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ABSTRACT: Here we report a general method for the
measurement of *C kinetic isotope effects at natural
abundance for reactions that yield two or more products
concurrently. We use, as an example, a recently reported
Co-catalyzed reaction between cyclopentene and 1-phenyl-
1-propyne. High-precision intermolecular "*C isotope
effects are reported for both the formal [2+2] cyclo-
addition (major) and Alder—ene (minor) reaction
products. Mechanistic possibilities that are in accord with
observed isotope effect measurements are discussed.

I{inetic isotope effects (KIEs) have proven invaluable to
mechanistic study." Through the efforts of a number of
outstanding scientists, the state-of-the-art in isotope effect
measurement has improved markedly over the past 20 years.”
Still, KIE measurement has been mostly limited to reactions
that proceed cleanly in high yield (spot-to-spot reactions). This
limitation makes it difficult to investigate potentially useful
reactions that are in early or intermediate stages of develop-
ment. In this Communication, we report a method that uses
isotopic fractionation in reisolated reactant and isotopic
partitioning in the product mixture to arrive at high-precision
measurements of '*C KIEs at all participating positions for each
reaction product. This technique is illustrated using a recently
reported cobalt-catalyzed C—C coupling reaction that, under
certain conditions, yields both formal [2+2] cycloaddition and
Alder—ene products (Scheme 1)3

Scheme 1. Moderately Chemoselective Reaction Exhibiting
[2+2] Cycloaddition and Alder—Ene Pathways
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A product-specific KIE is defined as the ratio of the rate for
the formation of a given unlabeled product relative to that for
the formation of the same product that is isotopically labeled at
a given position. These measurements reflect isotopic
fractionation that occurs at both rate- and product-determining
steps and can be used to interrogate mechanisms in reactions
that have moderate to poor enantio-, diastereo-, regio-, or
chemoselectivity. In general, product-specific KIEs are appli-
cable to all products in a reaction that produces multiple
products; however, this method is most naturally applied to
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reactions that have one principal side reaction that erodes yield
of the desired product. Product-specific KIEs can be interpreted
in terms of the overall intermolecular KIE, which is computed
from the isotopic fractionation in reisolated starting material
(R/Ry) as a function of fractional conversion (F) as is shown in
eq 1.* As will be discussed below, patterns of intermolecular

In(1 — F)

KIE, =—t 7
" In[(1 — F)R/R,]

(1)

KIEs and product-specific KIEs can be used to understand the
nature and timing of rate- and product-determining steps in a
multiproduct reaction.

First, we define the traditional intermolecular KIE for a given
carbon position in the reactant in the conventional way, as
described by Singleton (eq 1).** This value reports upon
position-specific fractionation that occurs in the reisolated
reactant. Isotopic fractionation also occurs in the reaction
products. This makes the measurement of product-specific
KIEs possible. Traditional intermolecular KIEs are derived from
one experimental parameter (fractional conversion) and one
reaction observable (relative isotopic fractionation. Fractional
conversion (F) can be measured using any suitably quantitative
analytical technique.® Relative isotopic fractionation in
reisolated starting material (R/R;) is computed for each
position as the ratio of peak integral for each position in the
reisolated reactant to the peak integral for the corresponding
position in stock reactant. The ratio of heavy isotopologue to
light isotopologue in unreacted starting material (F = 0) and
that of starting material taken to a given fractional conversion
(F) are given by the ratios Ry and R, respectively.

Isotopic substitution at positions that undergo bonding
changes in the product-determining step of a reaction can alter
product ratios. It is this factor that can make product-specific
KIEs distinct from each other and from traditional
intermolecular KIEs. Our general procedure involves no more
effort than that reported by Singleton. Quantitative *C NMR
spectra are obtained for stock reactant and the reaction mixture
obtained after taking the reaction to moderate levels of
conversion (F = 0.70—0.80). NMR spectra are obtained using
inverse-gated decoupling and relaxation times of 5—7XT,.
Integrals are taken from appropriately phased spectra using
integration regions of 3Xfwhm (full width at half-maximum
peak height) spanning each side of the peak maximum. These
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measurements yield '*C-dependent product ratios. '*C-labeled
product ratios used in the denominator of eq 2 can be

(2] + [P3))/[*2]

KIE(Z) = KIE e 12 12 12
(["%2] + [3])/[**2]

)

estimated using '"H NMR or by using quantitative *C NMR
integrations at a position that is unlikely to experience
fractionation. This practice of choosing an unfractionated
position is equivalent to the choice of an internal standard
position in the Singleton method. The product-specific KIE
corresponding to a given position on 2 is computed using eq 2
for the reaction shown in Scheme 1. Likewise, one can compute
the product-specific KIE for 3 by permuting the labels for
products 2 and 3 in eq 2. This procedure can, in principle, be
easily generalized to a reaction with n products {P; ,} (eq 3).

