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a b s t r a c t

Reactions of Ru5(CO)15(m5-C), 1 with the polar vinyl monomers (PVM), methyl acrylate, vinyl acetate and
N,N-dimethylacrylamide proceed by cluster opening additions accompanied by CH activation in the vinyl
group of the PVM to yield olefin-activated complexes such as Ru5(m5-C)(CO)14[h

2-O]CO(Me)CH]CH](m-
H), 2, Ru5(m5-C)(CO)14[h2-(MeCO2)C]CH2](m-H), 3 and Ru5(m5-C)(CO)14[h2-O]C(NMe2)CH]CH](m-H), 6.
In this work we have investigated the nature of the addition and coupling/cross-coupling of a second
PVM to the CH activated PVM in the complexes 2, 3, and 6. The products consist of CeC coupled diolefin
complexes that have been transformed into h3-allyl ligands by shifts of the hydrogen atoms in the CeC
coupled ligands. Nine new complexes of Ru5(m5-C)(CO)13[h3-1-anti, 3-anti-(MeO)C]OeC3H3-h1-O]
C(OMe)CH2](m-H), 8; Ru5(m5-C)(CO)13[h

3-1-anti, 3-syn-(MeO2C)CH2C3H3eCH2-h
1-O]C(OMe)](m-H), 9;

Ru5(m5-C)(CO)12[m-h3-O]C(OMe)CH]CH][h2-CH]CHCO2Me](m-H), 10; Ru5(m5-C)(CO)13[h3-1-syn, 3-
anti-(MeO2C)C3H3-h1-O]C(OMe)CH2](m-H), 11; Ru5(m5-C)(CO)13[h3-1-syn, 3-anti-Me2NC]OeC3H3-h1-
O¼CNMe2CH2](m-H), 12; Ru5(m5-C)(CO)13[h3-1-anti, 3-syn-(Me2N)C(¼O)eC3H3eCH2-h1-O]C(NMe2)](m-
H), 13; Ru5(m5-C)(CO)12[m-h

3-O]C(NMe2)CH]CH][h2-CH]CHCO2Me](m-H), 14; Ru5(m5-C)(CO)13[h
3-1-

anti, 3-syn-MeO2CCH2C3H3-h1-O]C(NMe2)](m-H), 15, and Ru5(m5-C)(CO)12[m-h2-(MeO2C)CH]CH][h3-
CH2]CHOC(¼O)Me)](m-H), 16 have been obtained and structurally characterized. Three of these com-
plexes (10, 14 and 16) contain uncoupled olefin ligands.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

The coupling of carbon e carbon bonds between polar vinyl
monomers, such as acrylates, acrylamides, acrylonitrile and vinyl
acetate, is used to provide a variety of valuable polymers [1,2].
There has been much interest in developing methods for the
polymerization and copolymerization of polar vinyl monomers by
using organometallic catalysts [2e4]. The synthesis of dimers of
acrylates and acrylamides has also attracted interest because of
their potential for use as precursors to adipic acid which is used in
the synthesis of nylon-6,6 [5].

Recent studies have shown that metal-based olefinic CH acti-
vations can play an important role in the oligomerizations and
cross-couplings of certain polar olefins [6,7]. For example, the cross
coupling of vinyl carboxylates with acrylates by using palladium
occasion of his 60th birthday.

dams).
acetate catalysts is believed to begin by CH activation on the vinyl
group, followed by CeC coupling through insertion and reductive
elimination, Scheme 1 [7]. CH activation on the vinyl group of ac-
rylates is often accompanied by coordination of the ester group [8].

In recent studies, we have shown that the square-pyramidal
polynuclear metal carbonyl cluster complex Ru5(CO)15(m5-C), 1 is
able to activate one of the olefinic CH bonds of the vinyl group of
methyl acrylate and vinyl acetate to yield the complexes Ru5(m5-
C)(CO)14[h2-O]CO(Me)CH]CH](m-H), 2 and Ru5(m5-C)(CO)14[h2-
(MeCO2)C]CH2](m-H), 3 respectively [9]. Both of these reactions
involve opening of the Ru5 cluster by cleavage of one of the RueRu
bonds and is accompanied by loss of a CO ligand that facilitates the
addition of the olefin to the complex and its subsequent oxidative
addition of the selected CH bond to a metal atom. The choice of the
CH bond for activation seems to be determined by the nature
substituent on the olefin via the formation of a five-membered
chelate ring involving that substituent in the product complex, 2
or 3, see Scheme 2, [9]. More importantly, we have found that the
complexes 2 and 3 will add ethylene and couple it to the activated
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Scheme 1. A mechanism proposed for the Pd-catalyzed cross-coupling of vinyl acetate with alkyl acrylates [7].

Scheme 2. A schematic of the cluster opening and CH activation in the vinyl groups of methyl acrylate and vinyl acetate and the addition and coupling of ethylene to those products.

R.D. Adams et al. / Journal of Organometallic Chemistry 901 (2019) 1209382
olefinic ligand at the CH bond activation site to yield the products
Ru5(m5-C)(CO)13[h4-anti-O]C(OMe)CH2CHCHCH2](m-H), 4 and
Ru5(m5-C)(CO)13[h4-1,1-anti-syn-[(MeCO2)C(Me)CHCH2](m-H), 5
among others that contain substituted h3-allyl ligands, Scheme 2
[10].

In a continuation of this work, we have now investigated the
reactions of 1, 2, 3 and Ru5(m5-C)(CO)14[h2-O]C(NMe2)CH]CH](m-
H), 6 [12] with additional quantities of methyl acrylate, N,N-
dimethylacrylamide, and vinyl acetate. Products containing CeC
coupled versions of the olefins which are coordinated to the Ru5
cluster through h3-allylic binding arrangements were obtained. The
results of these studies are reported here.

2. Experimental section

2.1. General data

All reactions were performed under an atmosphere of nitrogen.
Reagent grade solvents were dried by standard procedures and
were freshly distilled prior to use. Infrared spectra were recorded
on a Thermo Scientific Nicolet IS10. 1H NMR spectra were recorded
on a Varian Mercury 300 spectrometer operating at 300.1MHz or
on a Bruker AVANCE III spectrometer operating at 400MHz. Mass
spectrometric (MS) measurements were performed by a direct-
exposure probe by using electron impact (EI) ionization.
Ru3(CO)12 was purchased from STREM and was used without
further purification. Ru5(m5-C)(CO)15, 1 was prepared from
Ru3(CO)12 according to a previously reported procedure [11].
Methyl acrylate, N,N-dimethylacrylamide (DMA), vinyl acetate and
trimethylamine-N-oxide, (Me3NO) were purchased from Sigma-
Aldrich and were used without further purification. Product sepa-
rations were performed by TLC in air on Analtech 0.25mm and
0.50mm silica gel 60 Å F254 glass plates.

