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Abstract: In carbonyl-olefin metathesis, two m-bonds undergo a cycloaddition-cycloreversion
process to form valuable alkenes from simple precursors (/—/8). Although this synthetic
methodology has advanced significantly, further improvements would be greatly facilitated by a
clear understanding of whether Lewis-acid-catalyzed carbonyl—olefin metathesis reactions occur
via a stepwise or concerted pathway. Here we use '?C/'3C kinetic isotope effects (KIEs), '"H/”H
KIEs, and Hammett studies to show that prototypical iron(Ill)-catalyzed ring-closing carbonyl—
olefin metathesis reactions of aryl ketones are stepwise. Despite this strong experimental evidence,
typical computational models incorrectly predict a concerted mechanism. We trace this failure to
the use of conventional implicit solvation models and demonstrate that when solvent molecules
are explicitly represented (19, 20), the correct stepwise mechanism is predicted. These results call
into question prior computational proposals of concerted carbonyl-olefin metathesis, highlight the
importance of explicit solvent representations for charged intermediates, and have broad
implications for how all polar reactions are studied.

One-Sentence Summary: Disagreement between theoretical and experimental kinetic isotope
effects reveals a stepwise mechanism for carbonyl—olefin metathesis and points to a common flaw
in computational models of polar reactions.
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Main Text:

Significant advances in computational methodology have revolutionized the study of
organic reaction mechanisms (27). Notably, improvements in the performance of density
functional theory (DFT) methods now enable mechanistic proposals to be made before
experimental studies can be conducted (22). The validity of this prospective approach has been
supported subsequently by many experimental studies, with particularly compelling evidence
emerging from '2C/!*C KIE studies in which the predicted and observed effects agree closely (23—
25).

The strategy of basing mechanistic proposals on DFT calculations and using KIE
measurements for confirmation is especially attractive in the area of Lewis-acid-catalyzed
carbonyl—olefin metathesis reactions. This class of transformations has recently received increased
attention due to its analogy to olefin—olefin metathesis and the potential of forming valuable alkene
products from simple substrates. Accordingly, determining whether carbonyl-olefin metathesis
reactions proceed through stepwise or concerted mechanisms (Fig. 1) has become an important
goal for groups aiming to leverage mechanistic insight to design improved catalyst systems.
However, carbonyl—olefin metathesis reactions have proven to be difficult to study experimentally,
and DFT calculations remain our primary guide as to whether a stepwise or concerted mechanism
is occurring.

For most Lewis-acid-catalyzed carbonyl-olefin metathesis reactions, DFT predicts
stepwise mechanisms; for example, stepwise mechanisms have been predicted for tropylium- (/0),
iodine- (/1), pTSA-HFIP3- (/5) and gallium-catalyzed (/3) reactions. In other systems involving
aluminum- (/), zinc- (2), boron- (3), or trityl- (5) based carbonyl-olefin metathesis, DFT
predictions are not available, but stepwise mechanisms have been proposed by analogy to known
polar mechanisms. By contrast, concerted mechanisms have been predicted for a range of iron(I1I)-
catalyzed carbonyl-olefin metathesis reactions (8, /8), while mixed mechanisms involving both
stepwise and concerted steps have been proposed in other systems (7, 74).

Given these potentially conflicting proposals, a tremendous effort has been made to gather
supporting experimental evidence. While natural abundance '>C/"*C KIE studies would directly
test any proposed mechanism, the required measurements remain technically demanding and
impractical due to the requirement for large scale reactions. As a result, a more common strategy
for evaluating these mechanistic proposals is to perform trapping experiments (6-9, 14). If a
stepwise mechanism is operative, then betaines 7 and 9 form as intermediates, and these
carbocationic intermediates could potentially be trapped by nucleophiles.

