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A novel cascade reaction has been developed for the rapid construction of heterocyclic rings. The
cyclization is thermally induced and does not involve the use of metal ions. This highly efficient
construction of furans has been developed during studies directed toward the synthesis of the antibiotic
lactonamycinl.

Introduction SCHEME 1. Strategy for the Formation of Substituted
Furans
Furan and its analogues are very useful diene partners in the Me Ve
Diels—Alder reactiont Recently, Kelly et al. have elegantly 0\,{, 0 N
i ; i Br g
demonstrated the use of a furan/quinone Didl&ler reaction KW Pd" or R3SnH o
in the synthesis of a model for the construction of lactonamy- Il o
. 2 = .
cin 1. SiMe, SiMe3
3
' of heterocyclic ring$.Carbon-centered radicals can cyclize onto
MeOn, o - H lactonamycinone 1A double bonds to form rings which contain heteroatéms;
o nitrogen- or oxygen-centered radicals can be generated and then
R= Mew 1 added to double or triple bonds in the intramolecular sense to
OH form rings® A large volume of work has been published on

metal-catalyzed [2+ 2 + 2] cycloadditions. Cobalt-mediated
[2 + 2 + 2] cycloadditions of alkynes represent a very powerful
The furan required for the key DieldAlder reaction was technique for the construction of fused rinfg¥ollhard® has

prepared in eight synthetic steps, demonstrating that 3,4-published extensively in the area of cobalt-mediated cycload-
disubstituted furans are often nontrivial to make. In a recent ditions, and recently Tanakat al. have published a rhodium-
review? de Meijere has described the use of palladium mediated cycloaddition of dienes using isothiocyanates or carbon
complexes in mediating ring-forming reactions, which include
the formation of a range of heterocyclic compounds. Radical  (4) (a) Giese, B.; Kopping, Bletrahedron Lett1989 30, 681. (b) Giese,

isati i i~ B.; Kopping, B.; Goebel, T.; Dickhaut, J.; Thoma, G.; Kulicke, K. J.; Trach,
cyclization reactions have also been used for the construction = Org. React 1996 48, 301 (c) Parsons, P. 3 Penkett, G. S.. Cramp,

M. C.; West, R. |.; Warren, E. STetrahedronl1996 52, 647.

T University of Sussex. (5) Schweizer, S.; Song, Z. Z.; Meyer, F. E.; Parsons, P. J.; de Meijere,
* GlaxoSmithKline Research and Development Ltd. A. Angew. Chem., Int. EA.999 38, 1452.
(1) (a) Ciganek, EOrg. React.1984 1. (b) Nicolaou, K. C.; Snyder, (6) Nudelman, A.; Bechor, Y.; Falb, E.; Fischer, B.; Wexler, B. A;;
S. A.; Montagnon, T.; Vassilikogiannakis, @ngew. Chem., Int. EQ002 Nudelman, A.Synth. Commuril998 28, 471.
41, 1668. (c) Keay, B. AJ. Chem. Soc., Chem. Commuad®8387, 419. (7) (a) Petit, M.; Aubert, C.; Malacria, Ml.etrahedror2006 62, 10582.
(2) (a) Kelly, T. R.; Xu, D.; Martinez, G.; Wang, HOrg. Lett.2002 4, (b) Gandon, V.; Aubert, C.; Malacria, MChem. Commur2006 2209. (c)
1527. Park, K. H.; Choi, S. Y.; Kim, S. Y.; Chung, Y. KSynlett2006 527. (d)
(3) von Zezschwitz, P.; de Meijere, A.op. Organomet. Chen2006 Wu, M. S.; Shanmugasundaram, M.; Cheng, COHem. Commur2003
19 2. 718.
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SCHEME 2. Synthesis of the Cyclization Precursor 2
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aConditions: (an-BuLi then (CHO), (85%); (b) NaH, 2,3-dibromopro-
pene (81%); (c) TFA, CkCly; (d) trimethylsilylpropynoyl chloride, NEt
CHyCl; (85%).

SCHEME 3. Thermal Cyclization of Amide 42
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aConditions: (a) Toluene, reflux, epoxyhexerieh (90%).

SCHEME 4.
of 2 into 72

Acid-Catalyzed Mechanism for the Conversion
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aConditions: (a) Toluene, reflux, 1 h.

disulfide, which furnished thiopyrans, as a cycloaddition
partnert® A double [2+ 2 + 2] cycloaddition has recently been
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SCHEME 5. Formation and Thermolysis of the Amide ¢
Me Me
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9 SiMe; 10

aConditions: (a) NaH, allyloromide, THF (100%); (b) TFA, GEly;
(c) trimethylsilylpropynoyl chloride, Nt CH,Cl, (89%); (d) toluene, reflux,
1 h (92%).

