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A novel ruthenium-catalyzed alkenylative cyclization of enyne was developed. When an enyne was

reacted with Cp*RuCl(cod) under an atmosphere of ethylene, ethylene was inserted into the ruthenium—sp

2

carbon bond of ruthenacyclopentene derived from enyne and the low-valent ruthenium complex to afford
ruthenacycloheptene, and f5-hydrogen elimination followed by reductive elimination occurred to give a
cyclic compound having a diene moiety. In this reaction, acrylaldehyde could be inserted into
ruthenacyclopentene instead of ethylene. Various carbo- and heterocyclic compounds could be obtained

in high yields.
Introduction

Ruthenium-catalyzed metathesis reaction is one of the most
unique and significant reactions discovered in recent years in
synthetic organic chemistry.' In 1992, Grubbs discovered olefin
metathesis using ruthenium carbene complex 3a (Figure 1) and
synthesized many hetero- and carbocyclic compounds. Then
they reported that ruthenium carbene complex 3b could be used
for metathesis reaction.” In 1999, the second-generation ruthe-
nium carbene complex 3¢, which has N-heterocyclic carbene
(NHC) as a ligand, was developed and was shown to be very
effective for metathesis reaction of highly substituted olefins
or electron-deficient olefins.>* On the other hand, enyne
metathesis is an interesting and unique reaction. The double
bond of enyne is cleaved and an alkylidene part is moved onto
the alkyne carbon to afford a cyclic compound having a diene

* Corresponding authors. E-mail: mori @phram.hokudai.ac.jp (M.M.) and
biyo@phram.hokudai.ac.jp (Y.S.).

" Hokkaido University.

* Health Sciences University of Hokkaido.

(1) For recent reviews of metathesis, see: (a) Grubbs, R. H., Ed.
Handbook of Metathesis; Wiley-VCH: Weinheim, 2003. (b) Fiirstner, A.,
Ed. Topics in Organometallic Chemistry, Vol. I; Springer-Verlag: Berlin,
1998. (c) Grubbs, R. H.; Chang, S. Tetrahedron 1998, 54, 4413. (d)
Armstrong, S. K. J. Chem. Soc., Perkin Trans. 1 1998, 371. (e) Phillips,
A.J.; Abell, A. D. Aldrichim. Acta 1999, 32, 75. (f) Fiirstner, A. Angew.
Chem., Int. Ed. 2000, 39, 3012. (g) Trnka, T. M.; Grubbs, R. H. Acc. Chem.
Res. 2001, 34, 18. (h) Schrock, R. R.; Hoveyda, A. H. Angew. Chem., Int.
Ed. 2003, 42, 4592. (i) Connon, S. J.; Blechert, S. Angew. Chem., Int. Ed.
2003, 42, 1900.

(2) (a) Fu, G. C.; Grubbs, R. H. J. Am. Chem. Soc. 1992, 114, 5426. (b)
Schwab, P.; France, M. B.; Ziller, J. W.; Grubbs, R. H. Angew. Chem., Int.
Ed. Engl. 1995, 34, 2039.

(3) (a) Weskamp, T.; Schattenmann, W. C.; Spiegler, M.; Herrmann,
W. A. Angew. Chem., Int. Ed. 1998, 37, 2490. (b) Huang, J.; Stevens, E. D.;
Nolan, S. P.; Peterson, J. L. J. Am. Chem. Soc. 1999, 121, 2674. (c) Scholl,
M.; Trnka, T. M.; Morgan, J. P.; Grubbs, R. H. Tetrahedron Lett. 1999,
40, 2247. (d) Jafarpour, L.; Nolan, S. P. Organometallics 2000, 19, 2055.
(e) Scholl, M.; Ding, S.; Lee, C. W.; Grubbs, R. H. Org. Lett. 1999, 1,
953.

(4) (a) Chatterjee, A. K.; Morgan, J. P.; Scholl, M.; Grubbs, R. H. J. Am.
Chem. Soc. 2000, /22, 3783. (b) Choi, T.-L.; Chatterjee, A. K.; Grubbs,
R. H. Angew. Chem., Int. Ed. 2001, 40, 1277. (c) Grela, K.; Bieniek, M.
Tetrahedron Lett. 2001, 42, 6425. (d) Chatterjee, A. K.; Grubbs, R. H. Org.
Lett. 1999, 1, 1751. (e) Engelhardt, F. C.; Schmitt, M. J.; Taylor, R. E.
Org. Lett. 2001, 3, 2209. (f) Pietraszuk, C.; Marciniec, B.; Fischer, H.
Organometallics 2000, 19, 913.

10.1021/0m8008266 CCC: $40.75

TCV%I Tcy%l Mes—N_ N-Mes
Ru== Ru"& Y‘\\CI
ar | = c”” | Ph Ru=—
A Ph
PCys  Ph PCys CI” PCy,
3a 3b 3c
R1
/‘\‘J\Rz M= R
T = AL o
=g
R
1 2

Figure 1

moiety. The reaction is also catalyzed by the ruthenium carbene
complexes 3a, 3b, and 3¢> (eq 1).

During the course of our reinvestigation of metathesis reaction
of enyne having various substituents on the alkene and/or on
the alkyne using the second-generation ruthenium carbene
complex 3¢,*” we found that the reaction of enyne 1a, having
a nonsubstituted alkene and a terminal alkyne, under argon gas
using 3¢ gave metathesis product 2a in low yield. We had found
and reported that the use of ethylene gas was effective for enyne
metathesis of a substrate having a terminal alkyne using the
first-generation ruthenium carbene complex 3b.°° Thus, the
reaction of 1a using 3c was reinvestigated under ethylene gas.
As the result, the yield of 2a was slightly improved up to 38%;
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Scheme 1. Reinvestigation of Enyne Metathesis Using 3¢
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however, cyclic compound 4a, which has a diene moiety on
the pyrrolidine ring, was also obtained in 12% yield (Scheme
1). In the reaction course for formation of 4a, ruthenacyclo-
pentene Sa should be formed as an intermediate. Thus, insertion
of ethylene into the ruthenium—sp? carbon bond of 5a gives
ruthenacycloheptene 6a, and -hydrogen elimination from 6a
followed by reductive elimination from 7a would give 4a.

Ruthenacyclopentene, derived from enyne and a low-valent
ruthenium complex, had been shown to be a useful and
important intermediate for several ruthenium-catalyzed reactions
in the literature.® For instance, intermolecular reaction of
norbornene and electron-deficient alkyne has been reported by
Mitsudo and co-workers. In this reaction, a cyclobutene deriva-
tive would be obtained by reductive elimination from a
ruthenacyclopentene intermediate (eq 2).°*® When propargyl
alcohol was used as an alkyne in a similar reaction to eq 2, a
cyclopropane ring was formed (eq 3).°° Trost reported that a
five-membered ring compound having 1,4-diene was obtained
from enyne through the formation of ruthenacyclopentene
followed by SB-hydrogen elimination (eq 4).”*¢ The reaction of
diphenylacetylene and ethyl acrylate using the ruthenium catalyst
was reported, in which a compound having conjugated diene
was produced via S-hydrogen elimination followed by reductive
elimination from ruthenacyclopentene (eq 5).”" Intramolecular
reaction of enyne having a cyclopropane ring on an alkene gave
a fused 5,7-membered ring compound (eq 6).%¢ In this reaction,
ruthenacyclopentene having a cyclopropane ring was initially
formed, which would be in a state of equilibrium with
ruthenacyclooctadiene. Reductive elimination from the ruth-
enacycle intermediate produced a fused 5,7-membered ring
compound. Insertion of carbon monoxide into ruthenacyclo-
pentene was also reported, giving cyclopentenone derivatives
(egs 7 and 8).°"7

