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Abstract

Kinetic studies of a vinyl cyclopropane (VCP) cycloaddition, catalyzed by peptide-based thiyl
radicals, are described. Reactions were analyzed using reaction progress Kinetic analysis, revealing
that ring-opening of the VCP is both rate- and enantio-determining. These conclusions are further
corroborated by studies involving racemic and enantiopure VVCP starting material. Noncovalent
interactions play key roles throughout: both the peptide catalyst and VVCP exhibit unproductive
self-aggregation, which appears to be disrupted by binding between the catalyst and VCP. This

in turn explains the requirement for the key catalyst feature, a substituent at the 4-position of the
proline residue, which is required for both turnover/rate and selectivity.

Graphical Abstract

0,II ‘N JAr 0o O
P e
“'~")!-r, o Z " 0Bu Ary nA
H . peptide catalyst H H

~‘ (10 mol%, aggregated) & o8,

I »  hv(100WHg bmp) \ .
As, THF, RT (]

aggregated VICP HHBoc
Kinetics induction penod; NCI's impad inter-
Stereochemical Analyss  |—e and ifamolecula ati
NMR and Calculatons through reaction coordinate

Introduction

Inspired by the known biological roles for cysteine-based radicals,1-3 we recently developed
a peptide catalyst that can mediate enantioselective radical transformations. Thiyl radicals,
such as those generated from cysteine or cystine, are crucial reactive species in biological

and synthetic contexts,>® including reports of chiral thiols as precursors for enantioselective
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H-atom donation.”:8 In particular, the addition of thiyl radicals to vinylcyclopropanes
(VCPs)?-16 and related methylenecyclopropanes'’-20 has garnered substantial interest over
the past few decades. Early studies aspired to achieve asymmetric catalysis,?! but this

was not realized until a relatively recent report of bulky aryl thiyl radicals that catalyze
enantioselective ring-opening/cyclization of VVCPs and related substrates.22 23

This reaction offered a useful platform on which to develop a new peptide-based catalyst
that could lead to further discoveries with radical-based reaction mechanisms (Scheme 1a).
By leveraging the relatively weak bond dissociation energy of S-S bonds (~65 kcal/mol),
and their vulnerability to UV light-promoted homolysis, two equivalents of active thiyl
radical catalyst can be accessed from dimeric precatalysts (Scheme 1b). Strain-promoted
ring-opening results from addition of the radical into the VCP olefin, affording malonyl-
stabilized radical intermediate |. Addition of an electron-rich olefin (fert-butyl vinyl ether,
TBVE) to | affords |1, and the product is generated as a mixture of four sterecisomers via
subsequent cyclization and fragmentation. The starting materials convert cleanly to products,
and minimal byproducts are observed.

We designed peptide 1, which features an amide substituent at the 4-proline position, to
catalyze the VVCP ring-opening/cycloaddition (Scheme 1c). This structural element was also
new to our peptide scaffolds and predominately influences enantioselectivity in the thiyl
radical-mediated cyclization.24 25 In contrast, peptide 2, which lacks the 4-proline amide, is
significantly less enantioselective. In all cases, the frans product is favored, as determined by
x-ray crystallography.28 Despite extensive catalyst optimization, we were unable to improve
the enantioselectivity beyond that obtained with 1. However, from these structure-function
studies, we gained preliminary insight into how this catalyst may be operating. Our key
observations were: (1) at the 4-proline position, amides provide superior enantiomeric
excess relative to other functional groups; (2) enantioselectivity is sensitive to the steric or
dispersive demands of this amide, as opposed to its H-bonding character; 27-29 (3) enhanced
Lewis basicity of the proline backbone amide improves enantioselectivity; and (4) substrates
bearing electron-deficient amides afford higher enantiomeric excess than substrates bearing
electron-rich amides. We therefore proposed that the ring-opened intermediate is H-bonded
to the peptide backbone (Scheme 1D).

