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Hydrogen Atom Abstraction by Permanganate: Oxidations of Arylalkanes in Organic
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Oxidations of arylalkanes byBu,NMnO, have been studied in toluene solvent: toluene, ethylbenzene,

diphenylmethane, triphenylmethane, 9,10-dihydroanthracene, xanthene, and fluorene. Toluene is oxidized to benzoic
acid and a small amount of benzaldehyde; other substrates give oxygenated and/or dehydrogenated products.

The manganese product of all of the reactions is colloidal Mn®The kinetics of the reactions, monitored by
UV/vis spectrometry, show that the initial reactions are first order in the concentrations dBaaMMnO,4 and

substrate. No induction periods are observed. The same rate constants for toluene oxidation are observed in

neat toluene and io-dichlorobenzene solvent, within experimental errors. The presencgiotf@ases the rate
of "BusNMnO, disappearance. The reactions of toluene and dihydroanthracene exhibit primary isotope effects:
Kemgke,ps = 6 (£1) at 45°C andKe, pi,/ke.p,, = 3.0 (£0.6) at 25°C. The rates of oxidation of substituted
toluenes show only small substituent effects. In the reactions of dihydroanthracene and fluorene, ipedduc

is consumed in a subsequent reaction that appears to form a charge-transfer complex. The rate-limiting step in
all of the reactions is hydrogen atom transfer from the substrate to a permanganate oxo group. The enthalpies of

activation for the different substrates are directly proportional toAH& for the hydrogen atom transfer step, as
is typical of organic radical reactions. The ability of permanganate to abstract a hydrogen atom is explained on
the basis of its ability to form an 8@ 3 kcal/mol bond to I as calculated from a thermochemical cycle. (This
bond strength is slightly lower than given in earlier calculations.) Rates abstraction byBus,NMnO, correlate
with rates of abstraction by oxygen radicals.

Introduction We have been studying reactions of the relatively simple and
well-defined oxidants chromyl chlori@@nd permangandtn
order to develop an understanding of-B8 bond oxidations.
Permanganate has been widely used as a strong, easily handled,
readily available, and versatile oxidant, reacting with alcohols,
alkenes, aldehydes, saturated € bonds, and other function-

ities” The lack of selectivity of permanganate is due, at least

part, to its ability to react readily by either one-electron or
two-electron pathways, and its conversion to even stronger
oxidants such as “Mng”.8 The reaction pathway is influenced
by solvent, pH, substrate, and other variables, complicating
mechanistic understanding.

Most of the mechanistic studies of-E& bond oxidation by
permanganate date from the 1950s and 1980s.Organic
radical intermediates feature prominently in many of the
mechanistic proposals, as, for instance, in the formation of 3,4-
diphenylhexane fromm-propylbenzene and succinic anhydride
from acetic anhydridé? The partial retention of stereochemistry
Yobserved in the oxidation of tertiary -4 bonds has been
explained using radical mechanisfhdHowever, it is unclear
how the organic radicals are formed. As stated in a 1958

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 is
the use of metatoxo species, both catalytically and stoichio-
metrically, as the active oxidants. Commercially, for example,
a vanadium phosphorus oxide is used as a heterogeneous cataly:
for the conversion of butane to maleic anhydrid€@ne of the
most intensively studied metalloenzyme families, cytochrome
P-450, utilizes a ferryl (FeO) group to selectively oxidize
hydrocarbons to alcohols under mild conditiGng he classic
examples of stoichiometric hydrocarbon oxidation by metal
0xo species are those of permanganate and chromium(VI)
reagents, which have been used for this purpose for over a
century? These heterogeneous, enzymatic, and molecular
oxidants likely share some common features which enable them
to attack C-H bonds, but the proliferation of literature in these
fields has made a comprehensive understanding of the chemistr
a daunting task. Additionally, many of the systems that are
most effective at selective hydrocarbon oxidation are also the
most complex.

(5) (a) Cook, G. K.; Mayer, J. MJ. Am. Chem. S0d.994 116, 1855
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review’2“lons derived from every valence state of manganese
from VII to lll, as well as the hydroxyl radical and other
oxygenated species (e.g.; @nd HQ) have been proposed as

Gardner et al.

PhCMe, 10% NaOH), and finally rinsed with water until the washings
were neutral. Drying was carried out in two stages, followed by vacuum
transfer or distillation under Nand a purity check by GC. Toluene:

the active entities responsible for oxidation by permanganate.” €25Q. then Na. Ethylbenzene: MggQhen Na (100.0% by GC).

In addition, nonradical pathways have been suggested-fot C

bond oxidation by permanganate, such as hydride abstréction.

It has also been suggested that € bonds add in a [2+ 2]
fashion across a MRO =z bond to give alkylmanganese
specied? as originally suggested in theoretical studies of £rO
Cl, oxidationst!

Cumene: NgSO,, then Na or Cakl(99.96% GC purity). PhCMe
CaSQ, then CaH (99.8%). Cumene anegrt-butylbenzene were stored
in the glovebox, the former in an amber bottle, protected from light.
ds-Toluene (100.0% by GC/MS, Cambridge Isotope) was dried over
Na and vacuum transferred prior to use.

o-Dichlorobenzene was purified by shaking with concentrated H
SO, until clear and then washing with an equal portion of water. After

Presented here are studies of permanganate oxidations opreliminary drying over CaGltheo-dichlorobenzene was refluxed over

alkyl-substituted aromatic hydrocarbons in organic solvénts,
using the soluble tetrabutylammonium $&t;NMnO4.2 The

CaH, for 3 days and distilled from CaHl In a fume hood (excluding
all light except a red safelight), the solvent was run down a column of

use of organic solvents allows the substrate and solvent to beactivated alumina, degassed, and stored in the drybox. The purity by

the same and avoids some of the complications of aqueous

permanganate reactions, such as decomposition at3hagial
autocatalysis at lo¥#2 pH, involvement of water in the rate-
determining step,and limited solubility of the organic substrates
of interest!® There are previous reports of-El bond oxidation
by organic soluble permanganate saftdut this is the first

C was 99.9%. Immediately before each use, the solvent was further
purified by being run dow a 1 cmx 10 cm alumina column in the
drybox. The alumina was activated by heating under vacuum at 190
°C for 7 h and was stored in the glovebox.

p-Xylene (99.7%, Aldrich) was dried over Na and vacuum transferred
prior to use. p-Chlorotoluene (Aldrich) was refluxed over Cakind
fractionally distilled (GC purity: 99.6%). 4-Methylbenzophenone

mechanistic study. It is concluded that the first step in these (99.8%, Aldrich), xanthene (99.4%, Aldrich), and fluorene (99%, Fluka)
reactions is abstraction of a hydrogen atom by permanganatewere used as received (purification of fluorene concentrated the

as we have found in related C4#Cl, reaction® The data

impurities). 9,10-Dihydroanthracene (99.97%, Aldrich) was recrystal-

support our proposal that the occurrence and rate of theselized four times from EtOH. Diphenylmethane (100.0%, Aldrich) was

reactions are a direct result of the strength of theHDbond
formed on addition of a hydrogen atom to the oxidaht.

Experimental Section

a solid at room temperature after sublimation. Triphenylmethane
(99.95%, Aldrich) was recrystallized from hot EtOH;,-Dihydroan-
thracene was prepar€dy reduction ofd;c-anthracene by Na/EtOD
(>98% GC purity; 98% isotopic purity by GEMS).

