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1. Introduction

As the main constituent of natural gas, alkanes are
arguably Nature’s most plentiful organic base chemi-
cals that are easily accessible. Chemists have long
coveted the use of alkanes as feedstock for clean-
burning fuels, plastics, solvents, new materials, and
even pharmaceuticals. Hence, the selective function-
alization of aliphatic hydrocarbons is a major chal-
lenge and is considered a “holy grail” in chemistry.1?
In view of an increasing energy consumption (Cali-
fornia’s calling) and the ever growing demand for
bulk chemicals, solving this problem is not only
essential for the petrochemical industry but also
needs to be addressed in view of the fact that about
90% of all alkanes are simply burned, although they
could serve as abundant feedstocks for the chemical
industry rather than being a major contributor to
global warming.

Alkanes are usually the first organic compounds
students hear or read about, and they are usually
described as unreactive (affinity to little = parum
affinis, paraffins) and, apart from being solvents and
fossil fuel components, as not particularly useful. The
students are then very often told that this is because
it is difficult to activate alkanes, i.e., the C—H bonds
are very strong and reluctant to react. This of course
paints an inadequate picture because activation is
not so much of a problem as alkanes react readily
with a large variety of compounds: radicals, car-
benes, organometallic species, the proton, carbo-
cations, superacids, peroxides, and many others.3712
However, selective functionalization, i.e., the targeted
substitution of a C—H to a C—X bond, proves rather
difficult*®*2! because the products are almost inevi-
tably more reactive than the starting materials; the
regioselectivities usually are rather low and display
little discrimination of primary, secondary, and ter-
tiary C—H bonds. To illustrate this point further,
consider traditional electrophilic alkane chemistry:
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when reacted with superelectrophilic halogens (e.g.,
SbFs/Cl), n-butane and isobutane give approximately
the same mixtures of monosubstituted products,®
that is, the overall reaction functionalization is
selective (predictably giving one major product) but
the activation is not (different cations are generated
and equilibrate rapidly). Very often, this clear-cut
distinction is not made and the terms “activation”
and “functionalization” are used interchangeably.
Selectivity problems in the activation step can be
overcome by well-chosen reaction conditions such as
heterogeneous metal surfaces or inorganic materials
such as zeolites,?>~2° homogeneous transformations
with low-valent, electron-deficient transition-metal
complexes.?3° As the steric hindrance is often in-
creased in the products, these do not bind to the
metal as effectively as the parent alkane, leading to
considerably high chemo- and regioselectivities.'
However, only a few heterogeneous alkane transfor-
mations are used industrially®® due to inherent
practical limitations (low conversions, high energy
consumption, and others). Some more recent ap-
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proaches to alkane activation include o-bond meta-
thesis with noble metals®?~3 and electron-deficient
borane derivatives.3%37 Despite the success and syn-
thetic beauty of these organometallic transforma-
tions, they are not yet of high practical value because
the preparative procedures are quite demanding and
do not immediately lend themselves to large-scale
production.

Nature is far more advanced when it comes to
transforming alkanes to some more useful deriva-
tives. She has developed highly selective and efficient
catalytic systems which chemists currently are elu-
cidating and mimicking. Such systems include, among
others, cytochrome P450,% methane monooxygenases
(MMO),%4% and some other enzymes.*4? We will
include these systems in our discussion where ap-
propriate to demonstrate the similarities between
these and purely chemical (laboratory) systems.
While this review focuses on mechanistic aspects of
alkane radical activations, the implications are far-
reaching, including autoxidations,**~*° combustion,°
and atmospheric chemistry.51-58

Alkane activation mechanisms are not as simple
as they may appear.3*%° For instance, although the
C—H BDEs of many alkanes are very well-known,5%61
there is often only a modest correlation with the
rates for H-abstraction.®263 Apart from other factors
this is frequently due to the formation of initial
complexes®465 between the hydrocarbon and the
activating species, as expressed in the often found
non-Arrhenius Kinetics and negative temperature
coefficients for the C—H activation step. This behav-
ior is also reflected in the H/D Kinetic isotope effects
(KIES)®~76 which vary largely for the same type of
substrate and sometimes are much higher than the
semiclassical limit,®® especially in enzymatic sys-
tems.”".78

Theory has become an indispensable tool to exam-
ine and elucidate alkane activation mechanisms, in
particular, when combined directly with high-quality
experimental measurements. For instance, KIEs
directly relate computed’®~8 transition structures
with measured rate differences for C—H vs C—D bond
activations. Theory also provides detailed information
on the interacting orbitals, the polarization of
the reactants, as well as individual bonds or atoms
and allows predictions to be made. Computations
help refine classical empirical and semiempirical
approaches® 87 by providing better parameters, e.g.,
BDESs,2~% strain energies,® electronegativities,®%*
polarizations, etc.?® Nevertheless, computational ap-
proaches are by no means fail-safe; after all, the
reactions in the forthcoming review involve both
closed- and open-shell molecules where it is obvious
that a proper treatment of electron correlation is
necessary.% Early computations on barriers and rate
constants for H-abstraction reactions®” gave unsat-
isfactory results. Perturbative treatments of electron
correlation such as Mgller—Plesset levels of theory
(MP,*® UMHF,*® and MRMP2%) generally suffer from
spin contamination,°t1%2 making them equally error
prone for reactions involving open-shell species.
Higher-level correlation treatments certainly do much
better but still are not feasible for large systems. A
promising alternative may be offered by density
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functional theory (DFT) approaches®8193-107 which in
some regard turn out to be the “jack of all trades”
when it comes to radicals.®®1% Systematic studies on
the H-abstraction reactions from different types of
molecules with radicals show that “DFT methods
produce barriers that are in better agreement with
experimental values than those calculated by HF and
MP2 methods”% and “...pre-exponential factors and
even the curvature of the Arrhenius plots are ac-
curately predicted by transition-state theory using
DFT parameters”.'1% Generally, DFT offers a very
good compromise between accuracy and computa-
tional effort. These methods can be applied success-
fully to the modeling of alkane activations ranging
from transition metals'!! to enzymatic systems.112.113
DFT can be also used in verifying new mechanistic
concepts in alkane activation chemistry such as the
most recent two-state reactivity model.14~1® Mean-
while, new functionals for open-shell species!'® as
well as new basis sets'?° were developed to improve
their accuracy and apparent resistance to spin con-
tamination even further. Finally, molecular dynamics
(MD) calculations, which provide data going far
beyond static electronic structure theory approaches,
also have improved considerably.6412 MD calcula-
tions are now able to reproduce the experimental rate
constants quite accurately for selected H-transfer
reactions of limited dimensionality of their potential
energy hypersurfaces.1?2-124

Rate constants for H-atom abstractions from hydro-
carbons depend on the solvent only slightly,25126 in
contrast to H-bonding substrates such as phenols'?’
where rate constants are highly solvent-dependent
but independent of the abstracting radical so that the
rates “can be accurately predicted in any of several
hundreds of solvents”.8* An explanation of the neg-
ligible effect of solvent polarity on the rates of
H-abstractions from hydrocarbons even with electro-
philic'?® radicals (which certainly occur via polar
transition states) can be associated with “the as-
sumption of the solvent not having sufficient time to
adapt to the polarization of the transition state”'2¢
because C—H breakage is driven by a “...predominant
charge-transfer component”'?¢ with substantial con-
tribution of radical cationic states of the hydrocarbon
(‘RH*---X~ and *RH--X").1?® Using bonding/anti-
bonding Morse curves for hydrogen-abstraction reac-
tions® it was shown that polar contributions®3! do
exist as to “the strength of the bond being broken and
made is not a major factor” in predicting of activation
barriers for H-abstraction,'%2132 that “...the rate is
primarily influenced by polar factors...”,8¢ and “...the
transition-state energy for hydrogen atom abstraction
is lowered ...by increasing the electron deficiency...”.13
Curve crossing models'3® based on quantitative ab
initio data give reaction profiles, and polar effects for
the reaction with electrophilic radicals can be esti-

mated from the relative weights of the D*A~ configura-
tions_63,1367138

The present review covers radical as well as single-
electron-transfer chemistry because the authors feel
that these are at different ends of the same mecha-
nistic spectrum. Mechanistically, the C—H abstrac-
tion reactions with radicals have some common
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features with the interactions of electrophiles with
alkanes. It was noted in the C—H activations with
carbocations that “the hydrogen being transferred has
a large amount of radical character”,**® at least for
such symmetrical systems such as CHy + CHzt —
CHs* + CHy4, and that the reactivity of R* and R* are
“closely related”.’® In a number of so-called “hydride
transfer reactions” in alkane chemistry!38140-147 R—H
+ Xt — [Re+sH--X]* — R" + H—X, the transferred
hydrogen formally does not carry a (partial) negative
charge due to the usually higher electronegativities
of both carbon and X. As a matter of fact, the
hydrogen is neutral or slightly positively charged in
these types of transition structures and “the prob-
ability of having two electrons on the H being trans-
ferred is not reflected separately neither in the intra-
cule nor in the extracule (density) distributions”.148
Hence, the only difference from radical (or other
uncharged) abstractors is that in the reactions with
electrophiles the transfer of net charge removed from
the hydrocarbon moiety is higher than that for
electrophilic radicals (vide supra) due to the increased
contributions of the TR—H*-+-X* and *R—H™"++-X* reso-
nance states. A more realistic mechanistic scenario
may result in the superposition of two situations:
synchronous hydride transfer (SHT) and single elec-
tron transfer (SET). It was shown that “..SHT
exhibits characteristics of an electron-transfer process
without actually being an SET process”,'*® even for
nonoxidizing electrophiles. For oxidizing electrophiles
the situation may be entirely different and ET may
dominate;*° hydrocarbon radical cation intermedi-
ates form. The SHT/SET dichotomy?!%1-1%¢ (j.e., one-
electron vs two-electron transfers) plays a role in a
number of organic reactions!®"'%8 and is especially
important for modeling biological systems,141.159-162

The structure of this review reflects this mecha-
nistic understanding as it first covers radical chem-
istry, moving from traditional reagents to electro-
philic radical-like species. The structures of o-radical
cations generated from different sources follow next,
including the reactions of SET-oxidizers of low elec-
trophilicity. As there are excellent reviews on super-
acidic alkane activations!3~1518163-167 gand the use of
transition metals for C—H insertions into hydrocar-
bon bonds,*6:20.21.30,168-171 e will not cover these here.
Since there is still limited insight into the mecha-
nisms of alkane activation reactions, we will empha-
size the very fruitful combination of experiment and
theory in elucidating these.

2. Alkane Activations with Radicals
R—-H + X*— R*+ H-X

2.1. Halogen Radicals

Alkane halogenation reactions with elementary
free radicals are some of the oldest chemical reac-
tions, so it is often overlooked that these transforma-
tions are neither particularly selective nor broadly
applicable. Fluorinations occur explosively and are
difficult to control; chlorinations are more moderately
exothermic but also lead to product mixtures. Bro-
minations are endothermic in the H-abstraction step
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Figure 1. MP2/6-31G(d,p)-optimized geometry of the TS
for the H-abstraction from methane by the F radical.17®

and hence somewhat easier to control. Higher halo-
genation products (for instance, the environmental
culprit carbon tetrachloride in chlorinations) often
are undesirable byproducts and must be appropri-
ately disposed. As these halogenation reactions are
thermodynamically driven, sensitive hydrocarbons
undergo cracking, isomerization, or oligomerization,
making this procedure very often entirely useless for
strained alkanes.'’? lodinations of unstrained para-
ffins with I, are not possible using this route due to
their overall endergonicity. Despite decades of re-
search and because of the continued interest in
halogen radicals as key atmospheric reactive inter-
mediates, the reactions of halogen radicals are still
under intense investigation. There is a plethora of
experimental and computational data on their reac-
tions with aliphatics (and, of course, many other
compounds) which are reviewed in the following.

2.1.1. Fluorine Radical

Studies of hydrogen-abstraction reactions by fluo-
rine radicals mostly are motivated by research on
decomposition of fluorine-containing waste materials,
tropospheric photooxidations of hydrohaloalkanes
(Freons), chemically pumped HF lasers, as well as
the necessity to substitute the traditional chlorine-
containing Freons (CCl;F,, CHCIF;) by hydrofluoro-
carbons. Perfluorinated alkanes are also increasingly
popular as unique solvents for multiphase-catalyzed
organometallic transformations.'”®

The simplest reaction F* + CH; — H3C* + HF was
studied in detail both experimentally and computa-
tionally. The experimental rate constants are in
range from 4 x 107 to 10 x 107! cm® molecule™?
s~t at 298 K417 (the recommended values are (6.8
+ 1.4) x 10716 and (6.7 + 0.4) x 10711177 ¢cm?
molecule™! s71), and these are characteristic of low
activation barriers. Earlier MNDO and SCF Har-
tree—Fock (HF) computations!’® suggested Cs,-sym-
metric transition structures for hydrogen abstraction
with C—H distances of 1.159 A (MNDO) and 1.311 A
(HF/3-21G); the barriers were strongly overesti-
mated. More recent MP2 and QCISD/6-31G(d,p)
results show!’ that the PES around the TS is fairly
flat and that the computed barriers are around 1.0—
1.4 kcal mol~?! at these levels. The TS for hydrogen
abstraction (Figure 1), in contrast to the other
halogen radicals (vide infra), is nonlinear (C—H—F
= 161°) with C—H and H—F distances of 1.140 and
1.365 A. Such deviations from linearity were ratio-
nalized by hyperconjugative interactions between the
fluorine lone pairs and the C—H bonds.*”® Both the
MP2 and QCISD computations reproduce the large
experimental reaction enthalpy (—32.0 kcal mol™?)
well; the rate constants calculated at the QCISD level
using variational transition-state theory also agree
with the experimental data.
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Figure 2. Geometries for the TS of H-abstraction from
methane (MP2/6-311G(2d,d,p) (first line)!*® and BH&HLYP/
6-311G(d,p) (second line))1% and isobutane (MP2/6-31G-
(d,p), present work) by CI radical.

Halomethanes have lower C—H abstraction rates
(e.g., 1.7 x 107%, 2.6 x 107, 3.1 x 1071, and 1.2 x
107 cm® molecule™ s7* for CHF,,Cl,,*8 CF3CH,F, 8t
CH3Br,'®2 and CH,BrCl,® respectively) and similarly
low barriers (2.9 kcal mol~! for CHF; and 1.1 kcal
mol~* for CHCI5;).18° Hence, perfluorination of meth-
ane is unfavorable and halts at the stage of fluoro-
form in oxidative fluorinations.®* The geometrical
parameters of the corresponding TSs also depend on
the number of fluorine atoms in CHF,Cly,: the
critical F—H distances increase with fluorine incor-
poration, i.e., the transition structures become more
product-like.'8® The deviations of the PMP2/6-311G-
(2d,2p) barriers from the experimental values are
relatively small (1.0 kcal mol™?), in contrast to
PMP2/6-31G(d,p) which overestimates the barrier by
about 2 kcal mol~1.185

Fluorination of higher alkanes (ethane, isobutane)
is also characterized by very low barriers (around 0.7
kcal mol~1). The computed barriers strongly depend
on the level used; MP4/6-31G(d)//MP2/6-31G(d) single-
point energy calculations improve the results.'8¢ The
rate constant for the F* + C,Hg reaction was mea-
sured relative to F* + H,.1%7

2.1.2. Chlorine Radical

The free-radical chlorination of alkanes is one of
the oldest*®® and most well-studied reactions in
organic chemistry and still is industrially useful for
methane.?! The occurrence of these reactions in the
atmosphere,8-191 contributing to ozone depletion,
warrants their detailed experimental and high-level
computational studies.

The TS for H-abstraction from methane (Figure 2)
with the chlorine radical is, in contrast to fluorine,
linear'®? and the C—H bond is longer'®® (from 1.375
A at MP2/TZ+2P% to 1.443 A at BH&HLYP/6-311G-
(d,p)**®) than in the C—H—F TS moiety. The com-
puted MP4/6-31+G(d,p)//MP2/6-31+G(d,p) barrier
(3.4 kcal mol~1)1%? is in excellent agreement with the
experimental®® value in the range of 360—500 K. To
estimate the rate constants correctly,’®” tunneling
effects must be taken into account which increase the
rate constants for the CH,; + CI* — H3;C* + HCI
reaction by a factor of 3.1% Detailed studies on the
observed non-Arrhenius behavior of the CH, + CI*
system and thermal measurement of the KIEs also
indicate that tunneling enhances the reaction prob-
ability substantially.’®® A new potential energy sur-
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face for this reaction based on an analytical function
for the CH,4 + H-* reaction, calibrated by experimental
rate coefficients, was proposed.& Due to significant
secondary isotope effects, the experimental KIEs for
chlorination of d,-methanes vary from ky/kp = 11—
16 (measured for the CH,/CD, system,2007202 the
calculated® value is about 13; kp/kp = 12 was
measured for CD,H»%%) to 1.4 (measured?® for CH,/
CH3D). The contributions from two partial reactions
(CH3D + CI* — DCI + H3C* and CH3D + Cl* — HCI
+ H,DC*) computed'®® with a dual-level direct dy-
namics method gave kuy/kp = 1.45 for the CH3zH-
(D)---ClI contribution. The existing data for the tem-
perature dependence of the KIEs for the CH,/CD,
couple were recently analyzed in the 300—1100 K
interval .1%°

Numerous dynamics and kinetic studies have been
carried out for the chlorination of ethane,?05-207
propane,208—211 butanes,208,210,212—214 n—pentane,215 n-
hexane,?*%21° and some chlorinated hydrocarbons.?16-21°
A comprehensive set of kinetic data for the C,—Cg
hydrocarbons is available together with GC/FID
analyses of the reaction mixtures.??° The calculations
of the overall rates for Cl-radical H-abstractions gave
Kaelkpolkie = (6.1/8.2/2.9) x 10~ cm® molecule™ s7%;
very similar experimental rate constants (6.09/8.34/
3.32) x 107 cm® molecule™® s7! were found by
another group.??! Solvents??? influence the selectivi-
ties of alkane chlorinations significantly. The selec-
tivities in solution relative to the gas phase increase
the 3°:1° ratio to 38.0 & 1.0 for 2,3-dimethylbutane
and the 2°:1° ratio for n-alkanes to 8.81 + 0.12 in
bromine-containing solvents (CH3CH,Br).??3

Detailed ab initio calculations for the reactions of
chlorine atoms with fluoro- and chloro-substituted
methanes and an almost complete analysis of all
kinetic data obtained from flash photolysis-resonance
fluorescence, discharge flow-mass spectrometry, and
competitive photochlorination experiments in the
temperature range from 216 to 652 K are available.?*
The activation energies at MP4SDTQ/6-31G(d,p),
corrected based on bond additivity schemes (BAC-
MP4),225 range from 0.6 kcal mol~* for CHCI; to 9.7
kcal mol~! for CHF;. As in the case of methane,
tunneling corrections for the chlorination of polyha-
lomethanes improve the calculated rate constants
significantly.??* G2(MP2) calculations show the best
agreement between computed (1.2 kcal mol~1) and
experimental (1.5 kcal mol~?!) barriers for the H-
abstraction with Cl radicals from CHsF; however, a
detailed dynamics analysis shows double-well char-
acter of the vibrational adiabatic potential.??6 The
same types of potentials were found for CH;CI(Br)
+ CI* reactions at the BHandHLYP/6-311G(d,p)
level.??” The KIEs for the chlorination of the C—H
bonds decrease substantially from 3° to 2° positions.
Thus, the KIE for the chlorination of ethane is 3.1%%
(3.08 4 0.18228.229) while it is 1.4 & 0.2 for n-butane?!?
and only 1.20 + 0.06 for cyclohexane.??!

