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Domino metathesis involving ROM-RCM of appropriately constructed norbornene derivatives having multiple alkene chains leads to direct
access of highly functionalized bridged tricyclic compounds while that of a compound having two norbornene units tethered through one
carbon produces a linearly arrayed condensed tricyclic system.

Domino processésnvolving a series of organic transforma-  synthetic application of domino processes involving ROM-
tions are of great significance for rapid assembly of complex RCM of norbornenes. This sequence has so far been used
molecular structures. Olefin metathésisffers enormous  to construct fused bicycles only. As part of our continued
possibilities toward this end as a number of synthetic interest in the application of olefin metathesis in organic
operations such as ring closing (RCM), ring opening (ROM), synthesis, we became interested in the metathesis of nor-
and cross metathesis (CM) can be performed under similarbornene derivatives having multiple olefinic chains in order
reactions conditions. Of the various metathetic processes, _ —
. . . . (3) (a) For a recent review on the use of norbornene derivatives in ROM/

RCM has been Wldgly empl_oyed in organic synthesis. ¢y sequences, see: (a) Arjona, O.; Csaky, A. G.; Plumdtud. J. Org.
However, the synthetic potential of ROM or CM has been Chem.2003, flidll. (b) Flor rslome recent warks see: d(i) Sc:\neider, M. F.;

; ; ; : _ Lucas, N.; Velder, J.; Blechert, B3ngew. Chemlnt. Ed. Engl.1997,36,
relatively Ie_ss explored. Domino procgsses involving ROM 257. (i) Weeresakare, G. M.. Liu, Z.: Rainer, J. Drg. Lett. 2004, 6.
CM of strained cycloalkenes, especially norbornenes and1625. (c) Liu, Z.; Rainer. J. DOrg. Lett.2005,7, 131.

i i i i (4) (a) Stille, J. R.; Santarsiero, B. D.; Grubbs, RJHOrg. Chenl99Q
their aza a.nd oxa ana.|09ues'.h.ave. be?n mvestl_@atamly 55, 843. (b) Stragies, R.; Blechert, Synlett1998, 169. (c) Arjona, O.;
to determine the regioselectivity in ring opening. On the csaky, A. G.; Murcia, M. C.; Plumet, Tetrahedron Lett2000,41, 9777.
contrary, very little attentichhas been paid to explore the (d) Weatherhead, G. S.; Ford, J. G.; Alexanian, E. J.; Schrock, R. R;
Hoveyda, A. H.J. Am. Chem. SoQ000, 122, 1828. (e) Hagiwara, H.;
Katsumi, T.; Endou, S.; Hoshi, T.; Suzuki, Tetrahedron2002 58, 6651.

(1) Tietze, L. F.; Beifus, UAngew. ChemInt. Ed. Engl.1993 32, 131. (f) Arjona, O.; Csaky, A. G.; Medel, R.; Plumet, J. Org. Chem2002,
(2) (a) Grubbs, R. H.; Miller, S. J.; Fu, G. @cc. Chem. Re4.995,28, 67, 1380. (g) Arjona, O.; Csaky, A. G.; Leon, V.; Medel, R.; Plumet, J.
446. (b) Schuster, M.; Blechert, Bngew. ChemInt. Ed. Engl.1997,36, Tetrahedron Lett2004 45, 565. (h) Wrobleski, A.; Sahasrabudhe, K.; Aube,

2036. (c) Grubbs, R. H.; Chang, Setrahedron1998, 54, 4413. (d) J.J. Am. ChemSoc.2004,126, 5475. (i) Hart, A. C.; Phillips, A. J. Am.
Armstrong, S. K.;J. Chem. So¢cPerkin Trans. 11998, 371. (e) Furstner, Chem. Soc2006,128, 1094. (j) Maechling, S.; Norman, S. E.; Mckendrick,

A. Angew. ChemlInt. Ed.200Q 39, 3012. (f) Deiters, A.; Martin, SChem. J. E.; Basra, S.; Koppner, K.; Blechert, Retrahedron Lett2006,47, 189.
Rex 2004,104, 2199. (g) Nicolaou, K. C.; Bulger, P. G.; Sarlah Ahgew. (k) Liu, Z.; Rainier, J. DOrg. Lett.2006,8, 459. (l) Carreras, J.; Avenoza,
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to construct a polycyclic carbon network with a high degree of this compound was initiated with Grubbs’ first generation
of molecular complexity. Herein, we report the results of catalyst (CyP)Cl,Ru=CHPh7 in an atmosphere of ethylene
this investigation culminating in rapid access to densely at rt and was complete in 2 h. Interestingly the tricyclo-
functionalized tricyclic bridged and condensed ring systems [7.4.1.0-9tetradecene8 was found to be the only product
which are otherwise difficult to obtain. isolated in 59% vyield as a crystalline solid, mp—7&0 °C.

