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Oxidation of 2-Propanol to Acetone by Dioxygen on a Platinized Electrode under

Open-Circuit Conditions’
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Department of Chemistry, Harvard University, Cambridge, Massachusetts 02138 (Received: June 17, 1988)

This paper examines the catalytic oxidation of 2-propanol by dioxygen on a platinized platinum gauze electrode. Under
open-circuit conditions, the rate of reaction was limited by mass transport of dioxygen to the catalyst surface and obeyed
the rate law ~-d[ROH]/ds = k[ROH]°([Pt,]'Po,'. The rate of reaction depended on the rate of stirring of the system. No
kinetic deuterium isotope effect was observed upon substitution of 2-propanol-d, for 2-propanol-d,. Under the reaction conditions
employed, the open-circuit potential of the catalyst during the catalytic oxidation of 2-propanol indicated that the platinum
surface was covered predominately with platinum hydride and not with platinum oxide. No catalyst deactivation due to
reaction of dioxygen with surface platinum atoms was observed. and hydrogen peroxide could be substituted for dioxygen
as the oxidizing agent in the reaction. The reaction is proposed to proceed by the formation of an intermediate surface alkoxide
that dehydrogenates and produces acetone and surface hvdrides. These surface hvdrides then react with dioxygen, hydrogen
peroxide, platinum oxide, or some other oxidizing species and vield (ultimately) water. possibly by an electrochemical local

cell mechanism.

Introduction

The catalytic oxidation of organic compounds with dioxygen
is widely used in synthesis.> The heterogeneous platinum- or
palladium-catalyzed oxidation of alcohols with dioxygen to al-
dehydes, ketones, and/or carboxylic acids in the liquid phase is
a highly useful, if nonrepresentative, example of this class of
reactions. This process has proved particularly valuable in oxi-
dative transformations of carbohydrates as a result of its high
regioselectivity. *#

Primary alcohols are readily oxidized to carboxylic acids in
aqueous basic solution and in lower yield to aldehvdes in neutral
or acidic aqueous solution or in organic solvents. Secondary
alcohols are oxidized to the corresponding ketones. Primary
hydroxyl groups are oxidized preferentially in the presence of
secondary hydroxyl groups. Axial groups on cyclohexane rings
oxidize more rapidly than equatorial hydroxyl groups. Carbon-
carbon double bonds do not oxidize or isomerize.

Various mechanisms have been proposed for the oxidation of
alcohols on platinum catalysts: dehydrogenation of the substrate
on the catalyst surface and reaction of the resulting surface hy-
drogen atoms with oxygen to produce water,®"!! oxidation via a
radical chain mechanism in solution initiated by reaction of the
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substrate with the catalvst surface.'” or reaction of the alcohol
with oxygen adsorbed on the surface of the catalyst.!*!4

Platinum is either used in the form of platinum black (Adam’s
catalyst) or dispersed on supports such as carbon, alumina, or silica
gel.>7 Oxidations have been successfully performed in water,
n-heptane, acetone, 2-butanone, and dioxane.® The major dis-
advantage of the platinum-catalyzed oxidation of alcohols is the
short lifetime of the catalyst as it is ordinarily used. The amount
of platinum catalyst commonly used in oxidations of carbohydrates
is 10-20 wt % of the quantity of substrate to be oxidized.® Ox-
idations carried out using low concentrations of dioxygen show
longer catalyst lifetimes.'®  Although the nature of the processes
poisoning the catalyst have not been established in detail, the
observation that reactions conducted at high partial pressures of
dioxygen may show short catalyst lifetimes suggests some oxidative
process occurring at the catalyst surface. Other factors that might
contribute to the poisoning of the catalyst include overoxidation
of substrates to side-products that act as catalyst poisons and
inhibition of reaction due to adsorption of the reaction product
on the catalyst surface.

This paper describes a study of the platinum-catalyzed oxidation
of 2-propanol to acetone in aqueous solution. Its objectives were
to clarify the mechanism of the reaction, to establish the processes
responsible for catalyst deactivation, and to suggest reaction
protocols that would make it possible to use this type of reaction
with greater practicality by extending the catalyst lifetime.

The work is based on an experimental strategy in which the
working catalyst could be interrogated while operating using
electrochemical techniques to infer the character of its surface.
We constructed an electrochemical cell with which it was possible
to monitor the open-circuit potential of the catalyst (the catalyst
potential with no applied current or voltage relative to a standard
potential) under active reaction conditions. The system was a
compromise between catalytic and electrochemical requirements.
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Figure 1. Two-compartment electrochemical cell used to study the ox-
idation of 2-propanol by oxygen on a platinized platinum gauze electrode.

To achieve useful rates of catalytic production of products, we
used a catalyst having a relatively high (for an electroanalytical
system) surface area. With this system, mass transport of
reactants to and products from the surface of the electrode/catalyst
was not well-defined, and the distribution of electrochemical
potential across the catalyst surface was probably not uniform.
Both the surface area of the system and its dispersion (that is,
the fraction of platinum atoms present at the surface) were low
and not entirely representative of catalysts used in synthetic
practice. Despite these compromises, however, the system provided
information that made possible a clear definition of major features
of the reaction.

Results

Reactions were run in a two-compartment electrochemical cell
(Figure 1). The platinum catalyst/electrode was a section of
80-mesh platinum gauze that was rolled into a cylinder and then
platinized.' This electrode had a geometric surface area of 160
cm? and a real surface area of 5.7 X 10* cm? (1.2 X 107* mol of
Pt), determined from anodic galvanostatic charging curves.'®!’
A description of the electrochemical cell and procedures used for
electrode preparation and characterization are available as sup-
plementary material (see the paragraph at the end of the paper).

Oxidations of 1.20-mmol aliguots of 2-propanol were run in
6.0 mL of 0.20 N H,SO, at 1.0 atm of O, unless otherwise noted;
a total of 40 such oxidations were performed with no evidence
of poisoning or loss of activity of the catalyst. The solution in
the working electrode compartment was replaced on completion
of each reaction. The productivity (PROD;, eq 1) for this cata-
lyst/electrode was 400 when the series of 40 reactions was ter-
minated.

mol of 2-propanol oxidized

ROD, = 1
P s mol of surface platinum ()

Over the course of the first six of these oxidations, the reaction
rate at a constant stirring rate decreased slightly; for the remainder
of the oxidations, the reaction rates measured at constant stirring
rates were very reproducible. After the sequence of reactions had
been completed, the cell was disassembled and the surface area
of the working electrode remeasured. The measured value was
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New York, 1976; Vol. 9, pp 1-162. Kinoshita, K., Stonehart, P. In Modern
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4.8 X 10* cm?, a decrease in surface arca of ca. 137 from that
originally measured after preparation of the cataiyst electrode.

