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Ligand metathesis reactions, processes through which com-
ponent parts of different molecules are exchanged to produce
new structures, lie at the heart of many fundamental metal-
mediated industrial and biological transformations. Of these,
metathetical exchanges involving oxo- and nitrene-transfer from
small molecules, such as carbon monoxide, carbon dioxide,
dioxygen, and dinitrogen, are perhaps the most important in
that they provide essential pathways for the production of
feedstock materials through the “fixation” of these readily
available gaseous reactants.1 For this reason, there remains
considerable current interest in the identification/development
of additional metal-mediated transformations that fall into this
category.2 Herein, we describe a new class of oxo-transfer
reaction that involves the unprecedented metathetical exchange
between carbon dioxide and the divalent group 14 bisamides
M[N(SiMe3)2]2 (1aand1b) (M ) Ge and Sn, respectively).3-5

This process is noteworthy in that, along with the production
of trimethylsilyl isocyanate and 1,3-bis(trimethylsilyl)carbodi-
imide (BTSCD), it generates, in high yield, the respective
dimeric divalent group 14 bisalkoxide complexes [M(OSiMe3)2]2
(2a and 2b), according to Scheme 1. Although previously
mentioned in the literature,2aand2b have not, until now, been
obtained in pure form, nor was the latter compound readily
accessible by the published route.6 A convenient source of large
quantities of2b is important since it has recently been shown
that this compound can be converted, in nearly a quantitative
yield, to the structurally and chemically intriguing polynuclear
cluster Sn6(µ3-O)4(µ3-OSiMe3)4.7
As an illustrative example of the metathesis reaction shown

in Scheme 1, a solution of 23.3 g (53 mmol) of1b in 100 mL
of pentane was transferred to two pressure reaction vessels8 in
equal portions, and these were then pressurized to 60 psi with
research grade carbon dioxide (99.99%). Within 10 min, the

deep orange-red reaction mixture lightened to a pale yellow
color, and after 1 h, it was nearly colorless. At this time, low-
boiling volatile material was removed (and collected) from the
combined portions by vacuum transfer at room temperature to
leave behind a light yellow material that was then fractionally
distilled under vacuum to yield 12.3 g of a colorless oil (bp 85
°C at 0.05 mmHg), shown to be pure2b on the basis of detailed
chemical and spectroscopic analyses (98% yield).9 Analysis
of the low-boiling material by gas chromatography (GC) and
1H NMR spectroscopy revealed that it consisted of a mixture
of pentane, Me3SiNCO, and BTSCD, and pure samples of the
latter two were then obtained by fractional distillation at
atmospheric pressure. Following the reaction by1H NMR
spectroscopy (toluene-d8, c ) 0.34 M, 60 psi) established that
the metathesis process proceeds virtually quantitatively, and on
this scale (i.e., 105 mg of1b), the ratio of Me3SiNCO to BTSCD
formed isca 4:1. However, on a preparative scale, this ratio
was shown by GC and1H NMR analyses to be sensitive to
temperature, concentration, and the amount of starting material,
thereby indicating that the isocyanate product might be able to
competitively react with1b to produce the carbodiimide.
Indeed, in a separate study, the reaction between1b and 2 equiv
of pure Me3SiNCO was also found to occur rapidly at room
temperature to produce both2b and BTSCD in high yield.
Finally, it was determined that2a (bp 66°C at 0.025 mmHg)
could be prepared in a similar manner in a 72% yield by starting
with 1a; although in this case, a reaction time of 12 h was
utilized, since the metathesis process visually appeared to
proceed much more slowly.10

