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Abstract: 1-En-6-ynes react with alcohols or water in the presence of;Rt€katalyst to give carbocycles

with alkoxy or hydroxy functional groups at the side chain. The reaction proceeds by anti attack of the alkene
onto the f?-alkyne)platinum complex. The formation of the-C and C-O bonds takes place stereoselectively

by trans addition of the electrophile derived from the alkyne and the nucleophile to the double bond of the
enyne. Formation of five- or six-membered carbo- or heterocycles could be obtained from 1-en-6-ynes depending
on the substituents on the alkene or at the tether. Although more limited in scope, Ru(ll) and Au(lll) chlorides
also give rise to alkoxy- or hydroxycyclization of enynes. On the basis of density functional theory (DFT)
calculations, a cyclopropyl platinacarbene complex was found as the key intermediate in the process. In the
presence of polar, nonnucleophilic solvents, 1-en-6-ynes are cycloisomerized witlagt@talyst. Formation

of a platinacyclopentene intermediate is supported by DFT calculations. The reaction takes place by selective
hydrogen abstraction of thieans-allylic substituent. Cycloisomerization of enynes containing disubstituted
alkenes could be carried out using Rg@Gt Ru(AsPh)4Cl, in MeOH.

Introduction Scheme 1

Electrophilic transition metal complexes or halides MX R R
catalyze the cyclizations af,w-enyned to give cycledl —IV ML /\:i . (f//
(Scheme 1}:2 Thus, palladium complexes [Pd{JX ] favor the — X z =
cycloisomerization pathway to give diendéls and/or Ill .34 R / (R'=Me) M

Cationic Ru(ll) complexes such as [CpRu(MeGNPFs~ /
catalyze under mild conditions the cycloisomerization of enynes z
containing disubstituted alkenes to give selectively dienes of

e . ML, =
type Ill .5 Enynes with disubstitutedrans-alkenes are also ! \ " Z/\E/\ D

cycloisomerized by the early transition metal complexTp (R=R'=H)
(COX%.6 A complementary reaction can be carried out with I\ v

cationic Rh(I) complexes, leading to cycloisomerization of ) ]
enynes containingis-olefins? A rearrangement that yields metathesis-type prodittsas

first found to be catalyzed by palladacyclopentadi¢h8sib-
(1) Reviews of metal-catalyzed carbocyclizations: (a) Ojima, l.; Tzama- Sequenﬂy’ several e|ectr0phi|ic Ru(”) and Pt(”) comp|exes were

rioudaki, M. L. Z.; Donovan, R. JChem. Re. 1996 96, 635-662. (b) : :
Negishi, E.; Copest, C.. Ma, S.; Liou, S.-Y.: Liu, FChem. Re. 1996 96, also found to catalyze the formation of dienes of ty{gefrom

365-393. (c) Trost, B. MChem—Eur. J. 1998 4, 2405-2412. enyned .8910|n many cases, similar results were obtained using
(2) (a) Trost, B. M.; Krische, M. ISynlett1998 1—-16. (b) Trost, B. M. PtCh or [Ru(COXCl,], as catalysts in toluen®s811 These
Acc. Chem. Red.99Q 23, 34—42.
(3) (a) Trost, B. M.; Lautens, M.; Chan, C.; Jebaratnam, D. J.; Mueller, (8) (a) Trost, B. M.; Tanoury, G. J. Am. Chem. So4988 110, 1636-
T.J. Am. Chem. So&991 113 636-644 and references therein. (b) Trost, 1638. (b) Trost, B. M.; Trost, M. KJ. Am. Chem. S0d.991 113 1850—
B. M.; Phan, L. T.Tetrahedron Lett1993 34, 4735-4738. (c) Trost, B. 1852. (c) Trost, B. M.; Trost, M. KTetrahedron Lett1991, 32, 3647~
M.; Czeskis, B. ATetrahedron Lett1994 35, 211-214. (d) Trost, B. M.; 3650. (d) Trost, B. M.; Yanai, M.; Hoogsteen, K. 8. Am. Chem. Soc.
Tanoury, G. J.; Lautens, M.; Chan, C.; MacPherson, DJ.TAm. Chem. 1993 115 5294-5295. (e) Trost, B. M.; Hashmi, A. S. Kingew. Chem.,
S0c.1994 116, 4255-4267. (e) Trost, B. M.; Haffner, C. D.; Jebaratnam, Int. Ed. Engl 1993 32, 1085-1087. (f) Trost, B. M.; Chang, V. KSynthesis

D. J.; Krische, M. J.; Thomas, A. B. Am. Chem. S0d.999 121, 6183~ 1993 824-832. (g) Trost, B. M.; Hashmi, A. S. KI. Am. Chem. Soc
6192. (f) Trost, B. M.; Krische, M. 1. Am. Chem. Sod999 121, 6131~ 1994 116, 2183-2184.
6141. (g) For an alternative pathway: Trost, B. M.; Toste, FIJDAm. (9) (@) Chatani, N.; Morimoto, T.; Muto, T.; Murai, S. Am. Chem.
Chem. Soc1999 121, 9728-9729. Soc.1994 116, 6049-6050. (b) Chatani, N.; Furukawa, N.; Sakurai, H.;
(4) Yamada, H.; Aoyagi, S.; Kibayashi, @.Am. Chem. S04996 118 Murai, S.Organometallics1996 15, 901-903. (c) Chatani, N.; Kataoka,
1054-1059. K.; Sakurai, H.; Murai, S.; Furukawa, N.; Seki, Y.Am. Chem. S04998

(5) Trost, B. M.; Toste, F. DJ. Am. Chem. So200Q 122 714-715. 120, 9104-9105.

(6) Sturla, S. J.; Kablaoui, N. M.; Buchwald, S. I. Am. Chem. Soc. (10) (a) Fustner, A.; Szillat, H.; Gabor, B.; Mynott, Rl. Am. Chem.
1999 121, 1976-1977. Soc.1998 120, 8305-8314. (b) Fustner, A.; Szillat, H.; Stelzer, B. Am.

