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University of Washington

Abstract

Permanganate Oxidations of Aromatic Hydrocarbons

in Aqueous and Organic Solution

by Kimberly A. Gardner

Chairperson of the Supervisory Committee:  Professor James M. Mayer

Department of Chemistry

The oxidations of a select group of arylalkanes by permanganate have been studied
in aqueous solution and in toluene. In water at pH 7, the reactions of toluene,
ethylbenzene, and cumene with KMnO4 were studied. In toluene, "BuyNMnO4 was used
as the oxidant in the reactions of toluene, ethylbenzene, cumene, diphenylmethane,
triphenylmethane, fluorene. 9,10-dihydroanthracene, and xanthene. The kinetics, which
were monitored by UV/vis spectroscopy, show that the reactions, regardless of solvent, are
first order with respect to both permanganate and substrate concentration, with no apparent
induction periods. Despite these similarities, the reactions proceed by different mechanistic
pathways, depending on the solvent.

The oxidation of neat toluene by "BugyNMnOj4 exhibits a significant isotope effect
and the presence of O accelerates the disappearance of permanganate. Substitution at the
para position of toluene has little effect on the rate of reaction. The products of toluene
oxidation are benzoic acid with a trace of benzaldehyde. Permanganate is converted in all

cases to colloidal MnO; which was confirmed by an iodometric determination of the



oxidation state. In the reactions of dihydroanthracene and fluorene, the MnO; is consumed
in a subsequent reaction that appears 1o form a charge Lransfer compiex. All of the data are
consistent with rate limiting hydrogen atom transfer from the substrate to an oxo group of
permanganate. The enthalpies of activation for the various substrates are shown to be
directly proportional to the AH" of the hydrogen atom transfer step, over a range of 14
kcal/mol in C-H bond strength. This type of correlation is typical of organic radical
reactions. Permanganate's ability to react by hydrogen atom transfer is rationalized on the
basis of its ability to form a strong bond to He.

In neutral aqueous solution, toluene is oxidized by permanganate over three orders
of magnitude faster than in neat toluene. The reaction rate shows no dependence on pH
(over the range 6 to 11), buffer type, or the presence of O;. Substitution in the para
position has only a slight effect on the rate constant. Above pH 11, the reaction accelerates
dramatically. There is a large primary isotope effect. As in the neat toluene reaction, the
products are predominantly benzoic acid and colloidal MnO,. Based on this evidence, a
mechanism involving hydride transfer from the benzylic C-H to an oxo group of
permanganate with stabilization of the incipient carbocation by the nucleophilic solvent is
proposed. Studies of ethylbenzene and cumene under the same conditions, however, yield
results which are difficult to rationalize with this mechanism. Specifically, these reactions
show a dependence of the rate of permanganate disappearance on the presence of Oy. This
has raised doubts about the generality, of the proposed mechanism. Possible explanations

for the observations are discussed.
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GENERAL INTRODUCTION



The selective oxidation of hydrocarbons is a fundamental transformation in
chemistry, important in a wide range of areas from biological to industrial chemistry.! A
recurrent theme in all of these fields is the use of metal-oxo species, both catalyticaily and
stoichiometrically, as the active oxidants. Commercially, for example, a vanadium
phosphorus oxide is used as a heterogeneous catalyst for the conversion of butane to
maleic anhydride.?> One of the most intensively studied metalloenzyme families,
cytochrome P-450, utilizes a ferryl (FeO) group to selectively oxidize hydrocarbons to
alcohols under mild conditions.> The classic examples of stoichiometric hydrocarbon
oxidation by metal-oxo species come from the organic chemistry literature where
permanganate. chromium(VT) reagents, and ruthenium tetroxide have been used, in some
cases for over a century, to perform various oxidative transformations.!* While these
oxidants likely share some common features that enable them to attack C-H bonds, the
proliferation of literature in all of these fields has made a comprehensive understanding of
the chemistry a daunting task. Additionally, many of the systems which are most effective
at selective hydrocarbon oxidation are also the most complex, involving either intricate
biological systems, co-catalysts, or surface species on solid supports.

One approach to addressing the general reactivity of metal-oxo species with C-H
bonds is to begin with the more simple and well-defined classic oxidants. By re-
examining the reactivity of such oxidants as permanganate, we hope to gain a deeper
understanding of oxidations of hydrocarbons by metal-oxo species in general. Earlier
work studied reactions of hydrocarbons with chromy! chloride.? The focus of this
dissertation is on reactions of permanganate with alkyl-aromatic hydrocarbons containing
weak C-H bonds, from toluene to xanthene.®

Permanganate has been widely used as a strong, easily handled, readily available,
and versatile oxidant, reacting with alcohols, alkenes, aldehydes, and saturated C-H

bonds.” The lack of selectivity of permanganate is due, at least in part, to its ability to



react readily by either one-electron or two-electron pathways, and its conversion to
potentially even stronger oxidants such as Mn3+ 7 and MnO3+.2 The lowest energy
reaction pathway can be determined by conditions such as solvent, pH, organic substrate,
and other variables. While this flexibility has made permanganate a popular choice as an
oxidant, it has also made a comprehensive understanding of its reactivity quite difficult.
Most of the mechanistic studies of C-H bond oxidation by permanganate date from
the 1950s and 1960s, as summarized in several reviews of the period.”*¢ Organic radical
intermediates feature prominently in many of the mechanistic proposals. For instance, the
formation of 3,4-diphenylhexane from n-propylbenzene (eq 1) and formation of succinic
anhydride from acetic anhydride (eq 2) have been cited as examples of reactions where

radicals are very likely involved based on the products formed.”

Ph
KMnO
2\/\Ph MOy o \/S/\ o)
Ph

o) KMnO, o) O 0
2)
o) 0

Radical mechanisms have also been invoked to explain the partial retention of
stereochemistry observed in the oxidation of tertiary C-H bonds.? Studies of the
permanganate oxidation of y-valeric acids in aqueous basic solution by Brauman and
Pandell* and of 4-methylhexanoic acid and p-sec-butylbenzoic acid in neutral or basic

solution by Wiberg and Fox®® demonstrated a 35-40% retention of stereochemistry at the



chiral carbon. In both cases, the researchers proposed mechanisms involving abstraction
of a hydrogen atom followed by either collapse of the radical pair, leading to retention of
configuration. or cage escape, leading to some racemization. However, in all of these
examples, it is unclear how the organic radicals are formed. To quote from a 1958
review:"? “Ions derived from every valence state of manganese from VII to III, as well as
the hydroxyl radical and other oxygenated species (e.g., O~ and HO») have been proposed
as the active entities responsible for oxidation by permanganate.” For instance, one study
of toluene oxidation in aqueous acetic acid proposed that radicals were produced by Mn3+,
since addition of F-, which strongly complexes Mn3+, caused a severe inhibition of the
reaction rate.! Curiously, these same researchers found that the oxidation of
ethylbenzene under the same conditions was not inhibited by the addition of F-!10¢

While radical pathways have frequently been proposed for permanganate
oxidations of C-H bonds, non-radical pathways have also been postulated. The oxidation
of benzhydrol in neutral or basic aqueous solution, for example, proceeds by equilibrium
deprotonation followed by hydride loss to permanganate to form benzophenone (eq 3).!!
The pre-equilibrium step is supported by a demonstrated dependence of the rate of reaction
on the hydroxide ion concentration. The rate determining step, however, clearly involves
C-H bond cleavage, probably with a linear transition state, as the reaction shows a

significant primary isotope effect, 6.6.

OH (I)

N=—0

o C o C KMnO4
Ph\\\l \H —_ Ph\\\\l \H —_— Ph/ \Ph 3)
Ph Ph

Most recently, Lee has offered a sweeping proposal that all oxidations of C-H and O-H

bonds by high valent metal-oxo species proceed by [2+2] addition of the C-H or O-H



Most recently, Lee has offered a sweeping proposal that all oxidations of C-H and O-H
bonds by high valent metal-oxo species proceed by [2+2] addition of the C-H or O-H
bond across the M=O = bond (eq 4, illustrated with a C-H bond)'? and suggesting

".. .that none of the high-valent transition metal oxide oxidations involve either hydrogen

atom or hydride transfer."122

0 H S
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M f_ R M—C—— @)
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\" \

While this mechanism was first postulated on the basis of theoretical studies of CrO,Ch
oxidations,'3 there are now studies which have been published on permanganate, 20
manganate,!2? ruthenate,!* perruthenate, ¢ and ferrate!2d oxidations of alcohols and
hydrocarbons which Lee uses to substantiate his broad mechanistic proposal.

As this brief overview demonstrates, there is not a consensus in the literature on
how permanganate is able to oxidize hydrocarbons. Presented here are studies of
permanganate oxidations of alkyl-aromatic hydrocarbons with the goal of gaining a general
understanding of this class of reactions. Chapter 1 examines the reactions of a wide range
of hydrocarbon substrates reacting with permanganate in toluene through the use of the
tetrabutylammonium salt of permanganate. More traditional permanganate reactions are
examined in Chapter 2, devoted to hydrocarbon oxidations in aqueous solution.
Permanganate has been used as a strong oxidant in organic chemistry for over a century,
usually with little consideration to the complexity of its reactivity. This dissertation is
further evidence that generalizations about the reactivity of permanganate are difficult, if

not impossible. to make.



CHAPTER 14



Introduction

Although permanganate has been used as an oxidant in organic chemistry for
hydrocarbons, alcohols, ketones, and alkenes for over a century, such reactions have a
fundamental problem. The common form of permanganate, its potassium salt, while
cheap and readily available, is not soluble in most organic solvents. The organic solvents
in which KMnOy4 does dissolve--acetone, ethanol, pyridine, to name a few-are frequently
as reactive as the target substrate, if not more so. The preferred solvent for KMnO4--
water—is not useful for most of the organic substrates of interest. The synthetic organic
chemist has generally dealt with this problem by using two-phase systems, mixed solvent
systems, or accepting a lower yield (based on permanganate) due to reaction with the
solvent. While this circumvents the problem in terms of synthesis, such systems are not
conducive to a mechanistic study. A more recent approach to permanganate oxidations of
organic species has been to solubilize the permanganate by exchanging the counterion to a
more organophilic cation,! such as PPN+ (PPN+ = [(Ph3P);N]* =
bis(triphenylphosphine)iminium)!6 or 8BusN+ ("Bu = CH3CH,CH,CHj = n-butyl),!” or
by encapsulating the counterion in a crown ether or similar cryptand.!® Collectively, these
forms of permanganate have become commonly known as "purple benzene".!?

Permanganate oxidations in organic media are very appealing from a mechanistic
standpoint as the system is greatly simplified. The substrate and the solvent can be the
same if a permanganate salt can be found which is soluble in the desired organic
compound. Oxidations in organic solvent also avoid some of the problems that are known
to plague aqueous permanganate reactions, such as autocatalysis at high?® and low pH!02
and involvement of water in the reactions.2! Mechanistic studies have been done on
permanganate oxidations in organic media for more reactive substrates such as alkenes.??
Hydrocarbons are more challenging as they tend to be less reactive with permanganate

than other organic species. While there have been reports of alkane and arylalkane



oxidation by organic soluble permanganate salts,!623.24 only one of the studies has
attempted to examine the mechanism by which these oxidations occur.2* Presented here
are the first broad mechanistic studies of permanganate oxidations of alkyl-aromatic
hydrocarbons in organic solvents.

A variety of arylalkanes were selected to be studied, ranging in reactivity from
toluene to xanthene and involving primary, secondary, and tertiary reactive sites. The
permanganate salt used in this study, tetrabutylammonium permanganate, "BusNMnOys,
was chosen because of its solubility in toluene.!> Toluene, as the least reactive substrate
studied, was then used as the solvent for the other reactions. The results presented here
suggest that permanganate reacts with these hydrocarbons directly, through a rate
determining step common to all of the substrates, in which a hydrogen atom is transferred
to permanganate, resulting in the formation of an organic radical. The reactivity is shown
to be directly related to the strength of the bonds broken and formed in this rate

determining step.

Experimental

General. All reactions were done in the absence of air unless otherwise noted.
Reactions were typically set up in a drybox dedicated to this oxidation project. It was
found necessary to exclude all reductants other than alkanes and arylalkanes from this
drybox.

Materials. "BusNMnOj4 ("Bu = n-butyl, CH3CH,CH,CH>) was prepared by a
literature procedure.!3 Concentrated aqueous solutions of "BugNBr and KMnOj were
combined. The resulting precipitate was isolated on a frit. rinsed with water, and
recrystallized from CH,Cl/diethyl ether. The crystalline solid decomposes at room
temperature over several days, so it was stored in a sealed container in the freezer. Each

time the "BugsNMnOy4 was used, the container and its contents were warmed to room



temperature before unsealing the container to avoid condensing water onto the solid.
CAUTION: "BugNMnOy, is reported 5 to be prone to violent spontaneous
decomposition. Care should be taken in handling the drv solid.

Materials were purchased in the highest possible purity, purified immediately
before use and/or were stored in the drybox. Solvents were purified by standard
methods? except dg-toluene (100.0% by GCMS, Cambridge Isotope Laboratories) which
was simply dried over sodium and vacuum transferred when needed. Toluene (100.0%,
Baker), ethylbenzene (99.8%, Aldrich), and cumene (99%, Aldrich) were washed with
ice-cold concentrated sulfuric acid, followed by water. They were washed with base
(PhMe, 5% NaHCOj3 solution; PhCH,Me and PhCHMe;, 10% NaHCO5 solution) and
rinsed with water until the washings were neutral. Toluene was dried with CaSOj4
followed by sodium and was vacuum transferred just prior to use. Ethylbenzene was
dried first with MgSQj and then sodium; it was vacuum transferred prior to use and found
to be 100.0% by GC. Cumene was dried over Na;SO4 and then Na or CaH, before being
distilled under N. The first fraction that distilled over was discarded and the second
fraction was collected. Its purity by GC was found to be 99.96%. Cumene was degassed
by freeze/pump/thaw cycles and stored in the glovebox (in an amber bottle, protected from
light).

ortho-Dichlorobenzene was purified by shaking it with concentrated H,SOj4 until
clear and washing with an equal portion water. After preliminary drying over CaCly, it
was refluxed over CaHj for three days and distilled from CaH,. In a fumehood.
excluding all light except a red safelight, the solvent was run down a column of activated
alumina, degassed, and stored into the drybox. The purity by GC was 99.9%.
Immediately before each use, the solvent was further purified by running it down a 1 cm x
10 cm alumina column in the drybox. The alumina was activated by heating under

vacuum at 190 "C for 7 hours and was stored in the glovebox.
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p-Xylene (99.7%, Aldrich) was dried over sodium and vacuum transferred when

needed. 4-Methylbenzophenone (99.8%, Aldrich) was used as received. p-Chlorotoluene
(Aldrich) was refluxed over CaHj and distilled, collecting only the middle fraction (GC
purity: 99.6%). Xanthene was used as received (99.4%, Aldrich). Fluorene (99%,
Fluka) was used as received because purification techniques tended to concentrate the
impurities. Others have reported similar purification difficulties with fluorene.26 All other
substrates were purified prior to use and their purity checked by GC. 9,10-
Dihydroanthracene (99.97%, Aldrich) was purified by four consecutive recrystallizations
from ethanol. Diphenyimethane (100.0%, Aldrich) was purified by sublimation. The
purified material was a solid at room temperature.?’” Triphenylmethane (99.95%, Aldrich)
was recrystallized from hot ethanol. d;,-Dihydroanthracene was prepared by Tom Crevier
by reduction of d;g-anthracene by sodium in a solution of d;-ethanol. The isotopic purity
was >98% as analyzed by GC and 'H NMR.28

Kinetics All kinetics experiments were followed by optical spectroscopy, using
a Hewlett Packard 8452A diode array spectrophotometer scanning over the range 400 to
640 nm. The temperature of the solution in the cuvette was held constant (£ 0.1 °C) using
either a custom built aluminum block cell holder connected to a Peltier electronic control
module or a Hewlett Packard water jacketed cell holder connected to a circulating water
bath (Lauda model K-2/R).

"BusNMnOy is sparingly soluble in neat toluene, so a saturated or near-saturated
solution is needed in order to follow the reaction kinetics. Solutions for kinetics
experiments were prepared in the glovebox by adding toluene to an excess of
"BugyNMnOyg. After stirring the mixture for several minutes. the undissolved solid was
removed by filtration through a medium porosity frit. 2-3 mL of the solution were
transferred to a | cm quartz cuvette sealed to a Teflon needle valve. Data collection was

started immediately after the cuvette was placed in the cell holder. The initial MnOj4-



11
concentration was calculated from the first spectrum using the absorbance at 526 nm and
the established !> molar absorptivity of 2530 M-lem-!, assuming that the solution was at
approximately ambient temperature for this spectrum. For experiments above room
temperature, the data collected in the first 5 minutes was discarded for the purposes of rate
constant calculation to account for the time required to reach the desired temperature.
Reactions of other substrates used a similar procedure, except that a known volume of the
"BusNMnOy solution in toluene was placed in the cuvette and a known quantity of
substrate or concentrated solution of substrate was added. For example, reaction solutions
for ethylbenzene oxidations were prepared by placing 1 mL of "BuyNMnOj in toluene
solution and adding | mL of ethylbenzene. The cuvette was then sealed and shaken to
insure mixing prior to data collection.

Xanthene reacts so quickly with MnOy- that an initial rate constant could not be
obtained if the reaction solution was prepared in the glovebox and then equilibrated for 5
min in the cuvette holder. To insure that initial rate constants were obtained, experiments
used a specially designed cuvette (described in Appendix B) which is sealable and
injectable. In a typical procedure, an excess of "BusNMnO,4 was added to toluene and
stirred for several minutes in the glovebox. The undissolved solid was removed by
passing the solution through a medium porosity frit. 2 mL of the solution was placed in
the cuvette which was sealed and removed from the glovebox. The solution was
equilibrated at 10.0 °C by placing the cuvette in the thermostatted cell holder for 5 min.
By syringe, 15 pL of concentrated xanthene solution was added (101.4 mg xanthene in 5
mL of toluene). The cuvette was shaken to mix and data collection was started.