(2rm)/re

KIE(P) = KIE;i X — o ————
12 12

(ii[ Pl]>/[ P]] (3)

To demonstrate the power of product-specific *C KIEs, we
have selected a recently developed Co-catalyzed C—C coupling
of current interest that yields [2+2] cycloaddition and Alder—
ene products in an approximately 5.4:1 ratio (Scheme 1). Our
choice of this reaction is motivated by three primary
considerations. First, cobalt-catalyzed C—C couplings comprise
an area of intense methodology development where competing
reaction pathways frequently erode yield%” Second, few
experimental studies have been leveraged toward understanding
Co-catalyzed C—C couplings. Finally, product-specific KIEs
provide a means to test the hypothesis put forth by Hilt et al.
that the [2+2] cycloaddition and Alder—ene products derive
from a common intermediate (Scheme 2).?

Scheme 2. Putative Mechanism for the Coupling of
Cyclopentene and 1-Phenyl-1-propyne Catalyzed by
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The standard intermolecular *C KIEs are shown in Figure
1A. Product-specific *C KIEs are shown in Figure 1B. What
becomes obvious first is that the intermolecular KIEs that are
computed from the fractionation (R/R,) in the reisolated 1-
phenyl-1-propyne are quite similar to those measured for both
the major [2+2] cycloaddition pathway and the Alder—ene
pathway. The statistical errors in these measurements are
substantial, but there are three mitigating factors that render
this technique one of high potential. First, increasingly sensitive
NMR spectrometers promise to enhance the precision of
quantitative NMR measurements needed to compute the values
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Figure 1. (A) Conventional intermolecular '*C KIEs and (B) product-
specific *C KIEs for the coupling of cyclopentene and 1-phenyl-1-
propyne catalyzed by CoBr,(dppp). Standard error is shown in
parentheses.

in Figure 1. Second, the two-product reaction shown in
Schemes 1 and 2 is inherently challenging, yielding somewhat
large product ratios. Reactions exhibiting smaller product ratios
are inherently less challenging. Finally, product-specific KIEs
amplify the information content over conventional KIE
measurements. In cases where a common intermediate is
formed in the rate-determining step, product-specific KIEs
reflect the product of intermolecular KIEs and the ratio of KIEs
for the product-determining step. In cases where the rate- and
product-limiting steps are concurrent, the conventional
intermolecular KIE is a weighted average of the intrinsic KIEs
for the formation of both products. As a consequence, such
measurements allow for the exclusion of a greater number of
mechanistic possibilities.

Among possible scenarios that the results in Figure 1 make
unlikely are (1) formation of different regioisomers of I,
leading to products 2 and 3, (2) synchronous C—C and Co—
C bond formation during rate-limiting formation of I, and (3)
rate-limiting 7-complex (I;) formation. The first scenario would
yield conventional KIEs at the C1 and C2 positions of 1, with
product-specific KIEs separately localized at either C1 or C2 in
the event of a highly asynchronous transition state. In the event
of a synchronous transition state, product-specific KIEs would
be present at both C1 and C2 for both products, with values
that bracket the conventional intermolecular KIE. Synchronous
rate-limiting formation of I, followed by product-determining
steps would yield both conventional and product-specific KIEs
at both C1 and C2, with differences in the product-specific
KIEs reflecting the ratio of isotope effects for the formation of
both products. Finally, rate-limiting formation of I, would likely
yield diminutive conventional KIEs at both C1 and C2, with
product-specific KIEs once again reflecting the ratio of KIEs for
the two distinct product-determining steps. While information
on the product-determining step is limited to the ratio of the
KIEs for the two processes, this ratio communicates
information about the relative bond strengths of forming and
breaking bonds in the product-determining transition states.
Given the high information content inherent in the
simultaneous measurement of conventional and product-
specific KIEs, these values hold great potential for use in
conjunction with isotope effect predictions from computed
transition structures.

As with any mechanistic method, reductive reasoning can
only allow us to exclude mechanistic possibilities. In the context
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of a mechanistic model, we can abductively reason within the
constraints of the experimental data. Within the context of the
mechanism in Scheme 2, we can draw some conclusions about
the nature of putative rate- and product-determining steps in
the reaction shown in Scheme 1. The insignificant intermo-
lecular KIE at the C2 position suggests a highly asynchronous
transition state leading to I,, with bond formation between the
C1 position in the alkyne and one of the vinylic centers in
cyclopentene lagging behind formation of the two Co—C
bonds in the cobaltacyclopentene intermediate. Houk et al.
have shown that, in cases of concerted, asynchronous transition
states, positions that experience earlier bond formation exhibit
larger isotope effects than positions in which bonding changes
occur later.® The notion that C—C bonding lags behind C—Co
bond formation is reinforced by computational optimizations of
analogous transition structures for the conversion of bisalkyne
cobalt complexes to the corresponding cobaltacyclopentadiene
complex.”"°

It is somewhat surprising that subsequent fractionation, from
the partitioning of I, between I; and 2, is not more substantial
at the C1 position. In the context of the mechanism in Scheme
2, this means that the product-determining steps, however
distinct, do not fractionate differentially at the C1 position to an
appreciable degree. This may be just a consequence of both
pathways leading from I, having very early transition states.
Alternatively, product determination could be decided at the
transition state connecting I; and 3 for the Alder—ene pathway.
This would mean that two reductive eliminations (I, — 2 and
I; > 3) would compete in product determination, likely
resulting in similar fractionation.