2.2. Reaction of 1 with DMA at 98 �C

25.2mg (0.027mmol) of 1 was added to a 50mL three-neck
flask in 20mL of degassed heptane with 8 mL of DMA. After heat-
ing for 6.5 h at 98 �C, the solvent was removed in vacuo, and the
products were then isolated by TLC by using a hexane/methylene
chloride mixture to provide in the order of elution: 8.0mg (29%
yield) of Ru5(m5-C)(CO)14[h2-O]C(NMe2)CH]CH](m-H), 6 [12] and
1.2mg (5% yield) of Ru5(m5-C)(CO)13[m-h3-O]C(NMe2)CHCH](m-H),
7a [12]. Compound 7awas obtained previously from the reaction of
Ru5(m5-C)(CO)13(NHMe2)[h2-O]C(NMe2)](m-H), with C2H2 and
compound 6 was obtained previously by the carbonylation (using
CO) of 7a at room temperature [12].

2.3. Reaction of Ru5(m5-C)(CO)14[h
2-O]C(OMe)CH]CH](m-H) 2

with methyl acrylate in the presence of trimethylamine N-oxide at
25 �C

39.8mg (0.040mmol) of 2 was added to a 50mL three-neck
flask in 20mL of degassed hexane with 300 mL of methyl acrylate
and 16mg (0.21mmol) of trimethylamine N-oxide. After stirring
for 20 h at room temperature, the solvent was removed in vacuo,
and the products were then isolated by TLC by using a hexane/
methylene chloride mixture to provide in the order of elution:
2.7mg (7% yield) of unreacted starting material, 2, 3.3mg (8%) of
Ru5(m5-C)(CO)13[m-h3-O]C(OMe)CHCH](m-H), 7b, [10]; 3.6mg (8%
yield) of Ru5(m5-C)(CO)13[h3-1-anti, 3-anti-(MeO)C]OeC3H3-h1-
O]C(OMe)CH2](m-H), 8, 5.6mg (13% yield) of Ru5(m5-C)(CO)13[h3-
1-anti, 3-syn-(MeO2C)CH2C3H3eCH2-h1-O]C(OMe)](m-H), 9,
2.8mg (7% yield) of Ru5(m5-C)(CO)12[m-h3-O]C(OMe)CH]CH][h2-
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CH]CHCO2Me](m-H), 10, and 3.7mg (9% yield) of Ru5(m5-
C)(CO)13[h3-1-syn, 3-anti-(MeO2C)C3H3-h1-O]C(OMe)CH2](m-H),
11. Spectral data for 8: IR nCO (cm�1 in hexane) 2090(w), 2060(s),
2051(vs), 2036(w), 2019(m), 2006(w), 1993(vw), 1985(vw),
1970(vw). 1H NMR (CD2Cl2, in ppm) d¼ 5.71 (t, 3JH-H¼ 8 Hz, 1H,
CeCH2eC(H)eC(H)eC(H)), 5.22 (d, 3JH-H¼ 8 Hz, 1H, CeCH2eC(H)e
C(H)eCH), 4.32 (t, 3JH-H¼ 8 Hz, 1H, CeCH2eC(H)eC(H)eCH), 3.59
(s, 3H, OMe), 3.41 (dd, 3JH-H¼ 8 Hz, 2JH-H¼ 20Hz, 1H,
CeCH2eC(H)eC(H)eCH), 3.37 (s, 3H, OMe), 3.15 (d, 2JH-H¼ 20Hz,
1H, CeCH2eC(H)eC(H)eCH), �22.12 (s, 1H, hydride). EI/MS m/z.
1053.6. The isotope distribution is consistent with the presence of
five ruthenium atoms. Spectral data for 9: IR nCO (cm�1 in hexane)
2090(w), 2060(m), 2051(vs), 2036(w), 2020(m), 2003(w),
1994(vw), 1986(vw), 1970(vw). 1H NMR (CD2Cl2, in ppm) d¼ 5.48
(d, 3JH-H¼ 7Hz, 1H, CeC(H)eC(H)eC(H)eCH2, 5.09 (dd, 3JH-
H¼ 7 Hz, 3JH-H¼ 11Hz, 1H, CeC(H)eC(H)eCHeCH2, 3.96 (dd, 3JH-
H¼ 4 Hz, 2JH-H¼ 16 Hz, 1H, CeC(H)eC(H)eC(H)eCH2, 3.78 (s, 3H,
OMe), 3.41, (s, 3H, OMe), 3.39 (td, 3JH-H¼ 4Hz, 3JH-H¼ 11Hz, 1H,
CeC(H)eC(H)eC(H)eCH2, 3.14 (dd, 3JH-H¼ 10 Hz, 2JH-H¼ 16 Hz, 1H,
CeC(H)eC(H)eC(H)eCH2, -22.43 (s, 1H, hydride). ESI/MS mþ/z.
1054.3. Spectral data for 10: IR nCO (cm�1 in hexane) 2093(m),
2066(vs), 2050(s), 2032(m), 2026(m), 2017(w), 2004(vw), 1997(w),
1992(sh). 1H NMR (CD2Cl2, in ppm) d¼ 11.17 (d, 3JH-H¼ 5 Hz, 1H,
RueC(H)]CH), 4.46 (d, 3JH-H¼ 5 Hz, 1H, RueC(H)]CH), 4.03 (dd,
3JH-H¼ 8Hz, 3JH-H¼ 11 Hz, 1H, C(H2)¼ CH), 3.83 (s, 3H, OMe), 3.81
(d, 3JH-H¼ 11Hz, 1H, CH2¼C(H)), 3.41 (s, 3H, OMe), 2.34 (d, 3JH-
H¼ 8 Hz, 1H, CH2¼CH), �20.92 (s, 1H, hydride). EI/MS m/z. 1025.4.
The isotope distribution is consistent with the presence of five
ruthenium atoms. Spectral data for 11: IR nCO (cm�1 in hexane)
2090(w), 2060(s), 2051(vs), 2037(w), 2020(m), 2002(w), 1994(vw),
1986(vw), 1974(vw), 1970(vw), 1966(vw). 1H NMR (CD2Cl2, in ppm)
d¼ 5.45 (t, 3JH-H¼ 8Hz, 1H, CeC(H2)eC(H)eC(H)eC(H), 5.35 (dd,
3JH-H¼ 4Hz, 3JH-H¼ 12 Hz, 1H, CeC(H2)eC(H)eC(H)eC(H), 3.86 (s,
3H, OMe), 3.49 (s, 3H, OMe), 3.42 (dd, 3JH-H¼ 8 Hz, 2JH-H¼ 20Hz,
1H, CeC(H2)eC(H)eC(H)eC(H), 2.80 (d, 3JH-H¼ 12 Hz, 1H,
CeC(H2)eC(H)eC(H)eC(H), 2.69 (d, 2JH-H¼ 20Hz, 1H, CeC(H2)e
C(H)eC(H)eC(H), �22.16 (s, 1H, hydride). EI/MS m/z. 1054.4. The
isotope distribution is consistent with the presence of five ruthe-
nium atoms.

