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Treatment of the manganese acyl complexes (CO)5MnC(O)CH2R [R ) H (1a), CH3 (1b),
OCH3 (1c)] with triethylsilane gave stable R-triethylsiloxyvinyl compounds (Z)-(CO)5MnC-
(OSiEt3)dCHR (3a-c). Carbonylation of 3a and 3b, followed by protonolysis of the resulting
(CO)5MnC(O)C(OSiEt3)dCHR [R ) H (5a), CH3 (5b)] provided their R-ketoacyl derivatives
(CO)5MnC(O)C(O)CH2R (6a and 6b), which represents a net double carbonylation of their
alkyl precursors (CO)5MnCH2R.

Introduction
In a recent communication,1 Murai and co-workers

documented the reductive oligomerization of carbon
monoxide involving Rh(I)-catalyzed reactions with hy-
drosilanes. The presence of the C2 and C3 kinetic
products, (Z)-1,2-bis(siloxy)ethenes and (Z)-1,2,3-tris-
(siloxy)propenes, was accounted for by the intermediacy
of a hypothesized Rh(I) (E)-1,2-bis(siloxy)vinyl interme-
diate, Scheme 1. Addition of hydrosilane to this inter-
mediate before or after carbonylation presumably yields
the observed C2 and C3 products. It is this carbonyl-
ation of an R-siloxyvinyl complex and subsequent po-
tential ligand reactions that relate to our ongoing
studies on the hydrosilation and carbonylation of labile
manganese acyl complexes.2

Treatment of the manganese acetyl (CO)5MnC(O)CH3
(1a) with 1-2 equiv of a monohydrosilane affords
mixtures of R-siloxyethyl (CO)5MnCH(OSiR3)CH3 (2)
and R-siloxyvinyl (CO)5MnC(OSiR3)dCH2 (3) complexes.
The choice of hydrosilane appears to be the most
important consideration in controlling relative propor-
tions of 2 and 3, which vary from 14/1 with PhMe2SiH
to 1/2 with Et3SiH.2a Their formation was accounted
for by an autocatalysis pathway, Scheme 2, in which
silane-induced degradation of initially formed 2 or of
the starting 1a3b provides the coordinatively unsat-
urated (CO)4MnSiR3

3 as the active catalyst for combin-
ing substrate 1a and R3SiH.2a

According to this autocatalysis pathway, the active
catalyst (CO)4MnSiR3 binds 1a as bimetallic µ-acetyl,
which rearranges to the unsaturated µ-siloxyethylidene
4, the key catalysis intermediate. Silane addition
followed by reductive elimination affords 2, whereas
â-deinsertion produces 3. Both reactions ultimately
regenerate the active catalyst, which evidently is un-
stable and is replenished continuously through the
silane-induced decomposition of 2. It is the â-deinser-
tion step, however, that distinguishes this pathway.
Assigning this â-elimination step to 4 nicely accounts
for generating the R-siloxyvinyl complex 3, as opposed
to forming either (undetected) CH3CH2OSiR3 or
CH2dCH(OSiEt3) byproducts from an unsaturated
(CO)4MnCH(OSiR3)CH3.2a

We now report the carbonylation chemistry of the
manganese R-triethylsiloxyvinyl complexes 3a-3c
(Scheme 3). These were obtained via the triethylsilane
reactions with manganese acetyl (1a), propionyl (1b),
and methoxyacetyl (1c) compounds, (CO)5MnC(O)CH2R
(R ) H, CH3, and OCH3). Subsequent carbonylation of
3a and 3b followed by protonolysis of the triethylsiloxy
groups then provided the manganese-2-ketoacyl com-
plexes 6a and 6b. These overall ligand transformations
represent a “double-carbonylation” sequence4 that con-
verts manganese methyl and ethyl compounds (CO)5-
MnCH2R (precursors to 1a and 1b) to their 2-ketoacyl
derivatives.

Experimental Section

Synthetic manipulations were performed using a combina-
tion of standard Schlenk line, glovebox, and vacuum line
procedures.5 Infrared spectra of benzene solutions were
recorded on a Perkin-Elmer FT spectrophotometer, model no.
1600, over the carbonyl ν(CO) frequency range (2200-1600

(1) Chatani, N.; Shinohara, M.; Ikeda, S.-I.; Murai, S. J. Am. Chem.
Soc. 1997, 119, 4303.

(2) (a) Gregg, B. T.; Cutler, A. R. J. Am. Chem. Soc. 1996, 118,
10069. (b) Hanna, P. K.; Gregg, B. T.; Tarazano, D. L.; Pinkes, J. R.;
Cutler, A. R. In Homogeneous Transition Metal Catalyzed Reactions;
Advances in Chemistry Series No. 230; Moser, W. R., Slocum, D. W.,
Eds.; American Chemical Society: Washington, DC, 1992; p 491. (c)
Gregg, B. T.; Hanna, P. K.; Crawford, E. J.; Cutler, A. R. J. Am. Chem.
Soc. 1991, 113, 384. (d) Mao, Z.; Gregg, B. T.; Cutler, A. R. Organo-
metallics 1998, 17, 1993.

(3) (a) Gregg, B. T.; Cutler, A. R. Organometallics 1993, 12, 2006.
(b) In the presence of excess PhMe2SiH, this active catalyst intermedi-
ate affords a detectable “resting-state” complex (CO)4MnH(SiMe2-
Ph)2: Xu, C.; Tetrick, S. M.; Punia, S.; Cutler, A. R. J. Am. Chem.
Soc., submitted for publication.

(4) (a) Alper, H. Adv. Organomet. Chem. 1981, 19, 183. (b) Alper,
H. Fundam. Res. Homog. Catal. 1984, 4, 79. (c) Foá, M.; Francalanci,
F. J. Mol. Catal. 1987, 41, 89.

(5) Shriver, D. F.; Drezdon, M. A. The Manipulation of Air-Sensitive
Compounds, 2nd ed.; Wiley-Interscience: New York, 1986.
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cm-1). NMR spectral data were obtained in C6D6 and were
reported as δ values relative to residual C6H6 (1H: 7.15 ppm),
C6D6 (13C: 128.00 ppm), and external SiMe4 (29Si: 0 ppm) using
Varian model XL-200 and IBM-WP100 spectrometers. Com-
bustion microanalyses were done by Quantitative Technolo-
gies, Bound Brook, NJ.

