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A Pd(0)-catalyzed 1,2,7-triene cyclization/arylation cascade reaction was realized via sr-allylpalladium intermediate formation and a subsequent
Suzuki coupling reaction to preferentially give a five-membered ring product with a stereodefined exocyclic double bond. Excellent cis/trans
selectivity was achieved (only  cis-3 was isolated) with heteroatom-tethered 1,2,7-triene substrates.

Transition metal-catalyzed carbocyclizatids a versatile fined exocyclic double bond was synthesized efficiently
method for the construction of ring systems because it offers (Scheme 15.

an efficient entryway to cyclic compounds from readily
available acyclic substrate$.Numerous carbocyclization

reactions of In-enynes, 1,n-diynes’ and 1,n-dienéshave Scheme 1. Palladium-Catalyzed Tandem Cyclization/Suzuki
been widely investigated with various transition metal Coupling Reaction of 1,6-Enynes
catalysts. However, carbocyclizations involving allenes have R Ar
received less attentiohalthough many transformations of Il X Pd(0) \
ArB(OH), —» =
allenes are knowhTo the best of our knowledge, there have f\/ * AT Toluene R
only been a few reports on transition metal-catalyzed car- Y Y

bocyclization reactions of 1,2,7-triengs.

We have recently reported a palladium-catalyzed tandem
cyclization/Suzuki coupling reaction of 1,6-enynes, with
which a five-membered ring compound with stereode-

Pursuing our interest in developing new cascade carbo-
palladation reactions, it became highly desirable to investigate
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a new tandem cyclization/Suzuki coupling reaction of 1,2,7- || GTGTGcNcNE

triene substrates. This reaction of 1,2,7-triene substrates WaSgple 1. Optimization of the Reaction Conditiohs

envisioned to have more than one possible reaction path-
way: a five-membered or six-membered ring product might
be formed (Scheme 2).

Scheme 2. Possible Reaction Pathways of a
Palladium-Catalyzed 1,2,7-Triene/Aryl Boronic Acid Cascade
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To explore the proposed cyclization/Suzuki coupling
reaction, a 1,2,7-triene substrdte@and phenyl boronic acid
2awere chosen to screen reaction conditions. Under atmo-
spheric argon, a Schlenk reaction tube was chargedaith

Ph
Pd(0
L PBOH), O ==
Me0O,C~ CO,Me MeO,C”~ “CO,Me
1a 2a 3aa
entry base solv. temp. (°C) time (h) yield (%)°

1 KF THF 50 4 49
2 KF CH3CN 50 4 60
3 KF DCE 80 12 nr
4 KF EtOH 50 4 40
5 KF toluene 50 4 88
6 K2CO3 toluene 50 4 89
7 K3PQO,4°¢ toluene 50 4 95
8 K3PO4¢ toluene 25 18 87
9 K3sPO4d  toluene 50 4 68
10 K3PO,%¢  toluene 50 4 52

a All reactions were conducted witha (85 mg, 0.25 mmol)2a (61 mg,
0.5 mmol), Pd(PP§);s (14 mg, 0.0125 mmol), and base (0.5 mmol).
b Combined yields of cis and trans isomet#éctually, KsPOy-3H,0 was
employedd Pd(dba) (7 mg, 0.0135 mmol) and PRKi7 mg, 0.027 mmol)
were used® Pd(dba) (7 mg, 0.0135 mmol) and dppb (6 mg, 0.0135 mmol)
were used.

(85 mg, 0.25 mmol)2a (61 mg, 0.5 mmol), KF (29 mg, 0.5
mmol), Pd(PP¥4 (14 mg, 0.0125 mmol), and THF (5 mL).
After the mixture was heated at 3C for 4 h with stirring,
the five-membered ring produ@aa was isolated in 49%
yield (entry 1, Table 1).