(7) (a) Cao, P.; Wang, B.; Zhang, X. Am. Chem. So200Q 122 6490~ Chem. Soc200Q 122, 6785-6786.
6491. (b) Cao, P.; Zhang, XAngew. Chem., Int. EQR00Q 39, 4104— (11) (a) Trost, B. M.; Doherty, G. Al. Am. Chem. So200Q 122 3801~
4106. (c) Ir(l)-catalyzed cycloisomerization or rearrangement of enynes: 3810. (b) Rearrangement of enynes catalyzed by cationic Pt(ll) complexes
Chatani, N.; Inoue, H.; Morimoto, T.; Muto, T.; Murai, 8. Org. Chem. in CHClz: Oi, S.; Tsukamoto, |.; Miyano, S.; Inoue, Xrganometallics
2001, 66, 4433-4436. 2001, 20, 3704-3709.
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+¢<Pt0'2 to be more favorable, the alternative alkene-6-endo cyclization
Yl 3 R pathway could not be excluded.
Z\/\QY However, because of the lower reactivity of alkenes toward
x electrophiles, as compared with allylsilanes and stann&rils,

addition of ROH to the alkyne of the enyne catalyzed by BtCI

catalysts also promote the cycloisomerization wfaryl-1- could compete with the desired pathway. Indeed, alkynes are

alkynes!2 On the other hand, enynes tethered by heteroatoms known to react with alcohols in the presence of Pt(ll) to form
(Z = O or NTs) give rise to cyclopropan&by using PtGi.o% acetals#20 Similarly, addition of water to alkynes gives ketones

or PtCk!2 as catalyst. with Zeise’s salt (K[Pt(2-C,H4)Cl3]-H20) or PtC} as catalyst!

We have recently reported a new cyclization that proceeds Here, we report the realization of the concept outlined in
by the intramolecular reaction of alkynes bearing allylsilanes Scheme ¥ and demonstrate that the reaction proceeds stereo-
and allylstannaneg! in methanol to afford dienegll (Scheme  specifically by using PtGlas catalyst. Similar reactions can be
2).1 Although a variety of electrophilic metal halides catalyze Promoted by using Ru(ll) and Au(lll) chlorides as catalysts. A
this transformation, more general results were obtained with 9eneral mechanistic scheme to account for the stereo- and
PtChb in MeOH. This reaction was proposed to proceed by regioselectivity of these reactions is proposed. Interestingly, by
coordination of the metal to the alkynel(l ), followed by anti ~ Performing the reaction in a polar, nonnucleophilic solvent,
attack of the allyl nucleophile to give alkenylmetal complex €nynesl undergo cycloisomerization by a mechanistically
IX, which would undergo protonolysis by the solvent to give different pathway leading to cyclic dienes of tyjpe (Scheme
VIl . Alternatively, zwitterionic complexX might be involved ~ 1)- Although more limited in scope, a similar reactivity was
as an intermediate in the cyclization pathwtaynteraction of ~ observed by using RuCl, complexes as catalysts.
alkynes with [PtRE]" (R = Me, CR;) was proposed to form
cationic ¢2-alkyne)Pt(ll) complexes as intermediates, which Results

react with MeOH to form carbene of*-alkenyl complexes, Cycloisomerization Catalyzed by PtCh and Ru(ll) Com-
depending on the substitution of the alkyfe. _ plexes. Reaction of enynel with 5 mol % of PtC} in

We decided to essay the reaction of simple enyinesth 1,4-dioxane led quantitatively to cycloisomerization prodict
neutral nucleophiles ¥H in the presence of PtCas catalyst  (Scheme 4 and Table 1, entry 1). The reaction also proceeded
in the expectation that a similar intramolecular attack of the iy gcetone at room temperature (entry 2) or in HOAc af@0
alkene onto thes-alkyne)platinum complexXl) would give (entry 3). Enyne3 was similarly transformed into diengin
rise to intermediatéIl , which could be trapped by*®H to 1,4-dioxane or acetone at 68 (entries 4 and 5% Reaction
give carbo- or heterocycleslll (Scheme 3). In principle, by
performing the cyclization reaction in an alcohol or an aqueous
solvent, the product of an alkoxy- or hydroxycyclization could 95%&;))(5!asgti?ﬁb%.r;nMSy_r,ﬁhéméQlkir:usiO%(%glolrégni?nS:t— ‘g’f‘;}m
be obtained. Although, on the basis of ample literature 1991 414 C54-C58. (b) Steinborn, D.; Nuthel, R.; Sieler, J.; Kempe, R.
precedent; 1214the alkene-exo cyclization mode was expected Chem. Ber.1993 126 2393-2396. (c) Steinborn, D.; Gerisch, M.;

Heinemann, F. W.; Scholz, J.; Schenzel,Z.Anorg. Allg. Chem1995
621, 1421-1425. (d) Kataoka, Y.; Matsumoto, O.; Tani, &ganometallics

(17) (a) Mayr, H.; Patz, MAngew. Chem., Int. Ed. Endl994 33, 938—

(12) Chatani, N.; Inoue, H.; Ikeda, T.; Murai, $. Org. Chem200Q
65, 4913-4918. 1996 15, 5246-5249.

(13) (a) Blum, J.; Berr-Kraft, H.; Badrieh, Yd. Org. Chem1995 60, (19) Reaction of ethanol with Pt(ll) and Pt(IV) chlorides, followed by
5567-5569. (b) For the formation of a fused [4.1.0]bicycloheptene-pyranose addition of KCI, leads to the formation of the well-known Zeise’s salt:
tricycle derivative by the reaction of an enyne promoted by(CB®) in Seyferth, D.Organometallics2001, 20, 2—6.
an atmosphere of CO (11C): Borodkin, V. S.; Shpiro, N. A.; Azov, V. (20) (a) Complex H[P#?-C4Hs)Cl3] is formed in the reaction af-BuOH
A.; Kochetkov, N. K.Tetrahedron Lett1996 37, 1489-1492. with hexachloroplatinic acid: Steinborn, D.; Grisch, M.; Mezweiler, K.;

(14) Ferdadez-Rivas, C.; Medez, M.; Echavarren, A. Ml. Am. Chem. Schenzel, K.; Plez, K.; Bgle, H.; Magull, J.Organometallics1996 15,
Soc.200Q 122 1221-1222. 2454-2457. See also: (b) Steinborn, D.; Grisch, M.; Hoffmann, T.; Bruhn,

(15) A related ft-alkyne)ruthenium complex was proposed as an C.; Israel, G.; Mller, F. W. J. Organomet. Chen200Q 598 286-291.
intermediate in a rearrangement reaction: Pilette, D.; Moreau, S.; Le Bozec, (c) Nordhoff, K.; Steinborn, DOrganometallics2001, 20, 1408-1418.

