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Kinetic selectivity in chemistry is generally viewed as resulting
from differing barriers for alternative reaction pathways. This is
true even when a reaction has no enthalpic barrier, as most such
cases involve an exothermic association process with an entropic
barrier. It is thus normal to use transition state theory or its
extensions to interpret product ratios or kinetic isotope effects
(KIEs). However, dynamic effects can impact reaction selectivity
outside of the realm of transition state theér§.We report here
evidence that the topography of a reaction surface can allow a new
type of kinetic isotope effect, dynamical in origin, in the absence
of an enthalpic or entropic barrier. The potential for dynamics-
derived selectivity on such a surface impacts the prediction of
product ratios and the mechanistic interpretation of experimental
observations.

Ene reactions of singlet4) oxygen ¢O,) with simple alkenes
exhibit intramolecular KIEs affecting product ratios (e.g., the
formation of2 and3 from 1) without correspondingtermolecular
KIEs on the reaction rateThis venerable mechanistic observation
has been archetypal as proof of an intermediate. However, experi-
mentally supported calculations predict no intermediate in the
reaction of!O, with cis-2-butene or tetramethylethylefd&ather,
the energy surface is predicted to involve two adjacent saddle points.
The first is aCs-symmetric rate-limiting transition stat@ $1) for
attack of the singlet oxygen on the alkene. The sec@®®), also Figure 1. Qualitative potential energy surface for the reactio”@f with
Cssymmetric, is perepoxide in character and is at the dividing point 1 obtained by fitting an analytical function to CCSD(t)/6-31G*//B3LYP/
between two valleys for the unsymmetrical products. The minimum- 6-31G* grid energies. The minimum-energy path (MEP) is shown in gray,

) and the patterned lines depict typical dynamics paths.
energy path (MEP) connects the two saddle points but becomes
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unstable at the valley-ridge inflectiol’RI ), where trajectories will We hypothesized that the intramolecular KIEs could result
tend to diverge toward the alternative product valleys. dynamically from the intrinsic asymmetry of the vibrational modes
on isotopic substitution. To test this, quasiclassical direct dynamics
0 0, ¥ + calculations were carried out for ene reactionslafwith singlet
+2 5'?1 82 o oxygen on a B3LYP/6-31G* potential energy surface. This surface
R R - ‘ - O overestimates the energy ), but closely models the CCSD(T)
= R—C,-CyR' R-4011—‘02-R' R-lcﬁ-\cg-n' surface as théO, draws close to the alkene (Figure 61 he
HC  CD3 | HC  ©CDg HC  ©CDs HC  CDs trajectories were started in an area betw&8t andVRI, centered
1 TS1 VRI TS2 on the MEP with G-C; and O-C, distances of 1.95 A. The starting
e dimiting valley tidge herepoxide atomic positions were randomized using a linear sampling of
/ \ pqgs@le d!splacements for each nqrmal mode. The tfajectorles were
a: R=CHg, R'=CDj HoO 00D !nltlahzed in two ways: _ at “0 K", giving each_m(_)d_e_ in total_only
:: Efgeii R'=CHs R R R R its zero-point energy with a random sign for its initial velocity, or
T HS oDy HC oD, at “263 K”, using a Boltzmann sampling of vibrational levels along
with a Boltzmann sampling of translational energy for Gge
2 el symmetric approach of the JOtoward the olefinic carbons.
c:1.38:1 Employing a Verlet algorithm, 0.5 or 1 fs steps were taken until

either2a or 3a was formed-?
There is neither an enthalpic nor an entropic barrier to formation It should be clearly noted that the trajectories were followed on
of the product$;yet, remarkably, the intramolecular KIEs exhibit a symmetrical potential energy surface that is unbiased toward
selectivity. The reaction surface is desymmetrized on inclusion of reaction of H versus D. Even so, reaction of H predominates!

