JIAICIS

ARTICLES

Published on Web 08/14/2002

H-Coupled Electron Transfer in Alkane C —H Activations with
Halogen Electrophiles

Andrey A. Fokin,** Tatyana E. Shubina,’ Pavel A. Gunchenko,* Sergey D. Isaev,!
Alexander G. Yurchenko,*" and Peter R. Schreiner*#*
Contribution from the Department of Organic Chemistry, KRolytechnic Institute,
37 Pobeda Aenue, 03056 Kig Ukraine, Department of Chemistry, Useirsity of Georgia,

Athens, Georgia 30602-2556, and Institute of Organic Chemistry, Justus-LiebigSity,
Heinrich-Buff-Ring 58, D-35392 Giessen, Germany

Received April 16, 2002

Abstract: The mechanisms for the reactions of isobutane and adamantane with polyhalogen electrophiles
(HHal;*, Hals*, Hals*, and Hal;*, Hal = ClI, Br, or 1) were studied computationally at the MP2 and B3LYP
levels of theory with the 6-31G** (C, H, CI, Br) and 3-21G* (l) basis sets, as well as experimentally for
adamantane halogenations in Brz, Bro/HBr, and I7CI=/CCl,. The transition structures for the activation step
display almost linear C---H---Hal interactions and are characterized by significant charge transfer to the
electrophile; the hydrocarbon moieties resemble the respective radical cation structures. The regiospecificities
for polar halogenations of the 3° C—H bonds of adamantane, the high experimental kinetic isotope effects
(ka/ko = 3—4), the rate accelerations in the presence of Lewis and proton (HBr) acids, and the high kinetic
orders for halogen (7.5 for Br,) can only be understood in terms of an H-coupled electron-transfer
mechanism. The three centered-two electron (3c-2e) electrophilic mechanistic concept based on the attack
of the electrophile on a C—H bond does not apply; electrophilic 3c-2e interactions dominate the C—H
activations only with nonoxidizing electrophiles such as carbocations. This was shown by a comparative
computational analysis of the electrophilic and H-coupled electron-transfer activation mechanisms for the
isobutane reaction with an ambident electrophile, the allyl cation, at the above levels of theory.

Introduction chemistry: different starting materials (e.gybutane and
isobutane) may give the same major produdthe overall
reaction functionalization is selective (predictably giving one
product), but the activation doesot have to be selective
(different cationic intermediates may be generated and may be
equilibrated rapidly). Very often, this clear-cut distinction is not
) o - made, and the terms “activation” and “functionalization” are
Despite their importance, itis often overlooked that many of ;seq interchangeably. The present paper demonstrates that
these reactions are mechanistically not well understood. Evengglectje actvationindeed is an important aspect of electrophilic
the termselective functlonallzatlopthat is, Fhe targeted substlt.u- alkane chemistry. In particular, we emphasize the importance
tion of a C-H to a C-X bond, is used interchangeably with st glectron-transfer (ET) steps in the reactions of electrophile-
selectie actiation, although the two do not have to be coupled.  oyigizers that are typical also for traditional “electrophilic”
To illustrate this point, consider traditional electrophilic alkkane gjkane activations. We argue, both computationally and experi-
mentally, that the very nature of the intermediate radical cations
or radical cationic transition structures is largely responsible

Functionalizations of alkanes with charged electrophilés E
are among the most useful preparative transformatiohhis
field was first and foremost developed by George A. Olah, and
his many chemical discoveries and contributions have turned
into practical solutions for the petroleum industf/7-10
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TKiev Polytechnic Institute. for the often observed surprisingly high selectivities in these
* University of Georgia and Justus-Liebig-University. types of transformations.
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halogen reagent 2! readily react with alkane €H and/or electrophiles with alkanes are at the borderline of inner and outer
C—C bonds. The mechanistic understanding of the activation electron transfet? and the hydrocarbon moieties in the transition
step, however, is controversial and is based on either thestates or intermediates often resemble radical cation structures.
insertionof E* into theo-bonds via three centered-two electron  For instance, the lowest-lying transition states for the reactions
(3c-2e) speciég??3or the addition of E by means of direct  of methane with NO and BH* very much resemble the
attack on the atorm?. structure of the methane radical catiér#® with two elongated
Experimental mechanistic studies in superacidic ntediaz® C—H bonds (i.e., [H+++CH,—E]*) without incorporation of the
reveal little about the activation step. Mechanistic computational electrophile in the 3c-2e bondi§*°Methane, however, is not

modeling is equally difficult as only intermediatés™ rather a particularly good model for electrophilic aliphatic substitution

than transition structures can generally be located for these oftenyechanistic studies because the triply degenerate HOMO does
highly exothermic reactions. Only a limited number of transition 4t describe the individual €H bondss°

structures for the hydrogen exchange reactions for surface-
adsorbed alkanes were found to d&te®® Some computations
are available for the reactions of alkanes with relatively stable
electrophiles such ass,™,22 NO*,23-24.34carbocationd’-12.35.36

and positively charged halogefs3® However, there is no : s -
decisive evidence fé#2% or against an electrophilic 3c-2e compoun.dg,..Funct|onaI|za.t|ons of cage compounds with some
activation mechanism, involving the attack on thet€bonds, other oxidizing electrophiles such as 100% Hi¥Oand

that is, via transition structures with triangular-8—E moieties. hitrogen-containing electrophi€s'®>%are similarly selective.

