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ABSTRACT

R (nbd)RUCI(PPh3), (5 mol%)

a
\ dioxane z
Z R

(74-98%)

Z = C(CO,Me)y, C(CH,0AC),, C(CN)p, C(SO,Ph), acetal, CHCO,Me, O or NTs
R = H, Br, CO,Me, COMe, Ph, CH,OH or CH,OTBDMS

2-(Pent-4-ynyl)norbornadienes undergo an intramolecular [2 + 2 + 2] cycloaddition in the presence of (nbd)RuCl  »(PPhs), as a catalyst affording
annelated deltacyclenes in good to excellent yields. The usefulness of the reaction is illustrated by the straighforward conversion of pentacyclen e
2a into the angularly fused triquinane 19.

Cycloadditions are among the most efficient reactions in the norbornadiene and alkynes affording tetracyclic alkenes, the
repertoire of ring-forming procedures producing increased so-called deltacyclendsUnfortunately, the reaction was
molecular complexity. These reactions usually proceed with restricted to electron-poor internal alkynes or required the
the formation of at least two carbon—carbon bonds and arepresence of an oxygen atom at the propargylic position.
achieved under photochemical or thermal conditions or Taking advantage of a significant decrease of the entropy
promoted by Lewis acids. Transition-metal catalysts ex- for the intramolecular variant of this reactidnye thought
panded the scope of cycloadditions allowing reactions that it should be possible to perform the reaction of substrates
between unactivated alkenes or dienes and alkyaed (a) in which the tether of the two reactive components would
giving access to enantioselective versions through the usebe free of the propargylic oxygen atom and (b) featuring
of chiral ligands® Recently, we reported the first ruthenium- terminal or internal alkynes. In this paper, we report the
catalyzed homo-DielsAlder cycloaddition (HDA) between  successful ruthenium-catalyzed intramolecular HDA reaction
of such alkynes tethered to norbornadiene, affording penta-

(1) (a) Carruthers, WCycloaddition Reactions in Organic Synthesis i ; i it
Pergamon: Oxford. 1990, (by Kobayashi, J.: Jorgensen. KCgclo. cyclenes in good to excellent yields under mild conditions,

addition Reactions in Organic SynthesisViley-VCH: Weinheim, and the straightforward stereoselective synthesis of angular
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As a model, dienynda was readily prepared in a few
step; by sequential alkylations of dimethyl malc?lfam Table 1. Ru-Catalyzed Intramolecular [2 2 + 2] Cycloaddi-
reaction was observed for the thermal cycloadditiorLlaf  jon of 2-Alkynyinorbornadienes Featuring a Terminal Alkyne
carried out at 110C in toluene ¢ 0.1 M). Conducting the
reaction in the presence of 5 mol % of (nbd)Ry(EPh),’
in dioxane at 60C for 4 h resulted in a complete conversion
of 1a and the formation of a single cycloadduid in 96% 1
yield. Gratifyingly, these mild conditions allowed a rate
enhancement (compared to the intermolecular reactiany]
more importantly, the cycloaddition with a terminal alkyne 1a, R = CO,Me 2a, R=COMe
in the ruthenium-catalyzed reaction was observed for the first
time. The structure oRa was deduced from NMR studies,
being in full agreement with data of similar add@tt (R =
CO.Et) observed from the cobalt-catalyzed 22 + 2]
cycloaddition®® In contrast with the cobalt-catalyzed variant,
which required a Ziegler—Natta-type catalyst consisting of
anhydrous Co(acag)dppe and BAICI, the present ruthe-
nium catalyst is an air-stable, readily available complex from
norbornadiene and RufgPPh)s” and active without addi-
tives. Interestingly, for synthetic purposes (see below), the
reaction ofla scaled up to 1 g affordeda with a slight
decrease of yield (88%).

