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ABSTRACT: Ru;(us-C)(CO);s, 1, has been found to activate CH bonds in the vinyl group of polar vinyl olefins, methyl
acrylate (MA), and vinyl acetate (VAc), through a cluster opening process to yield the complexes Rus(us-C)(CO) ,[#*-0O=
C(OMe)CH=CH](u-H), 2, and Rug(s-C)(CO)4[1*-(MeCO,)C=CH,](u-H), 4, respectively. The site of CH activation is
dependent on the olefin substituent. In 2, the site of CH activation is the f-carbon atom of the vinyl group, while in 4 the CH
activation has occurred exclusively at the a-carbon atom of the vinyl group. Compound 2 can be further decarbonylated to yield
the complex Rus(ps-C)(CO),5[u-n>-O=C(OMe) CHCH] (u-H), 3, which contains a 77>-bridging acryloyl ligand. Compound 2
reacts with ethylene in the presence of Me;NO to yield three new Rug products: Rug(us-C)(CO)y;3[n*1-anti,3-syn-{O=
C(OMe)}C(H)C(H)C(H)Me](u-H), S, Rus(us-C)(CO)1(CH,)[p-7*-0=C(OMe)C(H)C(H)](1-H), 6, and Rus(us-
C)(CO)y;[n*-anti-0=C(OMe)H,CHCHCH,](u-H), 7. Compounds 5 and 7 are isomers containing substituted 1 -allyl
ligands formed by the coupling of the ethylene to the CH-activated S-carbon atom of the acryloyl ligand accompanied by some
metal-mediated H-shifts. Compound 6 contains an uncoupled 7-coordinated ethylene ligand. Compound 7 was isomerized to $
thermally at 80 °C. Compound 4 reacts with ethylene in the presence of Me;NO to yield two new Rug products: Rus(ys-
C)(CO),5[1*1,1-anti-syn-[ (0,CMe)C(Me)CHCH,](u-H), 8, and Rus(us-C)(CO)y;[n*1-anti-CH(Me)C(O,CMe)(CH,)]-
(u-H), 9. Compounds 8 and 9 both contain substituted 7*-allyl ligands formed by the coupling of the ethylene to the CH-
activated a-carbon atom of the vinyl acetyl ligand. Compound 8 was isomerized to 9 thermally at 80 °C. All new products were

characterized structurally by single-crystal X-ray diffraction analyses.

B INTRODUCTION

The coupling of olefins by metal-mediated formation of
carbon—carbon bonds is of great interest. The oligomerization
of simple olefins like ethylene yields higher-value olefins for use
in the synthesis of new polymers, materials, fuels, and
chemicals."”> The coupling and polymerization of alkenes
with certain polar vinyl monomers (PVMs), such as methyl
acrylate and vinyl acetate, yield valuable copolymers such as
ethylene—vinyl acetate (EVA).>* Although many of these
copolymers are synthesized commercially by using free-radical
processes at high temperatures and pressures,® it could be
advantageous to perform such copolymerizations under milder
conditions by using metal-based systems.”* Unfortunately, the
development of metal-based olefin copolymerization reactions
involving PVMs has been hampered by the basic differences in
the reactivities and properties of the different olefins (i.e.,
insertion/coupling processes) and inhibitory/poisoning effects
caused by coordinative properties of oxygen containing
functional groups, etc. if they are present,>*"*>67
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In recent studies, we have found that the pentaruthenium
cluster complex Rug(us-C)(CO)ys, 1, is able to activate the
formyl CH bond in dimethylformamide®
aldehydes’ to form opened Ruj cluster complexes containing
n*-C=O0 bridging acyl ligands, e.g, eq 1.

We also showed that acetylene, HC=CH, could be coupled
to the carbon atom of the bridging formamido ligand in the
complex Rug(45-C)(CO)3(HNMe,) (u->-O=CNMe, ) (u-
H) after displacement of the labile Me,NH ligand to yield
the acrylamide complex, Rug(us-C)(CO),;[u-n*-O=C-
(NMe,)CHCH](u-H), eq 2.°

There are very few examples of the activation of olefinic CH
bonds by polynuclear metal complexes.'”"" It has been
proposed that CH activation in olefins proceeds by binuclear
mechanisms in polynuclear metal complexes. In the work
described herein, we have discovered new examples of CH

and in certain
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activation reactions by using the polar olefins methyl acrylate
(MA) and vinyl acetate (VAc) and the cluster complex 1. Most
importantly, we have found that the site of CH activation on
the vinyl group of the polar olefins changes depending on the
nature of the substituent on the vinyl group. We have also
investigated the coupling of the metal-activated olefins in these
pentaruthenium complexes with ethylene and have found that
ethylene can be coupled to the carbon atom at the CH
activation site to yield new Rus cluster complexes containing
substituted allyl ligands. A preliminary report of this work has
been published."

B RESULTS AND DISCUSSION

Reaction of 1 with Methyl Acrylate, H,C=C(H)-
CO,Me. The reaction of compound 1 with methyl acrylate
(MA) in benzene solvent at 80 °C over a period of 48 h
yielded the new complex Rus(u5-C)(CO),,[17*-O=C(OMe)-
CH=CH](u-H), 2 in 35% yield. Compound 2 was
characterized by IR, '"H NMR, and "*C NMR spectroscopy,
mass spectrometry, and single-crystal X-ray diffraction analysis.
An ORTEP diagram of the molecular structure of 2 is shown in
Figure 1. The structure of compound 2 consists of an open
cluster of five ruthenium atoms in the form of a “butterfly”
cluster of four ruthenium atoms with a carbido ligand CO in
the center with a fifth ruthenium atom Ru4 bridging the
wingtips of the Ru, cluster. There is a chelating methyl acrylate
ligand which has undergone a CH activation at the S-carbon
atom Cla that is coordinated to Ru4 and by the ester oxygen
atom Ola, Ru4—Cla = 2.054(S) A, Ru4—Ola = 2.158(5) A
and has thus formed a five-membered metallacyclic ring. There
is a double bond between Cla and C2a, Cla—C2a = 1.303(7)
A. The hydrogen atom was transferred to the metal atoms and
serves as a bridging hydrido ligand H1, 6 = —22.18, across the
Rul—Ru2 bond of the cluster. The two hydrogen atoms
remaining on the metalated vinyl group appear as doublets at §
= 10.18, *J;;_y = 8.0 Hz, and 6.96, *J;;_;; = 8.0 Hz, in the H
NMR spectrum. The carbon atoms appear at 6 = 200.94
(Cla), 124.81 (1 CH C2a), and 181.39 (C3a), and even the
carbide carbon atom was observed at 445.67 ppm in the *C
NMR spectrum of 2, Figure S3.1. The assignments were
confirmed by DEPT analysis. Upon metalation, the resonance
of C1A was shifted downfield by 70 ppm from 130.2 ppm in
the free molecule methyl acrylate to 200.94 ppm in 2; see
Figure $3.2. Komiya et al. reported a structurally similar
chelating B-CH-activated methacrylate ligand in the complex
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Figure 1. ORTEP diagram of the molecular structure of Rug(ys-
C)(CO) u[7*-0=C(OMe)CH=CH](y-H), 2, showing 30% ther-
mal ellipsoid probability. Selected interatomic bond distances (A) are
as follows: Rul—Ru3 = 2.8405(4), Rul—Ru$ = 2.8442(4), Rul—Ru2
= 2.8335(4), Ru2—Ru$ = 2.8550(4) Ru2—Ru3 = 2.8501(4), Ru3—
Ru4 = 2.9313(4), Ru4—RuS = 2.9388(4), Rul—H1 = 1.74(3), Ru2—
HI1 = 1.77(3), Ru4—0la = 2.158(5), Ru4—Cla = 2.054(5), Cla-C2a
= 1.303(7), C2a-C3a = 1.447(6), C3a-Ola = 1.264(6), Rul—CO =
2.114(3), Ru2—C0 = 2.119(3), Ru3—C0 = 1.964(3), Ru4—CO0 =
2.115(3), RuS—CO0 = 1.959(3).

