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A general, efficient, and experimentally simple method for generating medium rings utilizing the Sml,-mediated Barbier-type coupling has
been developed. Various eight- and nine-membered carbocycles and heterocycles are assembled with high efficiency via this protocol. Amazingly,
the process does not require high-dilution conditions and almost quantitative yields of the frequently inaccessible medium-sized rings are
obtained.

Compounds having medium-ring frameworks have histori- of HMPA affected the simultaneous ring closure affording
cally attracted much attention because of their potential the cyclooctanol®a and2b in 99 and 98% vyields, respec-
biological activity and the synthetic challenge posed by the tively (Scheme 1). The addition of HMPA was essential for
required formation of the ring itself. While various types of the reductive cyclizatio® Subsequent studies on the Bar-
annulation methods for the construction of the medium rings bier-type cyclizations revealed that the ketones are also good
have evolved, the development of a general and efficient
method for preparing medium-sized carbocycles and het- (3) Recently, we described a new type of stereoselective reductive

; At ; ; couplings mediated by SmiSee: (a) Kan, T.; Matsuda, F.; Yanagiya, M.;
erocycles by simple cycllzathn of acy(_:llc precursors via the Shirahama, HSynlett1991 391. (b) Kito, M.. Sakai, T.. Yamada, K.
carbon—carbon bond formation reaction has not proven to Matsuda, F.; Shirahama, iSynlett1993, 158. (c) Kan, T.; Nara, S.; Ito,
be as easy S.; Matsuda, F.; Shirahama, B.Org. Chem1994,59, 5111. (d) Kan, T.;
. T . Hosokawa, S.; Nara, S.; Oikawa, M.; Ito, S.; Matsuda, F.; Shirahama, H.
Samarium(ll) iodide (Sm) has become an exceedingly 3 org. chem1994,59, 5532. (e) Kawatsura, M.; Matsuda, F.; Shirahama,
useful reagent for promoting reductive coupling reactions E-Js-r?rghChem&g%l,St?i 96995007- 2(13 Iza;/vl\ts/tltstureti M'é, HSosatI;]a,oK.; I\C/Iﬁttsuda,
. . i Irahama, nie , . atsuaa, B. ntn Org. em.
over the past deca}dé.The Smk'm_ematEd '_mramOIeF:UIar Jpn.1995,53, 987.)(/h) Kawatsura, M.?Dekura, F.; Shirghama,gH.; Matsuda,
Reformatsky reactions, ketonelefin reductive couplings,  F. Synlett1996, 373. (i) Kito, M.; Sakai, T.; Haruta, N.; Shirahama, H.;

iar. ; ; i Matsuda, F.Synlett1996, 1057. (j) Kawatsura, M.; Kishi, E.; Kito, M;
Barbier type coupllngs, and plnacol COUp|IngS have been Sakai, T.; Shirahama, H.; Matsuda, $ynlett1997, 479. (k) Matsuda, F.;

adapted, which allows construction of medium-ring mol- kawatsura, M.: Dekura, F.: Shirahama, H.Chem. SocPerkin Trans. 1

eculest Recently, we reported the extremely convenient 399, 25715%;9'\?;5%%615';(; ??(Wﬁtsgraﬂl M gosgkav K';TShsirr?har?]a' H.
. . : . . . em. eur. ol . (M) Kan, I.; Nara, 5.; Ozawa, 1. Iranama,
cyclization of eight- and nine-membered rings using the - "\iasuda, FAngew. Chem., Int. E®000,39, 355.

intramolecular Barbier-type coupling between the aldehydes (4)h(agI Tabuchi, T.; KawamuLa, K.; Inanaga, |2] Yamaguchi, d|v|.
; ; 6 Tetrahedron Lett1986,27, 3889. Inanaga, J.; Yokoyama, Y.; Handa,
and a“yl chlorides induced by Saﬁ Fo,r example, the Y.; Yamaguchi, M.Tetrahedron I_(e2t1991,%2, 6371. (c); Molander, G.
treatment of aldehydeka and1b with Smk in the presence A McKie, J. A.J. Org. Chem1992,57, 3132. (d) Molander, G. A.; McKie,
J. A.J. Org. Chem1994,59, 3186. (e) Molander, G. A.; Alonso-Alija, C.
(1) For reviews, see: (a) Petasis, N. A.; Patane, M[érahedrorl992, J. Org. Chem1998,63, 4366. (f) Molander, G. AAcc. Chem. Re4.998,
48, 5757. (b) Mehta, G.; Singh, \Chem. Rev1999,99, 881. 31, 1, 603. (g) Molander, G. A.; Machrouhi, B. Org. Chem1999, 64,
(2) For reviews, see: (a) Kagan, H. Bew J. Chem1990,14, 453. (b) 4119. (h) Molander, G. A.; Kéllner, C1. Org. Chem2000, 65, 8333. (i)
Molander, G. A.Chem. Rev1992,92, 29. (c) Molander, G. A.; Harris, R. Shiina, I.; Uoto, K.; Mori, N.; Kosugi, T.; Mukaiyama, Them. Lett1995,
H. Chem. Rev1996,96, 307. 181. (j) Swindell, C. S.; Fan, Wrletrahedron Lett1996,37, 2321.
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substrates for the medium-sized ring-closing reaction. Par-intramolecular coupling smoothly took place between the
ticularly, the couplings efficiently proceeded between the ketone and the allyl chloride to give the benzene-ring-fused
ketones and the allyl chlorides in the absence of HMPA. cyclooctanokain 92% yield. By carrying out the cyclization
From a synthetic point of view, this is highly advantageous reactions of ther-butyl ketone3b, n-hexyl ketone3c, and
because HMPA is a potent carcinogen. Herein, we describe3-Phenylpropyl keton&d under the same conditions, excel-
a new version of the medium-ring closure reaction through lent vyields of the cyclooctanolstb—d were obtained.
the intramolecular Barbier-type Coupling induced by §m| Interestingly, despite Ut|I|Z|ng the Stel‘ica”y hindered iso-