Kinetics. Kinetic experiments were monitored with a Hewlett-

All reactions were carried out in the absence of air unless otherwise packard 8452A diode array spectrophotometer scanning over the range

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 dryb8Rus;NMnO,

was prepared by a literature procedérand recrystallized from
CH.CI/Et,O. The crystalline solid was stored in a sealed container
in the laboratory freezer as it decomposes at°@0over several

400-640 nm. Temperature contratQ.1°C) was accomplished using
either a custom-built aluminum block cell holder connected to a Peltier
electronic control module or a water-jacketed cell holder connected to
a circulating water bath. Solutions were prepared in the glovebox by
adding toluene to an excess"8u,NMnO,, stirring for several minutes,
and filtering off the undissolved solid. This solution was used directly

days. The container and its contents were always warmed to roomfor toluene oxidation experiments, or it was mixed with a known
temperature before opening to avoid condensing water onto the quantity of another substrate, either neat or as a concentrated toluene

solid. CAUTION: "BwNMnQ, is reported? to be prone toviolent

solution €.g, 1.0 mL of "BusNMnQ; in toluene plus 1.0 mL of neat

spontaneous decomposition. Care should be taken in handling the dryPhEt). A quartz cuvette sealed to a Teflon needle valve was charged

solid.

with this solution and shaken to ensure mixing. Data collection was

Materials were purchased in the highest possible purity, and they started immediately after the cuvette was placed in the preheated cell

were purified” immediately before use and/or were stored in the drybox.
Toluene (100.0%, Baker), ethylbenzene (99.8%, Aldrich), cumene
(99%, Aldrich), andert-butylbenzene (99%, Aldrich) were washed with
ice-cold concentrated430,, followed by water and then aqueous base
(PhMe, 5% NaHC@ PhCHMe and PhCHMg 10% NaHCQ;

(9) (a) Brauman, J. |.; Pandell, A. J. Am. Chem. S0d.97Q 92, 329—
335. (b) Wiberg, K. B.; Fox, A. SJ. Am. Chem. S04963 85, 3487
3491.

(10) (a) Lee, D. G.; Chen, T. Org. Chem.199], 56, 5341-5345. (b)
Lee, D. G.; Chen, TJ. Am. Chem. Sod993 115 1123} 11236.
(c) Lee, D. G.; Congson, L. NCan. J. Chem199Q 68, 1774-1779.

(11) RappeA. K.; Goddard, W. A,, Ill.J. Am. Chem. Sod 982 104
3287-3294.

(12) Karaman, H.; Barton, R. J.; Robertson, B. E.; Lee, D].@&rg. Chem.
1984 49, 4509-4518."Bu = CH,CH,CH,CHjs. According to this
paper and references therein, the molar extinction coefficient for
permanganate at 526 nm is approximately the same in all organic
solvents (at 25C).

(13) Vepek-S3ka, J.; Ettel, V.; Regner, Al. Inorg. Nucl. Chem1964
26, 1476-1477.

(14) (a) Cullis, C. F.; Ladbury, J. WI. Chem. Socl955 555-560. (b)
Cullis, C. F.; Ladbury, J. WJ. Chem. Socl1955 1407-1412. (c)
Cullis, C. F.; Ladbury, J. WJ. Chem. Soc1955 2850-2854. (d)
Cullis, C. F.; Ladbury, J. WJ. Chem. Soc1955 4186-4190.

(15) Wiberg, K. B.; Stewart, RI. Am. Chem. S0d955 77, 1786-1795.

(16) (a) Sala, T.; Sargent, M. \0. Chem. Soc., Chem. Commu®.78
253-254. (b) Leddy, B P.; McKervey, M. A.; McSweeney, P.
Tetrahedron Lett198Q 21, 2261-2264. (c) Schmidt, H.-J.; S¢fe,

H. J. Angew. Chem., Int. Ed. Engl979 18, 68—69.

(17) Perrin, D. D.; Armarego, W. L. F.; Perrin, D. Rurification of

Laboratory Chemicals2nd ed.; Pergamon Press: Oxford, 1980.

holder. The initial MnQ~ concentration was calculated from the first
spectrum usingszs = 2530 Mt cm! (which assumes that the solution
was at approximately ambient temperatufe}-or experiments above
room temperature, the data collected in the first 5 min were not used
to allow for temperature equilibration.

Xanthene reacts so quickly with MnOthat experiments used a
specially designed cuvette (described elsewiemehich is sealable
and injectable. In a typical procedure, the cuvette was charged with 2
mL of a saturated solution d8u,;NMnQOy in toluene and equilibrated
at 10.0°C in the spectrometer. By syringe, 1& of concentrated
xanthene solution was added (101.4 mg of xanthene in 5 mL of toluene).
The cuvette was shaken, and data collection was started. Reactions in
o-dichlorobenzene solvent were assembled in the glovebox. In a typical
procedure, a sealable cuvette was loaeded with 1.0 mL of toluene and
2.0 mL of a solution of~1.5 mg of"BusNMnQ; in 10 mL of freshly
purified o-dichlorobenzene. The cell was sealed and removed from
the drybox, and data collection was started immediately.

Data Analysis. For all reactions, optical spectra in the range 400
640 nm show the disappearance of Mn@nd the appearance of a
broad absorbance due to colloidal MnCDespite its colloidal nature,
the absorbance/scattering of Man@llows Beer’s law fairly well as
evidenced by the formation of isosbestic points (eq 1; Figure 1). The
ds-toluene reactions are an exception where the colloidal MnO
absorption is not well-behaved. Since neither [Mh@r emnoz is well-
defined, [MnQ™] is calculated from the absorbance at two different

(18) By T. J. Crevier. Crevier, T. J.; Mayer, J. M. Manuscript in preparation.
(19) Gardner, K. A. Ph.D. Thesis, University of Washington, 1996.



Permanganate Oxidations of Arylalkanes

0.5

0.4 N\

0.3 -

\
\
\
\
\
\
—

absorbance

0.2

0.1-

~

0
400

i

|

|
: |
440 480 520 60

w

wavelength (nm)

Figure 1. Overlay of UV/vis spectra from the reaction®@us;NMnO,
with toluene at 25°C. Spectra are at 1, 5, 15, 30, 50, 75, andx99
1¢s.

wavelengthsx andy, using only the relative Mn@absorbanceQ , at
these wavelengths (eqs 2 and 3).

Ax = [Mno47]€MnO[;x + [MnOZ]GMnOZ*;x (1)
- — QA
[MnO, | = A - @)
6MnO‘f;y QGMnO(;x
where

€Mno,;
=—= el )

MnO,;x

The ratioQ cannot be determined from the end of the reaction because
of changes in the colloid. Instead, the ratio is calculated from a
spectrum obtained after23 half-lives by fitting the absorbance in the
ranges 438478 and 598638 nm to a third-order polynomial (usually
R > 0.9999, alwayRR > 0.999), as an estimate of the smooth MnO

spectrum. The absorbance in these ranges is due almost entirely to®

MnO,, with essentially no contribution due to MO
The concentration of Mng at timet has been determined from eq
2 at a wavelength where MnOstrongly absorbsif.x = 526 or 546
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sensitive to the purity of the solvent, especially its water content and
the extent of its exposure to ligkf.

Product Analyses. Manganese Oxidation State Determination.
Traditional iodometric titrations are unreliable here due to the interfer-
ence of organic compounds with the starch indic&toinstead, a
spectroscopic technique developed by 2aeas adapted. At the end
of a kinetics experiment, a 1.0 mL aliquot of the reaction solution was
placed in a 10 mL volumetric flask with 0.019 g'®fr;NI ("Pr= CH,-
CH.CHj3). Glacial acetic acid (1 mL) was added, followed by enough
CH_CI; to bring the total volume to 10.0640.02) mL. After thorough
mixing, an aliquot of the solution was promptly transferred to a cuvette
and the visible spectrum recorded. The concentratiory ofdrmed
was calculated usingses(l3) = 26 200 Mt cm™1.22

Organic Product Analyses. The colloidal MnQ was reduced by
acidic aqueous sulfite or iodide, resulting in a two-phase system.
Organic products in the aqueous layer were identified and quantified
by HPLC, comparing with authentic samples and using calibration
curves with potassium hydrogen phthalate (KHP) as an internal
standard. HPLC analyses were performed on a Hitachi system
consisting of an L-6200 pump, an L-4250 UV/vis detector, and a
D-2500 integrator with a Beckman Ultrasphere ODS (25 cm/4.6 mm)
reverse phase column. Analyses were performed under isocratic
conditions with a mobile phase of 80% Millipore water, 20% aceto-
nitrile, and 0.1% trifluoroacetic acid. The organic layer was analyzed
by GC, and the organic products were identified and quantified by using
authentic samples and one-point calibration using an internal standard,
typically benzyl alcohol. GC analyses were performed on a Hewlett-
Packard 5890 Series Il gas chromatograph with a 30 m HP-5 fused
silica capillary column and an FID detector interfaced to a personal
computer running HP GC ChemStation software.