However, despite the crucial effect of the 4-proline amide on enantioselectivity, an empirical
approach to catalyst optimization did not lead to further enhancements in enantioselectivity.
As many of the finer points of the mechanism remained unclear, we chose to carry out a
detailed Kinetic study of these reactions. In addition, we report an analysis of the overall
reaction mechanism catalyzed by 1, the effect of VCP configuration on the reaction Kinetics,
and a comparison of catalysts 1 and 2. Several unexpected observations emerged from

these investigations. These include issues related to catalyst aggregation under the reaction
conditions; evidence that these reactions may not be fully stereoconvergent as previously
assumed; and insights related to the rate-, enantiomer-, and diastereomer-determining steps.

The result is an enhanced understanding of this radical-mediated, peptide-catalyzed
cycloaddition reaction, which emerges as a prototype of a high-complexity enantioselective
reaction, far beyond the paradigm we anticipated at the outset of the work.30
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Results and Discussion

Observation of induction period.

Our first goal was to identify the rate-determining step using reaction progress kinetic
analysis.31:32 The concentration profile for this reaction reveals an induction period, with
the maximum reaction rate attained at approximately 30% conversion (Figure 1A). Such

an induction period is not unexpected and is consistent with the use of a precatalyst

from which the active catalyst is generated via homolysis. The 7-butyl disulfide-catalyzed
reaction exhibits the same induction period and dependence on conversion, reinforcing our
conclusion that the induction period is due to homolysis and not any specific features of the
peptide catalyst.33

Determination of Kinetic Orders.

These kinetic studies reveal that the reaction rate is also independent of [TBVE], as
evidenced by the concentration profiles for the different-excess experiment in which
[TBVE]O0 is doubled (Figure 1A). This conclusion was further supported using the variable
time normalization analysis described by Burés,34 which provides overlaying plots when
zeroth-order dependence on [TBVE] is assumed. To justify our subjective conclusions as to
what constitutes sufficient overlay, plots representing other possibilities for kinetic orders are
presented in the supporting information.

A second different-excess experiment, maintaining [TBVE]g but changing [VCP], reveals a
potential 0.5-order rate dependence on [VCP], indicating that the VCP may exist as a ground
state dimer but is monomeric in the transition state (Figure 1B). This conclusion is also
supported by the line-shape analysis described by Blackmond, as a plot of rate vs. [VCP]}/2
displays as a straight line in the post-induction period regime (Figure S4). The same kinetic
orders are obtained from the r+butyl disulfide-catalyzed reaction, demonstrating that the
peptide structure does not induce a change in mechanism or rate-determining step. However,
this behavior is also consistent with simple Michaelis—Menten kinetics, in which the VCP

is not aggregated but saturation of the catalyst is attained over the course of the reaction.
Both scenarios appear to describe these data equally well, and cannot be distinguished on the
basis of these kinetics experiments alone (Figure 1C).

Our experiments further reveal that the dependence of reaction rate on [1]t is complex. As
[1]7 increases from 1.25 to 3.5 mM, a corresponding increase in rate is observed. Beyond
this, however, the reaction rate decreases with increasing [1]y. We quantified the order in
[1]t at both lower and higher catalyst loadings,3® and found that at lower [1]1 (1.25 mM),
the reacton rate exhibits a 0.5-order dependence on [1]y, which is consistent with a resting
state dimer (the disulfide precatalyst). The kinetic order shifts to a 0.2-order dependence in
catalyst as [1] increases to 4.85 mM (Figures 1D and 1E), suggesting that the disulfide

is further aggregated intermolecularly at higher catalyst loadings.36-38 In contrast, 7-butyl
disulfide would not exhibit aggregation even at higher catalyst loadings; correspondingly,
a neat 0.5-order rate dependence on [(/BuS),]t is observed. Identification of the catalyst
resting state as the dimer is further supported by the requirement for constant exposure of
the reaction mixture to UV light. The reaction stops immediately when the light source is
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removed, likely due to rapid recombination of the thiyl radicals, further favored by close
proximity of the radicals due to the aforementioned catalyst aggregation.39: 40

Identification of rate-determining step.

