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Abstract: In the presence of a catalytic amount of ruthenium(Il) complexes, [Regl)},, RuCh(cod)(MeCN),
[RUuCly(nbd)},, [RuCk(CO)]2, and Cp*Ru(cod)Cl, 1,6-dienes were effectively converted into the corresponding
exomethylenecyclopentanes in good to excellent yields with good isomer puritfPi®@H at 90°C. The
alcoholic solvent was essential for the present catalytic cyclization, and the efficiency increased in the following
order: t-BuOH < EtOH < i-PrOH. In contrast, a Ru(0) complex, d@es)Ru(cod), catalyzed the
cycloisomerization only in 1,2-dichloroethane. The unusual isomer-selectivity occurred when a 1,7-octadiene
was subjected to cyclization to give a simikexomethylenecyclopentane isomer as the major product. The
identical isomer selectivity was observed for the cyclization of unsymmetrical 1,6-dienes having one terminal-
and one internal-alkene termini. On the basis of the results from the studies using the known ruthenium hydrides
and deuterium-labeling substrates, the novel mechanism via the R&(IRu(IV) system involving a
ruthenacyclopentane(hydrido) intermediate was proposed, which better explains the particular regiochemistry
of the present cyclization than other previous mechanisms.
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Ru-Catalyzed Cycloisomerization of 1,6-Dienes
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makes this protocol an eironmentally benign procesé wide
variety of transition metals have been employed toward this
end. Titanium catalysts produced by the in situ reduction of
Cp.TiCl; or titanium alkoxides, and the Ziegler-type catalyst,
Cp2ZrClL/MAO, have proved to effectively catalyze the cy-
cloisomerization ofy,w-dienes’ An interesting example involv-
ing the C-C bond activation under scandium catalysis has also
been reported by Bercaw et&ln addition to the above early-
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Scheme 2.Selected Examples of Cycloisomerization of
1,6-Dienes Catalyzed by Late Transition Metals
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transition-metal catalyses, late-transition-metal catalyses have
received continuous attention because they have general apScheme 3.Selected Examples of Cycloisomerization of

plicability in organic synthesis due to their tolerance to polar
functional group$-12 In fact, RajanBabu et al. have recently

demonstrated that a cationic nickel catalyst system converted a
wide range of 1,6-dienes having an ester, amide, amine, or ether

functionality into cyclic products in good to excellent yiefds.
The cyclization of 1,6-dienekhas been the most frequently

investigated since the first report by Malone ef%As shown

in Scheme 1, it produces a mixture of several cyclic isomers

2—5 and acyclic byproducts via a sequence of simple olefin

E.; Wilson, A. M.; Dasse, O. A,; Ronaga, L. V. R.; Cheung, Y. Y.; Fu, Z,;
Shao, B.; Scott, I. LTetrahedron Lett1998 39, 5911. (h) Sturla, S. J.;
Kablaoui, N. M.I Buchwald, S. LJ. Am. Chem. S0od.999 121, 1976. (i)
Cao, P.; Wang, B.; Zhang, X. Am. Chem. So200Q 122 6490 and also
see ref 1b.

(7) (a) Akita, M.; Yasuda, H.; Nagasuna, K.; NakamurapAll. Chem.
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118 4715. (d) Waratuke, S. A.; Johnson, E. S.; Thorn, M. G.; Franwick, P.
E.; Rothwell, I. P.Chem. Commuril996 217. (e) Thorn, M. G.; Hill, J.
E.; Waratuke, S. A.; Johnson, E. S.; Franwick, P. E.; Rothwell, J. Rm.
Chem. So0c1997 119 8630. (f) Thiele, S.; Erker, GChem. Ber./Recl
1997 130, 201. (g) Okamoto, S.; Livinghouse, T.;Am. Chem. So200Q
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1449.
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Mitchell, T. R. B.; Ramasubbu, Al. Chem. Soc. Chem. Commu®.79
669. (f) Grigg, R.; Mitchell, T. R. B.; Ramasubbu, A.Chem. Soc. Chem.
Commun.198Q 27. (g) Grigg, R.; Malone, J. F.; Mitchell, T. R. B.;
Ramasubbu, A.; Scott, R. M. Chem. Soc. Parkin Trans.1984 1745.
(h) Behr, A.; Freudenberg, U.; Keim, W. Mol. Catal. 1986 35, 9. (i)
Radetich, B.; RajanBabu, T. \d. Am. Chem. Sod 998 120, 8007. (j)
Heumann, A.; Moukhliss, MSynlett1998 1211. (k) Widenhoefer, R. A
Perch, N. SOrg. Lett 1999 1, 1103. (I) Kisanga, P.; Widenhoefer, R. A.
J. Am. Chem. So00Q 122, 10017.

(10) For related intramolecular enallene couplings, see: (a) Trost, B.
M.; Tour, J. M.J. Am. Chem. Sod988 110, 5231. (b) Trost, B. M.;
Matsuda, K.J. Am. Chem. S0d.988 110, 5233.

(11) For related intramolecular endiene couplings, see: (a) Takacs,
J. M.; Anderson, L. GJ. Am. Chem. S0d.987, 109, 2200. (b) Takacs, J.
M.; Anderson, L. G.; Creswell, M. W.; Takacs, B. Eetrahedron Lett.
1987 28, 5627. (c) Takacs, J. M.; Newsome, P. W.; Kuehn, C.; Takusagawa,
F. Tetrahedrorl99Q 46, 5507. (d) Takacs, B. E.; Takacs, J. Metrahedron
Lett. 1990 31, 2865. (e) Takacs, J. M.; Myoung, Y. Cetrahedron Lett.
1992 33, 317. (f) Takacs, J. M.; Weidner, J. J.; Takacs, BTEtrahedron
Lett. 1993 34, 6219.

(12) For related intramolecular diendiene couplings, see: Takacs, J.
M.; Clement, F.; Zhu, J.; Chandramouli, S. V.; Gong, X.Am. Chem.
Soc.1997 119, 5804.

2,7-Nonadiene and 1,6-Octadiene

E & 5 mol % [(aliyl)PdCl]» E ><i(; E >@C
+
E (2-MeOCgHz)aP E E

6 E=CO,Me AgOT, CHoClp, 1t, 72 h
90% yield (1:1.7)
+
E A E E
+ +
E E E

7 E = COuEt
isomerizations, depending on the employed substrate and the
catalyst as illustrated in Scheme 2. Among the above products,
examethylenecyclopentanesare fascinating synthetic inter-
mediates because thexomethylene moiety can be readily
transformed to other important functionalities such as a ketone
via ozonolysis, or a primary alcohol via hydroboration, etc.
Rhodium- and nickel-catalysts selectively provide tieo
methylene isomers from terminal 1,6-dierf@&¢!9iwhereas
palladium catalysts predominantly furnish the more substituted
olefins 3 or 4.9¢.9iik One drawback of the present protocols is
that the presence of an internal olefin in a diene substrate
diminishes the product selectivity. For example, a 2,7-nonadiene
6 gave a 1:1.7 mixture of cyclopentenes upon treatment with a
cationic palladium catalyst (Scheme®8Moreover, an unsym-
metrical 1,6-octadienégave a more complex mixture of cyclic
products under the rhodium catalysis, indicative of no regiose-
lectivity (Scheme 39

Recently, we reported the first ruthenium-catalyzed cycloi-
somerization ofx,w-dienes'®14In striking contrast to the above
examples, the ruthenium catalysis regioselectively converted the
unsymmetrical 1,7-octadier or 1,6-octadienéa into exc
methylenecyclopentariaas the major product in good yields
in alcoholic solvents (Scheme 4). Herein, we wish to report the
detailed results of our study on the Ru-catalyzed cycloisomer-
ization of 1,6-dienes and discuss the origin of the remarkable
regioselectivity preferable to thexomethylene isomer.

Itoh, K.Org. Chem.

1 mol % RhCI(PPhg)s

EtOH, refiux, 10 days
44% vyield (3:23:13:10:51)

(13) Yamamoto, Y.; Ohkoshi, N.; Kameda, M.;
1999 64, 2178.

