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ABSTRACT: Reactions of the pentaruthenium cluster complexes
Ru5(μ5-C)(CO)15 (5), Ru5(μ5-C)(CO)14[μ-η2-OC(NMe2)](μ-
H) (6), and Ru5(μ5-C)(CO)15Cl(μ-H) (7) with ethyne (C2H2) in
the presence of Me3NO yielded the zwitterionic complexes
Ru5(μ5-C)(CO)13[μ-η2-CHCH(NMe3)] (8), Ru5(μ5-C)-
(CO)13[μ-η2-OC(NMe2)](η1-E-CHCH(NMe3)(μ-H) (9),
and Ru5(μ5-C)(CO)13Cl[η1-E-CHCH(NMe3)](μ-H) (11).
Each product contains a positively charged trimethylammonioe-
thenyl ligand, CHCH(+NMe3), that is derived from a 2-
trimethylammonioethenide, −CHCH(+NMe3), zwitterion that formally has a positive charge on the nitrogen atom and a negative
charge on the terminal enyl carbon atom. The trimethylammonioethenyl ligand, CHCH(+NMe3) in 8 is a η2-ligand that bridges a
Ru−Ru bond on a basal edge of the square-pyramidal Ru5 cluster by a combination of σ + π cooordination of the ethenyl group.
Compounds 9 and 11 each contain a η1-terminally coordinated [η1-E-CHCH(+NMe3)] ligand with an E stereochemistry at the
CC double bond in open Ru5 cluster complexes. Compound 9 was decarbonylated to yield the compound Ru5(μ5-C)(CO)12[μ-
η2-OC(NMe2)][μ-η2-CHCH(NMe3)](μ-H) (10) containing a η2-bridging CHCH(+NMe3) ligand. Compound 10 was
converted back to 9 by the addition of CO. Two zwitterionic products, Ru5(μ5-C)(CO)14[η1-E-CHCH(NMe3)] (12) and
Ru5(μ5-C)(CO)15[η1-E-CHCH(NMe3)] (13), were obtained by the addition of CO to 8. Compound 12 is an intermediate en
route to 13. Compound 12 contains a terminally coordinated η1-E-CHCH(+NMe3) ligand on one of the basal Ru atoms of a
square-pyramidal Ru5 cluster. Compound 13 also contains a terminally coordinated η1-E-CHCH(+NMe3) ligand on the wing-tip
bridging Ru atom of a butterfly Ru4C cluster. Treatment of 6 with methyl propiolate (HCCCO2Me) yielded the zwitterionic
complex Ru5(μ5-C)(CO)13[μ-η2-OC(NMe2)][η1-E-(MeO2C)CC(H)NMe3](μ-H) (14) that is structurally similar to 9 but
contains a η1-E-(MeO2C)CC(H)(+NMe3) ligand. Compound 14 eliminated the NMe3 group to yield the compounds Ru5(μ5-
C)(CO)13[μ-η2-OC(NMe2)][μ-η2-(MeO2C)HCCH] (15) which contains a bridging methoxycarbonyl-substituted alkenyl
ligand and the known compound Ru5(μ5-C)(CO)13[μ-η2-OC(NMe2)](HNMe2)(μ-H) (16).

■ INTRODUCTION
Hydrocarbyl onium zwitterions have been of great interest for
many years. The best known examples of these are the
phosphorus- and sulfur-ylides A1 and B2 that were first
reported by Wittig in the 1950s.1 These and other ylides are
valuable reagents in organic syntheses.2,3 These ylides are well
known to coordinate to metal atoms by using the negatively
charged carbon atom which formally transfers its negative
charge to the metal atom upon coordination, see C and D
below, and the complex becomes a zwitterion.4,5
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In recent years, new families of unsaturated hydrocarbyl
onium ligands have been synthesized in metal complexes.
Some examples of these are shown in the structures E−G.6−8
They can be obtained by the addition of tertiary phosphines to
certain alkyne or vinylidene ligands. There are only a few
examples of complexes containing the ammonioethenyl ligand
shown in structure H.9,10

In recent studies, we have synthesized the first example of a
bridging η2-trimethylammonioethenyl ligand in the zwitter-
ionic hexaruthenium carbonyl complex Ru6(μ6-C)(CO)15(μ-
η2-CHCHNMe3) (1) and have found that this bridging ligand
can be readily converted to a terminally coordinated η1-ligand
in the complex Ru6(μ6-C)(CO)16[μ-η2-CHCH(NMe3)] (2)
by the addition of CO to 1, as shown in eq 1.10Interestingly,

the bridging η2-trimethylammonioethenyl ligand, (μ-η2-
CHCH+NMe3), in 1 can also be converted to a simple alkyne
ligand in the complex Ru6C(CO)15(μ3-C2H2) (3) by the
reversible elimination of NMe3 from the bridging η2-ligand in
1, as shown in eq 2. Even more interestingly, it was also found

that ethyne (C2H2) can be added to the bridging η2-
CHCH(+NMe3) ligand in 1 to form a triply bridging η4-
trimethylammoniobutadienyl, (μ3-η4-CHCHCHCH+NMe3),
ligand in the zwitterionic complex Ru6(μ6-C)(CO)14[μ3-η4-
C4H4(NMe3)] (4) by a CC bond forming coupling to the
η2-CHCH+NMe3 ligand, as shown in eq 3. In hopes of finding

new structures and reactivity of alkylammonioethenyl zwitter-
ions for applications in organic synthesis, we have now
investigated reactions of the pentaruthenium carbonyl
complexes Ru5(μ5-C)(CO)15

11 (5), Ru5(μ5-C)(CO)14[μ-η2-

OC(NMe2)](μ-H)
12 (6), and Ru5(μ5-C)(CO)15Cl(μ-H)

11

(7) with ethyne (C2H2) and methyl propiolate (HC
CCO2Me) in the presence of Me3NO. We have obtained a
series of new pentaruthenium complexes containing terminally
coordinated η1-trimethylammonioethenyl ligands, two new
complexes containing bridging η2-trimethylammonioethenyl
ligands, and one complex containing a terminally coordinated
η1-2-trimethylammonio(1-methoxycarbonyl)ethenyl ligand.
The syntheses, structures, and chemistry of these new
complexes are described in this report.

■ EXPERIMENTAL SECTION
General Data. All reactions were performed under nitrogen

atmosphere. Reagent grade solvents were dried by standard
procedures and were freshly distilled prior to use. Ru3(CO)12 was
obtained from STREM and was used without further purification.
N,N-Dimethylformamide (DMF, Me2NC(O)H), hydrochloric acid
(HCl, 37%), methyl propiolate (HCC(CO2Me), MP), trimethyl-
amine-N-oxide (Me3NO), and anhydrous trimethylamine gas (NMe3)
were purchased from Sigma-Aldrich and were used without further
purification. Ethyne gas (HC2H) (industrial grade) was purchased
from Praxair and was used without further purification. Research
grade carbon monoxide (CO) was purchased from Airgas Specialty
Chemicals and was used without further purification. WARNING!
Carbon monoxide is a hazardous gas that should be used only in a
well-ventilated fume hood. Ru5(μ5-C)(CO)15,

11 5, Ru5(μ5-C)-
(CO)14[μ-η

2-OC(NMe2)](μ-H),
12 6, and Ru5(μ5-C)(CO)15Cl(μ-

H),11 7, were prepared according to previously reported procedures.
Product separations were performed by TLC in the air on Analtech
0.25 mm and 0.50 mm silica gel 60 Å F254 glass plates. Column
chromatography was performed by using silica gel 60, 0.606−0.2 mm
(70−230 mesh).