2.4. Reaction of Ru5(m5-C)(CO)14[h
2-O]C(NMe)2CH]CH](m-H), 6

with DMA at 80 �C

22.3mg (0.022mmol) of 6 was added to a 50mL three-neck
flask in 20mL of degassed benzene with 200 mL of DMA. After
heating for 11.5 h at 98 �C, the solvent was removed in vacuo, and
the products were then isolated by TLC by using a hexane/methy-
lene chloride mixture to provide in the order of elution: 3.2mg
(14%) of unreacted starting material 6; 4.7mg (22% yield) of Ru5(m5-
C)(CO)13[m-h3-O]C(NMe2)CHCH](m-H), 7a; 4.3mg (18% yield) of
Ru5(m5-C)(CO)13[h3-1-syn, 3-anti-Me2NC]OeC3H3-h1-
O¼CNMe2CH2](m-H), 12 and 5.2mg (22% yield) of Ru5(m5-
C)(CO)13[h3-1-anti, 3-syn-(Me2N)C(¼O)eC3H3eCH2-h1-O]
C(NMe2)](m-H), 13. Spectral data for 12: IR nCO (cm�1 in dichloro-
methane) 2087(m), 2059(s), 2044(vs), 2032(sh), 2014(m), 1973(w).
1H NMR (CD2Cl2, in ppm) d¼ 5.48 (d, 3JH-H¼ 7 Hz, 1H, CeC(H)e
C(H)eC(H)eCH2), 4.96 (dd, 3JH-H¼7 Hz; 3JH-H,¼11 Hz, 1H, CeC(H)e
C(H)eC(H)eCH2, 4.04 (dd, 3JH-H¼ 4 Hz; 2JH-H¼ 16Hz, 1H, CeC(H)e
C(H)eC(H)eCH2, 3.31 (td, 3JH-H¼ 4Hz; 3JH-H¼ 10Hz, 1H, CeC(H)e
C(H)eC(H)eCH2, 3.14 (s, 3H, NMe2), 3.11 (s, 3H, NMe2), 3.01 (dd, 3JH-
H¼ 10Hz; 2JH-H¼ 16Hz, 1H, CeC(H)eC(H)eC(H)eC(H2), 2.99 (s,
3H, NMe2, 2.44 (s, 3H, NMe2), �22.43 (s, 1H, hydride). EI/MS m/z.
1082. The isotope distribution is consistent with the presence of
five ruthenium atoms. Spectral data for 13: IR nCO (cm�1 in
dichloromethane) 2086(m), 2056(s), 2044(vs), 2032(sh), 2014(m),
1973(w). 1H NMR (CD2Cl2, in ppm) d¼ 5.54 (mm, 2H, CeC(s, 3H,
NMe)2), 3.17 (d, 3JH-H¼ 10 Hz, 1H, CeC(H)eC(H)eC(H)eCH2), 3.06
(s, 3H, NMe2), 2.80 (s, 3H, NMe2), 2.71 (d, 2JH-H¼ 19Hz, 1H,
CeC(H)eC(H)eC(H)eCH2), 2.57 (s, 3H, NMe2), �22.23 (s, 1H, hy-
dride). EI/MS m/z. 1081. The isotope distribution is consistent with
the presence of five ruthenium atoms.

2.5. Synthesis of Ru5(m5-C)(CO)12[m-h
3-O]C(NMe2)CH]CH][h2-

CH]CHCO2Me](m-H), 14 and Ru5(m5-C)(CO)13[h
3-1-anti, 3-syn-

MeO2CCH2C3H3-h
1-O]C(NMe2)](m-H), 15 from the reaction of 6

with methyl acrylate at 80 �C

20.4mg (0.020mmol) of 6 was added to a 50mL three-neck
flask in 25mL of degassed benzene with 600 mL of methyl acry-
late. After heating for 46 h at 80 �C, the solvent was removed in
vacuo, and the products were then isolated by TLC by using a
hexane/methylene chloride mixture to provide in the order of
elution: 0.7mg (3% yield) of 2, 4.0mg (20% yield) of starting ma-
terial 6, 0.4mg (2% yield) of 7a, 0.7mg (3% yield) of Ru5(m5-
C)(CO)12[m-h3-O]C(NMe2)CH]CH][h2-CH]CHCO2Me](m-H), 14,
and 6.5mg (30% yield) of Ru5(m5-C)(CO)13[h3-1-anti, 3-syn-
MeO2CCH2C3H3-h1-O]C(NMe2)](m-H), 15. Spectral data for 14: IR
nCO (cm�1 in hexane) 2090(m), 2063(vs), 2046(s), 2028(m),
2024(sh), 2014(w). 1H NMR (CD2Cl2, in ppm) d¼ 11.14 (d, 3JH-
H¼ 5 Hz, 1H, RueC(H)]C(H)eC), 4.61 (d, 3JH-H¼ 5Hz, 1H,
RueC(H)]C(H)eC), 4.01 (dd, 3JH-H¼ 8Hz, 3JH-H¼ 11 Hz, 1H, C(H2)e
C(H)), 3.8 (s, 3H, OMe), 3.73 (d, 3JH-H¼ 11 Hz, 1H, C(H2)eC(H)), 3.0
(s, 3H, NMe2), 2.4 (s, 3H, NMe2), 2.31 (d, 3JH-H¼ 8Hz, 1H, C(H2)e
C(H)), �20.947 (s, 1H, hydride). EI/MS m/z. 1009 (Mþ), 953 (Mþ �
2CO). Spectral data for 15: IR nCO (cm�1 in hexane) 2089(w),
2061(s), 2048(vs), 2035(w), 2019(m), 2006(vw), 1990(vw),
1979(w), 1967(vw), 1948(vw). 1H NMR (CD2Cl2, in ppm) d¼ 5.49 (d,
3JH-H¼ 7Hz, 1H, CeC(H)eC(H)eC(H)eC(H2), 4.97 (dd, 3JH-H¼ 7Hz,
3JH-H¼ 11 Hz,1H, CeC(H)eC(H)eC(H)eC(H2), 3.92 (dd, 3JH-H¼ 4Hz,
2JH-H¼ 16 Hz, 1H, CeC(H)eC(H)eC(H)eC(H2), 3.78 (s, 3H, OMe),
3.13 (s, 3H, NMe), 2.45 (s, 3H, NMe), �22.23 (s, 1H, hydride). EI/MS
m/z. 1066.7. The isotope distribution is consistent with the presence
of five ruthenium atoms.