In some cases, trapping has indeed been observed; in others, carbonyl-olefin metathesis
has proceeded normally. However, the mechanistic implications of these observations are unclear.
While trapping could be consistent with betaine capture, Lewis acids are known to catalyze
oxetane-opening reactions (26, 27). As such, trapping could also be consistent with opening of the
oxetane intermediate that is present in both the stepwise and concerted pathways. Similarly, while
the absence of trapping might reflect the absence of a betaine intermediate, a negative result could
also be explained by a short-lived betaine or an inefficient trapping agent.
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A. Concerted versus Stepwise Reaction Pathways for Catalytic Carbonyl-Olefin Ring-Closing Metathesis
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Figure 1. Mechanistic scenarios for carbonyl-olefin metathesis. (a) Asynchronous, concerted
and stepwise reaction pathways for Lewis acid-catalyzed carbonyl-olefin metathesis. b)
Conventional DFT calculations (B3LYP-D3(BJ)/jul-cc-pVDZ) predict concerted carbonyl-olefin
metathesis in both the gas phase and implicit solvent. *Electronic energies are referenced to the
pre-complex. Implicit solvent refers to the polarizable continuum model (PCM) (28) with DCE.
Cycloreversion energies were not calculated in implicit solvent.



In contrast, KIEs offer a more definitive framework for determining whether a given
carbonyl-olefin metathesis reaction is stepwise or concerted. A detailed KIE study of a
prototypical carbonyl—olefin metathesis reaction might also yield mechanistic insights that inform
the design of future reactions. Furthermore, comparing the computational predictions to a full suite
of experimental results would directly test the ability of current theoretical methods to model
charge-separated intermediates and polar reactions in general.

A prototypical system that is convenient for such a mechanistic study is the iron(III)-
trichloride-catalyzed ring-closing metathesis of aryl ketones and prenyl olefins to form
cyclopentenes. Before conducting any experiments, we assessed the ability of DFT to make
accurate mechanistic predictions by following conventional best practices (29-317) by selecting an
affordable computational method that closely reproduces the results of high-level calculations.
Specifically, we evaluated candidate model chemistries by comparing DFT and coupled cluster
(DLPNO-CCSD(Ti)/aug-cc-pVTZ/TightPNO) energies in the gas phase (32). To span the
stepwise—concerted continuum, we generated structures from a grid of C1-C2 and C3-O1 bond
distances (Fig. 1b) such that the test set contained both charge-separated betaines and potentially
concerted transition states (Supplementary Section 8).

For most model chemistries, we observed a close correspondence between the DFT and
coupled cluster energies, with 7; diagnostic values for the latter indicating the appropriateness of
a single-reference wavefunction for these high-spin iron(III) species (33, 34). Overall, we selected
the routine method B3LYP-D3(BJ)/jul-cc-pVDZ as an appropriate model chemistry in terms of
dynamic correlation, basis set completeness, and static correlation. We then predicted the
mechanism for the carbonyl—olefin metathesis reaction of prenyl substrate 10. Importantly, in both
the gas phase and implicit 1,2-dichloroethane (DCE), the concerted pathway is favored by 2-3
kcal/mol over the stepwise pathway, with cycloaddition (11) being rate-determining (Fig. 1).
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Figure 2. Workflow for '2C/"3C KIE measurements. (a) KIEs were measured at natural
abundance by assessing the isotopic fractionation of recovered vs. unreacted starting materials.
Attached protons at the carbons of interest (colored circles) were introduced by a high-yielding
two-step reduction sequence that did not affect the isotope ratios. (b) Isotope ratios were measured
by DEPT NMR. To ensure that signal:noise was maximized for each carbon of interest, optimal
values of the polarization transfer delay (A) and read angle (6) were chosen based on measured
IJcn values. Spectroscopic data were collected over 6 days (15 blocks/sample for 4 samples) using
a randomized block design. For additional details on data acquisition and analysis, please see
Supplementary Section 5.

This computed pathway for concerted carbonyl-olefin metathesis leads to concrete
predictions of primary carbon KIEs at C1, C2, and C3 that can be tested experimentally. To
accomplish this, we ran an intermolecular competition experiment on substrate 10 at natural
abundance and compared the isotope ratios of the unreacted and remaining starting material at
~80% conversion (Fig. 2a). Because the traditional quantitative single-pulse NMR method (35) of
determining site-specific isotopic fractionations is limited by the poor sensitivity of '*C as an NMR
nucleus, we employed our distortionless enhancement by polarization transfer (DEPT) NMR
methodology for accelerating natural abundance KIE measurements (Fig. 2b) (36). Since this
method requires attached protons for sensitivity enhancement, the carbonyl and olefin moieties in
10 were reduced in a two-step sequence with a sufficiently high yield to avoid perturbing the
isotopic ratios at C1 and C3 (Fig. 3).