Through extensive screening, we found that the reaction
proceeded in a variety of solvents. Of all the solvents tested,

(4) For the carbocyclization of diynes, see: (a) Ojima, I.; Zhu, J.; Vidal,
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Dinesh, C. U.; Nandanan, E.; Khan, F. @hem. Re22000,100, 3067. (h)
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A. N.; Ha, Y.-H.; Lim, Y.; Park, JJ. Am.Chem.Soc.2000,122, 11529.

(8) (a) Trost, B. M.; Tour, J. MJ. Am. Chem. S0d.988,110, 5231. (b)
Trost, B. M.; Matsuda, KJ. Am. Chem. S0d.988,110, 5233. (c) Kang,
S.-K.; Ko, B.-S.; Lee, D.-MTetrahedron Lett2002 43, 6693. (d) Makino,
T.; Itoh, K. Tetrahedron Lett2003,44, 6335. (e) Ohno, H.; Miyamura,
K.; Takeoka, Y.; Tanaka, TAngew. Chem., Int. EQ003,42, 2647. (f)
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Y.; Kadoh, Y.; Miyamura, K.; Tanaka, T. Org. Chem2004,69, 4541.
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toluene was the best. Both Rdba)-CHCI; and Pd(PP¥),
served as convenient sources of palladium(QR®;-3H,O
proved to be the best base, while several other bases
such as KF and ¥CO; were effective as well (entries 5—7,
Table 1).

Although the reaction proceeded at room temperature to
give a comparable yield, a longer reaction time was needed
than when the reaction was run at 80 (entry 8 vs entry 7,
Table 1). Therefore, for our standard conditions, we chose
50°C as the reaction temperature;RQ,-3H,0 as the base,
Pd(PPRh), as the Pd(0) source, and toluene as the solvent.

For 1,2,7-triene substratéa, the cyclic product was
obtained in high yield (95%) and fair selectivity (cis/trans
= 85/15). The successful formation of a five-membered ring
product3aaprovides another example of a novel alkenylpal-
ladium species-forming process fromrallyl palladium and
an allene’® Compared to the widely reported intermolecular
carbopalladation of allen&s'! that has been shown to give
allyl palladium species, preferential formation of alkenyl
palladium species has received very little attenfigi? 12
For this reason, further investigation into the scope and
synthetic utility of this reaction is appealing.

(9) Zhu, G.; Zhang, ZOrg. Lett.2003,5, 3645.

(10) For stoichiometric reactions of theallyl palladium complex with
allenes, see: (a) Hughes, R. P.; Powell).JOrgnomet. Cheml969, 20,
17;1973,60, 409. For a catalytic carbocyclization involving an allene and
am-allyl palladium intermediate generated from an allylic acetate, see: (b)
Doi, T.; Yanagisawa, A.; Nakanishi, S.; Yamamoto, K.; Takahashi].T.
Org. Chem.1996, 61, 2602. (c) Franzén, J.; Lofstedt, J.; Dorange, |.;
Béackvall, J.-EJ. Am. Chem. So@002 124, 11246. For a carbocyclization
involving an allene and a-allyl palladium intermediate initiated by-€H
activation, see: (d) Franzén, J.; Backvall, JJEAm. Chem. SoQ003,
125, 6056. For a rhodium-catalyzed carbocyclization involving an allene
and asr-allyl rhodium intermediate initiated by -©H activation, see: (e)
Brummond, K. M.; Chen, H.; Mitasev, B.; Casarez, A.Org. Lett.2004,

6, 2161.
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Table 2. Various 1,2,7-Triene Substrates Coupled with Arylboronic Acids

R2 RZ  Ar RZ Ar
RV\\ X+ ArB(OH), EZHQ . ?:%)§
fv R R
Y Y Y
1 2 cis-3 trans-3
entry substrate R R2 Ar Y X yield 3° (%)°