2.6. Synthesis of Ru5(m5-C)(CO)12[m-h
2-(MeO2C)CH]CH][h3-CH2]

CHOC(¼O)Me)](m-H), 16 from the reaction of 3 with vinyl acetate

23.0mg (0.023mmol) of 3 was added to a 50mL three-neck
flask in 25mL of degassed hexane with 250 mL of vinyl acetate
and 11.0mg (0.15mmol) of trimethylamine N-oxide. After stirring
at room temperature for 15.5 h, the solvent was removed in vacuo,
and the products were then isolated by TLC by using a hexane/
methylene chloride solvent mixture to provide in the order of
elution: 0.6mg (3% yield) of Ru5(m5-C)(CO)12[m-h2-(MeO2C)CH]
CH][h3-CH2]CHOC(¼O)Me)](m-H), 16. Spectral data for 16: IR nCO
(cm�1 in hexane) 2088(w), 2063(s), 2045(vs), 2026(w), 2012(m),
2009(vw), 1992(vw), 1982(vw). 1H NMR (CD2Cl2, in ppm) d¼ 10.51
(d, 3J¼ 9 Hz, 1H, OeC(H)]C(H)eRu), 6.92 (dd, 3J¼ 5 Hz, 3J¼ 7Hz,
1H, OeC(H)]C(H2), 6.06 (d, 3J¼ 9 Hz, 1H, OeC(H)]C(H)eRu), 3.66
(t, 3J¼ 5Hz, 1H, OeC(H)]C(H2), 3.34 (dd, 3J¼ 5Hz, 3J¼ 7Hz, 1H,
OeC(H)]C(H2), 2.13 (s, 3H, C]O(Me), 1.72 (s, 3H, C]
O(Me), �21.40 (s, 1H, hydride). EI/MS m/z. 1025.3. The isotope
distribution is consistent with the presence of five ruthenium
atoms.

2.7. Isomerization of compound 8 at 80 �C

3.6mg (0.004mmol) of 8 was added to a NMR tube in 1.5mL of
d8-toluene. The progress of the reaction was monitored by 1H NMR
spectroscopy. After heating for 25 h at 80 �C in a temperature-



Scheme 3. A schematic of the structures of compounds 6 and 7a showing their
interconversions.
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controlled oil bath, the solution was allowed to cool to room tem-
perature and the solvent was removed under a stream of nitrogen.
The product was then isolated by TLC by using a hexane/methylene
chloride solvent mixture to provide 2.6mg (72% yield) of 11.
2.8. Isomerization of compound 9 at 80 �C

4.7mg (0.003mmol) of 9 was added to a NMR tube in 1.5mL of
d8-toluene. After heating for 34 h at 80 �C in a temperature-
controlled silicone oil bath. The progress of the reaction was
monitored by 1H NMR spectroscopy. The solution was allowed to
cool and the solvent was removed under a stream of nitrogen. The
product was then isolated by TLC with a hexane/methylene
Fig. 1. ORTEP diagram of the molecular structure of Ru5(m5-C)(CO)13[h3-1-anti, 3-anti-
(MeO)C]OeC3H3-h1-O]C(OMe)CH2](m-H), 8 showing 40% thermal ellipsoid proba-
bility. The hydrogen atoms on the methyl groups are omitted for clarity. Selected
interatomic bond distances (Å) are as follows: Ru1eRu3¼ 2.8233(6),
Ru1eRu5¼ 2.8483(6), Ru1eRu2¼ 2.8498(6), Ru2eRu5¼ 2.8626(6)
Ru2eRu3¼ 2.8793(6), Ru3eRu4¼ 2.9183(6), Ru4eRu5¼ 2.9005(7), Ru1eH1¼1.59(7),
Ru2eH1¼1.72(7), Ru4eO2¼ 2.170(4), Ru4eC2¼ 2.225(6), Ru4eC3¼ 2.175(6),
Ru4eC4¼ 2.258(6), C1eC2¼1.484(9), C2eC3¼1.419(9), C3eC4¼1.396(9),
C4eC5¼1.501(9), C6eO2¼1.247(7), Ru1eC0¼ 2.131(5).
chloride mixture to provide 3.0mg (64% yield) of 11.

2.9. Crystallographic analyses

Single crystals of compounds 8e16 suitable for X-ray diffraction
analyses were obtained by slow evaporation of solvent from solu-
tions of the pure compounds. X-ray intensity data for compounds
11 and 13was measured by using a Bruker SMART APEXCCD-based
diffractometer by using Mo Ka radiation (l ¼ 0.71073 Å). The raw
data frameswere integrated by using the program SAINTþ by using
a narrow-frame integration algorithm [13]. Correction for Lorentz
and polarization effects were also applied with SAINTþ [13]. An
empirical absorption correction based on the multiple measure-
ments of equivalent reflections was applied by using the program
SADABS in each analysis [13]. X-ray intensity data for compounds
8e10, 12 and 14e16 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, l¼ 0.71073 Å)
[14]. All structures were solved by a combination of direct methods
and difference Fourier syntheses, and refined by full-matrix least
squares on F2 by using the SHELXTL software package [15]. Crystal
data, data collection parameters, and results for each analysis are
summarized in Table S1 e S3, see Electronic Supporting
Information.

3. Results and discussion

The reaction of 1 with N,N-dimethylacrylamide (DMA), CH2]

C(H)C(¼O)NMe2, in heptane solvent at reflux (98 �C) for 6.5 h
yielded two products: Ru5(m5-C)(CO)14[h2-O]C(NMe2)CH]CH](m-
H), 6 in 29% yield and Ru5(m5-C)(CO)13[m-h3-O]C(NMe2)CHCH](m-
H), 7a in 5% yield. Compounds 6 and 7a were obtained previously
albeit in lower yields from reactions of the formamido complex
Ru5(m5-C)(CO)14[h2-O]C(NMe2)](m-H) with C2H2 [12]. They are
easily interconverted by the elimination and addition of CO,
Scheme 3.

The reaction of 2with an excess methyl acrylate in the presence
of Me3NO at room temperature for 20 h yielded five Ru5C com-
plexes: Ru5(m5-C)(CO)13[m-h3-O]CO(Me)CHCH](m-H), 7b in 8%
yield, Ru5(m5-C)(CO)13[h3-1-anti, 3-anti-(MeO)C]OeC3H3-h1-O]
C(OMe)CH2](m-H), 8 in 8% yield, Ru5(m5-C)(CO)13[h3-1-anti, 3-syn-
(MeO2C)CH2C3H3eCH2-h1-O]C(OMe)](m-H), 9 in 13% yield,
Ru5(m5-C)(CO)12[m-h3-O]C(OMe)CH]CH][h2-CH]CHCO2Me](m-
H), 10 in 7% yield, and Ru5(m5-C)(CO)13[h3-1-syn, 3-anti-(MeO2C)
C3H3-h1-O]C(OMe)CH2](m-H), 11 in 9% yield. Three of these com-
plexes 8, 9 and 11 were formed by a tail-to-tail coupling of two
methyl acrylate units. Compound 7b was obtained in previous
studies [10]. It is a simple decarbonylation product of 2 that is
structurally similar to 7a except that it contains an OMe group in
the place of the NMe2 group in 7a.