Dependence of Rate of Oxidation on the Rate ot Stirring. The
rate of oxidation of 2-propanol incredsed with acreasing rate of
stirring (w) of the platinized electrode catenst ot 10 atm of O,,
suggesting that the reaction was mass transport-imited. Stirring
rates above 1000 rpm could be used only for very short periods
of time before damage to the bearing and stirring rod resulted.
For stirring rates up to 1000 rpm, the surface of the solution
appeared fairly quiescent and no vortexing was observed: at 1700
rpm, vortexing was pronounced and the rate of reaction increased
dramatically.

Plotting the log of reaction rate versus log w for oxidations run
at 220, 440, and 850 rpm indicated that the dependence of the
reaction on the rate of stirring was

~d[ROH}/dt o (064008 2)

For rotating disk electrodes, the rate of reaction varies as ”* under
laminar flow conditions and as «®®09 under turbulent flow
conditions." Tt is not possible to calculate rates of mass transport
to the geometrically complex catalyst/electrode employed in this
work, but the observed exponent is in a plausible range.
Dependence of Reaction Rate on the Pressure of Dioxygen.
These data were obtained at a constant stirring rate of 900 rpm
and at four partial pressures of dioxygen (0.23.0.46. 0.75. and
1.00 atm). The partial pressure of dioxygen was adjusted by
mixing dioxygen with argon, and the gas mixture was passed over
the surface of the stirred solution at ca. 45 mL mun. The gas
pressure over the solution was always 1.0 atm  The rezcuion rate
at two different partial pressures of dioxygen were checked during
the oxidation of one 1.20-mmol aliquot of 2-propanol. the reaction
was monitored by gas-liquid chromatograpny 1GLC) for 4=5h
at one partial pressure. then 1he gas minviure was changed and
bubnied through the souton for ‘ the mew reaction rate
determined The ] of increased linearly

With INCTeasing Slonsgen Drasure

“¢ROH: &1 - P, "% (3)

Dependence of the Rate uf Reaction on the Concentration of
2-Propanol. The rate of oxidation of 2-proparal at the platinum
catalyst/electrode was independent of its concentration. Zero-
order plots of the change in concentration of 2-propanol with time
were obtained for the oxidation of 1.20 mmol of 2-propanol on
a platinized platinum gauze electrode in 6.0 mL of 0.20 \ H,SO,
(1.0 atm of O,). For one particular run, the initial concentration
of 2-propanol was 0.20 M; after the concentration of 2-propanol
decreased to 0.14 M (at ¢ = 4.0 h), the concentration of 2-propanol
was increased to 0.34 M; no change in the rate of reaction was
observed.

Dependence of Rate on the Surface Area of Catalyst. Because
the surface area of the platinized catalyst/electrode used in most
of these studies could not be conveniently altered, these studies
were carried out using two different platinized platinum wires,
the first having a geometric surface area of 9.96 cm? and a real
surface area (measured by galvanostatic charging) of 1700 cm?
and the second having a geometric surface area of 12.9 cm? and
a real surface area of 3500 cm?. The reactions were run in a
three-compartment electrochemical cell of standard design, using
as nearly identical stirring rates as could be attained with the same
stirring bar and magnetic stirrer. The physical configuration of
the two platinum wires was approximately the same, both wrapped
as wire coils with roughly the same dimensions. The rates of
oxidation obtained by using the electrodes having surface areas
of 1700 and 3500 cm? were 0.22 + 0.01 and 0.42 £ 0.02
wmol/min, respectively; that is, a 2-fold increase in the surface
area of the electrode resulted in a 2-fold increase in the rate of
reaction and indicated a first-order dependence of the reaction
on the surface area of the platinum catalyst. A similar result has

(18) Adams, R. N. Electrochemistry at Solid Electrodes; Dekker: New
York, 1969; Chapter 4.
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Figure 2. Ratio of acetone-d, to acetone-dg (O, first run; O, second run)
and percent reaction (@, first run; B, second run) during the course of
an oxidation of an equimolar solution of 2-propanol-d; and 2-propanol-d,.

been reported for this same reaction using a 1% Pt/C catalyst.'®
The rate equation for the reaction on platinum metal under these
reaction conditions is then

-d[ROH] /dr = k(«®$)[ROH]°[Pt,]' Py’ (4)

Deuterium Isotope Effect. A comparison of the rate of oxi-
dation of 2-propanol-d; and 2-propanol-d- in 0.20 N H.SO, es-
tablished that no rate-limiting carbon-hydrogen bond formation
or cleavage occurred during oxidation to acetone; a ky/kp, of 1.03
+ 0.04 was obtained. This result is that expected for a reaction
that is mass-transport limited in dioxygen. For determination of
whether a non-rate-limiting deuterium isotope effect could be
observed, a competitive ky/kp, was measured by performing an
oxidation with equal amounts of 2-propanol-d, and 2-propanol-d,
present in the solution and monitoring the ratio of acetone-d, to
acetone-dg produced by GC/MS. The reaction rate determined
for the oxidation with both 2-propanol-d, and 2-propanol-d-
present was the same as observed for 2-propanol-d, alone. Figure
2 illustrates the ratio of acetone-d, to acetone-d, over the course
of the reaction for two separate runs; the agreement between the
two runs was excellent, and a competitive ky;/kp of 3.3 + 0.3 was
observed during the first 40% of the reaction. After the reaction
reached 40% completion, where the solution was 0.038 M in
2-propanol-d, and 0.082 M in 2-propanol-ds, the ratio of ace-
tone-d,/acetone-dg slowly decreased until at the completion of
the reaction it was ca. 1:1. A number of GC/MS analyses of an
authentic 1:1 mixture of acetone-d, to acetone-d indicated that
the mixture was 0.96/1.00 acetone-dy/acetone-dg, yielding an
experimental error of 5% for this method.

Reversibility of the Dehydrogenation Step. We carried out
an oxidation of 2-propanol (0.20 M) in the presence of 2-butanone
(0.20 M) and monitored the reaction mixture by GLC throughout
the course of the reaction to determine whether any 2-butanol
was produced. The reaction rate in the presence of 0.20 M
2-butanone was 1.02 & 0.04 umol/min, ca. 40% slower than the
reaction rate measured in the absence of added 2-butanone. The
formation of 2-butanol was not observed (<0.5% by GLC) at any
time during the reaction. The oxidation of 2-butanol (0.20 M)
was also performed in the presence of added acetone (0.20 M),
and no 2-propanol (<0.5% by GLC) was detected during the
course of the reaction. The rate of reaction for oxidation of
2-butanol in the presence of 0.20 M acetone was 1.17 £ 0.03
pmol/min and was comparable to the rate of oxidation of 2-
propanol in the presence of 2-butanone.