The C—H abstraction reactions can compete with
C—C bond activations in the case of strained hydro-
carbons. The differences of the regioselectivities of
gas-phase?32231 and condensed-phase?®? chlorinations
of cyclopropane (Scheme 1) were explained?®® by
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Scheme 1. C—H and C—C Chlorination of
Cyclopropane in Different Solvents

Ci i
. other ring
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Scheme 2. Selective C—H Chlorination of
Cyclobutane
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Scheme 3. Competitive C—H and C—C Radical
Chlorinations of Cubane

cl cl Ci al
Clh C;Ml
—2 + [ aw~ct *
hv |

14% 18% 2.3%

solvent pressure effects. H-Abstraction with the CI
radical from cyclopropane is favorable in the gas
phase or in solvents with low internal pressure;
solvents with high internal pressure favor Sy2 ring
opening (for a recent review on homolytic substitu-
tions, see ref 234). Ring-opening products also domi-
nate in solid-state chlorinations of cyclopropane on
amorphous films.235236

In contrast to cyclopropane, the ring opening of
cyclobutane by Cl radicals is unfavorable,?37:238 and
even in the condensed state,?3° only C—H abstraction
takes place (Scheme 2). The addition products are
found for highly strained hydrocarbons with weak
C—C bonds (like[1.1.1]-?*° and [2.2.2]propellanes?*!
and bicyclobutanes?#?).

The photochlorination?*® of cubane with Cl,/CCl,
leads to a mixture of chlorocubane and dichlorocu-
banes as well as to a product from ring opening
(Scheme 3).

2.1.3. Bromine Radical

The reactivities of halogen radicals decrease in the
direction F > Cl > Br, and in contrast to the
transformations of fluorine and chlorine radicals, the
CH3;—H + Br-— CHgs* + HBr reaction is endothermic.
Due to the barrierless exothermic formation of hy-
drogen-bridged complexes (CHgz*:-*H—Br),2447246 the
reverse reaction is accompanied by a negative tem-
perature coefficient (—0.3 £ 0.2),%*” which is even
more negative for the t-Bu* + HBr reaction (—1.4 +
0.2 kcal mol—1).248

The Cz-symmetrical TS for the H-abstraction from
CH,4 with Br* (Figure 3) is relatively late (the C—H
bond distance is 1.618 A at MP2/6-31G(d)*** and
1.621 A at QCISD/311G(2df,p)?49). Similar C—H bond
distances were computed for the C—H—Br moieties
in the TSs for the reactions of ethane and propane
with Br:.186 The computed QCISD barriers ranges
from 16 to 18 kcal mol~* with different basis sets and
agree well with experimental values.?®® The differ-
ences in the activation energies for the H-abstrac-
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1521 A
1511 A

Figure 3. MP2/6-31G(d)*** and QCISD/6-311G(2df,
2p)?*° optimized geometry of the TS of H-abstraction from
methane with the Br radical.

Scheme 4. Ring-Opening Bromination of Cubane

Br
L Br,, hv
-Br

Br Br. Br

30%

tions from methane (17.5 kcal mol~1),250251 ethane
(13.0 kcal mol™1),%51.252 propane (9.5 kcal mol~1),247
and isobutane (6.9 kcal mol~1) render H-abstractions
with Br* from methyl groups insignificant when 3°
C—H are present in the alkane.?%32%* As the TSs for
H-abstraction with the Br radical are more product-
like than for the other halogen atoms, the selectivities
of radical brominations correlate to some extent with
the stabilities of the resulting alkyl radicals. For
instance, light-induced radical bromination of ada-
mantane with Br, shows a 3°:2° ratio of only 5.7.2%
The experimental data?® place the almost planar?>’
2-Ad* 2.5 kcal mol~* below 1-Ad*; semiempirical®>® as
well as B3LYP/6-31G(d) computations, however, sug-
gest that both radicals have almost the same stabil-
ity.

The influence of halogen substitution on the rates
of hydrogen abstraction with the Br radical was
studied for the photobromination of halomethanes,?>?
CH3CH,CI, CH3CH,F,? and CH3CHHal,.?%° The rate
constants for abstractions from the CH,Hal moiety
are higher while those for the methyl group are lower
than for ethane. The weakening of the a-C—H bonds
arises from the stabilizing resonance interaction of
the halogen, facilitating bond cleavage.
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The KIEs for alkane brominations in the gas phase
and in solution are similar. The value measured for
competitive bromination of hi,- and di,-cyclohexane
in the gas phase is 5.38 + 0.11 and varies from 5.33
in liquid bromine to 4.30 in highly diluted Br,/Freon
solutions.?! In contrast to the Cl radical, hydrogen
abstractions from strained hydrocarbons are not
typical for the Br radical. Ring opening of alkyl-262.263
and arylcyclopropanes?%426> with Br radicals occurs
regio- and stereoselectively with inversion of config-
uration (Su2). The only exception is 9-anthranylcy-
clopropane where, due to conformational constraints,
the C—H bond of the cyclopropane fragment becomes
more reactive than the C—C bond.?%¢ Highly strained
cubane reacts with Br radicals exclusively via an Sy2
pathway followed by a second ring opening (Scheme
4)_243

This reaction was recently studied?®” computation-
ally at the B3LYP/6-311+G(d,p)//B3LYP/6-31G(d)
level (Scheme 5). Cubane preferentially undergoes
C—H abstraction (pathway A) with the CI radical
(first entries, AG*,03 = 4.6 kcal mol~1), while Br
radicals open the cage (second entries, AG*,05 = 12.0
kcal mol~1). The barrier for the fragmentation F of
the cubane cage with the Br radical is lower than
that for the hydrogen-abstraction pathway A. These
results nicely agree with the behavior of cubane
under radical photochlorination (C—H substitution)
and photobromination conditions (cage fragmenta-
tion).2#3

The C—C bonds of strained hydrocarbons can be
brominated selectively under radical conditions be-
cause of strain relief which singles out certain bonds
or molecular moieties. Typical examples are small-
ring propellanes,?4%268 picyclobutanes,?*?2%° and bi-
cyclohexanes.?"°

2.2. Oxygen-Centered Radicals

2.2.1. Oxygen

A simplest oxygen-centered triplet (bi)radical, OGP),
abstracts hydrogens in methane combustion: CH,4 +
O(®P) — H3C* + HO".?"* This reaction is computation-
ally challenging due to Jahn—Teller distortion and

Scheme 5. B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) (AG*ygs, kcal mol-1) Computations on the C—H Abstraction
(pathway A) vs C—C Addition (pathway F) for Cubane with the CI (first entries) and Br (second entries)

Radicals
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Figure 4. Geometries of the TSs for H-abstraction from
methane with O(®P) (A) at MP2/cc-pVTZ)%75 and O~ (B) at
B3LYP/6-311+G(3df,3pd).2%?

splitting of the PES into the %A’ and A" manifolds
in the activation step. The experimental?’2273 activa-
tion energies for the O(P) reaction with alkanes,
ranging from 7.3 kcal mol~* for 1° to 2.5 kcal mol~*
for 3° C—H bonds in the 300—400 K interval,?’* agree
well with computations at the MP2/cc-pVTZ level?”
and with the rate constants calculated from the
variational transition-state theory with semiclassical
transmission coefficients.?’¢ The TS (Figure 4) has
Cs symmetry (with only a small deviation from Cs,),
and the critical distances are 1.17—1.20 A (O—H) and
1.25—-1.30 A (H—C). The experimental barriers for
O(®P) reactions with 3°, 2°, and 1° C—H bonds are
3.3, 4.5, and 6.9 kcal mol~?, respectively. The reaction
dynamics were studied by laser-induced fluores-
cence?’"2’8 and agree well with these values.?”* The
low positional selectivity (2°:1° = 1.3) ratio was
estimated by experimental studies on the O(°P) +
C3Hg branching reaction.?’® Reactions of halogenated
alkanes with the O(®P) are especially important
for atmospheric chemistry and have been com-
puted recently for CHF3; and a number of fluoro-
methanes.?80.281

Another simple oxygen radical, the O~ radical
anion, which is held responsible for the oxidation of
hydrocarbons on metal oxide surfaces,?2-28 has a
large hydrogen-atom affinity and high basicity.?® The
reactions with alkanes proceed (for CH4 + O*~ reac-
tion dynamics, see ref 290) via two different chan-
nels: hydrogen abstraction (to give OH™ + Alk*) and
reactive detachment (yielding H,O + e~ + alkene).?®!
The H-abstraction TS (Figure 4) for the CH,; + O~
reaction is nonlinear (JO—H—-C = 160.7°), and the
B3LYP/6-311+G(3df,3pd) barrier is 6.8 kcal mol~1.2%2
The experimental kinetics show a negative temper-
ature dependence (T 0-3+0.15)293 g5 the formation of an
initial complex [O---CH4]*~ is substantially exother-
mic (—5.9 kcal mol~* at B3LYP/6-311+G(3df,3pd).?%?

2.2.2. Hydroxy Radical HO*

The reaction of saturated hydrocarbons with the
OH radical, which is one of the most important
radicals in atmospheric®?552% and combustion®®®
chemistry, also plays a central role in many biological
processes.?%

An enormous number of papers describe computa-
tions on the CH,4 + HO" system, trying to reproduce
the experimental activation energy (3.6 kcal mol~!
at 298 K) and rate constant (0.789 x 10 * cm?
molecule™! s71).297:2%8 B88, G1,2*° CI,%” MP—SAC2,300:301
QCISD?302303 gnd G239 methods overestimate while
the B3PW91,3% BLYP,%% and B3LYP3%” approaches
underestimate the barrier by 1—2 kcal mol. Mul-
tireference MP methods reproduce the barrier heights
better.1® The CHy---OH* complex which influences
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Figure 5. Geometries of the TSs for H-abstraction from
methane and isobutane with the OH radical at MP2/6-31G-
(d’p)_304

the experimental barriers and KIEs was identified
through electron spectroscopy.®®® Canonical transi-
tion-state theory with multidimensional semiclassical
tunneling corrections (CVT/SCT)3® reproduces the
experimental values and the curvature of the tem-
perature dependence of the rate constants. The CVT
description of the adiabatic profile with multidimen-
sional tunneling (MT) direct dynamics calculations
show that an adiabatic reaction maximum lies be-
tween the CCSD(T)-SAC//MP2/cc-pVTZ (5.6 kcal
mol~1) and CCSD(T)/aug-cc-pVTZ//IMP2/cc-pVTZ (6.2
kcal mol™1) values, and a proper description of the
profile is crucial for estimating tunneling correc-
tions.3% Recent computations®!® based on the canoni-
cal unified statistical model using a microcanonical
optimized multidimensional tunneling approach (CUS/
#“OMT) reproduce the experimental barrier exactly
but underestimate the experimental KIEs for this
reaction (measured as 7.36 + 0.88 for CH4/CD,, 3.30
+ 0.50 for CH,/CHD3, 1.81 + 0.28 for CH,/CH,D,, and
1.25 + 0.14 for CH4/CH3D around 300 K).31?

The barriers for H-abstraction correlate strongly
with the exothermicities of the reaction of small
alkanes with the OH radical (AH, = —14.4, —18.2,
—20.7, and —22.8 kcal mol~! for methane, ethane,
propane, and isobutane)®® and correlate with the
stabilities of the radicals thus formed.%312.313 MP2/
6-31G(d,p) computations for methane and the 1°, 2°,
and 3° C—H bonds of the above hydrocarbons show
that the more exothermic the reaction is, the earlier
the TS is located on the PES. In the TS for the CH,
+ HO" reaction, the C-++H distance is 1.205 A, while
it is 1.166 A for (CH3)sC—H + HO* (Figure 5). The
opposite is observed for the newly formed H—0O bond,
which is the shortest for CHz++-H---OH (1.283 A) and
the longest for (CH3)sC+++H---OH (1.392 A).3% The
geometrical changes in the TSs reflect the KIEs (kn/
ko = 4.6,314 2.6,315 and 1.93!% for abstraction from 1°,
2°, and 3° C—H bonds). However, dual-level (DL)
dynamics computations of the rate constants for the
reaction of propane with HO* show that the experi-
mentally measured KIEs are dominated by tunneling
effects.®!” The H/D KIEs for the reaction with OH
radicals in the gas phase are 2.59 £ 0.163%318 for
cyclohexane and 2.74 + 0.17 for cyclopentane.3'®
Similar reactivities and KIEs were found for cyclo-
hexane and cyclopentane recently in solution for the
OH radical generated from peroxonitrous acid.31°
Generally, the KIEs for H-abstraction with OH
radicals are slightly higher than those for abstrac-
tions with the ClI radical.®!
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The substantial differences in the barriers for 1°,
2°, and 3° H-abstractions with the OH radical lead
to largely different experimental rate constants®20:321
(average values are 0.243 x 1071?,1.11 x 107*?, and
2.06 x 107*? for ethane, propane, and isobutane at
298 K, respectively).3?2 A comprehensive analysis of
the existent literature data together with the latest
rate constants for reaction of the 10 C,—Cg linear and
Cs—Cs cyclic alkanes with the OH radical show that
most of the rate constants are now known to better
than 5% accuracy over the 300—400 K temperature
range.3?

The rate constants for the reactions of OH radicals
with cyclopropane and cyclobutane (1.11 x 103 and
17.5 x 1071 cm® molecule™® s™1 at 298 K) were
measured®?* with laser flash photolysis/resonance
fluorescence techniques. The relative reactivities of
the CH; groups in cyclic alkanes with OH radicals
gave the following statistically corrected values: 0.37
for c-C3Hs, 4.4 for c-C4Hg, 10.0 for c-CsHjo, 11.9 for
c-CeHyz, and 16.9 for c-C;His. The temperature
dependence of a set of rate constants for the reactions
of HO* with a number of linear and cyclic C4;—Cs
alkanes was analyzed recently.%

Fenton-type Reagents. The mechanisms for al-
kane activation with Fenton-like reagents (H,O,/ML,
M = Fe, Cu, Co, Mn; L = H,O and others) are
discussed intensively in the literature®? (for the most
recent and detailed review, see ref 327). There is
evidence for®28:32% and against33°-333 the participation
of HO radicals in the alkane activation step (eq 2).

M"™™ 4+ H,0, — MOH" + HO’ (1)
R—H + HO"—R" + H,0 ()

Indeed, “...mechanisms of Fenton-like processes are
extremely complex, and it is not surprising that
different conclusions [...] were reached for different
reagents and substrates”.®** Recent studies®*® of the
oxidation of cyclohexane (KIE = 1.5—2.7) and ada-
mantane (3°:2° = 3.1—3.3) with [FeL(CH3CN)](ClO4)./
H,0, suggested the involvement of Fe!'vY = O species
as “...a more selective oxidizing species in addition to
hydroxy radicals”.

