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ABSTRACT

Within the scope of phase-transfer halogenations (Br and I) of alkanes, significant H/D kinetic isotope effects (KIE ) 4−5) indicate that
hydrogen abstraction is rate limiting. The excellent agreement of computed and experimentally determined H/D KIE as well as trapping experiments
support the involvement of trihalomethyl radicals in the activation step.

H/D kinetic isotope effects (KIEs), predicted as early as the
1930s,1,2 have developed into one of the most important tools
for elucidating reaction mechanisms.3-5 The main advantage
is that absolute rate constants need not be determined which
is particularly useful for mechanistic studies of phase-transfer
(PT) reactions6-8 where absolute rate data can only be
obtained in the best of circumstances.9

Very recently, we reported novel PT-catalytic processes
for the bromination10 and iodination11 of aliphatic hydrocar-

bons utilizing polyhalomethanes (Scheme 1). In a combined
experimental-computational study, this Letter reveals key

mechanistic data for these and related transformations, where
H atom transfer is rate-determining. Our mechanistic proposal
suggests hydrogen abstraction from the alkane by•CX3 (eq
3) formed via reduction of CX4 by HO- (eq 1,∆rH0 ) -4.1
kcal mol-1)12,13 and fragmentation of the resulting radical
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anion (eq 2). The hydrocarbon radical abstracts a halogen
atom from the polyhalomethane, thereby regenerating the
radical chain carrier•CX3 (eq 4).14,15

The haloforms may also be used as halogen sources
because they disproportionate in the presence of base into
tetrahalomethane and dihalomethane (2 HCX3 f CX4 +
H2CX2).11,16,17Considering the high stability and availability
of HCI3 over CI4, the former is the best choice for
iodinations11 while brominations are better performed with
tetrabromomethane;10 dihalocarbene insertion reactions are
negligible in both cases.

In contrast to the observed low regioselectivities for the
free radical bromination of adamantane18,19(Br2/hν, 1-AdBr/
2-AdBr ) 0.96),19 the bromination under PT conditions with
CBr4 is much more selective (1-AdBr/2-AdBr) 8.3); the
product ratio for the iodination with HCI3 is even higher
(1-AdI/2-AdI ) 40.0). Taking into account that radical
iodinations are generally not feasible and bearing in mind
the high regioselectivities of the halogenations under PT
conditions, the involvement of halogen radicals is unlikely
(vide infra). As the differences in the heats of formation
(∆fH°) of the tertiary and the secondary adamantyl radicals
is only 2.5 kcal mol-1 in favor of the latter,20,21 the high
selectivities must be due to the steric demand of a larger
abstracting species such as a trihalomethyl radical. The for-
mation of•CBr3 is strongly supported by successful trapping
with 1 under our typical PT conditions (Scheme 2).22

Further evidence for the involvement of•CBr3 in the
hydrogen abstraction is provided by comparison of com-
puted23 and the experimentally28 determined KIEs (Table 1).
The theoretical KIEs were computed for the abstraction of
hydrogen by•CBr3 as well as•CI3 from adamantane and

cyclohexane, which are suitable model compounds, utilizing
the differences of the thermally corrected enthalpies (∆H0

- ∆H298) of the nondeuterated and the deuterated transition
states (TSs, Figure 1) relative to their corresponding ground
states.3 The experimental KIEs were determined by measur-
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Scheme 2

Table 1. Computed23 (UB3LYP/6-31G(d,p) (C,H,Br), 3-21G(d)
(I)),24-27 and Experimentally28,29 Determined KIEs

TS KIE (comput.) KIE (exp.)

Br3C‚‚‚H‚‚‚Ad-1-yl (TS1) 4.9 4.9 ( 0.3
Br3C‚‚‚H‚‚‚Ad-2-yla (TS2) 1.0 1.1 ( 0.1
I3C‚‚‚H‚‚‚Ad-1-yl (TS5) 5.3 5.1 ( 0.7
I3C‚‚‚H‚‚‚Ad-2-yla (TS6) 1.0 1.0 ( 0.1
Br3C‚‚‚H‚‚‚eq-c-C6H11

b (TS3) 4.7 4.0 ( 0.5
I3C‚‚‚H‚‚‚eq-c-C6H11

b (TS7) 5.0 4.7 ( 0.4
Br‚‚‚H‚‚‚eq-c-C6H11

b (TS4) 2.3c 2.4d

a Secondary KIE: 1,3,5,7-tetradeuterioadamantane was used.28 b The
equatorial TSs are energetically lower than the axial TSs.c Cyclohexane
forms an initial complex with•Br exothermically (-3.4 kcal mol-1); this
complex was used as the reference ground state.d From ref 5.

Figure 1. Computed23 TSs for hydrogen abstraction from the
tertiary (TS1, TS5) and secondary (TS2, TS6) positions of
adamantane and from cyclohexane (TS3, TS7) by •CBr3 and •CI3
as well as for cyclohexane by•Br (TS4) at UB3LYP/6-31G(d,p)
(H,C,Br), 3-21G(d) (I).24-27
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ing28 the ratio of the deuterated and nondeuterated products
at early stages of the reaction (conversion< 7%).3,30-32 The
KIEs were extrapolated from plots of the product ratios (H/
D) vs time (Figure 2).

As both bromination and iodination under PT conditions
are accompanied by a considerable primary H/D KIE,
hydrogen abstraction must be rate-determining. As found in
earlier studies using the B3LYP method24-26 for hydrogen
abstraction reactions,33-35 the computed23 KIEs for the
adamantane reactions are in good to excellent agreement with
experiment (Table 1). Therefore, the computed TSs are likely
to be good representations of the key bond breaking/forming
processes. In view of this, the experimental KIEs for the
cyclohexane reactions may be slightly underestimated, pos-
sibly due to inevitable side reaction such as elimination. As
the KIEs are around 5 (the theoretical maximum is about

7),3 the TSs are roughly located halfway along the reaction
path. This is confirmed by the computed geometries (Figure
1) which indicate rather similar bond lengths between the
hydrogen and the respective carbon atom.

These findings are clearly different from other radical
halogenation processes such as Gif-type reactions (KIE)
2.1-2.4 for cyclohexane (3) vs d12-cyclohexane (4)),36

Fenton-type reactions (KIE) 1.5 for3 vs4),36 or free radical
bromination (KIE) 2.4 for 3 vs C6H11D).5 The computed
H/D KIE for the hydrogen abstraction from cyclohexane is
2.3 which is also in excellent agreement with experiment.5

This is another indication that bromine radicals cannot be
responsible for the hydrogen abstraction. Note that bromine
radicals also show a much lower selectivity for the two
different positions in adamantane.19

The observed high tertiary over secondary selectivities in
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Figure 2. The ratio of deuterated and nondeuterated products for bromination (left) and iodination (right) of cyclohexane as well as of the
tertiary and secondary positions of adamantane under PTC conditions.28
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distances of the breaking bonds in the TSs (1.331 Å inTS1
vs 1.353 Å inTS2). While the absolute barriers for C-H
abstraction are not likely to be very reliable, therelatiVe
differences forTS1 vs TS2 and TS5 vs TS6 are 2.6 kcal
mol-1 and 2.9 kcal mol-1, respectively, in favor of tertiary
C-H bond activation; this also reflects the higher selectivity
for the iodination.
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