Oxidation of 2-Propanol Using Hydrogen Peroxide in Place
of Dioxygen. Hydrogen peroxide spontaneously decomposes to
dioxygen and water when it comes in contact with platinum metal
(eq 5).% Because the rate of oxidation of 2-propanol is first order

2H,0, — 0, + 2H,0 (5)
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Figure 3. Production of acetone (@) and open-circuit potential (m) of the

catalyst during the oxidation of 1.20 mmol of 2-propanol in 6.0 mL of

0.20 N H,SO, on a platinized platinum gauze electrode by addition of

20-uL (0.15 mmol) aliquots of 30% H,0, under argon.

in the partial pressure of dioxygen and mass transport of dioxvgen
to the catalyst/electrode surface is the overall rate-limiting step.
the generation of dioxygen in high concentration at the catalyst
surface was studied in an attempt to change the rate-limiting step
of the reaction.

Under an argon atmosphere, 1.20 mmol of 2-propanol was
added to 6.0 mL of 0.20 N H,SO, in the working electrode
compartment of the electrochemical cell containing the standard
catalyst/electrode. While the catalyst electrode was stirred at
900 rpm. a 20-uL aliquot (0.15 mmol) of 30% H,O, was added
to the cell. Dioxygen was formed at the catalvst surface. The
yield of acetone upon complete reaction of the H,O, (after ca.
10 min) was 0.13 mmol (86% based on added H,0,). The addition
of 20-uL aliquots of 30% H,0O, was continued, and the progress
of the reaction followed by GLC (Figure 3). The sixth aliquot
of 30% H,0, that was added was 150 uL (1.13 mmotl); dioxygen
was evolved vigorously at the catalyst surface, but the yield of
acetone produced was only 0.10 mmol (9% based on added H,0,).
It appears that 2-propanol competes poorly with a comparable
concentration of H,0, for catalytic sites on the platinum cata-
lyst/electrode surface.

A constant slow addition of hydrogen peroxide to a solution
of 1.2 mmol of 2-propanol-d, in 6.0 mL of 0.20 N H,SO, was
performed at a rate of ca. 8.0 uL (0.060 mmol) 30% H,0,/min
using a syringe pump, to keep the concentration of H,0O, small
relative to that of 2-propanol. During the first 6 min of the
reaction no dioxygen evolved, and the rate of addition of H,0,
exactly equalled the rate of production of acetone. After 6 min
of reaction, the rate of oxidation slowed to 20% of the rate of
addition of H,0,, and dioxygen evolution was observed at the
catalyst surface (Figure 4). The reaction was repeated using 1.12
mmol of 2-propanol-d,, and almost identical results were obtained;
the rate of oxidation in the first 6 min was the same as for 2-
propanol-dy (ky/kp = 1.0), and for the remainder of the reaction
kH/kD =12+£0.2.

A comparison of the rates of reaction for both 2-propanol-d,
and -d,, obtained by using dioxygen at 1 atm with the rates
obtained by using slow addition of 30% H,O, indicated that when
H,0, is used, the oxidation initially proceeded at a rate (60

(19) Nicoletti, J. W.; Whitesides, G. M. J. Phys. Chem., preceding paper
in this issue.

(20) Hoare, J. P. The Electrochemistry of Oxygen, Wiley: New York,
1968; Chapter 2.
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Figure 4. Relative rates of production of acetone-d, (@) and acetone-d,
(m) from the oxidation of 2-propanol-dy and 2-propanol-d; (0.20 M).
respectively, by oxidation with hydrogen peroxide at a constant addition
rate of 60 umol/min.

pmol/min) ca. 60 times faster than the rate observed when di-
oxygen (1 atm) was used as the oxidant. After a short interval
(ca. 6 min, PROD, = 3-4), the initial reaction rate decreased to
a steady-state rate ca. 10 times faster than that observed by using
dioxygen at 1 atm; no further decrease in activity or poisoning
of the catalyst was observed. Hydrogen peroxide thus appears
to be an effective oxidant for the catalytic oxidation of 2-propanol
on platinum.

Open-Circuit Catalyst/Electrode Potential during Oxidation
of 2-Propanol Using Dioxygen. We used the open-circuit potential
of the catalyst/electrode to infer the species present on the
platinum surface while the catalytic reaction was occurring. The
reference electrode was a Ag/AgCl (saturated), Na,SO, (1.0
M)/Na,SO, (1.0 M) double-junction (dj) system.2! Open-circuit
potentials measured against this (Ag/AgCl dj) reference electrode
are shifted —0.370 V with respect to potentials measured versus
a standard hydrogen electrode (SHE).

Dihydrogen is produced on a platinum electrode in 0.20 N
H,SO, at —0.460 V (Ag/AgCl dj), and coverage of the electrode
surface with adsorbed hydrogen steadily decreases from that of
a monolayer as the potential is increased from —-0.460 to —0.050
V (Ag/AgCl dj). In the potential range between —0.050 and
+0.400 V (Ag/AgCl dj), the platinum surface is occupied by
neither adsorbed hydrogen nor oxygen; proceeding from +0.400
toca. +1.100 V, the surface becomes increasingly oxidized by
the formation of platinum oxide. Dioxygen evolution begins at
potentials more positive than ca. +1.100 V. Observation of an
open-circuit potential for the electrode/catalyst, in the range of
-0.050 to -0.460 V (Ag/AgCl dj) indicates that hydrogen is
present on the surface of the platinum catalyst; catalyst potentials
more positive than +0.400 V indicate oxidation of the catalyst
surface, probably by the formation of platinum oxide. We note
explicitly that the observed open-cell potentials are not entirely
straightforward to interpret for the complex electrode geometry
used in these experiments. Local differences in surface potential
and in the composition of the platinum—water interface may be
possible due to contributions to local cell potential from resistive
and capacitative terms and perhaps to differences in local solution
concentrations of reactants, products, and protons. We believe
that the observed open-cell potentials reflect a qualitative but
accurate image of the average catalyst/electrode surface.

The open-circuit potential of the platinized platinum gauze
electrode during the course of the oxidation of 2-propanol with
dioxygen is shown in Figure 5. Before 2-propanol was added to
the working electrode compartment containing 0.20 N H,SO,
under 1.0 atm of O,, the potential of the platinum electrode was
ca. +0.520 V (Ag/AgCl dj). This initial electrode potential
indicated that partial oxidation of the electrode surface had taken

(21) A saturated calomel reference electrode (SCE) was initially used as
the reference electrode, but chloride ion from the electrolyte of the SCE was
found to poison the reaction.
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Figure 5. Production of acetone (@, r = 1.14 mmol/min; ®, r = 1.13
umol/min) and open-circuit catalyst potential (O, O) for two consecutive
oxidations of 1.20 mmol of 2-propanol by oxygen (1.0 atm) in 6.0 mL
of 0.20 N H,SO, (stirring rate = 440 rpm, Ag/AgCl dj reference elec-
trode).

place by reaction with dioxygen to form platinum oxides. Addition
of 2-propanol to the solution with stirring resulted in an immediate,
rapid drop in the electrode potential to —0.276 V, indicating that
the reaction of 2-propanol at the surface of the electrode reduced
the platinum oxide and produced a surface partially covered with
adsorbed hydrogen.