(14) For ruthenium-catalyzed enyne-cycloisomerizations, see: (a) Nishi-
da, M.; Adachi, N.; Onozuka, K.; Matsumura, H.; Mori, Nl. Org. Chem.
1998 63, 9158. (b) Trost, B. M.; Toste, F. Dl. Am. Chem. Sod 999
121, 9728. (c) Trost, B. M.; Toste, F. Dl. Am. Chem. So@00Q 122,

714. (d) Paih, J. L.; Rotyuez, D. C.; Dden, S.; Dixneuf, P. HSynlett
200Q 95.
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Results

Recently, wé®> and other¥17” have expanded the synthetic
potential of ruthenium(ll) complexes having #f-cyclopen-
tadienyl-type ancillary ligand with respect to catalytie-C bond
formations. During the course of our study of the Ru(ll)-
catalyzed cycloaddition between 1,6-heptadiynes and nor-
bornené'* we have observed that the ring-opening-metathesis-
polymerization (ROMP) product of norbornene was formed in
the reaction mixture. Similarly, upon treatment of a catalytic
amount of Cp*Ru(cod)ClI (Cp* pentamethylcyclopentadienyl)
in EtOH in air, norbornene gave the same ROMP polymer. To

Yamamoto et al.

Scheme 5
MeO,C = cat Ru Me020><f
MeO,C x alcohol, heat, 24 h MeO,C
1a 2a

M 6020>@
MeO,C
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Table 1. Ru-Catalyzed Cycloisomerization of 1,6-Heptadidre

entry catalyst (mol %) isolated yield (%) purity (%)
1 [Ru(cod)CH]n (1) 89 95
2 [Ru(cod)CH]n (0.1) 87 88
3 [Ru(cod)(NCMe)Cl, (0.1) 98 84
4 [Ru(nbd)C}]. (5) 94 84
5 [Ru(COXCl,]s (5) 89 86
6 Cp*Ru(cod)CI (5) 94 98

a All reactions were carried out iRPrOH under Ar at 90C for 24

h. P Purity was determined by GC analyses of the isolated product.

[Cp*RuCly], were not effective at all under the same reaction

extend the scope of the ruthenium-catalyzed metathesis, we nextonditions. Surprisingly, theligomeric and almost insoluble
applied the present catalyst system to the ring-closing metathesigRuCl(cod)}, exhibited the highest catalytic activity. The desired

of dimethyl diallylmalonate 1a). In the presence of 10 mol %
Cp*Ru(cod)Cl, the dienda was heated at 80C in EtOH for

24 hin air to afford anexomethylenecyclopentarizain 82%
yield instead of the expected metathesis prodiic{Scheme

5). We further explored the scope, limitations, and the mech-
anism of the novel ruthenium-catalyzed cycloisomerization of
1,6-dienes as follows.

Optimization of Reaction Conditions and Catalysts At the
outset, the catalytic activities of various ruthenium complexes
were examined with respect to the cycloisomerizatioriaf
As already mentioned, the treatment td with 10 mol %
Cp*Ru(cod)Clin air in refluxing EtOH afforded?a in good
yield. The cycloisomerization was also found to proceed with
other ruthenium complexes such as Ry8H,0 and [RuCy-
(cod)], (cod = 1,5-cyclooctadiene), but RufPPh)s; and

(15) (a) Masuda, K.; Nakano, K.; Fukahori, T.; Nagashima, H.; Itoh, K.
J. Organomet. Chenl992 428 C21. (b) Itoh, K.; Masuda, K.; Fukahori,
T.; Nakano, K.; Aoki, K.; Nagashima, HDrganometallicsl994 13, 1020.
(c) Yamamoto, Y.; Kitahara, H.; Hattori, R.; Itoh, Krganometallics1998
17, 1910. (d) Yamamoto, Y.; Kitahara, H.; Ogawa, R.; Itoh, X.Org.
Chem.1998 63, 9610. (e) Yamamoto, Y.; Ogawa, R.; Itoh, Khem.
Commun. 2000 549. (f) Yamamoto, Y.; Kitahara, H.; Ogawa, R;
Kawaguchi, H.; Tatsumi, K.; Itoh, KJ. Am. Chem. SoQ00Q 122 4310.

(16) (a) Trost, B. MChem. Ber1996 129, 1313 and references therein.
(b) Trost, B. M.; Portnoy, M.; Kurihara, Hl. Am. Chem. S0d.997, 119,
836. (c) Trost, B. M.; Pinkereton, A. B. Am. Chem. S04999 121, 1988.
(d) Trost, B. M.; Pinkereton, A. B]. Am. Chem. S04999 121, 4068. (e)
Trost, B. M.; Pinkereton, A. BJ. Am. Chem. Sod.999 121, 10842. (f)
Trost, B. M.; Roth, G. JOrg. Lett.1999 1, 67. (g) Trost, B. M.; Toste, F.
D. Tetrahedron Lett1999 40, 7739. (h) Trost, B. M.; Toste, F. D.; Shen,
H. J. Am. Chem. So@00Q 122, 2379. (i) Trost, B. M.; Pinkereton, A. B.
Angew. Chem., Int. E00Q 39, 360. (j) Trost, B. M.; Pinkereton, A. B.
Org. Lett.200Q 2, 1601. (k) Trost, B. M.; Shen, H. @rg. Lett.200Q 2,
2523. (I) Trost, B. M.; Pinkereton, A. Bl. Am. Chem. So@00Q 122,
8081.

(17) (a) Mitsudo, T.; Naruse, H.; Kondo, T.; Ozaki, Y.; Watanabe, Y.
Angew. Chem., Int. Ed. Endl994 33, 580. (b) Deien, S.; Dixneuf, P. H.
J. Chem. Soc., Chem. Commi@i94 2551. (c) Deen, S.; Jan, D.; Dixneuf,
P. H.Tetrahedron1996 52, 5511. (d) Dé&en, S.; Ropartz, L.; Paih, J. L.;
Dixneuf, P. H.J. Org. Chem1999 64, 3524. (e) Paih, J. L.; Den, S.;
Dixneuf, P. H.Chem. Commun1999 1437. (f) Paih, J. L.; Digen, S,
Ozdemir, |.; Dixneuf, P. HJ. Am. Chem. So00Q 122, 7400. (g) Yi, C.
S.; Liu, N. Synlett1999 281. (h) Yi, C. S.; Lee, D. W.; Chen, Y.
Organometallics1999 18, 2043. (i) Kikuchi, H.; Uno, M.; Takahashi, S.
Chem. Lett1997 1273. (j) Murakami, M.; Ubukata, M.; Ito, YTetrahedron
Lett. 1998 39, 7361. (k) Fujiwara, M.; Nishikawa, T.; Hori, YOrg. Lett.
1999 1. 1635. (I) Ferhadez-Rivas, C.; Medez, M.; Echavarren, A. Ml.
Am. Chem. So00Q 122, 1221.

product2a was almost quantitatively obtained using 5 mol %
[RuCly(cod)},.

The alcoholic solvent plays a decisive role in the ruthenium
catalysis. The cyclization did not proceed in aprotic polar and
nonpolar solvents such as 1,2-dichloroethane, acetonitrile, and
toluene. In addition, the catalytic activity was clearly dependent
on the nature of the alcoholic solvent. In a secondary alcohol,
i-PrOH,2awas obtained in 90% yield upon treatment only with
1 mol % of the catalyst at 9%C for 24 h, whereagert-BuOH,
possessing no hydrogen atamto the hydroxy group, hardly
gave2a under the same reaction conditions. On the basis of
these results, we assumed that the alcoholic solvent is required
to generate a ruthenium hydride complex. In fact, benzaldehyde
dibenzyl acetal was formed via oxidation of benzyl alcohol,
when the reaction was carried out in benzyl alcohol as the
solvent. This observation is in good agreement with the above
assumption (vide infra).

