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The intramolecular reaction of allylsilanes and allylstannanes with alkynes proceeds catalytically
in the presence of Pt(Il), Pd(Il), Ru(ll), and Au(lll) chlorides. Although more limited, AgOTf also
catalyzes the cyclization. Usually, PtCl, as the catalyst in methanol or acetone gives the best results.
The reaction proceeds by exo attack of the allyl nucleophile on the alkyne to form five- or six-
membered ring carbocycles. The reaction generally proceeds with anti stereoselectivity. However,
a terminally substituted trimethylsilyl derivative reacts by a syn-type addition. The intermediate
alkenylpalladium complex has been trapped with allyl chloride to form an allylated derivative with

an additional carbon—carbon bond.

Introduction

Metal-promoted carbocyclization reactions of o,w-
enynes are of great interest due to the highly function-
alized carbo- and heterocycles that can be prepared.! In
particular, electrophilic metal complexes or halides cata-
lyze a variety of cyclization reactions in which all atoms
included in the starting materials end up in the reaction
products.?~® We have shown that coordination of PtCl,
to an enyne through the alkyne (I, Scheme 1) promotes
the intramolecular reaction of the alkene to form a
cyclopropyl Pt-carbene intermediate 11 (MX, = PtCl,).”
Subsequent attack of the nucleophile (alcohol or water)
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at the cyclopropyl carbons labeled a and b of intermediate
Il then presumably gives rise to the formation of five-
(I'11) or six-membered (IV) intermediates, which evolve
under catalytic conditions to afford carbo- or heterocycles
V or VI. Theoretical studies suggest that intermediates
similar to Il are also involved in the intramolecular
reaction of furans with alkynes catalyzed by Pt(Il).8
Alternatively, coordination of both functional groups of
the enyne to MX,, may form VII, which undergoes an
oxidative metalacycloaddition to give metalacyclopentene
VI111.7® This metalacycle then evolves by S-hydride elimi-
nation to give cycloisomerization products I1X and X.7?°

The transition-metal-promoted cyclizations by intramo-
lecular attack of mild nucleophilic reagents such as
allylsilanes®® or allylstannanes!! (X1) onto alkynes has
been less explored.’?!3 This reaction could proceed in a
concerted manner through XI1, or via cyclopropylmetal-
carbene X111, to form alkenylmetal complex X1V (Scheme

(7) (@) Méndez, M.; Mufioz, M. P.; Echavarren, A. M. J. Am. Chem.
Soc. 2000, 122, 11549—11550. (b) Méndez, M.; Mufioz, M. P.; Nevado,
C.; Cardenas, D. J.; Echavarren, A. M. J. Am. Chem. Soc. 2001, 123,
10511-10520.

(8) Martin-Matute, B.; Cardenas, D. J.; Echavarren, A. M. Angew.
Chem., Int. Ed. 2001, 40, 4754—4757.

(9) (@) Trost, B. M.; Lautens, M.; Chan, C.; Jebaratnam, D. J.;
Mueller, T. 3. Am. Chem. Soc. 1991, 113, 636, and references therein.
(b) Trost, B. M.; Haffner, C. D.; Jebaratnam, D. J.; Krische, M. J.;
Thomas, A. P. J. Am. Chem. Soc. 1999, 121, 6183. (c) Trost, B. M;
Krische, M. J. 3. Am. Chem. Soc. 1999, 121, 6131.

(10) (a) Patai, S., Rappoport, Z., Eds. The Chemistry of Organic
Silicon Compounds; Wiley: Chichester, U.K., 1998; Part 2. (b) Fleming,
1.; Barbero, A.; Walter, D. Chem. Rev. 1997, 97, 2063—2192.

(11) (a) Davies, A. G. Organotin Chemistry; VCH: Weinheim,
Germany, 1997. (b) Synthesis of allylstannanes from allyl carboxylates
Lipshutz, B. H.; Ellsworth, E. L.; Dimock, S. T.; Reuter, D. C.
Tetrahedron Lett. 1989, 30, 2065—2068.

(12) Palladium-catalyzed intramolecular reaction of allylsilanes with
dienes: (a) Castafio, A. M.; Béackvall, J.-E. 3. Am. Chem. Soc. 1995,
117,560—561. (b) Castafio, A. M.; Persson, B. A.; Backvall, J.-E. Chem.
Eur. J. 1997, 3, 482—490.