H.; Dixneuf, P. H.; Corrigan, J. F.; Carty, A. J. Chem. Soc., Chem.
Commun.1994 409-410.

(16) (a) Chisholm, M. H.; Clark, H. CAcc. Chem. Red.973 6, 202—
209. (b) Michelin, R. A.; Mozzon, M.; Vialetto, B.; Bertani, R.; Bandoli,
G.; Angelici, R. J.Organometallics1998 17, 1220-1226.

(21) (a) Hiscox, W.; Jennings, P. V@rganometallics199Q 9, 1997
1999. (b) Hartman, J. W.; Hiscox, W. C.; Jennings, P.JVOrg. Chem.
1993 58, 7613-7614.

(22) Mendez, M.; Muioz, M. P.; Echavarren, A. Ml. Am. Chem. Soc.
200Q 122 11549-11550.
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Scheme 4 Scheme 5
—_—
z = P{Cl, z v Ph Ph
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1: Z = CO,Me 2:Z = CO,Me
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Ph
—_
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—_—
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X | 12 13
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Table 1. Cycloisomerization of Enynes Catalyzed by BtGi Ts—N
RuL,Cl; (Schemes 46)?
entry enyne  catalyst solvent product yield (%) 14
1 1 A dioxane 2 100 Scheme 6
2 1 A acetoné 2 86
3 1 A HOAc 2 69 ==
R MeO,C,
4 3 A dioxane 4 89 Me°2°></ _ Ra 2 %
5 3 A acetone 4 77 MeO,C x MeO,C
6 5d A acetone 6°+8 98 15 16
(12:1)
7 7 A acetone 8+6 93
(8:1)
8 9 A acetone 1@+ 11 66
(1.1:1)
9 12 A acetone 13+ 14 67
(1.2:1)
10 15 B MeOH 16 42 MeO.C. 2
11 15 C MeOH 16 59" 2
12 18 B MeOH 19 91 MeO,C RuCly
@ Unless otherwise stated, all reactions were carried out with 5 mol MeOH
% catalyst for 1720 h at 70°C. A, PtCh; B, RuCk; C, Ru(AsPh),Cl.. 18

bRatio of products in parentheséfkeaction at 23°C. 913:1 E/Z.
e~3:1E/Z. '8:1Z/E. 92.8:1 cis/trans! Based on 81% conversion. _ ) ) o
of 15 with RuCk in MeOH led to cycloisomerization product

of dimethyl 2-geranyl-2-propargylmalonats) (ed to6 as a 3:1 16 (Table 1, entry 103 A similar result was obtained by using
mixture of E andZ isomers, by the selective abstraction of a Ru(AsPh)4Cl; (entry 11), while Ru(PP4Cl,, Rp(CO)2, and
hydrogen from the allylic methylene (Table 1, entry 6). On the Ru(NO)Ck were not effective as catalysts. Enyd& was
other hand, neryl derivativé gave8 as a result of hydrogen efficiently converted into bicycl&9with RuCkin MeOH (Table

abstraction from the methyl group (Table 1, entry 7). 1, entry 12). The use of Ptgas catalyst in acetone in this case
Reaction ofd with PtChL in acetone gave a 1.1:1 mixture of led only to unchanged starting material.
cycloisomerization produdtO and cyclopropané&l (Scheme 5 Alkoxy- and Hydroxycyclization Catalyzed by PtCl,. 1-

and Table 1, entry 8013 |nterestingly,cis-10 was the major En-6-ynes led to cyclization with concomitant addition of
stereoisomer (2.8:1 cis/trans). This stereochemical outcome isthe nucleophilic solvent in the presence of Pt(ll) catalysts. In
in contrast with that obtained in the cycloisomerization9of = most cases, the crude reaction mixtures were notably clean.
catalyzed by [CpRu(MeCN)*PFR~, which led totrans-10 as Occasionally, cycloisomerization or rearranged dienes were also
the major product.Reaction of sulfonamid&2 with PtCh as formed as minor products, although these byproducts could be
the catalyst in acetone also gave a mixture of cycloisomerization readily separated by chromatography because of their very
and cyclopropane derivativds3 and 14 (Table 1, entry 9). different polarity. It is important to note that this cyclization is
Cyclization of enynéel5 bearing a disubstituted alkene with  not a proton-catalyzed process, because no reaction took place
PtCh in 1,4-dioxane led to rearranged dietigin 45—50% yield in the presence of HCI, HI, go-TsOH in MeOH.
(Scheme 6). Reaction of related substrates with disubstituted Malonatel reacted in MeOH with PtGlas catalyst to give
alkenes using Ptglas catalyst led to mixtures of metathesis methyl ether20 and cycloisomerized dien2 (Scheme 7 and
derivatives and uncharacterized products. However, treatmentTable 2, entry 1). Similar results were obtained by using Pt-

(23) To avoid addition of water to the more substituted terminus of the (24) Under these conditions, RyCl, species are presumably formed:
alkene, the reactions in acetone were carried out in the presence of 4 ACotton, F. A.; Wilkinson, G.; Murillo, C. A.; Bochmann, MAdvanced
molecular sieves. Inorganic Chemistrygth ed.; Wiley: New York, 1999; pp 10£21013.
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Scheme 7
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32: R'=Ph, R2- H, R® = Me
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_—Ph
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SN PtCl, z
OMe
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T pn
z Z
z
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Table 2. Effect of the Pt Catalysts on the Selectivity of the
Methoxycyclization versus Cycloisomerization of Enyltfe

entry catalyst 20 (%) 2 (%)
1 PtCh 63 34
2 Pt(MeCN)Cl, 67 12
3 KoPtCly 62 23
4 KoPtCk 62 10
5 PtCL/NaPRP? 66 5
6 Pt(MeCN)Cl,/AgSbR 69 5
7 Pt(MeCN)CIl,/AgOTf® 80 7
8 Pt(MeCN)CIl,/AgBF,° 99 <1
9 Pt(MeCN)Cl,/P(OR)}"¢ 96 <1
10 KoPtCl/P(OR)P® 100

aUnless otherwise stated, all reactions were carried out in MeOH
under reflux with 5 mol % catalyst for 417 h.® 10 mol % of additive.
¢P(OR} = P(OCH,)sCEt.