The reactions shown in eqs 2—8 proceeded via ruthenacy-
clopentenes formed from the reaction of alkyne, alkene, and a
low-valent ruthenium complex, which revealed that ruthenacy-
clopentenes are key intermediates for the synthesis of various
functionalized compounds. The reaction shown in Scheme 1 is
different from those because insertion of ethylene into ruthena-
cyclopentene S5a would take place and 4a was formed via
[-elimination from 6a. Thus, it was decided to clarify the

(8) For reviews, see: (a) Naota, T.; Takaya, H.; Murahashi, S.-i. Chem.
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reaction mechanism and to develop this reaction for the synthesis
of various carbo- and heterocyclic compounds.'®

Results and Discussion

As described in the Introduction, we investigated the reactions
of enyne 1a using various ruthenium carbene complexes. The
reaction of la using the first-generation ruthenium-carbene
complex 3b in CH,Cl, at room temperature under argon gas
produced the usual metathesis product 2a in 21% yield (Table
1, entry 1). The yield of enyne metathesis product 2a was
increased when the reaction was carried out under ethylene gas
(1 atm) (entry 2),° but no ethylenative product 4a was produced.
When a toluene solution of enyne 1a was warmed at 80 °C in
the presence of 5 mol % of the second-generation ruthenium
carbene complex 3¢ for 1.5 h under argon gas, the usual
metathesis product 2a was obtained in 23% yield (entry 3). On
the other hand, the reaction of 1a with 3c under ethylene gas

(9) (a) Mitsudo, T.; Kokuryo, K.; Takegami, Y. J. Chem. Soc., Chem.
Commun. 1976, 722. (b) Mitsudo, T.; Naruse, H.; Kondo, T.; Ozaki, Y
Watanabe, Y. Angew. Chem., Int. Ed. Engl. 1994, 33, 580. (c) Kikuchi, H.;
Uno, M.; Takahashi, S. Chem. Lett. 1997, 1273. (d) Trost, B. M.; Indolese,
A.J. Am. Chem. Soc. 1993, 115, 4361. (e) Trost, B. M.; Toste, F. D. J. Am.
Chem. Soc. 2000, 122, 714. (f) Mitsudo, T.; Zhang, S.-W.; Nagao, M.;
Watanabe, Y. J. Chem. Soc., Chem. Commun. 1991, 598. (g) Trost, B. M.;
Toste, F. D.; Shen, H. J. Am. Chem. Soc. 2000, 122, 2379. (h) Kondo, T.;
Suzuki, N.; Okada, T.; Mitsudo, T. J. Am. Chem. Soc. 1997, 119, 6187. (i)
Morimoto, T.; Chatani, N.; Fukumoto, Y.; Murai, S. J. Org. Chem. 1997,
62, 3762. (j) Itami, K.; Mitsudo, K.; Yoshida, J. Angew. Chem., Int. Ed.
2002, 41, 3481.
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Table 1. Reinvestigation of Enyne Metathesis of 1a
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3c(5) argon toluene 80 1.5 23
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Table 2. Optimization of Reaction Conditions
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entry “Ru” (mol %) 8 (mol %) (°C) (h) 4b 2b 1b
1 [RuCly(CO);], (2.5) 8a (5) 80 6 10 85

2 Ru3(CO)y; (3.3) 8a (10) 80 12 80
3 [RuCly(p-cymene)], (2.5)  8a(5) 80 24 33
4 [RuCly(p-cymene)], (5) 8a (10) 80 8 31
5 [RuCly(p-cymene)], (5) 8a (10) 120 6 8
6 [RuCly(p-cymene)], (5) 8a (10) 60 13 12 40
7
8

[RuCly(p-cymene)], (5) 8b (10) 80 0.75 24 24

[RuCly(p-cymene)], (5) 80 16 28 8
9 Cp*RuCl(cod) (10) 80 0.33 71
10 Cp*RuCl(cod) (10) 60 0.33 76
11 Cp*RuCl(cod) (10) 40 0.66 81
12 Cp*RuCl(cod) (10) t 1.5 84
13 Cp*RuCl(cod) (5) t 3 85
14 Cp*RuCl(cod) (1) rt 23 20 74

(1 atm) produced 4a, having a diene moiety on the pyrrolidine
ring, in 12% yield, whose structure was determined to be 4a
on the basis of various spectral data (entry 4). These results
indicated that the ethylene product 4a was formed when the
reaction was carried out using only the second-generation
ruthenium carbene complex 3¢ under an atmosphere of ethylene.

As shown in Scheme 1, it was thought that the reaction would
proceed via ruthenacyclopentene Sa formed by the reaction of
alkyne and alkene parts in the substrate with a low-valent
ruthenium complex, which would be generated from the second-
generation ruthenium carbene complex 3e¢. Thus, the reaction
was investigated using various ruthenium complexes. We chose
1b as a substrate, and the reaction was carried out in the presence
or in the absence of NHC ligand because ruthenium carbene
complex 3¢ has one NHC as a ligand. The use of [RuCl,(CO);],
and Ru3(CO), in the presence of imidazolinium salt 8a and
Cs,CO5'! (an equimolar amount of 8) did not afford the desired
product 4b (Table 2, entries 1 and 2). When 5 mol % of
[RuClz(p—cymene)]z]2 was used in the presence of 8a and
Cs,CO;s, a relatively large amount of 4b was obtained (entry
3). However, an increase in the amount of the catalyst did not
give a good result (entry 4). A higher or lower reaction
temperature decreased the yield of desired product 4b (entries
5 and 6). It was interesting that metathesis product 2b was

(11) Zhang, C.; Huang, J.; Trudell, M. L.; Nolan, S. P. J. Org. Chem.
1999, 64, 3804.

(12) Bennett, M. A.; Smith, A. K. J. Chem. Soc., Dalton Trans. 1974,
233.
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Scheme 2. Examination of Enyne Having Deuterium on

Alkyne
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formed in 24% yield in the case of shorter reaction times'?
(entries 4 and 7). In the absence of the NHC ligand, a similar
result was obtained (entry 8). On the other hand, the reaction
of enyne 1b with ethylene in the presence of 10 mol % of
Cp*RuCl(cod)"* proceeded smoothly to give cyclized compound
4b in 71% yield after only 20 min (entry 9). Since the use of
Cp*RuCl(cod) gave a good result, the reaction was carried out
using this catalyst in the absence of NHC under various
conditions. A lower reaction temperature increased the yield of
4b (entries 9—11), and the reaction proceeded even at room
temperature for only 1.5 h (entry 12). A decrease in the amount
of the catalyst gave the same result after 3 h (entry 13), but the
use of 1 mol % of catalyst did not give a good result, and
the starting material was recovered in 74% yield (entry 14).
The geometry of the olefin part of 4b was determined to be the
Z-form by an NOE experiment.

To confirm the reaction mechanism shown in Scheme 1,
enyne lc-D was synthesized and the reaction was carried out
under standard conditions (Scheme 2). As a result, desired
cyclized compound 4c¢-D, having a deuterium on the diene
moiety, was obtained in high yield, and the D-content was 90%.
The result indicates that the reaction proceeded via the proposed
mechanism.

Various enynes were used for this reaction under the optimal
conditions, and the results are shown in Table 3. A variety of
carbo- and heterocyclic compounds 4 having a diene moiety
on the five-membered ring were obtained in high yields (entries
1—4). Even in the presence of an amino group in a chain, this
cyclization proceeded smoothly, and the desired compound 4f
was obtained in good yield (entry 5). An enyne having an amide
or ynamide group could be used as a substrate, and desired
cyclized compound 4g or 4h was obtained in good to moderate
yield (entry 6 or 7).