The scope of the cycloaddition of 2-(pent-4-ynyl)-norbor-
nadienes was examined by varying the substituents on the
tether (Table 1). Under the conditions described far,
alkynylnorbornadienesa,c,d,f—h,4, and6 were converted
to the expected cycloadduds,c,d,f—h,5, and7 in yields
ranging from 74 to 98%. No other adduct was detected by 5
IH NMR of the crude reaction mixture. The observation of
two splitted cyclopropyl proton resonances and a broad
singlet (1H) at 5.60—5.90 were diagnostic for the formation
of these cycloadducts. Polar functional groups such as esters,
acetals, ethers, sulfones, sulfonamides, and nitriles as well 6
as the presence of an heteroatom on the tether are well
tolerated. The reaction with dinitriléd (Table 1, entry 3)
required a higher temperature (80) and a longer reaction
time presumably due to the ability of these groups to
coordinate with the metal center, thus decreasing the rate of 7
the reaction. Dienynele bearing free hydroxyl groups
afforded cycloadduc®e in only 26% yield (Table 1, entry
4) and gave the pentacyclic ett8as a major product (46%)
(Scheme 1). The stereochemistry 8fwas tentatively
assigned as depicted on the basis of the greater thermody- 8
namic stability of cis- vs trans-fused diquinarieAt first
glance, the structure & suggested a ruthenium-catalyzed
etherification of2eby addition of the hydroxyl group across
the double bond. However, a control experiment subjecting
diol 2eto the ruthenium catalyst under the above conditions
led exclusively to the recovery @e. We presume that the
etherification step could arise concomitant to the cycload-
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(6) See the Supporting Information.

(7) Robinson, S. D.; Wilkinson, Gl. Chem. Socl966, 300—301. nbd 10
= norbornadiene.

(8) The pentacyclic structure of the cycloadducts was further confirmed
with a single-crystal X-ray analysis of the dinitrigd. CCDC-650416
contains the supplementary crystallographic data. These data can be obtained .
free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html [or from _“Conditions: substrate b(0-5 mmol), (nbd)Ru@Phy), (5 mol %),
the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge dioxane ¢ 0.1 M), 60°C, ‘th- Isolated yield after column chromatography.
CB2 1EZ, UK; fax: (int.) +44-1223-336-033; or e-mail: deposit@ ¢ Conditions: 9C°C, 8 h.9 Ether3 was the major product in this reaction
cedc.cam.ac.uk]. See also the Supporting Information. (Scheme 1)2dr determined byH NMR of the crude reaction mixture.

(9) Paquette, L. ATop. Curr. Chem1979,79, 41-173.
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Scheme 1. Ru-Catalyzed Intramolecular [2 2 + 2]
Cycloaddition of Diolle

Table 2. Ru-Catalyzed Intramolecular [2 2 + 2]
Cycloaddition of 2-Alkynylnorbornadienes Featuring an Internal

Alkyne?
7 (nbd)RuCly(PPhs3), (5 mol %) = entry precursor cycloadduct yield (%)°
e dioxane, 4 h, 60 °C
N OH 1 2 75
Ph COoMe
1e OH A COMe  py CoMe
(nbd)RUCI,(PPhs), (5 mol %) CO:Me
X 10a 11a
| dioxane,24h, 60°C |
2 TBDMSO /. com 91
+ . L-COMe e
OH COaMe OTBDMS coatte
oH o OH 10b 11b
2e (26%) 3 (46%)
3 OH / CoMe 80
x CO,Me COyMe
dition path®® In contrast with the cobalt-catalyzed {22 + COMe OH
2] cycloaddition, the sterically demanding dienylpropargyl 100 e
ether8, which afforded the expected add@clbeit in poor
yield (22%)° failed to undergo the ruthenium-catalyzed
cycloaddition reaction (Table 1, entry 10). 4 o ? COMe 83
The intramolecular [2+ 2 + 2] cycloaddition involving x COMe  Br COMe
internal alkynes was also studied (Table 2). The desired COsMe
cycloadducts were observed as sole products in good yields 10d 11d
(75—91%) under the same conditions as above. A notable
exception was observed with the phenyl-substituted alkyne 5 / %COZMe
10awhich required different conditions (9, 8 h) for the MeOC T COMe Moo, coMe 87
completion of the reaction (Table 2, entry 1). Additionally, COMe
ketones, TBDMS ethers and bromides proved to be compat- 10e e
ible with the catalyst. Electron-poor or electron-rich alkynes
were not detrimental to the cycloaddition (Table 2, entries 6 4 CoMe o1
2, 3,5, and 6). AIthough_a free hydroxyl group is_tolerated 0 CoMe O couMe
(Table 2, entry 3), the yield of the reaction was improved CO,Me