The catalytic activity was further improvead the absence
of air as summarized in Table 1. Upon treatmentlafwith 1
mol % [RuChk(cod)},, the exomethylenecyclopentan2a was
obtained in 89% yield with 95% purity (entry 1). A diminished
amount of the catalyst (0.1 mol %) ga2a in a comparable
yield of 87% albeit with a slightly lower purity (entry 2). Highly
soluble and monomeric Rugtod)(MeCN} gave the best yield
of 98% but the product purity was moderate (entry 3). In this
case, the formation of an internal alkeBa was detected by
IH NMR. This shows that the soluble catalyst has a higher
catalytic activity compared to the insoluble ones, however, the
examethylene produc2a was subsequently isomerized to the
more stable3a. The catalytic conversion a2a into 3a was
confirmed by the treatment of the isolat2awith [RuClx(cod)},
for 3 days. Other complexes, [Ru@ibd)}, (nbd = norborna-
diene), [RuC(CO)],, and Cp*Ru(cod)Cl, are less effective than
[RuClx(cod)},. Accordingly, 5 mol % of these catalysts were
required for the complete conversion of the starting dig¢ae
(entries 4-6). On the basis of the above results, [RGdd)],
in i-PrOH proved to be the best choice of cycloisomerization
catalyst.

Functional Group Compatibility. As mentioned above, the
early-transition-metal-catalyzed diene-cyclizations are highly
sensitive to polar functionalities such as carbonyl and cyano
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Ig?lﬁ ri.icl’?au-Catalyzed Cycloisomerization of 1,6-Heptadienes o/\/ <:s><i/ \Si/\/
N § Vxx N
1,6-heptadiene (cat. amount) product yield (purity)b 1j 1k 1
0 0
0 ~ ib 0 2b 80% EtO,C MeO,C = MeO,C =
Xojécg (1 mol %) ><Oié<:/< (100%) Et0,C 7 Me020><I\/R Meozc><1/x
0 0 EtO,C X
o) o) Et0,C 8tR =Ph 9i X=Cl
Z ic 2c 78% 12 9g R = CH=CH, 9j X = OMe
« (1 mol %) (93%) Sh R = CO.Et
0 0
<:§<\< ) 0 2 83% MeO,C = MeOQC><I/\ MeOQC><:Z
. (5 mol %) : Z :I (98%) MeO,C MeO,C X MeO,C
0 0 13 14 15
NC><i/ 1e N%@i 2e91% Figure 1. Dienes which failed to undergo Ru-catalyzed cycloisomer-
N\ (5 Mol %) NC (99%) ization.
\ 0 \ 0
o:(N = 11 O:<Ni§<j 291% palladium-catalyzed silylative cyclization, in which only dienes
N % (5mol %) N (98%) possessing at least one homoallylic ester, ketone, or ether group
/0 /0 underwent cyclizatiod® Our protocol was then applied to
P“023><1/ 1g Phozs><:ﬁ 29 97% heterocycle formation$\,N-Diallylacetoamideli was converted
PhO,S N, (10 mol %) PhO,S (©7%)° into aN-acetyl pyrrolidine derivativ@i in 62% yield with 83%
O O purity. The diallyl ethedj, however, gave no cyclization product
= 1h 2h 98% using the present ruthenium catalysis, indicative of the subsitu-
’ (B mol %) ’. (88%)° ents at the 4-position being essential for the cyclization (Figure
O O 1). The tertiary- or secondary-centers on the tether connecting
0 1 o 21 62% the two alkene termini mi.gh.t a§sist the cyclization dug to the
}—N\/\ (5 mol %) }NVM( (83%) Thorpe—l_ngold effect. Th|s_ is in good accordance Wlth the
0 o observation that the acyclic estéa and ketonelc require a
MeO / im MeO 2m 75% smaller amount of the catalyst for the complete conversion than
:§<1\ (0.5 mol %) ;§<:/( (94%)? their cyclic analogue&b and1d, respectively. Exceptionally,
0 0 dieneslk and1l failed to cyclize, whereas they have a tertiary
0 0 center at the 4-position (Figure 1). In the former case, the strong
MeOJS<i/ in Meng<:/< 2n 93% coordination by the sulfur atoms might deactivate the ruthenium
NGV (Bmol %) NG (97%)° catalyst. The failure of the latter might be ascribed to the
MeO O MeO Y elongation of the tether by the two-SC single bonds. If this
J§<i/ 1o © JS<:/< 20 95% is true, the Ru-catalyzed diene-cycloisomerization is quite
PR\ (1 mol %) PH (99%) sensitive to the distance between the alkene termini (vide infra).

a All reactions were carried out using [Ru(codjjgin i-PrOH at 90 Diastereoselectivity.The stereocontrol in the diene-cycliza-

°C for 24 h (48 h forlg) under Ar. Purity was determined by the GC  tion remains a challenging subject. Recently, diastereoselective
analyses of the isolated productfurity was determined by the HPLC ~ cycloisomerizations have been reported for a few diene sub-

analyses of the isolated productDiastereomer ratio were determined  strates using titanium catalys®? On the other hand, the
by 'H NMR as 1:1 gm), 2.8:1 @n), and 1.7:1 Z0). diastereocontrolled diene-cycloisomerization has not yet been
L achieved using the late-transition-metal catalyses. With this in
groups, whereas they are of synthetic significance. Late- ping, the diastereocontrol by the ruthenium catalyst was
transition-metal catalysts are expected to overcome such agyamined with respect to dienes possessing two different
drawback. Indeed, the cyclization of the functionalized dienes g pstituents at the 4-position. As a result, diehes-o gave
has been achieved by the palladium-catalyzed silylative cy- the cyclization product@m—o with only low diastereoselec-
clization'® and the nickel-catalyzed cycloisomerizatfnilo tivities ranging from 1:1 to 2.8:1 albeit in high yields and

examine the functional group compatibility of our new protocol, - excellent purity (Table 2). The configuration of these isomers
1,6-heptadienes having various functional groups at the 4-posi-\y 55 not established.

tion 1b—i were subjected to the cycloisomerization under the
optimized reaction conditions (Table 2). In a similar manner
with 1a, a cyclic 1,3-diestedb gave pure2b in 80% yield.
Ketoneslc and1d, a nitrile 1, an amidelf, and a sulfonédg
also gave cyclized produc#Z—g in good to high yields with

high purity. In addition, a diallyl fluorenelh having no e 1) This result clearly shows that the ruthenium-catalyzed

coordinating group underwent cycloisomerization to fursh ¢ cjgisomerization is sensitive to the distance between the alkene
in excellent yield. These results are in marked contrast to the {ormini as anticipated from the failure of the cyclization1df

Cyclization of 1,7-DienesHaving elucidated the feasibility
of the 1,6-heptadiene cyclization, we then investigated the
cycloisomerization of the 1,7-octadienes. The expected six-
membered ring product, however, was not obtained from a
symmetrical 4,4,5,5-tetra(ethoxycarbonyl)-1,7-octadEhé-ig-

(18) (a) Widenhoefer, R. A.; DeCali, M. Al. Am. Chem. Sod.998 On the other hand, an unsymmetrical 4,4-di(methoxycarbonyl)-
igqligfi&( (SJ)WS_tdengr?nef, C.é\l.;A Wigenhoefer,CRjT\l%raheéir:on 535%923 1,7-octadiene furnished the unexpected five-membered ring
A .(C ldennoeter, R. A.; tengone, JINOrg. em 3 i i 0, I [/

8681. (d) Perch, N. S.; Widenhoefer, R. A.Am. Chem. Sod999 121, product 10a as the major product (yield 72%, purity 60%:
6960. (e) Perch, N. S.; Pei, T.; Widenhoefer, R.JAOrg. Chem200Q Scheme 6). The rhodium-catalyzed cycloisomerization of a

65, 3836. (f) Pei, T.; Widenhoefer, R. AOrg. Lett.200Q 2, 1469. similar 1,7-diene has already been reported; howevemrgsxbe
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Scheme 6 Table 3. Ru-Catalyzed Cycloisomerization of 1,6-Dier@s—d?
. . . b
MeO,C ><\</ 5 mol % [Ru(cod)Clzln | pe 0:C. = diene (cat. amount) product (isolated yield / purity)
MeO,C 7 ipioH,90°C,2ah | MEO2C Xy MeOzC% MeOzC><I/
8 9a MeOgC MEOZC
9a° (5 mol %) 10a (94% / 77%)
M602C
- . MeO.C_ /~? Me020><:/</
MeO,C MeO.C’ Ny MeO,C
10a 72% yield (purity 60%) 9a (5 mol %) 10a (95% / 63%)
Scheme 7 MeOQC><1/ MeO,C
E 1 mol % RhCH{PPhg)s E MeOC ;><002Me MeO-C COMe
COgMe COxMe
8E=COsEt 62% vield (11:56:13:11:9) 9b (10 mol %) 10b (90% / GO%)d