Organic and inorganic reagents were obtained commercially
and used as received; silanes and C6D6 were stored in a
glovebox under nitrogen. THF and benzene were distilled from
sodium benzophenone ketyl. Manganese acyl complexes
(CO)5MnC(O)CH3 (1a),6 (CO)5MnC(O)CH2CH3 (1b),7 and (CO)5-
MnC(O)CH2OCH3 (1c)8 were prepared by treating Mn(CO)5K
in THF with the appropriate acyl halide.9

Triethylsilane was dried over freshly activated 4 Å molec-
ular sieves and fractionally distilled. Only the fraction that
was collected over the boiling point range 107-108 °C was
used; its NMR spectral data, 1H δ 3.87 (sept, J ) 3.1 Hz, SiH),
0.97 (t, J ) 6.8, SiCH2CH3), 0.54 (m, SiCH2CH3); 13C {1H} 8.3
(SiCH2CH3), 2.9 (SiCH2CH3); 29Si{1H} δ 0.42, are consistent
with the absence of the disiloxane Et6Si2O, 13C{1H} δ 7.0
(SiCH2CH3), 6.8 (SiCH2CH3); 29Si{1H} δ 9.29, or detectable
concentrations of other triethylsilyl derivatives.

Preparation of (CO)5MnC(OSiEt3)dCH2 (3a). A ben-
zene solution (6.0 g) containing (CO)5MnC(O)CH3 (1a) (4.00
g, 16.8 mmol) and triethylsilane (2.93 g, 25.2 mmol) turned
from pale

yellow to dark orange within 30 min, commensurate with slow,
steady gas evolution. After 4 h, the solution was added to a 2
× 5 cm column of activity 3 alumina (neutral)-hexane and
eluted with hexane (30 mL). This left a brown layer at the
top of the column and removed an orange band, which was
evaporated to a mixture of orange solid and oil. The orange
residue was extracted with hexane (3 × 4 mL), leaving most
of the solid, and the supernatant liquid was transferred to a
centrifuge tube. It then was cooled to -78 °C for 5 min and
centrifuged to separate additional orange solid. The cen-
trifugate was transferred and evaporated, yielding 3.82 g of
spectroscopically pure 3a2a (64%) as an orange oil: IR (C6D6)
ν(CO) 2086 (w), 2045 (vs), 2017 (s sh) cm-1; 1H NMR (C6D6) δ
5.08 (d, J ) 1.4 Hz, E-CHH), 4.29 (d, J ) 1.4, Z-CHH), 1.02
(m, SiCH2CH3), 0.71 (q, J ) 7.9, SiCH2CH3); 13C NMR δ 210.9
(br, CO), 174.1 (COSi), 108.6 (CH2), 6.9 (SiCH2CH3), 5.6 (SiCH2-
CH3). The combined orange solids, 1.09 g after brief drying,
contained primarily Mn2(CO)10 (IR spectroscopy).

Carbonylation of (CO)5MnC(OSiEt3)dCH2 (3a). An
orange acetonitrile solution (50 mL) containing 3a (3.80 g,
10.78 mmol) was added to the glass insert of a Parr Mini-
reactor. This was set up in the Parr pressure reactor, which
was fitted with an overhead mechanical stirrer, and the
apparatus was pressurized to 1000 psig CO. Three cycles of
pressurization-depressurization (to 1 atm) were carried out
before the apparatus was left at 1000 psig CO for 3 days. The
pressure then was vented, and the remaining pale yellow
solution was evaporated to a light yellow oil. This was
chromatographed on a 2.5 × 5 cm column of silica gel in
hexane, from which a pale yellow band was eluted with
additional hexane (30 mL). Removal of solvent left a yellow
oil (3.52 g) that was identified spectroscopically as (CO)5MnC-

(6) Lukehart, C. M.; Torrence, G. P.; Zeile, J. V.; Dombek, B. D.;
Angelici, R. J. Inorg. Synth. 1990, 28, 199.

(7) Coffield, T. H.; Kozikowski, J.; Closson, R. D. J. Org. Chem. 1957,
22, 598.

(8) Cawse, J. N.; Fiato, R. A.; Pruett, R. L. J. Organomet. Chem.
1979, 172, 405.

(9) Gladysz, J. A.; Williams, G. M.; Tam, W.; Johnson, D. L.; Parker,
D. W.; Selover, J. C. Inorg. Chem. 1979, 18, 553.

Scheme 1

Scheme 2

Scheme 3
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(O)C(OSiEt3)dCH2 (5a) (86% yield): IR (C6D6) ν(CO) 2115 (w),
2046 (vs), 2017 (vs br) cm-1, ν(CdO) 1634 cm-1; 1H NMR (C6D6)
δ 4.67 (d, J ) 1.5 Hz, Z-CHH), 3.78 (d, J ) 1.5, E-CHH), 0.91
(m, SiCH2CH3), 0.68 (m, SiCH2CH3); 13C NMR δ 250.5 (MnCd
O), 209.8 (CO), 159.6 (COSi), 87.1 (CH2), 6.6 (SiCH2CH3), 4.6
(SiCH2CH3).

1H NMR spectra of the product before and after chroma-
tography were consistent with the presence of e2% of starting
3a, although 5a slowly decarbonylated in solution to regener-
ate 3a. For example, a concentrated sample of 5a in C6D6 after
a 13C NMR spectral run (3 h) had transformed to 3a (30%).

