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A preeminent goal of organic synthesis is to achieve structural Scheme 2. Product Interference in the FOUF-Componem Process?

complexity and function with step econorh§.Multicomponent
cycloadditions provide a means to realize these énif. previ-
ously reported the first examples of metal-catalyzed-4# cy- [ +:®—0Me + O O O OMe

cloadditions of bis-dienes[4+2] cycloadditions of diene-ynes and M HO Me
diene-allene8[5+2] cycloadditions of vinylcyclopropanes (VCPSs) 5c, 8geq 5b, ggze
eq %

andz-systems, and [6+2] cycloadditions of vinylcyclobutanones B _

andz-systems.More recently, we have begun to explore whether _*Conditions: a) CO (1 atm), [Rh(C&Gl]2 (5 mol %), 2b (1.5 equiv)
toluene (0.1 M inl), 60 °C; silica gel.

these and other two-component proce%sesild be converted to

new multicomponentrp + n + o...(+X)] cycloadditions through Table 1. Four-Component Reactions of Terminal Alkynes?

the trapping of metallacyclic intermediates with one or more

additional components. These studies have, thus far, produced the o
first [5+2+1] cycloadditions a novel dienyl Pausenkhand-like [ 3
([2+2+1]) reactiod " and a new [4-2+1] cycloaddition? based ﬁe
on the capture of intermediates ir{f2] and [4+2] cycloadditions. 1 2
We report herein the first examples of a four-component cycload- alkyne solventh t
dition involving VCPs, terminal alkynes and CO. R= 3 4 5
In the course of our studies on the{3+1] cycloaddition of 1. p-Ph-Ph-,2d toluene  24h 0% 0% 92%
VCPs, alkynes, and CO, it was found that reaction of Vi@Pand 2. m-Ph-Ph-, 2e I3 tol:dec 48h 3% 8% 83%
phenylacetyleneg) with [Rh(COYCI], under 1 atm CO (Scheme ~ 3-  p-MeO-Ph—2b 1:3 tol:dec 48h 0% 5% 75%
1) produced the expected three-component cycloadduct cycloctene-* . m-MeO-Ph-, 2f toluene  48h 0% 9% 59%
dione3a (30%) and its transannular closure product bicyclo[3.3.0]- 5. 0-MeO-Ph-, 2¢ _tomef]e 48h 16% 0% 42%
. 6.  p-Me-Ph—, 2h 1:3tol:dec 48h 0% 4% 65%
octenoneda (18%), along with a new produéia (27%). Spectro- 7. Ph-2a toluene  48h 0% 1% 57%
scopic analysis dbaled to its assignment as a phenylhydroxyindan- g, CE,_pp, 2 13 tol:dec 48h 0% 8% 71%
one, which was confirmed by X-ray crystallography. Significantly, 9. ,.F.-ph-, 2j 13 tol:dec 48h 0% 7% 81%
5a is a four-component product, putatively arising through the 10. m-F-Ph—, 2k 1:3tol:dec 48h 0% 4% 65%
cycloaddition of a VCP, an alkyne, and two CO units to give the 11. p-Br-Ph—, 2l I:1tol:dec 48h 0% 10% 74%
nine-membered ring intermedidde. Tautomerization ofato triene 12. p-(TBSCC)-Ph—,2m 1:3 tol:dec 36h 0% 0% 78%
7a, followed by electrocyclic closure t8a and elimination driven 13.° MeO,C F0:Me toluene  24h 6% 0% 50%
by aromatization provides a novel, albeit plausible, rout&ao & 2n
The significant complexity increase generated by this new 14 PhCH,CH.,—, 20 toluene  24h 0% 12% 43%
r_eaction, and the usefulness of biaryl and indanone derivatives as 2 Conditions: a) CO (1 atm), [Rh(C@I] (2.5 mol %).1 (2.0 equiv),
ligands for metal complexes and catalyssgnsors? scaffolds for 0.1 M in 2, 60 °C; H:O*. b Toluene:decane mixture8[Rh(COLCI]>

drug discovery and librari€d,and building blocks for synthests, (5 mol %).

prompted further investigation of this process. During the course

of these studies a beneficial effect of using solvent systems from of the reaction was observed. This suggested that yields of the four-
which the hydroxyindanone produ&gprecipitate during the course  component process might be lowered by product interference in
reactions in which the products remained soluble throughout.