Synthesis of Ru5(μ5-C)(CO)13[μ-η2-CHCH(NMe3)] (8) from
Reaction of 5 with NMe3, Me3NO, and C2H2 at −78 °C. First,
22.2 mg (0.0237 mmol) of 5 was added to a 100 mL three-neck flask
and then was dissolved in 25 mL of degassed CH2Cl2. The solution
was cooled to −78 °C using a dry ice/acetone bath. Then, 3 mL of
NMe3 (gas/1 atm) was added to the solution through the rubber
septum by syringe. A solution of 4.7 mg (0.0626 mmol) of Me3NO in
CH2Cl2 was then added to the flask. A color change from red to dark
red was observed. Then, 4 mL of C2H2(gas/1 atm) was added to the
flask, and the reaction solution was allowed to stir for 30 min. The
progress of the reaction was monitored by IR spectroscopy. The
excess unreacted gases were then removed by flushing the solution
with nitrogen. The reaction mixture warmed to room temperature,
and the solvent was removed in vacuo. The product was then isolated
by TLC on silica gel by using a solvent mixture of hexane/methylene
chloride to yield 1.2 mg of red-orange Ru5(μ5-C)(CO)13[μ-η

2-
CHCH(NMe3)], 8 (5.2% yield). Spectral data for 8: IR, νCO (cm−1

in CH2Cl2): 2071(w), 2033(s), 2016(s), 2006(vs). 1H NMR (in
acetone-d6 solvent, δ in ppm): 11.23 (CHCHN(CH3)3, d,

3JH−H =
10.0 Hz, 1H), 5.87 (CHCHN(CH3)3, m, 3JH−H = 10.0 Hz, 1H), 3.64
(CHCHN(CH3)3, s, 9H).

13C NMR (in (CD3)2CO, 100.66 MHz, δ
in ppm): 204.33 (CO), 202.85 (CO), 201.60 (CO), 199.83 (CO),
197.72 (CO), 192.73 (CO), 191.40 (CO), 170.41 (CHCHN-
(CH3)3), 94.80 (CHCHN(CH3)3), 54.65 (t, 1JC−N = 16 Hz,
CHCHN(CH3)3). Elemental anal. calcd for Ru5NO13C19H11: C,
23.61%; H, 1.15%; N, 1.45%. Found: C, 23.74%; H, 0.96%; N, 1.39%.

Reaction of Ru5(μ5-C)(CO)14[μ-η2-OC(NMe2)](μ-H) (6) with
C2H2 and Me3NO at 25 °C. First, 66.5 mg (0.0677 mmol) of 6 in 20
mL of degassed dichloromethane was added to a 100 mL three-neck
flask. A slow purge of C2H2 (1 atm) was then passed through the
solution. Then, 10.2 mg (0.136 mmol) of Me3NO was added to the
solution while the flask was kept under C2H2 (1 atm) at 25 °C. The
solution was stirred for 15 min until an IR spectrum showed no 6
remained. The products were then isolated by TLC by using a
hexane/methylene chloride solvent mixture to yield in order of
elution: 34.2 mg (48% yield) of Ru5(μ5-C)(CO)13[μ-η

2-O
C(NMe2)](η1-E-CHCH(NMe3)](μ-H), 9, and 4.4 mg (6.4%
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yield) of Ru5(μ5-C)(CO)12[μ-η2-OC(NMe2)][μ-η2-CHCH-
(NMe3)](μ-H), 10. Spectral data for 9: IR νCO (cm−1 in CH2Cl2):
2076(m), 2038(vs), 2030(vs), 2016(s), 1999(sh), 1973(m),
1923(w). 1H NMR (in CD2Cl2, δ in ppm): 8.25 (CHCHN(CH3)3,
d, 3JH−H = 14 Hz, 1H), 5.90 (CHCHN(CH3)3, d,

3JH−H = 14 Hz,
1H), 3.25 (N(CH3)2, s, 3H), 3.22 (CHCHN(CH3)3, s, 9H), 2.55
(N(CH3)2, s, 3H), −22.07 (μ-H, s, 1H). 13C NMR ((CD3)2CO,
100.66 MHz, δ in ppm): 219.55 (d, 2JC−H = 1.6 Hz, CON(CH3)2),
206.11 (CO), 206.09 (CO), 205.77 (CO), 205.75 (CO), 202.30
(CO), 197.92 (CO), 141.95 (CHCHN(CH3)3), 133.05 (CHCHN-
(CH3)3), 53.88 (CHCHN(CH3)3), 43.35 (1C, CON(CH3)2), 34.38
(1C, CON(CH3)2). ESI/MS: m/z = 1040 M+ and 996 [M −
N(CH3)2]+. Elemental anal. calcd for Ru5N2O14C22H18: C, 25.41%;
H, 1.74%; N, 2.69%. Found: C, 25.79%; H, 1.64%; N, 2.50%. Spectral
data for 10: IR νCO (cm−1 in CH2Cl2): 2075(m), 2035(s), 2014(vs),
1987(w), 1971(m). 1H NMR (in acetone-d6 solvent, δ in ppm): 10.57
(CHCHN(CH3)3, d,

3JH−H = 8.8 Hz, 1H), 4.46 (CHCHN(CH3)3, m,
3JH−H = 8.8 Hz, 1H), 3.51 (CHCHN(CH3)3, s, 9H), 3.15 (N(CH3)2,
s, 3H), 2.39 (N(CH3)2, s, 3H), −21.44 (μ-H, s, 1H). Elemental anal.
calcd for Ru5N2O13C21H18·0.79CH2Cl2: C, 24.26%; H, 1.83%; N,
2.60%. Found: C, 24.10%; H, 1.22%; N, 2.52%.
Synthesis of 10 from Reaction of 9 with Me3NO at 25 °C.

First, 10.0 mg (0.00963 mmol) of 9 was taken in an NMR tube in d6-
acetone solvent. Then, 2.9 mg (0.0386 mmol) of Me3NO was added
to the solution and mixed thoroughly. The reaction mixture kept at 25
°C for 22 h. The reaction products were then separated by TLC by
using a hexane/methylene chloride/acetone mixture to yield in order
of elution 2.1 mg of starting material 9, 1.3 mg of 8 (14% yield), and
4.0 mg of 10 (41% yield).
Conversion of 9 to 8 by the Elimination of DMF at 60 °C.

First, 22.0 mg (0.0212 mmol) of 9 was dissolved in an NMR tube in
d6-acetone. The solution in the tube was then heated in a constant-
temperature oil bath at 60 °C for 9.5 h. The reaction was monitored
by 1H NMR spectroscopy, and DMF was observed in the solution.
The cluster complexes were then isolated by TLC by using a hexane/
methylene chloride/acetone mixture to yield in order of elution 2.0
mg of unreacted 9 and 15.0 mg of 8 (73% yield).
Conversion of 10 to 8 at 50 °C. First, 5.5 mg (0.0054 mmol) of

10 was dissolved an NMR tube in d6-acetone solvent. The NMR tube
was sealed with a rubber septum and degassed under nitrogen. The
tube was then heated in a constant-temperature oil bath at 50 °C for
13 h. The formation of dimethylformamide (DMF) was observed in a
1H NMR spectrum of the reaction solution. Workup by TLC using
methylene chloride solvent yielded 2.6 mg of 8 (50% yield) and 0.3
mg of unreacted 10.
Addition of CO to 10. First, 4.6 mg (0.0045 mmol) of 10 was

dissolved in d6-acetone and then the mixture was transferred to an
NMR tube. The NMR tube was sealed with a rubber septum and
degassed under nitrogen three times. In a fume hood, CO gas at 1 atm
was bubbled through the solution for 60 s. The sample was then
heated at 35 °C. Reaction progress was monitored by 1H NMR
spectroscopy. After 24 h, compounds 9 (36% yield) and 13 (50%
yield) were observed by 1H NMR spectroscopy and resonance
integrations. In addition, the resonances of DMF in approximately
34% yield were also observed.
Synthesis of Ru5(μ5-C)(CO)14Cl[η1-E-CHCH(NMe3)](μ-H)