SCHEME 6. The Close Proximity of the Alkyne
Functionality in 5 and its Analogues Compared to the
Schmittel Mode of Cyclization
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SCHEME 7. Formation of a Biradical for the Cyclization of
2 and its Analogues
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chemistry, which would allow intramolecular cycloaddition

reported for the synthesis of tetra-ortho-substituted axially chiral o4 ctions to be investigated (Schemé?L).

biaryls1t
We envisaged that a tin- or palladium-medidfedascade

reaction could be used for the construction of a range of furans,

which could subsequently be used for 4 2] cycloaddition

reactions. The furaB would also be a useful precursor for anion

(8) (a) Boese, R.; Harvey, D. F.; Malaska, M. J.; Vollhardt, K. P. C.

J. Am. Chem. Sod994 116 11153. (b) Boese, R.; Van Sickle, A. P.;
Vollhardt, K. P. C.Synthesid994 1374. (c) Eichberg, M. J.; Dorta, R. L.;
Grotjahn, D. B.; Lamottke, K.; Schmidt, M.; Vollhardt, K. P. . Am.
Chem. Soc2001, 123 9324. (d) Eichberg, M. J.; Dorta, R. L.; Lamottke,
K.; Vollhardt, K. P. C.Org. Lett. 200Q 2, 2479. (e) Pez, D.; Siesel,
B. A.; Malaska, M. J.; David, E.; Vollhardt, K. P. Gynlett200Q 306. (f)
Vollhardt, K. P. C.Angew. Chem., Int. EAL984 23, 539. (g) Vollhardt,
K. P. C.Pure Appl. Chem1985 57, 1819.

(9) Tanaka, K.; Takeishi, K.; Noguchi, K. Am. Chem. So2006 128,
4586.

(10) Tanaka, K.; Wada, A.; Noguchi, KOrg. Lett.2006 8, 907.

(11) Nishida, G.; Suzuki, N.; Noguchi, K.; Tanaka, ®rg. Lett.2006
8, 3489.

(12) Nicolaou, K. C.Angew. Chem., Int. Ed. Engl993 32, 1377.

1396 J. Org. Chem.Vol. 72, No. 4, 2007

Results and Discussion

The desired cyclization precursdwas synthesized as shown
in Scheme 2. Treatment bFBoc-N-methylpropargylamine with
n-butyllithium followed bypara-formaldehyde gave the alcohol
5 (85%). Treatment 06 with sodium hydride, followed by the
addition of 2,3-dibromopropene, afforded etléerwhich was
isolated in 81% yield. Removal of the Boc protecting group
with trifluoroacetic acid followed by N-acylation with trimeth-

ylsilylpropynoyl chloride gave the desired cyclization precursor
2.14,15

(13) (a) Paulvannan, K.; Jacobs, J. Wetrahedron1999 55, 7433
(b) Parsons, P. J.; Board, J.; Waters, A. J.; Wakenhut, F.; Walter, D. S.;
Hitchcock, P. B.Synlett2006 3243.

(14) Basak, A.; Mandal, S.; Bag, S. Shem. Re. 2003 103 4077.

(15) Rhodes, C. J.; Roduner, E. Chem. Soc., Perkin Trans.1®9Q
1729.
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SCHEME 8. Removal of the Trimethylsilyl Group from 2 and the Thermal Cyclization of 13?
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aConditions: (a) NaOMe, MeOH, Ci€l, (95%); (b) toluene, reflux, epoxyhexene, 13 h (97%).

SCHEME 9. Formation and Thermolysis of the Amide 13
Me Me
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SiMe; 18
(b)
Me
N
P aa¢
o
16

aConditions: (a) NaOMe, MeOH, CiEl, (88%); (b) toluene, reflux,
13 h (89%).

When the amid@ was heated in boiling toluene without the
addition of trin-butyltin hydride or a palladium salt, a smooth
cyclization occurred to give the furahin 38% yield. Addition
of 10 equiv of epoxyhexene as an acid trap further improved
the yield of the cyclization product to 90% (Scheme 3).

Corey used epoxypropeleas an acid trap in his synthesis
of gibberellic acid. The use of the higher boiling epoxyhexene,
in our case, was highly effective and, in each example, gave
higher yields of cyclized product.

The mechanism of the novel cyclization is intriguing. An acid-

SCHEME 10. Synthesis of the Acetylenic Ester 20
OTBS
(a) O A
HO/T/ - . H}/OTBS

17

19 20  SiMe;
aConditions: (a) 2,3-dibromopropene, NaH (80%); (b) TBAF, THF
(86%); (c) trimethylsilylpropionic acid, CkCl,, EDCI (84%).

SCHEME 11. Thermal Cyclization of the Ester 2@
0" "X
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SiMe;

20 21

aConditions: (a) toluene, epoxyhexene, reflux, 52 h (76%).

alkyne groups il and its analogues can be very close in space
(Scheme 6). The proposed biradical intermedi&bears a close
similarity to the Schmittel mode of cyclization for enynallene
cyclization (Scheme 6%

Cyclization of the biradical intermediates followed by a
double bond shift to minimize ring strain would lead to tricyclic
products (Scheme 7).

catalyzed mechanism was proposed (Scheme 4) but was \ye wished to investigate the effect of the trimethylsilyl group
discounted in favor of a radical process because the cyclizationgp the rate of cyclization; removal of this group frdsing

still proceeds in the absence of an alkenyl bromide (see Schemesggium methoxide in methanol and dichloromethane gave the

5). We have also found that tn-butyltin hydride inhibits the
cyclization reaction.

