OChote

Gold(l)-Catalyzed Regioselective Cyclizations of
Silyl Ketene Amides and Carbamates with
Alkynes

Ellen C. Minnihan! Steven L. Colletti F. Dean Tosté,and
Hong C. Shen*

Department of Medicinal Chemistry, Merck Research
Laboratories, Merck & Co., Inc., P.O. Box 2000, Rahway, New
Jersey 07065, and Department of Chemistry, ddrsity of
California, Berkeley, California 94720

hong_shen@merck.com

Receied May 14, 2007

OoTIPS O O
M:) AuCI(PPhg), AgSbFg % /U\ N
o 82%
5-exo-dig
OTIPS o o
F AuCI(PPhg), AgSbF
OMN/\ uCl( 3), Ag 6 N
(e] 80% X
6-endo-dig

The gold(l)-catalyzed regioselective cyclizations of silyl

to the reaction. Alternatively, a reaction mixture containing the
tungsten precatalyst needs to be photoirradiated throughout the
reaction course. In addition, a typical reaction takes several days
to complete even for 0.1 equiv of catalyst loading. The rhenium-
catalyzed reactions need to be degassed and photoirradiated for
multiple hours. Recently, it has been reported that pallaélium
or gold' can catalyze the cyclization of the ketone-derived
silyloxy-1,6-enynes to generate methylenecyclopentanes. For the
tungsten-, rhenium-, palladium-, and gold-catalyzed reactions,
the reported carbon nucleophiles that directly attack the metal
alkyne complex are mainly limited to silyl enol ethers derived
from ketones. To develop more practical and convenienCC
bond formation with respect to the tungsten and rhenium
chemistry mentioned above and to expand the scope of the
nucleophiles, herein we report the gold(l)-catalyzed regiose-
lective cyclization of silyl ketene amide or carbamate nucleo-
philes (Scheme 1) to form cyclopentanes and dehydiae-
tams.
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All the substrates excef®d shown in Tables 1 and 2 were
prepared following the literature procedures reported by Kozmin

ketene amides or carbamates with alkynes were utilized to®€t @’ With a variety of silyl ketene amide or carbamate

construct cyclopentanes or dehydrdactams.

Gold-catalyzed cyclization reactions involving an alkyne have

emerged as a powerful methodology to construct carbocycles,

as well as oxyger-and nitrogen-containing heterocycfem

substrates in hand, we screened the gold(lll) catalyatand

1b and gold(l) catalystslc—f, with or without the silver
cocatalyst®a or 2b (Scheme 2). After the optimization of the
reaction conditions usingb as a substrate, we found that the
combination of 1e and 2a or 2b in a 10:1 mixture of
dichloromethane and methanol gave the best results. The

these transformations, through the interaction of the alkyne with methanol cosolvent serves as a proton source. For all cases

a cationic gold catalyst serving asreacid, the electron density
of the triple bond is reduced, thereby rendering it electrophilic.

A pendant carbon or heteroatom nucleophile may undergo

nucleophilic addition followed by subsequent transformations
to furnish carbocycles or heterocycles. Prior to our work, the
Iwasawa group utilized tungstéror rheniunt catalysts to

accomplish a similar type of transformation. However, the active

reported in Tables 1 and 2, the major side reaction is the

(2) (a) Yao, T.; Zhang, X.; Larock, R. Q. Am. Chem. So2004 126,
11164. (b) Sromek, A. W.; Rubina, M.; Gevorgyan,)/ Am. Chem. Soc.
2005 127, 10500. (c) Shi, Z.; He, CJ. Org. Chem2004 69, 3669. (d)
Shi, Z.; He, C.J. Am. Chem. SoQ004 126, 5964. (e) Hashmi, A. S.;
Schwarz, L.; Choi, J.-H.; Frost, T. MAngew. Chem., Int. ECR00Q 39,
2285. (f) Zhang, L.; Kozmin, S. Al. Am. Chem. So@005 127, 6962. (g)
Sherry, B. D.; Maus, L.; Laforteza, B. N.; Toste, F. D.Am. Chem. Soc.

tungsten catalyst needs to be prepared by photoirradiation prior2006 128 8132. (h) Liu. Y.; Liu, M.; Guo. S.; Tu, H.: Zhou, Y. Gao, H.

T Merck Research Laboratories.

* University of California, Berkeley.