Protonolysis of (CO)5MnC(O)C(OSiEt3)dCH2 (5a). Tri-
fluoroacetic acid (0.5 mL, 6.94 mmol) was added dropwise to
a light yellow benzene solution (15 mL) of 5a (861 mg, 2.26
mmol). This immediately produced a dark red solution, which
was evaporated (10-1 mm), and the resulting red oil was
chromatographed on silica gel-hexane (1 × 10 cm column). A
pale yellow band that was eluted with hexane (25 mL)
contained Mn2(CO)10 and unidentified organic residues. Con-
tinued elution with 1/1 hexane-dichloromethane (25 mL)
removed a light red band, which after removal of solvent left
spectroscopically pure (CO)5MnC(O)C(O)CH3 (6a)10 as a pink
powder, 0.52 g (86% yield). Its IR and 1H NMR spectral data
and its mp of 73-76 °C (previously reported 76-77 °C) are in
agreement with Casey’s data:10 IR (C6D6) ν(CO) 2118 (w), 2059
(sh), 2023 (vs) cm-1, ν(CdO) 1716 (w), 1640 (m), 1599 (w) cm-1;
IR (C6H12) ν(CO) 2118 (w), 2048 (w, sh), 2026 (vs), 2010 (vs),
1989 (w, sh), ν(CdO) 1720 (w), 1642 (m), 1602 (w) cm-1; 1H
NMR (C6D6) δ 1.64 (s, CH3); 13C NMR δ 261.6 (MnCdO), 209.5
(MnCOCOCH3), 194.2 (MnCOCOCH3), 20.5 (CH3).

Preparation of (Z)-(CO)5MnC(OSiEt3)dCH(CH3) (3b).
To a 5 mL vial in the glovebox was added (CO)5MnC(O)CH2-
CH3 (1b) (1.00 g, 3.97 mmol), benzene (1.60 g), and HSiEt3

(692 mg, 5.95 mmol). After the light orange solution had
turned dark brown (5 h), it was chromatographed on a 2 × 10
cm column of activity 3 alumina with benzene. The orange
band that eluted with benzene was evaporated to an orange
oily solid. This was extracted with hexane (2 × 5 mL), and
the supernatant solution was separated from the Mn2(CO)10

residue and transferred to a centrifuge tube. Cooling the
yellow solution (-78 °C) for 5 min afforded additional orange
solid, which was collected and identified as Mn2(CO)10. The
centrifugate was transferred and evaporated to a light yellow
oil (822 mg) that was identified as 3b (56%): IR (C6D6) ν(CO)
2114 (w), 2054 (w), 2015 (vs), 1990 (m) cm-1; 1H NMR (C6D6)
δ 5.70 (q, J ) 6.7 Hz, E-CH), 1.66 (d, J ) 6.7, CH3), 1.00 (m,
SiCH2CH3), 0.65 (m, SiCH2CH3); 13C NMR δ 210.5 (CO), 163.4
(COSi), 116.4 (CH), 16.3 (CH3), 6.9 (SiCH2CH3), 6.8 (SiCH2CH3),
5.8 (SiCH2CH3). Anal. Calcd for C14H19O6SiMn: C, 45.78; H,
5.21. Observed: C, 45.53; H, 4.89.

Carbonylation of (Z)-(CO)5MnC(OSiEt3)dCH(CH3) (3b).
An orange acetonitrile solution (20 mL) containing 3b (460 mg,
1.26 mmol) was pressurized to 1010 psig with CO. After 3
days, the pressure was released, and the resulting light yellow
solution was evaporated and chromatographed with hexane
on a 2.5 × 5 cm column of flash-grade silica gel. The pale
yellow band that was eluted with hexane provided Mn2(CO)10

plus unidentified organic residues. Continued elution of the
column with 1/1 hexane-dichloromethane cleanly removed a
second yellow band that yielded (E)-(CO)5MnC(O)C(OSiEt3)d
CH(CH3) (5b) as a yellow oil (406 mg, 80%).

The manganese (R-triethylsiloxy)crotonyl complex 5b also
was synthesized by hydrosilation of manganese propionyl 1b
and then carbonylation of the unpurified 3b. A benzene
solution (10 g) of 1b (1.50 g, 5.90 mmol) was treated with 1.52
equiv of HSiEt3 (1.04 g, 8.98 mmol) for 5 h. The solution,
which had changed from light orange to dark brown, was
chromatographed on silica gel-hexane (2.5 × 10 cm column).

The orange eluate was concentrated to an orange residue that
was dissolved in 20 mL of acetonitrile, and this solution was
treated with carbon monoxide (1015 psig) for 3 days. The
resulting yellow solution was chromatographed on silica gel
with 1/1 hexane-dichloromethane in order to provide 5b as a
yellow oil (1.061 g, 46% overall yield): IR (C6D6) ν(CO) 2113
(w), 2046 (sh), 2021 (vs), 2009 (vs), 1999 (sh) cm-1, ν(CdO)
1630 (m) cm-1; 1H NMR (C6D6) δ 4.40 (q, J ) 7.2 Hz, Z-CH),
1.65 (d, J ) 7.2, CH3), 0.94 (m, SiCH2CH3), 0.66 (m, SiCH2-
CH3); 13C NMR δ 251.6(MnCdO), 209.8 (CO), 156.8 (COSi),
97.5 (CH), 11.3 (CH3), 6.9 (SiCH2CH3), 6.6 (SiCH2CH3), 5.9
(SiCH2CH3), 5.1 (SiCH2CH3).

Protonolysis of (E)-(CO)5MnC(O)C(OSiEt3)dCH(CH3)
(5b). A light orange benzene solution (10 mL) of 5b (630 mg,
1.60 mmol) was treated with trifluoroacetic acid (0.50 mL, 6.94
mmol). The resulting dark red solution was evaporated to a
red oil that was chromatographed on a 1 × 10 cm column of
silica gel in hexane. A red band was eluted by 1/1 hexane-
dichloromethane, which upon evaporation left analytically
pure (CO)5MnC(O)C(O)CH2CH3 (6b) as a pale red powder (412
mg, 89% yield), mp 58-60 °C: IR (C6D6) ν(CO) 2118 (m), 2022
(vs) cm-1, ν(CdO) 1714 (w), 1624 (m, br) cm-1; IR (C6H12) ν(CO)
2118 (w), 2025 (vs), 2009 (vs), 1989 (w, sh) cm-1, ν(CdO) 1717
(w), 1630 (m) cm-1; 1H NMR (C6D6) δ 2.09 (q, J ) 7.2 Hz, CH2),
0.79 (t, J ) 7.2, CH3); 13C NMR δ 261.3 (MnCdO), 209.0
(MnCOCOCH3), 196.7 (MnCOCOCH2), 27.2 (CH2), 7.1 (CH3).
Anal. Calcd for C9H5O7Mn: C, 38.60; H, 1.80. Found: C,
38.31; H, 1.68.