Compounds 8e11were characterized by a combination of IR, 1H
NMR, mass spectrometry and single-crystal X-ray diffraction ana-
lyses. Compounds 8, 9, and 11 are isomers formed by the addition of
one equivalent of methyl acrylate to 2 combined with a tail-to-tail
coupling of two acrylate ligands at the bridging Ru atom, Ru4, of the
metal cluster. An ORTEP diagram of the molecular structure of 8 is
shown in Fig. 1. Compound 8 consists of an open square pyramidal
cluster of five metal atoms with thirteen linear terminal carbonyl
ligands and a bridging hydrido ligand across the Ru1 e Ru2 bond,
Ru1eH1¼1.59(7) Å, Ru2eH1¼1.72(7) Å, d¼�22.12. The most
interesting ligand in 8 is a disubstituted h3-allyl ligand, (MeO2C)
CH2C3H3CH2-h1-O]C(OMe). Atoms C2, C3, and C4 represent the
coordinated allyl portion of this ligand which was formed by a tail-
to-tail coupling of two methyl acrylate molecules at the carbon
atoms C3 and C4, C3eC4¼1.396(9) Å and C2eC3¼1.419(9) Å, on



Fig. 3. ORTEP diagram of the molecular structure of Ru5(m5-C)(CO)12[m-h3-O]C(OMe)
CH]CH][h2-CH]CHCO2Me](m-H), 10, showing 35% thermal ellipsoid probability. The
hydrogen atoms on the methyl groups are omitted for clarity. Selected interatomic
bond distances (Å) are as follows: Ru1eRu3¼ 2.9441(6), Ru1eRu5¼ 2.8369(6),
Ru1eRu2¼ 2.8200(6), Ru2eRu5¼ 2.8884(6) Ru2eRu3¼ 2.8263(6),
Ru3eRu4¼ 2.7341(6), Ru4eRu5¼ 3.0065(6), Ru1eH10¼1.72(6), Ru2eH10¼ 1.66(5),
Ru4eO1¼2.196(3), Ru4eC1¼2.027(5), Ru4eC4¼ 2.173(5), Ru4eC5¼ 2.176(5),
Ru3eC1¼2.149(5), Ru3eC2¼ 2.260(5), C1eC2¼1.410(7), C2eC3¼1.451(7),

Scheme 4. Stereochemical definitions of h3-coordinated allyl ligands [16].
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the bridging metal atom Ru4, Ru4eC2¼ 2.225(6) Å,
Ru4eC3¼ 2.175(6) Å, Ru4eC4¼ 2.258(6) Å. The two substituents
exhibit an 1-anti,3-anti stereochemistry, i.e. the three H atoms of
the h3-allyl group are cis to each other, 3JH-H¼ 8 Hz; the sub-
stituents are anti to the meso hydrogen at the carbon 2-position,
see Scheme 4 for the stereochemical definitions of h3-coordinated
allyl ligands [16].

There is a five-membered ring composed of the atoms
Ru4eO2eC6eC5eC4 that contains a methylene group at the C5
location, 2JH-H¼ 20Hz, for the inequivalent H atoms that are
attached to it. This group was presumably formed by a metal-
mediated hydrogen shift from the b-carbon to the a-carbon of
one of the methyl acrylate units in course of the CeC bond forming
process.

An ORTEP diagram of the molecular structure of 9 is shown in
Fig. 2. Compound 9 is an isomer of 8 in which the two methyl
acrylate units are coupled to form a disubstituted h3- (MeO2C)
CH2C3H3CH2-h1-O]C(OMe) allyl ligand with a 1-anti,3-syn-com-
formation at atoms C3 and C5: C3eC4¼1.401(3) Å,
C4eC5¼1.418(3) Å, at the bridging Ru atom Ru4,
C3eO1¼1.247(6), C4eC5¼1.405(7), C5eC6¼1.485(7), C6eO2¼1.199(6),
C6eO3¼1.342(6).

Fig. 2. ORTEP diagram of the molecular structure of Ru5(m5-C)(CO)13[h3-1-anti, 3-syn-
(MeO2C)CH2C3H3eCH2-h1-O]C(OMe)](m-H), 9, showing 45% thermal ellipsoid prob-
ability. The hydrogen atoms on the methyl groups are omitted for clarity. Selected
interatomic bond distances (Å) are as follows: Ru1eRu3¼ 2.8612(3),
Ru1eRu5¼ 2.8553(3), Ru1eRu2¼ 2.8391(3), Ru2eRu5¼ 2.8328(3)
Ru2eRu3¼ 2.8590(3), Ru3eRu4¼ 2.9222(2), Ru4eRu5¼ 2.8698(3), Ru1eH1¼1.76(3),
Ru2eH1¼1.72(3), Ru4eO2¼ 2.2904(15), Ru4eC3¼ 2.228(2), Ru4eC4¼ 2.180(2),
Ru4eC5¼ 2.192(2), C1eC2¼1.516(3), C2eC3¼1.503(3), C3eC4¼1.401(3),
C4eC5¼1.418(3), C5eC6¼ 1.464(3), C6eO2¼1.231(3).
Ru4eC3¼ 2.228(2) Å, Ru4eC4¼ 2.180(2), Å, Ru4eC5¼ 2.192(2) Å.
The H atoms bonded to carbon atoms C3 and C4 are trans to one
another, 3JH-H¼ 11Hz, while the H atoms on C4 and C5 are cis
oriented, 3JH-H¼ 7Hz, in the h3-allyl portion of the ligand. The
methylene group at C2 is not contained in a ring as found in 8,
instead the carbonyl oxygen atomO2 on C6 is coordinated to Ru4 to
form a four-membered ring, Ru4eO2¼ 2.2904(15) Å.

An ORTEP diagram of the molecular structure of 10 is shown in
Fig. 3. Compound 10 contains an open Ru5C cluster just like the
other complexes and also contains two acrylate ligands, but most
interestingly, in this molecule the acrylate ligands are not coupled.
One of the methyl acrylate ligands is a bridging h3-ligand similar to
that found in 6which includes coordination of the carbonyl oxygen
atom O1, Ru4eO1¼2.196(3), Ru4eC1¼2.027(5) Å,
Ru3eC1¼2.149(5) Å, Ru3eC2¼ 2.260(5) Å, C1eC2¼1.410(7) Å.
The other methyl acrylate ligand is a coordinated in the classical h2-
p-fashion by the olefinic carbon atoms C4 and C5 to the Ru atom,
Ru4, Ru4eC4¼ 2.173(5) Å, Ru4eC5¼ 2.176(5) Å. Compound 10 also
contains a bridging hydrido ligand across the hinge metal atoms
Ru1 and Ru2, Ru1eH10¼1.72(6) Å, Ru2eH10¼1.66(5) Å,
d¼�20.92. With twelve terminal carbonyl ligands, a five-electron
m-h3-acryloyl ligand, a p-bonded methyl acrylate ligand, and a
bridging hydrido ligand, the cluster contains a total valence elec-
tron count at the metal atoms of 76 cluster valence electrons, as
expected for an open square pyramidal cluster of five metal atoms
[17].

