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Abstract: A mild electrocatalytic techmque has been developed:-for the oxidation of selected alcohols, aldehydes, and unsatu-
rated hydrocarbons at 25-50 °C using as catalysts the systems (bpy)zpyRu(OI-Iz)”/(bpy)zpyRuO2+ and (trpy)(bpy)-
Ru(OH3)2*/(trpy)(bpy)RuO2*, The organic compounds were dissolved or dispersed in an aqueous buffer solution of the cata-
lyst, and the net oxidations were carried out using conventional three-electrode electrolysis cells at applled potentials which
were sufficient to cause the oxidation of Ru(II) to Ru(IV) (0.6-0.8 V vs. SCE). Background currents in the absence of catalyst
were negligible. Using the electrocatalytic approach, 2-propanol and ethanol were oxidized to acetone and acetate, respective-
ly, and acetaldehyde was oxidized to acetate. Toluene was oxidized to benzoate anion, p-xylene to terephthalate dianion, and
p-phthalate anion to terephthalate quantitatively, in all three cases without the appearance of intermediates. Ethylene is un-
reactive, but cyclohexene was oxidized first to 2-cyclohexen-1-one and then to p-benzoquinone, which decomposes in solution.
The (trpy) (bpy)Ru(OH,)?* catalyst is greater than 75% recoverable after 100 catalytic cycles.

Oxo complexes of transition metals such as MnO,4~,
RuO,, and CrO; are strong oxidants and are often used in
synthetic organic chemistry as general-purpose, stoichiometric
oxidizing agents.!:2 Although these reagents and others have
proven to be extremely useful in the laboratory, they are often
limited in effectiveness by undesirable selectivity patterns and
by the impracticality of using them catalytically.? In addition,
there is little beyond changing the reaction conditions that can
be done to alter their reactivity in particular chemical oxida-
tions.

We recently reported that the net 2e~ oxidation of the
complex cis-(bpy)apyRu(OH1)2* (bpy.is 2,2’-bipyridine) in
aqueous solution results in the reversible formation of the
monooxo Ru(IV) complex ion, (bpy)>pyRuO2*, which is a
moderately strong oxidant* (Scheme I). Given the presence
of the oxo group and the implied capability of behaving as a
2e~ acceptor via the Ru(IV)/(II) couple, it was our thought
that (bpy),pyRuO?* could share some of the reactivity fea-
tures exhibited by MnO,4~, CrO3, etc., while retaining the in-
herent advantages common to polypyridine complexes of
ruthenium: (1) high structural stability, (2) facile electron
transfer,” (3) a rich synthetic chemistry with which to make
appropriate synthetic modifications,® and (4) a demonstrated
ability to catalyze net redox reactions.® Previous work has
shown that a net 2e~ oxidation involving (bpy)2pyRuO?* may
take the form of an oxygen transfer in the oxidation of tri-
phenylphosphine to trlphenylphosphme oxide:*

(bpy)2pyRuVO2* + PPh; hard (bpy)2pyRu!'(OPPh3)2+

low
— > (bpy)2pyRu'{(CHsCN)2* + OPPh; (1)
CH3CN
In a related reaction, (bpy)2pyRu(OH,)2* is oxidized by
HNOj via what may be a reverse oxygen transfer step to give
HNO; and Ru(IV);%

H* + (bpy)pyRul'ONO,*
— (bpy)2pyRu'vYO?* + HNO, (2)

Initial experiments with the Ru(IV) ion, (bpy),pyRuO2+,
in aqueous solution showed that (bpy)>pyRu(OH;)?* rapidly
forms in the presence of certain organic compounds. Owing
to the reversibility of the Ru(1V)/(111) /(1I) couples in aqueous
solution (Scheme I), the implied reactivity was important
because it suggested that the oxidation of selected organic
compounds could be made catalytic in the presence of an ex-
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Scheme I
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(vs. SCE,* pH 7,1 M LiCIO,)

(bpy),py RuO*" *0-23

ternal source of oxidizing equivalents capable of regenerating
(bpy).pyRuO?*. In the experiments described here, an elec-
trochemical *“‘shuttle” mechanism was adopted to reoxidize
Ru(II) continuously at an electrode as it formed following the
oxidation of some simple organic compounds.

It became obvious early in our experiments that over an
extended period of time the pyridyl system was unstable. The
origin of the instability is the slow loss of the pyridine ligand
with the ultimate appearance of a deep green, oxo-bridged
dimer,'? possibly (bpy)>(OH,)RuORu(py)(bpy),**. The in-
stability problem was easily overcome by turning to the com-
plex (trpy)(bpy)Ru(OH,)?* 8 (trpy is 2,2’,2”-terpyridine),
where substitutional instability is apparently avoided by the
chelate effect. The trpy system has been fully characterized
and has the same pattern of redox chemistry shown in Scheme
I except that the Ru(IV)/(III) and Ru(IIT)/(1I) potentials are
0.61 and 0,48 V vs. SCE.