In addition, out”4041and othef2-4 studies on hydrocarbon Inter alia, we will provide explanations for the following
activations with electrophile-oxidizers show that electron- combined experimental facts observed for polar halogenations
transfer (ET) processes cannot be ruled out and may actuallyof, for example, adamantane: (i) the increase of the reaction
be dominating. As we pointed out recerflyhe reactions of rates in the presence of Lewis ad®land mixed halogens such
as I"Cl~,2! as well as BrCl—,5%ii) the high kinetic reaction
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Figure 1. The FMOs of isobutane as well as the allyl cation and the key orbitals for the strongly bodjliagd weakly bondingTS1) interactions of

isobutane with the allyl cation (energies in eV, B3LYP/6-31G**).

mechanisms of alkane-cH activations with relatively stable
(delocalized) electrophiles.

Results and Discussion

Isobutane Reactions with the Allyl Cation. There are a
number of indications that hydrogen-transfer reactions of
carbocations with alkanes are similar to H-abstractions with
radicals?5263In many so-called “hydride transfer reactioffs®®
R—H + Alk™ — [ResH---Alk]T — R™ + H-AILk, the
transferred hydrogen formally doest carry a negative charge
due to the higher electronegativity of carbbithe VB ap-
proacl” for the simplest model [fC—H—CH;z] ™ system clearly

shows that the hydrogen being transferred indeed has some

radical character. A detailed MP2 and DFT std#ign this type
of reaction demonstrated that the H-transfer between various
alkanes and alkylcarbenium ions proceeds via formation of
intermediates with linear or almost linearf&—C]"™ bonding
moieties. An analogous situation was identiffedor the

Scheme 1. Strongly Bonding (A) and Weakly Bonding (B)
Pathways for the Reaction of Isobutane with the Allyl Cation
{Relative AGzgg in kcal/mol at B3LYP/6-311+G**//B3LYP/6-31G**
(First Entry) and MP2/6-311+G**//MP2/6-31G** (Second Entry)}
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polarized hydrogen atom of the £—H bond to thecentral
carbon of the allyl cation. However, the orbital-controlled
process involves the LUMO of the allyl cation (Figure 1) and

reactions between silanes and carbenium ions, where ion an approach onto thterminalcarbons of this electrophile. Thus,
molecule clusters with elongated agostie i€ bonds were found  the interaction of the 3C—H bond of isobutane with the

by gas-phase computational modeling. We emphasize that onlyterminal carbons of the allyl cation represents the strongly
minima were located in the published works; transition structures bonding (conventional electrophilic) situation, whereas the
for the C—H activation of alkanes with carbenium ions have, approach to the central carbon atom of the allyl cation represents
at least to the best of our knowledge, remained elusive to date.the weakly bonding (electron transfer, vide infra) path.

We found that themodel reactions of alkanes with the We studied these two activation modes (A and B, Scheme
delocalized (and therefore quite stabilized) allyl cation allow 1) computationally at the B3LYP and MP2 levels of theory.
us to discern two interaction modes: (A) conventional electro- The reaction at a terminal carbon of the allyl cation proceeds
philic (strongly bonding) and (B) H-coupled ET (weakly through an exothermically formed (MP&;Gpgs= —12.2 kcal/
bonding). We first studied the reaction of the allyl cation with mol) tight H-bound complex 1, Scheme 1) followed by
the ¥ C—H bond of isobutane that is characterized by a decomposition to the final complex of theBu cation with
localized HOMO (i.e., it mostly describes the centrati€bond, propene 2). In agreement with previous studies on the i€
Figure 1). The NBO analysis of the allyl catioBy, symmetry§® activations with carbocations, the transition structure for this
shows that the positive charge is located mainly on the protons electrophilic reaction (A) could not be located because of the

of the terminal CH groups. While the €and C atoms are
almost uncharged—0.005e at B3LYP and-0.07e at MP2),
the central carbon carries a large negative partial charge36e
at B3LYP and—0.46e at MP2). As a consequence, the charge-
controlled interaction must favor an approach of a positively

(62) Patz, M.; Fukuzumi, Sl. Phys. Org. Cheni997 10, 129-137.

(63) Handoo, K. L.; Cheng, J.-P.; Parker, V. D.Am. Chem. S0d.993 115
5067-5072.

(64) Fradera, X.; Duran, M.; Mestres,Jan. J. Chem200Q 78, 328—337.

(65) Collins, S. J.; O’'Malley, P. Xhem. Phys. Lettl995 246, 555-561.

(66) Mestres, J.; Hiberty, P. ®lew. J. Chem1996 20, 1213-1219.

(67) Mestres, J.; Lledn A.; Duran, M.; Bertra, J.J. Mol. Struct. (THEOCHEM)
1992 260, 259-272.

(68) Gobbi, A.; Frenking, GJ. Am. Chem. S0d.994 116, 9275-9286.
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favorable formation of a three center bondiminimuns® (for
the HOMO and HOMO-1 of, see Figure 1). The geometry of
the G--H---C moiety ofl is very similar to that for the complex
of the seepropyl cation with isobutane found previousfyAt
B3LYP, only one minimum corresponding to the final complex
2 could be located. The overall electrophilic H-transfer from
isobutane to the allyl cation is slightly more exergonic at B3LYP
than at MP2 A,Gy9s = —22.9 vs—19.2 kcal/mol, respectively).
TS1 located along pathway B at B3BLYRPAG 98 = 17.8
kcal/mol) and MP2 AG¥9g = 14.2 kcal/mol) describes the

(69) McMurry, J. E.; Lectka, TAcc. Chem. Red.992 25, 47-53.
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Figure 2. B3LYP/6-31G** (first entry) and MP2/6-31G** (second entry) optimized geometrie3 ®1—TS6 and the complex of the isobutane radical
cation with water §) (bond distances in A).