It seems like a simple addition of CO to 10 would lead to
coupling of the acrylate ligands with the formation of one or more
of the coupled products 8, 9 and 11. However, this was not



Fig. 5. Stacked plot of the 1H NMR spectra in the hydride region in d8-toluene showing the

Fig. 4. ORTEP diagram of the molecular structure of Ru5(m5-C)(CO)13[h3-1-syn, 3-anti-
(MeO2C)C3H3-h1-O]C(OMe)CH2](m-H), 11, showing 20% thermal ellipsoid probability.
The hydrogen atoms on the methyl groups are omitted for clarity. Selected interatomic
bond distances (Å) are as follows: Ru1eRu3¼ 2.8401(5), Ru1eRu5¼ 2.8738(5),
Ru1eRu2¼ 2.8322(5), Ru2eRu5¼ 2.8546(5) Ru2eRu3¼ 2.8691(5),
Ru3eRu4¼ 2.9239(5), Ru4eRu5¼ 2.8950(6), Ru1eH1¼1.84(5), Ru2eH1¼1.76(4),
Ru4eO2¼ 2.197(3), Ru4eC2¼ 2.235(5), Ru4eC3¼ 2.191(5), Ru4eC4¼ 2.255(5),
C1eO1¼1.203(6), C1eO3¼1.348(7), C1eC2¼1.463(7), C2eC3¼1.422(8),
C3eC4¼1.393(7), C4eC5¼1.521(9), C5eC6¼ 1.481(9), C6eO2¼1.233(6).
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observed. All attempts to add CO to 10 resulted in replacement of
the h2-p-acrylate ligand by a CO ligand and formation of compound
7b.

An ORTEP diagram of isomer 11 is shown in Fig. 4. The two
methyl acrylate units in 11 are also tail-to-tail coupled to form a
disubstituted h3-allyl ligand (MeO2C)-h3-C3H3-h1-O]C(OMe)CH2
which has a 1-syn, 3-anti conformation of the substitutents,
C2eC3¼1.422(8) Å, C3eC4¼1.393(7) Å, at the bridging Ru atom
Ru4, Ru4eC2¼ 2.235(5) Å, Ru4eC3¼ 2.191(5) Å, 2.255(5) Å. The H
atoms of C2 and C3 of 11 have a trans relationship, 3JH-H¼ 12 Hz,
while the H atom of C3 is cis to the H atom of C4, 3JH-H ¼ 8 Hz. The
methylene group C5 is contained within a five-membered ring of
atoms Ru4eO2eC6eC5eC4 formed by coordination of the oxygen
atom O2 to Ru4, Ru4eO2 ¼ 2.197(3) Å. Brookhart observed the
formation of a similarly-coupled and peallyl coordinated dimer of
methyl acrylate in their studies of the reaction of methyl acrylate
with Cp*Rh(C2H4)2 [5a].

To determine the relative stability of the three olefin coupled
products 8, 9 and 11, solutions of pure samples of 8 and 9 in d8-
toluene solvent were heated to 80 �C. The isomerizations of the
compounds were monitored by 1H NMR spectroscopy for 25 h and
34 h respectively by observing the resonances of the hydrido li-
gands. Fig. 5 shows the changes in the 1H NMR spectra of the
isomerization of 8 as a function of time. As can be seen, compound
8 disappears completely within 25 h and is converted almost
completely to 11, but interestingly, small amounts of 9 are formed
during this period before it too is converted to 11.

The isomerization of 9 at 80 �C is shown in Fig. 6. As with 8, it
was observed that 9 was converted to 11, but small amounts of 8
were formed in the process. These experiments demonstrate the
compound 11 is the most stable of the three isomers. Interestingly,
the studies show that 8 and 9 are interconverted en route to 11
isomerization of compound 8 at 80 �C. Note the formation of transient amounts of 9.



Scheme 5. Proposed mechanisms for the interconversion of the isomers 8, 9 and 11.

Fig. 6. Stacked plot of the 1H NMR spectra in the hydride region in d8-toluene showing the isomerization of compound 9 to 11 at 80 �C. Note the formation of transient amounts of 8.

R.D. Adams et al. / Journal of Organometallic Chemistry 901 (2019) 120938 7



R.D. Adams et al. / Journal of Organometallic Chemistry 901 (2019) 1209388
indicating that they must be fairly similar in energy.
The isomerization of h3-allyl ligands is a well-known process

through which the syn and anti substituents on an (h3) s-p allyl
ligand are exchanged via conversion to an h1-(s)-allyl group fol-
lowed by rotation around the newly formed carbon-carbon single
bond and reformation of the new (h3) s-p allyl coordination mode
[16]. Utilizing this established mechanism, rearrangements for the
interconversion between compounds 8, 9 and 11 can be explained
as shown in Scheme 5. Assuming compound 8 is the first formed
product in the original synthesis, it is converted into 9 by cleaving
the RueC bonds to C1 and C2 of the allyl portion of the ligand to
form the h1-(s)allyl intermediate I1. A 180� rotation about the C2 e

C3 bond would generate the intermediate I2 which could then yield
the isomer 9 by recoordination of the C1 e C2 double bond to the
ruthenium atom, coordination of the carboxylate substituent on C1
and de-coordination of the carboxylate substituent on the CH2
group. Note: It is not possible to transform 9 to 11 in one step by the
p-s-p syn-anti exchange mechanism. This isomerization of 9 to 11
must proceed by the reverse of the 8 to 9 transformation described
above which then proceeds to 11 via the intermediates I3 and I4 as
shown in Scheme 5 which also accounts for the observation of
small amounts of 8 in the isomerization of 9 to 11, Fig. 6. This
mechanism is consistent with all of the spectral changes shown in
Figs. 5 and 6.

The reaction of 6 with excess N,N-dimethylacrylamide at 98 �C
for 11.5 h yielded two new tail-to-tail coupled dimethylacrylamide
complexes: Ru5(m5-C)(CO)13[h3-1-syn, 3-anti-Me2NC]OeC3H3-h1-
O¼CNMe2CH2](m-H),12 in 18% yield and Ru5(m5-C)(CO)13[h3-1-anti,
Fig. 7. ORTEP diagram of the molecular structure of Ru5(m5-C)(CO)13[h3-1-syn, 3-anti-
Me2NC]OeC3H3-h1-O¼CNMe2CH2](m-H), 12, showing 35% thermal ellipsoid proba-
bility. The hydrogen atoms on the methyl groups are omitted for clarity. Selected
interatomic bond distances (Å) are as follows: Ru1eRu3¼ 2.8623(5),
Ru1eRu5¼ 2.8540(5), Ru1eRu2¼ 2.8450(5), Ru2eRu5¼ 2.8534(5)
Ru2eRu3¼ 2.8258(5), Ru3eRu4¼ 2.9339(5), Ru4eRu5¼ 2.9082(5), Ru1eH1¼1.77(4),
Ru2eH1¼1.77(4), Ru4eO2¼ 2.138(3), Ru4eC2¼ 2.260(4), Ru4eC3¼ 2.177(4),
Ru4eC4¼ 2.222(4), C1eC2¼1.486(6) C2eC3¼1.406(6), C3eC4¼1.399(6),
C4eC5¼1.513(6), C5eC6¼ 1.502(6), C6eN2¼1.263(5).
3-syn-(Me2N)C(¼O)eC3H3eCH2-h1-O]C(NMe2)](m-H), 13 in 22%
yield. An ORTEP diagram of the molecular structure of 12 is shown
in Fig. 7. The structure of 12 is analogous to that of the coupled
methyl acrylate complex 10 except that 12 is formed from the
coupling of two dimethylamido-substituted vinyl ligands.