The potential of the electrode remained in the range of —0.275
to —0.050 V (Ag/AgCl dj) until the concentration of 2-propanol
had decreased from 0.20 to 0.01 M (~95% reaction). The po-
tential gradually increased to ca. +0.30 V during the completion
of the last 5% of the reaction. Removing the reaction mixture
from the working clectrode compartment, rinsing the catalyst/
electrode. and repeating the reaction under the same conditions
produced potential-time curves indistinguishable from the first
(Figure 3).

The most important conclusion from these data is that the
catalyst/electrode surface was partially covered with adsorbed
hydrogen during the major part of the oxidation of 2-propanol.
It was not until the concentration of 2-propanol decreased from
200 to 10 mM that dioxygen (ca. 1.3 mM at equilibrium under
reaction conditions)?? apparently was able to compete successfully
with 2-propanol for the catalyst active sites. This result implies
that the oxidation proceeds by reaction of 2-propanol with a
platinum surface that is in a predominantly reduced state and not
with a surface that is covered with adsorbed oxygen or is otherwise
oxidized.

The dependence of the open-circuit potential of the platinum
catalyst on the concentration of 2-propanol, acetone, and dioxygen
was checked by changing the concentration of each individually,
under the conditions used in the reaction, while holding all other
parameters constant. Changing the concentration of 2-propanol
or the pressure of dioxygen resulted in much larger changes in
the catalyst potential than those resulting from changes in the
concentration of acetone (Figure 6). This result demonstrates
that the catalyst/electrode potential was determined primarily
by the relative concentration of 2-propanol and dioxygen in so-
lution. Although acetone is known to adsorb on a clean platinum
surface,2 it apparently does not compete well with dioxygen

(22) Linke, W. F. Solubilities of Inorganic and Metal Organic Com-
pounds; D. Van Nostrand: New York, 1965; Vol. 2, p 1229.
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Figure 6. Open-circuit catalyst potential dependence on the concentration
of acetone (@) and 2-propanol (B), and on the partial pressure of di-
oxygen (A) during a catalytic oxidation of 2-propanol to acetone with
dioxygen on a platinized platinum gauze electrode.

or 2-propanol; this inference is corroborated by the observation
that the rate of the catalytic oxidation reaction did not decrease
as the acetone concentration increased over the course of the
reaction.

Catalyst Potential during Open-Circuit Oxidations Using
Hydrogen Peroxide. Prior to the addition of hydrogen peroxide,
the open-circuit potential of a platinized platinum gauze electrode
in 6.0 mL of 0.20 N H,SO, that was also 0.20 M in 2-propanol
under 1 atm of argon was ca. ~0.315 V (Ag/AgCl dj). This
potential is 45 mV more negative than the lowest potential re-
corded for oxidation under 1 atm of dioxygen, an observation that
indicates that the stripping of oxide from the platinum surface
by the dehydrogenation of 2-propanol was never complete when
the reaction was run under 1 atm of dioxygen. In neither reaction
did the potential of the electrode reach —0.460 V (Ag/AgCl dj).
the value corresponding to a platinum surface covered with a
monolayer of adsorbed hvdrogen (1H/1Pt, atom).

When 20 L (0.15 mmol) of 30% H,0, was added with stirring
to the compartment containing the catalyst/electrode (1.20 mmol
of 2-propanol in 6 mL of 0.20 N H,SO, under argon), the potential
of the catalyst immediately increased from —0.315 to +0.417 V
(Ag/AgCl dj) and evolution of some dioxygen was observed. After
ca. 3 min, the potential of the catalyst at first rapidly and then
more slowly decreased to ~0.294 V (Figure 3). During the process,
0.13 mmol of acetone was generated (86% yield based on added
H,0,). Continued addition of 20-uL aliquots of hydrogen peroxide
produced results indistinguishable from that observed for the first
aliquot. When the reaction was run by using a slow constant
addition of 8 uL (0.060 mmol) of 30% H,O./min rather than the
addition of aliquots. the open-circuit potential of the platinized
platinum gauze electrode quickly increased from -0.315 V
(Ag/AgCl dj) at the start of the reaction to +0.420 V during the
first 2 min and remained at this potential throughout the reaction.
No poisoning of the catalyst was observed when hydrogen peroxide
was used as the oxidizing agent.

Discussion

The cathodic displacement of open-circuit potential of a
platinum catalyst during the oxidation of alcohols by dioxygen
has been interpreted previously to indicate that the surface of the
catalyst was partially covered with adsorbed hydrogen.!%!225 We
concur with this conclusion. Our observations established further
that addition of 2-propanol to the working electrode compartment
containing a partially oxidized platinized platinum gauze electrode
resulted in an immediate cathodic displacement of the catalyst

(23) Horanyi, G.; Nagy, F. Acta Chim. Acad. Sci. Hung. 1972, 72,
261-268.

(24) Gorbachev, S. V.; Rychkova, Z. A. Russ. J. Phys. Chem. 1972, 46,
446-447.

(25) Druz, V. A. Kinet. Catal. 1979, 20, 729-732.
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SCHEME I: Proposed Mechanism for the Oxidation of 2-Propanol
on Platinum with H,0,
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potential to a potential indicative of a surface predominantly

covered with adsorbed hyvdrogen. Similar results have been re-
ported for the open-circunt reduction of electrochemically produced
platinum oxide in agueous solution by reaction with alcohols, 26
formic acid.”” *¥ and dihvdrogen.**32 The open-circuit reduction
of platinum oxide layers by hydrogen in aqueous solution is be-
lieved to occur by an electrochemical local-cell mechanism: di-
hydrogen dissociates on one part of the catalyst surface, and
reduction of platinum oxide may occur at a second part that is
physically separated (although electrochemically connected).
Islands of oxide-free platinum are thought to be produced as the
reduction occurs. Direct chemical reaction between surface
platinum oxide and dihydrogen may also occur?®? but is believed
to be a minor pathway.