H-abstraction from isobutane by the central carbon atom of the Hence, TS1 represents the weakly bonding situation as a
allyl cation followed by ring closure to cyclopropane. The IRC superposition of the [R-H---E*] and [t*R::-H--E*] VB-
procedure fromTS1 terminates with a complex of theBu- states and resembles the structures of the isobutan¢d)R
cation with cyclopropane3j. TS1is characterized by an only  and trimethylene (HE) radical cation®73in an averaged
slightly elongated 3 C—H bond (1.152 A and 1.137 A at  [***R---H---E%**] structure. In an alternative view, and this
B3LYP and MP2, respectively, Figure 2) with the transition explains the ET pathway B, the cyclopropane moiety BiL
vector describing the linear movement of the transferred resembles that of its radical cation where one@bond is
hydrogen (about 35@m~* at B3LYP and MP2). Although the ~ substantially elongaté@’* (an electron is removed from the
distance to the electrophile FS1is relatively long, the charge  respective €C bonding orbital). This activation mode is an
transfer from isobutane to the allyl cation is substantial (ca. 0.25e example for an H-coupled ET from the alkane to the electrophile
from NBO analysis), and the charge on the hydrogen atom along the G-H activation pathTS1 falls into the regime of a
transferred ispositive (+0.15e). This mechanism is clearly “hydrogen-coupled electron transfer” where the transferred
different from the A activation mode and shows some common

(70) Chen, Y.; Tschuikow-Roux, E. Phys. Chem1993 97, 3742-3749.

features with radical €H abstractions: The HOMO of S1 (71) Fokin, A. A.; Lauenstein, O.; Gunchenko, P. A.; Schreiner, PJ.RAm.
i i ; ingi ; Chem. Soc2001, 123 1842-1847.
(Figure 1_) describes thantlbondlngln_teracpon I_oe_tween the (72) Lunell. - Yin, L Huang. M-BChem. Phys1989 139 293-299.
electrophile and the €H bond and is quite similar to the  (73) Du, P.; Hrovat, D. A.; Borden, W. T. Am. Chem. Sod988 110, 3405~
P ; ; 3412.
SOMOS of the transition structures for-&l abstractions with (74) Wayner, D. D. M. Boyd, R. J.; Amold, D. Rean. J. Chem1985 63,
radical reagent&:"! 3283-3289.
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Scheme 2. The Electrophilic (A) and H-Coupled Electron-Transfer
(B) C—H Activations of Isobutane with Protonated Chlorine HCl,™
{AGagg in kcal/mol at B3LYP/6-311+G**//B3LYP/6-31G** (First
Entry) and MP2/6-311+G**//MP2/6-31G** (Second Entry)}
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hydrogen carries only smallpositive charge in an overaivo-

Scheme 3. The Electrophilic (A) and H-Coupled Electron-Transfer
(B) C—H Activations of Isobutane with Cls* (Relative AGgg in
kcal/mol at B3LYP/6-311+G**//B3LYP/6-31G**)
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bond in the transition structure is substantially elongated (1.307

electron-transfer process. This re-emphasizes the relationship® and 1.257 A at B3LYP and MP2, respectively), and

of these types of reactions with radical H-abstractions. Con-
versely, the traditional inner-sphere proton-coupled>E%
involves transfer of one electron and one proton in an overall
oneelectron-transfer process.

significant charge transfer (ca. 0.6e) from the hydrocarbon to
HCIl," is indicated. TheTS3 orbitals are similar to those of
TS1; that is, the HOMO describes the antibonding interactions
between the 3C—H bond hydrogen and the electrophile. Note

Our theoretical analysis of the reactions of the allyl cation that the charge transfer iS3is substantially higher than that

with isobutane reveals two different types of reactions: strongly
bonding electrophilic (A) and weakly bonding oxidative (B),
that is, inner-sphere electron transfer. The unique natuf&af
reveals the role of ET in the electrophilic alkane B activation

in TS1; the H-coupled ET from isobutane to the strong oxidant
HCl,* dominates.

The two pathways (A and B) for the reaction of isobutane

with HCI,™ have comparable barriers (1.5 vs 1.2 kcal/mol at

processes. While it is clear that pathway B is energetically less MP2, respectively), but the electrophilic mechanism is thermo-

favorable than A for the allyl cation (our exploratory model),
we now show that ET is important for alkanes reacting with
weakly electrophilic but strongly oxidizing electrophiles such
as halogen-containing cationic species.

Isobutane Reactions with HCh™ and Cls™. One of the

simplest positively charged halogen singlet ground-state elec-

trophiles, protonated chlorine (HE),”” carries three equally
(ca. +0.3e) polarized electrophilic centeisBoth chlorine
atoms share the HOMO and LUMO coefficients; the contribu-
tion of the terminal chlorine atom is slightly higher. Conse-
quently, we found two different transition structures for the
H-transfer from isobutane to HEl (Scheme 2y? The early
nonlinearTS2 formally describes the electrophilic (A) insertion
of the terminal chlorine of HGI into the C-H bond (Scheme
2). TS2is similar to the transition state previously fodador
the reaction of this hydrocarbon withs8,": It displays an
only slightly elongated 3C—H bond (1.131 and 1.102 A at

dynamically slightly more favorable—4.4 vs —6.9 kcal/mol
at B3LYP).

