
9864 J .  Am. Chem. SOC. 1991, 113, 9864-9865 

centered radicals of this type.24 
The intrinsic bamers for the analogous carbon-centered systems 

are also of considerable interest. Hiatt and BensonZS have esti- 
mated activation energies for gas-phase halogen atom transfer 
of alkyl systems of -10 (Cl), -6 (Br), and 2-4 (I) kcal mol-'. 
With X = I, the 'self-exchange" process is sufficiently rapid in 
alcohol solvents to lead to epimerization of the norbornyl iodide 
starting material.26 Studies of alkyl radical/alkyl halide transfer 
in benzene suggest transfer rates a t  zero driving force of ca. lo2 
(X = Cl), lo3 (X = Br), and los (X = I) M-I s-l at  50 0C.27 
Since the Mc-Cl (72.4 f 0.9 kcal/mol19) and CCl3-C1 (68.9 f 
0.7 kcal/molZ8) bond energies are very similar, our data (Table 
I) implicate a greater intrinsic barrier for the C1 transfer to the 
Mo radical from CCl, than for the entirely metal-centered process. 
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Note Added in Roof. In the broader context of multiequivalent 
atom transfer reactions, the extraordinarily facile transfer of nitride 
between Mn(V) and Mn(I1) porphyrin centers, a three-electron 
transfer coupled to atom transfer, should be noted. (Woo, L. K.; 
Goll, J. G.; Czapla, D. J.; Hays, J. A. J.  Am. Chem. SOC. 1991, 
I 1  3, 8478-8484 and references cited therein.) 

(24) Fortier, S.; Baird, M. C.; Preston, K. F.; Morton, J. R.; Ziegler, T.; 
Jaeger, T. J.; Watkins, W. C.; MacNeil, J. H.; Watson, K. A,; Hensel, K.; 
Le Page, Y.; Charland, J.-P.; Williams, A. J. J .  Am. Chem. SOC. 1991, 113, 

(25) Hiatt, R.; Benson, S. W. J. Am. Chem. SOC. 1972, 94, 25-29. 
(26) Krouu. P. J.: Adkins. R. L. J .  Am. Chem. Soc. 1991.113.2709-2717. 
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(27) NeGwmb, M.; Sanchez, R. M.; Kaplan, J. J .  Am. Chem. SOC. 1987, 

(28) Hudgens, J. W.; Johnson, R. D., 111; Timonen, R. S.; Seetula, J .  A,; 
109, 1195-1 199. 
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In conjunction with a synthetic problem in our laboratory, we 
elected to investigate a tandem cyclization (A - B - C) which 
is initiated by the intramolecular 1,4-addition reaction of a- 
heteroatom-substituted radical to a &@-disubstituted enone (A - B). 

H,C' 

A X - 0 , s  R E 
2- 0, Ha 

While the annulation chemistry of many types of carbon-cen- 
tered radicals is now a standard synthetic protocol,' less attention 

(1) (a) Giese, B. Radicals in Organic Synthesis: Formation of Carboti- 
Carbon Bonds; Pergamon Press: Oxford, New York, 1986. (b) Giese, B. 
Angew. Chem., Int. Ed. Engl. 1985, 24, 553. (c) Ramaiah, M. Tetrahedron 
1987.43, 3541. (d) Neumann, W. P. Synthesis 1987, 665. (e )  Curran, D. 
P. Synthesis 1988, Part 1, 417; Part 2, 489. (f) Pattenden, G. Chem. SOC. 
Rev. 1988,17,361. (g) Curran, D. P.; Chang, C.-T. J .  Org. Chem. 1989,54, 
3140. (h) Curran, D. P. Syn. Lett. 1991, 63. 
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has been paid to the synthetic applications of a-heteroatom- 
substituted radicals? While this paper was under revision, Rawal 
reported the cyclization (principally 5-exo-trig) of a number of 
simple a-alkoxy radicals.) 