Reaction of formic acid also reduces chemisorbed oxygen on
a platinum surface by a local cell mechanism.?’"? The reduction
of platinum oxide by aleohols is believed to proceed by a mech-
anism ~similar 1o that proposed for reduction by dihydrogen.
Again. a direct chemical reaction may make some contribution
to the overall reaction

The open-circunt potential of the platinized platinum gauze
electrode reaches an equilibrium value of ca. -0.330 V (Ag/AgCl
dj) with stirring in a 0.20 N H,SO, solution also 0.20 M in
2-propanol under | atm of argon, indicating significant coverage
of the electrode surface with hydrogen but not the formation of
the complete monolayer that would be indicated by an open-circuit
potential of ca. —0.460 V (Ag/AgCl dj). This result may imply
that not every surface platinum atom is a suitable site for the
dehvdrogenation of 2-propanol to acetone. The open-circuit po-
tential of the catalyst under | atm of dioxvgen remains in the
potential range of  0.275 to -0.050 V (Ag/AgCl dj) for almost
the entire reaction. indicating that the surface remains covered
with hvdrogen and mass transport of oxygen to the catalyst surface
is rate imiting. This electrochemical inference is supported by
the observed kinetics.

Platinum-catalyzed oxidation of 2-propanol by hydrogen per-
oxide was explored in an effort to circumvent the mass-transport
limited delivery of dioxygen to the catalyst surface. Under
open-circuit conditions, such as those used in this study, the
catalytic decomposition of H,O, on platinum is believed to proceed
via an electrochemical local cell (mixed potential) mechanism in

(26) Petrii, O. A.; Podlovchenko, B. 1.; Frumkin, A. N.; Hira, L. J.
Electroanal. Chem. 1965, 10, 253-269. Podlochenko, B. I.; Petri, O. A_;
Frumkin, A. N_; Hira, L. Ibid. 1966, /1, 12-25.

(27) Oxley, J. E.; Johnson, G. K.; Buzlski, B. T. Electrochim. Acta 1964,
9, 897-910.

(28) Hoffman, A.; Kuhn, A. T. Electrochim. Acta 1964, 9, 835-839.

(29) Vielstich, N.; Vogel, U. Z. Elektrochem. 1964, 68, 688—692.

(30) Barz, F.; Lungu, M. J. Electroanal. Chem. 1982, 133, 101-114.

(31) Rader. C. G.; Tilak, B. V. J. Electrochem. Soc. 1976, 123,
1708-1712.

(32) Hoare, J. P. Electrochim. Acta 1972, 17, 593-595.

(33) Shibata, S.; Sumino, M. P. Electrochim. Acta 1975, 20, 739-746.

(34) Horanyi, G.; Konig, P.; Telcs, 1. Acta Chim. Acad. Sci. Hung. 1972,
72, 165-178. Horanyi. G.: Vertes, G.; Konig, P. 1bid. 1972, 72, 179-187.
Horanyi, G.; Vertes, G.; Konig, P. Z. Phys. Chem. 1973, 254, 298-304.
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which adsorbed oxygen lavers or surface oxides are present. ™
A surface platinum oxide may be an intermediate in this reaction.
Bianchi et al.* have proposed a chemical pathway for the de-
composition of H,0, by reaction with surface platinum oxide

When hyvdrogen peroxide was used as the oxidizing agent for
the oxidation of 2-propanol to acetone, the open-circuit potential
of the electrode during reaction was ca. 0.87 V (normal hydrogen
electrode), a value that corresponds to the open-circuit potential
observed for the decomposition of hydrogen peroxide on platinum
metal in the absence of 2-propanol.®** The surface of the catalyst
was thus predominantly in an oxidized state, partially covered with
platinum oxide when hydrogen peroxide was used as the oxidant.
rather than being predominantly covered with surface hvdrogen
as it appears to be when dioxvgen was used as the oxidant
Approximately | equiv of 2-propanol was oxidized for cach
equivalent of H,0, consumed for most of the reaction. Scheme
I suggests a possible mechanism for the oxidation of 2-propanol
by hydrogen peroxide.

The rate of oxidation of 2-propanol observed by using a constant
slow addition of H,0, was initially 60 times faster than that
observed under the same conditions using oxygen as oxidant. It
1s not clear, however, that the reaction was no longer mass-
transport limited: the instantaneous concentration of H,O, in the
solution was probably very small (<10™* M) since the rate of
production of acetone was initially equal to the rate of addition
of H,O,, and no difference in the rate of oxidation of 2-propanol-d,
and -dg was observed. Although the reaction ran more rapidly
using hydrogen peroxide rather than dioxygen as an oxidant, the
transport of hydrogen peroxide or 2-propanol to the surface of
the catalyst may still have been rate limiting.

Catalyst Deactivation. One explanation that has been proposed
for catalyst deactivation during the oxidation of alcohols involves
irreversible or slowly reversible reactions of dioxygen with the
platinum surface. Adsorption of catalyst poisons and/or reaction
products have also been involved. Catalyst deactivation during
the oxidation of 2,3-4,6-diacetone-L-sorbose on supported platinum
catalysts was studied by Jaffe and Pleven,'> who found that the
rate of catalyst deactivation was markedly reduced by controlling
the dioxygen concentration at low partial pressures. For the
oxidation of glucose'* and ethylene glycol*® when platinum on
carbon catalyst in aqueous solution is used. catalyst deactivation
could be partially reversed by temporarily stopping the addition
of oxygen to the reaction: in this oxvgen-deficient state, the
oxidized (deactivated) catalyst was re-reduced to an active form
by reaction with glucose or ethylene glycol. The deactivated
catalyst could also be partially regenerated by treatment with an
aq formaldehyde solution under nitrogen. Complete regeneration
of catalyst activity for ethylene glycol oxidation was obtained by
treating the deactivated catalyst with oxygen and then hydrogen
at 300 °C.

These studies suggest that bare platinum(0) is more active as
a catalyst than is platinum oxide and that alcohol oxidation should
be considered primarily as a dehydrogenation catalyzed by
platinum(0), followed by an oxidation step to regenerate Pt(0)
from surface platinum hydride. In the systems studied here, no
catalyst deactivation was observed after ca. 500 h of consecutive

(35) At pH > 8.0, a mechanism involving radical intermediates has been
proposed: Kitajima, N.; Fukuzumi, S.; Ono, Y. J. Phys. Chem. 1978, 82,
1505-1509. Ono, Y.; Matsumura, T.; Kitajimo, N.; Fukuzumi, S. /bid. 1977,
81, 1307-1311.

(36) Gerischer, R.; Gerischer, H. Z. Phys. Chem. 1956, 6, 178-200.

(37) Bagotskii, V. S.; Yablokova, 1. E. Dokl. Akad. Nauk. SSSR 1954,
95,1219-1221. Giner, J. Z. Elektrochem. 1960, 64, 491-500. Hoare, J. P.
J. Electrochem. Soc. 1965, 112, 608-611. Vitvitskaya, G. V.; Zverevich, V.
V. Sov. Electrochem. 1972, 8, 1179-1182. Tarasevich, M. R.; Zakharkin,
G. 1.; Smirnova, R. M. Sov. Electrochem. 1973, 9, 620-623. Dibrova, G. Y.:
Semenkina, T. M.; Elfimova, G. I.; Bogdanovskii, G. A. Kinet. Catal. 1978,
19, 406-409.

