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ABSTRACT
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KIEs for Bromination in CCly
[Theoretically predicted KIEs]

The 13C and 2H kinetic isotope effects for the bromination of 1-pentene with Br, in CCl, were determined and interpreted with the aid of
calculationally predicted isotope effects. The isotope effects observed are consistent with rate-limiting bromonium ion formation and do not
fit with either rate-limiting production of a r complex or reaction of a reversibly formed bromonium ion. This rules out some of the mechanistic
complexities suggested for other brominations, though the identity of the brominating reagent(s) under these synthetic conditions remains
uncertain.

The deceptively simple, undergraduate-textbook mechanisnij RNNNENENQE

of bromination of alkenes via a bromonium ion gives way
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Scheme 1 illustrates some of the mechanistic possibilities.
Considerable progress has been made in delimiting the
possible mechanistic entanglements and understanding the
bromination mechanism under many conditions, particularly
in polar solvents.
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Interestingly, one of the least understood variations of the and exclude many of the mechanistic possibilities observed

reaction is synthetically most commethe bromination of
alkenes in CCl Kinetic results in CCJ are conflicting—
rate laws which are first order in [B¢'* second order in
[Br,],®> a combination of the twé,and 1.5 order in [Bi’

in specialized reactions.

Isotope effects for the bromination of 1-pentene in £CI
were determined combinatorially at natural abundance by
recently reported methodology.Br, was added tax2 M

have all been observed. Induction periods and irreproducible solutions of the alkene with vigorous stirring in a 25 water
rates have been noted, and substantially different rates havehath at such a rate that the concentration of;][Bvas
been reported by different worket&. Brominations in maintained in a range 6¢1.5 x 1073to 1 x 102 M (outside
moderately polar solvents such as 1,2-dichloroethane areof the initial stage of the reactiéf). Under these conditions
much more well behaved kinetically, but even very careful the titrateable acid (presumably HBr) wasl x 103 M
studies in very nonpolar solvents have led to conflicting when determined both early and late in the reaction, and the
resultst? reaction affords~95% of 1,2-dibromopentane along with
The complexity of the bromination reaction in GGlas trace amounts of bromopentenes and 1,2,3-triboromopentane.
long been suggested to result from catalysis by trace Unreacted 1-pentene from reactions taken to 88%)(and
impurities, such as ¥, HBr, or even the surface of the 95% (4-0.5) was recovered by vacuum transfer followed by
reaction vessel. Considerable light on these possibilities hasfractional distillation and then brominated in reactions taken
been shed by the careful work of Whiting and co-worKers. to completion. The resulting 1,2-dibromopentane was purified
In studies of the bromination of cyclohexene, they found by fractional distillation and analyzed B and3C NMR
that the presence of NBS as an HBr scavenger led to a slowcomparison to 1,2-dibromopentane obtained from the original
reaction which was cleanly second order in jBwith a 1-pentene. The changes in isotopic composition were cal-
reproducible rate. After the initial NBS had all reacted, a culated using the methyl group as an “internal standard” with
faster bromination ensued of order 1.5 in {Brit thus the assumption that its isotopic composition does not change
appears that HBr is necessary to the catalysis of thesein the reaction. From the changes in isotopic composition,
reactions. Smirnov and co-workers have suggested that watethe KIEs and errors were calculated as previously desctfbed.
is also essentiatscrupulously dried additions to 1-heptene  The results of four measurements (each the average of

exhibited the uncatalyzed process second order ig].fBn three spectra) on two reactions are summarized in Figure 1.
the absence of additives but with no special purification of

reagents, as would be typical of synthetic conditions, Whiting
suggested that several modes of reaction are possible. Thes_
include reaction in an HBr/pD phase, through HBwia the 0.980(5)
attack of Bg"-HBr,~ on alkene, through Bror higher H 10082
aggregates, and through HBr catalysis of bromonium ion 0.935(12) Hj/\ncaw Bre
formation from alkene—Brz complexes. 10108~ H CCl

We report here a study of the mechanism of bromination 0.925(15)
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?IillEg)e gin;(;?];\%:g; Itr;1geg:;?cdaI?aﬁ!:nuelgg(;i(;t(t)gzizﬁﬁ]c:rs\e Figure 1. *3C and®H KIEs for the bromination of 1-pentene in
\ v - ~ '~ CCly. The results shown are the average of four measurements (with
interpretation of these effects. The multifold mechanistic the standard deviation in parentheses) for two reactions.
possibilities and complex kinetics in these reactions make
many classical mechanistic probes inapplicable. However,
kinetic isotope effects reflect a weighted average of the The notable observations include substantially invétse
mechanistic pathways in a reaction and can thus provide basig|Es for the hydrogens on the terminal carbon, a smaller
information about the major mechanistic contributors, re- jnverse KIE for the hydrogen on the internal olefinic carbon,

B~

gardless of the complexities. The results implicate rate- and relatively small but significatC KIEs at both olefinic

limiting bromonium ion formation under synthetic conditions
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carbons.

