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The treatment of planar-chiral (η5:η1-cyclopentadienylphosphine)bis(acetonitrile)ruthenium
complexes 1 with prochiral dienes led to the ligand-exchange reaction that gave (η5:η1-
cyclopentadienylphosphine)(η4-diene)ruthenium complexes 4-6 and 8-11 with high enantio-
face selectivity (up to >99% de). The configuration of the (η4-diene)ruthenium complexes
was determined by crystallographic study of (η4-isoprene)ruthenium complex 6b-I and
spectral analyses, including NOE measurements. The selectivity of the reaction is under
thermodynamic control of the resulting η4-diene complexes and is affected by the substituents
on both the cyclopentadienyl ligand and the diene.

Introduction

Enantioselective reactions mediated or catalyzed by
transition-metal complexes have attracted much atten-
tion in synthetic organic chemistry.1 Many asymmetric
reactions of prochiral olefins with excellent enantio-
selectivity have been developed so far. In those reac-
tions, the π-complexation of olefins with metal atoms
inducing planar chirality is an important step for the
development of new asymmetric reactions and the
elucidation of reaction mechanisms. Therefore, there is
rich stereochemistry in the coordination of prochiral
olefins to chiral transition-metal fragments.2,3 1,3-Diene,
which often shows unique reactivities different from
those of simple olefins in the coordination sphere of
transition metals, has been used as a starting material
in enantioselective organic synthesis.4 Planar-chiral 1,3-
diene complexes are good chiral synthons for preparing
natural products.5 Although it has been reported that

somechiral auxiliary on diene works effectively in dia-
stereoselective π-complexation,6 few studies have been
conducted on enantioface selectivity in the complexation
of prochiral dienes with chiral metal fragments.7

We have long been involved in the studies of planar-
chiral cyclopentadienylruthenium (Cp′Ru) complexes.8
One of our first efforts was to examine enantioface-
selective π-complexation of arenes with the ruthenium
center, where we found moderate selectivity under
control of the planar chirality.9 However, the rotation
of the cyclopentadienyl ring was inadequate for the
construction of a rigid chiral environment around the
active metal center. We recently synthesized planar-
chiral Cp′Ru complexes 1 possessing an anchor phos-
phine ligand.10 Complex 1 showed high ability to control
the metal-centered chirality in some ligand-exchange
reactions11 and was successfully used as a new catalyst
for asymmetric allylic amination and alkylation with
high enantioselectivity.12 Moreover, as the cationic
ruthenium complexes [CpRuL(CH3CN)2]+ (L ) CO, PR3)(1) Comprehensive Asymmetric Catalysis I-III; Jacobsen, E. N.,

Pflatz, A., Yamamoto, H., Eds.; Springer-Verlag: Berlin, 1999.
(2) For reviews, see: (a) Gladysz, J. A.; Boone, B. J. Angew. Chem.,

Int. Ed. Engl. 1997, 36, 551. (b) Paley, R. S. Chem. Rev. 2002, 102,
1493.

(3) For recent references, see: (a) Tschoerner, M.; Trabesinger, G.;
Albinati, A.; Pregosin, P. S. Organometallics 1997, 16, 3447. (b) Baar,
C. R.; Jenkins, H. A.; Yap, G. P. A.; Puddephatt, R. J. Organometallics
1998, 17, 4329. (c) Ferrara, M. L.; Orabona, I.; Ruffo, F.; Funicello,
M.; Panunzi, A. Organometallics 1998, 17, 3832. (d) Ferrara, M. L.;
Giordano, F.; Orabona, I.; Panunzi, A.; Ruffo, F. Eur. J. Inorg. Chem.
1999, 1939. (e) Cavallo, L.; Cucciolito, M. E.; De Martino, A.; Giordano,
F.; Orabona, I.; Vitagliano, A. Chem. Eur. J. 2000, 6, 1127. (f)
Motoyama, Y.; Kurihara, O.; Murata, K.; Aoki, K.; Nishiyama, H.
Organometallics 2000, 19, 1025. (g) Baar, C. R.; Jenkins, H. A.;
Jennings, M. C.; Yap, G. P. A.; Puddephatt, R. J. Organometallics 2000,
19, 4870.

(4) For recent references, see: (a) Horiuchi, T.; Ohta, T.; Shirakawa,
E.; Nozaki, K.; Takaya, H. Tetrahedron 1997, 53, 7795. (b) Thoraren-
sen, A.; Palmgren, A.; Itami, K.; Backvall, J.-E. Tetrahedron Lett. 1997,
38, 8541. (c) Murakami, M.; Minamida, R.; Itami, K.; Sawamura, M.;
Ito, Y. Chem. Commun. 2000, 2293. (d) Soriente, A.; De Rosa, M.;
Stanzione, M.; Villano, R.; Scettri, A. Tetrahedron: Asymmetry 2001,
12, 959. (e) Xiao, W.-J.; Alper, H. J. Org. Chem. 2001, 66, 6229. (f)
Han, J. W.; Hayashi, T. Tetrahedron: Asymmetry 2002, 13, 325. (g)
Sato, Y.; Saito, N.; Mori, M. J. Org. Chem. 2002, 67, 9310.

(5) For reviews, see: (a) Iwata, C.; Takemoto, Y. Chem. Commun.
1996, 2497. (b) Knölker, H.-J. Chem. Rev. 2000, 100, 2941.

(6) Howard, P. W.; Stephenson, G. R.; Taylor, S. C. J. Organomet.
Chem. 1989, 370, 97. (b) Pearson, A. J.; Chang, K.; McConville, D. B.;
Youngs, W. J. Organometallics 1994, 13, 4. (c) Schmalz, H.-G.; Hessler,
E.; Bats, J. W.; Dürner, G. Tetrahedron Lett. 1994, 35, 4543. (d) Koelle,
U.; Bücken, K.; Englert, U. Organometallics 1996, 15, 1376. (e) Paley,
R. S.; de Dios, A.; Estroff, L. A.; Lafontaine, J. A.; Montero, C.;
McCulley, D. J.; Rubio, M. B.; Ventura, M. P.; Weers, H. L.; de la
Pradilla, R. F.; Castro, S.; Dorado, R.; Morente, M. J. Org. Chem. 1997,
62, 6326. (f) Tsai, M.-S.; Rao, U. N.; Hsueh, P.-Y.; Yeh, M. C. P.
Organometallics 2001, 20, 289.

(7) Knölker, H.-J.; Hermann, H. Angew. Chem., Int. Ed. Engl. 1996,
35, 341. (b) Knölker, H.-J.; Hermann, H.; Herzberg, D. Chem. Commun.
1999, 831.

(8) Komatsuzaki, N.; Uno, M.; Kikuchi, H.; Takahashi, S. Chem.
Lett. 1996, 677. (b) Matsushima, Y.; Komatsuzaki, N.; Ajioka, Y.;
Yamamoto, M.; Kikuchi, H.; Takata, Y.; Dodo, N.; Onitsuka, K.; Uno,
M.; Takahashi, S. Bull. Chem. Soc. Jpn. 2001, 74, 527.

(9) Komatsuzaki, N.; Kikuchi, H.; Yamamoto, M.; Uno, M.; Taka-
hashi, S. Chem. Lett. 1998, 445.

(10) Dodo, N.; Matsushima, Y.; Uno, M.; Onitsuka, K.; Takahashi,
S. J. Chem. Soc., Dalton Trans. 2000, 35.

(11) Onitsuka, K.; Dodo, N.; Matsushima, Y.; Takahashi, S. Chem.
Commun. 2001, 521. (b) Onitsuka, K.; Ajioka, Y.; Matsushima, Y.;
Takahashi, S. Organometallics 2001, 20, 3274.

(12) Matsushima, Y.; Onitsuka, K.; Kondo, T.; Mitsudo, T.; Taka-
hashi, S. J. Am. Chem. Soc. 2001, 123, 10405.
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undergo replacement of the acetonitrile ligands with a
variety of dienes to give stable π-diene complexes
[CpRuL(η4-diene)],13 we investigated the complexation
of Cp′Ru complex 1 with prochiral dienes. We report
herein the complete details of the enantioface-selective
π-complexation of dienes with the ruthenium atom in
planar-chiral Cp′Ru complexes. The preliminary results
have already been reported elsewhere.14 Although we
used racemic mixtures of planar-chiral Cp′Ru complexes
in this work, all structures are shown with a planar
chirality of SCp for clarity.