We first chose the norbornene derivatdéeMetathesis of ~ The structure of this compound was established through
compound4 offers interesting possibilities. As RCM of the  X-ray crystallography (Figure £)Compound having “out-
gem-diallyl unit is a facile proce$sthe gem-diallyl unit
present id may undergo RCM to form cyclopentene with
simultaneous ROM of the norbornene unit to produce a novel
ring systemb present in the diterpene dictym@f Alterna-
tively a sequence of metathesis initiated by ROM followed
by RCM of the resulting vinyl unit with one of the allyl
units of the gemdiallyl moiety may take place. The
compound4 was prepared from the Diels—Alder adduct
as delineated in Scheme 1. Conversionldb the 5-keto

Scheme 1

Figure 1. ORTEP plot of compoun®.
NaH, THF, LDA, THF,
CHyCHCH,Br CH,:CHCH,Br
, 83% HMPA
oNe || TELC out” bicyclo[4.4.1]lundecene represents the tricyclic frame-

i work of the anti-cancer and anti-HIV active hightly strained

Rf'“f;?’ 1, R=CH;, tetracyclic diterpene ingen®l® Direct access to this structur-
I ol i ally complex bridged tricyclic skeleton of ingenol, which
70°C 2, R= CH,COMe

otherwise has been prepared with difficulty mostly through
milti-step processey,is the most remarkable feature of the
present synthetic protocol. Since norbornene derivatives are
easily available through Diels—Alder cycloaddition of cy-
clopentadiene derivatives, a sequence of Diélsler reac-

tion and metathesis thus offers an attractive route for rapid
access to highly complex structures.

To determine whether the angular substituent COOMe has
any influence on the metathesis reaction course, the decarbo-
methoxy analogud4 was chosen. This was obtained from
the Diels—Alder adductlO (Scheme 2). ThuslO was
converted to the allylated derivativiel through alkylation
of the lithium enolate (LDA) with allyl bromide. The ester
il Q \ 11 was then transformed to the aldehydg through a

H reduction—oxidation sequence. Addition of 4-butenyl mag-
nesium bromide to the aldehyde followed by oxidation
gave the keton&3. Allylation of the lithium enolate of the
ketone13 gave the compound4. Metathesis of the nor-

ester2 followed by alkylation of its enolate with excess allyl

bromide afforded thgem—diallyl derivatives. A"ylaﬁon of (8) Crystallographic data for compouBchave been deposited with the

the lithium enolate generated froBiwith LDA provided Cambridge Crystallographic Data Center as supplementary publication
oty i ; ; number CCDC 602385. Copies of the data can be obtained, free of charge,

the norbornene derivativkin overall good yield. Metathesis on application to the CCDC, 12 Union Road, Cambridge CB2 1EZ. UK.

Fax: +44-1233-336033. E-mail: deposit@ccdc.cam.ac.uk.

(5) (a) Holt, D. J.; Barker, W. D.; Jenkins, P. R.; Davies, D. L.; Garratt, (9) Total synthesis of ingenol: (a) Winkler, J. D.; Rouse, M. B.; Greaney,

S.; Fawcett, J.; Rusell, D. R.; Ghosh,Agew. Chemint. Ed. 1998,37, M. F.; Harrison, S. J.; Jeon, Y. T. Am. Chem. So002,124, 9726. (b)
3298. (b) Haque, A.; Panda, J.; Ghosh|/rglian J. Chem1999,38B, 8. Tanino, K.; Onuki, K.; Asano, K.; Miyashita, M.; Nakamura, T.; Taka-
(c) Holt, D. J.; Barker, W. D.; Jenkins, P. R.; Panda, J.; GhosHi, Srg. hashi,Y.; Kuwajima, 1.J. Am. Chem. So@003,125, 1498. (c) Nickel, A.;

Chem.2000, 65, 482. (d) Nayek, A.; Banerjee, S.; Sinha, S.; Ghosh, S. Maruyama, T.; Tang, H.; Murphy, P. D.; Greene, B.; Yusuff, N.; Wood, J.
Tetrahedron Lett2004,45, 6457. (e) Banerjee, S.; Ghosh, S.; Sinha, S.; L. J. Am. Chem. So®004, 126, 16300. (d) Watanabe, K.; Suzuki, Y
Ghosh, SJ. Org. Chem2005 70, 4199. (f) Banerjee, S.; Nayek, A.; Sinha,  Aoki, K.; Sakakura, A.; Suenaga, K.; Kigoshi, Bl. Org. Chem?2004,69,

S.; Bhaumik, T.; Ghosh, Sl. Mol. Catal. A:Chem.2006, 254, 85. (g) 7802.