Important mechanistic information on the nature of the smi  Propyl ketone3e and cyclohexyl keton&f for the cycliza-
promoted annulation reactions is also reported. tions, the cyclooctanolde and 4f were generated in yields

(97 and 98%, respectively) higher than those of the cyclooc-
tanols 4a—d (90—93%) derived from the less-hindered
ketones3a—d.1° The excellent yields ofa—f (90—98%) are

Scheme 2 remarkable in view of the difficulties normally encountered
< ¢ / during the cyclization of eight-membered rings. It is par-
R _Sml R ticularly noteworthy that the eight-membered rings were
°  THF OH constructed under non-high-dilution conditions.
3a R=n-Pr 92% 4a R=n-Pr As shown in Scheme 3, the nine-membered carbocycles
% RonHex o0t 4 RenBu are also readily accessed by the same medium-ring cycliza-
3d R=(CH,);Ph 91% 4d R=(CH,);Ph tion mediated by Sml For the nine-membered ring-closing
3 Roctien o3, 4 Roetiex reactions of then-propyl ketone5a, n-butyl ketone5b,

n-hexyl ketone5c, and 3-phenylpropyl keton&d, the
Barbier-type couplings occurred cleanly and the benzene-

Scheme 2 summarizes the cyclizations of the eight- fing-fused cyclononanoBa—d were constructed in excellent
membered carbocycles. A typical example is the Barbier- Yi€lds. In a manner similar to the cyclizations of the eight-
type cyclization of then-propyl ketone3a. When3awas  Membered carbocycles, the cyclononargsand 6f were
reacted with Sml at ambient temperature in THF, the cyclized from the sterically hindered isopropyl ketdeand
cyclohexyl ketonésf in yields (97 and 95%, respectively)
(5) For a review on Barbier-type couplings mediated by Sgde: Krief, higher than those dda—d (89—93%)°

A.; Laval, A.-M. Chem. Rev1999,99, 745. : :

(6) (a) Kito, M.; Sakai, T.; Shirahama, H.; Miyashita, M.; Matsuda, F. The annulation meth(_)d using S,mWa_s successfully
Synlett1997, 219. (b) Matsuda, F.; Sakai, T.; Okada, N.; Miyashita, M. applied to the elaboration of the medium heterocycles
Tetrahedron Lett1998,39, 863. (c) Matsuda, F.; Kito, M.; Sakai, T.; Okada, inhte ;

N.; Miyashita, M.; Shirahama, Hletrahedron1999,55, 14369. (SCheme 4,)' The elght m?mbered rng eﬂ&_de were also_

(7) Many Smi-induced reactions benefit from the presence of HMPA. Pproduced in excellent yields by performing the coupling

See: (a) Otsubo, K.; Inanaga, J.; Yamaguchi, Tétrahedron Lett1986, cyclizations of then-propyl ketone7a, n-butyl ketone7b,
27,5763. (b) Inanaga, J.; Ishikawa, M.; Yamaguchi,@hem. Lett1987, h | ketone? d 3-ph | | ketorigd under th

1485. (c) Otsubo, K.; Kawamura, K.; Inanaga, J.; YamaguchiClklem. n-hexyl ke One ¢, an . -phenylpropy! kelo _un er_ ¢
Lett. 1987, 1487. same conditions mentioned above. The sterically hindered

8) The role of HMPA in reactions of Smls quite understood. See: ; ;
(a)(H)asegawa, E.; Curran, D. Petrahedron Lmettlg93,34, 1717. (b) Hou, isopropyl ketonereand cyclohexyl keton&f also provided