In a representative procedure, a2 mL aliquot of a saturated
solution of"BusNMnO; in toluene was transferred to a cuvette and the
[MnO,7] calculated from the absorbance at 526 ¥mA 20 mL aliquot
was transferred to a greaseless Pyrex vessel with a Teflon needle valve,
which was sealed and heated in a thermostated water batit &tfor
5 h. After cooling to room temperature, 5 mL of a 0.02 M NaHSO
solution was added to reduce the colloidal Mt@Mn?*. The layers
were shaken until colorless. Solid NaH@®as added until the solution
pH was~9, to convert benzoic acid to benzoate, which should partition
into the aqueous layé#. A 1.2 mL portion of the aqueous layer was
mixed with 0.2 mL of a 0.989 mM KHP solution and 4@ of
oncentrated HCI, and the mixture was analyzed by HPLC. The organic
layer was analyzed by GC. For reactions where carboxylic acids were
not expected as products, reaction mixtures were prepared for product
analysis by adding-34 drops of concentrated aqueous NaHS@ution

nm) and at a reference wavelength where the effective absorbance dud® reduce the Mn@ Benzyl alcohol was added as an internal standard,

to MnO; is strong £ = 450 or 494 nm). Eachnaxwas analyzed with
respect to each reference wavelength, yielding four different [MhO

data sets and four apparent rate constants for each kinetics experiment

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 @ A saturated solution dBus-

(526 vs 450; 546 vs 450; 526 vs 494; 546 vs 494). The rate constants'\MNO: In toluene was prepared, and equal amounts were placed into

reported in Table S1 (Supporting Information) are the average of the
four derived values, and the errors are & the distribution of the

two reaction vessels, which were removed from the box and cooled to
—78°C. The headspace of one vessel was evacuated on the vacuum

four values as a percentage of the average rate constant (all errors givell'lne and backfilled with @ The reactions were monitored visually in

in this paper are @errors).

First-order plots of In [Mn@] vs time are curved downward for
all reactions (Figure S1), with the degree of curvature toward the end
of the reaction ¥ 2 half-lives) largely dependent on which spectrum is
chosen to model for the calculation of the raflo The initial slope of
the first-order plots is independent of the later curvature, within
experimental error, so only initial rate constants are reported. It is
uncertain whether the curvature is real or simply an artifact of colloid
changes and the data analysis procedure. Therefore it was deeme
unreliable to analyze the curvature as due to the buildup of an
intermediate organic species.§, PhCHO from PhCH).

For reactions of substrates in toluenecedichlorobenzene solvent,

the observed rate constants were corrected to account for solvent

a room temperature water bath by the disappearance of the perman-
ganate purple color and appearance of the orange color of the colloid.

Results

"Bus;NMnOy has sufficient solubility in toluene, approximately
0.3 mM, for analysis of the solutions by optical spectroscopy
(Figure 1). The solubility is much higher oydichlorobenzene

é)ut substantially lower in ethylbenzene, generally making

(20) The exposure dd-dichlorobenzene to fluorescent light results in the
generation of a number of new organic species. Robinson, G. E.;
Vernon, J. MJ. Chem. Soc. 0969 977—980. Fox, M.-A.; Nichols,

W. C., Jr.; Lemal, D. MJ. Am. Chem. Sod.973 95, 8164-8166.

oxidation, and second-order rate constants were calculated by dividing(21) Harris, D. C.Quantitatve Chemical Analysjs-reeman: New York,

by the substrate concentration. For eichlorobenzene reactions,
either the rate ofBus;NMnO, decomposition in the neat solvent was

measured simultaneously with a substrate oxidation experiment or the

1982; p 383.
(22) Lee, D. G.; Perez-Benito, J. ¥.Org. Chem1988 53, 5725-5728.
(23) The K, of benzoic acid is 4.24 so at pH 9 essentially only benzoate
is present.

solvent correction was derived from rates measured at 45, 55, and 75(24) CRC Handbook of Chemistry and Physiég€nd ed.; Weast, R. C.,

° C. The rate of'BuNMnO, decay ino-dichlorobenzene is very

Ed.; CRC Press: Boca Raton, FL, 1982; p D-142.
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Table 1. Rates and Activation Parameters f@u,;NMnO, Reactions

exptl valued values for the Mtransfer step
AH¥ AS k(M~ts 1) AG* AS Ea BDE(C—H)
substrate (kcal/mol) (eu) (298 K) (kcal/mol) (eu) log A (kcal/mol) (kcal/moly
PhCH; 21.0 &1.0) —16 (£3) 1.4x 1077 26 (1) —20 (£3) 11.2 &0.7) 24.6 (0.9) 88.5
PhCHCH; 20.8 ¢0.6) —17 (£3) 3.3x 1078 25 (1) —19 (£3) 13.1 &0.7) 25.4 ¢0.9) 84.7
Ph.CH; 17.1 40.5)  —19 (+3) 6.5x 1075 23 (+1) —21(&3)  11.2¢@0.9)  21.141.2) 82
PhCH 16.5 €0.8) —16 (£5) 2.7x 108 21 2) —15 (£5) 12.0 &0.7) 19.9 ¢-0.9) 8m¥
DHAR 13.8 &1.0) —15 *7) 1.2x 10 19 (£2) =17 &7) 11.5 €¢0.9) 16.9 ¢1.2) 7849
xanthene 11.741.2) —18 (£8) 56x 107! 18 (3) —20 (£8) 10.4 ¢1.1) 145 ¢1.4) 75.3

aDerived from an Eyring plot of experimental values.? Values are at 298 K, corrected per reactive hydrogen of the substrate and adjusted for
the idealized reaction stoichiometry (see text and footnote 39). The adjustment does not affett tadues.c Extrapolated from best fit straight
line of Eyring plot and adjusted (see ndie ¢ Footnote 73¢ Reference 74d.Reference 748 Reference 61d. DHA is 9,10-dihydroanthracene.