Synthesis of the appropriate substrates began with the readily 
available4 tricyclics 1 and 2. Treatment of neopentyl alcohol 1 
with a-halo sulfide, a-halo selenide, and diiodomethane did not 
provide the desired a-alkoxy derivatives 3a-c. However, alkylation 
with a-iodomethyl tributylstannanes under these conditions pro- 
duced 3d in 70% yield. Conversion of a-alkoxy stannane 3d to 
a-alkoxy organolithium 3e by treatment with n-BuLi in THF6 
at  -78 OC did not proceed in the absence of additives such as 
HMPA or TMEDA, even using 2 equiv of n-BuLi. When only 

(2) (a) [Jneyama, K.; Namba, H.; Oae, S. Bull. Chem. SOC. Jpn. 1968, 
41, 1928. (b) Malatesta, V.; Ingold, K. U. J.  Am. Chem. Soc. 1981,103,609. 
(c) Beckwith, A. L. J.; Easton, C. J. J .  Am. Chem. Soc. 1981, 103, 615. (d) 
Malatesta, V.; Scaiano, J. C. J .  Org. Chem. 1982, 47, 1455. (e) Beckwith, 
A. L. J.; Brumby, S. J. Chem. SOC., Perkin Trans. I1 1987, 1801. (f) Giese, 
B.; Hoch, M.; Lamberth, C.; Schmidt, R. R. Tetrahedron Lett. 1988,29, 1375. 
(g) Hart, D. J.; Seely, F. L. J .  Am. Chem. Soc. 1988,110, 1631. (h) Curran, 
D. P.; Kim, D.; Liu, H. T.; Shen, W. J .  Am. Chem. Soc. 1988,110,5900. (i) 
Tsai, Y. M.; Chang, F. C.; Huang, J.; Shiu, C. L. Tetrahedron Lett. 1989, 
30, 2121. (j) Giese, B.; Kopping, B. Tetrahedron Lett. 1989, 30, 681. (k) 
Enholm, E. J.; Prasad, G. Tetrahedron Lett. 1989, 30,4939. (1) Mesmaeker, 
A. D.; Waldner, A.; Hoffmann, P.; Mindt, T.; Hug, P.; Winkler, T. Syn. Lett. 
1990, 687. (m) Arya, P.; Samson, C.; Lesage, M.; Griller, D. J.  Org. Chem. 
1990, 55, 6248. (n) Keck, G. E.; Tafesh, A. M. Syn. Lett. 1990, 257. (0 )  
Burke, S. D.; Rancourt, J. J .  Am. Chem. SOC. 1991, 113, 2335. (p) Lin- 
derman, R. J.; Griedel, B. D. J .  Org. Chem. 1990, 55, 5428. 

(3) Rawal, V. H.; Singh, S. P.; Dufour, C.; Michound, C. J .  Org. Chem. 
1991, 56, 5245. 

(4) Hedstrand, D.; Byrn, S. R.; Mckenizie, A. T.; Fuchs, P. L. J .  Org. 
Chem. 1987, 52, 592. 

(5) (a) Still, W. C.; Mitra, A. J .  Am. Chem. Soc. 1978, 100, 1927. (b) 
Still, W. C. J. Am. Chem. SOC. 1978, 100, 1481. 