Results and Discussion

We started our investigation with the reaction of
bis(acetonitrile) complex 1 with symmetrical diene.
Treatment of complex 1a with 10 equiv of 2,3-dimethyl-
butadiene 2a in refluxing dichloromethane for 12 h
resulted in the ligand-exchange reaction that gave
diene-coordinated complex 3a in good yield (eq 1). In
the 1H NMR spectrum of 3a, two singlets ascribable to
the methyl groups on the diene were observed at δ 2.44
and 2.45. The signals for the two sets of syn-protons (H1,
H4) and anti-protons (H2, H3) on the terminal methylene
with respect to the methyl groups appeared at δ 3.31,
3.19 and δ -0.39, -0.58, respectively. These data clearly
showed that two H2CdCMe- parts of the diene are not
magnetically equivalent due to their coordination to the
planar-chiral ruthenium complex. On the other hand,
the reactions of complex 1a with 2,5-dimethyl-2,4-
hexadiene 2b and 1,3-cyclohexadiene 2c gave no diene
complexes, and complex 1a was recovered quantita-
tively. Then, we performed the reactions with unsym-
metrical diene, and the results are summarized in Table
1. The treatment of complex 1a with trans-1,3-penta-

diene 2d gave a diastereomeric mixture of η4-diene
complex 4a in 93% yield (entry 1). The 1H and 31P NMR
spectra of 4a indicated that the diastereoselectivity is
34% de. Similarly, the reaction with trans-1,3-hexadiene
2e gave diene complex 5a in 93% yield with 38% de
(entry 2). On the other hand, higher selectivity was
observed in the reaction with isoprene 2f (entry 3),
whereas no diene complex was formed in the reaction
with cis-1,3-pentadiene 2g (entry 4). These results, as
well as those from the reactions with 2b and 2c
described above, suggest that the Z-substituted dienes
do not coordinate to the ruthenium atom in complex 1a.
On the other hand, the reaction with 1-phenyl-1,3-
butadiene 2h gave η4-diene complex 8a with 76% de
(entry 5), and that with 2-phenyl-1,3-butadiene 2i
produced complex 9a with 86% de (entry 6). Disubsti-
tuted dienes, 2-methyl-1,3-pentadiene 2j and 3-methyl-
1,3-pentadiene 2k, also reacted with complex 1a to give
complexes 10a and 11a with 83 and 48% de, respectively

(13) Crocker, M.; Green, M.; Morton, C. E.; Nagle, K. R.; Orpen, A.
G. J. Chem. Soc., Dalton Trans. 1985, 2145. (b) Ruba, E.; Simanko,
W.; Mauthner, E.; Soldouzi, K M.; Slugovc, C.; Schmid, R.; Kirchner
K. Organometallics 1999, 18, 3843.

(14) Matsushima, Y.; Onitsuka, K.; Takahashi, S. Chem. Lett. 2000,
760.

Chart 1. Enantiomeric Pair of Planar-Chiral
Cp′-Ru Complex 1

Chart 2. Structures of Dienes

Chart 3. Numbering of H Atoms on Diene Ligands

Table 1. Reaction of Ruthenium Complexes 1 with
Prochiral Dienes

entry substrate diene product yield/%a de/%b,c

1 1a (R ) Me) 2d 4a 93 34 (I)
2 1a 2e 5a 93 38 (I)
3 1a 2f 6a 90 82 (I)
4 1a 2g 7a 0
5 1a 2h 8a 72 76 (II)
6 1a 2i 9a 87 86 (I)
7 1a 2j 10a 88 83 (I)
8 1a 2k 11a 90 48 (I)
9 1b (R ) Ph) 2d 4b 86 36 (I)

10 1b 2e 5b 88 36 (I)
11 1b 2f 6b 90 86 (I)
12 1b 2h 8b 92 >99 (II)
13 1b 2i 9b 92 81 (I)
14 1b 2j 10b 87 75 (I)
15 1b 2k 11b 85 38 (I)
16 1c (R ) But) 2d 4c 74 66 (I)
17 1c 2e 5c 92 58 (I)
18 1c 2f 6c 69 84 (I)
19 1c 2h 8c 0
20 1c 2i 9c 91 98 (I)
21 1c 2j 10c 0
22 1c 2k 11c 82 84 (I)

a Isolated yield. b Determined by 31P NMR. c The structure of
the major product is given in parentheses; see Chart 5.
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(entries 7 and 8). The reactions of complex 1b bearing
a phenyl group at the 4-position of the Cp′ ring also
produced η4-diene complexes having diastereoselectivi-
ties similar to those in the reactions of 1a (entries 9-15).
It is noteworthy that the η4-diene complex 8b was
formed as a single diastereomer in the reaction with 2h
(entry 12). When complex 1c, which is a tert-butyl
analogue of complexes 1a and 1b, was used as the
starting material, η4-diene complexes were obtained
with slightly higher selectivities than those of 1a and
1b (entries 16-22). However, dienes 2h and 2j did not
coordinate to the ruthenium atom of 1c (entries 19 and
21).

The stereochemistry of the major isomer of isoprene
complex 6b-I was unequivocally established by X-ray
analysis to be SCp,Rdiene/RCp,Sdiene (Figure 1).15 The s-cis
diene coordinates to the ruthenium in a prone (endo)
fashion,16 which is the major geometry in Cp(η4-diene)-
RuL complexes.17 The 1H NMR spectrum of 6b-I exhib-
ited signals ascribable to H5 and CH3 protons at δ 6.10
and 2.74, respectively. Whereas multiplet signals due
to the syn-protons (H1 and H4) of the terminal methylene
with respect to H5 and CH3 were found at δ 3.53-3.32,
the anti-proton (H2 and H3) signals appeared in the
higher magnetic field (δ -0.17, -0.29), as observed in
complex 3a. The molecular structure of 6b-I indicates
that the shift to the higher magnetic field of the anti-
proton signals is probably caused by shielding due to
the phenyl ring C(16)-C(21) protruding axially from the
anchor phosphine. As a similar shift to the higher
magnetic field of the signals due to the anti-diene
protons was observed in the 1H NMR spectrum of all
other η4-diene complexes prepared in this study (see
Experimental Section), the diene ligands were assumed
to coordinate in an s-cis prone fashion in these com-
plexes. The fact that dienes having a substituent at the
anti-position, such as 2b, 2c, and 2f, did not produce
any η4-diene complexes is consistent with the estimated
coordination mode of the diene ligands. To obtain

information on the configuration of the products, dif-
ferential NOE spectra were measured.11b For the major
diastereomer of 4a, irradiation of the methyl signal (δ
1.62) of the diene ligand gave rise to NOE signals of
methyl protons at the 2-position of the Cp′ ring (δ 2.32)
as well as the methylene protons of the tether (δ 3.23-
3.29) but not the olefinic protons of the diene. On the
other hand, NOE was observed between the methyl
group on the diene ligand (δ 1.59) and the methyl group
at the 4-position of the Cp′ ring (2.15 ppm) in the minor
isomer. Altogether, these data suggest that the methyl
group on the diene ligand is close to the 2-position of
the Cp′ ring in the major isomer (4a-I), whereas it is
close to the 4-position of the Cp′ ring in the minor isomer
(4a-II). The stereochemistry of the other η4-diene com-
plexes was also determined from the differential NOE
spectra. In most of the major isomers prepared from the
monosubstituted dienes, the substituents were located
close to the 2-position of the Cp′ ring (stereochemistry:
I), with the exception of complexes 8a and 8b, which
were prepared from 1-phenyl-1,3-butadiene 2h. By

Chart 4. NOE in Complexes 4a-I and 4a-II

Chart 5. Conformational Structures of Diene Complexes

Figure 1. Molecular structure of the cation of 6b-
I‚1.5Me2CO. Hydrogen atoms, PF6

- counteranion, and
Me2CO solvates are omitted for clarity.

Planar-Chiral Ruthenium Complexes Organometallics, Vol. 23, No. 10, 2004 2441
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contrast, the major isomers prepared from disubstituted
dienes were demonstrated to have configurations 10-I
and 11-I, in which the C5 methyl carbon of the η4-
pentadiene is close to the 2-position of the Cp′ ring. As
the 1H NMR spectra of complex 5 are similar to those
of 4, the major product should adopt a conformation of
5-I.