Ru(H)(CH=CMeCO,C,H,)(PPh;), that was obtained from
the reaction of H,Ru(PPh,), with n-butyl methacrylate many
years ago."> In the formation of 2, compound 1 has lost one
CO ligand, and one of the Ru—Ru bonds in the cluster was
cleaved. The metalated-methyl acrylate ligand in 2 formally
serves as a three-electron donor and with 1 electron from the
hydrido ligand, 28 electrons from the 14 CO ligands, 4
electrons from the carbido ligand, and 40 electrons from the
five metal atoms, the cluster has achieved a total of 76 cluster
valence electrons, which is consistent with the bonding models
that predict an opened square-pyramidal structure for the
cluster; that is, each metal atom formally has an 18 electron
configuration.'*

When a solution of 2 in heptane solvent was heated to reflux
(98 °C) for 6 h under a purge of nitrogen, it eliminated one
CO ligand and was converted to the product Rus(us-
C)(CO)3[u-n*-0=C(OMe)CHCH](u-H), 3 in 8% vyield.
Compound 3 was also obtained from 2 in a better yield (24%)
by irradiation (visible light only) of solutions of 3 in benzene
solvent. Compound 3 was characterized by a combination of
IR, '"H NMR, mass spectrometry, and single-crystal X-ray
diffraction analyses. An ORTEP diagram of the molecular
structure for compound 3 is shown in Figure 2. The 7-bond
between the carbon atoms C2 and C3 in 3 is coordinated to
Ru3, while C3 is also o-bonded to Ru4, Ru3—C2 = 2.287(4) A,
Ru3—C3 = 2.205(4) A, Ru4—C3 = 2.022(4) A. The ester
group is coordinated to Ru4 by its carbonyl oxygen atom O],
Ru4—01 = 2.182(3) A. As in 2, there is a hydrido ligand
bridging the “hinge” metal atoms Rul and Ru2 of the Ru,
butterfly portion of the cluster, Rul—H1 = 1.75(4) A, Ru2—
HI = 1.76(5) A, § = —21.02. Compound 3 is a product of a
simple decarbonylation of 2. With the coordination of the 7-
bond of the olefinic group, the cluster achieves the required 76
electron count as required for the open square-pyramidal
arrangement of the metal atoms of the Ru; cluster. Compound
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Figure 2. ORTEP diagram of the molecular structure of Rug(y;-
C)(CO) 3[u-1*-0=C(OMe)CHCH](u-H), 3, showing 30% thermal
ellipsoid probability. Selected interatomic bond distances (A) are as
follows: Rul—Ru3 = 2.9515(5), Rul—Ru$ = 2.8441(5), Rul—Ru2 =
2.8207(5), Ru2—Ru$ = 2.8836(5) Ru2—Ru3 = 2.8265(5), Ru3—Ru4
=2.7158(5), Ru4—RuS = 3.0003(S), Rul—H1 = 1.75(4), Ru2—H1 =
1.76(5), Ru4—01 = 2.182(3), Ru4—C3 = 2.022(4), Ru3—C2
2.287(4), Ru3—C3 = 2.205(4), C1-C2 = 1.448(6), C2—C3
1.419(6), C1-01 = 1.255(5), Rul—C0 = 2.114(4), Ru2—CO0
2.104(4), Ru3—C0 = 1.959(4), Ru4—C0 = 2.086(4), RusS—C0
1.950(4).

3 is structurally similar to the compound Rug(ps-C)(CO)5[u-
7*-O=C(NMe,)CHCH](y-H) that was formed from the
reaction of Rus(us-C)(CO),;(HNMe,)(u-1*-O=CNMe, ) (-
H) with C,H, except that 3 contains an OMe group in the
location of the NMe, group, see eq 2.”

Reaction of 1 with Vinyl Acetate, H,C=CH(O,CMe).
The reaction of 1 with vinyl acetate in a solution in benzene
solvent at 80 °C for 42 h yielded the new compound Rug(;-
C)(CO) 4 [7*-(MeCO,)C=CH,](u-H), 4 in 62% yield.
Compound 4 was characterized by IR and 'H NMR
spectroscopy, mass spectrometry, and single-crystal X-ray
diffraction analyses. An ORTEP diagram of the molecular
structure of 4 is shown in Figure 3.

Compound 4 consists of an open cluster of five ruthenium
atoms similar to that found in 2. It also contains a chelating
CHe-activated vinyl acetate ligand coordinated to the bridging
ruthenium atom Ru4 in the form of a five-membered
metallacyclic ring. However, unlike 2, the CH activation that
occurred at vinyl group in 4 occurred at the substituted carbon
atom C1, Ru4—C1 = 2.035(4) A, Ru4—01 = 2.124(3) A. The
C1—C4 bond is a double bond, C1-C4 = 1.272(6) A.
Compound 4 contains one hydrido ligand H1, 6 = —22.37,
that bridges the Rul—Ru2 bond. The two hydrogen atoms
remaining on the carbon atom C4 appear as doublets at 6 =
5.65 (*Jy_yz = 2.4 Hz) and 5.06 (*Jy_g = 2.4 Hz) in the 'H
NMR spectrum. The vinylic carbon atoms C1 and C4 appear
at 6 = 178.83 (C1) and 106.63 (C4) in the *C NMR
spectrum of 4, Figure S7.1. The assignments were confirmed
by heteronuclear multiple band correlation analysis; see Figure
§7.3. Upon metalation, the resonance of C1 was shifted
downfield by 37.6 ppm from its position at 141.2 ppm in the
free molecule vinyl acetate to 178.8 ppm in 4; see Figure S7.1.
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Figure 3. ORTEP diagram of the molecular structure of Rug(y-
C)(CO) 4 [n*-(MeCO,)C=CH,](y-H), 4 showing 25% thermal
ellipsoid probability. Selected interatomic bond distances (A) are as
follows: Rul—Ru3 = 2.8469(4), Rul—Ru$ = 2.8472(4), Rul—Ru2 =
2.8412(4), Ru2—Rus$ = 2.8392(4) Ru2—Ru3 = 2.8340(4), Ru3—Ru4
=2.9436(4), Ru4—RuS = 2.9432(6), Rul—HI = 1.81(4), Ru2—H1 =
1.71(4), Ru4—01 = 2.124(3), Ru4—Cl = 2.035(4), C1-C4
1.272(6), C1-02 1.486(5), 02—C2 1.327(5), C2-01
1.215(5), Rul—CO0 = 2.115(3), Ru2—C0 = 2.118(3), Ru3—C0
1.968(3), Ru4—C0 = 2.116(3), Ru5—C0 = 1.955(3).