Reactions in o-dichlorobenzene solvent were assembled in the glove box. A
typical experiment is described for p-chlorotoluene; other substrates were similar.
"BusNMnOy4 (~1.5 mg) was dissolved in 10 mL of freshly purified o-dichlorobenzene

(see above) and 2.0 mL of this solution plus 1 mL p-chlorotoluene were added to a quartz
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cuvette on which a needle valve had been fused. The cell was sealed, removed from the
drybox, and data collection was started immediately. The initial permanganate
concentration was determined from the absorbance at 526 nm in the first spectrum. For
experiments above room temperature, the data were truncated to account for equilibration
time. The solution changed color during the reaction from a light purple to burnt orange.
The decomposition of "BusNMnOy in o-dichlorobenzene in the absence of substrate was
also studied in order to correct the observed rate constants for substrate oxidations. This
procedure is described in detail in Appendix A. An Eyring plot was used to interpolate to
the temperatures used in substrate oxidation.

Data Analysis. For all of the reactions, optical spectra in the range 400 to 640
nm show the disappearance of MnOy4- and the appearance of a broad absorbance due to
colloidal MnO;. The presence of isosbestic points over the course of the reaction suggest
that the colloid is well-behaved spectroscopically (Figure 1, the spectra are at 1, §, 15, 30,
50, 75, and 99 x 103 s). While this is in general true, analysis of the data is not
straightforward and involves mathematical manipulations that are not directly relevant to
the chemistry at hand. For this reason, the details of the data analysis have been placed in
Appendix A.

The first order plots for most of the kinetics experiments are curved downward
(cf. Figure 2). so the rate constants reported are initial values only. The data analysis
results in four observed rate constants for each kinetics experiment. The rate constants
reported in Tables | and 2 are an average of the four values for each experiment, with the
errors reflecting 36 of this average, given as a percentage of the average rate constant.

Product Analyses. Manganese Oxidation State Determination. For
MnOy- reactions in organic solvents, traditional iodometric titrations are unreliable as a
means of determining the average manganese oxidation state due to the interference of

organic compounds with the starch indicator.>® Instead, a spectroscopic technique
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developed by Lee?* was adapted. Promptly at the end of a kinetics experiment, a ImL
aliquot of the reaction solution was placed in a 10 mL volumetric flask with 0.019 g of
"Pr4NI ("Pr = n-propyl, CH3CH2CH>). | mL of glacial acetic acid was added and
CH;Cl; used to bring the total volume to 10.00 (+ 0.02) mL. After thorough mixing, an
aliquot of the solution was promptly transferred to a cuvette and the visible spectrum
recorded. The molar absorptivity of I3~ at 365 nm is established to be 26200 M-lcm-1.22f
From the absorbance of the solution at 365 nm (determined by interpolating between the
absorbances at 364 and 366 nm), the concentration of I3- formed, and therefore, the
average manganese oxidation state, was calculated.

Organic Product Analyses. Organic products in permanganate oxidation
reactions are known to be bound in and/or on the colloidal particles of MnO5,30 so the
MnO; must be destroyed prior to quantitative analysis. Destruction of MnO; particles
suspended in organic solvents used an acidic aqueous solution, resulting in a two phase
system. If the reaction products might include an organic acid such as benzoic acid, the
aqueous layer was made basic to extract the acidic organic products prior to separation of
the layers. Products in the aqueous layer were identified and quantified by HPLC,
comparing their retention times with authentic samples and comparing their integral versus
a calibration curve using potassium hydrogen phthalate (KHP) as an internal standard.
HPLC analyses were performed on a Hitachi system consisting of a L-6200 pump
connected to a L-4250 UV/vis detector interfaced to a D-2500 integrator.3! A Beckman
Ultrasphere ODS (25 cm/4.6 mm) reverse phase column was employed for the
separations. All analyses were performed under isocratic conditions with a solvent
consisting of 80% Millipore water. 20% acetonitrile, and 0.1% trifluoroacetic acid. The
organic layer was analyzed by GC and the organic products identified by comparison of
their retention times with authentic samples. Quantification of the products relied on a one

point calibration using an internal standard. typically benzyl alcohol. GC analyses were
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performed on a Hewlett Packard 5890 Series II gas chromatograph with a 30 m HP-5
fused silica capillary column and an FID detector. The GC was interfaced to a Gateway
2000 486 computer running HP GC ChemStation software to perform data manipulations.

In a typical procedure for toluene, an excess of "BusyNMnOy4 was added to toluene,
stirred for several minutes, and filtered through a medium porosity frit to remove any
undissolved solids. A 2 -3 mL aliquot of the (roughly saturated) solution was set aside.
A 20 mL aliquot was transferred to a greaseless Pyrex vessel with a Teflon needle valve,
which was sealed and heated in a thermostatted water bath at 57 °C for five hours. The
small aliquot was transferred to a cuvette, and a UV/vis spectrum was recorded. The
concentration of permanganate was calculated from the absorbance at 526 nm, assuming a
molar absorptivity of 2.53 x 103 M-1 cm-1.32 At the end of the reaction, the vessel was
cooled to room temperature and 5 mL of 0.02 M NaHSOj5 solution was added to reduce
the colloidal MnO; to Mn2+. The layers were shaken until colorless. Solid NaHCO3 was
added until the solution pH was approximately 9, to insure that any benzoic acid was
converted to benzoate and partitioned into the aqueous layer.33 The aqueous and organic
layers were separated. The organic layer was analyzed by GC. The aqueous layer was
prepared for HPLC analysis by combining 1.2 mL of the aqueous layer, 0.2 mL of 0.989
mM KHP solution, and 40 UL of concentrated HCI. A similar procedure was used for
ethylbenzene.

For reactions where the products were not expected to be carboxylic acids, the
solutions were prepared for product analysis by adding 3-4 drops of concentrated aqueous
NaHSO3 solution to a reaction mixture from a kinetic experiment to destroy the MnO».
Benzyl alcohol was added as an internal standard and the organic layer was separated.
Analysis of the organic layer was by GC; the small aqueous layer was not analyzed.

Experiments in the Presence of O2. These experiments were performed by

setting up identical reactions side by side, with and without O,. For instance, toluene was



17
added to an excess of "BusyNMnOy in the glovebox and stirred until the solution was
saturated. The solution was filtered and equal amounts were placed into two reaction
vessels, which were removed from the box and cooled to -78 °C. The headspace of one
vessel was evacuated on the vacuum line and backfilled with O,. The reactions were
monitored visually in a room temperatre (24 °C) water bath by the disappearance of the

permanganate purple color and appearance of the orange color of the colloid.

Results

The oxidations of alkyl-aromatic compounds containing weak C-H bonds by
"BusNMnO4 have been studied in organic solvents. "BugNMnOy has a slight but
significant solubility in toluene, a saturated solution having a concentration of
approximately 0.3 mM. This is ideal for following the kinetics by optical spectroscopy,
monitoring the disappearance of permanganate and the growth of MnO,. However, the
solubility of the permanganate is substantially lower in ethylbenzene generally making
reactions in this solvent impractical. As a result, oxidations of ethylbenzene,
diphenylmethane, triphenylmethane, fluorene, 9,10-dihydroanthracene, and xanthene used
toluene as the solvent. The reactions of para-substituted toluenes were run in o-
dichlorobenzene, in which "BusNMnOy is very soluble. Neither o-dichlorobenzene nor
toluene is an ideal solvent for these reactions, as both are reactive with permanganate. but
under these conditions alternative solvents were either more reactive (CH,Clp, CH3CN,
pyridine) or showed insufficient solubility (benzene).?5 The reactions were found to be
sensitive to trace impurities in solvents and substrates, so much effort was spent purifying
materials and establishing a drybox with no extraneous reductants.

L. Oxidation of Toluene. "BuyNMnOy4 decays in toluene solvent over a
week at ambient temperatures. The kinetics were monitored by visible spectroscopy

(Figure 1), with the structured permanganate absorbance changing to the broad, sloping
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absorbance due to MnO; (see below). Under most of the reaction conditions, the colloid
is fairly well-behaved optically, obeying Beer's law closely enough to show isosbestic
points (as has been observed in related studies®?). Analysis of the optical data required
modeling of the MnO; absorbance, as described in the Experimental section and Appendix
A, which generated four values for the rate constant from each data set. The rate constants
reported in Table | are the average of the four values, and the reported errors are 36 of the
distribution of the four values (as a percentage of the average rate constant). The rate
constants are reproducible to ca. £10% (see Table 1), which is somewhat larger than the
error associated with the data analysis from one kinetic experiment.

None of the kinetic runs showed an induction period. The first order plots are all
slightly curved downward, corresponding to as much as a doubling of the observed rate
constant over the course of the reaction (Figure 2). Initial rates are therefore used. The
exact shape of the first-order plots is sensitive to the way the colloidal MnO5 spectrum is
modelled (see Appendix A), but the initial rates are not significantly affected. At 45 °C,
the same initial rate constant was obtained from experiments with more than a factor of 2
difference in initial "BuyNMnO4 concentration, demonstrating that the reaction is first
order with respect to this concentration. The dependence on toluene concentration could
not be examined since the reactions were done in neat toluene. It is assumed that this
dependence is first order by analogy to toluene oxidation in o-dichlorobenzene3” and the
oxidation of other hydrocarbons in toluene (see below). As shown by the data in Table 1,
there is good reproducibility of the rate constants. An Eyring plot (Figure 3) was
generated from the average rate constant at each temperature studied. The activation
parameters, calculated from rate data from 25 °C to 65 °C, are AH¥ = 21.0 (£ 1.0)
kcal/mol and AS# = -16 (+£3) e.u. Oxidation of dg-toluene is significantly slower, with
ku/kp =6 (£ 1) at 45 °C. The colloidal MnO>, is not well behaved in the dg-toluene

reactions, precluding accurate determination of the rate constant.



Table 1. Rate Constants for Reactions of Toluene and Substituted Toluenes with

"BugNMnOy in Organic Solution.

MnOy4] substrate T kp data analysis  solvent?
(mM) concentration O M-ls-1) errord
M)
Toluene
0.269 9.37 25.0 8.26 x 10-7 3.8% toluene
0.336 9.21 40.0 591 x 10-6 6.4% toluene
0.208 9.15 45.0 1.07 % 10-5 4.8% toluene
0.196 9.15 45.0 1.27 x 10-5 5.5% toluene
0.216 9.15 45.0 1.14 % 10-5 12% toluene
0.0890 9.15 45.0 1.18 x 10-5 3.8% toluene
0.264 9.15 45.0 1.80 X 10-6 4.6% dg-toluene
(dg-toluene)
0.207 9.15 45.0 2.08 x 10-6 1.3% dg-toluene
(dg-toluene)

0.217 9.04 55.0 2.36 X 10-5 22% toluene
0.213 9.04 55.0 2.47 x 10-5 3.1% toluene
0.209 9.04 55.0 2.66 x 10-5 1.7% toluene
0.251 8.93 65.0 6.36 x 10-5 7.7% toluene
0.214 8.93 65.0 7.60 x 10-5 2.6% toluene
0.202 8.93 65.0 4.3% toluene

6.77 x 10-3

19



Table 1. (continued)

Substituted toluenes

0.480 2.75 55.0 10-5
CH3CoH4CH3 8.37x 10
0.268 1.8¢ 55.0 24 % 104
CH3CgH4C(O)Ph
0.310 2.76 55.0 -4
CH3CeH4Cl 202x 10

20

9.5% CeH4Clob
11% CeH4Cly
7.6% CeH4Cln

@ Range of four rate constants derived from analysis of the single kinetics run (see

Experimental Section and Appendix A). ® CgH4Cl, is o-dichlorobenzene. ¢ This value

is estimated. Please see footnote 36 for details.
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As a test for the intermediacy of radicals, a reaction was run in the presence of
oxygen gas; all other reactions were performed with careful exclusion of air. More
common radical traps such as CBrClj3 are problematic in this system as the expected
products (i.e., benzyl bromide) are subject to further oxidation by permanganate and/or are
reactive with the aqueous acidic work up needed to destroy the colloidal MnO; (benzyl
bromide is converted to benzyl alcohol). Reductive traps, such as "Bu3SnH, are not
compatible with permanganate. Oxygen is known to react with radicals at near the
diffusion limit,?® as does permanganate.? O, should compete with MnOy- in reacting
with any radicals present, thus having an effect on the kinetics. It is unclear whether the
presence of O3 should accelerate or decelerate the disappearance of MnOjy- if benzyl
radicals are generated, but it is highly unlikely that there would be no effect. The
concentration of dissolved oxygen in toluene under 1 atm pressure of oxygen at 20 °C is
5.7 mM,* more than an order of magnitude larger than the permanganate concentration.
Visually monitored, the reaction containing oxygen showed complete loss of
permanganate in one day compared to almost a week for an identical reaction under
nitrogen. This result suggests the intermediacy of radicals in the oxidation.

The manganese product of the reaction is colloidal MnO», as indicated by its
characteristic sloping optical spectrum.*! In addition, the average manganese oxidation
state of the product was determined to be 4.05 (£ 0.08) using a spectroscopic iodometric
technique. The predominant organic product is benzoic acid, with a trace of benzaldehyde
observed. These two products account for 62% of the permanganate oxidizing equivalents
consumed. Any benzaldehyde left behind in the organic layer upon workup would have
been below the detection limits by GC (< 50% yield of benzaldehyde). Based on
oxidizing equivalents of permanganate being converted to manganese dioxide, the yield of
benzaldehyde would have had to have been < 50%, which is not possible . All other GC

detections limits reported in this paper will be in this format, given in terms of the product
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yield based on the experiment performed. Benzyl alcohol was not detected, perhaps
because a yield below 20% would be below the detection limits by HPLC and GC. The
low solubility of "BusNMnOy in toluene means that the organic products are formed in
very small amounts. Some of the “missing” oxidative equivalents may be consumed in
complete oxidation of toluene (or an impurity) to CO; and H,0, as has been observed in
other systems.!% Because of the large number of oxidative equivalents needed for this
oxidation (36 for complete toluene oxidation), a small amount of material can consume a
large quantity of permanganate. It is also likely that there is some oxidation of the "BugN+
counterion. "BugNMnOy is tightly ion paired in toluene,*? giving a high local
concentration of butyl C-H bonds. The reaction of "BusNMnQy in benzene with
benzyltributylammonium bromide ("BuzNCH,Ph*Br-) gives large amounts of benzoic
acid, showing that counterion oxidation can be a facile process. Attempts to use
PPN+MnOy4-,'S in which cation oxidation should be less facile, were prevented by its lack
of solubility in toluene.

A Hammett study was done in o-dichlorobenzene solvent, measuring the rates of
oxidation of p-xylene, p-chlorotoluene, and 4-methylbenzophenone (toluene with a
p-C(O)Ph group). This comparison cannot be done using the substrates as neat solvents
because of their different solvent properties. The oxidation of toluene by "BugsNMnOy4
was shown to be the same in o-dichlorobenzene as in toluene.3* The reaction is first order
in both MnOy4- and toluene concentrations, accelerates upon addition of O, and has similar
rate constants. The error associated with reproducibility of the rate constants is much
larger than for the reactions in toluene, as a result of solvent purity complications.*> For a
Hammett study. the range of substituents is very limited by the high reactivity of
permanganate: for instance, p-nitrotoluene was found to react autocatalytically with
"BugNMnOy in o-dichlorobenzene. The substituent has only a small effect on the

oxidation rate constant (Table 1), with increases in rate constants observed for both
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electron donating (CH3) and electron withdrawing substituents (Cl, C(O)Ph). The relative
rate constants at 55 °C are (after the statistical adjustment for the number of methyl groups
in p-xylene): p-xylene, 3.3: toluene, 1; p-chlorotoluene, 8.1; 4-methylbenzophenone, 9.6.
The lack of correlation with either 6 or 6+ values* precludes determination of a p value.
This lack of a Hammett correlation is frequently observed in the case of radical
reactions.*’

For all of the oxidations in o-dichlorobenzene, the manganese containing product
is colloidal MnO», as indicated by its optical spectrum. The only organic product found in
the toluene oxidation was benzoic acid, although the presence or absence of benzyl alcohol
could not be determined in the presence of a huge excess of o-dichlorobenzene. Running
the reaction of toluene with "BusNMnOy in o-dichlorobenzene at ambient temperatures
under an atmosphere of O resulted in a slight increase in the apparent rate of
permanganate disappearance, suggesting that, as for the reaction in neat toluene, radicals
are formed during the course of the reaction. Under these conditions, the concentration of
dissolved oxygen is probably comparable to the permanganate concentration.*6

II. Ethylbenzene, Cumene, Diphenylmethane, Triphenylmethane,
9,10-Dihydroanthracene, Xanthene, and Fluorene. Typically, kinetic
experiments were performed in toluene under pseudo-first order conditions with an excess
of substrate. First order plots, as in the reaction of toluene, are curved downward. Initial
rates are calculated in all cases and fairly good reproducibility is observed, with variation
of less than 25%. None of the first order plots shows an induction period, although an
initial fast reaction was sometimes observed (~5% of the reaction for all substrates except
diphenylmethane), likely due to oxidation of an impurity: this portion was not included in
the determination of the initial rates. In all of the reactions studied, the initial rate constants
show a first order dependence on both substrate and permanganate concentration,

indicating a bimolecular rate determining step.
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The rate constants for all of the substrates studied are summarized in Table 2.
These values are reported as measured experimentally and have not been corrected to
account for either the number of hydrogens oxidized or the reaction stoichiometry. At
room temperature, reactivity increases in the order r-butylbenzene#’ << toluene <
ethylbenzene < diphenylmethane < triphenylmethane < fluorene < dihydroanthracene <
xanthene. This order corresponds to a decrease in the C-H bond strength (see
Discussion). Fluorene can only be placed tentatively on this list because kinetic
experiments showed poor reproducibility, with rate constants for initial rates of ca. 6 x
10-2M-Is-lat 25 °C. Most of the reactions were examined over a 30 to 40 °C temperature
range to derive activation parameters (Table 3). In order for the rate constants and
entropies of activation to be comparable, the values in Table 3 have been divided by the
number of reactive hydrogen atoms in each substrate and for the idealized stoichiometry of
the reactions. In toluene oxidation, for example, there are three reactive hydrogens and the
idealized stoichiometry is that two equivalents of MnOj4- are consumed for every toluene
molecule that is activated (assuming 100% yield of benzoic acid).*3The Eyring plots are all
quite linear over the temperature ranges studied (Figure 4: ethylbenzene; Figure 5:
diphenylmethane; Figure 6: triphenylmethane:; Figure 7: dihydroanthracene; Figure 8:
xanthene). As seen for toluene oxidation, a primary isotope effect is observed on
comparison of the oxidations of dihydroanthracene and its d;»-isotopomer, with an
apparent ky,/kp;, of 3.0 at 25 °C, as determined kinetically. This value is much smaller
than reported for related oxidations, although the reason for this is not clear.>* Fluorene
and dihydroanthracene also showed some unusual features in the later stages of their
reactions with "BugNMnOQy, as described in part ITI below.