Despite the careful choice of computational method, the predicted KIEs for the concerted
cycloaddition and the experimental KIEs disagreed substantially (11 vs 10, Fig. 4a). In particular,
the discrepancies in the KIEs at the olefinic carbons (0.008 at C2 and 0.014 at C3) were too large
to be explained by the choice of model chemistry (Supplementary Section 8e) (36). Therefore, the
experimental KIEs rule out the concerted mechanism. Interestingly, the predicted equilibrium
isotope effects (EIEs) for prenyl betaine 12 matched the experimental values.

Because geometry 12 is a very shallow stationary point and collapses on slight
conformational perturbations, it may not be a realistic representation of a true betaine. Therefore,
we also considered non-stationary structures with constrained C1-C2 and C3-O1 distances (37—
39). We found that betaine 16 matched the observed KIEs even more closely. These results
reinforce the interpretation of a stepwise pathway in which betaine formation is rate-limiting.
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Figure 3. Experimental 2C/3C KIEs for prenylated alkenes support a stepwise mechanism.
Comparison of computational and experimental carbon KIEs. The KIEs do not match a concerted
[2+2] transition state but are similar to the predicted EIEs for the first betaine. A closer match (16)
to the experimental KIEs was found by considering structures with constrained C1-C2 and C3—
O1 bond distances.

a. Computational B-SDKIE Values b. Experimental B-SDKIEs and Rationale c. Literature Precedent
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Figure 4. Secondary "H/?H KIE studies. (a) Predicted B-secondary deuterium KIE (B-SDKIE)
values for a concerted [2+2] transition state and constrained betaine 16. (b) Experimental results
obtained via intermolecular competition reactions show a normal B-SDKIE. This value is
inconsistent with a concerted cycloaddition but matches betaine formation. The KIE at C3 is
nearly unity because transition state hyperconjugation increases the local bond strength, countering
the loss of the C2=C3 n bond (40). (c) An unusual inverse B-SDKIE was previously reported for a
related alkene, 24. This differing result can be rationalized due to the larger errors incurred by
absolute rate relative to intermolecular competition experiments.

If betaine formation is rate-limiting, then one would expect to find a normal -secondary
deuterium KIE (SDKIE) due to hyperconjugation (4/,42) between the methyl groups and the
incipient carbocation at C3. When we carried out an intermolecular competition experiment
between prenyl substrate 10 and its deuterated isotopologue 25, we observed a KIE of 1.08+0.05
(Fig. 6b). This value agrees well with the prediction of 1.03 for structure 16, but not at all with
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[2+2] structure 11, and thus provides further evidence for a stepwise mechanism (43). One
potential discrepancy comes from the previously reported (8) P-secondary deuterium KIE
(SDKIE) of 0.65 for styrene 24 (Fig. 4). However, this measurement was obtained by absolute
rate measurements, which are subject to greater experimental error than competition experiments.

Rate-limiting betaine formation also implies that a Hammett study would detect positive
charge buildup. Because a Hammett study would require switching from prenyl to styrenyl
substitution, potentially altering the mechanism, we first measured the KIEs for styrene 20 (Fig.
5). The observed KIEs were qualitatively similar to those for prenyl substrate 10, with a significant
KIE at C1 and small effects at C2 and C3. Once again, these values are inconsistent with a
concerted mechanism (17) and consistent with a stepwise mechanism (18 and 19). This finding
that iron(I1I) induces betaine formation is similar to the behavior of aluminum(III) in carbonyl-ene
reactions (44), which generates carbocations via a stepwise pathway. Overall, these experiments
establish a general mechanistic framework for the study of carbonyl—olefin metathesis reactions,
and should inform future reaction and catalyst design.
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Figure 5. Experimental >C/13C KIEs for styrenyl alkenes support a stepwise mechanism.
The experimental KIEs for styrenyl substrate 17 are also consistent with a stepwise mechanism.
The observed values are similar to those for prenyl substrate 10, indicating that both substrate
classes proceed via the same mechanism and the findings of the Hammett study (Figure 6) will
generalize to other substrates.
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Figure 6. Hammett studies. (a) Initial rate data were gathered for substrates 21 differing in their
para-substitution with 7 aliquots per replicate and 3—5 replicates per substrate. Electron-rich
substrates gave decomposition, while electron-poor substrates were unreactive. (b) Relevant
literature precedent of Hammett p and p" values. The observed slope is consistent with the
generation of a stabilized carbocation (left), but not consistent with a concerted cycloaddition
(right). (For references, see Supplementary Section 9).