(11) from 7 plus C2H2 and Me3NO. Compound 7 was first
prepared in situ. First, 37.4 mg (0.040 mmol) of 5 was placed in a 100
mL three-neck flask and then dissolved in 30 mL of freshly distilled
dichloromethane. Twenty microliters of concentrated HCl (37%) was
added to the solution, which was then stirred at room temperature for
12 h. The conversion of 5 to 7 was followed by IR spectroscopy and
appeared to be complete. The solvent was removed in vacuo, and
compound 7 was then redissolved in 30 mL of freshly distilled
dichloromethane. A steady flow of C2H2(g) was then passed through
the solution at 1 atm for 5 min. After this time, 6.2 mg (0.0825 mmol)
of Me3NO was added to the solution, and the solution was stirred for
15 min under an atmosphere of C2H2 gas at 25 °C. The products
were separated by TLC by using a solvent mixture of hexane/
methylene chloride and finally with acetone to yield two bands in the

elution order of 3.6 mg of orange 8 (9% yield) and 22.9 mg of Ru5(μ5-
C)(CO)14Cl[η1-E-CHCH(NMe3)](μ-H), 11 (56% yield). Spectral
data for 11: IR νCO (cm−1 in CH2Cl2): 2091(w), 2060(s), 2051(vs),
2040(m), 2025(w), 2013(w), 1975(sh). 1H NMR (in acetone-d6
solvent, δ in ppm): 8.51 (CHCHN(CH3)3, d,

3JH−H = 14.4 Hz, 1H),
6.17 (CHCHN(CH3)3, d, 3JH−H = 14.4 Hz, 1H), 3.51 (CHCHN-
(CH3)3, s, 9H) −22.53 (μ-H, s, 1H). ESI/MS: m/z 996 [M − Cl]+.

Synthesis of 8 from 11 at 48 °C. First, 12.2 mg (0.012 mmol) of
11 was dissolved in d6-acetone in an NMR tube. The NMR tube was
sealed with a rubber septum and vacuum degassed under nitrogen
three times. The sample was then heated at 48 °C in a constant-
temperature oil bath. The reaction progress was monitored by 1H
NMR spectroscopy. After it was heated for 18 h, the product was then
isolated by TLC using a hexane/methylene chloride solvent mixture
to yield 3.6 mg of 8 (32% yield).

Syntheses of Ru5(μ5-C)(CO)14[η1-E-CHCH(NMe3)] (12) and
Ru5(μ5-C)(CO)15[η1-E-CHCH(NMe3)] (13) by Addition of CO to
8. Reaction 1. First, 11.6 mg (0.0111 mmol) of 8 was dissolved in d6-
acetone and then transferred to an NMR tube. The NMR tube was
sealed with a rubber septum and degassed under nitrogen three times.
CO gas at 1 atm was bubbled through the solution for 30 s. After 22 h
at 25 °C, the reaction mixture was passed through a paper filter into a
vial and then the solvent was removed under a flow of nitrogen. The
oily residue was redissolved in a mixture of CH2Cl2 and hexane, was
filtered into a clean vial, and was allowed to evaporate in air in a fume
hood overnight. A small number of red crystalline plates of Ru5(μ5-
C)(CO)14[η

1-E-CHCH(NMe3)], 12, formed on the walls of the
vial. One of these crystals was used for a single-crystal X-ray
diffraction analysis (see below). Compound 8 was present on the
bottom of the vial. Spectral data for 12: 1H NMR (in acetone-d6
solvent, δ in ppm): 7.51 (CHCHN(CH3)3, d,

3JH−H = 12.9 Hz, 1H),
5.47 (CHCHN(CH3)3, d,

3JH−H = 12.9 Hz, 1H), 3.25 (CHCHN-
(CH3)3, s, 9H).

Reaction 2. In a similar reaction, 12.8 mg (0.0132 mmol) of 8 was
treated with CO and filtered into a clean vial; the vial was sealed with
a rubber septum. In a fume hood, CO gas was then passed over the
solution to remove the solvent by using two syringe needles (one
input/one output) through the septum. Upon removal of the solvent
(approximately 1 h), red crystals of 13 remained in the vial, i.e., 11.8
mg of Ru5(μ5-C)(CO)15[η

1-E-CHCH(NMe3)], 13 (87% yield).
One of these red crystals was used for a single-crystal X-ray diffraction
analysis. Spectral data for 13: IR νCO (cm−1 in CH2Cl2): 2089(w),
2058(s), 2041(vs), 2022(s), 2014(m), 2003(s), 1986(w), 1971(w).
1H NMR (in (CD3)2CO solvent, δ in ppm): 6.01 (CHCHN(CH3)3,
d, 3JH−H = 15.2 Hz, 1H), 5.59 (CHCHN(CH3)3, d,

3JH−H = 15.2 Hz,
1H), 3.16 (CHCHN(CH3)3, s, 9H). Elemental anal. calcd for
Ru5NO15C21H11: C, 24.66%; H, 1.08%; N, 1.37%. Found: C, 25.00%;
H, 0.86%; N, 1.34%.

Decarbonylation of 13 to 12 and 8. First, 9.2 mg of (0.0090
mmol) of 13 was dissolved in acetone-d6 and then was transferred to
an NMR tube under nitrogen at 25 °C. The tube was closed. After 10
h, compound 13 was transformed to compounds 12 and 8 with 35%
and 15% yield, respectively, as determined by 1H NMR analysis. After
24 h, the conversion to compounds 12 and 8 was 40% and 29%,
respectively, as determined by 1H NMR analysis.

Synthesis of Ru5(μ5-C)(CO)13[μ-η2-OC(NMe2)][η1-E-
(MeO2C)CC(H)(NMe3)](μ-H) 14: Reaction of 6 with HC
C(CO2CH3) and Me3NO at 25 °C. First, 28.5 mg (0.0290 mmol) of
6 was dissolved in CD2Cl2 solvent in an NMR tube. The sample was
vacuum degassed and placed under nitrogen. Then, 8.0 μL (0.087
mmol) of methyl propiolate, HCC(CO2Me), was added to the
solution via syringe and mixed thoroughly. Next, 4.3 mg (0.058
mmol) of Me3NO was then added to the solution, and the tube was
shaken. The color of the solution changed from yellow to brown. The
reaction progress was monitored by 1H NMR after each addition of
reagents. The reaction began immediately after addition of Me3NO as
there was no sign of hydride resonances for the starting material after
4 h at 25 °C. The solvent was removed in vacuo, and the product was
then isolated by TLC using a hexane/methylene chloride/acetone
solvent mixture to yield 9.7 mg of Ru5(μ5-C)(CO)13[μ-η2-O
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C(NMe2)][η1-E-(MeO2C)CC(H)(NMe3)](μ-H), 14 (31% yield).
Spectral data for 14: IR νCO (cm−1 in CH2Cl2): 2079(m), 2040(vs),
2022(s), 2004(w), 1978(m), 1927(vw). 1H NMR (CD2Cl2, δ in
ppm): 5.61 (HC2CO2Me,s, 1H), 3.83 (HC2CO2Me, s, 3H), 3.26
(NMe, s, 3H), 3.23 (NMe3, s, 9H), 2.53 (s, 3H, NMe), −22.07 (μ-H,
s, 1H). Elemental anal. calcd for Ru5N2O16C24H20: C, 26.26%; H,
1.84%; N, 2.55%. Found: C, 26.43%; H, 1.70%; N, 2.50%.
Synthesis of Ru5(C)(CO)13[μ-η2-OC(NMe2)][μ-η2-(MeO2C)-

HCCH] (15) by Thermal Elimination of NMe3 from 14. First,
12.0 mg (0.00091 mmol) of 14 was dissolved in benzene-d6 in an
NMR tube. The solution was then heated in a constant-temperature
oil bath at 80 °C for 4 h. The reaction was monitored by 1H NMR
spectroscopy. The products were then isolated by TLC using a
hexane/methylene chloride mixture to yield in order of elution 1.9 mg
of unreacted 6, 0.6 mg of the new compound Ru5(μ5-C)(CO)13[μ-η2-
OC(NMe2)][μ-η

2-(MeO2C)HCCH], 15 (5% yield), and 0.9 mg
of the known compound Ru5(μ5-C)(CO)13[μ-η

