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Abstract

(Trimethylsilyl)diazomethane has been selectively carbonylated to (trimethylsilyl)ketene at 10◦C under atmospheric pressure of carbon
monoxide in the presence of octacarbonyl dicobalt as the catalyst. The rate of (trimethylsilyl)ketene formation is first order with respect to
both (trimethylsilyl)diazomethane and octacarbonyl dicobalt, and negative first order with respect to carbon monoxide.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Diazoalkanes are useful carbene precursors, especially
in transition metal-catalyzed synthetic applications[1]. The
decomposition of diazoalkanes in the presence of various
transition metal complexes is well documented[2–5], but
octacarbonyl dicobalt was declared to be ineffective in di-
azo decomposition[6] based on the observed sluggish ylide
generation and cyclopropanation with ethyl diazoacetate at
60◦C [7]. However, it was found that octacarbonyl dicobalt
does react with ethyl diazoacetate under ambient condi-
tions in a fast reaction by evolution of N2 and CO to give
mono- and di-ethoxycarbonylcarbene bridged dicobalt car-
bonyl complexes in high yield[8]. The carbene bridges in
these complexes can easily be displaced by CO to regen-
erate Co2(CO)8 and to obtain organic products which are
derivatives of the highly reactive ethoxycarbonylketene[9]
formed by carbene-carbon monoxide coupling.

We found that the less reactive (trimethylsilyl)ketene is se-
lectively formed in a Co2(CO)8-catalyzed carbonylation of
(trimethylsilyl)diazomethane under very mild reaction con-
ditions.
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2. Results

In accord with Eq. [1], solutions of (trimethylsi-
lyl)diazomethane (0.10 mol/dm3) in n-heptane in the pres-
ence of Co2(CO)8 (0.010 mol/dm3) at 10◦C and in an
atmosphere of carbon monoxide give after 4 h reaction
time reaction mixtures, containing according to the infrared
spectra, (trimethylsilyl)ketene (up to 0.10 mol/dm3) and
Co2(CO)8 (0.010 mol/dm3). No observable pressure change
accompanied the reaction.

Me3SiCHN2 + CO
10 mol% Co2(CO)8−−−−−−−−−→

10◦C,1 bar,4 h
N2 + Me3SiCH=C=O

100% yield

(1)

By distillation at atmospheric pressure of the reaction
mixture, all the (trimethylsilyl)ketene formed can be sep-
arated in form of a colorlessn-heptane solution. Quan-
titative gas chromatographic analyses confirmed that the
(trimethylsilyl)diazomethane conversions are complete and
the (trimethylsilyl)ketene yields are practically 100%.

Monitoring the rate of (trimethylsilyl)ketene formation
by measuring the intensity of theν(CO) band of Me3
SiCH=C=O at 2116 cm−1 every 2 min, the initial rate was
determined. Starting the monitoring at various Me3SiCHN2,
Co2(CO)8, and CO concentrations the initial rates of
Me3SiCH=C=O formation show a first order dependence in
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Table 1
The effect of initial concentrations of Me3SiCHN2, Co2(CO)8, and CO on the initial rate of Me3SiCH=C=O formation (rMe3SiCH=C=O) and on the
observed rate constant (kobs = rMe3SiCH=C=O × [CO]/[Me3SiCHN2] × [Co2(CO)8] at 10◦C in n-heptane solution

[Me3SiCHN2]0 (mol/dm3) [Co2(CO)8]0 (mol/dm3) [CO]0a (mol/dm3) 105 × rMe3SiCH=C=O (mol/dm3 s) 103 × kobs (s−1)

0.010 0.00985 0.0113 0.42 0.48
0.020 0.00999 0.0114 0.83 0.47
0.040 0.00985 0.0114 1.83 0.53
0.010 0.0196 0.0114 0.81 0.47
0.020 0.00493 0.0114 0.51 0.59
0.020 0.0194 0.0116 1.83 0.54
0.020 0.00938 0.0061 1.67 0.52
0.020 0.00972 0.0171 0.66 0.55
0.020 0.00979 0.0232 0.52 0.58
0.020 0.0380 0.0116 3.17 0.48

a The concentration of carbon monoxide was calculated from the partial pressure of CO and the solubility of CO at 1 bar at 10◦C in n-heptane as
0.0119 mol/dm3. This value of CO solubility was obtained by using the known solubility of CO inn-heptane at 25◦C (J.C. Gjaldbaek, Acta Chem. Scand.,
6 (1952) 623–633) and the temperature dependence of the solubility of CO inn-hexane (R. Koelliker, H. Thies, J. Chem. Eng. Data 38 (1993) 437–440).

both Me3SiCHN2 and Co2(CO)8 and a negative first order
dependence with respect to CO (seeTable 1).