The reason for the change in the site of CH activation from
2 to 4 may be related to the number of atoms of the acetate
substituent that are included in the five-membered metal-
lacyclic ring.'” In particular, in 4 the acetate group contributes
three atoms to the ring; therefore, in order to form a five-
membered ring by cyclization, the CH activation must occur at
the a-carbon atom of the vinyl group. However, to compare
with compound 2, the C(=0)OMe substituent contributes
only two atoms to the metallacyclic ring. Therefore, in order to
form a five-membered ring by cyclization with methyl acrylate
in 2, the CH activation must occur at the f-carbon atom of the
vinyl group. Efforts to decarbonylate 4 thermally did not yield
any stable pentaruthenium carbonyl products containing
ligands derived from vinyl acetate.

There are very few structurally characterized examples of
metal complexes containing vinyl acetate as a ligand. Deeming
et al. reported the complex Os;(CO),[7*-H,C=CH-
(O,CMe)] a number of years ago, but there were no CH
activation reactions in the formation of this compound."> We
have not been able to find any structurally characterized
examples of CH-activated vinyl acetate metal complexes. In
order to determine if the site of CH activation in the activated
methyl acrylate and vinyl acetate ligands in 2 and 4 has any
effect on their reactivity, we investigated the reactions of 2, 3,
and 4 with ethylene. The coupling of ethylene to methyl
acrylate and vinyl acetate is also important to the formation of
their valuable copolymers,™*

Reactions of the Rus; Complexes with Ethylene. To
stimulate these reactions under mild conditions, we used the
chemical decarbonylation reagent Me;NO. The reaction of 2
with ethylene in the presence of Me;NO at 25 °C yielded three
new compounds: Rus(us-C)(CO)y;[n*1-anti,3-syn-{O=C-
(OMe)}C(H)C(H)C(H)Me](u-H), 5, Rus(us-C)(CO)yy-
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(CH,) [u-1*-0=C(OMe)C(H)C(H)](4-H), 6, and Rus(us-
C)(CO);[n*anti-O=C(OMe)CH,CHCHCH, ] (u-H), 7, in
low yields, 5%, 2%, and 11%, respectively, together with a trace
amount of 3 (1% yield). Compounds § (7.8% yield) and 6
(6.7% vyield) were also obtained from 3 by reaction with
ethylene thermally (68 °C) in the absence of Me;NO.
Compound 6 was obtained in a good yield (62%) by reaction
of 3 with ethylene in the presence of Me;NO. All three
products were characterized by IR, H NMR, mass spectrum,
and single-crystal X-ray diffraction analyses.

An ORTEP diagram of the molecular structure of
compound $ is shown in Figure 4. The structure of 5 contains
an open Ru;C cluster with a hydrido ligand bridging the Rul—
Ru2 bond as found in each of the previous compounds
described in this report.

Figure 4. ORTEP diagram of the molecular structure of Rus(ys-
C)(CO)5[n*1-anti,3-syn-{O=C(OMe) }C(H)C(H)C(H)Me] (u-
H), 5, showing 25% thermal ellipsoid probability. Hydrogen atoms on
C6 were omitted for clarity. Selected interatomic bond distances (A)
are as follows: Rul—Ru2 = 2.8400(7), Rul—Ru$ = 2.8443(8), Rul—
Ru3 = 2.8585(7), Ru2—RuS = 2.8398(7), Ru2—Ru3 = 2.8483(7),
Ru3—Ru4 = 2.9289(7), Rul—-H1 = 1.80(2), Ru2—H1 = 1.78(2),
Ru4—01 = 2.239(4), Ru4—C2 = 2.189(7), Ru4—C3 = 2.181(6),
Ru4—C4 = 2.223(7), C1-C2 = 1.478(10), C2—C3 = 1.414(11),
C3—C4 = 1.410(11), C4—CS = 1.501(11), C1-01 = 1.234(8),
Rul—CO0 = 2.124(6), Rul—C0 = 2.124(6), Ru2—C0 = 2.113(5),
Ru3—CO0 = 1.962(6), Ru4—C0 = 2.046(6), RuS—C0 = 1.979(6).

The most interesting ligand in § is an 7*-O=C(OMe)C-
(H)C(H)C(H)Me “allyl” ligand that is coordinated to the
metal atom Ru4 with an anti-conformation for the CO,Me
group at atom C2 and a syn-conformation for the Me group at
C4; see Scheme 1 for the stereochemical definitions of 7
coordinated allyl ligands."®

Carbon atoms C2, C3, and C4 form the allyl group and are
all coordinated to Ru4, Ru4—C2 = 2.189(7) A, Ru4—C3 =
2.181(6) A, Ru4—C4 = 2.223(7) A. The oxygen atom O1 of
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Scheme 1. Stereochemical Definitions for #7>-Coordinated
Allyl Ligands'®

Hmeso
C
Hsyn\c/—\\c/Hsyn
Hanti M I'Ianti

the carbonyl of the ester group is also coordinated to Ru4,
Ru4—01 = 2.239(4) A. The C—C bonding is normal for a 7>
coordinated allyl group: C2—C3 = 1.414(11) A, C3—C4 =
1.410(11) A. The two carbon atoms C4 and CS are derived
from a rearranged molecule of ethylene that was coupled to the
carbon atom Cla of 2; see Figure 1. Including the coordinated
carbonyl oxygen atom O1, the allyl group serves as a five-
electron donor. Thus, compound 5 which contains 13 linear
terminal carbonyl ligands has a total of 76 cluster valence
electrons for the five metal atoms, which is consistent with an
electron-saturated, open square-pyramidal five metal cluster
structure.'*

Compound 6 was also characterized structurally by single-
crystal X-ray diffraction analysis. Fortunately, we were also able
to synthesize compound 6 independently in 62% yield from
the reaction of 3 with C,H, in methylene-d, chloride solvent in
the presence of Me;NO at room temperature. An ORTEP
diagram of the molecular structure of 6 as found in the solid
state is shown in Figure 5. Compound 6 is very interesting
because it contains a bridging #7°-O=C(OMe)C(H)C(H)
acrylate ligand similar to that found in 3, Ru3—C3 = 2.174(4)

Figure 5. ORTEP diagram of the molecular structure of Rug(us-
C)(CO),(C,H,) [u-7*-0=C(OMe)C(H)C(H)](u-H), 6, showing
15% thermal ellipsoid probability. Selected interatomic bond
distances (A) are as follows: Rul—Ru2 = 2.8234(4), Rul—Ru$ =
2.8459(4), Rul—Ru3 = 2.9591(4), Ru2—Ru3 = 2.8070(4), Ru2—Rus
= 2.8731(4), Ru3—Ru4 = 2.7262(4), Ru4—RuS = 3.0525(4), Rul—
H1 = 1.72(4), Ru2—H1 = 1.90(4), Ru3—C3 = 2.174(4), Ru3—C2

2.268(4), Ru4—C3 = 2.011(4), Ru4—0O1 = 2.189(3), Ru4—C4 =
2.224(5), Ru4—CS = 2.200(4), C1-C2 = 1.447(6), C1-02 =
1.317(5), C2—C3 = 1.408(6), C1-O1 = 1.233(5), C4—CS =
1.374(8), Rul—CO0 = 2.111(3), Ru2—C0 = 2.114(3), Ru3—C0 =