reactions in this solvent impractical. Neittedichlorobenzene -5.5
nor toluene is an ideal solvent for these reactions, as both are ¢
reactive with permanganate, but in our hands alternative solvents ,\.\
were either more reactive (G8BI,, CH;CN, pyridine) or showed 6.5
insufficient solubility (benzene® The reactions were found
to be sensitive to trace impurities in solvents and substrates, so -7
materials were rigorously purified and a drybox was established
with no extraneous reductants. g -1.5
The manganese product of all of these reactions is colloidal
MnO,, as indicated by its characteristic optical spectfirm 8
the toluene and ethylbenzene reactions, the average manganese _g 5
oxidation states of the products were determined to be 4.05
(£0.08) and 3.96 £0.08) by a spectroscopic iodometric 9 ]
technique (see Experimental Section). Under most of the 0.0027 0.0028 0.0029 0.0030 0.0031 0.0032 0.0033 0.0034
reaction conditions, the colloid is fairly well-behaved optically, YT (K'Y

obeying Beer's law closc_aly enough to $h°"" iSOSb.e.StiC. points Figure 2. Combined Eyring plot, lod&/T) vs 11T, for reaction of"-
(as has been observed in related stidi€s Quantification g, NMnO, with toluene, both in neat toluene (open circles) and in
of the organic products is difficult because the low solubility o-dichlorobenzene (filled circles), over the temperature range925
of "BusNMnO,4 means that very little of the products are formed, °C.
usually 1umol or less, in concentrations10-4 M. The organic
products are typically bound in and/or on the colloidal particles in toluene solvent, but is assumed to be first order by analogy
of MnO,,28 so analysis requires destruction of the M) by to toluene oxidation im-dichlorobenzene and to the oxidations
reduction to MA™ with an acidic aqueous bisulfite or iodide  of other hydrocarbons (see below). Second-order rate constants
solution. The products then partition between the aqueous andfrom 25 to 65°C give the activation parameters in Table 1, via
organic phases, which are analyzed by HPLC and GC, respec-an Eyring plot (Figure 2). Oxidation ads-toluene is signifi-
tively (see Experimental Section). cantly slower: keny/ke,p, = 6 (£1) at 45°C2°

1. Oxidation of Toluene. "Bus;NMnO, decays in toluene As a test for the intermediacy of radicals, a reaction was run
over 1 week at 25C. Analysis of the optical data required jn the presence of oxygen gas; all other reactions were performed
modeling of the MnQ@ absorbance (see Experimental Section). with careful exclusion of air. More common radical traps such
None of the kinetic runs showed an induction period. The first- a5 CBrC} are problematic in this system as the expected
order plots are all slightly curved downward, corresponding to products ie., benzyl bromide) are subject to further oxidation
as much as a doubling of the observed rate constant over thepy permanganate and/or are reactive with the aqueous acidic
course of the reaction. Initial rates are therefore used. Theworkup (PhCHBr — PhCHOH). Reductive traps, such &s
rate constants (Table S1, Supporting Information) are reproduc-Bu,SnH, are not compatible with permanganate. Oxygen is
ible to ca.+10%, which is somewhat larger than the error known to react with radicals at near the diffusion liffitas
associated with the data analysis from one kinetic experiment. does permanganaté. O, should compete with Mng in
At 45 °C, the same initial rate constant was obtained from reacting with any radicals present, as the concentration of
experiments with more than a factor of 2 difference in initial  dissolved oxygen in toluene under 1 atm pressure &0
"BusNMnO, concentration, showing the first-order dependence. °C js 5.7 mM32 more than an order of magnitude larger than
The dependence on toluene concentration could not be examinedhe permanganate concentration. If organic radicals are inter-
mediates, the presence of, Ghould have an effect on the

(25) Previous studies suggest thaBusNMnO, is not reactive with
pyridinei®2 however, under our conditions, it seems to react at
approximately the same rate as toluene. Benzene was deemed(29) The value given here for the kinetic isotope effégtkp = 6, is larger

unacceptable as a solvent because, when a saturated solutBa,of than previously reported by uky/kp = 2.58 Presumably the earlier

NMnO, in benzene was passed through a frit, the salt began value was too low as a result of impurities in the atmosphere of the

crystallizing out of solution. glovebox or in thedg-toluene used which caused the deutero reaction
(26) Perez-Benito, J. F.; Arias, @. Colloid Interface Sci1992 152, 70— to proceed too rapidly.

84. (30) Maillard, B.; Ingold, K. U.; Scaiano, J. @. Am. Chem. S0d.983
(27) (a) Lee, D. G.; Brown, K. CJ. Am. Chem. S0d.982 104, 5076~ 105 5095.

5081. (b) Freeman, F.; Kappos, J.XOrg. Chem1989 54, 2730- (31) Steenken, S.; Neta, B. Am. Chem. S0d.982 104, 1244-1248.

2734. (32) Stephen, H.; Stephen, Tolubilities of Inorganic and Organic
(28) Fieser, L. F.; Fieser, MReagents for Organic Synthesi¥iley: New Compounds, Volume | Binary Systems, Raitlacmillan: New York,

York, 1967; Vol. 1, p 943. 1963; p 573.
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kinetics, although it is unclear whether the presence aft@uld is no correlation with either Hammett or o values®” The
accelerate or decelerate the disappearance of Mn®isually relative rates do vary monotonically witt values, although
monitored, the reaction containing oxygen showed complete lossthe correlation is poot®
of permanganate in 1 day compared to almost 1 week for an 2. Ethylbenzene, tert-Butylbenzene, Diphenylmethane,
identical reaction under nitrogen. Triphenylmethane, 9,10-Dihydroanthracene, Xanthene, and
Toluene oxidation forms benzoic acid and a trace of benzal- Fluorene. These substrates (exceett-butylbenzene) are more
dehyde, as determined by HPLC analysis of the agueous layerreactive than toluene, so kinetic experiments were performed
resulting from MnQ reduction. No organic products were in toluene solvent under pseudo-first-order conditions. First-
observed in the toluene layer by GC, but any benzaldehyde order plots, as in the reaction of toluene, are curved downward.
present would have been below our detection limit of 0.23 mM, Initial rates are calculated in all cases, and reproducibility of
corresponding to a benzaldehyde yield of 87%, based onfMnO <425% is observed. None of the first-order plots show an
to MnO,. (For ease of interpretation, detection limits are induction period, although an initial fast reaction was observed
reported below in terms of the minimum detectable yield.) (~5% of the reaction for all substrates except diphenylmethane)
Benzyl alcohol was not detected above our sensitivity of 20% and was omitted from the data analysis. This is likely due to
yield. The benzoic acid and benzaldehyde observed accountoxidation of an impurity. The initial rate constants all show a
for 62% of the permanganate oxidizing equivalents consumed. first-order dependence on both substrate and permanganate
Some of the “missing” oxidative equivalents are likely in concentrations.
undetected PhCHO and/or Ph@bH. A small amount of The bimolecular rate constants (Table S2) increase in the
complete oxidation of toluene (or an impurity) to €@nd order PhCMeg < PhCH; < PhCHCH; < PhCH, < PhsCH <
H2O could also consume a large number of permanganatefluorene< dihydroanthracenes xanthene. Fluorene can only

oxidative equivalents (as observed in other systéfjis It is be placed tentatively on this list because kinetic experiments
also possible that there is some oxidation of fiB,N* showed poor reproducibility, with= 6 x 102M~1s 1 at 25
counterion. "Bus;NMnQy is tightly ion paired in toluené? giving °C. Dihydroanthracene reacts 380.6) times faster than its