Control experiments indeed showed that interference by the product

hydroxyindanoné influences the efficiency of the four-component

process (Scheme 2). Additional controls indicated that MOR
O O unstable to the reaction conditions in the presence of the hydroxy-

indanones$ (see Supporting Information). In accordance with these

3a, 30% 4a, 18% 5a, 27% observations, use of excess VCP in conjunction with solvent systems
favoring in situ precipitation of the productsafforded conditions

that allowed for efficient four-component reactions with a variety
Ph — Ph —= RO of terminal alkynes (Table 1, 14 examples).
While para substituted aryl alkynes generally gave good to

Scheme 1 Initial Results with Phenylacetylene 2a?

8a OH excellent yields, substitutents at the meta or ortho positions led to
aConditions: a) CO (1 atm), [Rh(C@I]g (2.5 mol %), 1,4-dioxane attenuated yields, presumably due to the increased solubility of the
(0.5 M, 1), 60 °C; H30". Isolated yields; R= —CH,CH,OCHs. four-component productS. Halogen groups are tolerated (Table

2836 m J. AM. CHEM. SOC. 2005, 127, 2836—2837 10.1021/ja042728h CCC: $30.25 © 2005 American Chemical Society
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Scheme 3. Bidirectional, Seven-Component Reaction?

[f/@\m

1 2p (0.5 eq) 9, 56%

aConditions: a) CO (1 atm), 5 mol % [Rh(C&D)],, toluene (0.1 M,
1), 60 °C, 48 h; silica gel.

1, entries 9-11), allowing for the possibility of further diversification
following the [5+1+2+1] cycloaddition. Aliphatic alkynes also

@

—

3

~

can be used as substrates in the four-component process (entries 13,

14), although under these conditions they are generally less efficient.
The four-component reaction is completely chemoselective for ter-
minal alkynes over internal alkynes, as illustrated by the good yield
with di-yne 2m, with complete selectivity for the terminal alkyne.
Bis-ethynylbenzen@p (Scheme 3) was shown to be effective in a
bi-directional [5+1+2+1] cycloaddition producing the bridged bis-
indanone9 in an overall yield of 56%with the creation of ten

C—C bonds from seen components in a single operation

Table 2. Four-Component Reactions of Substituted VCPs2
TBSO

(0]
TBSO '
R = Sada
e 10 2d OH 44
VCP 2d [Rh], t Yield
1. (E)-10,2.0 eq 1.0eq 5 mol% 96h 11, 52%"°
(2)-10,2.0 eq 1.0eq 5 mol% 48h 11, 62%°

o
o)
[ +—_©_Phi.
o Sadad
Me o

Me
3. 12,1.0 eq 1.5¢eq 10 mol% 60h 13 74%

4. 14,2.0eq 10 mol%  96h 15 64%

aConditions: (a) CO atm), [Rh(C@FI]2 (x mol %), toluene (0.1 M),
60 °C; silica gel.P Regioselectivity 33:1¢ Regioselectivity 9:1.

1.0 eq

Substitution of the VCP is also tolerated, leading predictably to
substituted hydroxyarylindanone products in good yields (Table 2).
As observed in our previous work, these reactions proceed with
selective cleavage of the less substituted cyclopropane Bond.

In conclusion, a new four-component cycloaddition reaction of

(©)

®)

6

=

(©)

VCPs, terminal alkynes and CO has been developed, yielding (10)

hydroxyindanone products in generally good to excellent yields,
putatively through an initially formed nine-membered ring inter-
mediate. Further studies on this unique process and applications of

the hydroxyindanone products as molecular scaffolds and novel (41,

ligands are underway.

Acknowledgment. This research was supported by a grant
(CHE-0131944) from the National Science Foundation. A Stanford
Graduate Fellowship (G.G.G.) is also gratefully acknowledged.

Supporting Information Available: Representative procedure and

characterization data for producks 9, 11, 13 15. X-ray data for

compoundsain CIF format. This material is available free of charge

via the Internet at http://pubs.acs.org.