Taken together, these results reinforce that the ring-opening event is the rate-determining
step for this reaction. The irreversibility of this step may derive from the relief of
cyclopropyl ring strain as well as the highly stabilized nature of the malonyl radical. For
these same reasons, we presume that addition of the radical and ring-opening occur in a
single step, although a stepwise alternative cannot be ruled out. Given this strain relief,
along with typically fast rates of ring-opening,*! we also considered that irreversible ring-
opening may not be rate-determining but instead precedes rate-limiting (?) formation of
catalyst-substrate adduct | (Scheme 1B); however, such a scenario is inconsistent with the
data.

Effects of H-bonding on catalyst activation.

The H-bonding capability of the VCP is retained in the product cycloadduct (P), which

still bears the two amide groups. We therefore investigated whether the product itself

could engage in H-bonding with the catalyst using the same-excess experiment designed

by Blackmond (Figure 1F). We chose to carry out the same-excess experiment using

initial concentrations (0.035 M VCP, 0.085 M TBVE), that mimic 30% conversion of

the standard reaction conditions (0.05 M VCP, 0.1 M TBVE), but exclude any product

that would have been formed at 30% conversion. The experiments were compared only

in the post-induction period regime, using a time-adjusted approach to directly compare

the concentration profiles.#243 The plots fail to overlay, but in a manner consistent with
catalyst activation as opposed to product inhibition, as the reaction proceeds at a slower
rate when product concentration is lower (Expt. A vs. B). These results could indicate that
product formation facilitates catalysis by disrupting catalyst aggregation. Thus, we repeated
the same-excess experiment, this time adding [P]p equal to that obtained at 30% conversion
(0.035 M VCP, 0.085 M TBVE, 0.015 M P). The resulting concentration profile overlays
with that observed under the same conditions lacking product (Expt. B vs. C), indicating that
in fact, the reaction rate is unaffected by [P]. Thus, the lack of overlay in the same-excess
experiment results from the change in [VCP]p, and the observed catalyst activation results
from interactions between the catalyst and the VCP.

Having established that the reaction rate is also independent of [TBVE], it seems that

the variation in [VCP]j is responsible for the observed rate difference in the same-excess
experiment. Notably, in the same-excess experiment for the 7-butyl disulfide-catalyzed
reaction, the concentration profiles overlay. The myriad noncovalent interactions involving
the peptide catalyst account for the divergent behavior between 1 and 7-butyl disulfide. That
is, the ring-opening reaction itself leads to an adduct that is unavailable for unproductive
thiyl radical recombination. This, of course, is also true for the /+butyl disulfide catalyst.
However, radical recombination is likely more favorable with the peptide catalysts than with
n-butyl disulfide due to the aforementioned catalyst aggregation, and thus the disaggregating
effect of VCP is more pronounced with the peptide catalyst than with n-butyl di-sulfide.
Moreover, aggregation can be disrupted by intramolecular H-bonding within ring-opened
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VCP-catalyst adduct (1), as well as intermolecular H-bonding between 1 and VCP, thus
leading to catalyst activation. These interactions are not possible between the VCP and
n-butyl disulfide, and could explain the divergent behavior between 1 and 7+butyl disulfide.

The same-excess experiment also reveals that regardless of [VCP]q or [TBVE]y, the
maximum rate occurs at ~32% conversion.** These observations demand a more nuanced
interpretation of the events defining the induction period. Classically, the induction period
is generally a function of the reversible homolytic cleavage of the S-S bond in the
precatalyst. However, the fact that the VCP:P ratio correlates with the induction period
duration indicates that the VCP and product work in concert to influence homolysis and
reaction progress, although the details of these noncovalent associations remain unclear.
This scenario is consistent with the observation that changing [TBVE], does not influence
the induction period, as it is not expected to compete in these noncovalent associations, and
presumably is not competitive with the VCP in the initial radical addition.