The manganese product of these oxidations is MnO», as indicated by its
characteristic final visible spectrum.*! The average manganese oxidation state was also

confirmed for the reaction of ethylbenzene to be 3.96 (+ 0.08), in agreement with the



Table 2. Rate Constants for Reactions of Ethylbenzene, Diphenylmethane,

Triphenylmethane, 9,10-Dihydroanthracene, and Xanthene with "BusyNMnOy in Toluene.

[MnOg47] substrate T ko data analysis
(mM) concentration °C) M-ls-1) error?
™M)
Ethylbenzene
0.0529 8.156 22.0 6.11 x 10-6 8.8%
0.183 2.72 25.0 8.79 x 10-6 2.4%
0.222 2.65 35.0 2.07 x 10-5 4.2%
0.142 6.41 35.0 297 x 10-5 20%
0.179 2.72 45.0 5.31 x 10-5 2.3%
0.132 3.99 45.0 8.80 x 10-5 2.6%
0.137 3.99 45.0 731 x 10-5 2.1%
0.130 3.99 45.0 792 x 10-5 4.0%
0.126 3.99 45.0 797 x 10-5 3.2%
0.120 3.94 55.0 2.70 x 10-4 2.5%
0.150 3.89 65.0 5.98 x 10-4 5.0%
0.137 3.89 65.0 7.10 x 10-4 3.6%
Diphenylmethane
0.166 0.302 15.0 6.40 x 10-5 5.7%
0.305 0.498 25.0 1.57 x 10-4 1.1%
0.185 0.381 25.0 1.86 x 10-¢ 0.8%
0.187 0.382 35.0 4.56 x 10-4 1.1%
0.262 0.332 45.0 1.12 x 10-3 1.8%



Table 2. (continued)

0.343 0.155
Triphenylmethane
0.178 0.0687
0.240 0.0269
0.187 0.0271
0.0941 0.0268
0.128 0.0265
0.164 0.0265
0.137 0.0265
9,10-Dihydroanthracene
0.188 0.00255
0.209 0.00251
0.280 0.00251
0.124 0.00129
0.200 0.00251
0.0944 0.00249
0.279 0.00273
(d12-DHA®)
0.111 0.00128
0.126 0.00128
Xanthene
0.113 0.000843
0.0687 0.000838

45.0

25.0
25.0
35.0
45.0
55.0
55.0
55.0

10.0
20.0
25.0
25.0
25.0
25.0
25.0

30.0
35.0

10.0
15.0

1.19 x 10-3

2.06 x 103
1.61 x 10-3
4.50 x 10-3
1.20 x 10-2
2.15x 10-2
3.05 x 10-2
2.40 x 10-2

9.57 x 10-2
1.81 x 10-1
3.17 x 10°1
3.43 x 10°1
2.79 x 10-1
3.24 x 10!

1.06 x 10-!
(d12-DHAC)

5.52x 10!
6.82 x 10-1

4.18 x 10!
8.17 x 10-!

1.9%

3.0%
3.3%
14%
9.7%
11%
1.8%
1.8%

11%
11%
0.9%
1.0%
11%
10%
10%

17%
3.6%

3.5%
0.3%
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Table 2. (continued)

0.0676 0.00109
0.141 0.00475
0.0640 0.00109
0.141 0.00109
0.0524 0.000819

20.0
25.0
25.0
25.0
35.0

1.23
1.63
1.44
1.37
2.72

11%
13%
5.6%
3.7%
7.8%

@ Range of four rate constants derived from analysis of the single kinetics run (see

Experimental Section and Appendix A). ¥ Experiment in neat ethylbenzene. ¢ DHA is

9,10-dihydroanthracene.
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Table 3. Comparison of Rates. Activation Parameters. and C-H Bond Strengths for the
Rate Determining Step of Reactions of "BusNMnOy4 with Various Hydrocarbons in
Toluene.
—_—
substrate k M-1s-1) AH# ASt AGH C-H
at 298K (kcal/mol) (e.u.)b (kcal/mol)? BDE

per Ha (kcal/mol)¢
%———
PhCH3 -7 21.0 -18 26 88.0
1.4x 10 (+1.0) 3) 1)
PhCHyCH3 334 106 20.8 -13 25 85.4
(£0.6) (£3) (1)
PhoCH> -5 17.1 -20 23 84
6.5x 10 (+0.5) +3) &)
Ph3CH -3 16.5 -16 21 81
2.7x10 (+08) (*5) *2)
DHA4 -1 13.8 -17 19 78
1.2x10 (£1.0) (+7) *2)
xanthene -1 11.7 -20 18 75.5
5.6x10 *12) 28) +3)

——_——*“—%—_——_—___

4 Extrapolated from best it straight line of Eyring plot. A correction has also been made
to account for the idealized reaction stoichiometry. & Values are at 298K, per H. ¢ Bond

strengths are discussed in reference 83. 4 DHA is 9,10-dihydroanthracene.
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results of the toluene experiments. Quantification of the organic products in these
reactions is difficult because the low solubility of "BusNMnOy4 means that very little of the
products is formed, typically a micromole or less. In addition, an aqueous acidic workup
is needed to destroy the colloidal MnO, on which some of the products are bound and this
results in a two phase system (see Experimental section). Analysis of the organic products
from the reaction of ethylbenzene was performed on a reaction solution of neat
ethylbenzene since ethylbenzene and toluene reportedly both form benzoic acid when
oxidized by permanganate.*® The aqueous layer contained acetophenone, accounting for
approximately 30% of the oxidizing equivalents of permanganate. Within the detection
limits, benzoic acid (< 5% yield) and sec-phenethylalcohol (< 10% yield) were absent in
the aqueous layer. The remaining oxidizing equivalents were likely in the form of
acetophenone left in the organic layer, as acetophenone has little water solubility and any
acetophenone in the organic layer would have been below the GC detection limits (< 107%
yield of acetophenone).

The other oxidations give the expected products. Xanthene is oxidized to xanthone
by "BusNMnOy in toluene. No other organic products are observed by GC. The yield of
xanthone is ~80% based on the oxidizing equivalents of permanganate consumed.
Diphenylmethane forms benzophenone with a yield of 44% based on permanganate
oxidizing equivalents consumed. These yields were determined by GC of the organic
layer after destruction of the MnO colloid; any products that partition into the aqueous
layer were not observed. Determination of the product(s) from triphenylmethane oxidation
is particularly problematic because the expected product, Ph3COH, is unstable under the
necessary acid work up. Some Ph3COH was observed by GC when a solution was
analyzed without destruction of the colloid, but this accounted for only 9% of the
oxidizing equivalents of permanganate. No other organic species were found to be

present. but organic products are known to be bound in or on the colloidal particles.3?
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When the MnO; was reduced with a very slightly acidic solution (pH 5), the yield of
Ph3COH increased to 19%. Dihydroanthracene gives anthracene as the only apparent
organic reaction product, in approximately 65% yield based on the anthracene absorbance
at 380 nm.”® No other organic products were detected either by GC of the reaction
solution or by !H NMR of the solids left after solvent removal.

Despite repeated efforts, the reaction of cumene with "BugyNMnOy in toluene gave
irreproducible Kinetic results. The details are given in Appendix C. The same reaction in
o-dichlorobenzene was plagued by similar problems.52 Experiments in neat cumene were
not feasible as "BuyNMnQy is essentially insoluble in cumene. The reason for this erratic
behavior is unclear. Some of the reactions were slower than might have been expected
given the results of the toluene and ethylbenzene experiments, suggesting that the
problems were not the result of oxidation of an impurity.53

III. Charge-Transfer Complexes. The reaction of dihydroanthracene with
"BugNMnOy in toluene at 25 °C proceeds initially as described above, with a roughly first
order decay until all of the MnOy- is gone and MnO» has formed, based on the visible
spectra. At that point, a second, very fast reaction occurs, leading to the disappearance of
all of the MnO> and the formation of a new species. After requiring 2000 seconds for
complete consumption of the permanganate (at 25 °C), all of the MnO; is consumed within
another 200 seconds. An overlay of spectra from a representative reaction and a trace of
the absorbance at 546 nm vs. time are shown in Figure 9.

The new species formed has a very strong absorbance in the visible region with
maxima at 524 and 560 nm, and with extinction coefficients comparable to those of the
permanganate starting material. There is a vibrational progression between 300 and 400
nm which partially overlaps the vibrational progression of anthracene, but is shifted to
longer wavelength (Figure 10). The spacing of the bands in the progression is lower in

energy than free anthracene, approximately 1100 cm-! for the new species compared to
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1400 cm-! for anthracene. The new product is purple in solution and is unstable to air and
light, with exposure to either resulting in a colorless solution. Removal of the solvent
leads to a pale pink residue, unexpected considering the intense color of the species in
solution. Similar behavior is observed on reaction of "Bu4NMnOQy and dihydroanthracene
in acetonitrile, but the new product absorbances are blue-shifted by 30 nm, with maxima at
494 and 530 nm.

The characteristics of the new product are all indicative of a charge transfer
complex.’* High extinction coefficients, sensitivity to light, and difficulty in isolation are
typical of these weakly bound complexes. Itis likely that the charge-transfer complex
involves anthracene and some manganese-oxo species, but attempts to form it by other
routes have failed. Colloidal MnO», formed by reaction of "BusNMnQOj4 with toluene,
does not form a charge transfer complex with dihydroanthracene, anthracene, or both.
Anthracene interacting directly with "BuyNMnOyj in toluene also does not result in
formation of the complex. The inability to produce the charge transfer complex under
other conditions may be due to formation of the complex on the surface of the colloid.
This idea is supported by the variability of the rate of the fast reaction, possibly related to
the character of the colloid.

The reaction of fluorene with "BugNMnOQy in toluene also forms a charge-transfer
complex, an air sensitive species with intense absorption bands at 454 and 374 nm.
Unlike the reaction of dihydroanthracene, in this case the permanganate does not need to
be consumed prior to formation of the charge-transfer complex. This reaction is quite
variable. Some of the time the fluorene oxidation resembles a clock reaction, proceeding
smoothly until a point at which there is rapid consumption of MnOy4- and formation of the
new species. In other cases, with identical batches of "BusNMnOy, fluorene, and
vacuum-transferred toluene, reaction takes place immediately without any initial slower

portion or the charge transfer species does not form over an extended period.
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Discussion

L. Overview of the Reactions. Permanganate is a versatile multi-electron
oxidant, able to oxidize a variety of substrates in one- or two-electron steps.” In the
reactions studied here, manganese undergoes a three-electron change from Mn(VII) to
Mn(IV) and the substrates are oxidized by 2, 4, or 6 electrons. For instance, 9,10-
dihydroanthracene to anthracene is a two-electron oxidation, ethylbenzene to acetophenone
is a four-electron oxidation, and toluene to benzoic acid is a six-electron oxidation. Thus,
two molecules of permanganate are consumed in the production of one molecule of
benzoic acid, according the stoichiometry of eq 5. Eq 5 could be equivalently written to
produce "BugN*CgHs5CO," + H>O; all of products appear to be associated with the
colloidal MnO,.

2"BuyNMnO4 + C¢HsCH3 — 2 MnO; + CgH5COOH + 2"BuyNOH  (5)

The primary information concerning these reactions is their kinetic behavior. No
induction periods are observed for any of the substrates. In some reactions, there is a
rapid loss of a small amount of permanganate. which we have interpretted as the oxidation
of an impurity and ignored in the data analysis. The reactions closely follow the second
order kinetics rate law of eq 6 roughly over the first half-life, as indicated by the linear
dependence of the pseudo-first order k55 on substrate concentrations and the lack of a
dependence of kgps on the starting "BuyNMnQy4 concentration.

d[M;tOd = -k ["BusNMnOs][substrate] 6)

II. Charge Transfer Complexes. The formation of charge transfer

complexes at the end of the anthracene and fluorene reactions is without precedent in
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permanganate chemistry. There are, however, well documented charge transfer
complexes of aromatic hydrocarbons with other metal-oxo species, such as CrO,Cl,5 and
0s04.>* The assignment of the new species in the permanganate reactions as charge
transfer complexes is based on several experimental observations. The strength of the
absorbance band, the sensitivity of the product to light, and the difficulties encountered in
isolation are all common characteristics of charge transfer complexes.”* The complex
derived from reaction of "BusNMnOy and dihydroanthracene in acetonitrile has its
absorption maxima 30 nm shifted to the blue from that in toluene, a shift that is similar
those observed by Wallis and Kochi®*2 for anthracene/OsOy4 complexes in polar vs. non-
polar solvents (see Table 4). Table 4 also shows that for both these and the OsOy charge
transfer complexes, the energy of the optical transition is related to the ionization potential
of the aromatic donor, as is typical of charge transfer absorbances.* The comparison
between the manganese and osmium systems cannot be made directly as Wallis and Kochi
did not study fluorene, but mesitylene and fluorene have similar ionization potentials and
show the same trend.

While attempts to isolate this complex or to form it by other means have been
unsuccessful, the spectroscopic data contain a number of clues about the nature of the
complex. In the dihydroanthracene reaction, the donor species is very likely anthracene
based on the observed vibrational progression between 300 and 400 nm due to the
anthracene ring-breathing mode. The lower frequency of this mode in the charge transfer
complex vs. free anthracene is seen in known anthracene charge transfer complexes. 3¢
The acceptor portion of the complexes is undoubtedly a manganese-oxo species. The
evidence strongly suggests, in fact, that the species may be the colloid surface. Upon
formation of the charge transfer complex, the optical spectrum of MnO5 in the 400 to 600
nm region disappears. There are two possible explanations for this phenomenon. The

MnO3 spectrum in this region is due to absorbance of light by the surface of the colloid.*!
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Table 4. Comparison of Charge Transfer Complexes of "MOy" Species with Arenes

Amax (nm) / solvents

complexes with OsQ42 complexes with "MnO,"b

arene IP (eV)© n-Ce¢Hiq CH)Cl» toluene CH3CN

mesitylene 8.39 390 - - -

fluorene 8.63 -- - 454/374 -

anthracene 7.23 560/524 530/494

a Values taken from reference 54a. # Values from this work. ¢ Values taken from

reference 7f.
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Reduction of the MnQ; units on the surface of the colloid to Mn2+ is known to cause the
MnO; spectrum to change and decrease in intensity in this region.*! Complex formation
which results in the reduction of the colloid surface could account for these observations.
Alternatively, the absence of MnO; absorbance may be an indication that the complex is
tightly bound to the surface of the colloid. Particularly in the fluorene reaction, the
duration of the slow reaction does not correlate with any known reaction variable, possibly
because charge transfer complex formation is related to the nature of the colloid. In the
dihydroanthracene reaction, the final optical spectra indicate a yield of one mole of free
anthracene per mole of permanganate consumed, suggesting the reaction stoichiometry of
eq 7 (dihydroanthracene = Ci4H|7; anthracene =C4Hg). The water and hydroxide
formed are likely associated with the manganese product, whose detailed nature remains

unclear.’6

2"BugNMnO4 + 3Ci4H12 — 2Cy14H|o + [Ci4H02MnO3] @)
+ 2 "BuyNOH + 2 H,0O

[II. The Rate Determining Step. All of the evidence implies that the rate
determining step of these reactions is bimolecular attack of permanganate on a C—H bond
of a substrate. No induction periods are observed, second-order kinetics are obeyed
(initially, until oxidation products accumulate or data analysis problems arise), and there
are significant primary isotope effects in the toluene and dihydroanthracene oxidations.
There is no support for the suggestion that other manganese species are involved in the
initial hydrocarbon activation step. Similar conclusions were reached by Brauman and
Pandell in their study of oxidation of y-phenylvaleric acid in concentrated aqueous base
and by Wiberg and Fox in their studies of p-sec-butylbenzoic acid and 4-methylhexanoic

acid in neutral and basic aqueous solution.? All of the substrates studied here react with
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permanganate through a common rate determining step, as will be shown below. Since
toluene has been most thoroughly studied, our discussion is focused on this substrate,
although the results are general for this group of arylalkanes.

The isotope effect for the rate limiting step in the toluene and dihydroanthracene
oxidations may not be quite the same as the ratio of observed rate constants, ky/kp. This
is due to potentially different stoichiometries in the reactions of protio vs. deutero
substrates. The slower activation of the deuterated materials means that more
permanganate is consumed in side reactions such as counterion oxidation and/or
overoxidation of products. As such, these isotope effects should be taken as the lower
limit. Ideally, more accurate values for the isotope effects could be obtained by comparing
the product yields from reactions of protio and deutero substrates. There are many
problems associated with product analysis for these reactions, however, including the
formation of charge transfer complexes and the very small amounts of products generated.
These problems preclude a more accurate determination of the isotope effects.

A variety of mechanistic pathways are conceivable for permanganate oxidations
because of its ability to act as a one- or two-electron oxidant. Outersphere electron transfer
is a well documented pathway for permanganate reactions.” not surprising given its
reduction potential of +0.56 V (in H20 vs. NHE).?” This has not been proposed as a
mechanism for hydrocarbon oxidation by permanganate but it has been discussed in
Os047 and cytochrome P-450 reactions.’® However, transfer of an electron from the
arylalkane to permanganate (eq 8) is ruled out as a mechanism for these reactions for the

following reasons.

