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Summary: The reaction of cis,syn-N-[Ru(bpy)(η2-tpy)(CO)-
(CHO)]PF6 (1) with p-toluenesulfonic acid in MeOH/CH2Cl2
yields two major products and a minor product,3, formed by
metallacyclization and partial hydrogenation of the pendant
pyridine ring of the tpy ligand. The stereochemistry of3 proVides
eVidence for the accessibility of the linkage isomer of1 in its
chemical reactions; compound1 and its linkage isomer are
possible intermediates in catalytic CO2 reductions leading to
C2 products.

Ruthenium(II) complexes with polypyridine ligands have been
studied for many years as electrocatalysts for the reduction of
carbon dioxide.1 While most reactions provide only CO or
formate, one study reported that the use of [Ru(bpy)(tpy)(CO)]-
(PF6)2 (bpy ) 2,2′-bipyridine, tpy) 2,2′:6′,2′′-terpyridine) as
the electrocatalyst afforded C2 products, glyoxylic acid and
glycolic acid, in addition to formaldehyde, formic acid, and
methanol.2 Metal formyl complexes have been suggested as
precursors to the C2 products.2-4 These suggestions followed
the much earlier report by Kochi and co-workers5 of the
electrochemical synthesis of metal formyls from metal carbonyl
cations and hydrogen atom donors. Thus, precedent existed for
the suggestion2 that a cationic complex such as [Ru(bpy)(tpy)-
(CO)](PF6)2 might be converted to the corresponding formyl
complex in the electrocatalytic reductions. Carbon dioxide
insertion into the ruthenium-formyl carbon bond, without

electrochemical promotion, was then suggested as the carbon-
carbon bond forming step leading to glyoxylic acid. However,
reactions of CO2 with known ruthenium6 and rhenium7 formyl
complexes bearing polypyridine ligands led only to formate.
An alternate proposal by us3,4 argues that the glyoxylic acid
was derived differently. The initial [Ru(bpy)(tpy)(CO)](PF6)2

was proposed to be converted to two isomeric, cationic [Ru-
(bpy)(η2-tpy)(CO)2](PF6)2 complexes through reverse WGS
chemistry. A formyl complex resulting from one of these could
then lead to glyoxylic acid via CO insertion driven by the
pendant pyridine group. To this time, we have not observed a
product resulting from CO insertion.

Several years ago, we reported the synthesis ofcis,syn-N-
[Ru(bpy)(η2-tpy)(CO)(CHO)]PF6 (1),3 a possible intermediate
in the catalytic reactions according to our proposal, and more
recently we reported the synthesis and reactions of the meth-
oxymethyl complex derived from it,cis,syn-N-[Ru(bpy)(η2-
tpy)(CO)(CH2OMe)]PF6 (2).4 The generalized sequence leading

to 2 is shown in eq 1. The structure of2 was established by
X-ray crystallography and is shown in Chart 1.

In examining the crude product mixtures from these reactions,
we determined that a small amount of a further product,3, was
obtained in addition to the methoxymethyl complex and the
carbonyl cation (4) that is the coproduct of the main reaction.
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We report the characterization of this new compound, studies
of the reactions leading up to it, and the implications of the
structure of the compound to possible steps in the catalytic cycle
leading to C2 products from CO2.

The new compound was isolated by careful separation of the
components of the crude reaction product from a slightly
modified version of the synthesis of2 using less methanol and
conducted at room temperature.8 The orange product has been
characterized by IR and1H and13C NMR spectroscopy and by
X-ray crystallography.9 The ORTEP10 diagram for3 (cation
only) is shown in Figure 1 together with selected bond distances
and bond angles. The cation shows distorted-octahedral geom-
etry around the ruthenium center as a result of the demands of
the bidentate and terdentate ligands. The bond angles around
the ruthenium that should be linear are distorted well below
180°. The ruthenacycle ring containing the amide nitrogen and
the partially reduced pyridyl ring are also distorted. The meth-

ylene protons in3 that are on carbonR to nitrogen in the
partially reduced ring appear as multiplets atδ 3.88 (1H) and
2.84 (1H) in the1H NMR spectrum. The methine proton on the
otherR-carbon atom appears as a singlet atδ 5.36. The allylic
methylene protons on this ring appear as a broadened singlet at
δ 2.10. The assignments were confirmed by examination of the
proton-proton COSY spectrum of3.