2-OC(NMe2)]-
(HNMe2)(μ-H), 16 (8% yield).12 Spectral data for 15: IR νCO
(cm−1 in hexane): 2091(m), 2077(w), 2058(w), 2048(vs), 2029(s),
2022(w), 2013(w), 2000(m), 1991(w). 1H NMR (CD2Cl2, δ in
ppm): 11.41 (μ-η2-OC(OCH3)HCCH, d, 3JH−H = 8.4 Hz, 1H),
6.37 (μ-η2-OC(OCH3)HCCH, d, 3JH−H = 8.7 Hz, 1H), 3.79 (μ-
η2-OC(OCH3)HCCH, s, 3H), 3.11 (N(CH3)2, s, 3H), 2.40
(N(CH3)2, s, 3H). EI/MS: m/z = 1039 [M+].
Crystallographic Analyses. Crystals of each compound suitable

for single-crystal X-ray diffraction analyses were grown by slow
evaporation of solvent from a solution of the pure compound in the
open air, except for compound 13. Single crystals of 13 (red) were
obtained from a CH2Cl2/hexane solvent mixture by slow evaporation
of solvent under a slow purge of CO at 25 °C. X-ray intensity data for
all compounds were collected at 100(2) K by using a Bruker D8
QUEST diffractometer equipped with a PHOTON-100 CMOS area
detector and an Incoatec microfocus source (Mo Kα radiation, λ =
0.71073 Å).13 The raw area detector data frames were reduced, scaled,
and corrected for absorption effects by using the SAINT and SADABS
programs. All structures were solved and refined by using the
programs SHELX14 or OLEX.15 For all structures, all non-hydrogen
atoms were refined with anisotropic displacement parameters. The
hydrido ligands were located and refined with isotropic displacement
parameters. Other hydrogen atoms were placed in geometrically
idealized positions and were included as riding atoms with d(C−H) =
0.98 Å and Uiso(H) = 1.5Ueq(C). 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.
See the Supporting Information for additional details. Cambridge
Crystallographic Data Centre (CCDC) files 2043913 for 7, 2043914
for 8, 2043915 for 9, 2043916 for 10, 2043917 for 11, 2043918 for
12, 2043919 for 13, for 2043920 14, and 2043921 for 15 contain the
supplementary crystallographic data for the structural analyses in this
paper.

■ RESULTS
The reaction of 5 with C2H2 in the presence of Me3NO and
Me3N at −78 °C provided the new compound Ru5(μ5-
C)(CO)13[μ-η2-CHCH(NMe3)], 8, in a low yield (5.2%).
Compound 8 was characterized by IR, 1H NMR, and 13C
NMR analyses, single-crystal X-ray diffraction analyses, and
elemental analyses. An ORTEP diagram of the molecular
structure of compound 8 is shown in Figure 1. Compound 8
contains a square-pyramidal shaped Ru5 cluster of metal atoms
with a carbido ligand in the center of the square base and 13
linear terminal carbonyl ligands distributed about the cluster as
shown in Figure 1. The most interesting ligand in 8 is a 2-
trimethylammonioethenyl ligand, CHCH(+NMe3), that
bridges the Ru2−Ru3 edge of the cluster. The positively
charged 2-trimethylammonioethenyl ligand, the CHCH-
(+NMe3) ligand, is formally derived from a 2-trimethylammo-
nioethenide, −CHCH(+NMe3), zwitterion that has a

positive charge on the nitrogen atom and a negative charge
on the terminal enyl carbon atom. Upon coordination, the
negative charge on the carbon atom is formally transferred to
the coordinated metal atom, and the complex overall becomes
a zwitterion with the negative charge on a metal atom (see
below). The CHCH(+NMe3) ligand is similar to the one
recently observed in the hexaruthenium compound 1.10 It is
coordinated to two metal atoms in the bridging σ + π
coordination fashion that is well established for bridging
alkenyl ligands.16 The C1−C2 double bond is π-bonded to
Ru(2), with Ru2−C1 = 2.210(2) Å and Ru2−C2 = 2.243(2)
Å, and σ-bonded to Ru(3), with Ru3−C1 = 2.031(2) Å. The
C(1)−C(2) bond length, 1.388(3) Å, is similar in length to
that of the CHCH(+NMe3) ligand found in 1 (1.427(19)
Å). Compound 8 is formally a zwitterion with a positive charge
located on the nitrogen atom. The negative charge would be
formally located on Ru(3), but this negative charge will
certainly be delocalized via molecular orbitals that spread
across the entire Ru5 cluster.

17

The CH = CH(+NMe3) ligand in 8 exhibits three proton
resonances in the 1H NMR spectrum: a pair of doublets at
11.23 and 5.87 ppm, 3JH−H = 10.0 Hz, due to the protons on
C(1) and C(2), respectively. The latter resonance shows some
small unresolved coupling from the nitrogen atom N(1). The
N-methyl resonance, a singlet at 3.64 ppm, is shifted downfield
due to the positive charge on the nitrogen atom. The 13C
NMR spectrum of 8 exhibits three resonances for the CH
CH+NMe3 ligand, i.e., 170.41 ppm for C(1), 94.80 ppm for
C(2), and 54.65 ppm for the methyl groups; the latter is a
1:1:1 triplet, 1JC−N = 16 Hz, due to coupling to the nitrogen
atom. The bridging CHCH+NMe3 ligand in 8 serves
formally as a four-electron donor; thus, the complex overall

Figure 1. ORTEP diagram of the molecular structure of Ru5(μ5-
C)(CO)13[μ-η

2-CHCH(NMe3)], 8, showing 40% thermal ellipsoid
probability. Hydrogen atoms on the methyl groups have been omitted
for clarity. Selected interatomic bond distances (Å) are as follows:
Ru1−Ru2 = 2.8338(3), Ru1−Ru3 = 2.8903(3), Ru1−Ru4 =
2.8026(3), Ru1−Ru5 = 2.7795(3), Ru2−Ru3 = 2.7047(3), Ru2−
Ru5 = 2.8795(3), Ru3−Ru4 = 2.8690(3), Ru4−Ru5 = 2.8859(3),
Ru1−C0 = 2.134(2), Ru2−C0 = 2.024(2), Ru3−C0 = 2.022(2),
Ru4−C0 = 1.993(2), Ru5−C0 = 2.004(2), Ru2−C1 = 2.210(2),
Ru2−C2 = 2.243(2), Ru3−C1 = 2.031(2), C1−C2 = 1.388(3), C2−
N1 = 1.516(3).
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achieves a total of 74 cluster valence electrons which is in
accord with the observation of a square-pyramidal-shaped
cluster of five metal atoms.17

In recent studies, we have synthesized the pentaruthenium
complex 6 from the reaction of 5 with DMF.12 Compound 6
contains an opened, wing-tip bridged, butterfly cluster of five
ruthenium atoms with a dimethylformamido ligand bridging
one of the nonbonded pairs of metal atoms. For comparisons
with the reactivity of 5, the reaction of 6 with C2H2 in the
presence of Me3NO at 25 °C was investigated. This reaction
provided two new compounds Ru5(μ5-C)(CO)13[μ-η2-O
C(NMe2)][η1-E-CHCH(NMe3)](μ-H), 9 (48% yield), and
Ru5(μ5-C)(CO)12[μ -η2-OC(NMe2)][μ -η2-CHCH-
(NMe3)](μ-H), 10 (6.4% yield). Compound 9 was charac-
terized by IR, 1H NMR, and 13C NMR analyses, single-crystal
X-ray diffraction analyses, and elemental analyses. An ORTEP
diagram of the molecular structure of compound 9 is shown in
Figure 2. The metal cluster of compound 9 is structurally

similar to that of its parent 6, having an open, wing-tip bridged
butterfly cluster of metal atoms with a carbido ligand in the
center and a dimethylformamido ligand bridging one of the
nonbonded pairs of metal atoms. Compound 9 contains 13
linear terminal carbonyl ligands distributed as shown in Figure
2, but the most interesting ligand in 9 is a 2-trimethylammo-
nioethenyl ligand, η1-E-CHCH(+NMe3), that is terminally
coordinated to the wing-tip bridged Ru atom, Ru(4), in the
equatorial coordination site that is trans to the metal atom
Ru(3). NMe3 was not added to this reaction, so the NMe3
group that is present in the CHCH(+NMe3) ligand is
believed to be derived solely from the Me3NO after it reacted
with a CO ligand in 6 to form CO2 and NMe3. The Ru4−C4
distance is 2.074(3) Å in length. There is E-stereochemistry at