1 1a —(CHa)s— Ph (2a) C(COzMe), cl 3aa 95(85/15)
2 1b H H Ph C(COzMe), cl 3ba 83(85/15)
3 1c H H Ph C(CO,Me), Br 3ba 71(83/17)
4 1dd H H Ph C(CO2Me), OAc 0e
5 1le Ph H Ph C(CO:Me), cl 3ea 17(80/20)
6 1f npr H Ph C(CO,Me), cl 3fa 85(91/9)
7 1g iPr H Ph C(CO,Et), cl 3ga 91(91/10)
8 1h H H Ph NTs Cl 3ha 66f
9 1i H H Ph NTs OCO;Me 3ha 65

10 1j npr H Ph NTs cl 3ja77

11 1j Py H p-OMe-CgH. (2b) NTs cl 3jb 82

12 1j "Pr H p-Cl—CgH4 (2€) NTs Cl 3jc 84

13 1k iPr H Ph NTs Cl 3ka 84

14 1l iPr H Ph (0] Br 3la 59

15 im H H Ph (0] Br 3ma 42

a All reactions were run with (0.25 mmol), aryl boronic acid (0.5 mmol), Pd(RRh(14 mg, 0.0125 mmol), and 4R0Oy-3H,0 (133 mg, 0.5 mmol) in
toluene (5 mL) at 50C for 4 h.bPIsolated yield ¢ Cis/trans ratios in parentheses were determinedHbi}MR. @ Z/E=2.2:1.2 Reaction was also run in
MeCN with 2 equiv of LiCl under reflux, and only some unidentified oligomers were form@dly cis-3 was isolated.

The results obtained are summarized in Table 2. First, we atom, the yield declined from excellent to moderate (entries
studied the effect of different allylic groups on the cascade 14 and 15 in Table 2). This could be ascribed to the possible
reaction. Of the tested groups, we found that allyl chloride, decomposition of oxygen-tethered 1,2,7-triene substrates in
allyl carbonate, and allyl bromide (> Cl, OCOMe, Br) the presence of a low-oxidative state transition metal (in fact,
gave similar results in terms of product yields and stereo- the oxygen-tethered 1,2,7-triene substrdiesnd 1m show
selectivity (entries 2, 3, 8, and 9, Table 2). However, when obvious decomposition within 2 weeks even in refrigerated
a chloride group was replaced with an acetate group, we wereconditions). When we employed 1,2,7-triene substrates with
unable to obtain the cyclic product. It has been reported thata terminal allene moiety, the yield decreased (entry 15, Table
with a halide ligand on palladium in the-allyl palladium 2). As reported in the literature, an additional alkyl group
complex, double-bond insertion of the allene into the allyl on the terminus of the allene may slow the decomposition
palladium bond occur¥d Therefore, we also tried the of the starting materidfe thereby, increasing the overall
reaction in acetonitrile with an excess of LiCl under reflux. vyield. This is evident by comparing entry 14 with entry 15
However, the substrate was consumed completely; only somein Table 2.
unidentified oligomers were isolated. Good to excellent yields From Table 2, we also found that the tethering atoms in
(up to 95%) were obtained with most substrates except for the 1,2,7-triene substrates play a vital role in the reaction.
le, which has an aryl group on the terminus of the allene Compared to carbon-tethered substrates, nitrogen- and
(entry 5, Table 2). This may be attributed to the conjugation oxygen-tethered substrates (entries 8, 9, and 15) led to the
of the phenyl group, which could activate the allene fragment isolation of only one product, cis-cyclic produ8t The
leading to the polymerization of substratéswhen the stereochemistry was determined by NOESY spectra of the
tethered atom was changed from a carbon atom to an oxygerproducts. Apparently, a tethered heteroatom is favorable to

the intramolecular cyclization process with high stereose-
(11) For intermolecular carbopalladation of allenes, see: (a) Shimizu, Iectivity.

I.; Tsuji, J. Chem. Lett.1984 233. (b) Ahmar, M.; Cazes, B.; Gore, J. _ . .