Peculiar secondary over tertiary33%337 selectivities
(for instance the 2°/3° ratios up to 22 for adamantane)
observed for alkane oxidations under Gif conditions
(Fe/pyridine/CH3COOH/O,(H,0,))338339 initially were
a strong argument against a radical activation step;
a nonradical scheme based on the participation of
high-valent iron—oxo species was proposed instead.3°
However, the importance of OH" in the C—H activa-
tions in Gif conditions was pointed out already at the
beginning of 1990s.3*° Some analogies between Gif
and Fenton chemistries were first drawn3# but then
rejected®4?343 on the basis that free 2-Ad* radicals are
not formed in Gif systems because 2-adamantyl
pyridine trapping products could not be identified.
However, it was shown independently that 2-Ad°
simply cannot react with pyridinium ions under these
conditions.?* At the same time, trapping with TEMPO
gave substantial amounts of 2-adamantyl-TEMPO.34
The oxidation of adamantane is one of the most
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controversial aspects of Gif chemistry,3# and the
mechanism indeed seems rather complex. Numerous
follow-up mechanistic studies were undertaken in an
attempt to support nonradical activation through Fe-
(V)=0 or Fe(IV)=03* species in Gif systems based
on the competitive reactivities of cycloalkanes,348:349
trapping of possibly formed iron—carbon bond inter-
mediates,3°3%1 investigations of the role of solvent,3%?
and using alternative peroxide sources.®>® However,
mechanistic reinvestigations®* and recent adaman-
tane oxidations®®3% under Gif conditions, support
the intermediate formation of diffusively free 1-Ad’
and 2-Ad:. Careful and complete analysis®® of the
reaction mixtures in adamantane oxidations includ-
ing non-oxygenated®®’ products shows that a 3°:2°
ratio of 2—4 is close to that observed for the oxida-
tions of adamantane with HO® in non-Gif systems.
The lack of intermolecular selectivity® also confirms
that HO radicals are involved in the activation step
(eq 3). The relatively large amounts of ketones vs
alcohols formed in Gif systems?®° might be explained
in terms of the traditional Haber—Weiss—Walling®%®
mechanism proposed for Fenton-like chemistry (eq
4) when decomposition of sec-peroxyradicals
R,CHOO" may take place also “...via metal-dependent
pathways” and 1,2-H shifts (eq 5).3%®

The halogenation selectivities of Gif systems with
halomethanes as halogen sources certainly are dif-
ferent®%° from halogenations with the same reactant
in the presence of traditional radical starters, but
oxygen-containing products still form, and these
make mechanistic interpretations difficult. Moreover,
the selectivities for the formation of halogen products
in Gif systems differ from the oxygen-containing
product distributions.®*® Alkanes are oxidized in
solution with Gif-like H,O,/catalyst systems such as
0,—H,0,—vanadium?61-363 or H,0,—manganese com-
plexes.3%* The oxidations of n-pentane, n-hexane, and
adamantane with Keggin-type iron complexes again
show inverse selectivities, i.e., 2° > 3° > 1° (vide
infra).365

The kinetics and energetics of hydrogen abstrac-
tions with HO* from halogenated hydrocarbons have
been the subject of many investigations. The reaction
of the OH radical with HCF; is about 2 orders of
magnitude slower than with methane. The 9.6 kcal
mol~! barrier for the HO* + HCF; reaction was
computed at the QCISD/6-311G(d,p)//MP2/6-311G-
(d,p) level;%® recent studies estimate the classical
barrier height as 2.8—3.1 kcal mol~1.257 An entire set
of CH4—nFn + HO" reactions was studied with MP2368
and DFT3%¢°® methods, which, however, generally
underestimate the barriers; at the same time, sur-
prisingly, MP2/6-31G(d)//HF/3-21G(d)3"° provides rea-
sonable barriers, probably due to favorable error
cancellation. Recently, a modified G2 study showed
the best agreement with the experimental values
both for fluoromethanes and for methane itself.3"* It
is important to note that a second fluorine influences
the H-abstraction barriers only slightly. A number
of other haloalkane + OH-* reactions were studied
experimentally and computationally at correlated
levels.3727379 A satisfactory correlation (R = 0.93) has
been observed between the activation energies and
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the C—H bond dissociation enthalpies for halo-
methanes and haloethanes®? as well as between ab
initio computed rate constants and those estimated
with the empirical Evans—Polanyi equation.3”®

The selective oxidation of methane to methanol as
an alternative fuel prompted a detailed study of the
CH30OH + HO* reaction.®° The overall rate con-
stant®®! both for the CH3;0* + H,0 and the *CH,OH
+ H,0 channels is 9.1-9.4 x 1073 ¢cm® molecule™
s71, but the abstraction from the methyl group
dominates®? (the barrier33 is only 0.9 kcal mol™?).
However, selective methane oxidation with HO radi-
cals could be achieved in catalytic systems such as
H,0,/Keggin-type heteropolyacids®®* or in the pres-
ence of vanadium complexes.3%® The most effective
approach is the direct oxidation of methane to
methanol by soluble methane monooxygenase
(MMO),%8 which is believed to occur without the
involvement of free HO radicals (vide infra).

2.2.3. Haloxy Radicals HalO*

Despite their importance for combustion chemistry,
very little is known about the reactivity of haloxy
radicals with alkanes. The kinetics of the CIO* %7 and
BrO- 388 as well as computations for FO* 38 reactions
with CH, are available; the first detailed computa-
tional study for the whole set of the HalO* + CH, —
HalOH + CHgs® reactions was performed only re-
cently3® at the MP2, QCISD(T),?*® and B3LYP levels
with several basis sets. The computed barriers are
11.2, 15.3, and 13.9 kcal mol~! for FO*, CIO*, and BrO*
reacting with methane at B3LYP/cc-pVTZ//B3LYP/
6-311G(d,p), respectively (for the geometries of the
TSs, see Figure 6).

2.2.4. Alkoxyl Radicals RO*

Studies of alkoxy radicals in alkane activations
frequently focus on the t-BuO radical. A competition
between H-abstraction and g-scission is usually
observed for t-BuO* and depends on solvent polarity
and hydrogen-bonding ability.3®* The TS for H-
abstraction from methane with the t-BuO* was re-
cently®®? computed at B3LYP/6-31G(d); the C—H
distance in this nonlinear TS is 1.145 A, and the
computed H/D semiclassical KIE = 6.46. The chem-
istry of this radical in the condensed phase was
studied in detail. t-BuOCI homolysis (eq 6) leads to
alkane chlorinations with t-BuO* as the H-abstractor

1. FN F oy OH
2. H*, —Fe®* OOH ——% s o
—Fe¥, —OH~

(eq 7), but the ClI radical can also activate alkanes
(eq 8).

t-BuOCI — t-BuO* + CI’ (6)
R—H + t-BuO’ — R’ + t-BuOH @)
R—H + CI'—R" + HCI (8)

This makes kinetic measurements with the hy-
pochlorite technique3®3%4 unreliable, and “the studies
using the tert-butyl hypochlorite technique cannot
expected to be very accurate”.®% Laser photolysis of
t-BuO—N=N—-0OBu-t or t-BuO—0OBu-t3%3% produced
“pure” t-BuO radicals for kinetic measurements. The
most recent kinetics3®” gave rate constants of 9.8 x
10%°and 7.2 x 10° M~ s~ for cyclohexane (E, = 3.49
kcal mol~?) and cyclopentane (E, = 3.54 kcal mol1)
for the reaction with t-BuO* in PhF. In general, the
solvent has only a moderate influence on the kinetic
parameters of these reactions.3%53%-401 The C—H
selectivities reported for t-BuOr in the reactions with
a number of linear as well as branched*’? alkanes are
koo/kie = 1249 and kso/k;- = 50,494 i.e., these are quite
high relative to those of OH, CI, and Br radicals. The
chlorination of adamantane with t-BuOOBu-t in
CHCI; gave a 1-AdCl/2-AdCI ratio of 10:1.5.%%° This
is one of the most selective adamantane radical
chlorination reactions studied to date (vide infra,
however).

t-BuOCI can also be used for the chlorinations of
the C—H bonds of strained hydrocarbons, because
C—C bonds remain untouched in the presence of the
t-BuO radical*®® even in cubane.*®® Similarly, the
incorporation of iodine into unactivated C—H bonds
is based on the homolysis of in situ generated t-BuOl
in the presence of alkanes.®®” The t-BuO* recently
received some attention as a model for the reactions
of cytochrome P4504%84%° (vide infra) and alkane
hydroxylation mechanisms with alkylhydroperoxides
in the presence of transition-metal complexes.*10:411

The t-BuO radicals are likely to be active species
in the oxidations of alkanes with t-BuOOH under Fe
catalysis, which initially was attributed to a non-
radical process promoted by a high-valent iron—oxo
species. It was recognized from the Kkinetics and
product distributions that radical activation certainly
occurs at high t-BuOOH concentrations.”#*? The
constant ratio (2.0—2.2:1) for hydrogen-atom abstrac-
tions from c-CgH1 and c-CsH1, and similar H/D KIEs
(4.8—4.9) for the c-CgHj4/c-CgD16 couple with t-BuOOH/
[Fe''5(TPA),(H20),]*" and t-BuON=NOBu-t support
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Figure 6. Geometries of the TSs for H-abstractions from
methane with FO* (first entry), CIO" (second entry), and
BrO* (third entry) at QCISD/6-311G(d,p).3%

a common R—H + t-BuO* activation step.®>° Other
systems based on iron complexes such as [Fel]-
(ClO4)n/t-BUOOH,*3414 [Fe,L(OH)](BF4)3/t-BUOOH,*15
[FezoLz(HzO)z](C|O4)4/t-BUOOH,416 and [FEL(Clz)]-
BF4/t-BUOOH* can also produce t-BuO*; however,
the KIEs for the c-CgHj2/c-CsD1, couple are some-
times higher (kn/kp = 10*6 for [Fe,OL2(H,20)2](ClO4)4/
t-BuOOH) than with t-BuOr, indicating a more com-
plex reaction scheme probably involving alkylperoxo-
iron(111) species.**® Still, “the possibility of a free
radical pathway operating simultaneously cannot be
ruled out”.*'® Fenton-like chemistry based on (ML,
M = Fe, Cu, Co, Mn, Ru)/t-BuOOH systems329.418-424
probably involves radical chain reactions including
the t-BuO* + R—H activation step. An analogous
situation in alkane oxidations takes place when
t-BuOr is produced from the homolytic cleavage of
complexes such as [Co(PysP)OOR], R = t-Bu*® or
others.*?® These systems demonstrate “normal” se-
lectivities for adamantane oxidations, independent
of R (3°:2° = 10—12). Similar (3°:2° ~ 8—13) selectivi-
ties for low-yield adamantane oxidations were re-
ported for some ferrous oxo/peroxo pivalate*?” for a
number of Cu(l),%?® Ti(1V),** and Keggin-type*¥®
complexes with t-BuOOH. The selectivities for ada-
mantane oxidations with t-BuOOH in the presence
of the transition-metal cation-exchanged fluorote-
trasylilic mica**' and wu-oxa-bridged diferric com-
plexes*? are 3°:2° = 9—12, probably also due to the
t-BuO* involvement in the activation step. Similar
selectivities were obtained for adamantane bromi-
nations (3°:2° ~ 8—10) for Gif, Mn-porphyrin, Fe-
porphyrin/t-BuOOH/BrCCl; systems;*3® these are
similar also for alkane oxidations catalyzed by other
Fe,357 Fe,, 434436 R 437438 Cp 439 and Cr complexes“""o
in the presence of t-BuOOH. Diiron non-heme MMO
model precatalysts also lent themselves as t-BuO-
producing species.**' Methyl cubanes yield only
cage-substituted products®*® with t-BuO*; oxidations
with MMO or P450 give different product distribu-
tions*® and KIEs.**? An extensive discussion con-
cerning the participation of oxygen-centered radi-
cals341:433:443-445 yg Fe(11)=0/Fe(1V)=0 and Fe(ll11)=
O/Fe(V)=0 C—H activations343:348:446-449 in glkane
functionalizations with ROOH under Gif-like condi-
tions performed by a number of groups recently
reached an agreement*'14%0 regarding the decisive
role of radical chain reactions initiated by t-BuO-.
In summary, it is very probable that most (if not
all) metal-catalyzed t-BuOOH alkane activations
involve the same t-BuO* + R—H activation step and
not the alternative M=O + R—H reaction. It has
been recommended that “...all investigators who
would like to claim that t-butyl hydroperoxide-derived
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high-valent metal-oxo species are the effective oxidiz-
ing agents in their systems to check...” whether they
will “...yield the same results as t-butyl hydroperoxide
before they draw any mechanistic conclusions”.#10 A
recent review*>! on biomimetic non-heme iron cata-
lysts for alkane hydroxylations shows that “with
ROOH as oxidant, it is clear from mechanistic studies
that alkoxyl radicals are the principal agents that
cleave the alkane C—H bond...”. The metal is involved
in the post-activation step by means of trapping and/
or oxidizing the carbon-centered radicals. Moderate
enantioselectivities observed in some of these reac-
tions might be explained by the fact that the carbon-
centered radicals formed after the H-abstraction step
are not free and can recombine quickly. The enanti-
oselective recombination of prochiral carbon-centered
radicals also cannot be excluded.#52453

Alkane halogenations are more selective in Gif
systems which can be explained by a combination of
free-radical and redox processes.3*! It was shown?**3
that Gif conditions could be more effective than
Fenton chemistry for the chlorination of cyclohexane
in the presence of Cl~ (eq 9), because the low steady-
state concentration of Fe(11) minimizes the reduction
(eq 10) of t-BuOr, which is probably also the H-
abstracting reagent in such systems (eq 11).

¢-CgHy," + Fe(111)—Cl — c-C4H,,Cl + Fe(ll)  (9)
t-BuO® + Fe(ll) + H" — t-BuOH + Fe(lll)  (10)
¢-CeHy, + t-BUO" — ¢-CH,," + t-BUOH (11)

Halogen substitution enhances the reactivity of the
alkoxyl radicals substantially. The changes in the
rate constants (298 K, cm?® molecule™® s71) in the
reaction of CF;0° with methane (1.93 4+ 0.11 x 10714,
ethane (1.30 £ 0.11 x 10 %?), propane (4.84 £ 0.27 x
107%?), and isobutane (6.73 4 0.39 x 10-%?)*5* are very
similar to those found for the HO radical.®?> Among
other radicals of this type, the cumyloxyl kinetics
with cyclohexane are available.*%®

2.2.5. Peroxy Radicals ROO*

Although it was recognized that under Gif condi-
tions “t-butylperoxide radicals do not abstract hydro-
gen from saturated hydrocarbons”,**° the rate con-
stants for a number of H-abstractions from linear,
branched, and cyclic alkanes with t-BuOO* generated
in the t-BuOOH/AIBN system were studied by com-
petitive kinetics and fall in the range from 1 x 10~
t09 x 1074 M1 s™1 for 2° C—H bonds. The reactivities
of the 3° C—H bonds are higher (from 1 x 1072 to 2
x 1072 M1 s71) depending on the structure of the
alkane.**® The activation energies for 3° and 2° C—H
bonds were found in the range 13—19 kcal mol~1.457
In general, the reactivity of t-BuOO* with C—H bonds
is 7—10 orders of magnitude lower than that of
t-BuOr,4%8459 g5 the H—O BDE in t-BuOOH*80 js only
88.2 vs 105.2 kcal mol~* of that in t-BuOH.?%4 t-BuOO
radicals, possibly together with t-BuO*, are present
in Kharasch oxidations with t-BuOOH/Cu(OAc),**
and in metalloporphyrin-catalyzed decompositions of
t-BuOOH.*¢? The selectivities for C—H abstraction
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from adamantane with these reagents are almost
identical (3°:2° = 27-28); they also show similar
relative reactivities with different hydrocarbons, and
it was noted that “also in this oxidation t-BuOO* is
the hydrogen abstracting species” and that the “...in-
termolecular selectivities would be rather complex”.462

The involvement of aroylperoxyl radicals ArC(O)-
OO was recently proposed for the oxidation of
alkanes with peracids.*®® Despite the fact that the
O—H bond in ArC(O)OOH is ca.17 kcal mol~* weaker
than the one in ArC(O)OH, effective H-abstraction
with ArC(O)OO* can take place due to its high
electrophilicity. Previously proposed** ArC(0)O* H-
abstractions or concerted oxygen insertions*® into
C—H bonds do not seem to be operative.

2.2.6. Aroyloxyl Radicals ArC(0)O*

These radicals may form under homolysis of aro-
matic peracids ArC(O)OOH or aroylperoxides ArC-
(O)OO(O)CAr and are able to abstract hydrogens
from saturated hydrocarbons (k = 1.2 + 0.4 x 107
M~1 s for 4-CICsH4C(0)O° %6 and 5.3 = 3 x 10° M
s~1 for 4-CH30CgH,C(O)O" #67 with cyclohexane), but
this process competes with decarboxylation ArC(O)-
O* — Ar* + COa. Initially mechanisms involving a Ar*
+ R—H activation step were initially proposed*® but
ruled out later.*6® The yields and selectivities of
hydrocarbon azidations*6%47° and amidations*’* car-
ried by stabilized ArC(O)O radicals are high (3°:2°
> 60 for adamantane). An exceptionally high selec-
tivity for the oxidation of adamantane (3°:2° = 140)
by m-CPBA was observed in benzene*?® and ex-
plained by the participation of aroylperoxyl radicals
ArC(0)OO0Or in the C—H activation step followed by
different reaction paths (eqs 13 and 14),*? e.g.,
through a non-chain radical mechanism.

ArC(0)O" + ArC(O)OOH —
ArC(O)OH + ArC(0)00" (12)

ArC(0)00" + H—R — ArC(0)O" + ROH  (13)
ArC(0)00" + H-R — ArC(O)OR + HO®  (14)

However, such high 3°/2° selectivities are not
typical for a radical attack on the C—H bonds of
adamantane and are more consistent with a highly
polar oxygen rebound mechanism (vide infra). The
latter is also consistent with the observed partial
stereoselectivity of C—H oxygenation at tertiary
carbon atoms with CH3COOOH.*"® The positional
selectivities for the oxidation of adamantane and a
number of other hydrocarbons with CF3COOOH are
even higher.474475

2.2.7. NO,* Radicals

The NOy radicals contribute substantially to the
atmospheric degradation of hydrocarbons,®? espe-
cially at night-time (NOgs").56 As the oxidation of
methane with O, is accelerated by the addition of
NO*,476477 which also increases the selectivity for
CH,0 formation, the CH4#/NO* and CH4/NO;* systems
were studied in detail. CCSD(T)/6-311++G(2d,p)//
MP2/6-311++G(2d,p) calculations*’® show two pos-
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Figure 7. TSs for H-abstraction from methane with the
NO, radical at BHandHLYP/6-311G(d,p).*8

sible channels for the CH, + NO* reaction due to the
ambient nature of the NO radical, i.e., through
(ON-+++H-+*CHz3)* and (NO-:+H-+-CHy)* transition struc-
tures (the barriers are 61.7 and 72.0 kcal mol™?,
respectively). The barriers for the reaction of CH,4
with NO,* 4" are much lower: 33.4 kcal mol™ for
(O2N+++H:-*CH3)* and 41.1 kcal mol=! for (trans-
ONO:+-H-:-CHj3)* at CCSD(T)/6-311++G(2d,p)//MP2/
6-311++G(2d,p).*’® The AH* values at CCSD(T)/
6-311++G(2d,p)//BHandHLYP/6-311G(d,p) are
34.3 and 36.2 kcal mol™1, respectively; however,
recent computations*®®  showed that the
(cis-HONO-++H-+-CHy)* channel has the lowest barrier
(31.0 kcal mol~* at BHandHLYP/6-311G(d,p), Figure
7).