(1) (@) Kennedy-Smith, J. J.; Staben, S. T.; Toste, F3.DAm. Chem.
So0c.2004 126, 4526. (b) Staben, S. T.; Kennedy-Smith, J. J.; Toste, F. D.
Angew. Chem., Int. E2004 43, 5350. (c) Luzung, M. R.; Markham, J.
P.; Toste, F. DJ. Am. Chem. So004 126, 10858. (d) Corkey, B. K.;
Toste, F. D.J. Am. Chem. So005 127, 17168. (e) Dube, P.; Toste, F.
D. J. Am. Chem. So2006 128 12062. (f) Staben, S. T.; Kennedy-Smith,
J. J.; Huang, D.; Corkey, B. K.; LaLonde, R. L.; Toste, FADgew. Chem.,
Int. Ed.2006 45, 5991. (g) Asao, N.; Takahashi, K.; Lee, S.; Kasahara, T.;
Yamamoto, Y.J. Am. Chem. SoQ002 124, 12650. (h) Hashmi, A. S.;
Frost, T. M.; Bats, J. WJ. Am. Chem. So00Q 122, 11553. (i) Marion,
N.; Diez-Gonzalez, S.; Fremont, P.; Noble, A. R.; Nolan, SARgew.
Chem., Int. EJ2006 45, 3647. (j) Ferrer, C.; Echavarren, A. M\ngew.
Chem., Int. Ed2006 45, 1105. (k) Lopez, S.; Herrero-Gomez, E.; Perez-
Galan, P.; Nieto-Oberhuber, C.; Echavarren, AAigew. Chem., Int. Ed.
2006 45, 6029. (I) Sun, J.; Conley, M. P.; Zhang, L.; Kozmin, S.JAAm.
Chem. Soc2006 128 9705. (m) Lian, J.-J.; Chen, P.-C.; Lin, Y.-P.; Ting,
H.-C.; Liu, R.-S.J. Am. Chem. So@006 128 11372. For two most recent
reviews: (n) Fustner, A.; Davies, P. WAngew. Chem., Int. EQ007, 46,
3410. (o) Gorin, D. J.; Toste, F. Nature2007, 446, 395.

10.1021/jo071014r CCC: $37.00 © 2007 American Chemical Society
Published on Web 07/11/2007

Org. Lett.2006 8, 3445. (i) Liu, Y.; Song, F.; Guo, Sl. Am. Chem. Soc.
2006 128 11332. (j) Kirsch, S. F.; Binder, J. T.; Liebert, C.; Menz, H.
Angew. Chem., Int. EQR00§ 45, 5878. (k) Jimenez-Nunez, E.; Claverie,
C. K.; Nieto-Oberhuber, C.; Echavarren, A. Mngew. Chem., Int. Ed.
2006 45, 5452.

(3) (a) Gorin, D. J.; Davis, N. R.; Toste, F. D. Am. Chem. So2005
127, 11260. (b) Hashmi, A. SAngew. Chem., Int. EQ004 43, 6545. (c)
Hashmi, A. S. K.; Frost, T. M.; Bats, J. VOrg. Lett.2001, 3, 3769. (d)
Abbiati, G.; Arcadi, A.; Bianchi, G.; Di Giuseppe, S.; Marinelli, F.; Rossi,
E.J. Org. Chem2003 68, 6959. (e) Robles-Machin, R.; Adrio, J.; Carretero,
J. C.J. Org. Chem200§ 5023. (f) Binder, J. T.; Kirsch, S. Forg. Lett.
2006 8, 2151. (g) Kang, J.-E.; Kim, H.-B.; Lee, J.-W.; Shin,&xg. Lett.
20086 8, 3537. (h) Seregin, I. V.; Gevorgyan, V. Am. Chem. So2006
128 12050.

(4) (a) Maeyama, K.; lwasawa, N. Am. Chem. Sod.998 120 1928.
(b) Iwasawa, N.; Maeyama, K.; Kusama, Brg. Lett.2001, 3, 3871. (c)
lwasawa, N.; Miura, T.; Kiyota, K.; Kusama, H.; Lee, K.; Lee, P.Qrg.
Lett. 2002 4, 4463.

(5) Kusama, H.; Yamabe, H.; Onizawa, Y.; Hoshino, T.; Iwasawa, N.
Angew. Chem., Int. EQ005 44, 468.

(6) Corkey, B. K.; Toste, F. DJ. Am. Chem. SoQ007, 129, 2764.

(7) Sun, J.; Kozmin, S. AAngew. Chem., Int. EQR00§ 45, 4991.