Synthesis of the cyclization precurs®mwas carried out in
order to test the validity of the acid-catalyzed mechanism
proposed in Scheme 4. Treatment of the alcdhalith allyl
bromide in the presence of sodium hydride led to the formation
of the allyl ether8 in quantitative yield; theN-Boc group was
then removed with trifluoroacetic acid, and this was followed
by reaction of the free amine under basic conditions with
trimethylsilylpropynoyl chloride, which yielded the cyclization
precursor7 (89%) that cyclized in refluxing toluene to the
dihydrofuran10 (92%) (Scheme 5).

The use of base-washed glassware and the facd thatlized
smoothly to10 indicate that the mechanism of cyclization is
unlikely to be acid catalyzed. Given that trbutyltin hydride
inhibits the formation of the furarY, we propose that the
cyclization could be analogous to the Bergifamd Schmittéf
cyclizations. Examination of molecular models shows that the

(16) (a) Corey, E. J.; Danheiser, R. L.; Chandrasekaran, S.; Keck,
G. E.; Gopalan, B.; Larsen, S. D.; Siret, P.; Gras, J.LAm. Chem. Soc.
1978 100, 8034. (b) Corey, E. J.; Danheiser, R. L.; Chandrasekaran, S.;
Siret, P.; Keck, G. E.; Gras, J. U. Am. Chem. S0od.978 100, 8031.

(17) Jones, R. R.; Bergman, R. G.Am. Chem. Sod.972 94, 660.

alkyne 13 (Scheme 8). Removal of the trimethylsilyl group in
2 resulted in a dramatic reduction in the rate of cyclization from
13into 14. This adds further credence to the idea of the facile
formation of a radicatx to silicon® Reduction in the rate of
cyclization was also observed in the cyclizationl&fto form

16 (Scheme 9).

In order to investigate the importance of amide functionality
in the cyclization cascade, we elected to change the amide to
an ester linkage. In Scheme 10, the synthesis of the ester
cyclization precursof0 is outlined. Treatment of the mono-

(18) Schmittel, M.; Strittmatter, M.; Kiau, Sletrahedron Lett1995
36, 4975.

(19) Stahl, F.; Moran, D.; Schleyer, P. v. R.; Prall, M.; Schreiner, P. R.
J. Org. Chem2002 67, 1453.

(20) MacMahon, S.; Fong, R.; Baran, P. S.; Safonov, I.; Wilson, S. R,;
Schuster, D. 1J. Org. Chem2001 66, 5449.

(21) Padwa, A.; Meska, M.; Murphree, S. S.; Watterson, S. H.; Ni, Z.
J. Am. Chem. S0d.995 117, 7071.

(22) Parker, K. A.; Adamchuk, M. Rletrahedron Lett1978 19, 1689.

(23) Woodward, R. B.; Baer, Hl. Am. Chem. S0d.948 70, 1161.

(24) Bouwkamp, M. W.; Bowman, A. C.; Lobkovsky, E.; Chirik, P. J.
J. Am. Chem. So006 128 13340.

(25) (a) Bennacer, B.; Fujiwara, M.; Lee, S. Y.; OjimaJl.Am. Chem.
Soc.2005 127, 17756. (b) Bennacer, B.; Fujiwara, M.; OjimaQrg. Lett.
2004 6, 3589.
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SCHEME 12.
Anhydride?
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aConditions: (a) BO, rt, 24 h (53%).

Diels-Alder Reaction of 7 with Maleic

tert-butyldimethylsilyl ether of butyne-1,4-di#l with sodium
hydride and 2,3-dibromopropene gave the elfgan 80% yield.
Removal of the silyl protecting group it8 with tetrabutylam-
monium fluoride in THF gave the alcohdb in 86% yield?!
The alcoholl9was reacted with trimethylsilanylpropionic acid
in the presence of EDCI (1-(3-dimethylaminopropyl)-3-ethyl-
carbodiimide hydrochloride) to give the esg¥in 84% yield.

When a solution o0 in toluene was heated under reflux
for 52 h, the cyclization product was formed but in 76% vyield
as compared to a 90% vyield f@r(Scheme 11). Parker et &l.
have shown that facile cyclizations occur in the intramolecular
Diels—Alder reactions of amides; the corresponding esters,
however, failed to cyclize.

In order to evaluate the use of the furdnn synthesis, the
reaction of7 with maleic anhydride was investigated (Scheme
12). The Diels-Alder adduct22 was smoothly formed using
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diethyl ether as the solvent. X-ray crystallography demonstrated
that the exo adduct was the exclusive proddct.

Conclusions

We have uncovered a new cyclization cascade sequence
which allows the formation of heterocyclic ring systems in one
synthetic operation. Although numerous publications have
appeared on metal-catalyzedf22 + 2] cyclizations?* namely,
mediated by cobal® and rhodium~1%25 compounds, to our
knowledge, this is the first example of a metal-free cascade
involving an amide spacer group. We are confident that this
new environmentally friendly sequence will be of wide and
general applicability in synthesis.
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