Further investigation into induction period.

Hypotheses

The origin of the induction period was further investigated in analogy to a previously
reported scenario, in which irreversible pre-catalyst decomposition to form the active
catalytic species resulted in a similar induction period and an apparent zeroth-order
dependence on one of the starting materials.*> We considered the possibility that the same
could be true of our system—that the consistent exposure of our disulfide precatalyst to
light over the course of the reaction could render disulfide homolysis to be functionally
irreversible. However, such a scenario does not describe our system, as multiple fits to

the data obtained with different [V CP]y:[TBVE]j ratios fail to provide similar parameters.
Further details, including the fit attempts and the relevant rate equations, are provided in the
supporting information.

From these reaction progress Kinetics studies, we thus conclude that (1) ring-opening
appears to be rate-determining; (2) the VCP may be aggregated as a dimer in the ground
state; (3) the disulfide precatalyst is the catalyst resting state; (4) the precatalyst is also
aggregated at higher catalyst loadings; (5) the induction period and associated cysteinyl thiyl
radical recombination is strongly influenced by both intra- and intermolecular H-bonding
interactions.

for stereoinduction.

The conclusion that ring-opening is rate-determining does not preclude later steps from
being enantiodetermining. At the same time, while the stereo-centers are not constructed
until the final cyclization event, enantiodetermination could occur in prior steps under
certain circumstances. Considering the aforementioned effect of the 4-proline substituent,
we advance two primary hypotheses for stereoinduction (Scheme 2). In Scheme 2A, we
consider that the ring-opened intermediate is conformationally flexible; at the extreme,
the conformers |1 g and |15 orient different faces of the w-bond toward the 4-proline
amide. After olefin addition, cyclization onto each r-face affords opposite enantiomers
of product. If cyclization is rapid and the conformers cannot interconvert through bond
rotation, then the ratio of conformers could directly relate to the enantiomeric ratio of
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products. The distribution of conformers could be influenced by the 4-substituent of the
proline, which may define chiral space that better accommodates one conformation over the
other. In Scheme 2B, we also consider that the 4-proline amide could affect the trajectory of
olefin approach by disfavoring approach over one m-face of the ring-opened intermediate 1.
Common to Scheme 2A and 2B, if subsequent cyclization is rapid, then olefin approach and
bond formation occur from the same mt-face, leading to the two different enantiomers. We
note that both of these scenarios assume that non-interconverting conformers are generated
from ring-opening. While our intuition would suggest that these conformers would rapidly
interconvert, if that is the case then no facial selectivity, and no enantioselectivity, governed
by the 4-proline substituent would be possible. We discuss the precise structures of Ig and I g
in more detail, with attendant computational support, in Figure 5 below.

The stereochemical picture is further complicated by the fact that this reaction also
produces cisand frans diastereomers, each with different enantiomeric excess. This
indicates that the enantio- and diastereodetermining steps are different. Cyclization is likely
diastereodetermining, with C—C bond rotation leading to the cisand trans diastereomers
(Scheme 2C). Correspondingly, either ring-opening or olefin addition is likely to be
enantiodetermining. Our kinetic studies do not differentiate between these two scenarios.

Kinetics studies with enantiopure VCP.

We also studied the influence of the VCP chirality on the reaction. Our initial assumption
was that the reaction was rigorously stereoablative, and therefore stereoconvergent.
However, the Kinetics experiments described below suggest otherwise. Preparatively, the
V/CP starting material is used as a racemic mixture. The determination that ring-opening

is rate-determining led us to suspect that the enantiomers may in fact exhibit different
reactivities. Indeed, in studies comparing (x)-VCP with enantiopure VCP, we noted several
differences. Kinetics studies revealed that (/)-VCP and (S)-VCP react at different rates, and
both react at faster rates than (£)-VCP (Figures 2A and 2B). We also observed a kinetic
resolution of the racemic starting material, as the VCP becomes moderately enriched in the
(S)-enantiomer over the course of the reaction, to 20% ee at 90% conversion. Consistent
with irreversible ring-opening, no racemization of VCP is observed when enantiopure
starting material is used. The reaction rate is still independent of [TBVE], indicating that the
use of enantiopure VCP does not induce a change in rate-determining step.