1.981(4), Ru4—C0 = 2.087(3), RuS—C0 = 1.958(4).
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A, Ru3—C2 =2.268(4) A, Ru4—C3 = 2.011(4) A, Ru4—01 =
2.189(3) A, and also a 7-coordinated C,H, ligand on the metal
atom Ru4 which is not coupled to the bridging acrylate ligand,
Ru4—C4 = 2.224(5) A, Ru4—CS = 2.200(4) A, C1-C2 =
1.447(6) A. The '"H NMR spectrum of 6 shows only two
resonances for the ethylene ligand, 6 = 3.48 br and 3.23 m at
21.6 °C. Suspecting dynamical activity, variable temperature
"H NMR measurements were performed, which confirmed that
the ethylene ligand is dynamically active at room temperature
on the NMR time scale. At —80 °C, separate resonances were
observed at § = 4.86, 3.51, 3.23, and 2.10, for each of the four
inequivalent hydrogen atoms on the ethylene ligand. The
resonances average in two pairs, 4.86 with 2.10, and 3.51 with
3.23, to give the averaged resonances observed at 6 = 3.48 br
and 3.43 m at 21.6 °C. At +95 °C, these averaged resonances
are observed as two well resolved AA'BB’ multiplets, as
expected, for this ethylene ligand, which is undergoing a rapid
2-fold rotational exchange along the metal—ligand bond axis;
see Figure S1 in the Supporting Information. From the
coalescence temperature of —60 °C for the resonances at § =
3.51, 3.23, we were able to calculate the free energy of
activation, AG,,; 10.0(3) kcal/mol for the rotational
barrier.'” Other examples of hindered rotation of z-
coordinated ethylene about the metal-ligand bond have
been observed with similar barriers.'®

An ORTEP diagram of the molecular structure of
compound 7 is shown in Figure 6. The molecule consists of
an open RusC cluster with an 7*-O=C(OMe)CH,CH-
CHCH, ligand on the metal atom Ru4. It crystallizes in the
space group Cmc2,, and the molecule lies on a crystallographic
reflection plane. The metal atoms Rul, Ru2, Ru4, the carbide
ligand CO, and the oxygen atom O1 lie on the reflection plane.

Figure 6. ORTEP diagram of the molecular structure of Rus(ys-
C)(CO),5[57*-anti-0O=C(OMe)CH,CHCHCH,](u-H), 7, showing
15% thermal ellipsoid probability. Selected interatomic bond
distances (A) are as follows: Rul—Ru2 = 2.8316(17), Rul—Ru3 =
2.8680(11), Rul—Ru3 = 2.8680(11), Rul—H12 = 1.73(9), Ru2—
H12 = 1.73(9), Ru2—Ru3 = 2.8571(12), Ru2—Ru3 = 2.8571(12),
Ru3—Ru4 2.8975(12), Rul-CO0 2.114(13), Ru2—CO0
2.098(18), Ru3—C0 = 1.9735(7), Ru4—C0 = 2.078(17), Ru4—C3
= 2.19(2), Ru4—C4 = 2.186(16), Ru4—CS = 2.26(2), Ru4—01 =
2.206(11).
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The 5*-O=C(OMe)CH,CHCHCH, ligand exhibits a 50/50
disorder about this reflection plane. Only one of the two
disorder components is shown in Figure 6. The 7*-O=
C(OMe)CH,CHCHCH, ligand can be described as a O=
C(OMe)CH,-substituted allyl ligand with the O=C(OMe)-
CH, group in an anti-stereochemistry. The three allyl carbon
atoms C3, C4, and CS$ and the carbonyl oxygen atom Ol are
coordinated to the ruthenium atom Ru4, Ru4—C3 = 2.19(2)
A, Ru4—C4 = 2.186(16) A, Ru4—CS = 2.26(2) A, Ru4—01 =
2.206(11) A. There is a hydrido ligand bridging the Rul—Ru2
bond, Rul—-H12 = 1.73(9), Ru2—H12 = 1.73(9), § = —22.02.

It would seem like the addition of CO to 6 would lead to S
or 7, but unfortunately, all attempts to convert 6 to S or 7 by
the addition of CO (1 atm) with mild heating in a solution in
an NMR tube at 80 °C yielded only compound 2 by
elimination of the ethylene ligand and the addition of two
equivalents of CO. Thus, although we cannot rule out the
formation of § or 7 from 6, it seems unlikely that 6 is an
intermediate en route to 5 or 7. However, some § was
obtained together with 6 in a thermal reaction of 3 with
ethylene at 68 °C in the absence of added CO. Thus, it is
possible that 5 could be formed from 3 and ethylene without
the need for a CO addition.

On the basis of the above information, a proposed
mechanism for the formation of compounds 3, §, 6, and 7
from reactions of 2 with ethylene in the presence of Me;NO
are presented in Scheme 2. In order to obtain compounds §
and 7 from 2 or 3, a molecule of ethylene must be added by
C—C bond formation to the CH-activated f-carbon of the
acryloyl ligand which is coordinated to Ru4 of the Rus cluster.
For the mechanism in Scheme 2, it is assumed that all the
important processes occur at the unique bridging metal atom
Ru4 of the cluster. For the sake of clarity, the Ru,C portion of
the cluster is not shown in the scheme. Note: the decarbon-
ylation of 2 by irradiation (visible light) yielded compound 3
(24% vyield) in the absence of ethylene.

At present, it seems most likely that ethylene is added to 3
or some solvated precursor to 3 derived from the decarbon-
ylation of 2. This is followed by insertion of the ethylene into
the terminal Ru—C bond of the activated methyl acrylate
ligand. This would lead to a seven-membered metallacyclic
intermediate such as I;. A CO ligand is then shifted to Ru3
(not shown in the scheme), and this is accompanied p-
hydrogen elimination from carbon C3 in either of two ways:
(1) p-hydrogen elimination of H1 by pathway (1) would lead
to an alkenyl-coordinated hydride intermediate I,, which could
go directly to § by coordination of the C;—C, double bond
and reductive elimination of the C4—HI1 bond to form the
methyl group at C4.

