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The epoxidation of alkenes with peracids is a general synthetic
method! and has had a hallowed place in the annals of physical
organic chemistry since Bartlett proposed that the reaction occurs
through the “butterfly” mechanisr. For the most part the
concerted nature of the mechanism has been accepted, but there
have been many contrasting suggestions about the timing of
formation of the two CO bonds and the sequence of events
involved in CO bond formation and the requisite hydrogen
transfer’~8 Classical studies of substituent effects suggested
nearly synchronous formation of the two CO bords:or
example, 2-butene and isobutene are epoxidized at nearly
identical rateg? In contrast2H kinetic isotope effects (KIES)
for epoxidation of 4-vinylbiphenyl were interpreted as implicat-
ing a very asynchronous transition stat&his view has recently
been supported by ab initio calculations at the MP2/6-31G* level
which predict highly unsymmetrical and asynchronous transition
structure$:®

We have recently used the comparison of a large set of high-
precision experimental KIEs with high-level transition structure/
KIE calculations to explicitly define the geometry of a Diels
Alder transition stat@. Here we apply this methodology to
epoxidation. The results provide a detailed, experimentally
based picture of the epoxidation transition state consistent with
nearly synchronous formation of the CO bonds and confirm
predictions made about epoxidation transition states in geheral.

For the reaction of ethylene with performic acid, the Becke3-
LYP/6-31G* (B3LYP) transition structurel) differs dramati-
cally from that obtained previously in MP2/6-31G* (MP2)
calculations 2).56 They are both spiro, but whil@ has Cg
symmetry, the two new CO bonds thhave formed to very
different extents and the rough plane of the performic acid is
skewed at=50° to the CC axis of the ethylene. The activation
barrier predicted fol at the Becke3-LYP/6-31G* ZPE level
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is 14.7 kcal/mol, and the barrier determined foat the MP4/
6-31G*//MP2/6-31G*+ ZPE level is 16.3 kcal/mdl:both are
in reasonable agreement with experimental valdes.
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In order to distinguish experimentally with KIEs whether
peracid epoxidations intrinsically favor a synchronous transition
state as irl or highly asynchronous CO bond formation as in
2, it was necessary to study “moderately unsymmetriéal”
alkenes. We chose the reactionmétachloroperbenzoic acid
(mCPBA) with 1-pentene for experimental study and the
reaction of performic acid with 1-propene as the calcula-
tional model. Four transition structures were found in MP2
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(12) Symmetrical alkenes would show symmetrical KIEs whether the
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epoxidation, there was some question of whether the implied asynchrony
was simply a consequence of the biphenyl substitéient.
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Table 1. Calculated and Experimental KIEk4(ko) for Epoxidations (25C)
Hc2 o H
\ e
Huans~,_ZCo R'COgH R
CJ R 2.R=H
I 3-8 R=CHj Hirans H
Heis Exp.1-3: R =n-C4H, o
Ref. 3: R = biphenyl
calculated experimental
2 3—-6 MP2 7—8 B3LYP exp 1l exp 2 exp 3 ref 3
Cy 1.015 1.012 1.013(4) 1.012(3) 1.010(3)
C 1.023 1.009 1.009(4) 1.009(2) 1.006(3)
Hirans 0.915% 0.975 0.934 d 0.931(4) 0.929(8) 0.91
Heis 0.915 0.965 0.927 d 0.935(7) 0.931(6) 0.91
Hca 1.077 0.928 0.949 d 0.963(7) 0.98(2) 0.99

aThe KIEs for2 are based on ref 6. The other KIEs are calculated as described in reEgperiments 1, 2, and 3 are reactions carried to

90.0(8), 89.4(8), and 81(1.4)% completion, respectively. Standard deviations shown in parentheses. See Supporting Information for further details.

¢ Estimated as the square root of the reported valudfgko,. ¢ 2H KIEs not determined.

calculations-two regioisomerically asynchronous sets with the
OH either anti (3 and 4) or syn (5 and 6) to the methyl
group—while only two transition structures were found in
B3LYP calculations-anti (7) andsyn(8). Just as ir2, the MP2
structures are highly asynchronous, while the B3LYP calcula-

The G, C, and Huans KIEs predicted from the B3LYP
structures are well within experimental error of the observed
values!’ and the predicted KIE for ki is very close to
experiment. Only the experimental values faf:tdre perhaps
significantly greater than predicted f@f8. This may suggest

tions predict that the methyl substituent induces a small amounta slightly greater asynchrony in the experimental reaction,

of asynchrony (the forming CO bonds differ by0.05 A from
the average).

Experimental KIEs for the reaction of mCPBA with 1-pentene
were determined by recently reported methodology for the
combinatorial high-precision determination’8€ and2H KIEs
at natural abundancé. Reactions of natural abundance 1-pen-
tene on a +3 mol scale with mCPBA in chlorobenzene were
taken to 90, 89.4, and 81% completion. The remaining

1-pentene was recovered by distillation and brominated. The

resulting 1,2-dibromopentane was analyzed3yand?H NMR

though such would not explain the excellent agreement of the
13C KIEs. Considering the differences between the experiment
and theoretical modeImCPBA versus performic acid, solution
versus gas phase, 1-pentene versus proptmee agreement
between experimental and predicted KIEs is outstanding. It
appears that and8 are excellent representations of the solution
chemistry. In contrast, the KIEs predicted from the MP2
structures3—6 do not match up well with experimet.

It would appear that classical substituent effect studies
provided the best view of the epoxidation transition state

compared to a standard sample of dibromopentane derived frominvolving synchronous or nearly synchronous CO bond forma-

the original 1-penten¥. The changes id3C and?H isotopic
composition were calculated using the methyl group of the

tion. In retrospect, the previous KIE studies on vinylbiphenyl
do not imply as much asynchrony as thought at the time. The

pentene as an “internal standard” with the assumption that its low KIE for Hc, (0.99) was interpreted as implying negligible
isotopic composition does not change. From the changes inbond formation to ¢ at the transition state, but, as indicated

isotopic composition the KIEs were calculated in a standard
fashion!® The resulting KIEs are summarized in Table 1, along
with KIEs predicted for3—6 and 7—8 using the method of
Bigeleisen and Mayét (weighting the contribution of each
transition structure based on a Boltzmann distribdfipnAlso

by the calculated KIEs foR and recent observations in the
literature!® if there were no bond formation toCku/kp for
Hcz would be>1.

The results here and in our previous observations with the
Diels—Alder reaction establish that Becke3LYP DFT calcula-

shown are comparable KIEs based on Yamabe's predictions withtions provide superior predictions of transition state geometry

2,5 and previous KIEs observed with 4-vinylbipheryl.
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and isotope effects. We plan to continue to use these calcula-
tions in concert with high-precision KIE determinations to gain
detailed, experimentally based knowledge of organic transition
states.
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