(MeCN)Cl,, KoPtCl, or K,PtCl (Table 2, entries 24). The
addition of NaPE or AgSbFs had little effect on the selectivity

(Table 2, entries 5 and 6). Better results were obtained by using
AgOTf or AgBF, (Table 2, entries 7 and 8). The increased

"nifez et al.

Table 3. Pt(Il)-Catalyzed Cyclization of Enyngs

entry enyne catalyst nucleophile product(s) yield (%)

1 1 PtCh AlIOH 21 57

2 1  PtCk® H.O 22+ 2 74
(3.3:1)

3 3  PtCh MeOH 23 88

4 3 Pt(MeCN}(BFs), MeOH 23 98

5 3  PtCh EtOH 24 86

6 3 PtCh H-0 25 70

7 5¢  PtCh MeOH 26 61

8 5  Pt(MeCN)Cl, MeOH 26 63

9 7 PtCh MeOH 27+8 72
(3.3:1)

10 28 PtCh MeOH 29 59 (76}
11 28 PtCh H.O 30 73 (94y

12 28 PiCh AcOH' 31 55

13 9 PtCh MeOH 32 64

14 33 PtCh MeOH 34 68

15 35 PtCh MeOH 36+37 79

(2:1)

16 35 Pt(MeCN}Cl" MeOH 36+37 77
(3.9:1)

17 38 PtCh MeOH 39+40 83

(4:1)

18 41 PtCh MeOH 42 77

19 41 PtCh H-0 43+44 85
(6.7:1)

20 45 PtCh MeOH 46 60

21 45 Pt(MeCN}Cl, MeOH 46 98

22 45 PtCh H.O 47 86

23 45 Pt(MeCN}Cl, H,O 47 95

24 48  PtCh MeOH 49 72

25 18 PtCh MeOH 50 67

26 15 PtCh MeOH 51+52 67
(1:1.5)

27 15  Pt(MeCN)Cly/ MeOH 51+52 44
AgSbk (1.3:1)

28 53 PtChb MeOH 54 63

29 55 PtCh MeOH 56+57 94
(5.7:1)

2 Unless otherwise stated, all reactions were carried out under reflux
with 5 mol % catalyst. Reactions with water were carried out in 50%
aqueous acetone at 4C.?10 mol % PtC). ©13:1 E/Z 48:1 ZIE.
¢ Based on converted starting materidReaction at 70C. ¢ 50 mol %
PtCh. " 10 mol % Pt(MeCN)Cly; reaction time= 48 h.i5:1 E/Z

selectivity on going from ShfF to OTf™ to BF,~ is different
from that found in other transition metal-catalyzed reacti@ns.
Reaction ofl with a platinum complex with bicyclic phosphite
P(OCH)3CE#® as the ligand led also to an improvement in the
selectivity of the cyclization favoring methoxycyclization
product20 (Table 2, entries 9 and 10). Importantly, dieRe
was recovered unchanged after being heated in MeOH with
PtCh.

Although the results summarized in Table 2 indicate that the
best results are obtained by using either Pt(MeCINJAgBF,
or Pt(I)/P(OCH)3CEt, in most cases PtChave satisfactory
results. Thus, reaction dfin allyl alcohol gave ethe21 (Table
3, entry 1), while the reaction in aqueous acetone afforded
alcohol 22 (Table 3, entry 2). Cyclization o8 with PtCh as

(25) (a) Evans, D. A.; Murray, J. A.; Matt, P.; Norcross, R. D.; Miller,
S. J.Angew. Chem., Int. Ed. Engl995 34, 798-800. (b) Gosh, A. K;
Matsuda, M.Org. Lett.1999 1, 2157-2159. (c) Kinding, E. P.; Saudan,
C. M.; Bernardinelly, GAngew. Chem., Int. Ed. Engl999 38, 1220~
1223. (d) Koh, J. H.; Larsen, A. O.; Gagmné. R. Org. Lett.2001 3, 1233~
1236. (e) Fustner, A.; Voigtlaader, D.; Schradewr, W.; Giebel, D.; Reetz,
M. T. Org. Lett.2001, 3, 417-420.

(26) (a) Serron, S. A.; Luo, L.; Stevens, E. D.; Nolan, S. P.; Jones, N.
L.; Fagan, P. JOrganometallics1996 15, 5209-5215. (b) Stahl, L.;
Trakarnpruk, W.; Freeman, J. W.; Arif, A. M.; Ernst, R. Dorg. Chem.
1995 34, 1810-1814. (c) Ernst, R. D.; Freeman, J. W.; Stahl, L.; Wilson,
D. R.; Arif, A. M.; Nuber, B.; Ziegler, M. LJ. Am. Chem. 800_995 117,
5075-5081.
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catalyst in MeOH as the solvent ga28 in high yield (Table Meogc>@i\
3, entry 3). In this case, an almost quantitative transformation MeO,C
was realized with Pt(MeCM(BF,), (Table 3, entry 4). Reaction 57

of 3 in EtOH led to 24, while reaction in agueous acetone
afforded alcohoR5 (Table 3, entries 5 and 6).

Geranyl ) and neryl ¥) malonates reacted with MeOH to
afford 26 and27, respectively (Scheme 7, Table 3, entries].
Cyclization in MeOH or water also proceeds with propargyl
prenyl ether 28) to give29 and30, respectively (Table 3, entries
10 and 11). Use of acetic acid as solvent gave ac8taf€able

3, entry 12). Reaction_ o9 _and 33 in MeOH shows that th?. (Table 3, entry 29). Carbocycke6 results from the attack of
reaction tolerates steric hindrance at the propargylic position the nucleophile at the more substituted carbon of the double

(Table 3, entries 13 and 14). Substitution at the alkyne led to a p )4 None of the alternative 5-exo-trig product methoxy-

decrease on the cyclization rate. Thus, eng®reacted . cjization derivatives were formed in the reactionssgfand

sluggishlly to afford a 2:1 miXt(‘j”e of me;lhoxycyclizatioaq 55. Enynes with monosubstituted alkenes are poor substrates
and cycloisomerization3() products (Table 3, entry 15). Use ¢, g reaction and led only to poor conversions after long
of more soluble Pt(MeCNLI, led to improved results (Table reaction times.