J. Org. Chem2007, 72, 62876289 6287



JOCNote

TABLE 1. Reactions of Silyl Ketene Amides and Carbamatés TABLE 2. Reactions of Silyl Ketene Amides and Carbamatés
entry substrate product yield® (%) entry substrate product yield? (%)
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aGeneral procedure unless otherwise noted: Af@3o a solution of OTIPS 0 0

substrate in dichloromethane/methanol (10:1) were added 5 mol 2 of AR SN N
and 5 mol % of2a. The reaction mixture was directly purified by column & 7 )/\ \ Z g 62

chromatography after 1 R.Isolated yield.

hydrolysis of silyl ketene amides or carbamates. Under the
reaction conditions, it appeared that silyl ketene carbamates -

hydrolyzed faster than silyl ketene amides and thus gave much 7 AtN\ //%“ )b 44
lower yields (30 and 24%, respectively, Table 1, entries 3 and )\©

5). The use of water gave inferior results due to an increased °

protodesilylation side reaction. The reactions shown in Tables OTIPZ o o

1 and 2 were complete withi2 h atambient temperature in O/\%N o NJ\

air. Interestingly, only Sexo-digcyclization is observed for this 8 ©/ N 82
1,6-enyne system (Table 1). Converselgrgio-digcyclization

products were formed exclusively for the enyne substrates 5h

containing a C_.N Imker (Table 2). Ir.l comparlson, the tunggten- aGeneral procedure unless otherwise noted: AfQ3o a solution of
promoted cyclization ofvo-acetylenic silyl enol ethers mainly  gypstrate in dichloromethane/methanol (10:1) were added 5 mol % of
worked in theendomode. lwasawa did discover a profound and 5 mol % of2a The reaction mixture was directly purified by column
solvent effect to favor thexoregioselectivity*? Interestingly, chromatography after 1 R.Isolated yield.c 10 mol % of2eand 10 mol %

the regioselectivity in the gold-catalyzed cyclizations are ©f 3awere used. Reaction was complete within 2 h.
substrate-dependent versus the tungsten-catalyzed cyclizations

which are solvent-dependent. It should be noted that the doubleestablished the geometry of the trisubstituted alkene in the prod-
bond present in all of the products does not readily undergo ucts (Table 1, entries 5 and 6). This is in accord with the pro-
isomerization into conjugation with the carbonyl group at posed mechanism, which involvegransaddition of the nucleo-

6h

ambient temperature. phile to the alkyne with respect to the gold catalyst (Scheme 3).
Substrate3c bearing a chiral auxiliary gave a single diaste- For substrateSf and5g bearing two alkynes (Table 2, entries
reomer4c, indicating complete stereochemical control inC 6 and 7), the cyclization reactions were completely regioselec-
bond formation (Table 1, entry 3). Substradd efficiently tive, in that only one of the two alkynes present in each substrate

underwent cyclization to generate a spirocycle. reacted, and only thé-endo-digcyclization products were

Substrates bearing internal alkynes shown in Table 1 generallyobtained as opposed to tl&eexo-dig(Table 2, entry 6) or
gave lower yields (Table 1, entries 5 and 6) than those with ter- 5-endo-digcyclizations (Table 2, entry 7) involving the other
minal alkynes. In contrast, the internal alkyne substrates shownalkyne to form carbocycles. In these cases, the reactions
in entries 4 and 5 of Table 2 offered better yields than terminal proceeded more slowly and thus 10 mol % of catalysts was
alkyne counterparts (Table 2, entries 2 and 3). NOE studies used. In comparison to substr&and5e the relatively lower
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AuCl;  Cl=Au—0 [(PhgPAu);OIBF, O 9 10 Se
Cl In conclusion, we have developed gold(l)-catalyzed cycliza-
1a 1b 1c 1d tions of alkynes using silyl ketene amides and carbamates as
novel nucleophiles. The mild reaction conditions, convenient pro-
cedures, and complete control of regiochemistry are major advan-
(PhsP)AUCI AuCl AgSbFe AgBF4 tages of applying this method for the generation of cyclopentane
and dehydrad-lactam derivatives. Additionally, the recently
le 1 2a 2 reported palladium system has not yet worked for the substrates
SCHEME 3 leading to dehydr@-lactams by the gold catalysis. We further