(38) Bianchi, G.; Mazza, F.; Mussini, T. Electrochim. Acta 1962, 7,
457-473.

(39) Bockris, J. O."M.; Oldfield, L. F. Trans. Faraday Soc. 1955, 51,
249-259.

(40) Ali Khan, M. I.; Miwa, Y.; Morita, S.; Okada, J. Chem. Pharm. Bull.
1983, 3/, 1141-1150, 1827-1832.
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SCHEME II: Proposed Mechanism for the C ataiyvtic Oxidation of
2-Propanol by Oxvygen on a Platinized Platinum Gauze Catalyst’
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4The interaction of dioxygen and oxygen with the platinum is en-
tirely schematic.

oxidations (PROD, = 400) under oxygen-starvation conditions.
This resistance to poisoning may not, however, be representative:
the rate of oxidation over this catalyst is very slow compared to
reaction rates obtained under similar conditions with highly
dispersed supported catalysts. The absence of catalyst deactivation
due to reaction of dioxygen with the platinized platinum electrode
used in this study is consistent with reports relating the degree
of catalyst deactivation by reaction with dioxygen to catalyst
dispersion, where increasing catalyst deactivation is observed with
increasing dispersion.!?41743

Mechanism of the Platinum-Catalyzed Oxidation of 2-
Propanol. The mechanism of reaction that is most compatible
with the experimental results described in this paper (obtained
under open-circuit and O, mass-transport-limited conditions using
the platinized platinum gauze catalyst/electrode), as well as with
previoushy reported information regarding the adsorption and
oxidation of alcohols, is vutlined in Scheme I1. The open-circuit
potentia! of the electrode under active catalytic conditions indicates
that the surfuce of the catalyst is predominantly but not completely
covered with adsorbed hydrogen, even though the reaction is run
under 1 atm of oxygen. The first step of the reaction involves
chemisorption of 2-propanol at the catalyst surface. This reaction
might occur by insertion of a platinum atom into either the O-H
bond or the «-C-H bond of 2-propanol. Although we cannot
distinguish between these alternatives, the former is more likely.

Although addition of the «-C~H bond of aliphatic alcohols to
platinum surfaces has often been claimed in studies of the ad-
sorption and clectrochemical oxidation of alcohols on platinum
electrodes.***" little evidence supports these claims. In contrast,
numerous studies of the reactions of alcohols at platinum* and

(41) Boudart. M. Proc. 6th Int. Congr. Catal. 1976, 2, 1-9. Boudart, M.
Adv. Catal. 1969, 20, 153-166. Boudart, M.; Aldag, A.; Benson, J. E;
Dougharty, N. A.; Harkins, C. G. J. Catal. 1966, 6, 92-99.

(42) Poltorak, O. M.; Boronin, V. S. Russ. J. Phys. Chem. 1966, 40,
1436-1445. Poltorak, O. M.; Boronin, V. S. Ibid. 1965, 39, 1329-1333.

(43) Wen-chou, L.; Maltsev, A. N_; Kovozev, N. I. Russ. J. Phys. Chem.
1965, 39, 1445-1447.

(44) Christov, M. V_; Sokolova, E. 1. J. Electroanal. Chem. 1984, 175,
183-193. Sokolova, E. I.; Christov, M. V. Ibid. 1984, 175, 195-205.

(45) Clavilier, J.; Lamy, C.; Leger, J. M. J. Electroanal. Chem. 1981, 125,
249-254.

(46) Bagotzky, V. S; Vassiliev, Y. B.; Khazova, O. A. J. Electroanal.
Chem. 1977, 81, 229-238. Nikolov, 1.: Yanchuk, B.; Beskorovainya, S;
Vassiliev, Y. B.: Bagotskii. V. S. Sov. Electrochem. 1964, 1, 610-613.

(47) Horanyi, G. Electrochim. Acta 1986, 31, 1095-1103. Horanyi, G.;
Kazarinov, V. E.; Vassiliev, Yu. B.; Andreev, V. N. J. Electroanal. Chem.
1983, /147, 263-278.

(48) Sexton. B. A. Surf. Sci. 1981, 102, 271--281.
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other transition-metal surfaces*~** have presented evidence for
the formation of surface alkoxides by insertion into the O—H bond.
A variety of homogeneous platinum(0) complexes have also been
observed to form stable platinum methoxide complexes by reaction
with methanol.5%

After adsorption of 2-propanol on the catalyst surface, the
chemisorbed species (presumably a surface alkoxide) dehydro-
genates by 8-hydride elimination of a hydrogen atom to the surface
of the catalyst to form acetone (Scheme I1). Competitive oxidation
of an equimolar mixture of 2-propanol-d, and 2-propanoi-d; es-
tablished an isotope effect of ky/kp of 3.2 + 0.3 for the transfer
of hydrogen (deuterium) to the catalyst surface. A similar com-
petition experiment using 2-propanol-2-d; and 2-propanol with
Adam’s catalyst (platinum black) gave ky/kpof 1.9 £0.457 A
kinetic deuterium isotope effect of 1.7 has been reported for the
decomposition of CH;OH and CD;OH on platinum, a reaction
in which the rate-limiting step is believed to be the cleavage of
a C-H bond of an intermediate surface alkoxide.*>

Dehydrogenation was irreversible; oxidation of 2-propanol in
the presence of 2-butanone produced no (<0.5%) 2-butanol (via
trans-hydrogenation); the analogous result was obtained when
2-butanol was oxidized to 2-butanone in the presence of acetone.
The irreversibility of alcohol dehydrogenation on platinum has
been demonstrated previously by oxidizing ethanol or 2-propanol
with dioxygen on platinum catalysts in H,'®0 and observing no
incorporation of '®0 into the remaining alcohol.!!

The hydrogen remaining on the platinum catalyst surface after
the dehydrogenation of 2-propanol to acetone is oxidized to protons
(or water) by reaction with an oxidizing species derived from
dioxygen. It is not clear whether the active oxidant is a surface
platinum oxide, chemi- or physiadsorbed hydrogen peroxide, or
dioxygen under the reaction condition used in catalysis. Inde-
pendent experiments establish that platinum surface oxides are
rapidly reduced by 2-propanol and that hydrogen peroxide is an
effective oxidant toward 2-propanol in the presence of platinum.
An electrochemical local cell mechanism®®®? (i.e.. a reaction in-
volving oxidation of Pt—-H to Pt(0) and H* and reduction of some
oxygen containing species to H,O at separate sites on the surface.
without direct transfer of H to PtO or PtO,) may be operative
in the important processes.