Preparation of (Z)-(CO)5MnC(OSiEt3)dCH(OCH3) (3c).
A dark orange C6D6 solution (600 mg) containing triethylsilane
(174 mg, 1.49 mmol) and (CO)5MnC(O)CH2OCH3 (1c) (200 mg,
0.74 mmol) was transferred to a 5 mm NMR tube. Gas
evolution was evident as the solution turned dark brown over
4 h and over 90% of the 1c transformed to 3c (1H NMR spectral
monitoring). The brown solution was chromatographed on a
1 × 10 cm column of silica gel (40 µm, flash grade)-hexane,
and the resulting orange hexane eluate (25 mL) was evapo-
rated to an orange oily solid. The combined hexane extracts
(3 × 1.5 mL) were cooled to -78 °C, centrifuged, and separated
from additional orange solid (Mn2(CO)10). Removal of solvent
from the centrifugate left 230 mg of an orange oil that was
identified by 1H and 13C NMR spectroscopy as 3c (81% yield),
although the residual Mn2(CO)10 that was evident by its IR
spectrum (<5%) was not eliminated after extensive pumping
at 10-3 mm. IR (C6D6) ν(CO): 2116 (w), 2045 (w), 2018 (vs),
1989 (m) cm-1. 1H NMR (C6D6): δ 6.68 (s, dCH), 3.18 (s,
OCH3), 1.03 (m, SiCH2CH3), 0.73 (m, SiCH2CH3). 13C NMR δ
210.4 (CO), 150.1 (COSi), 143.1 (dCH), 58.7 (OCH3), 7.0
(SiCH2CH3), 5.8 (SiCH2CH3). Anal. Calcd for C14H19O7-
SiMn: C, 43.98; H, 5.01. Observed: C, 43.37; H, 4.78.

Results and Discussion

Hydrosilation of the Manganese Acyl Complexes
(CO)5MnC(O)CH2R, R ) H (1a), CH3 (1b), and OCH3
(1c), with Triethylsilane. Treatment of the manga-
nese acyl complexes 1a-1c with 1.5-2.0 equiv of HSiEt3
in benzene solutions for 4-5 h provided the R-triethyl-
siloxyvinyl complexes 3a-3c in 56-76% isolated yields
(eq 1). The reaction conditions chosen optimized the
conversion of the parent manganese acetyl 1a plus
triethylsilane to its R-(triethylsiloxy)vinyl derivative
3a.2a Although the R-(triethylsiloxy)ethyl byproduct
(CO)5MnCH(OSiEt3)CH3 (2a) and 3a independently
form, 3a/2a ) 2 (Scheme 2), any residual Et3SiH over
the 1 equiv required for forming these products selec-
tively degraded 2a. From previous attempts to isolate
2a, we also know that any surviving 2a would not
survive the chromatographic workup on alumina. These

(10) Casey, C. P.; Bunnell, C. A.; Calabrese, J. C. J. Am. Chem. Soc.
1976, 98, 1166.
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degradation routes presumably were the source of the
Mn2(CO)10 that made the isolation of pure 3a so tedious.

The parent (CO)5MnC(OSiEt3)dCH2 (3a) previously
had been fully characterized.2a Its 1H NMR spectrum,
for example, shows two diagnostic vinylic doublets at δ
5.08 and 4.29 with a small geminal coupling (2J ) 1.4
Hz). IR spectra in benzene exhibit the expected three-
band pattern for terminal carbonyl ν(CO) bands between
2120 and 1980 cm-1 (with relative intensities weak-
medium-very strong/broad) that typify the (CO)5MnR
system with C4v local symmetry.11

Triethylsilane also transformed the manganese pro-
pionyl 1b and methoxyacetyl 1c complexes to the stable
(Z)-1-(pentacarbonyl)manganese-1-triethylsiloxypropen-
yl (3b) and (Z)-1-(pentacarbonyl)manganese-1-triethyl-
siloxy-2-methoxyvinyl (3c) compounds, respectively (eq
1). Under these conditions, we did not detect their
potential R-siloxyalkyl byproducts (CO)5MnCH(OSiEt3)-
CH2R (R ) CH3, OCH3), but they could have formed and
then degraded under the reaction conditions. Indeed,
considerable amounts of Mn2(CO)10 were present that
complicated the purification of 3b and 3c.

Complexes 3b and 3c were characterized by 1H, 13C
NMR, and IR spectroscopy and by microanalysis. In
particular, the 13C NMR spectrum of (Z)-(CO)5MnC-
(OSiEt3)dCHCH3 (3b) has CR and Câ resonances (δ
163.4 and 116.4) that are similar to values reported for
(Z)-Cp(PPh3)(NO)ReC(OCH3)dCHCH3 (δ 162.6 and
102.9).12 The Z-configurations for 3b and 3c were
assigned from the results of difference NOE 1H NMR
experiments.13 Irradiation of the triethysilyl methylene
groups for 3b and 3c thus gave positive enhancements
for the vinyl hydrogen absorptions and less intense
negative enhancements (indirect NOE) for geminal vinyl
methyl and methoxy resonances.

A number of similar mono- and bimetallic 1-oxyvinyl
complexes had been characterized. Interest in these

1-oxyvinyl systems centers on (1) using nucleophilic
R-metaloxyvinyl or R-alkoxyvinyl compounds LxMC-
(OR)dCHR to form carbon-carbon bonds14 and (2)
transforming acyl ligands to bimetallic µ(η1-C:η1-O)
ketene (or enolate) complexes.15 R-Alkoxyvinyl com-
pounds, for example, typically result from deprotonating
alkoxycarbene compounds,16 as exemplified by synthe-
ses of the (Z)-rhenium and iron alkoxy-1-propenyl
compounds (eq 2) by the Gladysz12 and Davies17 groups,
respectively.

