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ABSTRACT
RSN
z
Z=CRy, (CR
_ 5-10% [Rh(cod);BF/Segphos C‘;\ 508557 yiele "
Z/ = Me 100% 1,2-cyclohexanedione Me
or
= Me CH,Cl, or (CH,Cl), SN
50 °C r
Z = NTs, NBn
o
Me 16-21% yield

We have developed the first catalytic cycloisomerization of 1,6- and 1,7-diynes leading to trienes and vinylpyrroles by using a cationic rhodium-
(I)//Segphos complex (2.5 —10 mol %) and 1,2-cyclohexanedione (100 mol %). 1,2-Cyclohexanedione may effectively occupy vacant coordination
sites and thus promote the present cycloisomerization.

Transition-metal-catalyzed carbocyclization is one of the reported® The proposed mechanism for the Rh-catalyzed
most efficient methods for the construction of a variety of Alder—ene reaction is outlined in Scheme 1. A 1,6-enyne
carbocycles and heterocycles.In particular, transition-
metal-catalyzed cycloisomerization of 1,6-enynes such as the (4) (a) Mikami, K.; Hatano, MProc. Natl. Acad. Sci. U.S.£004,101,

intramolecular Alder—ene reaction is an useful method for 5767. (b) Hatano, M.; Mikami, KJ. Am. Chem. So2003,125, 4704. (c)
. . . . Hatano, M.; Terada, M.; Mikami, KAngew. Chem., Int. E001, 40, 249.
the synthesis of five-membered cyclic compouhdghis (d) van Boxtel, L. J.; Kérbe, S.; Noltemeyer, M.; De Meijere, Bur. J.

cycloisomerization can be catalyzed by many transition Org. Chem2001,12, 2283. (€) Galland, J.-C.; Dias, S.; Savignac, M.; Gene

5T 6 7 1.8 9,10 J.-P.Tetrahedron2001,57, 5137. (f) Trost, B. M.; Krische, M. Bynlett
metals such as PdRu? Ti,® Co," Ir,® and Rh2*° The Rh- 1998 1. (g) Goeke, A.; Sawamura, M.; Kuwano, R.; Ito,Ahgew. Chem.,

catalyzed Alder—ene reaction has been extensively studied,nt. Ed 1996 35, 662. (h) Trost, B. M.; Tanoury, G. J.; Lautens, M.; Chan,

and a number of highly enantioselective catalyses have beerf;: Mackherson, D. T). Am. Chem. Sod994 116, 4255, () E;°T3rt(')§-
B. ’M.; Laute’ns, M.’; Chaﬁ, C.; Jebaratnam, D. J.; i\AueerrJ.'IAm. Chem’.

(1) For reviews on transition-metal-catalyzed carbocyclizations, see: (a) S0c.1991,113, 636. (k) Trost, B. M.Acc. Chem. Red.990,23, 34.

Yet, L. Chem. Re22000,100, 2963. (b) Mehta, G.; Singh, €hem. Rew. (5) (a) Trost, B. M.; Toste, F. DJ. Am. Chem. So2002,124, 5025.

1999,99, 881. (c) Fruhauf, H. WChem. Re»1997,97, 523. (d) Ojima, .; (b) Trost, B. M.; Toste, F. DJ. Am. Chem. So2000,122, 714. (c) Paih,

Tzamarioudaki, M.; Li, Z.; Donovan, R. £hem. Rev1996,96, 635. (e) J. L.; Rodriguez, D. C.; Dérien, S.; Dixneuf, P. Bynlett2000, 95. (d)

Lautens, M.; Klute, W.; Tam, WChem. Re»1996,96, 49. Nishida, M.; Adachi, N.; Onozuka, K.; Matsumura, H.; Mori, NL. Org.
(2) For a review on Rh-catalyzed carbocyclizations, see: Robinson, J. Chem.1998,63, 9158.

E. In Modern Rhodium-Catalyzed Organic ReactioBsans, P. A., Ed; (6) Sturla, S. J.; Kablaoui, N. M.; Buchwald, S. .. Am. Chem. Soc.