Furthermore, the effects of substituents on the alkyne of enyne
were examined (Table 4). Enynes 1m and 1n, having a methyl
and a siloxymethyl group on the alkyne, did not give desired
cyclized compounds, while the reaction of enyne 1i, which was
a tosylamide analogue of 1n, proceeded smoothly to afford the
corresponding cyclized product 4i in high yield (entry 1). In
this case, the heteroatom in a chain would play an important
role, although the reason is not clear. It was interesting that
enynes 1j—I, having an ester and a formyl group on the alkyne,
afforded the desired compounds 4j—1 in high yields (entries
2—4). On the other hand, enynes 1lo—q, having an amide or
silyl group on the alkyne, did not give a cyclized compound
and the staring material was recovered unchanged in each case.

(13) Dixneuf reported that the reaction of enyne with [RuCl,(p-cymene)],
in the presence of NHC afforded the metathesis product. See: (a)
Ackermann, L.; Bruneau, C.; Dixneuf, P. H. Synlett 2001, 397. (b) Sémeril,
D.; Bruneau, C.; Dixneuf, P. H. Adv. Synth. Catal. 2002, 344, 585.

(14) Oshima, N.; Suzuki, H.; Moro-oka, Y. Chem. Lett. 1984, 1161.
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Table 3. Synthesis of Various Five-Membered Ring Compounds”
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Table 5. Effects of Substituents on Alkene®
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“The reaction was carried out in toluene at room temperature in the
presence of Cp*RuCl(cod) (5 mol %) under ethylene gas (1 atm).

Next, the effects of substituents on the alkene were examined
(Table 5). Enyne 1r, having an ester group on the alkene, gave
the desired compound 4r in high yield (entry 1), but enyne 1s,
containing nitrogen in a chain, afforded 4s in low yield (entry

entry substrate time (h) product (%)
CO,Me
. Meo,C /i MeO,C CO,Me
r MeO,C
MeO,C = 472
CO,Me
) g s CO,Me
TsN 1
 — s X
4s: 18
MeO,C MeO,C N
4t: 51

(o]

/
MeO,C~ \__— MeO.C
H
"Ry "
u — E RU — \
£ ~ Ru H
5u

E = CO,Me

“ The reaction was carried out in toluene at room temperature (entries
1 and 2) or at 60 °C (entries 3 and 4) in the presence of Cp*RuCl(cod)
(5 mol %) under ethylene gas (1 atm). “lu was recovered in 58% yield
and 9 was obtained in 26% yield.

2). Although enyne 1t, having a 1,1-disubstituted alkene, gave
the cyclized compound 4t in good yield, 1,2-disubstituted alkene
1u did not give a good result and cyclized compound 9 was
obtained in 26% yield (entry 4). Presumably, compound 9 is
formed via S-hydrogen elimination from the methyl group on
the ruthenacyclopentene 5u.'®

Next, we turned our attention to the construction of the six-
membered ring (Scheme 3). When a toluene solution of enyne
10a was refluxed in the presence of 5 mol % of Cp*RuCl(cod)
under ethylene gas for 14 h, no product was obtained and a
complex mixture was produced. Thus, when the reaction of
enyne 10b, whose alkene and alkyne parts were connected on
the aromatic ring, was carried out in a similar manner at room
temperature for 3 h, the desired quinoline derivative 11b was
obtained in 46% yield. Lower reaction temperature improved
the yield of 11b to 64%. When enyne 10c was treated in a
similar manner, quinoline derivative 11c¢ was obtained in 20%
yield, and the starting material was recovered in 28% yield.

Although various alkenes, including acrylonitrile, acrylalde-
hyde, allylsilane, and ethyl vinyl ether, were investigated instead
of ethylene for introduction into the ruthenacyclopentene, only
acrylaldehyde could be introduced to afford cyclized compound
12b in 27% yield (Scheme 4). Presumably, carbonyl oxygen of
acrolein coordinates to the ruthenium metal of ruthenacyclo-
pentene, which might assist an alkene part in insertion into the
ruthenacyclopentene 5b to give cyclized compound 12b.

As a compound having other multiple bonds, 1,6-hexadiene
13 was examined in this reaction, but the reaction did not
proceed and the starting material was recovered unchanged

(15) The reaction course is the same as that reported by Trost.”*¢

(16) (a) Yi, C. S.; Torres-Lubian, J. R.; Liu, N.; Rheingold, A. L.; Guzei,
1. A. Organometallics 1998, 17, 1257. (b) Kondo, T.; Kaneko, Y.;
Tsunawaki, F.; Okada, T.; Shiotsuki, M.; Morisaki, Y.; Mitsudo, T.
Organometallics 2002, 21, 4564. (c) Varela, J. A.; Castedo, L.; Saa, C.
Org. Lett. 2003, 5, 2841. (d) Varela, J. A.; Rubin, S. G.; Castedo, L.; Sad,
C. J. Org. Chem. 2008, 73, 1320. (e) Yamamoto, Y.; Kitahara, H.; Ogawa,
R.; Itoh, K. J. Org. Chem. 1998, 63, 9610.
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Scheme 3. Examination of the Formation of a Six-
Membered Ring
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(Scheme 5). On the other hand, when 1,6-hexadiyne 15 was
used for this reaction, desired compound 16, having a triene
moiety, was obtained in 57% yield, which means that insertion
of ethylene into ruthenacyclopentadiene 17 formed from 15 took
place.

There are few reports of insertion of an alkene into ruthena-
cyclopentadiene. Yi reported that the reaction of acetylene and
acrylonitrile afforded a compound having a triene moiety (eq
9).'°* Mitsudo found that diyne having an ester group on each
alkyne reacted with allyl alcohol to give a fused 5,6-membered
compound (eq 10)."®® Recently, a similar reaction in which
tetrahydroisobenzofuran was obtained was reported by Sad (eq
11).'% Ttoh and Yamamoto investigated the ruthenium-
catalyzed cocyclization of diyne and dihydrofuran, and they
obtained a tetrahydroisobenzofuran derivative in high yield by
cocyclization of diyne and alkene (eq 12).'®

The present alkenylative cyclization products have a diene
moiety on the five-membered ring. Thus, as a utilization of these
compounds for organic synthesis, a Diels—Alder reaction was
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carried out (Scheme 6). A toluene solution of compound 4b
and maleic anhydride was refluxed overnight, but the desired
compound was not obtained and a complex mixture was formed.
However, when tetracyanoethylene was used as a dienophile,
spiro compound 18, the stereochemistry of which was deter-
mined by an NOE experiment, was obtained in 85% yield.
Probably, the dienophile would be attacked from the backside
of the methyl group of 4b. Furthermore, quinoline derivative
11b was reacted with tetracyanoethylene to afford spiro
compound 19 in 57% yield.

Conclusions

The novel ruthenium-catalyzed alkenylative cyclization of
enynes using Cp*RuCl(cod) was developed. When the reaction
of enyne having an alkyl, an ester, or a formyl group was carried
out in the presence of Cp*RuCl(cod) under ethylene gas,
ethylene was inserted into the ruthenacyclopentene to give
ruthenacycloheptene, from which S-hydrogen elimination fol-
lowed by reductive elimination occurred to give a cyclic
compound having a diene moiety. In this reaction, acrylaldehyde
could be used instead of ethylene. Various carbo- and hetero-
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cyclic compounds could be synthesized under mild reaction
conditions. The quinoline derivatives could be synthesized using
this method when the enyne part was connected to the aromatic
ring. The diene moiety on the five-membered ring of the cyclized
compound reacted with the dienophile to give the spiro
compound.

Experimental Section

General Procedure for Cyclization of Enyne under
Ethylene Gas. A toluene solution of enyne and a catalytic amount
of Cp*RuCl(cod) was stirred at room temperature or 60 °C under
ethylene gas (1 atm). After removal of the solvent, the residue was
purified by column chromatography on silica gel.