In experiments performed at higher than atmospheric
pressure of CO, the infrared spectra of the reaction mixtures
show, beside the bands of Me3SiCH=C=O and Co2(CO)8,
the appearance of two additionalν(CO) bands at 1799 and
1742 cm−1, characteristic of 2,3-bis(trimethylsilyl)cyclopro-
panone[10] and of 2,3,4-tris(trimethylsilyl)cyclobutanone
[11], respectively. Applying 50 bar pressure of CO in the
catalytic carbonylation of Me3SiCHN2, the formation of
Me3SiCH=C=O slows down relative to the known reaction
of Me3SiCH=C=O with Me3SiCHN2 which results in the
appearance of 2,3-bis(trimethylsilyl)cyclopropanone[10]
and 2,3,4-tris(trimethylsilyl)cyclobutanone[11] in the re-
action products according to IR and gas chromatographic
analysis of the reaction mixture (seeTable 2).

The formation of Me3SiCH=C=O from Me3SiCHN2
in the presence of Co2(CO)8 occurs even in the absence
of external CO in the gas phase. Thus, in experiments
performed under an atmosphere of argon, up to 5.5 mol
Me3SiCH=C=O/mol Co2(CO)8 were obtained parallel to
the corresponding (mainly N2) gas evolution (Table 3).
The course of the gas evolution shows a characteristic “S”
shape. After an initial period the gas evolution accelerates
and then dies away. A typical example can be seen inFig. 1.

As can be seen from the data inTable 3the initial rates of
gas evolution show only a small dependence on the initial
concentrations of Me3SiCHN2.

Table 2
Me3SiCH=C=O, 2,3-bis(trimethylsilyl)cyclopropanone, and 2,3,4-tris(tri-
methylsilyl)cyclo-butanone formed in 10 h reaction time under 50 bar CO
pressure from 1.0 mol/dm3 solutions of Me3SiCHN2 in hexane in the
presence of 2 mol% Co2(CO)8 at different temperatures

Temperature
(◦C)

Me3SiCH=C=O
(%)

2,3-
bis(trimethylsilyl)
cyclopropanone
(%)

2,3,4-
tris(trimethylsilyl)
cyclobutanone
(%)
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Fig. 1. The course of gas evolution in an experiment started at 10◦C in
an atmosphere of argon using 0.40 mmol of Me3SiCHN2 and 0.10 mmol
of Co2(CO)8 in 10 cm3 n-heptane solution.

Apart from small amounts of Co4(CO)12 at the end of the
gas evolution in experiments using a 1:1 to 6:1 molar ratio of
Me3SiCHN2:Co2(CO)8 no other carbonyl cobalt complexes
could be detected during and at the end of the reaction,
according to the infrared spectra of the reaction mixtures. By
raising the Me3SiCHN2:Co2(CO)8 molar ratio from 1:1 to
8:1, less and less of Co2(CO)8 can be found in the reaction
mixtures at the end of the reaction. At the molar ratio of 8:1
or above the final color of the solution is black or colorless
with black sediment.

An 0.0050 mol/dm3 solution of Co4(CO)12 in n-heptane at
10◦C in an atmosphere of argon does not show any reaction
with Me3SiCHN2 at a 1:6 molar ratio in 6 h.

3. Discussion

The facile formation of Me3SiCH=C=O from the car-
bene precursor Me3SiCHN2 in the presence of Co2(CO)8
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Table 3
Initial rates of gas evolution (rgas), the amounts of gas evolved, the amounts of recovered Co2(CO)8, the amounts of Co4(CO)12 formed and the yield
of Me3SiCH=C=O at the end of the reaction at 10◦C in reactions of Me3SiCHN2 with Co2(CO)8 under 1 bar argon in experiments with different initial
concentrations of Me3SiCHN2 in n-heptane solution

[Me3SiCHN2]0

(mol/dm3)
[Co2(CO)8]0

(mol/dm3)
105 × rgas

(mol/dm3 s)
Gas evolved
(mol/mol Me3SiCHN2)