Wiley-VCH: Weinheim, 2005; p 241. 1999,121, 1976.

(3) For reviews, see: (a) Brummond, K. M.; Loyer-Drew, J. A. In (7) (&) Ajamian, A.; Gleason, J. IOrg. Lett 2003 5, 2409. (b) Buisine,
Comprehensie Organometallic Chemistrdrd ed.; Crabtree, R. H., Mingos, O.; Aubert, C.; Malacria, MChem.—Eur. J2001,7, 3517. (c) Llerena,

D. M. P, Eds.; Elsevier: Oxford, 2006; p 71. (b) Fairlamb, I. JABgew. D.; Aubert, C.; Malacria, MTetrahedron Lett1996,37, 7353.

Chem., Int. Ed2004 43, 1048. (c) Lloyd-Jones, G. @rg. Biomol. Chem (8) (a) Kezuka, S.; Okado, T.; Niou, E.; Takeuchi, ®g. Lett.2005,
2003,1, 215. (d) Aubert, C.; Buisine, O.; Malacria, @hem. Re»2002, 7, 1711. (b) Chatani, N.; Inoue, H.; Morimoto, T.; Muto, T.; Murai,J.
102, 813. Org. Chem2001,66, 4433.
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reacts with a Rh(l) complex to give rhodacyclopentene
intermediateA. S-Hydride elimination from intermediat&
followed by reductive elimination furnishes a 1,4-diene.
On the other hand, analogous cycloisomerization of 1,6-
diynes has not been reported to d&t¥ In general, 1,6-
diyne 1 reacts with a Rh(I) complex to furnish rhodacyclo-
pentadiene intermedia, which readily reacts with diyne
1 to give homo-[2+ 2 + 2] cycloaddition produc®.t316

We anticipated that the presence of another chelating ligand
in addition to a bisphosphine ligand occupies vacant coor-

dination sites, which may eliminate the occupation by diyne
1 and promoteg3-hydride elimination from intermediatB.

Subsequent reductive elimination and double-bond isomer-

(9) For a recent review on Rh-catalyzed Ald@ne reactions, see:
Brummond, K. M.; McCabe, J. M. IModern Rhodium-Catalyzed Organic
Reactions; Evans, P. A., Ed.; Wiley-VCH: Weinheim, 2005; p 151.

(10) (a) Tong, X.; Li, D.; Zhang, Z.; Zhang, X. Am. Chem. So004,
126 7601. (b) Mikami, K.; Yusa, Y.; Hatano, M.; Wakabayashi, K.; Aikawa,
K. Chem. Commun2004, 98. (c) Mikami, K.; Yusa, Y.; Hatano, M.;
Wakabayashi, K.; Aikawa, KTetrahedron2004,60, 4475. (d) Tong, X;
Zhang, Z.; Zhang, XJ. Am. Chem. So003,125, 11472. (e) Lei, A.; He,
M.; Zhang, X.J. Am. Chem. So®003, 125, 6370. (f) Lei, A.; He, M.;
Zhang, X.J. Am. Chem. So2002,124, 8198. (g) Lei, A.; Waldkirch, J.
P.; He, M.; Zhang, XAngew. Chem., Int. EQ002,41, 4526. (h) Lei, A;;
He, M.; Wu, S.; Zhang, XAngew. Chem., Int. EQ002,41, 3607. (i) Cao,
P.; Zhang, X Angew. Chem., Int. E®000, 39, 4104. (j) Cao, P.; Wang,
B.; Zhang, X.J. Am. Chem. So@000,122, 6490.

(11) Ruthenium-catalyzed cycloisomerization of 1,6-diynols to form

o,f,y,0-unsaturated ketones and aldehydes has been reported; see: (a) Trost, R

B. M.; Rudd, M. T.J. Am. Chem. So2002,124, 4178. (b) Trost, B. M.;
Rudd, M. T.J. Am. Chem. So@003,125, 11516. (c) Trost, B. M.; Rudd,
M. T. J. Am. Chem. So@005,127, 4763.