(E)-3-Allylidene-4-methyl-1-tosylpyrrolidine (4a). According
to the general procedure, a crude product, which was obtained from
1a (74.8 mg, 0.30 mmol) and Cp*RuCl(cod) (5.7 mg, 0.015 mmol)
in toluene (10 mL) at room temperature for 1 h, was purified by
column chromatography on silica gel (hexane/AcOEt, 3/1) to give
4a (69.2 mg, 83%) as a colorless oil: IR (film, CHCl3) 1654, 1597,
1346, 1164 cm™!; '"H NMR (400 MHz, CDCl3) 6 1.11 (d,J = 7.0
Hz, 3 H), 2.43 (s, 3 H), 2.98—3.03 (m, 1 H), 3.13 (dd, J = 6.2,9.2
Hz, 1 H), 3.22 (dd, J = 2.2,9.2 Hz, 1 H), 3.61 (d, /= 149 Hz, |
H), 4.05 (d, J = 14.9 Hz, 1 H), 5.01 (d, J = 10.5 Hz, 1 H), 5.07
(d, J=16.8 Hz, 1 H), 5.84 (d, J = 10.5 Hz, 1 H), 6.35 (ddd, J =
16.8, 10.5, 10.5 Hz, 1 H), 7.33 (d, / = 8.4 Hz, 2 H), 7.70 (d, J =
8.4 Hz, 2 H); *C NMR (67.5 MHz, CDCl;) 6 19.8, 21.4, 35.0,
51.7,55.2, 117.2, 122.3, 127.8, 129.6,132.3, 132.3, 142.9, 143.6;
LRMS (EI) m/z 277 (M™), 262, 155, 122, 91; HRMS (EI) calcd
for C;sH;oNO,S 277.1136, found 277.1146.

Dimethyl (Z)-3-allylidene-4-methylcyclopentane-1,1-dicar-
boxylate (4b) (Table 2, entry 13). According to the general
procedure, a crude product, which was obtained from 1b (63.1 mg,
0.30 mmol) and Cp*RuCl(cod) (5.7 mg, 0.015 mmol) in toluene
(10 mL) at room temperature for 3 h, was purified by column
chromatography on silica gel (hexane/Et,O, 10/1) to give 4b (61.1
mg, 85%) as a colorless oil: IR (neat) 1736, 1656, 1601 cm™!; 'H
NMR (400 MHz, CDCl;) 6 1.14 (d, J = 6.4 Hz, 3 H), 1.86 (dd, J
= 13.3, 6.5 Hz, 1 H), 2.73 (dd, J = 13.6, 8.4 Hz, 1 H), 2.83 (d, J
=16.2 Hz, 1 H), 2.94—3.03 (m, 1 H), 3.14 (d, / = 16.3 Hz, 1 H),
3.70 (s, 3 H), 3.75 (s, 3 H), 5.01 (d, J = 10.5 Hz, 1 H), 5.07 (d, J
= 16.8 Hz, 1 H), 5.93 (d, / = 10.5 Hz, 1 H), 6.44 (ddd, J = 16.8,
10.5, 10.5 Hz, 1H); '3C NMR (100 MHz, CDCl3) ¢ 21.5, 34.3,
41.6, 42.1, 52.7, 59.1, 115.4, 122.9, 133.0, 147.0, 171.7, 172.0;
LRMS (EI) m/z 238 (M™), 207, 178, 163, 119, 91; HRMS (EI)
caled for C3H 304 238.1205, found 238.1204.

(Z)-1,1-Bis(benzyloxymethyl)-3-allylidene-4-methylcyclopen-
tane (4¢). According to the general procedure, a crude product,
which was obtained from 1c¢ (100 mg, 0.3 mmol) and Cp*RuCl(cod)
(5.7 mg, 0.015 mmol) in toluene (10 mL) at room temperature for
24 h, was purified by column chromatography on silica gel (hexane/
benzene, 1/1) to give 4¢ (85.0 mg, 78%) as a colorless oil: IR (film,
CHCl;) 1654, 1600, 1101 cm™!; 'H NMR (400 MHz, CDCl3) ¢
1.12 (d, J = 7.2 Hz, 3 H), 1.29 (dd, J = 6.8, 13.2 Hz, 1 H), 1.99
(dd, J = 8.8, 13.2 Hz, 1 H), 2.55 (d, J = 16 Hz, 1 H), 2.41 (d, J
=16 Hz, 1 H), 2.81—2.87 (m, 1 H), 3.27 (s, 2 H), 3.45 (d, / = 8.8
Hz, 1 H), 3.48 (d, J = 8.8 Hz, 1 H), 4.47 (s, 2 H), 4.52 (s, 2 H),
4.95 (d,J=10.0 Hz, 1 H), 5.03 (d, / = 16.8 Hz, 1 H), 5.88 (d, J
= 10.8 Hz, 1 H), 6.49 (ddd, J = 10.0, 16.8, 10.8 Hz, 1 H),
7.23—7.34 (m, 10 H); 3C NMR (67.8 MHz, CDCls) 6 22.9, 34.2,
40.8,47.5,72.7,73.6,73.7,75.2, 114.5, 122.8, 127.8, 127.8, 128.7,
134.2, 139.4, 151.8; LRMS (EI) m/z 362 (M"), 271, 254, 241, 91,
HRMS (EI) caled for CpsH300, 362.2246, found 362.2240. Anal.
Calcd for C,5H300,: C, 82.83; H, 8.34. Found: C, 82.78; H, 8.31.