Some considerations must be borne in mind regarding the
proposed intermediate, I,. The most convincing evidence for
the formation of a cobaltacyclopentene intermediate in Co-
catalyzed reactions between alkenes and alkynes comes from X-
ray structures of isolated metallacycles resulting from the
stoichiometric reaction of Co(I)—alkyne complexes with
alkenes.'' These structures are analogous to cobalta-
cyclopentadiene intermediates isolated along the Co-catalyzed
cyclotrimerization pathway.'”"* Density functional calculations
also identify these metallacycles as intermediates.”'>'* Thus,
metallacycles like I, seem quite plausible as on-pathway
intermediates in the mechanism depicted in Scheme 2. The
results in Figure 1 hint at a nuanced understanding of structural
characteristics of a putative cobaltacyclopentene intermediate.
Significant fractionation at the C1’ aromatic carbon suggests
either direct bonding of this position to the metal center or
geometrically imposed destruction of conjugation between the
aryl ring and the C1 position during the rate-determining step.
Unfortunately, computational efforts to explore the formation
of cobaltacyclopentene and cobaltacyclopentadiene intermedi-
ates have been concerned primarily with model structures
lacking complex substitution patterns, so no precedent for this
type of interaction exists. The only known X-ray structure for a
cobaltacyclopentene does not possess an interaction of this
type; however, the only phenyl substituent ring is out of plane
with the z-system in the C=C double bond internal to the
complex.'" The origin of the isotope effect at the C1’ position
remains an open question, but the existence of such an effect
implies that the structural and electronic properties of the
transition structure leading to I, are more complex than might
be supposed by considering the mechanism as drawn in
Scheme 2.
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Intermolecular KIEs report on relative rates of conversion
between individual isotopologous molecules. Intramolecular
KIEs report on internal isotopic competition within a molecule
where the isotopic label breaks an element of symmetry.
Intermolecular *C KIEs could be measured for the cyclo-
pentene fragment in this reaction. However, given the o,
symmetry element within cyclopentene, intramolecular KIEs
are perhaps more illuminating. Intramolecular KIEs report
upon the process that irreversibly breaks a symmetry element,
but downstream fractionation from product partitioning can
give rise to KIEs that are not immediately interpretable.'*~"” In
the present case, we can interrogate intramolecular KIEs that
result from the rate-determining step by exploring the weighted
average of *C integrations in the Alder—ene and [2+2]
cycloaddition product (eq 4). Doing this yields the intra-

(2)/B) [2-a+ [3-a
@UB) [2—a+ [3-a

IqEIntra(a’) =
(4)

molecular KIEs resulting from desymmetriztion of cyclo-
pentene in the formation of I, (Figure 2). Intramolecular

1.021(4)
0.989(3) l
X, Y(dppp)
a_Co
/ Ph
b @
I2
Figure 2. Intramolecular KIEs for the rate-determining step leading to
the common intermediate, .

KIEs are relative by definition and are the inverse of the relative
integrations at corresponding positions. The values shown in
Figure 2 bolster the argument for a common intermediate
preliminary to product determination. A significant intra-
molecular KIE at the Co—C bonding position arising from
cyclopentene also supports the notion of a highly asynchronous
transition state. Intramolecular KIEs measured for each product
are compound KIEs that arise from fractionation at both the
rate- and product-determining steps. These values will be
reported and discussed later in a more comprehensive full
paper on the detailed mechanism studied here.

In conclusion, we have demonstrated a new mechanistic
method that significantly expands the reach of KIEs as a
quantitative tool in organic chemistry. Results from the work
presented herein consider mechanistic scenarios for the
CoBr,(dppp)-catalyzed C—C coupling reaction between cyclo-
pentene and 1-phenyl-1-propyne shown in Scheme 1. Product-
specific KIEs are applicable to chemo-, regio-, diastereo-, and
enantioselective reactions. In general, the inherently large
chemical shift dispersion in "*C NMR spectra is sufficient to
acquire accurate regioisomeric and diastereomeric product
ratios. Of course, the method presented here is not limited to
BC KIEs. Deuterium KIEs can also be determined using this
methodology; however, the small chemical shift dispersion
inherent to 'H and *H NMR can make integration difficult in a
sample containing reactant(s) and products. This limitation can
be circumvented by using >*C NMR as a detection method and
making use of the isotope effects caused by *H substitution
upon C NMR chemical shifts. Because of the limited
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sensitivity of *C NMR, product-specific *H KIEs are practically
limited to analyses using labeled compounds. Measurement of
product-specific KIEs in reactions that yield two enantiomeric
products requires the presence of an external source of chirality
and is the focus of current work in our laboratory.
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