3 entry 16)' — . The cyclization of 3-arylallyl propargyl ethers such&&had
Disubstituted alkenes also u.ndergo the qycllzatlon reaction een shown to afford hydroxycyclization derivatives in aqueous

(Scheme 8). Thusi8 (5:1 trans/cis) reacted with MeOH to give 1 4 gioxane such as9 with a Pd catalyst withm-sulfonated

3.9 as a 51 m|xt_ure of stereoisomers, along with re_arranged triphenylphosphine (TPPTS) ligaiéinterestingly, reaction of

diene 40 as a minor product (Table 3, entry 17). Cinnamyl  5gin aqueous acetone with PGis the catalyst also afforded

derivative41reacted with MeOH to give exclusiveli2 (Table 59 (12%) along with the cyclopropyl aldehydg0 (12%),

3, entry .18)' V\_Ihen the reaction was perfqrmed in aqueousqse configuration was confirmed by NOE experiments
acetone, in addition to alcohdB, rearranged dierd4 was also (Scheme 10).

obtained (Table 3, entry 19). Malonat® afforded46 and47 Attempted methoxycyclization of enynds 15, or 58 with

as single isomers (Table 3, entries -2ZB). Use of Pt- PACh. Pd(OACY. or PA(PPR-Cl» in MeOH met with failure
(MeCN),Cl, as catalyst led to higher yields and faster reactions b Pd(OAc), (PPBRCl2 '
(Table 3, entries 21 and 23). Interestingly, cis derivaéée (27) We originally assumed th?Tt?éhe reaction mixture contabteend

: : p its five-membered ring diastereonf@rHowever, the clean formation of
reacted with MeQH ’[_O giveg, the s.tere0|somer of2 (Table 54 from 53 allowed us to assign unambiguously the structure of the second
3, entry 24). Cyclization of enyn&8in MeOH afforded50 as product ass2.

a single isomer (Table 3, entry 25), whose configuration was  (28) (a) Galland, J.-C.; Savignac, M.; Génk-P.Tetrahedron Lett1997,

cycles51 and52 (Scheme 9 and Table 3, entries 26 and Z7).
Remarkably, enyn&3 led selectively to six-membered ring
carbocycle54 (Table 3, entry 28). The configuration &4
was determined on the basis 81—'H couplings and NOE
experiments. Similarly, substrafb reacted with MeOH in a
6-endo-trig process to gives along with rearranged dierter

; ; 38, 8695-8698. (b) Galland, J.-C.; Savignac, M.; Genk-P.Tetrahedron
determined by _NOE_ experiments. _ 2001, 57, 5137-5148.
In contrast with disulfon@8, malonatel5 reacted in MeOH (29) Compounds9is identical to that obtained by a Pd-catalyzed process,

to afford a 1:1.5 mixture of five- and six-membered ring carbo- whose configuration has been demonstrated by X-ray crystallogf&phy.
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Scheme 10 Scheme 11
R D
/§ H,O or D,0 O/\\A‘// CHOph 7 = CDsOD z >C<( , 2 =z
RN PICl, . -Ph " O(:I>'/"H z@ PICl,  Z z>O;/
H & H OCD;4
58 59:R=H 60 1 20-dy 2
59-d: R=D
D

while that with Pd(MeCN)Cl, led to poor yields. Similarly z = PICI, Z

negative were the results with enytieand Cu(MeCNj(PFs)
as the catalyst in MeOH.

Alkoxycyclization Catalyzed by Ru(ll) and Au(lll). Enynes
with trisubstituted alkenes also undergo methoxycyclization with
RuCk in MeOH. Thus, enynd gave20in 62% yield (reflux,

17 h). However, dienynesand? reacted with RuGl(5 mol %)

in MeOH under reflux to give more complex reaction mixtures
from which 26 and 27 were isolated in 26 and 28% yields,
respectively. Cu(MeCNPFs, Rw(CO),, CpRu(PPE).Cl/
NaPF, RhCk, and Cg(CO)s in MeOH are not suitable catalysts.

Recently, AuG4 has been shown to catalyze the intramo-
lecular reaction ofw-furanyl-1-alkynes to give substituted
phenols®© Therefore, we decided to essay highly electrophilic Scheme 12
AuCl; as a catalyst for the methoxycyclization reactions. Heating
of enynel in MeOH under reflux with Aud (5 mol %) for 16
h gave20in 98% yield. Similarly,7 gave27in 82% yield under
these conditions, although a higher amount of catalyst was
required (20 mol %). However, in contrast with the broad scope
and excellent reproducibility of the Pt(Il)-catalyzed cyclizations,
AuCls gave rise to erratic results or to complete failure in the
cyclization of other enynes, probably because of the hygroscopic
nature of this metal chloride.

Deuteration Studies. Deuteration experiments were also
performed to shed light on the mechanisms of these processes.
The configurations of the deuterated products were determined
by comparison with the parent compounds, whose alkenyl
methylene hydrogens were assigned by NOE experiments.

The reaction of58 with PdCL and TPPTS in BO led
selectively t059-d; (Scheme 10). Analogously, cyclization of
1 in methanold, led to 20-ds as a result of a stereoselective
anti addition of the alkene and deuterium to the alkyne function
(Scheme 11).

In contrast with these results, the cyclizationloin DOAc
yielded 2 without any deuterium incorporation, while reaction

N
/
N

acetone

1-d1

NN
»
[
Q
(4]

18-dj

19-d,

H
H
. 7 “MCl,
Me
\ R

Xvii

- MCl,

of 1-d; in acetone with PtGlgave2-d;. The same result was
obtained in the cycloisomerization Gfd; in DOAc. Similar

results were obtained in the cycloisomerization catalyzed by

RuCk. Thus, reaction 018in methanold, afforded19 and the
corresponding treatment of enyt&-d; with RuCk in MeOH

gavel9dd;. These results demonstrate that the cycloisomeriza-

tion proceeds intramolecularly.