a high local concentration of butyl-€€H bonds. The reaction  d,,isotopomer at 28C. Dihydroanthracene and fluorene also
of "BusNMnO, in benzene with benzyltributylammonium  show some unusual features in the later stages of their oxidation
bromide (BusNCH,Ph"Br~) gives large amounts of benzoic  (see below). Most of the reactions were examined over-a 30
acid, showing that counterion oxidation can be a facile process. 40 °C temperature range to derive activation parameters (Table
Attempts to use PPNMnO,~ 34 were prevented by its lack of 1), In order for the rate constants and entropies of activation
solubility in toluene. to be comparable, the values in Table 1 have been divided by
The oxidation of toluene byBusNMnO, in o-dichloroben-  the number of reactive hydrogen atoms in each substrate and
zene, 16-35% toluene by volume, also gives Mp@nd benzoic  adjusted for the idealized stoichiometry of the reactions. In
acid as the predominant produétsThe presence of £¥esults  toluene oxidation, for example, there are three reactive hydro-
in a slight increase in the apparent rate of permanganategens and the idealized stoichiometry is that 2 equiv of MO
disappearance, under conditions wherg [© ["BusNMnO4].3¢ are consumed for every toluene molecule that is activated
Addition of 24 equiv of"BusNBr to a reaction mixture of- (assuming 100% yield of benzoic acitf). The values in Table
BusNMnO; (0.24 mM) and toluene in-dichlorobenzene caused 1 therefore correspond fairly closely to the activation parameters
an increase of 12% in the observed rate constant, within the for the hydrogen atom abstraction step.
experimental error. This suggests that ion-pairing effects are  The organic products from ethylbenzene oxidation were
not dominant and that counterion oxidation is not a major factor. determined from a reaction in neat ethylbenzene to avoid toluene
First-order plots are again curved downward, roughly a 30% oxidation product4?® The aqueous layer contained acetophe-
increase in the apparent rate constant after 2 half-lives. Thepgne, accounting for approximately 30% of the permanganate
pseudo-first-order initial rate constants are corrected for solvent oxidizing equivalents. Within the detection limits, benzoic acid
oxidation (typically about 10%; see Experimental Section). The (<5% yield) andseephenethylalcohol ¢ 10%) were absent
reproducibility of the initial rate constants is not very good jjthe aqueous layer. The remaining oxidizing equivalents were
(£50%). The second-order rate constants, derived by dividing likely in the form of acetophenone left in the organic layer
the correct_edkob? by the toluene cqnc_entration, are the same as (undetectable with our GC protocot4 uM, <107% yield), as
those obtained in neat toluene, within the large error bars. This acetophenone has little water solubility. Xanthene is oxidized

is best illustrated by the combined Eyring plot (Figure 2). to xanthone in~80% yield; no other organic products are
The rate constants for oxidation of substituted toluenes in gpserved by GC. Diphenylmethane forms benzophenone in
o-dichlorobenzene at 5% are as follows: toluene, 2:6 105, 44% yield. These yields were determined by GC of the organic
p-xylene, 4.2x 107° p-chlorotoluene, 2.0< 1074 4-methyl- layer after destruction of the MnQolloid; any products that
benzophenone, 2.4 10~ (with statistical adjustment for the  partitioned into the aqueous layer were not observed. The
number of methyl groups ip-xylene; estimated erroes50%; expected product from BBH oxidation, PBCOH, is unstable

Table S1). The range of substituents is limited by the high nder the conditions of the acid workup. GC analysis of the
reactivity of permanganate; for instanggpitrotoluene was
found to react autocatalytically wittBusNMnQO;, in o-dichlo- (37) Exner, O. InCorrelation Analysis in ChemistryChapman, N. B.,
robenzene. Increases in rate constants are observed for both  Shorter, J., Eds.; Plenum: New York, 1978; pp 4330.

_ ; i ; ; (38) o° values from Wayner and Arnold: Wayner, D. D. M.; Arnold, D.
electron-donating and electron-withdrawing substituents, so there R. Can. J. Chem1985 63, 2378,

(39) The correction for reaction stoichiometry is necessary but is not very

(33) Sam, D. J.; Simmons, H. BE. Am. Chem. Sod972 94, 4024-4025. accurate because products are not quantitatively forré0%b yield
(34) Martinsen, A.; Songstad, Acta Chem. Scand. A977 31, 645— of benzoic acid from toluene). If the remainder of the MnQs
650. PPN = PhsPNPPRh*. consumed in production of benzyl alcohol or benzaldehyde, then the
(35) The presence or absence of benzyl alcohol could not be determined idealized correction is too big, but if it is consumed in overoxidation
in the presence of a huge excessafichlorobenzene. of benzoic acid or counterion oxidation, then the correction is too
(36) No data are available for the solubility of, @ o-dichlorobenzene, large. The correction does not influence thel* values in Table 1,
but the concentration of On chlorobenzene at 2 under 1 atm of as long as it is constant over the temperature range stfdied.
0y is 8.3 mM32 The solubility of Q in toluene at 20C under 1 atm (40) Ethylbenzene and toluene are both reported to give benzoic acid: ref

of Oz is 5.7 mM32 4, p 1072.
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reaction solution without destruction of the colloid showed a  (a) 2

9% vyield of PRCOH; when the Mn®@ was reduced with a anthracené
slightly acidic solution (pH 5), the observed yield increased to \\\
19%. Dihydroanthracene gives anthracene as the only apparent 5 | | T D R N

organic reaction product (by GC antH NMR), in ap-
proximately 65% yield based on the anthracene absorbance at
380 nm#

The disappearance 8Bu;NMnO,4 was slower in a 1:2ert-
butylbenzene-dichlorobenzene mixture (v/v) as compared with
pureo-dichlorobenzene at 78C. The"Bu,NMnQO, appears to ™
react primarily with theo-dichlorobenzene, as the same second- ’ Y/ \//\

absorbance

order rate constant far-dichlorobenzene oxidation is derived
in the two cases (within the sizable error bars). The rate constant

for tert-butylbenzene oxidation is thus estimated<s&x 106 0
M~1s™1 atleast 2 orders of magnitude less than the rate constant 300 368 436 304 12 640
for toluene oxidation. This is consistent with the correlations wavelength (nm)
below, which predict an extremely slow reaction based on a
tert-butylbenzene €H bond strength of>100 kcal/mol3 (b)o.50
Despite repeated efforts, reactions of cumene WBiimNMnO, 0.45
in toluene ando-dichlorobenzene gave irreproducible kinetic ]
results. The reason for this erratic behavior is unclear. Some g 0.40 |
of the reactions were slower than expected from the toluene - 0.35
and ethylbenzene results, which suggests that the problems wered
not solely the result of oxidation of an impurity. ¥ 0.0
3. Charge-Transfer Complexes. The reaction of excess %
dihydroanthracene (2.5 mM) wiftBus;NMnQ, in toluene at 25 £ 0.25
°C proceeds initially as described above, with a roughly first & .20 }. :
order decay until all of the Mng is converted to Mn@(ca.
2000 s at 25C). Atthat point, a second, faster reaction occurs, 0.15 £ oo R S :
with disappearance of the Ma@bsorption and the formation 0.10 :
of a new species within-200 s (Figure 3a,b). The new species 0 275 550 825 1100

has a strong absorbance in the visible region with maxima at
524 and 560 nm, whose extinction coefficients are comparable
to those of permanganate. There is a vibrational progressionFigure 3. () Final UV/vis spectrum from the reaction ®u,NMnO,
between 300:and 400 which partally overiaps h vibratonal " .10 e nscene 1 obene S v e e
progression of anth.racene, but is shlfted to Ionger.wa\./elength.the rapid formation of the charge-transfer complex. ’
The 1100 cm! spacing of the bands in the progression is lower
in energy than the spacing of 1400 chin free anthracene.  Table 2. Comparison of Charge-Transfer Complexes of “MO
Removal of the solvent gives a pale pink residue, unexpected Species with Arenes
considering the intense purple color of the solution. The purple Jmax (NM) in different solvents
(tz)olor is al§o rapidly blt_aached on exposure to air or light. Similar i complexes with Os® complexes with 'MnGQ ®
ehavior is observed in acetonitrile solvent, but the new product N
absorbances are blue-shifted by 30 nm, with maxima at 494 _ €"¢  (€V)® "Ceths CHCl,  toluene CHCN
and 530 nm. mesitylene 8.39 390
The reaction of fluorene witPBus;NMnOy in toluene similarly fluorene ~ 8.63 454/374
forms an air-sensitive, intensely colored produgis§ 454, 374 anthracene  7.23 520 510 560/524 530/494
nm). In this case the reaction is quite variable, and the 2Reference 44 This work.c Reference 47b.
permanganate does not need to be consumed prior to formation
of the new product. Some of the time the fluorene oxidation istry, CT complexes are observed with aromatic hydrocarbons
resembles a clock reaction, proceeding smoothly until a point and CrQCl;*> or 0sQ.**2 The 30 nm blue shift between
at which there is rapid consumption of MgOand formation toluene and acetonitrile for the complex derived fréBu,-
of the new species. In other cases, with identical batches of NMnO4 and dihydroanthracene is similar to the shifts observed
"BusNMnO;, fluorene, and vacuum-transferred toluene, the dark for anthracene OsQ, complexes in polar vs nonpolar solvents
species forms immediately or never forms. (Table 2)**2 The energy of the optical transition is related to
The characteristics of the new products are suggestive of the ionization potential of the aromatic donor (Table 2), as is
charge-transfer (CT) complexes: the high extinction coefficients, typical of CT absorbancéd. The observed vibrational progres-
sensitivity to light, and difficulty in isolatio* While formation ~ sion between 300 and 400 nm is most likely due to an anthracene
of CT complexes is without precedent in permanganate chem-ring-breathing mode, and its lower frequency vs free anthracene
is seen in other anthracene CT compleXésThe final optical
(41) Anthracene has a vibrational progression between 300 and 400 nm.Spectra indicate a yield of 1 mol of free anthracene per mole of