Interpretation of the same-excess experiments, which were conducted under the same
conditions as for (£)-VCP, is less straightforward (Figure 2C). Whereas the plots obtained
with (£)-VCP did not overlay, the plots using both (/) - and (S)-VCP do appear to
provide better, though imperfect, overlay, with a difference in line shape that suggests a
corresponding difference in kinetic behavior. We also note that these enantiopure starting
materials also exhibit behavior consistent with either dimerization or Michaelis—Menten
kinetics.

In accord with the differential behavior of the enantioenriched starting materials, we
observed that product ee is different depending on the absolute configuration of VCP
starting material (Figure 2A). Relative to (+)-VCP, the product ee decreases when (S)-VCP
is used and increases when (/)-VCP is used. These differences are quite small for the trans
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diastereomers, but more pronounced for the c¢/s diastereomers. Indeed, this transmission
of stereochemical information from starting material to product indicates that the reaction
is not purely stereoablative, and is consistent with our conclusion that ring-opening is
rate-determining.

The impact of the configuration of the VCP may be traced to its H-bonding capacity, both
intra- and intermolecularly. The intermolecular H-bonding has been discussed above, in the
context of VCP aggregation. There is also a H-bond within the VVCP that is observable in
the ground state. The amide N—H shifts in the VCP IH NMR spectrum differ by 0.92 ppm;
although these hydrogens are molecularly non-equivalent, this large difference could also
be partially due to intramolecular H-bonding between the amides. Because each amide can
act as either an H-bond donor or acceptor, the VCP can exist as four pseudo-diastereomers.
Density functional theory (DFT) ground state optimizations paired with energies from local
coupled-cluster theory (DLPNO-CCSD(T)) indicate that the configuration in which the vinyl
group is fransto the H-bond donating amide is favored over the ¢is configuration (Figure
3A).47

These computational results aid in rationalizing the differences in rate and enantioselectivity
for (R)- versus (S)-VCP. Based on the lower energy configuration of the intramolecular
H-bond predominates, then only one amide is functionally available for binding to the
catalyst. For (R)-VCP, the presumed mode of binding orients the vinyl group toward the
cysteine radical; in contrast, for (S)-VCP, the vinyl group is oriented away from the radical
(Figure 3B). This could account for the faster reaction rate of (/)-VCP. Although (S)-VCP
still reacts rapidly, it may first have to rearrange to the less favorable frans configuration

in order to bind to the catalyst and undergo ring-opening. It may also participate in a less
selective pathway altogether, consistent with the decreased enantioselectivity when (S)-VCP
is used.

We also performed conformational searches at the GFN2-xTB level, followed by DFT
optimizations and high-level energy calculations to determine the most stable geometries
for the heterochiral and homochiral dimers.*8-50 Both geometries feature two H-bonding
interactions between monomers, and the calculated dimerization free energies reflect that the
heterochiral dimer is more stable relative to the homochiral dimer (Figure 3C). Based on
these findings, we attribute the slower relative rate for (+)-VCP to differences in VCP dimer
disaggregation, as described previously. Dissociation of the ground state VCP dimer will

be less favorable by an order of magnitude for the more stable heterochiral dimer—which

is inaccessible using enantiopure VCP—than for the homochiral dimer, leading to slower
reaction rates for (+)-VCP. It should be noted that both computed dissociation equilibria
favor the monomers overall (Kjiss > 1)—accordingly, we did not observe binding-related
changes in 'H NMR chemical shifts of the amide protons in NMR titration experiments (see
Supporting Information).