Organometallic1-oxyvinylenolates18,19LxMC(O-)dCHR
are precursors to other 1-oxyvinyl compounds. Floriani
accordingly trapped Cp(PPh3)(CO)FeC(O)dCH2

- as its
titanoxy and zirconoxy derivatives Cp(PPh3)(CO)FeC-
(OMClCp2)dCH2.20 Attempts to generate the corre-
sponding R-siloxyvinyl complex Cp(PPh3)(CO)FeC-
(OSiMe3)dCH2 by silylating the same enolate instead
gave Cp(PPh3)(CO)FeC(O)CH2SiMe3.18b,c Gladysz con-
verted the analogous rhenium R-silylacetyl to its R-si-
loxyvinyl tautomer Cp(PPh3)(NO)ReC(OSiMe3)dCH2.18g

The extensive literature of Mn(CO)5 chemistry21 also
includes several examples of 1-oxyvinyl complexes.
Thus 5-(CO)5Mn-2(3H)-furanone and 6-(CO)5Mn(-3,4-
dihydro-2H)-pyran-2-one complexes 722 and the recently
reported Mn2(CO)9{µ-OdC[C(H)dC(OEt)]2} (8)23 con-

(11) These fundamental carbonyl ν(CO) stretching frequencies are
assigned (in decreasing frequency) as having A1, B1, and (E + A1)
symmetry. Some Mn(CO)5R complexes reported herein have four
terminal carbonyl ν(CO) bands due to the appearance of separate E
(very intense, broad) and A1 (medium-intensity, 20-40 cm-1 lower in
energy) fundamentals. This band splitting is associated with the
presence of “less symmetrical” alkyl or acyl ligands R on (CO)5MnR.
(a) Cotton, F. A.; Musco, A.; Yagupsky, G. Inorg. Chem. 1967, 6, 1357.
(b) Kaesz, H. D.; Bau, R.; Hendrickson, D.; Smith, J. M. J. Am. Chem.
Soc. 1967, 89, 2844. (c) Braterman, P. S. Metal Carbonyl Spectra;
Academic Press: New York, 1975; pp 72, 223.

(12) Bodner, G. S.; Smith, D. E.; Hatton, W. G.; Heah, P. C.;
Georgiou, S.; Rheingold, A. L.; Geib, S. J.; Hutchinson, J. P.; Gladysz,
J. A. J. Am. Chem. Soc. 1987, 109, 7688.

(13) (a) Sanders, J. K. M.; Hunter, B. K. Modern NMR Spectroscopy;
Oxford University Press: London, 1987, Chapter 6. (b) Benn, R.;
Rufinska, A.; Schroth, G. J. Organomet. Chem. 1981, 217, 91. (c)
Sanders, J. K. M.; Mersh, J. D. Prog. Nucl. Magn. Reson. Spectrosc.
1982, 15, 353.

(14) Blackburn, B. K.; Davies, S. G.; Whittaker, M. In Stereochem-
istry of Organometallic an Inorganic Compounds; Bernal, I., Ed.;
Elsevier: Amsterdam, 1989; Vol. 3, Chapter 2.

(15) (a) Geoffroy, G. L.; Bassner, S. L. Adv. Organomet. Chem. 1988,
28, 1. (b) Ozawa, F.; Park, J. W.; Mackenzie, P. B.; Schaefer, W. P.;
Henling, L. M.; Grubbs, R. H. J. Am. Chem. Soc. 1989, 111, 1319. (c)
Waymouth, R. M.; Santarsiero, B. D.; Coots, R. J.; Bronikowski, M.
J.; Grubbs, R. H. J. Am. Chem. Soc. 1986, 108, 1427.

(16) (a) Cutler, A. R.; Hanna, P. K.; Vites, J. C. Chem. Rev. 1988,
88, 1363. (b) Bruce, M. I. Chem. Rev. 1991, 91, 197.

(17) (a) Baird, G. J.; Davies, S. G.; Jones, R. H.; Prout, K.; Warner,
P. J. Chem. Soc., Chem. Commun. 1984, 745. Curtis, P. J.; Davies, S.
G. J. Chem. Soc., Chem. Commun. 1984, 747. (b) Baird, G. J.; Davies,
S. G.; Maberly, T. R. Organometallics 1984, 3, 1764.

(18) (a) Theopold, K. H.; Becker, P. N.; Bergman, R. G. J. Am. Chem.
Soc. 1982, 104, 5250. (b) Aktogu, N.; Felkin, H.; Davies, S. G. J. Chem.
Soc., Chem. Commun. 1982, 1303. (c) Aktogu, N.; Felkin, H.; Baird,
G. J.; Davies, S. G.; Watts, O. J. Organomet. Chem. 1984, 262, 49. (d)
Davies, S. G.; Dordor-Hedgecock, I. M.; Warner, P.; Jones, R. H.; Prout,
K. J. Organomet. Chem. 1985, 285, 213. (e) Liebeskind, L. S.; Welker,
M. E. Organometallics 1983, 2, 194. (f) Liebeskind, L. S.; Welker, M.
E.; Fengl, R. W. J. Am. Chem. Soc. 1986, 108, 6328. (g) Heah, P. C.;
Patton, A. T.; Gladysz, J. A. J. Am. Chem. Soc. 1986, 108, 1185. (h)
Ojima, I.; Kwon, H. B. J. Am. Chem. Soc. 1988, 110, 5617.

(19) (a) Brinkman, K.; Helquist, P. Tetrahedron Lett. 1985, 26, 2845.
(b) Akita, M.; Kondoh, A. J. Organomet. Chem. 1986, 299, 369.

(20) (a) Berno, I.; Floriani, C.; Chiesi-Villa, A.; Guastini, C. Organo-
metallics 1990, 9, 1995. (b) Weinstock, P.; Floriani, C.; Chiesi-Villa,
A.; Guastini, C. J. Am. Chem. Soc. 1986, 108, 8298.

(21) Treichel, P. M. In Comprehensive Organometallic Chemistry;
Wilkinson, G., Stone, F. G. A., Eds.; Pergamon Press: Oxford, U.K.,
1982; Vol. 4, Chapter 29. Casey, C. P. In Comprehensive Organometallic
Chemistry II; 1996; Vol. 6, Chapter 1.

(22) Kraihanzel, C.; Herman, L. J. Organomet. Chem. 1986, 15, 397.
(23) Adams, R. D.; Chen, G.; Chen, L.; Wu, W.; Yin, J. J. Am. Chem.

Soc. 1991, 113, 9406.