(6) For recent examples of a-alkoxy anion generated from a-alkoxy stan- 
nane, see: (a) Dumartin, G.; Pereyre, M.; Quintard, J .  P. Tetrahedron Lett. 
1987,28,3935. (b) Broka, C. A.; Lee, W. J.; Shen, T. J. Org. Chem. 1988, 
53, 1338. (c) Sawyer, J. S.; Kucerovy, A,; Macdonald, T. L.; McGarvey, G. 
J. J .  Am. Chem. SOC. 1988, 110, 842. (d) Johnson, C. R.; Medich, J. R. J .  
Org. Chem. 1988,53,4131. (e )  Shiner, C. S.; Tsunoda, T.; Goodman, B. A.; 
Ingham, S.; Lee, S. H.; Vorndam, P. E. J .  Am. Chem. SOC. 1989,111, 1381. 
(f) Chong, J. M.; Mar, E. K. Tetrahedron Left. 1990,31, 1981. For recent 
examples of a-alkoxy anion generated from a-alkoxy sulfide or sulfone, see: 
(9) Broka, C. A,; Shen, T. J. Am. Chem. SOC. 1989, 111, 2981. (h) Kruse, 
B.; Bruckner, R. Chem. Ber. 1989,122,2023. (i) Rychnovsky, S. D. J .  Org. 
Chem. 1989,54,4982. (j) Cohen, T.; Bhupathy, M. Acc. Chem. Res. 1989, 
22, 152. (k) Kruse, B.; Bruckner, R. Tetrahedron Lett. 1990, 31, 4425. 
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1 equiv of n-BuLi in the presence of additives was used in either 
the sulfenylation or selenylation reactions, a mixture of starting 
material 3d (40%), desired product 3a (29%), and protonquenched 
product 3f (12%) resulted. Fortunately a-alkoxy stannane 3d was 
cleanly selenylated3 (91% yield of 3a/3f in a 96:4 ratio) or sul- 
fenylated (75% yield of 3b/3f in a 92:8 ratio) provided that 2.1 
equiv of n-BuLi6 and 4.0 equiv of TMEDA were used to form the 
a-alkoxy anion. a-Alkoxy derivatives 3a,b were treated with 
aqueous acetic acid (to generate the P,y-unsaturated ketones) 
followed by reaction with potassium methoxide in methanol to 
provide conjugated enones 4a,b in 46% and 60% overall yield, 
respectively. 

Conversion of mercaptan 2 to compound 5 was accomplished 
by alkylation with a-iodomethyl phenylselenide.’ While aqueous 
acetic acid hydrolysis quantitatively provided the As,9 /?,y-un- 
saturated ketone, potassium methoxide-mediated conjugation only 
provided 5 in 15% yield. A preferable method involves PPTs8- 
catalyzed isomerization of 2 to a dienyl ether mixture followed 
by addition of water to generate 5 (55%)  which is easily separated 
from a 2:1 mixture of the Asv9 and P,y-unsaturated ketones 
(23%). 

0.01 M solution of the substrate in toluene at reflux.I4 As 
expected, a-alkoxy selenide 4a proved to be far superior to a- 
alkoxy sulfide 4b. By way of contrast, a-thioselenide 5 afforded 
a mixture which was enriched in the product resulting from hy- 
dride quenching of the a-thio radical15 intermediate. Cyclizations 
of y-alkoxy enones 7 and 9a were successful, but attempts to 
extend the protocol to a tandem cyclization with propargylic ester 
9b produced an exceptionally complex mixture. 

We were pleased to find that propargylic ether 9c underwent 
clean conversion to the bisannulated product16 c-H in 50% isolated 
yield along with a small amount of bridged tetrahydrofuran D 
which likely arises via cyclization of neopentyl alcohol produced 
by acid-catalyzed fragmentation of the a-selenyl ether moiety (see 
table). Similar reaction with tram-cinnamyl ether terminator 9d 
was less efficient. In this instance, the tetrahydropyranyl-cyclized 
a-ketoradical intermediate is partitioned between tandem cycli- 
zation to C-H and simple reduction to B-H. 
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With these precursors in hand, attention was next directed to 
the introduction of the C-7 oxygen functionality required for the 
tandem cyclization. Under strictly anhydrous conditions, isom- 
e r i z a t i ~ n ~ . ~  of 3a to the thermodynamically more stable conjugated 
dienyl ether 6 using PPTs occurred in 67% yield. Treatment of 
the oxidatively-labile dienyl ether 6 with various oxidants such 
as mCPBA,l0 oxone: or Pd[II]” gave a mixture which contained 
only traces of the desired product 7. However, when oxidation 
was carried out with molecular oxygen in a Rayonet reactor (300 
nm, Pyrex flask) or using a sun lamp12 in the absence of sensitizer, 
y-hydroxy enone 7 was formed along with a small amount of acetal 
8. Standard reactions13 effected conversion of 7 to substrates 9a-d. 