MnOs + C7Hg —%— MnO42- + CyHg** ¢))

First, the small substituent effects are inconsistent with electron transfer. p-Xylene reacts

only about twice as fast as toluene despite being 0.4 V easier to oxidize: E°yx = 1.54 V for
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p-xylene vs. 1.96 V for toluene (in MeCN, vs. Ag+/AgNO3).? If the reaction were
proceeding by electron transfer, this 0.4 V difference in oxidation potential would be
expected to manifest itself in a difference of reactivity of several orders of magnitude.5®
Furthermore, forming the radical cation of 4-methylbenzophenone should be much more
difficult than that of toluene, yet this substrate is oxidized faster than toluene. Second,
outersphere electron transfer is an unlikely process in non-polar media such as toluene
because of the difficulty in stabilizing the charged species which result. Permanganate
should have a less positive redox potential in toluene than in water (i.e. less than
0.56 V),57 and formation of the toluene radical cation would be less favorable in toluene
solvent than in acetonitrile (i.e. greater than 1.96 V).”f Therefore, based on the aqueous
and MeCN potentials, outersphere electron transfer is at least 1.4 V uphill, which
corresponds to an equilibrium constant of <10-24. Since the forward reaction proceeds at
10-6 M-1s-1, the reverse reaction (back electron transfer) would have to proceed at the
impossible bimolecular rate of 1018 M-1s-1. This rules out electron transfer as either the
rate limiting step or as a pre-equilibrium step in the reaction.

The primary isotope effect, ky/kp = 6 for toluene, shows that the rate limiting step
involves C-H bond cleavage. C-H bond cleavage could occur by proton, hydrogen atom,
or hydride transfer to a permanganate oxo group or by [2+2] addition across a Mn-O
bond. Proton transfer is not reasonable given the very low acidity of toluene and the low
basicity of permanganate. [2+2] addition to metal oxo bonds has been suggested based on
ab initio calculations of CrO,Cl; reactions!? and based on experimental studies of
permanganate!2P and manganate reactions.!2* The analogous addition across a metal-
imido linkage is well precedented for early transition metal systems.! [242] addition of a
toluene C-H bond across an Mn=0 bond would generate a five-coordinate benzyl-
manganese-trioxo-hydroxide, [Mn(CH2CgHs)(0)30H-]. However, there is little evidence

for such an expansion of coordination number in the chemistry of permanganate. This
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mechanism would therefore predict a sizable steric effect, with particular difficulty in
formation of a manganese-tertiary alkyl complex. As shown below, no such effect is
observed: the rates of oxidation depend on the strength of the C-H bond being cleaved and
not whether the hydrogen is 1°, 2°, or 3°. Similarly, the entropies of activation reported
here (AS* = -16 e.u. for toluene oxidation) are not as negative as expected for a
constrained [2+2] transition state.!22

Hydride transfer from organic substrates to permanganate is well precedented,
most clearly in the oxidation of alcohols.”"!162 A similar mechanism has also been
invoked in the oxidation of hydrocarbons by the high valent metal-oxo species,
(trpy)(bpy)RuO?+.83 Hydride transfer has recently been proposed for the permanganate
oxidation of toluene in water, but is unlikely as a mechanism in organic solvents based on
the substituent effects observed. Abstraction of H- from toluene would form HMnO42-
and benzyl cation (eq 9). The formation of benzyl cation would be very sensitive to
substituent effects, much like electron transfer. p-Xylene should be much more reactive
while an acceleration of only 3 times is observed. Furthermore, p-chlorotoluene and 4-
methylbenzophenone should react substantially more slowly by this mechanism while rate
accelerations occur. In addition, the formation of higher charged species, such as benzyl

cation, is unfavorable in such a non-polar solution.

MnO4 + C7Hg —X— HMnOg42- + C7Hg* €)]

Rate limiting hydrogen atom transfer from the substrate (eq 10) to a permanganate
0xo group is consistent with all of the experimental evidence. This is probably the most
commonly proposed mechanism for permanganate oxidations of C-H bonds.”!! This
proposal is consistent with the primary isotope effects, the activation parameters, and the
relative rates of oxidation of the different substrates (see below). The lack of a solvent

effect -- similar rates in toluene and o-dichlorobenzene solvents -- is characteristic of



47
radical reactions® and is not consistent with mechanisms involving polar transition states
or products. The observed influence of added O3 is a classic indicator of radical
intermediates. Oxygen is known to trap radicals at near the diffusion limit and would be
expected to compete with permanganate in reacting with any radicals present.38- 39
Hydrogen atom abstraction reactions exhibit small substituent effects and often do not
show a linear Hammett correlation.!?*<45 Previous studies of permanganate oxidation of
toluenes in aqueous acetic acid, which proceed much faster than the reactions described
here, have suggested Hammett p values of -1.57¢19 and -2.8 .65 A more valuable
comparison is with hydrogen atom abstraction with 'BuQO-, where the relative rates are
(after the statistical adjustment for the number of methyl groups in p-xylene): p-xylene,
1.8; toluene, 1; p-chlorotoluene, 1: 4-methylacetophenone, 0.3.96 The analogous values
for "BusgNMnOyg are 3.3 : 1 : 8.1 : 9.6 (the last for 4-methylbenzophenone).
Permanganate is a slower and more selective hydrogen atom abstractor than tBuOO- (see
below), so larger substituent effects are observed. The faster oxidation of electron-
deficient toluenes by permanganate is surprising, both in light of the tBuOO:- rates and the
common pattern that electron withdrawing groups usually make molecules harder to
oxidize. Perhaps the permanganate negative charge interacts a little more strongly with the

more positive hydrogens of p-chlorotoluene and 4-methylbenzophenone.
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IV. Understanding the Rate Constants: Bond Strengths and Linear
Free Energy Correlations. We have proposed that the reason that permanganate and
related oxidants can abstract hydrogen atoms (He) from organic substrates is because of
the strong bond they form on addition of He.>6 The data reported here provide strong
support for this hypothesis. Our perspective based on bond strengths and enthalpy
changes contrasts with the standard chemical intuition that an oxidant needs to be a radical
in order to perform hydrogen atom abstraction. This intuition is an implicit assumption in
many mechanistic proposals for hydrocarbon oxidation, not only with homogeneous
reagents such as permanganate but also regarding metalloenzymes and industrial
heterogeneous catalysts.®” Permanganate does not fit with this intuition because it is a
closed-shell, diamagnetic species. and there is no evidence from spectroscopic studies®®
for a thermally accessible triplet state. It should be noted that it is spin-allowed for two
diamagnetic species to react and form a singlet radical pair. as in eq 10. An organic
example of H- transfer between diamagnetic molecules is provided by the reactions of a-
methylstyrene with dihydroanthracene and xanthene at 300 °C%° (and it is not clear that the

need for a spin change leads to an extra activation barrier in transition metal complexes’®).
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The enthalpy for addition of H+ to permanganate, which is the magnitude of the
O-H bond strength in HMnOy-, can be calculated from the thermochemical cycle in
Scheme 1. Such cycles have been used by Bordwell and others to determine bond
strengths to hydrogen in many organic and organometallic compounds.”’! Because
enthalpies are path independent. the affinity of MnOj4- for H- is equivalent to its affinity for
an electron (its redox potential, E®) and a proton (the acid dissociation constant, K, of
HMnOy). Scheme 1 is slightly different from those we have reported previously,3S in

part because a recent pulse radiolysis study provides a new value for the pK, of HMnO4~

.72-74
MnO, + e ——»  MnO,*
E°=0.564 V
1/2H, —® H'+e
MnO,> + ¥ ——  HMnO, pKa = 7.4
He ——® IRH, constant = -56 kcal/mol”
MnO," + He e HMnO,~ AH® = -79 kcal/mol

* constant = AH°{He(g)-->1/2Hy(g)} - AH°{He(g)-->He(aq)} - 1/2 TS°{H,(g)}

Scheme 1. Calculation of the O-H bond strength in O3MnO-H- through a

thermodynamic cycle involving addition of He to MnOg4-.
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kcal/mol. The constant C can be calculated from standard values, with the assumptions
that the entropies of MnO4- and HMnOjy- are equal and that the solvation of He is well

approximated by the solvation of Hp.”>

BDE(H-OMnO37) = 23.06E° + 1.37pKg - C (11)
where C = AH’{H*(g) — 1/2Ha(g)} - AH" {H*(g) — H*(aq)} - 1/, TS’ {Ha(g)}

Alternatively, the constant is not needed if relative bond strengths are calculated
from a thermodynamic cycle where the hydrogen atom is transferred from another species,
HA (HA = PhOH or PhNHb), as in Scheme 2 where phenol is used. The standard free
energy AG’ is calculated from the known E° and K, values’® and is taken to be equal to

AH’ because AS° = 0.

PhOH ———® PhO + H* pK, = 10.0

PhO" —— DPhOe + ¢- E° = 0.80 V (vs. NHE)
MnO,” + H* ——— HMnO, pK, = 7.4

MnO, + ¢ —— MnO,> E' = 0.564 V (vs. NHE)

PhOH + MnO,7 —————3 PhO + HMnO,"

Scheme 2. Calculation of the Enthalpy for Transfer of He from Phenol Through a

Thermodynamic Cycle.
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The derived AH" is the difference between the H-OMnO3- and H-A bond strengths. This
calculation is expressed algebraically in eq 12. Calculations with either phenol or aniline

as the hydrogen atom donor give 79 kcal/mol for the H-OMnO3- bond strength.

AH® = BDE (H-A) - BDE (H-OMnOs3°)

12
= 23.06 [E’(A*) - E‘(MnO47)] + 1.37 [pKa(HA) - pKo(HMnOy)] (12

The O-H bond strength of 79 kcal/mol in HMnOg- is 10 kcal/mol weaker than the
O-H bond in 'BuOOH (89 kcal/mol)’ and is in between the H-Br and H-I bond
strengths of 87 and 71 kcal/mol. Thermodynamically, permanganate is a less potent
version of 'BuOO- or Bre - with the important difference that permanganate is a stable
species that can be put in a bottle, not a short lived intermediate. Since 'BuOO- or Bre
readily abstract H- from alkylaromatic compounds, it is not surprising that permanganate
does as well. This qualitative perspective - that hydrogen atom abstracting reactivity
depends on bond strengths — is a valuable insight into the reactivity of permanganate. The
bond strengths are critical because AH” for a hydrogen atom transfer reaction is the
difference between the strength of the bond being broken and that being formed. An
oxidant or active site must have enough thermodynamic affinity for He so that the reaction
is not too enthalpically uphill, since AH# is always greater than AH®. The permanganate
reactions discussed here vary from 10 kcal/mol uphill for He abstraction from toluene to 5
kcal/mol downhill for abstraction from xanthene (Table 3).

Formation of a strong bond to a hydrogen atom is not only a necessary condition
for H- transfer -- the data suggest that it is a sufficient condition as well. It is well
established that rates of hydrogen atom abstraction by main-group radicals are directly
related to bond strengths. OH- reacts with almost all organic compounds at close to the
diffusion limit® because it forms such a strong bond to He (119 kcal/mol?6) while tBuQO-

is a much less reactive oxidant8! because it forms a weaker O—H bond of 89 kcal/mol.”6
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Evans and Polanyi suggested (in 1936) a linear relationship between activation energies
and net enthalpy change in hydrogen atom transfer reactions (eq 13), and this correlation
works quite well over a narrow range of AH® for similar radicals and substrates.82 Over a
wider range, o — 0 as the reactions get very exothermic and ot — 1 as the reactions get

very endothermic.
Ea = B + o(AH), or logk o< AG* = B + o(AH) (13)

The data reported here fit the Polanyi equation well, in two different ways. First,
enthalpies of activation for oxidation of the different arylalkanes by "BusNMnO; are
directly proportional to AH® (Figure 11). The linearity of this relation over the 15 kcal/mol
range of AH" is very good, especially given the large uncertainties in some of the C-H
bond strengths. The slope of the best fit straight line, o, is 0.69. In terms of reactivity,
this translates into a 0.69 kcal/mol increase in activation barrier for every 1 kcal/mol
increase in C-H bond strength. For reactions that are fairly close to thermoneutral, as
these are, a o value of 0.69 is in agreement with predictions from the Hammond postulate.
An equivalent correlation is seen between AG¥ (or logkz) and AH", because the entropies
of activation are essentially constant. These correlations of rate constants and activation
parameters with C-H bond strengths strongly support the assignment of the rate-
determining step as hydrogen atom transfer from carbon to an oxo group. If there were
any manganese-carbon bond formation, as in a [2+2] mechanism for instance, significant
steric effects would be observed. Rather, rates of abstraction from primary, secondary,
and tertiary C-H bonds all fit on the same line.

The rate of hydrogen atom transfer from toluene to "BugNMnQy also correlates
with rates of abstraction by OHe, 'BuO-, and tBuOQ- (Figure 12). Similar relations are

observed for ethylbenzene and diphenylmethane, where sufficient data exist (Figures 13
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and 14). This is the second kind of Polanyi correlation. for reactions of one substrate with
a range of oxidants. These correlations are not precise, with uncertainties of at least an
order of magnitude over the ca. 1016 range of rate constants plotted. But the
permanganate reactions fit right on the lines. Thus permanganate acts just as one would
predict for an oxygen radical that makes a 79 kcal/fmol bond to a hvdrogen atom. The
similarity of permanganate to oxygen radicals is remarkable given that permanganate is a
diamagnetic, closed shell species. The frontier orbitals of the hydrogen atom transfer
reaction are different in the radical vs. the closed-shell case, as discussed elsewhere.¢
These data indicate that, at least for metal-oxo species such as permanganate, the primary
determinant of hydrogen atom abstraction reactivity is the strength of the O-H bond
formed, rather than details of the electronic structure of the oxidant. These conclusions
should apply equally well to metal-oxo species in enzyme active sites and on the surface of
a heterogeneous catalyst. Preliminary studies of L-oxo compounds and coordination

complexes are qualitatively supportive of these ideas.88

Conclusions

In toluene solvent, "BusNMnOQj4 oxidizes arylalkanes with weak C-H bonds by
dehydrogenation and/or oxygenation. For instance, toluene is converted mostly to benzoic
acid, xanthene to xanthone, and dihydroanthracene to anthracene. For all of the substrates
examined, the initial reactions are first order with respect to the concentration of both
"BugNMnO, and substrate with no apparent induction periods. Significant primary
isotope effects are observed for the reactions of toluene and dihydroanthracene. The
addition of O3 to a solution of "BugNMnOy in toluene accelerates the disappearance of
permanganate. indicating that organic radicals are formed during the course of the reaction.
"BugNMnOy oxidizes all of the substrates through a common rate determining step in

which a hydrogen atom is transferred from the substrate to a manganese-oxo group. The
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enthalpies of activation correlate with the strength of the C-H bond being cleaved. as is
typical of hydrogen atom abstraction by main group radicals such as tBuOO-. This
correlation includes primary, secondary, and tertiary C-H bonds, with no evidence of
steric effects that should accompany formation of a metal-carbon bond.

Permanganate can abstract a hydrogen atom from organic substrates because it has
a high thermodynamic affinity for H.. The AH® for addition of H to MnOy4- to give
HMnOy- in aqueous solution is calculated to be -79 kcal/mol using a thermochemical
cycle. Using this value, the rates of "BuyNMnQy4 oxidation of toluene, ethylbenzene, and
diphenylmethane are shown to correlate with the rates of hydrogen atom abstraction by the
oxygen radicals OHe, ‘BuOe, and 'BuOO-. Thus permanganate reacts just as one would
predict for an oxygen radical that makes a 79 kcal/mol bond with a hydrogen atom. This
behavior is in spite of the fact that permanganate is a diamagnetic, closed shell species,
with no radical character. It is concluded that for metal-oxo oxidants, a high
thermodynamic affinity for He is necessary and sufficient for hydrogen atom-abstracting

reactivity.



CHAPTER 2



60

Introduction

Traditionally. mechanistic studies of permanganate oxidations have been
performed in aqueous solution. most often strongly acidic or basic solution.” The reason
for the use of water as a solvent is that the most readily available form of permanganate. its
potassium salt. is highly soluble in water and stable in the absence of a substrate. For
oxidations of hydrocarbons. an aqueous solvent is somewhat problematic. as most
hydrocarbons have limited solubility in water. at best. Toluene is an arylalkane which is
amenable to study under these conditions. In water. toluene has a slight solubility,
approximately 5 mM at room temperature. Additionally. permanganate is reactive enough
with toluene that the kinetics of the reaction can be examined on a reasonable time scale.

In Chapter 1. the reaction of toluene with permanganate was examined in neat
toluene and established to proceed by a one electron pathway, hydrogen atom transfer. A
single study under a specific set of conditions is not definitive for permanganate reacting
with a given substrate. however. The literature of permanganate oxidations of organic
compounds contains many examples of reactions where slight changes in reaction
conditions cause dramatic differences in reactivity or reaction pathway. Reactions with
toluene perhaps best illustrate this point.

Four mechanistic studies have been published on the oxidation of toluene by
permanganate in aqueous acidic solution. The first study. reported in 1955.!92 found that
the reaction produced benzoic acid. accelerated as the pH decreased. and was inhibited
upon addition of F- which is known to complex Mn3+. Cullis and Ladbury concluded that
the active oxidant was Mn3+ and the mechanism went through radical intermediates.
Under almost identical conditions. Radhakrishnamurti and Mahapatro® observed faster
rates. no inhibition with addition of F-. and significant substituent effects (p* = -2.4 for a
Hammett study of various substituted toluenes). They also favored a radical reaction

pathway, but concluded that permanganate was the active oxidant. In stark contrast to
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these studies is the work of Stewart and Spitzer.8 who examined the oxidation of toluene
in aqueous trifluoroacetic acid. Although the acid concentration was comparable to that in
the aqueous acetic acid studies. trifluoroacetic acid apparently converted permanganate to
MnOs*, a much stronger oxidant. Ring attack was the dominant reaction pathway and the
reaction accelerated as the pH was decreased.

