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Summary: A Ru center ligated by a pincer bis(o-phos-
phinoaryl)amine (PNP) ligand in (PNP)RuH(Hj) is
sufficiently electron rich to break C—0 and C—C bonds,
resulting in the ultimate decarbonylation of hydrocar-
bonate and acetone, respectively, to give (PNP)RuH(CO).
The decarbonylation of acetone is accompanied by hy-
drogenolysis of the C—C bonds to produce methane.

Carbon—carbon bond activation is one of the key
challenges of contemporary organometallic chemistry.!
Cleavage of a C—C bond can be encouraged by a
directing effect or by using a substrate with inherently
weaker or labile C—C bonds but is generally both
thermodynamically and kinetically more difficult than
C—H cleavage.l? In particular, C—H activation of the
RC(O)—H bond in aldehydes is rather common,? while
examples of RC(O)—R activation in ketones are few.
Hartwig, Andersen, and Bergman reported cleavage of
a C—C bond in acetone (not leading to decarbonylation)
at 45 °C,%d but most examples of C—C cleavage in
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ketones involve drastic conditions (110—180 °C).4 These
reactions can ultimately lead to the decarbonylation of
aldehydes and ketones, forming R—H and/or R—R as
the organic products.

In this work we describe decarbonylation of acetone
that proceeds under conditions milder than those for
other reported ketone decarbonylation reactions.* In our
system, decarbonylation is accompanied by formal C—C
bond hydrogenolysis and formation of methane from
acetone. The related extraction of CO from carbonate
is also reported here.

We have recently begun to explore the transition-
metal chemistry of the new pincer PNP ligand 1 and
reported some aspects of its chemistry with Zr, Rh, Ir,
Ni, Pd, and Pt.’27¢ A similar ligand was reported by

\ PR2 MeQSi\/\PRZ PR3 @*PPHQ
(_co Ne cle NO
PRy MeSi_pr, PR, QPPH&
A B c 1 or PNP

others.’®2 1 can be viewed as a chelate analogue of the
ubiquitous mer-Cl(RgP)s motif C. It is also analogous
to the known pincer ligands A and B. However, 1 is
more rigid than either A or B and is hydrolytically
robust, in contrast to B.57 We envisioned that (PNP)-
RuHj; (4), by analogy to the known (B)RuHjs 8 and (C)-
RuHj3,° would serve as a convenient starting material
for the organometallic chemistry of Ru.
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Compounds (C)RuHj; are often prepared by a thermal
reaction between a Rul! precursor, bulky phosphine, and
base in a secondary alcohol that serves as a hydrogen
donor.? Utilization of a primary alcohol typically leads
to the abstraction of CO and formation of (C)RuH(CO).1°
Dehydrogenation of a primary alcohol leads to an
aldehyde that can be decarbonylated (Scheme 1).3:1°
Decarbonylation of a ketone (from a secondary alcohol)
is less likely because it requires a C—C (vs C—H for
aldehyde) oxidative addition step.

In contrast, our attempts to synthesize 4 by using
K5COs3 as base led to the exclusive formation of (PNP)-
RuH(CO) (2) in secondary as well as primary alcohols
(Scheme 2). When K313CO3 was used, a ca. 1:3 mixture

Scheme 2
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of 2 and 2* was produced. Furthermore, 30—70% of 2
was produced when EtsN and NaOH were used as bases
in ‘PrOH. Evidently, both the carbonate base and the
secondary alcohol solvent are decarbonylated under the
reaction conditions. Gratifyingly, utilization of NaBH4
and of a tertiary alcohol led to the high-yield isolation
of 4 (Scheme 1). The initially formed 3 is an insoluble
yellow solid; its proposed empirical formula is supported
by the elemental analysis.

Solution IR and NMR data (vco 1907 ecm~1; 13C NMR
6 208.4 (t, Ru(CO), 2Jcp = 10 Hz); 'H NMR 6 —24.68 (t,
Ru—H, Jup = 18 Hz)) support the X-ray structural
determination (Figure 1) in the solid state of an ap-
proximately square-pyramidal geometry for 2. This
structure is analogous to compounds (A)RuH(CO)!! and
(C)RuH(CO),!% where the hydride is also located in the
apical position. The strongly upfield 'TH NMR Ru—H
resonance in 2 is diagnostic of a hydride trans to an
empty site.l%11 Structural preferences of five-coordinate
d® complexes have been thoroughly analyzed.!? The two
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Figure 1. ORTEP drawing (50% thermal ellipsoids) of 2
showing selected atom labeling.!3 Omitted for clarity:
hydrogens except Ru—H, those of methyl groups of the Pr
groups, and those on the aryl rings. Selected distances (A)
and angles (deg): Rul—C27, 1.816(5); Rul—N1, 2.070(3);
Rul-P1, 2.3069(11); Rul—P2, 2.3306(11); Rul—H1, 1.46-
(5); N1-Rul—-C27, 169.7(2); P1-Rul—P2, 161.52(4).
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Figure 2. Ru—H resonances in the 'H NMR spectra of 2
and a mixture of 2 and 2%*.
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Figure 3. CO region of the IR spectra of 2 and a mixture
of 2 and 2%*.

isotopomers give rise to two different hydride reso-
nances in the 'TH NMR spectrum (Figure 2, Juc = 8 Hz).
2* displays an expected isotopic shift for the carbonyl
stretch in the IR spectrum (vco 1860 ecm™1, Figure 3).