Clearly, compound3 formed as the result of the transfer of
three hydrogens to the pendant pyridyl ring of the tpy ligand,
as illustrated in Scheme 1. To obtain a better understanding of
the sequence of hydride and proton transfers and their destina-
tions in the reduced product, we prepared the deuterated ana-
logue of the formyl complex1-d by using NaBD4 (98% deu-
terium) and subjected it to the same conditions used previously
to create3.8 Analysis of the1H NMR spectrum of the product,
3-d2, showed that the intensity of the resonance atδ 3.88 was
diminished by about 95% relative to the one-proton resonances.
The methine resonance atδ 5.36 was diminished by about the
same amount, indicating that deuteride transfers had taken place
on both carbonsR to the amide nitrogen in the partially reduced
ring and that protonation took place on the carbonâ to the amide
nitrogen in that ring, as illustrated for3-d2 in Chart 1.
Furthermore, deuteride transfer occurred preferentially on one
face of the pyridyl ring, since the resonance for the other
methylene protonR to nitrogen, atδ 2.84, showed very little
reduction in intensity relative to other one-proton resonances.
Although we have tried to promote a reaction involving a single
hydride transfer from the formyl group to the pendant pyridyl
ring by carrying out reactions with a catalytic amount of acid,
these led only to incomplete conversions of1 to 3 and not to a
new product. Also, no conversion to ring-closed product occurs
in the absence of acid; solutions of1 that are allowed to stand
show degradation of the formyl complex but do not lead to a
precursor to3. Therefore, we have not established the exact
sequence of events that results in compound3.

Metal formyl complexes are well-known to be hydride donors
in acid-catalyzed reactions that lead to derivatives of the formyl
complexes, such as alkoxymethyl complexes.11,12 However,
Ishitani and co-workers reported several years ago thatcis-[Ru-
(bpy)2(CO)(CHO)]PF6 would transfer hydride to nicotine ad-
enine dinucleotide coenzyme (NAD+) model compounds.13

Reduction took place exclusively at the 4-position of the ring
system in the model compounds and did not require acid
catalysis. The conversion of1 to 3 represents, to our knowledge,
the first report of multiple hydrogen transfer reactions involving
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Figure 1. ORTEP drawing of3 (cation only) with thermal
ellipsoids shown at the 50% probability level. Selected bond
distances (Å) and bond angles (deg): Ru-C(2) ) 2.033(3); Ru-
N(1) ) 2.077(3); Ru-N(2) ) 2.137(2); Ru-N(3) ) 2.165(3); Ru-
N(4) ) 2.055(3); C(2)-N(5) ) 1.387(4); C(24)-N(5) ) 1.474(5);
C(1)-Ru-N(2) ) 169.65(13); C(2)-Ru-N(3) ) 165.23(1); N(1)-
Ru-N(4) ) 167.94(10); Ru-C(2)-N(5) ) 118.3(3). See the
Supporting Information for details.

Scheme 1a

a Abbreviations: N-N ) 2,2′-bipyridine; N-N-N ) 2,2′:6′,2′′-
terpyridine.
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a metal formyl complex. Tanaka and co-workers14 recently
reported the electrochemical hydrogenation of the pendant ring
in [Ru(bpy)2(η1-napy)(CO)](BF4)2 (napy) 1,8-naphthyridine),
which led to a metallacycle. The reductions were formulated
in terms of electron transfers followed by proton transfers; a
formyl complex was not suggested as a possible intermediate
in the reductions. The final product resulted from the addition
of three hydrogens to the previously pendant napy ring, similar
to the conversion of1 to 3 in the present work.

The stereochemistry of compound2 has been established by
X-ray crystallography4 and suggests that the stereochemistry
of the formyl precursor to2 should be that shown in Scheme 1.
However, the stereochemistry of3 indicates that it has been
derived from the linkage isomer of1, as indicated in Scheme 2
(for convenience, an abbreviated form of the tpy ligand is used).
Since we have observed equilibria involving linkage isomer-
ization with two structural isomers of2,4 it is reasonable to
expect that1 and its linkage isomer may be in equilibrium,
although we have not been able to observe the linkage isomer
in 1H NMR spectra of samples containing1. We have proposed
previously3,4 that the linkage isomer of1 is necessary for the
carbon-carbon bond forming step in the electrocatalytic reduc-
tions of CO2 reported by Tanaka and co-workers.2 The conver-
sion of 1 to 3 represents the first concrete evidence that the
linkage isomer is accessible in chemical reactions of1. This
linkage isomer would be the necessary precursor to a migratory
insertion reaction leading to the C2 product glyoxylic acid in
the catalytic reaction, as we suggested previously.3,4
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Scheme 2a

a Abbreviations: N-N ) 2,2′-bipyridine; N-N-N ) 2,2′:6′,2′′-
terpyridine.
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