The most recent study of toluene oxidation by permanganate in aqueous solution
was published while the work presented in this Chapter was in progress.3? It is also the
most relevant to the study reported in here. Over the pH range 5 to 7, in the presence of
perchlorate. the oxidation of benzene. toluene. ethylbenzene. cumene, and several other
arylalkanes was examined. Lobachev and Rudakov concluded that the reaction proceeded
by attack of permanganate on the benzylic C-H bond to produce radicals. similar to the
mechanism proposed by Brauman and Pandell in their study of the oxidation of a tertiary
C-H bond by permanganate.9

These four studies show how seemingly small changes, such as pH, buffering
species, or substrate, can affect the reaction pathway that permanganate chooses. In
toluene, the reaction of permanganate with toluene was demonstrated (in Chapter 1) to
proceed by hydrogen atom transfer. The literature discussed above suggests a radical
pathway in acidic water as well, 926589 3|though the details of the mechanism or
mechanisms are unclear. Our re-examination of this reaction in water focuses on a regime
not studied previously--aqueous solution at pH 7 and higher. Toluene was examined in
detail and a mechanism for the rate determining step proposed on the basis of those
results.® Subsequent studies of ethylbenzene and cumene reactions under the same
conditions have raised doubts about the mechanism or at least its generality in this series of
substrates. This Chapter presents all of the results. evaluates the possible mechanistic
pathways in light of the experimental evidence. and proposes experiments, where

practical. to further elucidate the mechanism.
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Experimental

General. All reactions were done in the absence of air unless otherwise noted.
All aqueous solutions were purged of oxygen by bubbling Ar or N3 through the solution
for 15 minutes just prior to use. The pH of the buffer solutions was measured using a
Corning 220 pH meter and a Corning general purpose combination electrode.

Materials. KMnOy4 (99.3%, Baker) was recrystallized twice from water and
stored in the dark. Millipore water was used in the preparation of all aqueous solutions.
KH>PO4 (‘Baker Analyzed': 101.2%). KHPOy (‘Baker Analyzed: 99.0%), NaHCOs3
(‘Baker Analyzed’: 100.2%), Na>CO3 (Mallinckrodt), and NaOH (‘Baker Analyzed':
98.5%) were used as received in the preparation of buffer solutions.

Toluene (100.0%, Baker), ethylbenzene (99.8%, Aldrich), cumene (99%.
Aldrich) and dg-toluene (100.0%., Cambridge Isotope Laboratories) were used as
received. Substituted toluenes for aqueous studies--p-nitrotoluene (Matheson), p-toluic
acid (Eastman). p-chlorotoluene (98%. Aldrich), p-xylene (99+%, Aldrich). p-
toluenesulfonic acid (99%. Baker) and dg-toluene (Cambridge Isotope Laboratories) were
used as received.

180 labelled KMnO4 was prepared according to a literature procedure by placing
KMrniO4 and 20% 80 labelled water (Cambridge Isotope Laboratories) in a sealed vessel
and heating to 90 °C for 24 hours. The water was removed under vacuum. To purify the
enriched KMnOs. it was dissolved in unlabelled water at room temperature. filtered
through a fine frit to separate the MnO», and the water removed under vacuum. The 130
enrichment was determined to be 10% by negative ion electrospray mass spectrometry.%
recently demonstrated to be a valid mass spectrometric technique for analyzing

permanganate.’! The 180 labelled water used as a solvent for experiments designed to
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determine the origin of the oxygen in the organic product was 70% enriched (Cambridge

Isotope Laboratories).

Kinetics All kinetics experiments were followed by optical spectroscopy, using
a Hewlett Packard 8452A diode array spectrophotometer scanning over the range 400 to
640 nm. The temperature of the solution in the cuvette was held constant (£ 0.1 °C) using
either a custom built aluminum block cell holder connected to a Peltier electronic control
module or a Hewlett Packard water jacketed cell holder connected to a circulating water
bath (Lauda model K-2/R).

Reactions in aqueous solutions were monitored using a cuvette built to minimize
head space and allow injections. This cell and the special considerations required for
studying these solutions are described in detail in Appendix B. In a typical kinetics
experiment, 3.2 (+ 0.2) mL of degassed 3.97 mM K>HPO.4/4.00 mM KH;POj4 solution
was placed in the cuvette which had been flushed with N3 for 5 minutes. Toluene (2.4 +
0.2 uL) was added and the cuvette was sealed. The toluene was dissolved by heating the
cuvette in the cell holder for 30 minutes at 75.0 °C: note that the compact cuvette design
allows all of the solution and head space to be within the heated volume. A background
scan was taken of this solution. A concentrated KMnQy solution. 80.0 (£ 0.1) mg of
KMnOy in 10.00 (£ 0.02) mL of phosphate buffer. was filtered through a fine frit to
remove any MnO; and 25.0 (+ 0.3) pL was injected into the sealed cuvette. The cuvette
was removed from the cell holder. shaken, replaced. and data collection was started. A
similar technique was used to prepare the solutions for the Hammett study. For substrates
which were solids. the appropriate amounts were weighed out and added directly to the N»
flushed cuvette before addition of the degassed buffer solution.

Data Analysis. For all of the reactions. the disappearance of MnOy4- and
corresponding appearance of MnQO; were followed by optical spectroscopy. over the range

400 to 640 nm. The MnO> which forms is colloidal. but fairly stable to coagulation.
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apparently as a result of a buildup of negative charge on the surface of the particles.!5-56

Under these conditions then. while the product is a colloid, it is well-behaved
spectroscopically, as evidenced by the formation of isosbestic points (Figure 15). This
allows the kinetic data to be analyzed, although this procedure is not straightforward. The
data analysis is described in detail in Appendix A. The method results in the calculation of
four observed rate constants calculated for each kinetics experiment. The rate constants
reported in Table 5 are the average of the four values with the errors reflecting 36, as a
percentage of the average rate constant.

Manganese Oxidation State Determinations. The final average manganese
oxidation state for aqueous reactions of MnO4- was determined by iodometric titration, a
well established technique for Mn0,.%2 The reaction mixture to be analyzed was prepared
by degassing 25.00 (+ 0.03) mL of 4.00 mM KH;P04/3.98 mM K;HPOj in a glass
vessel by bubbling Ar through the solution for 15 minutes. By syringe, 13.0 (+ 0.3) uL
of toluene and 250 (+ 2) uL of 61.6 mM KMnOy4 solution were added. The vessel was
sealed with a Teflon stopcock and placed in a 75 °C stirred water bath for 5 hours. The
contents were cooled to room temperature and quantitatively transferred to an Erlenmeyer
flask. The flask was purged with a flow of N for 5 minutes. Concentrated HCI (1 mL)
and KI solution (3.6 mL.. 9.2 x 10-2 M) were added and the mixture allowed to stand for 5
minutes to insure complete formation of I3-. The [3- was backtitrated with 3.13 (£ 0.02) x
10-2 M Na;S,03 solution (concentration determined by titration against KyCryO7 primary
standard the same day) by rapid addition until the yellow color began to fade. Starch
indicator solution (0.5 mL; prepared by dissolving soluble starch in boiling water) was
then added and the titration completed as indicated by the disappearance of the blue starch-
[3- complex. A total of 0.98 mL of Na3S,03 solution was used.

Organic Product Analyses. For the aqueous reactions, the organic products

were identified by comparison of their HPLC retention times with authentic
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samples. Quantification of the oxidation products relied on HPLC, using potassium

hydrogen phthalate (KHP) as an internal standard to generate a calibration curve. HPLC
analyses were performed on a Hitachi system consisting of a L.-6200 pump connected to a
L-4250 UV/vis detector interfaced to a D-2500 integrator. A Beckman Ultrasphere ODS
(25 c/4.6 mm) reverse phase column was employed for the separations. All analyses
were performed under isocratic conditions with a solvent consisting of 80% Millipore
water, 20% acetonitrile. and 0.1% TFA.

In a typical procedure, a greaseless Pyrex vessel sealed with a Teflon valve was
loaded sequentially with 20.00 = 0.03 mL of degassed phosphate buffer (4 mM
KH;PO4/4 mM K3HPOy), 25.0 £ 0.3 pL of ethylbenzene. and 200 + 2 pL aliquot of a
concentrated KMnQjy solution (65.1 £0.1 mg of KMnOy in 5.00 £ 0.02 mL of phosphate
buffer). The sealed vessel was heated to 75.0 (20.1) °C for 90 min, then rapidly cooled to
room temperature. The Teflon valve was opened and 0.1 - 0.2 g of solid KI and 200 uL
of concentrated HCI were added to destroy the colloidal MnO; (necessary because some of
the oxidation products are bound to the colloid®?). Alternatively, the MnO, was reduced
by addition of solid NaHSOs3. A solution was prepared for HPLC analysis by combining
200 pL of the reaction solution and 200 uL of 0.989 mM KHP solution.

Experiments in the Presence of O3. Since the headspace size has an
influence on the toluene concentration in the reaction mixture and the toluene concentration
is related to the reaction rate. this experiment was done in the special cuvette and followed
spectrophotometrically to compare to O»-free reactions. The pH 7 phosphate buffer
solution was sparged with O for 15 minutes. The cuvette was filled with 3.2 (£ 0.2) mL
of the O saturated solution. 2.4 (£ 0.2) uL of toluene. and sealed. The cuvette was
heated to 75 "C in the Peltier cell holder and used to take a background scan. A
concentrated KMnQyg solution was prepared by dissolving 41.2 (£ 0.1) mg of KMnOy in

5.00 (x 0.02) mL of phosphate buffer solution and filtering it through a fine frit to remove
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any MnOs. After the solution in the cuvette was equilibrated, 25.0 (+ 0.2) uL of the

KMnOQj solution was injected and kinetics data collection was started.

Experiments with 180 Labelling. The origin of the oxygen incorporated in
the organic product from the reaction of cumene was examined by a series of product
analysis experiments using 30 labelled solvent (70% !80 labelled H>0) or MnOy- (10%
180 labelled KMnOy). The reactions were done in sealed containers maintained at room
temperature (24 °C) in a stirred water bath. The amount of 180 present in the product was
determined by analyzing the reaction solution by GCMS. The instrument used for the
analyses was a Hewlett Packard 5890/5971 gas chromatograph-mass spectrometer.

Three experiments were performed. The solution to determine if the oxygen in
cumyl alcohol exchanged with the oxygen in water was prepared by saturating 180
labelled H>O with cumyl alcohol. The undissolved cumyl alcohol was left in the solution.
A solution of cumene with 180 labelled KMnOy in unlabelled water was prepared by
degassing a portion of ordinary buffered solution by passing N3 through it for 15 minutes,
placing it in a cuvette. and adding cumene and a small amount of solid 10% !80 labelled
KMnQyq. The analogous solution using 180 labelled H>O and unlabelled KMnOg4 was
prepared by placing approximately 1 mg each KH»POj; and K;HPO4 in a small reaction
vessel. To this. 50 uL of 180 labelled H,O (70%) was added and the solution was
degassed by two freeze/pump/thaw cycles. The reaction vessel was filled with N5 and
cumyl alcohol and a small amount of solid KMnQO4 were added.

Ordinarily. the colloidal MnO» must be destroyed in order to analyze the organic
products as they are bound in and/or on the colloid. Reduction of the colloid requires
acidic conditions. which might accelerate exchange of the oxygen atoms in the cumyl
alcohol product with the solvent. To determine if this was occurring, each reaction
solution was analyzed twice--before reduction of the colloid and after reduction of the

colloid. The colloid was destroyed by adding a small amount of solid NaHSOs.
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Results

Reactions of KMnOj4 with toluene and ethylbenzene have been studied in aqueous
buffered solutions. Under these conditions, the permanganate is stable in the absence of
organic substrate. showing less than 2% decay over 4 hr at 65 °C. The organic substrate
is always present in excess (pseudo-first order conditions). which is permitted by their
small but significant solubility in water (> | mM).*® These solutions show a positive
deviation from Raoult's law. There is a much higher vapor pressure of the organic
substrate than would be predicted by its mole fraction. A special cuvette was constructed
with minimal head space to insure that most of the substrate placed in the cell is in
solution. The cell is described in Appendix B. The entire cuvette can be heated within the
cell holder in the spectrometer to minimize temperature gradients. The kinetics of the
reactions were monitored in this cuvette by visible spectroscopy (Figure 15), with the
structured permanganate absorbance in the spectral region 400 to 640 nm changing to the
sloping absorbance due to colloidal MnQO» (see below). The colloid is, in most cases,
optically well behaved and obeys Beer’s law, as indicated by the presence of isosbestic
points (this has been observed previously!>*!). Analysis of the optical data required
modeling of the MnO; absorbance. resulting in four rate constants for each data set. This
is discussed in great detail in Appendix A. The rate constants given in Table 5 are the
average of the four values. The associated errors are 30. reported as a percentage of the
average rate constant. For these aqueous studies. the error associated with a given kinetic
experiment is typically the same as the error (defined as 36) between different
experiments. typically 15-20%.

Toluene is slowly oxidized by potassium permanganate at room temperature in
aqueous phosphate buffer (pH 7). taking nearly a week for the reaction to approach

completion. First order plots are linear over 3 half-lives with no induction period (Figure



Table 5. Rate constants for reactions of toluene, ethylbenzene. and related substrates

with KMnOy in aqueous solution.

69

(MnOg47] substrate T ko data analysis pH

(mM) concentration (°C) (M-1s-1) error?
(mM)

Toluene
0418 4.11 20 7.34 x 104 46% 6.87
0.302 4.11 211 7.01 x 104 25% 6.87
0.392 4.07 55.0 8.14 x 10-3 10% 6.87
0.392 4.07 65.0 1.51 x 102 15% 6.87
0.385 4.07 65.0 1.52 % 10-2 15% 6.87
0.392 6.98 75.0 2.59 x 10-2 18% 6.87
0.392 6.98 75.0 3.13x 102 21% 6.87
0.392 3.49 75.0 2.86 x 10-2 16% 6.87
0.237 7.01 75.0 2.82x 102 2% 6.87
0.404 6.98 75.0 243 x 102 19% 6.87

O, saturated¢
0.394 6.98 85.0 4.09 x 10-2 18% 6.87
0.385 6.98 85.0 3.87x 102 20% 6.87
0.395 6.98 95.0 7.05 x 10-2 86% 6.87
0.385 6.98 95.0 7.85 x 10-2 27% 6.87
0418 4.11 20 7.16 x 10-5 10% 6.87
(dg-toluene)

0.392 6.98 75.0 2.72 x 10-2 13% 7.81
0.390 6.98 75.0 2.87x 102 23% 7.81



Table 5. (continued)

0.390
0.392
0.395
0.392
0.405
0.401
0.401
0.399
0.389

6.98
6.98
6.98
6.98
6.69
6.69
4.46
2.97
6.69

Substituted toluenes

0.381

0.406

0.390

0.385

0.386

2.9
CH;3CgH4CO5-

2.0
CH;3CgH4CH3

2.2
CH3CgH4CHj3

49.7
CH;3CgH4SO3-

2.2
CH3CgH4NO»

Ethvlbenzene

0.211
0.109
0.219
0.110
0.110

2.93
.47
2.15
1.44
1.43

75.0
75.0
75.0
75.0
75.0
75.0
75.0
75.0
75.0

75.0

75.0

75.0

75.0

75.0

45.0
45.0
75.0
75.0
85.0

2.31 x 10-2
2.66 x 10-2
2.77 x 10-2
2.80 x 10-2
2.65 x 10-2
8.1 x 1024
34x10ld
92x 1014

2.68 x 10-2

2.5x 102

33x 102

8.8 x 10-2

2.60 x 10-2

24 % 102

3.11 x 102
3.54 x 10-2
1.43 x 10}
1.51 x 10!
2.38x 107!

32%
14%
23%
26%
14%
18%
7.5%
2.7%

27%

38%

25%

15%

26%

23%

13%
10%
13%
10%
15%

5.83
5.83
8.83
8.83
10.80
13¢
14¢
14.3¢
pD=7

7b
7b
7b
7b

76

70
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Table S. (continued)

Cumene
0.108 1.15 45.0 1.74 x 10-2 g 75
0.202 1.15 55.0 3.49 x 10-2 g 76
0.228 1.15 65.0 574 x 102 g 7b
0.190 1.15 75.0 9.09 x 10-2 g 76

@ Range of four rate constants derived from analysis of a single kinetics run (see
Experimental Section and Appendix A). & pH as measured. except for those listed as pH
7 which were prepared as for the solutions whose pH was found to be 6.87, but their pH
values were never specifically measured. ¢ The buffer solution was sparged with O3 for
15 minutes before being sealed in the reaction vessel. The O3 concentration is calculated
to be 0.79 mM at 70 °C. under | atm of O3 pressure.*® 4 Data analysis for these reactions
produced only estimates for rate constants because of the spectroscopic complexity of the
reaction solutions. which contained permanganate. manganate. and manganese dioxide. ¢
These pH values were calculated from the hydroxide concentration. so they are only
estimates. / KH>PO4/K>HPO4 in D>O. € These values have not yet been calculated, but
appear to be similar in magnitude to the errors calculated for the toluene and ethylbenzene

reactions.
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16), indicating first order dependence on [MnOj4]. The observed rate constants are

proportional to the toluene concentration, demonstrating a first order dependence on the
toluene concentration. Second-order rate constants ky (= kops/[C7Hg]) are independent of
the starting toluene and permanganate concentrations (Table 5). An Eyring plot utilizing
k2 values determined over the temperature range 20 to 95 °C (Figure 17) yields the
activation parameters AH* = 12.7 (£ 0.2) kcal/mol and AS¥ = -30 (+ 1) e.u. dg-Toluene
reacts much more slowly, giving an isotope effect of 9.7 at 20 °C. At higher
temperatures, the reaction with C7Dg is also quite slow and concurrent coagulation and
precipitation of the colloid prevents the accurate determination of rate constants.

Ethylbenzene and cumene are oxidized more rapidly than toluene by permanganate.
but otherwise the reactions are similar. The experiments with cumene were carried out by
Linda Kuehnert.”3 The solubility of these substrates is less than that of toluene but still
sufficient to carry out the kinetics under pseudo-first order conditions. The first order
plots are linear without induction periods and doubling the ethylbenzene concentration
approximately doubled the observed rate constant. The data indicate that the reactions of
toluene and ethylbenzene follow the simple bimolecular rate law (eq 14). The solubility of
cumene in water is insufficient to allow its concentration to be varied. but a first order
dependence is assumed on the basis of the toluene and ethylbenzene results. Rate
constants for ethylbenzene and cumene oxidations are presented in Table 5. Activation
parameters for ethylbenzene were determined by studying the reaction over the temperature
range 45 to 85 °C. AH* = 10.4 (+ 0.4) kcal/mol and AS* = -33 (+ 2) e.u. The Eyring plot
is presented in Figure 18. The activation parameters for cumene are similar. given in

Table 6.