Co2(CO)8,
recovered (% of Co)

Co4(CO)12,
formed (% of Co)

Me3SiCH=C=O,
yield (%)

0.01 0.01 2.8 0.94 72 18 81
0.02 0.01 3.0 0.93 52 22 84
0.03 0.01 3.2 0.95 37 15 82
0.04 0.01 3.3 0.95 26 10 81
0.06 0.01 3.6 0.94 5 <5 71
0.08 0.01 4.2 0.74 0 0 68
0.10 0.01 4.1 0.68 0 0 43

proceeds, obviously through a cobalt-mediated diazo
decomposition and a consecutive cobalt-mediated car-
bene/carbon monoxide coupling reaction. In the absence of
Co2(CO)8 no formation of Me3SiCH=C=O occurs under
otherwise identical reaction conditions. A possible mech-
anism for the Co2(CO)8-catalyzed Me3SiCH=C=O forma-
tion with the participation of carbon monoxide from the
gas phase is depicted inScheme 1. Octacarbonyl dicobalt
serves as the catalyst precursor. The observed negative ef-
fect of the CO concentration on the rate of Me3SiCH=C=O
formation suggests that instead of Co2(CO)8 the coordi-
natively unsaturated heptacarbonyl dicobalt is involved
in the catalytic cycle. Intermediate formation of coor-
dinatively unsaturated Co2(CO)7 in a small equilibrium
concentration from Co2(CO)8 has frequently been sug-
gested as part of the mechanism in reactions of Co2(CO)8
where the rate of the reaction was found to be inversely
proportional to the concentration of carbon monoxide
[12].

The existence of Co2(CO)7 as a major product of the
photochemical decomposition of Co2(CO)8 in argon ma-
trices has been proved by infrared spectroscopy[13]. This
species has no bridging carbonyl groups according to the in-
frared spectrum. A planar geometry of the four-coordinate
cobalt center, with 16 electrons in its valence orbitals, and a
trigonal bipyramidal structure of the five-coordinate cobalt

Co2(CO)8

Co2(CO)7

- CO+ CO

Co2(CO)7(CHSiMe3)Co2(CO)6(O=C=CHSiMe3)

N2CHSiMe3

N2

CO

O=C=CHSiMe3

Scheme 1.

center has been assigned to this complex[13]. Assuming
a rate-determining coordination of Me3SiCHN2 to the va-
cant site of Co2(CO)7 is in accord with the experimentally
observed kinetic order in Co2(CO)8, Me3SiCHN2, and CO
concentrations. The driving force of this coordination might
be the electron density on the carbon atom adjacent to the
N2 group. Once coordinated to cobalt, Me3SiCHN2 will lose
N2 rapidly and a cobalt carbenoid, Co2(CO)7(CHSiMe3)
might be formed, in which the coupling of the carbene and
a CO ligand can take place in a fast reaction forming a
coordinated Me3SiCH=C=O which can be replaced by an
external CO to give Co2(CO)7 for a new catalytic cycle.
The assumed intermediate complexes Co2(CO)7(CHSiMe3)
and Co2(CO)6(O=C=CHSiMe3) are probably present only in
low concentrations not sufficient for detection, because their
consecutive transformations are faster than the rate of their
formation. However, similar complexes have been described
recently. For example, Co2(CO)7(CHCO2Et) was prepared
in 82% yield in the reaction of Co2(CO)8 and ethyl diazoac-
etate[8], and a ketene complex Co2(CO)7(O=C=CH2) was
isolated in 32% yield from a reaction mixture of Co2(CO)8,
CH2Br2, and Zn[14].

The observed rate constant of the catalytic formation of
Me3SiCH=C=O at 10◦C, kobs = (0.52 ± 0.6) × 10−3 s−1

(seeTable 1) consists of the equilibrium constantK = k1/k−1
of Eq. (2) and the rate constantk2 of the rate-determining
stepEq. (3)askobs = k2 × k1/k−1.