The most intense band at 380 nen= 8500 Mt cm™* ) was used  permanganate consumed, suggesting the reaction stoichiometry
to calculate the amount of anthracene in the solution.

(42) UV Atlas of Organic CompoungdButterworths: London, 1966; Vol.

time (s)

2, p E2/T1. (44) (a) Wallis, J. M.; Kochi, J. KJ. Am. Chem. S0d.988 110, 8207
(43) The C-H bond strength ittert-butylbenzene is not known, but is likely 8223. (b) Mulliken, R. S.; Person, W. BViolecular Complexes

to be at least as high as in ethane (101.1 kcalfjphs the value for Wiley-Interscience: New York, 1969. (c) Foster, &ganic Charge-

neopentane is higher than that for ethane: Holmes, J. L.; Lossing, F. Transfer ComplexesAcademic Press: New York, 1969.

P.; Maccoll, A.J. Am. Chem. S0d.988 110, 7339-7342. (45) Reference 5c and references therein.
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of eq 4 (dihydroanthracene Ci4H1,; anthracene= Ci4Ho). oxidize*” (0.42 V corresponds to a difference of’Iifl Keg). It

The water and hydroxide formed are likely associated with the should be more difficult to form the radical cation of 4-meth-

manganese product. ylbenzophenone than to form that of toluene, yet this substrate
is oxidized faster than toluene. Second, outer-sphere electron

2"Bu,NMnO, + 3C, ,H,,— transfer is a difficult process in nonpolar media such as toluene

n because of the difficulty in stabilizing the charged species which
2C Hip t [CH102MN0,| + 2'Bu,NOH + 2H,0 (4) result. Permanganate has a less positive redox potential in
toluene than in watel®® = +0.56 V vs NHE in HO*®), and
Efforts to generate the apparent CT complex by other routes formation of the toluene radical cation would be less favorable

have not been successful. Attempts include reactions of in toluene solvent than in acetonitrilE(> +2.5 V vs NHE™).
colloidal MnQ, (from "Bus,NMnQ, + toluene) with anthracene,  Therefore, on the basis of the aqueous and MeCN potentials,
dihydroanthracene, or both, and the addition of anthracene to aouter-sphere electron transfer is at least 1.9 V or 44 kcal/mol
"BusNMnOy/toluene reaction. These negative results may uphillin toluene. Since this is larger than the obserist of
indicate that the CT complex is formed at the colloid surface, 26 kcal/mol, eq 7 cannot be either the rate-limiting step or a
consistent with the variability of the rate of the fast reaction pre-equilibrium step. Put another way, the equilibrium constant
and with the loss of the Mn£absorbance in the 468600 nm for electron transfer is<10732, which implies, on the basis of
region on complex formation. The MnGpectrum is due to  the forward rate constant of 108 M~1 s7%, that the reverse
absorbance of light by the surface and can be strongly affectedreaction (back electron transfer) would have to proceed at the
by reactions ther@ Such a reaction could be surface complex impossible bimolecular rate of #0M~* s,
formation or reduction of the Mn©by additional dihydroan-

thracene. MnO,” + CgHsCH, %~ MnO,*” 4+ CH:CH;"  (7)

Discussion o
Rate-limiting C-H bond cleavage could occur by proton,

1. Overview of the Reactions.Permanganate is a versatile hydrogen atom, or hydride transfer to a permanganate oxo group
multielectron oxidant, able to oxidize a variety of substrates in gy by [2 + 2] addition across a MRO bond. Proton transfer
one- or two-electron Steﬁs.ln the reactions studied here, can be |mmed|ate|y dismissed given the very low ac|d|’[y of
manganese undergoes a three-electron change from Mn(VIl) toto|yene and the low basicity of permanganate +[2] addition
Mn(lV) and the substrates are oxidized by two, four, or siX g metal oxo bonds has been suggested on the baalsioftio
electrons. For instance, toluene to benzoic acid is a six-electroncg|culations of Cr@Cl, reactions! and experimental studies of
oxidation. The idealized stoichiometry is given in eq 5, with  manganate reactiod8. The analogous addition across a metal
the products largely associated with the colloidal MnOhe imido linkage is well precedented for early transition metal
observed benzoic acid yield is 60% of that predicted by eq 5. systemg? In this case, however, the implied formation of the
The reacti_ons clos_ely foIIo_W 'Fhe second-order rate law of eq 6 fiye-coordinate intermediate [Mn(R)(€DH] is very unlikely.
over the first half-life, as indicated by the dependence of the There is little precedent for such an expansion of coordination
pseudo-first-orderkors ON substrate concentrations and the numper in the chemistry of permanganate so this mechanism
independence déyson the startingBusNMnO, concentration.  would predict a sizable steric effect, with particular difficulty
No induction periods are observed for any of the substrates. in forming a tertiary alkyl complex. (For this reason, the imido

complexes do not activate tertiary-El bonds?®) As shown
2"Bu,NMnO, + CsH-CH, — below, no such effect is (osi)served. Similarly, the entropies of
n + ~n activation reported here\& = —16 eu for toluene oxidation)
2MnQ, + "BuN"CgHsCOO™ + 'BuNOH + H,0 (5) are not as negative as expected for a constrained- [2]
transition staté?

Hydride transfer from organic substrates to permanganate is
well precedented, most clearly in the oxidation of alcolt®fs,

2. The Rate-Determining StepThe rate expression (eq 6) and has been proposed for the oxidation of toluene by MnO
and the primary isotope effects imply that the rate-determining in watef (and for the oxidation of hydrocarbons by (trpy)(bpy)-
step of these reactions is bimolecular attack of permanganateRuC?* 52). Abstraction of H from toluene would form
on a substrate €H bond. There is no support for the HMnO.2~ and benzyl cation (eq 8), an unlikely process given
suggestion that other manganese species are involved in thahe observed substituent effecis-Xylene is only 3 times more
initial hydrocarbon activation. Similar conclusions were reached reactive than toluene while it should be much more reactive.
by Brauman and Pandell in their study of the oxidation of p-Chlorotoluene and 4-methylbenzophenone react faster than
y-phenylvaleric acid in aqueous base and by Wiberg and Fox toluene but should react much more slowly. In addition, the
in their studies op-secbutylbenzoic acid and 4-methylhexanoic
acid in neutral and basic aqueous solutidns. (47) (a)E°ox = 1.54 V for p-xylene vs 1.96 V for toluene (potentials in

Outer-sphere electron transfer from arene to permanganate ~ MeCN, vs Ag/AgNOs:473(b) Kochi, J. K. In ref 7f, pp 849-855. (c)

