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Small heavy-atom and secondary hydrogen kinetic isotope
effects (KIEs) can provide detailed information about the
mechanism of an exceptional range of chemical reactions.'?
However, there are significant general limitations in methods
for the determination of these KIEs. Because absolute rate
measurements are rarely sufficiently precise, small KIEs are
usually determined in competition reactions of isotopically
labeled and unlabeled materials. This is possible only in systems
carefully chosen to allow the precise measurement of isotopomer
ratios with appropriate analytical techniques, such as scintillation
counting for *H and '“C KIEs. The synthesis of isotopically
labeled materials can be arduous, often prohibitively so, and a
new synthesis, competition reaction, and analysis are required
for each KIE of interest. A broadly useful alternative, particu-
larly for '3C KIEs, is to employ the high precision of isotope
ratio mass spectrometry to study KIEs in materials labeled only
at natural abundance.> A major restriction is that each site of
interest must be selectively degradable without isotopic frac-
tionation into an analyzable small molecule, most often CO;.

The isotope- and position-specific information inherent in
NMR techniques seems ideally suited to measuring KIEs at
natural abundance. The utility of 2H NMR for determining large
’H KIEs at natural abundance has been established,* and in
theory, all of the individual KIEs in reactions of complex natural
abundance materials can be determined simultaneously!s In
practice, however, NMR quantitation has not been sufficiently
precise to be useful with small KIEs, the uncertainty in the few
cases tried generally rivaling or exceeding the size of the isotope
effects.*> We report here a simple general method for attaining
chemically significant precision while simultaneously measuring
all of the KIEs for reactions at natural abundance.

As any reaction proceeds, the starting materials are fraction-
atively enriched in isotopically slower-reacting components. The
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proportion of a minor isotopic component in recovered material
compared to the original starting material (R/Ry) is related to
the fractional conversion of reactants (F) and the KIE (relative
rate for major/minor isotopic components) by eq 1.5 As a
reaction approaches completion (F—1), R/Ry approaches oo, and
KIEs become greatly magnified in the observable R/Ry. For
example, a KIE of 1.05 results in ~25% enrichment of a slower-
reacting isotopic component at 99% conversion. It has long
been recognized that this ordinary effect of kinetic fractionation
can improve the precision of KIE determinations,’ but the degree
of improvement possible depends critically on the magnitude
of the KIE, the precision of the analytical technique (AR/Ry),
and the uncertainty in F (AF).
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The uncertainties in calculated KIEs (eq 2%) due to AR/Ryp
(AKIER) and AF (AKIEf) are shown in eqs 3 and 4, respec-
tively.2 Most commonly, either the KIE is large or the
measurement of R/Ry is highly precise (AR/Ry small). In these
cases, the uncertainty in the KIE is dominated by AKIEr (not
counting any systematic error), and no advantage is gained at
high conversion. However, for the relatively low precision of
NMR integrations, the uncertainty in the KIE is dominated by
AKIEg, which decreases greatly as F increases, and AKIEr is
nearly negligible. For example, with a KIE of 1.02 and a 1.0%
#£ 0.1 measurement of unreacted starting material (1 — F =
0.01 £ 0.001), AKIEr is only 0.0004, and a 1.5% uncertainty
in NMR integrations results in an uncertainty (R AKIEg) of only
0.003 in the KIE.

To test this idea, the Diels—Alder reaction of isoprene with
maleic anhydride (eq 5) was studied. The relative proportion
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of 2H and 13C at the various positions of isoprene, compared to
the original starting material, could be readily determined by
’H and 3C NMR? using the methyl group as an “internal
standard” on the assumption that its isotopic composition does
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Figure 1. (a) 2H and '3C isotopic composition of isoprene recovered
from a reaction taken to 98.9% completion, relative to starting isoprene,
with standard deviations in parentheses (» =11 (3 samples) for '’C
data; n = 5 (2 samples) for ?H data). (b) 2H and '’C KIEs (ku/kp and
kizc/kiac) calculated from the results in (a) and eq 2.

not change.'? As the reaction proceeds, the relative proportion
of '3C at positions 1 and 4 of isoprene increases, and the
proportion of deuterium in these positions decreases. Isoprene
recovered by distillation!' from a reaction taken to 98.9(1)%
completion'? was analyzed in detail, and the results are shown
in Figure 1a. The ?H and '3C KIEs (kw/kp and ki2c/kisc) could
be calculated from eq 2 and are shown in Figure 1b.

The KIEs determined in this manner are consistent with KIEs
estimated at lower conversion (with concomitantly decreased
precision).’> Within experimental error, the calculated KIEs
are independent of F. They are also in line with general
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expectations, prior experimental results, and theoretical calcula-
tions. The KIEs for C,, C3, and Hj are very small, as would be
expected for nonreacting centers. The individual H KIEs for
the 1 and 4 positions of isoprene may be compared with
aggregate KIEs from previous studies of the reactions of
[1,1,4,4-D4]butadiene or [1,1,4,4-Dslisoprene with symmetrical
dienophiles.!*!5 At 25 °C, previous studies found KIEs per
deuterium (=KIE®?) of 0.935,'4 0.943,'5 0.948,'5 and 0.938,5
compared to a geometric mean of 0.942 in the current study. It
is notable that there have been no previous studies of either
13C or “C KIEs for the diene in a Diels—Alder reaction.'¢
However, the 13C KIEs for C; and Cy4 are in line with recent
predictions of '“C KIEs for the concerted Diels—Alder reaction
of butadiene with ethylene based on theoretical calculations.”
The same calculations predicted that significantly more pro-
nounced *H isotope effects would be observed for a diene’s
“inside” hydrogens (H,z; and Hsz) than for the “outside”
hydrogens (H;z and Hyg). The results experimentally verify
that prediction.

The more pronounced KIEs for 2H substitution on C; over
C4 indicate some asynchronicity in bond formation to C; versus
C, at the transition state. In Gajewski’s elegant study of the
reaction of [4,4-D,}- and [1,1,4,4-Ds}isoprene with symmetrical
dienophiles, some of the KIE results had also suggested
asynchronicity but were always consistent, within 2—5% error
limits, with a perfectly synchronous mechanism.'S The indica-
tion of asynchronicity in the current results is well outside of
experimental error.

The major limitation on the determination of KIEs by this
method is that the reaction must be sufficiently scalable to allow
recovery of adequate starting material for the 2H NMR analysis.
The method also requires that the starting material be isolable
from a large amount of product. The reaction of interest must
be irreversible, and the reaction mechanism must not change
over the course of the reaction. However, the KIEs should be
unaffected by secondary conversions of the products. This
method should also be relatively insensitive to impurities in the
analyzed material. Indeed, it is completely insensitive to
impurities unless they overlap in the NMR, and a 2% natural
abundance impurity causes only ~0.004 error in a KIE measured
at 99% conversion. It should be noted that such contamination
in the ZH NMR can be detected from a careful 'H NMR
integration.

By this method, a level of detailed KIE information often
unattainable in conventional ways can be quickly obtained with
routine instrumentation, and the determination of KIEs can
become a routine part of the characterization of chemical
reactions. We are currently applying this technique to a wide
variety of classical and topical reactions.
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