In Scheme I is shown in a simplified way the type of cata-
lytic cycle that we have used in our experiments. In the scheme,
S is an organic substrate, which in the example shown under-
goes a net 2e~ oxidation. The balancing chemical reaction in
the second electrode compartment is the reduction of H* to
15H,. In the net sense, either water acts as the primary oxidant
in the electrochemically driven oxidation of S to S==0 (eq 3a)
or the organic compound undergoes a net oxidative dehydro-
genation (eq 3b):1!

catalyst

S+ H,0——

electrolysis

S=0 +H, (3a)

catalyst
SHy—>S +H,

electrolysis

The experiments were carried out at 25-50 °C using phos-

(3b)

Scheme 11

(trpy X(bpy)RuO?** + § + H,0 — (trpy )(bpy )RuOH,*" + =0

2H* H,
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phate (pH ~7) or borate (pH ~9) buffer solutions!2 in the
range 0.1-1.0 M under a nitrogen atmosphere, Catalyst con-
centrations (using the ClO4~ salts) were approximately mil-
limolar, and the organic compounds were present in from 5-
to 2000-fold excess over catalyst, When not miscible with the
aqueous buffer solution, the organic compounds were dispersed
neat or as a solution using a water-immiscible inert solvent with
rapid stirring. Three-compartment electrochemical cells® were
employed using Pt gauze or reticulated vitreous carbon
working electrodes!? and Ag/AgCl or SCE (saturated calomel
electrode) reference electrodes,® Electrolyses were carried out
at potentials sufficient to oxidize Ru(II) to Ru(IV) (0.6-0.8
V vs, SCE depending on the pH).* Catalytic currents varied
from 1 to 35 mA, and background currents in the absence of
catalyst were negligible,

In an initial experiment designed to test the feasibility of the
electrocatalytic procedure, triphenylphosphine dissolved in
cyclohexane (cyclohexane is inert to attack by Ru(III) or
Ru(IV) under the conditions of the experiments) was dispersed
in a phosphate buffer solution of (bpy),pyRu(OH>)?* and
oxidized electrochemically until the current had fallen to about
1% of the initial value. Subsequent IR analysis for triphenyl-
phosphine oxide using the y(P==0) peak!'# at 1195 cm™!
confirmed that essentially complete conversion of the tri-
phenylphosphine (initially present at approximately fivefold
excess over catalyst) had occurred, in agreement with the
number of electrochemical equivalents passed during the
electrolysis. However, a visible spectrum of the aqueous solu-
tion from which all of the organic material had been removed
showed that the decomposition reaction mentioned above had
occurred to an appreciable degree and all of the remaining
experiments described here utilized the (trpy)(bpy)-
RuOH;2*/(trpy)(bpy)RuO?* system. In the experiments
which follow, the turnover numbers per catalyst molecule were
dictated by experimental patience rather than catalyst sta-
bility.

Alcohols and Aldehydes. 2-Propanol was converted quan-
titatively to acetone (with respect to electrochemical equiva-
lents passed) as shown by distillation of the solution after ap-
proximately 100 catalytic cycles and subsequent UV analysis
(Amax 265 nm, € 18.5).13 The oxidation half-reaction is eq 4.

CH,;CHCH, — CH,CCH, + 2H" + 2~ 4)

In the experiment, 2-propanol was in large excess, mostly to
ensure more rapid catalyst turnover, and only 10-20% was
oxidized. For the primary alcohol, ethanol, NMR analysis for
acetate ion and UV analysis for acetaldehyde after approxi-
mately 100 catalytic cycles (5% of the ethanol consumed)
showed that acetate and acetaldehyde each accounted for
about 50% of the current passed under the conditions used (50
°C, phosphate buffer). By itself, acetaldehyde is readily oxi-
dized to acetate quantitatively, but its intermediacy in the
oxidation of ethanol suggests that under suitable conditions
it should be isolable as the final product. The oxidation half-
reactions are eq 5 and 6.

0
CH,CH,0H — CH;,C/ + 9HT + 2" 5)
\H
0 0
7/ V4
CH;,C\ + H,0 — CHac/ +3H" +2° (6

H o~
Aromatic Hydrocarbons. p-Toluic acid undergoes a quan-
titative 6e~ oxidation to terephthalate as shown by NMR
analysis of the product solution after 100 catalytic cycles (eq
7). Similarly, toluene and p-xylene undergo respective 6e~ and
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CH, (00 O

+ 2H,0 — + 7HY + 6e )

€00~ €00~
12e~ conversions without the noticeable buildup of interme-
diates (eq 8 and 9).