the CC double bond, where C4−C5 = 1.286(5) Å, and both
distances are slightly shorter than the corresponding distances,
Ru−C = 2.097(2) Å and C1−C2 = 1.306(3) Å, in the
terminally coordinated E-CHCH(+NMe3) ligand in com-
pound 2.10 The ethenyl hydrogen atoms appear as two
deshielded doublets at δ = 8.25 and 5.90 with a large coupling
constant, 3JH−H = 14 Hz, that is consistent with the observed E-
stereochemistry at the CC double bond. There is a bridging
hydrido ligand H1 on the Ru(1)−Ru(2) bond that exhibits the
expected high-field resonance shift, δ = −22.07. The alkenyl
carbon atoms, C4 and C5, exhibit significant shifts for their
resonances in the 13C NMR spectrum, δ = 141.95 and 133.05,
respectively, relative to those observed for the carbon atoms of
the bridging CHCH(+NMe3) ligand in 8. The terminally
coordinated CHCH(+NMe3) ligand in 9 serves as a 2-
electron donor and the Ru5 cluster achieves a 76-electron
configuration as expected for the observed open-square
pyramidal structure of metal atoms.17 Compound 9 is formally
a zwitterion with a positive charge on the nitrogen atom N(2)
and a negative charge that is formally located on Ru(4).
The coproduct 10 has been characterized by IR, 1H NMR,

single-crystal X-ray diffraction, and elemental analyses. An
ORTEP diagram of the molecular structure of compound 10 is
shown in Figure 3. The metal cluster of compound 10 is
structurally similar to that of its parent 6 having an open, wing-
tip bridged butterfly cluster of metal atoms with a carbido
ligand in the center and a dimethylformamido ligand bridging
one of the nonbonded pairs of metal atoms. Compound 10
contains only 12 CO ligands and one 2-trimethylammonioe-
thenyl ligand, CHCH(+NMe3), that is a η2-σ + π

Figure 2. ORTEP diagram of the molecular structure of Ru5(μ5-
C)(CO)13(μ-η2-OC(NMe2)[η1-E-CHCH(NMe3)](μ-H), 9,
showing 20% thermal ellipsoid probability. Selected interatomic
bond distances (Å) are as follows: Ru1−Ru3 = 2.8176(4), Ru1−Ru5
= 2.8275(4), Ru1−Ru2 = 2.9580(4), Ru2−Ru5 = 2.8635(4), Ru2−
Ru3 = 2.8479(4), Ru3−Ru4 = 2.9145(4), Ru4−Ru5 = 2.9087(4),
Ru1−H1 = 2.07(4), Ru2−H1 = 2.01(4), Ru4−C4 = 2.074(3), Ru1−
C1 = 2.089(4), Ru4−O1 = 2.114(2), C1−O1 = 1.276(4), C4−C5 =
1.286(5), C5−N2 = 1.503(5), Ru1−C0 = 2.071(3), Ru2−C0 =
2.101(3), Ru3−C0 = 1.982(3), Ru4−C0 = 2.068(3), Ru5−C0 =
1.979(3).

Figure 3. ORTEP diagram of the molecular structure of Ru5(μ5-
C)(CO)12[μ-η

2-OC(NMe2)][μ-η
2-CHCH(NMe3)](μ-H), 10,

showing 40% thermal ellipsoid probability. Selected interatomic
bond distances (Å) are as follows: Ru1−Ru3 = 2.88374(18), Ru1−
Ru4 = 2.86257(19), Ru1−Ru5 = 2.85533(18), Ru2−Ru3 =
2.74363(17), Ru2−Ru5 = 2.93192(19), Ru3−Ru4 = 2.84052(19),
Ru4−Ru5 = 2.91228(19), Ru1−C0 = 2.0448(15), Ru2−C0 =
2.0675(15), Ru3−C0 = 1.9798(15), Ru4−C0 = 2.0898(15), Ru5−
C0 = 1.9625(15), Ru1−C6 = 2.0661(17), O1−C6 = 1.2814(19),
Ru2−O1 = 2.1135(11), Ru2−C1 = 2.0580(15), Ru3−C1 =
2.2176(15), Ru3−C2 = 2.2449(15), C1−C2 = 1.394(2), N1−C2 =
1.520(2).

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.0c03541
Inorg. Chem. 2021, 60, 3781−3793

3785



coordinated, bridging ligand across the metal atoms Ru(2) and
Ru(3). The Ru−C bond distances to the coordinated double
bond C1 and C2, Ru2−C1 = 2.0580(15) Å, Ru3−C1 =
2.2176(15) Å, and Ru3−C2 = 2.2449(15) Å, are very similar
to those in 8. The coordinated double bond in 10, C1−C2 =
1.394(2) Å, is significantly longer than the uncoordinated C
C double bond in 9, of 1.280(5) Å, but it is very similar to the
coordinated CC double bond distance in 8, of 1.388(3) Å.
The ethenyl hydrogen atoms appear as two deshielded
doublets at δ = 10.57 (3JH−H = 8.8 Hz) and 4.46 (3JH−H =
8.8 Hz). There is a formal positive charge on the nitrogen
atom N(1), and the resonance of the N-methyl groups is
appropriately deshielded, at δ = 3.51. There is a bridging
hydrido ligand H(12) on the Ru(1)−Ru(4) bond that exhibits
the usual high-field resonance shift of δ = −21.44.
Compound 10 is formally a zwitterion with a positive charge

on the nitrogen atom N(1) and a negative charge that is
formally on Ru(2), but this negative charge may delocalize
between Ru(2) and Ru(3). The bridging CHCH(+NMe3)
ligand in 10 serves as a 4-electron donor, and the cluster
achieves a 76-electron configuration as expected for the
observed open-square pyramidal structure of metal atoms.17

Compound 9 was converted to 8 (73% yield) by thermal
elimination of the dimethylformamido ligand and the hydrido
ligand as DMF when solutions of 9 were heated to 60 °C.
Compound 9 can also be converted to 10 in a good yield
(41%) by decarbonylation with Me3NO at 25 °C. Small
amounts of 8 (14%) were also formed in this reaction.
Interestingly, 10 was easily converted to 8 in a good yield
(50%) by very mild heating (50 °C/13 h) of solutions. It thus
appears that 10 is an intermediate en route to 8 from 9.
Compound 10 was converted back to 9 (36% yield) by
addition of CO at 35 °C, together with formation of the new
compound Ru5(μ5-C)(CO)15[η1-E-CHCH(NMe3)], 13
(50% yield), which is a product of the addition of CO to 8
(see below).
Because of the interesting results obtained from the

reactions of 6 with C2H2, we also investigated the reaction
of compound 7 with C2H2 and Me3NO. Compound 7 was first
reported by Johnson and Lewis many years ago,11 but it has
not yet been structurally characterized. For the purpose of
knowing its exact structure and for comparisons with the
products that we have obtained from it (see below), we have
performed a single-crystal X-ray diffraction analysis of 7, which
we have included in this report. An ORTEP diagram of the
molecular structure of compound 7 is shown in Figure 4. The
metal cluster of 7 is structurally similar to that of 6 and 9
having an open, wing-tip bridged butterfly cluster of metal
atoms with a carbido ligand in the center. The hydrido ligand
bridges the hinge bond of the Ru4 butterfly, Ru(1)−Ru(2),
and the chloro ligand Cl(1) is a terminally coordinated ligand
in an axial position on the wing-tip bridging metal atom Ru(4),
i.e., Ru(4)−Cl(1) = 2.4211(9) Å. Compound 7 contains 15
linear terminal carbonyl ligands distributed as shown in Figure
4.
The reaction of 7 with C2H2 at 1 atm in the presence of

