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Trimethylenemethane (TMM)-Diyl-Mediated [2+3] Cycloaddition Reaction.
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Polyquinanes, compounds with fused cyclopentane rings
intrigue the synthetic chemistry community for their struc-
tural complexity and strain associated during the formation
of the structures.[1] One of the Platonic solids, dodecahe-
drane,[2] and many natural products with di-, tri-, and tetra-
quinane structures have challenged synthetic chemists
during last 30 years.[3] The most unique structural feature of
polyquinane is that the cis-bicyclo ACHTUNGTRENNUNG[3.3.0]octane is far more
stable than its isomer, trans-bicyclo ACHTUNGTRENNUNG[3.3.0]octane (by 6.4 kcal
mol�1).[4] This difference in energy ensures a high preference
for cis-fused polyquinanes and exclusive formation of cis-
ring junctions during polyquinane synthesis. However, the
energy difference has not excluded the existence or the
preparation of trans-fused polyquinanes in nature and in or-
ganic synthesis. There are a few examples of natural prod-
ucts containing the trans-bicycloACHTUNGTRENNUNG[3.3.0]octane motif
(Scheme 1)[5] and several reports of the formation of the
trans-bicycloACHTUNGTRENNUNG[3.3.0]octane structure in organic synthesis.[6]

Synthetic trans-bicyclo ACHTUNGTRENNUNG[3.3.0]octane structures were ob-
tained from reactive intermediates via a preformed trans-
ring junction prior to the cyclization reaction,[6a–e] a ring-con-
traction reaction from the six-membered ring of a trans-
fused perhydroindane structure,[6g] or unexpected reactions
of an unsaturated ring junction of polyquinane com-
pounds.[6f] There are also few examples of trans-bicyclo-ACHTUNGTRENNUNG[3.3.0]octane formation through transition-metal-catalyzed
cycloaddition reactions.[7]

Herein, we report the unexpected formation of a triqui-
nane skeleton containing the trans-bicycloACHTUNGTRENNUNG[3.3.0]octane

motif from an intramolecular [2+3] cycloaddition reaction
of a trimethylenemethane (TMM) diyl with an olefin.[8]

In an ongoing research program directed towards the ap-
plication of tandem cycloaddition reactions of alkylidene
carbenes via TMM diyls to form triquinanes[9] for the total
synthesis of natural products, the total synthesis of the puta-
tive structure of isocapnellenone[10] was considered. Retro-
synthetic analysis showed that the tricyclic structure of iso-
capnellenone could readily be assembled from 4 and 5
through an alkylidene-carbene-mediated [2+3] TMM cyclo-
addition reaction, with conversion of the Meldrum�s acid
unit into the corresponding ketone completing the total syn-
thesis (Scheme 2). This total synthesis would be a testing
ground for the efficiency and selectivity of the TMM cyclo-
addition reaction of a highly congested substrate, and the ef-
ficient transformation of the Meldrum�s acid unit into the
corresponding carbonyl group. As has been observed during
the synthesis of capnellene[11] and related compounds, the
mode of cycloaddition reaction was greatly affected by the
substitution pattern of the diylophile[12] (Scheme 3). Based
on these reports, compound 2 was expected to produce cy-
clized product 1 as the major product.
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Scheme 1. Natural products with trans-bicycloACHTUNGTRENNUNG[3.3.0]octane partial struc-
ture.
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A successful cycloaddition reaction of 3 into 1 via 2 would
expand the scope of the TMM-diyl-mediated [2+3] cyclo-
addtition reaction for highly substituted substrates, and ef-
fective conversion of the dicarboxyl functional group of 1
into the corresponding ketone would broaden the scope of
the current synthetic strategy as well.