><\</ E% +
E # EtOH, reflux, 20 h E E
£ E E 7 MeOC MeO,C

methylenecyclopentane was formed only as the minor part of

the five-isomers (Scheme .The 1,7-diene8 was possibly 9¢ (10 mol %) 10c (90% / 80%)
converr]te(: ||?tol_0aV|a a_l,Q;_dleneflntermedlam Iflthlj is A Meo2o><:f MeOZC><:/(/
true, the following two significant features are involved inthe | o X _sive, MeOLC SiMes

ruthenium catalysis. First, the-C double bond at the homoal-

lylic position to the malonate unit was selectively isomerized

to the internal aIIyIIC alkene. In other words, the methoxycar' aAll reactions were carried out using [Ru(codfzl (Ru(cod)-

bonyl groups suppress the isomerization of the alkene placed(MeCN)Cl; for 9¢) in i-PrOH at 90°C for 24 h under Ar® Purity

at the allylic position under the ruthenium catalysis. The Wwas determined by the GC analyses of the isolated producitsirans

resistance Of the a||y|IC Olefin tOWard the isomel’ization alSO = 1(16/8?d Punty was determined by the HPLC ana|ySIS of the isolated
; ; . roducts.

plays an important role for the selective formation of éh& produ

methylenecyclopentan@dby avoiding the undesired conversion Fiydrometaiiation (Carbometaliation) (F-H cimination)

of 2 into the more substituted cyclopentergeand4. Second,

od (2.5 mol %) 10d (94% / 93%)

the thermodynamically unfavoralbdsxomethylenecyclopentane /~<"H
i i MH” X M — X - M-H
was selectively produced from the unsymmetrical 1,6-d&me / (ESNY \
Such a regioselectivity is unprecedented and in sharp contrast mechanismA '
. . o a M
to that observed for the rhodium-catalyzed cycloisomerization x(:\(
(Scheme 3§9 Focusing our attention on these unique features, N~
we further investigated the regiochemistry in the cyclization of \ mechanism B /
the unsymmetrical 1,6-octadienes. M XCD — MH /-M
Influence of Alkene Substituent and RegioselectivityAs
expected, théransrich 1,6-octadien®atreated with the 5 mol H ____ N
% catalyst afforded thexomethylenecyclopentariain 94% (Oridative cyclization) ~ (§-Helimination)  (Reductive elimination)
yield with 77% purity (Table 3). In the same manner, the Figure 2. General mechanisms of cycloisomerization leadingxo
rich 9a gave exomethylenecyclopentan&0a with a similar methylenecyclopentane.

yield; however, the purity was lower than that with tinans- ) ) ) ) )

rich 9a. To establish the generality of this remarkable regiose- @ Vinyl silane9d with the highest purity (93%). In contrast,
lectivity, other unsymmetrical 1,6-dienes were subjected to the Unsymmetrical dienes possessing a terminal’Gsstituent
cycloisomerization. The transition-metal-catalyzed cascade cy-9f—, and a hetero substitueditj gave no cycloisomerization
clizations of polyenynes are powerful methods to construct product (Figure 1). _

complex polycyclic compounds only in a single operafi®n. As shown above, the nature of the alkene substituents plays
Along this line, titanium- or zirconium-catalyzed cascade @ critica_l role. The Csh and Si-substituents effectively control
carboaluminatior4 and the yttrium-catalyzed silylative the regiochemistry. On the other hand, the Esmd hetero-
cyclizatiorfe of trienes have been reported, but no example of Substituents suppress the cyclization. The substitution pattern
the cascade cycloisomerization of polyenes was found so far.0f the alkene moiety also has a significant influence on the
In this context, a 1,6,11-trien@b was applied to the present ~ Cyclization. The ruthenium catalyst could not cyclize a diene
catalytic cycloisomerization, however, only a single-cyclization having a trisubsituted alker, a diene having two internal
product10b was obtained in good yield. Using our protocol, alkenesl4, and a diene having an internal substitusi(Figure

an interesting fused bicyclEcwas able to be synthesized from 1) In thgse cases, Fhe dienes were recovered Intact.

a cyclohexenyl malonate derivativ@c with good yield and Rea_ct|on Mechanism.The two principal mechanisms for_ the
purity. Moreover, the trimethylsilyl group proved to be an formation ofexomethylenecyqlopentan_e from the 1,_6-d|enes
excellent directing group favoring the desireBemethylene have been postulated as outlined in Figure 2. One involves a

isomer. Consequently, a homoallylsilah@d was obtained from ~ Metal hydride species as the active catalyst (mechanism A), and
the other involves a metallacycle intermediate (mechanism B).
(19) Selected examples, see: (a) Zhang, Y.; Wu, G.; Angel, G.; Negishi,

E.J. Am. Chem. 504990 112 8590. (b) Trost, B. M.: Shi, YJ. Am. The former proceeds via a sequence of hydrometalation/

Chem. So0c1993 115 9421. (c) Zuercher, W. J.: Scholl, M.: Grubbs, R. carbometalation followed h§-hydride elimination regenerating
H. J. Org. Chem1998 63, 4291. the metal hydride. This mechanism is believed to operate in
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-al _, PReCHOH RC—OH B RuCtzLy

Ru'Cll, — Ru'ClL, H Ru'L, PPrOH | A ~
! X © X
Cl R e B
g-H elimination H . - HCl . H-Ru-C!
Ru'L, — Rul, p-Hydride
- Ro,CO, - HCI & Elimination
Cl H .Ru
o~ H H
RuoLn /RU"\)\ — Iﬁu”l_n + /\CI « X/\/‘RU/C[
a cl cl H R H
Figure 3. Generations of catalytically active species. 18 o 16
" Cy -
Reductive Oxidative
Scheme 8 Eﬁminaﬁon\ X Au-© Cyclization
H \
H --H
HN% |\ | /N% Cy
[RUCly(cod)] - : Ru__ 17 R
%0 ci HN\n Figure 4. Plausible mechanism for the Ru-catalyzed formatioextf

many of the 1,6-diene cycloisomerizatioft§2.490n the other

methylenecyclopentane.

- ! - Scheme 9
hand, the latter mechanism starts with the formation of the
metallabicycle, and subsequghhydride elimination and reduc- x/\/ Rut x/\<|=;1H-—> v -RuH (:\l:f
tive elimination gave the product. This mechanism was postu- X" N
lated for the recently reported titanium aryloxide catalysis H Ru
our case, alcoholic solvents are essential for the generation of
the active catalyst. The Ru(ll)g€fragment can be reduced to Scheme 10
Ru(0) via an intermediate complex, HRu(Il)CI (Figure 3). The ~  [@Iy)NiBr] ~CH NiH
resultant ruthenium(0) species might be involved in mechanism © 0 N 0 — 0
B (Figure 2). Such a possibility was, however, discarded by py ‘ﬁ;’geﬁc,g*ga,f p,?/\ Pn A Ph