(13) For a review, see: Méndez, M.; Echavarren, A. M. Eur. J. Org.
Chem. 2002, 15—28.

J. Org. Chem. 2002, 67, 5197—5201 5197



JOC Article

SCHEME 1
=z = =
Y R A R
R
IX Vil X

N
——

“R MX,
OR’
Vi v
" o -
=
Zz )

R'OH

R'OH

2). Cleavage of XIV by the protic solvent might finally
give dienes XV. The cyclization could also be envisaged
to proceed through zwitterionic complex XVI, resulting
from the slippage of the metal toward the alkyne termi-
nus.#

Under stoichiometric conditions, HgCl, promotes the
intramolecular reaction of allylsilanes with alkynes in
the presence of a base.’>7 Interestingly, strong Lewis
acids such as HfCl, promote the endo-dig cyclization of
allylsilanes X1 (M = SiR3).1® We have reported that the
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intramolecular attack of allylsilanes and allylstannanes
on alkynes is catalyzed by a wide variety of electrophilic
Pt(I11), Pd(Il), Ru(ll), Au(lll), and Ag(l) halides or com-
plexes to form dienes XV.° However, Firstner found
different types of products in the cyclization of allylsi-
lanes (Scheme 3).6¢ Thus, reaction of 1 and 2 in toluene
in the presence of PtCl, as the catalyst gave cyclopropane
derivatives 3 and 4, respectively. Murai found a skeletal
rearrangement in another case.®® Here we report in detail
our results of the cyclization of allylsilanes and allyl-
stannanes with alkynes to give five- and six-membered
rings as a function of the substituents and length of the
tether and the substitution of the alkyne.

Results and Discussion

Metal-Catalyzed Cyclizations. Certain Ru(ll) com-
plexes react with terminal alkynes to form vinylidenes.?°2

(19) Preliminary communication: Fernandez-Rivas, C.; Méndez, M.;
Echavarren, A. M. J. Am. Chem. Soc. 2000, 122, 1221-1222.

(20) (a) Review: Bruce, M. I. Chem. Rev. 1991, 91, 197—257. (b)
Review of synthetic applications of ruthenium vinylidenes: Trost, B.
M. Chem. Ber. 1996, 129, 1313—1322.
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In this process, it has been proposed that Ru(ll) first
coordinates with the alkyne to form a n?-alkyne com-
plex.?? Thus, we hypothesized that reaction of the alkyne
with an electrophilic Ru(ll) complex could promote the
nucleophilic attack of the allylsilane or stannane (Scheme
2). In the event, heating a solution of allylsilane 5 in the
presence of CpRuCI(PPhys), (5 mol %), and NaPFg (10 mol
%) in MeOH, conditions known to readily form vinylidene
ruthenium complexes with terminal akynes,® cleanly
gave carbocycle 6 in high yield (Scheme 4 and Table 1,
entry 1). This transformation was also carried out with
RuCls, Pd(Il), Pt(Il), and Ag(l) salts under the same
conditions (entries 2—9). The best results were obtained
by using PtClI, or Pt(MeCN),Cl, as the catalyst in acetone
or MeOH as the solvent (entries 6—8). It is important to
remark that proton or Lewis acids could not promote the
cyclization. Thus, no cyclization was observed with BF3-
OEt,, while reaction in the presence TsOH led only to
decomposition of 5. The cyclization of 5 with Pt-
(MeCN),Cl; (10 mol %) in refluxing MeOH in the pres-
ence of 2,6-di-tert-butylpyridine (10 mol %) as a proton
scavenger afforded 6 in 59% yield. The cyclization of 5
to give 6 could be carried out in 83% yield with a catalyst
prepared in situ from Pt(MeCN),Cl, (10 mol %) and PPh;
(20 mol %) in refluxing MeOH for 17 h.

Similarly, silane 7 reacted in the presence of CpRu-
(PPh3),Cl (entry 10) or PtCl; (entries 11 and 12) to give
8. Allylstannane 9 also reacts under these conditions to
furnish 8 (entry 13). Cyclization of allylsilane 10 gave
11 with similar efficiency (entries 14 and 15). Reaction
of 10 also proceeded in toluene, a solvent that has been
shown to favor skeletally rearranged products.3*8 In this
case, only traces of rearranged dienes could be detected
in the crude reaction mixture. This reaction was also

(21) Trost, B. M.; Rhee, Y. H. J. Am. Chem. Soc. 1999, 121, 11680—
11683.