Spectroscopic data presented here9,10 support the previous
conclusion6a,c that 2a and2b retain their dimeric structure in
solution, and in this regard, they resemble the corresponding
tert-butoxy analogs [M(OBut)2]2 (3aand3b) (M ) Ge and Sn,
respectively).11 Interestingly, it has been reported that2b cannot
be prepared through the salt-elimination method that utilizes
tin(II) dichloride and sodium trimethylsilanolate,6c and indeed,
we find that only a low yield (35%) of2b can be obtained by
this procedure. One possible problem with employing this
standard synthetic methodology is that it has been determined
that, in solution,2b reacts readily with sodium trimethylsilano-
late to provide a crystalline complex possessing the empirical
formula Na(OSiMe3)3Sn but which is likely the dimer.12,13The
alternative reported procedure for the synthesis of2b involves
alcoholysis of dicyclopentadienyltin(II) (stannocene) with tri-
methylsilanol; however, this is not a practical method for the
large-scale preparation of this particular compound.6c Thus, the
carbon dioxide metathesis route shown in Scheme 1 is not only
novel but also represents the best current method for the
synthesis of2b.
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The mechanism by which the metathesis process occurs is
important for several reasons. To begin, carbon dioxide is
thermodynamically quite stable, and therefore, at first glance,
the process shown in Scheme 1 might appear to be energetically
unfavored. Consideration of relative M-N and M-O (M )
Si, Ge, and Sn) bond energies, however, suggests that a strong
driving force for this metathesis reaction is derived from the
conversion of the former bond type into the more enthalpically
favored latter.4 Indeed, the same driving force is recognized
as being responsible for the ready formation of a large variety
of transition and main group metal carbamates (i.e., M-OCONR2)
from the insertion of carbon dioxide into the corresponding
M-NR2 bonds.4 What remains unique about the present case,
however, is that this is the first fully documented case where
the initial carbon dioxide insertion process is apparently followed
by a facile molecular rearrangement that involves elimination
of an isocyanate fragment. Accordingly, an understanding of
the factors that control this overall transformation may lead to
the development of either new synthetic methods or new
catalysts for the direct production of commercially important
isocyanates via the metal-mediated carbonylation of amines.
Given this, we put forth the mechanism shown in Scheme 2.
As mentioned previously, there is substantial evidence obtained
with other systems to support the insertion of carbon dioxide
into the M-N bonds of1 to form the carbamate complex4.14
Here, however, an important point is made that, due to the
subvalent nature of the group 14 metal center in4, we propose

that the carbamate ligand binds in a bidentate fashion as shown.
This particular mode of ligation might then facilitate the 1,3-
shift of a trimethylsilyl group by the enhancement of its
electrophilic character due to that of the carbonyl carbon.
Support for this type of 1,3-molecular-shift rearrangement is
scarce, but it does include the observation of the production of
a small amount of Me3SiNCO (5-10%) from the reaction of
Ln[N(SiMe3)2]3 (Ln ) Pr and Nd) with carbon dioxide.15 In
addition, in a somewhat related reaction, the production of
methyl isothiocyanate (MeNCS) and methyl isocyanate (MeN-
CO) from the reaction of bis(trimethylstannyl)methylamine,
(Me3Sn)2NMe, with carbon disulfide and carbonyl sulfide,
respectively, has been observed to proceed with concomitant
formation of bis(trimethyltin)sulfide.16 With respect to this latter
observation, it is important to note that the corresponding
reaction of (Me3Sn)2NMe with carbon dioxide provides only
O-trimethyltin-N-methyltrimethyltin carbamate, Me3SnOCONMe-
(SnMe3), with no evidence of MeNCO being produced.
In summary, a facile carbon dioxide metathesis reaction

involving the subvalent group 14 bisamides1aand1b has been
documented. Given that these starting materials are readily
accessible from bis(trimethylsilyl)amine, this metathesis process
can be viewed as providing the key oxo-transfer step in an
overall carbonylation of an amine to produce an isocyanate
through the fixation of carbon dioxide. The metathesis process
also provides a practical route to the subvalent bis(trimethyl-
silanolato) complexes2, and we are currently exploring the
extent to which similar transformations are accessible to other
transition and main group metal complexes bearing the bis-
(trimethylsilyl)amido ligand.
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