The key findings from the studies using enantiopure VCP are (1) the configuration of

the VCP starting material influences the ee of the product, with modest changes observed
depending on the enantiomer of VCP used; (2) (R)-VCP reacts at a faster rate than (S)-VCP,
due to an intramolecular H-bond within the VCP that in turn influences VCP-catalyst
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interactions; (3) (£)-VCP reacts at a slower rate than either enantiopure starting material, as
a result of different VCP dimerization energies.

From these observations, we also conclude that ring-opening seems likely to be the
enantiodetermining step, given the effect of VCP configuration on enantioselectivity.

Kinetic analysis of catalyst lacking 4-proline substituent.

Given the significant effect of the 4-substituent of the proline on enantioselectivity, we
compared the kinetics of reactions catalyzed by 1 and 2, which lacks this substituent (Figure
4A). The data obtained with 2 display some enigmatic, but reproducible, features. The
reactions catalyzed by peptides with unsubstituted proline residues appear to occur in two
distinct phases, with a period of reduced rate in between (Figure 4B). This suggests that

the dependence of rate on [VCP] with catalyst 2 is more complicated than the simple
0.5-order scenario observed with catalyst 1. Because 2 is less sterically congested, it may
be able to bind aggregated VCP, which then reacts directly in ring-opening without prior
dissociation. However, because catalyst 2 is also simply a less stereoselective catalyst, we
did not investigate this behavior further.

Catalyst 2 is also less active than catalyst 1. That is, the overall rate of the 2-catalyzed
reaction is reduced relative to the 1-catalyzed reaction (maximum rate, Kg = 1 for 1; kg
= 0.6 for 2). The different-excess experiment reveals a change in the two-phase nature of
the reaction, but the overall reaction rate appears unaffected by the changes in [TBVE]
(Figure 4C). Thus, we conclude that the absence of the 4-proline amide does not induce a
change in rate-determining step. The same-excess experiment indicates that 2 experiences
catalyst deactivation (Figure 4D) in contrast to the catalyst activation behavior observed
with 1. Deactivation of 2 could result from unproductive H-bonding between the product
and catalyst, which is perhaps less likely with 1 due to repulsive nonbonding interactions
involving the 4-proline substituent.

As in the 1-catalyzed reaction, differences in reaction rates are observed when (£)-, (R)-,
and (S)-VCP are used in the 2-catalyzed reaction (Figure 4E). We attribute the reactivity
differences between (/)- and (S)-VCP to different orientations of the vinyl group in the
V/CP-catalyst complex. Because the 4-proline amide may not play a specific role in binding
VCP, we expect that the same rate differences between the enantiomers of starting material
would be observed with both catalysts 1 and 2. The reduced reaction rate of (+)-VCP
relative to enantiopure VCP can still be attributed to the lower reactivity of the heterochiral
dimer as opposed to the homochiral dimer. Furthermore, the stalled reactivity observed with
(+)-VCP and catalyst 2 is absent when enantiopure VCP is used, which suggests that the
reduced reactivity is also related to aggregation.

These data support a scenario wherein the VCP remains aggregated to a greater extent when
catalyst 2 is employed. This hypothesis is also consistent with the overall decreased rate

of reaction with catalyst 2 relative to catalyst 1; the more complex rate dependence on
[VCP] when 2 is used, which may reflect that the VCP does not readily dissociate under
these conditions; and the lack of kinetic resolution of (x)-VVCP in the 2-catalyzed reaction.
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The same-excess experiments also suggest that the deaggregation phenomena are mutually
associated with the interaction between catalyst 2 and the VVCP.

Our comparison of catalysts 1 and 2 thus show that (1) the 2-catalyzed reaction proceeds at
a slower rate relative to the 1-catalyzed reaction; (2) the relative rates of reaction using (A)-,
(S)-, and (z)-VCP follow the same trends in both the 1- and 2-catalyzed reaction, indicating
that H-bonding between the VCP and peptide backbone is responsible for these reactivity
differences; (3) no kinetic resolution is observed in the 2-catalyzed reaction, suggesting that
catalyst-assisted deaggregation of the VCP dimer is facilitated by the 4-proline amide, and
proceeds in a configuration-dependent manner.