Co2(CO)8
k1�
k−1

Co2(CO)7 + CO (2)

Co2(CO)7 + Me3SiCHN2
k2−→Co2(CO)7CHSiMe3 + N2

(3)

Values ofk1 are known from the observed rates of carbon
monoxide ligand exchange in Co2(CO)8 and free carbon
monoxide in the temperature ranges of –20 to+5◦C [15],
40 to 80◦C [16], and 100 to 180◦C [17]. An extrapolation
of the k1 values from Refs.[15,16] to 10◦C gives (6.1±
1.6) × 10−3 s−1. Subtracting this value from ourkobs = k2
× k1/k−1 value of (0.52± 0.6)× 10−3 s−1, we obtain for the
ratio of k−1/k2 a value of 11.7± 5.3, which means that CO
competes for the intermediate Co2(CO)7 11.7 times more
effectively than Me3SiCHN2.
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As can be seen from the data inTable 3the initial rates
of gas evolution (rgas) in experiments started under an ar-
gon atmosphere show only a little dependence on the ini-
tial concentrations of Me3SiCHN2. A reason for this might
be that under such experimental conditions thek1 step in
Eq. (2)becomes the bottleneck. From the observedrgasval-
ues inTable 3and the initial concentration of Co2(CO)8 ak1
value of (3.5± 0.7)× 10−3 s−1 can be calculated, which is
(very) close to the extrapolated literature value of (6.1± 1.6)
× 10−3 s−1. The other conclusion to be drawn from these
experiments is that the formation of Me3SiCH=C=O from
Me3SiCHN2 and Co2(CO)8 under an argon atmosphere can
use up all the eight carbon monoxide ligands of Co2(CO)8
resulting in the formation of metallic cobalt according to
Eq. (4).

8Me3SiCHN2 + Co2(CO)8

→ 8N2 + 8Me3SiCH=C=O + 2Co (4)

It can be seen from the course of the gas evolution inFig. 1
that the reaction is faster when the cobalt becomes more
and more depleted in CO ligands. The observed fast reac-
tions under argon support the idea that coordinated carbon
monoxide and not an external one is the primary source of
CO for the Me3SiCH=C=O product.

4. Experimental

4.1. General comments

Handling of Co2(CO)8, Co4(CO)12, and Me3SiCHN2
was carried out in an atmosphere of dry (P4O10) and de-
oxygenated (BTS contact, room temp.) argon or carbon
monoxide utilizing standard Schlenk techniques[18]. Sol-
vents were dried and distilled under an atmosphere of argon
or carbon monoxide according to standard procedures[19].
IR spectra were recorded on a Thermo Nicolet Avatar 330
FTIR spectrometer using 0.0265, 0.0765, or 0.505 mm CaF2
solution cells, calibrated by the interference method[20].
Gas chromatographic analyses were performed on a HP
5890 instrument with FID, using a SPB 1 30 m, 0.32�m
column andn-octane orn-hexadecane as an internal stan-
dard. Octacarbonyl dicobalt was prepared by a literature
procedure[21], and was recrystallized twice in an atmo-
sphere of carbon monoxide, first from CH2Cl2 and then
from n-heptane. Stock solutions of octacarbonyl dicobalt
in n-heptane were prepared under CO at 10◦C or under
Ar at 0◦C, and their concentration was checked by cobalt
analysis and by quantitative IR analysis. Dodecacarbonyl
tetracobalt was prepared from octacarbonyl dicobalt by a
literature procedure[22]. All other reagents and solvents
were obtained from Sigma-Aldrich. Column chromatog-
raphy was carried out using silica gel, 200–400 mesh,
60 Å.

4.2. Preparation of solutions of Me3SiCH=C=O by the
Co2(CO)8-catalyzed carbonylation of Me3SiCHN2 in an
atmosphere of CO at atmospheric pressure

A solution of Co2(CO)8 (34.2 mg, 0.1 mmol) and
Me3SiCHN2 (as 0.50 cm3 of a 2.0 mol/dm3 solution in
ether, 1.0 mmol) inn-heptane (9.48 cm3) was stirred in an
atmosphere of carbon monoxide at 10◦C for 4 h. IR spectra
of the reaction mixture revealed the presence of Co2(CO)8
in concentrations 0.010 mol/dm3 and of Me3SiCH=C=O
in 0.10 mol/dm3 using εM(1858 cm−1) = 1857 cm2/mmol
at 30◦C [23], and εM(2116 cm−1) = 1377 cm2/mmol at
30◦C, respectively. Distillation of the reaction mixture at
atmospheric pressure in the temperature range 80–94◦C,
yielded a colorless fraction (9.2 cm3) containing 1.0 mmol
of Me3SiCH=C=O, according to quantitative IR, and gas
chromatographic analyses using 0.493 response factor for
Me3SiCH=C=O.