IR = b o) [CHsRI (14



73

‘D, SL e Hd ‘uonnjos snoanbe ul QU Yim suanjol jo uonoseas oy Joy awn ‘sa [.FQu| ujoold v ‘9

($puodas) awy

00002 00091 000z | 0008 000 0
ey STE

OUN] uf

+

(.

SO S A N 5

aangdiy



74

"D, §6 0 Oz 28urs aampreradum

a1 JaA0 ‘£, Hd ‘uonnjos snoanbr uy YQUIAY Yim auonjo) jo uondeas ayr Joj ‘171 'sa (1Y) Sof wod Suuhg uy L1 aandiy

(.3 1
S£00°0 ££00°0 1£00°0 82000 92000
9-
¢'¢-
../
wnl |
(=]
(1]
Z
S ~
#V..
. ——— e em e — AL - ml. Mt




75

'D, §8 01 G a8uma aamuaaduum

a1 1940 *£, Hd ‘uonnjos snoanbe us FQUIAY WM oudzuaqiAYIe Jo uonoral oY Joj “1/1 ‘sa (1Y) Jop 01d Suukg uy g aandiy

(.3 11
TEO0'0 16000 OEO0'0 OL00'0 6Z00'0 6000 8TO00 8TOO'0 LTOO'0
- U - U SN I V..
8'¢-
9'¢- _
w2
: S
bg-
- N.Ml
ﬂl




76
The pH dependence of the toluene oxidation was examined over the range pH 6 -

14, using phosphate buffers for pH 6 to 8, a HCO3/CO32- buffer from 9 to 11, and
NaOH above pH [3. The rate constants are included in Table 5 and presented graphically
in Figure 19. The rate constant is independent of the pH over the range 6 - 11, within the
experimental error. This also demonstrates that the rate constant is independent of buffer
type. Below pH 5 and above pH 12 the reactions were much faster, in agreement with
other permanganate kinetics studies.”-'%8% [n fact. a benzoate buffered permanganate
solution (pH ~ 4), without added substrate. is not stable at room temperature.
decomposing within a few hours. This suggests that at low pH, ring attack becomes a
viable reaction pathway, possibly through the formation of MnO3+ 8 or HMnQ48%, as
proposed by others. Above pH 11. the second order rate constants increased dramatically.
There appears to be a dependence on OH- concentration, but an exact value is difficult to
obtain as the kinetics at high pH are not well-behaved and the spectra are very
complicated.?*

Deuteration of the solvent (D20) had no measurable effect on the second order rate
constant. A qualitative comparison also found no difference in the rate of permanganate
disappearance when the buffer concentration was increased one order of magnitude. A
quantitative comparison could not be made because the high phosphate concentration
caused precipitation of the MnO; over the course of the reaction. A Hammett study was
carried out using a series of para-substituted toluenes, CH3CgH4X where X = COO-,
SO3-, Cl, CH3. and NO; (Table 5). Care was taken to choose substrates which did not
have substituents. other than the methyl group. which could be oxidized by permanganate.
Substitution on the ring has little effect on the rate constant. An electron withdrawing
para-nitro group. for example, reduces the rate constant by only 20%. A Hammett p+

value of -0.2 is found vs. o* values.* which give the best fit to the data (Figure 20).
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To test for the presence of radical intermediates, the influence of added oxygen on

ihe rate of the reaction was explored. All other experiments were performed with careful
exclusion of air. More common radical traps such as CBrCl3 are problematic in this
system as the expected products (i.e. benzyl bromide) react with water, to give benzyl
alcohol, which is further oxidized. Reductive radical traps, such as 9,10-
dihydroanthracene or "Bu3SnH, are clearly not compatible with aqueous permanganate.
O3 reacts with radicals at near the diffusion limit,38 as does permanganate.?® Thus, for Oy
to compete with permanganate as a radical trap it must be present in equal or larger
concentration. Qualitatively, the rate of reaction at room temperature does not appear to
change in the presence of added O;. The reaction of toluene with permanganate in water,
however, is very sensitive to such variables as head space above the reaction solution due
to non-ideal behavior of the solution. To insure that the apparent independence of reaction
rate was not an artifact of the reaction vessel, a kinetics experiment was also run in the
special cuvette. The O pressure was slightly greater than 1 atm, which gives [O3] = 0.79
mM at 70 "C,40 larger than the 0.404 mM MnQj- concentration. The presence of O had
no effect on the rate of the reaction, strongly suggesting that a radical mechanism is not
operational in this system. It is unclear whether O; should cause an acceleration or a
deceleration of the reaction, but it is highly unlikely that if benzyl radicals were present,
the reaction would proceed at the same rate with and without added oxygen. In contrast, a
similar experiment with cumene, performed by Linda Kuehnert, showed an acceleration of
permanganate disappearance when O, was present. The reaction of permanganate with
cumene in water at room temperature was complete in approximately a day in the presence
of O2 and took several days to reach completion in the absence of O;. The reaction of
ethylbenzene with permanganate has the most intriguing results upon addition of Oj.
Initially, side by side room temperature reactions of ethylbenzene with permanganate in

water with and without O show no difference in rate of permanganate disappearance.
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After almost one half life (four hours), however, the reaction with O3 accelerates

noticabiy.

The final optical spectra of the toluene, ethylbenzene, and cumene reactions all
indicate formation of colloidal MnO», the typical product of permanganate reactions in this
pH range.*! Confirming this assignment, the final average manganese oxidation state was
determined to be 4.10 + 0.09 by iodometric titration of a toluene reaction solution.? No
manganese (or other) intermediates were detected spectroscopically. Mn(ITI) has been
frequently invoked as the active oxidant in permanganate reactions,’-1%2 but is apparently
not formed in this reaction as addition of F-, which rapidly complexes with Mn3+, to a
reaction solution did not cause a significant change in the apparent rate of reaction.%

The organic products were quantified by HPLC analysis. Since the colloidal
MnO; is known to bind some of the oxidation products,® it was reduced to Mn2+ prior to
analysis by addition of NaHSO3 or KI/HCI. In toluene reactions run at 75 *C, benzoic
acid (42.3 £ 2.7%) and benzaldehyde (0.6 + 0.2%) are observed; yields are reported as
moles of product per mole of permanganate. Together these products account for 85 * 6%
of the permanganate oxidizing equivalents consumed, assuming quantitative conversion of
permanganate to MnO,. This result agrees well with the yield obtained for the same
reaction in slightly acidic solution.89* The fate of the remaining oxidizing equivalents is
not readily apparent. No benzyl alcohol was detected (< 12% yield based on oxidizing
equivalents of MnOy4-). Permanganate is not reduced by free benzoate at pH 7, although
complete oxidation of a very small amount of colloid-bound benzoic acid could account for
the “missing” oxidizing equivalents. This was suggested in a similar system.3%

In the oxidation of ethylbenzene, the only detectable product is acetophenone.

This accounts for 74 £ 5% of the manganese oxidizing equivalents consumed (assuming
complete conversion to MnO3) when the reaction is run at 76 °C. No benzoic acid (<

3.1% yield) or sec-phenethyl alcohol (< 3.9% yield) were observed. Oxidation of cumene
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forms mainly cumyl alcohol with a trace of acetophenone. Benzoic acid is not found (<

2.3% yieid). Based on oxidizing equivalents for MnO4- to MnO3, acetophenone accounts
for 2% and cumyl alcohol for 102% for a combined yield of 104 (£ 13) %.

In aqueous permanganate reactions performed in the absence of O, the oxygen
incorporated into the organic product can either come from the solvent (H20) or the
oxidant (MnOy4~). Of the substrates studied, the simplest is cumene since it gains only one
oxygen atom in forming the observed product, cumyl alcohol. Additionally, the oxygen
atom in this product is unlikely to exchange with the solvent at neutral pH. Three
experiments were performed. First, cumyl alcohol was placed in 70% 180 labelled water
for 72 hours at 24 °C. Analysis of the solution by GCMS showed no incorporation of the
label into the cumyl alcohol. Second, a reaction of cumene with 10% 180 labelied KMnO4
in pH 7 buffered aqueous solution was performed. The reaction took 72 hours at 24 °C to
reach completion. The temperature was kept low to minimize exchange of the
permanganate oxygen atoms with the solvent. At room temperature, this rate of exchange
has been measured and found to be 0.5% per hour.2! Once complete, the solution was
analyzed by GCMS. A sample injected directly, prior to reduction of the colloidal MnO,,
showed no 180 incorporation into the product (< 8%, within experimental error). A
portion of solid NaHSO3 was added to the sample and a second analysis performed. The
results were the same. The cumyl alcohol M+ peak is quite small in the mass spectrum, so
that even if the oxygen in the cumyl alcohol were coming exclusively from MnQjy-, the
peak would barely have been detectable. To be more certain about the origin of the
oxygen in the product, a third experiment was performed using unlabelled KMnOj4 and
70% enriched 180 labelled water. The solution was again analyzed before and after
reduction of the MnO,. The cumyl alcohol produced in this reaction contained only 8%

180 label, suggesting that less than 15% of the oxygen incorporated in the product had
come from the solvent. Destruction of the MnQO; with NaHSQj slightly increased the
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apparent extent of 180 label to 10%. possibly as a result of exchange of the oxygen atom

of the alcohol with the water upon acidification. This suggests that over 85% of the
oxygen incorporated into cumy! alcohol is from MnOy-, but that some of the oxygen does

come from the solvent as well.

Discussion

In Chapter 1. permanganate’s ability to react with arylalkanes via a one electron
pathway, hydrogen atom transfer. was established. The literature of permanganate
oxidation of organic compounds. however. contains many examples where slight changes
in reaction conditions cause dramatic differences in reactivity or mechanism. as discussed
in the introduction.9 It is not surprising then. that in changing from toluene as a solvent
to water, the reaction of toluene or ethylbenzene with permanganate is different.

Comparison with Reactions in Organic Solvent. For the aqueous
reactions, the first order plots are linear over three haif lives with no induction period.
establishing a first order dependence on permanganate concentration and indicating that
permanganate is the active oxidant in the system. This is in contrast to an earlier study of
aqueous permanganate oxidation of toluene which proposed that Mn3+ was the active
oxidant.!% The conclusion that permanganate is the active oxidant is reinforced by the
finding that addition of F-, a known scavenger of Mn3+, causes no change in the apparent
rate of the reaction. The aqueous reactions also show a first order dependence of kyps on
the toluene concentration. establishing a second order rate law for the overall reaction.

Regardless of the solvent used for the reaction of toluene with permanganate. there
is a significant primary isotope effect. In aqueous solution. ky/kp is larger. approximately
9.7, but in both cases. the effect clearly indicates that the rate determining step in either

solvent involves cleavage of a toluene C-H bond.
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The other similarity that the aqueous reactions of arylalkanes with permanganate

share with their counterparts in toluene solution are the products and their distribution.
The oxidation of toluene produces mainly benzoic acid with a trace of benzaldehyde in
both solvent systems. This result is not. perhaps. that surprising since most reactions of
toluene with permanganate reportedly form benzoic acid.*102.6589 More unexpected is
the product of the oxidation of ethylbenzene. In water, as for the reaction in toluene.
acetophenone is the only detected product. In terms of synthetic utility. it is generally
accepted that permanganate oxidation of any arylalkane results in the formation of benzoic
acid with the remainder of the alkane chain being cleaved and converted to carbon
dioxide.* The reaction of ethylbenzene in toluene and in water under these conditions is
unusual since it stops at acetophenone without being further oxidized.

Despite these similarities, the reactions of arylalkanes in water and toluene have
several important differences which suggest that the mechanisms are not the same. At
room temperature. the second order rate constant for the reaction of toluene in water is
more than three orders of magnitude larger than the corresponding rate constant for the
reaction in toluene. An equivalent difference is seen in the ethylbenzene reactions. The
values are given for comparison in Table 6. The activation parameters for the reactions in
the different solvents also highlight how dissimilar the reactions are. In aqueous solution.
the enthalpy of activation for toluene oxidation is 8 kcal/mol less than in toluene. 21.0
kcal/mol in toluene compared to 12.7 kcal/mol in water. An enthalpy barrier (AH¥) of
only 13 kcal/mol would be difficult to understand in terms of a hydrogen atom transfer
mechanism since the enthalpy (AH") for such a reaction is calculated to be +9 kcal/mol (see
the Discussion section in Chapter 1). The entropy of activation also shows marked
differences. In water. the entropy is much more unfavorable than in toluene. increasing

from -18 e.u. in toluene to -32 e.u. in water. All of this evidence strongly suggests that
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the mechanism of arylalkane oxidation by permanganate changes in going from non-polar

toluene to highly polar water.

The Rate Determining Step. While a large number of experiments have
been performed in an attempt to elucidate the rate determining step of arylalkane oxidation
by permanganate in aqueous solution, the results do not lead to a single well-defined
mechanism at this point. The majority of the resuits are for the reaction of toluene with
permanganate. so that reaction will be discussed first. followed by a section where the
results of the reactions of ethylbenzene and cumene are compared.

Solely on the basis of the reaction of toluene and para-substituted toluenes with
KMnOy in water at neutral pH. it is possible to propose a reasonable rate determining step
which fits with experimental results. The appearance of an isotope effect and the
formation of benzoic acid as the predominant product indicates that the rate determining
step is attack of the benzylic C-H bond. As discussed earlier, the species responsible is
permanganate. There are two possible ways for permanganate to break the C-H bond--
homolytically or heterolytically. If bond cleavage were homolytically, benzylic radicals
would be produced and addition of oxygen should have an effect on the rate of
permanganate disappearance. There is no apparent dependence of the rate of reaction on
the oxygen concentration. leading to the conclusion that the C-H bond is broken
heterolytically. Cleavage of the C-H bond heterolytically and transfer of a hydride to an
oxo group of permanganate would that substitution of either electron donating or
withdrawing groups had little effect on the reaction rate. This apparent discrepancy can be
explained by postulating a mechanism in which a hydride is transferred from toluene to an
oxo group of the permanganate with stabilization of the incipient carbocation by a water

molecule (eq 15).
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Table 6. Comparison of Arylalkane Reactivity with MnOy4- in Water and Toluene.4

substrate aqueous? organic¢
—_— e agueus ofganict
toluene k=17x 104 Mg k=14x107M-ls’!
AH?* = 2.7 kcal/mol AH?* = 21.0 kcal/mol
ASt=-32eu AS¥=-18e.u.
ethylbenzene k=3.9x 103 M-Is-! k=3.3x106M-ls!
AH? = 10.4 kcal/mol ¥ = 20.8 kcal/mol
AS¥ =-34 e, AS¥ =-13e.u.
cumene4 k=7.7x 103 M-ls-!
AH?* = 11.0 kcal/mol
AS¥=-31eun.

@ All values are at 25 °C, on a per H basis. The rate constants are also corrected to
account for the stoichiometry and have been extrapolated from the respective Eyring plots.
b These experiments were performed in aqueous solution, pH 7. This is the work
described in this Chapter and in reference 6. ¢ These experiments were performed in
toluene solution. This is the work described in Chapter | of this dissertation. ¢ This

work was performed by Linda Kuehnert.



86

H H‘ H '
Ho 5 _H S
N H:0--C- =~ H-- - O~— MOy’
+ Mn04' 3
+ H
H.O F _H
A~
(15)
—_— + HOMnO,>

The developing positive charge is then delocalized onto the oxygen atom, removing it from
a position adjacent to the arene ring where resonance stabilization by para-substituted
electron donating groups would have been possible. This type of mechanism was
proposed by Thompson and Meyer in the reaction of arylalkanes with
(trpy)(bpy)RuO2*.%7 Their evidence was more conclusive as they were able to
demonstrate a dependence of the rate constant on the concentration of added nucleophile.
A preliminary report on only the toluene oxidation reactions touted this mechanism.8 prior
to completion of the ethylbenzene and cumene experiments.

While this mechanism fits the experimental results for the oxidation of toluene. it is
not clear that the same mechanism is satisfactory for the reactions of ethylbenzene and
cumene with permanganate. There are two pieces of experimental evidence from the
ethylbenzene and cumene studies which cast doubt on this mechanism as the rate

determining step in the reaction. First. these reactions show a dependence of the
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disappearance of permanganate on the presence of oxygen. which is not predicted by the

mechanism of the rate determining step described above. Second, this rate determining
step predicts that the oxygen incorporated into the organic product in the reaction of
cumene should come exclusively from the solvent. Experimentally, however, it is found
that the oxygen is supplied primarily by the oxidant (MnO4-) and to a less extent, by the
solvent. There are a number of possible explanations for these observations. Each will be
explored in turn and suggestions made. when possible. of experiments that might be used
to prove or disprove these theories.

A classic test for organic radical intermediates in a reaction is a change in rate upon
addition of oxygen.!® The acceleration of the rate of permanganate disappearance in the
reactions of ethylbenzene and cumene when oxygen is present clearly demonstrates that
radicals have been produced, but little other information is revealed. For example, it is
unclear whether permanganate or another manganese species has generated the radicals.
In fact. the rate of reaction of ethylbenzene in the presence of oxygen appeared to be
independent of the oxygen for approximately the first half life before accelerating,
suggesting that the radicals are produced later in the reaction. Possibly, the reactions of
ethylbenzene and cumene result in the generation of an intermediate valence manganese
species which is capable of generating radical intermediates. For example. the toluene
reaction shows no evidence that Mn3+ is an active oxidant. but in the reactions of cumene
and ethylbenzene. perhaps Mn3+ is formed and is able to generate radicals. A similar
discrepancy was reported in studies of toluene and ethylbenzene oxidations by
permanganate in acidic aqueous solution.!%-< The possible involvement of Mn3+ in these
reactions could be tested by running the reactions of ethylbenzene and cumene with
permanganate in the presence of F-. If Mn3+ is playing a role in these reactions, the

addition of F- should complex the Mn3+ and slow the rates of the reactions. A negative
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result for that experiment. however, may simply mean that another intermediate valence

manganese species is responsible for this effect.