4172 Organometallics, Vol. 17, No. 19, 1998 Gregg and Cutler

D
ow

nl
oa

de
d 

by
 C

A
R

L
I 

C
O

N
SO

R
T

IU
M

 o
n 

Ju
ne

 3
0,

 2
00

9
Pu

bl
is

he
d 

on
 A

ug
us

t 2
5,

 1
99

8 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
98

01
50

7



tain 1-oxyvinyl functionalities. A particularly intriguing
example is the trimethylsilyl enol ether derivative 9 of
the bimetallic µ-malonyl compound Cp*(NO)(PPh3)Re[µ-
(COCH2CO)-C1,O3:C3]Mn(CO)4, which O’Connor used in
establishing keto-enol tautomerization of metal acyl
systems.24

Carbonylation of the r-(Triethylsiloxy)vinyl Com-
plexes (CO)5MnC(OSiEt3)dCH2 (3a) and (Z)-
(CO)5MnC(OSiEt3)dCHCH3 (3b): Synthesis of Their
r-Ketoacyl Derivatives (CO)5MnC(O)C(O)R, R )
Me, Et. Carbonylation of (CO)5MnC(OSiEt3)dCH2 (3a)
and (Z)-(CO)5MnC(OSiEt3)dCHCH3 (3b) afforded (pen-
tacarbonyl)manganese (R-triethylsiloxy)acryloyl 5a and
(E)-(R-triethylsiloxy)crotonyl 5b complexes (eq 3) in
over 80% isolated yields. These reactions required 1000
psig CO for 3 days in acetonitrile; attempted carbon-
ylation of 3a at 80 psig CO in benzene, THF, or
acetonitrile returned starting material. Even in aceto-
nitrile at 1000 psig CO, (Z)-(CO)5MnC(OSiEt3)dCH-
(OCH3) (3b) proved inert.

Both 5a and 5b are stable, yellow oils that have
distinctive 1H and 13C NMR and IR spectra. Medium-
intensity IR ν(CdO) bands at 1634 and 1630 cm-1,
respectively, and 13C NMR absorptions at δ 251 are
consistent with the presence of an acyl ligand. Similar
acyl absorptions (1653 cm-1, δ 251) occur for (CO)5MnC-
(O)CH3 (1a). Remaining IR ν(CO) bands for the termi-
nal carbonyls on 5a and 5b closely resemble those of

their (R-triethylsiloxy)vinyl precursors 3a and 3b. 1H
and 13C NMR spectral absorptions for the vinyl positions
on 5a and 5b show distinct upfield shifts, 0.8-1.3 ppm
(1H NMR) and 6-18 ppm (13C NMR), with respect to
3a and 3b.

The rather demanding carbonylation conditions for
generating 3a and 3b contrast the 85 psig CO that we
used in carbonylating (R-trialkylsiloxy)ethyl complexes
2.2a For these reactions, 1 h of carbonylation in CH3CN
produced (CO)5MnC(O)CH(OSiR3)CH3 in high yields (eq
4). Gladysz and co-workers25 previously used up to 200
psig CO to intercept and derivatize their unstable (R-
trimethylsiloxy)alkyl complexes 2 (eq 5).

The difficulty experienced in carbonylating 3a and 3b
presumably corresponds to the sluggish alkyl-CO mi-
gratory insertion step,26,27 since 5a only slowly decar-
bonylated to 3a in the absence of a CO atmosphere (30%
deinsertion over 3 h). The same electronic effects27 that
inhibit carbonylation of (CO)5MnCH2OR (R ) CH3,
SiMe3)8,28 and (CO)5MnPh vs (CO)5MnCH3

27b evidently
apply to carbonylating 3a and 3b. The vinyl and
R-siloxy functionalities on 3a and 3b thus retard their
carbonylation, and the presence of an additional elec-
tronegative methoxy group on (Z)-(CO)5MnC(OSiEt3)d
CH(OCH3) (3c) ultimately prevented CO incorporation.

Protonolysis of (R-triethylsiloxy)vinyl compounds 5a
and 5b with excess trifluoroacetic acid in benzene
provided the R-ketoacyl complexes (CO)5MnC(O)C(O)R

(24) O’Connor, J. M.; Uhrhammer, R.; Rheingold, A. L.; Roddick,
D. M. J. Am. Chem. Soc. 1991, 113, 4530. O’Connor, J. M.; Uhrhammer,
R.; Rheingold, A. L.; Staley, D. L.; Chadha, R. K. J. Am. Chem. Soc.
1990, 112, 7585.

(25) (a) Gladysz, J. A. Acc. Chem. Res. 1984, 17, 326. (b) Brinkman,
K. C.; Gladysz, J. A. Organometallics 1984, 3, 147.

(26) (a) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G.
Principles and Applications of Organotransition Metal Chemistry;
University Science Books: Mill Valley, CA, 1987; Chapter 6.1. (b)
Alexander, J. J. In The Chemistry of the Metal-Carbon Bond; Hartley,
F. R., Patai, S., Eds.; Wiley: New York, 1985; Vol. 2, Chapter 5.

(27) (a) Axe, F. U.; Marynick, D. S. Organometallics 1987, 6, 572.
(b) Axe, F. U.; Marynick, D. S. J. Am. Chem. Soc. 1988, 110, 3728,
and references cited. (c) Jackson, S. A.; Eisenstein, O.; Martin, J. D.;
Albeniz, A. C.; Crabtree, R. H. Organometallics 1991, 10, 3062.

(28) (a) Brinkman, K. C.; Vaughn, G. D.; Gladysz, J. A. Organo-
metallics 1982, 1, 1056. (b) For examples of other siloxymethyl/
siloxyacetyl complexes: Sisak, A.; Sampar-Szerencses, E.; Galamb, V.;
Nemeth, L.; Ungvary, F.; Palyi, G. Organometallics 1989, 8, 1096, and
references therein.
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[R ) CH3 (6a), CH3CH2 (6b)] (eq 3). These R-ketoacyl
complexes were isolated in 86-89% yields as stable pink
solids after column chromatography of the reaction
mixtures. The pyruvoyl 6a previously had been syn-
thesized by Casey10 as the metathesis product of
(CO)5Mn-Na+ and pyruvoyl chloride; its X-ray crystal-
lographic structure determination established an s-trans
conformation for the acyl carbonyls. The appearance
of several IR ν(CO) bands for 6a in the 1720-1600 cm-1

region (three to five, depending on the solvent) suggests
that syn and anti conformers equilbrate in solution. IR
and 13C NMR spectral data for the fully characterized
manganese-2-ketobutyryl 6b closely correspond to those
of 6a; for example, 13C NMR absorptions for the
manganese acyl and keto carbons occur at δ 261, 197
(6b) and δ 262, 194 (6a).

