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Cationic ruthenium complexes withC1 ligands have been
implicated as important intermediates in photocatalytic or
electrocatalytic reductions of CO2 to formate and other prod-
ucts,1 yet little is known about their chemistry. Prior to the
recent report of the synthesis ofcis-Ru(bpy)2(CO)(CHO)+ PF6-

(1; bpy ) 2,2′-bipyridyl) by Tanaka et al.,1j we had also
synthesized the compound and begun a study of its reactions.
We now describe our observations on the unusual reactions of
1 and suggest explanations for these reactions.
Characteristically, strong acids react with metal formyl

complexes by initial protonation of the formyl oxygen center
and follow the sequence shown in Scheme 1.2 Compound1
reacts with concentrated aqueous HCl at room temperature,
affording approximately equal quantities of the new chloro-
methyl cationcis-Ru(bpy)2(CO)(CH2Cl)+ (2)3 andcis-Ru(bpy)2-
(CO)22+ (3)4 as expected.5 Formyl complexes do not charac-
teristically transfer hydride directly to protic reagents;2 if this
were possible, only cation3 should have been formed from the
reaction of1with HCl. Thus, the report by Tanaka et al.1j that
1 reacted with methanol (MeOH), with liberation of H2 and
formation of the methyl estercis-Ru(bpy)2(CO)(CO2CH3)+ PF6-

(4)4 was quite surprising. While we observed no reaction
between1 and MeOH at 0°C, as reported previously,1j we found
that 4 was formed in nearly quantitative yield after1 was
allowed to stand in dry MeOH for 7 h at room temperature
under fluorescent lights (with or without O2). Most importantly,
when reaction was attempted in the dark, there wasno

conVersionto 4 and little degradation of1. Furthermore, when
a solution of1 in MeOH was irradiated,6 conversion of the
formyl complex (mainly to4) was complete after 15 min.
Looking further, we conducted reactions of1 with H2O in

dimethoxyethane (DME). In sharp contrast to reactions in
MeOH, reactions in DME/H2O required O2. Furthermore,
reactions conducted for 3 h in thedark afforded the same product
as those done under fluorescent lights for the same time. The
product, formed in approximately 75% yield in each case, has
been identified as theµ2-η2 CO2-bridged compoundcis,cis-
Ru(bpy)2(CO)(CO2)Ru(bpy)2(CO)2+(PF6-)2 (5).7 Irradiation6 of
1 in DME/water in the presence of O2 results in its rapid
conversion (5 min) to5. This is the first CO2-bridged compound
in the ruthenium bipyridyl series and only the second one with
a CO2 ligand,8 despite many suggestions of the intermediacy
of such compounds in reductions of CO2 catalyzed by these
complexes.1 X-ray structural analysis of the compound shows
disorder around the CO2 bridge,9 but the structural data and IR
spectral properties of the compound clearly support the formula-
tion.10 Changing the anion to BPh4 did not remove the disorder
at the carboxyl group.
Probe reactions were conducted to gain further insight.

Reaction of1 in DME/H2O containing 2 equiv of Et4NOH (and
under O2) gave the CO2 complexcis-Ru(bpy)2(CO)(CO2) (6)7
in 65% yield, suggesting that the acid,cis-Ru(bpy)2(CO)-
(COOH)+ PF6- (7),4 can be formed in reactions of1 which
yield 5. Attempted reactions of acid7 with O2 in DME/H2O
showed little conversion of the acid even with irradiation; thus,
secondary reactions of7 cannot account for the formation of5
from 1. However, direct reaction of equimolar quantities of1
and7 in DME/H2O in the presence of O2 was complete after
15 min and afforded5 in 74% yield, suggesting that acid7 is
consumed by reaction with an intermediate formed from1.
Irradiation6 of 1 in dry DME under N2 afforded a small amount
of the hydridecis-Ru(bpy)2(CO)H+ PF6- (8)11 after 1 h, but
the reaction mixture contained mainly unreacted1. Also, there
was no reaction between acid7 and hydride8 under any
conditions.
Proposed mechanisms must accommodate differences in the