The treatment of complex 12 having no tether be-
tween the Cp′ ring and the phosphine ligand with
isoprene 2f gave η4-diene complex 13 in 83% yield. The
diastereoselectivity was lower (44% de) than that in a
similar reaction with 1b (86% de, entry 11 in Table 1),
although the stereochemistry of the major product could
not be determined. This result clearly suggests that the
anchor phosphine ligand actually prevents the rotation
of the Cp′ ring and assists in the construction of an
effective asymmetric environment by the planar chiral-
ity.11,18

When isoprene complex 6a was dissolved in aceto-
nitrile at room temperature, the isoprene ligand was
completely replaced with two acetonitrile ligands to
regenerate bis(acetonitrile) complex 1a quantitatively,
implying that the ligand-exchange reaction shown in eq
1 is reversible. Therefore, the selectivity of the reaction
should be governed by the difference in thermodynamic
stability between the two diastereomers of the η4-diene
complexes.

Some substituent effects on the diastereoselectivity
of the diene coordination to the planar-chiral Cp′Ru
complexes were found from the results in Table 1.
Dienes possessing a substituent only at the 2-position,
such as 2f and 2i, showed high selectivities in the
reactions with the ruthenium complexes 1a, 1b, and 1c.
This may be due to the fact that the substituent on the
diene at the 2-position is close to the Cp′ ring in a prone
fashion. Complexes 6-II and 9-II should be less stable
than complexes 6-I and 9-I because of the steric repul-
sion between the substituents on the dienes and on the

Cp′ ring at the 4-position. The molecular structure of
6b-I not only supports this explanation but also gives
good information on the diastereoselectivity in the
reactions with the other dienes. As observed in other
planar-chiral Cp′Ru complexes, one of the two phenyl
groups on the anchor phosphine is oriented axially,
whereas the other phenyl ring protrudes equatori-
ally.10,11 The methyl and the ethyl groups on the dienes
in complexes 4-II and 5-II are located in more crowded
positions than those in 4-I and 5-I. Therefore, complexes
4-I and 5-I are formed as the major isomers in the
reactions with 2d and 2e. In contrast, complex 8-II was
selectively obtained in the reaction with 2h. The stabil-
ity of 8b-II, which was the sole product, may be
explained by the π-π stacking between the phenyl
groups on the Cp′ ring and on the diene. On the other
hand, the selective formation of 8a-II may be derived
from the CH-π interaction between the methyl group
at the 4-position of the Cp′ ring and the phenyl group
on the diene,19 as the 1H NMR spectrum of 8a-II
exhibited a methyl signal at a slightly higher magnetic
field (δ 1.60) than that of the other diene complexes. A
similar contribution of the π-π stacking and the CH-π
interaction to the diastereoselectivity has also been
found in the salicylideneaminate derivatives.11b On the
other hand, it remains unclear why 1,3-disubstituted
diene 2j showed higher selectivity than 1,2-disubstitut-
ed diene 2k. As the syn-position of the terminal meth-
ylene group of the diene is very close to the axial phenyl
ring on the anchor phosphine, the dienes with substit-
uents at the syn-position, such as 2g, 2b, and 2c, do
not produce diene complexes at all.

There are no significant differences in the selectivity
between complexes 1a and 1b, except for the reactions
with 2h. As can be observed in Figure 1, the phenyl ring
lies on the same plane as the Cp′ ligand. Thus, the steric
effect of the phenyl group is similar to that of the methyl
group. In contrast, the higher diastereoselectivity in the
reactions of complex 1c is derived from the larger steric
repulsion between the tert-butyl group and the substit-
uents on the diene, which decreases the stability of
structure II. Complex 1c did not react with 2h and 2j,
probably due to steric reasons.

In conclusion, we have demonstrated that the planar-
chiral Cp′Ru complexes having the anchor phosphine
ligand exhibit high enantioface selectivity in the π-
complexation with prochiral dienes. The selectivity is
controlled by the thermodynamic stability of the result-
ing diene complexes. These results should provide useful
information for opening a new route for enantioselective
synthesis from prochiral dienes using the planar-chiral
Cp′Ru complexes.

Experimental Section

All reactions were carried out under argon atmosphere, but
the workup was performed in air. 1H, 13C, and 31P NMR spectra
were measured on JEOL JNM-LA400 and JEOL JNM-LA600
spectrometers using acetone-d6 as solvent. Chemical shifts are
given in ppm based on SiMe4 as the internal standard for 1H
and 13C NMR, and 85% H3PO4 as the external standard for
31P NMR. IR spectra were recorded on a Perkin-Elmer system
2000 FT-IR. FAB mass spectra were obtained on a JEOL JMS-

(15) Paiaro, G.; Panunzi, A. J. Am. Chem. Soc. 1964, 86, 5148.
(16) Yasuda, H.; Tatsumi, K.; Okamoto, T.; Mashima, K.; Lee, K.;

Nakamura, A.; Kai, Y.; Kanehisa, N.; Kasai, N. J. Am. Chem. Soc.
1985, 107, 2410.

(17) Fagan, P. J.; Mahoney, W. S.; Calabrese, J. C.; Williams, I. D.
Organometallics 1990, 9, 1843. (b) Gemel, C.; Kalt, D.; Mereiter, K.;
Sapunov, V. N.; Schmid, R.; Kirchner, K. Organometallics 1997, 16,
427. (c) Kulsomphob, V.; Ernst, K. A.; Lam, K. C.; Rheingold, A. L.;
Ernst, R. D. Inorg. Chim. Acta 1999, 296, 170.

(18) Mobley, T. A.; Bergman, R. G. J. Am. Chem. Soc. 1998, 1290,
3253. (b) Kataoka, Y.; Shibahara, A.; Saito, Y.; Yamagata, T.; Tani, K.
Organometallics 1998, 17, 4338. (c) Kataoka, Y.; Iwato, Y.; Yamagata,
T.; Tani, K. Organometallics 1999, 18, 5423. (d) Faller, J. W.; D’Alliessi,
D. G. Organometallics 2003, 22, 2749.

(19) For reviews, see: Okawa, H. Coord. Chem. Rev. 1988, 92, 1.
(b) Nishio, M.; Hirota, M. Tetrahedron 1989, 45, 7201.
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600H, and a JEOL JMS-700 was used for HRMS. Elemental
analyses were performed by the Material Analysis Center,
ISIR, Osaka University. Diethyl ether was distilled over
benzophenone ketyl under argon immediately before use.
Dichloromethane was distilled over calcium hydride. Ruthe-
nium complexes 1 were prepared according to the method
reported previously.10 All other chemicals available com-
mercially were used without further purification.

General Procedure of Ligand-Exchange Reaction of
Ruthenium Complexes 1 with 1,3-Dienes. To a solution
of ruthenium complex 1 (0.1 mmol) in dichloromethane (5 mL)
was added diene (1.0 mmol), and the reaction mixture was
stirred under reflux for 12 h. After removal of the solvent
under reduced pressure, diethyl ether was added to the
residual oil to give a yellow precipitate of a diene complex.
The precipitate was filtered and washed with ether several
times. Yield and diastereoselectivity of most of the products
are listed in Table 1.

[(η5:η1-2,4-Me2C5H2CO2CH2CH2PPh2)Ru{η4-CH2dC(Me)-
C(Me)dCH2}][PF6] (3a). Yield: 86%. 1H NMR (400 MHz):
δ 8.02 (br, 2H, Ph), 7.75 (s, 3H, Ph), 7.42-7.38 (m, 3H, Ph),
7.08 (br, 2H, Ph), 5.27 (s, 1H, Cp′), 5.24-5.12 (m, 2H, Cp′ and
OCH2), 4.43-4.35 (m, 1H, OCH2), 3.46-3.34 (m, 2H, PCH2),
3.31 (s, 1H, H1 or H4), 3.19 (s, 1H, H1 or H4), 2.45 (s, 3H, Me
on diene), 2.44 (s, 3H, Me on diene), 2.22 (d, 3H, J ) 1.5 Hz,
Cp′Me), 2.17 (s, 3H, Cp′Me), -0.39 (dd, 1H, J ) 16.8, 2.0 Hz,
H2 or H3), -0.58 (dd, 1H, J ) 17.6, 2.0, Hz, H2 or H3). IR (cm-1,
KBr): 1721 (νCdO). FAB MS: m/z 533 (M - PF6

-). Anal. Calcd
for C28H32F6O2P2Ru: C, 49.63; H, 4.76. Found: C, 49.40; H,
4.50.