References

(1) (a) Wender, P. A.; Baryza, J. L.; Brenner, S. E.; Clarke, M. O.; Craske,

M. L.; Horan, J. C.; Meyer, TCurr. Drug Disca. Technol.2004 1, 1.

(12)

(13

(b) Wender, P. A.; Handy, S. T.; Wright, D. Chem. Ind1997, 765. (c)
Wender, P. AChem. Re. 1996 96, 1

For recent reviews of our work, see: (a) Wender, P. A,; Bi, F. C.; Gamber,
G. G.; Gosselin, F.; Hubbard, R. D.; Scanio, M. J. C.; Sun, R.; Williams,
T. J.; Zhang, LPure Appl. Chem2002 74, 25. (b) Wender, P. A.; Baryza,

J. L.; Brenner, S. E.; Clarke, M. O.; Gamber, G. G.; Horan, J. C.; Jessop,
T. C.; Kan, C.; Pattabiraman, K.; Williams, T.Bure Appl. Chem2003

75, 143.

For recent reviews of multicomponent reactions: (&jrilog, A.; Ugi,

I. Angew. Chem., Int. ER00Q 39, 3168. (b) Tietze, L. F.; Modi, A.
Med. Res. Re 200Q 20, 304. (c) Zhu, JEur. J. Org. Chem2003 1133.

(d) Orru, R. V. A.; de Greef, MSynthesi2003 1471. (e) BienaymeH.;
Hulme, C.; Oddon, G.; Schmitt, Ehem. Eur. J200Q 6, 3321. For recent
examples of multicomponent cycloadditions, see ref 8 and: f) Gilbertson,
S. R.; DeBoef, BJ. Am. Chem. So@002 124, 8784. (g) Evans, P. A.;
Robinson, J. E.; Baum, E. W.; Fazal, A. l.Am. Chem. So2002 124,
8782. (h) Murakami, M.; Itami, K.; Ito, YAngew. Chem., Intl. EA.998

37, 3418. (i) Dzwiniel, T. L.; Etkin, N.; Stryker, J. Ml. Am. Chem. Soc.
1999 121, 10640. (j) Ni, Y.; Montgomery, JJ. Am. Chem. So@004
43,11162. (k) Wender, P. A.; Gamber, G. G.; Hubbard, R. D.; Zhang, L.
J. Am. Chem. So@002 124, 2876. (I) Wender, P. A.; Deschamps, N
M.; Gamber, G. GAngew. Chem., Int. E@003 42, 1853. (m) Wender,

P. A.; Croatt, M. P.; Deschamps, N. M. Am. Chem. So004 126
5948. (n) Wender, P. A.; Deschamps, N. M.; Williams, T.Ahgew.
Chem., Int. Ed2004 43, 3076.

(a) Wender, P. A;; Thle, N. CJ. Am. Chem. Sod.986 108 4678. (b)
Wender, P. A.; Nuss, J. M.; Smith, D. B.; Sea-Sobrino, A.; Vagberg,
J.; Decosta, D.; Bordner, J. Org. Chem1997, 62, 4908.

For the first examples, see: (a) Wender, P. A.; Jenkins, J. &n. Chem.
Soc.1989 111, 6432. (b) Wender, P. A.; Jenkins, T. E.; Suzuki,JS.
Am. Chem. Socl995 117, 1843. For representative subsequent work,
see: (c) Wender, P. A.; Smith, T. Eetrahedron1998 54, 1255. (d)
Wang, B.; Cao, P.; Zhang, X. Mletrahedron Lett200Q 41, 8041. (e)
Paik, S.-J.; Son, S. U.; Chung, Y. KOrg. Lett. 1999 1, 2045. (f)
Gilbertson, S. R.; Hoge, G. S.; Genov, D. &.0rg. Chem1998 63,
10077. (g) Kumar, K.; Jolly, R. STetrahedron Lett1998 39, 3047. (h)
Murakami, M.; Ubukata, M.; Itami, K.; Ito, YAngew. Chem., Int. Ed.
1998 37, 2248. (i) O'Mahoney, D. J. R.; Belanger, D. B.; Livinghouse,
T. Synlett1998 443.