Mechanistic Hypotheses
Cycloisomerization. The lack of reactivity of dien® with

’
Me
\ R

Xvil

The cycloisomerization of enynedV with MClI, as catalysts
(M = Pt, Ru) probably takes place by coordination of the
transition metal to both unsaturated ligan¥¥( (Scheme 12).
ComplexXV might suffer an oxidative cyclometalation to form
key metalacycl&XVI . Alternatively, a slippedifi-alkyne)metal
specie¥® could react with the alkene to givéVI . Metalacycle

MeOH and PtGl demonstrates that dienes are not intermediates XVI might evolve by/-hydrogen elimination from an alkyl
in the formation of productXIll (Scheme 3). Furthermore, substituent to formXVIl . As demonstrated in the specific
the deuteration results demonstrate that the cycloisomerizationformations of6é and8 from 5 and7, respectively (Scheme 4),
and the alkoxy- or hydroxycyclization reactions are mechanisti- the3-hydrogen elimination in the Pt(ll)-catalyzed process takes
cally distinct. This conclusion is also supported by the formation place from therans-allylic chain, which presumably adopts an
of derivatives36 and 37 with different configurations at the  equatorial disposition in the intermediate platinacy@€inally,
exocyclic alkenes in the Pt(Il)-catalyzed cyclization of enyne a reductive elimination leads to cycloisomerized prodXats|
35 (Scheme 7). and regenerates catalytically active MCThe cycloisomeriza-
(30) (a) Hashmi, A. S. K.; Frost, T. M.; Bats, J. \i.. Am. Chem. Soc. tion of enynesl5and18with Ru comple_xes_ (SCheme.G) proves
2000 122 11553-11554. (b) See also: Dyker, Angew. Chem., Int. Ed.  that the ruthenacycles can suffer elimination from eithens-
200Q 39, 4237-4239. or cis-allylic positions.
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Scheme 13.Reaction Coordinate for the First Step of the Hydroxycyclization of EnyA&skcal-mol~t) Energies Are Given
in Parentheses

AE B3LYP/6-31G{d)+ZPE (kcal-mol™")

React. coordinate

To get deeper knowledge of the mechanism of this reaction, of other ligands. We have been able to locate compigs as
density functional theory (DFT) calculations were performed the transition state in the oxidative cyclometalationXéX to
on complexes modeling the intermediates involved in the give XX, which was confirmed by internal reaction coordinate
cycloisomerization reaction. Thug)¢2-octen-1-yne complexed  (IRC) studies. This transformation proceeds with a significant
to PtCh (XIX) was selected as a model for complexes of type activation energy (29.6 kcahol™1). In the transition statél[S1,
XV. The minimized geometry (Scheme 13) shows the expectedthe alkene and alkyne functional groups are significantly
square-planar coordination around the metal. The alkene iselongated (from 1.401 to 1.467 A for the alkene bond and from

arranged perpendicularly to the coordination planef()— 1.233 to 1.289 A for the alkyne), and a new-C bond is being
Pt—cis-Cl dihedral= 86.90]3! whereas the alkyne ligand is formed (G-C distance= 2.163 A). A chloride ligand is trans
less tilted [(G=C)—Pt—cis-Cl dihedral= 37.4]. A slipped ¢;*- to the newos-alkeny—Pt bond, which leads to an increase in
alkyne)Pt(Il) species was not located as an intermediate. the PtCl distance from 2.355 to 2.437 A. Interestingly, the
Oxidative cyclometalation would give rise to platinacyx Cl—Pt—ClI angle remains around 9@h TS1 (it changes from

(Scheme 13). The optimized structure of this Pt(IV) complex 86.3 to 95.4), although it opens to 167.$ the reaction product
shows an octahedral arrangement of the ligands around®the d XX. This means that the cyclometalation takes place by an initial
metal center, with two vacant coordination sites. The trans shift of the alkene from its location at the coordination plane in
chloride ligands are arranged cis to the alkyl andlkenyl XIX to an axial position with concomitant formation of the-C
ligands. It is important to note that this arrangement of ligands bond and neww-alkenyPt and alkyt-Pt bonds. The opening
around Pt was the energy minimum that could be located, which of the C-Pt—ClI angle to the final trans arrangement is probably
is in accord with the high trans influence of alkyl and alkenyl pushed by the trans influence of thealkenyl ligand. Although
ligands. Although the coordination sites trans to the organic the activation energy for the cycloisomerization process is quite
ligands remain vacant, in the presence of coordinating solvents,high, it might be lowered by interaction @S1 with coordinat-
such as acetone or 1,4-dioxane, the coordination sphere mighing solvents.
be completed by two additional ligands. Reaction frgiX to Selective abstraction of an allylic hydrogen trans to the side
XX is significantly exothermic (24.2 kcahol™1; energies chain has also been demonstrated in the cycloisomerization
include zero-point energy (ZPE) correction) even in the absencecatalyzed by [CpRu(MeCN)*PRs~—.> The opposite regio-
(31) It has been recognized that for alkeiit complexes, perpendicular chemistry had been aCh'gVed by .USIHQ(EUa);/P(o-Tol);; in
and coplanar arrangements of the ligand with respect to the coordination benzene-HOAc as solvent? Interestingly, although enynes with
plane have similar energies, and therefore, the actual configuration may trans alkenes are isomerized with Pd(O£&€)he cycloisomer-
be governed by steric hindrance: Coliman, J. P.; Hegedus, L. S.; Norton, jzation of 5 with this catalyst leads t8 (compare Scheme 43
J. R.; Finke, R. G.Principles and Applications of Organotransition SN ’
Metal Chemistry University Science Books: Mill Valley, CA, 1987; ~ Presumably as a result of the coordination of the remote double
pp 41-42. bond to Pc2
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Scheme 14
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Formation of Cyclopropanes. We and otherf$?13 have

"nifez et al.