[(η5:η1-2,4-Me2C5H2CO2CH2CH2PPh2)Ru(η4-CH2dCHCHd
CHMe)][PF6] (4a). IR (cm-1, KBr): 1731 (νCdO). FAB MS: m/z
519 (M - PF6

-). Anal. Calcd for C27H30F6O2P2Ru: C, 48.87;
H, 4.56; P, 9.53. Found: C, 48.66; H, 4.39; P, 9.53. For major
product 4a-I: 1H NMR (400 MHz): δ 8.04-7.98 (m, 2H, Ph),
7.75-7.74 (m, 4H, Ph), 7.43 (m, 4H, Ph), 6.08-5.98 (m, 1H,
H5 or H6), 5.81-5.75 (m, 2H, Cp′ and H5 or H6), 5.31-5.18 (m,
1H, OCH2), 5.14-5.12 (m, 1H, Cp′), 4.48-4.41 (m, 1H, OCH2),
3.43-3.24 (m, 2H, PCH2), 3.11 (d, 1H, J ) 8.1 Hz, H4), 2.32
(d, 3H, J ) 1.7 Hz, Cp′Me), 2.07 (s, 3H, Cp′Me), 1.62 (d, 3H, J
) 5.3 Hz, Me on diene), 0.64-0.58 (m, 1H, H2 or H3), -0.22 to
-0.28 (m, 1H, H2 or H3). 31P NMR (160 MHz): δ 50.2. For
minor product 4a-II: 1H NMR (400 MHz): δ 7.93-7.91 (m,
2H, Ph), 7.79-7.78 (m, 4H, Ph), 7.43 (m, 4H, Ph), 6.08-5.98
(m, 1H, Cp′), 5.81-5.75 (m, 1H, H5 or H6), 5.55 (m, 1H, H5 or
H6), 5.43-5.41 (m, 1H, Cp′), 5.31-5.18 (m, 1H, OCH2), 4.34-
4.29 (m, 1H, OCH2), 3.57-3.53 (m, 1H, PCH2), 3.43-3.24 (m,
1H, PCH2), 3.04 (d, 1H, J ) 6.3 Hz, H1), 2.18 (d, 3H, J ) 1.7
Hz, Cp′Me), 2.15 (d, 3H, J ) 1.7 Hz, Cp′Me), 1.59 (d, 3H, J )
4.6 Hz, Me on diene), 0.37-0.29 (m, 1H, H2 or H3), 0.19-0.13
(m, 1H, H2 or H3). 31P NMR (160 MHz): δ 48.4.

[(η5:η1-2,4-Me2C5H2CO2CH2CH2PPh2)Ru(η4-CH2dCHCHd
CHEt)][PF6] (5a). IR (cm-1, KBr): 1728 (νCdO). FAB MS: m/z
533 (M - PF6

-). Anal. Calcd for C28H32F6O2P2Ru: C, 49.63;
H, 4.76. Found: C, 49.48; H, 4.72. Major product 5a-I: 1H
NMR (400 MHz): δ 8.03-7.45 (m, 10H, Ph), 6.01-5.98 (m,
1H, H5 or H6), 5.80 (dd, 1H, J ) 9.5, 5.1 Hz, H5 or H6), 5.76 (s,
1H, Cp′), 5.30-5.15 (m, 1H, OCH2), 5.14-5.13 (m, 1H, Cp′),
4.44-4.39 (m, 1H, OCH2), 3.52-3.27 (m, 2H, PCH2), 3.14 (d,
1H, J ) 7.8 Hz, H4), 2.31 (d, 3H, J ) 1.7 Hz, Cp′Me), 2.08 (s,
3H, Cp′Me), 1.73-1.65 (m, 1H, CH2CH3), 1.05 (t, 3H, J ) 7.3
Hz, CH2CH3), 0.56-0.48 (m, 1H, H2 or H3), -0.17 to -0.23
(m, 1H, H2 or H3). 31P NMR (160 MHz): δ 49.9. For minor
product 5a-II: 1H NMR (400 MHz): δ 8.03-7.45 (m, 10H, Ph),
6.07-6.05 (m, 1H, H5 or H6), 5.74 (s, 1H, Cp′), 5.55 (m, 1H, H5

or H6), 5.43-5.42 (m, 1H, Cp′), 5.30-5.15 (m, 1H, OCH2),
4.36-4.29 (m, 1H, OCH2), 3.52-3.27 (m, 2H, PCH2), 3.04 (d,
1H, J ) 7.1 Hz, H1), 2.17 (s, 3H, Cp′Me), 2.16 (d, 3H, J ) 1.7
Hz, Cp′Me), 1.73-1.65 (m, 1H, CH2CH3), 0.86 (t, 3H, J ) 7.3
Hz, CH2CH3), 0.27-0.16 (m, 2H, H2 and H3). 31P NMR (160
MHz): δ 48.5.

[(η5:η1-2,4-Me2C5H2CO2CH2CH2PPh2)Ru{η4-CH2dCHC-
(Me)dCH2}][PF6] (6a). IR (cm-1, KBr): 1727 (νCdO). FAB
MS: m/z 519 (M - PF6

-). Anal. Calcd for C27H30F6O2P2Ru: C,
48.87; H, 4.56. Found: C, 48.63; H, 4.29. For major product
6a-I: 1H NMR (400 MHz): δ 8.29-8.24 (m, 2H, Ph), 8.03 (br,
3H, Ph), 7.72-7.64 (m, 3H, Ph), 7.40 (m, 3H, Ph), 6.10 (t, 1H,
J ) 8.5 Hz, H6), 5.91 (s, 1H, Cp′), 5.55-5.43 (m, 2H, Cp′ and
OCH2), 4.70-4.62 (m, 1H, OCH2), 3.76-3.66 (m, 2H, PCH2),
3.55 (s, 1H, H1 or H4), 3.49-3.46 (m, 1H, H1 or H4), 2.74 (s,
3H, Me), 2.45 (d, 3H, J ) 1.5 Hz, Me), 2.39 (s, 3H, Me), 0.04
to -0.03 (m, 2H, H2 and H3). 13C NMR (150 MHz): δ 166.5
(CdO), 134.2-129.1 (Ph), 117.6, 110.1, 105.4, 93.9 (J ) 5.0
Hz), 87.6, 87.5, 82.5, 59.6 (J ) 5.8 Hz, OCH2), 53.8 (C1 or C4),
52.2 (C1 or C4), 23.3 (PCH2), 23.0 (Me on diene), 12.1 (Cp′Me),
11.5 (Cp′Me). 31P NMR (160 MHz): δ 52.2. For minor product
6a-II: 31P NMR (160 MHz): δ 51.9.

[(η5:η1-2,4-Me2C5H2CO2CH2CH2PPh2)Ru(η4-CH2dCHCHd
CHPh)][PF6] (8a). IR (cm-1, KBr): 1734 (νCdO). FAB MS: m/z
581 (M - PF6

-). Anal. Calcd for C32H32F6O2P2Ru: C, 52.97;
H, 4.45. Found: C, 52.69; H, 4.45. For major product 8a-II:
1H NMR (600 MHz): δ 7.69-7.23 (m, 15H, Ph), 6.82 (dd, 1H,
J ) 6.0, 10.7 Hz, H5 or H6), 5.87 (s, 1H, Cp′), 5.68-5.64 (m,
1H, H5 or H6), 5.16 (q, 1H, J ) 1.6 Hz, Cp′), 5.14-5.07 (m,
1H, OCH2), 4.42-4.37 (m, 1H, OCH2), 3.46-3.31 (m, 3H, PCH2

and H1), 2.13 (d, 3H, J ) 1.6 Hz, Cp′Me), 1.60 (s, 3H, Cp′Me),
1.56 (t, 1H, J ) 10.7 Hz, H2 or H3), 0.81 (dd, 1H, J ) 15.1,
10.2 Hz, H2 or H3). 31P NMR (160 MHz): δ 45.3. For minor
product 8a-I: 31P NMR (160 MHz): δ 47.4.

[(η5:η1-2,4-Me2C5H2CO2CH2CH2PPh2)Ru{η4-CH2dCHC-
(Ph)dCH2}][PF6] (9a). IR (cm-1, KBr): 1733 (νCdO). FAB
MS: m/z 581 (M - PF6

-). Anal. Calcd for C32H32F6O2P2Ru: C,
52.97; H, 4.45. Found: C, 52.48; H, 4.18. For major product
9a-I: 1H NMR (600 MHz): δ 8.13-7.44 (m, 15H, Ph), 6.73 (t,
1H, J ) 8.5 Hz, H6), 5.24-5.13 (m, 3H, Cp′ and OCH2), 4.44
(ddd, 1H, J ) 11.5, 5.5, 2.2 Hz, OCH2), 4.20 (s, 1H, H1 or H4),
3.53-3.37 (m, 3H, PCH2 and H1 or H4), 2.18 (s, 3H, Cp′Me),
1.02 (d, 3H, J ) 1.4 Hz, Cp′Me), -0.08 (ddd, 1H, J ) 15.1, 9.3,
2.2 Hz, H2 or H3), -0.32 (dd, 1H, J ) 16.2, 2.5 Hz, H2 or H3).
31P NMR (160 MHz): δ 52.4. For minor product 9a-II: 31P
NMR (160 MHz): δ 51.5.