Updated catalytic cycle.

Our kinetic evaluation of the peptide-catalyzed VVCP cycloaddition reveal several previously
undocumented facts and unappreciated insights: (1) ring-opening is likely both the rate-

and enantio-determining step; (2) cyclization is diastereodetermining; and (3) the VCP and
catalyst engage in intermolecular associations that impact overall rate, stereoselectivity, and
even the degree of stereoconvergence (Scheme 3). Accordingly, the kinetics also support

a complicated scenario wherein aggregated species exist on the productive, photochemical
path leading to S-S bond homolysis. Similarly, as shown with dashed lines in Scheme 3, the
mechanism of thiyl recombination to reform the disulfide precatalyst is also likely subject to
analogous aggregation effects, but our data do not resolve the details of this process.

One key point of stereochemical significance —that ring-opening, which we and others
generally assumed to be stereoablative, is the enantiodetermining step—is particularly
notable. Ring-opening does not merely lead cleanly to a common intermediate |. Rather,
ring-opening likely leads to a distribution of intermediates | g and | s—each of which also
presents multiple conformers of varying reactivity (Scheme 2A). The populations of the
non-interconverting conformers, generated directly from the ring-opening step, and their
relative reactivities thus directly influence the stereochemical outcomes in the usual manner.
Notably, the different binding modes for (/)- and (S)-VCP also translate to different
distributions of these conformers, resulting in the observed differences in enantiomeric
excess. Rapid olefin addition to these conformers also does not lead to a common
intermediate I 1. Instead, different intermediates (11g and I1g) are likely formed, which each
cyclize with different diastereoselectivity. Rotation about the C—C bond (I1g vs |1 g) leads
to the different diastereomers, and it is also conceivable that this rotation is influenced by
the conformation and operation of other noncovalent interactions within these intermediates
as well. This hypothesis also accounts for the fact that the ¢isand frans diastereomers are
formed with different enantiomeric excesses.

To gain additional atomic-level resolution insight into the structures and energetics of
species on the catalytic cycle, we identified intermediates | g and | g as candidates for
computational analysis, on account of their key enantiodetermining role in our hypothesis.
These intermediates also exhibit relatively tractable structural complexity and flexibility,
compared to the ensuing open-shell transition states and intermediates |1 g and I1s. The
results of these calculations are shown in Figure 5. Notably, in addition to their common S
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turn geometry, both structures feature an intramolecular H-bond between the prolyl carbonyl
O and the 4-proline amide N—H. The ring-opened VCP in | g is held over the g-turn by

a H-bond between the C-terminal amide carbonyl O and a VCP amide N-H (Figure 5,

left). In this arrangement, one face of the formal radical center is sterically obstructed by
the 4-proline substituent. This arrangement may well bias the approach of TBVE to favor
the unobstructed face of the radical center—reinforcing our previous experimental findings
that suggested a steric role of the 4-proline substituent in enantioinduction.* However, in | g
the ring-opened VCP component extends away from the peptide backbone, anchored only
by a C-H-rt interaction between the amide phenyl group and the #Bu of the A-terminal
Boc group (Figure 5, right). Consequently, both faces of the radical center are accessible to
TBVE approach. At the same time, | g exhibits a higher energy, likely as a consequence of
fewer intramolecular noncovalent interactions and its extended structure.

These calculated structures provide atomistic pictures that support the plausibility of I g and
I sas intermediates. A comprehensive computational assessment of various contingencies
for these flexible systems, for example combining molecular dynamics simulations with
DFT-level refinement,>1->4 could well reveal more insight. Nevertheless, the structures of I
and | g ground each as reasonable catalyst-substrate complexes of differing energy along the
complex reaction coordinate surface.