(2) Alternatively, a -hydrogen elimination of H2 from I, by
pathway (2) would lead to the hydride intermediate I.
Coordination of the C1—C2 double bond accompanied by the
release of the ester group by cleavage of Ru—O bond to the
carbonyl oxygen atom would lead to the intermediate I,, which
would then lead to 7 by reductive elimination of the C1-H2
bond upon a recoordination of the carbonyl oxygen atom of
the ester group. Note: Compound 7 was converted to 5 by
heating a solution in toluene-dg solvent to 80 °C for 10 h. At
the end of the 10 h period, the ratio of 5/7 was 5.60 by 'H
NMR integration of the hydride resonances. The 5 to 7
conversion could be achieved mechanistically simply by
retracing pathway (2) back to I; and then on to § by pathway
(1). Efforts to obtain 7 from § were unsuccessful.
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Scheme 2. A Proposed Mechanism for the Addition and
Coupling of Ethylene to the Activated Methyl Acrylate
Ligand in the Rug Complexes 2 and 3 with the Formation of
Compounds 5—7“
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The reaction of 4 with ethylene in the presence of Me;NO
yielded two products: Rug(us-C)(CO),5[n*-1,1-anti-syn-
[(0,CMe)C(Me)CHCH,](u-H), 8, and Rug(us-C)-
(CO),5[n*1-anti-CH(Me)C(O,CMe)(CH,)](u-H), 9, in a
combined yield of 13%. A small amount of a third product “X”
(8 = —22.43) that could not be fully characterized due to its
very small quantity was detected by H NMR spectroscopy. It
was very difficult to separate compounds 8 and 9 by TLC on
silica gel. Attempts to purify the mixture by fractional
crystallization yielded crystals suitable for single-crystal X-ray
diffraction analysis. Interestingly, these crystals contained an
undisordered 1:1 mixture of both 8 and 9, and both structures
were established simultaneously at high resolution in a single
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single-crystal X-ray diffraction analysis. Subsequently, it was
discovered that 8 could be isolated from 9 in a pure form by
TLC on alumina, but compound 9 was decomposed
completely in this alternative workup. However, a small
amount of 9 in a pure form was subsequently obtained by TLC
on silica gel by a prolonged elution with pure hexane solvent
on silica gel. ORTEP diagrams of the molecular structures of 8
and 9 from the analysis of the mixed crystal are shown in
Figures 7 and 8, respectively. Compounds 8 and 9 are isomers.

062

Figure 7. Rus(us-C)(CO)5[n*1-anti-CH(Me)C(O,CMe)(CH,)]-
(u-H), 8 showing 15% thermal ellipsoid probability. Selected
interatomic bond distances (A) are as follow: Ru6—Ru7
2.8251(6), Ru6—Ru8 = 2.8634(6), Ru6—Rul0 = 2.8641(7), Ru7—
Rul0 = 2.8595(6), Ru8—Ru9 = 2.8902(7), Ru7—Ru8 = 2.8603(6),
Ru6—H2 = 1.63(7), Ru7—H2 = 1.66(7), Ru9—03 = 2.158(4), Ru9—
C7 = 2.163(7), Ru9—C8 = 2.225(8), Ru9—C14 = 2.328(9), Ru9—
Rul0 = 2.9067(7), C7—C14 = 1.377(13), C7—C8 = 1.411(14), C7—
04 = 1.449(9), C8—C9 = 1.442(16), C15—03 = 1.208(7), C15—04
= 1.275(8), C15—C16 = 1.502(9), Ru6—C10 = 2.131(5), Ru7—C10
=2.136(5), Ru8—C10 = 1.986(6), Ru9—C10 = 2.034(S), Rul0—C10
= 1.970(6).

Compound 8 contains an open Rus(C) cluster with 13 CO
ligands and 1 hydrido ligand, 6 = —22.48, that bridges the
Rul—Ru2 bond of the cluster. The most interesting ligand in 8
is a disubstituted 7’-allyl ligand, CH,C(O,CMe)C(H)Me,
which contains an acetate substituent at the 2-position C7 and
an anti-oriented methyl group on the carbon atom C8, Ru9—
C7 = 2.163(7) A, Ru9—C8 = 2.225(8) A, Ru9—Cl4
2.328(9) A. The carbonyl group of the acetate substituent is
also coordinated the unique metal atom Ru9, Ru9-03 =
2.158(4) A. This allyl ligand was formed by a coupling of the
ethylene molecule to the CH-activated vinyl acetate ligand in 4
at the a-position; see below.

Compound 9 contains an open RusC cluster similar to that
observed in each of the previous compounds in this study.
Compound 9 contains 13 CO ligands and one hydrido ligand,
0 = —22.39, that bridges the Rul—Ru2 bond of the cluster.
The most interesting ligand in 9 is a disubstituted 7°-allyl
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Figure 8. ORTEP diagram of the molecular structure of Rus(y;-
C)(CO)5[17*1,1-anti-syn-[ (MeCO,)C(Me) CHCH, ] (u-H), 9, show-
ing 15% thermal ellipsoid probability. Selected interatomic bond
distances (A) are as follows: Rul—Ru3 = 2.8396(6), Rul—Ru2 =
2.8440(6), Rul—Ru$ = 2.8472(7), Ru2—Ru$ = 2.8450(7), Ru2—Ru3
= 2.8495(6), Ru3—Ru4 = 2.9327(7), Ru4—RuS = 2.9126(6), Rul—
H1 = 1.74(5), Ru2—H1 = 1.79(5) Ru4—01 = 2.142(4), Ru4—Cl =
2.152(6), Ru4—C2 = 2.178(6), Ru4—C3 = 2.273(7), C1-C2 =
1.365(10), C1-02 = 1.465(7), C1-C4 = 1.499(10), C2—C3 =
1.353(10), C5—01 = 1.230(7), C5—02 = 1.310(8), Rul—C0 =
2.141(S), Ru2—C0 = 2.123(6), Ru3—C0 = 1.975(5), Ru4—CO0 =
2.048(5), RuS—CO0 = 1.974(5).

ligand, (MeCO,)C(Me)CHCH,, that is coordinated to the
metal atom Ru4, Ru4—C1 = 2.152(6) A, Ru4—C2 = 2.178(6)
A, Ru4—C3 = 2.273(7) A. This allyl ligand contains acetate
and methyl substituents on the carbon atom C1 in anti and
syn-orientations, respectively. The carbonyl group of the
acetate substituent is also coordinated to Ru4, Ru4—O1 =
2.142(4) A.

The allyl ligand in 9 was evidently formed by a coupling of
an ethylene molecule to the CH-activated a-carbon atom of
vinyl acetate ligand in 4 followed by a hydrogen shift to the
CH, group to form the methyl group on Cl1; see the proposed
mechanism shown below in Scheme 3. This allyl ligand serves
as a five-electron donor to the cluster which obtains a 76
electron configuration that is consistent with the observed
open structure for the Rug cluster. Compound 8 appears to be
an intermediate in the formation of 9. In a separate
experiment, a sample of pure 8 was transformed to 9
essentially quantitatively by NMR spectroscopy by heating a
sample of 8 in an NMR tube in toluene-dg solvent at 80 °C for
18 h. Interestingly, the unknown species X appeared, hydride
resonance at 6 = —22.43, and disappeared during the course of
this transformation.

A proposed mechanism for the formation of 8 and 9 from 4
is shown in Scheme 3. For this mechanism, it is assumed that
all the important processes occur at the unique bridging metal
atom of the cluster, i.e., Ru4 in 4, and for the sake of clarity the
Ru,C portion of the cluster is not shown in the scheme. The
reaction is initiated by the removal of a CO ligand from the
metal atom Ru4 by reaction with the Me;NO. This step allows
the addition of a molecule of ethylene to a coordination site on
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that Ru atom in an intermediate such as I,. Unlike the
compound 6 above, the intermediate I, was not observed
directly. Intermediate I, sets the stage for a C—C bond forming
insertion-coupling of the ethylene to the CH-activated a-
carbon atom of the activated vinyl acetate ligand. Assuming the
acetate oxygen atom remains coordinated, this process would
lead to the formation of a seven-membered metallacyclic ring
in the intermediate shown as I,. Next, a f-hydrogen
elimination transformation from the methylene group at Cl
would lead to formation of a coordinated vinyl group with the
atoms C1 and C2 and a hydrido ligand in the intermediate I.
Reductive elimination of a CH bond at C2, which might be
induced by coordination of the double bond (DB) to C3,
would lead to the formation of a methyl group at carbon C2
and would complete the formation of compound 8.
Compound 8 could be transformed to 9 by a S-hydrogen
elimination from the methyl group, carbon C2, in 8 via the
intermediate I, containing an acetate-substituted butadiene
ligand and a hydrido ligand if the Ru4—O bond to the acetate
group is temporarily cleaved. Reformation of the Ru—O bond
could then induce a reductive elimination and formation of a
CH bond and formation of a methyl at C; that would yield 9.
The unknown species X may be the intermediate I, in this
reaction series, but we have not been able to confirm this
further due to the lack of additional characterization data.