Ghosh, S; Sinha, S.; Drew, M. G. Brg. Lett.2006,8, 3781. (h) Ghosh, (10) For a review on synthetic approaches to ingenol see: (a) Kim, S.;
S.; Bhaumik, T.; Sarkar, N.; Nayek, A. Org. Chem2006,71, 9687. Winkler, J. D.Chem. Soc. Red997,26, 387. For a few selected recent
(6) Kirkland, T. K.; Grubbs, R. HJ. Org. Chem1997,62, 7310. works see: (b) Grainger, R. S.; Owoare, R@g. Lett.2004,6, 2961. (c)
(7) Segawa, M.; Enok, N.; Ikuara, M.; Hikichi, K.; Shirahama, H.; Epstein, O. L.; Cha, J. KAngew. ChemlInt. Ed 2005 44, 121. (d) Winkler,
Matsumoto, T.Tetrahedron Lett1987,28, 3703. J. D,; Lee, E. C. Y.; Nevels, L. T. Org. Lett.2005,7, 1489.
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Scheme 2 Scheme 3

LDA, THF,HMPA, R i) LAH-Et,0, Path1, *
78-0C / \fath 2
T > /
CHy:CHCH,Br (for 11) ii} Swern [O]
MeO~ N0 CHp:CHCHO (for 16)  92Me 7
- CO;Me — -
] 11, R=H (78%) 7 COMe
0 | [Rul=
(Me0);CH,, BF;.0Et,, [ 16, R = OH (83%) \Rom |
CH,Cly, 0 °C 22 8 23
: 17, R = OMOM (80%) N
RCM
N o /
R iMg,THF R LDATHF, #
## CHyCH(CHa),Br ~# CHyCHCH_Br O — COMe
CHO ii) Jones [O] O HMPA,-78-0°C MeQ,C o
=
24 25
12,R =H (63%) 13,R =H (57%)
18,R =OMOM (68%) 19,R = OMOM (51%)
_ (path 1), which on two consecutive RCM gives rise to
7.CH, ﬂ tricycle 8. This regioselectivity may arise by a keto-directed
C—Hzcr z H addition of the catalyst from the less favored endo face. Itis
: H also possible that ROM occurs to provide a regioisomer of
14 ReH (739 22, which on CM with ethylene followed by two RCM steps
= = 9, . . . e
’ (73%) 15,R=H(60%) provides8. Alternatively, metathesis may initiate at one of
20, R= OMOM (60%) 21,R = OMOM (70%)

the allyl units of thegem-diallyl moiety to produce the Ru-
carbene&3. An intramolecular cycloaddition of the carbene
to the norbornene double bond may give rise to the
bornene derivativel4 under the same condition gave the metallacyclobutane24. Cycloreversion o4 to the Ru-
tricycle 15 in about the same vyield establishing that the czrpbene25 and its CM with ethylene followed by RCM
angu!ar substituent has little influence on the metathesisim,oh,ing the residual allyl units may lead & If metathesis
reaction course. would proceed through the carbene intermed2&¢path 2)
This protocol can be extended for the synthesis of the some cyclopentene derivatiéwould be formed competi-
tricyclic analogue with a higher degree of functional tively through RCM with the adjacent allyl group. However,
complexity as demonstrated in Scheme 2. Reaction of theng such cyclization product could be isolated from any of
lithium enolate of the adductO with acrolein provided a  the above examples. It is probably the strain associated with
1:1 diastereomeric mixture of the hydroxy-est#6 in the highly sterically crowded norbornene that facilitates ROM
excellent yield. The hydroxyl group in one of the pure |eading preferentally to the carbeB@ rather thar3. Thus
diastereoisomers (with unassigned stereochemistidf ofas metathesis of the above norbornene derivatives probably
protected to provide the MOM eth&7, which was converted  proceeds through path 1 involving a sequence of ROM-
to the aldehydd8through a reductionoxidation sequence. RCM-RCM.
The aldehydel8 was then converted to the trienod® The success of domino metathesis in the above examples
following the protocol used for transformation d2 to 13. led us to extend it for the construction of tricyclo[6.4.450
F|na”y a.”ylation of the lithium enolate 019 prOVided the System (Scheme 4) The required norbornene derivﬂﬁ\/e