The presence of intermediate valence manganese species may also explain the
results of the 180 labelling studies in the reaction of cumene. The proposed mechanism,
solvent assisted hydride transfer, predicts that all of the oxygen in the organic product
should come from the solvent. However. experimentally. as others have found for neutral
aqueous permanganate reactions of benzaldehyde.?! the product formed contains oxygen
from both the permanganate and the solvent. Stewart and Wiberg found that the extent of
incorporation of oxygen into benzoic acid from the solvent actually increased at longer
reaction times.*! They attributed this to formation of an intermediate valence manganese
species able to rapidly exchange oxygen atoms with the solvent before undergoing
disproportionation to permanganate and a lower valence manganese species. Intermediate
valence manganese species are likely in these reactions, but exact identification is not
usually possible. An experiment examining the origins of the oxygen incorporated into the
product in the oxidation of toluene is unlikely to prove useful. Benzaldehyde is probably
an intermediate of the reaction since it was observed in the products, and studies of its
oxidation under these conditions found scrambling of the label and a time dependence as
described above.?!

If nucleophile assisted hydride transfer is the correct mechanism for the rate
determining step in these reactions. the best evidence would be to demonstrate a
dependence of the rate constant on the concentration of water or other added nucleophile.
This experiment requires a solvent which is miscible with water, but less reactive than
toluene with permanganate. Preliminary work on acetonitrile and pyridine are described in
Appendix C. but both solvents were found to be too reactive for this work. The only
apparent way in which to do this study is to work with a more reactive substrate than

toluene. However. the substrate should still contain a primary C-H bond susceptible to
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oxidation as more sterically hindered substrates would be less likely to proceed through

the five coordinate intermediate proposed. Most primary C-H bonds are fairly strong
unless adjacent to an arene ring. For example, the C-H bond strength in toluene is 88

kcal/mol,% and in 9-methylanthracene (I, X = H), is reportedly 82 kcal/mol.86:99

CH,

(L

X
I

The C-H bond of 9-methylanthracene is weak enough that studies in acetonitrile should be
possible, but substitution in the 10 position is necessary to improve its solubility in polar
solvents such as acetonitrile and water. For example, if X = NO3, Cl, COOH. or SO3H
in I, the solubility should be sufficient for the reaction to be studied in water or
acetonitrile.'% These compounds are not commercially available. but they can be
synthesized by literature methods.%®

There remains the possibility that the mechanism discussed so far is simply
incorrect for the oxidations of cumene and ethylbenzene or for all three substrates. One
mechanism which cannot be completely ruled out for these reactions is that proposed by
Lee for oxidations of alcohols and hydrocarbons by all high valent metal oxo species--
[2+2] addition. On the basis of theoretical calculations of CrO,Cl, oxidations of
hydrocarbons and alcohols.!? Lee suggested that all of these reactions proceed by addition
of a metal oxo bond to either a C-H or O-H bond followed by either homolytic or

heterolytic cleavage of the putative C-M bond (Scheme 3).!2
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Scheme 3. [2+2] Addition of a C-H bond to a M=0O bond with subsequent homolytic or

heterolytic cleavage of the M-C bond.

In Chapter . this mechanism was argued against on the basis that it requires expansion of
the manganese coordination sphere to five coordinate. which is highly unlikely for such a
small cation. That same argument is also applicable here. Nonetheless, the entropy of
activation is much more unfavorable. as predicted for such a highly ordered transition
state,!* and the enthalpy of activation is very low. If a [2+2] addition does occur in the
rate determining step for all of the substrates, the subsequent cleavage of the C-Mn bond
may vary depending on the substrate.!>!0! In the case of toluene, where no radicals were
implicated. the cleavage may indeed be heterolytic. For ethvlbenzene and cumene. there
may be homolytic cleavage of the C-Mn bond instead of or in addition to heterolytic
cleavage. Other evidence indicates, however that this is probably not the correct
mechanism. The isotope effect suggests that the transition state is linear, which is contrary
to this mechanism.**!92 While the entropy of activation is low for oxidation of a
hydrocarbon. it is higher than might be predicted for a rate determining step where bonds
are both broken and formed.!? Unfortunately. there is no clear way to either implicate or
disprove this mechanism. The tests used by Lee to "prove" this mechanism for other
oxidations seem less than convincing,!? but such a mechanism cannot be fully eliminated

from consideration.
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Possibly the most likely scenario for these reactions is a mixed mechanism

involving competing pathways. For example. there may be both radical (i.e. He transfer)
and ionic mechanisms (i.e. solvent assisted H- transfer) operating. In proceeding from
toluene to ethylbenzene to cumene. the steric congestion around the carbon center
increases, increasing the probability of a radical mechanism being favored over an ionic
mechanism which requires a five coordinate intermediate. The presence of a radical
component to the mechanism is also supported by the observation of acetophenone in the
oxidation of cumene. This requires cleavage of a C-C bond which is known to be facile

for the cumyloxy radical by loss of «CH3 (eq 16).!03

H,C
3% O.

H;C<_._- CH; H, )
(16)

[0] -«CH,

The unresolved issue, if a radical mechanism is occurring, is why the rate of a hydrogen
atomn transfer reaction in water would be so much faster than the corresponding reaction in
organic solvent. Typically. the rate constants for reactions involving hydrogen atom
transfer and formation of organic radicals are independent of solvent. For example, the
rate constant for cumyloxy radical abstracting a hydrogen atom from cyclohexane only
increases by 21% when the reaction is run in acetic acid rather than chlorobenzene.®* One
possible explanation of the difference in rate constants for the reactions is involvement of
the counterion. In order to study the reactions of hydrocarbons in organic solvent. the
cation also had to be changed. Non-polar solvents force tight ion pairing of the cation
with permanganate.*? In water. however. the cation and anion are solvated with a larger

distance between them. Perhaps it is this coupling in organic solvent which reduces
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permanganate’s ability to react by hydrogen atom transfer in organic solvent. slowing the

reaction. The reaction of toluene in o-dichlorobenzene, a much more polar solvent with
less ion pairing, should have been faster than the analogous reaction in toluene if this is
true, but was not. Still, counterion effects have been observed in other related
reactions™ (see dihydroanthracene reactions in Chapter | and Appendix C). To
completely rule out the counterion influence, studies should be done with other
counterions. As with the suggested experiments in other solvents, this requires the use of

different solvents and hence. different substrates.

Conclusions

Despite the execution of a well-planned series of experiments involving the
oxidation of toluene and ethylbenzene. permanganate has again demonstrated its complex
and adaptable nature. Toluene, ethylbenzene. and cumene, in neutral aqueous solution,
react with permanganate forming predominantly benzoic acid. acetophenone. and cumyl
alcohol. respectively. At 25 °C. the rate constants for the reactions of toluene and
ethylbenzene are three orders of magnitude larger than for the comparable reactions in
toluene. The aqueous reactions are first order with respect to oxidant and substrate and
show no induction periods. Toluene has a large isotope effect, indicating C-H bond
cleavage in the rate determining step and a linear transition state. At high and low pH. the
reaction with toluene accelerates dramatically. Electron donating and withdrawing
substituents in the para position of the ary! ring have little influence on the rate of reaction.
The three substrates show differences, however. in the response of the rate of
disappearance of permanganate upon addition of O», a classic test for radical
intermediates. The reaction of toluene is independent of the presence of O, while the

reactions of ethylbenzene and cumene accelerate when O- is added.
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For the reaction of toluene. a mechanism for the rate determining step involving

hydride transfer from the methyl group to an oxo of permanganate with stabilization of the
incipient carbocation by solvent is in accord with the experimental evidence. This
mechanism involves a five coordinate transition state for the carbon center. which is less
favorable for the secondary and tertiary carbon centers in ethylbenzene and cumene due to
steric crowding. There are several possible explanations for the differences observed in
the toluene reaction relative to the ethylbenzene and cumene reactions: (1) All three
proceed by initial hydride transfer with nucleophilic assistance. but the reactions of
ethylbenzene and cumene result in the formation of intermediate valence manganese
species capable of generating radicals. (2) The rate determining step of the reaction is
actually [2+2] addition of a Mn=0 bond to a benzylic C-H bond for all of the substrates
studied. (3) The reaction involves both radical and ionic components to the mechanism
and as the steric crowding around the carbon center increases, the radical pathway is
increasingly favored. None of these explanations are wholly satisfactory. but it is clear

that further work is needed to distinguish between these possibilities.
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proceed by a radical pathway. Rates for methyl loss from cumyloxy radical can be
found in reference 81 of this paper.

The vapor pressure data for toluene and water were taken from the following
sources. Smith, B. D.; Srivastava, R. Thermodynamic Data for Pure
Compounds, Part A; Elsevier: Amsterdam, 1986, p. 576-577. Thermodynamic
Properties of Inorganic Substances, 2nd ed., Vol. I; Knacke, O., Kubaschewski,

O., Hesselmann, K., Eds.; Springer-Verlag: New York, 1991, p. 810.



Appendix A

Analysis of Kinetic Data

for Permanganate Reactions Monitored Spectroscopically

For almost all of the kinetic experiments performed, the reaction was followed by
monitoring the disappearance of MnQO4- and the formation of colloidal MnO;
spectroscopically, over the range 400 to 640 nm. The colloidal MnO5 exhibits a broad
absorbance in this region which is due to both scattering and absorbance by the colloidal
particles. The development of isosbestic points over the course of the reaction suggests

that the colloid is well-behaved spectroscopically, obeying Beer's law, given generically in

eq 17.

A =¢€bc (17)
where A = absorbance
€ = molar absorptivity
b = path length
(1 cm for all experiments discussed)

¢ = concentration of absorbing species

In this spectral region, the absorbance at a given wavelength, x, during the course of the

reaction has components due to both MnOy4- and the colloid (eq 18).
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Ax =[MnOy4leMnos-x + IMnO2]eMno,yx (18)

Since neither [MnOj3] nor EMnO, is well-defined, the concentration of MnQj- is calculated
from the absorbance at two different wavelengths, x and y, which relies only on the

relative MnO; absorbance, Q, at these wavelengths (eqs 19, 20).

MnOs] = — Ay - @ Ax (19)
EMnO4-;y - @ EMnO4-:x

EMnOpy _ AMnOyy
EMnOy;x AMnOg;x

where @ = (20)

While the colloid is well-behaved in general, toward the end of most reactions, it
begins to change spectroscopically due to coagulation, so that a final spectrum cannot be
used to calculate the ratio, Q. Instead, the ratio is calculated earlier in the reaction.
Colloidal MnO» has a smooth, broad absorbance over the spectral region of interest. The
absorbance in the ranges 438 - 478 nm and 598 - 638 nm is due almost entirely to MnO;
over the course of the reaction, with essentially no contribution from MnQj4- (Figure 21).
A third order polynomial is fit to the absorbance over both these ranges after 2 - 3 half
lives (Figure 21). The fit is typically quite good, R > 0.9999 usually. From the
polynomial equation generated, the absorbance due to MnO; at any wavelength may be
calculated, hence giving the ratio, Q, of absorbances for any two wavelengths.

Four wavelengths were used to calculate the concentration of MnQOg4- at time t from
eq 3. Two of the wavelengths were absorbance maxima for permanganate (Amax = 526
and 546 nm). The other two were wavelengths where MnOj3 strongly absorbs (A = 450
and 494 nm). Each permanganate Ay, was analyzed with respect to each of the

wavelengths where MnO; absorbance dominates, yielding four different [MnO4-]; data
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sets and four apparent rate constants for each kinetics experiment (526 vs. 450; 546 vs.
450; 526 vs. 494; 546 vs. 494). The rate constants reported are the average of the four
values for each experiment. Errors reflect three G, reported as a percentage of the average
rate constant.

For the aqueous reactions, Q varied little so long as the MnO; modelling was done
after one half-life. The modelling for these reactions was fairly accurate because the MnO;
absorbance/scattering was comparable to the permanganate absorbance, so small
deviations in the baseline or curve fitting did not have an effect on Q. For the reactions
performed in organic solvent, however, the absorbance/scattering due to MnO3 is smaller
relative to the permanganate absorbance. The net result is that, for reactions in organic
solvent, the calculated ratio, Q, is highly dependent on where the MnO; modelling is
performed. This is of significance because the ratios have an influence on the appearance
of the first order plots. Figure 22 shows first order plots generated by MnO; modelling at
three different times during the course of a single reactions. The initial slopes are all the
same within experimental error, but the curvature later in the reaction is dramatically
different between the three models. This suggests that for all of the reactions in organic
solvent, initial rate constants are valid, but no other firm conclusions can be drawn from
the shape of the first order plots later in the reaction.

Most of the MnO; modelling was performed fairly late in the reaction for those run
in organic solution. While this decreased errors in Q due to baseline or modelling
problems, this meant that the modelling was done at a time where the nature of the colloid
had already begun to change. The curvature for most of the first order plots was not
severe, resulting in a doubling of the apparent slope from the beginning of the reaction to
the end. While the curvature is likely an artifact of the calculation of the ratio, 0, it may

also be caused by a buildup of an organic intermediate under conditions where the steady
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state concentration is never attained. To obtain the inital rate constant, the first order plots
were fit with a third order polynomial and the slope at t =0 calculated (Figure 2).

In many of the reactions studied, the first order plots had another feature which
complicated the analysis. Hydrocarbons are much less reactive with permanganate than
other organic species such as alkenes, alcohols, and aldehydes (likely impurities in the
substrates studied), so trace amounts of impurities were found to cause an initial fast
segment in the first order plot (Figure 23). While in most cases, this portion accounted for
less than 5% of the reaction (based on permanganate lost), diphenylmethane reactions at
low temperature (< 25 °C) had first order plots which showed longer fast reactions,
accounting for up to 45% of one half-life. To account for these contaminants, the fast
portion of the reaction was removed from the first order plots and the remaining data fit
with a third order polynomial and the fit extrapolated back to t=0.

The final aspect of data analysis which should be addressed involves solvent
oxidation. In the reaction of other hydrocarbons in toluene, the correction made to the
observed rate constant used the rate constant for toluene oxidation adjusted to account for
the lower toluene concentration, when necessary. In all cases, the correction due to
solvent oxidation accounts for 20% or less (usually less than 10%) of the total observed
rate constant. In doing this, the assumption has been made implicitly that in neat toluene,
the only reaction which occurs is between permanganate and toluene. This is probably not
completely correct as the toluene reaction does not have complete mass balance and there is
evidence that counterion oxidation does occur. Based on the yield of products from the
toluene reaction however, counterion oxidation accounts for less than 40% of the oxidative
equivalents of permanganate, so the error in the corrected rate constant for any reaction
would be less than 8%. This error is less than the run-to-run reproducibility, so for these

purposes, it is negligible.
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For reactions run in o-dichlorobenzene, the data have been treated in an analogous
fashion, although it is unclear that this is the proper way to handle this correction. o-
Dichlorobenzene is a very polar solvent compared with toluene, probably resulting in
greater ion pair separation of "Bu4NMnOQy4 in o-dichlorobenzene. When toluene, or
another non-polar hydrocarbon, constitutes a high proportion of the total solution volume,
ion-pairing may increase (compared to neat o-dichlorobenzene), causing an increase in
counterion oxidation while the correction to the observed rate constant neglects this. The
problems with reproducibility for reactions in o-dichlorobenzene however, resultin a
much greater error than introduced by this data analysis, therefore, since a better method is
not yet apparent, this technique has been applied for all data analyses.

To illustrate the data manipulations described, a sample calculation is given for a
kinetics experiment of the reaction of triphenylmethane with "BusNMnQyj in toluene at
25 °C. The average of the initial slopes for the first order plots (eq 21) is calculated and

the standard deviation of the average determined (eq 22).

average slope = kops = 5.152 x 103 571 2
6 = 5.7x107 (22)

The error is reported as 30, as a percentage of kgps (eq 23).

_3(5.7x107)

= = 3.3% 23
" 55152 x 10°5 ° 23)

From the Eyring plot for oxidation of neat toluene by "BugsNMnQ4, the second order rate
constant at 25 °C is predicted to be 8.92 x 107 M-1s-1. The concentration of neat toluene
at this temperature is 9.37 M. Relative to the toluene concentration, the triphenylmethane

concentration (26.9 mM) is negligible, so the toluene concentration is assumed to be the
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same as neat toluene. The pseudo-first order rate constant for toluene oxidation under

these conditions, kcorr, is calculated in eq 24.

keorr = [PhCH3] k2 = (9.37 M)(8.92 X 10-7 M-ls-1)
= 8.36 X 106! (24)

The observed rate constant for the oxidation of triphenylmethane is then corrected for
solvent oxidation and converted to a second order rate constant by dividing by substrate

concentration (eq 25).

k = Xobs - Keorr 25)

_ (5.152 X 10-5 - 8.36 X 10-6) s-!
B 26.9 mM

= 1.61 X 10-3 M-ls-1

The calculation of a second order rate constant is valid for all substrates studied as the
corrected observed rate constants show a first order dependence on the substrate

concentration as discussed in Chapters 1 and 2.



Appendix C

Miscellaneous Related Reactions

During the course of this work, there were a large number of experiments which
were performed, but not included in the body of this dissertation. Most often, this was a
result of reproducibility problems. These experiments and their results are briefly
summarized here.

Experimental

The general experimental techniques described in Chapters 1 and 2 were also
followed here. The preparation and purification of KMnQy, "BusNMnOQ4, toluene,
cumene, and 9,10-dihydroanthracene were described previously (Chapters 1 and 2).
Fluorene was obtained from two sources (Aldrich, 98%; Fluka, 99%) and used as
received since all attempted purifications resulted in increasing the concentration of the
impurities. These techniques included recrystallization, sublimation, and chromatography
on alumina. Acetonitrile (Baker, 100.0%) and pyridine (Aldrich, 99.99%) were dried
over CaH3 and vacuum transferred prior to use.

Kinetic data was obtained by monitoring the disappearance of the MnOj4- spectrum
and the appearance of the MnO; scattering/absorbance over the range 400 to 640 nm.
Details of the data collection are given in Chapters 1 and 2 and data analysis in Appendix
A. All of the rate constants reported are the average of four rate constants calculated for
each kinetics experiment. The errors are 30 of that average, reported as a percentage of

the average rate constant. The solutions for kinetic experiments were prepared in the
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molecules in each of the neat solutions. A solution of toluene in water is very non-ideal as

water is polar and capable of hydrogen bonding while toluene is very non-polar. The
result is a strong positive deviation from Raoult's law. The toluene placed into water in a
sealed container preferentially partitions itself into the vapor phase, leaving an unknown
quantity of toluene actually dissolved.