and shows different distances for both-&t bonds. The terminal
alkyne carbon (C1) lies closer to the metal than the internal
one (C2) (2.086 and 2.195 A, respectively). After coordination,
the C-C bond is polarized with an electrophilic center at C2
(natural charges-0.25 andt-0.05 for C1 and C2, respectively).
Calculated natural charges (B3LYP/6-31G(d)) for these carbons
in free propyne are-0.25 and—0.02. Nevertheless, the short
C2—Pt distance suggests that the structure is better described
as an?-coordinated alkyne rather tham-coordinated vinyl
cation. Starting from this metal complex, we explored the
possibility that an energy minimum structure could be localized
by approaching the nucleophilic alkene to the coordinated
alkyne. In this way, we were able to locate bicyclic complex
XXVI (Scheme 15). This complex can be described as methyl-
cyclopropane cation stabilized by Pt. The—®X distance is
relatively short (1.881 AJ® which indicates that this bond has
carbene character despite the absence of coplanarity between
the plane of the carbene substituents and the metal coordination
plane (dihedral angles EPt—C—H = 53—57°).36 The steric
hindrance imposed by the chlorides probably prevents copla-
narity. No other minimum could be localized by exploring
conformers around the PC bond. Reaction fronKXV to
XXVI is significantly exothermic (19.5 kcahol™!) and takes
place through transition stafS2 (Scheme 15). This result
indicates that bicyclic intermediatXXVI can be formed
spontaneously in a single step by reaction of the alkene with
the activated alkyne with a moderate activation energy (10.3
kcalFmol~1). TS2 shows relatively long €C distances for the

observed that formation of cyclopropanes takes place only with bonds that are being formed (EZ6 = 2.422 A and C2C7

heteroatom-tethered enynes such9aaend 12. A mechanistic

= 2.527 A). Additionally, the C2Pt bond significantly

rationale for the formation of these cyclopropanes is summarized elongates from 2.195 A iXXV to 2.681 A inTS2. The alkyne

in Scheme 14. Accordingly, they3-alkyne)platinum complex
XXI (Z = O, TsN) could suffer a 1,2-hydrogen migration to
form an alkenyl platinum carben€Xll stabilized by the donor
heteroaton?® The platinum carbene might then undergo an
intramolecular [2+ 2] cycloaddition with the alkene to form a
platina(lV)cyclobutane&XXlil ,34which could evolve by reduc-
tive elimination of PtC4 to form cyclopropaneXXIV .

Alkoxy- and Hydroxycyclization. The deuteration experi-
ments on the hydroxy- and methoxycyclizations58fand 1,
respectively, and the selective formation 36 from phenyl
substituted enyn85 point to a mechanism for these reactions
similar to that proposed in the cyclization of allylsilanes and
allylstannanes with alkyné4,in which the metal coordinates

bond shows an increased polarizationli®2 (natural charges
—0.36 and+0.15 for C1 and C2, respectively). Thus, the
transition state resembles a vinyl cafibstabilized by bonding
to the alkene. Coordination of the alkyne to Pt enhances the
electrophilicity of the former and makes possible the reaction
with the C-C double bond. Importantly, a complex similar
to XXVI had been proposed in a remarkable cyclization reac-
tion of dienynes catalyzed by Ru(fj,and it was suggested
that these type of intermediates might be involved in the
metathesis-type cyclizations catalyzed by electrophilic transition
metals3®

Involvement ofXXVI as an intermediate in the alkoxy- and
hydroxycyclization is further supported by the isolation of

the alkyne as shown in Scheme 2. The selective transformationscyclopropyl aldehydes0 (Scheme 10), which could arise by

of the stereoisomeric paifg7 and41/48 into 26/27 and42/49,

the air oxidation of the corresponding platinacarb&he.

respectively (Schemes 7 and 8), demonstrate that this new The experimental and theoretical results are in accord with

reaction is stereospecific. On the other hand, formatioBOf

the general mechanistic interpretation summarized in Scheme

(Scheme 8)52, and54 (Scheme 9) demonstrates that the overall 16. Thus, coordination of MGI(M = Pt, Pd, Ru) or MICl,
process corresponds to an anti addition of the alkyne and(L = MeCN, MeOH, HO, or other ligand) to the alkyne would

nucleophile across the double bond.

DFT calculations were performed oB)¢2-octen-1-yne with
the alkynern?-coordinated to PtG{H,O) (XXV) (Scheme 15)
as a model for complexes of typd (Scheme 3). D was

form (%-alkyne)metal complexeXXVIl or a slipped 4*-

(35) (a) Calculations at the same level@alkeny-Pt complexes show
that the P+C distance lies around 2.01 A. ExperimentailkenyPt bond
distances are around 2:02.04 A: (b) Zhang, X.; Watson, E. J.; Dullagan,

employed as an additional ligand, because the coordination ofC. A.; Gorun, S. M.; Sweigart, D. AAngew. Chem., Int. Ed. Endl999

an alkyne to PtGl gives rise to a tricoordinate 14-electron

complex, which would incorporate a solvent molecule. This

complex has the alkyne perpendicular to the coordination plane

(32) Trost, B. M.; Lautens, MTetrahedron Lett1985 26, 4887-4890.

38, 2206-2208. (c) Ackermann, M. N.; Ajmera, R. K.; Barnes, H. A.
Organometallics1999 18, 787-792. (d) Allevi, C.; Garlaschelli, L.;
Malataesta, M. COrganometallics199Q 9, 1383-1391.

(36) The X-ray structure of a recently reported Fischer Pt carbene shows
the coplanarity between the carbene and the coordination pténes.

(37) For a recent discussion on metal-stabilized vinyl cations, sederyiu

(33) For a lead reference on Pt carbenes, see: Cave, G. W. V.; Hallett, T.; Meyer, R.; Lennartz, D.; Siehl, H.-lAngew. Chem., Int. EQ00Q 39,

A. J.; Errington, W.; Rourke, J. Angew. Chem., Int. Ed. Engl984 23,
3270-3272.

(34) (a) Review: Jennings, P. W.; Johnson, Ldhem. Re. 1994 94,
2241-2290. (b) Hoberg, J. O.; Jennings, P. Dftganometallics1996 15,
3902-3904. (c) Beyer, J.; Skaanderup, P. R.; Madsen).RAm. Chem.
So0c.200Q 122, 9575-9583 and references therein.

3074-3077.