A decrease in the barrier was computed for the
H-abstraction from the 1°, 2°, and 3° positions of
small alkanes with NO,*. The lowest barrier is 20.8
kcal mol~1 for the 3° C—H bond of isobutane through
the cis-TS. These results indicate that NO,* can
participate in alkane oxidations with O, in the
presence of nitrogen oxides.*78481

The reactivity of NO,* is substantially increased in
the presence of ozone (Kyodai-nitration*8?), where
highly reactive*® NO; radicals*®* form. The reaction
rates for hydrogen abstraction from alkanes with NO3
radicals are about 107" cm® molecule™t s71.4857487 A
more convenient way to generate NOg3® is the photo-
decomposition of cerium(lV) ammonium nitrate
(CAN).“88 In the photoinduced reaction of adaman-
tane with CAN, an unprecedented high selectivity
(3°:2° = 60) for a radical functionalization reaction
was observed.*®® The 3° selectivities for adamantane
in the Kyodai NO,/O3; system are almost the same
(>50).%%° The activation energy (3.2 kcal mol™?) for
the reaction of adamantane with the NO; radical was
computed at AM1.%! The exceptionally high selectivi-
ties for H-abstractions were explained by the high
electrophilicity of NOs* and the “radical cationic
nature of the transition state”.*°* The NO; radical is
also able to cleave saturated C—C bonds in strained
compounds. The barrier computed recently for Sy2
ring opening of 1,1-dimethylcylopropane with NOs
(Figure 8) is only 3.6 kcal mol~* at B3LYP/6-311+G-
(d,p)//B3LYP/6-31G(d).**? The dinitroxylations of the
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Scheme 6. C—C Bond Activations with the NO; radical

O,NO

@cm NG,
n=1,2
o=
R =H, CHs, Ph

B =

Figure 8. Transition structure for the attack of the NO;
radical on the carbon atom of 1,1-dimethylcyclopropane at
B3LYP/6-31G(d).4%2

Scheme 7. C—H Activation with Photoexcited
Nitroxide

—|*
N-O’ R—H N-OH
R

C—C bonds of propellanes occur with high selectivi-
ties and do not compete with C—H activation (Scheme
6)_492

High selectivities (3°:2°:1° = 50—60:7:1) were re-
ported for other highly electrophilic radicals such as
nitroso oxides X=N-—0-.%% Nitroxides R,N—O" in
their ground states are quite stable radical species
and are not able to react with the C—H bonds.
Photoexcited 1,1,3,3-tetramethalisoindolin-1-yloxyl
and some other nitroxide reagents, however, are able
to abstract hydrogens from unactivated C—H bonds
regioselectively.*®* The resulting alkyl radicals are
efficiently trapped by ground-state nitroxide (Scheme
7). The preparative yield for cyclohexane substitution
is 77% and 55% for n-butane (2°:1° selectivity = 6.7).

The phthalimide-N-oxyl (PINO) radical*®>4% can
easily be generated from N-hydroxyphthalimide in
the presence of molecular oxygen with#°74% or with-
out*® catalyst. Using PINO as the H-abstracting
radical allows the transformation of alkanes to alco-
hols, ketones, and carboxylic acids. The selectivities
for the adamantane oxidations are quite high, and
the 1-hydroxyadamantane/adamantan-2-one ratios

Fokin and Schreiner

ONO, NO; ONO,
abstraction
{CH2)n  from CAN (CH2)n
' ONO,
NO; 0O,NO
abstraction
R from CAN R
ONO,
NO;

abstraction ONO,
from CAN omoﬂ

vary from 80/5 to 40/14.5%° Similar selectivities were
observed for PINO-initiated carboxylations of ada-
mantane in the CO/O, system.*%° Catalytic amounts
of N-hydroxyphthalimide promote the oxidation of
cyclohexane with NO, radicals to give 70% nitro-
cyclohexane®?! and adamantane to 1-nitroadaman-
tane in nitric acid (yield 62%, 3°/2° = 22).592 PINO is
a chain carrier radical in isobutane in the selective
aerobic oxidation to tert-butyl alcohol.*%®

Photoexcited quinones and ketones act as efficient
but unselective H-abstractors. The triplet state of
2,3,5,6-tetrachloro-1,4-benzoquinone (chloranyl) ab-
stracts hydrogens with rates from 0.8 x 106 to 2 x
108 M1 s, and hydrocarbon radicals thus formed
may be oxidized further by this reagent.5°® The
selectivity for the chlorination of adamantane by
photoexcited chloranyl is very low (3°:2° = 7).5%
Similarly low selectivities were observed for photo-
induced hydrogen abstraction from adamantane by
triplet states of aromatic ketones (Ar,C=0).5%* Among
the other oxidizing/H-abstracting reagents, the SO~
radical anion®® should be mentioned as it is quite
useful for the activation of unreactive hydrocar-
bons.5067508

2.3. Nitrogen-Centered Radicals

NH,; Radical. The barrier for the hydrogen-
abstraction reaction NH,* + CH; — NH3 + H3C* was
computed by a number of groups as 17.1 kcal mol~?*
at C1/6-31G//HF/6-31G,%*° 14.8 kcal mol~* at MP2/6-
311++G(2d,p)5%° as well as at QCISD(T)/6-311+G-
(2df,2p)//IQCISD/6-311G(d,p),%** 14.9 kcal mol~* at
CCSD(T)/6-311++G(2d,p)//IMP2/6-311++G(2d,p),>*°
12.3 kcal mol™t at PMP2/6-311++G(2d,p),%1° about
15 kcal mol~! with different G2 approaches,>'25% and
10.8 kcal mol~* at B3LYP//6-311+G(2d,p).5° The
experimental value is “>10 kcal mol~” in the tem-
perature interval from 300 to 500 K.51* As the above
reaction is only 2—3 kcal mol~! exothermic, the TS
is located about halfway along the reaction path (the
critical C—H and H—N bond distances are 1.33 and
1.26 A in the nearly linear N—H—C fragment, Figure
9).512.513

A systematic study of the reactions of small alkanes
with the NH; radical was performed with a modified
G2 method giving barriers of 11—-12 (11.3 via MP2/
6-311+G(d,p)>*®), 8.4, and 8.3 kcal mol~? for 1°, 2°,
and 3° C—H activations, respectively.5'® This is in
agreement with the experimental trends;56-58 how-
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Figure 9. Transition structure for H-abstraction from

methane with the NH, radical at QCISD (first line)! and
B3LYP (second line)12513 with the 6-311G(d,p) basis set.

Scheme 8. Two Forms of Succinimidyl Radical

ever, the computed barrier for the 3° abstraction
probably is overestimated: the selectivities deter-
mined by amination reactions of 2,2- and 2,3-di-
methylbutane, methylcyclohexane, and n-hexane with
H,N° gave 3°:2°:1° = 70:7:1.519

NBS as a source for the succinimidyl radical is
traditionally used as a radical starter for free-radical
brominations. It was recognized that this radical is
less selective in H-abstracting than the bromine
radical.>?° When adamantane is brominated with Br,
under photoinitiation the 3°:2° ratio is 5.7, while it
is only 4.3 with NBS.255521 There was a long-standing
discussion about the mechanism of action of succin-
imidyl radicals,®?2 which can exist in a dynamic
equilibrium with its ring-opened isomer (Scheme
8),5% that influences the H-abstraction selectivities.>?*

The selectivities for alkane activations with amidyl
radicals were studied in detail for the chlorination
of hydrocarbons with N-chloroamides.??® The selec-
tivities of the amidyl radicals CH3;C(O)N°R markedly
depends on the size of R: the 3°:1° selectivity is 95
for R = CH; but only 1.6 for R = t-Bu. In general,
the selectivities for chlorination with N-chloroamides
are higher than with elementary chlorine (3°:2° = 35
for adamantane; free-radical chlorination with ClI,
gave 3°:2° = 1.9 only5%).

The selectivities for the Minisci chlorination*33527-529
initiated by R,NH*" radical cations generated from
N-chloroamines in acidic media is strongly influenced
by polar effects. High selectivities were found for the
chlorination of adamantane under these conditions
(3°:2° = 32) due to the high positive charge on the
hydrocarbon moiety of the TS (eq 15).3*

Ad—H + R,NH"" — [Ad-+-H:+*NHR,]""* —
Ad" + R,NH," (15)

2.4. Carbon-Centered Radicals

The barrier for the thermoneutral CH, + HsC*
reaction was computed first at noncorrelated®3 then
at MP253 Jlevels: both methods overestimate the
barrier by about 4—5 kcal mol~; B3LYP and B3P86
with different basis sets®¥? give values close to experi-
ment>33 (14.1 kcal mol™t); tunneling probabilities
were estimated using CI1%%* and MP4/6-311G(d,p)>®®
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1.346 A
1.332 A

Figure 10. Transition structures for the H-abstraction
from methane and isobutane with methyl and chloromethyl
radicals: B3LYP/6-31G(d) (first entry), MP2/6-31G(d) (sec-
ond entry).582553

potentials. The critical C—H bond distances in the
Dsg-symmetrical TS are similar at all levels of theory
(from 1.33 to 1.34 A) (Figure 10). The KIE value
reported for CH,/CD, ranges from 3.8 to 4.6 and
is computed as 3.2.5%7

The Kinetics of the reaction of small alkanes with
methyl radicals were evaluated at moderate to com-
bustion temperatures, and the relative 3°:2°:1° reac-
tivities were estimated as 61:4.8:1 at 350 K.538 This
agrees with the trend in the experimental®® activa-
tion energies (11.0, 12.5, and 13.2 kcal mol~2, respec-
tively). The influence of chloro/fluoro substitution on
the reaction of methane with methyl radicals was
studied computationally at MP2/6-31G(d,p)//HF/6-
31G(d,p).5>*® The exothermicities of the H;C* +
CH4Clx — CH; + °*CH3;«Clx reactions strongly
depend on x and are much higher for CHCI; (—9.1
kcal mol~t) than for CH3Cl (—4.4 kcal mol™2). As a
consequence, the activation energy is the lowest for
CHCI; (calculated = 7.1 kcal mol~! and experimen-
tal®*! = 6.7 kcal mol~1) among chloromethanes (10.2,
9.0 kcal mol~* for CH,Cl, and 14.4, 11.6 kcal mol~*
for CH3Cl). In contrast, all H3C* + CHy—xFx — CH,4 +
*CH3;_4F« reactions are more exothermic (—10 to —11
kcal mol~t) but the barriers for H-abstraction are
similar (computed are 14—16 kcal mol~?, experimen-
tal®*? range = 10—12 kcal mol™?).

Due to the higher stabilities and hence relatively
high selectivities, halosubstituted (CIsC*, BrsC:,
F2n+1Cn®) alkyl radicals are widely used for alkane
activations. They can be generated by thermolysis,>*
photolysis with>** or without TiO,,%*® or transition-
metal-catalyzed?*33546-548 gs well as reductive decom-
position of halomethanes with alkali metals®® or
under phase-transfer catalytic (PTC) conditions (vide
infra).

The reactions of *CCls, produced from CCl, homoly-
sis were studied in detail. It is generally accepted
that this reaction involves initiation (eq 16), activa-
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Fokin and Schreiner

Scheme 9. B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) (AG*ys kcal mol~1) Computations on the C—H Abstraction
(pathway A) vs C—C Addition (pathway F) for Cubane with the CClI; (first entries) and CBr; (second

entries) Radicals
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tion (eq 17), propagation (eq 18), and termination (eq
19) steps.

ccl, —*CCl,+ *Cl (16)
R—H + ‘CCl, — R* + CHClI, 17)
R® + CCl, — R—Cl + *CCl, (18)

2°CCl,—CI,C—CCl or 2R"—R,  (19)

The rate constants for eq 17 measured in solu-
tion>% are very similar to those in the gas phase,>1552
in contrast to the rates of the propagation step (eq
18) which is 2—3 orders of magnitude faster in
solution. The initiation depends somewhat on the
nature of the radical starter (AIBN, t-BuOOBu-t, or
BrCCls). In the latter case, however, the initiation
process does not provide a clean source of ClzC*.5%°
The activation energies for H-abstraction changes
dramatically from methane (17.9 kcal mol~1), ethane
(14.2 kcal mol™?), propane (10.6 kcal mol™1), to
isobutane (7.7 kcal mol~1).55! Computations at the HF
level give unsatisfactory results; the MP2 and B3LYP
methods with different basis sets overestimate the
barriers by about 3 and 2 kcal mol~%, respectively;
pure DFT (BLYP) gives barriers almost identical
to experiment.®®® All computations show linear
(Alk)C:--H---CCl3 configurations in the TSs (Figure
10) with a shortening of the C:--H and an elongation
of the H---CCl; distances when going from methane
to the 3° C—H bond of isobutane. The role of polar
contributions in the TS is relatively small and was
estimated for the halogenations of substituted tolu-
enes with the Cl3C radical (po(o+) = —0.69).5%

Pronounced 3° C—H selectivities were found for
chlorinations with the CI3C radical, which is much
more selective than the CIl radical and most other
free-radical chlorinating agents.5%® Consequently, the
3°:2° reactivities of adamantane toward the CI;C
radical is 24.5%675%8 |n the absence of Cl radicals
(using more easily homolyzable BrCCl; as the Cl;C-
radical source), the selectivity for the adamantane
chlorination is even higher (3°:2° = 27.0). Recently,
CCl, was used for the chlorination?®” of hydrocarbons

Tt r - 'CHa|3

in the presence of NaOH under phase-transfer (PT)
conditions, where formation of Cl;C* results from the
reduction of tetrachloromethane with HO™ 267:5% (gq
20, Hal = CI) and decomposition (eq 21, Hal = CI) of
the CCl,~ radical anion (dissociative electron trans-
fer).560

CHal, + OH™ —CHal,” + HO"  (20)
CHal,” — "CHal; + Hal™ (21)

Such an initiation avoids the formation of CI
radicals and is most useful for the clean chlorination
of strained compounds such as cubane.?®” In marked
contrast to free-radical halogenations with Hals,
which cause fragmentation of the cubane skeleton,
PT halogenations do give the desired halocubanes
without cage fragmentation. Computations at B3LYP/
6-311+G(d,p)//B3LYP/6-31G(d,p) show that the bar-
riers for the H-abstraction (Path A, Scheme 9) with
CHals; radicals (Hal = CI, first entry, Hal = Br,
second entry) are much lower than those for direct
carbon attack (fragmentation path F).257

More easily homolyzable tetrabromomethane (CBry)
as a source of BrsC* is quite often used as a selective
brominating agent.5*45¢ Recently, a new preparative
PT method for the bromination of hydrocarbons was
introduced, again involving eqs 20 and 21, with
Hal = Br. The PTC-brominations in the CBr,/NaOH/
PT-catalytic system were applied to a wide range of
hydrocarbons (linear and (poly)cyclic alkanes).56!
Participation of the CBr; radical in the activation
step of the PT brominations was demonstrated by the
excellent agreement of computed KIEs with the
experimental values (ky/kp = 4—5).562 The PT method
was used also for direct iodination of unactivated
hydrocarbons in the HCI3/NaOH system.®63 Due to
sterically more demanding Cl; radical, the selectivi-
ties for C—H activations are even higher (3°:2° = 120
for adamantane iodination) than with CBr; radicals.

The CF; radical can be generated by thermal
decomposition of CF;COOOH, where a radical chain
process dominates in the reaction with cyclohexane
at 70 °C. The participation of *CF3 in the activation
step c-CgHj2 + F3C* — ¢-CgHi11* + HCF3 was proven
by the detection of fluoroform (or DCF; with CgD1y)
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Scheme 10. Possible Mechanisms for Alkane
Activations with Metal—Oxo Species
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in the course of the reaction.%* Perfluorinated alkyl
radicals®®55%¢ are more reactive toward C—H abstrac-
tion than alkyl radicals. Ethane effectively reacts
with *CF; generated from the radical-initiated ther-
molysis of perfluoroacetic acid anhydride.>” Competi-
tive Kkinetics were used for the reaction of the
n-C4FoCF,CF;, n-C4Fy, and i-CsF7 radicals with al-
kanes and haloalkanes.?%® With cyclohexane, the
i-CsF7 radicals are 5.6 times more reactive than
n-C4F¢’, which are ca. 2 orders of magnitude more
reactive than n-C4;Hy". The 2°:1° selectivities (about
12) of n-C4Fy° measured for its reaction with n-
heptane are somewhat higher than those for the
t-BuO radical.3** The relatively high selectivities for
perfluorinated alkyl vs alkyl radicals were explained
by polar and electrostatic effects.5%8 The iodinations
of alkanes with R:l/t-BUOOH/CH3;COOH by a free-
radical chain process carried by Ry was described.%69570
However, the 3°:2° selectivity for the iodination of
adamantane®®® with n-C4Fgl, where primary n-C4Fq
radicals are involved in the activation step, is con-
siderably lower than halogenations of adamantane
initiated by tertiary haloalkyl radicals such as C15°63
or CBr3.5! The ku/kp KIE for H-abstraction from
cyclohexane with perfluorinated branched a-
keto radicals is high (3.45),°* which is typical for
carbon-centered radicals. Other carbon-centered
radicals such as vinyl,52 CN,5® ethynyl,5"* and
phenyl34575-577 radicals are not as commonly used
for alkane activations.

3. Formation of Alkane Radicals with Nonradical
Reagents

R-H+ X—R + H-X

Formation of two open-shell molecules from two
closed-shell reactants is quite rare, and such reac-
tions are classified as “molecule-assisted (induced)
homolysis”.>”® These types of mechanisms were pos-
tulated for alkane activations with metal—oxo re-
agents M=0 (Scheme 10). These reactions are almost
thermoneutral or only slightly exothermic because
the newly formed H—O bond is strong and the
lowering of the high-valent state of the metal to
H—O—M- provides extra stability. The radical pair
thus formed can recombine (“rebound”, eq 22) or
escape from the solvent cage to give free radicals
(“homolysis”, eq 23).

The mechanistic interpretations of alkane activa-
tions with neutral closed-shell reagents (stable metal—
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0X0 species, cytochromes, peracids, dioxiranes, etc.)
are vividly debated. Difficulties arise from alternative
possibilities for concerted insertions of the M=0O
reagents into the C—H bonds (oxenoid insertion, eq
24)117 and concerted cycloadditions (eq 25),% where
the same products could form without the formation
of radical pairs. Herein we discuss only the radical
pathways which are most consistent with the avail-
able experimental and computational data.