Me3NO for 15 min in CH2Cl2 solvent yielded two products,
namely, compound 8 (9% yield) and the new compound
Ru5(μ5-C)(CO)14Cl[η1-E-CHCH(NMe3)](μ-H), 11 (56%
yield). Compound 11 was characterized by IR, 1H NMR,
single-crystal X-ray diffraction, and mass spectral analyses. An
ORTEP diagram of the molecular structure of compound 11 is
shown in Figure 5. The metal cluster of compound 11 is

structurally similar to that of 6, 9, and 10, having an open,
wing-tip bridged butterfly cluster of metal atoms with a carbido

Figure 4. ORTEP diagram of the molecular structure of Ru5(μ5-
C)(CO)15Cl(μ-H), 7, showing 40% thermal ellipsoid probability.
Selected interatomic bond distances (Å) are as follows: Ru1−Ru2 =
2.8349(4), Ru1−Ru3 = 2.8757(4), Ru1−Ru5 = 2.8379(4), Ru2−Ru3
= 2.8601(4), Ru2−Ru5 = 2.8529(4), Ru3−Ru4 = 2.8909(4), Ru4−
Ru5 = 2.9429(4), Ru1−C0 = 2.115(4), Ru2−C0 = 2.106(3), Ru3−
C0 = 1.961(4), Ru4−C0 = 2.117(4), Ru5−C0 = 1.960(4), Ru4−Cl1
= 2.4211(9).

Figure 5. ORTEP diagram of the molecular structure of Ru5(μ5-
C)(CO)14[η1-E-CHCH(NMe3)]Cl(μ-H), 11, showing 15% ther-
mal ellipsoid probability. Methyl hydrogen atoms have been omitted
for clarity. Selected interatomic bond distances (Å) are as follows:
Ru1−Ru2 = 2.8350(4), Ru1−Ru3 = 2.8413(4), Ru1−Ru5 =
2.8658(4), Ru2−Ru3 = 2.8447(3), Ru2−Ru5 = 2.8521(4), Ru3−
Ru4 = 2.9626(3), Ru4−Ru5 = 2.9530(3), Ru1−C0 = 2.122(3), Ru2−
C0 = 2.127(3), Ru3−C0 = 1.960(3), Ru4−C0 = 2.141(3), Ru5−C0
= 1.964(3), Ru1−H12 = 1.74(4), Ru2−H12 = 1.78(4), Ru4−Cl1 =
2.4612(10), Ru4−C1 = 2.091(3), C1−C2 = 1.292(5), C2−N1 =
1.514(4).
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ligand in the center. Compound 11 contains fourteen linear,
terminal carbonyl ligands and one 2-trimethylammonioethenyl,
CHCH(+NMe3), ligand that is terminally coordinated to the
wing-tip bridging metal atom, Ru(4), with Ru4−C1 =
2.091(3) Å in an equatorial coordination site. The CC
double bond distance, C1−C2 = 1.292(5) Å, is very similar to
that found for the terminally coordinated C(H)C(H)+NMe3
ligand in 9. The chloro ligand, Cl(1), is axially coordinated to
Ru(4), with Ru(4)−Cl(1) = 2.4612(10) Å. The 1H NMR
spectrum of 11 exhibits two doublets for the ethenyl hydrogen
atoms, i.e., δ = 8.51 and 6.17, with a large coupling constant,
3JH−H = 14.4 Hz, that is consistent with the structurally
observed E-stereochemistry. The bridging hydrido ligand
H(12) exhibits the usual high-field resonance shift of δ =
−22.53.
Compound 11 is also a zwitterion with a positive charge on

atom N(1) and a formal negative charge on atom Ru(4). The
C(H)C(H)+NMe3 ligand in 11 serves as a 2-electron donor
and the cluster achieves a 76-electron configuration as
expected for the observed open-square pyramidal structure of
metal atoms.17 When heated to 48 °C for 18 h, compound 11
was converted to compound 8 in 32% yield by elimination of
CO, a reductive elimination of HCl, formation of a metal−
metal bond between that atoms Ru(1) and Ru(4), and
conversion of the CHCH(+NMe3) ligand into the σ + π
coordinated, bridging ligand.
Treatment of compound 8 with CO at 25 °C yielded two

new products, namely, Ru5(C)(CO)14[η1-E-CHCH-
(NMe3)], 12, and Ru5(C)(CO)15[η

1-E-CHCH(NMe3)],
13, by the addition of one and two equivalents of CO.
Compound 12 is an unstable intermediate en route to 13. It
can be isolated in very small amounts by allowing filtered
solutions of the reaction mixture to evaporate in a vial in the
open air in a fume hood. Small red plates of 12 will form on
the walls of the vial. Solutions of 12 eventually convert back
fully to 8 by loss of CO, but the crystals are more stable and
can be analyzed by single-crystal X-ray diffraction analysis at
low temperature (see below). Compound 12 adds CO to yield
13 at room temperature. Compound 13 is stable in solution
only when maintained under an atmosphere of CO.
Compound 13 can be obtained as pure red crystals in a
good yield (87%) by filtering the reaction solutions and then
carefully removing the reaction solvent under a flow of CO in a
fume hood. Solutions of 13 slowly lose CO and convert back
to 8 via 12 under an atmosphere of nitrogen. Red crystals of 13
were also suitable for single-crystal X-ray diffraction analysis.
ORTEP diagrams of the molecular structures of compounds

12 and 13 are shown in Figures 6 and 7, respectively. The
metal cluster of compound 12 has the shape of a square
pyramid like 8 with a carbido ligand in the center of the square
base. There is a terminally coordinated C(H)C(H)+NMe3
ligand in an axial position on the basal metal atom Ru(1),
where Ru1−C1 = 2.041(11) Å. The CC double bond is
short, at C1−C2 = 1.290(15) Å, and has an E-conformation as
observed for the terminal CHCH(+NMe3) ligands in 9 and
11. Compound 12 contains 14 linear, terminal carbonyl ligands
distributed about the cluster as shown in Figure 6. The apical−
basal Ru−Ru bond, Ru1−Ru5 = 2.9034(13) Å, trans to the
CHCH(+NMe3) ligand is significantly longer than the three
other apical−basal Ru−Ru bonds, i.e., Ru2−Ru5 = 2.8487(13)
Å, Ru3−Ru5 = 2.7771(13) Å, and Ru4−Ru5 = 2.8068(12) Å,
which suggests that the CHCH(+NMe3) ligand has a
stronger trans effect than a CO ligand.

The 1H NMR spectrum of 12 exhibits two doublets for the
ethenyl hydrogen atoms, δ = 7.51 and 5.47, with a large
coupling constant, 3JH−H = 12.9 Hz, as expected for the E-
stereochemistry observed in the solid-state structure. Com-
pound 12 is also a zwitterion with a positive charge on the
nitrogen atom N(1) and a negative charge formally located on
Ru(1), but this negative charge should delocalize across the
Ru5 cluster. The metal cluster of compound 12 contains a total
of 74 valence electrons which is consistent with its square-
pyramidal structure.
The structure of 13 consists of an opened square-pyramidal

cluster (a wing-tipped bridged butterfly cluster) of five Ru
atoms similar to that observed for compounds 9, 10, and 11.
There is a terminally coordinated CHCH(+NMe3) ligand in
an axial position on the wing-tip, bridging metal atom Ru(4),
where Ru4−C1 = 2.1183(17) Å. This distance is slightly
longer than the corresponding distances in 9, 11, and 12. The
CC double bond length, C1−C2 = 1.315(2) Å, is similar to
that observed for the terminal CHCH(+NMe3) ligands in
compounds 9, 11, and 12. There are a number of examples of
nucleophile-induced openings of square-pyramidal Ru5 cluster
complexes by the addition of donor ligands to a basal-
positioned metal atom.11,18 The ethenyl hydrogen atoms on
C(1) and C(2) in 13 appear as two mutually coupled,
deshielded doublets at δ = 6.01 and 5.59 with a large coupling
constant, 3JH−H = 15.2 Hz, that is consistent with the E-
stereochemistry observed in the solid state. Compound 13 is a
zwitterion with a positive charge on the nitrogen atom N(1)
and a formal negative charge concentrated on the metal atom
Ru(4). The metal cluster of compound 13 contains a total of

