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Metal Formates via Oxidation of Metal Carbonyl Hydrides
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Summary: The reaction of the metal carbonyl! hydrides
(n?-CsHCH3) ;M(CO)H (M = Nb(1), Ta (2)) withdioxygen
produces the metal formato complexes (n®-CsH,CH3)s-
Nb(0)(n!-05CH) (3) and (n5-CsHCH3);Ta(0)(n'-0:CH)
(4), apparently through the intermediacy of the corre-
sponding CO; complexes (n5-CsHCH3)oM(n?-CO)H.

The activation of carbon monoxide by transition-metal
centers forms the basis of numerous commercially and
synthetically important catalytic processes.! The study
of stoichiometric reactions of metal carbonyl complexes,
in turn, has provided valuable mechanistic models for these
catalyticreactions.? Although presently of lesser practical
importance, the potential utility of metal-catalyzed trans-
formations of carbon dioxide has also stimulated consid-
erable interest in its organometallic chemistry.? Metal-
loformates [M—-OC(O)H] have been implicated as im-
portant intermediates in catalytic reactions of both of these
carbon oxides, e.g. in the water—gas shift reaction (CO +
H;0 — CO; + Hj),* and in carbon dioxide hydrogenation
to formic acid® and its derivatives.®

Recently, in connection with our studies of carbon
dioxide activation by metal complexes a new class of atom
addition reactions of coordinated carbon monoxide was
discovered (producing metal-CO;” and -COS8 complexes)
which serves as a model for the initial stage of catalytic
oxidation and sulfurization of carbon monoxide, respec-
tively. We now report novel findings on the aerobic
oxidation of the hydridometal carbonyls Cp’sM(CO)H (Cp’
= n5-CH3CsHyg; M = Nb (1), Ta (2)) which results instead
in the generation of metalloformates by a heretofore
unrecognized pathway.

Treatment of a red-brown toluene solution of (95-CsHj,-
CH3):Nb(CO)H? (1) with an equimolar amount of O; at
20 °C resuited in a color change to yellow within 15 min,
accompanied by disappearance of the carbonyl absorption
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of 1 at 1892 cm™! and appearance of a new band at 1667
cml, Workup and crystallization gave the colorless,
unstable solid 3,1° which was associated with the latter IR
band and whose tH NMR spectrum exhibited a 1 H singlet
at 9.03 ppm (in addition to resonances associated with the
MeCp ring) and a 13{'H} NMR resonance at 166.9 ppm.
Importantly, when (45-CsH.CHg)o:Nb(13CO)H was oxi-
dized, the tH NMR resonance of 3 at 9.03 ppm appeared
as a doublet with J(13C-H) = 206 Hz. These spectroscopic
data together clearly indicate the presence of an nl-formato
ligand in 3.11 The (lack of) color, the strongly deshielded
Cp’NMR resonances, and the appearance of a MS mo-
lecular ion at m/e 312 lead us to formulate 3 as the Nb(V)
oxo—formate species (75-CsH,CH3)sNb(0)(n'-O:CH) (eq
1).12
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Parallel experiments conducted with the tantalum
analog (75-C;H4CHj)Ta(COYH? (2) extended the gener-
ality of and provided mechanistic insight into this novel
assembly of CO, H, and O fragments into formate. Thus,
injection of an equimolar amount of O into a violet toluene
solution of 2 at 20 °C resulted in a gradual color change
to yellow accompanied by disappearance of the M—CO
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IR band of 2 (1890 cm-!) and the growh of a new C=0
absorption associated with the product 4 at 1630 cm-!
(Scheme 1); the latter was shifted to 1595 cm~! when
derived from (#5-CsH4CH3);Ta(13CO)H, proving its
origin from the carbon monoxide carbon. Additional
evidence for the identity of 4 as a formate complex was
provided by its 'H and 13C NMR spectral?® (toluene-ds),
which showed diagnostic resonances of the formato group
at 8.62 (d, J(:3C-H) = 195 Hz) and 171 ppm, respectively.
As with the Nb complex 3, the color (pale yellow) of 4 and
the substantial downfield shift of the Cp resonances of 4
relative to those for the starting material 2 (1.0 ppm)
suggest a Ta(V) state, i.e. (n5-CsH4CHj)oTa(0)(n1-O;CH).
The instability of 4 prevented its complete structural
characterization.

The demonstrated susceptibility of both M-H4 and
M-CO? ligands to attack by O, raised the fundamental
question of which unit in 1 and 2 reacts first. Low-
temperature spectroscopic monitoring of the oxidation of
tantalum complex 2 provided the answer. Exposure of a
toluene-dg solution of 2 to oxygen while it was maintained
at —40 °C revealed the generation of the new species 5,
which had (inter alia)1® an IR absorption at 1719 em™!, a
1H NMR resonance at -5.55 ppm, and a 13C NMR
absorption at 201.9 ppm. Together these spectral features
indicate that 5 still retains the Ta—H fragment while the
Ta~CO unit has been transformed into a Ta(32-CO5) unit;!7
i.e., b is (n5-CsH4CHj)sTaH(%2-CO;). Within 1-2h at -40
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Communications

°Cinthe presence of oxygen the resonances of 5 had largely
disappeared, leaving formate complex 4 and other uni-
dentified products. Importantly, 5 could also be generated
cleanly by treatment of 2 with PhIO at 20 °C and persisted
much longer in solution than 5 obtained from 2 with Oy,
consistent with the requirement of additional oxygen for
the 5 to 4 conversion.

A number of features of the above results are especially
deserving of comment. The conversions 1 — 3 and 2 —
4 represent the first examples of formate generation via
oxidation of a hydridometal carbonyl.!® Furthermore,
tantalum complex 5 is the first detected HM(CO3) complex
and its conversion to the formate 4 is suggestive of the
involvement of coordinated COs in the insertion step.1® It
is interesting to contrast the present reactions, in which
CO oxidation is followed by insertion, with oxidations of
the corresponding alkylmetal carbonyls, Cp’sM(CO)R,’
in which the intermediate Cp’sM(2-CO2)R complexes are
isolable and are resistant to insertion, even at elevated
temperatures.?! This observation is consistent with prior
studies demonstrating the more facile insertion of olefins
and alkynes into the M~H bond of CpsM(CO)Z (M = Nb,
Ta; Z = H, R)22 and of the insertion of CO, into the M-Z
bond of ZM(CO);5~ (Z = H, R)?® but contrasts with the
more difficult (at least thermodynamically) CO insertions
into M~H bonds.?® Finally, the mechanism of the novel
M-CO — M-CO; transformation remains in question and
further insight awaits the results of continuing investi-
gations.
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