(22) (a) Pilette, D.; Ouzzine, K.; Le Bozec, H.; Dixneuf, P. H.
Organometallics 1992, 11, 809—817. (b) An 52-alkyne Os(I1) complex
has recently been isolated: Crochet, P.; Esteruelas, M. A.; Gutiérrez-
Puebla, E. Organometallics 1998, 17, 3141—3142.
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TABLE 1. Metal-Catalyzed Cyclization of Enynes XI
(Scheme 3)2

catalyst yield
entry enyne (mol %) solvent product (%)

1 5  CpRu(PPhs).Cl (5)° MeOH 6 92

2 5 RuCl; (5) MeOH 6 53

3 5 PdCl; (5) MeOH 6 47

4 5  Pd(MeCN),Cl; (5) MeOH 6 65

5 5 Pd(MeCN)4(BF4). (5) MeOH 6 82

6 5 PtCl; (5) acetone 6 94

7 5 PtCl; (5) acetone’ 6 83

8 5 Pt(MeCN).Cl, (5) MeOH 6 95

9 5 AgOTf (5) dioxane 6 54
10 7  CpRu(PPh3),Cl (20)>  MeOH 8 50
11 7  PtCly (5) MeOH 8 82
12 7  PtCl; (5) acetone¢ 8 81
13 9 PtCly (5) MeOH 8 62
14 10 PtCl; (4) MeOH 11 65
15 10 PtCl; (5) aqg acetoned 11 65
16 10 PtCl, (6) toluene 11 93¢
17 10 AuClz(4) MeOH 11 67
18 12 AuClz(6) MeOH 13 50f
19 14  CpRuCI(PPhg), (20)> MeOH 13 81
20 14  PtCl; (5) MeOH?9 13 43
21 15  Pt(MeCN),Cl; (5) MeOH 16 84
22 17  PtCl; (2) MeOH 18 48
23 19 PtCl; (2) MeOH 18 79
24 19 AgOTf (28) dioxane 18 32
25 19  Pd(MeCN)4(BF4); (20) dioxane 18 31
26 20  Pt(MeCN),Cl; (5) MeOH 21 87
27 22 PtCl; (5) MeOH 21 43
28 22 Pd(MeCN).Cl; (5) MeOH 21 24
29 22 AuCl; (5) MeOH 21 42
30 2 Pt(MeCN).Cl, (5) MeOH 4+23 42+ 36
31 24 PtCl; (5) MeOH 25 87
32 26  CpRu(PPh;3),Cl MeOH 27 79
33 28  PtCl; (5) MeOH 29 +30 50 +43

a Unless otherwise stated, all reactions were carried out under
refluxing conditions for 17 h. ® NaPFg (2 equiv on the basis of Ru)
was also added. ¢ Reaction temperature = 23 °C. 9 5% agq acetone.
¢ Traces of a skeletally rearranged product were detected by H
NMR. f Reaction was carried out in the presence of MesSiCl (10
equiv). 9 Reaction time = 48 h.

realized using AuCl; in MeOH in 67% yield (entry 17),
while reaction with RhCl; (7 mol %) in MeOH afforded
only a 7% yield of 11. The cyclization of allylsilane 12
could not be performed satisfactorily with PtCl,. How-
ever, the use of AuCl; as the catalyst allowed for the
formation of 13, although in low yield. The best results
were obtained with this catalyst in the presence of Mes-
SiCl (entry 18). Under these conditions, no trapping of
the metal intermediate by Me;SiCl takes place. On the
other hand, the reaction of allylstannane 14 was best
performed with CpRuCI(PPhs), as the catalyst (cf. entries
19 and 20).

Formation of a quaternary center was also possible.
Thus, allylsilane 15 reacted with Pt(MeCN),Cl, as the
catalyst to furnish indan derivative 16 in 84% yield (entry
21). Cyclization of allylsilane 17 with PtCl, catalyst in
refluxing MeOH proceeded rather sluggishly to give six-
membered ring carbocycle 18 (entry 22). As expected, the
corresponding allylstannane 19 was more reactive fur-
nishing 18 in good yield with PtCl; as the catalyst (entry
23). The cyclization of 19 with AgOTf or Pd(MeCN)4(BF,),
was less efficient (entries 24 and 25).

