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A short, enantioselective synthesis of (

establish the quaternary center.

—)-pentalenene is described. Catalytic enantioselective cyclopropenation with (
was used to set the absolute stereochemistry, and an intramolecular Pauson

R,R)-Rh,(OACc)(DPTI)3
—Khand reaction of the resulting cyclopropenyne was used to

For the past three decades, triquinane natural products havell but oné® of these syntheses produced racemic pental-
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natural products, there are a large number of total synthesesy Serratosa and co-workers, who utilized an intermolecular
but relatively few enantioselective synthe$&&specially rare Pauson—Khand reacticf.
are syntheses of angular triquinine natural products that Recently, our group described intermolecular Patdson
utilize enantioselective catalysis to establish the absolute Khand reactions of chiral cycloproperi&s-substrates that
stereochemistr§f2.Integral to the challenge of an enantio- are readily available in enantiomerically enriched féfm.
selective synthesis of the angular triquinanes is the asym-Because cyclopropenes are exceptionally reactive in inter-
metric installation of the central, quaternary carBén. molecular PausonKhand reactiong? we envisioned that an
The PausonKhand reaction is a multicomponent reaction intramolecular variafit® of the reaction could be used to set
that has found particular utility for the stereocontrolled the quaternary center of pentalenene. In a retrosynthetic
construction of triquinane natural produéisin seminal analysis (Scheme 1), it was reasoned theduld be derived
work, Schore utilized an intramolecular, diastereoselective
Pauson—Khand reaction as the key step for the synthesis o

pentalenené’ In the only nonracemic S_y”thes's of pental- Scheme 1. Retrosynthetic Analysis of-)-Pentalenene
enene, Hua utilized a Pauselihand reaction to prepare 7,7- EO,C EO.C

dimethylbicyclo[3.3.0]-2-octen-3-one, which was obtained ,MX  — = — Me><<
in enantiomerically enriched form via kinetic resolutitin. Me Me o Me M S
Me A Mée Me = 4
1 2 3

More recently, Krafft utilized a tandem Pauseikhand/aldol SiMe,Ph Mez
sequence to construct an angular triquinine skelétamd ()-pentalenene

Pericas utilized chiral auxiliaries to control the asymmetry
of the PausorrKhand reaction in the synthesis of)-15-
nor-methylpentalener®The angular triquinane framework  from tricycle 2. The quaternary center o could be

has also been constructed by Malacria and co-workers withestablished from an intramolecular Paus#éthand reaction
a Conia-ene/intramolecular Pauson—Khand sequ#&ra

(25) Burnell has reported a highly enantioselective synthesisRb&F
4-hydroxy-4,7,9,9-tetramethylspiro[4,5]dec-7-en-1-one using Baker's yeast Scheme 2. Enantioselective Cyclopropenation with Corey’s

reduction as the key step: Zhu, Y.-Y.; Burnell, D. Jetrahedron Rhy(OAc)(R,R-DPTI} Catalyst
Asymmetryl996, 7, 3295. Burnell had previously reported the use of a
similar derivative [7-ethyl-4-hydroxy-4,9,9-trimethylspiro[4,5]dec-7-en-1- 5 = (R,R)-Rh,(OAC)(DPTI)3
one] in the synthesis of racemic pentalené&ne. H.__CO,Et EtO,C CH

(26) Nonracemic total syntheses have been described for the angular T o s
triquinines )-pentalenolacton®cdi (—)-isocomené®d (+)-silphenendda 05 ”;"[ * M T g~
(—)-retigeranic acid®ekim (—)-silphiperfol-6-en&sbniano (—).methyl . — Ph \NYQ1\ | L Ph
cantabradienat®! and (-)-subergorgic acié®’ For total or formal syntheses Me = Me = Si/Ph N\Rh/R\th/y
that use nonenzymatic enantioselective catalysis to establish the absolute ><:/\ 3  Me, I\‘OVI\N\ Ph
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1988 71, 569. For syntheses in which absolute stereochemistry is established 91% ee TT/N bh
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A.; Singh, S. K.Tetrahedron Lett199Q 31, 2517. (f) Paquette, L. A.; . . .
Meister, P. G.; Friedrich, D.; Sauer, D. B. Am. Chem. Sod993,115, of cyclopropenyne3, which itself could arise from an
49. For syntheses in which chiral auxilaries are used to establish absoluteenantioselective cyclopropenation of diyherhe successful
stereochemistry: (g) Rawal, V. H.; Eschbach, A.; Dufour, C.; lwasa, S. . . . . .
Pure Appl. Chem.1996, 68. 675. (h) Meyers, A. I.; Lefker, B. A. execution of this strategy is reported herein for the synthesis
Tetrahedron1987,43, 5663. (i) Vo, N. H.; Snider, B. BJ. Org. Chem. of (—)-1, the unnatural enantiomer of the natural product
1994,59, 5419. For syntheses that originate from enantiomerically enriched entalenenés