0 7 ( 5 4 % )  a (2x1 

Cyclization experiments were conducted as summarized in 
Table I. These involved slow addition of a 0.1 M solution of 
tributyl tin hydride in toluene containing 10 mol % AIBN to a 

(7) Beckwith, A. L. J.; Pigou, P. E. Aust. J .  Chem. 1986, 39, 77. 
(8) Hedstrand, D. Ph.D. Thesis, Purdue University, 1983. 
(9) Suryawanashi, S. N.; Fuchs, P. L. Tetrahedron Lett. 1981, 22, 4201. 
(10) (a) Kirk, D. N.; Wiles, J. M. J .  Chem. SOC., Chem. Commun. 1970, 

518, 1015. (b) Wege, P. M.; Clark, R. D.; Heathcock, C. H. J .  Org. Chem. 
1976,41, 3144. (c) Pfenninger, J.; Graf, W. Helu. Chim. Acta 1980,63, 1562. 

( 1  I) Backwall, J. E.; Nordberg, R. E. J .  Am. Chem. SOC. 1981,103,4959. 
(12) Gardi, R.; Lusignani, A. J .  Org. Chem. 1967, 32, 2647. 
(13) (a) 7 to 921: 4 equiv of Ac,O, 10 equiv of Et3N, catalyst DMAP, 

CH2C12, room temperature, 80%. (b) 7 to 9b: 3 equiv of 3-phenylpropargylic 
acid, 3 equiv of DCC, catalyst DMAP, CH2C1,, -20 OC to room temperature, 
72% (cf.: Balas, L.; Jousseaume, B.; Langwost, B. Tefrohedron Lett. 1989, 
30, 4525). (c) 7 to 9c: 50% KOH, 5 equiv of phenylpropargyl bromide, 
catalyst TBAI, CH2Cl2, room temperature, 66%. (d) 7 to 9d: (i) 30% KOH, 
5% equiv of cinnamyl bromide, catalyst TBAI, CH2CI,, room temperature, 
(ii) MsCI, Et3N, 0 ‘C (to convert excess cinnamyl alcohol to its mesylate 
derivative for separation purposes), 55% yield for the two-step procedure (cf.: 
Kawamoto, K.; Nakai, T. Chem. Lett. 1985, 1719). 
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(14) When benzene was used as a solvent, starting material was recovered. 

(15) Nishida, A,; Nishida, M.; Yonemitsu, 0. Tetrahedron Left. 1990,31, 

(16) For a review of syntheses of oxacyclic compounds, see: Boivin, T. L. 

No cyclized products were found. 
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B. Tetrahedron 1987, 43, 3309. 
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Recent interest in the search for low-band-gap polymers has 
been stimulated by the significant intrinsic conductivity and good 
nonlinear optical properties due to the small gap.] Among 
conjugated polymers, poly(is0thianaphthene) (PITN) was known 
so far to have the smallest energy gap (Eg = 1 .O eV) found both 
experimentally2 and the~retically.~ For a related system, poly- 
thiophene (PT), it was suggested that the energy gap can be 
lowered significantly4 by inserting additional C H  units between 
the monomers (poly(bithi0phene-methine), PBTM): the gap of 
PT is 2.1 eV experimentallyS and 1.8 eV the~retically,~ while the 
theoretical estimation for PBTM is 1.2 eV.637 These systems are 

(1) Wu, W.; Kivelson, S .  Synth. Met. 1989, 28 D575. 
(2) Kobayashi, M.; Colaneri, N.;  Boysel, M.; Wudl, F.; Heeger, A. J. J .  

(3) Lee, Y. S.; Kertesz, M. Int. J .  Quantum Chem. Symp. 1987, 21, 163. 
(4) (a) Jenekhe A. S .  Nature 1986, 322, 345. (b) See, however: Patil, A. 

(5) Chung, T. C.; Kaufman, J .  H.; Heeger, A. J.; Wudl, F. Phys. Reo. 

(6) KertEsz, M.; Lee, Y .  S .  J .  Phys. Chem. 1987, 91, 2690. 

Chem. Phys. 1985, 82, 5717. 

0.; Wudl, F. Macromolecules 1988, 21, 540. 

1984,830, 702. 
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