4.3. The carbonylation of (trimethylsilyl)diazomethane
under CO pressure in the presence of 2 mol% Co2(CO)8

A solution of Co2(CO)8 (13.7 mg, 0.040 mmol) in
n-hexane (0.99 cm3) and Me3SiCHN2 (as 1.0 cm3 of a
2.0 mol/dm3 solution in hexane, 2.0 mmol) was placed
into a glass lined stainless-steel autoclave (total capac-
ity = 12.8 cm3) in two different compartments in order
to prevent their mixing before shaking. The system was
pressurized at 25◦C with carbon monoxide to 50 bar, and
was shaken for 10 h. IR spectra of the reaction mixture
showed the presence of Co2(CO)8 in 0.019 mol/dm3 and
of Me3SiCH=C=O in 0.040 mol/dm3 concentrations, in ad-
dition to two very strongν(CO) absorptions at 1799 and
1742 cm−1 with an intensity ratio of 1:1.4. Flash chro-
matography on silica gel (160/15 mm column) using methy-
lene chloride as the eluent gave in the second and third
20 cm3 fractions 2,3,4-tris(trimethylsilyl)cyclobutanone and
2,3-bis(trimethylsilyl)cyclopropanone, respectively.

Stirring a mixture of Me3SiCH=C=O (0.4 mol/dm3)
and MeSiCHN2 (0.6 mol/dm3) in n-heptane under ar-
gon at 25◦C for 10 h resulted in a 1:1 molar mixture of
2,3-bis(trimethylsilyl)cyclopropanone and 2,3,4-tris(trime-
thylsilyl)cyclobutanone. Gas chromatographic analysis
showed for both compounds the presence of isomers.

4.4. Measurement of the kinetics of the catalytic formation
of Me3SiCH=C=O under CO in the presence of Co2(CO)8

The reaction was performed in a thermostatted glass re-
actor (40 cm3 total volume), equipped with a gas inlet and
with a silicon disk port. The gas inlet was connected to a
CO-filled constant pressure buffer (4 dm3 total volume). A
stainless-steel canula connected to a 3-port T-valve was im-
mersed close to the bottom of the reactor through the silicon
disk. To the two other ports of the valve a Hamilton TLL
syringe (2.5 cm3 volume) and the IR cell (through a PTFE
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tubing) were connected. Samples from the reaction mixture
for IR analyses were withdrawn through the stainless steel
canula, and pumped into the IR cell continuously by using
the Hamilton TLL syringe, allowing the liquid sample to
return from the IR cell to the reactor through a second
PTFE tubing. The solvent and the reactants were added to
the CO-filled reactor through the silicon disk using Hamil-
ton TLL syringes. IR spectra were recorded every two
minutes. The initial rate of (trimethylsilyl)ketene forma-
tion was calculated from the intensity of the�(CO) band
of Me3SiCH=C=O at 2116 cm−1 (εM = 1377 cm2/mmol)
using the first 5–12 points.

4.5. Measurement of the kinetics of the decomposition of
Me3SiCHN2 under Ar in the presence of Co2(CO)8

To a solution of Co2(CO)8 (0.10 mmol) in n-heptane
(9.95–9.50 cm3) in a thermostatted glass reactor (80 cm3 to-
tal volume) connected to a gas burette at 10◦C under an at-
mosphere of Ar, an aliquot from a cold (10◦C) 2.0 mol/dm3

stock solution of Me3SiCHN2 in hexane (0.050–0.50 cm3)
was injected. The initial rate of the gas evolution was
calculated from the first six to eight readings (frequency:
30 s) of the gas burette. At the end of the gas evolution
infrared spectra of the reaction mixture were recorded in
order to calculate the concentration of Me3SiCH=C=O
at 2116 cm−1 (εM = 1377 cm2/mmol), of Co4(CO)12 at
1866 cm−1 (εM = 10440 cm2/mmol [24], and Co2(CO)8
at 1858 cm−1 (εM = 1857 cm2/mmol at 30◦C [23]). The
yield of Me3SiCH=C=O was twice checked after distilla-
tion of the final reaction mixture at atmospheric pressure
by quantitative gas chromatographic analysis.
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