Calculationally predicted isotope effects were used to aid
in the interpretation of the experimental KIEs. The bromine
propenesr complex (1), the bromonium ion (2), and the
transition state for transfer of Brfrom one molecule of
propene to another3] were located with Becke3LYP
calculations using Alhrichs SVP basis set for the bromine
atoms and a 6-31G* basis set for all other atoms. Equilibrium
or kinetic isotope effects were then calculated by the method

(15) Singleton, D. A.; Thomas, A. Al. Am. Chem. So&995 117, 9357.

(16) If the reaction mechanism changes as the reaction proceeds, the
KIE measurement by the technigue employed is unevenly weighted toward
the KIE operative near the end of the reaction. Small amounts of an
alternative mechanisms or reactions at the beginning of a reaction will have
minimal impact on the observed KIEs. The estimated;|[Bras judged
visually by comparison with standard solutions.
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of Bigeleisen and Mayéf from the scaled theoretical be expected to exhibit more inverse KIEs for the terminal
vibrational frequencie¥ The results are summarized in olefinic hydrogens than those observed, along with a more
Figure 2. substantial*C KIE at the internal olefinic carbon.
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Structure3 was calculated as a model for transition states
forming a bromonium ion. The difficulty of obtaining
applicable gas-phase calculational predictions for the solu-
tion-phase polar bromination reaction has been previously
discussed3®’ The transfer of Bf from one molecule of
propene to another was chosen as a model for the solution
chemistry because the reaction is thermoneutral and does
not involve the net development of charge. The isotope
effects predicted for3 match amazingly well with the
experimental values, with four of the five predicted KIEs
within error of experiment.

These results strongly support the interpretation of the
experimental KIEs in terms of rate-limiting formation of a
bromonium ion. The more invergel KIEs for the terminal
hydrogens are suggestive of an asynchronous transition state
with greater bond formation to the terminal carbon. H@&
KIEs are consistent with this picture though they do not
reflect as much asynchronous character. Greater bond

Figure 2. Calculated structures for the Brpropener complex, formation to the terminal carbon at the transition state for
the propene bromonium ion, and the transition structure for transfer bromonium ion formation would be expected due to the
of Br* between propene molecules (from Becke3LYP calculations), preference for buildup of a partial positive charge at the
along with predicted equilibrium isotope effectsy(Kp andKuzc/ internal olefinic carbon.
Kig) for formation of these structures from propene. It should be noted that if Brtransfer from alkene to alkene
occurred rapidly, after some earlier rate-limiting step, the
observed isotope effects in our competition reactions would
not reflect the KIEs predicted f@& but rather those for the
product-determining step (e.@). The results here rule out
any substantial importance for such*Biransfers among
alkenes.

In summary, whatever the nature of the brominating
species under synthetic conditions in ¢@nd this cannot
be determined from isotope effects), the major mechanistic
process involves rate-limiting bromonium ion formation. This

for the formation of2. On the basis of this prediction, any ! dicates that £ th licati b d for oth
transition state occurring after bromonium ion formation indicates that some of the complications observed Tor other
brominations are not important under these conditions.

would have more inverse deuterium isotope effects than those
experimenta]ly observed. Rate-limiting ring openingf Acknowledgment. We thank NIH (Grant GM-45617) and
as in a transition state that resemblegor example, would  The Robert A. Welch Foundation for support of this research.

The predicted equilibrium isotope effects for formation
of 1 support the intuitive idea that KIEs for formation of a
w complex should be small. There is little rehybridization
of the olefinic carbonsthey remain nearly planarand only
modest inverse secondatiyl isotope effects are expected.
The larger experimental KIEs are not consistent with rate-
limiting = complex formation. On the other hand, substan-
tially inverse equilibrium?H isotope effects are predicted
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frequencies scaled by 0.9614. (Scott, A. P.; Radond, Phys. Chenil996

100, 16502.) OL990659D
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