natural products: (j) Testero, S. A.; Spanevello, ROkg. Lett.2006,8, P ’
3793. (k) Llera, J. M.; Fraser-Reid, B. Org. Chem1989,54, 5544. (1)

Hudlicky, T.; Fleming, A.; Radesca, l. Am. Chem. So4989 111, 6691. (32) Montafia, A.-M.; Moyano, A.; Pericas, M. A.; Serratosa, F.
(m) Wright, J.; Drtina, G. J.; Roberts, R. A.; Paquette, LJAAmM. Chem. Tetrahedron1985,41, 5995.

Soc.1988,110, 5806. (n) Paquette, L. A.; Roberts, R. A.; Drtina, GJ.J. (33) For examples of intermolecular Paustthand reactions of cyclo-
Am. Chem. Socl984 106, 6690. (0) Sha, C.-K.; Santosh, K. C.; Lih,  propenes: (a) Pallerla, M. K.; Fox, J. MDrg. Lett. 2005, 7, 3593. (b)
S.-H.J. Org. Chem1998,63, 2699. Kireev, S. L.; Smit, V. A.; Ugrak, B. |.; Nefedov, O. MBull. Acad. Sci

(27) Reviews for the enantioselective introduction of quaternary car- USSRERgI. Transl) 1991, 2240. (c) Marchueta, |.; Verdaguer, X.; Moyano,
bons: (a) Trost, B. M.; Jiang, CSynthesi2006, 369. (b) Corey, E. J.; A.; Pericas, M. A;; Riera, AOrg. Lett.2001,3, 3193. (d) Witulski, B.;

Guzman-Perez, AAngew. ChemlInt. Ed.1998,37, 388. (c) Fuji, KChem. Gossman, M.Synlett200Q 1793. For an example of an intermolecular
Rev.1993,93, 2037. (d) Christoffers, J.; Baro, Adv. Synth. Catal2005, Pausor-Khand reaction of a cyclopropene derivative: (e) Nuske, H.; Brase,
347, 1473. S.; de Meijere, ASynlett2000, 1467.

(28) For the seminal utilization of the Pausafhand reaction in (34) (a) Lou, Y.; Horikawa, M.; Kloster, R. A.; Hawryluk, N. A.; Corey,
triquinane synthesis, see: (a) Magnus, P.; Exon, C.; Albaugh-Robertson, E. J.J. Am. Chem. So004,126, 8916. (b) Lou, Y.; Remarchuk, T. P;
P. Tetrahedron1985, 41, 5861. Selected reviews of the Paus#&and Corey, E. JJ. Am. Chem. So@005 127, 14223. (c) Weatherhead-Kloster,
reaction: (b) Brummond, K. M.; Kent, J. [Tetrahedron2000,56, 3263. R. A.; Corey, E. JOrg. Lett.2006,8, 171. (d) Doyle, M. P.; Protopopova,
(c) Schore, N. EOrg. React.1991,40, 1. (d) Schore, N. EChem. Reuw. M.; Muller, P.; Ene, D.; Shapiro, E. Al. Am. Chem. S04994,116, 8492.
1988,88, 1081. (e) Strubing, D.; Beller, N.op. Organomet. Cher2006, (e) Muller, P.; Imogai, HTetrahedronAsymmetry1998 9, 4419. (f) Davies,
18, 165. (f) Blanco-Urgoiti, J.; Anorbe, L.; Perez-Serrano, L.; Dominguez, H. M. L.; Lee, G. H.Org. Lett.2004,6, 1233. (g) Liao, L. A.; Zhang, F.;
G.; Perez-Castells]. Chem. Soc. Re2004,33, 32. Dmitrenko, O.; Bach, R. D.; Fox, J. M. Am. Chem. So2004 126, 4490.