Having established that both substrate classes proceed via the same stepwise mechanism,
we conducted the proposed Hammett study. Analysis of the initial rates for a variety of different
styrenes (Fig. 6) yielded a good correlation with the Hammett ¢ parameter (p = -2.5 + 0.5; R? =
0.88). The considerable rate acceleration afforded by electron-donating substituents is consistent
with the generation of substantial positive charge at C3. Interestingly, we only observed a modest
correlation with the Hammett 6" parameter. This decreased correlation could indicate that the
cation is stabilized more by field effects, via the proximity between the positive charge at C3 and
the negative charge at O1, and less by resonance effects from the neighboring aromatic ring.
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However, the incompatibility of the reaction with strongly electron-donating substituents
precludes a more detailed interpretation. Overall, the rate of carbonyl-olefin metathesis is greatly
increased by electron-donating substituents, to an extent that is much larger than would be
expected for a concerted cycloaddition (Fig 5b), but is consistent with a stepwise mechanism.

This body of experimental evidence consisting of '*C/"*C KIE, Hammett, and B-SDKIE
studies strongly supports the existence of a betaine intermediate and a stepwise pathway for
iron(Ill)-catalyzed carbonyl-olefin metathesis. However, it is troubling that DFT calculations of
nearly coupled-cluster quality predict a concerted mechanism instead. We hypothesize that this
error is due to deficiencies in the treatment of solvation. While implicit solvent models perform
well for neutral species (best-case root-mean-squared deviations of ~1 kcal/mol), such models
perform much worse for ionic solutes (~6 kcal/mol) (45). As a result, implicit solvation is expected
to be accurate for the relatively unpolarized ground state, but inaccurate for the charge-separated
betaine. Hence, the cancellation of solvation errors is likely to be poor. This effect leads to the
erroneous estimate that the betaine and the concerted transition state are as similar in energy in
solution as they are in the gas phase (Fig. 7a and 7b), and thus the prediction of an incorrect
mechanism.

This systematic error arises because implicit solvation models represent the solvent as a
continuous field and are therefore unable to account for specific solute—solvent interactions (30).
While the natural remedy is to model the solvent explicitly (46—50), this introduces many new
degrees of freedom that require extensive sampling. Here, we immersed our model system in a
sphere of 100 molecules of 1,2-dichloroethane (57) and chose to sample from the resulting
ensemble by using ab initio molecular dynamics (AIMD) (52-55). To run the required simulations,
we employed presto (56), an open-source Python program that enables the setup, running, and
analysis of AIMD trajectories. Following equilibration, 130 replicates were constrained to various
C1-C2 and C3-01 bond distances and allowed to evolve for 20 ps each, for a total of 2.6 ns of
simulation time. We then derived a two-dimensional free energy surface by using the weighted
histogram analysis method (WHAM) (57,58).

In contrast to the predictions made in the gas phase or implicit solvent, these explicitly
solvated calculations predict that the betaine exists as a stable intermediate (Fig. 7c). While these
calculations are subject to the recognized limitations of current explicit-solvent methodology
(including approximate energies, incomplete sampling (59), and possible non-equilibrium
solvation effects) (60), we interpret the distinct betaine minimum as support for a classical stepwise
mechanism (67). This result is consistent with our KIE and Hammett studies and shows that
explicit solvation is needed to accurately describe iron(Ill)-catalyzed carbonyl—olefin metathesis.
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Both the failure of implicit solvation to predict the correct stepwise mechanism and the
influence of this error on the predicted KIEs can be understood by using Marcus theory (63). In
general, the minimum energy path for cycloaddition can be regarded as the intersection of
potentials for the reactants, betaine, and oxetane. In implicit solvent, the betaine curve is too high,
causing the minimum energy path to involve only the reactants and oxetane (Fig. 8a). The resulting
concerted transition state is positioned centrally between these species, involves a significant
degree of bond cleavage and formation, and thus generates relatively large predicted KIEs for the
concerted mechanism.