(Z)-2-Allylidene-3,8,8-trimethyl-7,9-dioxaspiro[4.5]decane (4d).
According to the general procedure, a crude product, which was
obtained from 1d (67.7 mg, 0.35 mmol) and Cp*RuCl(cod) (6.6
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mg, 0.017 mmol) in toluene (12 mL) at room temperature for 22 h,
was purified by column chromatography on silica gel (hexane/
AcOEt, 30/1) to give 4d (70.5 mg, 90%) as a colorless oil: IR (neat)
1654, 1600, 1067 cm™'; '"H NMR (270 MHz, CDCl3) 6 1.10—1.17
(m, 4 H), 1.40 (s, 3 H), 1.42 (s, 3 H), 1.98 (dd, J = 13.5, 8.6 Hz,
1 H), 2.24—2.47 (m, 2 H), 2.83—2.91 (m, 1 H), 3.45—3.75 (m, 4
H), 498 (d, J = 10.5 Hz, 1 H), 5.08 (d, J = 17.0 Hz, 1 H), 5.94
(d, J = 10.5 Hz, 1 H), 6.49 (ddd, J = 17.0, 10.5, 10.5 Hz, 1 H);
3C NMR (67.8 MHz, CDCl3) 6 22.4, 22.5, 33.4, 40.8, 41.2, 41.3,
67.6, 69.7, 97.8, 114.7, 123.2, 133.4, 149.7; LRMS (EI) m/z 222
M), 207, 164, 147, 133, 91; HRMS (EI) caled for C4H»0,
222.1620, found 222.1631.
(E)-3-Allylidene-1-benzoyl-4-methylpyrrolidine (4e). Accord-
ing to the general procedure, a crude product, which was obtained
from 1e (100.8 mg, 0.51 mmol) and Cp*RuCl(cod) (9.6 mg, 0.025
mmol) in toluene (17 mL) at room temperature for 3 h, was purified
by column chromatography on silica gel (CH,Cl,/AcOEt, 20/1) to
give 4e (81.5 mg, 70%) as a colorless oil: IR (neat) 1624, 1576
cm™'; "TH NMR (270 MHz, DMSO, 100 °C) 6 1.10 (d, J = 6.8 Hz,
3H),3.16 (d,J=11.1 Hz, 1 H), 3.38 (d, J = 11.1 Hz, 1 H), 3.66
(dd, J = 11.1, 6.8 Hz, 1 H), 4.04 (d, J/ = 16.7 Hz, 1 H), 4.34 (d,
J=16.7Hz,1H),510(d,J=11.1Hz, 1 H),5.15(d, J=17.8
Hz, 1 H), 5.98 (d, J = 10.8 Hz, 1 H), 6.50 (ddd, J = 17.8, 11.1,
10.8 Hz, 1 H), 7.42—7.49 (m, 5 H); LRMS (EI) m/z 227 (M™),
212, 198, 149, 134, 122, 105; HRMS (EI) calcd for C;sH;7;NO
227.1310, found 227.1315.
(E)-3-Allylidene-1-benzyl-4-methylpyrrolidine (4f). According
to the general procedure, a crude product, which was obtained from
1f (97.1 mg, 0.52 mmol) and Cp*RuCl(cod) (10.0 mg, 0.026 mmol)
in toluene (17 mL) at room temperature for 18 h, was purified by
column chromatography on silica gel (hexane/AcOEt, 15/1) to give
4f (81.6 mg, 74%) as a colorless oil: IR (neat) 1663, 1602, 1122
cm™!; '"TH NMR (270 MHz, CDCl;) 6 1.20 (d, J = 7.0 Hz, 3 H),
2.39 (dd, J = 8.6, 4.1 Hz, 1 H), 2.78 (dd, J = 8.6, 7.0 Hz, 1 H),
2.92—3.00 (m, 1 H), 3.07 (d, /= 13.5 Hz, 1 H), 3.32 (d, J = 13.5
Hz, 1 H), 3.60 (s, 2 H), 5.04 (d, J = 9.7 Hz, 1 H), 5.06 (d, J =
18.4 Hz, 1 H), 5.89 (d, / = 11.1 Hz, 1 H), 6.48 (ddd, J = 18.4,
11.1, 9.7 Hz, 1 H), 7.24—7.33 (m, 5 H); '3C NMR (67.8 MHz,
CDCl;) 6 20.4, 35.3, 59.8, 60.4, 62.3, 114.9, 120.7, 126.7, 127.9,
128.4, 133.2, 138.7, 147.8; LRMS (EI) m/z 213 (M*), 198, 184,
170, 91; HRMS (EI) caled for C;sH;oN 213.1517, found 213.1509.
(E)-3-Allylidene-1-benzyl-4-methylpyrrolidin-2-one (4g). Ac-
cording to the general procedure, a crude product, which was
obtained from 1g (85.6 mg, 0.43 mmol) and Cp*RuCl(cod) (8.2
mg, 0.022 mmol) in toluene (14 mL) at room temperature for 4 h,
was purified by column chromatography on silica gel (hexane/
AcOEt, 4/1) to give 4g (47.8 mg, 49%) as a colorless oil: IR (film,
CHCl;) 1683, 1604 cm™'; '"H NMR (270 MHz, CDCl;) 6 1.19 (d,
J=59Hz, 3 H),2.83 (dd, J=10.0, 1.6 Hz, 1 H), 3.09—3.15 (m,
1 H), 3.45 (dd, J = 10.0, 7.6 Hz, 1 H), 4.52 (d, J = 14.6 Hz, 1 H),
4.60 (d, J = 14.6 Hz, 1 H), 5.44 (d, J = 11.9 Hz, 1 H), 5.56 (d, J
=16.5 Hz, 1 H), 6.55 (ddd, J = 16.5, 11.9, 11.6 Hz, 1 H), 6.94 (d,
J = 11.6 Hz, 1 H), 7.23—7.36 (m, 5 H); *C NMR (100 MHz,
CDCl) 6 21.6, 29.1,47.1, 52.2, 123.3, 127.3, 127.9, 128.4, 130.0,
131.5, 136.1, 137.7, 167.8; LRMS (EI) m/z 227 (M*), 212, 91;
HRMS (EI) calcd for C;sH;NO 227.1310, found 227.1307.
(E)-2-Allylidene-3-methyl-1-tosylpyrrolidine (4h). According
to the general procedure, a crude product, which was obtained from
1h (56.9 mg, 0.23 mmol) and Cp*RuCl(cod) (4.3 mg, 0.011 mmol)
in toluene (7.5 mL) at room temperature for 14 h, was purified by
column chromatography on silica gel (hexane/Et,0, 2/1) to give
4h (26.2 mg, 41%) as a colorless solid: mp 118—122 °C (recrystal-
lized from AcOEt/hexane); IR (film, CHCI3) 1644, 1599, 1348, 1163
cm™!; 'TH NMR (270 MHz, CDCls) 6 0.56 (d, J = 7.0 Hz, 3 H),
1.47 (dd, J = 6.2, 12.2 Hz, 1 H), 1.90 (dddd, J = 7.0, 10.3, 12.2,
14.9 Hz, 1 H), 2.42 (s, 3 H), 3.04 (ddd, J = 7.0, 7.0, 14.9 Hz, 1
H), 3.46 (dt, J = 6.2, 7.0 Hz, 1 H), 3.85 (dd, / = 7.0, 10.3 Hz, 1
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H), 4.94 (dd, J = 2.2, 10.0 Hz, 1 H), 5.16 (dd, J = 2.2, 15.7 Hz,
1 H), 6.31 (ddd, J = 10.0, 11.3, 15.7 Hz, 1 H), 6.42 (d, J = 11.3
Hz, 1 H), 7.29 (d, J = 8.4 Hz, 2 H), 7.72 (d, J = 8.4 Hz, 2 H); *C
NMR (100 MHz, CDCl;) 6 18.2, 21.8, 29.0, 35.4, 49.0, 108.6,
114.1, 127.2, 129.2, 132.8, 133.8, 143.7, 145.0; LRMS (EI) m/z
277 (M), 212, 198, 122, 80; HRMS (EI) calcd for C;sH;oNO,S
277.1136, found 277.1135.
(Z)-3-[1-(tert-Butyldimethylsilyloxy)but-3-en-2-ylidene]-4-
methyl-1-tosylpyrrolidine (4i). According to the general procedure,
a crude product, which was obtained from 1i (94.6 mg, 0.24 mmol)
and Cp*RuCl(cod) (4.6 mg, 0.012 mmol) in toluene (8 mL) at room
temperature for 5 h, was purified by column chromatography on
silica gel (hexane/AcOEt, 10/1) to give 4i (77.1 mg, 76%) as a
colorless oil: IR (neat) 1599, 1350, 1162 cm™'; '"H NMR (270 MHz,
CDCl3) 6 0.06 (s, 6 H), 0.88 (s, 9 H), 1.14 (d, J = 7.0 Hz, 3 H),
242 (s, 3 H), 2.95-3.06 (m, 1 H), 2.99 (d, J = 8.1 Hz, 1 H), 3.29
(d, J=8.1 Hz, 1 H), 3.71 (d, J = 15.7 Hz, 1 H), 4.18 (s, 1 H),
421 (s, 1 H),4.22 (d,J = 15.7 Hz, 1 H), 5.09 (d, J = 10.3 Hz, 1
H), 5.28 (d, J = 17.0 Hz, 1 H), 6.39 (dd, J = 10.3, 17.0 Hz, 1 H),
7.31 (d, J = 8.1 Hz, 2 H), 7.70 (d, J = 8.1 Hz, 2 H); *C NMR
(100 MHz, CDCl3) 6 —5.1, —5.0, 18.5, 20.1, 21.6, 26.1, 35.7, 50.2,
54.7,60.3, 113.9, 127.7, 128.6, 129.4, 131.8, 132.4, 142.2, 143.3;
LRMS (EI) m/z 421 (M), 406, 364, 289, 274, 91, 75; HRMS (EI)
caled for Cp,H35NO5SiS 421.2107, found 421.2119.
(E)-1,1-Bis(benzyloxymethyl)-3-(1-methoxycarbonylprop-2-
en-1-ylidene)-4-methylcyclopentane (4j). According to the general
procedure, a crude product, which was obtained from 1j (69.9 mg,
0.18 mmol) and Cp*RuCl(cod) (3.4 mg, 0.008 mmol) in toluene
(6 mL) at room temperature for 8 h, was purified by column
chromatography on silica gel (benzene) to give 4j (67.3 mg, 89%)
as a colorless oil: IR (neat) 1723, 1636, 1098 cm™'; 'H NMR (400
MHz, CDCl;) 6 1.14 (d, J = 7.0 Hz, 3 H), 1.36 (dd, J = 6.8, 13.5
Hz, 1 H), 2.02 (dd, J = 8.6, 13.5 Hz, 1 H), 2.52 (s, 2 H), 2.90—3.00
(m, 1 H), 3.24 (s, 2 H), 3.46 (s, 2 H), 3.74 (s, 3 H), 4.45 (s, 2 H),
4.51(s,2H),5.16(d,J=11.2Hz, 1 H), 520 (d, J =172 Hz, 1
H), 6.44 (dd, J = 11.2, 17.2 Hz, 1 H), 7.23—7.34 (m, 10 H); 1*C
NMR (67.8 MHz, CDCl;) 6 21.9, 35.3,39.2,39.3,47.4, 51.5,72.5,
73.2,73.3, 74.4, 115.3, 126.2, 127.3, 127.3, 127.4, 128.2, 130.8,
138.7, 157.1, 169.0; LRMS (EI) m/z 420 (M*), 388, 312, 191, 91,
HRMS (EI) calcd for C,;H3,04 420.2300, found 420.2312. Anal.
Calcd for C,7H3,04: C, 77.11; H, 7.67. Found: C, 77.04; H, 7.87.
(Z)-3-(1-Methoxycarbonylprop-2-en-1-ylidene)-4-methyl-1-to-
sylpyrrolidine (4k). According to the general procedure, a crude
product, which was obtained from 1k (56.0 mg, 0.18 mmol) and
Cp*RuCl(cod) (3.5 mg, 0.009 mmol) in toluene (6 mL) at room
temperature for 1.5 h, was purified by column chromatography on
silica gel (hexane/AcOEt, 10/1) to give 4k (44.0 mg, 73%) as a
colorless oil: IR (neat) 1164, 1217, 1348, 1598, 1715 cm™'; 'H
NMR (400 MHz, CDCl;) 6 1.18 (d, J = 7.2 Hz, 3 H), 2.43 (s, 3
H), 3.01—3.12 (m, 1 H), 3.04 (d, /=84 Hz, 1 H), 329 (d, J =
8.4 Hz, 1 H), 3.77 (s, 3 H), 3.85 (d, /= 17.6 Hz, 1 H), 4.37 (d, J
=17.6 Hz, 1 H), 529 (d, /= 11.6 Hz, 1 H), 5.44 (d, /= 17.6 Hz,
1 H), 6.31 (dd, J = 11.6, 17.6 Hz, 1 H), 7.34 (d, J = 8.4 Hz, 2 H),
7.71 (d, J = 8.4 Hz, 2 H); '*C NMR (100 MHz, CDCl;) 6 19.2,
21.7,37.0,51.8,52.1, 54.1, 118.5, 124.3, 127.7, 129.5, 129.5, 131.8,
143.5, 152.8, 166.4; LRMS (EI) m/z 335 (M), 304, 276, 260, 180,
148, 120; HRMS (EI) caled for C;7Hp;NO,S 335.1191, found
335.1189.
(E)-2-(1-Formylprop-2-en-1-ylidene)-3,8,8-trimethyl-7,9-
dioxaspiro[4.5]decane (41). According to the general procedure, a
crude product, which was obtained from 11 (83.3 mg, 0.37 mmol)
and Cp*RuCl(cod) (7.1 mg, 0.019 mmol) in toluene (12.5 mL) at
room temperature for 3 h, was purified by column chromatography
on silica gel (hexane/AcOEt, 4/1) to give 41 (66.2 mg, 71%) as a
colorless oil: IR (neat) 1682, 1120 cm™'; '"H NMR (400 MHz,
CDCl;) 6 1.19 (d, J = 7.2 Hz, 3 H), 1.26 (dd, J = 6.4, 13.6 Hz, 1
H), 1.42 (s, 3 H), 1.44 (s, 3 H), 2.02 (dd, J = 8.4, 13.6 Hz, 1 H),
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2.61 (d, J=18.0 Hz, 1 H), 3.11 (ddq, J = 6.4, 8.4, 7.2 Hz, 1 H),
3.25(d,J=18.0 Hz, 1 H), 3.45 (dd, J = 1.2, 11.2 Hz, 1 H), 3.56
(d,J =112 Hz, 1 H), 3.73 (dd, J = 1.2, 11.2 Hz, 1 H), 3.80 (d,
J=112Hz,1H),535(,J=11.6 Hz, 1 H),5.79 (d, J = 17.6
Hz, 1 H), 6.36 (dd, J = 11.6, 17.6 Hz, 1 H), 10.03 (s, 1 H); 1*C
NMR (100 MHz, CDCl3) 6 21.5, 22.5, 25.2, 36.9, 37.9, 39.5, 41.8,
67.7,69.4,97.9, 118.3, 129.2, 130.4, 169.0, 191.1; LRMS (EI) m/z
250 (M), 235, 192, 174, 162; HRMS (EI) calcd for C;sH»0s5
250.1569, found 250.1560.