[(η5:η1-2,4-Me2C5H2CO2CH2CH2PPh2)Ru{η4-CH2dC(Me)-
CHdCHMe}][PF6] (10a). IR (cm-1, KBr): 1725 (νCdO). FAB
MS: m/z 533 (M - PF6

-). Anal. Calcd for C28H32F6O2P2Ru: C,
49.63; H, 4.76. Found: C, 49.41; H, 4.51. For major product
10a-I: 1H NMR (600 MHz): δ 8.03-7.42 (m, 10H, Ph), 5.66
(d, 1H, J ) 9.3 Hz, H5), 5.35 (s, 1H, Cp′), 5.23 (ddd, 1H, J )
11.5, 11.5, 8.0 Hz, OCH2), 5.12 (s, 1H, Cp′), 4.45 (ddt, 1H, J )
11.5, 5.2, 1.9 Hz, OCH2), 3.36 (dt, 1H, J ) 15.7, 5.2 Hz, PCH2),
3.28-3.20 (m, 1H, PCH2), 3.16 (t, 1H, J ) 1.4 Hz, H4), 2.50 (s,
3H, Me on diene), 2.37 (s, 3H, Cp′Me), 2.15 (s, 3H, Cp′Me),
1.62 (dd, 3H, J ) 6.0, 0.8 Hz, Me on diene), 0.47 (dq, 1H, J )
15.4, 6.0 Hz, H2 or H3), -0.46 (dd, 1H, J ) 16.2, 1.9 Hz, H2 or
H3). 31P NMR (160 MHz): δ 51.2. For minor product 10a-II:
31P NMR (160 MHz): δ 49.5.

[(η5:η1-2,4-Me2C5H2CO2CH2CH2PPh2)Ru{η4-CH2dCHC-
(Me)dCHMe}] [PF6] (11a). IR (cm-1, KBr): 1731 (νCdO). FAB
MS: m/z 533 (M - PF6

-). Anal. Calcd for C28H32F6O2P2Ru: C,
49.63; H, 4.76. Found: C, 49.35; H, 4.80. For major product
11a-I: 1H NMR (600 MHz): δ 7.92-7.42 (m, 10H, Ph), 5.78
(t, 1H, J ) 8.3 Hz, H6), 5.59 (s, 1H, Cp′), 5.23 (ddd, 1H, J )
22.5, 11.5, 7.6 Hz, OCH2), 5.04 (s, 1H, Cp′), 4.40 (ddt, 1H, J )
11.5, 5.2, 1.9 Hz, OCH2), 3.49-3.24 (m, 2H, PCH2), 3.06 (d,
1H, J ) 8.3 Hz, H4), 2.42 (s, 3H, CH3), 2.21 (s, 3H, CH3), 2.06
(s, 3H, CH3), 1.56 (dd, 3H, J ) 6.3, 1.4 Hz, CH3), 0.23 (dq, 1H,
J ) 21.7, 6.3 Hz, H2 or H3), -0.25 (ddd, 1H, J ) 15.9, 9.9, 2.2
Hz, H2 or H3). 31P NMR (160 MHz): δ 51.3. For minor product
11a-II: 1H NMR (400 MHz): δ 7.92-7.42 (m, 10H, Ph), 5.52
(t, 1H, J ) 8.3 Hz, H5), 5.35 (s, 1H, Cp′), 5.31 (s, 1H, Cp′), 5.15
(ddd, 1H, J ) 23.3, 11.5, 7.6 Hz, OCH2), 4.32 (ddt, 1H, J )
11.5, 4.9, 2.2 Hz, OCH2), 3.49-3.24 (m, 2H, PCH2), 2.93 (dd,
1H, J ) 8.3, 1.9 Hz, H1), 2.42 (s, 3H, CH3), 2.21 (s, 3H, CH3),
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2.14 (s, 3H, CH3), 1.52 (dd, 3H, J ) 6.3, 1.6 Hz, CH3), 0.07
(ddd, 1H, J ) 15.4, 9.3, 2.2 Hz, H2 or H3), 0.01 (dq, 1H, J )
21.2, 6.3 Hz, H2 or H3). 31P NMR (160 MHz): δ 49.2.

[(η5:η1-2-Me-4-PhC5H2CO2CH2CH2PPh2)Ru(η4-CH2d
CHCHdCHMe)][PF6] (4b). IR (cm-1, KBr): 1732 (νCdO). FAB
MS: m/z 581 (M - PF6

-). Anal. Calcd for C32H32F6O2P2Ru: C,
52.97; H, 4.45. Found: C, 52.71; H, 4.22. For major product
4b-I: 1H NMR (400 MHz): δ 7.90-7.40 (m, 15H, Ph), 6.46 (s,
1H, Cp′), 6.14-6.09 (m, 1H, H5 or H6), 5.88 (dd, 1H, J ) 10.3,
5.6 Hz, H5 or H6), 5.76 (dd, 1H, J ) 4.2, 2.4 Hz, Cp′), 5.37-
5.19 (m, 1H, OCH2), 4.54 (dq, 1H, J ) 4.2, 2.4 Hz, OCH2),
3.46-3.24 (m, 2H, PCH2), 2.79 (s, 1H, H4), 2.45 (d, 3H, J )
1.7 Hz, Cp′Me), 1.64 (d, 3H, J ) 6.1 Hz, Me on diene), 0.72-
0.61 (m, 1H, H2 or H3), -0.26 (dd, 1H, J ) 12.2, 11.0 Hz, H2

or H3). 31P NMR (160 MHz): δ 50.8. For minor product 4b-II:
1H NMR (400 MHz): δ 7.90-7.40 (m, 15H, Ph), 6.54 (s, 1H,
Cp′), 6.05 (dd, 1H, J ) 4.2, 2.4 Hz, Cp′), 5.96 (dd, 1H, J )
10.3, 5.6 Hz, H5 or H6), 5.73-5.69 (m, 1H, H5 or H6), 5.37-
5.19 (m, 1H, OCH2), 4.45 (dt, 1H, J ) 5.4, 2.0 Hz, OCH2), 3.46-
3.24 (m, 2H, PCH2), 3.05 (d, 1H, J ) 6.8 Hz, H1), 2.28 (d, 3H,
J ) 1.7 Hz, Cp′Me), 0.78 (dd, 3H, J ) 6.1, 1.5 Hz, Me on diene),
0.35-0.25 (m, 1H, H2 or H3), -0.12 (dd, 1H, J ) 10.5, 12.4
Hz, H2 or H3). 31P NMR (160 MHz): δ 49.3.

[(η5:η1-2-Me-4-PhC5H2CO2CH2CH2PPh2)Ru(η4-CH2d
CHCHdCHEt)][PF6] (5b). IR (cm-1, KBr): 1733 (νCdO). FAB
MS: m/z 595 (M - PF6

-). Anal. Calcd for C33H34F6O2P2Ru: C,
53.59; H, 4.63. Found: C, 53.88; H, 4.69. For major product
5b-I: 1H NMR (400 MHz): δ 7.89-7.41 (m, 15H, Ph), 6.45 (s,
1H, Cp′), 6.12-6.06 (m, 1H, H5 or H6), 5.88 (dd, 1H, J ) 9.8,
5.4 Hz, H5 or H6), 5.76 (dd, 1H, J ) 3.9, 2.4 Hz, Cp′), 5.35-
5.19 (m, 1H, OCH2), 4.53 (ddt, 1H, J ) 9.3, 5.1, 2.2 Hz, OCH2),
3.47-3.29 (m, 2H, PCH2), 3.05 (d, 1H, J ) 8.1 Hz, H1), 2.44
(d, 3H, J ) 1.7 Hz, Cp′Me), 1.76-1.68 (m, 1H, CH2CH3), 1.13-
1.05 (m, 3H, CH2CH3), 0.26-0.22 (m, 1H, H2 or H3), -0.18 to
-0.22 (m, 1H, H2 or H3). 31P NMR (160 MHz): δ 50.6. Minor
product 5b-II: 1H NMR (400 MHz): δ 7.89-7.41 (m, 15H, Ph),
6.52 (s, 1H, Cp′), 6.04 (dd, 1H, J ) 3.4, 2.4 Hz, Cp′), 6.00 (dd,
1H, J ) 9.8, 5.4 Hz, H5 or H6), 5.73-5.69 (m, 1H, H5 or H6),
5.35-5.19 (m, 1H, OCH2), 4.39 (ddt, 1H, J ) 9.5, 5.1, 2.2 Hz,
OCH2), 3.47-3.29 (m, 3H, PCH2, H1), 2.27 (d, 3H, J ) 1.7 Hz,
Cp′Me), 1.29-1.26 (m, 2H, CH2CH3), 0.65-0.53 (m, 4H,
CH2CH3 and H2 or H3), 0.18-0.12 (m, 1H, H2 or H3). 31P NMR
(160 MHz): δ 49.4.