For another simple model electrophiles€I(Scheme 3)

which serves as a source of “Clin C—H functionalizations$®

pathway B viaTS5 is marginally more favorable (Scheme 3).
Because of the system size, the frequencies could only be
computed at DFT, but the MP2 energies show analogous trends.
The ET inTS5 (0.72€) is even higher than that T83. As a
result, the geometries of the hydrocarbon moietyl 83 and

TS5 are strongly distorted. This compares favorably with the
geometry of the isobutane radical cation complex with water
(6); that is, the C-C bonds are shortened, and the four parallel
C—H bonds are elongated. Note that this system also is allylic
in nature and that the structures found fog'Chre quite com-
parable to those found for the allyl cation (Scheme 1).
Fortunately, we were able to find transition structures for both
pathways for G§*; however, due to the lack of formation of

B3LYP and MP2, respectively) and has a negligible ET stable initial complexes, the energies of these transition struc-
contribution due to little charge transfer from isobutane to the tyres are not very meaningful quantitatively (note the negative

electrophile (ca. 0.02e). The reaction is barrierless at B3LYP energies as a consequence of these extremely exothermic
but has a low barrier at MP2AG*20s = 1.5 kcal/mol). Initial reactions). We conclude that both pathways are very similar in

complexes were located but not included in the energy evalu- energy.

ations at MP2 because their formation is endergonic by ca. The overall driving forces for the ET reactions of isobutane

+0.2-0.5 kcal/mol. An eIectron-transfe_TSS (Scheme 2, ~ with the allyl cation, HC}*, and Ck*+ can be estimated through
pathway B), located at both levels, describes the H-abstractloneqs 1-3 (B3LYP(MP2)/6-31G**, kcal mot), where the

from isobutane by the central chlorine atom of kiCleading  glectrophiles act as outer-sphere ET oxidants for isobutane,
to the isobutane cation and two HCI molecul8g (The C-H resulting in the formation of threeisobutane radical catidh.
Even for such extreme cases, the oxidations of isobutane with
chlorine electrophiles are exergonic (egs 1 and 2). In contrast,
the ET to the nonoxidizing allyl cation (eq 3) is strongly
endergonic.

(75) Hammes-Schiffer, SAcc. Chem. Ref001, 34, 273-281.

(76) Decornez, H.; Hammes-Schiffer, $. Phys. Chem200Q 104, 9370-
9384.

(77) Li, Y.; Wang, X.; Jensen, F.; Houk, K. N.; Olah, G. A.Am. Chem. Soc.
1990 112 3922-3926.

(78) de Petris, G.; Pepi, F.; Rosi, Nbhem. Phys. Lettl999 304, 191-196.

(79) The third type of reaction is a proton transfer from Qb the alkane;
however, in the Cl+ HCI,* reaction, chlorination products are mainly
formed (ref 78).

(80) Bouma, W. J.; Poppinger, D.; Radom, lsr. J. Chem.1983 23,
21-36.

10722 J. AM. CHEM. SOC. = VOL. 124, NO. 36, 2002



Electron Transfer with Halogen Electrophiles

ARTICLES

(CH5);CH+ HCI," = (CH,),CH™" + HCl,"
AG,gs=—14.8 5.4) (1)

(CHy);CH+ Cl," = (CH,),CH™ + Cl;
AGyg=—12.2 (-4.8) (2)

(CH,);CH + [H,CCHCH,] " = (CH,),CH™" +
[H,CCHCH,]* A,G,os = +45.4 (+64.5) (3)

We now address the relevance of the H-coupled ET activations

for other alkanes. Experimental data are available for the
reactions of HGIT and Ck+ with methane® 78 these lead to
mixtures of [(sC—CIl—H]* and [HsC—CI—CI]*. The kinetically
controlled formation of [HC—CI—CI]* cannot be explained
in terms of an electrophilic €H insertion of Ci*. Guided

by the above findings, we have found transition struciL®®
(Figure 2) displaying an elongated-& bond (1.172 A), de-
scribing the linear H-abstraction by £Ifrom methane ana-
logous to TS5 located for isobutane. The resulting methyl
cation complex can recombine with HCI or ,Cto form
[HsC—CI—H] " or [H3C—CI—CI]*, respectively. Because of the
higherl, of CHa4,8! the electron transfer from methane ta;Cl

in TS6 s significantly smaller (ca 0.3e) than that for isobutane
(TS5). As a consequence, the barrier for the H-coupled; CH
ET-oxidation with C§* is higher AG*»gg = 22.9 kcal/mol at
B3LYP).

Isobutane Activation with Polyhalogen SpeciesTo model
the experimentally known functionalizations of alkanes in
halogen solutions (typically neat Br and to address the
question of solvation as well as molecularity, we also computed
(B3LYP/6-31G**) the reactions of isobutane with moderately
electrophilic Ha4*™ and Ha}™ species. We varied the type of
Hal* that directly participates in the-€H attack (Figure 3) using
a number of Cl atoms as a model for the secondary electrophilic
shell. While the G-H activations with HalHal,* are almost
barrierless for isobutand@ 85 and TS7, the AG*,9g values are
similar to the above B3LYP/6-3HG**//B3LYP/6-31G**
results), the more stabilized Helal,™ and HalHals" cations
(TS8andTS9, respectively, Figure 3) show substantial barriers.
These depend mostly on the nature of the'ldadm that directly
abstracts the hydrogen from the-@& bond. Accumulation of
halogens increases the barriers considerably fromyHed
Hals™. The barriers for Hal" are only slightly higher than those
for Hals™; the highest barriers were generally observed fotHal
= Br. TS8 and TS9 are similar to the electron-transféS7,
but the charge transfer from isobutane to the electrophilic
oxidant varies (from 0.12e foFS8, Hal' = Hal? = | to 0.56e
for TS9, Hal' = Cl).