(12) Rhodium-catalyzed reductive cyclization of 1,6- and 1,7-diynes has
been reported; see: (a) Ojima, I.; Zhu, J.; Vidal, E. S.; Kass, O. Am.
Chem. Soc1998 120 6690. (b) Muraoka, T.; Matsuda, I.; ltoh, K.
Tetrahedron Lett1998,39, 7325. (c) Muraoka, T.; Matsuda, |.; Itoh, K.
Organomellics2002,21, 3650. (d) Liu, C.; Widenhoefer, R. AOrgano-
metallics 2002, 21, 5666. (e) Jang, H.-Y.; Krische, M. J. Am. Chem.
Soc.2004,126, 7875.

(13) For recent reviews on [2 2 + 2] cycloadditions of alkynes, see:
(a) Chopade, P. R.; Louie, Adz. Synth. Catal2006,348, 2307. (b) Gandon,
V.; Aubert, C.; Malacria, MChem. Commur2006, 2209. (c) Kotha, S.;
Brahmachary, E.; Lahiri, KEur. J. Org. Chem2005 4741. (d) Yamamoto,

Y. Curr. Org. Chem2005,9, 503.

(14) For a recent review on Rh-catalyzed22 + 2] cycloadditions,
see: Fujiwara, M.; Ojima, |. InModern Rhodium-Catalyzed Organic
Reactions; Evans, P. A., Ed.; Wiley-VCH: Weinheim, 2005; p 129.

(15) For pioneering works on neutral Rh(l) complex-mediated or
catalyzed [2+ 2 + 2] cycloadditions of alkynes, see: (a) Miiller, E.
Synthesisl974, 761. (b) Grigg, R.; Scott, R.; Stevenson,TBtrahedron
Lett. 1982,23, 2691. (c) Grigg, R.; Scott, R.; StevensonJPChem. Soc.,
Perkin Trans.1 1988, 1357.

(16) For selected examples of cationic Rh(l)/modified-BINAP complex-
catalyzed [2+ 2 + 2] cycloadditions of alkynes, see: (a) Tanaka, K.;
Shirasaka, KOrg. Lett.2003,5, 4697. (b) Tanaka, K.; Nishida, G.; Wada,
A.; Noguchi, K. Angew. Chem., Int. EQ®2004,43, 6510. (c) Tanaka, K.;
Toyoda, K.; Wada, A.; Shirasaka, K.; Hirano, @hem.—Eur. J2005,
11, 1145. (d) Tanaka, K.; Takeishi, K.; Noguchi, &. Am. Chem. Soc
2006, 128, 4586. (e) Tanaka, K.; Sagae, H.; Toyoda, K.; Noguchi, K.;
Hirano, M.J. Am. Chem. So2007,129, 1522. (f) Nishida, G.; Noguchi,
K.; Hirano, M.; Tanaka, KAngew. Chem., Int. EQ2007,46, 3951 and
references cited therein.
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ization would furnish trien& (Scheme 2). In this paper, we
report the first cycloisomerization of 1,6- and 1,7-diynes
leading to trienes and vinylpyrroles catalyzed by a cationic
rhodium(l)/Segphos [(4;4i-1,3-benzodioxole)-5;5iylbis-
(diphenylphosphine)] complex in the presence of 1,2-
cyclohexanedione.

The reaction of malonate-derived 1,6-diyda with a
cationic Rh(l)/Segphos catalyst (10 mol %) was examined
in the presence of various additional chelating ligands to
promote the cycloisomerization as shown in Table 1. The

Table 1. Optimization of Reaction Conditions for Rh{l)