Compound 12 contains a h3-1-syn, 3-anti-(Me2NC]O)C3H3(h1-
O¼CNMe2CH2) allylic ligand, C2eC3¼1.406(6) Å, C3eC4¼1.399(6)
Å, formed by the coupling of two acrylamide molecules that is
coordinated to the bridging metal atom Ru4, Ru4eC2¼ 2.260(4) Å,
Ru4eC3¼ 2.177(4) Å, Ru4eC4¼ 2.222(4) Å of an open Ru5C cluster.
A hydrido ligand spans the hinge metal atoms Ru1 and Ru2 of the
Ru4 portion of the cluster, Ru1eH1¼1.77(4) Å, Ru2eH1¼ Å,
d¼�22.43.

Compound 13, an isomer of 12, was also isolated and fully
characterized structurally. An ORTEP diagram of the molecular
structure of 13 is shown in Fig. 8. The molecular structure of 13 is
analogous to that of 9 except the allylic ligand in 13 is formed by the
coupling of two dimethylacrylamide ligands through the carbon
atoms C3 and C4, C3eC4¼1.392(7) Å, C2eC3¼1.418(7) Å. The
allylic ligand is coordinated to Ru4, Ru4eC2¼ 2.200(5) Å,
Ru4eC3¼ 2.186(5) Å, Ru4eC4¼ 2.218(5) Å and it has a h3-1-anti, 3-
syn-Me2NC]OeC3H3eCH2-h1-O¼CNMe2 conformation. One of the
amido groups is coordinated to Ru4 by the carbonyl group,
Ru4eO1¼2.215(3) Å.

The formation of a tail-to-tail olefin-coupled product by using
different olefins was obtained from the reaction of 6 with methyl
acrylate. A benzene solution containing 6 and an excess of methyl
Fig. 8. ORTEP diagram of the molecular structure of Ru5(m5-C)(CO)13[h3-1-anti, 3-syn-
(Me2N)C(¼O)eC3H3eCH2-h1-O]C(NMe2)](m-H), 13, showing 20% thermal ellipsoid
probability. The hydrogen atoms on the methyl groups are omitted for clarity. Selected
interatomic bond distances (Å) are as follows: Ru1eRu3¼ 2.8623(5),
Ru1eRu5¼ 2.8224(5), Ru1eRu2¼ 2.8407(6), Ru2eRu5¼ 2.8599(5)
Ru2eRu3¼ 2.8250(6), Ru3eRu4¼ 2.8912(5), Ru4eRu5¼ 2.9525(5), Ru1eH1¼1.62(5),
Ru2eH1¼1.83(5), Ru4eO1¼2.215(3), Ru4eC2¼ 2.200(5), Ru4eC3¼ 2.186(5),
Ru4eC4¼ 2.218(5), C1eO1¼1.272(6), C1eC2¼1.461(8), C2eC3¼1.418(7),
C3eC4¼1.392(7), C4eC5¼1.496(6), C5eC6¼1.520(7).
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acrylate was refluxed for 46 h at 80 �C to yield two new hetero-
substituted olefin products: Ru5(m5-C)(CO)12[m-h3-O]C(NMe2)
CH]CH][h2-CH]CH(CO2Me)](m-H), 14 in 3% yield, and Ru5(m5-
C)(CO)13[h3-1-anti, 3-syn-MeO2CCH2C3H3-h1-O]C(NMe2)](m-H),
15 in 30% yield. Compounds 14 and 15were both fully characterized
by a combination of IR, 1H NMR, mass spectrometry and single-
crystal X-ray diffraction. An ORTEP diagram of the molecular
structure of 15 is shown in Fig. 9. Compound 14 is similar to 10 in
that it contains two substituted olefins (one that is metallated) that
are not coupled to each other. The dimethylacrylamido fragment is
coordinated in a m-h2-bridging fashion across metal atoms Ru4 and
Ru5, Ru4eC1¼2.016(6) Å, Ru5eC1¼2.169(6) Å,
Ru5eC2¼ 2.275(6) Å. Ru4 is also coordinated to the amido carbonyl
oxygen atom O1, Ru4eO1¼2.153(4) Å. The second olefinic ligand is
coordinated in the conventional h2-olefinic manner,
Ru4eC4¼ 2.185(6) Å, Ru4eC5¼ 2.190(6) Å, C4eC5¼1.389(9) Å of
the open Ru5C cluster. Compound 14 also contains a bridging
hydrido ligand across the hinge metal atoms Ru1 and Ru2 of the
cluster, Ru1eH10¼1.71(6) Å, Ru2eH10¼1.79(6) Å, d¼�20.94.
With twelve terminal carbonyl ligands, a five-electron m-h3-acryl-
amido ligand, a p-bonded acrylate ligand, and a bridging hydride
the total cluster valence electron count for 14 is 76 electrons [17].

An ORTEP diagram of the molecular structure of 15 is shown in
Fig. 10. Compound 15 is similar in structure to compounds 9 and 13.
Compound 15 contains a h3-1-anti, 3-syn-MeO2CCH2C3H3-h1-O]
C(NMe2) ligand, C2eC3¼1.422(8) Å, C3eC4¼1.393(7) Å,
Ru4eC2¼ 2.235(5) Å, Ru4eC3¼ 2.191(5) Å, Ru4eC4¼ 2.255(5) Å,
formed by a tail-to-tail coupling of dimethylacrylamide and methyl
acrylate in an open Ru5C cluster. The carbonyl oxygen atom O1 of
the dimethylformamido group is coordinated to Ru4,
Fig. 9. ORTEP diagram of the molecular structure of Ru5(m5-C)(CO)12[m-h3-O]C(NMe2)
CH]CH][h2-CH]CHCO2Me](m-H), 14 showing 35% thermal ellipsoid probability.
Selected interatomic bond distances (Å) are as follows: Ru1eRu3¼ 2.8643(6),
Ru1eRu5¼ 2.8317(6), Ru1eRu2¼ 2.8151(6), Ru2eRu5¼ 2.9536(6)
Ru2eRu3¼ 2.8287(6), Ru3eRu4¼ 3.0149(6), Ru4eRu5¼ 2.7359(6),
Ru1eH10¼ 1.71(6), Ru2eH10¼ 1.79(6), Ru4eO1¼2.153(4), Ru4eC1¼2.016(6),
Ru4eC4¼ 2.185(6), Ru4eC5¼ 2.190(6), Ru5eC1¼2.169(6), Ru5eC2¼ 2.275(6),
C1eC2¼1.415(9) C2eC3¼1.467(8), C3eO1¼1.278(7), C4eC5¼1.389(9),
C5eC6¼ 1.482(9), C6eO2¼1.210(8), C6eO3¼1.339(7), Ru1eC0¼ 2.116(5),
Ru2eC0¼ 2.096(5), Ru3eC0¼1.942(5), Ru4eC0¼ 2.107(5), Ru5eC0¼ 1.968(5).
Ru4eO1¼2.153(4) Å, while the MeO2CCH2 group on the h3-allyl
ligand is not coordinated.