the following experiments using a Ru(0) complexMesRu-

(cod). Upon treatment with the 0.5 mol % Ru(0) complex in  Ajthough the active species was confirmed as the ruthenium-
1,2-dichloroethane at 98C for 24 h, the desired produ@a (1) hydride, the sequential hydroruthenation/carboruthenation/
was obtained in 99% yield with 81% purity. As expected, the g hyqride elimination mechanism cannot explain the selective
alcoholic solvent was not required; however, the reaction did tormation of the exomethylenecyclopentanes. Because the
not proceed in other solvents such as chlorobenzene with orj,ygrometalation is expected to take place at the less hindered
without HCI, CHCN, or toluene. On the basis of these results, glkene, consequently, the reverse regioselectivity must result
we envisaged that the Ru(0) complex undergoes oxidative iy the formation of the more stable internakoalkene as
addition to the G-Cl bond in 1,2-dichloroethane followed by depicted in Scheme 9. In fact, the Rh-catalyzed cycloisomer-
p-hydride elimination to produce the HRu(Il)Cl species, which i, ation of 8 via 7 gave ethylidenecyclopentanes as the major
acts as the net catalygt (Figurg 3), although the detection of 5|afin isomer (Scheme 7).
such a ruthenium hydride species was unsuccessful. Moreover, the cationic nickel hydride has been reported to
Turning our attention to the mechanism A, we searched for yegioselectively convert an unsymmetrical diallyl ether into a
an active ruthenium hydride catalyst. Recently, Mori et al. have tetrahydrofuran derivative (Scheme 20)This example sug-
shown that RuCIH(CO)(PRJx effects the enyne-cycloisomer-  gested that the hydrometalation took place by avoiding the steric
ization in refluxing toluené:@This hydride complex, however,  repyision due to the allylic substituent. On the other hand, a
hardly catalyzed the diene-cycloisomerizati_on. Other complexes, giene having an allylic methyl substituet$ was treated with
CpRuH(PPH), and Cp*RuH(PPh) also failed to effect the  the rythenium catalyst to give regioisomers with a 1:1 ratio in
cyclization of 1a. In addition to these complexes, a hydride oy system. The related silylative cyclization initiated by the
complex supported by the 1,5-cyclooctadiene ligand, RUCIH- gjjyinalladation exhibited a similar regioselectivity with the
(cod)(piperidine), was then examined as a phosphine-free (nodium- and nickel-hydride catalyst.
hydride complex, because among the complexes having the Ru-  These discrepancies in regiochemistry between the ruthenium-
(INCI2 fragment, only RUG(PPh)s showed no catalytic activity.  pygride catalysis and the other conventional metal hydride
According to the literature, [Ruglcod)}, was heated in excess  catalysts made us propose a novel mechanism as outlined in
piperidine at 30°C to afford RuCIH(cod)(piperidingps a pale- Figure 4. The ruthenium(ll) complexes, Ry, were heated
green solid (Scheme 8).The existence of the hydride ligand i, the hydride-donor solveritPrOH to produce the [HRu—
was confirmed by the observation of the Rd absorption at ) species supported by only labile ligands such as the solvent
2048 cm* in the IR spectrum. Using this isolated hydride o cOD. Therefore, this species must behave as a “naked”
complex (10 mol %)lawas successfully converted infain chlororuthenium(ll) hydride, which can readily accommodate
92% yield with 79% purity in toluene at 9tC. In the same  the two olefin units of the substrates simultaneously to form a
manner, the hydride catalyst quantitatively converted the hydride—diene complext6. As a result, the complex possessing
unsymmetrical dienBainto theexomethylene isometOawith a more labile ligand showed higher catalytic activity as
67% purity. Therefore, we concluded that the net active catalyst ,;mymarized in Table 1. In turn, a strong coordinating ligand,
is a coordinatively unsaturated [HRUCI] species, and the strongly ppp, inhibited the cyclization. In the next stage, the oxidative
coordinating phosphine ligand suppresses the cyclization. cyclization of16 [Ru(ll) — Ru(IV)] gave a ruthenacyclopentane-
(hydrido) complex17, in which the more substituted;ERu
bond is longer and weaker than the less substitutetRD bond

(20) Potvin, C.; Manoli, J. M.; Pannetier, G.; ChevalierJROrganomet.
Chem.1978 146, 57.
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Scheme 11 Scheme 14

MeO,C = 5 mol % [Ru(cod)Cly], E = 5 mol % [Ru(cod)Clal, ¢
MeO,C NV , . - .
2 PPrOH, 90°C, 24 h E@S'Me‘? IPrOH, 90 °C, 24 h E%S'Me"
15 b E = COM H D
MeO,C . MeO,C 25 =Lhpe 26 70%D
MeOQC MeOQC H
MeOLC  H | sime,
Scheme 12 MeO2CW>Ru
e H

5 mol % [Ru(cod)Cl,], 27 D

e}

S SiMes 'PrOH, 90 °C, 24 h S'Me3

1

Scheme 15

©

D Ru‘H

SiMe3 Me38| S|Me3
><:i:;[ﬂu"] [Ru"] —E SiMeg cis-23 2 rans

[RUO] E= COgMe

w)

SIM€3 Me;Si thenationB-hydride elimination steps depicted in Scheme 15.
2 These facts suggest that the hydroruthenation of the HRu
h species cannot trigger the cycloisomerization. The novel cy-
Scheme 13 cloisomerization mechanism involving the ruthenacyclopentane-
£ = 5 mol % [Ru(cod)Cly]n (hydrido) intermediate is still speculative; however, it reasonably
E b ; SiMe explains these observations and, in particular, the regiochemistry
ProH, 90°C, 24 h 3 of the cycloisomerization.
SiMey

E =CO,Me 24 100%0

23 cisitrans = 4.3:1 Conclusions

due to the steric repulsion between the substituent R and the We have provided a new and versatile protocol for the
ruthenium fragment. Consequently, the reductive elimination synthesis of functionalizedxomethylenecyclopentanes and a
takes place on the more substituted side to prodi&eThis related nitrogen heterocycle via the first ruthenium-catalyzed
can also explain the reason why the regiochemistry was notisomer-selective cycloisomerization of 1,6-dienes and a 1,7-
controlled by the internal allylic substituent as shown in Scheme diene. The present method has considerable advantages com-
11. Finally, thes-hydride elimination of [H-Ru—CI] from 18 pared to the known methods as follows: (1) The most effective
forms theexomethylenecyclopentane. catalyst [RuCi(cod)}, is readily availablé' and extremely stable

To obtain further insight into the mechanism, deuterium- in air, moisture, and light so that it can be stored for a long
labeling studies were carried out using deuterated dié8es  period and handled without special precautions. (2) No additives
23, and25. The dienel9 was treated with 5 mol % [Rugl such as acids, alkylating agents, or other supporting ligands are
(cod)}, in i-PrOH at 90°C for 24 h to afford10d possessing no  required for the activation of the catalyst. (3) Environmentally
deuterium atom (Scheme 12). This result supports the fact thatless harmful alcohols can be used as the solvent without

the Ru(0)-mediated oxidative cyclization mechanism2@and purification. (4) Synthetically usef@xomethylene products are
21 does not operate in the present cyclization because theselectively obtained. (5) The catalyst system is tolerant of a
ruthenium-mediated intramolecular D-atom transf&¥{ 22) wide variety of functional groups including an ester, ketone,

was not observed. This is in accordance with the ruthenium(0) nitrile, amide, and sulfone. The most significant feature of the
complex, GMegRu(cod), that did not catalyze the cyclization ruthenium catalysis is the regioselective formation of e
of 1ain the absence of 1,2-dichloroethane. In the same manner,methylene isomers even from unsymmetrical 1,6-dienes having

the cyclization of diene®3 (cisitrans = 4.3:1) and25 were one terminal- and one internal-alkene termini. Such an unusual
performed. As a result, the deuterated prodisivas obtained regiochemistry can be explained by the novel mechanism
from 23, indicative of no deuterium migration and no1Di involving a ruthenacyclopentane(hydrido) intermediate instead

exchange (Scheme 13). The incorporation of the hydrogen atomof the conventional hydrometalation/carbometalagiemydride
from the Ru-H species was obviously established by the elimination mechanism. The involvement of the ruthenium
conversion of25 into 26 (Scheme 14). The cyclopenta2é hydride species was confirmed by the reaction using the known
was obtained as a single diastereomer, whereas its stereochensomplex, RuCIH(cod)(piperiding) which gave theexameth-

istry was tentatively assigned based on the proposed mechanismylenecyclopentane with identical selectivity as did the other
in which the H atom was diastereospecifically transferred from catalyst precursors. Further deuterium-labeling studies revealed
the ruthenium center to the silylmethyne carbon via a transition that the hydroruthenation cannot trigger the cycloisomerization.
state27. It should be noted that theis-rich mixture of23 (cis: ) )

trans = 4.3:1) was treated with 10 mol % RuCIH(P§hto Experimental Section

form thetrans-rich mixture of23 (cistrans = 1:10), although General. *H and 3C NMR spectra were obtained for samples in
the formation of trace4 was only detected by GC analysis. CDCI; solution. Flash chromatography was performed with a silica gel
Accordingly, the hydroruthenation of the vinylsilane generated column (Merck Silica gel 60) eluted with mixed solvents [hexane/ethyl
the alkylruthenium intermediat28 (Scheme 15), which, how- acetate]. Elemental analyses were performed by the Microanalytical
ever, hardly participated in the subsequent carboruthenation ofCenter of Kyoto University. Melting points were obtained in sealed
the other alkene terminus leading2d. The partial loss of the (21) Albers, M. O.; Ashworth, T. V.; Oosthuizen, H. E.; Singleton, E.
D content 0f26 was also caused by this sequence of hydroru- Inorg. Synth.1987, 26, 68.
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capillary tubes and are uncorrected. The isomer puritie3aeff and
8 were determined b¥H NMR or GC analysis, respectively, after iso-