(38) An alternative mechanism proceeding by a metalacyclopentene has
been favored by Trog811

(39) For the related oxidation of a nickel carbene intermediate, see:
Chowdhury, S. K.; Amarasinghe, K. K. D.; Heeg, M. J.; Montgomery, J.
J. Am. Chem. So@00Q 122, 6775-6776.
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Scheme 15.Reaction Coordinate for the Cycloisomerization of Enyn®§; (kcaFmol=!) Energies Are Given in Parentheses

AE B3LYP/6-31G(d)+ZPE (kcal-mol'")

Scheme 16
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alkyne)metal speci€’$.A similar scheme could be drawn for
the reaction catalyzed by Auglintramolecular electrophilic
attack on the alkene might form the key cyclopropylmetal
carbene intermediabéXVIIl . This species could also be viewed
as the metal stabilized homoalyinethylcyclopropyt-cyclo-

React. coordinate

ring (XXX) derivatives, respectively. Finally, protonolysis (or
deuteriolysis) of the alkenylmetal bond by the alcohol or water
would give cyclesXXXI or XXXII .

The regioselectivity in the nucleophilic attack is controlled
by the electronegativity of substituent Z. Thus, the strong
electron-withdrawing disulfone substituents 38 led to five-
membered ring carbocycl®d (Scheme 8), while malonates
gave a mixture obl and52 (Scheme 9). Accordingly, enyne
53 with less electron-withdrawing acetoxymethyl groups at C5
afforded exclusively six-membered ring carbocy@dgScheme
9). On the other hand, attack at the C1 of cinnamyl derivatives
41, 45, 48 as well as at the more substituted carbon of the alkene
of 55 suggests that a substantial positive charge evolves in the
transition state in the nucleophilic opening of intermediate
XXVIII .

Although the cycloisomerization and alkoxy- and hydroxy-
cyclization final processes are mechanistically distinct, an
equilibrium probably exists between complexes of tyfX
and XXV in solution (Scheme 17). In the model system,
displacement of the alkene ligandXfX by H,O to giveXXV
is exothermicAG = —11.1 kcalmol™! [AE(B3LYP+ZPE)=
—17.4 kcaimol™]. Because all the intermediates are neutral,
the dielectric constant is not expected to have a significant
influence on the reactions energetics, although, as has been
discussed previously, interaction of the solvent might be not
negligible for TS1 (Scheme 13) because of the presence of

butyl cation’® Stereoselective attack at the cyclopropane carbons yacant coordination sites. The favorable equilibrium shown in

labeled asa and b of intermediateXXVIIl by the alcohol
or water could give either the fiveX¥IX ) or six-membered

(40) Schleyer, P. v. R. IiThe Nonclassical lon Problensrown, H. C.,

Ed.; Plenum: New York, 1977; pp 7#82.

Scheme 17 and the lower activation energy for the formation
of the key intermediate in the alkoxy- and hydroxycyclization
reactions (Scheme 15) are in agreement with the experimental
results (Tables 2 and 3).



10520 J. Am. Chem. Soc., Vol. 123, No. 43, 2001
Scheme 17

XiX
Conclusions

This work demonstrates that P§Ca catalyst for metathesis-
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HF level to obtain starting structures for subsequent optimizations
applying density functional theory (DFT) at the generalized gradient
approximation using the B3LY® hybrid functional. The standard

type rearrangements of enynes in nonpolar solvents such as;31G(d) basis set was used for C, H, and Cl. For Pt, we used the
toluenes10.Malso catalyzes the alkoxy- and hydroxycyclization  standard LANL2DZ basis set, which includes a relativistic ECP and

or the cycloisomerization reaction in polar solvents. Enynes
containing disubstituted alkenes also undergo cycloisomerization
by using Rud or Ru(AsPh)4Cl, in MeOH. However, trisub-
stitution on the alkene favors Ru(ll)-catalyzed alkoxycyclization.
This reaction could also be carried out with Ag@ir Pd(ll)

complexes, although these reactions are more limited in scope.

Mechanistic studies and DFT calculations support the in-
volvement of intermediates such #XVIIl in the alkoxy- and
hydroxycyclization reactions. This complex might be also the
key intermediate in the formation of rearrangement products
IV (Scheme 1).

These cyclization reactions proceed with a maximum atom
economy under neutral and relatively mild conditions and are
environmentally benign. The alkoxy- and hydroxycyclization
reactions catalyzed by Pt(Il) are of particular interest, because
these transformations allow for the simultaneous formation of
a C-C and a GO bond from enynes. Additionally, the
reactions are stereospecific. Interestingly, in contrast with
cationic polyenyne cyclizations, in which alkynes have been
used as the terminators, this cyclization is initiated at the alkyne
terminus of the enyné. This method offers an alternative to
current methodologies for the synthesis of carbocycles based
on the intramolecular attack of silyl enol ethers to alkynes
promoted by Pd(OAg) or HgCh.*243 It is expected that
increasing the reactivity of the alkene by substitution of alkoxy,
trialkylsilyloxy, or amine substituents should lead to new
transition metal-catalyzed cyclization reactions under mild
conditions. Additionally, trapping of intermediates with carbon
nucleophiles should allow for the formation of an additional
C—C bond. Work along these lines is in progress.

Computational Methods

The calculations were performed with the GAUSSIAN 98 series of
programs’* The geometries of all complexes were optimized at the

(41) For reviews, see: (a) Sutherland, J. Kdamprehensie Organic
SynthesisTrost, B. M., Fleming, I., Eds.; Pergamon: Oxford, 1991; Vol.
3, chapter 1.9. (b) Wendt, K. U.; Schulz, G. E.; Corey, E. J.; Liu, D. R.
Angew. Chem., Int. EQ00Q 39, 2812-2833.

(42) (a) Toyota, M.; Wada, T.; Fukumoto, K.; Ihara, M. Am. Chem.
S0c.1998 120, 4916-4925. (b) Toyota, M.; Odashima, T.; Wada, T.; Ihara,
M. J. Am. Chem. So@00Q 122 9036-9037.

the explicit description of 18 valence electrons by a doubleasis

set. Harmonic frequencies were calculated at B3LYP level to character-
ize the stationary points and to determine the zero-point energies (ZPE).
The starting approximate geometry for the transition state (TS) was
located graphically. Intrinsic reaction coordinate (IRC) calculations
showed that the TS found actually connects the reagent and the product.
Natural charges were obtained from the natural bonding orbitals (NBO)
analysis.
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