requirements for reactions of1 in MeOH and those in H2O. In
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MeOH, light is required but not O2; we suggest that the initial
step is photolabilization of a single bipyridyl nitrogen from
ruthenium (presumably cis to the formyl ligand) to allow
migration of the formyl hydrogen to the metal in the manner
shown in Scheme 2. Reaction of intermediate hydrideB with
MeOH would be followed by rechelation of the bpy ligand then
addition of methoxide ion to the resulting cation to give4. The
first steps in Scheme 2, involvingη2-η1-η2 changes for a
bidentate bpy ligand, are similar to ones suggested by Cole-
Hamilton12 to rationalize results from thermolysis reactions of
trans-Ru(dppe)2(CO)(CHO)+ SbF6- which yieldcis-Ru(dppe)2-
(CO)(H)+ SbF6-; an intermediate similar toB was proposed.
Even with light, reactions of1 with H2O do not proceed

without O2. This lack of reactivity may be due to the ability of
H2O, unlike MeOH, to quench the migratory rearrangement of
the formyl hydrogen (conversion ofA to B, Scheme 2) by
ligating the photochemically-generated vacant site on ruthenium.
Indeed, a stable aquo complex,cis-Ru(bpy)2(CO)(H2O)2+(PF6-)2
(9),4,13 in this series has been characterized.14 However, in the
presence of O2, hydrideB could be formed from1 by H-atom
abstraction, followed by dechelation of a bpy nitrogen and
formation of a 17e radical (C) which could then abstract
hydrogen from1 as outlined in Scheme 3. Such radical chain
decompositions of formyl complexes to metal hydrides are well-
known and occur through the conversion of 18e acyl radicals
to 19e metal-centered radicals followed by ligand dissociation
and formation of a 17e radical,15 as suggested for the conversion
of 1 to 5. Reaction ofB with H2O would give7 in the same
manner thatB gives4 in reaction with MeOH;7 could intercept
additionalB, generating a bridging CO2 ligand in the manner
of other metallocarboxylic acids in combination with active
metal hydrides.16 Rechelation and loss of CO would produce
5. Unlike some formyl complexes, room temperature reactions
of 1 are not accelerated by azobisisobutyronitrile (AIBN) nor
inhibited by H-atom donors such as HSn(n-Bu)3.15 However, the

extreme air-sensitivity of solutions of formyl complexes toward
ligand loss and metal hydride formation is well-known.2,17Direct
evidence for intermediateB in MeOH or DME/H2O reactions
is not available; the speed of the reaction of1 with 7 suggests
that the intermediate is short-lived in the presence of protic
reagents.
The hydroxylic solvents play a further role in transformations

of 1 since irradiation of1 in dry DME did not promote its
decomposition. This additional role could be one of hydrogen
bonding to the dechelated bipyridyl nitrogen, (e.g., inA in
Scheme 2) thus maintaining the vacant site for subsequent
reactions.
Photolabilization of a bipyridyl ligand in Ru(bpy)32+ is well-

known1g,h and is thought to be a crucial step in catalytic
processes but has been evidenced only by loss of a bpy ligand.
The intermediacy ofη1-coordinated species in these reactions
seems likely, but is more difficult to establish. Suchη1
intermediates have been suggested in reactions of other bpy
complexes.18 Our results with1 suggest that the photoactivity
of C1 complexes in this series may have a profound impact on
catalytic reactions. Complex1 is unique in being able to place
a highly reactive ligand in a photochemically-generated vacant
site (or radical site) and then, later, rechelating the bpy ligand.
Also, complex1 appears to be unique among mononuclear
formyl complexes in being photolabile. Our results suggest that
reactive hydride complexes (such asB in Schemes 2 and 3)
could be formed from ruthenium formyl complexes and give
rise to formate via CO2 insertion.1f,19
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