Dimethyl (Z)-3-allylidene-4-(methoxycarbonylmethyl)cyclo-
pentane-1,1-dicarboxylate (4r). According to the general proce-
dure, a crude product, which was obtained from 1r (66.1 mg, 0.25
mmol) and Cp*RuCl(cod) (4.7 mg, 0.012 mmol) in toluene (8 mL)
at room temperature for 19 h, was purified by column chromatog-
raphy on silica gel (hexane/AcOEt, 5/1) to give 4r (52.3 mg, 72%)
as a colorless oil.: IR (neat) 1734, 1654, 1601 cm™!; '"H NMR (270
MHz, CDCl;) 6 2.04 (dd, J = 14.0, 5.7 Hz, 1 H), 2.33 (dd, J =
15.7, 10.5 Hz, 1 H), 2.61 (dd, J = 15.7, 4.6 Hz, 1 H), 2.79 (dd, J
=14.0,8.6 Hz, 1 H), 2.86 (d, / = 16.5 Hz, 1 H), 3.13 (d, / = 16.5
Hz, 1 H), 3.31—3.40 (m, 1 H), 3.68 (s, 3 H), 3.71 (s, 3 H), 3.74 (s,
3 H),5.06 (d,J=10.3 Hz, 1 H), 5.12 (d, J=17.3 Hz, 1 H), 5.99
(d, J =113 Hz, 1 H), 6.39 (ddd, J = 17.3, 11.3, 10.3 Hz, 1 H);
3C NMR (67.8 MHz, CDCl;) 0 36.2, 39.7, 39.9, 41.4, 51.6, 52.8,
58.8, 116.8, 124.1, 132.5, 143.9, 171.6, 171.9, 172.3; LRMS (EI)
mlz 296 (M), 265, 236, 204, 176, 117, HRMS (EI) calcd for
C15H2()O(, 2961260, found 296.1255.