The total synthesis began with the formation of substrate
4 from 3-pentenoic acid, 6 (Scheme 4). Alkylation of isobu-
tyric acid with the tosylate of 3-pentenol, prepared from 6
through LiAlH4 reduction of the carboxylic acid followed by
the treatment with TsCl, produced 2,2-dimethyl-5-heptenoic
acid 8. An extension of the carbon chain by two units with
the introduction of an olefin was accomplished in a three-
step sequence, involving reduction of the acid followed by
oxidation after Wittig olefination, to produce unsaturated
ester 9. The ester group of 9 was converted into correspond-
ing bromide 10 through a 3-step sequence of reduction with
DIBAL-H, activation as the mesylate, and bromination.
Bromide 10 was reacted with Meldrum�s acid analog 12 to
ensure the mono-alkylation[13] and the acrylate unit of 11
was readily removed by base treatment to produce substrate
4 for the alkylidene-carbene-mediated TMM diyl cycloaddi-
tion reaction.

When the anion of 4 was reacted with a propynyl iodoni-
um salt,[14] a mixture of two major products, 13 and 14, in a
1:2 ratio was obtained in 88 % yield through the sequential

formation of the alkylidene carbene 3 and the TMM diyl 2
followed by the [2+3] cycloaddition reaction. Owing to the
inseparable nature of the products, the mixture was oxidized
to the corresponding mixture of epoxides and the Mel-
drum�s acid part was decarboxylated using copper[15] to pro-
duce unsaturated alcohols 17 and 18, in a 1:2 ratio, which
were separated by flash chromatography on silica gel
(Scheme 5). The structures of alcohols 17 and 18 were de-
duced to be the expected linearly fused triquinane and a
bridged bicyclic compound from their 1H NMR and COSY

Scheme 2. Synthetic analysis of the total synthesis of isocapnellenone.

Scheme 3. TMM cycloaddition reaction mode depending on the diylo-
phile substitution.

Scheme 4. Preparation of the substrate 4 : a) LiAlH4/Et2O, 96 %; b) TsCl,
pyridine/CH2Cl2, 93 %; c) isobutyric acid, LDA/THF, 87 %; d) LiAlH4/
Et2O, 89 %; e) PCC/CH2Cl2; f) (EtO)2POCH2COOEt, NaH/THF, 74%
for two steps; g) DIBAL-H/CH2Cl2, 97%; h) MsCl, Et3N/CH2Cl2; i) LiBr/
THF, 70 % for two steps; j) 12, K2CO3/DMF, 82% k) LiHMDS/THF,
99%. LDA= lithium diisopropylamide, PCC =pyridinium chlorochro-
mate, DIBAL=diisobutylaluminum hydride, DMF=N,N-dimethylforma-
mide, Ms =methanesulfonyl.

Scheme 5. Tandem cycloaddition reaction of an alkylidene carbene via a
TMM diyl.
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spectra. Formation of the bridged tricyclic compound 14 as
the major product was not expected because the substitution
pattern of the diylophile of 4 was believed to favor the for-
mation of the desired linearly fused triquinane 1. Stereose-
lective formation of both 13 and 14 was another unexpected
result. It was presumed that substituents on the cyclopen-
tene ring of the TMM affected the stereoselectivity during
the cycloaddition reaction. The relative stereochemistry of
17 and 18 was deduced through NOE experiments
(Scheme 6).

To our surprise, the NOE experiments indicated that the
stereo-structure of 17 should be trans-syn-cis at the ring
junctions, because NOE correlation from H-5/H-4, H-5/H-6,
and H-11/CH3-12 were observed whilst the expected NOE
signal from H-4/H-11 for the cis stereochemistry was not ob-
served. The structural integrity of 17 was further confirmed
during the conversion of the carboxyl functional group of 17
into the corresponding ketone in the isocapnellenone struc-
ture (Scheme 7). As there was no positive sign of the antici-

pated direct conversion of the carboxylic acid of 17 into the
carbonyl group through a decarboxylation reaction,[16] con-
version of the carboxylic acid functional group into the cor-
responding carbonyl group required a five-step detour. In
the first step of the transformation, hydrogenation of 17 pro-
duced the crystalline saturated ester 19. The ester of 19 was
converted into the corresponding exo-olefin 20 through re-
duction followed by the dehydration procedure reported by
Grieco et al.[17] Ozonolysis of the olefin of 20 after an acidic

dehydration reaction produced epi-isocapnellenone 21. The
spectral data of 21 was distinctively different from the re-
ported data for the putative structure of isocapnellenone.[10b]

The ultimate confirmation of the stereostructure of the
cycloaddition reaction products 13 and compounds derived
from 13 was obtained through the single-crystal X-ray analy-
sis of 19 ; the analysis clearly showed that the structure of 19
possessed a trans-bicycloACHTUNGTRENNUNG[3.3.0]octane skeleton in the triqui-
nane structure (Figure 1).