Allylsilanes or allylstannanes substituted at C-2 of the
allyl nucleophile were also examined (Scheme 5). Allyl-
silane 20 reacted with Pt(MeCN),Cl, to give symmetrical
compound 21 in 87% yield (entry 26). Neither 21 nor any
other malonate with this structure had been described
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before. Carbocycle 21 was obtained in lower yields from
the corresponding stannane 22 by using PtCl,, Pd(MeCN),-
Cl,, and AuCl; as the catalysts (entries 27—209).
Substrate 2 failed to give the usual cyclized derivatives.
Instead, a 1.2:1 mixture of known cyclopropane 48 (42%)
and enol ether 23 (36%) was obtained with Pt(MeCN),Cl,
(entry 30). The cis configuration of 23 was assigned on
the basis of a vicinal coupling constant of 6.6 Hz between
the enol ether hydrogens. Enol ether 23 formally arises
by trans-addition of methanol to the terminal alkyne in
an anti-Markovnikov fashion. This result contrasts with
the addition of water or alcohols to terminal alkynes
catalyzed by Pt(Il), which occurs at C-2.2324 However, the
anti-Markovnikov addition of water with CpRu(PR3),ClI
complexes as catalysts has recently been reported.?52¢
Substituted alkynes also react with electrophilic metal
catalysts to give the corresponding carbocycles (Scheme
6). Thus, phenyl-substituted alkyne 24 reacted in the

5200 J. Org. Chem., Vol. 67, No. 15, 2002

Fernandez-Rivas et al.

SCHEME 7
= i
PhO,S PMeCN).Cl  ppo,g =
PhO,S A SiMez  CD30D PhO,S
Me Me
5 6-d,
Pd(MeCN),Cl,
CI/\/
THF
A
PhO,S =
PhO,S
Me
31

presence of PtCl, to selectively give Z-25 in 87% yield
(Table 1, entry 31). The E-stereoisomer of 25 has been
obtained by the cycloisomerization of the corresponding
enyne with a Pt(ll) catalyst.”> The cyclization of 26
proceeded slowly in the presence of CpRuCI(PPhg), (50
mol %) to give exclusively 27 (79%) with an E-configu-
ration (entry 32).1° Substrate 28, reacted in the presence
of PtCl; as the catalyst to give a 1.2:1 mixture of 29, with
the exocyclic alkene with a Z-configuration, and 30 (entry
33), the product of a Pt(ll)-catalyzed cycloisomerization
reaction.”™

To confirm that the cyclizations occur under kinetic
conditions, the stability of 25, 27, and 29 was compared
with that of their stereoisomers at the semiempirical
PM3 level.?” These calculations indicate that 27 is more
stable than its Z-stereoisomer (AH; = 1.6 kcal/mol).
However, Z-derivatives 25 and 29 are indeed less stable
than their E-isomers (AH¢ = 1.7 and 2.2 kcal/mol,
respectively). The fact that the less stable isomer 29 with
an isomerizable o,f-unsaturated ester was obtained from
26 demonstrates that the carbocyclization occurs under
nearly neutral conditions.

Mechanistic Insights. To ascertain the mechanism
of the metal-catalyzed cyclization, the reaction of allyl-
silane 5 was carried out using methanol-d, as the solvent.
Under the conditions of entry 8, 5 gave exclusively 6-d;
(Scheme 7). The configuration of 6-d; was determined by
the absence of the signal corresponding to the meth-

(23) (a) Hiscox, W.; Jennings, P. W. Organometallics 1990, 9, 1997—
1999. (b) Hartman, J. W.; Hiscox, W.; Jennings, P. W. J. Org. Chem.
1993, 58, 7613—7614. (c) Kataoka, Y.; Osamu, M.; Tani, K. Organo-
metallics 1996, 15, 5246—5249. (d) Baidossi, W.; Lahav, M.; Blum, J.
J. Org. Chem. 1997, 62, 669—672. (e) Weber, L.; Barlmeyer, M.;
Quasdorff, J.-M.; Sievers, H. L.; Stammler, H.-G.; Neumann, B.
Organometallics 1999, 18, 2497—2504.

(24) Intramolecular addition of alcohols: (a) Gabriele, B.; Salermo,
G.; Lauria, E. J. Org. Chem. 1999, 64, 7687—7692. (b) Trost, B. M.;
Frontier, A. J. J. Am. Chem. Soc. 2000, 122, 11727-11728 and
references therein. (c) Francisco, L. W.; Moreno, D. A.; Atwood, J. D.
Organometallics 2001, 20, 4237—4245.