In explicit solvent, the betaine curve is much lower, causing it to intersect the minimum
energy path as an intermediate with two flanking transition states. In Figure 8b, the first transition
state (betaine formation, 16) is depicted as rate-limiting, as is the case for prenyl substrate 10. This
transition state is late with respect to the reactants and the betaine, and is thus betaine-like.
Alternatively, the second transition state (betaine collapse, 19) could be rate-limiting, as it is for
the styrenyl substrate 20. This transition state is positioned early with respect to the betaine and
oxetane, and is thus also betaine-like. In both structures, the bonds are nearly completely formed
or broken, and thus relatively small KIEs are predicted for the stepwise mechanism.

a. Previously proposed: Asynchronous, concerted [2+2]-cycloaddition b. Revised mechanism: Stepwise cycloaddition
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Figure 8. Marcus analysis. (a) In implicit solvent, the betaine curve is too high in energy to
contribute to the minimum energy path and a concerted mechanism is predicted. The
corresponding transition state is central between the reactants and oxetane and thus large KIEs are
erroneously predicted. (b) In explicit solvent, the betaine curve is stabilized and intersects the
reactant and oxetane potentials, resulting in the prediction of a stepwise mechanism. In the case
depicted, betaine formation is rate-determining, the corresponding transition state is late and
betaine-like, and small KIEs are correctly predicted.
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Figure 9. Solvation Models in Mechanistic Analysis. (a) Implicit solvation has been widely used
for computational expediency in many systems. However, explicit solvent is needed when there
are strong or specific solute—solvent interactions. (b) In carbonyl-olefin metathesis, a concerted
mechanism is erroneously predicted in the gas phase or implicit solvent. The stepwise mechanism
is correctly predicted in explicit solvent. (c) Explicit solvation becomes increasingly important as
the structures under study become more polarized.

As the foregoing Marcus analysis shows, the balance between predicting stepwise and
concerted mechanisms hinges on the stability of the betaine relative to the intersection of the
reactant and product curves. These points are close enough in energy to be within the uncertainty
of implicit solvent models, and the results are catastrophic. Despite this, the predicted mechanism
remained plausible, and the comprehensive experimental studies detailed here were needed to
detect the issue.

Fortunately, the correct prediction does emerge from explicit solvent calculations. This
approach has a rich history (Fig. 10a). In the 1990s, the Jorgensen group pioneered the
development of explicit solvation methods (20) and have applied them to the study of many
systems, including “on-water” Diels—Alder reactions (64,65). More recently, the Singleton group
has convincingly demonstrated the importance of explicit solvent in modeling selectivity in several
systems (46, 60, 62), including regioselectivity in the nitration of toluene (46). Similarly, the Liu
group has shown that explicit solvation models can help rationalize the mechanistic course of
glycosylation reactions (48).

Despite these successes, explicit solvation is rarely used for mechanistic studies because it
is commonly assumed that implicit solvation is “good enough” for routine applications. This must
change. Historically, the accuracy of predictions has been primarily constrained by the
underestimation of electron correlation and basis set incompleteness. Now, the advent of
sophisticated density functionals, balanced basis sets, and greater computational power have
greatly reduced such errors (22, 29, 32). In this case, the model chemistry is nearly of coupled-
cluster/complete-basis-set quality and, by this conventional metric, could have been declared
“chemically accurate” (32).

Nonetheless, the predicted mechanism was incorrect. The failure of computational best
practices to recapitulate the stepwise mechanism here reveals a hidden failure mode of
conventional protocols that may be rather common: when charge separation develops along the
reaction path, poor error cancellation between the ground and transition states can lead to
qualitatively incorrect predictions (Fig. 10c). The fact that explicit solvation is not typically used,
even when it should be, reflects the substantial complexity and cost of the required calculations.
Thus, our study is a call to action: more realistic and practical methods for the treatment of
solvation are keenly needed, particularly for the study of reactions involving polarized
intermediates (47, 60, 62, 66, 67).
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