Similar trends were found for protonated polyhalogen re-
agents: the reaction of HE1with isobutane is either barrierless
(TSS, Hal = Hal* = CI) or accompanied by a low barrier (5.6
kcal/mol for the reaction with HBt", TS10). For the protonated
reagents HaHalH™ (TS11), the barriers are virtually identical
to those for HalHal," (TS8). Note that protonation of the
abstracting halogen (Ha&lHals™, TS12) slightly lowers the
barriers (10.8 and 18.9 kcal/mol fdiS12, Hal' = Cl and Br,
respectively).

(81) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, R. D;
Mallard, W. G.J. Phys. Chem. Ref. Date988 17 (S1) 1-872.

Adamantane Activation with Polyhalogen SpeciesAmong
the most intriguing €H halogenation reactions is the practically
useful bromination of adamantane (Scheme 4) that occurs in
liquid Bry, regiospecifically (100% of 1-bromoadamantane
forms) 4151 Similarly, only 1-adamantyl derivatives form in the
related reactions of adamantane withClI=2* and "Br—%1 in
CCly. The heterolytic mechanism of these reactions was
confirmed by a number of authors (catalysis by Lewis acids,
tolerance toward light and radical start€¥¢he incorporation
of the nucleophilicpart of the reagent in halogenations with
mixed halogens)! The regioselectivities of the halogenation
of adamantane with free radicals are distinctly different
(3°:2° = 4—6 for brominatio® and 2-3 for chlorinations*
Scheme 4).

We extended our computations to the reactions of adamantane
with some polyhalogen cations Halto model systems for
which experimental data in the condensed state are available.
We computed the activation step for the adamantane halogena-
tions with Hal™ (n > 1) and found transition structurdss13
and TS14 which are similar to those for the activation of the
3° C—H bond of isobutaneT(S8 and TS9).

There is a combination of several experimental peculiarities
in the polar halogenations of adamantane that has been left
unexplained @-iv, see Introduction). Returning to the questions
and observations posed initially, a straightforward explanation
for (i) is that positively charged polarized halogen ktapecies
form more easily in the presence of Lewis adii$he observed
high reaction orders (ii) for noncatalytic reactions can be
explained with our model, as Hal and Ha}™ as well as the
Hal,H' species are able to activate—€ bonds efficiently
(further solvation of the electrophile with more halogens ¢Hal
changes the barriers only slightly).

Among the protonated polyhalogen species, the lowest
barriers were computed for H&l™ cations (vide supra), which
can form in the course of the halogenation as HHal is produced
in the H-abstraction from the hydrocarbon. Because protonation
of the halogen affects the barriers for the H-coupled ET process
for isobutane T7S12), we also compared the experimental
kinetics of the adamantane bromination in purg Brsus Bj
saturated with HBr and found that the reaction is faster in the
presence of HBr. The pseudo-first-order rate constant for the
bromination in pure bromine i&?S= 0.534 0.03x 1074s74,
while it is 0.79+ 0.04 x 104 s 1in Br, saturated with HBr.
The question is what kind of polyhalogen electrophiles form in
the Br/HBr system, enabling heterolytic halogenation to
compete or even to suppress the more typical homolytic path.
As shown in Figure 5, formation of the Bt species via the
HBr + (n + m)Br, = [(Bry)H]" + [Br(Bra)m~ reaction
becomes more favorable than homolytie Bf 2Br dissociation
(AHz9s = +49.0 kcal/mol, B3LYP/6-31G**) only fortf + m)
= 8.

Thus, polar and homolytic reactions may compete only at
high bromine concentrations in agreement with experimental
observationd! The computed fi + m’ value (Figure 5)
reproduces the experimental bromination reaction order (ca. 7.5,
Figure 6) in Bp exceptionally well and validates our compu-
tational model. The experimental activation energy for ada-

(82) Moiseev, I. K.; Makarova, N. V.; Zemtsova, M. Russ. Chem. Re1999
68, 1001-1021.

(83) Tabushi, I.; Hamuro, J.; Oda, R.Am. Chem. Sod967, 89, 7127-7128.

(84) Smith, G. W.; Williams, H. DJ. Org. Chem1961, 26, 2207-2212.
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1.327 2634 2.585
1.172 2.923

1_ 2027 S7CI
Hal' = Cl (21.5 kecal/mol) 5050

Hal'=Br (28.5 kcal/mol) 5031
Hal'= 1 (31.2 keal/mol) C!

TS8 TS11
Hal=Hal'=Cl (20.2 kcal/mol) Hal' =Hal =CI (20.3 kcal/mol)
Hal' = Br, Hal =Cl (26.2 kcal/mol) Hal'= Br, Hal =CI (26.2 kcal/mol)
Hal'= I, Hal=Cl (17.7 kcal/mol) Hal'= 1, Hal=Cl (15.1 kcal/mol)
Hal '= Hal= | (19.2 kecal/mol) Hal'= Hal = Br (20.8 kcal/maol)

2017
i Rt 2677

2315

1517 2.827 -

1590 o \‘\."--.._ al

Br
TS12
TS10 (5.6 kcal/maol) Hal =Cl (10.8 kcal/mol)

Hal =Bl (18.9 keal/mol)

Figure 3. The transition structures and the barriers for H-coupled electron transfer from isobutane to some polyhalogefrelatives G*,9gin kcal/mol
at B3LYP/6-31G**(H, C, Cl, Br) and 3-21G* ().