Double Carbonylation. The set of ligand reactions
involved in transforming manganese methyl and ethyl
complexes (CO)5MnCH2R into their R-ketoacyl deriva-
tives (CO)5MnC(O)C(O)CH2R (6a, R ) H; 6b, R ) CH3)
(Scheme 4) represents a novel form of double carbon-
ylation. Hydrosilation of the acetyl 1a and propionyl
1b intermediatessthe single carbonylation products26s
yields their (R-triethylsiloxy)vinyl derivatives (CO)5-
MnC(OSiEt3)dCHR (3a and 3b). These siloxyvinyl
derivatives, after carbonylation and protonolysis, then
afford the double-carbonylation products 6a and 6b
(Scheme 4).

These R-ketoacyl derivatives 6a and 6b are not
accessible by direct carbonylation of 1a10 and 1b.
Indeed, few examples of acyl-to-CO migratory insertion
are known,29 since equilibria involving acyl to R-ketoacyl
complexes generally are disfavored.8,10,30 Masking 1a
and 1b as their siloxyvinyl derivatives 3a and 3b,
however, facilitates the second carbonylation. The
double-carbonylation sequence presented in Scheme 4
thus is unusual in that R-ketoacyl products originate
through carbonylation of the initial acyl complex only
after it is converted to a more labile siloxyvinyl deriva-
tive. Subsequent hydrolysis reinstates the original acyl
group that is now part of the new ketoacyl ligand.

Double carbonylation usually refers to metal-cata-
lyzed transformation of an aryl or benzyl halide, base,
and two CO molecules into organic R-ketoacid deriva-
tives.4,31 Typical double-carbonylation catalytic systems
incorporate bis-phosphine palladium complexes or
Co2(CO)8 under basic (phase-transfer catalytic) condi-

tions. Scheme 5 outlines the accepted mechanism by
which both catalytic systems promote double carbon-
ylation of aryl halides to give either R-ketoamides32 and
R-ketoesters33 (with Pd) or R-ketoacids9c,34a (with Co).
Both catalytic systems have in common generating
(PR3)2Pd(acyl)(carbamoyl) and (PR3)2Pd(acyl)(alkoxy-
carbonyl) or (CO)3(CH3)Co(aroyl)(hydroxycarbonyl) in-
termediates that reductively eliminate their organic
dione products.

Organometallic R-ketoacyl complexes evidently are
not involved in these double-carbonylation catalytic
cycles. Although a number of R-ketoacyl complexes
have been characterized,29,30,35 including (CO)5MnC-
(O)C(O)R, R ) CH3, CH2Ph, OEt, and Ph,8,9,10,36 mecha-

(29) (a) Bassner, S. L.; Sheridan, J. B.; Kelley, C.; Geoffroy, G. L.
Organometallics 1989, 8, 2121. Sheridan, J. B.; Johnson, J. R.;
Handwerker, B. M.; Geoffroy, G. L. Organometallics 1988, 7, 2404.
(b) Johnson, K. A.; Gladfelter, W. L. J. Am. Chem. Soc. 1991, 113, 5097.

(30) (a) Dobrzynski, E. D.; Angelici, R. J. Inorg. Chem. 1975, 14,
59. (b) Blake, D. M.; Vinson, A.; Dye, R. J. Organomet. Chem. 1981,
204, 257. (c) Chen, J.-T.; Sen, A. J. Am. Chem. Soc. 1984, 106, 1506.
(d) Vetter, W. M.; Sen, A. J. Organomet. Chem. 1989, 378, 485. (e)
Milstein, D.; Huckaby, J. L. J. Am. Chem. Soc. 1982, 104, 6150. (f)
Ungváry, F.; Markó, L. Organometallics 1983, 2, 1608. (g) Huang, T.-
M.; You, Y.-J.; Yang, C.-S.; Tzeng, W.-H.; Chen, J.-T.; Cheng, M.-C.;
Wang, Y. Organometallics 1991, 10, 1020.

(31) Other versions of double carbonylation include oxidation of
nucleophilic metal acyl complexes,31a carbonylation of η1-allenyl
compounds,31b and carbonylation of group 4 transition metal, lan-
thanide, and actinide alkyl complexes.31c (a) Periasamy, M.; Devasa-
gayaraj, A.; Radhakrishnan, U. Organometallics 1993, 12, 1424. (b)
Wouters J. M. A.; Avis, M. W.; Elsevier: C. J.; Kyriakidis, C. E.; Stam,
C. H. Organometallics 1990, 9, 2203. (c) Erker, G. Acc. Chem. Res.
1984, 17, 103. Petersen, J. L.; Egan, J. W. Organometallics 1987, 6,
2007, and references therein.

(32) (a) Ozawa, F.; Soyama, H.; Yamamoto, T.; Yamamoto, A.
Tetrahedron Lett. 1982, 23, 3383. Ozawa, F.; Soyama, H.; Yanagihara,
H.; Aoyama, I.; Takino, H.; Izawa, K.; Yamamoto, T.; Yamamoto, A.
J. Am. Chem. Soc. 1985, 107, 3235. (b) Kobayashi, T.; Tanaka, M. J.
Organomet. Chem. 1982, 233, C64. Yamashita, H.; Kobayashi, T.;
Sakakura, T.; Tanaka, M. J. Mol. Catal. 1987, 40, 333. (c) Ozawa, F.;
Sugimoto, T.; Yasuhiro, Y.; Santra, M.; Yamamoto, T.; Yamamoto, A.
Organometallics 1984, 3, 683. (d) Alper, H.; Vasapollo, G.; Hartstock,
F. W.; Mlekuz, M.; Smith, D. J. H.; Morris, G. E. Organometallics 1987,
6, 2391.