J. Am. Chem. Soc., Vol. 123, No. 26,63091

in Tables 3. Cyclopentane2a® 2¢° 2h,’e" 2i% are known
compounds.

lation. Gas chromatographic analyses were performed on a GLScience Typical Procedure for Ru(0)-Catalyzed Cycloisomerization of

GC353 equipped with a GLScience Neutra Bond-1 capillary column
(30 m lengthx 0.25 mm i.d.) with helium as carrier gas. An FID

1,6-Heptadiene 1aTo a solution of diend.a (212 mg, 1.0 mmol) in
degassed 1,2-dichloroethane (4 mL) was adgé€{Meg)Ru(cod) (1.9

detector connected to an Jasco RC-125 integrator was used for themg, 0.5 mol %). The reaction mixture was stirred at°@for 24 h

detection of peaks. 1,2-Dichloroethane was distilled from Caldd
degassed. RugkH,O was purchased from N.E. Chemcat Corporation.
Starting Materials. [RuCly(cod)},,?* Cp*Ru(cod)Cl?? [RuCly-
(nbd)},?® Ru(cod)(MeCN)Cl,,??> [RUCI(CO)]2,** RuCh(PPh},?®
[Cp*RUCL;]2,?? (CeMes)Ru(cod)?® RuCIH(CO)(PPH)3,?>” CpRuH-
(PPh),,%¢ and Cp*RuH(PPh)?° were obtained according to the

under N. The solvent was removed, and the residue was purified by
silica gel flash column chromatography (eluent hexane:AcOR0:
1) to give2a (210 mg, 99%) as colorless oil.

Analytical data for 2b: oil (eluent hexane:AcOE& 20:1); IR
(CHCL;) 1739 (CO) cm; *H NMR (300 MHz) 6 1.18 (3 H, d,J =
6.6 Hz), 1.75 (3 H, s), 1.77 (3 H, s), 2.04 (1 H, dd+ 12.5, 11.7 Hz),

literature procedures. Symmetrical dienes were prepared by the standar®.50 (1 H, ddJ = 12.5, 8.1 Hz), 3.00 (1 H, m), 3.09 (2 H, dil= 3.6,

procedure. Other unsymmetrical dienes were obtained form dimethyl
allyimalonate and an appropriate alkenyl halide or alkenyl mesylate.

Analytical data for 1f: mp 49-50°C (eluent hexane:AcOEt 3:1);

IR (KBr) 1677 (CO) cm?; *H NMR (300 MHz)6 2.71 (4 H, d,J =
7.5 Hz), 3.28 (6 H, s),5.025.14 (4 H, m), 5.51 (2 H, ddtj = 17.1,
10.2, 7.8 Hz)*C NMR (125 MHz)6 28.28 (2C), 43.08 (2 C), 57.19,
120.56 (2 C), 130.73 (2 C), 151.01, 170.79 (2 C); MS (FAB (rel
intensity) 237 (MH, 100), 195 (49), 169 (41); Anal. Calcd for
Ci2H1gN2Os: C, 61.00; H, 6.83; N, 11.86. Found: C, 61.16; H, 6.89;
N, 11.64.

Analytical data for 9b: oil (eluent hexane:AcOEt 20:1); IR (neat)
1732 (CQMe) cnrt; IH NMR (300 MHz)6 2.56-2.62 (8 H, m), 3.71
(12 H, s), 5.07#5.15 (4 H, m), 5.34 (2 H, m), 5.61 (2 H, mfC NMR
(125 MHz)0 35.61 (2 C), 36.76 (2 C), 52.29 (4 C), 57.44 (2 C), 119.00
(2 C), 128.31 (2 C), 132.02 (2 C), 170.70 (2 C), 170.74 (2 C); MS
(FAB) m/z (rel intensity) 397 (MH, 100), 333 (20), 273 (20), 225
(209, 165 (47); Anal. Calcd for 4H250s: C, 60.59; H, 7.12. Found:
C, 60.54; H, 7.17.

Analytical data for 9c: oil (eluent hexane:AcOEt 20:1); IR (neat)
1733 (CQMe) cnm}; *H NMR (300 MHz)6 0.90 (3 H, s), 0.96 (3 H,
s), 1.35-1.73 (4 H, m), 2.69 (2 H, m), 2.79 (1 H, m), 3.68 (3 H, s),
3.71 (3 H, s), 5.025.12 (2 H, m), 5.44 (1 H, ddd] = 10.5, 2.4, 1.5
Hz), 5.52 (1 H, dddJ = 10.5, 1.8, 1.5 Hz), 5.76 (1 H, ddl,= 17.1,
10.2, 7.2 Hz)*C NMR (125 MHz)6 21.17, 28.30, 30.80, 31.42, 36.74,

37.46, 39.63, 51.74, 52.01, 61.56, 118.27, 124.96, 133.09, 138.66,

170.55, 170.86; MS (FAB)/z (rel intensity) 281 (MH, 100), 211
(47), 207 (49); Anal. Calcd for gH2404: C, 68.55; H, 8.63. Found:
C, 68.56; H, 8.60.

Analytical data for 9d: oil (eluent hexane:AcOEt 20:1); IR (neat)
1734 (CGQMe) cnt; *H NMR (300 MHz) 6 0.033 (9 H, s), 2.63 (2 H,
ddd,J = 7.5, 1.2, 0.9 Hz), 2.68 (2 H, dl = 6.0 Hz), 3.70 (6 H, s),
5.05-5.12 (2 H, m), 5.585.89 (3 H, m);’3C NMR (125 MHz) o;
—1.30, 37.13, 39.91, 52.24, 57.71, 118.93, 132.18, 135.79, 139.67,
170.92; MS (FAB)mz (rel intensity) 285 (MH, 100), 269 (20), 253
(23); Anal. Calcd for GH2404Si: C,59.12; H, 8.51. Found: C, 59.21;

H, 8.42.

Typical Procedure for Ru(ll)-Catalyzed Cycloisomerization of
1,6-Heptadienes.To a solution of dienela (212 mg, 1.0 mmol) in
degassedPrOH (4 mL) was added [Rugtod)}, (2.8 mg, 1 mol %).

The reaction mixture was stirred at 80 for 24 h under Ar. The solvent
was removed, and the residue was purified by silica gel flash column
chromatography (eluent hexane:AcOEt20:1) to giveexomethyl-
enecyclopentanga (195 mg, 92%) as colorless oil. The reactions of
2ausing other ruthenium complexes, and the cyclizations of other dienes
were also carried out similarly. Conditions and yields were summarized

(22) Oshima, N.; Suzuki, H.; Moro-oka, YChem. Lett1984 1161.

(23) Albers, M. O.; Singleton, E.; Yates, J. Borg. Synth.1987, 26,
249.

(24) Mantovani, A.; Cenini, Sinorg. Synth.1976 16, 51.

(25) Hallman, P. S.; Stephenson, T. A.; Wilkinson,|@rg. Synth197Q
12, 237.