(E)-3-Allylidene-4-(methoxycarbonylmethyl)-1-tosylpyrroli-
dine (4s). According to the general procedure, a crude product,
which was obtained from 1s (85.2 mg, 0.28 mmol) and Cp*RuCl(cod)
(5.3 mg, 0.014 mmol) in toluene (9 mL) at room temperature for
3 h, was purified by column chromatography on silica gel (hexane/
AcOEt, 5/1) to give 4s (16.7 mg, 18%) as a colorless oil: IR (neat)
1736, 1598, 1348, 1165 cm™!; 'TH NMR (270 MHz, CDCl3) 6
2.38—2.52 (m, 2 H), 2.44 (s, 3 H), 3.07 (dd, J = 9.5, 5.9 Hz, 1 H),
3.29-3.40 (m, 1 H), 3.45 (d, J=9.5Hz, 1 H), 3.55 (d, J = 14.9
Hz, 1 H), 3.68 (s, 3 H), 4.08 (d, J = 149 Hz, 1 H), 5.12 (d, J =
89 Hz, 1 H), 5.16 (d, /= 13.0 Hz, 1 H), 591 (d, J = 10.5 Hz, 1
H), 6.29 (ddd, J = 13.0, 10.5, 8.9 Hz, 1 H), 7.33 (d, J = 8.1 Hz,
2 H), 7.70 (d, J = 8.1 Hz, 2 H); '3C NMR (125 MHz, CDCl;) 6
21.5,36.9,37.7,51.6,51.9,53.4,118.5, 123.8, 127.9, 129.7, 131.9,
132.0, 139.6, 143.9, 172.1; LRMS (EI) m/z 335 (M™"), 304, 262,
180, 155, 120, 91; HRMS (EI) caled for C;H,NO,S 335.1191,
found 335.1189.

Dimethyl (Z)-4-allylidene-3,3-dimethylcyclopentane-1,1-di-
carboxylate (4t). According to the general procedure, a crude
product, which was obtained from 1t (67.3 mg, 0.30 mmol) and
Cp*RuCl(cod) (11.4 mg, 0.03 mmol) in toluene (10 mL) at 60 °C
for 5 h, was purified by column chromatography on silica gel
(hexane/Et,0, 10/1) to give 4t (38.6 mg, 51%) as a colorless oil:
IR (neat) 1737, 1648, 1595 cm™!; 'TH NMR (400 MHz, CDCls) 6
1.25 (s, 6 H), 2.06 (s, 2 H), 2.36 (s, 2 H), 3.72 (s, 6 H), 5.01 (d, J
=9.1Hz, 1 H),5.04 (d, J = 15.8 Hz, 1 H), 5.89 (d, / = 11.4 Hz,
1 H), 6.66 (ddd, J = 15.8, 11.4, 9.1 Hz, 1 H); 3C NMR (67.8
MHz, CDCl;) 6 29.5, 41.5, 43.6, 51.2, 52.7, 58.0, 116.0, 122.9
132.6, 149.7, 172.2; LRMS (EI) m/z 252 (M™), 221, 192, 177, 160,
133; HRMS (EI) caled for Cy4H,004 252.1361, found 252.1350.
Anal. Calcd for C4H,0O4: C, 66.65; H, 7.99. Found: C, 66.80; H,
8.17.

Dimethyl 3-Methylene-4-vinylcyclopentane-1,1-dicarboxylate
(9) [Registry No. 109433-02-5]. According to the general proce-
dure, a crude product, which was obtained from 1u (67.3 mg, 0.30
mmol) and Cp*RuCl(cod) (5.7 mg, 0.015 mmol) in toluene (10
mL) at 60 °C for 5 h, was purified by column chromatography on
silica gel (hexane/Et,0, 10/1) to give an inseparable mixture of 1u
and 9 (56.9 mg, 84% in a ratio of 2.2 to 1). The ratio was
determined by '"H NMR analysis. '"H NMR (400 MHz, CDCl;) ¢
2.05 (m, 1 H), 2.58 (ddd, J = 13.0, 7.7, 1.2 Hz, 1 H), 2.95 (dddd,
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J=17.2,2.3,2.3,23 Hz, 1 H), 3.08 (brd, J = 17.2 Hz, 1 H), 3.16
(m, 1 H), 3.73 (s, 3 H), 3.75 (s, 3 H), 4.82 (m, 1 H), 4.90—5.25
(m, 3 H), 5.65 (m, 1 H).

(E)-4-Allylidene-3-methyl-1-tosyl-1,2,3,4-tetrahydroquino-
line (11b). According to the general procedure, a crude product,
which was obtained from 10b (76.4 mg, 0.25 mmol) and
Cp*RuCl(cod) (4.7 mg, 0.012 mmol) in toluene (8 mL) at 0 °C for
40 h, was purified by column chromatography on silica gel (hexane/
AcOEt, 5/1) to give 11b (53.9 mg, 64%) as a colorless oil: IR (neat)
733, 1165, 1350, 1598, 1654 cm™!; 'TH NMR (400 MHz, CDCl3) 6
1.02 (d, J/ = 6.8 Hz, 3 H), 2.29 (s, 3 H), 3.12 (qdd, J = 6.8, 6.4,
8.4 Hz, 1 H), 3.37 (dd, / = 8.4, 13.6 Hz, 1 H), 4.11 (dd, J = 6.4,
13.6 Hz, 1 H), 5.12 (d, J = 10.4 Hz, 1 H), 5.17 (d, J = 16.8 Hz,
1H),599 (d,J =112 Hz, 1 H), 6.33 (ddd, / = 104, 11.2, 16.8
Hz, 1 H), 7.09 (d, J/ = 8.4 Hz, 2 H), 7.15 (ddd, J = 1.2, 8.0, 8.0
Hz, 1 H), 7.23 (ddd, J = 1.6, 8.0, 8.0 Hz, 1 H), 7.38 (dd, J = 1.6,
8.0 Hz, 1 H), 745 (d, J = 8.4 Hz, 2 H), 7.55 (dd, J = 1.2, 8.0 Hz,
1 H); 1*C NMR (100 MHz, CDCls) 6 19.6, 21.5, 31.7,52.3, 117.9,
124.6, 124.8, 125.8, 125.9, 126.9, 127.7, 129.3, 131.6, 132.1, 136.4,
136.5, 136.8, 143.3; LRMS (EI) m/z 339 (M), 274, 184, 168, 154;
HRMS (EI) caled for C,0Hp NO,S 339.1293, found 339.1293.

(Z)-3-Allylidene-4-methyl-1-tosyl-1,2,3,4-tetrahydroquino-
line (11c). According to the general procedure, a crude product,
which was obtained from 10c¢ (80.8 mg, 0.26 mmol) and
Cp*RuCl(cod) (4.9 mg, 0.013 mmol) in toluene (8.5 mL) at room
temperature for 24 h, was purified by column chromatography on
silica gel (hexane/AcOEt, 5/1) to give 11c (17.8 mg, 20%) as a
colorless oil: IR (neat) 1599, 1350, 1164 cm™'; '"H NMR (270 MHz,
CDCl3) 6 1.19 (d, J = 7.6 Hz, 3 H), 2.28 (s, 3 H), 3.31 (qd, J =
7.6 Hz, 1 H), 4.04 (d, J = 15.1 Hz, 1 H), 4.52 (d, J = 15.1 Hz, 1
H), 5.10 (d, J = 10.3 Hz, 1 H), 5.15 (d, / = 17.0 Hz, 1 H), 5.75
(d, J = 11.1 Hz, 1 H), 6.21 (ddd, J = 10.3, 11.1, 17.0 Hz, 1 H),
6.99—7.80 (m, 8 H); LRMS (EI) m/z 339 (M™"), 279, 212, 184,
168, 149, 91; HRMS (EI) calcd for C,0H,;NO,S 339.1293, found
339.1302.