(33) (a) Ozawa, F.; Kawasaki, N.; Yamamoto, T.; Yamamoto, A.
Chem. Lett. 1985, 567. Ozawa, F.; Kawasaki, N.; Okamoto, H.;
Yamamoto, T.; Yamamoto, A. Organometallics 1987, 6, 1640. (b)
Tanaka, M.; Kobayashi, T.; Sakakura, T.; Itatani, H.; Danno, K.; Zushi,
K. J. Mol. Catal. 1985, 32, 115.

(34) (a) Francalanci, F.; Bencini, E.; Gardano, A.; Vincenti, M.; Foá,
M. J. Organomet. Chem. 1986, 301, c27. (b) Foá, M.; Francalanci, F.;
Bencini, E.; Gardano, A. J. Organomet. Chem. 1985, 285, 293.
Francalanci, F.; Gardano, A.; Abis, L.; Foá, M. J. Organomet. Chem.
1983, 251, c5.

(35) (a) Ozawa, F.; Sugimoto, T.; Yamamoto, T.; Yamamoto, A.
Organometallics 1984, 3, 692. (b) Sen, A.; Chen, J.-T.; Vetter, W. M.;
Whittle, R. R. J. Am. Chem. Soc. 1987, 109, 148.

Scheme 4

Scheme 5
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nistic studies involving independently prepared (PR3)2-
(X)PdC(O)C(O)R have proved to be the most informa-
tive.30c,35 These fully characterized palladium R-keto-
acyl complexes neither transform into organic R-keto-
acid derivatives nor enter into the double-carbonyl-
ation catalytic cycle. In contrast, several acyl-carbam-
oyl and acyl-alkoxycarbonyl palladium compounds
(PR3)2Pd[C(O)R][C(O)Nu] (Nu ) NR2, OR) have been
established as intermediates for these double-carbon-
ylation systems.37 Analogous but more stable platinum
bis-acyl complexes are proving to be useful for elucidat-
ing finer points of this bis-acyl double-carbonylation
mechanism, such as cis-trans isomerization of the bis-
acyl intermediates.38

Tetracarbonylcobalt R-ketoester complexes also are
known,30e,f but they are not likely intermediates in
Co2(CO)8-catalyzed double carbonylation.4 Double car-
bonylation of aryl halides under these conditions in-
volves transient anionic aroyl-hydroxycarbonyl cobalt
compounds (CO)3Co[C(O)Ar][C(O)OH]- and (CO)3Co-
[C(O)Ar][C(O)OH](CH3).34,39 Recently, Yamamoto and
co-workers reported similar benzoyl-carbamoyl com-
plexes (PR3)(CO)2Co[C(O)Ph][C(O)NR2]-, which under-
went oxidatively induced reductive elimination of PhC-
(O)C(O)NR2.40

An alternative to the bis-acyl mechanism (Scheme 5)
has been advanced for Co2(CO)8-catalyzed double car-
bonylation of benzylic halides.4,41 Foá and co-workers
proposed that the second carbonylation intercepts a

cobalt acyl enol (CO)4CoC(OH)dCHPh to give (CO)4CoC-
(O)C(OH)dCHPh, which tautomerizes to (CO)4CoC-
(O)C(O)CH2Ph. Basic hydrolysis then releases aryl-
glyoxylic acids and regenerates Co(CO)4

-. Unfortu-
nately, only indirect evidence exists for the hypothesized
equilibration of cobalt carbonyl acyl complexes with
their enol tautomers.41e,42

Conclusions

Treatment of the manganese acyl complexes (CO)5-
MnC(O)CH2R [R ) H (1a), CH3 (1b), OCH3 (1c)] with
triethylsilane in benzene afforded stable R-triethyl-
siloxyvinyl compounds (Z)-(CO)5MnC(OSiEt3)dCHR (3a-
c) (eq 1), which were isolated in moderate yields (56-
76%). Carbonylation of the R-triethylsiloxyvinyl com-
plexes 3a and 3b at 1000 psig CO (in acetonitrile),
followed by protonolysis of the resulting acyl compounds
(CO)5MnC(O)C(OSiEt3)dCHR [R ) H (5a), CH3 (5b)],
provided their R-ketoacyl derivatives (CO)5MnC(O)C-
(O)CH2R 6a and 6b (eq 3). Since the starting acyl
complexes 1 are available through carbonylation of their
aklyl precursors (CO)5MnCH2R, the subsequent trans-
formation of 1 to their R-ketoacyl derivatives 6 amounts
to a novel double-carbonylation procedure (Scheme 4).
The novelty of this procedure lies in the formation of
the R-ketoacyl compounds 6 as the final products, which
are not the anticipated products for other examples of
double-carbonylation procedures.

Acknowledgment. We gratefully acknowledge re-
ceiving generous financial support from the Department
of Energy, Office of Basic Energy Science. We also are
indebted to Dr. Paul Hanna and Edward Crawford (RPI)
for their preliminary observations.

OM9801507

(36) Selover, J. C.; Vaughn, G. D.; Strouse, C. E.; Gladysz, J. A. J.
Am. Chem. Soc. 1986, 108, 1455.

(37) (a) Huang, L.; Ozawa, F.; Osakada, K.; Yamamoto, A. Organo-
metallics 1989, 8, 2065; J. Organomet. Chem. 1990, 383, 587. (b)
Huang, L.; Ozawa, F.; Yamamoto, A. Organometallics 1990, 9, 2603.
(c) Bochman, M.; Hawkins, I.; Hursthouse, M. B.; Short, R. L. J.
Organomet. Chem. 1987, 332, 361.

(38) (a) Bennett, M. A.; Rokicki, A. Organometallics 1985, 4, 180.
(b) Huang, L.; Ozawa, F.; Yamamoto, A. Organometallics 1990, 9, 2612.
(c) Huang, T.-M.; Chen, J.-T.; Lee, G.-H.; Wang, Y. Organometallics
1991, 10, 175. (d) Chen, J.-T.; Huang, T.-M.; Cheng, M.-C.; Wang, Y.
Organometallics 1990, 9, 539. (e) Chen, J.-T.; Huang, T.-M.; Cheng,
M.-C.; Wang, Y. Organometallics 1991, 10, 2838.
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