It appears that the trans ring junction was established
during the TMM-diyl-mediated [2+3] cycloaddition reaction
through a sequence of stepwise cyclization reactions rather
than a concerted cycloaddition reaction. Transition state
models of the cycloaddition reaction explain the formation
of the trans-fused triquinane structure (Scheme 8). The con-
former 2-A that leads to the regular cis-anti-fused linear tri-

quinane structure suffers a 1,3-steric interaction between the
methyl group and cyclopentene ring of the TMM–diyl inter-
mediate. The methyl group appended on the end of the
olefin also appears to provide extra steric bulk that disfavors
the cycloaddition reaction through 2-A. Thus, conformer 2-
B, which avoids such interactions, becomes the preferred
conformer for the cyclization reaction. As has been report-
ed,[18] the cyclization of conformer 2-B would proceed in a

Scheme 6. Key NOE correlation of 17 and 18.

Scheme 7. Completion of the total synthesis: a) H2, Pd/C, EtOAc, 92%;
b) LiBH4/THF, 96%; c) o-NO2PhSeCN, PBu3/THF, 89 %; d) H2O2/THF,
93%; e) O3 then PPh3/CH2Cl2 �78 8C–RT; H2SO4, 68%. THF= tetrahy-
drofuran.

Figure 1. X-ray crystal structure of 19.

Scheme 8. Comparison of transition states leading to the products.
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stepwise fashion and the first cyclization step could form
either intermediate I or II. Intermediate I is produced
through 6-endo-trig-cyclization that sets the relative stereo-
chemistry between the bridgehead methyl group and the bi-
cyclic structure of 14. The second cyclization proceeds via
the less-sterically demanding 5-exo-trig-cyclization to pro-
duce 14 stereoselectively. Intermediate II is produced
through a 5-exo-trig-cyclization that sets the trans-stereo-
chemistry at the ring junction of the final product. The ini-
tially formed intermediate II would adopt the sterically less-
congested conformer II� during the second ring formation.
At this stage, the stereochemical integrity of the methyl
group attached to the olefin in the substrate was lost. The
methyl group adopts the sterically less-congested conforma-
tion for the final cyclization reaction to form 13. This result,
along with the previous reports by Little and co-workers,[19]

suggests that the cycloaddition reaction pathways to either
linearly fused triquinanes or tricyclo[5.3.1.02,6]undecanes
could be controlled by judicious choice of the substitution
patterns of the tether and the diylophile.

In summary, the high reactivity of the TMM-diyl-mediat-
ed [2+3] cycloaddition reaction was demonstrated by the
production of trans-syn-tricyclo[6.3.0.02,6]undecane without
the formation of its cis isomer. The formation of the bridged
bicyclic, tricyclo[5.3.1.02,6]undecane structure from 1,2-disub-
stituted diylophile provides another useful information to
control the regioselectivity during the [2+3] cycloaddition
reaction of the TMM diyl. As the conversion of the Mel-
drum�s acid unit into the corresponding ketone was success-
ful, this synthetic strategy could be applied to the total syn-
thesis of various natural products with related structural fea-
tures.[20]