[(η5:η1-2-Me-4-PhC5H2CO2CH2CH2PPh2)Ru{η4-CH2d
CHC(Me)dCH2}][PF6] (6b). IR (cm-1, KBr): 1727 (νCdO).
FAB MS: m/z 581 (M - PF6

-). Anal. Calcd for C32H32F6O2-
P2Ru: C, 52.97; H, 4.45. Found: C, 52.74; H, 4.25. For major
product 6b-I: 1H NMR (400 MHz): δ 7.78-7.57 (m, 10H, Ph),
7.41-7.32 (m, 3H, Ph), 7.07 (br, 2H, Ph), 6.30 (d, 1H, J ) 1.0
Hz, Cp′), 5.82-5.76 (m, 2H, H6 and Cp′), 5.33-5.22 (m, 1H,
OCH2), 4.49 (ddt, 1H, J ) 11.7, 5.6, 2.2 Hz, OCH2), 3.53-3.36
(m, 3H, PCH2 and H1 or H4), 3.32 (s, 1H, H1 or H4), 2.58 (s,
3H, CH3), 2.30 (d, 3H, J ) 1.5 Hz, CH3), -0.17 (dd, 1H, J )
16.1, 2.0 Hz, H2 or H3), -0.29 (ddd, 1H, J ) 15.9, 9.5, 2.2 Hz,
H2 or H3). 13C NMR (150 MHz): δ 166.3 (CdO), 134.3-127.9
(Ph), 111.2, 110.5, 106.3, 88.9 (J ) 5.0 Hz), 87.6, 86.0, 83.5,
59.7 (J ) 5.8 Hz, OCH2), 53.5 (J ) 4.1 Hz, C1 or C4), 53.3 (J )
4.1 Hz, C1 or C4), 23.2 (PCH2), 22.9 (Me on diene), 11.65
(Cp′Me). 31P NMR (160 MHz): δ 53.0. For minor product 6b-
II: 31P NMR (160 MHz): δ 51.5.

[(η5:η1-2-Me-4-PhC5H2CO2CH2CH2PPh2)Ru(η4-CH2d
CHCHdCHPh)][PF6] (8b). IR (cm-1, KBr): 1731 (νCdO).
HRMS calcd for C37H34O2PRu (M - PF6

-) 643.1340, found m/z
643.1332. 1H NMR (600 MHz): δ 7.70-7.34 (m, 15H, Ph), 7.02
(t, 1H, J ) 7.4 Hz, Ph), 6.68-6.64 (m, 3H, Ph, Cp′), 6.58 (dd,
1H, J ) 11.0, 5.2 Hz, H5 or H6), 6.40 (d, 2H, J ) 7.4 Hz, Ph),
5.81-5.76 (m, 2H, Cp′ and H5 or H6), 5.13 (ddd, 1H, J ) 23.9,
12.4, 7.4 Hz, OCH2), 4.39 (ddt, 1H, J ) 11.8, 5.0, 2.5 Hz, OCH2),
3.41-3.34 (m, 1H, PCH2), 3.28-3.22 (m, 2H, PCH2 and H1),

2.21 (d, 3H, J ) 1.4 Hz, Cp′Me), 1.40 (t, 1H, J ) 11.0 Hz, H2

or H3), 0.62-0.58 (m, 1H, H2 or H3). 31P NMR (160 MHz): δ
45.3.

[(η5:η1-2-Me-4-PhC5H2CO2CH2CH2PPh2)Ru{η4-CH2d
CHC(Ph)dCH2}][PF6] (9b). IR (cm-1, KBr): 1738 (νCdO).
HRMS calcd for C37H34O2PRu (M - PF6

-) 643.1340, found m/z
643.1360. For major product 9b-I: 1H NMR (600 MHz): δ
8.25-7.38 (m, 20H, Ph), 6.71 (t, 1H, J ) 9.3 Hz, H6), 5.82 (s,
1H, Cp′), 5.76 (q, 1H, J ) 1.7 Hz, Cp′), 5.26 (ddd, 1H, J )
23.9, 11.5, 6.9 Hz, OCH2), 4.52 (ddt, 1H, J ) 11.5, 5.2, 2.2 Hz,
OCH2), 4.22 (s, 1H, H1 or H4), 3.57-3.45 (m, 2H, PCH2), 2.61
(ddd, 1H, J ) 8.0, 2.2, 1.4 Hz, H1 or H4), 1.09 (d, 3H, J ) 1.7
Hz, CH3), -0.08 (ddd, 1H, J ) 15.1, 9.3, 2.2 Hz, H2 or H3),
-0.21 (dd, 1H, J ) 16.8, 2.7 Hz, H2 or H3). 31P NMR (160
MHz): δ 53.0. For minor product 9b-II: 31P NMR (160 MHz):
δ 51.8.

[(η5:η1-2-Me-4-PhC5H2CO2CH2CH2PPh2)Ru{η4-CH2d
C(Me)CHdCHMe}][PF6] (10b). IR (cm-1, KBr): 1733 (νCdO).
HRMS calcd for C33H34O2PRu (M - PF6

-) 595.1340, found m/z
595.1339. For major product: 10b-I: 1H NMR (400 MHz): δ
7.95-7.39 (m, 15H, Ph), 6.12 (s, 1H, Cp′), 5.80 (dd, 1H, J )
4.1, 2.4 Hz, Cp′), 5.70 (d, 1H, J ) 9.0 Hz, H5), 5.29 (ddd, 1H,
J ) 22.7, 11.7, 7.1 Hz, OCH2), 4.55 (ddt, 1H, J ) 11.7, 5.1, 2.2
Hz, OCH2), 3.46-3.25 (m, 2H, PCH2), 2.74 (s, 1H, H4), 2.48
(d, 3H, J ) 1.7 Hz, Me), 2.45 (s, 3H, Me), 1.64 (d, 3H, J ) 6.1
Hz, Me), 0.53-0.43 (m, 1H, H2 or H3), -0.44 (dd, 1H, J ) 16.6,
2.2 Hz, H2 or H3). 31P NMR (160 MHz): δ 50.7. For minor
product 10b-II: 1H NMR (400 MHz): δ 7.95-7.39 (m, 15H,
Ph), 6.34 (s, 1H, Cp′), 5.96 (t, 1H, J ) 2.7 Hz, Cp′), 5.61 (d,
1H, J ) 9.5 Hz, H6), 5.22-5.17 (m, 1H, OCH2), 4.40-4.32 (m,
1H, OCH2), 3.46-3.25 (m, 2H, PCH2), 3.11 (s, 1H, H1), 2.58
(s, 3H, CH3), 2.28 (d, 3H, J ) 1.5 Hz, CH3), 0.72 (dd, 3H, J )
6.1, 1.7 Hz, CH3), 0.22-0.14 (m, 1H, H2 or H3), -0.10 to -0.14
(m, 1H, H2 or H3). 31P NMR (160 MHz): δ 50.4.