with the TBDMS-protected propargylic alcohd0b (Table
2, entry 2). Interestingly, alkynyl bromides such B8d,

[2 + 2 + 2] cycloaddition afforded the adduct1din 83%

10f

11f

) . . > aConditions: substrate (0.5 mmol), (nbd)Ru@Ph), (5 mol %),
which were not examined before in the ruthenium-catalyzed dioxane ¢ 0.1 M), 60°C, 4 h.? Isolated yield after column chromatography.

¢ Conditions: 90°C, 8 h.

yield (Table 2, entry 4).
We took advantage of the alkenyl bromide moietyl &l

Ru(lV) intermediates is depicted in Scheme 3. Thalienyl

to further expand the scope of the reaction by functional |igand exchange between the precatalyst (nbd)K@€h),

exchange with the bromine atom, thus providing an entry to
multifunctional cycloadducts that are difficult to achieve via
direct cycloaddition. For instance, Sonogashira coupting
betweenlld and 2-methylbut-3-yn-2-0{12) provided 13
in 89% vyield, and SuzukiMiyaura coupling? betweerl 1d
and phenylboronic acid4 gave pentacyclenglain 79%
yield (Scheme 2).

A mechanism rationale accounting for the ruthenium-
catalyzed [2+ 2 + 2] cycloaddition based on Ru(ll) and

(10) This unexpected etherification is currently being investigated in our
laboratories.

(11) Sabourin, E. T.; Onopchenko, A. Org. Chem1983,48, 5135—
5137.

(12) Littke, A. F.; Dai, C.; Fu, G. CJ. Am. Chem. So200Q 122, 4020~
4028.

Scheme 2. Pd-Catalyzed Suzuki—Miyaura and Sonogashira
Couplings of Cycloadduct1d

PhB(OH),
Pd(dba)/PCy; (5/10 mol %)

7.

Br E
11d, E = CO,Me
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79%

2-Methyl-but-3-yn-2-ol, Et;N

PdCly{PPhs),/PPhy/Cul {(5/27/10 mol %)
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Scheme 3. Proposed Mechanism for the Ru-Catalyzed HDA

Reaction
(be)RuCl,L; . % L% . £
C[zRuL
L =PPh; R=H, a[ky] aryl e

L2Ru012 R—=1=
m
LCLRu. =

and dienynel followed by dissociation of PRhand
coordination of the alkyne component would lead to complex
Ill. Upon oxidative coupling,lll would form ruthenacy-
clobutandV. Carboruthenation of the alkyne moiety would
yield ruthenacyclohexen&, which undergoes reductive

diguinanes® Reduction of pentacyclen@a (H,, Pd/C)
afforded quantitatively pentacycladé. Modified Nickon’s
conditions (CBECO.H instead of AcOH) allowed the cyclo-
propane cleavage (15 16) to occur faster. Hydrolysis of
trifluoroacetate16 followed by Jones’ oxidation yielded
ketonel7 which underwent a regioselective Baeysfilliger
oxidation to give the crystalline lactord. A single-crystal
X-ray analysis of18'7 secured both the structure and the
stereochemical outcome of the hydrogenation s
15). The lactone ring-opening proved to be difficult to
achieve under diverse acidic or basic conditions, Bdas
recovered unchanged or in some cases with partial hydrolysis
of the ester groups. Finally, using Jones’ oxidation protocol,
the acidic media allowed the equilibrium between the lactone
and the hydroxyacid (not shown) which was oxidized in situ
to the ketoacid (not shown) and esterified with diazomethane
to gave the desired angular triquinandi®in 45% overall
yield (seven steps frorta).