zero-point energy (ZPE), but this effect is very slighin a dynamic Out of 183 runs at 0 K, 122 affordegh, while only 61 afforded
reaction path analysis of a similar bifurcating surface, it was 3a With 95% confidence, the simulation’s nomirglkp of 2.1 is
concluded that the isotope effect should be very stall. between 1.3 and 3.4. The selectivity was lower for the higher-
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temperature 263 K simulation out of 257 runs, 149 gav@a, and
108 gave3a for a nominalky/kp of 1.38. With this necessarily
limited number of runs, the standard deviationkpikp is 0.17.

in the rate-limiting step has in broad ways been taken as proof of
an intermediate. This argument is compromised. Several reactions
surfaces involving VRIs have been previously noted despite their

The agreement of the 263 K results with experiment is quite symmetry requirements?®1” and the more general phenomenon
striking, but quantitatively accurate KIE predictions probably should of adjacent saddle points on a potential energy surface should occur
not be expected. These simulations are subject to all of the usualoften. Whenever a reaction surface involves adjacent saddle points,
problems with classical dynamics calculations, including intramo- the usual theoretical characterization in terms of transition structures
lecular vibrational energy redistributidd,and they do not allow and reaction paths may not be adequate. The effects of tempera-
for the effect of solvent collisions. Nevertheless, the results ture, reaction conditions, structure, and isotopic mass on product
demonstrate that substantial dynamically based selectivity is possibleselectivity under these circumstances are neither known nor are
on a symmetrical barrierless energy surface. This selectivity is a they qualitatively predictable. We are currently investigating these
new form of isotope effect, unrelated to the usual effect of zero- issues.

point energies on barriers. The experimental intramolecular isotope Acknowledgment. We thank NIH grant # GM-45617 and The

effects are consistent with this selectivity.

Why should this happen? Although the potential energy surface
is symmetrical in Cartesian coordinates, it is not so in mass-
weighted coordinates. The vibrational modes in the isotopically

labeled compound are inherently asymmetric. For example, the
C—H bond stretching modes are extended more often and due to a

greater zero-point energy, with a greater amplitude than the C
stretches. Because these modes are anharmonic, the averébe C
bond length is also longer than that for-O (see the Supporting
Information). It takes only a small asymmetric perturbation to
influence trajectories around the VRI toward preferential formation
of one product. Unlike previously proposed dynamic effects on
selectivity, the effect here does not require a nonstatistical distribu-
tion of atomic kinetic energies.

Dynamics effects can account for not only the surprising isotopic
selectivity but also a surprising lack of selectivity in another form.
Singlet oxygen ene reactions exhibit relatively low regioselectivity
among simple cis alkyl groups (eq 1), except for notable steric
effectst* As seen withcis-2-butene, the reaction afs-2-pentene
with 1O, has a single rate-limiting transition state on the CCSD-
(t)/6-31G*//IB3LYP/6-31G* surface. Unlikeis-2-butene, the energy
surface with4 lacks symmetry, and the MEP does not bifurcate.
Following the MEP downhill on the B3LYP surface leads only to
6, so one might predict high selectivity.Of course, this is anti-
intuitive for a “nearly symmetrical” system, but the conventional
analysis has no methodology for predicting a mixture of products
in this reaction.
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Dynamics calculations on the reaction'@h with 4 were started
from a point on the MEP with ©C,; and O-C, distances of 2.04
and 2.06 A, respectively. The atomic positions and velocities were
randomized as before, using a 298 K Boltzmann sampling of vibra-
tional levels. A total of 20 dynamics runs on the B3LYP/6-31G*
surface afforde® 13 times and 7 times. Dynamics correctly pre-
dicts that a mixture of products will be formed. Recent papers by
Doubledayc and Shaik and Schlegéhave discussed examples of
the control of product selectivity by dynamics effects in the absence
of a barrier. The current result supports the relevance of dynamic
effects to synthetically useful organic reactions in solution.
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Supporting Information Available: Calculational programs and
discussion of applicability of quasiclassical dynamics (PDF). This
material is available free of charge via the Internet at http://pubs.acs.org.
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