The solution NMR data for 4 support the proposed
formulation. The overall observed symmetry is Cg,, with
the RuHjs resonance being a broad singlet at —15.9
ppm of intensity 3H in the 'H NMR spectrum, similarly
to (C)RuHs.? To investigate whether 4 possesses a
RuH(H3) or a Ru(H); structure, we used DFT to optimize
the geometry of the model compound 4a. We also
computed the DFT-optimized geometries of model com-
pounds 2a and 6a (see the Supporting Information for
details). The model PNP ligand used for the DFT
calculations has Me groups instead of iPr on P, and H
instead of Me on the aryl backbone. The DFT-optimized
structure of 2a closely matches the geometry of 2
determined by X-ray diffraction. The DFT optimization
of 4a results in a RuH(»2-Hy) structure with an ap-
proximately square-pyramidal geometry about Ru. This
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Scheme 3
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is very similar to the closely analogous (B)RuHj3 & and
(C)RuHs3.? The DFT-optimized structure of 6a has a
square-pyramidal geometry similar to 2/2a with a Me
group trans to the empty site.

We surmised that if 4 or a species derived therefrom
is an intermediate in the observed formation of 2, an
authentic sample of 4 should decarbonylate acetone
(formed in situ by dehydrogenation of ‘PrOH under our
reaction conditions) and COs2~ (or HCO3~ or COs formed
in situ). Thermolysis of 4 in the presence of 4 equiv of
acetone in PhF (75 °C, 18 h) resulted in 95% conversion
to 2. Production of CH4 (but not H3C—CH3) was detected
by 'H NMR. The net hydrogenolysis of the C—C bonds
in acetone instead of the C—C coupling likely stems from
the hydrogen-rich nature of 4. Formation of 1 equiv of
methane from acetone has been reported.*d We propose
the mechanism outlined in Scheme 3 to account for our
observations. It is supported by the observation of a
mixture of 2 and 6 when 4 is thermolyzed (40—70 °C)
in neat acetone. A sample of 614 was fully converted to
2 in the time of mixing when exposed to an Hs
atmosphere. Addition of {PrOH to 6 also resulted in the
conversion to 2, albeit much more slowly.

The DFT studies on the model compounds confirm the
exoergic nature of the decarbonylation, with the overall
free energy of the reaction being rather surprisingly
large at —51.5 kcal/mol (Scheme 4). Both the formation

Scheme 4. DFT Thermodynamic Analysis of
Acetone Decarbonylation®
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@ Free energies of reactions in kcal/mol are given above the
arrows. Dashed arrows represent hypothetical reactions.

of 6/6a and the subsequent hydrogenolysis of the Ru—
Me bond are strongly favorable, consistent with the
experimental observations. While we have not under-
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taken studies of the mechanism, DFT studies allow us
to pinpoint the components of the thermodynamic
“driving force” of this reaction. Formation of the Ru—
CO linkage is clearly important: CO binds to the (PNP)-
RuH fragment 38.9 kcal/mol (AG°29g) more strongly than
Hs (Scheme 4). The formation of the strong C—H bonds
is important as well: the hypothetical decarbonylation
with production of CoHg is calculated to be 19.9 kcal/
mol less favorable. Last, entropy favors the observed
reaction (T'AS at 298 K = 9.8 kcal/mol), consistent with
the increase in the number of molecules.!®

Thermolysis of 4 in tert-amyl alcohol in the presence
of NaHCOj3 also produced 2 (60 °C, t12 ~ 18 h). The
decarbonylation of carbonates and hydrocarbonates
probably proceeds via the intermediacy of formates or
a Ru(n!-CO2H) species.1®

Investigations of Rull and Os!! metal complexes devoid
of significant s-acid ligands have shown that these are
strongly z-basic and tend to exploit the offered organic
substrate as a r-acid ligand.!” A PNP-ligated Ru center
such as in 4 falls into this category as well and is
sufficiently reactive to abstract the w-acidic CO ligand
from iPrOH, acetone, and carbonate. Our observations
have a bearing on the Ru-catalyzed transfer hydrogena-
tion, where secondary alcohols are frequently used as
sources of Hg, and on the Ru-catalyzed hydrogenation
of COq to formic acid.'® CO abstraction by Ru would be
a catalyst deactivation event for both processes.

The C—C activation and decarbonylation of acetone
reported here proceed under conditions milder than
those in other related ketone decarbonylation reports.*
The acetone molecule is converted to a coordinated CO
ligand and two molecules of CH4 with the help of a
hydrogen-rich Ru center. Ketone decarbonylation is a
potentially useful synthetic transformation, and further
activity will be aimed at investigating the scope and the
applicability of this reaction.
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