3.1. Dioxiranes

Dioxiranes (three-membered cyclic peroxides) are
now widely used for the oxidation of various classes
of organic compounds,37°~%81 put most remarkable is
the reactivity of these peroxides toward saturated
hydrocarbons. Dimethyldioxirane (DMD),%8? methyl-
(trifluoromethyl) dioxirane,%83584 and their nitrogen
analogues—oxaziridines®®>—are employed for hydro-
carbon oxidations under mild conditions with high
preparative yields, and impressive stereoselectivities.
Generated in situ from a ketone and oxone, DMD
shows high oxyfunctionalization selectivities.>8 Ex-
ceptionally high selectivities for the hydroxylation of
cyclohexane, adamantane,’?258% Binor-S,%8? 2, 3-di-
methylbutane,%* stereoisomeric 1,2-dimethylcyclo-
hexanes, as well as decalines®*%8” were observed
(Scheme 11) also for methyl(trifluoromethyl)diox-
irane, and very similar results were obtained for
hydrocarbon functionalizations with oxaziridines.58>588
The selective oxidation of the C—H bonds in strained
compounds®® by DMD is possible even in the pres-
ence of the cyclopropyl group.825% The C—H bond
insertions generally are stereoselective with retention
of configuration.591.592

There are a number of mechanistic studies on the
C—H activations with dioxiranes.5?3-5% Difficulties
arise from free-radical side reactions:59359459.597 clean
second-order kinetics are observed only in the ab-
sence of oxygen (273 K: k, =2.9 x 1072 M~ts™1, AH?
= 13.7 kcal mol~! and KIE = 2 for the reaction of
cyclohexane with methyl(trifluoromethyl)dioxirane).5%®
However, it was pointed out that “...a concerted
oxenoid mechanism is kinetically hard to distinguish
from a stepwise process with intermediate fast-col-
lapsing caged radical pairs (oxygen rebound)”.59t
The KIEs are generally higher for oxidations with
DMD (ku/kp = 6 in acetone and 3.6 for the gas-phase
oxidations of cyclohexane).’®® The KIE for the
oxidation of cyclododecane vs dys-cyclododecane®® is
4.97. The strong electrophilic nature of the oxidizer
is evident from the good correlation with the Taft
constants (py = —2.39) for the hydroxylations of
substituted adamantanes.®%%.601 A number of studies
support a concerted oxenoid insertion®15%945% and
the radical rebound/molecule induced homo-
lytic593596:599.602-604 C—H hond cleavage. Radical clocks
gave unrearranged products and are more consistent
with concerted oxenoid insertion.605.606

A more detailed mechanistic picture for the C—H
activation with dioxiranes was drawn with the help
of a number of high-level computations. Structural
studies, energetics for decomposition pathways,607-610
and transition structure optimizations for the activa-
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Scheme 11. Alkane Functionalizations with Dimethyl and Methyltrifluoromethyl Dioxiranes
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Scheme 12. Bifurcation of the Reaction Path for
the C—H Activation Step with Dimethyldioxirane
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tion step were performed. The activation energies for
model cyano-substituted dioxirane reactions with
methane, ethane, the 2° C—H bond of propane, and
the 3 °C—H bond of isobutane at the B3LYP/6-31G-
(d) level are 35.0, 27.1, 19.8, and 14.2 kcal mol™3,
respectively.5™! For unsubstituted dioxirane, the bar-
riers are slightly higher at the same level (45.8, 36.1,
and 32.0 kcal mol~! for methane, ethane, and the 3°
position of the isobutane) but decrease substantially
at the CCSD(T)/6-31G(d)//B3LYP/6-31G(d) and
B3LYP/6-311+G(3df,2p) levels.612 Calculations with
unrestricted wave functions decrease the barriers
slightly, indicating some biradical character of the
transition state. The IRC procedure applied to the
TSs revealed that “no distinct radical intermediates
or second transition structures were found”, i.e.,
concerted insertion is favorable.5*? Consequently, a
re-interpretation of the oxidation mechanism, recon-
ciling contradictory experimental data, was pro-
posed,®%® and a number of puzzling and controversial
experimental results first were rationalized®® in
terms of a bifurcation of the reaction path (Scheme
12) which involves either concerted insertion (A)
giving hydroxy products directly®®! or a radical pair
(B) via a common transition structure. The bifurca-
tion point is located about 2 kcal mol~! below and
after the TS. This was supported both by an IRC
calculation procedure and, independently, by a re-

stricted bond distance geometry optimization of the
radical pair. Radical pairs thus formed either recom-
bine (rebound)®? or escape from the solvent cage,
giving rise to free radicals (molecule-induced homoly-
sis).5%8 Interestingly, such reaction paths were previ-
ously intuitively predicted by experimentalists,
namely, that after a slow step the “alternative to
direct collapse into products—some radical character
develops™® or “cage radical pairs are formed after
the slow step”.5%!

The mechanistic dichotomy in the reactions of
DMD with alkanes also may arise from the potential
multistate reactivity®* of DMD. The closed-shell *A;
singlet ground state is only 11.5 kcal mol~* more
stable than the biradical open-shell OS-'A; singlet
state at B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) (11.1
kcal mol~t at CCSD(T)/cc-VTZ2P+f,d).5*> Computa-
tions show that three distinctly different pathways
on the singlet PES could take place as shown in
Scheme 13 for the reaction of DMD with isobutane.
Insertion of *A;-DMD into a C—H bond occurs in a
concerted fashion (TS1) as found by a number of
groups.267,611612616 The barrier for this reaction at
B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) is 24.2 kcal
mol~1. The H-abstraction via linear TS2 with forma-
tion of the radical pair exemplifies the molecule-
induced homolytic pathway.5¢ While it is accompa-
nied by a lower barrier (20.0 kcal mol™), this reaction
is endothermic. The barrier for the radical reaction
with OS-'A;-DMD is even lower (TS3, 15.8 kcal
mol~1) and may also lead to radical pair formation,
although this pathway is hampered by the high
barrier for DMD homolysis (the O—O bond breaking
requires an activation of 23.0 kcal mol~* at CCSD-
(T)/cc-VTZ2P+f,d,%%5 and 23.1 kcal mol~t at B3LYP/
6-31G(d,p)).6*® H-Abstraction can also occur on the
ground-state triplet surface: the 2A,-DMD biradical
lies 5.5 kcal mol~! above the OS-'A; singlet, and
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Scheme 13. B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) (AE, kcal mol~1) Computations on the C—H Activation
with the Different Electronic States of Dimethyl Dioxirane®”

211.1 keal mol™ at CCDT(T)/ce-VTZ2P+£d 7

H-abstraction with 3A,-DMD via TS4 forming the
radical pair is virtually barrierless.?67.617

Dioxiranes are also characterized by a number of
low-lying exited states®®® which may participate in
the C—H activation reactions; these channels are
supported by recent observation of (albeit faint)
chemiluminescence in the reaction of dioxiranes with
hydrocarbons.®'® Thus, the activation of C—H bonds
with DMD is indeed very complex: traces of radical
starters may cause free-radical processes and, de-
pending on the reaction media as well as the struc-
ture of the hydrocarbon, different reaction pathways
may be followed. Hypersensitive radical clocks with
rearrangement times close to the lifetime of the
transition states®'€% do not support free-radical
pathways but leave the question of a concerted vs
molecule-induced homolytic/rebound mechanism un-
answered.?®” A concerted mechanism certainly is
more favorable as only very weak o-bonds, like the
C—C bond in highly strained 1,3-dehydroadaman-
tane,’Y” can be homolyzed by ground-state singlet
DMD. The C—C bond in less strained housane has
already remained untouched and only concerted C—H
oxidation takes place.%®

The polar nature of the TSs (structure A) with a
cationic carbon (the net charge on the CH; fragment
is +0.124e) and some diradical character (structure
B) is a possible explanation for the exceptionally high
3¢ selectivities found in functionalizations with di-
oxiranes,®'® which proceed under moderate ET con-
trol (as a superposition of structures A and B, Scheme
14).

Similar transition structures for the C—H bond
activations of methane, ethane, propane, and isobu-

Scheme 14. Polar Contributions in the Transition
Structure for C—H Activation with
Dimethyldioxirane
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tane were computed recently for peroxynitrous acid.6°
However, the energy of the ONO—OH bond homolysis
is low,%2! supporting the notion that, in contrast to
earlier suggestions,%?? HO radicals are responsible for
the C—H activation step.

3.2. Stable Metal-Oxo Reagents

High-valent metal—oxo compounds such as CrOs,
KMnQ,, 0sO,4, RuO,, and others are powerful and
very popular oxidants in preparative (hydrocarbon)
chemistry. Two distinctly different mechanisms could
be operative: radical H-abstraction®® and 2 + 2
cycloaddition.5?* Mechanistically the most well-
studied is the reactivity of covalent chromyl—oxo
reagents CrO,Y; (Y = CI, OAc, O,CCF3) which are
soluble in organic solvents. The chemistry of chromyl—
oxo reagents has been developing since the oxidation
reaction was discovered very early by Etard.5?® The
reactivities of chromyl—oxo reagents toward
alkanes are quite high (n-hexane is oxidized by
CrO,(0O,CCFs3), to give a mixture of hexanones at —50
°C526), but the selectivities for the oxidations of linear,
branched, and cyclic®?7-628 alkanes are usually low.
The oxidations of polycyclic cage compounds®?® are
more selective, giving predominantly tertiary-sub-
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Scheme 15. Molecule-Induced Homolysis of C—H
Bonds with CrO,Cl,

Cl-abstraction

/ R-Cl

O._ Cl HO. vy CI
NS N
of{  +R-H——= _C{ [|R"  CrO0l
o~ “a o~
\ R—oxygen-
containing
products

O-recombination

stituted products and ketones (3°:2° = 24 for the
Cr(0,0ACc),5% and almost completely regiospecific for
the CrO,(0,CCF3),%2¢ oxidation of adamantane). The
mechanisms of chromyl—oxo reactions with alkanes
based on product distributions®®! and the nature
of the CrO—H bond®3? were studied in detail for
CrO,Cl,.523.633-636 These studies provide rationaliza-
tions for the driving force of the reaction (the forma-
tion of a strong MO—H bond) and confirm the initial
suggestion®¥” that the rate-limiting step in C—H bond
activations by metal—oxo reagents involves H-radical
abstraction (M"=0 + H—R — M""1-0OH + R°).

Condensed-phase kinetics for the oxidation of cyclo-
hexane®3* gave second-order rate constant with k;34°
=1.07 x 107> Mt st and AH* = 26.6 kcal mol~? for
the activation step; the reactivity of the 2° position
of c-CgH1s (k2340 =1.86 x 105 M1 S_l) and the 3°
C—H bond of i-BuH (k,**° = 2.33 x 105 M 1s 1) is
higher.5%5 In general, there are good correlations for
the rate constants and the KIEs (ku/kp = 2.2—2.3)
for the H-abstraction by CrO,Cl, and oxygen-centered
radicals. The hydrocarbon radicals formed after the
H-abstraction (Scheme 15) are trapped by the
CrO,Cl, without a barrier (k, = 1.07 x 10° M1 s™1),
and the overall process occurs as a non-chain radical
reaction (Scheme 15). Radical trapping leads to
chlorides or CrV—alkoxides which are well-character-
ized®3® and form alcohols after aqueous workup. The
intermediacy of carbon-centered radicals R* was
shown by trapping experiments with CBrCI;%* and
by the rearrangements of radical clocks (oxidation of
isopropylcylopropane with the CrO,Cl,).6%6

The driving force and the nature of the transition
structures for the H-abstraction with the Cr=0
species are of great interest.6® The formation of a
relatively strong H—O bond (80—85 kcal mol™?t) in
HOCYrY(0)CI, together with the reduction of the Cr!
— Cr¥ makes the overall reaction favorable. A
particularly important observation was made: “Since
the proton portion of the hydrogen atom attaches to
oxygen while the electron moves to chromium...”, i.e.,
hydrogen transfer occurs in such a manner that the
electron moves to chromium while the proton at-
taches to oxygen and the reaction CrV'O,Cl, + H-R
— HOCrY(O)Cl, + R* “...could be termed proton-
coupled electron transfer”.%%®> The role of an ET
component in the H-abstraction with CrO,Cl, may
be represented by a structure where the hydrocarbon
part has a substantial radical—cation character
(Scheme 16).

The oxidation of the oc—c bonds®4? of propellanes
with CrO,Y; (Y = Cl, OAc) revealed the involvement
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Scheme 16. Polarization of the TSs for the
Hydrogen Abstraction with CrO,Cl,
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of radical cations: the reactions mainly resulted in
dinucleophilic Y~ addition (Scheme 17). Radical
cation A formed in the first step is trapped giving
radical B or D. Further reactions of D with CrO,Y,
either via abstraction of Y or through O addition gave
dinucleophilic addition product E. Radical B rear-
ranges to a stable ketone complex with the reduced
chromium reagent (Etard complex C). The formation
of radical cations through oxidations of non-hydro-
carbon substrates with CrV' reagents is well-docu-
mented.54

Computational VB,%2 ab initio, and DFT stud-
iest42643 on a series of M=O species involving d°®
metals also indicate that the C—H bond activation
takes place via a hydrogen-abstraction channel rather
than through concerted M=0 [2 + 2]-addition to the
C—H bond.

A very similar mechanistic behavior was proposed
for the reactions of the permanganate anion MnO,~
with alkanes. Recently,®# the transition structure for
H-abstraction from methane was analyzed at the
B3LYP/6-311+G(d,p) level (the barrier is 32.3 kcal
mol~1). The TS is later than the one for the reaction
of CH, with oxygen-centered radicals, and it was
concluded that “The permanganate mechanism fits
the oxygen rebound mechanism”. The rebound mech-
anism takes place for the reactions with different
Mn=0 species, and the H-abstraction scheme is in
agreement with early mechanistic proposals®42:645 (3°:
2°:1° = 2100:60:1 for the alkane oxidations with the
KMnO4/CF;COOH system) and with more recent
kinetic studies of the oxidations with n-BusNMnQO,.84¢
Probably the same mechanistic scenario is valid for
the RuO, oxidations of hydrocarbons (despite early
interpretations suggesting concerted insertion based
on the absence of rearranged products and the
stereoselectivity of the substitution).647.648

The selectivities observed in the oxidations of
adamantane with oxo—ruthenium species®® (3°:2° =
93) and potassium ferrate®° (>30) are exceptionally
high and involve a MV'=0 + R—H — MV—-0OH + R°
activation step and a “highly polar transition state”5!
(Scheme 16). The same mechanism probably is valid
for the oxidations of cis-decaline,’5! endo-tetrahy-
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drodicyclopentadiene,®®?> and cyclohexane.®5® How-
ever, in the latter case no radical trapping chlorina-
tion products were found in the presence of CCl,. The
adamantane bridgehead-substituted products were
the only ones reported for oxidation with bis(to-
sylimido)ruthenium(VI) porphyrins®* and for the
amidation with PhI=NTs catalyzed by ruthenium
non-porphyrin complexes.®*® The adamantane ami-
dation with PhI=NTs in the presence of the dirhod-
ium catalyst show 3°:2° = 44.5% Correlation of
1-substituted adamantanes + RuO, reaction rates
with the Taft o* constants gave p* = —2.08, indicat-
ing a polar TS.%57 The observed selectivities with the
M=0 reagents could be attributed to ET contribu-
tions in the TS which lead to preferential formation
of the Cz, adamantane radical cation with a half
broken 1-Ad—H bond (vide infra). The participation
of oxo—ruthenium species was proposed for the
RuCls-catalyzed oxidation of alkanes with
CF3COOO0OHS®%8 or CH;COOOH/CF;COOHS®%* and for
Ru"' complexes with tris(2-pyridylmethyl)amine in
the presence of m-CPBA.%60:561 However, the selectivi-
ties of adamantane oxidations (3°:2° = 25—30) seem
too low to draw such mechanistic conclusions.

3.3. In Situ Generated Metal-Oxo Species
3.3.1. Cytochrome P450

It is highly probable that the cytochrome P450-
catalyzed®8%62 hydrocarbon oxidations, which give
hydroxy derivatives, involve a C—H activation step
with an Fe=O group bound to the porphyrin moi-
ety;?663 some analogies to other metal—oxo reagents
(like CrO,Cl;, or non-heme M=0 species) were drawn
recently.®%4-670 Formation of an active Fe=0 state
requires several steps through the Fe—OOH spe-
Cciesb63671.672 (deprotonation leads to the loss of alkane
hydroxylation activity®73).

Initially, concerted C—H insertion mechanisms
were proposed based on essentially complete stereo-
selectivities.’”* A number of radical clock®”> experi-
ments with methylcyclopropanes,t”® methylcubanes,*®
and bicyclo[2.1.0]pentane showed that the intermedi-
ate radical pair collapses at a rate >10° s1,677 and
the homolytic rebound pathway initially pro-
posed®78-680 hecame generally accepted®! (see, how-
ever, ref 682). In addition, comparable KIEs for the
P450,583.684 M=(0,685-687 and t-BuO* hydroxylations of
the same set of substrates lent strong evidence for
“...a common hydrogen atom transfer mechanism?.6¢8
Nevertheless, correlations between the ratio of rear-
ranged to unrearranged products in the reactions of
hydrocarbons with P450 and with independently
generated radicals are poor. As a consequence, a
cationic channel for the oxidation with P450 was
proposed.®896% Radical clock experiments with hyper-
sensitive alkylcyclopropanes do not support the al-
ternative o-complex (“agostic complex” model, Scheme
18)%9 but show that the “oxygen rebound mechanism
...Is not complete”, implicating a cationic mecha-
nism. %92

A reconciliation of the contradicting experimental
data was offered64693-6% jnyoking a two-state!!5116
concerted insertion/rebound mechanism. The key
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Scheme 18. “Agostic” Mechanistic Model for the
C—H Activation with Metal-Oxo Reagents
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mechanistic point drives at the fact that the Fe=0
reagent is stable in the energetically close-lying
doublet and quartet spin states. The C—H bond
activation involves hydrogen-atom abstraction392.69
(Scheme 19) both on the high (quartet “TS,ps) and
the low-spin state (doublet 2TS,ss) surfaces (the
barriers3%25% are virtually the same, ca. 26 kcal mol*
at B3LYP/LACVP-6-31G). The resulting high-spin
state “MIN2 has a substantial barrier for the rebound
path via “TSyep (5.5 kcal mol™?), while the recombina-
tion from low-spin 2MINZ2 is barrierless.326% Notably,
the carbon atom of MIN2 formed after the H-
abstraction step has radical character (the spin
density is 0.96 on R = CHj3). Owing to a substantial
barrier for recombination through 4TS, this radical
can rearrange on the high-spin potential energy
surface. Similar transition structures were later
found®” at the B3LYP/D95-DZ-TZV level for the
H-abstraction from ethane by another model Fe—
porphyrin (the computed H-abstraction barriers on
the quartet and doublet surfaces were 28.4 and 22.2
kcal mol™?, respectively), but the barriers for the
rebound were not recognized. Further MD studies for
the reaction (—S—Cys = —SCH3, Scheme 19)%°% and
ethane (RH = C;Hg and —S—Cys = —SCH3, Scheme
19) at the DFT level show strong participation of
porphyrin moiety in the energy transfer during
oxidation process.%¢76% The calculated KIEs for model
P450 transition structures agree nicely with those
determined for H-abstraction reactions with the
oxygen-centered t-BuO radical®®? and actual P450.