The simplest solution to this problem is to eliminate the headspace of the reaction
vessel, thus forcing essentially all of the toluene placed in the system into solution. The
reactions were followed spectroscopically at temperatures usually above room temperature
(generally 45 to 95 *C), so the reaction vessel had to be a cuvette which could be sealed
and maintain the seal to reasonably high temperatures (relative to the boiling point of
water). Furthermore, the cuvette had to allow the addition of the KMnQOj4 solution after it
had been sealed and equilibrated at the desired temperature. No commercially available
cell was found to meet these needs, so a new cuvette was designed and built. The cuvette
portion is constructed from an ordinary glass, 10 mm pathlength, cell. To the top was
fused the thread portion of a Fischer-Porter needle valve. A glass disk was fashioned
between the cuvette and the glass valve with a small hole in the center. The Teflon portion
of the valve was cut off and a thin channel drilled through the center. The seal between the
Teflon valve and glass seat was maintained by a 8 mm red rubber septum which was
Teflon coated on one side. Figure 25 is a diagram of the cuvette. The septum was found
to be sufficient to seal the system. Additions to the cuvette could be made by syringe
through the channel.

For a kinetics experiment, the cuvette was filled to within 0.2 mL of its total
capacity, the organic substrate was added, the system sealed, and heated until the solution
had equilibrated. Visually, the solution was inspected to insure that all of the organic

substrate had dissolved and that there were no "bubbles” of organic. The background was
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Figure 25: Cross-section of cuvette.
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taken, then a small portion of concentrated KMnQjy4 solution was added by syringe. At

higher temperatures (85 °C and above) if the cuvette had been weakened from stress, the
cuvette occasionally burst. For this reason, the permanganate solution was alway injected
while the cuvette was in the cell holder. This contained the explosion and prevented
injury. After each catastrophic failure, the cell was rebuilt, resulting in a slightly different

total volume each time.



Appendix B

Spectroscopic Cell for Studying Aqueous Solutions of Hydrocarbons

Toluene has a slight solubility in water--approximately S mM at room temperature.
This concentration is sufficient to study the reaction of toluene with permanganate in water
under pseudo-first order conditions with an excess of toluene, following the disappearance
of permanganate spectroscopically. According to Raoult's law (eq 26), in the vapor above
a solution of containing two volatile species, A and B, the fraction of each should be

proportional to its mole fraction in solution.

ProtaL = XA P°A + XBP°B (26)

where PToTAL = total vapor pressure
P°A = vapor pressure of neat A
P°g = vapor pressure of neat B
xA = mole fraction of A in solution

mole fraction of B in solution

&
i

This suggests that for a 5 mM solution of toluene in water, very little toluene should be in
the vapor phase. This is depicted graphically in Figure 24 where A represents toluene and
B represents water. Raoult's law however, only applies to ideal solutions where the

interaction between the two components in solution is similar to the interactions between
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manner described in Chapter 1 for reactions in organic solvent and in Chapter 2 for

reactions in water.
Results and Discussion

L. Reactions of cumene and fluorene with Bu4yNMnOy4 in toluene.
In Chapter 1, oxidations of arylalkanes by permanganate were studied in toluene solvent.
Besides the substrates studied and reported in detail in there, there are two others with
similar, known C-H bond strengths. Cumene (isopropylbenzene) has a tertiary benzylic
C-H bond, leading to a very weak bond of 84.4 kcal/mol.3* The bond strength of
fluorene, 80 kcal/mol,’!286 is even weaker. Both seem reasonable substrates to include
in a study of permanganate oxidations. Despite repeated efforts, however, studies of both
substrates were plagued by reproducibility problems.

Cumene was extensively purified and stored in the dark in a glovebox. By GC,
the purity was determined to be 99.96%. Kinetics experiments were performed over the
temperature range 35 to 65 °C. The data are summarized in Table 7. Some reproducibility
is seen if the cumene concentration is held constant (see, for example, the data at 65 °C),
but changes in the cumene concentration cause unpredictable changes in the observed rate
constant. For example, at 55 *C, a 33% increase in the cumene concentration produced no
change in the observed rate constant, while at 45 *C, a similar increase resulted in a 42%
increase in the observed rate constant. Reproducibility problems are a hallmark of radical
chain reactions. While it is difficult to envision such a pathway for these reactions, one
experiment was performed where cumene was passed through a column of activated
alumina in the glovebox prior to use. This technique had been used successfully
previously to remove radical chain initiators.>2 In this case, however, treatment of the

cumene with alumina had no effect on the kinetics.
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Table 7. Rate Constants for the Reaction of Cumene with "BuyNMnQy4 in Toluene.

[MnO4]

(mM)

0.111
0.0926
0.0451

0.100
0.0875
0.0852
0.0954

[cumene]

M)

3.55
3.50
4.66
3.46
4.61
4.63
4.63

T
)
35.0
45.0
45.0
55.0
55.0
65.0
65.0

kobs

(sh)
8.95 x 105
2.29 x 104
3.27 x 104
6.35 x 104
6.01 x 104
9.45 x 104
9.84 x 104

k2
M-1sha
2.14 x 10°5
5.40 x 10-5
6.44 x 10-5
1.51 x 10-4
1.14 x 104
1.60 x 104
1.68 x 104

data analysis
errorb
4.1%
2.5%
1.7%
2.9%
6.0%
1.8%
2.8%

@ Second order rate constants have been calculated and included since other substrates

show a first order dependence on the substrate concentration. The data presented here do

not necessarily support such a relationship. & Range of four rate constants derived from
Y suppo p g

analysis of a single kinetics run (see Appendix A).
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Reactions of fluorene with "BugNMnOQy in toluene suffered from similar
problems. The reactions were analogous to those of 9,10-dihydroanthracene described in
Chapter 1. There was an initial slow reaction which lasted an unpredictable length of time
(from 260s to greater than 2 hours at 25 “C) followed by an almost instantaneous reaction
to form an apparent charge transfer complex. The kinetic data are summarized in Table 8.
Although all of the experiments were performed under nearly identical conditions
(temperature and substrate concentration), the second order rate constants differ by nearly
a factor of three! The only known variable in these reactions, the permanganate
concentration, does not seem to correlate with the rate constants either. Table 8
additionally lists the duration of the slow reaction. This varies greatly, in one case not
forming in over two hours. There is no apparent relationship between any of the reaction
conditions and the timing of the occurence of the fast reaction.

IL. Reactions in other organic solvents. The results presented in this
dissertation raise a number of intriguing questions about the role of solvation in
permanganate reactions. For example, to substantiate the mechanism proposed for the
oxidation of arylalkanes in Chapter 2, the observed rate constant should be shown to be
dependent on the concentration of added nucleophile. Such an experiment requires a
solvent which is miscible with water and less reactive with permanganate than the
substrate to be studied. The literature suggests two possible solvents--acetonitrile and
pyridine. Both forms of permanganate studied here--KMnQO4 and "BugNMnQy--are
sufficiently soluble in these solvents to perform kinetics experiments.

Acetonitrile. Permanganate does react with acetonitrile, although slowly. At
room temperature, a solution of either "Bu4NMnQO4 or KMnQy4 in acetonitrile decomposes

completely to MnO; over several days, comparable to the reactivity of "BugNMnQ4 with
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Table 8. Rate Constants for the Reaction of Fluorene with "BusNMnQj4 in Toluene.

e .

MnOq4']
(mM)
0.214
0.165
0.0960
0.0876
0.0757
0.0652
0.143
0.154
0.173
0.191
0.146

[fluorene]
(mM)
1.07
1.07
1.07
1.07
1.04
1.07
1.11

T
(C)
25.0
25.0
25.0
25.0
25.0
25.0
25.0
25.0
25.0
25.0
25.0

k2

M1sha

0.141
0.0779
0.0786
0.0753

0.171

0.154

0.125

0.140

0.113
0.0746
0.0608

data analysis
error?

4.1%
6.0%
7.3%
3.7%
4.2%

10%

14%
7.2%

12%
2.3%
2.3%

breakpoint
(s)¢
435
1005
2300
1350
1800
550
270
1230
260
1640

@ Second order rate constants are reported so that a comparison can be made to other

substrates. The substrate concentration was not varied in these experiments, so it is

unclear whether this is valid. & Range of four rate constants derived from analysis of a

single kinetics run (see Appendix A). ¢ The breakpoint in the reaction is defined as the

point at which the fast reaction takes place. 4 A fast reaction never occured in this

experiment, over the time span of 7200s. This may have been caused by contamination of

the glovebox atmosphere by O».
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neat toluene. This makes acetonitrile a suitable solvent only for substrates that are much
more reactive than toluene.

The first reaction examined was of "BugNMnQj4 with 9,10-dihydroanthracene. In
Chapter 1, this experiment was discussed briefly. The reaction proceeds in a similar
fashion to the analogous reaction in toluene with two notable exceptions. First, the charge
transfer complex which forms has maxima at 530 and 494 nm. This is a shift of
approximately 30 nm to shorter wavelength relative to the complex in toluene, probably as
a result of the difference in solvent, as discussed in Chapter 1. The second feature of this
reaction which differs from the reaction in toluene is the concurrent disapearance of MnO4-
and formation of the charge transfer complex. In toluene, the charge transfer complex did
not form until all of the MnO4- had been depleted. The lack of isosbestic points suggests
that MnO; or another absorbing species may also be present in solution when the reaction
is run in acetonitrile. The complexity of the spectra render the data useless in terms of
determining rate constants. As a result, no further experiments were performed under
these conditions.

The second group of reactions examined were of KMnOy4 with dihydroanthracene
in acetonitrile. Over the range of temperatures studied (10 to 35 “C), the rate constant for
solvent oxidation is less than 5% of the observed rate constant, so solvent oxidation was
considered negligible. The data from the kinetic experiments is compiled in Table 9. As
the observed rate constants demonstrate, there are serious problems with these results.
The data show no apparent dependence on temperature over this temperature range and the
observed rate constants do not show a dependence on substrate concentration. Although
these experiments failed to yield any useful kinetic data, they do provide an interesting
result. During the entire course of the reaction, there is no evidence of charge transfer

complex formation. The only difference between this reaction and the previous one is the
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Table 9. Rate Constants for the Reaction of 9,10-Dihydroanthracene with KMnQy4 in

Acetonitrile.

MnOy4-] [DHA]e T Kobs '9) data analysis
(mM) (mM) %) (s-1) M-1s-1)p error¢
0.194 2.81 100 126 x 103 0.449 8.2%
0.273 2.95 10.0 3.98 x 104  0.135 5.8%
0.447 2.79 15.0 1.01 x 10-3 0.361 15%
0.353 2.76 20.0 1.64 x 10-3 0.596 20%
0.408 2.74 25.0 7.83x 104  0.286 21%
0.0891 1.41- 25.0 8.96 x 104  0.635 10%
0.394 2.88 25.0 1.00 x 10-3 0.348 7.6%
0.0861 1.48 25.0 7.83x 104  0.529 2.0%
0.122 1.83 35.0 2.26 x 103 1.23 11%

@ DHA is used as the abbreviation for 9,10-dihydroanthracene. ¢ Second order rate
constants are calculated on the basis of the results of the reaction of "BugNMnQO4 with
9,10-dihydroanthracene in toluene. The data presented here do not necessarily support a
first order dependence of the observed rate constant on the substrate concentration, but the
second order rate constants are presented nonetheless for comparison purposes. ¢ Range

of four rate constants derived from analysis of a single kinetics run (see Appendix A).



128
counterion for permanganate. This seems to suggest that the counterion, "BugN¥, is a
necessary component in the charge transfer complex. Such a possibility is in agreement
with the hypothesis that the surface of the colloid is involved in charge transfer complex
formation. The colloid surface can be negatively charged, so a close association of the
cation is reasonable.

Pyridine. "Bu4NMnOjs is reportedly stable in pyridine at room temperature for
days, suggesting that pyridine is resistant to oxidation by permanganate.!” In order to
study the oxidation of toluene in pyridine, however, this reaction must be slower than the
reaction with toluene. To avoid the counterion oxidation which is believed to occur with
"BugNMnOg4, KMnOy4 was used as the permanganate source. KMnOQjy has a slight
solubility in pyridine, enough to permit a spectroscopic study. The reaction of KMnQOg4
with pyridine was examined at 55 °C. The observed rate constant was calculated to be
6.76 x 104 s-1, which is approximately three times larger than the observed rate constant
for the reaction of permanganate with toluene in organic solvent at 55 °C. Thus, while
pyridine might be a suitable solvent for more reactive hydrocarbons, its oxidation by
permanganate is too fast to be used as a solvent for studies of toluene oxidation.

III. Reactions of Possible Intermediates. For the reactions in aqueous
and organic solution, a number of species were considered reasonable reaction
intermediates. For example, benzaldehyde and/or benzyl alcohol are possible
intermediates in the oxidation of toluene by permanganate. In an attempt to evaluate their
competence as intermediates, several kinetics experiments were performed on species
related to the substrates studied in order to measure the rate constants for their oxidation
under similar reaction conditions. The goal was to use these numbers in computer
simulations of the kinetics, however, it was subsequently found that kinetic modelling was
not useful, as discussed in Appendix A. The results of these experiments, nonetheless,

may eventually prove useful.
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In Chapter 2, the rate determining step in the oxidation of toluene by permanganate
in aqueous solution was hydride transfer from the benzylic carbon to an oxo of
permanganate with stabilization of the incipient carbocation with solvent. If this
mechanism is correct, deprotonation seems the inevitable fate of the carbocation formed.
Benzyl alcohol is the product from deprotonation, making it a likely intermediate in the
reaction if the mechanism has been correcdy assigned. Benzaldehyde is also a likely
intermediate in the oxidation of toluene to benzoic acid, since some was found in solution
at the end of the reaction. The rate of benzyl alcohol and benzaldehyde oxidation by
permanganate was measured under the same conditions as toluene oxidation to test their
competence as intermediates (Table 10). At 2S5 °C, benzyl alcohol reacts approximately
thirty times faster than toluene and benzaldehyde reacts an order of magnitude faster than
that (in agreement with previous work?!).

If the mechanism for the rate determining step proposed in Chapter 2 for the
oxidation of toluene is taken to be correct, an assessment can be made of the validity of
benzyl alcohol and benzaldehyde as intermediates in the reaction. Assuming that toluene is
converted sequentially to benzyl alcohol, benzaldehyde, and benzoic acid (Scheme 4, the
mechanism shown for the oxidation of benzyl alcohol by permanganate is based on
previous studies of similar species’®!!), and applying the steady state approximation, the

expected concentrations can be calculated.
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Scheme 4. Proposed mechanistic pathway for the reaction of toluene with MnOy-,

proceeding through the intermediates benzyl alcohol and benzaldehyde.

The steady state concentration of benzyl alcohol is estimated to be 0.1 mM (at 25 °C,
[toluene] =4 mM). The HPLC, which operates with a UV detector, is very insensitive to
benzyl alcohol, with a detection limit of 0.25 mM. Under these conditions then, even the
maximum expected yield would go undetected. Additionally, the predicted steady state
concentration of benzyl alcohol is very large relative to the permanganate concentration,

typically 0.4 to 0.6 mM, suggesting that the steady state concentration of benzy! alcohol
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may never be reached. To explore the potential effect this situation would have on first
order kinetic plots, the kinetics were simulated using the program KINSIM and the rate
constants given in Scheme 3. The data from the program show that the steady state is
never reached, leading to a slight downward curvature, at least initially, in the first order
plots (In [MnO4-] vs. time). The analysis of the kinetics data for these reactions,
however, leads to some uncertainty in the curvature or linearity of the first order plots, as
discussed in Appendix A. The curvature expected in reaching steady state may in fact be
present, but masked by the data analysis. Benzaldehyde is the only detected potential
intermediate in this system. Assuming that the reaction of toluene proceeds through
benzyl alcohol and benzaldehyde as given in Scheme 3, the steady state concentration of
benzaldehyde is estimated to be 0.01 mM (at 25 °C, [toluene] = 4 mM). The observed
concentration is less, but of the same magnitude, confirming that benzaldehyde is a
competent intermediate in the reaction of toluene to permanganate.

The mechanism of the reaction of ethylbenzene with permanganate in aqueous
solution is not clear at this time. However, for the oxidation of ethylbenzene, sec-
phenethylalcohol was examined under these conditions as a possible intermediate. Two
experiments were performed, at 25 °C and 55 °C. The data are given in Table 10. An
approximation can then be made of the activation parameters for the reaction--AH# ~ 10
kcal/mol and AS# ~ -30 e.u. These values are similar to those for ethylbenzene under the
same conditions and the rate constants are within an order of magnitude, as reported in
Chapter 2.

In neat toluene, the oxidation of benzyl alcohol and benzaldehyde at 25 °C were
studied. Rate constants for both are summarized in Table 10. Benzyl alcohol reacted very

quickly, so the rate constant given is only an estimate. The first order plots were strongly
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Table 10. Rate Constants for Reactions with MnQj4- of Species Related to Substrates

Studied.

b - ]

(MnOy47] [substrate] T ko reaction
(mM) (mM) O M-1s-1) conditions
sec-Phenethylalcohol
0.231 2.24 25.0 0.0213 aq. solution, pH 7,
KMnO4
0.309 2.23 55.0 0.112 aq. solution, pH 7,
KMnO4
Benzyl alcohol
0.381 4.39 25.0 0.0318 aq. solution, pH 7,
KMnOy4
0.269 1.61 25.0 0.93 toluene, "BugNMnOg4
Benzaldehyde
0.381 4.47 25.0 0.335 aq. solution, pH 7,
KMnO4
0.295 1.64 25.0 0.200 toluene, "BugNMnOy4

b

4 This value is estimated. See the text for details.
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curved downward, a trend also reflected in the spectroscopic data, indicating that the
reaction accelerated as it progressed. Benzaldehyde was oxidized much more slowly and
the first order plots were well-behaved. The second order rate constant, 0.200 M-1s-1, is
very similar to the second order rate constant for oxidation of benzaldehyde in neutral
aqueous solution based on the work described above and previous reports.2! This may
possibly suggest a similar mechanism for the reaction under these extremely different

conditions, although further experiments would be necessary.
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