norbornene derivativ20. The metathesis of the norbornene \yas obtained from the aldehyd@. Reaction of the aldehyde
derivative20 provided the highly functionalized tricyct&l

in 70% yield. The tricycle21 is particularly interesting as
the three olefin units offer possibilities for chemoselective

functionalization. Further, the tricycl2l is functionalized Scheme 4

in a way that offers the possibility for conversion of the i)ggég:él_{zm LDA, THF,
“out—out” isomer of bicyclo[4.4.1]Jundecene to its “Hout” 12— " . CHyCHCHBr
isomer present in ingenol derivatives following the protocol fiy Jones[O] HMPA, -78-0 °C
developed by Rigby et at. 7 o 65%

Two different reaction courses may be envisaged for the %

formation of the tricyclo[7.4.1.0]tetradecenes (Scheme 3).
Metathesis may initiate at the norbornene double bond to
produce regioselectivelythe Ru-carbene intermedia?

7, CoHy, CH Gy ﬁ
40% 7 ‘ "

(11) Rigby, J. H.; Claire, V. S.; Cuisiat, S. V.; Heeg, MJJOrg. Chem 27 28
1996,61, 7992.
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12 with allyl zinc followed by oxidation of the resulting

carbinol gave the keton2s. Allylation of the enolate 026 Scheme 6
proceeded from the exo-face giving rise to the norbornene
derivative 27. Metathesis of the norbornene derivatie CoHe choc
afforded the tricyclic keton@8 in moderate yield (40%). __THF o
The ROM-RCM cascade can be extended for synthesis 31H° 1 dones (O] 76%
of the condensed tricyclic system. The linearly arrayed
tricyclic skeleton of the general structud® is frequently
encountered in a large number of natural products such H
as dolastane’$¥2clavularane$?* chromophycane¥¢ guana- o *
castepene®d etc. We envisaged that metathesis of the H
norbornene derivatives of the general struct8@ewould
provide29 (Scheme 5) through a ROM-RCM sequence. The 33 170;3254 34
oLlo, rt
HO H HO 1
Scheme 5 Ru @""R Re @""R
H H H H
R R 35 (23%) R = vinyl 36 (45%)
< X j ) —> _
29 In conclusion we have demonstrated that metathesis of

30

appropriately designed norbornene derivatives can be made

to follow the ROM-RCM-RCM or the ROM-ROM-RCM
sequence providing an expedient route for the construction
of densely functionalized bridged and condensed ring systems
with a high degree of molecular complexity. With the

success of such an strategy will be of immense importance
for direct entry into a series of natural products with wide

ranging biological profile. To test the feasibility of such a
sequence we chose compouri$s and 34 in which two
norbornene units are tethered through one carbon unit.
Presumably one of the vinyl units generated in situ through
ROM of each norbornene unit will undergo RCM to provide
tricycles. The compound83 and 34 (Scheme 6) were
prepared as follows. The endo aldehy&lewas converted

to the enone32 on reaction with vinylmagnesium bromide
followed by oxidation of the resulting carbinol. Diel&\lder
reaction of the enon82 with cyclopentadiene afforded an
inseperable mixture of the endo,endo add@&and exo,exo
adduct34in 1:2 ratio (from integation of the olefinic protons
ato 5.88 and 5.77 inH NMR of the mixture) in 76% yield.
That the endo,endo addu88 was the minor product was
ascertained from the ratio of the products obtained after
metathesis of this mixture. Metathesis of the mixture of
adducts 33 and 34 with Grubbs’ catalyst7 proceeded
smoothly to produce the tricyclic compounds (23%) and

36 (45%) 12 The symmetrical nature of the produd, which

can arise only from the endo,endo add8®sf was indicated

availability of numerous efficient routes to enantiopure
norbornene derivativésthrough asymmetric DietsAlder
reactions of cyclopentadiene with a variety of dienophiles,

the present strategy offers possibilities for asymmetric
synthesis of natural products.
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