[(η5:η1-2-Me-4-PhC5H2CO2CH2CH2PPh2)Ru{η4-CH2d
CHC(Me)dCHMe}][PF6] (11b). IR (cm-1, KBr): 1731 (νCdO).
HRMS calcd for C33H34O2PRu (M - PF6

-) 595.1340, found m/z
595.1339. For major product 11b-I: 1H NMR (400 MHz): δ
7.88-7.39 (m, 15H, Ph), 6.29 (s, 1H, Cp′), 5.80 (t, 1H, J ) 8.5
Hz, H6), 5.66 (dd, 1H, J ) 4.1, 2.4 Hz, Cp′), 5.29 (ddd, 1H, J )
22.7, 11.7, 7.3 Hz, OCH2), 4.50 (ddt, 1H, J ) 11.7, 5.1, 3.5 Hz,
OCH2), 3.49-3.30 (m, 2H, PCH2), 2.55 (s, 3H, Me), 2.33 (d,
3H, J ) 1.7 Hz, Me), 2.15 (d, 1H, J ) 8.1 Hz, H4), 1.57 (dd,
3H, J ) 6.3, 1.5 Hz, Me), 0.34-0.25 (m, 1H, H2 or H3), -0.26
(ddd, 1H, J ) 15.9, 9.8, 2.2 Hz, H2 or H3). 31P NMR (160
MHz): δ 51.8. For minor product 11b-II: 1H NMR (400
MHz): δ 7.88-7.39 (m, 15H, Ph), 6.13 (s, 1H, Cp′), 6.01 (dd,
1H, J ) 3.7, 2.4 Hz, Cp′), 5.56 (t, 1H, J ) 8.2 Hz, H5), 5.21-
5.18 (m, 1H, OCH2), 4.43-4.38 (m, 1H, OCH2), 3.49-3.30 (m,
2H, PCH2), 2.99 (d, 1H, J ) 7.5 Hz, H1), 2.39 (s, 3H, Me), 2.31
(d, 3H, J ) 1.5 Hz, Me), 0.83 (dd, 3H, J ) 6.1, 1.7 Hz, Me),
0.13-0.02 (m, 2H, H2 and H3). 31P NMR (160 MHz): δ 49.3.

[(η5:η1-2-Me-4-ButC5H2CO2CH2CH2PPh2)Ru(η4-CH2d
CHCHdCHMe)][PF6] (4c). IR (cm-1, KBr): 1731 (νCdO). FAB
MS: m/z 561 (M - PF6

-). Anal. Calcd for C30H36F6O2P2Ru: C,
51.07; H, 5.14. Found: C, 50.80; H, 5.05. For major product
4c-I: 1H NMR (400 MHz): δ 8.18-8.13 (m, 2H, Ph), 7.76-
7.65 (m, 4H, Ph), 7.41 (br, 4H, Ph), 6.14-6.07 (m, 1H, H5 or
H6), 5.85 (s, 1H, Cp′), 5.74 (dd, 1H, J ) 9.8, 5.4 Hz, H5 or H6),
5.33-5.22 (m, 2H, CpH, OCH2), 4.44-4.40 (m, 1H, OCH2), 3.71
(d, 1H, J ) 7.8 Hz, H4), 3.42-3.24 (m, 2H, PCH2), 2.33 (d, 3H,
J ) 1.7 Hz, Cp′Me), 1.64 (d, 3H, J ) 6.1 Hz, Me on diene),
1.34 (s, 9H, But), 0.59-0.50 (m, 1H, H2 or H3), -0.29 to -0.35
(m, 1H, H2 or H3). 31P NMR (160 MHz): δ 46.3. For minor
product 4c-II: 1H NMR (400 MHz): δ 8.18-8.13 (m, 2H, Ph),
7.76-7.65 (m, 4H, Ph), 7.41 (br, 4H, Ph), 6.14-6.07 (m, 1H,
H5 or H6), 5.83 (s, 1H, Cp′), 5.55 (t, 1H, J ) 2.4 Hz, Cp′), 5.33-
5.22 (m, 2H, H5 or H6 and OCH2), 4.44-4.40 (m, 1H, OCH2),
3.42-3.24 (m, 2H, PCH2), 2.12 (d, 3H, J ) 2.2 Hz, Cp′Me),
1.77 (d, 3H, J ) 1.7, 6.1 Hz, Me on diene), 1.42 (s, 9H, But),
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0.42-0.35 (m, 1H, H2 or H3), 0.16-0.10 (m, 1H, H2 or H3). 31P
NMR (160 MHz): δ 46.1.

[(η5:η1-2-Me-4-ButC5H2CO2CH2CH2PPh2)Ru(η4-CH2d
CHCHdCHEt)] [PF6] (5c). IR (cm-1, KBr): 1733 (νCdO). FAB
MS: m/z 575 (M - PF6

-). Anal. Calcd for C31H38F6O2P2Ru: C,
51.74; H, 5.32. Found: C, 51.50; H, 5.08. For major product
5c-I: 1H NMR (400 MHz): δ 8.18-8.13 (m, 2H, Ph), 7.78-
7.42 (m, 8H, Ph), 6.12-6.08 (m, 1H, H5 or H6), 5.83 (s, 1H,
Cp′), 5.73 (dd, 1H, J ) 9.5, 5.1 Hz, H5 or H6), 5.32-5.22 (m,
2H, Cp′ and OCH2), 4.45-4.38 (m, 1H, OCH2), 3.74 (d, 1H, J
) 7.8 Hz, H4), 3.52-3.29 (m, 2H, PCH2), 2.32 (d, 3H, J ) 1.7
Hz, Cp′Me), 1.82-1.70 (m, 2H, CH2CH3), 1.34 (s, 9H, But), 1.05
(t, 3H, J ) 7.3 Hz, CH2CH3), 0.50-0.40 (m, 1H, H2 or H3),
-0.23 to -0.30 (m, 1H, H2 or H3). 31P NMR (160 MHz): δ 46.0.
For minor product 5c-II: 1H NMR (400 MHz): δ 8.18-8.13
(m, 2H, Ph), 7.78-7.42 (m, 8H, Ph), 6.12-6.08 (m, 1H, H5 or
H6), 5.80 (s, 1H, Cp′), 5.55-5.53 (m, 2H, Cp′ and H5 or H6),
5.16-5.12 (m, 1H, OCH2), 4.26-4.18 (m, 1H, OCH2), 3.52-
3.29 (m, 2H, PCH2), 2.97 (d, 1H, J ) 5.9 Hz, H1), 2.12 (d, 3H,
J ) 1.5 Hz, Cp′Me), 1.82-1.70 (m, 2H, CH2CH3), 1.40 (s, 9H,
But), 0.84 (t, 3H, J ) 7.3 Hz, CH2CH3), 0.32-0.30 (m, 1H, H2

or H3), 0.17-0.14 (m, 1H, H2 or H3). 31P NMR (160 MHz): δ
46.2.

[(η5:η1-2-Me-4-ButC5H2CO2CH2CH2PPh2)Ru{η4-CH2d
CHC(Me)dCH2}][PF6] (6c). IR (cm-1, KBr): 1733 (νCdO). FAB
MS: m/z 561 (M - PF6

-). Anal. Calcd for C30H36F6O2P2Ru: C,
51.07; H, 5.14. Found: C, 50.80; H, 5.06. For major product
6c-I: 1H NMR (400 MHz): δ 8.16-8.11 (m, 2H, Ph), 7.76-
7.66 (m, 3H, Ph), 7.44-7.35 (m, 3H, Ph), 7.13 (br, 2H, Ph),
5.90 (t, 1H, J ) 8.8 Hz, H6), 5.67 (s, 1H, Cp′), 5.28-5.17 (m,
2H, Cp′ and OCH2), 4.41-4.33 (m, 1H, OCH2), 3.81-3.78 (m,
1H, H1 or H4), 3.43-3.38 (m, 2H, PCH2), 3.21 (s, 1H, H1 or
H4), 2.47 (d, 3H, J ) 0.7 Hz, CH3), 2.21 (d, 3H, J ) 1.5 Hz,
CH3), 1.37 (s, 9H, But), -0.18- -0.23 (m, 1H, H2 or H3), -0.30
to -0.37 (m, 1H, H2 or H3). 13C NMR (acetonitrile-d3, 150
MHz): δ 167.6 (CdO), 135.8-124.8 (Ph), 109.0 (J ) 14 Hz),
89.8 (J ) 4 Hz), 88.2 (J ) 14 Hz), 83.1, 82.5, 60.2 (J ) 5 Hz),
53.7 (J ) 5 Hz), 49.5, 33.5 (CMe3), 31.4 (CMe3), 23.4 (d, J )
31 Hz, PCH2), 23.2 (Me), 12.0 (Me). 31P NMR (160 MHz): δ
48.8. For minor product 6c-II: 31P NMR (160 MHz): δ 47.4.