The two-state model for P450 action®#7% was
recently challenged by experimentalists 670.682,690,701,702
as it was shown that Fe—OOH"® (or Fe—OOR for
model porphyrins’?) itself is able to activate alkanes
and “two competent hydroxylating species,””® i.e.,
both Fe—OOH and Fe=0 may be involved in the
reactions of P450 with the C—H bond.7

An important observation is that the polar cha-
racter of the TSs for the H-abstractions with the P450
models may be “...manifested as a formal one-electron
oxidation of the alkane”% as the net positive charge
on the hydrocarbon part of the TS is about +0.3e even
for such a poor donor as methane. It is worth
mentioning that the radical cationic pathway is
consistent with earlier observations on quadricyclane
oxidations with P450.7%* The ability of P450 to oxidize
aromatics with formation of radical cations’™® was
demonstrated independently and debated for some
other substrates such as amines.”® This is consistent
with the high oxidative properties of P450 (the Ei,
value was estimated’®” as 1.85 V vs SCE).

The above mechanistic suggestions may be ex-
tended to the alkane biotransformations with several
fungal systems*+4? and a number of P450 iso-
forms,”%8709 which demonstrate alkane hydroxylation
abilities involving Fe=0O species.



1570 Chemical Reviews, 2002, Vol. 102, No. 5

Fokin and Schreiner

Scheme 19. Multistate Reactivity Model for Methane Activation with P450 (AE, kcal mol-%, B3LYP/

LACVP-6-31G)
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3.3.2. Methane Monooxygenase

Methane monooxygenase (MMO), the “P450 in a
wolf's clothing”,10 is able to catalyze the oxidation
of hydrocarbons, which are inert toward P450. One
of the most intriguing aspects of methane chemistry
is the selective oxidation to methanol catalyzed by
soluble MMO.38¢ MMO is a homogeneous enzyme
which contains’*'~713 a diiron non-heme reactive
center,’* a ribonucleotide reductase, as well as
another protein, the so-called component B,”*> which
couples them.”® Despite quite a number of attempts
to model MMO-like systems’7~726 hy studying the
catalytic activity of different diiron complexes with
methane’?’~732 and higher alkanes,”3*~7%8 the mech-
anisms for the activation and reduction steps and the
role of carbon-centered radicals are not entirely
clear.3940.739.740 The importance of radicals in enzy-
matic alkane cleavages of C—H bonds was pointed
out in 1990.74! It was suggested that “...direct OH
abstraction by CHz* cannot be excluded...”.”* The
complex mechanism (Scheme 20) for methane oxida-
tion with MMO was thoroughly studied”? and in-
volves oxygenation of the MMO to “P”, followed by
rearrangement to active “Q” (or diiron-oxo form “R”,
not shown), which is able to abstract hydrogens from

—42.4

hydrocarbons (TSaps). Formation of the radical pair
is followed by the rebound to “T” via TS;pq and the
elimination of methanol to form MMO,y. The reduc-
tion of MMO,y recovers the starting resting state of
the enzyme (MMOyq) and completes the cycle.

The MMO reactions were modeled computationally
at the B3LYP/SBK level for methane reacting with
a diiron model complex (NH,)(H.0)Fe(u-O)2(n?-
HCOO),Fe(NH2)H,0.19%743 The transition structure
for the H-abstraction (TSaps, Scheme 20, the barrier
is 19 kcal mol~*) was located; abstraction is followed
by a low-barrier migration and rebound of the HzC
radical via a 6 kcal mol~! barrier (TSypg). The final
state “T”, a weakly bound Fe---methanol complex, is
ca. 30 kcal mol~* more stable than the initial cluster
with methane, making the overall reaction highly
exothermic. Some other B3LYP computations were
performed for diiron model complexes containing
histidine and glutamic acid moieties.”**7> The barrier
for H-abstraction from methane for a much more
realistic model intermediate “Q” at the B3LYP/
LACV3P-6-31G(d) level is about 13 kcal mol=1.7%0 It
was found, however, that the oxygen activation of the
dimer iron complex (modeling the “P” — “Q” reaction,
Scheme 20) has the highest barrier (17 kcal mol~1);744
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Scheme 20. Schematic Representation of the Key Intermediates of Methane Activation with MMO
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the barrier for the H-abstraction from methane
modeling TSaps Was computed to be lower and in the
range of 10—13 kcal mol~1.

Kinetic experiments demonstrate that methane
oxidation is even more complex and that at the stage
of “Q” there may be “two methane molecules [...]
involved in the decay process”.”*® The specificity of
MMO for methane oxidations was pointed out based
on a two-step “Q” decay process: The E, values (26—
30 kcal mol™2) for the formation the reactive inter-
mediate “Q” are independent of the alkane structure.
Generally, methane is oxidized faster than other
substrates with weaker C—H bonds and “only small
normal alkanes are hydroxylated” with “particulare”
MMO due “to a short and narrow hydrophobic
pocket”.74?

The relatively high barriers for the rebound step
show that the lifetimes of weakly bound hydrocarbon
radicals formed after the H-abstraction step may be
high enough to allow for side reactions, e.g., enanti-
omerizations or/and rearrangements. This depends
first of all on the structure of the radical: Chiral CHs-
CHDT is oxidized by MMO with partial inversion of
configuration;’* however, all-exo-d4-norbornane epi-
merizes.”* The prochiral CH, groups of n-butane and
n-pentane were hydroxylated with 46% and 80% ee,
respectively.” Methylcyclopropane radical clocks”™752
gave at most small amounts of rearranged products,
showing that the rebound reaction is fast.675752 At-
tempts to use ultrafast radical clocks based on methyl
cubanes gave unrearranged cubylmethanol with MMO
from methylococcus capsulatus*®® and a number of
unrearranged as well as rearranged products with
methylosinus trichosporium OB3b.”** A reinvestiga-
tion of the methylcubane oxidation with MMO,
however,” demonstrated that the rearranged pro-
duct was homocuban-1-ol which cannot form through
a radical pathway from methylcubane. It was con-
cluded that “no radical intermediates are formed”.
Already at the beginning of the 1990s it was stated
that “a significant component of the hydroxylation
reaction pathway does not proceed through a radical
intermediate”;”>® at the same time, high KIEs (about
5) showed that C—H bond breaking is rate limiting.
The KIEs for methane oxidation with MMO based
on product analysis”” 76 vary from a maximum value
of 19 for the CH4/CD, couple to 4 for CH,/CH3D, i.e.,
these are quite normal for the reactions of methane

with radical species. The latter value is close to that
found for CH;CHDT (KIE = 4.2 £ 0.2).748 At the same
time the decay of intermediate “Q” displays abnor-
mally high KIEs (50—100 for the CH4/CD, couple),’"7%6
presumably due to tunneling contributions®” or anoma-
lously high secondary’® isotope effects.

The radical rebound mechanism is probably opera-
tive for other diiron monooxygenases like, for in-
stance, from pseudomonas oleovorans (AlkB) which
can grow on octane as a carbon source. Recent radical
clock experiments on norcarane hydroxylations en-
abled the detection of a radical pathway, and in
analogy to the two-state situations in P450 chemis-
try, it was concluded that the “...possible spin state
crossing effects are in need of careful scrutiny”.”s”

4. Oxidative Alkane Activations and Hydrocarbon
o-Radical Cations

R-H - e — R—-H""f

Alkane oxidation by removal of an electron through
an outer-sphere ET7%87% gives a radical cation paired
with the reduced oxidant.”8%761 This is typical for the
oxidation of hydrocarbons with neutral photoexcited
species (predominantly substituted aromatics)’2762.763
but is not very effective with respect to the overall
energy consumption (back ET dominates).”®* For
sterically unhindered donors under photooxida-
tions™97% or with charged oxidants an inner-sphere
SET87.7%8 js possible. Irradiation of alkanes in ma-
trixes is another way to hydrocarbon radical cations,
which may be directly observed at low tempera-
tures_7667769

SET alkane activations often are more selective
than electrophilic radical activations because one
electron is removed from a HOMO with o-character,
and the ionized species thus obtained are denoted as
o-radical cations which possess a definitive structure
in many cases.”’® As the electron is removed from a
bonding orbital, the o-radical cations have one or
several partially broken (elongated) o-bonds.”"* If the
HOMO of the hydrocarbon is degenerate, the result-
ing radical cation distorts in accordance with the
Jahn—Teller theorem.”’2772 Radical cations can un-
dergo proton or hydrogen-atom loss”’4~77¢ (vide supra)
with formation alkyl radicals or carbocations under-
going rearrangements’’”:7’® or C—C bond fragmenta-
tions.”70.779-781 The selectivities of these transforma-
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Figure 11. Structure of the methane radical cation at
B3LYP (first entry), MP2 (second entry), and QCISD (third
entry) levels with a 6-311G(d,p) basis set.81!

tions are closely related to the structures of the
incipient radical cation as analyzed below.
Attention will also be paid to recent computational
data on the structure and transformations of hydro-
carbon o-radical cations which still represent a
formidable computational challenge.”82-792

4.1. Acyclic Alkanes

4.1.1. Methane

The simplest alkane radical cation derives from Tg-
methane which distorts to lower symmetry upon
ionization of one of the triply degenerate HOMQOs.”%3
Early ab initio computations revealed two stable
structures with Dyq and Cg, symmetries;’9~7% how-
ever, based on vibrational analysis, first in 1973 at
CI7%7 and later at higher levels,798-84 the lowest-
energy Cy,-symmetrical minimum for CH," (Figure
11) was found. However, the C,, structure isa TS at
several DFT levels where the D,y structure is a
minimum.

The barrier for the interconversion of the degener-
ate C,, structures via a Cs-symmetrical TS is very
low (1.1 kcal/mol~* including ZPVE corrections at
MP4/6-31G(d,p)//MP2/6-31G(d,p),2°? making the CH4"*
structure highly fluxional. The ESR spectrum of
CH4" in a neon matrix at 4 K consists of a quintet
resulting from equalization of all hydrogens®® due
to the fluxional behavior of CH," or tunneling.89.:807
The ESR®" and high-resolution zero-kinetic-energy
PE®% spectra of CD,H»*t clearly support a C,, ground
state of CH,*. The neon matrix may affect the
hyperfine coupling constants,® because the interac-
tions of CH4* with noble-gas atoms is not negligible
(2 kcal mol~1).81° Temperature, vibrational, and ma-
trix effects on the geometry and hyperfine constants
for the methane radical cation were analyzed at
B3LYP/6-311G(d,p) and by utilizing DFT molecular
dynamics simulations.®** Note, however, that the
arrangement with the experimental data is poor. The
experimental ionization potentials for methane®? are
high (I, = 13.6 eV,88 I, = 12.6 eV).8* The most
favorable intramolecular gas-phase reaction of
CH,* 815 is the formation of the methyl cation CH3™:
the ion dissociation threshold is 14.3 eV, and the BDE
for the (H—CHy)" is 1.7 eV.86 Formation of the
methyl radical through the intermolecular CH4* +
CH,; — CHs™ 4+ CHps* collision reaction is —0.2 eV
exothermic.8t’

Methane activation with strong electrophiles is one
of the major achievements of superacid chemis-
try.181%5 The original mechanistic rationalization is
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Figure 12. TSs for the attack of NO* (MP2/6-31G(d)83
and Fe=0," (B3LYP/6-311G(d,p))®*° on the carbon atom
of methane.

based on the direct attack of the electrophile on the
C—H bonds.14163818819 Sych a mechanistic scenario,
however, is difficult to verify computationally or to
support experimentally, because the highly exother-
mic protonation of alkanes occurs without an activa-
tion barrier; only product distributions rather than
transition structures can be analyzed.167.820-832 The
mechanisms for the methane activation with elec-
trophiles which are more stable than the proton, were
studied over the past decade for a number of
reagents, e.g., carbocations,?33 NO™,834835 H,0,*,836.837
SO*+ 838 «F+7 839 B 840 B, 841 BH, 842 C|,* 843 C|,H+ 844
electrophilic Pt complexes 3-8 M=QO"* species,848-851
and bare metal ions.84985278% The computational
results show that the electrophilic attack is directed
toward the atoms (C or H) rather than the C—H or
C—C bonds; this is exemplified by the TS for the CH,4
activation with NO™ 84 and Fe=02?* (Figure 12).8°°
In this context, the very similar geometric features
of the methane radical cation (Figure 11) and the
hydrocarbon moieties of the transition structures for
methane activation with NO* and FeO" should be
emphasized: the TSs resemble inner-sphere electron-
transfer structures. That is, electrophilic alkane
activation is an extreme case for the ET oxidation of
alkanes, where recombination and electron-transfer
occur in one step (vide infra).

The computations clearly show that the mechanis-
tic features for methane activation with charged
electrophiles are characterized by direct carbon at-
tack through a strongly polarized transition struc-
ture. The net charge on the hydrocarbon part of the
TS with NOT is about +1e, and the structure of the
CH,4 fragment is only slightly distorted from the
structure of free CH,*™ (Figures 11 and 12). Thus, the
most realistic representation of the activation process
is inner-sphere electron transfer from methane to the
electrophile which formally results in the C—H inser-
tion. A number of data on the formation of free CH,*"
(outer-sphere SET)%%88% in acidic media in the pres-
ence of metal ions®7 probably follow a similar reac-
tivity pattern, and detailed mechanistic studies show
“that outer-sphere electron transfer or bond homoly-
sis...did not occur” &8

4.1.2 Ethane

The ethane radical cation is another interesting
Jahn—Teller system. The Cy,-symmetrical doubly
degenerate HOMO of ethane describes mainly the
C—H bonding and is very close in energy to the Dzqy-
symmetric HOMO-1 which resembles the C—C bond.
Early computations’® show a preference of the radi-
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Figure 13. Two structures of the ethane radical cation at
B3LYP (first entry), MP2 (second entry), and CCSD(T)
(third entry) levels with a DZP basis set.’82

cal cation for a Dag-symmetrical structure (A4 state)
with a long C—C bond; however, the “diborane-like”
Can structure (2Aq state) with elongated C—H bonds
also is a true minimum 801859-863 Both structures
(Figure 13) are very close in energy,®* but Con-CoHe™"
is 1.3 kcal mol~* more stable at DFT with a large
basis set (B3LYP/6-311++G(3df,3pd)/B3LYP/6-311G-
(d,p)), 0.4 kcal mol~* at QCISD(T)/6-311G(d,p),%> and
0.3 kcal mol™! at CCSD(T)/TZ(2df,2pd)//CCSD(T)/
TZ2P.78 It was concluded that “...only one thermally
averaged C,y, structure should be observed”.”®? This
is consistent with the experimental (at 4.2 K)®¢ and
computed?®98! ESR spectra of C,Hg¢*. The experi-
mental vertical ionization potential of ethane (the
recommended value is 11.52 eV®7) which exhibits
strong nonadiabatic behavior upon ionization®?8 is
hard to reproduce computationally.86586°

The most fundamental reaction of C;Hgt is dihy-
drogen elimination leading to the relatively stable
ethylene radical cation: C,Hg™ — CoHyst + Hy. The
reaction is +7.8 kcal mol™! endothermic at
QCISD(T)/6-311++G(2gf,2pd), and the computed®’°
barrier is 15.6 kcal mol~* without inclusion of tun-
neling contributions. This is 1.5—2.4 kcal mol~* larger
than the experimental value®’*872 obtained from the
photoion coincidence (PEPICO) spectrometry;®’3 tun-
neling®4875 probably contributes substantially to this
reaction.

As noted for the reactions of methane with weak
electrophiles but strong oxidizers (e.g., NO"), the
activation of ethane with such species also involves
TSs or intermediates reminiscent of the ethane
radical cation.876-87% Again, the oxidation of ethane
with many electrophiles occurs as an inner-sphere
SET and does not involve the free ethane radical
cation.508.880

Another well-studied reaction of C,H¢ " is the
interaction with nucleophiles: The theory of the
nucleophilic additions to radical cations®882 was
developed using ab initio computations and curve-
crossing models.136:137:883 The reactivity of CoHg™ with
the model nucleophile H,S was studied at the HF884
and, with number of nucleophiles, MP2//QCISD-
(T)37:885 Jevels of theory. The backside approach of
water as the nucleophile via a transition structure
B (Figure 14) is almost barrierless in the gas phase;
the frontside approach via F is highly unfavorable
(the barrier is 23.3 kcal mol1).