(29) Krafft, M. E.; Kyne, G. M.; Hirosawa, C.; Schmidt, P.; Abboud, (h) Liao, L. A.; Zhang, F.; Yan, N.; Golen, J. A.; Fox, J. Metrahedron
K. A.; L'Helias, N. Tetrahedron2006,62, 11782. 2004,60, 1803.

(30) Tormo, J.; Moyano, A.; Pericas, M. A.; Riera, A. Org. Chem. (35) (S,S)-RB(OAC)(DPTI) would give rise to naturaHf)-pentalenene.
1997,62, 4851. We synthesized the unnatural enantiomer because weRiBdRM(OAC)-

(31) Renaud, J.-L.; Aubert, C.; Malacria, Metrahedrorl999 55, 5113. (DPTI)3 in hand from another project.

5626 Org. Lett, Vol. 9, No. 26, 2007



The enantioselective synthesis of (—)-pentalenene wa
initiated by catalytic, enantioselective cyclopropenation of
diyne4, which can be readily synthesized on large scale from
isophorone’® Cyclopropenation is selective for the terminal
alkyne, and leaves the silyl protected alkyne available for
subsequent cyclocarbonylation. The cyclopropenation reac-
tion of 4 with Corey's* ¢35 (R,R)-Rh(OACc)(DPTI) (5)
proceeded with excellent enantioselectivity under optimized
reaction conditions.

With enantiomerically enriche@ in hand, the intramo-
lecular Pauson—Khand reaction to obtéinvas attempted
with various promotors (Scheme 3). Unfortunately, these

Scheme 3. TMTU-Promoted Intramolecular Pauson—Khand

Reaction
EtO.C TMSCI
2 various ~ E1O2G LIHMDS EOQ
Me conditions THF, -78 °C M S
—— Me T™
o ~—Me 92% -
Me Me Q Me == -
i SiMe,Ph
6 SiMePh 3 SiMe,Ph 7 2

60 mol %

Scheme 4. Cyclopropane Fragmentation/Alkylation Sequence

EtO.C H, (1 atm EtOQC\:
TBAF H then 60 psi) Me 0
S ; X L=
709, o 10% PdC Me -
° Me 3d, 1, 91% I:l
2 10
PPTS /N
HO OH
EtOZC\: 87%
LX)
Me B 0]
H
11
LDA 90% vyield of a
/\/Br 79:21 mixture

of13:12

EtO,C., = EtO,C P
' KH, toluene
Me 8 epimerization Me A e}
- o gives a separable 12 H
13 55:45 mixture of 12:13
68% from 11 after
recycling x 2

COz(CO)g

EtC.C
TMS
Me,
o]
Me
8 SiMe,Ph 9  SiMe,Ph

16%

64%

experiments led to decomposition and only to trace amounts
(<10%) of6. In our experience with intermolecular Pauson
Khand reactions of cyclopropenes, we noted that 1,2-
disubstituted cyclopropenes were the most productive
substrateg®@Accordingly,3 was deprotonated with LIHMDS
in the presence of TMSCI to provideé which was treated
with Co,(CO)s under the action of several promotors of the
Pauson—Khand reaction. Only starting materials were re-
covered from attempts to use N-oxid&¥to promote the
production of 8. n-Butyl methylsulfidé’®c was a more
effective promotor: reaction of with Co,(CO) (1 equiv)
followed by treatment with BuSMe (26 equiv) led 8as a
single diastereomer in 45% vyield. Optimal reactivity was
achieved with tetramethylthiourea (TMT%%—a promotor
described recently by Yang and co-workers. This promotor
was found to be very effective even with substoichiometric
amounts of CgCO) (0.6 equiv). The producB was
obtained in 64% yield, along with 16% of the separable
diastereomes®.

Treatment oB with tetrabutylammonium fluoride removed
the silyl groups to provide as a mixture of epimers (Scheme
4). Hydrogenation (1 atm 4Ithen 60 psi H, 10% Pd/C)

(36) (a) Corey, E. J.; Sachdev, H. &.0rg. Chem1975,40, 579. (b)
Fleming, I.; De Marigorta, E. MJ. Chem. SocPerkin. Trans. 11999,
889.