Modified-BINAP-Catalyzed Cycloisomerization ag?
10% [Rh(cod)yBF 4/Ligand

Z/—: Me  10-100% 4 SN
= Me (CH,Cl),, 50-80 °C X
1a Me
Z = C(COzMe) 3a
OH N  OH o, OH
7N O OH
— )J\/K
4a R=SMe
4b R =OMe 4c 4d 4e
entry ligand 4 (mol %) condition % yield (E/Z)
1 Segphos 4a (100) 50°C, 16 h <5(>20:1)
2 Segphos 4b (100) 50°C,16 h 0(—)
3 Segphos 4c (10) 80°C, 16 h 29 (>20:1)
4 Segphos 4d (100) 50 °C, 16 h 0(—)
5¢ Segphos 4e (100) 50°C,3h 85 (>20:1)4
6 BINAP 4e (100) 50°C,3h 24 (>20:1)
7 Hs-BINAPe  4e (100) 50°C,3h 38 (>20:1)
8¢ Segphos 4e (20) 50°C,3h 58 (>20:1)¢

a[Rh(cod}|BF4/ligand (0.010 mmol)4a—e (0.010-0.10 mmol),1a(0.10
mmol), and (CHCI), (1.5 mL) were employed NMR yield. ¢ [Rh(cod)|BF4/
Segphos (0.030 mmol}e (0.060—0.30 mmol),1a (0.30 mmol), and
(CH2CI)2 (3.0 mL) were employed Isolated yield. Hg-BINAP: 2,2'-
bis(diphenylphosphino)-5,5',6,6',7,7',8,8'-octahydro-1,1'-binaphthyl.

use of substituted phenol derivativéa—c bearing a coor-
dinative sulfur, oxygen, or nitrogen substituent furnished a
homo-[2+ 2 + 2] cycloaddition product as a major product,
and the desired cycloisomerization prodBatwas obtained

Org. Lett, Vol. 9, No. 20, 2007



in low yield or not at all (entries 43).1” Next, enolizable
1,3- and 1,2-diketones were examined (entries 4 and 5).could be carried out using 5 mol % of Rh with only a slight
Although the use of acetylacetonéd) was not effective
(entry 4), the use of 1,2-cyclohexanediode)(furnished3a

in high yield (entry 5). Among the modified-BINAP ligands
examined (entries-57), Segphos was clearly the ligand of

choice (entry 5). The amount d&significantly affected the
yield of 3a. Decreasing the amount 4& lowered the yield
of 3a and increased the yield of the homo-2 2 + 2]

cycloaddition product (entry 8).

1c(entry 5) could participate in this reactiéhThe reaction

erosion of the yield o88a, but the use of 2.5 mol % of Rh
significantly lowered the yield of3a (entries 2 and 3).
Although the cycloisomerization of internal diyrdel pos-
sessing an ethyl group at the alkyne termini proceeded in
moderate yield, arE/Z mixture was obtained (entry 6).
Nitrogen-linked 1,6-diyne&eand1f furnished vinylpyrroles
5eand>5f, although their yields were low due to the formation
of homo-[2 + 2 + 2] cycloaddition products as major

We explored the scope of this process by employing the products (entries 7 and 8). Unfortunately, because oxygen-
above optimal reaction conditions as shown in Table 2. Not linked 1,6-diynelg showed high reactivity toward the homo-

Table 2. Rh(l)"/Segphos-Catalyzed Cycloisomerization of 1,6-

and 1,7-Diynedl in the Presence ofe?

entry diyne product % yield (E/Z)°
_ M902C
MEOZC
MeO,C — Me =
Me
1 1a 3a 85 (>20:1)
2¢ 1a 3a 80 (>20:1)
39 1a 3a 51 (>20:1)°
A
Ac
Ac — Me =
Me
4 1b 3b 70 (>20:1)
E
E — Me
E E S
E E A
——M E
E © Me
5 1c E = CO,Et 3c 68 (>20:1)
E =——Ft : X Me
E E
E E x
——FEt E
E Et
6 1d E = COEt 3d 59 (3:1)
/——=—Me SN
TsN TsN _
= Me Et
79 1e 5e 21 (=)
/—=—Me X
BnN BnN _
M= Me Et
89 1f 5f 16 ()
— X
= Me )
Me
9 19 3g or 5g <5 (-)

a Reactions were conducted using [Rh(ctBIF/Segphos (0.030 mmol,
10 mol %),4e (0.30 mmol, 100 mol %)1 (0.30 mmol), and (CkLCl), (3.0
mL) at 50°C for 3 h.P Isolated yield.° Catalyst: 5 mol %9 Catalyst: 2.5
mol %. Reaction time: 24 I£.Diyne 1awas recovered in 13% yieldAt

rt. 91n CH.CI, at 40°C.

only malonate-derived 1,6-diynéa (entry 1) but also
acetylacetone-derived 1,6-diynEy entry 4) and 1,7-diyne

(17) No reaction was observed using 100 mol %#ofat 80°C for 16
h.
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[2 + 2 + 2] cycloaddition, the expected cycloisomerization
product3g or 5g could not be obtained (entry 9).