Z.; Wakatsuki, Y.J. Chem. Soc., Chem. Commu894, 1205. (c) Hou, the eight-membered etheBe and8f in yields (97 and 98%,
Z.; Zhang, Y.; Wakatsuki, YBull. Chem. Soc. Jpr1997,70, 149. (d) respectively) higher than those &—d (91_93%).10 Again,
Shabangi, M.; Flowers, R. A., IlTetrahedron Lett1997,38, 1137. (e) . . .
Shotwell, J. B.: Sealy, J. M.; Flowers, R. A., Il. Org. Chem1999, 64, the ready formation of the medium-ring ethers was ac-
5251. (f) Shabangi, M.; Kuhlman, M. L.; Flowers, R. A., [Drg. Lett. complished without resorting to high dilution.
1999,1, 2133. (g) Miller, R. S.; Sealy, J. M.; Shabangi, M.; Kuhiman, M.
L.; Fuchs, J. R.; Flowers, R. A., 1. Am. Chem. So@000,122, 7718. (h)
Prasad, E.; Flowers, R. A, Il. Am. Chem. So2002,124, 6895. (10) Obviously, the yield of the cyclized product increased by increasing
(9) In contrast, when the cyclization reaction of aldehydes and allyl the ketone substituent size. The experimental results may be explained by
chlorides was carried out in the absence of HMPA, only the intermolecular assuming that the bulky alkyl group completely suppresses the single-
pinacol coupling product was isolated rather than the cyclization product. electron transfer from Smlto the ketone group and the intermolecular
Therefore, the single-electron transfer from wdcurred at the aldehyde pinacol reactiof. Then, the single-electron transfer predominantly occurs
group to generate the ketyl-radical intermediate. See: Enholm, E. J.; at the allyl chloride group to form the-allyl samarium intermediate, and
Trivellas, A. Tetrahedron Lett1989,30, 1063. the intramolecular organo-samarium addition reaction exclusively proceeds.
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The cyclization reactions are operationally quite simple
Particularly impressive is the fact thétese medium-sized
carbocycles and heterocycles were obtained in almost
quantitative yields under non-high-dilution conditiorishe
optimum reaction conditions for the coupling cyclizations
involved the rapid addition of a 0.1 M solution of Spih
THF (2.5 equiv) to a 2.0 M solution of the starting material
in THF. The reactions were completed within several hours
after the Smd was added!*?

The mechanism of the Barbier-type couplings promoted
by Smb has been the object of much study and speculation.

Scheme 6
(o}
Sml;
—_—
A Cl
OH
———————
e

chloride group of the starting materialis initially reduced
through the single-electron transfer from $raid ther-allyl
radical B is generated. The radic@ is then reduced to
sr-allyl samariumC. The intramolecular 1,2-additiion of the

On the basis of these mechanistic studies, the question oforgano-samarium species to the ketone group provided the

whether the crucial carbetrcarbon bond formation step in
the medium-ring cyclization was the result of the ketyl-
radical addition or the organo-samarium addition was left

cyclization producD.?10
In summary, we have developed a general, efficient, and
experimentally simple method for generating medium (eight-

open. Thus, we conducted a study to indicate whether theand nine-membered) rings utilizing the intramolecular reduc-

ketyl radical or organo-samarium species was involved in
the reaction. Recognizing the propensity of cyclopropyl
carbinyl ketyls to undergo facile ring opening, the cyclo-
propyl ketones3g, 5g, and7g were synthesized as test

substrate$? As shown in Scheme 53g, 5g, and 7g

Scheme 5
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underwent efficient cyclizations to give the expected medium-
ring alcohols4g, 6g, and8g without any formation of the
fragmentation products.

Therefore, it seems feasible that the medium-ring forma-
tion reactions take place through the organo-samarium
addition pathway as illustrated in Scheme 6. The allyl

Org. Lett., Vol. 6, No. 4, 2004

tive couplings promoted by SmIThe quantitatie formation

of a medium ring without the need for high-dilution condi-
tions is particularly noteworthybecause eight- and nine-
membered rings are the most difficult to construct using any
conventional ring-closure method. Apparently, this annulation
method is one of the most convenient entries into medium-
sized rings. Moreover, the exceptional synthetic versatility
of the cyclization products is also noteworthy. This protocol
should be widely applicable to the synthesis of a wide range
of medium carbocycles and heterocycles.

Acknowledgment. The present work was supported by
a Grant-in-Aid for Scientific Research on Priority Areas (A)
“Exploitation of Multi-Element Cyclic Molecules” from The
Ministry of Education, Culture, Sports, Science and Technol-
ogy of the Japanese Government.

Supporting Information Available: Experimental pro-
cedures and spectroscopic data for all cyclization products
4a—g,6a—g, and8a—g. This material is available free of
charge via the Internet at http://pubs.acs.org.

OL036329H

(11) See Supporting Information for experimental details concerning the
medium-ring closure reaction using Sml

(12) Reductive coupling cyclization also took place under high-dilution
conditions, which involved the slow, dropwise addition of a 0.005 M solution
of the starting material in THF to a 0.1 M solution of Snith THF.

(13) (a) Curran, D. P.; Fevig, T. L.; Jasperse, C. P.; Totleben, Syrlett
1992, 943. (b) Curran, D. P.; Xin, G.; Zhang, W.; Dowd,Tetrahedron
1997,53, 9023.

(14) (a) Molander, G. A.; McKie, J. AJ. Org. Chem1991,56, 4112.

(b) Batey, R. A.; Motherwell, W. BTetrahedron Lett1991,32, 1991.

547