To explore the nature of the effects of substitutents on olefinic
CeH activations in activated olefins further, the reaction of com-
pound 3 with vinyl acetate was also investigated. At this time, no
examples of coupling between the CeH activated vinyl acetate
ligand and another vinyl acetate by a metal complex have been
reported. When compound 3 was treated with vinyl acetate at
room temperature in the presence of Me3NO (a CO removal re-
agent), the new compound Ru5(m5-C)(CO)12[m-h2-(MeO2C)CH]CH]
[h3-CH2]CHOC(¼O)Me)](m-H),16was obtained in a very low yield
(3%), see Scheme 6.

Compound 16 was characterized by a combination of IR, 1H
NMR, mass spectrometry and single-crystal X-ray diffraction. An
ORTEP diagram of the molecular structure of 16 is shown in Fig. 11.
Compound 16 contains two uncoupled vinyl acetate ligands that
are coordinated similarly to uncoupled olefinic ligands in com-
pounds 10 and 14, see above. One of ligands is a m-h2-(MeCO2)CH]
CH bridging vinyl ligand that is metallated at C3, the b-carbon atom,
Ru4eC3¼ 2.0633(19) Å. Its olefinic group is coordinated in a p-
fashion to the metal atom Ru3, Ru3eC3¼ 2.1792(19) Å,
Ru3eC4¼ 2.2724(19), Å, C3eC4¼1.391(3) Å and a sefashion to
Ru4, Ru4eC3¼ 2.0633(19) Å. The H atoms on C3 and C4 are trans-
oriented; 3JH-H¼ 9.0 Hz in the 1H NMR spectrum. Evidently, there
was a shift of one of the hydrogen atoms from the exo-CH2 group in
the parent 3 to the a-carbon C4 in the transformation to 16. The
Fig. 10. ORTEP diagram of the molecular structure of Ru5(m5-C)(CO)13[h3-1-anti, 3-syn-
MeO2CCH2C3H3-h1-O]C(NMe2)](m-H), 15, showing 20% thermal ellipsoid probability.
The hydrogen atoms on the methyl groups are omitted for clarity. Selected interatomic
bond distances (Å) are as follows: Ru1eRu3¼ 2.8401(5), Ru1eRu5¼ 2.8738(5),
Ru1eRu2¼ 2.8322(5), Ru2eRu5¼ 2.8546(5) Ru2eRu3¼ 2.8691(5),
Ru3eRu4¼ 2.9239(5), Ru4eRu5¼ 2.8950(6), Ru1eH1¼1.84(4), Ru2eH1¼1.76(4),
Ru4eO2¼ 2.197(3), Ru4eC2¼ 2.235(5), Ru4eC3¼ 2.191(5), Ru4eC4¼ 2.255(5),
C1eC2¼1.463(7), C2eC3¼1.422(8), C3eC4¼1.393(7), C4eC5¼1.521(9),
C5eC6¼1.481(9), C6eO2¼1.233(6), Ru1eC0¼ 2.139(4), Ru2eC0¼ 2.138(4),
Ru3eC0¼1.980(4), Ru4eC0¼ 2.043(4), Ru5eC0¼1.973(4).



Scheme 6. A schematic of the formation of compound 16 from the reaction of 3 with vinyl acetate.
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mechanism for this rearrangement is not known at this time. The
added vinyl acetate ligand has not undergone a CH bond activation
and it exhibits the conventional face-bonded p-olefin coordination
to the ruthenium atom Ru4, Ru4eC1¼2.176(2) Å,
Ru4eC2¼ 2.1208(19) Å, C1eC2¼1.394(3) Å. However, unlike
compounds 10 and 14, the substituent of this p-vinyl acetate ligand
is coordinated to a metal atom, Ru4, by the oxygen atom O1 of the
acetate carbonyl group, Ru4eO1¼2.1725(14) Å. A similarly coor-
dinated chelating p-vinyl acetate ligand was observed in the
complex Os3(CO)10[h3-H2C]CH(O2CMe)] [18]. With twelve termi-
nal carbonyl ligands, a three-electron donating m-h2-vinyl acetate
ligand, a four-electron h3-p-vinyl acetate substituted ligand, and a
bridging hydride, complex 16 contains a total valence electron
count of 76 electrons. This is consistent with the observed, open
structure for this Ru5 cluster [17].
Fig. 11. ORTEP diagram of the molecular structure of Ru5(m5-C)(CO)12[m-h2-(MeO2C)
CH]CH][h3-CH2]CHOC(¼O)Me)](m-H), 16 showing 50% thermal ellipsoid probability.
Selected interatomic bond distances (Å) are as follows: Ru1eRu3¼ 2.9414(2),
Ru1eRu5¼ 2.8577(2), Ru1eRu2¼ 2.8433(2), Ru2eRu5¼ 2.8524(2)
Ru2eRu3¼ 2.8576(2), Ru3eRu4¼ 2.7674(2), Ru4eRu5¼ 2.9575(2), Ru1eH1¼1.82(2),
Ru2eH1¼1.74(2), Ru4eO1¼2.1725(14), Ru4eC1¼2.176(2), Ru4eC2¼ 2.1208(19),
Ru4eC3¼ 2.0633(19), Ru3eC3¼ 2.1792(19), Ru3eC4¼ 2.2724(19), C1eC2¼1.394(3),
C3eC4¼1.391(3).
4. Summary and conclusions

In this work, it has been shown that polar vinyl olefins can be
added to the pentaruthenium carbonyl complexes 1, 2, 3 and 6. In
general, the added olefinic ligand undergoes tail-to-tail CeC bond-
forming coupling and cross-coupling reactions that proceed to the
formation of disubstituted h3-allyl ligands that are coordinated to
the bridging ruthenium atom of an open Ru5 carbonyl cluster
complex. These allyl ligands isomerize via the conventional p-s-p
mechanisms to yield other stable isomers. Three diolefin complexes
10,14, and 16were obtained inwhich the olefins were not coupled.
While it seems that these diolefin complexes should be precursors
to the olefin-coupled complexes, we have not yet been able to
obtain any of the CeC coupled products from them by simple
treatments.
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