For the first examples, see: (a) Wender, P. A.; Takahashi, H.; Witulski,
B. J. Am. Chem. Sod 995 117, 4720. (b) Wender, P. A.; Rieck, H.;
Fuji, M. J. Am. Chem. Sod.998 120, 10976. For representative recent
work, see: (c) Wender, P. A.; Love, J. A.; Williams, T.Synlett2003
1295. (d) Wender, P. A.; Williams, T. Angew. Chem., Int. E2002

41, 4550. (e) Wender, P. A.; Pedersen, T. M.; Scanio, M. JJ.GAm.
Chem. Soc2002 124, 15154. (f) Wender, P. A.; Gamber, G. G.; Scanio,
M. J. C. Angew. Chem., Int. E2001, 40, 3895. (g) Wender, P. A.;
Barzilay, C. M.; Dyckman, A. JJ. Am. Chem. So001, 123 179. (h)
Wender, P. A.; Dyckman, A. J.; Husfeld, C. O.; Scanio, M. JQtg.
Lett. 200Q 2, 1609. (i) Trost, B. M.; Shen, H. C.; Schultz, T.; Koradin,
C.; Shirock, H.Org. Lett.2003 5, 4149.

) Wender, P. A; Correa, A. G.; Sato, Y.; Sun,RAm. Chem. So00Q
122, 7815.

) For reviews of metal-catalyzed cycloadditions, see: (a) Aubert, C.; Buisine,
O.; Malacria, M.Chem. Re. 2002 102 813. (b) Yet, L.Chem Re. 2000

100 2963. (c) Lautens, M.; Klute, W.; Tam, Vhem. Re. 1996 96,

49. (d) Qjima, I.; Tzamarioudaki, M.; Li, Z.; Donovan, R.Ghem. Re.
1996 96, 635.

Biaryl ligands: (a) Kocovsky, P.; Vyskocil, S.; Smrcina, @hem. Re.
2003 103 3213. (b) Chen, Y.; Yekta, S.; Yudin, A. kChem. Re. 2003
103 3155. (c) Walsh, P. J.; Lurain, A. E.; BalsellsChem. Re. 2003
103 3297. Indenyl ligands: (d) Stradiotto, M.; McGlinchy, M.Goord.
Chem. Re. 2001, 219, 311. (e) Zargarian, DCoord. Chem. Re 2002
233-234 157. (f) Cadierno, V.; Diez, J.; Gamasa, M. P.; Gimeno, J,;
Lastra, E.Coord. Chem. Re 1999 195 147.

For recent examples of a biaryl sensor and materials: (a) Jiao, G.-S.;
Thorensen, L. H.; Burgess, K. Am. Chem. So2003 125 14668. (b)
Kozaki, M.; Okada, K.Org. Lett. 2004 5, 485. For indanone derived
chromaphors: (c) Janowska, I.; Zakrzewski, J.; Nakatani, K.; Delaire, J.
A.; Palusaik, M.; Walak, M.; Scholl, Hl. Organomet. Chen2003 675,

35.

For a recent example of a terphenyhelix mimic: (a) Kutzi, O.; Park,

H. S.; Ernst, J. T.; Orner, B. P.; Yin, H.; Hamilton, A. D. Am. Chem.
Soc. 2002 124, 11838. For recent examples of indanone derivatives: (b)
Leoni, L. M.; Hamel, E.; Genini, D.; Shih, H.; Carrera, C. J.; Cottam, H.
B.; Carson, D. AJ. Natl. Cancer Inst200Q 92, 217. (c) Klein, T.; Nsing,

R. M.; Wiesenberg-Boettcher, I.; Ullrich, \Biochem. Pharmacoll996

51, 285. (d) Saxena, A.; Fedorko, J. M.; Vinayaka, C. R.; Medhekar, R.;
Radic, Z.; Taylor, P.; Lockridge, O.; Doctor, B. Bur. J. Biochem2003

270, 4447.

For recent examples of biaryl derivatives: (a) Lloyd-Williams, P.; Giralt,
E. Chem. Soc. Re 2001, 30, 145. For recent examples of indanone
derivatives: (b) Cossy, J.; Belotti, D.; Maguer, 3ynlett2003 1515. (c)
Tietze, L. F.; Ramachandar, T.; Vock, Synlett2003 118.

(a) Wender, P. A; Dyckman, A. J.; Husfeld, C. O.; Kadereit, D.; Love,
J. A; Reick, HJ. Am. Chem. S0d.999 121, 10442. (b) Wender, P. A,;
Dyckman, A. J.Org. Lett.1999 1, 2089.

JA042728B

J. AM. CHEM. SOC. = VOL. 127, NO. 9, 2005 2837