Figure 6. ORTEP diagram of the molecular structure of Ru5(μ5-
C)(CO)14[η

1-E-CHCH(NMe3)], 12, showing 35% thermal
ellipsoid probability. Selected interatomic bond distances (Å) are as
follows: Ru1−Ru2 = 2.8548(14), Ru1−Ru4 = 2.8737(13), Ru1−Ru5
= 2.9034(13), Ru2−Ru3 = 2.8472(13), Ru2−Ru5 = 2.8487(13),
Ru3−Ru4 = 2.8616(14), Ru3−Ru5 = 2.7771(13), Ru4−Ru5 =
2.8068(12), Ru1−C0 = 2.037(11), Ru2−C0 = 2.039(10), Ru3−C0 =
2.053(11), Ru4−C0 = 1.970(10), Ru5−C0 = 2.090(11), Ru1−C1 =
2.041(11), C1−C2 = 1.290(15), N1−C2 = 1.505(14).
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76 valence electrons which is consistent with its observed open
structure.
The reaction of 6 with methyl propiolate, HCC(CO2Me),

and Me3NO in CH2Cl2 at 25 °C yielded the new compound
Ru5(μ5-C)(CO)13[μ-η2-OC(NMe2)][η1-E-(MeO2C)C
CH(NMe3)](μ-H), 14, in 31% yield. Compound 14 was
characterized by IR and 1H NMR spectroscopy and
structurally by single-crystal X-ray diffraction analysis. An
ORTEP diagram of the molecular structure of compound 14 is
shown in Figure 8. Compound 14 is very similar to that of 9
having a wing-tipped bridged butterfly Ru5 cluster of metal
atoms and a bridging dimethylformamido ligand, but it has a
terminally coordinated, 1-methoxycarbonyl, 2-trimethylammo-
nioethenyl ligand, η1-E-(1-MeO2C)CC(H)(2-+NMe3), in an
equatorial coordination site on Ru(1) in the location of the 2-
trimethylammonioethenyl ligand found in 9. The Ru(1)−C(2)
distance of 2.1401(18) Å is slightly longer than the
corresponding Ru−C bond in 9 of 2.097(2) Å. The CC
double bond in the (MeO2C)CC(H)+NMe3 ligand has an
E-conformation at the double bond, and its bond length, C1−
C2 = 1.320(3) Å, is similar to that observed in compounds 9,
11, 12, and 13.
The resonances of the single ethenyl hydrogen atom on

C(1) and the trimethylammonio methyl groups in 14 are
deshielded at 5.61 and 3.23 ppm, respectively, in the 1H NMR
spectrum. A hydrido ligand bridges the Ru(2)−Ru(3) bond in
14 and exhibits the expected high-field resonance shift at
−22.07 ppm. Compound 14 is a zwitterion with a positive
charge on the nitrogen atom N2 and a formal negative charge

on the metal atom Ru(1). The metal cluster of compound 14
contains a total of 76 valence electrons which is consistent with
its observed open structure.
When a solution of 14 dissolved in benzene-d6 was heated to

80 °C for 4 h, two products were formed in low yields, namely,
a new compound Ru5(μ5-C)(CO)13[μ-η2-OC(NMe2)][μ-
η2-(MeO2C)HCCH], 15 (5% yield), and the known
compound Ru5(μ5-C)(CO)13[μ-η2-OCNMe2](HNMe2)(μ-
H), 16 (8% yield).12 An ORTEP diagram of the molecular
structure of compound 15 is shown in Figure 9. Compound 15
was formed from 14 by elimination of the NMe3 grouping
from the (MeO2C)CC(H)(+NMe3) ligand. The compound
contains an open Ru5 cluster with an approximately trigonal
bipyramidal carbido ligand in the center. There is an η2-
bridging dimethylformamido ligand across the open Ru(1)−
Ru(2) edge of the cluster, and there is a bridging η2-
(CH3O2C)(H)CC(H) ligand across the open Ru(1)−
Ru(4) edge of the cluster. The carbonyl oxygen atom O(2)
of the methoxycarbonyl group asymmetrically bridges the two
metal atoms Ru(1) and Ru(4), where Ru1−O2 = 2.396(4) Å
and Ru4−O2 = 2.199(4) Å. The carbonyl CO bond is short,
at C(6)−O2 = 1.245(8) Å, indicating that it still contains
considerable double bond character. There is a hydrogen atom
on C(5) that was presumably derived from the bridging
hydrido ligand in 14 by a C−H bond-forming step. The C4−
C5 bond is also short, at 1.364(10) Å, and is formally a CC
double bond. The hydrogen atoms on C(4) and C(5) are
significantly deshielded in the 1H NMR spectrum, where δ =
11.41 and 6.37 with a coupling constant, 3JH−H = 8.4 Hz, that is
consistent with the observed Z-conformation at the double
bond. Compound 15 contains a total of 78 cluster valence
electrons which is in accord with an electron-precise metal
cluster of five metal atoms (n) having six metal−metal bonds

Figure 7. ORTEP diagram of the molecular structure of Ru5(μ5-
C)(CO)15[η1-E-CHCH(NMe3)], 13, showing 40% thermal
ellipsoid probability. Selected interatomic bond distances (Å) are as
follows: Ru1−Ru2 = 2.7060(2), Ru1−Ru3 = 2.8718(2), Ru1−Ru5 =
2.8928(2), Ru2−Ru3 = 2.8793(2), Ru2−Ru5 = 2.8716(2), Ru3−Ru4
= 2.8996(2), Ru4−Ru5 = 2.90372(19), Ru1−C0 = 2.0917(15), Ru2−
C0 = 2.0959(15), Ru3−C0 = 1.9601(15), Ru4−C0 = 2.1580(15),
Ru5−C0 = 1.9617(15), Ru4−C1 = 2.1183(17), C1−C2 = 1.315(2),
N1−C2 = 1.504(2).

Figure 8. ORTEP diagram of the molecular structure of Ru5(μ5-
C)(CO)13[μ-η

2-OC(NMe2)][η
1-E-1-(MeO2C)CC(H)(2-

NMe3)](μ-H), 14, showing 40% thermal ellipsoid probability.
Selected interatomic bond distances (Å) are as follows: Ru1−Ru4 =
2.8817(2), Ru1−Ru5 = 2.9036(2), Ru2−Ru3 = 2.8782(2), Ru2−Ru4
= 2.8157(2), Ru2−Ru5 = 2.8317(2), Ru3−Ru4 = 2.8734(2), Ru3−
Ru5 = 2.8613(2), Ru1−C0 = 2.0622(18), Ru2−C0 = 2.0545(19),
Ru3−C0 = 2.1076(18), Ru4−C0 = 1.9890(18), Ru5−C0 =
1.9705(18), Ru2−C8 = 2.0762(19), C8−N1 = 1.351(2), C8−O14
= 1.285(2), Ru1−O14 = 2.1214(13), Ru1−C2 = 2.1401(18), C1−C2
= 1.320(3), C1−N2 = 1.502(2), N2−C5 = 1.502(3), N2−C6 =
1.491(3), N2−C7 = 1.498(3), C2−C3 = 1.479(3).
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(m), according to the formula 18n−6(2m). The side product
16 was obtained previously by the thermal decomposition of 6
which generates Me2NH by decarbonylation of the dimethyl-
formamido ligand.12