(26) Bennett, M. A.; Huang, T.-N.; Matheson, T. W.; Smith, A.IHorg.
Synth.1982 21, 74.

(27) Ahmad, N.; Levinson, J. J.; Robinson, S. D.; Uttley, Mlrorg.
Synth.1974 15, 45.

(28) Wilczewski, T.; Bochenska, M.; Biernat, J.F.Organomet. Chem.
1981 215 87.

(29) Suzuki, H.; Lee, D. H.; Oshima, N.; Moro-oka, ®rganometallics
1987 6, 1569.

2.1 Hz), 4.90 (1 H, m), 4.97 (1 H, m}3C NMR (125 MHz)$ 16.94,
28.72,28.91, 38.15, 44.83, 46.65, 51.30, 104.82, 105.79, 152.29, 170.57,
171.16; MS (FAB)m/z (rel intensity) 225 (MH, 19), 209 (100), 196
(18); Anal. Calcd for G;H1604: C, 64.27; H, 7.19. Found: C, 64.22;
H, 7.24.

Analytical data for 2d: mp 49-50 °C (eluent hexane:AcOEE
30:1); IR (CHC}) 1696 (CO) cm?; *H NMR (300 MHz)6 1.07 (3 H,
d,J=6.6 Hz), 1.68 (1 H, ddJ = 12.6, 11.4 Hz), 1.852.10 (2 H, m),
2.33 (1 H,ddJ=12.6, 7.8 Hz), 2.53 (1 H, m), 2.6€.80 (4 H, m),
2.89 (2 H, dd,J = 3.6, 2.1 Hz), 4.77 (1 H, m), 4.89 (1 H, m}C
NMR (125 MHz) 6 17.17, 17.92, 37.27, 37.34, 37.50, 38.24, 42.18,
70.51, 104.95, 153.20, 207.36, 207.86; MS (FABY (rel intensity)
192 (M*, 63), 174 (42), 164 (100); Anal. Calcd for €110z C, 74.97;

H, 8.39. Found: C, 74.96; H, 8.40.

Analytical data for 2e: oil (eluent hexane:AcOEt= 20:1); IR
(CHCls) 2251 (QN) cm™%; *H NMR (300 MHz) 6 1.24 (3 H, d,J =
6.6 Hz), 2.00 (1 H, ddJ = 12.6, 10.5 Hz), 2.73 (1 H, ddd,= 12.6,
7.5, 1.8 Hz), 2.84 (1 H, m), 3.09 (1 H, dg= 16.5, 2.4 Hz), 3.22 (1
H, br d,J = 16.5 Hz), 5.06 (1 H, m), 5.14 (1 H, m)*C NMR (125
MHz) 6 18.01, 31.91, 36.58, 44.73, 45.67, 109.75 (2 C), 115.89, 116.08,
147.35; MS (FAB)M/z (rel intensity) 146 (M, 21), 131 (50), 118 (21),
104 (100); Anal. Calcd for 6H1oN2: C, 73.94; H, 6.89; N, 19.16.
Found: C, 74.08; H, 7.16; N, 18.74.

Analytical data for 2f: mp 49-50°C (eluent hexane:AcOEt 4:1);

IR (CHCl;) 1682 (CO) cm®; *H NMR (300 MHz)6 1.15 (3H, dJ=

6.6 Hz), 1.91 (1 H, ddJ = 12.4, 11.1 Hz), 2.35 (1 H, dd, = 12.4,

7.8 Hz), 2.91 (1 H, m), 2.97 (1 H, m), 3.06 (1 H, djj= 16.2, 1.8

Hz), 3.31 (6 H, s), 4.88 (1 H, m), 4.95 (1 H, M¥C NMR (125 MHz)
017.01, 28.77, 28.98, 37.82, 42.53, 46.62, 54.80, 70.51, 105.30, 151.12,
152.84,171.92, 172.20; MS (FABYz (rel intensity) 237 (MH, 100),

221 (17); Anal. Calcd for GH16N2Os: C, 61.00; H, 6.83; N, 11.86.
Found: C, 61.17; H, 6.76; N, 11.76.

Analytical data for 2g: mp 138-139°C (eluent hexane:AcOEt
3:1); IR (CHCE) 1329, 1147 (S@ cm™%; *H NMR (300 MHz) 6 1.08
(3H,d,J=6.0Hz), 2.22 (1 H, ddy = 17.5, 13.5 Hz), 2.74 (1 H, m),
2.75 (1 H,ddJ =175, 8.2 Hz), 3.26 (2 H, br s), 4.72 (1 H, m), 4.79
(1H, m), 7.55-7.63 (4 H, m), 7.72 (2 H, m), 7.998.10 (4 H, m);**C
NMR (125 MHz) 6 17.31, 37.59, 38.40, 39.28, 90.84, 106.24, 128.51
(2C), 128.56 (2 C), 130.96 (2 C), 131.02 (2 C), 134.35, 134.46, 135.97,
136.30, 150.05; MS (FAB)YVz (rel intensity) 377 (MH, 93), 235 (100);
Anal. Calcd for GoH2004S,: C, 60.61; H, 5.35. Found: C, 60.60; H,

Analytical data for 2m: oil (eluent hexane:AcOEt 20:1); IR (neat)
1743 (CQMe), 1716 (@Me) cmL; IH NMR (300 MHz) 6 1.09 and
1.10 (each 3/2 H, d) = 6.6 Hz), 1.59-1.80 (1 H, m), 2.16 and 2.18
(each 3/2 H, s), 2.352.65 (3 H, m), 2.83-3.04 (2 H, m), 3.73 and
3.74 (each 3/2 H, s), 4.79 (1 H, m), 4.90 (1 H, M NMR (125
MHz) 6 17.67 and 17.84, 25.90 and 26.42, 36.98 and 37.33, 38.83 and
38.94, 40.64 and 41.01, 52.51 and 52.60, 64.06 and 64.77, 105.24 and
105.30, 152.86 and 152.90, 172.67 and 172.89, 202.79 and 203.07;
MS (FAB) m/z (rel intensity) 197 (MH, 100), 165 (49); Anal. Calcd
for Ci1H1603: C, 67.32; H, 8.22. Found: C, 67.55; H, 8.43.

Analytical data for 2n: oil (eluent hexane:AcOEt 10:1); IR
(CHCl5) 2243 (IN), 1747 (CQMe) cnT!; *H NMR (300 MHZz)6 1.18
(8H,d,J=6.6Hz), 1.87 (1 H, ddJ = 12.6, 12.3 Hz), 2.50 (1 H, dd,
J=12.6,7.2Hz), 2.84 (1 H, m), 3.03 (2H, m), 3.84 (3H,s),4.95 (1
H, m), 5.02 (1 H, m) [minor isomed 1.18 (3 H, d,J = 6.6 Hz), 1.93
(1 H, dd,J = 12.2, 8.8 Hz), 2.61 (1 H, m), 2.84 (1L H, m), 2.96 (1 H,
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dg,J = 16.8, 2.1 Hz), 3.14 (1L H, m), 3.83 (3 H, s), 4.92 (1 H, m), 5.02
(1 H, m)]; 3C NMR (125 MHz)d 17.46, 37.33, 42.89, 44.48, 46.13,
53.53, 107.42, 119.88, 149.91, 168.84 [minor isoMd8.32, 36.54,

Yamamoto et al.