Conclusions

The detailed kinetic analysis of many enantioselective reactions unveils phenomena that

are often not apparent at the outset of a project. In the present case, the design

principles involving highly functionalized and flexible catalysts, and similarly functionalized
substrates, created complex scenarios with a multitude of noncovalent interactions that
simultaneously operate to deliver the observed results. These studies, which shed light

on the current VCP-based cycloaddition, are almost certainly harbingers of similarly
complicated phenomena underlying many other enantioselective catalytic reactions where
noncovalent interactions operate.>>->7 Thus, in depth kinetic studies of this type, while often
time-intensive and difficult to interpret, are an indispensable activity for not only supporting
hypotheses but also unveiling blind spots in an experimentally grounded manner.
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In all graphs, duplicate data are simultaneously plotted and analyzed. (a) Different-excess
experiment, [VCP]g = 0.05 M, [1]T = 2.5 mM. (b) Different-excess experiment, [TBVE]g =
0.1 M, [1]7 = 2.5 mM. (c) Alternative Michaelis—Menten fit to experiment with [VCP], =
0.05 M, [TBVE]p = 0.1 M, [1]T = 2.5 mM. (d) Determination of catalyst order in lower [1]t
regime; overlay is attained when the x-axis is normalized assuming 0.5-order dependence on
[1]t. (e) Determination of catalyst order in higher [1]y regime; overlay is attained when the
x-axis is normalized assuming 0.2-order dependence on [1]y. (f) Same-excess experiment,
[1]T = 2.5 mM. Experiment A = 0.05 M VCP, 0.1 M TBVE; Experiment B = 0.035 M VCP,
0.085 M TBVE; Experiment C =0.035 M VCP, 0.085 M TBVE, 0.015 M P; truncated and

time-adjusted to exclude induction period.
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Comparison of (£)-VCP, (S5)-VCP, and (/)-VCP. In all graphs, duplicate data are
simultaneously plotted and analyzed. (a) Relative rates and product enantiomeric excess.
The ee values shown are the averages of multiple runs, and the standard deviation in
these values is also shown. Ar = 4-CF3Ph. (b) Concentration profiles for enantiopure and
racemic VCP. (c) Same-excess experiment with (R)-VCP, [1]T = 2.5 mM, truncated and
time-adjusted to exclude induction period.46
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C) Computations of VCP dimers
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(a) Computational analysis of different configurations of the intramolecular H-bond. (b)
Models for binding of (/)- and (S)-VCP to peptide catalyst. (¢) Computational analysis

of heterochiral and homochiral dimers. For all calculations, initial conformational searches
were performed with metadynamics using CREST at the GFN2-xTB/ALPB(THF) level.
Geometries were optimized at the B3LYP-D3BJ/6-31+G(d,p)/PCM(THF) level, followed
by single-point energy calculations at the DLPNO-CCSD(T)/def2-TZVPP level, with
M05-2X/6-31G(d)/SMD(THF) solvation free energies. Electronic energies are reported in

parentheses.
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Figure 4.

Cc?mparison of catalysts 1 and 2. In all graphs, duplicate data are simultaneously plotted
and analyzed. (a) Relative rates and product enantiomeric excess. Ar = 4-CF3Ph. Values
in parenthesis indicate the relative rate when compared with the 1-catalyzed reaction. (b)
Concen-tration profiles. (c) Different-excess experiment, [VCP]g=0.05 M, [2]t =2.5
mM. (d) Same-excess experiment, [2]T = 2.5 mM, truncated and time-adjusted to exclude
induction period. () Comparison of (x)-VCP and enantiopure VCP using 2.
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AG = +2.7 (4.3) kcal/mol

Figure5.
Computed lowest-energy geometries of the post-ring-opening adducts Igand I g. Initial

conformational searches were performed with metadynamics using CREST at the
GFN2-xTB/ALPB(THF) level. DFT calculations were carried out at the B3LYP-D3BJ/
6-31G(d)/PCM(THF) // B3LYP-D3BJ/6-311+G(d,p)/PCM(THF) level. Electronic energies
are reported in parentheses.
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A) General Scheme for Ring-Opening Reaction
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A) Conformations influenced by 4-proline substituent
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