■ DISCUSSION
A summary of our studies of the reactions of 5, 6, and 7 with
ethyne in the presence of Me3NO is shown in Scheme 1.
The reaction of the square-pyramidal Ru5 cluster complex 5

with the decarbonylation agent Me3NO in the presence C2H2
and NMe3 provided a low yield of the square-pyramidal Ru5
cluster complex 8 containing a 2-trimethylammonioethenyl
ligand, CHCH+NMe3, that bridges a basal edge of a square-
pyramidal Ru5 cluster. Further investigations showed that the
open cluster complexes 6 and 7 provided good yields of open
Ru5 cluster complexes 9 and 11, respectively, containing
terminally coordinated, 2-trimethylammonioethenyl ligands
having E-stereochemistry located on the wing-tip bridging
ruthenium atom of the Ru4C portion of clusters. Compounds 9
and 11 were both converted to 8 thermally in good yields by
the elimination of DMF from 9 and CO and HCl from 11. An
important intermediate, 10, was observed in the conversion of
9 to 8. Compound 10 was formed from 9 by a Me3NO-
induced decarbonylation with a conversion of the terminally
coordinated η1-CHCH+NMe3 ligand into a η2-bridging
ligand by coordination of its CC double bond, a prerequisite
to the formation of 8. Compound 10 reacted with CO to
regenerate 9 in 36% yield at 35 °C in 24 h by adding one CO

ligand and by converting the η2-CHCH+NMe3 ligand back
into a terminal-coordinated η1-CHCH+NMe3 ligand.
Compound 13 was also formed in 50% yield in this reaction.
Compound 13 was presumably formed by conversion of some
of 9 to 8 by loss of DMF (also observed as a reaction product)
and subsequent addition of CO to yield 13 via 12 (see below).
It was observed previously that the bridging η2-trimethylam-
monioethenyl ligand in 1 could be converted to a terminally
coordinated η2-trimethylammonioethenyl ligand in complex 2
by the addition of CO to 1 at 25 °C, as shown in eq 1.10

It was also observed in a separate reaction that the η2-
bridging CHCH+NMe3 ligand in 8 was converted into a
terminally coordinated, η1-CHCH+NMe3 ligand by CO
addition; in fact, two CO addition products were obtained.
The first product 12 was formed by the addition of only one
equivalent of CO to 8, and it consists of a square-pyramidal
cluster of five ruthenium atoms with a terminally coordinated
η1-CHCH+NMe3 ligand bonded to one of the Ru atoms in
the base of the square pyramid. The second CO addition
product 13 was formed by a cluster opening addition of CO to
the first one, 12, by cleavage of the axial−basal Ru−Ru bond to
the η1-CHCH+NMe3-substituted Ru atom. Compounds 12
and 13 are both unstable in solution in the absence of a CO
atmosphere, and they both revert back to 8 in high yield by
loss of CO.
A summary of our reactions of 6 with methyl propiolate,

HCC(CO2Me), is shown schematically in Scheme 2. The
reaction of 6 with a combination of methyl propiolate and
Me3NO yielded the complex 14, containing a terminally
coordinated, 2-trimethylammonio(1-methyoxycarbonyl)-
ethenyl, η1-E-1-(MeO2C)CC(H)(2-+NMe3), ligand. The
η1-E-(1-CO2Me)CC(H)(2-+NMe3) ligand in 14 is structur-
ally similar to the η2-E-1-(MeO2C)CC(H)(2-+NMe3) ligand
found in the complex Ru6C(CO)16[η2-E-(1-(MeO2C)C
C(H)(2-+NMe3)], 17,10 which contains an uncoordinated
CC double bond of similar length, of 1.304(7) Å. Note that
the (MeO2C)CC(H)(2-+NMe3) ligands in 14 and 17 were
both formed by the addition of the NMe3 molecule to the
unsubstituted end of the methyl propiolate, presumably for
steric reasons. The mechanism of this coupling has not yet
been established.
When a solution of 14 was heated to 80 °C, it eliminated the

NMe3 group from the 1-(MeO2C)CC(H)(2-+NMe3) ligand
to yield compound 15. This process presumably proceeded
through an unobserved intermediate containing an alkyne
ligand that promptly coupled with the hydrido ligand to yield
the observed carboxylate-substituted alkenyl ligand, μ-η2-
HCC(H)(CO2Me), that subsequently inserted the oxygen
of its carbonyl group into one of the Ru−Ru bonds to form the
O-bridged carbonyl group, thus completing the formation of
15. An η2-HCC(H)(CO2Me) ligand obtained by a β-CH
activation on the vinyl group of methyl acrylate in a reaction
with Ru5(μ5-C)(CO)15 was also observed in the Ru5 complex
Ru5(μ5-C)(CO)14[η2-OC(OMe)CHCH](μ-H), but in
this case, the ligand is coordinated as a chelate to only one
ruthenium atom of the cluster.19 π-Coordinated bridging η3-
HCC(H)(CO2Me) ligands were found in the complexes
Ru5(μ5-C)(CO)12(C2H4)[μ-η3-OC(OMe)CHCH](μ-H)19

and Ru5(μ5-C)(CO)12[H2CC(H)CO2Me][μ-η3-OC-
(OMe)CHCH](μ-H)20 that were obtained from reactions of
Ru5(μ5-C)(CO)14[η2-OC(OMe)CHCH](μ-H) with
Me3NO and ethylene or H2C2(H)CO2Me, respectively.

Figure 9. ORTEP diagram of the molecular structure of Ru5(C)-
(CO)13(μ-η2-OCNMe2)[μ-η2-Z-(MeO2C)(H)CC(H)], 15,
showing 30% thermal ellipsoid probability. Selected interatomic
bond distances (Å) are as follows: Ru1−Ru3 = 2.8591(7), Ru1−Ru5
= 2.8493(7), Ru2−Ru3 = 2.8453(7), Ru2−Ru5 = 2.8516(7), Ru3−
Ru4 = 2.8959(7), Ru4−Ru5 = 2.9195(7), Ru1−C0 = 2.106(6), Ru2−
C0 = 2.108(6), Ru3−C0 = 1.950(6), Ru4−C0 = 2.098(6), Ru5−C0
= 1.960(6), Ru1−C1 = 2.005(6), C1−O1 = 1.261(8), C1−N1 =
1.349(8), Ru2−O1 = 2.107(4), Ru1−O2 = 2.396(4), Ru4−O2 =
2.199(4), Ru4−C4 = 2.041(7), C4−C5 = 1.364(10), C5−C6 =
1.419(10), O2−C6 = 1.245(8), O3−C6 = 1.323(8), O3−C7 =
1.448(8).
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Scheme 1. Structures and Chemical Relationships of Compounds 5−13a

aThese compounds were investigated in this study. CO ligands are represented only as lines from the Ru atoms.

Scheme 2. Structures and Relationships of Compounds 6 and 14−16a

aCO ligands are represented only as lines from the Ru atoms.
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The side product, Ru5(μ5-C)(CO)13[μ-η2-OC(NMe2)]-
(HNMe2)(μ-H), 16, was also formed in a low yield in the
thermal transformation of 14. We have shown previously that
Me2NH is formed by decarbonylation of the dimethylforma-
mido ligand in 6.12 A similar formation of Me2NH from a
dimethylformamido ligand 14 accompanied by the complete
elimination of the 1-(MeO2C)CC(H)(2-+NMe3) ligand in
another molecule of 14 and an addition of Me2NH could have
yielded the small amounts of 16 observed in this reaction.

■ CONCLUSIONS
In this work the first procedures for the synthesis of
zwitterionic pentaruthenium carbonyl complexes containing
bridging and terminally coordinated 2-trimethylammonioe-
thenyl ligands have been established. The bridging trimethy-
lammonioethenyl ligands adopt a σ + π, η2 coordination of the
CC double bond to two neighboring metal atoms. The
bridging and terminally coordinated trimethylammonioethenyl
ligands can be interconverted by the addition and elimination
of CO ligands to and from the metal atoms. One zwitterionic
pentaruthenium carbonyl complex containing a 1-methyox-
ycarbonyl-substituted, 2-trimethylammonioethenyl ligand, 1-
(MeO2C)CC(H)(2-+NMe3), was obtained from the reac-
tion of 6 with methyl propiolate. The C−N bond in the 1-
(MeO2C)CC(H)(2-+NMe3) ligand was cleaved thermally
and the NMe3 group was eliminated from the complex to yield
complex 15 containing a bridging [μ-η2-HCC(H)-
(CO2Me)] alkenyl ligand formed by transfer of the hydrido
ligand in 14 to the resultant alkyne ligand.
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