Implications for Synthesis. We suggest that the platinum-
catalyzed oxidation of alcohols by dioxygen to ketones be con-
sidered a coupled, two-reaction system. One reaction is the
platinum(0)-catalyzed dehydrogenation of alcohol to ketone; the
second is the platinum-catalyzed oxidation of platinum surface
hydride to water by dioxygen. The high selectivity of the system

(49) Sexton, B. A.; Rendulic, K. D.; Hughes, A. E. Surf. Sci. 1982, /21,
181-198. Rendulic, K. D.; Sexton, B. A. J. Catal. 1982, 78, 126-135. Sexton.
B. A. Surf. Sci. 1979, 88, 299-318.

(50) Madix, R. J. Science (Washington, D.C.) 1986, 233, 1159-1166.
Canning, N. D. S.; Madix, R. J. J. Phys. Chem. 1984, 88, 2437-2446.

(51) Jorgensen, S. W.; Madix, R. J. Surf. Sci. 1987, 183, 27-43. Wachs,
1. E.; Madix, R. J. Surf. Sci. 1978, 76, 531-558. Wachs, I. E.; Madix, R.
J. J. Catal. 1978, 53, 208-227. Wachs, I. E.; Madix, R. J. Appl. Surf. Sci.
1978, I, 303-328. Benziger, J. B.; Madix, R. J. J. Catal. 1980, 65, 36~48.
Ko, E. 1.; Benziger, J. B.; Madix, R. J. Ibid. 1980, 62, 264-274.

(52) Poutsma, M. L.; Elek, L. F.; Ibarbia, P. A.; Risch, A. P.; Rabo, J.
A. J. Catal. 1978, 52, 157-168.

(53) Demuth, J. E.; Ibach, H. Chem. Phys. Lett. 1979, 60, 395-399.

(54) Bhasin, M. M_; Bartley, W. J; Eligen, P. C.; Wilson, T. P. J. Catal.
1978, 54, 120-128.

(55) Paonessa, R. S.; Tragler, W. C. Organometallics 1982, 1, 768-770.

(56) Bennet, M. A_; Yoshida, T. J. Am. Chem. Soc. 1978, 100, 1750-1759.
Bennet, M. A.; Robertson, G. B.; Whimp, P. O.; Wyoshida, T. Ibid. 1973,
95, 3028-3030.

(57) Mandeville, W. H.; Whitesides, G. M., unpublished observations.

(58) McKee, D. W. Trans. Faraday Soc. 2968, 64, 2200~-2212.

(59) A related elementary step is probably also important in the homo-
geneous reaction of methanol with bis(trialkylphosphine)platinum(0) com-
plexes: this reaction results in this formation of trans-L,PtH,, presumably
by B-hydride elimination from an intermediate complex having the compo-
sition L,PtH(OCH,). Yoshida, T.; Otsuka, S. J. Am. Chem. Soc. 1977, 99,
2134-2140.
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is well established and highly useful, especially for carbohydrates
and related water-soluble substances. lts major practical draw-
backs are relatively slow catalytic rates (with an attendant re-
quirement for large quantities of catalyst) and relatively rapid
catalyst deactivation (also requiring large quantities of catalyst).
Major questions in synthesis are thus how can the rate be in-
creased? How can catalyst deactivation be slowed?

[t is clear that. with the experimental system employed here,
mass transport of dioxvgen from the vapor phase to the catalyst
surface limits the overall rate of reaction. Thus. to increase the
rate. it would be necessary to increase the rate of delivery of
oxidizing equivalents to the catalyst surface. Increasing the
pressure of dioxvgen provides one approach to this problem; using
hydrogen peroxide seems to provide a second. We believe that
substitution of hydrogen peroxide for dioxygen in this reaction
may provide an attractive method of carrying out rapid reoxidation
without the practical problems of handling and dispersing dioxygen
under pressure or with vigorous agitation.

The form of the bulk platinized catalyst used in this work was
dictated by the experimental requirement for both catalytic activity
and electrochemical tractability. This catalyst proved resistant
1o poisoning and thus provided little information about mechanisms
of poisoning. [t is also, of course, not a practical catalyst system
because it has a low dispersion and hence inefficient use of
platinum. In related studies'® we have examined highly dispersed,
supported catalysts and established that the rate of deactivation
of the catalyst correlated with its dispersion. One interpretation
of this result is that small, highly active catalyst particles are
subject to relatively rapid oxidative conversion to a catalytically
inactive platinum oxide. The practical motivation in synthesis
to use highly dispersed catalysts to achieve efficient use of platinum
thus appears to be at odds with the advantage in catalyst lifetime
achieved with low dispersion catalvsts. High pressures of dioxygen
(and perhaps use of hvdrogen peroxide) also seem to hasten the
overoxidation of small catalyst particles to an inactive form. The
best catalvst tor use in svathesis will thus be one with a sufficiently
high dispersion to be economical in its use of platinum and a
sufficiently low dispersion (and concentration of dioxygen and/or
hyvdrogen peroxide) to give long catalyst lifetimes.

From the results obtained by using hydrogen peroxide in place
of oxygen in the catalytic oxidation of 2-propanol reported here,
it is possible that highly selective oxidations of alcohols on sup-
ported platinum catalysts of high dispersion with little or no
catalyst deactivation might be attained by using hydrogen peroxide
as the oxidant, if H,O, could be added at a rate sufficient to
produce reasonable rates of oxidation without irreversibly oxidizing
the surface of the platinum catalysts as is believed to occur with
dioxvgen.

Experimental Section

General Methods. Water used in all reactions was pretreated
by passing distilled water through a Barnstead ion-exchange
column. distilling through a Corning AG-1b distillation apparatus,
and shaking with y-alumina (Strem). Ultrahigh-purity (UHP)
H,SO, (Alfa). 2-propanol (Baker, HPLC grade), 2-butanone
{Baker, HPLC grade), 2-butanol (Aldrich, reagent grade), 30%
H,0, (Baker), and 2-propanol-dg (Aldrich) were all used as re-
ceived. Argon (Matheson, UHP, 99.999%, deoxygenated by
Oxisorb) and dioxygen (Matheson, UHP, 99.999%) were saturated
with water by passing through gas-washing bottles containing
distilled water prior to use. Cyclic voltammetry was carried out
with a Princeton Applied Research Model 175 universal pro-
grammer and Mode! 174A polarographic analyzer, and galva-
nostatic charging and controlled potentiometry were performed
by using a Princeton Applied Research Model 371 potentios-
tat—galvanostat. Current—potential curves, potential-time curves,
and galvanostatic charging curves were recorded on a Nicolet
Explorer I oscilloscope and an Omnigraphic 2000 X-Y recorder.
Mass spectra were obtained on a Hewlett-Packard 5990A GC/MS
by using an ionization potential of 70 eV.