Tetrahedron Lett1984, 25, 4505. (c) Cazes, BPure Appl. Chem1990, Under the optimized reaction conditions, we also tested

62, 1867. (d) Larock, R. C.; Berrios-Pena, N. G.; Fried, CJAOrg. Chem. the reaction with several other aryl boronic acids. With

1991,56, 2615. (e) Besson, L.; Bazin, J.; Gore, J.; Caze§,drahedron : : ; : : B :
Lett. 1994.35, 2881. () Larock. R. C.. Zenner, J. KL Org. Chem1995, various aryl boronic acids, bearing either an electron-donating

60, 482. group or an electron-withdrawing group, the reaction pro-
(12) (a) Ma, S.; Negishi, E.-I. Org. Chem1994,59, 4730. (b) Ma, S ; i i i i
Negishi, E.-1.J. Am. Chem. S04995,117, 6345. (c) Grigg, R.; Rukhsana, ceeded SmOOthIY tO give Cy.C“C products with good yields
R.: Redpath, J.: Wilson, DEetrahedron Lett1996,37, 4609. (d) Doi, T.. ~ and stereoselectivities (entries 11 and 12, Table 2).
Yanagisawa, A.; Yamamoto, K.; Takahashi, Chem. Lett.1996, 1085.
(e) Oppolzer, W.; Pimm, A.; Stammen, B.; Hume, WHglv. Chim. Acta (13) For the polymerization of allenes, see: (a) Shier, G. D.
1997,80, 623. (f) Doi, T.; Yamamoto, KCurr. Org. Chem1997,1, 219. Organomet. Chenl967,10, 15. (b) Hegedus, L. S.; Kambe, N.; Ishii, Y.;
(g) Yamamoto, Y.; Radhakrishnan, Ghem. Soc. Rel.999,28, 199. (h) Mori, A. J. Org. Chem1985,50, 2240. (c) Deming, T. J.; Novak, B. M,;
Poli, G.; Giambastiani, G.; Heumann, Aetrahedron2000, 56, 5959. Ziller, 3. W.J. Am. Chem. S0d.994,116, 2366.
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A similar mechanism for this reaction may be postulated
on the basis of our results and past work (Schemke 3).

Scheme 3. Plausible Mechanism of the Reaction
pax H
Y/\lf&\R
R /l/\/x H
Ha
M X
1 H Pd. _

Y
5
) ‘f{rB(OH)z

XB(OH),

Pd(0)

Oxidative addition of an allyl halide or carbonate to Pd-
(O) first generates a-allyl palladium intermediatel. In-
sertion of the proximal (internal) allenie-bond rather than
the distal (terminal) allenie-bond forms a five-membered
ring intermediate with a-vinyl palladium bond (speci€s).
Then, trapping of the transientvinylpalladium complexs
via transmetalation with aryl boronic acids followed by
reductive elimination gives the cyclized produ@sand
regenerates the Pd(0) catalyst.
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The cis stereochemistry can be understood on the basis
of a chairlike conformation of the reactive intermedidte
Thus, preferential formation afis-3 can be understood by
placing the allene fragments and allyl group in an equatorial-
like orientation in the proposed intermedidteThe E)-form
configuration of the exocyclic double bond, which was de-
termined by NOESY spectra of the product, may be attrib-
uted to the small steric repulsion between thallyl pal-
ladium fragment and allenic fragment in the reaction inter-
mediate4.

In summary, we have developed a highly efficient, ver-
satile cascade reaction that utilizes a Pd(0)-catalyzed 1,2,7-
triene cyclization and a Suzuki coupling reaction to give
cyclic products with high selectivity. To our knowledge, the
regioselective, intramolecular carbopalladation to the allene
moiety giving a vinyl palladium intermediate has received
little attention. Further elucidation of the reaction mechanism
and development of an asymmetric version of the reaction
are currently underway.
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