In summary, we have provided the first examples of the
ruthenium-catalyzed intramolecular {22 + 2] cycloaddi-
tion of norbornadiene-tethered alkynes affording pentacy-

elimination of the metal species to release the cycloadductclenes in good yields. The reaction was achieved using the

VI.

readily available air-stable (nbd)Ru(®Ph), and applied

To illustrate the synthetic usefulness of these annelatedto both terminal or internal alkynes, including bromoalkynes,

deltacyclenes, cycloadduza was transformed into angularly
fused triquinand.9 (Scheme 4). The basic triquinane frame-

Scheme 4. Synthesis of Fused Angular Triquinad® from

Cycloadductla
CF3CO,
CF3CO,H
E g E cat H,S0, %E

Hy, PAIC (cat.)
—_-

E,0

E (100%) H E (83%) H E
2a, E = CO;Me 15 16
COMe
o} Oxone® O>\_ {
1. KoCO3, MeOH wet alumina fe) 1. Jones H
_— = _— _— E
2. Jones E DCE, reflux E 2. CH;N, o -
(82%, 2 steps) H E (78%) H E  (88%, 2 steps) a

17 18

work is present in a great number of naturally occurring
sesquiterpenoids with interesting biological activifig®ur

allowing the formation of densely functionalized cycload-
ducts. Additionally, the synthetic value of the cycloadduct
2a for the construction of the fused angular triquinaki®
through the cleavage of two carbenarbon bonds of the
cyclopropane component was also demonstrated.
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(16) Lautens suggested the selective cleavage of two cattzmbon
bonds of the cyclopropane unit as a route to functionalized linearly or
angularly fused triquinanes but achievement of this strategy was only
demonstrated to the bicyclic structure (diquinanes). See: (a) Lautens, M.;

stategy was based on Nickon'’s selective oxidative cleavageTam, W.; Blackwell, JJ. Am. Chem. S0997,119, 623-624. (b) Lautens,

of the cyclopropane unit of deltacycladfand on our former
synthetic studi€§ to transform the brendane skeleton to

(13) (a) Paquette, L. Alop. Curr. Chem1984,119, 1-163. (b) Paquette,
L. A.; Doherty, A. M. Polyquinane Chemistry; Springer-Verlag: Berlin,
1987. (c) Hudlicky, T.; Price, J. DChem. Rev1989,89, 1467—1486. (d)
Mehta, G.; Srikrishna, AChem. Re»1997,97, 671—719.

(14) Nickon, A.; Kwasnik, H. R.; Mathew, C. T.; Swartz, T. D.; Williams,
R. O.; DiGiorgio, J. BJ. Org. Chem1978,43, 3904—3916.

(15) (a) Heumann, A.; Kaldy, S.; Tenaglia, &. Chem. Soc., Chem.
Commun.1993, 420—422. (b) Heumann, A.; Kaldy, S.; Tenaglia, A.
Tetrahedron1994,50, 539—558.

3610

M,; Blackwell J.Synthesi4998 537-546. Our strategy is complementary
and based on the cleavage of one cyclopropane bond and one adjacent
carbon-carbon bond, see below

(e

It should be noted that the diquinanes obtained by Lautens required an
alkoxy substituent on the methano bridge of deltacyclanes to achieve
regiochemistry and used an environmentally unfriendly stoichiometrical
oxymercuriation step for cleavage of the cyclopropane.

(17) CCDC-650417 contains the supplementary crystallographic data.
See the Supporting Information for details.
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