B CONCLUSIONS

It has been shown that compound 1 reacts with the polar vinyl
olefins, methyl acrylate, and vinyl acetate through a cluster
opening process that leads to the activation of a CH bond in
their vinyl group. By virtue of a preference for the formation of
five-membered metallacyclic rings in the complexes, the ester
and acetate substituents of methyl acrylate and vinyl acetate
produce a directing effect on the site of the CH activation in
the vinyl olefin reagents; namely, it occurs at the a-carbon
atom for vinyl acetate and the f-carbon atom for methyl
acrylate. It was then shown that the CH-activated ligands in
these complexes react with ethylene and couple it to the CH-
activated carbon atom in the presence of the decarbonylation
reagent Me;NO. This demonstrates an important regiochem-
ical control of the cluster-mediated C—C bond forming
process. This coupling ultimately leads to the formation of
substituted allyl ligands following some metal-mediated
hydrogen shifts.

Substituent-directed CH activation is known to play an
important role in stoichiometric and catalytic functionalization
of aromatic rings.lg_21 In this work, we have shown that the
substitutents on olefins can also play a key role both in the site
of CH activation and in the site of their functionalization.

B EXPERIMENTAL SECTION

General Data. All reactions were performed under an atmosphere
of nitrogen. Reagent grade solvents were dried by standard procedure
and were freshly distilled prior to use. Infrared spectra were recorded
on a Thermo Scientific Nicolet IS10 spectrometer. '"H NMR spectra
were recorded on a Varian Mercury 300 spectrometer operating at
300.1 MHz. Mass spectrometric (MS) measurements were performed
by a direct-exposure probe by using electron impact (EI) ionization.
Ru;(CO),, used to make Rug(us-C)(CO);s was obtained from
STREM and was used without further purification. Rug(us-C)(CO)s,
1, was prepared according to the previously reported procedure.
Methyl acrylate, vinyl acetate, and trimethylamine-N-oxide (Me;NO)
were obtained from Sigma-Aldrich and were used without further
purification. Product separations were performed by TLC in air on
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Scheme 3. A Proposed Mechanism for the Coupling of Ethylene to the Activated Vinyl Acetate Ligand in the Ruy; Complex 4

and the Formation of Compounds 8 and 9
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Analtech 0.25 mm and 0.50 mm silica gel 60 A F254 or alumina glass
plates.

Reaction of 1 with Methyl Acrylate at 80 °C. A S0 mg (0.0529
mmol) amount of 1 was added to a SO mL three-neck flask in 25 mL
of degassed benzene with 1.4 mL of methyl acrylate. After heating for
48 h at 80 °C, the solvent was removed in vacuo, and the product was
then isolated by TLC with a hexane/methylene chloride mixture in
the order of elution to provide 18.5 mg (35% yield) of yellow Rus(4;-
C)(CO) 4 [*-0=C(OCH,)CH=CH](y-H), 2, 1.3 mg (2% yield)
of orange Rug(us-C)(CO)53[*-O=C(OCH;)CH=CH](u-H), 3,
and 4.1 mg (8% yield) of the known compound black Rug(y;-
C)CO),,(CeHg).>* Spectral data for 2: IR vCO (cm™ in hexane)
2097(w), 2066(s), 2056(s), 2049(s), 2036(w), 2022(m), 2018(sh),
2014(sh), 1995(sh), 1991(m), 1976(w). '"H NMR (CD,CL,, in ppm)
& = 10.18 (d, 8 Hz, 1H, Ru—C(H)=C(H)-C), 6.96 (d, 8 Hz, 1H,
Ru—C(H)=C(H)-C), 3.65 (s, 3H, O = COCHj,), —22.18 (s, 1H,
hydride). *C NMR (CD,Cl,, 100.66 MHz, § in ppm): 445.67 (1 C
carbide), 200.94 (1 CH Cla), 198.39 (CO), 197.64 (CO), 197.10
(CO), 193.14 (CO), 192.54 (CO), 192.45 (CO), 191.89 (CO),
191.43 (CO), 181.39 (C3a), 124.81 (1 CH C2a), 54.63 (1 CH,). EI/
MS m/z. M+ = 995.5. The isotope distribution pattern is consistent
with the presence of five ruthenium atoms. Spectral data for 3: IR
vCO (ecm™ in hexane) 2094(w), 2064(s), 2056(w), 2048(vs),
2038(s), 2026(w), 2017(w), 2002(vw), 1989(w), 1970(vw). '
NMR (CD,CL, in ppm) § = 10.59 (d, ¥Jy_y = S Hz, 1H, Ru—
C(H)=C(H)-C), 4.57 (d, Ju_n = 5 Hz, 1H, Ru—C(H)=C(H)—
C), 3.55 (s, 3H, OMe), 2.77, —21.02 (s, 1H, hydride). EI/MS m/z.
967.5. The isotope distribution is consistent with the presence of five
ruthenium atoms.

Deacarbonylation of 2 at 98 °C. A 12.7 mg (0.013 mmol)
amount of 2 was added to a 50 mL three-neck flask in 20 mL of
degassed heptane. After heating for 6 h at 98 °C, the solvent was
removed in vacuo, and the products were then isolated by TLC with a
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hexane/methylene chloride solvent mixture to provide in order of
elution: 1.1 mg of starting material of 2, and 1.0 mg (8% yield) of
Rug(p5-C)(CO) 5[ u-1*-O=C(OMe)CHCH](u-H), 3. The presence
of significant amounts of 1 was observed in the FTIR spectra of the
reaction mixture, but the exact amount could not be quantitatively
determined because it decomposes readily during the TLC isolation
of the product 3.