Scheme 4
Hal = =
T D e 1D o e
Hal homolytic heterolytic Hal Hal=Br, Hal1 =1
Hal=Cl, Hal' = |

mantane brominatiorAG*,9g = 18.6 kcal/mol) also is in good Yet, the amazing 100% regiospecificity for the halogenation
agreement with the computed barrier Vig14, Hal' = Br (21.9 (i) has not been explained. Involvement of adamantyl cations
kcal/mol). cannot be the reason because the difference in the stability of
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1.500 2.636
1.519 2.531
1.525 2.637

TS14
Hal =ClI (9.6 kcal/mol)
Hal =Br (21.9 kcal/mol)
Hal =1 (28.4 kcal/mol)

2.032
2.031
2.032

Figure 4. The barriers for the reactions of polyhalogen cations involving thé-3H (TS13andTS14) and 2 C—H (TS15 bonds of adamantafe\G*29g

in kcal/mol at B3LYP/6-31G**(H, C, Cl, Br) and 3-21G* (})

kecal/mol

Figure 5. The heterolytic dissociation of Bm the presence of HBr forming
the [(Br)nH] T electrophilic species via the (- m)Br, + HBr = [(Bro),H] ™
+ [Br(Bra)m]~ reaction AHagg in kcal/mol at B3LYP/6-31G**). The
reaction approaches the endothermicity of homolytic reactionB82 Br
(+49.0 kcal/mol) only an + m= 8.

1- and 2-adamantyl cations (12 kcal/mol) may explain only the
selectivity of thermodynamically controlled substitution, which
is not the case for brominatidf8¢ The 1- and 2-adamantyl
radicals have almost the same heats of formatidhat is, the

307  Igk,, =-12.37+ 7.46 i [Br,),
-3.5-
-4.0-
-4.5:

-5.01

1.25
Ig[Br,],
Figure 6. The experimental dependence of the observed rate comgtant

for adamantane bromination on the initial molar concentration gfiBr
CCl.

115 120

radical cation. As this radical cation has only d@g-minimum
with elongated &C and G-H bonds? only 3> C—H-coupled
electron transfer agrees with concomitant polarization of the
adamantane cage. The ET through®aC2-H bond is highly
unfavorable, andTS15 for the activation of the secondary
position describes the migration of the electrophile from one

2° and 3 C—H bonds of adamantane have approximately the bonding p_osition in the complex tf another rather t_han the
same strength. The H-coupled ET mechanism offers an excellent1-abstraction process. Oniys15(Hal* = Br) is shown (Figure

explanation for the observed regiospecificities. Significant
charge transfer from the adamantane cage to thg'Htakions
(in TS14this ranges from 0.33e for Hak= | to 0.74e for Hal

4), but our findings also apply to other Halspecies interacting
with the 2 C—H bonds of adamantane. The structures of the
adamantane moieties iRS13 and TS14 (Figure 4) are geo-

= Cl) leads to hydrocarbon moieties resembling the adamantaneMetrically similar to that of the complex of the adamantane

(85) Flores, H.; Davalos, J. Z.; Abboud, J. L. M.; Castano, O.; Gomperts, R.;
Jimenez, P.; Notario, R.; Roux, M. \J. Phys. Chem1999 103 7555-
7557.

(86) Dutler, R.; Rauk, A.; Sorensen, T. S.; Whitworth, S.IMAm. Chem. Soc.
1989 111, 9024-9029.

radical cation with watet! Analogous to polar halogenations,
high 3 C—H substitution selectivities were previously observed

(87) Kruppa, G. H.; Beauchamp, J. I. Am. Chem. Sod 986 108 2162
2169.
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Table 1. Computed H/D KIEs (298.15 K, 1.0 atm) for the
Halogenation of Adamantane with Cl;*, BrClg™, and IClg*

AAZPVE* KIE KIE KIE

structure AulAp (H/D) (Arrhenius) (Bigeleisen) (RRKM)
TS14 1.18 1.12 7.8 6.4 4.5
Hal'=Cl

TS14 1.66 0.69 5.3 3.3 4.4
Hal'=Br

TS14 1.24 0.51 3.0 2.4 45
Hal'=I

a Computed for the €D bond of AdD, versus the €H bond of AdH,.

for oxidation of adamantane with photoexcited 1,2,3,4-tetracy-
anobenzene through an outer-sphere ET process involving th
adamantane radical catihor with highly electrophilic radicals
such as N@.89%0

Comparisons of experimental and computed KIEs are among

the most powerful tools in mechanistic studi&s®® The
availableky/kp KIE value for the adamantane bromination is
hard to verify by proper computations because of the system
size (the By'-containing species must be computed at a high
level of theory). Hence, we also measured the KIEs for the
chlorination of adamantane withCI~ in CCl, for a mixture
of AdH4 and 1,3,5,7-tetradeuterioadamantane (Adizing the
GC/MS experimental technique we described previously for
adamantane halogenations under phase-transfer conditi#hs.
The measured KIE{/kp = 3.1 + 0.3 in CC}) are slightly
lower than those for the brominatiok(kp = 3.9 4+ 0.24Y).
We computed the KIEs vid@S14 using different approaches
(Arrhenius treatment with computeg/Ap and AEH—AESP,%?
with the Bigeleisen equatiotf,and utilizing RRKM theory?’
Table 1). The high KIEs reflect the linear geometries of the
C---H---Hal fragment of the TSs. Thus, the high experimental
KIEs (iv) can be rationalized with the computed geometries of
the TSs for the H-coupled electron transfer. These KIE values
also compare well with H-radical abstractions from adamantane
by trihalomethyl radicals (KIE here= 4—5).%4 Again, we
emphasize the close relationship of these formally electrophilic
reactions with radical reactions by means of involvement of
intermediate radical cations or radical cation-like transition
structures.