(eq 7) cannot be the initial step in these reactions, as has been I%escsng;\ilogFOfDAgT/AgS'\é@bl(('\élvsgtl) ;0_ %Jgggrtés B\IHLE ié,, égtlr%hly
d'S,CUS,SEd n t,he context Of Os% and, CytOCh,rome P'450 chémistry for)(l:hémisié‘nd ed,; Wilegl: Klew York', 1995; pp 201, p
oxidations?® First, this path is not consistent with the isotope 192).

effects or substituent effects. For instangetylene reacts only ~ (48) Latimer, W. M.The Oxidation States of the Elements and Their
about 3 times as fast as toluene despite being 0.42 V easier to Potentials in Aqueous Solutip@nd ed.; Prentice Hall: New York,

d[MnO, J/dt = —k["Bu,NMnO,][substrate]  (6)

1952.
(49) Schaller, C. P.; Cummins, C. C.; Wolczanski, P.JTAm. Chem.
(46) See, forinstance: Traylor, T. G.; Nakano, T.; Miksztal, A. R.; Dunlap, Soc.1996 118 591-611 and references therein.
B. E.J. Am. Chem. S0d.987, 109, 3625. Ostrovic, D.; Bruice, T. C. (50) Stewart, RJ. Am. Chem. S0d.957, 79, 3057-3061. See also ref 7.
Acc. Chem. Red.992 25, 314-320. Kim, T.; Mirafzal, G. A.; Liu, (51) Haight, G. P. Unpublished results (personal communication, 1996).
J.; Bauld, N. LJ. Am. Chem. S0d993 115 7653. Gross, Z.; Nimri, (52) Thompson, M. S.; Meyer, T. J. Am. Chem. S0d.982 104, 5070~

S.J. Am. Chem. Sod995 117, 8021. 5076.
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formation of higher-charged species such as benzyl cation is
unfavorable in such a nonpolar solution.

MnO,” 4+ CgH.CH, %= HMnO,*” 4+ C;H.CH," (8)
Rate-limiting hydrogen atom transfer from the substrate (eq
9) to a permanganate oxo group is consistent with all of the
experimental evidence. This is probably the most commonly
proposed mechanism for permanganate oxidations ®HC
bonds’1914 The lack of a solvent effect is characteristic of

0—MnOg | ¥
o

o T

H .
CHg A CH,

B o
oy [ e

radical reactior and is not consistent with polar transition
states or products. The observed influence of added @n
indicator of radical intermediates (see above). Hydrogen atom
abstraction reactions exhibit small substituent effects and often
do not show a correlation with Hammett or o values®*
Previous studies of permanganate oxidations of toluene in
agueous acetic acid, which proceed much faster than the
reactions described here and therefore likely involve a different
mechanism (involving “Mn@"?), have reported Hammegt
values of—1.5¢14and —2.855 A more valuable comparison

is with hydrogen atom abstraction BBUOC, where the relative
rates are (after the statistical adjustment for the number of methyl
groups inp-xylene) as follows: p-xylene, 1.8; toluene, 1,
p-chlorotoluene, 1; 4-methylacetophenone,®.3he analogous
values for"BusNMnQO, are 1.7:1:8:10 (the last for 4-methyl-

(@)

benzophenone). Permanganate is a slower and more selective

hydrogen atom abstractor th&#BuOCO (see below), so larger

substituent effects are observed. The permanganate rates are

monotonic witho* values3® although the correlation is poor.
The primary isotope effects are consistent with this mechanism,
although the measuredi/kp values are not the same as the
isotope effects for the Hransfer step. The slower activation

of the deuterated substrates means that more permanganate is

likely consumed in side reactions, implying that the measured
kn/kp underestimates the isotope effect of the rate-limiting step.
Secondary isotope effects may also be significant.

3. Understanding the Rate Constants: Bond Strengths
and Enthalpy Correlations. We have proposed that perman-
ganate and related oxidants can abstract hydrogen atotps (H
from organic substrates because of the strong bond they form
on addition of H.>6 The data reported here provide strong

support for this hypothesis. Our perspective based on enthalpy

changes contrasts with the standard chemical intuition that a

reagent needs to be a radical in order to perform hydrogen atom(61)

abstraction. This intuition may be reflected in many proposed
mechanisms for hydrocarbon oxidation, from metalloenzymes
to industrial heterogeneous catalystsPermanganate does not
fit this intuition because it is a closed-shell species, whose lowest
lying triplet state lies roughly 18 000 crh(51 kcal/mol) above

(53) Avila, D. V.; Brown, C. E;
Soc.1993 115 466-470.
(54) Exner, O. IMAdvances in Linear Free Energy Relationshi@hapman,
N. B., Shorter, J., Eds.; Plenum Press: London, 1972; p 20. See also
refs 37, 38, and 71.
(55) Radhakrishnamurti, P. S.; Mahapatro, S.IiNlian J. Chem1975
13, 1294-1296.
(56) Howard, J. A.; Chenier, J. H. B. Am. Chem. S0d973 95, 3054-
3055.

Ingold, K. U.; Lusztyk, J. Am. Chem.

Gardner et al.
Scheme 1. Calculation of the G-H Bond Strength in
[OsMNO—H]—
MnO4(aq) + e~

H,Ha(g)
MnO,?~(aq) + H*(ag) —=

He(aq)

— MnO(aq)
H'(aq) +e-

HMnO,4~(aq)

HoHa(g)

} E°=0.564 va
pK, = 7.40

R —

C =-57 + 2kcal/mol¢

MnO4(aq) + H'(ag) — HMnO4~(aq) AH° =-80 + 3kcal/mol

2Footnote 48.°Footnote 62.6C = AH°{H*(g)—~Y-H(q)}
AH{H(g)~H"(aq} — Y. TS{Hx(g)} *

the ground staté® Since this energy is much larger than the
observed energies of activation, a triplet state cannot be an
intermediate in the reactions. It should be noted that it is spin-
allowed for two diamagnetic species to react and form a singlet
radical pair, asin eq 9. Examples of trhnsfer between closed-
shell organic molecules have been described bghRrdt and
others?®

The affinity of MnO,~ for H* is equivalent to its affinity for
an electron (its redox potentiak®) and a proton (the acid
dissociation constan¥, of HMnO,~), following the thermo-
chemical cycle in Scheme 1 [BDEHOMNO;™) = 23.0€E° +
1.37 K, + C].89 Such cycles have been used by Bordwell
and others to determine bond strengths to hydrogen in many
organic and organometallic compourfdsScheme 1 is slightly
different from what we have used previou8&in part because
a recent pulse radiolysis study provides a new value for the
pKa of HMnO4~.6263 The constanC is calculated as 5% 2
kcal/mol® With the common assumption that the entropies of
MnO,~ and HMnQ~ are equaf! a value of 804+ 3 kcal/mol

(57) See, for instance, refs 1 and 3 and the following: (a) Stubbe, J.;

Kozarich, J. W.Chem. Re. 1987, 87, 11071136. (b) Hecht, S. M.

Acc. Chem. Red4.986 19, 383—-391. (c) Stewart, L. C.; Klinman, J.

P. Annu. Re. Biochem.1988 57, 551-592. (d) Tian, G.; Berry, J.

A.; Klinman, J. P.Biochemistryl994 33, 226-234. (e) Lin, C. H.;

Ito, T.; Wang, J.-X.; Lunsford, J. Hl. Am. Chem. Sod.987, 109

4808 and references therein.

(58) Blasse, GStruct. Bonding (Berlin)l98Q 42, 1—42, especially p 11.

(59) (a) Riehardt, C.; Gerst, M.; Nke, M. Angew. Chem., Int. Ed. Engl.

1992 31, 1523—1525 Gerst M.; Morgenthaler, J.: Ehardt CChem.