Experimental Section

Potassium bis(trimethylsilyl)amide (KHMDS; 2.64 mL of a 0.5 m solution
in toluene, 1.32 mmol) was added to a stirred solution of 4 (300 mg,
1.0 mmol) in THF (90 mL) at 0 8C. After being stirred for 30 min at 0 8C,
the mixture was warmed to room temperature for 20 min. The solution
of propynyl iodonium salt (560 mg, 1.42 mmol) in THF (60 mL) was
added for 30 min via cannula. The resulting reaction mixture was stirred
for 2 h. The solvent was evaporated in vacuo and purified by flash
column chromatography on silica gel (EtOAc/Hexane=1:10) to give
300 mg (0.90 mmol, 88%) of a mixture of 13 and 14. 3-Chloroperoxyben-
zoic acid (mCPBA; 0.334 g of 77 % contents, 1.35 mmol) was added to a
stirred solution of the mixture of 13 and 14 (300 mg, 0.90 mmol) in meth-
ylene chloride (10 mL) at room temperature. The mixture was stirred for
24 h and diluted with Et2O. Na2S2O3·5H2O in H2O was added to the mix-
ture and stirred for 30 min. The aqueous layer was extracted with Et2O
(2 � 10 mL). The combined organic layers were dried over MgSO4, con-
centrated, and purified by flash column chromatography on silica gel
(EtOAc/Hexane=1:10) to give 241 mg (0.69 mmol, 77%) of epxodies.
Copper powder (5 mg, 0.08 mmol) was added to the stirred solution of
epoxides (223 mg, 0.64 mmol) in pyridine/MeOH (5.5 mL, v/v =10:1) and
the mixture was refluxed for 3 h. The reaction mixture was cooled to
room temperature. 1 m HCl was added and the aqueous layer was ex-
tracted with Et2O (2 � 10 mL). The combined organic layers were dried
over MgSO4, and concentrated at reduced pressure. The residue was pu-
rified by flash column chromatography on silica gel (EtOAc/Hexane=

1:20 to 1:10) to give 17 (51 mg, 28.5 %) as a white solid and 18 (94 mg,
52.5 %) as a colorless oil.

17: 1H NMR (400 Hz, CDCl3): d =3.72 (s, 3H), 2.92 (m, 1H), 2.80 (m,
1H), 2.49 (m, 2 H), 2.20 (m, 1 H), 2.10 (t, 3 H), 1.75 (m, 2H), 1.44 (d, J=

14.45 Hz, 1H), 1.38 (m, 1H), 1.27 (m, 1 H), 1.19 (s, 3H), 1.10 (s, 3H),
0.75 ppm (d, J= 7.51 Hz, 3 H); 13C NMR (100 Hz, C6D6): d=166.46,
155.82, 127.49, 93.68, 62.87, 61.80, 52.70, 50.66, 47.84, 35.67, 31.88, 30.86,
30.12, 27.12, 20.97, 13.18, 11.07 ppm; IR (neat): ñ =3477, 3061, 2982,
2933, 1731, 1490, 1446, 1368, 1247, 1189, 1096, 1032, 932 cm�1; High reso-
lution MS (ESI): Calculated for C17H26O3 [M+Na]+ : 301.1780, found:
301.1814.

18 : 1H NMR (400 Hz, CDCl3): d=3.71 (s, 3H), 2.90–2.83 (m, 1H), 2.32
(m, 1 H), 2.20 (m, 2 H), 2.10 (t, 3 H), 1.78 (m, 2H), 1.60 (m, 1H), 1.35 (d,
J =13.60 Hz, 1H), 1.18 (s, 3H), 1.15 (m, 1H), 1.13 (s, 3H), 1.05 (m, 1H),
1.04 ppm (d, J= 6.44 Hz, 3 H); 13C NMR (100 Hz, C6D6): d=166.63,
156.19, 126.97, 93.95, 68.25, 66.04, 55.62, 50.71, 48.24, 45.48, 37.19, 36.52,
31.80, 27.31, 24.46, 18.67, 13.10 ppm; IR (neat): ñ =3500, 2949, 2865,
1699, 1645, 1436, 1373, 1347, 1323, 1266, 1220, 1177, 1126, 1109, 1082,
1064, 1036, 1008, 950 cm�1; High resolution MS (ESI): Calculated for
C17H26O3 [M+Na]+ : 301.1780, found: 301.1814.
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