H, C00™
é +2H20—->© + TH" + 6e” (8)

CH, €00~
+ 4H,0 — + 14HY + 12¢” (9

CH 00~

Olefins. A related type of reactivity occurs with cyclohexene
where an allylic oxidation occurs at a carbon adjacent to the
double bond to form 2-cyclohexen-1-one accounting for ap-
proximately 15% of the current passed as determined by NMR.
Also detectable in the mixture by NMR were hydroquinone
and minor amounts of unidentified products, Since hydro-
quinone is itself readily oxidized at the electrode to p-benzo-
quinone under the experimental conditions employed,!6-18 its
presence can be explained as a product of the decomposition
of p-benzoquinone which is unstable toward disproportionation
reactions in pH 7 aqueous buffer solutions at 50 °C!9 (eq 10),

O

— decomposition (10)
IR, NMR, and GC analysis gave no evidence for attack at the
double bond which would otherwise be indicated by formation
of products such as cyclohexene oxide, cyclohexanediol, 2-
hydroxycyclohexanone, 1,2-cyclohexanedione, or adipic
acid.12 As might then be expected, ethylene is unreactive
toward oxidation under similar conditions.

Our initial results clearly point to a functional group selec-
tivity for the ruthenium catalyst. Under reaction conditions
where alcohols, aldehydes, and unsaturated hydrocarbons are
readily oxidized, there is little or no reactivity with cyclohex-
ane, diethyl ether, acetone, acetate anion, benzoate anion,
dimethy! sulfone, or ethylene. However, the list of reactions
may well be extended or modified by making rather obvious
changes in such variables as temperature (possibly to 100 °C),
pH, method of oxidation,?0 or, probably most significantly, in
the chemical makeup of the catalyst itself. In the presence of
excess reactant, the (trpy)(bpy)Ru(OH»)?* catalyst proved
durable (recoverable to greater than 75%) for up to at least 100
2e~ catalytic cycles in all of the reactions studied.

Final Comments. In itself, our electrocatalytic approach
provides a controlled way to use electrolytic techniques for the
oxidation of selected organic functional groups at relatively
low potentials, advantages which are seldom available in direct
electrode oxidations,!® Further, the second product of the
electrolysis is H,, and it was shown to be evolved quantitatively
for the case of 2-propanol where the net reaction is!! eq 11.

H

+H,0 +H,0

~4H ~ 4e- ~6H" —6e”

I
CH,CHCH, — CHCCH, + H, ()
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Neglecting the voltage drop across the cell, the overall applied
electrical potential between the working and counter electrodes
necessary to drive this reaction (or any of the others previously
discussed) using the (trpy)(bpy)Ru(OH;)2* catalyst is ap-
proximately 1.2 V, which is the potential difference between
the H*/H, and Ru(IV)/(III) couples at pH 7. Given the
thermodynamics of the combustion of H; in air, eq 11 has been
carried out in the net sense with a near energy balance 2!
Perhaps more importantly, it follows that, if a reversible, high
current density O, electrode can be developed and coupled with
the catalyzed oxidations reported here, the resulting cells could
be made to operate spontaneously, in effect becoming chemical
synthesis fuel cells.
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Abstract: Several benzyl(carbonyl)metal complexes, including benzyldicarbonylcyclopentadienyliron(II) (1), undergo sub-
stantial deuteration in the ortho and para postions prior to acidolysis of the carbon-metal bond in [2H,]trifluoroacetic acid.
Comparison of the rates of substitution with that for substitution in anisole shows that the metallomethyl substituents, e.g.,
CH;,Fe(CO)2(CsHs), have large negative substituent constants indicative of very strong hyperconjugative electron donation
in the transition states for substitution reactions. There is no evidence that electrophilic attack on the aromatic ring causes
cleavage of the carbon-metal bond. The kinetics of the anaerobic acidolysis of 1 and of its 4-fluoro derivative in trifluoroacetic
acid and in [2H,]trifluoroacetic acid in chlorinated solvents show that the acidolysis is first order with respect to acid and to
substrate, is influenced by the nature of the cosolvent, and has a very high kinetic isotope effect, kyy/kp = 15-25. Tt is suggest-
ed that these results are indicative of an attack on the metal prior to cleavage of the carbon-metal bond.

Studies of the acidolysis of o-bonded organotransition
metal complexes have repeatedly demonstrated that the proton
is a relatively poor electrophile for attack at saturated carbon.
The study of the cleavage of organochromium(111),! organo-
cobalt(II1),2 organomanganese(1)4* and organoiron(II)56
complexes (1-6, respectively) in aqueous acidic solution has
demonstrated that a wide range of electrophiles, including
Hg(II), TI(III), Hg(I), NO™, and halogens, are capable of
displacing one or more of the above metals from carbon under
conditions in which the proton, though present in appreciably
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higher concentration than the other electrophile, plays no direct
part in the reaction. Indeed, the pyridylmanganese complex
3 undergoes acidolysis by an unimolecular process, and the
pyridyliron complex 6 is unchanged after several months, in
4 mol dm~3 aqueous perchloric acid at 65 °C under anaerobic
conditions.” In the case of some organochromium(III) com-
plexes there is evidence for a pathway that is first order in acid,
but this is usually accompanied by a competing unimolecular
path that is zero order in acid ®

In principle, an electrophile such as the proton may attack
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