The combined experimental and computational data provide
a mechanistic understanding of alkane I€ activations with
oxidizing electrophiles and, together with our previous studies
on C—C activations.’40.41.98.99demonstrate the importance of
electron transfer in alkane halogenation reactions. Relatively
weak delocalized electrophilic species such as,Héh > 5)

(88) Mella, M.; Freccero, M.; Soldi, T.; Fasani, E.; Albini, A. Org. Chem.
1996 61, 1413-1422.

(89) Suzuki, H.; Nonoyama, NChem. Commurl996 1783-1784.

(90) Wille, U. Chem:Eur. J.2001, 8, 341—347.

(91) Kohen, A.; Klinman, J. PAcc. Chem. Red.998 31, 397-404.

(92) Kwart, H.Acc. Chem. Re€.982 15, 401-408.

(93) Melander, L.; Saunders, W. H., Reaction Rates of Isotopic Molecules
John Wiley & Sons: New York, 1980.

(94) Lauenstein, O.; Fokin, A. A.; Schreiner, P. Brg. Lett.200Q 2201-
2204

(95) Schreiner, P. R.; Lauenstein, O.; Butova, E. D.; Gunchenko, P. A
Kolomitsin, I. V.; Wittkopp, A.; Feder, G.; Fokin, A. AChem-Eur. J.
2001, 7, 4996-5003.

(96) Bigeleisen, J.; Wolfsberg, MAdv. Chem. Phys1958 15-76.

(97) Holbrook, K. A.; Pilling, M. J.; Robertson, S. lnimolecular Reactions
Wiley: Chichester, 1996; Vol. 2.

(98) Fokin, A. A.; Peleshanko, S. A.; Gunchenko, P. A.; Gusev, D. V.; Schreiner,
P. R.Eur. J. Org. Chem200Q 3357-3362.

(99) Fokin, A. A.; Tkachenko, B. A.; Korshunov, O. |.; Gunchenko, P. A.;
Schreiner, P. RJ. Am. Chem. So@001, 123 11248-11252.
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may be effective H-abstractors similar to halogen radicals. The
key difference in the radical H-abstraction process is that the
activation with the electrophile is accompanied by an ET through
the linearly H-coupled [R+H---E]*" fragment. The selectivities

of these transformations may be understood in terms of
involving hydrocarbon radical cations as TS moieties and
intermediates.

Concluding Remarks

We identified two distinctly different alkane-€H activation
modes with electrophiles: strongly bonding (electrophilic) and
weakly bonding (oxidative). For nonoxidizing electrophiles (like
carbocations), triangular three center-two electron interactions
are favorable, in agreement with Olah’s suggestions. ThelC
activations with weakly electrophilic oxidants such as/Hair
Hal,—;H™, however, are best visualized as concerted H-coupled
electron-transfer reactions. The regioselectivities can only be
rationalized in terms of hydrocarbon moieties being largely
radical cationic in character in the corresponding transition
structures. This inner electron-transfer mechanism is operative
for strong oxidizers and possesses, on the basis of the nature of
the TS and the H/D kinetic isotope effects, some common
features with G-H abstractions with halogen radicals, involving
linear [R+++H-+-E]" fragments.

In a broader context, our findings allow one to distinguish
between oxidative versus electrophilic pathways. In the purely
electrophilic picture, which is based on alkamdond basic-
ity,+57.81010¢he electrophile is viewed as inserting into alkane
C—H (or C—C) bonds directly. The intermediate, functionalized
cations then rearrange and give, in virtually all cases, the
thermodynamically most favorable product. As a matter of fact,
this is the very reason for the importance of classical electro-
philic alkane activation because it provides convenient access
to higher-grade (more branched) alkane fuels. However, while
thesefunctionalizationsare selective (providing mostly one
thermodynamic product), thactivations are not. In marked
contrast, oxidative (i.e., by means of inner or outer electron
transfer) activation can be selective if a particular radical cation
(or radical cation moiety of a transition structure) ensues. That
is, the structure of the radical cationic hydrocarbon fragment is
ultimately responsible for the selectivity.

As the selectivities of radical reactions often are traced back
to polar effects, one may argue that the same is true for
electrophilic alkane activation, which, as evident from the
present work, also displays features of radical reactions. In other
words, alkane activations with radicals and with electrophiles
(which may incidentally also be radicals) display similar features
at different ends of the same mechanistic spectrimcontrast
to radical reactions, the importance of polar effects is maximized
in the case of electrophile-oxidizers which, in turn, display the
highest selectivities.

The presented concepts are also applicable to other electro-
phile-oxidizers or alkanes. Such studies are well underway in
our laboratories and will be reported in due course.