Decarbonylation of 2 to 3 by Irradiation. A 16.0 mg (0.016
mmol) amount of 2 was added to a S0 mL three-neck flask in 20 mL
of degassed benzene. A slow purge of nitrogen was passed through the
solution by using a rubber septum with a pipet. The solution was
irradiated (visible light only) by using a tungsten lamp positioned
approximately S cm from the flask while nitrogen was passed through
the solution. The solution developed an orange color. After the
solution was irradiated for 10.5 h, the tungsten lamp was removed, the
solvent was removed in vacuo, and the compounds were then
separated by TLC with a hexane/methylene chloride solvent mixture
to provide in order of elution: 2.6 mg of starting material, 2, and 3.7
mg (24% vyield) of 3, and 1.1 mg of a benzene adduct of Rug(us-
C)(CO);5, Rug(u5-C)(CO),,(n*-CeH). >

Synthesis of Rus(is-C)(CO),4l5%-(MeCO,)C=CH,l(u-H), 4
from 1 and Vinyl Acetate at 80 °C. A 50.6 mg (0.054 mmol)
amount of 1 was added to a 50 mL three-neck flask in 25 mL of
degassed benzene with 350 uL of vinyl acetate. After heating for 42 h
at 80 °C, the solvent was removed in vacuo, and the product was then
isolated by TLC with a hexane/methylene chloride solvent mixture to
provide 33.2 mg (62% yield) of Rus(us-C)(CO),[n*-(MeCO,)C=
CH,](u-H), 4. Spectral data for 4: IR ¥CO (cm™ in hexane)
2097(w), 2066(s), 2057(vs), 2050(m), 2036(w), 2023(sh), 2019(w),
2013(sh), 1996(w), 1990(w), 1986(sh), 1980(vw). 'H NMR
(CD,Cl,, in ppm) & = 5.65 (d, *Ji_y = 2.4 Hz, 1H, Ru—C=CH,),
5.06 (d, gy = 24 Hz, 1H, Ru—C=CH,), 2.09 (s, 3H, O=
C(Me)), —22.37 (s, 1H, hydride). *C NMR (CD,Cl,, 100.66 MHz,
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8 in ppm): 197.70 (CO), 196.84 (CO), 194.86 (CO), 194.79 (CO),
192.89 (CO), 192.67 (CO), 192.19 (CO), 191.48 (CO), 191.29
(CO), 181.95 (C2), 178.83 (C1), 106.63 (1 CH,), 18.28 (1 CH,).
EI/MS m/z. M" = 995.5. The isotope distribution pattern is
consistent with the presence of five ruthenium atoms.

Reaction of 2 with Ethylene in the Presence of Trimethyl-
amine N-Oxide at 25 °C. A 41.9 mg (0.042 mmol) amount of 2 was
added to a 50 mL three-neck flask in 20 mL of degassed hexane. A
slow purge of ethylene gas at 1 atm was passed through the solution
for 10 min. Then 16.4 mg (0.22 mmol) of Me;NO was added to the
solution, while the purge with ethylene gas was continued. After
stirring for 8 h at room temperature (25 °C) with the slow purge of
ethylene, the solvent was removed in vacuo, and the products were
then isolated by TLC with a hexane/methylene chloride solvent
mixture to provide in order of elution: 0.8 mg of starting material, 2,
0.4 mg (1% yield) of 3, 2.1 mg (5% yield) of Rug(us-C)(CO)5[n*
anti,syn-O=C(OMe)C(H)C(H)C(H)Me](y-H), 5, 0.8 mg (2%
yield) of Ru;(45-C) (CO) 1,(CH,) [p-1*-0=C(OMe) C(H)C(H)]-
(u-H), 6, and 4.7 mg (11% yield) of Rug(us-C)(CO),3[n*-anti-O=
C(OMe)CH,CHCHCH,](u-H), 7. Spectral data for 5: IR vCO
(em™ in hexane) 2088(w), 2058(s), 2048(vs), 2034(w), 2017(m),
2001(w), 1990(vw), 1976(w), 1965(w). "H NMR (CD,Cl,, in ppm)
8 =535(d, }Jg_p = 7.5 Hz, 1H, C—C(H)—C(H)), 4.97 (dd, *Jyy_y =
6.9 Hz, *Jy_y = 11.1 Hz 1H, C—C(H)—C(H)-C(H)), 3.46 (dq,
34— = 6.0 Hz, 3J;;_i; = 12.0 Hz, 1H, C(H)—C(H)-C(H;)), 3.39 (s,
3H, OMe), 2.39 (d, *Jy_y = 6.0 Hz, 3H, C(H)—C(H)-C(H,))
—22.46 (s, 1H, hydride). EI/MS m/z. 996. The isotope distribution is
consistent with the presence of five ruthenium atoms. Spectral data
for 6: IR vCO (cm™ in hexane) 2090(m), 2063(s), 2046(vs),
2028(m) 2024(m), 2012(w), 2001(vw), 1994(w), 1982(w),
1959(vw). "H NMR (C4DCDj; at 95 °C, in ppm) & = 10.70 (d,
*Ju_u = 54 Hz, 1H, Ru—C(H)-C(H)—C(OMe)), 4.07 (d, *Jy_y =
5.4 Hz, 1H, Ru—C(H)=C(H)-C(OMe)), 3.53 (m, 2H, C,H,), 3.41
(m, 2H, C,H,), 2.82 (s, 3H, OMe), —20.86 (s, IH, hydride). 'H
NMR (C¢DCD; at —80 °C, in ppm) & = 10.39 (d, *J_y = 4.4 Hz,
1H, Ru—C(H)—C(H)—C(OMe)), 4.86 (b, 1H, C,H,), 3.76 (b, 1H,
Ru—C(H)=C(H)-C(OMe)), 3.50 (b, 1H, C,H,), 3.22 (b, 1H,
C,H,), 2.38 (s, 3H, OMe), 2.1 (b, 1H, C,H,), —21.17 (s, IH,
hydride). EI/MS m/z. 996. The isotope distribution is consistent with
the presence of five ruthenium atoms. Spectral data for 7: IR vCO
(em™ in hexane) 2088(w), 2058(s), 2048(vs), 2034(w) 2017(m),
2001(w), 1990(vw), 1976(w), 1965(w). 'H NMR (CDy, in ppm) &
= 448 (dd, *Jy_y = 8.0 Hz, ¥Jy_y = 8.0 Hz, 1H, C(OMe)-C(H,)-
C(H)-C(H)), 444 (dd, *[y_y = 2.4 Hz, *Jz_y = 8.0 Hz, IH,
C(OMe)-C(H,)-C(H)—C(H)—-C(H,)), 3.88 (ddd, ¥Jy_ = 13.2 Hz,
g-n = 8.0 Hz, 3J;_yy = 8.0 Hz 1H, C(OMe)-C(H,)-C(H)—C(H)-
C(H,)), 2.60 (dd, *Jy_y = 8.0 Hz, ¥Jy_y = 20.4 Hz, 1H, C(OMe)-
C(H,)-C(H)-C(H)-C(H,)), 171 (d, u_n 20.4 Hz, 1H,
C(OMe)-C(H,)-C(H)—C(H)—C(H,)), 1.59 (dd, *Jy_y = 13.2 Hz,
oy = 24 Hz, 1H, C(OMe)-C(H,)-C(H)—C(H)—C(H,)), —22.02
(s, 1H, hydride). EI/MS m/z. 996. The isotope distribution is
consistent with the presence of five ruthenium atoms.

Reaction of 3 with Ethylene in the Presence of Me;NO. 12.2
mg (0.013 mmol) of 3 was dissolved in 3.0 mL of methylene chloride-
d, in a small, 10 mL one-neck flask with a side arm. A slow purge of
C,H, at 1 atm was passed through the solution for 10 min followed by
an addition of 1.5 mg (0.020 mmol) of Me;NO to the solution. The
solution was allowed to stir at room temperature, while the slow purge
of C,H, continued. An '"H NMR spectrum was recorded after 5 h
reaction and revealed the formation of compound 6. Another addition
of Me;NO equaling 1.3 mg (0.017 mmol) was added to the solution,
and the purge with C,H, was continued. A final '"H NMR was taken
after 15 h reaction time which showed compound 6 as the major
product The solvent was then removed by a fast stream of N,, and the
products were then isolated by TLC with a hexane/methylene
chloride solvent mixture to provide in order of elution: 2.1 mg of
unreacted 3 and 7.6 mg (62% yield) of compound 6.