(37) (a) Shambayati, S.; Crowe, W. E.; Schreiber, STetrahedron
Lett. 1990,31, 5289. (b) Jeong, N.; Chung, Y. K.; Lee, B. Y.; Lee, S. H;
Yoo, S. E.Synlett1991, 204. (c) Sugihara, T.; Yamada, M.; Yamaguchi,
M.; Nishiizawa, M.Synlett1991, 771. (d) Tang, Y. F.; Deng, L. J.; Zhang,
Y. D.; Dong, G. B.; Chen, J. H.; Yang, Drg. Lett.2005,7, 593.
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cleanly reduced both the alkene and the cyclopropane to
provide10in 91% yield. Alternately, selective hydrogenation
(1 atm H) of the alkene moiety followed by Smieduction

of the cyclopropane gavé0 in 95% vyield over 2 steps.
Ketalization and treatment with LDA/allyl bromide gave in
90% vyield a 79:21 mixture of diastereomet8 and 12,
respectively. It is compound2 that has the desired stereo-
chemistry at C-9 for elaboration to pentalenene: the stereo-
chemistry of12 was assigned by conversion inif@—an
intermediate in Hudlicky’s synthes@% of pentalenene
(Scheme 5). Althoughi2 was the minor kinetic product of

Scheme 5. Loss of C-9 Stereochemistry in an Initial
Construction of the Triquinane Ring System

12 Et0,C
Me,

1) Oz, NaBHy 2) PhSO.CI Me B
then 3 M HOI| ~ EtzN, DMAP i
(one pot) PPh3CH3Br 17

+BuOK 84%
EtOC OBs
2 LiHMDS EtO.C EtO.Cr..
Me, o : Me O+ Me
N O
Me™ N 8% Mg N Me
14 15 H 71 16 1

80% from 12

the alkylation, it was the major thermodynamic product.
Thus, compound3 can be equilibrated by K toluene to
give a 55:45 mixture ofl2:13 with high mass recovery.
Because diastereomet® and 13 are easily separable on
silica, it is practical to obtaii2 in 68% yield from11 after
two recycling efforts.

(38) Taber, D. F.; Nelson, C. Q. Org. Chem2006,71, 8973.
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Scheme 6. Synthesis of(—)-PentaIenene

1) LiAIH, Og, NaBH4
2) MsCl, Et3N then 3MHC pme
LIEtSBH (one pot
76% H
(3 steps) 19
PhSO.CI
EtsN, DMAP

72% from 18

1) PPhaCH3Br
Me I PEnaCHaB e NaHMDS ~ Me OBs
Me ~——— Me ., Me
Me 2) p-TsOH o 97% o
Me B Me 0 Me B

94% B B
A
21 H

It was projected that={)-pentalenene could be accessed

via the ketonel5 (Scheme 5). Reductive ozonolysis 12

followed by acidic workup and treatment with benzenesulfo-
nyl chloride gavel4, which cyclized upon treatment with
LIHMDS. Unfortunately, the cyclization proceeded with
epimerization to give a 7:1 mixture d5:16that could not

separatingl5 and 16. Accordingly, an alternate route to
pentalenene from2 was sought.

The stereospecific synthesis of -pentalenene from2
was completed as shown in Scheme 6. Three-step conversion
(LiAIH 4; MsClI, EgN; LiEtsBH) of the ester ofl2 to a methyl
group took place in 76% vyield to provide8. Reductive
ozonolysis and ketal deprotection was carried out in one pot
to give 19. Reaction oft9 with benzenesulfonyl chloride
gave20in 72% yield (from18). Compound0is similar to
a previously described intermediate to pentaleriér@y-
clization to ketone21 was effected by treatment @D with
NaHMDS. Wittig olefination and acid-catalyzed isomeriza-
tion of 21 gave (—)-pentalenene (1) in 94% yield.

In summary, the first enantioselective synthesis of pen-
talenene has been described. (—)-Pentalenene was obtained
in 9% overall yield from the known diyné 3¢ and in 6%
overall yield from commercially available isophorone oxide.
The longest linear sequence from isophorone oxide was 18
steps. Keys to the success of the synthesis were the use of
catalytic enantioselective cyclopropenation and a subsequent
Pauson—Khand reaction to set the quaternary center.
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