Ber.1994 127, 691-696 and references therein. Reference 74c. (b)

For earlier discussions of the formation of organic radicals from
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in this approach (see also footnéfje We use Scheme 1 to calculate

the solution phasebond strength, so that th&Hsey of MNO4~ and

HMnO,4~ are not needed. We assume t8MNO;~ag) = SHMNO, ag)
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for the HOMNO;~ bond strength is obtained. Alternatively,
the constant is not needed if relative bond strengths are
calculated from a thermodynamic cycle whereistransferred
from another species, HA, as in eq A = PhOH or PhNH).

The standard free energyG® is calculated (eq 11) from the
known E° and K, value$” and is taken to be equal taH°
becauseAS’ = 0. The derivedAH" is the difference between
the H-OMnGQO;™ and H-A bond strengths. The solution+A
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kcal/mol® Evans and Polanyi suggested in 1936 a linear
relationship between activation energies and net enthalpy change
in hydrogen atom transfer reactions (eq 12), and this correlation
works quite well over a narrow range AH° for similar radicals

and substrate®. Over a wider rangeg. — 0 as the reactions
become very exothermic ared — 1 as the reactions become
very endothermic?

bond strengths are derived from the gas phase values and E =g+ o(AH) or logkOAG" =S+ a(AH) (12)

estimates of differential solvation of HA and.ABoth calcula-
tions are in good agreement wit\H—OMnGO;™) = 80 + 3
kcal/mol®”

MnO,” + HA = HMnO,” + A’ (10)

AH°® = BDE(H—A) — BDE(H-OMnO;") =
23.06E°(A") — E°(MnO, )] + 1.37 [[K(HA) —
PK(HMNnO, )] (11)

The O—H bond strength of 80 kcal/mol in HMnQ is 9 kcal/
mol less than the ©H bond strength ifBuOOH (89 kcal/
mol)®® and is between the HBr and H-I bond strengths of 87
and 71 kcal/mol. Sinc®8uOC and Br readily abstract Hrom
alkyl aromatic compounds, it is not surprising that permanganate

does as well. (Slower rates can be observed for permanganate,

because it is a stable species, not a fleeting intermediatel)

for the B transfer stepthe difference between the strengths
of the bond being broken and that being formésl a lower
bound forAH*. Therefore, formation of a strong bond to id

a necessary condition for hydrogen atom abstracting reactivity.
The reactions discussed here vary from 9 kcal/mol uphill for
H* abstraction from toluene to 6 kcal/mol downhill for abstrac-
tion from xanthene (Table 1). The data suggest that formatio
of a strong O-H bond is not only necessary but also a sufficient
condition for H abstraction. It is well established that rates of
H* abstraction by main-group radicals are directly related to bond
strengths. OMreacts with almost all organic compounds at
close to the diffusion limi? in part because it forms such a
strong bond to (119 kcal/mof8). 'BuOC is a much less
reactive oxidant® because it forms a weaker-® bond of 89

n

(64) H{H"(g)—Y2H2(9)} 52.1 kcal/mol (half of the bond dissociation
energy of Hg) and SHx(g)} = 31.2 eut® Following ref 61c
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(68) (a) D(HO—H) = 119.2 kcal/mol D(H—Br) = 87.4 kcal/mol,D(H—

I) = 71.4 kcal/mol derived from data in ref 65. (B\'BuO—H) =
104.8,D(MeO—H) = 104.4, andD(‘BuOO—H) = 89.4 kcal/mol from
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Chem. Ref. Datd988 17, 513.

The data reported here fit the Polanyi equation well, in two
different ways. FirstAH* (and logk,) for oxidation of the
different arylalkanes byBus;NMnO, are proportional taAH®
(Figure 4a,b’3 rate constants for the *Hransfer steg? from
Table 1). The linearity of these relations over the 15 kcal/mol
range of AH® is quite good, given the large uncertainties in
some of the €H bond strengths. Both ldg andAH* correlate
with AH° because the entropies of activation are essentially
constant. These correlations strongly support the assignment
of the rate-determining step as Hansfer from carbon to an
oxo group. If there were any MrnC bond formation, as in a
[2 + 2] mechanism for instance, there would be substantial steric
effects. Rather, rates of abstraction from primary, secondary,
and tertiary C-H bonds all fit on the same line.

The rates of hydrogen atom transfer from alkyl aromatic
ompounds tdBusNMnO, also correlate with rates of abstrac-
tion by OH, 'BuC, and'BuOC (Figure 5). This is the second
kind of Polanyi correlation, for reactions of one substrate with
a range of oxidants. The plots level off at the right because
the OH reactions approach the diffusion limit (®® M~1s71).

The correlations are not precise, with uncertainties of at least
an order of magnitude over the ca.l4€ange of rate constants
plotted. But the permanganate reactions fit on the lines.
Thus, permanganate acts just as would be predicted for an
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1 t data indicate that, at least for metaxo species such as
(a) ; permanganate and CsOl,,° the primary determinant of hy-

‘ drogen atom abstraction reactivity is the strength of theHO
():D:O \\_@ bond formed, rather than details of the electronic structure of

the oxidant. These conclusions should apply equally well to
metal-0xo species in enzyme active sites and on the surface
) of a heterogeneous catalyst. An ongoing study uebxo
] compounds is supportive of these idéasAs a final comment,
PhCH, N\ the reactions described as hydrogen atom transfers could be
equivalently called proton-coupled electron transfer. The data
PhCH,CH) only show that the rate-limiting step involves transfer of both
a proton and an electron. We favor thetkhnsfer terminology
PhCH in this case because it facilitates the comparison with organic
radicals.

2

log (k)

-5

-8 2 4 10 Conclusions

AH® (keal/mol) "BusNMnO, oxidizes arylalkanes in toluene solvent by
dehydrogenation and/or oxygenation. For instance, toluene is
converted mostly to benzoic acid, xanthene to xanthone, and
21 _+_‘ | dihydroanthracene to anthracene. In all cases, the initial
PhCH,CH] e, reactions are first order in the concentrations of btil,-

19 < NMnO, and substrate. No induction periods are observed. There

» Ph,CH are primary isotope effects on oxidation of toluene and dihy-

T droanthracene. Added Cenhances the rate dBusNMnO,
1,9/' disappearance in toluene, consistent with the presence of organic
radicals. The rate-limiting step for these reactions isr&hsfer
from the substrate to a manganese oxo group. The enthalpies
CO """"" of activation correlate with the strength of the-8 bond being
cleaved, as is typical of Hhbstraction by main group radicals
such asBuOQ. This correlation includes primary, secondary,
and tertiary C-H bonds, with no evidence of any steric effects

s 1 that would accompany formation of a metalarbon bond.

AH° (kcal/mol) Permanganate can abstract a hydrogen atom from organic
Figure 4. Plots of (a) logk, and (b) AH* vs AH® for the hydrogen substrates because it has a high thermodynamic affinity for H
atom transfer step in reactions ®Wu,;NMnO, with toluene, ethylben- The AH°® for addition of H to MnO,~ to give HMnQ;~ in
zene, diphenylmethane, triphenylmethane, 9,10-dihydroanthracene, andaqueous solution is calculated to 580 + 3 kcal/mol using a
xanthene AH, k;, and AH° values are from Table 3. The error bars  tharmochemical cycle (Scheme 1). Using this value, the rates
for the logk; values are approximately the size of the data points. of "Bus;NMnO, oxidation of toluene, ethylbenzene, and diphe-
nylmethane are shown to correlate with the rates of hydrogen
atom abstraction by the oxygen radicals ' GBuC:, and'BuOC
(Figure 5). Permanganate reacts just as one would predict for
an oxygen radical that makes an 80 kcal/meti®bond. This
behavior is in spite of the fact that permanganate is a closed-
shell species, with no radical character. For metaio
oxidants, a high thermodynamic affinity for i necessary and
appears to be sufficient for hydrogen atom abstracting reactivity.
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