Dimethyl (Z)-3-methyl-4-[(E)-4-oxobut-2-enylidene]cyclopen-
tane-1,1-dicarboxylate (12b). A solution of 1b (38.0 mg, 0.18
mmol), acrylaldehyde (0.12 mL, 1.8 mmol), and Cp*RuCl(cod) (3.4
mg, 0.008 mmol) in toluene (6 mL) was stirred at room temperature
for 28 h under Ar (1 atm). After removal of the volatiles, a crude
product was purified by column chromatography on silica gel
(hexane/AcOEt, 2/1) to give 12b (12.9 mg, 27%) as a colorless
oil: IR (neat) 1265, 1638, 1679, 1734 cm™'; '"H NMR (400 MHz,
CDCl;) 6 1.22 (d,J = 7.2 Hz, 3 H), 1.97 (dd, J = 6.4, 13.6 Hz, 1
H), 2.79 (dd, J = 9.2, 13.6 Hz, 1 H), 2.96 (d, / = 17.6 Hz, 1 H),
3.11-3.20 (m, 1 H), 3.27 (d, J = 17.6 Hz, 1 H), 3.72 (s, 3 H),
3.76 (s, 3 H), 6.05 (dd, J = 8.0, 15.2 Hz, 1 H), 6.22 (d, J = 12.0
Hz, 1 H), 7.25 (dd, J = 12.0, 15.2 Hz, 1 H), 9.56 (d, J = 8.0 Hz,
1 H); 3C NMR (100 MHz, CDCl;) 6 22.3, 35.4, 41.9, 42.5, 53.0,
59.0, 120.8, 130.3, 147.4, 159.9, 171.2, 171.3, 193.2; LRMS (EI)
mlz 266 (M™), 235, 206, 174, 145; HRMS (EI) calcd for C4H;305
266.1154, found 266.1159.

Dimethyl (Z)-3-allylidene-4-methylenecyclopentane-1,1-dicar-
boxylate (16). According to the general procedure, a crude product,
which was obtained from 15 (70.9 mg, 0.34 mmol) and Cp*RuCl(cod)
(6.5 mg, 0.017 mmol) in toluene (11 mL) at room temperature for
3 h, was purified by column chromatography on silica gel (hexane/
AcOEt, 10/1) to give 16 (46.1 mg, 57%) as a colorless oil: IR (neat)
1737, 1642, 1610 cm™!; 'H NMR (270 MHz, CDCls) 6 3.06 (s, 2
H), 3.07 (s, 2 H), 3.73 (s, 6 H), 5.15 (d, / = 10.3 Hz, 1 H), 5.21
(s, 1 H), 526 (d, J = 17.0 Hz, 1 H), 537 (s, 1 H), 6.11 (d, J =
11.3 Hz, 1 H), 6.89 (ddd, J = 17.0, 11.3, 10.3 Hz, 1 H); '*C NMR
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(67.8 MHz, C¢Dg) 0 42.9, 43.1, 52.3, 57.6, 112.1, 118.6, 126.5,
133.5, 137.6, 144.5, 171.4; LRMS (EI) m/z 236 (M"), 176, 117;
HRMS (EI) calcd for Cj3H;604 236.1048, found 236.1049.

(4R*,5R*)-9,9,10,10-Tetracyano-2,2-bis(methoxycarbonyl)-4-
methylspiro[4.5]dec-6-ene (18). A solution of 4b (47.2 mg, 0.20
mmol) and tetracyanoethylene (128 mg, 1.0 mmol) in toluene (6.5
mL) was refluxed for 23 h. After removal of the solvent, a residue
was purified by column chromatography on silica gel (hexane/
AcOEt, 3/1) to give 18 (62.3 mg, 85%) as a colorless solid: mp
135—137 °C (recrystallized from AcOEt); IR (film, CHCl;) 2306,
1735, 1266 cm™!; '"H NMR (400 MHz, CDCl3) 6 1.22 (d,J = 6.5
Hz, 3 H), 1.88 (dd, J = 11.6, 13.2 Hz, 1 H), 2.68 (qdd, J = 6.5,
6.8, 11.6 Hz, 1 H), 2.81 (dd, J = 6.8, 13.2 Hz, | H), 297 (d, J =
16.2 Hz, 1 H), 3.15 (s, 2 H), 3.23 (d, / = 16.2 Hz, 1 H), 3.76 (s,
3 H), 3.79 (s, 3 H), 5.85 (s, 2 H); 1*C NMR (100 MHz, CDCls)
15.1, 32.4, 38.0, 41.6, 42.9, 45.8, 47.7, 51.4, 53.4, 57.9, 110.0,
110.5, 1109, 111.1, 117.4, 129.7, 170.4, 170.7; LRMS (EI) m/z
366 (M™), 335, 307, 275, 172; HRMS (EI) calcd for CoH;sN4O,4
366.1328, found 366.1319.

(1R*,3'R*)-5,5,6,6,-Tetracyano-3'-methyl-1'-tosyl-2',3'-dihy-
dro-1'H-spiro[cyclohex[2]ene-1,4'-quinoline] (19). Similar to the
synthesis of 18 from 4b, a crude product, which was obtained from
11b (26.3 mg, 0.08 mmol) and tetracyanoethylene (49.6 mg, 0.39
mmol) in toluene (2.6 mL) at 110 °C for 13 h, was purified by
column chromatography on silica gel (hexane/AcOEt, 1/1) to give
19 (20.7 mg, 57%) as a colorless solid: mp 206—210 °C (recrystal-
lized from AcOEt); IR (film, CHCI3) 2255, 1355, 1168 cm™'; 'H
NMR (400 MHz, CDCl;) 6 1.06 (d, J = 7.2 Hz, 3 H), 2.42 (s, 3
H), 2.89 (br, 1 H), 3.19 (d, J = 18.0 Hz, 1 H), 3.27 (d, J = 18.0
Hz, 1 H), 4.15 (d, J = 13.6 Hz, 1 H), 4.41 (d, / = 13.6 Hz, 1 H),
5.98 (d, J = 10.8 Hz, 1 H), 6.18—6.22 (m, 1 H), 7.01 (t, /= 7.6
Hz, 1 H), 7.30—7.38 (m, 4 H), 7.75 (d, J = 8.4 Hz, 1 H), 7.86 (d,
J = 8.4 Hz, 2 H); ’C NMR (125 MHz, CDCls) 6 15.8, 21.6, 31.2,
36.4,38.7,48.9,49.3,49.4,110.1, 110.2, 110.8, 111.8, 118.3, 121.6,
122.3,127.2, 130.1, 130.8, 131.3, 132.9, 136.4, 137.0, 144.7, LRMS
(ED) m/z 467 (M™), 339, 312, 184, 168, 91; HRMS (EI) calcd for
Cy6H21N50,S 467.1416, found 467.1414.

Dimethyl (Z)-1,1-bis(benzyloxymethyl)-3-methyl-4-(2-prope-
nylidene-1-d)cyclopentane dicarboxylate (4c-D) (Scheme 2).
According to the general procedure, a crude product, which was
obtained from 1¢-D (100.6 mg, 0.3 mmol) and Cp*RuCl(cod) (5.7
mg, 0.015 mmol) in toluene (10 mL) at room temperature for 24 h,
was purified by column chromatography on silica gel (hexane/
benzene, 1/1) to give 4¢-D (93.0 mg, 85%) as a colorless oil: 'H
NMR (400 MHz, CDCl;) 6 1.12 (d, / = 7.2 Hz, 3 H), 1.29 (dd, J
= 6.8, 13.6 Hz, | H), 1.99 (dd, J = 8.4, 13.6 Hz, 1 H), 2.55 (d, J
= 15.6 Hz, 1 H), 2.41 (d, J = 15.6 Hz, 1 H), 2.80—2.89 (m, 1 H),
327 (s,2H),3.45(d,J=8.8 Hz, 1 H), 3.48 (d, J = 8.8 Hz, 1 H),
447 (s,2 H), 452 (s,2H),495(d,J=10.0Hz, 1 H), 5.03 (d, J
= 16.8 Hz, | H), 6.48 (dd, J = 10.0, 16.8 Hz, 1 H), 7.23—7.34 (m,
10 H).
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