Open-Circuit Oxidation of 2-Propanol by Dioxygen on a
Platinized Platinum Gauze Electrode. Before placing the working
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electrode in the cell, it was pretreated by soaking in concentrated
HNO,; for 2 h, rinsed thoroughly with doubly distilled, deionized
water, then placed in 50 mL of 0.20 N H,SO,, and held at a
constant potential of +1.200 V (Ag/AgCl single-junction reference
electrode) until the open-circuit potential was +1.000 V, then at
—0.320 V until the open-circuit potential was -0.300 V. The
electrode was then placed in the working electrode compartment
of the electrochemical cell, and 6.0 mL of 0.20 N H,SO, added.
With a Teflon needle, O, was bubbled into the electrolyte for §
min, and the cell placed under a static head of oxygen. The
working electrode was stirred at a constant rate by using a Fisher
Dynamix overhead stirrer, and the stirring rate monitored with
a strobe light. To the working electrode compartment was then
added 92.0 uL (72.2 mg, 1.20 mmol) of 2-propanol (Baker HPLC)
by microliter syringe with stirring. The potential of the working
electrode was monitored with both a Nicolet Explorer I digital
oscilloscope and a Beckman 3010 digital multimeter.

With a 10-uL syringe, 1.0-uL aliquots of the solution in the
working electrode compartment were withdrawn through the
sample port at predetermined intervals and analyzed by GL.C on
a 3% Carbowax 20 M on Chromosorb W column. No internal
standard was used; the progress of the reaction was determined
from the relative ratio of 2-propanol to acetone. Mass balance
remained constant throughout the reaction. At the completion
of the reaction, the solution was withdrawn by syringe with a
Teflon needle, and 6.0 mL of fresh 0.20 N H,SO, added to the
working compartment. The electrode was stirred in this solution
for 5 min, then the solution was withdrawn and replaced with 6.0
mL of fresh 0.20 N H,SO, and the rinse cycle repeated. The
second wash was removed and replaced with 6.0 mL of 0.20
H,SO,, and O, was bubbled through the solution for 5 min before
another 92-uL aliquot of 2-propanol was added to the cell for
oxidation.

Dependence of the Open-Circuit Potential of a Platinized
Platinum Gauze Electrode on the Concentration of 2-Propanol,
Acetone, and Oxygen. The potential dependence on isopropyl
alcohol concentration was determined by allowing the oxidation
of 1.20 mmol of 2-propanol in 6.0 mL of 0.20 N H,SO, (1 atm
O,, 900 rpm) to proceed to 20% completion, and then the con-
centration of 2-propanol at this point (0.16 M) was increased by
consecutive additions of 0.30-mmol aliquots of 2-propanol while
monitoring the open-circuit potential: 0.16 M 2-propanol. ~0.189
V (Ag/AgCldj); 0.21 M, -0.200 V: 0.26 M, -0.208 V: 0.3] M.
—0.213 V;0.36 M. —0.217 V. The potential dependence on acetone
concentration was determined after 20% reaction by consecutive
additions of 0.30 mmol of acetone while monitoring the open-
circuit potential: 0.04 M acetone, —0.200 V (Ag/AgCl dj); 0.06
M, -0.197 V;0.14 M, -0.195 V; 0.19 M, —0.193 V. The potential
dependence on the partial pressure of dioxygen was checked be-
tween 10% and 25% reaction at 0.23, 0.46, 0.75, and 1.0 atm O,,
which yielded open-circuit potentials of —0.228, —0.200, -0.178,
and -0.149 V, respectively.

Oxidation of 2-Propanol with Hydrogen Peroxide. To the
working electrode compartment of the electrochemical cell was
added 6.0 mL of 0.20 N H,SO,, and then argon was bubbled
through the solution with a Teflon needle. The solution was placed
under a static head of argon, and 92.0 uL (1.20 mmotl) of 2-
propanol was added while the working electrode was stirred at
900 rpm. The potential of the working electrode dropped to —0.315
V (Ag/AgCl dj), and from a check of the solution by GLC, the
oxidation had proceeded to 4.5% completion by reaction of the
2-propanol with the partially oxidized electrode. To the working
electrode compartment was then added 20 uL (0.15 mmol) of 30%
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H,0, with a 20-xL Gilsen autopipet (Model P20) under argon.
Dioxygen evolution was observed at the platinum electrode, and
the open-circuit potential rapidly rose to +0.417 V. After 3 min,
the yield of acetone was 15.4% and the potential of the electrode
began to decrease. After 25 min, the yield of acetone remained
unchanged at 16.9% and the potential of the electrode was —0.294
V. indicating that the first aliquot had completely reacted and
the surface of the electrode was once again covered with adsorbed
hydrogen. A second 20-uL aliquot of 30% H,O, was added, and
after 3 min, the potential had once again risen to +0.420 V and
the yield of acetone had increased to 27.7%. The potential then
decreased to —0.287 V as the second aliquot of 30% H,0, was
completely reacted. This cycle of addition of 30% H,0, was
continued until the reaction had gone to 53.0% completion, at
which point 150 uI. (1.13 mmol) of 30% H,0, had been added.
Vigorous evolution of dioxygen was observed, but the yield of
acetone increased only to 61.6% at S min after the addition.

A comstant slow addition of 30% hydrogen peroxide was in-
vestigated instead of addition of 20-ul. aliquots. The cell was
prepared as deseribed above, except that 7.5 ul of 0.20 N H,SO,
and 113wl 013 mmol of 2-propanol were used. The 30% H,0
was added with w syringe pump (Sage Instruments, Model 355).
A 1.0-mL disposable tuberculin syringe was connected to a 2-ft
length of 0.03-in. 1.d. X 0.09-in. 0.d. Tygon microbore tubing
(VWR Scientific). and the other end of the tubing was attached
toa 1-5-ul glass disposable micropipet (Curtin Matheson), which
entered the cell through the rubber septum covering the sample
port and was submerged below the surface of the solution. The
tuberculin syringe was filled with the peroxide solution, which was
added to the cell at ca. 8.0 uL of 30% H,0, (0.060 mmol)/min.
For the oxidation of 0.115 mL (1.50 mmol) of 2-propanol-d; in
7.5 mL of 0.20 N H,SOy, an initially rapid rate of oxidation was
observed for the first 6 min of reaction, where the potential of
the electrode increased from —0.315 to +0.412 V and the reaction
ran to 35% completion (ca. 80 umol/min for the first 6 min of
reaction). The reaction rate then slowed to 12.3 £ 0.08 umol/min
for the remainder of the reaction and the reaction was discontinued
after 66% completion. The above reaction was repeated with 115
ul. (1.48 mmol) of 2-propanol-dy. with very similar results (Figure
4). The reaction ran at ca. 75 umol/min for the first 6 min and
then slowed to 10.1 £ 1.4 umol/min for the remainder of the
reaction (ky A = 1.2 £ 0.2).
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