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Summary: Experimental evidence is presented demon-
strating that bare Fe* does not insert in the C—X bond of
(CHg)sC-X (X = CN, NC). Rather, initial “end-on” com-
plexation of the functional group induces cleavage of this
bond which is followed by hydrogen transfer to X; this
results in the formation of diligated complexes of the
general structure C Hg+*M*++-XH (Scheme 111, 9 and 12).
These intermediates serve as precursors for the compe-
titive loss of C,H; and HX; by means of high-energy
collisional activation the products due to the unimolecular
elimination of C,Hg are characterized by MS/MS tech-
niques as the “end-on” complexes of HCN and HNC with
Fet (10 and 183, respectively). Moreover, new insight into
the mechanism of “dissociative attachment” is provided.

While many reactions of bare transition-metal ions, M*
(M = Fe, Co, and Ni), with organic substrates, R-X,
commence with oxidative addition of the R-X bond (X =
halogen, OH) to M*,! unbranched aliphatic cyanides,
R-CN, behave differently. The initial formation of
“end-on” complexes R—C=N-M" followed by “remote
functionalization™? of C-H and C-C bonds of the alkyl
chain.® For aliphatic unbranched isocyanides, RNC,
circumstantial evidence was presented* suggesting that
both “side-on” and “end-on” complexes are formed in their
gas-phase reactions with bare Fe*. No evidence was found
for insertion of the metal ion M* into the C-CN or C-NC
bonds of a-unbranched cyanides and isocyanides, respec-
tively. It was demonstrated only recently that a-branched
cyanides, in competition with the remote functionalization
of C-H bonds (caused by the initial formation of an
“end-on” complex), do indeed undergo oxidative addition
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of the C-CN bond to Fe*,58 followed by several highly
remarkable processes.®> While it is tempting to interpret
the different behavior of unbranched versus branched
molecules RX in terms of a relationship suggested by
Radecki and Allison,” we will report data® which point to
a more complex situation, at least with regard to aliphatic
cyanides and isocyanides.

The results of the unimolecular reactions of mass-se-
lected® Fe* complexes of tert-butyl cyanide (1) and tert-
butyl isocyanide (2), generated in the chemical ionization
source of a ZAB-HF-3F triple-sector mass spectrometer,
are given in Scheme I. Before addressing the points raised
we note the following from the metastable ion (MI) mass
spectra of 1-Fe* and 2-Fe®.

(1) A mutual isomerization RCN = RNC which is known
to occur for some cyanide/isocyanide systems in solution,!
at metal surfaces,!! or in the gas phase,'? respectively, is
not brought about by bare Fe* under the experimental
conditions employed. This observation is in keeping with
previous studies*® on RCN/Fe* versus RNC/Fe* com-
plexes (R = n-alkyl).

(ii) Ligand detachment, i.e., the regeneration of Fe* from
the complexes, is observed for the RCN/Fe* but not the
RNC/Fe* system. From the latter, only upon collisional
activation, the reaction 2-Fe* — Fe* + C,HNC occurs.
This finding points to the fact that the binding energy
(BE) of an isocyanide to Fe* is larger than that of a
cyanide. This conclusion seems to hold true in a more
general sense as indicated by the following observations.
If one generates in a chemical ionization source the
“mixed” complex Fe™(CH;NC) (CD;CN), the only product
observed® in the MI spectrum of this mass-selected species
is due to the loss of CD;sCN proving!® that BE(Fe*-
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cyanide) < BE(Fe*t—isocyanide). Quantitative data for the
differences in the binding energies of CH3NC versus
CH;CN to CpNi* were provided by Corderman and
Beauchamp;! they demonstrated that the former is more
strongly bound by 4.4 kecal/mol than the latter. Qualitative
MO theory also predicts that the binding energies to
neutral metal fragments are larger for RNC than for RCN
ligands,® and very recent results on both neutral and ionic
Cu*-complexes support this prediction.®!6