Thermal Reaction of 3 and Ethylene at 68 °C. Fifteen mg
(0.0155 mmol) of 3 was added to a SO mLthree neck flask in 10 mL
of degassed hexane. A slow purge of ethylene was passed through the
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solution by using a rubber septum. After refluxing for 48 h, the solvent
was removed in vacuo, and the products were isolated by TLC using
pure hexane in the order of elution: 3.2 mg (21%) of 2, 1.2 mg of
unreacted 3, 1.0 mg (6.7%) of 6, and 1.2 mg (7.8%) of S.

Reaction of 6 with CO at 75 °C. 7.6 mg (0.0078 mmol) of 6 was
dissolved in 1.5 mL of toluene-dg in an NMR tube. CO was slowly
purged through the solution for 2 min. The solution was then heated
to 75 °C in a constant temperature bath for 22 h. '"H NMR spectra
showed the gradual formation of compound 2 during this period.
TLC workup of this solution at the end of the period using pure
hexane provided 1.5 mg (19% yield) of 2.

Isomerization of 7 to 5 at 80 °C. 4.2 mg (0.004 mmol) of 7 was
dissolved in 1.5 mL of toluene-dg in an NMR tube. The solution was
then heated to 80 °C in a constant temperature oil bath for 10 h. 'H
NMR spectra were recorded intermittently during this period. These
spectra showed a slow conversion of 7 to S. At the end of the 10 h
period, the ratio of the two isomers based on integration of the
hydride peaks was 5.60 for compound $ to 1.00 for compound 7.
Similar efforts to convert § to 7 yielded no 7 at all.

Reaction of 4 with Trimethylamine N-Oxide and Ethylene
at 25 °C. 43.0 mg (0.043 mmol) of 4 was added to a SO mL three-
neck flask in 25 mL of degassed hexane at 25 °C. A slow purge of
ethylene gas at 1 atm was passed through the solution for 10 min.
Then 10.0 mg (0.13 mmol) of Me;NO was added to the hexane
solution. After stirring for 6 h at 25 °C under a slow purge of ethylene,
the solvent was then removed in vacuo. Separation by TLC in silica
gel with a hexane/methylene chloride solvent mixture yielded a single
yellow band containing 16.2 mg of a mixture (3:7 ratio of 8 to 9 by
"H NMR) of two compounds: Rus(us-C)(CO) ;[n*anti-(0,CMe)-
C(CH,)CHCMe](u-H), 8, and Rug(us-C)(CO) 5[n*-1,1-syn-anti-
[(0,CMe)C(Me)CHCH,](u-H), 9. There was also an unknown
trace product X that could not be isolated or fully characterized, but
its presence was observed in the form of a metal hydride resonance at
0 = —22.43 in toluene-dg solvent. Crystals were obtained from
solutions of this mixture of 8 and 9 and were found to contain a 1:1
combination of 8 and 9. These crystals were successfully analyzed by
single-crystal X-ray diffraction analysis; see below. Subsequently,
efforts to obtain 8 and 9 in pure forms were successful based on the
following procedures. The mixture of 8 and 9 was separated on a SiO,
TLC plate that had been dried in an oven (110 °C for 24 h) with
elution by using pure hexane solvent to yield first 1.0 mg (2% yield) of
pure yellow 8 followed by a yellow band that contained a mixture of
the two isomers of 8 and 9 5.8 mg (13% yield). Compound 9 was
subsequently isolated in a pure form by further TLC treatment of the
remaining mixture of isomers on Al,O; but the compound 8, and the
traces of X that was in this sample were lost due to decomposition on
this support. Spectral data for 8: IR CO (cm™ in hexane) 2089(w),
2059(s), 2048(vs), 2034(w) 2018(m), 2003(w), 1991(vw),
1984(vw), 1975(w). 'H NMR (CD,ClL, in ppm) & = 5.15 (dq,
uen = 6.6 Hz, “Jy_y = 2.4 Hz, 1H, Ru—C(H)-CMe), 4.52 (dd,
y—n = 5.4 Hz, “Jyy_yy = 2.4 Hz, 1H, Ru—C(H,)-C), 3.31 (d, *Jy_y =
5.4 Hz, 1H, Ru—C(H,)-C), 1.72 (s, 3H, 0,CMe), 1.55 (d, Jy_p =
6.9 Hz, 1H, Ru—C(H)-CMe), —22.478 (s, 1H, hydride). EI/MS m/z
M" = 995.5. The isotope distribution is consistent with the presence
of five ruthenium atoms. Spectral data for 9: IR £CO (cm™ in
hexane): 2089(w), 2060(s), 2049(vs), 2035(w) 2019(m), 2005(w),
1991(vw), 1981(w), 1968(w). '"H NMR (CD,Cl,, in ppm): & = 4.88
(dd, ¥Jy_u = 2.7 Hz, ¥Jy_y = 8.4 Hz, 1H, Ru—C(H,)-C(H)-C), 4.16
(dd, ¥Jy_p = 84 Hz, ¥Jy_y = 13.2 Hz 1H, Ru—C(H,)-C(H)-C), 2.79
(s, 3H, 0,CMe), 2.18 (dd, ¥Jyy_y = 2.7 Hz, *Jy_y = 13.2 Hz, 1H, Ru—
C(H,)-C(H)-C), 1.77 (s, 3H, C(H)—C(C-Me)-O —22.39 (s, 1H,
hydride). EI/MS m/z M' = 995.5. The isotope distribution is
consistent with the presence of five ruthenium atoms.

Isomerization of 8 to 9 at 80 °C. 0.8 mg (0.001 mmol) of 8 was
dissolved in 1.5 mL of toluene-dg in an NMR tube. The solution was
then heated to 80 °C in a constant temperature silicone oil bath for 18
h. '"H NMR spectra were recorded intermittently during this period.
These spectra showed a slow conversion of 8 to 9. During this period,
formation and subsequent disappearance of small, but significant
quantities, of the unknown compound X were observed at § = —22.43
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during the course of the transformation. Note: the hydride resonances
for 8 and 9 appear at 6 = —22.36 and 6 = —22.29, respectively, in
toluene-dg solvent. At the end of the 18 h period, the conversion of 8
to 9 was complete (100%) as determined by "H NMR spectroscopy.
No X remained in the sample.

Crystallographic Analyses. Single crystals of compounds 2—9
suitable for X-ray diffraction analyses were obtained by slow
evaporation of solvent from solutions of the pure compounds at
room temperature. Note: compounds 8 and 9 were cocrystallized in
the same crystalline form. X-ray intensity data were measured by using
a Bruker D8 QUEST diffractometer equipped with a PHOTON-100
CMOS area detector and an Incoatec microfocus source (Mo Ka
radiation, 4 = 0.71073 A).>* Full details for these analyses are available
in the Supporting Information. Crystal data, data collection
parameters, and results for each analysis are summarized in Table
S1, Supporting Information.
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