[(η5:η1-2-Me-4-ButC5H2CO2CH2CH2PPh2)Ru{η4-CH2d
CHC(Ph)dCH2}][PF6] (9c). IR (cm-1, KBr): 1735 (νCdO).
HRMS calcd for C35H38O2PRu (M - PF6

-) 623.1653, found m/z
623.1645. For major product 9c-I: 1H NMR (400 MHz): δ
8.19-7.24 (m, 15H, Ph), 6.74-6.72 (m, 1H, H6), 5.26-5.18 (m,
2H, Cp′ and OCH2), 5.10 (s, 1H, Cp′), 4.44-4.39 (m, 1H, OCH2),
4.13 (d, 1H, J ) 1.9 Hz, H1 or H4), 4.05-4.04 (m, 1H, H1 or
H4), 3.48-3.45 (m, 2H, PCH2), 1.41 (s, 9H, But), 1.09 (s, 3H,
Cp′Me), -0.12 (ddd, 1H, J ) 15.9, 9.6, 2.5 Hz, H2 or H3), -0.29
(dd, 1H, J ) 16.8, 3.0 Hz, H2 or H3). 31P NMR (160 MHz): δ
48.4. For minor product 9c-II: 31P NMR (160 MHz): δ 47.8.

[(η5:η1-2-Me-4-ButC5H2CO2CH2CH2PPh2)Ru{η4-CH2d
CHC(Me)dCHMe}][PF6] (11c). IR (cm-1, KBr): 1731 (νCdO).
HRMS calcd for C31H38O2PRu (M - PF6

-) 575.1653, found m/z
575.1590. For major product 11c-I: 1H NMR (600 MHz): δ
8.14-7.39 (m, 10H, Ph), 5.87 (t, 1H, J ) 8.5 Hz, H6), 5.63 (s,
1H, Cp′), 5.25 (ddd, 1H, J ) 22.8, 11.3, 7.7 Hz, OCH2), 5.13
(dd, 1H, J ) 3.0, 2.2 Hz, Cp′), 4.39 (ddt, 1H, J ) 11.8, 5.2, 1.9
Hz, OCH2), 3.70 (ddd, 1H, J ) 8.0, 2.2, 1.4 Hz, H4), 3.40-3.29
(m, 2H, PCH2), 2.43 (s, 3H, Me), 2.24 (d, 3H, J ) 1.4 Hz, Me),
1.58 (dd, 3H, J ) 6.3, 1.2 Hz, Me), 1.35 (s, 9H, But), 0.20-
0.17 (m, 1H, H2 or H3), -0.33 (ddd, 1H, J ) 16.3, 9.3, 2.4 Hz,
H2 or H3). 31P NMR (160 MHz): δ 42.3. For minor product 11c-
II: 31P NMR (160 MHz): δ 40.5.

Synthesis of [(η5-2-Me-4-PhC5H2CO2Et)Ru(PPh3)-
(MeCN)2][PF6] (12). To a solution of [Cp′Ru(MeCN3)][PF6]
(0.30 g, 0.5 mmol) in dichloromethane (20 mL) was added PPh3

(0.13 g, 0.5 mmol), and the reaction mixture was stirred for 3
h at -78 °C. After the solvent was removed under reduced
pressure, the residual solid was washed with ether several
times and dried in vacuo. Yield: 99%. IR (cm-1, KBr): 1711

(νCdO). FAB MS: m/z 673 (M - PF6
-). Anal. Calcd for

C37H36F6N2O2P2Ru: C, 54.35; H, 4.44. Found: C, 54.12; H,
4.32. 1H NMR (CDCl3, 400 MHz): δ 7.46-7.13 (m, 20H, Ph),
5.27 (s, 1H, Cp′), 4.46 (s, 1H, Cp′), 4.13-4.05 (m, 1H, CH2CH3),
3.86-3.78 (m, 1H, CH2CH3), 2.31 (d, 3H, J ) 1.0 Hz, Me), 2.15
(d, 3H, J ) 1.2 Hz, Me), 1.90 (d, 3H, J ) 1.2 Hz, Me), 1.10 (t,
3H, J ) 7.1 Hz, CH2CH3). 31P NMR (160 MHz): δ 46.3.

Reaction of [(η5-2-Me-4-PhC5H2CO2Et)Ru(PPh3)-
(MeCN)2][PF6] (12) with Isoprene 2f. To a solution of
ruthenium complex 12 (80 mg, 0.1 mmol) in dichloromethane
(5 mL) was added isoprene 2f (70 mg, 1.0 mmol), and the
reaction mixture was refluxed for 12 h. The solvent was
evaporated, and the residual oil was purified by chromatog-
raphy on alumina using dichloromethane as eluent. After
removal of the solvent, the residue was washed with ether
several times and dried in vacuo. Yield: 83%. IR (cm-1, KBr):
1722 (νCdO). FAB MS: m/z 659 (M - PF6

-). Anal. Calcd for
C38H38F6O2P2Ru: C, 56.79; H, 4.77. Found: C, 56.83; H, 4.65.
For the major product: 1H NMR (400 MHz): δ 7.77-7.46 (m,
20H, Ph), 5.67 (t, 1H, J ) 8.3 Hz, H5 or H6), 5.52 (d, 1H, J )
2.0 Hz, Cp′), 5.10 (t, 1H, J ) 2.2 Hz, Cp′), 4.05 (dq, 1H, J )
7.1, 3.6 Hz, CH2CH3), 3.85 (dq, 1H, J ) 7.1, 3.6 Hz, CH2CH3),
3.38 (s, 1H, H1 or H4), 2.63 (d, 1H, J ) 7.3 Hz, H1 or H4), 2.33
(s, 3H, Me), 2.15 (d, 3H, J ) 1.7 Hz, Me), 1.18 (t, 3H, J ) 7.1
Hz, CH2CH3), -0.10 to -0.25 (m, 2H, H2 and H3). 31P NMR
(160 MHz): δ 61.3. For the minor product: 1H NMR (400
MHz): δ 7.77-7.46 (m, 20H, Ph), 5.81 (d, 1H, J ) 2.2 Hz, Cp′),
4.84-4.80 (m, 2H, Cp′ and H5 or H6), 4.34 (q, 2H, J ) 7.1 Hz,
CH2CH3), 3.18 (s, 1H, H1 or H4), 2.90 (d, 1H, J ) 6.8 Hz, H1 or
H4), 2.51 (s, 3H, Me), 1.90 (d, 3H, J ) 3.4 Hz, Me3), 1.37 (t,
3H, J ) 7.1 Hz, CH2CH3), -0.10 to -0.25 (m, 1H, H2 or H3),
-0.45 (ddd, 1H, J ) 11.7, 9.5, 2.2 Hz, H2 or H3). 31P NMR (160
MHz): δ 62.5.

X-ray Diffraction Analysis. Crystals of complex 6b-I
suitable for X-ray diffraction were obtained by recrystallization
from acetone. The 1H NMR spectrum of the crystals suggested
that the crystals consisted of the major isomer of 6b. All
measurements were performed on a Rigaku AFC7R automated
four-circle diffractometer using graphite-monochromated Mo
KR radiation (λ ) 0.71069 Å) at -50 °C in the range 6° < 2θ
< 55° with a scan rate 16° of min-1. Intensities were measured
by the 2θ-ω scan method. Three standard reflections were
monitored at every 150 measurements as a check of the
stability of the crystals, and no damage was observed in all
measurements. Intensities were corrected for Lorentz and

Table 2. Crystallographic Data for 6b-I‚1.5Me2CO
empirical formula C36.5H41F6O3.5P2Ru
fw 812.73
cryst color, habit yellow, prismatic
cryst dimens 0.40 × 0.30 × 0.20 mm
cryst syst triclinic
lattice params a ) 12.548(3) Å

b ) 14.590(3) Å
c ) 11.140(2) Å
R ) 107.23(1)°
â ) 111.85(1)°
γ ) 70.55(2)°
V ) 1750.1(7) Å3

space proup P1h (#2)
Z value 2
Dcalcd 1.542 g cm-3

F(000) 832
µ(Mo KR) 6.09 cm-1

no. reflns measd
total 8423
unique 8055 (Rint ) 0.105)

absorp corr ψ-scan
p-factor 0.1770
no. observations 7370 (I > 3.0σ(I))
no. params 451
refln/param ratio 16.34
residuals: R; Rw 0.064; 0.105
goodness of fit indicator 1.15
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polarization effects. Absorption correction was made with the
ψ-scan technique. The structures were solved by Patterson
methods and refined by full-matrix least squares using aniso-
tropic thermal parameters for all non-hydrogen atoms. All
hydrogen atoms were located at the calculated positions with
a distance of 0.95 Å. In the preliminary communication,14 we
made a mistake in the refinement of one of the solvate
molecules. The solvate molecule is located close to the sym-
metric center and has been refined as two disordered models
with an occupancy of 0.5. A summary of the crystallographic
data is given in Table 2.
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