A possible mechanism for the cycloisomerization of 1,6-
and 1,7-diynes is shown in Scheme 3. The cationic Rh(l)/

Scheme 3

P
{Rn*

Segphos complex reacts with 1,2-cyclohexanediote) (
furnishing Rh(l) complexC. Diyne 1 reacts with complex
C, providing rhodacyclopentadiene intermedi&te5-Hy-
dride elimination and double-bond isomerization form triene
3 or pyrrole5.

Finally, the reaction of 1,6-enyrga bearing a geminally
disubstituted alkene moiety in the presence of [Rh(ged)
BF4/Hg-BINAP (10 mol %}° and4e (100 mol %) at 100C
was examined as shown in Scheme 4. Although the reaction

Scheme 4
_ 10% [Rh(COd)Z]BFz;/Hg—BINAP
/——"Me 100% de TN TS
TsN M
\_% toluene, 100 °C e
\ 16h Me
6 e H 7a trace (<10% convn of 6a)
a
\ _ /
z Rh
Me
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was sluggish, the formation of similar cycloisomerization
product7a presumably througl-hydride elimination of a
propargylic hydrogen was observed.

The reaction of 1,6-enynéb bearing a monosubstituted

Acknowledgment. This work was partly supported by a
Grant-in-Aid for Scientific Research on Priority Areas (No.
19028015, Chemistry of Concerto Catalysis) from the
Ministry of Education, Culture, Sports, Science and Technol-

alkene moiety was also examined as shown in Scheme 5. Inggy, Japan. We thank Takasago International Corp. for the

Scheme 5
10% [Rh(cod);BF4/

— M Segphos £t
/T Me  100% 4e =N
TsN - TsN(j TNy
= {CHoCl)p, 80 °C = 'Me
4 3h Me H
6b " 8 69% 7b 0%
e
\ _ /
z Rh

H

this case, cycloisomerization presumably throggfydride
elimination of a vinylic hydrogen proceeded to give pyrrole
8 in good yield, but cycloisomerization produch was not
generated at all.

In conclusion, we have developed the first cycloisomer-
ization of 1,6- and 1,7-diynes leading to trienes and vinyl-
pyrroles catalyzed by a cationic rhodium(l)/Segphos complex
in the presence of 1,2-cyclohexanedione. Further utilization
of 1,2-cyclohexanedione in transition-metal catalysis is
currently underway in our laboratory.
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gift of modified-BINAP ligands.

Supporting Information Available: Experimental pro-
cedures and compound characterization data. This material
is available free of charge via the Internet at http:/pubs.acs.org.

OL7015687

(18) Although the cycloisomerization of 1,3-dimethoxypropane-derived
1,6-diyne and 3,9-dodecadiyne proceeded, the products could not be isolated
in a pure form due to the formation of an inseparable allene byproduct or
inseparable olefinic isomers.

10% [Rh{cod),]BF 4/Segphos
Mer :— Me
MeO —Me

100% 1,2-cyclohexanedione

(CH,Cl)y, 50 °C
3h

MeO B Meo><l/\
+
MeO RN MeO ~
Me 41% (4:1)

— ft 10% [Rh(cod),]BF4/Segphos s Me
100% 1,2-cyclohexanedione
— Et {CHxCl)2, 50 °C =
3h Et ca50%

(19) [Rh(cod)|BF4#/Hg-BINAP was used as a catalyst due to low
solubility of [Rh(cod}]BF4/Segphos in toluene.
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