42.06, 42.18,51.89, 52.10, 52.35, 59.90, 103.18, 150.65, 171.42, 172.12;
MS (FAB) m/z (rel intensity) 281 (MH, 74), 211 (95), 161 (100);
Anal. Calcd for GeH»404: C, 68.55; H, 8.63. Found: C, 68.52; H,

43.11, 44.34, 46.13, 53.55, 107.20, 120.15, 150.70, 169.05]; MS (FAB) 8.77.

m/'z (rel intensity) 180 (M, 100), 175 (79); Anal. Calcd for {gH1z
NO.: C, 67.02; H, 7.31; N, 7.82. Found: C, 67.16; H, 7.31; N, 7.82.
Analytical data for 20: oil (eluent hexane:AcOEt 10:1); IR

(CHCI3) 1732 (CQMe) cnrt; H NMR (300 MHz)6 1.14 (3 H, d,J
=6.9 Hz), 1.61 (1 H, dd) = 12.3, 11.7 Hz), 2.57 (1 H, m), 2.69 (1
H, dg,Jd = 16.2, 2.7 Hz), 2.99 (1 H, ddd,= 12.3, 7.0, 2.4 Hz), 3.54
(1 H, dg,J =16.2, 1.8 Hz), 3.61 (3 H, s), 4.84 (1 H, m), 5.00 (1 H,
m), 7.23-7.39 (5 H, m) [minor isomed 1.10 (3 H, d,J = 6.6 Hz),
218 (1 H,ddJ=11.7,9.0 Hz), 2.39 (1 H, dd,= 7.7, 1.5 Hz), 2.44
(1 H, m), 3.01 (1 H, m), 3.14 (1 H, dg,= 16.5, 2.1 Hz), 3.62 (3 H,
s), 4.84 (1 H, m), 5.00 (1 H, m), 7.2%.39 (5 H, m)];*C NMR (125

MHz) 6 18.87, 37.22, 43.20, 44.56, 52.50, 56.56, 105.45, 126.54,

126.81, 128.19, 142.72, 154.25, 175.54 [minor isot&®.12, 36.07,

Analytical data for 10d: oil (eluent hexane:AcOEt 20:1); IR
(neat) 1734 (CeMe) cn'l; 'H NMR (300 MHz) 6 0.039 (9 H, s),
0.50 (1 H, dd,J = 14.5, 10.8 Hz), 1.00 (1 H, dd] = 14.5, 3.3 Hz),
1.68 (1 H, ddJ = 12.0, 10.8 Hz), 2.52 (1 H, m), 2.62 (1 H, ddii=
12.6, 7.2, 1.2 Hz), 2.96 (1 H, dd,= 16.8, 2.4 Hz), 3.04 (1 H, m),
3.72 (3 H, s), 3.74 (3 H, s), 4.83 (1L H, m), 4.89 (1 H, T NMR
(125 MHz) 6 —0.73, 20.76, 39.22, 40.10, 42.14, 52.69, 52.71, 58.07,
105.11, 154.35, 172.07, 172.17; MS (FAB)z (rel intensity) 285
(MH*, 79), 269 (100); Anal. Calcd for GH2,0.Si: C, 59.12; H, 8.51.
Found: C, 58.99; H, 8.64.

Analytical Data for Deuterium-Labeled Compounds. 19: oil
(eluent hexane:AcOEt 20:1); IR (neat) 1734 (C&e) cnm % *H NMR
(300 MHz) 6 0.031 (9 H, s), 2.62 (2 H, S), 2.68 (2 H, 3= 6.0 Hz),

42.88, 44.56, 52.25, 55.63, 105.68, 126.31, 126.73, 128.26, 142.04,3.70 (6 H. s), 5.10 (2 H, br 5), 5.76.88 (2 H, m).

154.14, 175.86]; MS (FABz (rel intensity) 231 (MH, 100); Anal.
Calcd for GsH1g02: C, 78.23; H, 7.88. Found: C, 78.18; H, 8.15.

Analytical data for 10a: oil (eluent hexane:AcOEt 20:1); IR
(neat) 1738 (C@Me) cnmt; 'H NMR (300 MHz) 6 0.93 (3 H, t,J =
7.2 Hz),1.26-1.38 (1 H, m), 1.66-1.76 (1 H, m), 1.79 (1 H, dd] =
12.6, 10.2 Hz), 2.44 (1 H, m), 2.59 (1 H, ddb= 12.6, 7.8, 1.2 Hz),
291 (1 H, dgJ = 16.5, 2.4 Hz), 3.02 (1 H, dq] = 16.5, 1.2 Hz),
3.72 (3 H, s), 3.73 (3 H, s), 4.82 (1 H, m), 4.93 (1 H, AC NMR
(125 MHz) 6 11.70, 26.64, 39.43, 40.99, 43.80, 52.60, 52.65, 58.27,
106.05, 151.78, 172.24 (2 C); MS (FABYz (rel intensity) (MH");
Anal. Calcd for G-H1804: C, 63.70; H, 8.02. Found: C, 63.49; H,
8.23.

Analytical data for 10b: oil (eluent hexane:AcOEt 20:1); IR
(neat) 1733 (C@Me) cnm!; IH NMR (300 MHz) 6 1.17 (1 H, m),
1.48 (1 H, m), 1.76 (1 H, m), .91 (1 H, m), 2.49 (1 H, m), 2.61 (1 H,
m), 2.90 (1 H, dgJ = 17.0, 2.4 Hz), 3.02 (1 H, br d] = 17.0 Hz),
3.71(6H,s),3.72(38H,s),3.73 (3 H, s), 4.80 (1L H, m), 4.94 (1 H, m),
5.04-5.16 (2 H, m), 5.62 (1 H, m)*C NMR (125 MHz) 6 27.84,

23: oil (eluent hexane:AcOEt 20:1); IR (neat) 1734 (CiMe)
cm % *H NMR (300 MHz) 4 0.012 and 0.031 (9 H, s), 2.62.73 (1
H, m), 2.68 (1L H, dJ= 6.0 Hz), 3.70 (6 H, s), 5.10 (2 H, br s), 570
5.88 (2 H, m).

24: oil (eluent hexane:AcOEt 20:1); IR (neat) 1734 (CiMe)
cm%; *H NMR (300 MHz) 6 0.039 (9 H, s), 0.49 (1 H, d] = 14.7
Hz), 0.99 (1 H, dJ = 14.7 Hz), 1.67 (1 H, dJ = 12.4 Hz), 2.61 (1
H, d,J=12.4 Hz), 2.96 (1 H, dtJ = 17.1, 2.1 Hz), 3.04 (1 H, dd}
=17.1,1.2 Hz), 3.72 (3H, s), 3.73 (3H, s), 4.83 (1 H] & 2.1 Hz),
490 (1 H, tJ= 2.1 Hz).

25: oil (eluent hexane:AcOEt 20:1); IR (neat) 1734 (CiMe)
cm%; *H NMR (300 MHz) 6 0.031 (9 H, s), 2.63 (L H, di = 7.5,
1.2 Hz), 2.68 (1 H, dJ = 6.9 Hz), 3.70 (6 H, s), 5.07 (1 H, m), 5.12
(1 H, m), 565 (1 H, m), 5.81 (1 H, m).

26: oil (eluent hexane:AcOEt 20:1); IR (neat) 1734 (CiMe)
cm % *H NMR (300 MHz)6 0.037 (9 H, s), 0.97 (1 H, dl = 3.3 Hz),
1.68 (1 H, ddJ = 12.3, 10.8 Hz), 2.50 (1 H, m), 2.61 (1 H ddi~=

30.08, 36.96, 39.56, 40.80, 42.16, 52.36 (2 C), 52.71, 52.77, 57.46,12.0, 7.2 Hz), 2.96 (1 H, dgl= 17.1, 1.8 Hz), 3.04 (1 H, m), 3.72 (3
58.17, 106.51, 119.03, 132.23, 151.10, 171.49, 171.53, 172.03, 172.10H, 5), 3.74 (3 H, s), 4.82 (1 H, m), 4.89 (1 H, m).

MS (FAB) m/z (rel intensity) 397 (MH, 100), 305 (75), 245 (49);
Anal. Calcd for GoH2s0s: C, 60.59; H, 7.12. Found: C, 60.49; H,
7.22.

Analytical data for 10c: oil (eluent hexane:AcOEt 20:1); IR (neat)
1733 (CQMe) cm; *H NMR (300 MHz) 6 0.88 (3 H, s), 0.96 (3 H,
s), 1.20-1.91 (7 H, m), 2.27 (1 H, m), 2.64 (1 H, d4,= 17.7, 1.8
Hz), 3.25 (1 H, m),3.72 (3 H, s),3.73 (3 H,s), 4.71 (1 H, m), 4.78 (1
H, m); 3C NMR (125 MHz)d 24.46, 25.31, 31.01, 32.92, 39.48, 40.41,
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