulties (entry 7). When the butynyl chain was short-
ened to the propargyl group for the possible endo
cyclization to form the [3.3.3]propellane structure, no
cyclization reaction product was observed (entry 8).
This result hinted that the overall endo cyclization dur-
ing the first cyclization reaction, rearrangement of the
initially formed exo-cyclization intermediate (path A in
Scheme 1) could be the predominant pathway over the
direct endo closure as the inability of the five-membered
ring formation in the entry 8 could be due to the fact
that the radical cyclization for the formation of cyclo-
butane ring through exo cyclization is not a favorable
process.6

With the successful development of versatile methodol-
ogy for propellane synthesis, we turned our attention
to application of this methodology for the total synthe-
sis of natural products. Modhephene and its derivatives7

had been the only known natural products with propel-
lane skeleton until new taxol derivatives were reported
recently.8 We chose modhephene as our initial target
for the total synthesis.9
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Scheme 3. Reagents and conditions: (a) 4-bromo-1-butene, K2CO3/

DMF, 70%; (b) Ph3PCH3Br, t-BuOK/toluene, 92%; (c) LAH/Et2O,

96%; (d) DMSO–(COCl)2; Et3N, 97%; (e) MeMgBr/Et2O, 95%; (f)

CrO3-Pry./CH2Cl2, 96%; (g) TMS
MgBr/Et2O; TBAF/THF

92%; (h) Bu3SnH, AIBN; SiO2 70%; (i) OsO4 (5 mol %), NMO/

t-BuOH–H2O–acetone; (j) NaIO4/dioxane–H2O, 78% for two steps;

(k) MsCl, Et3N/CH2Cl2, 87%.
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Since the direct formation of [3.3.3]propellane structure
of modhephene was not feasible through the current
tandem radical cyclization reaction, the synthetic plan
for modhephene started from the formation of
[4.3.3]propellane structure, 1 that can be readily pre-
pared from tandem radical cyclization reaction. For
the synthesis of modhephene from 1, 1,4-addition of
methyl group to the conjugated enone with the trapping
of the enolate intermediate as the silyl enolether fol-
lowed by the ring contraction sequence through ozonol-
ysis of the enol ether and subsequent intramolecular
aldol condensation would furnish the modhephene
structure (Scheme 2).

The synthesis of modhephene started from the synthesis
of 1 from methyl cyclopentanone-2-carboxylate (Scheme
3). The keto-ester was butenylated and the keto-ester
was converted into the olefinic aldehyde 2. Propargyl
group and a methyl group were introduced through
treatment of the aldehyde of 2 with MeMgBr followed
by oxidation of the alcohol product with CrO3–pyridine
to produce the ketone. TMS–propynyl magnesium bro-
mide was added to the ketone and desilylation with
TBAF afforded the radical cyclization reaction precur-
sor 3 as a mixture of two diastereomers with equal
amounts. As the relative stereochemistry of the tertiary
alcohol in 3 was not deemed affecting the stereoselectiv-
ity of the tandem cyclization, 3 was used without sepa-
rating the diastereomers. The crucial free radical
cyclization reaction of 3 was performed under the
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Scheme 4. Reagents and conditions: (a) Et2AlCN/pentane, 85%; (b) ethyl

(d) LiAl(t-BuO)3H/THF, 83%; (e) NaH, CS2, MeI/THF 66%; (f) Bu3SnH, A

56% for two steps; (i) TMSCHN2; (j) LAH/Et2O, 63% for two steps; (k) DM

(m) NaBH4–CeCl37H2O/MeOH, 95%; (n) NaH, CS2, MeI/THF, 71%; (o) B
general reaction conditions for tin hydride mediated
vinylradical cyclization.

The desired propellane 4 was obtained in 70% yield after
destannylation by SiO2 with 10:1 ratio of methyl epi-
mers.10 Though we expected that the undesired minor
isomer would undergo further cyclization to form a tet-
racyclic product in the same way as the example of entry
2 in Table 1, the third cyclization product of the minor
isomer was not observed. Contrary to our expectation,
the conformational difference during the cyclization
reaction due to the difference in the substitution patterns
affected the stereoselectivity and tandem reaction
sequence. Dihydroxylation of 4 with catalytic OsO4

and NMO followed by oxidative cleavage of resultant
diol with NaIO4 produced b-hydroxy-ketone and the
resulting b-hydroxy-ketone was dehydrated into 1 using
methanesulfonyl chloride and triethylamine.

With the propellane, 1 in hand, the total synthesis of
modhephene was accomplished through modified
k, l
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eneglycol, TsOH/benzene, 96%; (c) DIBAL/toluene; 1 N HCl, 86%;

IBN/benzene, 84%; (g) TMSOTf, Et3N/CH2Cl2; (h) O3; PPh3; HIO4,

SO–(COCl)2; Et3N; (l) AcOH-piperidine/benzene, 80% for two steps;

u3SnH, AIBN/benzene; TsOH/CH2Cl2, 65%.
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sequence of reactions from the original plan in Scheme 2
(Scheme 4).11 As the direct addition of the methyl anion
to 1 was not fruitful, sterically less demanding cyanide
was added to 1 using Et2AlCN12 and the nitrile was
reduced to the desired methyl group. Protection of the
ketone as the acetal with ethylene glycol followed
by reduction of the resulting compound with DIBAL
and deprotection of the acetal with HCl produced
aldehydo-ketone 5. Chemoselective reduction of the
aldehyde of 5 with lithium tris-tert-butoxyalumino-
hydride13 followed by deoxygenation of the alcohol14

through the corresponding xantate formation and the
subsequent reduction with tributyl tin hydride provided
6. Since the ozonolysis of the corresponding silyl enol-
ether of 6 produced the desired aldehydoacid along with
the partially oxidized a-hydroxyketones, the reaction
mixture was further oxidized with HIO4 to complete
the cleavage reaction and subsequent esterification fol-
lowed by LAH reduction produced 7 and 7 0 with the
2.5:1 ratio. The silyl enolether formation from 6 gener-
ated a mixture of regio-isomeric enol ethers with slight
preference toward the desired one with 2.5:1 ratio that
was transformed into 7 and 7 0. Diol 7 was oxidized to
the corresponding dialdehyde using Swern�s oxidation
and intramolecular aldol condensation of the dialdehyde
product using piperidino-acetate furnished the mod-
hephene skeleton 8. Finally, the aldehyde of 8 was re-
duced to the corresponding methyl group using the
same protocol as the reduction of the aldehyde of 5 to
yield modhephene with epi-modhephene as the minor
product. Treatment of this mixture with acid produced
isomerically pure modhephene.15

In summary, we developed a facile route to propellanes
and demonstrated the versatility of the methodology
through the total synthesis of modhephene.
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