(iii) Fe*-induced demethanation of t-C;{HgCN is likely
to follow a mechanism similar to that reported for the
analogous phosphaalkyne system ¢-C,H,CP/Fe. 17
Briefly, insertion of Fe* in a HyC-C bond is followed by
B-hydrogen transfer and terminated by reductive elimi-
nation of CH,.18

Next, we w111 discuss the formations of Fe(H C,N)* and
(H,C,N) which are obviously linked to each other in that
the former species corresponds to loss of neutral CH, from
the Fe* complexes of 1 and 2; accordingly, the elimination
of neutral (H,C,N) is associated with the formation of
(C,Hg)Fe™.

While all attempts failed (caused by sensitivity prob-
lems) to characterize the neutral species cogenerated in
the reactions b and d of 1-Fe* and 2-Fe* by using the
otherwise powerful method of collisionally induced disso-
ciative ionization (CIDI), a variant of neutralization—
reionization mass spectrometry (NRMS),? valuable insight
into the actual reactions was obtained by collisionally
activating the Fe(H,C,N)* species in an MS/MS experi-
ment.2® In addition to the structure-unspecific formation
of Fe* and the loss of H- which are both observed from
either isomer, the Fe(H,C,N)* species formed from 1-Fe*
contains in its CA spectrum a signal for FeN* and a weaker
one for FeC*, The FeN* signal is completely absent in the
CA spectrum of Fe(H,C,N)* generated from 2-Fe™*; in
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contrast, this spectrum contains only a signal for FeC*. No
signals were observed for the generation of FeH* from
either precursor. These results are in keeping with the
conclusion that loss of C{Hg from ¢-C,HsCN/Fe* generates
HC=N-—Fe", while the isocyanide complex ¢t-C,;H,NC/
Fe* gives rise to the formation of HN=C—Fe*.2

As a consequence, we conclude that Fet-mediated loss
of C,Hg from t-C,HyX does not commence with insertion
of M* (M = Fe, Cu'®) into the polar C-X bond (X = CN,
NC). If reaction 3 — 4 (Scheme II) would occur (which
might well be the case for other substituents X!}, one
should expect in the MS/MS experiment of the M-
(H,C,N)* species 6 the following. (i) A signal for MH*
should show up for either precursor. (ii) Starting from
t-C,Hy—CN one should eventually observe FeC* while 6,
generated from ¢-C,Hy-NC, is expected to give rise to
FeN*. None of these expections are observed experi-
mentally. However, the experimental findings can be ex-
plained in a straightforward manner if in the initial stage
“end-on” complexation of the functional groups occurs.
This may then be followed, presumably via structurally
uncharacterized ion/dipole complexes,? by cleavage of the
polar C-X bond and hydrogen transfer from the incipient
C,H, species to generate the diligated complexes 9 and 12
(Scheme III, M = Fe, Culf?). These species, we believe,
serve as the actual precursors for paths b and d in Scheme
1. Loss of C,Hg from 9 generates the “end-on” HCN com-
plexes with Fe™ or Cu™;!% mass-selected 10, upon collisional
activation, gives rise to the structure-indicative MN*
species. In analogy, from 12 the “end-on” complex HNC-
M™* (18) is formed. This species, upon CA, decomposes
inter alia to MC*. Scheme III also provides a straight-
forward qualitative rationale for the branching ratios re-
ported in Scheme I. As the binding energy of HCN to a
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transition-metal ion is smaller than that of HNC (see
above) and neutral HCN is more stable than HNC (by at
least 10 kcal/mol®), intermediate 9 should prefer to de-
compose via path d rather than path b; in contrast, for 12
a branching ratio b:d > 1 should be observed. This is
precisely borne out by the experimental resulits (Scheme
D.24