The preference for the backside approach was
shown for a number of other nucleophiles (H,S, NH3,
PH3;, HF). The SCRF solvation model applied to the
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Figure 14. Transition structures for the backside (B) and
frontside (F) attack of a model nucleophile (H,O) on the
ethane radical cation at MP2/6-31G(d).88

Figure 15. Structure of the propane radical cation at
B3LYP (first line), MP2 (the second line), and QCISD (third
line) levels with a 6-311G(d,p) basis set.86

TSs in the H,S/C,Hg"" system shows an increase of
the barriers for backside addition in polar solvents
from 0.5 kcal mol~! in the gas phase to 6.2 kcal mol—!
in acetonitrile; the solvent effect on the barriers for
frontside addition is small.

4.1.3. Propane

Propane, the next member of this family, has a
nondegenerate C,, ground state and, thus, is Jahn—
Teller inactive. As a consequence, the radical cation
CsHg*" could maintain the symmetry of the parent
neutral hydrocarbon. However, the C,, structure with
two elongated C—C bonds being a minimum at MP2/
6-31G(d)801.886.887 js g transition state at B3LYP with
the 6-31G(d), 6-311G(d,p), and 6-311G(2d,p) basis
sets as well as at QCISD(T)/6-311G(d,p).8%> The C,
structure with one long C—C bond (Figure 15) is the
global minimum for this part of the PES and agrees
well with ESR data for CsHg*" at 4 K;28 however, the
difference between the C,, and Cs structures is less
than 1 kcal mol™! at QCISD.®7 The “one long C—C”
bond structures are typical for open-chain alkane
radical cations (vide infra). The B3LYP-computed
vertical ionization potential 11.54 eVv®® of propane
is in excellent agreement with experiment.8%

The fragmentation pathways of the propane radical
cation were investigated experimentally and theo-
retically. Identified were the elimination of meth-
anes9 C?,HgﬁL - (:2H4'+ + CH,4 (k =32 x 10*stor
1.1 x 10% s7Y) or of a hydrogen atom®?! CzHg" —
CsH;" + H* (k = 6.3 x 10°% s71). Both pathways were
studied computationally at QCISD(T)/6-311+G(2d,2p)//
MP2/6-31G(d).887:892 Hydrogen loss from the CH,
moiety (AH* = 17.9 kcal mol~?) leads to the sec-propyl
cation and is more favorable than H* loss from the
CHjs group (AH* = 28.2 kcal mol~1) forming corner-
protonated cyclopropane. The fragmentation to CoH,**
+ CH, occurs via a loosely bound ion—neutral TS and
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Scheme 21. Transformations of the Propane
Radical Cation Computed at the QCISD(T)/
6-311+G(2d,2p)//IMP2/6-31G(d) Level (kcal mol-1)
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is thermodynamically favored (Scheme 21). The
experimental rate constants for these reactions are
reproduced reasonably well by RRKM calculations.8%?

4.1.4. Butanes

A number of computational®%8%* and experimental
ESR data are available for radical cations derived
from n_butane800,801,866,893,894 and isobutane_800,866,894
The structural changes in the radical cations vs the
neutrals are substantial, and the differences between
the experimental vertical 1, (11.0-11.2 eV) and
adiabatic 1, (10.3—10.6 eV) are large.®8° The most
stable structure for n-C4Hyo*" is Con-symmetric with
a long central C2—C2 bond (Figure 16); i-C4Ho"" also
forms a long C—C bond minimum (Cs symmetry).

Figure 16. Structures of the n-butane and isobutane
radical cations at MP2/6-31G(d).8%4

n-C4Hio"" rearranges to i-C4Hio*" through a 19.4
kcal mol~t barrier. The most favorable and experi-
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mentally observed®58% follow-up reaction (Scheme
22) is the i-C,H't — H3CCH=CHy>"" + CH. frag-
mentation which is —0.4 kcal mol~! exothermic at the
QCISD(T)/6-31G(d,p)//IMP2—6-31G(d) + AZPVE level
(the experimental reaction enthalpy is —1.3 kcal
mol~1).8%4 The complex (H3CHC=CH,:--CH,)*" forms
—2.7 kcal mol~! exothermically.

4.1.5. Higher Acyclic Alkanes

The fragmentation pathways for the radical cations
derived from pentanes?®6.:897-89 gre very complex and
preferentially lead to loss of CH,4 or C;H, in the gas
phase. The gas-phase behavior of alkane radical
cations is clearly different from that in matrixes®®
where the initial reaction involves proton transfer to
a neutral partner hydrocarbon CnHzm+2 (eq 26), i.e.,
hydrocarbon radical cations behave like strong acids.
The protonation can be accompanied by a number of
secondary reactions, for instance, dihydrogen loss (eq
27), which is typical for the superacidic!®164165 pe-
havior of protonated alkanes.

CnH2n+2.Jr + CmHZerZ - CnH2n+1. + CmH2m+3+
(26)
CrHomsa + NUu™ — CHy i NU + H,  (27)
A number of studies on the reactivities of CyHni2""
in the condensed state were performed for pentane,®*
2-methylpentane,®®? hexane,®® heptane,®4°97 oc-
tane,?%69% decane,’® and undecane.®*® Some of the
radical cation reactions demonstrate high selectivities
for deprotonation, which occurs from the primary
position®® and which leads to the functionalization
of the penultimate position of the parent neutral
hydrocarbon (egs 26 and 27). This was demonstrated
by the selective oxidation of n-octane to 2-chlorooc-
tane with the heptane radical cation in CCl3F ma-
trixesat 77 K (eq 26, n=7,m=8;eq 27, m =8, Nu

= CI).%5

Proton transfer from alkane radical cations is a
process which dominates also in solution. Oxidation
of a number of linear and branched alkanes with
photoexcited 1,2,4,5-tetracyanobenzene (TCB) was
introduced as a preparative method for alkane func-
tionalization.”®® In contrast to the reactions in solid
matrixes, deprotonation occurs mainly from the 2°

Scheme 22. Transformations of the n-butane Radical Cation Computed at the QCISD(T)/6-31G(d,p)//MP2/

6-31G(d) Level (kcal mol1)
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Scheme 23. Oxidation of Linear and Branched
Alkanes with Photoexcited TCB
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(n-hexane) and 3° (2,5-dimethylpentane) positions of
the alkane (Scheme 23).

Another reaction of branched hydrocarbon radical
cations also is the loss of H,. These reactions were
studied experimentally®*! and computationally®? for
the 2,3-dimethylbutane radical cation (eq 28), and
significant tunneling was indicated.

(CH3),C=C(CH3),™" + H, (28)

4.2. Cyclic Alkanes

4.2.1. Cyclopropane

Quite a number of contributions describe the
computational®0913-919 a5 well as experimental®?°
studies on the cyclopropane radical cation. The
HOMO of Dy,-symmetric cyclopropane is doubly
degenerate (Figure 17), and ionization leads to a Cy-

Figure 17. HOMOs of cyclopropane®® and the stable form
of the cyclopropane radical cation MP2/6-31G(d).%18

symmetrical 2A; structure with one long C—C bond;
the 2B, state with two long C—C bonds is a TS. The
ESR spectrum of ¢c-C3zHe"" strongly supports the 2A;
C,y structure.®? This is in marked contrast to the
phenylcyclopropane radical cation where the struc-
ture with two long C—C bonds is a minimum due to
benzylic stabilization of both the radical and the
cation site.%22923

The ring-opened form of c-C3Hg", the “trimethylene
radical cation”,%4 is, despite a number of claims about
its formation,25926 not a minimum?®!3 but rather the
TS (AH* = 30 kcal mol™%) en route to the propene
radical cation, which is 8.2 kcal mol~* more stable
than c-C3;Het (MP2/6-31G(d)).%8 In contrast, nucleo-
philic backside attack on the terminal carbon atom
of ¢-C3Het, which was predicted theoretically,®?” is
almost barrierless®® and in agreement with the
experimentally observed inversion of configuration
for the ring opening of substituted cyclopropane
radical cations (Scheme 24).928.929

The ring opening of substituted cyclopropanes via
radical cation intermediates®®® was proposed for
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Scheme 24. Ring Opening of Substituted
Cyclopropane Radical Cations in the Presence of
Nucleophiles
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photochemical SET oxidations®°~9% and chemical
oxidations with NO*.936

4.2.2. Cyclobutane

The experimental vertical ionization potentials for
cyclobutane and cyclopropane are very similar (11.3
eV).88 There are a number of stationary points
(square, trapezium, Kite, rectangle, rhombus) for the
conformationally flexible cyclobutane radical cation
at semiempirical and low ab initio levels.8%097 Opti-
mizations and vibrational frequency analyses at
MP2/6-31G(d) show that only the D,y rhombus is a
minimum.®¥® However, the DFT and QCISD methods
show one imaginary frequency for the Dy, structure
which is a transition state for interconversion of the
two Cyp parallelograms (Figure 18).93°

Figure 18. Structure of the rhombic (D,,) and paral-
lelogram (Csp) structures of the cyclobutane radical cation
at QCISD (first entry), MP2 (second entry), and B3LYP
(third entry) with the 6-31G(d) basis set.%3°

The PES around this minimum is flat, and the
distortion from planarity, which is observed experi-
mentally in the 4.2 K ESR spectrum?®? of ¢-C4Hg"",
was explained by packing forces in the frozen sol-
vent.®%8 The cycloreversion®! of the cyclobutane radi-
cal cation to give the (ethene---ethene)* complex
occurs concertedly via a 13.7 kcal mol~* barrier.%3°

4.2.3. Medium-Sized Cycloalkanes

The experimental determination of the structures
of radical cations generated from medium-sized cyclo-
alkanes is hampered by their fast interconversion
dynamics. A number of ESR experimenta|®16:942-944
and computational®6°1° studies were performed for
the radical cations of cyclopentane and cyclohexane.
c-CsHyo*" displays two energetically close structures
with Cs and C, symmetries (Figure 19); the first is
1.9 kcal mol~! more stable at B3LYP/6-311G(d,p);
however, dynamic considerations, especially in the
fast motion limit, favor the C, structure,®® despite
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Figure 19. Structures of cyclopentane and cyclohexane
radical cations at B3LYP/6-111G(d,p).%9

Scheme 25. SET Oxidation of Cyclohexane with
Photoexcited TCB
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the latter being a transition structure both at MP2
and B3LYP levels (this work). The cyclohexane
radical cation is Cp-symmetric with two long C—C
bonds;®4 the Cs starting structure converges to Cop,
during the optimization®?® (Figure 19). Some compu-
tational and experimental data are available also for
alkyl-substituted cyclohexane radical cations.®47—95!

Cycloalkane functionalization via radical cations
was developed in solution.®*2%2 For instance, cyclo-
hexyl-benzene-1,2,4-tricarbonitrile was obtained in
80% vyield after SET oxidation of cyclohexane with
photoexcited TCB (Scheme 25).763

Electrochemical oxidation of cyclic alkanes in tri-
fluoroacetic acid is accompanied by ring contraction
of secondary to tertiary cations. These may form
through a stepwise ECE process (egs 29 and 30)*? or,
alternatively, through a two-electron oxidation’®® (eq
31). The deprotonation of the radical cation occurs
in the solvent cage and is quite complex: The
dynamics of hydrocarbon radical cations in solution
was studied by Trifunac's group®*-%7 and by oth-
ers.98

R-H—-e —R-H"—R +H" (29)
R —e —R" (30)
R-H—-2e —R"+H" (31)
4.3. Polycyclic Hydrocarbons

4.3.1. Bicyclobutane

The HOMO of bicyclo[1.1.0]butane,?*? the simplest
bicyclic compound, mainly describes the central C—C
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Figure 20. HOMO of bicyclo[1.1.0]butane and the struc-
ture of the radical cation at B3LYP (first entry), MP2
(second entry), and QCISD (third entry) with the 6-31G-
(d) basis set.”1

Scheme 26. Ring Opening of the Bicyclobutane
Radical Cation

< -4+ <+
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bond between the tertiary carbon atoms, and ioniza-
tion leads to substantial elongation of this bond
(Figure 20).791.959

This radical cation is persistent in a CClsF matrix
and maintains the C,, symmetry of the parent
neutral;’66:9€0 the rearrangement barrier to the cis-
butadiene radical cation is AH* = 19.7 kcal mol1,
and the reaction is —17.9 kcal mol~! exothermic at
the CCSD(T)/cc-pVTZ//IB3LYP/6-31G(d) level in the
gas phase (Scheme 26);7°* CCSD(T)/cc-pVTZ//IB3LYP/
PCM computations in CHCI3 as a model solvent®*
change the geometries of the species and the energet-
ics of this reaction only slightly (AH* = 16.3 kcal
mol~! and AH, = —14.9 kcal mol™1).

Upon photoinitiation, the rearranged products can
re-neutralized through back electron transfer, and a
number of such studies were performed for bicy-
clobutane derivatives.®%?-%* The intermediate forma-
tion of the substituted bicyclobutane radical cation
was proposed as an activation step for the bromina-
tion reaction.%%

4.3.2. Housane

The next bicyclobutane homologue, housane (bicyclo-
[2.1.0]pentane), forms a stable C; radical cation after
SET ionization. A high barrier (23.7 kcal mol™! at
CASSCF/6-31G(d)) accompanies the interconversion
through a planar C,, transition structure.®®® The
latter lies in the conical intersection region between
the ?B;-ground bonding and the excited 2A,-antibond-
ing states for the planar cyclopentane-1,3-diyl C,,
radical cation.®® The transformation of the housane
to the more stable cyclopentene radical cation occurs
via the rate-limiting formation of a planar intermedi-
ate (AH* = 10.7 kcal mol~* at CASSCF/6-31G(d)) and
a subsequent barrierless hydrogen migration.®6®
Scheme 27 represents this reaction pathway (at
QCISD/6-31G(d)//MP2/6-31G(d)) which is consistent
with the experimentally observed chemical, photo-
chemical,®” and matrix®®8 oxidations of housane.

Substitution®?997° influences the stability of the
housane radical cation strongly: The methyl deriva-
tives are not persistent under matrix conditions®’1.972
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Scheme 27. Rearrangement of the Housane
Radical Cation (QCISD/6-31G(d)//MP2/6-31G(d),
kcal mol-1)

as the planarization barrier is only 3.0 kcal mol~! at
QCISD/6-31G(d)//IMP2/6-31G(d) and the 1,2-shift bar-
rier is similarly low (3.4 kcal mol~1).9 The ring
openings of substituted housane radical cations lead
to cyclopentenes.970-973

4.3.3. [1.1.1]Propellane

The simplest tricyclic hydrocarbon, [1.1.1]propel-
lane,?40974 represents a unique case for a bond
between two inverted®”® carbons where the HOMO
(Ip~ 1. =9.7 eV,%6 computed 9.5 eV at MP3/6-311G-
(d)*"") describes mainly nonbonding rather than
bonding interactions.?76978-981 As a consequence,
ionization leads to a shortening of the distance
between quaternary carbons in the [1.1.1]propellane
radical cation (Figure 21).°”” While being a minimum

Dap,

Figure 21. MP2/6-31G(d) geometries of [1.1.1]propellane
and its radical cation.%””

at the MP2/6-31G(d) level, the D3y, structure of [1.1.1]-
propellane radical cation is a second-order saddle
point at the DFT levels and breaks the side C—C
bond under the optimizations without symmetry
constrains (this work).

4.3.4. Higher Propellanes

The HOMO of large-ring propellanes also is located
on the central propellanic C—C bond. As it describes
strong bonding interactions, ionization leads to C—C
bond elongation. The largest elongation (up to 2.208
vs 1.610 A in the neutral) was found for Dasp-
symmetric [3.3.3]propellane,®® in agreement with
ESR data (Figure 22).983
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3) radical cations at BLYP/6-31G(d).%82

The elongation of the central C—C bond in other
[3.3.n]propellane radical cations is smaller (from
1.601 to 2.176 A for [3.3.2]propellane and from 1.537
to 1.934 A for the [3.3.1]propellane radical cation).%2
Strained propellanes are characterized by a relatively
low I, (8—10 eV); the I, values usually are 0.8—1.1
eV lower than the I, due to substantial strain relief
after relaxation.'®®

The generation and reactivity of propellane radical
cations were studied under anodic*®?>94 and photo-
chemical#®29%4 oxidation. Scheme 28 summarizes
these two reactions for the oxidation of 3,6-dehydro-
homoadamantane (DHA),%* where the transforma-
tions under one- and two-electron oxidation are
entirely different. Under photochemical oxidation
conditions an overall one-electron oxidation takes
place and the first post-oxidation step involves radi-
cal—radical recombination accompanied by rear-
rangement of the strained cage to form products R.
Under two-electron anodic oxidation conditions, how-
ever, dinucleophilic addition gives products N with-
out rearrangement (Scheme 28).

Propellanes undergo oxidative transformations also
with metal—oxo reagents®4® and nitrogen-containing
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Scheme 28. C—C Bond SET Oxidation in
3,6-Dehydrohomoadamantane

ArCN*
@ (-ATCN ) ACN'~
—CN~
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J1.Nu J
2. ~e (anode)
Ar= CN . Nu Nu
T D D B
Nu Nu Ar
N R

Scheme 29. Electrophilic and Oxidative Activation
of C—C Bonds with Nitronium Reagents

@ NO,* _BF,
—NOZ _BFS ) —NOg

BF4 —BF3

NO,* BF,~
* -BFg F £
DA

electrophiles.®®2%85 A comparative study of the addi-
tion reactions to DHA and to highly unstable 1,3-
dehydroadamantane (DA) allow the distinct differ-
entiation between electrophilic and oxidative pathways
in the oc-c activations with electrophiles—oxidiz-
ers.%2 Scheme 29 shows that dinucleophilic products
are formed from DHA with NO,"BF,~ through ET
activation, while DA forms nitro derivatives after
electrophilic attack of NO,*.