Computational Methods

Geometries were optimized at the MP2/6-31&*and B3LYP/
6-31G**102 Jevels of theory including frequency analyses to disclose
the nature of the stationary points (Nimag0 for minima and Nimag

(100) Esteves, P. M.; Alberto, G. G. P.; Raen-Sols, A.; Mota, C. J. AJ.
Am. Chem. Socl999 121, 7345-7348.
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= 1 for transition structures) as implemented in the Gaussian 98 [AdH(D)]o = 0.2 mol L%, [Brz]o = 13.4 mol L%, and [CCl]o = 5.6
program packag®® Relative energies aré\Gygcorrected at the mol L™, the pseudo-first-order bromination rate constants were at 25
B3LYP/6-31HG**//B3LYP/6-31G** and MP2/6-31%G**//MP2/ °C and [Bg]o = 16.62 mol L%, k = 4.81 x 10* s%; 15.40 mol/L, k
6-31G** levels. TheAGygg values for the polyhalogen species were =2.91x 104s%13.40mol L1, k=0.78x 104s % 1.39 mol L%,
computed only at the B3LYP/6-31G** (H, C, CI, Br); 3-21G* (I) level k= 0.26x 10“s7% 9.38 mol L%, k= 0.0715x 10*sL. These data
due to the considerable size of the systems. The reaction pathways alongvere used for the determination of the reaction order in bromine as
both directions from the transition structures were followed by the IRC the gradient of the slope of Idgversus log[Bs]. The calculated reaction

method!®* order in bromine was 7.46. At [Bjo = 13.4 mol L%, [AdH]o, = 0.2
) ) mol L1, k¥¥=0.62x 104s®; k¥ =0.78x 10 % s k33 =0.90
Experimental Section x 1048 k% =116x 104 s} k3= 143 x 10* s, giving

AH* = 6.85 kcal mof! andAS' = —52.8 cal mot! K1,

Kinetics of Competitive Chlorination of Adamantane and 1,3,5,7-
Tetradeuterioadamantane with ICl. Two milliliters of the solution
of 68.0 mg of adamantane, 70.0 mg of 1,3,5,7-tetradeuterioadamantane,
and 258.8 mg of ICl was kept at 2& in CCl. The probes were taken
with a syringe and poured in a mixture of saturated solution of
distilled over ROs. A sample of adamantane was dissolved in CcCl ~ N@SOsand ether. The organic layer was analyzed by GC/MS. Relative
the solution was mixed with bromine, and(® was added (in an concentrations of adamantane, 1,3,5,7-tetr§deuterloadamantane, 1-(?hlo-
amount equal to that of adamantane). The probes were poured onto arfoadamantane, a_nd 1-chloro-3,5,7-trideuterioadamantane were obtained
from mass selective chromatograms. Calculated pseudo-first-order rate
constants weréy?® = (1.29 & 0.02) x 107* s7%, kp?® = (0.41 &+
0.01) x 10*s7%, andky/ko = 3.1+ 0.3 from the results of three kinetic
£Experiments.

Kinetics of Liquid-Phase Bromination of Adamantane. The
kinetics of adamantane bromination were studied #w®Cl, mixtures
(concentrations of Brvaried from 9 to 15 M). Neat bromine was kept
over KBr, dried over BOs, and distilled from and stored ovep®s.
Kinetic experiments were run with freshly distilled bromine. Adaman-
tane was recrystallized from heptane and freshly sublimed, @&$

excess of a saturated solution of JS&;, extracted with hexane, and

dried over NaSOs. The concentrations of the reactants and products
were followed by GC. The logarithms of the rate constants for the
adamantane bromination show a linear dependence on the logarithm
of the initial bromine concentrations. The pseudo-first-order rate
constants were used for the KIE measurements. In a typical kinetic
experiment both for adamantane and for 1,3,5,7-tetradeuterioadamantan

Acknowledgment. This paper is dedicated to George A. Olah
on the occasion of his 75th birthday and for his seminal con-
fributions to organic chemistry, in particular, electrophilic alkane
(101) Maller, C.: Plesset, M. $hys. Re. 1934 98, 5648. functionalizations. This work was supported by the Fundamental

(102) Becke, A. D.J. Chem. Phys1993 98, 5648-5652. Research Foundation of the Ukraine, the Petroleum Research

103) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. . . . .
(103) A.: Cheeseman, J. R.;Zakrzewski,qu.; Montgomery, J. A. J.: Stratmann, Fund (administrated by the American Chemical Society), and

R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, ~ the NATO Science Program. A.A.F. is grateful to the Civilian
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, .

R.: Mennucci, B.. Pomelli, C.: Adamo, C.. Clifford.’'S.: Ochterski, J.. . Reésearch and Development Foundation (CRDF) for a travel
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.; gram_

Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,

é(;/rﬁpitﬁ;?rg\;/ﬁéﬁhl‘g_’ f I,E:%i “S’_"‘J‘_’; ﬁgimfkﬁﬁmﬁgm?ﬂnk_l;" Supporting Information Available: Xyzcoordinates and

Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P.  gbsolute energies for all computed species (PDF). This material
M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,

M. Replogle, E. S.; Pople, J. AGaussian 98revision A.7; Gaussian, is available free of charge via the Internet at http://pubs.acs.org.
Inc.: Pittsburgh, PA, 1998.
(104) Gonzalez, C.; Schlegel, H. B. Phys. Chem199Q 94, 5523-5527. JA0265512

J. AM. CHEM. SOC. = VOL. 124, NO. 36, 2002 10727