(25) (a) Tokunaga, M.; Wakatsuki, Y. Angew. Chem., Int. Ed. Engl.
1998, 37, 2867—2869. (b) Suzuki, T.; Tokunaga, M.; Wakatsuki, Y. Org.
Lett. 2001, 3, 735—737. (c) Tokunaga, M.; Suzuki, T.; Koga, N.;
Fukushima, T.; Horiuchi, A.; Wakatsuki, Y. J. Am. Chem. Soc. 2001,
123, 11917-11924.

(26) Anti-Markovnikov cyclization of bis-homopropargylic alcohols:
Trost, B. M.; Rhee, Y. H. J. Am. Chem. Soc. 2002, 124, 2528—2533
and references therein.

(27) Stewart, J. J. P J. Comput. Chem. 1989, 10, 209—220.
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ylidene E-hydrogen at 4.96 ppm of 6. This result indicates
that the metal probably coordinates the alkyne as shown
in XI1 (Scheme 2), thus triggering an anti attack of the
allyl nucleophile. Cleavage of the carbon—metal bond of
X1V (MX,-; = PtCl) by methanol-d, accounts for the
formation of 6-d;. However, monitoring by NMR the
reaction of 5 with 50% Pt(MeCN),Cl, in methanol-d, at
23 °C only allowed observation of product 6 and (CHs3)s-
Si—0—Si(CHz3)3 (6 = 1.90 in C NMR).

Trapping of intermediate alkenyl—metal complex X1V
by insertion of allyl chloride, followed by elimination of
MX,, could lead to the formation of an additional C—C
bond.?82° Thus, cyclization of 5 with Pd(MeCN),Cl, as the
catalyst (5 mol %) in THF in the presence of excess allyl
chloride and 4 A molecular sieves stereoselectively led
to 31 (43%), along with 6 (19%). In the absence of 4 A
molecular sieves, 6 was obtained as the major products
as a result of protodemetalation of the intermediate XIV.
Similarly, when the reaction was carried out in MeOH,
31 was obtained in only 9% yield, along with 6 (84%).

(28) Yanagihara, N.; Lambert, C.; Iritani, K.; Utimoto, K.; Nozaki,
H. J. Am. Chem. Soc. 1986, 108, 2753—2754.

(29) p-Heteroatom elimination: (a) Kaneda, K.; Uchiyama, T
Fujiwara, Y.; Teranishi, S. J. Org. Chem. 1979, 44, 55. (b) Zhang, Z;
Lu, X.; Xu, Z.; Zhang, Q.; Han, X. Organometallics 2001, 20, 3724—
3728.
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No allylation was observed when the reaction was
catalyzed by Pt(I1), which suggest that the intermediate
alkenyl—platinum complex is more prone to protode-
metalation.

The isolation of Z-configured 25 and 29 is also consis-
tent with the formation of intermediates XIV by an
overall anti attack of the allyl nucleophile and the metal
on the alkyne (Scheme 2). However, formation of 27 in
the cyclization of 26 can be explained by the conforma-
tional equilibrium between Xll1la and XI11b, which could
favor the rotamer XI111b with the bulky SiMe; at the least
sterically hindered position (Scheme 8). Alternatively,
formation of 27 could also be explained by the attack of
the allyl nucleophile anti to the trimethylsilyl substituent
of the vinyl cation XVI', which is in agreement with that
proposed for a similar cyclization mediated by HgCl,.1®

Summary

The cyclization of allylsilanes and allylstannanes with
alkynes proceeds catalytically in the presence of a variety
of electrophilic metal salts. The use of PtCl, as the
catalyst in methanol gives the best results in most cases.
Products of skeletal rearrangement (metathesis-type),
which are the major products in the cyclization of enynes
with electrophilic metal salts,>"*¢ are not formed in
significant amounts in this metal-catalyzed cyclization.
However, substrate 2 with a tosylamino functionality
between the alkyne and allylsilane reacts anomalously
to give a mixture of a cyclopropane derivative and the
product of a formal trans addition of methanol across the
triple bond. This last type of reactivity appears to be
unprecedented.

This carbocyclization is particularly useful for the
synthesis of five- and six-membered carbocycles, even
when the C—C bond formation involves the creation of a
quaternary center. This reaction is regiocomplementary
to that promoted by Lewis acids,*® which gives endo-
cyclized products in most cases.
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