4.3.5. Quadricyclane

Another highly strained hydrocarbon, quadricy-
clane (Q), is of high practical interest because of its
possible use in photochemical energy storage applica-
tions (equilibrium with norbornadiene).?8:%7 The I,
= 7.86 eV of Q is extremely low,°®® and the corre-
sponding radical cation Q*" isomerizes rapidly in a
matrix at 77 K,%88-990 ynder pulse radiolysis in liquid
methylcyclohexane at 133 K% and under chemical®®?
or electrochemical®®39% oxidation to the norborna-
diene radical cation which is 11 kcal mol~* more
stable at CCSD(T)/6-31G(d)//MP2/6-31G(d).**> Un-
rearranged Q*t was observed experimentally only
with time-resolved ESR spectroscopy.®® The PES
for the rearrangement was explored at MNDO,%8
MP2,995.997.998 and DFT®97:9%° levels of theory with
medium-sized (mainly 6-31G(d) and 6-31G(d,p)) basis
sets. The rearrangement occurs as a concerted asyn-
chronous process through a Cs-symmetrical TS. The
DFT and QCISD(T) computations largely overesti-
mate the barrier (10.9 kcal mol~! at B3LYP/6-31G-
(d)**” and 12.0 kcal mol~* at QCISD(T)/6-31G(d,p)//
MP2/6-31G(d)*%®) vs experiment'©® (4.8 kcal mol1).
Another C,,-symmetrical stationary structure found
on the Q*" PES is a second-order saddle point.

The photooxidation of Q with excited 1,4-dicyano-
benzene in the presence of methanol was studied
experimentally.1901-1003 Q+* js attacked exo-stereo-

Fokin and Schreiner

Scheme 30. Stereochemistry of the Quadricyclane
Radical Cation Ring Opening in the Presence of a
Nucleophile

CH3
—ArCN -
= 4-CN-Ph '
CH3
f% ArcN-~ CHsO f% CH30 ,E
/ / ArCN -

CH0, CH30, ,E CHA0 {E

specifically by the nucleophile,’** and the radical
thus formed rearranges to give aryl-substituted
products or methanol adducts (Scheme 30).1002

In the photochemically induced oxidation of Q with
p-quinones, the recombination of the radical ion pair
[Q*f/Iquinone*~] also occurs exo-stereoselectively.19%
An interesting and unique experiment is the genera-
tion of triplet biradicals under photoreaction of Q
with 3,3',4,4'-benzophenone tetracarboxylic dianhy-
dride (BDTA) via back electron transfer within the
Q**/BDTA"~ system.19% The chemical oxidation/back
electron transfer of Q with trisarylaminium salts
yields norbornadiene exclusively.%%?

4.3.6. Pagodanes

The pagodanes, one of the most beautiful families
of cage compounds, form relatively stable radical
cations with spins and densities located on the
central cyclobutane moiety.1097-1011 Three structures
were located for the [1.1.1.1]pagodane radical cation
(Scheme 31),%012 with the “extended” Dy, structure E
with two short (double) and two long CC bonds in
the cyclobutane moiety being most stable. The Day
“tight” structure T is a transition state for the
interconversion of two “open” (O) C,, forms which
contain a trapezoid cyclobutane moiety. The observed
FDMR spectra of the [1.1.1.1]pagodane radical cat-
ion1%12 agrees with structure T, probably due to fast
averaging of O forms. Our computations at B3LYP/
6-31G(d) + AZPVE show that T and O are energeti-
cally virtually identical and that E is 16.5 kcal mol~!
more stable.

The situation with the higher homologue [2.2.2.2]-
pagodane (as well as with other members of this
family1013) is similar: The most stable form is E;
however, it was pointed out that “The minima could
not be checked by a frequency analysis because of the
size of the systems”. The ESR signals were attributed
to a Dy, structure of the [2.2.2.2] pagodane radical
cation.1014

4.3.7. Cubane

The highly symmetrical hydrocarbon cubane (Ei/,
= 1.73 V vs SCE)%*1015 js kinetically stable because
breaking of one of the C—C bonds homolytically or
heterolytically causes only minor changes in the rigid
cage structure.'?16 Hence, the cubane radical cation
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Scheme 31. Tight (T), Opened (O), and Extended (E) Structures of Pagodane-type Radical Cations

HEE I

[Aaay*

Figure 23. Geometries of the cubane radical cation
minimum and the TS (B3LYP/6-31G(d); relative energies
in kcal mol~! at BCCD(T)/cc-pVDZ//B3LYP/6-31G(d)).”?

(CUB*") maintains some structural features of the
neutral hydrocarbon but distorts from O, to Cy,
symmetry to a structure with one elongated C—C
bond (Figure 23).7%2

The interconversion of the 12 degenerate radical
cation structures!®'” occurs via a very low barrier (1.6
kcal mol~t at BCCD(T)/cc-pVDZ//B3LYP/6-31G(d)),”?
and only the averaged highly symmetrical structure
is observed under matrix conditions.017.101® Hydrogen
loss from the CUB*" is unfavorable because of the
instability of the cubyl cation;°!° rearrangements, on
the other hand, are highly exothermic. There are two
possible pathways for these: isomerization to the
cuneane radical cation (CUN*"), which was initially
proposed (pathway A, Scheme 32),018 and fragmen-

Scheme 32. Two Rearrangement Pathways of the
Cubane Radical Cation (CUBe")

a+ ._|-+ _|.+

A @7-9 @48.2 06.2
a9 27 TS CUN™ BOD™

= + _l-+ - +

00 B~ %7 """ ' . : 7

cus™ M
7.8 —67.0 -92.3
TS TOD™ coT™

tation to the syn-tricyclooctadiene radical cation
(TOD**, pathway B). Both mechanisms were recently
computed at the BCCD(T)/cc-pvVDZ//B3LYP/6-31G-
(d) level,”®2 which shows that CUB** preferentially
follows pathway B.

This fragmentation of CUB*t to the cycloocta-
tetraene radical cation COT** omitting the formation
of the cuneane radical cation (CUN*") is strongly
supported by experimental studies both in solution”®?
and under matrix conditions.!020

[22.221*

Figure 24. Geometry of the adamantane radical cation
at BLYP (first line), B3LYP (second line), and MP2 (third
line) with a 6-31G(d) basis set.150.984

4.3.8. Adamantane

Having a triply degenerate and highly delocalized
low-lying HOMO, adamantane, in contrast to cubane,
elongates several bonds after SET ionization: the Cs,
adamantane radical cation (AdH*") displays three
elongated C—C and four long C—H bonds (Figure
24)_150,984

The fragmentation reaction for AdH** in the gas
phase was computed at MP2/6-31G(d) + AZPVE.
Hydrogen radical loss is energetically (+13.8 kcal
mol~1, the barrier is 16.1 kcal mol™!) much less
unfavorable than deprotonation (+188.1 kcal mol 1)
(Figure 25).150

In solution, AdH*" exothermically (—12.8 kcal
mol~t, B3LYP/6-31G(d)) forms a complex with the
solvent (e.g., acetonitrile, Scheme 33 and Figure 26)

Scheme 33. Deprotonation Energetics for the
Adamantane Radical Cation in Acetonitrile (kcal
mol~%, B3LYP/6-31G(d))

CHs
+
E + CHaC=NH ﬁ?l CHg CHa
19.9 \ N i G
+19. ] e
o “*H Neh 1¥ NH

7
L

0.0 -12.8 +7.2 -9.5

and one of the C—H bridgehead bonds elongates even
more than in the gas phase. The insertion of an
acetonitrile molecule into a half-broken C—H bond
is exothermic (—9.5 kcal mol~t) but occurs through a
high barrier (20 kcal mol~?) via a very late TS (Figure
26). Thus, proton transfer to the solvent dominates
for AdH** in solution.
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Figure 25. Energetics for hydrogen vs proton loss from the adamantane radical cation (kcal mol~t) and the transition

structure for hydrogen loss (gas phase, MP2/6-31G(d).1%0

Figure 26. Geometry of the adamantane radical cation
complex with an acetonitrile molecule (Cs,) and the transi-
tion structure for the insertion of acetonitrile into a C—H
bond at B3LYP/6-31G(d).1%°

The computations identify only one Cs,-symmetri-
cal form of the adamantane radical cation both in the
gas phase and in the presence of an explicit solvent
molecule. This in good agreement with the experi-
mental behavior of AdH*" under electron impact
ionization in the gas phase where only the [M — 2]+
ion is formed after the fragmentation of the 1,3,5,7-
tetradeuterioadamantane radical cation.’® An ex-
clusive bridgehead H-elimination is also observed
under photooxidation of adamantane with TCB in
solution, where only 1-adamantyl radical coupling
products form (Scheme 34).952.1021

The adamantane radical cation was generated from
adamantane by anodic oxidation, and again, only a
tertiary substituted product (1-acetamino adaman-
tane) was found.1°221023 |t is important to note that
the behavior of alkyl adamantanes under photo-
induced SET (C—H substitution)'°?! and under elec-
tro-oxidation (C—C bond fragmentation)'9241025 g
different. This might be explained by the interme-
diacy of dications formed after double ET on the

Scheme 34. Selective Deprotonation of the
Adamantane Radical Cation upon SET Oxidation

H e
ACN' 7T
—AICN - /i

Ar
ArCN*~ CN
E L—: A I:[
-CN NC CN

anode.”® These two pathways are depicted in Scheme
35 for tert-butyl adamantane as an example.

High 3° selectivities for some adamantane ionic
substitutions with electrophiles (polar halogena-
tion,1026:1027  nijtroxylations ~ with  anhydrous
HNQ3,10281029  getivations by NOT 1030 or NO,*
salts,18819.1031 gprotic superacids,%3? catalytic sul-
foxidations with S0,/0,,19% etc.1%%4) could be at-
tributed to significant ET contributions to the TSs
for the C—H activation. Despite the claim that
“Single electron transfer (SET) nitration of adaman-
tane by NO," is unlikely as the first ionization
potential of adamantane is high”,8%° eq 32, represent-
ing such a reaction, is —24.4 kcal mol~* (B3LYP/6-
31G(d)) exothermic and electron transfer is favor-
able.%84

AdH + NO," — AdH"" + NO,’ (32)

The mechanistic picture for the reactions of oxidiz-
ing electrophiles with adamantane and some other
cage compounds!®® probably is very similar to that
of aromatics, where an SET activation step involving
radical cations!®® was proposed for NO,* and re-
cently1037.1038 glso for NO™ reagents.1039.1040 A similar
situation arises for selective 3° substitutions of ada-
mantane with highly electrophilic radicals (NO3*),*°
metal—oxo reagents [CrO,(OCOCF3),],5%¢ palladium
acetate systems,1041.1042 and electrochemically gener-
ated high oxidation state iridium species,'%*® where
advanced ET from the hydrocarbon moiety to the
reagent in the TSs for H-abstraction (vide supra)
raises the selectivities substantially.
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Scheme 35. Photoinduced SET and Electrochemical Double Oxidation of tert—ButyI Adamantane

ArCN*
-e~ (anode)

Ar=

5. Concluding Remarks

Contrary to popular belief, it is not particularly
difficult to activate and functionalize alkanes—
regioselectivity is the crux of the problem because the
various aliphatic C—H and C—C bonds often have
comparable energies and are attacked indiscrimi-
nately, leading to product mixtures. The activation
takes place either in a concerted fashion through
hydrogen-atom abstractions as well as inner-sphere
electron transfer or nonconcertedly through single-
electron oxidations giving radical cation intermedi-
ates.

The selectivities with simple radicals (Hal*, atomic
oxygen, HO®, NOy, etc.) are generally unappealing:
discrimination between primary, secondary, and
tertiary positions as well as between C—H and C—-C
bonds is rather low. Some improvement is achieved
if these radicals are produced in the vicinity of a more
complex molecular structure (metal-catalyzed oxida-
tions), which probably provides the steric bulk needed
for positional discrimination. The same concept can
be used to explain the much higher selectivities of
bulky radicals such as t-BuO* and *CHals. The latter
type of radicals can be prepared very conveniently
under phase-transfer conditions, and they are more
selective toward C—H bonds due to their carbon-
centered nature (strained hydrocarbons still undergo
C—H activation without fragmentation).

Closed-shell molecules such as dioxirane deriva-
tives and metal—oxo species may also exhibit radical-
like behavior and can, hence, be used to functionalize
C—H, and, in exceptional cases, of very strained
substrates C—C bonds, with pronounced selectivities.
However, it cannot be excluded that these and related
reactions proceed through nonradical structures (ox-
enoid insertion). Metal—oxo compounds are also
involved in alkane oxidations with cytochrome P450
and methane monooxygenase (MMO); the mecha-
nisms for these types of transformations are complex
but all seem to involve highly electrophilic Fe=0O
species at some stage. The ability of the reagent to
activate and polarize the substrate results in extraor-
dinarily high chemo- and regioselectivities.

A very important conclusion is that polar contribu-
tions (polarization of the alkane through the reagent)
are a requirement for exceptionally high positional
selectivities. This is not to say that the activating
reagent should be charged (e.g., a strong electrophile),
as there also must be a balance between the ability
to polarize the hydrocarbon and to remove just one
electron in the overall process (a two-electron process
would be a purely electrophilic activation leading to

l -e~ (anode)

DO
2+
NG CN 1
-+Bu* £© *

ArCN -
—CN‘
Nu
Nu

cations prone to rearrangements with concomitant
loss of selectivity).

As a consequence, polar electrophiles (radicals or
closed-shell neutrals) are generally quite selective.
There is somewhat of a “gray zone” of inner- and
outer-sphere ET reactions: for instance, typical elec-
trophiles such as NO™, protonated hydrogen peroxide
(H30,™), charged M=0O"* species, and many others
generally resemble C—H or C—C activation transition
structures where the hydrocarbon moiety is reminis-
cent of the free-radical cation. That is, these electro-
philes usually form encounter complexes with the
alkane and then oxidize the substrate (inner-sphere
electron-transfer), followed by internal rearrange-
ment.

Stronger oxidizers actually produce the alkane
radical cation which very often distorts (the electron
is taken out of one particular o-bonding orbital) in a
rather predictable fashion. Hence, the SET oxidations
of alkanes with photoexcited aromatics or under
anodic conditions are quite selective. Exceptions are
very highly strained systems which may undergo
rapid rearrangements before nucleophilic trapping
(e.g., cubane radical cation).

We view the reactions of radicals, closed-shell
electrophiles, and single-electron oxidizers as being
of the same general type at different ends of the
overall mechanistic spectrum: in all cases, transfer
of a partially positively charged polarized hydrogen
takes place. (This is also the case in purely electro-
philic activations, often referred to as “hydride trans-
fer”.) The selectivity increases in the same direction
from radicals to SET oxidizers for relatively un-
strained alkanes.

Finally, we note that theory reproduces fundamen-
tal radical abstraction reactions very well; relative
barriers for H-abstractions typically are in good
agreement with experiment. DFT is particularly
useful in this context as it includes some of the
required electron-correlation effects needed to de-
scribe odd-electron systems and does not suffer from
many of the drawbacks associated with traditional
ab initio methods. Radical cations are far more
difficult to describe theoretically, and DFT should be
used with caution; traditional methods do not do
much better though. Clearly, improved theoretical
approaches to treat open-shell, charged species are
needed.

Alkane functionalization is a fast developing and
vibrant area of chemistry spanning all subdisciplines.
This review demonstrates that the fruitful combina-
tion of experiment and theory not only is useful but
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often required to help understand the mechanisms
of selective transformations of aliphatics into a large
number of useful chemicals.
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7. Acronyms

1 “at the geometry of”

AIBN N-azoisobutyronitrile

AM1 Austin model 1

BAC bond additive corrections

B88 Becke's 88 exchange functional

BCCD(T) Brueckner doubles coupled cluster method,
triples included perturbatively

BDE bond dissociation energy

BDTA benzophenone tetracarboxylic dianhydride

BHandHLYP Becke’s half-and-half HF with Lee—Yang—
Parr correlation

B3LYP Becke’s three-parameter exchange with Lee—
Yang—Parr correlation functional

B3P86 Becke’s three-parameter exchange with Per-
dew 86 correlation functional

B3PW91 Becke’s three-parameter exchange with Per-
dew 91 correlation functional

BLYP Becke's 88 exchange with Lee—Yang—Parr
correlation functional

CAN cerium(l1V) ammonium nitrate

CASSCF complete active space SCF

CCsD coupled cluster method with single and
double excitations

CCsSD(T) coupled cluster, singles and doubles with
triples included perturbatively

Cl configuration interaction

m-CPBA m-chlorperbenzoic acid

Cus canonical unified statistical

CVT canonical variational transition

Cys cysteine

D95 Dunning/Huzinaga full double-¢ basis set

DFT density functional theory

DL dual level

DMD dimethyldioxirane

Dz double-¢

ECE electrochemical—chemical—electrochemical

ESR electron spin resonance

ET electron transfer

FID flame ionization detector

Gl Gaussian-1 (theory)

G2 Gaussian-2 (theory)

GC gas chromatography

HF Hartree—Fock

HFB Becke’s 88 with Slater exchange

HOMO highest occupied molecular orbital

IRC intrinsic reaction coordinate

Fokin and Schreiner

KIE kinetic isotope effect

L ligand

LACVP Los Alamos effective core potentials DZ

LACV3P Los Alamos effective core potentials TZ

MD molecular dynamics

MMO methane monooxygenase

MNDO Modified neglect of differential overlap

MP# Mgller—Plesset (order)

MP4SDTQ  MP4 with singles, doubles, triples, and qua-
druples

MR multireference

MT multidimensional tunneling

NBS N-bromo succinimid

uOMT microcanonical optimized multidimensional
tunneling

oS open shell

PCM polarized continuum model

PEPICO photoion coincidence

PES potential energy surface

PINO phthalimide-N-oxyl

PMP2 spin-projected MP2

PT phase-transfer

PTC phase-transfer catalysis

QCISD quadratic configurational interaction with
singles and doubles

QCISD(T) QCISD with triples included perturbatively

RRKM Rice—Ramsperger—Kassel—Marcus

SAC spin-adapted correlation theory

SBK Stevens—Bash—Krauss effective core poten-
tials DZ

SCE standard calomel electrode

SCF self-consistent field

SCRF self-consistent reaction field

SCT semiclassical tunneling corrections

SET single-electron transfer

SH substitution homolytic

SHT synchronous hydride transfer

TCB tetracyanobenzene

TEMPO tetramethylpiperidine-N-oxide

TS transition structure

TZ triple-C

TZ2P triple-¢ with double polarization

TZV triple-¢ valence

VB valence bond

cc-pvVTZ correlation consistent valence, polarized
triple-¢

cc-VTZ2P correlation consistent valence, triple-¢ with
double polarization

ZPVE zero-point vibrational energy
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