The detailed mechanism by which the transformations
8 — 9 and 11 — 12 proceed deserves further comment.
Superficially, it could be concluded that the reaction
commences analogous to the mechanism which was pro-
posed earlier for the eliminations of hydrogen halides and
water from alkyl halides and alcohols by alkali-metal ions?
and which is commonly referred to as “dissociative
attachment”. Early work with these two classes of sub-
strates revealed that for transition-metal ions a different
mechanism seemed to be operative, although in most cases
the reaction products were the same.?® For alkali-metal
ions it was proposed that the reaction proceeds via hy-
droxide or halide abstraction followed by intramolecular
protonation of the resulting neutral by the alkyl cation.?
The site of protonation was assumed to be the non-metal
fragment. For transition-metal ions initial insertion into
the polar C-X bond (X = OH, halogen) was postulated,
followed by 8-hydrogen shift.!#>?7 While it remains to be
established if the different behavior of the alkali-metal ions
is not only deceptive, it is obvious, however, that in all cases
studied so far, irrespective of the actual mechanism (i.e.
Scheme 1I versus Scheme III), no distinction was possible
between the site of complexation before and after insertion
because it is the same atom that is involved in both cases
(i.e., the halide or the oxygen). So, no further insight was
possible about the exact nature of the initial step of the
now commonly accepted insertion/3-hydrogen shift
mechanism. The results presented here provide for the
first time evidence that a precoordination of the metal ion
is maintained in the course of the reaction. However,
some questions remain open to speculation, like, for ex-
ample, the actual way in which the cleavage of the polar
C-X bond proceeds. This could be a multicenter mecha-
nism with rotation of the —-XM? entity or a simple rupture
followed by rearrangements in the resulting ion/dipole
complex.
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Summary: The reduction of CO, by alkylisilanes catalyzed
by Ir(CN)(CO)dppe in C¢Dg Occurs at ambient tempera-
tures and pressures. Reactions with Me,SiH,, Et,SiH,,
and Me;SiH ultimately yield reduction of CO, to the
methoxide level. Concurrent formation of siloxanes
serves to drive these reductions through the formation of
silicon-oxygen bonds. Various reduced carbon interme-
diates including formates, acetals, and methoxides are
identified during the course of the reactions with the
source of carbon confirmed through the use of °CO,.

Previous reports of transition-metal-catalyzed chemical
reduction of CO, have focused on the use of hydrogen as
the reducing agent.!? For most simple reductions, how-
ever, these reactions are thermodynamically unfavorable
and require higher pressures and/or temperatures. In
order to overcome unfavorable thermodynamics, alkyl-
silanes, Ry_SiH,.,, can be used to reduce CO, with the
reactions then becoming favorable via the formation of
stable Si-O bonds. To date, however, only a few examples
of silane reduction of CO, have been reported, and these
have shown silyl formates and coordinated CO to be the
predominant reduced carbon products.>® In this paper,
we report the Ir(I)-catalyzed reduction of CO, using al-
kylsilanes to the methoxide level at near ambient tem-
perature and pressure. The overall reduction stoichiometry
corresponds to eq 1 for MesSiH with intermediate re-
duction products observed and identified by using 3CO,.

3Me3SiH + 002 - CH30_SiM63 + Measi—O_SiMeS
(1

The oxidative addition of trialkylsilanes to Ir(CN)-
(CO)dppe (1; dppe = 1,2-bis(diphenylphosphino)ethane)
has previously been shown to proceed stereospecifically,
leading to cis silyl hydride iridium(IIT) products.” When
the alkylsilanes Me;SiH, Me,SiH,, and Et,SiH, are allowed
to react with Ir(CN)(CO)dppe under an atmosphere of
CO,, analogous oxidative addition chemistry occurs with
the formation of isomers of IrH(SiR;)(CN)(CO)dppe,
followed by chemistry leading to stepwise CO, reduction.
In a typical experiment, 0.07 mmol (500 Torr in 2.5 mL)
of the alkylsilane and 0.11 mmol (800 Torr in 2.5 mL) of
CO; were added to a 5-mm NMR tube containing 0.005
mmol (3.0 mg) of Ir(CN)(CO)dppe in 0.5 mL of CgDy. The
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