demonstrated a tandem reaction using gold(lll) chloride as a
sole catalyst for both hydroamination and cyclization to form a
cyclopentane and a one-pot procedure involving a sequential
silver(l)-catalyzed hydroamination and gold(l)-catalyzed cy-
clization to assemble the dehyddelactam products.
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Experimental Section
General Procedures for Tables 1 and 2To a solution of
substrate in dichloromethane/methanol (10:1, 801 M) were
AL added the gold and silver catalysts at ambient temperature. The
mixture immediately turned white cloudy and slowly changed into
a light purple black solution. After 1 h, the mixture was directly
purified by flash chromatography eluting with-20% ethyl acetate
in hexanes to give the desired product.
Procedure for Tandem Reaction (Scheme 5)To a solution
of 7 (50 mg, 0.19 mmol) and (21 mg, 0.16 mmol) in 1,2-
dichloroethane (1.5 mL) were added Ag@.4 mg, 0.079 mmol)
and 1 drop of methanol. The mixture was stirred at rt overnight
and then purified by flash chromatography eluting with8% of
ethyl acetate in hexanes to gida (7 mg, 0.029 mmol, 18%) as a
colorless oil4a: 'H NMR (600 MHz, CQyCl,) ¢ 7.64 (d,J = 7.8
Hz, 2 H), 7.57 (tJ=7.8 Hz, 1 H), 7.48 (t) = 7.8 Hz, 2 H), 4.99
(s, 1 H), 4.89 (s, 1 H), 3.83 (m, 1 H), 3.23 (s, 3 H), 2.41 (m, 1 H),
2.38 (m, 1 H), 2.03 (m, 1 H), 1.84 (m, 2 H), 1.53 (m, 1 FC
o NMR (150 MHz, CDQCly) 6 178.8, 174.3, 152.9, 135.9, 132.5,
AuCI (5 mol%) }\ > 522281(21\31310&34—5%7) 34.6, 34.0, 31.5, 25.2; LCiMi&244.30,
-H CICH,CH,CI . , a).
///\/\ ' ©)Lh|l — o Procedure for Sequential Reaction (Scheme 6).0 a solution
7 8 4a of 9 (150 mg, 0.44 mmol) andlO (78 mg, 0.44 mmol) in 2 mL of
18% dichloromethane was added silver bis(trifluoromethanesulfonyl)-
imide (9 mg, 0.022 mmol). After 1.5 h, to this mixture was added
yields for entries 6 and 7 were due to the formation of 0.2 mL of methanol followed by the addition @& (11 mg, 0.022
competitive protodesilylation byproducts. Presumably, the de- MMol) and2a (8 mg, 0.022 mmol). The mixture immediately tuned
sired cyclization rate is slower due to the coordination of the White cloudy and slowly changed into a light purple black solution.

. . . After 1 h, the mixture was directly purified by flash chromatography
catalyst with the unreactive alkyne. In addition to methyl- eluting with 2-10% ethyl acetate in hexanes to gise (64 mg,
substituted internal alkynes, a rather bulky phenyl-substituted 9,18 mmol, 41%) as a colorless ddle 'H NMR (600 MHz, CD-
alkyne substratéh can also undergo facile cyclization to form  Cl,) 6 7.51 (d,J = 7.8 Hz, 2 H), 7.49 (tJ = 7.8 Hz, 1 H), 7.40

the desired dehydré-lactam6h in excellent yield (Table 2, (t,J=7.8Hz, 2 H), 5.68 (br s, 1 H), 4.43 (di,= 3.0, 18 Hz, 1

entry 8). The proposed reaction mechanisms of substrates in:g: ‘11-5 8053 :Ozé4|’—|l7'34Hl_)|27110;)1’ ibg% (brlg’l—%)H(%lglolg(t](m’ 2
; , 1. ,J = 0.6 Hz, , 1. 40 (m, , 0. =

Tables_ 1and 2 are .shown In Schemes 3 and 4. . 7.2 Hz, 3 H);133C NMR (125 MHz, CDQCl,) 6 174.2, 174.1, 136.8,

Inspired by Kozmin’s report that gold(lll) catalysis can pro- 1343 131.3, 128.2, 127.8, 116.6, 49.1, 45.9, 39.9, 32.1, 31.4, 29.8,
mote the hydroamidation of alkynyl ether, albeit in lower yi€lds, 29.7, 29,5, 26.3, 22.9, 20.5, 17.7, 12.5; LC/¥Mi& 356.45, 378.42
we attempted a tandem reaction involving a hydroamidation of (M + H, M + Na).
7 followed by cyclization (Scheme 5). Indeed the desired product
4awas formed. Low yield may be attributed to the competing support.
desilylation reaction. We then performed a stepwise one-pot
reaction of alkynyl ethe® with propargyl amidel0, employing Supporting Information Available: Representative experimen-
AgNTf, (Tf = CR:S0,) as the catalyst, followed by the addition j[al procedures and spectroscopip data for new compounds. This mater-
of catalystsle 2a, and methanol. We were pleased to obtain ial is available free of charge via the Internet at http://pubs.acs.org.
product6ein 41% overall yield (Scheme 6). JOO071014R
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